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Abstract: Strontium(l1) added MgAlL,O, composites prepared by sol — gd technique was utilized for
the detection of methanol vapors. XRD, SEM and BET surface area measurements were employed to
identify the structural phases and surface morphology. The composites were prepared with the molar
ratios of Mg: & as (1.0: 0.0, 0.8:0.2, 0.6:04, 0.4:0.6, 0.2.0.8, 0.0:1.0) keeping the duminium molar
ratio as congtant for al the compostions and were labeled as MgSA1, MgSA2, MgSA3, MgSA4,
MgSA5 and MgSA6 respectively. The samples sintered at 900°C for 5 h were subjected to dc
resistance measurements in the temperature range of 30-200°C to study the methanol vapor detection
characterigics. The reaults reveded that the sengtivity in detecting methanol vapor increased with
increase in temperature up to 150 °C and theresfter decreased. The sensitivity increased with methanol
concentration from 100-5000 ppm at 150°C. Among the different compostions of the composites
MgSAS5 showed the best sengitivity to methanol detection at an operating temperature of 150°C.

Keywords: Meta oxide compostes, Ceramics Sol — gd preparation; Methanol vapor; Electricd
conductivity.
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1. Introduction

Methanol is a usgful organic solvent with widespread applications in auttomotive fud and
manufacturing of paints, colors, dyes, drugs, pefumes etc. However it is highly toxic and often fatd to
human beings as its metabolites formadehyde and formic acid cause blindness and death [1]. The wide
range of gpplications, toxicity and clinical implications of methanol make imperative the need of
devdopment of a reliable and sdective methanol sensor. Semiconducting oxides have emerged as
economica sensors for monitoring methanol vapors than the other available organic and polymeric
materia comparatively [2,3]. The sendtivity of these sensors to gases depends on the microstructure,
which can be achieved by adopting specid techniques of preparation or by doping impurities [4]. The
sol-gel  technique is consdered as the most promisng technique for the preparation of meta oxides
[5,6] as it dlows for high purity ceramics with homogeneous didtribution of components on the atomic
scde. The main objective of the present work is to study the effect of addition of Sr(I) on magnesum
aduminates rather than the isomorphic subgtitution. In the present paper the newly developed Sr(Il)
added magnesum aduminate composites by sol-gel technique were characterized by X-ray diffraction,
scanning electron microscopy and nitrogen adsorption/desorption isotherm at 77K. The dependence of
electrica response of these composites to the methanol vapor was investigated.

2. Experimental

Sr(I1) added MgAl,O4 composites with the molar ratios of Mg: S (1.0: 0.0, 0.8:0.2, 0.6:0.4, 0.4:0.6,
0.2:0.8, 0.0:1.0) kesgping the duminium molar ratio congtant for dl compostions as shown in table 1,
were prepared by the sol-gd route using nitrates of magnesum, strontium and auminum.

Table 1. Sample code, molar ratios and activation energy of Mg: Sr: Al for Sr added MgAl,O, composites.

S.No. | Sample code M('\)/Ilzr: gt:'(z\sl()f Ea(eV)
1 MgSA1 1.0:0.0:2.0 0.324
2 MgSA2 0.8:0.2:2.0 0.297
3 MgSA3 0.6:0.4:2.0 0.259
4 MgSA4 0.4:0.6:2.0 0.216
5 MgSA5 0.2:0.8:2.0 0.188
6 MgSA6 0.0:1.0:2.0 0.292

Cdculated amounts of these metal nitrates of anaytical grade were dissolved in water and citric acid
was added as the gelling agent. This clear solution was kept for gellation a 65°C for 12 h and the gel
was then dried at 110°C, followed by cdcination a 600°C for 5 h. The calcined powders were
subjected to dry milling and made in the form of cylindricd pellets usng 2% polyvinyl dcohol as the
binder. The pelets were then sintered a 900°C for 5 h in ambient air amosphere. The sructurd
sudies were carried out using a Philips X' pert diffractometer a | = 0.154 nm. The surface morphology
of the sintered porous compacts was determined by a Leo-Jeol scanning eectron microscope. The
nitrogen adsorption-desorption isotherms of the composites were messured usng an  automatic
adsorption instrument (Quantachrome Corp. Nova-1000 gas sorption andyzer). The surface area
(nf/g) of the composites was caculated usng BET equation and the pore size distribution was
determined usng the BJH method. In addition, the t-plot method [7] was applied to calculate the
micropore volume and externa surface area. Electrical conductance measurements of the samples were
determined by two-probe method usng conducting dlver paste to ensure the ohmic contact of the
electrodes. The samples were dectrically connected to a dc power supply and a Keithley 485
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picoanmeter in series. The temperature dependent conductance experiments were carried out to
determine the activation energies of the samples using the linearised form of the expresson,
| = Lexp =T, where | was the current, E the activation energy, k the Boltzmann constant and T the
temperature. For this purpose the samples were kept insde a cylindrical furnace, which was ®nnected
to amicroprocessor controlled temperature programmer.

The sendtivity tests were carried out in a testing chamber desgned for this sudy (Fig.1) that measures
the surface resstance of the samples. Methanol was injected by a micro syringe into the test chamber
and the sensng characteristics of the sensor were observed by measuring the eectrical resistance
change of the sensor when the latter was exposed to methanol. A typicd injection of 0.3ml of methanol
corresponds to a gas concentration of about 100 ppm [8, 9]. Under the exposure of reducing gas such
as acohal, its resstance decreases. The sengtivity factor & is defined as

- R
S'_R

gas

where Rys is the resistance of the sensor under gas exposure and Ry is the resstance of the sensor in
air. The resstances of the samples were measured at different temperatures in the range of 30-200°C
and different concentration levels (100 to 5000 ppm) of methanal.

3
0L Power | Keithley |

I | Ammeier |

Suppky |

amiile holdes

Sa
dir vight WO injocfon por
&
+

5 Thermocounle 5
5 &kt inlet B
T Heshing il [:]

& walva

Fig. 1. Schematic diagram of the experimental set-up used to measure the methanol vapor responses.

3. Results and Discussion

3.1 N2 adsor ption/desor ption isotherms

Fig. 2 represents the nitrogen adsorption/desorption isotherms at 77K of the magnesum duminate
(MgSAL), drontium duminate (MgSA6) and Sr(ll) added magnesum aduminate composte that
possessed maximum sengtivity (MgSAS) respectively. The amount of nitrogen adsorbed incressed to
134.75 c/g for MgSA5 and thet for pure magnesum auminate (MgSA1) and strontium auminate
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(MgSAB) composites were only 79.52 and 67.28 cnr/g respectively. The composite MgSA1 possessed
a low surface area of 100.50 mi/g while MgSA6 possessed 77.86 mi/g. But MgSA5 possessed an
increase in BET surface of 230.10 nf/g. This increase in surface area for MgSAS5 can be attributed b
the decrease in particle Sze due to the addition of Sr(Il) in the MgAlL,Oscomposites as a result of nor+
isomorphic subgtitution. It was observed that there was a consderable increase in micropore surface
area of 90.00 ni/g for MgSAS5 while MgSA6 and MgSAL had 33.96 ni/g 55.28 nf/g respectively.
These results suggest that Sr(ll) addition in the composites could lead to the modification of the
intergranular pores controlling the range of surface area. The increase in total pore volume for MgSAS
was ggnificantly observed than the other two M@gSA1l and M@SA6 compostes. The increase in
micropore and mesopore volume can be atributed to the decrease in particle Sze with more addition of
S(I). The vaues from Table 2 indicate that the addition of more S(I) in magnesum duminate
matrix (MgSA5) would lead to enhanced methanol adsorption with higher sengtivity than the MgSA1
and MgSA6 composites. In addition it was observed that MgSA5 possessed the highest micropore
volume compared to the MgSA 1 and MgSA6 composites.

150
140 4 —2— Desorption
130 —&— Adsorption
7 —O6— Desorption
120 4 —e— Adsorption
110 —— Desorption
@ 100 -
e 90
S
)
£
S
©
>

0 0.2 0.4 0.6 0.8 1
Relative pressure (P/P,)

Fig.2. Nitrogen adsorption/desorption isotherms of a8) MgSA6 b) MgSA1 ¢) MgSAS at 77K.

Table 2. Surface area parameters of MgSA 1, MgSA2 and MgSA6 composites.

S.No. Parameters MgSA1 | MgSA6 | MgSA5
1 Sget (MF/Q) 100.50 | 77.86 | 230.10
2 Smic (MF/Q) 55.28 | 33.96 | 140.00
3 Sheso (NT/Q) 4522 | 439 90.00
4 Tota pore volume (cnT/g) 0.123 0.104 0.208
5 Micropore volume (cn/g) 0.030 | 0.020 | 0.076
6 M esopore volume (cn/g) 0.093 0.084 0.132
7 Average pore diameter (nm) 4.89 5.34 3.624

Sser BETsurface area, S;ic micropore surface area, Sy e Mmesopore surface area
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Fig.3 shows the pore size digribution of MgSA1, MgSA5 and MgSA6 composites. The average pore
diameters of MgSA1, MgSA6 and MgSAS5 composites were 4.89, 5.34 and 3.62 nm respectively. The
average pore diameters obtained from the compostes is due to the formation of intragranular pores
within the combination of metd oxides The reduction in the average pore diameter in MgSAS is
attributed to the addition of more Sr(ll) aong with magnesum auminate compostion as a result of
nontisomorphic subgtitution. The presence of Sr(ll) retards the growth of bulk magnesum duminae
phase leading to an increase in porosity by introducing more micropores aong with mesopores.

3.50E-01

= 3.00E-01 1 —O—MgsA5
3 —B—MgsAl
2 2.50E-01 1
= —A—MgSAG
©

= 2.00E-01 1
=

> 1.50E-01 1

(@]
IS 1.00E-01 -

e

= 5.00E-02
@ .

© 0.00E+00 . .

1 10 100 1000

pore diameter (nm)

Fig. 3. Pore size digtribution of MgSA 1, MgSA5 and MgSA6 composites.

3.2 X-Ray diffraction studies

The XRD patterns of magnesum auminate and S(Il) added magnesum aduminae samples are shown
in the Fgs 4af. The XRD spectra of Fig. 4a showed peaks corresponding to magnesum-auminate
spind phase (JCPDS: 03-0901). As the concentration of the strontium was increased, the evolution of
SrAlLO,4 peaks in addition to SrO phase (JCPDS: 01-0886) was observed. After a careful comparison
between the standard JCPDS profiles and the experimenta results it was found that the phases such as
55r0.4Al;03 (JCPDS: 09-38) and SrO.2Al,03 (JCPDS: 25-1208) were recognized for the higher Sr(1l)
added composites. The addition of more Sr(ll) retards the growth of bulk magnesum aduminate phase
on the surface and forms new phases 550.4A1,03 and SrO.2A1,03. The presence of different phases in
MgSAS5 as shown in XRD was taken as the criteria for good methanol sensing [10].
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Fig. 4. X-Ray diffraction spectra of @) MgSA 1,b) MgSA2, c) MgSAS3, d) MgSA4,
€) MgSAS5, and f) MgSAG.

3.3 Surface mor phology (SEM)

Figs. 5a-c shows the surface morphology of the composites MgSAL1l, MgSA5 and MgSA6 and it
depicts the intergranular porous dructure of the composte materias quditetively. The highly porous
sructure of MgSA5 compared to MgSA1 and MgSA6 suggest that the addition of more Sr(ll) in the
magnesum auminate can reduce the paticle size with the intergranular pores leading to microporosity

in addition to the presence of mesopores.

Fig. 5a. SEM image of MgSA1 composite.
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Fig. 5b. SEM image of MgSA5 composite.

¥ T

Fig. 5¢c. SEM image of MgSA6 composite.

3.4 Electrical conductance studies

The room temperaiure electrical conductance messurements of the composites prior to methanol
sendang measurements signified that the current incressed linearly with the applied voltage, indicating
the ohmic contact of the eectrodes. The activation energies caculated from the temperature
dependence conductance data are shown in Table 1. The activation energy for eectrica conduction in
polycrysdline materids generdly involves the combinaion of the energy required to raise the carriers
from the dominant levels to their corresponding trangport bands and the energy required to create the
cariers in the dominant levels. The lower activation energy predicts that the smal polaron conduction
dominates in the sudied temperature range [11].

3.5 M ethanol-sensing measur ements

The sendtivity of Sr(ll) added MgAlL,O, composites to methanol at different concentrations (100-
5000ppm) and a different temperatures (30-200°C) was studied through eectricd  conductance
measurements. Fig.6shows the sengtivity of the composites a 1000 ppm of methanol concentration in
the temperature range of 30-200°C. The sendtivity increases with increase in temperature from 30-
150°C and thereafter decreases for al the composites. It was observed that the sengtivity to methanol
vagpors of MgSA1 and MgSA5 was lesser than the Sr(ll) added composites. The maximum sengtivity
for al the composites was obtained a 150°C compared to the other studied temperatures. Hence the
operating temperature for detecting methanol vapor was fixed as 150°C. It shows that at 150°C most of
the adsorbed oxygen species would have reacted with the OH group of methanol vapor. This adsorbed
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oxygen cregtes a space charge region near the surface of the composite by extracting eectrons from
the materid. Methanol, being reducing in nature, removes adsorbed oxygen species from the surface
and re-injects the dectrons back to the materid, thereby decreasing the resstance. The maximum
senditivity a 150°C indicates that the equilibrium density of chemisorbed oxygen ions is maximum a
this temperature.

—— MgSAl
—— MgSA2
200 1 —A— MgSA3
—%— MgSA4
—¥— MgSA5
100 - —8—MgSAG

250

150 +

50 1

0 50 100 150 200 250
Temp (°C)
Fig. 6.Sengtivity of composites to methanol (1000ppm) at different temperatures.

It is evident from Fig.7 tha varying in the concentration of methanol from 100-5000 ppm at 150°C the
sengtivity increases up to 1000 ppm with a higher rate of increase in sengtivity and thereafter dows
down reeching near equilibrium. The sengdtivity a low concentration has a linear reaionship with
concentration, as there may be sufficient number of pores for methanol vapor adsorption. At higher
concentretion the rate of adsorption decresses due to less access of methanol vapors into the filled
pores leading to less increase in sengtivity vaues. The incresse in porogity with increese in Si(Il)
content as evidenced from SEM image and BET gudies confirmed the presence of more dtes for
methanol adsorption, which produces more charge cariers for eectrical conduction. In addition the
SEM photographs dso reved that increase in the Sr(Il) addition produces fine particles with smaler
dimensons compared with the other indicating that smdler the particle sze higher will be the surface
energy and the adsorption capacity. Thus the composite MgSAS possessed comparatively a higher
sengtivity factor of while that of the pure magnesum duminate MgSA1 and pure strontium duminate
MgSA6 had only and 111 respectively at an optimum temperature of 150°C at 1000 ppm.

—— MgSAl

230 —B— MgsA2

210 A1 —4— MgSA3

190 —>— MgSA4

170 1 —%— MgSA5

& 150 + —8— MgSA6
130 1
110 A1
90 1
70 1

50 T T r T
0 1000 2000 3000 4000 5000

Concentration of methanol (ppm)

Fig.7. Sengitivity of composites to methanol at different concentrations and at 150°C.
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3.6 Principle of methanol detection

The mechanism of the methanol detection by the composites can be described as follows. The surface
conductivity depends on the dendgty of donors (oxygen vacancies) and acceptors (chemisorbed
oxygen). Incase of semiconductors like metal oxides, a first amospheric oxygen is chemisorbed on
the surface of the composite and forms ionic species such as 0%, O, and O and its conductivity
increases when the incoming gas is reducing type and the proposed reaction pathway is

O2gas) U Oaang) 1)
O2ate) + € U 02 (aag) (2
O2 (ady) + € U 20 (s (3)

The reaction between methanol (reducing type) and ionic oxygen species yieds formadehyde and
water in one case and formic acid and water in the other case. Two possibilities of reactions are:

CH30H (gag +O (a9 U HCHO + H,O + € (4)

CH3OH (gay + O U HCOOH + H0 + & 5)

Methanol is eadily oxidized to formadehyde and subsequently formic acid. When the methanol vapor
comes in contact with the surface oxygen ions of the oxide surface, it reacts with ether O or O, ions
and gets oxidized to formadehyde or formic acid and water and liberates on eectron which actudly
causes the conductivity to increase.

3.7 Influence of the combination of micro and mesopores

The results from our studies infer that the composite that possessed a mixture of micro and mesopores
showed the higher sensitivity towards methanol. In this case, the adsorption process would have
proceeded through a sequence of diffuson seps from the bulk phase in to the mesopores
(5 < d < 50 nm) and then to the micropores (d < 2 nm). As the molecular Sze of methanol is about
0.35 nm [12], micropores would be a suitable Ste for the adsorption of methanol where it could be
eadly oxidized to addehyde/ acid and was favorable in the sample MgSAS5 that possessed more
micropores than the pure MgSA1 and MgSA6 composite. Thus the addition of St(Il) into magnesum
auminate matrix introduces more micropores that leads to an enhanced methanol adsorption followed
by oxidation. For the composite MgSAS5 used in the present work, the presence of consderable range
of mesopore volume behaves as an entrance for the movement of methanol molecules from the bulk
phase to the inner pores without any hindrance. Thus during the diffuson process the presence of
mesopore is of grest advantage enabling easy assess for the methanol molecule into the narrow
mesopores not only for accderating the diffuson into pores but adso increasng the equilibrium
coverage of such pore surface. If the composite would have possessed microporosity done then the
pore blockage might have occurred due to aggregation of adsorbate molecules or due to the smaller
cross sectiond area of the micropores. Therefore a pure microporous or mesoporous materia would
not have favored higher sengtivity towards methanol. Thus the high sengtivity of MgSA5 can be
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explaned by the fact that the composte containing considerable mesopore and micropore would result
in favorable methanol adsorption to get easy assessto the composite interior.

4. Conclusions

A sudy on the methanol detection characteristics of Sr(ll) added MgAlO4 composites prepared by
sol-gel technique have been carried out. The results suggest that increase in the concentration of Sr(ll)
can increese the porogty resulting in higher sengtivity vaues. It was obsarved that the sengtivity of
the composites to methanol was higher a 150°C, which may be the saturaion point of the redox
reaction between the methanol vapor and the adsorbed oxygen species. The sensing properties of the
composites were studied for different concentrations a 150°C and found to be increasing with
methanol concentration. The increase in surface area and porodity with the introduction of micropores
makes the composite MgSAS to be a better candidate for methanol detecting applications as evidenced
by the comparatively higher senstivity vaue.
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