
Journal of Alloys and Compounds 969 (2023) 172385

Available online 5 October 2023
0925-8388/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Structure and dielectric properties in Mg/Nb co-substituted bismuth 
sodium titanate 

Hangfeng Zhang a,b, Haixue Yan b,*, Isaac Abrahams a,* 

a Department of Chemistry, Queen Mary University of London, Mile End Road, London E1 4NS, UK 
b School of Engineering and Materials Science, Queen Mary University of London, Mile End Road, London E1 4NS, UK   

A R T I C L E  I N F O   

Keywords: 
Bismuth sodium titanate 
Mg,Nb co-doping 
Ferroelectric 

A B S T R A C T   

A systematic study of pseudo-isovalent B site co-substitution of Ti4+ by Mg2+ and Nb5+ in bismuth sodium 
titanate is presented. A complete solid solution in the Bi0.5Na0.5Ti1− x(Mg1/3Nb2/3)xO3 system is formed. With 
increasing level of substitution, dielectric anomalies associated with depoling and maximum permittivity tem-
peratures (Td and Tm, respectively) are suppressed and shift to lower temperatures. Variable temperature X-ray 
powder diffraction on the x = 0.2 composition reveals a non-linear thermal expansion at temperatures below Tm. 
B-site co-substitution by Mg and Nb has the effect of interrupting the long-range ferroelectric ordering in the 
system, resulting in lower saturation and remnant polarizations. A maximum energy storage density of 4.14 J 
cm− 3 with a recoverable energy density of 2.35 J cm− 3 was obtained for the x = 0.1 composition, while the x =
0.5 composition appears to have the best balance between energy storage and energy efficiency.   

1. Introduction 

With the rapid development of electronic technology in portable 
electronic devices, medical equipment, and electric vehicles [1], high 
power energy storage capacitors have become ubiquitous. Lead con-
taining dielectric capacitors, based on ferroelectric materials such as 
lead zirconium titanate (PbZrxTi1− xO3, PZT) [2], show excellent per-
formance characteristics, but there is now an urgent need to replace 
these with lead-free systems due to concerns over toxicity and envi-
ronmental pollution during manufacture [3]. The properties of PZT 
compositions at the morphotropic phase boundary (MPB) between 
tetragonal and rhombohedral phases represent the benchmark for 
piezoelectric applications [4]. The similar free energies of the two 
phases leads to their co-existence and enhanced polarizability under DC 
electrical poling. Over the last two decades, relaxor type ferroelectric 
materials with MPBs, such as PbTi1− x(Mg1/3Nb2/3)xO3 (PMN-PT) [5] 
and PbTi1− x(Zn1/2Nb2/3)xO3 (PZN-PT) [6], have shown extraordinary 
performance with ultrahigh piezoelectric coefficients, d33 (> 2500 pC 
N− 1), and electromechanical strain coupling, k33 (> 0.9) [4]. 

Bismuth sodium titanate (Bi0.5Na0.5TiO3, BNT) based relaxor ferro-
electric materials exhibit very favorable characteristics for high power 
energy storage in capacitors, due to their narrow polarization-electric 
field (P-E) hysteresis loops with large saturation polarization under 

high electric fields [7,8]. BNT based ceramics have become the focus of 
much research as lead-free alternatives to lead-based materials. There 
have been numerous studies on A site substitution in BNT, with far less 
exploring the possibility of B-site substitution. B-site substitution in BNT 
of Ti4+ by the isovalent Zr4+ ion leads to a solid solution of general 
formula Bi0.5Na0.5Ti1− xZrxO3 (BNTZ) [9], with compositions in the 
range 0.0 ≤ x ≤ 0.2 formed of mixtures of both rhombohedral (space 
group R3c) and monoclinic (space group Cc) phases. Pseudo-isovalent 
substitution for Ti4+ can be achieved using a combination of subvalent 
and supervalent ions as in the PMN-xPT system, i.e., 
PbTi1− x(Mg1/3Nb2/3)xO3 [5,10], where a complete solid solution is 
observed, despite the fact that the ionic radii of Mg2+ and Nb5+ are both 
slightly larger than that of Ti4+. No similar studies have been carried out 
in BNT based systems. Such co-substitution strategies can lead to greater 
disorder and higher values of configurational entropy, which can help in 
the stabilization of high symmetry structures. 

In the present work, the effects on dielectric properties of magnesium 
and niobium co-substitution for titanium on the B site of BNT is inves-
tigated in compositions of general formula Bi0.5Na0.5Ti1− x(Mg1/3Nb2/ 

3)xO3 (BNTMN). Co-substitution of divalent Mg2+ and pentavalent Nb5+

in a 1:2 ratio for tetravalent Ti4+ in BNT represents an overall isovalent 
substitution and therefore no further charge compensation is required to 
maintain electroneutrality, minimizing the chance of oxide ion vacancy 

* Corresponding authors. 
E-mail addresses: h.x.yan@qmul.ac.uk (H. Yan), i.abrahams@qmul.ac.uk (I. Abrahams).  

Contents lists available at ScienceDirect 

Journal of Alloys and Compounds 

journal homepage: www.elsevier.com/locate/jalcom 

https://doi.org/10.1016/j.jallcom.2023.172385 
Received 27 March 2023; Received in revised form 26 June 2023; Accepted 1 October 2023   

mailto:h.x.yan@qmul.ac.uk
mailto:i.abrahams@qmul.ac.uk
www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2023.172385
https://doi.org/10.1016/j.jallcom.2023.172385
https://doi.org/10.1016/j.jallcom.2023.172385
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2023.172385&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Alloys and Compounds 969 (2023) 172385

2

creation, which could lead to high dielectric loss. In addition, co- 
substitution is predicted to increase disorder on the B-site and in 
doing so reduce remnant polarization and hence increase efficiency. B- 
site substitution in this system is found to greatly improve the energy 
storage performance of BNT, with BNTMN ceramics found to have 
relatively high energy density with good energy efficiency. 

2. Experimental 

Compositions of general formula Bi0.5Na0.5Ti1− x(Mg1/3Nb2/3)xO3 (x 
= 0.1, 0.2, 0.35, 0.5, 0.8 and 1.0) were prepared by conventional solid- 
state synthesis in two steps. The first step was the synthesis of MgNb2O6 
to be used as a precursor. Stoichiometric amounts of (MgCO3)4⋅Mg 
(OH)2⋅5 H2O (Aldrich, 99.99%) and Nb2O5 (Aldrich, 99.9%), were 
ground in ethanol with a planetary ball mill (QM-3SP4, Nanjing Uni-
versity Instrument Plant, China), using a nylon jar with zirconia balls, at 
360 rpm for 4 h. The resulting slurry was dried on a hot plate at 150 ◦C 
and sieved through a 250 µm sieve. The powder was then heated at 
1250 ◦C for 4 h to form MgNb2O6 in an alumina crucible. In the second 
step stoichiometric amounts of MgNb2O6, Na2CO3 (Alfa Aesar, 99.5%, 
pre-heated at 200 ◦C for 24 h), Bi2O3 (Aldrich, 99.9%), and TiO2 
(Aldrich, 99.8%), were ball milled at 360 rpm for 4 h in ethanol. The 
resulting slurry was dried and sieved and the powder heated to 840 ◦C 
for 4 h in an alumina crucible. After cooling, the powder was ball milled 
again in ethanol at 360 rpm for 4 h, followed by drying and sieving. The 
powder was then pressed uniaxially at ca. 150 MPa into pellets of 15 mm 
diameter and ca. 1 mm thickness and sintered at 1150 ◦C for 3 h to form 
the final ceramics. 

The surface morphology of samples was observed using scanning 
electron microscopy (FEI Inspect F SEM). Samples for SEM character-
izations were coated with gold. The incident beam was generated at 30 
kV. X-ray powder diffraction (XRD) data were collected on a PAN-
Alytical X′Pert Pro diffractometer using Ni-filtered Cu-Kα radiation (λ =
1.5418 Å). Data were collected at room temperature in flat plate θ/θ 
geometry over the 2θ range 5 − 120◦, with a step width of 0.0334◦ and 
an effective count time of 50 s per step. Data were modelled by Rietveld 
analysis using the GSAS suite of programs [11]. Structure refinement 
was carried out using an ideal perovskite model in space group Pm-3m 
[12]. Raman scattering spectra were collected on Bi0.5Na0.5-

Ti1− x(Mg1/3Nb2/3)xO3 ceramics using a ViaTM confocal Raman micro-
scope with a 633 nm wavelength laser. 

For dielectric measurements, sintered pellets were ground into plates 
of dimensions ca. 4 × 4 × 0.3 mm3 and polished. The parallel surfaces of 
the plates were coated with silver paste (Gwent Electronic Materials 
Ltd., C2011004D5, Pontypool, UK) and heated at 250 ◦C to form a 

conductive layer. A precision impedance analyzer (Agilent 4294 A) was 
used to measure the dielectric permittivity and loss over the frequency 
range 100 Hz to 1 MHz. Temperature dependent measurements were 
made in a tube furnace using an Agilent 4284 A LCR meter. Ferroelectric 
current-electric field (I-E) and polarization-electric field (P-E) loops 
were measured at room temperature using a ferroelectric hysteresis 
measurement tester (NPL, UK), with voltage applied in a triangular 
waveform [13]. 

3. Results and discussion 

The XRD patterns of the studied compositions are shown in Fig. 1a. In 
all cases, the main diffraction peaks were well fitted in space group Pm- 
3m (Fig. S1), using an ideal perovskite model, with A site atoms located 
at 0, 0, 0, B atoms at ½, ½, ½ and O at ½, ½, 0. Crystal and refinement 
parameters are summarized in Table S1. For compositions x = 0.8 and x 
= 1.0, additional peaks are observed and exhibit a higher intensity in the 
latter composition (marked by solid circles in Fig. 1a). The peaks for the 
secondary phase match those for Bi1.66Mg0.7Nb1.52O7, which possesses a 
pyrochlore structure in space group Fd-3m [14]. The weight fraction of 
the secondary phase was 9.2% and 15.2% for compositions x = 0.8 and 
x = 1.0, respectively. However, the exact stoichiometry of this second-
ary phase cannot be confirmed. The unit cell volume of the BNT-xMN 
system shows an almost linear increase with increasing x-value (Fig. 1b). 
This is consistent with the smaller Ti4+ (r = 0.605 Å, for 6-coordinate 
geometry [15]) being replaced by the larger Mg2+ and Nb5+ cations 
with an average radius of 0.67 Å for (Mg1/3Nb2/3)4+. The linear varia-
tion of unit cell volume with composition suggests a complete solid 
solution in accordance with Vegard’s law, despite the appearance of a 
secondary phase at x = 0.8. This apparently sodium deficient secondary 
phase suggests a degree of sodium volatilization, resulting in the 
appearance of the pyrochlore phase at higher levels of substitution. A 
similar problem was reported in the preparation of 
PbTi1− x(Mg1/3Nb2/3)xO3, where a pyrochlore phase was also observed 
at higher x-values [16]. The morphology of the studied compositions 
was examined by SEM (Fig. S2). Fractured surface scans reveal trans-
granular fracture, indicative of stronger bonding in grain boundaries 
than in grains. The grain size increases from ca. 5 µm for the x = 0.1 
composition to ca. 15 µm at x = 1.0. 

Fig. 2 shows the Raman spectra of the studied compositions 
measured at room temperature. All compositions shows similar Raman 
spectra to those of other BNT based materials [17–21]. The broad peaks 
in the spectra are attributed to the structural disorder induced by the 
random distribution of cations in both A (Bi/Na) and B (Ti/Mg/Nb) 
sites. For BNT based materials, the Raman modes can be divided into 

Fig. 1. (a) XRD patterns of the studied compositions and (b) compositional variation of unit cell volume in the Bi0.5Na0.5Ti1− x(Mg1/3Nb2/3)xO3 system. Solid circles 
in (a) indicate reflections of a secondary pyrochlore phase. Error bars in (b) are smaller than the symbols used. 
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three distinct regions: A-site vibrations (< 200 cm− 1), B-O vibrations 
(200–400 cm− 1) and BO6 vibrations (400–700 cm− 1) including breath-
ing and stretching modes. The peaks associated with the BO6 vibration 
modes widen with increasing x-value which can be attributed to the 
increased disorder induced by double substitution at the B-site. 

The frequency dependencies of room temperature dielectric 
permittivity and loss tangent of the studied compositions are shown in  
Fig. 3. All samples reveal a slight decrease in dielectric permittivity at 
higher frequency. In dielectric materials, various polarization mecha-
nisms contribute to the overall permittivity. When the frequency in-
creases, the dielectric response of the material to the external electric 
field becomes slower due to the relaxation time of the dipoles. The 
reduction in permittivity at higher frequencies is associated with this 
relaxation process [22]. In all compositions, the loss tangent increases 
with frequency, but with relatively low values. Although the XRD 
analysis indicates an average non-polar structure, the changes in 
dielectric permittivity and loss with frequency, suggest the presence of 
local polar regions [23]. The increase in loss tangent with frequency is 
likely due to the different polar regions associated with different 
relaxation times [24,25]. The dielectric permittivity of the studied 
compositions decreases with increasing x-value, which suggests that 
Mg2+ and Nb5+ substitution in the Bi0.5Na0.5Ti1− x(Mg1/3Nb2/3)xO3 
system stabilizes the non-polar structure and reduces the concentration 
of local polar regions. 

Fig. 4 shows the temperature dependencies of dielectric permittivity 
and loss at different frequencies. The dielectric loss tangent is a measure 
of the dissipation of electrical energy and is calculated from the ratio of 
the imaginary and real parts of complex dielectric permittivity. As the 
temperature increases, the loss tangent generally shows a variation due 
to changes in the structure and conductivity of the material, as well as 

the activation energy of polarization processes [26]. For the x = 0.1 
composition, two anomalies are observed at ca. 200 ◦C and 350 ◦C. The 
higher temperature anomaly corresponds to the temperature of 
maximum permittivity (Tm), while the low temperature anomaly is 
tentatively attributed to the depolarization temperature, Td, above 
which spontaneous long-range ferroelectric polarization vanishes [27]. 
Both Td and Tm shift to lower temperature and become less pronounced 
as x increases and are hardly distinguishable at x = 0.5. At temperatures 
below Td, the diffuse nature of the dielectric permittivity is due to the 
formation of a larger range of local polar regions with different activa-
tion energies [28,29]. At temperatures between Td and Tm, the local 
polar regions are relatively small and exhibit similar relaxation behavior 
to each other resulting in frequency independent dielectric permittivity. 
At temperatures above Tm, the diffuseness in the dielectric response 
reappears due to thermally induced electronic conductivity at high 
temperatures, with a resultant increase in dielectric loss [30]. For the 
x = 0.8 and 1.0 compositions, Td and Tm are not observable, consistent 
with these compositions being present predominantly as the paraelectric 
cubic phase. 

To further investigate the anomalies associated with Td and Tm, 
variable temperature X-ray diffraction was carried out for the x = 0.2 
composition (Fig. S3). No obvious additional peaks or peak splitting 
occurred over the measured temperature range to indicate phase tran-
sitions associated with these anomalies. The unit cell volume generally 
increases with increasing temperature (Fig. 5), but the plot shows a 
degree of curvature at temperatures above 300 ◦C which coincides with 
Tm. Although the average structure of the (Bi0.5Na0.5TiO3)1- 

x(Ba0.4Sr0.6TiO3)x system is non-polar and cubic, randomly oriented 
polar nano-regions can exist embedded in the cubic matrix as seen in 
other BNT based systems [12,31–33]. As temperature increases from Td 
to Tm, the ordering in the polar regions breaks down, leading to a greater 
number of polar nano-regions being formed with a consequent increase 
in volume to accommodate the increased disorder. This type of 
non-linear volume expansion in the pseudo-cubic structure has been 
observed in other relaxor ferroelectrics such as the (Bi0.5Na0.5-

TiO3)1-x(Ba0.4Sr0.6TiO3)x system [12] and PbMn0.33Nb0.67O3 (PMN), 
where the increasing thermal expansion was attributed to a decrease in 
electrostriction and polarization [34]. 

Fig. 6 shows room temperature I-E and P-E loops for the studied 
compositions in the (Bi0.5Na0.5TiO3)1-x(Ba0.4Sr0.6TiO3)x system at high 
electric field. With decreasing value of x, higher values of saturation 
polarization and remnant polarization are observed. The P-E loops show 
a gradual narrowing with increasing x-value, becoming almost linear at 
x = 0.8, indicating a weakening of ferroelectric behavior with 
increasing Mg/Nb content. At x = 0.1, four broad current peaks are 
observed in the I-E loop, which gradually vanish as x increases and are 
totally absent at x = 0.8. These current peaks occur in all four quadrants 
of the I-E loop at x = 0.1 and are consistent with a field induced 
reversible phase transition, as seen in other BNT based materials [12, 
35–39]. For the x = 0.1 and 0.2 compositions, which have Td values 
above room temperature, the polar regions are partially stabilized after 
removal of the electric field, resulting in some remanent polarization in 
the respective P-E loops. 

The total energy density, utotal, energy loss, uloss, and energy effi-
ciency, η, of the studied compositions were calculated using the 
following equations [40]. 

utotal =

∫ Pmax

P0

EdP (1)  

uloss =

∫ Pmax

Premanant

EdP (2)  

η = 1 −
uloss

utotal
(3)  

Fig. 2. Raman spectra of Bi0.5Na0.5Ti1− x(Mg1/3Nb2/3)xO3 ceramic samples.  

Fig. 3. Frequency dependencies of dielectric permittivity and loss for the 
studied compositions in the Bi0.5Na0.5Ti1− x(Mg1/3Nb2/3)xO3 system. 

H. Zhang et al.                                                                                                                                                                                                                                  



Journal of Alloys and Compounds 969 (2023) 172385

4

where E is the applied field and P is the polarization. Compositions 
x = 0.35 and 0.50 show values of 0.209 and 0.206 C m− 2 for saturation 
polarization and 0.026 and 0.015 for remnant polarization, which 
correspond to moderate energy storage density and efficiency values. 
The maximum energy storage density and efficiency values are sum-
marized in Table 1. A maximum energy storage density of 4.14 J cm− 3 

was observed for the x = 0.1 composition at 18 kV mm− 1, with a 
recoverable energy density of 2.35 J cm− 3, corresponding to an effi-
ciency of only 56.8%, while for composition x = 0.5, a high efficiency of 
79.0% is attained but with a relatively modest energy storage density of 
1.73 J cm− 3. 

Fig. S4 shows P-E/I-E loops for the x = 0.2 composition under high 
applied electric fields at 200 ◦C. The P-E loop significantly narrows at 
the higher temperature, associated with the easier switching behavior of 
the polar nano-regions at this temperature. Four current peaks are 
observed at ca. ± 7 kV mm− 1 at 200 ◦C, indicative of a reversible field 
induced transition. In contrast, at room temperature, the current peaks 

in Fig. 5 are much broader with two occurring at ca. ± 5 kV mm− 1 and 
another two at ca. ± 18 kV mm− 1, indicative of more sluggish switching 
in the larger polar regions present at this temperature. At low temper-
ature, below Td, the polar regions are relatively large in size, and after 
removal of the electric field, only partially reverse back to the original 
state, which results in greater remnant polarization. At temperatures 
above Td, the polar regions are smaller (nanoscale) and highly active 
allowing for electric field induced phase transitions to occur more easily 
with a reversal back to the original state on removal of the electric field 
readily occurring, resulting in lower remnant polarization. 

4. Conclusions 

A systematic study of B site substitution in BNT has been carried out 
in the system Bi0.5Na0.5Ti1-x(Mg1/3Nb2/3)xO3. A single cubic perovskite 
structure was observed for compositions with x < 0.8. Despite the 
appearance of a secondary pyrochlore phase in compositions with 
x ≥ 0.8, the near linear behavior of the unit cell volume with compo-
sition indicates a complete solid solution. Although XRD analysis did not 
show significant structural change with temperature for the x = 0.2 
composition, non-linear behavior in the thermal expansion of the unit 
cell is seen at temperatures between Td and Tm associated with anom-
alies seen in the dielectric spectra. This is attributed to changes in the 
polar regions which are embedded in the non-polar cubic matrix, which 
on increasing temperature increase in number, but reduce in size, 
resulting in greater disorder with an accompanying volume expansion. 
This results in easier switching above Td and is reflected in the P-E and I- 
E behavior. 

Compositions with higher titanium concentration exhibit higher 
energy storage but show high energy loss. A maximum energy storage 
density of 4.14 J cm− 3, with a recoverable energy density of 
2.35 J cm− 3, was obtained for the x = 0.1 composition. The x = 0.5 
composition appears to have the best balance between energy storage 
and low energy loss, with values of 2.19 J cm− 3 and 0.46 J cm− 3, 
respectively, corresponding to a recoverable energy density of 
1.73 J cm− 3. Thus, when considering co-substitution as a method for 
improving dielectric properties a balance has to be struck between ef-
ficiency and energy storage density. 

Fig. 4. Temperature dependencies of dielectric permittivity and loss for the studied compositions in the Bi0.5Na0.5Ti1− x(Mg1/3Nb2/3)xO3 system.  

Fig. 5. Temperature dependence of unit cell volume in Bi0.5Na0.5Ti0.8(Mg1/ 

3Nb2/3)0.2O3. 
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energy (J 
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Applied 
electric 
field (kV 
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Energy 
storage 
efficiency 
(%) 
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