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a b s t r a c t 

The solid-state compatibility between calcium-doped lanthanum niobate and three perovskite cathode 

materials was investigated using two X-ray microbeam techniques, micro X-ray fluorescence and mi- 

cro X-ray absorption spectroscopy. The cathode powders (lanthanum strontium ferrite, either cobalt or 

copper-doped, and lanthanum strontium cobaltite) in contact with the dense electrolyte pellet were an- 

nealed at 1150 °C for 12–144 h to simulate the effect of thermal stresses due to fabrication and long-term 

operation. As a result, several interdiffusion phenomena were then observed on the bilayer cross-sections: 

in particular, the chemical state and coordination environment of calcium, iron, niobium and lanthanum 

were probed with space-resolved X-ray absorption spectroscopy. The ab initio modeling of the near-edge 

X-ray absorption spectra reveal that the cation interdiffusion is facilitated by the structural flexibility of 

the perovskite structure, which is able to accommodate a variety of foreign cations in different oxida- 

tion states. Limited stability at high-temperatures was found for all candidate perovskite compositions in 

contact with lanthanum niobate. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

For decades, energy production and conversion have been at the 

orefront of materials research, propelled by the ever-increasing 

eed to generate and store electrical power by more efficient 

nd environmentally friendly processes. In this context, solid-oxide 

ells convert hydrogen to electricity or vice versa when working 

n fuel cell and electrolyzer modes, making them a central de- 

ice in the envisioned hydrogen economy. Among electrolytes for 

olid-oxide cells, proton conductors have a few decisive advantages 

ith respect to oxygen conductors, especially in the intermediate- 

emperature range (around 600 °C), because of the lower ac- 

ivation energy of the ion conduction process. [1–3] They also 

ave advantages in device operation: water is formed at the cath- 

de side, avoiding the dilution of the fuel. High proton conduc- 

ivity is found in perovskites, especially barium cerates and zir- 

onates, whose crystallochemical and electrochemical properties 

ave been extensively investigated in the last decades. [ 4 , 5 ] De-

pite their appealing conductivity, those perovskites have either 
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oor grain boundary conductivity (BaZrO 3 ) or limited chemical sta- 

ility to CO 2 (BaCeO 3 ): [ 6 , 7 ] even when the composition of cer-

tes/zirconates is engineered to overcome the above issues, their 

hemical compatibility with the most common ceramic cathodes 

s less than ideal [8–13] . 

The most studied alternative to perovskite-based proton con- 

uctors is LaNbO 4 , extensively studied as a SOFC electrolyte by 

orby’s group in Oslo [14] . To increase proton concentration and 

onsequently proton conductivity, doping of the lanthanum site 

ith a divalent dopant (e.g., Ca 2 + ) is usually performed. In gen- 

ral, the flexibility of the LaNbO 4 lattice is fairly low so that the 

esulting dopant solubility is limited to 1–2% mol. 

The compatibility of lanthanum niobates with ceramic cath- 

de materials was rarely investigated, with electron microscopy 

nd X-ray diffraction [15–17] , or with impedance spectroscopy 

18] , showing no reactivity with LaMnO 3 or LaFeO 3 , and the for- 

ation of secondary phases in contact with cobalt- or nickel- 

ontaining cathodes. Only two X-ray microspectroscopy studies ex- 

st in the literature, highlighting the intrinsic tendency of Ca or 

 dopants to exsolve from the parent LaNbO 4 lattice in contact 

ith (La,Sr)MnO 3 . [ 19 , 20 ] In any case, recent research effort s on

anthanum niobate attest to an ongoing interest in non-perovskite 

https://doi.org/10.1016/j.electacta.2021.139495
http://www.ScienceDirect.com
http://www.elsevier.com/locate/electacta
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Fig. 1. LSFCu/LNC 12 h at the Fe K-edge. Concentration profiles of niobium (blue), 

calcium (black), lanthanum (green), iron (red), and strontium (orange) (For inter- 

pretation of the references to color in this figure legend, the reader is referred to 

the web version of this article.). 
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Fig. 3. LSFCu/LNC 72 h at the Ca K-edge. Concentration profiles of niobium (blue), 

calcium (black), strontium (orange) ad lanthanum (green) (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version 

of this article.). 
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aterials as potential SOFC electrolytes [ 16 , 20–25 ], warranting a 

ore comprehensive understanding of its chemical compatibility 

n the solid-state. 

In this paper, we investigate the microstructure and chemi- 

al composition of the interface of La 0.98 Ca 0.02 NbO 4 (LNC) elec- 

rolyte after prolonged contact at high temperature with three 

ifferent cathode perovskites materials: La 0.6 Sr 0.4 Fe 0.8 Cu 0.2 O 3 (LS- 

Cu), La 0.6 Sr 0.4 Fe 0.85 Co 0.15 O 3 (LSCF) and La 0.6 Sr 0.4 CoO 3 (LSC). The 

athode/electrolyte interfaces were studied by scanning X-ray mi- 

rospectroscopy and X-ray absorption near edge structure (XANES) 

sing a synchrotron microbeam. The obtained results attest to the 

imited stability of the LNC/cathode interface when annealed at 

igh temperature with the investigated cathodes due to the for- 

ation of secondary phases with various compositions and mor- 

hologies. Our study highlights the importance of chemical com- 

atibility between cathode and electrolyte, especially in the high- 

emperature regime. Moreover, it highlights the necessity of a bet- 

er understanding of the finer solid-state phenomena at the inter- 

ace to maximize materials compatibility in the long term. [8] 

. Experimental section 

L SCF and L SC powders (Marion Technologies) were used as 

eceived, while LSFCu and LNC were synthetized by combustion 

ynthesis and solid-state reaction, respectively. Phase purity was 

ssessed by X-ray powder diffraction. Sintered LNC disks about 

0 ×1 mm were polished, surrounded with cathode powder, and 

ressed uniaxially at 7 tons. The cathode/electrolyte bilayers, were 

hen heat treated at 1150 °C for either 12, 72, or 144 h. The an-
ig. 2. LSFCu/LNC 12 h at the Fe K-edge. Left to right: concentration maps of calcium (red

ion of the references to color in this figure legend, the reader is referred to the web vers

2 
ealed cathode/electrolyte couples were embedded in epoxy resin, 

ross-cut, and polished to expose the cathode/electrolyte interface. 

Scanning X-ray microspectroscopy was carried out at beam- 

ine ID21 of the European Synchrotron Radiation Facility, Greno- 

le, France [26] , at the Nb L 3 -edge (2.4 keV), Ca K-edge (4.0 keV),

a L 3 -edge (5.5 keV), and Fe K-edge (7.2 keV). The beam size was 

50–750 nm x 400–450 nm (H x V), with a photon flux between 1 

nd 3 × 10 10 pH/s, depending on the beam energy. Data reduction 

nd concentration maps were obtained with PyMca [27] using the 

pectrocrunch package. [28] Fully relativistic electronic structure 

alculations were carried out with FDMNES to simulate the XANES 

pectra using the finite difference method [ 29 , 30 ]. As often hap-

ens with ionic materials, the non-excited absorbing atom, screen- 

ng, and dilatorb approximations/corrections were used in the ab 

nitio calculation to obtain the best agreement between simulated 

nd measured spectra. Further details on measurement geometry, 

esolution, and data analysis are found in Refs. [ 12 , 19 , 31 ]. 

. Results and discussions 

.1. LSFCu/LNC 

A substantial reaction is observed in the LSFCu/LNC couple after 

2 h of aging: a wide reactivity zone, larger than 50 μm, is visible 

n the concentration profiles ( Fig. 1 ) and even more evident in the 

lemental maps ( Fig. 2 ). 

A closer inspection reveals the formation of two distinct sec- 

ndary phases: one is closer to the cathode side, and it is enriched 

n strontium, calcium and iron, and depleted in lanthanum; the 
), iron (green), strontium (blue), niobium (red), lanthanum (green) (For interpreta- 

ion of this article.). 
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Fig. 4. LSFCu/LNC 72 h at the Ca K-edge. Left to right: concentration maps of calcium (red), niobium (green), strontium (blue) and lanthanum (red) (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of this article.). 

Fig. 5. LSFCu/LNC 72 h at the Fe K-edge. (Left) concentration map of iron (blue). (Right) Fe K-edge microXANES spectra measured at the different points whose position 

relative to the interface is shown in the left panel (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 

3 
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Fig. 6. LSFCu/LNC 72 h at the Ca K-edge. (Left) concentration map of calcium (red). (Right) Ca K-edge microXANES spectra measured at different points shown in the left 

panel (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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ther phase is formed at the electrolyte side, and it is mainly com- 

osed of lanthanum and calcium, and secondarily of strontium. The 

iobium content is almost constant throughout the reaction zone 

nd substantially lower compared to the LNC stoichiometry. 

Fig. 3 shows the concentration profiles after 72 h of anneal- 

ng. In these profiles, the wide reaction layer ( > 150 μm) is much 

harper and evident. The sharp peaks in the calcium profile on the 

ar left are due to the localized buildup of calcium in bulk LNC, 

lready described in Ref. [19] . 

Because of the extensive reaction zone, the microXRF mapping 

f this sample is carried out by tiling three different maps together 

cross the interface, as shown in Fig. 4 . The cations profiles here 

uggest the formation of three different secondary phases, layered 

n top of each other and parallel to the interface. In these re- 

ions, niobium concentration is almost constant, while other ele- 

ents accumulate. In particular, a thin layer enriched in calcium 

s formed closest to LNC (at around −60 μm in Fig. 3 ); moving

owards the cathode side, a second layer is formed, appearing as 

 heterogeneous aggregate of tiny particles with variable composi- 

ion (but relatively depleted in calcium). The second layer is most 

ikely the product of cation diffusion alongside meandering grain 

oundaries. Eventually, one last layer around 100 μm thick can be 

bserved: it is highly enriched in strontium (coming from the cath- 

de) and depleted in lanthanum. 

From the above results, a strong reactivity between LSFCu and 

NC is evident at 1150 °C. MicroXANES spectra at both Ca and 

e K-edges provide valuable hints for identifying the products of 

uch reactions. The layer closest to LSFCu is recognized as an ac- 

umulation of strontium in a perovskite containing Sr, La and Ca 

n the A-site, much enriched in strontium than the pristine LSFCu 

hase. Fe K-edge spectra, shown in Fig. 5 , always feature Fe in a

erovskite local environment, with varying absorption edge energy 

ue to Fe 3 + /Fe 4 + variable valence. In particular, the edge shifts to 

igher energy (increasing valence) in the Sr-enriched zone. The in- 
4 
egrated intensity of the Sr emission line in the spots shown in 

ig. 5 increases about five times between spots 1 (LSFCu) and 5 

LNC). In the last spot, due to the Sr 2 + enrichment, the perovskite 

e cation has a higher valence than in LSFCu (formally + 3.2). 

The analysis of Ca K-edge spectra ( Fig. 6 ) allows identifying 

he other Ca-containing phases closer to the LNC side. Spot 1 in 

ig. 6 is measured inside LNC, while the other spots are measured 

n different regions inside the reaction zone. The latter spectra are 

ery different from Ca in LNC and can be substantially modeled 

y ab initio simulations, shown in Fig. 7 . Simulated spectra indeed 

onfirm the chemical environment of the distorted eightfold coor- 

ination of Ca 2 + substituting La 3 + in the LNC lattice. In contrast, 

he spectrum acquired in the layer close to the LNC side (spot 

), rich in calcium and niobium, can be identified as a mixture 

f (Ca,Sr) 2 Nb 2 O 7 and CaCO 3 . Sr 2 Nb 2 O 7 was previously hypothe- 

ized as a secondary phase in Sr-doped LaNbO 4 ceramics treated 

t high temperatures. Therefore a similar compound is not unex- 

ected in LNC [ 32 , 33 ]. It is worth noting that although calcium

n LNC has long been assumed to substitute La 3 + in bulk LaNbO 4 

14] , this is the first direct evidence of its incorporation in the 

NC lattice. Calcium exsolution from LNC [19] due to its low sol- 

bility [32] , and the high mobility of strontium from cathode per- 

vskite materials has been extensively described in the literature. 

 34 , 35 ] 

Adding a significant fraction of calcium in a CaCO 3 environ- 

ent (around 40–50%) is necessary to achieve a satisfactory agree- 

ent between data and the model in the bottom panel, espe- 

ially around 4050–4060 eV The Sr solubility in CaCO 3 is very low 

 36 , 37 ], so all the Sr detected in this region is expected to be in-

orporated into the (Ca,Sr) 2 Nb 2 O 7 layered perovskite. In spot 3, 

he calcium local environment resembles a mixture of LNC and 

a 2 Nb 2 O 7 , with the main edge slightly shifted to higher energy. 

t this point, niobium and lanthanum dominate the composition 
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Fig. 7. LSFCu/LNC 72 h Ca K-edge microXANES spectra (black) measured in spot 1 

(bulk LNC, top panel) and spot 2 (interface, bottom panel) together with the mod- 

eled spectra (red): the modeled spectra are calculated for Ca 2 + in the La-site of LNC 

in spot 1, and a mixture of Ca 2 Nb 2 O 7 (blue) and CaCO 3 (green) in spot 2 (For inter- 

pretation of the references to color in this figure legend, the reader is referred to 

the web version of this article.). 

Fig. 8. LSCF/LNC 144 h at the Fe K-edge. Concentration profiles of niobium (blue), 

calcium (black), lanthanum (green), iron (red), and strontium (orange) (For inter- 

pretation of the references to color in this figure legend, the reader is referred to 

the web version of this article.). 
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Fig. 9. LSCF/LNC 144 h at the Fe K-edge. Left to right: concentration maps of calcium

interpretation of the references to color in this figure legend, the reader is referred to the

5 
t the expense of strontium, so the recrystallization of lanthanum 

iobate seems plausible. 

While LNC is stable against carbonation [18] , it is possible that 

fter the exsolution of calcium, some CaO in tiny domains is even- 

ually carbonated. However, we cannot rule out that a different 

nidentified Ca-containing species is present, with a very similar 

ocal environment as in CaCO 3 to reproduce the distinctive spec- 

ral feature at 4060 eV 

.2. LSCF/LNC 

The cations profiles of LSCF/LNC acquired at Fe K-edge are 

hown in Fig. 8 . 

The LSCF/LNC couple shows much less conspicuous reactivity 

han LSFCu/LNC, although a clearly defined reactivity zone 30 μm 

ide is visible after 144 h of aging. 

In this case, different interfacial layers can be identified in the 

aps, shown in Fig. 9 . All cations diffuse towards the opposing 

ide to a variable extent, so all layers inside the reactivity zone 

ontain a significant fraction of all cations. Close to the LNC side, 

here is a stark accumulation of calcium at the expense of both 
 (red), iron (green), strontium (blue), lanthanum (green) and niobium (red) (For 

 web version of this article.). 
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Fig. 10. LSCF/LNC 144 h at the Fe K-edge. (Left) concentration map of iron (blue). (Right) Fe K-edge microXANES spectra measured at different points shown in the left 

panel. 

Fig. 11. LSCF/LNC 144 h at the Nb L 3 -edge. (Left) concentration map of niobium (red). (Right) Nb L 3 -edge microXANES spectra measured at different points shown in the 

left panel (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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anthanum and niobium, and a significant amount of strontium is 

lso present. 

On the LSCF side, strontium is even more enriched, always at 

he expense of lanthanum: the most likely product is a mixed 

La,Sr,Ca)(Co,Fe,Nb)O 3 perovskite with a high Sr content. The LNC 

ide phase is rich in calcium and niobium, and deficient in lan- 

hanum. Also in this case, this secondary phase can be identified 
l

6 
s (Ca,Sr) 2 Nb 2 O 7 from the analysis of the Ca K-edge spectra dis- 

ussed below. 

The microXANES spectra recorded at the Fe K-edge are reported 

n Fig. 10 . Once more, the absorption edge overall shape and edge 

eatures are maintained, demonstrating that iron is always incor- 

orated in the B-site of a perovskite structure. However, the edge 

nergy shifts significantly to the right as the iron average va- 

ence is changed from + 3.2 in the parent LSCF phase (spots 1–
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Fig. 12. LSCF/LNC 144 h Nb L 3 -edge microXANES spectra (crosses) measured in spot 

6 (top) and spot 13 (bottom) together with the modeled spectra (lines): the mod- 

eled spectra are calculated for Nb 5 + in Ca 2 Nb 2 O 7 and Nb 5 + in the B-site of LSCF, 

respectively. 
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Fig. 13. LSCF/LNC 144 h at the Ca K-edge. (Left) concentration map of calcium (red). In th

spectra measured at the different points in the bulk and across the interface shown in th

reader is referred to the web version of this article.). 

7 
) to about + 3.6 in a Sr-enriched perovskite in the reaction zone 

spot 7). 

The spectra recorded at the Nb K-edge are reported in Fig. 11 . 

he absorption edge features change dramatically when moving 

cross the interface, testifying to a change of local environment for 

iobium, from LNC to the reactivity layers, and eventually inside 

SCF. 

The ab initio simulations once more help to identify unambigu- 

usly the niobium local environment. Inside bulk LNC, niobium is 

s expected Nb 5 + in a tetrahedral coordination (see below for an 

nalogous fitting). When diffusing towards the reaction layers, the 

ain absorption edge splits in two peaks, typical of the perovskite 

ocal octahedral environment [19] . In particular, pentavalent nio- 

ium in the layered perovskite structure Ca 2 Nb 2 O 7 ( Fig. 12 (top)) 

eproduces well the experimental spectra in the reaction layer, 

pots 6 and 7 of Fig. 11 . Further inside the cathode region, niobium

s still detectable in an appreciable amount, and here the spectra 

hange even more. In spot 13, there is not enough calcium to form 

a 2 Nb 2 O 7 , consequently, Nb 5 + is incorporated in the B-site of LSCF 

 Fig. 12 (bottom)). The tendency for Nb 5 + to be incorporated in 

he perovskite lattice (in the absence of calcium) is in line with 

he eventual formation of the LaCo 2/3 Nb 1/3 O 3 ordered perovskite 

eported in LaNbO 4 /LaCoO 3 diffusion couples [15] . 

The spectra recorded at the Ca K-edge across the LSCF/LNC in- 

erface are reported in Fig. 13 . Also, at calcium K-edge, the mi- 

roXANES spectra suggest three different local environments in 

he different zones across the interface, confirmed by the ab ini- 

io simulation ( Fig. 14 ). In particular, in the bulk of LNC (spots 1

nd 2 of Fig. 13 ) the local environment of Ca 2 + is correctly mod- 

led by the distorted 8-fold coordination of the low-temperature 

ergusonite LaNbO 4 structure. Spots 3 to 6 feature a different lo- 

al environment, whose sharp white line is well modeled with 

 Ca 2 Nb 2 O 7 layered perovskite environment. The second bump 

round 4060 eV can be reproduced by assuming a significant frac- 

ion of Ca 2 + (around 15–20%) sits in a secondary phase with the 

aCO 3 structure. In spot 8, the spectrum can be modeled using the 

SCF structure, with Ca 2 + in the perovskite A-site. 

A striking similarity is evident in the secondary phases formed 

t the interface from comparing microXANES spectra of LSFCu/LNC 

nd LSCF/LNC. In both cases, Ca 2 + exsolved from LNC is not com- 

letely incorporated in a perovskite-like phase. However, it forms 
is panel, LNC is on top, and LSCF is on the bottom. (Right) Ca K-edge microXANES 

e left panel (For interpretation of the references to color in this figure legend, the 
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Fig. 15. LSC/LNC 72 h at the La L 3 -edge. Concentration profiles of niobium (blue), 

calcium (black), lanthanum (green), and strontium (orange) (For interpretation of 

the references to color in this figure legend, the reader is referred to the web ver- 

sion of this article.). 
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8 
ome extremely dispersed CaCO 3 phase in various concentrations, 

hose spectroscopic signature at 4060 eV is of clear assignment. 

From the evidence of high reactivity found for both LSFCu/LNC 

nd LSCF/LNC couples and from the prior reported stability of a 

aNbO 4 /LaFeO 3 couple [15] , it can be inferred that both copper 

nd cobalt are responsible for the increase of reactivity. Anyway, 

t should be noted that undoped materials are undoubtedly more 

table from a solid-state chemical point of view but generally not 

uitable for practical applications. 

.3. LSC/LNC 

The interface between LSC and LNC after annealing shows a 

ery complex pattern of intergrown secondary phases. The con- 

entration profiles and maps for this electrode/electrolyte couple 

re shown in Figs. 15 and 16 , respectively. 

The profiles are broadly similar to the LSCF/LNC couple de- 

cribed above, with a reactivity zone 35 μm wide. As it was the 

ase in the other couples as well, different interface layers can 

e identified here: closer to the LSC side, a strontium enrichment 

t the expense of lanthanum is evident, together with reasonably 

arge niobium and calcium content; moving towards LNC, a thin 

anthanum-rich layer is encountered before a second mixed-cation 

egion, containing maximum concentrations of calcium and stron- 

ium, and relatively less lanthanum. In bulk LNC, localized calcium 

lumps are evident on the far left of the profiles. Interestingly, 

hese clumps are accompanied by analogous increases in the (how- 

ver low) strontium content, which has migrated from LSC to LNC. 

The features identified in the cation profiles are more evident 

n the elemental maps reported in Fig. 16 . In particular, the sec- 

ndary phase formed close to the LNC side is composed of areas 

ith acicular shape, rich in Ca, Sr and Nb, and poor in La. The for-

ation on the opposite side, close to LSC, is rich in Sr and Nb alone

nd composed of small particles very close to each other (contrary 

o the relatively high porosity of LSC): these two layers are sepa- 

ated by a thin La-rich layer. The correlations and anticorrelations 

etween the large cations Ca 2 + , Sr 2 + and La 3 + , competing for the 

ame lattice sites in the different phases, are shown in Fig. 17 . 

The microXANES acquired at the Nb L 3 -edge for the LSC/LNC bi- 

ayer are reported in Fig. 18 . Also, in this case, the absorption edge

eatures show dramatic changes, indicating modified local envi- 



A. Chiara, G. Canu, A. Longo et al. Electrochimica Acta 401 (2022) 139495 

Fig. 16. LSC/LNC 72 h at the La L 3 -edge. Left to right: concentration maps of calcium (red), niobium (blue), strontium (green), and lanthanum (red) (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.). 

Fig. 17. LSC/LNC 72 h at the La L 3 -edge. Left: correlation map of lanthanum (red) 

and strontium (green). Right: correlation map of calcium (red) and strontium 

(green) (For interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article.). 
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onments for niobium, starting from LNC to the several secondary 

hases and eventually inside LSC. 

Again, ab initio simulations were performed to model the lo- 

al environment of niobium ( Fig. 19 ). In LNC, niobium is present 

s Nb 5 + in a tetrahedral coordination. As it diffuses out of LNC 

owards the cathode, niobium is incorporated in a Nb:LSC phase 

here Nb 5 + substitutes cobalt in the B-site of the perovskite, then 

 (Sr,Ca) 2 Nb 2 O 7 layered perovskite phase is formed. Nb 5 + features 

 conspicuous splitting of the main absorption edge in the two lat- 

er cases, typical of an octahedral environment (common to both 

SC and (Sr,Ca) 2 Nb 2 O 7 ). 

Overall, although the reactivity observed in the LSC/LNC cou- 

le is similar to LSCF/LNC (as can be expected from their composi- 

ion), the interface morphology is very different. In LSCF/LNC, the 

ation diffusion results in smooth profiles perpendicular to the in- 
9 
erface, as expected in a concentration-driven process. On the other 

and, cation migration from LSC drives the formation of needle- 

ike crystals, which suggests the preferential diffusion of cations 

long these directions. 

. Conclusions 

A comprehensive investigation of the solid-state reactivity be- 

ween Ca-doped lanthanum niobate with perovskite cathodes was 

arried out using X-ray absorption microspectroscopy and ab initio 

odeling of the absorption spectra. The high-temperature treat- 

ents result in an evident cathode/electrolyte reactivity forming 

everal secondary phases for all samples. In general, secondary 

hases are organized in layers parallel to the cathode/electrolyte 

nterface. Two major secondary phases were observed in all cases: 

ne at the cathode side, with a structure and composition similar 

o the cathode but with a strong strontium enrichment; the other 

t the electrolyte side, with a perovskite-like (Ca,Sr) 2 Nb 2 O 7 struc- 

ure. Despite all samples showing reactivity, the extent of the re- 

ctivity zone in the LSFCu/LNC couple is about three times larger 

han in the other two. In a previous study, the LSFCu and LSCF re- 

ctivity with trivalent-doped ceria was compared, finding similarly 

ncreased reactivity for the Cu-containing perovskite [31] . It seems 

vident that the presence of copper plays a role in the interface 

tability, triggering a faster interdiffusion. 

Other significant differences are evident in the interface mor- 

hology. L SFCu/LNC and L SCF/LNC show a homogeneous cation dis- 

ribution at the interface, while in LSC/LNC the needle-like sec- 

ndary growth was identified as (Ca,Sr) 2 Nb 2 O 7 . Although to a 

esser extent than copper, cobalt increases the reactivity compared 

o an undoped LaFeO 3 which was found to be stable in contact 

ith lanthanum niobate at high temperature [15] . 

Comparing the microXANES of all samples, each cation is found 

o follow a distinctive trend. Iron features an octahedral perovskite 

-site environment in all the investigated zones, shifting to higher 

xidation states inside the interface reactivity zone. The shift is 

riven by the higher strontium concentration present in the sec- 

ndary phase, increasing Fe 4 + content. In calcium microXANES 

pectra, it is possible to identify three different chemical environ- 

ents: the first, inside bulk LNC, features Ca 2 + in the La 3 + site 

n the LNC lattice; the second is placed in the reactivity zone, 

nd features calcium in the (Ca,Sr) Nb O structure, together with 
2 2 7 
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aCO 3 ; the third environment was identified in the cathode zone, 

nd it is due to calcium entering the A-site of the perovskite 

athode as a dopant. In the niobium microXANES, two chemi- 

al environments are found: one in bulk LNC, with Nb 5 + tetrahe- 

rally coordinated; in the reactivity zone, Nb 5 + is present in both 

Ca,Sr) 2 Nb 2 O 7 and as a dopant in the perovskite B-site. 

In conclusion, the formation of secondary phases with vari- 

us compositions and morphologies in the regions near the in- 

erface confirms the limited chemical compatibility between LNC 

lectrolyte and L SCF/L SFCu cathodes. Among the cathode materials 

onsidered so far, LSM remains the most stable candidate. [19] This 

tudy highlights the limited stability of lanthanum niobate against 

igh-temperature treatments in contact with common perovskite 

athodes, pointing out a severe issue in the long-term performance 

f SOFC devices based on these couples. Moreover, as previously 

ut forward [ 8 , 12 , 19 , 20 , 31 ], X-ray microprobe techniques are es-

ential for assessing the solid-state compatibility in durable solid- 

tate devices. 
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