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temperature Solid Oxide Fuel Cells: A brief review
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1. Introduction

Solid Oxide Fuel Cells (SOFCs) represent one of the most
promising technology for clean energy production, because of a
combination of high efficiency, high energy and power densities
and fuel flexibility. SOFCs convert the chemical energy of a fuel into
electrical energy through redox reactions. Conventional SOFCs
must operate at high temperature (~1000 °C) to obtain the required
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performance. This high operating temperature leads to degradation
of fuel cell elements, interfacial reactions among the components,
and limits the choice of materials that can be used. Therefore,
decreasing the operating temperature of SOFCs from the traditional
~1000 °C to the Intermediate Temperature (IT) range of 500—700 °C
would reduce several drawbacks, such as short lifetime of the
materials, high system and operating costs and limited material
selection. One of the main advantages of decreasing the operating
temperature is the opportunity to use metallic interconnections
inside the cell, instead of the more expensive and brittle ceramic
materials.
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2. IT-SOFC materials
2.1. Electrolyte

The most well-established part of IT-SOFC is the electrolyte [1,2].
Most of the research on electrolyte materials has been devoted to
oxygen ion conductors (opposed to proton conductors [3]), and
Yttria-Stabilized Zirconia (YSZ) was first selected and extensively
used in high temperature SOFCs; by the way, being the ionic con-
ductivity a thermally activated process, lowering the operating
temperature reduces the electrolyte performance. Therefore,
alternative materials are needed for operation in the intermediate
temperature range. The most important requisite for an electrolyte
material is a high ionic conductivity, in order to transfer 0%~ ions
towards anode section, but YSZ show high conductivity only at high
temperature. Alternative electrolytes for IT-SOFC with fluorite
structure are based on cerium oxide. The best performance has
been achieved with gadolinium or samarium as dopants, and GDC
(Ce1_xGdx02) and SDC (Ceq_xSmyx0,) are nowadays recognized as
suitable intermediate temperature electrolytes. Another electrolyte
for IT-SOFCs is La;_xSrxGai_yMgy03_(x1y)2, generally referred to as
LSGM. Although it exhibits high oxygen ion conductivity, LSGM is
less used than their fluorite counterparts because of many issues
concerning the reactivity with the electrode materials and the
difficulties in obtaining the material as a pure phase.

2.2. Anode

The anode is the part of the fuel cell where the fuel is oxidized
and releases its electrons. Anodic materials need to be a good cat-
alysts for fuel oxidation and good electronic conductors to provide a
path for the electrons to the external circuit. In addition, a Thermal
Expansion Coefficient (TEC) value comparable to that of the com-
mon electrolytes is required. The most used anode material in
SOFCs and IT-SOFCs is Ni-YSZ cermet [4]. Nevertheless, the Ni
component has some weaknesses such as particle coarsening
during operation, thermal expansion mismatch with YSZ, and
suffers from carbon deposition; also other cermets have been
studied, such as Cu-GDC (Ce;_xGdxO-). Recently, the use of perov-
skite materials in the anode side has raised some interest [5]; the
most promising compounds are Lag 7551 25Crg 5sMng 503 (LSCM) [6]
and strontium molybdates such as Sr,MnMoOg and SraNiMoOg [7].
However, the activity of perovskites significantly drops at temper-
atures below 700 °C.

2.3. Cathode

Nowadays, the cathode is the most studied component in IT-
SOFCs. This happens because the cathodic reaction usually re-
quires a very high activation energy; decreasing SOFCs operating
temperature implies slower kinetics of the oxygen reduction re-
action and therefore causes a significant drop in fuel cell perfor-
mance. Hence, extensive researches have been carried out on new
cathodic materials, in order to improve the cell efficiency in the
intermediate temperature range. There is a general agreement in
the scientific community that in order to maximize the perfor-
mance in the intermediate temperature range, cathode materials
need to hold mixed ionic—electronic conductivity properties, i.e.
they shall be Mixed lonic—Electronic Conductors (MIECs). Since the
Oxygen Reduction Reaction (ORR) is the step with highest activa-
tion energy, decreasing the operating temperature causes a large
electrical loss at the cathode. The reaction requires the direct
contact of three different phases: gas (oxygen), electrode and
electrolyte. This interface is called Three-Phase Boundary (TPB) and
in pure electronic conductor cathodes it is limited to a thin region at

the electrolyte surface, which extension is mainly determined by
the morphologic structure of the cathode. MIECs instead, thanks to
their oxygen ion conductivity, allow the diffusion of oxygen ions
through the whole cathode layer; thus, this interface is extended to
all the contact points between the gas and solid phase.

Since the conventional cathode for high temperature SOFCs is
LSM (LaxSr;_xMnO3), similar perovskite materials have been widely
studied. The first materials to be investigated were lanthanum
manganite, cobaltite and ferrite based materials. Also other solid
oxides have been studied as alternative of simple perovskites, such
as Ruddlesden—Popper series (RP) and double perovskites as ex-
amples [5]. However, there is still no obvious solution to the quest
for optimized IT-SOFC cathode material.

RP oxides present general formula A, 1A’2B;035.1 and consist
of nABO3 perovskite layers between two A’O rock-salt layers. In
particular, materials with n = 1 exhibit a mixed ionic and electronic
conductivity, appropriate electrochemical activity and suitable
chemical and mechanical compatibilities with other SOFC compo-
nents. This class of the RP family adopts the K;NiFs-type structure
and results of particular interest for several solid electrolyte ap-
plications [8]. Among the materials with this structure, the RE;MO4
series (with RE = rare earths and M = transition metals) presents
the best electrochemical performance [9].

Double perovskites are compounds with general formula
AA'B305, 5 and they are composed of alternate layers of single
perovskite ABO3_3 and A’BO3_;. Several manganite, cobaltite or
ferrite based compounds can adopt the layered structure and
indeed many composition have been prepared and characterized
[10].

For an exhaustive discussion of the general topic of cathode
materials in SOFCs, the reader is referred to the reviews by Tsipis &
Kharton [10—12], while in the next sections of this paper, the au-
thors will give an overview of the class of double perovskite
compounds.

3. AA'B;0s5,; double perovskites as cathodes
3.1. General overview

Recently, double perovskites have become attractive structures
for application in IT-SOFCs, demonstrating very good electro-
chemical performance. In particular, double perovskites in which a
Rare Earth (RE) ion occupy the A site, barium the A’ site and cobalt
the B site, have received increasing consideration, thanks to their
high of oxygen vacancies concentration, high electronic conduc-
tivity and catalytic activity. Their general formula is REBaC0,0s_5;.
Tarancon and co-workers [13] recently summarized the findings of
the previous studies. Since then, an increasing interest has born
about double perovskite materials, especially for the cobalt con-
taining ones; particular efforts have been devoted to develop
effective doping strategies, with the aim of improving the electric,
electrochemical or thermal expansion characteristics of these
compounds, in order to fit the requirements of IT-SOFC cathode
materials.

This increasing interest for double perovskite materials has been
driven by the discovery that a perovskite structure offers a
remarkable enhancement of the oxygen diffusivity when elements
are ordered in alternate layers along the c axis of the lattice. In fact,
the regular layers of double perovskites reduce the oxygen bonding
strength and generate channels that ease the ion motion [14]. In
order to obtain the desired regularly stacked structure, the choice of
the composition of a double perovskite has to be properly made;
the main involved driving force are the ionic radii of the elements
that constitute the compound. It is fundamental that the difference
between the ionic radii of the elements occupying A and A’ site is



significant, otherwise the two cations will randomly distribute in a
disordered A(A’)BOs lattice.

As mentioned above, rare earth elements usually occupy the A
site in a typical double perovskite. In A’ site an element with
appropriate dimension is required, and big ions such as barium or
strontium were proposed.

Transition metals are situated in the B site. The most used ones
are cobalt, manganese, iron and copper; Co based double perov-
skites (REBaCo,0s.,5) were found to usually offer the highest cata-
lytic activity [15—17]. One of the reasons is that this class of
compounds can accept a large amount of oxygen vacancies (oxygen
concentration 5 < 5 4+ 3 < 6), driven by the mean Co oxidation
state; the oxygen content in the final material has also a correlation
with the size of the A and A’ cations and can also be governed by the
annealing conditions. A linear relationship has been reported be-
tween the oxygen content and A site ionic radii difference
[r(A) — r(A’)] [17]. As the size of the A cation decreases, the mean
oxygen content at room temperature decreases, according to
Anderson et al. and Maignan et al. [18,19]. According to the data
collected in this review, the reported values for the undoped
compounds are: 5.80—6.00 for LaBaCo,0s5.3 5.64—5.89 for
PrBaCo;0s5, 5 5.62—5.85 for NdBaCo,05. 5, between 5.31 and 5.51
for YBaCoy0s5,5 5.40—5.69 SmBaCo005.5 5.40—-5.66 for
GdBaCo;,05, 3, 5.40—5.52 in EuBaCo,05, 5 and 5.40 in TbBaC0,0s5, 3,
down to approximately 5.30—5.36 for DyBaC0,05, 35 and 5.14—5.30
in HoBaCo,05 5. The relative ionic radii of the two A site cations
also drive the structural transitions; According to Kim and Man-
thiram [20] a disordered structure is obtained when large rare earth
ions such as La are used. Thus, La-based perovskites can be
considered as doped simple perovskite with general formula
Ao 5A05BOs3; this is confirmed by the fact that La-based compounds
are usually indexed in a cubic lattice.

In addition, the unit cell volume increases with rare earths
dimension as Co ions are driven to adopt the electronic configu-
ration that minimizes their ionic size [20]. When increasing the
oxidation state from Co>* to Co** the ionic radius of Co decreases,
inducing Co to adopt 3.5 oxidation state (i.e. 6 oxygen moles). This
indicates a lack of oxygen vacancies, that hinders ionic conductivity
and reduces oxygen reduction activity. Nonetheless, the ordered
structure has been also achieved in lanthanum compounds by some
authors, by carefully tailoring the annealing conditions [21].
Another issue in La-based perovskites is the high TEC value, caused
by elevated ionicity of the La—O bonds; a TEC = 24.3-106 K~1 [20] is
reported.

At the opposite side, when the size difference between Ba and
RE cation is high, the ordered structure is obtained. This usually
leads to a reduction of the electrical conductivity, as the high
concentration of oxygen vacancies is thought to cause a distortion
of 0—Co—O0 bonds, hampering the conduction mechanism [22].
Compounds like YBaCo,0s5,5 and HoBaCo,0s5.5 are sensitive to
decomposition in air atmosphere at high temperatures [23], but
can be stabilized by releasing the size difference with proper
doping [24]. However, several researchers investigated these
compounds [24,25], because those elements allow obtaining low
TECs [20].

The most common crystal structure obtained for double
perovskite compounds is tetragonal, but some papers report an
enhanced distortion of the lattice structure that leads to ortho-
rhombic lattices. This distortion is related to the oxygen content
[18,20]. Anderson et al. [18] suggest that oxygen content is the
fundamental parameter for the structure arrangement of the
REBaCo,05,5 series; varying the oxygen content in the
NdBaCo,0s5, 3 compound by annealing in controlled atmosphere
allowed obtaining different crystal structures. Although
NdBaCo,05, 5 usually presents a tetragonal structure, compositions

with oxygen contents between 5.25 and 5.6 adopted an ortho-
rhombic arrangement. Chavez et al. [26] revealed how cooling rate
plays a dominant role. Also, it was possible to obtain GdBaCo,05 3
[27] and YBaCo0s5, 5 [28] with either tetragonal or orthorhombic
lattice by controlling the synthesis conditions.

3.2. Summary of available data

In this section, the authors will mainly focus on a few electro-
chemical and thermal parameters to compare the investigated
cathode materials: total electrical conductivity, area specific resis-
tance (ASR), activation energy (E,c.) and thermal expansion coef-
ficient (TEC). For sake of completeness, also oxygen content, lattice
cell parameters, synthesis method, and other available data have
been collected and reported. Then the focus will be on a few
selected ones (Section 4), and on doping strategies (Section 5).

The relevant physical, chemical and electrochemical parameters
are reported in the following tables for several compounds. The
total electric conductivity [S-cm™!], ASR [Q-cm?], activation en-
ergies [eV] and thermal expansion coefficients [10® K~!] obtained
from literature are reported. The relevant chemical and physical
parameters like preparation method, sintering temperature, lattice
type and cell parameters, oxygen content are also reported for the
same compounds.

Table 1 reports some selected electrochemical and thermal pa-
rameters of La-based compounds; Table 2 reports other relevant
chemical and physical parameters and the preparation method and
temperature for the same compounds.

In La-Based compounds, the highest electrical conductivity is
obtained in the disordered compound with the cubic structure
(Tables 1 and 2, Ref. [20]), while for La-based ordered perovskites
much lower values are reported, sharply enhanced only in the Cu-
doped compounds [31]. ASR measurements are available only in
the work by Zhang et al. [29] and are quite high respect to other
compounds reported below, despite the evidence of the ordered
structure and the presence of oxygen vacancies (oxygen
content = 5.80, Table 2, Ref. [29]).

Table 3 reports some selected electrochemical and thermal pa-
rameters of Pr-based compounds; Table 4 reports other relevant
chemical and physical parameters and the preparation method and
temperature for the same compounds.

It is quite challenging to draw conclusions comparing Pr-based
compounds; a lot of efforts have been devoted to synthesize and
characterize those compounds, with doping in either A or B sub-
lattices, and very diverse results have been obtained. Generally,
electrical conductivity values are the highest among the series and
the ASR are the lowest, except for those compounds doped with
iron or scandium on cobalt site (Table 3). Also many of the com-
pounds bearing iron or scandium are found to adopt a cubic
structure, as if those elements promote an ordering of the lattice.
The reported oxygen contents spread in the 5.29—6.00 range, even
if the lowest values are obtained when Pr is partially substituted by
Y ([36]). Thermal expansion coefficients of these compounds can
range from 15.2-10° K~! [43] for Cu doped compound up to
26-10°% K~1 [39] but mainly show values around 20-10% K~

Table 5 reports some selected electrochemical and thermal pa-
rameters of Nd-based compounds; Table 6 reports other relevant
chemical and physical parameters and the preparation method and
temperature for the same compounds.

Also in the case of Nd-based compounds, it is worth noting the
large spread of measured electrical conductivity values (see Table 5,
Refs. [20] and [29] for an example regarding the undoped com-
pounds). Very high values are often reported for Sr-doped com-
pounds. Similarly to what happens in Pr-based compounds, iron
doping seem to promote a change of the structure towards a



Table 1

Composition, electrical conductivity o, ASR, activation energy and TEC of La-based double perovskite cathodes.

Composition o @600°C[S-cm™] ¢ @700°C[S-cm™] ASR @ 600 °C [Q-cm?] ASR @ 700 °C [Q-cm?] E act. [eV] TEC [10° K] Reference
LaBaCo0,0s., 5 1443 1076 - - - 243 [20]
LaBaC0,0s. 3 60.0 52.2 3.56 0.56 - — [29]
LaBaC0,0s. 3 459 457 - - - — [30]
LaBaCuCoOs 5 392 345 - - - - [31]
LaBaCuFeOs 123 93.7 - - - — [31]
LaSrMnCoOs., 111 124 - - - 15.8 [32]

Table 2

Composition, synthetic route, sintering temperature, lattice type and parameters and oxygen content of La-based double perovskite cathodes. SS = Solid state; SG = Sol-Gel;

C = Combustion; P = Pechini.

Composition Synthesis method Sintering temp [°C] Lattice type a [A] b [A] c[A] Oxygen content[5+3d] Reference
LaBaCo0,0s. 5 SS 1100 C 3.940 - - 6.00 [33]
LaBaCo,0s,5 SS 1100 C 3.881 - - 6.00 [20]
LaBaCo,0s5,35 SG 1150 0 3.898 3.891 7.718 5.80 [29]

disordered cubic with higher oxygen contents (see for example
Ref. [56]). ASR as low as 0.04 Q cm? are reported at 700 °C (Table 5
[29], [55]) for the undoped compound, probably as a result of the
very effective oxygen surface exchange activity [60]. Oxygen con-
tent ranges between 5.62 and 5.85 for NdBaCo,05, 5 and extends to
5.23—6.00 if we take into account all the reported compositions,
some of which are anyway annealed in strong reducing or oxidizing
environments.

Table 7 reports some selected electrochemical and thermal pa-
rameters of Sm-based compounds; Table 8 reports other relevant
chemical and physical parameters and the preparation method and
temperature for the same compounds.

Conductivity differences in the reported SmBaCo,05,5 com-
pounds are quite high (see Table 7, Ref. [20] and [29]). Largely, high
conductivity values (>100 S cm™!) are reported except for Mn
bearing compounds where it is significantly lower (Table 7,
Ref. [64]). The lowest reported ASR values are 0.10 Q cm? at 700 °C
for SmBaC0,0s. 5 (Table 7, Ref. [63]) and 0.07 Q cm? in SmSrC030s.5
(Ref. [64]). Oxygen contents of 5.40—5.69 are reported for undoped
SmBaCo,05 . 5 while it extends to 5.36—6.00 taking into account the
doped compounds. Despite the poor conductivities obtained, the
samples doped with manganese allow lowering the TEC values,
down to about 13.8-10% K~ (Table 7, Ref. [64]).

Table 9 reports some selected electrochemical and thermal pa-
rameters of Gd-based compounds; Table 10 reports other relevant
chemical and physical parameters and the preparation method and
temperature for the same compounds.

Gd-based compounds seem to grant very low ASR values in
some compositions (Table 9, Refs. [27,29,71]) while the reported
conductivities reach the highest values only in Sr-doped com-
pounds (Table 7, Refs. [67,73]) while the double doping with Sr- and
Fe-dampens the conductivity again (Table 7 Refs. [74,73]). The re-
ported TEC values are in many references considerably lower
respect to the values of analogous Pr-, Nd- and Sm-based samples.
Except for the very high values reported in Refs. [56] and [67] (i.e.
6.00 and 5.98) the oxygen content range is 5.40—5.83 mol of oxygen
per mole of compound.

Table 11 reports some selected electrochemical and thermal
parameters of Y-based compounds; Table 12 reports other relevant
chemical and physical parameters and the preparation method and
temperature for the same compounds.

As already mentioned, the undoped YBaCo,0s5,5 is prone to
decomposition by simply heating the sample at high temperature
in air, but its structure can be stabilized by proper doping [24];
focusing on doped compounds, it is worth noting that the electrical

conductivity values are much lower than those of Pr- and Nd-based
counterparts, and only a few composition cross the threshold of
100 S cm~! (Table 11, Refs. [25,76], and in a minor extent
Refs. [77,79]). Except for the results of Zhang et al. (Table 12,
Ref. [29]) all the reported Y-bearing compounds adopt a tetragonal
lattice. A few measurements are available of the oxygen content,
that is indeed significantly lower than in the other examined rare
earth double perovskites (= 5.31-5.51).

For sake of completeness, Table 13 reports the relevant chemical
and physical parameters: preparation method, sintering tempera-
ture, lattice type and cell parameters, oxygen content for other
minor rare earths based compounds, for which electrochemical
measurements are not reported.

As mentioned above, A site cation dimension is understood to
have an influence on the crystal structure and on the electro-
chemical properties: at a first sight, it can be stated that the best
performance are obtained when middle-sized ions occupy the A
site (praseodymium, neodymium, samarium and gadolinium); in
Table 14 the ionic size of the investigated A site cations are re-
ported, as the effective ionic radius of the 12-fold coordinated ion
when available, or as the size of the 9-fold coordinated ion [80,81].
In the end, it appears that these elements provide a good trade-off
between electrochemical activity and TEC. This is not surprising, as
it has been shown that both TEC and electrical conductivity
generally decrease reducing the size of the rare earth ion in
REBaC0,0s5_ 5 [20]. Thus, a detailed analysis has been performed on
the compounds with the mentioned elements on the A site. How-
ever, also Y-based compounds look quite promising in some com-
positions, because they keep the lowest TEC values in the series,
which better mimic the thermal expansion coefficients of the
common intermediate temperature electrolytes.

The analysis of the results reported in the available literature
faces a complication that somehow hinders the understanding of
the key factors affecting the effectiveness of cathodic materials.
This issue is the high spread of results, especially in term of con-
ductivity and ASR results reported for homologous compounds.
From Tables 1-3, it is noticeable that the same compound, syn-
thesized by different researchers or under slight different condi-
tions, often shows very dissimilar values of the relevant
electrochemical parameters. To put this fact in better evidence,
Fig. 1 shows a general overview of all the electric conductivity
values reported for the investigated compounds. They are grouped
by the A site rare earth: Pr, Nd, Gd, Sm and Y respectively. For each A
site element, conductivity values are reported for every composi-
tion, split in quartiles: 50% of the intermediate values are shown



Table 3

Composition, electrical conductivity o, ASR, activation energy and TEC of Pr-based double perovskite cathodes.

Composition c@600°C[S-cm™!] ¢@700°C[S-cm™'] ASR@600°C[Q-cm?] ASR@ 700°C[Q-cm?] Eact.[eV] TEC[10°K™'] Reference
PrBaCo,0s. 35 - - - - 0.95 215 [34]
PrBaCo;0s. 5 894 730 - - - - [35]
PrBaCo20s. 5 - - - - - 215 [36]
PrBaCo;,0s., 5 844 695 - 0.75 - 20.4 [37]
PrBaCo;0s. 3 - - 0.18 0.04 1.19 - [38]
PrBaCo20s. 5 - - 13.2 0.67 - - [26]
PrBaCo;0s. 5 161 141 0.21 0.02 — 241 [29]
PrBaCo;0s. 5 214 172 - - - 24.6 [39]
PrBaCo;0s. 5 - - 1.83 0.21 - - [40]
PrBaCoz0s. 5 392 364 0.87 0.18 - - [41]
PrBaCo,0s, 5 588 437 0.12 - - - [42]
PrBaCoCuOs .5 144 124 0.21 0.05 - 15.2 [43]
PrBaCoFeOs 5 204 163 - — — 21.0 [44]
PrBaCoFeOs 5 - - - - - 21.0 [34]
PrBaCoFeOs_ 5 72.8 65.3 1.69 0.28 - - [41]
PrBaFe;0s ., 5 9.2 7.1 - - - 17.2 [39]
PrBaFe,0s., 5 25.4 22.7 2.76 0.48 - - [41]
PrSrCo,0s., 5 2084 1776 0.19 - 0.93 - [42]
PrBaCo; oFe1005.5 91.8 68.4 - - - 25.0 [39]
Pro.3Y07BaC0,0s. 3 414 420 1.25 0.18 - - [36]
ProsYo.5BaC0,0s., 5 582 564 1.46 0.20 — 17.2 [36]
Pro7Y0.3BaCo,05. 5 730 649 0.90 0.12 - 17.6 [36]
PrBa0_5$r0_5C0205+5 - — 0.08 0.02 — — [45]
a
PrBag 5519 5C0205., 5 998 818 - g?gb - - [46]
PrBag 5Sr0.5C0205. 5 - - 0.85 0.44 1.23 - [47]
PrBag 5Sr0.5C0205., 5 492 395 0.85 0.44 1.07 - [48]
PrBag 5519 5C0,05., 5 1240 981 0.07 - - - [42]
PrBag 5Sro 5CoFe0s. 5 - - 0.11 0.02 - - [45]
PrBag 5Sro 5CoFe0s 5 342 260 - - - 20.9 [49]
PrBaCogsFe;505.5 10.2 7.1 — — — 191 [39]
PrBaCo; 2Fep 3055 110 103 1.49 0.29 - - [41]
PrBaCo; 4Fep 6055 330 303 1.13 0.20 - - [41]
PrBaCo; sFep 5055 132 104 — — — 26.0 [39]
PrBaCo; ¢Fep 4055 404 382 0.50 0.13 - - [41]
PrBaCo; ¢Nip 4055 748 620 - - - 16.6 [50]
PrBaCo; gFep 2055 194 170 1.08 0.20 - - [41]
PrBag 5Sro5CogsFeq50s. 5 128 95.5 — — — 19.2 [49]
PrBa0_55r0_5Co1_5Feg_505+5 — — 0.06 0.02 — — [45]
PrBag_55r0_5C01_5Feo_505+5 422 337 — — — 213 [49]
PrBag 5Srg 5C01.7Nig 3055 903 646 133 1.75 - 19.7 [51]
PrBag 5Srg 5C01.8Nip 2055 835 640 124 1.63 - 20.6 [51]
PrBag 5510 5C01.9Nip 1055 938 771 8.56 1.64 - 219 [51]
PrBaCo;.50S¢0.505, 5 208 171 0.12 0.03 0.91 199 [38]
PrBaCo; g0Sco20s5. 5 165 136 0.15 0.03 1.06 228 [38]
PrBaCo4.90S¢0.105. 5 101 84.4 0.15 0.04 1.07 23.0 [38]
Pr1.05Bag.95C020s5.,.5 847 700 - 0.32 — 21.6 [37]
Prq.10Bag.90C020s., 5 893 736 - 0.13 — 21.8 [37]
Pr1420B30430C0205+5 849 710 — 0.23 — 18.8 [37]
Pr1.30Bag.70C0205. 5 789 676 - 0.30 - 184 [37]
PrBag 25510750205, 5 1824 1625 0.08 - — - [42]
PrBa0,755ro,25C0205+5 1020 813 0.10 — — — [42]
PrBaCo4.955¢0.0505. 5 15.8 13.8 0.16 0.04 1.15 23.6 [38]
PrBaCog ssFeo.66Cl0.66055 144 131 - 0.55 — 16.6 [34]

2 Measured with LSGM electrolytes.
b Measured with GDC electrolyte.

with the bar, while the lowest 25% of the values is represented by
the line in the bottom part and the highest 25% with line on top of
the bars, at each reported temperature, from 500 to 850 °C at 50 °C
interval. This representation allows to visualize the spread of con-
ductivity values for each RE based perovskite, and underlines the
huge difference in conductivity that can be obtained by varying the
substitution and stoichiometry of the compounds. In addition, it's
easy to visualize that yttrium based perovskites present conduc-
tivity values in average lower than 100 S cm™". This conductivity is
actually considered a threshold value for a successful application as
cathode materials according to Steele [82].

A similar graph is reported in Fig. 1B for the ASR values. Most
authors report ASR values measured in the temperature range

600—800 °C, and some only report a few values measured at 700 or
750 °C. An indicative values range of ASR in order to consider a
material suitable for cathodic application is between 0.10 and
0.20 Q-cm? reported by Steele at al [82]. It must be noted that only
few compositions fulfill this condition in the intermediate tem-
perature range (600 °C). The number of compounds that satisfy this
requirement of course increases at higher temperatures
(700—750 °C), especially in Pr-based compounds.

The wide spread of results is related to both the processes of
synthesis and measurement. Unfortunately, slight variations of few
percent in the compositions can lead to significant changes in the
electric and electrochemical performance. In fact, a slight change in
composition and/or lattice parameters strongly affects the



Table 4

Composition, synthetic route, sintering temperature, lattice type and parameters and oxygen content of Pr-based double perovskite cathodes.

Composition Synthesis method Sintering temp [°C] Lattice type a[A] b[A] c[A] Oxygen content[5+3] Reference
PrBaCo0s. 3 ss 1100 - - - - 5.68 [18]
PrBaCo;0s5.5 C 950 (0] 3.868 3.871 7.576 5.79 [39]
PrBaCo;0s5.5 P 1100 (0] 3.915 3.902 7.699 5.78 [42]
PrBaCo,0s, 3 SG 1150 0 3.896 3.890 7.612 5.77 [29]
PrBaC0,0s. 5 SG 1000 T 3.909 - 7.638 5.64 [37]
PrBaCo;0s5.5 SG 950 T 3.894 - 7.636 - [41]
PrBaCo;0s., 5 SS 1100 T 3.946 - 7.610 5.89 [33]
PrBaCo,0s. 5 SS 1100 T 3.902 3.906 7.631 5.70 [19]
PrBaCoFeOs., 5 SG 950 C 3.899 - - - [41]
PrBaCoFeOs. 5 SG 1150 T 3.918 - 7.657 5.79 [44]
PrBaFe;0s, 5 SG 950 C 3.947 - - - [41]
PrBaFe;0s. 5 C 950 (0] 3.928 3.934 7.794 5.88 [39]
PrSrCoz0s5.,5 P 1100 (0] 5.437 5.403 7.642 6.00 [42]
PrBaCo; oFeq 0055 C 950 0 3.893 3.898 7.681 5.82 [39]
Pro3Yo7BaC020s.3 SS 1000 T - - - 5.29 [36]
ProsYosBaCo20s.5 Ss 1000 T - - - 5.42 [36]
Pro7Y03BaC0,05.5 SS 1000 T - - — 5.49 [36]
PrBagsSro.5C020s. 5 P 1100 T 3.869 - 7.732 5.84 [42]
PrBag5Sro,5C0205. 5 ss 1000 T 3.855 - 7.729 5.50 [48]
PrBag 5Sro sCoFeOs . 5 SG 1000 0 3.865 3.864 7.727 5.76 [49]
PrBaCogsFe; 5055 C 950 0 3913 3.917 7.766 5.88 [39]
PrBaCo; oFegg0s. 5 SG 950 C 3.895 - - - [41]
PrBaCoq.4Feo 6055 SG 950 C 3.882 - - - [41]
PrBaCo; sFeos50s. 5 C 950 (o] 3.875 3.879 7.611 5.81 [39]
PrBaCo; gFeo40s. 5 SG 950 C 3.879 - - - [41]
PrBaCo1 6Nig 4055 SG 1200 T 3.908 - 7.638 - [50]
PrBaCo1 gFeg 2055 SG 950 T 3.889 - 7.661 - [41]
PrBagsSro.5C00.5Fe1505.5 SG 1000 0 3.883 3.884 7.765 5.82 [49]
PrBag 55r9.5C01.5Fe0 5055 SG 1000 (0] 3.851 3.854 7.715 5.67 [49]
PrBag 5S10,5C01.7Nig 3055 SG 1100 (] 3.884 3.860 7.672 — [51]
PrBagsSro.5Co1.sNip205.5 SG 1100 0 3.908 3.859 7.612 - [51]
PrBag 5510.5C01.9Nip 1055 SG 1100 (0] 3.863 3.852 7.707 - [51]
PrBaCo; 50505055 SG 1050 C - - - 5.64 [38]
PrBaCoq.80Sco20s. 5 SG 1050 T — — — 5.71 [38]
PrBaCo;.005¢0.10s. 5 SG 1050 T - - - 5.72 [38]
Pry.05Bag.95C020s5. 5 SG 1000 T 3.899 - 7.632 5.65 [37]
Pr1.10Ba0.90C0205.,5 SG 1000 T 3.891 - 7.619 5.70 [37]
Pr1.20Ba0.80C0205.:5 SG 1000 T 3.878 - 7.620 5.77 [37]
Pr1.30Bag.70C020s5. 5 SG 1000 T 3.870 - 7.624 5.83 [37]
PrBag 25510.75C0205., 5 P 1100 T 3.842 - 7.677 5.90 [42]
PrBag5Sr0.25C020s .5 P 1100 0 3.897 3.879 7.682 5.79 [42]
PrBaCo; 055¢€0,0505.:.3 SG 1050 T - - - 5.74 [38]
Pl‘BaCOO_ssFeo_GsCUO_5605+5 SG 950 T 3.904 — 7.651 — [34]

@ Tetragonal with orthorhombic superstructure.

properties of the solid compound [63,83—88].

An even higher irregularity was observed when analyzing ASR
values retrieved in literature: a deviation of up to two orders of
magnitude can be found in similar materials. This can be explained
by the numerous chemical, physical and microstructural parame-
ters actually affecting the results of impedance spectroscopy
measurements.

3.3. Electrochemical performance

An optimization of the composition of double perovskites is
required in order to reach the best tradeoff between electro-
chemical performance and cell durability. The electrochemical
performance of IT-SOFC cathodes is commonly assessed by mea-
surement of two electrochemical parameters: ASR and electrical
conductivity. The ASR value includes material data about the
electrons and ions transfer processes occurring at the current col-
lector—electrode—electrolyte interfaces, and about non-charge
transfer processes including oxygen surface exchange, solid-state
diffusion, and gas-phase diffusion inside and outside the elec-
trode [89]. Therefore both chemical and microstructural parame-
ters can affect ASR.

In order to measure the ASR value, cathodic materials need to be

deposited on a pellet made by typical electrolyte materials for IT-
SOFC. Thus, the choice of the electrolyte material, the pellet, the
layer thickness and adhesion impact on the overall resistance
measured. It has been demonstrated also that the choice of the
electrolyte material influences the impedance spectroscopy mea-
surements of the same cathode. This result has been explained by
some authors in terms of different contact of the cathode layer to
the electrolyte support [46]. In addition, even the preparation of the
cell assembly influences the final ASR value. In fact, same powders
can be deposited using different techniques, with different grains
sizes, porosity and layer adhesion, resulting in changes in diffusion
paths, number of active sites, connectivity between grains and
other elements [5]. The ASR is always monotonically decreasing
with increasing the temperature, due to the effect of reduction
kinetics and diffusion limitations. The slope of ASR is related to the
activation energy of the whole process that brings from O, in the
gas phase to 0%~ in the electrolyte, despite the number of possible
intermediate steps, and follows an Arrhenius law.

Only a detailed kinetic analysis allows quantifying the influence
of different phenomena on the oxygen reduction reaction, there-
fore understanding the real cathode activity of the materials;
nonetheless, this kind of analysis is often time-consuming, and
sometimes it is not easy to isolate the different contribution in the



Table 5

Composition, electrical conductivity o, ASR, activation energy and TEC of Nd-based double perovskite cathodes.

Composition ¢ @600°C[S-cm™!'] ¢@700°C[S-cm™'] ASR@ 600 °C[Q-cm?] ASR @ 700°C[Q-cm?] Eact.[eV] TEC[10°K™'] Reference
NdBaCo,0s., 5 — - 0.58 0.11 1.19 223 [52]
NdBaCo,0s.. 5 — — — — — 23.1 [53]
NdBaCo30s., 5 952 740 - — — 19.1 [20]
NdBaCo,0s., 5 - - - - - 23.1 [54]
NdBaCo,0s ., 5 — — 5.59 030 — — [26]
NdBaCo30s., 5 192 168 0.28 0.04 — — [29]
NdBaCo,0s. 3 - - 452 1.18 - - [40]
NdBaCo,0s., 5 448 343 0.18 0.04 - - [55]
NdBaCo,0s.. 5 776 633 1.93 0.70 1.68 215 [56]
NdBaCoCuOs, 5 95.1 99.2 1.51 0.28 - 16.9 [57]
NdBaCoFeOs 5 116 96.8 - - - 19.5 [44]
NdBaCoFeOs 5 70.6 59.2 — — — 19.5 [44]
NdBaCoFeOs 5 102 85.6 2.48 0.90 1.71 20.0 [56]
NdBaFe;0s 5 11.7 9.5 - - 1.08 18.3 [56]
NdSrCo,0s 5 2420 2169 0.27 0.05 — — [55]
NdBag 5S19.5C0205 5 — — 1.17 0.25 1.34 243 [52]
NdBag 5510.5C0,05, 5 2412 2100 0.11 — - 203 [58]
NdBag 5519 5C0205 5 255 204 1.06 0.55 1.34 - [48]
NdBag 5Srp 5CoCuOs 5 261 227 3.77 0.52 — 18.9 [57]
NdBaCog 5Fe; 5055 39.2 31.2 3.66 1.23 1.80 20.7 [56]
NdBaCo1 5Feq50s 5 473 392 132 0.54 1.45 20.8 [56]
NdBaCo1 6Nig 4055 654 521 — — 1.22 194 [50]
NdBao_5Sl'0_5C01_5Ml’10_505+5 717 665 0.16 — — 14.3 [58]
NdBag 25510.75€0205 5 2082 1546 0.13 0.03 1.32 — [55]
NdBag »5Sr9.75C0CuOs 5 211 185 1.25 0.21 — 17.0 [57]
NdBag 50S10.50C0205 5 1501 1102 0.12 0.03 — — [55]
NdBag 75510.25€0205 5 550 461 0.17 0.03 — — [55]
NdBag 75519.25C0Cu0s 5 143 123 1.68 033 — 18.5 [57]
NdBaO_55r0_5C01_75Mn0,2505+5 1133 1004 0.13 — — 164 [58]
NdBaCog ssFeo.66CU0.660s5- 5 91.8 88.0 1'14? 0.21% — — [59]
6670 - 0.60° 0.08"

2 Measured with GDC electrolyte.
b Measured with LSGM electrolyte.

Table 6

Composition, synthetic route, sintering temperature, lattice type and parameters and oxygen content of Nd-based double perovskite cathodes.
Composition Synthesis method Sintering temp [°C] Lattice type a[A] b[A] c[A] Oxygen content[5+39] Reference
NdBaCo30s., 5 SS 1100 T 3.903 — 7.614 5.73 [53]
NdBaCo0,0s., 5 SS 1100 T 3.939 — 7.576 5.85 [33]
NdBaCo,0s ., 5 SS 1100 T 3.895 — 7.611 5.78 [20]
NdBaCo,0s., 5 SS 1100 T 3.903 — 7.614 5.73 [54]
NdBaCo030s., 5 SS 1100 T 3.897 3.902 7.612 5.70 [19]
NdBaCo,0s., 5 SS 1100 — — — — 5.62 [18]
NdBaCo,0s., 5 SG 1150 (o] 3.872 3.889 7.599 5.69 [29]
NdBaCo030s., 5 P 1100 (o] 3.918 3.909 7.635 5.78 [55]
NdBaCo,0s,5 SS 1100 T 3.896 — 7.619 5.85 [56]
NdBaCoCuOs ., 5 SS 1000 T 3.920 — 7.683 5.78 [57]
NdBaCoFeOs, 5 SG 1150 T 3.909 — 7.625 5.67 [44]
NdBaCoFeOs 5 SS 1100 T 3.912 — 7.704 6.00 [56]
NdBaFe;0s, 5 SS 1100 C 3.930 — — 6.00 [56]
NdSrCo,0s5 5 P 1100 (o] 5374 5.420 7.602 6.00 [55]
NdBag 55r9.5C0205 5 P 1000 T 3.894 — 7.615 5.88 [58]
NdBag 5519 5C0205 5 SS 1000 T 3.849 - 7.725 523 [48]
NdBag 5Srp 5CoCuOs 5 SS 1000 T 3.871 — 7.664 5.79 [57]
NdBaCog 5Fe; 5055 SS 1100 C 3.912 — - 6.00 [56]
NdBaCo 5Feq 5055 SS 1100 T 3.905 - 7.661 6.00 [56]
NdBaCo1 6Nig 4055 SG 1200 T 3.902 — 7.620 — [50]
NdBag 5510 5C015Mng 505 5 P 1000 T 3.856 — 7.705 5.83 [58]
NdBag »5510.75C0205 5 P 1100 T 3.895 - 7.610 5.89 [55]
NdBag »5Sr9.75C0Cu0s 5 SS 1000 T 3.894 - 7.667 5.69 [57]
NdBag 50S10.50C0205 5 P 1100 T 3.894 — 7.615 5.89 [55]
NdBag 75510.25€0205 5 P 1100 (o] 3.896 3.883 7.646 5.78 [55]
NdBag 75510.25C0CuOs 5 SS 1000 T 3.900 - 7.672 5.75 [57]
NdBag 5519 5C01.75Mng 2505 5 P 1000 T 3.858 — 7.713 5.78 [58]
NdBaCog ssFeo.66Cuo 6605 5 SG 1400 T 3.923 - 7.696 5.44 [59]
NdBaCog ssFeo.66Cuo.660s5- 5 SG 1400 T 3.923 - 7.696 5.44 [59]

¢ Tetragonal with orthorhombic superstructure.



Table 7

Composition, electrical conductivity o, ASR, activation energy and TEC of Sm-based double perovskite cathodes.

Composition c@600°C[S-cm™!'] ¢@700°C[S-cm™!] ASR@ 600 °C[Q-cm?] ASR@ 700 °C[Q-cm?] Eact.[eV] TEC[10°K~!] Reference
SmBaCo,0s, 5 - - - - - 21.2 [53]
SmBaCo,0s, 5 836 633 — — - 171 [20]
SmBaCo,0s, 5 556 443 0.19 - - — [61]
SmBaCo,0s, 5 — — — — — 20.8 [54]
SmBaCo,0s5, 5 — - 16.5 1.53 — — [26]
SmBaCo0,0s, 5 226 193 0.54 0.09 - — [29]
SmBaCo,0s5, 5 749 627 — - - 21.1 [62]
SmBaCo,0s 5 - - — 1.60 - - [40]
SmBaCo,0s5, 5 — - 0.52 0.10 1.23 — [63]
SmSrCo,0s 5 2137 1585 0.28 - - - [61]
SmSrCo,0s 5 615 502 — 0.07 — 22.7 [64]
SmSrCoMnOs ., 5 39.5 45.9 — — - 13.8 [64]
SmBag 55105C020s5, 5 — - 0.74 0.35 - - [65]
SmBag 5510.5C020s5., 5 - - 0.81 0.35 1.07 - [47]
SmBaCo 4Feq60s. 5 275 230 - — - 21.2 [62]
SmBaCo1 gFe 4055 342 283 - — - 20.8 [62]
SmBaCoq gNig 4055 413 329 — - - 20.6 [50]
SmBaCo gFe 2055 483 395 - — - 20.4 [62]
SmSrCo; 2Mng gO0s., 5 70.5 76.0 - 0.14 1.29 17.4 [64]
SmMSrCo;.4MnggOs.5 118 110 - 0.11 1.02 18.1 [64]
SmSrCo; gMng 405 5 203 173 — 0.09 1.28 20.7 [64]
SmSrCo; gMng 205, 5 358 296 - 0.08 1.19 213 [64]
SmBa0_5Sr0_5Co1,5Fe0_505+5 261 245 32.2 6.31 — — [66]
Smyg 92BaCo,0s5., 5 576 472 - - - — [63]
Smg 95BaCo,0s, 5 503 411 0.32 0.07 1.06 — [63]
Smyg 97BaCo,0s. 5 371 302 0.32 0.07 1.07 — [63]
SmBag 25510.75C0205, 5 1373 1049 0.14 - - - [61]
SmBag 50S10.50C0205 5 1006 787 0.14 — - — [61]
SmBa0_7SSr0_25C0205+5 741 577 0.17 — — — [61]
Table 8
Composition, synthetic route, sintering temperature, lattice type and parameters and oxygen content of Sm-based double perovskite cathodes.
Composition Synthesis method Sintering temp [°C] Lattice type a[A] b[A] c[A] Oxygen content[5+3] Reference
SmBaCo,0s, 5 SS 1100 (0] 3.886 7.833 7.560 5.60 [53]
SmBaCo,0s5, 5 SS 1100 T 3.928 — 7.540 5.69 [33]
SmBaCo,0s, 5 SS 1100 (0] 3.880 3.907 7.559 5.65 [20]
SmBaCo0,0s 5 P 1100 (0] 3.900 3.918 7.591 5.62 [61]
SmBaCo,0s, 5 SS 1100 (0] 3.886 7.833 7.560 5.61 [54]
SmBaCo,0s, 5 SS 1100 T 3.886 3.909 7.566 5.40 [19]
SmBaCo,0s5, 5 SS 1100 — — — — 5.54 [18]
SmBaCo0,0s, 5 SG 1150 (0] 3.866 3.885 7.569 5.68 [29]
SmBaCo,0s, 5 C 1100 0 3.889 7.839 7.563 5.61 [62]
SmBaCo,0s5, 5 SG 1150 (0] 3.898 3.887 7.561 5.46 [63]
SmSrCo,0s., 5 P 1150 (0] 5.403 5.383 7.626 6.00 [61]
SmBaCoq 4Feo 6055 C 1100 T 3.904 - 7.618 5.76 [62]
SmBaCo gFe 4055 C 1100 (0] 3.888 7.826 7.599 5.74 [62]
SmBaCo gNip 4055 SG 1200 (0] 3.916 3.887 7.577 - [50]
SmBaCo1 gFe 2055 C 1100 (0] 3.888 7.828 7.579 571 [62]
SmBag 5Sr05C01 5Fe 5055 SG 1200 T 3.865 - 7.610 - [66]
Smy 95BaCo,0s. 5 SG 1150 (0] 3.902 3.889 7.569 5.37 [63]
Smg 97BaCo,0s., 5 SG 1150 (0] 3.902 3.888 7.567 5.36 [63]
SmBag 25510.75C0205 5 P 1150 T 3.834 - 7.664 5.87 [61]
SmBag 50S10.50C0205 ., 5 P 1150 T 3.867 — 7.586 5.76 [61]
SmBag 75510.25C0205 5 P 1150 (0] 3.886 3.891 7.589 5.70 [61]

@ Tetragonal with orthorhombic superstructure.

impedance spectra. A comparison between the complete evalua-
tion and discussion of spectroscopy contributions would be of great
importance, in order to figure out how much of the electrical
resistance is affected by macroscopic properties and how much is
the actual material contribute. However, since only few papers
[24,30,58,65,79,86,90—94| present this accurate analysis, it's still
challenging to compare the results, either to reach a helpful
conclusion.

However, the conductivity helps to evaluate the electric effi-
ciency of the materials. The reported total conductivity (or) is
composed of two contributes: electronic (c.) and ionic (oj) con-
ductivities. In order to make a cathodic material satisfying, both

conductivities have to be as high as possible. In almost every paper
classified, only the global value of conductivity is reported, without
subdivision in its two contributes. However, ionic conductivity in
these materials is usually at least two orders of magnitude lower
than electronic conductivity, hence the measured value is usually
attributed to electronic charge carriers [95].

Double perovskite materials can present a variety of conduction
behaviors, in terms of temperature dependency of the global con-
ductivity. If the conductivity increases with temperature, the ma-
terial owns a semiconductor-like behavior, while metallic-like
conductivity decreases with increasing temperature. Frequently,
double perovskites exhibit both these conductivity mechanisms; a



Table 9

Composition, electrical conductivity o, ASR, activation energy and TEC of Gd-based double perovskite cathodes.

Composition ¢ @600°C[S-cm™!'] ¢@700°C[S-cm™'] ASR@ 600 °C[Q-cm?] ASR@ 700 °C [Q-cm?] Eact.[eV] TEC[108K™!] Reference
GdBaCo,0s.5 483 377 - - - 16.6 [67]
GdBaCo,0s.5 — - - - - 20.1 [53]
GdBaCo,0s.5 - - 1.73 - 1.34 - [68]
GdBaCo;0s., 5 - - 3.10 - - - [68]
GdBaCo,0s.5 — - 1.35 - 127 - [68]
GdBaCo,0s.5 375 359 2.11 0.34 1.21 18.1 [36]
GdBaCo,0s,5 - - 1.08 0.12 1.43 - [69]
GdBaCo,0s.,5 512 406 - - - 16.6 [20]
GdBaCo,0s.5 2317 198° 0.42% 0.04% - - [27]
210° 179° 0.18° 0.01°
GdBaCo,0s, 5 - - - - - 184 [70]
GdBaCo,0s.5 — - 21.7 5.77 - - [26]
GdBaCo,0s.,5 105 89.9 0.25 0.03 - - [29]
GdBaCo,0s,5 — - 2.44 0.40 - - [40]
GdBaCo,0s.5 — - 0.40 0.08 - 20.8 [71]
GdBaCo,0s.,5 — - 1.14 0.43 - 19.9 [72]
GdBaCo,0s,5 484 378 2.54 0.87 1.75 19.9 [56]
GdBaCoCuOs., 3 50.8 68.3 478 0.65 - - [57]
GdBaCoCuOs. 3 — - 248 0.68 - 13.9 [72]
GdBaCoFeOs_ 5 73.6 70.9 3.38 1.09 1.86 18.8 [56]
GdSrCo,0s. 5 1155 934 - - 1.29 18.8 [67]
GdBag 4510,6C0205..5 1111 932 — - - 19.5 [67]
GdBag 55r0.5C0,05.,5 — - 1.11 0.55 1.22 - [47]
GdBag 55r0.5C0,0s 5 2178 2031 - - - - [73]
GdBag 55r0.5C0,05., 5 640 521 0.13 — - - [74]
GdBag 55r0.5CoCu0s_ 5 64.1 66.2 7.21 0.84 - - [57]
GdBag 5Sro5CoFe0s ., 5 66.6 56.9 - - - - [73]
GdBag 5Srg 5CoFeOs_ 5 27.5 25.0 0.08 - - - [74]
GdBag 6Sr0.4C0205.,5 1023 821 — - - 18.3 [67]
GdBag gSro2C0,0s.,5 804 664 - - - 18.0 [67]
GdBaCo; sFeq 5055 274 229 1.21 0.56 1.20 19.6 [56]
GdBaCo 7Nig305.5 - — 0.55 0.15 - 15.5 [71]
GdBaCo gNig205.5 - - 0.48 0.14 - 17.1 [71]
GdBaCo gNig 1055 — - 0.44 0.12 - 189 [71]
GdBaCuCogsFe 5055 7.5 9.9 - 1.40 - 14.4 [75]
GdB60_55r0_5C00_5FE1_505+5 83 8.8 — — — — [73]
GdBag 55r0,5C01 5Feg 5055 694 620 233 0.96 - 21.8 [73]
GdBag 55r0,5C01.5Fe0505.5 261 225 0.10 - - - [74]
GdBag25Sr0.75C0Cu0s, 5 30.7 37.3 6.11 0.80 1.05 - [57]
GdBag 75ST925C0CU0s, 5 39.5 476 6.11 0.80 - - [57]
GdBaCog gsFeq 66Cl6605.15 — - 1.56 0.46 - 14.6 [72]
GdB3C00'66F60455Ni0'6605+5 — — 1.91 0.54 — 17.5 [72]

4 Sample annealed in air.
> Sample annealed in Ar.

change in the conductivity mechanism is often observed as a
function of temperature: generally, a transition from semi-
conductor (at low temperature) to metallic-like behavior (at high
temperature) is reported, and it follows that these materials exhibit
a maximum in the conductivity values at intermediate tempera-
tures. The onset temperature of this transition changes depending
on the chemical composition, but it's usually situated between 300
and 600 °C. The change in the slope of the conductivity vs tem-
perature curve is ascribed to the loss of oxygen occurring in the
lattice when increasing the temperature, which is in turn triggered
by the reduction of Co** (Cog,) to Co®* (Cof,); the defect reaction
that occurs can be represented using Kroger-Vink notation [96]:

1
2

In order to maintain charge neutrality, for each oxygen vacancy
(vg) generated in the lattice during the heating process the loss of

two p-type carriers (Cog,) is needed, resulting in a conductivity
decrease [76].

2Cog, + 0f < 2Co¢, + vy +50; (1)

3.4. Chemical compatibility with electrolytes

The chemical compatibility among the cell components is an

important requirement for the choice of IT-SOFC materials; an
investigation of reactivity of cathode materials with the common
electrolytes is therefore mandatory in order to determine an
optimal electrode-electrolyte couple. Even if IT-SOFCs are meant to
operate at lower temperature, the inter-diffusion of cations at the
interface could promote the formation of new phases either in the
fabrication step or during the cell operation, possibly leading to the
formation of an insulating layer at the interface that would obstruct
the ionic and electronic transport. Many of the interesting double
perovskite materials for cathodic application have been character-
ized also in this respect.

The most common approach to investigate chemical compati-
bility is by heating up a physical mixture of cathode and electrolyte
powders at high temperature for several hours, then analyzing the
occurrence of new phases or inter-diffusion by means of X-Ray
Diffraction (XRD). This easy and common procedure demonstrates
if the cathode material is compatible with selected electrolyte. By
the way, a negative result should be reported as a clear evidence of
incompatibility, but a positive one is limited to the analysis con-
dition. Moreover, sometimes no clear evidence of new phase for-
mation or cation inter-diffusion can be assessed based only on XRD
measurements. In the investigated literature the chemical
compatibility is usually checked by applying relatively mild



Table 10

Composition, synthetic route, sintering temperature, lattice type and parameters and oxygen content of Gd-based double perovskite cathodes.

Composition Synthesis method Sintering temp [°C] Lattice type a[A] b[A] c[A] Oxygen content[5+3] Reference
GdBaCo,0s.3 ss 1000 0 3.876 3912 7.541 561 [67]
GdBaCo0,0s, 5 SS 1100 (0] 3.875 7.822 7.533 5.53 [53]
GdBaCo0,0s., 3 Ss 1000 0 - - - 5.48 [36]
GdBaC0,0s .3 ss 1100 0 3.873 3.912 7.529 5.57 [20]
GdBaC0,0s., 3 Ss 1200 T - - - 5.30 [27]
GdBaC0,0s. 3 Ss 1200 0 - - - 5.80 [27]
GdBaC0,0s.,3 SS 1200 T - - - 5.40 [27]
GdBaCo30s, 5 SS 1100 T 3.875 3911 7.534 5.40 [19]
GdBaCo0,0s, 5 SS 1100 - - - - 5.42 [18]
GdBaCo0,0s, 5 SG 1150 (0] 3.860 3.861 7.519 5.66 [29]
GdBaCo,0s .3 ss 1100 0 3.877 7.825 7.542 5.57 [56]
GdBaCoCuOs, 5 SS 1000 T 3.894 - 7.604 5.64 [57]
GdBaCoFeOs 5 SS 1100 T 3.903 - 7.643 6.00 [56]
GdSrCo,05,5 SS 1000 (0] 5.373 5.402 7.572 6.00 [67]
GdBag.4ST0.6C020s..5 ss 1000 T 3.840 - 7.549 5.83 [67]
GdBag 5510.5C0205. 5 P 1100 T 3.862 - 7.558 - [74]
GdBag 5Sr95CoCu0s,, 5 SS 1000 T 3.866 - 7.576 5.66 [57]
GdBag 5Sro5CoFeOs. 5 P 1150 T 3.871 - 7.637 - [74]
GdBag 6510.4C0205.. 5 ss 1000 T 3.856 - 7.546 5.79 [67]
GdBag §Sr92C0205.,5 SS 1000 T 3.872 - 7.550 5.69 [67]
GdBaCoy sFes0s. 5 ss 1100 T 3.895 - 7.592 598 [56]
GdBaO'5sr045CO1 V5F60v505+5 P 1150 T 3.869 — 7.594 — [74]
GdBag »5510.75C0Cu0s 5 SS 1000 T 3.880 - 7.593 5.58 [57]
GdBag.75510.25C0Cu0s ;5 SS 1000 T 3.880 - 7.596 5.68 [57]
GdBaCog sFe0.66CU0.6605.45 SG 1000 T 3.885 - 7.635 - [72]

2 Tetragonal with orthorhombic superstructure.

Table 11
Composition, electrical conductivity o, ASR, activation energy and TEC of Y-based double perovskite cathodes.
Composition g @600°C[S-cm™!'] o @700°C[S-cm™!] ASR®@600°C[Q-cm?] ASR@ 700°C[Q-cm?] Eact.[eV] TEC[10°K '] Reference
YBaCo,0s., 5 189 160 — 0.11 049 16.3 [25]
YBaCo0,0s.,5 23.6 21.2 0.53 0.13 0.92 - [30]
YBaC0,05. 5 135 121 3.93 1.03 — — [66]
YBaC0,05.,5 - - - - — 138 (53]
YBaCo0,0s.,5 69.8 58.5 - 0.09 - 17.8 [24]
YBaCo0,0s. 5 119 120 0.99 021 — — [76]
YBaCo0,0s.,5 215 178 - — — — [77]
YBaCo0,0s.,5 153 122 - - - 15.8 [20]
YBaCo0,0s.,5 - - - - - 19.1 [23]
YBaCo0,0s., 5 24.9 - - — — — (78]
YBaCo0,0s.,5 37.8 317 459 0.63 - - [29]
YSrCo,0s, 5 - - 1.37 0.41 0.97 - [23]
YBa2Sr0sC020s.45 - - 1.34 0.22 1.50 — [23]
YBao3Sr07C020s.5 - - 1.08 0.17 1.50 - [23]
YBag.4Sr0,6C020s, 5 - - 1.55 024 1.50 19.8 [23]
YBag 5Sr0.5C0205.5 424 337 - - — 1838 [25]
YBag 5510,5€0205,5 371 291 1.78 0.36 1.21 — [76]
YBag 5510,5C0205, 5 70.3 594 — — — — [78]
YBaoeSr0.4C020s.45 318 283 224 0.35 — — [76]
YBag 7510.3C0205, 5 512 450 3.29 0.57 — — [76]
YBaogSr02C020s.5 445 396 1.07 0.20 - - [76]
YBaooSr01C020s.45 165 145 2.04 0.46 — — [76]
YBaCoq 2Cupg0s.5 279 383 - 0.18 — 134 [24]
YBaCoj 5Feq50s. 5 23.3 20.7 - — - - [77]
YBaCo1 4Cug60s. 5 39.8 474 - 0.12 - 14.7 [24]
YBaCo; 4Feq 60s. 5 27.1 226 - - — — [25]
YBaCo; 4Feq.60s. 5 44.1 36.4 - — — - [77]
YBaCo1 Cug40s. 5 55.4 57.8 - 0.18 - 15.7 [24]
YBaCo; gFeq40s. 5 55.9 471 - 0.15 0.53 18.0 [25]
YBaCo gFeq.40s. 5 64.7 53.4 - — — - [77]
YBaCo1 Cuig20s.5 67.1 71.6 - 0.15 - 16.7 [24]
YBaCo; gFeq20s. 5 128 107 - 0.13 0.52 17.3 [25]
YBaCoy gFeg 2055 136 112 - - — — [77]
YBag 5Srg.5C014CuUoc0s5.5 114 106 - 0.18 1.18 16.4 [79]

calcination processes (in the temperature range of 900—1100 °C for
6—12 h) and sometimes even for very short times and low tem-
peratures, suggesting that slightly higher temperatures or longer
times would have shown some evidence of reactivity. A more

severe characterization of the reactivity is therefore suggested for a
meaningful understanding of the long-term reactivity. In fact, when
long-lasting stability tests are performed, the measured ASR values
increase over time due to (at least) some microstructural



Table 12

Composition, synthetic route, sintering temperature, lattice type and parameters and oxygen content of Y-based double perovskite cathodes.

Composition Synthesis method Sintering temp [°C] Lattice type a[A] b[A] c[A] Oxygen content[5+3] Reference
YBaC0,0s.3 sS 1100 T 3.879 - 7.509 - [25]
YBaCo,0s.3 SG 1050 T 3.874 - 7.502 - [66]
YBaCo0,0s5., 5 SS 1100 T 11.616 - 7.493 5.51 [53]
YBaCo,0s. 3 SG 1000 T 11.627 - 7.509 - [24]
YBaCo,0s.3 SS 1100 T 11.615 - 7.496 - [77]
YBaCo0,0s., 5 SS 1100 T 3.874 - 7.483 541 [20]
YBaCo,0s5.5 SS 1125 T 3.878 — 7.498 5.31 [23]
YBaCo,0s5., 5 SG 1150 [0} 3.846 3.954 7.485 541 [29]
YBag 35r0.7C0205.5 SS 1125 T - - - 5.54 [23]
YBag4Sro.6C020s. 5 Ss 1125 T - - - 5.50 [23]
YBag5Sr0.5C020s. 5 Ss 1125 - - - - 5.40 [23]
YBaCo;5Cugs0s.5 SG 1000 T 11.658 - 7.551 - [24]
YBaCoq2Fep 3055 SS 1100 T 11.632 — 7.566 — [77]
YBaCo; 4Cug60s.5 SG 1000 T 11.658 - 7.546 - [24]
YBaCoy 4Feq 60545 SS 1100 T 3.893 - 7.555 - [25]
YBaCoj 4Feq 6055 SS 1100 T 11.637 — 7.554 — [77]
YBaCoq,6Cup 4055 SG 1000 T 11.656 - 7.541 - [24]
YBaCo; gFeg.40s.15 SS 1100 T 3.885 - 7.535 - [25]
YBaCo; 6Fep 4055 SS 1100 T 11.636 — 7.532 — [77]
YBaCoq 5Cug 2055 SG 1000 T 11.648 - 7.534 - [24]
YBaCo; sFeg20s.5 Ss 1100 T 3.881 - 7.519 - [25]
YBaCoy sFeg20s.5 SS 1100 T 11.623 - 7.529 - [77]
Table 13
Composition, synthetic route, sintering temperature, lattice type and parameters and oxygen content of Dy, Eu, Ho and Tb based double perovskite cathodes.
Composition Synthesis method Sintering temp [°C] Lattice type alA] b[A] c[A] Oxygen content[5+3] Reference
DyBaCo,0s., 3 SS 1100 T 3.879 - 7.505 - [53]
DyBaC0,0s_ 5 SS 1100 T 3.876 3.879 7.504 5.30 [19]
DyBaC0,0s. 5 sS 1100 - - - - 5.36 [18]
EuBaC0,0s. 5 SS 1100 [0} 3.882 7.828 7.546 5.56 [53]
EuBaC0,0s. 5 SS 1100 T 3.883 3.916 7.541 5.40 [19]
EuBaC0,0s. 3 SS 1100 - - - - 5.52 [18]
HoBaCo,0s.3 sS 1100 T 3.873 - 7.495 - [53]
HoBaCo0,05.5 SS 1125 T 3.882 - 7.488 5.14 [23]
HoBaCo0,0s5.5 SS 1100 T 3.873 3.872 7.496 5.30 [19]
HoBaCo,0s., 3 SS 1100 - - - - 525 [18]
TbBaCo0,05 5 SS 1100 [0} 3.868 7.818 7.518 - [53]
TbBaC0,0s 5 SS 1100 T 3.867 3.908 7.516 5.40 [19]
TbBaCo0,0s. 3 SS 1100 - - - - 5.41 [18]
Table 14 complete characterization for GdBaCo;0Os.5 double perovskite

Effective ionic radii rare earths (12-fold coordination, from
Refs. [80];* 9-fold coordination, from Ref. [81]).

Rare earth ion Effective ionic radius

Y3+ 1.075*
La3* 1.36
pri+ 1.32
Nd3* 1.31
Sm3* 1.28
Gd3+ 1.27
Eu’t 1.28
Dy>* 1.24
Ho>* 1.23
Tb3* 1.25

rearrangements at the cathode—electrolyte interface [97,98].
Among commercially available electrolyte materials, YSZ has
been reported to react with several double perovskites materials,
such as the PrBaCo, _yFesOs.,5 series [39] where the authors re-
ported reactivity for temperatures as low as 700 °C for 20 h with the
appearance of small peaks belonging to PrCoO3 or PrFeO3 phases,
while at 900 °C a larger amount of BaZrOs develops; in
SmBaCo,_FesOs., 5 series [62], the growth of BaZrOs is identified
after annealing at 900 °C for 24 h that is not influenced by the
amount of iron in the structure. Tarancon et al. [99] proposed a

stability, concluding that it presents high reactivity with YSZ even
at low temperature (700 °C). However, YSZ isn't commonly
considered as promising electrolyte for intermediate temperature
range unless it is used in very thin layers, therefore few data are
available about its reactivity with double perovskite compounds.
LSGM and doped ceria electrolytes (GDC, SDC) instead, show higher
ionic conductivity in the intermediate temperature range and are
better suited for low-temperature operation [5]. Zhou et al. [100],
published their results about the chemical compatibility of
REBaCo,0s5, 5 (RE = Pr, Nd, Sm and Gd) compounds with samarium
doped ceria (SDC) and LSGM, reporting that neither additional
peaks nor structural changes were detected after 5 h at 1000 °C.
Several other works instead, report reaction issues for compatibility
tests performed in more harsh conditions, especially for LSGM as
electrolyte: Tarancon et al. [99] investigated the stability of
GdBaCo,0s5, 5 also with GDC and LSGM and found the formation of
a small amount of secondary phase with both electrolyte materials
after annealing at 1000 °C. Moreover, the secondary phase content
increases at higher temperature, ending up at 1200 °C with a solid
solution between GdBaCo,05.3 and LSGM with a mixed cubic
perovskite lattice; this result is ascribed to the similar lattice
structures between the two compounds. It is generally understood
that the more the lattices are similar between cathode and elec-
trolyte, the easier is the occurrence of interface reaction. Therefore
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Fig. 1. Total electric conductivities (o [S-cm™'], panel A) and ASRs [Q-cm?], panel B) of the investigated compounds grouped by A site rare earth, reported split in quartiles.

it is expected that double perovskite materials could present more
reactivity issues with LSGM than with GDC or SDC doped ceria
electrolytes (A1_xA'xO) that adopt a fluorite structure.

The doping effect on chemical stability is different based on
material properties: Y-based double perovskites usually present a
phase instability when undoped, while it has been demonstrated
that the substitution of Ba with Sr enhance not only the chemical
stability, but also the chemical compatibility with GDC electrolyte
[23,67]. In addition, a proper amount of Sr substitution into the
double perovskite composition could reduce the ion inter-diffusion
issue with LSGM electrolyte, because it could reduce the sharp
concentration gradient of Sr at the cathode—electrolyte interface.

However, sometimes the presence of a dopant element can worsen
the electrolyte-electrode compatibility. Jin et al. [59] for example
reported the formation of a secondary phase, SmCuy04, at the
interface between SDC and NdBaCog ggFeq.66Cu0.6605.5 after calci-
nation at 950 °C for 10 h in air, while the same compound was
found to be inert with GDC and LSGM at the same annealing
conditions.

3.5. Thermal expansion mismatch

In order to extend the cell durability it is important to have
similar TEC values between the cathode and the electrolyte



materials. A thermal mismatch as small as possible is required to
reduce the strain occurring at the interface during the thermal
cycles of the cell. Co based double perovskites usually present a
much higher TEC value than typical electrolytes (10.4—12.3-108 K1
for LSGM [101] and 11.4—12.7-10% K~ for rare earths doped ceria
[102]). High TECs in double perovskites are related to Co>* cation
state that, at high temperature, can pass from low spin (LS, t62geog)
to intermediate (IS, t°5.e'g) and to high spin (HS, t*ze?), pro-
gressively increasing its ionic radius [103]. Hence, to reduce TEC in
these materials Co is partially or completely substituted with
different metals (especially Fe), that can mitigate these disadvan-
tages. In addition, typical dopants cost is often much lower than
that of cobalt, possibly reducing the global development cost of a Co
based cathode material [25,34,51,56,64,103—105].

Aanother strategy to effectively reduce the problems related to
TECs mismatch is by using composite cathodes, which can mini-
mize the undesired thermal expansion discontinuity at the elec-
trolyte—cathode interface without affecting the cathode optimal
composition [91]. A brief survey is reported in the next section.

3.6. Composite cathodes

SOFC developers used composite materials to improve the per-
formance of the anode [106]; the first oness were studied with the
aim of enhancing the electrochemical properties. In fact, mixtures
with different fractions of electrolytic and cathodic materials were
investigated, revealing better performance, most likely caused by
the increase of the triple phase boundary length [107,108]. This
effect has been studied even with mathematical models [109—113].
Subsequently, researchers mainly focused their attention on ma-
terials that show both ionic and electronic conduction (MIEC), in
order to optimize the tradeoff between electronic conductivity and
oxygen reduction kinetics [106]. Nowadays, high performance
materials are available, but the high TEC of many of these materials
is still an open issue. Instead of reducing TEC values by doping
strategies, the use of composite cathodes has been attempted [58].
In addition, composite cathodes also represent a breakthrough for
oxygen reduction reaction mechanism; a decrease in ASR is re-
ported when composites with around 50% weight ratio of electro-
lyte material are tested [65,106,107,114]. Besides, the addition of
high amounts of electrolyte compound (i.e. electronic insulators) to
cathode material leads to a significant drop in electronic conduc-
tivity of the composite; this is often accounted for by the limited
continuity of the cathodic phase in the composite [106]. A further
advancement in composite cathodes is represented by the so-called
graded configuration. Graded cathodes are made by different layers
of composite cathodes with an increasing fraction of electrolyte
phase, in order to gradually reduce the differences in thermal
expansion between cathode and electrolyte. In addition, a func-
tionally graded cathode can show also an enhancement of the
overall electrochemical performance due to the opportunity to
optimize different parameters in each composite layer [91,100].

4. Review of the most promising materials

Sometimes it is very problematic to compare similar or even
identical compounds through different papers, because of the va-
riety of the reported preparation methods and characterizations.
However, many publications confirm the positive outcome that
McKinlay et al. [78] that reports a marked improvement of the
electrical conductivity of these compounds when Sr replaces half of
the Ba in YBa;_xSrxC0305, 3

Many publications confirm this trend, explaining it as a direct
cause of the decrease in oxide-ion vacancy concentration due to an
increase of both oxygen content and average Co oxidation state,

related to the smaller size of Sr** ion with respect to Ba®* [42].
Since the oxygen vacancy concentration decreases, the ionic con-
ductivity should decrease too, but the overall conductivity in-
creases due to the higher electronic contribute. In order to increase
electronic conductivity, a material needs a large concentration of
electronic holes or free electrons, elements controlling the ability of
moving electrons inside material lattice. However, producing a
material with both high electronic and ionic conductivity is quite
challenging; any negative defect introduced in the lattice, such as A
site acceptor dopants or deficiency, can be compensated by either
the formation of ionic defects (oxide-ion vacancies) or by electronic
defects (holes) originated by oxidation of Co>* to Co** [16]. The
distribution of these chemical defects is the main factor deter-
mining electrical and electrochemical properties of the double
perovskite cathode materials. However, what determines the
compensation mechanism by electronic holes or oxygen vacancies,
it is not completely known yet.

According to Kim at al. the higher concentration of smaller Co**
ions than Co>" is also related to a relief of the compressive stress in
the O—Co—O0 bonding, that increase toward the ideal value of 180°,
causing a structural change from orthorhombic to tetragonal [67].
The tetragonal structure exhibits faster oxygen transport in the
bulk and surface and higher catalytic activity for the oxygen
reduction reaction as compared to an orthorhombic structure
because it provides a more symmetrical structure [55]. Symmetry
in cell lattice structure allows a better overlap between 3d orbitales
from the transition metal (Co and its dopants) and 2p orbitales from
oxygen ions [29,83,88].

Electronic conduction within perovskite-related oxides is
believed to occur via electron hopping along Co**—0* —Co>*
bonds. The exact mechanism is thought to resemble a Zerner
double exchange process, which is closely related to both the
mobility of the electrical carriers and the path of diffusion [29].
Thus, increasing oxygen vacancies impedes the electron hopping
pathway and causes a reduction of electronic conductivity [59].

In addition, the complete substitution of Ba with Sr does not
yield the alternate double perovskite structure, due to the compa-
rable ionic radii of rare earths and Sr**. In fact, also other papers
show that LnSrCo;0s5,5 oxygen content is usually near to 6,
demonstrating that these materials prefer to allocate in disordered
Lng5Srg5C003 layers, instead of ordered alternated LnCoOs and
SrCo0s layers [55,67]. When 3 increases, oxygen ions fill the Ln-O
layer, proving pyramidal CoOs structures become octahedral
CoOg, removing lattice charge ordering and reducing crystallo-
graphic unit cell along the b direction [115]. These simple non-
doped perovskites present a very high electrical conductivity due
to more symmetric cell structure, usually a cubic one. However,
these materials do not provide enough oxygen vacancies, resulting
in poor ionic conduction. Although adding acceptor dopants can
induce vacancies formation and thus ionic conduction behavior, it
also causes instability and very high TEC [5].

However, focusing only on electrical conductivity would be
restrictive for the optimization of IT-SOFCs cathodes; maximizing
oxygen content leads to very high electronic conductivity but it
could decrease the ionic one, depending on the defect chemistry of
the compound. Low ionic conductivity reveals lack of oxygen va-
cancies, which usually has a detrimental effect on the oxygen sur-
face exchange rate, that in turn is likely to cause high polarization
resistances (ASR) in cases where the surface exchange process is
the rate determining step [86].

The lowest ASR reported in literature has been achieved by Choi
at al [45]. for the compound with general formula
PrBag5Srg5C015Fep505.,5. In this paper is reported a value of
0.056 Q cm? at 600 °C using GDC as electrolyte for the impedance
measurements. This publication suggests this material as



promising for cathode applications, but in the same year Jiang at al
[49]. presented a paper containing the characterization of the same
compound, with less encouraging ASR values. The only measure-
ment reported by Jiang is 0.07 Q cm? at 800 °C, that is even higher
than the result reported at 600 °C by Choi [45]. This discrepancy can
be partially explained by the adoption of LSGM as electrolyte
support in the production of symmetric cells for impedance mea-
surements, but it also reveals the difficulty in comparison between
same compounds within two different papers.

After McKinlay et al. [78] and Kim et al. [67] publications, many
researches followed their steps, producing double perovskites with
general formula LnBags5Srg5C0,0s5.5, using different rare earths
[46,47,52,65,76,105] or trying also with B site dopants (Cu
[57,79,103], Mn [58,64], Ni [51], Fe [45,74]) in order to reduce TEC.
However the lowest TEC value has been achieved by Wang et al.
that tried to optimize the Mn content in double perovskite
SmSrCo;_xMnyOs, 5. A value equal to 13.7-106 K1 is reported for
SmSrCoMnOs 3, but, although this compound would be suitable for
matching with commercial electrolyte TECs, the substitution of half
Co leads to a dramatic drop in conductivity from 615 S cm™! for
SmSrCo,0s,5 to 40 S cm™~! at 600 °C. In this material larger Mn>*
jons replace smaller Co>' causing a bending of (Co,Mn)—
0—(Co,Mn) bonds, decreasing the angle below 180° and conse-
quently resulting in a metal to semiconductor behavior transition
[64].

Kim et al. have produced another Mn-doped double perovskite
series with the aims of lowering TEC value and optimizing elec-
trochemical performance. TEC value drops from 20.27-10% K~! for
NbBag 55r9.5C0205.,5 to 14.33-10° K1 for
NbBag 5519.5C015Mng 505, 5. Although a significant drop in perfor-
mance is reported, both conductivity and ASR are still acceptable

A PrBaCo,O,

10000 r ; r .

for IT-SOFC cathode application. At 600 °C the electrical conduc-
tivity of NbBag 5Srg5C015Mngp 5055 is equal to 718 S cm~! and the
ASR is 0.156 Q cm?. Both parameters are worse than those of the
respective Mn-free compound (2410 S cm~! and 0.115 Q cm?), but
Mn-doped material meets the general requirements for a cathode
material, as showed by the obtained power density (1.20 W cm 2 at
600 °C) [58].

In order to deeply analyze material performance, compounds
have been split into different groups based on A site rare earth
element. In next sections a summary of the electrochemical pa-
rameters of the most studied compositions (REBaCo05.5 and
REBap5S105C0205,5., with RE = Pr, Nd, Sm and Gd) will be
presented.

4.1. Pr-based double perovskites

Pr-based compounds are the most popular double perovskites
present in literature for number of characterizations. Fig. 2A shows
the temperature dependence of the conductivity for the most
common Pr-based double perovskite: PrBaCo,0s 5. It's evident that
there's a large mismatch between different results, as conductivity
values at 300 °C amount to 200 S cm ™! in the compound investi-
gated by Zhang et al. [29] and reach up to 1500 S cm™! in the one
prepared by Jiang et al. [37]; similarly, at 800 °C ¢ changes from
100 S cm~! in Ref. [29] to 600 S cm™~! in Ref. [37].

The temperature dependence of ASR reported in different pa-
pers using different electrolyte materials is shown in Fig. 2B for
PrBaCo;0s, 5. Even when considering the most promising results,
PrBaCo,0s, 5 presents ASR values not perfectly suited for cathodic
application at temperatures below 600 °C. However, it was found
that perovskites performance can be enhanced by Sr doping on Ba
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Fig. 2. Electrochemical characteristics of PrBaCo,0s_ ; — total electrical conductivities o ([S-cm™'], panel A) and ASR ([Q-cm?], panel B) — and of PrBag 5Sro5C0,0s. 5: total electrical
conductivities ¢ ([S-cm~'], panel C) and ASR ([Q-cm?], panel D). The legends report the electrolyte used for the measurement of ASRs.



site [46,42,51]. The typical Sr-doped compound synthesized pre-
sent half of the barium substituted with strontium
(PrBag5Srg5C0205,5). The electrochemical parameters and their
temperature dependence for this materials are reported in Fig. 2C
and D. The enhancement of the conductivity it is noticeable: at
600 °C conductivities are enhanced from the range
150—900 S cm~! without Sr doping up to 600—1400 S cm~! for
doped materials. A similar trend is obtained analyzing the ASR that
at 600 °C improves from 0.1 to 13 Q cm? to 0.05—1 Q cm?.
Considering the ASRs reported in literature, the most promising
Pr-based perovskite series are PrBagsSrosCoz_xFexOs.5 synthe-
sized by Choi at al. [45], and PrBa;_xSrxCo,0s5_ 3, produced by Park
at al [42]. Park's compounds also present the highest conductivity
values in Pr-based perovskites literature, but is well known that
these materials result unsuitable for cathodic application with the
common electrolytes, due to their much higher TEC value. Unfor-
tunately Park et al. do not report in their paper any measurement of
thermal expansion coefficient of these promising materials, but a
large discrepancy with the TEC of similar materials is not expected.

4.2. Nd-based double perovskites

Considering Nd as A site rare earth for perovskites, the number
of publications containing electrochemical characterization is
slightly lower than those about Pr-based ones. The NdBaCo;0s. 5
conductivity values at 600 °C range from 200 to 1000 S cm™!
(Fig. 3A) while ASR values vary from 0.2 to 6 Q cm? at 600 °C, and by
up to two order of magnitudes at 500 °C (Fig. 3B). In Fig. 3C and D

are reported the electrochemical parameters of
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NdBag 5519 5C0205, 5 perovskites. In analogy with what reported for
Pr-based ones, the conductivities and ASRs are much improved
from the respective undoped perovskites. In fact, conductivity
values are found in the range of 300—2400 S cm~!, while ASR ones
between 0.1 and 1.2 Q cm?. The best performing Nd-based perov-
skite materials have been synthesized by Yoo et al. [55] with
NdBa;_xSrxCo205. 5 perovskite series. These compounds show the
lowest ASR values in Nd-based double perovskite literature and
some of the highest conductivity ones.

4.3. Gd-based double perovskites

Compounds containing Gd in the A site were investigated in a
large number of papers, mainly in the form of the parent
GdBaCo,05, 5 double perovskite. However, this material seems to
be less efficient than previously discussed ones. Conductivity at
600 °C is reported between 100 and 500 S cm™! (Fig. 4A), while ASR
(Fig. 4B) ranges from 0.3 to 22 Q cm?. A great improvement has
been achieved with the substitution of Sr, but only few researchers
(Refs. [47,73]) investigated the electrochemical properties of this
compound, as can be seen in Fig. 4C and D, reporting conductivity
and ASR as a function of temperature.

4.4. Sm-based double perovskites

Sm-based materials are less investigated, but some interesting
results were reported. As an example, at 600 °C the measured
conductivities range between 250 and 850 S cm™!, while ASR
values range from 0.2 to 15 Q cm?, as reported in Fig. 5A and B
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respectively for SmBaCo,05. 5. Only few papers report a charac-
terization of doped double perovskites with Sm, and in Fig. 5C and
D the conductivity and ASRs are shown for SmBag 5Srg5C0205.5
compounds. Comparing number of publications about Sm with Pr
or Nd ones, appears clear that the interest of researchers has been
focused on the elements presented above, and it appears that some
efforts could still devoted to a further improvement of
SmBaCo,05, 5 derivate compounds.

5. Doping strategies in double perovskites

The effect of doping on double perovskite materials can be
different, depending on the site where the substitution takes place
and of course on the parent compound; by the way, some simi-
larities between the effects of the same doping strategy on different
compounds can be mentioned.

5.1. A site doping

The most common doping is the substitution of Ba in A’ site with
Sr. As underlined in the previous sections, Sr doping mainly
enhance electrochemical performance of double perovskite mate-
rial (see Figs. 2—5). Both electrical parameters of interest give a
positive feedback for materials series with increasing Sr doping
content. As can be inferred by the curves reported in Fig. 6A—D, for
almost every compound series, the electrical conductivity increases
with increasing Sr concentration, in the whole temperature range.
The maximum of conductivity is often reached with complete
substitution of Ba with Sr, but at the same time this usually causes a
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significant worsening in the oxygen reduction reaction kinetics, as
revealed by the measured ASRs: Fig. 6GE—F shows the dependence of
ASR from Sr doping content at different temperatures. The lowest
ASR values are found for those compounds with the strontium
content x > 0.5, except for the point with x = 1 (i.e. compounds
where Ba is completely replaced by Sr) in every series character-
ized. Indeed at x = 1 the ASR sharply increases at any temperature.
The main drawback related to Sr doping is the slight increase of TEC
values. Unfortunately, most of the authors that investigated Sr-
doped double perovskites series do not report any thermal
expansion measurement, except for the paper by Kim et al. [67].
Table 15 reports TEC values of GdBa;_xSrxCo,05,5 compounds
(0.0 < X < 1.0) in the 80—900 °C temperature range. However, even
the lowest TEC value reported for the SR-doped materials
(16.6-108 K~1[67]) is still far from matching the TECs of commercial
electrolytes (12—14-108 K-, GDC, SDC and LSGM). In addition, Gd-
based compounds present the lowest average TEC values among all
rare earths. In fact, considering only double perovskites with Gd as
rare earth in A site, the average TEC value present in literature is
17.9-10° K.

For what regards the compounds bearing other elements in A
site, average TEC increases for Y, Nd, Sm and Pr, presenting
respectively 18.8, 19.6, 19.7 and 20.6-10% K.

5.2. B site doping
5.2.1. Iron doping

A common doping element used to replace Co in B site is Fe. This
substitution is realized with the purpose of reducing TEC values in
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Co based double perovskite materials, since Fe produces stronger
bonds with oxygen compared to Co [56].

Many publications report a series of double perovskites with
increasing Fe doping for cathodic application, mostly resulting in a
worsening of the electrochemical performance, but also a reduction
of TEC value. However, according to the available data
REBaCoy_yFeyOs. 5 compounds do not satisfy the TEC requirement
for cathodic application with common electrolytes yet, since the
TEC decease by Fe content is too feeble. Kim et al. [56] presented a
publication containing the thermic characterization of
NdBaCo;_yFeyOs. 5 (withy =0, 0.5, 1, 1.5, 2) and GdBaCo;_yFey0s_ 5
(with y = 0, 0.5, 1) series, obtaining a decrease of TEC values
respectively from 215 to 18.3-10° K~! and from 199 to
18.8-10° K. Zhao et al. [39] achieved a better TEC reduction on
PrBaCo,_yFe,Os.5 (with y = 0, 0.5, 1, 1.5, 2) series, reporting a
maximum TEC value for y = 0.5 compound, equal to 26 10° K~! and
a minimum of 17.2 108 K, for the compound with y = 2. However,
these slight TEC reductions do not balance out the significant drop
in electrochemical performance related to the replacement of Co
with Fe. As is shown in Fig. 7A—D, conductivity decrease mono-
tonically with Fe content for almost every series reported. The only
exception is represented by PrBaCo,_yFe,Os 5 obtained by Zou
et al. [41] that increases its electrical conductivity at y = 0.4 to
y = 0.6 iron content. Thou, those samples undergo a structural
change from tetragonal to cubic at y > 0.4. This variation of struc-
ture leads to a more symmetrical lattice cell, hence a consequent
increase in electrical conductivity. Of particular interest is that the
dependence of ASR from Fe content (Fig. 7E—H) presents the
minimum value for the same composition PrBaCogFep.405 5. Zou

et al. [41] are the only authors reporting such a detailed charac-
terization of Fe doped double perovskites in the full stoichiometry
range between 0 and 1. However, other two Fe-doped series [56]
seem to confirm the positive decrease of ASR for the compounds
with 0.5 Fe content, but do not present neither the cubic transition
nor the conductivity improvement. Anyway the Nd-based series
proposed by Kim at el [56]. present the structure transition from
tetragonal to cubic for y > 1.5 comppositions. Another investigation
of Fe substitution on B site of Pr-based double perovskite is pro-
posed by Yoo et al. [116]. In this paper the oxygen fluxes have been
measured through membranes made by PrBaCo,_yFeyOs. 5 (with
y =0, 0.2, 0.5, 1, 1.5, 2), resulting in an overall decrease of the
specific oxygen flux with Fe content. In this paper, the transition
from tetragonal to cubic structure is reported only for the perov-
skite with y = 1 and y = 1.5 as Fe content.

Also the influence of other elements have been investigated as B
site dopants, especially transition metals such as Ni [50,51,71,117],
Cu [24,118] and Mn [58]. Moreover, some authors reported also a Sc
substituted compound [38].

5.2.2. Ni doping

One of the most common element used to dope double perov-
skites on B site is Ni. In literature characterizations about double
perovskites doped with Ni are present for several rare earths on A
site. Although B site doping is mainly made to achieve a reduction
of TEC values, the electrochemical performance cannot be ignored.
In fact, Ni doping leads to considerable improvements of thermal
expansion behavior but, regarding conductivity and ASR, high
doping levels cause a drop in the electrochemical performance.
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However, the substitution of a small amount of Ni (y = 0.2—0.4) for
Co leads to slightly improved performance and significant TEC
reduction, despite a decrease of the electrical conductivity, as
demonstrated by the compounds synthesized by Kim et al. [117]. In
this paper, the most promising compound is NdBaCoqgNip 4053
that presents a TEC value of 16.9 10° K~, lower than the parent

compound. Liu and coauthors [51] instead reported on the char-
acterization of PrBags5Srp5C0o,2_xNixOs.5 compounds (x = 0.1, 0.2,
0.3) and found a worsening of the ASR at increasing x. For what
concerns the electrical conductivity instead, the general trend was
to lower the conductivity, but due to a change in the slope, the
sample with x = 0.3 showed a total electrical conductivity higher



Table 15

TECs of selected compounds as a function of Sr content.
X in GdBa;_xSrxC020s. 5 TEC [10% K~'] (80—900 °C) Reference
x =00 16.6—20.8 [67—71]
X =02 18.0 [67]
x =04 183
x = 0.6 19.5
x=1.0 18.8

than the x = 0.1 sample in the temperature range below 550 °C.
Even lower TEC values are achieved with SmBaCo1gNig 405,35 pre-
pared by Che at al [50]. and with GdBaCo17Nip 305,35 by Wei at al.
[71], that obtained TECs respectively equal to 16.6 and 15.5-106 K.

5.2.3. Cu doping

An alternative to Fe doping is using Cu to substitute Co in B site
of double perovskite, in order to achieve the best tradeoff between
TEC and electrochemical performance. TEC values decrease
monotonically with increasing Cu content up to y = 1. Several
publications report a characterization of compounds with half Co
substituted with Cu, leading to the conclusion that TEC is greatly
reduced, but also the electrochemical parameters [31,43,72].
However, Zhang et al. [24] and Kim et al. [118] investigated more
deeply on Cu content, synthesizing material series with increasing
Cu content, YBaCo,_yCuyOs,5 (with y = 0, 0.2, 0.4, 0.6, 0.8) and
LnBaCoy_yCuyOs, 5 (with Ln = Gd and Nd and y = 0, 0.25, 0.5, 0.75,
1) respectively. Zhang et al. report the lowest ASR values
(0125 Q cm? at 700 °C), among his doped materials for
YBaCo14Cupg0s5.5 compound, and a very low TEC, equal to
14.7-10° K~'. The TEC is even lower for y = 0.8 compound, but both
present conductivity values below 100 S cm™! in the intermediate
temperature range (500—800 °C), not completely satisfying the
requirements of a cathodic application. Similar trend is reported for
material series produced and characterized by Kim et al.. TEC values
are lowered by Cu content, and NdBaCo1,5Cug 7505, 5 (presenting
TEC equal to 16.4-10° K~1) and GdBaCoCuOs., 5 (TEC = 14.5-106 K1)
samples show improved cathode performances compared to the
Cu-free samples, considering maximum power density obtained in
a complete cell. However, the measurements of conductivity and
ASR show worsened values with increasing Cu content [118].

5.2.4. Sc doping

Of particular interest is a paper published by Li et al. [38],
reporting the substitution of Co with Sc, in order to both reduce TEC
and improve performance. This series of materials,
PrBaCo,_yScyOs. 5 (withy = 0.05, 0.1, 0.2, 0.5), show that Sc doping
leads to a decrease in both ASR and activation energies, and to a
reduction of TEC values (from 236 at y = 0.05 to
19.8-10° K~ at y = 0.5). However, conductivity values decrease in a
significant extent with increasing Sc content, reaching values below
50 S cm™! for PrBaCoq5Sco50s.5. Despite these low conductivity
values, Sc doping seems a promising strategy and deserves a deeper
investigation, in order to clarify the enhancement of oxygen
reduction reaction kinetics at high Sc content.

5.2.5. Mn doping

Using Mn as B site dopant resulted in one of the lowest TEC
reported in literature for double perovskite materials containing Co
[58]. Kim et al. prepared and characterized a series of
PrBag 551r0.5C02_yMnyOs, 5 compounds (y = 0, 0.25, 0.5), obtaining a
TEC value of 14.3-108 K~ ! for PrBag 5Srp5C015Mng 505, 5. Although
Mn doping reduces electrochemical parameters, at 600 °C the
material with y = 0.5 maintains acceptable conductivity and ASR
values for cathodic application: 717 S cm~! and 0.156 Q cm?

respectively. In addition, this study shows also the possibility of
producing composite cathodes mixing a cathodic material with an
electrolyte one. A cathode made by mixing GDC and
PrBag 5Sr95C015Mng 505, 5 in a 50% weight ratio presents a TEC
value equal to 11.7-10° K=, a number that completely matches with
pure GDC electrolyte TEC (11.4—12.5-10% K1)

5.3. Latest developments: vacancy doping of double perovskites

A very recent trend used to tailor electrochemical performance
of double perovskite materials is to produce compounds with a
deficient stoichiometry for element on A or A’ site. A’ site under-
stoichiometry was first investigated: a small Ba deficiency
(x = 0—0.08) in PrBa; xCo0,05,5 [86] caused a shrinkage of the
crystal cell size, slightly affected the thermal expansion coefficient,
and affected both the electrical conductivity the electrochemical
activity. In details, the electrical conductivity decreased at x = 0.03,
then increased at x = 0.05 and again up to x = 0.08, where it was
higher than in the stoichiometric compound [86]. The electro-
chemical activity improved with the increasing of barium defi-
ciency up to x = 0.08 and the activation energy decreased. The same
compounds have been prepared by Wang et al. [119] and Dong et al.
[120], reporting contrasting results. The main difference between
those compounds is the synthesis method: Wang et al. synthesized
the materials through solid state reaction, while Pang et al. and
Dong et al. used sol—gel methods. By the way, even the latters re-
ported contrasting trends in electrical conductivity as a function of
Ba deficiency.

The main divergence resulted in conductivity values that, in the
temperature range 600—700 °C vary from 250 to 300 S cm™~' [86]
up to values much higher than 800 S cm~' in Wang et al. [119]
and Dong et al. [120] compounds. However, considering ASR,
Pang et al.’s materials presented slightly higher values, but still
reasonably comparable and suitable for cathodic application
(0.093 ©Q cm? at 600 °C for x = 0.08, 0.042 Q cm? for x = 0.06). These
results aroused interest in the A’ site deficiency, that seems to be a
worthwhile route to enhance double perovskites electrochemical
performance. The best results among the series produced have
been achieved by Pang et al. with PrBagg,C0,05,5 and by Wang
et al. with PrBagg4C0205.5. A similar study was performed on
LaBa;_xC0,05,5 [121]; this compound tolerated a larger under-
stoichiometry (x = 0—0.15) without significant modification of
the lattice parameters; however, even if ASR values monotonically
improved by increasing the deficiency up to 10%, the electrical
conductivity decreased drastically with Ba deficiency.

Improvement of the electrochemical activity was also found in
NdBa;_xC0,05,5 (x = 0, 0.05, 0.10) [122]; the maximum accepted
Ba deficiency is slightly lower than 10%. The Ba deficiency affects
the cell dimensions by reduction of the b lattice parameter, and by
increase of the mean oxidation state of Co and increase of the ox-
ygen vacancies. Although the highest total electrical conductivity is
met at a Ba deficiency equal to 5% (750 S cm~! at 700 °C), ASR
investigation revealed that the optimal electrocatalytic activity in
the oxygen reduction process was realized by the compound with
10% Ba understoichiometry, where the ASR (0.1 Q cm? at 700 °C)
was tenfold reduced with respect to the stoichiometric compound.
The same trends have been observed in the circumstance of an A
site deficiency series of double perovskites (Smy_xBaCo,05, 5 with
x = 0—0.08 [63]). These materials present a decrease in both con-
ductivity and ASR values with increasing deficiency up to x = 0.05;
this change in performance is accompanied by a growth in the size
of the orthorhombic cell.

The results of these papers about deficient materials could all be
rationalized by the interplay between the dominant charge
compensation mechanism, as already mentioned in Section 4 for
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doping elements. The introduction of deficiency generates metal
ion vacancies, v;;a or ";aEv that can be compensated by the generation
of new electronic (Cog,) or ionic (v3’) defects, that act as the charge
carriers of electrons and ions. A similar effect can be found by
changing the A:A’ ratio, while keeping the total occupancy of the
two sites full, as in Pri xBaj;_xC0205.5 (x = 0—0.30): the most

interesting result is the decrease of both the cathodic polarization
resistance and the thermal expansion coefficient by increasing the
amount of rare earth [37].

In conclusion, the deficiency seems to generally improve the
electrochemical parameters, with different effects based on mate-
rial structure. In addition, also a slight reduction of TEC has been



observed, even if it does not still appear as decisive for application
‘as is’ in combination with the common electrolytes.

6. Summary

Double perovskite compounds are promising materials for
cathodic application in IT-SOFCs, due to their excellent chemical
and electrochemical properties. This review proposed a detailed
discussion about the general characteristics of REBaC0,05, 5 com-
pounds, reporting the main chemical, physical thermal and elec-
trochemical parameters available in the literature, with a special
focus on electrical conductivity ¢, ASR and TEC.

These materials show very high electronic conductivities, while
few data are available about their ionic conductivities. However, the
ability to withstand a large concentration of oxygen vacancies is a
fundamental characteristic of these double perovskites com-
pounds. In order to optimize the performance of the cathode in the
oxygen reduction reaction, the role of oxygen vacancies is crucial.
The balance between electronic and ionic conductivities is related
to the electron hopping pathway along the Co—0—Co bonds; in
addition, some authors argue that the more regular the structure,
the better is the overlapping between the Co and O orbitals,
resulting in enhanced electronic conductivity. This is likely the
main reason for the conductivity improvement when A’ site is
partially doped with Sr. On the other hand, the ductility of the
oxidation states of Cois also responsible of the very high TEC values;
partially substituting Co with other metals mitigates this effect, but
also worsen the electrochemical performance.

Finally, more accurate analyses would allow to clarify how the
electrochemical performance are related to crystal structure and
preparation conditions. A deep insight in the various phenomena
affecting ASR (i.e. oxygen surface exchange, charge transfer, bulk
and surface ion diffusion, gas-phase diffusion etc.) and conductivity
(i.e. electronic and ionic conductivities) would be of help in un-
derstanding how to improve the performance. Many possibilities
are still available to find solutions to actual SOFC technological
issues.
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