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A crucial challenge in the commercialization of Ni-based materials as the anode of solid oxide fuel cell is the fast
voltage drop due to carbon deposition and structural degradation during cell operation. Herein, Sn-doped
Cep gSmp202_5 (SDC) supported Sn-Ni alloy anode is rationally designed and prepared, via a simple and
convenient dual-modification strategy. The substitution of Sn of Ce in the oxide phase enhances the mobility of
lattice oxygen in SDC. Meanwhile, Sn exsolves partially from the oxide phase and forms NisSn and NisSny
intermetallic compounds with Ni after reduction. The composite anode thus formed achieves unprecedent ac-
tivity in the electrochemical oxidation of Hy and CH30H. The maximum power densities of a cell supported by
500 pm-thick CeggSmg 205_s-carbonate electrolyte layer with the Ni-Ceg 7Sng 1Smg 2025 (Ni-SSn;oDC) anode
reach 1.99 and 2.11 W cm ™2 at 700 °C, respectively for using H, and methanol as fuels. The doping of Sn also
remarkably enhances the coking resistance of the anode. This work opens a path on the design of high-

performance SOFC anode.

1. Introduction

Solid oxide fuel cells (SOFCs) are considered as one of the most
efficient electrochemical energy-conversion devices due to their high
energy efficiency, low pollutant emission and high flexibility to utilize
various fuels such as hydrogen, syngas and hydrocarbons [1-3]. Readily
available hydrocarbon fuels with a low cost and good security are
considered as promising alternatives to conventional Hy fuel for fuel
cells [4]. Furthermore, liquid renewable hydrocarbon fuels such as
methanol has high volume energy densities (1.6 x 10 kJ m™>), which is
beneficial to fuel storage and the mobile applications at ambient pres-
sure and temperature. Moreover, unlike other heavier alcohols like
ethanol with the C—C bond in the molecular structures, the cleavage of
C—H bonds is much easier for methanol through methanol thermal
decomposition or steam reforming of methanol [5-7]. However, the
utilization of hydrocarbon fuels in SOFC is hindered by serious carbon
deposition on anode catalyst and the sluggish anode kinetics [8].
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Ni-based cermet with a high electrical conductivity is the most
widely used anode material in SOFC research. Besides external and in-
ternal reforming, which first transforms the hydrocarbon feed to syngas,
much effort has been focused on enhancing the activity and the resis-
tance to coking of the Ni-based anode materials for the direct electro-
chemical conversion of hydrocarbon fuels. Cu with a high coking
resistance has been used to replace Ni fully or partially, which leads to a
low catalytic activity [9]. Yoon and Manthiram [10] found that the
incorporation of 1 atom% W to Ni brings in surface hydroxyl groups
through the reaction with water vapor, which facilitates the oxidation of
carbon deposited. The addition of BaO and NbOy has similar effects
[11-13]. The alloying of Ni with other metals, such as Co [14,15], Mo
[16] and Fe [17,18], improves the anode activity and suppresses carbon
deposition. Among the possible alternative alloys, Ni-Sn is potentially an
excellent candidate for the anode catalyst [19,20]. The computation
models suggest that Ni-Sn is more carbon-tolerant than Ni [21]. How-
ever, Li et al. [22] found that the addition of Sn in Ni decreases the anode
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activity slightly while improving the coking resistance remarkably with
CH4 as fuel. Notably, intermetallic compounds (IMCs) gradually
attracted more attention because they exhibit unique catalytic proper-
ties. Cabot et al. [23] prepared NiSn NPs with controlled stoichiometry
and achieved excellent performance towards methanol oxidation reac-
tion, meanwhile, significantly improved stability compared to single
metal nickel. However, the effect of NiSn IMCs, as active sites on the
anode of methanol fueled SOFC, on the catalytic performance of the
anode has not been reported.

The recent research on cermet anodes mainly focuses on the metal
catalysts. Nevertheless, the ceramic support providing oxygen ions also
have remarkable influence on the activity and coking resistance of the
cermet anodes with hydrocarbon fuels [24,25]. The activity of a Cu-
based anode with doped ceria as the support is much higher than that
with yttria stabilized zirconia (YSZ) as support when CHy is used as the
fuel, attributing to the high oxygen storage capacity (OSC) of ceria [9].
The activity and coking resistance of cermet anode with Ceg gSmg 201 9
(SDC) as support are enhanced when Sm is partially substituted with
other rare earth metals such as La, Pr and Nd due to the improved ac-
tivity of surface oxygen species [26,27]. Among the very few examples
in the literature, Sn doped CeO, was used as a support in CO oxidation
[28,29]. Sn improves the reducibility and OSC of CeO,, bringing about a
high catalytic activity. However, Sn doped SDC has not yet been tested
as anode material in SOFC.

In this work, Sn doped SDC (Cepg_xSnySmg202_5, x = 0-0.15,
SSnDC) is examined as the support in Ni-based cermet anode. We found
that excessive Sn exsolves partially from the oxide phase and forms
intermetallic compounds with Ni after reduction. The effects of Sn in
both metal and the oxide phases are investigated. The dual-modified Ni-
SDC anode material with Sn doping shows enhanced performance and
stability with methanol as the fuel.

2. Experimental
2.1. Preparation of anode powders

SDC, Ceq.755n0,055mp202_5 (SSnsDC),  Ceq 70Sng.10Smg 2025
(SSn19DC) and Ceg ¢5Sn0.155m 2025 (SSn15sDC) powders were synthe-
sized via a hydrothermal procedure [30,31]. All of the chemicals (A.R. in
purity) were purchased from Shanghai Aladdin Bio-Chem Technology
Co., Ltd. Stoichiometric Ce(NO3)3-6H50, SnCl4-5H,O and Sm
(NO3)3-6H,0 were dissolved in deionized water to form a solution with a
total metal ion concentration of 0.15 mol L™1. Urea was subsequently
added to the solution under constant stirring to reach a concentration of
1 mol L%, Then the precursor solution was transferred into a hydro-
thermal reactor and kept at 140 °C for 5 h. The precipitate was washed
with deionized water until no CI was detected with 0.1 mol L™} AgNO3
solution. The powder obtained was dried at 100 °C for 12 h and finally
calcined in air at 700 °C for 2 h.

NiO-SSnyDC (x = 0, 5, 10 and 15) powders with a Ni loading amount
of 10 wt% were prepared through an incipient wetness impregnation
technique with a Ni(NOs3)2-6H20 aqueous solution. Then the powders
were dried at room temperature overnight and calcined subsequently at
700 °C in air for 2 h. The sample was reduced in pure Hy at 700 °C for 2 h
for characterization and are marked as Ni-SSnyDC. For comparison, a
sample, denoted as Sn@Ni-SDC, was prepared as follows. Sn, equivalent
to 50 wt% Sn in Ni-SSn;oDC, was added into the NiO-SDC powder via
impregnation with an aqueous solution of SnCl4-5H>0.

2.2. Characterization

A D8 Focus diffractometer (Bruker Corp., Cu Ka radiation, 40 kV and
200 mA) X-ray was used to record the diffraction (XRD) patterns at a
scanning rate of 1° min ', The microstructure of the samples was
observed using a transmission electron microscope (TEM, JEM-200F,
JEOL Inc., Japan). High-angle annular dark-field scanning TEM
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(HAADF-STEM) and energy-dispersive X-ray (EDX) analysis were car-
ried out to mapping the element distributions. The surface property of
the samples was analyzed with an ESCALAB 250 Xi X-ray photoelectron
spectrometer (XPS, K-Alpha+, Thermo Fisher Scientific) using Al-Ka (hv
= 1486.6 eV) as the X-ray source. The spectra obtained were referenced
to the C 1 s binding energy (284.8 eV).

The activity of oxygen species in the samples was evaluated with
CH30H temperature-programmed surface reaction (CH3OH-TPSR) in a
quartz tube reactor. 80 mg of powder was reduced in hydrogen at 700 °C
for 2 h. After cooling to 150 °C, the sample was treated in pure O3 (30
mL min~?) for 30 min and was purged subsequently with Ar (30 mL
min 1) at the same temperature for another 30 min to sweep the weakly
absorbed oxygen. Then about 10 vol% gasified CH3OH was added in Ar
by bubbling Ar through liquid CH3OH at room temperature. The reactor
was heated from 150 to 800 °C at a heating rate of 5 °C min}, and the
oxidation of CH3OH was monitored with measuring the amount of CO4
produced with an online mass spectrometer (HPR20, Hiden Analytic
Ltd.). The reduced anode powder was treated with gasified anhydrous
methanol (150 mL min~', STP) at 700 °C for 4 h. The carbon deposited
was observed with a scanning electron microscope (SEM, S-4800,
Hitachi, Japan), and its amount was measured with thermogravimetric
analysis (TGA) in oxygen atmosphere using a thermal analyser
(NETZSCH STA449, Germany).

2.3. Cell fabrication and test

70 wt% SDC and 30 wt% (Lig 7Nag 33)2CO3 composite was used as
the electrolyte material [32], which was uniaxially pressed into disk-
shaped pellets at 500 MPa and then sintered at 700 °C for 2 h. The
diameter and the thickness of the electrolyte layer were 13 mm and 500
pm, respectively. The anode powder was mixed with an organic binder
(V006, Heraeus Ltd.) to make a slurry, which was screen-printed on both
sides of the electrolyte pellets, and subsequently calcined at 700 °C for 2
h to form symmetric cells. The geometrical area of the electrode was
0.64 cm?, and Ag paste was used as the current collector. The electrode
layers were reduced in Hy at 700 °C for 2 h, and then the electrochemical
impedance spectra (EIS) of the symmetric cell were recorded with an
electrochemical workstation (VERSASTAT 3, Ametek) under various Hy
partial pressures (with Ar as the balance gas).

Electrolyte-supported single cells were fabricated via a similar
screen-printing process [18]. The cathode consisted of 70 wt% com-
posite electrolyte and 30 wt% lithiated NiO, which was screen-printed
on one side of the electrolyte pellet. The anode slurry was printed on
the other side of the pellet, followed by calcined at 700 °C for 2 h to form
single cells. The anode was reduced in H at 700 °C for 2 h, and then the
performance of the cell was measured using the electrochemical work-
station with dry hydrogen and gasified anhydrous methanol (100 mL
minfl, STP) as the fuels and O, (30 mL min’l, STP) as the oxidant.

3. Results
3.1. Electrochemical performance

The I-V and I-P characteristics of the single cells with dry Hy as the
fuel at 700 °C are presented in Fig. 1a. The open circuit voltages (OCV)
of the cells are between 1.00 and 1.12 V. The maximum power density
(Pmax) of the cells with Ni-SDC, Ni-SSnsDC, Ni-SSn;(DC and Ni-SSn;5DC
anodes are 0.53, 1.15, 1.93 and 1.62 W cm™2, respectively. When the
temperature drops to 650, 600 and 550 °C, the Py, of the cell with the
Ni-SSn1oDC anode decreases to 1.56, 0.97 and 0.61 W cm 2, respec-
tively (Fig. S1a). When methanol is used as the fuel, the OCVs are in the
range of 1.00-1.08 V (Fig. 1b), and the cell with the Ni-SSn;(DC anode
shows the highest Py, 0f 2.11 W cm ™2, much higher than that of the cell
with the Ni-SDC anode (0.78 W cm_z). When the temperature drops to
650, 600 and 550 °C, the P,  of the cell with the Ni-SSn;oDC anode
decreasesto 1.74,1.18 and 0.83 W cm’z, respectively (Fig. 1c), which is
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Fig. 1. I-V and I-P curves of single cells with various anodes fed with (a) dry hydrogen and (b) methanol at 700 °C; (c) I-V and I-P curves of the cell with Ni-SSn;o,DC
anode at various temperatures with methanol as the fuel; (d) Chronopotentiometry measurement result of two single cells with Ni-SSn;oDC and Ni-SDC anodes fed
with methanol at 700 °C. (e) Nyqusit and (f) Bode plots of the symmetric cells with Hy as the fuel at 700 °C; (g) R, of the symmetric cells versus Py, at 700 °C; (h)
Arrhenius plots of R, of the symmetric cells. All the impedances have been divided by two.
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similar to the trend of Pp,x obtained at different temperatures with dry
Hy as the fuel. The corresponding impedance spectra at the open circuit
condition are presented in Fig. S1b, c. The good performance of the cell
in the intermediate temperature range is attributed to the high catalytic
activity and the low activation energies (E,) of the Ni-SSn;(DC anode.
Fig. 1d shows the short-term stability of the single cells with methanol as
the fuel at a constant current density of 0.2 A cm™~2 at 700 °C. The cell
with the Ni-SDC anode exhibits a steady output voltage in the first 4 h,
which then drops gradually probably due to the coking on the anode. On
the contrary, the output voltage of the cell with the Ni-SSn;oDC anode is
stable for more than 12 h attributed to the improvement of the resistance
to carbon deposition of the anode with Sn doping.

The EIS curves of the symmetric cells with Hy and methanol at both
sides at 700 °C are presented in Fig. 1e and Fig. S1d. The data are fitted
with the equivalent circuit Ry(R1Q1)(R2Qo), in which R, R; and R are
resistances, while Q; and Qy are constant phase elements. The ohmic
resistances of the cells shown as the intercepts of the Nyquist curves on
the real axis in high frequency region are similar. The anode polarization
resistances (R}) reflected by the arcs show an order of Ni-SDC > Ni-
SSnsDC > Ni-SSny5DC > Ni-SSn1oDC.

The Bode plots of the cells are shown in Fig. 1f, which can be roughly
devided into a high frequency (HF, 10*-10' Hz) region and a low fre-
quency (LF, 10'-1072 Hz) region. The R, in the LF region decreases
remarkably with the doping of Sn in the anode support. Ni-SDC, Ni-
SSnsDC and Ni-SSnjgDC anodes exhibit similar R, in the HF region,
while that of the Ni-SSn;5DC anode is slightly larger.

The EIS results of the symmetric cells under various hydrogen partial
pressures (Py,) are plotted in Fig. S1e, in which the ohmic resistances are
deduced for a better comparison. The R;, of all the anodes increase with
the decrease of Py, and linear relationships between LogR;, and Log Py,
are observed (Fig. 1g). The slope values for Ni-SSn,DC are 0.24 ~ 0.31.

The Arrhenius plots of the R, of the anodes are presented in Fig. 1h.
The E, of the electrochemical oxidation of Hy on Ni-SDC and Ni-SSnsDC
anodes are 0.61-0.65 eV. The Ni-SSn;oDC anode shows the lowest E, of
0.32 eV attributed to the acceleration of the surface steps, while the E, of
Ni-SSnisDC increases to 0.43 eV due to the suppression of the bulk
conduction of 0%,

3.2. Characterization

The cross-sectional SEM images of the single cell with Ni-SSn;oDC
anode before test are shown in Fig. 2a and Fig. S2. The thicknesses of the
anode, the electrolyte and the cathode layers are about 30, 500 and 40
pm, respectively. The anode surface exhibits a fine and uniform porous
microstructure (Fig. 2b).

The hydrothermally synthesized SDC powder shows a face-centered
cubic fluorite structure (JCPDS#075-0158, Fig. S3a). With the partial
substitution of Sn for Ce, the fluorite structure is maintained. Mean-
while, the XRD peaks shift gradually to higher angles, indicating the

Anode: 30 pm

Electrolyte: 500 pm

; Cathode: 40 pm:
0pm :

DTSN,
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contraction of SDC lattice with the incorporation of Sn since sn*t (0.81
10\) is smaller than Ce** (0.97 f&) [33,34]. Furthermore, the characteristic
peaks of SnO, (JCPDS#041-1445) is observed in the XRD pattern of
SSn;5DC, implying a limited solubility of Sn in SDC [35,36]. The XRD
results without obvious SnO, peaks probably are caused by the low
amount of SnO3 phase and its uniform distribution on the support. SDC
and Ni (JCPDS#087-0712) phases are found in Ni-SDC after reduction
(Fig. 3a). With the addition of Sn in the SDC phase, the Ni peaks are
weakened remarkably, while NizgSn and NigSny phases are observed,
indicating the partial exsolution of Sn and the formation of intermetallic
compounds during the reduction. Ni-SSn;oDC has the strongest NizSn
peaks, while more NigSny phase is found in Ni-SSnisDC. NigSn and
NigSny phases are also formed in the Sn@Ni-SDC after reduction. Riet-
veld refinement of XRD data for the Ni-SSn,DC anode is carried out and
the results are shown in Fig. 3b and Fig. S2¢c—f. Fig. S4 depicts the unit
cell structure of SSnyDC, with a cubic fluorite structure, drawn using the
VESTA software. All materials have a tetragonal structure (space group
I4/mmm). The lattice parameters of Ni-SSn;oDC are a = b = 8.655 A and
¢ =5.500 A. These parameters are slightly smaller than those of Ni-SDC,
which were a = b = 8.752 A and ¢ = 5.536 A. These refinement results
demonstrates the lattice volume shrinkage after Sn doping.

The TEM micrograph of the NiO-SSn;oDC anode powder before
reduction is shown in Fig. 3¢, revealing the nanoparticles with the size of
10-20 nm. The lattice fringes corresponding to NiO, SDC and SnO; are
observed in the HRTEM image (Fig. 3d). After reduction, the nano-
particles of Ni, NizgSn and Ni3Sn, are formed (Fig. 3e-g). The HAADF-
STEM image and the corresponding EDX elemental mappings of the
reduced Ni-SSnjoDC anode is shown in Fig. 3h. Ni exists in all the
nanoparticles, while Ce is found only in the SDC phase. On the contrary,
Sn is distributed in the whole anode, further proving the partial exso-
lution of Sn from SDC phase and the formation of Ni-Sn intermetallic
compounds. The TEM results are consistent with the XRD character-
ization. The structure of the Ni-SSnyDC anode material is illustrated in
Fig. 3i.

The surface chemical states of the anode samples were further
investigated with a XPS technique. Fig. 4 shows the XPS survey spectra
and the corresponding fitting curves of the Ni 2p and Sn 3d spectra after
reduction. The deconvoluted peaks at about 852.3 and 854.0 eV are
attributed to Ni® and Ni?", respectively (Fig. 4a) [37,38]. Ni%" is prob-
ably formed from the quick reoxidation of metallic Ni on the surface of
the reduced anodes before the XPS test [39,40]. Meanwhile, the binding
energy of Ni® decreases slightly with the addition of Sn, indicating the
electron transfer from Sn to Ni in NigSn and NigSny [41,42]. The Sn 3d
spectrum of the Ni-SSn,DC in Fig. 4b could be deconvoluted into Sn’,
Sn?* and Sn**components, revealing the coexistence of Sn, Sn®" and
Sn** species on the surface of Ni-SSn,DC.

The CH30OH-TPSR results of the SSnyDC composite oxide powders are
presented in Fig. 5a. The weak CO, peaks at about 300 °C are due to the
reaction between CH3OH and oxygen species adsorbed weakly on the

Fig. 2. SEM images of (a) cross-section of the cell with NiO-SSn;oDC anode and (b) NiO-SSn;,DC anode surface.
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surface of the samples, while the strong peaks in 400-700 °C correspond
to the oxidation of CH3OH by lattice oxygens [26]. The oxidation of
CH3OH on SDC reaches the highest rate at about 666 °C. With the in-
crease of Sn content in SDC, the oxidation temperature of CH3OH de-
creases gradually, indicating that the partial substitution of Sn for Ce
enhances the activity of lattice oxygen in SDC. The CH3OH-TPSR curves
of the Ni-SSn,DC anode powders after reduction are shown in Fig. 5b.
The oxidation temperature of CH3OH on Ni-SDC (546 °C) is much lower
than that on SDC, and the impregnation of Sn (Sn@Ni-SDC) further
decreases the oxidation temperature significantly, demonstrating that
the formation of Ni-Sn intermetallic compounds improves the catalytic
activity towards CH3OH oxidation. These results suggest that the dual-

modified Ni-SDC with Sn are more favorable to the CH30H oxidation
process.

The SEM images of the anode powders after carbon deposition are
shown in Fig. 6. The surface of Ni-SDC is closely packed by filamentous
carbon (Fig. 6a), while negligible carbon is found on Ni-SSn;oDC
(Fig. 6b). The TGA curves of the samples in the oxygen atmosphere are
presented in Fig. 6¢. The weight loss in 400-650 °C reflects the oxidation
of carbon deposits. The weight losses of Ni-SDC, Ni-SSnsDC, Ni-SSn;oDC
and Ni-SSn;5DC are 27, 4.5, 2.4 and 1.8 wt%, respectively. The addition
of Sn results in the enhancement of oxygen activity of the support and
the formation of NizSn and NisSny, both bring about the remarkable
improvement of the resistance to carbon deposition [43-45].
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Fig. 6. SEM images of (a) Ni-SDC and (b) Ni-SSn;oDC powders after carbon deposition; (c) TGA curves of Ni-SSn,DC anodes after carbon deposition.



T. Gan et al.

4. Discussion

4.1. Electrochemical performance

The performance of the single cell, with a P of 2.11 W em™? at
700 °C, is a significant improvement on previously reported cells oper-
ated below 800 °C [18,22,42-45]. It also exhibits superior operational
stability when compared with similarly structured SOFCs in the litera-
ture [15,46], [47]. Previously reported data can be categorized based on
two different strategies: Ni-alloy anodes and oxide doping to the anode
support. Our strategy involves coupling the NiSn intermetallic com-
pounds and Sn doped SDC as a composite anode. This composite
approach is responsible for the excellent performance. This approach
provides an effective example for high-performance hydrocarbon-fueled
SOFCs, especially under intermediate operating temperature conditions.

4.2. Reaction mechanism

To design more efficient Ni-based SOFC anodes, it is essential to
identify the underlying rate-limiting step of the fuel conversion process.
The CH30H-TPSR results demonstrate that the formation of Ni-Sn
intermetallic compounds improves the catalytic activity towards
CH3O0H oxidation. However, the reaction mechanism of methanol fuel at
SOFC anode is complicated, which involves many reactions such as
CH3OH decomposition, partial/full oxidative reforming, steam reform-
ing, dry-reforming, and electro-oxidation reactions [5]. Therefore, it is
diffiticult to clarify the anode processes with CH3OH as fuel. Notably,
the performance of the single cells exhibit a consistent trend for various
anodes when fueled with CH3OH and Hj. Therefore, a symmetric cell
was examined in detail and the anode reaction mechanism are discussed
with using Hj as the fuel.

The electrochemical oxidation of Hy at the anode of SOFC starts from
the dissociative adsorption of H; on the active sites (step (1)), followed
by the surface diffusion of the adsorbed H to the reaction site, i.e., the
three-phase boundary (TPB, step (2)). Meanwhile, oxygen ions also
transfer to TPB in the anode through the ceramic phase (step (3)), which
then reacts with the adsorbed H, forming H;O and releasing electrons
(step (4)) [18].

H,, < 2H,q (step 1)
Hag < Hrep (step 2)
Obpux + Vo.ms < Opes + Vo, bk (step 3)
2Hmps 4+ Ofqpg < Vo mps + HaOmes + 2¢” (step 4)

The slope of the fitting straight line should be close to —1 if step (1) is
the rate-determining step (RDS) in the anode steps, which will change to
—0.5 when the RDS is step (2). The R, will not change with Py, if step (3)
or (4) is the RDS. The Ni-SDC anode exhibits the lowest slope of —0.31,
and the R, is more prominent in the LF region of the EIS result (Fig. 1),
implying that the rate of the anode reaction could be codetermined by
the surface diffusion of the adsorbed H (step (2) and the surface reaction
between lattice oxygen and the adsorbed H (step (4).

The electron cloud density of Ni increases with the addition of Sn
(Fig. 5a), which may weaken the adsorbing strength of H and accelerate
the surface diffusion of H [18], resulting in the decrease of the R}, in the
LF region (Fig. 1f) and the increase of the slope (Fig. 1g). Meanwhile, the
substitution of Sn for Ce in SDC improves the activity of lattice oxygen
(Fig. 5a) and thus accelerates step (4). On the other hand, the doping of
Sn may suppress the conduction of 0% in SDC (step (3), leading to a
higher R;, in the HF region (Ni-SSn;5DGC, Fig. 1f) and the further increase
of the slope (Fig. 1g).

Based on above analysis, Sn doped Ni-Ceg gSmg 2025 anode clearly
displayed improved performance and stability over the Ni-based anode.
This fact has two different explanations: (1) The presence of Sn atoms
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within the Ni structure, forming Ni3gSn and Ni3Sny phase, certainly
modifies the electronic density of Ni states, thus affecting its chemistry,
which accelerates the surface diffusion of H. (2) The substitution of Sn
for Ce in SDC improves the activity of lattice oxygen, which react with
the adsorbed H, forming H,0O and releasing electrons. Both the effects of
Sn doping in metal and in oxide phases improve the carbon resistance.

5. Conclusions

SSn,DC is hydrothermally synthesized and investigated as a catalyst
precursor of a Ni-based cermet anode. Sn exsolves partially from the
ceramic phase after reduction, and NisSn and Ni3Sn, intermetallic
compounds are formed, in which the electrons transfer from Sn to Ni,
weakening the adsorbing strength and facilitating the diffusion of H
species on the surface of the anode. Meanwhile, the activity of lattice
oxygen in the SDC phase, as the support in the composite anode, is also
improved with the doping of Sn.

A cell with the Ni-SSn;(DC anode yields record high Py« values, e.g.,
1.99 and 2.11 W em 2 at 700 °C with H, and methanol as fuels,
respectively. This remarkable performance is superior to the ever-
reported Ni-based anodes. Meanwhile, it has been confirmed that the
dual modified Ni-SSnyDC anode are highly resistant to carbon deposi-
tion. Such a strategy of anode design may have the great potential of
application in the anode material design for non-hydrogen fueled
SOFCs, which encounters the great challenge of carbon deposition when
the temperature lowers to around 500 °C, around which selective and
stable metal catalyst may be feasible for long term stability.

The surface diffusion of the adsorbed H and the reaction between
lattice oxygen and the surface H species are the probable RDS of the
anode process, both of which are accelerated with the incorporation of
Sn in both the support and metal phases. Ni-SSn;(DC anode shows the
lowest E, of 0.32 eV for the electrochemical oxidation of Hj.
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