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Abstract 
Objectives: Thin films obtained from La1–xSrxCrO3–δ and Gd1–xSrxCrO3–δ (x = 0.05, 0.10, and 0.15) synthesized by the modified 
citrate method were studied.
Experimental: An analysis of the phase composition, structure, and gas-sensitive properties of films in the presence of 
carbon monoxide was carried out. Doping with Sr2+ ions led to an increase in the defect rate of nanoparticles due to the 
formation of vacancies in the oxygen sublattice. This phenomenon had a positive effect on their gas-sensitive properties.
Conclusions: It was found that samples of La0.9Sr0.1CrO3–δ and Gd0.9Sr0.1CrO3–δ showed the highest sensory response at 180°C, 
2.26 and 1.78, respectively. The results obtained confirmed the prospects of using these materials as gas sensors.
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1. Introduction
Since the 1980s, gas sensors based on 

metal oxides, such as SnO2, which are widely 
used in industry, have been actively studied. 
However, traditional metal oxide sensors are 
not able to cover the entire range of tasks of 
modern industry, which encourages the search 
for new materials [2]. One of the categories of 
such materials is compounds with a perovskite 
structure. Gas-sensitive materials with a 
perovskite structure have several advantages 
over binary oxides: high sensitivity, selectivity, 
and sensor signal values. Synthesis can be 
carried out at relatively low temperatures. 
Their gas-sensitive properties can be quite 
easily and widely controlled, changing both 
the composition of the material itself, and the 
nature and concentration of the dopant. In this 
case, doping can be carried out in two positions, 
and not in one as with simple oxides. This 
feature of perovskite-like compounds allows 
them to contain cationic and oxygen vacancies 
[3], endowing these compounds with variable 
electrical and redox properties, which have a 
decisive influence on gas-sensitive properties 
[4]. Doping allows you to change the electrical 
and sensory characteristics of the material, 
making it more selective.

Perovskite-based gas sensors provide reliable 
detection of harmful gases in the environment. 
Such sensors can operate in a wide temperature 
range and demonstrate selectivity to various 
gases, such as CO, NH3, NO2, etc. At the same 
time, the maximum values of the sensor signal are 
observed at lower temperatures. The reduction 
in comparison with tin and zinc oxides is up to 
100°C. These materials are promising for creating 
sensors with low power consumption. The main 
mechanisms of sensitivity are chemisorption and 
catalytic processes occurring on the surface of 
oxide materials [5, 6].

There are various types of gas sensors based 
on perovskite-like materials, such as ferrites, 
cobaltites, stannites, manganites, and other 
complex oxides. 

Ferrites are oxide compounds with the general 
formula AFeO3, where A is a rare earth element. 
They show high sensitivity to various gases, 
especially hydrocarbons and CO. Among ferrites, 

the most interesting are LaFeO3 and YFeO3, which 
are successfully used in the detection of liquefied 
petroleum gases [7].

Cobaltites, such as LaCoO3, have a high 
catalytic activity and are sensitive to alcohols, 
CO, and H2. Doping with oxides such as ZnO 
improves their sensor characteristics, reducing 
the detection operating temperature. Due to their 
high thermal stability, cobaltites are promising 
materials for use in gas-sensitive sensors 
operating at elevated temperatures [8].

Stannites, represented by BaSnO3 and ZnSnO3 
compounds and ZnSnO3, exhibit sensitivity to 
NO2 and n-propanol. They have good selectivity 
and stability, which makes them in demand for 
monitoring industrial emissions and indoor 
air quality. The high operating temperature of 
stannite-based sensors (up to 900°C) limits their 
use, but active research is aimed at reducing these 
temperatures by modifying the structure and 
morphology of the material [9, 10].

Manganites such as YMnO3 show increased 
sensitivity to hydrogen sulfide (H2S) and ammonia 
(NH3). They have a stable structure and can 
operate at relatively low temperatures (about 
100°C). Studies show that varying the composition 
of manganites makes it possible to control their 
sensory characteristics, which opens up prospects 
for their application in environmental monitoring 
and industrial safety [11].

Another promising group of materials is 
chromites of rare-earth elements, for example, 
LaCrO3 [12] and GdCrO3, which are studied 
in our laboratory [13]. They demonstrate 
resistance to high temperatures, which makes 
them promising for sensor applications. An 
analysis of the literature shows that doping 
of chromites can change their electronic and 
surface properties. In [14], a wide range of 
possibilities for modifying LaCrO3 to change its 
physical properties was demonstrated, and in 
[15], the authors found that the mechanism of 
electrical conductivity GdCrO3 is described by 
the Mott model of hopping conductivity with a 
variable hop length.

Thus, the aim of this work is to study the 
gas-sensitive properties of lanthanum and 
gadolinium chromites doped with Sr2+ ions. 
The synthesis and complex analysis of the 
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composition, structure, and sensory response of 
La1–xSrxCrO3–δ and Gd1–xSrxCrO3–δ (x = 0.05, 0.10, 
and 0.15) to the presence of carbon monoxide 
in the atmosphere was performed. The choice 
of strontium ion concentrations is determined, 
on the one hand, by the need for a sufficiently 
significant impact on the target characteristics, 
and, on the other hand, by the need to form a 
single-phase material.

2. Experimental
Nanopowders Ls1–xSrxCrO3–δ and Gd1–xSrxCrO3–δ 

(x = 0.05, 0.10, and 0.15) were synthesized by the 
modified citrate method [16]. This method is based 
on the complexation of cations with citric acid, 
followed by thermal decomposition. Lanthanum, 
gadolinium, strontium, and chromium nitrates, 
citric acid, and ammonium hydroxide were used 
as starting materials

First, the calculated amounts of nitrates of 
La(NO3)3·6H2O (or Gd(NO3)3·6H2O), Sr(NO3)2·4H2O, 
and Cr(NO3)3·9H2O were dissolved in distilled 
water with constant stirring. The resulting 
solution was boiled to form a sol, after which 
an ammonia solution was added dropwise until 
pH 7–8 was established. During the deposition, 
a gel was formed. The resulting gel was cooled 
to room temperature, after which, with constant 
stirring, citric acid was added to the system in 
a stoichiometric ratio of 3:1 with respect to the 
number of metal cations. 

The solution was heated until the water 
completely evaporated and a gel-like precipitate 
was formed. The resulting gel was calcined at 
300–350°C to remove organic compounds. The 
final formation of nanopowders was achieved by 
heat treatment in a muffle furnace at 700°C for 
4 hours.

T h e  r e s u l t i n g  n a n o p o w d e r s  w e r e 
dispersed in ethyl alcohol with the addition of 
cetyltrimethylammonium bromide (CTAB) as a 
surfactant to form a paste, and then they were 
applied to a conductive element (silicon wafer) 
by spin-coating (SpinNXG-P1H installation) and 
annealed for 1 hour at a temperature of 100°C. 
The deposition mode (first 1 minute - 2000 rpm, 
then 20 minutes - 5000 rpm) was determined by 
calibration dependences and provided a fixed 
thickness of 150±7 nm [17, 18].

3. Study of composition and structure
X-ray phase analysis

The study of the phase compositions of 
La1–xSrxCrO3–δ and Gd1–xSrxCrO3–δ (x = 0.05, 0.10, 
and 0.15) was performed on a Thermo ARL 
X’TRA X-ray diffractometer (CuKα radiation, 
λ = 1.5418 Å). When examining the X-ray 
diffraction patterns of the obtained samples 
(Fig. 1), it was found that all peaks in the graphs 
of the intensity dependence on the angle 2θ 
correspond to the perovskite structure, which is 
confirmed by comparison with the bases of X-ray 
diffractograms [19]. 

A detailed examination of the diffractograms 
shows a shift in the peaks of the doped samples 
(Tables 1, 2) relative to the undoped ones, which 
indicates a change in the lattice parameters due 
to strontium ions embedded in it. 

The upward shift of the peaks of doped 
lanthanum chromite was about 0.06, 0.03, 
and 0.04 deg. for 5 at. %, 10 at. % and 15 at. % 
strontium, respectively. This is explained by the 
fact that the ionic radius of Sr (1.16 Å) is smaller 
than the ionic radius of La (1.50 Å), which leads 
to compression of the crystal lattice [20]. 

The lower shift of the peaks of doped 
gadolinium chromite were about 0.02, 0.03, 
and 0.03 deg. for 5 at. %, 10 at. % and 15 at. % 
strontium, respectively. This is explained by the 
fact that the ionic radius of Sr (1.16 Å) is larger 
than the ionic radius of Gd (0.98 Å), which leads 
to an increase in interplanar distances [20].

Based on the obtained data, the volume of unit 
cells of the synthesized samples was calculated 
in the absence and presence of doping. For 
unsubstituted lanthanum chromite, the unit 
cell volume was 234.34 (Å)3, and for gadolinium 
chromite it was 222.95 (Å)3. The tabulated 
values were 234, 46, and 223.71 (Å)3, respectively 
(calculated on the basis of data from [19]). Doping 
with strontium ions led to a change in the unit cell 
volume. Lanthanum chromite doped with 10 at. 
% Sr the unit cell volume was 233.74 (Å)3, while 
gadolinium chromite doped with 10 at. % Sr it 
was 223.57 (Å)3. The results obtained, on the one 
hand, are in good agreement with the tabulated 
values, and, on the other hand, showed a regular 
change in the volume of unit cells when the initial 
cations were replaced during doping with a cation 
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b
Fig. 1. Comparison of X-ray diffractograms of doped La1–xSrxCrO3–δ (a) and Gd1–xSrxCrO3–δ (b) nanopowders with 
individual samples
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of a smaller (in the first case) and larger (in the 
second case) radius.

Local X-ray spectral microanalysis
The elemental composition of the powders was 

analyzed using a JEOL-6510LV scanning electron 
microscope with a Bruker energy dispersive 
microanalysis system. The results of the study are 
presented in Tables 3 and 4. This method is not 

able to estimate the oxygen content [21], so only 
the cation content is presented in the analysis 
results. In addition to the direct experimental 
data, Tables 3 and 4 add a column that shows the 
ratio of cations in the samples and characterizes 
the proximity of the composition of the obtained 
samples to the one specified during synthesis.

Both series of samples showed a fairly close 
correspondence to the required stoichiometric 

Table 1. 2θ value for a series of La1–xSrxCrO3–δ samples (x = 0.05, 0.10, and 0.15) relative to 
unsubstituted LaCrO3

Sample
Value 2θ for unsubstituted sample / value 2θ for doped sample

(101) (121) (022) (202) (222) (321) (242) (402)

La0.95Sr0.05CrO3–δ

22.90 / 
22.96

32.60 / 
32.72

40.12 / 
40.10

46.76 / 
46.82

52.68 / 
52.72

58.26 / 
58.32

68.30 / 
68.36

77.72 / 
77.82

La0.9Sr0.1CrO3-d

22.90 / 
22.92

32.60 / 
32.64

40.12 / 
40.14

46.76 / 
46.80

52.68 / 
52.72

58.26 / 
58.28

68.30 / 
68.32

77.72 / 
77.76

La0.85Sr0.15CrO3-d

22.90 / 
22.96

32.60 / 
32.66

40.12 / 
40.16

46.76 / 
46.82

52.68 / 
52.74

58.26 / 
58.24

68.30 / 
68.34

77.72 / 
77.80

Table 2. 2θ value for a series of Gd1–xSrxCrO3–δ samples (x = 0.05, 0.10, and 0.15) relative to 
unsubstituted GdCrO3

Sample
Value 2θ for unsubstituted sample / value 2θ for doped sample

(110) (111) (112) (202) (220) (131) (312) (133)

Gd0.95Sr0.05CrO3–d

23.24 / 
23.26

26.04 / 
26.02

33.20 / 
33.16

41.46 / 
41.42

47.46 / 
47.44

54.00 / 
53.98

59.92 / 
59.92

64.98 / 
64.96

Gd0.9Sr0.1CrO3–δ

23.24 / 
23.26

26.04 / 
26.02

33.20 / 
33.16

41.46 / 
41.42

47.46 / 
47.42

54.00 / 
53.94

59.92 / 
59.88

64.98 / 
64.90

Gd0.85Sr0.15CrO3–δ

23.24 / 
23.26

26.04 / 
26.02

33.20 / 
33.16

41.46 / 
41.42

47.46 / 
47.42

54.00 / 
53.96

59.92 / 
59.88

64.98 / 
64.92

Table 3. Result of elemental composition analysis of unsubstituted lanthanum chromite and strontium-
doped lanthanum chromite nanopowders

Nominal composition 
of samples

Elemental composition, at. %
La Sr Cr [Sr]/([Sr]+[La])

LaCrO3 19.4 – 20.6 –
La0.95Sr0.05CrO3–d 19.54 0.99 20.61 0.48
La0.9Sr0.1CrO3–δ 18.92 1.98 20.66 0.95

La0.85Sr0.15CrO3–δ 18.03 3.02 20.73 0.14

Table 4. Result of elemental composition analysis of unsubstituted gadolinium chromite and strontium-
doped gadolinium chromite nanopowders

Nominal composition 
of samples

Elemental composition, at. %
Gd Sr Cr [Sr]/([Sr]+[Gd])

GdCrO3 23.9 – 24.2 –
Gd0.95Sr0.05CrO3–δ 19.42 0.91 21.06 0.045
Gd0.9Sr0.1CrO3–δ 19.03 1.86 21.03 0.089

Gd0.85Sr0.15CrO3–δ 18.23 2.89 21.22 0.137
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ratio. At the same time, according to the results 
of the Local X-ray spectral microanalysis, it was 
found that in the La1–xSrxCrO3–δ system (x = 0.05, 
0.10, and 0.15), strontium was embedded in a 
larger amount, which is associated with a simpler 
substitution of a large La3+ ion (ionic radius 1.50 
Å) with a Sr2+ ion (ionic radius 1.04 Å) of a smaller 
size. In the Gd1–xSrxCrO3–δ system (x = 0.05, 0.10, 
and 0.15), strontium was embedded in a smaller 
amount, since the ionic radius of Gd is 0.96 Å [20].

At the same time, despite the fact that the 
oxygen content has not been experimentally 
determined, it can be assumed that in the 
synthesized samples there will be a certain lack of 
oxygen associated with the formation of vacancies 
in the oxygen sublattice, which arises due to the 
need to compensate for the positive charge during 
doping with double-charged strontium cations.

4. Particle size study
Transmission electron microscopy

In this work, the obtained powders were 
examined using a ZEISS Libra 120 transmission 
electron microscope. Sample preparation was 
carried out as follows. 5 ml of distilled water 
was poured into a glass, 0.15 g of gelatin, 1 mg 
of the test sample were added and placed on a 
heated magnetic stirrer. The agitator was used 
for more uniform distribution of nanoparticles 
in the prepared suspension. Next, objects were 
caught using a copper mesh with a carbon replica 
and inserted into the object holder. The results 
obtained are shown in Fig.2.

According to the TEM data, the particle 
size ranged from 25 to 35 nm. The dependence 
of the particle size during the transition from 

1

3

2

4

Fig. 2. TEM images of nanoparticles 1 – LaCrO3; 2 – La0,9Sr0,1CrO3–δ; 3 – GdCrO3–δ; 4 – Gd0.9Sr0.1CrO3–δ
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unsubstituted to doped chromites has not been 
established.

5. Investigation of gas-sensitive properties
The specific surface resistance of films made 

from nanopowders of the La1–xSrxCrO3–δ and 
Gd1–xSrxCrO3–δ systems (x = 0, 0.05, and 0.1) was 
measured by the four-probe Van der Pau method. 
The method was similar to that described in [22, 
23]. The studies were performed in air (Fig. 3) 
and in the presence of carbon monoxide (Fig. 4). 
Measurements were performed 3 times for each 
of the samples. The gas concentration was 50 
ppm, and the temperature range of the study 
was 20–400°C. The required carbon monoxide 

concentration was achieved by diluting the 
certified gas mixture with dry synthetic air. 
Measurements were carried out in a stationary 
system (a closed chamber with a volume of 50 ml). 
Before each new experiment, the system was 
purged with synthetic air.

The results of measuring the resistivity of 
doped samples were compared with the resistivity 
of unsubstituted LaCrO3 and GdCrO3.

During the measurement process, the analyzed 
reducing agent gas was adsorbed, during which 
the free electrons of the adsorbed gas transferred 
to the sensor surface, increasing the number of 
mobile charges and reducing the temperature 
of the onset of a sharp change in resistance. 

b
Fig. 3. Dependence of the resistivity of thin films of La1–xSrxCrO3–δ (x = 0, 0.05 and 0.1) (a) and Gd1–xSrxCrO3–δ 
(x = 0.05 and 0.1)
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This phenomenon confirms that the resulting 
chromites are semiconductors.

The introduction of strontium ions into 
the crystal lattice of lanthanum chromite and 
gadolinium chromite reduced their resistivity. 
This is explained by the ionic structure of the 
crystal: the appearance of uncompensated 
charges during the substitution of La3+ or Gd3+ 
for Sr2+ contributed to the formation of oxygen 
vacancies, which led to a decrease in resistivity, 
indicating n-type conductivity in lanthanum and 
gadolinium chromites.

According to the results of measuring 
the resistivity of gadolinium and lanthanum 
chromites, the resistance of the former is lower. 

This is explained by the large number of oxygen 
vacancies in the samples of the Gd1–xSrxCrO3–δ 
(x = 0, 0.05, and 0.1) system detected by the local 
X-ray spectral microanalysis. 

Based on the obtained values of the resistivity 
of the samples, the sensory response was calculated 
using the formula Sr = Ra/Rg, where Sr is the gas-
sensitive response, Ra is the specific surface 
resistance of films in air, and Rg is the specific 
surface resistance of films in the presence of a 
reducing gas [24]. The dependences of the sensory 
response on temperature are shown in Fig. 5.

According to the data obtained, lanthanum 
chromite, unsubstituted and doped with strontium, 
exhibited the strongest sensory response to carbon 

b
Fig. 4. Dependence of the resistivity of thin films of La1–xSrxCrO3–δ (x = 0, 0.05 and 0.1) (a) and Gd1–xSrxCrO3–δ 
(x = 0, 0.05 and 0.1) (b) in the presence of carbon monoxide (50 ppm) in the atmosphere
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monoxide (CO) at 180°C. Unsubstituted and doped 
gadolinium chromite at similar temperatures also 
showed a peak value of the sensory response, 
but the value of the sensory response was lower 
than that of the lanthanum chromite samples. A 
comparison of the sensory responses of doped 
samples with unsubstituted samples showed that 
the introduction of strontium into the systems 
allowed a stronger sensory response, and an 
increase in the concentration of introduced 
strontium contributed to a strengthening of the 
response. 

From Fig. 5a it follows that for the La1–xSrxCrO3–δ 
system (x = 0, 0.05, and 0.1) at 180°C, the sensory 
responses in the presence of carbon monoxide 

(50 ppm concentration) were 2.11, 2.18, and 
2.26, respectively. The graph itself has a clear 
maximum, which indicates the accuracy of the 
gas sensor. For the Gd1–xSrxCrO3–δ (x = 0, 0.05, 
and 0.1) system (Fig. 5b), the sensory responses 
under similar conditions were 1.62, 1.69, and 1.78, 
respectively, which was weaker than the response 
of lanthanum chromites. The peak graph has 
similar values at 180 and 200°C.

The high values of sensory response for 
lanthanum chromites is due to its high resistivity, 
since during the adsorption of reducing agent gas 
on the film surface, the number of charge carriers 
in the system increased, which led to a sharp 
change in the resistivity. 

b
Fig. 5. Temperature dependence of the sensory response to carbon monoxide (50ppm) for thin films of 
La1–xSrxCrO3–δ (x = 0, 0.05 and 0.1) (a) and Gd1–xSrxCrO3–δ (x = 0, 0.05 and 0.1) (b)
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6. Conclusions
Synthesis of La1–xSrxCrO3–δ and Gd1-xSrxCrO3–δ  

by the Pechini method made it possible to obtain 
materials with a high degree of uniformity and 
controlled particle size. The X-ray phase analysis 
confirmed the presence of a perovskite-like 
structure of the synthesized compounds and 
revealed the effect of doping with Sr2+ ions on 
the crystal lattice parameters. Dopant embedding 
was manifested in a change in interplanar 
distances associated with the difference in the 
ionic radii of the substituted element and the 
dopant. Strontium doping led to an increase in 
the concentration of oxygen vacancies, which had 
a positive effect on the sensory characteristics of 
the materials. Studies of gas-sensitive properties 
have shown that nanopowders exhibit the 
maximum response to CO at 180°C. The samples 
with the highest content of Sr2+ ions showed high 
sensitivity, which is explained by the optimal 
balance of the defective structure and mobility 
of charge carriers. The results obtained show 
the promise of using these nanomaterials for 
gas sensors.
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