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Humidity sensors are fabricated on base of nanocellulose (NC) using differ-
ent initial raw materials (reed stalks or wheat straw) and by means of differ-
ent extraction methods (TEMPO-oxidation or acid hydrolysis). In addition,
nanocomposites from NC with addition of polyvinyl alcohol (PVA) are used to
improve the mechanical characteristics of nanocellulose films obtained by
hydrolysis method. The static and dynamic characteristics of humidity sen-
sors are measured, and their sensitivity, response, hysteresis, response and
recovery times, as well as short- and long-term stability are determined. The
influence of initial materials and extraction methods for NC, as well as
amount of humidity-sensitive material, on device parameters is established.
The dependence of sensor sensitivity on the NC mass is determined. In par-
ticular, it is shown that NC sensors made of reed have higher sensitivity, but
worse stability and dynamic parameters compared to sensors made of wheat.
The maximum value of sensitivity (0.204 (% RH)™) is observed for sensor
based on the NC film obtained of reed by TEMPO-oxidation method. Minimal
signal fluctuations (10% ) during continuous operation for 1 h are observed
for NC sensors obtained of wheat by the hydrolysis technique. Improved re-
sponse time and recovery time (7 s and 6 s) are available for NC sensors ob-
tained of wheat by the TEMPO-oxidation method. As shown, the NC film
mass of 0.3 mg is favourable for all sensors. The effect of test signal frequen-
cy is as follows: improving of sensitivity occurs at 100 Hz, and of all other
parameters—at 1000 Hz.

CTBOpEHO CeHCOpU BOJIOTOCTU Ha ocHOBi HaHotesmon03u (HII) i3 Bukopucran-
HAM DPisHOI cupoBUHU (cTebes ouepeTy UM TO COJIOMU IIIIEHUIi) Ta Pi3HUMU
metonamu (TEMITIO-oKuCHEHHSAM i KMCJIOTHOIO TiZpoaisoro). Takox 6yJsio BU-
kopucrarno HIl-HamokoMImosuTu 3 ogaBaHHaM moJjiBirimoBoro cnupty (IIBC)
[JIA TIOJIITIIIeHHA MeXaHiuHNX XapaKTePUCTUK IJIiBOK HAHOIIEIIOJI03U, OJep-
JKaHUX MeToJoM rigpoJsisu. Byso BumMipaHOo cTaTryHi Ta AuHAMiUHi XapakTe-
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PUCTUKM CEHCOPiB BOJIOTOCTH TA BU3HAYEHO iXHi UyTJIUBiCTh, BiATYK, ricTepe-
3y, Jac BiITYKY Ta BiZHOBJIEHH:A, a TaKOK KOPOTKO- Ta JTOBrOYacHY CTabijb-
HicTh. BcTaHOBJIEHO BIIMB IPUPOAU CUPOBUHMN Ta Metony cuHTesu HII, a Ta-
KOK KiJBKOCTHM BOJIOTOUYTJIMBOTO MAaTepiANy Ha HMOBEPXHi ceHcopa Ha HoOro
napaMeTrpu. BusHaueHO 3aJI€XKHICTh UyTAUBOCTHU ceHcopiB Bix macu HII. 3ok-
pema, OyJI0 ITOKa3aHo, 1110 CEHCOpU, BUroToBaeHi Ha ocHoBi HII 3 ouepery, ma-
IOTh BUINY UyTJUBiCTDb, OAHAK TipHly cTabiIbHICTE 1 AMHAMIUHI mapaMeTpu mo-
PiBHAHO 3 ceHcoOpaMu, BUroToBjieHNMU Ha ocHOBi HII 3 nmenuni. Makcuma-
apHa wyTauBicts (0,204 (% RH)™!) cmocrepiraerscsa n1a ceHcopa Ha OCHOBI
mrisku HII, omep:xanoi 3 ouepery merogom TEMIIO-okucHenHsa. Mimimanbui
durokTyanii curaany (10% ) cencopa mizg yac HelrepepBHOI POOOTH YIIPOAOBK 1
TOJI CIIOCTEPiraJucs AJIs CEHCOPiB, oJep:KaHuX MEeTOIOM TiApOJIis3u 3 MIITeHUII].
IToninmmeni yac Biaryky Ta uac BigHOBJeHHA (7 ¢ i 6 ¢c) MaroTh MicIle AJIs CeHCO-
piB Ha ocuoBi HII, oxepsxanoi 3 nmenuni merogqom TEMIIO-okucuennsa. Ilo-
KasaHo, 1[0 HANJINII mapaMeTpy CIOCTePiraloThCA AJIA CEHCOPIiB 3 Maco BO-
JorouyTauBoi miaiBku y 0,3 Mr. Boius uacToTu TeCTOBOTO CUT'HAY OYB HACTy-
MHUHN: DOJIIIIIeHHA YyTJANBOCTH Ma€e Miciie Ha yactoTi y 100 I't, a Beix iHImmx
napamerpie — Ha 1000 I'm.
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1. INTRODUCTION

The control of the relative humidity (RH) of surrounding environ-
ment is needed in many areas of modern human life: agriculture,
medicine, food industry, electronics industry, automotive industry
and everyday life. For example, it needs to keep the relative humid-
ity at 80—-90% for plants’ growth in agriculture. The food industry
needs to keep a high level of RH in order to avoid of food mass loss
during storage. In addition, it is known that RH at 1% is strongly
recommended in microelectronic industry for preventing corrosion
of terminals. In medicine, the control of RH is used for a few pur-
poses: control of air conditions in the hospitals (department of sur-
gery, incubators for newborns, etc.) and sweat or breath monitoring
in sport training and diagnose of some illness (sleep apnoea, cardio-
vascular diseases, asthma, etc.). Besides, it is important to keep RH
at the level of 50-60% for human well-being [1-5].

There are several types of humidity sensors converting directly
relative humidity into an electrical signal: resistive sensors, capaci-
tive sensors, thermal conductometric sensors, and oscillator-based
sensors. Other types of sensors include cold mirror and a fibre optic
humidity sensor that operate with an optical signal [6—8]. Among
them, capacitive-type sensors have huge advantages: low response
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and recovery times, small size, possibility of to be integrated into
an IC’s with a processing part. This type of sensor converts value of
RH into a capacitance that can be measured [8].

The popular materials for humidity-sensitive layers in capacitive
sensors are nanoporous silica/silica oxide, metal oxides (ZnO, Al,O,,
BaTiO,, In,0;, etc.) [9—12], polymers (PI, PDMS, PVA, etc.) [13-16],
carbon nanomaterials (nanorods, graphene) [15, 17, 18]. Today, the
newest trend in electronics is the use of biodegradable materials
(nanocellulose, chitin, etc.). Such materials are very promising for
both single-use devices and short-life devices, because they do not
need to be disposed. Instead of intent recycling, these devices simp-
ly rot in the soil and do not pollute the environment.

Nanocellulose (NC) is a natural polymer that can be obtained
from wood and non-wood plant raw materials. This material has
good humidity absorption characteristics due to its developed sur-
face and the presence of free hydroxyl groups in cellulose molecules
[4, 19]. It is possible to obtain nanocellulose by the method of oxi-
dation in a TEMPO solution (TEMPO-oxidation method), or by the
method of acid hydrolysis [20, 21]. Currently, NC is made of reed
[4, 22, 23], wheat [4], miscanthus [19], kenaf [4] and hemp [24].
However, there is a lack of complete information concerning the in-
fluence of different types of raw materials and methods of NC ex-
traction from them, as well as the amount of NC on the sensor sur-
face on the characteristics of humidity sensors.

Therefore, the purpose of this paper is to study the influence of
the initial material (reed and wheat) and extraction technique of NC
(TEMPO-oxidation and acid hydrolysis), as well as its amount (0.3—
3 mg) on sensor characteristics.

2. EXPERIMENTAL PART

Preparation of Nanocellulose. For the transformation of the plant
material into nanocellulose, we first obtained cellulose from wheat
straw and reed stalks using an environmentally friendly method of
organosolv delignification of raw materials, which is carried out at
low temperature and in a relatively short time, and then nanocellu-
lose was extracted from it by oxidation and hydrolysis methods.
Briefly, the process of nanocellulose obtaining from wheat straw
and reed stalks can be represented by such three stages. At the first
stage, the chopped stalks of the raw material were delignified for
90 min at a temperature of 97 + 2°C in a solution containing glacial
acetic acid and 35% hydrogen peroxide in a volume ratio of 7:3,
when the ratio of liquid to solid was equal 10:1. At the second
stage, alkaline treatment of cellulose was carried out at a tempera-
ture 97 £ 2°C with a 7% NaOH solution at a liquid-to-solid ratio of
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12:1 for 90 min. At the third stage, nanocellulose was extracted
from the obtained cellulose by hydrolysis or oxidation methods.

The acid hydrolysis of the cellulose was carried out in 43% sul-
furic acids at the liquid to solid ratio 10:1, at temperatures of 60°C
for 60 min, to obtain a suspension of hydrolysed nanocellulose.
Then this suspension rinsed with distilled water three times by
means of centrifugation at 4000 rev/min and subsequent dialysis,
until it reached pH 7. To form a homogeneous suspension, nanocel-
lulose was treated with ultrasound at 22 kHz for 60 min [20].

To obtain nanocellulose by means of the oxidation of 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO), the prepared cellulose was
transferred into a beaker, filled with distilled water, and the ob-
tained aqueous cellulose suspension was mixed with sodium bromide
16 wt.% and TEMPO 1.6 wt.% . To uniformly impregnate cellulose
suspension with these reagents, we used sonication in the ultra-
sound disintegrator UZDN-A (SELMI) at 22 kHz for 5 min. Then a
sodium hypochlorite solution was poured into suspension, wherein
the pH was controlled within 10—-11 by adding solution of sodium
hydroxide 0.5 M NaOH. The duration of the TEMPO-oxidation was
24 hours. To stop the TEMPO-oxidation process, we added ethanol
C,H,OH and 0.5 M HCI to the slurry until the pH reached 7. Then
the slurry was centrifuged three times at 3000 rpm for 30 min
each, and the ultrasonic treatment of the TEMPO-oxidized nanocel-
lulose suspension was carried out for 10 min [21].

Sensor Fabrication. Sensor fabrication process consists of the fol-
lowing steps (Fig. 1). The first operation was the metal film deposi-
tion on sitall substrate. The deposition was done using RF sputter-
ing technique with the next parameters: pressure in the chamber
5-10° mm Hg, operating voltage of 600 V and operating current of
1 A. As a result, two-layered Ti/Ni film of 0.25 pym thick was ob-
tained. The second step was the photolithography process in order
to obtain the interdigital electrodes from continuous Ti/Ni film.
After that, plate with transducers was cut down into separate sam-
ples. Electrical wires to the electrodes were soldered. The last oper-
ation was the deposition of a humidity-sensitive film top on the
surface of transducers by drop-casting method using NC hydrogel.
Then nanocellulose was dried in the thermal chamber at 50°C for 1
hour. This step was repeated several times in order to obtain NC of
different thickness. We used 4 kinds of pure nanocellulose and 2
kinds of NC-based composites: nanocellulose, produced from reed
and wheat using TEMPO (NC-RT and NC-WT, accordingly) and
hydrolysis (NC-RG and NC-WG, accordingly), and mixture of NC
and PVA (1:1), obtained by hydrolysis. We used composites because
RG and WG NC-films have weak adhesion to the surface and are
capable of cracking. PVA was used to improve adhesion and plastic-
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Fig. 1. The manufacturing process of humidity sensors based on nanocellu-
lose: deposition of a Ti/Ni film on sitall substrate (1); coating and drying
of photoresist (2); photolithography process (3); cutting the plate into sep-
arate sensors (4); soldering wires to sensor electrodes (5); drop-casting of
NC sensitive layer (6).

ity of NC films.

Characterization Technique. Hygrostats based on saturated salt so-
lutions were used to measure the characteristics of humidity sen-
sors. According to Raoult’s law, a saturated solution of salt will
generate a stable relative humidity in the near-surface air. We used
the following salts that generated the certain values of RH: LiCl—
12%, MgCl,—33%, NaBr—60%, NaCl—75%, KCl—85%, H,0—
98% . An EZODO HT-390 thermohygrometer was used to control
humidity in hygrostats. The P-5030 RLC meter was used to meas-
ure sensor parameters at frequencies of 100 Hz and 1 kHz. Investi-
gation of sensors was done by measuring of static (response, sensi-
tivity, hysteresis) and dynamic characteristics (repeatability, re-
sponse time and recovery time, short- and long-term stability). In
particular, the value of response and sensitivity was determined
from the adsorption curve, that is, the dependence of capacitance
on the level of RH, when it increases from 12 to 85% . The response
was defined as the difference between the maximum and minimum
capacitance values in the studied RH range. Since the adsorption
curve of sensors has an exponential dependence, the sensitivity was
determined as a power of exponent in equation of approximating
curve. To study the hysteresis of obtained sensors, the adsorption
and desorption curves were measured in one cycle (RH changed
from 12 to 98% and from 98 to 12%, respectively). The value of
hysteresis was determined due the next equation:
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H=+ & -100%,
Cmax - Cmin

where AC,,,, is the maximum difference of capacitance on the adsorp-
tion—desorption curves at the same RH, (C,,,, — C,:,) is sensor response
in the whole range of RH. The repeatability of sensor signals was in-
vestigated by 6-times cycling between RH levels of 12 and 60% . The
deviation of capacitance values between adjacent cycles was deter-
mined. The response time and recovery time were measured during
change in relative humidity from 12 to 60% and from 60 to 12% , when
the value of the sensor signal reached 90% or 10% of the initial value
accordingly. The short-term stability of the sensors was evaluated dur-
ing their continuous operation for 1 h at constant relative humidity
(12 and 60%). The short-term stability is presented as signal fluctua-
tion near the average value. Long-term stability (ageing) was deter-
mined after 6-12 months of storage, after that the relative change of
device sensitivity was calculated.

3. RESULTS AND DISCUSSION

Structure and Chemical Composition of NC. To analyse the size of
nanocellulose particles obtained by TEMPO-oxidation and acid hy-
drolysis of organosolv celluloses from reed stalks and wheat straw,
we used TEM (Fig. 2) and AFM (Fig. 3).

As can be seen in Fig. 2 and Fig. 3, nanoparticles with a diameter
of 5-45 nm (NC—-RT), 12-43 nm (NC-RG), 6—13 nm (NC-WT) and
10-30 nm (NC-WG) were obtained.

Sensitivity of NC Humidity Sensors. The principle operation of ca-
pacitive humidity sensors is to increase of capacitance when humid-
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Fig. 2. TEM images of nanocellulose prepared by hydrolysis of organosolv
wheat straw cellulose (a) and by TEMPO-oxidation of organosolv reed cel-
lulose (b).
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Fig. 3. AFM images of nanocellulose prepared by hydrolysis of organosolv
reed cellulose (@) and by TEMPO-oxidation of organosolv wheat straw cel-
lulose (b).

ity increases in the environment. This phenomenon is observed be-
cause the dielectric constant of nanocellulose increases due to ad-
sorbed water molecules. It was shown that capacitance of the device
increases with increasing of RH exponentially (adsorption curve)
(Fig. 4, a). The mechanism of water adsorption is explained by the
presence of a large number of free hydroxyl groups in nanocellulose
macromolecules. Besides, well-developed surface of NC allows ob-
taining sensors with a significant response.

Comparison of different NC synthesis methods for the same initial
material and mass of NC film (0.3 mg) revealed that sensor sensitivity
is higher for TEMPO-oxidation method than for acid hydrolysis one:
0.204 (% RH)™" vs. 0.190 (% RH)™" for reed and 0.168 (% RH)™" vs.
0.134 (% RH) ! for wheat. In addition, it can be seen from the data in
Fig. 4, b, regardless of synthesis method, the sensitivity of NC films
obtained from reed is higher than that from wheat. This dependence is
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Fig. 4. Adsorption and desorption curves for NC humidity sensor (a), dia-
gram of maximal sensitivity (b) and dependence of sensitivity on NC mass
for each NC composition (c).

related to different diameter of nanofibers in obtained nanocellulose.
We can see that the diameter of nanofibers obtained from reed is larger
compared to nanofibers from wheat for both nanocellulose extraction
methods. One can conclude that thicker nanofibers are able to adsorb a
larger amount of humidity.

Obtained sensors can be placed according to the decrease of sensi-
tivity in the following sequence: RT-RG-WT-WG, i.e., the most
preferable NC suspension for humidity sensors is RT, which pro-
vides maximum value of sensitivity. Such sequence can be explained
by the different surface structure of nanocellulose nanofibers. NC
particles obtained by the TEMPO-oxidation method have carboxyl
groups on the surface of cellulose macromolecules (Fig. 5, a), which
create fewer spatial complications for the penetration of water mol-
ecules to the hydroxyl groups of the 2" and 3™ carbon atoms in
neighbouring pyranose chains, than ester sulphate groups on the
surface of nanocellulose obtained by acid hydrolysis (Fig. 5, b).

Ester sulphate groups cover a larger surface area of nanocellulose,
reducing the possibility of interaction with water molecules, which de-
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Fig. 5. Mechanism of TEMPO-oxidation (a) and acid hydrolysis (b) methods
of nanocellulose obtaining.

teriorates its hydrophilicity. At the same time, the sensitivity of sen-
sors based on PVA/NC composites is significantly lower than that of
pure nanocellulose. This behaviour can be explained by the fact that
PVA forms smooth films with small specific surface area.

In addition, it was established that sensitivity of humidity sensors
decreases with the increase in NC mass on their surface for all types of
initial materials and regardless of nanocellulose extraction techniques
(Fig. 4, ¢). This behaviour is because as mass of humidity-sensitive
film increases, its thickness increases too (sample area was the same).
It is known, the electric field is mainly concentrated between the ends
of adjacent electrodes and near of them. With increasing of NC-layer
thickness, the adsorbed water is further away from the surface of elec-
trodes and, accordingly, from the action area of electric field. It should
be noted that the magnitude of device sensitivity decrease with in-
creasing of NC mass depends on the type of initial NC suspension. For
NC from reed this drop is 2 times more than for NC from wheat for
both synthesis methods. The same ratio is observed for different NC
extraction methods: the drop is more for TEMPO than for hydrolysis
technique. Thus, the lowest influence of NC film mass on device sensi-
tivity is observed for NC-WG (14.5% ), and the highest one is for NC—
RT (60%). A similar dependence is determined for composites: the
drop in sensitivity with NC mass growth was much greater for
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RG/PVA than for WG/PVA.

One can see that as test signal frequency increases, the device
sensitivity decreases for pure cellulose and almost does not change
for the composites. The decrease in device sensitivity with an in-
crease of test signal frequency can be explained by the frequency
dispersion of dielectric constant of nanocellulose: polarization rate
of water molecules is lower than change rate of test signal. There-
fore, water molecules do not have enough time to polarize complete-
ly, which results in the decrease of dielectric constant for nanocel-
lulose as well as device response.

Hysteresis of NC Humidity Sensors. One can see in Fig. 6, a that
humidity adsorption and desorption curves forms a hysteresis loop,
which is due to different speeds of adsorption and desorption pro-
cesses. Adsorption is an endothermic process, so it is faster than
desorption, which is an exothermic process. The diagram in Fig. 6,
b shows the average values of device hysteresis for each NC compo-
sition for two frequencies of test signal (100 and 1000 Hz). One can
see that magnitude of hysteresis is affected by both the initial ma-
terial and the technique of NC extracting. In particular, NC ob-
tained from wheat provides a lower device hysteresis compared to
NC obtained from reed: 22% wvs. 32% for TEMPO-oxidation method
and 20% wvs. 25% for acid hydrolysis method. As for technique of
NC extracting, there is a decrease in hysteresis when replacing
TEMPO with hydrolysis: from 32% to 25% for reed and from 22%
to 20% for wheat. Obtained sensors can be placed according to the
decrease of hysteresis in the following sequence: RT-RG-WT-WG.
That is, the most preferable NC suspension for humidity sensors is
WG, which provides minimal value of hysteresis. The point is that
the NC from reed has a larger fibre diameter than the NC from
wheat. We can assume that the thinner NC nanofibers desorb a hu-
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Fig. 6. Dependence of hysteresis on NC mass (a) and diagram of average
hysteresis for each NC composition (b).
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midity faster, which results in a smaller hysteresis value. In addi-
tion, it was determined that less hydrophilic NC, obtained by the
acid hydrolysis technique, has a lower value of hysteresis compared
to TEMPO-oxidation method. Adding PVA to NC, we can observe a
noticeable increase in device hysteresis, which can be explained by
both the effect of PVA itself and the interaction with NC.

Figure 6, a shows the dependence of hysteresis on NC film mass:
the greater the mass of humidity-sensitive film, the greater the de-
vice hysteresis. This can be explained by the fact that desorption
lasts longer from a thicker film. The frequency dependence is also
clearly visible (Fig. 6, b): when the frequency of test signal increas-
es, the hysteresis of obtained sensors decreases. This behaviour can
be explained by the fact that certain processes, affecting hysteresis,
stop to work due to their slowness at higher frequency.

Cycling of NC Humidity Sensors. The repeatability of sensor parame-
ters was studied with a cyclic change in relative humidity from 12% to
60% and vice versa. As can be seen in Fig. 7, a, sensor repeatability de-
pends on initial material for the synthesis of NC: nanocellulose ob-
tained from reeds provides worse repeatability than NC from wheat
(27% vs. 6% for the TEMPO-oxidation method and 24% vs. 183% for
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Fig. 7. Response curves for NC humidity sensor under humidity cycling
(a), dependence of sensor signal deviation on NC mass (b) and diagram of
average deviation for each NC composition (c).
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the acid hydrolysis method). The most repeatable measurement results
are demonstrated by sensors based on WT (the value of the deviation
between cycles is 6% ). This behaviour is explained by much smaller
thickness of nanofibers in NC-WT compared to NC from reed. The dif-
ference in nanofibre thickness can affect the rate of adsorption—
desorption processes. NC-PVA composites show an increase in insta-
bility compared to pure nanocellulose (31% and 47% for RG/PVA and
WG/PVA, respectively).

Figure 7, b shows the influence of NC mass on the deviation of
sensor signal during the cycling measurements and, namely, for the
most NC solutions, including NC/PVA composites, there is no effect
of mass on sensor repeatability. Besides, it was determined when
the frequency of test signal increases from 100 to 1000 Hz, the
value of the deviations decreases for all samples. At the same time,
the most influence of signal frequency on the device deviations is
observed for sensors based on NC-RT (from 27% to 19%).
Short-Term Stability of NC Humidity Sensors. Figure 8, a shows
the change in sensor signal during 1 hour of exposure in an envi-
ronment with the constant humidity (RH of 60%). Based on these
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Fig. 8. Short-time stability curves for NC—RT and NC-WG sensors (a),
diagram of average sensor signal fluctuation for each NC composition (b)
and dependence of fluctuation on NC mass (c).
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dependencies, the short-term stability of the devices was evaluated.
There are two cases of unstable sensor behaviour: random fluctua-
tions near the equilibrium value (for WG, WT) or a gradual in-
crease of the signal (RT, RG) (Fig. 8, a). The observed random fluc-
tuations of the signal can be due to the temporal instability of hu-
midity absorption process by NC film because of its well-developed
surface. The gradual increase of the signal means that thermody-
namic equilibrium does not have enough time to be fully estab-
lished. Due to the large diameter of nanofibres, process of adsorp-
tion is continued for NC-RT and NC-RG. Small size of WT and
WG nanofibres allows the thermodynamic processes to occur faster.

If we compare the NC extracting techniques, we will get an im-
provement in device stability from 70 to 45% for reed and from 32
to 16% for wheat when comparing the TEMPO and hydrolysis
methods. Obtained sensors can be placed according to the increase
of short-term stability in the following sequence: RT-RG-WT-WG.
That is, the most preferable NC suspension for humidity sensors is
WG, which provides minimal value of signal fluctuations. At the
same time, the stability of WG/PVA composites is significantly im-
proved, and RG/PVA composites are slightly worsened in compari-
son with pure NC solutions that need further research. Figure 8, a
illustrates the influence of NC film mass on signal fluctuations dur-
ing these measurements. As we can see, all sensors based on pure
NC show an increase in instability as the mass of humidity-sensitive
film increases, while sensors made of PVA/NC composites, on the
contrary, demonstrate an improvement in stability.

From Figure 9, a one can evaluate response and recovery speed
for obtained sensors: the smaller NC mass, the shorter device re-
sponse time. The minimum response time for different initial raw
materials and NC extracting techniques lies within 7-27 s for pure
nanocellulose and 95-280 s for NC-PVA composites. In addition,
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Fig. 9. Response and recovery time characteristics (a) and dependence of
response time on NC mass for each NC compositions (b).
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we can observe that the recovery time is less than the response time
for all devices: 6—22 s for pure nanocellulose and 22—-135 s for NC—
PVA composites. As known, the desorption is slower process than
the adsorption and, accordingly, the recovery time should be longer.
Similar behaviour occurred for capacitive sensors in [19] and per-
haps related to the fact that NC expands in volume during adsorp-
tion, which forms new adsorption centres and increase of response
time. In addition, it was established that the response and recovery
times are larger for NC—PVA composites. This behaviour can be ex-
plained by the fact that adding of PVA to NC deteriorates pore-like
morphology of NC, due to which the diffusion rate of humidity in
the depth and out of material slows down.

Long-Term Stability of NC Humidity Sensors. Long-term stability
was investigated by measuring the capacitance of obtained sensors
with a certain period (2, 6 and 12 months) and fewer than two lev-
els of relative humidity (12 and 60%). It was established that the
capacitance of all sensors decreased over time. The value of aging
was estimated as the relative change in device signal between the
extreme time points of the study. Since different sensors were
measured during various periods, the relative change in capacitance
over 1 day was calculated. For obtained sensors, the amount of ag-
ing varied from 0.23% /day to 1.24% /day. For sensors made of
NC-RT and NC-WT this parameter is of 0.25% /day and
0.23% /day, which is several times less compared to the sensors
based on NC-RG and NC-WG (0.73% /day and 1.24% /day, respec-
tively). Thus, it is possible to conclude that the higher long-term
stability is observed for NC obtained by TEMPO-oxidation method,
regardless of initial raw material.

4. CONCLUSION

In this study, humidity sensors were made based on nanocellulose
extracted from various initial raw materials (reed and wheat), using
different extraction methods (TEMPO-oxidation and acid hydroly-
sis), with different mass of humidity-sensitive film on sensor sur-
face (from 0.3 mg to 3.0 mg). Sensors based on PVA/NC bionano-
composite in a ratio of 1:1 were also obtained to improve the adhe-
sion and plasticity of NC films extracted by hydrolysis.

It was shown that sensors based on NC made of reed have better
response and sensitivity than those from wheat. In addition, the use
of TEMPO-oxidation method provides improved sensor sensitivity
compared to the acid hydrolysis method. However, short-term sta-
bility, reversibility, repeatability are significantly worse for reed
compared to wheat. If high sensitivity is needed, it is advisable to
use sensors from NC—RT. If it is necessary to ensure better stability



CAPACITIVE HUMIDITY SENSORS BASED ON NANOCELLULOSE 857

of the sensors, then it is more appropriate to use NC-WG. It was
also shown that the best parameters are observed for the sensors
with NC mass of 0.3—0.6 mg.

The addition of PVA significantly made better the mechanical
characteristics of nanocellulose films extracted by hydrolysis meth-
od, but at the same time worsened the device parameters. There-
fore, the direction of further research is the synthesis of a PVA-
based nanocomposite with a lower PVA content in order to obtain a
NC film with improved parameters.
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