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a b s t r a c t

Yttrium-doped strontium titanate with B-site deficiency (Y0.08Sr0.92Ti1−xO3−ı) is synthesized via con-
ventional solid-state reaction. The effect of B-site deficiency on the lattice parameter, sinterability,
microstructure and electrical properties of Y0.08Sr0.92TiO3−ı is investigated. The charge compensation
mechanism for B-site deficiency is proposed. The limit of B-site deficiency in Y0.08Sr0.92Ti1−xO3−ı is below
5 mol % in Ar with 5% H2 at 1500 ◦C. The sinterability of Y0.08Sr0.92Ti1−xO3−ı decreases slightly with increas-
ing deficiency level (x). Compared with Y0.08Sr0.92TiO3−ı, the electrical conductivity of Y0.08Sr0.92Ti1−xO3−ı

samples decreases while the ionic conductivity increases with increasing B-site deficient amount. It is
assumed that the deficiency of Ti in Y Sr Ti O is charge compensated by the increase of oxy-
Anode materials

Yttrium-doped strontium titanate
Nonstoichiometry
Electronic and ionic conductivities

0.08 0.92 1−x 3−ı

gen vacancy concentration and the decrease of Ti3+ concentration. Y0.08Sr0.92Ti1−xO3−ı shows a relatively
stable electrical conductivity at different oxygen partial pressures and displays an excellent chemical
compatibility with YSZ electrolyte below 1200 ◦C.
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. Introduction

Fuel cells are electrochemical devices that are able to convert
hemical energy directly to electrical energy, without any Carnot
imitation. They can offer a more efficient and cleaner alternative

ethod of electricity generation than conventional methods [1].
olid oxide fuel cell (SOFC) is a promising candidate for future
nergy conversion system because it has higher energy conver-
ion efficiency than other types of fuel cells [2]. It has attracted
ots of attentions because of its advantages such as fuel adaptabil-
ty, simplicity of system design, low emissions and pollution [3,4],
nd its potential for co-generation of electricity with heat. Solid
xide fuel cell (SOFC) has been considered as one of the solutions
or environmental pollution and energy crisis issues. Many efforts
re poured into the development of SOFCs for commercialization
5].
Anode is one of the most important components of SOFC, where
he fuel is oxidized and electrons are released to the external cir-
uit. In view of its function and working conditions, there are four
asic requirements that an anode must meet [6,7]. (1) Good cat-
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lytic activity: oxidation of hydrogen and hydrocarbons begins with
chemisorption and dissociation at the surface of the anode. The

node should be catalytically active to minimize polarization loss
nd promote electro-oxidation. (2) Both ionically and electronically
onductive: electrons from the chemical reaction at the anode side
ust be transported to the external circuit. To complete the charge

ransfer required for reaction and electricity generation with low
hmic loss, the anode should be both ionically and electronically
onductive. (3) Thermal compatibility and chemical stability: since
SOFC is cycled between room temperature and operation temper-
ture, the anode material itself should be thermally and chemically
table in an impurity-containing fuel atmosphere for long-term
ervice, and at the same time it should be also chemically and
echanically compatible with electrolyte and other components

n SOFC system. (4) Porosity: to reduce the mass transfer overpo-
ential, a porous structure is necessary for the anode. The gaseous
uel must get contact with the triple-phase boundary (TPB) of the
node or with the surface of the mixed ionic–electronic conductor
MIEC) over as large an area as is feasible. The anode must be fabri-
ated as a porous structure that retains its physical shape over time
nder operating conditions.
For SOFCs based on yttria-stablized zirconia (YSZ) electrolyte,
ickel/YSZ cermet, which displays excellent catalytic properties

or hydrogen oxidation and good current collection, is the most
idely used anode material [8–10]. However, since Ni is a good

atalyst for hydrocarbon cracking reaction, the use of hydrocarbon

http://www.sciencedirect.com/science/journal/03787753
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uels in a SOFC with Ni-based anode results in carbon deposition
nd thus irreversible cell degradation [11,12]. This type of anode
lso suffers from the disadvantage of resistance losses due to the
intering of nickel grain at high operating temperatures, sulfur
oisoning and volume instability upon redox cycling. Therefore,
he development of new anode materials for SOFCs that oper-
te on hydrocarbons is widely recognized to be an important
roject.

In recent years, ceramics with both ionic and electronic con-
uctivity at high temperature and in a reducing environment have
een received increasing attentions in their applications as SOFC
nodes or anode components due to a combination of the fol-
owing points [13]: (1) reduced interfacial polarization resistance
y expanding reaction sites to the whole anode; (2) relatively
ood compatibility with high-quality electrolytes and mechani-
al stability during long term service without expansion of metal
omponents; and (3) higher sulfur tolerance compared to metal
omponents. Therefore, considerable efforts have been devoted to
eveloping various mixed ionic and electronic conductor (MIEC)
node materials for the application on fuel-flexible SOFC with sul-
ur tolerance. The ABO3 structure of perovskite has been found to
e less reactive with H2S than the Ni-based anode and more resis-
ive to carbon deposition, and show mixed electronic and ionic
onduction.

It has been evidenced that materials with perovskite structure
re promising candidates for future fuel cell anodes [14,15]. Among
f them, strontium titanate (SrTiO3) is highly attractive because
f its desirable thermal, chemical stability and semiconducting
ehavior. Donor-substituted SrTiO3 ceramics show good chemical
tability and a relatively high n-type electronic conductivity under
educing conditions. For instance, doping donors such as La3+ on
he Sr2+ site and Nb5+ on the Ti4+ site convert SrTiO3 into a highly
emiconducting n-type material [16,17]. LaxSr1−xTiO3−ı materials
ave been reported by Marina et al. [18] to have good dimensional
tability upon redox cycling as well as good electronic conductiv-
ty in fuel gas atmosphere. Recently, Zhao et al. [19,20] reported
he electrical conduction behavior and the chemical compatibil-
ty of YxSr1−xTiO3−ı with YSZ, Y0.08Sr0.92TiO3 was found to give
he maximum electrical conductivity (71 S cm−1) at 800 ◦C in pure
ydrogen. Hui and Petric [21] measured unusually high electrical
onductivity for yttrium-substituted SrTiO3 (SYT) as compared to
hose with rare-earth substitutes (e.g. La, Pr, Sm, Gd, Yb). The com-
osition Sr0.88Y0.08TiO3 shows a conductivity of 64 S cm−1 at 800 ◦C.
ll these works mainly focused on the effect of doping elements on

he total conductivity of doped SrTiO3 and scarce work concerns
he oxygen ionic conductivity. Because the mobility of electrons is
sually several orders higher than that of oxygen ions, the elec-
ronic conductivity makes an overwhelming contribution to the
otal conductivity of doped SrTiO3. Hence, the total conductivity
ractically represents the electronic conductivity of materials. For
node materials of SOFCs, the ionic conductivity is also important
s it can extend the TPB area and facilitate the anode reaction, thus
ecrease the anode polarization. More detailed studies concern-

ng the ionic conductivity of yttrium-doped SrTiO3 are, therefore,
esirable.

In this work, deficiency was introduced into the B-site of
0.08Sr0.92TiO3−ı to improve the ionic conductivity, where oxygen
acancies are supposed to be produced as charge compensa-
ion. The effects of B-site deficiency level on the properties of
0.08Sr0.92Ti1−xO3−ı in terms of sinterability and electronic and
onic conductivities as a function of temperature and oxygen par-
ial pressure were investigated. The possible charge compensation

echanism in Y0.08Sr0.92Ti1−xO3−ı was discussed. The chemical
ompatibility of Y0.08Sr0.92Ti1−xO3−ı with YSZ electrolyte was also
xamined.
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. Experimental

Yttrium-doped strontium titanate with B-site deficiency
Y0.08Sr0.92Ti1−xO3−ı, x = 0, 0.01, 0.03, 0.05, 0.07) were prepared
y conventional solid-state reaction from Y2O3, TiO2 and SrCO3.
fter ball-milling for 10 h, the mixture of raw materials was cal-
ined at 1300 ◦C for 10 h in forming gas (5% hydrogen in argon).
he so-obtained powders were ground slightly to destroy agglom-
rates and then pressed into bars (40 mm-7 mm-3 mm) by uniaxial
ressing (ca.115 MPa). The green bars and pellets were sintered

n forming gas at 1500 ◦C for 10 h and then cooled in forming
as with a cooling rate of 3–5 ◦C min−1 in different stages to get
ense samples. Sintered bars and pellets were polished for bulk
ensity, microstructure, electrical and ionic conductivity measure-
ents. The synthesis process was monitored by TG-DSC analysis

n a NETZSCH STA 409 thermal balance under an atmosphere of
owing air in 200–1300 ◦C, with a heating rate of 5 ◦C min−1. The
ethod is based on the weight change and heat flow observed as a

unction of temperature. The error in the experimental weight gain
s estimated to be ±0.05%. The phase identification was achieved
y X-ray powder diffraction (XRD) using a Rigaku D/max-A X-ray
iffractometer. The densities of all samples were determined by
rchimedes’ method using water as the liquid medium.

The total electrical conductivity of all samples was measured
n forming gas by the standard four-terminal dc method in the
emperature range of 50–1000 ◦C, while the ionic conductivity
as determined by electronic blocking electrode method in the

emperature range of 500–1000 ◦C in forming gas. Sintered bars
or electrical conductivity measurements were wrapped with four
ires which were held in place by small notches cut on the sam-
le surfaces. The setup for ionic conductivity measurement was
reviously described in detail in literature [22]. All measurements
ere taken after holding at each temperature to equilibrate for

t least 15 min when no significant change in conductivity was
bserved. Each value of conductivity was the average of four val-
es from different samples. To evaluate the thermal stability of
0.08Sr0.92Ti1−xO3−ı, the sample was cooled in air after electri-
al conductivity measurement at 1000 ◦C in forming gas and then
eated up again in forming gas to different temperatures to deter-
ine the changes of electrical conductivity. The dependence of

onductivities on oxygen partial pressure (PO2) was also inves-
igated under PO2 from 10−19 to 10−14 atm. The oxygen partial
ressure was adjusted by changing the temperature of the water
apor saturator. The water vapor partial pressure of the mix-
ure gases was generated by flowing forming gas through the
ater vapor saturator, which was installed outside the furnace.

he temperature of the water vapor saturator was changed from
oom temperature to 100 ◦C. Flow rate of these mixture gases was
0 cm3 min−1. To examine the compatibility of Y0.08Sr0.92Ti1−xO3−ı

ith YSZ, the 1300 ◦C-fired Y0.08Sr0.92Ti1−xO3−ı powder was mixed
ith YSZ in the weight ratio of 1:1, followed by uniaxial pressing and

intering at different temperatures. The sintered pellet was crushed
nd examined by XRD to identify the phases.

. Results and discussion

The TG–DSC curves of mixture of SrCO3 and TiO2 are shown in
ig. 1. From 700–1000 ◦C, the mass curve falls 19.21%, inosculat-
ng with the theoretic weight loss of 19.34%, which corresponds
o the decomposition of SrCO3 to SrO and CO2. After that, a sharp

xothermic peak appeared at 1013.1 ◦C, indicating that SrO was
eacted with TiO2 to form SrTiO3. Accordingly, it is concluded that
rTiO3 can be synthesized when the calcining temperature is higher
han 1000 ◦C via conventional solid-state reaction from TiO2 and
rCO3.
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Fig. 1. TG–DSC curves of mixture of SrCO3 and TiO2.
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ig. 2. XRD patterns of Y0.08Sr0.92Ti1−xO3−ı after sintered at 1500 ◦C in forming gas.

Y0.08Sr0.92Ti1−xO3−ı (x = 0, 0.03, 0.04, 0.05, 0.07) powders after
eing sintered at 1500 ◦C for 10 h in forming gas were examined
y XRD to identify the phases. The results are shown in Fig. 2.
amples with x = 0, 0.03, 0.04 showed a single cubic perovskite
tructure and no impurity peaks were detected. For samples with
= 0.05 and 0.07, a trace of impurity phase of Y2O3 was observed,
hich can be clearly seen from Fig. 3. Thus, the limit of B-site
eficiency in Y0.08Sr0.92Ti1−xO3−ı at 1500 ◦C in forming gas is ca.
mol%.

Previous studies have showed that doping with yttrium can pro-
ote the densification process of SrTiO3 [20]. SEM photographs in

ig. 4 reveal that the samples of Y0.08Sr0.92Ti1−xO3−ı sintered at
500 ◦C for 10 h in forming gas has a highly dense microstructure.
owever, the density of the samples decreases with increasing defi-
ient level of B-site elements, indicating that B-site deficiency is

nfavorable to the densification process of SrTiO3-based materi-
ls. Nevertheless, no connecting through pores is observed in these
amples.

The bulk density and relative density of Y0.08Sr0.92Ti1−xO3−ı

ith different x values are shown in Table 1. The relative densities

0
i
o
t

able 1
heoretical density, bulk density and relative density of Y0.08Sr0.92Ti1−xO3−ı sintered at 1

amples Lattice parameter (Å) Bulk density (g cm

0.08Sr0.92TiO3−ı 3.9019 4.6303

0.08Sr0.92Ti0.99O3−ı 3.8923 4.8124

0.08Sr0.92Ti0.97O3−ı 3.8980 4.7428

0.08Sr0.92Ti0.95O3−ı 3.9034 4.6535
ig. 3. XRD pattern of Y0.08Sr0.92Ti0.93O3−ı after sintered at 1500 ◦C in forming gas.

f samples with x = 0–0.05 are all more than 90% of the theoretical
ensity calculated from the lattice parameters that were obtained
y Rietveld refinement. The relative density continuously decreases
ith increasing x values, suggesting the negative effect of B-site
eficiency on the densification process, which is consistent with
he result of SEM observation.

The electrical conductivity of Y0.08Sr0.92Ti1−xO3−ı (x = 0, 0.01,
.03, 0.05) samples measured in forming gas in the temperature
ange of 50–1000 ◦C are shown in Fig. 5. The electrical conductiv-
ty is the sum of electronic and ionic conductivities. Due to the
ow mobility of oxygen vacancies compared to electrons, oxygen
acancies make little contribution to the conductivity of Y-doped
rTiO3. As a result, the total conductivity of Y0.08Sr0.92Ti1−xO3−ı

ostly reflects the electronic conductivity. With increasing tem-
erature, the electrical conductivity increases through a maximum
nd then decreases. The Arrhenius plot for the temperature depen-
ence of electrical conductivity indicates that there is a linear
elationship between ln � and 1/T at low temperature range, sug-
esting the small polaron hopping conduction mechanism (see
ig. 6). In higher temperature range, however, the electrical con-
uctivity deviates the linear relationship severely and decreases
ith the temperature, implying the metal-like conduction behav-

or of Y0.08Sr0.92Ti1−xO3−ı materials. The electrical conductivities of
ttrium-doped strontium titanate with B-site deficiency samples
re all lower than the sample with stoichiometric B-site elements,
nd decreases with the increasing deficient level of B-site ele-
ents.
The ionic conductivities of samples Y0.08Sr0.92Ti1−xO3−ı (x = 0,

.01, 0.03, 0.05) as a function of temperature are shown in Fig. 7. The
onic conductivities increase with the increasing deficient amount

f B-site element, suggesting that the B-site deficiency results in
he increase of oxygen vacancy concentration.

500 ◦C for 10 h

−3) Theoretical density (g cm−3) Relative density (%)

5.1297 90.264
5.1667 93.142
5.1452 92.179
5.1237 90.823
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can be written as Eqs. (4) and (5),

Ti×Ti + 2O×
O → V

′′′ ′
Ti + 2VO

•• + TiO2 (4)

4Ti′Ti + O2(g) → V
′′′ ′
Ti + 3Ti×Ti + TiO2 (5)
ig. 4. SEM micrographs of fracture surfaces of Y0.08Sr0.92Ti1−xO3−ı sintered at
500 ◦C for 10 h (a: x = 0.01, b: x = 0.03, c: x = 0.05).

Based on the defect chemistry, the defects caused by Y-doping
n SrTiO3 can be expressed as:
2O3
SrTiO3−→ 2YSr

• + 2Ti′Ti
• + 3O×

O (1)

here Ti′Ti stands for Ti3+ located on Ti4+-site. Under reducing atmo-
phere, lattice oxygen may loss and thus oxygen vacancies will be

F
s
A

ig. 5. Temperature dependence of electrical conductivity of Y0.08Sr0.92Ti1−xO3−ı
easured in forming gas at different temperatures.

enerated,

TiO2 → 2Ti′Ti + 3O×
O + VO

•• + 1
2 O2(g) (2)

he concentration of Ti3+ with a localized electron, therefore,
epends on the doping concentration of Y and the oxygen vacancy
oncentration. There is

Ti′Ti] = [YSr
•] + 2[VO

••] (3)

For 0.08 mol Y doped SrTiO3 with oxygen vacancy content of
, there is [Ti3+] = 0.08 + 2ı. The solid solution formula can be
escribed as Sr0.92Y0.08Ti3+

0.08+2ıTi4+
1−(0.08+2ı)O3−ı. Y-doping on A-

ite as a donor element can increase the concentration of Ti3+ as
harge compensation and thus increase the electronic conductivity
20]. For 0.08 mol Y doped SrTiO3 with B-site deficiency, the chem-
cal formula is Y0.08Sr0.92Ti1−xO3−ı. Ti-deficiency will cause the
eneration of oxygen vacancy and/or the decrease of Ti3+ concen-
ration as charge compensation. The corresponding defect reactions
ig. 6. Temperature dependence of total conductivity of Y0.08Sr0.92Ti1−xO3−ı mea-
ured in forming gas at different temperatures. The solid lines correspond to the
rrhenius model.
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ig. 7. Temperature dependence of ionic conductivity of Y0.08Sr0.92Ti1−xO3−ı mea-
ured in forming gas at different temperatures.

Considering the electro-neutrality, there is

[V
′′′ ′
Ti ] = 2[VO

••] + [Dec.(Ti′Ti)] (6)

here [Dec.(Ti′Ti)] is the decreased Ti′Ti part caused by the deficiency
f Ti-ions. The decrease of Ti3+ concentration thus results in the
ncrease of average valence of Ti-ions.

If the deficiency of Ti-ion can be compensated completely by the
ncrease of oxygen vacancies, as shown in Eq. (4), the concentration
f Ti3+ may not change. This will lead to the increasing ionic conduc-
ivity and unchanged electronic conductivity. This is not consistent
ith the experimental results (Figs. 5 and 7). The increase of ionic

onductivity of Y-doped SrTiO3 with B-site deficiency indicates the
ncreased oxygen vacancy concentration; whereas the decrease of
otal electrical conductivity suggests that the excessive negative
harge caused by B-site deficiency can not be compensated com-
letely by the generation of oxygen vacancies (Fig. 5). Part of it is
ompensated by the decrease of Ti3+ concentration (Eq. (5)), as a

onsequence, the electronic conductivity decreases, leading to the
ecrease of total electrical conductivity.

In SOFC systems, anode is the channel of fuel with a reducing
tmosphere and also the place for reaction with a faint oxidiz-
ng atmosphere. Therefore, it is necessary for anode material to

ig. 8. Effect of oxygen partial pressure (PO2
) on electrical conductivity of

0.08Sr0.92Ti0.97O3−ı at 800 ◦C.
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ig. 9. XRD patterns for Y0.08Sr0.92Ti0.99O3−ı/YSZ powder mixtures sintered at 1000,
100 and 1200 ◦C for 10 h respectively in forming gas. No new impurity peaks were
etected.

ave stable performance in wide oxygen partial pressure range. As
hown in Fig. 8, with the decreasing oxygen partial pressure the
lectrical conductivity of Y0.08Sr0.92Ti0.97O3−ı keeps unchanged in
he oxygen partial pressure range of 10−14–10−17 atm, while shows
slight increase when the oxygen partial pressure is lower than

0−17 atm. This indicates the relatively stable electrical conduc-
ivity and good structural stability of Y0.08Sr0.92Ti1−xO3−ı under
ifferent reducing conditions. The slight increase in conductivity
ith decreasing oxygen pressure comes from the release of lattice

xygen into the surrounding atmosphere, which will result in the
ncrease of both oxygen vacancies and electrons, as shown in Eq.
7)

×
O → VO

•• + 2e′ + 1
2 O2(g). (7)

In order to assess the chemical compatibility of
0.08Sr0.92Ti1−xO3−ı with YSZ electrolyte, powder mixture of
0.08Sr0.92Ti0.99O3−ı and YSZ in the weight ratio of 1:1 was pressed

nto bars after milling for 6 h and then sintered at 1000, 1100
nd 1200 ◦C for 10 h in forming gas, respectively. The sintered
amples of Y0.08Sr0.92Ti0.99O3−ı/YSZ were crushed to powders and
xamined by XRD, and the results are shown in Fig. 9. No impurity
eaks were detected except for that assignable to SrTiO3 and YSZ,

ndicating the good chemical compatibility of Y0.08Sr0.92Ti0.99O3−ı

ith YSZ below 1200 ◦C.

. Conclusions

The limit of B-site deficiency in Y0.08Sr0.92Ti1−xO3−ı is below
mol % in forming gas at 1500 ◦C. Excessive deficiency in B-site
ill cause the formation of an insulating impurity (Y2O3). The
-site deficiency in Y0.08Sr0.92Ti1−xO3−ı results in the increase
f oxygen ionic conductivity and the decrease of electronic con-
uctivity. It is proposed that the deficiency of B-site elements

n Y0.08Sr0.92Ti1−xO3−ı is charge compensated by the further
ormation of oxygen vacancies and the decrease of Ti3+ concen-
ration. Y0.08Sr0.92Ti1−xO3−ı shows a relatively stable electrical
onductivity at different oxygen partial pressures and exhibits
n excellent chemical compatibility with YSZ electrolyte below
200 ◦C. Y0.08Sr0.92Ti1−xO3−ı is a promising anode material for
OFCs.
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