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Thermodynamic database for multicomponent oxide 
systems. Preparation, Structure and Physicochemical 
Properties of La0.95Bi0.05Mn1–yCuyO3+δ (у = 0.1 – 0.4) and 

Composites with Bi2O3‑Based Electrolytes

Samples of La0.95Bi0.05Mn1–yCuyO3+δ (у = 0.1 – 0.4) were prepared by sol-
id-state synthesis. Additionally, the sample with nominal composition 
La0.95Bi0.05Mn0.7Cu0.3O3+δ was obtained using citrate-nitrate method. It was de-
termined by X-ray diffraction analysis that the compounds have rhombohedral 
(space group R3C) or orthorhombic (space group Pbnm) structure, depend-
ing on the composition. Single-phase compounds are synthesized at у = 0.1; 
0.2. The investigation using scanning electron microscope showed that the 
grain sizes for the samples sintered using different techniques are close to each 
other because of the high calcination temperature. For the sample with or-
thorhombic structure the phase transition into rhombohedral one was found 
around 390 °С by means of dilatometry. Thermal expansion coefficient of the 
sample La0.95Bi0.05Mn0.7Cu0.3O3+δ is equal to 6·10–6 K–1 (T < 390 °C) and 15·10–6 K–1 
(T > 390 °C). The composite materials of substituted lanthanum mangan-
ites with Bi4V1.7Fe0.3O11–δ and Bi7Nb1.8Zr0.2O15.5–δ solid electrolytes were obtained 
at 650 °C. The electrical conductivity values for the latter one are by three orders 
of magnitude higher than for pure bismuth niobate.
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Introduction
The search for new catalysts and 

electrode materials for solid oxide fuel cells, 
aimed to replace expensive platinum, is an 

important issue in modern materials che-
mistry. Perovskite-type compound LaMnO3 
is of particular interest in this area. Lantha-
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num manganite has sufficiently high va-
lues of mixed conductivity (~80 S / cm [1]) 
with thermal expansion coefficient (TEC) 
value equal to 10.7×10–6 K–1 [2]. On the 
one hand, authors [3–5] showed that dop-
ing of lanthanum manganite by Cu2+ ions 
improves its electroconductive characte-
ristics comparing with such dopants as Fe, 
Ni, Co, Cr, Zn. However, the homogeneity 
range of the solid solution LaMn1–xCuxO3±δ 
has not yet been determined exactly. Some 
authors suppose that single-phase com-
pounds are formed at х ≤ 0.6 [6–8]. But 
in the other cases, this value is equal to 0.8 
[9] and 0.4 [10]. Outside the homogeneity 
range, many authors [6–10] report exist-
ence of such impurities as La2CuO4 and 
CuO. On the other hand, it was shown that 
preparation of composite materials con-
taining lanthanum manganite and oxygen-
ion conductor improved the performance 
of an electrochemical cell because of the 
extension of the triple-phase boundary re-
gion from the electrolyte / electrode physi-
cal interface into the electrode bulk [11, 
12]. For example, the composite electrode 
((La0.85Sr0.15) 0.9MnO3–δ and (Y0.25Bi0.75) 2O3) 

showed much lower polarization resistance 
values than composites with yttrium-stabi-
lized zirconia [13]. In our previous works 
[14, 15] it was observed that the solid solu-
tion La1–хBiхMn1–yCuyO3+δ, simultaneously 
doped with Bi and Cu, can be obtained 
by solid-state method within limited ho-
mogeneity range (x, y ≤ 0.1). The chemi-
cal compatibility of  these compounds 
as  cathode materials was tested with 
some solid electrolytes (Bi4V1.7Fe0.3O11–δ 
and La0.9Bi0.1Nb0.9W0.1O3+δ). The results 
of X-ray diffraction analysis confirmed 
that the materials investigated do not in-
teract at temperatures lower than 700 °С 
[15]. But a  detailed study of  structure 
of La1–хBiхMn1–yCuyO3+δ and electrochemi-
cal behavior of composites has not been 
presented.

Therefore, the aim of our work is to ob-
tain the samples with general formula 
La1–хBiхMn1–yCuyO3+δ (x = 0.05, y = 0.1 – 0.4) 
by solid-state and citrate-nitrate methods 
and to  study the physicochemical pro-
perties of  synthesized compounds and 
its composites with Bi4V1.7Fe0.3O11–δ and 
Bi7Nb1.8Zr0.2O15.5–δ.

Experimental
Samples La0.95Bi0.05Mn1–yCuyO3+δ 

(у = 0.1 – 0.4) were prepared via the solid-
state method. Additionally, the sample 
La0.95Bi0.05Mn0.7Cu0.3O3+δ was synthesized 
using citrate-nitrate method to study the 
influence of synthesis method on the struc-
ture. Metal oxides Bi2O3 (99.99 %), La2O3 
(La-D), MnO2 (98 %), CuO (99.9 %) were 
taken as precursors. For accurate weighing, 
all oxides had been annealed in air at dif-
ferent temperatures for removing water 
and obtaining the stable modifications. For 
Bi2O3, the annealing temperature was equal 
to 600 °С, La2O3–1000 °С, MnO2–750 °С, 
CuO – 600 °С. Manganese (IV) oxide was 

reduced to Mn2O3 in  the process. Lan-
thanum oxide was weighted shortly after 
annealing. Solid-state synthesis was per-
formed by regrinding of the oxide mix-
ture thoroughly in an agate mortar using 
ethanol as a homogenizer. The multi-step 
synthesis was carried out in the tempera-
ture range 600–1270 °С. Annealing time 
was 8 hour at each stage. After annealing 
of powder samples at 700 °С, they were 
uniaxially pressed into rectangular bars 
and then sintered at 1200 °С.

For citrate-nitrate method, initial 
oxides were dissolved into deionized wa-
ter by adding nitric acid. Full dissolution 
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of manganese oxide was achieved by ad-
ding oxalic acid. Then as-prepared solu-
tions were mixed with citric acid (in the 
molar ratio 1 (number of  metal atoms 
in lanthanum manganite): 2 (citric acid)) 
in a ceramic bowl and heated until self-
combustion occurred. After that, as-ob-
tained powder was annealed at 600 °С, and 
then at 900–1200 °С.

The phase composition of  the pow-
ders was checked by  means of  X-ray 
powder diffraction (D8 ADVANCE dif-
fractometer (Bruker, Germany), Cu Kα 
radiation, β-filter, PSD VÅNTEC1. The 
phase purity of the compounds was ex-
amined by comparing their XRD patterns 
with those in the PDF2 database. Crys-
tal structure refinements were performed 
using full-profile Rietveld method. The 
oxygen nonstoichiometry (δ) was deter-
mined by redox potentiometric titration 
(automatic potentiometric titrator ATP-2 
AKVILON) at room temperature [16]. A 
surface morphology and a local chemical 
composition of the powder and ceramic 
specimens fired at  1200–1270 °С  were 
determined using scanning electron mi-
croscopy (SEM) on  microscope JEOL 
JSM 6390LA (Jeol, Japan). The density 
of sintered briquettes was estimated with 
Archimedes method. Dilatometric measu-

rements were carried out on rectangular 
bars with the length of 25 mm using a DIL 
402 C Netzsch dilatometer in the tempera-
ture range 20–1000 °C with a heating rate 
of 2 °C / min. For electrical conductivity 
measurements, composite materials were 
prepared with bismuth-containing elec-
trolytes Bi4V1.7Fe0.3O11–δ (BIFEVOX0.3) 
and Bi7Nb1.8Zr0.2O15.5–δ (BNZO0.2) [15]. 
The composition La0.95Bi0.05Mn0.8Cu0.2O3+δ 
+ BIFEVOX0.3 (1:1 wt. %) is referred 
to  as  “Composite1” and the other one 
La0.95Bi0.05Mn0.6Cu0.4O3+δ + BNZO0.2 (1:1 
wt. %) – “Composite2”. These materials 
were sintered at 650 °С where there is no 
chemical interaction between the powders 
[15]. All samples were coated by highly 
disperse platinum before measurements. 
Electrical conductivity was measured with 
impedance spectroscopy (impedance me-
ter Z-3000 “Elins”, Russia) using two-probe 
cell. The measurements were performed 
in the temperature range 650–200 °С and 
frequency span 3 MHz – 1 Hz in the cool-
ing mode. Obtained impedance spectra 
were treated with “ZView” software and 
equivalent circuits were fitted to them. Us-
ing these data, the temperature dependen-
ces of electrical conductivity (σ) were plot-
ted in Arrhenius coordinates lgσ – 1000 / T.

Results and discussion
It was determined by  X-ray dif-

fraction analysis that the compounds 
La0.95Bi0.05Mn1–yCuyO3+δ at y = 0.1; 0.2 are 
single-phase and have rhombohedral 
(space group R3c) structure. But with an in-
crease in copper doping level the structure 
changes to orthorhombic one (space group 
Pbnm) with the simultaneous appearance 
of impurity phase CuO (5–10 wt. %). The 
samples La0.95Bi0.05Mn0.7Cu0.3O3+δ obtained 
by different sintering methods have identi-

cal structure and impurity. X-ray diffrac-
tion pattern of the La0.95Bi0.05Mn0.8Cu0.2O3+δ 
is given in Fig. 1. The refinement results 
performed by Rietveld method are listed 
in Table 1.

The value of oxygen nonstoichiometry 
determined by  redox titration method 
at room temperature for the single-phase 
specimens La0.95Bi0.05Mn1–yCuyO3+δ (у  = 
0.1; 0.2) is equal to  0.12. Using scan-
ning electron microscopy, we compared 
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powder particles” size for  the samples 
of La0.95Bi0.05Mn0.7Cu0.3O3+δ synthesized via 
the solid-state and citrate-nitrate methods.

The images are shown in the Fig. 2. It 
was found there is no significant influence 
of the sintering method on the grains size 
of the powder sample. It can be explained 
by high calcination temperature (1200 °С) 
of the substituted lanthanum manganite 
prepared by citrate-nitrate technique. As 
seen in Fig. 2, powder particles have vari-

ous shapes with size distribution from 5 
to 50 μm.

For the dilatometric and electrical con-
ductivity measurements, substituted lan-
thanum manganites or composite samples 
(electrode and electrolyte mixture) were 
pressed and sintered into bars. Volumet-
ric porosity of La0.95Bi0.05Mn1–yCuyO3+δ (у = 
0.1 – 0.4) ceramics obtained at 1200 °С was 
estimated by  Archimedes method. The 
average value of  14 % was additionally 

Fig. 1. X-ray diffraction pattern of the La0.95Bi0.05Mn0.8Cu0.2O3+δ.  
Inset: the extended scale of large angles (80–130°)

Table 1
The refinement results for the La0.95Bi0.05Mn0.8Cu0.2O3+δ

Composition La0.95Bi0.05Mn0.8Cu0.2O3±δ

Space group R3c

Unit cell parameter, a (Å) 5.5269(1)

Unit cell parameter, c (Å) 13.3356(1)

Volume (Å3) 352.784(5)

GOF 2.86

Rexp 1.55

Rwp 4.43

Rp 3.17

RBragg 2.94

Atom Multiplicity x y z Occupation Beq.

La 6 0.00000 0.00000 0.25000 0.952 (1) 0.34

Bi 6 0.00000 0.00000 0.25000 0.048 (2) 0.34

Mn 6 0.00000 0.00000 0.00000 0.80 (1) 0.10

Cu 6 0.00000 0.00000 0.00000 0.20 (1) 0.10

O 18 0.5490 (7) 0.00000 0.25000 1 0.49
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confirmed by  SEM images of  the 
La0.95Bi0.05Mn0.7Cu0.3O3+δ tablet (Fig.  3). 
This value conforms to the general require-
ments for cathode materials [17]. However, 
for this sample, the phase transition from 
orthorhombic to rhombohedral structure 
is observed at 390 °C (Fig. 4). Thermal ex-
pansion coefficient (TEC) value is equal 
to 6·10–6 K–1 (T < 390 °C) and 15·10–6 K–1 
(T > 390 °C).

The electrical conductivity was in-
vestigated on  composite materials 
La0.95Bi0.05Mn0.8Cu0.2O3+δ + Bi4V1.7Fe0.3O11–δ 
(1:1 wt. %) and La0.95Bi0.05Mn0.6Cu0.4O3±δ + 
Bi7Nb1.8Zr0.2O15.5 (1:1 wt. %) using imped-
ance spectroscopy method in  tempera-
ture range 650–200 °С. As an example, 

typical impedance spectrum of  the 
La0.95Bi0.05Mn0.8Cu0.2O3+δ + Bi4V1.7Fe0.3O11–δ 
at  low temperature (350 °С) is shown 
in Figure 5. It can be described by resist-
ance (R1) of the sample and the diffusive 
Warburg (W1) element connected in se-
ries. Additionally, constant phase element 
(CPE1) is in a parallel to R1 (Fig. 5) and can 
describe a wide range of electrochemical 
processes. The value of CPE1 is equal to 
2.5 × 10–4 F and corresponds to a resistance 
of phase boundary. Such result is in a good 
agreement with the composite nature of the 
material [18].

According to  results of  a resistance 
measurements, the temperature depend-
ences of the general electrical conductiv-

Fig. 2. SEM images of the powder sample La0.95Bi0.05Mn0.7Cu0.3O3+δ: solid-state method (left); 
citrate-nitrate method (right)

Fig. 4. Temperature dependence of linear 
thermal expansion and TEC for the sample 

La0.95Bi0.05Mn0.7Cu0.3O3+δ

Fig. 3. SEM image of the 
La0.95Bi0.05Mn0.7Cu0.3O3+δ tablet chip obtained 

in secondary (left) and reflected (right) 
electrons
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ity were plotted for electrochemical cells 
with: 1) pure electrolyte BIFEVOX0.3 with 
platinum and composite electrodes; 2) pure 
electrolyte BNZO0.2 with platinum elec-
trodes; 3) composites with platinum elec-
trodes (Fig. 6). In the case of BIFEVOX0.3, 
we found out that using the composite ma-
terials had the negative influence on the 
electrical conductivity of the cells. But it 
can be mentioned that the activation energy 
(Ea) values change insignificantly (Table 2).

Better results were achieved using the 
composite which contained BNZO0.2, 

where the electrical conductivity values in-
creased by three orders of magnitude at low 
temperature (300 °С) in comparison with 
pure bismuth niobate (Fig. 6). Moreover, 
the activation energy value decreased from 
1.10 to 0.32 eV (Table 2), implying con-
siderable contribution of electronic com-
ponent to the total electrical conductivity 
of the composite. We suppose that diffe-
rence in electrochemical behavior of the 
composite materials investigated is largely 
determined by structural characteristics 
and charge transfer of the pure electrolytes.

Conclusions
Samples with general formula 

La0.95Bi0.05Mn1–yCuyO3+δ (у = 0.1 – 0.4) were 
prepared by solid-state synthesis. Addi-
tionally, the sample with nominal com-
position La0.95Bi0.05Mn0.7Cu0.3O3+δ was ob-

tained using citrate-nitrate method. It was 
determined by X-ray diffraction analysis 
that the compounds have rhombohedral 
(space group R3c) or orthorhombic (space 
group Pbnm) structure, depending on the 

Table 2
Electrical conductivity (σ) and activation energy (Ea) values of the electrochemical cells

Electrochemical cell
σ, S / cm

Ea, eV
350 °C 650 °C

Pt|BNZO0.2|Pt 1.9×10–7 1.57×10–4 1.10
Pt|Composite2|Pt 1.49×10–4 9.80×10–4 0.32
Composite1|BIFEVOX0.3|Composite1 3.40×10–6 6.96×10–5 0.59
Pt|Composite1|Pt 1.30×10–5 6.98×10–4 0.62
Pt|BIFEVOX0.3|Pt 2.30×10–5 2.32×10–3 0.74

Fig. 5. Impedance spectrum of the 
Composite1 (La0.95Bi0.05Mn0.8Cu0.2O3+δ + 

Bi4V1.7Fe0.3O11–δ (1:1 wt. %)) at 350 °C and 
fitted equivalent circuit

Fig. 6. Temperature dependences of the 
general electrical conductivity of the 

investigated electrochemical cells
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composition. Single-phase compounds 
are formed at у = 0.1; 0.2. The investigation 
using scanning electron microscope showed 
that samples sintered using different tech-
niques have similar grain sizes because 
of the high calcination temperature. The 
average density value estimated by Archi-
medes method was 14 %. For the sample 
with orthorhombic structure the phase 
transition into rhombohedral one was 
found around 390 °С by dilatometric meth-
od. Thermal expansion coefficient of the 

sample La0.95Bi0.05Mn0.7Cu0.3O3+δ is equal 
to 6·10–6 K–1 (T < 390 °C) and 15·10–6 K–1 
(T > 390 °C). The composite materials with 
Bi4V1.7Fe0.3O11–δ and Bi7Nb1.8Zr0.2O15.5–δ solid 
electrolytes were investigated. The electrical 
conductivity values for the latter were found 
to be three orders of magnitude higher than 
those for pure bismuth niobate. However, 
on the other hand, we found out that us-
ing the composites materials with bismuth 
vanadate had the negative influence on the 
electrical conductivity of the cells.
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