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With the development of flexible electronic devices, there is increasing requirement for the inexpensive
and environmental-friendly substrates. Cellulose paper has gained great attention because of its abun-
dance, biodegradability and renewability. In this paper, we designed a hybrid nanopaper by introducing
native cellulose nanofibrils (CNFs) into cellulose nanowhiskers (CNWs) matrix, which achieved a high
optical transmittance while retaining iridescence under polarizing film. This nanopaper is less expensive
than neat CNFs-based nanopaper and more feasible for large-scale production. Besides, our transparent
hybrid nanopaper possesses the writable surface like regular paper. Compared with commercial paper,
however, hybrid nanopaper shows superior optical properties and low surface roughness. The combi-
nation of these characteristics makes this nanopaper an excellent candidate for substrates of flexible
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1. Introduction

Cellulose, known as the most abundant natural polymer on
earth, has become an important renewable chemical resource to
replace petroleum-based materials (Beck, Bouchard, & Berry, 2011;
Ma, Zhou, Li, Li, & Ou, 2011). Wood cellulose fiber has been used
for more than thousands years as an ingredient for making paper,
which is a widely used material in everyday life. As it is renewable,
environment friendly, scalable, light weight, mechanically flexi-
ble and disposable, cellulose paper is recently being explored as a
promising sustainable substrate for use in electronic devices (Fang
et al,, 2011; Gao et al., 2013). Various electronic devices such as
displays (Madaria, Kumar, & Zhou, 2011), transistors (Russo et al.,
2011), batteries (Nyholm, Nystréom, Mihranyan, & Stremme, 2011)
and solar cells (Hu & Cui, 2012) have been reported to be printed
onregular paper. However, regular paper is made of cellulose fibers
with a diameter in the range of 20-50 mm, which results in a series
of shortcomings such as the large surface roughness, porous struc-
ture, and optical opaqueness to hosting electronic devices on the
surface of this material (Zhu et al., 2013).

Recently, considerable interest has been directed to cellu-
lose nanofibrils (CNFs) since they are well known that cellulose
nanofibers have a coefficient of thermal expansion (CTE) of
0.1 ppm/K and an estimated strength of 2-3 GPa (Guo, Chen, & Yan,
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2013). Besides, CNFs are virtually free from light scattering, which
makes it possible to prepare optically transparent nanopaper with
strong tensile strength, a low CTE and a low surface roughness (Zhu
et al., 2013). Reports on nanopaper and its applications have arisen
in recent years, mainly focusing on engineered nanostructures of
cellulose to fabricate transparent and flexible electronic devices,
such as nanopaper organic light-emitting diodes (Zhang, Zhang,
Lu, Wang, & Deng, 2012), conductive transparent paper (Jung et al.,
2008), magnetic nanopaper (Li et al., 2013) and nanopaper lithium-
ion batteries (Hu et al., 2013). However, it is a costly process to
extract CNFs from wood fibers as it requires high energy consump-
tion, expensive equipment, time-consuming procedure and low
yield rate. Recently, in order to reduce the cost of nanopaper, Fang
etal. (Fang et al., 2013) have prepared a kind of all-cellulose hybrid
nanostructured paper with a writable surface, which has a superior
smoothness and high optical transmittance.

Cellulose nanowhiskers (CNWs), another form of nanocellulose,
are generated by removing the amorphous sections of purified
cellulose source through acid hydrolysis (Klemm et al., 2011).
CNWs consists of rod-like cellulose crystals with widths of 5-70 nm
and lengths of 100-1000nm (Xiong, Zhang, Tian, Zhou, & Lu,
2012). Under a certain condition, CNWs can self-assemble into an
anisotropic chiral nematic liquid crystalline phase (Klemm et al.,
2011). Comparing with the CNFs, the cost of CNWs is much lower
since the preparation procedure is facile and time-saving and does
not need the expensive professional mechanical equipment. Owing
to the absence of amorphous sections, however, CNWs film is so
fragile that it needs other nanofillers to enhance their mechanical
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properties (especially flexibility). As a new class of nanoreinforce-
ment in green nanocomposites, CNFs has attracted great attention
because of its unique characteristics such as high aspect ratio and
good mechanical properties (Chen, Yu, Li, Liu, & Li, 2011a; Chen
et al,, 2011b; Chen, Yu, & Liu, 2011c). Therefore, it would be very
interesting to combine the two kinds of nanocellulose materials.

In this manuscript, we demonstrate a flexible, highly optical
transparent and iridescent CNFs/CNWs hybrid nanopaper that pos-
sesses a writable surface for flexible electronics. Furthermore, it is
iridescent under polarizing film and less expensive than that of
neat CNWs-based nanopaper. In our hybrid paper, CNFs was used
as ananoreinforcement to be incorporated into CNWs paper, which
aims to improve the mechanical properties of iridescent CNWs
paper and thus facilitate their applications. CNFs fills the spaces to
decrease the light scattering that otherwise occurs in CNWs paper
substrates. Compared with CNWs nanopaper, hybrid paper has a
greater optical transparency and mechanical strength.

2. Materials and methods
2.1. Preparation of CNWs suspension

The CNWs suspension was obtained by acid hydrolysis of com-
mercial cotton. About 5g of commercial cotton was dispersed in
100 mL of sulfuric acid (64 wt%) at 45 °C under vigorous stirring for
60 min. The suspensions were then washed with deionized water
using repeatedly centrifuge cycles (10 minat 12,000 rpm for a cycle)
until the suspension reached neutrality. Finally, the samples were
ultrasonic treated for 10 min in an ice bath. The resulted CNWs
suspension was concentrated to 1.59 wt% by evaporation.

2.2. Preparation of CNFs suspension

Never-dried bamboo bleached fibers were used as cellulose
source for preparing CNFs. The method to prepare CNFs is according
to Chen et al. (Chen et al, 2011a, 2011b, 2011c). 100 mL solu-
tion containing purified cellulose fibers (0.1 wt%) was ultrasonically
treated for 200 min with a common ultrasonic generator (JY99-II
D, Ningbo Scientz Biotechnology Co., Ltd., China) at a frequency of
19.5-20.5 kHz. Then the upper CNFs suspension was collected.

2.3. Preparation of hybrid nanopaper

The mixed suspension containing different ratios of CNWs and
CNFs was prepared by homogenization using a high shear mixer
(IKA T18). This mixed suspension was filled into a diameter petri
dish (90 mm) and allowed to evaporate over 48h at ambient
temperature to produce hybrid nanopaper. The thickness of each
nanopaper was kept constantly at 50+ 10 wm. The samples were
coded as nanopaper-0, nanopaper-1, nanopaper-5, and nanopaper-
10, according to the solid content of CNFs in the nanopapers at
owt%, 1 wt%, 5 wt%, and 10 wt%, respectively.

2.4. Characterization

2.4.1. Measurement of the thickness of nanopapers

The thickness of nanopapers was measured by using a microm-
eter (Lorentzen and Wettre, precision 1 wm). Each nanopaper was
measured at least five different locations, which should be evenly
distributed on the whole nanopaper. The mean value was used in
the calculations to determine the mechanical test measurement.

2.4.2. Polarized light microscopy
An Olympus BH-2 optical microscope with 10 x objective lens
was used to observe the iridescence in the nanopapers with the

assistance of two polarized light filters. Samples were viewed under
white light conditions.

2.4.3. Morphological investigation

The shape and size of the obtained CNWs and CNFs suspen-
sions were analyzed by a transmission electron microscope (TEM,
JEOL JEM-100CX, Japan) at 80kV. Drops of dilute suspensions
were deposited onto glow-discharged, carbon-coated electron
microscopy grids; excess liquid was absorbed by a piece of filter
paper. Furthermore, the nanopapers were fractured in liquid nitro-
gen to expose the middle part of cross sections for SEM observations
by fixed on a metal stub using carbon tape and coated with gold.

2.4.4. UV-vis transmittance measurements

The optical transmittances of the films were measured from
350 to 900 nm using a Shimadzu UVmini-1240 spectrophotome-
ter and were correlated based on the nanopaper thicknesses using
the Lambert-Beer’s law.

2.4.5. Wide-angle X-ray diffractions (XRD) analysis

Wide-Angle X-ray Diffractions were carried out by a Philips
X'Pert X-diffractometer with Cu-Ka radiation operating at
A =0.1540 nm (40 kV, 40 mA). Data were obtained in a 26 scale from
5 to 50°.

The degree of crystallinity could be relatively expressed by the
percentage crystallinity index (% Crl). (Habibi, Chanzy, & Vignon,
2006) The equation used to calculate the Crl was described by Segal
et al. (Segal, Creely, Martin, & Comrad, 1959) as follows:

CrI(%) = [(Ioo2 — Iam)/lo02] x 100

where Ipg> is the counter reading at peak intensity at a 20 angle
close to 22° representing the crystalline part and Iy, is the counter
reading at peak intensity at 20 close to 18° representing the amor-
phous part in cellulose.

2.4.6. Thermal Analysis

Thermal gravimetric analysis (TGA) was performed by using a
TA-2000 analyzer (TA Instrument) under nitrogen purge with a
flow rate of 100 mL/min. The scanning rate was 10°C/min and the
temperature range was from 40 to 600 °C.

2.4.7. Tensile strength tests

The tensile strength of the nanopapers was measured with a
tensile testing machine (Instron 5567 Universal Testing Machine)
fitted with a 100 N load cell at a crosshead speed of 1 mm/min. The
samples were cut in the rectangular specimens with a width of
12 mm and length of 35 mm. The measurements were performed
at 23°C and relative humidity of 50%.

2.4.8. Water contact angel (WCA) measurements

The WCA was measured by a DSA 100 drop shape analysis
system (Kruss Gmbh). The volume of the water droplet for each
measurement was kept at 3 x 1072 m3.

3. Results and discussion
3.1. Polarized light microscopy

Fig. 1 shows the images of nanopaper-0 (Fig. 1a), nanopaper-
1 (Fig. 1b), nanopaper-5 (Fig. 1c), and nanopaper-10 (Fig. 1d)
observed in transmission between crossed polars in an optical
microscope. Both nanopaper-0 and nanopaper-1 show remarkable
iridescence and usual multidomain structure, which indicates the
existence of chiral nematic structures in these nanopapers. How-
ever, it can be obviously observed that the color of nanopaper-5 in
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Fig. 1. The images of nanopaper-0 (a), nanopaper-1 (b), nanopaper-5 (c) and nanopaper-10 (d) observed in transmission between crossed polars using an optical microscope

(scale bar=20 wm).

Fig. 1c became monotonous and dim. The iridescence of nanopaper
is even faded out (in Fig. 1d) when the content of CNFs increased
to 10 wt%, suggesting the disappearance of liquid crystal struc-
ture in the nanopaper. These results indicate that the liquid crystal
structure of CNWs can be maintained under the addition of low
amount of CNFs. However, the excessive introduction of CNFs
will block the formation of liquid crystal structure of CNWs-based
nanopaper.

3.2. TEM and SEM analysis

The morphology of the obtained CNWs suspension, CNFs sus-
pension and nanocomposites films was further analyzed by TEM
and SEM and shown in Fig. 2. Fig. 2a shows the TEM image of
the CNWs suspension, which has been isolated from commercial
cotton by acid hydrolysis. It can be observed that the CNWs sus-
pension consists of rod-like crystalline celluloses with 10-20 nm in
diameter and 150-200 nm in length. Their aspect ratios are around
10-20. The CNWs suspension has a good stability because sulfate
groups were grafted onto the surface of CNWs during acid hydrol-
ysis, which created a strong electrostatic repulsion between the
anionic sulfate ester groups at the surface (Xiong et al., 2012).
The TEM morphology of the obtained CNFs is shown in Fig. 2b,
which appears as an inter-connected web structure. The diame-
ter of CNFs is 204+ 10 nm while the nanofiber length is estimated
more than 1000 nm, which leads to a higher aspect ratio than
CNWs.

Fig. 2(c-f) shows the cross section of the nanocomposite films
reinforced by CNFs. With the increase of CNFs content, it can be
observed that the cross section of the nanopapers have become
more dense. This might be ascribed to the fact that the CNFs are con-
sidered to form hydrogen bonds with CNWs, which can remarkably
enhance the mechanical properties of the CNWs-based nanopaper.
However, in these nanopapers, it is difficult to identify the CNFs
because CNWs and CNFs have similar diameter and most of CNFs
were embedded in the CNWs matrix due to the strong interactions
between them. In Fig. 2(c and d), the twisted helical organized layer
structure can be observed in the nanopaper-0 and nanopaper-1
(as indicated by red circles in Fig. 2c and Fig. 2d), indicating the
preservation of chiral nematic structure in the nanopapers. When
the CNFs content reaches 10 wt%, however, twisted helical orga-
nized layer structure is difficult to be detected. This result is well
consistent with the polarized light microscopy analysis.

3.3. UV-vis transmittance measurements

Fig. 3 shows the UV-vis transmittance of approximately 50 um
thick nanopaper-0, nanopaper-1, nanopaper-5, and nanopaper-10.
The transmittance at 900 nm is about 53% for the nanopaper-
0, while it is about 75%, 77%, and 71% for the nanopaper-1,
nanopaper-5, and nanopaper-10, respectively. Recently, Fukuzumi
et al.(Fukuzumi, Saito, Iwata, Kumamoto, & Isogai, 2009) reported
light transmittance as high as 90% through 20-pm films pre-
pared from TEMPO-oxidized cellulose nanofibers. However, in their
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Fig. 2. TEM images of CNWs (a) and CNFs (b); SEM images of nanopaper-0 (c), nanopaper-1 (d), nanopaper-5 (e) and nanopaper-10 (f).

study, un-fibrillated and partly fibrillated fibers were removed
from the gel by filtration through a nylon cloth with 20-wm pores.
According to Nogi et al. (Nogi, Lwamoto, Nakagaito, & Yano, 2009),
if the CNFs are densely packed and the interstices between the
fibers are small enough to avoid light scattering, the cellulosic
material becomes transparent. As discussed in the SEM analy-
sis, the introduction of CNFs in CNWs resulted in a more dense
structure of the prepared nanocomposites. Therefore, the intro-
duction of CNFs would lead to the higher light transmittance of
CNWs-based nanopaper. However, compared with nanopaper-1
and nanopaper-5, the nanopaper-10 has a slightly lower trans-
parency, which might result from the existence of some cellulose
fibers with large size in the CNFs. The appearance of the prepared
nanopaper-0 and nanopaper-1 is shown in the inserted image in
Fig. 3. It can be observed that visual transparency was indeed sig-
nificantly improved with the introduction of CNFs.

3.4. XRD analysis

XRD analysis was carried out to examine the changes in the
crystalline structure of the nanocomposites. Fig. 4 shows the XRD
patterns of the obtained nanopaper-0 and nanopaper-1. Three main
peaks at 20 =14.9°, 16.5° and 22.6° can be observed in both films,
which correspond to the cellulose I crystals where the parallel
chains are strongly intermolecularly hydrogen bonded (Walther,
Timonen, Diez, Laukkanen, & Ikkala, 2011). It suggested that the
original crystalline structure of native cellulose fibers was essen-
tially maintained in the CNWs and CNFs. Moreover, the Crl of
both samples was also calculated, and the Crl is decreased from
91.5 for nanopaper-0 to 90 for nanopaper-1. The decrease of
the Crl was undoubtedly associated with the addition of CNFs,
which has a lower degree of crystallinity than CNWs. On the
other hand, the existence of CNFs would improve the limited
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Fig. 3. UV-vis transmittance of approximately 50 um thick nanopaper-0,
nanopaper-, nanopaper-5, and nanopaper-10, the inserted image shows the pho-
tograph of nanopaper-0 and nanopaper-1 on the logo of Sichuan University.

flexibility of CNWs film, because the CNFs contain a lot of amor-
phous regions.

3.5. Thermal analysis

Considering the importance of thermal stability of cellulose-
based materials in many applications, we examined the thermal
decomposition behaviors of cellulose nanopapers by TGA analy-
sis in nitrogen atmosphere. As a result of their different chemical
structures, CNWs and CNFs usually decompose at different tem-
peratures. Fig. 5 shows the typical TGA curves of CNWs nanopaper
with different contents of CNFs. For all the samples, the 1st stage
weight loss occurred at below 150 °C. This approximate 4% weight
loss apparently resulted from the evaporation of adsorbed water.
The 2nd stage of weight loss which occurred at around 200-300°C
could be attributed to the depolymerization of cellulose (Jonoobi,
Khazaeian, Tahir, Azry, & Oksman, 2011; Roman & Winter, 2004).
The degradation temperature of the films was found to follow the
order: nanopaper-10>nanopaper-5 > nanopaper-1 > nanopaper-0.
This result indicates that the existence of CNFs can improve the
thermal stability of CNWs. Although CNWs has a higher degree of
crystallinity than CNFs because of the remove of amorphous region,
the thermal stability of CNWs is poorer than that of CNFs. This is
because the sulfate groups introduced on cellulose chains catalyzed
the thermal degradation of cellulose. According to Roman et al.
(Roman & Winter, 2004), the catalysis could proceed either directly
through the acid molecules or indirectly by promoting dehydration
reactions.
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Fig. 4. XRD patterns of the obtained nanopaper-0 and nanopaper-1.
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Fig. 5. TGA curves of nanopaper-0 (a), nanopaper-1 (b), nanopaper-5 (c) and
nanopaper-10 (d).

3.6. Mechanical properties

Fig. 6a shows the typical stress-strain curves of nanopaper-0,
nanopaper-1, nanopaper-5, and nanopaper-10. The effect of CNFs
content on the mechanical properties of CNWs nanopaper is inves-
tigated. The average values of tensile strength, Young’s modulus
and elongation at break of the as-prepared films are shown in
Table 1. It can be observed that the neat CNWs nanopaper is
very weak, which is indicated by the maximum tensile strength
of 14.25 MPa. However, the incorporation of CNFs could result in a
significantimprovement in the tensile strength of the nanocompos-
ite nanopapers. With addition of 1 wt% CNFs, the tensile strength
of CNWs nanopaper was increased by 76%, indicating the high load
bearing capacity of CNFs. Moreover, with the increase of CNFs con-
tent from 1 wt% to 10 wt%, the tensile strength of CNWs nanopaper
is 37.46 MPa, improved by 114% compared with that of neat CNWs-
based nanopaper. Besides, the Young’s modulus of nanopaper is
always improved with the presence of CNFs. These results agree
well with other reports (Svagan, Samir, & Berglund, 2007; Peng,
Ren, Zhong, & Sun, 2011). Fig. 6(b and c) shows the photographs
of nanopaper-0 and nanopaper-1 to investigate the effect of CNFs
on bending strength of the CNWs nanopapers. As we all know, the
neat CNWs-based nanopaper is very brittle due to its rigid rod-like
structures instead of amorphous regions. As shown in Fig. 6b, the
nanopaper-0 was broken into two pieces by bending gently. How-
ever, only adding 1 wt% CNFs into the CNWs nanopaper, it can be
bended repeatedly for a large angle without any ruptures as shown
in Fig. 6¢. This character of bending strength also can be proven by
the decrease of Young’s modulus and increase of elongation at break
asshowninTable 1. Furthermore, similar results were also reported
for other nanopapers reinforced with CNFs. The tensile strength of
amylopectin film increased from 0.35 to 15.0 MPa by incorporation
of 20 wt% CNFs into the film (Svagan et al., 2007). High-performance
nanocomposite films based on polyvinyl alcohol and CNFs could be
obtained from their mixture. The nanocomposite film showed an
increase in tensile strength from 65 (pure polyvinyl alcohol film)
to 103 MPa (composite film with 5 wt% CNFs) (Wang & Sain, 2007).

Table 1
Mechanical properties of nanopaper-0, nanopaper-1, nanopaper-5, and nanopaper-
10.

Samples Tensile Elongation at Young’s
strength (MPa) break (%) modulus (MPa)
Nanopaper-0 14.25 0.466 3417
Nanopaper-1 25.88 1.24 4423
Nanopaper-5 33.25 1.27 4336
Nanopaper-10 37.46 143 3768
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Fig. 6. Stress-strain curves of nanopaper-0, nanopaper-1, nanopaper-5, and nanopaper-10 (a), the photographs of fragile nanopaper-0 (b) and flexible nanopaper-1 (c).

Xylan-rich hemicelluloses nanocomposites reinforced with CNFs
also showed improved mechanical properties (Peng et al., 2011).
The rigid rod-like structure and the short length of CNWs would
result in the brittle character of CNWs-based material. On the other
hand, the significant enhancement of tensile strength of the CNWs

0.0pym 0.0um

0.0ym 0.0uym

nanopaper with the addition of CNFs could be ascribed to the high
aspect ratio of CNFs as well as the strong interactions between
CNFs and CNWs matrix. The interaction between the matrix and
reinforcement plays a critical role in determining the external load
transfer within the nanopapers. The strong interactions (Van der

Fig. 7. 3D surface topography and surface SEM images of nanopaper-0 (a), nanopaper-1(b) and commercial paper (c).
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Waals forces and strong hydrogen bonding) between CNFs and
CNWs were resulted from their nanosize-effect and same molecu-
lar structure, which allow good interfacial adhesion between CNWs
matrix and the reinforcement (CNFs). Moreover, the strong inter-
actions between CNWs and CNFs were used to develop molecular
anchors, which give new chemical functions to cellulose crystals
(Huber et al.,, 2012). Therefore, external load can be effectively
transferred between matrix (CNWs) and CNFs, which results in the
reduction in stress concentration and crack formation within the
nanopapers. These results suggest the possibility of manufacturing
CNWs-based nanopapers with high mechanical performance.

3.7. Surface roughness

In order to evaluate the surface roughness of the nanopaper,
we have carried out the 3D surface topography images, surface
SEM analysis and water contact angle. The 3D surface topography
images of nanopaper-0, nanopaper-1, and commercial paper are
shown in Fig. 7. The maximum surface protrusion (MSP) values of
the nanopaper-0 and nanopaper-1 are around 20 pm, while that
of commercial paper is about 40 p.m. Besides, we can observe from
the 3D images that the nanopaper has less protrusion than commer-
cial paper, which indicates the nanopaper has much lower surface
roughness.

SEM was further employed to observe the surface roughness of
the nanopaper. It can be seen from Fig. 7 that CNWs are evenly
dispersed on the surface of the nanopaper. However, it is hard to
distinguish CNFs from CNWs, because they have similar diameter
and most of CNFs are embed in the matrix. In addition, like the
typical cellulose nanopapers, small pores can still be observed in
the image. It can be clearly seen that nanopaper-0 and nanopaper-1
have similar surface structure. However, the surface of commercial
paper consists of cellulose fiber with large sizes, which resulted in
a great number of large porosities in the surface. As a result, the
commercial paper has a much higher surface toughness.

It was widely reported that the surface roughness of the sub-
strate plays an important role in the wettability of the surface.
Therefore, water contact angle (WCA) measurements were carried
out to estimate wettability. According to the previous report (Ryan
& Poduska, 2008), it was observed that the rough surfaces may have
substantially larger contact angles due to heterogeneous wetting.
For example, a droplet will not entirely wet the rough surface and
may leave pockets of air between the droplet and the substrate
(Cassie & Baxter, 1944). As shown in Fig. 8, we can see that the
W(CAs of all nanopapers are essentially the same, which indicates
the similar surface roughness of these samples. However, due to
its high surface roughness, the WCA of commercial paper is round

Fig. 9. Image of the highly transparent, writable, flexible, and conductive hybrid
paper lighting up an LED device; the inset (right) shows LED placed under the
nanopaper; the insert (left) is the words written on the nanopaper using different
color pen.

110°C. The WCA results are well in agreement with the 3D surface
topography images and surface SEM analysis.

3.8. Writable surface

To evaluate whether our transparent hybrid nanopaper pre-
serves these properties like commercial paper, we evaluated its
writability using an aqueous silver ink. The word“NCC” is drawn on
the surface of the hybrid paper using a pen saturated with aqueous
silvers ink and dried under ambient conditions. Then, a green LED
light is connected with the curved conductive hybrid nanopaper
using a metal line to form a conductive network (Fig. 9, LED was
placed under the nanopaper in the inserted image). The lighting
LED is illuminated by using two 1.5V batteries. Additionally, we
also have used three other color pens to write on this nanopaper
to test its writability. As shown in the inserted image in Fig. 9, it
is very easy to write“cellulose” on the nanopaper like a commer-
cial cellulose paper. The results indicated that the writable, flexible
and transparent properties of the hybrid nanopaper may have the
potential to fabricate “writable electronics.”

4. Conclusion

In this paper, a facile and environmentally friendly process was
developed to produce flexible and iridescent all-cellulose films
by introducing CNFs into CNWs matrix. The process was carried
out at room temperature and does not rely on harmful solvents.
With incorporation of only 1wt% CNFs, the tensile strength of
CNWs-based film was increased by 76% and it can be bended
repeatedly for a large angle without any ruptures. Furthermore,
the nanocomposite film also exhibited remarkable iridescence,
improved transparence and enhanced thermal stability. The bio-
composite film consisting of biodegradable CNFs and CNWs is fully
biodegradable, which renders them advantageous in terms of envi-
ronmental protection.
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