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In the current manufacturing process of novel LaNbO4-based proton conducting fuel cells a thin layer
of the electrolyte is deposited by wet ceramic coating on NiO-LaNbO4 based anode and co-sintered
at 1200-1300°C. The chemical compatibility of NiO with acceptor doped LaNbO4 material is crucial to
ensure viability of the cell, so potential effects of other phases resulting from off-stoichiometry in accep-
tor doped LaNbO4 should also be explored. Compatibility of NiO with Ca-doped LaNbO,4 and its typical
off-set compositions (LazNbO; and LaNbsQyg) are investigated in this work. It is shown that while NiO
does not react with Ca-doped LaNbQy, fast reaction occurs with LazNbO; or LaNb3Og. LazNbO; and NiO
form a mixed conducting perovskite phase LaNiy;3Nby;303, while LaNb3zOg and NiO form either NiNb,Og
or NigNb,0g depending on the annealing temperature. This implies that manufacturing LaNbO4-based
proton conducting fuel cells requires a strict control of the stoichiometry of the electrolyte.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

During the past years, novel proton conducting solid oxide fuel
cells (PC-SOFCs) integrating alkaline doped LnNbO,4 electrolytes
have been thoroughly investigated as potential candidates for
overcoming current challenges of this technology. The recently dis-
covered acceptor-doped rare earth ortho-niobate oxides show good
chemical stability in steam and carbon containing atmospheres,
sufficient mechanical strength and have reasonably low sintering
temperature compared to other ceramic proton conducting mate-
rials. Acceptor-doped lanthanum ortho-niobate (LaNbQy4) exhibits
proton conductivities close to 0.001Scm™! for LagggCagg; NbO4
under 2.5% H,0 at ~950°C [1,2]. These materials are thus of poten-
tial use as electrolytes for PC-SOFCs, provided that thin layers of ~1
to 2 pm thick are manufactured to achieve acceptable electrolyte
resistances. For the production of single cells, highly performing
and compatible electrodes have to be developed. Nickel is often
chosen as the main anode component because it exhibits the
highest electrochemical activity towards oxidation of H,. As man-
ufacturing of the cell is often carried out in air, NiO is commonly
used during cell assembly, and Ni is obtained during in situ reduc-
tion of the complete cell. While it is obvious that acceptor doped
LaNbO,4 should not react with Ni during cell operation, it is also
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essential that NiO does not react during fabrication with LaNbOQy, its
Ca-doped analogue, and LaNbO, off-stoichiometric compositions.
We will demonstrate in this work that the presence of these phases
have an important impact on the microstructure at the interface
between the electrode-electrolyte and this may lead to detrimental
effects on LaNbOg4-based fuel cells performance, as already men-
tioned in Ref. [3].

It has recently been shown that LaNbOQy is a “line” compound
and offset from the nominal 1:1 ratio between La and Nb cations
leads to the formation of LazNbO7 or LaNb3Og as secondary phases
[4]. Additionally, the use of an alkali earth dopant (typically Sr or
Ca), which is necessary to improve the protonic conductivity, can
also contribute to the formation of additional secondary phases. The
solubility limit of alkali earth cations in LaNbOQy is very low, in the
range of 0.5 to 1 mol.% but has not yet been precisely determined.
The large number of binary and ternary oxide compounds reported
in the phase diagrams AO-La;03-Nb,0s5 (A=Ca, Sr) [5,6] gives
rise to significant challenges for controlling material’s stoichiom-
etry. Thorough investigation of acceptor doped LaNbO4 materials
prepared by spray-pyrolysis points out that traces of LagNbO or
LaNbs Qg are always present, though their extent varies depending
on the synthesis procedures [7]. It is therefore important to deter-
mine not only whether NiO reacts with LaNbQy, but also with these
additional, unintentional phases.

This work reports on the compatibility between NiO and niobate
phases in screen-printed Lag gg95Cag gosNbO4 (LCNO):NiO compos-
ite anodes deposited on self-supported LCNO electrolyte. Various
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annealing temperatures are applied to investigate effects of sec-
ondary phases on the composition and the microstructure of
the anode and the interface anode/electrolyte. Reaction sintering
between NiO and single phase LazNbO7; or LaNb3;Og materials is
also carried out to support this investigation and to identify the
reaction products.

2. Experimental work
2.1. Materials synthesis

NiO powder was purchased at GFS Chemical. Two batches of
LCNO material were produced by spray-pyrolysis at the Norwe-
gian University of Science and Technology (NTNU) as sub-micron
particle size powders as described in Ref. [5] and references therein.
The first batch contained single phase LagggsCaggosNbO4 powder
(batch I), while the second batch additionally contained traces of
secondary niobate phases (batch II). The amount of secondary phase
was not known, but was estimated to be below 2-3%, since labo-
ratory X-ray diffraction patterns showed the reflections of LaNbO4
only. Both single phase LazNbO; and LaNb3;Og were prepared by
solid state reaction according to a procedure already described
[8,9], and La(Ni,;3Nby/3)03 was synthesized by a polymeric route
as reported in Ref. [10].

2.2. Reaction sintering between NiO and lanthanum niobate
oxides

Powder mixtures containing 50wt.% of NiO and 50wt.% of
LazNbO; or LaNb3Og were ball milled in isopropanol for 1h
at 250rpm. NiO is in excess (molar-wise). The mixtures were
dried, pressed into pellets, and annealed in air at 1200, 1300,
1400 and 1500°C for 5h with both heating and cooling rates of
200°Ch1,

2.3. Screen-printing of NiO-LCNO composite anodes on a dense
LCNO electrolyte support

Inks of NiO:LCNO (40vol.% Ni) were prepared by mixing NiO
powder and LCNO powder from batch Il with a commercial organic
binder vehicle (Heraeus V006) and terpineol. The mixing was
carried out in a planetary miller at 300 rpm for several hours.
The inks were screen-printed on dense self-supported LCNO elec-
trolyte pellets (made out of LCNO batch II), which were sintered
in air at 1400°C for 5h. For comparison, additional electrolyte
supports were produced using LCNO powder from batch I to
coat a NiO layer anode. Prior to the deposition of the anodes,
the pellets were polished using SiC grinding paper and then
washed in ethanol. The as-deposited composite layers were dried
in air at 90°C, and further annealed at 1150-1400°C for 2h, in
air.

2.4. Characterization of materials

Samples were examined by a field emission gun scanning elec-
tron microscope (SEM; FEG Quanta 200 FEI) equipped with X-ray
energy dispersive spectroscopy (EDS; EDAX) and by X-ray diffrac-
tion (XRD; SIEMENS D5000). Thermogravimetric analysis (TGA;
SDT 2960 from TA Instruments) of La(Niy;3Nby;3 )03 in powder form
was carried out in 5% dry H, balanced with Ar upon annealing from
room temperature up to 550°C or 1200 °C with both heating and
cooling rates of 10°Cmin~1.
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Fig. 1. Representative SEM micrographs of a 40vol. % NiO-LCNO composite
annealed at (a) 1200 and (b) 1400°C, from Ref. [11].

3. Results
3.1. Reactivity between NiO and LCNO from batch I

XRD and SEM analyses carried out on solid state sintered NiO
and LCNO powder from batch I did not reveal formation of sec-
ondary phases, as reported in Ref. [11], even after annealing in
air at 1400°C. Representative micrographs are shown in Fig. 1.
Transmission electron microscopy and X-ray photoelectron spec-
troscopy also confirm that no interdiffusion or formation of any
secondary phases occur at the interface between NiO and accep-
tor doped LaNbO4 [12,13]. These results are consistent with the
NiO-La;03-Nb, 05 ternary phase diagram, which does not predict
any reaction between NiO and LaNbQO4 [14].

3.2. Reactivity between NiO and LasNbO7 as a function of
temperature

The diffraction patterns obtained after annealing a mixture of
LasNbO; and NiO at various temperatures are displayed in Fig. 2.
The reaction results in a new phase with the perovskite-type struc-
ture, which forms at 1200 °C along with a minor amount of La3NbO7
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Summary of the lattice parameters of NiO and La3zNbO>, and the reaction products before and after each thermal treatment (TT) obtained by the Le Bail refinement method.

Literature values

Before TT

1200°C

1300°C

1400°C

1500°C

NiO
Fm-3m
(pdf: 04-0835)

L33Nb07
Cmcm
(pdf: 71-1345)

La(Niy;3Nby/3)03
P2/n
(Ref. [10])

a(A)

a(A)
b (A)
c(A)
a(A)
b (A)
c(A)

4177

11.167
7.629
7.753

5.582
5.619
7.905

4.176

11.155
7.634
7.755

4.176

<3%
(not
refined)

5.588
5.633
7917

4177

Not
detected

5.586
5.636
7.915

4.177

Not
detected

5.584
5.638
7914

4.178

Not
detected

5.586
5.640
7917
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Fig. 2. XRD patterns for the reaction products between La3NbO- (i) and NiO after
annealing at 1200 (ii), 1300 (iii), 1400 (iv) and 1500°C (v).

(and NiO - excess). The reaction is complete at 1300°C, and the
XRD pattern of the annealed mixture does not change signifi-
cantly between 1300°C and 1500°C. The new phase corresponds
to La(Niy3Nby/3)03, recently reported by Tolchard et al. [10]. The

lattice parameters obtained by the Le Bail refinement method [15]
for the reactants and the products fall within the values reported
in the literature for the identified oxides (Table 1).

The observation of the reaction products by SEM (Fig. 3) is
consistent with the XRD results; EDS only detects two phases con-
taining Ni and O (dark phase in the micrograph) corresponding to
NiO, and another phase containing La, Ni, Nb and O (white phase).
It can also be seen that the new phase has sustained grain growth
during annealing from 1200°C to 1500°C. From these results, it
is found that the following chemical reaction can be expected at
temperatures equal and above 1200°C:

1/3La3NbO; +2/3Ni0 — La(Niy/3Nby /3)03 1)

Additional TGA reveals that the perovskite is not stable under
reducing conditions, as shown by the thermal decomposition and
post-analysis of La(Niy;3Nby/3)03 powder in dried 5% Hp upon
annealing up to 1200°C (see Fig. 4). There is a small weight loss
below 550°C that probably corresponds to evaporation of water
and/or decomposition of remaining organics. XRD at point 1 shows
essentially no differences compared to the as-synthesized powder.
The second step starts above 800 °C, is completed at 1100 °C and is
characterized by a weight loss of ~4.4%. This probably corresponds
to the full reduction of Ni2* to Ni (the theoretical is 4.15%). An evi-
dence of the decomposition is shown by the presence of metallic Ni
and LazNbO- (XRD at point 2, c.f. Fig. 4). Subsequent annealing in air
of the latter at 800 °C yields to the formation of NiO nanoparticles
and Laz NbO;.

3.3. Reactivity between NiO and LaNb30qg as a function of
temperature

The diffraction patterns of the reaction products after annealing
LaNb30g and NiO at various temperatures are depicted in Fig. 5.
It can be seen that LaNb3Og reacts with NiO to form NiNb,Og
and LaNbO4 at 1200°C, in accordance with XRD combined with
SEM/EDS analyses. The observation by SEM (Fig. 6a) shows the
presence of several phases with different morphologies. The phase

10 um

Fig. 3. SEM micrographs of the reaction products between LazNbO; and NiO after annealing at (a) 1200, (b) 1300, (c) 1400, and (d) 1500°C.
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Fig. 4. Thermal decomposition of La(Ni;3Nb;;3)03 powder from RT to 1200°C in
dry 5% Hy/Ar. XRD patterns were collected at the points marked as 1 and 2.

with spherical-like grains corresponds to NiO, while the phase with
acicular-shaped grains contains mostly Ni and Nb. The Ni:Nb ratio
of this composition is about 0.5-0.7 by EDS analysis.

Higher annealing temperature results in the formation of
NigNb,Og. NiO is still present at all temperatures (it is in excess).
The lattice parameters of NiNb,Og and NigzNb,Og obtained from
XRD after each thermal treatment are listed in Table 2. SEM micro-
graphs of the reaction products after annealing at 1300-1400°C
(Fig. 6b and c) show the presence of at least three phases of differ-
ent morphology and composition: the darker phase corresponds to
NiO, the white phase to LaNbQOy, and the grey grains contain both
Ni and Nb. The Ni:Nb ratio is about 2-2.5 from EDS. Hence, these
results are in accordance with the formation of NigNb,Og.

B LaNb;Oq o ® Ni,Nb,Oq4
] . + NiNb,O,
o NiO 2%
A LaNbO,

Relative intensity (%)

10 20 30 40 50 60 70 80
20

Fig. 5. XRD patterns for the reaction products between LaNb3Oq (i) and NiO after
annealing at 1200 (ii), and 1300 °C (iii).
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Fig. 6. SEM micrographs of the reaction products between LaNb30g and NiO after
annealing at (a) 1200, (b) 1300, and (c) 1400°C.
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Table 2
Summary of the lattice parameters of NiO and LaNb3 0o, and the reaction products before and after each thermal treatment (TT) obtained by the Le Bail refinement method.
Literature values Before TT 1200°C 1300°C 1400°C

NiO a(A) 4177 4177 4.176 4.176 4.176
Fm-3m
(pdf:04-0835)
LaNb3Og a(A) 3.911 3.917 Not detected Not detected Not detected
P4/mmm c(A) 7.908 7.915
(pdf: 32-0496)

a(A) 5.204 5.203 5216 5.205 5.204
LaNbO4 2
12/a b({\) 11.521 11.523 11.524 11.520 11.525
(pdf: 32-0496) c (A) 5.568 5.564 5.553 5.565 5.567

B() 94.09 94.04 93.74 93.95 94.03
NiNb,Og a(A) 14.022 14.036 Not detected Not detected
Pbcn b (A) 5.675 - 5.676
(pdf: 31-0906) c(A) 5.015 5.020
NizNb;0g a(A) 5.055 <3% (not refined) 5.026 5.031
Pcan b(A) 8.769 - 8.760 8.760
(pdf:77-2409) c(A) 14.304 14.335 14.354

112(La,0,) 9" NiO

Fig.7. La;03-Nb,05-NiO ternary phase diagram at 1250 °C, modified from Tolchard
etal. [10].

One may, therefore write the following reactions:

LaNb30g + NiO — NiNbyOg +LaNbO, (~1200°C) 2)

NiNb,Og + 3NiO — NigNby;Og (> 1300°C) (3)

This implies that LaNb3Og will react with NiO at temperatures
equal and above 1200 °C, which is a minimum temperature needed
to obtain well adhered electrode composites on the LCNO elec-
trolyte. The phases formed during high temperature annealing will
depend on temperature. These findings are in accordance with the
phase diagram of NiO-La;035-Nb,0s5 [14,16], as NiNb,Og is a sta-
ble ternary compound being almost stoichiometric after sintering
at 1200°C [17]. NigNb,Og is not stable at 1200°C[17], and starts to
form from NiNb,Og and NiO only at relatively high temperatures
(~1250°C and above)[16,18]. The phase diagram with the relevant
phases at 1250°C is drawn in Fig. 7 after Tolchard et al. [10].

3.4. Investigation of NiO-LCNO screen-printed anodes

Screen-printed NiO-LCNO composite anodes deposited on
dense LCNO electrolyte from batch Il were annealed in air at tem-
peratures ranging from 1150°C to 1400°C. All samples present
on their surface a relatively well defined “segregation rim”, which

extends over more than ~100 wm (at 1200 °C) from the compos-
ite anode and outwards over the dense electrolyte surface. In some
samples, it was also possible to observe these secondary phases
in cross-section view at the interface between the Ni-LCNO anode
and LCNO electrolyte. The centre of the anode, on the other hand,
does not exhibit secondary phases, and only NiO and LaNbO4 can
be seen.

The surface of NiO-LCNO anode annealed at 1200 °C is shown in
Fig. 8. One can clearly observe the formation of a secondary phase
with acicular-like shape along the rim (c.f. inset in Fig. 8a), while the
surface at the centre of the composite looks unreacted (Fig. 8c) and
similar to that shown in Fig. 1. EDS analyses of the segregation rim
detected a Nb:Ni:La composition of about 1:(0.6 £0.2):(0.2 £0.2).
The corresponding spectrum is shown in Fig. 9(iv), and is relatively
similar to the one obtained for the NiNb,Og phase described in
Section 3.3.

The microstructure at the rim does not change dramatically from
1200 to 1250°C (Fig. 10a and b), though the size and extent of for-
mation of secondary phases increase. At temperatures higher than
1300°C, the microstructure at the rim evolves into a new phase
with melted appearance (Fig. 10c and d). The extent of segregation
has increased further at these high temperatures, and the segrega-
tionrim is no longer confined to the interface electrode-electrolyte,
but also diffuses into the anode composite. EDS analysis detected a
Nb:Ni:La composition of about 1:(2.5+0.3):(0.1 £0.1). The corre-
sponding spectrum is shown in Fig. 9(v) and shows similarities to
the one presented in Section 3.3 for NigNb,Og.

In order to confirm the identified phases, X-ray patterns of the
surface of the specimens were recorded and are shown in Fig. 11.
It is found that the samples annealed between 1150°C and 1250°C
contain NiNb,Og (pdf: 72-0481), in accordance with microanalysis
given by EDS and the typical morphology of this phase. At tempera-
tures above 1300 °C, the peaks may be identified as NigNb,Og (pdf:
77-2409). We should mention that the available structural model of
NigNb,Og does not fully fit all reflections corresponding to the new
phase, as intensity and position of some of the peaks are slightly
shifted. For this reason, a new structural model for this phase is
under investigation by transmission electron microscopy [19].

In order to explain the formation of these secondary phases,
a closer inspection of the electrolyte before screen-printing
NiO-LCNO composite was carried out (Fig. 12). XRD analysis only
reveals the presence of LCNO phase, and its typical microstructure
is shown in Fig. 12a. However, careful SEM observations show that
some regions at the surface of LCNO pellets have other compo-
sitions (Fig. 12b and c). A Nb-rich phase is detected as a darker
phase under the back-scattered detector, or as small cube-shaped
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20 um

Fig. 8. (a) SEM micrographs of a low magnification view of the rim
electrode-electrolyte; inset shows the microstructure of the segregated phase at
the rim, (b) photograph of a screen printed NiO-LCNO composite on a LCNO elec-
trolyte support annealed at 1250°C, and (c) a SEM micrograph of the NiO-LCNO
composite.

20 pm

100 pm
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Relative Intensity (%)

E (eV)

Fig. 9. Representative EDS spectrums of (i) a NiO particle in a NiO-LaNbO4 compos-
ite, (ii) LaNbOQy (electrolyte) (iii) LaNbsOg (in the electrolyte), (iv) NiNb,Og (at the
rim) and (v) NigNb,Og (at the rim/electrode). All lines can be identified as O, Ni, Nb
or Ni, but only the main lines for each element are highlighted, for simplicity.

crystals. Analysis by EDS of these phases reveal a La:Nb ratio of
around 1:3 (c.f. Fig. 9(iii)), and can be ascribed to LaNb3Og. LaNbO,
and LaNb3Og can form a liquid phase around ~1370°C according to
the La;03-Nb, 05 phase diagram, and this could explain the melted
appearance in the micrograph at Fig. 12b, since the electrolyte was
sintered at 1400 °C. We can therefore conclude that LaNb3;Og at the
surface of a LCNO pellet has reacted with NiO at high temperatures
at the electrode-electrolyte rim to form NiNb,Og or NigNb,Qg,
and it is the presence of this phase that is the responsible of the
appearance of the “segregation rim”.

LCNO dense pellet made from batch I powder, which does not
contain La3NbO7 or LaNb30g, was used to screen-print ink of pure
NiO. After annealing at 1250 °C, the interface was free of secondary
phases through the entire rim (see Fig. 13), which means that
obtaining powders with suitable LCNO stoichiometry is possible
and otherwise essential in order to control the reactivity at the
NiO-LCNO interface.

100 ym

Fig. 10. Microstructural evolution of the rim electrolyte-electrode with temperature after annealing at 1200 (a), 1250 (b), 1300 (c) and 1400°C (d).
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e Ni,Nb,0O,
* NiNb,O,
s LaNbO,
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Relative intensity (%)
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26

Fig. 11. Selected area of the XRD patterns of Ca:LaNbO4 support before (i) and after
coating a screen-printed NiO-Ca:LaNbO4 composite and annealing at 1150 °C (ii),
1200°C (iii), 1250°C (iv), 1300 °C (v) and 1400°C (vi).

4. Discussion

It has been previously demonstrated that there is no chemi-
cal reaction between NiO and LaNbO4 (and/or Ca-doped LaNbQy)
[11-14], but the presence of off-stoichiometric LaNbO, con-
taining traces of LazNbO7, or LaNb3Og, promotes the formation
of additional secondary phases during the consolidation of the
anode. It is presently shown that LazNbO; reacts with NiO to
form La(Niy/3Nby3)03, and LaNb3Og forms NiNb;Og or NigNbyOg,
depending on the annealing temperature.

It is relevant to foresee possible effects of these secondary
phases on the electrochemical behaviour of a single cell. NiNb,Og
belongs to a family of materials with the columbite structure [20],
and the transport properties of columbite-type phases have been
determined for a variety of compositions [21-23]. The activation
energy for electrical transport in NiNb; Og is high (~1.3 eV), and the
overall conductivity is low, in the order of 10->Scm~1 at 700°C
in air [22]. NigNbyOg has a corundum-type structure [17], and
its conductivity, probably mainly due to electron holes, has been
recently reported to be ~10~3 to 10~4Scm~! at 700-800°C in
Ar-0, mixtures, and to present weak dependence with pO, [24].
La(Niy;3Nby/3)03 is a new material with a perovskite-type struc-
ture, its electrical characterization is under investigation [25]. The
total conductivity for this material is ~0.2Scm~1 at 700°C in wet
0,, and the proton conductivity could not be measured, but it is
likely to be below 10~>Scm~! [25]. Therefore, one might expect
that the presence of any of these phases will negatively affect the
performance of the anode systems due to their low conductivity,
both electronic and protonic.

The electrolyte thickness in LaNbO,4 based fuel cells must be in
the micron range to minimize ohmic losses and reach an accept-
able PC-SOFC performance. The compatibility of the electrodes used

10189

5um

Fig. 12. SEM micrograph of (a) the surface of LaNbOy, and (b and c) selected areas
of the same surface showing the presence of Nb-rich phases, which correspond to
LaNb3 09.

during the processing of anode supported-cells is therefore criti-
cal. If a green electrolyte layer contains LaNb3Og or LazNbO>, this
phase will react with NiO during sintering, which is usually fired
above 1200°C to obtain dense and gas-tight electrolyte and a well
adhered interface. Depending on the extent of non-stoichiometry,
the interface may be damaged since the reacted phases will form
between the electrolyte and the anode. Since all these phases
present insufficient electronic conductivity to act as current col-
lectors, and, expectedly, lower proton conductivity than LCNO, this
will probably limit current collection and/or block the electro-
chemical reaction thus deriving into a highly resistive interface.
Formation of cracks, pinholes, or other microstructural effects can
also be expected to occur, depending on the amount of undesired
phases.
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100 pm

Fig. 13. Representative SEM micrograph of a segregation-free NiO with LCNO rim
interface.

Fabrication of fuel cells based on thick [3,26,27] and thin [28]
films of LaNbO4 supported on a NiO-LaNbO4 cermet have been
reported and are possible to produce, but where careful stoichiom-
etry control of the electrolyte is essential, in particular, for thin-film
based fuel cells.

5. Conclusions

LaNbQy is a “line” compound, and offset from the nominal La:Nb
ratio 1:1 leads to the formation of either LagNbO; or LaNb3Og
secondary phases. We have demonstrated that NiO reacts with
both LagNbO; and LaNb3Og, while LaNbO4 does not. LazNbO;
and NiO powder mixtures form LaNiy;3Nb;;303, while LaNb3Og
and NiO form either NiNb,Og or NigNb,Og, depending on the
final annealing temperature. Considering the respective properties
of these phases, it is foreseen that their presence will nega-
tively affect the performance of single cells and/or simply create
microstructural defects that may be detrimental for its final usage.
This means that manufacturing LaNbO4-based proton conducting
fuel cells requires a strict control of the stoichiometry of LCNO
materials.
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