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One step solid-state synthesis of lanthanum cobalt oxide perovskites as catalysts for
oxygen evolution in alkaline media
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Lanthanum cobalt oxide perovskites exhibit good catalytic activity and stability towards oxygen evolution reaction in
alkaline media. This makes them especially attractive as electrodes for water electrolysis since they may substitute the
more expensive ones used so far, such as iridium and ruthenium oxides. Although various preparation methods are well
documented in literature, the fabrication of lanthanum cobalt oxides is often laborious, involving intermediate grinding
and annealing steps. Different from that, we show that lanthanum cobalt oxide perovskites can be readily and thoroughly
obtained by solid-state synthesis from lanthanum and cobalt oxide precursors, without making use of intermediate
processing steps. The resulted powders are essentially within a polycrystalline single phase with well-defined structural
and morphological properties. In order to assess the activity towards the oxygen evolution reaction, electrodes obtained
from the resulted powders are investigated in a three electrode electrochemical cell in 1IN KOH.
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INTRODUCTION

Although the initial discovery of water
electrolysis has been demonstrated in acidic aqueous
solutions, nowadays trend towards mass production
of hydrogen involves alkaline media, such as
potassium hydroxide [1]. When compared to acidic
media, the advantage of water electrolysis in alkaline
solutions is the increased hydrogen production
efficiency and corrosion resilience, together with a
prolonged life time performance since the alkaline
water electrolysis may be operated at much lower
over-potentials and current densities [2]. Apart from
that, the possibility to substitute platinum-based
catalysts for less expensive materials (e.g., nickel
and cobalt oxide) with enhanced catalytic activity
and stability towards hydrogen and oxygen
evolution reactions makes it especially attractive
from an applicative point of view, since the
manufacturing of large scale operating hydrogen
production stations often demands laborious and
expensive processing routes for the catalytic
material [3,4].

Among various platinum-free catalysts, the
most promising ones are the oxides of the 3d-band
transition metals, with an activity trend towards
oxygen evolution reaction varying such as: Ni > Co
> Fe > Mn [2-5]. Although mixtures and alloys of
these transition metals and their oxides exhibit
valuable potency towards oxygen evolution reaction,
it is the perovskite-like crystalline structure of these
elementals with lanthanum in the form of LaTMO;
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(i.e., TM - Ni, Co, Fe and Mn) that has attracted a lot
of interest lately, mainly due to their enhanced ionic
conductivity and stability in alkaline media [6]. In
literature, these systems documented as ABO;
perovskite structures, in which A ions can be rare
earth, alkaline earth and alkali that fit into
dodecahedral sites of the crystalline lattice, whereas
the B ions can be 3-, 4- and 5d-transition metal ions
which occupy octahedral sites [3]. The perovskite
lattice can accommodate multiple substitutions on
both A and B sites, making it possible to fine tune
the overall physical properties, such as ionic
conductivity and dielectric constant, as well as
chemical stability and activity towards oxygen
evolution reaction. One special case is LaCoQOs,
whose microstructure, catalytic activity, electronic
and ionic conductivity depend strongly on the
synthesis route. To that, oxygen deficiency plays an
important role [3,7].

As a direct synthesis route, LaCoOs perovskites
can be prepared by solid-state reaction of pure
lanthanum and cobalt oxides, carbonates and
oxalates at temperatures as high as 1200°C [8]. The
procedure often involves intermediate processing
steps such as calcination to remove residual solvents
and organic contaminants and intermittent grinding
to homogenize the mixtures. The resulted powders
are inhomogeneous and coarse, with non-uniform
particle size distribution. In order to overcome that,
wet chemical methods such as sol-gel [9], co-
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precipitation [10] and hydrothermal methods [11]
have been employed to synthesise LaCoO3; powders
with desired stoichiometry, particle size and even
shape. However, several disadvantages have been
noted with these techniques such as the evaporation
of solvents resulting in phase segregation and the
alteration of stoichiometry due to incomplete
precipitation, expensive chemicals and time-
consuming processes. Alternatively, the combustion
of a precursor solution containing metal ions,
oxidant and a fuel leads to fine crystalline powders,
with homogeneous particle size distribution (i.e.,
around 10 - 15nm) [12]. Although the combustion
method is suitable to obtain catalytic LaCoOs
powders with high specific area (i.e., as high as
80m?/g), it turns out that it demands an elaborate
preparation procedure, involving corrections for the
oxidant-to-fuel ratio and for the pH of solution.
Moreover, the inherent contamination with carbon
upon the auto-ignition process requires a post-
processing annealing step at 1250°C, which leads to
grain coarsening and sintering, eventually [9, 12].

In this work, we show that LaCoO3; powders can
be directly and thoroughly obtained by one step solid
state synthesis in air from lanthanum and cobalt
oxides upon heat treatment at most 8 hours and
temperatures not higher than 1000°C, without
making use of intermediate processing steps. The
resulted powders are essentially within a single
crystalline phase (i.e., with hexagonal R-3c crystal
symmetry) that consists of micro-meter sized grains
which may also exhibit a slight difference in oxygen
deficiency [12]. This is important since oxygen
deficiency is often associated with anincreased ionic
and electrical conductivity, as well as an enhanced
catalytic activity towards oxygen evolution reaction.
In order to assess the activity towards the oxygen
evolution reaction, electrodes obtained from the
resulted powders are investigated in athree electrode
electrochemical cell in 1IN KOH.

EXPERIMENTAL

LaCoOj3; powders are obtained by conventional
solid-state reaction. For that, equimolar quantities of
La;,03 and Co304 (i.e., from Aldrich, with >99.8%
purity) were mixed and ground thoroughly in agate
mortar using alcohol as lubricant (i.e., isopropanol,
with >96% purity from Chimopar SA). The powder
was then let to dry out and placed in alumina (i.e.,
Al,0s3) crucibles, moved to furnace and fired in air at
different temperatures between 600°C and 1000°C
for 8 h, with a heating / cooling rate of 2°C/min.

Differential scanning calorimetry (DSC) and
thermo-gravimetric (TG) measurements are carried
out on precursors and their equimolar mixture. For
that, we make use of a modular Thermogravimetric
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Analyzer STA 449 F5 Jupiter® from NETZSCH-
Gerdtebau GmbH that allows to measure the heat
flow and the mass loss simultaneously, upon heat
treatment and under specific conditions (i.e. in air).
The instrument is equipped with Proteus® software
to carry out the measurement and for data evaluation.
The DSC/TG curves are recorded up to 1000°C, with
a temperature heating rate of 10°C/min. From that,
the precursor stability and perovskite formation
temperature are determined upon heating,
respectively.

Crystalline structure of thermally treated
powders is evaluated by X-ray diffraction using a
MiniFlex 600 Rigaku with fixed Ni filtered Cu
anode and rotating silicon strip detector. 20 scans are
performed between 26 =5° and 90°, with a speed of
1°/min and resolution of 0.01°/step. The XRD peaks
are indexed by using the Inorganic Crystal Structure
Database (ICSD). Lattice constants and quantitative
values for the identified phases are obtained from fit
to the corresponding XRD spectra by using the
PDXL powder diffraction analysis package from
Rigaku.

Morphology of as-prepared powders is studied
by using a Zeiss Evo 50 XVP scanning electron
microscope (SEM) with LaB6 cathode enabling 2
nm resolution. For that, the powder is dispersed in
distilled water by using an ultrasonic bath and drop-
cast on a conducting double faced carbon tape.
Additionally, x-ray dispersive electron spectroscopy
(EDS) is used to determine stoichiometry.

The electrochemical assessment of perovskite
LaCoQs catalysts is carried out in a three electrode
configuration in 1N KOH aqueous solution at room
temperature, with Pt wire as counter electrode and
3M Ag/AgCI electrode as reference (i.e., +0.196 V
vs. REH). The working electrode is made out of
compacted mixtures of LaCoOs powders with Teflon
on Ni foam used as support. To measure the I-V
curve, currents up to 100 mA are applied between
the working and counter electrodes, whereas the
corresponding potential drop between the working
and the reference one is measured by using a multi-
meter.

RESULTS AND DISCUSSIONS
Precursor analysis

The thermal analysis results indicate that Cos04
is stable up to 1000°C. The La>Os precursor exhibits
mass loss upon heating; i.e., up to 1.38 wt.% at
temperatures as high as 350°C. This is associated to
the decomposition process of La(OH); to LaOOH as
an intermediate phase. From that, La,O; forms
readily at about 720°C. These features are in
agreement with previous studies [13]. At
temperature as high as 750°C, the equimolar mixture
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of precursors exhibits the onset of perovskite phase
formation.

In order to have a clear view on solid-state
synthesis process of perovskite LaCoOs from
lanthanum and cobalt oxide, the structural and
morphological properties of precursors are
investigated by x-ray diffraction (XRD) and
scanning electron microscopy (SEM). The results
are shown in Fig. 1, together with the corresponding
XRD spectrum measured on powder mixture.
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Fig. 1. X-ray diffraction characterization of the
lanthanum and cobalt oxide precursors and their
equimolar mixture. The main Bragg reflections of the
La(OH)s, La,03 and Co304 phases are indicated.

In Fig. 1, the XRD data measured on C0304
powders indicate that the precursor is single-phase,
with cubic crystal symmetry (space group Fd-3m)
[14]. The lattice constant value obtained from fit to
data is a = 0.8083 nm. Different from that, the
lanthanum oxide precursor exhibits the features of a
mixed phase, which consists of hexagonal La(OH)s
(space group P63/m) [15] and tetragonal La,O3
(space group P-3m1) [16]. The corresponding lattice
constant values are a = b = 0.6529 nm and ¢ =
0.3859 nm for La(OH); and a = b = 0.3937 nm and
¢ = 0.6132 nm for Lax0s.

The co-existence of La(OH)sz and La;Os phases
within the lanthanum oxide precursor is in essence
related to a high affinity of the hexagonal La,Os
phase to partially decompose and form La(OH)s at
the grain boundary interface, upon exposure to air.
From TGA data, the residual hydroxide phase is
found to be ~1.38 wt.%. However, in order to restore
stoichiometry, lanthanum oxide powders are often
subjected to a calcination step at temperatures above
600°C. This also assures that water and organic
contaminants are removed so as mixed powders of
lanthanum and cobalt oxides with desired
stoichiometry can be prepared. In our case, we do not
make use of that, since the stoichiometry deficiency
may always be compensated by adding the molar
equivalent of 1.38 wt% Co030..

Fig. 2. SEM micrographs of lanthanum oxide in a) and
cobalt oxide in b) powders used in this work.

In Fig. 2, we show the SEM micrographs of the
lanthanum and cobalt oxide powders used in this
work. They exhibit different degrees of clustering,
owing to their intrinsic morphology. For instance,
lanthanum oxide has chalky aspect, which is most
probably due to lanthanum hydroxide presence at the
grain boundary interface. Different from that, cobalt
oxide powders consist of nano-meter sized grains
which are self-organized in bulky conglomerates due
to their high surface energy.

Solid-state synthesis of perovskite LaCoOs

For the solid-state synthesis, the alumina
crucibles containing the equimolar mixture of
precursors are heat-treated at temperatures between
600°C and 1000°C for 8 h, with a heating rate of 2
°C/min. After each treatment step, the structural
properties are investigated by x-ray diffraction in
order to monitor formation and evolution of the
perovskite LaCoOs phase at the expense of precursor
consumption. The XRD data indicate that the
lanthanum hydroxide phase is vanished upon heat-
treatment at 600°C. This feature indicates that the
perovskite LaCoOs phase forms readily from La,Os
and Co30a.

In Fig. 3, we show the XRD spectra measured on
powders thermally treated at the selected
temperatures. Together with that, the diffraction
peaks corresponding to La,0s, Cos0. and LaCoOs
are indicated. The XRD data show that the
perovskite LaCoQOj3; phase forms upon heat treatment
at 750°C and grows gradually with increasing
temperature, up to 1000°C. This is accompanied by
a gradual decrease of the peak intensities of the
precursor phases (i.e., La20s; and Co30.). Upon heat
treatment at 1000°C, the resulted powder is
essentially within a single phase, which corresponds
to perovskite LaCoOs with trigonal crystal
symmetry space group R-c3 [17]. The lattice
constant values obtained from fitto dataarea=b =
5.444 nm and ¢ = 13.102 nm.

As a general rule, XRD spectra measured on
mixed powders present all Bragg reflections of the
constitutive phases. The relative intensity values of

129



S. Enache et al.: One step solid-state synthesis of lanthanum cobalt oxide perovskites as catalysts for oxygen evolution..

their main peaks mediated by their corresponding
areas is a quantitative measure of the degree of
mixture in these powders. One can use that to de-
convolute the XRD spectra in order to obtain
valuable information on the amount of each phase
present in powder mixtures. For instance, we use that
to analyze the XRD spectra in Fig. 3 to determine the
amount of LaCoOs formed upon solid-state
synthesis at the given temperatures. The results are
shown in Fig. 4. Note that solid-state synthesis of
LaCoO;3 is a thermally activated process whose
kinetics depends strongly on the synthesis
temperature. This is essential since the grain
coarsening during the synthesis process may be
controlled by dwelling at lower temperatures in
order to obtain powders with smaller particle size.
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Fig. 3. Temperature dependent x-ray diffraction spectra
measured on equimolar mixtures calcined at the
indicated temperatures. The peaks corresponding to
precursors (i.e., La,O3 and Co304) and reaction product
(i.e., LaCoO:s) are indicated.
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Fig. 4. Temperature dependent phase evolution (i.e., in

wt.%) of the perovskite LaCoOs phase upon solid state
synthesis, determined from fit to the XRD data in Fig. 3.

In Fig. 5, the perovskite LaCoOs powders
obtained by solid-state synthesis at 1000°C consist
of pre-sintered conglomerates of grains with well
defined shape and size. From an application point
of view, it is, however, essential to obtain well-
dispersed powders with high specific surface area
and narrow grain size distribution.
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Fig. 5. SEM micrograph of LaCoOj3 powders obtained by
solid-state synthesis at 1000°C

An estimate for the specific surface area (i.e., in
m?/g) of spherical particles is 6 / (d-p), with d the
particle size (i.e., in um) and p the density (i.e., 7.27
g/cm®, for perovskite LaCoOgs). This leads to a
relatively low specific surface area, whose average
value is as high as 0.82 m?/g for 1 pm sized LaCoOs
grains. One should note that, however, the specific
surface area may be increased by up to one order of
magnitude by optimizing both the solid-state
synthesis temperature and the dwell time, in a way
that the grain coarsening is hampered by slow
reaction kinetics at lower temperatures.

I-V characterization

In order to assess the electrochemical activity of
perovskite LaCoOs; powders towards oxygen
evolution reaction, hot pressed electrodes are made
by using Teflon as binder on nickel foam supports.
The compacted electrode is then moved to an
electrochemical cell containing 1IN KOH aqueous
solution. The I-V characteristic is determined by
applying constant currents up to 100 mA, whereas
the potential is measured with respect to a reference
electrode (i.e., Ag/AgCl, +0.196 mV vs. RHE). The
results are shown in Fig. 6, together with those
obtained for Coz04 electrodes prepared in a similar
way.

In Fig. 6, the I-V curves exhibit very similar
features, in the sense that they fall on top of each
other, although the potential values for the LaCoOs
electrode are lower than those for the Co3O4 one, at
all applied currents. The onset potential values for
the oxygen evolution reaction at 1 mA applied
current are 1.348V vs. RHE for LaCoQOj3 and 1.355V
vs. RHE for C030..

These features indicate that LaCoOs has a higher
catalytic activity towards oxygen evolution reaction
in alkaline media. At currents above 20 mA, the
potential dependence on the applied current is linear,
corresponding to the ohmic regime.
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Fig. 6. I-V characteristic of LaCoO3; electrodes in 1N
KOH aqueous solution. For comparison, the 1-V
characteristic measured on Co3O4 in similar conditions is
shown.

For Co304, the equivalent resistance value is
5.3Q, whereas the corresponding value for LaCoO3
is 4.7Q. These high resistance values are due to the
relatively poor intrinsic conductivity of the oxides,
mediated by high inter-grain resistances due to
presence of insulating Teflon, which acts as binder.
In order to minimize that, one may either reduce the
binder amount without compromising electrode
integrity or add metallic species, to provide a low
resistive path for electron conduction and exchange
at the catalytic material grain boundary.

CONCLUSIONS

In this work, we show that perovskite LaCoOs
powders can be readily obtained from lanthanum and
cobalt oxide precursors by solid-state synthesis in
air, without making use of intermediate steps. In the
synthesis process, the LaCoOs phase nucleates at
750°C and grows gradually with increasing
temperature, at the expense of reactants
consumption. At 1000°C, the reaction is essentially
complete. Although the resulted powders are within
a single crystalline phase, the constitutive grains
have wide particle-size distribution whose average
value corresponds to a specific surface area of 0.82
m?/g. In order to prevent grain coarsening, powders
with smaller and narrower particle size distribution
may be obtained at dwelling at lower synthesis
temperatures.

Teflonized LaCoOs electrodes exhibit catalytic
activity towards the oxygen evolution reaction in
alkaline media. The onset of oxygen evolution is as
high as 1.348V vs. RHE in 1IN KON aqueous
solution, when a constant current of 1mA is applied.
At higher currents (i.e., above 20 mA), the I-V
characteristic is linear and corresponds to a ohmic

regime, whose equivalent resistance value of 4.5 Q
is high. This is related to a poor intrinsic
conductivity of the perovskite, mediated by a high
inter-grain resistance due to Teflon presence, which
acts as binder. One may, however, enhance that
either by reducing binder load or by adding metallic
species in order to provide high conductivity paths
for electron transfer at the grain boundary of the
catalytic material.
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EJJHOCTBIIKOB CUHTE3 HA ITEPOBCKUT- LaCoO3 B TBhPZ1IO CbCTOSAHUE KATO
KATAJIU3ATOP 3A OTAEJISIHE HA KMCJIOPO/I B AJIKAJIHA CPEJIA
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[lepoBCKUTHTE OT JTAHTAHOB KOOANTOB OKCHA MMAaT M00pa KaTaTUTHIHA aKTHBHOCT M CTaOMIIHOCT MPH PEaKIus Ha
OT[IEIITHE Ha KUCIIOPO B aJIKallHa cpefa. ToBa I mpaBu 0COOCHO aTpaKTHBHHU KaTo €JEKTPOIH 3a ICKTPOJIH3a Ha BOAA,
THI KaTO MOTAT J]a 3aMEHSAT MTO-CKBINTE SNIEKTPOAN, H3IIOI3BAHH J0CETa, KaTO UPUANK M OKCUIN Ha pyTeHuH. Brnpekn,
Ye pa3InIHUTE METOIHU 32 CHHTE3 ca JoOpe OMMCAHU B JINTEpaTypara, IPON3BOICTBOTO HA JIAHTAHO-KOOAITOBH OKCHAN
4ecTO € TPYIHO, BKIFOUBAIIO MEKIMHHN ETAlld HAa CMIJIAaHE M OTTPsBaHEe. 3a pa3jiuKa OT TO3U CIOCo0, HHE IMOKa3BaMe,
Ye MEepPBOCKUTH OT JIAHTAHOB KOOAJITOB OKCHJ MOTAaT JIECHO Ja CE€ MOJIyd4aT upe3 CHHTE3 B TBBPAO CHCTOSIHHE OT
MPEKypPCOPH Ha JIAHTAHOB M KOOAITOB OKCHJI, 0€3 MEXAMHHHM eTany Ha 00paboTka. [1o chinecTBo, MOJTyuYeHHUTE MTPaxoBe
ca B eIMHUYHA TOJIMKpUCTaNHA (a3za ¢ 1odpe neduHupaHu CTPYKTypHH M MOP(OJIOTUYHH CBOMCTBA. 3a Jia Ce OLCHH
aKTHBHOCTTa TI0 OTHOIIEHHE Ha peaklusTa Ha OTAENSHE Ha KHUCIOPOJ, EJIEKTPOAWTE CHUHTE3UpPAaHU OT MOJyUeHUTE
MIpaxoBe, ce U3CIEABAT B TPH €IEKTPOaHA efeKTpoxuMmuyuHa kietka B 1 N KOH.

KiaouoBu AYMHU: BOJHA CJICKTPOJIN3a, NIEPOBCKUT, CUHTE3 B TBHPAO ChbCTOSIHUC
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