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Abstract Nanocrystalline La1-xCoxMn1-yNiyO3 (x = 0.2

and 0.4; y = 0.1, 0.3, and 0.5) thick films sensors prepared by

sol–gel method were studied for their H2S gas sensitivity.

The structural and morphological properties have been car-

ried out by X-ray diffraction (XRD) and transmission elec-

tron microscopy (TEM). Average particle size estimated

from XRD and TEM analyses was observed to be 30–35 nm.

The gas response characteristics were found to depend on the

dopants concentration and operating temperature. The

maximum H2S gas response of pure LaMnO3 was found to be

at 300 �C. In order to improve the gas response, material

doped with transition metals Co and Ni on A- and B-site,

respectively. The La0.6Co0.4Mn0.5Ni0.5O3 shows high

response towards H2S gas at an operating temperature

250 �C. The Pd-doped La0.6Co0.4Mn0.5Ni0.5O3 sensor was

found to be highly sensitive to H2S at an operating temper-

ature 200 �C. The gas response, selectivity, response time

and recovery time were studied and discussed.

Introduction

Gas sensors play vital role in detecting, monitoring, and

controlling the presence of hazardous and poisonous gases

in atmosphere at very low concentrations. An efficient gas

sensor must have high gas response and good selectivity at

low operating temperature. Gas sensors based on semi-

conducting oxides are widely used for the application in

gas sensing. They offer many advantages such as simple

fabrication, low cost, high sensitivity to both reducing and

oxidizing gases, etc. Few semiconducting oxide materials

being used as gas sensors are ZnO, SnO2, WO3, Fe2O3,

In2O3, NiFe2O4, MgFe2O4 [1–6], etc. At present, the search

for new gas sensing materials and developing the proper-

ties of conventional gas sensing materials has become an

active research field.

The perovskite-type (ABO3) LnMO3 oxides having

lanthanides (Ln) and tri-valent cations (M) are one of the

most applicable materials for catalysis [7, 8], electrodes,

and solid electrolytes of fuels cells [9, 10], gas sensors

[11, 12], etc. The gas sensing characteristics of the mate-

rials can be improved by incorporating few additives into

the oxide films [13, 14]. Catalysts like Pt, Pd, Ag, and Ru

are often added [14, 15] to the base material to improve the

gas response and selectivity.

Hydrogen sulfide (H2S) is an extremely hazardous, toxic

gas. It is a colorless, transparent gas that can be identified

in relatively low concentrations, by a characteristic rotten

egg odor. At levels of 50–100 ppm, it may cause the

human sense of smell to fail. This means that the gas can be

present at dangerously at high concentrations, with no

perceivable odor. Usually the poisoning caused by H2S is

through inhalation and has toxicity similar to cyanide.

Therefore, it is needed to detect and control the H2S gas for

healthy environment. Some well-known materials for H2S

gas sensing are SnO2–ZnO–CuO [16], SnO2–Pd [17],

SnO2–Al2O3 [18], SnO2–CuO–SnO2 [19], ZnSb2O6 [20],

BaTiO3 [21], etc.

In this article, the response of nanocrystalline La1-xCox

Mn1-yNiyO3 (x = 0.2 and 0.4, y = 0.1, 0.3, and 0.5) was

measured to reducing gases at different operating temper-

atures. The materials were synthesized by sol–gel method.

This material was found to an excellent sensor to H2S gas.

Further improvement in response was observed by adding
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0.1 wt% Pd to the La0.6Co0.4Mn0.5Ni0.5O3. The gas

response characteristics were found to be dependent on the

dopants concentration and operating temperature. The

structural characteristic of the materials was studied by

using X-ray diffraction (XRD) and transmission electron

microscopy (TEM).

Experimental details

Materials preparation

Nanocrystalline La1-xCoxMn1-yNiyO3 (x = 0.2 and 0.4,

y = 0.1, 0.3, and 0.5) were prepared by sol–gel method.

First, analytical grade La(NO3)3�6H2O, Co(NO3)2�6H2O,

Ni(NO3)3�6H2O and Mn(NO3)3�4H2O were weighed

accurately and dissolved in deionized water and adding

them to an warm aqueous solution (30 �C) of citric acid/

ethylene glycol (*0.25 mol of citric acid and *1 mol of

ethylene glycol) under continuous stirring and to obtain a

homogeneous solution. After achieving complete dissolu-

tion, the resultant solution was heated with continuous

stirring, at 90 �C for 4 h in order to evaporate the excess

solvents and promote polymerization. After being heated at

130 �C for 13 h, the solution became highly viscous. The

powder was then calcined at 650 �C for 6 h in order to

improve the crystallinity of materials.

Appropriate weights of palladium nitrate were dissolved

in distilled water and then appropriate weight of above

prepared materials was added to this solution. This solution

was the stirred on magnetic stirrer. After several hours, the

sample was slowly heated to dryness with stirring and then

heated at 500 �C for 5 h in air.

Structure and morphological characterization

The synthesized samples were characterized by powder

XRD using a Siemens D 5000 diffractometer. The XRD

data were recorded by using Cu Ka radiation (1.5406 Å).

The intensity data were collected over a 2h range of 20–80�.

The average crystallite size of the samples was estimated

with the help of Scherrer equation using the diffraction

intensity of all prominent lines [22]. TEM examination of

the synthesized powder was performed using an H-800

electron microscope.

Fabrication and analysis of gas sensors

The above-calcined powders were mixed with 2–3% PVA

(polyvinyl alcohol) and ethyl alcohol to form paste, then

the paste were coated onto an Al2O3 tube substrate on

which two platinum wires had been installed at each end.

The schematic of sensor element used for the gas

sensitivity studies as shown in Fig. 1. A small Ni–Cr alloy

coil was placed through the tube as a heater, which pro-

vided operating temperature at 50–350 �C. The tempera-

ture was controlled by adjusting the heating power. The

alumina tube was about 8 mm in length, 2 mm in external

diameter, and 1.6 mm in internal diameter. The sensor is

sintered at 400–650 �C for 2–4 h to make it rigid and to

impart ceramic properties. Two Pt electrodes have been

installed at each end of alumina plates for the measurement

of gas sensing properties. The distance between the elec-

trodes was about 1–2 mm. The different test gases are

injected into the specimen chamber through an inlet port.

The sensor elements, which are equipped with a nichrome

heater to provide the necessary temperature and a chromel–

alumel thermocouple for temperature monitoring, were

fixed inside a specimen chamber made of aluminum for

measurement of gas sensing characteristics. Different test

gases were injected through an inlet into the specimen

chamber. The schematic of gas sensing measurement setup

is shown in Fig. 2.

The gas sensing properties of reducing gases such as

H2S, LPG, CO, and NH3 were measured. The resistance of

a sensor was measured in air and in a sample gas. The gas

sensitivity (S) is defined as the ratio of the change of

resistance in presence of gas (Rg) to that in air (Ra) [23],

S ¼ Ra � Rg

� �
=Ra ¼ DR=Ra ð1Þ

where Ra and Rg were the resistance in air and resistance in

test gas, respectively. The test temperature range is from 50

to 350 �C, and the gas concentration tested is 300 ppm.

Results and discussion

Structural characterization

Figure 3 (a and b) displays the XRD pattern of the samples

La0.6Co0.4MnO3 and La0.6Co0.4Mn0.5Ni0.5O3 calcined at

650 �C, respectively. The XRD pattern shows single phase

Fig. 1 The schematic of a sensor element used for the gas sensitivity

studies
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with orthorhombic perovskite-type structure. The sharp

diffraction peaks indicate that well-crystallized materials

could be achieved by the present synthesis route. The

crystallite sizes of powders were calculated by using

Scherrer’s equation. The obtained D values were about in

the range 30–35 nm.

Figure 4 shows TEM micrograph of the sample

La0.6Co0.4Mn0.5Ni0.5O3 calcined at 650 �C. The micro-

graphs indicate the uniform distribution of nanosized par-

ticles. The average size of particles estimated from the

TEM micrograph is 30 ± 2 nm. The measured particle size

is consistent with that calculated from the XRD patterns by

using Scherrer formula.

Gas sensing characteristics

In the gas response measurement, the sensor elements were

exposed to reducing gases like H2S, LPG, CO, and NH3.
The sensor elements were maintained at different temper-

atures but gases were introduced in a test chamber at room

temperature. The gas response is strongly dependent on

operating temperature, type and concentration gas, material

composition, and sample microstructure [24]. Figure 5

shows the variation of gas response of undoped (A)

LaMnO3 and Co-doped LaMnO3 (B) La0.8Co0.2MnO3 and

(C) La0.6Co0.4MnO3 to H2S gas (300 ppm) with operating

temperatures. The undoped LaMnO3 shows lower response

(0.45) towards H2S gas at an operating temperature 300 �C,

while the samples La0.8Co0.2MnO3 and La0.6Co0.4MnO3

show higher response (0.52 and 0.60, respectively) towards

H2S gas at an operating temperature 280 �C. Compared

with La0.8Co0.2MnO3, La0.6Co0.4MnO3 showed the large

response to H2S gas. The reason may be that the partial

replacement of La ions by Co ions at the A-sites is

advantageous to adsorption by creating active sites and

Fig. 2 The schematic of gas

sensing measurement setup

Fig. 3 X-ray diffraction pattern of a La0.6Co0.4MnO3 b La0.6Co0.4

Mn0.5Ni0.5O3 calcined at 650 �C

Fig. 4 TEM micrograph of La0.6Co0.4Mn0.5Ni0.5O3 calcined at

650 �C
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oxidization for H2S gas. In addition, the partial replace-

ment results in a decrease of grain size and hence in an

increase of surface area. Since small grains have relatively

large grain boundary areas, the adsorption of gas molecules

is relatively high.

It is interesting that the best sensor response towards

H2S gas was obtained for La0.6Co0.4MnO3 sensor with 40%

substitution of La by Co, which may due to the highest

surface area. The result is not surprising because higher

surface area means more surface adsorption sites or surface

oxygen anions available to react with the reducing gas [25].

The addition of 3d transition metal oxides is most

widely used for improving the gas sensing property [26,

27]. The effect of NiO as a dopant has been reported as a

grain growth inhibitor [28, 29]. Figure 6 shows the sensor

response as a function of operating temperature for

La0.6Co0.4Mn1-yNiyO3 (y = 0.1, 0.3, and 0.5) studied for

various operating temperatures from 50–350 �C. The

sensing characteristics indicate that the sensor response to

H2S gas is the highest for Ni (x = 0.5) as compared to

x = 0.1 and 0.3 at an operating temperature 250 �C. The

increase in concentration of Ni at the B-site of

La0.6Co0.4MnO3 may cause the replacement of Mn by Ni

ions of different valence state, leading to the creation of

oxygen vacancies to maintain the charge neutrality. The

largest response of La0.6Co0.4Mn0.5Ni0.5O3 may be due to

more available sites for gaseous oxygen to be adsorbed and

in turn to oxidize the test gas. The partial replacement

results in a decrease of grain size and hence in an increase

of surface area. Owing to the large response and low

operating temperature of La0.6Co0.4Mn0.5Ni0.5O3, this

material was selected for further studies.

The ability of a sensor to respond to a certain gas in the

presence of other gases is known as selectivity. At various

operating temperatures, the sensor elements were tested

against different reducing gases like H2S, LPG, CO, and

NH3. Figure 7 shows the response of La0.6Co0.4Mn0.5

Ni0.5O3 to different reducing gases as a function of oper-

ating temperature. The sensor shows the high sensor

response towards H2S gas, and other gases shows low

sensor response. It is clear from the graph that the

La0.6Co0.4Mn0.5Ni0.5O3 is more selective to H2S gas than

other reducing gases.

The gas response performance can be enhanced by

doping small amount of a noble metal catalyst, such as

palladium (Pd), which not only promotes gas sensitivity but

also reduces the operating temperature [30, 31]. It is well

known that noble metal like Pd gets oxidized during the

process of doping into the semiconducting oxide. The

observed increase in conductivity in Pd-incorporated fer-

rites is predominantly due to change in work function on
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Fig. 5 Gas response versus operating temperature for studied sam-

ples calcined at 650 �C for H2S gas. a LaMnO3, b La0.8Co0.2MnO3

and c La0.6Co0.4MnO3
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Fig. 6 Gas response versus operating temperature for studied sam-

ples calcined at 650 �C for H2S gas. a La0.6Co0.4Mn0.9Ni0.1O3,

b La0.6Co0.4Mn0.7Ni0.3O3 and c La0.6Co0.4Mn0.5Ni0.5O3

50 100 150 200 250 300 350
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
 LPG

 CO

 H2S

 NH3

G
as

 R
es

p
o

n
se

Operating Temperature (°C)

Fig. 7 Cross-sensitivity as a function of operating temperature for

La0.6Co0.4Mn0.5Ni0.5O3 calcined at 650 �C for various reducing gases
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exposure to reducing gases like H2S which is termed

electronic sensitization [32]. In this case, there is a direct

electronic interaction between the metal and the semicon-

ductor surface. The change in work function indicates that

each metal in the oxidized form produces a strongly

depleted space charge layer on the semiconductor surface,

while the interaction with gas promotes the increase in the

electron density at the surface when it is reduced to metals.

This exhibited as an increase in sensitivity in such noble

metal promoted semiconducting oxides surfaces. The effect

of Pd doping on the response of H2S gas at various oper-

ating temperatures is shown in Fig. 8. The Pd content was

varied from 0.025 to 0.3 wt%. It was observed that the Pd

content of 0.1 wt% was the optimum for the maximum

response to H2S gas. The response as the Pd content

increased from 0.025 to 0.1 wt% and then decreased above

the Pd content of 0.1 wt%.

Figure 9 shows the sensor response of 0.1 wt%

Pd-doped La0.6Co0.4Mn0.5Ni0.5O3 calcined at 650 �C as a

function of operating temperature. The 0.1 wt% Pd-doped

La0.6Co0.4Mn0.5Ni0.5O3 sensors show maximum response

towards H2S at an operating temperature 250 �C. It shows

large response to H2S gas as compared to LPG, CO, and

NH3 at an operating temperature of 200 �C. The figure

shows that the sensor not only reduces the operating tem-

perature but also shows high selectivity for H2S gas.

The enhanced sensor response of the 0.1 wt% Pd-doped

La0.6Co0.4Mn0.5Ni0.5O3 can be attributed to the formation

of highly reactive species in the reaction [33]. The Pd

atoms are weakly bonded with the oxygen gas, and the

resulting complex is readily dissociated at relatively low

temperature and the oxygen atoms are produced. The cre-

ated atoms migrate along the surface of the grains. This

migration is induced by the catalyst atoms and is known as

spillover of the gas ions. Thus, these oxygen atoms capture

electrons from the surface layer and acceptor surface states

are formed. The reducing gases react with surface oxygen

and reduce the resistance. Thus, as there are more numbers

of oxygen species there will be more reactions at low

temperature. Thus, 0.1 wt% Pd-doped La0.6Co0.4Mn0.5

Ni0.5O3 has high response at relatively low operating

temperature.

It is known that the sensing mechanism of the oxide

materials is surface controlled in which the grain size,

surface states, and oxygen adsorption play an important

role [34]. The larger surface area generally provides more

adsorption–desorption sites and thus the higher gas

response. Atmospheric oxygen adsorbs electrons from the

conduction band of the sensing metal oxide and occurs on

the surface in the form of O- and O2
-.

O2ðgÞ þ e� ! O�2ðadsÞ ð2Þ

O�2ðadsÞ þ e� ! 2O�ðadsÞ ð3Þ

The adsorbed oxygen species play a crucial role in

H2S-sensing. With the introduction of the H2S gas, it would

react with oxygen ions adsorbed on the surface of the

sensor. The possible reaction process is as follows:

H2Sþ 3O�ðadsÞ ! SO2ðgÞ þ H2OðgÞ þ 3e� ð4Þ

As expected from Eq. 4, the resistance of the nanostruc-

tured oxide decreases on contact with H2S. It is expected

that the resistance change upon the exposure to H2S be

mainly due to the resistance change of metal oxide.

According to Eqs. 2 and 3, oxygen adsorption reaction

occurs prior to H2S-sensing, creating a thin electron-

depleted layer at the surface of metal oxide. As H2S is

adsorbed, electrons are released into the conduction band

according to Eq. 4. When reducing gas such as H2S, comes

into contact with the grain boundaries of metal oxides,
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Fig. 8 Gas response versus different wt% Pd-doped La0.6Co0.4Mn0.5

Ni0.5O3 calcined at 650 �C for H2S gas
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Fig. 9 Gas response as a function of operating temperature for

0.1 wt% Pd-doped La0.6Co0.4Mn0.5Ni0.5O3 calcined at 650 �C for

various reducing gases
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potential barrier will decrease as a result of oxidation of

H2S and desorption of oxygen. In the present case the

decrease in resistivity of metal oxides thick film sensor in

the presence of H2S gas may be explained by the Eq. 4.

Figure 10 shows the response of 0.1 wt% Pd-doped

La0.6Co0.4Mn0.5Ni0.5O3 as a function of H2S gas concen-

tration at 300 ppm. In general, the gas response of the

sensor increases with the increase of the concentration of

sensing gas in air. For the gas sensor investigated, the

magnitude of gas response increased linearly with the H2S

gas concentration from 25 to 100 ppm. It is observed that

the sensor has a tendency for the sensitivity to saturate at

the gas concentration above 100 ppm. The highest sensi-

tivity was observed at the H2S gas concentration of

100 ppm. The response and recovery time of the most

sensitive 0.1 wt% Pd-doped La0.6Co0.4Mn0.5Ni0.5O3 is

represented in Fig. 11. The response was quick (5 s) and

the recovery time was 20 s, at 200 �C to H2S gas for

100 ppm gas concentration.

Figure 12 shows the gas response of the sensor to H2S

gas was recorded as a function of time. This figure shows

the sensitivity rises from 10 days and then remains rela-

tively stable. The initial increase in sensitivity is believed

to be caused by activation and redistribution of the impu-

rities. Repeating absorption and desorption processes and

redistribution of Pd in the material improves the activation

and enhances the absorption and reaction of H2S gas,

causing gradual increase in the sensitivity and further it

was stable.

Conclusion

Perovskite-based La1-xCoxMn1-yNiyO3 (x = 0.2 and 0.4,

y = 0.1, 0.3, and 0.5) have been developed as a H2S gas

sensor. When tested against H2S, CO, NH3, and LPG, as a

function of operation temperature, La0.6CO0.4MnO3 shows

high sensor response towards H2S gas at 280 �C. The

material La0.6Co0.4Mn0.5Ni0.5O3 shows high sensor

response and high selectivity towards H2S gas at 250 �C.

0.1 wt% Pd-doped La0.6Co0.4Mn0.5Ni0.5O3 gave higher

sensor response than the other compounds. This element

has been tested for the H2S gas concentration range 50–

300 ppm at 200 �C. 0.1 wt% Pd-doped La0.6Co0.4Mn0.5

Ni0.5O3 can be expected as a promising material to be used

as H2S gas sensor at an operating temperature as low as

200 �C.
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Fig. 10 Gas response of 0.1 wt% Pd-doped La0.6Co0.4Mn0.5Ni0.5O3

calcined at 650 �C for H2S gas concentration (in ppm)

Fig. 11 Response characteristics of 0.1 wt% Pd-doped La0.6Co0.4

Mn0.5Ni0.5O3 calcined at 650 �C
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