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A B S T R A C T   

Ferroelectric Pb5Nb10O30 (PN) tetragonal tungsten bronze (TTB) forms solid solutions that exhibit morphotropic 
phase boundaries (MPBs). Successful replacement of PN with TTBs containing Bi could advance lead-free TTB 
MPBs. The most studied Bi containing TTB, K4Bi2Nb10O30, was recently demonstrated to be paraelectric, and we 
have systematically explored the possibility to increase the Bi-content beyond two Bi3+ ions per unit cell aiming 
to induce ferroelectricity. Higher Bi content was incorporated by either increasing the cation vacancy concen-
tration on the A-site or by B-site substitution with lower valency cations. An additional pyrochlore phase was 
found in almost all the explored compositions exceeding two Bi3+ per unit cell. The instability of the TTB 
structure with higher Bi3+ concentrations was investigated in terms of first-principles calculations, combined 
with chemical considerations and including the tolerance factor. Consequently, an in-plane polarisation found in 
PN is unlikely to exist in Bi-based TTBs, meaning that Bi3+ cannot fully replace Pb2+ in ferroelectric TTBs.   

1. Introduction 

For the past 20 years, the European Commission has restricted the 
use of Pb [1], and since 2015 responsible consumption and production 
has been addressed by the United Nations sustainable development 
goals [2]. Although legally implemented, the actual replacement of the 
state-of-the-art Pb-based materials has not yet been achieved [3–5]. This 
is mainly due to the industry and consumers requiring at least equally 
well performing, if not out-performing materials, before a lead-free 
alternative is implemented. In the case of ferroelectric materials, the 
conventional material is Pb(Zr1− xTix)O3 (PZT, 0 ≤x ≤ 1) [6–8], and the 
most common strategy for substitution of Pb focuses on mimicking the 
6s2 lone pair effect of Pb, which is widely believed to be the source of 
superior polarization and piezoelectric properties of Pb-based material 
systems [9–11]. The most commonly used and realistic substitute for 
Pb2+ is Bi3+ [4,12–14], which is stable against oxidation, non-toxic and 
low cost, making it the primary choice of many lead-free compositions, 
such as (Bi0.5Na0.5)TiO3 [3,15], Bi4Ti3O12 [15], BiFeO3 [16], and BiAlO3 
[17]. 

The Bi-containing lead-free tetragonal tungsten bronzes (TTBs) 
Ba4Bi2Ti4Nb6O30 [18], Ba2Bi2Nb10O30 [19–21], and K4Bi2Nb10O30 
(KBN) [22] have recently been investigated. The crystal structure of 
TTBs offers a broad variety of cation sites, which creates opportunities 
for greater compositional engineering relative to perovskite 

ferroelectrics [23,24]. Possible ferroelectric properties of KBN have been 
suggested in previous works [25–29], and a first-principles study pre-
dicted an in-plane distortion (within the a-b plane) caused by the pres-
ence of lone pairs of Bi3+ [30]. However, our recent study has 
demonstrated that the crystal symmetry of both KBN and the related 
compound Rb4Bi2Nb10O30 (RBN) are centrosymmetric [22], demon-
strating that neither of the two Bi-containing TTB compounds possess 
ferroelectric properties. It was hypothesized that ferroelectricity could 
be induced by increasing the total concentration of Bi3+ in the unit cell, 
since only two lone pair cations per unit cell are present in KBN, 
compared to five in ferroelectric Pb5Nb10O30 (PN) [30]. As Bi is a group 
15 element compared to Pb being in group 14, a different charge balance 
is required than for Pb-based compounds. Furthermore, Bi3+ is known to 
possess a less stereochemically active lone pair than Pb2+ [31]. 

Here, we report on the solubility of Bi in tetragonal tungsten bronzes. 
The work was motivated by the possibility of inducing ferroelectric 
properties in Bi-containing TTBs by increasing the Bi-content [22]. With 
KBN as a starting point, an increased Bi-content was explored by either 
increasing the cation vacancy concentration or substitution of Nb5+ with 
a lower valence cation (Ti4+, Zr4+ or Fe3+). A total of 13 different 
compositions were prepared, of which most attempts to increase the 
Bi-content beyond two Bi3+ per principle TTB unit cell resulted in the 
formation of a second phase with the pyrochlore crystal structure. Only 
two of the 13 compositions were single phase, corresponding to the 
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compositions K3.5Bi2.5TiNb9O30 (KB2.5TN) and Ba2Bi2Nb10O30 (BBN). It 
was demonstrated that the maximum possible Bi-content in TTBs is 
limited to slightly above two Bi3+ per unit cell. The low stability of the 
TTB phase with higher Bi-content is discussed with respect to the 
tolerance factor of the TTB structure [32,33] and supported by first 
principles calculations. 

2. Materials and methods 

2.1. Solid-state synthesis 

Table 1 gives an overview of the nominal compositions of the syn-
thesised materials, the abbreviation used for each composition along 
with the synthesis parameters. All the compositions were synthesised via 
the same two-step procedure [19], using the same raw materials from 
Sigma-Aldrich, where changes mainly occurred in the second step 
(precursor combination and sintering parameters). The conditions used 
for drying of the raw materials, ball-milling and calcination can be found 
elsewhere [19]. Heating rates for the precursor syntheses were 200 ◦C/h 
and 400 ◦C/h for sintering of the materials. 

Using K4Bi2Nb10O30 as an example in the first step, the precursor 
synthesis comprised the reaction of stoichiometric amounts of K2CO3 (≥
99.0 %, BioXtra) and Bi2O3 (99.9 %) with Nb2O5 (99.99 %) to give 
KNbO3 and BiNbO4. In the second step powder mixtures of the pre-
cursors KNbO3, BiNbO4, and Nb2O5 were mixed in a 4:2:2 molar ratio 
and sintered to give K4Bi2Nb10O30. The precursors NaNbO3 and RbNbO3 
were synthesised using Na2CO3 (≥ 99.0 %, BioXtra) and Rb2CO3 (≥
99.0 %, BioXtra) [19]. The precursor Bi4Ti3O12 was prepared from Bi2O3 
and TiO2 (anatase, ≥ 99 %), where powders were mixed in a molar ratio 
of 2:3, while the BiFeO3 and BaNb2O6 precursors were prepared from 
Bi2O3 and Fe2O3 (≥ 96 %), and from BaCO3 (≥ 99 %) and Nb2O5, 
respectively, both in a 1:1 molar ratio. The powder mixes were dispersed 
in ethanol (isopropanol in case of BiFeO3), ball-milled for 2 h and 
stripped of the respective solvent. The dried powder mixture was sub-
sequently pressed into pellets, and Bi4Ti3O12, BiFeO3, and BaNb2O6 
were calcined at 800 ◦C for 2 h [34], at 750 ◦C for 4 h [35], and at 
1100 ◦C for 6 h [36], respectively. Additionally, ZrO2 (99 %) was used as 
raw material in some syntheses. 

2.2. Materials characterisation 

Powders for X-ray diffraction (XRD) were prepared using a carbide 
mortar to grind the sintered pellets down to powders. Most XRD data 

were recorded at ambient conditions on a Bruker D8 A25 DaVinci in-
strument equipped with Cu Kα X-ray radiation (λ = 1.54 Å) using a 
divergence slit of 0.1◦, a step size of 0.013◦, and an acquisition time of 
1 h. XRD patterns of KB2.33_N, BTN, and KBBN were recorded on a 
Bruker D8 Focus with a Cu Kα X-ray source and a LynxEye Super Speed 
detector using a divergence slit of 0.2◦, 0.013 step size, and an acqui-
sition time of 1 h. The diffractograms were analysed using software 
packages Diffrac.Eva 5.2 and Topas 6 from Bruker. Pawley refinements 
of the XRD data were carried out using Chebyshev polynomial expres-
sion for the background, sample displacement, and the fundamental 
parameter model for the peak shape. Pawley refinements with space 
group P4/mbm were used to determine the lattice parameters of single 
phase TTB compositions, while a Fd3m phase was added for samples 
containing an additional pyrochlore phase. Rietveld refinements were 
used to estimate the relative phase ratio between TTB and pyrochlore. 
Structural models for the two phases with space groups P4/mbm and 
Fd3m were taken from Nylund and Zeiger et al. [22] for KBN and from 
Hector and Wiggin [37] for Bi2Ti2O7. The pyrochlore phase was 
assumed to have composition KBiNb2O7 so that one Bi3+ was replaced 
by K+ and Ti4+ by Nb5+. The background function was a minimal 
Chebyshev polynomial, while the peak shapes were refined based on the 
fundamental parameter model. Site occupancy was refined for single 
phase compositions, while the thermal parameters were not refined. 

Scanning electron microscopy coupled with energy dispersive X-ray 
spectroscopy (SEM-EDX) was performed to elucidate the elemental 
composition of the phases present. Pellets of KB2.67□N, KB2.5□N, and 
KBFN were prepared for analysis by polishing down to 0.25 µm grit size 
and thermal etching at 1050 ◦C. Smoothly polished surfaces were 
difficult to obtain for KBx□N materials as KB2.67□N was prone to 
cracking and KB2.5□N prone to grain pull out and appeared moisture 
sensitive. SEM was performed on a Hitachi S-3400 N equipped with an 
Everhart-Thornley secondary electron detector operated at 5–15 kV. For 
SEM-EDX a working distance of 10 mm and an acceleration voltage of 
15 kV were set before using an Oxford Instruments X-max 80 mm2 de-
tector in point analysis mode. Spectra of five points were measured and 
averaged for each observed feature. 

Pellets with a diameter of 10 mm and a thickness of 1–2 mm were 
prepared for dielectric spectroscopy. The surface layer of ~ 0.1 mm of 
the pellets was removed before a thin layer of Pt paste (70 %, Gwent 
group, UK) was applied to both sides. The paste was dried for 15 min at 
120 ◦C prior to its final heat treatment at 900 ◦C for 1 min with a heating 
rate of 200 ◦C/h to give the electrodes. Excess Pt around the edges was 

Table 1 
Overview of the sample label, nominal composition, precursors, molar ratio of the precursors and the sintering conditions (temperature and duration) of the syn-
thesised compounds.  

Sample ID Nominal composition Precursors Precursor ratio Sint. Conditions 

Temp. [◦C] Time [h] 

Filled TTBs 
NBN [22] Na4Bi2Nb10O30 NaNbO3, BiNbO4, Nb2O5 4:2:2  1150  1 
NKBN [22] Na3 KBi2Nb10O30 NaNbO3, KNbO3, BiNbO4, Nb2O5 1:3:2:2  1150  1 
KBN [22] K4Bi2Nb10O30 KNbO3, BiNbO4, Nb2O5 4:2:2  1150  1 
KBFN K3Bi3FeNb9O30 KNbO3, BiNbO4, BiFeO3, Nb2O5 3:2:1:2  1150  1 
KB2.5TN K3.5Bi2.5TiNb9O30 KNbO3, BiNbO4, TiO2, Nb2O5 3.5:2.5:1:1.5  1150  1 
KB3TN K3Bi3Ti2Nb8O30 KNbO3, BiNbO4, TiO2, Nb2O5 3:3:2:1  1150  1 
KBZN K3Bi3Zr2Nb8O30 KNbO3, BiNbO4, ZrO2, Nb2O5 3:3:2:1  1150  1 
RBN [22] Rb4Bi2Nb10O30 RbNbO3, BiNbO4, Nb2O5 4:2:2  1150  8 
RBTN Rb3.5Bi2.5TiNb9O30 RbNbO3, BiNbO4, TiO2, Nb2O5 3.5:2.5:1:1.5  1150  8 
RBZN Rb3Bi3Zr2Nb8O30 RbNbO3, BiNbO4, ZrO2, Nb2O5 3:3:2:1  1150  8 
BTN Bi6Ti8Nb2O30 Bi4Ti3O12, TiO2, Nb2O5 1.5:3.5:1  1150  1 
Unfilled TTBs 
KB2.33□N K3Bi2.33Nb10O30 KNbO3, BiNbO4, Nb2O5 3:2.33:2  1150  1 
KB2.5□N K2.5Bi2.5Nb10O30 KNbO3, BiNbO4, Nb2O5 2.5:2.5:2  1150  1 
KB2.67□N K2Bi2.67Nb10O30 KNbO3, BiNbO4, Nb2O5 2:2.67:2  1150  1 
KB3□N K1Bi3Nb10O30 KNbO3, BiNbO4, Nb2O5 1:3:2  1150  1 
KBBN K0.5BaBi2.5Nb10O30 KNbO3, BaNb2O6, BiNbO4, Nb2O5 0.5:1:2.5:2  1210  2 
BBN Ba2Bi2Nb10O30 BaNb2O6, BiNbO4, Nb2O5 2:2:2  1240  2  
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ground off prior to the experiments. A setup of an Alpha-A impedance 
analyser connected via two channels to a Novotherm testing chamber by 
Novocontrol was used to perform dielectric spectroscopy up to 400 ◦C, 
while a NORECS ProboStat sample cell situated inside a tubular furnace 
with a Eurotherm temperature controller with four-wire connection 
could measure up to 700 ◦C. Measurements were conducted using 
WinDETA software by Novocontrol with a heating rate of 2 ◦C/min and 
an AC voltage of 1 V. 

Polarization-electric field measurements on pellets of 5 mm diameter 
and less than 0.5 mm thick with sputtered gold contacts were conducted 
at ambient temperature deploying the system aixPES by aixACCT. 

Samples were submerged in silicone oil and contacted under slight 
tension while applying voltage pulses (100 Hz) with increasing field 
strengths until sample breakdown (max. up to 78 kV/cm). 

2.3. Computations 

All density functional theory (DFT) calculations were performed 
using the plane-wave code VASP (Vienna ab initio Simulation Package) 
[38–41]. The projector-augmented wave method (PAW) [42] was used 
to describe the interactions between the core and valence electrons for 
each Bi-based TTB composition which include Na [He], K [Ne], Rb [Ar], 
Bi [Xe], Nb [Kr] and O [He]. The Perdew-Burke-Ernzerhof gradient 
corrected functional revised for solids (PBEsol) [43,44] was used [43, 
44], which has been shown to accurately describe the structural prop-
erties of tungsten bronzes [30,45–48], as well as thermodynamic sta-
bilities of materials in general [49,50] relative to experiment. [49,50]. 

Initially, structural optimisation of the lattice parameters, and ionic 

Fig. 1. XRD patterns of the KBx□N series including KBN [22], where asterisks 
mark additional reflections compared to the KBN pattern. The intensity of the 
patterns for KBN and KB2.33□N are scaled by a factor of 0.05 and 0.5, 
respectively. The full 2θ range of the patterns can be found in S3. 

Fig. 2. Excerpt of the Pawley refinement of the diffraction data of KB2.67□N 
with (a) P4/mbm, (b) Fd3m, and (c) P4/mbm and Fd3m. The Pawley fit of the 
entire 2θ range can be found in S3. 
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positions of R4Bi2Nb10O30 (R = Na, K, Rb), in the P4/mbm spacegroup 
[22,30], were performed using a plane wave energy cut-off of 600 eV 
and a Γ-centred k-point grid of 2×2×6. Convergence was regarded as 
complete when the maximum force on any atom was below 0.01 eV Å− 1. 
Tabulated lattice parameters are provided in the supporting information 
S1. The addition of spin-orbit coupling showed minimal influence on the 
electronic structure and thus was not used in this study. 

Determination of the thermodynamic stability of each Bi-containing 
TTB was carried out by calculating the “energy above the convex hull”, 
requiring the relaxed structures of competing phases within the phase 
diagram. Starting structures were obtained from the materials project 
[51] and filtered based on both their stability/metastability (<0.09 eV 
[50,52]) and whether they are experimentally verified structures. Each 
competing phase was converged to the same force criterion as the parent 
compounds using a 600 eV plane wave energy cut-off and individually 
defined k-points. These are given alongside relaxed parameters for each 
individual competing phase in S1. 

Additional calculations were carried out to understand the efficacy of 
the Bi lone pair within these materials. This involved density of states 
(DOS) calculations using both the PBEsol and the hybrid HSE06 func-
tional shown in S2. HSE06 is known to more accurately represent the 
electronic structure compared to experiment, yet at an increased 
computational cost [53]. Isostructural Sb-containing TTB compositions 
were also calculated for comparison and are given in S2. 

3. Results 

3.1. Bi solubility and stability of the TTB phase 

Diffraction patterns of the KBx□N (x = 2.33,2.5, 2.67,3) composi-
tional series and KBN [22] (x = 2), are depicted in Fig. 1. A reduction of 
the intensity of the reflections corresponding to the TTB phase and the 
appearance of several new Bragg reflections are evident with increasing 
Bi-content. The effect is most prominent in the sample with the highest 
Bi-content (KB3□N). Pawley refinement of the XRD patterns using space 
group P4/mbm and the subsequent difference curves point to the for-
mation of one or several new phases with increasing Bi-content in the 
KBx□N series. The new reflections, showing increased intensity with 
increasing Bi-content, were indexed successfully by a cubic pyrochlore 
phase with space group Fd3m [37]. The X-ray diffraction patterns, be-
side the one for pure KBN, could therefore be indexed by a combination 
of TTB and pyrochlore phases as shown in Fig. 2 for KB2.67□N. 
Refinement of the diffraction patterns including two phases with the 

space groups P4/mbm and Fd3m gave a good fit to the experimental data 
and can be found in S3. The space groups, phase content and lattice 
parameters determined by Rietveld refinement for the KBx□N compo-
sitions can be found in Table 2. 

The relative phase content of the TTB and pyrochlore phases for the 
KBx□N series found by Rietveld refinement are displayed in Fig. 3a 
demonstrating a transition from the stable TTB phase to a pyrochlore 
phase through a two-phase region. Linear extrapolation of the relative 
phase content of the three compositions KB2.33□N, KB2.5□N and 
KB2.67□N suggests a Bi solubility limit at x = 2.3, indicated by the 
broken grey line. 

The evolution of the unit cell parameters of the TTB and pyrochlore 
phases with increasing Bi-content in the KBx□N series is shown in 
Fig. 3b. The estimated Bi solubility limit at x = 2.3 from Fig. 3a sepa-
rates the single phase TTB region from the two-phase TTB and pyro-
chlore region. A horizontal line was drawn for the lattice parameters in 
the single phase KBN region for simplicity due to lack of experimental 
observations in this phase region. A contraction of the a parameter and 
an expansion of the c parameter are observed with increasing nominal 
Bi-content. The lattice parameter evolution of the pyrochlore phase is 
also depicted, decreasing with increasing nominal Bi-content. Variation 
in the lattice parameters in the two-phase region demonstrates that the 
chemical composition of each of the two phases in equilibrium are not 
constant within this two-phase region. 

Diffraction patterns of KBxTN (x = 2.5, 3) and BNT (x = 6) are 
presented in Fig. 4. KB2.5TN is single phase TTB, while KB3TN contains 
significant amounts of a similar pyrochlore phase as observed in the 
KBx□N series. A slightly higher Bi-content in the phase pure TTB 
composition could be obtained for KBxTN compared to KBx□N series. A 
two-phase region, consisting of coexisting TTB and pyrochlore phases, 
was also observed for this series at higher nominal Bi-content as sum-
marised in Table 2. In BTN with nominally all six A-cation sites occupied 
by Bi3+, no evidence of the presence of a TTB phase could be detected by 
XRD, illustrated by absence of the main reflection of space group P4/
mbm at ~ 32◦. Pawley refinement with a lower symmetry of the pyro-
chlore phase, i.e. space group P43m, could fit the whole pattern. Riet-
veld refinement with P43m gave a good fit to the pattern except some 
minor reflection marked with an asterisk. Based on the Rietveld 
refinement the composition of the pyrochlore was estimated to 
Bi1.5Ti1.5Nb0.5O7. 

The diffraction patterns of the samples BBN, KBBN, KBZN, KBFN, 
RBTN and RBZN are shown with their Pawley refinements in S3. The 
identified phases, phase content and lattice parameters are summarised 

Table 2 
Overview of the phases observed, phase content and lattice parameters of TTB (P4/mbm) and pyrochlore (Fd3m) phases in all the samples studied.  

Sample ID Phases Phase content /% TTB Lattice parameters/Å 

aTTB /Å cTTB /Å apyro/ aperovskite /Å 

Filled TTBs 
NBN [22] perovskite 0 - - 3.92754(3) 
NKBN [22] TTB/perovskite 87 12.5126(3) 3.87985(11) 3.92754(3) 
KBN [22] TTB 100 12.6388(2) 3.92603(8) - 
KBFN TTB/pyrochlore 62 12.6367(3) 3.92818(13) 10.5230(3) 
KB2.5TN TTB 100 12.6147(2) 3.91360(6) - 
KB3TN TTB/pyrochlore 73 12.6062(3) 3.91283(10) 10.4875(3) 
KBZN TTB/pyrochlore 59 12.6628(5) 3.94037(18) 10.6451(3) 
RBN [22] TTB 100 12.7217(2) 3.95719(8) - 
RBTN TTB/pyrochlore 39 12.7097(4) 3.95491(19) 10.5314(3) 
RBZN TTB/pyrochlore 0 - - 10.5959(3) 
BTN TTB/pyrochlore 0 - - 10.3830(1) 
Unfilled TTBs 
KB2.33□N TTB/pyrochlore 93 12.6138(2) 3.92631(9) 10.5592(8) 
KB2.5□N TTB/pyrochlore 70 12.6072(8) 3.93560(30) 10.5653(5) 
KB2.67□N TTB/pyrochlore 36 12.5290(9) 3.96308(41) 10.5643(3) 
KB3□N TTB/pyrochlore 30 12.4936(11) 3.95245(52) 10.5534(2) 
KBBN TTB/pyrochlore 91 12.5531(9) 3.93402(33) 10.5196(15) 
BBN TTB 100 12.5462(2) 3.92885(9) -  
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in Table 2. Again, TTB and pyrochlore phase were found coexisting for 
KBBN, KBZN, KBFN and RBTN. In case of RBTN additional reflections at 
low angles were observed, indicating that the symmetry or the unit cell 
size of the TTB phase changed. RBZN is similar to BTN almost single 
phase pyrochlore, while BBN was observed to be single phase TTB. 

The estimated phase contents obtained via Rietveld refinement for 
all prepared samples are visualised in Fig. 5 together with the calculated 
tetragonality. The tetragonality is changing with the overall composi-
tion and the type of cations present, demonstrating that the chemical 
composition of the TTB phase does vary with the overall composition of 
the samples. This is also apparent in the SEM micrographs of KB2.67□N, 
KB2.5□N, and KBFN shown in Fig. 6. Two distinct different grain shapes 
and sizes were observed in both samples demonstrating the presence of 
co-existing TTB and pyrochlore phases. The morphology of KBFN is 
fundamentally different than that of the KBx□N materials. SEM-EDX 
was performed on these areas and the composition found by EDX is 
summarized in Table 3. SEM-EDX analysis of the two phases supports 
the varying chemical composition of the two co-existing phases with the 
overall composition of the samples. 

In order to determine the thermodynamic stability of Bi-containing 
TTBs, DFT calculations were carried out on Na4Bi2Nb10O30, 
K4Bi2Nb10O30, and Rb4Bi2Nb10O30. All competing stoichiometric phases 
relating to their formation were relaxed and the energies used to 
contribute to an "energy above the convex hull". Each Bi-TTB 

composition was found to be metastable at 3 × 10− 3 eV, 6 × 10− 3 eV, 
and 1 × 10− 3 eV above the convex hull, respectively (see S1). Therefore, 
no tangible trend was observed going to larger alkali cations on the 

Fig. 3. (a) Relative phase content of TTB (blue) and pyrochlore (orange) esti-
mated for the KBx□N series. The black dashed line is a linear regression of the 
phase contents to extrapolate the Bi solubility limit, which is illustrated by the 
grey broken line, and the mixed phase region of TTB and pyrochlore is shaded 
in grey. (b) Evolution of the unit cell parameters of the two phases as a function 
of the nominal Bi-content of the respective composition, where the coloured 
broken lines are guides to the eye. The aTTB parameter was divided by 

̅̅̅̅̅̅
10

√
. The 

uncertainty in the lattice parameters was found by Rietveld refinement. 

Fig. 4. Diffraction patterns of the KBxTN materials and BTN. Pawley refine-
ment of KB2.5TN was performed with P4/mbm, while KB3TN was refined with 
both Fd3m and P4/mbm (yellow lines). The asterisk marks an additional 
reflection compared to the P43m (yellow line) Rietveld refined phase found 
in BTN. 

Fig. 5. Overview of the estimated TTB vs. pyrochlore phase content determined 
for all studied compositions (Table 2). Black markers denote the tetragonality 
(cTTB/aTTB) calculated from the lattice parameters of the TTB phase. Bars are 
sorted by decreasing TTB phase content. 
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thermodynamic stability. Na4Bi2Nb10O30 was found to be unstable to-
wards NaNbO3, Nb2O5, and Na3Nb6Bi5O24, while K4Bi2Nb10O30 and 
Rb2Bi2Nb10O30 were found to be unstable towards NbBiO4, Nb2O5 and 
RNbO3. Whilst this analysis predicts a slight metastability, it is impor-
tant to note that both the parent and limiting phases are fully stoichio-
metric and ordered, which is not the case for pyrochlore phases, making 
them complex to calculate. However, these results highlight the fact that 
these compositions are on the edge of stability and thus it is likely that 
through disorder and non-stoichiometry these compositions will be 
stabilised, hence pyrochlore phases would be a possibility. 

Fig. 7a–c shows the density of states (DOS) for Na4Bi2Nb10O30, 
K4Bi2Nb10O30, and Rb4Bi2Nb10O30, respectively. The upper valence 
band from ∼ − 6 eV to 0 eV (valence band maximum, VBM) is pre-
dominantly made up of O 2p states with Nb 4d states showing the 
somewhat covalently bonded nature of the NbO6 octahedral framework 
of the tungsten bronze structure. The VBM is dominated by localised O 
2p states typical of wide band gap oxides such as TiO2 [54]. The con-
duction band minimum (CBM) at ∼ 2.2 eV is on the other hand formed 
primarily of Nb 4d mixed with O 2p and 2s states. Isostructural 

Fig. 6. SEM micrographs of (a) KB2.67□N, (b) KB2.5□N, and (c) KBFN.  

Table 3 
Elemental composition of grains in KB2.67□N, KB2.5□N, and KBFN determined by EDX and including the nominal composition. The grains observed by SEM is 
assigned to one of the two phases observed by XRD, which are TTB (T) or pyrochlore (P), respectively.  

Sample  Bi K Fe Nb O 
at % at % at % at % at % 

KB2.67_N nominal 6.0 4.5 - 22.4 67.2 
large grains (T) 8.9(± 0.4) 4.1(± 0.4) - 22.3(± 0.7) 64.7(± 2.9) 
small grains (P) 4.4(± 0.3) 5.2(± 0.4) - 23.9(± 0.6) 66.5(± 2.7) 

KB2.5_N nominal 5.6 5.6 - 22.2 66.7 
large grains (P) 8.2(± 0.3) 3.8(± 0.5) - 20.6(± 0.6) 67.3(± 3.1) 
small grains (T) 5.2(± 0.3) 5.8(± 0.5) - 23.2(± 0.6) 65.8(± 3.0) 

KBFN nominal 6.5 6.5 2.2 19.6 63.5 
large grains (P) 5.5(± 0.4) 8.3(± 0.6) 0.6(± 0.5) 22.1(± 1.1) 63.5(± 5.1) 
small grains (T) 7.4(± 0.3) 6.9(± 0.5) 2.2(± 0.5) 20.2(± 0.6) 63.3(± 3.9)  

Fig. 7. The density of states (DOS) for R4Bi2Nb10O30 (R = Na, K, Rb) (a-c) calculated using the PBEsol functional. The valence band maxima (VBM) in each panel are 
set to 0 eV. In a material with a stereochemically active lone pair, the VBM would involve a covalency of O 2p + Bi6s and Bi 6p, however in this class of materials this 
is not the case. 

Fig. 8. Diffraction pattern of single phase TTB KB2.5TN together with the 
Rietveld refined fit using space group P4/mbm and difference between data 
and fit. 
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Sb-containing TTBs were calculated to answer the question of whether a 
stereochemically active lone pair is possible within these compositions 
using a stronger lone-pair donor [31]. The results shown in S2 indeed 
demonstrate that the antibonding Sb s+p states are closer to the VBM 
and slightly more pronounced. 

Fig. 8 shows the Rietveld refinements of the single phase TTB 
composition KB2.5TN, which has to our knowledge not been synthesised 
before. Rietveld refinement was performed with TTB aristotype space 
group P4/mbm, and all the reflections can be indexed using this space 
group for the TTB phase. The discrepancy of the intensities between the 
data and fit are most likely related to occupation of the different cation 
sites diverging from the nominal composition [22,36,45] and were 
minimized via refinement of the occupancy. Refinement details can be 
found in S4. The Rietveld refinement of BBN is in very good agreement 
with a previous report by Ma et al. [19], while Muktha et al. [21] did not 
obtain single phase material with a slightly higher sintering temperature 
(1240 ◦C vs. 1250 ◦C). 

3.2. Electrical properties of single-phase samples 

Dielectric permittivity and loss as a function of temperature are 
shown in Fig. 9 for single phase TTB KB2.5TN. For frequencies of 104 Hz 
and above, a broad and slightly frequency dispersed maximum in 
dielectric permittivity is apparent with its peak at approx. 250 ◦C. The 
shape is similar to recently collected data of KBN [22]. Increasing 
dielectric losses are observed both with increasing temperature and 
decreasing frequencies, indicating the onset of conduction at elevated 
temperatures. Around ambient temperature a second loss peak can be 
observed for frequencies above 105 Hz, shifting to lower temperatures 
with decreasing frequency, possibly pointing to an additional 
low-temperature local maximum in dielectric permittivity. 

Polarisation-Electric field loop at ambient conditions for KB2.5TN is 
presented in Fig. 10 alongside data on KBN [22] (inset). The loop taken 
at 70 kV/cm, just below breakdown field (76 kV/cm), exhibits a slight 
non-linearity compared to the linear dielectric response of KBN. The 
degree to which the response is linear is emphasised by comparison with 
the broken grey line drawn through the centre of the loop. While the 
small degree of nonlinearity is itself not sufficient to indicate ferroic 
properties, it is perhaps reminiscent of the beginnings of a relaxor-type 
behaviour, where the P-E loop remains narrow with little remanent 
polarization but becomes more nonlinear as it approaches saturation at 
high electric fields. If a relaxor-like behaviour was more prominent, its 

appearance could be connected to the weak frequency dispersion 
observed in dielectric permittivity (Fig. 9) [55]. Hence, a minor increase 
of Bi appears to cause a measurable difference of polarisation response 
when subjected to an electric field in case of KB2.5TN, and perhaps the 
true nature of the behaviour would become evident if the material could 
withstand higher electric fields. Additional P-E loops collected of 
KB2.5TN are shown in S5. 

Dielectric permittivity and loss as a function of temperature for BBN 
is depicted in Fig. 11. The permittivity behaviour differs significantly 
from that of KB2.5TN, showing a step-plateau feature instead of a local 
maximum as a function of temperature. Though similarly, BBN displays 
a significant frequency dispersion reaching from ambient temperatures 
up to 400 ◦C for the frequency range 103–106 Hz. The step-like increase 
in permittivity is indicative of introduction of additional mechanisms 
contributing to the response with increasing temperature. One possi-
bility are additional dipole moments from defect couples, also explain-
ing the frequency dispersion of the response [56,57]. Increase in the 

Fig. 9. Temperature dependent evolution of dielectric permittivity (full lines) 
and electrical loss (broken lines) for KB2.5TN. 

Fig. 10. Polarisation-Electric field loop of KB2.5TN recorded at ambient tem-
perature with 70 kV/cm and 100 Hz. The broken grey line was added to 
emphasise the slightly non-linear behaviour of KB2.5TN. Data for KBN [22] 
shown in the inset for comparison. 

Fig. 11. Dielectric data of BBN displaying the dielectric permittivity in full 
lines and the electrical loss in broken lines. 
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electrical loss is accompanied by steep increases in dielectric permit-
tivity indicating the onset of conduction at elevated temperatures (see 
S5 for temperatures up to 600 ◦C). Dielectric spectroscopy has been 
performed on BBN before [19,20] and the reported shape aligns well 
with this work. However, the significant frequency dispersion was not 
reported for BBN before and differs from the one measured by Simon and 
Ravez [20], the most apparent difference to their material being a 
140 ◦C higher sintering temperature (1100 ◦C vs. 1240 ◦C). 

Polarisation-Electric field loops for BBN are shown in S5, demon-
strating purely dielectric behaviour up to its breakdown field strength at 
95 kV/cm and 250 ◦C. 

4. Discussion 

In our previous work it was hypothesised that the Bi-content in KBN 
was too low to display ferroelectric behaviour, and if the Bi-content 
could be increased, in-plane polarisation similar to PN could possibly 
be induced [22]. In this work, we have demonstrated that the Bi3+

solubility in TTBs is strongly limited, and realisation of ferroelectric 
Bi-rich TTBs is not likely. We recently demonstrated that the crystal 
structure of KBN is centrosymmetric [22], contradicting preceding 
studies reporting on its ferroelectric nature [25,27,30,33]. Based on 
structural analogy with PN, KBN was referred to as possessing the same 
functional properties, i.e., ferroelectricity [25]. PN contains five Pb2+

per unit cell and is an unfilled TTB, while KBN contains two Bi3+ and 
four K+, making it a filled TTB. This makes them chemically quite 
distinct, specifically considering that Bi3+ possesses a stereochemically 
less active lone-pair than Pb2+ [31], and Pb2+ off-centring was identified 
responsible for the observed in-plane polarisation in PN [30]. Most TTBs 
feature an out-of-plane polarisation mechanism, such as 
SrxBa5− xNb10O30 (SBN) [47] and Ba4Na2Nb10O30 (BNN) [46]. Hence, a 
lead-free TTB with in-plane polarisation could take the engineering of 
lead-free TTB solid solutions exhibiting morphotropic phase boundaries 
(MPBs) to the next level. 

The Bi solubility limit was determined for all the composition series 
studied in this work. The formation of an additional pyrochlore phase 
was apparent from the XRD patterns, and the pyrochlore phase content 
was increasing with increasing nominal Bi-content (Table 2 and Fig. 5). 
In the two-phase region in Fig. 3b, where the two phases coexist, their 
compositions change as evidenced by their changing lattice parameters. 
Similarly, SEM-EDX (Table 3) demonstrates that the chemical compo-
sition of the TTB phases found in KB2.5□N and KB2.67□N differ from 
each other as well as from the nominal composition. Thus, there is no 
stable TTB phase capable of incorporating more Bi3+ and instead an 
additional pyrochlore phase is formed. This can be explained by the 

increased chemical complexity of the solid solutions and thereby the 
possibility for more degrees of freedom according to Gibbs phase rule 
[58]. 

The TTB framework is closely related to the perovskite structure [24] 
and we analyse our observations in relation to the structural stability 
diagram of ABO3 reported by Giaquinta and zur Loye [59] as shown in  
Fig. 12a. The stability of the TTB phase was analysed via the correlation 
of the A- and B-site ionicities (ΔχM− O)

(
rM/rO

)
, where χ describes the 

electronegativity, r is the ionic radius and M indicates A- or B-site. In 
presence of several A- and B-site cations, average radii and electroneg-
ativities were used, cf. S6. The structural stability diagram outlined for 
TTBs in Fig. 12b shows a two-phase region separating the stability re-
gion of TTB and pyrochlore crystal structures. In the two-phase region, 
both phases coexist. In contrast, only stoichiometric ABO3 compounds 
were considered by Giaquinta and zur Loye [59], where a two-phase 
region would not be possible according to the Gibbs phase rule [58]. 
Formulated in its reduced form (constant pressure), the Gibbs phase rule 
is defined as F = C − Ph + 1, where F defines the degrees of freedom, C 
is the number of components, and Ph is the number of phases present in 
the system. In case of ABO3, with a fixed stoichiometry, C = 1, and 
consequently F = 0 when Ph = 2. Considering now the TTBs studied 
here, without a fixed composition, F > 0 when Ph = 2 and two or even 
more phases can be coexistent at a given overall composition. Instead of 
generating a sharp phase boundary between TTB and pyrochlore phase, 
a two-phase region results. This is also evidenced by the SEM-EDX 
analysis, showing a variable composition of both TTB and pyrochlore 

Fig. 12. (a) Structural stability diagram for ABO3 compounds, adapted from Giaquinta and zur Loye [59], correlating A- and B-site cation ionicities (ΔχA− O)(rA/rO)

and (ΔχB− O)(rB/rO), where χ describes the electronegativity. (b) Structural stability diagram constructed for the compositions synthesised in this work and some 
additional single phase TTBs [22,30,36,60]. See S6 for information on the data points. 

Fig. 13. Correlation between average A-cation size and the TTB tolerance 
factor [32,33] for the K-based TTBs including BBN. The broken grey line in-
dicates the observed Bi solubility limit at tTTB = 0.98 for K-based Bi TTBs and 
divides the area of the graph into single phase TTB and mixed TTB and pyro-
chlore phases. See S6 for information on the data points. 
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phase (Fig. 6 and Table 3). 
Further explanation for the instability of the TTB phase with 

increased Bi-content is found when mapping the average A-cation size 
against the tolerance factor tTTB (for TTBs) [32,33] as shown in Fig. 13. 
For the K-based TTBs the figure illustrates that below tTTB = 0.98, there 
are no stable single phase TTBs. Increasing the Bi-content lowers tTTB, 
and consequently, at a certain limit, Bi becomes too small to facilitate 
the TTB structure. Bi3+ with an ionic radius of 1.36 Å (coordination 
number (CN) = 12) [61] is too small to be incorporated with high 
concentrations into TTBs as tTTB is decreasing with increasing 
Bi-content. Similarly, NBN and NKBN [22], exhibiting pure perovskite 
and mixed perovskite and TTB phases with 4 and 3 cations Na+ (1.39 Å, 
CN = 12) per unit cell TTB, respectively, were also not observed to form 
single phase TTBs. This points to a limit of average cation size required 
to facilitate the TTB phase and could possibly be deduced from the data 
published by Hardy et al. [62]. KB2.33□N lies at the Bi solubility limit 
(Fig. 13) and contains a pyrochlore phase in addition to the dominant 
TTB phase. In contrast to KB2.5TN which also has tTTB = 0.98 but is 
phase pure, KB2.33□N features cation vacancies, though their size and 
effect on the TTB structure have not been studied in detail so far. BBN 
also lies on the Bi solubility limit, however, is single phase TTB and 
contains more cation vacancies than KB2.33□N, hence illustrating the 
influence of cation vacancies on the TTB structure. Gardner and Mor-
rison [63] previously pointed out that cation vacancies may have a 
substantial effect on the functional properties of TTBs due to their size. 
The presented stability considerations on Bi-TTBs using the tolerance 
factor works well, despite the lack of understanding the effect of cation 
vacancies on A1- and A2-sites. Similar to what has been established for 
perovskites, where the size relation between A- and B-site cations and 
their effect on the tolerance factor has been studied in depth and is used 
to predict new compositions [64–67], the tolerance factor is a useful tool 
for TTBs as previously demonstrated by Zhu et al. for the functional 
properties of TTBs [33]. So far, the results point to a narrower stability 
window for TTBs compared to perovskites, at least in the region tTTB < 1 
of the stability range. 

Several different alternatives to prepare Bi-rich TTBs were employed 
in this work, and they are summarised in Fig. 14. It shows the different 
chemical pathways to increase the Bi content, pointing out that KB2.5TN 
was the only single phase TTB with increased Bi-content. All the other 
compositions resulted in formation of an additional phase (Fig. 5). 
KB2.5TN was determined to exhibit a centrosymmetric structure 
(Fig. 8), though it displayed a slight relaxor-like behaviour in contrast to 

KBN, both by dielectric spectroscopy and polarisation-electric field 
measurements. The emerging non-linearity is most likely connected to 
the increased lone-pair concentration, though still too low to cause a 
polar structure, at least at macroscopic level [68]. Therefore, if ferro-
electricity can be induced by an increased Bi3+ concentration, it would 
require more Bi3+ than incorporated in KB2.5TN, though not achievable 
due to the lack of stability of the TTB crystal structure. 

Since the early 2000 s, when the implementation of Pb into elec-
tronic appliances was restricted, Bi-based materials have been one of the 
top choices to establishing lead-free ferroelectrics. Bi is positioned next 
to Pb in the periodic table, also possessing a 6s2 lone-pair with similar 
polarizability [69], though it is non-toxic despite being a heavy metal. 
Most engineering attempts focusing on Pb replacement by Bi, encompass 
material systems such as Bi0.5Na0.5TiO3 [3,70], BaTiO3-BiMO3 (M =
metal cations with an average +3 charge) [71,72], BiFeO3 [16,73] or 
layered bismuth titanate structures [74], while KBN [22,25,27,30,33], 
BBN [19–21] and Ba4Bi2Ti4Nb6O30 [18] are the lead-free TTBs con-
taining Bi which have been investigated so far. The successful replace-
ment of Pb with Bi in perovskites has motivated a corresponding 
replacement of Pb by Bi in TTBs [4]. Outlined by Walsh et al. [31], 
bonding between Bi 6s states and O 2p states gives rise to antibonding Bi 
s - O p states at the top of the valence band which are additionally sta-
bilised by Bi 6p, thus giving rise to a stereochemically active lone pair 
causing non-centrosymmetry. From our calculations, it is shown that the 
Bi 6s and 6p states are minimal (< 1 %, Fig. 7). This is likely a result of 
several factors, such as having a small number of Bi3+ per unit cell, the 
domination of the valence band by Nb-O bonding, as well as the strength 
of the Bi lone pair [31]. Previous work confirms centrosymmetry, aiding 
these findings [22]. It is known that PN is non-centrosymmetric due to 
an in-plane polarisation arising from a stereochemically active lone pair 
[30], thus due to Bi’s lower lying 6s and 6p states it is unlikely that a 
similar behaviour would be seen for Bi-TTBs. Bi has proven capable of 
causing distorted structures such as evidenced by the diverse lead-free 
Bi-based systems studied in literature [16,70,74,75]. The concentra-
tion of Bi per unit cell of the perovskite-based systems, however, is much 
higher than found in the KBN-related TTBs studied in this work and it 
proved impossible to substantially increase the Bi-content for TTBs due 
to a solubility limitation of Bi in the TTB framework. Sb-TTBs were 
briefly studied and expected to have a more preferential overlap be-
tween 5s+5p and O 2p states, and indeed the calculations show that the 
antibonding Sb 5s+5p states are closer to the VBM and slightly more 
pronounced (S2). However, the effect would still be very weak due to the 

Fig. 14. Overview of materials synthesised in this work and their compositional relations. Added cations or vacancies (A- or B-site) are written on the connecting 
arrows. Coloured boxes indicate compositions based on the different alkaline (earth) metals Na+, K+, Rb+ or Ba2+. 
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low concentration of Sb in the system, further diluted due to the mul-
tivalency of Sb, and thus site distribution within the unit cell. 

5. Conclusion 

Several KBN related compositions with increased nominal Bi-content 
were prepared to investigate whether an increased Bi-content would 
induce ferroelectricity in Bi containing TTBs. All the different ap-
proaches to compositionally engineer an increased Bi-content in TTBs 
resulted in the appearance of an additional pyrochlore phase, demon-
strating the low solubility limit of Bi3+ in the TTB structure. The lack of 
stability of TTBs with higher Bi-content was explained by a low toler-
ance factor and supported by first principles calculations. With 
increasing nominal Bi3+ concentration, the pyrochlore phase content 
increased accordingly on the expense of the TTB phase. A two-phase 
region with coexisting TTB and pyrochlore phases was determined, 
and these observations were analysed taking inspiration from the work 
by Giaquinta and zur Loye [59] on structural predictions of ABO3 
compounds. Finally, a new single-phase TTB, K3.5Bi2.5TiNb9O30, was 
synthesised and its crystal structure and dielectric properties were 
determined. It possesses a centrosymmetric space group, and its 
dielectric response was relaxor-like. 
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