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Abstract 
Solid solutions of Na0.5Bi0.5TiO3 (NBT) and BiNi0.5Ti0.5O3 (BNiT) were prepared by a solid-state 

reaction route, and their electrical properties investigated by a combination of impedance 

spectroscopy and electromotive force measurements to explore the possibility of developing mixed 

ionic-electronic conductors based on NBT. Phase analysis showed that BNiT has a large solid solution 

limit in NBT (60% based on X-ray diffraction), and the crystal structure changes from rhombohedral 

to pseudo-cubic with increasing BNiT content. Neutron diffraction patterns revealed coexistence of 

rhombohedral and tetragonal phases when the BNiT content  40%. Electrically, incorporation of 

BNiT induces p-type electronic conduction into NBT by hopping of holes between Ni2+ (NiNix ) and 

Ni3+ (NiNi∙  ), and therefore changes the electrical conduction mechanism systematically from 

predominant oxide-ion conduction, to mixed ionic-electronic conduction and to predominant p-type 

electronic conduction. The total conductivity of the solid solutions showed a “V-shape” variation with 

increasing BNiT content. Possible mechanisms for the phase evolution and the conductivity-

composition relationship were discussed. The results suggested that achieving high levels of ionic 

and electronic conductivity simultaneously in NBT by introducing elements with variable oxidation 

states remains challenging due to the competition between an enhanced electronic component and a 

suppressed ionic component, but a low level of BNiT incorporation is beneficial to reducing the 

dielectric loss of NBT for dielectric applications.  

 

 

 

Keywords: Na0.5Bi0.5TiO3; BiNi0.5Ti0.5O3; oxide-ion conduction; mixed ionic-electronic conduction; 
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1. Introduction 

Since the discovery of high oxide-ion conductivity in sodium bismuth titanate (Na0.5Bi0.5TiO3, NBT) 

in 2014 [1], research on the electrical conductivity and conduction mechanism of NBT-based 

materials has been boosted. Considerable efforts have been devoted to enhancing the oxide-ion 

conductivity by defect chemistry engineering such as introducing low levels of Bi-deficiency [2-5] 

or acceptor-type dopants with fixed oxidation state on either A- or B-site [6-20]. To date, the highest 

bulk conductivity (b) achieved in NBT-based oxide-ion conductors (~ 0.006 S cm-1 at 500 ºC [6]) 

has approached the upper limit calculated from the Nernst-Einstein equation using the physical limit 

for oxygen vacancy diffusivity in the perovskite lattice proposed by De Souza [21]. With high b, 

insignificant conductivity degradation, easy densification and reasonable stability in reducing 

atmosphere [9], NBT-based oxide-ion conductors are considered as promising electrolyte materials 

for intermediate-temperature solid oxide fuel cells (IT-SOFCs) operating below 600 ºC.  

 

As the ionic conductivity has been optimized for NBT-based oxide-ion conductors, it is interesting to 

explore the possibility of developing NBT-based mixed ionic-electronic conductors for potential 

applications as cathode materials for IT-SOFCs. Our previous study has demonstrated such possibility 

by incorporating transition metal Co into NBT [22]. By a comprehensive investigation on the pO2-

dependent impedance spectra of the NBT- BiCoO3 solid solutions, we revealed that incorporation of 

BiCoO3 was able to change the electrical conduction mechanism of NBT from predominant oxide-

ion conduction to mixed ionic-electronic conduction. The electronic component was attributed to 

partial reduction of Co3+ to Co2+ caused by oxygen loss at high temperatures, which induced n-type 

electronic conduction through electron hopping between Co3+ (CoCox ) and Co2+ (CoCo′ ). However, as 

the solid solution limit of BiCoO3 in NBT was found very low, i.e., 6% based on laboratory X-ray 

diffraction (XRD) and 4% based on scanning electron microscopy (SEM) observations, the highest 

conductivity obtained from the NBT-BiCoO3 solid solutions was ~ 0.003 S cm-1, which is not 

comparable to that of the state-of-the-art mixed ionic-electronic conductors for solid oxide fuel cells 

applications. Nevertheless, this motivates us to further explore the capacity of obtaining higher mixed 

conductivity in NBT-based solid solutions if a much larger concentration of transition metal ions with 

variable oxidation states can be introduced into NBT. 

 

Here we select the high-pressure perovskite, BiNi0.5Ti0.5O3 (BNiT), to form solid solutions with NBT 

to probe whether high level of electronic conductivity can be induced to develop a mixed ionic-

electronic conductor based on NBT. The reasons for choosing BNiT are based on the following 
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considerations: (1) Similar to Co, Ni is a transition metal with variable oxidation states. Electronic 

conductivity might be induced via electron or hole hopping between Ni ions with different valences. 

(2) In stoichiometric NBT-BNiT solid solutions, the oxidation state of Ni should be +2. In NiO6 

octahedra, Ni2+ has an energetically favored electronic configuration of tg6eg2 [23], therefore, Ni2+ is 

in its low-spin state with an ionic radius of r(Ni2+, 6-fold, low-spin) = 0.69 Å [24]. In other Bi-based 

perovskites with transition metal on the B-site such as BiCoO3 and BiFeO3, Co3+ and Fe3+ are stable 

in their high-spin states [25, 26] with ionic radii of r(Co3+, 6-fold, high-spin) = 0.61 Å [24] and r(Fe3+, 

6-fold, high-spin) = 0.645 Å [24], respectively. Our previous studies on NBT-BiMO3 (M = Al, Ga, 

Sc) solid solutions have shown that M with a larger ionic radius has a weaker ability to trap oxygen 

vacancies, and thus is beneficial to oxide-ion conduction [27, 28]. Therefore, Ni2+ with a larger ionic 

radius than Co3+ and Fe3+ may be less effective in suppressing oxide-ion conductivity of NBT, which 

is desirable for obtaining high mixed ionic-electronic conductivity. (3) Comparing to BiCoO3, BNiT 

has a larger solution limit in NBT. BNiT is a high-pressure phase with orthorhombic symmetry [29, 

30]. It can form solid solutions with PbTiO3, BaTiO3 and NBT as end members under ambient 

pressure [31-33]. Previously, Bai et al. [33] prepared phase-pure (1-x)NBT-xBNiT solid solutions 

with BNiT mole fraction varying between 2% and 18%. As the objective for such solid solutions is 

to develop ceramics with high Curie temperature (Tc) for dielectric applications, their work mainly 

focused on identifying two morphotropic phase boundaries (MPB) associated with the optimized 

piezoelectric constant (d33) and strain response at x = 6 and 14%, respectively. The solid solution limit 

and the electrical properties of the solid solutions remain unknown, and therefore require an in-depth 

investigation. This will not only benefit the exploration of NBT-based mixed ionic-electronic 

conductors, but also provide useful information for understanding the composition-dielectric loss (tan 

) relationship in NBT-BNiT solid solutions for their dielectric applications.  

 

In this work, (NBT)1-x(BNiT)x solid solutions were prepared by a solid-state reaction method. Solid 

solution limit and evolution of the crystal structure with increasing BNiT content were established by 

XRD and neutron diffraction. Electrical conductivity and conduction mechanism were investigated 

by a combination of impedance spectroscopy under different atmospheres and electromotive force 

(EMF) measurements. Results show that incorporation of BNiT into NBT can induce co-existence of 

rhombohedral and tetragonal phases at room temperature in a wide composition range, and changes 

the electrical conduction mechanism from predominant oxide-ion conduction for NBT, to mixed 

ionic-electronic conduction for x = 0.2, and to predominant p-type electronic conduction for x  40%. 

However, although a high level of Ni can be introduced into NBT by forming solid solutions with 



 4

BNiT, high mixed ionic-electronic conductivity is not observed as expected. Possible reasons for 

phase coexistence and limited electrical conductivity enhancement were discussed. 

 

2. Experimental 

NBT-BNiT ceramics were prepared by the conventional solid-state reaction route. Na2CO3 (99.5%, 

Alfa Aesar, UK), Bi2O3 (99.9%, Acros organics, USA), TiO2 (99.9%, Sigma-Aldrich, UK) and NiO 

(99%, Alfa Aesar, UK) were used as starting materials. The raw powders were pre-dried (300 ºC for 

Na2CO3 and Bi2O3, 900 ºC for TiO2 and 600 ºC for NiO) for 8 h before weighing in appropriate 

quantities according to the nominal chemical formula Na0.5(1-x)Bi0.5(1+x)Ti1-0.5xNi0.5xO3 (0 ≤ x ≤ 0.7). 

The mixtures were ball milled in isopropanol using yttria-stabilised zirconia milling media for 6 h. 

After drying and sieving, the mixtures were calcined at 800 ºC for 2 h in air. The resultant powders 

were subjected to a second round of ball milling for 4 h, drying, sieving, calcination at 825 ºC for 2 

h, and finished by another 6 h ball milling. The final powder products were compacted into green 

bodies using uniaxial pressing in a steel die and then isostatically pressed at 200 MPa. The green 

pellets were embedded in sacrificial powder of the same composition and sintered in air at 1050-1150 

ºC for 2-6 h to obtain dense ceramics. After furnace-cooled to room temperature, pellets were 

removed from the remaining sacrificial powder and ground using SiC sand papers to obtain flat 

surfaces.  

 

The crystalline phases were first examined by X-ray powder diffraction (XRD) on the polished 

surfaces of pellets using a Bruker D2 Phaser (Bruker, MA, USA) in a narrow 2 range between 20 

and 50º to identify the solid solution limit between NBT and BNiT. Lattice parameters were calculated 

from the diffraction patterns of finely ground crushed pellets using a high-resolution STOE STADI-

P diffractometer (STOE & Cie GmbH, Darmstadt, Germany) operating with CuKα1 radiation with a 

linear position-sensitive detector. Data were collected in the 2 range between 20 and 80º in steps of 

0.02º, and analysed using WinXPow software (version 2.1, Darmstadt, Germany) and an internal Si 

standard. The XRD patterns were calibrated using a linear calibration polynomial based on the Si 

peaks and then refined to a pseudo-cubic cell by least-squares fittings. For selected compositions, 

crystal structure and phases were further investigated by powder neutron diffraction (ND) performed 

by the general materials diffractometer (GEM) located at the ISIS Neutron and Muon Source facility 

(Rutherford Appleton Laboratory, Didcot, UK). ~ 6 g finely ground powders from crushed pellets 

were loaded in vanadium cans. ND patterns were collected at room temperature in a vacuum chamber. 

Structural refinement was carried out using EXPGUI [34, 35].  
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Ceramic microstructure and phase purity were observed by scanning electron microscopy (SEM) on 

thermally etched surfaces or polished surfaces using a Philips XL30S FEG (Amsterdam, Netherland). 

Compositions were obtained by energy-dispersive X-ray spectroscopy (EDS) on carbon-coated 

polished surfaces. Oxidation states of the constituent elements were analysed by X-ray Photoelectron 

Spectroscopy (XPS, AXIS Ultra DLD), and peak deconvolution was carried out using CasaXPS 

software using a mixed Gaussian and Lorentzian function. 

 

Electrical properties were measured by ac impedance spectroscopy. Before measurements, Au paste 

(T-10112, Metalor Technologies, UK) was painted to cover both surfaces of the pellets and then fired 

at 850 °C for 2 h to serve as electrodes. Impedance measurements were performed in air over the 

temperature range between 150 and 600 °C at increments of 25 °C using an Agilent E4980A 

impedance analyser (Agilent Technologies Inc, Palo Alto, CA) in the frequency range between 1 MHz 

and 20 Hz, or a Solartron Modulab system in the frequency range between 1 MHz and 0.1 Hz. For 

selected compositions, impedance measurements were also carried out in flowing N2, air and O2 at 

600 °C using a Solartron 1260 system (Solartron Analytical, UK) in the frequency range between 1 

MHz and 0.01 Hz. Impedance data were corrected for sample geometry and analysed using ZView 

software (Scribner Associates, Inc, Southern Pines, NC). Electromotive force (EMF) measurements 

were conducted using a ProboStat system (NorECs Norwegian Electro Ceramics AS, Oslo, Norway) 

to obtain the oxygen-ion transport numbers at 600, 700 and 800 °C. Detailed descriptions of the 

experimental setup can be found in Ref. [1]. Dielectric properties were measured using an LCR meter 

(Agilent E4980 Precision LCR Meter, Agilent Technologies) with an applied ac voltage of 100 mV. 

Data points were collected every 60 s from room temperature to 600 °C during heating using a non-

inductively wound tube furnace at a ramping rate of 1 °C min-1. 

 

3. Results 

3.1 Phase, microstructure and oxidation states 

Fig.1 shows the XRD patterns of the sintered (NBT)1-x(BNiT)x (0 ≤ x ≤ 0.7) ceramics. Single phase 

perovskite can be formed up to x = 0.6. Considerable amounts of secondary phases including 

Na0.5Bi4.5Ti4O15, Bi12TiO20 and NiO can be identified when x increases to 0.7. Therefore, the solid 

solution limit of BNiT in NBT is 60% based on XRD.  
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Figure 1. XRD patterns of the sintered (NBT)1-x(BNiT)x (0 ≤ x ≤ 0.7) ceramics. 

 

XRD slow scans were performed on finely ground crushed pellets of selected compositions (x = 0, 

0.2, 0.4 and 0.6) to further identify the phases. The patterns in the 2 range of 37–42° and 45.8–47.2 

are presented in Fig.2a and 2b, respectively. As shown in Fig.2a, the rhombohedral distortion can be 

observed for x = 0 and 0.2, which gives rise to the peak broadening/splitting of the (111)p reflection 

and the superlattice peak at 2θ~38.5°associated with oxygen octahedral tilting [36]. Intensity of the 

superlattice peak is decreased when x changes from 0 to 0.2. In the 2 range between 45.8 and 47.2° 

(Fig. 2b), there is no obvious splitting of the (200)p peak for all compositions. The above information 

suggests that the crystal structure changes from rhombohedral to pseudo cubic with increasing level 

of BNiT incorporation. The pseudo cubic cell volume, V, increases with increasing x, as shown in 

Fig.3c. A linear relationship between V and x can be established when x varies between 0 and 0.3, as 

indicated by the dashed line in Fig.2c. Deviation from the linear relationship occurs when x  0.4. 
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Figure 2. (a) and (b) XRD patterns of the finely ground crushed pellets in the 2 range of 37-42° and 

45.8-47.2°, respectively. The arrows in (a) indicate the superlattice peaks from the rhombohedral 

structure. (c) Variation of the pseudo cubic cell volume (V) as a function of x. The dashed line is the 

linear fitting of the V-x relationship when x varies between 0 and 0.3.  

 

Crystalline phases of the above compositions were further investigated by powder neutron diffraction 

(ND). The diffraction patterns shown in Fig.3a confirm the single-phase rhombohedral structure for 

x = 0 and 0.2, and reveal coexistence of rhombohedral and tetragonal phases for x = 0.4 and 0.6 as 

evidenced by the presence of (310) and (312) diffraction peaks from the tetragonal structure (inset 

figure in Fig.3a). Rietveld refinements of the ND data using space group R3c for x = 0 and 0.2, and 

R3c + P4bm for x = 0.4 and 0.6, show good agreement with a single rhombohedral structure for the 

former, and a mixture of rhombohedral and tetragonal phase for the latter, as shown by Fig.3b and 3c 

using x = 0.2 and 0.6 as representatives, respectively. Lattice parameters, fraction of each phase and 

fitting parameters are listed in Table 1, where it shows the cell volume and the weight fraction of the 

tetragonal phase increase with increasing x. 
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Figure 3. (a) Neutron diffraction patterns for (NBT)1-x(BNiT)x (x = 0, 0.2, 0.4 and 0.6) collected at 

room temperature. The inset figure shows an expanded view of the d-spacing range between 2.0 and 

2.6 Å indicated by the dashed rectangle. (b) and (c) Rietveld refinements of the ND patterns for x = 

0.2 and 0.6, respectively. Cross symbols represent the observed patterns and the solid lines show the 

calculated fit. The reflection makers for the R3c and P4bm are shown as vertical lines with the 

difference patterns below. The quality of fit is indicated in each figure. The inset figures in (b) and (c) 
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show the expanded views of the d-spacing ranges of 1.15–1.45 Å and 2.0–2.6 Å in the dashed 

rectangles. 

 

Table 1 Lattice parameters, relative fraction of each phase and fitting qualities from Rietveld 

refinement of the ND patterns 

x Space group 
Lattice parameters 

Fraction /% 
Fitting quality 

a / Å c / Å V / Å3 2 Rwp / % 

0 R3c 5.4778 13.5091 351.054 100 4.55 4.72 

0.2 R3c 5.5095 13.5339 355.783 100 4.73 4.40 

0.4 
R3c 5.5320 13.5830 359.989 76.28 

7.12 3.94 
P4bm 5.5359 3.9164 120.022 23.72 

0.6 
R3c 5.5475 13.6045 362.581 64.63 

7.83 3.97 
P4bm 5.5480 3.9255 120.827 35.37 

 

Phase purity and compositions were further examined by SEM and EDS on polished surfaces of 

pellets. Clean surfaces can be observed for x  0.3, as shown by Fig.4a using x = 0.2 as an example. 

Small amounts of secondary phases can be identified for x  , as indicated by the dashed circle in 

Fig.4b using x = 0.4 as an example. EDS analysis suggests the secondary phase is Ni-rich, as shown 

by the inset table in Fig.4b. Compositional analysis of the solid solutions (Fig.4c and 4d) shows that 

the atomic fractions of cations, both on the A-site (Na, Bi) and the B-site (Ti, Ni), are generally 

consistent with their expected values, which gives additional evidence for the formation of solid 

solutions between NBT and BNiT. SEM micrographs of the thermally-etched surfaces (Fig.5) show 

typical ceramic microstructures with grain sizes varying between 2 ~ 8 m. 
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Figure 4. (a) and (b) SEM micrographs of polished surfaces of x = 0.2 and 0.4, respectively. The 

dashed circle in (b) indicates the presence of a Ni-rich secondary phase. The atomic fraction of each 

cation of the circled region is listed in the inset table. (c) and (d) Atomic fractions of the A-site (Na, 

Bi) and B-site (Ti, Ni) cations obtained from EDS, respectively. Data were collected from 5 randomly 

selected areas on polished surfaces. 

 

Figure 5. SEM micrographs of a thermally-etched surface of (a) x = 0.2 and (b) x = 0.4. 
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Chemical states of Na, Bi, Ti, Ni and O in the sintered NBT-BNiT ceramics were analysed by XPS. 

The survey spectrum of a selected composition, x = 0.2, is presented in Fig.6a. The high-resolution 

spectra and peak fittings of Na 1s (Fig.6b) and Bi 4f (Fig. 6c) show they are in +1 and +3 oxidation 

states, respectively. The Ti 2p spectrum (Fig.6d) consists of two main peaks at ~ 458 and ~ 465 eV, 

where the low binding energy (BE) peak at 457.82 eV corresponds to Ti 2p3/2, and the high BE region 

corresponds to partially overlapped peaks of Ti 2p1/2 (463.52 eV) and Bi 4d3/2 (465.04 eV). The full 

width at half maximum (FWHM) of the Ti 2p3/2 peak from fitting is 1.42 eV, which is smaller than 

that of TiO2 and BaTiO3 (1.94 and 2.0 eV, respectively [37]), suggesting the absence of Ti3+ ions [38]. 

Therefore, Ti exists in the form of Ti4+. The Ni 2p region (Fig.3e) consists of four peaks, 

corresponding to Ni 2p3/2 and Ni 2p1/2 at 856.06 and 873.62 eV, and two characteristic shake-up 

satellite peaks for Ni2+ (referred to as ‘sat.’) at ~862 and ~880 eV, respectively [39]. The O 1s 

spectrum (Fig.6f) can be deconvoluted into four main peaks, from low to high BE, corresponding to 

the lattice oxygen (peak I, 529.45 eV), highly oxidative oxygen (peak II, 530.54 eV), surface 

oxygen/hydroxyls (peak III, 531.49 eV), and surface absorbed water (peak IV, 532.83 eV), 

respectively [40].  

 

As pointed out by Bondarchuk et al. [41], the traditional approach to distinguish Ni2+ and Ni3+ by 

fitting the Ni 2p3/2 peak using two components and assigning the peaks centered at lower and higher 

BEs to Ni2+ and Ni3+ can be speculative as deconvolution of such symmetric peak using two 

components is prone to give ambiguous results. They proposed a novel method to quantify the 

fraction of Ni3+ using the ratio between the intensity of the Ni 2p3/2 peak and the shake-up satellite 

peak based on the assumption that Ni3+ species make virtually no contribution to the satellite intensity. 

Here we adopted this method to estimate the fraction of Ni3+ using the following equation: 𝑓(𝑁𝑖3+) = (1 − 1.3×𝐼(𝑠𝑎𝑡.)𝐼(𝐼(𝑁𝑖 2𝑝3/2)) × 100%                      (1) 

where I denotes the peak intensity obtained by peak deconvolution. The normalized peak intensity 

and the calculated Ni3+ fraction for the NBT-BNiT solid solutions are listed in Table 2, where it shows  

the Ni3+ faction varies around 40% for x   0.3, and ~50% for x  40%.  
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Figure 6. (a) XPS survey spectrum of (NBT)1-x(BNiT)x (x = 0.2); (b)–(f) high resolution spectra and 

peak deconvolutions of Na 1s, Bi 4f, Ti 2p, Ni 2p and O 1s, respectively. Peaks for all elements were 

calibrated using C 1s. 

 

Table 2 Ni3+ fraction calculated from the normalized peak intensity for Ni 2p3/2 and the shake-up 

satellite for the (NBT)1-x(BNiT)x solid solutions. 

x 
Normalized peak intensity / a. u. 

Ni3+ fraction / % 
Ni 2p3/2 Satellite 

0.1 1 0.464 39.7 

0.2 1 0.497 35.4 

0.3 1 0.442 42.5 

0.4 1 0.361 53.0 

0.5 1 0.402 47.7 

0.6 1 0.399 48.2 

 

3.2 Electrical properties 

Impedance spectra for (NBT)1-x(BNiT)x (x = 0, 0.2, 0.4 and 0.6) ceramics measured at 300 °C are 

presented in Fig.7. For NBT (x = 0), the complex plane Z* plot (Fig.7a) is featured by a well-resolved 

arc at high frequency, as shown by the inset figure in Fig.7a, and a less well-resolved arc which 
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merges into a large tail at low frequencies. Combined Z’’ and M’’ spectroscopic plots (Fig.7b) show 

a single M’’ peak centered at ~ 10 kHz, which coincides with the Z’’ peak in the high-frequency region 

of the Z’’-logf plot, as shown in the inset figure of Fig.7b. The C’-logf plot (Fig.7c) shows a high-

frequency plateau with a C1 value ~ 2.6  10-10 Fcm-1, corresponding to a relative permittivity value 

~ 2900, which agrees with the reported permittivity value of NBT at 300 °C [1]. A second plateau at 

~ 100 Hz with a C2 value ~ 6.6  10-9 Fcm-1, which is more than one order of magnitude higher than 

C1, agrees with the capacitance magnitude for grain boundaries (GBs) [42]. C’ further increases with 

decreasing frequency and approaches 10-7 Fcm-1 at 1 Hz, suggesting the low-frequency response 

originates from the sample/electrode interface [42]. Combining the above information, the three arcs 

on the Z* plot, from high to low frequency, represent the responses from the bulk, GBs and electrode 

effect, respectively. The impedance data are therefore fitted by an equivalent circuit of three resistor-

constant phase elements (R-CPE) connected in series (inset figure in Fig.7a). The capacitance values 

are calculated from the fitting parameters according to C = R(1-n)/nQ1/n [43]. The resistance and 

capacitance values are listed in Table 3. 

 

With BNiT incorporation, impedance spectra show different features from NBT. As shown in Fig.7d, 

the Z* plot for x = 0.2 shows two poorly-resolved arcs at high and medium frequencies, along with a 

third arc at low frequency. The above information can be also reflected by the Z’’-logf plot (Fig.7e) 

where two bumps at ~ 3.98 kHz and ~ 500 Hz, along with a low-frequency peak centered at 12.6 Hz, 

can be identified. M’’-logf plot, on the other hand, displays a single but asymmetric peak centered at 

3.98 kHz. Coincidence of the M’’ and Z’’ peaks at 3.98 kHz suggests that the high-frequency response 

originates from the bulk. On the C’-logf plot (Fig.7f), the high frequency plateau with a C1 value ~ 

1.8  10-10 Fcm-1 gives further evidence for the bulk response. The second poorly-resolved plateau 

with a C2 value ~ 7  10-10 Fcm-1, which is in the same order of magnitude with C1. The third plateau 

with a C3 value ~ 6.7  10-9 Fcm-1 agrees with the capacitance magnitude for GBs. The impedance 

data are fitted by an equivalent circuit of three R-CPE connected in series (inset figure in Fig.7d) to 

extract the resistance and capacitance values for the three responses. As also shown in Table 2, the 

C2/C1 ratio is 5.3. Therefore, the second arc can be best ascribed to a second bulk response. As 

(NBT)0.8(BNiT)0.2 is single phase, the second bulk response may originate from an electrical core-

shell type behaviour. The core-shell structure is not obvious under SEM, suggesting the compositional 

deviation between the core and shell is small. C3/C1 ratio is ~ 43, which is close to the C2/C1 ratio for 

NBT. This gives additional evidence that the third response stems from GBs. 
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For x = 0.4, the Z* plot displays two arcs (Fig.7g). M’’-logf plot shows a single peak centered at 12.6 

kHz, which coincides with the Z’’ peak in the high frequency region on the Z’’-logf plot (Fig.7h), 

suggesting that the high frequency response originates from the bulk. A bump at ~ 398 Hz can be 

observed on the Z’’ spectroscopic plot. C’-logf plot (Fig.7i) shows two plateaux with C1 and C2 values 

~ 1.5 and 6.7  10-10 Fcm-1, respectively. The impedance data are fitted by an equivalent circuit of 

two R-CPE connected in series (inset figure in Fig.7d) to extract the resistance and capacitance values. 

As listed in Table 2, the C2/C1 ratio is 43.7, which consists with the capacitance ratio between GB 

and bulk. Consequently, the second arc on the Z* plot represents the GB response. When x is further 

increased to 0.6, the Z* plot shows only one arc (Fig.7j). Combined Z’’ and M’’ spectroscopic plots 

(Fig.7k) show a single M’’ peak centered at ~ 199.5 kHz, at which a single Z’’ peak can be also 

observed. Coincidence of the M’’ and Z’’ peaks suggests that the response originates from the bulk. 

C’-logf plot (Fig.7l) shows only one plateau, and the C’ value in a magnitude of 10-10 Fcm-1 gives 

further evidence for the bulk response. Therefore, the impedance data are fitted by an equivalent 

circuit of one R-CPE, as shown by the inset figure in Fig.7j. 

 

Impedance measurements and equivalent circuit fittings were performed at different temperatures and 

the total resistance, Rtotal, were extracted and converted to total conductivity, total, according to total 

= 1/ Rtotal = 1/ (Rb + RGB). Arrhenius plots for total are shown in Fig.8a, from which the activation 

energy, Ea, can be calculated and presented in Fig.8b. For pure NBT (x = 0), there is a change of Ea 

from 1.15 eV in the low temperature range (< 325 °C) to 0.75 eV in the high temperature range ( 

325 °C). As pointed out by our previous study [44, 45], a change of activation energy for bulk 

conduction from ~ 0.85 eV to 0.5 eV at ~ 325 °C is a signature behaviour for ionically conducting 

NBT. Ea values for total are higher than those for b due to the contribution from the ionically-

blocking GBs. With BNiT incorporation, the solid solutions all display linear relationship between 

total and T-1 over a wide temperature range. Ea decreases continuously with increasing x from 1.07 

eV for x = 0.1 to 0.4 eV for x = 0.6 (Fig.8b). The compositional dependence of total at selected 

temperatures is shown in Fig.8c, where a V-shape variation of total with increasing x can be observed. 

The lowest and highest total values are achieved at x = 0.1 and 0.6, respectively. It is worth mentioning 

that the enhancement of total at the solid solution limit (x = 0.6) is more pronounced at lower 

temperatures, for example, total for x = 0.6 is two orders of magnitude higher than that for NBT at 

300 °C, whereas less than half order of magnitude higher at 600 °C. 
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Figure 7. Impedance spectra for (NBT)1-x(BNiT)x (x = 0, 0.2, 0.4 and 0.6) measured at 300 °C in air. 

(a), (d), (g) and (j) Z* plots and equivalent circuits for fitting; (b), (e), (h) and (k) combined Z’’ and 

M’’ spectroscopic plots; (c), (f), (i) and (l) C’ spectroscopic plots. The hollow symbols are 

experimental data and the solid lines are the fitting curves. 
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Table 3. Resistance and capacitance values obtained from equivalent circuit fitting of the impedance 

data at 300 °C. 

x R1 / cm C1 / Fcm-1 R2 / cm C2 / Fcm-1 R3 / cm C3 / Fcm-1 C2/C1 C3/C1 

0 8.44  104 2.12  10-10 3.90  105 9.97  10-9 4.73  107 7.43  10-8 47 350.5 

0.2 1.56  10-9 2.38  10-10 2.95  105 1.27  10-9   106   10-8 5.3 42.9 

0.4 8.20  104 1.64  10-10 3.05  104 7.18  10-9   43.7  

0.6 6082 1.35  10-10       

 

 

Figure 8. (a) Arrhenius plots for total. Data for the insulating NB0.51T are included for comparison; 

(b) Ea for total as a function of the compositional factor x; (c) Compositional dependence of total at 

300, 400 and 500 °C. 

 

Impedance spectra measured in flowing nitrogen, air and oxygen at 600 °C over a wide frequency 

range between 1 MHz and 0.01 Hz are presented in Fig.9. Data for NBT can be found in our previous 

publication [22], thus they are not presented here. As reported previously, the bulk response for NBT 

is independent on atmosphere. The GB response is smallest in nitrogen (low oxygen partial pressure, 

pO2) and largest in oxygen (high pO2), showing presence of n-type electronic conduction for GBs. 

The low-frequency electrode spike associated with diffusion of oxygen molecules is most prominent 

in nitrogen and least prominent in oxygen. The oxide-ion transport number, tion, at 600 °C is 0.94 [1]. 

The above information suggests that the electrical conduction in NBT is predominated by oxygen 

ions with minor contribution from electrons. Z* plots for x = 0.2 measured in different atmospheres 

are shown in Fig.9a. The impedance is largest in nitrogen and smallest in oxygen, suggesting the 

presence of p-type electronic conduction. The electrode spike can be observed at low frequencies, 

suggesting the presence of oxide-ion conduction. Therefore, (NBT)0.98(BNiT)0.2 shows a mixed ionic-
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electronic conduction behaviour. Atmosphere tests for x = 0.4 and 0.6 also show the presence of p-

type electronic conduction (Fig.9b and 9c). Expanded views of the low-frequency regions indicate 

the absence of any electrode effect (inset figures in Fig.9b and 9c), suggesting the absence of oxide-

ion conduction in these compositions. 

 

The electrical conduction mechanism is further revealed by EMF transport number measurements, 

and the results are presented in Fig.9d. tion values decrease with increasing x at temperatures between 

600 and 800 °C, for example, tion is ~ 10% for x = 0.2, and it decreases to zero for x = 0.4 and 0.6 at 

600 °C. Moreover, tion values for x = 0.2, 0.4 and 0.6 increase with increasing temperature, for 

example, from 10% at 600 °C to 20% at 800 °C for x = 0.2. Such variation of tion with temperature is 

opposite to that of NBT, which shows a lower tion at 800 °C. Combining the results from atmosphere 

tests and oxide-ion transport number measurements, it can be concluded that x = 0.2 shows a mixed 

ionic-electronic conduction mechanism with larger contribution from p-type electronic conduction 

than oxide-ion conduction. x = 0.4 and x = 0.6 show predominant p-type electronic conduction 

behaviour with minor contribution from oxygen ions. Therefore, incorporation of BNiT into NBT 

changes the electrical conduction mechanism from predominant oxide-ion conduction (x = 0), to 

mixed ionic-electronic conduction (x = 0.2), to predominant p-type electronic conduction (x = 0.4 and 

0.6). 
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Figure 9. (a)-(c) Z* plots of (NBT)1-x(BNiT)x measured at 600 °C in flowing nitrogen, air and oxygen 

for x = 0.2, 0.4 and 0.6, respectively. The inset figures show expanded views of the low-frequency 

regions indicated by the dashed rectangles. (d) Oxide-ion transport number, tion, measured at 600, 700 

and 800 °C. Data for x = 0 are extracted from Ref. [1]. 

 

3.3 Dielectric properties 

Permittivity−temperature (r−, 1 MHz) profiles for (NBT)1-x(BNiT)x solid solutions are presented in 

Fig.10a. The permittivity maximum, r, max, decreases continuously with increasing x. Peak flattening 

can be also observed with increasing x. For x = 0.6, a high permittivity value ~ 950 is almost 

temperature independent between 150 and 500 °C. The temperature for r, max (Tm) shows a slight 

increase from 323 °C for NBT to ~ 340 °C for x  0.2, and then a dramatic drop to ~200 °C with 

increasing x, as indicated by the dash line in Fig.10a. Dielectric loss−temperature profile (tan−T, 1 

MHz) shows that the temperature at which tan starts to rise sharply is significantly changed by BNiT 

incorporation (Fig.10b). For a clear comparison, the temperature where tan reaches 0.2, Ttan = 0.2, is 

adopted and plotted as a function of x, as shown in Fig.10c, where a ‘volcano’-shape relationship 
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between Ttan = 0.2 and x can be observed. Furthermore, Ttan = 0.2 is negatively correlated to total 

(Fig.10d), suggesting that a more rapid increase in tan at lower temperatures can be triggered by a 

higher total, which is undesirable for dielectric applications of these solid solutions. 

 

Figure 10. Dielectric properties of the (NBT)1-x(BNiT)x ceramics: (a) permittivity at 1 MHz versus 

temperature. The dashed curve indicates the variation of Tm with x. (b) Dielectric loss (tan ) at 1 

MHz versus temperature. (c) Variation of Ttan =  with the compositional factor x. The dashed curve 

is a guide to the eye. (d) Relationship between total (600 °C) and Ttan = . Data were collected during 

heating. 

 

4. Discussion 

The major discovery of this work is that incorporation of BNiT into NBT has a dramatic impact on 

its crystal structure and electrical conduction mechanism. With increasing BNiT content in the 

(NBT)1-x(BNiT)x solid solutions, the crystal structure tends to change from rhombohedral to pseudo-

cubic. Neutron diffraction patterns show coexistence of rhombohedral and tetragonal phases at room 

temperature for x  0.4. On the other hand, the total electrical conductivity shows a V-shape variation 
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with increasing x and the conduction mechanism changes from predominant oxide-ion conduction for 

NBT, mixed ionic-electronic conduction for x = 0.2, to predominant p-type electronic conduction for 

x  0.4. In the following sections, the phase evolution, in particular, the stabilisation mechanism for 

the tetragonal phase at room temperature, and the conductivity-composition relationship in the 

(NBT)1-x(BNiT)x solid solutions are discussed. 

 

4.1 Stabilisation of the tetragonal phase at room temperature 

The structural stability and distortion of a perovskite (ABO3) can be described by the Goldschmidt 

tolerance factor (t), 𝑡 = 𝑟𝐴+𝑟𝑂√2(𝑟𝐵+𝑟𝑂), where rA and rB represent the ionic radii of the 12-fold coordinated 

A-site cation(s) and the 6-fold coordinated B-site cation(s), respectively; rO is the ionic radius of the 

6-fold coordinated oxygen anion (rO = 1.40 Å [24]). Stable perovskite compounds can be formed 

when t varies in a wide range between 0.75 and 1.05 [46]. An ideal cubic perovskite structure with 

corner-sharing rigid BO6 octahedra is expected to be present when t = 1 [47]. Deviation of t from 

unity results in octahedral distortions (including tilting and rotating) to lower the structure symmetry 

[48]. 

 

BNiT has a tolerance factor (t = 0.9498) [33], which is lower than that of NBT (t = 0.9841 [27]). 

Therefore, incorporation of BNiT into NBT decreases t, which should lead to the formation of a lower 

symmetry phase such as rhombohedral, orthorhombic or monoclinic phase. However, XRD patterns 

show the symmetry of the (NBT)1-x(BNiT)x solid solution tends to become pseudo-cubic with 

increasing x. An enhanced symmetry with increasing x is confirmed by ND patterns that the high-

temperature tetragonal phase of NBT is stabilized at room temperature when x  0.4. Similar 

phenomenon that the rhombohedral distortion decreases with increasing BNiT content in NBT-BNiT 

solid solutions was also reported by Bai et al. [33]. The discrepancy between experimentally observed 

crystal structure and predicted structure by t has also been observed in other NBT-based solid 

solutions. For example, in NBT-BiMg0.5Ti0.5O3 (NBT-BMgT) solid solutions, although incorporation 

of the large Mg2+ ions (r(Mg2+) = 0.72 Å, 6-fold coordinated) results in a reduction in t, XRD patterns 

show the rhombohedral superlattice peak begins to disappear when the mole fraction of BMgT 

reaches 4~5%. The crystal symmetry tends to become pseudo-cubic or cubic with further increase in 

the mole fraction of BMgT to 6~50% [49-51]. The above observations seem to contradict the 

empirical prediction that a high symmetry phase (tetragonal or cubic) is formed when t ~ 1. 

 

XPS results for Ni 2p (Fig.6e and Table 2) show the presence of Ni3+ in the NBT-BNiT solid solutions, 
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which is further supported by the existence of p-type electronic conduction behaviour revealed by 

impedance measurements under different atmospheres (Fig.9). As will be discussed later, Ni3+ is 

considered as the main species for hole location to give rise to p-type electronic conduction. In NiO6 

octahedra, Ni3+ is also in the low-spin state [23] with ionic radius of r(Ni3+, 6-fold, low-spin) = 0.56 

Å [24], which is much smaller than that of Ni2+. According to the estimated Ni3+ fraction in Table 2, 

assuming 50% Ni2+ ions in the NBT-BNiT solid solutions are oxidised to Ni3+, the tolerance factor t 

decreases linearly with increasing x from 0.9841 for NBT to 0.9823 for x = 0.6. This fails to explain 

the transition from rhombohedral to pseudo-cubic symmetry with increasing BNiT content in the 

solid solutions. Moreover, even if all the Ni2+ ions are oxidised to Ni3+, the largest t (0.9908) is 

obtained at x = 0.6, which is not high enough to stabilise the tetragonal phase. For example, in 

(Na1−xKx)0.5Bi0.5TiO3 (NKBT) series, tetragonal phase is observed only when x  0.8 with t  1.019 

[52]. Alternative reasons have to be considered to explain the coexistence of rhombohedral and 

tetragonal phases when x  0.4. 

 

To understand the stabilisation mechanism for the tetragonal phase in the NBT-BNiT solid solutions, 

the weighed and ball-milled powders for x = 0.6 were calcined at different temperatures. XRD 

patterns (Fig.11a) show that the calcined powders contain Na0.5Bi4.5Ti4O15 (NBiT) as a predominant 

secondary phase, which is not observed during calcination of NBT [53]. The peak intensity for NBiT 

decreases with increasing calcination temperature, and disappears after sintering at 1100 C. This 

indicates that a partial perovskite structure is converted from the Aurivillius structure of NBiT after 

sintering. NBiT is also the precursor for synthesizing a textured NBT using the template grain growth 

(TGG) or topochemical microcrystal conversion (TMC) method [54-57], where anisotropic NBiT 

platelets were obtained using molten salt synthesis sintered at 1050 ~ 1100 ℃ prior to the conversion 

of NBT obtained from the mixture of NBiT, Na2CO3 and TiO2 using molten salt synthesis samples 

sintered at 950 ~ 1100 ℃. The preferred orientation of particle growth for the NBT prepared by the 

TMC method and the conventional solid-state synthesis were [100]p and [110]p, respectively [57]. 

Fig.11b shows the compositional dependence of the relative intensity for the (100)p peak, which was 

calculated by 𝐼(100)𝑝/∑ 𝐼𝑖 from the XRD patterns in Fig.1. The relative intensity of the (100)p 

increases almost linearly with x, indicating a preference of orientation may possibly occur. Several 

points are in common for the conversion of perovskite NBT between the solid-state synthesis of 

BNiT-NBT and the TGG/TMC method: (1) BNiT as the template, (2) similar reaction temperatures, 

and (3) preferred orientation [100]p. Therefore, the tetragonal phase may be stabilised by BNiT 

because the perovskite NBT converted from the NBiT templates has a preferred orientation. 
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It is worth mentioning that the room temperature ND patterns in Fig.3 confirm coexistence of the 

rhombohedral phase with a-a-a- tilting and the tetragonal phase with a0a0a+ tilting for x  0.4. 

Coexistence of two phases with different tilting systems was also observed at 300 ℃ for NBT by ND 

studies [36]. Some nanometre-scale tetragonal platelets with preferred orientation along {100} were 

found at room temperature by TEM studies [58-60], where Beanland and Thomas [59] showed that 

they were with a0a0a+ tilting embedded in the rhombohedral a-a-a- matrix. They also indicated that 

these tetragonal platelets acted strongly to impede domain wall motion, and thus Tm occurred during 

the phase transition from the rhombohedral to tetragonal phase. Based on the LCR results shown in 

Fig.8, Tm increases from 323 to 342 ℃ when the average structure is dominated by the rhombohedral 

phase at room temperature for x ≤ 0.2. In contrast, the presence of a tetragonal phase at room 

temperature for x ≥ 0.4 leads to a decrease in Tm in conjunction with peak flattening. As a reduction 

of Tm is also observed for x = 0.3, it is possible phase co-existence may also occur for x = 0.3. Further 

TEM studies may be required to clarify the hypothesis. 

 

Figure 11. (a) Room-temperature XRD patterns for x = 0.6 calcined at different temperatures. (b) 

Compositional dependence of the relative intensity for the (100)p peak in the solid solutions. 

 

4.2 Defect chemistry and electrical conductivity 

As revealed by our previous studies, the defect chemistry for NBT can be best described by an ionic 

compensation mechanism according to the following defect equation 2𝐵𝑖𝐵𝑖2 + 3𝑂𝑂𝑥 −𝐵𝑖2𝑂3→    2𝑉𝐵𝑖′′′ + 3𝑉𝑂∙∙                        (2) 
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where oxygen vacancies are created by Bi2O3 loss during ceramic processing to facilitate oxide-ion 

conduction in NBT. Partial reduction of Ti4+ to Ti3+ caused by oxygen loss at high temperatures and 

reoxidation of Ti3+ to Ti4+ caused by oxygen regain during furnace-cooling are not considered as the 

oxidation state of Ti in NBT remains +4, which is supported by the absence any n-type electronic 

conduction in addition to XPS analysis. Oxidation of O2- to O- during cooling, as described by 𝑂𝑂𝑥 + 𝑉𝑂∙∙ + 12𝑂2(𝑔) → 2𝑂𝑂∙                           (3) 

can be also excluded as no p-type electronic conduction behavior is observed for NBT.  

 

To form NBT-BNiT solid solutions, the charge compensation mechanism can be described by the 

following equation: 𝐵𝑖2𝑂3 + 2𝑁𝑖𝑂 + 2𝑁𝑎𝑁𝑎𝑥 + 2𝑇𝑖𝑇𝑖𝑥 → 2𝐵𝑖𝑁𝑎∙∙ + 2𝑁𝑖𝑇𝑖′′ + 𝑁𝑎2𝑂 + 2𝑇𝑖𝑂2     (4) 

where acceptor doping on the B-site (partial replacement of Ti4+ by Ni2+) is compensated by donor 

doping on the A-site (partial replacement of Na+ by Bi3+). Here the oxidation state of Ni is assumed 

to be +2 as NiO was used as the starting material for Ni source. For each Ni acceptor dopant for Ti 

on the B-site, it requires one Bi donor dopant for Na on the A-site. This mechanism does not involve 

any change in oxygen stoichiometry, and thus can be considered as a ‘stoichiometric’ mechanism. 

During cooling, uptake of oxygen may partially oxidise Ni2+ to Ni3+according to 2𝑁𝑖𝑁𝑖𝑥 + 𝑉𝑂∙∙ + 12𝑂2(𝑔) → 2𝑁𝑖𝑁𝑖∙ +𝑂𝑂𝑥                       (5) 

This will give rise to p-type electronic conduction. Furthermore, trapping of oxygen vacancies by the 

negatively charged acceptor dopants on the B-site can occur according to 𝑉𝑂∙∙ + 𝑁𝑖𝑇𝑖′′ → (𝑉𝑂∙∙ ∙ 𝑁𝑖𝑇𝑖′′ )𝑥                             (6) 

This will significantly decrease the mobility of oxygen vacancies to suppress the oxide-ion 

conductivity. At high temperatures, dissociation of the defect cluster may occur to release the trapped 

oxygen vacancies, as described by (𝑉𝑂∙∙ ∙ 𝑁𝑖𝑇𝑖′′ )𝑥 → 𝑉𝑂∙∙ + 𝑁𝑖𝑇𝑖′′                               (7) 

 

Based on the electrical properties of the NBT-BNiT solid solutions, the defect mechanism can be 

described by Equations (2), (5), (6) and (7) due to the following experimental evidences. (1) The 

presence of p-type electronic conduction in the NBT-BNiT solid solutions, as revealed by the 

impedance spectra in different atmospheres in Fig.9a-9c, supports the defect mechanism in Equation 

(4); (2) EMF transport number results show that all compositions have significant tion (~ 10-20%) at 

800 ℃, indicating the presence of oxygen vacancies described by Equation (1). (3) tion values for x  

0.2 increase with increasing temperature from 600 to 800 C, which is different from the tion-



 24 

temperature relationship of the predominantly ionic conducting NBT. An increased tion with 

temperature indicates that the trapped oxygen vacancies are released from the defect associates as 

described by Equation (6), which is similar to that observed in the classic oxide-ion conductor yttria-

stabilised zirconia (YSZ). 

 

Based on the above defect chemistry analysis, the observed “V-shape” conductivity-composition 

relationship of the NBT-BNiT series can be attributed to a competition between the suppressed ionic 

component due to trapping of oxygen vacancies and the enhanced electronic component due to an 

increase in the Ni content on the B-site, as shown in Fig.12. First, the variation of the ionic component 

with increasing BNiT content is considered. As shown by our previous study [27], Al3+ with a small 

ionic radius (r(Al3+) = 0.535 Å, 6-fold coordinated) has a strong ability to trap oxygen vacancies that 

7% Al3+ can fully eliminate the oxide-ion conduction in NBT-BA solid solutions. Thus, the NBT-BA 

is considered as a representative system where strong trapping between the B-site acceptor dopants 

and oxygen vacancies exists. The conductivity-composition relationship of such system is described 

by Line 1. On the contrary, Sc3+ with a large ionic radius (r(Sc3+) = 0.745 Å, 6-fold coordinated) has 

a weak ability to trap oxygen vacancies, and thus the NBT-BS series is considered as a model system 

for weak trapping. Conductivity of the NBT-BS series decreases slowly with increasing BS content 

following Line 2. In an ideal case without any trapping, the ionic conductivity remains constant, as 

described by Line 3. Therefore, Line 1, 2 and 3 represent the compositional dependence of the ionic 

conductivity for strong trapping, weak trapping and no trapping systems, respectively. Second, the 

variation of the electronic component with increasing BNiT content is evaluated. As shown in Fig.9d, 

tion values for x = 0.4 and 0.6 approach zero at 600 C, suggesting the electrical conductivity is 

predominated by electronic conduction. In Fig.12, the electrical conductivity (in log scale) varies 

linearly with x when 0.4  x  0.6. Extrapolation of the linear relationship to x = 0 shows that the 

conductivity agrees with the value for NB0.51T, which presents a predominant electronic conduction 

behaviour [1, 45]. Therefore, if no oxide ion conduction is involved, the electronic conductivity 

increases linearly with increasing x following Line 4. The mixed conductivity for strong, weak and 

no trapping systems can be calculated by Line 5 = Line 1 + Line 4, Line 6 = Line 2 + Line 4 and Line 

7 = Line 3 + Line 4, respectively. Line 5 and Line 7 represent the lower and the upper limit for the 

mixed conductivity in the solid solutions. The experimentally observed conductivity-composition 

relationship is close to Line 6, suggesting the oxygen vacancies are weakly trapped by Ni.  

 

As also shown in Fig.12, the highest electrical conductivity achieved in NBT-BNiT solid solutions is 
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slightly higher that obtained in NBT-BC solid solutions albeit BNiT has a much large solid solution 

limit in NBT than BC. Therefore, incorporation of BNiT may not be good for developing NBT-based 

mixed conductors, however, it is effective to reduce the dielectric loss when the BNiT content  40%. 

 

Figure 12. Compositional dependence of the total conductivity of the NBT-BNiT series in comparison 

with NBT-BA [27], NBT-BS [28] and NBT-BC [22] solid solutions. Data for NB0.51T is from Ref. 

[45]. 

 

5. Conclusion 

Solid solutions of NBT and BNiT were prepared by the solid-state reaction method and their electrical 

properties were investigated to explore the possibility of obtaining high level of mixed ionic-

electronic conductivity by incorporating a large amount of transition metal ions onto the B-site of 

NBT. Phase evolution of the solid solutions with varying compositions was also investigated by 

neutron diffraction studies. The results show that incorporation of BNiT into NBT has a dramatic 

impact on its crystal structure and electrical conduction mechanism. Major conclusions are 

summarized below. 

(1) The solid solution limit of BNiT in NBT is 60% based on XRD, and therefore up to 30% of 
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Ni can be introduced onto the B-site of the perovskite. With increasing BNiT content in the solid 

solutions, the crystal structure changes from rhombohedral to pseudo-cubic.  

(2) Coexistence of rhombohedral and tetragonal phases was identified by neutron diffraction for 

x  40%. Stabilisation of the tetragonal phase may possibly be related to the conversion of the 

perovskite NBT from the Aurivillius NBiT during solid state reaction. Phase coexistence leads to 

peak broadening on the permittivity-temperature profile and a decrease of Tm to ~200 C. 

(3) The total electrical conductivity shows a V-shape variation with increasing x and the 

conduction mechanism changes from predominant oxide-ion conduction for NBT, mixed ionic-

electronic conduction for x = 20%, to predominant p-type electronic conduction for x  40%. The 

observed conductivity-composition relationship originates from a competing effect between the 

suppressed oxide-ion conduction due to oxygen ion trapping and the enhanced electronic conduction 

due to hole hopping between Ni2+ (NiNix ) and Ni3+ (NiNi∙ ). 

(4) Although NBiT has a large solid solution limit in NBT, high mixed ionic-electronic 

conductivity is not obtained. Incorporation of BNiT may not be good for developing NBT-based 

mixed conductors, however, it is effective to reduce the dielectric loss to benefit dielectric 

applications when the BNiT content  40%. 
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