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Abstract

Ceo.8Smo201.9 (SDC) powder is impregnated with LaNip.9Coo.103 (LNC) to form
a composite anode for solid oxide fuel cells with methanol as fuel. Nanoparticles of Ni-
Co alloy are derived from LNC after reduction. The composite anode shows a sufficient
electrical conductivity when the weight ratio of Ni to SDC reaches 0.1, which is much
lower than the amount of Ni required in conventional Ni-SDC anodes. The aggregation
of Ni-Co nanoparticles in the reduced anode is suppressed by the oxide supporter,
resulting in an improved catalytic activity. The single cell with LNC-SDC composite
anode and SDC-carbonate composite electrolyte exhibits a maximum power density of

872 mW cm™ at 700 °C with gasified methanol as the fuel, much higher than that of the
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cell with a NiCo-SDC anode under the same condition. The amount of carbon deposited
on the anode in methanol atmosphere decreases with the decline of the LNC content.
The cells with LNC-SDC composite anodes exhibit stable performances during a 500-
minute discharge period.

Keywords: Lanthanum nickelate; Impregnation; Anode; Solid oxide fuel cell;

Methanol



1. Introduction

To meet the fast-growing demand for energy and solve the related environmental
problems, intensive efforts have been dedicated to the design and development of
advanced energy conversion devices [1-3]. Solid oxide fuel cells (SOFCs) are
promising devices those convert chemical energy in fuels directly into electricity with
a high efficiency [4, 5]. Anodes of SOFCs catalyze the oxidation of fuels and provide
paths for oxygen ions and electrons [6]. The most common anode of SOFCs consists of
metallic Ni as the catalyst and electronic conductor and a ceramic phase as the oxygen
ionic conductor. In these anode, the content of each phase distributed randomly should
exceed 30 vol% to reach the percolation threshold and form continuous conduction
channels [7]. In practice, the content of Ni is usually higher than 45 vol% to achieve a
sufficient electronic conductivity [8]. However, such a high amount of Ni suffers from
not only aggregation at a high temperature, which results in the reduction of active sizes
and the catalytic activity [9, 10], but also serious carbon deposition with hydrocarbons
as fuels [11, 12]. Therefore, much attention has been focused on componential and
structural modification of Ni-based cermet anodes [13, 14].

Impregnation technique is widely used in the preparation process of supported
catalysts [15]. Catalytic active components are deposited on the inner surface of porous
supporters. Consequently, a high active area could be obtained with a relatively low
loading amount of active components [16]. In recent years, impregnation technique is
used to fabricate electrodes of SOFCs [17, 18]. The components in electrodes made

through impregnation are not randomly distributed, and a high electronic conductivity



can be achieved with a low fraction of the conductive phase [19].

The exsolution of metallic nanoparticles from parent oxides in a reducing
atmosphere provides another approach to produce catalysts with highly dispersed active
components. The exsolution of some late transition metals, such as Ni, Fe and Co, from
perovskites happens at a relatively high Poa (10#-107'3 atm). The strong interaction
between the oxide supporter and the metallic particles avoids the aggregation of these
nanoparticles [20]. George et al. [21] utilized Lao.4Sr0.4Nio.06Ti0.9402.97 as the cathode
material of a solid oxide electrolysis cell. The exsolution of metallic Ni in the 47%
H>0/3% H2/50% N> atmosphere significantly improved the catalytic activity of the
cathode for steam electrolysis. The exsolution strategy has been also used widely in the
development of anode materials of SOFCs with H» as fuel [22-24].

Fuel flexibility is a major advantage of SOFCs over other types of fuel cells
operated at a low temperature [25, 26]. Abundant and low-cost hydrocarbons could be
utilized directly as fuels of SOFCs instead of pure H>. However, severe carbon
deposition happens on conventional Ni-based anodes in hydrocarbon atmospheres.
Adding other metals in Ni to form alloys is an efficient way to improve the coking
resistance of these anodes. Our previous works demonstrate that the formation of Ni-
Mo and Ni-Co alloys could suppress carbon deposition in methanol atmosphere [27,
28]. Liu and coworkers [29, 30] found that Ni-Co alloy derived from hydroxides and
perovskites exhibited high activity and good stability for methanation of CO and steam
reforming of ethanol. In this work, LaNigp9Co0.103 (LNC)-CeosSmp2019 (SDC)

composite is synthesized by impregnation as the anode material of SOFCs. Ni-Co alloy



formed after reduction acts as the active component and the electronic conductor. The
performance of the anode is studied with methanol as fuel.

2. Experimental

2.1. Materials Preparation

SDC powder was synthesized through a hydrothermal procedure as described in
previous works [31]. Stoichiometric Ni(NO3),.6H,O, Co(NO3)2.6H,0O and
La(NO3)3.6H20 (99.5%, Guangfu fine chemical, Ltd., China) were dissolved in
deionized water to form an aqueous solution with a total concentration of the metal ions
of 0.3 mol L. The solution was then impregnated into the SDC powder. The
impregnated powder was dried at room temperature overnight and 100 °C for 12 h
successively, and then sequentially calcined at 350 °C for 2 h and 800 °C for 5 h. The
weight ratios of Ni to SDC in the anodes were 0.02:1, 0.10:1 and 0.20:1, which were
referred to as 2LNC-SDC, 10LNC-SDC and 20LNC-SDC, respectively. The powders
were reduced in hydrogen at 700 °C for 2 h for characterization.

For comparison, pure LNC powder was prepared with the sol-gel method as
described elsewhere [32, 33]. Briefly, citric acid (99.5%, Guangfu fine chemical, Ltd.,
China) and ethylene glycol (Guangfu fine chemical, Ltd., China) were added to the
aqueous solution used in the hydrothermal procedure mentioned above. The molar ratio
of metal cations: citric acid: ethylene glycol was 1: 1.2: 0.24. Then the solution was
continuously stirred at 80 °C until a gel was formed. The gel was dried at 120 °C for 12
h, and then calcined in air at 800 °C for 4 h to form the LNC powder.

A composite of 70 wt% SDC- 30 wt% (Lio.s7Nao33)2CO3 was used as the



electrolyte of the single cells. The cathode consisted of 30 wt% composite electrolyte
and 70 wt% lithiated NiO. The synthesis procedures of the composite electrolyte and
cathode materials were described in detail in previous works [34].
2.2. Characterization

The X-ray diffraction (XRD) patterns of the anode powders were recorded at room
temperature using a D8 Focus diffractometer (Bruker Corp., Germany) with Cu-Ka
radiation, 40 kV and 200 mA, at a scanning speed of 8° min"!. The H> temperature
programmed reduction (H2-TPR) of the samples was carried out in 5% H2-95% N from
room temperature to 800 °C at a heating rate of 10 °C min™'. Transmission electron
microscopy (TEM) images of the powders were observed with JEM 2100F electron
microscope (JEOL, Japan) at 200 kV. The reduced anode powder was treated in gasified
anhydrous methanol at 700 °C for 4 h. The carbon deposited was observed with a
scanning electron microscope (SEM, Hitachi S-4800), and the weight of the carbon was
measured with a PerkinElmer Diamond Thermogravimetric analyzer (TGA) in air from
30 to 1000 °C at a heating rate of 10 °C min .
2.3. Performance of single cells

Electrolyte-cathode bilayers with a diameter of 13 mm were prepared through a
co-pressing process at 500 MPa and then sintered at 700 °C in air for 1 h. The
thicknesses of the electrolyte and the cathode layers were 0.50 and 0.35 mm,
respectively. A slurry containing the anode powder and binder (V006, Heraeus Ltd.)
was screen-printed on the electrolyte layer and then sintered at 700 °C in air for 1 h.

The cross-sectional morphology of the single cell was studied with SEM. Ag paste was



coated on both sides of the cell as a current collector.

The single cells were tested at 700 °C with gasified anhydrous methanol (100 mL
min!, STP) as the fuel and Oz (30 mL min!, STP) as the oxidant, respectively, with an
electrochemical workstation (VERSASTAT 3, Ametek). Before the test, the anode of
the cell was reduced in H» at 700 °C for 2 h. The electrochemical impedance spectra
(EIS) of the cells were recorded under the open circuit voltage (OCV) in a frequency
range from 1 M to 0.01 Hz with an amplitude of 10 mV. To evaluate the stability of the
cells with methanol as fuel, the single cells were tested under a constant current density
of 200 mA c¢cm 2 at 700 °C.

3. Results and discussion
3.1. Characterization

Pure LNC powder shows a perovskite structure which is in good accordance with
the XRD pattern of LaNiO3 (JCPDS#33-0711, Fig. 1a) [35, 36]. The peaks of SDC
phase (JCPDS #073-1523) are observed in the XRD result of 2LNC-SDC without
obvious LNC peaks probably due to the low amount of LNC phase. The LNC peaks
become noticeable with the increase of the LNC content. No other peaks are shown in
the patterns of the composites, implying that there is no interaction between SDC and
LNC phases. The reduced LNC exhibits a mixed phase composed of La>xO3 (JCPDS#54-
0213), La(OH)3 (JCPDS#36-1481) and Ni-Co alloy (Fig. 1b), which is also reported in
previous works [37, 38]. The peaks of La>xO3 and Ni-Co alloy phases are noticeable in

the XRD profiles of reduced 10LNC-SDC and 20LNC-SDC composites.
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Fig. 1. XRD patterns of LNC-SDC powders (a) before and (b) after reduction

The H>-TPR results of the anode powders are shown in Fig. 2. Pure SDC exhibits
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a weak reduction peak at about 495 °C. Two reduction peaks are observed in the result
of pure LNC. The one in 200-380 °C is due to the reduction of Ni (IIT) and Co (III) to
Ni (IT) and Co (II) [39], while the other one in 430-560 °C corresponds to the reduction
of Ni (II) and Co (II) to metallic Ni and Co [40]. Similar reduction processes of Ni (III)
and Co (III) are observed in the H>-TPR profiles of I0LNC-SDC and 20LNC-SDC
composites. Meanwhile, another reduction peak in 170-260 °C appears in the results of
the composite anodes, which could be ascribed to the reduction of adsorbed oxygen
[41]. A few of Ce could diffuse into the LNC phase, leaving oxygen vacancies in the
SDC phase. These oxygen vacancies facilitate the adsorption of oxygen species on the

surface of SDC, which could be reduced by H> at a low temperature [20, 42].
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Fig. 2. H>-TPR profiles of various powders

The TEM micrographs of the 10LNC-SDC powder before reduction are shown in

Fig. 3a. The SDC particles with an average size of about 40 nm are covered by smaller



LNC particles with the size of 10-15 nm. The (200) lattice plane of SDC with an
interplanar spacing of 2.71 A and the (202) lattice plane of LNC with an interplanar
spacing of 1.90 A are observed in the high resolution TEM image of 10LNC-SDC (Fig.
3b). No obvious change in morphology is observed in the TEM result of the powder
after reduction (Fig. 3c). Small particles with a spacing of 2.04 A are on the surface of
the SDC particles with a (111) plane and a spacing of 3.11 A (Fig. 3d). It is known that
the interspaces of Ni (111) and Co (111) planes are 2.037 and 2.046 A, respectively [30].
Therefore, it is believed that the planes with a spacing of 2.04 A correspond to the (111)
plane of Ni-Co alloy [43].
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Fig. 3. TEM images of powders. (a) and (b) 10LNC-SDC before reduction; (c) and (d) 10LNC-

SDC after reduction

3.2. Carbon deposition test

The SEM images of the reduced anode powders after carbon deposition are shown
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in Fig. 4. The carbon on the surface of 2LNC-SDC powder is negligible due to the low
content of Ni. Obvious carbon whiskers are found on 10LNC-SDC powder. Carbon
deposition becomes more serious with the increase of the amount of LNC, and pure

LNC is completely covered by the deposited carbon.

Fig. 4. SEM images of LNC-SDC powders after carbon deposition.

(a) 2LNC-SDC; (b) 10LNC-SDC; (¢) 20LNC-SDC and (d) LNC.

The TGA curves of the reduced LNC-SDC powders after carbon deposition are
exhibited in Fig. 5. The rapid weight loss of pure LNC starts at about 450 °C and
finishes at about 680 °C. The weight loss of pure LNC is about 70% when the
temperature reaches 1000 °C. The amount of deposited carbon reduces with the
decrease of the content of LNC in the anode. The weight losses of 20LNC-SDC,
I0LNC-SDC and 2LNC-SDC at 1000 °C are 42%, 14% and 5%, respectively. The TGA

1



result of 70 mol% Nip.9C00.1-30 mol% SDC anode after carbon deposition, which is
reported in our previous work [28], is also shown in Fig. 6 for comparison. The weight
loss of the 70 mol% Nip9Co00.1-30 mol% SDC is about 43%, similar to that of the
20LNC-SDC powder. However, the rapid weight loss of 70 mol% Nig.9Coo.1-30 mol%
SDC starts at about 550 °C, which is approximately 150 °C higher than that of 20LNC-

SDC, indicating that the carbon deposited on 20LNC-SDC is much easier to be oxidized.
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Fig. 5. TGA curves of LNC-SDC anodes after carbon deposition. The data of Nig9Coo.1-SDC

come from ref. 28.

3.3. Cell performance

The cross-sectional morphology of the single cell with 10LNC-SDC anode is
shown in Fig. 6. The thicknesses of the anode, electrolyte and cathode layers are 80,
500 and 350 pm, respectively. The anode and cathode layers adhere closely to the dense

12



electrolyte layer with distinct interfaces. The porous structure of the electrode layers
facilitates the diffusion of gaseous reactants and products and enlarges the reacting

region.
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Fig. 6. Cross-sectional morphology of the single cell with 10LNC-SDC anode

Fig. 7a exhibits /-V and /-P characteristics of the single cells with various anodes
at 700 °C. The open circuit voltage (OCV) of all the cells are around 1.15 V. The
maximum output power densities (Pmax) of the cells with LNC, 2LNC-SDC, 10LNC-
SDC and 20LNC-SDC as the anodes are 565, 453, 745 and 872 mW cm, respectively.
The EIS results of the single cells at 700 °C are shown in Fig. 7b. The high-frequency
intercepts on the real axis reflect the ohmic resistances (Rq) of the cells and the arcs
show the polarization resistances of the electrodes (Rp). Since the cathode and
electrolyte are identical for all the cells, the differences of the Rq values are attributed
to the variation of the conductivity of the anodes. The cell with 2LNC-SDC as the anode
has the highest Rq of about 0.4 Q cm?. The amount of metal in the anode is too low to
form continuous conductive pathways, leading to the high Ro. 2LNC-SDC anode also

shows a high R, due to the lack of active sites. Therefore, the cell with 2LNC-SDC
13



anode exhibits the lowest Pmax. With the rise of the amount of metal in the anode layer,
the electrical conductivity and catalytic activity of the anode both increase. A
continuous layer of uniformly dispersed Ni particles might be formed on the surface of
SDC when the content of Ni excesses 10%, and the Rq of the cells with 10LNC-SDC,
20LNC-SDC and pure LNC anodes are all around 0.3 Q cm?. 20LNC-SDC anode has
the lowest Rp, and the cell with that anode shows the highest Pmax. Though pure LNC
anode possesses more active sites than 20LNC-SDC, the anodic kinetics of LNC is
limited by its low oxygen ionic conductivity. Therefore, the cell with pure LNC anode

exhibits a high R, and a low Prax.
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Fig. 7. (a) I-V and I-P curves and (b) impedance spectra of the fuel cells with LNC-SDC

anodes at 700 °C with methanol as fuel.

As mentioned in the introduction, metal and oxide phases are distributed uniformly
in conventional cermet anodes, and a high concentration of metal is required to form a
continuous path for the conduction of electrons [45]. The content of Ni in most cermet
anodes reaches 50 vol% and sometimes even 70 vol% to achieve the highest Pmax [46].
The impregnation approach used in this work is an effective method to achieve a
continuous metal phase and a sufficient electrical conductivity with a relatively low
metal content. Furthermore, the aggregation of Ni-Co nanoparticles is hindered by the
La>Os phase [30, 47, 48]. The performances of the single cells with 20LNC-SDC and
70 mol% Nig.9Coo.1-30 mol% SDC anodes (obtained from ref. [28]) are shown in Fig.
8. Compared with 70 mol% Ni.9C0o.1-30 mol% SDC anode, 20LNC-SDC with a much
lower content of NiCo exhibits a similar electrical conductivity and a quite low

polarization resistance (Fig. 8a) due to the well distribution of catalytic nanoparticles.
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Fig. 8. (a) Impedance spectra and (b) /- and /-P curves of the fuel cells with LNC-SDC and
70 mol% Nip.9C00.10-30% mol% SDC anodes at 700 °C with methanol as fuel. The data of 70

mol% Nip.9Co.10-30% mol% SDC come from ref. 28.
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Fig. 9. Chronopotentiometry results of the single cells with various anodes under a current

density of 200 mA cm™ at 700 °C.

Fig. 9 shows the stability of the single cells with various anodes under a constant
current density of 200 mA cm 2 at 700 °C. The output voltage of the cell with the LNC
anode remains stable at about 0.88 V during the first 220 min, and then drops gradually
to 0.76 V within the next 115 min. The presence of SDC in the anode effectively
suppresses the formation of carbon and leads to a higher stability of the single cells.
The cell with 20LNC-SDC anode exhibits a stable output during the first 397 min, and
then declines slowly. The cells with 2LNC-SDC and 10LNC-SDC anodes show stable
performances during the 500-min discharge period, which is mainly due to the high
resistance to carbon deposition of these anodes as proved by the TGA results.
Meanwhile, the SDC phase with a high capacity to storage/release oxygen facilitates
the electrochemical oxidation of both fuels and deposited carbon at the anode during
the cell operation [37, 44], which could also improve the stability of the single cell.
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4. Conclusions

The LNC coated SDC composite anode is synthesized by impregnation. LNC
particles with the size of 10-15 nm on the surface of SDC particles form Ni-Co alloy
after reduction. 2LNC-SDC anode shows a low electrical conductivity, while 10LNC-
SDC presents a sufficient conductivity similar to that of pure LNC due to the continuous
paths for electrons in the composite anode. 20LNC-SDC anode with good catalytic
activity and oxygen ionic conductivity shows the lowest polarization with methanol as
fuel. The single cell with that anode and SDC-(Lio.67Nao.33)2CO3 composite electrolyte
exhibits the highest Pmax of 872 mW c¢cm™ at 700 °C with methanol as fuel. LNC-SDC
composite anode shows a high catalytic activity compared with conventional NiCo-
SDC anode because the oxide supporter hinders the aggregation of metallic
nanoparticles in the LNC-SDC anode. The carbon deposited in gasified methanol
increases with the increase of the Ni content in the composite anode. Stable output
performances are obtained by the cells with LNC-SDC composite anodes during the
500-min operation.
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