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ABSTRACT: Mn,O0,@CoMn,O, nanoparticles (NPs) with
adjustable composition were produced at low temperature
and ambient atmosphere using a one-pot two-step synthesis
protocol involving the cation exchange of Mn by Co in pre-
formed Mn,O, NPs. Selecting the proper cobalt precursor,
CoO crystallites could be simultaneously nucleated on the
NP surface to form Mn,O,@CoMn,0,-CoO. Such hetero-
structured NPs exhibited improved performance and durabil-
ity as bifunctional catalysts for the oxygen reduction and
evolution reactions (ORR, OER) over commercial Pt and
IrO,-based catalysts and over previously reported spinel
electrocatalysts in alkaline solution.

The development of highly active, low overpotential, stable
and low-cost electrocatalysts based on abundant and con-
flict-free raw materials is a critical challenge in several energy
conversion technologies.' In particular, high performance
bifunctional electrocatalysts for ORR and OER are an essen-
tial component in rechargeable metal-air batteries and re-
generative low temperature fuel cells. In these devices, the
use of a catalyst based on scarce and high cost Pt and plati-
num group metals represents a severe resource and cost
constraint that strongly limits deployment.” Alternative cost-
effective and abundant transition metal oxides have been
recently shown as outstanding candidates for ORR and/or
OER in alkaline media, showing excellent stability, very high
activity, low overpotential and large roundtrip efficiency
associated with their multiple possible oxidation states, off-
stoichiometric compositions, defects and vacancies.>® How-
ever, the multiple valence s and related structural variability
at the origin of this outstanding electrocatalytic performance
is also behind the difficulty to produce these compounds in a
reproducible and controlled manner. This is a particularly

important limitation when taking into account that the phys-
icochemical properties of transition metal oxides are highly
sensitive to composition, structural parameters and distribu-
tion and oxidation state of cations. Thus, while numerous
works have recently analyzed the ORR/OER performance of
a variety of transition metal oxides, a wide range of results,
associated to a diversity of compositions and phases not
always unequivocally determined, have been reported.’®

Among the large variety of transition metal oxides, Mn-based
spinels have shown particularly outstanding performance for
ORR. Besides, Co-based oxides are also excellent electrocata-
lysts for ORR, but especially for OER. We hence anticipate
the combination of Mn and Co oxides could result in bifunc-
tional catalysts with substantially improved activity for both
ORR and OER. Besides performance, to ensure relevance,
materials need to be produced with large surface areas to
maximize activity, and at a low cost, what requires the syn-
thesis of NPs using low synthesis temperatures and ambient
pressures.

In this work, we detail a scalable, low temperature and ambi-
ent pressure protocol to produce monodisperse
Mn,0,@CoMn,0, and Mn,0,@CoMn,0,-CoO NPs with
controlled composition and phase distribution, and measure
their performance toward ORR and OER.

Mn-Co oxide (MC) NPs were prepared by a one pot, two-step
process. First Mn;O, NPs with octahedral geometries were
produced by decomposing Mn(OAc), at go °C in the pres-
ence of oleylamine, oleic acid and water.” In a second step,
within the same flask and at the same temperature, an aque-
ous cobalt chloride (CoCl,-6H,0) solution was added and
allowed to react for 300 min (supporting information, SI).
Figures 1a and 1b show representative transmission electron
microscopy (TEM) micrographs of the initial Mn,O, and the
MC NPs produced after adding an equivalent molar amount



of Co chloride ([Co]/[Mn]=1; MC1-Cl). Upon Co addition, the
initial octahedral-shape Mn;O, NPs were slightly rounded
(Figure 1a-b) without undergoing any evident growth even
for [Co]/[Mn] ratios up to 5. High-angle annular dark field
scanning TEM (HAADF-STEM) in combination with electron
energy loss spectroscopy (EELS) showed a core-shell type Co
and Mn distribution with core and shell compositions com-
patible with Mn,O, and CoMn,O, stoichiometries, respec-
tively (Figure 1c). All Co concentrations with [Co]/[Mn]
above one resulted in similar core-shell type structures, with
similar shell thickness. High resolution TEM (HRTEM) anal-
ysis showed the MCi-Cl NPs to have a body centered tetrag-
onal Mn,O, phase (space group = I4,/amd) with lattice pa-
rameters a = b = 0.5718 nm and ¢ = 0.9208 nm (SI). Satellite
spots could be clearly identified, which upon filtering evi-
denced the presence of an epitaxial shell with a slight differ-
ence in lattice constants, as it would correspond to CoMn,O,
(Figure 1d). H, temperature programed reduction (TPR)
analysis showed the main Mn;O, reduction peak (380 °C)
and an additional peak (480 °C) which can be associated to
the reduction of the CoMn,0O, phase (Figure 1e).8
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Figure 1. a)-b) TEM micrographs of Mn,O, NPs (a) and MC1-
Cl NPs (b). ¢) HAADF-STEM image and EELS elemental
mapping of MCi1-Cl NPs and compositional line profile of
Mn, Co and O elements recorded along the lines shown in
the STEM images. d) HRTEM micrograph of a MCi-Cl NP,
details of the red and green squared regions with corre-
sponding power spectra, and colorful structural map showing
the distribution of Mn;0O, (green) and CoMn,O, (red) phas-
es. e) H, TPR profile of Mn,O, and MC1-CI NPs

When cobalt perchlorate (Co(ClO,),-6H,0) instead of chlo-
ride was used as cobalt precursor, NPs with rougher surfaces
were produced (Figure 2a-c). Upon Co perchlorate addition,
a clear increase of the NP size was observed, with a final
diameter depending on the amount of Co precursor used;
from an initial average size of 10.9+0.6 nm, to 15.5+1.3 nm for
[Co]/[Mn]=0.5 (MCo.5), ~16.8+1.6 nm for [Co]/[Mn]=1 (MC1)
and 17.1#1.9 nm for [Co]/[Mn]=2 (MCz2). HRTEM and EELS
mapping (figure 2d-e) displayed a clear core-shell type com-

position distribution with a central core phase and composi-
tion consistent with Mn,0,. At the NP surface, several crys-
tallite with a CoO phase and an epitaxial relation with the
core were evidenced (Figure 2e). H, TPR analysis also
showed the Mn,0,- and the CoMn,O -related components
and an additional peak at the reduction temperatures of CoO
or Co;0, (300 °C, Figure 2f).° X-ray photoelectron spectros-
copy (XPS) analysis showed Co™ to be the main Co compo-
nent in all the NPs studied (SI, Figure SI3).

We conclude that with both Co precursors a partial cation
exchange between Mn and Co takes place at the outer sur-
faces of the Mn,O, to form a CoMn,O, shell. Besides, the
very low coordination ability of perchlorate promoted a high
reactivity of the Co ions in solution, which resulted in the
nucleation of an additional cobalt oxide phase, identified as
Co0, at the NP surface. On the other hand, the lower reactiv-
ity of Co™ in the presence of chlorine ions prevented the
nucleation of new crystals and constrained the Co incorpora-
tion to a partial cation exchange reaction self-limited to a
shell thickness of 2-3 nm.
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Figure 2. a)-c) TEM (scale bar = 100 nm) and HRTEM micro-
graphs of NPs with compositions: a) MCo.5, b) MC-1, and ¢)
MCz produced using Co perchlorate. d) HAADF-STEM im-
age and EELS elemental mapping of MC2 NPs and composi-
tional line profile of Mn, Co and O elements recorded along
the line shown in the STEM image. d) HRTEM micrographs
of a MC1 NP, details of the red and green squared regions
with the corresponding power spectra, and colorful structur-
al map showing the distribution of body centered tetragonal
Mn,0, (red) and face centered cubic CoO (green) phases. f)
H, TPR profile of Mn,0,, MCo2 and Co,0, NPs

To study their electrocatalytic properties toward ORR and
OER, NPs were supported on carbon powder (Vulcan XC-72)
with a weight ratio of 30% (NP/C) through sonication of NPs
and carbon in chloroform and ethanol (1:1). NP/C nanocom-



posites were activated via thermal annealing under air at-
mosphere at 180 °C for 5 h (SI). BET analysis of NP/C showed
around 140 m*/g and 20 nm of specific surface area and aver-
age pore size, respectively (Table S1). No appreciable change
was observed from TEM characterization and XRD patterns,
indicating insignificant NP structural and size variation (SI).

ORR activity of NP/C was measured in O,-saturated o.1 M
KOH aqueous solution using a rotating disk electrode (RDE,
Figures S8 and Sg). Figure 3a shows linear sweep voltammo-
grams (LSV) of the MC/C, reference Mn,0,/C and Co,0,/C
and commercial Pt/C electrocatalysts. The LSVs under N,-
saturated electrolyte did not give any significant current
(Figure Sg) Figure 3b displays two ORR figures of merit, the
current density at half-wave potential and the required po-
tentials to reach -3 mA.cm™. Yet, an extended electrochemi-
cal data is given in Table 1. MC1/C catalyst outperformed the
rest, showing highest half-wave and on-set potential, 0.80
and 0.92 V vs. RHE which is higher than MC1-Cl/C and refer-
ence samples. Higher CoO concentrations (MC2/C) main-
tained the maximum current density in the diffusion limited
region but resulted in lower current values at the half-wave
potential.
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Figure 3. (a) ORR polarization curves of MC/C, Mn,0,/C,
Co,0,/C and Pt/C in O,-saturated 0.1 M KOH at 1600 rpm
using a scan rate of 5 mV/s. (b) Kinetic current densities at
half-wave potential and required potentials for j,= 3 mA cm™.
(¢) K-L plots at 0.5V vs. RHE. The standard lines for 2 and 4
electron pathways are also plotted as a guideline. Inset shows
n, at different potentials. d) Chronoamperometric responses
at 0.8 Vin O,-saturated 0.1 M KOH.

Tafel values obtained from a low ORR current density range,
where the limitation by O, diffusion in the active layer is
negligible, were considered for comparison (Figure 3c).
MC1/C exhibited a Tafel value of 52 mV.dec”, much lower
than MC1-Cl/C (95 mV dec”), Mn,0,/C (159 mV.dec”),
C0,0,/C (124 mV.dec”) and benchmark Pt/C (76 mV.dec™),
indicating a higher activity with favorable kinetics. The elec-
tron transfer number (n,) was calculated by Koutecky-Levich
(K-L) method from the RDE current-potential curves at vari-
ous rotation speeds (Figures S8 and Si0). Figure 3d shows n,
as a function of electrode potential from the slope of the
resulting best-fit line i.e. 0.45-0.7V. These results demon-
strate the incorporation of CoO nanocrystallites facilitates

rapid electron transfer shifting the ORR mechanism towards
the 4-electron pathway, via n, value from 3.35 for bare
Mn,0,/C and 3.43 for Mn,0,@CoMn,0,/C, to 3.68, 3.98 and
3.86 at 0.5 V vs. RHE for MCo.5/C, MC1/C and MC2/C, re-
spectively.”

In terms of stability, MC/C catalysts showed current reten-
tion above 95% (MC1/C) of the initial current after 20 h. This
is an outstanding value compared with benchmark Pt/C
catalyst under ORR, losing nearly half of its current density
within the first 20 hours and 70% after 60 hours test (Figure
4c and Figure Su1) which could be a reason of high number of
contact sites between Pt NPs and carbon support leading to
faster oxidation of carbon materials as shown in a recent
work." Besides, as discussed earlier, the 4-electron O, reduc-
tion into OH™ can compete with the 2-electron pathway
yielding HO, species which are detrimental to the ORR
performance, generating problems like membrane alteration
or electrode materials corrosion.* As shown in Figure 3d,
MCi-Cl exhibited a lower electron transference value which
is an evidence of peroxide formation. In contrast, for MC1
and MC2, n, values close to 4 revealed a direct O, reduction
path, plus an advanced decomposition activity against dete-
riorating peroxide species, which is beneficial for holding a
stable catalytic activity.

Catalytic activities for OER are shown in Figure 4a, which
exhibit their linear sweeps driven to higher values than water
oxidation standard potential, 1.23 V vs. RHE along with the
corresponding Tafel plots displayed inFigure 4b. MC/C and
particularly MC1/C, also outperformed reference electrocata-
lysts in the OER. For MC1/C, oxidative current started at 1.54
V vs. RHE, reaching up to a current density of 15 mA-cm™ at
1.76 V, with a sharp increase. Co,0,/C is in state-of-art giving
an excellent catalytic activity, clearly outperforming that of
Pt/C and Mn,0,/C. At higher current densities, Pt/C exhibit-
ed a break in the slope implying a change in the structure
owing to oxidation of Pt and carbon support following deg-
radation and dissolution.”” Therefore, an IrO,-based comer-
cially available anode (EC  Electrochemical Cell,
Ti/IrO,:Ta,O4 DSA) was also tested here as OER benchmark
catalyst. The linear polynomial regression of the data ob-
tained from LSVs showed the MCi/C to exhibit the faster
reaction kinetics, with a Tafel value of 95.2 mV per decade
comparable to benchmark DSA electrode.
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Figure 4. (a) OER polarization curves of MC/C, Pt/C and DSA

in O,-saturated 0.1 M KOH at a scan rate of 5 mV/s. (b) Tafel
plots derived from OER polarization curves.

A main figure of merit for practical electrochemical and
photoelectrochemical applications is the difference between
the potential at ORR current density of -3 mA-cm™ and that
at OER current density of 10 mA-cm™ (AEggg.or, Table 7).
The smaller this difference, the closer a material is to being



an ideal reversible catalyst. This value was 2.17 for Mn,0,/C
and 2.01 for Pt/C, mainly due to low OER performances.
Much lower AEqgrg_opr values were obtained for Co,0,, 115V,
and especially for MC1/C, 0.92 V, which is among the best
values reported (SI, Table 2). As a reference, taking the val-
ues of Pt as standard ORR catalysts and DSA for OER, a
AEoRrr-orr=1.01 V would be obtained.

Besides, MC/C electrocatalysts also showed excellent stabil-
ity, a critical requirement for practical application. LSV be-
fore and after a 20 hours test, showed no significant change
either in the on-set voltage or in current density of both ORR
and OER for MCo.5/C, MC1/C and MC2/C electrocatalyts.
Even a slight improvement was observed in the OER catalysis
current density probably due to the increased wetting by
penetration of the electrolyte into the nanopores/voids of the
thin-film (Figure 4d).

Table 1. Summary of the ORR/OER Catalytic Performance
Revealed from Tafel Plots and Koutechky-Levich plots

ORR OER ORR-OER
n jie g n E AE**
E 7‘}3 " mA.cm? 3 7vEeq L v
Mns0./C 0.35 -4.64 3.2 043 28 2.17
MC-Cl/C 0.34 -520 3.5 043 1.84 1.21
MC0.5/C 038 -514 3.6 038 *1.95 1.25
Mc1/C 031 -571 3.9 031 172 0.92
MC2/C 034 -573 3.8 035 *1.90 1.33
C0s04/C 041 -540 3.4 039 1.77 1.16
Pt)C 033 -525 34 DSA 025 175 “1.01

* Due to the interaction of carbon near 2V; this value was
obtained by linear regression of Tafel & LSV plot. ** Differ-
ence between the potential at ORR current density of -3
mA-cm™ and that at OER current density of 10 mA cm™. *
Value taken from Pt ORR and DSA OER.

In summary, Mn,O,@CoMn,0,-CoO NPs with controlled
composition were synthesized at low temperature and air
atmosphere involving the cation exchange of Mn by Co in
preformed Mn,O, NPs and the simultaneous nucleation of
CoO nanocrystallites on the NP surface. When employed as
electrocatalysts for the ORR and OER in alkaline media, such
hetereostructured NPs showed activities outperforming
Mn,0,, Co,0,, and benchmark electrocatalysts. In particular,
the optimized MC1 composition showed exceptional proper-
ties as bifunctional ORR/OER electrocatalyst including high
current densities with excellent overall oxygen electrode
activity and an improved durability.
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