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ABSTRACT

Double-perovskite materials La1-xPrxBaCo2O5?d (LPBCO), suitable for the

application of intermediate-temperature solid oxide fuel cell (IT-SOFC) and

other electrochemical devices, were successfully prepared through solid-state

reaction method. The effects of La and Pr doping ratios on the crystallographic

structure, thermochemical stability, thermal expansion, electrical conductivity,

and electrochemical polarizations were analyzed and discussed. The X-ray

diffraction results show that the crystal structure changes from single perovskite

to double perovskite with the increase in Pr doping content. LPBCOs present

excellent chemical stability with conventional electrolyte GDC at less than

1100 �C. The thermal expansion can be effectively reduced upon doping of Pr.

The materials demonstrate high electrical conductivity even under relatively

low temperatures, i.e., LP-73 (x = 0.3 with single perovskite) has the highest

conductivity at 1680 S/cm at 400 �C. Among the double-perovskite composi-

tions, LP-55 presents the highest performance in electrical conductivity though.

Analysis of the electrochemical impedance spectra of LPBCOs symmetric cells

reveals low area specific polarization resistances for these double-lanthanide-

doped double-perovskite materials, and the charge transfer is determined as the

dominating sub-process for the oxygen transport through the materials. All the

findings show that La1-xPrxBaCo2O5?d possesses excellent oxygen reduction

activity and is promising for the application in IT-SOFCs.
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Introduction

Solid oxide fuel cell (SOFC) is a kind of clean energy

technology that can directly convert the chemical

energy of fuel into electric energy [1–4]. Early solid

oxide fuel cells used yttrium-stabilized zirconia (YSZ)

as the solid electrolyte, which typically requires high

operating temperatures to guarantee the accept-

able ionic conductivity in SOFC applications. Nev-

ertheless, high operating temperature (above 800 �C)
brings great challenges to all parts of the fuel cell to

construct a cost-effective, stable, and durable system

[5]. Intermediate-temperature (500–800 �C) solid

oxide fuel cells (IT-SOFC) utilizing low-to-medium

temperature solid electrolytes (for example, Ce0.8
Gd0.2O2-d (GDC) [6], La0.8Sr0.2Ga0.85Mg0.15O2.825

(LSMG) [7], BaZr0.1Ce0.7Y0.3O3-d (BZCY) [8] therefore

became one of the most attracting directions in this

field [9–11]. However, with the reducing working

temperatures, the electrical and electrochemical

activities of the high-temperature SOFC cathode

materials will be significantly hampered, which

eventually leads to the lower SOFC performance. It is

therefore extremely urgent to develop new and low-

cost high-performance cathode materials with high

conductivity, excellent electrochemical catalytic per-

formance, and good thermal matching performance

with the IT-SOFC electrolytes at low-to-medium

temperatures [12].

To date, perovskite-type oxides are recognized as

the most suitable SOFC cathode materials due to their

advantages of high catalytic activity, low polarization

resistance, good electrical conductivity, etc. [13–15].

The most frequently investigated perovskite-type

oxides include La1-xSrxCoO3-d (LSC) [16, 17], La1-x

SrxCo0.2Fe0.8O3-d (LSCF) [18], Ba0.5Sr0.5Co0.2Fe0.8O3-d

(BSCF) [19], LnBaCo2O5?d (LnBCO, Ln = lanthanide

element) [20]. Among these perovskite materials,

LnBCOs with double-perovskite structures have

recently been considered as promising IT-SOFC

cathode materials due to the attractive electrochemi-

cal performance [20, 21].

Double-perovskite LnBCO materials typically have

an alternately layered LnO–CoO–BaO structure along

the c-axis due to the relatively large ionic difference

between the lanthanide ion and barium ion in the A

sites [22]. Besides, the double-perovskite LnBaCO

generally has high concentration of oxygen vacancies

in the Ln–O layers which facilitate the surface and

bulk oxygen transfer as well as the oxygen exchange

reaction on the surface [23]. In fact, a lot of studies

have been carried out on the structure, magnetism,

and oxygen ion transport properties of LnBCO oxides

at moderate temperatures, which revealed that the

electron and oxygen ion conductivity of this type of

double-perovskite oxide are particularly outstanding

[20, 21, 24]. Among them, LaBCO typically forms a

cubic A-site cation disordered perovskites (La0.5
Ba0.5CoO3-d) because of the much close effective

ionic radii of La3? and Ba2?. The double-perovskite

LaBCO (LaBaCo2O5?d) can be obtained by controlling

the calcination process in a highly oxygen-free

atmosphere [25]. Both the single- and double-per-

ovskite LaBCO exhibited high electrical and electro-

chemical performances [26]. Comparatively, the

A-site ordered LaBCO demonstrated higher electrical

conductivity and electrochemically catalytic activity.

However, due to its metastable phase nature, the

double-perovskite LaBCO is difficult to maintain its

structure in the applications. People therefore studied

a lot on other LnBaCo2O5?d (Ln = Pr, Nd, Sm, Gd, Y)

materials with stable double-perovskite structures

and found that these materials also showed reason-

able excellent performances [27]. Especially, PrBCO

demonstrates the lowest cathodic polarization resis-

tance and a higher conductivity than the other

LnBCOs, which to some extent illustrates that PrBCO

would be a more suitable cathode material for the

potential application of SOFCs [22, 28, 29]. To further

enhance the overall performance of PrBCO, strategies

on partial doping of A-site Ba with alkaline elements

such as Sr and Ca have been adopted [30, 31]. The

investigations revealed that the Sr- or Ca-substitution

can improve the electrical conductivity and the elec-

trochemical activity. But unfortunately it also found

that SrO and BaO will segregate at high temperatures

(over 800 �C), resulting in a gradual deterioration of

the catalytic effect [32]. The influence of partial

replacement of A-site ions with La3? had also been

evaluated, and the results indicated the substitution

of Lanthanum on both A-site Gd3? and Ba2? reduces

the oxygen vacancies in the materials but enhances

the electrical conductivity and the area specific

polarization resistance [33]. This may imply that

double-lanthanide doping on the A-site lanthanide

position may be another promising strategy to

enhance the overall properties of the double-per-

ovskite LnBCO materials.
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This work is to prepare a series of La1-xPrxBaCo2-
O5?d (LPBCO) with various La/Pr ratios, and to

evaluate the influence of the lanthanide ratio on the

corresponding phase structures, thermochemical

compatibility, thermal expansion, electrical conduc-

tivity, and polarization impedance of the materials.

Through the investigation, it is expected to provide

an insight on developing LnBCO double-perovskite

cathode materials with A-site double-lanthanide-

doping strategy to obtain excellent comprehensive

performance at low and medium temperatures.

Experimental

Sample preparation

Powder synthesis

La1-xPrxBaCo2O5?d (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.0)

powders doped with double lanthanides were syn-

thesized by the traditional solid-state reaction

method [22, 34]. For the sake of convenience, La1-x

PrxBaCo2O5?d with x = 0 to 1.0 are thereafter denoted

as LaBCO, LP-91, LP-73, LP-55, LP-37, LP-19, and

PrBCO, respectively, in this paper. Prior to the syn-

thesis, the starting materials of La2O3, Pr6O11, Co3O4,

BaCO3 were preheated at 950 �C (for Lanthanide

material) and 120 �C (for other chemicals), for 12 h to

remove the physically and/or chemically adsorbed

water and CO2 or restore its original oxide form from

its chemically transformed matters during storage

and transportation. All these chemicals were pur-

chased from Aladdin Chemicals, China with the

purity of 99.9%. The pretreated raw materials were

then weighed in exact stoichiometric ratios and ball-

ground in acetone at 300 rpm for 12 h. After

grounding, the powder mixtures were calcined at

1100 �C for another 12 h in air to obtain the desired

materials. Ce0.8Gd0.2O1.9 (GDC) electrolyte powder

was purchased from Ningbo SOFCMAN Energy

Technology Co, LTD (China) without further

treatment.

Dense bar-shaped samples preparation

Bar-shaped samples were prepared for the evaluation

of electrical conductivity and thermal expansion. The

as-calcined powder was sufficiently ground by add-

ing 5% PVA as adhesives. Green bars with

dimensions of 30 mm 9 3 mm 9 3 mm were

obtained by uniaxially pressing the well-ground

powders at 200 MPa followed by cold isostatic

pressing at 300 MPa and sintering at 1150 �C for 3 h

in air. The relative densities of the sintered samples

were about 96% tested by an Archimedes water dis-

placement method. For the samples for thermal

expansion evaluation, both ends of the samples were

polished. For the samples for electrical conductivity

tests, the sample bars were ground into about 1 mm

in thickness at first. Each sample was later wrapped

with four independent silver wires in distinct dis-

tances. Silver paste was used to secure the silver

wires for the conductivity test after annealing at

800 �C.

Symmetric cells fabrication

Symmetric cells of La1-xPrxBaCo2O5?d/GDC/La1-x

PrxBaCo2O5?d were used for the analysis of the

cathodic polarization resistance. To facilitate the

electrolyte sintering process and reduce the sintering

temperature, 5wt% Fe2O3 sintering aid was mixed

with as-purchased GDC powder [35]. Dense GDC

electrolyte disks with a diameter of around 15 mm

and relative density of over 95% were then obtained

after sintering the pressed GDC green pellets at

1400 �C for 12 h in air. The electrolyte disks were

thereafter polished and ultrasonically cleaned prior

to the screen printing of the cathode slurry onto both

sides of the GDC electrolyte. The cathode slurry was

prepared by well mixing the cathode powder with

certain amounts of ethyl cellulose (pore former) and

terpineol (dispenser). When both sides of the GDC

electrolyte disk were coated with the cathode slurry,

the assembly was then sintered at 950 �C for 3 h. The

microscopic observation reveals good contact of the

porous cathode and the dense electrolyte (Fig. S1 in

Supplementary Information). Silver meshes, as cur-

rent collectors, were attached onto the porous elec-

trodes with the assistance of silver paste and

annealing at 800 �C for 10 min.

Materials characterization

Thermal expansion analysis

Thermal expansion behaviors of LPBCO samples

were measured from 30 to 900 �C using a dilatometer

(Netzsch, DIL402C) at a heating rate of 5 K min-1
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under atmospheres with different oxygen activities

(pO2 = 0.21, 0.01, and 10–4 atm). A continuous gas

flow at a flow rate of 60 ml�min-1 was sent into the

chamber to keep the sample at a fixed gas

environment.

Electrical conductivity measurements

The electrical conductivity measurements were car-

ried out using an electrochemical workstation

(Chenhua, CHI760E) with a 4-probe DC configura-

tion in a temperature range of 400–800 �C and under

a specific atmosphere with pO2 = 0.21, 0.01, and

10-4 atm, respectively.

Electrochemical performance evaluation

Electrochemical impedance spectrum (EIS) of the

symmetrical cell LPBCO/GDC/LPBCO under cer-

tain temperature and pO2 environment was used to

analyze the cathodic polarization resistance. The EIS

was obtained using an electrochemical workstation

(Solartron, 1260A ? 1287A) with AC amplitude of

10 mV around open circuit voltage and a test fre-

quency range of 10–2–105 Hz. The sample tempera-

ture was controlled in the range of 600–750 �C and

the gas atmosphere surrounding the sample was

controlled at pO2 = 0.21, 0.01, and 10–4 atm.

Phase and morphological characterization

The phase structures of LPBCO samples under this

study were analyzed by an X-ray powder diffrac-

tometer (MINIFLEX600, Rigaku) using Cu Ka radia-

tion (k = 1.5406 Å) with the diffraction angle between

20� and 80�, a continuous scanning speed at 10�/min,

an accelerating voltage at 40 kV and a current at

100 mA. The corresponding space group and crystal

cell parameters were refined with the Rietveld

method using the Fullprof program [36]. A scanning

electron microscopy (Hitachi S3400N) was used to

characterize the surface and cross section morpholo-

gies of the symmetrical cells.

Results and discussion

Phase structure and thermochemical
stability

Figure 1 shows the room temperature XRD patterns

of the as-calcined La1-xPrxBaCo2O5?d (0 B x B 1.0)

samples. The XRD pattern of PrBCO (x = 1.0)

demonstrates a typical diffraction of a double-per-

ovskite structure with ordered Pr–O layer and Ba–O

layer in an alternative sequence along the c-axis

[29, 34]. But for LaBCO (x = 0.0), it appears a single-

perovskite phase with La and Ba randomly dis-

tributed in A sites because of the relatively closer

effective ionic radii of La3? [37] (1.36 nm at coordi-

nation number/CN of 12 vs. 1.27 nm for Pr3? [37])

and Ba2? (1.61 nm, CN = 12 [37]), which is consistent

with the literature findings [38, 39].

Further Rietveld refinement of these two compo-

nents reveals the space groups of Pm_3m (cubic) and

P4/mmm (tetragonal) can be ascribed to LaBCO and

PrBCO, respectively. Figure 2 shows the corre-

sponding Rietveld refinement results of LaBCO and

PrBCO with good fittings. Because of the relatively

smaller radius of Pr3?, increasing Pr substitution of

La will generally reduce the average effective ionic

radius of A-site lanthanides in the composition,

which further enlarges the ionic radius difference

between the lanthanide ions and Ba2?. Therefore,

double-perovskite structure becomes the stable phase

for those compositions with higher Pr doping levels.

When take look at those diffraction peaks of the

crystallographic planes parallel to the c-axis, such as

Figure 1 XRD patterns of as-calcined La1-xPrxBaCo2O5?d

powders.
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(100), (200), (110), (210), and so on, the corresponding

peaks have almost same diffraction angles no matter

what La/Pr ratio is in the composition. This is

because the cell parameters along the a–b plane are

mainly controlled by the Ba–Ba distance on the Ba–O

layer. Owing to the smaller effective ionic radii of

lanthanide elements, atomic distance along the c-axis

shrinks which results in the appearance of the satel-

lite diffraction peaks, (002), (102), (004), etc., corre-

sponding to those above-mentioned crystallographic

planes. With the increase in Pr content in LPBCO, the

gradually reduced average effective ionic radius of

the lanthanides leads to a decreased c-axis cell

parameter and therefore increased diffraction angles

of (002), (102), (004), etc., as shown in Fig. 1. The non-

splitting diffraction peak of (112) in double per-

ovskites, which corresponds to (111) plane in single

perovskite, to some extent indicates the pure phase

for each composition with different La/Pr ratios in

this study. Phase transition may occur at

0.3\ x\ 0.5 in which a single-perovskite and a

double-perovskite phases coexist in the materials.

However, due to the thermodynamic stability, the

two stable phases are expected to have different La/

Pr ratios in the compositions, i.e., a La-rich compo-

sition with a single-perovskite structure and a Pr-rich

phase with double-perovskite structure. According to

the XRD patterns, the (112) reflection of Pr-rich

double perovskite typically has higher diffraction

angle than the (111) reflection of La-rich single

perovskite. Peak splitting corresponding to the

overlapping of the (112) and (111) reflections should

be identified in the case of mixed phases. As pre-

sented previously, only a single diffraction peak can

be observed in the XRD pattern for each composition,

it is reasonable to assume pure phase for all the

investigated compositions in this study. Since (004)

diffraction starts to split from the (200) diffraction in

LP-55 (Fig. 1), it is therefore concluded double-per-

ovskite structures for LPBCOs with x C 0.5 and sin-

gle perovskite for those with x B 0.3.

The thermochemical compatibility of suitable cath-

ode materials with the electrolyte is one of the criteria

for IT-SOFC applications. In this study, the thermo-

chemical compatibility of LPBCO and GDC elec-

trolyte were evaluated. Figure 3 shows the XRD

patterns of LaBCO, LP-73, LP-37, and PrBCO pow-

ders mixed with GDC at a 1:1 mass ratio and fired at

1100 �C and 1150 �C for 12 h. None of the four sam-

ples reacted with electrolyte GDC at the calcination

temperature of 1100 �C (Fig. 3a). However, when the

firing temperature rises to 1150 oC, it can be seen

from Fig. 3b that all the XRD patterns of LaBCO, LP-

73, LP-37, and PrBCO with GDC have obvious

impurity peaks. The results show that LaBCO, LP-73,

LP-37, and PrBCO samples have excellent thermo-

chemical compatibility with GDC electrolyte when

the co-firing temperature is below 1100 oC.

Figure 2 Refined XRD patterns of a LaBCO and b PrBCO.

Figure 3 XRD patterns of La1-xPrxBaCo2O5?d and GDC

mixture after firing at a 1100 �C and b 1150 �C for 12 h.
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Thermal expansion behaviors

The thermal expansion curves for La1-xPrxBaCo2O5?d

(0 B x B 1) in air is shown in Fig. 4a. At the low

temperature range (below * 350 �C), all the samples

expand roughly linearly with the temperature.

However, as the temperature exceeds * 350 �C,
extra expansion behavior can be identified for almost

all the samples. This is particularly due to the for-

mation of oxygen vacancies in the samples when the

temperature is over 350 �C.
In order to maintain the electrical neutrality, part of

the Co ions are reduced and more low-valence Co

ions are formed. The XPS data shown in Fig. S2

reveals that starting composition of LP-55 at room

temperature contains only Co4? and Co3?. However,

when the temperature continues increasing, more

oxygen vacancies are formed and the overall oxygen

stoichiometry would be reduced down below 5.5 at

higher temperatures around 800 �C in air (Fig. S3-b).

Assuming unchangeable valence of Ln and Ba ions,

the average Co valence would be less than 3, which

means the production of Co2?. Hence, the formation

of oxygen vacancies along with the Co valence

change can be represented according to the following

defect equations in Kroger–Vink notation [40]:

2Co�Co + O�
O = 2Co�Co + V��

Oþ
1

2
O2 ð1Þ

2Co�Co + O�
O = 2Co

0

Co + V��
Oþ

1

2
O2: ð2Þ

As a result, the average effective ionic radius of

cobalt ions becomes larger so that extra lattice

expansion other than the pure thermal expansion

(denoted as DeT) which is not related to the chemical

state variations in the materials is introduced. Addi-

tionally, as the valence state of cobalt ion decreases,

the outer electrons of cobalt ion may also experience a

spin transition from low to high spin state [15], which

will result in the ionic radius increase in Co ions as

well. Since this extra expansion is related to the

oxygen vacancy concentration or the valence state of

Co ions in the materials, it can sometimes refer to the

chemical expansion, symbolized as DeC [41]. Overall

thermal expansion coefficient (TEC) derived from the

expansion curve between 500 and 900 �C is shown in

Fig. 4b. It clearly shows the TEC increases with

lowering the Pr doping level. It should be mentioned

that the TEC presented in Fig. 4b is measured from

the reflection temperature of each component in a
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particular gas environment. Since the chemical

expansion contributes significantly to the overall

expansion, the obtained TEC values indeed reflect the

combined effects of both thermal and chemical

expansions. Interestingly, more extra chemical

expansion could be found for those materials with

0 B x B 0.5 when the temperature is above roughly

700 �C. However, the TGA analysis of the materials

(Fig. S3) shows the oxygen loss is literally linear with

temperature below 900 �C. In other words, the oxy-

gen vacancy in the materials varies linearly with

temperature in the whole temperature range under

investigation. Therefore, this additionally increased

expansion in the high temperature range cannot be

solely explained with the valence change of Co ions.

Significantly increased spin transition of low-valence

Co ions most likely plays the role in contributing to

this extra chemical expansion.

Figure 4c, d shows the expansion curves of LP-73

and PrBCO samples at different atmospheres as a

function of temperature. Comparing to the expansion

curve of those materials in air, those of same starting

components in the low pO2 gas atmospheres seem to

have lower inflection temperatures at which the

chemical expansion begins to evolve. In general

cases, samples with identical composition start to

activate the oxygen vacancy formation at a certain

driving force, i.e., the same oxygen chemical potential

difference between the sample and the ambient gas

phase. Since the LP-73 or PrBCO samples used in this

study were prepared with same pretreatment pro-

cess, the samples tested in a reduced gas phase reach

the required minimum oxygen chemical potential

difference to generate oxygen vacancy at a lower

temperature. Meanwhile, the total expansion of the

materials increases with the pO2 decrease in the gas

phase, because more oxygen vacancies can be created

in the samples under low pO2 environment, which

leads to a greater chemical expansion [15, 41].

Electrical conductivity

Excellent IT-SOFC cathode materials require high

ionic and electronic conductivity to reduce the ohmic

impedance of the fuel cell. High electronic conduc-

tivity can ensure the rapid distribution of the elec-

trons transferred from the anode through the external

circuit at the cathode. In general, the electronic con-

ductivity is much higher than the ionic conductivity

in MIEC materials including LnBaCo2O5?d so that the

total conductivity obtained by the conventional DC

four-electrode method can be considered as the

electronic conductivity [42]. Figure 5a shows the

electrical conductivity of La1-xPrxBaCo2O5?d cathode

materials as a function of temperature at

pO2 = 0.21 atm.

It is obvious that the doping level of Pr has sig-

nificant influence on the electrical conductivity of the

LPBCO materials. The conductivity increases first

and then decreases as Pr content increases. The

highest conductivity values are all observed in LP-73

(x = 0.3). The same trends are found for the measured

conductivities of these compositions in different pO2

gas phases, as shown in Fig. S4.

Decrease in the conductivities of LPBCOs with

reducing pO2 shown in Fig. 5b and Fig. S5 suggests

that LPBCOs under this study are generally p-type

conductors [43]. That means the predominant charge

carriers accounting for the electrical conductivity in

LPBCOs are the electronic holes. The variation of the

electronic holes numbers is associated with the oxy-

gen vacancy concentration in MIECs. The iodometric

titration of the as-calcined materials and the ther-

mogravimetric analysis (Figure S3) reveal that the

oxygen vacancy concentration in LPBCOs increases

with Pr content under same temperatures. Especially,

the abrupt oxygen vacancy concentration variation

occurs between x = 0.1 and 0.5. Such increased oxy-

gen vacancy concentration can also be found with

decreased Ln3? ionic radius in LnBCO materials [38].

Increasing the oxygen vacancy concentration leads to

a higher level reduction of Co4? to Co3?, which

eventually lowers the charge carriers concentration

and the Co–O covalent interaction as well in the

materials [44]. For double-perovskite LPBCOs, intro-

duction of small size Pr will increase the distortion of

CoO6 octahedron and therefore the O–Co–O angles

[18]. It leads to the decreased overlap of Co:3d and

O:2p orbitals and the energy band becomes broader,

which increases the activation energy of polaron

bFigure 4 a Thermal expansion curves of La1-xPrxBaCo2O5?d

samples in air; b the average overall thermal expansion coefficient

(TEC) of La1-xPrxBaCo2O5?d at different oxygen partial

pressures, measured from the inflection temperature at which

chemical expansion starts; and thermal expansion curves of c LP-

73 and d PrBCO in the atmospheres with different pO2. The red

circle in each figure indicates the inflection temperature, and the

dash line extrapolated from the low-temperature expansion curve

simulates the pure thermal expansion part of the total expansion in

the higher temperature range.
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transition and eventually results in the decreased

electrical conductivity. In addition, doping with

smaller Pr3 ? causes the O2- electron cloud to shift

more toward it. This can increase the covalent effect

of Pr–O bond and correspondingly reduce the dis-

tance between the O: 2d orbital center and the Fermi

level, and finally reduces the conductivity of the

sample. These effects explain the general conductiv-

ity variation tendency for those LPBCOs with higher

Pr content which generally are in double-perovskite

phases.

However, for LPBCOs with less Pr content

(x\ 0.3), the ceramics have disordered perovskite

structure rather than the layered double perovskite.

Because of the random distribution of Ln3? and Ba2?

on A sites, the reduced A-site Ln3? radius as Pr

doping in LPBCO will normally lead to a shorter Co–

O–Co bond length which increases the degree of the

electron cloud overlap between Co ions and oxygen,

and therefore facilitate the electron hopping between

Co3? and Co4? [38]. In case of negligible Co4?–Co3?

transition or oxygen vacancy concentration at a con-

stant temperature, such effect will lead to an

increased electrical conductivity, which is typically

true for the LPBCO materials with x\ 0.3. Although

increasing Pr content still generates more oxygen

vacancy in LPBCOs with x\ 0.3, the concentration

variation is relatively much lower and its consequent

negative effects on the electrical conductivity are

suppressed by the positive effect of reduced Co–O

length. Obviously, the mentioned counterbalance

effect is strongly dependent on the oxygen vacancy

concentration level in the materials. With the further

increase in oxygen vacancy levels in the lattice, the

negative effect by the resulted relatively lower charge

carrier concentration on the electrical conductivity

becomes not trivial. The overall electrical conductiv-

ity enhancement effect by Pr doping in LPBCO at

high temperatures becomes less significant.

The inset of Fig. 5a depicts the electrical conduc-

tivity variation of LPBCOs with different Pr doping

vs. temperature. For the single-perovskite LPBCO

materials, such as LaBCO and LP-91, a transition of p-

type semiconductor to metal-like conduction behav-

ior is observed. It is believed that the semiconducting

behavior at low-temperature region can be ascribed

to the enhanced charge carrier mobility induced by

the thermal activation, whereas the decrease in the

electrical conductivity at high temperature is mainly

attributed to the reduction of the concentration of

Figure 5 Variation of the electrical conductivity of

a La1-xPrxBaCo2O5?d as a function of Pr content at

pO2 = 0.21 atm, b LP-73, and c LP-55 as a function of pO2 at

different temperatures.

Table 1 The log(pO2) dependency of the electrical conductivity

of LP-73 and LP-55 in Fig. 5b, c

Samples Temperature (�C)

400 500 600 700 800

LP-73 99.1 122.5 107.3 80.6 71.6

LP-55 112.5 125.2 119.8 107.7 91.8
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charge carriers for p-type conducting MIECs. Espe-

cially for those LPBCO ceramics with higher Pr con-

tent (x[ 0.3), the starting oxygen nonstoichiometry

was already high enough that the charge carriers

concentration becomes the main controlling factor

accounting for the electrical conductivity variation.

The oxygen loss induced by increasing temperature

leads to the reduction of more Co4? and therefore a

further loss of charge carriers which continuously

reduces the electrical conductivity.

Other than rising the temperature, reducing the

pO2 level also results in the formation of more oxygen

vacancy concentration and therefore the decreased

electrical conductivity whether the composition is

either a single-perovskite phase (i.e., LP-73 in Fig. 5b)

or a double-perovskite structure (i.e., LP-55 in

Fig. 5c). The variation of the electrical conductivity vs

log(pO2) is roughly linear at a constant temperature

for almost all the samples in this study (Fig. S5). The

variation slopes of LP-73 and LP-55 are derived from

the figures and listed in Table 1. The values fairly

decrease with increasing the temperature. Interest-

ingly, the log(pO2) dependency of conductivity seems

to become less at lower pO2 range by carefully

inspecting the data in Fig. 5b, c. The log(pO2)

dependency change with temperature and pO2 levels

could be ascribed to the variations of atomic structure

and the charge carrier concentration as well. A fur-

ther defect chemistry and thermodynamics investi-

gation, especially the variation of oxygen

nonstoichiometry with T and pO2, would be neces-

sary and helpful for the detailed and quantitative

understanding of the relationship between the elec-

trical conductivity and T and pO2.

Electrochemical polarization

For MIEC materials, the oxygen exchange process on

the cathode surface includes several sub-processes,

such as oxygen diffusion, adsorption, dissociation,

incorporation, and so on. When analyzed with elec-

trochemical impedance, these sub-processes demon-

strate different response time and response frequency

cFigure 6 AC impedance spectra of a La1-xPrxBaCo2O5?d

cathodes with various Pr doping (inset is the equivalent circuit

model); b LP-73 and c LP-55 at different temperatures in air;

d LP-73 and e LP-55 at 600 �C under different oxygen partial

pressures.
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in EIS spectrum [45]. Figure 6a shows typical Nyquist

plot of La1-xPrxBaCo2O5?d at 700 �C in air. Appar-

ently, LPBCOs with different Pr contents exhibits

large polarization difference. The polarization resis-

tance generally decreases with the increase in Pr

content. This is due to the higher oxygen vacancy

concentrations in LPBCOs with higher Pr content.

Similarly, the polarization resistance of a certain

LPBCO material decreases with the increase in tem-

perature (Fig. 6b) and with the decrease in the pO2

(Fig. 6c) since the oxygen vacancy level increase as

temperature increases and/or pO2 decreases. In a

word, more available oxygen vacancy defects in the

lattice can generally enhance the oxygen surface

exchange and the bulk diffusion and therefore reduce

the cathodic polarization.

The area specific resistance (ASR) of each LPBCO

under certain temperature and pO2 was calculated by

dividing the resistance span (the resistance difference

between the high frequency and low frequency

intersects of the Nyquist plot with the real coordi-

nate) by the effective surface area of the symmetric

cell. The ASR is compared with the several cathode

materials which are in either single-perovskite or

double-perovskite structures in Table S1. Clearly, the

materials in this study have the comparative and

even lower ASR values with some other double-

perovskite materials. The corresponding Arrhenius

diagram of the ASR of LPBCO materials measured in

air is shown in Fig. 7. The activation energy values

are estimated at 1.38, 1.48, 1.63, 1.60, 1.59, and 1.57 eV

for LaBCO, LP-91, LP-73, LP-55, LP-19, and PrBCO,

respectively.

As mentioned previously, the oxygen transport

through the MIEC materials involves multiple elec-

trochemical sub-processes among which one or few is

the rate-determining step(s) (RDS) controlling the

overall oxygen transport process. Analysis on the EIS

spectrum can usually help rationalize and differen-

tiate the process. As presented in Fig. 6c, the EIS

spectrum typically consists of a depressed low-fre-

quency (LF) semicircle and a high-frequency (HF)

semicircle at low temperatures, which to some extent

can conclude at least two sub-processes are involved

in the whole oxygen transport process. As tempera-

ture increases, the HF semicircle merges into the LF

semicircle. Conventional equivalent circuit modeling

without process pre-identification usually leads to

miss interpretation of the EIS spectra since different

models may fit the data equally well. In this study, a

distribution of relaxation times (DRT) technique

[46–48] was further applied for identifying the main

sub-processes involved in LPBCOs. The detailed

methodology of DRT evaluation can be found else-

where and a free MATLAB software called DRTtools

was used to obtain the DRT spectra from the exper-

imental EIS data [49]. This technique allows people to

calculate the frequency-dependent DRT function g(s)
[which has the same unit as the polarization resis-

tance and s is the time constant corresponding to

(2pf)-1] from the discrete EIS data set. The g(s)-s or

g(s)-f curve can be used to differentiate peaks for

each substantial sub-process corresponding to its

characteristic frequency. However, care should be

taken in use of the DRT analysis. Due to the fact of

discrete EIS data and the more-flattened Z0–Z00 spec-

trum of a depressed semicircle on the high and low

frequency ends, discrepancy exists between the

numerically derived DRT spectra and the theoretical

DRT curve for ZARC models (i.e., R//CPE circuits)

[49]. Minor pseudo-peaks not related to the ZARC

models appeared in the numerically derived DRT

spectra on the front and tail shoulders of the main

peak [49]. This phenomenon also exists in the

obtained DRT spectra from our EIS data of LPBCOs.

The minor Pk1 and Pk3 peaks around the main Pk2

peak, as depcited in Fig. 8a and Fig. 8b, are no longer

considered as actual responses of real electrochemical

sub-processes. Only the LF and HF sub-processes

corresponding to the Pk2 and Pk4 peaks in the DRT

spectra are analyzed in the following discussion. The

Pk2 or LF sub-process decreases its magnitude and

shift to higher frequency as temperature rises, while

the Pk2 or HF sub-process almost remains its mag-

nitude only with the frequency shifting to the lower

side. In terms of the peak intensity, Pk2 dominates

the whole process at lower temperatures. The sig-

nificantly reduced Pk2 peak makes it equivalently
Figure 7 Arrhenius plots of the area specific resistance of

La1-xPrxBaCo2O5?d ceramics.
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important as Pk4 at T C 700 �C. The oxygen partial

pressure also has important effects to these sub-pro-

cesses, especially on Pk2 sub-process, as shown in

Fig. 8a. It is obvious that Pk2 process becomes shar-

ply increased in the whole oxygen transport process

at sufficiently low pO2 range, i.e., 10–4 atm. The

unvaried Pk4’s magnitude and peak frequency under

various pO2 indicate this sub-process is pO2

independent.

An equivalent circuit with two R//CPE loops in

series representing the Pk2 and Pk4 responses (as

shown in the inset of Fig. 6a) was adopted for most of

the available EIS data analysis. In the equivalent cir-

cuit, L0 and Rb represent the inductance of the mea-

surement system and the ohmic resistance of the

symmetric cell used in the EIS tests, and (R1Q1) and

(R2Q2) represent the high- and low-frequency semi-

circles, respectively. R1 and R2 are defined as the

polarization resistance at high and low frequencies,

respectively, and Q1 and Q2 are the HF and LF con-

stant phase angle elements (CPE). The corresponding

equivalent characteristic capacitance Ci of each con-

stant phase angle element Qi can be calculated by the

following equations [28, 50]:

ZQ ¼ 1

Q jxð Þn ð3Þ

Ci ¼
ðRiQiÞ1=ni

Ri
ð4Þ

where ZQ is the impedance of a R//CPE circuit, x is

the angular frequency and n is an exponential term

reflecting the homogeneity of the electrode system.

Particularly, the constant phase element Q represents

an ideal capacitor and an ideal resistor when n = 1

and n = 0, respectively. Table 2 lists the fitting

parameters of the AC impedance spectra for the LP-

55 electrode at different pO2 at 600 �C.
In order to determine the nature of the dominating

sub-process for the corresponding HF and LF impe-

dances, the correlation between the electrode polar-

ization resistance and the oxygen partial pressure is

applied. Usually, the relationship can be expressed as

[28, 50]:

Ri ¼ k pO2ð Þ�mi ð5Þ

where k is a prefix constant, and mi is an expo-

nential parameter related to the rate-controlling step.

Ri is the polarization resistance obtained by the

equivalent circuit fitting in different atmospheres for

the specific impedance arc. Figure 8d shows the

relationship between the polarization impedance and

oxygen partial pressure corresponding to the HF and

LF responses at 500, 600, and 700 �C. It is found that

the polarization resistance of HF process decreases

with the increase in temperature and is insensitive to

the change of oxygen partial pressure, i.e., the

parameter m1 in Eq. (5) for the HF polarization is

about 0.02–0.03. It is therefore speculated that the

high-frequency process is mostly dominated by the

oxygen ions transfer through the

Figure 8 DRT analysis of the AC impedance of LP-55 a at

different temperatures in air and b at different pO2 at 600 �C;
c polarization resistances of LP-55 versus pO2 at different

temperatures and d polarization resistances of different LPBCOs

versus pO2 at 600 �C.
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electrode/electrolyte interface which is a pO2 inde-

pendent process [28]. On the other hand, the LF

polarization resistance of LP-55 increases with the

decrease in pO2, and the exponential parameter, m2, is

generally estimated in a range of 0.1–0.2 at different

temperatures. This value is very close to the charac-

teristic pO2 dependency of Log(RLF) at 1/8 corre-

sponding to the mono-electron charge transfer

process O�1
ad þ e� ¼ O�2

ad . Even the exceptional 1/4

dependency for PrBCO can also be ascribed to the

two-electron charge transfer process Oad þ 2e� þ
V��

O ¼ O�
O [50]. In other words, the LF impedance

response of LP-55 is mainly dominated by the charge

transfer process. Relatively, the DRT peak intensity of

LF impedance is much larger than that of HF impe-

dance, which indicates the charge transfer is the main

rate-controlling step for the whole oxygen transfer

process.

Conclusions

A series of A-site double-lanthanide-doped per-

ovskites, La1-xPrxBaCo2O5?d, were prepared to

evaluate a materials design strategy for more efficient

cathode materials. Particularly, the effect of Pr sub-

stitution for La on the structural, thermochemical,

mechanical, electrical, and electrochemical properties

of La1-xPrxBaCo2O5?d (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.0)

perovskite has been systematically investigated.

La1-xPrxBaCo2O5?d exhibit a structural change from

single perovskite (cubic Pm–3 m) to double per-

ovskite (tetragonal, P4/mmm) upon increase in Pr

doing level. Meanwhile, all the compositions

demonstrate excellent chemical compatibility with

Ce0.8Gd0.2O1.9 (GDC) at 1000 �C in Air. The investi-

gation found the La–Pr co-doping has significant

effects on the electrical conductivity. The electrical

conductivity at 400–800 �C increased (0 B x B 0.3)

firstly and then decreased (0.3 B x B 1) with the

increase in Pr content. LP-73 (x = 0.3) in single-per-

ovskite structure demonstrated the highest electrical

conductivity in all the compositions under study

while LP-55 (x = 0.5) presents the best among the

double perovskites. Electrochemical impedance

spectroscopy analysis shows that LBCOs have low

area specific resistances (ASR). DRT spectra analysis

along with the inspection of the Nyquist plot identi-

fied two sub-processes involved in the oxygen

transport through the materials. Relatively, the low-

frequency sub-process dominates the whole process

and the charge transfer is believed as the rate-con-

trolling step. The investigation generally concludes

the double-lanthanide-doped LPBCO materials are a

promising cathode for IT-SOFC and other electro-

chemical devices. But care should be taken regarding

its thermal expansion. Although doping of Pr at

A-site can reduce the thermal expansion of such

double-perovskite materials, the overall chemical

expansion coefficient is still high (over 20 ppm/K).

Further improvements are still required.
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Table 2 Fitting parameters of AC impedance spectra for the LP-55 electrode at different oxygen partial pressures at 600 �C according to

the equivalent circuit depicted in Fig. 6a

pO2

atm

Rp

(X cm2)

HF (Pk4) LF (Pk2)

R1

(X cm2)

Q1

(X cm2 s–n)

n1 C1

(F cm-2)

R2

(X cm2)

Q2

(X cm2 s–n)

n2 C2

(F cm-2)

0.21 5.31 0.17 4.16 9 10–3 0.82 8.48 9 10–4 5.14 2.02 9 10–2 0.67 6.62 9 10–3

10–2 6.57 0.16 3.56 9 10–3 0.85 9.33 9 10–4 6.41 1.46 9 10–2 0.65 4.09 9 10–3

10–4 15.18 0.14 3.07 9 10–3 0.86 8.73 9 10–4 15.04 1.45 9 10–2 0.62 5.73 9 10–3
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