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ABSTRACT: This paper presents a versatile method to fabricate ultrathin
nanofibrillated cellulose (NFC) films as thin as 800 nm by blade coating, which is
compatible with a roll-to-roll process on a large scale. Our approach allows obtaining a
dried nanocellulose film within a span of 1 h subsequent to 2,2,6,6-tetramethylpiper-
idine-1-oxyl radical-assisted oxidation and homogenization procedures. One of the
thinnest freestanding NFC films with a thickness of 800 nm is achieved using a blade
coating of nanocellulose after 72 h of oxidation followed by homogenization with a
channel size of 65 μm. Incorporating water-soluble CdTe core-type quantum dots into
the nanocellulose film led to a uniform emission under 385 nm UV irradiation,
indicating excellent material compatibility. We anticipate nanocellulose developed in
our study to be beneficial in biomimicry flying objects, environmentally friendly
encapsulation, color filters, and energy storage device membranes, to name a few.

1. INTRODUCTION
Cellulose is regarded as a highly attractive natural substance
due to its widespread distribution across the Earth’s surface
and its significant abundance. Due to its polymerized glucose
structure and the presence of numerous intermolecular
hydrogen bonds, cellulose exhibits characteristics of both
polymer and supramolecular materials. These traits include
excellent mechanical strength,1 flexibility, self-assembly behav-
ior,2,3 porous structure, and low weight. Currently, it is possible
to break down commonly employed cellulose fibers with
diameters in the range of several micrometers into nano-
fibrillated cellulose (NFC) fibers with diameters on the
nanometer scale.4 Consequently, the films composed of
nanocellulose demonstrate unique mechanical5−7 and optical
properties8−10 that are absent in conventional thick cellulose
materials. Nanocellulose has a wide spectrum of potential
applications, including but not limited to oil absorption,11

security printing,12 biological and life science,13−17 liquid and
gas-proof materials,18−20 water purification,21 electronic
devices,22−31 and nanocomposites.25,29,32−37

Conventional techniques employed for the extraction of
NFC from natural cellulose fibers include mechanical methods
such as high-pressure homogenization38,39 and mechanical
grinding.6,40,41 The energy-demanding chemical pretreatment
is commonly used to reduce the interaction between cellulose
fibers.42−49 The utilization of 2,2,6,6-tetramethylpiperidine-1-
oxyl radical (TEMPO)-mediated oxidation50 is widely
recognized as one of the most effective chemical treatment
techniques. This method is favored because it generates a
uniform and individualized NFC in a controlled aqueous

environment. The TEMPO-mediated oxidation in conjunction
with high-pressure homogenization is currently the most
popular method for producing high-quality NFC with minimal
energy input and high yield.10,50−53

Following oxidation-homogenization procedures, the NFC
aqueous suspension is typically transformed into thin films to
cater to various applications. Vacuum filtering9,25,36,54 and cast-
evaporation54−56 are the two most common methods for
making NFC films. Filtration is deemed more desirable due to
its ability to integrate both NFC purification and film creation
in a single step, whereas alternative approaches necessitate the
initial purification of NFC from chemical salts before
subsequent processing can take place. Nevertheless, drawing
from our collective expertise, it has been observed that the
process of vacuum filtration, employing a 4 L/h oil mechanical
pump, necessitates a considerable amount of time to effectively
eliminate water and salts. This is true even when a standard
filter paper with a relatively high pore size of approximately 25
μm. Additional purification utilizing deionized (DI) water
requires a considerable processing time. Incorporating a
vacuum pump in filtration procedures increases the power
and time consumption, thereby reducing the effectiveness of
potential industrial processes. As a result, it is imperative to
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seek an alternative methodology that effectively circumvents
the aforementioned limits. In advanced manufacturing of
liquid-based thin films and layers, industrial methods like roll-
to-roll printing and blade coating are frequently utilized.57−61

As of the present, based on our current understanding, the
utilization of these methodologies has yielded the production
of films derived from cellulose with varying thicknesses ranging
from a few micrometers to one hundred micrometers.6,27

Regarding this matter, the cellulose that was utilized was either
produced through solely mechanical processing, without any
chemical treatment,6 or subjected to chemical processes that
did not involve aqueous solutions.27 Given the aforementioned
benefits of employing the combined TEMPO-mediated
oxidation and mechanical treatment method for the
production of NFC liquid suspensions, it is imperative to
establish a roll-to-roll compatible procedure for the fabrication
of NFC films. Nevertheless, the NFC aqueous suspension
obtained from chemical treatment cannot be directly used
without first eliminating the salts. Failure to remove the salts
leads to the formation of brittle films with crystallized salt
regions, thereby impacting both the mechanical capabilities
and the optical qualities.

In this study, we demonstrate the use of the blade coating
method to create ultrathin freestanding films with a thickness
as low as 800 nm utilizing salt-free NFC hydrogel. The NFC
hydrogel is acquired by a purification process involving
repeated centrifugation and wash steps. In contrast to previous
studies,3,50,62 our approach involves the collection of the solid
hydrogel rather than retaining the supernatant. This choice is
motivated by several factors: first, the solid hydrogel possesses
a high viscosity, which effectively addresses the issue of poor
wettability in dilute aqueous solutions. Consequently, it
facilitates the formation of a stable and nonshrinkable NFC
coating on hydrophobic substrates. Second, the solid NFC
hydrogel host promotes improved dispersion of guest
materials, thereby minimizing their tendency to aggregate
during film production. Lastly, the utilization of the solid
hydrogel reduces the drying time of the film due to its lower
water content.

2. EXPERIMENTAL SECTION
2.1. Preparation of NFC Suspensions. Figure 1 shows a

visual depiction of the NFC hydrogel preparation and simple
blade coating process. International Paper supplied the
cellulose needed for the NFC film process in the form of
Southern bleached softwood kraft (SBSK) paper, as shown in
Figure 1. The TEMPO-mediated oxidation process was carried
out in accordance with the established methodology described
in the literature.9 At first, 5 g of SBSK was evenly distributed in
500 mL of DI water for 30 min. Next, 0.08 g of TEMPO and
0.5 g of sodium bromide (NaBr) were added to the mixture,
which was then supplemented with 35 mL of sodium
hypochlorite solution containing 12.5 wt %. The reaction
was sustained at a constant pH of 10.5 by continuously adding
a 0.5 M NaOH solution during the oxidation process, which
lasted either 24 or 72 h at room temperature.

The cellulose aqueous suspensions obtained exhibited
stability as a result of considerable electrostatic repulsion
between the carboxylated microfibers, which aligns with
previous research findings.50 After undergoing oxidation, the
suspensions were homogenized using a microfluidizer (Micro-
fluidics M110) at a pressure of 20,000 psi to create NFC,
flowing through channels with either a diameter of 200 or 65

μm. The suspensions exhibited decreased light scattering
properties after homogenization, suggesting a prevalence of
smaller nanocellulose fibers. By employing lower channel
dimensions, the NFC suspensions underwent more homoge-
nization, leading to increased transparency and a more
pronounced Tyndall effect, which suggested a decrease in
fiber size. The D-labeled aqueous suspension utilizing the
channel 65 μm in diameter as well as 72 h of the oxidation
process exhibited the greatest transparency and Tyndall effect.
This suggests that longer reaction durations result in a higher
concentration of carboxylate groups on the surface of the
nanocellulose. The NFC aqueous solutions exhibited long-
term stability, as no precipitation was seen even after a
duration of 2 months.

2.2. Hydrogel and Film Preparation. The formation of
the NFC hydrogel required subjecting NFC aqueous
suspensions to a centrifugation process, with the purpose of
removing remnant salts. After the supernatant was removed,
DI water was employed to disperse and wash the NFC
hydrogel. Successive centrifugation procedures were performed
until the pH of the supernatant reached the target level of 8.
The thorough washing process ensured the production of a
pure NFC hydrogel, devoid of ionic impurities, which is
essential for the formation of high-quality NFC thin films.

Figure 1. Schematic description of the preparation of the NFC film by
blade coating the NFC hydrogel on the PET substrate. The
processing approach follows the sequence: (1) TEMPO-mediated
oxidation, (2) homogenization, (3) centrifugation, and (4) blade
coating. The circle photos shown in (1) and (2) represent the
cellulose aqueous suspension exposed to a laser beam as illustrated in
the upper right corner. The circle photos shown in (4) represent the
rough surface of a wet coating layer and the smooth surface of a
peeled dry NFC film.
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2.3. Nanocellulose Blade Coating. Subsequently, the
NFC hydrogel was subjected to a blade coating procedure. The
application was performed over a polyethylene terephthalate
(PET) substrate, chosen for its hydrophobic characteristics,
which made it easier to remove the dried film afterward. The
hydrogel was applied by using the roll-to-roll compatible blade
coating technique, resulting in a homogeneous layer. The blade
coating conditions were optimized to yield dried NFC films
with an average thickness of 22 ± 2 μm and 800 ± 150 nm,
respectively. This was achieved due to the hydrogel’s high
viscosity and excellent wetting properties, preventing any
shrinking. The coating procedure was devoid of any
prerequisite preparation of the PET surface, hence, stream-
lining the coating fabrication and making it more suitable for a
potential industrial manufacturing process. The presence of
hydrogen bonding within NFC fibers had a diverse impact on
many properties, such as surface tension, wetting behavior,
capillary resistance, and viscosity control. This, in turn, resulted
in the creation of thin films that were smooth and of superior
quality.

2.4. NFC-Quantum Dots Composite Films. To produce
quantum dot (QD)-NFC composite films, the blade coating
technique was also utilized, along with an extra preliminary
step. A solution containing 0.5 mL of CdTe core-type QDs in
water was mixed with 15 mL of NFC hydrogel, followed by
stirring for 10 min prior to coating. Subsequently, the blend
was poured onto a pristine PET surface and uniformly
distributed using a glass blade positioned at an angle of
roughly 150°. The moist film was dried by exposure to ambient
conditions and subsequently removed from the underlying
surface using tweezers. The NFC-QD composite films
obtained preserved the optical characteristics of the QDs and
the structural advantages of NFC. The thickness of composite

films was determined using a digital electronic micrometer,
except for the 800 nm film, which was verified using field
emission scanning electron microscopy (FESEM) analysis,
demonstrating the high level of precision in production at the
submicron scale.

2.5. Optical Characterization. Quantitative assessment of
the optical properties, namely, transmittance and transmission
haze, of NFC films was conducted utilizing an optical fiber
spectrometer system (Ocean Optics). The equipment set was
composed of a spectrometer (USB 2000+), a halogen light
source (HL-2000), and an integrating sphere (FOIS-1). The
transmittance spectrum was obtained by measuring the
intensity of light that passed through the NFC film, which
was accurately placed at the entrance port of the integrating
sphere using SpectraSuite software. Simultaneously, the
transmission haze was assessed by measuring the light intensity
as it passed through the NFC film positioned at the exit of the
light source. In order to determine the spectrum of scattered
light, the data of transmitted light was compared to a reference
spectrum obtained without the NFC film in the optical path.
This comparison enabled an accurate estimation of the light
scattering caused by the film.

3. RESULTS AND DISCUSSION
Figure 2 shows the optical properties of dried films A−D made
from NFC aqueous suspensions obtained from various
chemical and mechanical treatments, which are described in
Figure 1. Transmittance is a metric used to assess the total
quantity of light that traverses a substance without being
absorbed, whereas transmission haze is a measure that
quantifies the extent of scattering or haziness present in the
transmitted light. Such optical features have significant

Figure 2. Optical properties of NFC films (a−d) made from NFC treated with different chemical and mechanical processes.
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importance in applications that require optical clarity and
optimal light transmission characteristics. In the wavelength
range 450−800 nm, all films with a thickness of 22 ± 2 μm
exhibit a high level of transparency, with transmittance values
over 90%, as shown in Figure 2. The observed high optical
transmittance can be attributed to the combination of factors
including the limited absorption of cellulose within the visible
band, smooth layer surface, high purity of the NFC produced
by our method, low thickness of the NFC layer, and NFC
crystalline size. Moreover, the optical data here points to a
uniform distribution of NFC and the formation of a consistent
refractive index due to uniform carboxylate groups throughout
the film.

Using a homogenization treatment with a 200 μm channel
led to a film with an average transmission haze of
approximately 55% as shown in Figure 2a. In contrast, Figure
2b showcases a film made by a treatment involving a 65 μm
channel, which displays a substantially lower average trans-
mission haze of approximately 13%. The aforementioned
statement can also be applied to films subjected to a chemical
treatment process lasting 72 h, as depicted in Figure 2c,d.
Comparing the films in Figure 2a,c, both of which were
produced using NFC treated with a 200 μm homogenization
channel, reveals a relatively lower discrepancy of approximately
14% in terms of transmission haze. Figure 2 highlights the
influence of oxidation duration and homogenization channel
size on the nanocellulose films’ optical properties. TEMPO
oxidation for 24 h, followed by homogenization through a 200
μm channel, depicted in Figure 2a, results in significant
transmission haze due to larger fiber aggregates that scatter
light. Conversely, Figure 2b shows reduced haze when utilizing
a 65 μm channel for the same oxidation period, indicating finer
and more uniformly dispersed fibers, thereby reducing the light
scattering. Extended oxidation for 72 h, as in film C (Figure
2c), increases the carboxylate content on the fibers, improving
their repulsion and dispersion, which in turn refines the fibrils,
yielding a clearer film with less haze compared to the shorter
24 h oxidation in film A (Figure 2a). Although reducing the
channel size to 65 μm does improve the optical properties of
the nanocellulose film, as shown in Figure 2b, increasing the
oxidation period from 24 to 72 h (Figure 2d) in this case does
not necessarily lead to a significant improvement in these
properties.

Reducing the chamber size for homogenization intensifies
the shear forces, which effectively break up the cellulose
structure, leading to a decrease in NFC dimensions.
Consequently, films homogenized with a narrower chamber
size typically display a superior transmittance and transmission
haze. However, the data also show that a state of diminishing
returns is reached beyond a specific time of oxidation when a
lower chamber size is employed for homogenization. This
suggests that there might exist an optimal duration for
oxidation in order to get the highest level of optical clarity,
thus, reducing fabrication costs.

FESEM was employed to confirm and accurately assess the
dimensions of NFC and the nanostructure morphology of the
films. The findings depicted in Figure 3 demonstrate the
presence of a consistent and uniformly arranged assembly of
cellulose fibers at the nanoscale. Additionally, FESEM images
provide evidence that the size of the fibers in the resulting films
is predominantly determined by the dimensions of the
homogenizer channel size. On the other hand, the duration
of the processing does not have a significant effect on the size

of the NFC. This observation provides additional support for
the association between homogenization treatment and
transmission haze, as demonstrated in the films depicted in
Figure 2.

NFC hydrogel was used as ink in order to demonstrate the
suitability of the blade coating method in the fabrication of a
freestanding NFC layer, film (D) (Figure 2d). The wet coating
process was tuned in order to achieve a layer thickness of 70
μm. Upon drying, this resulted in the formation of a
freestanding thin film with a thickness of 800 ± 150 nm
(compared to A4 paper at a thickness of ca. 105 nm), as seen
by the cross-section view of the FESEM image depicted in
Figure 4a. Based on current understanding, our findings

represent the thinnest freestanding blade-coated pure NFC
film that has been documented to date. The dried nano-
cellulose film was peeled off without fracturing, which is
attributed to the remarkable mechanical strength of the
nanocellulose fibers. The NFC film, in its extremely thin
state, might be beneficial in many applications including wing

Figure 3. FESEM images of films A (a), B (b), C (c), and D (d).
Scale bar is 1 μm.

Figure 4. Photos of NFC with QDs. (a) FESEM cross-sectional view
of 800 nm-thick NFC film. Scale bar is 10 μm. (b) The NFC film with
800 nm demonstrates a colorful interference pattern. (c) CdTe core-
type QDs/NFC composite film under UV light (385 nm). (d) CdTe
core-type QDs/NFC hydrogel under UV irradiation after 1 month
storage. The hydrogel in the sample bottle was purposely tilted in
order to show its stability.
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material for miniature biomimetic flying devices, (ii)
decorating materials, (iii) ecofriendly encapsulation, and (iv)
membranes for energy storage devices, to mention a few.

Subsequently, water-soluble CdTe core-type QDs were
added (0.1 mg/mL) to the NFC hydrogel (24 h, 200 μm)
and stirred for 10 min at room temperature, followed by blade
coating. Following the water evaporation process, a film
exhibiting uniform fluorescence was successfully achieved (see
Figure 4c). Homogeneous emission under 385 nm UV
irradiation suggests that the QDs were well dispersed
throughout the NFC film. The wet composite hydrogel,
when stored in a container, exhibited shelf and operational
stability for a duration exceeding 1 month. This stability was
characterized by the absence of phase separation or
aggregation of QDs, as evidenced by the uniform fluorescence
emission observed across the entirety of the hydrogel, as
depicted in Figure 4d.

4. CONCLUSIONS
In conclusion, a rapid and efficient methodology for fabricating
the NFC film has been successfully demonstrated. The
utilization of blade coating in conjunction with centrifugation
resulted in a notable reduction in the duration required for the
manufacture of NFC layers and freestanding ultrathin
transparent nanocellulose films.
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