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The effect of interstitial oxygen formation on the 

crystal lattice deformation in layered perovskite 

oxides for electrochemical devices 

Takashi Nakamuraa*, Yihan Linga, Koji Amezawaa 

In order to understand the behaviour of the crystal lattice deformation induced by the 

interstitial oxygen formation in La2(Ni0.9M0.1)O4+δ (M = Fe, Co, Cu), thermogravimetry, 

coulometric titration, and high temperature X-ray diffraction measurements were carried out in 

the temperature range between 873 to 1173 K and the P(O2) range between 10-24 to 1 bar. 

Compared with non-doped La2NiO4+δ, La2(Ni0.9Fe0.1)O4+δ and La2(Ni0.9Co0.1)O4+δ have more 

interstitial oxygen while La2(Ni0.9Cu0.1)O4+δ have less. Crystal structure at high temperatures 

was analyzed assuming the tetragonal symmetry, I4/mmm, for all compositions. With 

increasing interstitial oxygen concentration, the lattice parameter perpendicular to the 

perovskite layer increased and that parallel to the perovskite layer decreased. Consequently, 

the change of the cell volume by the interstitial oxygen formation was small, meaning 

macroscopic chemical expansion is small. Chemical and thermal deformation behaviour could 

be explained by assuming linear relation of the lattice constants to T and δ. Apparent and true 

thermal expansion coefficients and chemical expansion coefficient were calculated and 

compared with oxygen deficient perovskite- and fluorite-type oxides. It was found that the 

chemical expansion coefficient of La2NiO4-based oxides which is induced by the 

formation/annihilation of interstitial oxygen is smaller than that of perovskite- and fluorite-

type oxides which is induced by the formation/annihilation of oxygen vacancy. 

 

Introduction 

K2NiF4-type oxides have gained great attention as a promising 
component for the electrochemical devices because they show 
excellent properties such as mixed oxide ion and electron 
conductivity, catalytic activity, oxygen storage capacity and oxygen 
diffusivity.1-5 The origin of these electrochemical properties is the 
interstitial oxygen in K2NiF4 structure.6-9 Interstitial oxygen 
formation is expressed by 

  
1
2O��g� � 	
� → O


,, � 2h⋅ 
 

where defect species are shown by the Kröger-Vink notation.10 
Interstitial oxygen and holes plays an important role for above-
mentioned electrochemical properties of the K2NiF4-type oxides. 
Figure 1 shows the crystal structure of La2NiO4 with tetragonal 
symmetry. Perovskite and rock salt structures are alternately stacked. 
Neutron diffraction measurement revealed that the interstitial oxygen 
in La2NiO4+δ is preferentially located at the centre of the pseudo-
tetrahedron of lanthanum in the rock salt structure.11 Fast ionic 
conduction path extends through the rock salt layers. The anisotropic 
oxygen diffusion was confirmed by theoretical calculations and 
experiments using single crystal or epitaxial film specimens.12-14 
Since interstitial oxygen easily migrate through rock salt structure, 
the activation energy of oxygen diffusivity of K2NiF4-type oxides is 

smaller than that of perovskite- and fluorite-type mixed conductor 
which has oxygen vacancy as a ionic carrier.2  Because of excellent 
electrochemical properties, K2NiF4-type oxides are applied to 
cathode of solid oxide fuel cells, membrane reactors, oxygen 
permeation membranes, and catalyst for the oxygen reduction and 
oxygen evolution reactions.15-18  

 

Figure 1. Crystal structure of tetragonal La2NiO4 

(1) 
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During the operation of the electrochemical devices, the 
components can be exposed to severe conditions such as high 
temperatures, strongly reducing or oxidizing atmospheres, and large 
chemical potential or temperature gradient. Under such conditions, 
the components may be deformed by the formation and/or 
annihilation of defect species. Since the unexpected deformation can 
cause serious damage during operation, fundamental knowledge 
about the chemical deformation behaviour is important to design the 
reliable electrochemical devices and to determine suitable operating 
conditions. Because of these reason, chemical and thermal expansion 
behaviour of perovskite- and fluorite-type oxides has been widely 
studied. The lattice parameters of doped ceria increase with 
increasing oxygen vacancy concentration.19-21 The causes of 
chemical expansion in ceria-based oxides are considered to be the 
balance of the electrostatic effect and the change of ionic radius.22 
Chemical expansion under reducing atmosphere was also observed 
in perovskite-type oxides.23-26 LaMnO3 shows not only the reduction 
expansion but also unique chemical deformation behaviour under 
high P(O2) condition which is caused by the creation and 
annihilation of new crystal lattice.27, 28  

Contrary to the lattice deformation of perovskite- and 
fluorite-type oxides which is induced by the oxygen vacancy 
formation, the effect of the interstitial oxygen formation on the 
lattice deformation of layered perovskite oxides is not clear yet 
except some earlier works3, 29, 30 For the development of high-
performance and reliable devices, it is necessary to understand 
chemical and thermal deformation behaviour of the component. 
In the present work, the authors try to evaluate the crystal 
lattice deformation behaviour of La2(Ni0.9M0.1)O4+δ (M = Fe, 
Co and Cu) and establish the thermal and chemical deformation 
model. For that purpose, thermogravimetry (TG), coulometric 
titration (CT) and high temperature X-ray diffraction 
measurements were carried out at 873-1173 K in N2-O2 
atmosphere. Interstitial oxygen concentration was determined 
by TG and CT measurements and lattice parameters were 
calculated from the XRD patterns. The crystal lattice 
deformation by the variation of temperature and the interstitial 
oxygen concentration is evaluated. True and apparent thermal 
expansion coefficients and chemical expansion coefficient of 
La2NiO4-based oxides were calculated and compared with 
those of oxygen deficient perovskite- and fluorite-type oxides. 

 

Experimental 

Sample preparation 

La2(Ni0.9Fe0.1)O4+δ (LNO-Fe10),  La2(Ni0.9Co0.1)O4+δ (LNO-
Co10) and La2(Ni0.9Cu0.1)O4+δ (LNO-Cu10) were synthesized 
by a solid state reaction method. La2O3 (99.99%, KANTO 
CHEMICAL CO., INC), NiO (99.95%, KANTO CHEMICAL 
CO., INC), Fe2O3 (99.9%, Koujundo Chemical Laboratory Co., 
Ltd.), CoO (99.9%, Koujundo Chemical Laboratory Co., Ltd.), 
CuO (99.9%, RARE METALLIC Co., Ltd.) were mixed in a 
proper cation ratio. They were mixed by a planetary ball mill at 
300 rpm for 3 h with ethanol. After drying, mixed powers were 
sintered at 1523 K for 10 h 2 times with intermediate grindings. 
No peak of secondary phase was observed by XRD  

Evaluation of the interstitial oxygen concentration 

Detail procedure of the TG and the CT was shown in our 
previous study.6 Oxygen content variation under P(O2) range from  
10-4 to 1 bar was measured by TG measurement using electronic 
microbalances (Cahn D200 and Sartorius M25DP), and that in P(O2) 

< 10-3 bar condition was evaluated by the CT using YSZ 
electrochemical cell. For TG measurement, the change in the oxygen 
content was determined from the variation of the weight of the 
specimen, ∆ws,  

 

∆� = ��
��

Δ��
��

 

where ∆δ, Ms, MO, and ws are the variation of oxygen 
nonstoichiometry, the formula weight of the sample and oxygen 
atom, and the weight of the specimen, respectively. For the CT 
measurement, the amount of oxygen in the specimen was controlled 
by the electric charge passed through the cell. After a specified 
amount of electric charge was passed, ∆δ was calculated by the 
equation  
 

∆� = �
2���

 

where C and F is the total amount of electric charge and the Faraday 
constant, respectively. Corresponding equilibrium oxygen partial 
pressure was determined from the electromotive force between 
inside and outside of the cell. 

The absolute value of the oxygen content was determined from 
the weight change of the specimen by the decomposition in H2 
atmosphere.  It is confirmed by XRD measurement that the sample 
was decomposed to lanthanum oxide and metallic state of Ni and 
dopant after the H2 treatment which is expressed by 

  

La��Ni�. M�."�O#$% → La�O& � 0.9Ni � 0.1M � 2 � 2�
2 O��g� 

 

One mole of the sample will release (2+2δ)/2 mole of oxygen 
gas by the reduction. Weight loss measurements by the 
reduction of the sample were applied to determine the oxygen 
content of the specimen by the preceding works too.6, 7  

High temperature XRD measurement 

High temperature XRD measurements were carried out with D8 
Advance X-ray diffractometer (Bruker AXS) using Cu-Kα radiation.  
The diffraction patterns between 10-60o in 2 theta were obtained 
with the angular step width of 0.02o. The X-ray diffraction 
measurements were carried out in the temperature range between 
873-1173 K, and the P(O2) range between 10-4 to 1 bar. Temperature 
and P(O2) around the specimen were controlled by a Pt heater and 
N2-O2 gas-mixtures, respectively. P(O2) of inlet and outlet gases was 
monitored by the YSZ oxygen sensor. The lattice parameters were 
obtained from the diffraction patterns by Whole Powder Pattern 
Decomposition (WPPD) with analytical software TOPAS.31 

  

Results and Discussion 

Interstitial oxygen formation in La2(Ni0.9M0.1)O4+δδδδ (M = Fe, Co, 

Cu) 

Figures 2, 3 and 4 show nonstoichiometric oxygen content 
variation of LNO-Fe10, LNO-Co10 and LNO-Cu10, respectively. In 
the figures, closed and open symbols show the results from TG and 
CT, respectively. It is confirmed that the results from TG and CT 
show good agreement. This supports the validity of our TG and CT 
measurements. The amount of excess oxygen in La2NiO4-based 
oxides increases with increasing P(O2) and decreasing T. While 
LNO-Fe10 and LNO-Co10 shows only oxygen excess composition, 

(2) 

(3) 

(4) 
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LNO-Cu10 shows small oxygen deficiency under low P(O2) 
condition. The oxygen deficiency under low P(O2) condition was 
also confirmed in (La,Sr)2NiO4+δ and La2CuO4+δ.

6, 32  The effect of 
dopant species on oxygen nonstoichiometric behaviour will be 
discussed in the next paragraph based on defect chemistry. In Figs 3 
and 4, the slope of 4+δ vs. logP(O2) curve becomes small near the 
stoichiometric oxygen content (4+δ ≈ 4), indicating the plateau like 
behaviour of 4+δ vs. logP(O2) near the stoichiometric oxygen 
content. This is consistent with the thermodynamic consideration of 
nonstoichiometric compounds.33 According to our defect chemical 
analysis on La2-xSrxNiO4+δ and Nd2-xSrxNiO4+δ, interstitial oxygen 
and oxygen vacancy hardly coexist in the K2NiF4-type oxide.6, 34 
Therefore, the amount of oxygen hypo-stoichiometry, δ, can be 
considered as the concentration of interstitial oxygen in this system.  

 
Figure 2. Oxygen content variation of La2(Ni0.9Fe0.1)O4+δ. Closed 
and open symbols were measured by TG and CT, respectively. 

 
Figure 3. Oxygen content variation of La2(Ni0.9Co0.1)O4+δ. Closed 
and open symbols were measured by TG and CT, respectively. 
 

The oxygen content of La2NiO4+δ, LNO-Fe10, LNO-Co10 and 
LNO-Cu10 at 1073 K are summarized in Figure 5 to evaluate the 
effect of B-site doping. The concentration of interstitial oxygen 
strongly depends on the dopant species. Compared with non-doped 
La2NiO4+δ, LNO-Fe10 and LNO-Co10 showed larger oxygen hypo-

stoichiometry, while LNO-Cu10 showed smaller. This can be semi-
quantitatively explained by the defect chemical consideration. The 
difference of oxygen content between LNO-Fe10 and La2NiO4+δ is 
about 0.05 under the same temperature and P(O2) condition. 
Plausible defect structure of LNO-Fe10 is that the Fe in LNO-Fe10 
is trivalent and the charge neutrality was maintained by the 
interstitial oxygen formation 

 
Fe�O& � 	
� → 2Fe+
∙ � O


,, � 2O��   (5) 
 

Here, the balance of La-site is omitted. The presence of trivalent Fe 
in La2NiO4+δ was confirmed by Mössbauer spectroscopy7. 

 
Figure 4. Oxygen content variation of La2(Ni0.9Cu0.1)O4+δ. Closed 
and open symbols were measured by TG and CT, respectively. 

 
Figure 5. Comparison of oxygen content of La2NiO4+δ 

6 and 
La2(Ni0.9M0.1)O4+δ (M = Fe, Co, Cu) at 1073 K.  
 
The difference of oxygen content between LNO-Co10 and 
La2NiO4+δ is about 0.03 under the same temperature and P(O2) 
condition. Two possibilities are considered in this case, one is Co is 
not fully trivalent but the mixed state of bivalent and trivalent, the 
other is Co is trivalent and charge neutrality was maintained by the 
formation of interstitial oxygen and electron 

 

Page 3 of 9 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

				Co�O& � 0	
� → 2Co+
∙ � 0O

,, � 2�1 1 0�e, � �3 1 n�O��        (6) 

  
Although the plateau of the 4+δ vs. logP(O2) curve may be expected 
at Ni mean valence of 2 for LNO-Fe10 and LNO-Co10, such a 
plateau behaviour was not observed around 4+δ ≈ 4.05. This may 
suggest unfilled band state at Ni mean valence of 2 in LNO-Fe10 
and LNO-Co10. Contrary to LNO-Fe10 and LNO-Co10, LNO-Cu10 
showed smaller oxygen content compared with La2NiO4+δ. One 
possibility of this behaviour is the presence of monovalent Cu and 
corresponding disappearance of the interstitial oxygen. However, 
monovalent Cu in K2NiF4-type oxides is questionable since almost 
stoichiometric La2CuO4 is a stable phase. The other possibility is the 
structural restriction for the insertion of oxygen into the rock salt 
structure. Strongly distorted CuO6 was reported (Cu-O along c: 2.43 
Å, Cu-O along ab: 1.9 Å), while the distortion of NiO6 was not so 
big (Ni-O along c: 2.28 Å, Ni-O along ab: 2.0 Å).35, 36 This is caused 
by the difference of the electronic structure, i.e., much stronger Jahn-
Teller distortion arises in Cu2+O6 (d9 state) than in Ni2+O6 (d8 state). 
The difference of the MO6 structure can strongly affect to the 
capacity of interstitial oxygen into the rock salt layer. 

In Figures 2-4, decomposition of the specimens due to the 
reduction was shown as dashed lines at each temperature. The 
decomposition P(O2) due to the reduction are summarized in Figure 
6 and compared with that of La2NiO4+δ. As shown in the figure, 
decomposition P(O2) of La2NiO4+δ has some range. While LNO-
Cu10 shows slightly better reduction tolerance than LNO-Fe10 and 
LNO-Co10, observed decomposition P(O2) of all specimen studied 
here is within the range of reported data.6, 37, 38 This indicates that 10 
mol% doping of Fe, Co and Cu on Ni-site does not affect the 
tolerance to the reduction decomposition. 

 
Figure 6. van’t Hoff plot of the decomposition P(O2) of 
La2(Ni0.9M0.1)O4+δ (Μ = Fe, Co, Cu). Reported decomposition P(O2) 
of La2NiO4-based oxides are also shown in the figure.6-8, 37, 38 

Crystal lattice deformation due to the interstitial oxygen 

formation in La2(Ni0.9M0.1)O4+δδδδ (M = Fe, Co, Cu) 

Figure 7 shows the obtained XRD patterns of LNO-Fe10 in 1 bar 
O2 at room temperature to 1173 K. It is clearly confirmed that the 
XRD peaks shift to the lower angle with increasing temperature, 
which is caused by the thermal expansion. Due to the analogy of the 
high Tc superconductor, La2CuO4, crystal structure of La2NiO4+δ 

have been widely studied. Various structure models are proposed for 
La2NiO4+δ near or below the ambient temperature, e.g., 
orthorhombic symmetries (Fmmm, Bmab), tetragonal symmetries 
(I4/mmm, F4/mmm, P42/ncm), and Phase separation.11, 36, 38-42 On the 
other hand, the tetragonal symmetry, I4/mmm, is suggested at higher 
temperatures.39, 41, 42 

 

  

Figure 7. XRD patterns of La2(Ni0.9Fe0.1)O4+δ measured in 1 bar O2 
at room temperature to 1173 K. (a) whole XRD spectra and (b) 
around the highest peak. 

 

Figure 8. XRD pattern of La2(Ni0.9Fe0.1)O4+δ measured at 873 K in 1 
bar O2 and the results of WPPD fitting. Rwp and GOF were 5.78 and 
1.58, respectively. 
 
In this study, the authors found that the diffraction patterns for all 
composition can be indexed by the tetragonal symmetry, I4/mmm, 
and no obvious advantages of orthorhombic symmetry model. 
Therefore, the authors calculate the lattice parameters assuming 
tetragonal symmetry. a and c represent the lattice parameter along 
AO and ABO3 layers and that perpendicular to these layers, 
respectively. To obtain the lattice parameters, WPPD fitting was 
carried out on XRD patterns measured at 873-1173 K in 10-4 to 1 bar 
O2 using TOPAS31. Figure 8 shows XRD pattern of LNO-Fe10 
measured at 873 K in 1 bar O2 and the result of WPPD fitting. Rwp 
and GOF were 5.78 and 1.58, respectively. Figures 9-11 show a, c, 
and the cell volume of LNO-Fe10, LNO-Co10 and LNO-Cu10 as 
functions of δ and T. As shown in the figures, anisotropic 
chemically-induced deformation was observed. As δ increased, a 
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decreased and c increased, as a consequence, the cell volume slightly 
increased with δ. This anisotropic chemical deformation is the 
unique phenomena of oxygen hypo-stoichiometric layered 
perovskite-type oxides, which is completely different from the 
chemical deformation of oxygen deficient perovskite- and fluorite-
type oxides.  The small chemical expansion behaviour was also 
reported by the dilatometric measurements.3 The same tendency of 
the chemical deformation was confirmed in all compositions studied 
here.  

As shown in Figs 9-11, local lattice deformation due to T 
and δ variation is significant in La2NiO4-based oxides. The 
formulation of the crystal lattice deformation behaviour is 
shown as follows. Because the lattice parameters are essentially 
determined by the oxygen content and temperature, a and c can 
be expressed by the total differential form by 

 

4�5, �� = 4678 � 9∂4∂5;% Δ5 � 9∂4∂�;< Δ� 

 

=�5, �� = =678 � 9∂=∂5;% Δ5 � 9∂=∂�;< Δ� 

  
where aref and cref are the lattice parameters at an arbitrary reference 
state. Partial differentiation terms, chemical and thermal expansion 
coefficients, of a are obtained from the a vs. T plots at the same 
δ and the a vs. δ plots at constant T.  In this study, it is assumed that 
the partial differentiation terms are independent of T and δ, meaning 
the lattice parameters linearly depend on δ and T. Partial 
differentiation terms in Eqs. 7 and 8 are calculated, and the average 
values in the temperature range of 873-1173 K are summarized in 
Table 1. The calculated results of Eqs. 7 and 8 using the parameters 
in Table 1 are shown in Figs. 9-11. The deformation model with a 
linear approximation can explain the chemically and thermally 
induced crystal lattice deformation of La2NiO4+δ based oxides. By 
the deformation model proposed in this study, one can estimate the 
structural changes of K2NiF4-type oxides under given atmosphere 
and temperature.  

The origin of the strongly anisotropic chemical and thermal 
deformation is estimated as follows. As shown in Fig. 1, it is 
considered that a is mainly determined by Ni-O bonding in NiO6 
octahedron and c is determined by both rock salt and perovskite 
structures. From the difference of the thermal expansion along a and 
c axes, i.e. �∂= ∂5⁄ �? is almost 10 times larger than �∂4 ∂5⁄ �?, it can 
be expected that the rock salt structure is easily deformed compared 
with Ni-O bonding in NiO6. Then, the structure of La2NiO4-baed 
oxides is interpreted as the alternate stacking of the strong NiO6 
layer and relatively soft rock salt layer. In La2NiO4-based oxides, Ni 
3d and O2p orbital are strongly hybridized and form 2-dimensional 
electronic conduction path. When interstitial oxygen is formed, hole 
is concurrently created in Ni-O band as shown in Eq. 1 and the 
Fermi level shift to the middle of the Ni-O band. Consequently, the 
covalency and bonding of Ni-O hybridized orbital becomes stronger 
and result in the slight decrease of a with δ. On the other hand, rock 
salt layer accepts interstitial oxygen and their structure will be 
relaxed by the electrostatic effect and loss of the free volume. The 
relaxation of the rock salt structure is allowed along c axis because 
ab plane is confined by the continuous NiO6 connections. This can  

be quantitative explanation of c increase with δ.  
 
Table 1. Partial differentiation terms for Eqs. 7 and 8 

 

   

    

Figure 9. Lattice parameters and the cell volume of 
La2(Ni0.9Fe0.1)O4+δ as functions of T and δ. Calculated results of Eqs. 
7 and 8 using the parameters shown in Table 1 are shown as lines 

Sample 9∂4∂5;? 9∂4∂�;< 9∂=∂5;? 9∂=∂�;< 

La2(Ni0.9Fe0.1)O4+δ 3.0 × 10-5 -0.081 2.1 × 10-4 0.84 

La2(Ni0.9Co0.1)O4+δ 3.1 × 10-5 -0.051 2.2 × 10-4 0.62 

La2(Ni0.9Cu0.1)O4+δ 3.2 × 10-5 -0.051 1.8 × 10-4 0.70 

(7) 

(8) 
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Figure 10. Lattice parameters and the cell volume of 
La2(Ni0.9Co0.1)O4+δ as functions of T and δ. Calculated results of Eqs. 
7 and 8 using the parameters shown in Table 1 are shown as lines 

 
 

 

 

 
Figure 11. Lattice parameters and the cell volume of 
La2(Ni0.9Cu0.1)O4+δ as functions of T and δ. Calculated results of Eqs. 
7 and 8 using the parameters shown in Table 1 are shown as lines 
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Thermal and chemical expansion coefficients of 

La2(Ni0.9M0.1)O4+δδδδ (M = Fe, Co, Cu) 

As shown in Figs 2-4, the oxygen content of La2NiO4+δ based 
oxides varies with temperature even in a fixed atmospheric 
condition. Therefore, thermal expansion in a given atmosphere 
is the apparent thermal expansion which contains both 
thermally-induced and chemically-induced deformations. 
Apparent linear thermal expansion coefficient, αapp, can be 
calculated from the slope of the (cell volume)1/3 vs. T in a given 
atmospheric condition, while true linear thermal expansion 
coefficient, αtrue, can be calculated from the slope of the (cell 
volume)1/3 vs. T under given oxygen content. αapp, αtrue and 
chemical expansion coefficients, αchem (=ε/δ), of La2NiO4-based 
oxides are summarized in Table.2. For the comparison, 
expansion coefficients of perovskite- and fluorite-type oxides 
are also summarized in Table 2.19-21, 24-26, 29, 30, 43-48 Compared 
with perovskites and fluorites whose oxygen defect is oxygen 
vacancies, La2NiO4-based oxides show much smaller αchem. 

That result in the small difference between αapp and αtrue. 
Layered perovskite oxides show much smaller chemical 
deformation compared with well known SOFC components and 
oxygen permeation membrane substrates such as (La,Sr)CoO3-δ, 
(La,Sr)(Co,Fe)O3-δ, (Ba,Sr)(Co,Fe)O3-δ and CeO2-based oxides. 
Small chemical deformation of layered perovskites is a 
preferable feature to fabricate reliable electrochemical devices. 
For instance, strong stress is expected in oxygen permeation 
membranes because the membranes are exposed to the large µO 
gradient under the operating conditions. Local oxygen content 
and corresponding crystal structure changes depending on the 
µO distribution in the membrane. Therefore, significant 
chemically-induced stress (strain) arises in high αchem 
membrane substrates. On the other hand, layered perovskite 
membrane is almost free from the chemically-induced stress 
even under large oxygen chemical potential gradient. In 
addition to excellent electrochemical properties, small αchem is a 
strong advantage of the layered perovskite oxides. 

 
Table 2. Apparent and true linear thermal expansion coefficients and chemical expansion coefficients of La2(Ni0.9M0.1)O4+δ (M = Fe, Co, Cu) 
and  perovskite- and fluorite-type oxides. 

Sample 
αapp / K

-1 
(T range, atm.) 

αtrue / K
-1 

(T range, δ.) 
αchem 

(δ range, T range) 
References 

La2(Ni0.9Fe0.1)O4+δ 
9.77 × 10-6 

(873-1173 K, 1 bar O2) 
9.93 × 10-6 

(873-1173 K, 0.12) 
9.2 × 10-3 

(0.10-0.16, 873-1173 K) 
This work 

La2(Ni0.9Co0.1)O4+δ 
10.1 × 10-6 

(873-1173 K, 1 bar O2) 
11.1 × 10-6 

(873-1173 K, 0.12) 
6.9 × 10-3 

(0.087-0.16, 873-1173 K) 
This work 

La2(Ni0.9Cu0.1)O4+δ 
9.42 × 10-6 

(873-1173 K, 1 bar O2) 
10.4 × 10-6 

(873-1173 K, 0.04) 
9.4 × 10-3 

(0.0072-0.068, 873-1173 K) 
This work 

La2NiO4+δ 
11.0 × 10-6 

(873-1173 K, 1 bar O2) 
11.6 × 10-6 

(873-1173 K, 0.08) 
4.4 × 10-3 

(0.049-0.12, 873-1173 K) 
29 

Nd2NiO4+δ 
11.6 × 10-6 

(873-1173 K, 1 bar O2) 
11.2 × 10-6 

(873-1173 K, 0.11) 
-1.8 × 10-3 

(0.063-0.15, 873-1173 K) 
30 

La0.6Sr0.4FeO3-δ 
17.1 × 10-6 

(873-1173 K, air) 
11.1× 10-6 

(773-1173 K, 0) 
0.027 

(0.017-0.12, 1073 K) 
24, 43 

La0.6Sr0.4CoO3-δ 
20.5 × 10-6 

(303-1273 K, air) 
- 

0.018  
(0.012-0.075, 869-1165 K) 

25, 44 

La0.6Sr0.4Co0.2Fe0.8O3-δ 
15.3 × 10-6 

(373-873 K, air) 
16.0 × 10-6 

(300-1100 K, 0) 
0.023 

(0.055-0.15, 1073 K) 
26, 45 

Ba0.5Sr0.5Co0.2Fe0.8O3-δ 
24.0 × 10-6 

(873-1123 K, 1 bar O2) 
20.8 × 10-6 

(873-1173 K, 0.72) 
0.019 

(0.70-0.82, 1073 K) 
46, 47 

Ce0.8Gd0.2O2-δ 
12.4 × 10-6 

(298-1273 K, air) - 
0.084 

(0-0.07, 1073 K) 
20, 21 

Ce0.8Sm0.2O2-δ 
11.1 × 10-6 

(298-1273 K, air) - 
0.064 

(0-0.04, 1073 K) 
19, 48 

Conclusions 

The oxygen content variation and crystal structure of 
La2(Ni0.9M0.1)O4+δ (M = Fe, Co, Cu) was measured by 
thermogravimetry, coulometric titration and high temperature X-ray 
diffraction measurements in N2-O2 atmosphere at 873-1173 K. 
Compared with non-doped La2NiO4+δ, La2(Ni0.9Fe0.1)O4+δ and 
La2(Ni0.9Co0.1)O4+δ shows higher interstitial oxygen concentration 
and La2(Ni0.9Cu0.1)O4+δ shows lower concentration, indicating better 
electrochemical performance of Fe and Co doped La2NiO4+δ. As the 
amount of excess oxygen increases, the lattice parameter 
perpendicular to the perovskite layer increases and that parallel to 
the layer decreases. Consequently, cell volume is slightly increases 
with interstitial oxygen concentration. The thermally-induced and 
chemically-induced crystal lattice deformation can be expressed by  

 

 
 
the model with a linear approximation. From the dependence of the 
lattice parameters on T and δ, apparent and true thermal expansion 
coefficients and chemical expansion coefficient were calculated. The 
chemical expansion coefficient of layered perovskites is much 
smaller than that of perovskite or fluorite type oxides. Better 
tolerance and mechanical compatibility are expected for La2NiO4-
based oxides. 
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Comprehensive studies on the crystal lattice deformation due to interstitial oxygen 

formation in layered perovskite oxides are presented. 
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