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de development for next
generation solid oxide fuel cells

Wang Hay Kan,†ab Alfred Junio Samson†b and Venkataraman Thangadurai*b

High temperature electrochemical devices, such as solid oxide fuel cells (SOFCs), will play a vital role in the

future green and sustainable energy industries due to direct utilization of carbon-based fuels and their

ability to couple with renewable energies to convert by-products into valuable fuels using solid oxide

electrolysis cells (SOECs). All-solid-state design provides a great opportunity toward the optimization of

durability, cost, efficiency and robustness. Electrodes, one of the most important components that

facilitate the electrochemical redox reactions, have been actively investigated for several decades to

optimize a matrix of chemical composition, microstructure, and performance. Although some mixed

ionic electronic conductors (MIECs) can provide electrochemically active surface with excellent chemical

tolerance comparing to the composite electrodes made of conventional ceramic electrolyte and metal

(cermet), their electrochemical activities may not be high enough to obtain a desirable power, even at

moderate temperature operation. This shortage could be improved by engineering the microstructure of

the electrodes, which control electrochemically active sites in SOFCs and SOECs. In this article, the

current trends in electrode-engineering techniques for advanced SOFCs are reviewed.
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1. Introduction

The ever-growing concern over the availability of fossil fuel
resources and the unpredictably adverse climatic conditions have
driven many countries to attempt to decrease greenhouse gas
Dr Alfred Junio Samson ob-
tained his BSc (Physics) from the
University of the Philippines –
Diliman in 2004 and his double
MSc (Materials Science and
Engineering) from Luleå Univer-
sity of Technology in Sweden
and Saarland University in Ger-
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PhD in Energy Conversion in
2012 from the Technical
University of Denmark (DTU),
Roskilde, Denmark. He

continued as a postdoctoral research fellow in DTU, where his
research was focused on developing nanoscale electrocatalysts for
SOFCs and ceramic oxygen separation membranes. In 2015, he
joined the group of Prof. Venkataraman Thangadurai and
continued his postdoctoral research fellow work at the University
of Calgary. His current research is geared towards the development
of all-solid-state energy technologies such as batteries and SOFCs
using cost effective and simple assembly techniques.
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emissions and shi towards renewable energy resources.
Recently in Canada, there is great interest in integrating coal-
red power plants with CO2 capture technology to deliver pure
CO2 to the oil elds for enhanced petroleum extraction.1 On the
other hand, the successful implementation of renewable energies
would require mature energy storage and conversion systems,
since those resources and their usages are oen intermittent.2

Among the various systems proposed, fuel cells are amongst the
most promising energy conversion systems due to their high
theoretical efficiency (83% at 25 �C) to yield electricity and heat.3–5

For large and domestic applications, solid oxide fuel cells
(SOFCs) provide unique advantages as cell components are made
of non-precious ceramics, utilize hydrocarbon-type fuels, which
are abundant, easy to transport and low-cost, and offer high-
energy density.6,7 Fuel cells could be used in a wide range of
applications, from small scale power sources for portable and
mobile electronic devices, small auxiliary power units for auto-
motive applications and combined heat and power systems for
homes, to large central power generating systems.8 Also, highly
selective electrochemical reactions yield negligible NOx/SOx

particulate emission making them environmentally cleaner
technology.6 However, commercial SOFCs are expensive and rely
heavily on government-subsidy. Only a handful of high-prole
clients, such as Google andWalmart, have recently adopted SOFC
technology.9
Dr Venkataraman Thangadurai
is full professor of chemistry at
the University of Calgary. He is
a Fellow of the Royal Society of
Chemistry, UK. He received his
BSc from Sacred Heart College in
Tirupattur, India in 1989 and his
MSc from Muthurangam
Government Arts College in Vel-
lore, India in 1991. He received
his PhD from the Indian Institute
of Science, Bangalore, India in
1999 and did his PDF at the

University of Kiel, Germany. He received a prestigious PDF fellow-
ship from the Alexander von Humboldt Foundation, Bonn, Ger-
many. In 2004, he received his Habilitation degree from the
University of Kiel before starting his independent career in Calgary
in 2005. His work at Kiel resulted in the development of a wide
range of ceramic electrolytes, with a high voltage stability of 6 V/Li,
that are able to conduct lithium ions for advanced robust and safe
all-solid state Li batteries. His work in Calgary has resulted in the
discovery of a wide range of novel ceramic, proton-conducting and
oxide ion conducting electrodes and electrolytes for all-solid-state Li
batteries, SOFCs, SOECs, and gas sensors, making materials that
display high conductivities at low temperatures and function well in
impure fuels. In 2016, he received the prestigious Keith Laidler
Award from the Canadian Society of Chemistry for his outstanding
contributions to physical chemistry. His current research activities
include developing novel solid electrolytes and electrodes for
advanced SOFCs, SOECs, all-solid-state batteries, and gas sensors.

17914 | J. Mater. Chem. A, 2016, 4, 17913–17932
The state-of-the-art SOFC is composed of perovskite-type
La1�xSrxMnO3 (LSM), Y-doped ZrO2 (YSZ), and Ni/YSZ (Ni/YSZ)
as the cathode, electrolyte and anode, respectively, and typically
operates between 800 and 1000 �C. Such high temperature
conditions are to facilitate the electrode reactions and to
promote fast ionic movement in the electrolytes. Fig. 1 shows
the schematic representation of a conventional YSZ-based
SOFC. By lowering the operating temperature, the cost for
operation and materials can be reduced, while the cell degra-
dation problems, such as inter-diffusion between cell compo-
nents, can also be mitigated. Moreover, cheap metal supports
and steel interconnects could further cut the materials' cost
signicantly. However, lowering the operating temperatures
also has some accompanying disadvantages: (i) slow electrode
kinetics and decrease in oxide ion conductivity that lead to high
polarization resistances; (ii) high ohmic polarization arises
from resistances to electronic and ionic transport through the
various cell components; (iii) high activation polarization is
associated with resistance on electrode reaction kinetics and is
dominant at low current densities and at low temperatures; and
(iv) high concentration polarization dominates at high current
densities, as the transport of reactive species to the electrolyte/
electrode interface becomes a limiting factor for the cell reac-
tion at low temperatures.

To date, the performance of most of the reported SOFCs
seems to be limited by the electrodes, thus requiring the search
and development of improved anodes and cathodes for low-to-
medium temperature SOFCs. The conventional electrode
materials are yet to be optimized to perform at the intermediate
temperatures (500–700 �C), and alternative new electrodes with
higher activity, chemical stability and durability should be
developed. The aim of this article is to highlight the currently
emerging electrode engineering approaches employed in the
cathodes and anodes of SOFCs and its related technologies.
Specically, insights into the inltration method in cathodes
and the ex-solution method in anodes for SOFCs/SOECs are
presented. The inltration method is not only limited to
application in cathodes, and the research activities concerning
Fig. 1 Schematic diagram showing the operating principle of a solid
oxide fuel cell (SOFC) (cathode: LSM + YSZ, electrolyte: YSZ, and
anode: Ni + YSZ).

This journal is © The Royal Society of Chemistry 2016
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the use of inltration in anodes are about the same pace as in
cathodes.10–12 A part of the review focuses and outlines specic
trends and ideas within the topic of inltration that have
been sparking interest in recent years with SOFC cathodes.
This article also aims to give an overview of the materials
used in state-of-the-art electrodes for SOFCs together with
motivation for employing electrode-engineering techniques in
the electrodes.
Fig. 2 Oxide ion conductivities of some solid electrolytes.32–34
2. Brief overview of SOFC electrode
materials
2.1 SOFC cathodes

Despite the high total (electronic and ionic) conductivity of
LSM, its poor oxide ion conductivity rather limits the active sites
for the oxygen reduction reaction (ORR) to be conned mainly
to the triple-phase boundary (TPB) sites. Hence, the electro-
chemical performance of a cathode fabricated by depositing
a layer of LSM onto a dense YSZ electrolyte is mainly dictated by
the number of active contact sites of LSM and the YSZ electro-
lyte. An idea to enlarge the electrochemically active area is to
extend the electrolyte through the whole thickness of the LSM
layer. Thus, attempts have been made to use a composite of
LSM and YSZ, as the cathode in SOFCs (Fig. 1). Several studies
have demonstrated that the area specic polarization resistance
(ASR) for the ORR of a pure LSM cathode is signicantly higher
than that of LSM-YSZ composite cathodes.13–16 Apart from the
extension of the electrochemically active region, the use of
composites can enhance the electrode microstructural stability
and also improve mechanical properties due to better adher-
ence to the YSZ electrolyte.17

Reduction in the overall electrode polarization resistance for
the ORR can be made further by replacing YSZ with an elec-
trolyte material of higher oxide ion conductivity such as
Gd-doped ceria (CGO), Sr and Mg-co-doped LaGaO3 (LSGM),
and LSM with more electrochemically active mixed ionic and
electronic conductors (MIECs). In MIECs, the oxygen exchange
could occur at a larger surface of the material due to its
appreciable amount of oxygen vacancies (V cc

O ) and faster oxide
ion transport within the cathode material.

To date, the well-known MIECs, including perovskite-type
structure La1�xSrxCo1�yFeyO3�d (LSCF) and Ba1�xSrxCo1�yFeyO3�d

(BSCF) and layered double perovskite-type LnBaCo2O5+d are being
explored as cathodes for next generation SOFCs.18,19 Several groups
have demonstrated that the electrochemical performance of
porous LSCF cathodes is superior to that of conventional LSM
cathodes.20,21 It should be noted that MIECs generally have high
activation energy for oxygen self-diffusion compared to oxide ion
electrolytes such as Ce0.9Gd0.1O1.95 (CGO) and LSGM; thus, their
ionic conductivity drops sharply with decreasing temperature. For
example, the activation energy for oxygen tracer diffusion (EA,D*)
in La0.6Sr0.4CoO3�d is 176 kJ mol�1 while that for CGO is
87 kJ mol�1.22,23 Thus, the addition of high ionic conducting CGO
is advantageous for reduced temperature operation. The presence
of the solid electrolyte phase in the cathode should serve to
enhance the chemical compatibility of the electrode with the
This journal is © The Royal Society of Chemistry 2016
electrolyte by improving the adhesion and matching the thermal
expansion coefficient (TEC) of the materials. Thus, composite
cathodes are generally favored over singe-phase MIECs, even
though there is a signicant decrease in the electrochemically
active surface area of electrodes.

Exploration of other electrolyte and cathode materials may
also reduce the energy losses from ohmic resistance and
activation polarization resistance. In the case of the ionic
conducting component, there are several materials with
higher ionic conductivity than YSZ that can be considered,27–34

including uorite-type Ce0.9Gd0.1O1.95 (CGO), perovskite-type
Ba2In2O5, Ba2In1.75Ce0.25O5.125, and La0.9Sr0.1Ga0.9Mg0.1O3

(LSGM),24 and layered structure Bi2VO5.5, Bi2Sr2Nb2GaO11.5,
and Bi2V0.9Cu0.1O5.35 (BICUVOX)25 (Fig. 2).32–34 However, some
of these other oxide ion electrolyte systems show several
disadvantages. For example, LSGM suffers from signicant
reactivity with perovskite-type structure LSM, LSCF and BSCF
electrodes under oxidizing conditions and forms secondary
phases in the course of processing.26,27 Bismuth-based oxides
are known for their poor thermodynamic stability under
reducing atmospheres (e.g., SOFC anode). Doped bi-oxides
with MIECs or metals could be used as cathodes in oxidizing
atmospheres at intermediate temperatures. Furthermore,
doped Bi2O3 has been used with doped ceria as a bi-layer
membrane for intermediate temperature SOFCs.28–31 Ceria
exhibits relatively easy reducibility at low pO2

leading to the
increase in electronic conductivity at elevated temperatures.
Therefore, the operating temperature should be kept below
700 �C, if doped ceria is used as the electrolyte to avoid
a signicant reduction of open circuit voltage (OCV) due to the
electronic conduction. However, if these materials are main-
tained under oxidizing conditions, such as in a SOFC cathode,
there appear to be no issues even at higher temperatures.
Thus, ceria appears to be the most promising composite
material in a SOFC cathode in terms of thermo-mechanical
stability and reactivity with common perovskite-type transi-
tion metal oxide-based cathodes.
J. Mater. Chem. A, 2016, 4, 17913–17932 | 17915
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To ensure the high durability in a SOFC, a careful choice of
components for a composite cathode should be made based on
chemical and thermo-mechanical compatibility with the elec-
trolyte.35 Cobaltite- and ferrite-based electrodes are not being
used as composites due to their poor matching TEC with
conventional electrolyte YSZ. A number of studies have
demonstrated that highly ionic conducting electrolytes, with
MIEC ceramics or metals, can be utilized as cathode materials
to improve electrochemical performances. For example, Xia and
Liu demonstrated that BICUVOX can be effectively employed in
a composite cathode with Ag (57 wt%) as the electronic con-
ducting component.36 This composite cathode showed
a remarkable performance of 0.53 U cm2 at 500 �C using CGO as
an electrolyte. Several optimization studies have been per-
formed for different composite cathodes and found that the
optimum amount of solid electrolyte component falls within
30–60 wt%.17 The addition of more electrolytes results in an
increase in ORR ASR due to a decrease in the amount of
electrocatalysts.
2.2 SOFC anodes

Some of the ideas in the SOFC cathode research have been
applied in the case of SOFC anode development. In the case of
anodes, Ni has been known to be a good catalyst for the
hydrogen oxidation reaction (HOR). However, pure Ni tends to
aggregate at high temperatures. The addition of an oxide
component such as YSZ not only solves the aggregation
problem, as rst recognized by Spacil,37 but also improves the
electrochemical performance of the anode.10 Indeed, Ni/YSZ
anodes are robust, easy to fabricate, and highly efficient for the
electrochemical HOR and electrochemical oxidation of syn-
gas.38 For the targeted commercial application, however, it is
highly desirable that the anode can be fed directly with hydro-
carbon fuels such as natural gas. Unfortunately, Ni is also
a good catalyst for the decomposition of hydrocarbons to form
carbon deposits in the anode surface, which block the gas
access in electrochemical reaction zones. Another problem,
when using hydrocarbon fuels, is the presence of sulfur as
impurity, which exists as gaseous H2S aer reforming. Ni-based
SOFC anodes have a very low level of tolerance towards sulfur
poisoning.10,39 Finding alternatives to Ni/YSZ anodes is the
focus of many recent studies that aim at directly utilizing
hydrocarbon fuels in SOFCs.

The long-term global challenge is to replace the Ni–YSZ
cermet anode with alternative H2S and coke stable MIEC
ceramics for advanced SOFCs. The presence of ionic conduc-
tivity would also serve to enhance the effective size of TPBs.
Indeed, in recent studies, the enlargement of the active surface
in MIECs was reported in uorite-type ceria using in situ X-ray
photoelectron spectroscopy (XPS).40 A change of the Ce3+/4+

valence state in the electrode upon a bias voltage was a span of
100 mm from the current collector, suggesting that the whole
ceria surface could be electrochemically active for the HOR.
Chueh et al. also demonstrated that the ‘near-equilibrium’

HOR pathway on ceria-based electrodes is only dominated by
electrocatalysis at the MIEC oxide/gas interface, as shown in
17916 | J. Mater. Chem. A, 2016, 4, 17913–17932
their electrochemical impedance spectra (EIS) using well-
dened pattern electrodes.41 Nonetheless, the effective surface
area of other MIEC anodes is yet to be deeply investigated.
Over the last two decades, a large number of promising MIECs,
including Ce1�xMxO2�d (M ¼ Ni, Cu), La1�xSrxCr1�yMnyO3,
and BaZr0.1Ce0.7Y0.2�xYbxO3�d, have been shown to have
excellent electrochemical performance under impure fuel
conditions.42,43 The design strategies of next generation SOFC
anodes were recently reported.3,7,8,44
3. Emerging SOFC electrode
engineering techniques

Not only the electrode material chemical composition, but also
the electrode engineering is equally important to optimize the
transport of electrons, gases, and ions in the electrode layer.
Electrode engineering parameters include the processing
parameters such as temperature, sintering duration and atmo-
sphere, which determine the nal microstructure and chemical
composition of the electrode. The choice of techniques
commonly depends on the cell design, which can be tubular,
planar, and more recently, “micro-fabricated”.45–49

The common way to prepare cathodes in a planar design,
particularly in an anode supported SOFC, is to deposit the
cathode aer preparing the anode/electrolyte assembly, using
slurry coating, screen printing, tape casting, and wet powder
spraying methods.50 In these methods, the thickness of the
deposited layer aer sintering is usually several micrometers.
The sintering temperature is a compromise between the
formation of sufficient connection between the electrode and
the electrolyte and the prevention of solid-state reactions
between the components of the cathode and the electrolyte.
Sometimes, the sintering temperature range is very narrow such
that the choice of materials for a two-phase combination is very
limited. For example, it may be thought that a material can
replace LSM in the LSM–YSZ composite with a superior elec-
trocatalytically active Sr-doped LaCoO3 (LSC) cathode. However,
at temperatures above 1000 �C, it is known that LSC reacts with
YSZ.51,52 A ring temperature lower than 1000 �C may be
attempted to fabricate a LSC–YSZ composite cathode, but the
resulting cathode would not be optimal as YSZ requires about
1000 �C to attain sufficient connection of grains.53

The surface areas of cathodes prepared by conventional
methods are normally low; hence they exhibit a high ASR at low
operating temperatures. This drawback has initiated great interest
in nano-scaled electrodes, which possess an inherently large
electrochemically active surface area. Generally, there are three
ways to prepare nano-sized particle electrodes for SOFCs namely,
thin-lm deposition, inltration, and ex-solution (Fig. 3).54
3.1 Thin-lm deposition

In the conventional thin-lm deposition method, the cathode is
deposited on a dense solid oxide ion electrolyte substrate
(Fig. 3b). The thicknesses of electrodes attained in this method
range typically from the submicron to several micrometer level,
and they are sometimes called as “micro (m)-SOFCs”.55 Most
This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Schematic of various SOFC electrode preparation techniques: (a) composite electrode formed via a conventional ceramic processing
method, (b) thin-film deposition, (c) infiltration, and (d) ex-solution.
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relevant thin-lm deposition techniques for SOFC/SOEC appli-
cations include vacuum deposition (for e.g., physical vapor
deposition (PVD), chemical vapor deposition (CVD), and pulsed
laser deposition (PLD)) as well as liquid precursor-based thin-
lm deposition (for e.g., spray deposition, electrophoretic
deposition (EPD) and spin- and dip-coating) methods. An
excellent review of some of these techniques was written by
Beckel et al. in 2007.56 Typical cathode materials used in
m-SOFCs include Pt, LSC, LSCF, and BSCF.56

In the work of Dieterle et al., a dip coating technique was
employed to obtain nano-porous La0.6Sr0.4CoO3�d thin lms
with the thickness in the range of 150–200 nm.57 ORR ASR (Rp)
of 0.023 U cm2 at 600 �C was reported.57 However, a signicant
degradation of performance (ASR increased to 0.069 U cm2 at
600 �C) was observed aer 100 h. Employing the spray pyrolysis
technique, Darbandi et al. obtained an ORR ASR (Rp) of 0.038 U

cm2 at 600 �C for nano-porous La0.25Ba0.25Sr0.5Co0.2Fe0.8O3�d

thin lms (#1 mm),58 but with no detail discussed on the
stability. The use of the thin-lm deposition method is prom-
ising but there are several issues such as optimization of the
electrode microstructure, substrate choice and component
durability that need to be addressed before commercializa-
tion.59 A summary of electrochemical performances of selected
SOFC electrodes prepared using various preparation techniques
is shown in Table 1.13,18,54–56,60–66

3.2 Inltration technique

The fabrication of SOFC components via inltration has been
widely employed in recent years and several excellent reviews
have already been published.10–12,38,53,67,68 The present article
This journal is © The Royal Society of Chemistry 2016
aims to highlight nano-/microstructuring strategies that are
related to inltration and show opportunities with this tech-
nique. In general, in an inltration technique, a liquid solution
usually composed of dissolved metal nitrates is introduced into
a pre-formed porous backbone, followed by drying and calci-
nation to produce the desired oxide phase (Fig. 3c). The inl-
trated material can form either discrete nanoparticles or a thin
continuous network on the surface of the electrolyte back-
bone.12 Capillary forces enable the incorporation of the inl-
trate into the porous backbone, through vacuum assisted
inltration.54,69

A schematic of the inltration procedure is shown in Fig. 4.
Here, the backbone can be inherently functional or skeletal as
classied in the recent review by Ding et al.67 Inherently, func-
tional backbones would include a single-phase MIEC or
a composite of an electrolyte and an electronic conductor.
Skeletal backbones are ionic conducting scaffolds such as YSZ,
CGO and LSGM. Depending on the combination of the inltrate
and the backbone material, inltration into the as-sintered
backbones is performed to increase catalytic activity and ion
and electron conductivity.12

Compared to the conventional composite method, the major
advantage of the inltration technique is that nanoparticles of
the catalyst can be established resulting in highly enlarged
zones of electrocatalytic materials. By employing a skeletal
backbone of ionic conducting scaffolds, the electrode process
offers a lower ASR. The bulk oxygen ion conductivity of the ionic
conducting backbone is much higher than that of the MIEC,
which allows the electrochemically active thickness of the
electrode to be spread out further in the electrode, and thus,
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ta06757c


T
ab

le
1

E
le
ct
ro
ch

e
m
ic
al

p
e
rf
o
rm

an
ce

s
o
f
se
le
ct
e
d
SO

FC
e
le
ct
ro
d
e
s
p
re
p
ar
e
d
u
si
n
g
va
ri
o
u
s
e
le
ct
ro
d
e
-e

n
g
in
e
e
ri
n
g
te
ch

n
iq
u
e
s1

3
,1
8
,5
4
–
5
6
,6
0
–
6
6

T
ec
h
n
iq
ue

C
on


gu

ra
ti
on

E
le
ct
ro
ly
te

E
le
ct
ro
de

s
(t
h
ic
kn

es
s)

Pe
rf
or
m
an

ce
R
em

ar
ks

R
ef
er
en

ce

C
on

ve
n
ti
on

al
(s
pi
n

co
at
in
g,

sp
ra
yi
n
g)

Sy
m
m
et
ri
ca
l
ce
ll

Y
SZ

La
0
.8
Sr

0
.2
M
n
O
3
(�

20
m
m
)

R
p
:5

1.
03

U
cm

2
at

60
0

� C
n
/a

13

Sy
m
m
et
ri
ca
l
ce
ll

Y
SZ

La
0
.8
Sr

0
.2
M
n
O
3
/Y
SZ

50
w
t%

(�
20

m
m
)

R
p
:1

1.
37

U
cm

2
at

60
0

� C
n
/a

13

Sy
m
m
et
ri
ca
l
ce
ll

Y
SZ

w
it
h
C
G
O

in
te
rl
ay
er

La
0
.6
Sr

0
.4
C
oO

3
�
d
(�

20
m
m
)

R
p
:1

.8
U

cm
2
at

60
0

� C
n
/a

60

Sy
m
m
et
ri
ca
l
ce
ll

C
G
O

La
0
.6
Sr

0
.4
C
oO

3
�
d
/C
G
O

30
w
t%

(�
20

m
m
)

R
p
:0

.7
U

cm
2
at

60
0

� C
n
/a

60

Fu
ll
ce
ll

Y
SZ

w
it
h
C
G
O

in
te
rl
ay
er

on
ca
th
od

e
si
de

C
at
h
od

e:
La

0
.6
Sr

0
.4
C
oO

3
�
d
/C
G
O

30
w
t%

(�
20

m
m
)
an

od
e:

N
i/
Y
SZ

P m
ax
:0

.2
7
W

cm
�
2

at
60

0
� C

30
0
h
,6

50
� C

at
0.
62

5
A
cm

�
2
,

H
2
/a
ir
:c

el
l
vo
lt
ag

e
dr
op

fr
om

48
3
to

47
4
m
V
du

ri
n
g

th
e

rs
t
20

h
,s

ta
bl
e
a

er
w
ar
ds

18

Sy
m
m
et
ri
ca
l
ce
ll

C
G
O

(L
a 0

.6
Sr

0
.4
) 1
�
xC

o 0
.2
Fe

0
.8
O
3
�
d
/C
G
O

50
w
t%

(�
20

m
m
)

R
p
:0

.1
9
U

cm
2
at

60
0

� C
n
/a

61

Sy
m
m
et
ri
ca
l
ce
ll

Y
SZ

(L
a 0

.6
Sr

0
.4
) 1
�
xC

o 0
.2
Fe

0
.8
O
3
�
d
/C
G
O

30
w
t%

(�
20

m
m
)

R
p
:1

U
cm

2
at

60
0

� C
20

0
h
,8

00
� C

:R
p
in
cr
ea
se

fr
om

0.
02

5
to

0.
1
U

cm
2

w
it
h
n
o
ch

an
ge

in
se
ri
al

re
si
st
an

ce
,R

s

61

Sy
m
m
et
ri
ca
l
ce
ll/
T
h
re
e

el
ec
tr
od

e
C
e 0

.8
5
Sm

0
.1
5
O
2
�
d

B
a 0

.5
Sr

0
.5
C
o 0

.8
Fe

0
.2
O
3
�
d

(�
20

m
m
)

R
p
:0

.0
55

–0
.0
71

U
cm

2

at
60

0
� C

n
/a

60

T
h
in


lm

-s
pi
n

co
at
in
g

Sy
m
m
et
ri
ca
l
ce
ll

Y
SZ

w
it
h
C
G
O

in
te
rl
ay
er

La
0
.2
5
B
a 0

.2
5
Sr

0
.5
C
o 0

.2
Fe

0
.8
O
3
�
d
(#

1
m
m
)

R
p
:0

.0
38

U
cm

2
at

60
0

� C
n
/a

58

Sy
m
m
et
ri
ca
l
ce
ll

C
G
O

La
0
.6
Sr

0
.4
C
oO

3
�
d
(�

0.
15

–0
.2

m
m
)

R
p
:0

.0
23

U
cm

2
at

60
0

� C
10

0
h
,7

00
� C

:R
p
in
cr
ea
se

fr
om

<0
.0
3
to

0.
06

9
U

cm
2

57

10
0
h
,8

00
� C

:R
p
in
cr
ea
se

fr
om

<0
.0
3
to

0.
16

U
cm

2

T
h
in


lm

-m
et
al
–o

rg
an

ic
de

po
si
ti
on

Sy
m
m
et
ri
ca
l
ce
ll

Y
SZ

La
0
.6
Sr

0
.4
C
oO

3
�
d
(�

0.
2–
0.
3
m
m
)

R
p
:0

.1
46

U
cm

2
at

60
0

� C
10

0
h
,6

00
� C

:R
p
in
cr
ea
se

is
�3

.6
7x

or
0.
14

6
to

�0
.5
4
U

cm
2

62

Y
SZ

w
it
h
C
G
O

in
te
rl
ay
er
s

La
0
.6
Sr

0
.4
C
oO

3
�
d
(�

0.
2–
0.
3
m
m
)

R
p
:0

.1
30

U
cm

2
at

60
0

� C
10

0
h
,6

50
� C

:R
p
in
cr
ea
se
d

to
�0

.1
4
U

cm
2

62

In

lt
ra
ti
on

Sy
m
m
et
ri
ca
l
ce
ll

Y
SZ

B
ac
kb

on
e:

La
0
.7
5
Sr

0
.2
5
M
n
1
.0
5
O
3
�
d
/Y
SZ

(t
h
ic
kn

es
s
n
ot

re
po

rt
ed

)
R
p
:0

.3
9
U

cm
2
at

60
0

� C
n
/a

63

In

lt
ra
te
:d

ua
l
La

0
.7
5
Sr

0
.2
5
M
n
1
.0
5
O
3
�
d
/

C
e 0

.8
Sm

0
.2
O
1
.9

Sy
m
m
et
ri
ca
l
ce
ll

C
e 0

.8
Sm

0
.2
O
1
.9

B
ac
kb

on
e:

C
e 0

.8
Sm

0
.2
O
1
.9
(�

50
m
m
)

R
p
:0

.2
9–
0.
31

U
cm

2

at
60

0
� C

20
cy
cl
es

of
80

0
to

50
0

� C
th
en

m
ea
su

re
at

60
0

� C
,

co
n
ti
n
ue

10
cy
cl
es

of
80

0
� C

to
R
T
,h

ol
d
at

60
0

� C
fo
r
3
m
on

th
s:

Fr
om

0.
30

6
to

0.
29

U
cm

2

64
In

lt
ra
te
:L

a 0
.6
Sr

0
.4
C
oO

3
�
d

Sy
m
m
et
ri
ca
l
ce
ll

C
G
O

B
ac
kb

on
e:

C
G
O

(�
25

m
m
)

R
p
:0

.2
4
U

cm
2
at

60
0

� C
�3

36
h
at

65
0

� C
:0

.1
7–
0.
23

U
cm

2
to


n
al

�0
.1
4
U

cm
2

65
In

lt
ra
te
:L

a 0
.6
Sr

0
.4
C
o 0

.2
Fe

0
.8
O
3
�
d

Sy
m
m
et
ri
ca
l
ce
ll

C
G
O

B
ac
kb

on
e:

C
G
O

(�
25

m
m
)

R
p
:0

.0
44

U
cm

2
at

60
0

� C
�4

50
h
at

60
0

� C
:0

.0
44

U

cm
2
to


n
al

�0
.0
7
U

cm
2

54
In

lt
ra
te
:L

a 0
.6
Sr

0
.4
C
oO

3
�
d

E
x-
so
lu
ti
on

Fu
ll
ce
ll

Y
SZ

C
at
h
od

e:
LS

M
/Y
SZ

50
w
t%

R
p
(a
n
od

e)
:0

.5
U

cm
2

at
60

0
� C

n
/a

66

17918 | J. Mater. Chem. A, 2016, 4, 17913–17932 This journal is © The Royal Society of Chemistry 2016

Journal of Materials Chemistry A Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
N

ov
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 1

1/
4/

20
25

 7
:5

4:
20

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ta06757c


T
ab

le
1

(C
o
n
td
.)

T
ec
h
n
iq
ue

C
on


gu

ra
ti
on

E
le
ct
ro
ly
te

E
le
ct
ro
de

s
(t
h
ic
kn

es
s)

Pe
rf
or
m
an

ce
R
em

ar
ks

R
ef
er
en

ce

A
n
od

e:
La

0
.3
Sr

0
.6
C
e 0

.1
N
i 0
.1
T
i 0
.9
O
3

(t
h
ic
kn

es
s
n
ot

re
po

rt
ed

)
P m

ax
:0

.2
6
W

cm
�
2
at

80
0

� C
(5
00

0
pp

m
H

2
S/
H

2
)

Fu
ll
ce
ll

Y
SZ

C
at
h
od

e:
LS

M
/Y
SZ

50
w
t%

R
p
(a
n
od

e)
:1

.2
U

cm
2

at
60

0
� C

n
/a

66

A
n
od

e:
La

0
.3
Sr

0
.6
N
i 0
.1
T
i 0
.9
O
3

(t
h
ic
kn

es
s
n
ot

re
po

rt
ed

)
P m

ax
:0

.1
75

W
cm

�
2

at
80

0
� C

(5
00

0
pp

m
H

2
S/
H

2
)

Fu
ll
ce
ll

Y
SZ

C
at
h
od

e:
LS

M
/Y
SZ

50
w
t%

R
p
(a
n
od

e)
:0

.2
5
U

cm
2

at
60

0
� C

n
/a

66

A
n
od

e:
La

0
.7
Sr

0
.3
C
r 0

.8
5
N
i 0
.1
5
O
3

(t
h
ic
kn

es
s
n
ot

re
po

rt
ed

)
P m

ax
:0

.4
70

W
cm

�
2
at

80
0

� C
(5
00

0
pp

m
H

2
S/
H

2
)

Fu
ll
ce
ll

Y
SZ

C
at
h
od

e:
LS

M
/Y
SZ

50
w
t%

R
p
(a
n
od

e)
:0

.2
U

cm
2

at
60

0
� C

n
/a

66

A
n
od

e:
La

0
.7
Sr

0
.3
C
r 0

.8
5
N
i 0
.1
1
Fe

0
.0
4
O
3

(t
h
ic
kn

es
s
n
ot

re
po

rt
ed

)
P m

ax
:0

.5
60

W
cm

�
2
at

80
0

� C
(5
00

0
pp

m
H

2
S/
H

2
)

Fu
ll
ce
ll

Y
SZ

C
at
h
od

e:
LS

M
/Y
SZ

50
w
t%

R
p
(a
n
od

e)
:0

.3
5
U

cm
2

at
60

0
� C

n
/a

66

A
n
od

e:
La

0
.7
Sr

0
.3
C
r 0

.8
5
Fe

0
.1
5
O
3

(t
h
ic
kn

es
s
n
ot

re
po

rt
ed

)
P m

ax
:0

.3
50

W
cm

�
2
at

80
0

� C
(5
00

0
pp

m
H

2
S/
H

2
)

This journal is © The Royal Society of Chemistry 2016

Review Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
N

ov
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 1

1/
4/

20
25

 7
:5

4:
20

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
signicantly increases the catalytically active surface area. In
addition, inltration can be independent of other sintering
steps, and such a process can be integrated on electrodes
prepared by conventional methods including screen-printing,
tape casting and spraying. The possible chemical reactions
between the inltrated and backbone phases are also mini-
mized because of the low calcination temperature involved.
This could also mean that a wider variety of catalyst materials
can be employed which cannot be otherwise used in the
conventional composite electrodes. Specic trends in inltra-
tion are discussed more thoroughly in the succeeding section.

The inltration method has shown improved electro-
chemical performance for a variety of candidate materials.
Especially for SOFC cathodes, several combinations including
perovskite/YSZ and perovskite/ceria, especially lanthanum
cobaltite-based perovskite/ceria combinations, have been
studied.10,38,67 To date, three approaches, namely morphological
control, core shell structure formation, and multi-component/
multiphase inltrates, have been used to obtain functional
nanostructured electrodes with high electrochemical activity for
SOFCs. A schematic of these three approaches is shown in
Fig. 5.

3.2.1 Morphological control. One of the common goals of
many researchers is to prepare nanostructured electrodes with
a high surface area and controlled morphology. Inltration
combined with low temperature sintering processes leads to the
formation of nanostructured catalysts. The nanostructured
catalysts prepared by this method have signicantly increased
the triple-phase boundary (TPB) and surface area for the oxygen
surface exchange reaction. Characteristic to morphological
control is taking advantage of the properties of the nano-
structured catalysts together with the avoidance of inter-diffu-
sion of the elemental components of the inltrate material and
the backbone that could result in the loss of electro-catalytic
properties and formation of undesirable secondary phases
during the fabrication of the cathode and also during the
operation.67,76,77 With this strategy, there are at least two
schemes, engineering the inltrate solution and engineering
the electrolyte/electrode backbone that can be followed to
obtain not only the desired performance enhancement, but also
the improvement of long-term stability of the electrodes.

The physical properties and composition of the inltrate
solution can greatly affect the morphology of the catalyst or the
inltrate. Fig. 6 shows an example of the varying microstruc-
tures depending on the nature of the inltrate precursor solu-
tion. Thus, engineering or nding the right combination of the
components of the inltrate precursor solution is very impor-
tant for SOFC electrodes. Usually, the inltration precursor
solution consists of a solvent, surfactant, and metal nitrates.
The purpose of the surfactant is to not only form complexes
with metal cations to assist the formation of a crystalline phase
but also to control the particle size through suitable
micelles.78,79 Typical examples of surfactants used in SOFCs are
citric acid,67,78,80 Triton X-series,78,79,81 and co-polymers.77,82 In
addition to the surfactant, chelating agents/dispersants are
added to the inltrate. They effectively separate the cations,
thereby improving mixing of the cations in the inltrate
J. Mater. Chem. A, 2016, 4, 17913–17932 | 17919
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Fig. 5 Schematic of the three approaches based on infiltration that can be employed to obtain improved electrodes: (a) morphological control,
(b) core–shell, and (c) multi-component/multi-phase infiltrates.

Fig. 4 Schematic showing the infiltration process being used in SOFC development. (a) A preformed porous backbone is infiltrated by
a precursor solution of the infiltrate material. (b) Following a heat treatment to form the desired phase of the infiltrate; the distribution of the
infiltrated material will either be in (c) discrete nanoparticle formation or (d) thin-film coating formation. It is possible that a configuration
resembling a mix of (c) and (d) can be formed.
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precursor solution. Problems such as inhomogeneous disper-
sion of catalyst crystals into the porous host and impurity phase
formation, when the inltrate solution consists of more than 3
elements, can be mitigated by the addition of dispersants to the
inltrate.

The viscosity of the inltrate solution is subject to change by
all of the constituents of the inltrate precursor solution. Van
Dillen et al. have found non-uniform distribution of derived
catalysts when the inltrate has a high viscosity.83 Jiang et al.
have shown a more uniform catalyst layer when low viscosity
inltrate precursor solution was used.84 A disadvantage of low
viscosity is that a large number of inltration cycles are needed
to introduce a sufficient amount of catalysts. Increased surfac-
tant and/or metal cation concentration effectively increases the
viscosity. An advantage of increased metal cation concentration
is that the number of inltration cycles could be reduced.
Sholklapper et al. attempted a single-step inltration using
a concentrated LSM nitrate precursor solution with a commer-
cial polymeric surfactant (Triton-X100) and shown that it is
17920 | J. Mater. Chem. A, 2016, 4, 17913–17932
possible to form a thin layer of a continuous network of nano-
structured LSM on an YSZ backbone.79 A problem though with
highly viscous and concentrated inltrate solution is penetra-
tion in the porous structure.10 Researchers are continually
tackling the task of improving the inltrate solution to obtain
uniformly distributed and phase pure catalysts which is not
time consuming and does not hinder its practical application in
SOFCs.

The other scheme to inuence themorphology of the catalyst
layer using the inltration technique is to engineer the back-
bone. A typical backbone for inltration is designed to have
a very high porosity to provide easy penetration of the inltra-
tion solution and transport of gas species once it is utilized as
an electrode. One of the best examples of backbone micro-
structure engineering is from the study of Küngas et al. where
an YSZ backbone is etched with hydrouoric acid to maximize
the TPBs.85 Fig. 7 shows a comparison of the resulting micro-
structures from HF etching of the YSZ backbone to control the
morphology of the inltrated electrode.85 Many studies were
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Examples of the infiltrate showing different microstructures based on infiltration solutions (a) 1.44 M Sm0.5Sr0.5CoO3 (SSC) nitrate solution
with water : ethanol volume ratio (1 : 0.6),78 (b) 1.44 M SSC nitrate solution (without ethanol);78 (c) pure nitrate derived 0.5 M SSC (electrode/
electrolyte interface),81 (d) triton X–derived 0.5 M SSC (electrode/electrolyte interface),81 (e) citric acid derived 0.5 M SSC (electrode/electrolyte
interface),81 (f) triton X–derived 0.293 M SSC (electrode/electrolyte interface), and (g) citric acid derived 0.5 M SSC (within electrode).81 Reprinted
with permission.
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reported to understand the effect of morphology on electro-
chemical performance but a simple enlargement of the surface
area for the oxygen surface exchange reaction could not explain
the enhancement.54,57,86,87

3.2.2 Core–shell structure electrodes. Many of the research
studies aim to form the desired phase of the inltrated material
at the lowest possible temperature to avoid potential chemical
reaction between the backbone electrolyte and inltrate mate-
rial. The common reaction products that form between the
backbone and inltrate at high temperatures usually exhibit
poor electronic or ionic conductivities compared to either of the
backbone or the inltrate material. For example, the MIEC,
(La,Sr)(Fe,Co)O3�d,61,88–90 has been investigated intensively due
to its excellent catalytic activity for the ORR and a combination
of high electronic and oxide ion conductivity and makes it as
a very good candidate for inltration. However, these types of
materials are also known for their high chemical reactivity with
zirconia-based electrolytes, where the most common result is
the formation of electronically insulating La2Zr2O7 and SrZrO3.
It has also been reported that La0.6Sr0.4CoO3 undergoes a solid-
state reaction with YSZ at temperatures as low as 700 �C.91 If
these types of materials are still desired to be inltrates in
zirconia, an interlayer material that is not reactive to both the
zirconia based backbone and (La,Sr)(Fe,Co)O3�d could be
considered.

Inter-diffusion of the elemental components of the inltrate
and backbone material to form new compound(s) or a gradient
of inter-diffused elements at the interface could be benecial, if
a material with superior electrical/electrochemical properties
and an electrode with highly improved electrochemical activity
This journal is © The Royal Society of Chemistry 2016
with increased morphological stability can be obtained.
Increased morphological stability may be inferred from the
resulting new microstructure, as shown schematically in
Fig. 7b. Essentially, a thin-lm running through the entire grain
of the backbone can form a continuous network of the neces-
sary catalyst for ORR and HRR. The problem of possible
discontinuity among the inltrate through grain-growth and
particle segregation at elevated temperatures could be avoided
using this method. Several studies have exploited this idea of
forming highly active surfaces due to the migration of species in
the inltrate or the backbone material. An example of this kind
of electrode is the diffusion of Mn from LSM electrodes to YSZ
surfaces.92,93

The idea of a core–shell structure to take advantage of the
desirable physical properties of the reacted entities between the
backbone and inltrate is shown recently by Chen et al.94 Here,
a core–shell electrode composed of a Sm0.2Ce0.8O1.9 (SDC)
scaffold electrolyte, and a MIEC, Sm, Ce-doped SrCoO3�d, was
formed from solution inltration in combination with high
temperature reactive sintering (Fig. 8a).94 The concept of the
core–shell structure between SrCoO3�d (SC) and SDC was
utilized to develop a high performance SOFC cathode.95 SC is
unstable and is a moderate electrocatalyst for the ORR. A and/or
B-site doping in SC is usually performed to stabilize the perov-
skite phase structure and increase its ionic and/or electronic
conductivity.94,96,97 In the study by Zhou et al.,95 SC and SDC
powders were mixed and red at varying temperatures. XRD
conrmed the chemical reaction between the SC and SDC;
specically, the formation of a cubic lattice structure in the
reacted powder was attributed to the incorporation of Ce into
J. Mater. Chem. A, 2016, 4, 17913–17932 | 17921
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Fig. 7 Example of backbone engineering from Küngas et al.85 (a) YSZ
backbone before HF etching, (b) schematic of untreated YSZ, (c) YSZ
after HF etching, (d) schematic of the HF etched-YSZ backbone, (e)
impedance comparison of full cells with untreated and HF-treated
backbone (LSF infiltration) cathode and Pd–CeO2 anode in humidified
(3% H2O) H2 and (f) the corresponding I–V and power dens\lity curves
of the fuel cell. Reprinted with permission.
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the B-site of perovskite-type SC. The evidence of the formation
of a high electronic conductivity phase was inferred from the
fact that the electronic conductivities of the SC + SDC composite
sintered at 1000 �C have reached ca. 100–200 S cm�1 at 300–
900 �C in air, while that of pristine SC showed 5–25 S cm�1. The
reaction between SC and SDC was also found to have improved
ionic conductivity compared to the negligible ionic conductivity
of the SC.
17922 | J. Mater. Chem. A, 2016, 4, 17913–17932
Chen et al.94 performed inltration of SC onto SDC scaffolds
followed by reactive sintering (>900 �C for 2 h). TEM results, as
shown in Fig. 8b, conrm a core–shell structure with the core
part seen as a darker area and the shell part seen as a brighter
area with a thickness less than 100 nm. The electrochemical
performance of an anode supported SOFC with the core–shell
structured cathode exhibited much better electrochemical
performance compared to SOFCs with a single-phase mix-
ed conducting electrode or normal composite electrode
(Fig. 8c).94 It was also shown that such an electrode is very stable
(Fig. 8d). Formation of core–shell structures offers great
promise in obtaining electrodes with improved electrochemical
performance and enhanced thermal stability. With the ease of
fabrication and ring using the inltration method, it would be
no surprise to nd that several research studies using the idea
of a core–shell structure using various combinations of mate-
rials would emerge in the immediate future.

3.2.3 Multi-component/multi-phase inltration electrodes.
Most of the inltrates reported in SOFCs are generally found to
be a single-phase compound. However, there are several studies
that reported secondary or impurity phases aer ring.54,81,98,99

The secondary phases may be viewed as detrimental to the
electrochemical performance of electrodes. However, several
groups have proposed that the secondary phases such as SrCO3,
Co3O4 and LaCoO3 seem to be enhancing the overall oxygen
surface exchange.54,86,100–102

In the case of cathodes for SOFCs, perhaps the rst known
motivation in pursuing multi-phase materials is from the
identication of Sase et al.,103 that the hetero-interfaces in the
composite of La0.6Sr0.4CoO3 (LSC-113) and (La,Sr)2CoO4 (LSC-
214) showed about three orders of magnitude higher oxygen
surface exchange coefficient than that of single-phase LSC-113.
Several studies have followed attempting to further explain the
origins of such enhancement.104–106 Employing rst-principles
calculation, Han and Yildiz proposed that both the anisotropic
oxygen incorporation kinetics of the LSC-214 and the lattice
strain in the vicinity of the interface are important contributors
to oxygen-exchange reaction enhancement in the LSC-113/LSC-
214 system.105 The work of Hayd et al. on LSC-113 thin-lm
cathodes, derived by metal organic deposition and with
a nanoscaled microstructure, has shown that the presence of
secondary phases such as LSC-214 and Co3O4 leads to signi-
cant improvement in oxygen surface–exchange properties
(47 times better surface exchange coefficient than that of the
bulk LSC-113).107

Mutoro et al.,102 investigated the effect of adding particles of
simple oxides on the surface of La0.8Sr0.2CoO3�d on the oxygen
reduction activity. They have found that a small amount of
secondary phase (La, Co, and Sr-(hydr)oxides/carbonates) on
La0.8Sr0.2CoO3�d can signicantly affect the electrode perfor-
mances. Interestingly, Sr-decoration on top of the La0.8Sr0.2-
CoO3�d surface leads to an enhanced oxygen surface exchange
coefficient, while La- and Co-decoration led to no change and
reduction of the oxygen surface exchange coefficient, respec-
tively. The enhancement in the case of Sr-decorated surfaces was
attributed to the catalytically active interface regions between
surface of Sr-enriched particles and the La0.8Sr0.2CoO3�d surface.
This journal is © The Royal Society of Chemistry 2016
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Fig. 8 (a) Schematic of the preparation for the core–shell formation derived from infiltration and reactive sintering from thework of Chen et al.;94

(b) TEM of the core-shell structure (c) I–V and power density curves of cells with the Ni–YSZ anode, YSZ electrolyte, and SC infiltrated SDC
cathode sintered at 1000 �C with operating temperatures from 550 to 750 �C. (d) The long-term behavior of the fuel cells. Reprinted with
permission.
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The topic of interphase enhancement by the presence of
secondary phases is an exciting area. Advancements in the
nanoparticle synthesis may guide researchers on how to control
the formation of such multi-phase inltrates in actual SOFC or
SOEC electrodes.

3.3 Ex-solution method

In the ex-solution method, catalytically active transition metals,
which were rst substituted in a host oxide lattice under
oxidizing conditions, are released to the surface of the host
oxide under reducing conditions (Fig. 3d). The incorporation of
precious dopants (e.g., Ru, Pt, and Rh) into the perovskites
as the catalyst was reported in the 1970s.70 For example,
La0.6Sr0.4Co0.94Pt0.03Ru0.03O3 was tested to remove simulta-
neously HC, CO and NO from vehicle exhausts. Electron
Fig. 9 The duration of ageing in engine exhausts of the perovskite-ty
the conversion of CO and NOx.71 TEM images of Pt grains of catalysts a
Pt/g-Al2O3 are shown for comparison.73 Reprinted with permission.

This journal is © The Royal Society of Chemistry 2016
spectroscopy for chemical analysis showed a change in the
valence state of the precious dopants in a reducing atmo-
sphere.70 In 2002, Nishihata et al. demonstrated a novel catalyst
of nano-sized Pd, which was generated in situ from perovskite-
type LaFe0.57Co0.38Pd0.05O3 (Fig. 9).71 Such a catalyst was used to
oxidize CO and unburned hydrocarbons in automotive emis-
sions. The catalyst can retain its high activity for a long period,
with minimal aggregation due to special structural architecture,
where nano-particles are partially conned into the host
compound. Such a concept was later further optimized to
incorporate Rh, Pt and Pd into the catalytic converters by Dai-
hatsu, and it is commonly called as “Super Intelligent
Catalyst”.71–73

Neagu and others further modied an ex-solution concept by
selecting SrTiO3-type MIEC as the host compound, and
pe LaFe0.57Co0.38Pd0.05O3 and conventional Pd–Al2O3 composite for
ged in engine exhausts at 900 �C for 100 h from CaTi0.95Pt0.05O3 and

J. Mater. Chem. A, 2016, 4, 17913–17932 | 17923
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replacing the precious metals with Ni for the HOR catalyst.74 For
the rst time, the new-type catalyst was demonstrated as
a robust electrochemical catalyst for SOFCs and SOECs.68 The
targeted dopants are rst doped into the MIEC backbone in air,
as they have high solubility to form a single-phase perovskite-
type structure. As the MIEC is exposed at elevated temperatures
under low pO2

, some dopants can be ex-soluted due to the
change of the chemical solubility and formation of new chem-
ical formulism of MIECs. The negative Gibbs free energy of the
formation of net reaction drives this spontaneous chemical
reduction reaction from their binary metal oxide systems at
elevated temperatures under a reducing atmosphere. The Gibbs
free energy of some common metal oxides as a function of
temperature is shown in Fig. 10.75 This diagram is generally
used by metallurgists to nd suitable temperature and pO2 for
the reduction of the ores of important metals. For a given
Fig. 10 TheGibbs free energy for somemetal ormetal oxide oxidation
reactions as a function of temperature.75

Fig. 11 The intergrowth of oxide-ion defects in the perovskite and their
with permission.

17924 | J. Mater. Chem. A, 2016, 4, 17913–17932
reaction, the position of a line in the diagram shows the
chemical/thermodynamic stability window of the metal oxides.

3.3.1 Ex-solution from A-site decient perovskites. The
general formula of a perovskite is ABO3 where A is a 12-coordina-
tion larger cation and B is a 6-coodination smaller cation. Various
combinations of charges for A and B ions are feasible: 1 + 5, 2 + 4,
and 3 + 3. An ex-solution process can be initiated in the following
scenarios in the perovskite-type structure:108

� For a stoichiometric perovskite ABO3, the ex-solution
process can yield a B-site decient perovskite AB1�xO3�d and
nanoparticles of B-site ions, i.e., ABO3(s) / AB1�xO3�d0(s) + xB(s).

� For an A-site decient perovskite A1�xBO3�d, the ex-solu-
tion process can yield a stoichiometric perovskite ABO3�d and
nanoparticles of B-site ions, i.e., A1�xBO3�d(s) / (1 � x)
ABO3�d0(s) + xB(s).

� For a stoichiometric perovskite ABO3, the ex-solution
process can also yield A and B-site defective perovskites
A1�xB1�yO3�d, nanoparticles of A-site and B-site ions, i.e.,
ABO3(s) / A1�xB1�yO3�d0(s) + xA(s) + yB(s).

Early studies by Ruiz-Morales et al. suggested that defects
could also be detrimental to the transport properties if their
concentration exceeds a certain threshold, and defects tend to
order in the structures as intergrowth structures, as shown in
La4Srn�4TinO3n+2 (Fig. 11).109 By increasing the value of n toward
12, the intergrowth layer diminished, and the oxide-ion
conductivity reached its highest value. To characterize the
microstructure of samples, Neagu et al. examined stoichio-
metric La0.3Sr0.7Ti0.94M0.06O3�d (M ¼ Ti, Ni), but they did not
observe nanoparticle growth on the substrate.74 This result was
not surprising since DFT calculations showed rather small
negative Gibbs free energies for those transition metals.
Furthermore, they investigated A-site decient compounds,
La0.4Sr0.4Ti0.94M0.06O3�d (M ¼ Mn, Fe, Ni, and Cu) and ex-
solution of nanoparticles was observed in high resolution
impact on the oxide-ion conductivity of La4Srn�4TinO3n+2.109 Reprinted

This journal is © The Royal Society of Chemistry 2016
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Fig. 12 Scanning electronmicroscopy (SEM) images of the ex-soluted
nanoparticles from La0.4Sr0.4Ti0.94M0.06O3�d (M¼Mn, Fe, Ni and Cu).74

Reprinted with permission.
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scanning electron microscopy images (Fig. 12).74 This result
showed that off-stoichiometry could be a means to control the
amount and size of nanoparticles ex-soluted on the host oxides.
Neagu et al. pointed out that the case 2 is more feasible to ex-
solute metallic nanoparticles as the process involves “unstable”
to “stable” conversion.

3.3.2 Surface-dependent ex-solution. Following Neagu et al.
rst publication on the ex-solution of A-site decient perovskites,
they have further studied about the micro-structure and
elemental composition of host backbones.110 The native surface
was found to be quite non-homogenous with A-site enriched
composition; even the targeted perovskites were A-site decient.
As a result, only in the region where there is an A-site deciency,
were ex-solution nanoparticles formed. In contrast, nothing was
growth in the separation between the terrace edges. Such
a nding was consistent with the DFT calculation. They also tried
to break the pellets into parts and analyzed the cleaved surfaces
Fig. 13 Schematic diagram of the surface-dependent ex-solution for La

This journal is © The Royal Society of Chemistry 2016
(Fig. 13). It was interesting to see that the elemental ratio of such
a surface was very similar to the targeted composition of the
chemical formula of the perovskite.When this type of surface was
exposed to a reducing atmosphere at elevated temperatures, the
growth of homogenous nanoparticles was observed.102

In addition to the A-site decient (La1�xSrx)1�yTiO3-type perov-
skites, ex-solution was also found in other structure-type hosts
including uorite-type CeO2, and rutile-type NbTiO4 (Fig. 14).111–115

Xiao and Qin found that Sr0.95Ti0.76Nb0.19Ni0.05O3 and La0.18Sr0.72-
Ti0.9Fe0.1O3 perovksites could ex-solute nanoparticles of Ni and Fe,
respectively.111,112 Papargyriou and Yoon observed the ex-solution of
Ni and Ru nanoparticles from La1�xSrxCr1�yMyO3 (M ¼ Mn, Fe)
and La0.4Sr0.6Ti1�xRuxO3 (0 < x < 0.05), respectively.113,114 Thalinger
et al. found, for the rst time, that nanoparticles of SrO and Fe
could be ex-soluted from the A andB-site stoichiometric perovskite-
type La0.6Sr0.4FeO3.115 These results have an important implication
that BaO could be ex-soluted from the perovskite-type structure
which showed anti-coking properties by facilitating the H2O vapor
to oxidize deposited carbon.116

For the rst time, Qi and Wei reported metal/metal alloy ex-
solution in a non-perovskite-type structure. For example, Ni and
Ni1�xCux were stabilized from Ce0.9Ni0.1O2 and NbTi0.5Ni0.25-
Cu0.25O4, respectively (Fig. 15).117,118 The latter alloy is of great
interest as the catalytic activity and chemical stability could be
tailored as a function of Cu content. Nonetheless, the strategic
design poses some difficulties in the control of well-dened
alloys and their microstructures. Using TGA, Sun et al. showed
that the onset temperatures for the reduction reaction of Ni and
Fe are slightly different (Fig. 16).66 As a result, a core–shell
structure for some of the ex-soluted species could be observed
with a Fe-rich core and Ni-rich shell. Nonetheless, it is very
challenging to understand the reduction behavior of individual
species (e.g., Ni and Fe) from TGA and PXRD. These observa-
tions provided the valuable information about the total reduc-
tion of Ni and Fe. Stoichiometry and defects could alter the
lattice energy of metal oxide systems, and affect both the
kinetics and the thermodynamics of the ex-solution
processes.119–121
0.52Sr0.28Ni0.06Ti0.94O3.110 Reprinted with permission.
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Fig. 14 Typical example of A-site deficient and stoichiometric perovskites that ex-solute nanoparticles in reducing atmospheres at elevated
temperatures.111–115 (a) La0.18Sr0.72Ti0.9Fe0.1O3,112 (b) Sr0.95Ti0.76Nb0.19Ni0.05O3,111 (c) La0.4Sr0.4Ti0.94Ni0.06O3,112 (d) La0.75Sr0.25Cr0.475Fe0.475Ni0.05O3,113

(e) La0.4Sr0.6Ti1�xRuxO3,114 and (f) La0.6Sr0.4FeO3.115 Reprinted with permission.

Fig. 15 Scanning electron microscopy (SEM) images of Ni and Ni1�x-
Cux nanoparticles ex-soluted from Ce0.9Ni0.1O2 (a) and NbTi0.5-
Ni0.25Cu0.25O4 (b), respectively.117,118 Reprinted with permission.
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Besides SEM images, Neagu et al. studied the microstructure
of the substrate aer treatment with acid to dissolve the Ni
nanoparticles grown on its surface.110 Atomic-force microscopy
Fig. 16 (a) Thermogravimetric analysis (TGA), (b) temperature programm
Fe1�xNix alloy ex-soluted from La0.7Sr0.3Cr0.85M0.15O3�d (M ¼ Fe1�xNix). (

17926 | J. Mater. Chem. A, 2016, 4, 17913–17932
(AFM) images revealed that the part of the ex-soluted nano-
particles were embedded in the substrate at about 100 nm deep
(Fig. 17).110 Such nano-socked Ni particles were later found to
have better thermal and chemical stability over sintering and
coking, respectively. They hypothesized that the diffusion of Ni
particles could be hard since they have to overcome the large
barrier of the socket where they are located. Moreover, the
carbon nanotubes are highly limited to grow to certain direc-
tions, and therefore, the Ni-locked surface seems to have less
coking compared to bare Ni surfaces.

Very recently, Oh et al. further studied the formation mech-
anism of these ex-soluted nanoparticles by using AFM on
surfaces to understand different exposure times in reducing
atmospheres (Fig. 18).122 They observed that some pits were
formed prior to the emergence of nanoparticles. They hypoth-
esized that a movement of ions should occur near the surface to
form pits at 600 �C in dry H2. At 700 �C, Ni nanoparticles were
ed reduction (TPR) and (c) scanning electron microscopy (SEM) of the
d) Phase diagram of the Fe1�xNix alloy.66 Reprinted with permission.

This journal is © The Royal Society of Chemistry 2016
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Fig. 17 (a) Schematic illustration of the particle–substrate interface for deposited and ex-soluted Ni particles on the oxide backbone, (b) and (c)
SEM micrographs of vapour-deposited Ni particles on the perovskite-type La0.4Sr0.4TiO3 surface, (d) three-dimensional AFM images showing
sockets of Ni after etching in HNO3, and (e) and (f) SEM micrographs of Ni-deposited La0.4Sr0.4TiO3 samples after the coking test and schematic
of possible carbon fiber growth mechanisms.110 Reprinted with permission.
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found to grow conned inside the pits. Such an observation
might indicate that the species involved in the ionic diffusion in
the rst stage are likely different from the species that emerged
in the second stage.

Previous studies have shown that bond valence sum (BVS) has
been used to predict the ionic pathways in solids.35,123–127 Kan
et al. recently explored the use of a BVS map to predict the
diffusion behavior of ions in the perovskite-type structure at
elevated temperatures.124 The ex-solution mechanism is yet to be
understood deeply; however, it is likely involved in the diffusion
of cations to the surface before the cations are being reduced.
BVS calculations could be useful to understand bond valence of
metals before and aer ex-solution and to understand structural
Fig. 18 Top panel shows the AFM images of pit in the perovskite-type
700 �C under dry H2, and the bottom panel shows the calculated norm

This journal is © The Royal Society of Chemistry 2016
stability. The low BVS mismatch pathways may suggest the facile
diffusion pathways for particular ions. Calculation was con-
ducted on various Ni-doped perovskite-type SrTiO3 compounds
to understand the potential ex-solution of A and/or B-site ions.
The results revealed an interesting phenomenon that Sr2+ ions in
the A-site (with smaller BVS mismatches) are more ready to
diffuse than the Ni2+ ions in the B-site (Fig. 19), suggesting that
the formation of the metal might be initiated by the migration of
A-site ions.

Conventional Ni-based SOFC anodes are known to suffer
coking and poisoning when hydrocarbons with ppm H2S are
used as fuels. On the other hand, many MIECs are shown to
have higher chemical stability toward those fuels, but less
La0.4Sr0.4Ti0.97Ni0.03O3�d after reduction at 600 �C under dry H2 and
alized free energy versus pit depth.122 Reprinted with permission.
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Fig. 19 Bond valance sum (BVS) map calculation revealed the Sr2+ and Ni2+ ions conduction pathway in the perovskite-type SrTiO3 compound.
3D BVSMAPPER was used to calculate the BVS map.127 The yellow contour surface with a low BVS mismatch of 10 and 2 for Sr2+ and Ni2+ ions in
SrTi0.95Ni0.5O3 with different space groups. The imported crystallographic information files (cif) were obtained from the International Centre for
Diffraction Data (ICDD) database (J. Phys. Soc. Jpn., 1965, 20, 179; J. Phys. Soc. Jpn., 1978, 45, 206; Mater. Res. Bull., 1973, 8. 545; Philos. Mag.,
2006, 86, 2283).
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electrochemically active resulting in lower power outputs.
Among the reported MIECs, La1�xSrxTiO3 (LST) is known to be
highly stable in hydrocarbons and H2S, but it also has a draw-
back of low electrochemical activity. Sun et al. tried to improve
the electrochemical activity of LST-type perovskites by deco-
rating their surface with nano-sized Ni and Ce through an ex-
solution method.128 A series of Ni and Ce-doped La0.3Sr0.6-
Ce0.1Ni0.1Ti0.9O3 perovskites were prepared and their HOR
activity was investigated (Table 1).66 On the basis of their I–V
Fig. 20 The electrochemical ac impedance spectra of La0.3Sr0.7TiO3 (LS
and 93% Ar at 800 �C (left).129 Reprinted with permission.

17928 | J. Mater. Chem. A, 2016, 4, 17913–17932
curves, the Ni and Ce co-doped samples (LSCNT) reached an
impressive peak power density of 650 mW cm�2 in 5000 ppm
H2S/H2 at 900 �C, and it may be related to the small polarization
resistance of 0.2 U cm2. Similarly, the LSCNT also showed
a reasonably high peak power density of 600 mW cm�2 in dry
CH4. Several perovskite-type compounds such as La0.7Sr0.3-
Cr0.85Ni0.15O3 (LSCNi), La0.7Sr0.3Cr0.85Fe0.15O3 (LSCFe), and
La0.7Sr0.3Cr0.85Ni0.11Fe0.04O3 (LSCNi–Fe) were also studied in
5000 ppm H2S/H2 at 800 �C.66
T) and (La0.3Sr0.7)0.9Ti0.9Ni0.1O3�d (LSTN) in a mixture of 3% H2O, 5% H2

This journal is © The Royal Society of Chemistry 2016
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Besides SOFC application, the perovskites were also studied
as electrodes for SOECs to convert steam into H2 and O2. Zhang
et al. investigated Ni nanoparticles embedded in host
La0.3Sr0.7TiO3 and they demonstrated a signicant enhance-
ment by 20–30% of current efficiency in their steam electrolysis,
compared to the bare La0.3Sr0.7TiO3 (LST) (Fig. 20).129 The
improvement was due to the lower polarization resistance of the
LSTN sample compared to LST.129 The Ni nanoparticles seem to
be re-dissolved into the host perovskite upon switching to an
oxidizing atmosphere. The powder X-ray diffraction patterns
showed that the crystal structure was maintained aer two
redox cycles at 1300 �C for 10 h, while no nanoparticles and
crack were observed in the SEM images. Both suggested that Ni
re-dissolution was fairly completed.

4. Future prospects

Various synthetic methods to prepare the nano-structural elec-
trodes for SOFCs were briey reviewed in this study. Some of
them did show improved performance of electrodes under
various fuel conditions; however, most literature studies did not
report long-term operating performances, suggesting that the
durability test is required before commercializing these prom-
ising nano-structured electrodes in SOFCs. Moreover, the scale up
process remains an open area for further work. Amongst the re-
ported nano-structural approaches, the ex-solution-type method
has showed some promise to mitigate the unwanted side reac-
tions, such as the suppression of the growth of carbon in
hydrocarbon fuels. However, ex-solution is strongly limited by the
solubility of dopants in the host structure and their density on
surfaces seems to be hard to control at the large scale production,
unlike conventional composite electrodes. A few reports claim to
report the synthesis of bimetallic particles by the ex-solution
method, but ambiguity was raised due to the fact that the diffu-
sion coefficient of various ions was not considered. So far, there
seems to be no systematic study to quantify the amount of
dopants being ex-soluted as a function of temperature. Using in
situ synchrotron X-ray and neutron diffraction measurements,
due to their strong penetration depth and their sensitivity, one
could ll this gap. With the use of certain constrain conditions in
the Rietveld renement, a quantitative analysis of the ex-soluted
particles as a function of temperature and atmosphere could be
estimated. Also, the ex-solution-type cathode for SOFCs is a rather
unexplored area of research. In summary, the fundamental
understanding of the microstructure–property relationships of
electrodes is critical for the development of next generation
electrodes for SOFCs. With similar materials and preparation
techniques, it is entirely possible that such a methodology may
also be transferable to electrolysis SOECs application.
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