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A B S T R A C T

Pure strontium titanate, SrTiO3, exhibits excellent thermodynamic stability but negligible electronic and ionic
conductivity in a wide range of temperatures and oxygen partial pressures. In order to improve the conductivity,
B-site doping strategy is used in this work. The SrTi0.65-xFe0.35NixO3-δ (x=0, 0.05, 0.075, 0.1) (STFNx) powders
were synthesized by a solid-state reaction method at 1200 ◦C and then sintered into membranes at 1350/1400 ◦C
for 5 h. Functionality, i.e. mixed ionic and electronic conductivity, is introduced by substitution of Ti by Fe and
Ni. In addition, Ni is proven to improve the catalytic performance by exsolution phenomenon. The XRD patterns
show that the materials are single phase after sintering in air. The oxygen permeance and the ionic conductivity
of STFNx increase with an increasing Ni content and are close to benchmark La0.6Sr0.4Co0.2Fe0.8O3-δ at around
850 ◦C. Thermochemical stability tests were performed by annealing samples in syngas with/without H2S and
clean H2. XRD analysis and thermogravimetry analysis (TGA) reveal that STFN005 exhibits good thermochemical
stability in reducing atmospheres and the stability of STFNx decreases with increasing Ni content. Well
distributed Fe/Ni exsolution particles can be found even with the lowest Ni amount doped material SrTi0.6-
Fe0.35Ni0.05O3-δ after annealing in reducing atmosphere, which will be beneficial to catalytic performance in a
membrane reactor. Therefore, 5 % Ni doped STFN005 can be a promising material in catalytic membrane re-
actors, e.g. for partial oxidation of methane (POM).

1. Introduction

Mixed ionic-electronic conducting (MIEC) materials are promising
candidates of oxygen transport membranes (OTMs). They have attracted
great interests in scientific research due to the high product purity and
energy efficiency of oxygen separation from air as well as application in
catalytic membrane reactors, e.g. for partial oxidation of methane
(POM) [1,2] and solid oxide fuel cell (SOFC) electrodes [3,4]. For
membrane reactors, materials are usually operated under harsh
reducing and/or corrosive atmosphere like CO, H2 and CH4 at high
temperature of approx. 800–900 ◦C. Therefore, the structural stability of
MIEC membranes under operating conditions is a very important factor.
La1-xSrxCo1-yFeyO3-δ (LSCF) and Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) have
been widely studied showing high oxygen permeability [5–12]. How-
ever, the high oxygen permeability of LSCF and BSCF relies on highly
redox-active B-site elements in particular Co, which is accompanied

with low structural stability in reducing environments [9–12]. Some
approaches have been applied for improving the stability of MIEC
membranes. For example, partial substitution of A or B sites with cations
with a higher valence or larger radius, such as Al [13,14], Ti [15], Zr
[16], Y [17,18] and Nb [19]. Although these methods successfully
improved stability to some degree, these materials are still not suffi-
ciently stable against the reducing and corrosive atmospheres in some
membrane reactors due to the high amount of Co and Fe on the B-site.
Besides, the substitution of Co/Fe with Al/Zn will also reduce the oxygen
permeability and conductivity in some cases due to lower oxygen
diffusion or much lower oxygen surface-exchange kinetics[20,21] In
addition, dual-phase ceramic membranes have also shown to be stable
for the use in membrane reactors by introducing fluorites such as Y
doped ZrO2 (YSZ), Sm2O3 doped CeO2 (SDC) or Gd doped CeO2 (GDC)
into the material structure [22,23]. However, stability issues in reducing
atmospheres remain due to the redox-active electronic conducting
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second phase as well as the chemical expansion particularly of ceria and
resulting thermal/chemical stresses in the composite.

On the other hand, the perovskite material SrTiO3 exhibits high
stability in a wide range of temperatures and atmospheres, but negli-
gible oxygen permeation performance due to a low concentration of
intrinsic defects. The performance of SrTiO3 can be improved by A/B-
site doping strategies to create oxygen vacancies as well as electronic
defects in the material. In particular, B-site Ti4+ can be substituted by
metal cations with lower valence, such as Fe3+[24–27], Co2+[28,29],
Al3+[30,31], Mg2+[32] and Ni2+[33,34], in order to introduce the
required oxygen permeability. Redox-active elements, i.e. Fe, Co and in
particular Ni, can be exsolved from the crystal lattice in very reducing
atmospheres [33,35–37]. Since Ni-based catalysts can achieve good CH4
conversion and syngas selectivity in partial oxidation of methane
(POM), Ni is a promising dopant potentially improving both the
permeability as well as the catalytic activity. Our preliminary work
indicated that SrTi0.65Fe0.35O3-δ (STF35) can achieve a good balance
between stability and oxygen separation from air while Co doping again
leads to instability in reducing atmospheres [24,38]. However, the in-
fluence of Ni-doping on the functional properties of STF35 for oxygen
transport membrane (OTM) materials has not yet been systematically
characterized. Therefore, we studied the compositions
SrTi0.65-xFe0.35NixO3-δ (x=0, 0.05, 0.075, 0.1) (STFNx) with the effects of
Ni doping on oxygen permeation, electronic conductivity. The phase
stability after annealing in H2/Ar, clean syngas and syngas with H2S
contamination was also investigated.

2. Experimental

2.1. Sample preparation

SrTi0.65-xFe0.35NixO3-δ (x=0, 0.05, 0.075, 0.1) (STF35, STFN005,
STFN0075 and STFN010) powder was synthesized by a solid-state re-
action method. The precursors SrCO3 (Merck, 99 %), TiO2 (Merck,
99 %), Fe2O3 (Merck, 99 %), NiO (Merck, 99 %) were ball milled for
24 h, dried and sieved through 500 µm mesh, then calcined at 1200 ◦C
for 5 h. The derived powders were ball milled again for 24 h. As-
synthesized powder was collected after drying. Bulk membranes were
then uniaxially pressed in the form of discs at around 70 MPa for
1.5 minutes using an uniaxial press model PW10 (∅ 20 mm) (Fa. Paul
Otto Weber GmbH, Remshalden). The pressed STFNx and STF35 mem-
branes were sintered at 1350 ◦C and 1400 ◦C for 5 h, respectively.
Heating and cooling rates were 5 K/min.

2.2. Structural characterization

The desired composition of Sr, Ti, Fe, and Ni was confirmed by
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES)
on a Thermo Scientific™ iCAP™ 7600 ICP-OES Analyzer. The particle
size distribution (PSD) of the powder was determined using a particle
analyzer HORIBA LA-950V2 (Horiba European GmbH, Germany).
Crystalline structure and phase compositions were tested by X-ray
diffraction (XRD) using a Bruker D4 ENDEAVOR diffractometer at room
temperature with Cu Kα radiation in the 2θ range 10–80º. The step size
used was 0.02◦ and 0.75 s per step. The XRD patterns were analyzed
using Topas software. Microstructures were imaged via scanning elec-
tron microscopy (SEM) using a Zeiss GeminiSEM 450. Energy dispersive
X-ray spectroscopy (EDS) was performed with Ultim Max 170 detector
from Oxford Instruments. The gas tightness of the sintered membrane
was checked by a He-leak rate detector (Qualy test HTL 260, Pfeiffer
Vacuum GmbH, Asslar, Germany). The cyclic thermogravimetric anal-
ysis (TGA) measurements were carried out with a calorimeter STA449
F1 Jupiter coupled to the mass spectrometer QMS 403 C Aëolos
(Netzsch) in air and 2.9 % H2/Ar. The final temperature was 900 ◦C with
a heating/cooling rate of 10 ◦C/min in air and the gas flow rate was
50 mL/min. The holding time was 2 h for every cycle for reduction as

well as oxidation.

2.3. Electrical conductivity measurements

Temperature dependent electrical conductivity measurements were
conducted on a Keithley 2400 four-probe DC measurement setup from
600 to 900 ◦C in air (21 % O2 and 79 % N2). All samples were ground
with sand paper step by step in order to remove contaminations on the
surface and get a smooth surface before measurements. With a diamond
wire saw (HDS25, Diamond WireTec GmbH&Co.KG), the samples were
cut into bars with approx. 6 mm width, 15 mm length and 0.7 mm
height. Gold wires with a diameter of 0.25 mm were used to connect the
rectangular samples with the DCmeasurement setup and additional gold
paste was also used to enhance the contact between the gold wires and
the sample surface. The total electrical conductivity of the materials can
be calculated using the following equation:

σtotal =
D

R⋅A
(1)

where σtotal is the total electrical conductivity (S/cm), D is the distance
between the inner voltage electrodes (cm), R is the resistance (Ω) and A
is the cross-sectional area of the rectangular samples (cm2), respectively.

2.4. Oxygen permeation measurement

The oxygen permeance is an important parameter to investigate the
performance of oxygen transport membranes. It can be calculated by
normalizing the oxygen permeation flux j(O2) by the oxygen partial
pressure gradient (ln Ṕ O2

Ṕ Ó2
), which is the driving force for oxygen

permeation. The oxygen permeation flux j(O2) can be expressed by Eq.
(2):

j(O2) =
R

16F2⋅L
⋅T⋅σamb⋅ ln

Ṕ O2

Ṕ Ó2

(2)

where R is the gas constant, T is the temperature, F is the Faraday
constant, L is the thickness of the membrane, Ṕ O2 and Ṕ Ó2 are the oxygen
partial pressure of oxygen rich and lean side of the membrane, respec-
tively, and σamb is the ambipolar conductivity, which can be expressed
by Eq. (3):

σamb =
σi⋅σe

σi + σe
(3)

where σi and σe are the ionic and electronic conductivity, respectively.
The oxygen permeance can be expressed as:

Permeance =
j(O2)

ln Ṕ O2
Ṕ Ó2

=
R

16F2⋅L
⋅T⋅σamb (4)

The activation energy of the oxygen permeance can be obtained by
the Arrhenius approach:

ln
(

permeance
)

= −
Ea
RT

+ A (5)

Where Ea ist the activation energy and A is the pre-exponential factor.
Oxygen permeation measurements were conducted on a 4-end mode

set up in air (feed gas)/Ar (sweep side) atmosphere from 650 ◦C to 1000
◦C. The size of the dense membrane was around ∅ 14.6 mm x 1 mm. The
flow rate of the gas streams was controlled using mass flow controllers
(MFCs). The standard flow rate was 250 mL⋅min− 1 for the feed side (air)
and 50 mL⋅min− 1 for the sweep side (Ar). All samples were ground to
1 mm thickness using the same process for electrical conductivity
measurements. Afterwards, the samples were sealed using gold rings
with an inner diameter of 13 mm to a quartz glass reactor. The O2
concentration was recorded by a mass spectrometer (Omni Star, Pfeiffer
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vacuum US) during measurements.

2.5. Annealing measurement

The annealing experiments aimed to investigate the thermo-

chemical stability of the materials by simulating the gas composition
from partial oxidation of methane (CH4 + 0.5 O2 => CO + 2 H2). To
prevent the formation of soot even at the lowest temperature, steam was
added in the mixed gas. Furthermore, clean methane and sour gas
containing H2S was considered. Therefore, the samples were annealed
for 72 h in a gas stream of 150 mL/min 25 vol% CO (with/without
1000 ppm H2S) + 50 vol% H2 + 25 vol% H2O forming different syngas
compositions (pure syngas and syngas with H2S) equilibrated at 600 ◦C,
700 ◦C, 800 ◦C, and 900 ◦C, respectively. Experiments were conducted
in a four tubes set-up[39], which can anneal samples at four different
temperatures in the same gas atmosphere at the same time. Sintered
pellets (∅ 8 mm×5 mm) were put in alumina boats in order to investi-
gate the surface change before and after annealing. The well mixed gases
were sent to the tubes when the four tubes reached the different aimed
temperatures. The tubes were heated/cooled in N2 with a rate of
10 K/min. The annealing experiment in clean H2 was conducted in
2.9 %H2/Ar at 800 ◦C for 10 h. The software package FactSage 7.1 (GTT

Table 1
Particle size distribution of as-synthesized powders and sintering temperature of
the samples.

Name Composition d10
µm

d50
µm

d90
µm

Sintering
temperature
(◦C)

STF35 SrTi0.65Fe0.35O3-δ 0.84 1.68 3.87 1400
STFN005 SrTi0.6Fe0.35Ni0.05O3-δ 0.80 1.44 3.04 1350
STFN0075 SrTi0.575Fe0.35Ni0.075O3-

δ

0.79 1.47 3.10 1350

STFN010 SrTi0.55Fe0.35Ni0.1O3-δ 0.89 1.60 3.55 1350

Fig. 1. XRD patterns of the sintered samples of STF35 and STFNx.

Fig. 2. Cross-section of sintered (a) STF35; (b) STFN005; (C) STFN0075 and (D) STFN010.
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Technologies, Herzogenrath, Germany) was used for thermodynamic
calculations. The calculations were based on the commercial database
FactPS in the software package.

3. Results and discussion

3.1. Crystal structure and microstructure

Table 1 lists the particle size distribution of as-synthesized powders
after calcination and sieving and the sintering temperature of the
pressed samples. The powders show a monomodal distribution with d50
values around 1.5 μm. The intended chemical composition of all samples
was confirmed by ICP-OES measurements. Fig. 1(a) shows the XRD
patterns of the STF35 and STFNx pellets sintered at 1400 ◦C and 1350 ◦C
for 5 h, respectively, confirming that all pellets are single phase. The
results identify that the space group of all the materials is Pm3m (cubic
perovskite structure). Doping Ni in STF35 causes shifting of all re-
flections towards higher diffraction angles, exemplarily shown by
zoomed-in patterns for 30⁰~35⁰ (Fig. 1(b)), which indicates a decrease
in the lattice constant. The lattice parameters of the perovskites have
been determined from XRD patterns, which are 3.903 Å, 3.897 Å,
3.891 Å and 3.889 Å for STF35, STFN005, STFN0075 and STFN010,
respectively. It was reported that Ni can take +2 (0.69 Å) and +3
(0.56 Å) oxidation states during incorporation into Ti in SrTiO3 [40,41]
and Ni-doped STF structures [34,42]. The substitution of the host Ti4+

(0.605 Å) with the dopant Ni3+ (0.56 Å) is expected to decrease the
lattice constant of SrTi1–xNixO3 [40,41]. Therefore, the observed lattice
parameter changes of the STFNx materials suggest that the introduction
Ni is most likely in the state of+3. In addition, STF-series and STC-series
have also been studied that the lattice parameter of the materials
decreased with Fe/Co content increased due to smaller ionic radii of
Fe4+/Co3+ (0.585 Å /0.545 Å) valence state compared with Ti4+

(0.605 Å) [24,28]. SEM images of cross-section of sintered pellets
(Fig. 2) show that all the sintered materials exhibit good density, which
is confirmed by Helium leakage experiments (< 10− 7 mbar⋅L⋅s− 1).

3.2. Functional properties

Electrical conductivity and oxygen permeation performance were
measured to investigate the functional properties of all the materials.

Fig. 3 shows that the total electrical conductivity of STFNx increases
with increasing Ni content in air and all compositions showed a similar
temperature dependence. All materials exhibit semiconductive behavior

at low temperature, i.e. below 700 ◦C of STFNx (pink dash line),
switching to metallic behavior at higher temperature, i.e. above 700 ◦C
of STFNx (pink dash line) in the studied range, The measured conduc-
tivity of STF35 as well as the temperature dependence is reasonable
compared to literature data [26,43–46]. In such semiconductive mate-
rials, the electron-lattice distortion coupling is weak at relative low
temperature and the migration of small polarons is equivalent to elec-
trons, resulting in rising conductivity with temperature. However, the
mobility of small polaron hopping decreases due to strong electro-
n–lattice distortion coupling at relative high temperature. Therefore, the
migration of small polarons is lower than electrons, resulting in a
decreasing conductivity with temperature[45].

Fig. 4 compared the permeance of 1 mm thick STF35, STFNx, and
LSCF6428 as a benchmark. The permeance and oxygen flux increases
slightly with increasing Ni content due to the enhanced oxygen vacancy
concentration. Furthermore, STFN010 exhibits a comparable perme-
ation rate to the standard OTM material LSCF6428 [24] at around 850
◦C, and is slightly higher at lower temperatures due to the lower acti-
vation energy. Table 2 lists the oxygen flux, permeance and activation
energy Ea of LSCF6428, STF35, STFNx as well as the oxygen flux of other
oxygen transport membranes at around 900 ◦C. Although these mem-
branes [47–53]exist quite higher oxygen flux than STFNx, their stability
in reducing atmospheres is still too low to meet the requirements in a
membrane reactor.

The ionic conductivity σi can be estimated by calculated the
respective ionic transference number ti according to Eqs. (6–8).

σtotal = σi + σe (6)

σamb

σtotal
= ti

(

1 − ti
)

(7)

σi = σtotal⋅ti (8)

As the ionic transference number of LSCF6428 is quite low 9×10− 4 at
900 ◦C [54], and thus, the ionic conductivity is approx. equal to the
ambipolar conductivity published by the literature [24] based on
permeation tests. The ionic conductivity of different materials is plotted
in Fig. 5. The ionic conductivity of STFNx is comparable with benchmark
LSCF6428 and it increased with increasing Ni content. The activation
energy Ea was calculated according to the Arrhenius Eq. (8):

Fig. 3. Total electrical conductivity of STF35 and STFNx in air. Fig. 4. Permeance of STF35, STFNx and benchmark LSCF6428 [24] of
1 mm thickness.

Y. Tang et al.



Journal of the European Ceramic Society 44 (2024) 116742

5

σt = σ0⋅exp
(

−
1
T

⋅
Ea
R

)

(9)

The results reveal that the activation energy Ea of STF35 and STFNx
is in the range 84–95 kJ⋅mol− 1 (Table 3), which is lower than that of
LSCF6428 (103 kJ⋅mol− 1) [24]

3.3. Thermo-chemical stability

Annealing and Two-cycle TGA measurements were conducted to
study the thermo-chemical stability of all the materials.

The phase composition of the STF35 and STFNx samples after

Table 2
Oxygen flux, permeance and activation energy Ea of LSCF6428, STF35, STFNx and other oxygen transport membranes at around 900 ◦C.

Composition T
◦C

Oxygen flux
mL⋅cm− 2⋅min− 1

Log (Permeance)
mol⋅cm− 2⋅s− 1

Ea of Permeance
(800–1000 ◦C)
kJ/mol

Thickness
(mm)

Ref.

SrTi0.65Fe0.35O3-δ (STF35) 893 0.15 -7.40 82 1 This work
SrTi0.6Fe0.35Ni0.05O3-δ (STFN005) 892 0.17 -7.32 89 1 This work
SrTi0.575Fe0.35Ni0.075O3-δ (STFN0075) 887 0.17 -7.31 92 1 This work
SrTi0.55Fe0.35Ni0.1O3-δ (STFN010) 889 0.20 -7.24 86 1 This work
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF6428) 883 0.20 -7.19 118 1 [24]
CaTi0.73Fe0.18Mg0.09O3-δ- 900 0.46 - - 0.9 [47]
BaFe0.8Ca0.05Ti0.15O3-δ 900 0.87 - - 1 [48]
SrCo0.9Nb0.1O3-δ 900 4.24 - - 1 [49]
SrCo0.8Sc0.2O3-δ 900 3.09 - - 1 [50]
Ba0.6Sr0.4Co0.7Fe0.25Bi0.05O3-δ 900 1.05 - - 1.2 [51]
BaCo0.7Fe0.15In0.15O3-δ 900 1.30 - - 1 [52]
SrCo0.1Fe0.8Nb0.1O3-δ 900 0.9 - - 1 [53]

Fig. 5. Ionic conductivity of different materials in air.

Table 3
Ionic conductivity, electronic conductivity, ionic transference number ti and
activation energy Ea of STF35 and STFNx at around 900 ◦C.

Name T
℃

Ionic
Conductivity
S⋅cm− 1

Electronic
conductivity
S⋅cm− 1

Ionic
transference
number ti

Ea
(800–900
◦C)
kJ/mol

STF35 893 4.64×10− 2 0.925 5.02×10− 2 84
STFN005 892 5.31×10− 2 1.468 3.62×10− 2 93
STFN0075 887 5.29×10− 2 2.406 2.20×10− 2 95
STFN010 889 5.90×10− 2 2.961 1.99×10− 2 92

Fig. 6. (a) XRD patterns, SEM image with EDS-spectrum of (b) STF35 and (c) STFN005 after annealing in 2.9 % H2/Ar at 800 ◦C.

Table 4
Equilibrium gas composition during annealing measurement in pure syngas.

Composition 600 ◦C 700 ◦C 800 ◦C 900 ◦C

H2 47.05 % 56.00 % 56.40 % 55.45 %
CO 8.87 % 15.86 % 18.33 % 19.51 %
H2O 24.13 % 18.37 % 18.54 % 19.54 %
CO2 12.31 % 8.51 % 6.62 % 5.48 %
CH4 7.63 % 1.25 % 0.11 % 0.01 %
O2(atm) 3.46E-25 1.56E-22 4.73E-20 6.27E-18

Table 5
Equilibrium gas composition during annealing measurement in syngas with H2S.

Composition 600 ◦C 700 ◦C 800 ◦C 900 ◦C

H2 47.06 % 55.99 % 56.38 % 55.44 %
CO 8.83 % 15.79 % 18.25 % 19.43 %
H2O 24.14 % 18.39 % 18.56 % 19.56 %
CO2 12.25 % 8.48 % 6.60 % 5.46 %
CH4 7.60 % 1.25 % 0.11 % 0.01 %
H2S(ppm) 1145 1016 992 989
Lg(p(H2S))(atm) -2.94 -2.99 -3.00 -3.00
O2(atm) 3.44E-25 1.54E-22 4.69E-20 6.23E-18

Y. Tang et al.
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annealing under different conditions, i.e. clean H2, pure syngas, and
syngas with H2S was measured. XRD patterns of sintered pellets
annealed in 2.9 % H2/Ar at 800 ◦C for 10 h (Fig. 6(a)) reveal that minor
Ruddlesden-Popper-like phases Sr2TiO4 have formed. Potential exsolu-
tion of Ni and Fe [33,37] cannot be detected by XRD due to too low
sensitivity. Therefore, the surface of annealed samples was analyzed by
SEM/EDS. Fig. 6(b-c) shows exemplarily STF35 and STFN005 confirm-
ing the exsolution phenomenon. Fe particles marked in pink are
well-dispersed on the STF35 surface as shown in Fig. 6(b) and Fe/Ni

inter-metallic phase can be found even with the lowest Ni-doped amount
material STFN005 surface marked by the yellow circle in Fig. 6(c).

Table 4 and Table 5 list the calculated gas composition at different
temperatures during annealing measurements in pure syngas and syngas
with H2S, respectively. It is assumed that all gas components reach
equilibrium during measurements due to the relatively long residence
time at respective temperatures. The oxygen partial pressure increases
with temperature. The slight changes in H2S concentration originate
from the gas phase reactions resulting in slightly different gas volume (e.
g. CO + 3 H2 => CH4 + H2O; 4 mol => 2 mol). From thermodynamic
calculations, potentially ex-solved Ni is expected to equilibrate in
presence of H2S forming Ni3S2 (solid/liquid) depending on temperature
as shown in Fig. 7. Unfortunately, STF is not present in the commercial
database, so that its stability cannot be predicted by the FactSage
software.

The XRD results of samples annealed in pure syngas show that the
materials can maintain single phase after annealing in pure syngas
below 700 ◦C (Fig. 8(a)). Additional peaks of Sr4Ti3O10 and Fe/Ni
metallic phase are detected at 900 ◦C as shown in Fig. 8(b). The
decomposition of perovskite can be explained by the very low pO2
(̃10− 18 bar) and high temperature. Some of the Fe and Ni cations were
reduced from the perovskite structure to the metallic state and were
therefore extracted from the oxide lattice forming Fe/Ni metallic phase.
In order to compensate for the loss of B-site cations, the remaining
composition in the structure will form Sr-richer Ruddlesden-Popper-like
phases Sr4Ti3O10. Fig. 8(c) reveals that Fe/Ni (marked in yellow) are
well distributed on the surface of STFN005 annealed at 900 ◦C in pure
syngas. This will potentially enhance the catalytic performance in a
membrane reactor in particular for (partial) oxidation reactions.

For the materials annealed in syngas with H2S, all the samples are
still stable at 600 ◦C (Fig. 9(a)). Nevertheless, the Fe/Ni exsolution

Fig. 7. Stability of Ni compounds at different temperatures and H2S partial
pressures in syngas.

Fig. 8. XRD patterns of samples annealed at (a) 700 ◦C and (b) 900 ◦C, (c) SEM image with EDS-spectrum of Ni (in yellow) of STFN005 annealed at 900 ◦C in
pure syngas.

Fig. 9. XRD patterns of STF35 and STFNx samples annealed in syngas with H2S at (a) 600 ◦C and (b) 900 ◦C.

Y. Tang et al.
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phenomenon appears stronger at high temperature. It is also found on
the surface of samples annealed at 900 ◦C by XRD patterns, which is
consistent with the samples annealed in pure syngas. In addition, the
excess SrO from the A site forms SrS in the H2S-containing atmosphere
and the remaining composition then forms Ruddlesden-Popper-like
phases Sr2TiO4 in order to compensate for the remaining loss of A-site
and cations. As Ni is easier to reduce than Fe[55], the intensity of SrS
peaks on XRD patterns becomes higher with Ni increasing, indicating
that the perovskite structure decomposes more severely and the stability
of Ni-doped STF35 decreases with an increasing Ni content. As it is hard
to distinguish between Ni and Ni2S3 by XRD patterns, SEM/EDS map-
ping were used to investigate the surface of materials after annealing
(Fig. 10). A very small amount of NiSx (marked by red) and many Ni
areas are clearly shown by EDS mapping. This is consistent with data
calculated by FactSage software. The area where Sr and S are enriched at
the same time is expected to be the SrS phase. Besides, the Fe/Ni metallic
phase can also be detected by the mapping.

Two-cycle TGA measurements were carried out to compare the sta-
bility of the four samples in reducing atmosphere (Fig. 11). The mass loss

increases with Ni content increasing. For the first cycle, the mass loss of
STF35 and STFN005 is close to each other (1.08 % and 1.12 %,
respectively), but the degree strongly increases with 1.65 % for
STFN0075 and 1.9 % for STFN010 after dwelling for 2 h in 2.9 % H2/Ar
at 900 ◦C. The mass loss further increases to 1.74 % for STFN0075 and
2.09 % for STFN010 during the second cycle, while that of STF35 and
STFN005 still keeps a similar value as the first cycle (1.02 % and 1.10 %,
respectively). XRD patterns shows that STF35 and STFN005 are still
single phase after the two-cycle TGA measurements, while additional
NiO peaks are found in STFN0075 and STFN010. This indicates that
STF35 and STFN005 exhibit higher stability than STFN0075 and
STFN010 in reducing atmosphere. Therefore, it can be concluded that
the stability of STFNx will decrease with increasing Ni content and 5 %
Ni-doped material STFN005 will not significantly reduce the material
stability compared to STF35.

Fig. 10. (a-f). SEM images and EDS mapping of STFN005 annealed at 900 ◦C in syngas with H2S.

Fig. 11. Two-cycle TGA measurements of STF35 and STFNx in air and 2.9 %
H2/Ar atmospheres.

Fig. 12. XRD patterns of STF35 and STFNx after two-cycle TGA measurements.
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4. Conclusions

This work studied the influence of Ni doping on the B-site of STFNx
with regard to structural and functional properties for its use in oxygen
transport membranes. The results showed that Ni doping on the B-site
can increase both electronic and ionic conductivities of STF35. The
oxygen permeance of STFNx slightly varies with Ni concentration and is
close to the benchmark LSCF6428. Fe and Ni exsolution phenomenon
was clearly found on the surface of STF35 and STFNx after annealing in
reducing atmospheres. All samples still possess the main peaks of
perovskite evenly annealed in a very harsh condition, i.e. syngas with
high H2S contamination. The stability of STFNx decreased with
increasing Ni content.

It is worth noting that even 5 % Ni-doped material STFN005 exhibits
uniformly distributed Fe/Ni exsolution after annealing in a reducing
atmosphere, which will benefit the catalytic performance in a mem-
brane reactor. Two-cycle TGA measurements illustrate that STF35 and
STFN005 exhibit higher stability than STFN0075 and STFN010 in a
reducing atmosphere. Therefore, 5 % Ni doped STFN005 can be a
promising material for POM in membrane reactors.
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[41] A. Mizera, E. Drożdż, Studies on structural, redox and electrical properties of Ni-
doped strontium titanate materials, Ceram. Int. 46 (15) (2020) 24635–24641.

[42] G.A. Alna’washi, A.M. Alsmadi, I. Bsoul, B. Salameh, G.M. Alzoubi, M. Shatnawi, S.
M. Hamasha, S.H. Mahmood, Investigation on X-ray photoelectron spectroscopy,
structural and low temperature magnetic properties of Ni-Ti co-substituted M-type
strontium hexaferrites prepared by ball milling technique, Results Phys. 28 (2021)
104574.

[43] S. Molin, W. Lewandowska-Iwaniak, B. Kusz, M. Gazda, P. Jasinski, Structural and
electrical properties of Sr(Ti, Fe)O3-δ materials for SOFC cathodes,
J. Electroceram. 28 (1) (2012) 80–87.

[44] A. Rothschild, S.J. Litzelman, H.L. Tuller, W. Menesklou, T. Schneider, E. Ivers-
Tiffée, Temperature-independent resistive oxygen sensors based on SrTi1− Fe O3−
solid solutions, Sens. Actuators B Chem. 108 (1-2) (2005) 223–230.

[45] K. Shan, D. Dastan, Z.Z. Yi, M.K.A. Mohammed, X.T. Yin, A. Timoumi, A.
S. Weidenbach, conductivity and aging behavior of Sr(Ti(0.6)Fe(0.4))(1-x) O(3-
delta) mixed conductor materials, RSC Adv. 13 (13) (2023) 8683–8691.

[46] S.-L. Zhang, H. Wang, M.Y. Lu, A.-P. Zhang, L.V. Mogni, Q. Liu, C.-X. Li, C.-J. Li, S.
A. Barnett, Cobalt-substituted SrTi0.3Fe0.7O3− δ: a stable high-performance
oxygen electrode material for intermediate-temperature solid oxide
electrochemical cells, Energy Environ. Sci. 11 (7) (2018) 1870–1879.
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