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This work aims to understand how nanocellulose (NC) processing can modify the key characteristics of NC films
to align with the main requirements for high-performance optoelectronics. The performance of these devices
relies heavily on the light transmittance of the substrate, which serves as a mechanical support and optimizes
light interactions with the photoactive component. Critical variables that determine the optical and mechanical
properties of the films include the morphology of cellulose nanofibrils (CNF), as well as the concentration and
turbidity of the respective aqueous suspensions. This study demonstrates that achieving high transparency was
possible by reducing the grammage and adjusting the drying temperature through hot pressing. Furthermore, the
use of modified CNF, specifically carboxylated CNF, resulted in more transparent films due to a higher nanosized
fraction and lower turbidity. The mechanical properties of the films depended on their structure, homogeneity
(spatial uniformity of local grammage), and electrokinetic factors, such as the presence of electrostatic charges
on CNF. Additionally, we investigated the angle-dependent transmittance of the CNF films, since solar devices
usually operate under indirect light. This work demonstrates the importance of a systematic approach to the

optimization of cellulose films, providing valuable insight into the optoelectronic field.

1. Introduction

The fast growth of the optoelectronics industry has triggered an ur-
gent need for sustainable materials to mitigate the environmental
impact of their disposal (Liu et al., 2022). Nanocellulose (NC), a versatile
nanomaterial derived from the most abundant biopolymer on Earth
(cellulose), responds to this challenge as a standout candidate charac-
terized by its environmental sustainability (Chen et al., 2021; Dufresne,
2013). By definition, NC presents at least one dimension of 100 nm or
less, and the most common NC include cellulose nanocrystal (CNC,
100-200 nm in length and 10-30 nm in diameter), and cellulose
nanofibril (CNF, with an average diameter of 2-50 nm and length of
1-15 pm) (Lengowski et al., 2023; Solhi et al., 2023). NC from diverse
sources has been extensively studied especially regarding cellulose
processing techniques—whether physical, chemical, or biological — to
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yield CNC and CNF (Deepa et al., 2015; Hancock et al., 2023; Haron
et al., 2021; Pires et al., 2019; Pradhan et al., 2022; Rol et al., 2020;
Squinca et al., 2020; Yang et al., 2023). These studies share a common
overarching aim: to elucidate the capability of varied cellulose sources
in generating NC characterized by distinct dimensions, surface charges,
and dispersion.

Engineered into film form, CNF exhibit enhanced mechanical and
optical properties due to their high aspect ratio and the potential for
functionalization. These films have attracted considerable attention as
they combine inherent renewability and biodegradability with impres-
sive mechanical strength and optical transparency (Ahankari et al.,
2021; Kaschuk et al., 2021), making them highly suitable for optoelec-
tronic applications that demand both transparency and mechanical
endurance.

The mechanical strength of NC films is critical for optoelectronics
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Fig. 1. (a) Photograph, (b) SEM surface image, and (c) SEM cross-section image of a film produced with a concentration of 0.5 % CNF. (d) CNF suspensions with
different concentrations and their stability behavior after 24 h. (e) Optical properties at 550 nm for CNF films produced by different concentrations (0.1, 0.5, and 1.5

wt%).

durability and functional longevity (Chattopadhyay & Labram, 2022).
Recent literature underscores the remarkable mechanical characteristics
of various NC grades. Decolorized lignocellulosic nano paper, for
instance, has been demonstrated to possess an ultimate tensile strength
of approximately 105 MPa, suggesting its suitability for photovoltaic
applications (Jiang et al., 2020). Similarly, TEMPO CNF has exhibited
considerable mechanical resilience, with an ultimate tensile strength
near 93 MPa, reinforcing its potential for robust electronic components
(Chen et al., 2018). Moreover, the mechanical properties of TEMPO
CNF/Ag NWs composite, with an ultimate tensile strength of 70.1 MPa,
reveal its applicability in organic solar cells (Lin et al., 2021).

Optical properties, such as transparency, translucency, brightness,
and antireflection, are influenced by multiple variables, including CNF
orientation, aspect ratio, nanofibril morphology, and drying procedure
(Fukuzumi et al., 2009; Kaschuk et al., 2022; Koga & Nogi, 2015; Pod-
siadlo et al., 2007; Qing et al., 2015; Yang et al., 2022). By changing
these variables, it is possible to manipulate the light interaction that
occurs at the fibril interface (surface) and consequently the performance
of optoelectronic substrates (Jacucci et al., 2020; Koga & Nogi, 2015;
Zhang et al., 2018; Zhu et al., 2014). For instance, applications such as
solar cells can derive benefits from the interactions of light with NC
films, making them applicable for light management (Jia et al., 2017).
Generally, the combination of high transparency, high haze, and anti-
reflection properties can enhance the amount of light absorbed by the
solar cells, thereby positively impacting their power conversion effi-
ciency (Fang et al., 2014; Jia et al., 2017).

Lastly, NC films lack conductivity, an essential characteristic in
electronic devices (Wang & Huang, 2021). As a result, it is necessary to
apply a conductive layer on these materials, the quality of which de-
pends on the films® surface roughness. Higher surface roughness may
cause an uneven conductive layer, leading to short circuits or decreased
conductivity (Bragaglia et al., 2019). This feature is quite challenging to
achieve. Once NC films are obtained by the collapse and entanglement of
fibers, roughness in pm scale is usually obtained (Shanmugam et al.,
2020).

While NC films have been extensively researched (Fukuzumi et al.,
2009; Kim et al., 2021; Qing et al., 2015; Yang et al., 2018; Zhao et al.,
2017), there is still a gap in the scientific literature when it comes to
systematically and specifically exploring how small processing changes,
such as concentration and composition of suspensions, grammage, and
drying temperature impact produced films’ roughness, and mechanical
and optical properties considering the basic requirements for optoelec-
tronics. Herein, the central hypothesis is that small adjustments to the
processing factors of CNF films can produce a substrate for higher-
performance optoelectronic.

Although our findings show that variations in roughness, and optical
and mechanical properties are induced by straightforward changes in
processing, such as suspension concentration/stability, drying temper-
ature, and NC grades, these substrates must still be submitted for further
alterations before being employed in optoelectronics. While the films
created here had adequate mechanical qualities, their high surface
roughness would need to be further smoothened to facilitate the
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Table 1

Nanocelluloses (NC) with the respective suspension concentration (Conc), grammage (Gramm), and temperature (Temp) used the produce films with different
thicknesses, densities, and roughness and its respective transmittance (T), reflectance (R), and haze at 550 nm. Here, the side of the film that comes into contact with
the membrane during the filtration process is referred to as the Bottom, while the side that eventually comes into contact with air is referred to as the Top.

NC Conc Gramm Temp. Thickness Density Tensile strength ~ Roughness bottom Roughness top T R Haze

(wt%) (g~m’2) © (pm) (g-cm’g) (MPa) side (pm) side (pm) (%) (%) (%)

CNF 0.1 30 30 23+1.0 1.12 £ 0.03 237 +5 1.5+0.2 1.3+0.2 86.1 12.0 55.5

0.5 26 +3 1.07 + 0.02 192 +£11 0.5+ 0.1 0.6 + 0.1 85.8 11.0 50.7

1.5 33+5 1.05 £+ 0.05 153 £15 0.7 + 0.04 1.0 £ 0.2 84.7 10.5 50.7

0.5 90 18+ 1 1.25 + 0.02 233+ 5 0.3 £ 0.04 0.5 + 0.04 82.4 17.8 55.1

60 30 47 £2 1.11 + 0.02 196 £ 5 1.5+ 0.1 2.0+0.2 84.0 12,5 50.4

Enz- 43 +2 1.09 £ 0.10 133+ 4 1.4+0.2 1.0£0.1 82.8 14.4 71.9
CNF

CMC- 54 +1 0.95 + 0.02 173+ 8 2.7 £0.7 1.0+0.1 86.1 10.9 66.7
CNF

TOCNF 47 £ 2 1.3 £0.05 188+ 6 1.2+0.2 0.8 +0.1 85.6 10.7 50.4

deposition of an even conductive layer. Also, to optimize the films for
the targeted application, their high reflectance at high incidence angles
of incoming light, along with their total transparency, should still be
improved. However, assembled all together, our results form a system-
atic summary of processing parameters that affect the performance of
NC films for optoelectronics.

2. Materials and methods
2.1. NC specifications

Cellulose nanofibril suspensions (CNF) were produced from a never
dried, fully bleached, and fines-free sulphite birch pulp (Kappa number
=1, and DP = 4700), which was disintegrated (six passes) through a
high-pressure fluidizer (pressure of 1500 bars, Microfluidics M110P,
Microfluidics Int. Co., Newton, MA) (Ajdary et al., 2019).

TEMPO-oxidized cellulose nanofiber suspensions (TOCNF) were
produced from never-dried birch fibers by TEMPO-mediated oxidation
(2,2,6,6-tetramethylpiperidine-1-oxyl) (Saito et al., 2007), and fibril-
lated (one pass) using a high-pressure fluidizer (pressure of 1500 bars,
Microfluidics M110P, Microfluidics Int. Co., Newton, MA).

Enzymatic cellulose nanofibril suspensions (ENZ-CNF) were ob-
tained from a commercial never-dried, totally chlorine-free bleached
softwood sulphite dissolving pulp (Domsjo Fabriker AB, Sweden). First,
the pulp was submitted to an enzymatic pre-treatment, followed by
miocrofluidization comprised of 3 passes at 400 bar and 5 additional
passes at 1700 bar (Microfluidics Corp., United States).

Carboxymethylated cellulose nanofibril suspensions (CMC-CNF)
were also obtained from a commercial never-dried, totally chlorine-free
bleached softwood sulphite dissolving pulp (Domsjo Fabriker AB, Swe-
den). After carboxymethylation pre-treatment, the fibers were passed 1
time at 1700 bar through a high-pressure homogenizer (Microfluidizer
M-110EH, Microfluidics Corp., United States).

2.2. NC film preparation

Homogeneous and translucent NC films were produced by air pres-
sure filtration followed by hot pressing (Fig. 1 - a). This methodology
presents a few advantages compared to casting since the procedure
happens in a shorter time and the inner structure of the films can be
modified by how fast the water is removed from its wet form. Even
though the methodology used here presents a huge difference in practice
(Benitez & Walther, 2017), through the formation of the film the
changes observed in the colloidal suspension properties are very similar
to those observed in the casting.

The stock NC suspensions (Table S1) were diluted until the desired
concentration and stirred overnight. The bubbles from the suspensions
were removed by reduced pressure using a vacuum oven at room
temperature.

An air pressure filtration equipment integrated by a tripod chamber

(inner diameter of 12 cm, height 8.5 cm) was used to produce a wet film.
The wet films were produced on the top of a polyvinylidene fluoride
(PVDF) membrane filter (0.45 pm pore size, hydrophilic PVDF, 142 mm
membrane, Dupore), that was placed on the top of Sefar Nitex poly-
amine monofilament fabric mesh. The used air pressure was 1.0 bar, and
the filtration was performed until all the water was removed from the
suspension.

Lastly, the wet film and the membranes were put as a sandwich with
the following configuration: metal sheet, five layers of regular filter
paper, Sefar Nitex mesh, PVDF membrane, wet film, Sefar Nitex mesh,
five layers of regular filter paper, and metal sheet. Finally, the sandwich
was hot pressed in a Carver Laboratory Press 18200-213 made by Fred S.
Carver, Inc. Hydraulic Equipment (Summit, NJ, U.S.A.) for 1 h. A total of
eight films were created (as shown in Table 1). These films were pro-
duced by varying three key parameters: the concentration (0.1, 0.5, and
1.5 wt%), the grammage (30 g-m 2 and 60 g-m~2), the pressing tem-
perature (30 °C and 90 °C), and NC grades.

2.3. Characterizations

The turbidity of the NC suspensions was evaluated using a Hach
Turbidimeter. The NC suspensions were diluted to 0.05, 0.1, and 0.2 wt
%, and the turbidity in NTU units was measured for each suspension
together with the exact concentration of each suspension gravimetri-
cally. The given turbidity value is reported at 0.1 wt% based on inter-
polation from the linear regression of the concentration series.

To determine the nano fraction, 0.02 wt% NC suspensions were
centrifuged at high speed (1000g; 15 min). Then, the solid content of the
supernatant was measured, indicating the colloidally stable fraction.
The ratio in mass% of the solids recovered from the supernatant relative
to the total dry mass of the initial suspension gives the nano fraction. All
solid contents are measured gravimetrically.

Thicknesses of NC films were measured using an L&W Micrometer
(Lorentzen & Wettre Products, ABB, Switzerland), which in turn were
used to calculate the volume of 1 cm? samples and their densities
(relation between the weight by the volume) (Chen et al., 2020). The
average thicknesses were obtained from the measurements of 20
different areas within the film.

Roughness-RA stylus profilometer (DektakXT®, Bruker) with a dia-
mond tip was used to measure film roughness. Roughness results are an
average of five topographic line scans, using the following parameters: 2
pm tip radius, 65.5 pm measurement range, 100 pm measurement
length, 1 mg Stylus force, 30 s measurement duration, 0.37 pum/pt.
resolution, and hills and valleys profile type. The graphics were plotted
using arithmetic average roughness values.

Mechanical properties — For tensile testing, strips (45 mm long; 6 mm
wide) were cut from each film, with the average grammage determined
from the average mass of four strips. Stress-strain curves were measured
using an MTS 3125 tensile tester with a strain rate of 5 mm min !, with
films equilibrated for several days before testing at standard conditions
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Fig. 2. Optical properties of CNF films. (a) Influence of the temperature during the hot press and (b) Influence of the grammage.

(23 °C and 50 % relative humidity).

The top and cross-sectional morphologies of the obtained CNF films
were observed using scanning electron microscopy (SEM, Tescan MIRA
3) with an acceleration voltage of 5.0 kV. Before imaging, the CNF
samples were coated with a thin layer of gold-palladium (Au-Pd, 80-20)
using a Q150T coater (Quorum) to enhance their conductivity and
prevent charging.

The optical properties (transmittance, haze, and reflectance) from
400 nm to 800 nm (transmittance, haze, and reflectance) with direct
illumination were obtained using the Diffuse Reflectance Accessory
coupled to UV-Vis-NIR Agilent Cary 5000 both from Agilent
Technologies.

Angle-dependent transmittance to investigate antireflection proper-
ties was measured using a customized optical setup. A Thorlabs
SLS201L/M Stabilized Tungsten-Halogen Light Source was used as a
white light source, then equipped with a Thorlabs SLS201C collimator
and a pair of plano-convex lenses with focal lengths of 60- and 30-mm.
Transmitted light was collected inside an Artifex Engineering 100 mm
Integrating Sphere mounted on a Thorlabs KPRMTE/M motorized pre-
cision rotation stage. The light was transmitted from the integrating
sphere to a Thorlabs CCS200/M compact Czerny-Turner spectrometer
through an optic fiber. NC films were mounted on the light entrance of
the integrating sphere and the film transmittance was measured with an
integration time of 850 ms. Measurements were taken every 5° from
0° to 65° by rotating the integrating sphere. These measurements were
then subtracted from a reference measurement without any obstruction
at the entrance of the integrating sphere to obtain the transmittance
spectra.

3. Results and discussion

The results of this study are structured into two major parts. The first
part (3.1) focuses on the evaluation of films produced using a single NC
grade (CNF). We investigate how various film properties change when
altering the concentration (0.1, 0.5, and 1.5 wt%), grammage (30 g-m’2
and 60 g~m_2), and pressing temperature (30 °C and 90 °C). In the
second part (3.2), we broaden our scope to assess different NC grades,
including CNF, TOCNF, ENZ-CNF, and CMC-CNF. These films were
produced using suspensions with a consistent 0.5 wt% concentration, a

grammage of 60 g-m~2, and a temperature of 30 °C. A summary of the
main results is presented in Table 1.

3.1. Impact of processing factors on single NC grade films

3.1.1. CNF film formation, roughness, and optical properties of films
produced by different concentrations

It is commonly reported in the literature that several interactions
govern the film formation, including fibril aggregations, entanglements,
and electrostatic forces such as hydrogen bonds between hydroxyl
groups (Benitez & Walther, 2017; Henriksson et al., 2008; Niinivaara &
Cranston, 2020; Qing et al., 2015). All the films presented a translucent
structure with a highly dense and laminar-packed material as observed
by the photographs and SEM images (Figs. 1 —a, b, c, S1).

It was observed that the stability and the homogeneity of the initial
suspensions also play an important role in film formation. A stable CNF
suspension presents a strong hygroscopic character of cellulose, as well
as a high aspect ratio and high specific surface area of the nanofibrils
(Nechyporchuk et al., 2016). Herein, by changing the concentration of
the suspensions, we observed differences in their stability. Once, after
24 h, a phase separation for lower concentration (0.1 wt%, Fig. 1-d) was
observed. In higher concentrations, the intense network stabilization
among the nanofibers occurs keeping the suspensions stable. As illus-
trated in Fig. 1 — d, CNF suspensions were stable between the concen-
trations 0.1 and 0.5 wt%.

After CNF films (same base weight) were manufactured, different
optical properties were obtained (Figs. 1 — e, S2). For instance, the CNF
suspension with the highest concentration (1.5 wt%) presented greater
opacity and consequently, the film presented the lowest transparency,
reflectance, and haze values. At the other end of the studied range, the
CNF suspension with the lowest concentration (0.1 wt%) generated
films with higher transparency, reflectance, and haze values. For all the
cases, the explanation lays down on the inhomogeneous structure ob-
tained by the flocculation within the suspensions before the film for-
mation. The same explanation applies to the different values of
thickness, density, and roughness of these films (Table 1), even if pro-
duced at the same basis weight (grammage).

In this study, the impact of suspension concentration on film
roughness was also assessed. Higher concentrations of CNF suspensions
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(1.5 wt%) could have led to the formation of agglomerates, resulting in
elevated peaks on the film surface and an overall increase in roughness,
as indicated in Table 1. These surface irregularities are crucial to
consider for subsequent deposition of transparent conductive coatings
like Indium Tin Oxide (ITO). Such irregularities can lead to complica-
tions including current leakage and short-circuiting in optoelectronic
devices, which could ultimately reduce the efficiency of solar cells (Kim
et al.,, 2020) and accelerate the degradation of organic LEDs (Jonda
et al., 2000).

CNF films with the lowest roughness (0.5 pm) were achieved using a
0.5 wt% concentration (Table 1). Consequently, for the next phase of our
research, we deliberately chose a 0.5 wt% concentration. This decision
was taken to promote the production of films with minimized roughness.
This, in turn, is crucial for the effectiveness of depositing subsequent
layers, while mitigating potential issues linked to device performance
and longevity that were previously mentioned.

3.1.2. Impact of the grammage and pressing temperature on the film
formation, roughness, and optical properties

Hereafter, by increasing the pressing temperature and the grammage
of the CNF films, less transparent materials with higher values of
reflectance were manufactured (Fig. 2). While the changes in pressing

temperature and the grammage yielded similar results, it is important to
note that the modifications within the structure were driven by distinct
reasons. When the temperature increased, the removal of water from the
wet film structure occurred faster. As a result of the elimination of water,
the CNF films visually demonstrated a significant reduction in shape
which could be attributable to the disruption of hydrogen bonds be-
tween hydroxyl groups, in agreement with the discussion presented by
Zhang et al. (2017). In addition, the density of the film increased (from
1.07 g-em ™3 + 0.02 to 1.25 g-cm > =+ 0.02, Table 1) with the increase of
the pressing temperature meaning that higher interactions in the inter-
face of the entangled fibers could have led to a more compact material.

As expected, increasing the grammage increased the thickness of the
film (from 26 pm + 3 to 47 pm =+ 2, Table 1), with no significant change
in density (from 1.07 g-cm™> + 0.02 to 1.11 g-cm > + 0.02). Conse-
quently, the path to be traveled by the light from one side of the film to
the other increased, together with the increased scattering within the
material, explaining the changes in optical properties.

Regarding the haze values, the major impact was observed for the
film produced using a higher pressing temperature, which could be
indicative of the greater reflectance within the bulk of the film caused by
its higher density (Table 1). This follows the same line of thinking when
observing the minor haze change by increasing the grammage of the
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Table 2

Nanocelluloses (NC) with the respective suspension concentration (Conc),
grammage (Gramm), and temperature (Temp) used to produce films with
different tensile strengths and young modulus.

NC Conc Gramm Temp. Tensile Young
(Wt%) (gm~?) Q) strength modulus
(MPa) (GPa)
CNF 0.1 30 30 237.1 +£4.7 10.1 £ 0.2
0.5 192.0 +11.4 9.5+ 0.3
1.5 152.7 £15.0 9.7 £ 0.1
0.5 90 233.3 £ 4.8 12.4 + 0.04
60 30 196.0 + 7.5 5.1+0.7
Enz- 133.5 £ 4.2 7.2+0.3
CNF
CMC- 1732+ 7.6 5.5+ 0.9
CNF
TOCNF 187.9 £ 6.4 7.2+ 0.95

films followed by a small variation of density (Table 1).

3.1.3. Density and roughness versus optical properties

By correlating the density and roughness of the films with their op-
tical properties, as illustrated in Fig. 3, we observed a trend wherein
denser films exhibited increased reflection and scattering of light,
leading to lower transmittance. In this scenario, the elevated reflectance
may be attributed, at least in part, to the backward scattering of light
from the bulk of the film. Unlike density, roughness does not demon-
strate a clear correlation with optical performance. As a result, these
findings demonstrated that the internal structure of the film (bulk) had a
greater impact on optical properties than the interfacial structure
(surface).

3.1.4. Mechanical properties of CNF films

While evaluating the tensile curves of the CNF films (Fig. 4), an
initial elastic deformation was observed, followed by yielding and strain
hardening. The modulus observed in the elastic deformation increased
considerably due to the straightening and reorientation of the cellulose
fibrils in the films (Ansari & Berglund, 2016; Benitez & Walther, 2017).
Then, fibers underwent displacement/slippage resulting in irreversible
structural changes. Finally, the fibers aligned and consolidated into a
tensile-resistant net, providing ductility to the film until break.

Hence, altering the processing variables did not affect the form of
tensile test curves (Fig. 4) nor Young’s modulus (Table 2); nevertheless,
noticeable variations were evident in their tensile strength values
(Table 2). Overall, the tensile strength was highly dependent on the
density of the films (Fig. S3) meaning that the higher compaction of the
fibers requires more energy for the film to break under a certain tension.

In addition, the organization of the fibers in random-in-plane orienta-
tion might have a positive impact on the mechanical properties, which
could explain why the films produced at a low concentration of the
suspension (0.1 wt%) and low pressing temperature (30 °C), presented
better mechanical properties (tensile strength: 237.1 MPa + 4.7).
Therefore, NC fibers could have greater time to organize and collapse
themselves randomly, for instance when the wet film is formed from
low-concentrated suspensions followed by lower pressing temperature.
Lastly, increasing the grammage did not affect the density or the orga-
nization of the fibers but affected the thickness of the film (Table 1), the
elongation of which requires more energy.

Overall, by changing the processing methods of a single NC grade, it
was observed that factors, such as stability and homogeneity, of the
initial suspensions played a crucial role in the roughness, optical, and
mechanical properties of the films. The lowest concentration of CNF
suspension created films with increased haze, transmittance, reflec-
tance, strength, and roughness. By increasing the pressing temperature,
the films presented lower transparency, higher reflectance, and great
strength which could be attributed to the improved dryness during the
pressing process. Additionally, by increasing the grammage, thicker
films were produced, which impacted more significantly the optical
properties and roughness than mechanical properties.

3.2. Impact of different NC grades on roughness, optical and mechanical
properties

Next, we evaluated the impact of four different NC grades: CNF, Enz-
CNF, TOCNF, and CMC-CNF on the overall NC film properties. These NC
suspensions presented several differences, but it is important to start
highlighting their functional groups. For instance, Enz-CNF and CNF do
not present functional groups on their surfaces, while TOCNF and CMC-
CNF carry carboxyl COOH and CH;COOH groups, respectively (Kim
et al., 2021).

As is seen in Fig. 5 - a, all the suspensions showed a gel behavior at
concentrations around 2 wt%, where strong nanonetwork structures
take place (the combined contribution of hydrophilicity, high specific
surface area, and high CNF aspect ratio). (Heise et al., 2021; Nechy-
porchuk et al., 2016) Additionally, they presented different turbidity
values (Fig. 5 - d), which was a consequence of the difference in nano
fraction and treatments (enzymatic or chemical). For instance, carboxyl
groups on CNF (TOCNF and CMC-CNF) produced fibers better dispersed
in water, resulting in lower turbidity.

Initially, it was believed that the turbidity of the suspensions could
be an indicative of the optical properties of the films, however, a direct
relationship between the nano fraction and the transmittance/reflec-
tance of the films was observed (Fig. 5 - b, d, e). In the case of Enz-CNF
film, the lower transmittance and higher reflectance were explained by
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Fig. 5. (a) Different sources of CNF: Enzimared cellulose nanofibrils (Enz-CNF), Cellulose nanofibrils (CNF), TEMPO oxidized cellulose nanofibrils (TOCNF) and
Carboxymethylated cellulose nanofibrils (CMC-CNF). (b) Films of Enz-CNF, CNF, TOCNF, and CMC-CNF (from the left to the right). (¢) SEM image of the cross-
section of the Enz-CNF, CNF, TOCNF, and CMC-CNF films (from the left to the right). (d) Turbidity and nano fraction of the suspensions (e). Transmittance and
Reflectance at 550 nm, (f) correlation between haze at 550 nm and density, and (g) roughness of the films.

the low nano fraction. Thus, larger fibrils led to more voids, increasing
light scattering and reducing transmittance. The more scattered light for
Enz-CNF was confirmed by the haze measurement (Fig. 5 - f). However,
the haze was not dependent on the nano fraction of the suspensions;
instead, it correlated with the density of the films.

The SEM images (Fig. 5 — c¢) clearly showed differences in film
structures, which led to density changes (Fig. 5 — f). All films showed
laminar structures, but the CNF film showed greater fiber collapsing; in
other words, the layers in the CNF film were less expressive. Both Enz-
CNF and CNF presented similar values of densities, on the other hand,

TOCNF and CMC-CNF had different behaviors caused by possible
interference of the electrostatic charges in the film’s formation. In other
words, the carboxyl groups present on the surface of the NC could have
interfered with the water removal and the film formation itself. In this
way, as TOCNF presented higher water affinity compared to CMC-CNF,
the water removal, and the film formation happened slowly inducing a
denser material (Fig. 5 - f).

Regarding roughness, the films produced by the different NC grades
did not present a clear relation (Fig. 5 — g). It is believed that the cor-
relation between the initial properties of the suspensions and the
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roughness is only applied to the same NC grade. However, it was
possible to observe differences between both sides of the films. The side
that was in contact with the membrane (bottom) tended to have a higher
roughness compared to the side of the film that was in the air (top). This
can be assigned to the hypothesis of longer fibers being filtered first and
being at the bottom of the film.

For quite some time, it has been established that the mechanical
properties of NC films correlate with their densities (Spence et al.,
2010). Specifically, denser films present higher strength and require
more energy to break under a tension force. Surprisingly, in this study, it
was observed that this correlation is only fair when comparing films
produced by the same NC grade (Fig. 5 - f), the mechanical properties of
films from different NC grades presented no correlation with their
densities (Fig. 6).

Here, for the NC grades without carboxyl groups, the nano fraction
content intensively affected the mechanical behavior of the films. For
instance, CNF which had a higher value of nano fraction compared to
Enz-CNF (Fig. 5 — d), led to stronger films (Fig. 6, Table 2). When the
fibrils presented greater homogeneity in size, the compaction occurred
evenly throughout the entire film, leading to greater interaction be-
tween them and requiring more energy to break the film under tension.
Here, by comparing to the other NC grade films (Table 1), Enz-CNF
presented a significant error in its density (Fig. 5 — f), indicating that
the film was more heterogeneous and consequently also compromised
the strength (Table 2).

On the other hand, the presence of carboxyl groups induced different
mechanical strengths (Table 2), independently of the nano fraction of
the suspensions. For instance, when comparing NC grades derived from
the same cellulose source and manufactured at the same institu-
tion—Enz-CNF (133.5 + 4.2 MPa) and CMC-CNF (173.2 + 7.6 MPa)—
the presence of carboxyl groups induced superior fibrillation in the nano
fraction, thereby leading to enhanced assembly and entanglement. The
same was expected for CNF (196.0 + 7.5 MPa) and TOCNF (187.9 + 6.4
MPa), however, the contradictory result suggests that TOCNF was highly
fibrillated for a mechanical grade inducing lower mechanical properties.

Herein, it also explored the impact of different NC grades on the
roughness, optical, and mechanical properties of their films. Although
this investigation allows us to make adjustments in the NC films and
provides important insights regarding their transparency and haze, a
more comprehensive understanding of the optical properties, particu-
larly reflectivity, is essential. Certain studies promote the utilization of
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NC films as substrates for the next generation of solar cells, suggesting
potential benefits in terms of enhanced performance through scattering
or antireflective properties. However, in our preliminary analysis, the
incorporation of these CNF films as a light management layer on top of
dye solar cells did not yield a statistically significant effect on the power
conversion efficiency. To shed light on the underlying reasons for this
phenomenon, we proceeded with an in-depth evaluation of the films of
different NC grades using the angular-dependent transmittance tech-
nique. This helped to elucidate the behavior and interactions of these
films with light and their feasibility in optoelectronics such as solar cells.

3.2.1. Angular-dependent transmittance

To measure the angular dependent transmittance, the sample was
rotated to change the light incidence angle from 0° to 65° (Fig. S4)
where the transmittance at 0° is comparable to the transmittance pre-
sented in Fig. 5 — e (measured at different device). All NC films presented
transmittance between 90 and 95 % at 0° (Fig. 7), which noticeably
decreased at angles >30°. Overall, the transmittance decreased between
0° and 65° (Fig. 7). The transmittance loss at high angles suggests that
the light scattering is not entirely directed forward and that some light is
reflected.

Comparable loss in transmittance at angles higher than 40° was not
observed for standard optoelectronic substrate materials, glass, PET, and
PEN (Fig. S5). A high transmittance is critical because it is directly
proportional to the number of light interactions within the active layer
of the photoelectronic. For instance, in solar cells, the decrease in the
substrate transparency negatively affects the photocurrent produced by
the device. Furthermore, most solar devices are stationary, meaning that
light will enter the device at an angle, which is why it is important that
light can pass through at a wide range of angles.

Fang et al. reported a noticeable increase in the photocurrent (over
15 %) as compared to a conventional cell without a light management
layer, specifically at high incident angles (between 60 and 87°) for an
organic solar cell with TOCNF film glued on its glass surface (Fang et al.,
2014). The authors described the improved light absorption of the active
layer as a consequence of a longer light path length across the active area
due to an increased forward light scattering in the NC film (high haze).
However, both our samples and the samples investigated by Fang et al.
have high transmission haze (between 50 and 70 % for our samples and
~60 % for Fang et al.). Thus, high haze does not automatically correlate
to an increased optical performance. This difference in optics could be
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Table 3
Tensile strength (MPa), Transmittance (%), Haze (%), and Roughness (nm) of different cellulose films used to produce optoelectronic applications with different
performances.
Cellulose film Optoelectronics Tensile strength Transmittance Haze Roughness Ref.
(MPa) (%) (%) (nm)
Regular paper and carboxymethylated cellulose composite Perovskite solar cells* ~36 90.1* 95.2¢ - (Hou et al.,
2020)
TOCNF Polycrystalline silicon solar ~ ~93 90.2* 46.5* - (Chen et al.,
cells* 2018)
TOCNF Organic light-emitting 287 ~90* ~50° 7.7 (Zhu et al.,
diodes” 2013)
Acrylic-coated NC paper Perovskite solar cells” 81 91.71* - 2.15 (Gao et al.,
2019)
TOCNF/Ag NWs composite Organic solar cells” 70.1 ~75% - 28 (Lin et al.,
2021)
Regenerated cellulose Electrodes™ 110 ~75¢% - - (Tao et al.,
2020)
Decolorated lignocellulosic nano paper Gallium arsenide solar 105 90 46* 4.4+0.6 (Jiang et al.,
cells* 2020)
Composite paper from O-(2,3-Dihydroxypropyl) cellulose Polymer solar cells” ~15 85 - - (Cheng et al.,
and tunicate cellulose nanocrystals 2018)
TOCNF composite with conductive polymerizable deep Electroluminescent™ ~33 94.5* - - (Zhang et al.,
eutectic solvent 2020)
CNF - 0.1 wt. 30 °C 30 g-m 2 - 237+ 5 86.1* 55.5* 1.5 + 0.2" our study
1.3 + 0.2"

* Light management, # Substrates, £ Wavelength at 550 nm, § enhancement of performance compared to bare device, c power conversion efficiency, n1 Roughness

bottom side (pm), n2 Roughness top side (pm).
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Fig. 8. Schematic of a standard optoelectronic cellulosic device with undesirable and desirable properties.

related to the different microstructure and/or porosity of the films
caused by the production of films using different NC grades. In addition,
TOCNF films have been shown as prospective antireflective materials
(Azzam et al., 2014) where the antireflection properties could be
manipulated by engineering the porosity of the films, thus changing the
refractive index. Unfortunately, we could not compare our results with
those found in the literature for antireflection application, since it was
reported only at 0° incidence angle. (Azzam et al., 2014) We suggest that
engineering the index of refraction should be prioritized, and detailed
attention to scattering direction at all incidence angles is needed with
high haze.

3.3. Suitability of NC films as substrates for optoelectronics

Up to this point, we have showcased how NC films can be easily
modified to produce substrates for tentative use in optoelectronics.
However, while these materials offer adaptability, they might not
represent the optimal choice for nature-inspired flexible devices, since
they would still require better surface qualities (lower roughness), lower
energy consumption of the extraction process, and production up-
scaling (Suresh Khurd & Kandasubramanian, 2022). The advantages of
employing NC in optoelectronics extend beyond its renewability. It en-
ables the rapid production of electronics through efficient roll-to-roll
processes, to a vast range of fabrication methods, which contribute
not only to the materials’ properties but to the performance of the
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optoelectronics produced (Table 3).

The efficiency of the final optoelectronic device builds on low surface
roughness, high transmittance, low reflectance, and sufficient mechan-
ical strength of the substrate, as illustrated in Fig. 8. The low roughness
of a substrate ensures the uniformity of all the layers deposited on its
surface. This quality is crucial for the fabrication of optoelectronic de-
vices. In contrast, a rough electrode not only lowers conductivity and
optical properties but if the peaks on its surface are too tall, there is a risk
that they penetrate other functional layers and short-circuit the whole
device (Bragaglia et al., 2019). In our study, we obtained a lower
roughness by altering the NC suspension concentration, but when we
compared it with previous studies (Table 3) we could see clearly that our
results were below the benchmark for an optimal roughness.

In optoelectronics, transparency, and reflectivity of a substrate play
crucial roles in determining their performance and quality. The NC films
produced here presented overall high transparency improved by low
concentrations and highly fibrillated NC grades, but in all, transmittance
was comparable to those found in Table 3. Furthermore, our study on
angular-dependent transmittance showed that, while films have good
transmittance with direct irradiation, they present high reflectance at
high incidence angles, which is an undesirable quality for optoelectronic
devices that depend on incoming light, like solar cells and light sensors.
Films with different levels of haze displayed similar angular-dependent
transmittance curves, showing how there is not a direct relation between
haze and antireflectiveness. Lastly, flexible optoelectronics require
enough mechanical strength to endure stress during the fabrication
process. NC films produced in this study presented mechanical proper-
ties comparable to those found in the literature (Table 3) and were
suitable to act as substrates for solar cells, LEDs, and other optoelec-
tronic devices when considering this perspective.

4. Conclusions

This research provided compelling evidence supporting the central
hypothesis that making simple adjustments to processing factors and
manipulating CNF suspension properties can indeed lead to significant
changes in the surface (roughness), and optical and mechanical prop-
erties of CNF films.

First and foremost, it was demonstrated that the homogeneity and
colloidal stability of CNF suspensions were pivotal factors in film for-
mation. Stable suspensions with strong interconnections among nano-
fibrils yielded films with lower roughness, making them suitable for
applications requiring efficient layer deposition. Conversely, less stable
suspensions lead to inhomogeneous films with higher roughness, which
can be problematic for devices like solar cells and optoelectronics.

Furthermore, the impact of different NC grades (unmodified fibril-
lated CNF, enzymatic CNF, TEMPO-oxidized CNF, and carboxymethy-
lated CNF) on film properties was investigated, revealing that the nano
fraction of the NC suspensions plays a critical role in determining both
optical and mechanical characteristics. Our study highlights the need for
careful selection of NC grades to meet specific application requirements.

Considering these findings, it is evident that by tailoring processing
parameters and choosing the right NC grade, it is possible to achieve
CNF films with precisely tuned optical and mechanical properties.
However, it is still necessary to overcome issues related to how rough the
surface is and external interactions, such as water absorption and
swelling. Nevertheless, the ability to optimize CNF film properties
through simple adjustments opens new avenues for the development of
high-performance materials in various technological fields.
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