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ABSTRACT: Cellulose is attracting increasing interest as a =
sustainable technological material, owing to its unique combina-
tion of properties, such as abundance in nature, biodegradability,
nontoxicity, cost effectiveness, and good mechanical properties.
Here, we developed composite thin films based on carboxyme-
thylcellulose (CMC) reinforced with TEMPO-oxidized cellulose
nanocrystals (TOCNCs). The strength and stiffness of the CMC/
TOCNC nanocomposite film increased by ~400% and ~20%,
respectively, compared to pure TOCNC films, while preserving the

deformation capability of pure CMC films, the latter being less Cellulose of ‘ . T
stiff, but more ductile than pure TOCNC films. We demonstrated nanocomposite film £ (%) e (%)
the tunability of the CMC/TOCNC self-assembly, through Fe*"

complexation, resulting in transparent cross-linked nanocomposite films with enhanced strength (163.5 + 51.3 MPa) and stiffness
(Young’s modulus of 14.5 & 4.0 GPa), with no significant loss in strain at failure (2.8 + 1.1%). Finally, as applications of newly
developed films require durability in realistic operating conditions, which do not involve static forces only, we tested our films against
loading—unloading cycles, demonstrating robust and stable performance. By enabling a deeper understanding of the fabrication
process and mechanical properties of cellulose-based nanocomposite films, this work expands their potential applications across a
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broad range of fields, from environment-related processes, such as decontamination, to the biomedical field.
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1. INTRODUCTION

The need to replace petroleum-based materials with more
sustainable alternatives has become an urgent need,’ boosting
intensive research toward the development of technological
solutions that take advantage of materials that are widely
available in nature or can be easily derived from renewable
resources.”” Among these, cellulose derivatives possess an
attractive combination of properties, including biodegradability
and nontoxicity to humans and the environment, as well as
abundance and cost effectiveness,” which can be exploited in a
variety of applications, ranging from filtering membranes” to
coatings and packaging,(”7 electronic devices,”” biomedi-
cal,'"”"" or energy'”"” applications.

Cellulose can be processed via specific treatments’ in order
to derive nanomaterials with different morphologies, including
short cellulose nanocrystals (CNCs) and long cellulose
nanofibrils (CNFs). CNCs are rod-shaped rigid nanostructures
with diameters of a few nanometers and lengths typically in the
range of 100—200 nm,"*"> while CNFs consist of both
crystalline and disordered domains and have a higher aspect
ratio and flexibility."> In particular, with regard to mechanical
performance, both CNCs and CNFs possess high strength (2—
6 GPa”'® for CNCs and 2—4 GPa’ for CNFs) and stiffness
(Young’s modulus of 50—143 GPa>'® for CNCs and 15—150
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GPa® for CNFs) that are comparable with those of silicon,'”**

making them interesting candidates as structural materials for
micro/nanoelectromechanical sensors as well as for soft
actuators.'””” CNCs and CNFs can be directly processed to
form films,” but often they are used in combination with other
polymers to further enhance their performance.”’~** For
example, the addition of amorphous polysaccharides to CNC
suspensions resulted in composite films with up to 40% to 60%
increase in Young’s modulus and strength, while preserving the
chiral organization and controlled iridescence.”” The addition
of 1% weight CNCs to a gelatinized starch and polyhydroxyur-
ethane matrix allowed the strength and Young’s modulus to
increase by 172% and 634%, respectively,'® demonstrating the
efficacy of CNCs as reinforcement materials.

An important aspect to consider when developing materials
for sustainable applications is their durability, especially in
realistic operating conditions," which is the key to providing
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components with extended lifetimes. In this regard, tests
involving a number of loading—unloading cycles applied to
thin films or devices can provide useful information; however,
the response of cellulose-based materials to cyclic loading has
not been widely investigated, with more prevalence of quasi-
static tests, such as tensile tests, which allow one to infer about
the behavior of materials basically in ideal conditions.

Due to their high surface-to-volume ratio, cellulose nano-
materials can be chemically modified to provide surface
functionalization and overcome the limits related to their
hydrophilic nature, thus broadening the range of materials to
which they can be combined and expanding the application
possibilities."> In this regard, oxidation treatments, such as
TEMPO-mediated oxidation (via 2,2,6,6-tetramethylpiperidin-
lyl-oxyl), can be used to introduce carboxylic acid moieties in
CNCs, which in turn can support additional modification by
binding with different biomolecules, such as amino acids,”®
peptides,”” or antibodies,”® thus fostering potential biomedical
applications.

In order to advance the applications of cellulose-based
nanocomposite films, it is crucial to gain a comprehensive
understanding of the self-assembly behavior that involves
different length scales during the fabrication of the films.”
This understanding will enable the correlation between
polymer/nanofiller self-assembly and the resulting mechanical
properties of the films, providing valuable information on the
structure—processing—property relationship of cellulose-based
nanocomposite systems that will support the development of
robust devices with advanced performance.

In this study, we considered (TEMPO)-oxidized cellulose
nanocrystals (TOCNCs) as reinforcement fillers added to
carboxymethylcellulose (CMC) matrix to produce fully
cellulose nanocomposite thin films showing remarkable load
bearing and deformation capabilities, especially compared to
those of films containing only their isolated building blocks
(ie, pure TOCNC and CMC films). CMC is chosen as a
polymer matrix because it is expected to form compatible
composite films with TOCNCs owing to their similar surface
properties with carboxymethyl groups and hydroxyl groups on
the cellulose chain. As one of the most widely used cellulose
derivatives, CMC finds extensive applications in paper, textile,
pharmaceutical, and food processing industries, where it serves
as a viscosity modifier or edible coating.’>*' Due to the good
film-forming properties, CMC has been used to produce films
for different applications, spanning from sensing technology32
to food packaging.”® In food packaging, for example, CMC-
based films demonstrate outstanding features such as high
optical transparency and good oxygen-barrier properties.”**
Despite these properties, CMC-based films exhibit limitations
in terms of mechanical properties, such as strength. Therefore,
to develop strong films, CMC has been combined with
different cellulose nanomaterials, such as CNC or CNF,
enhancing their potential applications.””**™ In this regard,
nanocomposite films comprising CNC mixed with CNF or
CMC in different ratios have been investigated for food
packaging applications.”® In particular, the Young’s modulus of
the CNC/CMC nanocomposite films was found to increase
with a higher proportion of CNC, reaching a maximum of
~12.5 GPa at a content of 80% CNC. Furthermore, Aun and
Rhim”” reported on the characterization of CMC-based films
reinforced with CNCs obtained from oxidation of cotton linter
fibers or microcrystalline cellulose. The incorporation of
oxidized CNCs led to a significant enhancement in the

mechanical properties of CMC-based films, with the Young’s
modulus reaching up to 2.6 GPa at a CNC proportion of
10%.”” This higher stiffness was attributed to the establishment
of stronger interfacial interactions between the oxidized CNCs
and the CMC polymer, induced by a large number of
hydrogen bonds formed between the hydroxyl and carboxyl
groups on the surfaces of CNCs. Furthermore, since
multivalent metal ions (i.e, Fe’") were shown as able to
induce metal—ligand coordination bond with the cellulose
chain and to promote cross-linking,***” we investigated the
effect of Fe** ions on the mechanical properties of our
nanocomposite cellulose films. In particular, we have recently
found that the formation of strong metal-cross-linked cellulose
networks is attributed to the combination of ionic coordination
bonds between the ne§atively charged carboxylate groups of
CMC*» or TOCNC"™ and Fe** cations, as well as the
glucopyranose sugar ring—Fe®" interactions. These interactions
involving Fe®" play a crucial role in stabilizing and
strengthening the cellulose matrix. Furthermore, due to the
interconversion between Fe*" and Fe" ions, cross-linking by
iron can also be used to induce redox- and photoresponsive
cellulose-based materials and expand their potential applica-
tions, such as photocatalytic degradation of organic pollu-
tants."" In the present study, we demonstrated that the self-
assembly of cellulose composite films and their macroscopic
properties can be tuned by varying the concentration of Fe**
ions which, at low concentration, can be an effective route for
improving both the strength and stiffness of the cellulose films.
Finally, to achieve a deeper insight into the possibility of using
the developed films in realistic device applications, we also
assessed their performance under cyclic loading, which
revealed robust and stable behavior. These findings lay the
foundation for unlocking the full potential of cellulose-based
nanocomposite films that will enable their applications to
expand across a broad range of fields, encompassing
decontamination, catalysis, and even the realm of soft
actuators.

2. EXPERIMENTAL SECTION

Materials. TOCNC 1 wt % dispersion with a degree of oxidation
of ca.l.0 mmol/g was provided by CelluloseLab (Canada). The
TOCNC nanorod dimensions were 8—15 nm in width and 100—150
nm in length. Sodium carboxymethyl cellulose (NaCMC; MW = 250
kDa) with a degree of substitution (DS) of 0.9 and iron(III) nitrate
nonahydrate [Fe(NO,);-9H,0; 98%] were purchased from Sigma-
Aldrich Co. (St. Louis, MO).

Thin Film Preparation. TOCNC and CMC dispersions at 0.2 wt
% were prepared by dilution from 1 wt % stock dispersions of
TOCNC and CMC. The 1:1 mixture of CMC and TOCNC
dispersion was prepared by slowly adding a 0.2 wt % dispersion of
TOCNC to a 0.2 wt % of CMC under vigorous stirring, followed by
ultrasonication for 10 min to prevent aggregation of the mixture. The
(CMC/TOCNC)—Fe** dispersions were prepared by adding a Fe®*
stock solution (10 mM from Fe(NO;);-9H,0) to the CMC/TOCNC
mixture to achieve the final Fe** concentrations of 0.2 mM (low), 0.7
mM (medium), and 1.2 mM (high). To avoid aggregation of the
suspension by the addition of Fe®" ions, the samples were kept under
continuous stirring conditions. Thin films were prepared by pouring
the dispersions into a glass dish and air drying for 6 days. The six
resulting thin transparent cellulose-based films were labeled as CMC,
TOCNC, CMC/TOCNC, (CMC/TOCNC)Fe-low, (CMC/
TOCNC)Fe-med, and (CMC/TOCNC)Fe-high. The thickness of
the films was measured using an IMS-Ss measuring probe supplied by
IBR Messtechnik GmbH & Co. KG. The thickness of each film was
averaged over five values.
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Figure 1. (a) Chemical structure of the repeating unit of carboxymethyl cellulose (CMC) and TEMPO-oxidized cellulose nanocrystals
(TOCNC:s), along with the schematic representation of the film preparation and of the CMC/TOCNC nanocomposite cellulose film cross-linked
by Fe** ions. Images of water suspensions of CMC/TOCNC in the absence and in the presence of Fe** ions at increasing concentrations used to
obtain films by a casting method. UV—vis spectra of (b) water dispersions and (c) dried films of CMC/TOCNC in the absence and in the presence
of Fe** ions at increasing concentrations. Note the absence of the absorption band around 458 nm in the case of water solution of Fe** ions

(dashed lines).

UV/Vis Absorption Spectroscopy. UV /vis absorption spectra of
solutions and films were recorded using a Cary 60 Agilent
spectrophotometer. The transparency of the films was determined
by measuring the percent transmittance of light at 660 nm (Tes)
using the same spectrophotometer.

Zeta Potential. Zeta potential measurements of TOCNC water
dispersions at 0.2 wt % were performed on a ZetaSizer NanoS system
(Malvern) at 25 °C.

X-ray Photoelectron Spectroscopy (XPS). XPS was used to
determine the chemical composition of the cellulose-based films.
Spectra were collected using an Axis DLD Ultra spectrometer (Kratos,
Manchester UK) in a wide 1300 to 0 eV binding energy (BE) range
with a pass energy of 160 eV. Single core-lines were acquired in high
energy resolution setting the pass energy at 20 eV and the energy at
0.0S eV. Acquisition of spectra required charge compensation. Flood
gun operating conditions were established by maximizing peak
intensities while reducing their full width at half-maximum (fwhm).
The final energy resolution achieved using these experimental
conditions was ~0.30 eV. Finally, the spectra were deconvoluted
and analyzed with a homemade software based on R platform.*

Scanning Electron Microscopy (SEM). SEM images were taken
with a Zeiss Supra 40 microscope. Before SEM analysis, the film
samples were coated with a thin gold/palladium layer. The cross-
section images were obtained from film failure under tensile load.

Energy-Dispersive X-ray Spectroscopy (EDS). EDS analysis
was carried out with a Bruker Quantax analyzer supplied with an
XFlash 630 M detector, installed inside a JEOL IT300 SEM.

Atomic Force Microscopy (AFM). The surface topography of the
developed films was studied using an NT-MDT Solver Pro system
equipped with a Nova scanner. The samples were imaged in
semicontact mode using silicon tips (NSG11, NT-MDT, 10 nm
nominal tip radius, resonance frequency of 181 kHz), collecting 10 X
10 pum? 512 points resolution topography images. AFM data were
analyzed with support from Gwyddion analysis software.”” The
roughness was estimated over an area of 5 X 5 ym” In order to

reconstruct the sample topography under longitudinal deformation,
the samples were glued to two pieces of silicon spaced by ~4 mm.
One silicon piece was kept fixed, while the other one was glued to a
linear stage. Different images of the sample were acquired at different
positions of the linear stage in order to collect the topography of the
specimen with increasing applied strain.

Mechanical Characterization. Both quasi-static tensile and
cyclic tests were carried out by means of a custom-made platform
hosting a piezoelectric linear stage to apply unidirectional displace-
ment and a spring with calibrated stiffness, as previously reported by
us.***> The spring was engraved from a 1 mm thick PVC foil and
used as a load sensor. Both the linear stage and the load sensor were
glued to a rectangular silicon piece. Rectangular specimens with a
width of ~3 mm and a length of ~10 mm were cut from the prepared
cellulose-based films. Before the test, each specimen was positioned to
bridge the gap between the two rectangular silicon pieces of the
testing platform and then glued on each side. The distance between
the two pieces of silicon corresponded to the gauge length of the
specimen which was kept at ~6 mm. During the tensile test, the linear
stage applies a controlled displacement at the end of the specimen
connected to it, which in turn transfers part of the displacement to the
load sensor spring, which, as a consequence, deforms. The tensile
testing platform operates under an optical microscope that allows us
to record images of the specimen deformation during the test. Images
were taken at a frequency of 1S frames per second. At the end of the
test, all images are elaborated using a routine implemented in Matlab
software, to quantify the displacement of the specimen on both the
sensor and actuator side. The strain was calculated as the ratio
between the difference in displacement on the actuator and sensor
side over the specimen gauge length, while the stress was calculated
by dividing the force measured with the load sensor (i.e., its spring
constant multiplied by its deformation) by the cross-section of the
specimen (i.e.,, product between width and thickness). The Young’s
modulus was derived as the slope of the stress—strain curve in its
initial region. The values of the mechanical properties derived from
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the tensile tests were obtained from the average of at least five
samples. The tensile testing platform mentioned above was also used
to apply loading—unloading cycles to our cellulose nanocomposite
films. The values of the mechanical properties derived from tensile
tests on films previously subjected to cyclic loading were obtained
from the average of at least three samples.

3. RESULTS AND DISCUSSION

TOCNC colloidal particles are negatively charged in aqueous
solutions with a zeta potential for TOCNC dispersions of —38
+ 3 mV, in accordance with other CNC dispersions with
carboxylic surface groups reported in the literature.** The
anionic carboxylic groups on the TOCNC surface and on the
backbone of the CMC polymer can be used to manipulate the
self-assembly of CMC/TOCNC composites by the formation
of metal-coordination bonds in addition to hydrogen bonding
interactions between the cellulose chains. As depicted in Figure
la, our procedure starts with the preparation of a dispersion of
CMC and TOCNC in a 1:1 ratio, followed by the addition of
different concentrations of Fe** ions. The ratio of our CMC/
TOCNC nanocomposites was set at 1:1 in order to achieve a
homogeneous cross-linked network of CMC chains with
TOCNC through Fe’' ions. The formation of metal-
coordination bonds between the CMC/TOCNC and Fe®*
ions is evidenced by the UV—vis spectra (Figure 1b,c), which
show an absorption band at around 458 nm, characteristic of
the coordination of ferric ions with carboxylic groups. On the
contrary, the UV—vis spectra of solutions of Fe** ions in water
show only weak absorption in the 400—500 nm range. By
increasing the concentration of Fe** ions from 0.2 mM to 1.2
mM, the formation of a turbid suspension was observed
(Figure 1a), which also results in an increasing offset of the
UV—vis spectra, a phenomenon that can be attributed as a
consequence of the formation of clusters of metal-cross-linked
CMC/TOCNC. Therefore, the Fe** concentration of 1.2 mM
was set as the maximum for film preparation to maintain the
solution in a “gelling process” state and to avoid the formation
of a gel or the precipitation of TOCNC agglomerates, which
could have detrimental effects on the formation of homoge-
neous films.

Cellulose derivative films were prepared by casting the
aqueous suspensions of pure CMC and TOCNC or their 1:1
mixture in the absence and the presence of Fe** ions at 0.2, 0.7,
or 1.2 mM in a glass dish. Evaporation of the solvent at room
temperature led to the formation of robust films. The CMC/
TOCNC nanocomposite film revealed high transmittance
against visible light, reaching a T4, of approximately 89%. This
value is only slightly lower than the transmittance obtained for
the pure CMC film (T of 91%), confirming the effective
dispersion of TOCNCs within the CMC polymer, even at a
1:1 mixing ratio, without any observable agglomeration (see
also optical images, Figure S1). This result is consistent with
the light transmittance observed for other nanocomposite films
formed by mixing CMC and CNFE.*” On the contrary, the film
obtained from pure TOCNC presents a lower light trans-
mittance (72%), in addition to strong iridescence as a result of
the cholesteric nematic phase transition. The presence of Fe®*
ions in the nanocomposite films led to a change in the film
color to yellow and the appearance of the characteristic
absorption peak at approximately 453 nm (Figure 1lc),
indicating the formation of the coordination complex involving
Fe*" ions and the CMC/TOCNC system. It is interesting to
note that the (CMC/TOCNC)Fe-low nanocomposite film,

with a Tg4 value of 88%, maintains the excellent light
transmittance property found for the CMC/TOCNC film.
This result suggests that the cross-linking by Fe®* ions does not
result in aggregation of TOCNC, which would hinder the
transmission of light through the film. However, as the amount
of Fe** jons in the films increases, (CMC/TOCNC)Fe-med
and (CMC/TOCNC)Fe-high, the light transmittances of the
films decrease to 84% and 62%, respectively. Interestingly, a
significant broadening of the absorption peak is also observed
for these films (Figure 1c), which could be attributed to the
larger distribution of coordination complexes originated at
high Fe®* concentration with the formation of small TOCNC
agglomerates, partially hindering light passage through the film.

In order to shed more light on the interactions between Fe**
ions and the cellulose derivatives, and quantify the formation
of the (CMC/TOCNC)—Fe** complex on the surface of the
different nanocomposite films, we performed X-ray photo-
electron spectroscopy (XPS) analysis. The XPS survey
spectrum of the nanocomposite CMC/TOCNC film shows
the characteristic C and O peaks at ~287 eV and ~533 eV
(Figure S2), respectively, while the spectra of the nano-
composite films in the presence of Fe** ions show also the peak
of iron at ~712 eV (Figure S2e,f). The fitting of the O 1s
spectra of CMC/TOCNC shows (Figure 2a) three compo-
nents at 531.5, 533.2, and 534.0 eV, which correspond to an
oxygen atom linked by a double bond to a carbon atom (C=
O), an oxygen atom linked to a carbon atom by a single bond
(C—0O-H), and one carbon atom bonded to two oxygen
atoms (O—C—0), respectively. An additional peak at 530 eV
was obtained for the nanocomposite films in the presence of
iron (Figure 2b,c), which can be attributed to the formation of
Fe—O coordination bond. The intensity of this component
increased with the Fe3* content in the films, and it was found
to be about four times higher in the (CMC/TOCNC)Fe-high
film compared to the (CMC/TOCNC)Fe-low film, suggesting
a higher amount of coordination complexes in the (CMC/
TOCNC)Fe-high system. Deconvolution of the high-reso-
lution scans of the XPS spectra of C 1s for the CMC/TOCNC
in the absence and with Fe®" ions (Figure S2a,b,c), reveals the
presence of four peaks at 285, 286.7, 288.5, and ~289 &V,
corresponding to (C—C/C—H), (C-0), (C=0, 0—-C-0),
and (O=C-0), respectively, which are in agreement with
previously reported XPS spectra of TOCNCs and cellulose
derivatives.** High-resolution scans of the XPS spectra of Fe
2p revealed the characteristic peak at 712 eV for the films
containing iron. The (CMC/TOCNC)Fe-high film exhibited
an additional peak at 707 eV, indicating the presence of a small
amount of iron aggregates in the sample (Figure S 2f).

To gain a deeper understanding of the influence of mixing
CMC and TOCNC in the presence and absence of Fe** ions
on the morphology and microstructure of the films, SEM
images of all fabricated cellulose-based thin films have been
acquired (Figure 3 and Figure S3 for higher magnification
images).

The cross-section of pure TOCNC films (Figure 3a) shows
a submicrometer layered texture, as also previously observed
for CNC thin films,” which is not present in pure CMC films
(Figure 3b). Layered domains extending over relatively large
areas become more evident in CMC/TOCNC composite films
(Figure 3c), which show only occasional defects and no
evidence of phase separations. The observed homogeneous
integration of rigid TOCNCs with a flexible CMC matrix can
be ascribed to the formation of hydrogen bonds between the
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Figure 2. XPS O 1s narrow scan for (a) CMC/TOCNC, (b) (CMC/
TOCNC)Fe-low, and (c) (CMC/TOCNC)Fe-high films.

OH groups of the cellulose moieties. The addition of Fe** ions
further improves uniformity and compactness of the CMC/
TOCNC nanocomposite films, especially at low concentra-
tions (Figure 3d,e). At higher concentration, although Fe®*
content continues to be well distributed in the films, as evident
from the EDS analysis (Figure 3h,j), the layered structure is
partially lost with inhomogeneities and agglomerates that begin
to appear on the surface (Figure 3i).

Regarding the topography, AFM analysis revealed that our
CMC/TOCNC composite films possess very smooth surfaces,
characterized by a roughness of about 8.5 nm. We further
investigated the morphology of the produced nanocomposite
films to capture eventual modification as a result of the
application of a mechanical deformation. To this end, we
adopted a custom-made tensile testing platform,**** which we
further developed in order to achieve full compatibility with
the AFM scanner (Figure 4a). This allowed us to monitor the
evolution of the surface topography of the film while this was
subjected to a uniaxial strain. We could clearly observe the
flattening of the random waviness as the applied strain
increased, with no occurrence of structural distortion or

modification that could trigger failure. For example, Figure 4b,c
shows the surface topography of a § X 5 ym? area of a CMC/
TOCNC nanocomposite film both at rest and under 0.7%
longitudinal strain.

We pursued a bioinspired strategy to develop cellulose-based
thin films capable of combining load-bearing and deformation
capabilities. To this aim, we developed cross-linked nano-
composites films starting from a soft polymeric matrix of
CMC, which we reinforced with TOCNCs to take advantage
of their superior strength and stiffness. A direct comparison of
the mechanical properties of pure TOCNC, pure CMC, and
nanocomposite CMC/TOCNC films is reported in Figure S,
with all values collected in Table 1. The mechanical properties
were derived from tensile tests carried out through the custom-
made platform shown in Figure S4. Figure SS shows the
stress—strain curves obtained from all tested samples.

Pure TOCNC films result in them being relatively stiff but
very brittle, especially when compared with pure CMC films.
The brittleness of CNC-based films was also previously
reported in the literature™ and can be ascribed to the
tendency of cellulose nanocrystal suspensions to form clusters
other than interconnected flexible networks.” Interestingly,
the addition of TOCNCs to CMC produces nanocomposite
films with significantly improved mechanical properties, not
only in terms of strength (145.8 &+ 19.4 MPa vs 74.0 + 10.8
MPa for pure CMC films) and Young’s modulus (11.4 + 3.1
GPa vs 4.9 + 0.9 GPa for pure CMC films) but also toughness
(40 £ 2.1 MJm™ vs 1.8 + 2.1 MJ-m™> for CMC films).
Although strength and toughness are usually at odds with each
other,” in the case of our composite films, the presence of
TOCNC S allows them to withstand more load but not at the
expense of the deformation capability characterizing the CMC
matrix, which is basically preserved. This result demonstrates
that an efficient stress transfer mechanism is achieved from the
matrix to the nanocrystal reinforcements, favored by the
hydrogen bonds that are established between them. A
synergistic action between the hard and soft phases is a typical
feature characterizing natural structural materials, such as bone
and nacre, but it is challenging to be replicated in biomimetic
materials.”!

The values of both strength and Young’s modulus of our
nanocomposite films compare favorably with those of trans-
parent commercial polymers, such as biaxially oriented
polyethylene terephthalate (Young’s modulus of 4.9-S.1
GPa, strength of 200-240 MPaSZ), as well as other
nanocellulose-based films reported in the literature. For
example, pure CMC films with 40—50 pm thickness were
reported with comparable strength (82 + 7.5 MPa®®) and
Young’s modulus of (2.5 + 0.5 GPa™) yet with higher strain at
failure (15 + 3%>°). Our CMC/TONC films show both higher
strength and stiffness than CMC films with aligned CNCs
reported in the literature (strength of 103 + 10 MPa and
Young’s modulus of 6.5 + 0.5 GPa35) yet less deformation
capability (7.0 + 2%°). However, in comparison to these, our
films possess a similar amount of cellulose nanocrystals,
although TEMPO-oxidized. With respect to other previously
reported CNC/CMC composite films at 50% CNC content,”*
our films exhibit significantly higher strength and Young’s
modulus, as well as higher strain at failure, which can be
attributed to the formation of an extensive hydrogen bond
network arising from the hydroxyl and carboxyl groups on the
surfaces of TOCNCs. Compared to other oxidized nano-
cellulose-based materials, nanocomposite films prepared by
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Figure 3. SEM images showing the cross-section of cellulose-based thin

films. (a) Pure TOCNC film, (b) pure CMC film, (c) CMC/TOCNC

nanocomposite film, (d) (CMC/TOCNC)Fe-low nanocomposite film, (e) (CMC/TOCNC)Fe-med nanocomposite film, and (f) (CMC/
TOCNC)Fe-high nanocomposite film. (g) SEM image of the top view of (CMC/TOCNC)Fe-low revealing a smooth surface and (h) the
corresponding EDS map indicating localized elemental presence of Fe, which appears evenly distributed. (i) SEM image of the top view of (CMC/
TOCNC)Fe-high revealing superficial inhomogeneities and (j) the corresponding EDS map of Fe.
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Figure 4. AFM analysis of the CMC/TOCNC nanocomposite film under strain. (a) Image and schematic representation of a custom-made setup
comprising a linear stage and an AFM probe adopted to perform an AFM scan of the film during the application of a mechanical deformation.

Topography of the film (b) at rest and (c) under 0.7% applied strain.

mixing CMC with 10% CNC, isolated from cotton linter using
an ammonium persulfate oxidation method, exhibited lower
strength (81.5 + 3.6 MPa) and Young’s modulus (2637 + 59
MPa). On the other hand, TEMPO—CNF films with ~30 ym
thickness showed higher strength and Young’s modulus (325
MPa and 20.5 GPa, respectively””) than our films, owing to the
intrinsic good mechanical properties of CNF, but lower strain
at failure (2.25%%).

An interesting method to tune the mechanical and
rheological properties of nanocellulose-based materials uses
the incorporation of ions.””** In the case of our films (Table
1), at low concentration, the addition of Fe** ions is

accompanied by an increase in strength (163.5 + 51.3 MPa)
and Young’s modulus (14.5 + 4.0 GPa) by ~12% and 27%,
respectively, with no significant loss of ductility (the strain at
failure reduces to 2.8 + 1.1%). This improved mechanical
performance can be ascribed to the formation of strong
coordinate bonds between metal ions and negatively charged
carboxylate groups of the cellulose chains, which in turn
promote cross-linking.”® Investigations on wet cellulose
nanofibril (CNF) films allowed identifying different mecha-
nisms that contribute to the enhanced attractive interaction
between nanocellulose structures in the presence of multi-
valent ions, such as ion—ion correlation, dispersion inter-
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Figure 5. Mechanical characterization of cellulose-based thin films. (a) Example stress—strain curves derived from tensile tests; optical images of
(CMC/TOCNC)Fe-med film sample (b) before and (c) after application of a longitudinal displacement (A) that caused film failure. Mechanical
properties of the investigated films: (d) strength, (e) strain at failure, and (f) Young’s modulus.

Table 1. Mechanical Properties of Different Cellulose-Based Films

films thickness (um) tensile strength (MPa) strain at failure (%) Young’s modulus (GPa)
TOCNC SS+22 282 +99 03 +0.1 94 +29
CMC 8.6 +22 74.0 + 10.8 36+ 13 4.9 + 0.9
CMC/TOCNC 7.3 +£08 145.8 + 19.4 3.7+ 15 114 + 3.1
(CMC/TOCNC)Fe-low 99 + 21 163.5 £ 51.3 28 + 1.1 14.5 £ 4.0
(CMC/TOCNC)Fe-med 12.7 £ 2.3 121.0 + 30.0 22 + 06 112 + 24
(CMC/TOCNC)Fe-high 10.1 + 1.7 25.6 £ 9.5 04 +02 72 +£0.7
] 70 " T w 200 T . — .
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Figure 6. Mechanical behavior of cellulose nanocomposite films under and after cyclic tensile tests. (a) Schematic of the load-unload testing
configuration that involved the cyclic application of a longitudinal displacement & to a cellulose-based film specimen. Examples of (b) hysteresis
curves of a (CMC/TOCNC)Fe-low film and (c) stress—strain curves of composite CMC/TOCNC and (CMC/TOCNC)Fe-low films showing
that mechanical performance is not affected by the application of 20 cycles of tensile load.

actions, local metal—ligand complexes, together with a local the surrounding hydroxyl groups in the coordination.*’ The
acid environment.”> More in detail, the robust complexation beneficial effect due to Fe®* ions is however lost at higher
between TOCNC and Fe' ions arises from the specific concentration, where the addition of metal ions causes the
interaction between Fe®* ions and surface-exposed carboxylic formation of agglomerates and inhomogeneities (as visible

groups of TOCNC complemented by a cooperative effect of from the SEM image of Figure 3f;i) that are detrimental for
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both the load standing and the deformation capabilities of the
films.

In perspective device applications, it is important to
investigate the capability of materials to maintain their
mechanical performance even after loading—unloading cycles.
To this end, we tested our best performing samples, i.e., CMC/
TOCNC and (CMC/TOCNC)Fe-low, through cyclic tensile
tests (Figure 6a). We applied a cyclic longitudinal strain value
close to the end of the linear elastic regime (~0.4%). The
behavior of the films in both the loading and unloading phases
overlaps throughout the cycles, without evidence of hysteresis
(Figure 6b and Figure S6). In order to confirm that cyclic loads
did not affect the mechanical properties of the films, we then
subjected these to a tensile test. By comparing the stress—strain
curves (Figure 6¢ and Figure S7) of such films (empty circles)
with those obtained from films subjected to a single tensile test
(solid circles), no significant differences can be noticed.
Additionally, the corresponding values of strength (122.3 +
27.7 MPa for CMC/TOCNC and 193.7 + 10.3 MPa for
(CMC/TOCNC)Fe-low), Young’s modulus (11.9 + 3.2 GPa
for CMC/TOCNC 15.6 + 52 GPa and for (CMC/
TOCNC)Fe-low), and strain failure (2.1 + 0.9% for CMC/
TOCNC and 3.2 + 0.6% for (CMC/TOCNC)Fe-low) align
well with those reported in Table 1.

B CONCLUSIONS

The development of sustainable devices encompasses a variety
of aspects, including novel and more efficient designs able to
fully exploit the properties of the material, as well as the
implementation of materials provided with a lower environ-
mental impact but good mechanical performance and robust-
ness also in nonideal conditions. Here, we reported the
development of cellulose nanocomposite thin films in which
TOCNCs were used to reinforce a soft polymer matrix such as
CMC. The resulting films took advantage of the hydrogen
bonds established between the matrix and the nanofillers,
which provided an efficient stress transfer mechanism, allowing
to more than double the strength and the stiffness, as well as
the toughness of the nanocomposite films with respect to pure
CMC films while preserving its deformation capability. A
further enhancement of strength and Young’s modulus was
shown to be achievable by adding multivalent metal ions, such
as Fe’*, with limited impact on the strain at failure. We have
demonstrated the importance of metal—ligand coordination
bonds in promoting cross-linking between the CMC and CNC
chains, resulting in improved mechanical properties of the films
and, at the same time, introducing redox- and photoresponsive
properties to the film thanks to the presence of the Fe®" ions.
The introduction of Fe®* coordination cross-linkers represents
a significant advancement in cellulose-based nanocomposite
films, enabling a broader range of applications in various fields
ranging from decontamination to catalysis. Finally, the
developed cellulose nanocomposite thin films showed stable
mechanical behavior when subjected to cyclic tensile tests.
This aspect makes them suitable for adoption in advanced
realistic device applications, such as thin membranes for
environmental-related processes and actuators for soft robotics.
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