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The impressive ionic conductivity and tunable conduction behaviors have made the ceria-carbonate
composite an attractive electrolyte for low temperature ceramic fuel cells. However, the conduction
mechanism is not yet well studied. In the present study, both proton and oxygen ion conductivity as
well as the transport properties of samaria-doped ceria/ sodium-lithium-carbonate (denoted as SDCLN)
composite are investigated by the fuel cell study and the modified Hebb-Wagner polarization
measurements. The multi-ionic polarization behaviors and the transfer processes in composite
electrolyte under external electrical field are analyzed. A maximum power density of 780 mW cm™
and a calculated total ion (proton and oxygen ion) conductivity of 0.153 S cm™ are obtained under H,/
air condition at 550 °C. The Wagner DC polarization measurements show that the proton conduction
dominates the total ionic conductivity. A synergistic effect exists between the charge carriers in the
doped ceria-carbonate composite system. An ideal interfacial conduction model is also proposed based
on the obtained results.

Keywords: Solid oxide or ceramic fuel cell; Ceria-carbonate composite electrolyte; Proton and oxygen
ion conductivity; Wager polarization; Synergistic effect

1. INTRODUCTION

In recent years, Ceria-based composite materials have been extensively studied as the
electrolyte for low temperature solid oxide fuel cells (SOFCs) or ceramic fuel cells [1-22]. It has been
demonstrated with many advantages over single-phase electrolytes: i) higher conductivity of 10%-10"
S cm™ at 500 - 600 °C; ii) restraint partial reduction of Ce** to Ce®*" and iii) improved mechanical
properties. These composites have also been successfully proved with other advanced applications [23-
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27], such as direct carbon fuel cells [23,24] and CO, separation membrane [25,26]. All of these make
SDC-salts composites as the star materials in energy and environmental related field.

Except the high ionic conductivity as the electrolyte for SOFC, the tunable ion conductive
properties also attracted growing attention in the past years. In order to better understand the ionic
transport process in the SDC-carbonate composite, several techniques have been presented by different
research groups [2,5-7,9,11,12,25,28-31]. In the earlier study, we have reported that the ceria-salt
composite system was a mixed oxygen ion and proton conductor [1,2,32]. Following with this work,
Huang et al. [6,28] proved this by experimental observation: water was produced at both electrode
sides. Moreover, their further study showed that the SDCLN system could be a pure proton conductor
with a composition optimization [7]. Thereafter, W. Zhu and his co-workers [5] found that the
carbonate ion was the dominant charge and co-existed with proton and oxygen ion conductions. They
also found that electronic conductivity was negligible as compared to that of the ions based on the
concentration cells at different gas atmosphere. The conductive properties of SDC-carbonate were also
examined by Boden et al. [29] using advanced complex impedance spectroscopy. However, they were
not able to come up with any specific findings. The contributions of proton and oxygen ion conduction
in SDC-(Li/Na),CO3 were also studied by Di et al. [12] using the water concentration cells; and the
oxygen ionic conduction were shown to dominate the whole ionic behaviors. While X. Wang [30]
presented that the proton conductivity of SDC-Na,CO3; was 1-2 orders of magnitude higher than the
oxygen ion conductivity in the temperature range of 200-600 °C using the four-probe DC technique.
More recently, an interesting work has been reported about SDCLN composite which was
demonstrated to a ternary ionic conductor, 0%, H* and CO3%. Besides, the introduction of CO, to
cathode gas at fuel cell condition could improve the fuel cell performance [9,11,25]. The multi-ionic
conduction of composite electrolyte was quantified by careful reaction production analysis [31].

Based on the above discussions and the fallouts, we can find the complexity nature in the ceria-
slat two-phase composite systems. Also, it should be noticed that the contributions of multi-ionic
conductivities in these materials are multi-parameters effect, such as the electrolyte composition, the
microstructures, particle size & distribution and morphology, temperature and most important the
applied in-situ atmospheres [33]. Moreover, for a multi-ion conductive system, coexisting blocking
and non-blocking mobile ions, and in particular integrated with an open system in which both the
intrinsic and extrinsic ions are available, there are, however, current not any analysis techniques and
experimental methods to depict such a complex system. While the investigation of the ionic
conduction behaviors and mechanism for such a complex system needs one general but valid
methodology considering that the experimental and technological exploitation of these materials is
apparently moving faster than the understanding of their performance. Therefore, ionic polarization
process in doped ceria-carbonate is still an open field to be discussed and needs more comprehensive
studies.

Hebb—Wagner polarization is a widely used experimental technique for separating the ionic and
electronic conductivity of a mixed conductor [34-36]. Through an analysis of the steady state I-V
curves, the desirable partial conductivity can be obtained. Although the method has been broadly used
in high temperature electrochemical device [37-40], majorly on the mixed ionic and electronic
conductive doped ceria electrolyte [41,42], the application in the ceria-salt composite system is seldom
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reported [10,21,30]. Therefore, in this work, we used a modified Wagner polarization approach to
study the ionic transport behavior in SDCLN composite electrolyte. The traditional Wagner
polarization was generally used to separate the ionic conductivity from the electronic conductivity by
an ionic blocking electrode. Yet, hereby, ions other than the source ions are separated, because only
the source ions can steady-state transport under the external electrical field. In other words, only the
proton transport in hydrogen atmosphere or the O migration in oxygen in the SDC-carbonate
composite electrolyte would be analyzed. It is well recognized that the conductions of H* and O are
the key issues in the ceria-based composite electrolyte based fuel cell and other applications
[23,24,27].

2. EXPERIMENTAL

2.1. Preparation of composite electrolyte

CepsSmo 2019 (SDC) powder was prepared by a co-precipitation process. Precursory solution
was obtained by dissolving of Ce(NO3)3 - 6H,0 and Sm(NO3)s3 - 6H,0 in water. A white precipitant
was obtained by dripping the precursory solution to the sodium carbonate solution until a near-neutral
pH of 8.0. After being filtrated and washed with deionized water and pure ethanol, the precipitant was
dried and calcined at 700 °C for 2 h. The resulted SDC was then blended with binary carbonate with a
weight ratio of SDC to carbonate to be 4:1. The molar ratio of Li,CO3 to Na,COgis 2:1. The composite
was again heated at 680 °C for 40 min and quenched in air. The resultants were ground for further use.

2.2. Single cells fabrication

Three types of single cells were fabricated with SDCLN electrolyte supported configurations.
The total pellet thicknesses are 1 mm. One is for fuel cell measurement with Ni anode and lithiated
NiO cathode. The detailed fuel cell preparation can be found in our previous publications [12,16]. The
electrolyte thickness for this study is around 600 pum. The other one is the symmetrical cells for
electrical conductivity characterizations. The electrodes are either NiO or lithiated NiO for reducing
and oxidation atmosphere, respectively. They are mixed with SDCLN in an equal volume. After being
co-pressed at 300 MPa with electrolyte layer, the surface of the electrode is covered with silver paste
as the current collector. The last one is the electrolyte pellet only with silver paste. All the pellets have
a diameter of 13 mm and are sintered at 600 °C for 30 min to achieve a good mechanical strength and
to activate the interface between electrolyte and electrode.

2.3. Electrochemical measurements

Electrical properties were first measured using the fuel cell I-V polarization characteristics. The
I-V polarization curves were recorded by a fuel cell tester (SM-102, Tianjin Sanmu Cop. China). The
humidified hydrogen (3 Vol % H,0) and air are used fuel and oxidation, respectively.

Wagner DC polarizations were measured in air and in the pure hydrogen atmosphere,
respectively. A constant current of 0.1 A was applied by regulated power supply (Labornetzgerat/ Lab
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515. The resulted voltage was recorded with time. All the samples are sealed with silver glue. The gas
velocity of flow, 100 ml min®, was controlled by a precise gas flow-meter. The scheme for the
electrical conductivity measurement is depicted in Fig. 1. To establish a definite source ionic
distribution in the sample, the samples were put in applied gas atmospheres for 2 h prior to connecting
to the regulated power supply.

The samples were fixed on the sample holder and horizontally put into a tubular furnace [23].
The temperature of the furnace was controlled by a Eutherm temperature controller and the pellet
temperature was measured using a Platinum thermocouple close to the pellet. Mostly, the
measurements were carried out between 400 - 600 °C. All the data are normalized by the thickness of
the electrolyte to calculate the electrical conductivity.

1. Pure hydrogen/air bottle; 2. Electrical furnace; 3. Temperature controller and data; 4. Data
processor; 5. Pellet sample; 6. Inspection ammeter; 7. Precious gas flow-meter; 8. Regulated power
supply and 9. Resistance

Figure 1. Schematic of electrochemical properties measurement for composite electrolyte

3. RESULTS AND DISCUSSION

3.1. DC conductivity under fuel cell operation

The complex AC impedance measurement is a common way to acquire material conductivity.
However, the AC conductivity reflects contributions from all mobile charge carriers:

C = X0j

Where i represents mobile charge carrier in the SDC-carbonate composite electrolyte. The
mobile charge carriers are Li+, Na*, COs* and O%. When it is treated in fuel cell or hydrogen or
humidified atmospheres, H* will be introduced additionally. Therefore, the specific charge carrier
contribution is difficult to figure out. More important, the ionic contribution to fuel cell performance
cannot be identified. This aspect may explain the study results “no mechanism for ionic transport can
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be concluded” by Bodén et al [29] on the conductivities of the SDC-carbonate composite system in
reducing and oxidizing atmospheres by complex electrochemical impedance spectroscopy.

In addition, the SDC-carbonate composite with 20 wt. % of carbonate is used in this study
because of the sufficient percolation paths to contribute ionic mobility and conductivity values as well
as the best performance in fuel cells as reported in the literature [6,28].

Fuel cell characterizations were suggested as a useful tool to in-situ analyse the conductivity of
the electrolyte material [43]. In some cases, the conductivity derived from the fuel cell study can
closely represent the material's electrical conductivity, especially when the materials’ non-
stoichiometry in specific environments and the system with multi-mobile ion conductions were
considered. According to the literature [43], through a direct measurement of 1-V characteristics, the
electrolyte area resistance (R) can be determined after subtraction of the influence of the electrodes and
electrolyte/electrode interfaces. The conductivity (o) of electrolyte can be calculated by the following
equation:

c=L/R

In which L is the effective thickness of electrolyte layer.
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Figure 2. I-V and I-P characteristics of fuel cells with SDC-20 wt. % LiNaCO3z composite electrolyte
supported configuration at various temperatures

Fig. 2 illustrates the I-V and I-P characteristics for the Hy/air fuel cell with SDC-20 wt. %
carbonate composite electrolyte at 480 °C, 520 °C and 550 °C, respectively. The open-circuit voltages
(OCVs) reach 1.04 V at 550 °C and 1.08 V at 480 °C, which is close to the theoretical values by the
Nernst equation, pointing out the SDC-carbonate composite electrolyte layer possesses acceptable
density. It also shows that the n-type electronic conduction of doped ceria has been sufficiently
suppressed in composite electrolyte. Also, an excellent power density of 780 mW cm™ has been
achieved under the current density of 1500 mA cm™ at 550 °C. The total ionic conductivities of
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SDCLN in the fuel cell environment are 0.153 and 0.100 S cm™ at 550 °C and 480 °C, respectively.
The conductivity value is much higher than those of single phase cubic fluorite ionic conductors at the
same temperature, such as SDC (700 °C, 0.1 S cm™) and stabilized Zirconia (1000 °C, 0.1 S cm™) [44].
The high ionic conductivity can also explain the excellent electrochemical performance at the reduced
temperatures.

3.2. DC conductivity by Wagner polarization

As demonstrated earlier, the electronic conductivity of doped ceria has been effectively
depressed in the SDCLN, thus the fuel cells can well reach an OCV above 1.0 V compared to the pure
SDC electrolyte fuel cell, only less than 0.95 V obtained above 450 °C [45]. Also the electronic
conductivity of composite electrolyte has been checked by Wei Zhu et al. [5] with a Hebb-Wagner’s
ion-blocking cell. They found that the electronic conductivity of SDC-carbonate was about 10* S cm™
at 500 - 550 °C, about two to three orders of magnitude lower than the total conductivity. Therefore,
the electronic conductivity is negligible and the SDCLN composite system can be considered as a pure
ionic conductor.

As discussed above, the SDC-carbonate fuel cell is a multi-ion conductive system, containing
Li*, Na*, COs*, 0% and H* (with humidified gas or H, and fuel cell environment). It has been found
that only H*, 0% and H*/O? contribute respectively to the valuable electrochemical properties in
hydrogen gas, air (oxygen) and fuel cell condition. In the last several years, extensive works have been
carried out and have demonstrated that the H" and O transport in SDCLN composite. However, few
are concerned on direct characterizing and separating these ions transportation properties [12,30,31].
Therefore, a general but valid approach needs to be developed which can better uphold the
experimental system and show new ways for the research.

In classic Hebb and Wagner polarization measurements, the electronic conductivity of the
cuprous halides has been deduced from current density-potential curves with the cell configuration:

Cu/ CuX/ graphite

Where ‘X’ denotes CI, Br or I. Under steady-state conditions, no ionic current flows with the
ionic blocked graphite, only the electrons or holes can transport [34-36]. In this work, however, with
the assumption of negligible electronic conduction in SDCLN composite, the aimed ions, proton or
oxygen ionic conductivity are studied by the modified Wagner polarization under the oxidation or
reduction atmosphere, respectively. Two different cell configurations are used to figure out the
electrode polarization effect on the ionic conductivity:

Cell A: Ag (paste)/ mixed electrode/ electrolyte/ mixed electrode/ Ag (paste)

Cell B: Ag (paste)/ electrolyte/ Ag (paste)

The mixed electrodes are Ni/SDC-carbonate and lithiated NiO/SDC-carbonate, respectively,
which are the commonly used as anode and cathode electrode materials for SDCLN composite
electrolyte. The works has been carried out both in hydrogen and oxygen atmospheres, respectively.
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3.2.1 Proton conductivity
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Figure 3. The Wagner DC polarization curve of electrolyte pellets under H, ambience and 0.1 A
invariable current. (a) cell A and (b) cell B

The proton conduction in the high temperature fuel cell has attracted considerable attention in
recent years because the proton transfer has much lower activation energy than the oxygen ionic
conduction [46]. Especially, the proton conductor as the electrolyte for fuel cells has a higher
theoretical efficiency compared to its competitor oxygen ionic conductor [47]. However, the
development of high temperature devices based on proton conductors is hindered by the lower proton
conductivity, mismatched superior performance electrode materials as well as the tradeoff effect
between electrical conductivity and chemical stability [48,49]. The lower proton conductivity is
probably restricted by the structural ionic conduction; the large grain boundary resistance leads to low
total conductivity. In SDCLN system, the addition of carbonate not only effectively improves the
oxygen ionic conductivity, but also introduces the extrinsic proton transportation, thereby, with much
improved electrochemical performance [6,7,13]. Therefore, the proton conductivity in the composite
electrolyte is worth and interesting to investigate.
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Fig. 3 shows the polarization voltages as function of times in hydrogen atmosphere with two
different cell configurations. Once the current is applied, H" migrates initially from one side to another.
The electrochemical reactions occurring at the electrodes are:

Anode: H, — 2e" — 2H"
Cathode: 2H" + 2e” — H;

As can be seen from Fig. 3, the voltage vs. time curves can be divided into three stages both for
cell A and cell B, which may reflect different ionic polarization steps. At the beginning of the
measurement, the voltage increases significantly with time, then it reduces gradually and reaches a
platform. The voltage final keeps a constant value until the end of the testing.

Since the proton conduction is an extrinsic ionic behavior of SDCLN composite; there is no
original proton conduction inside composite electrolyte. While the other ions, like Na*, Li* and CO5*
and O%, are homogeneously dispersed within the electrolyte before constant current is applied. They
will also mobile under the electrical field. These non-sources or blocked ions move to and accumulate
at the electrode/electrolyte interface, to form a voltage that will against the existed external electric
field. In order to keep a constant current output which can be only supported by the sources ions,
proton in this case, the voltage therefore has to increase. Further going with the applied time, the
protons are continuously introduced into the electrolyte and move to another side. The migration of
other non-source cations and anions finally reaches a balance distribution according to the polarization
provided by the supplied electrical field. Simultaneously, the accumulated blocking ions stay in the
other electrode/ electrolyte interface, behaving as a double layer capacitor. With the time increases, the
proton conduction path in SDCLN composite turns to be more and more successive. Moreover, the
interfaces between electrodes and electrolyte are progressively activated. The polarization deduced
proton transport resistance hence reduces. Thus the applied voltage correspondingly declines. After a
full relaxation, a balanced concentration of ions is formed in the electrolyte, and electrode/electrolyte
interfaces become connected gradually, assuming that and proton conductivity is approaching a
constant. At last, H" can transport continuously at a steady-stable plateau.

It also can be seen from Fig. 3, with the increase of operational temperature from 450 °C to 550
°C, the voltage declines significantly, suggesting that the proton transport in the SDCLN composite
electrolyte is a thermal active process, similar to those of widely investigated high temperature proton
conductors [50,51], such as BaCeixYxOs3s and BaZr;4Y«Oss. However, their transport route is
absolutely different since the proton transports in doped ceria and carbonate, respectively, are
negligible at the same condition compared to other charge carriers. It has some similarities to the
proton conduction in nanoscale fluorite-structured oxides at low temperature and humidified
atmosphere, where the surface or grain boundary proton migration is proposed [52-54], but it should be
noted that, in nanoscale oxide, the conductivity reduces quickly with temperature increase. About the
proton conduction mechanism, it still not yet forms a consensus, but the interfacial conduction
mechanism may come to a conclusion and being majorly accepted [12,16,55,56].
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In addition, both cells (A and B) follow the same ionic polarization process. However, voltage
responses of various electrodes exhibit clear discrepancies. The cell with oxide mixed electrodes
shows a much lower resulted voltage than the cell with Ag electrodes. Typically, the voltage of the cell
with Ni/SDCLN electrode is 0.38 V at 450 °C, about twice smaller than that of the cell with Ag
electrode. The high electrode/electrolyte interfacial polarization resistance may inevitably reduce the
proton conduction. This could be interpreted by the low catalytic activity of Ag toward H, redox
reaction [57] and the limited electrochemical reaction active sites - triple phase boundaries. The total
polarization time of proton transport with Ag electrode, 40 min, is also much longer than that of the
cell with reversible mixed metal oxide/electrolyte electrode (10 min) due to reduced electrode-
electrolyte interface polarizations.

3.2.2 Oxygen ionic conductivity
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Figure 4. The polarization curve of electrolyte pellets under O, and 0.1 A constant DC current. (a) cell
A and (b)

The oxygen ionic polarization process is shown in Fig. 4. Interestingly, only two-stage without
voltage descending process is observed, which is visibly different from that of proton polarization at
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the same conditions. This could be related with the intrinsic ionic conduction of SDCLN composite
electrolyte [13].

Dislike proton introduced by the in-situ gas atmosphere, the oxygen ion transport inherent
contributes to the total ionic conduction in the SDCLN. The DC oxygen ionic conductivity also
increases with the applied temperature. However, when compared with the DC proton transport in
SDCLN composite, much higher voltages are required for both cell A and cell B. For example, the
applied voltage is 1.17 V for the constant oxygen ionic transport with reversible electrode at 450 °C,
while it is only 0.38 V for steady state proton conduction at the same temperature. Therefore, the
oxygen ionic conductivity is 2.07 times lower than conductivity of H*, see Fig. 3. The ionic conduction
phenomenon is consistent with the results reported by Wang [30] with similar material system.
According to the above results, the ionic polarization process in SDC-carbonate composite is
suggested as Fig. 5.
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Figure 5. Scheme for multi-ionic polarization process in composite electrolyte during Wagner DC
polarization. a) initial step without external potential, b) the first-step with external electrical
field (0.1A constant density), c¢) second-step with double capacitor and continue proton
transport and d) final steady state proton transfer in composite electrolyte [59]

Taking the proton conduction as an example, when there is no applied voltage between two
electrodes in H, atmosphere, the multi-ions are homogeneous dispersed in the composite materials as
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shown in Fig. 5a. The proton will gather first at the anode/electrolyte interface as soon as the voltage is
employed, while other ions will start to move correspondingly in this electrical field, i.e. the carbonate
ion and oxygen ion will move to anode while Na* and Li* will go to the cathode (Fig. 5b). With the
constant applied voltage, the proton will gradually transfer to the cathode, but it needs some time to
reach the interface of the cathode/ electrolyte, the same as other ions. The formed “electrical double
layer” [58] by non-source ions causes the voltage rising in order to maintain the constant current flow.
However, because of the non-source ionic nature, the voltage will not continuously increase; it will
reach a peak value, as shown in Fig. 3 and Fig. 4. With the increase of time, the proton finally achieves
the cathode/electrolyte interface. The interfacial activation will also promote the proton transfer and
reduce the applied voltage. Finally, the proton transport reaches the steady-state as shown in the
platform. For the oxygen ionic conduction, it is much easier compared to the proton transport.
Therefore, there is only one voltage increase process due to the “electrical double layer” formation and
the steady-state transport process.

Table 1. Calculation data of electrolyte conductivities (unit, S cm™)

550 °C 450 °C 550 °C
G+, DC 0.040 0.021 0.038 0.027
Goz-. DC 0.0184 0.0068 0.017 0.0079
Giv 0.153 - - -

The ionic conductivity data calculated by the Wagner polarization and derived by fuel cell 1-V
curves are summarized in Table 1. As can be seen, the proton conductivities are higher than the oxygen
ionic conductivities both for reversible electrode and Ag electrode. And pellet with reversible
electrodes exhibits higher ionic conductivity than the un-reversible electrode. One may also see that
the differences between proton and oxygen ionic conductivity increase with the decrease of the
temperature. For instance, proton conductivity of the cell A is 1.2 times higher than that oxygen ionic
conductivity at 550 °C (0.04 vs. 0.018 S cm™), which is increased to 2.1 when the temperature is
reduced to 450 °C. It is well known that the proton conduction is much easier than oxygen conduction
at low temperature. This is why the LTSOFC based on proton conductor attracts growing attention
because the low temperature operation will significantly reduce the cost and improve the reliability of
the high efficiency system. In addition, the oxygen conductivities at those temperatures are much
higher than the widely used single phase electrolyte materials, such as SDC (600 °C, 0.01 S cm™) and
YSZ (800 °C, 0.01 S cm™) [44], indicating that the O with significantly high capacity is realized in
such a composite system. There are two possible reasons for the enhanced oxygen ionic conductivity.
One is that the high distorted SDC/carbonate interface providing a higher mobile ion concentration and
a longer successive transport paths for the oxygen ionic transport [60]. The other one is that the
existing of second phase of carbonates leads to the accumulation of oxygen ions n at the surface of an
SDC particle, and thus resulting in a higher oxygen vacancy concentration in the SDC bulk due to the
interfacial interaction [61].
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One may observe that the DC conductivity derived from the fuel cell study is evidently higher
than the sum of the proton and oxygen ion conductivity by Wagner polarization measurement in the
tested temperature range. For instance, cell A shows a total ionic conductivity of 0.153 S cm™, 1.62
higher in fuel cell testing at 550 °C. The similar ionic conduction improvements are also observed
between O%, COs* and other ionic in doped ceria-carbonate composites [9,11,26,32,62]. Wade et al.
[26] found that a higher CO, permeability and selectivity of 6x10™* mol m™ s™* Pa™ was reached when
doped ceria and tertiary carbonates composite was used compared with alumina-tertiary carbonates
composite. Li et al. [9,11,62] showed that the electrochemical performance of fuel cell with doped
ceria-carbonate electrolyte can be significantly improved when the cathode gas was switched from O,
to 0,/CO, mixture. They suggested that the O® conductivity within ceria-carbonate composite could
be effectively promoted by CO4s% ion migration. Furthermore, a recent interesting study funded by the
Seventh Framework Programme of the European Commission (EP7) demonstrated a novel structural
cell named “Ideal cell”’[63,64,65]. In their experiments, water was formed within a porous mixed
oxygen ion and proton conductive layer sandwiched by two respective dense oxygen ionic and
protonic conductive membranes. This verifies that the oxygen ion and proton meet each other in the
porous mixed conductive layer and produce water. In our previous work, we also have presented that
the improved ionic conductivity of BaCey Y2035 and SDC composite was obtained compared to the
each single compound [32]. A recent work by Benamira et al. [66] supposed a mixed hydroxide and
carbonate phase in the doped ceria-carbonate to explain the enhanced ionic conductivity and the lower
melting point. They suggested that the OH™ was form by the following chemical reaction:

H,0 +0% — 20H

While H,O was from the oxidation reactions:
Hy + COs* — H,0 + CO, + 2¢

H, + 0% — H,0 + 2¢°

In addition, the water can formed when H* and O? meet together as demonstrated by the “Ideal
cell” [64,65]:

2H" + 0% — H,0

Even though the formed H,O may not be in the liquid form at such a high temperature, proton
conduction may actually be promoted and occur through successive proton transfers along the network
[67]. Therefore, we believe that a synergistic effect exists between different ionic species which causes
the enhanced total conductivity in the composite electrolyte and many other related phenomena.

An interfacial model for the two-phase composites of SDC-carbonate is suggested, as shown in
Fig. 6(a). It could depict the difference between the H* and O? transport in such a composite system.
The carbonates (the green balls) coats around the SDC matrix (like those red, white, blue, yellow big
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bulks), forming a nano-scale ion flow highways. The H" (the tiny red balls) conducts along the
interface between SDC and carbonate, while O (such as blue big balls) transports through the bulk
SDC and also the interface. An SEM image of the composite electrolyte is also shown in Fig. 6(b). As
can be seen from this figure, the nano-scale SDC powders were homogeneously surrounded by the
carbonates. The large amount of contacts or interfaces between carbonate and SDC will provide a
high-speed way for ionic migration in the composite electrolyte.

Tl

-
W AccV ﬁﬁagn; WO ——— 2m
200K/ 30 8000 91,
e |

Figure 6. (a) A ideal interfacial conduction model of SDC-carbonate composite and (b) SEM
micrograph of the SDC-carbonate electrolyte powders

3.3. The ion polarization time in multi-ion system

In the non-source ion and dielectric polarization process, Li*, Na*, COs* ions transported in the
two-phase electrolyte/electrode interfaces and clusters interior under the electric field can be estimated.
The Faraday electrolysis law can be used to calculate the maximal ion transport time [58], t:

t = mNgezZ/Al

Where m is ionic species including Li*, Na* and COs*, respectively; No , the Avogadro’s
constant; e, unit negative electric charge (1.602x10° coulomb); Z, ionic valence; A, atomic weight and
I is current.

They can be calculated based on the whole electrolyte including LiNaCOg3 (2Li,CO3: 1 Na,COg3
in molar ratio) of 20 %. For example, the weight of the composite electrolyte used in the measurements
was among the 0.25 g to 0.3 g, where a 20 % weight is LiNaCO3 We assume that all ions in these
LiNaCO3 contained ions can be transported. From the above equations, the maximal whole transport
time of whole Li*, Na*, and COs* ions together can be calculated to be lower than 25 min. After the 25
min the stable transport plateau in the DC Polarization curves thus reflects certainly the source ions
transport, as seen from Fig. 3 and Fig. 4.
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4. CONCLUSIONS

In this study, conductive behaviors of open and multi-ionic and open system are sophisticated
using doped ceria-carbonate composite as an example. New electrochemical analysis methodology -
modified Waggner polarization is appealing. The ionic polarization process (both the source ions and
blocked ions) is detailed analyzed. Thus we are able to specify contributions of each ion charger carrier
in the SDCNL composite system, in which the proton conductivity in is much higher than that of
oxygen ion. A synergistic effect between various ions is found and the interfacial conduction model is
suggested to interpret the much improved ionic conductivity of doped-ceria - carbonate composite.
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