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Jean-Marc Bassat

4 Survey of SOFC cathode materials:
an extended summary

4.1 General requirements – electronic conductors

The cathode, or oxygen electrode, is a porous layer where the reduction of the oxy-
gen molecules to oxide ions (O2−, ORR) takes place:

1=2 O2 þ 2e� ! O2�

Consequently, a high level of electronic conductivity, σe, of the cathode material is
required (σe ~ 100 S/cm at the operating temperature). Moreover, the microstructure
(especially the porosity) of the electrode is a key parameter to ensure the access of
gaseous oxygen to the surface in between the cathode and the electrolyte, where O2−

species are available.
Let us summarize here the general requirements for solid oxide fuel cell (SOFC)

cathode:
– High electronic conductivity
– High catalytic activity towards oxygen reduction
– Thermal expansion coefficient (TEC) comparable to that of other SOFC components
– Low chemical reactivity towards other materials used in the SOFC
– High thermal stability
– Optimized microstructure, low cost materials, and mechanical strength
– Because the SOFC is operated at high temperatures for long periods, it should be

able to withstand repeated thermal cycling

In the case of electronic conductors, the ORR occurs at the interface between the elec-
trode, the electrolyte, and the gaseous phase, and then on the triple contact lines (la-
beled TPB for triple phase boundaries). Their number has to be as high as possible.
To increase the length of the triple contact lines, composites electrodes formed with
an electronic conductor (the cathode material) and an ionic conductor (possibly an
electrolyte type conductor) are often prepared. It is mandatory that both phases form
two percolating networks. Pure electronic materials were first studied, but rapidly
MIEC (mixed ionic and electronic conductors) materials as well as composites were
considered. This extended summary follows this plan.

With respect to electronic conductors, the strontium-substituted lanthanum man-
ganite (LSM) [1], with very high electronic conductivity (thanks to the mixed valence
of manganese, Mn3+/Mn4+ with the formation of electronic holes), has been largely
studied (including SOEC operations) in combination with YSZ, also in the form of
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composites (see, for instance, [2–4]). LSM was, for long, the classical SOFC cathode
material, at high operating temperatures (900–1,000 °C).

4.2 MIEC materials

Unlike pure electronic conductors, materials with MIEC properties [5, 6] allow the in-
corporation of oxide ions directly in the network and their diffusion occurs through
the material.

In this case, the effective area of the cathodic reaction is extended with respect to
the first situation; hence, the reaction is delocalized at the overall surface of the cath-
ode, improving the cell performance. The use of cathode materials with MIEC proper-
ties has been largely developed over the last few years. There are mainly three kinds
of MIEC materials: i) Oxygen-deficient compounds with perovskite-type structure, ii)
double perovskites, and iii) oxygen over-stoichiometric materials with Ruddlesden–
Popper-type structure.

4.3 Oxygen-deficient MIEC materials

4.3.1 Perovskites

Among the different materials with the perovskite structure (Fig. 4.1) identified as MIEC
conductors, the strontium-substituted cobaltites La1–xSrxCoO3–δ (LSC) have a high ionic
conductivity and good catalytic properties with respect to the oxygen reduction reac-
tion (ORR) [7–9]. However, their TEC coefficients are very high with respect to YSZ or
CGO. Using the ferro-cobaltites, La1–xSrxFe1–yCoyO3–δ (LSFC), a good compromise is ob-
tained between the thermomechanical constraints and the ionic properties [10–13]. In
the LSFC materials, the electronic conductivity arises thanks to the strontium to lantha-
num substitution leading to the mixed valencies, Fe3+/Fe4+ and Co3+/Co4+. Another
consequence is the formation of oxygen vacancies in this 3D network; the under stoi-
chiometry δ being dependent on the x value as well as on the oxygen partial pressure.
The higher δ and best ionic conductivity (arising from migration of oxygen in the va-
cant network) values are obtained for Co-rich materials.

Another studied composition as cathode material is La0.6Sr0.4Fe0.8Ni0.2O3–δ (LSFN).
In Tab. 4.1, the electrical conductivity, TEC, the tracer oxygen diffusion (D*, which

is directly related to the ionic conductivity) and surface exchange (k*, which charac-
terizes the ability of gaseous oxygen to be reduced at the surface of the material) coef-
ficients of these perovskite materials are compared with the traditional La1–xSrxMnO3–δ

(LSM). D* and k* values of these MIEC perovskites are higher than those of LSM.
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High TEC values [14–16] compared to those of LSM are evidenced. Another disad-
vantage of these materials is that they easily form insulating phases such as La2Zr2O7

and SrCoO3 at the interface with the YSZ electrolyte, which further degrade the perfor-
mance of the cell.

Ba0.5Sr0.5Co0.8Fe0.2O3–δ (BSCF) can also be used as SOFC cathode materials [23]. Its elec-
tronic conductivity is high (~ 30 S/cm at 600 °C) [24], the oxygen diffusion properties
interesting (D* ~ 5.10−7 cm2/s and k ~ 10−5 cm/s at 600 °C) [25], and the oxygen under
stoichiometry high (δ ~ 0.3 at RT) [26]. However, this material is highly sensitive to the
presence of CO2. Formation of strontium and barium carbonates at the grains’ surfaces is
observed, which is detrimental, in particular to the oxygen diffusion properties [27, 28].

4.3.2 Double perovskites

Several materials belonging to a family directly derived from the perovskite have re-
cently been studied as O2− – SOFC cathodes; this family is labeled “doubled perovskites”

Tab. 4.1: Comparison of electrical conductivity, TEC, tracer oxygen diffusion (D*) and surface
exchange (k*) coefficients of some MIEC perovskite materials with LSM.

Composition σe at  °C
S/cm

TEC, α
(− K−)

D* at  °C
(cm/s)

k* at  °C
(cm/s)

LSC –, [] – [] 
− (x = .)

 × 
− (x = .) []


− (x = .)

 × 
− (x = .) []

LSCF ()  []  []  × 
− []  × 

− []

LSFN ()  []  []  × 
− []  × 

− []

LSM  [] – [] 
− (x = ) []  × 

− (x = ) []

Fig. 4.1: Oxygen-deficient perovskite structure.
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with general formulation AA’B2O5+δ (A = rare earth, A’= alkaline earth metal, B = transi-
tion metal). Despite the usual formulation of “5 + δ,” these materials can be also consid-
ered as oxygen-deficient. A characteristic of such phases is the ordering of the rare earth
and alkaline earth metal layers along the (001) axis, leading to a doubling of the c pa-
rameter with respect to the perovskite with cubic symmetry [29]. As a result of this cat-
ionic ordering, the oxygen vacancies are mainly located in the rare-earth layer (AOδ),
and for an oxygen stoichiometry value δ ~ 0.5, they are as well-ordered along the a-axis,
leading to a doubling of the b parameter [30]. To our knowledge, only cobalt and man-
ganese allow the formation of these compounds. Moreover, the ordering of the cationic
layers is induced by a large difference between the rare earth and the alkaline rare earth
metal radii; therefore, barium is mainly used, as also rare earths with small radii.

With respect to applications, main studies are focused on cobaltites. Taskin et al.
[31–33] performed the first studies on the MIEC properties of these materials. The most
studied compositions are GdBaCo2O5+δ and PrBaCo2O5+δ [32, 34, 35]. However, substitu-
tions (Co–Fe, Co–Ni, and Ba–Sr) enable slight improvement of the electrode perfor-
mance [36–38]. Currently, the oxygen diffusion values are still under debate; regarding
electronic conductivity, a higher value is obtained for PrBaCo2O5+δ [29, 39].

4.4 Oxygen – over-stoichiometric MIEC materials:
the Ruddlesden–Popper (RP) series An+1MnO3n+1

Compounds belonging to the RP series have the general formulation An+1MnO3n+1. A
is a lanthanide or alkaline-earth metal and M is a transition metal. With respect to
MIEC properties, nickelates have been more investigated than cobaltites, for instance.
The structure can be described by the intergrowth of octahedral layers (perovskite
type) with AO layers (NaCl type), where n is related to the number of octahedral
layers between the AO layers. Figure 4.2 shows the first three terms of the RP series,
which are the only known ones at least for the most used transition metals. When
n =∞, the perovskite structure is described.

4.4.1 Ln2NiO4+δ (Ln = La, Pr, and Nd)

With respect to the RP class of materials, the nickelate series Lnn+1NinO3n+1 where
Ln = La, Pr, and Nd, have gained significant attention in recent years, especially n = 1
phases, as alternative cathode materials [34, 39–43]. It has been established that
Ln2NiO4+δ (Ln = La, Pr and Nd) with K2NiF4 structure exhibits a large range of oxygen
over-stoichiometry. The reported mean values of oxygen over-stoichiometry are 0.16
for La2NiO4+δ [44, 45], 0.22 for Pr2NiO4+δ [46, 47], and 0.25 for Nd2NiO4+δ [48], then
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being dependent on the rare-earth size. The oxygen over-stoichiometry δ value is also
dependent upon the synthesis condition for a given composition [49, 50].

The additional (interstitial) oxygen is located in the Ln2O2 rock-salt interlayer.
Moreover, the NiO6 octahedra is elongated along the c-axis; hence, three kinds of
oxygen are finally distinguished: Oapical, Oequatorial, and Ointerstitial (Fig. 4.3).

Fig. 4.2: Schematic representation of the different structures in the Ruddlesden–Popper series
An+1MnO3n+1, n= 1, 2, 3,∞: : A cation, : M cation, : oxygen.

Fig. 4.3: Schematic representation of the Ln2NiO4+δ

structure: : nickel, : Ln, : oxygen (including
interstitial oxygen) localized in the Ln cations tetraedra
(one is shown).
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Thanks to the oxygen over-stoichiometry, a mixed valence (Ni2+/Ni3+) appears. The
excess oxygen ions and the charge-compensating Ni3+ ions (electronic holes) stabilize
the K2NiF4 structure by reducing i) the intrinsic charge separation between the electro-
positive Ln2O2 and electronegative NiO2 layers and ii) the structural strain due to the
misfit between the Ln2O2 and NiO2 layers. The Goldschmidt tolerance factor:

t = rLn + rOð Þ
ffiffiffi

2
p

* rNi + rOð Þ

where rLn, rO, and rNi are the effective ionic radii of Ln
3+, O2−, and Ni2+/3+, respectively,

helps to predict the stability domains of the various structural varieties (either tetrago-
nal or orthorhombic) of the K2NiF4 structure.

The oxygen diffusion (D*) and surface exchange (k*) coefficients of these nickel-
ates are among the highest of the known values, especially at intermediate temper-
atures (about one order magnitude larger than that of conventional perovskites in an
intermediate temperature range (600 < T °C < 800)). For example, the reported D* val-
ues at 600 °C are 1.5 × 10−8, 2.5 × 10−8, and 7 × 10−9 cm2/s for La2NiO4+δ, Pr2NiO4+δ, and
Nd2NiO4+δ, respectively [41, 43, 51]. The ionic conductivity of these materials is di-
rectly related to D* value; hence, the ionic conductivity is the maximum for Pr2NiO4+δ

[52]. The favored mechanism is probably of the intersticialcy type, involving both apical
and interstitial oxygens [53, 54]. Compared to the perovskite materials, the ionic con-
ductivity of the materials considered here has a strong 2D character (about 100 times
higher in the (a, b) plane compared to the c-axis direction) [55–57].

The corresponding k* values at 600 °C are 1 × 10−6, 5 × 10−7, and 10−7 cm/s for
La2NiO4+δ, Pr2NiO4+δ, and Nd2NiO4+δ, respectively [43]; these characteristics are
associated with good electrocatalytic activity and hence the ORR.

Finally, thanks to the mixed valence of nickel and to the oxide-ion conductivity,
Ln2NiO4+δ materials are mixed ionic and electronic (O2−/e−) conductors, exhibiting
good electro-catalytic properties with respect to the ORR.

Hence, these materials are suitable for cathodes in SOFC applications. Up to
now, to our knowledge, the best electrochemical result, that is, the lowest polari-
zation resistance (Rp = 0.1 Ω cm2 at 600 °C), was obtained for Pr2NiO4+δ (in sym-
metrical half-cell configuration Pr2NiO4+δ//GDC//YSZ [58]). The power density is
also maximum, 400 mW/cm2 for Pr2NiO4+δ electrode with anode-supported cells
[58]. However, chemical stability is an issue for Pr2NiO4+δ material [59–61], while
La2NiO4+δ and Nd2NiO4+δ are stable [61, 62] in the 700–900 °C temperature range
for up to 72 hours.
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4.4.2 LnnNin+1O3n+1 (Ln = La, Pr, and Nd)

The electronic conductivity of the upper-terms (n = 2, 3) of the RP series involving
nickel is generally increased with respect to the term n = 1 [63–65]. Then, these com-
positions also attract interest for potential application as cathode for intermediate-
temperature (IT)-SOFCs (see, e.g., [66, 67]).

Among the n = 2 members, Ln3Ni2O7–δ (Ln = La, Pr, Nd), till date, only La3Ni2O7–δ

could be prepared in a phase-pure form, while Pr3Ni2O7–δ and Nd3Ni2O7–δ have been
observed only as disordered intergrowths in the corresponding n = 3 members [65].
Several studies have investigated the electrode performance of RP-type lanthanum
nickelates with conflicting results. Using impedance spectroscopy on symmetric
cells with La0.9Sr0.1Ga0.8Mg0.2O3–δ as electrolyte, Amow et al. [68] found the area-
specific resistance (ASR) in the temperature range of 500–900 °C following a trend
La4Ni3O10–δ < La3Ni2O7–δ < La2NiO4+δ. This trend is consistent with that of the cell
performance of Lan+1NinO3n+1/SDC/Ni–SDC cell configurations [69]. However, such a
trend was not observed in a comparative study on symmetric cells by Woolley et al.
[70]. Sharma et al. [67] have shown that La3Ni2O7–δ would be a better cathode material
than La4Ni3O10–δ based on the ASR data of symmetric cells using GCO (Ce0.9Gd0.1O2–δ)
as the electrolyte. Increasing the order of RP nickelates promotes the electrical conduc-
tivity and the long-term stability at 600–800 °C [68, 69, 71, 72]. In a paper by Vibhu
et al. [71], an anode-supported (Ni-YSZ//YSZ) single cell including GDC//Pr4Ni3O10+δ

co-sintered electrode showed a maximum power density of 1.60 W/cm2 at 800 °C
and 0.68 W/cm2 at 700 °C.

In a recent paper by Song et al. [73], an increase of the electronic p-type conductiv-
ity of the RP phases with the order parameter n was observed. Moreover, the RP phases
display remarkable similarity in their values for the oxygen surface exchange coeffi-
cients kchem, despite differences in structural order and the type of lanthanide ion.
Their oxygen self-diffusion coefficients, Ds, calculated from the corresponding values of
Dchem, using data of oxygen non-stoichiometry, are found to profoundly decrease with
the order parameter n. Note that significant oxygen hypo-stoichiometry is found in the
higher order RP phases in contrast to the oxygen hyper-stoichiometry found in the n = 1
members.

Finally, apart from material composition, again the microstructure of the catho-
des plays a key role in their performance [71].

4.5 Composites (prepared by infiltration)

As the ionic conductivity of the ionic conductors (YSZ, Gd doped ceria . . .) is larger
than that of the MIECs, the use of composite MIEC/electrolyte is still of interest as
shown, for instance, by Laberty et al. [74] who measured the high power density for
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a composite cathode made of La2NiO4+δ and Sm0.2Ce0.8O1.9 (SDC). SOFC developers
have, for many years, used composite materials to improve the performance of the
anode; however the use of composite cathodes is a more recent innovation. Du-
sastre et al. [75] wrote a full review paper. The usual preparation route of composites
is by ball milling the two materials in an appropriate ratio, prior to their coating (by
screen-printing, for example) and sintering on the electrolyte. However, among the
fabrication techniques of the composite electrodes, infiltration of a porous ceramic
backbone by a solution of cation salts has recently raised growing interest in the
SOFC community. This interest is due to the fact that infiltrated cathodes display
lower polarization resistances and better robustness to long-term ageing. With this
technique, only the backbone is deposited by screen-printing and sintered at high
temperature. The catalyst is then infiltrated into the porous backbone and generally
annealed at lower temperature. Detailed overviews of electrodes made by infiltra-
tion are reported in two reviews from Vohs and Gorte [76], and Ding et al. [77].

More precisely, two strategies are developed: 1) Infiltration of an ionic conduc-
tor in a porous backbone made of cathode material, and 2) the infiltration of a
(MIEC) material in a porous backbone made of ionic conductor. The second strategy
is the more used one.

4.5.1 Infiltration of an ionic conductor in a porous cathode
backbone

This route was applied to LSM, mainly using infiltration of LSM by GDC by San Pin
Jiang [78, 79]. Several others studies evidenced the efficiency of this approach when
infiltrating SDC in LSM [80–85]. Sc-doped SDC and Pr-doped ceria were infiltrated
in YSZ/LSM [86, 87], while LSM was infiltrated by doped Bi2O3 [88]. MIEC backbones
such as LSCF by SDC have also been infiltrated [89].

Table 4.2 sums up the main results using this approach, including the infiltra-
tion using metallic catalysts.

4.5.2 Ionic conductor backbones infiltrated with electronic/MIEC
conductors

The second strategy is the opposite of the first one. The ionic conductor backbone is
sintered at high temperature in the first step prior to the infiltration and annealing
of the cathode material in a separate step performed at limited temperature. This
strategy avoids the chemical reactivity between the two materials. For instance,
Armstrong et al. measured very high power densities on a YSZ-based cell infiltrated
with LSC: 2.1 W/cm2 at 800 °C [92].
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Tab. 4.2: Summary of the electrochemical performances obtained when infiltrating a cathode
material with an ionic conductor or metallic catalyst.

Backbone Infiltrated
material

Refs Measurement
T° (°C)

Performance
before infiltration

Performance
after infiltration

LSM GDC []  Rp = . Ω·cm Rp = . Ω·cm

LSM GDC []  Rp = . Ω·cm Rp = . Ω·cm

LSM SDC []  Rp = . Ω·cm Rp = . Ω·cm

[]  – Pmax = mW/cm

[]  Pmax =  mW/cm Pmax = mW/cm

[]  Pmax =  mW/cm Pmax = mW/cm

[]  Rp =  Ω·cm Rp = , Ω·cm

YSZ/LSM LSM-SDC []  Rp =  Ω·cm Rp = , Ω·cm

YSZ/LSM Ce.Pr.O–δ []  Rp =  Ω·cm Rp = . Ω·cm

LSM (Y.Bi.)O []  Rp = . Ω·cm Rp = . Ω·cm

LSCF SDC []  Rp = . Ω·cm Rp = . Ω·cm

LSCF LaNiO+δ []  Rp = . Ω·cm Rp = . Ω·cm

YSZ/LSM Pd []  Pmax = .W/cm Pmax = .W/cm

The polarization resistance measurements, Rp, performed on symmetrical cells and the power
densities on complete cells are given.

Tab. 4.3: Summary of the electrochemical performances obtained when infiltrating ionic
conductors.

Backbone Infiltrated phase Refs Measurement
T° (°C)

Performance after infiltration

GDC LSC []  Rp = . Ω·cm

YSZ LSF []  Rp = . Ω·cm

GDC LSCF []  Rp = . Ω·cm

YSZ LSC []  Pmax = . W/cm

YSZ LSM []  Pmax = .W/cm

LSGM LSM []  Pmax = . W/cm

SDC Sm,Sr,CoO–δ []  Pmax = .W/cm

The polarization measurement resistances, Rp, performed on symmetrical cells and the power
densities on complete cells are given.
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A summary of several important results obtained using this strategy is given
in Tab. 4.3.

As a final and recent result [98, 99], praseodymium nitrate with (un-expected)
MIEC properties was infiltrated into Gd doped ceria (GDC) backbone and fired at 600 °C
to form a composite oxygen electrode Pr6O11/GDC. Electrochemical measurements
show very low polarization resistance, Rp = 0.028 Ω cm2 at 600 °C. A single cell
made of a commercial Ni-YSZ/YSZ half-cell and of the infiltrated cathode is able to
deliver a maximum power density of 825 mW/cm2 at 600 °C.
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