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Abstract Lanthanum chromate (LaCrO3) is a kind of ceramic bonding material 
in common use at present, in order to improve the phenomenon of poor sintering 
activity and conductivity, this article doped lanthanum chromate (LaCrO3)-based 
materials with different elements and ratios to improve their performance. A series 
of La0.8Ca0.2Cr1−xCuxO3 (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5) perovskite-type oxides 
were prepared by sol–gel method using LaCrO3-based materials modified by Ca–Cu 
doping. After doping, the material has a series of advantages, such as coefficient of 
thermal expansion matching with electrolyte, and good chemical compatibility with 
other parts of the battery, good chemical stability in the reduction atmosphere, and 
high conductivity in the air and the reduction atmosphere, at 800 °C, the maximum 
conductivity of La0.8Ca0.2Cr1−xCuxO3 is 22.1 s cm−1 in air and 12.31 s cm−1 in H2. 
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1 Introduction 

Solid oxide fuel cells (SOFCs) are a new type of energy conversion device, which 
can directly convert chemical energy into electrical energy. It has the advantages 
of simple system design, high energy efficiency, environmental friendliness, large-
scale flexibility, and long life span, and is widely recognized as the green energy 
of the twenty-first century [1, 2]. SOFC is an all-solid structure. The key materials 
include electrolyte, cathode, anode, connecting material, and sealing material. The 
main function of electrolytes is to transport oxygen ions or protons, and the main 
function of electrodes is to conduct electrons and provide electrochemical reaction 
sites. The connecting material is mainly used for connecting the cathode and anode 
of adjacent batteries to form a battery stack [3, 4].
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If a single battery is used, there is a fatal drawback, which is that the output power 
is bound to be very low. So, we need to use battery packs, which means connecting 
multiple single batteries in series [5]. A connector needs to be added between the 
anode and cathode of two batteries. The function of the connecting material mainly 
includes two aspects: on the one hand, it should be separated physically to prevent 
the contact between the air electrode and the fuel gas and the contact between the fuel 
gas electrode and the oxidizing atmosphere; on the other hand, it acts as an electrical 
connection between one battery anode and another battery cathode [6, 7]. Therefore, 
the material requirements of the connection material are the most stringent. The 
successful development of competitive and inexpensive joining materials is critical 
to the eventual commercialization of SOFC. In general, a material that can become a 
good connector must have good conductivity, be dense enough to hinder the mixture 
of fuel and oxidant, and match the coefficient of thermal expansion of adjacent 
components (TEC), to reduce mechanical stress [8]. LaCrO3-based materials are 
commonly used as ceramic linker materials, belonging to perovskite-type (ABO3) 
composite oxides, which have the following excellent properties: (1) high electronic 
conductivity in oxidation and reduction atmosphere; (2) the compatibility of phase, 
microstructure, and thermal expansion with other components of fuel cell is good, 
which can meet the requirements of high temperature and corrosion resistance [9]. 
However, the main disadvantages of LaCrO3 are its high melting point, difficulty in 
obtaining fully dense products, and poor sintering in air. In order to improve sintering 
ability and electrical conductivity, basic metals at La point or transition metals at Cr 
point have been studied [10–12]. 

In this work, La0.8Ca0.2Cr1−xCuxO3(x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5) doped with Cu 
and Ca was prepared by sol–gel method and Pechini citric acid method and sintered 
in air. The phase composition of the sintered powders was analyzed by X-ray diffrac-
tion (XRD). The coefficient of thermal expansion and electrical conductivity of the 
sintered powders were measured by thermal dilatometer and four-probe technique. 
The microstructures of the scanning electron microscope and sintered materials were 
observed by SEM, and the effects of different doping elements on the properties of 
the materials were studied. 

2 Experimental 

A series of La0.8Ca0.2Cr1−xCuxO3(x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5) perovskite powders 
doped with Ca and Cu (LCCCx, 0 ≤ x ≤ 0.5) were prepared by sol–gel method. 
La(NO3)3·6H2O, anhydrous CaCl2, Cr(NO3)3·9H2O and Cu(NO3)3·3H2O were stoi-
chiometry and dissolved in deionized water. Citric acid was added to the solution, 
and the molar ratio of citric acid to total metal ions was 1.5:1. Then add ammonia to 
adjust the PH of the solution to 7. The PH-adjusted mixture is heated at 80 °C and 
stirred until most of the water in the solution evaporates to form a blue, transparent 
gel. It was then dried in an oven at 150 °C for 10 h in an air atmosphere to obtain a 
black dry gel precursor. To remove any residual carbon, the precursor was calcined
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in a muffle furnace at 1000 °C for 5 h to obtain a brown-to-black powder (the color 
deepens with increasing Cu doping), La0.8Ca0.2Cr1–xCuxO3 powder. 

Using Brucker’s D8 Advance X-ray powder diffractometer (XRD), at 40 kV and 
20 mA, the samples were scanned by Cu–Kα Ray (λ = 1.54051å) at a scanning speed 
of 10° min−1 in the range of 10°–90° and characterized by phase structure analysis. 
The limiting slit is 1°, the transmitting slit is 1°, the receiving slit is 0.3°, and the 
sampling interval is 0.02°. The electrical conductivity of the samples was measured in 
the range of 300–800 °C by four-probe method in the air and hydrogen atmosphere, 
respectively, and the interval of 50 °C was measured once. The resistance of the 
sample was measured by the four-wire resistance mode of the digital multimeter, and 
the voltage between the two voltage lines was measured by the digital multimeter, the 
resistance value R between the sample voltage lines can be obtained. The conductivity 
of the sample can be calculated by the formula σ = L/Sr. Where σ is the conductivity 
of the sample in units of S cm−1, L is the length between the two voltage probes, 
and S is the cross-sectional area of the sample. The thermal expansion curve (TEC) 
was measured in the temperature range of 30–1000 °C by using a thermal expansion 
instrument. The microstructure of the prepared material and the micro-size and micro-
morphology of the surface and cross-section of the joint material after co-firing with 
the anode support were observed by scanning electron microscope scanning electron 
microscope (SEM). 

3 Result Analysis 

This section mainly discusses various tests, characterization, and result analysis. 

3.1 X-ray Diffraction a Series of LCCCx Powders Were 
Prepared by Sol–gel Method 

The XRD patterns of LCCCx powders calcined at 1000 °C are shown in Fig. 1. As can 
be seen from the diagram, each proportion of the powder presents a distinct perovskite 
structure. However, when the doping amount of Cu is more than 0.3, a small number 
of impurity peaks appear. The software analysis shows that the impurity peaks are 
some copper compounds, which is because Cu is not completely doped into LCCCx 
powder during calcination, instead, other compounds form, which precipitate from 
the perovskite lattice during calcination.
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Fig. 1 XRD patterns of 
La0.8Ca0.2Cr1−xCuxO3 
powder and comparison to 
PDF standard card 

3.2 Scanning Electron Microscope (SEM) Characterization 

The LCCCx powder was characterized by scanning electron microscopy powder was 
characterized by scanning electron microscope (SEM), to observe its morphological 
characteristics, as shown in Fig. 2. At the same time, LCCCx powder was prepared 
into screen-printing paste, which was coated on the anode support by screen-printing 
and sintered, and then characterized by scanning electron microscope scanning elec-
tron microscopy (SEM), as shown in Fig. 3. It can be seen from the figure that 
the particle size of LCCCx powder is relatively uniform, and the comparison of the 
surface electron microscope photographs of the powders with different proportions 
coated on the anode support after high temperature sintering by screen printing tech-
nology shows that, in addition to the undoped Cu and the powders with high doping 
content show poor sintered compactness, the other doped powders have good overall 
compactness. The reason is that when the Cu doping ratio is too high, the excess 
Cu is not completely doped into the LCCCx powder and precipitates, forming some 
other compounds, the impurity produced during sintering affects the densification 
degree of the junction surface. However, the overall results show that doping Cu into 
lanthanum chromate-based materials can improve the sintering activity to a certain 
extent, which is helpful to the sintering of materials to achieve higher density [13].
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Fig. 2 SEM image of 
La0.8Ca0.2Cr1−xCuxO3 
powder 

Fig. 3 SEM image of the doping ratios of La0.8Ca0.2Cr1-xCuxO3 powders after screen-printing 
sintering were, a 0.0, b 0.1, c 0.2, d 0.3, e 0.4, and f 0.5, respectively 

3.3 Electrical Conductivity 

Doping Cu with lanthanum chromate material will have an impact on conductivity. 
This article studies the changes in conductivity. Measure the conductivity of LCCCx 

under reduction and air conditions. Figure 4 shows the variation curve of LCCCx 

powder conductivity with temperature under air conditions. As shown in the figure, 
with the increase of temperature, the conductivity of the sample increases, and the
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Fig. 4 
La0.8Ca0.2Cr1−xCuxO3 
conductivity in air 
atmosphere 

more Cu doping, the conductivity curve of the sample shows a trend of first increasing 
and then decreasing [14]. However, the conductivity increases when the doping ratio 
of Cu is 0.5. According to the XRD analysis shown above, this is because some Cu 
precipitates in LCCC0.5, which leads to the increase of conductivity. At 800 °C, the 
conductivity of LCCC0.2 is the highest, up to 22.1 s cm−1. The results show that 
the conductivity of lanthanum chromate-based materials is obviously improved after 
doping Cu, and the conductivity of lanthanum chromate-based materials is increased 
in a certain range. 

The temperature dependence of conductivity of LCCCx samples in hydrogen 
atmosphere is shown in Fig. 5. Figure 5a is a function of conductivity with tempera-
ture in hydrogen and Fig. 5b is a curve of conductivity with Cu doping in hydrogen. As 
shown in the figure, under hydrogen conditions, the higher the temperature, the higher 
the conductivity of lanthanum chromate. In a reducing atmosphere, the conductivity 
of lanthanum chromate can be greatly improved by doping Cu. At the temperature 
of 800 °C, the conductivity of the samples without Cu doping is only 4.08 s cm−1 in 
the reduction atmosphere, but after Cu doping, the conductivity of the samples can 
reach more than ten s cm−1. The electrical conductivity of Cu increased from 0 to 0.5 
at first and then decreased in reducing atmosphere, and the electrical conductivity of 
LCCC0.2 was the highest (12.31 s cm−1).

Therefore, not only the increase of electrical conductivity was obviously improved 
by Cu doping in air atmosphere, but also the electrical conductivity of the samples 
changed from LCCC0 4.08 s cm−1 to LCCC0.2 12.31 s cm−1 in hydrogen atmo-
sphere, the electrical conductivity is greatly improved. The reasonable conductivity 
of LCCCx in a dual atmosphere makes it a suitable connector material for flat tube 
solid oxide fuel cell.
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Fig. 5 La0.8Ca0.2Cr1−xCuxO3 conductivity in hydrogen atmosphere: a change with temperature; 
b change with Cu doping amount

3.4 Study on Chemical Compatibility with Anode Powder 
and Electrolyte 

Because the connector material is in contact with the anode material NiO and the elec-
trolyte material YSZ, in order to confirm the chemical compatibility of the connector 
with the anode and the electrolyte, the LCCCx powder was mixed with NiO and 
8 mol% YSZ, respectively, at the mass ratio of 1:1, and then sintered at 1400 °C for 
5 h.  

Figure 6 shows the XRD spectra of the mixture of LCCCx and NIO, as well as 
a comparison to the XRD spectra of the mixture of NIO. Figure 7 shows the XRD 
spectra of LCCCx and YSZ mixture, and the comparison of the XRD patterns of the 
mixture with YSZ. From the observed XRD peak, there is no obvious formation of 
the second phase. So, under the normal calcination and working conditions of solid 
oxide fuel cell, the connector material LCCCx does not react with other components 
of the cell. The XRD spectrum of the calcined sample did not show any additional 
diffraction peaks, indicating that a second phase was not formed. Therefore, LCCCx 

is a cyclically stable connecting material.

3.5 Thermal Shrinkage and Coefficient of Thermal 
Expansion 

The length of LCCCx strip samples was measured before and after calcination at 
1400 °C. The thermal shrinkage of the LCCCx samples doped with Cu was all about 
12%, the thermal shrinkage of the samples without Cu doping was only 5.77%.
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Fig. 6 a XRD patterns of the mixture of LCCCx with NiO (50:50 wt%) after 5 h of calcination at 
1400 °C; b XRD comparisons of the mixture with NiO

At programmed temperature, the coefficient of thermal expansion of the connector 
material LCCCx was characterized by a thermal dilatometer and compared to other 
parts of the commonly used solid oxide fuel cell [15]. Between 30 °C and 1000 °C, 
the coefficient of thermal expansion of LCCCx closely matched the coefficient of 
thermal expansion of 8 mol% YSZ (10.6 × 10–6 K−1), as shown in Fig. 7b. The 
TEC of LCCC0 was 11.13 × 10−6 K−1, still close to YSZ. The TEC of LCCC0.1 is 
10.58 × 10−6 K−1, which is very similar to that of YSZ. The coefficients of thermal
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Fig. 7 a shows the thermal expansion curve of La0.8Ca0.2Cr1-xCuxO3 and b shows the thermal 
expansion curve of La0.8Ca0.2Cr1-xCuxO3 and the coefficient of thermal expansion curve (TEC) of 
La0.8Ca0.2Cr1-xCuxO3

expansion of LCCC0.2–LCCC0.5 were 10.54 × 10–6, 10.76 × 10–6, 11.38 × 10–6, 
10.64 × 10–6 K−1, respectively, which were close to YSZ’s TEC. It can be seen from 
the figure that Cu doping has a certain effect on TEC of lanthanum chromate, that 
is, with the increase of Cu doping amount, the coefficient of thermal expansion first 
decreases and then increases [16]. However, LCCC0.5 contains impurities, which are 
different from their coefficient of thermal expansion and lead to the bending of the 
sample during the heating process, thus causing the difference in the coefficient of 
thermal expansion. 

In addition, lanthanum chromate-based materials will change from orthorhombic 
system to trapezohexahedron, when the temperature rises to about 250–300 °C. 
Therefore, this phase transition process may occur during the heating of LCCCx 

samples. As shown in Fig. 7, it is obvious that there is an inflection point in the 
thermal expansion curve at about 300 °C. Although the material undergoes a phase 
transition around 300 °C, this does not affect the life of the solid oxide fuel cell, as 
the material is very close to YSZ’s TEC [17, 18]. 

3.6 Study on the Stability in Reducing Atmosphere 

The prepared LCCCx powder was placed in a tube furnace at 800 °C, and hydrogen 
was introduced into it to reduce it in hydrogen atmosphere for 10 h, then its XRD 
was tested. The XRD of reduced LCCCx powder is shown in Fig. 8. As can be seen 
from the diagram, there is no new impurity formation after 10 h of reduction, and 
LCCCx can keep a good perovskite structure. As a result, the LCCCx is stable for 
the duration of the solid oxide fuel cell, extending the battery’s life to some extent 
[19].
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Fig. 8 XRD patterns of 
La0.8Ca0.2Cr1−xCuxO3 
powders after 10 h reduction 
at 800 °C in hydrogen 

4 Conclusion 

A series of Ca and Cu doped lanthanum chromate (La0.8Ca0.2Cr1−xCuxO3(x = 0.0, 
0.1, 0.2, 0.3, 0.4, 0.5) ceramic perovskite powders were synthesized by sol–gel 
method, a series of characterizations were carried out. From the results, it can be 
seen that under air conditions, as Cu doping increases, the conductivity of the sample 
first increases and then decreases. But, when the atmosphere switches to hydrogen 
gas, the amount of Cu doping increases, and the conductivity first increases, then 
decreases. When the doping amount is increased again, the conductivity will increase. 
The electrical conductivity of La0.8Ca0.2Cr0.8Cu0.2O3 is 22.1 s cm−1 at 800 °C in 
air atmosphere, and the electrical conductivity of La0.8Ca0.2Cr0.8Cu0.2O3 increases 
greatly in hydrogen atmosphere, the conductivity of La0.8Ca0.2Cr0.8Cu0.2O3 at 800 °C 
is 12.31 s cm−1. The coefficient of thermal expansion of La0.8Ca0.2Cr1−xCuxO3(x = 
0.0, 0.1, 0.2, 0.3, 0.4, 0.5) is very close to the coefficient of thermal expansion of 
YSZ, and the coefficient of thermal expansion increases with the increase of Cu 
doping amount, in addition, the stability of the powder at high temperature (800 °C) 
and in reducing atmosphere was good, which met the requirements of the solid oxide 
fuel cell connector materials, and the powder had good chemical compatibility with 
NiO and YSZ, under high temperature conditions, it does not react with NiO and 
YSZ. Therefore, the properties of La0.8Ca0.2Cr1−xCuxO3(x = 0.0, 0.1, 0.2, 0.3, 0.4, 
0.5) powder are good, especially La0.8Ca0.2Cr0.8Cu0.2O3 powder, very suitable for 
use as connector material.
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