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Abstract

Ni-based cermets are the most widely used anode materials for solid oxide fuel
cells. Reducing the content of Ni is beneficial to anode stability but usually
unfavorable for the catalytic activity. In this study, Ni-Ceo.sSmo 2025 anode with a
low Ni content is synthesized through a polymer-directed evaporation induced self-
assembly strategy. Ni distributes evenly in the anode, resulting in enlarged triple
phase boundary region and improved reactivity of lattice oxygen in the oxide phase.
The anode containing 5 wt.% Ni possesses the highest amounts of oxygen vacancies
and Ce**/Ce*" redox pairs that facilitates the charge transfer process, which is one of
the rate-determining steps of anode reaction. Consequently, that anode shows the
lowest polarization resistance of 0.014 Q cm? at 700 °C, much lower than those of
other Ni-based anodes prepared through conventional techniques such as

impregnation and solid-mixing. With that anode, a single cell supported by a 480 um-



thick Ceo.sSmo20:-5 electrolyte layer exhibit the maximum power density of 270 mW

cm at 700 °C. The anode also shows a promising stability.

Keywords: Anode; Solid oxide fuel cell; Nickel; Doped ceria; Electrochemical

oxidation.



Introduction

Solid oxide fuel cell (SOFC) is considered as a promising energy conversion
device because of its high efficiency, environmental sustainability and wide fuel
adaptability [1]. The high operating temperature (800-1000 °C) of conventional
SOFCs brings many challenges for their design and development, and lowering the
operating temperature is crucial [2]. However, the charge transfer processes at the
electrodes will be slowed down remarkably with the decrease of temperature, leading
to depressed cell performance [3]. Developing electrode materials with high
electrochemical catalytic activity in the intermediate temperature range (600-800 °C)
is essential for the practical application of SOFCs.

Nickel-based cermets such as Ni-yttria stabilized zirconia (YSZ) and Ni-doped
ceria are the most widely used anode materials for SOFCs with high electrical
conductivity and promising catalytic activity [4]. The content of Ni in conventional
composite anodes is generally not less than 30 vol.% to achieve the percolation
threshold for electronic conduction and sufficient active sites [5, 6]. Nonetheless, the
high amount of Ni causes sintering at high temperatures as well as significant volume
change during redox cycles, leading to poor mechanical stability and the failure of
anode microstructure [7-10]. Various strategies have been proposed to overcome
those issues. Han et al. [11] prepared a thin 50 wt.% Ni-50 wt.% YSZ anode layer on
a thick porous YSZ support for a tubular SOFC, and no significant degradation in cell
performance is observed after seven redox cycles. Kim et al. [12] deposited a 200 nm-

thick 60 vol.% Ni-40 vol.% Ceo.sSmo202-5 (SDC) anode layer on YSZ electrolyte via



reactive co-sputtering, and found that the stability of the anode is highly influenced
by the oxygen partial pressure and the temperature during deposition. Another
effective approach is to reduce the content of Ni in the composite anode. It is proved
that by reducing the size of Ni particles, cermet anodes with low Ni contents can also
possess high electronic conductivities [13, 14]. Park et al. [15] fabricated a thin Ni-
Ce0.9Gdo.102-5 (GDC) anode film with 2 vol.% Ni nanoparticles through pulsed laser
deposition, the catalytic activity of which is comparable to conventional cermet anode
with 40 vol.% Ni. The anode with extremely low Ni content also shows a remarkable
stability with no performance degradation after 100 redox cycles at 600 °C. However,
the high-cost and time-consuming deposition method is not suitable for large-scale
application.

The decrease of Ni content in the composite anode not only favors the stability,
but also strengthens the effects of the ceramic phase that also plays an important role
in the electrochemical oxidation process of the fuels [16]. The catalytic activity of Ni-
doped ceria is generally higher than that of Ni-YSZ anode mainly due to the Ce**/Ce**
redox pair that facilitates the storage and release of oxygen [17, 18]. Huang et al. [19]
found that the doping of Pr in SDC weakens the bonds between metal and oxygen
atoms and thus facilitates the surface exchange and bulk diffusion of oxygen,
resulting in a higher electrochemical oxidation kinetics. Similar results are obtained
by doping La and Nd in SDC [20]. Gan et al. [21] prepared SDC with a three-
dimensionally ordered macroporous structure, which exhibits a stronger interaction

with Ni compared to bulk SDC. Accordingly, the reaction between lattice oxygen and



hydrogen adsorbed on Ni is accelerated, and the anode activity is improved
significantly.

As a promising strategy to prepare cermet electrodes with metal nanocatalysts
distributed uniformly, in situ exsolution of transition metal nanoparticles from oxide
hosts has been intensively studied in recent years [22-26]. Tan et al. [27] incorporated
5 mol.% Ni in GDC through a sol-gel process, followed by in situ exsolution of 2
vol.% Ni nanoparticles in Hz. The exsolved Ni nanoparticles are strongly attached to
GDC, yielding an enlarged triple phase boundary (TPB) and a strong interaction
between Ni and GDC. The polarization resistance (Rp) of the anode is 1.04 Q cm? at
650 °C. In 2020, Xiong et al. [28] developed a polymer-oriented evaporation induced
self-assembly strategy to synthesize crystalline mesoporous TiO with a large surface
area and a high thermostability. Combining that process with in situ exsolution, we
prepared Ni-SDC composite anode material with a low Ni content in this work. The
anode with a homogeneous distribution of Ni shows a high catalytic activity and a
promising stability in the intermediate temperature range. The electrochemical
oxidation process at the anode is systematically investigated.

Experimental
Materials synthesis

x wt% Ni-CeosSmo202-5 (xNi-SDC, x = 3, 5, 10, 15) anode powders were
synthesized through a polymer-directed evaporation induced self-assembly method
[28]. Raw materials were purchased from Shanghai Aladdin Bio-Chem Technology

Co., Ltd unless otherwise stated. Stoichiometric SmCl3-6H20 (99.99%), CeCl3



(99.99%) and NiCl,-6H20 (99.9%) were dissolved in 1.67 x 10> mM deionized water
to form a mixed solution with a total metal ion concentration of 33 mM. Then 35 mM
CH3COOH (99.8%), 12 mM HCI (37%) and 2.67 mM polyethylenimine (PEI,
Shanghai Macklin Bio-Chem Technology Co., Ltd, Mw = 600, 99%) were added into
the solution, followed by stirring for two hours until a transparent sol was formed.
The sol was aged at 40 °C for 24 h and subsequently dried at 100 °C for another 24 h.
The obtained precursor was calcined in the air at 700 °C for 5 h to form the anode
powders, which were then reduced with H» at 700 °C for 2 h for characterization. For
comparison, 5 wt.% Ni-Ceo.sSmo.202-5 was also prepared though an incipient-wetness
impregnation process with Ni(NOs)2-6H20 aqueous solution, which was marked as
5Ni-SDC(I).
Characterization

The phase structures of the anode powders before and after reduction were
characterized with an X-ray diffractometer (XRD, Smartlab, Rigaku, Japan) at a
scanning rate of 1° min"!. The microstructure and morphology of the samples were
observed using a scanning electron microscope (SEM, S-4800, Hitachi, Japan) and a
transmission electron microscope (TEM, JEM-2100F, JEOL Inc., Japan) equipped
with an energy dispersive x-ray (EDX) analyzer. The N> adsorption isotherms of the
anode powders were measured using a Micromeritics ASAP 2460 analyzer. The
specific surface area was determined based on the Brunauer-Emmett-Teller (BET)
equation, and the pore-size distribution was evaluated according to the Barrett-

Joyner-Halenda (BJH) method. Prior to the measurement, samples were evacuated



and degassed at 300 °C for 3 h. Hydrogen temperature-programmed reduction (H»-
TPR) of the anode powders were carried out using an Auto Chem II 2920
(Micromeritics, USA) in 10% H-90% Ar at a heating rate of 10 °C min™' from room
temperature to 800 °C. The surface chemical state of the samples were analyzed using
an ESCALAB 250Xi X-ray photoelectron spectrometer (XPS, ThermoFischer, USA)
using Al-Ka (hv = 1486.6 eV) as the X-ray source, and the binding energies were
calibrated against the C 1s peak at 284.8 eV.
Electrochemical properties

The SDC electrolyte powder was pressed uniaxially at 300 MPa into pellets and
then sintered at 1400 °C for 4 h in air [29]. The anode powder was mixed with an
organic binder (V006, Heraeus Ltd.) to form a slurry. The slurry was screen-printed
on both sides of the electrolyte pellet, and then calcined in air at 950 °C for 1 h to
form a symmetrical cell. The geometrical area of the electrodes was 0.38 cm? Ag was
applied on both sides of the cell as the current collector. The electrodes were reduced
in H> at 700 °C for 2 h, and then the electrochemical impedance spectra (EIS) of the
symmetric cells were recorded using an electrochemical workstation (VERSASTAT
3, Ametek) at 700 °C in the frequency range of 1 MHz - 0.01 Hz with an amplitude
of 30 mV under various H» partial pressures (Pu2) with Ar as the balance gas.

Single cells were manufactured through a similar screen-printing procedure. The
Lag.6Sr04Coo2Fe0 5035 (LSCF) cathode powder was synthesized via the glycine-
nitrate combustion method [30, 31]. The anode layer was reduced in H> at 700 °C for

2 h, and then the performances of the cells were measured with dry H, (50 mL min’!,



STP) as the fuel and O> (10 mL min™!, STP) as the oxidant gas.

Results and discussion

Characterization
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Figure 1. XRD patterns of the anode powders (a) before and (b) after reduction.

The XRD patterns of the anode powders before reduction (marked as xNiO-SDC)
are shown in Figure la. The characteristic peaks of SDC phase with a cubic fluorite
structure (JCPDS #75-0158) are observed, which shift to higher angles gradually with
the increase of Ni content in the anode, indicating a slight shrinkage of the unit cells
probably due to the partial incorporation of Ni*" (0.69 A) with a smaller radius
compared with Ce*" (0.87 A). The peaks of NiO phase (JCPDS #89-7101) are also

observed. After reduction, NiO in the anode is reduced to Ni (JCPDS #65-2865,
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Figure 1b). Meanwhile, unlike the XRD results before reduction, the right-shift of the
SDC peaks is not obvious, implying the exsolution of Ni incorporated in the SDC
lattice after reduction.

The anode powders synthesized through the polymer-evaporation process before
reduction all show a spongy morphology (Figure 2a-d), and their N> adsorption-
desorption isotherms exhibit typical characteristic of mesoporous structures (Figure
3). The BET surface areas (Sget) of the anodes are in the range of 16-21 m? g'! (Table
1). The pore volumes and average pore diameters of the anodes are 0.054-0.061 cm®
g’ and 12.5-15.0 nm, respectively. A small amount of nanoparticles, probably NiO,
can be observed on the surface of 15Ni-SDC, which are negligible on the surface of
other anodes with lower Ni contents. For comparison, the surface nanoparticles are
more obvious on 5Ni-SDC(I) (Figure 2e), indicating that the polymer-directed
evaporation induced self-assembly technique is beneficial for the homogeneous
distribution of Ni in the anode compared with the conventional impregnation process.
5Ni-SDC(I) anode shows the largest pore volume and average pore diameter of 0.107
cm® g and 20.8 nm, respectively. Figure 4a shows the TEM image of 5Ni-SDC
powder after reduction. The size of the nanocrystallites is about 10 nm. The (200) and
(111) planes in SDC with interplanar spacings of 0.272 and 0.314 nm are observed in
the HRTEM image (Figure 4b), as well as the (200) and (111) planes in Ni with lattice
spacings of 0.176 and 0.203 nm, respectively. The STEM image with the EDX
elemental mapping confirms the homogeneous distribution of Ni, Ce, Sm and O in

the SNi-SDC anode (Figure 4c), suggesting a large TPB region.



3NIO-SDC

Figure 2. SEM images of anode powders before reduction: (a) 3NiO-SDC; (b)

5NiO-SDC; (c) 10NiO-SDC; (d) 15NiO-SDC; (¢) SNiO-SDC(I).
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Figure 3. (a) Nitrogen adsorption-desorption isotherms and (b) pore size

distributions of anode powders before reduction.
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Table 1. Structural properties of anode materials

Total pore volume Average pore
Anode Sger (m? g)
(cm® g™ diameter (nm)
3Ni-SDC 16.2 0.061 15.0
S5Ni-SDC 20.9 0.057 10.8
10Ni-SDC 16.3 0.054 13.2
15Ni-SDC 19.1 0.060 12.5
SNi-SDC(I) 20.6 0.107 20.8

(b) ‘%\ 0.272 nm

250 nm

Figure 4. (a) TEM image, (b) HRTEM image, (c) STEM image and (d) EDS

elemental mappings of SNi-SDC powder after reduction.
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H, consumption (a.u.)

The H»-TPR results of the anode powders are presented in Figure 5. A broad and
weak Hz consumption peak (y peak) is observed in the temperature range from 400 to
800 °C in the profile of pure SDC attributed to the reduction of surface and bulk Ce**
[32]. Another two peaks are found at lower temperatures in the TPR results of the
NiO-SDC anode powders synthesized through the polymer-evaporation process. The
reduction peaks are highly related to the size of Ni particles and the interaction
between Ni and SDC phases [33-38]. The a peak at about 320 °C is attributed to the
reduction of Ni species incorporated within SDC lattice and NiO on the surface or
with smaller size. The £ peak at about 350 °C is predominately assigned to the
reduction of bulk NiO, which is usually overlapped with the reduction of the higher

reducible Ce*" near the Ni sites. The B peak moves to higher temperatures with the

B
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Figure 5. H>-TPR profiles of anode powders.
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increase of Ni content mainly due to the growth of NiO particles (Figure 2). The o
peak is not observed in the result of SNiO-SDC(I) because of the lack of Ni in SDC
lattice and small NiO particles, and the  peak shifts to higher temperature compared
with SNiO-SDC. In addition, the H> consumption in 400-500 °C (0 peak) corresponds
to the reduction of larger NiO particles observed in the SEM image (Figure 2¢), which
is accompanied by the reduction of Ce*". Compared with NiO particles aggregated on
the surface of the composite anode prepared through impregnation, NiO in the anode
synthesized via the polymer-evaporation process shows a homogeneous distribution
with a smaller size, which not only reduces the reduction temperature of NiO, but also

facilitates the removal of lattice oxygen in SDC by hydrogen adsorbed on adjacent

Ni.
(a) [Ce3d, v, (b)[o1s 0,4 Qrate
H,0 OH/CO;”
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M _J‘A
3Ni-SDC

925920 915 910 905 900 895 890 885 880 875 535 534 533 532 531 530 529 528 527 526
Binding Energy (eV) Binding Energy (eV)

Figure 6. XPS spectra of (a) Ce 3d and (b) O 1s of the reduced samples.
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The Ce 3d XPS curves of the anodes after reduction can be deconvoluted into
ten peaks (Figure 6a). The uo-vo and u;j-v; peaks are attributed to Ce*", while the u-v,
uz-v2 and u3-vs doublets are ascribed to Ce*" [39-41]. The content of Ce*" in 3Ni-SDC
is 30.2%, which increases to 39.7% in 5Ni-SDC (Table 2). Further increase of Ni in
the anode leads to less Ce*". Meanwhile, the content of Ce*" in 5Ni-SDC is higher
than that in SNi-SDC(I) probably due to the strong interaction between Ni and SDC
in the polymerization synthesized anode, consistent with the H>-TPR results (Figure
5). The O 1s spectra of the reduced samples are shown in Figure 6b. The peaks at
about 528.5 eV is attributed to lattice oxygen (Oa), while the peaks at 529.4, 531.5
and 533.0 eV can be assigned to oxygen (Oads), oxygen species (OH/CO3%*) and HO
adsorbed on surface oxygen vacancies (Ov), respectively [42, 43]. SNi-SDC has the
lowest amount of Oiag, consistent with its highest Ce** content.

Table 2. Contents of Ce and O species on the surface of the reduced anode powders

analyzed by XPS.
Ce (%) 0O (%)

Sample
Ce’” Ce** Olatt Ouds OH/COs™ H,O
3Ni-SDC 30.2 69.8 41.1 24.7 239 10.3
5Ni-SDC 39.7 60.3 38.3 29.9 19.2 12.6
10Ni-SDC 31.2 68.8 44.4 29.8 13.8 12.0
15Ni-SDC 29.0 71.0 46.3 24.1 18.5 11.1
5Ni-SDC(I) 29.1 70.9 46.5 25.1 19.1 9.30
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Electrochemical properties

The EIS plots of the symmetric cells with different anodes at 700 °C under
various Pz are presented in Figure 7a. The ohmic resistances of the cells are deducted
for better comparison, and the arcs are fitted with a simplified equivalent circuit of
(RuCPEn)(RLCPEL). Ru and Ry are the polarization resistances of the anodes in the
high frequency (HF) and low frequency (LF) ranges, respectively, and CPEx and
CPEL are the corresponding constant phase elements. The Rp of 3Ni-SDC anode in
pure hydrogen is 0.016 Q cm? which decreases slightly to 0.014 Q cm? when the
content of Ni increases to 5 wt.%, while further addition of Ni leads to a larger Rp.
The catalytic activity of SNi-SDC anode is much higher than that of the impregnated
anode with the same Ni content. Furthermore, the Ry of the anodes are generally one
order of magnitude higher than Ry, indicating that the anode reaction is dominated by
the low-frequency process.

Typically, Rp and P> exhibit a power law relationship (Rp < Pu2") [21, 26, 44,
45]. As shown in Figure 7b, Ru change negligibly with the variation of Pu> (nu is
approximately 0), implying that the rate-determining step (RDS) in the high-
frequency process does not involve hydrogen species, probably the transfer of oxygen
ions in the anode. In clear contrast, Ry of all the anodes increase remarkably with the
decrease of P> (Figure 7¢). The value of n is about -1 when the content of Ni in the
anode is lower than 5 wt.%, indicating that the RDS of the low-frequency process is
the dissociative adsorption of Hz due to the small amount of Ni active sites. With the

increase of Ni content, the dissociative adsorption of H» on the surface of the anode
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becomes faster. On the other hand, the concentrations of Oy and Ce**/Ce*" redox pairs
both decrease (Table 2), leading to a slower kinetics of charge transfer between the H

species adsorbed on Ni and the adjacent oxygen (Figure 5), and thus n. and Ry both

increase.
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Figure 7. (a) Impedance spectra of the half symmetric cells with different anodes

under various Pu2 at 700 °C; (b) Ru of the anodes under various Pw2; (¢) Ry of the

anodes under various Phuo.

The cross-sectional SEM image of the single cell with SNiO-SDC anode is
shown in Figure 8a. The porous anode and cathode layers adhere tightly to the 480

um-thick dense SDC electrolyte layer with distinct interfaces. The thicknesses of the
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anode and cathode layers are both 45 um. Figure 8b presents the current-voltage (/-
V) and current-power (/-P) characteristics of the cells with various anodes at 700 °C.
The open circuit voltages (OCVs) of the cells are in the range of 0.85-0.90 V, which
are lower than the theoretical value (about 1.0 V) due to the electronic conduction
through the SDC electrolyte layer caused by the partial reduction of Ce*" to Ce**. The
cell with 5Ni-SDC anode shows the highest maximum power density (Pmax) of 270
mW cm attributed to the highest catalytic activity of the anode. In comparison, the
Pmax of the cell with 5Ni-SDC(I) anode is only 170 mW cm™, demonstrating the
superiority of the anode synthesized through the polymer-evaporation process. The
EIS curves of the single cells with various anodes at 700 °C are shown in Figure 8c.
Since the cathode and electrolyte are identical for all the cells, the differences in the
EIS results could be attributed only to the differences of the anodes. The ohmic
resistances of all the cells are similar, while the Rp shows an order of 5Ni-SDC <
10Ni-SDC < 3Ni-SDC < 15Ni-SDC <5Ni-SDC(]), consistent with the results of the

symmetric cells (Figure 7a).
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Figure 8. (a) Cross-sectional SEM image of the cell with SNiO-SDC anode; (b) I-V

and /-P curves and (c) EIS results of single cells with various anodes at 700 °C.

Finally, the anode developed in this work is compared with the conventional
solid-mixed 50 vol.% Ni -50 vol.% SDC (50Ni-50SDC) anode. As shown in Figure

9a, the reduction peak of NiO in 50Ni-50SDC is significantly shifted to a higher
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temperature compared with that in SNi-SDC, indicating the agglomeration of NiO in
50Ni-50SDC with a much larger particle size. Besides, the H> consumption peak in
the range of 450-650 °C can be assigned to the reduction of Ce*" not adjacent to Ni
in 5S0Ni-50SDC, implying a lower activity of lattice oxygen. The Rp of 50Ni-50SDC
anode (with the Ag paste as the current collector) is about 0.025 Q cm? at 700 °C
(Figure 9b), which is among the best of Ni-based cermet anodes with high Ni contents
[46-49]. Though having a much lower content of Ni, SNi-SDC anode shows a
remarkably improved kinetics attributed to the enhancement of the oxygen activity.
Therefore, the cell with SNi-SDC anode shows a much higher Pmax compared to the
one with 50Ni-50SDC anode (Figure 9¢). Meanwhile, SNi-SDC anode exhibits a
stable Rp within 100 hours (Figure 9d). It is noteworthy that the electronic
conductivity of the cermet anode with a low metal content is inevitably depressed to
some extent, and its applicability in thick anode support layer is still uncertain.
Nevertheless, the highly catalytic composite material synthesized through the
polymer-evaporation process with a uniform distribution of Ni demonstrates its

potential as an effective anode function layer [27].
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Figure 9. (a) H>-TPR profiles of anode powders; (b) Impedance spectra of the half
symmetric cells with different anodes at 700 °C; (c) I-V and I-P curves of single
cells with different anodes at 700 °C; (d) Impedance spectra of the half symmetric

cell with 5Ni-SDC anode at 700 °C within 100 hours.

Conclusion

In this work, Ni-SDC cermet anode with a low Ni content is synthesized through
a polymer-directed evaporation induced self-assembly approach. Compared with
composite anodes prepared via conventional techniques such as impregnation, the
anode synthesized through the polymer-evaporation process shows a uniform
distribution of Ni, resulting in a smaller particle size and a lower reduction
temperature of NiO. Meanwhile, the homogeneous distribution of Ni also enlarges

the TPB region and improves the reactivity of lattice oxygen in SDC. With the
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increase of Ni content in the anode, the RDS of the anode process is changed
gradually from the dissociative adsorption of Hz to the surface reaction of oxygen
species with adsorbed H. The anode containing 5 wt.% Ni possesses the highest
concentrations of Oy and Ce*"/Ce*" redox pairs that facilitates the charge transfer
process, and thus shows the lowest Rp of 0.014 Q cm? at 700 °C. A single cell
supported by a 480 um-thick SDC electrolyte layer using that anode shows the highest
Pmax of 270 mW cm™ at 700 °C. The results demonstrate that the self-assembled

cermet with a low Ni content is a promising anode material for SOFCs.
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