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Characteristics of Sr,Y0sTi;_,Ni, O; s anode for direct internal steam
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Abstract—Sr,4,Y(0511,_,Ni,Os_s (SYTN) having a perovskite structure was investigated as a direct internal steam
methane reforming catalyst for use in solid oxide fuel cells. To analyze the effect of Ni-ion doping, 0, 3, and 5 mol% of
Ni is doped at the B-site of Sty,Y,0sTiO5_5 (SYT). On doping, each Ni** cation substitutes a Ti*" cation in SYT to form
an oxygen vacancy with two electron holes, thus acting as an oxygen-ion conductor. The number of oxygen vacancies
increases with increase in Ni-ion doping. In particular, Sryg,Y 05Tl 9sNigsO5_s (SYTN5) shows excellent catalytic activ-
ity for steam methane reforming, yielding CH, conversions of 0.80, 0.96, and 0.99 at 700, 800, and 900 °C, respectively,
and H,-to-CO ratios of 3.38, 3.32 and 3.24 at 700, 800, and 900 °C, respectively, which are very close to the theoretical
values for the steam methane reforming and water gas shift reactions. The excellent electrochemical property and high
oxygen-ion conductivity of the SYTN5 anode result in good cell performance.
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INTRODUCTION

Solid oxide fuel cells (SOFCs) have received much attention be-
cause of their high energy-conversion efficiency and fuel source
flexibility. In particular, high-temperature SOFC operation allows
the internal reforming of various commercial fuel sources, includ-
ing natural gas, gasoline, and diesel [1,2], and the direct use of these
hydrocarbon fuels provides several physiochemical advantages over
the use of pure H,, including easy storage/transport and high energy
density. In addition, internal reforming eliminates the need for exter-
nal reforming and fuel purification processes, thus improving the
overall system efficiency and reducing the operating cost of SOFCs.

Methane, a major component in natural gas and shale gas, is an
attractive energy source because it is cheap and abundant. CH, can
be utilized by direct internal reforming using H,O or CO, in SOFCs.
Although CO, reforming (dry methane reforming, DMR) has at-
tracted attention recently, especially in bio-gas utilization, steam
methane reforming (SMR) remains the most common method for
H, production and direct internal reforming in SOFCs [3-6]. In
the SOFC, CH, reacts with H,O to produce H, and CO via SMR,
as shown in reaction (1), and the produced CO reacts with H,O
to produce CO, and H, via the water-gas shift (WGS) reaction, as

shown in reaction (2).
CH,+H,0—>CO+3H, AH =206 kJ/mol(1)
CO+H,0—>CO,+H, AH’=—412kJ/mol(2)

Because the WGS reaction is much faster than the SMR reaction,
it can be assumed to be at or near equilibrium [7,8].
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Although SMR has been successfully utilized in industrial tech-
nology, its application to SOFCs is challenging, both in terms of
reactor design and catalyst performance. In particular, the differ-
ence in the reaction rates between the SMR reaction and electro-
chemical oxidation reaction could be a major problem for direct
internal reforming in the SOFC anode. Specifically, H, and oxygen
ions (O™) can react electrochemically at the anode to produce cur-
rent, steam, and heat, as shown in reaction (3).

®

The interactions between the slow; endothermic SMR reaction and
the fast, exothermic H, electrochemical oxidation reaction are very
complicated and not well understood.

Currently, Ni/yttria-stabilized zirconia (YSZ) is widely used as an
SOFC anode, but it has critical limitations, for example, suffering
from coking, sintering, and poisoning during the utilization of hy-
drocarbon fuels including CH,. In addition, during the direct inter-
nal SMR in SOFCs, carbon deposition can be major problem under
H,O-limited conditions. Specifically;, because of the high catalytic
activity of Ni catalysts for C-H bond breaking, carbon is undesir-
ably formed on the Ni phase, and this carbon deposit blocks the
porous anode and increases the diffusion resistance for the fuel gas.
Moreover, carbon deposition and precipitation leads to volume
expansion in the anode and, thus, the separation of the Ni and YSZ
phases. This results in internal stress and the structural rupture of
the anode. To minimize carbon deposition during SMR, the use
of a high H,0O/CH, ratio in the feed, in which H,O acts as an oxi-
dant, is recommended [9]. A high H,0/CH, ratio, however, dilutes
the fuel, resulting in lower electrochemical efficiency and H, yield,
as well as higher operating cost as a result of the need for H,O evapo-
ration. Therefore, the development of alternative anode materials
that are resistant to coking and poisoning is required to utilize com-
mercial hydrocarbon fuels including CH,. These alternative anodes

H,+O” ->H,0+2¢
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should meet strict requirements for use in SOFCs [10-12]: specifi-
cally, the anode materials should have (i) good electrocatalytic activ-
ity for hydrocarbon fuel oxidation, (i) chemical stability at high tem-
perature, (iif) chemical compatibility with the electrolyte, (iv) high
resistivity against carbon coking and impurity poisoning, for exam-
ple, by sulfur compounds, and (v) sufficient ionic and electronic
conductivity. Based on these criteria, many researchers have devel-
oped alternative SOFC anodes for the direct and practical utiliza-
tion of hydrocarbon fuels. Although Ni can be replaced by metals
such as Cu, W, Co, Pd, and Ru to yield well-performing alterna-
tive anode materials, they are not appropriate for use with hydrocar-
bon fuels, especially for long-term operation [13-18]. In particular,
noble metals such as Pt, Ru, and Pd are prohibitively expensive. In
contrast, oxide-based materials are good candidates for SOFC
anode materials. Due to their low electrical and chemical activity
for methane oxidation, most oxides are intrinsically immune to
carbon deposition problems [19,20]. In particular, perovskites hav-
ing an ABO; stoichiometry can be modified by the substitution of
rare-earth cations or lanthanide cations at the A-site, and transi-
tion metal cations can substitute the B-site cations. In A-site-doped
perovskites, the A-site cations have multiple valence states depend-
ing on the oxygen partial pressure; this results in the delocaliza-
tion of electrons and improved electronic conductivity. Further,
the doping of cations having unmatching valences into the B-site
could result in the production of oxygen vacancies, thus improv-
ing the ionic conductivity. This mixed ionic-electronic conducting
(MIEC) property exhibited by some doped perovskites is a signifi-
cant advantage in alternative anodes because electrochemical oxi-
dation is not only confined to the triple phase boundary but also
occurs at the gas-solid two-phase boundary (2PB). Therefore, vari-
ous doped perovskites have been studied as alternative anodes for
the utilization of hydrocarbon fuels [21-25]. In our previous studies,
the electrochemical properties of Sr,Ni; sM0y,04_s (SNMO) [26,27]
St0.9, Y005 Tij—<Fe,O5_ s (SYTF) [28,29], Sry5,Y 05 i1 Ni,O5_ 5 (SYTN)
[30], and Sryg, Y0511, ,RUO; 5 (SYTRu) [31] were investigated in
the presence of H, and CH, fuels.

In this study, we investigated the catalytic property of SYTN
materials as SMR catalysts. To prepare SYTN, Sty Y0 TIO; 5 (SYT)
was doped with various amounts of Ni (0-5mol%) to investigate
the effects of Ni-ion doping on the SMR behavior. We found that
the MIEC property exhibited by SYTN enhances the electrocata-
lytic performance of the anode and results in improved cell perfor-
mance.

EXPERIMENTAL

To synthesize SYTN, strontium nitrate (St(NO;),, Aldrich), yttrium
nitrate hexahydrate (Y(NO,),-6H,0, Aldrich), nickel nitrate (Ni(NO;),,
Aldrich), and titanium isopropoxide (Ti{OCH(CHs),],, Junsei) were
prepared with some additives. To investigate the effect of the dop-
ing of the Sry,YsTiO;_5 (SYT) anode with Ni on the SMR per-
formance, the amount of Ni was varied, ie., 0, 3, and 5 mol%. The
procedure for the synthesis of SYTN has been described in our
previous work [30]. The crystal structure of SYTN was analyzed
using X-ray diffractometry (XRD, Rigaku, RINT-5200) with Cu K,
radiation (1=1.5405nm) generated at 30 kV and 30 mA. Tempera-

ture-programmed reduction (TPR) experiments on the fresh cata-
lyst were carried out in a BEL TPR device (BEL CAT, BEL Japan,
Inc). The flow rate of the reactive gas (4% H,/Ar) over the catalyst
(50 mg) was 50 sccm, and the reaction temperature was increased
in increments of 5°C min' from 100 to 900 °C. The surface area
and pore diameter distribution of the catalysts were obtained using
an adsorption analyzer (Micromeritics ASAP 2020 apparatus) and
the Brunauer-Emmett-Teller (BET) method.

The SMR reaction with the SYTN catalyst was carried out at
atmospheric pressure in a fixed-bed continuous flow system. A
quartz tube having an internal diameter of 2 mm was used as the
reactor, and 0.4 g of SYTN catalyst was loaded onto quartz wool
and placed in the reactor. The catalysts were reduced in 10% H,/
Ar flow in situ at 900 °C for 2 h before the SMR reaction was car-
ried out. A mixed gas (CH,/H,0=10/10 sccm) was used for SMR
at a gas hourly space velocity (GHSV) of 6,000 h™". The products of
the reaction were analyzed using gas chromatography (GC, Agi-
lent 6900 model), and the GC device was connected to a thermal
conductivity detector (TCD).

To investigate the electrochemical performance of SYTN as an
anode material, electrolyte supported cells were fabricated having a
thickness of 0.8 mm and a diameter of 254 mm. The electrolyte
supports were prepared by uniaxial dry pressing (Carver Press Inc.,
USA) using 8 mol% Y,0,/ZrO, powder (8YSZ, Zry4,Y,0:0, s Fuel
Cell Materials, USA), followed by sintering at 1,400 °C for 5 h. The
prepared SYTN slurry with a polymethylmethacrylate (PMMA)
pore former, binder, and other additives was coated on the dense
8YSZ electrolyte support by tape casting to yield the anode. The
anodes had an active area of 0.79 cm” and thickness of approximately
30-50 pm after cofiring with the electrolyte support at 1,200 °C for
5h. An LaygSry;sMnO; (LSM) paste was coated on the 8YSZ elec-
trolyte using the tape casting method and then fired at 1,100 °C to
prepare the cathode. The anode microstructure was analyzed using
field-emission scanning electron microscopy (FE-SEM, Hitachi, S-
4200, Japan). The electrochemical performance was investigated
by mounting an electrolyte-supported button cell between double-
layered alumina tubes and sealing it with Pyrex glass on the dense
electrolyte. A perforated Pt plate (1 cm’ in area) and Ag paste were
used as current collectors. The electrochemical characteristics of
the anodes were measured using electrochemical impedance spec-
troscopy (SP-150, Biologic Science Instrument). The impedance
spectra were recorded in the frequency range of 10~ to 10°Hz at
an excitation voltage of 10mV to ensure a linear response. The
impedance analyses were performed when the Nyquist plot indi-
cated an equilibrium state. For the anode, humidified hydrogen
(approximately 8 vol% H,0) and humidified CH, (approximately
8vol% H,0) were used as the fuel gases and were supplied at a
rate of 200 mL-min”". For the cathode, air as an oxidant gas was
supplied at a rate of 200 mL-min"".

RESULTS AND DISCUSSION
Fig. 1(a) shows the XRD patterns of the SYTN powder sintered
at 1,200 °C. The amount of Ni as a B-site dopant was 3 or 5 mol%
(SYTN3 and SYTN5, respectively), but the unmodified powder
(SYTNO) was also tested. The ex situ XRD data were obtained after

Korean J. Chem. Eng.(Vol. 38, No. 9)



1836 J. H. Kim et al.

v S_fo.ngoAuaTH-xNixOs
(a) ¢ NiO
v ¢ Ni
3
&
>
N7
C
[
=
26 (degree)
——
(b) SYTNO
——S8YTN3
—e—SYTN5S
3
&
2
®
c
)
=

320 322 324 326 328 330
20 (degree)

Fig. 1. (@) XRD patterns of SYINO, SYTN3, and SYTN5 and (b)
peak shift change with increase in Ni-ion doping.

perovskite structure formation at 600 °C for 10h. No noticeable
peaks other than those of SrTiO; having a perovskite structure were
detected in the XRD patterns of all samples. However, all peaks
shifted slightly to the right with increase in the amount of the Ni
dopant, as shown in Fig. 1(b). In our previous research, SrO and
NiO phases were detected in 7mol% Ni-doped SYT (SYTN?7)
powder and were found to be segregated at the SYTN surface
[30]. The larger ionic radius of Ni** (0.69 A) compared to that of
Ti*" (0.61 A) limits the amount of Ni** dopant at the six-coordi-
nate B-site. As a result of the substitution of cations having differ-
ent ionic radii into the crystal structure, the crystal strain changes,
and this is described by the tolerance factor of the SYTN perovskite.
The tolerance factor in doped perovskite is given by Eq. (4).
(1-x)-R,+x-R, +R,
= ©
N2((1-y)-Ry+y-Rp+Ry)

Here, x and y are the mole fractions of dopants at the A- and B-
sites, respectively, R, is the ionic radius of the A cation, R, is the
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Fig. 2. Arrhenius plots of the electrical conductivity of SYTNO,
SYTN3, and SYTN5 in 5% H, balanced with N, from 600 to
900 °C.

ionic radius of the A-site dopant, R is the ionic radius of the B
cation, Ry is the ionic radius of the B-site dopant, and Ry, is the
ionic radius of the oxygen anion. The tolerance factor for SYTNO
is 0.9945 and it decreased with increase in Ni-ion doping at the B-
site for SYTN3 and SYTNS5, ie., 0.9932 and 0.9924, respectively.
The tolerance value of SrTiO; having an ideal perovskite structure is
1. The ionic radius of Y** (1.19 A) is smaller than that of Sr** (1.44 A)
for A-site doping and the larger ionic radius of Ni** (0.69 A) than
that of Ti** (0.605 A) reduced the tolerance value to less than 1; it
decreased further with increase in Ni-ion doping. The decreasing
tolerance value is a result of the tilting of the BO, octahedra to fill
the increased space caused by the doping, and the symmetry of
the crystal structure is, thus, lowered. This is the cause of the slight
peak shift observed in the X-ray patterns of SYTN3 and the SYTNS5.
Perovskite is stable at tolerance factors of 0.75-1, and the cubic per-
ovskite structure was still observed in the XRD patterns of SYTNO,
SYTN3, and SYTN5, which have tolerance factors of 1+0.05.

Fig. 2 shows Arrhenius plots of the electrical conductivities of
the SYTNO, SYTN3, and SYTN5 samples in 5% H, balanced with
N, at temperatures from 600 to 900 °C. The electrical conductiv-
ity data were obtained using a four-point probe direct current
(DC) method. The electrical conductivity increased with increase
in temperature, which is typical temperature-dependent behavior
of ceramic materials. However, the electrical conductivity decreased
with increase in Ni-ion doping. At 900 °C, the electrical conductiv-
ities were 0.95, 0.24, and 0.06S-cm™" for SYTNO, SYTN3, and
STYNS, respectively. The straight dashed lines shown in Fig. 2 are
linear least-square fits of the electrical conductivities, and the acti-
vation energies obtained from the linear fits (determined using Eq.
(5)) are summarized in Table 1.

o T=0, exp(l%r) 5

Here, ¢ is a pre-exponential factor related to the effective num-
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Table 1. Activation energy and pre-exponential factor under H, fuel
conditions obtained using the data shown in Fig. 2

E, (eV) A, (S-em™ K R*(-)
SYTNO 0.616 5.33x10° 0.989
SYTN3 1.338 1.62x10° 0.999
SYTN5 1.585 4.48x10° 0.999

ber of formed electrons and mobile oxygen ions, E, is the activa-
tion energy for electrical conduction, and k; and T denote the
Boltzmann constant and absolute temperature, respectively. The
activation energy of the SYTN samples increased with increase in
Ni-ion doping. The decrease in the electrical conductivity could be
a result of aliovalent substitution at both the A- and B-sites of
SrTiO;. At the A-site, Y** cations having an ionic radius of 1.19 A
in a twelve-coordinate site could substitute the Sr** cations (1.44 A
in the same environment). This aliovalent cation substitution results
in the formation of lattice defects to maintain the electrical neu-
trality of the crystals, leading to n-type semi-conductive behavior.
Ti" (ionic radius of 0.69 A in a six-coordinate site) in the B-site of
SrTiO; could be substituted by Ni** (ionic radius of 0.605 A in a
six-coordinate site) resulting in the creation of oxygen vacancies
with a pair of electron holes. The mechanism of aliovalent substi-
tution at the A- and B-sites of SrTiO; can be described by Egs. (6)
and (7).

Y,0,—30 52Y 4300+ Vg, +2e 6)
NiO —™ 5 Ni+0}+ VY @)

In the A-site mechanism (Eq. (6)), two Sr*" ions in the SrTiO; lat-
tice are substituted by Y** from Y,O,, which results in the formation
of strontium vacancies and two electrons to maintain the electri-
cal neutrality of the crystals. The Y** substitution results in n-type
semi-conductive behavior. In the B-site mechanism (Eq. (7)), Ni**
can substitute Ti*" at the B-site of SrTiO; to form an oxygen vacancy
with electron holes. These oxygen vacancies contribute to the jonic
conductivity of SYTN. In addition, the TiO, in SrTiO; can be reduced
to TiO,_; under reducing conditions, leading to the formation of
additional oxygen vacancies and the improvement in jonic con-
ductivity. In this study, however, the electrical conductivity reduced
with increase in the amount of Ni** dopant. The MIEC property
could be the origin of the decrease in electrical conductivity with
increase in Ni-ion doping. The electron pairs formed via Eq. (6)
and oxygen vacancies with electron holes formed via Eq. (7) could
become associated at high temperatures. Therefore, the electronic
conductivity might be reduced via the defect association of oxy-
gen vacancies with electron holes after B-site modification. Because
the electronic conductivity of MIEC materials is much larger than
the ionic conductivity; it makes the largest contribution to the over-
all conductivity. Therefore, the electronic conductivity arising from
defect association in the SYTN decreased with increase in Ni-ion
doping, even though the ionic conductivity was improved by the
aliovalent B-site substitution. In addition, the presence of mixed
valence states of Ni**/Ni’* and Ti’*/Ti*" in a reducing atmosphere
could affect the electrical conductivity in SYTN.

Fig. 3 shows the Ti2p;, and Ti2p,;, spectra obtained using X-ray
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Fig. 3. Ti2p;, and Ti2p,, XPS spectra for SYTNO, SYIN3, and
SYTNS5.

photoelectron spectroscopy (XPS). With increase in Ni-ion dop-
ing, the Ti2p peaks shifted to higher binding energy. When Ni**
substitutes the Ti*" in the lattice, a Ni-O-Ti structure is formed. Be-
cause of the greater electronegativity of Ni than Tj, the electrons
are more localized around the Ni ions than Ti in this Ni-O-Ti struc-
ture. The reduced electron density at 'Ti results in an increase in
the Ti2p binding energy. In addition, the Ti**/Ti** ratio is affected
by the degree of Ni-ion doping, which can affect the oxygen vacan-
cies, as shown by Egs. (8) and (9).
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Fig. 4. O 1s XPS profiles and fitting for SYTNO, SYTN3, and SYTN5.
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In addition, the oxygen vacancies may trap electrons, which would
partially reduce Ti*" to Ti*". Furthermore, the two electrons formed
by the aliovalent substitution of Sr** by Y** (Eq. (6)) could increase
the reduction of Ti (Eq. (9)), resulting in the formation of Ti*". In
addition, different electronic states of surface oxygen species were
identified in the O1s XPS profiles of SYTNO, SYTN3, and SYTNS5,
as shown in Fig. 4. With increase in Ni-ion doping, the O1s peaks
shifted to higher binding energies. Three clear sub-peaks can be
seen in the Ols XPS profiles of the SYTNO and SYTN3 samples,
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and four sub-peaks were observed in that of the SYTN5 sample.
The low-energy peak at 529 eV is associated with lattice oxygen in
SYTN. The medium-energy peak at 530 €V is attributed to O
ions bonded to non-stoichiometric oxidized cations as a result of
the presence of oxygen vacancies. The high-energy peak is attributed
to the presence of loosely bound oxygen species on the surface, such
as those in H,O and OH groups. The atomic ratios of oxygen vacan-
cles to lattice oxygen were calculated to be 0.18, 0.35, and 0.36 in
SYTNO, SYTN3, and SYTNS5, respectively. This result indicates
that oxygen vacancies were formed as a result of oxygen loss around
the Ti*" ions, thus resulting in their reduction to Ti** via Eqs. (8)

50
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Fig. 5. (a) N, adsorption/desorption isotherms and (b) pore size distributions obtained using BET analysis of the synthesized mesoporous

SYTN powder.

Fig. 6. SEM images of anode surfaces of SYTN3, SYTN5, SYIN10, and SYTN30.
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Table 2. Surface areas and mean pore diameters obtained from BET

analysis
SYINO SYTN3 SYTIN5 SYTN7
Surface area (m’g ™) 873 1284 1942  20.10
Mean pore diameter (nm) 4847 4794 2552 19.85

and (9), as well as via Ni-ion doping (Eq. (7)).

Fig. 5 shows the (a) N, adsorption/desorption isotherms and
(b) pore size distribution of the synthesized mesoporous SYTN
powder obtained using BET analysis. The N, adsorption/desorp-
tion analysis of the synthesized SYTN powder was performed to
investigate the mesoporous structure. All samples showed sharp
capillary condensation, indicating the formation of mesoporous
structure. In addition, the BET surface area increased and the pore
diameter decreased with increase in Ni-ion doping, as listed in
Table 2. The BET surface areas were found to be 8.73, 12.84, 19.42,
and 20.10m’g " in SYTNO, SYTN3, SYTNS5, and SYTN7, respec-
tively. Because of its relatively low melting temperature, Ni could
act as a sintering aid during SYTN fabrication and sintering. Thus,
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Fig. 7. H,-TPR profiles of SYTNO, SYTN3, and SYTN5.

the increase in Ni-ion doping would improve sample sintering,
leading to an increase in the surface area and decrease in the pore
diameter. Fig. 6 shows SEM images of the surfaces of the SYTN3,
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Fig. 8. Results of SMR reaction over the SYTNG5 catalyst at 700, 800, and 900 °C.
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Fig. 9. CH, conversions and H,/CO ratios of the SMR reaction over the SYTN5 catalyst at 700, 800, and 900 °C.

SYTNS5, SYTN10 and SYTN30 samples. The Ni particles were
uniformly dispersed in the SYTN3 and SYTN5 samples, but agglom-
erated nickel was observed in the SYTN10 and SYTN30 samples.
This result indicates that, at high Ni-ion doping concentrations, Ni
nanoparticles are exsolved to the surface and sintered at high tem-
peratures under reducing conditions; this is consistent with previ-
ously reported observations [32,33]. Although the small amounts
of Ni nanoparticles would be exsolved on the surface in the SYTN3
and SYTN5 samples, the agglomeration of Ni particles could be
limited and might be difficult to detect in the SEM images. The
H,-TPR profiles of SYTNO, SYTN3, and SYTNS5 are shown in Fig.
7. The location of the reduction peaks can be affected by the crys-
tallite size, oxygen defects, binding strength, transition metal state
or location, and degree of doping. With increase in Ni-ion dop-
ing, the reduction temperatures decreased because of the change
in binding strength and the doping state, as well as the formation
of oxygen defects.

As discussed, the very high catalytic activity of Ni-based anodes
causes CH, pyrolysis, resulting in carbon deposition, which decreases
the electrochemical performance and increases the mass transfer
resistance. Typically; oxide-based materials exhibit very low activity
for catalytic CH, oxidation, making them unsuitable anode mate-
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rials despite their immunity to carbon deposition. However, the
oxygen vacancies formed by Ni** substitution (Eq. (7)) could im-
prove the CH, oxidation activity. Figs. 8 and 9 show the results
obtained for the SMR reaction for syngas (H,+CO) production
(Egs. (1) and (2)) over the SYTNS5 catalyst at 700, 800, and 900 °C.
The molar ratio of CH, and H,O was 1: 1, the GHSV was 6,000h™",
and the SYTNS5 catalyst quantity was 0.4 g. The CH, conversions
were 0.80, 0.96, and 0.99 at 700, 800, and 900 °C, respectively, and
the H, to CO (H,/CO) ratios were 3.38, 3.32, and 3.24 at 700, 800,
and 900 °C, respectively, which are close to the theoretical values
(between 3 and 4) according to Egs. (1) and (2).

Fig. 10 shows the impedance spectra obtained for SYTNO and
SYTNS5 in button-type anode symmetric cells at 900 °C under H,
or CH, fuel conditions. In addition, impedance spectra of sym-
metric cells containing the Ni/YSZ anode are shown for compari-
son. The ohmic resistance was excluded to allow the analysis of
the effects of the anode polarization resistance. Under H, fuel con-
ditions, the polarization resistances of the anode side in the half
cells were 0.90, 0.77, and 0.40 Q cm” for the SYTNO, SYTN5, and
Ni/YSZ anodes, respectively. Under CH, fuel conditions, the polar-
ization resistance of the anode side in the half cells increased to
669, 4.00, and 9.77 Q) cm’ for the SYTNO, SYTN5, and Ni/YSZ



Internal steam methane reforming in SYTN anode

2.0 T
1 (a)H, —<—NilYSZ
15 1 —o—SYTNO
~ 1 ——SYTN5
£ ]
(3] ]
G 10 |
N
£ ]
1o
0.0 L T T T T T T I T T T
0.0 05 1.0 15 2.0
Re Z' (Q-cm?)

1841
15
1 (b)CH, —*—Ni/YSZ
g —0—SYTNO
—~ 10 ] ——SYTN5
£ ]
O
¢ | 1 kH
s Z
2, 1 1 He 0.1Hz
E 51
0 — T T T T T T T
0 5 10 15 20
Re Z' (Q-cm?)

Fig. 10. Impedance spectra of Ni/YSZ, SYTNO, and SYTNS5 in button-type anode symmetric cells at 900 °C under H, and CH, fuel conditions.
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Fig. 11. I-V characteristics of the SYTNO and SYTNS5 anode cells at 900 °C under H, and CH, fuel conditions.

anodes, respectively. Although the interpretation of the impedance
spectra of multilayered fuel cells is very complicated and often ambig-
uous, previous studies allow us to make a tentative analysis. We
identified arc frequencies at 1 kHz and 1 Hz. The high-frequency
arcs (1 kHz) can be attributed to oxygen-ion diffusion between the
electrolyte and the triple-phase boundary (TPB) sites in the anode.
The low-frequency arcs (less than 1 Hz) can be attributed to slow
reactions such as mass transfer related to the gas-phase diffusion
resistance. Under H, fuel conditions, the radius of the high-fre-
quency arc in the spectrum of the Ni/YSZ anode is much smaller
than that in the spectra of the SYTNO and SYTN5 anodes because
of the excellent ionic conductivity of YSZ. In addition, the ionic
conductivity or MIEC properties exhibited by the SYTN5 anode
resulted in a decrease in the radius of the high-frequency arc in
the impedance spectra. Under CH, fuel conditions, the radii of the
low-frequency arcs increased compared to those obtained under
H, conditions in the spectra of all anodes because of slow gas-phase
diffusion and slow CH, oxidation. In particular, the radius of the
low-frequency arc in the spectrum of the Ni/YSZ anode increased
significantly, likely because carbon deposition occurred. As men-
tioned, the high catalytic activity of the Ni/YSZ anode is a signifi-

cant cause of carbon deposition.

Fig. 11 shows the current-voltage (I-V) characteristics of SYTNO
and SYTN5 anode cells at 900 °C in the presence of humidified H,
or humidified CH,. The YSZ electrolyte-supported cells contain-
ing LSM/YSZ/SYTN were prepared to allow us to compare the effect
of Ni-ion doping in the SYT anode. The results were acquired
after stabilizing the system for 2h. The maximum power density
obtained under H, fuel conditions was 45.3 and 80.6 mWecm > for
the SYTNO and SYTN5 anodes, respectively. Under CH, fuel con-
ditions, the maximum power density decreased to 37.3 (85.7%) and
64.7 (80.3%) mW-cm™ in the SYTNO and SYTN5 anodes, respec-
tively. The excellent electrochemical properties exhibited by the
SYTNG5 anode resulted in improved cell performance. In addition,
the oxygen vacancies induced by the doping of Ni** at the Ti**
sites in the SYTN5 anode improved the cell performance. Under
CH, fuel conditions, the open circuit voltages (OCVs) at 900 °C
were 1.11 and 1.14 V for SYTNO and SYTNS5, respectively, which
are slightly higher than the theoretical values (1.05-1.08 V) for H,
oxidation and lower than the theoretical values (1.2-1.3 V) for CH,
oxidation in the YSZ electrolyte at 900 °C. Therefore, the electro-
chemical oxidation of H, produced via the SMR is likely the major
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contribution to the OCV in the SYTN5 anode cell, although the
electrochemical oxidation of CH, could also contribute to the OCV.
The decrease in the performance of the cell containing the SYTNO
anode was small relative to that containing the SYTN5 anode, but
the poor inherent catalytic activity of the SYTNO anode for CH,
oxidation would minimize carbon deposition.

CONCLUSION

St Yo0s 11 ,Ni,O5_s (SYTN) having a perovskite structure was
investigated as a direct internal steam methane reforming catalyst
for solid oxide fuel cell anodes. To analyze the effect of Ni-ion dop-
ing, 0, 3, and 5 mol% Ni was doped at the B-sites in Sryg, Y05 TIO; 5
(SYT). Each Ni** cation substitutes Ti*" in SYT to form an oxygen
vacancy with two electron holes, which act as oxygen-ion conduc-
tors. The electrical conductivity of SYTN decreased with increase
in Ni-ion doping. At 900 °C, the electrical conductivity was 0.95,
0.24,and 0.06 S-cm ™ for the SYTNO, SYTN3, and STYN5 anodes,
respectively;, and the MIEC property exhibited by the SYTN anode
could be a possible explanation for the decrease in the electrical
conductivity with increase in Ni-ion doping. The CH, conversion
for the steam methane reforming reaction using the STYN5 anode
was 0.80, 0.96, and 0.99 at 700, 800, and 900 °C, respectively, and
the H,-to-CO ratio was 3.38, 3.32 and 3.24 at 700, 800, and 900 °C,
respectively, which are close to the theoretical values for the steam
methane reforming and water-gas shift reactions. In addition, the
introduction of ionic conductivity or MIEC properties to the SYTN5
anode material reduced the anode polarization resistance under
H, and CH, fuel conditions. The maximum power densities under
H, fuel conditions were 45.3 and 80.6 mW-cm > for the SYTNO
and SYTN5 anodes, respectively. Under CH, fuel conditions, the
maximum power densities decreased to 37.3 (85.7%) and 64.7
(80.3%) mW cm™ for the SYTNO and SYTNS5 anodes, respectively.
Furthermore, the electrochemical oxidation of H, produced via
the SMR is the major contributor to the OCV in the SYTN5 anode
cell, although the electrochemical oxidation of CH, could also
contribute to the OCV. The excellent electrochemical properties of
the SYTN5 anode improved the cell performance. In addition, the
oxygen vacancies induced by Ni-ion doping at the Ti"" sites in the
SYTNS5 anode improved the cell performance.
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