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Abstract

The nanocrystalline iron manganite was be successfully synthesized, for capacitive humidity sensor application, by sol-gel
self-combustion method using polyvinyl alcohol as colloidal medium, followed by heat treatment. The best performances
as humidity sensor were found, at working frequency of 100 Hz: a high sensitivity over a wide range of relative humidity,
11-98% RH (the capacity increases by over 40 times); a good linearity of the logC vs. RH characteristics over the whole RH
range, for all used frequencies. The sensor exhibits very small hysteresis, lower sensitivity to temperature, keeping linear
characteristics 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.

1 Introduction

The adsorption of water vapors is known to enhance the
surface electric conductivity and dielectric constant of the
oxide compounds [1-4]. In general, humidity sensors based
on oxide compounds are more chemically and thermally
stable than the polymer humidity sensors [1-3]. The sen-
sors based on conductive polymer layers and those with
activated ceramic sublayer are insensitive to condensation,
they display a wide measuring range, but a high temperature
coefficient and, because they are pelicular, are sensitive to
physical and chemical contamination.

Resistive sensors are sensitive to the impurified air with
gases, which, in presence of humidity, form electrolytes (sul-
phur oxides, nitrogen oxides, ammonia, etc.) that can falsify
the results of humidity measurement. These shortcomings
are partially removed through the utilization of capacitive
sensors. However, reduced variation of the total capacity
with humidity, due to their generally small porosity, the dif-
ficulty to realize identical sensors, as well as the easy con-
tamination with powders, gases or vapors, represent inherent
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drawbacks the overcome of which leads to the development
of new materials and methods to produce these types of
Sensors.

A series of oxide compounds with perovskite-type struc-
ture, simple or doped, prepared through various methods,
has been investigated as materials with possible applications
in resistive humidity sensors [4—11]. However, these types of
materials have been less studied with respect to their appli-
cation potential in capacitive humidity sensors.

Tripathy et al. [12] reported a study concerning a capaci-
tive humidity sensor in the 33-95% relative humidity range
(RH), using lead-free Ca, Mg, Fe, Ti-Oxide (CMFTO)-
based electro-ceramics with perovskite structures synthe-
sized by solid-state step-sintering. Upadhyay and Kavitha
[13] studied the system Ba, _,La SnO; (x=0.0-0.1) in the
form of discs (pellets), synthesized by the solid state ceramic
method, as resistive and capacitive humidity sensors in the
10-98% relative humidity range. Agarwal et al. [14] studied
the (Ba,Sr)TiO; in form of thin films synthesized by hydro-
thermal—electrochemical technique, as capacitive humidity
sensors in the 8—98% relative humidity range.

Among investigated perovskites, iron manganite
(FeMnOs) is one of quite poorly studied. This compound
has recently attracted a great deal of research interest due to
its potential applications in electronics and catalysts [15-21].
Until now, there were no reported studies concerning its
applicability as capacitive humidity sensor.

In the present paper the nanocrystalline FeMnO; perovs-
kite was synthesized by sol—gel self-combustion method, using
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polyvinyl alcohol as colloidal medium [22-25]. The proce-
dure offers the advantage of producing nanosized, homoge-
neous and reproducible ceramic powders with high specific
surface area and precise stoichiometry [26]. A major advan-
tage of the materials realized through this method is that one
obtains porous structures, including open tubular pores sys-
tems, systems favorable to vapors penetration/exhaust into the
materials. From this perovskites samples/sensor elements in
shape of disks with porous silver electrodes on both faces have
been realized. The samples were investigated with regard to
microstructural properties, as well as capacitive response to
humidity in 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 impurities and aerosols. So, a big amount of contami-
nants would be necessary for chemical contamination of the
entire surface.

2 Experimental
2.1 Synthesis and characterization of materials

Nanocrystalline FeMnO; perovskite was synthesized by
sol-gel self-combustion method using polyvinyl alcohol as
colloidal medium. Its preparation is rather simple and inex-
pensive. A gel was prepared using stoichiometric amounts of
analytical-grade Fe(NO;);-9H,0 and Mn(NO3),-4H,0 dis-
solved in deionized water. A solution of 10% polyvinyl alcohol
was added to this nitrate solution to make a colloidal solu-
tion. The ratios of polyvinyl alcohol and metals masses were
1/1. Small amounts of NH,OH solution (10% concentration)
were dropped to adjust pH value to about 8 and a sol of metal
hydroxides resulted, according to following equations:

Fe(NO,); + 3 - NH,OH — Fe(OH); + 3 - NH,NO,;, (1)

Mn(NO;), + 2 - NH,OH — Mn(OH), + 2 - NH,NO,. (2)

Under stirring for 5 min a viscous gel was obtained. After
drying at 120 °C, the gel was locally ignited and an exothermic
combustion reaction took place:

C,H,OH + 5 -NH,NO; — 2-CO, 1 +12-H,0 1 +5-N, 1 +Q.
3)
The last equation is written for one monomer molecule,
vinyl alcohol. The combustion front spontaneously autopropa-
gates through the dried gel and it converts to a loose powder.
During self-combustion reaction, the metal hydroxides con-
vert to metal oxides and the solid-state fusion of Fe,O; with
Mn, 0, to form perovskite structure, takes place:

Fe,03 + Mn,0; — 2 - FeMnO;. )

The resulting powders were calcined at 500 °C in air
for 30 min, to eliminate any residual carbon and organic
compounds. After calcination the resulting powders were
subjected to cold pressing (3 x 10’ N/m?) in disk-shaped
samples (17 mm diameter, 2 mm thick), followed by heat
treatment in air for 5 h at 1000 °C with a heating/cooling
rate of 20 °C/min. The above described method, together
with applied heat treatment, allows obtaining a single phase
material. We mention that the combustion reaction only is
not likely capable to raise the system temperature to a level
required for the perovskite synthesis.

The structural homogeneity, crystal structure, phase for-
mation and crystallite size were determined by X-ray dif-
fraction (XRD), using a PANanalytical X’Pert PRO MPD
diffractometer and CuK radiation (1=1.54251 Z\). The dif-
fraction patterns were recorded in the range of 20=20°-80°
at 2° min~!. The average crystallite size was calculated from
Scherrer’s equation [27, 28]

094 ;
X fcosh’ ©6)

where 1 is X-ray wavelength (1.54251 A), B is the full-width
at half-maximum of (222) main diffraction maximum, and €
is the Bragg diffraction angle. The X-ray density was deter-
mined from equation [22]

M

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

The surface morphology was examined with a scanning
electron microscope (JEOL-200CX). The specific surface
area (Spgr) was determined from the nitrogen sorption data
using the Brunauer—-Emmett-Teller (BET) equation [29].
Adsorption/desorption isotherms of nitrogen were meas-
ured at 77 K using a NOVA 2200 apparatus. The pore size
distribution (PSD) curves were obtained from the sorption
isotherms using BJH (Barrett, Joyner and Halenda) method
[29]. The chemical composition of the perovskite particles
was determined with an energy dispersive X-ray spectrom-
eter (EDX: Genesis). Incident electron beam energies from
0 to 10 keV have been used.

2.2 Sensor fabrication and measurements
The sensor element was realized by silvering both flat

surfaces of heat-treated disk, using the “screen printing”
method. The electric capacitance of the sample (sensor
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element) was measured at 100 Hz, 1 kHz, 10 kHz and
100 kHz with a LRC METER PROTEC 9216A, using a
measurement voltage of 1 V. For the humidity sensing meas-
urements the sensor element was placed in a thermostatic
enclosure at 10, 25 and 40 °C and exposed to different val-
ues of relative humidity. Relative humidities ranging from
0 to 98% were obtained using saturated salt solutions as the
humidity generation sources, such as: LiCl, K(C,H;0,),
MgCl,, K,CO;, Mg(NOs;),, CoCl,, NaCl, KCI, K,SO,. The
dry calcium chloride (CaCl,) was used to obtain dry air (0%
RH) [7, 30]. The response time of samples to humidity vari-
ation was obtained by monitoring the capacitance variations
when the relative humidity varied from 53 to 98% and back.

3 Results and discussion
3.1 Structure and morphology

Figure la, b shows the XRD patterns for samples calcined
and heat treated at 900 °C for 10 min (a), and calcined and
heat treated at 1000 °C for 5 h (b), respectively. Crystalline
phases were identified using “Crystallographica” program.
Unit cell parameters of crystalline phases were determined
with XLAT-cell Refinement program. Referring to the PDF
card No. 75-894, the compound exhibits a cubic symmetry
(space group la3). The samples calcined and heat treated
at 900 °C for 10 min exhibit FeMnO; perovskite phase,
together with several secondary phases (Fig. 1a). This XRD
pattern suggests that the annealing temperature must be
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Fig.1 XRD patterns of samples heat treated at 900 °C for 10 min (a),
and heat treated at 1000 °C for 5 h (b)

higher than 900 °C. The broadened diffraction peaks indi-
cate that very fine crystallites are present. After the heat
treatment at 1000 °C for 5 h, well-defined sharp peaks can
be observed in the diffraction pattern (Fig. 1b), indicating a
good crystalline quality of the sample, without presence of
foreign phases. The longer time interval of 5 h was preferred
for the following main reasons. The heat released by the
combustion reaction is not sufficient to give a suitable tem-
perature for the synthesis of perovskite material. Besides,
FeMnO; is an oxide compound and it is quite possible that
the migration of ions required for the formation of perovskite
structure demands some residence time at high temperature.

Table 1 includes the structural parameters of the FeMnO;
samples, heat treated at 1000 °C for 5 h. As-determined lat-
tice constant (a=9.400 10%) is in good agreement with the
value reported in the literature by other authors [31, 32].

Figure 2a, b shows the SEM micrographs, at two different
magnifications, of the FeMnO; sample after the heat treat-
ment at 1000 °C for 5 h. Generally, the sample is character-
ized by a fine granulation and a porous structure. The clus-
tering of the particles into mini- or macro-agglomerations
with irregular shapes and sizes is obvious. The FeMnO; par-
ticles being rather small (D, =59.2 nm), a tendency towards
agglomerations can be thus noticed. The grain size ranges
from 100 and 500 nm. 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.

In Fig. 3 the N, adsorption/desorption isotherms at
77 K are presented, which have been used to get informa-
tion about the specific surface area Sy and pore sizes
of the studied perovskite. The characteristic isotherms
(Fig. 3a) correspond to type IV in the International of Pure
and Applied Chemistry (IUPAC) classification [29]. The
pore size distribution (PSD) obtained from N, desorption
isotherm by BJH method [29] is illustrated in Fig. 3b. As-
determined values of pore sizes fall within the range of
2-25 nm. Using Sggr data, the average particle size, Dggr,

Table 1 The structural parameters and elemental analysis (EDX) of
the FeMnO;

Lattice constant a (A) 9.400
Average crystallite size D, (nm) 59.2
X-ray density d, (g/cm?) 5.08
Specific surface area Sggr (m?/g) 3.20
Average crystallite size Dy (nm) 370
Total pore volume (cm*/g) 4.45x%1073
Elemental analysis EDX

Fe (at%) 17.25

Mn (at%) 18.98

O (at%) 63.77

@ Springer



750 Page4of8

L. Leontie et al.

Fig.2 SEM micrographs of sample heat treated at 1000 °C for 5 h at two different magnitudes: scale 10 um (a) and 500 nm (b)

—_
&
N

w

n e

)

Adsorbed volume (cm?/g)
[§8)

0 01 02 03 04 05 06 07 08 09 1
Relative pressure (P/P)

Fig.3 Adsorption/desorption isotherm hysteresis loops (a), pore-size distribution curve (b)

was calculated with the formula (8) [29, 33] (by assuming
that the particles are cubic)

6

Sger X d, ®)

Dgpr =
where 6 is the shape factor and d, is the X-ray density.

As can be seen in Table 1, Dggy is substantially greater
than the X-ray crystallite size, D,. The difference is
explained by the concretion of the crystal domains form-
ing a developed network of grain boundaries, and indicates
that the comprised particles are well crystallized [34].

The crystallinity of the sample, heat treated at 1000 °C
for 5 h, was confirmed by the energy dispersive X-ray
(EDX) spectra. Figure 4 presents the EDX spectrum for
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this sample. The obtained chemical elemental composition
(Table 1) is typical for this perovskite (any foreign element
is absent). As can be inferred, the sample composition is
similar to that of nominal one, ABOj;, i.e., the A/(A + B) or
B/(A + B) ratio is close to 0.5 (where A is Fe at%, and B is
Mn at%). The method we have used offers the advantage
of producing nanosized and homogeneous particles with
precise stoichiometry.

3.2 Sensor properties

The capacitance of the sensor element at room temperature
(25 °C), in the relative humidity range of 0-98%, was meas-
ured in the frequency range of 100 Hz—100 kHz. Figure 5
presents for comparison the logC vs. RH characteristics for
the sensor element at the four working frequencies (100 Hz,
1 kHz, 10 kHz and 100 kHz). One can notice that the sen-
sor element has linear characteristics at all the frequen-
cies between 11% and 98% RH, and the highest slope is
obtained for low frequencies (100 Hz). The sensor capaci-
tance increases with increasing RH at all measuring frequen-
cies; at the same time, the sensor capacitance decreases with
increasing working frequency.

The humidity sensitivity (S) for a given relative humidity
range can be defined as [35]

C

S — max _ 1’
o ©)

min
where C,,,, and C,;, denote the capacitances measured
for the maximum and minimum values of the RH range,
respectively.

Figure 6 presents the humidity sensitivity for differ-
ent working frequencies, in the relative humidity range
of 11-98%. The highest sensitivity value, of 436.23, is
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Fig.5 The capacity—humidity characteristics for the sensor element
at four measuring frequencies
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Fig.6 Bar chart of sensitivity as a function of working frequency, for
the investigated range of relative humidity, 11-98%

obtained for lower working frequency (100 Hz), and it
decreases down to 49.12 at the working frequency of
100 kHz. The sensor displays a very small sensitivity, of
under 0.1, within the range of 0-11% RH.

An ideal capacitive sensor exhibits a capacity value that
does not depend on the working frequency. For a real sen-
sor, this condition can be considered fulfilled in the case
of very low humidity ranges. 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) [36]. In
this conditions the capacitance (C) of the material with
leak conduction can be expressed by relation (10) [12, 37]:

C=¢C,y= (er - zwLeo) -Gy, (10)
where &, C, and €, are the complex dielectric constant,
capacitance and relative dielectric constant of an ideal
capacitor, respectively; w 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 o [12].

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 [38, 39].

The slope of logC vs. RH curve varies between a small
value at low RH, and a big value above a certain RH
value. At small RHs, only the adsorption phenomenon
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can be noticed. When only one layer of water molecules
(monolayer) is adsorbed on the material surface, these are
bound through two hydrogen bonds, and they cannot move
in the alternating electric field, while ¢, is very small.
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
g, has the large value of the bulk water [40]. Condensed
water vapors occupy the entire volume of the pores with
radius larger than ry value, according to Kelvin equation
[41, 42].

The logC vs. RH curve initially exhibits a small slope
that corresponds to an adsorbed monolayer of water, then a
variable transition slope, corresponding to a bigger number
of adsorbed layers, and finally, a big slope corresponding to
absorbed water [2, 43, 44].

When working frequency increases, energy losses occur,
due to ionic conductivity that takes place through hop-
ping transfer of protons between adjacent hydroxyl groups,
according to Grotthuss chain reaction (11) [45].

H,0 + H;0" — H,0" + H,0. (11)

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

The electric capacity was measured at three temperatures,
i.e., 10, 25 and 40 °C within the humidity range of 10-98%
RH and at the working frequency of 100 Hz, for which the
sensor sensitivity is the best. Figure 7 presents for compari-
son the logC vs. RH characteristics for the sensor element at
mentioned three measuring temperatures. One can notice an
increase by below an order of magnitude of sample capacity

o 0 s
3.5 10°c 4
e 25°C v
1 a40cc A
s .
A
— o
£ 254 3
(8]
o 4
S 2 9
A
15 4
¥
1R
05 . ; ; : ‘ : ; ;
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Fig.7 The capacity—humidity characteristics for the sensor element
at different temperatures; the operating frequency—100 Hz
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with increasing temperature within the interval of 10—40 °C,
while keeping a good linearity of the characteristics. The
sensor calibrated at 25 °C displays a deviation of +5% RH
for the temperatures of 10 °C and 40 °C. For precise meas-
urements at extreme temperatures, it is necessary to recali-
brate the measuring device.

The sensor element exhibits a good reversibility within
the investigated humidity range. The maximum difference
in capacitance value between the absorbtion and desorb-
tion curves is known as hysteresis. High hysteresis values
represented a major drawback in practical humidity sen-
sor applications. The sensor was tested at increasing and
decreasing RHs and shows very small hysteresis, especially
at high RHs. The capacitance hysteresis is of 0.3-3% over
the whole 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 [3].
In Fig. 8 the adsorption and desorption curves (logC vs. RH)
within a narrow humidity range (85-98% RH) and at the
working frequency of 100 Hz are presented.

The response time to humidity variation for the sen-
sor element was obtained by monitoring the capacitance
variations when the relative humidity changed from 53 to
98% and back. The humidity response time characteristics
at 25 °C, at the frequencies of 100 Hz, 1 kHz, 10 kHz and
100 kHz, are shown in Fig. 9. The response time required
for the response values to attain 90% of its maximum value
are of about 3 min for adsorption (53-98% RH) and about
5 min in the case of desorption (98-53% RH). The time
taken by the sensor element to come back once the water
vapors concentration was reduced is found to be longer.
These results suggest that the adsorption/desorption rate
of water vapor is controlled by the diffusion rate of vapors
through the micropores, which in turn depends on the
size and distribution of large pores. One can state that, for
the electric capacity of the sensor element, the humidity

3.4
3.35 4 desorption
3.3 - /
=
O 3.25 4 i
=) absorption
o
-
3.2 1
3.15 4
3.1 T T T T
85 86 87 88 89 90

Relative Humidity (%)

Fig. 8 The hysteresis property of the sensor at 100 Hz and 25 °C
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Fig.9 Humidity-time response characteristics for the four working
frequencies

response time characteristics do not depend on the meas-
uring frequency.

4 Conclusions

The nanocrystalline iron manganite, used as capaci-
tive humidity sensor, can be successfully synthesized by
sol—gel self-combustion method using polyvinyl alco-
hol as colloidal medium, followed by heat treatment for
5 h at 1000 °C. The samples exhibit a good crystallinity
and a porous granular structure with average grain size
of 370 nm, specific surface area of 3.20 m*/g and total
pore volume of 4.45 x 10~ cm*/g. The capacitive response
of sensor element (disk-shaped with silver electrodes) to
humidity was studied in the range of 0-98% RH at dif-
ferent frequencies: 100 Hz, 1 kHz, 10 kHz and 100 kHz.
Sensor capacitance increases with increasing RH at all
measuring frequencies and decreases with increasing
working frequency. The best performances as humidity
sensor were found for the FeMnOj; perovskite, working at
frequency of 100 Hz: a high sensitivity covering a wide
range of relative humidity, between 11% and 98% RH (the
capacity increases by over 40 times); a good linearity of
the logC vs. RH characteristics over the whole RH range,
for all used frequencies. The sensor exhibits very small
hysteresis, lower sensitivity to temperature, keeping linear
characteristics and a short response time. The investigated
oxide compound is promising for humidity monitoring,
taking into account the low cost, a wide range of relative
humidity and a low-contamination impact.
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