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Tong Wei*2, Peng Qiu*®, Lichao Jia®*, Yuan Tan¢, Xin Yang®, Shichen Sunt, Fanglin Chen®* and Jian

To directly use CO,-CH4 mixture gas for power and CO co-production by proton-conducting solid oxide fuel cells (H-SOFC), a
layer of in situ reduced LaggSrq2CrogsNio15s035 (LSCrN@Ni) is fabricated on a Ni-BaZry1Ceq;Y0.1Yb010s.5 (BZCYYb) anode-
supported H-SOFC (H-DASC) for on-cell CO, dry reforming of CH, (DRC). For demonstrating the effectiveness of LSCrN@Ni,
a cell without adding LSCrN@Ni catalyst (H-CASC) is also studied comparatively. Fueled with H,, both H-CASC and H-DASC
show similar stable performance with a maximum power density ranging from 0.360 to 0.816 W cm at temperatures

between 550 and 700 °C. When CO,-CH, is used as fuel, the performance and stability of H-CASC decrease considerably with

a maximum power density of 0.287 W cm2 at 700 °C and a sharp drop in cell voltage from initial 0.49 to 0.10 V within 20 h

under 0.6 A cm. In contrast, H-DASC demonstrates a maximum power density of 0.605 W cm and a stable cell voltage
above 0.65 V for 65 h. That is attributed to highly efficient on-cell DRC by LSCrN@Ni.

Introduction

Among all types of fuel cells, solid oxide fuel cells (SOFCs) show
some compelling advantages, such as high efficiency and fuel
flexibility.13 Conventional SOFCs use an oxygen ion-conducting
electrolyte like yttria-stabilized zirconia (YSZ) and Gd-doped
cerium oxide (GDC) and are operated usually at temperatures
above 700 °C, and stringent requirements on materials and
maintenance are necessary.*’ Recently, SOFCs with a proton-
conducting electrolyte (H-SOFCs) have attracted increasing
attention due to their lower operation temperatures (500-700
°C)&12 and theoretically higher efficiency as H,O produced in the
cathode without diluting the fuel in the anode.3-1>

However, H-SOFCs are facing a challenge that
hydrocarbons cannot be used directly as no oxygen ions
available in the anode of H-SOFCs operated at relatively low
temperatures or under high steam partial pressure (pH,0) to
oxidize the carbonaceous species. To circumvent this difficulty,
reforming of hydrocarbons, by either steam or CO,%19, is often
considered to produce H, and CO. Then H, can be used as the
fuel for H-SOFCs for power generation, and CO can be collected
at the anode exhaust as a valuable chemical product that can be
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used for the industries of organic synthesis and metallurgical
engineering. CH, is a primary constituent of natural gas, coal gas
and biogas, and is also a greenhouse gas like CO,. Thus, CO,
reforming of CH, called dry reforming of CH, (DRC) has drawn
more and more attentions?°, as it takes advantage of
abundantly available resources and converts two greenhouse
gases into fuel for power generation by H-SOFCs?% 22 and a high-
value product for chemical engineering. The heat released by
the exothermic reactions in the anode and cathode of H-SOFCs
can be used for the endothermic DRC reaction to enable a
thermally autogenous process?3. To save an external reformer
for a simplified and low-cost H-SOFC power generation system,
and increasing the thermal efficiency, the DRC reaction is better
to occur in the anode?*-26,

So far, the state-of-the-art anode material is Ni-cermet
consisting of Ni and an electrolyte material, which is not an
active DRC catalyst'® 27, and is also suffered from carbon
deposition. In addition, the most widely used proton-
conducting electrolyte, doped BaCeOs;, is not chemically stable
in CO,-containing atmospheres?®-31, which presents another
challenge to DRC occurring in the anode.

To overcome these challenges, an additional layer of
catalyst for DRC was positioned on the surface of the Ni-cermet
anode of an anode-supported cell in the present study. The
function of the DRC catalyst is to on-cell reform CH4; by CO,,
producing a CO and H, rich syngas and avoiding an excessive
amount of CH, and CO, to reach into the anode. And the H, was
electrochemically oxidized by the anode for power generation
and the CO was collected at the anode exhaust as a valuable
chemical product, as shown in Fig. 1. The material of the DRC
catalyst used was A-site deficient perovskite
Lag.6Sro.2Cro.s5Nig.1503.5 (LSCrN), which has demonstrated high
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Fig. 1 Schematic diagram of on-cell CO, dry reforming of CH, in
an anode supported SOFC cell.

catalytic activity for DRC and remained stable in the anode
atmosphere32. In this paper, the electrochemical performance
and stability of the cells with and without LSCrN catalyst are
reported to demonstrate the effectiveness of LSCrN on the
direct use of CO, and CH,4 in H-SOFCs for power generation and
CO production, without carbon deposition in the Ni-cermet
anode and CO,-poisoning of the BaCeO; based electrolyte.

Results and discussion

Materials characteristics and compatibility/stability

Fig. 2 shows the XRD results of various specimens prepared
above. As-prepared LSCrN and BZCYYb were a single-phase
material in perovskite structure like that of LaCrO; and BaCeOs3,
respectively. And they were chemically compatible both in the
airat 1100 °Cand in H; at 800 °C, indicated by that no additional
phases were formed in the heat-treated mixtures, except a
metallic Ni phase in the reduced LSCrN. This chemical
compatibility would assure that there was no additional phase
formation during LSCrN-BZCYYb catalyst was added on the

anode at temperatures up to 1100 °C, and H-DASC was
operated at temperatures between 550 and 700 °C. The LSCrN
reduced in pure H, for 4 h at 800 °C consisted of a primary phase
of perovskite LSCrN and a secondary phase of metallic Ni,
indicating that Ni exsolution from LSCrN occurred during the
reduction (Fig. 2a). According to the results of the Rietveld
refinement using Pbnm space symmetry for LSCrN perovskite
and Fm3m space symmetry for Ni (Fig. S1, Table S1), the ratio of
perovskite to metallic Ni was 0.878/0.122 and approximately 81%
of the Ni in LSCrN originally exsolved from the perovskite
structure, following the reaction:

Lag.6Sro.2Cro.gsNip.1503 + 0.122 H,
—> 0.878 Lag.6835r0.228Cr0.968Ni0.03203-5
+0.122 Ni + 0.122 H,0 (1)

And the exsolution process was completed almost within 3 h at
800 °Cin 5% H,-Ar atmosphere, indicated by thermogravimetric
analysis (Fig. S2).

BZCYYb decomposed partially and completely into BaCOs3
and CeO, in CH4-CO; and pure CO, atmospheresfor 6 h at 700 °C,
respectively, indicating that CO, is the component that caused
the decomposition, while remained stable in CO-H, atmosphere
(Fig 2b). It is also noticed that the BZCYYb disc broke and surface
morphology changed with small granules of BaCO; after being
treated in pure CO, at 700 °C for 20 h (Fig. S3). Based on the
stability results above, it is reasonable to expect that the anode
and the electrolyte of the cells would be disintegrated in CO,-
containing atmospheres with time, and the on-cell DRC with
LSCrN catalyst is necessary to avoid their exposure to CO, and
ensure the cell performance.
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Fig 2. X-ray diffraction patterns of various prepared and treated materials: (a) as-prepared BZCYYb and LSCrN, reduced LSCrN in H, at 800
°C for 4 h, and LSCrN-BZCYYb mixture calcined at 1100 °C in the air for 3 h and that reduced in H, at 800 °C for 3 h; (b) BZCYYb heat-treated

in CH4-CO,, CO-H, and pure CO, flow at 700 °C for 6 h.
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Cell and LSCrN@Ni microstructures

Fig. 3 shows the cross-sectional microstructure of H-DASC
reduced in H, at 800 C for 4 h. The cell was well sintered at the
interfaces with a LSCF-BZCYYb cathode (~40 um), a dense
BZCYYb electrolyte (~10 um), a porous Ni-BZCYYb anode (Fig.
3a), and a porous LSCrN@Ni DRC catalyst (~50 pum, Fig. 3b).
After reduction, the Ni particles in the anode was submicron in
size (Fig. 3c) and a part of the Ni in the LSCrN originally exsolved
in situ in the form of uniformly distributed Ni nanoparticles
supported on LSCrN substrate (Fig. 3d). The only difference in
microstructure between reduced H-DASC and H-CASC was that
there was not an LSCrN@Ni catalyst layer on the Ni-BZCYYb
anode. Closely examined by TEM with a reduced LSCrN powder
sample, the Ni exsolution was confirmed by the interplanar
spacings of the Ni nanoparticle and the substrate, and the
exsolved Ni nanoparticles were partially embedded in the LSCrN
substrate (Fig. S4).

Cell performances

As a benchmark, both H-CASC and H-DASC were evaluated
firstly with H, fuel, as shown in Fig. 4. They demonstrated
similar high performance at temperatures between 550 and 700
°C with a maximum power density ranging from 0.360 to 0.816
W cm? (Fig. 4a), a cell ohmic (Rp)/polarization (Rp) resistance
from 0.26/0.40 to 0.17/0.09 Q cm? (Fig. 4b), and performed
stably for 100 h at 700 °C under 1.0 A cm2 with a cell voltage of
approximately 0.7 V (Fig. 4c). This similarity in performance of
H-CASC and H-DASC indicates that the addition of a layer of
LSCrN@Ni on the Ni-BZCYYb anode did adversely affect the
intrinsic cell performance.

1)

LSCF-BZCY¥D
Ni-BZCYb

‘BZCYYb

-N"Y-Y'b LSCrN@Ni

(c)  Ni-BZCYYb

Fig. 3 Microstructure of H-DASC: (a) LSCF-BZCYYb
cathode/BZCYYb electrolyte/Ni-BZCYYb anode; (b) LSCrN@Ni
catalyst layer/Ni-BZCYYb anode; (c) Ni-BZCYYb anode; and (d)
LSCrN DRC catalyst before and after reduction.
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Fig. 4 Performance of H-CASC (open) and H-DASC (solid) with H,
fuel at temperatures between 550 and 700 °C: (a) I-V-P curves,
(b) open circuit impedance spectra, (c) performance stability at
700 °Cand 1.0 Acm2.
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To validate the effectiveness of LSCrN@Ni catalyst for on-
cell DRC, both H-CASC and H-DASC were then evaluated with
CO,-CH4 as fuel. Fig. 5 shows the performance, post-test
examination, and anode exhaust composition of H-CASC. It is
clearly seen that the performance was much lower than that
with H, as fuel, the maximum power density was from 0.06 to
0.287 W cm at temperatures between 550 and 700 °C (Fig. 5a)
with a high value of R, between 1.98 and 0.549 Q cm? (Fig. 5b),
in contrast to from 0.360 to 0.816 W cm and from 0.40 to 0.09
Q cm?, as shown above. Moreover, the cell voltage at 700 °C
under 0.6 A cm? decreased immediately with time from the
initial 0.49 V to approximately at the level of 0.1within 20 h (Fig.
5c). And at the same time, more and more amounts of CO, and
CH, existed in the anode exhaust (Fig. 5d), indicating that the
reforming capability of the Ni-BZCYYb anode to form CO and H,
was compromised gradually with time, even though the initial

activity for reforming was not adequately high. One reason for
the above degraded cell performance was the decomposition of
BZCYYb in CO,-CH; atmosphere by the reaction between
BZCYYb and CO, to form BaCOs granules on the surface, as
shown by Raman spectroscopy (Fig. 5e) and XRD (Fig. 2b)
analyses and SEM examination (Fig. 5f). And the other was
carbon deposition (foam-like carbon) in the anode that covered
the active sites for reactions, as shown by Raman spectroscopy
analysis (Fig. 5e) and SEM examination (Fig. 5f). The BaCOs
granules on the BZCYYb and the deposited carbon surrounding
the Ni particles in the Ni-BZCYYb anode would prevent the
adsorption of CO, on BZCYYb and of CH,; on Ni for the DRC
reactions, consequently, the capability of the anode for DRC

was gradually compromised with time.
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Fig. 5 Performance and characterization of H-CASC tested with CO,-CH, fuel at temperatures between 550 and 700 °C: (a) I-V-P
curves, (b) open circuit impedance spectra, (c) performance stability at 700 °C and 0.6 A cm™2, (d) anode exhaust composition with
time, (e) Raman spectra taken at anodes after stability test, and (f) anode microstructure after stability test.
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Fig. 6 Performance and characterization of H-DASC tested with CO,-CH, fuel at temperatures between 550 and 700 °C: (a) I-V-P curves, (b)
open circuit impedance spectra, (c) performance stability at 700 °C and 0.6 A cm™2, (d) anode exhaust composition with time, (e)
microstructure and EDS analysis of LSCrN@Ni after stability test, and (f) anode microstructure and EDS analysis after stability test.

Compared with H-CASC, H-DASC demonstrated a much-
improved performance, as shown in Fig. 6. The maximum power
density was significantly higher from 0.185 to 0.605 W cm at
temperatures between 550 and 700 °C (Fig. 6a) with a smaller value
of Rp between 0.678 and 0.181 Q cm? (Fig. 6b). And the cell operated
for 65 h at 700 °C under 0.6 A cm, approaching a stable voltage
above 0.65 V (Fig. 6c¢). This high performance of H-DASC with CO,-
CH, as fuel is because of the following reasons. First, the catalytic
activity of LSCrN@N:i for DRC reactions is considerably high and much
higher than that of the Ni-BZCYYb anode. For example, almost all the
CO, and CH, in the fuel were converted into CO and H, at 700 °C, and
the activity remained unchanged essentially during the durability
test for up to 65 h (Fig. 6d). Second, the catalyst LSCrN@Ni is
resistant to carbon deposition due to the strong interaction between
the exsolved Ni nanoparticles and the oxygen vacancy-abundant
LSCrN substrate.32 As noted, after 65 h operation at 700 °C under 0.6
A cm?, no deposited carbon was observed in the layer of LSCrN@Ni
(Fig. 6e). And thirdly and most importantly, the Ni-BZCYYb anode was

free of deposited carbon, and the BZCYYb in the anode remained
stable essentially without forming observable BaCO; granules on its
surface (Fig. 6f). The free of carbon deposition and observable BaCO3
formation in LSCrN@Ni catalyst and Ni-BZCYYb anode was also
supported by Raman analysis, as shown in Fig. S5. Therefore, the
above results suggest that the CO, in the fuel was consumed
completely in the layer of the DRC catalyst LSCrN@Ni for CH,
reforming, and did not reach the Ni-BZCYYb anode, and only the
reformate of CO and H, that is no harm on BZCYYb arrived in the
anode.

Experimental

Materials preparation

For the use of the cathode and electrolyte, BaZrg1Ceg7Y0.1Yb0.103.5
(BZCYYb) powder was synthesized by a sol-gel method. Firstly,
Ba(NO3), (99.0 %, Alfa Aesar), Zr(NOs), solution (35 wt%, Sigma-
Aldrich), Ce(NO3),6H,0 (99.5 %, Alfa Aesar), Y(NO3)36H,0 (99.9 %,

Please do not adjust margins
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Alfa Aesar) and Yb(NOs)35H,0 (99.9 %, Sigma-Aldrich) in proportional
amount were dissolved in distilled water. Subsequently,
ethylenediaminetetraacetic acid (EDTA, 99.4 %, Alfa Aesar) and citric
acid monohydrate (CA, 99.5 %, Sigma-Aldrich) were added as the
chelating agent and NH,OH (28-30 %, VWR Chemicals) for pH value
adjustment. The molar ratio of total metal cations to EDTA to CA was
1:1:1.5, and the pH value of the solution to about 8. The solution was
heated under agitation to form a transparent gel, which was
combusted in a microwave oven and then calcined at 1100 °C in the
air for 5 h to obtain BZCYYb powder. The same sol-gel method was
also adopted for the synthesis of LaggSro4Cog2FeogOs.s (LSCF)
powder for the cathode and Lag Sro ,CrogsNig.1503.5 (LSCrN) powder
for the DRC catalyst. The calcination was conducted for LSCF and
LSCrN at 900 and 1200 °C, respectively, in the air for 3 h. To
understand Ni exsolution in LSCrN in reducing atmosphere, the
prepared LSCrN was reduced in H, at 800 °C for 4 h to simulate the
pre-reduction conditions of the cell for a complete reduction of NiO
in the anode before the electrochemical test. For the anode that
supports the cell needs a larger pore size for fuel gas transport;
therefore, the BZCYYb powder used in the anode was prepared by a
solid-reaction process, in which stoichiometric amounts of BaCO;
(99.8 %, Alfa Aesar), ZrO, (99.7 %, Alfa Aesar), CeO, (99.9 %, Alfa
Aesar), Y,03; (99.9 %, Alfa Aesar) and Yb,0; (99.9 %, Alfa Aesar)
powders were mixed and ball-milled in ethyl alcohol for 12 h, and
calcined at 1100 °C for 10 h. This process was repeated for several
times until a single-phase perovskite BZCYYb powder was achieved.

Single-cells fabrication

The conventional proton-conducting anode-supported single-cell (H-
CASC) consisted of NiO-BZCYYb anode, BZCYYb electrolyte, and LSCF-
BZCYYb. The anode was made by ball-mixing commercial NiO (99 %,
J.T. Baker), BZCYYb and powdery graphite (pore former) at a weight
ratio of 9:6:5 in ethyl alcohol, followed by drying, die-pressing and
pre-sintering at 1050 °C in air for 2 h. The BZCYYb electrolyte was
made by coating BZCYYb slurry on the surface of the anode and then
sintering at 1450 °C in the air for 5 h for densification of the BZCYYb
electrolyte. The LSCF-BZCYYb cathode was made by printing LSCF-
BZCYYb ink, which was composed of LSCF, BZCYYb, and a low
viscosity vehicle (V-006A, Heraeus, US) at a weight ratio of 1:1:3, on
the sintered electrolyte, followed by sintering at 1050 °C in the air for
2 h. Finally, the thickness of the anode was about 1 mm, and the
cathode active area was 0.5 cm? For on-cell DRC, LSCrN ink
comprising of LSCrN and V-006A at a weight ratio of 2:3 was printed
on the anode and then calcined at 1100 °C in the air for 2 h before
preparing the cathode. This cell, designated as H-DASC, had an on-
cell reforming LSCrN layer of about 50 um.

Materials and cells characterization

X-diffraction (XRD, 7000, Shimadzu) with a CuKa radiation and a
D/teX silicon strip detector was employed for examining the phases
and structures in as-prepared BZCYYb and LSCrN powders, the
chemical compatibility between BZCYYb and LSCrN in air and
reducing atmosphere, and the chemical stability of BZCYYb powder
at 700 °C in CH4-CO, (1:1 molar ratio), CO-H, (1:1 molar ratio) and

pure CO, atmospheres. The sample for the compatibility examination
was a mixture of BZCYYb and LSCrN at 1:1 weight ratio and heat-
treated at 1100 °C in the air for 3 h or at 800 °C in pure H, for 3 h.

To understand the stability of sintered BZCYYb electrolyte in
CO,-containing atmosphere, a BZCYYb disc, prepared by die-pressing
and sintering at 1500 °C in the air for 5 h, was treated at 700 °C in
CO, flow for 5, 10 and 20 h, respectively, and examined by a field
emission electron scanning microscope (FE-SEM, Gemini 300, Zeiss).
A transmission electron microscope (TEM, FEI Titan ETEM G2 80-300)
with an energy-dispersive X-ray spectrometer (EDS) was used for the
examination of the reduced LSCrN. The microstructure of the cells
before and after electrochemical tests was also examine by SEM/EDS.
A Raman spectrometer (Horiba Xplora Plus) was utilized to analyze
the effect of CO, on BZCYYb and carbon deposition in post-test cell,
and thermogravimetric analysis (TG-DSC, Netzsch STA 449F3) was
performed to understand the process of LSCrN reduction from room
temperature to and at 800 °C at a rate of 10 °C min in 5%H,-Ar
atmosphere.

The electrochemical performance of the cells, including current
density (1)-voltage (V)-powder density (P) curves and electrochemical
impedance spectra (EIS), was evaluated by using an electrochemical
station (VersaSTAT 3-400, Princeton Applied Research). Pt slurry was
painted on the surface of the cathode and the anode as the current
collector. Before the test, the cell was attached to an Al,03 tube (cell
holder) with a ceramic sealing material (Ceramabond, Aremco
Products) and pre-reduced in situ by passing H, to the anode at
800 °C for 4 h to reduce LSCrN in the DRC catalyst and NiO in the
anode. The reduced LSCrN was designated as LSCrN@Ni, as Ni
exsolution occurred during reduction with Ni nanoparticles
supported by LSCrN substrate. During the test at temperatures from
550 to 700 °C, wet H, (3% H,0, 20 mL min'l) was used as a benchmark,
and CH4,-CO, (1:1 10 mL minl) to demonstrate the
effectiveness of LSCrN@Ni for on-cell DRC. In the performance
stability test at 700 °C with CH4-CO, fuel, the anode exhaust gas was
carried by Ar to a gas chromatograph (Panna A91) equipped with a

ratio,

Porapak Q, a molecular sieve 5 A column and a TCD detector for
composition analysis.

Conclusions

In this study, anode-supported proton-conducting H-SOFC cells, with

(H-DASC) and without (H-CASC) a layer of LSCrN@Ni catalyst on the

Ni-BZCYYb anode for on-cell dry reforming of CH; by CO,, were

evaluated comparatively with H, and CO,-CH, fuels, respectively.

Based on the results obtained, the following conclusions are made.

1) BZCYYb is not stable in CO,-containing atmospheres at 700 °C
because of BZCYYb decomposition into BaCOs; and CeO,,
presenting potential damage of integrity for the anode and
electrolyte. And the degree of BZCYYb decomposition increases
with increasing CO, composition, but it is stable in the CO-H,
atmosphere.

2)  With H, as fuel, the performance of H-CASC and H-DASC is
similar to each other, and the addition of LSCrN@Ni on-cell DRC
catalyst on the Ni-BZCYYb anode does not affect adversely on
the intrinsic behavior of the cell.
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3) Ni-BZCYYb is not an efficient catalyst for DRC reactions. Carbon
deposition and BZCYYb decomposition in Ni-BZCYYb anode
result in poor and short-term performance of H-CASC with CH,-
CO; as fuel. Foam-like deposited carbon and BaCOj; granules
cover the surface of Ni and BZCYYb, respectively, compromising
the catalytic and electrochemical activities of the Ni-BZCYYb
anode.

4) LSCrN@N:iis proved to be an active and coking-resistant catalyst
for on-cell DRC reactions, converting almost all CO, and CH,4 into
CO and H,. H-DASC with CH,;-CO, as fuel demonstrates a
significantly higher and much more stable performance than
that of H-CASC, benefited from the on-cell DRC by LSCrN@Ni
that produces high concentration H, in the reformate and
prevents CO, and CH,4 reaching the anode for carbon deposition
and BZCYYb decomposition.
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Highly-efficient on-cell dry reforming of CH, for Power and CO co-production by H-
SOFC is achieved with an engineered LSCN@N:i layer.
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