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Electrochemical oxygen reduction reactions (ORRs) play
pivotal roles in various energy storage and conversion
technologies, such as metal-air batteries and fuel cells.l"
The sluggish ORR requires catalysts, of which platinum-
based materials are known to exhibit the best overall
performance.”) However, the high price and scarcity of
platinum necessitates either an increase in the efficiency of
noble metal use or the exploitation of non-precious electro-
catalysts."7 Among noble-metal-free alternatives, manga-
nese oxides have received intensive attention because of their
high element abundance, low cost, lower environmental
impact, and moderate activity.*') Manganese oxides can
also serve in catalytic oxygen evolution reactions
(OERs),[11200 thys making them attractive as bifunctional
catalysts for oxygen electrochemistry. Compared with noble-
metal catalysts, manganese oxides are generally less active,
particularly in terms of overpotentials and their capability to
catalyze 4-electron reduction.”?! Strategies to enhance the
electrocatalytic performance of manganese oxides include
doping with cations, coating with metals, and integrating
conductive  nanostructures.*>*2>!  Although  these
approaches have proven effective, they are relatively compli-
cated and costly. Improving the activity of manganese oxides
through simple and economic alternative routes is of great
interest for developing high-performing manganese-based
electrocatalysts.

Herein, we report a facile strategy for enhancing the
activity of MnO, by introducing native oxygen defects
without modification by foreign additives. Although the
importance of oxygen defects in oxides has been demon-
strated in different electrochemical systems such as lithium
batteries and solid oxide fuel cells,”*"! to our knowledge little
has been reported in the context of ORR under aqueous
conditions."® Herein, we present the first detailed investiga-
tion of the effect of oxygen nonstoichiometry on ORR
electrocatalysis in alkaline electrolytes, in conjunction with
density functional theory (DFT) calculations and experimen-
tal studies. We selected rutile-type $-MnO, (Figure 1a) as
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Figure 1. a) Structure of rutile-type MnO, with oxygen vacancies.

b) XRD patterns of different oxides. The symbols * and * denote
Mn;0, and MnOOH, respectively. Pristine (—), H/Ar-350-2h (—),
Air-350-2h (—), Ar-350-2h (——), ¢) and d) HRTEM images of
pristine -MnO, (c) and 3-MnO, heated in Ar (d), the insets show the
FFT patterns.

a model binary manganese oxide because it is a thermody-
namically stable phase with obtainable high phase purity.®"
Oxygen deficiencies were introduced into manganese
oxides by simple heat treatment. Thermogravimetric (TG)
analysis of f-MnO, under Ar and air flow shows weight loss at
different steps (Supporting Information, Figure S1 and S2),
which can be sequentially ascribed to the removal of
physisorbed species, the slight release of lattice oxygen, and
the phase change from MnO, to Mn,O; and Mn;0,.”? The
corresponding peak temperatures are higher in air than in Ar.
This is reasonable, considering the different oxygen partial
pressure between atmospheres of Ar and air. A programmed
TG analysis (Figure S3) further indicates that upon heating
the oxide loses weight to a larger extent in Ar than in air.
Thus, the concentration of oxygen defects is adjustable with
the calcination parameters. We prepared a batch of samples
by heating MnO, under controlled conditions (Figure S4).
Figure 1b shows the powder X-ray diffraction (XRD)
patterns of pristine and heat-treated MnO, samples. The
pattern of pristine MnO, is readily indexed to a high-purity
pyrolusite phase. The sharp peaks reveal high crystallinity,
which is also indicated by the single crystalline character in
transmission electron microscopy (TEM) imaging (Fig-
ure 1c¢). The phase purity is maintained on heating the
samples below 400°C in Ar or Air. In comparison, Mn;O, and
MnOOH can be detected in the oxide heated in a reducing
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atmosphere of Ar/H,. The structural and compositional
information for typical samples is summarized in Table 1.
The lattice parameters for a pristine specimen and a specimen
annealed in air at 250°C for 2 h (Air-250-2h; for details on
sample naming conventions, see the Experimental Section)

Table 1: Characteristics of pristine and treated 3-MnO, samples.

Samplel? Lattice parameters Mn valence Composition
a/c [A® statel!

pristine 4.401/2.875 3.96 MnO, o5

Air-250-2h 4.399/2.874 3.98 MnO; o5

Air-400-2h 4.406/2.875 3.94 MnO, o;

Ar3502h  4.408/2.876 3.91 MnO;

Ar-450-6h  4.412/2.879 3.83 MnO; o,

[a] Sample names are given in the format: annealing atmosphere-
annealing temperature-annealing time. [b] From XRD Rietveld refine-
ment. [c] From chemical titration. [d] Average data from atomic absorp-
tion and emission spectroscopies.

agree well with standard values (JCPDS Card no. 24-0735).
For other annealed samples, there is weak lattice expansion,
as would be expected from the presence of oxygen vacancies
and a larger Mn*" ionic radius. They show the lower average
oxidation state of Mn and lower oxygen content, as deter-
mined by chemical titration and atomic absorption/emission
spectroscopy. Thus, heat treatment in Ar and Air leads to
oxygen nonstoichiometry, which is compensated for by the
reduction of Mn*' to Mn*". As the formation of oxygen
vacancies is endothermic,®® an elevated annealing temper-
ature and a prolonged dwell time favor a high concentration
of oxygen defects. It should be noted that 3-MnO, heated to
500°C displays structural modification. As shown in Fig-
ure 1d, two domains can be observed, which is indicative of
a typical pyrolusite lattice and a new structure that corre-
sponds to a different fast Fourier transformation (FFT)
pattern. The new lattice fringes and FFT profile can possibly
be ascribed to reconstruction and phase transformation,
similar to previously reported oxygen-vacancy-induced struc-
tural variations of MnO,.*¥

The ORR activities of pristine and oxygen-vacant -MnO,
were investigated using rotational ring-disk electrodes
(RRDE:s). Figure 2a shows the typical voltammograms at
a potential scanning rate of 5 mV's™'. The disk currents reflect
the catalytic ORR, as the cathodic currents are negligible in
an Ar-saturated electrolyte (Figure S5). Compared to neat
carbon, the oxides are significantly more active in terms of
lower overpotentials and larger currents. For the oxides, the
oxygen-defective samples exhibit approximately 50 mV
higher potential than pristine MnO, at a given specific
current within the half-wave potential range (Figure 2b).
Accordingly, the introduction of oxygen vacancies enhances
the catalytic activity of MnO,. The ORR kinetics can be also
assessed by the Koutecky-Levich (K-L) curves constructed
from rotation-speed-dependent current (Figure S5).1**) The
slopes of the linear plots (Figure 2¢) indicate a dominating
2e” ORR process for carbon and a quasi-4e” reduction
pathway for MnO,.
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Figure 2. Electrocatalytic properties of pristine and oxygen-vacant f3-
MnO,. a) Voltammograms of the ORR using RRDEs in KOH (0.1 m)
saturated with O,. Carbon (—), pristine (——), Ar-350-2h (——), Ar-
350-4h (—), Air-400-2h (—). b) Specific activities near the half-
wave potential region. pristine (—), Ar-350-2h (——), Ar-350-4h
(—), Air-400-2h (—). c) K-L plots at 0.5 V. Carbon (m), pristine
(@), Ar-350-2h (4), Ar-350-4h (), Air-400-2h (). d) Determined
electron transfer number and percentage of peroxide at various
potentials. pristine (—), Ar-350-2h (——), Ar-350-4h (—), Air-400-
2h (—).

The ORR catalytic performance is further evaluated by
calculating the electron transfer number (1) and peroxide
yield (y, percentage of HO,™ relative to total products) from
the ring/disk currents (/z/I) through the following equations:

n=4NIy/(NIy + I) (1)

y =2001g/(NIp + Ix) 2)

where N is the current collection efficiency of RRDE.[%14:3]

For oxygen-nonstoichiometric oxides, the obtained electron
transfer number is above 3.7 over the potential range of 0.40—
0.65 V. This suggests an apparent 4e~ reduction, which is
consistent with the results from the K-L determination. The
lower n and higher y on pristine MnO, again indicates the
enhancement of the ORR by oxygen deficiency. Interestingly,
the Air-400-2h and Ar-350-2h samples outperform the Ar-
350-4h sample to some extent. The heat treatment parameters
affect the ORR activity (Figure S6); the optimized annealing
temperature and time were found to be 350-400°C and ca.
2 h, respectively. Thus, the most efficient MnO, catalyst
features a modest concentration of oxygen vacancies. Com-
pared with conventional methods (such as Ni doping) for
modifying MnO,,** the present facile thermal treatment
strategy renders more prominent improvement in currents,
potentials, and electrons transferred.

Besides improved activity, the oxygen-vacant oxide
exhibits slightly better catalytic durability than pristine
oxide in a continuous polarization over 24 h (Figure S7).
Additionally, the shape and slopes of the Tafel curves are
close for all MnO, catalysts (Figure S8), which indicates
similar ORR reaction mechanisms. Furthermore, preliminary
results show that, compared to the pristine oxide, oxygen-
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defective MnO, exhibits better activity for OERs (Figure S9).
In the context of ORR-OER bifunctional catalysts, which
play important role in rechargeable metal-air batteries,®]
favoring OER is an additional merit of oxygen nonstoichi-
ometry.

To understand the positive attribute of oxygen vacancies,
we have performed DFT modeling, which is a useful tool for
elucidatinge the likely reaction mechanism in the ORR
catalytic cycle.””*! We focused on the ORR on the stable and
preferentially exposed MnO, (110) surface (Figure S10). In
alkaline media, the ORR involves complex processes asso-
ciated with several oxygen-containing species."! We first
considered the interaction between the catalyst surface and
0O,/H,0. The calculation indicates that H,O is preferentially
absorbed over O, on the 5 fold-coordinated surface Mn ions
(Mns,; Figure S11). Moreover, the surface with full H,O
coverage is the most thermodynamically stable. The splitting
of adsorbed H,O forms a hydroxylated surface, which appears
to be the initial state for the ORR. Accordingly, three models
were constructed for MnO,: the perfect surface and the
surfaces with one and two oxygen vacancies (Figure 3a).
These optimized structures clearly reveal that the introduc-
tion of vacancies modifies the Mn—O bond and the surface
configuration.

Perfect surface
a ¢ O
) 16 Jigzh 9495 A
E.Oii/l 88 A
fh PR

One Vg, surface

Two Vg, surface

0,* Ts

° Osurface

OOH*
o Mn O Owater O Ooxygen

Figure 3. a) Constructed models of perfect and oxygen-vacant hydroxy-
lated -MnO, (110) surfaces. b) and c) Configurations of O, (b) and
OOH (c) adsorbed on different surfaces. d) Energy profiles and
configurations of ORR on $-MnO, surfaces with one (Path 1) and two
(Path Il) oxygen vacancies. Asterisks denote adsorbed species.

TS =transition state.

www.angewandte.de

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

We next modeled the adsorption of oxygen and peroxide
on different hydroxylated MnO, surfaces (Figure 3b,c). For
a perfect surface, O, is very weakly bound, with an adsorption
energy of only 0.07 eV. In comparison, the binding of O, to
one and two O, vacant surfaces is observed in the bridge form
(two O atoms on two Mn atoms) and in the Griffith form (two
O atoms on one Mn atom), respectively. After adsorption
onto oxygen-defect surfaces, the O—O bond is elongated (1.26
and 1.34 A vs. 1.24 A before adsorption), which indicates an
activation and partial dissociation of O,. The adsorption
energies for one-vacancy and two-vacancy surfaces are 0.13
and 0.33 eV, which is about 2- and 5-fold higher, respectively,
than that of a perfect surface. Such enhanced binding of O, is
further verified by overlapping of the Mn 3d orbital and O 2p
orbital in the projected density of states (PDOS) profiles
(Figure S12). Similarly, the adsorption of peroxide on oxygen
vacant surface is much stronger than that on a perfect surface
(Figure 3c¢). Therefore, the presence of oxygen vacancies
enhances the interaction between oxygen-containing species
and MnO, surfaces.

On metal-oxide catalyst surfaces, the ORR in alkaline
media is proposed to proceed through steps including
hydroxide displacement, peroxide and oxide formation, and
hydroxide regeneration.>”*!* The reduction of adsorbed O,
to adsorbed peroxide is likely the rate determining step. Thus,
the energy profiles of this process were calculated (Fig-
ure 3d). For the perfect 3-MnO, (110) surface, the formation
of OOH* is endothermic by 3.09 eV (Figure S13), which
implies that the process is thermodynamically unfavorable.
This energy decreases to 0.96 and 0.55 eV by introducing one
and two O,  vacancies, respectively. As a result, oxygen
deficiency benefits the ORR on -MnO, with regards to
thermodynamics; higher vacancy content exerts a more
positive effect. Note that the peroxides formed can easily
decompose through an exothermic reduction process, making
the overall ORR thermodynamically feasible. Remarkably,
the one-oxygen-vacant surface affords a much lower energy
barrier than the two-oxygen-vacant surface does (0.98 vs.
1.45 eV), which is suggestive of improved kinetics. As the
major drawback for ORR is the sluggish kinetics, the one-
oxygen-vacant oxide should result in higher catalytic activity.
This is consistent with electrochemical results (Figure 2).
Furthermore, the oxygen vacancy content in the calculated
B-MnO, supercell is 1.4 atom%, which is close to the
measured values of the most active Air-400-2h and Ar-350-
2h oxide samples. Therefore, both computational and exper-
imental investigations suggest that a modest oxygen vacancy
is desirable for MnO,-based catalysts.

In conclusion, we have shown that the catalytic activity of
MnO, for the ORR can be enhanced without introducing
foreign components by generating an oxygen deficiency.
Oxides with an adjustable concentration of oxygen vacancies
have been prepared by simply heating MnO, in Ar or Air. The
oxygen-vacancy-bearing oxide enables more positive poten-
tial, larger current, and lower peroxide yield for the ORR
electrocatalysis process, and also favors OER catalysis. DFT
computational studies reveal contributions from modified
surface—oxygen interaction and a reduced kinetic barrier. This
finding could widen the application potential of cheap,
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abundant, and bifunctional Mn-based oxide catalysts and
provide insight into the importance of oxygen nonstoichiom-
etry in oxygen electrochemistry.

Experimental Section

Pristine B-MnO, nanorods were prepared by a hydrothermal route.”’!
The resulting nanorods were kept at desired temperatures in a flowing
gas stream to synthesize different oxygen-vacant MnO, samples. The
obtained specimens are denoted in the format: annealing atmos-
phere-annealing temperature-annealing time. For example, Ar-350-
2h denotes a sample prepared by heating pristine nanorods at 350°C
for 2 hin Ar. For electrochemical tests, a three-electrode cell was used
with a saturated calomel reference electrode (SCE), a Pt counter
electrode, and a catalyst-coated working electrode. Potentials were
referenced to the reversible hydrogen electrode (RHE) potential
scale. Computational studies were carried out using a periodic plane-
wave DFT method. Details on preparation, characterization, and
calculations can be found in the Supporting Information.
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