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Abstract

La/Pr co-doped ceria (LCP) is processed to fabricate low-temperature ceramic fuel cell based on industrial-grade rare-earth
carbonate electrolyte that is reached above a maximum power density of 750 mW/cm? at 520 °C. The charge carriers are
investigated through LCP fuel cell having symmetric NCAL (Ni, ¢Coy ;5Al; osL10,_5) electrodes using proton conductor
BCZY (BaCe;Zr, ,Y,05.5) as a blocking layer and are found protons that dominate during the cell operation. The results
of associated characterizations for HCC (hydrogen concentration cell) and the OCC (oxygen concentration cell) reveal
that LCP material is mixed conductor of both protons and oxygen ions simultaneously. Transmission electron microscopy
(TEM), X-ray Photoelectron Spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FTIR) analysis before and
after the electrochemical testing of the cell are performed which show an amorphous layer of LiOH/Li,CO; mixture that is
formed after the tests on the surface of LCP structure. Conceptually, it looks that LiOH/Li,CO; mixture in molten state in
the interface region of two-phase material promotes the proton conduction through LCP electrolyte, with negligible oxygen
ion conduction.

Keywords La/Pr co-doped ceria (LCP) - Low-temperature ceramic fuel cell - Proton conduction - Two-phase material -
LiOH/Li,CO; mixture

1 Introduction

Solid oxide fuel cell (SOFC) and Protonic ceramic fuel cell

(PCFC) have gained huge attention in the recent years for the
direct use of chemical energy of fuels to generate electricity
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with high efficiency and low emission[1, 2]. According to
the classification of transported carriers, ceramic fuel cell
(CFC) includes SOFC, which is mainly oxygen ion conduc-
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challenge for its commercial application. Due to high tem-
perature requirement, it increases the complexity of con-
ventional technology, and ultimately raises the capital cost
of the device [3, 4]. Goodenough introduced the concept
of materials which could operate at sufficiently low tem-
peratures below 700 °C [5]. In the field of low-temperature
SOFC, well-studied doped zirconia electrolytes materials
are replaced by gadolinium doped ceria (GDC) as well
as samarium doped ceria (SDC) [6, 7]. Compared to the
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conventional YSZ based fuel cells, the ceria-based electro-
lytes show lower activation energy and therefore, can work
at 400-700 °C [8, 9].

Meanwhile, as an alternative electrolyte of oxygen ion
conductor, proton conductor ceramic materials have emerged
as potential candidates. In this aspect, perovskite ceramic
electrolytes with a high proton conductivity exhibit promis-
ing results in hydrogen or water vapor atmosphere. Gener-
ally, it is considered that Grotthuss and Vehicle mechanisms
are two main mechanisms of proton conductivity [10]. The
former is due to the jumps of excess hydrogen through the
bonds from one stationary lattice oxygen to the neighbouring
lattice oxygen; the latter is due to the attachment of protons
with the oxygen ions and then move in the form of OH™ ions
via translational diffusion mechanism through appropri-
ate vacancies in the perovskites [11]. Protons move easily
through the lattice, which results in proton conduction being
activated at lower activation energy level compare to that of
attachment with oxygen ions and the composed conduction
[7]. Here, BaZr,3Y,,05; (BZY) and BaCe,Zr; Y;,055
(BCZY) electrolytes are some typical examples for proton
conduction [12, 13].Compared to conventional SOFC, PCFC
is composed of proton-conducting ceramic oxides and has
greater potential for low-temperature operation [14]. Table 1
gives an overview of the electrochemical performance of
PCFCs. As shown in Table 1, doped BaCeO; and doped
BaZrO; electrolytes, which have been extensively investi-
gated in recent years, exhibit a potential to operate at low
temperatures (300-550 °C).

Usually, in ceria-based electrolytes, performance
enhancement is achieved through doping of other ele-
ments. As an example, samarium doped ceria (SDC) where
Sm>* replacing Ce** in CeO,, generates extra vacancies for
oxygen and thereafter, oxygen ion conductivity increases
through SDC as an electrolyte. In fact, the mechanism of
changing overall conductivity of the electrolytes depend on
the variation of different doping ratios. Sm, Gd, Y, La, Nd,
and Pr are + 3 valence ions, and are useful to generate more
oxygen vacancies due to smaller enthalpy value of associa-
tion and also the ionic compensation among Ce** and + 3
valence ions [21]. Especially, in La and Pr co-doped ceria,
we have come to know that larger radii of La®* and Pr**

ions lead towards the high lattice strain, that increases the
defect formation in response [22]. Meanwhile, excess Pr3t
ions limit the carrier mobility and increase the band gap
value, and the high band gap limits the formation of oxygen
vacancies [23]. However, the doping of La** jons into the
main ceria lattice results turning it into a donor level, which
supports decrease in the band gap between valence and con-
duction bands and therefore, the phenomena counteracts to
increase a possibility of oxygen vacancy formation [24].

Besides, this study is aimed to understand the conduction
mechanism through La/Pr co-doped ceria (LCP) electrolyte
for high-performance low-temperature CFC. In addition,
LCP sample is sandwiched between two identical layers of
Nij gCoyq ;5Al; 0510, 5 (NCAL) coated Ni foam (NCAL-
Ni) in order to construct a mechanically robust symmetric
cell. Finally, the device is tested in fuel cell conditions; the
cell has achieved a superior power density with a noticeably
high ionic conductivity at sufficiently low temperature, i.e.
@ 520 °C. Furthermore, the cell was examined for the gain
mechanism of the NCAL-Ni/LCP/NCAL-Ni cell and proton
conduction was found. This work demonstrates LCP elec-
trolyte with novel proton conduction for developments of
CFC, giving a new path for CFC development which could
be practically possible at affordable temperatures.

2 Experimental
2.1 Materials Preparation

The original material used in this work is industrial-grade
rare-earth LaCePr-carbonate purchased from Inner Mongo-
lia Baotou Rare-Earth Hi-Tech Co Ltd, China. The LaCePr-
carbonate is an industrial-grade mineral mainly composed of
La,(CO3); (24.9 wt%), Cey(CO3); (74.7 wt%), and Pr,(CO3),
(0.4 wt%), which is used as the raw material to produce
industrial-grade rare-earth oxides. The electrode material
NCAL is purchased from Tianjin Bamo Science &Tech-
nology Joint Stock Ltd., China. The LaCePr-carbonate is
heat-treated at 800 °C for 4 h to get LCP for the subsequent
experiments. Previous study has established that the LCP
with the chemical formula La, 33Ce 4,Pr( (50,5 [25-28].

Table 1 An overview of the

) ) Configuration Temp. (°C) MPD (mW/ References

maximum power density (MPD) cm?)

of PCFCs at low temperature in

the recent five years BZY20-Ni/BZY20/BCFZYO0.1 500 455 [15]
Ni-BCZNY/BCZY/LSCF-BZCY 550 326 [16]
NiO-BCZYZn05/BCZYZn05/BSCF-BCZYZn05 550 278 [17]
NiO-BCZY/BCZYYb/BCFZY 550 500 [18]
Ni-BZCYYbN/BZCYYbN/BCCY 550 421 [19]
Ni-BZCYYbPd/BZCYYbPd/BCFZY 550 456 [20]

@ Springer KE;E



International Journal of Precision Engineering and Manufacturing-Green Technology (2024) 11:449-461 451

BCZY (BaCe;Zr; ;Y,055) is synthesized using sol-gel
method. Ba(NO,), (>99%, purchased from Aladdin Bio-
Chem Technology Ltd., China), Zr(NO;),-5H,0 (99.99%,
purchased from Macklin Biochemical Co., Ltd., China),
Ce(NO,),-6H,0, Y(NO;);-6H,0O (purchased from A.R.,
Aladdin Bio-Chem Technology Ltd., China) were dissolved
in ethylenediamine tetra acetic acid (C;yH;(N,O4, EDTA,
purchased from A.R., Sinopharm Chemical Reagent Co.,
Ltd, China) solution according to the required stoichiomet-
ric ratio. Citric acid monohydrate (C4HgO4-H,O, purchased
from A.R., Chron Chemicals Ltd., China) and C,jH,;(N,Oq
were added to the combined solution with a molar ratio of
cation: citric acid: EDTA=1: 1.5: 1. Then, ammonia solu-
tion (NH;-H,O, purchased from A.R., Sinopharm Chemical
Reagent Co., Ltd., China) was used to adjust the solution
with pH value to approximately 9, until the solution became
transparent via a visual inspection. The resultant solution
was continuously stirred at 120 °C for 4 h to evaporate the
water to get grey colored gel after the auto-combustion.
Finally, the gel was calcined at 1000 °C in air for 5 h to
obtain final BZCY product.

2.2 Material Characterization

X-ray diffraction (XRD) of the powder samples was per-
formed by an advanced X-ray diffractometer (Bruker D8
ADVANCE, Bruker Company, Germany) with Cu Ka radia-
tion (A= 1.54060 A). The morphology and detailed micro-
structure of the sample were studied using scanning electron
microscopy (SEM; SU8010, Hitachi Limited, Japan) and
high resolution transmission electron microscopy (TEM;
Talos F200x, FEI Co., USA); also, an energy dispersive
spectrometer (EDS) coupled with SEM focusing on O, Ce,
La, and Pr elements was used to study the elemental compo-
sition. Valence state changes and different bonding mecha-
nisms were detected by X-ray photoelectron spectroscopy
(XPS; Escalab Xi+, Thermo Fischer Scientific, USA) in C
1s,01s,La3d, Ce 3d and Pr 3d orbits. In addition, Fou-
rier transform infrared spectroscopy (FTIR; Nicolet Is10,
Thermo Fischer Scientific, USA) was performed to charac-
terize the surface vibrational properties and the functional
of the samples.

2.3 Fuel Cells Fabrication and Testing

The LCP fuel cells were fabricated via dry-pressing method.
As show in Fig. S1, 0.2 g electrolyte powder was sandwiched
between two pieces of NCAL-Ni electrodes by a unidirec-
tional hydraulic press applying 10 MPa of compression to
obtain a single cell with a configuration of NCAL-Ni/LCP/
NCAL-Ni, which possessed an effective working area of
0.64 cm?. Fig. S2 shows a cross-sectional SEM image of this
cell, with a cell thickness of 2 mm and an electrolyte layer

thickness of 0.5 mm. H, with flow rate of 175 mL/min and
pumped air with flow rate of 150 mL/min were utilized as
fuel and oxidant, respectively. The I-V (current—voltage) and
I-P (current-power) characteristics of the cell were meas-
ured at various temperatures using an IT8511 electronic
load (ITECH Electrical Co., Ltd., China), while the data
was recorded by an IT7000 software. An electrochemical
workstation (CHI660E, ITECH Electrical Co., Ltd., China)
was used to perform the electrochemical impedance spec-
troscopy (EIS), which was carried out at open circuit voltage
from 1 MHz to 0.1 Hz with an amplitude of 5 mV.

3 Results and Discussion

3.1 Structural, Morphological and Compositional
Analysis

Figure 1 shows XRD pattern of LCP that displays the same
fluorite structure as that of CeO, (PDF No. 34-0394). The
2-theta value of the LCP peak is slightly shifted towards a
lower angle as compared to that of pure CeO,. This can be
considered as the doping effect of La>* (1.16 A) and Pr**
(1.12 A) with larger ionic radii instead of Ce** (0.97 A),
resulting in lattice expansion [29].

Figure 2(a) shows the SEM image of LCP, it can be
observed that the industrial-grade rare-earth LCP mate-
rial after direct sintering at 800 °C has an irregular par-
ticle structure with some agglomeration. The particle size
distribution of LCP is measured between 100 and 300 nm.
From the EDS images in Fig. 2(b—e), the main elements of
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Fig.1 XRD patterns of LCP electrolyte.
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Fig.3 TEM images of LCP electrolyte a before the testing and b after the testing.

LCP material are observed as uniformly distributed along
the overall material structure.

Figure 3(a) and (b) show the TEM images of LCP with
the lattice spacing of 0.271 nm and 0.329 nm in the (111)
and (200) planes, respectively, which is larger than that of
CeO,. Comparing the TEM images (a) before the testing
and (b) after the testing, it can be observed that there is an
amorphous layer (dotted area) on the surface of the LCP
particles after the testing. The developement of this amor-
phous layer after electrochemical testing has been easily
detected in nanostructured fuel cells with NCAL electrode,
due to the reductive NCAL materials in fuel gaes envirmo-
ment together with the initial porous structure of electrolyte.
The composition and detailed mechansim of this amorphous
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layer would be revealed by the following XPS and FTIR
analysis.

3.2 Electrochemical Performance of the Device
and Conduction Mechanism

At different temperatures, Fig. 4(a) displays the I-V and I-P
characteristics of the LCP electrolyte fuel cell. The LCP
device has a MPD of 757 mW/cm? at 520 °C, and its open
circuit voltage (OCV) is 1.071 V. Observed OCV increases
with a decrease in temperature, agreeing with the Nernst
equation. Furthermore, this figure depicts the MPDs of 619,
552, 292, 153 and 30 mW/cm? at 500, 480, 460, 440 and
420 °C. The sudden decrease of MPD observed when the
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Fig.4 a I-V and I-P characteristics of the LCP electrolyte fuel cell; b EIS of LCP electrolyte fuel cell tested under H2/air conditions; ¢ Conduc-

tivity plots and d Arrhenius plots of the LCP electrolyte fuel cell.

temperature was reduced to 420 °C can be explained by
phase transition in the electrolyte. In the fuel cell test, the
NCAL anode was reduced in hydrogen atmosphere forming
LiOH/Li,CO; mixture, which in molten state diffused into
the electrolyte [30, 31]. In the preparation of NCAL-Ni elec-
trode, NCAL powder was mixed with ethanol and terpineol
solvent to get slurry and pasted on the Ni foam. Therefore,
the ethanol and terpineol are believed to be the main source
of the carbon in the amorphous layer. Besides, CO, in the air
is also a possible source. In molten/partially molten states,
LiOH/Li,CO; mixture seals both the porous anode and the
electrolyte, resulting in a high OCV that is saturated to the
theoretical value [32]. Correspondingly, when the tempera-
ture decreases to 420 °C, the MPD of the cell deteriorated
dramatically. In the study of NCAL/GDC/NCAL fuel cell,
419 °C was considered as the melting/solidification critical
point of LiOH/Li,CO; mixture [33]. As the LiOH/Li,CO;
mixture solidifies in the LCP device at around 419 °C, the
conductivity of the electrolyte dropped abruptly disrupting
a production of power output. In addition, the solidification

point of LiOH is 471 °C, and the sudden power density deg-
radation at 460 °C may be caused by the partial solidification
of LiOH in the LiOH/Li,CO; mixture.

Figure 4(b) exhibits the EIS results for the LCP fuel cell
in Hy/air atmosphere from 520 °C down to 420 °C. The raw
data were fitted to the equivalent circuit by Zview. In the
EIS, the x-axis intercept at high frequencies indicates the
ohmic impedance, and similarly, the x-axis intercepts at
medium and low frequencies indicate the charge transfer
impedance and mass transfer impedance, respectively [34].
The Nyquist plot can be modeled using an equivalent cir-
cuit, where R, represents the bulk conduction resistance,
R, represents the grain boundary conduction resistance, R,
represents the electrode polarization resistance, and CEP is
its corresponding constant element phase. Table 2 shows the
results of the fitting calculation.

The ionic conductivity can be calculated by the following
equation:
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Table 2 The fitting parameters

_ 'g para Temp R, R, CPEI-T CPEI1-P R, CPE2-T CPE2-P
obtained from Zview with an
equivalent circuit. The R and 520 °C 0.386 0.043 0.017 0.889 0.280 1.466 0.546
constant phase element (CPE) 500 °C 0.433 0.093 0.013 0.758 0322 1.014 0.559
have the units of Q cm” and F
om?, respectively 480 °C 0.531 0.169 0.006 0.747 0457 0.722 0.564
460 °C 0.597 0.281 0.006 0.689 0.624 0.599 0.459
440 °C 0.769 0.402 0.005 0.683 1.691 0.581 0.434
420 °C 1.003 0.546 0.005 0.672 6.643 0.475 0.339
o = L ! low as 0.2 eV [7, 36]. In order to elucidate the conduction
I RxS M mechanism of LCP electrolyte and the reason for its high

where L denotes the width of the electrolyte, S denotes the
active area of the cell, and R denotes the resistance associ-
ated with the electrolyte. Here, R can be represented in two
ways: 1. the value of R;+ R, in the EIS results; 2. the resist-
ance of the I-V curve in the ohmic polarization region [34].
As shown in Fig. 4(c), the ionic conductivity of LCP is
0.111-0.032 S/cm at 520-420 °C, which is significantly
higher than that of conventional oxygen ion conductors. In
this case, the result obtained by simulating the ohmic resist-
ance in the EIS is the total conductivity influenced by ions
and electrons. In contrast, the resistance of the linear part of
the ohmic polarization region in the polarization curve cor-
responds to the ionic conductivity. The ionic conductivity
(6,) results from the EIS are not significantly different from
the polarization curve (I-V curve) obtained, and it can be
judged that the electron conductivity in the LCP fuel cell is
negligible Table 2.
The activation energy can be calculated by the following
Arrhenius equation [35].
1 4y Ea 1
n(c;T) = In( )_EXT 2)
Here, A is a pre-exponential factor, T is temperature in
kelvin, R is the molar gas constant, and E,, is the activation
energy of ion migration. As shown in Fig. 4(d), E,, obtained
by EIS is 0.642 eV. Because of its high ionic conductivity
and low activation energy, the LCP electrolyte cannot be a
conventional oxygen ion conductor as they usually exhibit
their activation energy greater than 1.0 eV, whilst the acti-
vation energy for surface conduction mechanism can be as

@ Springer KE;E

performance, the investigation carried on further.

To investigate the type of carrier conduction in LCP mate-
rial, BCZY was used as the blocking layer. BCZY exhibits
proton conduction at low temperatures [13, 37]. This method
is often used to determine the proton conductivity of elec-
trolyte materials [28, 38]. Figure 5(a) shows the I-V and I-P
characteristics of cell that is constructed using two 0.05 g
BCZY blocking layers at each side of LCP electrolyte, as
shown in Fig. 5(b). The cell has MPD of 732 mW/cm? at
520 °C with an OCV of 1.062 V. The comparison of MDP
at 520 °C from this cell with that (757 mW/cm?) of a cell
without the blocking layer in it indicates a marginal differ-
ence, proving that proton conduction dominates through a
LCP electrolyte layer for low-temperature CFC.

In fuel cells, hydrogen bonding is considered as the path-
way for proton conduction [39, 40]. In order to verify the
proton conduction mechanism through a LCP electrolyte,
FTIR (Fourier transform infrared spectroscopy) charac-
terization was used to investigate any effect in the material
before and after the cell’s performance tests, as shown in
Fig. 6. The peak at 3435 cm™! is the O-H bond in LiOH and
H,0, and the peak at 2922 cm™! is caused by the stretching
vibration of O-H [41, 42]. These indicate that there are many
OH groups in the LCP electrolyte and that protons may be
transferred in the electrolyte in the form of O-H. Also, the
peak at 2345 cm™ is caused by the O =C =0 antisymmetric
stretching vibration, the peaks at 1499 cm™' and 1439 cm™!
are attributed to the antisymmetric stretching vibration of
CO32_, and the peak at 864 cm™! is caused by the out-plane
bending vibration of CO32_ [43, 44]. This may be an effect
that is related to the infiltration of LiOH/Li,CO; mixture in
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Fig.6 FTIR spectra of the LCP cell before and after the test.

the NCAL electrode. The faint peaks at the same positions
of 1499 cm™! and 1439 cm™! in the cell before the test may
be caused by some residues of the LaCePr-carbonate.

For further surface analysis of LCP, the valence state
changes of the material was investigated using XPS. As
shown in Fig. 7(a), the main characteristic peaks of O, Ce,
La and Pr can be found in a wide range of XPS spectra from
simple LCP samples. In contrast, in the tested LCP cell, the
characteristic peaks of Ce, La, and Pr are no longer detect-
able, while the faint characteristic peaks of Li elements can
be detected. In Fig. 7(b), the XPS spectra of C 1 s before

the test and after the test can be fitted into two peaks. Posi-
tion 1 (298.21 eV) and 1’ (298.77 eV) can be assigned
to the COSZ_, position 2 (284.83 eV) and 2’ (284.76 eV)
can be assigned to the hydrocarbon [33]. In Fig. 7(c), the
peaks of adsorbed oxygen, associated with OH™, CO32_ and
oxygen vacancies, with binding energy around position 1
(531.35eV) and 1’ (531.55 eV) appears in the O 1 s XPS
spectrum, while position 2 (528.54 eV) is attributed to lat-
tice oxygen [33, 45]. It is noticeable that the peaks indi-
cating OH™ and CO,~ are significantly enhanced after the
test, while the peaks of lattice oxygen are almost difficult to
be detected. This indicates that during the fuel cell testing,
the NCAL anode was reduced under hydrogen environment
and formed LiOH/Li,CO; mixture in the molten state [32].
The LiOH/Li,CO; mixture diffuse into the electrolyte and
is filled between the interfaces of the LCP particles form-
ing an amorphous layer, as shown in Fig. 3(b). This amor-
phous layer has been reported in previous nanostructured
LST, BCY and GDC fuel cells using the same dry-pressing
method similar in LCP too [32, 33, 42, 46]. The authors
speculate that this amorphous layer forms a high-speed
pathway for ion conduction on the surface of LCP parti-
cles, which helps to enhance the proton conductivity of LCP
electrolyte and hence improve the power output of the cell.

Recently, proton conduction is reported at the interface
of nanostructured oxides and carbonates [47]. Ricca et al.
suggested that LiKCOj; is coated on the surface of YSZ,
forming a high-speed pathway for ion transport in the two-
phase interface region [48]. Wang et al. investigated the
SDC/Na,CO; nanocomposite electrolyte and concluded that
the interface due to the introduction of carbonate enhances
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the proton conduction and used a “Swing Model”. In their
model, protons form meta-stable hydrogen bonds with oxy-
gen ions from both CO;>~ group and the surface of SDC as
a conduction pathway [49]. Similarly, in the LCP electrolyte,
the LiOH/Li,CO; mixture coated on the surface of LCP par-
ticles establishes a high-speed pathway for proton transfer.
The bending and stretching vibrations of CO32_ demon-
strate the process of hydrogen bond formation and breaking
between proton and CO32_ groups. Along the direction of
hydrogen concentration, the H+-CO32_ bond becomes one
of the main pathways for proton conduction. Moreover, O—H
stretching vibration was also observed, which may be caused
by hydrogen bond between protons and oxygen atoms on
the LCP surface. The concentration difference cell method
was used to investigate the LCP ion conduction mecha-
nism without the influence of LiOH/Li,CO; mixture. The
concentration cell method is often used to determine the
carrier type and a number of ion transfer within fuel cells
[50]. For instance, LiAl, sCo, s0,, BCY and other materi-
als demonstrated the conduction mechanism using same
method [46, 51]. Hydrogen concentration cells (HCC) were
fabricated using platinum as the symmetric electrode and
oxygen concentration cells (OCC) were fabricated using
silver as the symmetric electrode. The voltage of HCC was
recorded under the conditions of 5%H, +95%Ar and pure
H, on one and other side of the cell [52]. The voltage of the
OCC was recorded under the conditions of 2%0, + 98 %Ar
and 21%0, +79%N, on one and other side of the cell. The
theoretical voltage value of concentration cell was calculated
by Eq. (3), where p1 and p2 are the partial pressures of fuel
on each side of the cell, respectively, and n is the number
of transferred electrons. The transfer number of protons and
02~ can be calculated by Eq. (4), based on the measured
voltage E, and the theoretical voltage Eye g
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The proton transfer number of HCC shown in Fig. 8(a) is
42.8%-63.5% at 400-550 °C. As shown in Fig. 8(b), the oxy-
gen ion transfer number of OCC is 16.9%-27.1%. This result
indicates that proton conduction dominates in pure LCP
with the presence of oxygen ion conduction. In the results
of Fig. 6, the O—H stretching vibration peak at 2922 cm™! in
the NCAL-Ni/LCP/NCAL-Ni cell indicates that the proton
conduction may be through the formation of O—H bonds
between protons and oxygen atoms on the LCP surface. It is
also one of the main pathways of proton conduction in the
similar Grotthuss model. Figure 7(d—f) show that in LCP
before the test, Ce element is mainly present at +4 valence,
La element is mainly present at+ 3 valence, while Pr ele-
ment is present at both + 3 and +4 valence. In the fluorite
structure of ceria-based materials, Ce** is doped by La** and
Pr**/Pr** in high proportion, forming many oxygen vacan-
cies. These oxygen vacancies provide a conduction pathway
for O%~. However, the low oxygen ion transfer number is
due to the effect of low temperature below 550 °C on the
one hand, and on the other hand, the doping of rare-earth
cations with large radii such as La** and Pr** make the
formed oxygen vacancies unstable as revealed by the study
of Nakayama et al. using the first principle [53]. In fuel cell
conditions, both H* and O%~ can be sourced externally from
hydrogen and oxygen. In contrast, in HCC or OCC tests, dif-
ferent gas atmospheres will result in different ion conduction
mechanisms with the fuel cell atmosphere [54].

According to the combined analysis, the authors have pro-
posed the conduction mechanism in NCAL-Ni/LCP/NCAL-
Ni fuel cell, as shown in Fig. 9. During the cell operation,
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Fig.8 The observed OCYV, theoretical OCYV, and transfer number from (a) hydrogen concentration cell and (b) oxygen concentration cell.
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Fig.9 Conduction mechanism
in NCAL-Ni/LCP/NCAL-Ni
fuel cell.

the LiOH/Li,CO; mixture in molten or partially molten
state is automatically coated on the surface of the LCP par-
ticles forming a core—shell structure [55]. The proton has
a smaller radius and lighter mass and is believed to form a
hydrogen bond with the neighboring lattice O atom [56]. In
the two-phase interfacial region, proton conduction takes
place mainly in two ways: 1. H-O bonds are formed among
protons and oxygen atoms of CO; group; 2. H-O bonds
are formed among protons and oxygen atoms on the LCP
surface. These H-O bonds are continuously forming and
breaking, allowing proton conduction along this high-speed
pathway in the direction of hydrogen concentration. On one
hand, the rotational motion of the CO; group enables the
proton to pass across the CO; groups through the H-O bond.
On the other hand, proton passes from one oxygen atom to
another one on the surface of the LCP particles via the H-O
bond. The stretching and bending vibrations of CO,*~ and
the stretching vibrations of O—H demonstrate these pro-
cesses. Expectedly, the protons may form both H-O bonds
to the CO; group and the oxygen atom on LCP surface. In
this case, the rotating CO; group may promote the transfer
of protons across the oxygen atoms on the LCP surface. For
the LCP electrolyte with low oxygen ion conduction, when
NCAL is used as the electrode, the LiOH/Li,CO; mixture
formed by the reduction of the anode greatly promotes the
proton conduction, making the contribution of O*~ in the
NCAL-Ni/LCP/NCAL-Ni fuel cell almost negligible. In
addition, the molten constituent covers the surface of LCP
particles, which may hinder the internal electron conduction
through the bulk electrolyte and can help to avoid internal
short circuit [31].

@ Springer KE;E
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4 Conclusions

LCP based low-temperature CFC using NCAL as the elec-
trodes, has achieved a peak power density more than 750
mW/cm? at 520 °C. Adding BCZY blocking layer helps
to demonstrate that the NCAL-Ni/LCP/NCAL-Ni cell to
become dominated with proton conduction. In the molten
state LiIOH/Li,CO5 mixture on the surface of LCP par-
ticles, protons form H-O bonds with oxygen atoms in
COj; groups and meanwhile form H-O bonds with oxygen
atoms on the surface of LCP, establishing a high-speed
pathway for proton transfer. The high-speed pathway at
the interface between the LCP particles and the LiOH/
Li,CO; mixture has a great influence on the enhancement
of the ionic conductivity. It was demonstrated via HCC/
OCC tests that the LCP electrolyte is a mixed conduc-
tor with proton and O~ when there is no LiOH/Li,CO,
mixture produced by the NCAL electrode. LiOH/Li,CO;
mixture promoted the proton conduction through an LCP
electrolyte layer to a promising level that oxygen ion con-
duction was almost negligible through the NCAL-Ni/LCP/
NCAL-Ni device.
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