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Abstract: Equimolar amounts of manganese(ll) chloride, cobalt(l1l) nitrate and nickel(l1) chloride in agueous
solution were reacted with anmonia and the resulting precipitate of hydroxides was heated to 750° C in 6h to
yield a non stoichiometric oxides having a composition of Mg 6C0oogNigsO25 as analyzed by atomic absorption
spectroscopy to a pellet and sintered at 600°C. Characterization of the material has been made with AAS, Far-
IR, TG-DTA, XRD, SEM, VSM and dectrical conductance measurement. The far-IR spectra indicated the
presence of metal-oxygen bonds and the discrete nature of the oxide was established from power Xray
diffraction pattern recorded at room temperature. The thermogravimetric data indicated the successive loss and
gan of fraction of oxygen atoms, a specific feature of non-stoichiometric metal oxides. It was subjected to
solid-state DC electrica conductivity measurements at room temperature. The current increases linearly with
applied field and exponentidly with increase in temperature showing conformance to ohmic law and
semiconducting nature. The scanning electron microscopy (SEM) studies were carried out to study the surface
and pores structure of the sensor materials. The Brunauer-Emmett-Teller (BET) surface adsorption studies
showed that the radiuses of the pore sizes were found to be distributed from 10-45 A with the pore specific
volume being 0.01 e g*. As the composites having micropores are preferred for humidity sensing properties,
the material was subjected to water vapour of different humidity achieved by various water buffers at room
temperature and the electrical conductivity was measured as a function of relative humidity (RH). The electrical
resstivity drasticaly decreases with increase in humidity, proving the materiad to be a good water vapour
sensor. The sengtivity factor (S) was 55000 in the range 5-98% RH, meaning the resistivity falls by afactor of
5.5~ 10" when the atmospheric RH increases from 5-98%. Such a high value of sensitivity for water vapour has
seldom been reported in literature, making the composite possibly the most sensitive water vapour sensor. The
response and recovery time for this humidity-sensing composite was also studied.

Keywords: Electrical conductivity, Humidity sensors, Manganese oxide, Nicke oxide, Cobat oxide, Non-
stoichiometric tri-metallic oxides.
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1. Introduction

Stoichiometric  nicke-copper manganites have aready been reported [1] as negative temperature
coefficient (NTC) thermistors since they possess interesting eectrica properties such as low resdtivity
and dectricd gability [2]. The nongtoichiometric nickd manganites are very reective towards CO
total oxidation. However, these nickd manganites are reatively ungtable when heated in ar. Growing
interet has been devoted to trandtion metal mixed — oxides for marices of intercaaion /
deintercaation reversble processes and for molten carbonate sensor materids [3]. LiM, — type
(M = Mn, Co and Ni), condtituted by a two dimensond aray of LiOg octahedrad have been studied for
such gpplications. A non-stoichiometric mixed metal oxide has attracted much attention because of
their enormous application [4]. Various methods are employed for the measurement of humidity [5] of
which the measurement of rdative humidity seems to be very convenient. The possble applications of
humidity sensors in automated sysems for environmentd control in many indudrid and domedtic
fidds [6]. However, our ealier invedigations indicated that materids that posses metastable
coexigence can have excdlent sengtivity towards moisture [7, 8]. The am of this paper is to humidity
sensng festures of non-stoichiometric Mn-Co-Ni oxides. The main results were obtained by scanning
electron microscope, surface measurements and reversbility studies. As a result, oxides turned out to
be the best sensing materia for detecting humidity at room temperature.

2. Experimental

MnChL.H,O (2.499), NiCh.H,O (2.28g), Co(NOs)2.6H.O (2.31g) were weighed and dissolved
separately in 20cnT water. These solutions were then mixed together followed by addition of ammonia
drop wise and dirred in a magnetic sirrer for more than an hour. The green colored precipitate
obtained was filtered and washed with water severa times. It was then dried, ground well, pressed into
pellets under a pressure of 0.5 tons and sintered to 750°C in 6 h under controlled hedting rate. The
dntered pedlets were ground wel and compacted into pellets usng cetyl dcohol as the binder, of
diameter 10 mm and thickness 2 mm, which were then heated to 600°C.

The percentage composition of the metals can be studied by atomic absorption spectroscopy. Nature of
the sample was sudied, usng X-ray diffraction recorded in powder form by a Rigaku Rotofles
diffractometer usng Cu-K, radiation. The thermogravimetric studies were carried out to monitor the
thermd <ability of the sample and to determine its decomposdition temperatures againgt the phases
formed in air ambient a a heating rate of 10°C/min. A recording Seiko SII thermd andyzer was
employed. The far-IR spectrum of the sample was recorded in a Bruker IFS66V spectrophotometer
mode in the region of 450-100 cm® using polyethylene film. Magnetic susoceptibility messurements
were done on an EG & G Princeton research mode-155 vibrating sample magnetometer a room
temperature. The corrected magnetic moment was obtained after incorporating the necessary
diamagnetic corrections for oxygen [9]. The sample was coated with gold (60 u thickness) for 5 min.
by usng EIKO IB ion coater. The gold-coated specimens were then observed on a HITACHI scanning
electron microscope SA15A operating a an accderating voltage of 25 kV. The surface area of the
composite was determined employing BET equations in a Carlo Erba Sorptometer usng N> adsorption
at 77 K. The sample was prehested at 473 K at 20 mvacuums before measurements.

The experimental samples were made in to cylindricad disks of 10 mm dameter and 2 mm thickness in
a hydraulic press a a pressure of 100 Mpa The sample was dectrically connected to a DC power
supply and a picoammeter (Keithley 485) in series. The gpplied fieddd was increased from 1 to 300
V/cm in steps and the corresponding current was measured. The dectrica conductivity was measured,
as above usng a two-probe method [10]. In order to study the temperature dependence of conductivity,
the sample was kept indde a Pyres cylinder of 5 cm diameter and 75 cm length kanthd duminum wire
uniformly wound around it. The ends of the kantha wires were connected to a variac for heating. A
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copper—condtantine thermocouple was cdlibrated for temperature measurements by making use of a
sandard platinum thermocouple that in turn was @ibrated a the freezing points of Sn, Bi, Sb and Ag
asper IPTS68.

The controlled humidity environments were achieved [11] using anhydrous BOs powder and saturated
aqueous solutions of potassum acetate, CaChk.6H,O, Zn(NOg3),.6H,O, Ca(NOs),.4H,0O, NaNOy,
NH4Cl, BaCh.2H,0O and CuS0,4.5H,0 in a dosed glass vessdl & an ambient temperature of 25°C,
which yielded agpproximately 5, 20, 31, 42, 51, 66, 79, 88 and 98 % rdative humidity respectively,
which are independently monitored by using a Barigo hygrometer. Heat cleaning of the samples was
done at 200°C, followed by cooling in a humidity-free amosphere before and after the sengtivity
measurements especialy when the sensors were operated a higher RH.

A degassed glass chamber of about 200 cnt volume was made use for evauating the response and
recovery characterisics. This chamber has a provison for a two-way inlet, one for transpiring dry ar
and the other for trangpiring moig ar from a wet candle The ar-drying was accomplished by
trangoiring the air stream through drying columns packed with anhydrous CaCh and dry P,Os
connected in series. The resstance measurements in dry ar as well as in moig ar dternatively helped
to establish the recovery and response characteristics for moisture sensing.  The response and recovery
characteristics were assessed as described earlier [12].

3. Results and Discussion

The mixed metd non-stoichiometric oxide was precipitated as hydroxide and heated to 750°C in 6h to
convert in to the oxide. The green colour of the hydroxide changed into black after sntering. The
chemica compostion of the mixed meta oxide arrived from the AAS data, Mn (3.54%), Co (34.99%)
and Ni (36.65%). Based on the AAS percentage composition and considering the fact that the starting
materids were precipitated as hydroxides in the mole ratio of 1:1:1, the chemicd compostion of the
mixed meta oxide is proposed to be as My psC006Nio.sO25. It is wdl known [13] that manganese
hydroxide on hesting gets converted to MnO,, which on further hesting get converted to Mn,O3 and
subseguently to MngO4. Manganese oxide on further heating to temperatures above 475°C suffers loss
of both manganese and oxygen. The target temperature for the preparation of the mixed metd oxide is
fixed a 750°C and at this temperature considerable loss of manganese has occurred, as evidenced from
the AAS data.

It is important to prove that the mixed metal oxides is not a smple mixture of the oxides of
manganese, cobat and nickel but discrete in nature, the dvadues from the X-ray patterns (Fig. 1) aong
with their intensities are 2.5425 (49), 2.5286 (56), 2.1646 (82), 2.1176 (100), 1.5185 (89), 1.5138 (86),
1.5076 (62), 1.4646 (48) and 1.4592 (57). The d-vaues are compared with the JCPDS-1CD data cards
agangd the various oxides of manganese, cobdt and nicke such as MnO2, Mp,O3, MOy, NiO, and
Co304. The XRD indicated the absence of any of the above oxides and further evidenced the formation
of non-soichiometric mixed metd oxide. However, it should be mentioned that none of peak could be
matched with any of the non-stoichiometric oxides of Mn, Co and Ni available in the JCPDX database.
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Fig. 1. Powder XRD patterns of MngygsC0qeNigsOsgcomposite. Fig. 2. TG/DTA studies of MngesCoggNigsOsgCcOMposite.

The temperature varied from 30-1000°C at a hesting rate of the 10°C/min. The metd oxide TC-DTA
(Fig. 2) showed an increase in weight in the temperature range of 140-505°C, due to oxygen gain
amounting to 0.8% corroborated by a DTA endothermic peak at 458°C. Subsequent weight loss was
obsarved in the temperature range of 505-587°C amounting to 2.44% loss of oxygen. Further weight
gain was obsarved in the temperature range 590-664°C amounting to 2.1%, supporting by an exotherm
at 591°C. The oxide showed further continuous decrease in the weight from 690°C onwards till 1000°C
recording a 2.39% loss. In dl the deps involving weight loss and gain could be atributed only to
fraction of oxygen, acommon feature of the nonstoichiometric oxides.

The far infrared spectra bands at 405 and 340 cmt could be attributed to the (Co-O) and (Ni-O). The
band a 160 cm! suggested [14] the presence of Mn-Mn bond and the band a 360 cm® could be
attributed to Mn-O multiple bonding. The band a 446 cmit is due to n(Co-O). These assgnments
further evidence the formation of an integrated MnCo-Ni-oxides sysem. The applied magnetic fied
(Kilo Gauss) and the magnetic moment (emu) observed are 2 (0.0134 ~ 10%), 4 (0.025 = 10D,
6 (0.032 ~ 10%), 8 (0.044 ~ 10%) and 10 (0.054 ~ 10'1). The magnetic moment was caculated to be
1.34 BM &fter incorporating the necessary diamagnetic correction. The analyticd data suggested the
probable chemica composition as Miy.06C00.6Nio.602.5. The oxidaion dates of the metd atoms have
been suggested based on the magnetic moment vaue. If manganese(ll) and cobat(ll) were oxidized to
manganese(lll) and cobdt(lll) and with nicke(ll) being dable, the theoreticd magnetic vdue of
Mn(Il) gives to 2.84 BM per manganese atom. For 0.06 manganese atom the contribution is 0.17 BM.
Co(Il1) with d® configuration is diamagnetic. Ni(ll) with d® configuration has the magnetic moment of
2.84 BM per nicke atom. For 0.6 Ni atom of nicked the contribution is 1.704 BM. Thus the totd
expected theoreticd magnetic moment of the non-stoichiometric compound should be 1.874 BM. This
observed vdue is much less than the cdculated magnetic moment, which could be attributed to the
extendve pin-spin interaction between the two paramagnetic meta centers thet are very close to each
other.
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Fig. 3. Field vs current studies of MngeCoggNigsOs qcomposite.  Fig. 4. Inl vs 1000/T plots of Mng¢sC0gNigsO3gCOMposite.
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The eectricd fidd was varied from 1.75 to 38 V/cm and the corresponding current was recorded. The
current was found to vary linearly (Fig. 3) with the applied fidd suggesting the ohmic nature of the
sample. The resstance of the material and the conductance at the ambient temperature were calculated
usng the Ohms law. The resstance at 30°C was found to be 2.115 10* ohm from which the
conductance was cdculated to be 4.7 10° ohm®. The temperature dependence of dectrica
conductivity was carried out in the temperature range of 350-600 K (Fig. 4). From the temperature
dependence conductivity data, a Inl vs 1/T plot was drawn to determine the activation energy. The
activation energy caculated for My 06C00.6Nio.602.5 composite was 0.24 €V respectively.

The results of resstance measured as a function of relative humidity a a fixed anbient temperature of
298 K are presented in Fig. 5. The resistance of the composites is in order of 10° ohms under dry
conditions (RH5%). The plot of logR vs RH (%) shows that senstivity towards moisture of the
compostes. As the humidity is increased, the logR vaue drops and the sengtivity of the eements
towards humidity increase. The composite is found to have the highest sensitivity factor $ =5 ~ 10% as
inferred from the raio Rso/Rosw, Where Rsy, and Rogy, are the dc resstances at 5% and 98% RH
regpectively. The vaiaion in logR with RH(6) is dmog linear in the entire range of humidity, a
prerequisite for commercia humidity sensors.

The Brunaue—Emmett-Tdler (BET) surface adsorption sudies revedled that the pore sze of the
samples were distributed (Fig. 6) between 10 and 45 A in radius, and the specific volume of the pore
was 0.01 cn® gm'! which can easly trgp the water molecules to it. The senstivity factor of the
compogtion should be indicative of the extent of moisture condensation in the pores. The pore size,
gran dze of the two phases, and the didribution of the pores should in turn govern the extent of
moisture sorption. The scanning dectron microscopy (SEM) photogreph of the sensor materids
dntered a 973 K for 5 h indicated that the porosty and gran dze of the maerids sgnificantly
increases. SEM photographs reveded (Fig. 7) quditatively that My 0sC00.6NiosO2.5 has greater and
larger number of pores.

g B

0 W I W a4 80 B M B s 90D
Fealative Humidity {%)

Fig. 5.1og R vs RH (%) plot of MnggsCoqeNigsOsgcomposite. Fig. 6. SEM photograph of MngesCoggNigeO3gCOmposite.
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Fig. 7. Pore size and pore volume distribution of Mng 0sC0gsNigsOs_q cOMposite.

The evauation of the response and recovery characteristics has been carried out. The DC resstance in
dy ar as wdl as in moig ar dtenaivedy heped to edablish the response and recovery
characterigtics. The results (Fig. 8) show that the invariant resstance in dry ar is in the order of
10° ohms Within about 3 min of purging with moist air, the resistance drops by three orders of
magnitude to reach a constant vaue of approximaely 10° ohms. However, when dry ar was again
introduced to monitor the recovery characteridics, the recovery time was around 6 min. Hence for

better response and recovery characteristics, the sensors were repeatedly heet-refreshed at 353 K
before and after the measurements.
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Fig. 8. Invariant resistancein dry air.

4. Conclusions

A novel mixed oxide of Mn, Ni and Co was syntheszed by a combined solution route and solid-state
high temperature route. The chemica composition was suggested to be My 06C00.6Nip 6025 based on
the AAS data. The scanning eectron microscope revealed that the Mn-Co-Ni oxide has larger and
grester number of microscopic pores hence is a good candidate for humidity sensor, which was further
evidenced by the surface studies and its sensitivity factor higher than 55 ~ 10%. The good response
and recovery characteristics even at 298K were another proof for a good humidity sensor and could be
used ether in situ or on line gpplications.
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