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bstract

Strontium added NiAl2O4 composites prepared by sol–gel technique was utilized for the detection of methanol vapors. X-ray diffraction, scanning
lectron microscopy (SEM), FT-IR spectroscopy and nitrogen adsorption/desorption isotherm at 77 K was employed respectively to identify the
tructural phases, surface morphology, vibrational stretching frequencies and BET surface area of the composites. The composites were prepared
ith the molar ratios of Ni:Sr as (1.0:0.0, 0.8:0.2, 0.6:0.4, 0.4:0.6, 0.2:0.8, 0.0:1.0) keeping the aluminum molar ratio as constant for all the

ompositions and were labeled as NiSA1, NiSA2, NiSA3, NiSA4, NiSA5 and NiSA6, respectively. The samples sintered at 900 ◦C for 5 h were
ubjected to dc resistance measurements in the temperature range of 30–250 ◦C to study the methanol vapor detection characteristics. The results
evealed that the sensitivity in detecting methanol vapor increased with increase in temperature up to 175 ◦C for the composites NiSA1 and NiSA6

hile for the other composites up to 150 ◦C and thereafter decreased. The sensitivity increased with increase in methanol concentration from 100

o 5000 ppm at 150 ◦C. Among the different composites NiSA5 showed the best sensitivity to methanol detection at an operating temperature of
50 ◦C.

2007 Elsevier B.V. All rights reserved.

ol se

d
i
p
i
m
o
e
i
a
t
c
o

eywords: Metal oxide composites; Ceramics; Sol–gel; Methanol vapor; Alcoh

. Introduction

There is growing public concern over industrial impact on
he environment due to the manufacture of various end prod-
cts and monitoring environmental quality, therefore becomes
andatory. Global monitoring is generally related to the detec-

ion of trace chemicals such as green house gases, whereas
ocal and indoor/outdoor monitoring includes determination of
oxic and explosive gases as well as malodors, most of which
re often volatile organic compounds (VOCs). There are var-
ous sources commonly responsible for the emission of these
ases: the energy industry, production industry, transport, indus-

rial processes, solvents, agriculture and landfill [1]. Thus the
ncreased concern about environmental protection has led to
ontinuous expansion in searching for new VOC sensor material
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evelopment. Different criteria are used for measuring sensitiv-
ty to gases like changes in mechanical, optical and electrical
roperties [2,3]. Electrical detection is most commonly used and
s based on the change in resistance or capacitance of the sensor
aterial on exposure to gases. Semiconducting oxides like zinc

xide, aluminum oxide, titanium oxide, etc. have been studied
xtensively and have emerged as economical sensors for mon-
toring toxic gases and vapors than the other available organic
nd polymeric material comparatively [4,5]. The sensitivity of
hese sensors to gases depends on the microstructure, which
an be achieved by adopting special techniques of preparation
r by doping impurities [6,7]. The oxide matrices, particularly
lumina have gained importance due to their desirable character-
stics such as chemical inertness, physical and thermal stability,
ow cost, long life, etc. and they have been investigated at both
mbient and elevated temperatures [8,9]. The sol–gel technique

s considered as the most promising technique for the prepara-
ion of metal oxides [9,10] as it allows for high purity ceramics
ith homogeneous distribution of components on the atomic

cale, lower crystallization temperature and economy. Alcohols
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Table 1
Sample code, molar ratios and activation energy of Ni:Sr:Al for Sr added
NiAl2O4 composites

S. no. Sample code Molar ratios of Ni:Sr:Al Ea (eV)

1 NiSA1 1.0:0.0:2.0 0.338
2 NiSA2 0.8:0.2:2.0 0.312
3 NiSA3 0.6:0.4:2.0 0.296
4 NiSA4 0.4:0.6:2.0 0.272
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NiSA5 0.2:0.8:2.0 0.234
NiSA6 0.0:1.0:2.0 0.292

roadly fall under the category of volatile organic compounds,
hich usually have very low boiling point, and highly reac-

ive. Hence the development of an alcohol sensor having higher
ensitivity along with optimization of selectivity, which can be
perated at lower operating temperature, is the issue inviting
uch attention for research. Methyl alcohol (methanol) is a very

seful organic solvent with widespread applications in auto-
otive fuel and manufacturing of paints, colors, dyes, drugs,

erfumes, etc. However it is highly toxic and often fatal to human
eings as its metabolites formaldehyde and formic acid cause
lindness and death. The wide range of applications, toxicity
nd clinical implications of methanol make imperative the need
f development of a reliable and selective methanol sensor. It
as been shown that the gas sensitivity is greatly improved as
he grain size decreases by doping of metal oxides. Both single
nd mixed ceramic metal oxides have been used for the purpose
f sensing alcohol vapors. The sensing behavior of methanol by
etal oxides like TiO2 [11], indium tin oxide [12], �-Fe2O3 [13]

nd CeO2–Fe2O3 [14] focused our interest to utilize mixed metal
omposites containing metal aluminates for the above purpose.
hough metal aluminate spinels were used as humidity sensors

15–17] there were no literatures found regarding metal alumi-
ates for the purpose of sensing alcohols. Hence we focused
ur study to prepare nickel aluminate and Sr(II)-added nickel
luminate and utilize them for the detection of methanol vapor.

The main objective of the present work is to study the effect
f addition of strontium on nickel aluminates rather than the iso-
orphic substitution. In the present paper the newly developed

trontium added nickel aluminate composites by sol–gel tech-
ique were characterized by X-ray diffraction, scanning electron
icroscopy (SEM), FT-IR spectroscopy and nitrogen adsorp-

ion/desorption isotherm at 77 K. The dependence of electrical
esponse of these composites to the methanol vapor was inves-
igated.

. Experimental

Strontium added NiAl2O4 composites with the molar ratios of
i:Sr (1.0:0.0, 0.8:0.2, 0.6:0.4, 0.4:0.6, 0.2:0.8, 0.0:1.0) keeping

he aluminum molar ratio constant for all compositions as shown
n Table 1 were prepared by the sol–gel route using nitrates of

ickel, strontium and aluminum. Calculated amounts of these
etal nitrates of analytical grade were dissolved in 100 ml of
ater and 1 M citric acid was added as the gelling agent. The

esulting solution was stirred at room temperature until a clear

t
w
s
t
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ransparent solution was obtained. This clear solution was kept
or gelation at 65 ◦C for 12 h and the gel was then dried at 110 ◦C,
ollowed by calcination at 600 ◦C for 5 h. The calcined pow-
ers were subjected to dry milling and made in the form of
ylindrical pellets of dimension 13 mm diameter and 3–4 mm
hickness using a hydraulic press at a pressure of 400 MPa using
% polyvinyl alcohol as the binder. The pellets were then sin-
ered at 900 ◦C for 5 h in ambient air atmosphere. The samples
ere cooled down to room temperature at the natural cooling

ate of the furnace. The sample code with their corresponding
olar ratio is shown in Table 1.
The structural studies were carried out using a Philips X’pert

iffractometer for 2θ values ranging from 10◦ to 80◦ using
u K� radiation at λ = 0.154 nm. A Perkin-Elmer Infrared

pectrometer was used to identify the functional groups of
he composites. The samples were scanned in the spectral
ange 4000–400 cm−1. The surface morphology of the sintered
orous compacts was determined by a Leo-JEOL scanning
lectron microscope at the desired magnification. The surface
rea and pore size distribution were derived from the nitrogen
dsorption–desorption isotherms using liquid nitrogen at 77 K.
he nitrogen adsorption–desorption isotherms of the compos-

tes were measured using an automatic adsorption instrument
Quantachrome Corp. Nova-1000 gas sorption analyzer). The
omposites were degassed at 150 ◦C for overnight. The sur-
ace area of the composites was calculated using BET equation,
hich is the most widely used model for determining the specific

urface area (m2/g). The pore size distribution was determined
sing the BJH method. In addition, the t-plot method [18] was
pplied to calculate the micropore volume and external surface
rea. The total pore volume was estimated as liquid volume of
dsorbate adsorbed at a relative pressure of 0.99. All surface
rea measurements were calculated from the nitrogen adsorp-
ion isotherms by assuming the area of the nitrogen molecule to
e 0.162 nm2.

Electrical conductance measurements of the samples were
etermined by two-probe method using conducting silver paste
o ensure the ohmic contact of the electrodes. The samples
ere electrically connected to a dc power supply and a Keith-

ey 485 picoammeter in series. Given the high resistivity of
he materials under investigation, the potential inaccuracy due
o contact resistance is assumed negligible. The temperature
ependent resistance experiments were carried out to determine
he activation energies of the samples using the linearised form
f the expression, I = Io exp−Ea/kT , where I was the current,
a the activation energy, k the Boltzmann constant and T the

emperature. For this purpose the samples were kept inside a
ylindrical furnace, which was connected to a microprocessor,
ontrolled temperature programmer. The activation energy of the
omposites was determined from the temperature dependence
onductance experiments in the temperature range 120–300 ◦C
nder ambient conditions.

The sensitivity tests were carried out in a testing chamber

hat measures the surface resistance of the samples. Methanol
as injected by a micro syringe into the test chamber and the

ensing characteristics of the sensor were observed by measuring
he electrical resistance change of the sensor when the latter
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ig. 1. Schematic diagram of the experimental set-up used to measure the
ethanol vapor responses.

as exposed to methanol. The volume of the test chamber was
.003 m3. As 1 ml of liquid in 1 m3 volume corresponds to a
oncentration of 1 ppm, a typical injection of 0.3 ml of methanol
n 0.003 m3 corresponds to the gas concentration of 100 ppm
19]. Under the exposure of reducing gas such as alcohol, its
esistance decreases. Its sensitivity Sf is defined as,

f = Rair − Rgas

Rgas

here Rgas is the resistance of the sensor under gas exposure and
air is the resistance of the sensor in air. The resistances of the
amples were measured at different temperatures in the range of
0–200 ◦C and different concentration levels (100–5000 ppm)
f methanol. The schematic representation of the experimental
et-up is shown in Fig. 1.

. Results and discussion

.1. N2 adsorption/desorption isotherms
Fig. 2 represents the nitrogen adsorption/desorption
sotherms at 77 K of the nickel aluminate (NiSA1), stron-
ium aluminate (NiSA6) and the mixed metal composite that

ig. 2. Nitrogen adsorption/desorption isotherms of (a) NiSA1 (b) NiSA6 (c)
iSA5 at 77 K.
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ossessed maximum sensitivity (NiSA5) respectively. The
sotherms of NiSA1 and NiSA5 and NiSA6 showed a hysterisis
ffect with the slope of the plateau increasing with a significant
ncrease in the nitrogen uptake through the entire pressure range.
he large increase in the nitrogen adsorption for NiSA1 at the
igher relative pressures indicate that the NiSA1 composite have
nly a mesoporous character with a relatively larger pore size in
he mesopore range of 2–50 nm. While the nitrogen adsorption
or the composites NiSA6 and NiSA5 considerably increased at
low relative pressure indicating the formation of micropores in
ddition to the presence of mesopores. This increase in uptake
f nitrogen in the samples is a result of the major increase in
orosity created within the strontium aluminate and strontium
dded nickel aluminate components. The composite material
iSA5 exhibited the most prominent hysterisis effect, which

an be characterized by the formation of intergranular pores as
result of strontium addition. The amount of nitrogen adsorbed

ncreased to 79.10 cm3/g for NiSA5 and that for pure nickel alu-
inate (NiSA1) and strontium aluminate (NiSA6) composites
ere only 65.98 and 63.28 cm3/g, respectively.

.2. Surface area and pore volume

The specific surface area was calculated using the BET model
nd the mesopore surface area was calculated by the t-plot
ethod. The composite NiSA1 possessed a very low surface

rea of 55.02 m2/g while NiSA6 possessed 77.86 m2/g. But the
ixed metal composite NiSA5 possessed an increase in BET

urface of 94.56 m2/g. This increase in surface area for NiSA5
an be attributed to the decrease in particle size due to the addi-
ion of strontium in the nickel aluminate composites as a result
f non-isomorphic substitution. The pores could be generated
ithin the three components of oxides of nickel, strontium and

luminum matrices. Consequently pores of different dimensions
re produced. The composite NiSA1 possessed only mesopores
urface area while the composite NiSA6 and NiSA5 possessed
oth micro and mesopore surface area. The micropore surface
rea was obtained by subtracting mesopore surface area from the
orresponding BET surface area. It was observed that there was
considerable increase in micropore surface area of 53.51 m2/g

or NiSA5 while NiSA6 had 33.96 m2/g with NiSA1possessing
o micropore surface area. These results suggest that strontium
ddition in the composites could lead to the modification of the
ntergranular pores controlling the range of surface area.

The mixed metal composite NiSA5 has a pronounced effect
n the pore volume profile. The total pore volumes were esti-
ated from nitrogen adsorption and micropore volumes were

btained by the t-plot method. The mesopore volume was cal-
ulated by subtracting the micropore volume from the total pore
olume. The incremental increase in total pore volume for the
ixed metal composite NiSA5 was significantly observed than

he other two NiSA1 and NiSA6 systems. NiSA1 possessed no
icropore volume but only with mesopore volume while NiSA1
nd NiSA6 possessed both micro and mesopore volumes. The
ncrease in micropore and mesopore volume can be attributed
o the decrease in particle size with more addition of strontium.
he values from Table 2 indicate that the introduction of micro-
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Table 2
Surface area parameters of NiSA1, NiSA5 and NiSA6 composites

S. no. Parameters NiSA1 NiSA6 NiSA5

1 SBET (m2/g) 55.02 77.86 94.56
2 Smic (m2/g) 0.00 33.96 53.51
3 Smeso (m2/g) 55.02 43.9 41.05
4 Total pore volume (cm3/g) 0.102 0.104 0.122
5 Micropore volume (cm3/g) 0.000 0.020 0.028
6 Mesopore volume (cm3/g) 0.102 0.084 0.094
7 Average pore diameter (nm) 7.42 5.34 5.01
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BET: BET surface area, Smic: micropore surface area, Smeso: mesopore surface
rea.

ores by the strontium addition in the NiSA5 matrices along
ith mesopores would lead to enhanced methanol adsorption
ith higher sensitivity than the pure nickel aluminate NiSA1

nd strontium aluminate NiSA6 composites. The surface area
arameters of NiSA1, NiSA5 and NiSA6 composites are shown
n Table 2.

The mesoporosity values (percentage of mesopore compared
o total pore volume, Vmeso/Vtotal) of the composites were 100,
0.69 and 77.04% for NiSA1, NiSA6 and NiSA5, respectively.
he microporosity values (percentage of micropore compared

o total pore volume, Vmicro/Vtotal) of the composites NiSA1,
iSA6 and NiSA5 were 0, 19.31, 22.96, respectively. The data

uggested that the NiSA1 sample inherited intragranular pores
nly in the mesopore range while pure strontium aluminate
iSA6 possessed both micro and mesoporic ranges and thus

he addition of strontium in the nickel aluminate species intro-
uced intragranular micropores in addition to the mesopores
n NiSA5 composite. In addition it was observed that NiSA5
ossessed the highest micropore volume compared to the pure
trontium and nickel aluminate composites. This suggests that
he combination of mixed metals can introduce sufficient micro-
ores in addition to the available mesopores which in turn
ndicate that the combination of mixed metals such as stron-
ium, nickel and aluminum oxide can be considered as a suitable

atrix for the production of microporous and mesoporous
aterials.

.3. Pore size and pore distribution

Fig. 3 shows the pore size distribution of NiSA1, NiSA5 and
iSA6 composites. The average pore size distribution depen-
ent mainly on one or more combination of metal oxides in the
omposites. The average pore diameters of NiSA1, NiSA6 and
iSA5 composites were 7.42, 5.34 and 5.17 nm, respectively.
he average pore diameters obtained from the composites is due

o the formation of intergranular pores within the combination
f metal oxides. It is observed that the average pore diameter of
ure strontium aluminate decrease by one order compared to that
f the pure nickel aluminate species. This drop in pore diameter
ould be due to the reduction in the particle size of strontium

luminates. And still the pore diameter is reduced in the case of
ixed metal composite (NiSA5) to 5.17 nm. This reduction in

he average pore diameter is attributed to the addition of more
trontium along with nickel aluminate composition as a result of

4
A
s
f

Fig. 3. Pore size distribution of NiSA1, NiSA5 and NiSA6 composites.

on-isomorphic substitution. The presence of strontium retards
he growth of bulk nickel aluminate phase leading to an increase
n porosity by introducing micropores.

.4. X-ray diffraction studies

The XRD measurements were carried out to characterize the
ifferent phases of the composites. The X-ray diffraction pat-
erns of nickel aluminate and strontium added nickel aluminate
amples are shown in Fig. 4a–f. The XRD spectra of Fig. 4a
howed peaks corresponding to nickel–aluminate spinel like
hase (JCPDS: 20-0777). As the concentration of the strontium
as increased, the evolution of SrAl2O4 peaks in addition to SrO
hase (JCPDS: 01-0886) was observed. Single-phase ceram-
cs of strontium aluminates were not obtained for the higher
trontium added composites. The patterns were rather compli-
ated which implied that the material was composed of mixture
f phases. After a careful comparison between the standard
CPDS profiles and the experimental results it was found that the
hases such as 5SrO·4Al2O3 (JCPDS: 09-38) and SrO·2Al2O3
JCPDS: 25-1208) were recognized. The addition of more stron-
ium retards the growth of bulk nickel aluminate phase on the
urface and forms new phases 5SrO·4Al2O3 and SrO·2Al2O3.
he presence of different phases in NiSA5 as shown in XRD
as taken as the criteria for good methanol sensing.

.5. FT-IR spectroscopy

The FT-IR spectra (Fig. 5) of the composites exhibit a
road band near 3400 cm−1 due to the �(O H) of free and
ydrogen-bonded hydroxyl groups arising from the adsorbed
ater in the samples and a second typical absorption region

t 1630 cm−1 is assigned to the deformative vibration of water
olecules which is most probably due to water absorption dur-

ng the compaction of the dry powder specimens with KBr
20,21]. The metal–oxygen stretching frequencies in the range

00–1000 cm−1, are associated with the vibrations of Ni O,
l O, Sr O and Sr O Al bonds [22]. The strontium added

amples show the peak at 857 cm−1, which is assigned to the
ormation of SrAl2O4 [23]. The two sharp bands at 560 and
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ig. 4. X-ray diffraction spectra of (a) NiSA1, (b) NiSA2, (c) NiSA3, (d) NiSA4,
e) NiSA5, and (f) NiSA6.

78 cm−1 are due to the nickel aluminate spinels. These bands
orrespond to the AlO6 group, which shows formation of the
iAl2O4 spinel [24].

.6. Surface morphology (SEM)

Fig. 6a–c shows the surface morphology of the compos-
tes NiSA1, NiSA5 and NiSA6 and it depicts the intergranular
orous structure of the composite materials qualitatively. The
article size of NiSA5 was found to be much smaller than NiSA6
ample also. The highly porous structure of NiSA5 compared
o NiSA1 and NiSA6 suggest that the addition of more stron-
ium in the nickel aluminate can reduce the particle size with the
ntergranular pores leading to microporosity in addition to the
resence of mesopores.

.7. Electrical conductance studies
The room temperature electrical conductance measurements
f the composites prior to methanol-sensing measurements sig-
ified that the current increased linearly with the applied voltage,
ndicating the ohmic contact of the electrodes. The temperature

o
t
w
o

ig. 5. FT-IR spectra of (a) NiSA1, (b) NiSA2, (c) NiSA3, (d) NiSA4, (e) NiSA5,
nd (f) NiSA6.

ependence of electrical conductance carried out in the temper-
ture range 120–300 ◦C suggested that the current (I) increased
ith an increase in temperature (T). The activation energies cal-

ulated from the temperature dependence conductance data are
hown in Table 1. The activation energy for electrical conduction
n polycrystalline materials generally involves the combination
f the energy required to raise the carriers from the dominant
evels to their corresponding transport bands and the energy
equired to create the carriers in the dominant levels. The lower
ctivation energy predicts that the small polaron conduction
ominates in the studied temperature range.

.8. Methanol-sensing measurements

The sensitivity of strontium added NiAl2O4 composites to
ethanol at different concentrations (100–5000 ppm) and at

ifferent temperatures (30–250 ◦C) was studied through elec-
rical conductance measurements. Fig. 7 shows the sensitivity

f the composites at 1000 ppm of methanol concentration in
he temperature range of 30–250 ◦C. The sensitivity increases
ith increase in temperature and the maximum sensitivity was
btained at an optimum temperature. The sensitivity thereafter
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Fig. 6. SEM image of (a) NiSA1

ecreases for all the composites. It was observed that the sen-
itivity to methanol vapors of the pure NiAl2O4 was lesser
han the strontium added composites. The optimum temperature
or NiSA1 and NiSA6 was 175 ◦C and for all the Sr(II)-added
ickel aluminates (NiSA2, NiSA3, NiSA4 and NiSA5) it was
50 ◦C. It shows that at an optimum temperature most of the
dsorbed oxygen species would have reacted with the OH
roup of methanol vapor. This adsorbed oxygen creates a space
harge region near the surface of the composite by extract-
ng electrons from the material. Methanol, being reducing in
ature, removes adsorbed oxygen species from the surface and
e-injects the electrons back to the material, thereby decreas-
ng the resistance. The maximum sensitivity at the respective
perating temperature indicates that the equilibrium density
f chemisorbed oxygen ions is maximum at this temperature.

t is evident from Fig. 8 that varying in the concentration
f methanol from 100 to 5000 ppm at 150 ◦C the sensitivity
ncreases up to 1000 ppm with a higher rate of increase in sen-

ig. 7. Sensitivity of composites to 1000 ppm of methanol at different temper-
tures.

f
p
t
m

F
1

iSA5 and (c) NiSA6 composites.

itivity and thereafter slows down reaching near equilibrium.
he sensitivity at low concentration has a linear relationship
ith concentration, as there may be sufficient number of pores

or methanol vapor adsorption. At higher concentration the rate
f adsorption decreases due to less assess of methanol vapors
nto the filled pores leading to less increase in sensitivity val-
es. The increase in porosity with increase in strontium content
s evidenced from SEM image and BET studies confirmed the
resence of more sites for methanol adsorption, which produces
ore charge carriers for electrical conduction. In addition the
EM photographs also reveal that increase in the strontium addi-

ion produces fine particles with smaller dimensions compared
ith the other indicative that smaller the particle size higher
ill be the surface energy and the adsorption capacity. Thus the

omposite NiSA5 possessed comparatively a higher sensitivity
actor of 140 while that of the pure nickel aluminate NiSA1 and

ure strontium aluminate NiSA6 had only 91 and 111, respec-
ively, at their respective optimum temperature for 1000 ppm of

ethanol.

ig. 8. Sensitivity of composites to methanol at different concentrations and at
50 ◦C.
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nates, the speed or response and recovery time for sensing of
methanol is alcohols is improved. The response and recovery
plot of the maximum sensitivity composite NiSA5 is shown in
Fig. 9.
J.J. Vijaya et al. / Journal of Haz

.9. Principle of methanol detection

The mechanism of the methanol detection by the composites
an be described as follows.

The surface conductivity depends on the density of donors
oxygen vacancies) and acceptors (chemisorbed oxygen). In case
f semiconductors like metal oxides, at first atmospheric oxy-
en is chemisorbed on the surface of the composite and forms
onic species such as O2−, O2

− and O− and its conductiv-
ty increases when the incoming gas is reducing type and the
roposed reaction pathway is,

2(gas) ⇔ O2(ads) (1)

2(ads) + e− ⇔ O2(ads)
− (2)

2(ads)
− + e− ⇔ 2O(ads)

− (3)

O(ads)
− + e− ⇔ O2(ads)

− (4)

he reaction between methanol (reducing type) and ionic oxy-
en species yields formaldehyde and water in one case and
ormic acid and water in the other case. Two possibilities of
eactions are:

H3OH(gas) + O(ads)
− ⇔ HCHO + H2O + e− (5)

H3OH(gas) + O2
− ⇔ HCOOH + H2O + e− (6)

ethanol is easily oxidized to formaldehyde and subsequently
ormic acid. When the methanol vapor comes in contact with
he surface oxygen ions of the oxide surface, it reacts with either
− or O2

− ions and gets oxidized to formaldehyde or formic
cid and water and liberates on electron which actually causes
he conductivity to increase.

.10. Influence of the combination of micro and mesopores

The results from our studies infer that the composite that
ossessed a mixture of micro and mesopores showed the higher
ensitivity towards methanol. In this case, the adsorption pro-
ess would have proceeded through a sequence of diffusion
teps from the bulk phase into the mesopores (2 < d < 50 nm)
nd then to the micropores (2 < d < 5 nm). As the molecule size
f methanol is about 0.35 nm [25], micropores would be a
uitable site for the adsorption of methanol where it could be
asily oxidized to aldehyde/acid and was favorable in the sam-
le NiSA5 that possessed micropore surface area of 53.51 m2/g
nd mesopore surface area of 41.05 m2/g with an average pore
iameter of 5.01 nm. The NiSA1 composite having compara-
ively low sensitivity with a reduced adsorption of methanol
ould be due to the less micropore surface area (33.96 m2/g)
nd quite high mesopore surface area (43.90 m2/g) compara-
ively to NiSA5 with an average pore diameter of 7.42 nm where
esorption would also have been facilitated. Thus the addition
f strontium into nickel aluminate matrix introduces micropore

hat leads to an enhanced adsorption followed by oxidation. If

icropores have not been introduced in NiSA5 in addition to
esopores, then the average pore diameter might have been

reater than 5.01 nm, which will lead to desorption. For the
s Materials 153 (2008) 767–774 773

iSA5 composite used in the present work, the presence of
esopores behaves as an entrance for the movement of methanol
olecules from the bulk phase to the inner pores without any

indrance. Thus during the diffusion process the presence of
esopore is of great advantage enabling easy assess for the
ethanol molecule into the micropores not only for acceler-

ting the diffusion into pores but also increasing the equilibrium
overage of such pore surface. If the composite would have
ossessed microporosity alone with no mesopore the average
ore diameter would have been reduced to less than 2 nm but
hen the pore blockage might have occurred due to aggrega-
ion of adsorbate molecules or due to the smaller cross sectional
rea of the micropores at the pore entrances. Therefore a pure
icroporous or mesoporous material would not have favored

igher sensitivity towards methanol. Thus the high sensitivity of
iSA5 can be explained by the fact that the composite containing

onsiderable mesopore and micropore would result in favor-
ble methanol adsorption to get easy assess to the composite
nterior.

.11. Response and recovery characteristics

It is well known that the sensing mechanism of semicon-
uctor gas sensor materials is a surface controlled process.
he adsorption of test gases, which depends on the type of
as and the sensor material, might affect both response and
ecovery characteristics. Better response would be expected for
arger concentration of the test gas adsorbed, because the reac-
ion between the adsorbed reducing gas and oxygen species
ecomes more favorable. The response and recovery times are
he important parameters of gas sensors and were studied for
iSA1 (pure nickel aluminate) and NiSA5 (the composite with
igher sensitivity) and NiSA6 (pure strontium aluminate) com-
osites at their corresponding operating temperatures for three
ycles to ensure repeatability. The response and recovery time
f NiSA1 was 270 and 230 s and for NiSA6 was 280 and
50 s, respectively. But for the composite NiSA5 the response
nd recovery time was only 240 and 210 s, respectively. This
an be explained due to the presence of higher Sr(II) con-
ent on metal aluminate matrix and the high sensitivity of the
omposites. Thus by the addition of Sr(II) to pure metal alumi-
Fig. 9. Response and recovery plot of NiSA5 composite.
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. Conclusions

A study on the methanol detection characteristics of stron-
ium added NiAl2O4 composites prepared by sol–gel technique
ave been carried out. The results suggest that increase in the
oncentration of strontium can increase the porosity result-
ng in higher sensitivity values. The XRD patterns suggested
he formation of single phase for nickel aluminate composite
hile multiphasing was observed in the strontium added nickel

luminate composites. The vibrational stretching frequencies
orresponding to the composites were confirmed by FT-IR spec-
roscopy. It was observed that the sensitivity of the composites
o methanol was higher at 150 ◦C, which may be the saturation
oint of the redox reaction between the methanol vapor and the
dsorbed oxygen species. The sensing properties of the com-
osites were studied for different concentrations at 150 ◦C and
ound to be increasing with increase in methanol concentration.
he increase in surface area and porosity as shown by nitrogen
dsorption–desorption isotherms and pore size distribution, with
he introduction of micropores makes the composite NiSA5 to
e a better candidate for methanol detecting applications as evi-
enced by the comparatively higher sensitivity value. The results
btained are promising for the preparation of sensitive and low
ost methanol sensor and harvesting of its properties may lead
o dependable commercial products.
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