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Abstract. This report designed a Pt/LaCoO3 composite electrocatalyst for electrochemical water splitting:
LaCo0.94Pt0.06O3 was prepared via the sol-gel method and then dealt with a heat treatment in 10% H2/Ar
atmosphere at 350 °C. The XRD, HRTEM, SEM and XPS results show that the Pt nanoparticles (NPs)
exsolve from the perovskite lattice and are homogeneously distributed on the surface. The HER and OER
performance of the samples was tested in 1 molL-1 KOH solution and the ﬁndings illustrate that compared
with LaCo0.94Pt0.06O3, Pt/LaCoO3 owes better OER and HER performance. The improved performance could
be up to the higher ratio of oxygen vacancies and improved charge transfer. Furthermore, the synergistic
effect between Pt NPs and the LaCoO3 matrix may also take a leading part in the future.
Keywords. LaCo0.94Pt0.06O3; In-situ exsolution; Pt nanoparticles; Electrochemical performance.

1. Introduction
Nowadays, with the rapid consumption of fossil fuels
and the resulting environmental problems, many
researchers are diligent to exploit efﬁcient and environmental-friendly energy to replace fossil fuels.1
Hydrogen energy is labeled as clean, efﬁcient and
sustainable and an ideal substitute for fossil fuels.
Electrochemical water splitting is considered to be one
of the most effective ways for hydrogen preparation on
a large scale.2,3 Electrochemical water splitting
includes two major reactions: the oxygen evolution
reaction (OER) on the anode and the hydrogen evolution reaction (HER) on the cathode. However,
effective electrocatalysts are under pressing need to
boost the electrochemical water splitting because of
the sluggish kinetics of the above reactions.4 It is
acknowledged that the ruthenium/iridium oxides
(RuO2/IrO2) and platinum (Pt) metals are state-of-art
electrocatalysts for OER and HER. However, the high

ﬁnancial cost, excessively low reserves and low electrochemical stability make it difﬁcult for them to get
wide applications.5 Given this embarrassing situation,
great efforts have been devoted to non-noble metal
electrocatalysts,6 such as transition metal oxides,7
nitrides,8,9 phosphides.10 Perovskite oxide (denoted as
ABO3, where A, B is typically alkaline or rare-earth
metals, transition metals, respectively), which has
been proved to have good OER and HER performance
in recent years,11–14 has attracted many attentions
because of their facile synthesis, low cost, easiness for
scale-up and more importantly, compositional and
structural tunability.15
The factors that can affect the OER and HER performance of perovskite oxide include the speciﬁc
surface area, the conductivity, and the electronic
structure of B-site cations. The OER and HER reactions take place on the surface of the catalysts, hence,
the speciﬁc surface area often decides the amount of
active sites and affect the OER and HER
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performance.16,17 Studies have shown that the electronic structure of B-site cations often affects the value
of eg orbital ﬁlling and the ratio of oxygen vacancies.
Suntivich reported that the perovskite oxides exhibit
the best OER performance when the value of eg orbital
ﬁlling of B-sites cations is 1.2.18 In addition, recent
studies also proved that the eg orbital ﬁlling descriptor
is also applicable for HER.19 Besides, the higher ratio
of oxygen vacancies can also boost the OER and HER
performance: on one hand, oxygen vacancies could
affect the electrocatalytic performance of the perovskite oxides like the active sites, decreasing the
adsorption energy of H2O molecules at the active
sites;20,21 on the other hand, the localized electrons
around the oxygen vacancies are easy to be delocalized, and hence, improve the speciﬁc conductance of
the surface.22 The above researches illustrate that it is
feasible to promote the electrocatalysis of perovskite
oxides through changing the B-site electronic structure, but the performance is still no better than noble
metals.
Our previous study reported that the OER and HER
performance of LaCoO3 could be enhanced via
effective doping of platinum,23 and LaCo0.94Pt0.06O3
has proved to be having better performances. However, many studies have proved that it could be more
efﬁcient to improve the electrocatalytic performance
when the noble metals be attached to the surface of the
perovskite with elemental or alloy phase.25 Han synthesized the Pt/CaMnO3 via pyrolysis deposition and
further processed by hydrogenation treatment. The low
electrocatalytic of the CaMnO3 and the electrochemical stability of Pt could be obviously improved
through a synergistic effect,24 which means that the
segregated metallic Pt can accelerate the electron
exchange process between CaMnO3 surface and its
adsorbed intermediates, and thus facilitate electrochemical reaction kinetics. Zhu prepared the Pt/CBa0.5Sr0.5Co0.8Fe0.2O3-d and Pt/C- PrBaCo2O5?d by
simple ultrasonic mixing and they also believed that
the creation of the synergistic effect between the Pt
and the oxide phases could effectively improve the
electrocatalysis of the perovskite.25 Recently, some
reports focus on in-situ exsolution of metal nanoparticles (NPs) on the surface of perovskite via hydrogen
treatment to get NPs/perovskite oxides composite with
great electrocatalytic performance. Jiang constructed a
RuO2/LFRO composite by in-situ exsolved La0.9
Fe0.92Ru0.08O3 and the OER performance increased a
lot compared with the pristine LFRO.26 Du prepared a
Fe-Ni alloy NPs decorated ceramic anode via in-situ
reduction of the perovskite Sr2FeMo0.65Ni0.35O6-d in
H2 at 850 °C and the Fe-Ni/SFMN exhibited high-
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performance anode for SOFC.27 Zhu synthesized the
Ni NPs/LSTO via in-situ exsolution of Ni NPs by
treating La0.6Sr0.4Ti0.9Ni0.1O3-d in an atmosphere of
10%H2/90%Ar at 900 °C and the Ni NPs/LSTO possessed great OER and HER performance.28 Pt NPs is
recognized as a state-of-art HER catalyst. However,
there is only a few reports about in-situ exsolved Pt
NPs to boost the electrocatalytic reactions of perovskite oxide so far.
In the present study, the heterostructure of Pt
nanoparticles (NPs) exsolved from LaCo0.94Pt0.06O3
(denoted as LCP0.06) matrix was designed through insitu exsolution, and proved to be having better performance for OER and HER than pristine LaCo0.94Pt0.06O3.23 The facile and economic approach can not
only generate ﬁne dispersed nanoparticles, but also
exhibit strong coupling between exsolved nanoparticles and parent materials. 29,30

2. Experimental
2.1 Chemicals
La(NO3)36H2O (99.99%, AR grade), Co(NO3)26H2O
(99.99%, AR grade), citric acid (CA, 99.99%, AR
grade), ethylenediaminetetraacetic acid (EDTA,
99.99%, AR grade), KOH (99.98%, AR grade) and
ammonia (25%, AR grade) were produced by Kermel.
Pt(NO3)2 (Pt, 18%) was bought from Aladdin. Naﬁon
(5 wt%, v: v: v= 4: 1: 0.04) was purchased from
Sigma-Aldrich. All the above chemicals were directly
used without puriﬁcation.

2.2 Synthesis
The LaCo0.94Pt0.06O3 was prepared via sol-gel
method: Stoichiometric amounts of La(NO3)36H2O,
Co(NO3)26H2O and Pt(NO3)2 were dissolved into
deionized water with its concentration of metal ions
kept as 0.1 molL-1. Then the citric acid (CA) and
ethylenediaminetetraacetic acid (EDTA) were then
introduced to keep the mole ratio of 1 (metal ions): 1.5
(CA): 1 (EDTA). After the pH value was adjusted to
8–9 by ammonia, the mixture was converted to sol
through magnetic stir in water bath at 80 °C. Then the
sol was heated at 120 °C for 24 h to acquire a dry gel.
To remove the organics and excess water, the dry gel
was calcined at 500 °C for 2 h and then at 900 °C for
6 h to obtain the well-crystallized perovskite oxides.
The in-situ exsolution process was performed in
10% H2/Ar with the ﬂow rate controlled at 15 mLmin-1
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for 4 h. The temperature (350 °C) was selected based
on the H2 temperature-programmed reduction (H2TPR) results of LaCo0.94Pt0.06O3.
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scan rate). Electrochemical impedance spectra (EIS)
were evaluated at 0.7 V and – 1.5 V (vs. Hg/HgO2) for
OER and HER, respectively, with frequency ranging
from 0.1 Hz to 105 Hz.

2.3 Characterization
The samples were subjected to X-ray diffraction
analysis (XRD, MiniFlex600) with Cu Ka radiation
(k=1.5406 Å) to identify phase structure. The scan
range of angle was 20°– 80° with the scan rate of 5°/
min. The average crystallite size was estimated via the
peak broadening technique, and morphology was
studied across transmission electron microscopy
(TEM, JEM-2100F) and scanning electron microscopy
(SEM, s4800). The surface chemical composition was
analyzed using X-ray photoelectron spectroscopy
(XPS, Kratos-AXIS ULT RADLD equipment with Al
Ka radiation). The binding energy of C 1s (284.8 eV)
was used as an internal standard. The H2 temperatureprogrammed reduction (H2-TPR) was performed on a
chemical micromeritics Auto Chem II 2920.
2.4 Electrochemical measurement
The sample was deposited for electrochemical measurement by a reﬁned slurry coating way. 5 mg catalyst
powders, 1 mg acetylene black, 50 lL Naﬁon, 300 lL
isopropanol and 450 lL deionized water were physically
mixed, then treated by ultrasonic dispersing for 3 h to
achieve a homogeneous catalyst ink. Next, 3.4 lL of the
ink was dropped and dried uniformly on the polished
glassy carbon (GC, 3 mm in diameter) electrode,
ensuring an electrocatalyst loading of 0.3 mgcm-2.
Furthermore, the mass loading of the GC electrode in the
overall water splitting test was 0.6 mgcm-2.
The standard three-electrode system was introduced
to test the OER and HER performance, with the graphite rod and the saturated calomel electrode (SCE) as
the counter electrode and the reference electrode,
respectively. All the electrochemical tests were carried
out in 1 molL-1 aqueous KOH solution. The polarization curves were recorded through liner sweep
voltammetry (LSV) at a scan rate of 5 mVs-1 under
potential windows from 0 to 1.0 V and – 1.8 to – 0.9 V
(vs. Hg/HgO2) for OER and HER, respectively. In
addition, the overall water splitting was performed
using a two-electrode system at a scan rate of 5 mVs-1.
The results of electrical double layer capacitor (Cdl)
were conducted from Cyclic Voltammetry (CV) tests
at different scan rates (5, 20, 40, 60, 80 mVs-1)
according to the formula: Di/2=v9Cdl (where v is the

3. Results and Discussion
3.1 Textural characterization
The XRD patterns of the catalysts are illustrated in
Figure 1. It could be seen that the diffraction peaks,
which at 22.9°, 33.2°, 40.5°, 47.3°, 58.6°, 67.7°, 69.6°,
73.7° and 78.6° are well indexed to the referenced perovskite phase (PDF#48-0123).23 No obvious changes of
the main diffraction peaks could be observed on the
samples after the H2 treatment at 350 °C (Figure 1(a)),
indicating that the treatment does not destroy the overall
structure of the LCP0.06. And Figure 1(b) suggests the
peaks slightly shift to a lower angle after the in-situ
exsolution, which may attribute to the expansion of the
lattice since the Pt nanoparticles exsolved from the lattice
and created oxygen vacancies.31 In addition, the
two peaks at around 31° to 33.5° merge into one
(Figure 1(b)), denoting the distortion of the tripartite
phase to cubic. Besides, two bulges could be observed
around 40.1° and 46.8° (Figure 1(c)), corresponding to
the standard Pt (PDF#87-0647), which imply the
appearance of elemental Pt.
A direct evidence of Pt nanoparticles (NPs) segregated on LCP0.06 surface is further testiﬁed by SEM
and HRTEM. Figure 2 shows the SEM images of the
catalysts. It can be seen that the LCP0.06 is well-developed with smooth surface and after H2 treatment,
some nanoparticles are homogeneously distributed on
the surface of the samples (Figure 2(b), (c)). Combined with the XRD results, the exsolved nanoparticles
could be preliminarily identiﬁed as Pt NPs. The Pt
nanoparticle size distribution were calculated and
displayed in Figure 2(d), and the average nanoparticle
size is 0.225 nm, which is equivalent to the Pt (111)
crystal plane. The HRTEM results (Figure 3) show the
microstructure of the samples. The detailed interplanar
spacing of 0.272 nm (Figure 3(a), (b)) corresponds to
crystal plane (110) of LCP0.06. In contrast, there are a
few nanoparticles exsolved on Pt/LaCoO3 (denoted as
R-LCP0.06) surface after annealing in 10% H2/Ar at
350 8C (Figure 3(b)), which have a spacing of
0.225 nm, agreeing well with (111) crystal plane of Pt.
As expected, the in-situ exsolved structure of Pt NPs
on R-LCP0.06 is successfully prepared by the reduction
process.
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Figure 1. XRD patterns of the samples. (a) LCP0.06 and R-LCP0.06; (b) the enlarged patterns from 32° to 34° and (c) the
enlarged patterns from 39° to 50°.

3.2 Surface species and reducibility properties
The H2-TPR results of the samples are shown in
Figure 4, the reduction peaks around 400 °C (Co3?
? Co2?) and 500 °C (Co2? ? Co) belong to Co
element. It has been pointed out in literature that the
reduction peak of Pt element is around before
200 °C,32 which doesn’t seem to appear in this test,
and that’s probably because there’s no sufﬁcient Pt
content in the samples to be detected. Therefore, in
order to conduct the hydrogen reduction without
causing any serious damage to the crystal structure
of the samples, the reaction temperature is set at 350
8C.
X-ray photoelectron spectroscopy (XPS) was used
to verify the surface states of pristine LCP0.06 and insitu exsolved R-LCP0.06. As shown in Figure 5(a), the
O 1s peaks are deconvoluted into four peaks. The
peaks located at 528.9 eV, 529.6 eV, 531.3 eV and
532.9 eV are indexed to O2- (lattice oxygen), O22-/O(highly oxidative oxygen), -OH/O2 (surface absorbed
oxygen or hydroxyl) and H2O (surface absorbed
water),13,33 respectively. And the concentrations of

each kind of oxygen in R-LCP0.06 and LCP0.06 are
listed in Table 1.34,35 The concentration of surface
adsorbed oxygen or hydroxyl of R-LCP0.06 (58.53%)
is higher than that of LCP0.06 (50.45%), indicating that
the electrochemically active surface oxygen vacancies
might be responsible to the enhancement of OER and
HER performance.
Figure 5(b) shows the Co 2p spectra of the samples.
Based on deconvolution, the peaks of Co3? are located
at 780.1 eV and 795.2 eV, and those of Co2? are at
782.0 eV and 797.3 eV.11,23,36,37 It could be conducted
from the peak-area that the ratio of Co3?/ Co2? in
R-LCP0.06 is 2.46, the average valence state of Co ions
is ? 2.71 and the electron number of eg orbital is 1.29,
these ﬁgures are basically the same as those of LCP0.06
(Co3?/ Co2?: 2.60, average valence of Co: ? 2.71, eg
orbital ﬁlling: 1.29),11,21 So the in-situ exsolution has
little effect on the species on the B-site Co ions of the
samples.
The XPS pattern of Pt 4f is illustrated in Figure 5(c) and (d). After the deconvolution, the peaks
around 74 eV (Pt 4f7/2) and 77 eV (Pt 4f5/2) are divided
into Pt4?, Pt2? and Pt, respectively. The binding energy
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Figure 2. SEM images of the samples: (a) LCP0.06; (b) & (c) R-LCP0.06; (d) particle size distribution of the exsolved Pt
nanoparticles.

Figure 3. HRTEM images of the samples: (a) LCP0.06; (b) R-LCP0.06.

at 73.92 eV and 77.25 eV can be assigned to Pt4?, with
72.45 eV and 75.91 eV belonging to Pt2?, and Pt owes
71.59 eV and 75.16 eV.38 The Pt peaks appear only in
R-LCP0.06 in Figure 5(c), obviously, after the in-situ
exsolution, some Pt ions in the crystal lattice of LCP0.06
are reduced to Pt NPs and dispersed on the surface of the
sample, which is consistent with the characterization
results of XRD, SEM and HRTEM mentioned above.
In Figure 5(d) there is the comparison of the
initial R-LCP0.06 and after 500 cyclic voltammetry
(CV) OER tests. It has been pointed out before that
in OER tests, the elementary Pt especially the
nanoparticles tend to be oxidized and become nonconducting PtOx oxides and form an oxidation
coating, therefore hinder the following charge

transfer.39 And the area percentage of Pt peaks of
R-LCP0.06 after 500 CV tests did shrink to 21.5%,
not as much as before (32.4%), this could be the
reason for the declined performance of the catalyst
in OER durability test.

3.3 Electrocatalytic properties
The results of OER performance tests of the catalyst
samples are shown in Figure 6. The initial potential
and the overpotential at 10 mAcm-2 of R-LCP0.06 are
1.58 V and 427 mV (Figure 6(a)), respectively, lower
than those of LCP0.06, suggesting a better OER performance. The smaller Tafel slope value of R-LCP0.06
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the overpotential at 10 mAcm-2 increases abouts
26 mV, which is relatively small, therefore, the OER
stability of R-LCP0.06 is ﬁne. In Figure 6(d) and
Figure 6(e)), the mass activity (MA) and turnover
frequencies (TOFmass) values are calculated: MA represents the ratio of current and mass under certain
voltage, the bigger number means greater electrocatalytic activity; and TOFmass is concluded from the
following formula:
TOF mass ð102 =sÞ
¼

Figure 4. The
LaCo0.94Pt0.06O3.

H2-TPR

results

of

LaCoO3

and

(92 mV/dec) in Figure 6(b) indicates that as well. In
the stability test (Figure 6(c)), after 500 cyclic
voltammetry tests there’s a reduction in the performance, and part of the explanation could be attributed
to the oxidation of Pt NPs on the surface (Figure 5(d)),

current ðmA=cm2 Þ  MWof the catalystðg=molÞ
a  F ðAs=molÞ  catalyst loadingðmg=cm2 Þ

with the B-site cations are active sites, F (As/mol) is
the farady constant, which is 9.64859104 As/mol, a is
the number of transferred electrons corresponding to
per half-reaction that produces one molecule of the
target product, usually it’s 4 in OER reactions and 2 in
HER reactions. The MA and TOFmass values of
R-LCP0.06 samples at 1.7 V vs. RHE are 78.22 A/g and
5.15910-2 /s, respectively, almost 1.8 times those of
LCP0.06, which also means that the OER activity of the
R-LCP0.06 is improved.

Figure 5. The XPS spectra of (a) O 1s; (b) Co 2p; (c) Pt 4f of LCP0.06 and R-LCP0.06; (d) Pt 4f of R-LCP0.06 before and
after 500 cyclic voltammetry tests.
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Table 1. O 1s XPS peak deconvolution results of the catalysts.
Catalysts

Lattice O2-

O22-/O-

Surface -OH/O2

Surface H2O

LCP0.06
R-LCP0.06

24.05%
19.62%

18.76%
18.08%

50.45%
58.53%

6.74%
3.77%

Figure 6. (a) The LSV OER curves; the corresponding (b) Tafel plots; (c) cyclic stability curves; (d) mass activity (MA)
and (e) TOFmass data of LCP0.06 and R-LCP0.06.

Figure 7 represents the HER performance of the
samples. The overpotential at -10 mAcm-2 of
R-LCP0.06 (272 mV) is obviously lower than LCP0.06

(Figure 7(a)), and the Tafel slopes in Figure 7(b) show
that R-LCP0.06 sample has a smaller Tafel slope value,
which is 175 mV/dec. There’s an increase of about
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Figure 7. (a) The LSV HER curves; the corresponding (b) Tafel plots; (c) cyclic stability curves; (d) mass activity (MA)
and (e) TOFmass data of LCP0.06 and R-LCP0.06.

22 mV of the corresponding overpotential after 500
CV tests, as shown in Figure 7(c), so the R-LCP0.06
has pretty good HER stability. The mass activity
(-42.09 A/g at - 0.3 V vs. RHE, Figure 7(d)) and the
TOFmass value (-5.54910-2 /s, Figure 7(e)) of
R-LCP0.06 are about 1.2 times of those of LCP0.06, so
the in-situ exsolution does upgrade the HER performance of the samples.
In Table 2 there are the electrocatalytic performances of the R-LCP0.06, LCP0.06 and other state-ofthe-art catalysts that has been reported. Not only does

the R-LCP0.06 became more active than pristine
LCP0.06, it also shows closer electrochemical activity
to RuO2, which has been considered one of the best
electrocatalysts ever. By exsolving the Pt nanoparticles and making them well dispersed on the surface of
the sample, the performances for OER and HER could
be promoted to a higher level.
In the overall water splitting tests in Figure 8, when the
current density is 10 mAcm-2, the required overpotential
of R-LCP0.06 is 1.78 V, which is lower compared with
LCP0.06 (Figure 8 (a)). The chronopotentiometry tests
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Table 2. Comparison of overpotentials at (-)10 mAcm-2 for
OER (EOER) and HER (EHER) of other reported catalysts.
Catalysts
R-LCP0.06
LCP0.06
RuO2
Pt/C
LaFeO3-0.1CeO2

EOER
427
454
182
365

mV
mV
mV
mV

EHER

Ref

272 mV
294 mV
66 mV
-

This work
This work
26
40
41

(Figure 8 (b)) at the current density of 10 mAcm-2 for 20 h
continuous operation also demonstrates an excellent
durability of R-LCP0.06.
3.4 Discussion
The electrochemically active surface area (ECSA) is
estimated by the double layer capacitance (Cdl)
through measuring the capacitive currents of the

38

samples with potential range of 1.3-1.4 V (vs. RHE).
Figure 9 (a) demonstrates the cyclic voltammetry
curves of R-LCP0.06 at different scanning rates (5, 20,
40, 60, 80 mVs-1). The Cdl graph in Figure 9 (b) is
conducted from the relationship between the half
current differential (DI/2) at the medium voltage (1.35
V vs. RHE) and the scanning rate (v). The Cdl values
of R-LCP0.06 and LCP0.06 are 1.58 mFcm-2 and 1.10
mFcm-2, respectively, proving that the ECSA is
improved with the progression of exsolution, so is the
electrocatalytic performance.
The EIS spectra of OER and HER of the samples
are illustrated in Figure 10. The diameter of the
semicircle is an indicator of the electrocatalytic charge
transfer resistance. It can be observed from the picture
that the exsolved R-LCP0.06 exhibits decreased charge
transfer resistance compared to the bare LCP0.06,
which could be the reason why both OER and HER
performances of the catalysts are promoted.

Figure 8. (a) Polarization curves for overall water splitting and (b) Chronopotentiometry curves of LCP0.06 and
R-LCP0.06.

Figure 9. (a) Cyclic voltammogram and (b) capacitive currents of LCP0.06 and R-LCP0.06 at different scanning rates of
LCP0.06 and R-LCP0.06.
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Figure 10. The EIS spectra of (a) OER; (b) HER of LCP0.06 and R-LCP0.06.

It is generally accepted that the poor electron conductivity of oxides badly hinders their electron process
for electrochemical reactions.42 In this study, the high
electronic conduction of segregated Pt NPs (Figures 2,
3, 5) obtained by in-situ exsolution are different from
the ones acquired by physical blending, the catalyst
matrix has some special space conﬁnement and synergies on Pt NPs, which can accelerate the electron
exchange process between LCP0.06 matrix and its
adsorbed intermediates, and ultimately promote the
electrochemical reaction kinetics.
4. Conclusions
In summary, the Pt/LaCoO3 electrocatalyst with an
exsolved structure was prepared via an effortless and
effective in-situ exsolution strategy. The Pt/LaCoO3
catalyst reduced under 10% H2/90 % Ar atmosphere at
350 °C possesses an outstanding bifunctionality for
OER and HER, better than that of LaCo0.94Pt0.06O3.
From all the tests results, it is conﬁrmed that the
enhancement in electrochemical performance can be
attributed to the increased surface oxygen vacancies
and charge-transfer process caused by the synergistic
interplay between Pt nanoparticles and LaCoO3
matrix. This work displays a new path in designing
electrocatalysts through in-situ exsolution for electrochemical storage and conversion technology.
Supplementary Information (SI)
In supplementary information, we provide the XRD patterns
of the LaCo0.94Pt0.06O3 and Pt/LaCoO3 catalyst, as well as
the SEM and HRTEM images, the XPS spectra of the elements in the catalysts, and Table S1 shows the O 1s XPS
peak deconvolution results. Supplementary information is
available at www.ias.ac.in/chemsci.
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