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ABSTRACT: Donor-doped perovskite-type SrTiO; experiences stoichiometric b 800°C

changes at high temperatures in different P, involving the formation of Sr or Ti- 07 2. -t < 500«75
rich impurities. NiO is incorporated into the stoichiometric strontium titanate, g i 500 S
SrTipgNby,0;.5 (STN), to form an A-site deficient perovskite material, (NiO)yos- S BO, 4002
(SrTiggNbg,05)00s (Ni-STN), for balancing the phase transition. Metallic Ni ~ $0-6- In-situ 2
nanoparticles can be released upon reduction instead of forming undesired § 0.4 reduction;300
secondary phases. This material design introduces a simple catalytic modification ’ SSR £ 200':.
method with good compositional control of the ceramic backbones, by which 0.2 +Nio— " Lo 3
transport property and durability of solid oxide fuel cell anodes are largely ;" "ABO xNiL)O; &
determined. Using Ni-STN as anodes for solid oxide fuel cells, enhanced catalytic 0'06 300 600 900 1200 1500 1330

activity and remarkable stability in redox cycling have been achieved. Electrolyte-

Current Density (mA cm?)

supported cells with the cell configuration of Ni-STN-SDC anode,

La ¢Sr,Gag Mgy 1305 (LSGM) electrolyte, and Lag¢Srg4Cog,FeqsO; (LSCF) cathode produce peak power densities of 612,
794, and 922 mW cm™? at 800, 850, and 900 °C, respectively, using H, as the fuel and air as the oxidant. Minor degradation in
fuel cell performance resulted from redox cycling can be recovered upon operating the fuel cells in H,. Such property makes Ni-
STN a promising regenerative anode candidate for solid oxide fuel cells.
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1. INTRODUCTION

Solid oxide fuel cells (SOFCs) possess high conversion
efficiency and fuel flexibility and have been considered as one
of the most versatile clean energy technologies."> Conventional
Ni-cermet anode materials for SOFCs have unique merits such
as low cost, ease of processing, and excellent electrochemical
activity for typical fuels, but they suffer from several instability
issues.>™> Among them, the redox cycling instability, arisen
from the substantial volume change of Ni, causes severe
performance degradation and even failure of SOFCs, and redox
cycling may be unavoidable during the long-term operation of
SOFCs.® Considerable efforts have been devoted to solve such
issues by developing alternative redox stable anode materials.”

Although ceramic materials have been proposed to address
the redox instability issues of SOFC anodes, their generally low
catalytic activity for fuel oxidation significantly limits fuel cell
performance compared to Ni-cermet anodes.®*”'' Additional
catalyst loading through infiltration has been generally applied
to enhance the anode catalytic activity.'>”'® Compared with
conventional deposition methods, ceramic materials that can
self-extract catalysts during operation become very attractive for
their simplicity to be scaled up.'’~>' Recently, some other
materials have also been designed to form catalyst particles by
introducing large amounts of cation vacancy and reducing the
ceramic phase stability.”>*> Some of these materials are
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summarized in Table 1. However, the major limitation for
these materials is the less-controlled ceramic composition
change. Extracting catalysts from the ceramic phase causes
compositional change, by which the transport property and
durability of the anode are largely determined.”* In some cases,
the ceramic phase gradually decomposes while generating
metallic catalysts. It causes the catalyst particles to be blocked
from connecting to the conductive network and become
electrochemically inactive. The cell performance may not be
improved and may even degrade.””>** Therefore, besides
obtaining nanocatalysts, carefully tailoring the composition of
the reduced ceramics is essential for achieving active and stable
performance in applications. However, so far little attention has
been paid to the reduced ceramic phases in these material
systems. Here we demonstrate a strategy to store Ni catalysts
via phase transition of Nb doped SrTiO;. Nanosized metallic
catalysts are extracted under anode conditions, while the
ceramic composition gradually approaches the anticipated
stoichiometry without forming undesirable secondary phases.
Enhanced catalytic activity and remarkable stability in redox
cycling have been achieved.
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Table 1. Ceramic Materials Self-Extracting Catalysts upon in Situ Reduction

initial composition
Lay§Srg,Cr;,X,0;5_5 X = Nj, Ry, Pd, y =0-0.31,
perovskite 800 °C
NbTijsNiysO,, rutile

Sr; gFe; 4Nig ;Mo ;Og.5 perovskite
Pry4SryCog,Fe;Nb, 0;_5 perovskite

catalysts (size), reduction temperature

Ru (<10 nm) Ni (10—50 nm) Pd (~8 nm),

Ni (<1 pm), 1000 °C
Lag 5,S0,5Nig 06 Ti0.0403 LagsCe Nig,4TigsO3, perovskite Ni (<50 nm), 930 °C

Ni—Fe (10—50 nm), 800 °C
Fe—Co (~50 nm), 900 °C

ceramic phaseoh ref
perovksite phase + oxides 18, 19, 21
rutile Nb, 33Ty 6,0, 20
perovksite phase, perovksite phase + 22
CeO,
perovksite phase + oxides 23
K,NiF, -type 34

PrggSr 5 CO»Fe)o.sNbo.zo4+§

2. EXPERIMENTAL STUDY

2.1. Material Preparation. (NiO)s-(SrTiggNbg,05.5)00s (Ni-
STN) and SrTipgNb,y,0;5 (STN) were synthesized by solid-state
reactions starting from NiO (99%), SrCO; (99%), TiO, (99.9%), and
Nb,O; (99.9%) according to the stoichiometry. The mixed powder
was first fired at 900 °C for 4 h in air and then ground and pressed into
pellets. The solid state reaction was taken place at 1200 °C in air for 10
h and repeated another time to improve phase purity.

The obtained powder was mixed with 20 wt % graphite, pelletized,
and sintered at 1400 °C in air for 10 h for making porous pellets. The
porous pellets were reduced in H, (3 vol % H,0) at 900 °C for 10 or
20 h for microstructure study. Ni-STN pellet was also reduced in 5%
H, (balanced with N,) at 1400 °C in a tubular furnace (MTI
GSL1700S) for 10 h and then crushed into powder for TEM, neutron
diffraction and XPS study.

For electrochemical characterization, Ce,4Sm,,0, (SDC),
Lay4Cey 40, (LDC), and Lay ¢Sty ,Co,,Feys0; (LSCF) were prepared
by a citric-acid-assisted combustion method, and
LagsSro,Gagg;Mgy 1305 (LSGM) was synthesized by a solid-state
reaction method.

2.2. Characterization and Electrochemical Evaluation. X-ray
diffraction (XRD) data for the synthesized powders were collected on
a D/MAX-3C X-ray diffractometer equipped with a graphite
monochromator and Cu Ka radiation in a 26 range of 20—80° at 5°
min~". SEM images of fracture surface of the porous Ni-STN pellets
were obtained by using a Zeiss Ultraplus Thermal Field Emission
Scanning Electron Microscope. Only the sample before reduction was
coated with Au due to the low conductivity. A JEOL2100F
transmission electron microscope (TEM) equipped with a Schottky
field-emission gun (FEG), with Cs = 1.0 mm operated at 200 kV was
used to obtain high resolution TEM images on Ni-STN powder
reduced at 1400 °C. Powder neutron diffraction data were collected
using the VULCAN neutron powder diffractometer at the Spallation
Neutron Source at Oak Ridge National Laboratory, and a vanadium
sample canister was used for holding samples during test.”>*” Rietveld
refinement of the data was performed using the GSAS software
package and the EXPGUI interface.”® X-ray photoelectron spectros-
copy (XPS) was conducted on a Kratos Axis Ultra DLD instrument.

LSGM pellets were sintered at 1450 °C for 10 h to form dense
electrolyte membranes about 200 ym thick. An LDC interlayer was
fabricated by painting LDC slurry on the anode side of the LSGM
electrolyte membrane to prevent possible reactions between the anode
materials and LSGM. The electrolyte membranes with the LDC
interlayers were sintered at 1350 °C for 2 h. Ni-STN or STN with
SDC (70:30 wt %) and pure LSCF were used as the anode and
cathode materials. The electrode slurries as well as the LDC slurry
were made by mixing the powders with a Heraeus binder V006 at a
weight ratio of 1:1.5. The anode and cathode were then painted on the
LSGM membrane and cofired in air at 1100 °C for 2 h. Au paste
(Heraeus CS755A) and Pt paste (Heraeus CL11—5100) were painted
on the anode and cathode, respectively, and fired at 1000 °C for 0.5 h
to form the current collectors. The effective area of the cells was
controlled by the cathode size, which is 0.33 cm™. Two wires were
connected to each electrode and the cells were tested in a four-probe
configuration. The flow rate of the fuel gas was set to 40 mL min™’,
and ambient air was used as the oxidant. A Versa STAT 3—400 test

system (Princeton Applied Research) was used for electrochemical
characterizations.

For the redox stability test, the anode was purged with N, for 10
min before switching the gas between air and H,. After each cycle, the
electrochemical impedance measurements were carried on in H, after
the OCV became stable. After operating the cells under a constant
current load in H,, the impedance spectra were also measured before
conducting another cycle.

The electrochemical processes detected by impedance spectroscopy
were characterized by the distribution of relaxation time (DRT), y(7),
where 7 is the relaxation time. The core physics of DRT is that the
impedance is a summation of infinite number of infinitely small RC
elements. Mathematically, DRT is an implicit function of the
imaginary part of polarization resistance, Z”(w), given by,

Z'(w) = R, [)oo #y(r)d‘r with ‘/0‘oo y(t)dr =1

(1)

where R, is the DC activation resistance.

3. RESULTS AND DISCUSSION

Despite the low catalytic activity, donor dopants, such as La, Y,
and Nb, doped SrTiO; materials are quite attractive among the
explored ceramic SOFC anodes for their excellent stability and
remarkably high electrical conductivity at low Po,.”**~* The
stoichiometric change of these donor-doped SrTiO; materials
has been reported. Taking Nb-doped SrTiO; as an example,
phase transition from the strontium-deficient phase to the
stoichiometric phase can be expected upon reduction (P, ~
107%° atm, above 800 °C) involving Sr-rich or Ti/Nb-rich
secondary phases, as shown by eqs 2 and 3.

St,_,Tiy_Nb,O, + §Sro

anode X
— SrTi; _ Nb,O; + —0,, (0 <x <1
1-NBOs + 20 ( ) @)

anode

St _,oTij_ Nb,O; —
L
2

SrTi(l—x—y)/(l—x/Z)Nb(x/2+y)/(l—x/2)o(3—5x/2+3y)/(1—x/2)
+ yTiO, + (g - y)szos, (0<y<x/2<0.5)

()

According to eq 2, the excess B-site cations in A-site deficient
compositions can be replaced by transition metal oxides, which
may be reduced to metallic catalyst under anodic conditions,
and Ni is selected for its excellent catalytic activity among the
nonprecious metals."”?*** Incorporation of NiO into the
stoichiometric perovskite STN can be expressed by eq 4.
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ymo+(1—ﬁ&m»+u—xnmg+§qu)

oxidizing . )
— Sy _y(T11_bex)1_yN1yO3_((2+§)y_§),

(0<% y<1) (4)

Adding NiO introduces not only A-site deficiency, but also p-
type doping (Nif;) to the material. Five percent of Ni (y =
0.05) can fully compensate the donor charge from STN in
oxidizing atmospheres without forming Sr-rich secondary
phases. This assumption is confirmed by the XRD patterns of
powder samples synthesized at 1200 °C in air (Figure 1). Ni-

A Ni-STN-1200
A perovskite
A
—~ A
2 O W N U NS W
S A a2 A Nl
E’ STN-1200
-9 * Impurities
£
(@ Jt | *[ . | |
20 30 40 50 60 70 80
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Figure 1. XRD of (a) STN and (b) Ni-STN synthesized by a solid
state reaction route at 1200 °C in air.

STN exhibits single perovskite phase, while STN shows evident
impurity peaks, which can be attributed to Sr-rich phases
(SrsNb,O,s; (JCPDS 48-0421)), consistent with other
reports.”>>> Porous Ni-STN samples were reduced at 900 °C
to demonstrate the precipitation of nanocatalyst particles.
Figure 2a shows the sample reduced for 10 h, and a few
nanoparticles can be seen emerged on the cross section at the
grain boundaries and near grain surface. As the reduction was
prolonged to 20 h, more particles can be observed, even on the

Figure 2. SEM images of Ni-STN after reduction at 900 °C in H, (3
vol % H,0) for (a) 10 h and (b—e) 20 h.

grain surface, as shown in Figure 2b. Figure 2c,d shows the
SEM images in higher magnifications for the sample reduced
for 20 h. The preference for the nanocatalyst particles to
precipitate at the grain boundaries is still evident, especially for
the area far from the grain surface. However, the amount of
particles generated near the surface is evidently larger. Such
distribution indicates that the catalyst precipitation is
significantly dependent on the degree of reduction. The typical
catalyst particle near the grain surface is shown in Figure 2e,
and a diameter of about 50 nm can be measured.

Ni-STN was further reduced at 1400 °C for 10 h to
accelerate the phase change. The reduced samples were studied
by SEM, XPS, and Neutron powder diffraction to verify the
proposed changes for Ni-STN. Figure 3a shows the SEM and
EDX results of the reduced sample. Ni particles with diameters
of about hundreds of nanometers can be observed due to the
high treatment temperature, in contrast to the much smaller
ones obtained at lower temperature. Figure 3b shows the Ni 2p
core levels for Ni-STN powder samples before and after
reduction at 1400 °C. Compared with those reported values, a
shoulder band at 852.8 eV can be observed for the reduced
sample, corresponding to the Ni metallic phase; however, most
of Ni was still in the oxide form.>® The composition of reduced
ceramic phase and the metal content in reduced Ni-STN were
investigated by Neutron powder diffraction to verify the
proposed phase changes. Figure 3¢ shows the diffraction data
and the Rietveld refinement result in the log—log scale. The
diffraction pattern of the reduced Ni-STN can be well fitted
with a cubic perovskite phase (space group Pm3m) and a
metallic Ni phase (space group Fm3m; Rwp = 4.20%, Rp =
3.20%, x> = 1.594). The fitting parameters are shown in Table
2. It can be seen that Ni has been partially extracted from the
lattice after reduction at 1400 °C, resulting in 1.69(7) wt % of
Ni metal in the reduced composite. According to the
refinement results shown in Table 2, Ni occupancy in the
reduced perovskite phase was about 0.032(2) versus 0.05
before reduction, which means a significant amount of Ni still
remained in the lattice, which is consistent with the XPS
analysis. The reduction of Ni-STN can be expressed by eq 5. As
the transition continues, more Ni metal particles are extracted
from the lattice, and the A-site deficient perovskite phase
approaches more closely to the stoichiometric composition as
expected.

Sro.%(Tio.sNboiz)ogs Nig0s0;_5

anode

— S1,95(TiggNbg ) 9sNig 5,035 + *Ni,
(0 < x<0.095) (3)

STN and Ni-STN were mixed with SDC as composite
anodes, and their single-cell performance was tested in LSGM
electrolyte (~300 pm) supported single cells with LDC
interlayers and LSCF cathodes. The cells were activated
under a constant current load of 300 mA cm™ for about 80
h in H, to reduce the anodes before the -V and I-P curves
were recorded. As shown in Figure 4, the peak power density of
STN—SDC cell at 800 °C after activation reached 341 mW
cm™2 Due to the modification of Ni catalysts, the cells with the
Ni-STN anode exhibited almost double the peak cell power
output of those with STN. Peak power densities of 612, 794,
and 922 mW cm ™ were achieved in H, at 800, 850, and 900
°C, respectively. The values are much higher than those
reported for strontium titanate anodes and comparable to those
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Figure 3. (a) SEM image of Ni-STN reduced at 1400 °C in S%H,/N,. (b) Ni 2p core levels of Ni-STN and Ni-STN reduced at 1400 °C in S%H,/
N,. () Rietveld refinement of neutron powder diffraction for Ni-STN reduced at 1400 °C. “V” marks two visible peaks from the vanadium sample

canister.

Table 2. Parameters for Rietveld Refinement of the Neutron
Powder Diffraction

parameters Sr(TiNb,Ni)O; 5 Ni
a (&) 3.92918(2) 3.532(2)
occup. Sr 0.95

occup. Ti 0.790(2)

occup. Nb 0.155(2)

occup. Ni 0.032(2)

occup. O 0.971(8)

Rwp 420%

Rp 3.20%

Ve 1.594

Ni wt. frac. 0.0169(7)

infiltrated with small amounts of catalysts, such as 275 mW
cm™? at 800 °C for 1 mg cm™> Ni-infiltrated Lag,SrosTiO;—
Cey9Gdy,,0, anode on 300 um thick LSGM electrolyte,*” 577
mW cm ™2 at 800 °C for 1.5 wt % Pd-infiltrated Sty g4 05 TiO3—
LDC anode on 300 #m thick LSGM electrolyte,”® and 640 mW
cm™? for 1 wt % Pd and 3 wt % CeO,-infiltrated STN—yttria-
stabilized zirconia (YSZ) anode on SO um thick YSZ
electrolyte,® indicating such design strategy for Ni-STN is
very effective to enhance anode performance of ceramic
materials.

19993
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Figure 4. Cell voltages and power densities on current density of
LSGM electrolyte-supported single cells for Ni-STN and STN anode
in H,.

Due to the high dispersion of catalyst particles and the
restraint of the ceramic phase in this self-generated composite,
Ni-STN anode exhibited good stability under constant current
load in H, and redox cycles. The cell was tested at 800 °C for
almost 160 h in H, with nine redox cycles, and the results are

dx.doi.org/10.1021/am5055417 | ACS Appl. Mater. Interfaces 2014, 6, 19990—19996
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Figure S. (a) Voltage of the cell with Ni-STN tested at 800 °C in H, and in redox cycling. The air exposure time was 10 min or 20 h (for the fifth
cycle) during cycling. (b) Nyquist plots and (c) distributions of relaxation times of impedance spectra measured on cells with Ni-STN after the first

and fifth redox cycles.

shown in Figure S. An activation process can be observed in
Figure Sa in which the cell voltage under a current load of 300
mA cm ™2 increased dramatically in a few hours. As previously
mentioned, the activation could be attributed to the reduction
of Ni-STN companied with the extraction of Ni. The Ni-STN
cell reached stable performance in about 30 h. The redox
stability of the Ni-STN cell was investigated by switching the
anode gas between H, and air for nine cycles with different
lengths of exposure time in air after the cell was operated under
a current load of 300 mA cm™ in H, for 95 h. The oxidation
impact on the cell performance is evident. A voltage drop of
about 6% can be observed after a 10 min exposure in air.
However, such a drop in the voltage can be recovered gradually
upon operating the cell in H,, and the voltage increased to 97%
of the initial value after 1 h. The cell performance became quite
stable after the first cycle, and the cell voltage recovered to
above 96% of the initial value in all of the following cycles. It is
interesting that prolonging the oxidation time to about 20 h in
air does not further degrade the cell performance, but extending
operation time in H, is very effective in recovering the
performance. As shown in Figure Sa, the cell voltage recovered
continuously to 98% of the initial value by operating the cell in
H, for about 20 h in the fifth cycle and 10 h in the ninth cycle,
indicating that the reversibility and stability of Ni-STN in redox
cycling is quite impressive.

Figure Sb shows the Nyquist plots for the Ni-STN cell after
the first and fifth redox cycles. Tthe major impact of redox
cycling was on the polarization resistance of the cell rather than
the ohmic resistance, indicating physical chemistry changes of
the anode surface during redox cycling governs the degradation

19994

of the cell performance. It seems that the short exposure time in
air does not change the electrode conductivity. Such resistance
to oxidation was reported for several SrTiO;-based materials
and has been proposed as good features for redox stable
materials.’>** As shown for the fifth redox cycle, longer
oxidation time did have some negative influence on the ohmic
resistance, but it is still recoverable in H, after adequate time.
Figure Sc shows the distributions of relaxation times calculated
from the impedance results to analyze the electrode processes.
At least two processes occurred, corresponding to one small
peak at about 400 Hz and one broad peak at 3—8 Hz. Both
peaks changed upon redox cycling for the anode but the low
frequency one was dominant. According to the findings by
Leonide et al,* this peak can be probably ascribed to the
impedance contribution from the chemical process, which may
be significantly affected by the catalytic activity of the anode.
The intensity of the peak increased significantly after oxidation,
but it can be brought down by sufficient reduction. By
operating the cell in H, for about 20 h after the fifth cycle, the
impedance is even smaller than that measured after the first
cycle, showing the good reversibility of Ni-STN anode during
redox cycling.

4. CONCLUSION

In conclusion, SrqgsTig7sNbg 1oNig 05055 (Ni-STN) was formed
by combining NiO with stoichiometric SrTi,gNby,0;5 Upon
reduction, Ni-STN released Ni particles, and the ceramic
composition approached SrTijgNby,0;; without forming
undesired secondary phases. The simple material design
strategy gives good control of the ceramic phase in the self-

dx.doi.org/10.1021/am5055417 | ACS Appl. Mater. Interfaces 2014, 6, 19990—19996
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generated metal-ceramic composites. Benefiting from the
catalytic active nano metallic phase and the stability of the
ceramic backbone, enhanced fuel cell performance and
excellent redox stability were achieved.
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