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Pd-, Cu-, Ni- and NiCu-BaZr, ;Ce; ;Y1 Yby ;05 5 anodes, designated as M-BZCYYDb, were prepared by
impregnating M-containing solution into BZCYYDb scaffold, and investigated in the aspects of
electrocatalytic activity for the reactions of H, and CH, oxidation and the resistance to carbon deposition.
Impregnation of Pd, Ni or NiCu significantly reduced both the ohmic (Re) and polarization (Rp) losses of
BZCYYDb anode exposed to H, or CH,, while Cu impregnation decreased only Rg, in H, and the both in CH,,.
Pd-, Ni- and NiCu-BZCYYb anodes were resistant to carbon deposition in wet (3 mol. % H,0) CH, at
750°C. Deposited carbon fibers were observed in Pd- and Ni-BZCYYb anodes exposed to dry CH4 at 750°C
for 12 h, and not observed in NiCu-BZCYYb exposed to dry CH, at 750°C for 24 h. The performance of a
full cell with NiCu-BZCYYb anode, YSZ electrolyte and La, ¢Sty 4Cop ,Fe( 303.5-Gd doped CeO,
(LSCF-GDC) cathode was stable at 750°C in wet CH, for 130 h, indicating that NiCu-BZCYYDb is a
promising anode for direct CH, solid oxide fuel cells (SOFCs).

due to their ability to directly and efficiently convert chemical energy in fuels to electricity. A major

advantage of SOFCs over those low temperature fuel cells such as proton exchange membrane fuel cells
is the fuel flexibility because their high operation temperature facilitates the cleavage of chemical bonds to release
chemical energy'. Various fuels, such as hydrogen, methane, propane, carbon monoxide and even solid carbon,
can be used as potential fuels for SOFCs. Ni-YSZ cermet is the-state-of-art anode material for SOFCs, since it
possesses high electrical conductivity and electrocatalytic activity for H, oxidation reaction®*; but it is not suitable
for directly utilizing hydrocarbon fuels as Ni promotes carbon deposition™°. As a matter of fact, the deactivation of
Ni-based anodes due to coking has been one of the main stumbling blocks for the development of SOFCs’, and
stimulated the search of anode materials that are electrochemically active for fuel oxidation and resistant towards
carbon deposition.

The nature of a catalyst has significant influence on carbon formation. Ni is known to be an excellent catalyst
for cracking of hydrocarbons, so that carbon species are more liable to deposit on the surfaces of Ni®. In order to
use CH, with Ni-YSZ anode, extensive efforts have been made to alleviate carbon deposition, such as introducing
oxides’'*, element alloying of Ni'>""* or adding an extra catalyst layer'®"'*. These methods enhance the resistance
to carbon deposition but reduce the activity and complicate the fabrication process of the anode. For fundament-
ally resolving the issue associated to Ni based anodes, it is necessary to develop alternative anode materials. Gorte
et al."*° proposed a Ni-free anode based on Cu or Cu alloys and CeO, impregnated into porous YSZ scaffold. In
this structure, Cu is electronically conductive and inert to carbon formation and CeO, is considered as the
electrocatalyst for fuel oxidation. Another approach is to employ all-ceramic anodes; and highly active perovs-
kite-type oxides, such as doped LaCrO;*** and doped SrTiO;*7*°, have been extensively investigated.
Unfortunately, these ceramic oxides have a much lower conductivity than Ni based cermets**>*¢, and the cells

S olid oxide fuel cells (SOFCs) are considered as one of the most promising electricity generation technologies
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with such anodes need to be operated at higher temperatures to
achieve comparable electrochemical performance.

Recently, a new perovskite-type oxide BaZryCep ;Y0 1Ybo 1055
(BZCYYDb) has exhibited satisfying carbon deposition resistance and
electrochemical performance at lower temperatures than other oxide
anodes in both hydrogen and methane”. In order to use BZCYYb
anode in practical cells, the anode ohmic resistance needs to be
further decreased. Solution impregnation of conductive nano-part-
icles into BZCYYb porous scaffold is expected to be effective on
significantly enhancing the electronic conductivity of the anode as
wet impregnation technique is a well-known technique for prepara-
tion of nano-structured electrodes in SOFCs**°. In the present
study, composite anodes were prepared by impregnating Pd, Cu,
Ni and NiCu alloy nano-particles, respectively, into BZCYYb scaf-
fold and investigated in the aspects of ohmic resistance, electrochem-
ical activity and carbon deposition resistance.

Results

Microstructures of impregnated composite anodes. All the
composite anodes used in this study were prepared by introducing
10 wt. % metallic oxide particles into porous BZCYYb scaffold
through solution impregnation, denoted by M-BZCYYb (M = Pd,
Cu, Ni or NiCu). Their cross-sectional microstructures prior to
reduction are shown in Fig. 1. The infiltrated Cu oxide
nanoparticles were in the range from 40 to 70 nm but poorly
distributed in aggregates (Fig. la), which may suggest that the
interfacial energy between CuO and the scaffold is relatively high,
resulting in particle agglomeration during the fabrication processes.
Differently, impregnated Pd (Fig. 1b), Ni (Fig. 1c) and NiCu (Fig. 1d)
oxides, in the range from 30 to 50 nm, were uniformly distributed on
the surface of BZCYYb scaffold, which did not obviously decrease
the porosity of BZCYYb scaffold and ensured the access of fuel gas to
the inner surface of the anodes. From the viewpoint of
microstructure, Pd-BZCYYb, Ni-BZCYYb and NiCu-BZCYYb are
more preferred than Cu-BZCYYb.

H, and CH, oxidation on M-BZCYYb anodes. Fig. 2 shows the
open circuit electrochemical impedance spectra (EIS) of H, oxidation

reaction on M-BZCYYb anodes at temperatures from 650 to 750°C.
For comparison, the EIS of pure BZCYYb anode were also illustrated. It
is noted that the ohmic loss (Rg), determined by the high-frequency
intercept at the real axis, decreased dramatically due to the
impregnation of metallic oxides that were reduced to metals during
EIS test. For example, the value of R was 5.54, 3.42 and 2.51 Q cm” for
the cell with pure BZCYYb anode at 650, 700 and 750°C, respectively;
and it was 4.27, 2.67 and 2.06 Q cm” for that with Ni-BZCYYb anode at
the same temperatures. For a 1.3 mm thick BZCYYD electrolyte, the
calculated ohmic resistance at 700°C is 2.6 2 cm? which is lower than
the measured Rp that includes the contributions from both the
electrolyte and electrode®. With Ni impregnation the difference
decreased from 0.82 to 0.07 Q cm’, suggesting that the electrode
contribution to ohmic resistance was significantly reduced. Table 1
summaries the polarization resistance (Rp) of all the anodes,
determined by the difference between the high- and low-frequency
intercept at the real axis, at various temperatures. Except for Cu-
BZCYYb, the value of Rp for M-BZCYYb anodes decreased in
comparison with that for BZCYYb anode, indicating that
impregnating metal oxide into BZCYYDb scaffold improved the
electrocatalytic activity of the anodes, and Ni and NiCu alloy were
much more effective than Pd. This result is consistent with what
reported in prior publications, that is, Ni is more catalytically active
for H, dissociation than Pd* and the activity of NiCu alloy is
equivalent to that of Ni'. Cu is inert for the reaction of H,
oxidation, and therefore did not positively affect the electrochemical
performance of the anode.

Fig. 3 shows the open circuit EIS of the prepared anodes in wet
CH, atmosphere at temperatures ranging from 650 to 750°C, and the
corresponding values of Rp for each anode are also listed in Table 1.
Compared with pure BZCYYb anode, both ohmic and polarization
resistance of all the M-BZCYYb anodes decreased significantly. Even
for Cu-BZCYYb anode, the value of R, declined to the range between
3.54 and 0.87 Q cm” from that between 5.24 and 0.93 Q cm” for pure
BZCYYD anode at temperatures between 650 and 750°C.

Carbon deposition in M-BZCYYb anodes. Pd-, Ni- and NiCu-
BZCYYDb anodes were further evaluated at open circuit in both wet

Figure 1| Cross-sectional microstructure of M-BZCYYDb anodes: (a) Cu-BZCYYb; (b) Pd-BZCYYb; (c) Ni-BZCYYb and (d) NiCu-BZCYYb.
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Figure 2 | Open circuit EIS of BZCYYb and M-BZCYYb anodes exposed to wet H, at temperatures from 650 to 750°C.
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Table 1 | Polarization resistance for oxidation reactions of wet H, and CH,4 on BZCYYb and M-BZCYYb anodes

Rp (Q cm?)
Temperature (°C) BZCYYb Pd-BZCYYb Cu-BZCYYb Ni-BZCYYb NiCu-BZCYYb
650 0.44 0.42 0.73 0.390 0.370
H, 700 0.33 0.25 0.49 0.149 0.152
750 0.25 0.15 0.27 0.066 0.064
650 5.24 2.50 3.54 2.12 2.34
CHy 700 2.32 1.18 1.79 0.96 1.03
750 0.93 0.62 0.87 0.57 0.60
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Figure 3 | Open circuit EIS of BZCYYb and M-BZCYYb anodes exposed to wet CH, at temperatures from 650 to 750°C.

and dry CHy, respectively, to understand their resistance to carbon
deposition. The wet CH, contained 3 mol. % of H,0. Raman
spectroscopy was employed to detect the presence of carbon in the
tested anodes. The results shown in Fig. 4 indicates that there was no
carbon formation in Pd-, Ni- and NiCu-BZCYYb anodes after
exposed to wet CHy for up to 24 h at 750°C (Fig. 4a), and
deposited carbon was found in Pd- and Ni-BZCYYb anodes after
12 h exposure in dry CH, featured by the peaks at about 1350 cm™
(D: disordered carbon) and 1580 cm™" (G: graphitic carbon), rather
than in NiCu-BZCYYb anode even exposed in dry CH, for 24 h

(Fig. 4b). Fig. 5 shows the cross-sectional microstructures of above
three anodes exposed to wet and dry CH,. The microstructures of the
anodes tested in wet CH, for 24 h was featured by metallic
nanoparticles uniformly deposited on BZCYYD scaffold (Fig. 5a—c)
without the presence of deposited carbon; however, deposited carbon
fibers were observed in both Pd- and Ni-BZCYYb anodes (Fig. 5d
and 5e), but not in NiCu-BZCYYb anode (Fig. 5f). The
microstructure observation is consistent with the results of
Ramann spectroscopy. In consideration of both the electrocatalytic
activity and the resistance to carbon deposition, NiCu-BZCYYb is
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Figure 4 | Raman spectra of M-BZCYYDb anodes exposed to (a) wet CH, and (b) dry CH, at 750°C for various durations of time.

the desired anode for SOFCs fueled by CH,, and was subjected to a
full cell test as shown below.

Cell performance. The cell consisting of NiCu-BZCYYb anode, YSZ
electrolyte and LageSrg4CogoFeps-Gd doped CeO, (LSCF-GDC)
cathode was evaluated with wet CH, as the fuel and air as the
oxidant. Fig. 6 shows its initial performance at 650, 700 and 750°C
(Fig. 6a) and performance durability at 200 mA cm > and 750°C for
up to 130 h (Fig. 6b). The open circuit voltage of the cells was around
1.04-1.08 V, and the peak power density was 17, 47 and 106 mW
cm ™ at 650, 700 and 750°C, respectively. It is realized that the cell
was supported on a 200 um thick YSZ electrolyte; the majority of
the losses of the cell is associated with the ohmic loss contributed by
the electrolyte. If a thin YSZ electrolyte, such as 10 pm, were used in
the cell, significant improvement of cell performance would have
been expected. Since the purpose of the present study was to
evaluate the carbon deposition resistance of the anode,
performance durability of the cell was the point of concern. It is
noted that the cell performance remained perfectly stable after

initial increase due to the cathode activation®** and the I-V and
power curves slightly increased with testing time at 65 and 130 h,
which again confirms that NiCu-BZCYYb is a carbon deposition
resistant anode for SOFCs. Fig. 7 shows the cross-sectional
microstructure of the NiCu-BZCYYb anode in the cell used for the
durability test. The size of NiCu particles was in the range between 70
and 150 nm, which is slightly larger than the original without
compromising the performance.

Discussion

It is known that the ohmic loss Rg, of a cell is mainly contributed by
the resistance of electrolyte, since conventional electrode materials
are mixed ionic and electronic conductors as required. However,
BZCYYb is not a good electronic conductor, its contribution as an
anode to the ohmic resistance of the cell cannot be neglected.
Solution impregnation introduces metallic oxides into BZCYYDb scaf-
fold; and the interconnected oxide particles are reduced during the
test to form electronic paths on the surface of the scaffold, which

Figure 5 | Cross-sectional microstructure of M-BZCYYb anodes exposed to wet (a, b, ¢) and dry (e, f, d) CH, at 750°C for various durations of time.
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Figure 6 | Electrochemical performance of NiCu-BZCYYb anode in wet CH,: (a) I-V/power curves at various temperatures; (b) time dependent I-V/

power curves and cell voltage at 200 mA cm™2 at 750°C.

decreases the ohmic resistance of the anode and in turn explains the
decrease in ohmic loss of the cell as shown in Fig. 2 and 3. The
distribution of Pd, Ni and NiCu oxide particles is much more uni-
form than that of CuO, as demonstrated in Fig. 1; therefore the ohmic
resistance of the Pd-, Ni- and NiCu-BZCYYb anodes is lower than
that of Cu-BZCYYb anode.

Cu is ineffective on the reaction of H, oxidation, its function in H,
is solely for increasing electronic conductivity of the anode. That is
why the polarization loss of the anode in H, cannot be lowered by
adding Cu into BZCYYDb. Nevertheless Cu is active for the reactions

of CH, reforming’>*,
CH, + H,0-3H, +CO (1)
CH4+2H,0—4H, + CO, (2)

Therefore, CH, was reformed in advance, which may facilitate the
following anode reaction and decreases the polarization loss of the
anode in wet CHy, as shown in Fig. 3 and Table 1. Different from Cu,
Pd, Ni and NiCu are active for both H, and CH, oxidation reactions
by facilitating their adsorption and dissociation as well as electron
transfer processes'®*”*, which results in an enhanced performance
of Pd-, Ni- and NiCu-BZCYYb anodes (Table 1).

Figure 7 | Cross-sectional microstructure of the NiCu-BZCYYb anode
after the durability test.

Pd and Ni are known to be excellent catalysts for CH,4 reforming
accompanied with carbon deposition if the steam/carbon ratio is
low™*. This explains the presence of carbon fibers in Ni- and Pd-
BZCYYb tested in dry CH, (Fig. 4b, Fig. 5d and 5e). With 3 mol. % of
H,O added in CHy,, the steam/carbon ratio is still lower than that
thermodynamically required for avoiding carbon deposition.
However, BZCYYb can absorb H,O on its surface* to increase the
local H,O content for carbon removal; as a result carbon fibers are
not observed (Fig. 4a, Fig. 5a and 5b). NiCu alloy particles are
enriched on the surface with Cu*"*, which is a poor catalyst for
C-C bond formation. This prevents carbon deposition in NiCu-
BZCYYb anode exposed to both wet and dry CH, (Fig. 4, Fig. 5¢
and 5f) for up to 130 h (Fig. 7b).

From above results and discussion, the following conclusions are
made.

1. The electrocatalytic activity of the impregnated anodes for the
reaction of H, oxidation is largely due to the nano-scale Pd, Ni,
NiCu catalysts, which decrease both the ohmic and polarization
resistance of the anodes. Cu is ineffective for the reaction of H,
oxidation, and can only make contribution to the anode for the
increase of electronic conductivity.

2. The electrochemical performance of BZCYYb anode in wet CHy
can be improved by solution impregnation of Pd, Cu, Ni or NiCu
oxide particles. Carbon deposition in Pd- and Ni-BZCYYb
anodes is depressed in wet CH, at open circuit due to H,0O
adsorption on BZCYYb; and only NiCu-BZCYYb anode is res-
istant to carbon deposition in both wet and dry CH, and can be
used in full cells with wet CH, as the fuel.

Methods

Materials synthesis. BaZr, ;Cey 7Y 1Ybo 1035 powder used for the electrolyte was
synthesized by solid state reaction of Ba, Zr, Ce, Y and Yb oxides at 1100°C, and that
used for the anode was synthesized by sol-gel method with Ba, Zr, Ce, Y and Yb
nitrates as the precursor. The detailed processes were described in our previous
publication”. Gdy ;Ce 90 .95 (GDC) and Lay ¢Sro 4Cog 2Fep 3035 (LSCF) powders
used for the buffer and cathode were prepared by solution methods*® with metal
nitrates as the raw materials. All the chemicals used for materials synthesis were
provided by Sinopharm Chemical Reagent Co., Ltd. X-ray diffraction (XRD, X’Pert
Pro, PAN Analytical B.V.) was employed to confirm the phase formation.

Cell fabrication. To fabricate the half cells for electrochemical impedance
measurement, BZCYYD electrolyte was used as the substrate (021 X 1.3 mm), which
was prepared by sintering die-pressed BZCYYD discs in air at 1450°C for 4 h. The
porous BZCYYb scaffolds (0.5 cm?) were made on one side of the substrates by screen
printing of BZCYYb slurry and sintering at 1150°C in air for 1 h. Aqueous nitrate
solutions (0.6 mol/L) of Pd, Cu, Ni or NiCu were subsequently impregnated into the
BZCYYD scaffolds, respectively, followed by calcination in air at 750°C for 2 h for
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converting the solution to metal oxides. Such prepared M-BZCYYb (M = Pd, Cu, Ni,
or NiCu) composite anodes contained 10 wt. % of metal oxides. Anode
microstructure was examined by using a scanning electron microscope (SEM, Nova
NanoSEM 450, FEI).

The full cell was YSZ electrolyte supported with NiCu-BZCYYb as the anode and
LSCF-GDC as the cathode. The YSZ electrolyte substrate (® 20 X 0.2 mm) was
prepared by sintering tape-cast YSZ wafer in air at 1500°C for 6 h. A GDC buffer layer
(<5 pm) placed on each side of the substrate by sintering screen-printed GDC paste
in air at 1300°C for 10 h. The NiCu-BZCYYDb anode on the GDC buffer layer was
prepared as described above; and the LSCF-GDC cathode on another GDC buffer
layer was prepared by sintering screen printed LSCF-GDC mixed paste (70: 30 in
weight) in air at 950°C for 2 h. The thickness of the porous NiCu-BZCYYb anode and
LSCF-GDC cathode was in the range between 25 and 30 pm.

Electrochemical measurements. For the electrochemical impedance measurement,
Pt (Sino-Platinum Metals Co., Ltd) was used as the counter and reference electrode
prepared by baking screen-printed Pt paste on the other side of the BZCYYb substrate
(symmetrically opposite to the prepared anode) in air at 750°C for 0.5 h. The gap
between the round-shaped counter and ring-shaped reference electrode was 4.8 mm.
Pt mesh and wire were used as the current collector and measuring lead. The anode
was sealed onto the cell holder (Al,O5 tube) by a Ceramabond® glass sealant (Aremco
Product, Inc.). Wet (3 mol.% H,0) H, or CH, was fed to the anodes at a constant flow
rate of 100 ml min~'; and ambient air was supplied to the cathode at 250 ml min~".
Electrochemical impedance spectra (EIS) were obtained at open circuit with voltage
amplitude of 20 mV in the frequency range from 10° to 10~' Hz by using an
impedance/gain phase analyzer (Solartron 1260) and an electrochemical interface
(Solartron 1287). The full cell test was conducted at 200 mA cm ™2 The anodes
exposed to wet and dry CH, for various time at 750°C were subjected to SEM
examination and Ramann spectroscopy (RS, LabRAM HR800, Horiba JobinYvon)
for carbon detection.
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