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Abstract 

La2NiO4+δ-based materials (LN) with  tetragonal K2NiF4-type structure  exhibit high 

electronic and oxygen ion conductivity. In this work synthesis, phase relations and 

oxygen transport properties are reported for the system La2-ySryNi1-xMoxO4+δ where 0.0 

≤ y ≤ 0.4 and 0.0 ≤ x ≤0.1. The solubility of Mo in LN is low, but becomes enhanced by 

Sr substitution on A-site. La1.8Sr0.2Ni0.95Mo0.05O4+δ (LSNM) bar shaped samples was 

subjected to electrical conductivity relaxation (ECR) for assessment of oxygen bulk 

diffusion (Dchem), oxygen surface exchange (kchem) and electronic conductivity. The p-

type conductivity was 50 S.cm-1 at 900 ºC, which is lower than both LN and LSN 

(Sr=0.2). On the other hand, kchem was enhanced by one order of magnitude compared 

with LN at all temperatures, while Dchem was lower at T>700 ºC and higher at T<700 

ºC. 
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1. Introduction 

Mixed conductors derived from nickelates with K2NiF4-type structure, La2NiO4+δ (LN) 

and doped LN-compounds have attracted much attention as promising materials for 

intermediate-temperature solid oxide fuel cell (IT-SOFC) cathodes and ceramic 

membranes for oxygen separation as well as applications involving partial oxidation of 

light hydrocarbons [1-9]. The advantages of LN-based materials include favorable 

oxygen transport properties (surface exchange and bulk diffusion) combined with 

moderate thermal- and chemical expansion and high electrocatalytic activity [10-13].  

The K2NiF4-type structure of LN is tetragonal (space group I4/mmm or F4/mmm), and 

corresponds to alternating layers of perovskite- and rock salt structure [14-19]. The 

oxygen ion transport may occur by a combination of vacancy diffusion in the perovskite 

layer and via interstitial sites between the rock-salt and perovskite layers [18, 20, 21].  

In order to estimate characteristic features of the oxygen transport and conductivity in 

LN based compounds, a simplified model may be considered [22-24]. As we will 

investigate the properties at relatively high partial pressures of oxygen we disregard the 

presence of oxygen vacancies and assumes that the main point defects in La2NiO4+δ are 

interstitial oxygen ions ( iO ) and electron holes ( h , originating from the presence of 

Ni3+). Hence the following defect equilibria may be formulated: 
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Charge balance is formulated in Eq, 3: 

 2 iO h    
  (3)  

And substituting Eq. 3 into Eq. 2 gives: 

2
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       (4)  

where Kp is a constant. Since the electronic conductivity, , is proportional to the 

concentration of charge carriers the following proportionality should apply for the non-

substituted case: 

2

1

6
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   (5) 

Substituting divalent Sr for trivalent La on A-site and hexavalent Mo for divalent Ni on 

B-site in La2-yAyNi1-xBxO4+δ, the electroneutrality may be formulated viz.: 

   2 4i La NiO Sr h Mo          
   (6) 

Eqs. 1 to 6 will form the basis for discussing the behavior of conductivity for both non-

substituted and substituted LN. 

It is reported in the literature that substitution on B-site with a higher valent element 

results in a higher concentration of interstitial oxygen, which may be beneficial for the 

oxygen diffusivity [11, 17, 20, 21, 23-26], while incorporation of a divalent Sr on A-site 

suppress the oxygen diffusivity [11-13, 23]. However, doping with Sr increases the 

overall conductivity, and EIS studies on Sr-substituted LN show a lower area specific 

resistance values compared with the non-substituted compound, which is advantageous 

for IT-SOFC applications [27, 28].  

The aim of the present work was to assess the phase relations in LN substituted with Sr 

and Mo and investigate the effect on electrical conductivity and oxygen transport 

properties (Dchem and kchem) as measured by the method of electrical conductivity 
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relaxation (ECR). 

 

2. Experimental 

La2-ySryNi1-xMoxO4+δ were synthesized by two different methods, namely solid-state 

reaction (SS) and spray pyrolysis (SP). Precursors for the SS-synthesis were Sr-

carbonate and oxides. The precursors were wet-milled (100% ethanol) in a planetary 

ball-mill (zirconia balls/0.5 cm) for 45 min, subsequently dried in a rotavapor prior to 

solid state reaction in air at temperatures between 1100 and 1500 ºC for 12 h. The SP 

powders were synthesized from stoichiometric aqueous solutions of La–EDTA, Ni–

EDTA and Mo–malic acid solutions added dried Sr-Nitrate. Typical final concentration 

of solutions prior to spraying was 0.2 M. Details of spray pyrolysis procedure are given 

elsewhere [29]. As-prepared powders were dry ball milled for 15 min, calcined at 700 

ºC for 8h, ball milled in 100% ethanol for 12 h, dried in a rotavapor and finally sieved 

(<50 µm). Phase composition and crystallography were assessed by X-ray diffraction 

(XRD: Bruker D8 Advance DaVinci) combined with Rietveld refinement for accurate 

determination of cell parameters. 

The electrical conductivity and oxygen transport properties were measured for 

La1.8Sr0.2Ni0.95Mo0.05O4+δ and assessed by electrical conductivity relaxation (ECR) with 

a four-point DC method at temperatures between 600 and 900 ºC using bar samples 

[30]. The bar-shaped green bodies (based on spray pyrolysed powder) were prepared by 

uniaxial pressing (0.8kN) followed by cold isostatic pressing (CIP, 200MPa). The green 

bodies were sintered in air at 1500 ºC for 4 h. The density was measured by the 

Archimedes´ method and the microstructure (fracture and polished surface) and element 

mapping (polished surface) was analyzed by scanning electron microscopy combined 
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with energy dispersive spectroscopy (SEM/EDS: Hitachi S-3400N). The sintered bars 

were cut, grinded and finally polished (1 µm diamond paste) to final dimensions of 

1×5×20 mm. A N2/O2 gas-mixing equipment (5.0 purity both gases) was used to control 

the oxygen partial pressure, which was varied stepwise between 0.2 and 0.0066 atm. 

Each step corresponded to 1/4-order of magnitude (
2

log( ) 0.25OP  ). A small step in 

oxygen partial pressure will increase the accuracy of the oxygen transport coefficients 

according to recommendations given in [30]. Both oxidation and reduction steps were 

performed.  

 

The transient conductivity relaxation behavior can be precisely described by Fick’s 

second law [31]: 

 (7) 

where σ0, σt, and σ∞ denote the conductivity at the initial time, t, and infinite time, 

respectively. Dchem is the chemical diffusion coefficient of oxygen. A is a measure of the 

contribution from the surface exchange defined as the ratio of half the sample thickness 

l to the characteristic length ld as: 

 (8) 

where kchem is the surface exchange coefficient and n is the positive root of:  

 (9) 

Eq. 7 can be solved numerically and further details are given elsewhere [30, 32]. Dchem 

and kchem were determined by fitting of the electrical conductivity relaxation data.  

 

3. Results and Discussion 
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3.1. Phase Relations 

XRD-analysis of LN substituted with Mo is shown in Fig. 1.  Formation of secondary 

phases is evident for a Mo-content x 0.0125. Assuming that equilibrium is established, 

a perovskite type phase (LaMo0.2Ni0.8O3) coexists with the main LN-phase for 

x(Mo)=0.0125 and 0.025, while three phases coexist at x(Mo)=0.05 (LaMo0.2Ni0.8O3, 

La6MoO12 and the main LN phase).  

 

Figure 1. Diffractograms of La2Ni1-xMoxO4+δ with x=0.0125, 0.025, 0.05. All SS-

samples are sintered at 1300oC while SP-sample is sintered at 1400oC. The presence of 

the major phase is compared with the characteristic reflections for tetragonal La2NiO4. 

 

La1.8Sr0.2Ni0.95Mo0.05O4+δ sintered at temperatures between 1250 and 1500 ºC was single 

phase, inferring that the solid solubility of Mo x 0.05 at Sr-content y=0.2. XRD-

analysis of the corresponding samples with higher Mo-contents is displayed in Fig. 2 

and disclose the presence of a secondary phase (perovskite type) at x>0.05. 

La1.6Sr0.4Ni0.95Mo0.05O4+δ was also prepared, but no phase pure samples could be 

obtained due to the formation of the secondary phase SrMoO4. A summary of phase 

relations for all compositions are given in Table 1. 
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Figure 2. XRD-data for La1.8Sr0.2Ni1-xMoxO4+δ (SS-samples) with x=0.05, 0.075 and 

0.1. All samples are sintered at 1300 ºC. The major LN phase is compared with the 

characteristic reflections for La1.8Sr0.2NiO4. 

Table 1. Synthesis methods, sintering temperature and phases observed according to 

XRD-analysis for the nominal stoichiometry: La2-ySryNi1-xMoxO4+. Cell parameters 

obtained by Rietveld refinement for the major LN phase are also listed. Estimated errors 

in cell parameters are  ±0.0015 Å and ±0.003 Å for a- and c-axis, respectively.  

y x Method T/ºC Major Phase Minor Phases a (Å) c (Å) 

0.0 

0.05 SP 1400 La2Ni1-zMozO4+δ 
La6MoO12 -
LaMo0.2Ni0.8O3 

3.866 12.665 

0.0125 SS 1300 La2Ni1-zMozO4+δ LaMo0.2Ni0.8O3 
3.864 12.679 

0.025 SS 1300 La2Ni1-zMozO4+δ LaMo0.2Ni0.8O3 3.863 12.682 

0.05 SS 1300 La2Ni1-zMozO4+δ 
La6MoO12-
LaMo0.2Ni0.8O3 

3.863 12.676 

0.2 

0.05 SP 1250 La1.8Sr0.2Ni0.95Mo0.05O4+δ -  3.848 12.695 
0.05 SP 1400 La1.8Sr0.2Ni0.95Mo0.05O4+δ - 3.848 12.676 
0.05 SP 1500 La1.8Sr0.2Ni0.95Mo0.05O4+δ - 3.849 12.675 
0.05 SS 1300 La1.8Sr0.2Ni0.95Mo0.05O4+δ - 3.847 12.696 
0.075 SS 1300 La1.8Sr0.2Ni1-zMozO4+δ LaMo0.2Ni0.8O3 3.847 12.688 
0.1 SS 1300 La1.8Sr0.2Ni1-zMozO4+δ LaMo0.2Ni0.8O3 3.847 12.689 

0.4 

0.05 SP 1400 La1.6Sr0.4Ni1-zMozO4+δ SrMoO4 3.287 12.704 
0.05 SP 1500 La1.6Sr0.4Ni1-zMozO4+δ SrMoO4 3.830 12.702 
0.05 SS 1100 La1.6Sr0.4Ni1-zMozO4+δ SrMoO4 3.827 12.711 
0.05 SS 1200 La1.6Sr0.4Ni1-zMozO4+δ SrMoO4 3.826 12.708 
0.05 SS 1300 La1.6Sr0.4Ni1-zMozO4+δ SrMoO4 3.828 12.705 
0.05 SS 1400 La1.6Sr0.4Ni1-zMozO4+δ SrMo4 3.830 12.703 
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The K2NiF4-type structure of La2-ySryNi1-xMoxO4+δ was found to be tetragonal with 

space group I4/mmm. Fig. 3 shows the variation in the a- and c- axis with Mo-

substitution for compositions with Sr-content corresponding to y=0, 0.2 and 0.4. Both	a	

and	c	change	with	Sr‐substitution,	While	a	contracts	with	Sr‐substitution	c	

expands.	The	first	can	be	explained	by	oxidation	of	Ni	due	to	Sr‐substitution,	while	

the	second	can	be	rationalized	by	the	larger	ionic	size	of	Sr2+	relative	to	La3+.	The	a‐

parameter	is	relatively	insensitive	to	Mo‐substitution,	while	c	clearly	expand	due	

to	Mo‐substitution 

 

Figure 3. Variation in cell parameter for La2-ySryNi1-xMoxO4+δ with Mo-content for 

compositions with 0.0, 0.2 and 0.4 Sr. Cell parameters for La2NiO4 is taken from [14]. 

Samples are heat treated at T=1300oC. Open symbols indicate single phase while filled 

symbols indicate the presence of secondary phases. Magnitude of error will typically be 

within the size of the symbols given in the figures. 
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A comparison among lattice parameters is given in Fig. 4. The c-axis expands as B-site 

is substituted with 10% Co and 10% Fe, while the a-axis is virtually independent. 

However, for compositions with Sr content x=0.2, the c-axis expands significantly and 

a-axis moderately as 0.05 Mo is added. Assuming 6-valent Mo on B-site, the expanded 

lattice may be due to an overall increase in interstitial oxygen. The ionic radius of 6-

valent Mo (6-coordinated, 0.59 Å) is significantly smaller than divalent Ni (6-

coordinated, 0.69 Å) and should not result in expansion based on size only. These 

assumptions are based on a dominating presence of divalent Ni on B-site, at conditions 

where a significant fraction of Ni is oxidized to trivalent Ni the ionic radii of Mo6+ and 

Ni3+ (high spin, 6-coordinated, 0.6 Å) are similar and substitution with Mo should not 

contribute to changes in unit cell based on ionic radii only. 
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Figure 4. Comparing lattice parameters for LN [14] and LN substituted with Co=0.1 

[20], Fe=0.1 [11] and Sr=0.2 [14]. Sample substituted with both Sr and Mo (LSNM) is 

taken from this work. 

3.2. Conductivity and Oxygen Transport Properties 

Single phase La1.8Sr0.2Ni0.95Mo0.05O4+δ (SP-powder) were sintered in air at 1500 oC for 4 

hours. Density was found to be 6.645 g/cm3 corresponding to > 95% dense as compared 

with a theoretical density of 6.929 g/cm3 (based on XRD-data). The resulting grain size 

showed a rather large variation (Fig. 12) corresponding to 14±8 µm. The bars of 

La1.8Sr0.2Ni0.95Mo0.05O4+δ were subjected to ECR to assess both oxygen transport 

properties and electrical conductivity as a function of temperature and partial pressure 

oxygen. Typical ECR-curves are given in Fig. 5, for both oxidation- and reduction step. 

The results presented in this section are based on one sample only. 

 

Figure 5. Typical electrical conductivity relaxation (ECR) profile of 

La1.8Sr0.2Ni0.95Mo0.05O4+δ at 700 ºC. Oxidation and reduction steps corresponding to 

0.066-0.1175 atm and 0.2-0.1175 atm, respectively. The blue triangles represent 

measured values while the solid lines show the results of fitting experimental data 

according to Eq. 7. 

 



11	
	

	 	 	

The oxygen pressure and temperature dependencies of the electrical conductivity for 

La1.8Sr0.2Ni0.95Mo0.05O4+δ compared with LN and LSN are shown in Figs. 6-7. The 

conductivity for all materials is seen to increase linearly with pO2 consistent with p-type 

conductivity, Eq. 5. Adding Sr to LN gives a significant increase in conductivity while 

the presence of Mo reduces the conductivity even below LN. According to the 

relationship given in Eq. 5, a 1/6-slope is predicted for LN, this behavior is reported by 

Jeon et al. [34] at low pO2´s, however, at higher partial pressures they report a less 

pronounced dependency approaching 1/10. The reason for the deviation at higher pO2´s 

may be due to formation of clusters and associates of point defects forming neutral 

point defects [35]. A defect model taking these phenomena into account is beyond the 

scope of the present work. It is evident from Figs. 6-7 that Mo reduce the electronic 

conductivity to some degree, the reasons for this may be twofold: The p-type 

conductivity is governed by a polaron hopping mechanism corresponding to electrons 

jumping between Ni-sites. 6- valent Mo- will occupy a Ni- site as NiMo  (Cf. Eq. 6), 

and may block the pathway for electronic charge carriers. Secondly, Mo may also 

reduce the average oxidation number of Ni corresponding to a lower fraction of 

Ni3+/Ni2+, that is, reduce the concentration of holes ( h ). This may be elaborated further, 

assuming the presence of 0.05 NiMo   on Ni-site it is interesting to notice that this will 

be exactly charge compensated by 0.2 LaSr  on La-site, indicating that the negative 

charge due to Sr-substitution is compensated by NiMo   rather than the formation of 

holes, h . The overall effect will be a reduced electronic conductivity. 
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Figure 6. Conductivity vs. PO2 at 900 ºC for LN [34], LN substituted with Sr=0.2 [28] 

and La1.8Sr0.2Ni0.95Mo0.05O4.  

 

Figure 7. Conductivity of La1.8Sr0.2Ni0.95Mo0.05O4+δ vs. temperature in air compared 

with LN and LSN [28]. 

 

The oxygen transport properties resulting from ECR-analysis are given in Figs. 8-10. It 

is seen in Fig. 8 that kchem is only marginally higher for a reduction step compared with 

an oxidation step, while Dchem is virtually independent of the type of step. Both Dchem 

and kchem increase with pO2 and temperature. In Fig. 9 the temperature dependency of 

Dchem for LSNM is compared with LN and LSN reported in the literature. The Dchem are 

average values from oxidation and reduction steps. The activation energies for LSN and 
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LSNM are rather similar, and adding Mo on B-site significantly increase the bulk-

diffusion coefficient, probably due to increased population of mobile interstitial oxygen 

corresponding to substitution of divalent Ni with 6-valent Mo (Eq. 6). The activation 

energy for LN is about twice the activation energy observed for LSN and LSNM. At 

temperatures < 700 oC Dchem for LSNM is higher than Dchem for LN, hence substitution 

with Mo may give an advantage with respect to bulk diffusion at moderate 

temperatures.    

 

Figure 8. Dchem and kchem vs. Po2 for La1.8Sr0.2Ni0.95Mo0.05O4+δ at 800 and 900 ºC 

assessed by ECR. pO2-step is 1/4-order of magnitude both for oxidation and reduction.  

 

Figure 9. Plot of Dchem vs. temperature and activation energies for 

La1.8Sr0.2Ni0.95Mo0.05O4+δ (pO2-step=0.2 to 0.117 atm), compared with La1.8Sr0.2NiO4+δ 

[36] (Po2-step=0.066 to 0.2 atm) and La2NiO4+δ [37] (Po2-step=1.0 to 0.2 atm).  
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Figure 10. kchem vs. temperature and activation energies for LSNM (Po2-step=0.037 to 

0.02 atm) and LN [34] (Po2-step =0.066 to 0.02 atm).  

 

Surface exchange coefficients (kchem) vs. temperature compared with LN and LSN are 

summarized in Fig. 10. It is seen that surface exchange is enhanced with more than one 

order of magnitude when LN is substituted with a combination of Sr (0.2) and Mo 

(0.05). This gives promise from an application point of view, being able to produce 

membranes with thickness less than the critical thickness rather high oxygen permeation 

fluxes may be obtained. 

XRD-analysis of samples before and after ECR is given in Fig. 11. Whereas the surface 

is single phase according to XRD prior to test, traces of a secondary phase is observed 

at the surface after ECR. Although XRD-analysis do not indicate secondary phases at 

the surface before ECR, SEM-images give in Fig. 12 a-b  show the presence of a few 

grains apparently sticking out of the surface. This may indicate that the solubility limit 

for Mo in La1.8Sr0.2Ni1-xMoxO4+δ –has been reached and a secondary Mo-rich phase has 

been formed, implicating that the solubility of  Mo in  La1.8Sr0.2Ni1-xMoxO4+δ  is slightly 

less than x=0.05. XRD-surface analysis after ECR clearly shows the presence of a 
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secondary phase, probably corresponding to the small grains peeking out of the surface 

as shown in the SEM-image in Fig. 12c. In the backscatter image (Fig. 12d) these grains 

appear black possibly due to topography. EDS-analysis of surface after ECR is given in 

Fig. 13 and shows areas enriched with Sr and Mo, which may be due to the formation of 

SrMoO4. Nevertheless, XRD- and SEM-analysis of the bulk phase after ECR (Fig. 11 

and Fig. 12e-f) indicate absence of secondary phases, or at least below the detection 

limit. The transport coefficients resulting from ECR-analysis did not change during 3-

weeks of testing at elevated temperatures, indicating that eventual formation of 

secondary phases at the surface did not affect the oxygen transport properties in the time 

interval investigated.   

 

Figure 11. XRD-analysis of La1.8Sr0.2Ni0.95Mo0.05O4+δ –samples before and after the 

electrical conductivity relaxation (ECR) tests. Upper and lower curve show surface 

analysis, while the curve in between is representative for the bulk (crushed sample) after 

ECR. 
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kchem was enhanced by one order of magnitude compared with LN at all temperatures 

while Dchem showed lower values at T>700 ºC and higher at T<700 ºC. Most likely 

SrMoO4 was observed on the surface after conductivity measurements, but the presence 

of the secondary phase did not affect the oxygen transport properties.  
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