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Improving the Oxygen Evolution Reaction: Exsolved Cobalt
Nanoparticles on Titanate Perovskite Catalyst

Shangshang Zuo, Yuan Liao, Chenchen Wang, Aaron B. Naden, and John T. S. Irvine*

Perovskites are an important class of oxygen evolution reaction (OER)
catalysts due to highly tunable compositions and adaptable characteristics.
However, perovskite-based catalysts can have limited atom utilization
efficiency due to large particle size, resulting in low mass activity. Herein,
Cobalt nanoparticles are exsolved from La0.2+2xCa0.7-2xTi1-xCoxO3 perovskite
and applied in OER. Upon reduction in the 5% H2/N2 atmosphere at 800 °C
for 2 h, the Co exsolved perovskite catalyst (R-LCTCo0.11) exhibits optimal
OER performance. The mass activity of R-LCTCo0.11 reaches ≈1700 mA mg−1

at an overpotential of 450 mV, which is 17 times and 3 times higher than that
of LCTCo0.11 (97 mA mg−1) and R-Mix (560 mA mg−1) catalysts respectively,
surpassing the benchmark catalyst RuO2 (42.7 mA mg−1 of oxide at
𝜼 = 470 mV). Electrochemical impedance spectroscopy (EIS) data reveals that
R-LCTCo0.11 has the lowest charge transfer resistance (Rct = 58 𝛀),
demonstrating the highest catalytic and kinetic activity for OER. Furthermore,
this catalyst shows high stability during an accelerated durability test of 10 h
electrolysis and 1000 cycles cyclic voltammetry (CV). This work demonstrates
that nanoparticle exsolution from a doped perovskite is an effective strategy
for improving the atom utilization efficiency in OER.

1. Introduction

Water electrolysis, as an ideal method of utilizing renewable en-
ergy sources such as solar, tidal, and wind energy, has gained
increasing attention in light of the current energy shortage
and climate emergency situation.[1] Water electrolysis involves
the hydrogen evolution reaction (HER) at the cathode and
oxygen evolution reaction (OER) at the anode. Although wa-
ter electrolysis is considered one of the most efficient and
reliable technologies for large-scale hydrogen production,[2] it
is still hampered by the sluggish four-electron transfer ki-
netics in OER. Therefore, developing potential electrocatalysts
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for OER is pivotal to promote reac-
tion dynamics in practical hydrogen
production.[3,4] So far, precious metal-based
electrocatalysts, such as RuO2 and IrO2,
exhibit excellent OER performance in
both acidic and alkaline electrolytes, but
their high cost and scarcity on earth con-
strain large-scale applications.[4–6] Thus,
the design and synthesis of non-precious
metal-based OER electrocatalysts with low
cost and earth abundance has attracted
extensive interest in recent years.[7–9]

Recently, perovskite oxides (i.e., ABO3,
where A in this structure is typically occu-
pied by an alkali/alkaline earth/rare earth
element with a 12-fold coordination and B is
generally held by a transition metal element
with a 6-fold coordination with oxygen)[10]

have spurred multiple waves of interest for
OER catalysis due to their highly tunable
compositions and adaptable physicochem-
ical characteristics.[7,11–13] For instance, the
Ba0.5Sr0.5Co0.8Fe0.2O3-𝛿 (BSCF) catalyst dis-
plays excellent OER performance, even
higher than that of IrO2 for the intrinsic

activity.[11] Lee et al. make use of in situ conversion of BaNiO3
during OER to obtain a new family of perovskite BaNi0.83O2.5
with ideal O 2p band structure, which surpasses many per-
ovskite oxides in OER activity.[14] However, the large particle
size of perovskite-based catalysts could limit their atom utiliza-
tion efficiency, leading to low mass activity. Many approaches
have been developed to improve the mass activity, such as ball-
milling method, plasma process, tailoring the surface cation
configuration, and construct microstructures on the catalyst
surface.[15–19] However, the nanoparticle agglomeration is very
likely to occur during synthesis or ageing process because of
the property of unanchored nanoparticles. As a matter of fact,
anchored nanoparticles could be exsolved from the perovskite
framework, which has been recently extensively exploited in
high-temperature fuel cells.[20–28] It is reported that exsolution is
tunable by varying vacancies, compositions, calcination temper-
ature, and atmosphere.[29] As an illustration, the presence of A-
site vacancies can serve as a compelling driving force facilitating
the exsolution of B-site elements to reinstate stoichiometry.[29]

Through this process, certain metal nanoparticles could be an-
chored on the perovskite surface, which could avoid nanoparticle
agglomeration to achieve higher mass activity.

To the best of our knowledge, the exsolution of metal
nanoparticles from perovskites is rarely investigated as
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Figure 1. A) Room temperature X-ray diffraction patterns of LCTCo0.11 and R-LCTCo0.11, and B) corresponding magnified XRD patterns of peak (112).
SEM images of C) LCTCo0.11, and D) R-LCTCo0.11.

low-temperature OER catalysts. In this work, a series of Co-
doped La0.2+2xCa0.7-2xTi1-xCoxO3 (LCTCox, x = 0.01, 0.05, 0.11,
0.2, and 0.3) perovskites are synthesized, and Co nanoparti-
cles are successfully exsolved from the parent perovskite after
calcination in a reducing atmosphere. To optimize catalyst
performance, Co doping level, reduction temperature, and
time have been explored. The optimized catalyst (R-LCTCo0.11,
reduced from LCTCo0.11 at 800 °C for 2 h in a 5% H2/N2
atmosphere) exhibits 17-times of mass activity compared with
the parent perovskite (LCTCo0.11) at an overpotential of 450 mV.
The relevant mechanism is also explained by electrochemical
impedance spectroscopy (EIS) results. This work shows the
great potential of metal exsolution from the perovskite frame-
work to improve the atom utilization efficiency and promising
development toward OER.

2. Results and Discussion

2.1. Structure Characterization

The phase components and crystal structures of as-synthesized
LCTCo0.11 and R-LCTCo0.11 are represented through X-ray
Diffraction (XRD) patterns. As shown in Figure 1A, the diffrac-
tion peaks of LCTCo0.11 and R-LCTCo0.11 observed at 22.9, 32.6,
38.5, 40.2, 46.8, 52.8, 58.3, 68.5, and 77.9° are well indexed with
(002), (112), (103), (022), (004), (114), (132), (224), and (116) crys-
tal planes of CaTiO3 (JCPDS 82–0231), which belong to the phase

of orthorhombic structure (space group Pbnm, no. 62). It is ob-
vious the introduction of Co does not change the structure of
CaTiO3. Additionally, energy dispersive spectroscopy (EDS) of the
samples LCTCo0.11 and R-LCTCo0.11 confirmed the presence
of the elements La, Ca, Ti, Co, and O, respectively (Figure S1,
Supporting Information). These results indicate successful syn-
thesis of Co-doped lanthanum calcium titanate perovskite. Ac-
cording to magnified XRD patterns in Figure 1B, the perovskite
(112) reflection shifts to lower 2𝜃 angles after reduction, indicat-
ing larger cell parameters, which is consistent with the refine-
ment data (Table 1). As seen in Table 1, the lattice parameters of
LCTCo0.11 are a = 5.471 Å, b = 5.472 Å, and c = 7.738 Å, which
are all smaller than that of R-LCTCo0.11 (a= 5.473 Å, b= 5.475 Å,
and c = 7.744 Å). This can be explained by the transformation of
smaller Ti4+ (0.605 Å) to larger Ti3+ (0.67 Å) on the B-site as well
as associated oxygen loss.[30] It can be seen clearly in SEM images
of Figure 1C,D that the cobalt nanoparticles have been generated
on the surface of LCTCo0.11 after 2 h reduction at 800 °C and the
diameter of the particles is ≈30 nm.

Additionally, based on the XRD patterns shown in Figure
S2 (Supporting Information), the reference sample LCT
(La0.2Ca0.7TiO3) exhibits a pure phase that corresponds well
with JCPDS 82–0231, while the CoOy sample (synthesized
using the same sol–gel method as the other samples) exhibits
a predominant Co3O4 phase with a minor CoO phase. The Mix
sample is obtained by combining the LCT and CoOy compo-
nents, resulting in the presence of two phases, CaTiO3 and
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Table 1. Refined unit-cell lattice parameters of LCTCo0.11 and R-LCTCo0.11.

Sample Symmetry Space group Refined Cell parameters [Å] Cell volume [Å3]

a B c

LCTCo0.11 Orthorhombic P Pbnm (62) 5.471 5.472 7.738 231.65

R-LCTCo0.11 Orthorhombic P Pbnm (62) 5.473 5.475 7.744 232.05

Co3O4, as indicated by the XRD pattern. However, upon reduc-
tion, the Co3O4 phase becomes indiscernible, while the presence
of cobalt phase is observable in the R-Mix sample (reduced from
Mix sample at 800 °C for 2 h in a 5% H2/N2 atmosphere), as
indicated by the XRD pattern (Figure S2, Supporting Informa-
tion). Correspondingly, SEM images in Figure S3 (Supporting
Information) reveal consistent findings. Notably, the identifica-
tion of the sub-micrometer spherical structure in the SEM image
(Figure S3D, (Supporting Information)) becomes challenging
due to its degradation after reduction, ultimately leading to the
absence of the Co3O4 phase in the XRD pattern of the R-Mix
sample (Figure S2, (Supporting Information)).

Furthermore, a series of LCTCox and R-LCTCox_10 h (reduced
from LCTCox at 800 °C for 10 h in a 5% H2/N2 atmosphere) sam-
ples with various Co doping levels have been prepared and in-
vestigated. As displayed in Figure S4 (Supporting Information)
the crystal structure of LCTCox is indexed with CaTiO3 (JCPDS
81–0561) and the (112) peak shifts to lower 2𝜃 angles with the
increase of Co doping level, indicating higher interplanar spac-
ing, which agrees with the refined unit cell parameters (Figure
S9; Table S1, Supporting Information). Figure S5A (Supporting
Information) illustrates that most of the peaks of R-LCTCox_10 h
samples can be well indexed to CaTiO3 (JCPDS 82–0230) except
for the small peak at 44.2° (belonging to cobalt (JCPDS 15–0806))
that can only be observed in samples R-LCTCo0.2_10 h and R-
LCTCo0.3_10 h due to the higher exsolved amount. The analysis
of Figure S5B to F (Supporting Information) clearly reveals a cor-
relation between the Co doping level and the size and quantity
of exsolved Co nanoparticles. When the Co doping level is 0.01,
it becomes challenging to detect Co nanoparticles (as depicted in
Figure S5B, Supporting Information). However, as the Co doping
level increases to 0.05, the Co nanoparticles exhibit a diameter of
≈70 nm (as illustrated in Figure S5C, Supporting Information).
The exsolved Co nanoparticles obtained from R-LCTCo0.11_10 h
(Figure S5D, Supporting Information) display a size range of 80–
110 nm. Notably, Figure S5E (Supporting Information) demon-
strates the onset of agglomeration as the Co doping level reaches
0.2. Furthermore, Figure S5F (Supporting Information) pro-
vides evidence that Co nanoparticles can attain sizes up to
210 nm.

Moreover, LCTCo0.11 has been calcined at 800 °C in a tubular
furnace in a 5% H2/N2 atmosphere for various calcination times.
The diffraction peaks of these samples in Figure S6A (Support-
ing Information) correspond to CaTiO3 (JCPDS 82–0231), which
belongs to the phase of orthorhombic structure with the space
group of Pbnm (62). As shown from Figure S6B to F (Support-
ing Information), it is quite apparent that the size of exsolved Co
nanoparticles grows with the extent of reduction time. The diam-
eter of the exsolved Co nanoparticles in the R-LCTCo0.11_0.5 h
sample (Figure S6B, Supporting Information) is ≈10 nm and in-

creases to 30 nm when the calcining time is extended by ten times
(R-LCTCo0.11_5 h, Figure S6E, Supporting Information). Finally,
after 10 h of calcination, the size of the Co nanoparticles could
reach 100 nm (R-LCTCo0.11_10 h, Figure S6F, Supporting In-
formation). Besides, the effects of calcination temperature on the
R-LCTCo0.11_2 h catalysts (reduced from LCTCo0.11 at various
temperatures for 2 h in a 5% H2/N2 atmosphere) have been inves-
tigated. XRD patterns of the as-prepared R-LCTCo0.11_2 h sam-
ples are shown in Figure S7 (Supporting Information). All these
samples exhibit a pure orthorhombic structure with the space
group Pbnm (no. 62). The SEM images presented in Figure S8
(Supporting Information) indicate that the Co nanoparticles on
R-LCTCo0.11_600 °C and R-LCTCo0.11_700 °C exhibit a similar
size of ≈30 nm. The particle size of exsolved Co slightly increases
by increasing the reduction temperature, but it remains less than
50 nm even at a high temperature of 900 °C for 2 h (Figure S8D,
Supporting Information). In conclusion, the reduction temper-
ature shows a relatively slight impact on the particle size of the
exsolved Co compared to other conditions.

To study the effect of different synthesis conditions on the crys-
tal structure, cell parameter refinement of all the perovskite sam-
ples mentioned above are carried out and summarized in Figure
S9 and Tables S1 to S4 (Supporting Information). As exhibited in
Figure S9A,B (Supporting Information), with an increase of Co
doping level, their unit-cell parameters and volume expand. In
contrast, reduction time and temperature have an inconspicuous
influence on the unit-cell parameters (Figure S9C,D, Supporting
Information).

Scanning Transmission Electron Microscopy (STEM) technol-
ogy is introduced to get a better understanding of the atomic
structures of LCTCo0.11 and R-LCTCo0.11. The STEM image
and the corresponding elemental mapping images in Figure
S10 (Supporting Information) suggest that the component el-
ements of LCTCo0.11 are distributed uniformly, which proves
that the doped Co is spread evenly in the bulk material in-
stead of being split into enormous aggregates. The atomic-
resolution high-angle annular dark-field (HAADF) STEM images
recorded along the [110] zone axis of LCTCo0.11 is displayed
in Figure 2A. The interplanar spacing of (112) of LCTCo0.11
is measured to be 0.273 nm, as a comparison, the (112) lattice
plane spacing of R-LCTCo0.11 is increased to 0.292 nm (the in-
set in Figure 2B), which is well-consistent with the XRD data
in Figure 1B. Figure 2A also depicts the schematic diagram of
atomic configuration of LCTCo0.11 along the [110] direction, as
well as the orthorhombic perovskite unit cell. The STEM and
corresponding EDS elemental distribution mapping images in
Figure 2B reveal that the Co nanoparticles have been successfully
exsolved from the bulk perovskite and that the diameter of the
Co nanoparticle is ≈30 nm, which is in line with the SEM data
(Figure 1D).
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Figure 2. A) HAADF-STEM image with corresponding schematic along the [110] zone axis and the crystal structure of orthorhombic perovskite for
LCTCo0.11. B) HAADF-STEM images with corresponding EDS elemental distribution mapping of R-LCTCo0.11.

The adsorption and desorption isotherms of N2 at 77 K and the
corresponding physical properties (pore size distribution, BET
specific surface area and pore volume) for the prepared sam-
ples are shown in Figure S11 (Supporting Information). Accord-
ing to the IUPAC classification, the adsorption isotherms for
all samples are Type IV implying the mesoporous structures.[31]

All of the isotherms rise sharply, approaching P/P0 = 1, indi-
cating the presence of macropores (pore size > 50 nm), which
agrees well with the pore size distribution curves in Figure
S11B (Supporting Information).[31] The pore size distribution
of all samples centers ≈120 and 140 nm. Figure S11C (Sup-
porting Information) demonstrates that Mix and R-Mix samples
have the largest special surface area (SSA), ≈5 m2 g−1, while
the SSA of LCT is 4.1 m2 g−1, which is higher than that of
LCTCo0.11 (0.9 m2 g−1) and R-LCTCo0.11 (2.5 m2 g−1). The
pore volumes of LCTCo0.11 (0.002 cm3 g−1) and R-LCTCo0.11
(0.006 cm3 g−1) in Figure S11D (Supporting Information) rank
last and second to last, respectively. However, this time, LCT
(0.021 cm3 g−1) has the highest pore volume, and the Mix sam-
ple exhibits a similar pore volume of 0.011 cm3 g−1 to that of
R-Mix. To reveal the amount of exsolved Co nanoparticles, ther-
mogravimetric analysis (TGA) result of R-LCTCo0.11 is depicted
in Figure S12 (Supporting Information). The R-LCTCo0.11 ex-
perienced an overall weight gain of ≈1.00% once the tempera-
ture reached 530 °C. This increase in weight can be mainly at-
tributed to the re-oxidation of the Co nanoparticles, which re-
sulted in the formation of Co3O4 nanoparticles.[32] Consequently,
the mass ratio of exsolved Co nanoparticles did not exceed
2.75%.

2.2. OER Performance

To investigate the potential of exsolution from perovskite on
low-temperature electrocatalysis, the OER performance of R-
LCTCo0.11 and corresponding control samples is evaluated in
1.0 m KOH. First of all, the OER activities on LCT, Mix, R-
Mix, LCTCo0.11, and R-LCTCo0.11 are measured by Linear
sweep voltammetry (LSV) and all the measured LSV curves in
this study are iR-corrected. As shown in Figure 3A, LCT, Mix,
and LCTCo0.11 exhibit negligible performance toward OER. Re-
garding the overpotential (𝜂) to support a current density of
10 mA cm−2, R-LCTCo0.11 deliveries an overpotential of 430 mV,
which is lower than R-Mix (𝜂 = 481 mV) sample and even com-
parable to the benchmark catalysts of BSCF (420 mV) and IrO2
(440 mV).[33]

To acquire a deep understanding of catalytic kinetics, the
Tafel plots obtained from polarization curves are displayed in
Figure 3B. The Tafel slopes of LCT, Mix, and LCTCo0.11 are
118, 120, and 117 mV dec−1, respectively, suggesting that the
first stage is the rate-determining step (corresponding featured
Tafel slope: 120 mV dec−1) for LCT, Mix, and LCTCo0.11 in the
OER process, where the -OH groups are strongly bonded with
the catalyst, making the deprotonation process hard to occur.[34]

As a comparison, the Tafel slopes for R-Mix and R-LCTCo0.11
significantly drops to 62.7 and 53.5 mV dec−1, respectively, indi-
cating a different rate-determining step because of the closeness
to another featured Tafel slope of 60 mV dec−1.[34] Besides, R-
LCTCo0.11 displays the smallest Tafel slope, implying the fastest
OER rate among these tested catalysts.
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Figure 3. A) LSV curves, B) Tafel plots of LCT, Mix, R-Mix, LCTCo0.11, and R-LCTCo0.11 catalysts recorded in 1.0 м KOH. C) Mass activities based on
the amount of Co loading at 𝜂 = 450 mV, and D) ECSA of LCT, Mix, R-Mix, LCTCo0.11, and R-LCTCo0.11 catalysts. E) Chronopotentiometry test for
R-LCTCo0.11 at a current density of 10 mA cm−2 without iR-correction. F) LSV curves of R-LCTCo0.11 obtained initial and after 1000 cycles of accelerated
CV.

Motivating high catalytic performance while maintaining low
metal loading has been a critical issue in catalyst design since it
is directly related to catalyst cost and commercial application.[35]

Figure 3C plots the mass activities (based on the amount of Co
loading) of LCT, Mix, R-Mix, LCTCo0.11, and R-LCTCo0.11 cat-
alysts at an overpotential of 450 mV. Notably, the mass activ-
ity of R-LCTCo0.11 reaches ≈1700 mA mg−1, which is 3-times
and 17-times higher than R-Mix (560 mA mg−1) and LCTCo0.11
(97 mA mg−1), respectively. And definitely surpasses the bench-
mark catalyst RuO2 (42.7 mA mg−1 of oxide at 𝜂 = 470 mV),[36]

suggesting the excellent OER catalytic performance of the Co
nanoparticles anchored perovskite catalyst. The OER mass activ-
ity of R-LCTCo0.11 is remarkable compared to the most reported
state-of-the-art OER electrocatalysts (Table S5, Supporting Infor-
mation), making it has potential for practical applications. The

mass activities for the rest of the samples are insignificant com-
pared with R-LCTCo0.11. Meanwhile, the electrochemically ac-
tive surface area (ECSA) of LCT, Mix, R-Mix, LCTCo0.11, and R-
LCTCo0.11 have also been compared (Figure 3D), which are de-
rived from Figures S13–S15 (Supporting Information). The as-
prepared LCT shows an ECSA of 4.92 cm2, then increased to
6.155 cm2 after doping of 11% cobalt (LCTCo0.11), and it finally
reaches to 13.888 cm2 after the exsolution of cobalt nanoparticles
(R-LCTCo0.11). The ECSA of Mix is 4.383 cm2, which is lower
than LCTCo0.11, and rises up to 8.738 cm2 after reduction. This is
similar to the ECSA trend from LCTCo0.11 to R-LCTCo0.11. The
results unequivocally demonstrate that the increase in Co utiliza-
tion from exsolution of perovskite can improve the OER perfor-
mance. The stability of R-LCTCo0.11 is measured by chronopo-
tentiometry at j= 10 mA cm−2 and 1000 cycles cyclic voltammetry
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Figure 4. A) LSV curves, B) Tafel plots, C) mass activities based on the amount of Co loading at 𝜂 = 550 mV, and D) ECSA (derived from Figures S16–S18,
Supporting Information) of R-LCTCox_10 h (x = 0.01, 0.05, 0.11, 0.2, and 0.3), which were prepared in a tubular furnace at 800 °C for 10 h in 5% H2/N2
atmosphere. E) LSV curves, F) Tafel plots, G) mass activities based on the amount of Co loading at 𝜂 = 550 mV, and H) ECSA (derived from Figures
S19–S21, Supporting Information) of R-LCTCo0.11_800 °C, which were produced in a tubular furnace at 800 °C for 0.5, 1, 2, 5, or 10 h in 5% H2/N2
atmosphere, respectively. I) LSV curves, J) Tafel plots, K) mass activities based on the amount of Co loading at 𝜂 = 550 mV, and L) ECSA (derived from
Figures S22 and S23, Supporting Information) of R-LCTCo0.11_2 h, which were produced in a tubular furnace at 600, 700, 800, or 900 °C for 2 h in 5%
H2/N2 atmosphere, respectively.

(CV) as shown in Figure 3E,F. The results show that the catalyst
of R-LCTCo0.11 is remarkably durable under these aging con-
ditions and its activity is even increased after 1000 cycles of CV
scanning, which should be the result of in situ Co exsolution dur-
ing the electrochemical process.[35]

2.3. Optimization of OER Activities for R-LCTCox

To optimize the performance of the R-LCTCox catalyst, Co dop-
ing level, reduction time, and temperature have been explored.
First, Figure 4A–D shows the OER activities of a series of R-
LCTCox_10 h electrocatalysts prepared at 800 °C for 10 h un-
der a 5% H2/N2 atmosphere. The OER activities of R-LCTCox
increase sharply when the Co doping level is less than 11%, but
then decreases slightly when the Co doping level reaches 20%
and 30% (Figure 4A). The R-LCTCo0.11_10 h catalyst exhibits a
Tafel slope of 59.6 mV dec−1, lower than all the other samples,
suggesting the fastest kinetics for OER (Figure 4B). Meanwhile,
the R-LCTCo0.11_10 h catalyst delivers the highest mass activ-
ity and ECSA among all series of catalysts (Figure 4C,D). So, a
doping level of 11% is selected for further studies.

Second, the relationship between reduction time and OER
activity has been explored and the results are displayed in
Figure 4E–H. LSV, mass activity, and ECSA all exhibit a similar

variation trend: they grow as the reduction time rises from 0.5 to
2 h, then decrease when the reduction time is extended to 5 and
10 h. However, all of the catalysts have comparable Tafel slopes,
close to 60 mV dec−1, indicating a similar mechanism for OER.
In brief, the catalyst with 2 h reduction exhibits better OER per-
formance. Additionally, the reduction temperature has also been
studied, as indicated in Figure 4I–L. The LSV curves reveal that
the R-LCTCo0.11_2 h catalyst synthesized at 800 °C displays the
lowest overpotential of 430 mV at 10 mA cm−2. The excellent OER
activity is also revealed by the Tafel slope (53.5 mV dec−1), mass
activity (≈9000 mA mg−1 of Co loading at 𝜂 = 550 mV) and ECSA
(13.888 cm2). In conclusion, it is clear that the R-LCTCo0.11 cat-
alyst reduced at 800 °C for 2 h shows the highest comprehensive
performance toward OER in this research on account of the suit-
able amount and size of exsolved Co nanoparticles on the per-
ovskite surface.

In order to investigate the relationship between structure and
performance, we conducted a detailed analysis of the refined
unit-cell lattice parameters for samples with different doping
levels. The intriguing findings are presented in Figure 5. As
shown in Table S1 (Supporting Information), while the struc-
ture of LCTCo0.3 is cubic, the structures of all other sam-
ples are orthorhombic. By comparing the values of a, b, and
c/
√

2 in Figure 5A, we observe that the crystal structure of
LCTCo0.11 is the closest to the cubic structure among the
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Figure 5. A) Refined unit-cell lattice parameters a, b, and c/
√

2 and B) a/b of LCTCox (x = 0, 0.01, 0.05, 0.11, 0.2, and 0.3). C) Refined unit-cell lattice

parameters a, b, and c/
√

2 and D) a/b of R-LCTCox (x = 0.01, 0.05, 0.11, 0.2, and 0.3).

orthorhombic samples. Consequently, it is reasonable to find that
the value of a/b in LCTCo0.11 is the closest to 1 in Figure 5B.
Remarkably, even in the corresponding reduced samples, they
exhibit similar trends, as depicted in Figure 5C,D. Based on
these compelling results, we can conclude that orthorhombic
perovskite structures that approach cubic symmetry are more
prone to the exsolution of Co nanoparticles with optimal size
and density, which are highly advantageous for enhancing OER
performance.

2.4. EIS Analysis

To further study the OER mechanisms of LCT, Mix, R-Mix,
LCTCo0.11, and R-LCTCo0.11, EIS measurements were con-

ducted and are displayed in Figure 6 and Figure S24 (Supporting
Information). According to Figure S24A,B (Supporting Informa-
tion), the phase peak at lower frequency in LCT and Mix gradually
shifts toward a higher frequency region with an increase in ap-
plied potential, indicating the characteristic frequency of active
sites involved in OER. Meanwhile, the phase peak at a higher
frequency remains stable and is not influenced by the applied
external bias. This frequency range (102–103 Hz) corresponds to
the surface double-layer capacitance (DLC).[37] The correspond-
ing Nyquist plots in Figure S24A’,B’ (Supporting Information)
display two pseudo semicircles beyond onset potential. Hence,
the equivalent electrical circuit (EEC) shown in Figure S25A (Sup-
porting Information) is used to fit the EIS data of LCT and Mix
obtained at 1.7 V versus RHE (Reversible Hydrogen Electrode).

Figure 6. A) Bode impedance plots of LCT, Mix, R-Mix, LCTCo0.11, and R-LCTCo0.11 acquired at 1.7 V versus RHE. B) The corresponding Nyquist plots
of the same samples. C) Plot of charge transfer resistance (Rct) values for above samples at 1.7 V.

Small 2023, 2308867 © 2023 The Authors. Small published by Wiley-VCH GmbH2308867 (7 of 9)
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Rs represents the uncompensated electrolyte resistance, Rct1 is
associated with the charge transfer rates within various steps in
OER, and Rct2 is related to the adsorption resistance arising from
reversibly adsorbed reactions.[37,38] The total faradaic resistance
for OER in this model is the sum of Rct1 and Rct2, known as Rct.
The capacitor element is referred to as a constant phase element
(CPE) due to its non-ideal impedance behavior.[39] Figure S24C,D
(Supporting Information) exhibits only one phase peak (R-Mix
and LCTCo0.11), and the corresponding Nyquist plots (Figure
S24C“,D”, Supporting Information) show a single semicircle. In
this case, the Randle’s cell model (Figure S25B, Supporting Infor-
mation) can be used to analyze the EIS data. As for R-LCTCo0.11,
the Bode plot shows two phase peaks in the potential range of
1.2−1.6 V, which then merge into a single peak when the po-
tential exceeds 1.65 V, as shown in Figure S24E (Supporting In-
formation). Similarly, the two pseudo semicircles in the Nyquist
plot are transformed into a small pseudo semicircle in Figure
S24E’ (Supporting Information). Therefore, the Randle’s model
is also suitable for fitting the EIS data at 1.7 V. In the common
Randle’s model, Rs represents the uncompensated electrolyte re-
sistance resulting from the interaction between the catalyst and
electrolyte, while Rct represents the charge transfer resistance for
the overall OER process.[39,40] The adsorption resistance is depen-
dent on the applied potential and catalyst and may be negligible
in some cases. In such cases, the EEC can be simplified to the
Randle’s model. The characteristic frequency of the active site
for OER in the R-Mix and R-LCTCo0.11 samples is determined
to be 60 Hz at 1.7 V versus RHE, as shown in Figure 6A. On
the other hand, the characteristic frequency for OER in the re-
maining three samples is much lower, ranging from 3 to 6 Hz at
the same potential, indicating a slower reaction rate. The corre-
sponding Nyquist plots in Figure 6B demonstrate that R-Mix and
R-LCTCo0.11 have lower Rct values compared to the other three
samples. To clarify, the fitting parameters of Rct for these sam-
ples are shown in Figure 6C and ranked as follows: R-LCTCo0.11
(58 Ω) < R-Mix (82 Ω) < LCTCo0.11 (931 Ω) < Mix (1023 Ω) <
LCT (1485 Ω). The lower Rct value indicates higher catalytic and
kinetic activity for OER, which is total in concordance to the LSV
and Tafel data displayed in Figure 3.

3. Conclusion

In summary, a series of Co-doped titanate perovskite with A-site
deficiency is successfully synthesized by a sol–gel method, and
Co nanoparticle-anchored perovskites are obtained via further
calcination in a tubular furnace under a 5% H2/N2 atmosphere.
The size and population density of exsolved Co nanoparticles
are discovered to be highly dependent on Co doping level (crys-
tal structure), reduction temperature and time. The catalyst (R-
LCTCo0.11) reduced at 800 °C for 2 h with proper Co nanoparti-
cle size and density exhibits superior OER catalytic performance.
Notably, the mass activity of R-LCTCo0.11 (1700 mA mg−1 at
𝜂 = 450 mV) is 17-times and 3-times higher than that of
LCTCo0.11 (97 mA mg−1) and R-Mix (560 mA mg−1), respec-
tively. This suggests that the exsolution method outperforms the
physical mixture of samples, and the exsolved Co nanoparticles
significantly promote OER performance. Then, LCTCo0.11 ex-
hibits excellent stability with 10 h chronopotentiometry test at
j = 10 mA cm−2 and 1000 cycles of CV. Furthermore, the smaller

charge transfer resistance (Rct = 58 Ω) of R-LCTCo0.11 implies
the higher catalytic and kinetic activity for OER. This novel cat-
alyst could provide a promising strategy for improving the atom
utilization efficiency in OER and other systems such as HER and
ORR.

4. Experimental Section
Materials Synthesis and Characterization: Samples of LCTCox, x = 0.01,

0.05, 0.11, 0.2, and 0.3 were prepared by a modified sol–gel method.[41–43]

First, appropriate amount of Titanium (IV) bis(ammonium lactato) dihy-
droxide solution (Sigma–Aldrich, 50 wt. % in H2O) and ethylene glycol
(Fisher Chemical, LR) were measured and mixed under magnetic stir-
ring. Second, desired amounts of citric acid (Acros Organics, 99.5%)
were added to the solution as a chelating agent following 5 mL dis-
tilled water to accelerate its dissolution. Third, stoichiometric amounts of
La(NO3)3·6H2O (Alfa–Aesar, 99.9%), Ca(NO3)2·4H2O (Alfa–Aesar, 99%),
Co(NO3)2·6H2O (Acros Organics, 99%) were dissolved in deionized wa-
ter and added into the above solution under continuous heating and stir-
ring. The molar ratio of total metal ions/citric acid/ethylene glycol was
1:2:12. The resulting solution was kept on a hot plate at ≈120 °C with
continuous magnetic stirring to form a viscous gel and then the gel was
heated at 300 °C overnight. During this process, most of the organics
in the solution would had been carbonized. The residue was calcined at
550 °C for 2 h for decarbonization. Finally, the LCTCox samples were ob-
tained by calcinating the precursors at 1000 °C for 8 h in a Muffle fur-
nace. The cobalt-exsolved LCTCox (R-LCTCox) samples were produced
by reducing them in a tubular furnace under a 5% H2/N2 atmosphere.
Particularly, to optimize the OER performance of the catalyst, a series
of doping levels, reduction times and temperatures had also been in-
vestigated. Meanwhile, control samples La0.2Ca0.7TiO3 (LCT) and CoOy
were synthesized by the same method shown above. The Mix sample
was produced by mixing appropriate amount of LCT and CoOy with the
Ti:Co ratio of 0.89:0.11. To get R-Mix sample, the Mix sample was re-
duced in a tubular furnace at 800 °C for 2 h with the atmosphere of
5% H2/N2.

The crystal structures of all the as-prepared samples were examined us-
ing a PANalytical Empyrean X-ray diffractometer with Cu-K𝛼1 radiation and
zero-background Si substrate holder. The Brunauer-Emmett-Teller (BET)
specific surface area was determined by measurements of N2 adsorp-
tion/desorption on a Micromeritics TriStar II 3020 at 77K and the pore size
distributions were analyzed by the Barrett–Joyner–Halenda (BJH) method.
The morphological structures of catalysts were characterized by a scan-
ning electron microscope (SEM, Jeol JSM-IT800) equipped with X-ray en-
ergy dispersive spectrometers (EDS) and a Aberration-corrected Scanning
Transmission Electron Microscopy (STEM, FEI Titan Themis TEM) also
equipped with EDS. Thermogravimetric analysis (TGA) of catalysts was
performed using Netzsch STA 449C in air with the flowrate of 30 ml min−1

to 700 °C with the heating rate of 5°C min−1.
Electrochemical Measurements: All electrochemical measurements

were conducted on a typical three-electrode system using an electrochem-
ical workstation (AMETEK). A Pt plate and an Ag/AgCl (filled with satu-
rated KCl) electrode were used as the counter and reference electrodes,
respectively. A glassy carbon electrode (GCE, inner diameter 3 mm, outer
diameter 5 mm) loaded with catalyst ink was served as the working elec-
trode. The catalyst ink was made by mixing 4 mg catalyst, 8 mg carbon
black, 60 μL 5 wt.% Nafion solution (Sigma–Aldrich) and 940 μL anhydrous
ethanol processing for at least 30 min sonication. The catalyst ink was
dropped casted onto the polished GCE and dried in air at room tempera-
ture. Linear sweep voltammetry (LSV) curves were recorded in 1.0 м KOH
electrolyte from 1.2 to 1.9 V versus Reversible Hydrogen Electrode (RHE)
with iR-correction at a scan rate of 10 mV s−1. Electrochemically active
surface area (ECSA) was estimated by scanning CV from 1.22 to 1.32 V
versus RHE (non-Faradaic region) at different scan rates ranging from 10
to 200 mV s−1. Electrochemical impedance spectroscopy (EIS) was col-
lected from 100000 to 0.1 Hz at a series of voltages. The electrochemical
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 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202308867 by U
niversity O

f St A
ndrew

s U
niversity, W

iley O
nline L

ibrary on [30/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.small-journal.com

stability was characterized by chronopotentiometry at a current density of
10 mA cm−2 and 1000 cycles of CV between 1.3 and 1.9 V versus RHE.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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