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1. Introduction

The use of fossil fuels as the predominant source of en-
ergy has enormously increased the emission of greenhouse 
gases, worsening the problem of climate change. To achieve 
the transition to a sustainable planet and ensure the survival 
of future generations, it will be necessary to replace fossil 
fuels with other non-polluting sources, such as renewable 
energy sources [1]. In this sense, fuel cells are postulated as 
one of the main options for the use of renewable hydrogen, 
which are based on hydrogen oxidation reaction (HOR) and 
oxygen reduction reaction (ORR). One of the major limita-
tions of these systems is the slow kinetics of the ORR, so to 
achieve large-scale goals, selective, efficient, highly stable 
and low-cost catalysts need to be developed for this reac-
tion [2]. Most of the time, maximal catalyst efficiency is pur-
sued without regard for the energetic aspects of the synthe-
sis. From an industrial point of view, the process required to 
synthesize a catalyst must be considered. As a result, in this 
work we propose the use of catalysts based on mixed metal 
oxides of La, Mn and Co obtained by hydrothermal treat-
ment at low temperatures, thus avoiding high calcination 
temperatures. The as-synthesized samples will be compared 
with those calcined at high temperatures, in order to 
demonstrate that the application of only the hydrothermal 
treatment can generate ORR active materials. 

2. Experimental

2.1 Hydrothermal synthesis 

In a first step, the metal precursors are mixed in water in 
stoichiometric ratios (Co is introduced in a 30% of the Mn 
quantity), and the surfactant CTAB is added in a 1:50 ratio 
with respect to the metal content. Then, drops of 6 M KOH 
are added until a pH ≈ 14 is reached, and the solution is 
stirred for 18 h. The solution is then transferred to the auto-
clave, which is heated at 180 oC for 48 h in an oven.  After-
wards, the autoclaves are cooled in an ice bath. Then, the 
material is washed, filtered and dried at 100 oC. Finally, de-
pending on the type of sample, it is calcined at 200 or 600oC 
for 6 h. The as-obtained samples are mixed with Vulcan XC-
72R carbon black by employing the ball milling method, with 
milling conditions of 30 min and 350 rpm. The samples are 
named X-Y, where X is the metal used in the precursor and 
Y is the calcination temperature used after hydrothermal 
treatment; NC means "not calcined". 

2.2 Equipments 

Samples were characterized by X-ray diffraction (XRD) 
using Cu a 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 an 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 were used as working electrodes. A graph-
ite bar was the counter electrode, and the reference elec-
trode 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 treated at 
200 °C after the hydrothermal treatment. The sample 
synthesized only with the La precursor forms La(OH)3 
crystalline species according to crystallographic databases. 
When the metallic precursors of Mn and Co are introduced 
together with La, clear peaks corresponding to La(OH)3 are 
also obtained. Almost no peaks corresponding to Mn and/or 
Co phases can be seen, which could be caused by a low 
crystallinity of the formed phases. On the other hand, the 
XRD for the samples prepared with only the metallic 
precursors of Mn and Co, show the presence of phases of 
certain crystallinity associated mainly with Mn3O4 and with 
a lesser extent to MnO2. No phases associated with Co are 
found, which might be related to its lower concentration 
compared to the rest of the precursors. 
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Fig. 1. XRD diffractograms of the samples containing Mn/Co, Mn, 

La/Mn/Co and La, thermally treated at 200 °C after the hy-

drothermal treatment. 

3.2 Electrochemical characterization 

Linear sweep voltametric curves show the ORR activity 
of the synthesized samples (Figs. 2 and 3). La(OH)3 shows a 
poor activity in ORR compared to the other samples, having 
an onset potential (Eonset) of 0.71 V (at -0.1 mA/cm2) and a 
limiting current density of -2.6 mA/cm2 (at 0 V vs RHE). Mn-
200 is not able to reach a similar limiting current density to 
the rest of the other samples (Fig. 2), although it has a simi-
lar Eonset; these parameters are improved when it is calcined 
at 600 °C (sample Mn-600) (Fig. 3). On the other hand, the 
addition of Co to the Mn sample improves the Eonset by about 
0.1 V with respect to the Mn samples, and a better activity 
is also obtained in the calcined Mn/Co-600 one. Interest-
ingly, La/Mn/Co-200 (Fig. 2), shows the best activity, with an 
Eonset of 0.86 V and a limiting current density of -4.7 mA/cm2; 
improving the catalytic parameters of the sample calcined 
at 600 oC (Fig. 3), where the ABO3 perovskite type structure 
is obtained. It is worth noting that samples prepared only 
with Mn or Mn/Co do not behave as well as those containing 
La/Mn/Co. 
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Fig. 2. LSV at 1600 rpm in 0.1M KOH electrolyte of the 200oC cal-

cined samples and La(OH)3 uncalcined. (v= 5 mV/s). 
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Fig. 3. LSV at 1600 rpm in 0.1M KOH electrolyte of the 600oC cal-

cined samples and La(OH)3 uncalcined. (v= 5 mV/s). 

 
Another aspect to consider is the number of electrons 

transferred (Fig. 4), since an optimum catalyst is the one that 
catalyses the reaction through the four-electron pathway, 
thus avoiding the formation of peroxide. In general, path-
ways with close to four electrons are obtained, and the per-
formance of La/Mn/Co-200 should be highlighted. This sam-
ple has an electron value of about 3.4, which is close to Mn-
600 but with a better Eonset. Similarly to the previous case, 
La/Mn/Co-200 presents a number of electrons transferred 
closer to four electrons than La/Mn/Co-600 and the samples 
formed by Mn and Mn/Co.  
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Fig. 4. Number of electrons transferred at 1600 rpm in 0.1M KOH 

electrolyte. 

 
3.3 Stability study 

Fig. 5 shows the stability study carried out for the most 
active sample, La/Mn/Co-200, and its comparison with the 
commercial reference catalyst, Pt/C. The results show a sim-
ilar behavior of both catalysts over time, reaching a relative 
current percentage of 84 and 86% after 10000 s of stability 
test for La/Mn/Co-200 and Pt/C, respectively. This analysis 
demonstrates the stability of the La/Mn/Co-200 material. 
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Fig. 5. Chronoamperometry of La/Mn/Co-200 and Pt/C carried out 

at 0.65 V and at a rotation of 1600 rpm in 0.1M KOH elec-

trolyte. 

  

It is also possible to study the stability of the cations in-
volved in the reduction process. Fig. 6 shows cyclic voltam-
mograms of Mn-600 performed before and after ORR. It can 
be observed that the intensity of the redox processes asso-
ciated to the Mn4+/Mn3+ redox couple decreases after ORR, 
showing the instability of this redox couple. 
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Fig. 6. Steady state cyclic voltammetry of Mn-600 at 50 mV/s in N2 

atmosphere. 0.1M KOH. v= 50 mV/s 

 

On the other hand, the CVs of the La/Mn/Co-200 sample 
(Fig. 7), show that the redox peaks associated with 
Mn4+/Mn3+ maintain their intensity after the ORR. Then, this 
result agrees with the stability study performed by chrono-
amperometry (Fig. 5). 

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

-2

-1

0

1

2

3

j 
(m

A
/c

m
2
)

E (vs RHE)

 Before ORR

 After ORR

La/Mn/Co-200

 

Fig. 7. Steady state cyclic voltammetry at 50 mV/s in N2 atmos-

phere for La/Mn/Co-200. 0.1M KOH. 

4. Discussion 

The as-obtained ORR-active material based on non-no-
ble metals, synthesized by a hydrothermal method at 180 °C 
and a posterior 200 °C heat treatment, has a remarkable ac-
tivity with an Eonset of 0.86 V. Mn (and to a lesser extent, Co) 
containing materials have been considered some of the 
most active against ORR [3], but the Mn (and Mn/Co) mate-
rials obtained by the hydrothermal procedure show worse 
catalytic parameters than the materials obtained in the 
presence of La. This fact can be explained in terms of the 
stability of the Mn4+/Mn3+ species that may be promoted by 
the La. In the hydrothermal procedure, interfacial structures 
can be created between the two components that enhance 
the stability of the cations involved in ORR. 

5. Conclusions 

The as-synthesized materials in this work based on 
mixed oxides/hydroxides of La, Mn and Co are postulated as 
promising catalysts for their use in fuel cells as ORR cata-
lysts. It has been shown that the stabilization effect of the 
cations involved in ORR plays a fundamental role in the cat-
alytic activity. 
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