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a b s t r a c t

Following growing interest in the use of ammonia as a fuel in solid oxide fuel cells (SOFCs), we

have investigated the possible reaction between the apatite silicate/germanate electrolytes,

La8 + xSr2�x(Si/Ge)6O26+ x/2, and NH3 gas. We examine how the composition of the apatite phase affects

the reaction with ammonia. For the silicate series, the results showed a small degree of N incorporation

at 600 1C, while at higher temperatures (800 1C), substantial N incorporation was observed. For the

germanate series, partial decomposition was observed after heating in ammonia at 800 1C, while at the

lower temperature (600 1C), significant N incorporation was observed. For both series, the N content in

the resulting apatite oxynitride was shown to increase with increasing interstitial oxide ion content

(x/2) in the starting oxide. The results suggest that the driving force for the nitridation process is to

remove the interstitial anion content, such that for the silicates the total anion (O+N) content in the

oxynitrides approximates to 26.0, the value for an anion stoichiometric apatite. For the germanates,

lower total anion contents are observed in some cases, consistent with the ability of the germanates to

accommodate anion vacancies. The removal of the mobile interstitial oxide ions on nitridation suggests

problems with the use of apatite-type electrolytes in SOFCs utilising NH3 at elevated temperatures.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

The worldwide concerns regarding diminishing fossil fuel
reserves and increasing greenhouse gas emissions has given fuel cell
research considerable impetus. The traditionally favoured fuel for
such devices is hydrogen, since the only emission from the fuel
cell is then water. However, hydrogen has a number of problems,
with particular concerns regarding strategies for efficient storage
and transportation. Therefore, other potential fuels have started
to attract significant attention, with one example being ammonia.
Among the benefits of ammonia are that it is easy to store as a
liquid and would simply produce N2 and H2O in terms of
emissions in a fuel cell. Consequently a number of researchers
have investigated the operation of solid oxide fuel cells with NH3

as the fuel, with promising results obtained [1–6]. However, the
use of NH3 in place of H2 raises other questions, in particular the
possibility that nitridation may occur on the anode side of the cell
under operating conditions. Indeed recent research has shown
evidence for significant nitridation of CeO2 and the apatite-type
oxide ion conductor La9.33Si6O26 on heating in NH3 [7,8]. In this
paper, we extend our earlier work on heat treatment of
ll rights reserved.

.

La9.33Si6O26 in NH3 to other apatite-type oxide ion conductors,
La8 +xSr2�x(Si/Ge)6O26 +x/2, to examine what influences the com-
position, in particular the oxygen content, has on the process.

Apatite-type silicates/germanates, (Ln/A)10�x(Si/Ge)6O26 + y

(Ln=rare earth, A=alkaline earth), have been attracting consider-
able interest as a new class of oxide-ion conducting electrolytes
[9–42]. Their structure may be described in terms of an
(Ln/A)4�x(Si/GeO4)6 framework, with the remaining (La/A)6O2

units accommodated in the channels within the framework. In
these systems, the oxide ion conduction process has been shown
to proceed via a mechanism involving interstitial oxide ions,
which are present as a result of either oxygen hyperstoichiometry
(x40) in La8 + xSr2�x(Si/Ge)6O26 + x/2 or Frenkel-type disorder
[12–18,21,25–27]. Thus the conductivities of fully stoichiometric
samples, e.g. La8Sr2(Si/Ge)6O26, are low, while compositions
containing either oxygen excess, e.g. La9Sr(Si/Ge)6O26.5, or cation
vacancies, e.g. La8.67Sr(Si/Ge)6O26, have high conductivities. With
regard to the location of the interstitial oxide ions, computer
modelling studies have predicted that for the silicates the most
favourable interstitial oxide ion site is at the periphery of the
oxide ion channels neighbouring the SiO4 groups, which has been
supported by neutron diffraction, 29Si NMR, and Raman studies
[14,15,17,27,36]. For the germanates, both modelling and neutron
diffraction studies also indicate an interstitial position neighbour-
ing the GeO4 tetrahedra, although in this case the interstitial oxide

www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2009.09.029
mailto:p.r.slater@bham.ac.uk


ARTICLE IN PRESS

A. Orera et al. / Journal of Solid State Chemistry 182 (2009) 3294–3298 3295
ion is more closely associated, leading to five coordinate Ge
[21,26].

In our previous work on the high temperature reaction of
La9.33Si6O26 with NH3 we showed that the level of nitridation
increased with increasing temperature (600–950 1C), with negligible
nitridation at lower temperature, while substantial nitridation,
coupled with Si loss, was observed at the highest temperature
(950 1C) examined. Structural (neutron diffraction, 29Si NMR) data
for the sample heated at 950 1C in NH3 showed no evidence for the
presence of interstitial oxide ions, but rather the partial replace-
ment of O by N (3O2� replaced by 2N3�) leads to a reduction in
the total anion content, and hence anion vacancies. Considering
the importance of interstitial oxide ions to the conductivity of
these materials, the work hence suggested that nitridation would
be detrimental to the conductivity. Following on from the large
nitridation and Si loss at very high temperatures (4800 1C), the
reaction with ammonia for the apatite series, La8 + xSr2�x(Si/
Ge)6O26 +x/2, studied here, has been limited to temperatures
r800 1C.
Fig. 1. X-ray diffraction patterns for La8.5Sr1.5Si6O26.25 before and after heating in

NH3 gas at 800 1C, showing a slight shift in peaks on nitridation.

Table 1
Compositions for La8+ xSr2�xSi6O26 + x/2 samples after heating in ammonia at 600/

800 1C (compositions determined from thermogravimetric analysis).

x Starting

anion

content

Temperature

(1C)

Composition of oxynitride Total anion

content after

NH3 treatment

0 26.0 600 La8Sr2Si6O25.96(9)N0.03(6) 25.99(3)

0.5 26.25 600 La8.5Sr1.5Si6O25.77(9)N0.32(6) 26.09(3)

1.0 26.5 600 La9SrSi6O26.02(9)N0.32(6) 26.34(3)

0 26.0 800 La8Sr2Si6O25.96(9)N0.03(6) 25.99(3)

0.5 26.25 800 La8.5Sr1.5Si6O25.26(9)N0.66(6) 25.92(3)

1.0 26.5 800 La9SrSi6O24.88(9)N1.08(6) 25.96(3)
2. Experimental

A series of samples, La8 +xSr2�xSi6O26 +x/2 (0rxr1) and
La8 + xSr2�xGe6O26 + x/2 (0rxr2), were prepared from high purity
La2O3, SrCO3, SiO2, and GeO2, which were intimately mixed in the
correct molar ratios and heated to 1300 1C (Si) and 1100 1C (Ge) for
14 h, reground and then reheated to 1400 1C (Si) and 1100 1C (Ge)
for a further 14 h. For the germanates, a subsequent final heat
treatment at 1300 1C for 2 h was employed. Phase purity was
established through X-ray powder diffraction (Panalytical X’Pert
Pro diffractometer, CuKa1 radiation). The powder samples were
then heated in flowing NH3 gas (14 l/h) for 12 h at temperatures of
600 and 800 1C.

The N contents were determined through thermogravimetric
analysis (TA instruments SDT 600/Netzsch STA 449 thermal
analysers). The samples were heated in oxygen at 10 1C/min to
1000 1C to convert the oxynitride back to the oxide. This leads in
an increase in mass, since 3O2� will replace 2N3� , and from the
mass change observed the N content could then be determined.

29Si NMR data for La8 + xSr2�xSi6O26 +x/2 samples after heating in
NH3 at 800 1C were recorded using a Varian Unity Inova spectro-
meter operating at 59.56 MHz. A direct-polarisation experiment
was used with recycle delays of 5 s (x=1), 10 s (x=0.5), and 60 s
(x=0). Chemical shifts are quoted relative to tetramethylsilane.
Fig. 2. Variation in N content after heating La8 +xSr2�xSi6O26 + x/2 samples in

ammonia at 600/800 1C.
3. Results and discussion

For the silicate series, La8 + xSr2�xSi6O26 +x/2, X-ray diffraction
showed that the samples were single phase before and after NH3

treatment (Fig. 1). The thermal analysis results indicated a small
degree of nitridation at 600 1C, with a higher temperature (800 1C)
required to give high levels of nitridation. For the fully
stoichiometric (x=0) composition, there was negligible
nitridation observed, while for the samples containing oxygen
interstitials (x=0.5, 1.0) significant nitridation was observed, the
level of which increased with increasing interstitial oxide ion
content in the starting sample (Table 1, Fig. 2). The calculated
compositions at 800 1C indicate that the final anion content (O+N)
is very close to 26 for all samples, suggesting that the driving force
for nitridation is the reduction in interstitial anion content. For the
lower temperature (600 1C) heat treatment, lower levels of N were
found leading to the samples still having total anion content
426.0, thus indicating that the nitridation process was not
complete.
In order to gain information about the location of the N in the
structure, 29Si NMR data were measured for the La8 +xSr2�x-

Si6O26 +x/2 samples after heating at 800 1C in ammonia. These data
showed significant differences compared to the data of the
starting materials. In particular, previous work has shown that
for the series, La8 +xSr2�xSi6O26 +x/2, the 29Si NMR spectrum for
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Fig. 3. 29Si NMR data for La9SrSi6O26.5 and La9SrSi6O24.88(9)N1.08(6) showing a

significant reduction in the peak shoulder at dE�80 ppm for the latter, along with

evidence for a new shoulder at dE�73.5 ppm, consistent with the presence of a

small amount of [SiO3N]5� .

Fig. 4. Nitridation process for an apatite silicate: (a) before, (b) after nitridation.

During the process, 2N3� replaces 3O2� , leading to a loss of oxide ions from the

interstitial sites, and the incorporation of N into the apatite channel sites.

Fig. 5. X-ray diffraction patterns for La10Ge6O27, before (lower) and after (upper)

heating in NH3 gas at 600 1C, showing a change in symmetry from triclinic to

hexagonal after NH3 treatment.
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x=0 has a single peak at dE�77 ppm, while for x40, a second
peak is observed at dE�80 ppm, attributed to a silicate unit
neighbouring an interstitial site [17,27]. In contrast the nitrided
samples showed no evidence for this second peak in the sample
with x=0.5, while for the x=1 sample, the peak intensity was
greatly reduced (Fig. 3). This would indicate loss of the interstitial
oxide ions, consistent with nitridation resulting in a lower total
anion content. The x=1 sample also had some additional weak
signal at dE�73.5 ppm consistent with the presence of a small
amount of [SiO3N]5�. Due to the low intensity and closeness to
the main peak, accurate intensity information could, however, not
be obtained. However, the absence of any signal due to [SiO3N]5�

in the x=0.5 phase, coupled with the very low intensity of
[SiO3N]5� signal in the x=1 phase, would suggest that the N has a
preference for the channel anion site (Fig. 4), as observed in our
previous study of nitridation of La9.33Si6O26 [8].

For the germanate series, all samples showed evidence for
partial decomposition after heating in NH3 at 800 1C, although the
samples were stable at lower temperatures (600 1C). For this
series, the as-prepared samples, La8 + xSr2�xGe6O26 +x/2, are hex-
agonal for xr1, while for higher oxygen excess, x41.0, a triclinic
cell is observed [25,31]. After treatment in NH3 gas, X-ray
diffraction indicated that all samples were hexagonal. The change
of symmetry (triclinic-hexagonal) for the high oxygen excess
samples (Fig. 5) is interesting. Previous work has shown that the
triclinic distortion arises from a size mismatch between the (La/
A)4�x(GeO4)6 (A=alkaline earth) framework and the (La/A)6O2

units due to the presence of interstitial oxide ions within the
framework [21,25,30,35,43]. The increase in symmetry after heat
treatment in NH3 gas is therefore consistent with nitridation
leading to a reduction in anion content, and hence loss of these
interstitial oxide ions. In order to determine the level of
nitridation, thermal analysis was performed, which indicated an
increase in N content on increasing starting oxygen content
(Table 2, Fig. 6), as for the silicate series. In this case, however,
some of the samples (e.g. x=1) showed total anion contents
significantly lower than 26.0, consistent with the ability of the
apatite germanates to accommodate a certain degree of oxide ion
vacancies [31]. In addition, the variation of N content with x

appears to involve a change in slope at x=1.0 (Fig. 6). Thus at low
values of x, there is a sharp increase in N content with increasing
x, while for xZ1.0, the slope becomes more shallow. The
compositions of the samples with xZ1.0 all have oxygen
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Table 2
Compositions for La8+ xSr2�xGe6O26 + x/2 samples after heating in ammonia at

600 1C (compositions determined from thermogravimetric analysis).

x Starting

anion content

Composition of oxynitride Total anion content

after NH3 treatment

0 26 La8Sr2Ge6O25.77(9)N0.15(6) 25.92(3)

0.5 26.25 La8.5Sr1.5Ge6O25.08(9)N0.78(6) 25.86(3)

1.0 26.5 La9SrGe6O24.05(9)N1.63(6) 25.68(3)

1.5 26.75 La9.5Sr0.5Ge6O24.09(9)N1.77(6) 25.86(3)

2.0 27.0 La10Ge6O24.04(9)N1.97(6) 26.01(3)

Fig. 6. Variation in N content after heating La8+ xSr2�xGe6O26 + x/2 samples in

ammonia at 600 1C.
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contents of E24.0, which most likely indicates non-nitrided Ge
(i.e. (GeO4)6), suggesting that the N is located in the channel sites
as for the silicates. The instability of the germanates at higher
temperatures (800 1C) may, thus, be related to the beginning of
nitridation of the tetrahedral sites.

In line with our previous study of the effect of NH3 heat
treatment on the apatite La9.33Si6O26, the loss of interstitial oxide
ions is expected to mean that nitridation would be detrimental to
the conductivity. This is difficult to measure experimentally, since,
as shown in the previous La9.33Si6O26 study, treatment of sintered
pellets (dense, low surface area) rather than powder samples
leads to a reduced level of nitridation. This is consistent with the
slow kinetics of N incorporation into the structure, due to poor
conduction of the oxynitride, such that only the surface of the
pellet is affected. The slow kinetics of nitrogen incorporation is a
common feature in the literature synthesis of mixed metal
oxynitrides, e.g. LaMO2N (M=Ti, Zr). Such studies invariably
utilise high surface area precursors formed by soft chemistry
routes to accelerate the reaction with NH3 [44].

Overall the work would, however, suggest that the use of
apatite-type electrolytes in a fuel cell operated in NH3 would lead
to problems, particularly for the germanate apatites, which show
high levels of nitridation even at 600 1C. In particular, partial
nitridation of the surface of the anode side of the electrolyte
would be expected, while the anode would undergo more
nitridation similar to the powder samples studied here, since
this is conventionally a high surface area Ni/electrolyte cermet.
Both these factors might be expected to be detrimental to
performance.
4. Conclusions

Heat treatment of the apatite-type electrolytes, La8 +xSr2�x(Si/
Ge)6O26 + x/2 (0rxr2) in ammonia gas at elevated temperatures
(Z600 1C) is shown to result in substantial nitridation of the
electrolyte for x40 leading to a novel series of apatite-type
oxynitrides. The level of nitridation increases with increasing
interstitial oxide ion content in the starting apatite oxide, as the
driving force appears to be the removal of these interstitial oxide
ion defects. 29Si NMR data suggests that the N is predominantly
located in the channel anion sites.
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