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ABSTRACT: This paper demonstrates a high-throughput approach to
fabricate nanocellulose films with multifunctional performance using
conventionally existing unit operations. The approach comprises cast-
coating and direct interfacial atmospheric plasma-assisted gas-phase
modification along with the microscale patterning technique (nanoimprint
lithography, NIL), all applied in roll-to-roll mode, to introduce organic
functionalities in conjunction with structural manipulation. Our strategy
results in multifunctional cellulose nanofibrils (CNF) films in which the
high optical transmittance (∼90%) is retained while the haze can be
adjusted (2−35%). Concomitantly, the hydrophobic/hydrophilic balance
can be tuned (50−21 mJ/m2 with the water contact angle ranging from
∼20 up to ∼120°), while intrinsic hygroscopicity of CNF films is not
significantly compromised. Therefore, a challenge to produce multifunc-
tional bio-based materials with properties defined by various high-performance applications conjoined to the lack of efficient
processing strategies is elucidated. Overall, economically and ecologically viable strategy, which was realized by facile and upscalable
unit operations using the R2R technology, is introduced to expand the properties’ spaces and thus offer a vast variety of interesting
applications for CNF films.
KEYWORDS: cellulose nanofibrils film, light management, surface chemical modification, plasma polymerization,
hydrophobic and barrier coating

■ INTRODUCTION

Films fabricated from plant-derived nanoscaled cellulosic
materials (cellulose nanofibrils, CNF) are increasingly
considered to be exploited in, e.g., green (printed) electronics,
biological devices, and energy applications due to their
inherent and unique physical properties.1,2 Two-dimensional
nanocellulose architectures appear as translucent or even fully
transparent films; they possess high thermal stability, moderate
smoothness, piezoelectric and dielectric properties, birefrin-
gency, optical properties, and low density coupled with
relatively high strength, among many others, and their
structural and chemical modification is moderately easy.3−8

In this context, as defined by many high-performance
applications, intriguing inherent properties of CNF structures
coupled with several options to exploit materials tunability
offer prospects for the development of multifunctional
materials derived from renewable sources. However, a grand
challenge often lies in the lack of facile and upscalable
manufacturing and processing methods to fabricate such
materials with bio-based status in which the inherent features
are efficiently exploited. This drastically limits the industrial
adoption of multifunctional systems within emerging fields of
“green” optoelectronics, electronics, energy, and sensing
applications, especially when high throughput is needed.

2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO)-CNF,
which is produced by 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) radical-mediated oxidation of cellulosic fibers, is
considered as a very attractive nanocellulose grade since self-
standing TEMPO-CNF films are fully transparent with a low
surface roughness.9 As previously reported, TEMPO-oxidized
nanofibers can be integrated in such systems where high haze
and high transparency are essential. Fang et al. achieved such a
combination by drying under pressure wet film of TEMPO-
oxidized nanofibers placed between two stacks of regular filter
paper.10 Alternatively, nanostructured papers with both high
transparency (>91%) and high haze (>89%) were obtained by
partly dissolving and in situ nanowelding in ionic liquid (IL)
microfibers11 or fabricated directly from original paper with
rapid IL-polishing processes.12 Simple deposition (coating) of
microsized TEMPO-oxidized wood fibers was utilized to tune
the optical haze of the films made from TEMPO-oxidized

Received: May 17, 2020
Accepted: October 15, 2020
Published: October 29, 2020

Articlewww.acsabm.org

© 2020 American Chemical Society
7428

https://dx.doi.org/10.1021/acsabm.0c00576
ACS Appl. Bio Mater. 2020, 3, 7428−7438

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

D
ow

nl
oa

de
d 

vi
a 

A
A

LT
O

 U
N

IV
 o

n 
N

ov
em

be
r 2

3,
 2

02
0 

at
 0

9:
02

:4
0 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexey+Khakalo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tapio+Ma%CC%88kela%CC%88"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leena-Sisko+Johansson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hannes+Orelma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tekla+Tammelin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsabm.0c00576&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00576?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00576?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00576?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00576?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00576?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aabmcb/3/11?ref=pdf
https://pubs.acs.org/toc/aabmcb/3/11?ref=pdf
https://pubs.acs.org/toc/aabmcb/3/11?ref=pdf
https://pubs.acs.org/toc/aabmcb/3/11?ref=pdf
www.acsabm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c00576?ref=pdf
https://www.acsabm.org?ref=pdf
https://www.acsabm.org?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


cellulose nanofibrils by increasing the light scattering on the
upper surface.13 High material transparency accompanied with
high haze is particularly beneficial for outdoor displays and
solar cells.
Cellulose nanofibrils are extremely hygroscopican un-

tapped property, which has often been considered as a
disadvantage interfering the full utilization of bio-based
building blocks. The potential deriving from this feature is,
however, convincingly evidenced. For example, a combination
of hygroscopicity with advanced light management is an
attractive feature for photosynthetic cell factories.7 Water
vapor-induced swelling and film softening facilitate mechanical
nanoimprint lithography (NIL) process when the nano-
cellulose film is periodically patterned to generate optical
effects.14 In addition, microfluidic cellulose-based analytical
devices appear as a promising platform for disposable, high-
efficiency, and portable systems for use in environmental
monitoring, health diagnostics, and food quality testing.15 The
devices make use of the capillary force (with no assistance of
external forces) to transport fluid along well-defined hydro-
phobic patterns.18 Highly hydrophobic cellulosic materials
while retaining their breathability and moisture buffering
ability were achieved via layer-by-layer deposition of two
natural components, cationic poly-L-lysine, and anionic
carnauba wax particles for their use as functional textiles.16 A
biodegradable, fully organic (cellulose/wax-based), and hier-
archically textured superhydrophobic material was reported.17

The material consisted of a cellulose micropatterned substrate
coated with a carnauba wax layer, which lowered the surface
energy of the substrate and induced a second order of
roughness at the same time.
Atmospheric pressure plasma-enhanced chemical vapor

deposition technology allows a uniform one-step tailoring of
substrate’s surface chemistry in large-scale production.18,19

During plasma polymerization of organosilicon compounds,
monomer is dissociated by breaking the bonds through
collision with electrons, and then the formed radicals/
fragments are deposited directly on the substrate surface
forming a growing film.20 One of the most commonly used
siloxane, hexamethyldisiloxane (HMDSO), a monomer that
otherwise cannot be polymerized following the conventional
methodologies in liquid phase, undergoes polymerization
under plasma conditions by rearranging the radicals produced
during its dissociation.21 By this way, stable hydrophobic layers
can be formed on, e.g., polyimide films,22 filter papers, and

cotton clothes,23 due to the high retention of methyl groups.
Another interesting group, amine-containing precursors, e.g., 3-
aminopropyl-triethoxysilane (APTES), allow surface function-
alization with free reactive nitrogen-containing groups,
particularly primary amines (−NH2), which are widely utilized
in bio-devices such as advanced drug-delivery systems, cell
microarrays, and biosensors to assist cell or enzyme attachment
through the formation of covalent bonds with carboxyl group
present in biomolecules.24,25 Previously, we have demonstrated
how this particular aminosilane group efficiently prevents the
permeability of oxygen molecules into the nanocellulose films
in the presence of water molecules.26

In this work, we report a simple and upscalable surface
modification strategy to produce and tailor nanocellulose films
using on-line techniques, which are compatible with industrial
lines. The purpose is to fabricate films with peculiar optical
performance, tunable hydrophobic/hydrophilic balance, and
controlled gas and vapor transport properties without
compromising the intriguing physical properties provided by
cellulose nanofibrils, such as transparency and hygroscopicity.
To show multifunctionality, we demonstrate a synergistic
fabrication procedure, which combines mechanical NIL
patterning of cast-coated nanocellulose films with plasma-
assisted single-layer deposition of well-defined chemical groups
of either HMDSO or APTES, as schematically illustrated in
Figure 1. NIL patterns manipulate optical response via
formation of continuous arrays. Besides, micropatterning is a
route to adjust the roughness profile of the nanocellulose film.
HMDSO groups introduced on the already assembled
nanocellulose film surfaces tailor the surface energy and
wettability of the films, whereas APTES groups reduce
moisture sensitivity due to self-condensation reactions taking
place. The chemical composition of the CNF film structures
was carefully characterized using X-ray photoelectron spec-
troscopy (XPS) and energy-dispersive X-ray spectroscopy
(EDS), whereas the morphological details were investigated by
atomic force microscopy (AFM) and scanning electron
microscopy (SEM). Furthermore, several physical properties
were revealed to evidence the multifunctional character, i.e.,
surface energy, transparency accompanied with haze, as well as
oxygen and moisture permeabilities.

■ RESULTS AND DISCUSSION

Optical Properties, Surface Free Energy, Wettability,
and Oxygen/Water Vapor Permeability of Surface-

Figure 1. Schematic illustration of roll-to-roll manufacturing and modification strategy of multifunctional TEMPO-CNF films combining
nanoimprint lithography (NIL) to create micropillar patterns and plasma-enhanced chemical vapor deposition for simple interfacial modification
using APTES and HMDSO as precursors. Photographs showing initial appearance of nanocellulose gel that forms a transparent continuous film
upon drying. SEM image illustrates features of NIL surface-patterned TEMPO-CNF film.
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Tailored TEMPO-CNF Films. Light transmittance of the NIL
surface-patterned and plasma-deposited TEMPO-CNF films
was investigated in the visible-light wavelength range, as
demonstrated in Figure 2a. TEMPO-CNF films fabricated

from nanosized fibers have extremely low scattering in the
visible light as the diameter of such fibers (<10 nm) is much
smaller than the wavelength of the visible light (390−760 nm).
Moreover, assembled films have low porosity and compact

Figure 2. Surface NIL patterning combined with plasma deposition allows simple and upscalable tailoring of TEMPO-CNF films properties:
transparency of the surface-modified TEMPO-CNF films (a) is maintained while simultaneously giving possibility to introduce optical haze (b);
moreover, surface free energy (c), hydrophobicity (d) as well as oxygen (e) and water vapor (f) permeability can be manipulated.
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structure, which weaken the light scattering between fibers and
air, resulting in high transparency (about 90% at 600 nm) of
the TEMPO-CNF films.27 The TEMPO-CNF film was
transparent with ∼90% total light transmittance at a wave-
length of 550 nm; see also Figure 1. All plasma-deposited
TEMPO-CNF films showed nearly the same level of light
transmittance (88−89% at 550 nm) as that of a pure substrate.
According to Snell’s law, light is diffracted as it passes through
an interface,28 for example, the higher the difference in
refractive indexes of the two media, the higher the diffraction
angle will be. The refractive index of cellulose is 1.53,29

whereas it is a bit lower for PP-HMDSO (refractive index =
1.47)30 and APTES (refractive index ≈ 1.42).31 However, the
presented results indicated almost no influence on the
transparency of the TEMPO-CNF films upon plasma
depositions since all electromagnetic waves within visible-
light wavelength maintained its original direction when
transmitted through the samples. Moreover, void-free, uniform,
and dense layers were produced, which would otherwise affect
the samples’ transmittance due to refractive index mismatch
between cellulose, depositions, and air (refractive index = 1.0).
Upon combined NIL patterning and plasma deposition, the
optical transmittance remained in the range 82−90%,
indicating almost fully transparent films at a wavelength of
550 nm. NIL-patterned and plasma-treated samples showed
higher order of diffraction and thereby substantial light
scattering, which led to a higher optical haze (quantifies the
percentage of the forward light scattering), as shown in Figure
2b. The values as high as 35% at 550 nm were reached,
whereas haze <2% was observed both for reference and
plasma-deposited TEMPO-CNF films. The rough surface of
NIL-patterned and plasma-deposited samples (Figure 3)
caused prominent light scattering of surfaces with various
roughnesses. This finding is in accordance with the previous
studies of multilayers structure involving TEMPO-CNF and
wood fibers.32 To summarize, plasma-deposited TEMPO-CNF
films showed excellent light transmittance (88−89% at 550
nm) and low optical haze (<2% at 550 nm), making them
attractive for indoor high-definition display devices that require
high clarity. On the other hand, the scattering of films

subjected to surface patterning and plasma deposition (optical
haze, 35% and transmittance, ca. 83−87% at 550 nm) can lead
to an antiglare effect, which is widely used in outdoor displays
where devices operate in a bright environment. In addition,
high haze accompanied with high clarity is beneficial in solar
cell applications as light will be trapped in the solar cell for a
longer time, thus leading to better solar cell efficiency.10,33

To evaluate the changes in surface energy (SE) of NIL
surface-patterned and plasma-deposited TEMPO-CNF films,
the average CAs for liquids with various surface tensions were
determined and the dispersive as well as acid and base
contributions of the surface energy were derived according to
the acid−base theory (Figures 2c and S1a, Table S1). SE of the
TEMPO-CNF film (γs ∼ 51 mJ/m2) is within the range of
previously reported values for cellulosic nanofibrils, 44−54 mJ/
m2.34 The effect of HMDSO deposition on the SE of TEMPO-
CNF films is substantial, whereas that of APTES is less
pronounced. Upon HMDSO deposition, the surface energy
decreases through both the dispersive and polar components,
which is rational given the introduction of new functionalities
onto cellulose surface (nonpolar Si-(CH3)3 groups replaced
hydroxyl groups in cellulose; see below). Contrarily, the SE of
APTES layer deposited on TEMPO-CNF film even becomes
higher compared to base substrate due to terminal amine
functionalities of APTES (see below). Combined with surface
NIL patterning, the SE of the respective depositions was found
to decrease in all cases (Figures 2c and S1a). For example, SE
as low as 21.6 mJ/m2 was reached for NIL surface-patterned
and HMDSO-deposited films, which is composed only of the
dispersive component (γd). Meanwhile, the polar component
drops from 11.5 down to 0.2 mJ/m2. Table S1 reveals also a
strong electron-donating tendency for the cellulosic surfaces
(the electron donor, Lewis base, component clearly dominates
over that of the electron acceptor, Lewis acid component (γ−

≫ γ+)), thus indicating the ability to participate in polar
interactions with other acidic moieties. HMDSO layer
deposition onto the TEMPO-CNF surface significantly
reduced γ− from 53.3 to 0.3 mJ/m2. Simultaneously, the acid
component contribution increased and, as a result, the ratio of
the base and acid components (γ−/γ+) is strongly reduced. It is

Figure 3. AFM three-dimensional (3D) topography images (top) with height scan profiles (bottom) of reference TEMPO-CNF film (a), NIL
surface-patterned TEMPO-CNF film (b) and TEMPO-CNF film after NIL surface patterning and HMDSO plasma deposition (c).
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worth mentioning that an increased γ+ parameter not only
indicates amphoteric properties of the surface but also would
allow interactions of modified TEMPO-CNF with other
bipolar species. Amphoteric nature (acid and base) becomes
even more pronounced upon APTES deposition.
The affinity to water of the modified films was derived based

on the interfacial free energy of interaction, ΔGsws
IFE, between

water and chemical groups introduced to the solid substrate
(Table S1). When ΔGsws

IFE is positive, the water−substrate
interactions dominate over the cohesive attraction within the
polar water molecules and, therefore, the surface of the
substrate is expected to be hydrophilic. In contrast, negative
ΔGsws

IFE suggests the substrate immersed in water to be
hydrophobic as it avoids contact with water molecules due
to high cohesive energy.
This implies that the sign of ΔGsws

IFE determines the character
of the material surface and the value of ΔGsws

IFE may be
considered as a quantitative indication of the extent of surface
hydrophobicity. Positive ΔGsws

IFE for TEMPO-CNF films
highlights the dominant hydrophilic nature of cellulosic
surface. Plasma deposition of HMDSO and APTES layers
varies the surface character of cellulose, turning it to
hydrophobic (positiveΔGsws

IFE), whereas the hydrophobicity of
the HMDSO layer is higher than the one of APTES layer (4-
to 6-fold difference in ΔGsws

IFE, on average).
The effects of different depositions as well as surface

patterning on the water contact angle (WCA) are presented in
Figures 2d and S1b. It is well documented that surface energy
and surface roughness are the main factors influencing the
material wettability.35 Low surface energy accompanied with
hierarchical surface roughness of the material results in a
surface with improved hydrophobicity.36 Neat TEMPO-CNF
films showed WCA values ∼25°, which are typical for the
hydrophilic cellulose surfaces.37 The wetting behavior of
TEMPO-CNF substrate was significantly changed after plasma
deposition: equilibrium WCA reached values of ∼105° and
∼70° for HMDSO (Figure 2d) and APTES (Figure S1b)
layers, respectively. These observations are in good accordance
with the values reported for the given modification strategies.
For example, WCA of 95° has been documented for the
nanofibrillated cellulose film surface after HMDSO gas-phase
modification.38 Hydrophobic deposition onto natural leather
realized via a plasma polymerization of HMDSO resulted in
WCA values of ∼110° depending on the deposition
parameters.39 Moreover, values as high as 115° were attained
for polyethylene21 and polyimide22 substrates with thin layers
deposited from pure HMDSO vapors in plasma reactors. For
APTES-modified surfaces, WCA values of 65−73° were
reported for thermoplastic substrates. An increase in WCA
from 16° up to 75° and from 22° up to 65° was observed for
APTES-modified prehydrophilized gold40 and activated
glass,41 respectively. Figure 2d indicates that the WCA of
NIL-patterned and HMDSO plasma-coated TEMPO-CNF
films reached a value of 121°.
Hydrophilic and densely packed TEMPO-CNF films

effectively retard the oxygen permeability at relatively dry
conditions (<50% RH).42 However, in moist conditions (when
exposed to an environment with RH >65%), the hydrogen-
bonding network responsible for interactions between
individual fibrils within the CNF film gets disturbed.
Therefore, surface modifications of the assembled CNF
structures are required to prevent the oxygen permeability at
high humidity conditions. Figure 2e illustrates the influence of

plasma deposition on the oxygen permeability of TEMPO-
CNF films. It should be noted that selected testing conditions
(23 °C and 80% RH) are rather harsh for cellulosic materials.
HMDSO deposition seems to have a minor effect on the
oxygen permeability (OP) through the films’ structure, which
could be attributed to the enhanced affinity of oxygen (a
molecule of low polarity) toward introduced nonpolar Si−
(CH3)3 groups compared to the highly polar functionalities
(carboxyl and hydroxyl groups) present in unmodified
TEMPO-CNF (see previous section). Change in surface
energy due to APTES deposition results in a reduced oxygen
permeability at 80% RH, yielding OP values of ∼220 cm3·μm/
(m2·day·atm). The achieved permeability values are signifi-
cantly lower compared to the synthetic polymers, such as PET,
LDPE, and PP, which have permeability values of 1500, 2200,
and 93000 cm3·μm/(m2·day·atm) in the same conditions of
80% RH, respectively. Also, APTES deposited samples
measured at 38 °C and 95% RH showed OP values of
12960 ± 540 cm3·μm/(m2·day·atm).
In general, depositions retard permeation through the

substrate by blocking the oxygen flow passing through it
(unless any available defects in the coating). This is in contrast
to the behavior of water molecules that are prone to interact
and react with deposited layers. Therefore, water vapor
permeation (WVP) through the deposition is significantly
influenced by the chemical interactions of water vapor with the
deposition as well as its microstructure. Plasma depositions
tend to lower the water vapor permeability of TEMPO-CNF
films, as depicted in Figure 2f, due to the formation of cross-
linked structures with −Si−O−Si− bonds. Moreover, chemical
effects might also play a role here. Water has lone-pair
electrons and a large dipole moment, and thus is a good
electron donor. Therefore, strong molecular adsorption can
occur by acid/base interactions between water vapor and the
deposition surface (see Table S1) with the generation of OH
groups. The thus-formed OH groups can be located on the top
surface as well as the internal surface of pores, both of which
are a pathway of water vapor flow through the deposition and
may prevent the continuous penetration of water vapor
through the substrate.43

Thickness and Morphology of Plasma-Deposited
Layers. The thickness and surface morphology of the plasma
depositions onto TEMPO-CNF films (layer order: HMDSO-
APTES-TEMPO-CNF) were investigated by means of SEM
and AFM. The EDX data of the coatings further confirmed the
successful deposition of APTES and HMDSO layers via the
presence of Si signal, which is considered as a marker for both
of the layers, whereas the underlying TEMPO-CNF substrate
was free from Si (Figure 4). The deposited layers were rather
uniform, and the thicknesses of APTES and HMDSO layers
were ∼390 and ∼850 nm, respectively. Previously, we have
shown that the heights of pillars on patterned CNF films are
∼1.5 μm,44 and the thickness of, for example, hybrid APTES-
HMDSO layers, is ∼1.3 μm. Thus, the printed pillars on
TEMPO-CNF substrates are well preserved, as was shown in
Figure 3c, but the structural height of the patterned films was
lowered due to plasma deposition. For this reason, light
transmittance of the NIL-patterned TEMPO-CNF films
increased with thicker deposited layer (see previous section),
while gain in WCA of NIL-patterned and HMDSO-coated
films, ∼15°, is smaller than for NIL-patterned and APTES-
coated films, ∼20° (Figure S1b).
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The AFM images of untreated TEMPO-CNF film surface as
well as the HMDSO, APTES, and hybrid APTES+HMDSO
plasma-deposited surfaces are presented in Figure 5. Despite

the thick deposited HMDSO layer, the AFM measurements
revealed a smooth surface with a minor increase in roughness
compared to that of bare uncoated substrate. The smooth
surface and the lack of microstructures in the HMDSO
deposition could indicate a layer-by-layer growth mechanism.45

In contrast, the phase image of the deposited APTES suggests
formation of layers that display somewhat globular con-
formation. In addition, higher roughness values were observed

for the APTES-modified TEMPO-CNF substrates (∼3.9 nm)
compared to that found for untreated samples (∼3 nm). These
observations can be ascribed to the generation of particles in
the depositions due to excess gas-phase reactions,46 which have
a significant role in the growth and roughness of the layers as
they form clusters and act as nucleation centers around which
the deposition grows.47 This hypothesis is supported by the
very smooth surface of the TEMPO-CNF substrate (∼3 nm),
which implies that the roughness of the APTES deposition is
caused by the initial particulates, which act as preferred
nucleation sites, and not by the roughness of the substrate.
Finally, the topography of the hybrid APTES + HMDSO
coating resembles combined features of individual APTES and
HMDSO layers.

Chemical Composition of the Plasma-Deposited
TEMPO-CNF Films. The chemical composition at the
outmost surface of the plasma-deposited TEMPO-CNF films
was assessed by X-ray photoelectron spectroscopy (XPS). To
achieve higher reaction efficiency, the film surfaces were
plasma-activated (without precursor monomers) prior to the
deposition. This activation step efficiently removes the thin
contamination/passivation layer of carbon-based compounds
by instant cleavage of organic bonds.48 Figure 6 presents the
survey spectra of the modified TEMPO-CNF films, indicating
that the presence of Si and N on the plasma-treated samples
(silicon (Si 2p) signal is considered as a marker for successful
HMDSO deposition, and silicon (Si 2p) and nitrogen (N 1s)
signals for successful APTES deposition). The elemental
compositions of the corresponding depositions onto
TEMPO-CNF films defined by XPS analysis are summarized
in Table 1. It can first be observed that all deposited layers
have a substantial amount of Si, and to obtain further insight
into the chemical bonds present in the plasma depositions, the
high-resolution spectra recorded from the C 1s, O 1s, N 1s,
and Si 2p regions are presented in Figure 6. For the HMDSO
layer, the lowest-binding-energy component at ∼285 eV
(found in reference substrates and ascribed to saturated
hydrocarbon peak due to surface contamination) in the high-
resolution C 1s spectrum is significantly increased and shifted
toward a lower binding energy of 284.6 eV. This shift is due to
carbon atoms with silicon neighbors (such as Si−CH3 and/or
Si−CH2−CH2), although the components C−C and C−Si
cannot be reliably resolved from each other.49 In turn, the O 1s
binding energy at ∼532.5 eV suggests the formation of bonds
where oxygen atoms are present also within the siloxane
environment, Si−O−Si.50 Furthermore, deconvolution of Si 2p
signal confirms the presence of CH3−Si(−O)3 structures at
102.8 eV.49,51 Considering chemical environment and relative
abundance of C bonds, it is reasonable to conclude that
deposited HMDSO layers consist of Si−O−Si chains that
might be partly cross-linked by CH2 groups with terminal
methyl groups (CH3) pointing upward (which are considered
to be the underlying reasons for the surface hydrophobicity;
see previous section).
On the other hand, the band around 285 eV in the high-

resolution C 1s spectrum of APTES layer (Figure 6) increased
even more significantly (compared to reference and HMDSO
layer) but shifted toward a higher binding energy of 285.5 eV,
which originates from carbon bonded to nitrogen (C−N).51 In
the high-resolution N 1s spectrum, two contributions can be
distinguished: the main one, broad and centered at ∼400.6 eV,
can be attributed to nitrogen in oxime (NC−O) and/or
amide (N−CO), whereas the other one, very minor, shifted

Figure 4. Cross-sectional SEM image (top) and EDX data (bottom)
of the plasma-assisted depositions on TEMPO-CNF film showing the
thicknesses of APTES and HMDSO submicron layers.

Figure 5. AFM phase contrast (left) and 3D topography images
(right) for reference, HMDSO, APTES, and hybrid APTES +
HMDSO plasma depositions on TEMPO-CNF films. Root-mean-
square roughness (Rq) values are analyzed from 5 × 5 μm2 images.
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toward lower energies (399.3 eV), corresponds to C−N bonds
present in amines. It is worth mentioning that obtaining
aminosilane layer with terminal amine (NH2) groups pointing
away from the solid sample, thus pointing toward the liquid or
gas phase, paves the way to subsequent surface modifications
and/or further functionalization.52 The Si 2p peak has
broadened, and in addition to the C−Si(−O)3 bonds at
102.8 eV (like in the case of pp-HMDSO), traces of other
structures are found. The presence of a second contribution,
which has shifted toward lower energies and centered at
∼102.2 eV, corresponds to silicon linked to two atoms of
oxygen (C−Si(−O)2).53 HMDSO deposition on APTES
predeposited TEMPO-CNF films resulted in a dominant
contribution of C−C and C−Si bonds over other carbon
bonds, accounting for 66%, Table 1. Then, carbon atomic
percentages strongly decreased while the amount of silicon
further increased; thus, the arrangement of deposition tends to
a SiO2-like structure. Indeed, the O/Si ratio calculated for the
hybrid APTES-HMDSO coating is around 3:2, indicating that
the condensation reaction is quasi-total and the highest cross-
linking is obtained. In addition, a minimum value of C/Si ratio
compared to HMDSO and APTES is obtained for hybrid

APTES-HMDSO deposition, indicating the least branched
layer is obtained. Altogether, the provided XPS observations
illustrate that the initial structures of HMDSO and APTES
seem to partly disappear during plasma deposition, leading to
evolution of Si(−O)4 and C−Si(−O)3 structures. These
structures are related to the inorganic character of the
depositions, which are also associated with their hardness,53

wear resistance,54 as well as gas barrier properties.21

■ CONCLUSIONS

We demonstrate a combination of NIL and atmospheric
plasma deposition technique as a fast, robust, and industrially
scalable (both are R2R processes) approach for tailoring the
surface properties of TEMPO-CNF films. NIL patterning was
effective in creating uniform pillars on the cellulosic films.
Further deposition of plasma-polymerized layers resulted in
surface hydrophobicity. For instance, the water contact angle
increased from ∼20° for untreated TEMPO-CNF films to
∼105° for the HMDSO plasma-deposited sample and further
up to ∼120° for the HMDSO plasma treated after NIL
patterning; likewise, the surface energy changed from 46−50 to

Figure 6. Low-resolution XPS survey spectra showing signals due to emission of O 1s, C 1s, N 1s, Si 2s, and Si 2p electrons (top left); high-
resolution XPS spectra of the C 1s (top right), O 1s, N 1s, and Si 2p regions (bottom) for untreated (black curve), HMDSO (red curve), APTES
(blue curve), and hybrid APTES + HMDSO (green curve) plasma-deposited TEMPO-CNF films. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article).

Table 1. Elemental Surface Concentrations and Relative Abundance of Carbon Bonds for the Plasma-Modified TEMPO-CNF
Films Analyzed Using XPSa

elemental concentrations [atom %] relative abundance of carbon bonds [atom %]

sample C 1s O 1s N 1s Si 2p O/Si C/Si C−C/C−Si C−O O−C−O O−CO

ref TEMPO-CNF 54.5 41.1 0.5 2.6 11.9 67.8 17.1 3.2
HMDSO 44.9 36.2 0.4 18.4 2.0 2.4 45.4 43.3 10.0 1.2
APTES 53.2 27.3 5.5 14.0 2.0 3.8 52.4 37.9 9.2 0.5
APTES + HMDSO 35.8 35.7 3.5 24.9 1.4 1.4 65.9 21.0 6.7 6.4

aValues are given in atomic percentage as an average of at least two measurements.
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∼29 mJ/m2 and became ∼22 mJ/m2 (represented entirely by
the dispersive component) for the HMDSO plasma-coated
after NIL patterning. Deposition of APTES, on the other hand,
did not produce major benefits for surface wettability, possibly
due to the introduction of amine functionalities. XPS, AFM,
and SEM investigations indicated deposition of predominantly
inorganic (Si(−O)4 and C−Si(−O)3 structures), uniform and
smooth depositions onto TEMPO-CNF films. As a result,
continuous layers that effectively hamper the water−cellulose
interactions and simultaneously have low affinity toward
oxygen were formed while maintaining the bulk properties of
the substrates. Moreover, that allowed preserving an excellent
light transmittance (88−89% at 550 nm) of TEMPO-CNF
films with the possibility of tuning optical haze due to NIL
surface patterning. Overall, it is evidenced that surface
modification of TEMPO-CNF films employing NIL and
plasma deposition processes allows tailoring hydrophobic/
hydrophilic balance, optical properties, gas and moisture
permeabilities simultaneously. These findings pave the way
toward advanced material solutions from sustainable nano-
cellulose-based sources comprising smart multifunctional films
for, e.g., packaging, optics, immunodiagnostics, and electronics.

■ EXPERIMENTAL SECTION
TEMPO-CNF Film Preparation by Cast-Coating Using an

R2R Manufacturing Unit. Commercial bleached softwood kraft
pulp (spruce/pine mix) obtained from a Finnish pulp mill was used as
a raw material for the preparation of cellulose nanofibrils. TEMPO-
mediated oxidation of the pulp fibers was carried out by alkaline
oxidation with hypochlorite catalyzed by TEMPO, according to the
protocol described by Saito et al.55 The degree of oxidation per
anhydroglucose unit of cellulose was at the level of 1.2 mmol/g. The
TEMPO-oxidized pulp suspension was purified and further fibrillated
into TEMPO-CNF using a microfluidizer (Microfluidics Interna-
tional) equipped with two Z-type chambers with respective diameters
of 400 and 100 mm. The fibrillation was done in two passes at 1850
bar operating pressure, and the final consistency of the TEMPO-CNF
film was ∼1 wt %.
The TEMPO-CNF film production is based on cast-coating of the

gel-type TEMPO-CNF suspension with precise control of adhesion,
spreading, and drying of TEMPO-CNF on a supporting plastic
substrate.56 Briefly, a defined amount of TEMPO-CNF suspension
with strength additive and softener is applied on a pretreated plastic
substrate in a semi-pilot-scale commercial converting unit. After
evaporation of the excess of solvent by controlled drying, the
TEMPO-CNF film was then carefully separated from the plastic
substrate as a self-standing structure. Sorbitol (30 wt % solids in dry
film from Sigma-Aldrich) was used as a softener to improve the
flexibility of TEMPO-CNF films. In addition, due to the very brittle
character of the TEMPO-CNF films, polyvinyl alcohol (PVA, Moviol
56-98, Mw 195 000, 10 wt % solids in dry film from Sigma-Aldrich)
was used to enhance the strength properties of the TEMPO-CNF
films. The final thickness values of the TEMPO-CNF films varied
between 20 and 25 μm.
Roll-to-Roll Nanoimprint Lithography (NIL) of TEMPO-CNF

Films. Micropillars were constructed on TEMPO-CNF films using
roll-to-roll nanoimprinting (R2RNIL) experiments, as described in
detail by Mak̈ela ̈ et al.44 In the imprinting roll, the flexible Ni-mold
was wrapped on a metallic roll and heated by an electrical heater
located inside the roll. A flexible Ni-mold was clamped mechanically
on the upper metal roll and heated to the printing temperature, while
the backing roll was kept at room temperature. The printing force
between the rolls was 900 N, which corresponded to a pressure of 8.3
MPa and the printing speed was 0.2 ± 0.1 m/min. In these
experiments, the surface temperature of the mold was fixed to 130 ± 1
°C and was measured each time before the NIL experiment using a k-
type thermoelement sensor. The mold was cleaned with isopropanol

(semiconductor grade from Sigma-Aldrich) before each experiment
and during the experiments if any contamination was visible. Prior to
NIL experiments, samples were stored for at least 1 day at room
atmosphere (23 °C and a relative humidity varying between 35 and
45%).

Interfacial Modification of TEMPO-CNF Films by Plasma-
Assisted Gas-Phase Reaction. Surface modification of already
assembled TEMPO-CNF films was carried out by means of a
Plasmaline atmospheric plasma-enhanced chemical vapor deposition
unit. For that, (3-aminopropyl)triethoxysilane (APTES, 97% from
Sigma-Aldrich) and hexamethyldisiloxane (HMDSO, >99% from
Sigma-Aldrich) were used as precursor molecules. Briefly, to proceed
with the thin-film deposition, a mixture consisting of the carrier gas
nitrogen (N2 feed flow = 2 × 150 slm) and the monomer gas
(precursor feed = 2 × 1.2 slm) was passed between the two electrodes
in a plasma reactor. The monomer vapor was produced via a glass
bubbler containing precursor chemicals, in which nitrogen was
introduced as a secondary flow (N2 additive flow = 2 × 2 slm). The
plasma power, line speed, and number of passes were set to 400 W,
0.5 m/min, and 4, respectively. Prior to the surface chemical
modification step, the CNF film surface was activated using the same
process parameters but without chemical feed. This activation step
efficiently removes the thin contamination/passivation layer of
carbon-based compounds by instant cleavage of organic bonds and
thus leads to higher reaction efficiency.48

Characterization. Physical Properties. The transmittance spec-
trum and haze of TEMPO-CNF films were measured with a Cary
5000 UV−vis−NIR spectrophotometer (Agilent Technologies)
between 800 and 200 nm at a scan rate of 600 nm/min and data
interval of 1 nm; haze measurement was carried out according to
ASTM D1003 “Standard Method for Haze and Luminous Trans-
mittance of Transparent Plastics” using an integrating sphere (DRA
2500, Agilent), which is defined as57 (eq 1)
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where T1, T2, T3, and T4 are changing configurations of the sample
placement on the sphere, as shown elsewhere.29

The surface energy, SE, its components, and the interfacial free
energy of plasma-deposited TEMPO-CNF films were assessed using
contact angle (CA) measurements with four probing liquids with
known surface energy (ethylene glycol, water, diiodomethane, and
formamide). Calculations were done using Young’s equation (CA
data) and the solid/liquid interfacial energy according to eq 2
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γ γ γ γ γ γ
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This method derives dispersive (γs
d) and polar (acid−base)

contributions of a solid material. The latter is further divided into
γs
+, the electron acceptor or Lewis acid parameter, and γs

‑, the
electron donor or Lewis base parameter.

Moreover, the interfacial free energy of the films (ΔGsws
IFE) was

evaluated to verify the nature (hydrophobic or hydrophilic) of the
surface.58 ΔGsws

IFE is the energy of interaction between particles or
molecules of a solid material (s) immersed in a liquid (water, w) and
is defined as

G 2 2 ( )sws
IFE

sw sw
D

sw
Pγ γ γΔ = − = − · + (3)

The dispersive (Lifshitz−van der Waals interactions) component of
interfacial tension is related to the individual surface tension of the
solid material (s) and water (w) according to the Good−Girifalco−
Fowkes rule59
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The polar component of the interfacial tension between s and w can
be expressed as
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(5)
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The CA of sessile drops on the depositions was determined using a
CAM200 optical contact angle goniometer (KSV Instruments Ltd,
Finland). The tests were performed at 23 °C and 50% relative
humidity (RH), and the results are presented as an average value of
three to five experiments.
Oxygen transmission rate (OTR) through the modified films was

determined with an Oxygen Permeation Analyzer Model 8101
(Systech Instruments Ltd, U.K.) according to standard ASTM
D3985. All samples were equilibrated overnight, and the tests were
carried out the next day using 100% oxygen as a probing gas at 23 °C
and 80% RH applying metal masks with a test area of 5 cm2. Four
duplicate measurements were carried out. Oxygen permeability (OP)
was then calculated as (by multiplying the OTR value with the sample
thickness of the sample and then dividing by sea-level pressure)

OP
OTR thickness

oxygen partial pressure difference
= ·

(6)

Water vapor transmission rates (WVTR) were determined gravi-
metrically using a modified ASTM-E-96 B procedure “dry cup
method”. Samples with a test area of 30 cm2 were mounted on circular
aluminum cups (68−3000 Vapometer EZ-Cups; Thwing-Albert
Instrument Company) containing anhydrous CaCl2 (0% relative
humidity). The cups were stored in test conditions of 23 °C and 50%
RH and weighed periodically until a constant rate of weight reduction
was attained. In this test, 50/0% relative humidity gradient (the
driving force for water molecules to diffuse within a material) was
used. Four duplicate measurements were carried out. Water vapor
permeability (WVP) was then obtained as (by multiplying WVTR
with the sample thickness and then dividing by the water vapor
difference across the film)

WVP
WVTR thickness

saturated pressure %RH
= ·

· (7)

Surface Morphology. The surface and cross section of modified
TEMPO-CNF films were investigated with a Zeiss Merlin FE-SEM
(Carl Zeiss NTS GmbH, Germany). The imaging was performed with
a 1.5 keV electron energy using both InLens and secondary electron
detectors. The cross sections were prepared using a Leica RM2255
rotation microtome. Prior to SEM characterization, all samples were
platinum sputter-coated (Leica EM ACE200) at 30 mA for 30 s
(thickness ∼ 2 nm). The image pixel resolution was 2048 × 1536.
Surface morphology and roughness of the films were analyzed by
ANASYS AFM+ atomic force microscope (ANASYS Instruments,
Inc., Santa Barbara, CA, USA). The images were taken in tapping
mode in air using aluminum-coated n-type silicon cantilevers
(HQ:NSC15/Al BS, Micromasch, Tallinn, Estonia) with a typical
probe radius of 8 nm, a force constant of 40 N/m, and nominal
resonance frequencies between 265 and 410 kHz. The surface of each
sample was imaged in at least three different places, and the images
were not processed in any way. The surface roughness parameter
(Rq) was determined from the raw data using Park Systems XEI 1.7.5
image analysis software.
Surface Chemical Analysis. Surface chemical analysis of the

modified films was investigated using X-ray photoelectron spectros-
copy (XPS) with a Kratos Analytical AXIS Ultra electron
spectrometer with monochromatic A1 Kα irradiation at 100 W
utilizing the experimental procedure tailored for cellulosic materials.60

Elemental surface composition was determined from low-resolution
survey scans, while high-resolution measurements of carbon (C 1s),
oxygen (O 1s), silicon (Si 2p), and nitrogen (N 1s) regions were
applied for a more detailed chemical evaluation. Two to three
locations were measured for each sample with a nominal analysis area
of 300 × 700 μm2 and an analysis depth of less than 10 nm. Ash-free
pure cellulose filter paper (Whatman) was used as in situ reference
with each measurement batch. CasaXPS software was utilized for data
analysis, the main cellulosic carbon component, C−O at 286.7 eV,
was used in binding-energy corrections for all of the spectra, and for
the carbon regions, a specific four-component fitting routine tailored

for cellulosic specimen was applied.61 No sample degradation due to
ultrahigh vacuum or X-rays was observed.
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