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ABSTRACT

This work accentuates the interactions of water vapor with electrically conductive thin films
based on nanofibrillated cellulose. Conductive inks, made with TEMPO-oxidized cellulose
nanofibrils (TOCNF) and oxidized carbon nanotubes (CNT), were cast as humidity responsive
films on substrates, and sensing properties were evaluated via electroacoustic admittance or
electrical resistivity. Quartz crystal microbalance with impedance monitoring (QCM-I) was used
to monitor gravimetrical, viscoelastic and mechanical parameters through the analyses of
electroacoustic admittance. Water-uptake and swelling phenomena were investigated in relative
humidity (% RH) range of 30-60% and temperature ranges of 25-50 °C. The system displayed fast
and sensitive response to changes in humidity, and mass gain up to 20% was measured within the
tested % RH and T. The results indicate that the presence of CNT endowed the fibril network with
higher water accessibility. Besides, the TOCNF-based sensing element became viscoelastic upon
water uptake, as quantified by the Martin-Granstaff model. The CNT in sensors enabled humidity
detection via electrical resistance measurement. By increasing the % RH of air from 20 to 60%,
the sensor resistance increased by ca. 15%, a similar level for both glass and paper substrates.
Substrate adhesion, response to cyclic % RH, bending and durability studies were performed to
determine the operational window. The composite inks and derived sensor films offer a great
potential to monitor humidity changes in smart packaging, most relevant in tracking conditions of

food and pharmaceutical products.



INTRODUCTION

Water interactions influence greatly the properties of cellulosic materials and the performance of
cellulose-based products. Therefore, understanding the water-cellulose interactions is crucial in
for example packaging, cosmetic, and pharmaceutical applications. In addition, there is a growing
interest for novel applications where these interactions can be advantageously used, for instance
in membranes for water purification or humidity sensing!™.

Cellulose has amphiphilic properties due to its anisotropic chemical structure®. While, cellulose
and its nanosized forms, such as cellulose nanofibrils, are hygroscopic, they do not dissolve in
water>®, The high affinity to water is the result of the large density of hydroxyl groups on the
surface of cellulosic materials, which can be further enhanced via oxidation. For example, by
2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated oxidation, in which one or more
hydroxyl groups at the cellulose C6-position can be replaced with carboxyl groups’. At high
humidity and compared to the hydroxyls, the carboxyl groups dissociate and show higher affinity
to water®. For instance, Piringer et al.” reported polymer molar water content per structural groups
of 2.1 for dissociated carboxyl groups versus 0.5 for hydroxyl groups at 50% RH and 25 °C.

There are several models explaining the sorption behavior of water vapor and gases onto various
cellulosic materials!®!'*. For example, combinations of the Langmuir adsorption, Henry’s Law and
Flory-Huggins solution theories have been used for the development of these models'>'®. Two-
step sorption processes such as Hailwood-Horrobin sorption and parallel exponential kinetics
(PEK) models have been utilized'*'?. Besides, three-component models such as Langmuir/Flory—

Huggins/clustering model have also been reported'®.



To investigate experimentally cellulose water uptake, Dynamic Vapor Sorption (DVS) is a well-
established method!®!31%20, Lundahl et al.'” used DVS to study water uptake by cellulose filaments
in humid conditions, revealing stronger water affinity of TOCNF filaments compared to those spun
from CNF. In addition, Belbekhouche et al.'” investigated water vapor uptake by nanocellulose
films using DVS and observed that diffusion of water was a two-step process controlled by the
surface rather than the core of the films!®. Quartz crystal microbalance (QCM) have also been

used. For example, Hakalahti et al.'

studied water vapor uptake and swelling of TOCNF films by
using a QCM with humidity control by using saturated salt solutions. Besides, Tammelin et al.*!
has also employed QCM to study water vapor uptake, swelling and water-induced morphological
changes of regenerated cellulose films. These recent reports described a three-step water sorption
where initially water molecules bind to surface hydroxyl groups, then water forms monolayer and
clusters, and finally, water accumulates abundantly inside the films'>!. Moreover, QCM has also
been employed as a humidity sensing device by integrating it with non-cellulosic fibrous networks,
for example, by using polyethyleneimine-grafted polyacrylonitrile nanofibrous mats as active
layer®.

Paper electronics have gained lots of interest recently and are considered as potential cost-
effective, eco-friendly alternatives in various applications, including batteries, photovoltaic

substrates and various types of sensors?~%

. Paper and cellulosic materials are especially
interesting for humidity sensing since in this application the hygroscopic behavior of cellulose can
be advantageously exploited®**%°. In addition, cellulose offers the possibility to replace some of
the non-green components used in humidity sensors, enabling reduction in the negative

environmental impact of these devices upon production and disposal. Usually, cellulosic materials

have been used in such sensors as a passive support, on which the electrically conductive elements

4



are deposited. For example, carbon- or silver-based conductive elements have been deposited on
paper to produce humidity sensors?®?*°. Han et al.?® entangled a single-walled carbon nanotube

1.%% obtained

network on paper and demonstrated its ability to work as a humidity sensor. Feng et a
humidity sensors by inkjet printing silver nanoparticles on different paper substrates. On the other
hand, humidity sensors have been produced by forming conductive cellulose composite films or
by depositing cellulose-based conductive inks on different substrates>**!. Zhu et al.* produced
flexible humidity sensors from composite films of nanocellulose and carbon nanotubes (CNTs) by
vacuum filtration. Whereas, Barras et al.> used carboxymethyl cellulose and carbon fibers to
produce screen-printable ink and tested its suitability for paper-based humidity sensing.

Despite the advances reached by the cited studies on cellulose-water interactions and sensing
with conductive systems based on cellulose, water interactions with conductive cellulose
composites is still an area that has not been explored thus far. This is quite relevant in any future
development that attempts to deploy such features in this type of humidity sensing. Hence, here
we investigated the changes in gravimetric and viscoelastic parameters of conductive CNT-
nanocellulose films by using QCM with impedance monitoring (QCM-I) under different relative
humidity (% RH). Thus, with these measurements, we are able to observe water interactions with
the humidity responsive composite films and give further insight into the sensing behavior of the
derived sensors.

In this work, conductive inks were prepared by dispersing CNT in an aqueous suspension of
TEMPO-oxidized cellulose nanofibrils (TOCNF) and used to cast conductive films with humidity
responsiveness. A humidity chamber equipped with a QCM-I probe was used to study the

interactions between water and TOCNF films as well as the respective conductive composite films

(TOCNF-CNT). The humidity chamber allowed precise % RH and temperature control during the
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QCM-I measurements. This coupling enabled measurements of the water uptake and the induced
gravimetric and mechanical changes of TOCNF and TOCNF-CNT films at 30-60% RH and 25-
50 °C. The experimental QCM-I data were analyzed by two different models, Sauerbrey>? and the
Martin-Granstaff*?, to account for the gravimetric and viscoelastic properties during water vapor
exposure. The humidity responsive conductive material was employed as humidity sensors on
glass and paper substrates and their performance was characterized. The electrical properties of
the composite films were determined with resistance measurements at 20-60% RH and 23 °C, and
the effect of film thickness, substrate material and CNT content on humidity sensing was

evaluated.

EXPERIMENTAL SECTION

Materials. TOCNF were produced from bleached Kraft birch pulp fibers according to the
procedure reported elsewhere**. Multiwalled carbon nanotubes with average 15 nm diameter and
3 um length were obtained from Showa Denko, Japan. Sulfuric acid and nitric acid were purchased
from Merck and ethanol (99.5%) from Altia. PowerCoat® HD papers were kindly provided by
Guarro Casas. They consist of paper coated with a polymer layer, that makes them suitable as
substrates for advanced printed electronics such as capacitors, sensors and highly complex
circuitry. Moreover, they can be used in printing operations such as inkjet, flexo, gravure and
screen printing.>®> Polyethyleneimine (PEI) 50% aqueous solution and cetrimonium bromide
(CTAB) were purchased from Sigma-Aldrich. Silver conductive paint was acquired from
Electrolube. The water used in the experiments was purified using a Millipore Synergy UV unit

(Milli-Q).



Functionalization of the CNTs. The carbon nanotubes (CNTs) were modified by introducing
carboxylic groups onto their surfaces, which improved aqueous dispersion with nanocellulose™.
Briefly, CNTs were added to a mixture comprising 100 ml nitric acid (2 M) and 100 ml sulfuric
acid (1 M) in a round-bottom flask. Oxidation was performed at 120 °C for 4 h, and a reflux system
was used to condensate the evaporated acids. After oxidation, the functionalized CNTs were
filtered and washed with water and ethanol. Finally, they were placed in an oven at 105 °C
overnight. For simplicity, the functionalized multiwalled carbon nanotubes are herein referred to
as CNTs.

X-ray photoelectron spectroscopy (XPS). In order to confirm the oxidation of the CNTs, their
surface chemical compositions, before and after functionalization, were analyzed with an AXIS
Ultra electron spectrometer (Kratos Analytical, Manchester, U.K.) utilizing a monochromatic Al
Ka X-ray source at 100 W and a neutralizer. Samples were attached on the sample bar with UHV
compatible carbon tape, together with the in-situ reference sample of pure cellulose®’, and pre-
evacuated overnight before the measurements. Wide energy range spectra were recorded for
surface elemental analysis using 80 eV CAE and 1 eV step, while high-resolution regions of carbon
C Is and oxygen O 1s regions were also recorded for a more detailed chemical information, using
20 eV CAE and 0.1 eV step. Both samples were analyzed from three locations (analysis area less
than 1 mm?). Data were processed with CasaXPS software. According to the reference data,
vacuum conditions remained good and no contamination was detected.

Preparation of conductive inks. Several conductive inks were prepared by dispersing CNT and
TOCNF, at given ratios. First, CNTs were dispersed in water by using a tip sonicator (Branson

sonifier S-450 D) for 10 min. Then, water-dispersed CNTs were mixed with the aqueous TOCNF



suspension (1.44 wt%) so that the final concentration of the inks was 0.5 wt% TOCNF with 0.05,
0.075, 0.1 or 0.125 wt% CNTs. Bath sonication and shaking were used several times and, finally,
a homogenizer (IKA T18 basic Ultra-Turrax) was used to improve the homogeneity of the gels.
Thereafter, the conductive inks based on TOCNF and CNT are referred to as TOCNF-CNT inks.

Rheological properties of the conductive inks. The shear viscosity of the conductive TOCNF-
CNT inks was measured with a dynamic rotational rheometer (MCR 302, Anton Paar) and the
results were compared to those of'a 0.5 wt% TOCNF suspension. Parallel plates (PP25) were used
with a gap fixed at 1 mm. The changes in viscosity were measured by decreasing shear rate from
100 s't0 0.01 s™'. All samples were measured twice, and the measurements were performed at 23
°C.

Thin film preparation on quartz resonators. Thin films were prepared for QCM-I
measurements (see Table 1). Conductive films (TOCNF-CNT films) were prepared with the
TOCNF-CNT ink (0.05 wt% CNTs) by deposition on a gold electrode (0.2 cm?) of the QCM
resonators (9 MHz, AT-cut, diameter of 14 mm and average thickness of 180 um, AWS Sensors,
Spain). First, 5 pl of 0.3 wt% PEI was drop-cast on top of QCM sensors, as an anchoring layer.
Then, 5 pl of conductive ink (0.5 wt% dry matter content) was drop-cast on top of the PEI-modified
gold electrode and let to dry. To investigate the effect of loading, samples with lower loadings
were prepared by depositing 5 pl of diluted conductive ink (0.3 wt% dry solids) on top of PEI-
coated sensors. Furthermore, to observe the effect of CNT, pristine TOCNF films were prepared
as a reference, by drop-casting 5 ul of pure 0.3 wt% and 0.5 wt% TOCNF suspensions on PEI-
coated sensors.

The deposited masses, Am, of the different samples were estimated by measuring the frequency
changes, Af, of the bare and loaded QCM resonators in air using the Sauerbrey equation (Eq. 1)*:
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where Afn is the frequency change of the microbalance, k; is the theoretical sensitivity coefficient
(here, an experimental coefficient was used with a value of 16.8x107 Hz g! cm? for a 9 MHz
crystal)®®, Am is the mass change on the microbalance active surface, fi is the fundamental resonant
frequency of the quartz, S is the active surface on the quartz corresponding to the metal electrode
deposited on it, n is the overtone number, py is the quartz density (2.648 g cm™), and uy is the shear
modulus of a shear AT quartz crystal (2.947 x10'' N m)328, The Sauerbrey equation is only valid
for thin rigid layers or very thin layers considered as acoustically thin enough. In air, it is possible
to consider that our prepared films are sufficiently rigid as they are dry. Therefore, the loading
value can be estimated by measuring the frequency difference between the bare and the
corresponding loaded quartz resonator. In our case, four loadings were prepared (Table 1), and
dry mass of 45 pug and 82 pg were obtained for TOCNF films, while values of 51 pg and 96 ng
were obtained for TOCNF-CNT films. These samples are referred to as TOCNF 45, TOCNF 82,
TOCNF-CNT 51 and TOCNF-CNT _96.

Water vapor uptake measurements by QCM-I. TOCNF and TOCNF-CNT films with the
aforementioned loadings were analyzed via QCM-I at different % RH levels and temperatures.
Electroacoustic admittance measurements were performed using a network analyzer (Agilent
4294A)¥4 where the resonator is located inside a climatic chamber (CLIMACELL, Fisher
Bioblock Scientific). The measurements were performed at 30-60% RH and 25, 35 and 50 °C. The
resulting experimental resonator electroacoustic admittance, Yexp(®), were measured around at 9
MHz fundamental resonant frequency. Prior to the measurements, the films deposited on the quartz

resonators were placed in the climatic chamber and stabilized at 30% RH and 25 °C, until a stable



baseline was observed. A custom-made software allowed access to the quartz resonant frequencies,
£, during cycles of increasing/decreasing % RH levels in the chamber at constant intervals. Af was
used to estimate the mass changes, Am, of the resonator, which were attributed to the
adsorbed/desorbed water in the films. Direct correlation of Af to Am can be done with the
Sauerbrey equation (Eq. 1), but only if the gravimetric regime is kept. As already mentioned, this
equation is only suitable for thin rigid films.

Viscoelastic property changes as a function of % RH. Viscoelastic films with higher thickness
can dissipate a significant amount of energy, in which case the validity of the gravimetric regime
is questionable*™**, The QCM-I method is based on admittance analysis of the quartz crystal
resonator and the extraction of a classical equivalent circuit, which includes a motional branch, R,
L, and C in series with a capacitance, Cp, in parallel. Thus, the series resonant frequencys, f, and the
dissipation factor, D, can be determined. More precisely, D is correlated to the bandwidth of the
resonant conductance curve (Figure 1) and is also the inverse of the quality factor (Q). As a first
indication of the viscoelastic property changes, the dissipation factor, D, in response to % RH level

changes was evaluated using the following equation (Eq. 2):

R

D= )

"~ 2nfL
where R is the motional resistance, fis the series resonant frequency and L is the inductance of the
quartz resonators**,
In an in-depth analysis, the viscoelastic film property changes were determined by fitting the
experimental electroacoustic admittance, Y} (w), based on a Martin-Granstaff viscoelastic
model**. This analysis is relevant to estimate the contribution of viscoelastic changes on the Af,

and thus, to correctly correlate the latter to the true adsorbed/desorbed water mass®*-°. The
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theoretical electrical admittance, Y} (w), of the loaded QCM sensor was determined using
equation 3 (Eq. 3):

V(@) = == G +iS = iwC, + ——

T p o) (3)
where G is conductance, S is susceptance, w = 21f, Cp is parallel capacitance and Z,, () is the
theoretical motional impedance of the loaded QCM sensor calculated with the viscoelastic

model*>*, as defined here by (Eq. 4):

Zs+Zf(tan h(gfhf))

h
ZV (w) = — =
m (@) aeza T 7 zprz(tann(65hy))

“)

where hqis the quartz thickness, eq is the quartz piezoelectric constant, A4 is the active mass area,
Zyis the acoustic impedance of the film, Zs is the acoustic impedance of the surrounding medium,
6 is the complex propagation constant of the film and /4y is the thickness. Moreover, Zs and 6y can

be described as (Eq. 5 and 6):

_ |Pr
O =[5, (6)

where pr is the film density and Gy is the shear modulus of the film, which can be written as a
complex number with a real and imaginary part, Gr=G’+jG " or Gr=us + juy. It is noted that j>= -
1, G’ or urare storage modulus and G” or 7y is the film viscosity.

A fitting example is given for two films, TOCNF_82 and TOCNF-CNT 96 (tested at 25 °C and
30% RH), as can be seen in Figure 1. It allows key viscoelastic film parameters, film storage

modulus, uy, and the film viscosity, 7y, to be estimated.
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Figure 1. Experimental electroacoustic admittance, Yexp(®), and fitted electroacoustic admittance,
Y} (w), curves at 25 °C and 30% RH: a) TOCNF_82 and b) TOCNF-CNT_96 thin films deposited

on the gold electrode of the quartz resonators.

Preparation of humidity sensors and electrical characterization. The TOCNF-CNT inks
containing different amounts of CNTs (0.05, 0.075, 0.1 or 0.125 wt%) were used to prepare 1 cm
x 5.5 cm patterns of different thicknesses on glass substrates. The thickness variations were
obtained by rod coating 0.2, 0.5 or 1 ml of each ink on tape-lined areas. The patterns were dried
on a 75 °C hot plate (TOCNF:CNT ratios of the dried films can be seen in Table 1). Then, the
tapes were removed, and copper contacts as well as silver conductive paint were applied at both
ends. The sheet resistance of the samples (three replicates per sample) was measured under room
conditions with a four-point multimeter. In addition, a two-point multimeter was used for
resistance measurements under ambient conditions. To study the effect of the film dimension on
resistance, the two-probe measurements were performed with 1.5 cm and 5.5 cm multimeter probe
separation. Finally, humidity sensors were prepared on glass and paper (Powercoat® HD)

substrates by spreading 0.3 ml of each conductive ink on an area of 1.5 cm x 1.5 cm with a similar
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method as described above. The performance of the humidity sensors was tested by measuring the
resistance of the sensors (three replicates per sample) in a humidity chamber at 23 °C and 20-60%
RH.

Scanning Electron Microscopy (SEM). SEM images of the thin films and humidity sensors
were acquired with a field emission gun SEM (FEG-SEM) microscope (Zeiss Sigma VP) at 1.5
kV. Unmodified Powercoat® HD paper, the substrate used for the humidity sensors, was also
imaged on both sides. Prior to imaging, all samples were sputtered with an Au-Pd alloy using a
glow discharge apparatus (Emitech K100X) at 30 mA for 1.5 min.

Adhesion tests to substrate and surface treatments. Wet and dry adhesion tests were
performed to verify the adherence of the conductive ink to the substrate. Wet adhesion was studied
by observing the spreading of the ink while being applied on the substrate. Dry adhesion was
evaluated using the tape method on dried TOCNF-CNT films on the Powercoat® HD substrate*>,
First, a piece of Scotch™ tape was applied over the dried patterns. Then, the tape was pulled at
90° angle, and the adhesion to the substrate was evaluated after each tape pulling.

The above-mentioned adhesion tests were performed on three different surfaces including (i)
unmodified, (i1) surfactant-treated and (iii) plasma-modified paper substrates. The surfactant
treatment was done by spreading 0.2% CTAB solution on top of the substrate, and the plasma
treatment was done in an ozone cleaner (BioForce Nanosciences UV-TC.110 UV Ozone Cleaner)
for 120 min.

Bending and resistance tests. The patterns of the conductive inks on paper substrates were
exposed to tensile and compression bending (see schematic illustration in Figure S1)**. The

bending was done for 20 times over two different bending radii (0.55 cm and 1.45 cm), and the
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resistance of the films was measured at room conditions with a two-point multimeter after

relaxation between each bend.

RESULTS AND DISCUSSION

Ink formulation and characterization. The aqueous dispersion of CNT with TOCNF result in
homogeneous, black-colored gels (see inset of Figure S2). The good homogeneity of the ink was
enabled by CNT oxidation (i.e. functionalization with carboxylic groups) resulting in better
hydrophilicity and dispersion in the TOCNF hydrogel. The XPS data (Figure S3) confirm
successful oxidation, as shown by the increased O 1s peak intensity after the oxidation.

The effect of CNT on the rheological behavior of the prepared inks was investigated (Figure
S2). The apparent viscosity profiles of the inks, with varying CNT content, show similar shear
thinning behavior, typical of nanocellulose in aqueous suspension*’. CNT loading results in an
increased viscosity at shear rates < 1 s”!. We note that the addition of CNT from 0.05 to 0.075 wt%
increase the viscosity and plateau is reached at CNT content of 0.1 wt%. At 0.125 wt% CNT,
however, the viscosity is reduced, likely due to the disruption of hydrogen bonding in the TOCNF
network by the CNT.

Water vapor interactions. Pristine TOCNF and the respective conductive composite with CNT
(TOCNF-CNT) were analyzed at 30-60% RH in a climatic chamber equipped with a QCM-I probe.
The series resonant frequency variations, Af, of TOCNF_82 and TOCNF-CNT 96 films at 25, 35
and 50 °C are presented in Figure 2. Additionally, QCM-I data of the other samples can be seen
Figure S4. In a cycle of chamber humidity, following first an increase and then a reduction in %

RH, the series resonant frequency, f, registered for the sensor followed a reduction and then an
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increase, respectively. With a basic interpretation, such Aftrend in response to the % RH is related
to the adsorption and desorption of water molecules, i.e. water uptake/release by the films.
Notably, both samples show a fast response to changes in % RH. It should be noted that the
frequency responses are highly sensitive. Fast and temporal fluctuations of humidity conditions

are easily registered (Figure 2).
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Figure 2. Series resonant frequency changes, 4f, of the resonators modified with the TOCNF_82
and TOCNF-CNT _96 films exposed to water vapor in the range of 30-60% RH and 25 (a and b),

35 (c and d) and 50 °C (e and f).
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The normalized water sorption results are shown in Figure 3. Figure 3a, b and ¢ show the
normalized frequency changes, A4f, as a function of % RH, which correspond to the water
adsorption/desorption isotherm. Both TOCNF and TOCNF-CNT composite films exhibit
reversible water adsorption/desorption behavior where hysteresis is mostly pronounced at lower
temperatures. However, a remarkable increase is observed in the magnitude of normalized
frequency changes in the case of TOCNF-CNT composites, which highlights the effect of the
altered film morphology (see Figure S5), i.e., its effect on the water sorption behavior. It has been
reported that individual TOCNF fibrils do not swell significantly when exposed to humid
conditions, but the water molecules penetrate between the nanofibrils and cause swelling of the
fibril network®. Therefore, we hypothesize that the water sorption in TOCNF and TOCNF-CNT
films mainly occurs between the fibrils but not within the fibrils. The addition of CNT and the
corresponding disruption of the TOCNF network, make it more accessible to water molecules. The
increase in the magnitude of the normalized frequency of TOCNF-CNT, at all temperatures

measured, clearly supports our explanation (Figure 3a-c).
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Figure 3. Normalized frequency change, Af, during water vapor uptake on TOCNF and TOCNF-
CNT films: adsorption/desorption curves at a) 25 °C, b) 35 °C, and ¢) 50 °C, and the effect of films
thickness on water adsorption at d) 25 °C and e) 35 °C. Normalized frequency changes, 4f,

calculated by Aﬂ (ﬁoaded quartz, in air — ﬁare quartz, in air).

Regarding the reversibility in the adsorption/desorption isotherms, Figure 3a-c shows that the
films return to the original state after the water adsorption/desorption cycle. Only at 25 °C, a small
amount of the adsorbed water remains in the films and is not desorbed completely (Figure 3a).
Nevertheless, sorption hysteresis can be observed, especially at the lower temperature. At higher

temperatures (Figure 3b and c), the sorption hysteresis gradually decreases, which agrees with the

18



enhanced dynamics of the kinetic response of the system. It is also noted that the hysteresis almost
disappears in the case of the composite films.

We further studied the effects of mass loading in the quartz resonators (which is equivalent to
altering the film thickness) on the water vapor adsorption behavior. For both TOCNF and TOCNF-
CNT films, two loadings were tested (thick films represent twice the loading of the thin films).
This effect is illustrated at two different temperatures in Figure 3d (25 °C) and e (35 °C). At first
glance, the shapes of the curves are analogous, implying that all films qualitatively exhibit similar
adsorption response. Drawing on the literature results, the adsorption behavior to TOCNF films is
proposed to follow a three-step process'>2!. In dry air, water molecules associate only on the
surface of TOCNF film, while at intermediate humidity (10-75% RH), water molecules penetrate
the fibril network and form water multilayers. At high humidity levels (>75% RH), the water
fraction inside the film is significantly increased due to the accumulation of water molecules and
their clusters.””> Accordingly, water adsorption by nanocellulose films occurs linearly at 0-75%
RH, while it develops exponentially at higher humidity levels'>*%. The linear water sorption regime
can be observed in the isotherms obtained at 35 °C (Figure 3e). However, at 25 °C, a higher
increase in water adsorption is determined between 50-60% RH, especially in the samples
containing CNT (Figure 3d). This indicates that CNT provides better accessibility to water
molecules in the cellulose fibril network, resulting in a drastic increase of water content in the
TOCNF-CNT films already at lower relative humidity. Additionally, the samples with lower
loadings (i.e. thinner films) exhibit significantly higher normalized frequency changes in response
to the % RH variations, which correlates with a higher amount of water vapor adsorbed compared

to the samples with higher loadings (i.e. thicker films). This behavior can be attributed to higher
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water accessibility to the adsorption sites inside the thinner films, due to the shorter diffusion path.

Summary of the QCM-I results can be seen in Table 1.

Table 1. Summarized results of the humidity responsive films on QCM resonators, and glass and

paper substrates

Samples prepared on the PEI-treated gold electrodes of the QCM resonators

Sample name Active layer | Ink solids | Film dry Afnormalized Comments
(wt%) mass (ug) at 60% RH
TOCNF _45 TOCNF 0.3 45 25°C 0.13 | Thinner films
suspension 35°C 0.14 | Afnormalized 1
S0°C 0.09 Diffusion length
TOCNF- TOCNF-CNT 0.3 51 25°C 0.16 | shorter for water
CNT_51 ink 35°C 0.18 | molecules in
50°C na thinner films
TOCNF 82 TOCNF 0.5 82 25°C 0.08 | oNT addition
suspension 35°C | 0.07 | Afsormatizea 1 for
50°C 0.06 both lower and
higher loading
TOCNF- TOCNF-CNT 0.5 96 25°C 0.11
) samples
CNT_96 ink 35°C 0.11
50°C 0.10
Samples prepared on the glass and paper substrates
Ink CNT Film Resistance on glass | Resistance on paper Comments
content (%) TOCNF:CNT | at 60% RH, 23°C at 60% RH, 23°C
ratio (kQ) (kQ)
0.05 90:10 1.7 £0.66 2.3+£0.37 Resistance | with
increasing CNT
0.1 80:20 0.32+0.13 0.33+0.03
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0.125 75:25 0.13+0.02 0.15+0.01 Absolute
resistance higher
on paper

The QCM-I results in Figure 2 and Figure 3 have been discussed in terms of frequency
variations in response to the % RH. If the film to be analyzed is thin and rigid, the decrease in
resonant frequency is proportional to an increase in film mass. In this way, the QCM works in the
so-called gravimetric regime and the film mass can be calculated using the well-known Sauerbrey
equation (Eq. 1). If the film is not “rigid” or not “acoustically thin”, further QCM-I analyses are
necessary to verify if viscoelastic property changes of the studied films contribute to the overall
frequency response. Therefore, the QCM-I results for the measured electroacoustic admittance of
the quartz crystal resonator (Figure 1), are analyzed to accurately determine the series resonant
frequency, f, and damping, D. These factors are correlated with the viscoelastic properties of the
different tested films, allowing the QCM to work in the non-gravimetric regime.

As a first indicator, the shift in the dissipation factor, AD, is estimated using Eq. 2. Figure 4
depicts changes in AD for TOCNF_82 and TOCNF-CNT 96 films in response to the % RH
changes. At lower % RH ranges (below 40% RH) and lower temperatures, the AD values are small
for the TOCNF films. However, notably higher AD values are observed with increasing % RH and
temperature, which indicate that the films become softer. This effect is more significant for the
TOCNF-CNT 96 film than of the TOCNF 82 film. Most likely, CNT disrupts the formation of
the nanocellulose fibril network, leading to a looser fibril packing compared to that of the pristine

nanocellulose film (Figure 4).
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Figure 4. Changes in dissipation factor, 4D, of a) TOCNF 82 and b) TOCNF-CNT 96 films
deposited on the gold electrode of the resonator. The data are obtained from the measurements

performed at three different temperatures and in the % RH range between 30 and 60%.

A deeper investigation of possible viscoelastic property changes of the films during water vapor
exposure at different temperatures is performed by analyzing QCM-I data. Viscoelastic model of
Martin-Granstaff*® is used and a fitting procedure is employed by comparison betweOen the
experimental electroacoustic admittance, Yex(w), data (Figure 1 shows an example) and
theoretical expressions, Y (w) (Eq. 3-6, see the experimental part for details). This fitting
procedure provided the storage modulus, uy, (related to the rigidity), the viscosity, 7y, and density,
pf, of the film to be estimated, while the film thickness is kept constant (4s=2.13 pum). It is noted
that keeping either pror 4rconstant in the fitting with the viscoelastic model is a general procedure,
as described earlier®.

The results of TOCNF_82 and TOCNF_96 films at 25 °C as a function of % RH are presented
in Figure S6. Higher storage modulus, p, and lower viscosity, 1, values of the pristine TOCNF 82
film (Figure S6a) compared with those of the composite film, TOCNF-CNT_96 (Figure S6b),

indicates a higher rigidity degree in the case of the pristine film. But for both films, there is a
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dependence on the film viscosity, 75, which is more evident at higher % RH values. Then, by using
the film py and thickness (in Figure S6), the 4m was estimated, hereafter referred to as Amuarin-
Granstaff, (s€€ Figure 5). The Amsauerbrey estimated by converting the Af (using data in Figure 2a and
b) using the Sauerbrey equation (Eq. 1) is given as a comparison in the plots shown in Figure 5.
The two models result in relatively similar mass estimations but only at low % RH. Differences
exist at high % RH. With the Martin-Granstaft model, the maximum adsorption (25 °C) onto
TOCNF-CNT_96 and TOCNF_82 films are 120 pg/cm? and 12 pg/cm?, respectively. Using the
Sauerbrey equation, the corresponding maximum adsorption values at the same temperature are
52 pg/em? and 34 pg/cm?. It is noted that the “rigid” assumption in terms of Amsauerbrey
overestimates and underestimates the Amuartin-Granstay for the pristine (TOCNF_82) and the
composite film (TOCNF-CNT _96), respectively.

Relative humidity (%)

Relative humidity (%
a) y (%) b)
30 40 50 60 50 40 30 - 30 40 50 60 50 40 30
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Figure 5. Estimation of the changes in mass, viscosity and storage modulus of a) TOCNF 82, b)

TOCNF-CNT 96 films at 25 °C and as a function of % RH, obtained by the Martin-Granstaff
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model. The 4m estimated by converting the Af using the Sauerbrey equation (Eq. 1) is given for

comparison.

The results presented in Figure S are in agreement with the related findings found in the
literature. Specifically, for the QCM response with thin viscoelastic films, it has been shown that
the film mass induces an increased dissipation, and can be in fact overestimated by the Sauerbrey
approach®®>!. Such cases occur when the elastic component of the film, ps, dominates over the
viscous one, 1y, (i.e. if (57 /us) < ~1), which is the case in Figure Sa. On the other hand, the mass
is underestimated if the viscous component dominates, which is the case in Figure Sb. Ho0k et
al.>® explained this in terms of the dynamic mass, i.e., the mass actually sensed during the periodic
oscillation, which can become either larger or smaller than the static mass, depending on the
combination of thickness, elastic modulus, and viscosity. However, it is important to note that the
Sauerbrey equation can be used even for viscoelastic films, when examined in air, under the
condition that (1y/py) is close to 1. In our case, (17/py) < ~1 for the pristine TOCNF_82 and (n//)
> ~1 for the composite film (TOCNF-CNT_96), thus, the use of the Martin-Granstaff viscoelastic
model®? is justified. Overall, a significant increase in film viscosity (Figure 5) and the dissipation
factor of the sensor (Figure 4) are observed during water vapor uptake (at high % RH). Hence, it
is concluded that the viscoelastic model gives more accurate estimations of the mass increase
during water vapor exposure. By using the viscoelastic model, a mass increase of 20% and 3.7%
are obtained for TOCNF-CNT 96 and TOCNF 82 films, respectively, during water uptake.
Furthermore, our analysis reveals that the TOCNF-based films become soft and viscoelastic during

water uptake, and this is more pronounced in the presence of CNT.
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Electrical conductivity and performance in humidity sensing. The conductive nanocellulosic
composites (TOCNF-CNT) adhered to glass substrates were studied for their response to humidity.
The electrical conductivity of dried TOCNF-CNT patterns was investigated for various thicknesses
and dimensions to reach the window of operation, suitable for humidity sensing. The sheet
resistances of conductive patterns with different thicknesses (three different ink volumes were
deposited, corresponding to three different thicknesses) can be seen in Figure 6a. Notably, sheet
resistance decreases with increasing the film thickness and CNT content. Hence, a higher amount
of CNT for a given area improves the ability to carry electric charges. As observed earlier from
the QCM-I results (Figure 3d and e), the thickness of the film affects water sorption, and thus, its
sensitivity to humidity. Figure 6b shows changes in film resistance as a function of % RH. When
the films are exposed to higher humidity, the resistance values increase. This is because the
hydrophilic TOCNF fibril network swells at higher humidity, causing fewer contacts between
CNTs, which increases the electrical resistance. As can be seen, the thickest film (1 ml ink volume)
undergoes more limited changes in resistance at given % RH compared to that of the thinner films.
This is because of the longer diffusion path for water molecules inside the thickest film, resulting
in slower film swelling. Thus, despite the better conductivity, the thick films present lower
sensitivity to humidity changes, in agreement with the QCM-I (Figure 3d and e). The effect of
film dimensions on resistance can be seen in Figure 6¢. When the measurement distance increases
from 1.5 to 5.5 cm, the resistance values increases, due to longer distance from one probe to the

other.
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Figure 6. Electrical conductivity profiles measured on glass substrates: effect of film thickness
(three different ink volumes deposited, corresponding to three different thickness) on a) sheet
resistance, and b) changes in resistance at different % RH (sample with 10 wt% CNT). The effect
of the probe separation distance of a two-probe multimeter (~film dimensions) and CNT content

on c¢) resistance (thickness with 0.5 ml ink).

To test the humidity sensing performance, sensors were prepared by coating inks (0.3 ml) on
glass and paper (PowerCoat® HD) substrates using a fixed area of 1.5 cm x 1.5 cm. The resistance
of the sensors was measured in the humidity chamber at 23 °C. Figure 7 shows the profiles of
humidity sensitivity in sensors with various CNT content (10-25% in dry mass), on glass and paper
substrates. All samples, deposited on glass or paper, follow a similar trend. A non-linear increase
in resistance occurs between 50-60% RH, which agrees well with the results obtained with QCM-
I (Figure 3d). Specifically, the film swelling and softening are higher at 50-60% RH (Figure 5),
which contributes to higher resistance change. In addition, the CNT content affects sensitivity.
Interestingly, sensors with lower CNT content are more sensitive. The conductive particles can be
packed close to each other in films of high CNT content, and despite the swelling, the contacts
between CNTs are not affected significantly. SEM images of the samples with varying CNT

content are included in Figure S7, showing increased CNT packing with increased loading.
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However, the CNT content should not be too low, thus, optimal loading is required. Films with
lower CNT content (5 wt%) show poor sensitivity due to high resistance hysteresis at higher %
RH. An optimization effort led to the conclusion that the sensor with 10 wt% CNT loading has the

best humidity response (highest sensitivity).
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Figure 7. Results for humidity sensing performed on glass and paper substrates: resistance
variation as a function of % RH on a) glass and b) paper, and sensitivity tests with films with 10%

CNT loading on c) glass and d) paper.

The resistance profiles recorded for sensors deposited on glass and paper reveal the effect of
substrate material on humidity sensing (Figure 7¢, d). The absolute resistance is higher on paper

than on glass (see Table 1), but the humidity response is very similar as measured on both
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substrates. The corresponding resistance of the conductive films deposited on glass and paper
substrates increases by 13.7% and 14.6%, going from 20 to 60% RH, respectively. The results
indicate that swelling of paper does not have a significant effect on the sensor sensitivity. The
surface structures of the paper substrate and sensor (10 wt% CNT) deposited on paper are shown

in Figure S8.

Adhesion to paper and durability. Coating of the aqueous ink on paper was challenging due
to the low surface energy of the smooth side of the material, which is coated with a polymer layer
(Figure S9a). The tape test indicated a weak adhesion of the dried film to untreated paper (Figure
8a). To improve the adhesion quality, different surface treatments were performed on the substrate.
Plasma treatment was found to improve ink coating uniformity (Figure S9b), but the adhesion of
the dried film was not significantly improved (Figure 8b). Application of a cationic surfactant
(CTAB) improved ink coating and dried film adhesion (Figure S9c, Figure 8c). Additionally,
improvements are gained if a combination of plasma and surfactant treatments are carried out

(Figure S9d, Figure 8d).
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Figure 8. Adhesion of dried TOCNF-CNT films on paper substrates: a) unmodified, b) plasma-

treated, c) surfactant-treated, and d) plasma- and surfactant-treated. Normalized resistance as a

function of bending cycles with ) 1.45 cm and f) 0.55 cm bending radius, showing the effect of

surface treatments on sensor performance and durability.

Bending tests were performed to study the effect of surface treatment on the flexibility and
durability of the humidity sensor. Figure 8e and f show the normalized resistance of the sensors
after each tensile bend (1.45 and 0.55 cm bending radius). Figure 8e shows the effect of a larger
bending radius (1.45 cm) on the sensor performance. The resistance values of the unmodified and
surfactant-treated substrates remain similar after 20 bending cycles. However, detachment of the
conductive film from the unmodified substrate occurs. A two-step increase in the values of sensor

resistance is noted for the plasma-treated substrate after 20 bending cycles. Possibly, some
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microscale cracks are formed during bending. Additionally, compression bending results (Figure
S10) show that only small resistance variations occur when the system is exposed to compressive
bending. Figure 8f shows the tensile bending results obtained with a smaller bending radius (0.55
cm). A clear reduction in performance is noted when the unmodified system is subjected to
extensive tensile bending (using a small bending radius). It can be observed that cracks appear
immediately after the first bend for the unmodified paper. For the plasma-treated substrate, the
sensor experiences gradual damaging with bending cycles. Interestingly, between some bends, a
decrease in resistance is observed, which is suggested to be the result of CNT reorganization.
Specifically, bending causes CNT alignment inside the fibril network, creating more connections
and resulting in the reduction of electrical resistance. A remarkable improvement is observed for
the sensor adhered on the surfactant-treated substrate, which was not affected by bending. The
resistance values of the surfactant-treated sample are similar after each bending, with no
observable damage to the conductive film (Figure 8f).

Producing tailored papers and incorporating cellulose in inks is relevant in the development of
biobased electronic systems including printed sensors, batteries, circuits and displays>2. Here, the
composite inks and derived sensing thin films show that cellulosic materials could be used not
only as substrate but also as an active component in electronic systems, offering the potential to
replace some of the traditionally used, non-green components in electronic devices. These
TOCNF-based sensors offer especially potential to develop cold-chain monitoring smart-labels
applicable in tracking the state of food or pharmaceutical products during their transport and
storage. In addition to smart labels, these devices could be used in industries such as biomedical,
food processing, pharmaceuticals, microelectronics, agriculture, and structural health
monitoring®>,
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CONCLUSIONS

Conductive inks comprising cellulose nanofibrils (TOCNF) and minor loadings of carbon
nanotubes (CNT) were used in the synthesis of humidity sensors for uses on paper and glass
substrates. Water vapor sorption phenomena on the conductive films were conducted using a
climatic chamber equipped with a QCM-I probe. The films showed fast responses to changes in
% RH, and with water sorption equivalent to 20% mass increase recorded at 60% RH and 25 °C.
The Martin-Granstaff viscoelastic model confirmed the viscoelastic changes of the films in the
presence of CNT during water uptake. The humidity response of the conductive nanocellulose
films was measured, indicating a non-linear dependence on % RH at 20-60% RH and 23 °C, in
agreement with the QCM-I results. Low CNT loading showed enhanced sensitivity to changes in
humidity. Any possible swelling of the paper substrate did not affect the performance of the
humidity sensors. The adhesion and resistance to bending of the proposed sensors point to their

possible application as humidity sensors for biobased smart labels and intelligent packaging.
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