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Abstract: Nanopaper prepared from holocellulose pulp is one of the best substrates for flexible
electronics because of its high thermal resistance and high clear transparency. However, the
clearness of nanopaper decreases with increasing concentration of the starting cellulose nanofiber
dispersion—with the use of a 2.2 wt % dispersion, for example—resulting in translucent nanopaper
with a high haze of 44%. To overcome this problem, we show that the dilution of this
high-concentration dispersion with water followed by sonication for 10 s reduces the haze to less than
10% while maintaining the high thermal resistance of the nanopaper. Furthermore, the combination of
water dilution and a short sonication treatment improves the clearness of the nanopaper, which would
translate into cost savings for the transportation and storage of this highly concentrated cellulose
nanofiber dispersion. Finally, we demonstrate the improvement of the electrical conductivity of clear
transparent nanopaper prepared from an initially high-concentration dispersion by dropping and
heating silver nanowire ink on the nanopaper. These achievements will pave the way toward the
realization of the mass production of nanofiber-based flexible devices.
Keywords: nanocellulose; cellulose nanofiber; transparent nanopaper; transparent conductive film

1. Introduction
In our previous work, 3–15-nm-wide cellulose nanofibers were prepared by mechanical
nanofibrillation from alkali-treated holocellulose pulps or 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO)-oxidized cellulose pulps [1,2]. Aqueous dispersions of these cellulose nanofibers were dried
to prepare films with high optical transparency and low haze [3,4] called “transparent nanopaper”.
The high optical transparency originated from the nanofibers being so densely packed that light
scattering inside the film or at the surface was prevented by the absence of cavities [4]. The nanopaper
exhibited a low coefficient of thermal expansion similar to that of glass, higher thermal durability and a
higher dielectric constant than those of most plastics, and excellent electrical insulation properties [4–7].
Moreover, the nanopaper remained lightweight with a high foldability similar to the properties of
conventional paper. Given these advantages, flexible electronics based on cellulose nanopaper have
been developed, including transparent electrodes, organic solar cells, transistors, antenna, and memory
devices [6–18]. Transparent cellulose nanopaper is thus considered a promising substrate for future
flexible devices.
To realize nanopaper-based flexible electronic devices, the thermal and moisture resistance, as
well as the dielectric constants of clear transparent nanopaper have been improved, and lower-haze
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paper has been prepared [6,19–21]. However, the ability to fabricate clear transparent nanopaper
from a low-concentration cellulose nanofiber dispersion remains an outstanding issue. Currently,
the concentration of the starting dispersion is generally less than 0.5 wt % [3–5,11,13], which results
in high transportation and storage costs for the dispersion, as well as high energy consumption
during processing. To reduce these costs and the amount of energy consumed, the fabrication of clear
transparent nanopaper should start from a high-concentration dispersion, which would enable the
realization of nanopaper-based flexible devices.
In this study, we fabricated transparent nanopaper with low haze and high thermal resistance
from a highly concentrated dispersion. We first evaluated the dependence of the nanopaper haze on the
dispersion concentration using alkali-treated holocellulose nanofibers and TEMPO-oxidized nanofibers.
Next, we developed a procedure to prepare low-haze transparent alkali-treated holocellulose
nanopaper from high-concentration dispersions and revealed a dependence of the haze on the
dispersion concentration. Finally, we evaluated the crystallinity and thermal resistance of the
nanopapers and applied them in flexible transparent conductive films.
2. Materials and Methods
2.1. Cellulose Pulp
TEMPO-oxidized cellulose pulp was prepared using the steps described in a previous study [19].
Never-dried softwood dissolving sulfite pulp (dry weight 20 g) was suspended in distilled water
(1500 mL) containing TEMPO (0.16 g) and NaBr (1.0 g). A NaClO solution (4 wt %) containing
0.4, 0.6, or 1.0 mmol/g cellulose (12.4, 18.48, or 30.8 mL) was then added to the cellulose slurry at
room temperature under continuous stirring. Holocellulose pulp was also prepared using the steps
described in a previous study [19,22]. First, 60 g of Japanese cedar (Cryptomeria japonica) wood chips
were dewaxed in a mixture of acetone/water (2700 mL/300 mL) at room temperature overnight with
gentle stirring. The chips were then delignified in an acetic anhydride/hydrogen peroxide mixture
(500 mL/500 mL) at 90 ◦ C for 2 h. Next, the holocellulose pulp was treated with 5 wt % potassium
hydroxide at 20 ◦ C for 2 h before being washed thoroughly with distilled water. The carboxylate
content of the pulps was determined by the electric conductivity titration method [23].
2.2. Nanofibrillation
The disintegration of the cellulose pulps into nanofibers was performed using a water-jet
nanofibrillation system [5,19]. First, 2000 g of the pulp slurry (pulp content: 0.27 wt %) was
homogenized using a high-pressure water jet system (Star Burst, HJP-25008, Sugino Machine Co., Ltd.,
Toyama, Japan) equipped with a ball-collision chamber. The injected slurry was repeatedly passed
through a small nozzle with a 0.15-mm diameter under a high pressure of 245 MPa. After 50 passes
through this nozzle, a 0.20 wt % cellulose nanofiber water dispersion was obtained.
2.3. Conditioning of Cellulose Nanofiber Dispersion
The concentration of the cellulose nanofiber dispersion was adjusted by condensation using a
rotary evaporator (EYLA SB1200, Tokyo Rikakikai Corp., Tokyo, Japan) and/or by water dilution.
The 20-mL dispersion was sonicated for 5–30 s using an ultrasonic homogenizer (US-300E, Nissei
Corp., Tokyo, Japan) with a 26-mm probe tip diameter at 19.5 kHz and 300-W output power. After the
dispersion was conditioned by concentration adjustments and/or sonication, it was degassed using
a centrifugal mixer (ARV-310, Thinky Corp., Tokyo, Japan) at 1400 rpm for 3 min under vacuum and
then at 1800 rpm for 7 min under ambient pressure.
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2.4. Nanopaper
The dispersion was then cast evenly on an acrylic plate with an applicator. Cellulose nanopapers
with thicknesses of 13 ± 2 µm were obtained after subsequent oven-drying (DVS402, Yamato, Tokyo,
Japan) at 55 ◦ C under R.H. 25% overnight. The thickness of nanopaper was measured by a micrometer.
2.5. Characterization
The haze of the cellulose nanopaper was measured using a haze meter (HZ-V3, Suga Test
Instruments Co., Ltd., Tokyo, Japan). X-ray diffraction patterns were recorded using a Rigaku
MiniFlex600 (Tokyo, Japan) with Cu Kα radiation and a scanning angle (2θ) range of 5–40◦ at the
40-kV voltage and 15-mA current. The crystallinity index of cellulose I was calculated from the (200)
reflection (2θ = ~22.6◦ ), as previously described [20]. The thermal durability of the nanopaper was
evaluated using the 5% weight-loss point. Thermogravimetric analysis (TGA Q50N2, TA Instruments,
New Castle, DE, USA) was performed under a nitrogen atmosphere (60 mL/min) at a heating rate of
10 ◦ C/min. The surface roughness of the nanopaper was determined using an atomic force microscope
(AFM, Nanocute, SII Nano Technology Inc., Chiba, Japan) in the dynamic force microscope (DFM)
mode (measurement range: 20 µm × 20 µm).
2.6. Silver Nanowire and Transparent Conductive Lines
Silver nanowires (50–100 nm in diameter and 5–10 µm in length) were synthesized via the
reduction of silver nitrate in the presence of poly(vinylpyrrolidone) (PVP) in ethylene glycol [13,24].
The silver nanowires were dispersed in ethanol to form printable inks. The silver nanowire/ethanol
suspension was dropped onto the transparent nanopaper and then air-dried for 3–5 min. The air-dried
silver nanowires on the nanopapers were heated at 150 ◦ C for 30 min in the air [13,24].
3. Results and Discussion
Nanofibers (3–15-nm wide) were prepared by gentle mechanical nanofibrillation from the
TEMPO-oxidized cellulose pulps [1,19]. The 0.1 wt % TEMPO-oxidized nanofiber dispersion (carboxyl
content of 1.5 mmol/g) was dried to produce clearly transparent nanopaper, denoted TEMPO-oxidized
nanopaper, with low haze (less than 5%) [3,19,21]. To investigate the dependence of the nanopaper
haze on the concentration of the dispersion, TEMPO-oxidized nanopapers with thicknesses of
13 ± 2 µm were prepared from 0.2–1.8 wt % dispersions (carboxyl contents of 0.4–1.0 mmol/g). For the
TEMPO-oxidized nanofibers containing 1.0 mmol/g carboxyl, all the dispersions (concentrations of
0.2–1.8 wt %) resulted in the production of transparent nanopaper with low haze values of less than
1.9% (Figure 1N). Because of the electric double-layer repulsion, the TEMPO-oxidized nanofibers
were homogeneously distributed in the water dispersions without the formation of inhomogeneous
aggregations [25]. The cellulose nanofibers were so densely packed that there were no cavities, which
generally cause light scattering either inside the film or at the surface [4,5]. Even for the carboxyl
contents of 0.6 and 0.4 mmol/g, the repulsion of the cellulose nanofibers was retained. Therefore,
the TEMPO-oxidized nanopapers maintained their low haze values of less than 1.9% for all the
concentrations (Figure 1 ,#), indicating that the use of these nanofibers would result in reduced
transportation and storage costs of the dispersion as highly concentrated TEMPO-oxidized nanofiber
dispersions could be used to prepare low-haze transparent nanopaper.
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(Figure
1)
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of
transparency
of
the
substrate
and
the
silver
nanowire
content,
and
their
electrical
conductivity
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Therefore,nanopaper
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prepared
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Therefore,
when [24].
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prepared by
drying the
dispersion
drying
the
dispersion
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a
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only
a
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without any conditioning was used as a transparent substrate, only a small amount of deposited silver
amount
of deposited
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were used toofenhance
the transparency
of the nanopaper.
transparent As
anda
nanowires
were usedsilver
to enhance
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the transparent
and conductive
conductive
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As a result,
thetransparent
electrical conductivity
of the
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conductive
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conductivity
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and conductive
nanopaper
was and
not sufficient
to
nanopaper
was
not
sufficient
to
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a
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diode
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light
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right). In
illuminate a light-emitting diode (LED) light (Figure 8 right). In contrast, when the low-haze nanopaper
contrast,
the low-haze
nanopaper
obtained
by dryingwas
theused
diluted
andtransparent
sonicated dispersion
obtainedwhen
by drying
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dispersion
as the
substrate,was
the
used
as
the
transparent
substrate,
the
high
silver
nanowire
content
enhanced
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electrical
high silver nanowire content enhanced the electrical conductivity of the transparent and conductive
conductivity of the transparent and conductive paper while enabling its high transparency to be
maintained. Thus, a LED light mounted on the paper was successfully illuminated (Figure 8 left).
These preliminary achievements suggest that the dilution and sonication of high-concentration
nanofiber dispersions would contribute not only to reducing transportation and storage costs but
also to expanding device applications.
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paper while enabling its high transparency to be maintained. Thus, a LED light mounted on the paper
was successfully illuminated (Figure 8 left). These preliminary achievements suggest that the dilution
and sonication of high-concentration nanofiber dispersions would contribute not only to reducing
transportation and storage costs but also to expanding device applications.
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Figure 8. Illumination experiment using LED lights on conductive and transparent alkali-treated
Figure 8. Illumination experiment using LED lights on conductive and transparent alkali-treated
holocellulose nanopapers with silver nanowire deposits. The LED light on the low-conductive and
holocellulose nanopapers with silver nanowire deposits. The LED light on the low-conductive and
translucent nanopaper prepared from the high-concentration dispersion without any conditioning
translucent nanopaper prepared from the high-concentration dispersion without any conditioning was
was not illuminated (right). However, the LED light was successfully illuminated for the highly
not illuminated (right). However, the LED light was successfully illuminated for the highly conductive
conductive and transparent nanopaper prepared from the diluted and sonicated high-concentration
and transparent nanopaper prepared from the diluted and sonicated high-concentration dispersion
dispersion (left).
(left).

4. Conclusions
4. Conclusions
Clearly transparent nanopapers have been fabricated using low-concentration (less than
Clearly transparent nanopapers have been fabricated using low-concentration (less than 0.5 wt %)
0.5 wt %) cellulose nanofiber dispersions prepared from alkali-treated holocellulose pulps. The high
cellulose nanofiber dispersions prepared from alkali-treated holocellulose pulps. The high cost
cost of clearly transparent nanopaper resulting from the high transportation and storage costs of lowof clearly transparent nanopaper resulting from the high transportation and storage costs of
concentration dispersions is one of the obstacles currently preventing the mass production of flexible
low-concentration dispersions is one of the obstacles currently preventing the mass production of
paper electronics. Therefore, procedures to prepare clearly transparent nanopaper from highly
flexible paper electronics. Therefore, procedures to prepare clearly transparent nanopaper from
concentrated nanofiber dispersions are needed. However, increasing the concentration of nanofiber
highly concentrated nanofiber dispersions are needed. However, increasing the concentration
dispersions results in the generation of inhomogeneous aggregations of cellulose nanofibers in the
of nanofiber dispersions results in the generation of inhomogeneous aggregations of cellulose
dispersion, thereby decreasing the clearness of the transparent nanopaper. The inhomogeneous
nanofibers in the dispersion, thereby decreasing the clearness of the transparent nanopaper.
aggregations were not disintegrated by dilution of the high-concentration dispersions. In addition,
The inhomogeneous aggregations were not disintegrated by dilution of the high-concentration
although sonication often causes disintegration of aggregations of cellulose nanofibers, the
dispersions. In addition, although sonication often causes disintegration of aggregations of cellulose
inhomogeneous aggregations in the high-concentration dispersion in this study could not be
nanofibers, the inhomogeneous aggregations in the high-concentration dispersion in this study
disintegrated by sonication because of its high viscosity. However, after dilution of the
could not be disintegrated by sonication because of its high viscosity. However, after dilution of
high-concentration dispersion, the use of only 10–30-s sonication resulted in the production of clearly
the high-concentration dispersion, the use of only 10–30-s sonication resulted in the production of
transparent nanopaper with a haze of less than 10%. Because these procedures allowed the high
clearly transparent nanopaper with a haze of less than 10%. Because these procedures allowed
crystallinity of the nanopaper to be maintained, the high heat resistance of the clearly transparent
the high crystallinity of the nanopaper to be maintained, the high heat resistance of the clearly
nanopaper was also retained. Moreover, we prepared highly electrically conductive lines using the
transparent nanopaper was also retained. Moreover, we prepared highly electrically conductive lines
clearly transparent and high-heat-resistant nanopaper without sacrificing the transparency of the
using the clearly transparent and high-heat-resistant nanopaper without sacrificing the transparency
nanopaper. These achievements will help reduce the manufacturing costs associated with transparent
of the nanopaper. These achievements will help reduce the manufacturing costs associated with
nanopaper and encourage the widespread use of future flexible electronics based on
transparent nanopaper and encourage the widespread use of future flexible electronics based on
nanopaper substrates.
nanopaper substrates.
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