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Abstract Transition metal (Me = Cu, Fe, Ni) doped (Pr, Ba)Co0,0s,; (PBCO) material were investigated in terms of electronic
structure change and electrochemical properties. It was confirmed that (Pr, Ba)(Co, Cu)Os,s (PBCCu) and (Pr, Ba)(Co, Fe)Os,s
(PBCFe) showed cubic and orthorhombic structures, respectively, but (Pr, Ba)(Co, Ni)Os,; (PBCNi) showed secondary phases.
PBCCu has an average particle diameter of 1093 nm, and PBCO and PBCFe have an average particle diameter of 495.1
nm and 728 nm, respectively. The average oxidation values of B site ions in PBCMe were calculated to be 3.26 (PBCO),
2.48 (PBCCu), 3.32 (PBCFe), and valence band maximum (VBM) was —0.42 eV (PBCO), -0.58 eV (PBCCu), -0.11 eV
(PBCFe). It is expected that PBCCu easily interacts with adsorbed oxygen due to the lowest oxidation value and the
highest VBM. The polarization resistance was 0.91 Q cm’ (PBCO), 0.77 Q cm’ (PBCCu), 1.06 Q cm’ (PBCFe) at 600°C,
showing the lowest polarization resistance of PBCCu.
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1. Introduction

Solid oxide fuel cells (SOFC) are devices that pro-
duces electrical energy from chemical energy and is
widely studied as a next-generation energy technology.
In particular, among various fuel cells, SOFC operating
at relatively high temperature (500~1000°C) can achieve
high energy conversion efficiency of over 80 % without
using noble metal catalysts such as Pt, Ir, Pd, Au. SOFC
can be widely used from small fuel cells for transporta-
tion equipment to large-capacity generators for power
plants [1,2].

For an efficient SOFC cathode, high catalytic activity
for oxygen reduction reactions (ORR) at a temperature
of 400 to 600°C is essential [3]. This temperature is
lower than the existing operating temperature, which
can reduce material deterioration, improve structural sta-
bility and ease of sealing. However, one of the important
obstacles acting on lowering the operating temperature
is a high polarization resistance due to the sluggish reac-
tion rate of the material [4,5].

Perovskite oxide (ABO,) is an electrocatalyst material
widely used and studied as a material for SOFC cath-
ode. Perovskite material has mixed conductivity through
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composition control, so that reaction occurs on the entire
cathode surface. In addition, forming a nano-sized cata-
lyst on the surface through infiltration and exsolution
have been studied to obtain higher efficiency [6-8].
When the A-site of perovskite oxide is doped with a
metal ion A’ (alkali rare-earth metal ion) having a large
atomic radius difference, cation ordering occurs, and a
layered perovskite oxide structure is formed. Recently,
double perovskite oxide (AA'B,Os.;) has been widely
studied due to its excellent electronic conductivity and
oxygen ion transport characteristics induced by its spe-
cial crystal structure [9]. Among them, (Ln, Ba)C0,0Ox,;
(Ln="Pr, Sm, Gd, etc.) based layered perovskite oxides
are in the spotlight as core materials for IT-SOFC [10,11].
In particular, the layered structure of [LnO,]-[CoO,]-
[BaO]-[C00,]-[LnO,] appears repeatedly, forming an
oxygen diffusion pathway and reducing the binding
strength with oxygen, and contribute to the improvement
of the ORR activity [12].

The electrical properties of perovskite and layered
perovskite oxides are greatly influenced by the B-site
transition metal ion, which is highly dependent on the
electronic structure including the valence band struc-
ture. Various studies have suggested e, orbital filling of
B-site ion, O p-band center, and charge transfer energy
as indicators for predicting the performance in terms of
ORR and OER catalysts [13]. Lee et al., focusing on the



38 Kanghee Jo and Heesoo Lee

importance of oxygen conduction, predicted the ORR
catalytic activity of SOFC by comparing the O p-band
center with measurable indicators such as polarization
resistance and surface exchange constant [14,15]. Zhu et
al. studied the relationship between polarization resis-
tance and structure of valence band composed of O 2p
band and Co3d band of LSCO thin film [16].

In this study, various transition metal elements (Me = Cu,
Fe, Ni) were doped into (Pr, Ba)Co,0s.; to improve the
electrochemical properties. Crystal structure and pow-
der characterization was performed to analyze the phase
formation and specific surface area, particle size distri-
bution for the layered perovskite doped with each ele-
ment. The change in the electronic structure according
to the doped transition metal ions was analyzed with X-
ray photoelectron spectroscopy (XPS) and the relation-
ship with the electrochemical properties was studied.
Based on these results, transition metals with the better
properties were selected and the mechanisms for improv-
ing the electrochemical properties were investigated for
more diverse compositions to find the optimum compo-
sition.

2. Experimental Procedures

The (Pr, Ba)(Co, Me)Os,; (PBCMe, Me = Cu, Fe, Ni)
nanopowders were synthesized via EDTA-Citric acid
Complex Process (ECCP). Praseodymium nitrate hexa-
hydrate (Pr(NO,),6H,0, Sigma-Aldrich), barium nitrate
(Ba(NO,),), Alfa Aesar), cobalt nitrate tetrahydrate
(Co(NO;);°6H,0, Sigma-Aldrich), copper nitrate hemi-
pentahydrate (Cu(NO,),"2.5H,0, Sigma-Aldrich), iron
nitrate nonahydrate (Fe(NO,),"9H,0) and nickel nitrate
(Ni(NOs),6H,0) were used as metal precursors. EDTA
powder (Alfa Aesar) and crystallized citric acid (Sam-
chun Chemical), both with purities greater than 99.5 %,
served as chelating agents. The required amounts of the
analytic precursors according to composition stoichiom-
etry, Pr:Ba:Co:Me = 1:1:1:1, were dissolved in distilled
water with stirring to prepare homogeneous metal nitrate
solutions.

The required amounts of analytic reagents according
to the stoichiometry of the composite were dissolved in
deionized water with stirring to prepare a homogeneous
metal nitrate solution. EDTA-NH,OH and citric acid
were added to the solution in sequence at a mole ratio
of total metal ions: EDTA: citric acid of 1:1:2. The solu-
tion was heated at 80°C continuously with stirring to
facilitate water evaporation while adjusting pH to 10. A

clear viscous gel was finally obtained under stirring and
heating, which was solidified by pre-heating at 250°C
for several hours. The solidified precursors were cal-
cined in air at 950°C for 2 hours.

The electrolyte disc was fabricated by uniaxial press-
ing of commercial Sm-doped Ceria powders (SDC,
FuelCellMaterials) into a 20 @ disk mold at 3.2 metric
ton and sintered at 1500°C for 5 hours. And the SDC
pellet was polished to 0.5 mm thickness. The synthe-
sized cathode powders were mixed with a binder pre-
pared from a-terpineol and ethyl-cellulose to form cathode
pastes. The PBCMe cathode pastes were screen-printed
on to both sides of the SDC pellets with an area of 1.13
cm’ to form symmetric cell structures. The symmetric
cells were sintered at 900°C for 2 hours in air. Pt cur-
rent collectors were brushed on both sides of the sym-
metric cells, and Pt meshes connected with Pt wires
were attached to each electrode.

Crystal structure analysis was conducted with an X-ray
diffractometer. Powder X-ray diffraction (XRD, Ultima
IV, Rigaku) of the cathode powders was performed at
room temperature using a step scan procedure (0.008°/
20, 4 s per step) over a 20 range of 20~80° using a Cu
Ka (wavelength: 0.1543 nm) source.

Powder morphology was performed using a field-emis-
sion scanning electron microscope (FE-SEM, MIRA3,
TESCAN). Specific surface area was measured accord-
ing to KS L ISO 18757 standard. Particle size distribution
was measured using a Mastersizer (Malvern Mastersizer
3000, Malvern Instrument, UK).

The Me doped (Pr, Ba)Co,O;,; surface was character-
ized by XPS using Al Ka radiation (hv=1486.6¢V)
upon increasing the temperature in ultra-high vacuum
condition.

The electrical conductivity of the cathodes was mea-
sured using a four-probe direct current conductivity tech-
nique over a 300~950°C temperature range. The distance
of Pt wires was 10 mm. Direct current of 50 mA was
supplied to them by a current source (Keithley 2400,
Solon, Ohio USA), and the corresponding voltage drops
were collected using a multimeter (Agilent, 34401A,
Santa Clara, California USA). The electrical conductiv-
ity was calculated by following formula.

_ L :I><L
RxA VxA

(¢

, where o is conductivity, R is resistance, V is mea-
sured voltage, I is current, L is distance between volt-
age-sensing electrodes, and A is area of measured
sample.
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Impedance measurements were carried out using an
IviumStat (Ivium, Netherlands) instrument over the fre-
quency range from 10° to 0.01 Hz with a 10 mV exci-
tation voltage at operating temperatures of 600~900°C in
air. The impedance measurements were acquired under an
open circuit condition. The electrochemical impedance
spectra (EIS) results were multiplied by 0.5 to account
for the two electrodes. The measured impedance data
were plotted on the complex plane.

3. Results and Discussion

The phase formation of the (Pr, Ba)(Co, Me)Os,;
(PBCMe) was analyzed through XRD. The basic com-
position, (Pr, Ba)Co,0s,; (PBCO), showed pure orthor-
hombic structure and all peaks are indexed according to
the Pmmm structure. As shown in Fig. 1, PBCCu
showed pseudo-cubic structure and PBCFe showed pure
tetragonal structure and on the other hand, when Ni was
doped into PBCO, NiO and PrBaO, were formed as a
secondary phase. It was confirmed that PBCO was eas-
ily doped with Fe and Co to form a stable phase, but Ni
was not easily doped and formed a secondary phase
[17].

Spherical powder was observed in all compositions
through SEM as shown in Fig. 2. In the case of PBCNi,
it was confirmed that needle-shaped secondary phase
was formed in the spherical particles. Table 1 shows the
powder characteristics of the PrBaCoMeOs,; (PBCMe)
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Fig. 1. X-ray diffraction patterns of PBCMe.

powders calcined at 950°C. PBCO showed the particle
size of 495.1 nm, 1093 nm for PBCCu, 728 nm for PBCFe
and 408.2 nm for PBCNi which indicates that Cu and
Fe lowered the melting temperature of the powder and
contributed to the coarsening and particle growth [18,19].

Fig. 2. Powder morphology of sample powders (a) PBCO, (b) PBCCu, (c) PBCFe, (d) PBCNi.
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Table 1
Powder characteristics of Me doped PrBaCo,O;,5

Sample name Average particle size (nm) Specific surface area (m’/g)
PBCO 495.1 2.1233
PBCFe 728 1.6994
PBCNi 408.2 2.6808
PBCCu 1093 0.3621
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Fig. 3. Ba 3ds, and Co 2p,, core level spectra (solid line) and the fit results (colored area) (a) PBCO, (b) PBCCu, (c) PBCFe and
(d) PBCNi.

As the specific surface area was the opposite trend,
PBCNi showed the largest specific surface area of
2.6808 m*/g and PBCCu showed the smallest specific
surface area of 0.3621 m’/g.

Figures 3 and 4 show the XPS core level spectra of B
site. metal ions of PrBaCoMeOs,; (Me=Cu, Fe, Ni),
respectively. In Fig. 3, the core level spectra of Co 2p;,
and Ba 3d;, were observed at 785~790 eV, and the weak
satellite shake up peak caused by Co ions appeared at
785eV to 790 eV [17,20-22]. Figure 4(a) shows the
core level spectra of Cu 2p,, and Pr 3ds, is observed at
920 eV to 945 eV [23,24]. In addition, a weak satellite
shake-up peak due to Cu was observed. Figure 4(b)

shows the Fe 2p,, core level spectra from 705 eV to
720 eV [25]. And Fig. 4(c) shows the Ni 2p,, core level
spectra observed at 850 eV to 865 eV and the satellite
shake-up peak due to Ni ions [26].

When PBCO is doped with a transition metal, the Co
ions are substituted with the transition metal ions, and
the average oxidation number of the B site metal ions
changes. In the layered perovskite, the average oxida-
tion number of B site metal ions is inversely propor-
tional to the number of lattice oxygen vacancy as shown
in Table 2. In the case of PBCCu, because Cu ions have
only 1+ and 2+ as oxidation states unlike other ele-
ments, Cu ions completely subsitute Co”" and reduce the
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Fig. 4. Core level spectra (solid line) and the fit results (colored area) (a) Pr 3d;, and Cu 2p;,, for PBCCu, (b) Fe 2p,, for PBCFe,
(c) Ni 2p;, for PBCNI.

Table 2
Co and Me ionic ratio of each elements in PrBaCoMeOs, s by the XPS results
1 0,
Peak fitting result (%) Average
Specimen Co Me (Me = Cu, Fe, Ni) oxidation
2+ 3+ 4+ 1+ 2+ 3+ 4+ state
PBCO 5.39 63.13 31.48 - - - - 3.26
PBCCu - 64.29 35.71 3943 60.57 - - 2.48
PBCFe 1.76 61.29 36.95 - 15.68 39.80 44.52 332
PBCNi 1.51 57.29 41.19 - 31.86 68.14 - 3.04

average oxidation number of B site ions from 3.26
(PBCO) to 2.48. In the case of PBCFe, the ratio of Co™"
decreases from 5.39% to 1.76%, but the ratio of Co*
also increases from 31.48% to 36.95%, the content of
Fe'" becomes 44.52%, and the average oxidation num-
ber of B site ions increases to 3.32. In the case of
PBCNi, 31.86% of Ni*" is formed and the average oxi-
dation number of B site metal ions decreases to 3.04.
But it is difficult to directly explain the generation of
oxygen vacancies with the average oxidation number

since NiO is formed as confirmed in the XRD results.
Therefore, the largest number of oxygen vacancies are
generated in PBCCu, and oxygen ion pathways can be
generated more efficiently.

Figure 5 shows the structure of the valence band of
(Pr, Ba)(Co, Me)Os,,; (Me=Cu, Fe, Ni). Shallow core
level was confirmed in Ba 5p (11~15eV) and Pr 5p-O
2s bonding (16~21 eV) [24]. The band corresponding to
0~5 eV is composed of transition metal 3d orbitals and
O 2p orbital (4.5 eV) and is closely related to the B site
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Fig. 5. (a) Valence band (VB) spectra normalized to the integrated intensity and (b) linear fit of the leading edge of the VB used to
obtain the valence band maximum (VBM) for PBCMe.

ion [26,27]. The uppermost part of the valence band is
composed of the B site metal and oxygen ions and is
influenced by them. In addition, the valence band maxi-
mum (VBM) is chemically equivalent to HOMO and
affects the interaction with oxygen molecules adsorbed
on the electrode surface. The higher the VBM, the eas-
ier it is to adsorb the diffused oxygen and make the
reaction easier [28].

PBCO has a VBM of -0.42 eV by the Co 3d orbital
formed at about 1eV. In the case of PBCCu, a wide
energy band is formed by Cu 3d orbital in the 3.1 eV
region, and this band forms a VBM of —0.58 eV together
with the Co 3d band. PBCFe has a weak energy band at
2.9 eV by Fe 3d orbital, and VBM is —0.11 eV, which is
less than PBCO. In the case of PBCNi, an energy band
is formed at about 2 eV by Ni 3d orbital, so that VBM
becomes —0.31 eV. Through this result, it is considered
that PBCCu has the highest VBM and can most easily
adsorb and react with oxygen in the air. Considering both
VBM and oxidation number of B site ions together,
PBCCu formed the most oxygen vacancies and can react
most easily with oxygen in the air, so it is expected to have
a lower polarization resistance than other compositions.

Figure 6 shows the electrical conductivity of PBCMe.
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Fig. 6. DC conductivity of PBCMe at 300~900°C.

The electrical electrical conductivity gradually decreases
as the temperature increases, this is because the layered
perovskite oxides exhibit metallic electrical properties.
When other metal ions are substituted for the Co ions of
the B site, the electron scattering increases during elec-
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tron conduction, and the electrical conductivity decreases
in other compositions compared to PBCO [29]. PBCO,
PBCFe, and PBCCu are suitable because they show a
conductivity of more than 100S/cm, which is a conduc-
tivity for using a conductive ceramic material as an
electrode [30]. But the electrical conductivity of PBCNi
is greatly reduced because of the insulating phase, NiO.

The conductivities of PBCO and PBCFe decreased with
increasing temperature, while PBCCu hardly changed.
This is because the Co and Fe ions included in PBCO
and PBCFe can have an oxidation value of +2 to +4,
and the oxidation value is easier to change than that of
Cu ion, so that they exhibit metallic conduction charac-
teristics. Carriers are scattered by the lattice and the
electrical conductivity decrease with increasing tempera-
ture. On the other hand, the PBCCu shows semiconduc-
tor like conduction behavior because the oxidation state
of Cu ion is not easily changed, so the change in electri-
cal conductivity according to temperature is not large
compared to PBCO and PBCFe.

Figure 7 shows the polarization resistance of PBCMe
at 600°C. PBCNi showed about 40 times higher polar-
ization resistance (41.67 Q cm’) than other phases due
to the formation of the NiO insulating phase like the
electrical conductivity. PBCO, PBCCu, and PBCFe
showed measurement values of 0.91 Q e¢m’, 0.77 Q cm’,
and 1.06 Q cm’, respectively. This can be understood as
the relationship between the generation of oxygen vacan-
cies, which act as oxygen absorption site, and the inter-
action with the adsorbed oxygen. PBCCu shows the
lowest B site metal ion oxidation number and the high-
est VBM of —0.58 eV, showing 0.77 Q cm’, which is
lower than that of PBCO showing 0.91 Q cm’. How-
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Fig. 7. Nyquist plot of PBCMe in air at 600°C.

ever, PBCFe differs from its excellent electrical conduc-
tivity. Higher B site average oxidation number than PBCO
and the lowest VBM of —0.11 eV and shows higher
polarization resistance than PBCO.

4. Conclusion

We studied the electrochemical properties and elec-
tronic structures of PBCMe. It was confirmed that PrBa-
CoCuOs,; (PBCCu) and PrBaCoFeOs,; (PBCFe) showed
Cubic and Orthorhombic structures, respectively, but
PrBaCoNiOs,; (PBCNi) was not easily doped due to
NiO precipitation. PBCCu has an average particle diam-
eter of 1093 nm compared to powders of other composi-
tions, and PBCO and PBCFe each have an average
particle diameter of 495.1 nm and 728 nm. The average
particle diameter is larger, because Cu doping lowers the
melting point during calcination and accelerates the
grain growth.

In PBCMe, the average oxidation values of B site ions
were found to be 3.26 (PBCO), 2.48 (PBCCu), 3.32
(PBCFe), respectively, and valence band maximum
(VBM) was —0.42 eV (PBCO), —0.58 eV (PBCCu), —0.11
eV (PBCFe). It is expected that Cu has the lowest oxi-
dation value and the highest VBM interacts with adsorbed
oxygen. Accordingly, the polarization resistance was
0.91 Q ecm’ (PBCO), 0.77 Q cm’ (PBCCu), 1.06 Q cm’
(PBCFe) at 600°C, showing the lowest polarization
resistance of Cu. The electrical conductivity was 903.99
S/cm in PBCO, 442.33 S/cm in PBCCu, and 530.19 S/
cm in PBCFe on average. This implies that when other
metal ions are substituted for the Co ions of the B site,
the electron scattering increases during electron conduc-
tion, and the electrical conductivity decreases in other
compositions compared to PBCO. In the case of PBCN;,
the average conductivity was 47.83 S/cm, which is
believed to be due to the formation of NiO, an insulat-
ing phase.
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