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Abstract - Flexible and biodegradable electronics is attracting the interest of the Internet
of Things industry. The necessity of sustainable development and environmental friendly
electronic devices forces manufactures to reduce electronic wastes and toxic residues.
Cellulose nanofibers are biodegradable and flexible materials suitable to build self
supported film electronics and are seeing first employment in sensor fabrication. In this
work, cellulose nanofibers based moisture sensors are reported, which are characterized
at different working frequencies showing a good dependence with relative humidity (RH).
A transparent and fully biodegradable moisture sensor was fabricated based on a
PEDOT:PSS electrode showing a wide operation range from 20% to 85%RH, where CNF
film acts as the sensing layer without any additional processing. In order to manufacture
the sensor, a one-step fabrication method based on screen-printing was applied, which
offers a more reproducible and cost-effective solution than others techniques. In addition,
this method offers the possibility to easily redesign the sensor saving time and money.
Thus, our work presents a versatile, transparent, self-supported film moisture sensor with
a promising adaptability to the green-electronics industry.
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1. Introduction

Humidity sensors have gained much attention as a basic device for Internet of Things (loT)
solutions [1, 2]. Environmental control systems for industrial and manufacturing processes [3],
smart food packaging [1], and monitoring in agriculture [4] are some of the main applications
of this type of sensors. Also, the use of humidity sensors in medical applications have reached
certain relevance to monitor respiration [5, 6]. These applications require flexible and self-
supported film humidity sensor technologies in order to improve the device portability and
compatibility to meet the desired specifications.

A good performance of flexible humidity sensors in a wide range of humidity and temperature
values is one of the main goals for such sensors. Reducing device dimensions and decreasing
the cost of fabrication are some of the advantages of self-supported film and flexible sensors
technologies. Besides, controlling stability of the surrounding atmosphere is one of the main
issues to deal with in order to ensure the reproducibility and accuracy during the fabrication
process [7].

On the another hand, reducing electronics wastes and toxic residues that can be filtered into the
environment and contaminate water and food is becoming an eminent topic in the scientific
community [8]. In order to ensure a sustainable development of electronic technologies, green
fabrication processes and biodegradable materials ought to be employed. For this reason,
materials like biopolymers [9], and specifically cellulose, [10-15] are currently attracting much
attention in literature as a popular material.

In particular, cellulose nanofibers (CNFs) are biodegradable [16] and present a large amount of
hydroxyl groups in their molecular chains [17, 18]. Water molecules easily interact via
hydrogen bonding with these OH groups and in consequence, vary the electrical permittivity of
the material. This mechanism renders CNF a promising moisture sensitive material. In addition,
the fabrication technique used to extract CNF is a widely accessible procedure . The transparent

nature of CNF makes this material suitable to also develop transparent flexible sensors.
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Transparent devices are interesting as they can be easily adapted to and implemented in design
requirements for pervasive, invisible technologies which is a fundamental idea of ubiquitous
computing and loT.

Transparent humidity sensors based on cellulose substrates have been reported in literature
before [19-24]. A flexible cellulose nanofiber/carbon nanotube humidity sensor is reported by
Zhu et al. with a humidity range between 11-95%RH and a sensitivity of 69% (AI/I0) [19].
However, the composite film employed in this work is not transparent unlike the humidity
sensor reported by Wang et al. which presents this quality with a humidity range from 11% up
to 97% and a sensitivity of -0.05 (Z/%RH) [20]. Regarding the fabrication techniques, Syrovy
et al. reports a CNF based humidity sensor manufactured using screen printing and this sensor
presents a humidity range of 11-90%RH with a sensitivity of -0.11(Z/%RH) [21].

In this context, developing biodegradable, self-supported film sensors is the main objective of
this paper. In addition, invisible electronics could be also relevant to future scenarios where
humans may interact with technology without perceiving it. Besides, transparent devices do not
affect the aesthetic appearance and usability of the surface where this electronics is employed.
In this work, freestanding and biodegradable humidity film sensors based on transparent CNFs
fabricated by screen printing with two different electrode materials are described. The physical
and optical characterization of CNFs is presented together with the electrical characterization
of the manufactured devices at different AC frequencies in order to evaluate its performance as

humidity sensors.

2. Results
2.1. Physical and optical characterization of the cellulose nanofibers

The CNF had a charge density of 1.06 mmol/g arising from carboxylate groups introduced at
the cellulose C6 primary hydroxyls during TEMPO-mediated oxidation [25]. The surface
charge facilitated the mechanical defibrillation and electrostatic stabilization of CNF in water

forming transparent, viscoelastic hydrogels. The fibre diameter was approx. 2.1 nm as
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determined by Atomic force microscopy (AFM) and the fibre length was between 400 and 1500
nm. The AFM image also shows the typical kinks of CNF, conferring flexibility to the fibres
(Fig. 1a) [26].

The CNF hydrogels were solvent cast to render CNF films of 10 and 21 g/m? grammage
(denoted as type 10 and type 21, respectively). The type 10 film appeared very transparent while
the type 21 film was slightly hazy (Fig.1b and Fig. 1c). These observations were confirmed by
optical transmittance measurements (Fig. 3) and are attributed to the different grammage of the
films.

Scanning Electron Microscope (SEM) images of the film surfaces are shown in Fig. 1d for type
10 and Fig. 1e for type 21 cellulose paper and display the typical dense microstructure of
solvent-cast nanocellulose films [26]. The slow drying results in compact fibre arrangements

with low porosity and surface roughness [27].
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Figure 1. (a) Atomic force microscopy (AFM) image of a single CNF. Optical photographs of CNF films type 10
(b) and type 21 (c). SEM images of (d) type 10 and (e) type 21 cellulose paper. (f) Water sorption isotherm on 9
and 14 g/m? CNF nanopaper. (g) Water contact angle of 9 g/m? CNF film.
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The wetting properties of substrates for humidity sensors are crucial for their sensitivity [19,
28-30]. Therefore, the CNF films were analysed by sampling water sorption isotherms and
performing water contact angle measurements. The isotherms provide a quantitative measure
of the affinity of a substrate to water and both CNF films display very similar water sorption
behaviour with a maximum uptake of 55 wt% water at 95%RH (Fig. 1f). This value is
significantly higher than sorption values for conventional pulp paper, which are in the 15-20
wt% range [31]. The higher affinity of CNF films for water is generally explained with the
abundance of surface OH and COONa groups, the latter introduced during TEMPO-mediated
oxidation [32, 33].

The contact angle of sessile water drops of the CNF film is (40° = 3°) after 5 s upon drop
deposition, which is a clear indication of the hydrophilic character of the film surface. On the
other hand, typical filter papers have contact angles <10° before the water drop is soaked up by
the filter paper due to the capillarity of the porous film. This effect is diminished and delayed
by ca. 30 s on CNF films given the more compact fibre arrangement (see Fig. 1d and Fig. 1e) .
The chemical and textural properties of the CNF films was assessed by Fourier-transform
infrared (FTIR) spectroscopy and X-ray powder diffraction (XRD). Fig. 2a presents the FTIR
spectrum of the 9 g/m? CNF film, which confirms the presence of sodium carboxylate groups
by the C=0 stretching vibration at 1608 cm[34]. Moreover, the bands at 1425, 1164, 1111 and
899 cm* indicate the cellulose crystal structure type | of CNF. Nevertheless, there is also a
slight transformation of the cellulose type | crystal structure to type Il as evidenced by the
shoulder at 1408 cm™ [35] and possibly attributed to the alkaline conditions during TEMPO-
mediated oxidation [36].

The X-ray diffractogram in Fig. 2b shows the pattern of the cellulose type | crystal structure
with (110), (110), and (200) reflections at 16.1 and 22.5°, respectively. The crystallinity index

(C.1.) of the carboxylated cellulose nanofibers is 67%. The C.1. of the bleached eucalyptus pulp,



the starting material for the cellulose nanofibers, is 81% [36]. The decrease of C.l. upon
carboxylation and nanofibrillation is well-known and attributed to an oxidative attack on the

crystal surface during CNF production [25].
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Figure 2. (a) FTIR spectrum of the 9 g/m? CNF film (a) and a magnified view of the 1900-1200 cm™ region
indicating the bands attributed to cellulose type | and type 11 (inset). (b) XRD pattern of CNF.

2.2. Physical and electro-optical characterization of the sensors

The silver interdigitated electrodes (IDEs) had a thickness of 3.9 um and a sheet resistance of
79 + 10 mQ/sq., respectively, which results in an electrical conductivity of 0.325-107 S/m.

Compared to the conductivity value for bulk silver at 20 °C, about (6.3+0.8)-107 S/m, the value
for the screen printed films is lowered by a factor of about 20. The lowered conductivity of
screen printed silver films is widely observed in literature and attributed to trace contamination
of binder materials, solvents, enclosed air pockets and additional resistances that occur at the
flake-to-flake interface [37]. In the case of the PEDOT:PSS electrodes, the films had a thickness
of (573% 30) nm and a sheet resistance of (458+23)Q/sq., which gives a conductivity of
(3.8+0.3)-10% S/m. The transmittances of the CNF films and the PEDOT:PSS film are shown
in Fig. 3. PEDOT:PSS shows an increased absorption at higher wavelengths, that gives rise to
its typical blue appearance [38]. The cellulose papers have a flat transmission profile all over

the visible wavelength window, i.e. from 300 to 800 nm.
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Figure 3. Optical transmittance for the tested CNF substrates and the conductive PEDOT:PSS layer.
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The following step was the manufacturing of the devices by defining the IDEs on top of the
cellulose films. Fig 4a shows the schematic design of IDE sensor with its dimensions. Fig. 4b
and Fig. 4c depict the fabricated sensors on substrate type 21, which is more opaque than
substrate type 10, with Ag and PEDOT:PSS electrodes, respectively. Microscope images of

these devices are shown in Fig. 4d and Fig. 4e.
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(d) (e)
Figure 4. Dimensions of the IDE humidity sensor (a). Photos of the fabricated devices on substrate type 21 with
Ag electrodes (b) and PEDOT:PSS electrodes (c). Microscope images of devices on substrate type 21 with Ag
electrodes (d) and PEDOT:PSS electrodes (e).

2.3. Response to moisture content
Once the electrical, physical and optical properties of the substrates and deposited layers were

analysed, we tested the fabricated devices in the climatic chamber. The sensing mechanism of
the sensor is due to the absorption of water molecules by the CNF films. The presence of water
molecules changes the electrical permittivity of the sensing material providing a variation of
the resultant measured impedance of the sensor. Fig. 5 shows the impedance response of the
sensors at two operating frequencies. Although the shapes remain the same at 100 Hz and 1
kHz for the different substrates, it can be noticed that the module decreases with the increase in
frequency. Impedance responses with respect to RH are detailed in Fig. S1 and Fig. S2 for the
different tested CNF substrates.

In the case of type 21, the module decreases linearly with the increment of the moisture content,
whereas type 10 exhibits a low-pass filter shape, where the RH cut-off level is different for
PEDOT:PSS (about 70%RH) electrodes and Ag electrodes (about 35%RH).

It should be noticed that the data fit to an exponential curve. A characterization of the
exponential behaviour in module at 100 Hz is present in Table 1. In the case of type 21 devices
and type 10 with Ag electrodes, the slope and the range of RH, where the fitting is valid (from

21% to 83%RH), are very similar, with R? = 0.97 at least. However, for type 10 with PEDOT



electrodes the linear range of RH (from 70% to 85%RH) decreases considerably but the slope

is -0.23Q/%RH, which is higher than the other devices.
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Figure 5. Impedance response towards RH at 40 °C. (a) Module and (b) Phase at 100 Hz. (c) Module and (d) Phase

at 1 kHz.

Table 1. Linear ranges and fitting parameters at 100 Hz.

Sensor type | Valid range in RH(%) | R? | Sensitivity (Q/%RH)
Type 21 Ag 21.30 - 84.98 0.9929 -0.10

Type 21 PEDOT 21.85-83.60 0.9938 -0.11
Type 10 Ag 21.46 — 85.42 0.9795 -0.11

Type 10 PEDOT 69.81 — 84.97 0.9626 -0.23




Regarding the dynamic response of the sensors, we calculated the response time of our devices
as t = 1, corresponding to the 63% of the maximum value of magnitude reached at equilibrium
when increasing RH from 20% to 80% at ambient conditions. Equivalent calculations were
performed to extract their recovery time, when decreasing RH from 80% to 20% Table 2

summarizes the dynamic response for each one of the fabricated sensors.

Table 1. Time response for RH.

Sensor type Response time (min) Recovery time (min)
21 Ag 6.4+0.4 6.7+£0.3

21 PEDOT 7.1+0.3 7905
10 Ag 6.1+£0.3 6.4+0.3

10 PEDOT 6.9+04 7604

Regarding the device stability, we observed virtually no variation in the sensors’ performance
when we characterized them daily over the course of a week. The observed variation among

calibration curves were below 0.4%.

2.4. Response to temperature

Temperature influence was the other environmental parameter analysed in this paper. Fig. 6
presents the impedance response towards temperature of the sensors at 100 Hz and 1 kHz.
Impedance responses towards temperature are found in Fig. S3 and Fig. S4 for the different
tested CNF substrates characterized at different frequencies. The influence of temperature is
more evident for Ag electrodes devices than for PEDOT:PSS-based ones. Regarding the
differences between substrates, type 21 shows a higher dependence towards temperature than

10-type.
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Figure 6. Impedance response towards Temperature at 55%RH. (a) Module and (b) Phase at 100 Hz. (c) Module
and (d) Phase at 1 kHz.

3. Discussion

In the following, the sensors reported in this work will be compared to other self-supported film
humidity sensors with similar characteristics. Table 2 presents a comparison across some
similar humidity sensors reported in literature. The 21-Type devices present a linear variation
of the module from 20% up to 85%RH, which is comparable with other transparent cellulose-
based sensors. For example, cellulose-based sensors were reported by Syrovy et al. [21] and

Wang et al. [20] that worked in the RH ranges of 20-90% and 11-97%RH, respectively. Thus,
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in terms of RH ranges, the moisture sensors reported here work within similar ranges like the
ones reported in literature based on transparent cellulose substrates. Transparent, self-
supported film sensors based on other substrates are found in literature. Yang et al. [39] reported
a transparent humidity sensor based on PET, which presents a wide operation range from 0 to
100%RH similar to Kafy et al. [29] and Guo et al. [30]. Besides, transparent humidity sensors
built with others substrates such as organohydrogels and PMDS were reported with a RH ranges
of 20-70% and 10-70%, respectively [40, 41]. In spite of the high performance of the sensors
based on PET and the other mentioned substrates, these sensors are not build with
biodegradable materials like cellulose. While PET substrates are also transparent, they are not
biodegradable unlike the humidity sensors reported in this work, which show both

characteristics due to the employed substrate and the use of PEDOT:PSS electrodes.

Table 2. Comparison between different humidity sensors reported in literature. n.d. = not determined. Temp. =
Temperature. Trans. = Transparent.

Materials Fabrication Output RH Temp. Trans. Sensitivity Ref

gﬁlgaggpicliquid)s Drop-casting Impedance  11-95% n.d. No 961.3 (Zo/Z) [28]

GO on PET %%ier}-Coated+ Impedance  11-95% n.d. Yes Z%/%/%RH) [30]
o TEMPO/NaCIO/

Nanofibrillated ot

cellulose/MWCNT NaBroxidation ¢ et 11-95% nd.  No 69% (AV10)  [19]

s composite film

cellulose/KOH Cellulose/BzMe3

composite ionic OH 1T |
film (CKF) film + immersion

homogenization

NOH hydrogel 10- -0.05

i : Resistance 11-97% 7poc  Yes (ZI%RH) [20]
in KOH solution

: -0.11
fC|I|>lnF) (free-standing gereen printing  Impedance  20-90% n.d. Yes (ZI%RH)  [21]

CNC-GO on PET  Drop-casting Capacitance  30-90% n.d. Yes (()ClrlllolA)RH) [29]

IID-II-EQI'and MoO; on gﬁ(i)rtlé?ﬁgber%ghy Current 0-100% n.d. Yes (()A%/oRH) [39]
Organohydrogel %%%ﬁg%&%‘gegf‘;e%e forsconduc: 20-70% nd.  Yes  {vgo) 1401
II§I_D(|3\/IOS/PU all Spin-Coated Resistance 10-70% n.d. Yes ?AlRl/%lé)O) [41]
\C/;Vrﬁgtw]tgnink O Craft-printing  Current 30-80% n.d. No %ﬁ/%/gRH) [5]

CNF 21-Type (Ag) Screen printing  Impedance 20-85% gpoc  Yes (QI%RH)

-0.10 This
work

20-
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As abovementioned, our CNF-based humidity sensors present a transparency feature unlike
other sensors fabricated on paper substrates like the ones reported by Zhao et al. [28], Glider et
al. [5] and Zhu et al. [19].

In the case of the sensor type 21 with Ag electrodes, a dependence with temperature is noticed
within the range from 20°C to 65°C at 55%RH. All the sensors presented in Table 2 have been
tested in RH ranges similar to our sensors, however only one of these has been tested over a
temperature range as well. The cellulose-based sensors reported by Wang et al. were
characterized within a temperature range from 10 °C up to 70 °C at 40%RH [20]. Comparing
it with our sensors, the devices characterized in that work present a very similar operation range
of temperature at higher RH values. In summary, sensor type 21 with Ag electrodes shows an
adequate performance as a hybrid humidity-temperature sensor for several frequencies. The RH
and temperature ranges in which the sensors were tested are practical operation ranges for
several applications such as air conditions controlling, measuring body temperature and
respiration for detecting diseases and food quality monitoring by smart packaging [42-45].
Regarding the fabrication techniques, while both drop-casting and spin-coating methods are
employed in several works, our sensors are manufactured by screen printing requiring only one-
step to define the electrodes on top of the CNF film, which directly acts as sensitive layer. This
method is much more reproducible and the sensor layout can be easily re-designed. Besides,
our one-step fabrication method reduces the time and cost of fabrication with respect to others

techniques.

4. Conclusions

Sustainable development has become a main topic within the 10T industry. In this regard, green
electronics is attracting much attention in order to reduce electronics wastes and toxic residues

during fabrication processes. In addition, biodegradable materials like CNF have been gaining
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importance for building environmental-friendly, wearable devices due to the additional and
complementary properties, such as flexibility, transparency and cost-effectiveness. Transparent
devices avoid visual obstruction of the surface where the devices are deployed. This feature
evades some practical limitations which facilities the design of end-user devices. Therefore, the
main objective of this work is to develop freestanding, transparent and biodegradable humidity
film sensors and analyse their performance.

In this work, transparent biodegradable humidity sensors were reported based on CNF. Four
different devices were manufactured combining two different CNF films (10 and 21 g/m?
grammage) with two kind of conductive pastes (PEDOT:PSS and Ag) to define the electrodes.
In particular, the type 21 device with Ag electrodes presents a competitive performance
compared with others humidity sensors found in literature. This device displays an exponential
resistance behaviour within a RH range between 20-85% at 100 Hz according to the sensors
reported in literature. Moreover, this sensor also operates within a temperature range from 20 °C
up to 65 °C at 55% RH. Such temperature and RH rages make this device suitable to work as
hybrid humidity-temperature sensor for several environmental conditions such as air condition
monitoring, smart food packaging and respiration and body temperature monitoring. Likewise,
the type 21 sensor with PEDOT:PSS electrodes exhibits a similar RH range making this
combination of materials a promising alternative for transparent sensors being completely
biodegradable. In conclusion, the transparent and biodegradable humidity sensor reported in

this work is a good solution for the currently scenario in 10T green industry.

5. Experimental Section

Preparation of the nanocellulose films: Cellulose nanofibers (CNFs) were extracted as
described in [36] from never-dried, bleached eucalyptus pulp kindly provided by La
Montafianesa (Grupo Torraspapel, Zaragoza, Spain). In brief, an aqueous suspension of the pulp

was subjected to a TEMPO-mediated oxidation process to render carboxylated nanofibers (1.06
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mmol g?! charge as determined by conductometric titration). Subsequent mechanical
defibrillation was achieved with a high-pressure microfluidizer (M-110P, Microfluidics Corp.,
USA) with 100 and 200 um interaction chambers operated at 1500 bar. The resulting CNF
dispersion was ultrasonicated for 2 min and centrifuged at 6000 rpm for 25 min in order to
remove fibre aggregates. The final, transparent suspension had a concentration of 0.23 wt%.

The CNF films were prepared by solvent casting of the suspension in polystyrene dishes and
controlled drying at 30 °C and 50%RH in a climatic chamber (CLIMACELL EVO). The
grammage of the films was 10 and 21 g/m? (referred to as type 10 and type 21 films). 2,2,6,6-
tetramethylpiperidine-1-oxyl radical (TEMPO), sodium bromide (NaBr), sodium hypochlorite
solution (NaClO) and NaOH used during the CNF extraction process were purchased from

Sigma-Aldrich.

Sensor fabrication: Interdigitated electrodes (IDE) were defined on the transparent cellulose
paper by screen printing of conductive pastes with a manual screen printer Flat-DX200 from
Siebdruckversand (Magdeburg, Germany). The utilized screen frames had a mesh count of 120
T/cm (threads per cm) and the electrodes were deposited with only one printing cycle. In
particular, two different pastes were used: silver flakes (product name: 1010 from Loctite) and
poly(3,4-ethylenedioxythiophene) (PEDOT:PSS) (product number: 655201 from Sigma
Aldrich). After the printing process, the substrates with the freshly printed sensors were dried
in a Universal Oven UF55 from Memmert (Schwabach, Germany) at a temperature of 60 °C
for 10 min. To establish an electrical connection, a SubMiniature version A (SMA) male

connector was glued to the end points of the IDEs with silver paste.

Structural Characterization: AFM images of CNF samples were acquired in modulated

amplitude mode under ambient conditions with a Cervantes instrument from
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Nanotecelectronica S.L. (Spain) equipped with Nanosensors PPP-FMR cantilevers having a
spring constant of 1.5 N/m and a resonance frequency of 75 kHz.

SEM-images were recorded with an NVision40 FESEM from Carl Zeiss (Oberkochen,
Germany) at an acceleration voltage of 7 kV, an extraction voltage of 5 kV and a working
distance of 5-6 mm, which was optimized to achieve the best image quality. The transmittance
spectra in the visible range were recorded using a 300 W xenon arc lamp, chopped at a
frequency of 210 Hz. The light passes through an Oriel Cornerstone 260 ¥ monochromator and
a silicon based photodiode with a transconductance amplifier connected to a 70105 Oriel Merlin
digital lock in amplifier from Newport Corporation (Irvine, California, USA). To calibrate the

photodiode, a glass substrate was employed to determine the unperturbed of the studied films.

Electrical Characterization: Sheet resistances were measured with a four-point probe head
from Jandel (Linslade, UK) connected to a B2901A Keysight (Santa Rosa, CA, USA) source
measuring unit (SMU). All measurements were performed with a constant current of 1 mA.
ADekTak XT profilometer from Bruker (Billerica, USA) was employed for the determination
of thicknesses. The electrical measurements were performed with an impedance analyser
(Keysight E4990A) with an impedance probe kit (42941A). The setup was automated with
LabVIEW 2016 from National Instruments (Austin, Texas, USA). The excitation voltage
applied in all measurements was Vpc = 0 and Vac = 500 mV within the frequency range from
100 Hz to 10 MHz. To compensate the parasitic elements, a calibration was done as the one
described in a previous work[46]. The devices under test (DUTs) were placed in a climatic
chamber (VLC4006) with RH and temperature control. For the RH sensing, the moisture
content was ramped in 10% steps and held for 1 h to ensure a stable value in the whole chamber

volume. A similar approach was used for temperature sensing with 5°C steps for 1 h.
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Figure S1. Impedance response towards RH at 40 °C and different frequencies. (a) Module and (b) Phase for
substrate type 21 with Ag electrodes. (c) Module and (d) Phase for substrate type 21 with PEDOT:PSS electrodes.
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Figure S2. Impedance response towards RH at 40 °C and different frequencies. (a) Module and (b) Phase for
substrate type 10 with Ag electrodes. (c) Module and (d) Phase for substrate type 10 with PEDOT:PSS electrodes.
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Figure S3. Impedance response towards Temperature at 55%RH and different frequencies. (a) Module and (b)
Phase for substrate type 21 with Ag electrodes. (c) Module and (d) Phase for substrate type 21 with PEDOT:PSS

electrodes.
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Figure S4. Impedance response towards Temperature at 55%RH and different frequencies. (a) Module and (b)
Phase for substrate type 10 with Ag electrodes. (c) Module and (d) Phase for substrate type 10 with PEDOT:PSS

electrodes.
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