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Introduction

ABSTRACT

The effects of Cu doping of PrBaCo,0Os, s layered perovskite oxide (PBCCux,
x=0,01, 02, and 0.5) were investigated in terms of local atomic structure
change and polarization resistance. As the copper doping concentration in
PBCCux increased, the peaks in the XRD patterns of the samples shifted to
lower angle which indicates lattice expansion by oxygen vacancy formation and
larger ion doping. O K-edge XANES was used to determine the change in orbital
hybridization with Cu doping, and it was confirmed that the O~ species
decreased and the monoxidic species increased with the addition of Cu resulting
in covalency increase. As the Cu content increased, the Co-O first shell intensity
decreased in the Co K-edge EXAFS spectra because of the formation of oxygen
vacancies by Cu doping. The impedance at 600 °C decreased by approximately
73% from 0.91 Q cm® (PBCO) to 0.23 Q cm? (PBCCu0.5) by the synergetic effect
of oxygen vacancy formation and the increase in covalency.

being conducted. Mixed ionic-electronic conductors
(MIECs) have received considerable attention as
promising cathode materials capable of achieving

Solid oxide fuel cells (SOFC) are promising energy
conversion systems that directly convert chemical
energy into electrical energy and exhibit a high
energy conversion efficiency of over 80%. The high
operating temperature of 800-1000 °C induces chal-
lenges in selecting surrounding materials and accel-
erates their deterioration [1, 2]. Research on lowering
the operating temperature to 500-800 °C is actively
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high performance for intermediate temperature
SOFCs (IT-SOFCs, below 800 °C). Perovskite oxides
have attracted attention as cathode materials for
SOFC/SOECs because of their excellent electro-
chemical properties and mixed ionic electronic con-
ductivity. Various methods such as transition metal
doping, infiltration, and exsolution have been used,

E-mail Addresses: jokanghee@pusan.ac.kr; jsryu@kicet.re kr; ijo@deu.ac.kr

https:/ /doi.org/10.1007 /s10853-023-08699-7

@ Springer


http://orcid.org/0000-0002-9163-7423
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-023-08699-7&amp;domain=pdf
https://doi.org/10.1007/s10853-023-08699-7

10678

and layered perovskite oxides using cation ordering
have also been studied to improve the electrocatalytic
activity of perovskite oxides [3, 4].

The layered perovskite oxide (AA'B,Os.s) has a
structure in which [BO,]-[AO;]-[BO,]-[A’O] layers
are continuously stacked along the c-axis of the lattice.
This layered structure reduces the oxygen-binding
force of the [AO;] layer and effectively improves the
diffusion of oxygen ions by forming an oxygen path-
way [5]. The electrochemical properties of perovskite
oxides are determined by various factors such as B-O
covalency, O p-band center, charge transfer energy,
and valence band structure resulting from the crystal
structure and electronic structure. Lee et al. predicted
the ORR catalytic activity of SOFCs by comparing
them with measurable indicators, such as the O p-band
center, polarization resistance, and surface exchange
constant, paying attention to the importance of oxygen
conduction [6].

LnBaCo0,0s5,5 (Ln =Pr, Nd, Sm, etc.) has been
reported to exhibit excellent electrical conductivity,
fast surface oxygen exchange, and high oxygen-ion
conductivity [7]. Kim et al. showed that PrBaCo,0s . 4
have over 1000 S/cm of electrical conductivity below
600 °C, the order of 10~ cm?/s bulk diffusion and the
order of 10> cm/s surface exchange coefficient using
ECR and IEDP. These values are the best values among
perovskite oxide-based oxides and are the same or
better values about 500 °C lower than conventional
LSC and LSF. This is the result of the cation ordering
and high oxygen vacancy concentration that occur
during the formation of PBCO, and the ease of
changing the oxidation rate of Co ions [8]. To improve
polarization resistance in these PBCOs in various
studies, a number of studies on doping with Fe, Cu, Sr,
etc., have been conducted. When Cu was doped, the
electrical conductivity tended to decrease slightly, but
the polarization resistance was reduced by about
30-50%. Studies conducted by Jin et al., Zhao et al. and
Suntsov et al. discussed the main reasons for polar-
ization resistance reduction were the increase in Co>*/
Co*", Cut/Cu®* reduction pairs, and the increase in
oxygen vacancies due to Cu doping. B-O covalency,
op-band center, charge transfer energy, and valence
band structure suggested above have been discussed
in some studies, but research on the interaction
between orbitals and the change in band structure
according to doping is needed [9-11].

In a previous study, we observed the effect of
changes in the oxidation number and valence band
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structure of PrBaCo,_,Cu,Os.5 (PBCCux) layered
perovskite samples according to Cu doping on the
reduction of polarization resistance [12]. Herein, the
changes in the local atomic structure and orbital
hybridization with Cu doping were analyzed. Co
K-edge EXAFS was used to analyze the crystal
structure and consequent local structural changes,
and O K-edge XANES was used to analyze changes
in orbital hybridization.

Materials and methods
Powder synthesis

PBCO (PrBaCo0,0s5,5) and PBCCux (PrBaCo,_,Cu,.
Os45, x=0.1, 0.2, 0.5) powders were synthesized
using an EDTA-citrate complexing process.
Pr(NO3);3-6H,O (99.9%, Sigma-Aldrich), Co(NOj3);.
6H,0, Cu(NO;),-2.5H,0 (98%, Sigma-Aldrich), and
Ba(NO3); (99%+, Alfa Aesar) metal precursors were
dissolved in deionized water. EDTA (99.5%, Alfa
Aesar) was added to 1 N NH,OH (Junsei Chemical
Co.) solution to obtain an NH3-EDTA buffer solution.
The NH;3-EDTA solution and crystallized citric acid
(99.5%, Samchun Chemical) powders were added to
the metal precursor solution to make a sol with a total
metal ion/EDTA /citric acid molar ratio of 1:1:2. The
solution was heated to 75 °C while adjusting the pH
to 9 using NH4,OH, and the solvent was evaporated
to obtain clear gels. These gels were pre-calcined at
450 °C and calcined in air at 950 °C.

Symmetric cell preparation

Symmetric cells (PBCCux|SDC|PBCCux) were pre-
pared to investigate the electrochemical properties of
the PBCCu. The SDC pellets were sintered at 1400 °C
for 4 h using SDC powder (SDC20-HP, Fuelcellma-
terials). The PBCCu powders were mixed with a
binder prepared from a-terpineol and ethylcellulose
to form PBCCu pastes, which were screen-printed
onto both sides of the SDC pellets. After drying, the
symmetric cells were calcined at 950 °C for 2 h in air.

Characterization

To examine the crystal structures of the calcined and
sintered powders, powder X-ray diffraction (XRD,
PANalytical X'pert-Pro MPD PW3040/60) was
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Figure 1 a X-ray diffraction pattern b main peak around 32° of PBCO and PBCCux layered perovskite oxide.

performed at room temperature using a step scan
procedure (0.02°/20 step, time per step 0.5 s) in the
20 range of 10°-90°. O K edge NEXAFS and Co K
edge XAS analysis was performed at the PLS-II 4D
beamline (base pressure 3.0 x 107 Torr) and 10C
beamline in the Pohang Accelerator Laboratory (PAL,
Republic of Korea). XAS analysis was performed
using the IFEFFIT interactive software package (with
ATHENA graphical interfaces). Background sub-
traction was processed by fitting linear polynomials
to the pre-edge and the post-edge region of an
absorption spectrum, respectively. The v(E) data
were converted into k-space, k-weighted, and Fourier
transformed using a Hanning window, into r-space.

Impedance measurements were conducted using
an IviumStat instrument (Ivium, the Netherlands)
over the frequency range of 10°-0.01 Hz with an
excitation voltage of 10 mV at an operating

temperature of 600-700 °C under open-circuit con-
ditions in air. The electrochemical impedance spec-
troscopy results were multiplied by 0.5 to account for
the two electrodes. The impedance spectra data were
further fitting by an EC-lab software. Distribution of
relaxation time (DRT) method was applied to analyze
the EIS data.

Results and discussion

Figure 1a shows the XRD pattern of Cu-doped PBCO.
All compositions showed an orthorhombic structure,
and secondary phases, including CuO, were not
observed in PBCCux. Each peak of PrBaCo,Os.s
(PBCO), which is the basic composition, was indexed
according to the P4/mmm structure. The peak position
shifted to a lower angle according to the Cu content

@ Springer
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Figure 2 Normalized O K-edge NEXAFS spectra of the layered
perovskite-type PBCO, PBCCu0.1, PBCCu0.2 and PBCCu0.5
powder.

as shown in Fig. 1b. This is a chemical expansion
caused by the expansion of the lattice by replacing
Co®" ions (61 pm) with Cu®* (73 pm). Oxygen
vacancy concentration is increased due to the B site
oxidation state reduction from 3.26 (PBCO) to 2.90
(PBCCu0.5) as shown in Figure S1 and Table S1. The
lattice free volume increases due to the synergetic
effect of lattice expansion by chemical expansion and
oxygen vacancy formation and oxygen ion mobility
increases accordingly [12-14].

Figure 2 shows the entire O K-edge XAS spectra of
the PBCCux powder to investigate the electronic
structure change, which is affected by the addition of
Cu. The peaks in the 527-532 eV region originate
from the interaction between the unoccupied state of
the Co/Cu 3d orbital; the peak in the 535 eV region is
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a peak formed by reflection by oxygen vacancies; the
peak formed in the 537.5 eV region is attributed to
the hybridization of the Pr/Ba 4d orbital and O 2p
orbital; the peaks in the 540-545 eV region are
formed by the hybridization of Co/Cu 4sp and O 2p
orbitals; the 541 eV region is due to 0> during the
hybridization of Co/Cu 4sp and O 2p orbitals; and
the peaks in the 544 eV region are Co/Cu 4sp and O
2p orbitals. It has been reported that the hybridiza-
tion of Cu 4sp and O 2p orbitals is caused by
monoxidic species [15-22].

The pre-edge peaks are 529.5 529.3 529.2 and
529.0 eV for PBCO, PBCCu0.1, PBCCu0.2, PBCCu0.5,
respectively. It has been reported that the shift of the
pre-edge peak to a lower energy is due to the
increased covalency of Co-O. The O 2p ligand holes
were split into two peaks, indicating the e, and t5g
orbitals, by crystal field splitting. With the addition of
Cu, the intensity ratio of the two orbitals formed by
the crystal field splitting (I;,, /I.,) gradually increased.
This is because as the Cu content increased, Co>"
with a 3d® electron configuration was replaced with
Cu”" with a 3d’ electron configuration, and the
number of electrons in the f,, orbital gradually
increased as shown in Fig. 3. The peak due to Pr/Ba
4d-O 2p hybridization did not shift at 535 eV because
the hybridization of the A-site cation and O anion did
not change. The O*~ peak gradually decreases, and
the monoxidic species peak gradually increases in the
peak due to Co/Cu 4sp—-O 2p hybridization. This
corresponds to the fact that the covalency increased,
as in the previous pre-edge peak shift [23].

Figure 4a shows the Co K-edge XAS spectrum, and
(b) shows the pre-edge structure of the Co K-edge. As
Cu was added to the pre-edge structure, the ratio of
the t,; orbital increased. This is because the number
of electrons corresponding to the f,, orbital is
increased by Cu doping, as previously confirmed by
O K-edge XANES.

Figure 4c, d shows the EXAFS k’y spectrum and
Fourier transformed EXAFS spectra (R space) of the
Co K-edge of PBCO and PBCCux. The first peak is
formed by the nearest neighbor, and the second peak
in the 2.8 A is formed by Co-Co/Cu bonding. The
first shell intensity gradually decreased with
increasing Cu content, which corresponds to a
decrease in the Co—O coordination shell due to the
formation of oxygen vacancies according to Cu
doping [24, 25]. The peak around 3.0 A was formed
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Figure 3 Comparison of Composition
electron configuration of
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Figure 4 a Co K edge XAS spectra b XANES spectra in the range of 7698-7720 eV ¢ Fourier transform of Co K-edge EXAFS k*y data
and d EXAFS k’y data at Co K-edge of PBCCux powders at room temperature (k range from 2 to 12.5 A™").

by the adjacent Pr/Ba. The second and third peaks
are due to the Co-Pr/Ba shell and corner shared
CoOg octahedron, respectively, and similar to the
fingerprint of the perovskite structure [26].

Figure 5a shows the electrochemical impedance
spectra (EIS) measured at 600-700 °C for the sym-
metric cell of the PBCCux electrode. The polarization
resistance was calculated by measuring the distance
between the intercepts of Z' when Z" is equal to 0.

The polarization resistances of PBCCux were
091 Qem*  (PBCO), 0.0 Qcm”* (PBCCu0.1),
0.47 Q cm? (PBCCu0.2) and 0.23 Q cm?® (PBCCu0.5)
and gradually decreased as Cu was doped, so that
PBCCu0.5 showed a 74.72% smaller value compared
to that of PBCO. In addition, the activation energy
was calculated at 600-700 °C and is shown in Table 1.
Arrhenius dependence was observed in all compo-
sitions, and the activation energy decreased

@ Springer
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Figure 5 a Nyquist plot of PBCCux in air at 600-700 °C b example of fitting at 600 °C R,p,, was subtracted to emphasize the
polarization resistance and observed data and fitted data are shown as dots and solid line, respectively, and ¢ DRT curves of EIS at 700 °C.

Table 1 Polarization

resistance and activation Sample name Polarization resistance (Q cmz) Activation energy (eV)
energy for PBCCux at 600 °C 650 °C 700 °C
600-700 °C

PBCO 0.91 0.40 0.15 1.299

PBCCu0.1 0.67 0.26 0.13 1.191

PBCCu0.2 0.53 0.22 0.12 1.120

PBCCu0.5 0.26 0.14 0.06 1.034

gradually as the Cu doping concentration increased,
with the smallest value being observed in PBCCu0.5.
EIS fitting using equivalent circuit and distribution

same position. According to the literature, the high
frequency (> 10° Hz), intermediate frequency
(1-10° Hz) and low frequency (10 to 1 Hz) charac-

of relaxation time (DRT) analysis conducted for better
understanding of the ORR process. The impedance
spectra were fitted using series of two ZARC element
as shown in Fig. 5b and two distinctive peaks in DRT
were observed in around 10° Hz, 10° Hz and 10 Hz
in Fig. 5c. Both peaks shifted to lower frequency with
Cu content increasing, while 10 Hz peak remains

@ Springer

teristic peaks are related to oxygen ion charge trans-
fer from electrolyte to cathode at TPB, surface
exchange or ion transfer at cathode and gas diffusion
process, respectively. As Cu was doped, it was found
that the oxygen ion transfer and surface electron
exchange in TPB were accelerated, and the impe-
dance decreased. The doping of Cu accelerated
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oxygen ion transfer and surface electron exchange at
TPB, which decreased the impedance [27].

The doping of Cu in PBCO improves the electro-
chemical properties. This is because the doping of Cu
increases the number of oxygen vacancies in the lat-
tice and the free volume of the lattice, which
improves the mobility of oxygen ions. In addition, the
improvement of B-O bond covalency due to the
change in B-O bond structure and orbital
hybridization accelerates surface electron exchange
and oxygen ion transfer at TPB.

Conclusion

We investigated the orbital hybridization and the
polarization resistance changes of PrBaCo,Os;s
doped with Cu (PBCCux, x = 0.1, 0.2, and 0.5). O K-
edge XANES analysis confirmed that the lower
energy shift of the pre-edge peak and the covalency
of the Co-O bond increased by decreasing the O*~
species and increasing the monoxidic species in the
lower energy shift of the pre-edge peak and the Co/
Cu 4sp-O 2p hybridization. Co K-edge EXAFS anal-
ysis indicated that the Co-O first shell intensity
decreased as the Cu content increased, which was
due to the formation of oxygen vacancies by Cu
doping. With an increase in the Cu content, the
impedance decreased by approximately 73% from
091 Q em® (PBCO) to 023 Q em® (PBCCu0.5) at
600 °C due to the synergetic effect of the increase in
oxygen vacancies in the lattice along with the
increase in the covalency of B-O bonds.
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