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Abstract:

In this study, the humidity detection properties of the ceramic with composition
(NagsBios)o.04BanosTiOs, noted (NBT-06BT), were investigated. The NBT-06BT ceramic was
synthesized by the semi-solid method and characterized by X-ray diffraction (XRD) and
scanning electron microscopy (SEM). The NBT-BT ceramic material sintered at 1100 °C,
crystallizes in the tetragonal system without any secondary phase and presents a
heterogeneous distribution of polyhedral shaped grains with open intergranular porosities.
The electrical and dielectric properties investigations show that the NBT-06BT ceramic
material exhibits excellent humidity detection characteristics such as high sensitivity, good
linearity and narrow hysteresis. The impedance decreases by three orders of magnitude when
the relative humidity increases from 15 % to 90 % at 100 Hz. The maximum hysteresis value
of the sensor is 4.69 % RH. The response time and the recovery time are about 68 s and 125 s
respectively. Moreover, the sensing mechanism has been discussed in detail by analyzing the
complex impedance spectra. These results indicate the potential application of the ceramic
material NBT-06BT as a humidity sensor.

Keywords: Humidity sensor; Lead-free ceramics; Properties; Complex impedance plots;
Semi-solid synthesis.

1. Introduction

Humidity sensors have received considerable attention due to their many applications
in industry, agriculture, aeronautics, medicine and meteorology [1-5]. A lot of research has
been conducted to develop humidity sensors. In recent years, more and more researchers have
been interested in synthesizing new materials for the manufacture of humidity sensors with
excellent humidity sensing properties, including high sensitivity, fast response speed, good
reproducibility, wide operating range and low cost [6-10].

Ceramic and polymer materials are commonly used as sensing materials for the
fabrication of humidity sensors. Ceramic materials based on various metal oxides offer
several advantages over polymer materials, such as high chemical and mechanical stability,
high reactivity, fast response and a wide operating range [11-17]. Perovskite-type metal
oxides[7, 18, 19], have been widely used as dielectrics, ferroelectrics, piezoelectrics,
semiconductors and high-temperature ion conductors and have also been considered
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promising candidates for the manufacture of humidity sensing materials because of their
response to humidity over a wide range of operating temperature.

Lead (Pb)-based ceramics such as PbTiO3, CayPb;4TiO3, Li-Cag 3Py esTiO3 have been
used as humidity sensors in many studies [20, 21], but despite their advantageous dielectric
and ferroelectric properties, these Pb-based compounds are toxic and hazardous to human
health. Furthermore, waste products from the elaboration and machining of electronic
components of various devices cause significant pollution; in particular, lead-based materials
are not easily recyclable [22, 23]. For these reasons, research has focused on environmentally
friendly lead-free perovskite-based materials with electrical properties comparable to those of
lead-based materials. The most commonly used materials for humidity detection are metal
oxides such as tin oxide (SnO,) [17], titanium oxide (TiO,) [16], zinc oxide (ZnO) [11],
cerium oxide (CeO,) [12], barium titanate (BaTiO3) [13], aluminum oxide (Al,O3) [14].

Perovskite-type ABO; oxides, in which A are rare earth, alkali and alkaline earth
metal ions and B are transition metal ions [9, 24, 25], have been recognized as promising
materials for humidity sensing due to their good chemical and thermal stability [4, 26, 13].
Substitution with suitable metal ions in ABO; perovskite-type oxides can improve the
humidity sensing properties [7, 27]. (NaosBios)1-xBaxTiOs, as an ABOs-type complex metal
oxide with ion substitution at the A site, has been studied by many researchers. Its electrical
properties can be tuned by varying the x value [28]. According to previous work [29, 30],
there is a low dielectric loss for (NagsBios)a-xBaxTiO; when x = 0.06 and materials with low
dielectric loss and high permittivity may be used to fabricate humidity sensors with good
insulating properties and reliability [31].

In this paper, the humidity sensing properties of ceramic (NagsTios)0.04Bio.0s TiOznOted
(NBT-06BT) were investigated. The crystalline structure and morphology of the NBT-06BT
ceramic were characterized by X-ray diffraction (XRD) and scanning electron microscopy
(SEM). Humidity sensing properties were obtained by measuring the impedance of the NBT-
06BT humidity sensor at different frequencies and different relative humidity levels (RH).

2. Materials and Experimental Procedures
2.1 Preparation of the nanomaterial (NagsBios)o.94Bao.0s TiO3

The powder of composition (NagsBigs)o.04Bag.os TiO3 Was synthesized by a semi-solid
route [32]. The used precursors are: barium nitrate (Ba(NQs),), sodium nitrate (NaNO3),
bismuth nitrate (Bi(NQO3), 5H,0), titanium oxide (TiO,) and citric acid (C¢HgO; H,0). The
salts of metal nitrates were accurately weighed according to stoichiometric proportions, for
titanium oxide and nitric acid their equivalent masses to the metal ions of nitrates were
calculated. Three solutions were prepared: solution N°(1) was obtained by dissolving 0.3748
g of NaNQgin distilled water, solution N°(2) was obtained by dissolving 2.1293 g of Bi(NO;),
5H,0 in distilled water and solution N°(3) was obtained by dissolving 0.1471 g of Ba(NO3),
in distilled water. The three previous solutions were mixed, then 0.7496 g of TiO, and 1.9719
g of citric acid were added. The resulting mixture was heated to 70-80 °C for two hours with
magnetic stirring to remove the water. After two hours a white viscous solution was obtained.
The solution obtained was dried at 100 °C for 24 hours in the oven to obtain a xerogel, which
was ground in an agate mortar to obtain a powder. The powder was then calcined at 850 °C.

To manufacture the pellets, an organic binder (polyvinyl alcohol, 5 % by volume) was
added manually to the calcined powder and the disks (13 mm in diameter, 2 mm thick) were
shaped by uni-axial pressing under a load of approximately 30 kN. The green samples were
finally sintered in the air in a tubular furnace for two hours at a temperature of 1100 °C, with
heating and cooling rates of 150 °C/h.
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2.2. Elaboration of the humidity sensor

The NBT-06BT humidity sensor was elaborated from a disc-shaped sintered pellet
(Fig. 1). The silver lacquer was first applied to the center of the two flat surfaces of the discs
and then the pellets were dried in an oven at 80 °C for 30 minutes. These pellets were then
treated at 600 °C for 30 minutes to form the silver electrode. Finally, a copper (Cu) wire was
connected to the silver electrodes as a conducting wire.

Fig. 1. NBT-06BT humidity sensor.
2.3. Humidity sensor measurement

The humidity sensing properties of the NBT-06BT humidity sensor were measured
by a LCR analyzer (HP 4284A). The applied voltage was 1 V a.c. and the frequency varied
from 100 Hz to 1 MHz. The NBT-06BT humidity sensor was put inglass-sealed containers
with different levels of relative humidity at room temperature to study the humidity sensing
property. The glass-sealed containers contained saturated saline solutions (KOH, CH;COOK,
MgCl,, MgNO;, NH;NO;, NaCl, KCI and KNO3) which provided the different RH
environments (15 %, 23 %, 34 %, 46 %, 52 %, 72 %, 80 % and 90 %). The container
humidity and temperature were also measured using a commercial thermo-hygrometer. The
tested humidity sensing material is shown in Fig. 2.

2.4. Characterization

The crystal structure of the NBT-06BT material has been characterized by X-ray
diffraction (XRD) using copper X-radiation (Philips X’ Pert Pro, Panalytical). The
microstructures were observed using a scanning electron microscope (SEM) (Philips XL’30).
The electrical properties of the sensor were measured using a HP 4284 meter.

4+———— LCR meter

Thermo-hygrometer

Humidity sensing material

Saturated salt solution W:‘:’l

Fig. 2. Tested humidity sensing material.
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3. Results and Discussion
3.1. Structural and morphological characterization

The XRD pattern of the NBT-06BT ceramic sintered at 1100 °C for two hours is
shown in Fig. 3. The XRD pattern shows intense and fine diffraction peaks indicating good
crystallization of the sample in a perovskite structure. No peaks corresponding to a secondary
phase have been observed, which shows that the barium (Ba) atom is well diffused in the
(Nags Bags) TiOs lattice and forms a solid solution. Indexation of the XRD pattern was
performed with the High Score Plus diffraction software and allowed to index the diffraction
peaks in the P4mm space group, corresponding to a tetragonal symmetry (JCPDS n°96-210-
2069). The obtained cell parameters are a=b=5.5115 A°, ¢=3.9066 A° and a=f=6=90°.
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Fig. 3. XRD pattern of NBT-06BT ceramic sintered at 1100 °C/2h.

Fig. 4 shows a SEM micrograph of the NBT-06BT pellet sintered at 1100 °C for 2
hours. The SEM picture shows open intergranular porosities and a distribution of polyhedral
shaped grains of heterogeneous size; nanometer-sized grains smaller than 500 nm surround
larger grains of sizes between 1 and 3 pm. The presence of porosity is an advantage for the
considered application as it increases the water adsorption capacity and therefore it may
improve the humidity detection properties of this material.
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Fig. 4. SEM image of NBT-06BT ceramic sintered at 1100 °C.
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3.2. Humidity sensing properties

Fig. 5 shows the curves of capacitance versus relative humidity at different
frequencies. From the figure, it can be seen that the capacitance increases with increasing RH
at low frequencies, while at high frequencies the capacitance values are low and almost
independent of RH.
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Fig. 5. Capacitance versus RH curves for NBT-06BT humidity sensor at various frequencies.

The variations in capacitance as a function of the frequency of the NBT-06BT sensor
at different relative humidity values are shown in Fig. 6. It can be seen that the capacitance
value decreases with increasing frequency; a faster decrease is observed at RH = 90 %. The
capacitance increases significantly with RH at low frequencies (below 10* Hz) while at high
frequencies (f > 10° Hz), it is low and independent of humidity.
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Fig. 6. Capacitance versus frequency curves for NBT-06BT humidity sensor at various
relative humidity.

The variation in capacitance is attributed to the polarization capability of the sensing
layer in the presence of water molecules. At low relative humidity, only a small amount of
water molecules is adsorbed on the sensing layer and water molecules can hardly be
polarized. Thus, the NBT-06BT ceramic-based humidity sensor can be considered as an ideal
capacitor [33], according to the theory of dielectric physics. The capacitance of an ideal
capacitor is independent of the frequency [34].
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As the relative humidity increases, more and more water molecules are adsorbed and
leakage conduction appears [35]. The capacitance (C) of the leakage-conducting material can
be expressed using the following expression (Eq. 1) [36]:

C=eC=e- leO) Co Q)

where £* is the complex dielectric parameter, Co and &, are the capacitance and relative
dielectric parameter of an ideal capacitor, respectively. & is the permittivity in a vacuum, vy is
leak conductance, and  is the angular frequency.

This equation shows that the capacitance of the sensing material is inversely
proportional to frequency @ and proportional to y. Therefore, the capacitance value (C)
decreases when the frequency increases and this decrease becomes more noticeable as the
relative humidity increases (RH = 90 %).

Fig. 7 shows the effect of relative humidity on impedance at different frequencies. It
can be seen that the impedance of the NBT-06BT humidity sensor is influenced by the
frequency. At low frequencies, the impedance of the NBT-06BT humidity sensor decreases
considerably with increasing humidity. In the range of 15 % to 90 % RH, the impedance
decreased from 9.1 x 10° kQ to 9.26 kQ, covering three orders of magnitude at 100 Hz.
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Fig. 7. Impedance versus RH curves for NBT-06BT humidity sensor at various frequencies.

At high frequencies, the impedance curves become flat, indicating that the impedance
of the NBT-06BT humidity sensor becomes independent of humidity. The flat impedance
curve can be attributed to the dielectric phenomenon [37]. At high frequencies, the adsorbed
water molecules are difficult to polarize, which leads to a very small decrease in impedance
[14]. The sensitivity of the humidity sensor NBT-06BT has been calculated using equation

(Eg. 2) [38]:

s = Dfam 100 @)

Zpzo

where S is sensitivity, Z, and Z,z, are the impedance of the sensor at 15 % RH and after the
change in RH respectively.

The sensitivity of the NBT-06BT humidity sensor at different frequencies is shown in
Fig. 8. It can be seen that the sensitivity of the NBT-06BT sensor increases considerably with
increasing relative humidity, with a high sensitivity being observed at 100 Hz. According to
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the results of Figs 7 and 8, the operating frequency of 100 Hz is used in the remainder of this
study.
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Fig. 8. Sensitivity versus RH curves for NBT-06BT humidity sensor at different frequencies.

Response and recovery time measurements were performed by recording the
impedance of the NBT-06BT sensor when relative humidity varies between 15 % and 72 %
(with a voltage frequency f = 100 Hz). Fig. 9 shows the response and recovery properties of
the NBT-06BT humidity sensor when the humidity changes from 15% RH to 72 % RH and
then returns to 15% RH. According to the literature [19], the response and recovery times are
defined as the time taken to reach 90 % of the total impedance change. For theNBT-06BT
humidity sensor, the response time (when the air humidity varies from 15 % to 72 % RH) is
about 68 s and the recovery time (when the air humidity varies from72 % to 15 % RH) is
about 125 s. The recovery time is much longer than the response time, indicating that the rate
of water desorption is slower than that of adsorption [39]. The processes of water vapor
adsorption and desorption correspond to the exothermic and endothermic processes
respectively; the endothermic process speed is slower than the exothermic process [40].
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Fig. 9. Response and recovery time of NBT-06BT humidity sensor at 100 Hz.

Humidity hysteresis is an important characteristic used to determine the stability and
reliability of a humidity sensor. In our experiment, the hysteresis property is tested by
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increasing the humidity from 15 % to 90 % RH (adsorption mode) and then decreasing it from
90% to 15% RH (desorption mode) at the operating frequency of 100 Hz. The humidity
hysteresis characteristic at 100 Hz of the NBT-06BT humidity sensor is shown in Fig. 10,
with the blue line representing the adsorption process and the red line representing the
desorption process. It can be seen that the NBT-06BT humidity sensor has a narrow hysteresis
loop during the cyclic variation of the humidity; the impedance measured during the
desorption process is slightly lower than that of the adsorption process.
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Fig. 10. Humidity hysteresis characteristics of NBT-06BT humidity sensor at 100 Hz.

The formation of the hysteresis loop is caused by the fact that desorption is slower than
adsorption and these results are consistent with the results obtained from the curve showing
response and recovery (Fig. 9) [39]. The humidity hysteresis error (YH) was calculated using
the expression (Eq. 3) [41]:

AHmax

YH = iﬁ (3)

where AHax 1S the maximum hysteresis value and Fs is the full-scale output.

The NBT-06BT humidity sensor has a maximum hysteresis of about 4.69 % RH
during cyclic variation of the relative humidity, indicating good sensor reliability. This shows
that even if there is a hysteresis between adsorption and desorption, and thus between
response and recovery time, these differences are not important.

3.3. Humidity sensing mechanism

Complex impedance curves are used to analyze the humidity sensing mechanism
[42]. Fig. 11 shows the complex impedance spectra of the NBT-06BT humidity sensor, which
are measured at a frequency ranging from 100 Hz to 1 MHz with relative humidity ranging
from 15 % to 90 %. ReZ and ImZ are the real and imaginary parts of the complex impedance.
In Fig. 11(a), at 15 % relative humidity, the impedance spectrum of the NBT-06BT humidity
sensor shows a nearly straight line and the impedance value is extremely high. In cases of low
relative humidity (23 %, 30 % and 34 %), it can be noticed that the impedance value is still
high and the impedance spectra have an arc shape. In Fig. 11(b), with the high relative
humidity values (46 %, 52 %, 72 %, 80 % and 90 %), it can be seen that the arc of the
impedance spectra gradually becomes a semicircle and the impedance value decreases
sharply.
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Fig. 11. Complex impedance plots of NBT-06BT humidity sensor at (a) 15-34 % RH, (b) 46-
95 % RH, and (c) the equivalent circuit of NBT-06BT humidity sensor.

Complex impedance curves make it possible to differentiate between two conduction
mechanisms [43, 44]. In the complex impedance curves, the semicircle corresponds to the
protonic transport and the straight line corresponds to the electrolytic conduction [7]. The
semicircle can be explained by the non-Debye theory [15]. At low humidity conditions, a
small amount of water molecules is adsorbed and the coverage of water on the surface is not
continuous. Electrolytic conduction is therefore difficult [45]. However, protonic transport is
based on the conductivity of a stable hydronium ion (H;O") that releases a proton to a
neighboring water molecule which accepts it while releasing another proton, and so forth, the
so-called Grotthuss chain reaction (H,O + HsO" — HsO" +H,0) [46]. Meanwhile, the
presence of alkali ions could create more surface defects and oxygen vacancies, resulting in
an increase in the number of adsorption sites for water molecules [8]. This may make the
proton hopping faster and easier, and increase the conduction of the material NBT-06BT. The
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results obtained indicate that protonic transport is the dominant conduction mechanism at low
and high relative humidity for the NBT-06BT sensor.

The NBT-06BT humidity sensor can be modeled by an equivalent electrical circuit of
parallel resistor and capacitor as shown in figure 11(c), this electrical circuit explains the
semicircular characteristic of the impedance spectra [47]. R¢ and C; represent the resistance
and capacitance of the material NBT-06BT, respectively. In this case, the capacitance Cs is
small and the impedance change of the humidity sensor is mainly determined by the
resistance Ry [48].

As already mentioned, the decrease in impedance of the NBT-06BT humidity sensor
with increasing relative humidity can be attributed to the adsorption of water molecules on the
surface of the NBT-06BT sensor [43]. The detection mechanism of the NBT-06BT humidity
sensor is based on the adsorption of water molecules on the surface of the NBT-06BT
material; the adsorption can be divided into two steps: first, chemisorption and then
physisorption. Under conditions of low relative humidity, as the water molecules are polar,
they begin to chemisorb (Step I: chemisorption) forming hydrogen bonds with the oxygen
atoms on the surface of the NBT-06BT electro-ceramic. At low humidity, after the first layer
of water molecules is adsorbed on the surface, a dissociation mechanism leads to the
formation of a hydroxide ion (OH") and a proton (H") from each water molecule [49]. The
first is chemically adsorbed on the surface metal ions (Na*) and the second associates with a
surface oxygen ion to form a second hydroxide ion [50]. As a result, electrons accumulate on
the surface of the NBT-06BT electro-ceramic, leading to a decrease in the impedance of the
NBT-06BT material with increasing relative humidity. When the chemisorption process is
complete, several successive layers of water molecules are physisorbed (Step II:
physisorption) on the chemisorbed layer at high relative humidity. The physisorbed water
layers have liquid-like behavior and the H" ions move freely. The conduction process occurs
mainly through the Grotthuss transport mechanism [51]. The free movement of H* ions on the
water layer causes a decrease in the impedance of the electro-ceramic NBT-06BT.

4. Conclusion

In summary, a humidity sensor based on the ceramic material NBT-06BT was
successfully fabricated. The ceramic material NBT-06BT was synthesized by the semi-solid
method. The humidity sensing properties of the NBT-06BT sensor have been thoroughly
investigated. The NBT-06BT humidity sensor has high sensitivity and better linearity at an
operating frequency of 100 Hz. The impedance decreases by three orders of magnitude with
increasing relative humidity from 15 to 90 % at the frequency of 100 Hz. The response time
and recovery time are about 68 s and 125 s respectively, and the maximum hysteresis is 4.69
% RH at 100 Hz. These results show that the NBT-06BT sensor has good humidity detection
characteristics. The ceramic material NBT-06BT has good prospects for application as a
humidity sensor.
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Caxcemax: Y 0680j cmyouju ucnumueana cy ceojcmea Ooemexyuje gnaze Kepamuxe cacmasa
(NagsBio5)0.04Ban s TiOs, 0benescenoe kao NBT-06BT. NBT-06BT kepamuka je cunmemucana
NONYYBPCIMOM MEMOOOM U OKAPAKMEPUCAHA PEHO2EHCKOM Ougpakyujom u ckenupajyhiom
enexkmponckom mukpockonom. NBT-06BT xkepamuuxu mamepujan cunmeposan na 1100 °C,
Kpucmanuuie y mempazoHaiHoM cucmemy 0e3 ukaxkee cekyHoapHe @ase u npeocmasod
XemepozeHny oucmpubyyujy 3pHa noaueoapckoz 001uKa ca omeopeHomM UHMepSPaHylapHOM
noposwowhy. Hcnumusarba enekmpuyHux u OueleKmpuyHux Cceojcmaea noxasyjy oa
kepamuuku mamepujar NBT-06BT nokasyje ooauune kapaxmepucmuke oemeKyuje eiaze Kao
WMo Cy GUCOKA 0CEMBUGOCT, 000pa TUHEapHoCcm u ycka xucmepesa. Uvneoanca ce cmaryje
3a mpu peoda eeiuduHe Kada ce peiamusHa eraxchocm nogeha ca 15 % una 90 % na 100 Hz.
Maxkcumanna epeonocm xucmepese censopa je 4,69 % RH. Bpeme 003uea u epeme onopasxa
cy oko 68 cekynou, oomocro 125 cexynou. Illmasuwe, mexanuzam Oemexyuje u
0cemBUGOCU je 0ema/bHO PAZMOMPEH AHATUZOM KOMHUIEKCHUX chekmapa umnedarnce. Ogu
pe3yimamu yKaszyjy Ha NOMeHYujanHy npumeHy kepamuukoze mamepujanra NBT-06BT xao
ceH3opa enaze.

Kwyune peuu: cenmsopu enaze, xepamuxa 6e3 0106a, c80jcmed, KOMNIEKCHE UMHEHOAHC
Kpuee, nOy-4epcma CUHmesa.
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