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Abstract

Doped ceria electrolytes have attracted intensive attentions owing to their high ionic conductivity, low activation energy,
good catalytic activity and feasibility for intermediate or even low temperature operations. This work reports an interesting
industrial grade rare earth LaCe1ssProosNdogs-0xide composited with sodium carbonate (LCPN-oxide/Na:COs) as the
electrolyte in solid oxide fuel cells (SOFCs). The ‘symmetrical” anode/electrolyte/cathode SOFC devices are fabricated using
LCPN-oxide/Na,COs3 electrolyte and the lithiated transition metal oxide NiosCo0o.15Alo.0sLiO2 (NCAL) pasted onto nickel
foam as both anode and cathode. A power density of 362 mW/cm? is achieved at 550 °C for this device. A novel fuel cell
device, semiconductor-ionic membrane fuel cell (SIMFC) is introduced here using the LCPN-oxide/Na;CO3z; and NCAL as
the mixed semiconductor-ionic conductor layer. The peak power density for this new energy conversion device reaches
916 mwW/cm? at 550 °C with an open circuit voltage of 1.05 V. The results demonstrate that industrial grade LCPN-
oxide/Na,COj3 can provide a new approach to utilize the enriched natural resources for next-generation cost-effective fuel

cells. Copyright © 2017 VBRI Press.
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Introduction

Solid oxide fuel cells (SOFCs) as potential
electrochemical energy conversion devices have been
considered to perform several other categories of fuel cell
devices based on different conducting electrolyte, feeding
fuel or operating temperature in terms of energy
efficiency, exhaust heat and fuel flexibility [1].
Conventional fuel cells, comprising of anode, electrolyte
and cathode, are often limited to develop for
commercialization due to the property of electrolyte, e.g.
the ionic conductivity of the electrolyte far below 0.1 S
cm at low operating temperature (below 600 °C), and
production cost [2]. For instance, yttrium stabilized
zirconia (YSZ), a dominant SOFC electrolyte, can reach
up to 0.1 S/cm at high operation temperature 900-1000
°C. Many efforts have been contributed to improve the
conductive capacity of electrolyte for low operation
temperature and reduce the cost to realize
commercialization of SOFC technology.

The fluorite structure ceria-based electrolyte materials,
have attracted intensive attention due to their improved
ionic conductivity, high catalytic activity and lower
activation energy for low temperature SOFCs (LT-
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SOFCs) [3, 4]. The main strength of ceria-based oxide is
to extend the high temperature SOFCs to an intermediate
or low temperature range (500-600 °C) with good
compatibility with electrodes. Doping with lower valence
metal cations is an efficient approach to introduce oxide
vacancies and induce the high ionic conductivity of ceria
by chemical defects or charge compensation [5]. So far,
some typical substitutes of Ce*" doped materials have
obtained significant achievements for LT-SOFCs from
ionic conductivity aspect, such as CepsSmo2019 (SDC)
and CepgGdo2019 (GDC). Recently, an increasing interest
of Pr or/and Nd doped ceria electrolyte materials are
developed by improving both ionic conductivity and
electrocatalyst functions for high performance LT-SOFC
materials. However, a critical issue with the doped ceria
oxides is the redox instability induced by the reduction of
Ce** to Ce* in reducing environment, resulting into
electronic conduction and undesirable structural change
[6].

Major efforts have been attempted to overcome the
electronic conductivity of ceria-based electrolytes and
improve the ionic conductivity to achieve desired
performance at low operation temperature. Virkar et al.

346


mailto:binzhu@kth.se

Research Article

[7]. utilized YSZ as the electron blocking layer to prevent
the electronic leakage current for ceria electrolyte. Hou et
al. [8] developed ceria-bismuth bilayer structured film via
a facile method combining co-pressing with drop-coating,
which obtained good performance for LT-SOFCs.
Naonotechnology approach applied for improving the
stability and ionic conductivity of ceria-based oxide has
harvested much success. Our pioneer colleagues have also
made great contribution to this, especially proposed the
concept of nanocomposite and developed pioneer ceria-
based nanocomposite materials and technology for
advanced LT-SOFCs [9, 10].

Recently, a new fuel-to-electricity conversion device
based on ionic-semiconductor materials, as a
breakthrough, has been reported in fuel cell technology
field [11-13]. We construct the semiconductor-ionic
membrane fuel cell (SIMFC) by using just a functional
ionic-semiconductor layer without an electrolyte separator
to realize the fuel cell reactions. The homogenous single
layer can integrate the anode, electrolyte and cathode into
one component and simplify the fuel cell technology at
low manufacturing cost. In this device, the junction
structure can be constructed, instead of an ionic
electrolyte to block the electron in conventional three-
component fuel cell, to eliminate the short-circuiting
problem in the new devices. Following this field, we
further develop the industrial grade rare-earth lanthanide
nitrate LCPN-oxide/Na,COs; nanocomposite in this work
via a simple template-free wet chemical synthetic route
and its semiconductor-ionic composite approach for this
new LT-SOFCs technology at low cost.

Experimental
Material synthesis

LaCe1.s5ProosNdoos-0xide/Na,CO3  composite  nano-
crystalline powder (LCPN-oxide/Na,CO3) was prepared
primarily using the industrial grade rare-earth nitrate via
co-precipitation process with sodium carbonate as the
precipitating agent to get the rare-earth carbonate
precursor in one step. Briefly, industrial grade rare-earth
metal nitrates mixture, confirmed with the mass
ratio compositions of 63% Ce(NO3)3.6H.0, 34%
La(N03)3.6H20, 1% PI’(NO3)3.6H20, 2% Nd(NO3)3.6H20
and negligible amounts of iron and calcium salts were
dissolved into deionized water in a beaker as the
precursor solution. Carbonate suspension was obtained by
adding 2.0 M sodium carbonate solution drop by drop into
the beaker until pH value of the solution reached up to 11
and maintaining the vigorous stirring for 2 h at room
temperature. Subsequently, the obtained mixture was
transferred into the oven and calcined at 750 °C for 2 h
followed by filtration washing. Then, the obtained powder
was suspended in 2 M NaCOsz solution under
continuously stirring with Na,COz weight ratio of 20 wt
% of LCPN-oxide. The slurry was dried at 120°C
for 12 h, then a calcination process at 750°C for 2 h
was conducted to obtain the LCPN-oxide/Na,COs;
nanocomposite.  NiggC0ogsAloosLiO2;  (NCAL)  was
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purchased from Tianjin Baomo Joint Hi-Tech venture,
China.

Fuel cell fabrication

For the fabrication of ‘symmetrical”’ anode/
electrolyte/cathode fuel cell, the commercial NCAL
powder was primarily mixed into terpineol-based slurries
to form a slurry; then the NCAL slurry was pasted on
nickel foam to function as anode and cathode. The fuel
cell devices were constructed by a dry-pressing procedure
involving the model with the electrolyte LCPN-
oxide/Na,CO3; composite powder sandwiched between
two NCAL-electrodes pressed under 300 MPa to from a
disk fuel cell. The fuel cell was 13 mm in diameter and
1.0 mm with a LCPN-oxide/Na,COs electrolyte 0.5 mm
in thickness. The active area of this device is 0.64 cm?.
The configuration can be noted as Ni (foam) -NCAL |
LCPN-oxide/Na;CO3 | NCAL-Ni (foam) (Type 1), in
which nickel foam played a role as current collector and
structural support. Hydrogen at a flow rate of 120 ml/min
and air at a flow rate of 120-150 ml/min under a pressure
of 1 bar were supplied as fuel and oxidant to operate the
fuel cell for electrochemical measurements.

Novel cell configuration was fabricated using the as-
prepared LCPN-oxide/Na,CO3 composite and commercial
semiconductor NCAL in volume ratio of 1:1 as
semiconductor-ionic membrane layer to replace the
LCPN-oxide/Na,COs electrolyte. The cell configuration is
Ni (foam) -NCAL | LCPN-oxide/Na;COs+NCAL (in
volume ratio of 1:1) | NCAL-Ni (foam) (Type II).

Materials characterizations

The structure and phase of the as-synthesized material
was analyzed using X-ray diffraction (XRD, D-max-2500
X-ray diffractometer, Rigaku Corp., Japan) with filtered
Cu Ko radiation. The data were recorded in a step-scan
mode of the 2theta range of 10-80° with step size 0.02°.
Scanning electron microscopy (SEM) was performed on a
cold field emission scanning electron microscope (Hitachi
S-4800).

Electrochemical test

The electrochemical performance of fuel cells was
measured using a programmable electronic load
(ITECHB8511, ITECH Electrical Co., Ltd.) at operation
temperature 550 °C. Electrochemical impedance
spectroscopy (EIS) was carried out to evaluate the above
two types of fuel cell processes at 550 °C upon cooling
using an electrochemical workstation (Gamry Reference
3000, USA). The frequency of the EIS measurement
ranges from 0.01 Hz to 1.0 Hz with a bias voltage of
10 mV.

Results and discussion

Basic properties

The major components of the industrial grade natural
material are determined directly by the heat-treatment of
the rare-earth nitrate mixture of La, Ce, Pr and Nd to form
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the rare-earth oxides, including CeO,, La,Os, Nd2O3 and
PrO11. The corresponding mass ratios for the several
oxides are shown in Table 1.
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Fig. 1. XRD patterns of LCPN-oxide/Na,COs.

The X-ray diffraction (XRD) patterns of the as-
prepared LCPN-oxide/Na;COz composite powder is
displayed in Fig. 1. All the diffraction peaks can be
indexed to the cubic fluorite-type structure, and no other
diffraction peaks are detected. Some amorphous
background, indicates the existence of amorphous
Na,COs; phase commonly observed in ceria-carbonate
composite. The X-ray reflections of the as-synthesized
doped-ceria exhibits the evident nanocrystalline nature.
The reflections for undoped ceria, according to JCPDS
(card no. 34-0394), are presented for a comparison with
the XRD patterns. Diffraction peaks of LCPN-
oxide/Na,CO3 composite are shifted to lower Bragg
angles compared with undoped CeO_, which means that
by introducing elements with bigger ionic radii, e.g. La%*,
Pr3* and Nd¥, into the ceria lattice leads to the slight
lattice expansion. No diffractions are detected for La;Os,
PreO11 and Nd2Os, which verifies that all these ions
formed the single phase nanocrystalline. The lattice
constant of the LCPN-oxide/Na,CO3z; composite is
calculated as 5.411 A. The crystallite sizes of LCPN-
oxide/Na,COs is calculated per Scherrer’s equation:

D =KA/(B cos ) Q

where, A represents the wave length of X-rays, B is the
half width of diffraction peaks, 0 represents the strongest
Bragg angle corresponding to (111) plane for all the
composites and K is constant value as 0.89. The
crystallite size, D, of as-prepared material is
approximately 17 nm.

Table 1. Composition for industrial grade rare-earth nitrate by direct
heat-treatment.
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Sample CeOz La203 Pl‘ﬁOn Nd203 Fe203 CaO

Re(N03)

Wt % 63 34 1 2 0.005 0.02
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Fig. 2. (@) SEM and (b) TEM images for LCPN-oxide/Na,COs.

Fig. 2 presents the scanning electron microscope (SEM)
and transmission electron microscope (TEM) micrographs
of as-prepared LCPN-oxide/Na,COs; powder material.
The images show that the particle sizes of the LCPN-
oxide/Na,CO3z mainly distribute around 10-30 nm, which
is in agreement with the results from XRD analysis by
using Scherrer equation. However, some distinct bulk
agglomeration with non-uniform size are also observed in
the SEM image since this material is formed at industrial
grade.

Electrochemical properties

Fig. 3 shows the impedance spectrum (EIS)
measurements for the conventional LCPN/Na;COs;
electrolyte fuel cell (Type I) and the SIMFC device (Type
I) in FC conditions at 550 °C. The spectra for the two
types of devices display the same feature with a
semicircle followed by a gradually disappearing tail. To
further analyze the detailed kinetic processes for the fuel
cell ~ reactions, the equivalent circuit  model
Ro/R1(Q1)/R2(Q2) is used to fit the measured data. R, is
from the electrolyte or semiconductor-ionic conductor
membrane, electrodes and the connection wires. (R1-Q1)
and (R2-Q2) corresponding to the high and intermediate
frequency arcs, respectively [14, 15]. Based on above
simulation, the entire resistance of the LCPN-
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oxide/Na,COs or LCPN-oxide/Na,CO3-NCAL is equal to
Rouk=Ro+Ri1. The fitted results are summarized in
Table 2.

Table 2. EIS parameters for equivalent circuits of the two types of
devices in FC conditions.

Cell R, (ohm  R;(ohm Qi (F R, (ohm Q;

cm?) cm?) cm?) cm?)  (Fcm?)
Type | 0.762 181 419E-05 0.3307 0.3481
Type Il  0.764 0.03761 0.00572 2.352 5.34E-02

From the data listed, we can see that the Ry, interphase
or grain boundary resistance has been greatly reduced by
introducing semiconductor NCAL. More than one order
of magnitude is observed, see Fig. 3 and Table 2. It is a
possible explanation that the interfaces between the
semiconducting and ionic phases in SIMFC device play a
vital role to determine the material entire resistance and
prove the interfacial conducting mechanism.

25
7 LCPN-oxide/Na,CO,
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Fig. 3. Impedance spectra for LCPN-oxide/Na,CO; and LCPN-
oxide/Na,CO3+NCAL (in volume ratio of 1:1) measured in FC condition
at 550 °C.

‘Symmetrical” anode | electrolyte / cathode SOFC
performance

Based on the above EIS results analysis, the LCPN-
oxide/Na,CO3 nanocomposite is an excellent candidate
for the electrolyte of traditional anode/electrolyte/cathode
SOFC. Fig. 4 presents the fuel cell performance of
LCPN-oxide/Na,CO3 SOFC device with typical current
density-voltage (I-V) curve and current density-power
density (I-P) characteristics. The fuel cell using the
LCPN-oxide/Na,CO3 nanocomposite as the electrolyte
exhibits high peak power density of 362 mW/cm? at 550
°C. The open circuit voltage (OCV) for LCPN-
oxide/Na,COs electrolyte SOFC reaches to 1.0 V, which
demonstrates that the commercial NCAL is a good
electrocatalyst for anode and cathode reactions. On the
other hand, the good OCV of 1.0 V demonstrates that the
LCPN-oxide/Na,CO3z nanocomposite, as the electrolyte
layer, also shows good gas tightness to prevent the gas
molecules directly penetrated through the device. This
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may be attributed to the function of softening amorphous
sodium carbonate expanding in the LCPN-oxide network
to prevent the gas leakage under the fuel cell operation
temperature. It is worth noting that NCAL pasted on the
porous nickel foam with good adhesiveness and
penetration into nickel foam which can promote the anode
and cathode catalyst and kinetic functions. On the other
hand, LCPN-based nanocomposites, with plenty of
interfaces in the composite, improve the grain-boundary
conductivity through increasing the concentration of
mobile defects in the space-charge zone, resulting in
enhanced ionic conductivity compared with the structural
bulk conduction materials. These result in, therefore, a
sufficient current output of 1425 mA/cm? for LCPN-
oxide/Na,CO3 nanocomposite electrolyte fuel cell. It can
be attributed to the grain-boundary/interface conduction
by Nano structuring in both NCAL-Ni electrode and the
LCPN-oxide composite electrolyte [9, 16].

It is well known that NiO is a typical p-type
semiconductor, due to which the conductivity can be
enhanced significantly by doping with various mental
ions, such as Li*. The improved capacity to transfer the
ions of doped NiO benefits from increasing the defect
concentration in structure [17]. The representative
semiconductors, e.g. Lithiated NiO (LiNiO), LiNiZn-
oxide and LiNiCuSr-oxide composites with ceria, have
been successfully developed as new functional
semiconductor-ionic ~ materials, applied for the
homogenous single layer fuel cells (SLFCs). Their good
anode and cathode catalytic functions also have been
extensively studied. Besides, NCAL family material,
LiNipsC0020, (NCL) has been reported with triple
(H*/O%/e") conducting properties for advanced LTSOFC
cathode [17]. Therefore, the NCAL has shown good
‘symmetrical’ anode and cathode functions for LCPN-
composite electrolyte fuel cells. We further develop the
LCPN-oxide/Na,CO3z composite by incorporating NCAL
semiconductor for novel semiconductor-ionic membrane
fuel cells (SIMFCs).
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Fig. 4. I-V and I-P characteristics of Ni (foam) -NCAL | LCPN-
oxide/Na,CO; | NCAL-Ni (foam) (Type I) at 550 °C.
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SIMFC performance

Fig. 5 displays typical I-V and I-P characteristics for
SIMFC device using the LCPN-oxide/Na,COs-NCAL
composite membrane at various temperature. It is readily
distinguished that the SIMFC device exhibits
unexceptional electrochemical performance with the
maximum power density of 916 mW/cm?, which is two
times greater than that of the conventional LCPN-
oxide/Na;COs electrolyte fuel cell for 362 mwi/cm?
The peak power densities of 423, 540 and 611 mW/cm?
are achieved corresponding to maximum current densities
are 1800, 2104 and 2360 mA/cm? at 500°C, 510°C
and 525°C, respectively. The significantly enhanced
performances have comparability with the previous
reports on the doped-ceria electrolyte SOFCs, as the
summary in Table S1 in the supplementary information
file [18-22]. These improvements on the fuel cell
performance can be ascribed to the key component
semiconductor and ionic conductor membrane in SIMFC
device. The large number of interfaces between the
semiconductor and ionic materials can greatly enhance
ionic conductivity thus the device current and power
outputs are improved. This has been concluded from
above EIS analysis.
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Fig. 5. I-V and I-P characteristics of Ni (foam) -NCAL | LCPN-
oxide/Na,CO3+NCAL (in volume ratio of 1:1) | NCAL-Ni (foam)
(Type I1) measured at 500 °C, 510 °C, 525 °C and 550 °C.

Moreover, the triple (H*/O%/e’) conducting properties
from the NCAL and good electrocatalyst for hydrogen
oxidation and oxygen reduction reactions can lead to
excellent SIMFC performances. The results have
confirmed that such SIMFC devices can deliver the best
energy transfer function. It should be noticed that in the
conventional anode/electrolyte/cathode structure, the
ionic electrolyte layer separating the anode and cathode
does not allow the electronic transport, thus avoids the
device short circuiting problem by blocking the electronic
passing internally. In the SIMFC structure, we use the 50
vol% NCAL to 50 vol% LCPN-oxide/Na,COs, where
NCAL forms percolating electronic conducting paths over
the device, but causes no electronic short circuiting
problem. It is amazing and hard to be understood by the
conventional ion-electrolyte based fuel cell science and
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technology. As reported previously, the formation of
Schottky junction is an essential prerequisite to prevent
the electronic short circuit instead of using the electrolyte
for electronic blocking layer. In the Hz-contact side, the
NCAL surface can be reduced to form a thin NiCo-metal
layer to build the Schottky junction with the bulk NCAL,
a p-type semiconductor, in the SIMFC membrane. The
Schottky junction can block the electrons passing, thus
prevent the device from the short circuiting problem.
In the latest development, the scientific principle was
proposed based on the semiconductor energy bands and
junction properties in analogy to the perovskite solar cell
work mechanism. The junction structures can avoid the
short-circuit problem in the new device, which has the
same functionalities as the core component, e.g. hybrid
organic-inorganic perovskite, to provide the charge
separation in the perovskite solar cell. The authors
proposed that the physical properties of the junction
combining with the theory of semiconductor energy band
can eliminate internal electronic short-circuiting and
allow the ion transport in this device [11]. On the other
hand, the build-in field of the Schottky junction
directs to promote the H*/O? transfer crossing the
metal/semiconductor interface and promote the fuel cell
reaction processes thus improve the fuel cell performance.
The Schottky junction is associated with the charge
transfer processes for H*/O?% ions in analogy to the ionic
conducting electrolyte in conventional fuel cells to
implement the fuel cell process. The molecular hydrogen
is dissociated into protons in the anode region and the
molecular oxygen is reduced into O? ions in the air input
side. The Schottky junction field built in the metal-
semiconductor interface, as a driving force, can drive the
H*/O% ions mobility and assist the conversion from the
fuel into electricity [12, 23].

Conclusion

In this work, LCPN-oxide/Na;COs; nanocomposite is
successfully synthesized using industrial grade raw
material. The conventional LT-SOFC and new
SIMFC devices have been developed based on
the as-prepared LCPN-oxide/Na,COz nanocomposite.
A maximum power density of 916 mW/cm? has been
achieved at 550 °C for the new LCPN-oxide/Na,COs-
NCAL SIMFC device, while the conventional LCPN-
oxide/Na,CO3;  electrolyte  SOFC  reaches  only
425 mW/cm? at 550 °C. The enhanced electrochemical
performance is analyzed by EIS. The results demonstrate
the NCAL semiconductor can significantly reduce
the interphase/grain boundary resistance to enhance the
ionic conductivity due to interfacial conduction
mechanism. The Schottky junction effect has been
explored in the NCAL- LCPN-oxide/Na,CO3z SIMFC to
prevent the internal short-circuiting with excellent
performances.
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Supplementary information

Table S1. SOFC performance comparison.

Advanced Materials Letters

Performance/
i 2
No Device mW/cm (the Temperature Article year
configuration maximum power
output)
Ni-NCAL/LCPN- o
! NCAL/Ni-NCAL 916 550°C i i
Ni- A novel ceria-based solid oxide fuel cell
2 BZCY/SDC/SSC- 511 600 °C free from internal short circuit 2012
SDC
YSz- A composite sol-gel process to prepare a
3 NiO/YSZ/YSz- 350 850 °C YSZ electrolyte for solid oxide fuel cells 2012
LSM
Effect of anode morphology on the
o performance of thin film solid oxide fuel
4 Porous Pt/YSZ/Pt 194 500 °C cell with PEALD YSZ electrolyte 2016
Anode-supported SOFCs based on
Smo 2Cen80,-J electrolyte thin-films
. Sbe fabricated by co-pressing using
5 NiO/SDC/SDC- 860 650 °C - - - 2015
SSC microwave combustion synthesized
powders
Improvement of Thermal reliability and
NiO- power density of SOFCs by preparing
6 YSZ/YSZ/GDC/LS 530 600 °C nano LSC particles between GDC 2015
C/ LSCF electrolyte and LSCF cathode
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