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Abstract 
Layered perovskite  (La1−xSrx)2CoO4±δ (x = 0.3, 0.4, 0.5) oxides were prepared using sol–gel route and evaluated as the cath-
ode materials for intermediate-temperature solid-oxide fuel cells.  (La1−xSrx)2CoO4±δ has a tetragonal structure with space 
group of I4/mmm in all cases of x levels. The average thermal expansion coefficient of  (La1−xSrx)2CoO4±δ is relatively low 
and slightly increases with x, which can be ascribed to the sway of Sr doping on the spin-state transition of Co ions. X-ray 
photoelectron spectroscopy and thermogravimetric analysis show that Co ions exist in mixed oxidation states, but the lattice 
oxygen content considerably varies with x. Regarding transport property,  (La1−xSrx)2CoO4±δ behaves like a semiconductor 
in the temperature range of 200–800 °C, and the electrical conductivity significantly increases with x. As one of the most 
important results, electrochemical performance of  (La1−xSrx)2CoO4±δ cathode is affected by x in a complex manner, and 
x = 0.4 cathode, i.e.,  La1.2Sr0.8CoO4±δ, has the most favored area-specific resistance of 0.062 Ω  cm2 and the highest power 
density of 630 mW  cm−2 in an electrolyte-supported single cell at 800 °C, showing a rapid kinetics toward oxygen reduction 
reaction. This study demonstrates that the structural, transport, thermal, and electrochemical properties of  (La1−xSrx)2CoO4±δ 
cathodes significantly depend on the La/Sr ratio at the A-site of lattice.
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Graphic abstract

Rietveld refinement profile and temperature-dependent electrochemical performance for  La1.2Sr0.8CoO4±δ cathode material
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1 Introduction

Layered perovskite oxides with  K2NiF4-type structure have 
attracted considerable interest because of their versatile 
properties exhibited by different elemental compositions in 
this structure type, including complex magnetic phenom-
ena, ferroelectricity, superconductivity, catalysis, and mixed 
ionic-electronic conductivity (MIEC) to mention a few [1, 
2]. MIEC, in particular, is a quite utilitarian property for 
many high-temperature electrochemical applications [3–11]. 
The ideal  K2NiF4 structure of layered perovskite oxides can 
be viewed as an alternative stacking of perovskite-type layers 
and rock-salt-type layers along c-axis [12, 13]. These oxides 
can accommodate a significant amount of hyperstoichiomet-
ric oxygen in interstitial positions in the rock salt layers of 

the structure owing to their unique way of atomic package 
[14]. As a mixed ionic-electronic conductor, ionic oxygen 
conduction in  K2NiF4-type oxides occurs via a vacancy 
migration mechanism in the perovskite layers or through 
the diffusion of interstitial oxygen in the rock salt layers, 
whereas the electronic conduction behavior originates from 
the p-type electronic conductivity in the perovskite layers 
[15, 16].

These interesting properties of  K2NiF4-type oxides have 
attracted much attention owing to their potential applica-
tion as cathode materials for intermediate-temperature solid-
oxide fuel cells (IT-SOFCs) [17–19]. The rationale for this 
application is that the speed of oxygen reduction reaction 
(ORR) on the cathode side can be improved by replacing 
the triple phase boundary (TPB) of electrolyte-cathode-air 
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zone with a double interphase boundary of electrolyte-air in 
the range of intermediate temperature [20, 21]. These com-
pounds also exhibited relatively high oxygen diffusion and 
surface exchange coefficients, two vital factors governing 
cathode performance [22, 23].

A functional cathode layer is an important component in 
SOFCs. Especially in the temperature range of IT-SOFCs, 
the overall performance of a single cell is significantly 
restrained by the catalytic activity of an applied cathode, 
and in many circumstances, ORR on the cathode can even 
become the most critical rate-limiting step and thus contrib-
ute a great deal to a cell’s global impedance [24]. Nowadays, 
a significant progress has been made in reducing polarization 
loss on the cathode side by applying the  ABO3-type cobal-
tate perovskite or  A2B2O6-type double perovskite as the 
cathode materials for IT-SOFCs, such as  La1−xSrxCoO3−δ, 
 Ba1−xSrxCo1−yFeyO3−δ,  Sr1−xRExCoO3−δ (RE = rare earth 
metal),  REBaCo2O5+δ, and their derivatives [25–30]. 
These materials remarkably outperform the conventional 
high-temperature counterparts, typically  La1−xSrxMnO3 
[31, 32], because of their prominent electrocatalytic 
activity and excellent electrical conductivity. However, 
the thermal expansion coefficients (TECs) of these com-
pounds are usually rather large, making them poor “weld-
able” and compatible compared with the most commonly 
used solid-oxide electrolytes [33] such as  Y2xZr1−2xO2−x 
(YSZ),  Ce1−xSmxO2−δ (SDC), and  La1−xSrxGa1−yMgyO3−δ 
(LSGM). In contrast,  K2NiF4-type structural materials 
have a better thermal stability and more acceptable TECs 
(10.5–14.2 × 10−6 K−1) [34–36]. Therefore,  K2NiF4-type 
structure of  A2BO4 materials dominates as the promising 
cathode candidate for IT-SOFCs.

The most extensively studied systems for such appli-
cations are  Ln2NiO4 (Ln = La, Pr, Nd) [37, 38], typically 
 La2NiO4. However, the unique role of redox couple and 
superior valence variability of cobalt element in ORR is 
frequently unmatchable relative to other congeners or het-
eroatoms. Therefore,  La2CoO4-related oxides are more 
eligible cathode candidates of IT-SOFC in terms of ORR 
activity, transport property, etc. Hu and Ghorbani-Mogh-
adam reported that  La2−xSrxCoO4 series could be applied 
as promising cathodes for IT-SOFCs after evaluating their 
thermal stability and conduction properties [39, 40]. They 
also demonstrated that the electrochemical performance of 
single-phase cathodes was inferior to  Ln2−xSrxCoO4-CGO 
composites. Jin and Liu studied  Ba1.2Sr0.8CoO4-GDC com-
posite cathodes and found that the performance of compos-
ite cathode was greatly enhanced [41]. Zhou and Chen also 
confirmed that  La0.8Sr1.2CoO4-CGO composite cathode 
exhibited much improved performance compared with the 
corresponding single-phase cathode [42].

Although (La,Sr)2CoO4-electrolyte composite cathodes 
present favorable electrochemical performance in contrast to 

(La,Sr)2CoO4 single-phase compounds, its practical appli-
cation is still questionable because of many problems such 
as compositional compatibility, long running stability, and 
inconvenient preparation route. In this sense, the single-
phase cathode material is often considered preferentially, 
provided that its key electrochemical activity is sufficient 
and other properties are well balanced. Moreover, the effect 
of Sr doping on the underlying structure and intrinsic prop-
erties of (La,Sr)2CoO4 still lacks in-depth investigation and 
detailed interpretation against a background of SOFCs, and 
the electrochemical performance with Sr-doping content is 
far from optimization. Roughly speaking, aliovalent A-site 
doping will inevitably induce changes in crystal field struc-
ture and transport property and in turn affect the electro-
chemical performance. Tealdiet al. studied the transport 
properties of  La2−xSrxCoO4 solid solution and found that 
 La0.8Sr1.2CoO4 has the best electrical conductivity in the 
entire temperature range (300–750 °C) [43]. However, their 
conclusions are essentially drawn from the density func-
tional theory calculation, and the preliminary conditions are 
highly hypothetical. Electrochemical performance with this 
composition still needs to be evaluated.

In this study, we designed and prepared  (La1−xSrx)2CoO4±δ 
compounds with high Sr-doping level (x = 0.3, 0.4, 0.5) to 
serve as single-phase cathode materials for IT-SOFCs. We 
believe that a change in Sr-doping content can effectively 
alter oxygen diffusion and surface exchange by modify-
ing the crystal field and by tuning the electronic structure. 
Therefore, the effect of x value on the structure, oxygen con-
tent, thermal expansion, and electrochemical performance 
was systematically investigated.

2  Experimental

2.1  Cell fabrication

As preliminary materials,  (La1−xSrx)2CoO4±δ polycrystal-
line powders were prepared via sol–gel route. First, stoi-
chiometric amounts of La(NO3)3·6H2O, Sr(NO3)2, and 
 C4H6O4Co·4H2O (cobalt acetate) were dissolved into a 
minimum volume of deionized water, and ethylenediami-
netetraacetic acid (EDTA) and anhydrous citric acid were 
added. The molar ratio of total metal ions to citric acid and 
EDTA was set as 1:2:1. An aqueous solution of  NH3 was 
then used to adjust the solution pH to ~ 8. This salt solu-
tion was then placed on a heated plate for drying till a 
homogeneous gel was obtained. The gel was further com-
pletely dried in an oven at 150 °C for many hours, decom-
posed at 450 °C for 5 h, and annealed at 900–1300 °C for 
10–20 h in an air furnace after thoroughly grinding the 
decomposed intermediate products. Other materials such 
as  La0.8Sr0.2Ga0.83Mg0.17O2.815 (LSGM) dense electrolyte 
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discs and  Ce0.8Sm0.2O1.9 (SDC) fine powders were prepared 
via solid-state reaction, as described in our previous studies 
[44, 45].

Button-type cells were fabricated into the electrolyte-sup-
ported type, where  (La1−xSrx)2CoO4±δ cathodes were simply 
constructed by sintering the precursor layer on the LSGM 
disc (300 ± 10 µm thick) at 1050 °C (roughly optimized 
temperature) for 5 h in air. The precursor layer was screen-
printed with a slurry containing ethylcellulose. This slurry 
was essentially made of  (La1−xSrx)2CoO4±δ fine powders 
after the ball-milling (2 h, 330 rpm) of the as-prepared pre-
liminary samples (10 h annealing, 1000 °C), thus reducing 
 (La1−xSrx)2CoO4±δ grains to uniform particles. The anode 
structure was constructed following our previous studies [46, 
47]. Routinely, the anode (ca. 30 μm thickness) was con-
structed before the cathode by screen-printing “NiO-SDC’’ 
slurry onto SDC buffer layer (ca. 10 μm thickness) and 
subsequently baking at 1250 °C for 4 h, whereas the SDC 
buffer layer was prepared by screen-printing SDC slurry 
onto LSGM disc and sintering at 1300 °C for 2 h in air. 
Note that the anode is composed of thoroughly ball-milled 
65 wt% NiO nanoparticles and 35 wt% SDC fine powders.

2.2  Characterization and test

The crystal structure of  (La1−xSrx)2CoO4±δ was determined 
by X-ray powder diffraction (XRD, Rigaku: Ultima IV) in 
Bragg–Brentano reflection geometry with Cu Kα radiation 
at 40 kV and a receiving slit of 0.2–0.4 mm. The diffraction 
patterns were collected at room temperature (RT) by step 
scanning in the range of 10° ≤ 2θ ≤ 90° with a scan rate of 
5°  min−1. The structural parameters were refined using the 
Maud software and Rietveld method. The micromorphologi-
cal structure of samples was observed using a field-emission 
scanning electron microscope (FSEM, ZESS: Sigma 300), 
and the electron acceleration voltage was 20 kV. The binding 
state of compositional elements in  (La1−xSrx)2CoO4±δ was 
analyzed using an X-ray photoelectron spectrometer (XPS, 
ThermoFisher Scientific: EscaLab 250Xi). The incident 
radiation was monochromatic Al Kα X-rays (1486.6 eV). 
Narrow high-resolution scans were run to obtain O1s and 
Co2p level spectra with 0.05 eV steps. All binding ener-
gies were referenced to the C1s peak (285 eV) arising from 
adventitious carbon.

The oxygen loss under thermal impact was measured by 
thermogravimetric analysis (TGA, METTLER TOLEDO: 
TGA2) carried out under ambient pressure from RT to 
900 °C. The amount of sample powder was ~ 15 mg, and 
the heating rate was 5 °C min−1. A linear thermal expansion 
test was carried out on rectangular bar specimens (5 × 5 × 25 
 mm3) by using a dilatometer (NETZSCH: DIL 402C); the 
heating program ranged from RT to 1000 °C at a running 
rate of 5 °C min−1. Electrical conductivity was measured 

with disc specimens using a four-probe tester (Suzhou Jin-
gge: ST2253); Ag wire and Ag paste were used to make the 
four probes. To prepare two types of these specimens, the 
as-prepared preliminary  (La1−xSrx)2CoO4±δ samples (10 h 
of annealing, 1000 °C) were ball-milled (2 h, 330 rpm) and 
then pressed into molds under a pressure of 100 MPa, fol-
lowed by sintering at 1300 °C for 20 h to full densification 
in an air furnace.

Electrochemical performance was measured using 
an advanced electrochemical system (Princeton 
Applied Research: PARSTAT 2273). Electrochemi-
cal impedance spectroscopy (EIS) across symmetrical 
“cathode|LSGM|cathode” cells was carried out around open 
circuit voltage (EOCV) using a voltage disturbance signal of 
10 mV amplitude, and the frequency was modulated from 
100 kHz to 10 MHz. Current–potential (I–V) profiles as well 
as current–power (I–P) curves were measured on a single 
cell to demonstrate the power density output and polariza-
tion extent.

3  Results and discussion

3.1  XRD

Figure 1a shows the XRD patterns of  (La1−xSrx)2CoO4±δ 
polycrystalline powders resulting from 20 h of thorough 
annealing at 1300 °C. All diffractions are well indexed to the 
 K2NiF4 structure, and its crystallographic package is shown 
in Fig. 1b, indicating that this lattice exhibits much tolerance 
with a high level of Sr substitution. In the crystal structure, 
the lattice robustness of  (La1−xSrx)2CoO4±δ heavily depends 
on the perovskite-type layers since  (La1−xSrx)2CoO4±δ can 
be reformulated as  La1−xSrxCoO3∙La1−xSrxO∙O±δ according 
to its atomic arrangement (Fig. 1b). To assess this structural 
stability, we calculated the Goldschmidt tolerance factor t, 
defined by

where rA, rB, and rO (140 pm) are the average ionic radii of 
weighted A, B, and O in  ABO3-type perovskite, respectively 
[48]. If t = 1, the perovskite-type layers present an ideal 
cubic symmetry. The t values were calculated for every Co 
ion state, and the results are shown in Table 1. The t values 
in all cases are close to 1, indicating that the crystal structure 
of  (La1−xSrx)2CoO4±δ retains a high symmetry despite the 
incorporation of heavy Sr dopant.

In the crystal structure, another interesting phenomenon 
was also observed in Fig. 1a. Compared with x = 0.3 sample, 
obvious crystallographic orientation occurred in the other 
two samples. For instance, the X-ray reflection of some 

(1)t =
r
A
+ r

O

√

2(r
A
+ r

B
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crystallized planes was greatly strengthened, such as (002), 
(004), and (015) planes. Clearly, the kinetics of crystal grain 
growth under the annealing conditions is greatly influenced 
by certain levels of Sr doping.

The XRD patterns were further analyzed by Rietveld 
method using a tetragonal structure with space group I4/
mmm [49], and the refined profile is shown in Fig. 2. The 
lattice parameters obtained after executing Rietveld refine-
ment are shown in Table 2. The profile Rp and weighted pro-
file Rwp parameters indicate that the refined results are quite 
reliable and acceptable. Interestingly, the lattice parameters 
gradually decreased with increasing amount of Sr doping 
instead, because the size of  Sr2+ ion (radii 118 pm) is much 
larger than that of  La3+ ion (radii 103.2 pm). This can be 
ascribed to volume contraction due to the loss of lattice oxy-
gen to compensate less contribution of valence electron after 
the substitution of  Sr2+ with  La3+. Therefore, more amount 
of oxygen deficiency is expected in  (La1−xSrx)2CoO4±δ with 
a higher level of Sr substitution.

3.2  XPS

The chemical environment of key elements in all 
 (La1−xSrx)2CoO4±δ samples was assessed by XPS, as shown 
in Fig. 3. The analysis was carried out by the curve-fitting 

of O 1s and Co 2d spectra because the valence states of 
 Sr2+ and  La3+ ions are stable. In Fig. 3a, the peak nearby 
779 eV resulted from Co  2p3/2 with a shakeup satellite 
around 789 eV, whereas the peak nearby 794 eV resulted 
from Co  2p1/2 with a satellite peak around 803 eV. The 
presence of these doublets and the obvious satellites near 
them indicate the coexistence of mixed valences, com-
monly  Co3+ and  Co2+ [50, 51], as confirmed by the two 
deconvoluted peak components. The O 1 s spectral profile 
in Fig. 3b can be primarily deconvoluted into two compo-
nents at around 528 and 530 eV for all samples. The peak 
at a low binding energy commonly arises from the sur-
face lattice oxygen  (Olattice:  O2−), whereas that at a higher 
binding energy frequently arises from the adsorbed oxygen 
 (Osurface:  O−,  O2−, or  O2) [52, 53]. However, the ratio of 
 Olattice/Osurface substantially differs from each other accord-
ing to area fraction of each peak, as visually indicated 
by the guiding scale-lines. According to this ratio, x = 0.4 
sample contains the maximum amount of lattice oxygen, 
and we speculate that this may arise from the entry of 
more oxygen into the interstitial sites. If not so, x = 0.3 
sample would contain the maximum of lattice oxygen, 
and x = 0.5 sample would contain the minimum of lattice 
oxygen, because the excess negative charges after the sub-
stitution of  Sr2+ with  La3+ can only be compensated either 

Fig. 1  a XRD patterns of 
 (La1−xSrx)2CoO4±δ samples 
resulting from full annealing at 
1300 °C in air for 20 h, b crystal 
structure of tetragonal layered 
perovskite

Table 1  Summary of average 
ionic ratios and Goldschmidt 
tolerance factor t for the 
perovskite-type layers in 
 (La1−xSrx)2CoO4±δ samples

*rA is average ionic radii of weighted  La3+ and  Sr2+ based on molar ratio

x value rA*/pm rO/pm t value

Co2+(HS) Co2+(LS) Co3+(HS) Co2+(LS) Co4+

0.3 107.64 140 0.961 1.014 1.038 1.080 1.090
0.4 109.12 140 0.959 1.012 1.035 1.077 1.087
0.5 110.60 140 0.957 1.010 1.032 1.073 1.083
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by the creation of oxygen vacancies or by the creation of 
holes, i.e., the oxidation of  Co2+ to  Co3+ according to the 
principle of electroneutrality, as expressed in Kröger–Vink 
Eqs. (2) and (3).

The presence of oxygen vacancy plays an impor-
tant role in the conduction mechanism of oxygen ions. 
In addition to Sr doping, an increased temperature can 
also lead to the formation of oxygen vacancy. Reduction 
of high-valence Co ions usually takes place during heat-
ing. To counteract this effect, the lattice oxygen is then 
expelled out, and in turn oxygen vacancies are left behind 
for  (La1−xSrx)2CoO4±δ based on Eq. (4).

3.3  TGA curves

Equation (4) also shows that the weight of sample might 
change during the formation of oxygen vacancies dur-
ing heating. For cathode materials, oxygen vacancies are 
crucial to transfer oxygen ions into the electrolyte, while 
mixed  Co3+/Co2+ redox couple produces polaronic con-
duction for the transfer of electrons. Hence, a TGA opera-
tion was carried out between RT and 900 °C under ambient 
partial pressure of oxygen; Fig. 4 shows the TGA curves 
for  (La1−xSrx)2CoO4±δ samples. A gradual weight loss 
was observed with increasing temperature for all samples. 
However, a close comparison reveals that x = 0.4 sample 
has the most extent of weight loss. This result further con-
firms the assumption that more oxygen can enter into the 
interstitial sites of x = 0.4 sample as inferred from the O 
1s profile. If interstitial oxygen is not involved, the weight 
loss of oxygen in x = 0.3 sample would be most obvious 
according to Eq. (3).

(2)SrO + La×
La

+ Co×
Co

+
1

2
O2 → Sr�

La
+ Co⋅

Co
+

1

2
La2O3

(3)2SrO + 2La×
La

+ O×

O
→ 2Sr�

La
+ La2O3 + V⋅⋅

O
.

(4)2Co×
Co

+ O×

O
→ 2Co�

Co
+ V⋅⋅

O
+

1

2
O2.

Fig. 2  Rietveld refinement profile for  (La1−xSrx)2CoO4±δ: a x = 0.3, b 
x = 0.4, c x = 0.5

Table 2  Room-temperature lattice parameters obtained by Rietveld 
refinement on XRD patterns for  (La1−xSrx)2CoO4±δ

x value 0.3 0.4 0.5

Space group I4/mmm I4/mmm I4/mmm
a (Å) 3.8328(0) 3.8196(8) 3.8085(1)
c (Å) 12.5146(2) 12.4846(2) 12.4875(4)
c/a 3.2652 3.2686 3.2788
V (Å3) 191.86(1439) 190.74(1431) 190.23(1427)
χ2 1.9434081 1.7420853 1.9415642
Rwp (%) 3.34 4.63 6.26
Rp (%) 2.42 3.45 4.20
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3.4  Electrical conductivity

The oxygen vacancies in the lattice, partial reduction of ions, 
and generated electronic charge carriers all contribute to 
the overall transport ability of a mixed conductor. Electrical 
conductivity (σ) of  (La1−xSrx)2CoO4±δ was measured using 

the four-probe method, and the corresponding results are 
shown in Fig. 5. The temperature-dependent plots of σ in 
Fig. 5a show that  (La1−xSrx)2CoO4±δ has good transport abil-
ity and behaves like a semiconductor. When the temperature 
was increased from 200 to 800 °C, σ increased from ca.1–10 
to ca 20–120 S  cm−1. The σ of  (La1−xSrx)2CoO4±δ gradually 
increases with x values at a fixed temperature, and these 
specimens follow the order of x = 0.5 > x = 0.4 > x = 0.3. This 
result is quite natural because acceptor-dopant  Sr2+ generally 
enhances the carries density according to Eq. (2) and (3).

From the further Arrhenius plots of lg(σT) vs. 1000 T−1 
shown in Fig. 5b,  (La1−xSrx)2CoO4±δ can hardly be regressed 
into a straight line in the entire range of temperatures, indi-
cating that more than one transport mechanism is dominant. 
We assume that the charge transport in  (La1−xSrx)2CoO4±δ is 
not only governed by the transfer of polaronic but also gov-
erned by the migration of oxygen ions including the normal 
lattice ions and interstitial ions. This complexity in transport 
property is also observed in the analysis of O 1s and TGA 
of  (La1−xSrx)2CoO4±δ.

3.5  Thermal expansion

To evaluate  the  mechanical  compat ibi l i ty  of 
 (La1−xSrx)2CoO4±δ with other components of cells, the 

Fig. 3  XPS of the as-prepared  (La1−xSrx)2CoO4±δ: a Co 2p, b O 1s

Fig. 4  TGA curves of the as-prepared  (La1−xSrx)2CoO4±δ samples
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TECs were comparatively evaluated by conducting a lin-
ear thermal expansion test, as shown in Fig. 6. The plots of 
linear thermal expansion vs. higher temperatures in Fig. 6a 
show that the thermal expansion of  (La1−xSrx)2CoO4±δ is 
generally closer to those of typical solid-oxide electro-
lytes [47]. TECs are simultaneously calculated in Fig. 6b. 
The TECs for  (La1−xSrx)2CoO4±δ samples vary within the 

range of 6–16 × 10−6 K−1 from RT to 900 °C, and around 
800 °C, the TECs are 14 × 10−6 K−1, 15 × 10−6 K−1, and 
16 × 10−6 K−1 for the x = 0.3, 0.4, and 0.5 samples, respec-
tively. Interestingly, the TECs of  (La1−xSrx)2CoO4±δ above 
600 °C decrease with heating temperatures instead, and 
this phenomenon is worth further investigation.

Fig. 5  Electrical conductivity (σ) of  (La1−xSrx)2CoO4±δ specimens: a temperature dependence of σ, b Arrhenius plots of lg(σT) vs. 1000 T−1

Fig. 6  Thermal expansion of  (La1−xSrx)2CoO4±δ specimens: a temperature-dependent linear thermal expansion, b the corresponding TECs
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According to the experiment, incorporation of Sr dopant 
into the tetragonal lattice of layered perovskite exerts a 
unique effect on the thermal expansion behavior, and the 
TECs increased with x values on the whole. In light of the 
crystal field theory, temperature-dependent transition of 
spin-state transition and Jahn–Teller distortion of  CoO6 octa-
hedron are the two most primary factors that induce the ther-
mal expansion behavior of cobalt-containing oxides [54, 55]. 
The  Co3+ ions in  [CoO6] octahedral can exist in three differ-
ent spin states, viz. low-spin (LS) state with all 3d-electrons 
in the t2g orbitals, i.e., t6

2g
e
0
g
 , intermediate-spin (IS) state with 

five electrons in the t2g orbitals, i.e., t5
2g
e
1
g
 , and high-spin (HS) 

state with four electrons in the t2g orbitals, i.e., t4
2g
e
2
g
 . There-

fore, the observed increased TECs of  (La1−xSrx)2CoO4±δ 
with a higher Sr content can be reasonably explained. 
Because lower-valence  Sr2+ will strengthen Co–O bond 
compared with higher-valence  La3+, introduction of  Sr2+ 
into  La2CoO4±δ lattice frequently leads to a transition from 
the HS to LS states, as observed in the  LaCoO3−δ with a 
similar perovskite structure [50]. Moreover, the crystal field 
of  (La1−xSrx)2CoO4±δ can also be modified by the interstitial 
oxygen ions, which is sensitive to temperature, as discussed 
on TGA curves. On the other hand, a higher temperature 
commonly induces a transition of Co ions from the LS to 
higher-spin state. Therefore, the volume expansion effect due 
to the transfer of LS state of  Co3+ ions to HS state during 
heating is eventually strengthened by Sr doping.

3.6  Electrochemical performance

Electrochemical performance of cathode was studied by EIS 
across a symmetrical “cathode|LSGM|cathode” cell in air. 
The kinetics of ORR across  (La1−xSrx)2CoO4±δ cathode with 
different Sr-doping contents was compared in Fig. 7. The 
Nyquist plot of spectrum shows that the catalytic activity 
of a cathode is directly correlated with the length of real 
axes intercepts, commonly designated as the area-specific 
resistance (ASR), and a smaller ASR value is equivalent to a 
faster speed of ORR. The Nyquist plot of Fig. 7a shows that 
the kinetics of ORR is significantly affected by the dopant of 
lower-valence Sr ions, and the corresponding ASR decreased 
from 0.095 to 0.062 Ω  cm2 when x = 0.3 is first increased to 
x = 0.4. Then, the ASR increased from 0.062 to 0.093 Ω  cm2 
when x = 0.4 is increased to x = 0.5. Evidently, x = 0.4 cath-
ode has the highest electrocatalytic activity toward ORR, 
and our result slightly deviates from other studies [42]. In 
the Arrhenius plots of lnASR vs. 1000 T−1 shown in Fig. 7b, 
the regression lines show that the activation energies of 
ORR (Ea) for x = 0.3, 0.4, and 0.5 cathodes are 134, 131, 
and 129 kJ mol−1, respectively. Statistically, Ea is slightly 

changed by x values or Sr-doping contents, demonstrating 
that the ORR is dominated by the same mechanisms in all 
cathodes. We speculate that the surface exchange coeffi-
cients of  La2CoO4±δ cathode remain almost unchanged even 
after the entry of lower-valence  Sr2+ because this parameter 

Fig. 7  EIS of  (La1−xSrx)2CoO4±δ: a Nyquist plot at 800 °C, b Arrhe-
nius plots of lnASR vs. 1000 T−1, c Nyquist plot with x = 0.4 electrode 
at different temperatures
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is mainly determined by the amount of Co–O bonding ends, 
but the speed of oxygen diffusion would be significantly 
influenced by Sr doping, as discussed in the XPS of O 1s 
and TGA results of  (La1−xSrx)2CoO4±δ. ORR mechanism is 
more related to the surface exchange coefficients than oxy-
gen diffusion, but oxygen diffusion can significantly modify 
the TPB area and then enhance the speed of ORR. Compara-
tively, temperature significantly affects the kinetics of ORR 
electrode process, as shown in Fig. 7c where the thermal 
effect on the evolution of Nyquist plot is exemplified by 
x = 0.4 electrode.

The output performance of single cells was tested, and 
the power density and cell potential as a function of current 
density at different temperatures are shown in Fig. 8. A sin-
gle cell was built with  (La1−xSrx)2CoO4±δ cathode, Ni-SDC 
anode, and 300-μm-thick LSGM electrolyte, and pure  H2 

flow was fed as the fuel. The open circuit potential reached 
around 1.10 V even at 800 °C, almost close to the Nernstian 
extreme. The nearly linear current–potential relationship 
means that a considerable portion of the potential was con-
sumed by the thick LSGM electrolyte. Despite this adverse 
effect, the maximum power density of as high as ca.630 
and 230 mW  cm−2 at 800 and 650 °C, respectively, was 
still achieved from x = 0.4 cathode. This is higher than the 
other two Sr-doping levels, showing a rapid kinetics toward 
ORR. This result agrees with the conclusion drawn from 
EIS investigation.

3.7  Cathode/electrolyte interface

A postmortem analysis of cells was made, and sectional 
cathode/LSGM interfaces were specially examined by 
FSEM, as shown in Fig. 9. By comparing the tissue of all 
cathodes as shown in Fig. 9a, c, e, it was found that all the 
three types of cathode are firmly connected with LSGM 
electrolytes, and all the cathode layers produce adequate 
porosity and sufficient TPBs for ORR. All these structural 
properties are essential for the stable running of a cathode 
in the working cells. Further from Fig. 9b, d, f, only a neg-
ligible difference is observed between the particle size of 
cathode grains because of Sr doping. Therefore, the kinetics 
of ORR is primarily governed by the intrinsic properties of 
 (La1−xSrx)2CoO4±δ rather than the morphological structures.

4  Conclusion

Layered perovskites  (La1−xSrx)2CoO4±δ with various La/Sr 
ratios were readily prepared via sol–gel route and evalu-
ated as cathode materials for IT-SOFCs. The air-annealed 
 (La1−xSrx)2CoO4±δ compounds show the x-dependent lattice 
parameters, and the structure is tetragonal with space group 
of I4/mmm in the range of 0.3 ≤ x ≤ 0.5.   (La1−xSrx)2CoO4±δ 
oxides have two different oxygen chemical states and contain 
mixed  Co2+/Co3+ ions. A change in Sr-dopant content can 
effectively tune the lattice structure, interstitial oxygen con-
tent, and oxygen vacancy.  (La1−xSrx)2CoO4±δ samples have a 
good electrical conductivity (> 20 S  cm−1) at 800 °C, which 
increases with the elevated temperature and enhanced Sr-
doping content. An improved electrochemical performance 
was obtained by a moderate substitution of  Sr2+ with  La3+, 
and the x = 0.4 cathode shows the most favored polarization 
resistance of 0.062 Ω  cm2 and exhibits the maximum power 
density of 630 mW  cm−2 at 800 °C. This study demonstrates 

Fig. 8  Cell potential and power density dependence on the current 
density with  (La1−xSrx)2CoO4±δ cathode at a 800 °C and b 650 °C
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that layered perovskites  (La1−xSrx)2CoO4±δ with mixed ionic 
and electronic conduction are quite promising cathode mate-
rials for IT-SOFCs.
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