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Paper, as an inexpensive substrate for flexible electronics and energy
devices, has garnered great attention because of its abundance,
biodegradability, renewability and sustainability. However, the
intrinsic opacity and higher roughness of regular paper greatly
restricts further applications. One promising method is to use cellu-
lose nanofibers (CNs) to fabricate nanopaper with a high optical
transmittance and excellent smoothness, but there are still some
challenges facing nanopaper substrates, such as high-energy
consumption to extract nanofibers and the time-consuming process
to prepare nanopaper. We design a bilayer hybrid paper using
unbeaten wood fibers and CNs with a papermaking technique,
which achieves a high optical transmittance and superior smooth-
ness while remaining less expensive than nanopaper and useful as a
writable surface. The first transparent paper touchscreen with an
excellent anti-glare effect in bright environments is demonstrated
using our novel transparent and conductive hybrid paper as the
flexible electrode.

Introduction

Printed electronics is an emerging research area gathering
significant attention. Many recent advances in the field of
printed electronics involve fabricating electronic devices, such
as displays, transistors, radio frequency identification (RFID)
tags, batteries, sensors and solar cells, on common paper.*™*°
Paper electronics is an attractive solution for low-cost applica-
tions since cellulosic paper is renewable, environmentally
friendly, scalable, light weight, mechanically flexible and
disposable.*'**> There are still many challenges facing paper
substrates, however, such as their intrinsic opacity due to light
scattering by the air which exists in the micro-size cavities
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within the networks of wood fibers and their higher roughness
compared to commonly used plastics in printed electronics.
The root of the challenges for paper as a substrate for printed
electronics is that wood fibers are a hollow and elongated cell of
a tree, with a micro-sized width and several millimeters in
length, which results in micro-sized pores among the paper and
high surface roughness. Several approaches have been applied
to produce transparent and smooth paper. Transparent paper
produced by (1) immersing good quality paper into sulphuric
acid for a few seconds to convert part of the cellulose into an
amyloid form, which partly fills the pores among the paper; (2)
using highly beaten cellulosic pulp that is prepared by intensely
fibrillating the cell wall of wood fibers by mechanical treatment,
such as refining or beating; (3) impregnating with a fat, oil,
resin, paraffin and so on; and (4) forming a web from a mixture
of wood fibers and thermoplastic synthetic fibers followed by
hot pressing.™ The transparency of the paper achieved from the
above methods is less than 80% and the surface roughness is
still high with sizes of several microns. An intriguing way to
overcome the aforementioned problems of paper made of
micro-sized fibers is by using CNs to produce nanopaper.****
Reports on nanopaper and its applications have arisen in recent
years, mainly focusing on engineered nanostructures based on
cellulose for transparent and flexible electronic devices. Nano-
paper possesses a high optical transmittance (about 90%),
strong tensile strength, a low coefficient of thermal expansion
(CTE)* and a low surface roughness of several nanometers.*
These excellent characteristics can be utilized to fabricate
nanopaper organic field effect transistors (OFETs),'® nanopaper
organic light-emitting diodes,"'*"” conductive transparent
paper,'' magnetic nanopaper* and nanopaper lithium-ion
batteries.>® CNs still require a costly process to extract them
from wood fibers because it requires high energy consumption
and nanopaper also requires a time-consuming preparation
procedure.”*”

In this manuscript, we demonstrate the first novel bilayer
structural wood fiber/NFC hybrid paper that fulfils the
requirements of a high optical transmittance and superior
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smoothness for flexible electronics. It is less expensive than
nanopaper due to the use of unbeaten wood fibers, it is writable,
has tunable haze and exhibits superior smoothness. NFC is a
type of CN that is obtained by a chemical pre-treatment and
mechanical nanofibrillation of the wood fiber.>* In our hybrid
paper, wood fibers form the backbone of the structure, while
NFC fills the spaces to decrease the light scattering that other-
wise occurs in regular paper substrates. Compared with nano-
paper, hybrid paper has a greater optical haze, lower cost and
better shape stability as it is easy to fabricate transparent paper
with a thickness of over 40 pm. This highly transparent hybrid
paper enables a range of printable optoelectronic devices with
excellent flexibility. The first transparent paper touchscreen is
demonstrated using our novel transparent and conductive
nanostructured paper as the flexible electrode.

Experimental
Preparation of the nanofibrillated cellulose

Wood fibers refer to a bleached sulfate softwood pulp (Southern
Yellow Pine). NFC was manufactured from wood fibers through
TEMPO-oxidization and homogenization. The wood fibers were
dispersed in distilled water with a concentration of 1% in which
sodium bromide and TEMPO were dissolved (10.0 wt% and
1.6 wt% based on oven-dry pulp, respectively)’®. To gain a
uniform fiber suspension, a Turrax mixer (IKA, RW20 digital)
was used to disintegrate the agglomerated fibers. The reaction
began by the titration of sodium hypochlorite (NaClO, 12 wt%)
into the suspension at room temperature and the pH was
maintained at 10.5 using sodium hydroxide (NaOH, 12 wt%)
until all the NaClO was consumed. The residual solution was
removed by filtration, followed by rinsing several times with
distilled water. The clean fibers were then dispersed in distilled
water at a concentration of 1 wt% and disintegrated by a high-
pressure homogenization procedure with a Microfluidizer
processor M110EH (Microfluidics Ind., USA).

Fabrication of the hybrid paper

A nanofibrillated cellulose (NFC) suspension was prepared by
diluting to 0.1 wt% in distilled water and then stirring for 1 h at
700 rpm. To verify whether the total light transmittance of the
paper improves with the increase of the content of NFC, here we
maintained the weight of the wood fiber within the paper and
varied the dosage of NFC to fabricate paper with different
transmittance values. The wood fiber (bleached sulfate soft-
wood pulp) was dispersed into the aforementioned NFC
suspension and stirred for 10 min to form a uniform dispersion.
The formula for the paper preparation is shown in Table S2 in
the ESL.T Firstly, a 0.1 wt% NFC suspension (56 g) was filtrated
with a Buchner funnel using a 90 mm filter membrane (0.65 pm
DVPP, Millipore, U.S.A) to form a wet thin layer that contains
little free water. Secondly, a mixture of NFC and wood fiber was
then poured into the same Buchner funnel to filter and form a
hybrid fiber layer on top of the thin pure NFC layer. At last, the
bilayer wet film was carefully placed between filter papers and
dried under pressure at room temperature.
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Results and discussion

The cell wall of wood fiber is comprised of millions of oriented
microfibrils, each with a diameter of 3-5 nm. A typical wood
fiber diameter is larger than 10 pm, with a length larger than 0.5
mm (Fig. S1, Table S1, ESIY). In a regular paper substrate, all the
fibers are arranged into a random fibrous network with lots of
micro-sized air cavities (Fig. 1a). Since the size of the fibers is
much larger than the optical wavelength, incident light will
largely scatter. The refractive index is 1.5 for cellulose and 1.0
for air. This large difference between refractive indexes invokes
light scattering at the fiber surfaces and manifests as the opacity
of paper (Fig. 1a). For paper made of bleached softwood
kraft fibers, the specific mass attenuation coefficient is 200-350
cm?® g~ and the specific light absorption coefficient is 1-10 cm?
g~ 1.2 Light adsorption is much smaller than scattering in paper
substrates.

In our design, NFC with diameters of 5-30 nm is used to fill
the voids within the paper and thus, micro-sized pores that
cause light scattering are reduced to a nano-size by adding NFC
via a papermaking method. Consequently, minimal light scat-
tering occurs due to the reduced number of open spaces and a
matched refractive index between the effective index of the
hybrid paper and air, which allows more light to pass directly
through the paper rather than getting scattered (Fig. 1b). This
leads to an excellent optical transparency of up to 91.5%
(Fig. 1c). Similar structures to decrease the light scattering of
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Fig. 1 (a) Opaque cellulosic paper made of wood fibers. (b) Transparent hybrid
paper consisting of two layers: the bottom layer is made of NFC and the top layer
is produced by saturating NFC into the pores among the network of wood fibers.
The widths of the wood fiber and NFC are 10-50 pm and 5-30 nm, respectively.
(c) Photo of the designed all-cellulose hybrid transparent paper with a thickness
of 70 um.
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paper substrates have been applied by incorporating other
materials, such as resins, oils or starch.”»* Compared to
previous approaches with two different materials, our hybrid
paper (1) consists of only renewable cellulose materials; (2) has
a much higher optical transmittance due to the index match of
all the components in the composites; (3) is more biocompat-
ible;* (4) is potentially more printable for inks for electronics
and energy devices; (5) is based on a simple filtration process
widely used in the paper industry. In addition to optical trans-
mittance, surface smoothness is also critical for using trans-
parent paper for electronic devices. In our design, a very thin
layer of NFC is filtered on the surface of a hybrid structure that
ensures nanoscale surface roughness of the hybrid paper.

To execute our design, wood fibers were pre-treated with a
TEMPO/NaBr/NaClO oxidation system at a pH of 10 at room
temperature and hydroxyl groups at glucose C6 positions are
oxidized into carboxyl groups which facilitate fiber swelling and
NFC suspension stability.**** TEMPO-oxidized wood fibers are
then disintegrated into nanoscale fibers by a Microfluidizer
processor (M-110EH). The obtained NFC was mixed with
unbeaten wood fibers and then filtered through a nitrocellulose
ester filter membrane with a 0.65 pum pore size."**** The wet
filtered sheet was dried at atmospheric temperature.

Cellulosic papers comprised of various weight percentages of
NFC are demonstrated in Fig. 2a. The letters “UMD” gradually
become more visible as the content of NFC increases in the
hybrid paper, which indicates the paper becomes more trans-
parent. The optical transmittance of the samples was obtained
with a Lambda 35 UV-Vis spectrometer (PerkInElmer, USA.).
The total light transmittances of the various cellulosic papers
and polyethylene terephthalate (PET) substrates are illustrated
in Fig. 2b, and the basic information of the aforementioned
cellulosic papers is listed in Table S3 in the ESL{ Cellulosic
paper's transmittance obviously improves as the amount of NFC
in the paper increases. When the content of NFC in the paper
reaches 60 wt%, the optical transmittance curve nearly overlaps
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Fig. 2 Optical properties of cellulosic paper at different weight ratios of NFC to
whole paper. (a) The visual appearance of the cellulosic paper. The weight ratio of
NFC to paper from left to right is 0%, 30%, 45% and 60%. (b) Total light trans-
mittance of the cellulosic paper at various weight ratios of NFC. (c) The haze value
vs. wavelength for transparent paper with different NFC ratios and PET.
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the curve for PET between wavelengths of 200 nm to 1100 nm.
This indicates that our hybrid paper can substitute PET without
compromising its performance as a transparent surface. The
reason behind this behavior in our samples is that adding more
NFC into the cellulosic paper reduces the interfacial area
between the regular paper fibers and air by filling the voids in
the porous structure. Therefore, more light transmits through
the paper instead of being scattered. The hybrid paper with 60
wt% NFC has a total light transmittance of 91.5% at a wave-
length of 550 nm, which is similar to the performance of
nanopaper with pure NFC.

A detailed study of the optical properties in our hybrid paper
is important for evaluating device applications. The haze refers
to the visual clarity through a material and may be qualitatively
evaluated by the degree of cloudiness observed. The presence of
haze may be desirable for some applications due to enhanced
light trapping, for example, thin-film solar cells.***® The haze
value is defined as the ratio of diffuse transmittance to total
transmittance. A PerkinElmer Lambda 35 UV/Vis spectropho-
tometer is used to accurately measure haze with an integrating
sphere. Haze was calculated according to the following experi-
mental equation:

T, T,

Haze (%) = (?2 - Tl) x 100% (1)
where T; is the incident light, T}, is the total light transmitted by
the specimen, T is the light scattered by the instrument and 7,
is the light scattered by the instrument and specimen.

Our hybrid paper exhibits a high optical haze in addition to a
high transmittance. The haze of cellulosic paper with different
weight ratios of NFC and PET plastic is shown in Fig. 2c and
Fig. S2 in the ESL.1 As the amount of NFC increases in the paper,
the haze gradually reduces. This special phenomenon shows
that we can design a hybrid paper with a diversity of optical haze
factors by altering the weight ratio of wood fiber to NFC, which
makes it useful for solar cells as well as anti-glare displays,
where optical transmittance and haze are both needed. The
optical haze of a transparent hybrid paper depends on the light
scattering of the incident light. As the NFC mass ratio increases,
the pores inside the hybrid paper decrease, which leads to a
decrease of the light scattering. The decrease of light scattering
leads to an increase of the forward total transmittance and a
decrease of the optical haze.

A scanning electron microscope (SEM) and atomic force
microscopy (AFM) were used to observe the morphologies of the
NFC and cellulosic paper with different weight ratios. Fig. 3a
shows the NFC gel with a concentration of 1% by weight. The
NFC gel has a high viscosity and is stable for at least one year. A
TEM image of a single NFC is shown in Fig. S3, ESI{ and the
optical microscopic image in Fig. S4 in the ESIf shows the
morphology of the wood fibers. Fig. 3b reveals an AFM image of
a freestanding NFC film. The surface morphology of paper with
100% wood fibers is illustrated in Fig. 3c. Fig. 3d and e illustrate
the surface morphologies of hybrid paper consisting of 45% and
60% NFC by weight, respectively. The pores on the surface are
gradually filled by NFC as the amount of NFC in the hybrid
paper increases. When the weight percentage of NFC is 60%, the
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Fig. 3 NFC gel, AFM image of the NFC and top view SEM images for the rough
surface of the cellulosic paper. (a) A digital image of the NFC gel, (b) an AFM
image of NFC. (c) Regular paper without NFC; (d and e) hybrid paper based on
NFC and regular fibers with an NFC content of 30% and 45% respectively. (f) SEM
cross-section image of the highly transparent nanostructured paper with an
hybrid structure, which contains 60% NFC by weight. NFC layer leads to the
excellent smoothness of the highly transparent substrates.

open spaces on the surface between the wood fibers are
completely filled with NFC from the top-view SEM image. Fig. 3f
shows the SEM image of a cross-section of the hybrid paper with
60% NFC by weight, where the bi-layer structure is distinctly
observed. The internal micro-sized voids disappear, indicating
the NFCs completely fill the spaces among the wood fibers. In
our bilayer structural hybrid paper, a thin NFC layer promotes
the transparent paper to have a super flat surface, which is
required for applications in electronics and optoelectronics.

The transparent paper with a rationally designed structure
enables unique functionalities by integrating it with nano-
materials to expand its application beyond information
recording and packaging. To fabricate a transparent and
conductive paper electrode, 1 mg ml™* of carbon nanotubes
(CNTs) were dispersed in water with 10 mg ml™* of sodium
dodecylbenzenesulfonate (SDBS) as a surfactant and applied to
the transparent paper. A Meyer rod coating method was used to
deposit CNTs on the smoother side of the transparent paper with
60% by weight of NFC, which can be scaled up to an industrial
roll-to-roll method. The schematic transverse structure of the
CNT-coated transparent hybrid paper is shown in Fig. 4a.

Since the shape stability may affect the fabrication and
performance of paper-based electronic devices, serious defor-
mation of the paper should be avoided during the deposition of
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Communication

functional materials. Shape instability is one of the major
challenges to apply electronic devices to previously reported
cellulose nanopaper. Transparent hybrid paper consists of a
strong interlaced network of micro-sized fibers reinforced by
NFC, which forms a structure that enables the hybrid paper to
more efficiently resist deformation than nanopaper. The
thickness of the transparent hybrid paper fabricated in this
study generally exceeds 40 pm owing to the addition of regular
fibers with a length weighted average width of 27 pm (Table S1,
ESIT). The higher the thickness of a paper, the better the shape
stability is. As a result, the hybrid paper attains good
shape stability during the aqueous CNTs coating (Fig. 4b). The
relationship between the deposited mass of CNTs on the
transparent paper and the sheet resistance is illustrated in
Fig. S5, ESLt

One unique property of paper for information technology is
its excellent compatibility with pattern generations based on
writing or printing processes. To evaluate whether our trans-
parent hybrid paper preserves this property like regular paper,
we evaluated the writing with aqueous CNT ink. The word
“Writable” is drawn on the relatively rough surface of the hybrid
paper using a brush saturated with aqueous CNTs ink and dried
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Fig. 4 Conductive and transparent nanostructured paper. (a) A cross-section
schematic structure of the transparent and conductive hybrid paper. (b) Picture of
the hybrid paper after CNT coating based on aqueous ink. (c) Image of a highly
transparent, writable, flexible and conductive hybrid paper lighting up an LED
device. The upper right inset shows the pattern in the hybrid paper drawn by a
brusher with CNTs ink, and the insert in the bottom right corner illustrates the
circuit drawn by a pen containing CNTs ink. (d) The optical transmittance of the
transparent hybrid paper for a touchscreen before and after the CNTs coating. (e)
SEM image of CNTs network depositing on the surface of the transparent paper.
(f) The sheet resistance change of the CNTs-coated designed hybrid paper and the
CNTs-coated PET before and after folding, the schematic in the red dashed rect-
angle shows the folding direction and degree of the CNTs-coated substrate.

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/C3TC31331J

Published on 14 August 2013. Downloaded by Northeastern University on 30/12/2015 14:23:27.

Transparent paper

CNT layer

Ag paste

View Article Online

Fig.5 (a) A schematic structure of a transparent four-wire touch screen with nanostructured paper. (b) An assembled paper touch screen was used to simulate typical
"paper” with the help of eGalaxTouch software from TVI Electronics LLC. (c) Left: a paper touch screen, right: a PET touch screen. (d) Two types of touch screen exposed
to sunlight: a paper touch screen without glare (left) and a PET touch screen with great glare (right). All pictures were taken at a similar angle.

under ambient conditions. Then, a green LED light is placed
under the curved conductive hybrid paper and connects them
with a metal line to form a conductive network. The lighting
LED is illuminated by using two 1.5 V batteries. A CNT filled
ballpoint pen can be used to draw circuits, which is shown in
the bottom right corner of Fig. 4c. Photos of the brush and pen
that drew the patterns are pictured in Fig. S6 in the ESL{ The
writable, flexible and transparent properties of the hybrid paper
may have the potential to fabricate “writable electronics”. Note
that the writing process with pens relies on not only the solvent
absorption by the substrate, but also the surface roughness. It is
anticipated that the roughness of the hybrid paper could be
tailored to meet the requirement for both electronics devices
and writing processes. Conductive and transparent hybrid
paper by incorporating an ultra-thin layer of CNTs is achieved.
Fig. 4d shows the optical transmittance of the hybrid paper
itself and with the CNTs. The sheet resistance of the CNT
coating is around 700 Ohm sq~*, which is compatible with the
values obtained on a plastic substrate.*” SEM shows a random
network of CNTs uniformly distributed on the hybrid paper
surface without the large surface roughness observed in regular
paper, which is crucial for electronic devices (Fig. 4e).
Transparent and conductive substrates are extensively used
in touch screens, liquid crystal displays (LCDs), organic light-
emitting diodes (OLEDs) and solar cells. The mechanical
robustness of transparent electrodes is a key factor that influ-
ences the lifetime of such devices.*® Here, we tested the anti-
folding ability of the CNT network on PET and designed a
hybrid paper by folding the CNT-coated transparent hybrid
paper and PET at an angle of 180°. The inset schematic indi-
cates the folding direction of the transparent electrodes. The
sheet resistance (R;) of the CNT film was measured before and
after folding. The conductive and transparent hybrid paper has
a smaller change in R, after folding compared to the CNT-coated
PET (Fig. 4f). This may be due to the entanglement of wood
fibers with high aspect ratios providing an effective strain relief
internally.”® Hybrid paper substrates have a fibrous structure,

This journal is © The Royal Society of Chemistry 2013

fundamentally different to plastic substrates, which is more
suitable for foldable electronics.

Such highly conductive paper with good shape stability and a
lower cost than nanopaper enables a range of optoelectronic
devices impossible to perceive with previous nanopaper. We
designed and assembled a four-wire analogue resistive paper
touch screen with transparent and conductive hybrid paper as
the top transparent electrode. The four-wire analogue resistive
touch screen is generally composed of two layers: a PET film and
a glass substrate, both coated with a transparent conductor.
Here, we demonstrate the first paper four-wire resistive touch
screen by replacing the top ITO coated PET film with CNT-
coated high transparent paper. Fig. 5a shows the schematic
structure of the four-wire resistive paper touch screen used in
this study. In our device, silver patterns on the CNT-coated
transparent paper were formed by a screen printing method and
dried at room temperature. The CNT-coated transparent paper
was then used to assemble the paper touch screen. The paper
touch screen was tested with the eGalaxTouch software. The
word “paper” was written on the touch screen by a stylus pen
and successfully displayed on the computer via a USB connec-
tion (Fig. 5b), which implies the PET may be replaced by the
transparent and conductive hybrid paper to fabricate trans-
parent electrodes for electronic devices. The tunable haze and
anti-glare effect of the transparent hybrid paper is crucial for
many applications, including displays and solar cells. We eval-
uated the performance of the touch screens under a bright
ambient environment. When the PET touch screen and paper
touch screen are exposed to light, the touch screen with PET
exhibits glare and underneath, the pattern is visibly unclear.
The touch screen with the transparent hybrid paper, however,
demonstrates high anti-glaring characteristics (Fig. 5d). This is
due to two possible effects: (1) the relative rough surface on the
top scatters the incident light randomly in different direction
instead of a fixed direction, and (2) the optical haze of the
hybrid paper. The demonstration of clear visibility in a bright
environment is significant for flexible electronics, which could
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be one major advantage of transparent nanostructured paper
for next-generation green electronics and displays.

Conclusion

In conclusion, we designed the first, novel hybrid paper con-
sisting of wood fibers as the backbone and NFC as the fillers.
Such a hybrid paper has excellent properties, including a high
optical transmittance, superior surface roughness, writing
capability with inks and good shape stability. Compared with
previously transparent nanopaper with pure NFCs, our hybrid
paper is much lower cost due to the application of unbeaten
wood fibers within the paper and a much faster fabrication
process for paper with a similar thickness. A functional touch
screen with an excellent anti-glare effect in a bright environ-
ment was demonstrated. The economic advantages and
enhanced properties of our hybrid paper substrate can reshape
the industry for flexible optoelectronic devices, such as touch
screen displays and solar cells.
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