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A B S T R A C T

This study aimed to develop eco-friendly multifunctional nanocellulose (NC) hybrid films with tailored prop
erties for versatile applications including packaging and photovoltaics. Hybrid films composed by cellulose 
nanocrystals (CNC) and carboxymethylated cellulose nanofibrils (CNF) were produced at various mass ratio 
(CNC - 100:0 to 0:100). Montmorillonite clay (MTM) was incorporated (50 % by mass) into the CNC:CNF films. 
CNC-only films easily dispersed in water, but by adding CNF or MTM, the structural integrity was enhanced. 
Films with ≥50 % CNF and MTM had a strength reduction of 9–35 % and increased brittleness. The hybrid films 
presented transmittance above 60 % and haze varying from 5 % to 60 % at 550 nm which can be a beneficial for 
light management. All films kept color stability over 1000 h of artificial sunlight, a critical packaging feature for 
long-term storage. CNC: CNF films without MTM showed better potential for optoelectronic applications due to 
higher transmittance and smoother surfaces, while those with MTM presented UV protection (up to 250 nm) and 
swelling resistance (28–53 %) which could also benefit optoelectronics increasing their lifespan. Balancing the 
hybrid films composition is key for optoelectronics, while packaging applications tolerate broader compositions. 
These findings demonstrate the versatility of NC hybrid films in creating sustainable materials for diverse 
applications.

1. Introduction

Several scientific discoveries have accelerated the development of 
our society; however, undoubtedly, one that had a profound impact was 
the discovery of the first synthetic plastic in 1907 [1]. The production of 
petroleum-based plastics increased with the unprecedented economic 
growth and the emergence of the modern consumer society, generating a 
vast amount of printed electronics and packaging [1,2]. This revolution 
has also come with environmental problems due to the uncontrolled 
disposal of these materials [3]. Now, the focus has shifted toward the 
search for eco-friendly and renewable materials that possess sufficient 
characteristics as alternatives to high-performance products developed 
by synthetic plastics [4]. In this scenario, scientists are revisiting well- 

established technologies and materials, such as paper, first processed 
in 105 CE [5], as an alternative, promising material for printed elec
tronics and packaging. Paper and related products have a long history in 
information storage/exchange and packaging [4]. However, lately these 
materials have been reimagined in the nanotechnology sector to 
broaden their scope and utility into a wide range of applications.

Nanocellulose (NC) can be used to produce films with high oxygen 
barrier and high transparency, which are attractive features for pack
aging and optoelectronics, respectively [6,7]. NC is often categorized 
into cellulose nanocrystals (CNC), cellulose nanofibrils (CNF), and 
bacterial cellulose. CNC present highly crystalline, short, and rod- 
shaped structures, whereas CNF is longer, and can be thread-like and 
discrete, or sometimes entangled or branched [8]. Their different 
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morphologies lead to films with distinct properties, for instance, CNC 
films are generally brittle, with low tensile strength and high Young’s 
modulus, while CNF films offer more flexibility and a higher tensile 
strength [9].

Additionally, alterations in the swelling ability of NC films have been 
studied by the production of hybrid films containing nanosized layered 
minerals known as nanoclays [10]. The most used nanoclay is mont
morillonite (MTM), which has an exfoliated nanoplatelet thickness of 1 
nm and a lateral size ranging from 30 nm to several μm, along with a net 
negative surface charge [11]. So far, only hybrid materials composed of 
CNF and MTM have been reported [12–15], and all properties are 
dependent on the dispersibility of the main components in suspension 
before film formation. Overall, after the formation of the hybrid film, a 
layered structure is observed, consisting of an ordered platelet packing 
surrounded by a nanocellulose matrix [6]. This configuration not only 
results in improved water and oxygen barrier performance [16] but also 
serves as an additive for flame retardation [17].

This study was developed in the application contexts of (1) pack
aging and (2) solar cells, where key properties are crucial for the per
formance of these materials. For instance, an ideal packaging film 
material should exhibit sufficient mechanical and barrier properties, 
where the required levels depend on product specifications [18]. For 
packaging, optical transparency may not be required, whereas features 
such as water resistance might be essential. On the other hand, for solar 
cell substrates, the critical requirement is high transparency, followed 
by adequate mechanical properties, low roughness, and water resis
tance. Additional optical properties, such as antireflection, can improve 
solar cell performance [19]. Lastly, UV-blocking is a property that can 
enhance performance in both applications [20,21]. Obtaining all these 
features from biobased materials is a challenge.

Herein, we mitigate strategies for improving the properties of CNC 
films. The first approach was to study the formation of hybrid films 
containing only CNC and MTM, which remains unexplored. Followed by 
the production of tri-component hybrid films composed of CNC, CNF, 
and MTM. The idea of adding CNF to the system comes from the 
tunability of optical, mechanical, and thermal properties reported in the 
following research paper [9,22–25]. For the films with the most prom
ising properties for optoelectronics application, we additionally inves
tigated the stability under artificial sunlight, their angular light 
transmittance, and their surface structure. This study provides insights 
into the interactions between CNC, CNF, and MTM, laying the ground
work for new customized materials tailored for applications in pack
aging and photovoltaics.

2. Methodology

2.1. Materials

Spray-dried CNC in Na-form (CelluForce) was mixed into a 2 wt% 
aqueous CNC suspension using a Vibracell probe sonicator (probe 
219–07), followed by filtration through Munktell #3 filter paper. This 
CNC is highly characterized elsewhere [26], including size and zeta 
potential.

Carboxymethylated CNFs were produced in-house from a commer
cial, never-dried, bleached softwood sulfite dissolving pulp (Domsjö 
Fabriker AB, Sweden) [27]. To obtain CMC-CNF, the carboxymethylated 
pulp was passed once at 1700 bar through and pilot-scale homogenizer 
(Microfluidizer M-110EH, Microfluidics Corp., United States). The CNF 
had a degree of substitution (DS) of 0.1 (600 μeq/g) and a concentration 
of 2.18 wt%. At pH > 6, the charge groups of the CNF are dissociated, 
and the samples are colloidally stable, at pH < 6, the charge groups are 
protonated, and colloidal stability is compromised. In the current work, 
everything was done at neutral pH, where CNC and CNF are colloidally 
stable [28].

The sodium montmorillonite clay (MTM), also called Cloisite-Na+

was donated by BYK. MTM was added as a powder to the NC 

suspensions, with magnetic stirring overnight to promote a uniform 
dispersion. As MTM was not colloidally stable, we could not measure 
zeta potential on such a system.

2.2. Methods

2.2.1. Film preparation
Films (25 g⋅m− 2) consisting of CNC and/or CNF, with and without 

MTM, were prepared by solvent casting (Fig. 1). The suspensions were 
stirred overnight, poured into polystyrene Petri dishes, and dried at 
23 ◦C in a 50 % relative humidity environment. The CNC: CNF films 
were prepared at mass ratios of 100:0, 75:25, 50:50, 25:75, and 0:100, 
and the films containing MTM consisted of 50:50 cellulose (CNC: CNF): 
MTM by mass (Table 1).

After air drying at 23 ◦C and 50 % RH, all the films were dried for an 
additional 1 h at 150 ◦C. One film from each system was placed in a 
frame to dry under tension, first at 23 ◦C and 50 % RH, followed by 1 h at 
150 ◦C. The film dried under tension was used for subsequent me
chanical analysis, where it is important that the films are not wrinkled.

2.2.2. Characterization

2.2.2.1. NC and MTM morphology. The morphology of CNC, CNF and 
MTM was characterized by atomic force microscopy (AFM; Multimode 8 
in ScanAsyst mode; SCANASYST-Air cantilevers). Suspensions of CNC: 
CNF (100:0, 50:50, and 0:100) with and without MTM were spin coated 
at low concentration (0.02–0.025 wt%) onto silicon wafers that were 
pre-coated with polyethyleneimine (PEI) at 1 g/L.

2.2.2.2. Suspension properties. The rheological behavior of CNC (2 and 
4 wt% suspensions) and CNC: MTM mixture (2 wt% each) were 
measured using a Malvern Kinexus Pro rheometer in a cone-plate 
configuration, with a PL65 S1240 SS lower plate and a CP4/40 
SR0734 SS upper cone.

2.2.2.3. Film properties. The mechanical properties of the hybrid films 
were measured by tensile tests using an MTS 3125 tensile tester, where 
the span length and sample width was set at 30 mm and 6 mm, 
respectively. Note that all the samples were conditioned at 50 % RH and 
23 ◦C before the tests. Optical properties were evaluated from 200 to 
800 nm using the Diffuse Reflectance Accessory coupled to UV–Vis-NIR 
Agilent Cary 5000 from Agilent Technologies. The structure and 
morphology of the films was evaluated by polarized optical microscopy 
(Zeiss Axioplan polarized optical microscope with 540 nm waveplate) 
and scanning electron microscopy (SEM, Hitachi S-4300, Japan).

The water sensitivity of the films was initially evaluated using a fast 
swell test where a piece of film was immersed in water and vortexed for 
20 s, comparing film appearance/thickness from digital photographs. 

Fig. 1. Schematic of production of films produced from cellulose nanocrystals 
(CNC), cellulose nanofibrils (CNF), and montmorillonite (MTM).
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Then, traditional swell tests were performed by evaluating the differ
ence between the initial film thickness measured using a digital caliper 
and the final thickness of water-swollen films at different time points 
(30, 60, 120 min, and overnight). For select films, water vapor trans
mission rates (WVTR) were measured on film areas of 5 cm2, following 

the ASTM F 1949–13 standard using AMETEK - MOCON Inc., Minne
apolis, MN, USA Instrument PERMATRAN-W® 3/31 MG WVTR 
analyzer.

The angle-dependent transmittance of the hybrid films was determined 
using an integrating sphere device (Artifex Engineering 100 mm Inte
grating Sphere), couple with a motorized rotating stage to ensure the 
measurements at different angles. A Thorlabs SL201L/M Stabilized 
Tungsten-Halogen Light Source, and a Thorlabs CCS200/M compact 
Czerny-Turner spectrometer were used, in which wavelength of 
500–900 nm was collected with a 2 nm interval.

The stability of the films under artificial sunlight exposure was per
formed using artificial sunlight (1 Sun both visible and UV, corre
sponding to the AM1.5G spectrum) with the aid of the Atlas XLS+ solar 
simulator chamber with a xenon lamp (model NXE 1700 with light 
spectrum reported in reported in [29] for 1800 h. The total irradiation 
exposure in the 300–400 nm wavelength range was approximately 430 
MJ/m2. The ambient temperature inside the simulator chamber was 
35 ◦C and the relative humidity was 10 %. The temperature of the 
samples measured with the Fluke TiS75 thermal imaging camera was 
around 45 ◦C. The visual tracking of film changes was conducted using a 
process described in [30,31]. This included using a dedicated 

Table 1 
Composition of the films. CNC and CNF were mixed to make NC suspension 
(their percentages are below). Then, to study the impact of clay, we added MTM 
to NC suspension, and the table gives the percentage of its mass compared to the 
total mass of dry matter (CNC, CNF, and MTM) in the final solution.

CNC CNF MTM

100CNC:0CNF 100 0 0
75CNC:25CNF 75 25 0
50CNC:50CNF 50 50 0
25CNC:75CNF 25 75 0
0CNC:100CNF 0 100 0
100CNC:0CNF-MTM 100 0 50
75CNC:25CNF-MTM 75 25 50
50CNC:50CNF-MTM 50 50 50
25CNC:75CNF-MTM 25 75 50
0CNC:100CNF-MTM 0 100 50

Fig. 2. (a) AFM images of CNC, CNF, and MTM, (b) photographs of CNC and CNF suspensions at 4 and 2 wt%, respectively, MTM at 2 wt% in water showing 
sedimentation, and CNC and MTM mixture showing a uniform gel-like suspension that resists flow upon sample inversion, (c) shear-viscosity of neat MTM (2 wt%), 
neat CNC (4 wt%), and mixtures of CNC and MTM, each at 2 wt.
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photography chamber, specific camera settings, and an X-Rite Color
Checker Passport for accurate color representation. The analysis of the 
color changes through the average red, green, and blue (RGB) values 
across three different non-reflecting regions was conducted using a Py
thon (3.9) script. These areas were selected to yield an average color 
value that closely represents the actual color of the CNC: CNF films.

The surface roughness of the CNC: CNF films (25 μm2 area) was 
analyzed by AFM (Park Systems NX10, scanning 256 pixels). The mea
surements were done on the side of the film in contact with the Petri dish 
when cast, as this side is usually smoother [32]. For comparison, sam
ples of polyethylene terephthalate (PET, Melinex 505, Pütz Folien) and 
polyethylene naphthalate (PEN, Teonex Q65HA, Pütz Folien) were also 
evaluated. The images were analyzed using Gwyddion 2.60. AFM im
ages were all leveled first by mean plan subtraction, then fitted with a 
second-order polynomial and minimum values set to zero.

3. Results and discussion

3.1. Suspension physical characteristics

As a starting point, all the nanomaterials have very different shapes 
(Fig. 2a): from short rigid rods (CNC) to long slender fibrils (CNF), and 
nanoplatelets (MTM). In suspension form, they are all negative charged 
with sodium counterions, leading to totally different suspension states. 
For instance, at 4 wt%, CNC suspensions are liquid, whereas CNF yields 
a highly entangled gel already at 2 wt% (Fig. 2b) due to its higher aspect 
ratio and surface charge. MTM suspension at 2 wt% developed a pow
dery sediment, especially after several days left undisturbed (Fig. 2b), 
likely due to insufficient exfoliation and unexfoliated aggregates 
remaining after overnight magnetic stirring without fractionation [33].

Interestingly, when CNC and MTM were combined (total solids 4 wt 
%; 2 wt% CNC and 2 wt% MTM), a uniform gel-like consistency was 
obtained, stiff enough to resist flow upon inversion of its container 
(Fig. 2b), which was furtherly confirmed by the shear-thinning behavior 
(Fig. 2c). This may be attributed to the promoted MTM exfoliation by 
adding colloidal stable CNC nanoparticles with potential entropic in
teractions where water is released from the surface upon adsorption, 
which could favor different interactions, including van der Walls and 
hydrogen bonding between the cellulose surface and MTM in the films 
[34,35]. Similarly, CNF: MTM hybrid suspension also demonstrates high 
colloidal stability. Overall, pristine CNC and CNF hybrid NC/MTM 
suspensions are all colloidal stable, guaranteeing a homogeneous for
mation of film materials using a solvent casting process.

3.2. Film formation and structure

The hybrid films were cast by water evaporation under controlled 50 
% humidity and 23o C temperature to promote slow and uniform self- 
assembly. The total grammage of the films was maintained at 25 
g⋅m− 2, aiming for their homogeneity, thickness, and density (as detailed 
in Table S1). Despite that, as the composition of an NC was altered, 
changes in these characteristics were observed, mostly probably 
regarding the particles’ self-organization and interactions between the 
different materials during the films’ drying process. Changes in the 
density of the films were mainly impacted by the film thickness. This 
happened because the density was calculated from the relation between 
the volume (thickness x 1cm2 area) and weight of the sample (method 
description added to SI). For instance, CNC has short length and could fit 
more in the voids caused by the CNF fibers. In the other hand, adding 
MTM, which has different chemical structure compared to CNC and 
CNF, intensifies the alterations. While there are these variations, it 
should be noted that the density of sample containing only CNF is 
comparable with our previous studies [36]. Additionally, the porosity 
(Eq. S1) of nanocellulose films refers to the relationship of density of the 
nanopaper with the density of cellulose fibers (1.46 g.cm− 3). This 
equation presents limitations, once our system is not composed by only 

nanocellulose but also nanoclay. When this equation is valid, we have 
very low porosity ranging from 0 to 36 % (Table S1) in agreement with 
previous research [37].

As expected, neat CNC films (100:0) presented a homogenous 
structure with a special chiral nematic assembling character (POM im
ages and SEM images in Fig. 3). By mixing with CNFs with increasing 
contents, the POM images became dominated by birefringent cellulose 
microfibrils, appearing blue and yellow depending on their direction. 
Similarly, the chiral character is lost in the SEM image (50:50), with the 
mille-feuille layers typical of CNF prevailing.

The addition of MTM into a neat CNC film (100:0) led to films with a 
very low light twisting (no birefringence in Fig. 3 POM image), but with 
a highly organized layered structure (Fig. 3 cross-sectional SEM). This 
absence of birefringence indicates a highly planar organization, near- 
perfect parallel to the plan of the film/perpendicular to the viewing 
direction. This has been termed a “brick and mortar” structure for NC: 
MTM hybrid films [38]. When CNF was included, the layered structure 
persisted. However, large gaps appeared between layers, attributed to 
microfibrils and cellulose fibrils interrupting the structure. Finally, we 
note that, in general, the POM images of the films containing MTM were 
darker due to the higher opacity of MTM.

3.3. Tensile properties

CNC are rigid rod-like particles, which translates to rigid CNC films 
with inferior flexibility due to the limited entanglements and inter- 
particle bandings resulting in poor tensile properties [39]. No signifi
cant changes in their tensile properties were observed by adding MTM to 
neat CNC film (Fig. 4, cross-hatched bars). Furthermore, inspired by 
previous reports [9,22–25], the addition of CNF into CNC led to a linear 
increase on strength values and decrease of Young Modulus. Meaning 
that the long flexible CNF acted as a plasticizer modifying the tensile 
properties due to the entanglement of the fibrils within the structure and 
creating more elastic materials [40,41]. Additionally, CNC bridge the 
gaps between CNF acting as physical crosslinking and extend the NC 
network [25]. After adding MTM which presents different shape and 
chemistry, the hybrid films containing 75CNC:25CNF (Fig. 4) presented 
a higher strength value compared to the film without MTM. For the films 
containing higher CNF content, the presence of MTM in the hybrid films 
induced an interruption to the NC network, decreasing their strength. 
The MTM interruption induced an increase in the brittleness of all the 
films. Furthermore, no clear correlation exists between the films’ 
strength and density (Table S1).

Comparing results from the literature proves challenging for several 
reasons. Alterations in the NC’s dimensions and its surface chemistry 
adversely affect the tensile performance of hybrid films, as observed at 
Table 2. However, it was possible to observe the similarity in our strain 
at break values with those hybrid films found in the literature, even 
though the composition was not similar. There is a notable oversight in 
recognizing CNC’s role in these systems. There are no reports of hybrid 
films containing only CNC and MTM. Hybrid systems containing CNC: 
CNF are found [9,22–25], showing that hybrid materials containing CNC 
exhibit inferior mechanical properties compared to films solely 
composed of CNF and MTM, as described in Table 2. Therefore, it is 
suggested that CNC has more impact than MTM on hybrid film 
properties.

3.4. Water interactions: swelling and water vapor transmission

Cellulosic materials generally have poor water vapor barrier prop
erties due to their hydrophilic surface with abundant hydroxyl groups 
[8]. Such effect is often amplified for NC, since CNC and CNF are often 
obtained with -SO3H or -COOH groups and present greater surface area 
[8]. Understanding the impact of the water interactions within the 
hybrid materials here is a critical aspect in the framework of applica
tions; for instance, this feature is often important for packaging and 
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substrates for optoelectronics.
During our initial experiments, it was noticed the films mostly 

swelled in the thickness direction. For this reason, it was decided to 
perform the evaluation of swelling of the films by measuring the dif
ferences between the thickness before and after immersing in water. The 
Table S2 shows all the thickness measurements at diverse times, and 
there is a consistency on the results, then, it was opted to present only 
the time 24 h in the core text. Additionally, similar method was already 
used by other researchers to evaluate the swelling behavior, please see 
[46,47].

As a baseline, neat CNC films are completely dispersed upon im
mersion in water for only 30 min without any agitation due to the 
enhanced swelling effect of CNC particles and the network structure, 
which has minor entanglements [48]. Mixing CNF or MTM into CNC, the 
obtained hybrid films presented lower swelling behavior (Fig. 5a). By 
adding CNF into CNC, the fibre entanglement commonly observed in 
CNF films is translated to the hybrid films holding CNC together within 
its structure. Additionally, films with a higher CNF content are expected 
to swell more since the ionic swelling pressure will increase with CNF 
and its higher charge density. For the CNC: MTM film, the decrease in 
swelling could be attributed to the highly regular stratified structure 

formed by CNC intercalated with parallel nanoplatelets of MTM (Fig. 3), 
reducing water interactions, which is again supported by the “brick and 
mortar” structure [38].

Consequently, by combining CNC, CNF, and MTM, it was possible to 
achieve even lower swelling (Fig. 5) and higher density values 
(Table S1), indicating that the synergy among these components can be 
harnessed to produce materials with reduced water uptake. Notably, the 
hybrid material with the lowest swelling behavior comprised MTM and 
75CNC: 25CNF, which also presented the highest density (1.71 g.cm− 3). 
Additionally, the visual appearance of the thickness and swelling of the 
films is presented in Fig. 5b. Herein, the films containing MTM (1 and 3) 
presented lower thickness, indicating lower swelling than those without 
MTM (2 and 4). This coincides with the thickness values obtained during 
the swelling tests (Table S2).

In addition, we evaluated the water vapor transmission rate (WVTR) 
for the 50:50 and 0:100 CNC: CNF films, both with and without MTM. 
The results of the WVTR measurements are found in Table 3. Please note 
that the WVTR values presented are based on a single measurement per 
sample and should be considered indicative of how the sample would 
behave. Furthermore, we were unable to measure the 100:0 CNC: CNF 
films, both with and without MTM, due to the presence of small cracks in 

Fig. 3. Polarized optical microscopy (POM) (first and third row) and scanning electron microscopy (SEM) (second and fourth row) images of the hybrid films.
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Fig. 4. Mechanical properties: (a) strain at break, (b) strength, and (c) young 
modulus of CNC: CNF films with and without MTM. The error bars represent the 
standard deviation of seven samples.

Table 2 
Comparison of tensile property values of NC-MTM hybrid films in literature and 
this study. All films have a 50:50 NC-MTM dry mass ratio.

NC-MTM 50:50 Strain at 
failure 
(%)

Strength 
(MPa)

Young 
modulus 
(GPa)

Thickness 
(μm)

Ref.

HoloCNF-MTM 2.2 ±
0.3a

0.7 ±
0.1b

243.7 ±
11.5a

193 ± 26b

30.1 ± 1.3a

34.8 ± 2.3b
30 [42]

TOCNF-MTM 4.3 ± 0.2 420 ± 19 19.4 ± 2.9 5–7.7 [43]
TOCNF-MTMc 1.0 ± 0.1 313.60 ±

22.92
38.4 ± 3.3 30 [12]

CNF-MTM 1.3 ± 0.3 214 ± 16 27.8 ± 1.7 35–40 [44]
a. QCNF-MTM 

b. TOCNF- 
MTM

a. 4.6 ±
0.9 
b. 1.7 ±
0.2

a. 138 ±
20 
b. 236 ±
13

a. 16.7 ±
2.1 
b. 21.8 ±
3.5

~40 [15]

CNF-MTM 2.8 ± 0.2 123 ± 4 7.5 ± 0.2 60–80 [45]
100CNC:0CNF- 

MTM
0.7 ± 0.1 8 ± 1 14.4 ± 0.8 23 ± 7 Our 

work
75CNC:25CNF- 

MTM
0.8 ± 0.1 8.9 ± 0.7 15 ± 2 17 ± 3

50CNC:50CNF- 
MTM

1.0 ± 0.1 7.0 ± 0.5 11.4 ± 0.3 22 ± 3

25CNC:75CNF- 
MTM

2.0 ± 0.3 9.3 ± 0.6 10 ± 2 25 ± 3

0CNC:100CNF- 
MTM

2.7 ± 0.3 8.8 ± 0.2 8.7 ± 0.4 26 ± 3

QCNF: quaternary ammonium cellulose nanofibrils; TOCNF: Tempo oxidized 
cellulose nanofibrils.

a Components suspended in water at same time.
b Components dispersed in suspension prior mixture.
c 53.8 % MTM.

Fig. 5. Swelling tests of the hybrid materials. (a) Swelling percentage of the 
hybrid materials containing CNC, CNF, and MTM after 120 min (equilibrium), 
Note: the decreasing percentage values presented are related to the difference 
between CNC: CNF without MTM and with MTM. (b) Digital photographs of 
hybrid films after being rapidly agitated by vortex for 20 s: (1) 50:50: MTM, (2) 
50:50, (3) 0:100: MTM and (4) 0:100 CNC: CNF films.
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these brittle films, which made them unsuitable for WVTR testing. 
Overall, adding MTM in the hybrid materials reduces water vapor 
permeability, with a slightly more significant reduction observed for the 
CNC film. Indeed, it has been established by others that films based on 
CNC and MTM exhibit a significant decrease in WVTR values [49,50] 
however, we did not find similarly studied CNC: CNF: MTM hybrid films 
in the literature. Finally, we note that while these are only single values 
for WVTR in each sample, it is still evident that the WVTR values pre
sented in Table 3 are insufficient for applications with high moisture 
barrier requirements, e.g., packaging materials where they intend to 
keep the product with low moisture content, or electronics.

3.5. Optical properties

NC films are known for their opacity, which is caused by the dif
ference of refractive indexes between the fibers and the air [51]. In a 
single component system, the density is one of the factors that can in
fluence the optical properties as observed in our previous publication 
[36]. However, with hybrid materials, analysing the impact of different 
properties to optical performance becomes more complicated. For 
instance, in this work, films composed of two nanocellulose sources 
demonstrate different optical properties compared to those with just a 
single component. These changes become even more significant when 
the inorganic compound (MTM) is added to the film.

Herein, the main visual appearance is related to the presence of 
MTM, which is observed in yellow shades in the films, as shown in Fig. 6. 
Regarding the UV–vis measurements, the neat CNC film had a distinct 
optical profile (Fig. 7a) due to a chiral nematic reflection (appearing as a 
broad valley in transmission at >450 nm), which disappeared with the 
slightest addition of CNF at 25 %. The CNC: CNF films have an overall 
transparency of >80 % (at 550 nm). However, the inclusion of larger 

microfibrils (with CNF content) that do not pack as uniformly results in 
the formation of very small air voids within the film, causing light 
scattering and haze (percentage of the light transmitted at an angle 
>2.5◦ from the direction of the incident beam) [51]. Here, the neat CNC 
film (100:0) had the lowest haze due to its homogenous structure and 
regular packing (Fig. 7a). Thus, as CNF is introduced into the film 
structure, gaps between layers and more air voids occur, leading to a 
higher optical haze (Fig. 7a).

With added MTM, the films with higher CNC content (100:0 and 
75:25) exhibited the highest transparency and lowest haze, which may 
be attributed to a more uniform structure in these films (Fig. 3). As the 
CNF content was increased in the films containing MTM, transparency 
decreased (Fig. 7b). Adding MTM increased the haze in films with higher 
CNC contents (100:0 and 75:25). However, the haze values for 50:50 
films were similar to those without MTM. It is not clear whether MTM 
had an impact on the haze values of the films with higher CNF contents, 
perhaps indicating that CNF dominated the effect. These results can be 
challenging to interpret, especially in multicomponent films, since they 
are influenced by many properties such as density, morphology, and 
thickness, as well as the optical properties, including refractive indices 
differences between the components of the films and air voids. For 
instance, in the neat CNC film, when MTM is added, the thickness in
creases (Table S1) and positively impacts the haze without changing the 
transmittance (Fig. S1). When MTM is added to CNF neat film, the 
density increases significantly (Table S1), decreasing both transmittance 
and haze (Fig. S1). Additionally, the inorganic character of MTM could 
also be why the transparency of the films was lower than those without 
it.

Although the addition of MTM leads to a significant decrease in 
water uptake, it also leads to a decrease in transparency, which hinders 
optoelectronics applications. In photovoltaics, it is important to have 
high transmittance at different angles to profit from all the incoming 
light. CNC: CNF films without MTM were selected to analyze the 
transmittance at different angles.

Thus, the transmittance of NC films was measured at different inci
dence angles. With an increasing angle of incidence, all films exhibited a 
decrease in transmittance (Fig. 8). This decrease indicates that the films 
either reflect or absorb a more significant portion of the incoming light. 
Films containing CNF exhibited a significant decrease in transmittance 
as the incidence angle increased, in contrast to the neat CNC film 
(100:0). Besides, the films with 50 % CNF or higher demonstrated a 
slightly lower overall transmittance with a faster and more pronounced 

Table 3 
Water vapor transmission rate (WVTR) of select films containing CNC, CNF, and 
MTM. Measurements were conducted at 23 ◦C and 50 % relative humidity.

CNC: CNF Thickness (μm) WVTR (g/m2⋅day) WVTR (g⋅mm/m2⋅day)

50:50 22.9 144.2 3.3
50:50: MTM 18.6 133.1 2.4
0:100 30.9 76.57 2.4
0:100: MTM 23.9 90.38 2.2

Fig. 6. Digital photographs of the hybrid films CNC: CNF containing MTM 
or not.

Fig. 7. Optical properties of (a) CNC: CNF films without and (b) with MTM.
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decrease on the transmittance with the light angle changes. For the neat 
CNC films, at higher angles, there was a significant increase in the 
reflection of wavelengths ranging from 500 to 700 nm and a blueshift in 
the position of the valley, indicating the maximum reflection wave
length (Fig. S2). This was due to the iridescence of chiral nematic peaks, 
which show an angular variation due to the color/wavelength of the 
structure.

High haze in NC films has been associated with antireflection prop
erties in literature. For instance, Fang et al. measured an increase in 
photocurrent at high angles (15 % increase between 60 and 87◦) in a 
solar cell coated with hazy cellulose (haze≈60 %) [52]. They hypothe
sized that this increase was due to an increased pathway of the light in 
the active layer of the solar cell due to the haziness of the cellulose film. 
Here, both 50:50 and 0:100 CNC: CNF films exhibit high haze, yet they 
failed to reach higher transmittances at high angles (Fig. 8). Haze can 
increase the light path length, but decreasing the total transmitted light 
would reduce the generated photocurrent. Our results indicated that 
films with high haze would prevent light from entering the active area 
instead of improving its transmittance. While NC can be used to 
texturize a surface to be anti-reflective, high haze and transmission at 
high angles are not linked based on these results. Achieving good 

antireflection properties using films with high haze may require further 
refractive index engineering, which could cause the discrepancy be
tween the work of Fang et al. and the current study.

3.6. Color stability under artificial sunlight

In applications such as optoelectronics, where high transparency or 
packaging, where long-term storage without discoloration is aimed, it is 
also critical how the materials withstand irradiation. Therefore, the 
color stability of CNC: CNF films under artificial sunlight exposure were 
studied by tracking the visible color changes on the films (Fig. 9). The 
neat CNC film (100:0) was left out of the testing since its robustness was 
insufficient to withstand the strain caused by the test. Additionally, CNC: 
CNF: MTM films were excluded due to their negative attributes of lower 
transparency and higher haze.

The color stability evaluation is commonly used in the photovoltaic 
field [29,53–56]. As an example, dye solar cells’ stability and perfor
mance can be evaluated by the correlation between color changes and 
device power conversion [57]. A typical light soaking test in photovol
taics lasts 1000 h, [58] corresponding to a year in central European 
outdoor conditions [59]. Herein, the samples were aged until 1800 h, 
which corresponds to approximately 2 years in natural solar conditions 
[59]. In this analysis, the 8-bit RGB color space format presents three 
color channels in a range of 0 to 255. The RGB (0,0,0) combination 
results in the color black and the RGB (255, 255, 255) in the color white.

The CNC: CNF photos taken before and after the light were strikingly 
similar (Fig. 9). Therefore, all RGB channels remained unchanged dur
ing the light soaking test with minor color channel fluctuations for 75:25 
CNC: CNF, which could be caused by high surface reflection due to 
minor changes in the positioning of the samples in the film holders. 
Ultimately, the CNC: CNF hybrid films presented high color stability, 
which is beneficial for photovoltaics and agrees with our previous 
studies [30,60,61].

3.7. Surface morphology

The roughness and the overall profile of the hybrid all-NC films were 
evaluated using AFM (Fig. 10). The smoothest film, with a root mean 
square (RMS) roughness of 17 nm, was obtained from the neat CNC film 
(100:0) (Fig. 10a). It was followed by films composed of 25: 75, and 
50:50 CNC: CNF ratios, which exhibited RMS roughness values of 89 and 
91 nm, respectively (Fig. 10d, c). Films comprising 75:25 and 0:100 
CNC: CNF ratios had the highest roughness values of 123 and 229 nm, 
respectively (Table S3). As reported in a previous study [9], combining 
CNC and CNF can produce smoother films than pure CNF films. This is 
attributed to the ability of CNC to form denser films rather than a porous 
network of fibers.

Pure CNC films can display very smooth surfaces [62], but as 

Fig. 8. Angle-dependent transmittance for CNC: CNF films from 0 to 65◦. Each 
point is obtained by comparing the light transmitted by the film at a certain 
angle with a reference measurement without any obstructions. Afterward, this 
curve is compared to the solar spectrum to obtain a solar-weighted average and 
integrated to obtain a total transmittance value. Only wavelengths between 500 
and 900 nm are considered.

Fig. 9. RGB values over time for all-NC CNC: CNF films and their corresponding initial and final images after 1800 h of exposure.
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Fig. 10. AFM height images (left) and 3D surface images (right) of CNC: CNF films (25 μm2 area).
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discussed in this work, these films disintegrate when submerged in water 
and are much more challenging to handle than films with some CNF 
percentage. The addition of CNF ameliorates the mechanical properties 
of CNC films but significantly increases surface roughness.

The surface roughness of PET and PEN films was assessed for 
comparative analysis, considering their widespread application as sub
strates in printed electronic devices. The RMS roughness values consis
tently demonstrate that all tested cellulose films exhibit significantly 
higher roughness (4 to 34 times rougher) than PET and PEN films 
(Fig. S3). This heightened roughness in cellulose films can be attributed 
to their porous surface, which results from the uneven structure of the 
nanofibers, as well as their colloidal dimensions and imperfect packing. 
In our recent review on using bio-based materials in photovoltaics, we 
discussed the different approaches suggested in the literature to improve 
the smoothness of the surface of NC films [63].

3.8. General considerations: from packaging to photovoltaics

Unquestionably, the use of nanocellulose in cutting-edge applica
tions is appealing due to its interesting optical properties, biodegrad
ability, and renewability. In this work, we produce a range of 
multifunctional hybrid films with tunable properties that are suitable for 
various applications. For example, CNC: CNF: MTM films exhibit 
improved WVTR properties and significant resistance to swelling, 
making them ideal for packaging applications. Despite not having great 
WVTR values, it will be interesting in future work to assess whether the 
oxygen barrier of these films is similar to the high values obtained in 
pure cellulose nanomaterial films and, more importantly, whether the 
addition of MTM makes the oxygen barrier of these films less sensitive to 
humidity. Additionally, despite their low transparency, these films 
possess UV-blocking features, which could increase the lifetime of the 
goods packaged with these materials. Indeed, coffee and other highly 
sensitive products are packaged in light-blocking containers for this 
reason. However, the mechanical properties of these films are still below 
the industry standards required for this technology, which is why they 
are not expected to be used as a standalone technology but rather as a 
coating on a mechanically robust substrate, such as paper and board.

Alternatively, the CNC: CNF hybrid films without MTM exhibit 
noteworthy optical properties, including high transparency and tunable 
haze. Furthermore, their color stability under prolonged exposure to 
artificial sunlight makes them consistent for photovoltaic applications. 
The ability to adjust these materials’ light scattering (haze) adds op
portunities for anti-reflective or highly reflective surfaces. In this case, 
the CNC: CNF could be used as light management in photovoltaics, 
which requires long periods of light absorption and in protective systems 
against light effects. Nevertheless, these films need improvement in 
water resistance and further modification to be suitable for electronic 
systems, posing a challenge due to their higher roughness compared to 
PET and PEN. Here, future work around crosslinking and/or hydro
phobization strategies may be necessary, but to retain the attractive 
optics, it is perhaps best that these treatments be applied after the film is 
formed so as not to disrupt the internal packing and organization that is 
responsible for the beneficial properties.

An essential characteristic of bio-based films is their biodegrad
ability. This is a desirable property when this material is used for 
packaging due to environmental problems related to plastic packaging 
pollution. Photovoltaic technologies meant for indoor use, such as 
organic and perovskite solar cells, last only a few years [64]. These 
technologies are compatible with cellulose film substrates due to their 
low-temperature processing. One of their downsides is their sensitivity 
to moisture. Due to organic and perovskite solar cells’ need for encap
sulation to avoid performance loss and degradation, the biodegrad
ability of cellulose films should not be an issue if they are isolated from 
degrading agents.

Indeed, NC hybrid films can be suitable for electronic systems only 
after depositing additional functional coatings to achieve all required 

characteristics [65]. Here, the NC films’ roughness impacts the quality 
of subsequent layers deposited on top. In the realm of photovoltaics and 
other electronics applications, the deposition of functional layers is very 
susceptible to surface unevenness. There are successful cases of the 
deposition of conductive materials on NC films, such as ITO, [66,67] 
silver [68], copper [69] nanowires, and PEDOT: PSS [70], but all 
employed different deposition methods. For instance, atomic layer 
deposition and sputtering can result in very smooth and uniform layers; 
however, these methods are seldom used in mass production. While 
transparent and conductive layers can be deposited on cellulose with a 
low final surface roughness [71,72], this only applies to a sputtering 
deposition approach. More common methods of high-throughput pro
duction of perovskite solar cells are blade and slot-die coating, inkjet 
printing, and spray coating [73]. Solution methods require a smoother 
surface (RMS roughness <5 nm) [74]. While in slot-die coating, the 
substrate roughness has a negligible impact, and inkjet and spray 
deposition are very sensitive to topological unevenness [75]. NC films 
composed of CNF and partially made of CNC and CNF can be suitable for 
depositing transparent conductive layers via sputtering. However, a 
technique like slot-die casting would be more adequate in high- 
throughput production scenarios. Inkjet printing and spraying deposi
tion methods would be restricted to pure CNC substrates due to their 
smooth surface until the surface roughness of CNC: CNF films is reduced, 
the possibility requiring a finer CNF quality.

4. Conclusions

In summary, CNC films properties can be significantly altered by the 
incorporation of CNF and MTM in their structure. The resulting hybrid 
films exhibited highly organized and dense structures, and their prop
erties could be adjusted by varying the ratio of components. For 
instance, by incorporating MTM in CNC films, the water interactions are 
reduced and the original film easily dispersed in water retains its 
structure. The presence of CNF impacts more significantly the tensile 
properties of CNC films, and overall, MTM reduce the strength of films 
containing greater ratio CNF in their composition. There was no clear 
relationship between tensile properties and density. The films composed 
by CNC and CNF demonstrate different optical properties compared to 
those with just a single component. These changes become even more 
significant when the inorganic compound (MTM) was added to the film 
leading to a lower transparency. The variations in mechanical and op
tical properties observed in this research shows that by modifying the 
composition of films it is possible to customize and tailor of the films 
toward application-specific requirements. However, further reductions 
in moisture sensitivity will be necessary for high-performance applica
tions since they often demand even lower levels of moisture absorption 
and interaction. All CNC: CNF composite films exhibited good UV sta
bility (no visible degradation in 1000 h light soaking test under 1 Sun 
irradiation). Besides their bio-sourced origin, this makes them exciting 
substrates for packaging and sustainable solar energy and optoelectronic 
devices. Although their surface morphology (roughness 4–34 times 
higher compared to PEN and PET) can hinder the quality of subse
quently deposited layers, different fabrication methods and treatments 
could ameliorate this constraint.

Abbreviations

CNC Cellulose nanocrystals
CNF Cellulose nanofibrils
MTM Montmorillonite
PEN Polyethylene naphthalate
PET Polyethylene terephthalate
AFM Atomic force microcopy
ITO Indium tin oxide
PEDOT Poly(3,4-ethylenedioxythiophene)
PSS Polystyrene sulfonate
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nanocellulose films – a swelling modifier, Int. J. Biol. Macromol. 180 (2021) 
753–759, https://doi.org/10.1016/j.ijbiomac.2021.03.062.

[48] S. Shrestha, J.A. Diaz, S. Ghanbari, J.P. Youngblood, Hygroscopic swelling 
determination of cellulose nanocrystal (CNC) films by polarized light microscopy 
digital image correlation, Biomacromolecules 18 (2017) 1482–1490, https://doi. 
org/10.1021/acs.biomac.7b00026.

[49] C. Aulin, G. Salazar-Alvarez, T. Lindström, High strength, flexible and transparent 
nanofibrillated cellulose–nanoclay biohybrid films with tunable oxygen and water 
vapor permeability, Nanoscale 4 (2012) 6622, https://doi.org/10.1039/ 
c2nr31726e.

[50] L. Alves, E. Ferraz, J.A.F. Gamelas, Composites of nanofibrillated cellulose with 
clay minerals: a review, Adv. Colloid Interf. Sci. 272 (2019) 101994, https://doi. 
org/10.1016/j.cis.2019.101994.

[51] J.J. Kaschuk, Y. Al Haj, O.J. Rojas, K. Miettunen, T. Abitbol, J. Vapaavuori, Plant- 
based structures as an opportunity to engineer optical functions in next-generation 
light management, Adv. Mater. 34 (2022) 2104473, https://doi.org/10.1002/ 
adma.202104473.

[52] Z. Fang, H. Zhu, Y. Yuan, D. Ha, S. Zhu, C. Preston, Q. Chen, Y. Li, X. Han, S. Lee, 
G. Chen, T. Li, J. Munday, J. Huang, L. Hu, Novel nanostructured paper with 
ultrahigh transparency and ultrahigh haze for solar cells, Nano Lett. 14 (2014) 
765–773, https://doi.org/10.1021/nl404101p.

[53] A. Tiihonen, K. Miettunen, J. Halme, S. Lepikko, A. Poskela, P.D. Lund, Critical 
analysis on the quality of stability studies of perovskite and dye solar cells, Energy, 
Environ. Sci. 11 (2018) 730–738, https://doi.org/10.1039/C7EE02670F.

[54] T. Watson, P. Holliman, D. Worsley, Rapid, continuous in situ monitoring of dye 
sensitisation in dye-sensitized solar cells, J. Mater. Chem. 21 (2011) 4321, https:// 
doi.org/10.1039/c0jm03607b.

[55] M.L. Davies, T.M. Watson, P.J. Holliman, A. Connell, D.A. Worsley, In situ 
monitoring and optimization of room temperature ultra-fast sensitization for dye- 
sensitized solar cells, Chem. Commun. 50 (2014) 12512–12514, https://doi.org/ 
10.1039/C4CC05766J.

[56] L. Furnell, P.J. Holliman, A. Connell, E.W. Jones, R. Hobbs, C.P. Kershaw, 
R. Anthony, J. Searle, T. Watson, J. McGettrick, Digital imaging to simultaneously 
study device lifetimes of multiple dye-sensitized solar cells, Sustain, Energy Fuel 1 
(2017) 362–370, https://doi.org/10.1039/C7SE00015D.

[57] A. Poskela, A. Tiihonen, H. Palonen, P.D. Lund, K. Miettunen, Predictive modeling 
of dye solar cell degradation, Sol. RRL 6 (2022), https://doi.org/10.1002/ 
solr.202101004.

[58] C.R. Osterwald, T.J. McMahon, History of accelerated and qualification testing of 
terrestrial photovoltaic modules: a literature review, Prog. Photovolt. Res. Appl. 17 
(2009) 11–33, https://doi.org/10.1002/pip.861.

[59] A. Tiihonen, V. Siipola, K. Lahtinen, H. Pajari, P. Widsten, T. Tamminen, T. Kallio, 
K. Miettunen, Biocarbon from brewery residues as a counter electrode catalyst in 
dye solar cells, Electrochim. Acta 368 (2021) 137583, https://doi.org/10.1016/j. 
electacta.2020.137583.

[60] J. Kaschuk, R. Nizamov, Y. Al Haj, M. Nyberg, I. Monireh, E. Pasquier, O.J. Rojas, 
K. Miettunen, T. Abitbol, J. Vapaavuori, Stability of Nanocellulose Films Under 
Artificial Sunlight Exposure Toward Sustainable Optoelectronics Substrates, 2024 
(Submitted).

[61] K.W. Klockars, N.E. Yau, B.L. Tardy, J. Majoinen, T. Kämäräinen, K. Miettunen, 
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