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Abstract 
 
Solid solution formation in the system Bi3Y1-xWxO6+3x/2 has been studied using a combination of X-

ray and neutron powder diffraction and a.c. impedance spectroscopy.  Compositions in the solid 

solution adopt the δ-Bi2O3 type structure, with single phases evident from x = 0.00 to x = 0.20. 

Evidence for dopant clustering is presented and discussed. Models for the defect structure derived 

from diffraction studies are presented. Tungsten is proposed to adopt a tetrahedral coordination 

geometry with a distorted octahedral geometry adopted by yttrium. Calculated coordination 

numbers for bismuth of around five are consistent with stereochemical activity of the Bi 6s2 lone 

pairs of electrons. Despite a significant lowering of the nominal vacancy concentration with respect 

to δ-Bi3YO6, as well as enhanced vacancy trapping by W6+, tungsten doping is found to have very 

little influence on the total conductivity of δ-Bi3YO6. This is attributed to the compensating effect of 

enhanced oxide ion mobility caused by lattice expansion.    
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1. Introduction 

Solid electrolytes based on bismuth oxide show exceptionally high conductivity at significantly 

lower temperatures than other oxide ion conducting solids. However, their application to date has 

been limited due to questions over their stability, particularly in reducing atmospheres. 

Nevertheless, their use in intermediate temperature solid oxide fuel cells has been successfully 

demonstrated [1,2]. The highly conducting δ-phase of bismuth oxide is only stable at high 

temperatures, above ca. 730 °C [3], but is readily preserved to room temperature, by partial 

substitution of Bi3+ by a variety of cations [4-9]. 

Isovalent substitution of Bi3+ by Y3+ in Bi2O3 yields fluorite related compounds over a wide 

compositional range [7,10,11] and at the 3:1 B:Y ratio a cubic δ-type structure is observed. We 

have previously reported on details of the defect structure and conductivity of δ-Bi3YO6 using 

reverse Monte Carlo modelling of total neutron scattering data and energy minimization 

calculations [12]. Changes in oxide ion vacancy distribution were shown to occur and clear 

evidence for a preferred vacancy pair alignment was presented. Defect trapping effects in this 

system were studied using ab initio calculations and confirmed the importance of the preferred 

coordination of the dopant cation (Y3+) in defect trapping and its effect on conductivity [13,14].   

A major issue that remains with the rare earth substituted bismuth oxides is their tendency to 

exhibit conductivity decay on prolonged annealing at temperatures around 600 °C. In the case of δ-

Bi3YO6, this decay is associated with the appearance of a rhombohedral phase that exhibits 

significantly lower conductivity [15]. Indeed, it was argued that the cubic δ-type phase in bismuth 

based oxides is invariably metastable and that intermediate temperature annealing always results in 

the formation of more stable phases [16]. Subsequently, studies revealed that true stabilization can 

be achieved by low levels of secondary doping, for example with W6+ [17]. Conductivity decay has 

been found to be greatly reduced by low levels of tungsten doping in the closely related systems 

bismuth erbium oxide [17] and bismuth dysprosium oxide [18,19]. We are currently investigating 

the influence of tungsten doping on conductivity decay in δ-Bi3YO6. Here, we focus on the extent 

of solid solution formation in tungsten doped δ-Bi3YO6 and examine its effect on defect structure 

and conductivity. 

 

2. Experimental 

2.1 Preparations 

Samples of composition Bi3Y1-xWxO6+3x/2 (0.00 ≤ x ≤ 0.40) were prepared using appropriate 

amounts of Bi2O3 (Aldrich, 99.9%), WO3 (Aldrich, 99.99%) and Y2O3 (Aldrich, 99.99%). The 

starting mixtures were ground in ethanol using a planetary ball mill. The dried mixtures were heated 
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initially at 750 °C for  compositions in the range 0.00 ≤ x ≤ 0.30 or 850 °C for the x = 0.40 

composition. After cooling, samples were reground and heated for a further 24 h at 800 °C for all 

compositions, apart from x = 0.40, which required heating at 900 °C to give a diffraction pattern 

which was predominantly that of a fluorite phase. A third 24 h heating step was required for two of 

the samples; at 850 °C for x = 0.20 and 950 °C for x = 0.40. In all cases, following the heat 

treatments, samples were slow cooled in the furnace to room temperature over a period of ca. 12 h. 

Through thermogravimetric measurements on green powders, mass loss due to volatilization of 

bismuth oxide during synthesis was confirmed to be negligible. For electrical measurements, pellets 

of 10 mm diameter and 2-3 mm thickness were pressed isostatically from synthesised powder at a 

pressure of 400 MPa and sintered at temperatures ranging from 800 to 1000 °C for 10 h.   

 

2.2 X-ray Diffraction 

Ambient temperature X-ray powder diffraction data were collected on a Philips X’Pert Pro 

X-ray diffractometer fitted with an X’Celerator detector, using Ni filtered Cu-Kα radiation (λ1 = 

1.54056 Å and λ2 = 1.54439 Å), in flat plate θ/θ geometry on a spinning sample holder. Data 

collection was carried out in the range 5-125° 2θ, in steps of 0.0167°, with an effective scan time of 

250 s per step. Calibration was carried out with an external LaB6 standard. Variable temperature 

data were collected with an Anton-Paar HTK 1200 high temperature camera, in flat plate θ/θ 

geometry, on a Pt coated ceramic sample holder. Diffraction patterns were acquired at selected 

temperatures from ambient temperature up to 850 °C, over the range 5-125° 2θ, in steps of 0.033°, 

with an effective scan time of 50 to 60 s per step. Data collections at 800 °C were carried out with a 

longer scan time of up to 250 s per step.  

 

2.3 Neutron Diffraction 

 Powder neutron diffraction data were collected on the x = 0.05, 0.10, 0.20 and 0.30 

compositions on the Polaris diffractometer at the ISIS Facility, Rutherford Appleton Laboratory, 

UK. Samples were placed in 11 mm diameter vanadium cans and data collected on back-scattering 

(average angle 146.72°) and 90° (average angle 92.5°) detector banks were used in subsequent 

refinements. Data collections of ca. 200 µA h were made for the x = 0.05, 0.20 and 0.30 

compositions, with a longer collection of 1000 µA h made for the x = 0.10 composition. For 

elevated temperature measurements, samples were placed in an evacuated furnace. Measurements 

of 30 µ h were made from room temperature to 650 °C, with an extended collection of 200 µA h at 

700 °C. For the x = 0.30 composition, the sample was sealed in an evacuated silica tube and placed 
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in an 11 mm diameter thin walled vanadium can inside the furnace, while for all other 

compositions, samples were contained directly in the vanadium can. 

 

2.4 Structure analysis 

Structure refinement was carried out by combined Rietveld whole profile fitting of X-ray and 

neutron data sets using the program GSAS [20]. A fluorite structural model in space group Fm-3m 

was used for all refinements, as previously described [21]. Bi, Y and W were located on the ideal 4a 

site (0,0,0), with oxide ions distributed over three sites; 8c at (0.25, 0.25, 0.25); 32f at 

approximately (0.3, 0.3, 0.3) and 48i at around (0.5, 0.2, 0.2). A total oxide ion occupancy 

constraint was applied. In the final refinements, isotropic thermal parameters were refined, with 

those of the oxide ions tied to a single variable. Crystal and refinement parameters for the x = 0.05, 

0.10 and 0.20 compositions at ambient temperature and 700 °C are given in Tables 1 and 2. 

 

2.5  Electrical measurements 

Electrical parameters were determined by a.c. impedance spectroscopy in 20 °C steps from 

ca. 300 °C up to ca. 850 °C, using a Solartron 1255/1286 system, over the frequency range 1 Hz to 

5 × 105 Hz.  Samples were prepared as rectangular blocks (ca. 6 × 3 × 3 mm3) cut from slow cooled 

sintered pellets using a diamond saw. Platinum electrodes were sputtered by cathodic discharge on 

the two smallest faces. Impedance spectra were recorded over two cycles of heating and cooling at 

stabilised temperatures. Impedance at each frequency was measured repeatedly until consistency 

(2% tolerance in drift) was achieved or a maximum number of 25 repeats had been reached.  

 

3. Results and Discussion 

3.1 Solid Solution Formation 

Fig. 1 shows X-ray diffraction patterns for the studied compositions. The characteristic peaks of the 

cubic fluorite structure are evident throughout the compositional range studied. Close inspection of 

the data reveal weak additional peaks in the diffractogram for the x = 0.40 composition (Fig. 1 

inset), indicating that the solid solution limit lies below this x-value.  Fig. 2 shows the lattice 

parameter evolution with composition and reveals two interesting features. Firstly, the plot shows a 

general expansion of the lattice with increasing level of substitution, contrary to the expected 

change based on consideration of the relative ionic radii of W6+ and Y3+ (r = 0.60 Å and 0.90 Å, 

respectively for the ions in six coordinate geometry [22]); secondly, the expansion is non-linear 

above x = 0.10, showing a positive deviation from Vegard’s law. In order to explain the cell 

expansion with increasing x-value, it is helpful to consider the location of oxide ions in the 
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coordination sphere of tungsten. Our previous studies using neutron diffraction analysis of δ-

Bi14WO24 confirm that W adopts a tetrahedral coordination, with some of the coordinating oxide 

ions located in the interstitial 48i sites of the Fm-3m unit cell [23]. Occupation of this site is only 

found in the substituted bismuth oxides and not in the parent structure, δ-Bi2O3. In studies of 

thermal expansion of related δ-phase substituted bismuth oxides, we have found that increasing 

occupation of this site leads to higher than expected lattice dimensions [12,24]. Positive deviation 

from Vegard’s law is often associated with dopant clustering [25]. In the present case, this would 

result in tungsten rich and yttrium rich regions. Indeed close inspection of the neutron data for the x 

= 0.30 composition (Fig. 3) reveals additional peaks. These data were successfully modelled using a 

combination of two cubic δ-phases with cell dimensions of 5.51489(7) Å and 5.53805(18) Å at 

room temperature. The fitted diffraction profile and tabulated parameters are given in the 

supplementary information, as Fig. S1 and Tables S1 and S2 respectively. These results are 

consistent with separation into a tungsten rich phase (larger lattice parameter) and an yttrium rich 

phase (smaller lattice parameter) at this composition. Further discussion is limited to the single 

phase compositions (x ≤ 0.20).  

 

3.2. Structure  

The fitted diffraction profiles for the x = 0.05, 0.10 and 0.20 compositions at ambient temperature 

are given as supplementary information in Fig. S2, with the corresponding refined structural 

parameters and significant contact distances shown in Table 3. There is little change in the structure 

with composition. Oxide ions are distributed between the 8c, 32f and 48i sites (O1, O2 and O3, 

respectively). The O1 site represents the ideal fluorite position at the centre of the tetrahedral 

cavities in the ccp cation lattice and therefore ions on this site coordinate to four cations. The O2 

site also lies within the tetrahedral cavity of the ccp lattice, but is displaced from the centre of the 

cavity towards the apices of the tetrahedron, thus reducing the coordination of ions on this site to 

three. The inter-site contact distances between O1 and O2 are too short to permit simultaneous 

occupation of neighbouring sites. The O3 site lies outside the tetrahedral cavity between two cations 

and therefore oxide ions located on this site have a reduced coordination number of two. Again 

short inter-site contact distances preclude simultaneous occupancy of O3 and neighbouring O2 and 

O1 sites. In all compositions studied, ions are predominantly located in the O1 site, which is similar 

to the situation in the x = 0.00 composition [12]. 

The thermal variation of the cubic lattice parameter for the studied compositions is shown in 

Fig. 4. The fluorite structure is maintained up to the highest temperature studied (850 °C). The plots 

for each composition are similar and show marked non-linear behaviour. A near linear thermal 
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expansion of the lattice is observed up to around 350 °C and similarly above ca. 600 °C. In between 

these two temperatures curvature is observed in the plots. The fitted diffraction profiles for the x = 

0.05, 0.10 and 0.20 compositions at 700 °C are given as supplementary information in Fig. S3, with 

the corresponding structural parameters given in Table 4. There are no gross structural changes 

evident at 700 °C in comparison to the observed structures at ambient temperature. However, it is 

evident in all compositions that the occupancy of the O3 site increases, while that of the O2 site 

decreases between ambient temperature and 700 °C. The variation of oxide ion distribution as a 

function of temperature for the x = 0.10 composition is shown in Fig. 5. While the changes are 

relatively small, the plot can clearly be divided into three regions, with transitions at ca. 250 and 

500 °C. These temperatures are about 100 °C lower than those seen for the transitions in the thermal 

expansion of the lattice parameter and may correspond to the onset of these transitions. Further 

information on the nature of these transitions can be accessed by examining the thermal variation of 

the M-O bonds. Fig. 6 shows the thermal variation of the Bi/Y/W-O3 bond distance, which 

represents the shortest M-O contact. The plot shows a general increase in the Bi/Y/W-O3 bond 

distance with increasing temperature, with two regions distinguishable and a transition between 250 

and 350 °C. The transition corresponds to a point in Fig. 5 where there is a small increase in the 

occupation of the O3 site.  

Using the oxide ion site occupancies, it is possible to calculate an average coordination 

number for the metal cations ( MCN ). Since oxide ions in O1, O2 and O3 sites coordinate to four, 

three and two cations, respectively, the average cation coordination number is the sum of the 

individual contributions from ions on each site divided by the total number of cations per cell: 

 

4

234 3O2O1O
M

NNN
CN

++
=        (1) 

 

where nNO  represents the number of oxide ions per cell in site On. These values are summarised in 

Table 5. In all cases the average cation coordination number is close to 5. Interestingly, despite the 

increase in the number of oxide ions per formula unit with increasing x-value, the average metal 

coordination number is considerably lower at x = 0.20 than at x = 0.05. 

Table 5 also summarises the ratios between the relative numbers of anions and cations 

derived from the crystallographic analysis in the present study. The O1:Bi ratio is approximately 

1:1, suggesting that ions on this site are predominantly associated with Bi. Since the occupation of 

the O3 site is only observed in the substituted systems and not in the parent δ-Bi2O3 [26-28], it can 

be assumed that ions on this site are predominantly associated with the dopant cations, Y3+ and W6+. 
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Oxide ions on the O3 site allow the dopant cations to adopt octahedral or tetrahedral geometry, 

within the fluorite lattice. In the structure of the parent compound, δ-Bi3YO6, a model for the Y3+ 

coordination environment was proposed involving two oxide ions on O3 sites and four on O2 sites, 

generating octahedral geometry. This would require a minimum O3:(Y+W) ratio of 1.0 (since each 

O3 is shared between two cations). However, in all the compositions studied, the ratio is closer to 

0.5.  

It is therefore necessary to consider the difference in the preferred coordination geometries 

of the Y3+ and W6+ cations. The small size of the W6+ cation allows it to adopt tetrahedral geometry 

in oxides, as seen in related systems [29]. In our previous study of δ-Bi14WO24, tetrahedral 

coordination geometry for W6+ was achieved via coordination to oxide ions on the O3 site [23]. 

Since each oxide ion on an O3 site is shared by two cations, a minimum 2:1 ratio of O3:W is 

required to obtain tetrahedral geometry. In all the compositions studied, the O3:W ratio lies above 

this threshold. A proposed coordination environment for tungsten in the present system is shown in 

Fig. 7a. The O3:W ratios in the present study can be compared to the approximate 4:1 value 

observed in δ-Bi14WO24 [23]. In that study it was concluded that the tungstate tetrahedra were 

isolated from each other. Interestingly in the present work, the O3:W ratio for the x = 0.20 

composition is relatively close to the threshold value, which would mean that clustering of tungstate 

tetrahedra would be required for exclusive coordination by oxide ions in the O3 site. This is 

consistent with the positive deviation from Vegard’s law observed in the compositional variation of 

lattice parameter (Fig. 2), as well as the phase separation into tungsten rich and yttrium rich phases 

at x = 0.30 (Fig. 3).  

Due to its size, Y3+ typically adopts coordination numbers of six or more in oxide systems. 

As discussed above, for Y3+ to achieve the octahedral coordination proposed for the parent 

compound, δ-Bi3YO6, a minimum O3:Y ratio of 1.0 is required (since each oxide ion in an O3 site 

could be shared between two Y3+ cations in the case of clustering). However, if one assumes that 

the W6+ coordination environment is made up exclusively of oxide ions on the O3 site, then there 

are insufficient remaining oxide ions on the O3 site to fulfil the coordination requirements of Y3+ 

using this model. However, it is possible to construct a distorted octahedral coordination 

polyhedron around Y3+ using one oxide ion on an O3 site and five on O2 sites (Fig.7c) or using six 

oxide ions on O2 sites (Fig. 7d).  

If it is assumed that the models for the tetrahedral and octahedral geometries for W6+ and 

Y3+ are correct, then the remaining oxide ions must be coordinated to Bi and this allows for the Bi 

coordination number to be calculated from eq. 1 using the numbers of remaining oxide ions. This 

gives coordination numbers for Bi of 4.6 to 5.1 (Table 5), consistent with the known stereochemical 
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activity of the Bi 6s2 lone pair of electrons, which results in asymmetrical coordination 

environments. A proposed model for Bi in five coordinate geometry, consistent with the data in 

Table 5, is shown in Fig. 7b. 

  

3.3 Conductivity. 

The Arrhenius plots of total conductivity were generally reproducible on heating and cooling and 

those data corresponding to the second cooling run are shown for the studied compositions in Fig. 

8, along with the data for the x = 0.00 composition for comparison [12]. The plots can generally be 

divided into two linear regions; one extending from low temperatures up to around 400 °C and a 

second high temperature region with a lower activation energy above ca. 600 °C. A degree of 

curvature is observed between these temperatures. This type of curvature in Arrhenius plots of 

conductivity has previously been associated with phase transitions [30] and/or separation 

[24,31,32]. Indeed, structural changes at the local level have been proposed to account for the 

changes in conductivity with temperature in many substituted bismuth oxides. These include 

anion/vacancy ordering [12,24,33], as well as cation ordering [34], both of which would be 

prerequisites for the transition to the rhombohedral phase, known to occur on extended annealing of 

the parent compound δ-Bi3YO6 at ca. 600 °C [16].  

Table 6 summarises the activation energies of the low temperature and high temperature 

regions, as well as values of total conductivity at the characteristic temperatures of 300 °C (σ300) 

and 700 °C (σ700). Despite significant change in the nominal oxide ion vacancy concentration 

caused by the charge compensation mechanism, as Y3+ is substituted by W6+, there is little change 

in total conductivity with composition. Activation energies are generally lower than that in the 

parent compound, δ-Bi3YO6, in both high and low temperature regions, possibly as a result of the 

larger lattice dimensions in the tungsten substituted compositions. The values of low temperature 

conductivity, characterised by σ300, are higher in the tungsten doped compounds than in δ-Bi3YO6. 

In contrast, the values of total conductivity at 700 °C show a decreasing trend with increasing x-

value. At higher temperatures, where oxide ion dynamics are fast, defect trapping by the dopant 

cations can have a significant effect on the value of conductivity. We have previously shown using 

ab initio calculations that Y3+, despite being isovalent with Bi3+, effectively traps oxide ion 

vacancies in δ-Bi3YO6 [13,14]. W6+ being a small highly charged cation, with a probable tetrahedral 

coordination, is expected to show a greater trapping effect than Y3+ and thus would be expected to 

lower ionic conductivity with respect to δ-Bi3YO6. The fact that the effect on conductivity is 

relatively small, can be explained by considering the cell expansion caused by W doping, which 
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would be expected to facilitate greater ion mobility and hence greater conductivity, compensating 

for the increased vacancy trapping in the coordination sphere of the W6+ cation.  

 

4. Conclusions 

A limited solid solution exists in the system Bi3Y1-xWxO6+3x/2. Contrary to expectation, tungsten 

doping is found to increase the size of the lattice, probably due to its preference for adopting 

tetrahedral geometry, which requires occupation of anion interstitial sites in the cubic close packed 

cation lattice. A positive deviation from Vegard’s law in the solid solution indicates dopant 

clustering at x = 0.20, with phase separation into tungsten rich and yttrium rich phases seen to occur 

at the x = 0.30 composition. 

The defect structure of compositions in the system confirm that tetrahedral coordination for 

W6+ is likely, with indications of clustering of tungstate tetrahedra at higher levels of substitution. 

Y3+ is assumed to adopt a distorted octahedral coordination environment, while coordination 

numbers for Bi3+ are consistent with asymmetric coordination, reflecting the stereochemical activity 

of the Bi 6s2 lone pair of electrons. Tungsten doping into δ-Bi3YO6 has only a small influence on 

total conductivity. This is due to the competing effects of increased oxide ion vacancy trapping by 

W6+ and enhanced ion mobility caused by lattice expansion.  
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Table 1 Crystal and Refinement Parameters for Bi3Y1-xWxO6+3x/2 at room temperature. 

Composition x = 0.05 x = 0.10 x = 0.20 
Chemical formula Bi3Y0.95W0.05O6.075 Bi3Y0.90W0.10O6.15 Bi3Y0.80W0.20O6.30 
Formula weight 817.79 g mol-1 823.74 g mol-1 835.63 g mol-1 
Crystal system Cubic Cubic Cubic 
Space group Fm-3m Fm-3m Fm-3m 
Unit cell dimension a = 5.49920(4) Å a = 5.50432(36) Å a = 5.51022(14) Å 
Volume 166.302 (4) Å3 166.767(32) Å3 167.304 (13) Å3 
Z 1 1 1 
Density (calculated) 8.169 Mg m-3 8.205 Mg m-3 8.297 Mg m-3 
µ (Cu-Kα X-ray) 165.41 mm-1 165.96 mm-1 167.44 mm-1 
F(000) 338.35 340.70 345.40 
Sample description Yellow powder Yellow powder Yellow powder 
R-factorsa Neutron (back-

scattering) 
Rwp = 0.0195  
Rp = 0.0237 
Rex = 0.0078  
RF2 = 0.0482 
 
Neutron (90°) 
Rwp = 0.0189 
Rp = 0.0339 
Rex =0.0086 
RF2 = 0.0632 
 
X-ray 
Rwp = 0.0508  
Rp = 0.0330 
Rex =0.0222  
RF2 = 0.0590 
 
Totals 
Rwp = 0.0249 
Rp = 0.0329 
χ2 = 5.454 

Neutron (back-
scattering) 
Rwp = 0.0185  
Rp = 0.0216 
Rex = 0.0033  
RF2 = 0.0719 
 
Neutron (90°) 
Rwp = 0.0161  
Rp = 0.0504 
Rex =0.0037 
RF2 = 0.0579 
 
X-ray 
Rwp = 0.0531  
Rp = 0.0410 
Rex =0.0402 
RF2 = 0.0572 
 
Totals 
Rwp = 0.0178 
Rp = 0.0406 
χ2 = 13.97 

Neutron (back-
scattering) 
Rwp = 0.0162 
Rp = 0.0197 
Rex = 0.0071 
RF2 = 0.0671 
 
Neutron (90°) 
Rwp = 0.0151  
Rp = 0.0303 
Rex =0.0077 
RF2 = 0.0463 
 
X-ray 
Rwp = 0.0608  
Rp = 0.0452 
Rex =0.0417 
RF2 = 0.0589 
 
Totals 
Rwp = 0.0185  
Rp = 0.0446 
χ2 = 3.403 

No. of variables 119 119 119 
No of profile points 
used 

1420 (Neutron, 
back-scattering) 
1899 (Neutron, 90°) 
3140 (X-ray) 

1458 (Neutron, 
back-scattering) 
1929 (Neutron, 90°) 
3140 (X-ray) 

1511 (Neutron, 
back-scattering) 
1929 (Neutron, 90°) 
3140 (X-ray) 

No of reflections 33 (Neutron, back-
scattering) 
38 (Neutron, 90°) 
32 (X-ray) 

37 (Neutron, back-
scattering) 
40 (Neutron, 90°) 
32 (X-ray) 

44 (Neutron, back-
scattering) 
40 (Neutron, 90°) 
32 (X-ray) 

 
a For definition of R-factors see reference 20 
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Table 2 Crystal and Refinement Parameters for Bi3Y1-xWxO6+3x/2 at 700 °°°°C. 

Composition x = 0.05 x = 0.10 x = 0.20 
Chemical formula Bi3Y0.95W0.05O6.075 Bi3Y0.90W0.10O6.15 Bi3Y0.80W0.20O6.30 
Formula weight 817.79 g mol-1 823.74 g mol-1 835.63 g mol-1 
Crystal system Cubic Cubic Cubic 
Space group Fm-3m Fm-3m Fm-3m 
Unit cell dimension a = 5.55886(7) Å a = 5.56505(17) Å a = 5.57301(15) Å 
Volume 171.773(6) Å3 172.349(16) Å3 173.089(14) Å3 
Z 1 1 1 
Density (calculated) 7.908 Mg m-3 7.939 Mg m-3 8.020 Mg m-3 
µ (Cu-Kα X-ray) 160.14 mm-1 160.58 mm-1 161.85 mm-1 
F(000) 338.35 340.70 345.40 
R-factorsa Neutron (back-

scattering) 
Rwp = 0.0119 
Rp = 0.0169 
Rex = 0.0076  
RF2 = 0.0459 
 
Neutron (90°) 
Rwp = 0.0124 
Rp = 0.0251 
Rex =0.0081 
RF2 = 0.0377 
 
X-ray 
Rwp = 0.0644  
Rp = 0.0486 
Rex =0.0440  
RF2 = 0.0930 
 
Totals 
Rwp = 0.0163 
Rp = 0.0478 
χ2 = 2.314 

Neutron (back-
scattering) 
Rwp = 0.0109  
Rp = 0.0155 
Rex = 0.0069 
RF2 = 0.0498 
 
Neutron (90°) 
Rwp = 0.0109  
Rp = 0.0244 
Rex =0.0081 
RF2 = 0.0307 
 
X-ray 
Rwp = 0.0515  
Rp = 0.0395 
Rex =0.0399 
RF2 = 0.0592 
 
Totals 
Rwp = 0.0140 
Rp = 0.0390 
χ2 = 1.930 

Neutron (back-
scattering) 
Rwp = 0.0099 
Rp = 0.0158 
Rex = 0.0072 
RF2 = 0.0389 
 
Neutron (90°) 
Rwp = 0.0099  
Rp = 0.0237 
Rex =0.085 
RF2 = 0.0345 
 
X-ray 
Rwp = 0.0605  
Rp = 0.0450 
Rex =0.0414 
RF2 = 0.0879 
 
Totals 
Rwp = 0.0145  
Rp = 0.0443 
χ2 = 1.883 

No. of variables 119 119 119 
No of profile points 
used 

1420 (Neutron, 
back-scattering) 
1899 (Neutron, 90°) 
3139 (X-ray) 

1511 (Neutron, 
back-scattering) 
1929 (Neutron, 90°) 
3140 (X-ray) 

1511 (Neutron, 
back-scattering) 
1929 (Neutron, 90°) 
3140 (X-ray) 

No of reflections 36 (Neutron, back-
scattering) 
39 (Neutron, 90°) 
32 (X-ray) 

44 (Neutron, back-
scattering) 
31 (Neutron, 90°) 
32 (X-ray) 

44 (Neutron, back-
scattering) 
31 (Neutron, 90°) 
32 (X-ray) 

 
a For definition of R-factors see reference 20 
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Table 3  (a) Final refined parameters and (b) significant contact distances (Å) in  

Bi3Y1-xWxO6+3x/2 at room temperature. Estimated standard deviations are given in 

parentheses. 

 
(a)    
Composition x = 0.05 x = 0.10 x = 0.20 
Chemical formula Bi3Y0.95W0.05O6.075 Bi3Y0.90W0.10O6.15 Bi3Y0.80W0.20O6.30 
Bi/Y/W site 4a 4a 4a 
Bi/Y/W Occ. 0.75/0.2375/0.0125 0.75/0.225/0.025 0.75/0.20/0.05 
Bi/Y/W  Uiso (Å

2) 0.0432(3) 0.0446(2) 0.0423(2) 
O1 site 8c 8c 8c 
O1 Occ. 0.399(8) 0.416(5) 0.362(6) 
O1 Uiso (Å

2) 0.0633(8) 0.0667(5) 0.0613(6) 
O2 site 32f 32f 32f 
O2 x, y, z 0.3096(10) 0.3111(7) 0.3072(7) 
O2 Occ. 0.073(2) 0.069(1) 0.073(2) 
O2 Uiso (Å

2) 0.0633(8) 0.0667(5) 0.0613(6) 
O3 site 48i 48i 48i 
O3 y, z 0.1983(22) 0.1993(13) 0.2001(18) 
O3 Occ. 0.012(1) 0.013(1) 0.010(1) 
O3 Uiso (Å

2) 0.0633(8) 0.0667(5) 0.0613(6) 
    
(b)    
Bi/Y/W-O1  2.38122(1) 2.38344(11) 2.38600(5) 
Bi/Y/W-O2  2.2564(10) 2.2571(6) 2.2633(3) 
Bi/Y/W-O3  1.985(3) 1.986(2) 1.987(3) 
O1…O2 0.568(10) 0.583(7) 0.546(7) 
O1…O3 1.432(5) 1.432(3) 1.431(4) 
O2…O2’ 0.93(2) 0.95(1) 0.89(1) 
O2…O3 1.049(5) 1.043(3) 1.064(4) 
O3…O3’ 0.80(3) 0.79(2) 0.78(3) 
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Table 4  (a) Final refined parameters and (b) significant contact distances (Å) in  

Bi3Y1-xWxO6+3x/2 at 700 °°°°C. Estimated standard deviations are given in parentheses. 

 
(a)    
Composition x = 0.05 x = 0.10 x = 0.20 
Chemical formula Bi3Y0.95W0.05O6.075 Bi3Y0.90W0.10O6.15 Bi3Y0.80W0.20O6.30 
Bi/Y/W site 4a 4a 4a 
Bi/Y/W Occ. 0.75/0.2375/0.0125 0.75/0.225/0.025 0.75/0.20/0.05 
Bi/Y/W  Uiso (Å

2) 0.0641(3) 0.0656(3) 0.0636(3) 
O1 site 8c 8c 8c 
O1 Occ. 0.390(8) 0.419(6) 0.368(8) 
O1 Uiso (Å

2) 0.0782(10) 0.0831(8) 0.0757(10) 
O2 site 32f 32f 32f 
O2 x, y, z 0.3148(12) 0.3188(11) 0.3137(12) 
O2 Occ. 0.071(2) 0.064(2) 0.068(2) 
O2 Uiso (Å

2) 0.0782(10) 0.0831(8) 0.0757(10) 
O3 site 48i 48i 48i 
O3 y, z 0.1986(21) 0.1999(18) 0.1972(23) 
O3 Occ. 0.014(1) 0.015(1) 0.012(1) 
O3 Uiso (Å

2) 0.0782(10) 0.0831(8) 0.0757(10) 
    
(b)    
Bi/Y/W-O1  2.40705(2) 2.40974(5) 2.41318(5) 
Bi/Y/W-O2  2.2764(9) 2.2762(7) 2.2831(10) 
Bi/Y/W-O3  2.006(3) 2.007(3) 2.014(4) 
O1…O2 0.62(1) 0.66(1) 0.62(1) 
O1…O3 1.447(5) 1.446(4) 1.454(5) 
O2…O2’ 1.02(2) 1.08(2) 1.00(2) 
O2…O3 1.035(5) 1.019(4) 1.042(5) 
O3…O3’ 0.81(3) 0.79(3) 0.83(4) 
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Table 5. Numbers of ions per cell, oxide ion fractions of total oxide ion content (fOn), average 

cation coordination number ( MCN ), average Bi coordination number ( BiCN ) and oxide ion to 

cation ratios for Bi3Y1-xWxO6+3x/2 at 25 °°°°C and 700 °°°°C 

 

Composition x = 0.05 x = 0.10 x = 0.20 
Temperature  25 °°°°C 700 °°°°C 25 °°°°C 700 °°°°C 25 °°°°C 700 °°°°C 
No. Bi/cell 3.000 3.000 3.000 3.000 3.000 3.000 
No. Y/cell 0.950 0.950 0.900 0.900 0.800 0.800 
No. W/cell 0.050 0.050 0.100 0.100 0.200 0.200 
No. O1/cell 3.192 3.120 3.328 3.352 2.896 2.944 
No. O2/cell 2.336 2.272 2.208 2.048 2.336 2.176 
No. O3/cell 0.576 0.672 0.624 0.720 0.480 0.576 
fO1 0.523 0.515 0.540 0.548 0.507 0.517 
fO2 0.383 0.375 0.358 0.335 0.409 0.382 
fO3 0.094 0.111 0.101 0.118 0.084 0.101 

MCN  5.23 5.16 5.30 5.25 4.89 4.86 

BiCN  5.01 4.91 5.13 5.06 4.65 4.62 
O1:Bi 1.06 1.04 1.11 1.12 0.97 0.98 
O2:Bi 0.78 0.76 0.74 0.68 0.78 0.73 
O3:Bi 0.19 0.22 0.21 0.24 0.16 0.19 
O1:Y 3.36 3.28 3.70 3.72 3.62 3.68 
O2:Y 2.46 2.39 2.45 2.28 2.92 2.72 
O3:Y 0.61 0.71 0.69 0.80 0.60 0.72 
O1:W 63.84 62.40 33.28 33.52 14.48 14.72 
O2:W 46.72 45.44 22.08 20.48 11.68 10.88 
O3:W 11.52 13.44 6.24 7.20 2.40 2.88 
O1:(Y+W) 3.19 3.12 3.33 3.35 2.90 2.94 
O2:(Y+W) 2.34 2.27 2.21 2.05 2.34 2.18 
O3:(Y+W) 0.58 0.67 0.62 0.72 0.48 0.58 
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Table 6. Total conductivities at 300 °°°°C(σσσσ300) and 700 °°°°C (σσσσ700) and activation energies in low 

temperature (∆∆∆∆ELT ) and high temperature (∆∆∆∆EHT) regions for Bi3Y1-xWxO6+3x/2. Estimated 

standard deviations are given in parentheses. 

 

x σσσσ300 / S cm-1 ∆∆∆∆ELT  /eV σσσσ700 / S cm-1 ∆∆∆∆EHT /eV 

0.00* 3.7 × 10-5 1.190(5) 0.27 0.67(1) 

0.05 5.2 × 10-5 1.100(3) 0.26 0.62(1) 

0.10 4.6 × 10-5 1.089(6) 0.23 0.63(1) 

0.20 5.9 × 10-5 1.081(6) 0.21 0.64(1) 

 
*data from reference [12] 
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Figures captions 

Fig. 1. X-ray diffraction patterns for Bi3Y1-xWxO6+3x/2 (0.0 ≤ x ≤ 0.40), with detail of the pattern for 

the x = 0.40 composition inset. Additional peaks are indicated by asterisks in the pattern for x = 

0.40. 

 

Fig. 2. Compositional variation of cubic lattice parameter in Bi3Y1-xWxO6+3x/2. Data for the x = 0.00 

composition are taken from [12]. 

 

Fig. 3. Detail of the neutron diffraction pattern (back scattering data) for Bi3Y0.7W0.3O6.45,  showing 

phase separation (second phase indicated by asterisks).  

 

Fig. 4. Thermal dependence of cubic lattice parameter in Bi3Y1-xWxO6+3x/2, x = 0.05, 0.10 and 0.20. 

 

Fig. 5. Thermal evolution of oxide ion distribution in Bi3Y0.90W0.10O6.15. Values are plotted as 

fractions of the total oxide ion content. Error bars correspond to the estimated standard deviation. 

 

Fig. 6. Thermal evolution of Bi/Y/W-O3 bond length in Bi3Y0.90W0.10O6.15 

 

Fig. 7. Proposed coordination environments in Bi3Y1-xWxO6+3x/2 showing (a) tungsten, (b) bismuth 

(c) and (d) yttrium coordinations. Plots were generated from the structural data for 

Bi3Y0.90W0.10O6.15 at room temperature. 

 

Fig. 8. Arrhenius plots of total conductivity for Bi3Y1-xWxO6+3x/2. Data for the second cooling cycle 

are shown. Those for the x = 0.00 composition are taken from [12] for comparison. 

 
 



 

 

 

Fig. 1. X-ray diffraction patterns for Bi3Y1-xWxO6+3x/2 (0.0 ≤ x ≤ 0.40), with detail of the 

pattern for the x = 0.40 composition inset. Additional peaks are indicated by asterisks in the 

pattern for x = 0.40. 

 

 



 

Fig. 2. Compositional variation of cubic lattice parameter in Bi3Y1-xWxO6+3x/2. Data for the x 

= 0.00 composition are taken from [12]. 

 

  



 

Fig. 3. Detail of the neutron diffraction pattern (back scattering data) for Bi3Y0.7W0.3O6.45,  

showing phase separation (second phase indicated by asterisks).  

 

 

 

Fig. 4. Thermal dependence of cubic lattice parameter in Bi3Y1-xWxO6+3x/2, x = 0.05, 0.10 and 

0.20. 

 

 



 

Fig. 5. Thermal evolution of oxide ion distribution in Bi3Y0.90W0.10O6.15. Values are plotted as 

fractions of the total oxide ion content. Error bars correspond to the estimated standard 

deviation. 

 

 

 

Fig. 6. Thermal evolution of Bi/Y/W-O3 bond length in Bi3Y0.90W0.10O6.15 

 

  



 

Fig. 7. Proposed coordination environments in Bi3Y1-xWxO6+3x/2 showing (a) tungsten, (b) 

bismuth (c) and (d) yttrium coordinations. Plots were generated from the structural data for 

Bi3Y0.90W0.10O6.15 at room temperature. 

 

 



 

Fig. 8. Arrhenius plots of total conductivity for Bi3Y1-xWxO6+3x/2. Data for the second cooling 

cycle are shown. Those for the x = 0.00 composition are taken from [12] for comparison. 
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Table S1 Crystal and Refinement Parameters for Bi3Y0.7W0.3O6.45 at 20 °°°°C. 

Composition x = 0.30 
Chemical formula Bi3Y0.7W0.30O6.45 
Formula weight 847.53 g mol-1 
Crystal system Cubic 
Space group Fm-3m 
Unit cell dimension Phase 1: a = 5.51489(7) Å; Phase 2: a = 5.53805(18) Å 
Volume Phase 1: 167.730(6) Å3; Phase 2: 169.852 (17) Å3 
Weight fractions Phase 1: 0.440(9); Phase 2: 0.560(12) 
R-factors Neutron (back-scattering) 

Rwp = 0.0095 
Rp = 0.0147 
Rex = 0.0074  
RF2 = 0.0788 
 
X-ray 
Rwp = 0.0590  
Rp = 0.0443 
Rex =0.0358 
RF2 = 0.0498 
 
Totals 
Rwp = 0.0243 
Rp = 0.0442 
χ2 = 2.528 

No. of variables 75 
No of profile points 
used 

1420 (Neutron, back-scattering) 
5685 (X-ray) 

No of reflections 69 (Neutron, back-scattering) 
44 (X-ray) 

 

  



Table S2.  Final refined parameters for a sample of composition Bi3Y0.7W0.3O6.45 at 

room temperature. Estimated standard deviations are given in parentheses. No attempt 

was made to refine stoichiometry between the two phases. 

 Phase 1 Phase 2 
Chemical formula Bi3Y0.3W0.3O6.45 Bi3Y0.3W0.3O6.45 
Bi/Y/W site 4a 4a 
Bi/Y/W Occ. 0.75/0.175/0.075 0.75/0.175/0.075 
Bi/Y/W  Uiso (Å

2) 0.0336(4) 0.036(1) 
O1 site 8c 8c 
O1 Occ. 0.456(27) 0.272(63) 
O1 Uiso (Å

2) 0.051(3) 0.065(5) 
O2 site 32f 32f 
O2 x, y, z 0.3158(55) 0.3027(49) 
O2 Occ. 0.048(6) 0.101(15) 
O2 Uiso (Å

2) 0.051(3) 0.065(5) 
O3 site 48i 48i 
O3 y, z 0.1248(33) 0.2034(65) 
O3 Occ. 0.024(2) 0.022(2) 
O3 Uiso (Å

2) 0.051(3) 0.065(5) 
  



(a) 

 

(b) 

 

Fig. S1. Fitted diffraction profiles for  Bi3Y0.7W0.3O6.45 at ambient temperature, showing  

(a) neutron back scattering and (b) X-ray fits. Observed (+), calculated (line) and 

difference (lower) profiles are shown, with reflection positions indicated by markers 

(phase 1 lower, phase 2 upper). 

 

  



 
Fig. S2. Fitted diffraction profiles for  Bi3Y1-xWxO6+3x/2 x = 0.05, 0.10 and 0.20 at 

ambient temperature. (a) to (c) x = 0.05, (d) to (f) x = 0.10 and (g) to (i) x = 0.20, showing  

(a), (d) and (g)  neutron back scattering, (b), (e)  and (h) neutron 90°°°° and (c), (f) and (i) 

X-ray fits. Observed (+), calculated (line) and difference (lower) profiles are shown, 

with reflection positions indicated by markers. 

 

 

  



 
Fig. S3. Fitted diffraction profiles for  Bi3Y1-xWxO6+3x/2 x = 0.05, 0.10 and 0.20 at 700°°°°C. 

(a) to (c) x = 0.05, (d) to (f) x = 0.10 and (g) to (i) x = 0.20, showing  (a), (d) and (g)  

neutron back scattering, (b), (e)  and (h) neutron 90°°°° and (c), (f) and (i) X-ray fits. 

Observed (+), calculated (line) and difference (lower) profiles are shown, with reflection 

positions indicated by markers. 

 


