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Carbonate-superstructured solid fuel cells with
hydrocarbon fuels
Hanrui Sua, Wei Zhanga, and Yun Hang Hua,1

Edited by Constantinos Vayenas, Panepistemio Patron, Patras, Greece; received May 20, 2022; accepted September 6, 2022 by Editorial Board
Member Pablo G. Debenedetti

A basic requirement for solid oxide fuel cells (SOFCs) is the sintering of electrolyte into
a dense impermeable membrane to prevent the mixing of fuel and oxygen for a suffi-
ciently high open-circuit voltage (OCV). However, herein, we demonstrate a different
type of fuel cell, a carbonate-superstructured solid fuel cell (CSSFC), in which in situ
generation of superstructured carbonate in the porous samarium-doped ceria layer
creates a unique electrolyte with ultrahigh ionic conductivity of 0.17 S�cm21 at 550 °C.
The CSSFC achieves unprecedented high OCVs (1.051 V at 500 °C and 1.041 V at
550 °C) with methane fuel. Furthermore, the CSSFC exhibits a high peak power den-
sity of 215 mW�cm22 with dry methane fuel at 550 °C, which is higher than all
reported values of electrolyte-supported SOFCs. This provides a different approach for
the development of efficient solid fuel cells.

superstructured solid fuel cell j methane j lithium carbonate

Hydrogen is generally used as a fuel for fuel cells. However, hydrogen must be produced
from hydrogen-containing compounds (mainly methane) via an expensive process (1, 2).
Therefore, it is highly desirable to develop efficient fuel cells that can directly use hydro-
carbon fuels (particularly methane). Solid oxide fuel cells (SOFCs), which are attractive
energy conversion systems due to their high energy efficiency and fuel flexibilities, require
a high operating temperature (1, 2). Lowering the operating temperature of SOFCs is a
central goal for reducing system costs/complexity and enhancing the long-term durability
(3–6). However, low-temperature SOFCs (LT-SOFCs) with hydrocarbon fuels suffer
from polarization losses caused by temperature drop and carbon deposition (coking). This
happens because 1) the hydrocarbon oxidation kinetics are extremely sluggish at lower
temperatures due to the strong C–H bonds and 2) carbon deposition deactivates electro-
des by covering catalytic sites. However, direct electrochemical oxidation of hydrocarbon
via oxygen flux through the electrolyte to the triple-phase boundary (TPB) region can
produce more CO2 and H2O according to Eq. 1. These products can facilitate the ther-
mochemical reforming reactions of hydrocarbons at lower temperatures (7). If the O2�

flux from the electrolyte is faster (Eq. 2), carbon deposition can also be removed from the
anode, shifting the reaction equilibrium toward CO2 (8). Therefore, one of the key strate-
gies to improve hydrocarbon oxidation and reduce coking for LT-SOFCs is to increase
the oxygen ionic conductivity of electrolytes:

CnH2n+2 + 3n + 1ð ÞO2� ! nCO2 + n + 1ð ÞH2O + 6n + 2ð Þe� [1]

C + 2O2� ! CO2 + 4e�: [2]

There exist two conventional strategies to enhance the oxygen ionic conductivity of
electrolytes in LT-SOFCs, namely, reducing electrolyte thickness and developing fast
ionic conductors (3, 4). The ultrathin electrolyte film requires advanced techniques
and inevitably increases fabrication cost and complexity. Although bismuth oxides
exhibited impressive oxygen ionic conductivity due to their rich oxygen vacancies (4),
their poor stability under SOFC operation conditions would hinder their applications.
Therefore, other strategies are required to develop efficient ionic conductors.
The unique properties of oxide–carbonate composites have attracted intensive attention

(9–11). For yttria-stabilized-zirconia�LiKCO3 composites, density functional theory cal-
culations revealed that the oxygen ionic transfer energy barrier via a cogwheel mechanism
at the oxide–carbonate interface was significantly lower than that of bulk conductivity via
a direct hopping mechanism (10). Higher oxygen ion conduction was obtained at the
interface of the cathode and carbonate via a space-charge layer, thus expanding the TPB
(10, 11). The Li doping also promotes the surface oxygen diffusion and further enhances
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the overall cathode performance (12). These observations stimu-
lated us to form a hypothesis: A continuous interface between
molten carbonate and solid ionic conductor can constitute a
fast transfer channel for oxygen ions; namely, such a carbonate
superstructure on solid ionic conductor would be an oxygen
ionic superconductor. To test this hypothesis, we fabricated
a device by integrating a LiNi0.8Co0.15Al0.05O2 (NCAL)
cathode, a porous Ce0.8Sm0.2O1.9 (SDC) electrolyte, and a
Ni-BaZr0.1Ce0.7Y0.1Yb0.1O3–δ (BZCYYb) anode using a one-step
dry-pressing procedure without high-temperature sintering in this
work. The electrodes and the electrolyte remain porous and
nanocrystalline structures in the system. Then, molten carbonate
in the porous NCAL and SDC layers is in situ generated at cell
operation conditions, creating the carbonate-superstructured fuel
cell (CSSFC). Furthermore, the CSSFC exhibited ultrahigh ionic
conductivity of 0.17 S�cm�1 at 550 °C, leading to an unprece-
dented high open-circuit voltage (OCV) and a very high peak
power density (PPD) as well as excellent coking resistance with
dry methane fuel at 550 °C.

Results and Discussion

Fig. 1A illustrates the schematics of conventional SOFCs,
SOFCs with porous electrolytes, and CSSFCs. In a conventional
SOFC, the oxygen ions are conducted via oxygen vacancies in
the bulk crystal structure of electrolyte. A higher sintering tem-
perature is required to increase the grain size for reducing grain-
boundary resistance. Moreover, the poor bonding and a limited
contact area at the cathode–electrolyte interface would cause
large contact/polarization resistance. In contrast, if the molten
carbonate is introduced into the porous electrolyte, it would not
only enhance the oxygen ion conduction via a continuous inter-
face between molten carbonate and solid ionic conductor but

also build a strong connection in the vicinity of an electrode–
electrolyte interface. To verify this, we fabricated several types
of SOFCs with Ni-BZCYYb anode, SDC electrolyte, and
(La0.60Sr0.40)0.95Co0.20Fe0.80O3-δ (LSCF) cathode. SI Appendix,
Fig. S1 A and B shows the magnified images of the electrolyte
layer of porous and dense SDC layers. The porous electrolyte
maintained the grain size of the nanocrystalline SDC precursors,
along with well-connected open channels, enabling gas diffusion
and permeation thoroughgoing. However, a typical polycrystal-
line SDC with a polygonal grain size larger than 2 μm as well as
clear and long boundaries was observed in dense SDC layers
owing to the high-temperature sintering process. The total
Brunauer–Emmett–Teller (BET) specific surface area of SDC
powder or the SDC porous pellet without sintering determined
by N2 adsorption is ∼6.0 m2�g�1 with a typical type IV iso-
therm and an H3 hysteresis loop (SI Appendix, Fig. S2). The
electrochemical performance of the conventional SOFC with
sintered electrolytes, SOFC with porous electrolytes, and SOFC
with carbonate modifications are displayed in Fig. 1B. The cell
with 15 wt% Li2CO3 added into LSCF cathode exhibited a
PPD of about 150 mW�cm�2 at 550 °C with dry CH4 fuel,
which is about seven times higher than a conventional SOFC
with a dense electrolyte layer (∼20 mW�cm�2 at 550 °C). The
poor performance of the conventional SOFC could be attributed
to the ohmic loss of the thick densified SDC electrolyte
(∼500 μm). Moreover, the cell based on a porous SDC electro-
lyte layer without carbonate modification generated a very small
OCV of 171 mV due to the gas leakage through the porous elec-
trolyte layer. Notably, the enhanced performance by molten
Li2CO3 for the cell is due to the increase of O2

� transfer, which
is totally different from a typical molten carbonate fuel cell (with
a CO2 flow into its cathode) whose conducting species are
CO3

2�. This can be explained as follows: A CO2 flow, which is

Fig. 1. (A) Schematic of the conventional SOFC, porous SOFC, and the CSSFC. (B) The I-V-P performance of different fuel cell configurations with Ni-BZCYYb
as anodes operated on CH4 at 550 °C. (C) The temperature-dependent Arrhenius plot of oxygen ionic conductivities of different electrolytes with or without
carbonate modification. (D) DSC plots of different electrolytes in Ar atmosphere.
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necessary for a typical molten carbonate fuel cell to continuously
produce CO3

2� via a cathode half-reaction (1/2 O2 + CO2 + e�

$ CO3
2�), was not provided for our cell operation. Therefore,

the stable performance of the cell without CO2 flow demonstrates
O2

� (instead of CO3
2�) transfer in its electrolyte.

The ionic conductivities of SDC and SDC–carbonate compo-
sites were also evaluated by measuring the pellet-like samples with
painted silver electrodes in dry air atmosphere (PO2 = 0.21 atm).
As shown in Fig. 1C, the SDC with Li2CO3 modification deliv-
ers a remarkably high ionic conductivity of 0.14 S�cm�1 at
550 °C in air, which is approximately two magnitudes higher
than those of densified SDC pellet (9.1 × 10�3 S�cm�1) and
porous SDC layer (5.2 × 10�4 S�cm�1). However, the SDC
with Na2CO3 or K2CO3 carbonate showed similar conductivity
to that without carbonates. Furthermore, a significant transition
temperature (∼500 °C) was found in the SDC-Li2CO3 compos-
ite. Its ionic conductivity decreases sharply by about five times
from 500 °C to 490 °C. As shown in the differential scanning
calorimetry (DSC) plots (Fig. 1D), a strong endothermic peak
appears at 502 °C for the SDC-Li2CO3 composite, while no
peak was found for pure SDC, SDC-Na2CO3, and SDC-K2CO3

at the temperature below 600 °C. The transition at 502 °C is
attributed to the melting of Li2CO3 of the SDC-Li2CO3.
Although the normal melting temperature of Li2CO3 is 723 °C
(13), its Tammann temperature is about 400 °C (i.e., it is empiri-
cally half its melting temperature), at which its molecules have a
remarkable mobility (14). Therefore, Li2CO3 molecules can rap-
idly move to the SDC surface to form a melted Li2CO3 layer at
502 °C (probably via the eutectic-phase formation), which is
responsible for the ionic conductivity enhancement. For porous
SDC, the oxygen ion conduction via oxygen vacancies in the
bulk crystal structure of the electrolyte would be inhibited by
high grain-boundary resistance. The molten carbonate can build
a strong connection at the vicinity of the SDC interface via pore
filling, topology change, or contact angle adjustment; reduce the

grain-boundary resistance; and increase the interfacial ionic
conduction.

Several cathode materials were subjected to the characterization
of electrochemical impedance spectroscopy (EIS) under open-
circuit conditions from 450 to 550 °C in the air (Fig. 2A). It
was found that the Li2CO3 modification greatly reduced the
polarization area-specific resistance (ASR) of the LSCF elec-
trode from 88.9 to 3.09 Ω�cm2 at 550 °C, suggesting the pro-
motion effect of Li2CO3 on the cathode. To fully demonstrate
the role of carbonate in the cathode, a Li-based single-phase
cathode, NCAL, was used to replace the mechanically mixed
LSCF/Li2CO3 composite cathode. The NCAL is a good candi-
date for a porous cathode material due to its high ionic and
electrical conductivities and high oxygen reduction reaction
activity (15, 16). Most importantly, the Li2CO3 can be in situ
generated under fuel cell operation because NCAL can react
with the terpineol binder (Eq. 3):

LiNi0:8Co0:15Al0:05O2 + 0:0475C10H18O+ 0:4275O2 =

0:475Li2CO3 + 0:8NiO+ 0:15CoO+

0:05LiAlO2 + 0:4275H2O:

[3]

Indeed, the Fourier-transform infrared spectroscopy (FTIR)
spectra show the characteristic peaks of Li2CO3 at ∼1,500 cm�1

(due to the C-O asymmetric stretching) and 864 cm�1 (due to
the out-of-plane vibrations) in tested NCAL cathodes (Fig. 2B).
Furthermore, the out-of-plane vibrations of CO3

2� in the
NCAL cathode with terpineol are remarkably stronger than that
without terpineol after the cell test of 30 min, proving the
formation of Li2CO3 from the reaction between NCAL and
terpineol. The infrared (IR) carbonate peak of the NCAL cath-
ode with terpineol decreased after a 2-h cell test, which was due
to the diffusion of carbonates to the electrolyte that was con-
firmed by the elemental analyses of the cell disk (see following
discussions). Although the X-ray diffraction (XRD) patterns

Fig. 2. Characterization of in situ generated Li2CO3 from NCAL. (A) Temperature dependence of the polarization resistances of different cathodes in air.
(B) FTIR spectra for the NCAL electrodes. (C) XRD spectra for the NCAL electrodes. (D and E) Cross-sectional SEM image of the SDC electrolyte/NCAL cathode
interface for the cell without terpineol in NCAL (D) before and (E) after cell test. (F and G) Cross-sectional SEM image of the SDC electrolyte/NCAL cathode
interface of the cell with terpineol in NCAL (F) before and (G) after cell test. (Cell-test conditions: 550 °C for 2 h.)
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showed that NCAL almost retained its original crystal structure
after a 2-h cell test (under air atmosphere), diffraction peaks of
Li2CO3 [Joint Committee on Powder Diffraction Standards
(JCPDS), 22-1141] and NiO (JCPDS 11-2340) were detected
for the NCAL cathode with terpineol, but not for that without
terpineol (Fig. 2C). This further supports the Li2CO3 formation
from the reaction between some NCAL and terpineol (Eq. 3),
but the crystal structure of most NCAL remained. The XRD
peaks of produced CoO would overlap with those of NiO,
because CoO and NiO have a similar crystal structure to form a
solid solution (17). LiAlO2, which is usually formed in NCAL
decomposition (18), is too little to be detected by XRD. The
microstructures of the NCAL cathode and its interface with
SDC electrolyte were evaluated by scanning electron microscopy
(SEM). The NCAL without terpineol maintained a spherical
morphology after a 2-h cell test (Fig. 2 D and E), whereas the
large spherical particles of NCAL with terpineol changed to
smaller ones after the cell test (Fig. 2 F and G). The terpineol
also affected the NCAL/SDC interface; namely, the NCAL with
terpineol showed a better NCAL/SDC contact than that without
terpineol, which would be due to the in situ formed Li2CO3

from the reaction between NCAL and terpineol (Eq. 3).
Furthermore, Fig. 2G shows that the SDC layer became denser
after the cell test because of the diffusion of in situ formed
Li2CO3 to the SDC layer, which was confirmed by the elemen-
tal analyses (see following discussions). Therefore, the diffusion
of the in situ formed Li2CO3 from the NCAL to the SCD layer
created the well-bonded cathode–electrolyte contact, decreasing
the polarization resistance of NCAL from 13.4 to 0.84 Ω�cm2 at
550 °C (Fig. 2A).
A concept of CSSFC is proposed based on the above design

and experimental observations. In a CSSFC, the in situ genera-
tion of molten Li2CO3 diffuses from the cathode to the

electrolyte, which enhances the interfacial oxygen ionic conduc-
tivity and reduces the polarization and contact resistances. Such
molten carbonate in the electrolyte, electrode, and electrolyte/
electrode interface is the so-called superstructured carbonate.
Furthermore, we fabricated the CSSFC via a simple one-step
compression process. The cross-sectional microstructures of
CSSFC with NCAL cathode are shown in Fig. 3A. The CSSFC
comprised a porous SDC electrolyte (∼760 μm), sandwiched
by a porous Ni-BZCYYb anode (∼630 μm) and a NCAL/Ni
foam cathode layer (∼430 μm). Methane was selected as repre-
sentative hydrocarbon fuel to evaluate the performance of
CSSFCs. As shown by the current–voltage–power (I-V-P)
polarization curves (Fig. 3B), a PPD of 215 mW�cm�2 at
550 °C was obtained for the CSSFC with dry CH4 fuel, which
also showed a considerable PPD of 81 mW�cm�2 even at
475 °C. These obtained PPDs are not only higher than all
reported values of electrolyte-supported LT-SOFCs, but also
comparable to those of reported anode-supported LT-SOFCs
and protonic ceramic fuel cells (PCFCs) fed with dry or humid-
ified methane fuel (SI Appendix, Table S1).

Furthermore, the CSSFCs exhibited ultrahigh OCV values
of 0.976, 1.051, 1.076, and 1.041 V at 475, 500, 525, and
550 °C, respectively, which surpass all reported OCV values of
conventional LT-SOFCs fed with dry CH4 (Fig. 3C). The
OCV of doped ceria electrolytes is often limited by internal
short-circuit issues due to partial reduction of Ce4+ to Ce3+ in
the reducing atmosphere (19, 20). However, the unprecedented
high OCV indicates that the current leakage loss was almost
totally suppressed in the CSSFC, which may be ascribed to the
following reasons: the formation of an electronic blocking layer
between Ni-BZCYYb and SDC electrolytes (7, 21) and rela-
tively lower electronic conductivity of SDC at lower operation
temperature (∼500 °C) (22, 23). The CSSFCs being free from

Fig. 3. Characterization and performance of CSSFC. (A) Cross-sectional SEM image of the CSSFC. (B) I-V and I-P curves of the CSSFC under CH4 at different
temperatures. (C) The measured OCVs of CSSFC in comparison with the recent reported conventional LT-SOFCs with different electrolytes fed with dry CH4.
Theoretical OCV was also estimated as the full oxidation of CH4 (CH4 + 2O2 ! CO2 + 2H2O [g]). (D) Impedance spectra of Nyquist plots of the CSSFC using
CH4 as fuel and air as oxidant at a temperature range of 475 to 550 °C. Inset is the equivalent circuit. (E) The methane conversion and yields of products of
the CSSFCs with 100% dry CH4 flow (∼50 mL�min�1) fed to the anode. (F) Durability test for CSSFC fueled with 100% dry CH4 at 525 °C and a constant current
load of 0.1 A�cm�2.

4 of 7 https://doi.org/10.1073/pnas.2208750119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 V
an

 P
el

t a
nd

 O
pi

e 
L

ib
ra

ry
 o

n 
N

ov
em

be
r 

15
, 2

02
2 

fr
om

 I
P 

ad
dr

es
s 

14
1.

21
9.

44
.3

3.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2208750119/-/DCSupplemental


current leakage loss allows them to operate with higher energy
conversion efficiency. Furthermore, the ultrahigh OCV also
excludes the existence of gas leakage under operation. This was
further confirmed by gas chromatography (GC) analysis (SI
Appendix, Fig. S3). When pure H2, CH4, and air flows were
introduced into the anode or cathode of the cell without opera-
tion, significant gas permeation was observed, revealing the
porous structure of the cell. In contrast, almost no gas perme-
ation was detected during the operation (SI Appendix, Fig.
S3B), because the in situ formed carbonate diffused into the
porous electrolyte and thus plugged its microchannels (SI
Appendix, Fig. S4A). The carbonate on the surface of SDC was
confirmed by FTIR; namely, the carbonate IR absorption band
was observed after 2-h operation (SI Appendix, Fig. S4B). The
existence of molten carbonate in the SDC was also demon-
strated by DSC spectrum and XRD (SI Appendix, Fig. S4 C
and D). Li2CO3 in the SDC electrolyte was further confirmed
by inductively coupled plasma (ICP) element analysis; namely,
2.11 wt% Li was determined in the electrolyte. Moreover, 0.76
wt% Li was detected in the Ni-BZCYYb anode by ICP analy-
sis, revealing the further diffusion of Li2CO3 to the anode.
Fig. 3D and SI Appendix, Fig. S5 display the Nyquist diagrams

and Bode plots of CSSFC under the CH4/air condition and the
fitting results of the equivalent circuit of LRo(R1Q1)(R2Q2) are
listed in SI Appendix, Table S2. The terms Ro, R1, and R2 repre-
sent ohmic resistance and polarization resistance (sum of R1 and
R2), while L is the high-frequency inductive component and Q
the constant phase element (24, 25). The intermediate-frequency
arc (R1Q1) is due to the ionic charge transfer at the electrode/
electrolyte interface (C1 ∼ 10�5 F�cm�2), while the low-
frequency arc (R2Q2) is due to the gas adsorption and diffusion
processes (C2 ∼ 10�1 F�cm�2) (26, 27). The ionic conductivi-
ties of the porous SDC electrolytes can be derived from the
ohmic resistance (Ro) of these cells (26, 27). The porous
SDC electrolyte exhibits an ultrahigh ionic conductivity of
0.17 S�cm�1 at 550 °C. The activation energy of porous SDC
electrolyte (0.31 eV) is significantly lower than the reported

values for sintered SDC pellets between ∼0.65 and ∼0.9 eV
(28, 29). The high ionic conductivity and low activation energy
of the porous SDC electrolyte can be attributed to the surface
(or interfacial) ion transfer. The methane conversion and yields
of products are shown in Fig. 3E. The main products are H2

and CO, which are syngases that are an important feedstock
for the synthesis of chemicals (30). This demonstrates that the
CSSFC generates not only electricity but also valuable materi-
als. It should be noted that methane conversion (about 5%) is
relatively low due to low operating temperatures (Fig. 3E).
However, a low-temperature operation offers many benefits,
such as high theoretical efficiency, rapid thermal cycling, and
low cell-fabrication cost (31, 32). Moreover, the recycling of
methane fuel can increase its conversion at a low operating
temperature for practical applications.

The long-term durability of the CSSFC was evaluated with
dry CH4 fuel (Fig. 3F). The CSSFC exhibited stable perfor-
mance for 100 h at 525 °C. Such excellent stability was sup-
ported by SEM image and a corresponding carbon-mapping
image; namely, the long-term operation did not change the
morphology and surface carbon species of the Ni-BZCYYb
anode (SI Appendix, Fig. S6). The coking resistance was further
confirmed by thermogravimetric analysis (TGA) (SI Appendix,
Fig. S7A). The slight mass gain (7 to 9 wt%) occurred due to
the Ni oxidation, indicating no carbon deposition on the anode
after 100-h cell operation. It should be noted that the transfor-
mation of the pure perovskite phase of BZCYYb to BaCO3 was
detected by XRD after the cell operation (SI Appendix, Fig.
S7B). Similar phase changes of Ni-BZCYYb in the presence of
CO2 and H2O were also observed for conventional SOFCs
with dense electrolytes (33, 34). However, this crystal structure
change did not cause further degradation of cell performance
with increasing time. Furthermore, the CSSFC showed excel-
lent flexibility for fuels, including ethane, syngas, CH4-CO2

(1:1), and pure CO (SI Appendix, Fig. S8), leading to good
PPDs at 550 °C ranging from 116 mW�cm�2 for syngas to
158 mW�cm�2 for CO.

Fig. 4. Fabrication–pressure effect of CSSFC on its performance. (A) I-V-P performance of CSSFCs fabricated at various pressures operated on CH4 at 550 °C.
(B) The outlet gas composition and methane conversion under OCV at 550 °C for the cells fabricated under different pressures. (C and D) Impedance spectra
of (C) Nyquist plots and (D) Bode plots for CSSFCs (fabricated at various pressures) operated on CH4 at 550 °C.
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The compressing-pressure effect of fabricating a CSSFC on
its performance was also evaluated. As shown in Fig. 4A, the
PPD of CSSFC increased from 150 to 215 mW�cm�2 at
550 °C with increasing fabrication pressure from 103 to 137 MPa,
but further increasing pressure to 171 MPa had a negative
impact with decreased PPD to 151 mW�cm�2. This trend was
matched with the changes in CH4 conversion rate and H2 pro-
duction (Fig. 4B). The mechanism of the effects of fabrication
pressure on the performances of CSSFC was further investi-
gated by Nyquist plots (Fig. 4C) and Bode plots (Fig. 4D).
The contribution of each component of ASR derived from
Nyquist plots is listed in SI Appendix, Table S3. The ohmic
resistance (Ro) decreased from 0.37 to 0.29 Ω�cm2 and then
increased to 0.38 Ω�cm2 with increasing fabrication pressure
from 103 to 171 MPa. A low fabrication pressure is insufficient
to compact SDC particles close enough for the formation of
the superstructured carbonate at the interface between the par-
ticles, and very high pressure would also diminish porosity and
thus also decrease the interface between the SDC electrolyte
particle and the superstructured carbonate. Similar trends were
also observed for charge transfer polarization resistance (R1). A
decrease in fabrication pressure would create many intercon-
nected voids, resulting in an improvement of gas diffusion and
hence a decrease in low-frequency polarization resistance (R2).
However, further lowering the fabrication pressure could lead
to poor contact between the electrolyte and electrodes, thus
amplifying the polarization resistance due to the unfavorable
charge transfer processes in the TPB (35, 36). These observa-
tions demonstrated that fabrication pressure of the CSSFC
could have great impact on its electrochemical performance via
altering the ohmic and polarization resistance.

Conclusions

We demonstrated a different type of fuel cell, CSSFC, with
excellent electrochemical performance and high durability at
lower operational temperatures for hydrocarbon fuels. The peak
power density of a CSSFC employing a porous SDC electrolyte
layer and a lithium-based cathode reached 215 mW�cm�2 at
550 °C with dry methane fuel. Unprecedentedly high OCVs
were achieved (such as 1.051 V at 500 °C and 1.041 V at
550 °C). The CSSFC can be directly operated with various
hydrocarbon fuels. The CSSFC would be promising for com-
mercial applications due to its excellent performance, easy fabri-
cation, low cost, and fuel flexibility.

Materials and Methods

Material Synthesis. The Ni-BZCYYb was used as an anode due to its high activ-
ity, high coking resistance, and interface electron-blocking property (7, 21). The
precursor powders of BZCYYb were synthesized by the solid-state reaction
method (37). The stoichiometric amounts of BaCO3, ZrO2, CeO2, Y2O3, and
Yb2O3 were mixed by hand grinding in ethanol, followed by drying for 12 h and
calcination at 1,100 °C in air for 10 h. The calcined powders were then ground
and calcinated again at 1,100 °C for 10 h. The BZCYYb powders were well mixed
with NiO in a weight ratio of 35:65, followed by prefiring at 1,000 °C in air for
2 h (37). The Ce0.8Sm0.2O1.9 (SDC) powders were prepared by the carbonate
coprecipitation process (29, 38). The defined compositions of Ce(NO3)3�6H2O
and Sm(NO3)3�6H2O were well dissolved in deionized water, followed by the
addition dropwise of sodium carbonate solution with the molar ratio of metal ion
and carbonate ion of 1:1.5. The obtained precipitants were washed with deionized
water and ethanol several times until the pH of the filtrate became neutral. The
washed precursors were dried for 12 h and then calcined at 800 °C in air for 4 h.

The CSSFC was fabricated by the dry pressing process. Commercial LSCF
(Fuel Cell Materials) or NCAL (NEI Corporation) powders were mixed with

terpineol binder to form a slurry, which was brush painted onto Ni foam and
then dried at ∼60 °C for 12 h as the cathode (38, 39). The cell configuration of
Ni-BZCYYb j SDC j NCAL-Ni was fabricated by uniaxial pressing under appropri-
ate pressure to form a pellet using 0.45 g NiO-BZCYYb anode powder, 0.35 g
SDC electrolyte powder, and NCAL-coated Ni foam. The single porous cell has a
thickness of∼2 mm and an active area of 0.64 cm2.

The electrolyte-supported conventional SOFC was fabricated as follows
(40, 41): The dense electrolyte pellet was prepared by dry pressing SDC precur-
sor powders at 137 MPa with subsequent calcination at 1,350 °C in air for 5 h.
A slurry composed of NiO-BZCYYb powder and terpineol was brush painted on
the as-synthesized dense SDC electrolyte pellet before calcinating at 1,000 °C in
air for 2 h. The cathode layer of NCAL slurry was then painted on the other side
of the sintered SDC pellet and finally calcinated at 950 °C in air for 2 h. The
silver mesh was used as a current collector.

The symmetrical cells were fabricated by compressing and coating processes.
The appropriate amount of electrolyte powders was pressed at 137 MPa followed
by calcinating at 550 or 1,350 °C for 5 h. Silver paste and terpineol mixture
were then printed onto both sides of the electrolyte pellets. The symmetrical cells
were fired at 550 °C for 2 h in air. The symmetrical air electrode cells were fabri-
cated in a similar way, except the silver paste was replaced by LSCF or NCAL.

Characterization. The cross-section morphology of porous and dense pellets
was investigated by environmental scanning electron microscopy (ESEM) (Philips
XL 40). The elemental mapping on the anode surface before and after operating
on CH4 was determined using an energy-dispersive X-ray spectrometer (EDS).

The crystal structures of anode and electrolyte powders before and after oper-
ation were measured by XRD (Scintag XDS-2000) with Cu Kα (λ = 1.5406 Å)
radiation. The XRD patterns were collected in the 2θ range between 20° and
80° with a scanning rate of 2°�min�1. The powders after stability tests were
gathered by grinding the remaining material after carefully removing the cath-
ode layer.

FTIR was carried out on a Shimadzu IRAffinity-1 spectrometer with an in situ
diffuse reflection cell (DiffusIR; PIKE Technologies), which is equipped with a
ZnSe window and can be heated up to 800 °C.

The differential scanning calorimetry (DSC) of the electrolytes was performed
by a Netzsch DSC 404 instrument with a TASC 414/3 controller at a heating rate
of 10 °C/min under argon flow.

The outlet gas composition and gas diffusion behaviors were detected by an
online GC (Hewlett-Packard 5890) coupled with a thermal conductivity detector.

The Li contents in electrolyte and anode in the tested CSSFC were determined
by a PerkinElmer Optima 7000DV inductively coupled plasma-optical emission
spectrometer (ICP-OES). All the samples were treated with aqua regia for 3 d
before the measurement.

The TGA was carried out using the Mettler Toledo TGA/SDTA851e system. The
anodes before and after long-term operation were subjected to the TGA measure-
ment with 10 mL�min�1 dry air gas flow in a temperature range from 25 to
800 °C at a rate of 10 °C�min�1.

Electrochemical Measurement. All these single cells were thermally treated
at 550 °C for 30 min before the operation and electrochemical performance
tests. The NiO-BZCYYb anode was reduced to Ni-BZCYYb in H2 (99.999%) for 1 h
at 550 °C prior to shifting to dry CH4 (99.97%). The anode side was fed with
dry CH4 (∼50 mL�min�1), while the cathode side was fed with dry air
(∼300 mL�min�1) as oxidant. The fuel cell I-V-P characteristics were performed
using an electronic load (IT8511; ITECH Electrical Co., Ltd.) with a scan rate of
0.02 A�s�1 in the current-voltage sweep. Furthermore, the EIS were obtained
under OCV conditions using a CHI-760 electrochemical workstation (CH Instru-
ments, Inc.) in the frequency range of 0.1 to 105 Hz with a voltage amplitude of
10 mV. The impedance spectra were analyzed with the ZSimpWin 3.60 software
(EChem Software) to identify the electrolyte process and the electrode process.
The activation energy (Ea) was calculated with the equation

σ =
A
T
exp

�Ea
kT

� �
, [4]

where σ is the measured conductivity, T the absolute temperature, k the
Boltzmann constant, and A the preexponential factor.
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Data, Materials, and Software Availability. All data are included in the
article and/or SI Appendix.
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