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Abstract

Solid oxide fuel cells (SOFCs) have attracted growing attention worldwide
because of their high conversion efficiency and low emissions when paired
with clean fuel sources. Currently, reducing the temperature of SOFC to a
low-temperature (LT) range is a mainstream trend of SOFC research. One
effective way to reach this target is to explore alternative electrolytes that
can maintain a desirable ionic conductivity at low temperatures. Meanwhile,
it has been found that natural minerals hold great potential as functional
materials for energy conversion technologies, especially ion-conducting
hematite and rare-earth oxides. This thesis presents an experimental
investigation of novel composite electrolytes based on two common natural
minerals: hematite (LW) (α-Fe2O3) and La0.33Ce0.62Pr0.05O2-δ (LCP) for LT-
SOFCs application. Initially, hematite (LW) and LCP are characterized and
demonstrated as electrolytes in SOFCs. It is found the hematite ore is a
mixture of α-Fe2O3, silica, and calcite, while the LCP mineral is a La/Pr co-
doped CeO2. Both hematite (LW) and LCP cells exhibit encouraging
performance with power densities of 150-225 and 295-401 mW cm-2 at
500-600 ℃, respectively.

Following above findings, two mineral based nanocomposites – hematite-
LCP and LCP/K2WO4 – are developed. Electrochemical and electrical
studies reveal that the hematite-LCP gains a significantly enhanced
conductivity (0.116 S cm-1 at 600 ℃) compared to individual hematite (LW)
and LCP. The hematite-LCP based SOFC exhibits attractive power
densities of 386-625 mW cm-2 at 450-600 ℃. Further investigation
indicates that heterophasic interfacial conduction plays a crucial role in
resulting in the good performance. Another composite LCP/K2WO4 is
synthesized from LCP and tungstate through a wet-chemical route. The
obtained composites exhibit enhanced grain boundary conduction
compared to that of LCP. The composition dependence of the electrical
conductivity has been studied, indicating that 90 wt% LCP/10 wt% K2WO4

is the optimum proportion with highest ionic conductivity and negligible
electronic conductivity. The corresponding SOFC displays the highest
power density of 500 mW cm-2 at 550 ℃.
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Furthermore, by incorporating a semiconductor La0.6Sr0.4Co0.2Fe0.8O3-δ

(LSCF) into LCP and hematite-LCP, respectively, two semiconducting-
ionic composites LCP-LSCF and hematite/LCP-LSCF are designed.
Crystallographic and morphological characterizations are carried out to
gain insight into the material features, and the two composites are applied
as the intermediate membrane layer in LT electrolyte-layer free fuel cells
(EFFCs). Investigations in terms of conductivity and fuel cell performance
reveal that the two composites obtain improved ionic conductivities and
cell power outputs compared with those of LCP and hematite-LCP. It is
also found the two composites possess mixed ionic and electronic
conductivities, which are balanced in the optimal composites. Additionally,
stability and Schottky junction of the best-performance EFFC are studied to
verify its reliability.

Keywords:

Natural hematite; Natural rare-earth; LT-SOFCs; composite electrolytes;
material characterization; conductivity; electrochemical performance.
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Sammanfattning

Fastoxid bränsleceller (SOFC) har väckt intresse internationellt på grund av
sina hög verkningsgrader och låga utsläpp där rena bränslekällor kan
utnyttjas. Forskningsmässigt ligger nuvarande fokus på reducering av
drifttemperatur. Ett sätt att åstadkomma detta är att undersöka alternativa
elektrolyter som kan bibehålla en hög ledning vid lägre temperaturer (LT).
Samtidigt har naturliga mineraler befunnits att vara effektiva och billiga
material vid olika energiomvandlingar, särskild ledande hematit och
sällsynta jordartsmetaller. Denna avhandling presenterar en experimentell
undersökning av nya komposit-elektrolyter för LT-SOFCs baserad på två
vanliga, naturliga mineraler: hematit (LW) (α-Fe2O3) och
La0.33Ce0.62Pr0.05O2-δ (LCP). Initialt är hematit (LW) och LCP
karakteriserade och sedan demonstrerade som elektrolyter för SOFC.
Hemititmalmen består av en blandning av α-Fe2O3, kisel och kalcit, medan
LCP är komponerad av La/Pr-dopat CeO2. Både hematit (LW) och LCP
visar god prestanda med effekt-täthet av 150-225 och 295-401 mW cm-2 vid
500 respektive 600 ℃.

Som nästa led i forskningen utvecklades två mineral-baserade
nanokompositer: hematit-LCP och LCP/K2WO4. Elektrokemiska och
elektriska undersökningar visar att den elektriska konduktiviteten hos
hematit-LCP ökade markant (0.116 S cm-1 vid 600 ℃) jämfört med hematit
(LW) respektive LCP. En SOFC konstruerat av hematit-LCP som elektrolyt
visade en attraktiv effekt-täthet av 625 mW cm-2 vid 600 ℃, med en
reducerad fast godtagbar effekt-täthet av 386 mW cm-2 vid 450 ℃. En
annan komposit, LCP/K2WO4 synthetiserades från LCP och volframat
genom en blötkemisk process. De resulterande kompositerna visade en
förbättrad korngräns ledningsförmåga jämfört med LCP. Kompositens
inverkan på elektriska konduktiviteten har också undersökts, och vid en
optimal blandning av 10% vikt med K2WO4 gav den högsta
ledningsförmågan med försumbara elektriska förluster. Den högsta effekt-
tätheten hos en SOFC konstruerat med detta material var 500 mW cm-2 vid
550 ℃.

Två halvledande-joniska kompositer – LCP-LCSF och hematit/LCP-
LCSF – utvecklades genom att inkludera en halvledande fas
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) med LCP respektive hematit/LCP.
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Kristallografiska och morfologiska karakteriseringar gjordes undersöktes
för att mäta materialegenskaperna, och både kompositerna tillämpades som
elektrolytmembran i lågtemperatur elektrolytskicksfria bränsleceller
(EFFCs). Studier gällande konduktiviteten och bränslecellsprestandan
visade att båda kompositer ledde till förbättrade jonledning och
krafttätheten i jämförelse med LCP och hematit-LCP. Det visar sig att både
kompositer innehöll blandade jonisklednings- och konduktivitetstalen, som
var balanserade i de optimala blandningarna. Dessutom undersöktes
stabiliteten och Schottky korsning-beteenden hos den bäst presterande
EFFC.

Nyckelord:

Naturlig hematit; naturliga sällsyna jordartsmetaller; LT-SOFCs; komposita
elektrolyter; materialkarakterisering; ledning; elektrokemiska prestanda.
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Preface

This doctoral thesis presents the research outcomes of a doctoral project
carried out at the Division of Heat and Power (EKV), Department of
Energy Technology (EGI), School of Industrial Engineering and
Management (ITM), KTH Royal Institute of Technology. It is a concluding
work of five peer-reviewed journal papers based on two selected cost-
effective natural minerals for low-temperature solid oxide fuel cells (LT-
SOFCs): a hematite ore and a lanthanum/ceria/praseodymium oxide (LCP).
In this thesis, the background of SOFCs, composite electrolytes, and natural
minerals are introduced, based on which the motivation and objectives of
this work are expounded, followed by the experimental section. The
hematite and LCP materials are evaluated as electrolytes in conventional
SOFCs and are modified via composite approaches to obtain functional
composites for LT-SOFCs. The experimental results including material
characterization, electrical properties, fuel cell performance and the
corresponding discussions are presented. Finally, conclusions are drawn
from the above studies and future work is proposed for promoting the
practical uses of minerals for LT-SOFCs.
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1 Introduction

Nowadays, one of the major challenges facing global society is the growing
need for energy and its inextricable influence on climate change, in
particular carbon dioxide (CO2) emissions. A number of attempts have been
made to develop sustainable energy technologies for highly efficient and
low-pollution electric power generation. Contributing efforts mainly cover
new and hybrid technologies based on biofuels, solar and wind energy,
hydropower, and geothermal energy. As an attractive energy carrier that
can deliver and store energy, hydrogen can be produced from these
renewable resources, such as via electrolysis by excess renewable-based
electricity, and from diverse terrestrial resources such as fossil fuels. This
makes hydrogen an ideal alternative to traditional carbon-based fuels with
low environmental impact. Fuel cells (FCs), one of the most efficient
devices for utilizing hydrogen to supply electrical power, are capable of
converting stored chemical energy from fuels directly into usable electrical
energy with high efficiencies and low emissions. Therefore, FCs operated
with hydrogen or hydrogen-rich fuels are widely considered as one of the
key solutions to address the energy challenge.

Through a diversified development of over 170 years, FCs have been
categorized into five types: alkaline fuel cell (AFC), phosphoric acid fuel
cell (PAFC), proton exchange membrane fuel cell (PEMFC), molten
carbonate fuel cell (MCFC), and solid oxide fuel cell (SOFC). Due to their
particular potential of power generation in portable, stationary and transport
applications, these FC technologies are currently attracting intense interest
in both research and industry [1,2]. Among different types of FCs, SOFC is
generally considered as the most promising one to succeed in realizing
widespread commercialization from large stationary plants to small
portable applications, because of its applicability in combined heat and
power (CHP) systems, flexible choice of both fuel and non-noble metal
catalyst, simple construction and high single-cell efficiency. Thus, SOFC
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has experienced phenomenal developments in the past two decades and is
presently the subject of increasing research activity. Nevertheless, to date
the practical commercial applications of SOFCs have not been successfully
realized due primarily to their high operational temperature (over 800 ℃),
which results in high system costs, high performance degradation rates,
slow start-up and shutdown cycles, as well as concerns with regards to
handling of gases and routine maintenance. For instance, conventional
SOFCs based on yttria-stabilized zirconia (YSZ) electrolyte require
temperatures of 800-1000 ℃ to operate, dramatically restricting its uses in
portable power and transportation markets. These technical issues induced
by high operational temperature have hindered the development of current
SOFC technology to a great extent [2,3].

1.1 Materials development for low-temperature SOFCs

As described above, reducing the operational temperature thus turns into a
guiding aim for developing new materials applicable to SOFCs. Over the
latest two decades, considerable progresses have been made in lowering the
temperature of SOFC down to an intermediate temperature (IT) range of
600-800 ℃ by using doped-ceria electrolytes such as Sm0.2Ce0.8O2-δ (SDC),
in this way, metallic interconnects could be used instead of expensive
ceramic oxides to reduce cost. Further lowering the temperature to below
600 ℃ can bring substantial economic and technical benefits, such as using
inexpensive stainless steel interconnects and ceramic seals, enabling rapid
start-up and shut-down of the system, and extending the fuel cell lifespan
[3,4]. In addition, both radiative heat transfer and sintering rates drop off
exponentially at temperatures below 600 ℃, thus reducing insulation costs
and performance degradation mechanisms. In contrast to the Carnot cycle
temperature dependence of heat engines, the theoretical efficiency of a fuel
cell increases with decreasing temperature, as shown in Figure 1.1 with
various fuel cases [3]. For instance, the maximum theoretical efficiency of a
H2 fueled SOFC increases from 64 % at 900 ℃ to 74 % at 350 ℃.
Therefore, in recent years, low-temperature (LT, 300-600 ℃) operation has
become a mainstream trend for SOFC research and development [3-5].
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Figure 1.1 Theoretical fuel cell efficiencies with various fuels (H2, CO, CH4, and
C8H18) at standard pressure, with reference to higher heating value at room
temperature (25 ℃). For CH4 and C8H18, the efficiencies are calculated based on
the process of reformation of the hydrocarbons and oxidation of H2, CO fuels.
Carnot efficiency that limits the maximum efficiency of heat engines, is shown for
comparison with a 25 ℃ exhaust temperature [3].

However, low-temperature operation does not necessarily mean higher fuel
cell efficiency, as the overall SOFC efficiency depends not only on
thermodynamics but also on electrochemical polarization losses, which are
associated with electrolyte conduction and electrode reactions. Particularly,
currently used SOFC electrolytes cause high ohmic polarization losses in
LT-SOFC because of their inevitably reduced ionic conductivity at lower
temperatures. This leads to an increased difference between actual
efficiency and theoretical efficiency of SOFC at reduced temperatures. To
address this challenge, low-resistance electrolytes with desirable ionic
conductivities are urgently required by LT-SOFCs. Following this line of
thinking, a number of efforts have been dedicated to develop applicable
electrolyte materials for LT-SOFCs. For instance, thin film techniques
(atomic layer deposition, radio-frequency sputtering, etc.) have been
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introduced to fabricate ultrathin electrolyte layers to enable small fuel cell
ohmic resistance [6-8]. However, many incidental drawbacks such as high
cost, difficulty of scaling-up as well as control of production growth hinder
the practical utilization of these methods. Another widely accepted strategy
is to explore new electrolytes that can function at low temperatures while
maintaining the desirably high ionic conductivity.

Composite electrolytes along with the newly proposed semiconductor
electrolytes are typical promising routes in this respect [5,9]. By using
composite materials as alternative electrolytes, some benefits such as
multiple functionalities and interfacial (superionic) conduction can be
gained at low operating temperatures. Currently, the most effective
composite electrolytes are doped ceria-salt nanocomposites [10-16] and
semiconductor-ionic conductor composites [17-23]. Typical examples are
the core-shell SDC@Na2CO3 composite which gains a largely improved
ionic conductivity (over 0.1 S cm-1 at above 300 ℃) compared to single
phase SDC [10], and a Ca0.04Ce0.80Sm0.16O2-δ-La0.6Sr0.4Co0.2Fe0.8O3-δ (SCDC-
LSCF) composite that exhibits an excellent high fuel cell power density of
814 mW cm-2 at 550 ℃ [20]. Ion-conducting semiconductor electrolytes
have also gradually emerged in recent years and have been demonstrated in
SOFC, because of their considerable ionic conduction at low temperatures.
Representatives include studies featuring layer-structured LixAl0.5Co0.5O2

and perovskite SmNiO3 that revealed attractive ionic conductivities (0.1 S
cm-1) and promising fuel cell performance (over 200 mW cm-2) at 500 ℃
[24,25].

1.2 Natural minerals as potential electrolytes

The growing global demand for clean energy and widespread recognition of
environmental protection in recent years have also driven extensive
interests in exploring ecologically-friendly natural minerals for energy
conversion technologies [26-32]. Recent literature show that the use of
natural materials enables effective conversion from thermal and chemical
energies into electricity with reduced costs, for example, natural tetrahedrite
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(Cu12-xMxSb4S13) and tennantite (Cu12-xMxAs4S13) have been utilized as a
direct source of thermoelectric materials for power generation [26,29]. It is
widely known that semiconductors and rare-earth oxides (oxides of La, Ce,
Pr, Nd, Sm, etc.) exist throughout in abundant natural minerals, which are
underlying ionic conductor materials [33,34]. Economically speaking,
employment of natural minerals as electrolytes is capable of reducing the
material costs of SOFCs, making it more competitive to reach rapid
commercialization. These studies and minerals` characteristics spawned our
interest in the exploitation of more natural materials for developing LT-
SOFC technologies.

When it comes to the choice of a specific mineral as a study object, iron
ores are worthy of consideration. Iron is the second most abundant metal in
the earth’s crust with current worldwide reserve of more than 230 billion
tons according to the latest data from the United States Geological Survey
[35]. Among various types of iron ores, hematite (α-Fe2O3) is the most
prevalent one. As an easily processed, non-toxic and thermodynamically
stable oxide, hematite has found its application in photoelectrochemical
water splitting and lithium storage [36,37]. More importantly, substantial
studies have pointed out that oxygen vacancies exist in hematite, for
instance, two long-range-ordering structures of oxygen vacancies have been
observed in α-Fe2O3 nanowires and nanobelts, and it is reported oxygen
vacancies can be created in hematite through sintering under a reductive
condition (hydrogen atmosphere) [38-43]. The hydrogen induced oxygen
vacancies may introduce H as a dopant into the structure [39], indicating a
potential of hybrid O2-/H+ conduction in hematite. For bulk hematite,
relevant atomistic simulations have revealed that high populations of point
defects (oxygen vacancies) prefer to exist near surface regions, indicative of
a potential surface conduction, and the oxygen ions in bulk hematite have
low predicted migration Arrhenius energy under low oxygen pressure
[43,44]. In addition, it is beneficial that hematite has very low electron
conduction, with extremely low electrical conductivity at room temperature
increasing to 1×10-6~3×10-4 S cm-1 at 300-500 ℃ [45,46]. Since oxygen
vacancies supply the equivalent sites allowing the oxygen ions to migrate
[47], high ionic conduction can be anticipated in natural hematite under LT-
SOFC operational conditions (H2/air, 300-600 ℃).
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Aside from natural hematite, rare-earth mineral is considered as another
study object for electrolyte candidates, as rare-earth oxides are important
starting materials for preparing conventional SOFC electrolytes. Rare-earth
minerals generally contain a variety of rare-earth oxides that have been
widely investigated as electronic and ionic materials, and as catalytic
promoters to improve oxygen storage and redox capacity [48]. At present,
the major rare-earth sources derive from Bastnasite, Monazite, and Loparite,
mainly consisting of ceria (CeO2), lanthana (La2O3), and praseodymia
(Pr6O11) [48]. As is known, ceria is a basic unit of current state-of-the-art
electrolyte, doped-ceria for intermediate-temperature SOFCs (IT-SOFCs),
while La and Pr ions are common dopants in the doped ceria system for
replacing Ce4+ to produce oxygen vacancies [49]. Therefore, La/Ce/Pr
based rare-earth minerals have high potential to develop new electrolytes
for LT-SOFC .

1.3 Motivation and objectives

There are three major drivers motivating the present study: (i) it is known
that electrolytes with desirably high ionic conduction are required by
SOFCs to enable small polarization losses to maintain high efficiency at
low temperatures; (ii) composite approaches have shown their merits as
effective strategies to design new low-operating-temperature electrolyte
materials; (iii) available natural hematite and rare-earth minerals are
potential ionic conductors capable of enabling high ionic conduction.
Therefore, the study of ionic-conducting composite electrolytes based on
natural hematite and rare-earth minerals is of great potential in realizing
low-cost and high-efficient LT-SOFCs. The two selected natural minerals
are hematite (LW) ore (major ingredient α-Fe2O3) and rare-earth oxide LCP
(La0.33Ce0.62Pr0.05O2-δ). Up to now, the research and utilization of such two
minerals for SOFC is still not well studied, thus it is necessary to
systematically investigate the basic properties of the mineral composites
from structural, morphological, electrical and electrochemical perspectives,
and then validate their feasibility serving as electrolyte membrane layers in
LT-SOFCs.
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The overall objective of this thesis is to develop natural hematite (LW) and
LCP based composites to enable low-cost and high-efficient LT-SOFCs.
The detailed aims of this SOFC materials study include:

(1) In order to examine the feasibility of individual hematite (LW) and LCP
as electrolytes, characterizations and electrochemical studies of the mineral
materials are carried out by applying them as intermediate electrolyte layer
in SOFCs (Papers 1 and 5).

(2) With the target to modify the natural minerals to reach better ionic
conduction and cell performance at lower temperatures, nanocomposite
approaches are used to develop two mineral based composites hematite-
LCP and LCP/K2WO4. The composites are intended to enhance ionic
conduction, which is expected to be comparable or even higher than the
current typical ceramic electrolytes. To study their conductive behavior and
potentials as electrolytes, investigations in terms of micro-structural study,
impedance spectra analysis and current-voltage measurement are performed
(Paper 2 and 4).

(3) For further improving the performance of mineral composites based fuel
cells, two semiconducting-ionic composites LCP-LSCF and hematite/LCP-
LSCF are designed by incorporating LSCF into two high-performance
minerals. The composite materials are characterized to examine their
morphological and micro-structural features. The effects of material
proportions on the electrochemical performance is studied to find an
optimal composition. Afterwards, the electrical properties and fuel cell
performance of the optimal composites are studied to evaluate their
validation in EFFCs. Particular attention is paid to the stability and
Schottky junction of the EFFC device to show its reliability (Papers 1 and
3).
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2 Background

Fuel cells (FCs) are electrochemical conversion devices that convert the
chemical energy in fuels directly into electrical energy though the oxidation
reduction reaction [50,51]. The basic architecture of a FC device is an
intermediate electrolyte layer sandwiched by two porous electrodes, anode
and cathode. The electrolyte layer serves as a membrane for transport of
ions and blocking of electrons, while the anode and cathode accommodate
the oxidation of fuel and the reduction of oxygen, respectively. In a
complete FC circuit, the oxidation reduction reactions produce ions O2-, H+,
OH-, and CO32-, which transport through the electrolyte, and synchronously
give rise to a potential difference to drive the electrons generated at the
anode via an external load. The schematic representation of fuel cell is
shown in Figure 2.1 with O2-/H+ transport as an example.

Figure 2.1 Schematic illustration showing the structure and general operating
principles of a fuel cell.

In contrast to battery technology, FC functions as a converter that uses
externally supplied fuels to generate electricity, while a battery normally
houses its own reactants internally. This means that a FC can continuously
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produce electricity as long as the external fuels are provided. Assuming that
hydrogen is supplied from a clean process, FCs are environmental friendly
with low emissions of carbon oxides, sulfur oxides and nitrogen oxides,
since no combustion process is featured in this system. In addition, since
FC operation involves direct conversion of chemical energy into electrical
energy, FCs are not constrained by the thermodynamic limitation of the
Carnot cycle. Hence, theoretically FC technology is able to achieve much
higher conversion efficiency than current thermo-mechanical approaches.

As introduced in the previous chapter, generally FCs can be classified into
five categories: AFC, PAFC, PEMFC, MCFC and SOFC, according to the
types of electrolytes [52]. Each type of FC is characterized by the
electrolyte layer, which determines the type of chemical reactions that take
place in the cell, the kind of catalysts required, the suitable operational
temperature and compatible fuels. The most important characteristics of the
five types of FCs are listed in Table 2.1 [53,54]. Nowadays there is an
additional FC category in which methanol is used as the fuel, direct
methanol fuel cell (DMFC). Due to the fact that it is specifically named
after the used fuel instead of the electrolyte, DMFC is not considered as a
type in above classification but regarded as a subcategory of the PEMFC.

Table 2.1 Important characteristics of the five types of fuel cells [52-54].

Fuel cell
categories Electrolyte Ionic types Operational

T (℃) Fuels Electrical
Efficiency

AFC Aqueous
alkaline OH- 50-200 Pure H2 50%

PAFC Phosphoric
acid H+ 200-250 CO free H2 45-55%

PEMFC Polymer
membrane H+ 50-100 Pure H2 40-60%

MCFC Molten
carbonate CO32- 600-700 CO, H2,

CH4
50-60%

SOFC Solid oxide O2- 600-1000 H2, CO,
CH4

50-65%

Regarding the application of today`s fuel cell technologies, they have found
their uses to provide power for transportation, and to supply portable and
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stationary power. Some examples include the following [55]: provision of
direct or indirect propulsive power to buses, trucks, ferries, boats, manned
light aircraft and unmanned vehicles, with PEMFC technology dominating
in this aspect; as auxiliary power units to supply portable power for soldier
or personal electronics by using PEM or DMFC technology; and as part of
combined heat and power (CHP) units and uninterruptible power systems,
with SOFC, MCFC, PEMFC and PAFC serving this market.

2.1 Solid oxide fuel cells

The solid oxide fuel cell (SOFC) was first conceived following the
discovery of solid electrolytes by Nernst in 1899 [56]. The development of
SOFCs started with the patent of F. Haber that reported a successful solid
electrolyte fuel cell in 1905 [56]. Then in the late 1930s, solid oxide
electrolytes such as zirconium, yttrium, cerium, lanthanum, and tungsten
are experimented in SOFCs by Emil Baur and H. Preis. For the first time, a
solid oxide fuel cell with an yttria-stabilized zirconia electrolyte was
successfully operated at 1000 ℃ in 1937 [57]. In the 1950s and 1960s,
extensive works of solid electrolyte fuel cells were done and a rapidly
growing number of scientists studied on the different problems of SOFCs.
By 1970, the foundation of the broad technologically oriented development
of SOFCs used today was established.

SOFC is named by its major feature of using a solid electrolyte, which is
normally a metallic oxide in a form of ceramic [58,59]. Therefore, SOFC
has an alternative name, ceramic fuel cell. In SOFC, oxidant is reduced to
oxygen ions at the cathode, which then transport through the electrolyte and
react with the fuel supplied to the anode to produce electron flow and water.
Thus the eventual products of SOFC are water, electricity and heat. The
working process of SOFC is schematically shown in Figure 2.2. Typically
anode materials are Ni-ZrO2, Co-ZrO2 cermet and NiO, cathode materials
are perovskites LaxSr1-xMnO3 (LSM) and LaxSr1-xCoyFe1-yO3 (LSCF), and
the electrolyte is a solid and nonporous Y2O3-stabilized ZrO2 (YSZ), which
primarily determines the operational temperature and power output.
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Figure 2.2 Schematic of the operation process of a solid oxide fuel cell

SOFC has a number of attractive features. The relatively high operating
temperature enables high conduction and rapid electrode reactions, internal
reforming, and by-product heat for secondary uses. SOFC is fuel flexible as
it can be fueled by hydrogen, hydrocarbon fuels, bio-ethanol, bio-gas, and
even externally reformed heavier hydrocarbons [61-63]. Unlike other fuel
cell types such as PEMFC, SOFC does not require noble metal catalysts,
which means CO is a possible fuel in this system rather than a poison.
Moreover, due to its nature of solid components, SOFC can be constructed
into a variety shapes, such as tubular and planar structures. These features
have made SOFC an attractive emerging technology for power generation.

2.1.1 Electrochemical description of SOFC

The entire reaction of SOFC shown in Figure 2.2 can be expressed by the
Kröger-Vink notation as presented blew, in which 

OV denotes the oxygen

vacancy and 
OO is the oxygen ion in the electrolyte.
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At the cathode/electrolyte interface, the oxygen atoms in the provided air
are reduced into oxide ions on the porous cathode surface by electrons,
which are then transport via the electrolyte layer.

Cathode reaction:

  OO OVegO 2)(
2
1

2 (2-1)

In case of hydrogen fuel, at the anode/electrolyte interface the dissociated
hydrogen atoms readily react with the oxygen ions from cathode side.

Anode reaction:

  OO VegOHOgH 2)()( 22 (2-2)

For completing the redox processes, the produced electrons at anode side
must be transported through the external circuit to the cathode, since the
electrolyte is electronically insulating. In this way, electrical flow is
established, and the entire reaction reaches a charge balance.

Overall fuel cell reaction:

)()(
2
1)( 222 gOHgOgH  (2-3)

The overall reactions convert the chemical energy from H2 and O2 into
electricity for the external load while also producing steam.

2.1.2 Thermodynamic description of SOFC

2.1.2.1 Open circuit potential

The operation of a SOFC is based on the electrochemical reactions as
presented in above equations. In a typical operational process of hydrogen
fueled SOFC, the change in the Gibbs free energy of formation indicates
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the release of energy. If these quantities are in their per mole form, the
energy change is [64]:

222
)()()( OfHfOHff GGGG  (2-4)

In a reversible process, the Gibbs free energy is converted into electrical
energy. The electrical work for moving the charge in the circuit can be
expressed by:

EFW  -2 (2-5)

in which E is the voltage of the fuel cell and F is Faraday constant (96485
Coulombs). In a reversible system without losses, the released Gibbs free
energy is equal to the electrical work, and thus the electromotive force
(EMF) or reversible open circuit voltage (OCV) of the fuel cell is given as:

F
G

E f

2
-


 (2-6)

Besides, the change of Gibbs free energy can be also written as a function
of chemical activity for the relevant species (a) as [64]:

OH

OH
ff a

aa
RTGG

2

22

5.0
0 ln -


 (2-7)

where ΔGf0 denotes the change in molar Gibbs free energy of formation at
standard pressure, R is the universal gas constant (8.314 JK-1mol-1), T is the
absolute temperature, and activity a is defined by P/Po, in which P is the
partial pressure of the gas and Po is the standard pressure. In this way, the
equation (2-6) can be expressed as below to show how it affects voltage:
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 (2-8)

where E represents the electromotive force (EMF) or theoretical reversible
voltage, indicating the open circuit potential (ideal equilibrium potential) of
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a cell, and E0 is the EMF at standard pressure. This potential is a crucial
factor deciding the maximum performance of a SOFC. Equation (2-8) is the
general form of the Nernst equation, which is also expressed as [64]:

]ln[)
2

(]ln[)
2

( 2
1

2

2

2
O

OH

Ho P
F
RT

P
P

F
RTEE  (2-9)

in which Pi represents partial pressure of hydrogen, oxygen and steam. This
equation displays a relationship between the ideal equilibrium potential E at
various conditions and the ideal potential at standard pressure. Once E0 is
determined, the E can be calculated at other temperatures and pressures.

2.1.2.2 Efficiency

Overall fuel cell efficiency (η) is defined by multiplying three primary
efficiencies: thermodynamic efficiency (ηt), voltage efficiency (ηv) and fuel
utilization efficiency (ηf) [3,64]:

fvt   (2-10)

In the ideal case of an SOFC, the released Gibbs free energy of the reaction
is available as useful electric energy. The maximum theoretical efficiency is
thus given as the produced electrical energy compared with the standard
enthalpy of formation of the reaction (∆Hor298):

o
r

r
t H

PTG
298
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 (2-11)

where ΔGr(T,P) denotes the Gibbs free energy of formation at specific
temperature and pressure. For a hydrogen/oxygen SOFC, the maximum
efficiency limit (at 1 atmosphere) is:
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Based on this equation, for example, the ΔGr(T,P) of useful work is 237.1
kJ/mole at standard conditions of 25 ℃ (298 K) and 1 atmosphere, and the
∆Ho of a hydrogen/oxygen reaction is 285.8 kJ/mole. Thus, the ηt of an
ideal fuel cell operating reversibly with pure hydrogen and oxygen at
standard conditions is 83%.

The voltage efficiency of SOFC is defined as the ratio of the actual voltage
of the fuel cell (V) to the thermodynamic reversible voltage Erev (or ideal
voltage), while the actual voltage is influenced by the irreversible
polarization losses in actual operation including ohmic, activation, and
concentration polarization (Figure 2.3). ηv is given as:

rev

conactohmoc

rev
v E

VVVE
E
V 

 (2-13)

where Eoc is the open circuit voltage (OCV), ∆Vohm, ∆Vact and ∆Vcon are the
voltage drops related to ohmic, activation and concentration polarization
losses, respectively.

Figure 2.3 Polarization curve of a solid oxide fuel cell [3].

In principle, the OCV of a SOFC should be equal to ideal Erev, but in
practical cases the actual voltage is always lower than the theoretical Nernst
value owing to practical device issues (gas leakage, open pores/micro-



Doctoral thesis / Chen Xia

16

cracks of electrolyte, etc.) along with irreversible polarization losses. Figure
2.3 shows the activation, ohmic and concentration polarization processes,
which are defined as the difference between the expected reversible voltage
and the actual voltage of a cell [3].

Activation polarization (ΔVact) is caused by the slow kinetics of oxygen
reduction reaction at cathode and fuel oxidation reaction at anode,
particularly when the rate of fuel cell electrochemical processes at electrode
surface are affected by sluggish electrode kinetics. These influences
generally occur at triple phase boundaries (TPBs) where the electrons, ions,
and gaseous phases meet. When ΔVact ≥ 0.05-0.1 V, it is described by the
Tafel equation:

)ln(
o

act i
i

nF
RTV


 (2-14)

where α indicates the electron transfer coefficient of the reaction at the
electrode, and io means the exchange current density.

Ohmic polarization (∆Vohm) is caused by the resistances of ion transport in
the electrolyte and electron flow in electrodes, while it is normally
dominated by ionic resistance in the electrolyte. Therefore, lower ionic
conductivity of the electrolyte and thicker electrolytes cause greater ohmic
polarization loss in SOFC. Since the fuel cell components obey Ohm's law,
the ohmic losses can be expressed as:

ASRohm RiV  (2-15)

in which i is current density with unit of A/cm2 and RASR is area specific
resistance (ASR) in Ω·cm2.

Concentration polarization (∆Vcon) is a result of mass transport limitations
within the porous electrode. In a practical case, slow transport of
reactants/products to/from the electrochemical reaction site is a major
contributor to ∆ηcon by considering the limiting current density iL:
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)1ln(
L

con i
i

nF
RTV  (2-16)

Polarization losses of a SOFC can be minimized by increasing the ionic
conductivity of electrolyte and the ionic-electronic conductivities at the
electrolyte/electrode region, which are beneficial to achieving high fuel cell
performance.

Additionally, the fuel utilization efficiency is defined as the ratio of the fuel
utilized by the cell compared to total fuel provided. When a SOFC
generates current i, and fuel input is supplied at the rate of vf (mol/sec), ηf

can be expressed as:

f
f v

nFi /
 (2-17)

Combining above equations of thermodynamic, voltage and fuel utilization
efficiencies, the overall efficiency is finally given as:
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Thereby, overall efficiency can be optimized by reducing the operational
temperature, obtaining a high OCV and lowering losses related to fuel
reforming processes. To realize normal operation of SOFC at reduced
temperatures, it is crucial to minimize the polarization losses induced by a
temperature decrease. This can be achieved by using new advanced
electrolytes with high ionic conductivities at 300-600 ℃ (decreasing ohmic
polarization), increasing the TPB density and specific reactivity of
electrodes (decreasing activation polarization), as well as ensuring
sufficient porosity of electrodes (reducing concentration polarization).
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2.1.3 SOFC components

SOFC is constructed by three functional components (the anode, the
electrolyte and the cathode) along with the interconnect components for
connecting a series of cells [65]. Each component must meet a number of
certain requirements, such as desired conductivity, chemical and physical
stability in the appropriate oxidizing and/or reducing environment,
compatibility with the other components, and matching degree of thermal
expansion coefficients with the contacted components. Furthermore, it is
also important that the components are of low cost. Each of the main
components is discussed in the subsequent sections.

2.1.3.1 Electrolyte

The electrolyte conducts ions to complete the overall electrochemical
reaction, which is considered as the most principal component of an SOFC
[66]. To work efficiently, an electrolyte should have the following
characteristics: (i) high ionic conductivity (≥0.1 S/cm); (ii) low electronic
conductivity (<10-3 S/cm); (iii) thermodynamic and chemical stability at
operational temperatures; (iv) compatibility of coefficient of thermal
expansion (CTE) and chemical inertness with other components; (v) good
mechanical strength [67]. Current noteworthy electrolytes for SOFCs
include fluorite-structured rare-earth (RE) doped ceria Ce1-xRExO2-δ, RE
doped zirconia (ZrO2)1-x(RE2O3)x, RE doped hafnia (HfO2)1-x(RE2O3)x, and
strontium/magnesium doped lanthanum gallates La1-xSrxGa1-yMgyO3-δ,
lanthanum aluminates La1-xSrxAl1-yMgyO3-δ with perovskite structure [68].
High oxygen ionic conductivities have been frequently reported in these
systems, making them of interest to researchers as most commonly used
electrolytes in SOFCs.

Fluorite-structured CeO2 and ZrO2 possess a face centered cubic
permutation of cations while anions occupy the tetrahedral sites, as shown
in Figure 2.4(a) with the typical cubic fluorite structure of CeO2 as an
example. Oxygen ionic conduction in such oxides always occurs through
the vacancy diffusion mechanism [69,70]. However, the number of oxygen
vacancies in pure CeO2 is not sufficient to support rapid transportation of
ions, leading to low ionic conductivity.
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Figure 2.4 (a) Cubic fluorite structure of ceria, (b) oxygen vacancy in acceptor
doped ceria, and (c) hopping mechanism in a acceptor doped ceria lattice [70].

To achieve appreciable conductivity of ions, oxygen vacancies are
introduced into the structure using doping method through substitution of
Ce4+ by acceptor cations, such as rare-earth dopants Gd3+, Sm3+, and Y3+, as
illustrated in Figure 2.4(b). This doping effect is represented by defect
equation using Kröger-Vink notation:

   OOA
AO VOREORE 3222

32
’ (2-19)

Through the doping effect, oxygen ions migrate from their original
tetrahedral sites to the adjacent oxygen vacancies with sufficient amounts.
This type of migration is through a hopping mechanism (Figure 2.4c) that
involves activation energy (Ea), which directly determines the ionic
conductivity. According to Arrhenius relationship, the dependence of ionic
conductivity (σ) on temperature (T) can be represented by:

)exp(
kT
EAT a (2-20)

where T represents the absolute temperature, A is a pre-exponential factor,
and k is the Boltzmann constant. According to equation (2-19), the ionic
conductivity should be increase with the dopant concentration. However,
experimental observation shows that the maximum ionic conductivity of
doped CeO2 and ZrO2 occurs at a dopant concentration of 10-20 mol.%,
which depends on the specific type of dopant [71]. Moreover, various other
factors also affect the ionic conduction of fluorite oxides, such as defect
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dissociation, oxygen partial pressure, temperature and sample preparation
method.

YSZ is the most commonly used electrolyte at high temperatures. The
oxygen vacancies generated by Y doping do not merely enhance the ionic
conduction, but also stabilize the cubic phase of ZrO2, as its name ‘Y2O3

stabilized ZrO2’ indicates [72]. Among the various YSZ electrolytes, 8
mol.% Y2O3 stabilized ZrO2 (8YSZ) is reported to yield a favorable ionic
conductivity of 0.13 S/cm at 1000 ℃ [69,73]. Compared with doped
zirconia, doped CeO2 has more advantages at intermediate temperatures
because of its high oxygen ionic conductivity and low activation energy
while operating at 500-800 ℃ [74-76]. The most extensively studied ceria
based electrolytes are Sm-doped ceria SDC and Gd-doped ceria
Gd0.1Ce0.9O1.95 (GDC or GCO). Since the ionic conduction of ceria based
electrolyte is higher than that of YSZ, high FC efficiencies can be achieved
at reduced temperatures. Thus, ceria based electrolytes are also regarded as
a possible electrolyte candidate for the SOFC operated at 400-600 ℃.
Nevertheless, there is a drawback of this type of electrolyte, as Ce4+ tends
to be reduced and forms Ce3+ in a hydrogen environment. This introduces
electronic conduction into the electrolyte layer, resulting in fuel cell short-
circuiting and electrolyte chemical expansion (due to larger size of Ce3+

than that of Ce4+) [77].

Besides these materials, perovskite structure (ABO3) Lanthanum gallate is
another widely studied ionic conductor for electrolyte uses [78]. Lanthanum
gallate with strontium doping on the A-site and magnesium on the B-site,
such as La0.9Sr0.1Ga0.8Mg0.2O2.85 (LSGM), is stable in fuel cell H2/air
atmosphere and could be used at temperature of 600 ℃ [79]. However, the
cost of LSGM is substantially higher than ceria based electrolytes, and it is
difficult to synthesize pure phase of LSGM. Therefore, among these ionic
conductors, a ceria based electrolyte is the most applicable candidate for
developing LT-SOFCs.

Figure 2.5 shows the reported ionic conductivities of different solid oxide
electrolytes as a function of temperature for comparison [79].
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Figure 2.5 Ionic conductivity of selected solid electrolytes in literature [79].

2.1.3.2 Anode

The anode materials in SOFCs should meet the following requirements to
transport the fuel and catalyze the oxidation reaction of fuel for realizing its
anode function [80,81]: (i) high electronic conductivity; (ii) sufficient
catalytic activity for hydrogen oxidation reaction (HOR); (iii) porous
structure for fast diffusion of fuel; (iv) good chemical and thermal stability
under reducing atmosphere; (v) small CTE mismatch and good chemical
compatibility with electrolyte; (vi) good mechanical strength.

Metallic nickel, cobalt and copper are common anode materials for SOFCs.
The most frequently used one is a cermet made of nickel and electrolyte
skeleton, such as Ni-YSZ and Ni-SDC [82,83]. In recent years, nickel free
perovskite oxides have also been studied to develop sulfur tolerant anode
materials, such as, Y-doped SrTiO3 (YxSr1-xTiO3), La1-xSrxCr1-yMnyO3

(LSCM), Sr1-xLaxTiO3 (LST) and double perovskite-structured Sr2Mg2-

xMoO6 (SMM), Sr2Fe4/3Mo2/3O6 (SFM) [84-88].
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2.1.3.3 Cathode

The cathode in a SOFC serves as the site for the diffusion, absorption and
reduction of oxygen. To realize an efficient operation of SOFC, the cathode
materials should have the following functionalities: (i) high electronic
conductivity; (ii) porous structure to allow fast diffusion of oxygen; (iii)
good oxygen ionic conductivity; (iv) sufficient catalytic activity for oxygen
reduction reaction (ORR); (v) good chemical and thermal stability in air;
(vi) small CTE mismatch and good chemical compatibility with electrolyte;
(vii) good mechanical strength.

A variety of doped perovskite oxides have been used as cathode materials
for SOFC. For YSZ electrolyte based SOFCs, the most commonly utilized
cathode material is strontium-doped lanthanum manganite La1-xSrxMnO3

(LSM) [89]. Another representative perovskite cathode material that has
been extensively studied in SOFCs is doped lanthanum cobaltite, such as
La1-xCaxCoO3 and La1-xSrxCo1-yFeyO3 (LSCF) [90,91]. The ionic and
electronic conduction of lanthanum cobaltite can be enhanced through
doping on the lanthanum and cobalt sites [91]. Besides, there are a number
of new materials that have been proposed as cathodes for LT-SOFCs,
including perovskite oxides (Ba,Sr)(Co,Fe)O3-δ (BSCF), (Sm,Sr)CoO3

(SSC), and layer-structured Ni0.8Co0.2LiO2 (NCL), Ni0.8Co0.15Al0.05LiO2

(NCAL) [92-94]. Among these materials, LSCF and NCAL are considered
in this study owing to their relatively high performance as compared to
other materials [91,94].

2.1.3.4 Interconnects

The interconnects are used to provide electrical contacts and gas channels
between individual SOFC to connect them in series, so that the electricity
generated by each cell can be combined. Interconnect materials can be
either ceramic or metallic layer. Currently, ceramic lanthanum chromite
(LaCrO3) based materials are typical interconnects for SOFCs [95]. Hence,
the most common SOFCs are fabricated by employing an YSZ electrolyte,
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a mixed nickel/YSZ cermet anode, a LSM cathode, and doped LaCrO3

interconnect.

2.2 Composite electrolytes

In addition to aforementioned single-phase electrolytes, particular emphasis
has also been placed on various composites based on doped ceria and a
secondary phase for electrolyte membrane uses. In recent years, composites
have emerged and drawn increasing attention due to the fact that inter-
penetrated networks of composite materials could create new properties on
both chemical and physical levels [96,97]. By forming a composite,
multiple functionalities from different phases can be integrated in this
system: the secondary phase could alter the heterophasic interfacial
chemistry (stress) of the matrix, tailoring material capabilities such as ionic
and electronic conductivities, and yielding unusual properties at the
heterojunctions. Therefore, an increasing number of composite materials
have been designed and applied into IT- and LT-SOFCs.

Figure 2.6 TEM images of (a) core-shell ceria-carbonate nanocomposite SDC-
Na2CO3 and (b) semiconducting-ionic material SCDC and LSCF [15,20].

Based on the material types, these composites are classified into three
groups: ionic conductor-insulator composite, ionic conductor-ionic
conductor composite and semiconductor-ionic conductor composite. The
latter two attract most of research interests owing to their commonly high
fuel cell performance. Figure 2.6 presents two TEM images showing the
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typical micro-structures of ionic conductor-salt composite SDC-Na2CO3, and
semiconductor-ionic conductor composite SCDC-LSCF.

2.2.1 Various types of composite electrolyte

2.2.1.1 Ionic conductor-insulator composite

As pointed out above, ceria-based electrolytes are subject to the electronic
conduction issue induced by reducing atmosphere. To overcome this barrier,
an ionic conductor-insulator composite is proposed by adding an insulating
phase into doped ceria. It has been found that the addition of insulator
either improved the sintering behavior or reduced the electronic conduction
of doped ceria [96]. For instance, Chockalingam et al. [97] reported a
GDC-Al2O3 nanocomposite by adding a traditional insulator Al2O3 into
ionic conductor GDC, which exhibited slightly higher electrical
conductivity than both pure GDC and the conventionally sintered GDC-
Al2O3 microcomposite. Analogous studies also reported that the additive
insulating phase can trap electrons within space charge regions at the
interface between the ionic conductor phase and insulating phase, thus
decreasing the electronic conductivity of doped ceria [98,99]. In spite of
this, experimental results obtained from these studies found that the
improvement on ionic conduction of doped ceria was hardly noticeable.

2.2.1.2 Ionic conductor-ionic conductor composite

Since improved ionic conduction has often been achieved through forming
new phases or creating new conduction channels, a number of composite
materials made of two different ionic conductors have been proposed to
develop alternative electrolytes. The key point of such composite is the
heterogeneous grain boundary (interface), which normally leads to
improved grain boundary super-conduction [4]. This type of composite
includes ionic oxide-ionic oxide composite and ionic conductor-salt
composite.
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A representative example of ionic oxide-ionic oxide composite is YDC-
YSZ composite (yttria-doped ceria, YDC) electrolyte fabricated by a fast-
firing process [100]. In this study, it was found the composite exhibited far
higher electrical conductivity and a reduced activation energy compared to
those of the single-phase bulk YDC. The electrical conductivity of the
composite was significantly enhanced with a decrease of the grain size,
which can be explained by the formed ideal parallel interfaces between the
two phases. More interestingly, the addition of YSZ inhibited the electronic
conductivity and improved the mechanical strength and redox capability of
the resulting composite. Another example is a core-shell BZY@BCY
composite of BaZr0.8Y0.2O3-δ (BZY) encased by BaCe0.8Y0.2O3 (BCY) [101].
BZY has high bulk conductivity and good phase stability, yet is limited by
its low grain boundary conductivity. The incorporating of BZY with
another good ionic conductor BCY brought about an improved grain
boundary conductivity by two orders of magnitude and ten times
enhancement in total ionic conductivity [101].

The ionic conductor-salt composite refers primarily to the composite made
of doped ceria and carbonates. It is proposed to improve ionic conductivity
and suppress electronic conductivity of doped ceria electrolyte by using
nanotechnology [9]. In particular, doped-ceria such as SDC and GDC, and
carbonates such as Li2CO3, Na2CO3, and K2CO3 are frequently studied as
the ionic conductor and salt phases, respectively. Owing to a substantial
promoting effect on ionic conduction, extensive activities on this type of
nanocomposite have made it a rapid expanding research area in the LT-
SOFC field in recent years [9,102-105]. The developed materials not only
attain improved ionic (hybrid O2-/H+) conduction and reduced electronic
conduction, but also exhibit stable structure of the oxide phase in reducing
or oxidizing atmosphere [102,103]. As reported for the doped ceria-
carbonate system, oxygen ions mainly migrate through the ceria bulk, while
protons transport at the interface between the two phases [14]. In addition
to the SDC@Na2CO3 composite mentioned above (Figure 2.6a), which was
found to exhibit excellent ionic conductivity (over 0.1 S cm-1 at 300 ℃ and
higher), Ma et al. [15] also reported a highly ion-conducting composite
synthesized by SDC nanowires and Na2CO3. An SOFC with such a
composite electrolyte demonstrated a maximum power density of 540 mW
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cm-2 at 600 ℃. In another study with respect to GDC/Li2CO3-K2CO3

composite from Benamira et al. [104], the stability of the material was
verified after thermal cycling and a 168 h-ageing treatment. The high-
temperature XRD showed that oxide peaks are clearly visible while
carbonate peaks is of much lower intensity. It is also found that the
conductivity of the composite showed a stable value of about 8×10-2 S cm-1

at 600 ℃ over 1500 h.

Table 2.2 Conductivity and cell performance of doped ceria-salt electrolyte
[16,102].

Oxide Salt Conductivity
(S/cm)

Performance
(mW/cm2)

Operational
T (℃)

GDC 20 wt%
(1LiCl:1SrCl2) 0.015-0.21 100-580 400-660

GDC 15 wt% NaOH 0.02-0.45 100-620 380-620

GDC 22 wt%
(2Li2CO3:1Na2CO3) 0.01-0.80 200-780 400-660

SDC 20 wt%
(1LiCl:1SrCl2) 0.02-0.24 100-600 380-620

SDC 15 wt% NaOH 0.03-0.50 200-660 400-660

SDC 22 wt%
(2Li2CO3:1Na2CO3) 0.002-0.90 200-1000 400-660

Notably, multi-ionic conduction plays important role in the doped ceria-
carbonate system, in which the alkaline cations, CO32-, O2- and/or H+ are
co-transported. This unique property thus leads to enhanced SOFC
performance and provides a possibility to run SOFCs at reduced
temperatures. The simultaneous transport of H+/O2- has also been reported
for the ceria carbonate system, showing that protons transported via the
interface while oxygen ion conduction is through the grains of ceria [14].
Conduction mechanisms including interfacial space-charge layer formation
and Swing Model was proposed combining with density functional theory
investigation to interpret the ionic conduction process in the composite
[102,105]. Table 2.2 presents a brief summary of several typical ceria-salt
electrolyte composites with respect to their conductivities and fuel cell
performance, exhibiting their superiority over single-phase electrolytes at
lower temperatures. However, a drawback to these materials relates to
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undesired material degradation and serious corrosion problems, especially
to interconnects [9,106]. Therefore, more compatible salt phases are
required for the ceria-salt composite family.

2.2.1.3 Semiconductor-ionic conductor composite

The semiconductor-ionic conductor composite is a newly developed
electrolyte membrane material, which is also known as semiconducting-
ionic composite [17-23,107-109]. It is different from traditional electrolyte
in that an electron-conducting semiconductor phase is introduced, hence,
such composite is defined as a new type of electrolyte membrane for
SOFCs. The first demonstration of semiconductor-ionic conductor
composite to replace the conventional electrolyte layer in SOFC was
reported in 2011 [17]. The study presented a composite of SDC-
Li0.15Ni0.45Zn0.4O that integrates the functionalities of anode, electrolyte and
cathode into one single layer. The corresponding single layer SOFC
revealed a power output of over 600 mW cm-2 at 550 ℃ along with a high
OCV. Follow-on investigations [107-114] have examined a variety of
semiconductor-ionic conductor composites for SOFCs. Typical operational
temperature ranges of 400–600 ℃ have been investigated with fuel cell
performance comparable or superior to GDC or YSZ; some studies also
reported efforts devoting to the optimization of fuel cell devices to obtain
the best use of such type of composite materials, yielding an enhanced
power densities to over 1000 mW cm-2 at 550 ℃ [20,85,109].

In addition to the feature of integrating the function of both electrolyte
(ionic phase) and electrodes (semiconducting phase), semiconductor-ionic
conductor composites also exhibit improved ionic conductivity compared to
single-phase ionic conductors. The interface between semiconductor and
ionic conductor phases plays a major role in such ionic conductivity
enhancement. For instance, Baoyuan et al. [23] detected an enrichment of
oxygen and a significantly mitigated depletion of oxygen vacancies at the
interface region of SCDC-LSCF by using transmission electron microscopy
and spectroscopy, which were regarded as the causes leading to the
improved ionic conductivity of 0.188 S cm-1 at 600 ℃. Table 2.3 lists a few
semiconductor-ionic conductor composites reported in recent years for use
as electrolyte membranes.
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Table 2.3 Newly developed semiconductor-ionic conductor composites as new LT-
SOFC electrolyte membranes (data in chronological order).

Ionic
conductor Semiconductor Electrode Performance

(mW/cm2) T (℃) Ref.

SDC LNZ Ag/Ni foam 470-600 480-550 [17]
NSDC LNCZF Ag/Ni foam 320-700 400-550 [112]
NSDC SFM Ag paste 150-360 650-750 [107]
SDC LNCS Ag paste 312 550 [113]

SCDC LSCF NCAL 360-814 400-600 [23]
SCDC NCAL NCAL 360-617 400-550 [114]

LNZ (Li0.15Ni0.45Zn0.4O), LNCZF (LiNiCuZnFeOx), SFM (Sr2Fe1.5Mo0.5O6−δ),

LNCS (Li0.3Ni0.6Cu0.07Sr0.03O2−δ), NCAL (Ni0.8Co0.15Al0.05LiO2-δ)

2.2.2 SOFC based on semiconducting-ionic composite

Before the concept of semiconductor-ionic conductor composite was
proposed for SOFCs, enhanced ionic conduction at the semiconductor/ionic
conductor interface had already been observed in hetero-structured
semiconducting-ionic materials [115-117]. Garcia-Barriocanal et al. [115]
reported an ionic conductivity improvement of eight orders of magnitude at
the interfaces of YSZ/SrTiO3 (layer-by-layer structure), in comparison with
single-phase YSZ. The analogous behavior was also detected by Sang Mo
Yang et al. [117], who found that the ionic conductivity of a nanopillar
SDC/SrTiO3 film structure (vertical nanocolumns of SDC embedded in
matrices of SrTiO3) showed one order of magnitude higher value than that
of pure SDC. It is reported the atomic reconstruction at the interface
between highly dissimilar structures (fluorite and perovskite) creates
massive carriers and a high-mobility plane for ionic transport, yielding a
high ionic conduction at interface of these hetero-structured materials [115].
However, the semiconducting-ionic hetero-structure and related concept
failed to be recognized as a potential approach for developing SOFC
electrolyte membranes, because of the inadequate electronic conduction.
Thereafter, Zhu et al. [17] modified this semiconducting-ionic system from
a layer-by-layer hetero-structure into a three-dimensional homogeneous
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composite structure by using SDC-Li0.15Ni0.45Zn0.4O as a study case. This
semiconducting-ionic composite was directly assembled into a so-called
‘single layer fuel cell’ using only Ag or Ni as current collectors. Later the
terminology ‘electrolyte-layer free fuel cell’ (EFFC) was adopted to
denominate this kind of cell, since in the new device the ion-conducting
and electron-insulating electrolyte layer is substituted by a semiconducting-
ionic composite, which is no longer a standard electrolyte, but more like a
composite layer of electrode and electrolyte materials [118]. Besides, to
highlight the particularity of material, the device has also been named
‘semiconductor-ion membrane fuel cell’ after the used electrolyte
membrane material [119].

As shown in Table 2.3, the semiconducting-ionic composites generally
consist of traditional electrolyte and electrode materials, indicating that the
functionalities of electrolyte and cathode can be fulfilled in one single layer
of semiconductor-ionic composite. The electrochemical process of an EFFC
(hydrogen-fueled) can be described as follows [118]:

At the air (oxygen)-contacting cathode region:

-2
2 2

2
1 OeO   (2-21)

At the hydrogen-contacting anode region:

 eOHOH 22
-2

2 (2-22)

Overall reaction:

OHOH 222 2
1

 (2-23)

With the deepening of research, some favorable catalytic electrodes such as
Ni0.85Co0.15LiO2-δ (NCL) and Ni0.8Co0.15Al0.05LiO2-δ (NCAL) were also
developed for matching semiconducting-ionic composite in EFFCs to
promote the cell performance [94,111,120]. The streamlined design of an
EFFC results in four major advantages over conventional SOFC [9,118]:
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(i) Simplified device construction;

(ii) Improved ionic conduction and fuel cell performance;

(iii) Reduced polarization loss between electrode and electrolyte membrane;

(iv) Better compatibility among fuel cell components.

It is known from the traditional view towards SOFC that electronic
conduction is unfavorable in electrolyte layer for operating the cell, since it
results in short circuits and decreased efficiency when electrons transport
through the electrolyte membrane layer. However, high OCVs and power
outputs have been reported for EFFCs. To date, a complete picture of the
working principles behind this new device has not yet emerged. By
considering the role of semiconducting phase, e.g. p/n type conduction and
energy bands, recent studies have proposed principles related to the
physical p-n bulk heterojunction (BHJ), Schottky junction (SJ) effect, and
the energy band alignment reported in the perovskite solar cell (PSC) to
interpret the charge separation process in EFFCs [19,20,121].

As pointed out by Singh et al. [122], n- and p-type oxides could play the
role of anode and cathode, suggesting a view from semiconductor physical
aspect to interpret semiconducting-ionic composite FC [122]. In an EFFC,
transition metal (Ni, Cu, Zn, Fe, etc.) oxides are utilized as the intermediate
layer: some are n-type semiconductors; whereas others are p-type
semiconductors (CuO and NiO) that could be partially reduced to lower
valence states under reducing atmosphere, thus strengthening the n-type
conduction [21,96]. Upon exposure to FC atmosphere, two concentration
regions of electrons and holes appear at the anode and cathode zones,
respectively, whereas an electron/hole depletion layer is established in the
membrane layer of EFFC, leading to a p-n BHJ in the device as shown in
Figure 2.7(a). Moreover, since metallic oxides at the anode side can be
reduced to metal and subsequently form a metal-semiconductor (M-S)
contact with the membrane layer, the role of SJ effect has also been
considered and investigated in EFFC [111]. By taking NCAL anode and
SCDC-LSCF membrane as example, the anodic NCAL was found to be
reduced into metallic Ni by hydrogen and formed a SJ contact with the
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semiconductor layer (Figure 2.7b), which sets up a Schottky barrier to
prevent the electrons from passing through the junction (Figure 2.7c) [119].
Following this line, EFFC was further studied according to a special energy
band design analogous to that of PSC, as shown in Figure 2.7(d) [19]. The
special band alignment can separate charge carriers and block the internal
electronic conduction, as the charge transport behavior in PSC, to realize
fuel cell function. All these junction effects mainly depend on the exact
properties of the used materials, such as conduction types, energy band
structure and work function. Thus, the semiconducting-ionic composite in
EFFC should be rationally designed.

Figure 2.7 (a) The p-n bulk heterojunction formation in an EFFC device; (b)(c) the
Schottky junction effect in an EFFC at anode side; (d) energy band alignment in
EFFCs designed by perovskite solar cell principle for charge separation (LSCT,

La0.2Sr0.25Ca0.45TiO3) [4,19,111].
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In addition to above mentioned semiconducting-ionic composite, there is
another type of semiconducting-ionic material, which is actually a single-
phase ion-conducting semiconductor. Because of the concern of causing
short-circuiting problems, semiconductors were failed to be considered as
viable electrolyte layers in traditional SOFC technology. However, due to
the discovery of ion-conducting potentials in a numbers of semiconductors,
some exceptions have been studied in recent years. Tao et al. [24] reported
a relatively high proton conductivity of 0.1 S cm-1 at 500 ℃ in a layer-
structured semiconductor LixAl0.5Co0.5O2. The corresponding SOFC in a
configuration of Ag/LixAl0.5Co0.5O2/Ag exhibited a peak power density of
173 mW cm-2 at 525 ℃. Zhou et al. [25] experimentally verified that a
perovskite oxide SmNiO3 (SNO) with initial electrical conductivity of 1000
S cm-1 can be utilized as electrolyte in LT-SOFCs (with a simple geometry
of Pt/SNO/Pt), revealing a sufficient OCV of 1.03 V and power output of
225 mW cm-2 at 500 ℃, as shown in Figure 2.8.

Figure 2.8 A schematic of a SmNiO3-electrolyte SOFC, and typical performance of
the cells measured at 500 ℃ with humidified 5% H2-95% Ar as fuel (electrolyte

thickness in cell 1, 2 and 3 are 1.5, 1 and 1 µm, respectively) [25].

The SNO showed high ionic conductivity that can compare favorably with
those of best-performing solid electrolytes under fuel cell conditions. It was
also reported the high electronic conduction of SNO was suppressed
through a Mott transition induced by spontaneous hydrogen incorporation
[25], which discriminates the working principle of SNO from conventional
electrolytes and shows the potential of ion-conducting semiconductor as
electrolyte in LT-SOFC.
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In summary, the above studies reveal the feasibility of semiconducting-
ionic materials for LT-SOFC electrolyte uses and suggest a new electrolyte
view from semiconducting and physical aspects to develop new advanced
electrolyte materials and devices. The EFFC represents a novel and
promising LT-SOFC technology with apparent superiority over the
conventional SOFCs. Even though the detailed mechanisms are not fully
resolved, this technology has pointed out a new approach for LT-SOFC
development and motivated growing research interests on semiconducting-
ionic composites.
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3 Experimental section

3.1 Material preparation

3.1.1 Treatment of hematite ores and rare-earth minerals

The natural hematite under consideration is a high-grade iron ore originated
from the Laiwu (LW), Shandong Province, China, which is designated as
‘natural hematite (LW)’. It belongs to a skarn-type iron deposit of the late
Yanshan epoch, whose reserves are estimated in excess of 500 million tons
[123]. The chemical composition of the selected hematite (LW) is given in
Table 3.1, showing its main constituents with 68 wt.% Fe2O3, 19 wt.% SiO2

and 4.9 wt.% CaCO3. In a preliminary treatment step, the hematite (LW)
ore was sintered at 700 ℃ in air for 2 h initially, followed by grinding in an
agate mortar. The obtained powders were directly employed as electrolyte
materials to construct fuel cells.

Table 3.1 The main chemical composition of the raw LW hematite (wt.%).

Element Fe2O3 SiO2 Al2O3 MgO P2O5 SO3 K2O

wt.% 68.359 19.039 3.517 3.166 0.125 0.114 0.151
Element CaCO3 TiO2 MnO Na2O CuO ZnO SrO

wt.% 4.901 0.074 0.04 0.326 0.162 0.012 0.003

The selected rare-earth mineral LCP is a LaCePr-oxide, which is derived
from an industrial-grade LaCePr-carbonate mineral purchased from Inner
Mongolia Baotou Rare-Earth Hi-Tech Co Ltd, China, mainly composed of
La2(CO3)3 (24.9 wt.%), Ce2(CO3)3 (74.7 wt.%), and Pr2(CO3)3 (0.4 wt.%).
This industrial-grade mineral is used as the raw material to produce rare-
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earth oxides, as presented in Table 3.2 [124]. The utilized LCP was
prepared through a simple heat treatment of LaCePr-carbonate in air at
800 ℃ for 2 h. The resultant dark-red product was ground completely to
form powder sample and named as LCP referring to its three major
constituents of lanthanum, cerium, and praseodymium oxides. The obtained
LCP is also natural since its composition is directly determined by the
natural deposition of LaCePr-carbonate.

Table 3.2 Composition for the heat treatment product (LCP) of rare-earth mineral
LaCePr-carbonate [124].

Element La2O3 CeO2 Pr6O11 Nd2O3 Sm2O3 Y2O3

wt.% 36.55 57.60 5.59 0.18 <0.01 <0.04

It should be emphasized that the composition of hematite (LW) has a slight
fluctuation in different batches of samples after an initial purification
(67.0~68.5 wt.% Fe2O3), while the oxide proportion of LCP is consistent in
different batches of samples purchased from the supplier (Mongolia Baotou
Rare-Earth Hi-Tech Co Ltd, China).

3.1.2 Synthesis of hematite-LCP and LCP/K2WO4 composites

Hematite-LCP composite was synthesized via an acid-treatment method of
hematite (LW) and LaCePr-carbonate followed by calcination process.
Firstly, the raw powders of hematite (LW) ore and LaCePr-carbonate were
blended at various weight ratios (7:3, 6:4, 5:5, 4:6, 7:3) and added to
deionized water to form a red solution. Then the solution was vigorously
stirred and constantly heated at 60 ℃ on magnetic stirrers, during which
0.5 mol L-1 dilute nitric acid was added dropwise into the solution until the
final pH value reached 6. Subsequently, the solution was kept stirred and
heated for another 0.5 h, followed by a drying process at 300 ℃ for 2 h to
form a red gel before calcination at 800 ℃ for 4 h. Finally, the resulting
bulk was ground thoroughly to obtain the powder of hematite-LCP
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composite. The utilized nitric acid (65%) was attained from PROLABO-
VWR-BDH, France.

LCP/K2WO4 composite was fabricated by a wet-chemical method. Firstly,
LCP was prepared from LaCePr-carbonates through a heat treatment as
described above. Then the obtained LCP powder was divided into four
groups, and added to four 20 ml-K2WO4 solutions (0.1 mol L-1) at various
weight ratios (5 wt.%, 10 wt.%, 15 wt.%, and 20 wt.% of K2WO4),
respectively. After that, the four solutions experienced an identical vigorous
stirring with heating at 60 ℃ for 1 h, and subsequently calcined at 900 ℃
for 4 h. At last, the resultant materials were ground in an agate mortar to
obtain four LCP/K2WO4 composites with difference compositions. The
potassium tungstate (K2WO4, 99.99%) used in this preparation was
purchased from Sigma-Aldrich, Sweden.

3.1.3 Preparation of mineral-LSCF composites

The LCP-LSCF composite was prepared via a straightforward solid-state
blending method. First of all, LCP was prepared from LaCePr-carbonates
through a heat treatment as described above. Then four groups of the
resulting LCP powder were separately mixed with commercial LSCF
(Sigma-Aldrich, Sweden) in various ratios (20 wt.%, 30 wt.%, 40 wt.%,
and 50 wt.% LSCF). Afterwards, the mixtures were adequately ground and
calcinated at 700 ℃ for 30 minutes, and ground again to obtain
homogeneous LCP-LSCF composite samples.

The hematite/LCP-LSCF composite was fabricated by two procedures: 1)
the powder of hematite/LCP composite was first synthesized through acid-
treatment and calcination process as introduced above; 2) the obtained
hematite/LCP was mixed with commercial LSCF at various weight ratios
(10 wt.%, 20 wt.%, 30 wt.% and 40 wt.% LSCF), which were subsequently
wet-ball milled for 12 h. Ethanol was used as the dispersing medium during
the milling. The processed mixtures were dried and further sintered at
700 ℃ for 4 h, before being ground in an agate mortar to form the final
product hematite/LCP-LSCF composites.
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3.2 Fuel cell fabrication

The as-prepared materials were all employed as the intermediate electrolyte
membrane layers to assemble fuel cell devices. The electrode materials
La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) and NiO (≥99.995%) were both purchased
from Sigma-Aldrich, Sweden. The electrode material Ni0.8Co0.15Al0.05LiO2-δ

(NCAL) was purchased from Bamo Sci. & Tech. Joint Stock Ltd., China.
For fabricating EFFC devices, NCAL was used in a slurry state prepared
through mixing with glycerol (90% volume ratio) and ethanol (10% volume
ratio). The slurry was pasted onto nickel-foam (Ni-foam) and then
desiccated at 300 ℃ for 0.5 h. The resulting NCAL-pasted Ni-foam
(NCAL-Ni) was applied as electrodes and current collectors for EFFCs.

Figure 3.1 Construction of (a) conventional SOFC based on hematite (LW) or LCP
electrolyte, (b) SOFC based on hematite-LCP or LCP/K2WO4 composite, and (c)

EFFC based on LCP-LSCF or hematite/LCP-LSCF composites.

As shown in Figure 3.1, the fuel cells were constructed based on different
types of electrolyte membrane layers, all with nominal diameter of 13 mm:

SOFCs based on hematite (LW) and LCP (Figure 3.1a) – the conventional
SOFCs using pure hematite (LW) and pure LCP electrolytes were both
fabricated into a conventional anode/electrolyte/cathode configuration. For
the hematite (LW) cell, sintered hematite (LW) was used as the electrolyte
layer, 40 wt.% NCAL mixed with electrolyte was the anode material, and
60 wt.% LSCF blended with electrolyte served as the cathode; while in
LCP cell, the anode was made by 50 wt.% NCAL and electrolyte, and the
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cathode was composed of 50 wt.% LSCF with LCP. The fuel cells were
fabricated by loading the powders of anode, electrolyte and cathode into a
die, which were then compressed into pellets under a uniaxial pressure (280
MPa) in one step. The pellets were 2.5 mm in thickness with an active area
of 0.64 cm2. The materials were then sintered at 600 ℃ for 1 h. Finally,
silver paste was brushed on both surfaces of the pellets as current collector.

SOFCs based on hematite-LCP and LCP/K2WO4 (Figure 3.1b) – the fuel
cell using hematite-LCP electrolyte was fabricated by loading the anode
powder (mixture of 60 wt.% NCAL and 40 wt.% electrolyte) followed by
the hematite-LCP electrolyte and cathode powder (mixture of 60 wt.%
LSCF and 40 wt.% electrolyte) into a mold, all being pressed under a
uniaxial load (280 MPa) prior to sintering at 600 ℃ for 1 h. The obtained
cylindrical fuel cell has an active area of 0.64 cm2 and a thickness of 2.5
mm. Finally, silver paste was brushed on both surfaces of the pellets. SOFC
using LCP/K2WO4 electrolyte was fabricated almost within the same
procedure as hematite-LCP cell, except that the anode in LCP/K2WO4

SOFC was a mixture of LCP/K2WO4 with NiO rather than with NCAL, and
the assembled fuel cell was 1.5 mm in thickness.

Figure 3.2 Schematic diagram showing the architecture of the hematite/LCP-LSCF
composite EFFC.
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EFFCs with mineral-LSCF composites (Figure 3.1c) – the two mineral-
LSCF composites LCP-LSCF and hematite/LCP-LSCF as intermediate
membrane layers were assembled into EFFCs using a dry pressing
procedure. The composite membrane layer was sandwiched between two
NCAL-Ni electrodes to form a symmetric architecture. Subsequently the
three layers were compacted under a uniaxial load of 280 MPa to obtain a
Ni-NCAL/mineral-LSCF/NCAL-Ni pellet, with active area of 0.64 cm2 and
thickness of 1.5 mm. Figure 3.2 gives a schematic illustration displaying
the structure and operation process of the assembled hematite/LCP-LSCF
EFFC.

3.3 Material characterization

3.3.1 X-ray diffraction (XRD) analysis

A Bruker D8 Advanced X-ray diffractometer (Germany, Bruker
Corporation) with Cu Kα (λ= 1.54060 Å) source operating at 45 kV and 40
mA was used to identify the phase of the raw mineral materials and the as-
synthesized composites. The measurements were carried out in Physical-
Electrochemical New Energy Lab of Hubei University. The tested data
were analyzed by a XRD pattern processing software JADE5.0. The
average crystalline size of the studied material can be calculated based on
the following Scherrer`s equation:




cos
kD  (3-1)

where D is the average crystalline size, k is dimensionless shape factor (0.9),
λ is the X-ray wavelength (1.54060 Å), while β is the full width at half
maximum (FWHM) intensity, expressed in radians, and θ is the Bragg
angle in degrees. The β and θ were obtained from JADE5.0 analysis results.
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3.3.2 Morphological and micro-structure study

The morphological and elemental features of the samples were investigated
by a JSM7100F field emission scanning electron microscope (FESEM,
Japan) and the equipped energy dispersive spectrometry (EDS, operating at
15 kV) from Ångström Laboratory of Uppsala University. The powder
samples were first ultrasonically dispersed in ethanol and then deposited on
the substrate or the conductive tape for SEM tests. Since a non-negligible
amount of electrically insulating constituents existed in the minerals, both
powder and pellet samples were sputtered with an ultrathin gold layer onto
the surface to reduce charging issue in the electron beam. The approximate
chemical composition and elemental distribution of the samples were
examined by EDS and elemental mapping.

To observe the grain distribution and inner lattice fringe of the composite
samples, transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HR-TEM) images were captured using a
JEOL JEM-2100F field-emission microscope (accelerating voltage 200 kV).
An auxiliary tool ImageJ was used to measure the grain size and lattice
interplanar spacing, for identification of the lattice plane in a crystal.

3.4 Electrical and electrochemical studies

3.4.1 Electrical conductivity

The electrical conductivity includes both ionic conductivity and electronic
conductivity, particularly in the composite samples. For purpose of
distinguishing them and investigating their correlations, several
measurement techniques were employed to test the ionic and electronic
resistances (R), which were then used to calculate the corresponding
conductivity (σ) according to:

SR
L


 (3-2)
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where L is the thickness of pellet and S denotes the effective area. These
techniques are described below.

3.4.1.1 Electrochemical impedance spectroscopy (EIS)

The EIS involves the test of current through an electrolyte cell when a
sinusoidal voltage with low amplitude is applied [125]. For a linear system,
the electrical stimulus for any provided frequency directly determines the
magnitude of the response. In this case, the applied potential is represented
as below when ΔΕ denotes the amplitude of the voltage:

)exp()( tjEtE  (3-3)

The output of current in this system should be also sinusoidal and with the
identical angular frequency ω, but amplitude and phase from the voltage
signal may present differences depending upon the elements in the circuit.
This can be expressed by:

)exp()(   tjItI (3-4)

where φ is the phase angle, ΔI is the amplitude of the current. For a pure
resistor, the phase shift is zero. When Ohm's law holds true in time or
frequency domain, the impedance of a circuit including resistors, capacitors
and/or inductors can be regarded as the ratio of the voltage signal divided
by the current flowing through the circuit. The impedance of the circuit Z(ω)
can be represented by magnitude Z and the phase angle φ in both polar and
Cartesian forms as:

 sincos)exp(
)(
)()( jZZjZ
tI
tEZ  (3-5)

in which j is a complex number with value of 1- , while the cosZ and
sinZ are real impedance (Z′) and imaginary impedance (Z″), respectively.
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Generally, the experimentally measured impedance data are plotted into
EIS curve with Z′ as abscissa axis and Z″ as vertical axis, as displayed in
Figure 3.3. Equivalent circuits consisting of various electrical elements,
such as resistances, capacitances, and inductances are used to describing the
different electrical phenomena and fit the experimental data.

Figure 3.3 Illustration of a typical impedance plot with equivalent circuits [126].

EIS measurements were performed using an electrochemical workstation
(CHI660B, Cheng Hua Corp.). The Ag/sample/Ag pellets and fuel cell
devices were tested at temperatures from 400 to 600 ℃ in air or in H2/air
atmosphere under an open circuit voltage mode. The applied frequency
range was from 0.01 Hz to 1 MHz, and the signal amplitude was 10 mV.
The equivalent circuits and EIS parameters were analyzed by fitting spectra
on ZView software (Scribner Associate Inc.). Through establishing suitable
and empirical equivalent circuit mode, the simulation results can be well
fitted with the experimental data.

3.4.1.2 DC polarization measurements

The electronic conductivities of the samples were measured by direct
current (DC) polarization method based on a Hebb-Wagner ion-blocking
cell (+)Pt/sample/Pt(-) as shown in Figure 3.4, which was fabricated by
pressing of polished sample and Pt electrode to form a pellet, followed by
firing to achieve better contact and sealing with ceramic paper. The ion
blocking method is the most extensively used method for determining the
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electronic conductivity of solid ionic materials [12,127]. The samples with
Pt electrodes were mounted in a stainless steel holder and sealed.
Measurements were conducted by a Keithley 2400 SourceMeter (Keithley
Instruments, Inc.) and a digital micro-ohm meter (KD2531, Kangda
Electrical Co., Ltd.). This measurement involves applying a DC voltage
signal (0.01 to 1 V) to the cell between outer reversible Pt electrode and
inner ion blocking Pt electrode, and isothermally recording the steady-state
current after 1.5 h delay. The oxygen gas inside of the sealed sample holder
was gradually exhausted through the sample toward the outer side, and
hence the oxygen chemical potential at the inner blocking Pt/sample
interface was reduced until the steady state was established. In the
equilibrium state, the oxygen ion was screened at the inner blocking
Pt/sample interface because there was no electrochemical potential gradient
of oxygen inside the sample. Thereby, the measured residual current is only
electronic flow, which reflects the electronic conductive capability of the
tested sample.

Figure 3.4 Schematic representation of Hebb-Wagner ion blocking cell for
polarization measurements.

3.4.1.3 Polarization curve method

As discussed in the previous section, in a typical polarization curve
(current-voltage curve) the linear part in the central region represents ohmic
polarization, which corresponds to the resistance of ionic flow in electrolyte
layer and electronic flow in electrodes. Since highly conductive electrodes
have been employed, which possess far smaller resistance than that of
electrolyte, the area specific resistance is linked primarily to the ionic
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electrolyte membrane layer. Thus, the ohmic polarization reflected by
voltage loss (ΔVohm) is primarily resulted from electrolyte resistance [12].
This can be expressed as ASRohm RiV  according to equation (2-15) in
terms of current density i and area specific resistance RASR, which means
that the ionic resistance of electrolyte membrane layer can be estimated
from the slope of polarization curve at the ohmic polarization region. The
corresponding ionic conductivity that contributes to fuel cell performance is
calculated according to:

SV
iL

SR
L

ohmASR
i 





 (3-6)

By these means, the total electrical conductivity can be separated into
individual ionic and electronic contributions.

3.4.2 Electrochemical performance of SOFCs

The electrochemical performance of each fuel cell under consideration was
determined by the current density-voltage (I-V) and current density-power
density (I-P) characteristics. The I-V characteristic were measured using a
computerized instrument IT7000 in the temperature range of 400-600 ℃
after the fuel cells reached a steady state. The fuel was pure hydrogen flow
supplied to the anode at a stream rate of 120-130 mL min-1, while the
cathode was provided with air as oxidant (oxygen) at an almost same flow
rate of 120-130 mL min-1. Cell voltage and current were collected by a
programmable electronic load (ITECH8511, ITECH Electrical Co., Ltd.).
The scanning rate was set to 0.05-0.1 A s-1 when recording the data. The
power density of single cell was obtained by iVP  . The peak value of
the parabolic I-P curve was defined as the maximum power output (mW
cm-2) to evaluate the best performance of a fuel cell, along with the value of
OCV. The laboratory setup for fuel cell performance measurements is
presented below in Figure 3.5, consisting of sample fixture, electronic load
controller (ITECH8511), current-voltage recorder (IT7000), testing furnace,
temperature regulator and mas flow controller (MFC, F-201CV).
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Figure 3.5 Schematic diagram of the setup for fuel cell performance measurements.

Additionally, EIS were also employed to analysis the different processes of
each fuel cell to the total impedance. The measurements were performed by
CHI660B workstation (CHI660B, Cheng Hua Corp.) under OCV mode in
H2/air atmosphere. The applied frequency range was from 0.01 Hz to 1
MHz, and the signal amplitude was 10 mV. By selecting specific equivalent
circuit, the simulation results can be well fitted with the experimental data
to indicate fuel cell resistances.

It is found several potential random and imprecise factors may add major
uncertainties to the tested performance results. One uncertainty is related to
the accuracy of the previously employed gas flow meter (Sho-RateTM 1355,
not shown in Figure 3.5), which indicated that the H2 flow rates were 80-
120 mL min-1 in the initial experiments. Moreover, the air flow rate had not
been properly recorded. Afterwards, the setup was updated by installing
two mass flow controllers (F-201CV) to monitor H2 and air flow rates,
respectively. By repeating the experiments, it was found the actual flow
rates for H2 were 120-130 mL min-1 for the earlier experiments, and that
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similar fuel cell performance was shown with the desired air flow rates (see
Appendix for more information). The F-201CV units each has an accuracy
of +/- 2 % according to supplier data.

Another uncertainty concerns the difference between the determined
operational temperature by thermocouple and the actual operational
temperature of a cell pellet when measuring its performance in the furnace
(there is distance between the thermocouple and the pellet). As the studied
fuel cells are based on solid oxide conductors, according to equation (2-20),
their ionic conductivity can be influenced by temperature fluctuation and
uncertainty, which results in slight variation of fuel cell performance. The
thermocouple measuring furnace temperature has an experimental error of
+/- 5 ℃. Observed temperature fluctuations also indicate an uncertainty of
+/- 3 ℃.

It is also considered that the preparation way of the composite and pellet
samples, especially the manual steps, may lead to some inconsistencies of
the materials, such as the homogeneity of the ground composite materials,
the size of the particles, and the relative density of the pellet, which thus
can slightly affect the ionic conductivity and performance. To minimize
this uncertainty, several samples were prepared of each material and
repeatedly measured to obtain reproducible and consistent results.
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4 Evaluating natural hematite and LCP in
SOFCs

Natural hematite (LW) and LCP are potential electrolyte candidates due to
their major constituents of ion-conducting Fe2O3 and CeO2. Up to now,
there have been few studies regarding these natural minerals for SOFC
applications. Thus, first of all, fundamental structural, morphological,
elemental analysis of the two materials, and elementary investigations on
their conductivities and fuel cell performance should be studied. This
chapter presents XRD, EDS and SEM studies of hematite (LW) (Paper 2 &
5) and LCP (Paper 1 & 4), and the first demonstration outcomes of hematite
(LW) SOFC (Paper 5) and LCP SOFC (Paper 1). Both data results and
discussion are included.

4.1 Natural hematite electrolyte for SOFC

4.1.1 Structural and morphological analysis

The natural hematite (LW) was used in an original state without any
additional processing. Figure 4.1 depicts the XRD pattern of hematite (LW)
powder. The diffraction peak pattern of the hematite (LW) is identified as
hexagonal structure Fe2O3 (JCPDS 79-1741), hexagonal structure SiO2

(JCPDS 83-2465), and CaCO3 (JCPDS 83-0578), indicating the coexistence
of the three phases in this natural mineral. In particular, diffraction peaks of
Fe2O3 can be indexed to (012), (104), (110), (113), (024) (116) and (112)
planes, matching well to those typical planes of α-Fe2O3. Apart from these,
there are a few traces of unidentified peaks from impurities.
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Figure 4.1 X-ray diffraction patterns of the raw hematite (LW).

Figure 4.2 (a) SEM image and (b) EDS result of the raw hematite (LW).

The particle morphology of hematite (LW) was also examined. Figure 4.2(a)
presents a typical SEM image of hematite (LW) powder, showing an
uneven distribution of nanometer-sized particles (average diameter of
around 200 nm) in an irregular shape with some micrometer-sized
agglomerations. This morphology is due to the fact that the hematite ore
was formed by natural deposits, and is used just after a simple purification
without elaboration. It is interesting to note that the raw materials partially
exhibit nanoscale particles, which is beneficial to creating a pathway for ion
transportation. In the EDS analysis shown in Figure 4.2(b), hematite (LW)
is composed of Fe, Si, Ca, O, and C, in accordance with the XRD result.
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According to the elemental mass percentage, Fe2O3 is confirmed to be the
main ingredient while SiO2 and CaCO3 are minor but non-negligible
ingredients.

4.1.2 Conductivity and fuel cell performance

In general, electrical conduction is the most important factor to evaluate a
solid electrolyte. To examine the electrical conductivity of hematite (LW),
the impedance spectra of hematite SOFC were measured under relevant
fuel cell operating conditions.

Figure 4.3 (a) Electrochemical impedance spectra of hematite (LW) SOFC and (b)
electrical conductivity of hematite estimated from EIS results.

Figure 4.3(a) presents the EIS curves of hematite (LW) acquired in H2/air at
400-600 ℃. The arcs located at higher frequencies are associated with the
bulk and grain boundary; at lower frequencies, the arcs result from the
electrode polarization processes [124]. The intercept of the semi-circle in
the high-frequency region corresponds to the ohmic resistance (Rohm) of the
cell, as has been marked in Figure 4.3(a). Since the ohmic resistances of the
two electrodes and the current collectors are very small, these factors were
considered negligible when compared to the resistance of the electrolyte.
Hence, the Rohm primarily results from the oxygen-ion, proton and slight
electron conduction of hematite (LW). An empirical equivalent circuit as
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shown in Figure 4.3(a) was applied to fit the EIS results, from which, the
electrical conductivity of hematite was calculated based on the fitted
Rohm+Rgb at each temperature and plotted in Figure 4.3 (b). As a result, the
conductivity of hematite (LW) exhibits a range of favorable values from
0.026 to 0.084 S cm-1 at 400-600 ℃, which is comparable to those of other
well-known electrolytes [79].

Figure 4.4 Typical I-V and I-P characteristics for a hematite (LW) SOFC.

The I-V characteristics and the corresponding power densities of hematite
(LW) SOFC at 500, 550 and 600 ℃ are shown in Figure 4.4. The device
exhibits a peak power density of 225 mW cm-2 at 600 ℃ along with a
considerable OCV of 0.94 V, demonstrating the viability of hematite (LW)
as an electrolyte for SOFC. When the operational temperature was
decreased, the OCV reduced to below 0.9 V and the device output power
also declined to 190 and 155 mW cm-2 at 550 and 500 ℃, respectively. The
insufficient OCVs could be a result of increased electronic conduction in
the electrolyte layer, which caused by the partial reduction of Fe3+ to Fe2+ in
the presence of hydrogen. The reduction of power output can be attributed
to the poor catalytic activity and gradually weakened ionic conductivity of
hematite (LW) at decreasing temperatures.

As mentioned in chapter 1, a number of studies have pointed out that
oxygen vacancies can be created in hematite through sintering in a
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reductive atmosphere such as hydrogen [40-45], and this may introduce
hydrogen as a dopant into the structure of hematite [41]. As reported, Fe2O3

can be easily transferred into oxygen-deficient Fe2O3-δ and form oxygen
vacancies in reducing atmosphere, as described by:

2δ-3232 O
2
δOFeOFe  (4-1)

To maintain a charge balance, partial Fe will turn from Fe3+ to Fe2+. When
the Fe atom is at low spin, then the energy level configurations for Fe ions

are: Fe2+, 06
gt et g ; Fe3+, 05

gt et g [129]. The Fe2+ ions will become insulating at

low spin since there are no unpaired electrons. In this case, semiconductor
Fe2O3 will be transformed into an oxygen-deficient Fe2O3-δ with high
oxygen-ion conduction and low electronic conduction. Thus, under fuel cell
H2/air condition, the Fe2O3 in the hematite ore can obtain enhanced ionic
conductivity and realize a good electrolyte functionality. In addition, the
natural deposit and mixture structure may also give rise to high ionic
conduction paths between constituent phases (i.e., interfaces), since
insulating SiO2-CaCO3 has been detected in hematite (LW). It has been
indicated in LiFeO2-γ-LiAlO2 [129] and LiI-Al2O3 [130] systems that high
ionic conductivity can be derived from the interface of ionic conductor and
insulator. These cases may also occur in natural hematite (LW), where the
ionic conducting α-Fe2O3 and the insulating SiO2-CaCO3 co-exist and form
interfaces to generate pathways for ionic conduction.

4.2 Natural LCP electrolyte for SOFC

4.2.1 XRD and SEM analysis

It is anticipated that the heat-treated product of LaCePr-carbonate, LCP
should be a desirable ion-conducting doped ceria with properties superior to
a simple mixture of lanthanum, praseodymium and cerium oxides, which
are known to be poor ionic conductors [69]. To verify the hypothesis, the
phase structure of LCP was analyzed by XRD.
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Figure 4.5 (a) XRD of LCP for comparison with SDC. (b) Enlarged XRD patterns
of LCP in comparison with those of SDC and standard CeO2.

Figure 4.5(a) displays the measured XRD patterns of LCP and commercial
SDC for comparison. All diffraction peaks of LCP can be indexed to the
same cubic fluorite structure as that of SDC while exhibiting a slight shift
to lower 2θ angle compared with SDC, without the presence of La2O3 and
Pr2O3. Figure 4.5(b) further presents XRD patterns with enlarged scale in
the ranges of 20-40o extracted from Figure 4.5(a). It shows obvious
diffraction peaks of LCP that correspond to the (111) and (200) planes of
standard fluorite-structured CeO2 (PDF No. 34-0394), while revealing a
more evident shift to lower 2θ angle compared to CeO2. This is most likely
attributed to the substitution of Ce4+ (ionic radius 0.97 Å) by La3+ (1.16 Å)
and Pr3+ (1.13 Å), which would enlarge the crystal lattice and result in a
shift according to the Bragg's law. These results indicate that the studied
LCP is a La3+ and Pr3+ co-doped CeO2, which has potential to exhibit
appreciable ionic conduction via a doping effect.

Shown in Figure 4.6 are the particle morphology and elemental information
of LCP as characterized by SEM and EDS, respectively. In the SEM image,
Figure 4.6(a), LCP particles are present in a form of bulk agglomeration
with irregular shape and size, ranging from nanometer scale up to
micrometer scale; this wide range can be explained by the fact that the LCP
powder was synthesized from raw material of industrial-grade carbonate.
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Figure 4.6 (a) SEM image of LCP particles, and (b) EDS result of LCP.

The EDS result, Figure 4.6(b) shows the elemental peaks of La, Ce, Pr, and
O, confirming the presence of La and Pr together with Ce in LCP, which
confirms that the LCP is a La/Pr co-doped CeO2. According to the
measured elemental mass percentage, the chemical formula of LCP can be
estimated as La0.33Ce0.62Pr0.05O2-δ. In ceria system, doping with lower valent
oxides brings about the creation of oxygen vacancies (Equation 2-19),
which can result in a significant enhancement of oxygen-ion conductivity
through the vacancy jump mechanism [69,70]. Former studies on ceria
based electrolytes have proven that both La doped ceria and Pr doped ceria
embody improved electrical performance [131-134]. La and Pr have been
reported to be used to co-dope ceria with other dopants such as Y and Sm
[131,133]. Among these works, it is observed that a La and Y co-doped
ceria, Ce0.8La0.2-xYxO1.9 demonstrated much higher ionic conductivity than
other singly doped ceria materials with almost same dopant concentration,
which is considered as better electrolyte appropriate for IT-SOFCs
compared with SDC and GDC. On this point, high ionic conductivity and
cell performance can be also expected in this La/Pr co-doped ceria under
investigation.
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Figure 4.7 I-V and I-P characteristics for a LCP electrolyte SOFC.

4.2.2 Electrochemical performance

The I-V characteristics and corresponding power outputs for a SOFC based
on LCP electrolyte were measured at 500-600 ℃. As displayed in Figure
4.7, the fuel cell exhibits a maximum power output of 401 mW cm-2 at
600 ℃ along with an OCV of 0.89 V. At lower temperatures from 500 to
575 ℃, the LCP cell exhibited good power outputs from 296 to 385 mW
cm-2 with a mildly raised OCV from 0.85 to 0.88 V. The insufficient OCV
is mainly due to the reduction of Ce4+ to Ce3+ of ceria based electrolyte
under fuel cell atmosphere, which induced electronic conduction and thus
caused deterioration of the OCV. Even so, as an initial attempt, the power
density still suggests the tremendous potential of LCP as an electrolyte. The
highest performance is comparable to that of a thin-film SOFC based on
YSZ/GDC (Gd-doped CeO2) bi-layer electrolyte [135], and even slightly
higher than some previously reported SOFCs using ceria-based electrolytes
[136,137].

4.3 Summary

In summary, the two mineral materials were found to be good ionic
conductors and were successfully applied into LT-SOFCs with appreciable
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performance being observed. These findings, especially fuel cell power
outputs (225 and 401 mW cm-2 at 600 ℃, respectively) are very
encouraging and imply that natural hematite (LW) and LCP are promising
electrolyte materials for LT-SOFCs. Since there is still ample room for the
development of natural hematite (LW) and LCP focusing on micro-
structure, they deserve more attention on both synthesis methods and ionic
conduction. Modification via composite approaches are presented in the
next chapter.



Doctoral thesis / Chen Xia

56

5 Development of mineral nanocomposites
for LT-SOFCs

In this chapter, a nanocomposite approach is presented for the modification
of natural hematite (LW) and LCP in order to improve their fuel cell
performance. The two minerals are combined to design a heterogeneous
composite hematite-LCP for electrolyte application. The prepared hematite-
LCP electrolyte is evaluated in SOFCs at low operational temperatures
(paper 2). Its structural, electrical properties and interfacial conduction
behavior are studied. Meanwhile, inspired by the ceria-salt composite
approach and considering carbonate-induced corrosion, a corrosion
resistive tungstate is employed for replacing the role of carbonate to
develop a ceria-tungstate composite LCP/K2WO4. Various ratios of
potassium tungstates are mixed with LCP to prepare a series of ceria-
tungstate composites. The effect of ratios on the conductivities of
LCP/K2WO4 are investigated in order to obtain an optimal composition for
high fuel cell performance (paper 4). Both experimental results and relevant
discussion are included in this chapter.

5.1 Hematite-LCP composite electrolyte for LT-SOFC

5.1.1 Basic characterization

The crystal structure of the prepared hematite-LCP composite was
examined by XRD in comparison with individual hematite (LW) and LCP.
Based on XRD patterns in Figure 5.1(a), almost all diffraction peaks of
hematite (LW) and LCP can be identified in the XRD of hematite-LCP,
indicating that the resultant material is a heterogeneous composite made of
α-Fe2O3, SiO2 and LCP. The diffraction peak of calcite from hematite (LW)
vanishes in the XRD of hematite-LCP composite, as it was fully dissolved
in acidic solution and eventually converted into oxide. The XRD results
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also preclude a possibility of chemical interaction among hematite (LW)
and LCP during preparation process.

Figure 5.1 (a) XRD patterns of hematite (LW), LCP and hematite-LCP; SEM
images of (b) hematite (LW), (c) LCP, and (d) Hematite-LCP.

Figure 5.1(b) and 5.1(c) give the morphological SEM images of the original
materials hematite (LW) and LCP, respectively. Similar to the particle
morphology described in the previous chapter, the two raw mineral
materials exhibit partial nanoscale particles with some micron-sized
agglomerations. After being modified into a composite, the resultant
hematite-LCP particles present a much more uniform distribution and finer
shape, with an average size of approximately 100 nm, as is shown in Figure
5.1(d). This is because of the wet-chemical route and four-hour calcination
at high temperature, which made the particles of different phases
redistribute and recrystallize, resulting in a more homogeneous morphology.
It is believed the improved micro-structure is capable of providing more
active regions for ionic transportation and electrochemical reactions.
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5.1.2 Electrical properties

The electrical properties of the developed hematite-LCP composite were
examined by EIS measurements, which were undertaken at temperatures
from 400 ℃ to 600 ℃ in H2/air atmosphere. Shown in Figure 5.2(a) are the
typical impedance spectra for the hematite-LCP prepared by 60 wt.%
hematite (LW) and 40 wt.% LaCcPr-carbonate acquired at 500, 550 and
600 ℃. For comparative study, the EIS of two pellets based on hematite
(LW) and LCP with the same size were also tested in H2/air, respectively,
as shown in Figure 5.2(b) with typical 600 ℃ EIS curve as an example.

Figure 5.2 (a) Impedance spectra of hematite-LCP acquired in H2/air atmosphere
and corresponding equivalent circuit ; (b) Impedance spectra of hematite (LW) and

LCP in H2/air at 600 ℃.
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For a solid ionic conductor, EIS curves generally show three arcs reflecting
three processes. The small arc at high-frequency region is a result of bulk
conduction behavior, while the arc at intermediate-frequency region
corresponds to a grain-boundary conduction process. The third part at low
frequencies is attributed to the electrode polarization behavior [138]. The
tested impedance spectra are fitted to an equivalent circuit model
Rb(RgbCPEgb)(RctCPEct) as shown in Figure 5.2(a), in which, Rb, Rgb, and
Rct stand for bulk resistance, grain boundary resistance, and electrode
resistance respectively, while CPEgb and CPEct are constant phase elements
for grain boundary and electrode, respectively.

Table 5.1 The equivalent circuit analysis of hematite (LW), LCP and the prepared
hematite-LCP composite at 550 ℃ and 600 ℃.

Temperature Sample Rb (Ω cm2) Rgb (Ω cm2)

550 ℃

hematite (LW) 2.00 3.29

LCP 2.994 12.38

hematite-LCP 3.165 0.854

600 ℃

hematite (LW) 1.99 3.06

LCP 2.13 11.94

hematite-LCP 2.15 0.42

The simulated values for Rb and Rgb are listed in Table 5.1. A comparison
among the materials manifests that hematite-LCP possesses a significantly
reduced Rgb than those of hematite (LW) and LCP for both temperatures,
indicating that the ionic conduction at grain boundary is far less resistive in
the composite sample. This is most likely a result of interfacial conduction
behavior of this heterogeneous material [139]. Since grain boundary
conduction always dominates the total ionic conduction at low temperatures,
the low value of Rgb for hematite-LCP implies a distinct superiority of the
composite over individual hematite (LW) and LCP [140]. Furthermore,
according to the resistance values, the total electrical conductivity (σt) of
hematite-LCP can be calculated based on Rb+Rgb as a function of
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temperature, which is plotted in Figure 5.3(a). To further confirm that the
composite is a feasible electrolyte, DC polarization measurement was
carried out based on a Hebb-Wagner ion blocking cell to determine the
electronic conductivity (σe) of the hematite-LCP sample. Both σt and σe are
plotted in Figure 5.3(a). In a temperature range of 400-600 ℃, the σt of
hematite-LCP increases from 0.019 to 0.117 S cm-1, while the σe is two
orders of magnitude lower than the total conductivity, from 0.0004 to
0.0015 S cm-1. The low electronic conductivity should be partially ascribed
to the electronic insulators originate from hematite (LW), such as SiO2,
MgO and Al2O3. The results confirm that the electronic conductivity is
negligible as compared with the total conductivity, and the developed
hematite-LCP composite is competent to serve as electrolyte in SOFC.
Based on the obtained conductivity, the ionic conductivity (σi) of hematite-
LCP can be extracted from σt by subtracting the σe, which shows a high
value of 0.116 S cm-1 at 600 ℃. This result is substantially higher than
those of hematite (LW) and LCP.

Figure 5.3 (a) The total and electronic conductivities of the hematite-LCP prepared
by 60 wt.% hematite and 40 wt.% LCP-carbonate; (b) the conductivity comparison

of hematite-LCP with other well-known electrolytes [139-141].

Figure 5.3(b) shows the values of activation energies for hematite-LCP σi in
a form of linearly well-fitted results, which is derived by plotting Ln (σiT)
against 1000/T according to the Arrhenius relationship (Equation 2-20).
The ionic conductivity and Ea of other well-known electrolytes are also
plotted in Figure 5.3(b) for comparison. As can be seen, hematite-LCP
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exhibits a higher ionic conductivity than the reported results of YSZ (0.005
S cm-1 at 600 ℃), GDC (0.025 S cm-1 at 600 ℃), and LSGM (0.03 S cm-1

at 600 ℃) at low-temperature range [141]. The composite also reveals a
much lower Ea (0.50 eV) at 400-600 ℃, which is superior to these well-
known electrolytes and indicates a LT operation possibility.

5.1.3 Fuel cell performance

In order to investigate the composition-dependent properties of hematite-
LCP on cell performance, the fuel cells with different hematite-LCP
composites are operated at 550 ℃. These composites are prepared by
hematite (LW) and LCP-carbonate at various mass ratios of 7:3, 6:4, 5:5,
4:6 and 3:7.

Figure 5.4 (a) OCV and power density variations of the SOFCs based on various
ratios of hematite-LCP at 550 ℃; (b) Performance of SOFC using the optimal

hematite-LCP.

Figure 5.4(a) illustrates the performance of the fuel cells with various
hematite-LCP composites tested at 550 ℃ for comparison. It is observed
that with the increase of hematite content from 30 wt.% to 60 wt.%, the
maximum power density shows distinct improvement. This should be due
to the increased regions of hematite/LCP interface caused by the
approaching amounts of hematite and LCP, which create more pathways
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for ions and thus enhance the ionic conductivity. With hematite
concentrations up to 70%, the LCP content becomes insufficient, leading to
lessened interface regions and reduced ionic conductivity. The results show
that 60 wt.% hematite (LW) + 40 wt.% LCP-carbonate is the best
composition for preparing hematite-LCP electrolyte. The corresponding
SOFC delivers a maximum power density of 530 mW cm-2 at 550 ℃ along
with an OCV of 0.94 V. Subsequently, the fuel cell with the optimal
hematite-LCP electrolyte was further operated at every increased 50 ℃
from 450 oC to 600 ℃, demonstrating a good power output of 386-625 mW
cm-2 at 450-600 ℃ as shown in Figure 5.4(b). Comparatively, the hematite-
LCP cell shows distinctly higher power output than hematite (LW) cell and
LCP cell, indicative of the validity of the developed composite as SOFC
electrolyte. It is also noted that the OCVs in Figure 5.4(b) varies from 0.97
V to 0.92 V when operation is conducted at 500-600 ℃. However, the
value is only 0.87 V at 450 ℃, which should be a result of partial electronic
conduction or gas cross-over in the initial testing phase.

5.1.4 Interfacial conduction and related mechanism

The above findings suggest that interfacial grain boundary conduction may
play the most important role in realizing the enhanced ionic conduction and
SOFC performance of hematite-LCP composite. As indicated by XRD and
EDS results, the developed composite consisted of multi-phases of α-Fe2O3,
SiO2 and LCP. Thus, it can be speculated that the ionic conduction at
heterophase interfaces played the primary role leading to the high ionic
conductivity.

For more insight into the interfacial properties, micro-structure of hematite-
LCP was inspected by TEM. Figure 5.5(a) presents a TEM image showing
that the hematite-LCP grains are uniformly distributed and closely aligned.
Figure 5.5(b) shows a HR-TEM image of the composite, in which all grains
are well-crystallized as evinced by the lattice fringes. It also displays three
different crystalline domains with inter planar spacings of 0.25, 0.32 and
0.33 nm, respectively, corresponding to the (110) crystal plane of α-Fe2O3,
(110) plane of SiO2, and (111) plane of doped CeO2. From the HR-TEM
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image, the phase boundaries among different crystal grains can be
identified, clearly showing the Fe2O3/LCP, SiO2/LCP and Fe2O3/SiO2

interfaces at various biphasic boundaries.

Figure 5.5 (a) TEM image of the as-prepared hematite-LCP composite. (b) Typical
HR-TEM image of hematite-LCP showing the phase boundaries (interfaces)

among different crystal grains of LCP, Fe2O3 and SiO2.

In solid state ionics, it has been recognized for more than a decade that the
ionic conductivity can be improved by manipulating the micro-structures of
multiphasic oxides. At oxide interfaces, electron correlations enable new
forms of coupling among electronic ground states of the adjoining materials,
which has been proposed to explain emergent properties at interfaces. For
instance, Maier et al. [142-143] reported a series of comprehensive studies
on interfacial conduction effects by taking the oxide-salt composite as an
example, pointing out that the overlap of space charge regions at the
heterophasic interfaces can construct special pathways for ionic transport.
Recent studies also highlighted the important roles of this effect in
achieving superior electrochemical properties in composites consisting of
semiconductor and ionic conductor [145] or ionic conductor and insulator
[146]. The material characterization results presented above have confirmed
that hematite-LCP consists of semiconductor, ionic conductor and insulator,
with ample interface regions and homogeneous distribution. Hence, it
should be the heterophasic interfaces among Fe2O3, LCP and SiO2 that
create an extensive and continuous channel network for ionic transport,
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thus facilitating ionic conduction. Figure 5.6 depicts a schematic diagram
for describing the heterophasic interfacial conduction in hematite-LCP.

Figure 5.6 Schematic of the ionic transport process in hematite-LCP.

To elaborate on this point further, and in view of the enhanced values of σi

and the corresponding low Ea of hematite-LCP, special attention is also
paid to the nano-redox reactions of Fe2O3 and LCP under fuel cell condition,
as also shown in Figure 5.6. The Fe2O3 in the composite can be reduced to
ion-conducting oxygen-deficient Fe2O3-δ under the reducing circumstance,
and may reoxidized to Fe2O3 under the oxidizing condition to complete the
full Fe3+ to Fe2+ redox cycle. In progressing from single hematite (LW) to
hematite-LCP composite, mineral particles were rendered nano-scale and
more uniform, augmenting active surface and interface sites to support such
redox process. Therefore more oxygen-deficient Fe2O3-δ and oxygen
vacancies can be effectively produced. Besides, as reported in nano-ceria,
there is a possibility occurred to doped ceria that proton could emerge on
the surface of ceria when Ce4+ is reduced to Ce3+ while H+ could appear as
interstitial impurities to maintain the charge compensation for neutrality
[145]. In the prepared hematite-LCP composite, the ceria surface tended to
be more active than that in pure LCP, thus the Ce4+/Ce3+ transformation can
be promoted at nano-particle surfaces while Ce4+ was balanced by Ce3+ and
H+. In this case, proton conduction became valid in the composite, which
essentially requires low activation energy.
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5.2 LCP/K2WO4 composite electrolyte for LT-SOFC

5.2.1 Material properties

The LCP/K2WO4 composite synthesized via a wet-chemical synthetic route
was characterized by XRD, SEM and EDS. Figure 5.7(a) displays the XRD
patterns of LCP/10 wt.% K2WO4 composite along with the XRD of pure
LCP and K2WO4. The inset is a magnified pattern of LCP with standard
XRD of CeO2 and SDC to indicate its nature of a doped CeO2. The XRD of
the LCP/K2WO4 composite shows the same diffraction peaks as those of
LCP. No signals from K2WO4 were detected and no additional new phases
could be found in the patterns. This implies that tungstate is present in the
composite in a form of an amorphous state, which is analogous to the case
of carbonate in ceria-carbonate system. Besides, there is a possibility that K
and W could incorporate into the lattice of LCP. Based on the XRD results,
the lattice parameters of LCP and the LCP/K2WO4 composite are calculated
as 0.5470 nm and 0.5468 nm, respectively. The nearly identical values thus
eliminate the assumption.

Figure 5.7(b) shows the morphology of LCP, in which the particles present
irregular shapes and occasional aggregations, due to the fact that LCP was
fabricated from robust rare-earth minerals. Figure 5.7(c) and 5.7(d) show
the SEM images of the LCP/10 wt.% K2WO4 sample. It is observed that the
oxide and tungstate phases form a mutually penetrating structure with even
distribution. This appears to be a result of the coating effect of amorphous
K2WO4 on the surface of LCP particles. Fig. 5.7(e) exhibits the EDS and
mapping results of the composite, revealing the co-existence of Ce, La, and
Pr together with K, W, and O. It reflects the even distribution of the two
phases, except that some aggregations of K and W can be observed in the
mappings, which is ascribed to a slight decomposition of K2WO4 during the
calcination process. These features of the LCP/10 wt.% K2WO4 sample in
XRD, SEM and EDS results are representative for all compositions.
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Figure 5.7 (a) XRD patterns of the LCP/10wt.% K2WO4 composite. SEMimages of
(b) LCP powder and (c) (d) LCP/10 wt.% K2WO4 composite. (e) EDS and

elemental mapping of the LCP/10 wt.% K2WO4 composite.

5.2.2 Composition effects on electrical properties

The impedance spectra of LCP and the LCP/K2WO4 composites are
measured in air at 500 ℃, as plotted in Figure 5.8(a). The measured data
were fitted to an empirical equivalent circuit of LRb(RgbCPEgb)(ReCPEe),
where L is inductance of the instrument leads and current collectors, Rb and
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Re represent bulk (grain) resistance and electrode resistance, respectively;
Rgb denotes grain boundary resistance for LCP, while in the cases of
LCP/K2WO4 composites it consists of both grain boundary resistance of
doped ceria and grain boundary (interfacial) resistance between LCP and
K2WO4. The fitting curves completely overlap with the experimental data,
indicating the validity of the used equivalent circuit. Table 5.2 summarizes
the fitted results, from which it can be seen that the composites reveal
reduced Rb and Rgb values as compared to pure LCP. The corresponding
grain and grain boundary conductivities (σg and σgb) were calculated and
also listed in Table 5.2. The total conductivity σt was also calculated
according to Equation (3-2) based on the sum of Rgb and Rb.

Figure 5.8 (a) EIS for LCP and LCP/K2WO4 composite obtained in air at 500 ℃.
(b) Performance of the fuel cells at 500 ℃. (c) Electronic conductivities of the
LCP/K2WO4 composites. (d) EIS of the LCP/10 wt.% K2WO4 composite and

corresponding Arrhenius plot.
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Table 5.2 The fitting parameters of EIS and the conductivities for LCP and the
LCP/K2WO4 composites.

Samples
(500 ℃)

Rb
(Ω cm2)

Rgb
(Ω cm2)

CPEgb-T
(F cm-2) CPEgb-P σg

(S cm-1)
σgb

(S cm-1)
σt

(S cm-1)

LCP 3.68 424.70 1.352E-5 1.0999 0.054 4.71×10-4 4.67×10-4

LCP/5 wt.%
K2WO4

1.64 250.92 5.454E-6 0.9492 0.122 7.97×10-4 7.93×10-4

LCP/10 wt.%
K2WO4

1.36 182.55 5.840E-6 0.9651 0.147 1.11×10-3 1.09×10-3

LCP/15 wt.%
K2WO4

1.28 117.32 1.143E-6 1.1222 0.156 1.71×10-3 1.69×10-3

LCP/20 wt.%
K2WO4

1.16 38.47 1.115E-5 0.9901 0.172 5.48×10-3 5.32×10-3

As a result, the σt gains distinct enhancement from LCP to the LCP/K2WO4

composite, which is primarily due to the increase of σgb. With higher
K2WO4 content, σgb increases steadily and eventually reaches a highest
value at 20 wt.% K2WO4. Compared with a pure LCP, the LCP/K2WO4

composites consisting of two phases possess enlarged interface regions, as
displayed in Figure 5.7(d). These characteristics can offer enhanced ionic
transport, similar to the interfacial conduction in the ceria-carbonate system
[147]. Thereby, the improved conductivity should be mostly contributed by
the LCP/K2WO4 interfacial conduction. This implies that the addition of
tungstate exerts a positive effect on the conductivity of the composite.

Figure 5.8(b) presents the I-V and I-P characteristics for SOFCs based on
LCP and LCP/K2WO4 electrolytes measured at 500 ℃. As is shown, the
cell performance is significantly affected by the LCP:K2WO4 proportion.
The LCP based cell exhibits a maximum power density of 295 mW cm-2,
while the cells with LCP/5 wt.% K2WO4, LCP/10 wt.% K2WO4, LCP/15
wt.% K2WO4 and LCP/20 wt.% K2WO4 demonstrate peak power outputs of
370 mW cm-2, 395 mW cm-2, 143 mW cm-2 and 63 mW cm-2 at the same
temperature, respectively. When K2WO4 content is from 0 wt% to 10 wt.%,
the cells can achieve sufficient OCV. When it increases to over 10 wt.%,
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the cell OCV drops dramatically to below 0.75 V. A rational explanation is
that the W from K2WO4 was reduced to lower valence under reducing
condition and induce electronic conduction and changes in interface states,
leading to short-circuiting issue (OCV loss) and reduced ionic conduction
(power loss). Figure 5.8(c) further gives the electronic conductivity (σe) of
the composite samples measured by the Hebb-Wagner method. The σe for
LCP/10 wt.% K2WO4 show a low value of approximately 10-5 S cm-1 at fuel
cell operational temperatures, which is negligible compared with its σt.
With respect to LCP/15 wt.% K2WO4 and LCP/20 wt.% K2WO4, σe is
roughly 10-4 S cm-1 which are closer to the value of σt. The rise of σe is
because of the increased content of K2WO4, which may decompose and
form more metallic K and W in the composite, as shown by the elemental
mappings in Figure 5.7(e). The results of performance and electronic
conductivity indicate that 90 wt.% LCP/10 wt.% K2WO4 is the optimal
composition.

The most favorable composite LCP/10 wt.% K2WO4 was further
investigated by EIS, as illustrated in Figure 5.8(d). σt of the composite can
be calculated and accordingly σi can be obtained by subtracting σe from the
σt. Similar to ceria-carbonate system, the ceria-tungstate composite LCP/10
wt.% K2WO4 shows an improved ionic conductivity of 0.026 S cm-1 at
600 ℃, superior to those of pure LCP and the well-known electrolyte GDC,
which are 0.012 and 0.02 S cm-1, respectively [124,141]. An Arrhenius plot
of σi for the composite is illustrated in Figure 5.8 (d) inset. The calculated
Ea exhibits a small value of 0.43 eV, lower than those of doped-ceria (0.78
eV) and typical electrolyte YSZ (1.0 eV) [148,149]. It has been reported the
interfaces of composites have fewer structural barrier than bulk for the
creation of high-concentration ions, as an indication of the higher capacity
of interface to contain mobile ions [150]. Thus, the low activation energy
should be a result of the interface effect.

5.2.3 Fuel cell performance

The favorable composite LCP/10 wt.% K2WO4 was further appraised in
SOFCs at various temperatures. Figure 5.9(a) contains a SEM image
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presenting the cross-section view of the device after operation. The LCP/10
wt.% K2WO4 electrolyte shows a uniformly continuous layer adhering well
to the two electrode layers. The cathode, electrolyte and anode are 450, 320
and 765 µm in thickness, respectively. A detailed image of the electrolyte is
shown in Figure 5.9(b), representing a relatively dense structure. Figure
5.9(c) illustrates the I-V and I-P characteristics at different temperatures.
Under the prerequisite of a sufficient OCV of 1.07 V, the cell achieves a
highest power output of 500 mW cm-2 at 550 ℃. At a lower temperature of
450 ℃, the fuel cell can still demonstrate a reasonable output of 255 mW
cm-2 with a high OCV of 1.09 V.

Figure 5.9 (a) Cross-sectional SEM image of the cell with the LCP/10 wt.%
K2WO4. (b) Magnification SEM image of the electrolyte layer after sintering. (c)

Performance of the LCP/10 wt.% K2WO4-based fuel cell.

Although the performance of LCP/10 wt.% K2WO4 SOFC cannot compare
with that of the best ceria-carbonate composites, the first demonstration
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results are very encouraging and indicate a new type of composite
candidate for advanced LT-SOFC electrolytes.

5.3 Summary

In summary, the ionic conductivities and cell performance of hematite (LW)
and LCP were shown to be enhanced via a nanocomposite approach. Both
OCVs and power densities of the composite electrolyte SOFCs reveal
distinct improvements compared with individual hematite (LW) and LCP
based SOFCs. The two composites also gained lower-temperature
operational capability that can support a normal running of fuel cells at
450 ℃. Findings were attributed to the enhanced ionic conductivities of
composites, especially at heterophasic interface regions. Consequently, it
can be concluded that the natural hematite (LW) and LCP has been
successfully improved by nanocomposite approach. Further promotion can
be anticipated through a semiconducting-ionic composite method, which is
the subject of the next chapter.
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6 Application of mineral-LSCF composite
in EFFCs

Results presented in Chapter 4 and 5 have confirmed that LCP and
hematite-LCP composites are feasible electrolytes for LT-SOFCs. In this
chapter, with the target of exploring additional potential of natural minerals
with further improved fuel cell performance, two semiconducting-ionic
composites are developed by incorporating perovskite cathode material
LSCF into LCP and the hematite-LCP composite, respectively. The
designed LCP-LSCF (paper 2) and hematite/LCP-LSCF (paper 3)
composites are evaluated in EFFCs as intermediate membrane layers.
Characterization on material properties and fuel cell devices are carried out.
The influences of compositions on the cell performance and electrical
conductivities of the composites are investigated. Particular attention is also
paid to stability and Schottky junction effects of the EFFC device. Both
data and the corresponding discussion are included in this chapter.

6.1 Semiconducting-ionic LCP-LSCF for EFFC

6.1.1 Structural and morphological analysis

The phase-structural information of LCP, LSCF and LCP-LSCF composite
were analyzed by XRD. As presented in Figure 6.1, the characteristic
diffraction peaks of LCP and LSCF are marked in the XRD patterns,
respectively. The LCP peaks can be identified as the same cubic fluorite
structure as ceria but showing a slight shift to lower angles, which is in
accordance with former studies. The peaks of LSCF are well indexed as a
cubic perovskite structure and the presence of sharp lines indicate its well-
developed crystallization [151]. The XRD patterns of LCP-LSCF reveal
diffraction peaks that all corresponds to LCP and LSCF (as labeled by Δ
and ♦, respectively) while no impurity phase can be observed, indicating
that LCP and LSCF coexist as composites without obvious chemical
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interaction. The average crystallite size calculated by Scherrer Equation (3-
1) shows a value of approximately 40 nm.

Figure 6.1 XRD patterns of LCP, LSCF and the prepared LCP-LSCF composite.

Figure 6.2 SEM images of (a) LCP, (b) LSCF and (c) LCP-LSCF composite.

Figure 6.3 TEM images of (a) LCP, (b) LSCF and (c) LCP-LSCF composite.
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The particle morphologies of the as-prepared materials were characterized
via SEM and TEM. By using the LCP-LSCF composite with 40 wt.%
LSCF as an example, the SEM and TEM images are presented in Figure 6.2
and 6.3, respectively in comparison with those of LCP and LSCF. It is
observed the natural mineral LCP exists in a bulk form featuring
agglomerations with non-uniform size and distribution, while the
commercial LSCF reveals a morphology of loose nano-particles with a
comparatively even distribution. The developed LCP-LSCF also exhibits
irregularly shaped particles as shown in Figure 6.2(c), but presents a good
two-phase homogeneity. The TEM images in Figure 6.3 show that the three
samples are composed of nano-sized grains with recognizable boundaries
and voids, which would offer more active sites for the electrochemical
reaction in EFFCs. Because of a sintering step (700 ℃), the LCP-LSCF
composite has slightly enlarged grains that stick together, which form a
collective agglomerate structure.

6.1.2 Electrochemical performance

The influences of LCP/LSCF proportions on the performance of LCP-
LSCF EFFCs were first studied at a temperature of 575 ℃ in order to find a
proper composition. As can be seen from Figure 6.4(a), the EFFC with 40
wt.% LSCF demonstrates a peak power density of 745 mW cm-2 along with
a OCV of 1.04 V. The output is double of that of the EFFC with 20 wt.%
LSCF, which exhibits a peak power density of 350 mW cm-2 with OCV of
0.86 V. As to the EFFCs with 30 wt.% and 50 wt.% LSCF, maximum
power densities of 625 and 532 mW cm-2 are observed, respectively,
corresponding to OCVs of 0.95 and 0.97 V. Likewise, the OCVs of EFFC
are found to be sensitive to the compositions. When LSCF ratio is 20 wt.%,
the LSCF of LCP-LSCF layer is inadequate to enable normal electrode
reactions at the LCP-LSCF/NCAL-Ni interface, resulting in a deterioration
of the OCV. When LSCF content is over 40 wt.%, the electrons (holes)
play a dominating role in the composite, and this may bring about a partial
short circuit of the cell, leading to a drop of OCV. Similar behavior was
also reported in an EFFC based on NSDC-SFM composite [107]. Thus, it
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can be concluded that a proper proportion of LCP/LSCF is crucial for the
semiconducting-ionic composite design.

Figure 6.4 I-V and I-P characteristics of (a) the EFFC based on LCP-LSCF with
various composition at 575 ℃, and (b) the EFFC with 40 wt.% LSCF.

The best-performing EFFC was further operated at 500-600 ℃. The I-V
characteristics and the corresponding power densities are shown in Figure
6.4(b). As is seen, the maximum power density is 414 mW cm-2 at 500 ℃
and increases to over 700 mW cm-2 at 600 ℃. As the operational
temperature rises from 575 ℃ to 600 ℃, both power output and OCV of
the cell decline. This finding might be related to oxidation of the Ni-foam
on the cathode side at temperatures of 575 ℃ and higher, which would
deteriorate the electrode structure and affect the current collection ability of
Ni. Compared to conventional LCP electrolyte SOFC in Chapter 4, the
LCP-LSCF EFFC exhibits both augmented power outputs and higher
OCVs.

6.1.3 EIS analysis and electrical properties

Since the LCP-LSCF composite was prepared by ionic conductor phase and
semiconductor phase, the conductive behavior should include both ionic
and electronic contributions. Taking the high outputs and OCVs into
account, there might be two possibilities for the composite materials: i)
LCP-LSCF possessed a high ionic and negligible electronic conduction,



Doctoral thesis / Chen Xia

76

fulfilling the standard definition of a traditional electrolyte, with blockage
of electrons by LCP; ii) LCP-LSCF had high mixed ionic-electronic
conduction, but the electrons were prevented from passing through the
internal device during operation. To examine the hypothesis, electrical
conductivities of the LCP-LSCF composite with 40 wt.% LSCF were
investigated and quantitatively analyzed.

Figure 6.5 EIS for the composite with 40 wt.% LSCF measured (a) in air; (b) in
H2/air. (c) Electrical conductivities for the composite with 40 wt.% LSCF obtained

from I-V curves and EIS.

Impedance spectra of the composite with 40 wt.% LSCF were measured in
both air and in H2/air atmospheres at 400-600 ℃, as plotted in Figure 6.5(a)
and 6.5(b), separately. It is known that the intersection of the EIS curve at
high-frequency region indicates the ohmic resistance (Ro), from which, the
total conductivity (σt) comprising ionic and electronic contributions can be
calculated based on Equation (3-2), as shown in Figure 6.5(c). Moreover,
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based on the polarization curve, the ionic conductivity (σi) of the LCP-
LSCF composite is obtained according to the Equation (3-6), as also
presented in Figure 6.5(c). The σt measured under fuel cell condition
exhibits high values (0.37-0.81 S cm-1 at 400-600 ℃), which is probably
attributed to the reduction of the composite in H2 that induced electronic
conduction, while the σt measured in air ranges from 0.39 to 0.47 S cm-1.
The σi obtained from I-V curve varies from 0.27 to 0.40 S cm-1 at 500-
600 ℃, revealing remarkably enhanced ionic conduction compared with
LCP. Accordingly, the electronic conductivity (σe) of the composite can be
determined by subtracting the σi from σt.

Table 6.1 The ionic and electronic conductivities of LCP-LSCF composite with 40
wt.% LSCF.

Sample Temperature
℃

σt
S cm-1

σi
S cm-1

σe
S cm-1

LCP-LSCF
composite with
40 wt.% LSCF

600 0.81 0.398 0.412
575 - 0.404 -
550 0.68 0.380 0.30
525 - 0.333 -
500 0.54 0.276 0.264

The attained conductivities are summarized in Table 6.1. As is seen, the σe

is from 0.26 to 0.41 S cm-1 at 500-600 ℃, which is of the same order of
magnitude as σi, implying that ionic conduction and electronic conduction
of the best-performing composite reached equilibrium. A previous study by
Dong et al. [107] pointed out that a proper balance between the ionic and
electronic conductivities can optimize the performance of EFFC [107]. Our
present findings thus experimentally confirm their analysis. On the other
hand, the results also substantiate the above second hypothesis, verifying
that the LCP-LSCF composite has a mixed ionic-electronic conduction,
while the electrons is blocked in the internal device during operation
because high OCVs are measured.
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6.2 Semiconducting-ionic hematite/LCP-LSCF for EFFC

6.2.1 Structural and morphological analysis

The crystal structure of the prepared hematite-LCP composite is depicted in
Figure 6.6(a) along with the XRD patterns of hematite (LW) and LCP.

Figure 6.6 (a) XRD patterns of hematite (LW), LCP and the hematite-LCP
composite; (b) XRD patterns of LSCF and the hematite/LCP-LSCF composite.

The XRD pattern of hematite-LCP reveal a heterogeneous structure with
nearly all diffractive peaks corresponding to hematite (LW) and LCP.
Figure 6.6(b) further gives the XRD patterns of LSCF and the resultant
hematite/LCP-LSCF composite. The relatively intense peaks of LSCF
indicate a well-crystallized perovskite structure of the commercial material.
In XRD of hematite/LCP-LSCF, all peaks are identified as those of
hematite/LCP and LSCF, reflecting the heterogeneity of the sample with
the presence of hematite-LCP and LSCF. Besides, no by-product phase can
be observed in the pattern, implying that no chemical reactions took place
among hematite (LW), LCP and LSCF during preparation.

Figure 6.7(a) and (b) present the micro-structure images of the as-prepared
hematite-LCP composite captured by TEM. The grains of hematite-LCP
distribute uniformly and display legible lattice fringes separated by
0.188 and 0.32 nm, corresponding to the (024) crystal plane of α-Fe2O3

phase and (111) plane of LCP, respectively. The interface (grain boundaries)



Doctoral thesis / Chen Xia

79

between Fe2O3 and LCP are clearly observed, which is beneficial to
facilitating the interfacial ionic conduction.

Figure 6.7 (a) TEM and (b) HR-TEM images of the hematite-LCP composite; SEM
images of (c) hematite/LCP, (d) LSCF, and (e) hematite/LCP-LSCF; (f) Cross-

sectional SEM image of the full cell with hematite/LCP-LSCF membrane.

The morphology analysis of hematite-LCP, LSCF and hematite/LCP-LSCF
were carried out by SEM as shown in Figure 6.7(c)-(e). Faceted and
uniformly distributed particles of the hematite/LCP-LSCF composite are
clearly visible in Figure 6.7(e), consisting of fine grains with size of around
50 nm and a small fraction of agglomerations, which shows better
morphology than its original materials natural hematite (LW), LCP and
LSCF. This suggests that the micro-structure of the mineral based
composite can be regulated through chemical and physical processing. The
micro-structure is favorable to electrochemical reactions as more active
sites are created. Figure 6.7(f) presents a cross-sectional view of the
assembled EFFC. The hematite/LCP-LSCF membrane layer is 400 µm in
thickness, while the two porous electrode layers are 620 and 610 µm,
respectively. It is seen that a relatively dense structure of the membrane
layer is produced without apparent pores. It is also observed that the
membrane layer bonds well with the two electrodes, except for a mild
delamination with the upper layer, which is most likely a result of the
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squeezing damage during scissoring the fuel cell pellet for SEM
characterization.

Figure 6.8 EDS mapping images of the prepared hematite/LCP-LSCF.

Additionally, the elemental distributions of the hematite/LCP-LSCF sample
were studied by EDS mapping, as illustrated in Figure 6.8. It can be seen
that Fe, Si, La, Pr, Ce, Sr, Co, and O co-exist in the sample, confirm again
the homogeneity and even distribution of the major constituents in the
composite, which is a basic requirement of semiconducting-ionic composite
in EFFC.

6.2.2 Electrochemical performance

The EFFC devices using the hematite/LCP-LSCF composite membranes
were operated at 450-600 ℃. The performance characteristics of four EFFC
devices with various compositions of hematite/LCP-LSCF measured at
600 ℃ are displayed in Figure 6.9(a). When the LSCF content is as low as
10 wt.%, the cell OCV is around 0.91 V; as the content increases to 20
wt.%, the OCV increases to 1.0 V. Further promotion of the OCV to the



Doctoral thesis / Chen Xia

81

highest value of 1.04 V is witnessed when LSCF ratio is 30 wt.%. After
that when LSCF increases to 40 wt.%, the OCV shows a reducing tendency
with slight decrease to 1.01 V. A similar correlation between the ratios and
fuel cell power densities is also noticed. The EFFC based on hematite/LCP-
30 wt.% LSCF exhibits a maximum power output of 662 mW cm-2 at
600 ℃, while the other three cells with 10 wt.% LSCF, 20 wt.% LSCF, and
40 wt.% LSCF deliver reduced results of 389, 533 and 448 mW cm-2,
respectively. The best performance shows an improvement compared with
that of hematite-LCP SOFCs.

Figure 6.9 Performance of (a) EFFCs using hematite/LCP-LSCF with various
ratios at 600 ℃, and (b) EFFC with the optimal hematite/LCP-LSCF at 500-550 ℃.

The performance results show that 70 wt.% hematite/30 wt.% LCP with 30
wt.% LSCF is the most favorable proportion for the composite.
Subsequently, I-V and I-P characteristics for this fuel cell were measured at
lower temperatures, demonstrating peak power densities of 303, 345 and
375 mW cm-2 at 500, 525 and 550 ℃, respectively, along with OCVs in the
range of 0.99-1.06 V (see Figure 6.9(b)). Even lower temperature
conditions (450 and 475 ℃) failed to support a normal OCV values under
0.85 V. Nevertheless, the results still reveal the positive low-temperature
operational feasibility of hematite/LCP-LSCF in EFFCs.
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6.2.3 EIS analysis

EIS analysis of the fuel cells were carried out to study the electrochemical
properties of the samples. The EIS acquired in H2/air at 600 ℃ for the four
EFFC devices (with different ratios of hematite/LCP-LSCF) are presented
in Figure 6.10.

Figure 6.10 Impedance spectra of the hematite/LCP-LSCF fuel cells with various
ratios of LSCF tested in H2/air atmosphere at 600 ℃.

In the order of reducing frequency, the first intercept of EIS curve on the
real axis corresponds to the ohmic resistances (Ro), and the second intercept
represents the total resistance of the cell which is a sum of Ro and the
polarization resistances (Rp) of the cell [128], as labeled in the EIS plots.
We can observe that the Ro has no variations among the four cells, in
contrast, their Rp shows noticeably differences varying from 3.6, 2.4, 2.2 to
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3.2 Ω cm2 when LSCF content increases from 10 wt.%, 20 wt.%, 30 wt.%
to 40 wt.%, suggesting that the electrode reaction is sensitive to the
composition of the sample. This behavior can be ascribed to the different
catalytic activity of the composite determined by diverse ratios, which
affects the electrode reaction at membrane/electrode interface. Particularly,
with the increase of LSCF from 10 wt.% to 30 wt.%, the ORR process of
EFFC will gain promotion at the interface that enables the decrease of Rp.
However, the reducing proportion of hematite-LCP content will decrease
the ionic conduction at the membrane/electrode interface and suppress the
charge transfer process, since ionic conduction is also crucial at TPBs. Thus,
a larger Rp is found by 40 wt.% LSCF sample compared with 20 wt.%
LSCF and 30 wt.% LSCF. Comparatively, the hematite/LCP-30 wt.%
LSCF sample is proven to have the best catalytic activity for electrode
reaction, which thus again confirms the optimal composition and interprets
the highest performance in Figure 6.9 (a).

Figure 6.11 Impedance spectra of hematite (LW), LCP, the hematite-LCP and the
hematite/LCP-30 wt.% LSCF acquired in H2/air at 550 ℃ for comparison, and the

corresponding equivalent circuit for fitting the results.

EIS tests for the hematite-LCP and hematite/LCP-30 wt.% LSCF samples
were also undertaken to study their electrical properties. Figure 6.11 shows
the EIS curves of the two composite samples acquired in H2/air at 550 ℃.
Additionally, two pellets made of hematite (LW) and LCP were fabricated
and measured under the same circumstances, as plotted in Figure 6.11 as
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the inset. The experimental data are fitted to an empirical equivalent circuit
Rb(RgbCPEgb)(RctCPEct) to attain the information of bulk, grain boundary
and electrode resistances, and constant phase elements of grain boundary
and electrode. The fitting data represented by solid lines are in agreement
with the tested result. The values extracted from the fitting results are
summarized in Table 6.2.

Table 6. 2 The equivalent circuit analysis results of hematite (LW), LCP, the
hematite-LCP and the hematite/LCP-LSCF samples at 550 ℃.

Sample
(550 ℃)

Rb
(Ω cm2)

Rgb
(Ω cm2)

CPEgb-T
(F)

CPEgb-P
(F)

Rct
(Ω cm2)

CPEct-T
(F)

CPEct-P
(F)

hematite (LW) 2.00 3.29 5.65E-5 0.98 32.08 7.21E-6 0.918
LCP 2.994 12.38 4.51E-3 1.07 78.16 3.45E-3 0.747

hematite-LCP 3.165 0.854 2.61E-5 1.22 14.50 0.155 0.601
hematite/LCP-

LSCF 0.654 0.154 3.00E-6 1.13 2.048 9.73E-6 1.008

It can be briefly concluded from these results that the Rb of hematite/LCP-
LSCF show much smaller values than those of hematite (LW), LCP and
hematite/LCP, owing to the high conductivity of LSCF. Comparison among
these samples reveals that the Rgb declines dramatically from 12.38 Ω cm2

of LCP, 3.29 Ω cm2 of hematite (LW), to 0.853 Ω cm2 of hematite-LCP and
finally down to 0.154 Ω cm2 of hematite/LCP-LSCF. The sharply reduced
Rgb may partially benefit from the high grain boundary conductivity of
semiconductor LSCF [89]. It can be also attributed to the heterophasic
interfacial conduction of ions, because the prepared hematite/LCP-LSCF
sample exhibits fine micro-structure with uniform particle distribution and
heterophasic interfaces (see section 6.2.1).

6.2.4 Ionic and electronic conductivities

The EIS of hematite/LCP-30 wt.% LSCF EFFC were also tested at 400-
600 ℃ in H2/air. Figure 6.12(a) presents the measured impedance spectra
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and fitting results based on an equivalent circuit of Rs(R1CPE1)(R2CPE2), in
which the Rs denotes the ohmic resistance primarily caused by the ions and
electrons, while R1CPE1 and R2CPE2 represent the charge transfer process
and mass transfer process, respectively [91]. In this way, the total electrical
conductivity (σt) of the hematite/LCP-30 wt.% LSCF composite can be
determined by Rs. According to the simulated values, the ohmic resistance
of hematite/LCP-30 wt.% LSCF is from 0.79 to 0.53 Ω cm2 at 400-600 ℃.
Thus, the σt can be calculated, exhibiting high values increasing from 0.156
S cm-1 at 400 ℃ to 0.235 S cm-1 at 600 ℃, as shown in Figure 6.12(b).

Figure 6.12 (a) Impedance spectra of the hematite/LCP-30wt.% LSCF composite
measured in H2/air and the equivalent circuit for fitting. (b) Conductivity and
activation energy of the hematite/LCP-30wt.% LSCF composite.

In parallel the electronic conductivity (σe) of the hematite/LCP-30 wt.%
LSCF composite was measured using a Hebb-Wagner ion blocking cell, as
presented in Figure 6.12(b). The σe shows a mild increasing trend from
0.071 to 0.082 S cm-1 at 400-600 ℃. The corresponding σe curve presents a
small slope that analogous to the electronic conduction behavior of LSCF
[151], indicating that the electron-conducting behavior of the composite is
dominated by LSCF. The ionic conductivity (σi) can be got by subtracting
σe from σt. As shown in Figure 6.12(b), the obtained σi reaches a high value
of 0.153 S cm-1 at 600 ℃, which is higher than the ionic conductivities of
hematite (LW), LCP and hematite-LCP. The improved σi should be mainly
due to the increased grain boundary (heterophasic interface) conductivity of
hematite/LCP-LSCF, as confirmed in Table 6.2.
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Also worth noting is that the obtained σi reaches a balance with σe in terms
of order of magnitude. This is analogous to the case of semiconducting-
ionic composite LCP-LSCF (see previous section). It confirms again that a
proper proportion between ionic phase and semiconducting phase is
essential to achieve a high ionic conductivity and optimal cell performance,
and normally this happens at a balanced ionic and electronic conduction.
The electronic and ionic conductivities were sufficiently high and balanced;
benefiting from this, the triple phase boundary of both the anode and
cathode functional regions of the cell can be significantly extended. Hence,
the EFFC using hematite/LCP-30 wt.% LSCF exhibited a small Rp, as
shown in Figure 6.10. Furthermore, an Arrhenius plot for the ionic
conduction is presented in the inset of Figure 6.12(b). The composite shows
an extremely low Ea (0.30 eV) at 500-600 ℃, which approaches the low Ea

record (0.25 eV) of a previously reported composite electrolyte GDC/KAZ
(GDC, K2CO3, ZnO and Al2O3), which is also made of semiconductor,
ionic conductor and insulator [65]. This low activation energy reflects that
the hematite/LCP-LSCF composite has potential to support a LT operation
at even 400-500 ℃ if a more compatible electrode is applied.

6.3 Stability operation and Schottky Junction of EFFC

In sections 6.1-6.2, two mineral based semiconducting-ionic composites
have been successfully demonstrated in EFFCs with enhanced fuel cell
performance as compared to other materials. These results show that the
designed composite and EFFCs are effective ways for developing mineral
based LT-SOFC technology. In the following section, more investigations
concerning the durability and junction effect of the EFFC device are
studied using the best-performing LCP-LSCF EFFC as an example.

6.3.1 Performance stability

As a new type SOFC device, the durability is of special concern for the
used semiconducting-ionic membrane and the EFFC device. To this end,
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the performance stability of a LCP-LSCF EFFC was investigated during a
14 h test at 550 ℃ with current density held constant at 250 mA cm-2.

Figure 6.13 (a) The durability test result of LCP-LSCF EFFC at current density of
251 mA cm-2 at 550 ℃. XRD patterns of (b) LSCF-LCP composite after the

stability test and (c) anodic NCAL before and after the stability test.

As shown in Figure 6.13(a), except an increase of voltage at the initial start-
up step, the EFFC demonstrates steady voltages over time. Particular
attention is also paid to the chemical stability of LCP-LSCF membrane and
NCAL anode in H2/air atmosphere, which were analyzed via XRD after the
stability measurement was conducted (the cell was allowed to cool to room
temperature and was kept in a H2/air atmosphere to maintain its in-situ
state). The XRD results are presented in Figure 6.13(b) and (c), respectively.
The XRD pattern of LCP-LSCF reveal the same characteristic peaks as that
before the stability operation (Figure 6.1), suggesting that the membrane
layer experienced no chemical changes during the 14-hour operation. With
respect to the XRD of anodic NCAL which was exposed to a reducing
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atmosphere during test, the diffraction peaks are identified as NCAL and
metallic Ni. The Ni should be a result of metallization of the NCAL
particles and Ni foam. A similar phenomenon was also reported when NCL
pasted Ni-foam was used as the anode [111].

Figure 6.14 SEM of NCAL particles on the anode side (a) before and (b) after the
stability test; NCAL on the cathode side (c) before and (d) after the stability test.

Figure 6.14 exhibits the SEM images of NCAL particles on the anode and
cathode sides before and after durability operation. As can be seen in
Figure 6.14(a) and (c), the prepared NCAL-Ni on both anode and cathode
sides has a porous structure with nano-sized NCAL particles evenly coating
on the nickel foam. After the measurement, both anode (Figure 6.14b) and
cathode particles (Figure 6.14d) grew to larger ones at 550 ℃, while the
anode shows more changes because of the production of metallic Ni.
Nevertheless, both anode and cathode still present good porosity, which
enables the diffusion of fuel and air to participate electrode reaction.

6.3.2 In-situ Schottky Junction effect

Notably, from a traditional view towards electrolytes, high electronic
conduction is unfavorable for a normal operation of fuel cell. However, in
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the present study, satisfactory OCVs and favorable power outputs were
obtained by the EFFC with high ion-electron conducting LCP-LSCF. This
unconventional behavior can be ascribed to an in-situ formed Ni/LCP-
LSCF Schottky junction at the interface of the anodic metal/electrolyte
membrane under fuel cell conditions. As reported previously [20,111] and
also shown in the present investigation, the anodic NCAL can be easily
reduced to Ni in the presence of hydrogen, and the resulting metallic Ni
may form a metal-semiconductor (M-S) contact with the membrane layer.
If the M-S contact forms a Schottky junction, a built-in barrier established
in the depletion layer may prevent electrons from passing through the
device to avoid short-circuit problems [111]. Generally, the work functions
for metal (Φm) and semiconductor (Φs) determine the type of M-S contact,
which can be characterized by a I-V rectification characteristics of the
junction under bias voltage.

Figure 6.15 The response current as a function of bias voltage for the LCP-LSCF
EFFC (a) in air and (a) in H2/air atmospheres. (c) Schematic diagram and energy

band alignment of the in-situ formed Ni/LCP-LSCF Schottky junction.
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To verify the Schottky junction in the LCP-LSCF cell, a Ni-NCAL/LCP-
LSCF/NCAL-Ni EFFC device was fabricated as illustrated in the inset of
Figure 6.15(a), and was tested its current response under a bias voltage. The
I-V characteristics of the cell were recorded at 575 ℃ in air and in H2/air
conditions, which simulate the states of the EFFC device before and during
operation, respectively.

As Figure 6.15(a) shows, the tested current in air conditions presents a
linear response to the variation of bias voltage, implying that the cell
corresponds to a resistor before operation, without any junction effect
between Ni-NCAL electrode and LCP-LSCF layer. In the case of H2/air
condition as shown in Figure 5.19(b), an apparent rectification response
emerged in the I-V curve analogous to the reported I-V characteristic of
Ni/p-GaN Schottky contact [152], indicative of a diode behavior between
the anode and semiconductor membrane layer. This rectification must be
related to the in-situ formed Schottky junction of anodic Ni/LSCF, because
the transition of linear I-V plot to rectifying I-V curve was caused by the
only variable H2, which reduced the anodic NCAL into metal (inset of
Figure 6.15b). Thereby, the formation of an in-situ Ni/LSCF Schottky
junction at anode/membrane interface is verified in the LCP-LSCF EFFC.
The corresponding built-in Schottky barrier height (eVbi) is given by:

))(( FcMbi EEeV   (2-19)

in which, Ec and EF are conduction band and Fermi level, respectively, and
χ is the electronic affinity. At present, only the values of Φm of metallic Ni
(5.1-5.4 eV) [153] along with the p-type conduction of LSCF are known.
Therefore, a metal/p-semiconductor Schottky junction effect is proposed to
qualitatively describe the electron blocking process, as illustrated in Figure
6.15(c). When the metallic Ni and p-type semiconductor layer are contacted,
interfacial charge redistribution will result in a space charge region
(depletion layer) in the semiconductor with a built-in electric field pointing
from metal side towards p-type region, forming the Schottky junction. The
electric field sets up a built-in barrier to prevent electrons from passing
through the junction region, thus guaranteeing high OCVs of the EFFC
despite that semiconductor phase exists in the electrolyte membrane layer.
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6.4 Summary

Results presented in this chapter confirmed that the two developed
semiconducting-ionic composites based on hematite (LW), LCP and LSCF
represent high-performance electrolyte membranes at low operational
temperatures. The performance of LCP-LSCF and hematite/LCP-LSCF
EFFCs were compared to findings from the precursor materials described in
in chapter 4 and 5. The two mineral based composites possess mixed ion-
electron conductivity along with enhanced ionic conductivities. The
performance of LCP-LSCF and hematite/LCP-LSCF EFFCs are sensitive to
their compositions, indicating that the performance can be optimized by a
proper composition. Further investigation also presented 14-hour stable
operation and Schottky junction study of the LCP-LSCF fuel cell to show
the reliability of EFFC.
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7 Conclusion and future work

7.1 Conclusions

In summary, the feasibility of applying the natural hematite (LW) and LCP
for LT-SOFCs has been confirmed in this thesis. The development of
natural minerals and mineral based composites provide a new strategy to
exploit promising functional materials for commercially viable SOFCs. By
implementing characterization and electrochemical studies of the materials
and fuel cell devices, the following conclusions have been drawn：

1. Two attractive natural minerals hematite (LW) and LCP have been
successfully applied into LT-SOFCs as electrolytes with appreciable
performance being observed, showing maximum power densities of 225
mW cm-2 and 401 mW cm-2 at 600 ℃, respectively. Through structural
analysis, natural hematite (LW) was found to be a mixture of α-Fe2O3, SiO2

and CaCO3, and LCP was verified as a La/Pr co-doped CeO2. The ionic
conduction of hematite (LW) is mainly attributed to the oxygen-deficient α-
Fe2O3-δ induced by hydrogen, while in the case of LCP the ionic conduction
is a result of rare-earth elements doping effect on ceria.

2. In order to improve the ionic conductivities and fuel cell performance of
hematite (LW) and LCP, a nanocomposite approach was employed to
modify the two natural minerals. A nanocomposite of hematite-LCP was
developed as electrolytes for LT-SOFCs, exhibiting an enhanced ionic
conductivity of 0.116 S cm-1 at 600 ℃ compared to individual hematite
(LW) and LCP. The SOFCs with hematite-LCP electrolytes achieved a
high peak power density of 625 mW cm-2 at 600 ℃ and good power output
of 386 mW cm-2 at 450 ℃. As analyzed by EIS and HR-TEM, heterophasic
interfacial conduction explained the achieved conductivity and fuel cell
performance. Simultaneously, nanocomposites consisting of LCP and
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amorphous K2WO4 in various ratios were prepared. The composites
exhibited higher electrical conductivities than that of LCP, which is caused
by the improved grain boundary conduction. The LCP/10 wt.% K2WO4

composite was proven to be the optimal one, showing an ionic conductivity
of 0.026 S cm-1 at 600 ℃ with low electronic conduction. The
corresponding SOFC demonstrated a notable output of 500 mW cm-2 at
550 ℃. The two works indicate that the ionic conductivities and fuel cell
performance of hematite (LW) and LCP can be successfully promoted by
nanocomposite approach.

3. Moreover, two semiconducting-ionic composites LCP-LSCF and
hematite/LCP-LSCF were developed by incorporating a semiconductor
LSCF into LCP and hematite-LCP composite, respectively. The two
composites were applied as intermediate membrane layers and evaluated in
EFFCs. It was found the fuel cell performance was sensitive to the
compositions, and that performance can be optimized by a proper
composition. The 6LCP-4LSCF and 7hematite/LCP-3LSCF EFFCs reached
highest power outputs of 745 mW cm-2 at 575 ℃ and 662 mW cm-2 at
600 ℃, respectively, along with sufficient OCVs. Electrical studies also
revealed that the two composites obtained mixed ion-electron conducting
properties, while the ionic conductivities gained marked enhancements
compared to those of LCP and the hematite-LCP. Further investigation also
presented a 14-hour stable operation and Schottky junction study of the
LCP-LSCF fuel cell to show the reliability of EFFC. The results suggest
that the semiconducting-ionic composite approach and EFFC technology
are promising solutions to make better use of natural minerals for LT-
SOFCs application.

Overall, the findings show that the studied natural hematite (LW) and LCP
hold great potential as new types of electrolyte candidates for SOFCs. The
design of mineral composites also suggests a promising strategy for
developing cost-effective and high-performance LT-SOFCs.
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7.2 Future work

The research presented in this thesis has verified the validity of natural
minerals for SOFC applications, but at the same time raised some questions,
such as the influences of micro-structural imperfections and mineral
impurities on SOFC performance, unresolved issues related to description
of detailed ionic transport process, and verification of fuel cell long-term
operation. In terms of further research of natural hematite and LCP as
advanced electrolytes for LT-SOFCs, a variety of research directions need
to be applied:

• To further study and improve the micro-structure of these natural
minerals, follow-up work will firstly focus on the development of lab-
synthetic hematite (α-Fe2O3 with or without SiO2) and La/Pr doped-
CeO2 (with various dopant concentrations), to investigate how micro-
structure and composition affect the electrical properties of the
prepared natural minerals. Under this standard, it is more precise to
study the underlying ionic transport behavior by minimizing the
negative influences of uneven distribution and impurities.

• Secondly, thin film techniques will be used to fabricate mineral based
composites and corresponding pellets, which will reduce the resistance
and enhance the power density output, since that various facile thin
film methods have been reported to prepare hematite electrodes for
lithium batteries and hematite photoanodes for solar water splitting.

• Interfacial conduction has been proposed to interpret the ionic
conduction enhancement of these mineral composites. To study the
exact interfacial conduction behavior, scanning transmission electron
microscopy (STEM) and electron energy-loss spectroscopy (EELS)
analysis of the mineral composites focusing on interface region are
required, shedding light on a detailed mechanism and corresponding
model based on space-charge effects and oxygen surface exchange.

• After standardizing the mineral materials, more compatible electrodes
will be designed and developed to match the mineral materials by
considering their coefficients of thermal expansion and chemical
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compatibility. Accordingly, more elaborate procedures will be used to
fabricate the electrode components to ensure sufficient porosity and
good mechanical strength.

• Since EFFC seems to be the best choice for mineral composites, such
kind of device deserves more engineering optimization, such as fuel
cell construction (up-scaling) and more comparable electrodes to
enable high power output and long durability. In addition, the junction
effects will be further studied quantitatively by measuring the
semiconductor parameters of Ni and LSCF.
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Appendix

Previous fuel cell performance measurements (Papers 1-5) were based on a

gas flow meter (Sho-RateTM 1355) that indicated that the H2 flow rates

were 80-120 mL min-1 for operating the studied fuel cells. Moreover

regular on-line measurement of air flow rate had not been taken.

Afterwards, the setup was updated by replacing the Sho-RateTM 1355 gas

flow meter with an accurate mass flow controller, F-201CV. A second F-

201CV mass flow controller was added on the air supply line. By

undertaking the same measurements for LCP-LSCF fuel cells repeatedly

with the new mass flow controllers in place, it was found when the actual

flow rates for H2 and air are in the range of 120-130 mL min-1, the

performance outcomes are consistent with previous results.

Figure A-1. Typical perormance results of LCP-LSCF EFFCs at 580 ℃ and 555 ℃
operated with H2 flow of 130 mL min-1 and air flow of 130 mL min-1 measured by

mass flow controllers F-201CV.
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Figure A-1 shows the typical newly measured performance results of LCP-
LSCF EFFC at 580 ℃ and 555 ℃, which reaches the almost same power
outputs but higher OCV compared with previous results reported in Paper 1
(Figure 6.4b). In this new measurement with mass flow controllers F-
201CV, it is shown that both of H2 and air flows are actually 130 mL min-1,
slightly higher than the measured H2 flows for previously reported results.

Figure A-2. Newly tested performance result of LCP-LSCF EFFC at 580 ℃ with
mass flow controllers F-201CV (H2 and air flows of 120-130 mL min-1), in

comparison with former result of LCP-LSCF EFFC at 575 ℃ with gas flow meter
Sho-RateTM 1355 (H2 flow of 80-110 mL min-1) reported in paper.

Figure A-2 plots the highest performance of LCP-LSCF EFFC tested at
580 ℃ (H2 and air flows of 120-130 mL min-1) and former highest result of
LCP-LSCF EFFC at 575 ℃ (H2 flow of 80-110 mL min-1). The two cells
exhibit nearly same power output with mostly overlapping I-V and I-P
curves, indicating that the actual flow rates of H2 for the earlier experiments
were 120-130 mL min-1.
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