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Abstract
Development of solid oxide fuel cell (SOFC) anode with high resistance to

coking and sulfur poisoning is highly desirable for the direct application of natural gas
in SOFC. Herein, a (Cu, Sm)CeO; anode with anchored Cu nanoparticles has been
prepared. Most of Cu nanoparticles particle size ranges from 20 to 50 nm, which can
increase the conductivity and catalytic activity of the anode. The Cu/CSCO10
supported cell exhibits a maximum power density of 404.6 mW/cm? at 600 °C when
dry methane is used as fuel while its ohmic resistance is only 0.39 Q-cm?. The single
SOFC shows good stability when H,S content in the fuel is less than 150 ppm. Up to
900 hours of continuous stable operation with simulated natural gas and commercial

natural gas as fuel prove the advantages and application potential of this anode.

Keywords: solid oxide fuel cell, copper nanoparticles, coking-resistant, sulfur
tolerance, natural gas

1. Introduction

Natural gas is a clean and environmentally friendly high-quality energy [1-3], in
comparison with other fossil cells. With the development of the exploitation

technology of unconventional natural gas, such as shale gas [4-6] and hydrated natural
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gas [7-8], the proportion of methane dominated natural gas in the world energy
consumption is increasing [9]. According to BP Statistical Review of World Energy
2021, the share of gas in primary energy continued to rise, reaching a record high of
24.7% in 2020 [10]. SOFCs can directly use natural gas as fuel in principle [11-13],
which can not only improve the utilization efficiency of natural gas, but also avoid the
resource shortage and environmental pollution, so as to achieve the goal of
sustainable development [14, 15]. However, when commercial natural gas is directly
used as fuel, SOFC could suffer the problems of carbon deposition and sulfur
poisoning, which can deactivate catalysts by covering or poisoning the active sites of
the anode and thus inhibit reactions [16-18].

Ceria (cerium oxide) is a well-known oxidation catalyst [19] which is expected
to increase the activity of the anode for the electrochemical oxidation of hydrocarbon
[20-22]. Doping ceria has been the subject of great interest because the addition of
dopants greatly increases the concentration of oxygen vacancies, enhances catalytic
activity of hydrocarbon oxidation and improves thermal stability of ceria [23, 24].
Rare earth oxides with trivalent cations, such as Sm*®" and Gd** [25-27], are the best
possible dopants for modifying structural and chemical properties of ceria because
these elements can easily replace cerium on its regular sites. Moreover, a rich number
of oxygen vacancies in the doped ceria lattice increase the mobility of oxygen ions
that enables the oxygen anions to interact with H,S at the running temperature of
SOFCs. This results in the oxidation of H,S to sulfur oxides, which are much more
easily removed and thus prevents sulfur poisoning [28]. As a mixed ionic/electronic
conductor (MIEC), doped ceria allows simultaneous transport of both ionic and
electronic defects [29-31], but the electronic conductivity of doped ceria fails to meet
the requirements of SOFC when it is directly used as anode material [32].

By incorporating anti-coking and sulfur-resistant metals into doped ceria to form
the anode, the operating lifetime and performance of the SOFC can be enhanced with
natural gas as fuel. Compared with noble metals [33, 34], which have strong catalytic
activity and sulfur tolerance, Cu catalyst has been employed to enhance sulfur
tolerance and inhibit carbon deposition due to its low cost and high catalytic activity
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[34-36]. Meanwhile, the electrochemical activity and sulfur resistance of the anode
containing copper can be enhanced by the synergistic effect generated by the
interaction of copper with doped ceria [37]. It has been proved that the Cu-ceria based
anodes with nanostructure can obtain reasonable power density when using
hydrocarbon as fuel and has good resistance to coking and sulfur poisoning.

At present, Cu-ceria anodes are mainly fabricated by wet impregnation method
[38, 39]. The Cu precursor solution is impregnated into pre-sintered highly porous
Sm-doped ceria (SDC) framework on the dense electrolyte and the loaded copper
oxides are subsequent reduced to form nano-sized copper particles adhering on the
surface of SDC. However, the copper particles tend to agglomeration and grain
growth at operation temperature of SOFCs [40]. Recently, No Woo Kwak et al [41]
have proposed an in situ synthesis of supported metal nanocatalysts through
heterogeneous doping. The whole preparation process includes metal source coating,
heterogeneous doping, metal source etching and reduction. Uniformly distributed
copper nanoparticles (NPs) are synthesized via heterogeneous doping of copper
cations along the grain boundaries of SDC and then to reduce the diffused copper
cations to form nanoclusters. The resulted Cu NPs are mainly located at junctions
where SDC grain boundaries meet and hold strong anchorage with the oxide surface,
which can effectively suppress the growth of metallic particles and show high
chemical durability with excellent electro-chemical catalytic activity. The processes of
the afore-mentioned two methods are too complicated to be applied in large-scale
preparation of SOFCs.

As an one-step environmentally friendly method, in situ exsolution provides an
attractive route for the preparation of SOFCs because it can produce coking-resistant
and socketed metal particles in anode and tailor particle-substrate interactions [42-44].
In this work, copper and samarium co-doped ceria (CSCO) is used as anode precursor
material to produce the (Cu, Sm)CeO, anode with anchored Cu nanoparticles. The
catalytic activity and conductivity of ceria are improved by ion doping and exsolution.
The performance and stability of the single SOFC are investigated with natural gas as
fuel. The formation mechanism of anode and the mechanism of anti-coking and sulfur
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poisoning resistance are exploited by structural analysis and static electronic structure

calculations.

2. Experimental methods
2.1. Electrodes and electrolyte materials preparation

Powder of CSCO was synthesized by the glycine-nitrate combustion method.
The stoichiometric amounts of cerium nitrate, samarium nitrate and copper nitrate
were dissolved into deionized water. Then the glycine were added into the solution
with the total molar ratio of Mno>:Mgycine = 2:1, and the solution was heated and
stirred at 80 °C until glycine was completely dissolved. Afterwards, the resultant
solution was heated on an electric tabletop burner until it was ignited to produce a
sponge-like metal-oxide ash. The ash was subsequently kept for 2h at 700 °C in a
furnace to remove possible carbon residues and a well-crystalline oxide powder was
obtained. In this work, the molar ratio of Ce*" to Sm** was always controlled at 4:1 in
CSCO powder, while the mole doping amount of Cu starts from 5% and increases
gradually with 2.5% step.

Powders of SDC and SSC (SmgsSrosC0o03) were also prepared with the same
method, and Ce(NH,)2(NO3)s with 25% mole ratio was added as cerium ion source
when SDC powders were prepared to reduce the sintering temperature of SDC
electrolyte [45].

The 70 wt.% SSC powder and 30 wt.% SDC powder were mixed by wet
ball-milling for 72h in ethanol to form the cathode material. The as-prepared SDC

were also milled in ethanol in a planetary ball-milling and then dried at 50 °C.
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2.2. Single fuel cell manufacture

The anode-supported cells were fabricated with the configuration Cu/CSCOx
(<500 um) | SDC (~30 um) | SSC/SDC (~30 um), where the value of x is determined
by the mole doping percentage of Cu. CSCO powders were mixed with polystyrene
(15 wt.%, foaming agent) in ethanol in an ultrasonic bath and dried at 50 °C.
Cylindrical pellets of 15 mm diameter and ~1mm thickness were prepared by uniaxial
pressing at 100 MPa. Then, the SDC powders were co-pressed on the one side of
pellet at 200 MPa as the electrolyte layer. The pellets were co-sintered at 1250 £ 5 °C
for 5 h in a furnace (Nabertherm, Germany). The cathode layer was prepared by a
spin-coating method. The cathode suspension was made by ultrasonically dispersing a
mixture of 90 wt.% cathode material and 10 wt.% ethylcellulose in ethanol while the
volume ratio of liquid/solid was kept at 10. The suspension was spin-coated onto the
electrolyte surface and subsequently sintered at 950 °C for 2 h to form a porous
cathode. The sintered pellet was reduced in the flowing H; at 700 °C for 4 h to obtain
the single cell.
2.3. Structural characterization and theoretical calculation

The crystalline phase of the anode precursor powders was analyzed by X-ray
diffraction (XRD, Bruker) with Cu K, radiation. The morphology and microstructure
of the anode powders were investigated by transmission electron microscope (TEM,
JEM-2000CX, JEOL) and high-resolution TEM (HRTEM). The elemental
constitution of the anode powders was characterized by energy dispersive

spectroscopy (EDS).
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The crystallographic information of the anode was also characterized by XRD.
The chemical composition and state on the surface of the anode were studied by X-ray
photoelectron spectroscopy (XPS, PHI-5400, PE) with an Al K, source, and the data
were analyzed using Casa XPS software. The spectra were calibrated based on the C
1s peak from adventitious carbon. Quantification was performed based on the area of
peaks of interest (Cu 2psp, O 1s) after a linear background subtraction. The
cross-sectional morphological and microstructural details of the anode were examined
with scanning electron microscope (SEM) and element mapping (SIGMA, ZEISS).
The outlet gas composition of the anode was analysed by a Fourier-transformed
Infrared Spectroscopy (FTIR, Spectrum 100, PerkinElmer) when dry methane was
directly fueled to the single SOFC. The proportion of different carbonaceous gases
was calculated according to the concentrations of CH4, CO, and CO after the
calibration process [46].

The geometry structure relaxations and static electronic structure calculations are
performed by wusing the VASP package [47, 48]. The generalized-gradient
approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) [49] and projector
augmented wave (PAW) potentials are used. The cutoff energy is set to be 600 eV and
a 7x7x7 Monkhorst-Pack k-points grid is used. All of the geometry structures are
fully relaxed until forces are converged to 0.01 eV/A.

2.4. Electrochemical characterization
Electrochemical analysis of all cells was carried out using a CHI760C

Electrochemical Workstation (CH Instrument, China) in a two-electrode configuration.
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Silver paste was used to seal the anode compartment onto a quartz tube. Current
collectors (0.003 in Ag-mesh, Alfa Aesar) were sintered onto both electrodes and two
silver wires (Alfa Aesar, 0.01 in) were used as the leads (Figure S1, Supporting
Information). AC amplitude of 10 mV was used. The measurement frequency range
was from 0.01 Hz to 100 kHz. The polarization curves (I-V curves) were generated
using the Linear Sweep \Voltammetry feature in the Electrochemical Workstation
software package, sweeping from the measured open circuit voltages (OCVs) to 0 V
with a scan rate of 20mV and 1 mV step size. All cells were placed inside a quartz
tube into which the different fuels were delivered via digital volumetric flowmeter.
The fuel flow rate was fixed at 60 ml/min while the cathode was placed in the
atmosphere. The methane, H,S-contaminatted methane, simulated natural gas (SNG)
and NG were used as fuel to verify the catalytic performance and stability of single
cell in this work.
3. Results and discussion
3.1 Material characterization of powders

The crystalline structure of Ceo7,Smg 18Cug 10« is revealed by XRD measurement.
As shown in Fig. 1a, all the diffraction peaks are in good agreement with the JCPDS
standard (card no. 43-1002), corresponding to fluorite structured face-centered cubic
CeO; phase. Notably, there are no additional peaks of CuO and Sm,03 being detected,
suggesting the pure Cep72Smgp18Cug10x has been synthesized. As shown in Fig. 1b,
high-resolution TEM image reveals a crystalline individual nanoparticle, which has

clear lattice fringes with an interplanar spacing of 0.314 nm. This can be readily
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assigned to the d spacing of (111) plane of the CeO,. Additionally, the elemental
mappings of Cu, Sm, Ce, and O demonstrate that they are uniformly dispersed in the
sample, revealing the single phase of the sample (Fig. 2c, d). However, when the

doping amount of Cu reaches 12.5%, CuO phase could be formed in the powder

(Figure S2, Supporting Information).
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Figure 1. Characterizations of the Ceg 7,Sm 15Cuo 104 powders. (a) XRD pattern. (b)
high-resolution TEM image. (c,d) STEM image and corresponding elemental

mapping

3.2 Microstructure and formation of anode
In this work, three different anode-supported cells were prepared by using
Cep76SMg.19CUg 050x, Ceg.74SMg 185CUQ 0750« and Ceg72Smg 158Cug 10 powder as anode

precursors and labeled as Cu/CSCO5, Cu/CSCO7.5 and 10Cu/CSCO10 supported cell
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respectively.

Fig. 2a is a schematic procedure of preparing a novel Cu/CSCOx anode, it can be
seen that the anodic porous frame is composed of lower copper-doped CSCO
(L-CSCO) when parts of the CuO is converted into copper NPs anchoring on its
surface after the exsolution procedures, which demonstrates the redox exsolution
method can effectively produce the Cu/CSCOx anodes. The crystalline structure of
the samples at different preparation stages are revealed by XRD measurement. As
shown in Fig. 2b, the anode ceramic before reduction contains two phases of CSCO
and CuO, indicating that when CSCO powder is sintered into porous ceramic, a small
amount of CuO has been separated from CSCO crystal at the grain boundaries.
According to the lattice parameters of L-CSCO obtained by calculating XRD data
through cell refinement function in the Jade6.5 software, it can be estimated [50] that
the mole percent of Cu?* remaining in the crystal structure of CSCO5 anode,
CSCQO7.5 anode and CSCO10 anode are 1.41%, 1.79% and 2.28%, respectively (see
more data in Table S1, Supporting Information), which is close to the mole percent of
Cu?* remaining in the crystal structure obtained from the XPS data.

Fig. 2c shows the cross-sectional microstructures of the porous anode ceramics
before reduction, the ceramic surface is relatively smooth, and the grains on the anode
ceramic skeleton are closely linked, forming a continuous porous three-dimensional
structure. Fig. 2d shows the cross-sectional microstructures of the porous anode
ceramics after reduction, it can be seen that Cu particles were formed in the

framework of different porous anode (see more data in Figure S3, Supporting
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Information). From the further enlarged SEM image and corresponding EDS mapping
of the copper and oxygen distribution (Fig. 2e), it can be seen that a large number of
Cu NPs are clearly exuded from the crystal and anchored on the surface of the porous
ceramic frame, which can effectively prevent the agglomeration of Cu NPs [42].
Meanwhile, some large size Cu particles appear on the grain boundary of L-CSCO.

37 reduction
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Figure 2. (a) Schematic illustration of the synthesis route for xCu/SDC anode. (b)
XRD patterns of CSCO powder and anode before and after reduction. (c, d)
Cross-sectional SEM image of the porous anode ceramics before and after reduction.
(e) High-resolution SEM image of the anode and corresponding EDS mapping of the
copper and oxygen distribution of anode. (f) The geometric configurations of CSCO
crystal structure. (g) The calculated binding energy of copper ion in different
geometric configurations.

This phenomenon is mainly determined by the position of copper ion in solid
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solution. As shown in Fig. 2f, both substitution doping and interstitial doping can be
formed because the radius of the Cu®* (73 pm) is smaller than that of Ce*" (97 pm)
and Sm** (107.9 pm) [51-53]. Due to the different position of Cu in the crystal, the
binding energy between copper ion and other ions is also different. The simulation
results show that the binding energy is -821.62 eV when the copper ion is at
substitution position and it is -802.12 eV when the copper ion is at interstitial position
shown in Fig. 2g. Therefore, the copper ions enter the substitution sites first in the
doping process, and the corresponding CSCO (111) diffraction peak shifts to the
lower angle due to the smaller radius of copper ion. With the increase of copper ion
doping content, the copper ions will enter the interstitial sites and the lattice parameter
also increases, which lead to the diffraction peak moves to the higher angle.

The calculated binding energy suggests that the binding energy of substitutional
copper ions are much stronger than that of interstitial copper ions. Compared with the
substitutional copper ions, the interstitial copper ions are more easily dissolved, so
some CuO exuding from the crystal during the sintering process, gathering on the
grain boundary, and then forming larger particles of Cu after reduction, and another
part of Cu elements exuding from the crystal during the reduction process, and evenly
distributed on the L-CSCO crystal surface. The formation of Cu can enhance the
conductivity of the anode. Meanwhile, it can increase the specific surface area and the
triple phase (gas phase, ion phase, electronic phase) boundaries (TPBs) of the anode,
which is conducive to the rapid adsorption of gas and the occurrence of more catalytic

reactions. Cu NPs anchored on CSCO would increase the catalytic activity for the
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hydrocarbon and deliver enhanced synergistic effect on coking resistance during
hydrocarbon oxidation in the anode [54, 55].

Fig. 3 shows the distribution of Cu NPs on the porous ceramic frame surface of
different cells. It can be seen that most of Cu NPs particle size ranges from 20 to 50
nm. In addition, the distribution density of copper NPs increases with the increase of

copper doping, which helps to provide more TPBs for hydrocarbon oxidation.

(@) (b) (©)

200nm 200nm | 200nm

Figure 3. SEM images of the distribution of Cu NPs on the porous ceramic frame
surface: (a) Cu/CSCO5, (b) Cu/CSCO7.5 and (c) Cu/CSCO10.

3.3 Electrochemical performance

In order to investigate the performance of the cells with different anodes for
direct oxidation of Hydrocarbon, dry methane was directly fueled to the single SOFCs
at 600 °C. Fig. 4a shows the voltage and power density as a function of current
density for three different anode-supported cells, where the OCVs of Cu/CSCO5,
Cu/CSCO7.5 and Cu/CSCO10 supported cells are 0.987, 0.950 and 0.931 V,
respectively. These results are close to or greater than the theoretical value for
methane complete oxidation, which indicates that complex reactions have taken place
in the anode at initial stage. As shown in Figure S5, both CO, and CO was produced
in the outlet gas and the CO, yield increased when reactions were carried out for 100h.

These results indicate that in addition to the complete oxidation (reaction 1) and
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partial oxidation of methane (reaction 2), there are also oxidation reactions of CO
(reaction 3) and H; (reaction 4) taking place under the synergistic catalysis of Cu and
SDC. The maximum power densities for Cu/CSCO5, Cu/CSCO7.5 and Cu/CSCO10
supported cells are 249.6, 338.9 and 404.6 mW/cm?, respectively. The results show
that high performances are achieved based on the Cu/CSCOx anode and the cell
performance increases with the increase of Cu content in the Cu/CSCOx anode at the
same testing temperature. This is mainly due to the increase of copper content, which
can generate more Cu NPs in the anode and anchor on the L-CSCO framework,
enhancing the synergistic effect of Cu and L-CSCO by providing more effective

reaction sites for electrochemical reaction.
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Figure 4. (a) Cell voltages (open symbols) and power densities (solid symbols) as
function of current density of different anode supported cells tested at 600 °C with dry
CHy, as fuel. (b) Impedance spectra measured at 600 °C under open circuit conditions
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for different anode supported cells before (open symbols) and after (solid symbols)
running with dry CH, as fuel.

CH, + 40" — (0, + 20,0 + 8¢~ (1)
CH, + 0 — CO + 2H, + 2¢” )
CO + 0~ = (0, + 2 3)
Hy + 0 — H,0 + 2¢” (4)

The polarization resistance of electrodes and the inherent ohmic resistance of the
cells were measured by electrochemical impedance spectra (EIS) at 600 °C under
open circuit conditions. Fig. 4b shows the typical EIS Nyquist plots of different cells
before and after running with dry CH, as fuel. The ohmic resistance corresponds to
the intercept of the EIS Nyquist plot at high frequency on the left and the polarization
resistance of electrodes corresponds to the intercepts on the real axis between high
and low frequency. It can be seen from Fig. 4b that the ohmic resistance of
Cu/CSCO5, Cu/CSCO7.5 and Cu/CSCO10 supported cells decrease from 1.24, 1.01
and 0.90 Q:cm? before reduction to 0.54, 0.49, 0.39 Q-cm’ after reduction
respectively. These results are close to the ohm resistance of our previous single
SOFC supported by Ni-SDC anode [37] or Cu-GDC anode prepared by sintered [56]
that indicates copper doping and the formation of Cu NPs can reduce the ohmic
resistance of the anode. The substantial improvement of anode conductivity could be
attributed to that: (1) with the increase of copper content in the anode, the density of
the exsolved Cu NPs increases as shown in Fig. 3, this will provide more channels for

electron transmission in the anode due to the formation of a thin and continuous
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network on the surface of the porous scaffold [39], the theoretical research showed
that as long as a 5.8 vol% Cu loading could produce a 1460 S/cm conductivity with an
ideal conformal coating in the anode [57], and in situ exsolution is one of the most
likely preparation method to realize such microstructure in porous structure; (2) as the
favorable sites for heterogeneous nucleation, the grain boundaries allow metal
particles to be ex-solved readily at relatively low temperatures [41], so some Cu NPs
gather along the grain boundaries of host oxides to form a continuous network for
electron transmission; (3) the residual of a small amount of Cu in SDC crystal is
conducive to improve the conductivity of SDC itself, the research [58] showed that
doping 1% copper can increase the conductivity of CeysGdy20,-5 by 4 times at 600 °C,
the mole percent of Cu** remaining in the crystal structure of CSCO10 anode has
reached 2.28%; (4) the single cell in this work was sealed with silver paste, which is
also benefit for the collection of anode current.

Fig. 4b also shows the effect of doping amount of copper on the SOFC
performance. It can be seen that the polarization resistance decrease significantly with
increase of the doping amount of copper. Furthermore, the polarization resistance
values of Cu/CSCO5, Cu/CSCO7.5 and Cu/CSCO10 supported cells are 1.25, 0.94
and 0.61 Q-cm’ after running, which decreases by 28.6%, 31.4% and 35.8%
compared with that before reduction respectively (Table S2, Supporting Information).
The conductivity and catalytic activity of anode is apparently improved by the
increase of doping amount of copper after reduction.

Comparing with other Cu-based-anode structures prepared by impregnation
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methods [57, 59], the performance of the single cell in this work has been greatly
improved. It is well known that ionic conductivity is also one of the crucial
parameters of the anode at low temperature besides catalytic activity and electrical
conductivity. The Cu-based-anodes prepared by impregnation method often use YSZ
(yttria-stabilized zirconia) scaffold as the porous anode substrate and the oxygen ions
in the electrode are conducted to TPBs through YSZ scaffold. The ionic conductivity
of YSZ at low temperature is 1~ 2 orders of magnitude lower than that of SDC [60].
Furthermore, a small amount of Cu®** remaining in the SDC crystal can enhance the
grain boundary ionic conductivity [61]. Therefore, L-CSCO can provide more oxygen
ions for TPBS for fuel oxidation reaction to improve cell performance. In addition,
different from the exsolution method, the impregnation method is difficult to make the
reaction activation points evenly distributed in the whole porous anode, and even
block some pores, affect the transmission of fuel gas and reduce the utilization rate of
anode.
3.4 Long term stability

The coking resistance of the anode has been studied in Cu/CSCO10 supported
cell. As shown in Fig. 5, the current density at 0.5 V is very stable for 300 hours with
dry CH, as fuel. The sensitivity of this anode to the sulfur poisoning has been
investigated by gradually increasing the concentration of H,S in methane. In Fig. 5,
the current densities at 0.5V of the same cell are plotted as a function of time with
different concentrations of H,S in methane at 600 °C. There is no observable change

in current density as the fuel switched from clean methane to methane contaminated
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with 50, 100 or 150 ppm H,S. With fuel methane containing 200 ppm H,S, the power
output of the cell is slightly dropped. The SOFC performance degradation is mainly
due to the formation of ceria-sulfur compounds [62, 63] because ceria is more

sensitive to sulfur than Cu.

0771
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Figure 5. Current density of Cu/CSCO10 supported cell operated at 600 °C with a
constant cell voltage of 0.5V as the fuel was switched from dry CH4 to CH,4
contaminated with different concentrations of H,S.

Continuous and stable operation in dry methane for 300 hours without
observable degradation in performance suggests that this type of anode is very
effective for directly oxidizing methane and inhibiting coking. Moreover, there is no
observable change in power outpour for 150 hours when the fuel is switched to
methane contaminated with 150 ppm H,S. Continuous and stable operation in
H,S-contaminatted methane for a longer period of time (300 to 750 hours) confirms
that sulfur poisoning can be fully suppressed in the anode when H,S content in the

fuel is less than 150 ppm. All these results show that the anode has good resistance to
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carbon deposition and sulfur poisoning, and can be directly used for direct oxidation
of natural gas.
3.5 Catalytic mechanisms of inhibiting coking and enhancing sulfur tolerance

When SOFC directly uses methane or methane based natural gas as fuel,
complete oxidation and partial oxidation of methane may occur on the anode. When
methane is completely oxidized by oxygen ions to generate CO, and H,O, electrons
are released. While methane is partially oxidized by oxygen ions, CO and H, are
generated, and the generated CO and H are to be oxidized further under the action of
catalyst. If CO is not oxidized by catalysis, the concentration of CO is to be increased
gradually, resulting in carbon deposition cumulated on the anode, which is a problem
with traditional anode materials. Although the catalytic oxidation activity of copper in
the anode to hydrocarbon is low, the catalytic activity for the oxidation of CO is
higher [64]. Therefore, it is possible to inhibit coking on the surface of the Cu/CSCOx
anodes.

High-resolution XPS measurements have been employed in order to further
examine the surface composition and the chemical state of copper presented in the
anode at different stages. As shown in Fig. 6a, a broad Cu 2ps/,; peak and a shake-up
peak (From 937 eV to 948 eV) are observed in the Cu 2p spectra of the anode before
reduction. The broad Cu 2p3, signal can be fitted with two contributions at 933.1 eV
and 934.8 eV by using the Gaussian fitting method with XPS peak software [52, 65].
The peak at higher Cu 2ps, binding energy and the shake-up peak are two major XPS

characteristic peaks of Cu®* species, while the peak at lower Cu 2ps;, binding energy
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is the characteristic peak of Cu® species. This result indicates that a small amount of
Cu" is formed during the sintering process of CSCO ceramics, which also has been
reported by other researchers [66]. After the reduction, a sharp characteristic peak
appears at 932.1eV, the characteristic peak of Cu, which further proves the copper has
exuded from the crystal and anchored on the surface of L-CSCO. Meanwhile, the
intensity of the characteristic peak corresponding to copper ion is also enhanced, and
with the operation of SOFC, the trend is more obvious (Table S3, Supporting
Information). This is mainly due to the ability to store oxygen and the high oxygen
ion conductivity of L-CSCO. After the formation of Cu particles, there are still copper
oxides in the interface between Cu and L-CSCO, and more copper oxides will be
formed at the interface when the oxygen ion O is continuously transferred from the
cathode to the anode through the oxygen vacancy of SDC during the operation of
SOFC as shown in Fig. 6b (Figure S6, Supporting Information). Different valence
states of Cu form a metastable copper cluster layer, which is composed of ion pairs
such as Cu’~Cu*", Cu*-Cu®* and Cu*-Cu® [57]. On the one hand, the metastable
copper cluster layer has high electron conductivity to ensure the electron transfer in
the electrode; on the other hand, it has strong redox ability, which makes it have high
catalytic activity in the process of electrochemical reaction. The details of the
mechanism of inhibiting carbon deposition by Cu/CSCOx anode are proposed as

follows and are shown in Fig. 6c¢.
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Figure 6. (a) XPS spectra of the Cu 2p in the Cu/CSCO10 anode at differemt stages.
(b) Schematic representation of Cu-contained species at different stages. ()
Schematic representation of the synergetic catalysis of Cu and L-CSCO at the TPBs
and the mechanism of inhibiting carbon deposition of Cu/CSCOx anode.

Step (1): During the operation of a SOFC, the oxygen ions generated by the

cathode are transferred to the anode through the oxygen vacancy of L-CSCO

electrolyte. A series of oxidation reactions (reaction 5-7) occurred at the interface

between Cu particles and SDC and the different valence states of Cu form a

metastable copper cluster layer. Therefore, different from the traditional TPBs, in the

TPBS of Cu/CSCOx anode, L-CSCO plays the role of transmitting oxygen ions, Cu

mainly plays the role of electron transfer, and the metastable copper cluster layer is

the place of electrochemical reaction.

Cu® + V) g -0 — Cu™ -

0 +V, g0 +2¢" (5)

200" + Vy g - 07 > Cu* - 0% - Cut 4V, g + 267 (6)

Cu*t -0+’ - Cut 0%

~cut (7)

Step (2): L-CSCO in anode not only provides a path for oxygen ion transfer, but

also catalyzes the oxidation of fuel. SDC in the anode mainly catalyzes incomplete
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oxidation of methane. The generated CO will be disproportionated via the Boudouard
reaction (reaction 8) and carbon deposition will occur at the anode. However, the
metastable copper cluster layers are favorable for the adsorption of CO with single
electron pairs and hydrogen.

200 - C + 0, (8

Step (3): With the operation of SOFC, oxygen ions will be continuously
transferred to the metastable clusters through the oxygen vacancies in SDC electrolyte,
forming a shared oxygen ion with the adsorbed gas. The adsorbed CO is oxidized to
CO; and desorbed, and electrons are produced. Thus, the CO concentration in the
anode is effectively reduced and the carbon deposition is avoided. Similarly, H; is
oxidized to H,O and electrons.

Step (4): The generated electrons are conducted to the external circuit through
Cu.

In conclusion, during the operation of the SOFC, the oxygen ion generated by
the cathode is transferred to the anode through the oxygen vacancy of L-CSCO. At the
interface between Cu and L-CSCO, part of Cu is oxidized to form the metastable
copper cluster layer. Compared with the oxygen ion in the electrolyte vacancy, the
oxygen ion in the metastable copper cluster layer is easier to lose, so it has higher
oxidation property, which has great catalytic activity for the oxidation of CO and
other gases generated during the operation of the SOFC, and generates a certain
amount of electrons. Thus, carbon deposition is effectively inhibited.

Theoretical studies suggest that the presence of O% anions favors to suppress the
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formation of the stable sulphides by converting the S-containing species into labile
SO, [67]. The oxygen required for SO, formation can be derived from the lattice
structures of the L-CSCO. Meanwhile, the metastable copper cluster layer in
Cu/CSCOx anode can enhance the catalytic activity for conversion of H,S to SO,.
3.6 Performance with fueled natural gas

The SNG was prepared according to the Chinese national standard GB
17820-2018 [68], in which the molar composition includes 85% methane, 10% ethane
and 5% propane. For comparison, 50 mg/m® (50 ppm) H-S is added to SNG as fuel,
where the additional amount of H,S is higher than the control content of H,S in
commercial natural gas in the world (mostly 5 ppm-23 ppm) [ 69-71].

The performances of Cu/CSCQ10 supported cell for direct oxidation of SNG and
NG were tested (Figure S7, Supporting Information). The maximum power densities
of Cu/CSCO10 supported cell fueled with SNG and NG are 420.3 and 415.2 mW/cm?
at 600 °C, respectively. It can be seen that the performance on SNG or NG exceeds
that on pure methane. SNG or NG contains a small amount of linear alkanes, such as
ethane and propane. The C-H bond strength of these alkanes decreases with the
increase of hydrocarbon chain length, the oxidation and conversion of ethane and
propane are easier than that of methane in the presence of appropriate catalysts [72].
Therefore, the performance has been improved when SNG or NG is used as fuels. As
shown in Fig. 7, there is no observable change in current density when the fuel SNG
is switched to one contaminated with 50 ppm H,S for 600 hours. In the case of the

commercial natural gas as fuel the performance of the cell remains steady during 300
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hours of operation, although the output current density has dropped a little, this is
mainly due to the difference of components between SNG and NG. In addition, at the
same test voltage, the output current of single cell with SNG or NG as fuel is
significantly higher than that with methane as fuel, indicating that the anode has good
catalytic activity for the linear alkanes. These results show that the anode prepared in

this paper is suitable for direct oxidation of commercial natural gas.
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Figure 7. Current density of Cu/CSCO10 supported cell operated at 600 °C with a
constant cell voltage of 0.5 V fueled with SNG, SNG+H,S (50 ppm) and commercial
NG.

The long-term operation stability benefits not only from the good resistance to
coking and sulfur poisoning of the anode, but also from the stability of the anode
microstructure. In Fig. 8, the SEM images of the cross-section of SOFC single cell
after running with natural gas are shown. Fig. 8a shows cross-sectional microstructure
and corresponding mapping of Ce, Cu and Co of the single cell. There are little

changes in the morphology and no ionic migration observed after long running. The
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microstructures of interface between cathode and electrolyte is shown in Fig. 8b,
while interface between anode and electrolyte is shown in Fig. 8c. It can be seen that
the dense SDC electrolyte layer is still strongly bonded to the porous electrodes and
the electrodes retained their porous microstructure after cell tests. Furthermore, there
is no obvious agglomeration of copper NPs after 900 hours running as shown in
Figure S8. This result indicates that the microstructural features of the single cell still

keeps stable after long running with natural gas.

ooy R
Figure 8. (a) SEM images of SOFC single cell cross-section and corresponding
mapping of Ce, Cu and Co. (b) Microstructure of cathode/electrolyte interface. (c)
Microstructure of anode/electrolyte interface.

4. Conclusions

In summary, an in situ exsolution with reduction method to fabricate the (Cu,
Sm)CeO, anodes with anchored Cu nanoparticles for directly operating with natural
gas has successfully developed. Up to 10 mol% Cu can be doped into SDC to form

CSCO. Copper ions can enter into the substitutional site or interstitial site of ceria
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lattice. The substitutional copper ions exclude from the crystal to form a large amount
of Cu NPs after reduction and these Cu NPs anchor on the surface of the porous
ceramic framework, most of Cu NPs particle size ranges from 20 to 50 nm, while the
interstitial copper ions tend to dissolve during the sintering process because of the
small binging energy and form a part of larger particles sitting on the grain boundary
of the CSCO in the obtained Cu/CSCOx anode. Electrochemical performance testing
shows that the Cu/CSCO10 anode possesses better conductivity and catalytic activity
with dry methane as fuel. The corresponding cell exhibits a maximum power density
of 404.6 mW/cm? at 600 °C while its ohmic resistance is only 0.39 Q-cm®
Continuous and stable operation in H,S-contaminatted methane confirm the strong
ability to resist deactivation by carbon deposition and sulfur poisoning of the anode,
because the catalytic activity for the hydrocarbon and sulfur oxidation has been
enhanced by the metastable copper cluster. The maximum power density of 415.2
mW/cm? at 600 °C is achieved when natural gas is directed used as fuel. In addition,
the long running cycles have proved that our single cell can directly use commercial

natural gas as fuel.
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Highlights

® A (Cu, Sm)CeO, anode with anchored Cu nanoparticles was
fabricated

® The Cu nanoparticles particle size ranges from 20 to 50 nm

® The prepared cell exhibits a good performance with dry methane as
fuel

® Such an anode shows good resistance to coking and sulfur poisoning

® The single SOFC shows good stability with natural gas as fuel
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