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1. Introduction

The persistent use of fossil fuels as the primary source
of energy has produced a massive increase in greenhouse 
gas emissions, exacerbating the problem of climate change. 
It will be necessary to replace fossil fuels with other non-
polluting sources, such as renewable energy sources, in or-
der to make the transition to a sustainable world and ensure 
the survival of future generations [1]. Fuel cells are pro-
posed as one of the key methods for generating renewable 
power from electrochemical processes such as the hydrogen 
oxidation reaction (HOR) and the oxygen reduction reaction 
(ORR). The sluggish kinetics of the ORR is one of the key lim-
itations of these systems. Therefore, to achieve large-scale 
goals, selective, efficient, highly stable, and low-cost electro-
catalysts are required for this reaction [2].  

Noble metal-free materials such as perovskite metal ox-
ides have emerged as a family of active materials for ORR. 
These metal oxides can be synthesized by a wide variety of 
methods [3], ranging from conventional solid-state, com-
bustion, co-precipitation, sol-gel, polymer-assisted, hydro-
thermal, etc. Hydrothermal synthesis has been shown to be 
a greener treatment in recent years because materials are 
produced without the use of high temperatures. The mate-
rials are formed by the pressure generated in the autoclave 
by the application of low temperatures, thus reducing their 
industrial cost. In this work, we will study the influence of 
the hydrothermal treatment in the synthesis of metal oxide 
perovskites and the optimum calcination temperature after 
the hydrothermal stage, where suitable electrocatalytic ac-
tivity is obtained. 

2. Experimental

2.1 Hydrothermal synthesis 

In a first step, the metal precursors (La(NO3)3ꞏ6H2O, 
Mn(NO3)2ꞏ4H2O and Co(NO3)2ꞏ6H2O) are mixed in water in 
stoichiometric ratios (Co is introduced at 30% with respect 
to the Mn quantity), and the surfactant CTAB (cetyltrime-
thylammonium bromide) is added in a 1:50 ratio with re-
spect to the metal content. Then, drops of 6M KOH are 
added until a pH ≈ 14 units is reached, and the solution is 
stirred for 18h. The solution is then transferred to the auto-
clave, which is heated at 180 °C for 48h in an oven.  After-
wards, the autoclave is cooled in an ice bath. Then, the ma-
terial is washed, filtered, and dried at 100 °C. Finally, the 
samples are calcined in the range of 200-900 °C for 6h. The 

as-obtained samples are mixed with Vulcan XC-72R carbon 
black by employing the ball milling method, with milling con-
ditions of 30 min and 350 rpm.  

2.2 Equipments 

Samples were characterized by X-ray diffraction (XRD) 
using a Cu Kα radiation source at a step of 0.05° in the 2θ 
range from 10° to 80° on a Bruker D8-Advance diffractome-
ter (Billerica, USA) with a Goebel mirror (non-planar sam-
ples) and a X-ray generator KRISTALLOFLEX K 760-80F 
(power: 3000 W, voltage: 20–60 kV and current: 5–80 mA) 

Electrochemical measurements were done at 25 °C, con-
trolled by a thermostatic bath, in a three-electrode cell in 
0.1 M KOH solution using an Autolab PGSTAT302 potenti-
ostat (Metrohm, The Netherlands). A rotating ring-disk elec-
trode (RRDE) from Pine Research Instruments (Durham, NC, 
USA) equipped with a glassy carbon (GC) disk (5 mm diame-
ter) and a Pt ring was used as working electrode. A graphite 
bar was the counter electrode, and the reference electrode 
was a reversible hydrogen electrode (RHE) immersed in the 
same electrolyte. 

3. Results

3.1 Physicochemical characterization 

Fig. 1 shows the diffractograms of the samples studied. 
The uncalcined sample (NC) and that calcined at 200 °C show 
some peaks associated to the crystalline phase of lanthanum 
hydroxide (La(OH)3) according to crystallographic databases. 
Almost no peaks corresponding to Mn and/or Co phases can 
be seen, which can be due to a low crystallinity of the 
formed phases.  

With increasing the calcination temperature up to 300 
and 400 °C the samples undergo a crystal structure 
modification. The intense peaks related to the La(OH)3 
phase have almost disappeared and there are no 
predominant phases; some small peaks can be distinguished 
related to La(OH)3, Mn3O4, and mixed species of Mn and Co, 
which seem to correspond to the compound Co2Mn3O8. At 
500 °C, the peaks related to the perovskite phase LaMnO3 
appear. These peaks become more defined when 
calcination is performed at 600 °C and are maintained until 
calcination at 900 °C. 
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Crystal size (Dc) is considered as one of the key 
parameters to evaluate the catalytic activity; usually, the 
lower the crystal size, the higher the catalytic activity. The 
results show that calcination temperature range from 500 
to 700 °C does not modify Dc, obtaining values close to 41 
nm (Table 1). This value increases up to 52 nm and 86 nm 
for calcination temperatures of 800 and 900 °C, respectively. 
This effect might be caused by sintering of the particles, or 
to the formation of double perovskite crystalline phases, 
which are obtained at high temperatures in the 1000-1200 
°C range [4]. 
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Fig. 1. XRD diffractograms of the uncalcined and calcined samples 

from 200 to 900 °C.  

 

Table 1. Crystallographic data obtained from XRD. 

 

3.2 Electrochemical characterization 

Electrochemical characterization shows that calcination 
temperature has a clear effect on the cyclic voltammograms 
of the samples. The uncalcined sample and the one calcined 
at 200 °C show a higher voltametric charge and the redox 
processes, corresponding to Mn4+/Mn3+ and Co3+/Co2+ redox 
pairs, appear more defined (Fig. 2). At the calcination tem-
perature where no highly crystalline species are formed, i.e., 
300-400 °C, they do not show defined redox peaks. Finally, 
the cyclic voltammograms of the perovskite phases formed 
from 500 °C present the contribution from distinct redox 
processes. It is also observed that a progressive decrease in 
voltametric charge occurs as the calcination temperature in-
creases. 
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Fig. 2. Cyclic voltammograms at 50 mV/s performed in an inert at-

mosphere of N2 and 0.1M KOH of perovskites-carbon sam-

ples. 

 

Fig. 3 shows the linear sweep voltametric curve (LSV) 
performed in RRDE to evaluate the ORR activity. It must be 
highlighted the remarkable value of the reaction onset po-
tential (Eonset) of the samples uncalcined and calcined at 200 
°C (0.86 V at -0.1 mA/cm2). As the calcination temperature 
increases to the region where not well-defined crystalline 
phases are formed (orange and yellow samples), the sam-
ples have lower catalytic activity, with an Eonset of 0.81 V and 
a limiting current density of -4.1 mA/cm2 (at 0 V vs RHE) for 
the material treated at 400 °C. Differences in the limiting 
current density are observed in the samples calcined at 500 
and 600 °C (yellow and light green, respectively); the sample 
calcined at 500 °C shows a limiting current density of -4.26 
mA/cm2 and the sample calcined at 600 °C shows a value of 
-4.82 mA/cm2, thus having a better electrocatalytic activity. 
According to the XRD data, both samples present a perov-
skite-type structure, so the calcination at 600 °C will form a 
purer perovskite structure. Regarding the rest of the perov-
skite phase samples, from the 600 to 900 °C range, all show 
Eonset values close to 0.83 V and limiting current densities to 
values close to -5.0 mA/cm2. Therefore, the sample calcined 
at 600 °C is the optimum one with perovskite structure con-
sidering the catalytic activity and the lower calcination tem-
perature used. 

An additional factor to examine is the number of elec-
trons transferred (Fig. 4), because the best electrocatalyst is 
one that catalyses the process via a four-electron pathway, 
preventing the creation of hydrogen peroxide. In general, 
electrons transfer number close to 4 are obtained, except 
for the samples in the 300-500 °C range, where the electrons 
transfer number is close to 3.2. The sample calcined at 800 
°C must be highlighted because it is the one having a stable 
and average value of 3.74 in the studied potential range. The 
rest of the samples that present the perovskite phase (600-
900 °C) display a high selectivity towards hydroxide for-
mation. 

 

Sample a (Å)  ICDD a (Å) V (Å3) Dc (nm) 

500 

3.88 

3.83 56.2 41 

600 3.83 56.2 41 

700 3.83 56.0 41 

800 3.83 56.4 52 

900 3.84 56.6 86 
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Fig. 3. LSV at 1600 rpm in 0.1M KOH electrolyte at 5 mV/s of per-

ovskites-carbon samples. O2 saturated solution. 
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Fig. 4. Number of electrons transferred at 1600 rpm in 0.1M KOH 

electrolyte of perovskites-carbon samples. 

4. Discussion 

From the results obtained, it can be asserted that the 
hydrothermal method without any calcination treatment, 
produces materials with a high catalytic activity in which 
clear redox processes are observed related to Mn4+/Mn3+ 
and Co3+/Co2+ redox pairs. In addition, hydrothermal treat-
ment  prior to calcination favours the contact and formation 
of phases that will later form metal oxide perovskite-type 
phases in the calcination process. The optimum calcination 
temperature is 600 °C, since above this value, no remarkable 
catalytic activities are obtained and almost similar crystallite 
sizes are detected by XRD, except for the sample calcined at 
900 °C. Below 500 °C, the perovskite phase is not completely 
formed. Therefore, the result of this work provides im-
portant information about the use of low calcination tem-
peratures, which will reduce the cost of synthesis of perov-
skite-type materials. 

5. Conclusions 

In this work, active materials for ORR have been ob-
tained by optimizing the calcination temperature to 600 °C. 
On the other hand, it has also been demonstrated that the 
metal oxide materials obtained after the hydrothermal 

treatment and without any calcination stage have a better 
catalytic performance compared to perovskite-type metal 
oxides. Nevertheless, further studies are necessary to un-
derstand the reasons for this excellent performance. 
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