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Charge delocalization, experimentally controlled, was shown to correlate with reduced chemical expansion, 

for enhanced durability of energy-related perovskites, supporting prior theoretical predictions. Subtle 

structural changes during expansion were also observed. 

 

Abstract 

Large coupling of oxygen content and lattice dilation, known as chemical expansion, deleteriously 

impacts durability of non-stoichiometric active oxides in energy conversion and storage devices. In this 

work, the role of charge localization on multivalent cations during reduction was experimentally probed 

using La0.9Sr0.1Ga1-xNixO3-δ (LSGN; x = 0.05, 0.1, and 0.5) to test prior theoretical predictions of decreased 

chemical expansion upon decreasing charge localization. Increasing Ni content in LSGN resulted in a 

decrease in the coefficient of chemical expansion, consistent with expected charge de-localization as LSGN 

transitions from polaron hopping to metallic conduction, as demonstrated in prior electrical studies. 

Dilatometry and thermogravimetry showed that samples with more Ni underwent larger changes in oxygen 
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content and consequently expanded more, though the normalized expansion for a given stoichiometry change 

(the coefficient of chemical expansion) was less. In situ X-ray diffraction revealed an increase of crystal 

symmetry with decreasing oxygen partial pressure and/or increasing temperature, consistent with expected 

changes in Ni and anion radii and demonstrating the interplay between chemical expansion and crystal 

structure. The smaller-than-expected magnitude of the change in chemical expansion coefficient with charge 

delocalization, compared to prior theoretical predictions, suggests that other factors, such as structural 

changes and the nature of the multivalent cation, likely also contribute. Finally, the effective radius of an 

oxygen vacancy (smaller than an oxide ion) as well as the change in size of Ni with charge de-localization, 

was estimated.  

 

Introduction 

 Chemical expansion (εC) is the lattice dilation of a material in response to a composition change1,2,3. 

A gradual chemical expansion with continuous change in stoichiometry has recently been referred to as 

“stoichiometric expansion,” as opposed to the often larger expansions accompanying changes in phase with 

composition, i.e., “phase change expansion.”1 In the context of non-stoichiometric oxides, this expansion 

typically accompanies oxygen loss (Δδ) in, e.g., perovskite oxides of general formula ABO3±δ.  In a manner 

analogous to thermal expansion, it can be represented as 

𝜀𝐶 = 𝛼𝐶Δδ (1) 

where αC is the coefficient of chemical expansion (CCE). Arising in part from their ability to sustain 

significant and variable values of δ, such non-stoichiometric oxides often exhibit mixed ionic and electronic 

conductivity. For this reason they are widely incorporated in electrochemical devices, e.g., as solid oxide 

fuel/electrolysis cell electrodes, where they exhibit enhanced reaction kinetics and enlarged active areas 

compared to conventional two-phase composite electrodes4. However, variations in temperature and/or 

oxygen partial pressure during fabrication or operation result in changes in oxygen stoichiometry in these 

materials, with consequent dimensional changes. The resulting stresses5,6,7 can lead to cracking or 
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delamination8,9, either in a monolithic material with non-uniform stoichiometry or at the interfaces of 

dissimilar materials. Such chemical expansion-induced failure represents a widespread challenge impacting 

many energy conversion and storage devices that incorporate or release ions, including hydrogen storage 

materials and battery materials1. In order to extend device lifetime, fundamental studies of the factors 

governing chemical expansion in oxides need to be pursued. 

 The process of reduction of a non-stoichiometric perovskite, with a multivalent B-site cation, can be 

expressed in Krӧger-Vink notation as: 

2𝐵𝐵
𝑥 + 𝑂𝑂

𝑥 → 2𝐵𝐵
′ + 𝑉𝑂

∙∙ +
1

2
𝑂2(𝑔) (2) 

The formation of a charged oxygen vacancy yields two electrons for charge neutrality, which can be 

localized on two multivalent B-site cations, effectively lowering their valence state (e.g., from 3+ to 2+).  

Marrocchelli et al.10 described the CCE as a sum of contributions originating from the metal cations (αM) and 

from the anions/ anion vacancies (αV): 

𝛼𝐶 = 𝛼𝑀 + 𝛼𝑉  (3) 

In that work on fluorite-structured oxides, αM was found to be a positive term, owing to expansion of 

multivalent cations as they lower their valence state, while αV was negative, owing to contractive relaxations 

around oxygen vacancies described by the empirical parameter “oxygen vacancy radius,” which is smaller 

than the radius of an oxide ion. In order to minimize chemical expansion, strategies to further shrink the 

oxygen vacancy radius, by changing the host cation, were pursued11. As investigated in the present work, one 

can also decrease the expansion of the multivalent cation as a means of reducing the overall CCE. 

Accordingly, recent density functional theory (DFT) calculations by Marrocchelli et al.12 highlighted the 

potentially key role that charge localization on multivalent cations (Ce in CeO2 and BaCeO3) could play in 

both the fluorite and perovskite structures. In that work a reduction of over 70% in CCE was calculated upon 

artificially delocalizing the charge on Ce. 
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In the present work we test this theoretical prediction experimentally to understand the contribution 

of charge localization in perovskite CCEs. Additionally, by way of high temperature X-ray diffraction 

(HTXRD), we explore the impact δ has on crystal symmetry. In practice, charge delocalization is difficult to 

achieve in the Ce-based systems discussed above; experimentally, the electronic conductivity in CeO2 is 

governed by polaron hopping13, indicative of charge localization on Ce4+/3+, and in BaCeO3 very low oxygen 

partial pressures and high temperatures are required for reduction of Ce4+ to Ce3+ 14. By contrast, the 

perovskite (La,Sr)(Ga,Ni)O3-δ (LSGN), containing multivalent Ni3+/2+ and a high Ni solubility, given the 

similar ionic radii to Ga3+, represents a model system for such studies. Exhibiting high ionic and electronic 

conductivities, in addition to chemical and mechanical compatibility with (La,Sr)(Ga,Mg)O3-δ electrolytes, 

LSGN and La(Ga,Ni)O3-δ (LGN) have been investigated previously as promising solid oxide fuel cell 

cathodes15,16, oxygen separation membranes17, and natural gas conversion membranes18,19. Measurements of 

LSGN by Long et al.20 demonstrated a transition from low, thermally-activated electrical conductivity to 

conductivity orders of magnitude higher and weakly decreasing with temperature, upon increasing the Ni 

concentration, x in La0.9Sr0.1Ga1-xNixO3-δ, from 0.05 to 0.5. In combination with oxygen partial pressure-

dependent measurements, the behavior was consistent with a transition from ionic, to electronic polaron 

hopping, to metallic conductivity controlled by phonon scattering with increasing Ni content, which may be 

explained by the widening of the Ni 3d impurity band and corresponding delocalization of charge as the Ni 

concentration increases. Similar electrical behavior has been observed in LGN16, and, in other perovskites 

with high Ni content, such as LaNiO3 (with Ni in the 3+ state), metallic behavior has been attributed to 

delocalized Ni 3d and O 2p valence states.21 Therefore, in addition to its theoretically predicted correlation to 

lower CCE values, charge delocalization beneficially enhances the electronic conductivity, which is desirable 

for improved current collection and thus reduced ohmic losses in energy conversion devices. The addition of 

Ni, leading to charge delocalization, also beneficially enhances the ionic conductivity at lower oxygen partial 

pressures, where it dominates the total conductivity20. In the present work the corresponding change in CCE 

with Ni content is studied by in situ X-ray diffraction, thermogravimetry, and dilatometry under cathodic 

conditions, building upon our preliminary work on LSGN 22. 
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Results 

Crystal Structure During Expansion 

 X-ray diffraction revealed the presence of minor phases in all samples: (Sr,La)2(Ga,Ni)3O7-δ in the 

samples with low Ni content (x = 0.05, 0.1) and (Sr,La)2(Ga,Ni)O4-δ with trace NiO in the sample with higher 

Ni content (x = 0.5). Such results are consistent with those reported by Colomer and Kilner23, who observed 

SrLa(Ga,Ni)3O7-δ in an x = 0.1 sample and SrLa(Ga,Ni)O4-δ in an x = 0.2 sample. The presence of minor 

impurity phases indicates that the major perovskite phases may deviate slightly from the nominal sample 

compositions. Regarding the primary LSGN perovskite phase, addition of Ni at x = 0.1 and x = 0.5 resulted 

in stabilization of the rhombohedral (R-3c) structure at room temperature in agreement with prior reports20,23 

, whereas the x = 0.05 specimen was orthorhombic (Pbnm) at room temperature, similar to undoped LaGaO3-

δ
24. With increasing temperature and/or decreasing oxygen partial pressure, shifts in peak positions (as 

expected from thermal and chemical expansion) and changes in symmetry were observed in the perovskite 

phase. 

One way to visualize such changes is to view the most intense peak(s) in the range 32-33° 2θ (for Cu 

Kα); for the orthorhombic phase a triplet (200/112/020) is present, whereas for the rhombohedral phase a 

doublet (110/104) is found. Figure 1 shows the change in peak shapes and locations as a function of Ni 

concentration, temperature, and oxygen partial pressure, with Kα2 contributions removed for clarity.   
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Figure 1. Highest intensity XRD peaks corresponding to the perovskite phase (except the small peak/ 

shoulder marked with an asterisk, which is the (Sr,La)2(Ga,Ni)O4-δ phase), as a function of Ni content, 

temperature, and oxygen partial pressure. The measurements shown for 25 °C were taken after cooling in 

the gas atmosphere indicated. 

The x = 0.05 sample appears rhombohedral at elevated temperatures, which is consistent with the reported 

transition from orthorhombic to rhombohedral structure for undoped LaGaO3-δ at ~145 °C24. With increasing 

temperature, for both samples, the two rhombohedral peaks approach each other, suggesting an increase in 

symmetry toward the cubic Pm-3m structure. The same transition towards increasing symmetry can be 

observed upon decreasing the oxygen partial pressure, and for the x = 0.5 sample at 900 °C and pO2 = 10-3 

atm the two rhombohedral peaks have merged into one indistinguishable peak, almost reaching the Pm-3m 

structure. (The smaller peak that becomes visible near 32.7°, indicated by an asterisk, is from the 

(Sr,La)2(Ga,Ni)O4-δ phase; it does not change location upon changing oxygen partial pressure and is not 

consistent with any other perovskite phase that fits the remaining peaks.) 
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In addition, the peaks move to lower angles with increasing temperature and decreasing oxygen 

partial pressure, consistent with thermal and chemical expansion. Note that in the case of x = 0.05 only a 

very small change in peak position and shape is observed upon decreasing the oxygen partial pressure (more 

apparent at high angle peaks, not shown), suggesting very limited chemical expansion over this oxygen 

partial pressure range (0.21 to 10-3atm). (For this reason, a wider range of oxygen partial pressures was 

employed to study the macroscopic chemical expansion of this composition using dilatometry.) No shift in 

peak positions (even for high angle peaks) with changes in oxygen partial pressure was observed for the 

secondary phases, suggesting a negligible contribution to chemical expansion from the minor phases. Figure 

2 (parts a and b) shows lattice parameters vs. temperature by fitting the data to the R-3c structural model, for 

the two oxygen partial pressures and two compositions, x = 0.05 and x = 0.5. (Note the data at 25 °C for x = 

0.05 are approximate pseudo-rhombohedral lattice parameters for that orthorhombic structure.) Generally the 

sample with a lower Ni concentration (x = 0.05) exhibited a larger unit cell than that of x = 0.5.  
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Figure 2. Lattice parameters (figs. a-b) and a corresponding measure of symmetry (fig. c) obtained for fitting 

in situ XRD patterns according to R-3c symmetry, during heating and cooling. (The two values at room 

temperature shown for each condition indicate parameters before and after heating in the atmosphere 

indicated. Parameters after cooling in 0.001 atm O2 were larger than the initial value.) Dashed lines are a 

guide for the eye, fit to the data measured during heating. 

In figure 2c, a measure of structural symmetry, c/(a*60.5), is shown for the two samples in the different 

oxygen partial pressure atmospheres. Values approaching 1 indicate increasing crystal symmetry toward the 

cubic structure, which is apparent for increases in temperature for both samples and for decreasing oxygen 

partial pressure for the x = 0.5 sample. Smaller changes in symmetry for the x = 0.05 sample may, to some 
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extent, reflect the smaller change in oxygen stoichiometry, as expected on the basis of the lower Ni content 

and shown by the thermogravimetric analysis, below.  

The expansion upon increasing temperature from 25 to 900 °C in air was consistent with reported 

values20 and was slightly anisotropic; for x = 0.05 a increased 0.9±0.1% while c increased 1.2±0.1%, and for 

x = 0.5 a increased 1.0±0.1% while c increased 2.0±0.1%. Changes in profile-fitted lattice parameters with 

respect to oxygen partial pressure were comparable to the error bars for x = 0.05, and therefore quantification 

of chemical expansion from XRD results was not possible for that composition. For the x = 0.5 sample the 

chemical expansion over this oxygen partial pressure range (0.21 to 0.001 atm) was much larger. Like the 

thermo-chemical expansion during heating, this purely chemical expansion was also anisotropic: 0.16% in a 

vs. 0.33% in c at 800 °C and 0.20% in a vs. 0.40% in c at 900 °C (or 0.22% in the pseudo-cubic lattice 

parameter at 800 °C and 0.28% at 900 °C). These values appear consistent with those measured by 

dilatometry, as shown below, although a precise comparison cannot be made as the oxygen partial pressure 

range of the XRD measurements is larger than that used in the dilatometric measurements (for x = 0.5). 

Similar anisotropic expansion and increasing symmetry with increasing temperature and/or decreasing 

oxygen partial pressure have been reported previously for the related perovskites (La,Sr)FeO3-δ
25 and 

(La,Sr)CoO3-δ
26. 

Macroscopic Expansion 

 Moving now to the corresponding macroscopic study of expansion using dilatometry, examples of 

the change in oxygen non-stoichiometry (for the x = 0.5 sample, a) and expansion (for the x = 0.05 sample, 

b) measured as a function of time at 900 °C are plotted in figure 3. As described in the experimental section, 

slight irreversible weight loss is noted in the TGA data at the two lowest oxygen partial pressures; this was 

corrected for by a linear offset with time in the data analysis. Similarly the drift in measured sample position 

over time was corrected in the analysis of equilibrium strain. 
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Figure 3. Examples of oxygen non-stoichiometry changes (a) and expansion (b) in response to oxygen partial 

pressure changes as a function of time at 900 °C for two compositions.  Corrections for irreversible weight 

loss (a) and instrument drift (b) are also shown.  

Equilibrium values of changes in non-stoichiometry as a function of oxygen partial pressure at 800 °C are 

shown in figure 4 for the three compositions; note that the absolute non-stoichiometry (δ) at the reference 

state (air) is likely different for each sample. 

 

Figure 4. Oxygen non-stoichiometry change vs. oxygen partial pressure for three compositions at 800 °C. 

Data measured initially in decreasing pO2 steps, then subsequently in increasing pO2 steps, are shown on the 

plot.  (For x = 0.05 two separate runs were conducted over different ranges of oxygen partial pressure, so 

there are two forward and two reverse sweeps.) Overlap in the forward and reverse measurements (after 

correction for x = 0.5) indicates good reversibility. The change in non-stoichiometry over a given oxygen 

partial pressure range increases with increasing Ni concentration, consistent with the defect reaction in 
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equation 2, where the formation of oxygen vacancies is charge-compensated by reduction of the B-site 

cation. Corresponding equilibrium values of the relative expansion as a function of oxygen partial pressure at 

800 °C are shown in figure 5; again, note that the absolute sample length at the reference state (air) is likely 

different for each sample. 

 

Figure 5. Isothermal expansion at 800 °C vs. oxygen partial pressure for three compositions. 

Again, measurements initially in decreasing pO2 and then in increasing pO2 are all shown; the reasonable 

agreement shows reversibility. Quadratic fits to the data, used to interpolate values of ε are also indicated on 

the plot. The larger expansion observed for higher Ni concentrations (over a given oxygen partial pressure 

range) is consistent with the larger change in non-stoichiometry for those samples. The next step is to 

normalize the expansion to the change in non-stoichiometry for each sample. The non-stoichiometry data 

from figure 4 can be combined with interpolated values of ε from figure 5 at the same oxygen partial 

pressures to yield figure 6, which shows expansion as a function of change in non-stoichiometry at 800 °C. 
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Figure 6. Isothermal chemical expansion (from the fitting in figure 5, as described in the text) vs. change in 

oxygen non-stoichiometry at 800 °C. Dashed lines represent linear fits to the data. 

Per equation 1, the slopes of this plot are the CCEs for each sample at this temperature. A summary of all 

CCE values determined in this work (some at other temperatures) is given in Table I. Data used in the 

determination of CCEs at 700 °C and 900 °C is included as supplementary material. At 800 °C the CCE value 

of the x = 0.5 sample is ~5-10% lower than those of the samples with low Ni content (x = 0.05, x = 0.1) and 

at 900 °C it is ~20% lower than the x = 0.05 sample. These results are consistent with the larger expected 

CCE for a higher degree of charge localization. 

Table I: CCE values in relatively high pO2 conditions (>10-5 atm) determined at various temperatures for 

samples with different Ni contents (x). 

Temperature, °C x in La0.9Sr0.2Ga1-xNixO3-δ CCE 

700 0.5 0.034 ± 0.002 

800 0.05 0.040 ± 0.001* 

0.1 0.042 ± 0.002 

0.5 0.0377 ± 0.0006 

900 0.05 0.049 ± 0.002 

0.5 0.0408 ± 0.0005 

* Note this value was determined over a wider oxygen partial pressure range. 

Discussion 

Origins of Structural Changes 

 It is clear from the in situ XRD results that, at a crystal structure level, thermochemical expansion 

and Ni substitution in LSGN involve not only changes in unit cell volume but also changes in crystal 

symmetry. In the perovskite structure, the larger A-site cations occupy spaces between corner-sharing BO6 

octahedra. Deviations from cubic symmetry may involve octahedral distortion (i.e., Jahn-Teller distortion), 
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cation position shifts (e.g., those associated with ferroelectricity), and/or octahedral tilting27. Driving forces 

for octahedral tilting, in particular, include the character of A-O and B-O bonding (covalency, orbital energy, 

width, and filling), repulsion between like ions, and ion size mismatch28. In the present case of LSGN, Jahn-

Teller distortion, the nature of the A-O and B-O bonds, and the ion size ratio may influence the observed 

changes in symmetry as a function of Ni content, temperature, and oxygen partial pressure. The following 

discussion considers how each of these three factors may influence the observed changes in crystal 

symmetry. 

 Regarding octahedral distortions: it has been suggested, on the basis of electron paramagnetic 

resonance (EPR) measurements of the related compounds LaSrGa1-xNixO4-δ, that for low Ni contents, Ni3+ 

ions adopt the low spin state, within elongated NiO6 octahedra, whereas higher Ni contents promote the high 

spin state as an electronic band is formed29. Similar EPR results for LSGN perovskites were interpreted as 

showing that when the overall Ni content increases, the fraction of magnetically interacting (vs. isolated) 

Ni3+ increases23. Again in this case the lower symmetry “isolated Ni” signal was indicative of Ni in 

distorted/elongated NiO6 octahedra, consistent with low spin Ni3+. Low spin Ni3+ (having 5 d electrons) 

exhibits more Jahn-Teller distortion than high spin Ni3+, so on this basis one might expect more octahedral 

distortion to be present in NiO6 octahedra in the oxidized, low Ni content, x = 0.05 sample than in the x = 0.5 

sample. These octahedral distortions in the x = 0.05 sample may lower the overall symmetry at low 

temperatures and influence the magnitude of thermo-chemical expansion coefficients, since lowering the 

oxygen partial pressure or increasing the temperature lead to removal of the octahedral distortion, via 

reduction of Ni3+ to Ni2+ and/or a spin unpairing transition in Ni3+. Nonetheless the overall concentration of 

Ni is low in this case, and the effect may be minor, in agreement with the higher symmetry observed for low 

Ni contents in figure 2c. (Also, it should be noted that, in contrast to the aforementioned reports, Ni3+ was 

demonstrated to take the low spin state in LaNiO3
30, and other authors have pointed out a correlation between 

charge delocalization and the low spin state31.) In addition to this potential influence of spin state on 

symmetry, spin state also affects the effective B-site cation radius and hence the magnitude of thermo-

chemical expansion, as discussed later. 
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Regarding bonding: Woodward28 has suggested that optimization of the first coordination sphere 

around A cations may drive octahedral tilting. In the present work, the creation of oxygen vacancies upon 

increasing Ni concentration, increasing temperature, and/or decreasing oxygen partial pressure changes the 

local environment around the A cation and is expected to influence the related octahedral tilting, leading to 

overall changes in symmetry, which may partially explain the behavior seen in fig. 2c. One expects the 

magnitude of such changes to increase with the concentration of oxygen vacancies so created. (Similarly, B-

O bonding is also related to symmetry; deviation from the ideal cubic structure changes the B-O-B angle, 

which lessens the degree of B-O orbital overlap (for σ or π bonding), which, in turn is expected to result in a 

greater degree of B-cation charge localization28. Therefore, changes in symmetry during heating and/or 

reduction may influence the degree of charge localization and thus indirectly the expansion coefficients; 

however the overall concentration of Ni is thought to play a bigger role in controlling the electronic structure 

and related properties in this system, as demonstrated via electrical conductivity measurements20.) 

Regarding the ion size ratio: in a perfect cubic perovskite, the length of the face diagonal of the unit 

cell is √2 times the length of the side, or (as predicted from ionic radii) 

𝑟𝐴 + 𝑟𝑋 = √2(𝑟𝐵 + 𝑟𝑋)  (6) 

where rA, rB, and rX represent the radii of the A cation (La, Sr), B cation (Ga, Ni), and anion (O, VO), 

respectively. Deviations from the perfect cubic structure are expected when this ratio is not satisfied and can 

be described by the tolerance factor, t32: 

𝑡 =
𝑟𝐴+𝑟𝑋

√2(𝑟𝐵+𝑟𝑋)
  (7) 

While a value of t = 1 has been associated with cubic structures, for 3-3 perovskites such as LaGaO3, 

hexagonal structures (P63cm) exist for ~0.83 < t < 0.9 (when rB is too large), orthorhombic distortions (Pnma, 

Pbnm) for 0.9 < t < 1 (when rB is slightly too large), and rhombohedral or hexagonal structures (R-3c) for t > 

1 (when rB is too small)33, though there are exceptions. In these less symmetric structures the non-ideal radii 

are accommodated by tilting and/or distortion of the BO6 octahedra34; Sasaki has noted a correlation between 
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observed tolerance factor and octahedral tilt35,36. For the present composition of La0.9Sr0.1Ga1-xNixO3-δ, the 

various radii can be expressed as: 

𝑟𝐴 = 0.9𝑟𝐿𝑎 + 0.1𝑟𝑆𝑟  

𝑟𝐵 = (1 − 𝑥)𝑟𝐺𝑎 + 𝑥𝑟𝑁𝑖  

𝑟𝑋 = (1 −
𝛿

3
) 𝑟𝑂 +

𝛿

3
𝑟𝑉  (8) 

In LSGN, the average B site radius will change with addition of Ni, reduction of Ni, and/or change in Ni spin 

state37 (rGa = 0.62 Å, rNi
3+,hs = 0.6 Å, rNi

3+,ls = 0.56 Å, rNi
2+ = 0.69 Å). While it is not possible to calculate exact 

tolerance factors for LSGN without knowing the effective radius of an oxygen vacancy (calculated later), 

average spin state, nor the exact distribution of Ni3+/Ni2+, one can infer trends from consideration of the B-

site radius and from the knowledge that LaGaO3 is close to the ideal cubic structure (tLaGaO3 ≈ 0.97). 

Addition of Ni, largely in the 3+ state in air16,23, in La0.9Sr0.1Ga1-xNixO3-δ lowers rB and increases t 

enough to change the structure from orthorhombic to rhombohedral; presumably then t > 1. (Note that, using 

the above-mentioned radii in eq. 7, for t > 1 in this case, the oxygen vacancy radius, rV, must be slightly 

smaller than the oxide ion radius, rO, as previously found for fluorite-structured oxides10.)  Conversely, 

isothermally lowering the oxygen partial pressure and thereby reducing the Ni valence state increases rB and 

(potentially counterbalanced by rV < rO) is expected to decrease t from its larger rhombohedral value; if the 

effect is small, t would approach 1 and the symmetry would increase, as indeed is observed in figure 1. (Note 

that the spin state of Ni3+ will affect the magnitude of this change: high spin Ni3+, having a larger radius, will 

expand less upon reduction than low spin Ni3+.) Increasing temperature reduces the Ni and may increase the 

Ni spin state, both of which increase rB and (again possibly counteracted by slight changes in rX) decrease t, 

increasing the symmetry for small changes.  Beyond these considerations of individual radius changes, one 

expects the overall increase in bond lengths and importance of entropic changes with increasing thermal 

energy to also influence structural changes with increasing temperature. Thus a variety of phase transitions 

upon heating, consisting of decreases in octahedral tilting and changes in octahedral size and shape, have 
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been reported for other perovskites38,39, even in the absence of significant spin state and point defect 

contributions discussed above. Similar to the present work, these reports demonstrate an increase in 

symmetry with increasing temperature. 

Overall the XRD study here suggests that thermo-chemical expansion in LSGN increases the crystal 

symmetry. The behavior is consistent with expected changes in ionic radii, but as described above, changes 

in octahedral distortions (via spin state changes) and bonding environments may also contribute to symmetry 

changes. Further high resolution XRD or neutron diffraction studies of chemical expansion in perovskites, 

yielding atomic coordinates over a wider range of oxygen stoichiometries, would shed more light on these 

processes. 

Origins of Chemical Expansion 

 From the thermogravimetric and dilatometric measurements, the primary observation is that, while 

increasing the Ni concentration increases the magnitude of oxygen stoichiometry changes and expansion 

over a given oxygen partial pressure range, the value of the CCE (expansion normalized to change in 

stoichiometry) is lowered. This result is consistent with our prior DFT predictions suggesting that decreased 

charge localization (manipulated in this case by Ni content) decreases the CCE12. In the DFT calculations the 

lower CCE was attributed specifically to a smaller radius of the reduced B-site cation (Ce3+) by 4% owing to 

the charge delocalization. From the experimentally measured CCEs in the present study it is possible to 

estimate the reduced B-site cation radius (Ni2+) in the “delocalized” (x = 0.5) case and compare it to the 

“localized” (x = 0.05) case. This calculation employs recently derived equations (derivation given in ref. 40) 

relating the chemical expansion of perovskites to their constituent radii, with coefficients A and B obtained 

from fitting a wide range of perovskite oxides: 

𝑟𝑉 =
3𝛼𝑉𝑎0

(
𝐴

√2
+𝐵)

+ 𝑟𝑂 (9) 

𝛼𝑉 = 𝛼𝐶 −
2

𝑥
𝛼𝐵  (10) 
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𝛼𝐵 =
𝐵

𝑎0
𝑥(𝑟𝐵(𝑟𝑒𝑑) − 𝑟𝐵(𝑜𝑥)) (11) 

where a0 is the pseudo-cubic lattice parameter in the initial state (prior to reduction, e.g., for all Ni in the 3+ 

state), A = 0.491, B = 2.005, rB(red) and rB(ox) are the radii of the reduced and oxidized multivalent B-site 

cation (Ni2+ and Ni3+, respectively, in this case), αB represents a contribution to the chemical expansion 

coefficient resulting from the change in B-site radius, and the other variables (measured chemical expansion 

coefficient αC, vacancy radius rV, oxide ion radius rO, and Ni content x) have already been introduced.  

 First the oxygen vacancy radius was determined from Eq. 9 after substituting Eqs. 10 and 11 for αV 

and αB, respectively, and using the measured chemical expansion coefficient in the charge localized (x = 

0.05) case along with relevant Shannon ionic radii. Then, using that oxygen vacancy radius, which was 

assumed to be independent of Ni content, the term (rB(red) – rB(ox)) was determined for the charge delocalized 

(x = 0.5) case, again using eqs. 9-11. One may then estimate the radius of the reduced cation (Ni2+) with 

delocalized behavior, using the Shannon radius for the oxidized cation (Ni3+). The resulting radii are given in 

Table II. 

Table II: Oxygen vacancy radius, rV, calculated from the measured CCE for x = 0.05, and effective Ni2+ 

radius calculated from the measured CCE for x = 0.5, as described in the text. 

T, °C 
Assumed spin state for Ni3+ 

in both compositions 

x = 0.05 
x = 0.5 

𝒓

𝒓𝒊𝒐𝒏𝒊𝒄
 for Ni2+ rV, Å 

 
𝒓𝑽

𝒓𝑶
 

800 low 0.93 0.66 0.998 

high 1.13 0.81 0.997 

900 low 0.97 0.70 0.989 

high 1.18 0.84 0.989 
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First, one notes that the oxygen vacancy radius is smaller than the oxide ion radius, in agreement with our 

prior findings of lattice relaxations around vacancies in fluorite-structured oxides10 and with very recent 

calculations for the Sr- and Mg-doped LaGaO3 perovskite41. Second, at 800 °C the calculated Ni2+ radius 

decreased 0.2-0.3 %, and at 900 °C the calculated Ni2+ radius decreased 1.1 % for the x = 0.5 case compared 

to the x = 0.05 case. These values, while limited by the assumptions inherent in the calculations, are 

consistent with the occurrence of charge delocalization, but they are not as large as the multivalent cation 

radius change reported by DFT calculations on Ce-containing oxides (~4%). Similarly, the magnitude of the 

overall change in CCE in the present work (~5-20%) is much smaller than that obtained in Ce systems by the 

previous theoretical calculations (>70%).   

Several factors could be responsible for this discrepancy: 1) the change in extent of charge 

localization may be smaller in the present work; 2) the multivalent cation is smaller in this work37; 3) the 

spatial distribution and symmetry of the wave functions is different in this work (4f in Ce and 3d (with 2p 

admixture from O) in Ni); 4) other factors, such as the complex structural changes observed by XRD, likely 

contribute to the overall measured chemical expansion in perovskites. For example, the locally anisotropic 

expansion accompanying the increase in symmetry may influence the macroscopic expansion coefficients. 

The dilatometric measurements of expansion represent an average over many grains of different orientations 

in the polycrystalline bulk samples; in addition, stress generation owing to differential expansion in adjacent 

grains of different orientations could limit the extent of the expansion in anisotropic samples. A significant 

effect of anisotropy has been reported for layered oxygen hyperstoichiometric K2NiF4-type structures, where 

the macroscopic chemical expansion coefficient of polycrystalline samples is small, owing to different 

chemical expansion coefficients along the a- and c-directions42, although in that case expansion along one 

crystallographic axis is balanced by shrinkage along the other. In the present work, the more anisotropic 

expansion observed in the sample with higher Ni content (x = 0.5) could be one factor contributing to a lower 

macroscopic chemical expansion coefficient vs. x = 0.05. If significant, this effect also suggests that one may 

observe a greater influence of charge delocalization on macroscopic CCEs in cubic perovskites compared to 
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the distorted perovskites in the present work. Further work to investigate the relative importance of different 

factors controlling chemical expansion in perovskites is therefore warranted. 

Along those lines, Frade43 has demonstrated a correlation between increased tolerance factor (after 

reduction) and increased CCE for some perovskite-structured mixed ionic and electronic conductors with t < 

1, implying larger chemical expansion coefficients when the cubic perovskite phase becomes more stable 

(t1) upon reduction. In the present work the XRD results suggest that at high temperatures the structures 

appear to be quite similar for low and high Ni contents (figs. 1 and 2). The decrease in CCE with increasing 

[Ni] in this work therefore might not be explained by this reported correlation of CCE and t. Nonetheless, a 

similar trend in CCE vs. multivalent cation concentration to the present work has been observed previously44 

in La0.3Sr0.7Ga1-xFexO3-δ, where the CCE at 800 °C was ~23% lower for x = 1 vs. 0.6.  In that work the 

authors suggested that substitution of a fixed valent B-site cation (e.g., Ga) in place of the multivalent cation 

(e.g., Fe) induced disorder, which increased the CCE. In the LSGF system the role of charge delocalization 

vs. Fe concentration may not be so pronounced compared to the present work with Ni, since conduction in 

Fe-containing perovskites appears largely to be polaronic, even for high Fe concentrations45,46. Also, in the 

present case, the maximum amount of the multivalent cation, Ni, is lower and thus ordering is not, to a first 

approximation, expected to be as significant.  

One final consideration for the LSGN system returns to the role of spin state and its effect on the 

Ni3+ radius. One would expect a slightly smaller radius expansion upon reduction of Ni3+ to Ni2+ and a 

significantly lower chemical expansion coefficient when high spin Ni3+ is present (suggested for high overall 

Ni concentrations23,29) compared to one where Ni3+ is in the low spin state (suggested for low overall Ni 

concentrations at room temperature23,29), as is indeed observed in this work. Such an effect may complement 

the influence of charge delocalization in lowering the chemical expansion coefficient with increases in Ni 

content, although the Ni3+ spin state vs. Ni concentration has not been characterized at elevated temperatures. 

Owing to the unknown influence of composition on spin state in the temperature range of interest, and the 

inapplicability of Shannon radii for the delocalized charge case, it is difficult to calculate how large of an 
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effect any differences in spin state have upon the measured CCEs in the present work. In future work, studies 

isolating each of these possible contributors to chemical expansion would be beneficial. 

Experimental Approach 

Bulk (~20 mm x 3 mm x 3 mm), bar-shaped specimens of La0.9Sr0.1Ga1-xNixO3-δ, x = 0.05, 0.1, 0.5, 

were fabricated from powders prepared by the Pechini method, followed by pressing and sintering in air at 

1400 °C, as described in more detail previously22. Ex situ phase purity of the resulting samples was examined 

by X-ray diffraction (XRD) using a PANalytical X’pert Pro Multipurpose Diffractometer (PANalytical Inc., 

Westborough, MA, USA) with Cu Kα radiation, a step size of ~0.02°, a current of 40 mA and voltage of 45 

kV. In situ studies of the crystallographic structure, as a function of temperature (600-900 °C) and oxygen 

partial pressure (pO2 = 0.21 atm, 10-3 atm), were evaluated on the same instrument, for the x = 0.05 and x = 

0.5 compositions, with an Anton Paar HTK 1200N furnace attachment and pre-mixed N2/O2 gases. XRD 

measurements were made first at pO2 = 0.21 atm, with increasing temperature steps after holding at each 

temperature to equilibrate the sample (required holding times were determined from the measured 

equilibration times during thermogravimetric measurements, described below), cooled to room temperature 

to check reversibility, then repeated with the same temperature profile at pO2 = 10-3 atm. Oxygen partial 

pressure was verified with an external ZrO2-based Nernst-type sensor. Profile fitting of the XRD data for 

phase identification and lattice parameter determination was performed using the programs HighScore Plus 

(PANalytical, Inc.) and JADE 9 (Materials Data, Inc.). 

CCEs were determined from equation 1 by isothermal measurements of non-stoichiometry changes 

(Δδ) using thermogravimetric analysis (TGA) and of expansion (𝜀𝐶) using dilatometry over the same oxygen 

partial pressure range (1atm – 10-3atm). In this calculation, the ε vs. pO2 data were interpolated using a 

quadratic function in order to calculate equivalent ε values corresponding to the same pO2 values used in the 

TGA measurements. For TGA of mass changes in different oxygen partial pressures, the sample was 

suspended from an XP6 microbalance (Mettler-Toledo K.K., Tokyo, Japan) by Pt wire in a vertical tube 

furnace.  Gas flow (200 sccm total, N2/O2 mixtures) was set using mass flow controllers and measured with 
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an in situ Y2O3-stabilized ZrO2 Nernst-type electromotive force sensor; temperature was monitored by an S-

type thermocouple placed close to the sample. The change in oxygen stoichiometry was calculated from the 

measured mass changes using the following equation: 

Δ𝛿 =
𝑚𝑜𝑙 𝑂 𝑙𝑜𝑠𝑡

𝑚𝑜𝑙 𝐿𝑆𝐺𝑁
=

−(𝑚−𝑚𝑟𝑒𝑓)/𝑀𝑂

𝑚𝑜𝑙 𝐿𝑆𝐺𝑁
  (4) 

where m is the sample mass (in g), mref is the mass of the sample in the reference condition (air at the 

temperature of interest), MO is the mass of one mole of atomic oxygen (15.9995g), and “mol LSGN” is the 

number of moles of La0.9Sr0.1Ga1-xNixO3-δ in the specimen, approximated from the initial sample mass at 

room temperature in air. The Al2O3 push-rod dilatometer was custom-built, with the same control and in situ 

monitoring of gas flow, oxygen partial pressure, and temperature as in the TGA setup. The expansion (ε) was 

determined from the measured change in dilatometer position as: 

𝜀 = ∆𝑙 𝑙0 = (𝑝 − 𝑝𝑟𝑒𝑓)/𝑙0⁄  (5) 

where p is the dilatometer sensor position relative to a reference point (pref, taken in air at the temperature of 

interest), Δl is the change in specimen length determined from the dilatometer position, and l0 is the initial 

length measured at room temperature in air. Use of l0 instead of the actual specimen reference length at the 

high temperature reference point (at pref) results in very small error in the expansion calculation (<~1%).  

Both the thermogravimetric and dilatometric measurements were performed in small, decreasing increments 

of oxygen partial pressure, then repeated in increasing oxygen partial pressure steps to check for reversibility. 

Time-dependent drift in the dilatometric measurements was observed; the rate appeared to be constant 

regardless of specimen, so it is believed to originate in the instrument. This drift contribution was subtracted 

from the data. Additionally, at the highest temperatures and lowest oxygen partial pressures, slight 

irreversible weight loss was observed in the TGA measurements, which may be caused by Ga volatilization 

from the sample surface. Ga depletion at LSGN surfaces after sintering has been observed by other 

researchers23. 

Conclusions 
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 The chemical expansion behavior of La0.9Sr0.1Ga1-xNixO3-δ (LSGN) was studied experimentally to 

test theoretical predictions of decreased chemical expansion coefficient of oxides upon decreasing charge 

localization on multivalent cations. Prior electrical conductivity results demonstrated a transition from ionic, 

to localized electronic hopping, to metallic conduction with increasing Ni content, pointing to a 

corresponding charge delocalization with increasing Ni content. The structural changes accompanying 

thermo-chemical expansion were studied by in situ X-ray diffraction, whereas thermogravimetric analysis 

and dilatometry provided quantitative measures of the macroscopic chemical expansion accompanying 

oxygen stoichiometry changes for x = 0.05, 0.1, and 0.5. The XRD results showed that addition of Ni (above 

x = 0.05) caused a phase transition from orthorhombic to rhombohedral symmetry at room temperature, 

while even the x = 0.05 samples were rhombohedral at elevated temperatures. Increasing the temperature 

and/or decreasing the oxygen partial pressure increased the symmetry of the samples, with the x = 0.5 sample 

appearing almost cubic at 900 °C and pO2 = 10-3 atm. Correspondingly, the thermo-chemical expansion was 

anisotropic. The structural changes were consistent with expected tolerance factor changes, considering the 

B-site cation and oxygen vacancy radii, and with possible changes in bonding environment and Jahn-Teller 

distortions. Increasing the Ni content in LSGN gave rise to larger changes in oxygen stoichiometry and 

chemical expansion over a given oxygen partial pressure range, but to lower chemical expansion coefficients. 

The results are qualitatively consistent with the theoretical predictions, but the smaller measured magnitude 

of the effect in this materials system suggests that other inter-related factors, such as spin state changes, 

structural changes including anisotropic expansion, disorder, and the nature of the B-site cation, likely 

contribute as well to the chemical expansion behavior of perovskites. Finally, an effective radius of the 

oxygen vacancy was derived (see table 2), which was smaller than that of an oxide ion and in agreement with 

prior studies on fluorite-structured oxides. 
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Supplementary Material 

 

Data from dilatometric and thermogravimetric measurements at 700 °C and 900 °C (expansion vs. oxygen 

partial pressure and change in non-stoichiometry vs. oxygen partial pressure), used to determine the chemical 

expansion coefficients given in table 1, are presented as supplementary material. 
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