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Abstract

A series of NiCu/Sm-doped ceria (NiCu/SDC) anodes have been prepared
through introducing a soluble pore former with tbe-pressing and co-sintering
process. Uniform hierarchical porous microstrucuaege formed in NigcCuy.//SDC
anode with interconnected large pores of 2~5 uml&@3-300 nm small pores on the
wall. The solid oxide fuel cell (SOFC) based onhsamode exhibits exceptional
electrochemical catalytic activity for dry GHoxidation and a maximum power
density of 379 mW cifiis acquired at 60C. Durability test results show only 2.4%
power density drop is observed after 72 h operatiother a constant cell voltage of
0.5 V. The results have demonstrated that the @gdiion of anode microstructures is
an effective way to improve the performance andyitarm stability of NjiCux

alloy-based anode-supported SOFC.
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1. Introduction

Intermediate temperature solid oxide fuel cellsSMFCs) offer a clean and
environmentally friendly technology to convert cheah energy directly into
electricity with high efficiency and low pollutioat 800C to 600C or even lower
temperature region [1-5]. One of the major advaedagf IT-SOFCs over other types
of fuel cells is the excellent fuel flexibility, idh means SOFCs possess the ability to
handle more convenient hydrocarbon fuels, for digegdation without internal or
external reforming processes [6-10]. The directtedehemical oxidation is to render
the SOFCs with high conversion efficiency, reldiveimple system design, and
avoiding many problems associated with the germraéind storage of hydrogen
[11-13].

As the most commonly used anode materials for SQ#@dow-cost Ni-cermet
anodes possess excellent electrochemical catagtivity for fuel oxidation, high
electrical conductivity, as well as good stabilapd compatibility with electrolyte
materials. However, when the typical Ni-based anadeaised directly in a dry
hydrocarbon environment, the corresponding SOFQ@sbi#xa performance slightly
increased initially, and then degraded with eloadaiperation time. This is owing to
that Ni is also an active catalyst for C-C bondsation. The produced carbon forms
carbon deposits that cover the catalytic activessiand reduce the length of
triple-phase boundaries (TPBs). Moreover, the aadmposition can block the anode
pores, increase gas diffusion resistance and dithhepnode structure eventually [10,

14-18]. Therefore, anode materials with appropriaierostructure, high catalytic



activity, effective carbon deposition inhibitiomdalong-term stability at intermediate
temperatures are critical for direct oxidation géflftocarbon fuels in SOFCs.

In order to avoid or minimize carbon depositiontraiditional Ni-based anodes,
many studies have focused on small part substitutioCu in Ni-based anode to
improve the catalytic activity for the electrochealioxidation and reduce the carbon
deposition. This is because of Cu is relativelytirier the formation of C-C bonds
although the catalytic activity of Cu is lower thdrat of Ni for the electrochemical
oxidation of the fuel [19]. One approach is to nigdhe Ni-cermet anode with Cu
through the wet impregnation technique. When Cuoparticles are uniformly
distributed in the porous Ni/Sm-doped ceria (Ni/§D@trix, the cell stability in dry
methane is significantly improved [20]. In literegdu the Cu-ceria composites have
been co-impregnated into the Ni/yttria-stabilizeatania (Ni/YSZ) supported outer
layer, resulted in a Ni/YSZ electroactive innerdagxhibiting high electrochemical
performance without anode coking for the directrapen on ethanol [21]. Such wet
impregnation/infiltration has been proved to beeayweffective approach to fabricate
and/or optimize SOFC anodes to obtain better pmdoce and stability. However,
too many repeated cycles are required to get theedeimpregnation loading and
microstructures, which lead to the complexity amstability for fabrication [22-25].

Replacing Ni with Nj.xCu, alloy for hydrocarbon utilization is another apgeh
[26-29]. The co-sintering is the most commonly useethod to prepare the NiCuy
alloy-based anode. A d§sCuy0dSDC anode-supported cell has been prepared by

co-sintering and operated with hydrocarbon at °6@00Although pretty good



performance with a power density of 338 mW<has been achieved, carbon has still
formed on the anode due to the low concentratioBwfn the solid solution [20]. C.
M. Grgicak et al. [27] have demonstrated that the,8iu alloy is insufficient to
suppress carbon formation iniNCu-YSZ anode prepared by sintering even with x
up to 0.21. Interestingly, Kim et al. [29] fabriedta Ny Cuy g alloy based anode by
dually impregnating Cu and Ni nitrate solution igtgorous YSZ anode followed by
reduction at 90TC. The single cell with such anode has shown ghedhal stability
and operation stability in methane. This impliesatthmproving the NiCu
alloy-based anode microstructure is an effectiv@r@gch for directly utilizing
hydrocarbon when the x of Cu in the solid solui®tower than 0.21.

In literature, the studies of NiCu, alloy-based anode microstructure
optimization are mainly focused on the wet impreégmamethod [22, 29] and few
works have been done by introducing the hierartlpocaous microstructure in the
anode. In order to simply the complex multiple fedtion process of the wet
impregnation, in this work, the conventional fahtion techniques by the co-pressing
and co-sintering process are modified through uaisgluble pore former and a novel
Ni;xCu alloy-based anode with hierarchical porous mictmstire is successfully
fabricated. Such an anode is expected to have loOf@Bs and possesses excellent
electrochemical catalytic activity and coking talece for dry CH oxidation. The
Ni;xCu/SDC-supported cells have been tested with dry, @8l fuel and the cell

stability of direct oxidation of dry CHs to be discussed as well.



2. Experimental details
2.1. Anodes and fuel cell preparation

A series of nanosized NiCuO (x=0.1, 0.15, 0.2) powders were synthesized by
the glycine-nitrate combustion process [30-31] w#toichiometric amounts of
Ni(NOg)2-6H0 (99.9%), Cu(NG)»6H0 (99.9%) and glycine (NHCH,-COOH).
The SDC and SSC (9¥b5rhsCo0;) powders were also prepared with the
corresponding nitrates. The anode materials with65 wt.%
NixCu <O powder and 35 wt.% SDC powder, while the cathodéerials with 70 wt.%
SSC powder and 30 wt.% SDC powder, were mixed by lall-milling for 72h
with ethanol as liquid medium and then dried indingng oven at 50C.

In order to fabricate a single NiICu/SDC anode-supported cell, the anode
materials were mixed with 5 wt.% ethylcellulosetle ethanoby ball-milling for at
least 6h to make ethylcellulose dissolved compjetgfter vacuum drying at room
temperature, the mixture was pressed at 100 MBeinlie. Then, SDC powder was
added and co-pressed at 200 MPa to form a bilagemdth a diameter of 15 mm and
a thickness of about 1 mm. The bilayer disc wasesd at 135TC for 4h. The
porous cathode was prepared on the electrolyteacirby spin-coating with a
suspension consisting of cathode material, ethvlosle and ethanol, followed by
sintering at 958C for 2h in air. All the NiCu;,/SDC supported cells were fabricated
with the same processes to avoid cathodic polaizagsistance variations.

2.2. Characterization and cell testing

The phase of anode material before and after rexfuetas characterized by



X-ray diffraction (XRD, Bruker) using Cu Kradiation. Prior to the electrochemical
test, the single cell was reduced in the flowingaH600C for 4h. The cross-sectional
microstructures of the prepared electrodes and eafire investigated by scanning
electron microscope (SEM, SIGMA, ZEISS) and thepsopistribution was detected
with an attached energy dispersive spectroscopySJEDhe anode porosity was
characterized by Archimedes’ density measuremeni$ the conductivity was
measured using the four-probe method after th€ WikO/SDC cermet was reduced
by H,.

Each single cell was mounted onto a quartz tubegusilver paste. The current
collector was a Ag-mesh (Alfa Aesaf.003 in) which was sintered on the both sides
of cell and two silver wires (Alfa Aesar0.01 in) were used as the leads for both
electrodes. The anode side was fed with dry &t flow rate of 60 mL mihand the
cathode side worked in air atmosphere. A potergid§&tHI760C, CH Instrument) was
used to record the current density-voltalg®)(curves and electrochemical impedance
spectra. The AC impedance of the cell under operuiticonditions was collected in
the frequency range from 0.01 Hz to 100 kHz wite fignal amplitude 5 mV. The
carbon deposition was analyzed with EDS after edebemical test.

3. Resultsand discussion
3.1. Structural characterization and morphologies

Fig.1 shows theXRD patterns of NjoCuy10/SDC cermet before the reduction

and Np oCu /SDC anode after the reduction undexr FHhe XRD pattern (Fig. 1(a))

of the anode cermet shows diffraction peaks of IRIEIIC and NjCup 10, without



any other impurity peaks. The results indicate ttre is no chemical reaction
between NjoCuw 10 and SDC during sintering. After reduction with, Hhe XRD
pattern of the corresponding anode is shown in E{f), the diffraction peaks of
NipdClp1 alloy match the (111) and (200) characteristicsfonf structured Nibut
shifted to lower angles, with no any residual Cwageh detected. The results have
demonstrated the formation of pure,dCuw ; alloy.

Fig. 2(a) shows the cross-sectional microstrectoir a single NigCuy/SDC
anode-supported cell with reduced anode. The sioglé consists of ~35um
SSC-SDC cathode, ~33m SDC electrolyte and ~500m anode. The crack-free
dense SDC electrolyte layer bonds strongly to theoys anode substrate. The
porous thin cathode shows good adhesion to th&relge and no obvious collapsed
pores in it. The microstructure of theyNCuw /SDC anode is shown in Fig. 2(b) and
there are two types of pores can been observedkitise anode. The larger pores are
2-5um in diameter, which are interconnected within skreicture. As shown in the
inset in Fig. 2(b), the smaller pores are 100~30@ in diameter, which are
homogeneously distributed in the anode matrix. Subkerarchical porous anode
structure is ideal for application owing to theldaling two characteristics: the
larger pores can promote rapid gas transport ttirélg porous electrodes, while the
smaller pores provide high surface areas for ga®ration/desorption with more
catalytically active sites for reactions [32].

Fig. 3 shows the cross-sectional microstructureft)(and corresponding EDS

mapping of the copper distribution (right) of th& MCu/SDC anodes. It is obvious



that the morphology of the anode varies with thppen concentrations in NiCuy
alloy. The Ny oCuy/SDC anode shows a uniform hierarchical porous astcucture
and the smaller pores are homogeneously distributélde framework. The number
of smaller pores gradually decreases with incrgasiopper content and almost
disappears when x increased to 0.2. This reswbnsistent with the changing trend
of the porosity in different anodes that is listkedable 1. The EDS element mappings
show that the copper is uniformly distributed ire tiNip Cup//SDC anode but
aggregates are observed with the increased coatientix. These trends are related
with the size of alloy particle. C. M. Grgicak dt 7] have reported that the alloy
particle sizes increase with the increasing ofdbygper concentration in it. As shown
in Table 1, the electrical conductivity of the arochn be improved with the larger
alloy particle because the electrical conductivgymainly attributed to the alloy
particle connections and the larger alloy partisiee leads to better electrical
connection [33]. However, the larger particle sigeagainst the formation of the
uniform microstructure and the uniform phase distiion [34]. Meanwhile, the
porosity of the microstructure is also affectedthg alloy particle size in the anode
[33], because the increasing of the alloy partstl® may lead to reduced number of
the smaller pores. These are undesirable effeatddhd to the reduction of the active
area for fuel oxidation.
3.2. Performance with dry CH, fuel

Fig. 4 shows the voltage and power density as atifum of current density for

Ni;xCu/SDC anode-supported cells operated at differanpésature with dry Ci



as the fuel. The results are summarized in Tablecan be seen that the open circuit
voltages (OCVs) of NigCu i/SDC, NpgsCly1#SDC and NjsCuy/SDC supported
cells at 600C are 0.915, 0.894 and 0.875 V, respectively. Theselts are all smaller
than the theoretical value of 0.943 V when the me¢his completely oxidized. Such
a result implies that some side electrochemicaitiea [35] may have occurred in the
anode. On the other hand, the doped ceria eletgrayhibits mixed ionic and
electronic conduction due to partial reduction af*'Cinto C&" in the reducing
atmosphere, which also leads to the decrease ofQ@® of a SOFC [36].
Furthermore, it can be seen that the OCV of the@Ddecreases with the increasing
of Cu content. This is partly due to that the etsiemical catalytic activity of Cu is
inferior to that of Ni for fuels [19] and the in@&ing content of Cu in anode leads to
the decrease of catalytic activity of the alloy. dddition, Cu diffusion into ceria
electrolyte further induces the transition fronCe Cé* [37] and the larger amount
of Cu content leads to higher percentage of cefiuthe +3 oxidation state, which
results in the larger loss of the OCV.

The maximum power densities for JNCu /SDC, NpgCul14SDC and
Nio.¢Clo /SDC supported cells at 60D are 379, 337 and 273 mW énrespectively.
The results show that the cell performance decseastd the increase of Cu content
in Ni1xCu alloy at the same testing temperature. This is dige to the fact that the
catalytic activity of Cu is inferior to that of Nor the electrochemical oxidation of
fuel [19]. Comparing the maximum power density 883nW cn¥ from our previous

work on Nb.osCuly odSDC supported cell [20], the maximum power densitythe



NipdClp i/SDC supported cell with the hierarchical poresnigeased clearly, while
the maximum power density of NsCly1dSDC supported cell in this study is very
close to the previous one. These results havelglieaiicated good catalysis activities
of Ni1«Cu/SDC anode with improved microstructure.

In order to investigate the effects of microstrueton the cell performance,
typical electrochemical impedance spectra (EISeHaeen measured at 6@under
open circuit conditions with a two-electrode configtion. The EIS Nyquist plots of
three cells are shown in Fig. 5. On the left-haioi@ ®f the EIS Nyquist plot is the
high high-frequency intercept, which representsitierent ohmic resistance of the
system. The polarization resistance of both anodecathode, caused by polarization
losses under operation, corresponds to the differerf the low and high frequency
intercepts of the impedance spectrum with thearel in the Nyquist plot [38]. It can
be seen that the ohmic resistances of three aellalaost similar and the polarization
resistances of NCuy/SDC, NpgsCly1dSDC and NjgCuy/SDC supported cells
are 0.22, 0.30 and 0.41) cnf, respectively. As aforementioned, all the
anode/electrolyte substrates were manufactured ruratntical conditions, the
cathodes of three cells were prepared with the saaterials and processes, and the
anode polarization resistance contributes to theftequency part of the impedance
measured with a tow-wire configuration [7]. Therefo the differences in the
polarization resistance are mainly caused by tloglianpolarization resistance. One
can see that the anodic polarization resistandaci®ased with decreasing of the

hierarchical porous microstructure. The result shawat with optimized anode



microstructure the anode-electrolyte interfacemprioved and more effective TPBs
are extended in the anode. Such an anode withi¢nathical porous microstructure
can provide higher electrochemical and catalytitvag for CH; and improve
stability of the CH-fueled SOFC.

3.3. Long-term stability and post-run analyses

The longer-term stability of an SOFC depends onahede composition and
structure when the hydrocarbon is used as fueladdition, the electrochemical
reaction can only occur at the TPB%ie schematic of different anode TPBs are
shown in Fig.6. During the operation of the cdik tontinuous Ni atomic structure in
the Ni-SDC anode leads to the formation of contusugarbon deposition on the
TPBs and the carbon deposition is to cover thdytatally active Ni sites ultimately.
However, in the NixCu/SDC anode, Cu addition can inhibit the continuoagon
deposition at TPBs between Cu, electrolyte andubEbecause Cu is relatively inert
for carbon formation. Meanwhile, such TPBs carl ptibvide activation for the fuel
oxidation to produce steam, which can further enbathe tolerance to coking of
Ni;xCu-based anodes [39]. Therefore, the; )diu/SDC anodes possess great
potential for long-running in IT-SOFCs fueled wdhy methane.

In order to investigate the stability of the celiish different anodes for oxidation
of dry CH,, the time dependence of the power density of lineet cells have been
measured with a constant cell voltage of 0.5 Vwshan Fig. 7. As demonstrated in
this figure, all the outputs of different anode-saped cells decrease versus operation

time, but the difference clearly exists in the ladsotal performance among these



cells as shown in Table 3. The total performancg af the Ny «Cup /SDC supported
cell is only about 2.4% after 72h operation, whiatlicates that the NyCuy //SDC is
stable under the operating conditions in,Gittnosphere at 60. However, the total
performance drop of the NCuy14SDC supported cell and the JNCu /SDC
supported cell has reached 6.9% and 14.5% respbgtindicating the NixCu/SDC
anodes still suffer from the carbon poisoning wikie decreased number of the
hierarchical pores in these two anodes, althougbocadeposition can be inhibited by
increasing the addition of copper.

The impedance spectra measured at6Qihder open circuit conditions for three
cells after 72h operation are shown in Fig. 8. Canmg with the initial ohmic
resistance, there are almost no changes after f&natoon. The polarization
resistance values of NCuy/SDC, Np.gsClp15SDC and NjgCup/SDC supported
cells are 0.20, 0.34 and 0.32 cnt, respectively. The changes of polarization
resistance are summarized in Table 3, from whick oan see that the anodic
polarization resistance of MNiCly /SDC supported cell has decreased by Qa2
while other two have increased. This is causedifigrednt carbon deposition rate of
three cells during the operation with dry £H

In order to investigate the carbon formation ondhede surface, EDS element
mapping after electrical performance test has lwaened out on these three anodes,
shown in Fig. 9. It is clear that these anodes sHdferent degrees of improved
tolerance to coking under dry Gifuelled operating conditions. It is believed that

coking is caused by the deposition and absorptiazaon on the alloy surface and



the TPBs between alloy, electrolyte and fuel [39]e Nip.o«Cuy.//SDC supported cell
shows least carbon deposition, which is uniformistributed on its surface. Fewer
coking can enhance the electronic conductivity dadrease the anode polarization
resistance consequently. In contrast, there agedaamount of carbon deposited on
the surface of NisCuw /SDC anode and carbon clusters at the anode mdini.
deposited carbon blocks the anode pores and otstyas transportation, resulting in
an increasing of the concentration polarizationhef anode. Meanwhile, the covered
TPBs lead to a decrease of the active site for @uetlation and increased the
polarization resistance.
4. Conclusion

In summary, a uniform hierarchical porous Mu, alloy-based anode has been
developed through introducing a soluble pore formdth the conventional
fabrication techniques. It is found that the hiehéral porous microstructure is
affected by the copper content imbNCu, alloy. Such an improved anode can promote
gas transport and provide longer TPBs within the Tae optimized Nj «Cuy i/SDC
anode with such microstructure shows exceptionakfopeance and the
corresponding cell exhibits a maximum power densft§79 mW cnif in dry CH; at
60C°C. Durability test shows that there is only 2.4%wvpo density drop after 72 h
operation. These results have proved that the riol@ical porous microstructure can
improve electrochemical and catalytic activitied\of .Cuy alloy-based anode and the

long-term stability of Cip-fueled SOFC operated at intermediate temperature.
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Table 1 Porosity and conductivity of anodes aféeluction with Hat 600°C

Anodes Porosity (%) Conductivity at 600C
(S/lcm)
Nio.oClp /SDC anode 41.612.8 435
NiogClp.1#SDC anode 36.2+2.3 458

Nig.sCu o/SDC anode 32.4+1.9 491




Table 2 Open circuit voltages (OCVs) and maximumwerodensities (MPDs) for the
Ni1«Cu/SDC supported cells operated at different tempegat

Ni1Cu/SDC OCV (V) MPD (mW cnm?)
supported cell 550°C  600°C  650°C 550°C  600°C  650°C
NipsClp:s  0.936 0.915 0.897 227 379 485
NigesClo1s 0.921 0.894 0.871 192 337 437

Nio.eClo 2 0.903 0.875 0.862 160 273 370




Table 3 Loss of power density and polarizationstasice variations of anodes after
72h operation with dry CH

Anodes Loss of power density  Variation ofpolarization resistance
(%) (Q cnf)
Nio.oClp /SDC anode 2.4 -0.02
NiossClp 1/SDC anode 6.9 0.04

Nig.sCu o/SDC anode 14.5 0.11




Figure captions:

Fig. 1. XRD patterns of (a) BiCu 10/SDC cermet and (b) NCuw /SDC anode.
Fig. 2. SEM images of (a) cross-sectional micraitme of a single NigCup //SDC
anode-supported cell and (b) porous iy /SDC anode (the insert shows an
enlargement of the smaller pores area)

Fig. 3. SEM images of cross-sectional microstrie(left) and EDS mapping of the
copper distribution (right) of the NiCu/SDC anodes: (a) and (b)NCuw /SDC, (c)
and (d) NpgCuo 15SDC, (e) and (f) NigCu o/SDC.

Fig. 4. Cell voltages (open symbols) and power tiesgsolid symbols) as function
of current density of the NiCu/SDC supported cells tested at different tempeeatur
(a) Nip.o«Cup i/SDC supported cell, (b) BgCup15SDC supported cell and (c)
Nip.gCly /SDC supported cell.

Fig. 5. Impedance spectra measured at°€@0nder open circuit conditions for
Nip.dClp i/SDC supported cell (square),oNiCuy.1dSDC supported cell (star) and
Nip gCly /SDC supported cell (triangle) with dry GHs fuel.

Fig. 6. Schematic of (a) Ni/fSDC anode and (b),8u/SDC anode three-phase
boundaries (TPBS).

Fig. 7. Power density of different anode-suppodells operated at 60C with a
constant cell voltage of 0.5 V and dry Céb fuel.

Fig. 8. Impedance spectra measured at@Qhder open circuit conditions for
Nip.dClp i/SDC supported cell (square),oNiCuy.14SDC supported cell (star) and

Nip.gCl /SDC supported cell (triangle) with dry GHs fuel after 72 h operation.



Fig. 9. EDS mapping of the carbon distribution be different anodes surface: (a)

Nio.oCUy.//SDC, (b) Nb.ssClp.15SDC, and (c) NigCuy o/SDC.
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Highlights

A NixCuy aloy-based anode possessing a hierarchical porous structure was
prepared.

*  Such anovel anode was fabricated by co-pressing and co-sintering process.

*  The smaller pores were homogeneously distributed in the anode matrix.

*  The performance of the cell was improved with dry CH,4 fuel.

e  Durahility test showed only 2.4% power density drop after 72 h operation.



