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Abstract   

The di-substituted bismuth oxide based oxide ion conducting electrolyte system  

Bi2.5+xPb0.5YO5.75+3x/2-δ (x = 0, 1 and 2) has been investigated by X-ray powder diffraction, a.c. 

impedance spectroscopy, thermal analysis and X-ray photoelectron spectroscopy. δ-Bi2O3 type 

phases are observed for all compositions studied and showed no obvious changes in structure up to 

850°C. Results from thermal analysis, and the thermal variation of the lattice parameter indicate a 

small degree of reduction occurs at high temperature, which is preserved on quenching. XPS results 

suggest this involves reduction of bismuth and lead cations. This reduction is reversed on heating at 

intermediate temperatures. The redox reactions appear to be correlated to a degree of curvature in 

the Arrhenius plot of conductivity. Measurement of transference numbers indicate that these 

materials are predominantly ionic conductors, with conductivity values at high temperature 

comparable with mono-substituted analogues. 
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1. Introduction 

Oxide ion conducting solid electrolytes continue to be of interest as materials for solid oxide 

fuel cells (SOFCs), gas separation membranes and oxygen pumps. The highest known oxide ion 

conductivity is observed above 730°C for the high temperature δ-polymorph of bismuth oxide [1]. 

The structure of δ-Bi2O3 may be described as that of a defect fluorite, i.e. ccp Bi3+ cations with O2- 

in ¾ of the tetrahedral sites. δ-Bi2O3 therefore has a very high vacancy concentration of 0.5 

vacancies per metal atom. This feature, combined with the high polarizability of bismuth [2] and 

three dimensional conduction pathways, leads to the very high oxide ion conductivity of this phase. 

On cooling, δ-Bi2O3 undergoes phase transitions to more poorly conducting phases [3]. However, 

the highly disordered fluorite structure can be preserved to lower temperatures through solid 

solution formation with other metal oxides [4-9]. The size and valency of the substituting cation is 

known to play a key role in δ-phase stabilisation, with high conductivity and wide solid solution 

limits observed for materials substituted by those rare earth metals, which have an atomic radius 

comparable to that of Bi3+ [10]. Substituted bismuth oxide based fluorites often show instabilities at 

moderate temperatures, which depend on the ionic radius of the metal dopant and its polarizability 

[11-13]. These thermal instabilities, along with instability at reduced oxygen partial pressures, have 

limited their direct application in fuel cells. However, it has recently been shown that with suitable 

device construction these materials can indeed be used in SOFCs and offer suitable performance at 

intermediate temperatures [14]. 

Extensive research has been carried out on binary systems of the type Bi2O3-MOx [e.g.4-13]. 

It has been shown that di-substitution of bismuth in ternary systems can result in: (i) stabilisation of 

the δ-phase to low temperatures, where similar levels of a single substituent do not; and (ii) 

enhanced stability of the δ-phase at intermediate temperatures [15-18]. The former has been 

explained in terms of an increase in configurational entropy [19]. We have previously studied a 

number of ternary systems of the type Bi2O3-RE2O3-Nb2O5 (where RE = Y, Yb, Er) [20-22]. In 

these systems, involving isovalent and supervalent substituents, the vacancy concentration per metal 

atom is less than or equal to that in δ-Bi2O3. Subvalent substitution of bismuth by Pb2+ represents an 

attractive option, since it offers the possibility of increasing the nominal vacancy concentration per 

metal atom beyond that in pure δ-Bi2O3. Pb2+ ions show many similarities to Bi3+, with similar 

stereochemical activity of the 6s2 electron pairs, comparable polarizabilities (αD = 46 and 50 a.u., 

respectively, for the neutral atoms of Pb and Bi [23]) and adoption of similar distorted coordination 

environments in oxide systems. Despite these apparent similarities the cubic δ-phase in the Bi2O3-

PbO binary system is only observed at elevated temperatures [24]. However, in ternary systems of 
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the type Bi2O3-MOx-PbO (M = Ca, Y, Er and La) it has been shown that δ-type phases can be 

preserved to room temperature [25-30].  

In the present study, the thermal dependence of structure and conductivity in the di-

substituted system Bi2.5+xPb0.5YO5.75+3x/2 has been investigated. In the only previous study of the 

Bi2O3-Y2O3-PbO system, that we are aware of, δ-type phases were quenchable over a large 

compositional range, with compositions exhibiting very high conductivities [27].  

 

2. Experimental 

2.1 Sample preparations 

Samples of general composition Bi2.5+xPb0.5YO5.75+3x/2-δ (x = 0, 1 and 2) were prepared using 

stoichiometric amounts of Bi2O3 (Sigma Aldrich, 99.9%), PbO (Sigma Aldrich, 99.99%) and Y2O3 

(Sigma Aldrich, 99.99%). The starting mixtures were ground in ethanol using a planetary ball mill 

and the dried mixtures were heated in air at 650°C for 20 h, then cooled and reground in an agate 

mortar. The samples were then heated at 800°C for 24 h and quenched to room temperature. For 

electrical measurements, samples were subsequently reground in the ball mill, dried and pelletised. 

Pellets were pressed isostatically at a pressure of 400 MPa and heated to 850°C for 15 h before 

quenching in air to room temperature. 

 

2.2 Electrical measurements 

Electrical parameters were determined by a.c. impedance spectroscopy up to ca. 840°C 

using a fully automated Solartron 1255/1286 system, in the frequency range 1 Hz to 5 × 105 Hz.  

Samples for impedance measurements were prepared as rectangular blocks (ca. 6 × 3 × 3 mm3) cut 

from quenched sintered pellets using a diamond saw. Platinum electrodes were sputtered by 

cathodic discharge on the two smallest faces. Impedance spectra were acquired 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, using an algorithm described earlier [31].  

The ionic and electronic contributions to the total conductivity were measured using a 

modified EMF method, with an external adjustable voltage source in the concentration cell O2(pO2 

= 1.01 × 105 Pa): Pt  | oxide |  Pt : O2 (pO2 = 0.2095 × 105 Pa) as described in detail elsewhere [32]. 

Measurements were performed on cooling between 800°C and 500°C at stabilized temperatures. 

 

2.3 Diffraction 



 

 

6  

X-ray powder diffraction data were obtained on a PANalytical X’Pert Pro diffractometer 

fitted with an X’Celerator detector, using Ni filtered Cu-Kα radiation (λ1 = 1.54056 Å and λ2 = 

1.54439 Å). Data were collected in flat plate θ/θ geometry and calibrated against an external LaB6 

standard. Room temperature data suitable for detailed Rietveld refinement were collected in the 2θ 

range 5-120°, in steps of 0.0167°, with an effective scan time of 400 s per step. Elevated 

temperature measurements were made using an Anton Paar HTK-1200 camera. Samples were 

mounted on a Pt coated ceramic sample holder and data collected in steps of 50°C from 100°C to 

850°C in the 2θ range 5-120°, with a step width of 0.033°, with an effective scan time of 200 s per 

step for the scans at 500°C and 700°C and 50 s per step for all other temperatures.  Unit cell 

parameters were determined by Rietveld analysis using the GSAS suite of programs [33]. A cubic 

model in space group Fm-3m was used for all refinements with Bi, Pb and Y located on the ideal 4a 

site (0,0,0) [20]. 

 

2.4 Thermal Analysis 

Simultaneous differential thermal analysis (DTA) and thermogravimetric analysis (TGA) were 

carried out using a TA Instruments Q600 scanning differential thermal analyzer. Measurements 

were performed using ca. 50 mg of sample in an alumina crucible over heating and cooling runs in 

air, from room temperature to 850°C, at a rate of 20°C min-1. Thermal events are recorded here as 

event maxima. 

 

2.5 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) measurements were performed on pelletised samples 

of the studied compositions using a Thermo Scientific Microlab 350 spectrometer, with Al-Kα non-

monochromated radiation (1486.6 eV; 100 W) as the excitation source. Measurements were 

performed on quenched samples and slow cooled, with sample pellets heated to 850°C for 10 h and 

quenched or slow cooled in air to room temperature, accordingly. Pellets were then polished with 

abrasive paper (800 grade), cleaned by sonication in an ethanol bath, and stored in a dessicator. The 

pressure during analysis was 5.0 × 10-9 mbar. The binding energies of the target elements (Bi 4f, Pb 

4f, Y 3d, O 1s) were determined at a pass energy of 40 eV, with a resolution of 0.83 eV, using the 

binding energy of carbon (C 1s: 285.0 ± 0.2 eV) as a reference. A Shirley [34] background 

subtraction was applied to obtain the XPS signal intensity. Data were corrected for surface charging 

effects, prior to fitting using an asymmetric Gaussian/Lorentzian function. 

 

3. Results and Discussion 
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X-ray powder diffraction patterns confirm that the fluorite structure is maintained 

throughout the studied compositional range (0 ≤ x ≤ 2) and at all temperatures investigated. 

Representative diffraction patterns are shown in Fig. 1. The refined unit cell parameter is seen to 

show a linear increase with increasing average cation radius (Fig. 2) and is consistent with solid 

solution formation.  The thermal variation of cubic lattice parameter on heating and cooling was 

similar in all the studied compositions (Fig. 3). The heating and cooling profiles can be divided into 

three approximately linear regions. On heating, the data show a linear thermal expansion of the 

lattice parameter up to ca. 350°C; a second region extends from about 450°C to ca. 600°C, with a 

high temperature linear region above ca. 600°C. On cooling, the profile matches that on heating up 

to ca. 450°C, but below this temperature shows significantly smaller values for the lattice parameter 

than those observed on heating. The percentage change in room temperature lattice parameter 

between heating and cooling runs decreases with increasing x-value (0.20, 0.17 and 0.14 % for x = 

0, 1 and 2, respectively). 

The DTA thermograms for the studied compositions are shown in Fig. 4 and show no gross 

thermal events. However, close inspection of the thermograms in the region 200 to 700°C (inset 

Fig. 4), reveals two broad endothermic events on heating. Table 1 summarises the temperatures of 

observed thermal events, which appear to correspond to the transition temperatures between the 

three regions, seen in the thermal expansion of cubic lattice parameter. On cooling, all DTA 

thermograms were featureless. On heating, TGA reveals that samples start to gain mass at ca. 

350°C, reaching a maximum at ca. 530°C and then loose mass up to ca. 750°C (Fig. 5). On cooling 

a steady mass increase is observed down to ca. 350 to 400°C.  In all samples, the observed mass 

changes were very small and decreased with increasing x value (0.21, 0.14 and 0.07 % for x = 0, 1 

and 2, respectively).  

The observed mass changes correlate well with the changes seen in the thermal variation of 

lattice parameter and may be associated with redox processes in the sample. At high temperatures it 

is expected that a small degree of reduction occurs and quenching of samples preserves this 

situation to room temperature. From the observed mass changes, the value of δ, which describes the 

degree of oxygen non-stoichiometry per formula unit, is calculated to be in the order of 0.1 

(assuming samples contain only Bi3+ and Pb2+ after thermal cycling). On initial heating of the 

samples above ca. 350°C, there is sufficient thermal energy for re-oxidation to occur, accompanied 

by an increase in mass. Two factors control the unit cell volume during this process: (i) the average 

cation radius decreases with increasing level of oxidation and (ii) the unit cell accommodates an 

increasing oxide ion content. In combination with the effect of temperature, the latter process would 

be expected to result in a positive deviation in the thermal expansion of the lattice parameter, while 
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the former would yield a negative deviation. It is evident from the results presented in Fig. 3 that it 

is the decrease in average cation radius that dictates the change in lattice dimension during the 

oxidation process, with a small step seen between ca. 400 and 450°C. This can be explained by 

considering the high oxide ion vacancy concentration in this system, which readily accommodates 

additional oxide ions without significant lattice expansion.  

Above ca. 450°C the TGA results are consistent with a small degree of reduction, which is 

accompanied by a positive deviation in the lattice parameter variation, reflecting the larger average 

cation radius.  On slow cooling, in the DTA and XRD experiments, oxidation occurs, with the 

sample gaining mass and exhibiting a smaller unit cell parameter at room temperature than is 

observed on initial heating. There is a reasonable correlation between the observed percentage mass 

change for each composition (Fig. 5) and the relative change in room temperature lattice parameter 

between heating and cooling cycles (Fig. 3).  

In order to shed more light on the nature of the redox processes in this system, XPS spectra 

were collected on the studied compositions (Fig. 6). We have previously shown that even small 

changes in the average oxidation state for particular cations can be reflected in weak, but 

measurable, shifts in the average binding energies for the corresponding atoms [36]. The measured 

binding energies for the cations are summarised and compared to literature values in Table 2. 

Binding energies of the bismuth 4f7/2 and 4f5/2 electrons are within the range quoted for pure Bi2O3. 

Similarly, those observed for lead lie close to those for PbO. The binding energies for bismuth and 

lead are lower in slow cooled samples compared to quenched samples of the same composition. The 

Y 3d5/2 peak partly overlaps with that for Bi 4f7/2 (Fig. 6a) and therefore the estimated standard 

deviations on the yttrium binding energies are significantly larger than those for Bi and Pb. The Y 

3d5/2 binding energy is equal within two standard deviations between quenched and slow cooled 

samples and compare well to literature values for Y2O3. The O 1s core level photoemission spectra 

were fitted to three components (Fig. 6c) located at 530.1(6) eV and 531.9(8) eV and 533.3(9) eV. 

The lower binding energy O 1s peak corresponds to the regular lattice oxygen, while the higher 

energy peaks indicate a degree of surface carbonation. 

A decrease in average binding energy would normally be considered to indicate an increase 

in average oxidation state. However, the binding energies for Pb 4f7/2 and 4f5/2 electrons in PbO lie 

above the literature values for both metallic lead and PbO2. This apparent anomaly in the binding 

energies for lead oxides has previously been discussed [37].  In the case of bismuth, there are 

discrepancies in the literature binding energies for NaBiO3. Morgan et al. [38] found that the values 

for the binding energies of Bi 4f electrons in NaBiO3 were greater than those for Bi2O3, while in a 

more recent study, Kostikova et al. [39] found that the binding energy of the Bi 4f7/2 electron in 

NaBiO3 lay in between those of metallic bismuth and Bi2O3, in a similar way to the situation in lead 
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oxides.   In order to explain the observed trends in binding energy for lead and bismuth in the 

present system, it is helpful to consider the thermogravimetric results, which appear to confirm a 

degree of reduction in the quenched samples, that appears to correlate with the changes observed in 

lattice parameter. In the case of bismuth, this reduction could correspond to a reduction from Bi3+ or 

from a residual amount of Bi5+. Reduction of Bi3+ to Bi2+ or Bi+ is not unknown, for example BiO 

has been isolated and crystallographically characterised [40], while hydrated Bi+ has been observed 

in the gas phase [41]. In studies on lead calcium bismuth oxide, Drache et al. [26] have argued that 

Bi5+ is the species that is reduced. Based on the results in the present study and the discrepancy in 

the literature values for Bi5+, it is impossible to distinguish between these two cases. Similarly, it is 

difficult to confirm that Pb4+ is reduced to Pb2+ rather than Pb2+ to Pb+. Pb+ has proven to be an 

elusive species. Although the crystal structure of Pb2O was reported in 1926 [42], there are serious 

doubts as to the true oxygen stoichiometry in that work. However, evidence for monovalent lead 

has been found in lead hydride cations, using EPR spectroscopy [43] and lead hydrate cations, using 

mass spectrometry [44].   

The Arrhenius plots of total conductivity for all studied compositions are fully reproducible 

between subsequent heating and cooling runs; those for the second cooling run are shown in Fig. 7. 

All plots are similar in shape and show a degree of curvature over a wide temperature range: ca. 

350°C to ca. 700°C. This range appears to correlate with the intermediate temperature region 

observed in the thermal variation of lattice parameter and that in the TGA experiments, where mass 

change is seen to occur. While the redox processes associated with the mass change will alter the 

number of charge carriers in this system, it is probable that the biggest effect on conductivity is due 

to the change in lattice parameter caused by the redox processes, which directly affects ion 

mobility. The activation energies of the low temperature and high temperature linear regions, ∆ELT 

and ∆EHT, respectively and conductivities at characteristic temperatures within these two regions, 

300°C (σ300) and 800°C (σ800), are given in Table 3. At high temperatures, all compositions exhibit 

high conductivity, with a maximum for the x = 1 composition. The conductivity values for 

Bi2.5Pb0.5YO5.75 are about an order of magnitude lower than those for the lead free analogue Bi3YO6  

at low temperature [45]. However, the high temperature conductivity values are comparable. This 

suggests that any increase in conductivity, as a result of the increase in vacancy concentration in the 

lead substituted system, is compensated for by defect trapping effects associated with the dopant 

cations. 

Fig. 8 shows the separate contributions of ionic and electronic conductivity to total 

conductivity for two of the studied compositions. The results confirm that the materials are 

predominantly ionic conductors above ca. 450°C, with transference number values close to 100% 

for both compositions. 
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Conclusions 

Di-substitution of lead and yttrium for bismuth in Bi2O3 leads to formation of δ-Bi2O3 type phases, 

with nominally higher vacancy concentrations than in pure δ-Bi2O3. All the compositions studied 

show a small degree of reduction at high temperatures, which is preserved on quenching. On 

reheating, re-oxidation occurs at intermediate temperatures, which is reflected in the unit cell 

parameter variation and the Arrhenius plot of conductivity. XPS results suggest that this 

predominantly involves the lead and bismuth cations. Redox reactions similar to those observed in 

the present system are likely to be a common feature in bismuth oxide based materials and may well 

be associated with the commonly observed instability of these materials at intermediate 

temperatures.  

Although the Bi2.5+xPb0.5YO5.75+3x/2-δ system exhibits lower conductivity than the mono-

substituted bismuth yttrate system at low temperatures, the high temperature conductivities are 

comparable, with transference numbers close to unity indicating predominantly ionic conductivity. 
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Table 1 

Temperatures for endothermic event maxima from DTA analysis of Bi2.5+xPb0.5YO5.75+3x/2-δδδδ 

 

x T1 [°°°°C] T2 [°°°°C] 
0 401 595 
1 394 573 
2 393 562 

 

 

Table 2 

XPS binding energies (eV) for Bi2.5+xPb0.5YO5.75+3x/2-δδδδ. Estimated standard deviations are given 

in parentheses. Selected literature values are included for comparison. 

 

Formula  Bi 4f7/2 Bi 4f5/2  Pb 4f7/2 Pb 4f5/2 Y 3d5/2 Reference 
Bi2.5Pb0.5YO5.75 158.68(1) 164.04(1) 137.89(1) 142.78(1) 157.1(2) This work 
Bi3.5Pb0.5YO7.25 158.83(1) 164.17(1) 137.97(1) 142.87(1) 157.4(2) This work 
Bi4.5Pb0.5YO8.75 158.94(1) 164.27(1) 138.12(1) 143.02(1) 157.4(2) This work 

Bi 157.0 162.3    [46] 
Bi2O3 158.6-

159.8 
163.6-
165.1 

   [38,47-50] 

NaBiO3 159.3 164.5    [38] 
NaBiO3 157.6     [39] 

Pb   136.9 141.7  [46] 
PbO   137.7-

138.2 
142.9  [39, 51-

54] 
PbO2   137.3 142.1  [55] 
Y2O3     156.6-

157.0 
[56-59] 

 

Table 3 

Electrical parameters (σσσσ300 = conductivity at 300°°°°C; σσσσ800 = conductivity at 800°°°°C; ∆∆∆∆ELT = low 

temperature activation energy; ∆∆∆∆EHT = high temperature activation energy) for compositions 

in the Bi2.5+xPb0.5YO5.75+3x/2-δδδδ system. Estimated standard deviations are given in parentheses. 

 

x  ∆∆∆∆ELT /eV σσσσ300 /S cm-1  ∆∆∆∆EHT /eV σσσσ 800 /S cm-1 
0 1.376(1) 5.3(2) × 10-6 0.768(1) 0.353(5) 
1 1.189(2) 2.0(6) × 10-5 0.638(1) 0.423(4) 
2 1.380(1) 1.3(3) × 10-5 0.605(1) 0.295(4) 
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Figure captions 

 

Fig. 1. X-ray powder diffraction patterns for Bi2.5+xPb0.5YO5.75+3x/2-δ at room temperature and 700°C. 

 

Fig.2. Variation of cubic lattice parameter, a, at selected temperatures as a function of average 

cation radius (values based on weighted average of ionic radii for six coordination [35]). 

 

Fig. 3. Thermal variation of cubic lattice parameter, a, from Rietveld analysis of X-ray powder 

diffraction for Bi2.5+xPb0.5YO5.75+3x/2-δ on heating (filled symbols) and cooling (open symbols). 

 

Fig. 4. DTA thermograms for Bi2.5+xPb0.5YO5.75+3x/2-δ, with detail of the heating profiles inset.   

 

Fig. 5. Thermogravimetric curves for Bi2.5+xPb0.5YO5.75+3x/2-δ. Dashed and solid lines show heating 

and cooling runs, respectively. 

 

Fig. 6. Fitted XPS spectra for Bi2.5+xPb0.5YO5.75+3x/2-δ, showing (a) Bi 4f7/2 and 4f5/2 with Y 3d3/2 and 

3d5/2, (b) Pb 4f7/2 and 4f5/2 and (c) O 1s emissions. 

 

Fig. 7. Arrhenius plots of total conductivity for Bi2.5+xPb0.5YO5.75+3x/2-δ. Data corresponding to the 

second cooling cycle are shown. 

 

Fig. 8. Contributions of electronic and ionic conductivity to total conductivity in (a) x = 0 and (b) x 

= 2 compositions of Bi2.5+xPb0.5YO5.75+3x/2-δ. 
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Fig. 1. X-ray powder diffraction patterns for Bi2.5+xPb0.5YO5.75+3x/2-δ at room temperature and 700°C.  
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Fig.2. Variation of cubic lattice parameter, a, at selected temperatures as a function of average cation 

radius (values based on weighted average of ionic radii for six coordination [35]). 
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Fig. 3. Thermal variation of cubic lattice parameter, a, from Rietveld analysis of X-ray powder 

diffraction for Bi2.5+xPb0.5YO5.75+3x/2-δ on heating (filled symbols) and cooling (open symbols). 
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Fig. 4. DTA thermograms for Bi2.5+xPb0.5YO5.75+3x/2-δ, with detail of the heating profiles inset. 
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Fig. 5. Thermogravimetric curves for Bi2.5+xPb0.5YO5.75+3x/2-δ. Dashed and solid lines show heating and 

cooling runs, respectively. 
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(a) 

 

(b) 

 

(c) 

 

Fig. 6. Fitted XPS spectra for Bi2.5+xPb0.5YO5.75+3x/2-δ, showing (a) Bi 4f7/2 and 

4f5/2 with Y 3d3/2 and 3d5/2, (b) Pb 4f7/2 and 4f5/2 and (c) O 1s emissions.  
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Fig. 7. Arrhenius plots of total conductivity for Bi2.5+xPb0.5YO5.75+3x/2-δ. Data corresponding to the 

second cooling cycle are shown.  
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(a) 

 

(b) 

 

Fig. 8. Contributions of electronic and ionic conductivity to total conductivity in (a) x = 0 and (b) x 

= 2 compositions of Bi2.5+xPb0.5YO5.75+3x/2-δ.  

 


