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The mismatch of thermal expansion coefficients (TECs) between cobalt-containing perovskite air electro-
des and electrolytes is a great challenge for the development of thermo-mechanically durable solid oxide
cells (SOCs). In this work, we propose a facile design principle to directly grow highly dispersed Co reac-
tive sites onto ion-conducting scaffolds and confine the dimension of active centres within nanoscale.
As a representative, the Co-socketed BaCeq 7Zrp2Y0.103_5 perovskite (denoted as R-BCZY-Co) was con-
structed via a consecutive sol—gel and in situ exsolution approach. Combined XRD, H,-TPR, SEM and
TEM results confirm the emergence of Co nanoparticles on a BCZY matrix without the segregation of a
secondary Co-rich phase. The symmetric half-cell measurement suggests that R-BCZY-Co air electrode
with the optimal Co content of 10 mol% exhibits a 7-fold promoted oxygen activation performance with a
polarization resistance of ~0.17 Q cm? at 750 °C. The TEC mismatch between fabricated R-BCZY-Co
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of other representative counterparts. Moreover, the detailed XPS result proves that the architecture of
exsolved Co on BCZY possesses a higher concentration of surface oxygen vacancy, which further

rsc.li/nanoscale benefits the kinetics of ion diffusion and oxygen absorption.

(500-750 °C), showing advantages of lower activation energy

1 Introduction
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Solid oxide cell (SOC), having the modes of fuel cell (SOFC)
and electrolysis cell (SOEC), is a kind of reversible energy con-
version device with high efficiency, which has attracted much
attention from various research communities.”” The conven-
tional oxygen ion-conducting SOC (O-SOC) is using yttrium-
doped zirconia oxide (YSZ) as an electrolyte, which usually
operate at high temperatures (800-1000 °C). Typically, O-SOC
has desirable stability but restricted choice of electrode
materials.> In comparison, the proton-conducting SOC
(H-SOC) could operate at intermediate temperatures
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for ionic transportation and higher electrode flexibility.*
Currently, cobalt-containing perovskites are the most widely
investigated air electrodes for SOCs.””® However, the huge
mismatch in thermal expansion coefficients (TECs) between
air electrodes and electrolytes is still the biggest issue
hindering the commercialization of SOCs.’ For example, the
TECs of representative proton-conducting electrolytes, BZCY
(BaZrg.1Ceo.7Y0.205-5) and BCZYYb (BaCey.;Z1o1Y0.1YDo.105-5),
were measured to be in the range of 9-13 x 107 K>
while Co-based air electrode materials such as
Lay 6S10.4C00 2F€0505_5 (LSCF) and Bag55r.5C00.5F€0205-s
(BSCF) obtain TECs falling in the range of 20-25 x
107% K~'.""** The greater TEC of Co-based perovskites is due
to the larger radius of Co ions after thermal reduction (Co*",
0.068 nm; Co>*, 0.075 nm; Co*>*, 0.088 nm) and spin state tran-
sition."® Such huge discrepancy of TECs results in the delami-
nation at electrode/electrolyte interfaces and internal stress of
cells, significantly reducing the thermo-mechanical stability.’
A previous study disclosed that approximately 10% of interface
area would suffer from delamination when the difference in
TEC between electrode and electrolyte reached 7 x 107° K"
So far, various strategies have been developed to deal with
this challenge. The cobalt-containing perovskites were directly
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mixed with electrolyte powders as the electrode composites to
reduce the TECs.”™"” On the other hand, the defect engineer-
ing in the perovskite structure’® and the construction of
cobalt-free multiphase nanocomposite'® were also reported to
reduce the TECs of the air electrode. However, these results are
still not perfectly satisfactory. Zhang et al. proposed a novel
thermal-expansion offset strategy that a negative-thermal-
expansion component (Y,W;0;,) was introduced to eliminate
the TEC mismatch of Co-based perovskite (StNbg;C0.603_5)
with the electrolyte (Smg,Cey 3019, SDC).° Even so, other
alternative methods without introducing the secondary phase
are still highly worthy of pursuing in the perspective of
reduced system complexity and uncertainty.

In decade, the in situ exsolution of cation to metal in redu-
cing condition at elevating temperature has emerged as a hot
research topic for functional perovskite oxide design.*’>°
Such approach endows the strong metal-oxide interface,
improved agglomeration resistance and high element utiliz-
ation efficiency, which is practical for the application of
electrochemical/heterogeneous catalysis including solid oxide
cells.”

Enlightened by this conception, herein, we demonstrate a
design paradigm to manufacture the in situ exsolved Co active
site-socketed BCZY heterostructure, which realizes the pro-
motion of catalytic activity, manipulation of overall TEC of
electrode and minimization of the mismatch with electrolyte,
simultaneously. The Co element was preliminarily doped into
the lattice of BCZY perovskite and then exsolved out as nano-
particles (NPs) evenly anchored on the surface of porous
scaffold. As a result, the as-obtained composite electrode
shows 7-fold enhancement in the electrochemical perform-
ance with the negligible TEC mismatch of only ~11.4%. This
study offers a new thinking for robust SOC electrode design,
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which has promising generality to be employed in other cell
systems.

2 Experimental
2.1 Synthesis of electrode powders

The BCZY electrolyte and a series of Co-doped Ba
(Cep.7Z19.2Y0.1)1-xC0,05_5 (denoted as BCZY-Co,, x = 0.025,
0.05, 0.075, 0.10, 0.15 and 0.20) powders were synthesized by
the sol-gel method described elsewhere.>®*” For BCZY, stoi-
chiometric amounts of metal nitrates Ba(NO;), (Sinopharm
Chemical Reagent, 99.5%), Ce(NO;);-6H,0 (Energy Chemical,
99.99%), Zr(NOj3),-5H,O (Energy Chemical, 99.9%) and
Y(NO3)3-6H,0 (Energy Chemical, 99.99%) were dissolved in de-
ionized water. The solution was heated to 40 °C under stirring.
Then, metal nitrate, citric acid (CA, Macklin Reagent, 99.5%)
and ethylenediaminetetraacetic acid (EDTA, Macklin Reagent,
99.5%) were added in molar ratios of 1:1.5:1. The pH value
of this mixture was adjusted to ~8 with ammonium hydroxide
(NH3-H,O, Sinopharm Chemical Reagent, 25-28%). The
mixture was subsequently heated to 80 °C under stirring until
the solvent was vaporized and a viscous gel was formed.
Afterward, the gel was heated to 170 °C for 10 h to form a
sponge-like material. The resulting material was grounded
and compacted into pellets, and then calcined at 1100 °C
for 5 h to avoid barium volatilization.”® Similarly, BCZY-Co,
was synthesized with additional Co(NO;),-6H,O (Energy
Chemical, 98%) added. The resulting mixture was also com-
pacted into pellets and calcined at 1100 °C for 5 h to obtain
BCZY-Co, powders. After reduction at 800 °C for 10 h in an
atmosphere containing 5% H,/N,, the in situ exsolved Co-
decorated BCZY-Co, powders (denoted as R-BCZY-Co,) were
synthesized.

2.2 Fabrication of the symmetric half-cells

The dense BCZY electrolyte was prepared by the dry-pressing
method. Approximately 0.5 g BCZY, 1 wt% NiO (Aladdin
Reagent, 99%) and an appropriate amount of polyvinyl alcohol
(PVA, Aladdin Reagent, M,, of ~145 000) were mixed thoroughly
and then pressed in a stainless-steel module with a diameter
of ~18.0 mm. The mixture was sintered at 1450 °C for 10 h in
air atmosphere to densify the electrolyte. The diameter and
thickness of the obtained BCZY electrolyte were ~14.7 and
~0.4 mm, respectively. The sintering shrinkage of the electro-
lyte was calculated to be ~18.3%, indicating that the electrolyte
is dense enough.

The symmetric half-cells of BZCY-Co,||BCZY||BZCY-Co,
were fabricated by the screen printing method.>®?° First, a
slurry of BCZY-Co, was prepared by thoroughly mixing an elec-
trode powder and a screening glue at a weight ratio of 1:1.5.
The glue was composed of ~7 wt% ethyl cellulose (Acmec,
Viscosity of ~180-220) in terpineol (Xilong Chemical, AR), and
an appropriate amount of butyldigol (Xilong Chemical, AR)
was added to adjust the viscosity. Second, the electrode slurry
was screen-printed on the two sides of BCZY electrolyte with
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an active area of ~0.5 cm” and subsequently sintered at
1100 °C for 5 h in air atmosphere. After reduction at 800 °C for
10 h in an atmosphere containing 5% H,/N,, the obtained
half-cells were denoted as R-BZCY-Co,||BCZY||R-BZCY-Co,.
The BCZY||BCZY||BCZY symmetric half-cell was also fabri-
cated as a reference by screen-printing a pure BCZY slurry on
the two sides of BCZY electrolyte. Finally, the Ag paste was
painted onto the surface of electrode as a current collector and
Ag wires were used as current collectors to connect the sym-
metric half-cell with the electrochemical workstation (Wuhan
Corrtest Instruments, CS2350H). Ag wires were fixed to the Ag
paste using a silver conducting resin (Shanghai Institute of
Synthetic Resin, DAD87).

2.3 Electrochemical characterization

Electrochemical impedance spectroscopy (EIS) measurement
was carried out on R-BZCY-Co,||BCZY||R-BZCY-Co, (x = 0.025,
0.05, 0.075, 0.10, 0.15 and 0.20) symmetric half-cells to esti-
mate the electrochemical performance of R-BCZY-Co, as air
electrode for SOC. The performance of BCZY||BCZY||BCZY
symmetric half-cell was measured as a reference. The half-cell
was heated from room temperature to 750 °C at a ramping rate
of 3 °C min™", and then its EIS data were obtained at 750, 700,
650, 600 and 550 °C in air under open-circuit voltage (OCV)
condition and the frequency ranging from 10° to 0.01 Hz with
a potential amplitude of 10 mV using a CS2350H electro-
chemical workstation.

For the van der Pauw DC conductivity test, the electrode
slurry was screen-printed on only one side of BCZY electrolyte
with an active area of ~0.5 cm?, followed by calcination at
1100 °C for 5 h in air atmosphere. Four Ag wires were
mounted on the surface of electrode layer by introducing
four contact points with an inscribed square formed. The cal-
culation of electrode conductivity was reported in the
literature.>*

2.4 Physicochemical characterization

The phase structure of BCZY electrolyte, BZCY-Co, and
R-BZCY-Co, air electrode powers was determined by an X-ray
diffractometer (XRD, Rigaku Ultima IV) equipped with a Cu Ka
radiation source (40 kV, 30 mA) in the 26 interval from 10° to
90° with a scanning rate of 8° min™". The in situ exsolved Co
NPs on R-BCZY-Co, powders were analysed by high-resolution
slow step scan XRD (26 = 43-46°, the scanning rate of ~1°
min~!). The hydrogen temperature-programmed reduction
(H,-TPR) was performed using a home-made chemisorption
apparatus equipped with a thermal conductivity detector
(TCD) to detect H, consumption. Approximately 0.1 ¢
BZCY-Co, sample was pre-treated by 5% H,/N, at room temp-
erature for 1.5 h and then heated to 850 °C at a ramping rate
of 5 °C min~". The morphology of exsolved Co NPs on
R-BZCY-Co, and the microstructure of R-BZCY-Co,||/BCZY]||
R-BZCY-Co, symmetric half-cells were observed using a high-
resolution transmission electron microscope (HRTEM, FEI
Tecnai F30 TWIN) and a field-emission scanning electron
microscope (FESEM, Zeiss GeminiSEM 500), respectively. The
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TECs of electrolyte and electrode were measured ranging from
30 to 1000 °C at a heating rate of 5 °C min™" in air using a
PCY-G precision dilatometer (Xiangtan Xiangyi Instrument).
For the TEC test, approximately 2.5 g powder was pressed in a
stainless-steel module of dimension 25 mm x 8 mm, and the
sintered rod (about 21 mm in length, 7 mm in width and
3 mm in thickness) was obtained after sintering at 1500 °C for
10 h. The oxygen vacancies and valence state of the elements
were analysed using an X-ray photoelectron spectrometer (XPS,
Thermo Scientific K-Alpha+) equipped with an Al Ka radiation
source at 1486.6 eV. The XPS data were calibrated as referenced
to the C 1s peak at 284.6 eV.

3 Results and discussions

3.1 Physical property characterization

Fig. 1(a) shows the XRD patterns of R-BCZY-Co, (x = 0.025,
0.05, 0.075, 0.10, 0.15 and 0.20) samples, and those of
BCZY-Co, samples are presented in Fig. S1.1 All the BCZY-Co,
and R-BCZY-Co, powders demonstrate the rhombohedral
structure, matching well with the BaCe,gZr,,0; perovskite
(PDF#70-3670). Meanwhile, a small amount of BaZrO; impur-
ity (PDF#74-1299) could be detected on BCZY-Co,i5 and
BCZY-C0yg 0, as shown in Fig. S1(b).f The relative intensity of
impurity raises with the increase in Co-doping amount,
suggesting that the existence of impurity is closely related to
Co incorporation. However, such BaZrO; phase disappears on
R-BCZY-Coy 15 and R-BCZY-Coy ,, after the reduction treatment
(at 800 °C for 10 h in an atmosphere containing 5% H,/N,),
which could be explained by the possible dissolution of
BaZrO; in the main perovskite phase after reduction.’*??
Table S1t lists the calculated tolerance factors of BCZY-Co,
samples, which are in the range of 0.960-0.986. All the values
are close to 1, meeting the tolerance limit of perovskite phase.
What is more, the R-BCZY-Co, powders show the maintenance
of the perovskite phase with the co-existence of metallic Co
phase at 20 = ~ 44.2° (PDF#15-0806).>" The amount of exsolved
Co NPs is proportional to the Co-doping level, as shown in
Fig. 1(b). This result preliminarily proves the successful Co
metal exsolution on the surface of R-BCZY-Co,. Fig. 1(c) exhi-
bits the HRTEM images of R-BCZY-Coqio. The measured
lattice spacing is ~0.306 nm, matching well with the lattice
spacing of the (111) plane (~0.307 nm) calculated by the XRD
pattern of R-BCZY-Coqq, with the diffraction peak at 20 =
~29.06° based on Bragg’s law (4 = 0.15406 nm). It further con-
firms the maintenance of perovskite structure after the
reduction treatment.

Furthermore, the H,-TPR measurement was employed to
investigate the reducibility of BCZY-Co, with pure BCZY as a
reference. It can be seen from Fig. 1(d) that the weak H, con-
sumption peaks at ~600 and ~730 °C are ascribed to the
reduction of Ce*" to Ce®* in BCZY, which is in agreement with
the result reported by He et al.*® For BCZY-Co, (x = 0.025, 0.05,
0.075, 0.10, 0.15 and 0.20) samples, there are two extra H, con-
sumption peaks at 360-400 and 420-470 °C, which are related
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Fig. 1 (a) XRD patterns of R-BCZY-Co, (x = 0.025, 0.05, 0.075, 0.10, 0.15 and 0.20) powders. (b) Slow step scan XRD patterns ranging from 43° to
46° in (a). (c) HRTEM images of R-BCZY-Cogq 10. (d) H>-TPR curves of BCZY-Co,.

to the reduction of Co*" to Co*" and Co*>" to Co°,
respectively.’®?” As the Co-doping amount increases, the
reduction peak areas become greater, indicating that a larger
amount of Co with high valence state are reduced. Based on
the H,-TPR results, it is concluded that the condition of
800 °C for 10 h in an atmosphere containing 5% H,/N, is
sufficient to trigger the reduction of Co ions and the exsolu-
tion of Co NPs.

Fig. S21 provides the morphological information of all the
R-BZCY-Co, samples. As illustrated by the example of
R-BCZY-Coy 1 (Fig. 2(a) and Fig. S2(a—f)t), the widely dispersed
pinned Co NPs are clearly observed on all the surface of reduced
samples and the particle sizes are in the range of 30-100 nm.
The amount of Co NPs on R-BZCY-Coy 5 is small as compared
to the other counterparts, which can be explained by its trace
Co-doping amount. The Co 2p XPS spectra of samples before/
after reduction are shown in Fig. 2(b) and Fig. S3.1 The Co 2ps,
peaks located at ~779.5 and ~781.9 eV are assigned to Co®>" and
Co”", respectively. While an additional small Co 2ps, peak
appears at ~777.0 eV for the reduced sample, suggesting the
appearance of Co°, which is in agreement with the results
reported in literatures for Co exsolution.’®*?° The TEM and
HAADF-STEM images and the corresponding EDS elemental
mappings of R-BCZY-Coy 1o shown in Fig. 2(c) further corrobo-
rate the emergence of metallic Co NPs. Apparently, the Ba, Ce,
Zr, Y, O and Co species are evenly dispersed well on the bulk of
R-BCZY-Coy 19, With bright spots on Co mapping only.

Fig. 3(a) presents the thermal expansion curves and TECs
of BCZY electrolytes and BCZY-Co, electrodes measured

20302 | Nanoscale, 2021,13, 20299-20308

ranging from 200 to 1000 °C in air. The average TEC of
BCZY is measured to be ~9.6 x 10™° K™, which is close to
~10.2 x 107° K ' of BZCY*” and ~9.5 x 10™° K" of BCZYYb.?
The average TECs of BCZY-Co, are in the range of ~10.2-11.4
x 107® K™, leading to the calculated discrepancy of TECs
between the electrolyte and the electrode to be ~0.7-1.9 x
107® K. This result is much smaller than 7.0 x 107® K%,
the reported threshold for interface delamination."® Fig. 3(b)
summarizes the reported TECs of electrolytes and Co-based
electrodes in literatures.">'"'*%%2 Generally, the TECs of
typical SOC electrolytes are in the range of 9-13 x 107° K™,
significantly smaller than 15-24 x 107® K™' of Co-based elec-
trodes. The huge differences of TECs are in the range of
5-12 x 107° K™, leading to the risk of thermal-mechanical
instability. The calculated TEC mismatches between represen-
tative electrolytes and electrodes are further presented in
Fig. 3(c).b'h*4716:4950.53 [t can be seen that the TEC mis-
matches shown in our work are all below 20% and the
minimum one is even as low as ~6.2%. While the TEC mis-
matches reported in literatures are generally above 50% with
the smallest value of ~26% between the YBaCo,Os,s elec-
trode and the Gd,;Gey00;.05 electrolyte.”® Hence, the negli-
gible TEC mismatch reported in our work ensures a good
contact between electrode and electrolyte for future long-term
operation.

3.2 Electrocatalytic performance

Fig. S4f shows the cross-sectional microstructure of
R-BCZY-Coy 19| |BCZY||R-BCZY-Coy ;o Symmetrical half-cell and

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) SEM image of the R-BCZY-Coq 19 powder. (b) High-resolution XPS spectra of Co 2p on the surfaces of BCZY-Coq 10 and R-BCZY-Cog 10.
(c) TEM, STEM-HAADF and EDS images of R-BCZY-Cog 10. The EDS elemental mappings of Ba, Ce, Zr, Y, O and Co are represented in cyan, orange,

green, red, blue and yellow, respectively.

(a) 0.015 — BCZY
—BCZY-Co,
——BCZY-(
0.0109——Bczy-Co,,
= ——BCZY-Co
= ——BCZY-Co,
0.005{——BC2ZY-Co,
0.000
154
-
< 10 /%‘;%*;r”\\
2
= ——BCZY: 9.6<10°K
) 5 ——BCZY-Co,,: 106x10°K"  ——BCZY-Co,,:102x10°K"
=) ——BCZY-Co, . 109x10°K"'  ——BCZY-Co, : 10.7510°K"
——BCZY-Co, : 109x10°K"  ——BCZY-Co,,; 11.4x10°K"

0 T T T T r T T
200 300 400 500 600 700 800 900 1000
Temperature (°C)

(b) 30 (C) 80 Delamination >70%)
electrode ‘j(,‘
25 9 |4°7| f}’\ Might delamination|
25 7 60+ ~56-70%
2] | & [44]
o~ _ S o
20 % 5 e
o ° |4°4| ° 5] ( fs?]
< [ 48] £ 40 Ll
R % <
2154t Bl 501 | o
= m 9
BCZY-Co_ . o & vel g,
(this »\(\T) [421[23] 204
10-{a 2 e 8
[40] o [51] N o
electrolyte . This work
Target <1%
0

Fig. 3 (a) Thermal expansion (dL/Lo) curves and TEC values of the BCZY electrolyte and BCZY-Co, electrodes in the temperature range of
200-1000 °C in air. (b) Summary of TECs of representative electrodes and electrolytes reported in the literature. (c) Calculated TEC mismatches
between reported electrolytes and electrodes. The numbers in (b) and (c) correspond to the number of literatures in references. Tables S2 and S3+

list the electrolytes and Co-based electrodes in (b) and (c), respectively.

the morphology of R-BCZY-Coy ;, air electrode before/after the
EIS test, where the cell was tested at 750-550 °C with an inter-
val of 50 °C in air. Obviously, the BCZY electrolyte is dense
and its thickness is approximately 450 pm, as shown in
Fig. S4(a).t The R-BCZY-Co, ,, electrode layer with a thickness

This journal is © The Royal Society of Chemistry 2021

of ~20 pm is attached well to the surface of BCZY. Fig. S4(b)
and (c)t present the morphology of the R-BCZY-Co, 4, elec-
trode before and after the EIS test, respectively. A large
number of circular Co NPs are exsolved on the surface of a
fresh electrode layer. After the EIS test, the polygonal Co NPs
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are still observed on the surface of electrode layer, manifesting
that the Co reactive centres can be preserved well during
measurement. The morphology change could be probably
ascribed to the phase transformation of metallic Co to CoO,
under oxidative testing condition.>*

The electrochemical performance of R-BCZY-Co,||BCZY||
R-BCZY-Co, symmetric half-cells was tested at an elevated
temperature in air, and all the EIS data were analysed by an
equivalent circuit model. The representative fitting EIS results
of R-BCZY-Coy 14| |BCZY||R-BCZY-Coy 1o at 650 °C in air are
shown in Fig. 4(a). This model contains four R-Q elements,
and the Nyquist and Bode plots are divided into four parts
corresponding to high frequency (HF), middle frequency (MF1
and MF2) and low frequency (LF). The fitting results exhibit a
good match with the experimental data.

Fig. S51 shows the electrochemical performance of BCZY||
BCZY||BCZY symmetric half-cell at 750-550 °C in air. It is
found that the total polarization resistance (R;,) of BCZY sym-
metric cell is as high as ~1.2, ~3.5 and ~7.2 Q cm? at 750, 700
and 650 °C, respectively, indicating the catalytically inert prop-
erty of BCZY. Fig. 4(b) illustrates the EIS results of
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R-BCZY-C0y10||BCZY||R-BCZY-C0q 10 and BCZY-Coy 10| |BCZY]|
BCZY-Coy 1 cells at different temperatures. The R, value of the
R-BCZY-Coy 1o symmetric cell measured at 750 °C was deter-
mined to be ~0.17 Q cm?, which is ~30% smaller than ~0.23
Q cm? of the BCZY-Co, 1, symmetric cell, and even only 1/7 of
that of the BCZY symmetric cell. Excitingly, this value is com-
parable to other representative Co-based perovskite electrodes
reported in literatures,'**>%°! as listed in Table 1. The R,
values of R-BCZY-Coy 1o symmetric cell measured at 700, 650,
600 and 550 °C are all smaller than those of BCZY-Coy (o Sym-
metric cell (~0.6 vs. ~0.7 Q cm? at 700 °C, ~1.5 vs. ~2.1 Q cm?
at 650 °C, ~4.2 vs. ~5.5 Q cm? at 600 °C, and ~11.7 vs. ~15.5 Q
cm?® at 550 °C). Thereby, it can be inferred that the Co incor-
poration significantly reduces the polarization resistance of
cells, and surface segregation Co sites could serve as the
effective reaction centres for oxygen activation. Fig. S61 pre-
sents the evolution of polarization resistance including Ry, i,
Ry mr1, Rpmre and R, 1 in Fig. 4(b). All the resistances increase
with the decrease in temperature, and R, yr is the dominant
polarization resistance at a temperature of 600-750 °C, but it
occupies the smallest portion at 550 °C.
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Fig. 4 (a) EIS fitting result using an equivalent circuit model of R-BCZY-Cog 10|| BCZY||R-BCZY-Coy 10 at 650 °C in air under OCV condition. (b) EIS
results of R-BCZY-Cog 10/||BCZY||R-BCZY-Cog 19 and BCZY-Cog 10||BCZY||BCZY-Coq 1o cells measured at 750 to 550 °C in air under OCV condition.
(c) Polarization resistances of R-BCZY-Co,]||BCZY||R-BCZY-Co, (x = 0.025, 0.05, 0.075, 0.10, 0.15 and 0.20) cells measured at 750 °C, 700 °C and

650 °C, respectively. (d) EIS results and the corresponding DRT plots of R-

BCZY-Co,||BCZY||R-BCZY-Coy (x = 0.05, 0.10 and 0.15) cells at 650 °C in

air under OCV conditions. The solid lines in (b) and (c) are the fitting results. All the ohmic resistances were subtracted for clear comparison.
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Table 1 Polarization resistances of some Co-based electrodes for SOC in the literature

R, (Qcm?)
Electrodes Electrolytes 750 °C 700 °C Ref.
R-BCZY-C0g 10 BCZY 0.17 0.60 This work
Lag.cSr0.4C00.2Fe(.503_s BCZYYb — 1.1 55
Bay 5Sr sC00.sFe(.205_5 GDC — 0.04 56
BaFe( 1,5C0¢.125Z1¢.7505_5 GDC 0.22 0.33 14
(Pro.6570.4)0.99C00.2F€0.503_5 GDC — 1.6 45
(Sm.6570.4)0.99C00.2Fe 5035 GDC — 0.50 45
SrCo0;_s LSGM — 41 57
SrCog gFey,03_s LSGM — 2.5 58
Ca;3C0,06 LSGM 0.25 0.51 59
SmBaCo4 4sMng sMgo 050515 SDC 0.40 0.77 60
SmBaCo, 4Mn; sMg( 1055 SDC 0.65 1.5 60
PrBa 5Sr, 5C04 5Fe) 5055 YSZ 0.03 0.04 61

Fig. S71 provides the Co content-dependent EIS results of
R-BCZY-Co,||BCZY||R-BCZY-Co, (x = 0.025, 0.05, 0.075, 0.10,
0.15 and 0.20) symmetric half-cells. The R, values of each
R-BCZY-Co, symmetric cell at 750, 700 and 650 °C are sum-
marized in Fig. 4(c) and those at 600 and 550 °C are provided
in Fig. S8.1 There exists an inverted volcanic relationship
between the Co-doping amount and the R, value of symmetric
cells, and 10 mol% is determined to be the optimal Co doping
level. As illustrated by the example of cells at 650 °C, the R,
value of R-BCZY-Co,i, symmetric cell is ~1.7 Q cm?
Decreasing the Co-doping amount leads to an increase in the
R, value to ~4.1 Q em” for R-BCZY-Cog o5 Symmetric cell,
probably due to the less amount of Co active sites (confirmed
by SEM images shown in Fig. S2(a)f and XRD patterns shown
in Fig. 1(b)), while further boosting the Co-doping amount
also rises the R, value to ~3.2 Q em?” for R-BCZY-Cog 5o Sym-
metric cell.

To investigate the electrochemical processes on R-BCZY-Co,
in detail, the EIS plots were further analysed by the distri-
bution of relaxation time (DRT) method. The DRT data were
calculated using the MATLAB program (named DRTtools)
developed by Ciucci group.®” Fig. 4(d) shows the EIS results
and the corresponding DRT plots of R-BCZY-Cog os,
R-BCZY-Coy 1o and R-BCZY-Co, 15 symmetric cells at 650 °C in
air. The operating temperature-dependent (750-550 °C) DRT
plots of R-BCZY-Coy o symmetric cell are shown in Fig. S9.f
All the DRT plots are deconvoluted into four typical peaks
(denoted as P1-P4) in the frequency range of 107°-10° Hz.
According to the previous literatures,’>®* these four electrode
reaction processes can be identified as follows. The P4 peak
located in the low frequency range of 1-10 Hz is commonly
assigned to the gas diffusion process in porous R-BCZY-Co,
electrode. The intermediate-frequency of P3 (10-10> Hz) and
P2 (10>-10° Hz) are associated with chemical surface exchange
of 0, and O®~ bulk diffusion, respectively. The P1 at high fre-
quency (10°-10* Hz) is ascribed to the charge transfer process.
The proportions of different frequency bands (i.e., P1-P4
peaks) were calculated, and are presented in Fig. S10 and
S11.1 Obviously, the proportion of P1 is greater than those of
the other three peaks for different Co-doping amounts as well

This journal is © The Royal Society of Chemistry 2021

as at 750-600 °C, evidencing that the surface charge transfer
process is the rate-limiting step for R-BCZY-Co, symmetric
cells. When the temperature decreases to 550 °C, the gas
diffusion process becomes the rate-limiting step.

3.3 Further discussion

To further explore other intrinsic reason for the advanced
electrocatalytic performance of R-BCZY-Co,, the electronic con-
figuration and total conductivities of various materials were
analysed. Fig. 5(a) shows the O 1s XPS spectra of BCZY-Coy 1
and R-BCZY-Coi0. The high-resolution O 1s spectra are
deconvoluted into four peaks, namely, lattice oxygen species
(O, O*” at ~528.6 €V), highly oxidative oxygen species (Oy,
0,>7/0” at ~530.3 eV), hydroxyl groups or surface-adsorbed
oxygen (O, ~OH or O, at ~531.5 eV), and surface-adsorbed
water (O, H,O at ~532.9 eV).®°® The relative proportions of
four oxygen species (i.e., Oy, Oy, Oy and Oyy) were calculated
by the area of fitted subpeaks. Among these oxygen species,
Oy and Oy are recognized to be related to oxygen vacancies.®®
The area ratio of (Oy + Op/O; + Oy + Oy + Op) on
R-BCZY-Cog 1o is calculated to be ~88.7%, which is greater
than that of BCZY-Cog 1 (~69.3%). Fig. 5(b) shows the Co
content-dependent O 1s XPS spectra. The area ratio of (Oy +
Om/Oy + Oy + Og + Opy) on R-BCZY-Coy o5 (~65.7%) is much
smaller than that of R-BCZY-Co,i, (~88.7%) and that of
R-BCZY-Cog 15 (~86.0%), suggesting its less surface vacancy
sites for oxygen absorption/activation. This result is consistent
with the DRT data shown in Fig. 4(d) that R-BCZY-Co, o5 has
much greater P3 and P2 peak areas ascribed to more reluctant
surface oxygen exchange kinetics. Therefore, it is concluded
that the Co exsolution not only provides sufficient reactive
sites, but also grants higher concentrations of oxygen vacancy,
which is beneficial to ionic diffusion and oxygen absorption.
As discussed in Fig. 4(d), the surface charge transfer
process is the rate-determining step for R-BCZY-Co, symmetric
cells, manifesting that the electrical conduction could be a
crucial parameter for future material optimization. Fig. 5(c)
presents the total conductivities of BCZY-Cog,;o and
R-BCZY-Co, (x = 0.05, 0.10 and 0.15), which were measured in
air ranging from 400 to 850 °C. It can be seen that all the Co-
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Fig. 5 High-resolution XPS spectra of O 1s and the calculated relative proportion of different oxygen species on the surface of (a) BCZY-Cog 10 and
R-BCZY-Coq 10, and (b) R-BCZY-Coq g5, R-BCZY-Co0q 19 and R-BCZY-Coq 15. (c) Total conductivities in air of BCZY, BCZY-Co, and R-BCZY-Co, (x =
0.05, 0.10 and 0.20). (d) Corresponding Arrhenius plots of In(¢T) vs. 1000/T.

containing samples display a typical p-type semi-conductor
behaviour." The measured conductivities gradually increase
with the increase of temperature, indicative of the small
polaron hopping mechanism.'> The conductivity of
BCZY-Coy 1o is observed to be slightly greater than that of
R-BCZY-Coy 10 (€.g:, ~0.042 vs. ~0.040 S cm™! at 600 °C, ~0.082
vs. ~0.076 S cm™* at 700 °C, and ~0.15 vs. ~0.14 S cm™* at
800 °C). The decrease in the conductivity of R-BCZY-Coy 1o might
be due to the introduction of oxygen vacancy after the reduction
treatment.®” Furthermore, the conductivities of R-BCZY-Co, at a
certain temperature increase with the increase of Co-doping
amount. For example, the conductivity of R-BCZY-Coqos at
650 °C is ~0.04 S cm™, and those of R-BCZY-Co,,, and
R-BCZY-Coy 15 increase to ~0.06 and ~0.08 S cm™', respectively.
This can be explained by the contribution of surface Co species
for enhancing the electronic conductivity. The lower conductivity
of R-BCZY-Coy (5 than those of R-BCZY-Co,.1, and R-BCZY-Coy 15
is consistent with the greater P1 peak area of R-BCZY-Coy o5 Sym-
metric cell, as presented in Fig. 4(d).

The conductivity of BCZY was also evaluated by the van der
Pauw DC conductivity test and the BCZY slurry was screen-
printed on one side of BCZY electrolyte. However, there is no
pronounced difference in conductivity between BCZY and Co-
doped samples, as shown in Fig. 5(c), which fails to explain
the observation that the R, value of BCZY is 7-fold greater than
that of R-BCZY-Co,. Thereby, it is concluded that the improve-
ment of electrochemical performance for R-BCZY-Co, is

20306 | Nanoscale, 2021, 13, 20299-20308

mainly related to the introduction of Co as active sites rather
than the conductivity.

Fig. 5(d) shows the corresponding Arrhenius plots of In(¢T)
vs. 1000/T for these samples in air. According to the Arrhenius
equation, the activation energies for electrical conduction were
calculated by the slopes of the fitted lines. The activation
energy for conductivity of BCZY was measured to be ~0.552 eV.
In comparison, the activation energies for the conductivity
of BCZY-Coy; and R-BCZY-Co, (x = 0.05, 0.10 and 0.15)
are in the range of ~0.50-0.52 eV. which are the typical
values for proton transport (0.3-0.6 eV).> The activation
energies for conductivity in this work
~0.44 eV of BaCe,-Zry1Y,1C00105;_s and
BaCey 7Z10.1Y0.18C00.0203_5 reported by Yang et a

Assisted by the design principle of in situ exsolution, the
direct growth of nano Co active sites onto the BCZY matrix
(Fig. 1 and 2) could effectively break through the bottleneck of
TEC mismatch (Fig. 3) without the trade-off of electrocatalytic
performance (Fig. 4) and system simplicity. However, the ionic-
conducting active/electronic-conducting inactive properties of
BCZY scaffold still restrict the establishment of fast electrical
conduction pathway for electron transfer, which, unfortu-
nately, is unable to be concurrently alleviated by the exsolved
nanoparticles with isolated-standing modality (Fig. 5). In
future work, other strategies that could boost the electronic
conduction of the materials without sacrificing other merits
should be pursued.

are close to

~0.59 eV of
l.68
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4 Conclusions

In this work, a series of in situ exsolved Co-decorated Ba
(Ce0.7Zr0.2Y0.1)1-xC0,03_s perovskites (x = 0.025, 0.05, 0.075,
0.10, 0.15 and 0.20) have been synthesized by the sol-gel
method. Multiple types of characterization including XRD, H,-
TPR, XPS, SEM and EDS mapping confirm the exsolved Co NPs
on the surface of R-BCZY-Co, after reduction. Results of TEC
test show that the average TECs of BCZY-Co, are in the range
of ~10.2-11.4 x 10~° K™, which are very close to that of the as-
synthesized BCZY (~9.6 x 10~° K™") electrolyte and can elimin-
ate the risk of electrode/electrolyte interface delamination. The
EIS results of symmetric half-cells indicate that there exists an
inverted volcanic shape relationship between the Co-doping
amount and electrochemical performance, and Co exsolution
significantly reduced the R, value by up to 7-fold. The pro-
moted performance is not only due to the formation of Co
reactive centres, but also owing to the enhanced concentration
of oxygen vacancies in R-BCZY-Co,. We believe this facile
design paradigm is universally practical for many other SOC
systems.
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