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a b s t r a c t

Manganese-based materials can catalyze the oxygen reduction reaction (ORR), although their activity is
known to depend on the crystalline phases and on the concentration of surface-active species. In the
present study, we have optimized these two parameters to obtain improved catalysts for ORR. A sol-gel
method was used to synthesize LaMnO3-manganese oxides composites with different lanthanum-to-
manganese atomic ratios. The synthesized materials, which can be described as La1-xMnOz, were
tested under ORR conditions and characterized by several physicochemical techniques such as SEM, XPS,
EDX or XRD. It was found that the concentration of lanthanum governs the formation of different crystal
phases and determines the crystallite size. Besides, high values of x tend to increase the surface con-
centration of manganese and therefore to produce more active sites for ORR. Among the materials
analysed, La0.6MnOz mixed with carbon black (Vulcan) showed the best electrocatalytic performance.
The high tolerance to methanol makes this electrocatalyst a promising alternative to substitute Pt-based
materials in alkaline electrolytes.

© 2022 Published by Elsevier Ltd.
1. Introduction

The oxygen reduction reaction (ORR) plays an important role in
the development of energy conversion devices such as fuel cells
and metal-air batteries [1,2]. Since this reaction exhibits slow ki-
netics, a suitable catalyst is often required to carry it out [3,4]. At
present, the most used materials are those based on platinum,
which show excellent catalytic performance but are scarce and
expensive [5e7]. Usually, two main strategies have been followed
to reduce the usage of platinum and to increase the catalytic per-
formance for ORR: i) synthesis of nanostructured catalysts with
high active surface area [5] and ii) synthesis of Pt-based alloys
containing transition [6] or other precious metals [7], which can
improve the overall catalytic performance. In this context, the
development of new catalysts based on more abundant elements is
essential. Transition metals can adopt various oxidation states,
which makes them ideal for electrocatalytic applications [8,9]. In
fact, several studies have been devoted to the development of metal
oxide catalysts based on cobalt, manganese, iron or copper [10e13].
In particular, manganese containing oxides have attracted
considerable attention due to their high stability, diverse oxidation
states and good performance for ORR [14]. Both crystal structure
and morphology have been reported to influence their catalytic
performance. For example, MnO2 can be synthesized with different
structures, namely a-MnO2 and b-MnO2, but it seems that a-MnO2
shows higher surface area and activity towards ORR [11]. The
capability of Mn2O3-based compounds to catalyze the 4-electron
pathway of the ORR mechanism was also reported [17,18] and
some researchers considered Mn3O4 as an interesting material for
this reaction because of the mixed-valence of Mn. However, due to
its intrinsic low conductivity, Mn3O4 has been combined with
conductive components, such as doped carbons, to improve cata-
lytic activity [15,16]. Apart from conducting substrates, manganese
oxides can be combined with other transition metals to tune their
electrocatalytic properties. The presence of two redox couples
usually increases the electrical conductivity and, in addition, the
synergistic effect that sometimes appears between the two cations
can enhance the overall activity of the materials [19e23]. Particu-
larly, the combination of manganese and cobalt to form cubic spinel
oxides showed excellent performance towards ORR [19,20] because
more active sites are available in this crystal structure.
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Manganese oxides based on the perovskite structure AMnO3,
where A is a rare-earth metal, also show high ORR activity [24].
Among different A-cations, lanthanum provides the highest cata-
lytic activity, which in part is ascribed to the larger electrical con-
ductivity of this material [25]. In addition, the higher size of La3þ

produces more symmetrical structures, thus reducing both distor-
tion and rotation of the BO6 octahedron [26,27]. Previous studies
[28e30] reported that LaMnO3 perovskite shows the best perfor-
mance towards ORR because most Mn atoms, which actively
participate in the reactionmechanism, showone electron in their eg
orbitals. This brings moderate interaction between B sites and ox-
ygen species [31]. To increase the activity of LaMnO3, partial sub-
stitution of manganese with cobalt has been suggested. The
positive effect was ascribed to the synergy between both cations
and to the presence of oxygen vacancies. Another strategy to in-
crease the electrocatalytic performance of lanthanum-based pe-
rovskites in ORR is to substitute partially La with Sr or Y. The
presence of oxygen vacancies seems to improve both the oxygen
adsorption/desorption capability and the electrical conductivity
[32]. In addition, the partial substitution promotes Mn4þ redox
state, which shows higher oxidation ability and enhances the
covalency of the MneO bond, thus favouring the electron transfer
[33]. The surface concentration of Mn4þ can be modulated after
synthesis [34] or previously, by slightly adjusting the La:Mn ratio
[35]. In both cases an enhancement of the electrochemical response
was observed.

Due to low surface area and electrical conductivity, which
hinder the electron transfer and decrease the number of active
sites, manganese oxide-based materials usually show limitations in
electrocatalytic reactions [17,36]. To overcome these disadvantages,
two different approaches have been followed: synthesis of nano-
scale catalysts or a combination with highly conducting com-
pounds, such as carbon materials [20,37,38]. Several authors
reported a synergistic effect between metal oxides and carbon
materials that enhances ORR activity [39e41]. Apart from providing
electrical conductivity, the carbon component can act as a co-
catalyst [38,42] and also favours the regeneration of catalytic Mn
sites [41].

In the present study, we develop Mn-based materials by
tailoring the crystal phases and the surface concentration of active
manganese. LaMnO3/MnaOb (La1-xMnOz where x is in the range
from 0 to 0.5) composites are mixed with Vulcan XC-72R carbon
black to study the ORR. The synthesizedmaterials are characterized
by different physicochemical and electrochemical techniques and
the electrocatalytic activity of the composites is analysed.
2. Experimental

2.1. Materials and reagents

The reagents employed for the synthesis of perovskite oxides
were lanthanum (III) nitrate hexahydrate (La(NO3)3,6H2O)
(Sigma-Aldrich, 99.99%), manganese (II) nitrate hydrate
(Mn(NO3)2,xH2O) (Alfa Aesar, 99.98%), citric acid (Sigma-Aldrich
99%), ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich, ACS
reagent) and ammonia (NH3) (VWR Chemicals, analytic reagent).

Besides, commercial Vulcan XC-72R carbon black (Vulcan)
(Cabot Corporation), potassium hydroxide (KOH) (VWR Chemicals),
isopropanol 99.5% (Acros. Organics), Nafion® 5% w/w water and 1-
propanol (Alfa Aesar) and 20 %wt Pt/C (Sigma-Aldrich) were also
used. The solutions were prepared using ultrapure water (18 MU/
cm from an Elga Labwater Purelab system) and the gases, N2
(99.999%), O2 (99.995%) and H2 (99.999%) were provided by Air
Liquide.
2

2.2. Synthesis of composites

The synthesis of LaMnO3/MnaOb was performed by a sol-gel
method similar to that described in the literature [43]. The La:Mn
atomic ratio was modified according to the expression La1-xMnOz
(x ¼ 0, 0.1, 0.3, 0.4, and 0.5). MnaOb oxide materials were synthe-
sized under the same protocol, but without lanthanum precursors.
The calcination temperature was 700 �C for Mn2O3 and 1000 �C for
Mn3O4.

The La1-xMnOz/Vulcan and MnaOb/Vulcan materials were pre-
pared by physically mixing both solids, at 1:1 wt ratio, in an agate
mortar until a homogenous material was obtained.

2.3. Physicochemical characterization techniques

The morphologies of samples were analysed by scanning elec-
tronmicroscopy (SEM, Hitachi Se3000 N, Chiyoda, Japan). The bulk
composition of the metal oxides was studied by energy-dispersive
X-ray spectroscopy (EDX) with an X-ray detector device attached to
the SEM.

The crystallographic parameters of the metal oxide materials
were characterized by X-ray diffraction (XRD) employing Cu Ka
radiation source at a step of 0.05� in the 2q range from 10� to 80�

using a Bruker D8 Advance diffractometer (Billerica, USA) with
Goebel (non-planar samples) with an X-ray generator KRISTALLO-
FLEX K 760-80F (power: 3000 W, voltage: 20e60 KV and
current:5e80 mA). To estimate the crystallite size, the Scherrer
equation was applied [44]:

Dc ¼ kl
bcosðqÞ (Eq. 1)

where Dc is the crystallite size (nm); k is the constant related to the
grain shape whose value is 0.89; l is the wavelength of the radia-
tion source used whose value is 0.15406 nm; b corresponds to the
full width at half maximum (FWHM) (radians), and q is the Bragg
angle. Crystalline quartz was employed to correct the instrumental
broadening factor from themeasured FWHMvalue. To calculate the
corrected FWHM value, the following equation was used [44]:

b2real ¼ b2obs � b2inst (Eq. 2)

where breal is a value obtained from the crystal, bobs is the measured
value, and binst is the value associated with the instrument obtained
from the quartz pattern.

The concentration of the different crystal phases present in the
composites was obtained by using the Rietveld refinement function
of the Highscore Plus software.

The surface composition of the metal oxides materials was
characterized by X-ray photoelectron spectroscopy (XPS) in a VG-
Microtech Multilab 3000 equipment (Thermo-Scientific, Wal-
tham, MA, USA), equipped with an Al Ka radiation source
(1253.6 eV). To deconvolute the XPS data, the XPSPEAK41 software
was used adjusting the experimental curves with a combination of
Lorentz-Gaussian functions and a Shirley line was used as the
background.

2.4. Electrochemical characterization

The electrochemical properties of La1-xMnOz/Vulcan materials
were characterized using an ink prepared by sonicating a suspen-
sion of 1mg of material and 1mL of a solution (20 vol% isopropanol,
80 vol% water and 0.02 vol% Nafion®).

Electrochemical measurements were done at 25 �C in a three-
electrode cell in 0.1 M KOH medium using an Autolab PGSTAT302
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(Metrohm, Netherlands) potentiostat. A rotating ring-disk elec-
trode (RRDE) from Pine Research Instruments (USA), equippedwith
a glassy carbon (GC) disk (5.61 mm in diameter) and a Pt ring was
used as the working electrode. A graphite rod was used as the
counter electrode and a reversible hydrogen electrode (RHE)
immersed in the working electrolyte as the reference electrode.

The cyclic voltammetry techniquewas employed to characterize
the samples in an alkaline medium. 120 mL of the above suspension
was deposited on the glassy carbon disk electrode and a uniform
catalyst layer of 480 mg/cm2 active material was obtained. The ORR
was studied by linear sweep voltammetry (LSV) experiments at
5 mV/s from 1 to 0 V (vs RHE) in 0.1 M KOH medium at 1600 rpm.
The Pt ring electrode potential was maintained at 1.5 V during all
the measurements. The electron transfer number, ne� , was calcu-
lated from the hydrogen peroxide oxidation at the Pt ring electrode,
according to the following equation [32]:

HO�
2 ½%� ¼ 200� Iring

�
N

Idisk þ Iring
�
N

(Eq. 3)

ne� ¼ 4Idisk
Idisk þ Iring

�
N

(Eq. 4)

where Idisk and Iring are the currents measured at disk and ring
electrodes, respectively, and N is the current collection efficiency of
the ring, which in this case is 0.37.

A commercial Pt (20 wt%) on graphitized carbon (Sigma-
Aldrich) was used as reference electrocatalyst in LSV (Pt/C).
3. Results and discussion

3.1. Surface morphology and structure characterization

It is known that both surface morphology and crystal structure
of active materials have an important impact on electrochemical
reactions. Usually, porous structures are preferred because the
amount of available active sites increases and the diffusion of re-
actants and the release of products are facilitated, resulting in a
better electrocatalytic performance. The surface morphology of La1-
xMnOz composites and MnaOb oxides was characterized by SEM
microscopy (Fig. S1). These materials display similar morphology,
which consists on agglomerated particles of around 200 nm
Fig. 1. X-ray diffraction patterns for a set of L
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showing an irregular shape and providing low porosity develop-
ment. Usually, increasing the calcination temperature during the
synthesis results in higher particle size and lower surface area [45].
This effect is observed for Mn3O4, which shows large particles of
around 800 nm that might affect its electrocatalytic performance
towards ORR.

As shown in previous studies for perovskite-based materials
[21,22], more symmetrical crystal structures reduce the distortion
and rotation of the BO6 octahedron and facilitate the interaction
between reactants and B site cations. A detailed characterization of
the crystal structure of materials can be provided by XRD analysis.
XRD patterns obtained from La1-xMnOz composites and MnaOb
oxides are presented in Fig. 1, where some differences can be
observed. LaMnOz shows a diffractogram characteristic of pure
LaMnO3 that can be indexed to a cubic perovskite phase and be-
longs to the Pm-3m space group (LaMnO3, PDF code: 96-154-2146).
The crystal structure changes to rhombohedral in the case of
La0.9MnOz and La0.7MnOz samples, and it belongs to the space
group R-3c (LaMnO3, PDF code: 96-152-1792). This change is
perceived as a double peak at 2q around 32� (see Fig. 1b) but the
cubic perovskite phase of LaMnO3 appears again for La0.6MnOz and
La0.5MnOz samples. From these results it can be deduced that
La:Mn ratio plays an important role in the formation of different
crystal structures and that the rhombohedral structure is present
only for compounds with 0.1 � x � 0.3. LaMnOz is the only sample
exhibiting a pure perovskite structure. The Mn3O4 oxide is indexed
to a tetragonal phase and belongs to the I41/amd space group
(Mn3O4, PDF code: 96-101-1263), whereas Mn2O3 is indexed to a
cubic phase and belongs to the Ia-3 space group (Mn2O3, PDF code:
96-810-3498).

In summary, themain crystalline phases observed for La1-xMnOz
materials are LaMnO3, Mn3O4 and Mn2O3, the former predom-
inating for all compounds in either cubic or rhombohedral pattern.
Manganese oxides develop when La:Mn ratio is not equimolar, and,
accordingly, the concentration of perovskite form decreases. These
effects can be observed in Table 1, with data calculated from Riet-
veld refinement (Fig. S2 shows the diffraction pattern lines used for
the refinement of the La0.5MnOz sample).

Mn3O4 is the first oxide formed in the range 0.1 � x � 0.5,
whereas Mn2O3 forms at x � 0.4, when the cubic structure is
restored. These two manganese oxide phases were reported to
exhibit good electrocatalytic response towards ORR [14,17]. Since
the size of nanoparticles plays an important role in the
a1-xMnOz composites and MnaOb oxides.



Table 1
Crystal phases percentages and average crystallite size for La1-xMnOz composites and MnaOb oxides obtained from X-ray diffraction patterns in Fig. 1.

Sample Unit cell Crystallite phases (%) Crystallite size (nm)

LaMnO3 Mn3O4 Mn2O3 LaMnO3 Mn3O4 Mn2O3

LaMnOz Cubic 100 0 0 16 0 0
La0.9MnOz Rhombohedral 97.5 2.5 0 23 83 0
La0.7MnOz 90.2 9.8 0 28 41 0
La0.6MnOz Cubic 79 15.5 5.5 15 10 59
La0.5MnOz 74 21.7 4.3 17 29 86
Mn2O3 Cubic 0 0 100 0 0 69
Mn3O4 Tetragonal 0 100 0 0 68 0

J.X. Flores-Lasluisa, F. Huerta, D. Cazorla-Amor�os et al. Energy 247 (2022) 123456
electrocatalytic response of these composites, the Scherrer equa-
tion was used to determine the dimensions of crystallite phases.
The crystallite size of the cubic perovskite phase (originally around
15e17 nm) increases up to 23e28 nm for the rhombohedral crystal
structure, a change that can be easily ascribed to the enlargement of
the lattice parameters [43,46]. The concentration of MnaOb oxides
is typically in the range 2.5e21.7% for La1-xMnOz samples
depending on La:Mn atomic ratio. Mn3O4 shows different crystal-
lite mean sizes depending on the concentration within the sample.
The highest value, 83 nm, is obtained for La0.9MnOz, whereas only
10 nmwere measured for La0$6MnOz. It is worth noting that simple
manganese oxides, Mn3O4 andMn2O3, show similar crystallite sizes
but Mn3O4 is constituted by larger particles as observed by SEM,
which may affect its electrocatalytic activity towards ORR.

3.2. Surface chemical composition

Since surface and bulk compositions of La1-xMnOz composites
and manganese oxides may differ, separate analyses are required.
Fig. 2. X-ray photoelectron signals obtained from (a) La 3d; (b) Mn 2p and
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XPS can be used to characterize the surface of materials and to
distinguish Mn oxidation states and different oxygen species,
which are relevant for ORR. Fig. 2 shows La 3d, Mn 2p and O 1s core-
level spectra for the different materials. The La 3d region (Fig. 2a) is
characterized by two well-separated spin-orbit components at
around 834 eV (La 3d5/2) and 851 eV (La 3d3/2) showing multiplet
structure. The spin-orbit splitting of La 3d, which is around 16.8 eV
for all La1-xMnOz samples, suggests the presence of lanthanum in
the trivalent state [47,48]. Since the value of the multiplet splitting
is higher than 4 eV for all composites, the presence of lanthanum
oxides is evidenced [47]. It can be also observed that La 3d5/2 and La
3d3/2 peaks slightly shift to lower binding energies at increasingMn
concentration. This may be related to the increasing electron den-
sity around lanthanum, due to backbonding from manganese to
oxygen [49]. The Mn 2p spectra (Fig. 2b) displays two asymmetrical
spin-orbit signals at about 641.7 and 653.3 eV, which can be
attributed to Mn 2p3/2 and Mn 2p1/2, respectively [47,50]. The
asymmetry of these peaks suggests the presence of different
oxidation states of Mn at the surface. The spin-orbit splitting close
(c) O 1s spectral regions for La1-xMnOz composites and MnaOb oxides.



Fig. 3. Deconvolution of X-ray photoelectron spectra signals coming from (a) Mn 2p and (b) O 1s samples in Fig. 3.
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to 11.6 eV points to the presence of surface Mn3þ in La1-xMnOz
composites [51] and this value matches well with that reported for
Mn3O4 [52]. For Mn2O3, the slightly higher value, close to 11.8 eV,
agrees with previously reported results [17]. The O 1s spectra
(Fig. 2c) of La1-xMnOz oxides shows a peak at around 529 eV,
whereas higher binding energies are observed for Mn2O3 and
Mn3O4 (at around 529.4 and 529.8 eV, respectively, which agrees
with previous studies [53]). The changes in O 1s spectra at
increasing Mn concentration reveal the progressive formation of
manganese oxide phases.

Mn 2p and O 1s spectra of all the samples were deconvoluted in
Fig. 3 to quantify the contribution of manganese oxidation states
and oxygen species, respectively. The Mn 2p3/2 signal (Fig. 3a) was
separated into three peaks at around 640.5 (Mn2þ), 641.4 (Mn3þ)
and 643.0 eV (Mn4þ). The Mn 2p1/2 signal resulted in peaks at 652.0
(Mn2þ), 653.0 (Mn3þ) and 654.6 eV (Mn4þ) [35,54,55]. Moreover, a
satellite can be observed at around 645.4 eV, which can be assigned
to Mn2þ species [56]. As derived from the relative peak areas, the
main oxidation state is Mn3þ (coloured in blue) followed by Mn4þ

(purple). Mn2þ oxidation state (orange) is usually present at lower
concentration, except for Mn3O4, whose bulk structure is composed
of Mn2þ and Mn3þ. Table 2 summarizes the quantification of Mn
main oxidation states obtained by deconvolution. The O 1s spectra
of La1-xMnOz can be generally deconvoluted into four peaks
(Fig. 3b), at around 529, 529.6, 531.0 and 532.6 eV. They correspond
respectively to lattice oxygen in either lanthanum or manganese
oxides (OL), surface adsorbed oxygen species or OH� (OC), and
Table 2
Nominal and experimental atomic ratios for La1-xMnOz composites obtained from EDX a

Sample Nominal EDX XPS

Mn
La

Mn
La

Mn
La

LaMnOz 1.00 0.99 0.58
La0.9MnOz 1.11 1.04 0.73
La0.7MnOz 1.43 1.39 1.04
La0.6MnOz 1.67 1.67 1.20
La0.5MnOz 2.00 2.09 1.23
Mn2O3 e e e

Mn3O4 e e e

5

physisorbed or chemisorbed H2Omolecules (OW) [35,57]. However,
Mn2O3 exhibits only two contributions at 529.4 and 530.9 eV,
which are ascribed to OL and OC [17], whereas Mn3O4 shows three
peaks at 529.7, 531 and 532.3 eV corresponding to OL, OC and OW,
respectively [52].

EDX technique was used to estimate the bulk composition of
La1-xMnOz composites. Table 2 shows that Mn/La atomic ratios, as
obtained by EDX, are quite close to nominal values (those derived
from the stoichiometry used during synthesis), thus confirming the
overall composition of materials. However, XPS values differ
significantly, revealing that the surface concentration of lanthanum
exceeds nominal values. Similar surface enrichment was reported
in some previous studies [47,58]. As expected, the concentration of
Mn over the surface increases at decreasing La concentration,
which may improve the electrocatalytic performance of these
materials towards ORR.

Previous studies reported that the presence of an appropriate
amount of Mn4þ species could increase the covalency of the metal-
oxygen bond and assist the O2

2�/OH� exchange (a significant step of
the ORR mechanism) which improves the ORR performance
[33,59]. Moreover, Mn4þ shows higher oxidation ability than Mn3þ,
thus accelerating the chemical disproportionation of HO2

� and
improving the ORR performance [33,60]. A high concentration of
OC, which is also associated with oxygen vacancies [23], can
enhance the mobility of the oxygen ion [21] and reinforce the
covalency of the BeO bond, whichmay facilitate again the O2

2�/OH�

exchange [59].
nd XPS measurements. Deconvolution data obtained from Fig. 3.

Mn4þ/Mn3þ OC/OL Average Mn oxidation state

0.55 0.47 3.29
0.50 0.33 3.25
0.52 0.27 3.21
0.55 0.43 3.27
0.42 0.28 3.21
0.34 0.25 3.17
0.51 0.51 3.02



Fig. 4. a) RDE linear sweep voltammograms for La1-xMnOz/Vulcan composites and
MnaOb/Vulcan in 0.1 M KOH saturated with O2 at 1600 rpm; b) Number of transferred
electrons involved in ORR at increasing potential as obtained from Eq. (4) by using the
current measured at the ring.
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The Mn4þ/Mn3þ ratio for La1-xMnOz composites is in the range
between 0.42 and 0.55. La0.5MnOz shows the lowest ratio and both
LaMnOz and La0.6MnOz the highest ones. Since surface Mn is pro-
moted at increasing x values, it can be assumed that the total
concentration of Mn4þ also increases up to its maximum value for
La0.6MnOz and then drops. It is then expected that La0.6MnOz
sample shows the best electrocatalytic behaviour due to the larger
concentration of Mn4þ and oxygen vacancies. Among manganese
oxides, Mn3O4 sample shows the highest Mn4þ and oxygen va-
cancies concentration, but the electrocatalytic performance could
be limited by its larger particle size compared toMn2O3, as revealed
by SEM and XRD. The average oxidation states of Mn, which were
calculated after XPS spectral deconvolution, show little differences
for La1-xMnOz composites and, accordingly, the ORR performance is
expected to be more determined by the Mn surface concentration.
Manganese oxide materials, on the contrary, show significant dif-
ferences: 3.17 and 3.02 for Mn2O3 and Mn3O4, respectively. As the
optimum value for proper Mn-oxygen interaction is 3.4, Mn3O4 is
expected to show a lower catalytic performance [61,62].

3.3. Electrochemical characterization

The relative concentration of crystal phases and the surface
chemistry of La1-xMnOz composites are both governed by La:Mn
atomic ratio. Accordingly, it is expected that the electrochemical
properties of the composite materials could be tuned by changing
that parameter during the synthesis. The electrochemical charac-
terization of the as-synthesized materials, including the pure
manganese oxides mixed with carbon black, was performed by
cyclic voltammetry in a N2-saturated atmosphere and the results
are depicted in Fig. 3S. These materials exhibit two different vol-
tammetric peaks associated with Mn redox processes [18,28,30].
Mn2þ/Mn3þ oxidation occurs during the forward scan producing
peaks at around 0.7 V. Moreover, the presence of a small anodic
peak at 0.9 V in some samples is associated with the formation of
MnOOH species. During the reverse scan, the counter process peaks
at around 0.5 V. Moreover, it can be clearly observed that rhom-
bohedral La1-xMnOz composites show a lower double-layer
charging current, which can be attributed to their larger crystallites.

Among manganese oxide-based materials, Mn3O4/Vulcan
shows the lowest double-layer charging current due to the larger
particle size of this material. Small voltammetric peaks related to
Mn redox processes can be also distinguished. On the other hand,
Mn2O3/Vulcan undergoes an oxidation process, which starts at
around 0.8 V. This process may be associated with a high concen-
tration of Mn3þ yielding MnOOH which can be subsequently
oxidized to Mn4þ at a higher potential (at around 1.1 V vs RHE,
which was not reached in these CV experiments). In the reverse
sweep, the small peak at around 0.75 V can be related to the
reduction related process. Celorrio et al. [28] suggested that the
unique activity of LaMnO3 towards ORR is linked to changes in the
oxidation state of manganese at potentials close to the formal ox-
ygen redox potential.

3.4. Electrochemical activity towards ORR

The electrochemical activity of catalysts was evaluated by
means of an RRDE in 0.1 M KOH and the results are shown in Fig. 4.
All La1-xMnOz/Vulcan materials display quite similar behaviour
(Fig. 4a), although some differences in the onset potential and
limiting current density can be discerned. Generally, samples con-
taining the rhombohedral perovskite phase show less positive
onset potential, which suggests that larger crystallite size repre-
sents fewer active sites available for the electrochemical reaction.
Meanwhile, La0.6MnOz oxide shows the highest current density. On
6

the other hand, a clear difference in the ORR performance exists
between manganese oxide-based materials. The Mn2O3/Vulcan
sample exhibits better electroactivity compared to Mn3O4/Vulcan,
which may be ascribed to the lower particle size (and larger surface
area). The higher average oxidation state of manganese in Mn2O3
probably improves its electroactivity for ORR.

The number of electrons transferred in ORR is depicted in
Fig. 4b. The reaction proceeds in the range of around 3.3e3.7 for
La1-xMnOz/Vulcan materials, being La0.6MnOz/Vulcan the most se-
lective sample for a 4-electron reaction pathway. This result can be
explained in terms of the higher concentrations of Mn4þ and oxy-
gen vacancies (OC). Previous studies revealed the importance of
these two parameters for a high ORR performance but, in those
cases, a partial substitution of B-site cations [23,59] or A-site cat-
ions [32,33] was performed to generate Mn4þ and oxygen va-
cancies. Mn2O3 materials show the highest selectivity for a 4-
electron pathway. This finding agrees with a previous study [62]



Fig. 5. Comparative stability test for La0.6MnOz/Vulcan composite and 20%Pt/C can
accomplished at 0.65 V and 1600 rpm in O2-saturated 0.1 M KOH and 25 �C. Methanol
was added 180 min after the beginning of the experiment.
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reporting that Mn2O3 could yield less amount of peroxide in this
reaction compared to Mn3O4. ORR can proceed through either a 2-
electron or a 4-electron pathway in an alkaline medium, being the
latter the most desirable because it gives more power and does not
produce corrosive peroxide species [63]. On perovskite and spinel
materials the mechanism involves 4 electrons and comprises the
interaction of a 3d transition metal in an octahedral site with the
oxygen-containing species [31,40,64]. Twomain parameters govern
the ORR performance, and both improve after the incorporation of
Mn4þ species: on the one hand, the eg orbital of B site cations filled
with one electron promotes O2

2�/OH� displacement. On the other
hand, a stronger covalency of the BeO bond increases the driving
force and, as a result, facilitates the O2

2�/OH� exchange [31].
Previous studies [40,41] reported a synergistic effect between

oxides and carbon materials through a strong CeOeMn interaction
that facilitates electron transfer and, consequently, the ORR activity.
In addition, the carbon material can act as a co-catalyst by reducing
oxygen through a 2 þ 2 electron pathway. Firstly, OH2

� is generated
and then, it can be reduced to OH� over the adjacent metal oxide
catalytic sites [38,42].

The most significant electrochemical parameters obtained from
LSV experiments are shown in Table 3. For the La1-xMnOz/Vulcan
set, the onset potential for ORR is higher at La0.6MnOz/Vulcan and
La0.5MnOz/Vulcan, thus suggesting that catalytic sites are more
active in these two samples. The suitable crystallite size of the
different phases may explain their better catalytic performance, but
the synergy between perovskite and manganese oxides cannot be
ruled out, especially for Mn2O3 oxide. Such an effect was detected
in previous studies [62] and used to explain the better ORR per-
formance observed. Although, the total concentration of Mn4þ in-
creases at increasing x values, the selectivity towards the 4-electron
pathway at La0.9MnOz/Vulcan and La0.7MnOz/Vulcan samples de-
teriorates, as evidenced by a decrease in the respective number of
electrons recorded. This effect is attributed to the presence of
Mn3O4 species. On the contrary, for La0.6MnOz/Vulcan and La0.5M-
nOz/Vulcan samples the number of electrons increases (3.81 and
3.74 respectively), which can be explained in terms of the higher
selectivity of Mn2O3 to this route. As expected, the increasing
amount of surface Mn at higher x values has a positive effect on the
limiting current density, mostly because a higher number of the
active sites are available for ORR.

According to the Tafel slopes presented in Table 3, the electron
transfer kinetics for ORR becomes slightly more favourable at La1-
xMnOz/Vulcan samples when x � 0.3. It can be then derived that
a higher surface concentration of Mn enhances the electrocatalytic
performance. Tafel slopes at La1-xMnOz/Vulcan samples are
comprised between 100 and 90 mV dec�1 and, accordingly, the
rate-determining step seems to be a combination of the first elec-
tron transfer (120 mV dec�1) and the protonation of superoxide to
form HO2

� (60 mV dec�1) [65,66], the former step being more
dominant for those composites with x � 0.3. On the other hand,
Table 3
Onset potential, number of electrons, limiting current density and Tafel slope obtained f

Sample Eonset /V (at -0.10 mA cm�2) ne� (at 0.7 V

LaMnOz/Vulcan 0.84 3.83
La0.9MnOz/Vulcan 0.83 3.47
La0.7MnOz/Vulcan 0.84 3.47
La0.6MnOz/Vulcan 0.87 3.81
La0.5MnOz/Vulcan 0.87 3.74
Mn2O3/Vulcan 0.86 3.90
Mn3O4/Vulcan 0.81 3.42
Pt/C 0.98 3.99

7

MnaOb-based materials exhibit high Tafel slopes, thus suggesting
that the first electron transfer is the rate-determining step.
AlthoughMn3O4/Vulcan shows slightly better kinetics, it provides a
lower number of electrocatalytic active sites.

Therefore, if all the electrochemical parameters from LSV curves
are considered, the best performance is obtained for La0.6MnOz/
Vulcan sample. The stability of this specimen was tested by a
chronoamperometric technique and the results are shown in Fig. 5.
The experiment was performed on an RRDE at 1600 rpm in O2-
saturated 0.1 M KOH electrolyte and at a constant potential of
0.65 V [67]. The commercial Pt/C samplewas tested under the same
experimental conditions to compare the stability of the synthesized
material. After 3 h at 0.65 V, methanol was added to the working
electrolyte until 1.0 M concentration was reached. As expected, the
Pt-based catalyst retains almost 95% of the initial current after 3 h.
However, after methanol addition, the current drops suddenly to
zero because the active metal is poisoned with CO coming from
methanol decomposition/oxidation. The activity of La0.6MnOz/
Vulcan composite shows a slow decay which tends to stabilize at
around 150e180 min. After methanol addition, the composite ex-
hibits high tolerance to poisoning, with a minor current drop of
around 10% recorded at the end of the experiment. From the results
of this test, it can be concluded that La0.6MnOz/Vulcan composite
shows a good electrocatalytic performance which makes it a
promising alternative to platinum-based electrocatalysts for the
ORR in an alkaline medium.
or the ORR reaction for the samples mixed with carbon black.

vs RHE) jlim /mA cm�2 (at 0.4 V) Tafel slope/mV dec�1

�3.87 102
�4.37 101
�4.21 96
�4.78 90
�4.11 89
�4.47 158
�3.12 133
�5.51 60
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4. Conclusions

La1-xMnOz electrocatalysts were synthesized by means of a sol-
gel method. As expected, different La:Mn ratio during the synthesis
generates different crystal phases and modifies the Mn surface
concentration. The presence of a cubic perovskite phase leads to a
better electrocatalytic performance in ORR because the compounds
show smaller size. Among the synthesized samples, La0.6MnOz/
Vulcan exhibits the best electrocatalytic response towards ORR.
This may be due to its higher Mn4þ/Mn3þ ratio and number of
oxygen vacancies, which increase the electrical conductivity and
promotes the covalency of the BeO bond. Moreover, the high Mn4þ

content affects positively the ORR activity because its higher
oxidation ability facilitates the chemical disproportionation reac-
tion of HO2

�, thus increasing the overall reaction kinetics. The
presence of manganese oxides, particularly Mn2O3, also improves
the catalytic performance of LaMnO3 due to a possible synergistic
effect between both oxides. It was observed a synergistic effect
between metal oxides and carbon material that improves the
electron transfer kinetics in ORR. The carbon material also acts as a
co-catalyst favouirng the overall reaction. Apart from the suitable
electrocatalytic performance in ORR, the La0.6MnOz/Vulcan com-
posite shows good tolerance to methanol poisoning, making it a
promising alternative to platinum-based materials for alkaline fuel
cells.
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