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temperature [1]. It exhibits excellent chemical stability in 
both oxidizing and reducing atmospheres, and a good con-
ductivity [2]. The lanthanum chromite-based ceramics gain 
interest for a variety of high-temperature electrochemical 
applications including interconnector in solid oxide fuel cell 
[3], thin film electric heaters [4], energy-saving material [5], 
composite thermistor ceramics [6] and so on. There are some 
mechanism of lanthanum chromite solid solutions that has 
been widely investigated for stabilizing phase transformation 
[7], optimizing sintering behavior [8], and modifying elec-
trical properties [9]. Most frequently, the divalent alkaline 
earth cations dope  LaCrO3, such as  Mg2+ [10, 11],  Ca2+ [5, 
12],  Sr2+ [13, 14] and so on. What’s more,  LaCrO3 doped 
with appropriate impurity ions can be applied as the NTC 
thermistor materials [15].

However, it is well known that it is very difficult to sinter 
 LaCrO3 ceramics in air atmosphere [16]. In order to enhance 
the density of  LaCrO3, the A-site and B-site were doped, 
such as  La1−xSrxCrO3 [17],  LaCr1−xCoxO3 [1] and so on. 
This article will introduce that the A-site is doped by  Ba2+ 
for adjusting the electrical properties and density of  LaCrO3.

2  Experimental procedures

The  La1−xBaxCrO3 powders were synthesized by conven-
tional solid-state method at 1200 °C for 5 h. High-pure lan-
thanum oxide  (La2O3, purity >99.99%, Sinopharm Chemical 
Reagent co., Ltd, China), Chromium oxide  (Cr2O3, purity 
>99%, Sinopharm Chemical Reagent co., Ltd, China), and 
Barium carbonate  (BaCO3, purity >98%, Sinopharm Chemi-
cal Reagent co., Ltd, China) were used as the initial raw 
material. According to the stoichiometry of  La1−xBaxCrO3, 
the  La2O3,  Cr2O3 and  BaCO3 were well weighed, mixed, 
ground, and calcined at 1200  °C for 5  h. The calcined 

Abstract The  La1−xBaxCrO3 (x = 0–0.2) negative tem-
perature coefficient (NTC) ceramics have been prepared 
by the traditional solid-state reaction method at 1600 °C. 
Scanning electron microscope images show that the dop-
ing of  Ba2+ contributes to the increase in the density. X-ray 
diffraction analysis has revealed that the sintered ceramics 
crystallize in a single perovskite structure. X-ray photoelec-
tron spectroscopy analysis confirm the existence of  Cr3+ and 
 Cr6+ ions on lattice sites, which result in hopping conduc-
tion. The presence of the  Cr3+ and  Cr6+ ions is one of the 
significant factors that affect the electrical conductivity of 
 La1−xBaxCrO3 ceramics. The resistance of NTC thermistors 
decreases with the increase of Ba content as a result of the 
enhancement of  Cr6+ Concentration. The obtained values of 
ρ−50, B−50/−25 and Ea are in the range of 49.278–1.9839 × 105 
Ω cm, 1767.4–3496.9 K, 0.1523–0.3013 eV, respectively.

1 Introduction

The  LaCrO3 is a refractory oxide with a high melting 
point (>2400 °C) and a distorted perovskite structure with 
orthorhombic symmetry (Pnma, space group 62) at room 
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powders were then ground in mortar for 8 h. Subsequently, 
the powders were pressed into green pellets under a uniaxial 
pressure of 20 MPa to form the disks of 10 mm in a diam-
eter, and then cold isostatic pressing at 200 MPa was used 
to enhance densities. The pressed disks were sintered in the 
temperature of 1600 °C for 5 h.

X-ray diffraction (XRD; BRUKERD8-ADVANCE, Cu 
Kα radiation) analysis was used to identify the crystalline 
phases of the sintered ceramic samples. Scanning Electron 
Microscope (SEM; Zeiss SUPRA 55 VP, Germany) was 
used to observe the microstructure of the sintered ceramic 
samples. X-ray photoelectron spectroscopy (XPS; Thermo, 
ESCALAB 250XI) was used to analyze the chemical states 
of the sintered ceramics. In order to obtain the electrical 
conductivity, the sintered ceramic samples were coated with 
some silver paste, and then annealed at 800 °C for 30 min. 
The resistance was measured in the temperature of −75 to 
50 °C by Agilent 34970A multimeter in an oil bath. The den-
sity and open porosity of samples were measured by using 
Archimedes method.

3  Result and discussion

The XRD patterns and lattice constants of the sintered 
ceramics are shown in Fig.  1. Clearly, the samples of 
ceramics were consisted of a single phase isomorphic to 
the orthorhombic perovskite  LaCrO3 (JCPDS 24-1016). 
Typically no another phase occurred with the increase of 
Ba concentration in the ceramic samples. It indicates that 
the  Ba2+ has all entered the perovskite lattice to form the 
solid solution in the process of high temperature sintering. 
From Fig. 1b, we can see that the lattice constants of sintered 
ceramics gradually increase with the increase of  Ba2+ con-
tent. What’s more, the diffraction peaks slightly shift toward 

lower angles with the increase of  Ba2+ content. It indicates 
that the cell volume of the ceramic samples decrease with 
the increase of  Ba2+ content according to the Bragg’s Law: 

The main reason is that the ionic radius of substitution 
 Ba2+ (0.135 nm) is greater than that of  La3+ (0.1032 nm).

The SEM micrographs of the ceramics are shown in 
Fig. 2. As can be seen, there are many pores on the sur-
face of sintered  LaCrO3 ceramics and the pores gradually 
decrease with the increase of  Ba2+ content. Furthermore, the 
morphology of the grain gradually changes from a polyhe-
dron into a cuboid. And the density of the sintered ceramics 
has been markedly improved with the increase of  Ba2+. The 
relative density of the sintered samples can be calculated by 
the following equation [1]: 

The ρgeom was obtained by Archimedes method. The ρtheor 
was calculated as follows [1]: 

where n is the number of elements per unit cell (n = 4 for 
perovskite type  La1−xBaxCrO3), NA is the Avogadro con-
stant, Mi is the atomic weight of element i (La, Cr, Ba, O). 
The a, b, c are the lattice constants which are calculated by 
XRD patterns. The ρtheor, ρgeom, relative density and open 
porosity for the  La1−xBaxCrO3 ceramics are listed in Table 1. 
The relative density and open porosity of  La0.8Ba0.2CrO3 
ceramics are 90.6 and 8%, respectively. Comparing with 

(1)2d sin θ = n λ

(2)ρ =
�geom

�theor

(3)�theor =
n ⋅

[

(1 − x)MLa + xMBa +MCr + 3MO

]

a ⋅ b ⋅ c ⋅ NA

Fig. 1  a XRD patterns and 
b lattice constants of sintered 
 La1−xBaxCrO3 (x = 0–0.2) 
ceramics
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 La0.7Ba0.3CrO3 [9], the density of  La0.7Ba0.3CrO3 ceramic 
is 92% but there is the impure phase  BaCr2O4. It may be that 
the doping content of  Ba2+ exceeds the solid solution limit.

The XPS spectra of La 3d which is obtained from the 
sintered  La1−xBaxCrO3 ceramic samples is shown in Fig. 3. 
It can be seen that the spectra peaks are associated with the 
presence of lanthanum in the form of  La3+ [18]. Figure 4 
shows the XPS spectra of Ba 3d obtained from the sintered 

ceramic samples. The spectra can be fitted using one com-
ponent, which is characteristic of  Ba2+ [19].

Figure 5 shows the XPS spectra and the curve-fitting 
example of ceramics in the regions of Cr 2p core-level 
peaks. As can be see, the peaks in the Cr 2p3/2 and Cr 2p1/2 
spectra can be split into two peaks through Gaussian–Lor-
entzian curve fitting. The lower binding energy peak should 
be owing to  Cr3+, and the higher binding energy peak is 
the result of  Cr6+. The XPS results show that there are two 
different Cr ions in these samples, mainly  Cr3+ and  Cr6+. 
The result is in good agreement with other authors [20]. 
What’s more, the content of  Cr6+ increases with the increase 
of  Ba2+. The reason is that the introduction of  Ba2+ into the 
lattice could be compensated by the oxidation of Chromium 
ion from  Cr3+ to  Cr6+ just like the influence of doping  Sr2+ 
[17].

Figure 6 shows the relationship of natural logarithm of 
the resistivity (ρ) and the reciprocal of absolute temperature 
(1000/T) for the NTC thermistors. It can be seen that the resis-
tivity of sintered ceramics decreases with the increase of  Ba2+ 

Fig. 2  SEM micrographs of the 
 La1−xBaxCrO3 ceramics: a x = 0, 
b x = 0.05, c x = 0.1, d x = 0.15,  
e x = 0.2

Table 1  The ρtheor, ρgeom, relative density and open porosity for the 
 La1−xBaxCrO3 ceramics

x ρtheor (g/cm3) ρgeom (g/cm3) Relative 
density (%)

Open 
porosity 
(%)

0 6.77367 4.07433 60.1 37
0.05 6.77026 4.85633 71.7 27
0.10 6.76633 5.58872 82.6 13
0.15 6.76301 6.00772 88.8 9
0.20 6.75945 6.12740 90.6 8
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Fig. 3  La 3d XPS spectra collected for  La1−xBaxCrO3 ceramics: a x = 0, b x = 0.1, c x = 0.2

Fig. 4  Ba 3d XPS spectra collected for  La1−xBaxCrO3 ceramics: a x = 0.1, b x = 0.2
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content. And the relationship of lnρ and 1000/T displays an 
approximate line in the measured temperature range. The lin-
ear dependence depends on the small-polaron hopping trans-
port mechanism [21], which can be described by the Arrhenius 
relationship [22]: 

where ρ0 is the resistivity at infinite temperature, Ea is the 
activation energy for electrical conduction, k is the Boltz-
mann constant, T is the absolute temperature. The thermal 
constant B which describes the temperature sensitivity of 
material can be calculated as follows [22]: 

(4)� = �0 exp

(

Ea

kT

)

(5)B =

[

T1T2

T2 − T1

]

ln

(

R1

R2

)

Fig. 5  XPS spectra results showing the Cr 2p regions of  La1−xBaxCrO3 ceramics: a x = 0, b x = 0.1, c x = 0.2. Filled triangle and filled circle 
indicate the peaks of the Cr 2p spectra attributed to  Cr3+ and  Cr6+, respectively

Fig. 6  The relationship between lnρ and 1000/T for the sintered 
 La1−xBaxCrO3 ceramics
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where R1 is the resistance at temperature T1, and R2 is the 
resistance at temperature T2. The value of ρ−50, B−50/−25 
and Ea are shown in Table 2. The value of ρ−50, B−50/−25 
and Ea are in the range of 49.278–1.9839 × 105 Ω  cm, 
1767.4–3496.9 K, 0.1523–0.3013 eV, respectively. The 
electrical properties can be adjusted by adjusting the  Ba2+ 
concentration.

4  Conclusions

The preparation, structure and electrical properties of 
 La1−xBaxCrO3 ceramics have been investigated. The sin-
tered ceramic samples are a single orthorhombic perovskite 
phase. The density of the sintered ceramics has been greatly 
improved by the doping of  Ba2+. The electrical conductivity 
of these sintered ceramics is that the polarons jumps between 
different oxidation states of chromium ions. The resistiv-
ity decreases with the increase of  Ba2+ content. The values 
of ρ−50,  B−25/−50 constant and activation energy Ea of the 
thermistors are in the range of 49.278–1.9839 × 105 Ω cm, 
1767.4–3496.9 K, 0.1523–0.3013 eV, respectively. The 
electrical properties can be adjusted by adjusting the  Ba2+ 
concentration. These materials could be used as potential 
candidates for NTC thermistors.
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Table 2  Resistivity at a temperature of 50  °C (ρ−50), thermal con-
stant (B−25/−50) and activation energy for the  La1−xBaxCrO3 NTC 
thermistor

x ρ−50 (Ω cm) B−25/−50 (K) Ea (eV)

0 198394.6 3496.9 0.3013
0.05 293.1 2104.5 0.1814
0.10 163.6 2048.7 0.1765
0.15 60.5 1826.8 0.1574
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