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Abstract. Here we discuss the effect of preparation conditions on structural stability and electrical properties
of Sr-deficient n-type SrTiOs. In particular, an explanation of a wide scatter of conductivity values in Y- and
Nb-doped SrTiOj; reported in the literature is proposed, based on the existing defect chemistry model of n-doped
SrTiO;. It was confirmed that when sintered in air, Sr-deficient SrTiOs doped with Nb and/or Y, remains single
phase until the solubility limit (e.g., 30% for Nb or 4% for Y). However, when sintered at low Pp, the material
transforms from a vacancy compensated to an electronically compensated compound with a strontium deficient
second phase. Measured at 800°C in low Pp,, the maximum conductivity of these multi-phase compounds was
340 S/cm and 100 S/cm for the Nb-doped and Y-doped sample, respectively. However, the conductivity dropped
dramatically to less than 10 S/cm when samples of the same compositions were sintered in air, again measured in

reducing atmosphere.
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1. Introduction

Although solid oxide fuel cells (SOFC) hold the
promise of efficient and environmentally benign en-
ergy conversion, the high price of the SOFC systems
has been the major obstacle on the way to commer-
cialization. As a result, research and development ef-
forts are now focused on the cost reduction of the
SOFC components and fuel cell stacks [1]. One of
the possible routes being actively explored is to re-
place the Ni-YSZ anode which is prone to sintering,
coking and sulfur poisoning by an alternative metal
oxide anode. The novel anode should satisfy sev-
eral important requirements, i.e., it should be ther-
modynamically stable in anodic conditions, catalyt-
ically active, electronically and ionically conductive
and chemically inert in contact with electrolyte and
interconnect. It should also possess a thermal expan-
sion coefficient (TEC) similar to that of other SOFC
components.
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Recently n-type SrTiO;3 has generated considerable
optimism as an alternative SOFC anode [2—-6]. Several
groups indicated that SrTiO3-based materials possess
certain advantages over the Ni-YSZ cermet anodes,
namely, adequate electronic conductivity and phase sta-
bility in a wide Po, range [2, 5, 7], as well as resis-
tance to coking and sulfur poisoning [6]. However, the
high temperature conductivity value of n-doped SrTiO;
cited by different authors varies significantly. In addi-
tion, there appears to be a thermal history component
to the performance of the SrTiOs-based anodes [1-6].

Due to a relatively weak E(k) dependence of the
conduction band electron in SrTiO3, its effective mass,
m*, significantly exceeds the free electron mass (e.g.,
m* ~ 6 — 16m) [8,9]. This leads to rather slow con-
duction electrons whose drift mobility, u, decreases
with temperature as expected for the phonon scattering
mechanism [10]:

B A pno(T/K)™™ 6]

where [, 1s parameter dependent on the dopant con-
centration, K stands for Kelvin, T is the absolute
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temperature and m varies between 1.5 and 2.74 de-
pending on the dopant concentration. Hence, in order
to achieve high conductivity in polycrystalline SrTiO3,
a fairly high concentration of donor dopants should be
employed. An insulator-to-metal transition in SrTiO;
was reported [11] at a free carrier concentration of
10'7-10'8 cm~3. Above this concentration, donor im-
purity remains completely ionized down to 1 K [12].
Metallic conductivity in SrTiOj is realized by anneal-
ing SrTiO3 in a reducing atmosphere [12—-14] or by
partial substitution of rare earths for Sr or Nb on Ti
sites [15]. At sufficiently high donor-dopant concentra-
tions in polycrystalline SrTiO; (e.g., 2040 at%), con-
ductivities of 5-500 S/cm under typical SOFC anodic
conditions (i.e., T =800 — 1000°C and Pp, = 10~
10720 atm) have been reported [3-5].

From the defect chemistry viewpoint, two differ-
ent approaches have been realized in the preparation
of doped SrTiO3 for SOFC anodes. The first approach
involves sintering in air of the vacancy-compensated
single phase compounds such as Sr;_3,»La, TiO3 fol-
lowed by in-situ reduction at the SOFC anodic condi-
tions [3]. The second approach involves formulation of
the composition according to the electronic compensa-
tion regime, (e.g., Sr;_,La,TiO3) and sintering in air
at relatively high temperatures [5]. This latter approach
results in the multi-phase compounds with partial elec-
tronic compensation of donors. Both approaches pro-
duce anodic conductivity values of the order of 10 S/cm
under SOFC conditions.

Starting from the pioneering work of Seuter [16], the
point defect model of the acceptor- and donor-doped
perovskite titanates has been under development for
the last 30 years. For general features of point defect
chemistry of the titanate perovskites, the recent reviews
by Moos and Hardtl [17], Smyth [18] and Meyer and
Waser [19] can be consulted. Progress in the theoretical
understanding of point defect equilibria in acceptor-
and donor-doped SrTiOj; is addressed in the work of
Akhtar et al. [20].

It is known that there are two different mechanisms
of donor compensation in n-doped SrTiO3 and BaTiOs,
namely electronic at low Po, and cation vacancy type
athigh Po,[16, 17,21-23]. As aresult, the two thermo-
dynamically stable phases of, for example, La-doped
SrTiOj3 are (i) conductive Sry_,La, TiO3 atlow Po, [12]
and (ii) insulating Sry_3,,,La,TiO3 at high Po, [24].
With increasing temperature, the boundary between
electronic and cation vacancy compensation regions
shifts towards higher Po, [21,22].

When electronically compensated Sr;_,La, TiO3 is
equilibrated at high Po,, its transformation from elec-
tronic to cation vacancy-type compensation can be ex-
pressed by the following equation:

Sri_,La,TiO; = Sr1,3x/2LaxTiO3 + %SYO(RP/S),
2)

where SrOgp,s) stands for the either Ruddlesden-
Popper (RP) [25] phase of the type St,,41Ti, 03,4 in-
corporated into the matrix phase as a crystallographic
shear plane (CSP) [26] or SrO-rich (S) second phase
precipitated at the surface of the matrix composition
[21].

Although it has been widely accepted that at the
high oxygen activity, the donor ions are compensated in
SrTiO; by strontium vacancies, the central question of
whether the strontium excess is accommodated by the
RP phase [26,27] or by the SrO-rich surface phase [21]
remains open. Two conflicting opinions on this problem
can be found in Refs [21] and [24,27].

Slater et al. [3] prepared single-phase Sri_3/»
La,TiO3 and Sri_,/,»Nb,Ti;_,O3 compositions with
x <0.6and y < 0.4 sintered in air at 1440°C in which
donor ions were compensated by Sr vacancies. Con-
ductivities of 5.6-7.0 S/cm were achieved at 930°C and
Po, = 1072°-107!? atm. The authors [3] also reported
that porous SrTiO; samples followed the o-oc [ Po,] /4
dependence whereas the dense samples showed anoma-
lously weak o versus Po, dependence. In contrast to
Slater et al., Marina et al. [S] formulated their sam-
ples assuming electronic compensation of donor ions
and reported single-phase Sr;_,La,TiO3 compositions
with x < 0.4 sintered in air at 1650°C with a max-
imum conductivity of 16 S/cm at 1000°C and Po,=
10~!3 atm. Microcracking of the La-doped SrTiOz was
observed for samples sintered in reducing atmosphere
and subjected to high Po,. The authors [5] also found
that “equilibrium” o at a given Pp, depends on the Po,
during the sintering of ceramics.

Strontium-deficient, yttrium-doped SrTiO3; was a
focus of previous investigation in our lab [4]. Very
high conductivities of up to 82 S/cm at 800°C and
Py, = 10~ atm were observed for Srj_3, 2 Y TiO3
with x = 0.08 [4]. However, one of the most contro-
versial results reported in Refs. [4] and [6] was that
Sr1,3x/2YxTi03 and Srl,x/szXTil,XO3 remain sin-
gle phase up to 1400°C and oxygen partial pressure 1—
1072% atm in disagreement with a point defect model
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of n-doped SrTiOs. In this paper we analyze the ac-
cumulated experimental data on SrTiOs-based SOFC
anodes in the framework of the existing point defect
model of n-doped SrTiOs. We also critically revised
and extended our results on Sr-deficient niobium and
yttrium doped SrTiO3; which confirm the general pre-
dictions of the defect chemistry model.

2. Experimental

Samples of Sri_,,Nb,Ti;_,O; where x = 0.01,
0.05, 0.1, 0.17, 0.2, 0.3, 0.4 and 0.6 were prepared
by a solid state reaction method from SrCO;, TiO,
and Nb,Os precursors of 99.9% purity (Cerac). Sev-
eral selected compositions of Sri_3,,Y,TiO3 and
Sti_3x/2—y/2YxNb,Ti;_,O3 were prepared in a similar
fashion. Stoichiometric mixtures were calcined for 10
h in air at 1200°C and sintered for 5 h at 1380-1400°C
in air or forming gas of 7% H»/93% Ar. Samples of
94-98% apparent density were obtained by this pro-
cess. Powder XRD analysis was obtained from a Bruker
D8 X-ray diffractometer with monochromatic Cu Ky
radiation. Selected samples were polished and chemi-
cally etched in H;PO,4 and examined by SEM (Philips
515) equipped with EDX (Link Analytical). Cylindri-
cal samples 15 mm long and 6 mm diameter were
used for conductivity measurements. The air-sintered
samples were annealed in forming gas at 850°C for
24 hours. The oxygen partial pressure during the dc
four-point conductivity measurements at 800°C was
fixed by a mixture of CO and CO, gases with a con-
trolled ratio using 1159B-type MKS mass-flow con-
troller. Selected samples sintered in forming gas were
oxidized at 1250°C in air and their conductivity was
measured as a function of Po,.

3. Results and Discussion

In this study the Nb-doped SrTiO3; compounds were
formulated assuming the Sr-vacancy compensation of
donors. Thus we expected that ceramics sintered in air
would be insulating and single-phase. Both SEM and
XRD analysis confirmed that the Sr;_,,»Nb,Ti;_,O3
compounds sintered in air remain single phase up to
x = 0.30 (Fig. 1). This solubility limit is in good agree-
ment with the data of Slater et al. [3]. who obtained
nearly single phase Sri_,/,Nb,Ti;_,O3 with x < 0.4.
For the Sri_3,/2Y,TiO3 system prepared at Po,= 0.2

10 um

Fig. 1. SEM of single phase Srg 85Tip.7Nbg 303 sintered in air.

atm, the solubility limit of yttrium was found to be
around 4%, lower than x = 0.08 reported earlier by
Hui [4]. At higher yttrium concentration, the Y, Ti,O7
pyrochlore phase appears consistently. The Y and Nb
co-doped samples (e.g., Sri_3y/2—y/2YNb,Ti;_,03)
remain single phase up to x = 0.04 and y = 0.2 when
sintered in air.

Consider what may occur when Sr-deficient
Sri_3,2YTiO3 or Sri_,,,Nb,Ti;_,O; is subjected
to low Po, during sintering. According to the defect
chemistry model, the donor compensation mechanism
should shift from the cation vacancy to the electronic
type. By analogy with Eq. (2), one would expect ac-
commodation of Ti excess by precipitation of Ti-rich
second phases according to the following transforma-
tion:

Sr1-3x2 Y, TiO3 = Sr1_3, 2 Y, Tij_ /203

X, .
+ 5T )

where TiOyp, p, are either TiO, Magneli double lay-
ers (MDL) embedded into the SrTiO3 matrix [28] or
precipitated Ti, O,,,—; Magneli phases (MP) [29]. Sur-
prisingly, for Sri_,,»Nb,Ti;_,O; sintered in forming
gas, the XRD analysis did not detect any second phase
up to x < 0.20. Since this was in disagreement with
the usual model for donor-doped SrTiO; we per-
formed a detailed SEM/EDX analysis of a sample
with x = 0.17 and were able to detect a substan-
tial amount of Ti- and Nb-rich second phases in this
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Fig. 2. XRD of Sr_,/sNb, Tij_,O3 with x = 0.4 and x = 0.6. The
Sr3TiNb4O;5 phase is labelled with *.
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Fig. 3. SEM of Srg915Tig 83Nbg 1703 sintered in forming gas. The
dark grey regions are Sr-deficient second phase.

sample (Fig. 3) as expected. Above x = 0.20, the
Sr3TiNbyO;5 second phase appears in the XRD pat-
tern (Fig. 2). Figure 4 shows another example of the
multiphase compound obtained from the starting com-
position of Sty g4Y¢.04Tio.s§Nbg 203 sintered in forming
gas. The Ti/Nb-rich and Y+Ti-rich second phases de-
velop in ceramics sintered at low Po,. The chemical
composition of the matrix and second phases deter-
mined by the EDX analysis are listed in Table 1.

Table 1. EDX chemical analysis (wt%) of second phases in n-doped
SrTiO3.

Compound/Element Matrix Ti-rich Nb-rich Ti+Y-rich
Sro.84Y0.04Tio.sNbg 203

Sr 54 25 37 0.42

Y 2 0 0 53.1

Ti 28 65 7.36 44.5

Nb 13.5 8.1 55 2.6
Sr0.915Tio.83Nbg.1703

Sr 59 25 37.0

Ti 29.3 65 7.0

Nb 11.6 8.1 55.7

Fig. 4. SEM of chemically etched Srg 84 Y004 Tip sNbp 203 sintered
in forming gas. Precipitates of the Ti/Nb-rich and Ti+Y-rich second
phases are seen as regions of raised relief.

The conductivity of as-sintered and oxidized sam-
ples was studied at Po,= 1072°-10~'* atm. Each Po,
data point in Fig. 5 was recorded after 72-hour equi-
libration at 800°C. However, due to the extremely
slow kinetics of strontium vacancies at 800°C, the re-
sults in Fig. 5 by no means should be interpreted as
a true equilibrium conductivity. According to Fig. 5,
the samples sintered at 1400°C in H,/N, show the
highest o values. Measured at 800°C in low Pp,, con-
ductivities of 339 S/cm and 98 S/cm were achieved
for SI‘O.gTiO.ngobzo:; and Sro.ggYo'ogTiOQ, samples sin-
tered in forming gas. The conductivity values of the
samples sintered in reducing atmosphere are com-
pared with the conductivity of the Sr;_,La,TiOs ce-
ramics derived from Ref. [10]. The results shown
in Fig. 6 suggest that Sr-deficient n-doped SrTiO;
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Fig. 5. Conductivity of Nb- and Y-doped SrTiO3; compositions at
800°C and different Po,. The legend H»/N; stands for samples sin-
tered in forming gas. The legend Hy/N, + air stands for samples
sintered in forming gas and oxidized at 1250°C in air. The data for
undoped SrTiO3 were taken from ref. [30].
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Fig. 6. Conductivity of La-, Nb- and Y-doped SrTiO3 compositions
at 800°C. The data for Sr;_,La, TiO3 ceramics was derived from
Ref. [10]. The legend H,/N; stands for samples sintered in forming
gas. The legend Hy/N» + air stands for samples sintered in forming
gas and oxidized at 1250°C in air.

sintered in forming gas possess a high degree of elec-
tronic compensation. Moreover, the conductivity of
Sr-deficient SroTigsNbg,03; sintered at low Po,
slightly exceeds the conductivity of electronically com-
pensated Sty gLag, TiO3 from Ref. [10] which indicates
that electron mobility of Nb-doped SrTiOj; is higher
than that of La-doped SrTiOs.

When as-sintered samples were oxidized in air at
1250°C, and reduced at 850°C for 24 hours, the con-
ductivity decreased by orders of magnitude compared
to the initial “as-sintered” value. The largest drop in
conductivity was observed for heavily doped samples.
For example, the conductivity of Srpg¢TiggNby203
dropped from 339 S/cm to 0.12 S/cm after oxida-
tion followed by low-temperature reduction. In con-
trast, the conductivity of lightly doped samples, such as
St0.995Tip.99Nbg 01 O3, did not change significantly and
remained at 9.8 S/cm level after oxidation/reduction
anneal. Both “as-sintered” and oxidized/reduced sam-
ples showed a nearly Po, independent conductivity in
the Po,= 1072~10~'* atm range (Fig. 5).

In general, our results support the defect chem-
istry model of donor-doped StTiO3 i.e., a Sr-deficient
n-doped SrTiOs3 sintered at low Pp, transforms into a
multiphase material with Ti-rich second phases. The
conductivity of this multiphase composition would
depend on the degree of electronic compensation of
donors in the major phase, which in turn, depends on the
oxygen activity during sintering. This explains the high
values of electronic conductivity of our Sr-deficient
n-doped SrTiO; samples sintered in forming gas
(Fig. 5). Furthermore, since Y and Nb donors are now
electronically compensated, the overall dependence of
o on Po, should be similar to that of the Srj_,La, TiO3
composition reported by Moos and Hirdtl [17]. A char-
acteristic feature of this behavior is a “plateau region”
in the o versus Po, dependence which is unambigu-
ously observed in Fig. 5.

When samples sintered at low Pg, are subjected to
high Po, during oxidation at 1250°C, Eq. (2) comes into
effect. Owing to the very slow diffusion of strontium
vacancies, the reaction will require substantial temper-
ature or time to reach equilibrium. This means that
part of the donor dopants will remain compensated by
electrons at least in the grain bulk. It may be argued
that the equilibrium will never be achieved at SOFC
operating temperatures. That is why the conductivity
of oxidized samples does not recover to its original
value after in situ reduction at 850°C. Furthermore, one
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may expect that the kinetics of reactions 1 and 2 will
be slower in dense polycrystalline samples since the
formation of the second phases will induce significant
strain in the matrix grains and eventually will be elas-
tically arrested. This explains the different behavior of
o versus Pp, dependence reported by Slater et al. for
dense and porous samples [3]. Another consequence
of this process would be development of microcracks
in dense samples during oxidation-reduction cycling
as observed in our study and also reported by Marina
et al. [5].

As mentioned in the introduction, the standard
SOFC processing route includes co-sintering of the
NiO-YSZ anode and electrolyte layers followed by fir-
ing of the screen printed cathode layer. The final step in-
volves in-situ reduction of the anode at the SOFC oper-
ating conditions. The normal sintering temperatures for
the SOFC stack range from 1200 to 1400°C. Figure 5
shows conductivity of Sty g3 Y03 TiO3 sample sintered
in air at 1380°C and in sifu annealed in reducing at-
mosphere at 850°C. The conductivity of this sample
remained at 0.1 S/cm after 1 week of anneal compared
to 98 S/cm and 1000 S/cm for the same sample sintered
at low Pp,and for Ni-YSZ anode, respectively.

In this paper, we focused mainly on electronic con-
ductivity of the Sr-deficient n-type SrTiOz. However,
high electronic and high ionic conductivities as well as
high catalytic activity are required for efficient SOFC
anode performance. The oxygen conductivity of n-type
SrTiOj; is orders of magnitude lower than the electronic
one. However, even at conductivities of 10~* S/cm,
some ionic diffusion is possible. The SOFC anode
would still require a mixed ceramic, such as YSZ+n-
type SrTiOj; to achieve transport of the two species but
the presence of some mixed conduction allows the re-
action to occur over a wider surface than just at the
triple phase boundary line as occurs in the Ni-YSZ.
Another problem is catalytic activity of the SOFC an-
ode. Unlike Ni, which is a good catalyst in the Ni-YSZ
based anodes, the n-type SrTiOj; is not a catalyst. That
is why several research groups have been adding CeO,
or other catalysts to promote the anodic reaction [5, 6].
Certainly, much more work must be done to realize a
competitive SrTiOs-based SOFC anode.

4. Conclusions

We analyzed yttrium and niobium-doped SrTiO3 where
charge compensation was extrinsically realized by

strontium vacancies. It was found that these compounds
transform from a single phase when sintered in air to
multi-phase when sintered in a reducing atmosphere.
The EDX analysis revealed that the second phases
are strontium deficient, which is in excellent agree-
ment with a defect chemistry model of donor-doped
SrTiOj3. From a practical viewpoint, the realization of a
SrTiOs-based SOFC anode seems to be much more
challenging than originally expected. Despite signif-
icant progress, the conductivity of the dense n-doped
SrTiOj sintered in air at 1200-1400°C and measured at
typical SOFC anode conditions is still orders of magni-
tude lower than that of the conventional Ni-YSZ cermet
anode. However, the phase stability of n-doped SrTiO;
is maintained at the SOFC operation conditions due to
the very slow kinetics of cations at 800°C.
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