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a  b  s  t  r  a  c  t

Lanthanam  niobate  (LaNbO4)  nanopowder  was  synthesized  by  a  low  temperature  solution-based  process.
Thermal  analysis  TG/DTA,  XRD,  SEM,  TEM,  EDX,  impedance  analysis  and  Brunauer-Emmett-Teller  (BET)
were used  to characterize  the  precursor  and  the  calcined  LaNbO4 powders.  The  gas  sensing  behavior
of LaNbO4 nanopowder  was  studied  with  gases  like  liquid  petroleum  gas  (LPG),  ammonia  (NH3),  and
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ethanol  (C2H5OH),  as  a function  of  various  controlling  factors  like  operating  temperature,  concentration
of  the  gas  and  response  time.  It revealed  that  LaNbO4 is  a  very  promising  material  for  the  detection  of
LPG (80%)  and  NH3 (59%)  at relatively  lower  operating  temperatures.

© 2013 Published by Elsevier B.V.
-type semiconducting gas sensor.

. Introduction

The research for newer materials which can be employed for
igh performance solid-state gas sensors has resulted in the devel-
pment of various oxide materials. Semi-conducting metal oxide
aterials like ZnO, TiO2, SnO2, In2O3, etc., have been exploited in

he past because of their simplicity, low cost and possible real time
easurement. Among various metal oxides, LaNbO4 is an excel-

ent ceramic oxide having high thermal and mechanical stability.
t exhibits polymorphism viz. monoclinic and tetragonal phases
1]. LaNbO4 is used in solid oxide fuel cells, hydrogen sensors, etc.,
ecause of its enhanced physical and chemical properties [2–4]. In
he field of gas-sensing materials, LaNbO4 could be considered as
otential candidate for future developments of sensing materials.
he gas sensing mechanism involves a redox reaction at the sur-
ace, leading to a change in the depletion layer of the grains which
n turn changes the electrical resistance. The most common reac-
ion that leads to change in conductance is the adsorption of gases
n the material surface. Adsorption being a surface effect, surface
rea plays an important role in the sensing mechanism. In nano-
ized materials large fraction of atoms are present at the surface
nd these atoms are widely used to enhance the gas-sensing prop-

rties of semiconducting oxides. Hence, for the application of gas
ensors, nanosized particles are desirable. Earlier work pertaining
o the preparation of LaNbO4 powder relied on methods such as

∗ Corresponding author. Tel.: +82 062 530 1684.
E-mail address: mems@jun.ac.kr (D.-W. Lee).

169-4332/$ – see front matter ©  2013 Published by Elsevier B.V.
ttp://dx.doi.org/10.1016/j.apsusc.2013.06.013
solid state, spray pyrolysis and sol–gel process were used to prepare
[5,6]. Several shortcomings are encountered during these processes
due to heat treatments involved which results in higher tempera-
tures that leads to high energy consumption. Also, limitations such
as difficulty in controlling the component homogeneity, crystal
size, stoichiometric ratio, and formation of undesirable phase, all
of which to a great extent result in decrease of gas sensitivity for
a given material. To eliminate the difficulties in getting homoge-
neous nanocrystalline stoichiometric compound, a new method of
synthesis was tried. Due to the increased awareness of potential
hazards in both industrial and domestic environments, there is a
growing need to detect and monitor gases particularly those that
are toxic and potentially explosive. LPG that is widely used as a
common fuel for industrial and domestic purposes is potentially
hazardous because of its explosive nature on account of leakage.
NH3 is harmful and toxic in nature, is utilized extensively in many
chemical industries, refrigeration systems, fire power plants, etc.
Therefore, it is necessary to develop good sensors for the detection
of LPG and NH3. Past two decades, considerable efforts have been
devoted to fabricate various semiconducting gas-sensing materials
because they can detect toxic gases, which are relevant for chemi-
cal industries, environmental protection, public safety, and human
health.

In particular, high-temperature gas sensors are based on semi-
conducting metal oxides as they are economical, small in size, easy

to handle, and have fast response to changes in gas concentration.
They also have additional advantages in terms of long operating
life, high reliability leading to a low failure rate and effectiveness
in a harsh environment.

dx.doi.org/10.1016/j.apsusc.2013.06.013
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.apsusc.2013.06.013&domain=pdf
mailto:mems@jun.ac.kr
dx.doi.org/10.1016/j.apsusc.2013.06.013
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under gas-free atmosphere (dry air). In this study, the gas sensing
properties of LaNbO4 was investigated for LPG, NH3 and ethanol
from 50 to 350 ◦C. At the optimal operating temperature, the sensor
C. Balamurugan et al. / Applie

In this paper, we report for first time the LPG, NH3 and ethanol
ensing properties of nanocrystalline LaNbO4 prepared by the
olution-based method. The characteristics of LaNbO4-based sen-
or have been studied by measuring resistance of the sensor
aterial in air and then in a reducing gas environment. It has been

bserved that there is an increase in gas response when exposed to
educing gases like liquid petroleum gas (LPG) ammonia (NH3) and
thanol (C2H5OH) at 250 ◦C. LaNbO4-based sensor has very promis-
ng future for LPG detection in the low ppm range with a response
ime in the seconds range.

. Experimental details

Niobium pentoxide, lathanam nitrate, citric acid, ammonium
ydroxide, ammonium oxalate, hydrofluoric acid and hydrogen
eroxide were purchased from Merck and CDH. All the chemicals
ere of reagent grade and used without further purification. Among

he various niobium compound (niobium alkoxides and NbCl5),
iobium pentoxide was selected as a starting material of niobium
ource because it is not only inexpensive but also easy to control
oisture susceptibility.
LaNbO4 nanoparticles were synthesized by simple two step

olution-based method. The first step is the preparation of hydrated
b2O5 from Nb2O5. In which Nb2O5 was dissolved in hydrofluoric
cid with a constant stirring for about 6 h at 60 ◦C temperature,
b2O5 was dissolved in HF to form [NbOF5]2− or [NbF7]2− com-
lex. To this, a freshly prepared aqueous solution of ammonium
xalate was added in excess, with rapid stirring to the solution
eated at 65 ◦C. The required amount of the aqueous ammonia
as then added drop-by-drop, after terminating the reaction, to get
ydrous niobium oxide (Nb2O5·nH2O) as precipitate. This hydrous
xide was filtered and washed with 10% aqueous ammonia solution
y centrifugation to eliminate fluoride free hydrated Nb2O5. The
ddition of ammonium oxalate helped to truncate the polynuclear
hain associated with hydrous niobium ions during the neutral-
zation process [7]. The prepared hydrous niobium oxide was  then
ssayed at 1000 ◦C for 3 h to estimate the amount of niobium oxide
Nb2O5) present in the hydrous oxide.

The second step involved the dissolution of stoichiometric
mount of hydrous niobium pentoxide and lanthanum nitrate in
itric acid solution (2 mol/mol of metal ion) in the presence of H2O2.
he mixture was stirred on a hot plate with a magnetic stirrer until
he reactants were dissolved fully. We  utilize in the midst of citric
cid C(OH)(COOH)(CH2·COOH)2·H2O in this work. Citric acid has
hree carboxylic and one hydroxyl group for coordinating metal
ons which helps in homogenous mixing to get the transparent yel-
ow color solution. The pH of solution was maintained at around 7
y adding aqueous ammonia to it. Ammonia addition led to rapid
volution of O2 and NH3, and the solution turned colorless. Vis-
ous gel was formed by dehydrating the solution on a hot plate at
00 ◦C. Further heating led to charring of the gel and formation of
lack precursor powder. This dried mass was calcined at 900 ◦C for

 h, to get a novel LaNbO4 nanopowder. The resultant powder was
haracterized and evaluated for gas sensor applications.

The as-prepared precursor powder was subjected to simulta-
eous differential thermal analysis (DTA) and thermogravimetric
nalysis (TGA) (Model: Pyris Diamond) at a heating rate of
0 ◦C/min from 30 to 900 ◦C to determine the phase forma-
ion and complete crystallization temperature of the precursor
ample. X-ray diffraction measurements of the calcined LaNbO4
owders were carried out using X-ray diffraction analyzer with

u K� radiation at room temperature. XRD data were obtained
t 2� = 20–80◦, with a step size of 0.02◦ and a count time of

 s. Scherer’s equation was used to calculate the average crys-
allite size of the powder. The morphology of the samples was
ce Science 283 (2013) 58– 64 59

investigated by scanning electron microscopy (Model: Hitachi, SN-
3400N). The particle size and compositional analyses were carried
out using transmission electron microscopy (Model: Philips CM-
200), and energy dispersive spectroscopy attached with TEM. For
TEM investigation, Sample was  prepared by deposition and evap-
oration of an ethanolic LaNbO4 dispersion on a lacey-film Cu grid.
Brunauer–Emmett–Teller (BET) analysis of prepared powder sam-
ple was carried out with a (Micrometrisics, ASAP 2020), applying
N2 as adsorbate. Impedance measurement of the powder was  car-
ried out in the temperature range 30–175 ◦C in air environment. A
Potentiostat/Galvanostat (Model: Micro auto lab type III) analyzer
was  used for the impedance measurement in the frequency range
of 1 Hz–500 kHz.

For sensor studies, LaNbO4 nanopowder was mixed with 2%
poly-vinyl alcohol as a binder to form a paste which was coated onto
a ceramic tube substrate provided with platinum wire electrodes
for electrical contacts. The tube was about 8 mm in length, 2 mm
in external diameter and 1.6 mm in internal diameter. The sensor
element was  then heat-treated at 500 ◦C for an hour to remove
the residual polymer, which helped to make it rigid and impart its
porous nature. A small nichrome alloy coil was placed inside the
tube as a micro heater to provide the required operating temper-
atures. Chromel-alumel thermocouple (TC) was used to sense the
temperature of the sensor. The schematic of sensor element used
for the gas sensitivity studies is shown in Fig. 1. The gas sensing
performance of the sensor was studied in a sealed test chamber
(300 cm3) made up of aluminum with a gas inlet and an outlet. The
test gases were injected into the test chamber through an injection
part and the resistance was measured as a function of time until
steady values were attained. The chamber was then purged with
fresh air and the experiments were repeated. The electric circuit
for the gas response measurement is shown in Fig. 2. The operat-
ing voltage (Vh) was  supplied to either of the coils for heating the
sensors and the circuit voltage (VC = 10 V) was supplied across the
sensors and the load resistor (RL = 1 M�) connected in series. The
signal voltage across the load, which changed with minute con-
centration of gas, was  measured. For the p-type semiconducting
material following formula is used for sensor response (S) calcula-
tion [8].

S(%) = (Rg − Ra)
Ra

× 100 (1)

Rg is the resistance under a given gas concentration at constant
temperature and, Ra is the base resistance at constant temperature
Fig. 1. The schematic of sensor element used for the gas response studies.
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Fig. 4. X-ray diffraction patterns of LaNbO4 precursor calcined at (a) 600 ◦C, (b)
700 ◦C, (c) 800 ◦C and (d) 900 ◦C.
ig. 2. Electrical circuit of the gas response test system (Vh: heating voltage, Vc:
ircuit voltage, Vc: output signal voltage and RL: load resistance).

esponse was measured as a function of various concentrations of
est gases as well as response time.

. Results and discussion

The thermal decomposition of LaNbO4 precursor was evaluated
t temperatures ranging from 30 to 900 ◦C using TG/DTA analysis
s shown in Fig. 3. The endothermic peak on the DTA curves cen-
ered at 128 ◦C, together with drastic weight loss in the TG curve
19%), which corresponds to the evaporation of residual water and
hemically bound water in the precursor sample. The first exother-
ic  peak occurred with a huge mass loss of 30% and centered

t 363 ◦C, representing the reaction of nitrates with citric acid
nd decomposition of the residual organic matter with the lib-
ration of CO2 and N2. The generation of an enormous amount
f heat facilitated formation of LaNbO4. The last sharp exother-
ic  peak occurred at 738 ◦C with mass loss. This is due to the

hase transition of tetragonal LaNbO4 to monoclinic phase or the

o-existence of this phase together and crystallization of LaNbO4.
o more weight loss was found after temperature higher than
38 ◦C.

ig. 3. Simultaneously recorded TGA/DTA cures of the carbonaceous precursor of
aNbO4.
Fig. 4 shows the XRD pattern of LaNbO4 powder calcined at
600–900 ◦C for 2 h. The carbonaceous precursor of LaNbO4, when
calcined below 700 ◦C was  amorphous. The diffraction patterns
obtained after calcinations at 700 and 800 ◦C showed reflection
peaks of both tetragonal and monoclinic phases of LaNbO4 (JCPDS
card No. 86-0911and 78-0158) [9]. It can be observed that the
peaks at 2� values of 29.05, 31.21, 34.74, 53.30 and 59.68 at 700 ◦C,
and 29.05, 31.21, 40.04, 40.43, 46.46, 60.21 and 63.63 at 800 ◦C
reflection show monoclinic phase crystallites. With increasing tem-
perature the diffraction peaks of tetragonal gradually decrease
whereas diffraction peaks of monoclinic become stronger. When
the temperature reaches 900 ◦C monoclinic phase of LaNbO4 is
obtained, all the peaks were well consistent with standard JCPDS
(card No. 78-0158) and no characteristic peak of impurities was
observed. This confirmed the sample as pure monoclinic LaNbO4
crystalline. This is considerably a lower temperature to obtain the
monoclinic phase of LaNbO4 compared with all previous report.
The calculated lattice parameters [a = 5.52, b = 5.15 and c = 11.47]
of the sample matched closely with the standard lattice parame-
ter values. At higher calcination temperatures, XRD peaks became

sharper without obvious extension in width. It can be concluded
that the grain size and crystallinity increased with the calcination
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Fig. 7. SAED analysis of the LaNbO4 nanopowder calcined at 900 ◦C.

� = L

RA
(3)
Fig. 5. SEM image of the LaNbO4 nanopowder calcined at 900 ◦C.

emperature in the range of 700–900 ◦C. The crystalline size D, was
etermined by using the Scherrer equation;

 = 0.9�

(B cos �)
(2)

here � is the corrected wavelength of the X-ray radiation, B is the
ull width at half maximum corrected for instrumental broadening,
nd � is the Bragg angle of the diffraction peak. The average sizes
f the grain were calculated as 35, 42 and 62 nm for 700, 800 and
00 ◦C, respectively.

Fig. 5 shows a SEM micrograph of the calcined powder. The pow-
er particles are found to be agglomerates of nano-sized primary
articles. The particles were spherical-like structure with porous
ature. TEM image of the prepared LaNbO4 powder calcinated at
00 ◦C for 2 h is shown in Fig. 6. The image confirms the spherical
hape of the particles, with uniform distribution. The average diam-
ter of LaNbO4 particles was found to be about 60 nm.  The SAED
attern of the calcined sample is shown in Fig. 7. The diffraction pat-
ern showed that the powder is well crystalline, and the observed
lan confirmed the presence of crystal lattice of (1 1 2), (0 1 3)
nd (2 0 0) orientation. The observed diffraction plan revealed the
onoclinic phase of the sample. This is consistent with the X-ray

iffraction analysis.

The atomic % for La, Nb and O were found out from EDX (Fig. 8),

nd were 17.60, 17.50 and 64.90, respectively, (La1.06Nb1.05O3.89),
hich was very close to the stoichiometric ratio of pure LaNbO4.

Fig. 6. TEM image of the LaNbO4 nanopowder calcined at 900 ◦C.
Fig. 8. EDX analysis of the LaNbO4 nanopowder calcined at 900 ◦C.

The complex impedance plot of the LaNbO4 nanopowder at 30 ◦C
is shown in Fig. 9.The high frequency semi-circle absence indicates
that the material conductivity depends on the grain boundaries. The
resistance R of the sample was  obtained from the intercept on the
x-axis of the complex impedance plot. The conductivity of LaNbO4
is calculated by using the following equation;
Fig. 9. Nyquist plot of the LaNbO4 nanopowder obtained at 30 ◦C.
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the maximum response time was  less than 25 s. After the LPG gas
ig. 10. Arrhenius plot of log conductivity versus reciprocal temperature for
aNbO4.

here L and A are the thickness and known area of the sample. Elec-
rical conductivity varied linearly as a function of temperature. It is
oted from the Arrhenius plot that increased temperature increases
he conductivity of the sample (Fig. 10). The activation energy of
onduction process was calculated from the slope of log � versus
/T plot. In the temperature range of 30-175 ◦C, the activation
nergy of LaNbO4 was found to be 0.29 eV. The observed tem-
erature dependence on electrical conductivity is similar to those
bserved in semiconductor oxide systems. LaNbO4 may  behave as

 semiconductor due to its oxygen deficiency [10]. The specific sur-
ace area of LaNbO4 nanopowder calcined at 900 ◦C was estimated
y Brunauer-Emmett-Teller (BET) method and it was  found to be
4.36 m2/g.

Fig. 11 shows the gas response versus operating temperature for
aNbO4 based sensor for different test gases. At 250 ◦C, the highest
as sensitivity was observed for LPG (80%), followed by ammonia

59%) and ethanol (22%). This demonstrates that the response of
aNbO4 based sensor to ammonia and ethanol at an operating tem-
erature of 250 ◦C is very low compared to that of LPG. Fig. 12 shows

ig. 11. Gas response characteristics of LaNbO4 nanopowder for various reducing
ases as a function of operating temperature.
Fig. 12. Variation in gas response for LPG, NH3 and ethanol gas as a function of gas
concentrations at 250 ◦C.

the variation in gas response for LPG, NH3 and ethanol gas as a
function of gas concentrations at 250 ◦C. The sensitivity increased
linearly with gas concentrations up to 500 ppm. The gas displayed
the tendency to get saturated at concentrations above 500 ppm.
The response of 500 ppm LPG was higher than that of 500 ppm NH3
and ethanol, implying that the sensor was highly selective for LPG
gas. The response and recovery times are important parameters in
the design of sensors. The response is defined as the time taken to
reach maximum response when the required amount of test gas is
introduced into the chamber and keeping the sensor at operating
temperature. The recovery time is the time taken by the sensor to
come back to its initial value after the gas was removed. Fig. 13
depicts the response and recovery curves to 500 ppm LPG and NH3
gas of LaNbO4 sensor at an operating temperature 250 ◦C. When
LPG gas was  introduced, the response of the sensor increased and
was  removed, the response gradually decreased and the recovery
time to restore original value from the maximum response was
less than 100 s. The response and recovery time for NH3 was 10 s

Fig. 13. Response and recovery of LaNbO4 sensor as a function of time at their
optimum operating temperatures for LPG and NH3 gases.
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nd 80 s, respectively. It is well known that LPG consists of CH4,
3H8, and C4H10, etc. and in these molecules the reducing hydro-
en species are bound to carbon therefore LPG dissociates less easily
nto reactive reducing components on the LaNbO4 Surface. Sensor

aterials are classified as n-type or p-type, depending on whether
hey show an increase or decrease in electrical resistance, when
hey are exposed to reducing test gases. In the present study, the
aNbO4 nanopowder based sensor offered an increase in resisti-
ity when test gases were introduced. Hence it behaved as a p-type
ensor.

Metal oxide semiconductors are mainly used to detect small
oncentrations of reducing and combustible gases in air. In the
bsence of test gas, oxygen gets chemisorbed on the surface of oxide
aterial and it extracts electrons from the conduction band, cre-

ting a depletion layer at the surface of the individual grains and
he intergranular region. Thus, equilibrium of the chemisorptions
rocess results in the stabilization of the surface resistance. The

nteractions between the test gas and sensing surface depend on
he nature of physisorption, chemisorptions, surface defects and
ulk defects. Physisorption is the weakest form of adsorption to
ensor surface; no electrons are exchanged between the sensor
aterial and the gas molecules. Hence, the conductivity of the

ensor remains unchanged. Usually, physisorption monotonically
ecreases with increasing operating temperature. Chemisorption
as a stronger interaction that shows a better sensitivity and selec-
ivity. In chemisorptions, adsorbate forms chemical bonds with the
urface atoms and thus the electronic structure of both the adsor-
ate and the surface are modified. Hence, defects on the surface play

 more important role than bulk defects. The change in electrical
onductivity of a material is given by;

 = �o exp
(

Ea

kT

)
P(O2)1/n (4)

here � is the electrical conductivity, Ea is the activation energy,
 is Boltzmann’s constant, T is the absolute temperature, p(O2)
s the partial pressure of O2, and n depends on the nature
f the point defects arising when O2 is removed from the
attice.

When a sensor is exposed to air, oxygen molecules are adsorbed
n the surface of the LaNbO4. It traps electrons from the conduction
and and produces negatively charged chemisorbed oxygen species
uch as O2

−, O− and O2−, respectively. Hence, the concentration of
oles in valence band increase and the resistance of the material
ecrease due to increased concentration of available carrier. The
orm of such chemisorbed oxygen species at the surface strongly
epends on the operating temperature. At relatively lower operat-

ng temperature, the surface adsorbs more O2
− and this causes the

ensitivity to become low. As the temperature increases, both O−

nd O2− are chemisorbed. The adsorption of O− was  the most inter-
sting process in sensors, because these oxygen ions were more
eactive and thus made the material more sensitive to the pres-
nce of reducing gases. When LaNbO4 is exposed to reducing gas,
as molecules react with adsorbed oxygen species on the surface
nd effective electron transfer occurs from the gas molecules to
ensor material.

The surface reactions between the LPG and the oxygen species
an be described as follows [11–13]:

nH2n+2 + 2O− → H2O + CnH2n: O + e− (5)

nH2n: O + O− → CO2 + H2O + e− (6)
Here, CnH2n+2 represents CH4, C3H8, C4H10, etc., while CnH2n:O
epresents partially oxidized intermediates on the LaNbO4
urface.
ce Science 283 (2013) 58– 64 63

The reaction between NH3 and the chemisorbed oxygen O− can
take place as described below [14]:

2NH3 + 3O−
(ads) → N2 + 3H2O + 3e− (7)

Electrons released from the above reaction are injected back
into the conduction band of sensor material. These recombine with
some of the holes, thus reducing the concentration of the charge
carriers and decreasing the conduction of the sensor material,
i.e., increasing electrical resistance of the p-type LaNbO4 semi-
conductor. The maximum response for various gases depends
on the availability of ionic species on the sensor surface which
react with gas molecules. Compared to ammonia and ethanol,
LaNbO4 showed highest response for LPG at an operating tem-
perature of 250 ◦C. This may  be attributed to the availability of
sufficient adsorbed ionic species of oxygen on the sensor surface
which react most effectively with LPG molecules at this partic-
ular temperature. Beyond the optimum temperature, desorption
of all oxygen ionic species occurs causing a decrease in response.
The temperature plays an important role in the charge carrier
concentration and the Debye length. This may  be one of the rea-
sons for the decrease in response of the LaNbO4 sensor at higher
temperature.

4. Conclusion

A novel nanocrystalline LaNbO4 powder was prepared by using
low temperature solution-based process. Typical monoclinic struc-
ture of LaNbO4 was  obtained at 900 ◦C for 2 h and it was confirmed
by XRD and electron diffraction pattern of TEM analysis. The tem-
perature dependent conductivity plots of the sample obeyed the
Arrhenius relation. Sensitivity analysis showed that LaNbO4 has a
better response to LPG and NH3 gases at an operating temperature
of 250 ◦C than C2H5OH. The response times of LPG and NH3 were
about less than 25 and 10 s, respectively.

Novelty

Nanocrystalline LaNbO4 prepared by low temperature pro-
cess. Gas sensing behaviour of LaNbO4 reported at the first
time.
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