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A B S T R A C T   

New Bi1.5Mg0.9-xLixNb1.5O7–δ (x = 0.25; 0.40) and Bi1.4RE0.1Mg0.5Li0.4Nb1.5O7–δ (RE – Eu, Ho, Yb) compounds 
with the pyrochlore structure were synthesized. The displacements of the A-site atoms (96g) and O’ ones (32e) as 
well as the Li and RE atoms distribution in the A-sites were determined. The dopant distribution was proven by 
ab initio calculations. The most preferable (Bi1.5Li0.5)(Nb1.5Mg0.5)O7 model was predicted with a direct band gap 
of 3.18 eV corresponding to the experimental Eg for Bi1.5Mg0.5Li0.4Nb1.5O7–δ. The thermal stability of the com-
pounds in air up to 1100–1220 ◦C and the reducing atmosphere up to 400 ◦C was determined. The charge 
disbalance in the A2O’ sublattice and the oxygen vacancies predetermine the dielectric behavior of the ceramics 
up to 200 ◦C, the mixed conductivity at high temperatures (T > 200 ◦C), and the proton transport up to 400 ◦C.   

1. Introduction 

Materials with the pyrochlore-type structure (A2B2O6O’, Fd3m space 
group), due to their chemical and structural diversity, can possess 
dielectric properties [1–8] and electronic [9–12], proton [11–17], and 
oxygen [18–20] types of conductivity varying in a broad range. These 
properties, in combination with the high thermal stability of the pyro-
chlore materials, make them suitable for various applications such as 
ceramic capacitors [3–6], electrodes or electrolytes in solid oxide fuel 
cells (SOFC) [20–23], sensors [23,24], energy storage materials [25], 
etc. 

As dielectrics, the Zn- and Mg-doped bismuth niobates and the 
related pyrochlores have been widely investigated due to high dielectric 
constant ε’ of 170–180, low dielectric tangent loss tanδ~10–4, moderate 
temperature coefficients of capacitance TCC of –(500–600) ppm/◦C (1 
MHz, 25 ◦C) [1,2]. Today bismuth-enriched pyrochlore systems such as 
(Bi3.36Mg0.64-xMx)(Mg1.28Nb2.72)O13.76 (M – Sr, Ba, Ca) are being 
investigated intensively [3–6]. The dielectric properties are caused by 
the high polarization of A-site cations. Due to low synthesis temperature 
and chemical compatibility with the metal electrodes during co-firing, 

pyrochlores can be used as low-temperature co-fired ceramics (LTCC) 
[2,7,8]. LTCC technology is applicable in the manufacturing of decou-
pling capacitors, high-frequency filters, etc. 

The most promising pyrochlore compositions with high oxygen-ion 
conductivity are known to be acceptor-doped rare earth titanates, zirc-
onates, hafnates, and niobates [26–30]. The Ca2+ acceptor ion (as 
typically used) substitutes the rare earth cations at the A-sites of the 
structure [14,15,26,30]. Additionally, the rare earth cation with a 
smaller ionic size promotes the formation of a conduction channel for 
oxygen ions of a larger diameter [15]. The oxygen transport usually is 
activated above 250 ◦C but displays the Arrhenius-type behavior lgσ = f 
(103/T) above 360–400 ◦C [10,20,31]. The oxygen ion conductivity is 
caused by simultaneous oxygen migration through 48f-48f and 48f-8a 
sites [10,31]. From the density functional theory (DFT) study, the most 
energetically favorable migration path for continuous oxygen diffusion 
is 48f-48f [32]. The oxygen conductivity of the pyrochlore materials is 
well comparable with that for Y-stabilized ZrO2 and Gd-doped CeO2 
(fluorite-type), which are the traditional oxygen ion conductors in the 
high temperature region [33,34]. Thus, the pyrochlores can be consid-
ered for the usage in SOFC and oxygen sensors applications. 
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The proton transport of defect pyrochlores makes them attractive for 
use in proton-conducting membranes. A defect pyrochlore can be 
formed by acceptor doping [13–17,35–37] and/or the adjustment of the 
initial defect composition [38]. These procedures result in the formation 
of oxygen vacancies. In a humid atmosphere, the adsorbed water on the 
surface of the oxide material dissociates into a hydroxide ion and a 
proton, fills in the oxide ion vacancies, and then forms a covalent bond 
with the lattice oxygen [35]. The corresponding bulk proton transport 
proceeds through ambipolar diffusion of V⋅⋅

O and OH⋅
O as a supplement to 

the oxygen transport in the oxide material [35–37]. The temperature 
range of the presence of proton conductivity is defined by the initial 
pyrochlore matrix: up to 360–400 ◦C for doped magnesium bismuth 
niobates [36,37], up to 500–700 ◦C for doped bismuth titanates [38] and 
up to 650 ◦C for Ca-doped La2Zr2O7 [14,15]. 

Along with ionic conductivity, there is an electronic contribution to 
the conductivity in pyrochlores, making them mixed electronic-ionic 
conductors [12,21,31,36–40]. The predominance of one type of con-
ductivity over another depends on the chemical composition of the 
pyrochlore, the nature of the dopants, and their distribution over crys-
tallographic positions. Obviously, electronic and proton types of con-
ductivity prevail in the low-temperature range, whereas oxygen ion 
transport dominates in the high-temperature one. Therefore, the variety 
of the properties of the pyrochlore materials depending on temperature 
opens up broad areas of their application. 

Herein, a series of new Mg, Li-codoped bismuth niobates 
Bi1.5Mg0.9-xLixNb1.5O7–δ (x = 0.25, 0.4) and rare earth (RE) elements 
substituted Bi1.4RE0.1Mg0.5Li0.4Nb1.5O7–δ (RE – Eu, Ho, Yb) composi-
tions were investigated from experimental and theoretical sides. In 
different oxide systems, lithium plays the role of sintering additive, often 
decreasing sintering temperature by 150–250 ◦C [41,42] which, for 
example, can be advantageous for manufacturing of a gas-tight ceramic. 
In our case, lithium was used as a structure-forming element and as a 
sintering additive. The cation deficient Bi1.5Mg0.9–xLixNb1.5O7–δ com-
positions have been chosen analogous to previously synthesized 
single-phase Na-substituted Bi1.5Mg0.9-xNaxNb1.5O7–δ (x = 0.25; 0.40) 
pyrochlores [37]. The substitution of bismuth atoms by RE elements 
affects the number of atoms with a lone electron pair (Bi3+) and, by this, 
may lead to the change of electrical properties of the ceramics. Based on 
this, the Bi1.4RE0.1Mg0.5Li0.4Nb1.5O7–δ (RE – Eu, Ho, Yb) compounds 
were investigated. This work is devoted to the thorough structural 
analysis of the Bi1.5Mg0.9-xLixNb1.5O7–δ (x = 0.25, 0.4) and Bi1.4RE0.1-

Mg0.5Li0.4Nb1.5O7–δ (RE – Eu, Ho, Yb) pyrochlores, the thermal stability 
of the compounds in air and the reducing atmosphere, the optoelectronic 
properties, and the electrical properties in different atmospheres. The 
combination of lab-based X-rays along with synchrotron radiation and 
thermal neutrons (along with simultaneous Rietveld refinement) was 
used to determine more accurate localization of dopants and quantifi-
cation of their distribution in the pyrochlore structure. Besides, the 
structural stability and optoelectronic properties were evaluated from 
theoretical DFT calculation. The thermal stability of the bismuth-based 
pyrochlores in the reducing atmosphere was investigated for the first 
time. The dependence of electrical properties on the structural features 
is shown. For the first time, electrical measurements in a humid atmo-
sphere in combination with DSC-TG data were carried out to explain the 
proton conductivity of the bismuth-based pyrochlores. 

2. Experiment and theory 

2.1. Synthesis of complex bismuth niobates 

Mg, Li-codoped bismuth niobates Bi1.5Mg0.9-xLixNb1.5O7–δ (x = 0.25, 
0.4) and RE elements substituted Bi1.4RE0.1Mg0.5Li0.4Nb1.5O7–δ (RE – Eu, 
Ho, Yb) compositions were synthesized by the organic-inorganic pre-
cursors combustion method. For the synthesis, hydrates of metal nitrates 
Bi(NO3)3‧5H2O, Mg(NO3)2‧6H2O, LiNO3‧3H2O, Eu(NO3)3‧6H2O, Ho 
(NO3)3‧5H2O, Yb(NO3)3‧5H2O and niobium oxide Nb2O5 (99.99%, 

50–100 nm by SEM) were used as initial reagents (99.9% purity). Citric 
acid (CA) was used as a fuel in an amount corresponding to the ratio n 
(CA)/Σn(metal nitrates) = 1:1. The synthesis procedure was described in 
detail elsewhere [36,37]. Powders obtained after combustion were 
calcined at 650 ◦С (6 h), 850 ◦C (10 h), and 1000 ◦C (20 h). For the 
Bi1.5Mg0.65Li0.25Nb1.5O7–δ composition, the pellets with a high density 
were achieved after additional annealing stages at 1100 ◦C (20 h) and 
1150 ◦C (20 h). 

2.2. Characterization of ceramics 

The crystal structure of the samples was studied using a SHIMADZU 
XRD-6000 diffractometer (CuKα radiation). XRD data were collected at 
20 ◦C, with angular steps of 0.05◦, in the 2θ range of 10–100◦ (10 s at the 
step) and 10–80◦ (3 s at the step) for the Bi1.5Mg0.9-xLixNb1.5O7–δ and 
Bi1.4M0.1Mg0.5Li0.4Nb1.5O7–δ compositions, respectively. The high- 
resolution neutron powder diffractometer SPODI (research reactor 
FRM II, Maier-Leibnitz Zentrum, Germany) and Total Scattering beam-
line (P02.1) of the PETRA III synchrotron (Hamburg, Germany) were 
used for the qualitative structural study of the Bi1.5Mg0.65Li0.25Nb1.5O7–δ 
compound. NPD data were obtained at λ = 1.5482(1) Å neutron wave-
length (germanium monochromator) [43] in the scanning scope of 
0–152◦ in 0.05◦ steps, SXRD data – at a fixed 60 keV photon energy (λ =
0.20708 Å) [44] in the 2θ range of 0.18–64.81◦ (0.0268◦ step). Dioptas 
software was used for the reduction of 2D diffraction data [45]. FullProf 
software package was chosen for Rietveld refinement of the diffraction 
patterns [46]. For the SXRD pattern, Rietveld refinement was carried out 
in the angular range of 0.95–30◦. Corresponding pair distribution 
function (PDF) data were calculated with Qmax = 20 Å− 1 using GudrunX 
[47]. Simulations of the obtained PDFs were performed with PDFgui 
[48]. More details about the experimental acquisition of the diffraction 
data can be found in our previous work [37]. 

The phase analysis was performed by a scanning electron microscope 
(TESCAN VEGA 3SBU) on a polished surface of the ceramics coated by a 
carbon. For both qualitative and quantitative analysis, an X-ACT energy 
dispersive X-ray microanalyzer (EDX) was used. 

Thermal analysis of the samples in air and reducing atmosphere (5% 
H2/95%N2) was carried out by using a Netzsch STA 409 PC/PG device. 
The measurements were performed for the samples in three different 
modes. The first mode was heating up from 25 to 1300 ◦C (5 ◦C/min) 
with subsequent cooling down from 1300 to 600 ◦C (1 ◦C/min) in air and 
then self-cooling down to room temperature. The second mode was 
heating up from 25 to 700 ◦C (5 ◦C/min) in air for pre-moistened sam-
ples (in the form of powders and a chip of tablets). The third treatment 
was heating up from 25 to 700 ◦C (5 ◦C/min) in reducing atmosphere 
(5%H2/95%N2). Platinum and corundum crucibles were used in DSC-TG 
measurements up to 1300 ◦C and up to 700 ◦C, respectively. 

Diffuse reflectance spectra in the UV and visible regions were ob-
tained by using a Shimadzu 2450 spectrometer with an ISR-2200 inte-
grating sphere. Barium sulfate was used as a reference. The Kubelka- 
Munk transformation F(R) = (1–R)2/2R (R is the diffuse reflection co-
efficient) was applied to obtain and plot the optical absorption spectra. 

Electrochemical impedance spectroscopy (EIS) measurements were 
performed by an Immittance (RCL) Meter E7-28 in air, oxygen, and "wet" 
atmospheres. Silver electrodes coated pellets ≈13 mm in diameter were 
investigated. The measurements were recorded in cooling mode (from 
750 to 25 ◦C). The frequency range was varied from 25 Hz to 10 MHz at a 
voltage of 0.5 V. ZView 2.0 software was chosen for equivalent circuit 
simulations. The experiments in oxygen and "wet" atmosphere corre-
spond to the conditions described in work [37]. 

2.3. Computational methods 

In the present work, Vienna Ab Initio Simulation Package (VASP) 
[49,50] was used for theoretical calculations, which were performed 
within the DFT based on the projector augmented wave (PAW) method. 
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The initial pyrochlore model was built using the structural data for the 
doped niobate pyrochlore [51] (Fd3m space group). All calculations 
were performed by using a double primitive cell containing 22 atoms. 
The pristine pyrochlore “Bi2Nb2O7” (BNO) had been considered as an 
initial matrix for the (co-)doping process [37]. Then three models of 
(co-)doped bismuth niobates were optimized: (Bi1.5Li0.5)(Nb1.5Mg0.5) 
O7, (Bi1.5Mg0.5)(Nb1.5Li0.5)O7, and (Bi1.5Li0.5)(Nb1.5Li0.5)O7. The 
exchange-correlation potential was treated by the generalized gradient 
approximation (GGA) as proposed by Perdew-Burke-Ernzerhof (PBE) 
[52]. The Γ-centered 8 × 8 × 8 k mesh and plane-wave cut-off energy of 
500 eV were used to achieve reasonable convergence. The atomic co-
ordinates and cell parameters were fully relaxed until the residual forces 
on the atoms became less than 0.5 meV/Å. 

Electronic structure, including total and partial densities of states 
(DOS) as well as the band structure, was calculated for optimized 
pyrochlore models. We applied the screened Coulomb hybrid HSE03 
exchange-correlation functional [53,54] to accurately predict the elec-
tronic properties of (co-)doped bismuth niobate pyrochlores. This 
functional was successfully used in our previous works, where excellent 
agreement with the experiment was achieved [37,55]. A 
Monkhorst-Pack 6 × 6 × 6 k-point sampling together with the Gaussian 
smearing method was employed for DFT-HSE03 calculation. 

3. Results and discussion 

3.1. Structural investigation 

The Bi1.5Mg0.9-xLixNb1.5O7–δ (x = 0.25, 0.4) and Bi1.4RE0.1-

Mg0.5Li0.4Nb1.5O7–δ (RE – Eu, Ho, Yb) compositions were synthesized 
and characterized. For simplicity, we denote Bi1.5Mg0.9-xLixNb1.5O7–δ 
compounds as BMg0.9-xLixNO (x = 0.25, 0.4) and Bi1.4RE0.1-

Mg0.5Li0.4Nb1.5O7–δ as B1.4RE0.1Mg0.5Li0.4NO (RE – Eu, Ho, Yb). From 
XRD data, the pyrochlore-type structure with the space group Fd3m (No. 
227) was formed for all compositions (Fig. 1a). Only for the 
B1.4Yb0.1Mg0.5Li0.4NO composition, traces of MgNb2O6 (ICSD 85008, 
Pbcn space group, No. 60) and Bi1.52Yb0.37(Li0.4)Mg0.15Nb1.5O7–δ phases 
were detected from the XRD pattern and BSE-SEM images (Fig. 2). The 
local composition of the obtained pyrochlore phase corresponds to the 
initial ones (Table 1). The grain size of the ceramics varies from 5 to 10 
μm (Fig. 2), and the crystallite size calculated according to Scherrer 
formula changes from 82 to 91 nm. The porosity of the ceramics eval-
uated from SEM images is about 8–12% (Fig. 2). 

To determine the distribution of doped metal atoms (Li, Mg, RE) in 
the pyrochlore structure and possible displacements of atoms from their 
ideal sites, NPD, SXRD, and XRD data were collected and analyzed using 
Rietveld refinement. NPD data were collected for the BMg0.65Li0.25NO 
compound. Neutron scattering lengths for Bi, Li, Nb, Mg, and O (in fermi 
= 10− 15 m) are listed as follows 8.532, (-1.90), 7.054, 5.375, and 5.803. 
Despite scattering from Bi and Nb is quite high compared to Li, Mg, and 
O, these values allow a qualitative determination of the dopant distri-
butions in the structure. Oxygen can be accurately localized under the 
presence of heavy Bi. The negative scattering length for lithium enables 
its accurate quantification at cationic sites which is not accessible by X- 
ray-based techniques. 

The pyrochlore structure is characterized by the displacements of A 
and O’ atoms from their ideal positions (A from 16c to 96h or 96g; O’ 
from 8a to 32e or 96g) [37,56–58]. Considering the ideal positions of the 
atoms during Rietveld refinement, the unrealistically high or negative 
values of isotropic displacement parameters (Biso) were obtained for the 
A and O’ sites (Tables S1–S5). Assuming the possible displacements of 
the A and O’ atoms, the best fitting of the experimental and theoretical 
patterns was achieved, when these atoms occupy the 96g and 32e sites, 
respectively (Tables 2, S1–S5, Figs. S1–S3). The R-factors using 96h sites 
for the A atoms have been found systematical greater than using the 96g 
sites. 

According to the evaluation of the XRD data and the results of 
simultaneous Rietveld modeling of NPD and SXRD cases (Tables 2, 
S1–S5), Li atoms are distributed at the A(Bi) sites, and Mg atoms are at 
both A- and B-sites (x = 0.25) or only at B-sites (x = 0.40). The final 
model after the Rietveld–based calculation of NPD and SXRD patterns 
for the (Bi1.5Li0.25Mg0.15□0.1)(Mg0.50Nb1.5)O6.775 is shown in Fig. 1b, c. 
Evidently, Li+ as well as Na+ [37] cations distribute at Bi3+ sites due to 
the close ionic radii (r(Bi3+) = 1.17 Å, r(Mg2+) = 0.89 Å, r(Li+) = 0.92 Å 
at CN = 8) [59]. For the Mg atoms, the B-sites are more preferable (r 
(Nb5+) = 0.64 Å, r(Mg2+) = 0.72 Å, r(Li+) = 0.76 Å at CN = 6) [59]. 

The pair distribution function for the (Bi1.5Li0.25Mg0.15□0.1) 
(Mg0.5Nb1.5)O6.775 sample was obtained by Fourier transform of SXRD 
data and it is plotted in Fig. 1d. The sample exhibited a quite strong 
absorption for 60 keV X-ray photons, which along with the limited 
resolution of P02.1 instrument leads to the damping of pdf signal at 
radial distances above 50 Å. Obtained pdf distribution was modeled 
using the crystal structure from Rietveld refinement as an input leaving 
only isotropic displacements refined1. Graphical results of the modeling 
are presented in Fig. 1d, where a good agreement can be noticed. Weak 
discrepancies at r ≈ 1.30, 2.07, and 3.05 Å were observed and attributed 
to the unknown impurity phase. Since no traces of impurity peaks were 
observed from SXRD and NPD diffraction data, its poor crystallinity or 
even amorphous state can be assumed. 

For the B1.4RE0.1Mg0.5Li0.4NO (RE – Eu, Ho, Yb) pyrochlores, the best 
R-factors during Rietveld refinement was achieved when the RE ele-
ments are distributed at the A(Bi) sites due to dimensional factor (r 
(Eu3+) = 1.066 Å, r(Ho3+) = 1.015 Å, r(Yb3+) = 0.985 Å at CN = 8) [59] 
(Tables S3–S5). 

With the substitution of Mg2+ cations by Li+ ones (regardless of its 
content) the decrease in lattice parameters relatively to 
Bi1.5Mg0.9Nb1.5O7–δ (a = 10.5529(8) Å) was detected [37]. The decrease 
of lattice parameters along with the increase of lithium content for other 
systems was already mentioned in the literature [41,42]. In the case of 
Bi-RE substitution, again, a decreased lattice parameter was found, 
which was attributed to the size factor (Table 2). 

We employed the DFT method to predict structural, thermodynamic, 
and electronic properties of the (co-)doped pyrochlore models. Three 
models of (co-)doped bismuth niobates were considered in this work: 
(Bi1.5Li0.5)(Nb1.5Mg0.5)O7, (Bi1.5Mg0.5)(Nb1.5Li0.5)O7, and (Bi1.5Li0.5) 
(Nb1.5Li0.5)O7 (Table 3). We are comparing the results with data for the 
“Bi2Nb2O7” and (Bi1.5Mg0.5)(Nb1.5Mg0.5)O7 pyrochlores, explored in 
previous work [37]. DFT-PBE optimized structural data along with 
experimental values are reported in Table 3 for comparison. 

First, it should be noted that theoretical results are in good agree-
ment with the experimental data for Mg, Li-codoped pyrochlores, 
although DFT-PBE slightly underestimates lattice parameters. According 
to the structural characteristics predicted by the ab initio calculations, 
the substitution of lithium for bismuth along with magnesium for 
niobium (model #4) leads to a stronger decrease of the unit cell pa-
rameters when compared to (co-)doped bismuth niobates (Table 3). 
Moreover, the decrease of the theoretical cell parameter is also noticed 
for the (#2) (Bi1.5Mg0.5)(Nb1.5Mg0.5)O7 pyrochlore model [37]. These 
two pyrochlore compositions were successfully prepared during the 
present and last experiment [37]. 

In the initial “Bi2Nb2O7” model, there are three different types of 
bond lengths: Bi–O48f; Bi–O8a, and Nb–O48f in the first coordination 
sphere of Bi and Nb. For all doped theoretical models, the mean bond 
length <A–O48f> and <A–O8a> are in the range 2.593–2.626 and 
2.266–2.310 Å, respectively, which is somewhat shorter than typical 
values of d(Bi–O) in “Bi2Nb2O7”. The contraction of the chemical bonds 
can be attributed to the shorter ionic radius of the Mg2+ and Li+ than for 

1 The isotropic displacements obtained from pdf analysis were obtained fac-
tor 2-3 larger than these during Rietveld treatment potentially indicating higher 
disorder on short- and intermediate-length scale. 
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Bi3+ at eight-fold coordination. 
A reduction in the <B–O> mean distance occurs during Mg substi-

tution for Nb in the (#2) (Bi1.5Mg0.5)(Nb1.5Mg0.5)O7 and (#4) (Bi1.5Li0.5) 
(Nb1.5Mg0.5)O7 pyrochlores. Meanwhile, the <B–O> bond length 

increased by 1.1% at Li substitution for Nb in the third and fifth models. 
At six-fold coordination, the Nb5+ ion has the smallest radius, the Mg2+

ion has slightly larger, and the Li+ ion has the largest one. Therefore, the 

Fig. 1. XRD patterns for BMg0.9-xLixNO (x = 0.25, 0.4) and B1.4RE0.1Mg0.5Li0.4NO (RE – Eu, Ho, Yb) (a). Observed, calculated diffraction patterns and their difference 
profile of simultaneous modeling of the NPD (b) and SXRD (c) data for the (Bi1.5Li0.25Mg0.15□0.1)(Mg0.5Nb1.5)O6.775 model. Obtained and modeled pair distribution 
function (d). 

Fig. 2. BSE SEM micrographs of the surfaces of ceramics BMg0.9-xLixNO: (a) x = 0.25, (b) x = 0.4; and B1.4RE0.1Mg0.5Li0.4NO where RE – (c) Eu, (d) Ho, (e) Yb.  

Table 1. 
Results of EDX-SEM analysis for BMg0.9-xLixNO and B1.4RE0.1Mg0.5Li0.4NO.  

Symbol Composition EDX-SEM composition 

BMg0.65Li0.25NO Bi1.5Mg0.65Li0.25Nb1.5O7–δ Bi1.52Mg0.62(Li0.25) 
Nb1.5O7–δ 

BMg0.5Li0.4NO Bi1.5Mg0.5Li0.4Nb1.5O7–δ Bi1.46Mg0.43(Li0.4) 
Nb1.5O7–δ 

B1.4Eu0.1Mg0.5Li0.4NO Bi1.4Eu0.1Mg0.5Li0.4Nb1.5O7–δ Bi1.40Eu0.10(Li0.4) 
Mg0.44Nb1.5O7–δ 

B1.4Ho0.1Mg0.5Li0.4NO Bi1.4Ho0.1Mg0.5Li0.4Nb1.5O7–δ Bi1.35Ho0.08(Li0.4) 
Mg0.48Nb1.5O7–δ 

B1.4Yb0.1Mg0.5Li0.4NO Bi1.4Yb0.1Mg0.5Li0.4Nb1.5O7–δ 
1Bi1.40Yb0.06(Li0.4) 
Mg0.44Nb1.5O7–δ 
2Mg1.06Nb4O11 
3Bi1.52Yb0.37(Li0.4) 
Mg0.15Nb1.5O7–δ  

Table 2. 
Crystal data and refinement results for BMg0.9-xLixNO and 
B1.4RE0.1Mg0.5Li0.4NO.  

Composition Formula 
weight, g/ 
mol 

a±0.0002, 
Å 

V, Å3 ρcalc, g/ 
cm3 

(Bi1.5Li0.25Mg0.15□0.1) 
(Mg0.5Nb1.5)O6.775 

582.771 10.5461 1172.94 6.598 

(Bi1.5Li0.4□0.1)(Mg0.5Nb1.5) 
O6.7 

574.955 10.5458 1172.84 6.510 

(Bi1.4Eu0.1Li0.4□0.1) 
(Mg0.5Nb1.5)O6.7 

569.253 10.5301 1167.61 6.474 

(Bi1.4Ho0.1Li0.4□0.1) 
(Mg0.5Nb1.5)O6.7 

570.550 10.5274 1166.71 6.494 

(Bi1.4Yb0.1Li0.4□0.1) 
(Mg0.5Nb1.5)O6.7 

571.361 10.5302 1167.64 6.498 

Characteristics for all compounds are the same: T = 293 K, space group Fd3m. 
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Nb substitution with Mg or Li introduces distortion in the BO6 sublattice, 
where the effect from Li doping is higher than that from Mg. This is one 
of the reasons for the stability and existence of stable forms of 
Bi1.5MgNb1.5O7 and (Bi1.5Li0.5)(Nb1.5Mg0.5)O7 pyrochlores when 
compared to the (Bi1.5Mg0.5)(Nb1.5Li0.5)O7 and (Bi1.5Li0.5)(Nb1.5Li0.5)O7 
ones. 

The relative stability of the (co-)doped bismuth niobate pyrochlores 
was evaluated based on calculated thermodynamic functions – forma-
tion enthalpies ΔHf and formation energy of doping Ef as follows: ΔHf =

Ed −
∑

i
niμi and Ef = = Ed – Et+

∑

i
αiniμi (Table 4). Here, Ed is the 

total energy of (co-)doped pyrochlore, Et – is the total energy of pristine 
“Bi2Nb2O7”, μi is the atomic energy or chemical potential, ni is the total 
number of the ith atom, α is the operator which becomes either a 
negative or a positive depending on the ith atom added or removed to 
form the cell [37]. We simulated two extreme O-rich and O-poor situ-
ations. If the O-poor conditions are considered, the chemical potentials 
of Bi and Nb are calculated as μBi = μBi

bulk and μNb = μNb
bulk. On the 

other hand, under O-rich conditions, the chemical potentials of Bi and 
Nb are determined as μBi = (μ(Bi2O3)− 3 × μO)/2 and μNb = (μ(Nb2O5)−
5 × μO)/2. The oxygen chemical potentials μO was received from the 
ground-state energy of the O2 molecule [37]. 

From the thermodynamic point of view, pyrochlores (#2) 
(Bi1.5Mg0.5)(Nb1.5Mg0.5)O7 and (#4) (Bi1.5Li0.5)(Nb1.5Mg0.5)O7 is the 
most stable, which makes such type of (co-)doping easier to be realized 
on practice. The model (#3) (Bi1.5Li0.5)(Nb1.5Li0.5)O7 manifests an 
opposite trend than similar Mg-doped pyrochlore, where relatively high 
formation enthalpies and formation energies for doping points on the 
possible instability of this pyrochlore composition. 

(Co-)doping of bismuth niobate pyrochlore by two different types of 
dopants Mg and Li has been studied. We considered two models 
(Bi1.5Li0.5)(Nb1.5Mg0.5)O7 and (Bi1.5Mg0.5)(Nb1.5Li0.5)O7, both of which 
are close in the chemical composition to the synthesized 

Bi1.5Mg0.5Li0.4Nb1.5O6.7 pyrochlore. Although the two models display a 
comparable value of the formation enthalpy per atom, the overall value 
for (Bi1.5Li0.5)(Nb1.5Mg0.5)O7 is ca. 2.6 eV per unit cell higher than for 
(Bi1.5Mg0.5)(Nb1.5Li0.5)O7. Therefore, the location of lithium atoms at A- 
site and magnesium atoms at B-site of pyrochlore is the preferred process 
during Mg, Li-codoping. The theoretical results strongly support the 
above-discussed experimental data. According to the Rietveld refine-
ment of the XRD pattern for the Bi1.5Mg0.5Li0.4Nb1.5O6.7 sample, the best 
fitting parameters were obtained for the model with Li atoms fill the A 
(Bi)-sites and Mg atoms fill the B(Ti)-sites i.e., close to model (Bi1.5Li0.5) 
(Nb1.5Mg0.5)O7. In the configuration with Li atoms distributed at the B- 
site, the fitting R-factors had been found less probable than for the 
above-discussed model (Table S6). 

3.2. Thermal stability of the pyrochlores 

Thermal analysis was performed for all compositions in air at heating 
up to 700 ◦C for humid (specially moistened) powder and chip samples. 
These data were collected to determine the maximum temperature of 
water removal from the system. In the DSC curves, a clear endothermic 
effect is observed up to 260 ◦C due to the removal of weak-bond surface 
water (stage 1, Fig. 3a, b). In the same temperature region, a significant 
mass loss (ca. 0.2–0.5%) occurs (see insets in Fig. 3). The transient 
process is recorded up to ≈450 ◦C until the equilibrium state is reached, 
corresponding to structural water removal (stage 2, Fig. 3). At the same 
time, mass loss decreases to ≈0.1%. At temperatures above 450 ◦C, exo- 
and endothermal effects (with respect to equilibrium state) can be 
observed in Fig. 3a and b for chips and powders, respectively. These 
effects can be attributed to the internal conditioning of the samples, such 
as deformation of structural polyhedra, charge carriers within the 96g 
sites, and an ionic-oxygen transport. According to the TG curves, the 
mass loss remains unchanged in the temperature range 450–700 ◦C (see 
insets in Fig. 3). Thus, surface water can influence electrical properties 
only up to 260 ◦C. 

To determine the possibility of using of the obtained ceramics in the 
reducing atmosphere, the DSC-TG measurements were carried out in 5% 
H2/95%N2 for dry powder samples. According to the DSC curves 
(Fig. 3b), a broad endothermic effect can be observed in the temperature 
range up to 400–500 ◦C, and the mass remains constant. Further in-
crease of temperature above 400 ◦C promotes an exothermic effect 
supplemented by the sharp drop of mass (up to 2%, see inset in Fig. 3b) 
associated with the reduction of bismuth cations to the metalic state and 
evaporation of released water:  

Bi2O3 + 3H2 = 2Bi + 3H2O↑.                                                          (1) 

Table 3. 
Main structural characteristics of the (co-)doped bismuth niobate pyrochlores according to ab initio and experimental study.  

Composition Lattice parameter а, Å Cell volume V, Å3 Bond distances 
d(A–O48f), Å d(A–O8a), Å d(B–O48f), Å 

#1 “Bi2Nb2O7”Calc [37] 10.665 1213.061 2.659 2.309 2.045 
#2 (Bi1.5Mg0.5)(Nb1.5Mg0.5)O7

Calc 

[37]  
10.483  1152.011  2.574 (Bi) 

2.661 (Mg) 
Mean 2.596  

2.382 (Bi) 
1.961 (Mg) 
Mean 2.277  

1.989 (Nb) 
2.134 (Mg) 
Mean 2.025  

Bi1.5Mg0.9Nb1.5O7
Exp [37] 10.5529(8) 1175.210 2.439 2.307 2.011 

#3 (Bi1.5Li0.5)(Nb1.5Li0.5)O7
Calc 10.572 1181.603 2.601 (Bi) 

2.692 (Li) 
Mean 2.624 

2.392 (Bi) 
2.018 (Li) 
Mean 2.298 

1.982 (Nb) 
2.441 (Li) 
Mean 2.097 

#4 (Bi1.5Li0.5)(Nb1.5Mg0.5)O7
Calc  10.463  1145.430  2.550 (Bi) 

2.720 (Li) 
Mean 2.593  

2.342 (Bi) 
2.036 (Li) 
Mean 2.266  

1.988 (Nb) 
2.122 (Mg) 
Mean 2.022  

Bi1.5Li0.4Nb1.5Mg0.5O6.7
Exp 10.5458(2) 1172.84 2.415 2.33(6) 1.990 

#5 (Bi1.5Mg0.5)(Nb1.5Li0.5)O7
Calc 10.598 1190.342 2.619 (Bi) 

2.648 (Mg)Mean  
2.626 

2.427 (Bi) 
1.960 (Mg)Mean  
2.310 

1.983 (Nb) 
2.439 (Li)Mean  
2.097  

Table 4. 
DFT calculated thermodynamic functions for (co-)doping process.  

# Composition ΔHf/Natoms, 
eV/atoms 

Ef(O-poor), 
eV/f.u. 

Ef(O-rich), 
eV/f.u. 

1 “Bi2Nb2O7” [37] -2.30 – – 
2 (Bi1.5Mg0.5) 

(Nb1.5Mg0.5)O7 [37] 
-2.58 -3.12 -10.41 

3 (Bi1.5Li0.5)(Nb1.5Li0.5) 
O7 

-2.34 -0.42 -7.71 

4 (Bi1.5Li0.5)(Nb1.5Mg0.5) 
O7 

-2.47 -1.90 -9.18 

5 (Bi1.5Mg0.5)(Nb1.5Li0.5) 
O7 

-2.44 -1.60 -8.88  
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For the BMg0.5Li0.4NO compound, the admixtures can be identified 
on the XRD pattern (Fig. 4a). At the same time, ball-shaped metalic 
bismuth 1.0–2.5 μm in size can be observed in the BSE-SEM image 
(Fig. 4b). The pyrochlore composition is then transformed to a bismuth- 
deficient Bi1.28(Li0.4)Mg0.54Nb1.5O7–δ one. After DSC investigation up to 
400 ◦C, the pyrochlore phase of the same BMg0.5Li0.4NO compound 
remains stable with the Bi1.48(Li0.4)Mg0.57Nb1.5O7–δ composition close 
to the initial one (Fig. 4c). Thus, the stability of the pyrochlore structure 
in reducing atmosphere up to 400 ◦C can be concluded. 

Bismuth-containing pyrochlores are considered as low-melting ma-
terials, and single crystals can be obtained up to 1300 ◦C [37,56–58]. In 
this work, we show the DSC-TG data for the cation-deficient 
BMg0.5Li0.4NO compound and cation-completed BMg1-xLixNO (x =
0.25, 0.5) pyrochlores obtained earlier for comparison [36]. The anal-
ysis was performed for the powder samples in air up to 1300 ◦C 
(5 ◦C/min), with subsequent long cooling (1 ◦C/min). According to the 
DSC curves, the clear endothermic effect during heating and exothermic 
one during cooling (1100–1220 ◦C) corresponding to the melting and 
crystallization of the main pyrochlore phase can be observed, respec-
tively (Figs. 5 and S4). Upon cooling, the samples look either like a dense 
pellet (x = 0.25) or transparent orange crystal (x = 0.5) with 3 mm in 
size (see insets in Figs. 5b, S4 and S5). From EDX-SEM data, the dense 
pellet, as well as single crystal, are characterized by the 
bismuth-deficient composition of the pyrochlore phase with a minor 
amount of the Mg(Liy)Nb2O6–δ admixture (Figs. 5 and S4). This fact is 
possible because of the evaporation of bismuth and lithium from the 
systems at T ≥ 1200 ◦C. For the BMg0.5Li0.4NO compound, the single 
crystal with the Bi1.56Mg0.68(Li0.4-y)Nb1.5O7–δ composition was 
obtained. 

For the BMg0.5Li0.5NO pyrochlore, a dense orange polycrystal was 
obtained, choosing the cooling speed of 5 ◦C/min. The Bi1.63M-
g0.57(Li0.50-y)Nb1.5O7–δ polycrystal is formed by small single crystals 
with 20–50 μm in size (see inset in Fig. 5b). This permits us to conclude 

that the pyrochlore structure of these complex compositions is stable up 
to the melting temperature, and the single-crystal form of different sizes 
can be obtained from their melt. 

3.3. Electronic structure and optical properties 

In Fig. 6, the energy bands, total and partial densities of electronic 
states are shown for the (Bi1.5Li0.5)(Nb1.5Mg0.5)O7 model. A single- 
particle band gap is a minimal energy required to create an electron- 
hole pair in a semiconductor. It is defined as the difference between 
the top of the valence band (VB) and the bottom of the conduction band 
(CB). As is usual, DFT-PBE severely underestimates the gap. The calcu-
lated direct (L-L) band gap was 2.48 eV at the GGA-PBE level (Fig. S6). 
To avoid this underestimation, the hybrid HSE03 exchange-correlation 
functional was used. A direct (L-L) band gap of 3.18 eV was predicted 
for the (Bi1.5Li0.5)(Nb1.5Mg0.5)O7 pyrochlore at the DFT-HSE03 level. 

As shown in Fig. 6b, Nb 4d, O 2p, Bi 6s, and Bi 6p orbitals give a 
significant contribution to the formation of the valence band. Over-
lapping of vacant orbitals Bi 6p and Nb 4d with O 2p in the range 
construct the conduction band of the (Bi1.5Li0.5)(Nb1.5Mg0.5)O7 pyro-
chlore. The electronic states of both lithium (A-site) and magnesium (B- 
site) give a minor contribution to the formation of the valence and 
conduction bands. The Fermi level nearly coincides with the VB top, and 
one electron is lacking to fill up the VB [37], which is a characteristic of a 
p-type semiconductor. The picture of DOS is similar to the electronic 
distribution of previously discussed (Bi1.5Mg0.5)(Nb1.5Mg0.5)O7 and 
(Bi1.5Na0.5)(Nb1.5Mg0.5)O7 pyrochlores [37]. 

The optical band gaps of the BMg0.9-xLixNO (x = 0.25, 0.4) pyro-
chlores were defined through the UV-Vis diffuse reflectance spectra 
measurements. The experimental absorption spectra were calculated 
and plotted in Fig. 7a. The Tauc plot of the experimental data (αhυ)2 = A 
(hυ – Eg) for direct transition is shown in Fig. 7b because Mg, Li-codoped 
bismuth niobate pyrochlore is classified to be a direct band gap 

Fig. 3. DSC and TG curves of the BMg0.9-xLixNO (x = 0.25, 0.4) and B1.4RE0.1Mg0.5Li0.4NO pyrochlores in the form of humid chips (a) and humid powders (solid 
lines) in air (b), and for dry powders in reducing atmosphere (5%H2/95%N2) (dash lines) (b). 

Fig. 4. (a) XRD patterns of the BMg0.5Li0.4NO powder after DSC up to 400 and 700 ◦C in 5%H2/95%N2; BSE SEM images for the corresponding powder after DSC: (b) 
up to 700 ◦C and (c) up to 400 ◦C in 5%H2/95%N2. 
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semiconductor (Fig. 6a). When lithium appears in the system, a slight 
red shift of the absorption edge is observed (Fig. 7a). This corresponds to 
the reduction of the band gap during Mg, Li-codoping for both theo-
retical and experimental values as compared with the BMgNO (Table 5). 
The reduction may lead to an improved electrical conductivity of the 
Mg, Li-codoped pyrochlores at the low-temperature range, where the 

electronic type conductivity predominates (see below Section 3.4). The 
DFT-HSE03 calculated and experimental band gap values for the 
(Bi1.5Li0.5)(Nb1.5Mg0.5)O7 pyrochlore are found to be identical (Table 5). 
This shows once more that the screened Coulomb hybrid HSE03 
exchange-correlation functional is an excellent way to describe the 
electronic structure of pyrochlores [37,55]. 

Fig. 5. DSC and TG curves for (a) BMg0.5Li0.4NO and (b) BMg0.5Li0.5NO in air (The insets show BSE-SEM images of pyrochlores after DSC-TG measurements).  

Fig. 6. Band structure (a), total and partial densities of states (b) for the (Bi1.5Li0.5)(Nb1.5Mg0.5)O7 model (The Fermi level is set at 0).  

Fig. 7. (a) Experimental absorption spectra and (b) the corresponding Tauc plot of the Mg- and Mg, Li-codoped bismuth niobate pyrochlores.  
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Moreover, the determined band gap values of the BMg0.9-xLixNO (x 
= 0.25, 0.4) pyrochlores agree with the main tendency of the values for 
the Mg, Na-codoped pyrochlores [37]. It is clear that the transition from 
Mg, Na- to Mg, Li-codoping results in the decrease of lattice cell 
parameter and the interatomic distances due to smaller Li+ cation when 
compared to Na+. This increases the binding forces between the valence 
electrons and the atoms and leads to an increase in the energy required 
to transition electrons from the VB to the CB. Summarizing this, a direct 
consequence of decreasing the lattice constant is the increase in the 
energy gap (Table S6). 

3.4. Electrical properties 

For all BMg0.9-xLixNO and B1.4RE0.1Mg0.5Li0.4NO ceramics, the 
electrical properties were studied in the wide temperature range of 
25–750 ◦C. At room temperature, the impedance spectra look like lines 
parallel to the Y-axis of the imaginary part of impedance (-Z"). Then, 
they turn up to short arcs up to 200 ◦C. In this temperature range, a 
phase angle φ corresponds to –90◦ (25–106 Hz) (Fig. S7), and the ce-
ramics possess a high-frequency dielectric behavior (at 1 MHz) (Fig. 8). 
TCC values calculated based on the ε’ = f(T) function at 25–280 ◦C vary 
from –599 to –449 ppm/◦C [36,56–58] (Table S7). The thermal 
destruction of dipoles in the structure results in the ε’ decrease (Fig. 8a). 

The real part of the dielectric constant ε’ decreases from 161 (x =
0.25) to 147 (x = 0.4) with lithium content increase in BMg0.9-xLixNO at 
1 MHz and room temperature (Fig. 8a). Substitution of bismuth by RE 
elements causes the decrease of the ε’ values by 15–17, unlike the initial 
matrix. The tangent loss (tanδ) is close to 0.0025 up to 200 ◦C for 
BMg0.9-xLixNO and B1.4RE0.1Mg0.5Li0.4NO (RE – Eu, Ho) compositions. 
For the Yb-containing composition, a four-fold increase in tanδ is 
observed. The dielectric behavior of the ceramics is caused by the 
presence of polarizable units in the A2O’ sublattice. According to the 
structural analysis, there are four atoms Bi3+, Li+, RE3+, Mg2+ (at x =
0.25), that could be distributed at the A sites. In the BMg0.9-xLixNO 
compounds, ε’ decrease is caused by differences in charges of Li+ and 
Bi3+ and polarizability (α(Mg2+) = 1.32 Å3; α(Li+) = 1.20 Å3), because 
of the similar unit cell parameters. Further decrease of ε’ with doping by 
RE elements can be explained by internal distortion due to different 
ionic sizes as well as polarizability of Bi3+ (α = 6.12 Å3) and RE3+

(α(Eu3+) = 4.53 Å3; α(Ho3+) = 3.97 Å3; α(Yb3+) = 3.58 Å3) [60]. So, the 
BMg0.9-xLixNO (x = 0.25, 0.4) and B1.4RE0.1Mg0.5Li0.4NO (RE – Eu, Ho, 

Yb) ceramics could see their application as potential materials for 
high-frequency ceramics capacitors up to 200 ◦C. 

Mixed conductivity is detected at T > 200 ◦C. We fitted Cola-Cola 
plots by the RC equivalent circuit (R is a bulk resistance, C is capacity) 
(Fig. S8). The φ values start to depart from –90◦ at 25 Hz – 1 kHz 
(Fig. S7). On lgσ = f(103T− 1) function, two Arrhenius plots are observed 
below and above 400 ◦C (Fig. 9). Based on this, two mechanisms of 
conductivity can be expected. 

Impedance spectra were recorded in different gases (air, oxygen, 
"wet" atmosphere) to determine the type of conductivity. For all inves-
tigated ceramics, the temperature dependence of conductivity can be 
seen in Fig. S9 of Supplementary Material. For the ceramics, the 
measured conductivity (within its accuracy of determination) in the 
oxygen atmosphere coincides or is higher than in air up to 750 ◦C (Figs. 9 
and S9b–f). This fact points to p-type electronic transport, which is due 
to the presence of oxygen vacancies [10,36]. Oxygen vacancies are 
formed by the Mg2+/Li+ substitution in the number required to 
compensate for the charge balance. This process is described by Eq. (2) 
in the Krӧger-Vink notation: 

Li2O →
MgO

2Li’
Mg + Ox

O + V ..
O (2)  

where Li’ represents lithium cations at the divalent Mg-cation site, Ox
O – 

oxygen anions at regular oxygen sites, V⋅⋅
O – the double ionized oxygen 

vacancy, respectively. The further interaction of oxygen from the gas 
phase with vacancies can be described by a quasi-chemical equation: 

V ..
O +

1
2

O2 ↔ Ox
o + 2h.. (3) 

We suppose that the oxygen conductivity is dominant in the high 
temperature range of 400–750 ◦C. According to works [10,31], the 
activation of oxygen transport starts at T ≈ 250–400 ◦C and is supported 
by two types of oxygen atoms in the pyrochlore structure. From the DFT 
calculation, the oxygen migration on the 48f–48f positions is more 
favorable [32]. For studying electrical transport phenomena in ce-
ramics, the logarithmic frequency dependencies of the electric modulus 
(M’’) were analyzed [61]. The M’’ = f(f) function has a symmetrical 
maximum shifted in the high frequency region with temperature 
increasing from 360 to 750 ◦C (Fig. S10a–e). The M’’ maximums are 
characterized by the full width at half maximum (FWHM) of 1.14 de-
cades, pointing to electrical uniformity of the ceramics [3]. The acti-
vation energy Ea of relaxation and conductivity is closed to each other 
and varies from 1.09 to 1.35 eV at T > 400 ◦C (Table S7, Fig. S10f). So, 
these results describe the process of oxygen transport of the ceramics. 

The investigation of conductivity in the "wet" atmosphere shows the 
proton transport of the samples up to 320–400 ◦C (Fig. 9) [13,36]. The 
conductivity of the ceramics in the "wet" atmosphere is higher than in 
air. As mentioned above, proton transport proceeds through the oxygen 
vacancies. As we can see from DSC-TG data of the samples (Fig. 3), 
"chemisorbed" water desorbs up to 260 ◦C, but the water incorporated 
into the structure remains till up to 450 ◦C. In this temperature range, 

Table 5. 
The band gap values for the Mg-doped and Mg, Li-codoped bismuth niobate 
pyrochlores from DFT-HSE03 calculation and experiment.  

Composition Procedure Eg
direct, eV 

(Bi1.5Mg0.5)(Nb1.5Mg0.5)O7 / Bi1.5MgNb1.5O7–δ  

[37] 
DFT-HSE03/ 
Exp. 

3.20/3.21 

Bi1.5Mg0.65Li0.25Nb1.5O7–δ Exp. 3.17 
(Bi1.5Li0.5)(Nb1.5Mg0.5)O7 / 

Bi1.5Mg0.5Li0.4Nb1.5O7–δ 

DFT-HSE03/ 
Exp. 

3.18/3.18  

Fig. 8. Temperature dependences of ε’ (a) and tanδ (b) at 1 MHz for the BMg0.9-xLixNO (x = 0.25, 0.4) and B1.4RE0.1Mg0.5Li0.4NO (RE – Eu, Ho, Yb) ceramics.  
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proton conductivity can be observed. Our results compare well with 
literature data. For instance, the first and the second process of water 
desorption occurred in the La1.9Ca0.1Zr2O7‒δ pyrochlore at 300–400 ◦C 
and 500–600 ◦C, respectively [16]. Proton transport was detected to be 
dominant up to 600 ◦C in reducing conditions. The La2Zr2O7 and the 
Ca-doped La1.9CaxZr2O7‒δ (x = 0.05; 0.10) compositions had the highest 
proton conductivity among A3+

2B4+
2O7 pyrochlores. Eurenius et al. 

reported that the proton conductivity in Sm1.92Ca0.08BO7–δ (B – Ti, Sn, 
Zr) pyrochlores could be observed up to 500 ◦C and increased upon the 
decrease of B atoms sizes [13]. According to DSC-TG data, the 80% 
dehydration of hydrogen ions occupied in oxygen sites occurred up to 
520 ◦C [13]. Therefore, the temperature range of proton conductivity is 
determined by the presence of structurally bound water in the samples 
up to 400 ◦C. 

Thus, the charge disbalance in the A2O’ sublattice and the oxygen 
vacancies created by the Li doping predetermine the dielectric behavior 
of the ceramics up to 200 ◦C, the mixed conductivity at high tempera-
tures (T > 200 ◦C), and the proton transport up to 400 ◦C. 

4. Conclusions 

In this study, the effect of Li and Li-RE co-doping on the structure and 
functional properties of the new cation deficient 
Bi1.5Mg0.9–xLixNb1.5O7–δ (x = 0.25, 0.4) and Bi1.4RE0.1-

Mg0.5Li0.4Nb1.5O7–δ (RE – Eu, Ho, Yb) pyrochlores have been shown. The 
samples were synthesized via the organic-inorganic precursors com-
bustion method. The thermal stability of the compounds up to their 
melting points (1100–1220 ◦C) in air and up to 400 ◦C in the reducing 
atmosphere (5%H2/95%N2) was determined. The single crystals of the 
pyrochlores can be obtained from their melts, adjustable in size by the 
cooling speed. 

According to structural analysis, the distribution of the Li and RE 
cations at the A sites in the structure as well as displacements of the A 
(from 16c to 96g) and O’ (from 8a to 32e) atoms were determined. 

First-principles calculations were applied to simulate the behavior of 
bismuth niobate pyrochlores during Li-doping and Mg, Li-codoping. The 
DFT-PBE procedure accurately described structural parameters and 
thermodynamic functions of pyrochlores. The (Bi1.5Li0.5)(Nb1.5Mg0.5)O7 
model showed the best stability and agreement with the experiment, 
compared to the others (Bi1.5Mg0.5)(Nb1.5Li0.5)O7 and (Bi1.5Li0.5) 
(Nb1.5Li0.5)O7. This result is verified by the experimental preparation 
and characterization of Mg, Li-codoped compositions. The experimental 
optical band gaps of the BMg0.9-xLixNO (x = 0.25, 0.4) pyrochlores are 
established to be 3.17 eV (x = 0.25) and 3.18 eV (x = 0.4). The screened 
Coulomb hybrid HSE03 exchange-correlation functional is an excellent 
option to describe the electronic structure. As a result, the (Bi1.5Li0.5) 

(Nb1.5Mg0.5)O7 pyrochlore is classified to be a direct band gap semi-
conductor with the experimentally reproducible gap value of 3.18 eV. 

The obtained ceramics could see their application as potential ma-
terials for high-frequency ceramics capacitors up to 200 ◦C due to their 
dielectric behavior: ε’ = 130–161, tanδ ≈ 0.0025 at 1 MHz, 25 ◦C; TCC 
= –(449–599) ppm/◦C (25–280 ◦C). The ε’ value decreases with RE 
doping. 

The investigated bismuth niobate pyrochlores are mixed electronic- 
ionic conductors with predominant electronic-type conductivity at T 
< 360 ◦C and oxygen ionic transport (Ea,σ = 1.1–1.3 eV) at T > 400 ◦C. 
The pyrochlore ceramics are characterized the proton transport in the 
temperature range of 160–400 ◦C in the "wet" atmosphere. 
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