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Abstract

Oxide compound with perovskite-type structure, StMnO;, was investigated in view of its application as capacitive and/or
resistive humidity sensor. The compound presents a porous structure with prevailing open tubular pores systems and it was
obtained by sol—gel self-combustion method using polyvinyl alcohol as colloidal medium, followed by heat treatment. Air
relative humidity (RH) has a big influence on sensor electric capacity. The best sensitivity as capacitive humidity sensor was
found at working frequency of 40 Hz over a wide range of relative humidity (0-98% RH). At this frequency, within the
interval 0-98% RH the capacity increases by 1200%, and the resistance decreases by only 18%. The sensor has a good
linearity of the logC vs. RH characteristics. The sensor exhibits very small hysteresis, and a short response time. The
investigated material holds promise for humidity monitoring applications, taking into account the low cost, a wide range of
relative humidity and a low-contamination impact, as well as for the realization of some electronic components, which
requires good stability of resistivity in the presence of environmental humidity factors.
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e Sol-gel self-combustion can be successfully used for preparation of SrMnOj;.

e In the range 0—98% RH the capacity increases by 1200%, and the resistance decreases by only 18%.

e The investigated material holds promise for capacitive humidity sensors.

¢ Potential candidate for the achievement of electronic components, which requires good stability of resistivity.

—

Introduction

The measurement and control of humidity is important in
many areas, including meteorology, domestic environment,
medicine, food production, industry, and agriculture. The
development of inexpensive, highly sensitive and selective
humidity sensors is still in progress. Desirable character-
istics of humidity sensors are high sensitivity over a wide
humidity range, quick response time, stability, resistance to
contaminants, insignificant dependence on temperature,
simple structure, low cost, good thermal and chemical sta-
bility [1-4].

The oxide compounds with perovskite-type structure,
simple or doped, prepared through various methods, have
been investigated as materials with possible applications for
electrodes of solid oxide fuel cells [5], metal-air batteries
[6], supercapacitors [7-9], gas sensors [10, 11], catalysts
[12-16] and resistive humidity sensors [1, 17-25].

However, these types of materials have been less studied
with respect to their application potential in capacitive
humidity sensors. The adsorption of water vapors is known
to enhance the surface electric conductivity and dielectric
constant of the oxide compounds [17, 26, 27]. Generally,
humidity sensors based on oxide compounds are more
chemically and thermally stable than the polymer humidity
sensors [18, 26-28]. Resistive sensors are sensitive to the
air impurified with gases, which, in the presence of
humidity, form electrolytes (sulphur oxides, nitrogen oxi-
des, ammonia, etc.) that can falsify the results of humidity
measurement. These shortcomings are partially removed
through the utilization of capacitive sensors [18].

Upadhyay and Kavitha [29] realized a study on barium
stannate doped with lanthanum ions (Ba; _ ,La,SnO3; where
x=10.0-0.1) obtained through classical ceramic method,
used as resistive and capacitive humidity sensors. The
resistance and capacitance of all the samples in the fre-
quency range 20 Hz—1 MHz and relative humidity (RH)
range 10-95% have been measured at 31 °C. They noticed
that frequency has a bigger influence on sensor capacity,
than on sensor resistance. Barium stannate doped with
lanthanum ions (x=0.1) has a higher sensitivity to
humidity variation. The resistance of the sample doped with
lanthanum ions (x=0.1) changes very much, while its

capacity changes very little within the RH range 10-95%.
At a particular relative humidity, temperature, and fre-
quency (i.e., for RH 10%, temperature 31 °C and frequency
1kHz), the conductivity of barium stannate increases
sharply when dopant (La) concentration increases from O to
10 mol%, which is explained in terms of charge compen-
sation mechanism [29, 30].

In the present paper, the oxide compounds with
perovskite-type structure, SrMnO;, was synthesized and
investigated in view of its application as capacitive and/or
resistive humidity sensor. The investigated compound pre-
sents a porous structure in which open tubular pores sys-
tems prevail, and it was obtained through sol-gel self-
combustion method using polyvinyl alcohol as colloidal
medium, followed by heat treatment [11, 31-36]. The
procedure offers the advantage of producing nanosized,
homogeneous and reproducible ceramic samples with high
specific surface area and precise stoichiometry [18, 37]. A
major advantage of the materials realized through this
method is that one obtains porous structures, including open
tubular pores systems, favorable to vapors penetration/
exhaust into the materials. From this perovskites, one has
realized samples/sensor elements in shape of disks with
porous silver electrodes on both faces. The samples were
investigated with regard to microstructural properties, as
well as with sensitivity to humidity within a wide range of
relative humidities (0-98% RH), at different frequencies.
The active surface of sensing material in contact with the
humid air is very large and it is practically situated entirely
inside the sensor, being thus protected against solid impu-
rities and aerosols. Therefore, a large amount of con-
taminants would be necessary for chemical contamination
of the entire surface [18].

2 Experimental

Nanocrystalline SrMnOj; perovskite was synthesized by
sol-gel self-combustion method using polyvinyl alcohol as
colloidal medium. This procedure included the following
steps: (a) dissolution of metal nitrates in deionized water; (b)
polyvinyl alcohol (10% concentration) addition to nitrate
solution to make a colloidal solution; (¢) NH,OH (10%
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concentration) addition to increase pH to about 8; a sol of
metal hydroxides resulted, according to following equations:

Sr(NOj3), +2 - NH,OH — Sr(OH), +2-NH,NO; (1)

MH(NO3)2 +2-NH4;OH — MH(OH)Z +2 - NH4NO; (2)

(d) stirring at 80 °C to turn the sol of metal hydroxides into
gel; (e) drying the gel at 100 °C; (f) self-combustion of the
dried gel, according to following equations:

C,H;0H+5-NH4yNO3 —2-CO, T +12-H,01 +5-No T +Q

(3)

2. Sr(OH), +2 - Mn(OH), + 0, — Sr,03 + Mn,O3 + 4 - H,0 |
(4)
Sr,03 + Mn,O3 — 2 - StMnO;3 (5)

(g) calcination at 500 °C for 30 min of the burnt powder to
eliminate any organic compounds and residual carbon; (h)
cold pressing of powders (3-10’N/m?) in disk-shaped
samples (17 mm diameter, 2 mm thick); (i) heat treatment
in air for 10h at 1000 °C with a heating/cooling rate of
10 °C/min. The migration of ions for the formation of the
perovskite structure demands a long treatment time.

In order to investigate the transition temperature in the
process of the formation of perovskite-type phases, the
powders obtained through self-combustion (without heat
treatment) were characterized via thermogravimetric (TG)
and differential thermal analysis (DTA) using a Netzsch
STA 449 F1 Jupiter instrument, in the temperature range
25-1000 °C at a heating rate of 10 °C/min in static air.

The crystal structure, phase formation and crystallite size
of the samples were analyzed by XRD. X-ray diffraction
measurements were performed at room temperature using a
PANALYTICAL X’ PERT PRO MPD diffractometer with
CuK,, radiation (1= 1.54251 A). The XRD patterns were
recorded between 30° and 80 ° (20) at a rate of 2°/min.
Crystalline phases were identified by using “Crystal-
lographica” program. The parameters of the unit cell of the
crystalline phases were determined with XLAT-Cell
Refinement program. The average crystallite size was esti-
mated based on XRD peak broadening, using the Scherrer
equation [38, 39]

0.94

b= pcosd (6)

where A is the wavelength of CuK, radiation, f is the full
width at half maximum of the peak, and 6 is the Bragg
diffraction angle.

@ Springer

The X-ray density was determined from equation [40]

M

dy = —
Na3

(7)
where M is the molecular weight, N is Avogadro’s number,
and a is the lattice constant.

A scanning electron microscope (JEOL-200CX) was
used to visualize the samples surface morphology. The
elemental composition of the grains surface was examined
with an Energy Dispersive X-ray Spectrometer (EDX).

The specific surface area (Sggr) of the samples was
determined from the N, adsorption/desorption isotherms at
77 K using the standard Brunauer, Emmet, and Teller (BET)
method [41]. Adsorption/desorption isotherms were
obtained using Nova-2200 apparatus. The pore size dis-
tribution (PSD) curves were obtained using BJH
(Barret-Joygner—Halenda) method [41].

In order to realize the sensor elements, porous silver
electrodes were applied on both surfaces of the heat-treated
disk-shaped samples, using “screen printing” method.

The electric capacitance/resistance of the sample (sensor
element) was measured in the frequency range
40 Hz-10 MHz with a precision impedance analyzer (Agi-
lent 4294 A). For the humidity sensing measurements, the
sensor element was placed in a thermostatic enclosure at
25 °C and exposed to different values of relative humidity.
Relative humidities ranging from 0% to 98% were obtained
using as the humidity generation sources saturated salt
solutions, such as: LiCl, K(C,H;0,), MgCl,, K,CO3;, Mg
(NO3),, CoCl,, NaCl, KCl, K,SO4. The dry calcium chloride
(CaCl,) was used to obtain dry air (0% RH) [18, 24, 41].
The response time of samples to humidity variation was
obtained by monitoring the capacitance variations when the
relative humidity varied from 43% to 85% and back.

3 Results and discussion
3.1 Structure and morphology

Figure 1 presents the TG-DTA graphic for the powder
obtained as the result of self-combustion reaction. The TG-
DTA shows the presence of one exothermic peak at
520-530 °C be, which may due to the reaction of organic
compounds combustion and to the residual carbon with total
weight loss around 11.2% followed by an endothermic peak
at 600 °C that can be assigned to certain crystalline phases
of the sample. At higher temperatures one can notice two
endothermic peaks, a peak around the value of 930 °C,
where one can also remark a decrease of the sample mass,
and another peak around 1000 °C, where the mass tends to
remain constant, indicating the formation of strontium
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Fig. 1 TG-DTA of synthesizing strontium manganite
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Fig. 2 The XRD patterns of strontium manganite heat treated at
900 °C/20 min (a) and heat treated at 1000 °C/10h (b)

manganite with a good crystallinity, which will be also
confirmed by the X-ray analyses.

The conventional solid-state reaction method which has
been mainly used for the preparation of StMnO3; manganite
needs a temperature of about 1400 °C [42, 43]. Khazaei
et al. [44] obtained StMnOj5 perovskite with a good crys-
tallinity, through the citrate method (that uses metals
nitrates and citric acid) [45] for a heat treatment of 5h at
900 °C. In the case of strontium manganite prepared by us
through sol-gel self- combustion method, the X-ray dif-
fraction analysis for the samples heat-treated at 900 °C for
20 min (Fig. 2a) indicate the presence of some crystalline
phases of SrMnOs;, together with numerous secondary
phases. This XRD pattern suggests that the annealing
temperature must be higher than 900 °C. After sample heat
treatment at 1000 °C for 10h, the X-ray diffractograms
(Fig. 2b) indicates the formation of a perovskite-type
structure without the presence of secondary phases.

The broadened diffraction peaks indicate that very fine
crystallites are present. Referring to the PDF card No.
24-1213, the compound exhibits a hexagonal symmetry
(space group P63/mmc). The structural parameters of the
sample treated at 1000 °C/10h, lattice constants, mean

Table 1 The structural parameters of the strontium manganite heat
treated at 1000 °C /10 h

Lattice constants (A) a=>5.455
¢=9.090
Average crystallite size D, (nm) 88.9
X-ray density d, (g/cm®) 5.44
Specific surface area Sggr (mz/g) 2.2
Average crystallite size Dggr (nm) 500
Total pore volume (cm®/g) 0.0010

crystal size (D,) computed from the data of X-ray dif-
fractometries, and X-ray density (d,) are included in Table 1.
The lattice constants (a = 5.455 10\; ¢ =9.090 A) are in good
agreement with the values reported in literature by other
authors [46]. The mean crystallites size (88.9 nm) proves
that the perovskites obtained through the sol-gel self-
combustion have a nanocrystalline structure.

From the investigation of SEM micrographs, one can
state that the studied manganite is characterized by a fine
granulation and a porous structure. The grain size varies
from 80 nm to 500 nm. The clustering of the particles into
mini- or macro-agglomerations with hexagonal facets and
irregular sizes is obvious (Fig. 3a). One can remark the
presence of large pores distributed along the grain
agglomerations, as well as of open tubular pores systems
favorable to vapor penetration/exhaust into the sample.

The elemental composition of the sample, heat treated at
1000 °C for 10 h, was examined by the Energy Dispersive
X-ray (EDX) spectra. Figure 3b presents the EDX spectrum
together with the elemental analysis for this sample. The
obtained chemical elemental composition is typical for this
perovskite (any foreign element is absent). As can be
inferred, the sample composition is similar to that of nom-
inal one, ABO;, i.e., the A/(A + B) or B/(A + B) ratio is
close to 0.5 (where A is Sr at. % and B is Mn at. %.). The
method we have used offers the advantage of producing
nanosized and homogeneous particles with precise
stoichiometry.

Nitrogen adsorption/desorption isotherms at 77 K were
used to get information about the specific surface area Sggr
and pore sizes of the studied manganite. The characteristic
isotherms (presented in Fig. 3¢ for the sample heat treated at
1000 °C for 10h) correspond to type IV in the IUPAC
(International Union of Pure and Applied Chemistry) clas-
sification [41] revealing type H3 hysteresis. The inflexion
point of isotherms indicates the stage at which monolayer
coverage is complete and multilayer adsorptions begin to
occur. The pore size distribution graph (PSD) obtained from
nitrogen desorption isotherm by BJH method [41] is shown
in Fig. 3d. The pore sizes (2—10 nm) fall within mesoporous
region (2-50 nm) [41]. One obtains for the specific surface
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area (Sggt) a value of 2.2 m2/g and for the pore volume a
value of 0.0010 cm3/g (Table 1).

Using Sggr data, the average particle size Dggr was
calculated with the formula (8) [15, 41] (by assuming that
the particles are cubic):

6

Dggr = —2—— 8
BT Sper - dy ®

where 6 is the shape factor and dy is the X-ray density. One
can see in Table 1 that Dggy is substantially bigger than the
X-ray crystallite size Dy. The difference was explained by
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Relative humidity (%)

the concretion of the crystal domains forming the developed
network of grain boundaries [18, 47], and attests that the
particles are well-crystallized and do not contain defects.

3.2 Sensor properties

The capacitance and resistance of the sensor element at
room temperature (25 °C), in the relative humidity range of
0-98%, was measured in the frequency range of
40 Hz-10 MHz. Beyond 10 MHz, water dielectric constant
diminishes drastically, and the humidity capacitive sensors
are no longer functional. Figure 4ab presents for
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Fig. 5 Bar chart of sensitivity as a function of working frequency, for
the investigated range of relative humidity, 0-98%

comparison the logC and logR, respectively vs. RH char-
acteristics for the sensor element at eight working fre-
quencies (40 Hz, 100 Hz, 1 kHz, 10 kHz, 100 kHz, 500 kHz,
1 MHz and 10 MHz). One can notice that the sensor ele-
ment has characteristics with good linearity at all the fre-
quencies between 0% and 98% RH.

One can notice in Fig. 4a that the slope of Log C vs. RH
characteristic increases with the decrease of the working
frequency and the highest slope is obtained for the lowest
frequency (40 Hz). This can be explained by assimilating
the sensor with a network of RC series circuits. Practically,
each elementary capacity charges and discharges through an
elementary resistance. When increasing the frequency, the
capacities charge/discharge less, due to the shorter time, the
time constant is being proportional with the RC product. In
Fig. 4b, one can notice that up to the frequency of 100 kHz,
the Log R vs. RH characteristics are not influenced by
frequency.

The humidity sensitivity (S) for a given relative humidity
range can be defined as [18, 48]

M max

S =
Mmin

-1 9)

where M,,,, and M,,;, denote the capacitances (C) or
resistances (R) measured for the maximum and minimum
values of the RH range, respectively.

Figure 5 presents the humidity sensitivity for different
working frequencies, in the relative humidity range of
0-98%. The highest sensitivity value, that capacitive sensor,
of 11.27, is obtained for the lowest working frequency
(40 Hz), and it decreases down to 0.18 at the working fre-
quency of 10 MHz. As a resistive sensor, the sensitivity
value is very low (0.22) at the working frequency of 40 Hz
and decreases up to 0.062 at the working frequency of
10 MHz.

When the relative humidity of the environment to which
the sensor is exposed has a higher value, the water

molecules are absorbed and the sensing material exhibits a
leak conduction (y) [49]. In these conditions the capacitance
(C) of the material with leak conduction can be expressed
by relation (10) [50, 51]:

C=¢Cy= (g,—ﬂ) - Co (10)
wE(

where &, Cy and ¢, are the complex dielectric constant,
capacitance and relative dielectric constant of an ideal
capacitor, respectively; @ is the angular frequency, y
denotes the conductance and ¢, is the permittivity of free
space. From Eq. (10) it results that the capacitance value
decreases with increasing frequency and this decrease
becomes much more prominent when RH increases. In
addition, y increases together with RH and as a result,
capacitance value increases with rising RH as a function on
w [50].

The mechanism of capacity variation with humidity at a
low working frequency can be explained through phe-
nomena of adsorption (chemisorption) and absorption
(physisorption) of water molecules and their effect on the
variation of capacity of the system consisting of porous
material and water [52, 53].

When more layers are adsorbed on the material surface,
the next layers will be bound to the inferior layer through
only one hydrogen bond, molecules mobility will be larger,
and &, will increase. When liquid water absorption also
occurs, the water molecules are completely mobile, and ¢,
has the large value of the bulk water [54]. Condensed water
vapors occupy the entire volume of the pores with radius
larger than rg value, according to Kelvin equation [55, 56].

When working frequency increases, energy losses occur,
due to ionic conductivity that takes place through hopping
transfer of protons between adjacent hydroxyl groups,
according to Grotthuss chain reaction (11) [57].

H,0 + H;0" — H;0" + H,0 (11)

These losses result in the decrease of water complex
dielectric constant, and implicitly of the slope of logC vs
RH curve. The higher the working frequency, more
enhanced becomes the slope decrease.

In the case of a humidity resistive sensor, the charge
carriers that realize the conduction can be of two types:
ionic, in which the sensor element resistivity decreases with
the increase of relative humidity due to physisorption and
water vapors condensation in capillary, or of electronic
type, in which the sensor element conduction depends on
semiconductor type, n or p. In the case of electronic con-
duction, the water molecules chemisorbed on oxide surface
play the part of electron-donor [58, 59].

In the case of studied perovskite, its resistivity varies
very little with air humidity; therefore, the two conduction
mechanisms are not considerably acting. The presence of
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Fig. 6 The hysteresis property of the sensor at 40 Hz, 100 Hz, 1 kHz
and 10 kHz

water condensed from vapors (without ions) modifies to a
very small extent the perovskite conductivity.

The sensor element studied as humidity capacitive sensor
exhibits at low frequencies a good reversibility within the
investigated humidity range. The maximum difference
between the absorbtion and desorbtion curves, in terms of
capacitance value is known as hysteresis. High hysteresis
values represented a major drawback in practical humidity
sensor applications. The sensor was tested at increasing and
decreasing RHs and shows very small hysteresis, especially
at high RHs. The capacitance hysteresis is of 0.2-2.5% over
the entire RH range. When RH decreases, desorption of
water molecules does not require much extra energy. This
explains the very small hysteresis of the sensor element
[26]. Figure 6 presents the absorption and desorption curves
(logC vs. RH) within a narrow humidity range (43-85%
RH) and at the working frequencies of 40Hz, 100 Hz,
1 kHz and 10 kHz.

Taking into account that the studied strontium manganite
shows a good sensitivity from the standpoint of a humidity
capacitive sensor, one has determined the time of response
to humidity variation for different working frequencies. The
response time was obtained by monitoring the capacitance
variations when the relative humidity changed from 43% to
85% and back.

The humidity response time characteristics at 25 °C for
the sensor element within the interval 43-85% RH at the
frequencies of 40 Hz, 100 Hz, 1 kHz and 10 kHz are shown
in Fig. 7.

The response time required for the response values to
attain 90% of its maximum value are of about 30s for
absorption (43-85% RH) and about 40s in the case of
desorption (85—43% RH). We consider these response time
values as small for a bulk humidity sensor. The time taken
by the sensor element to come back once the water vapors
concentration diminished is found to be longer. These
results suggest that water vapors adsorption/desorption rate
is controlled by the diffusion rate of vapors through the
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micropores, which in turn depends on the size and dis-
tribution of large pores. From the response time character-
istics, one can also notice that the response time does not
change with working frequency variation.

4 Conclusions

One has investigated the oxide compound with perovskite-
type structure, StMnO;, in view of its application as
humidity capacitive or resistive sensor. It was synthesized
by sol-gel self-combustion method using polyvinyl alcohol
as colloidal medium, followed by heat treatment for 10 h at
1000 °C. The samples exhibit a good crystallinity and a
porous granular structure with average crystallite size
88.9 nm, specific surface area of 2.20 m*/g and total pore
volume of 0.0010 cm*/g.

The electric capacitance/resistance of the sample (sensor
element) was measured within the range of 0-98% RH and
at various frequencies between 40 Hz and 10 MHz. Relative
air humidity (RH) influences to a much bigger extent the
sensor electric capacity, as compared to its electric resis-
tance. The electric capacity increases with increasing RH at
all measuring frequencies and decreases with increasing
working frequency. The best sensitivity as capacitive
humidity sensor over a wide range of relative humidity,
0-98% RH was found at working frequency of 40 Hz. At
this frequency, for humidity range 0—98% RH, the sensi-
tivity of the capacitive sensor is of 11.27, while the sensi-
tivity of resistive sensor is only of 0.22. The sensor element
has characteristics (Log C and Log R vs. RH) with good
linearity at all the frequencies between 0% and 98% RH;
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moreover, up to the frequency of 100 kHz, the character-
istics Log R vs. RH are not influenced by the frequency.

The capacitive sensor exhibits very small hysteresis

(2.5%), and a short response time (30s) at working fre-
quency of 40 Hz. The investigated material holds promise
for humidity monitoring applications, taking into account
the low cost, a wide range of relative humidity and a low-
contamination impact, as well as for the realization of some
electronic components that require good stability of resis-
tivity in the presence of environmental humidity factors.
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