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Microwave-assisted synthesis of porous Mn,0;
nanoballs as bifunctional electrocatalyst for
oxygen reduction and evolution reactionf
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Thandavarayan Maiyalagan,© Dipanwita Majumdar,® Swapan Kumar Bhattacharya,®
Asim Bhaumik,” Peter Lemmens? and Samir Kumar Pal®

Technological hurdles that still prevent the commercialization of fuel cell technologies necessitate
designing low-cost, efficient and non-precious metals. These could serve as alternatives to high-cost Pt-
based materials. Herein, a facile and effective microwave-assisted route has been developed to synthesize
structurally uniform and electrochemically active pure and transition metal-doped manganese oxide nano-
balls (Mn,O3 NBs) for fuel cell applications. The average diameter of pure and doped Mn,Oz NBs was
found to be ~610 nm and ~650 nm, respectively, as estimated using transmission electron microscopy
(TEM). The nanoparticles possess a good degree of crystallinity as evident from the lattice fringes in high-
resolution transmission electron microscopy (HRTEM). The cubic crystal phase was ascertained using X-ray
diffraction (XRD). The energy dispersive spectroscopic (EDS) elemental mapping confirms the formation of
copper-doped Mn,O3 NBs. The experimental parameter using trioctylphosphine oxide (TOPO) as the che-
lating agent to control the nanostructure growth has been adequately addressed using scanning electron
microscopy (SEM). The solid NBs were formed by the self-assembly of very small Mn,Oz nanoparticles as
evident from the SEM image. Moreover, the concentration of TOPO was found to be the key factor whose
subtle variation can effectively control the size of the as-prepared Mn,Oz NBs. The cyclic voltammetry and
galvanostatic charge/discharge studies demonstrated enhanced electrochemical performance for copper-
doped Mn,O3z NBs which is supported by a 5.2 times higher electrochemically active surface area (EASA) in
comparison with pure Mn,Oz NBs. Electrochemical investigations indicate that both pure and copper-
doped Mn,O3z NBs exhibit a bifunctional catalytic activity toward the four-electron electrochemical reduc-
tion as well the evolution of oxygen in alkaline media. Copper doping in Mn,Oz NBs revealed its pro-
nounced impact on the electrocatalytic activity with a high current density for the electrochemical oxygen
reduction and evolution reaction. The synthetic approach provides a general platform for fabricating well-
defined porous metal oxide nanostructures with prospective applications as low-cost catalysts for alkaline
fuel cells.

Introduction
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In recent years, significant efforts have been devoted to the
fabrication of metal oxides having a large surface area, supe-
rior thermal stability and possible utilization in fundamental
research as well as technological applications."™ Among the
transition metal oxides, manganese oxide nanostructures are
attractive due to their involvement in active redox reactions
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electrochemical applications from energy storage in lithium
ion batteries and fuel cells to water splitting and chemical
sensing.” ' A prerequisite for such applications of oxide
nanostructures is novel synthetic routes leading to low-cost
and large-scale production of materials at the nanoscale with
well-defined morphologies. Up to now, various methodologies
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have been employed to synthesize manganese oxide; however,
most of these complicated synthetic procedures are associ-
ated with high-temperature synthesis, low yield and they are
time-consuming.”*?

The development of sustainable synthetic processes using
alternative energy inputs and greener reaction media has
been recognized as an alternative approach for large-scale
production of functional materials."*™*® In this regard, the
microwave-assisted hydrothermal (MAH) method offers a
rapid and highly reproducible technique for the preparation
of metal oxide nanomaterials with several advantages such as
reduced energy consumption, shorter reaction time and
higher product yield."””™*® The microwave-assisted synthesis
of metal oxide nanostructures with various morphologies
such as Co;0,, MnO, and TiO,, etc., has been well docu-
mented in the literature."”?° Rapid synthesis of ZnO nano-
structures using a microwave-assisted approach to accelerate
nucleation and growth has been previously reported by our
group.>® Although microwave-assisted growth has been in
vogue for preparation of various metal oxide nanostructures
for the past decade, the reports regarding manganese oxides
are scarce.'”*>>® Here, we have reported the synthesis of
porous Mn,0; nanoballs (NBs) through a microwave-assisted
route, which are useful for electrocatalytic applications.

The implementation of environmentally-friendly clean
energy technologies is a vital issue and an alternative to tradi-
tional fossil fuel, as fuel cell devices endow efficient clean
energy production and conversion.>**®> A considerable num-
ber of nanomaterials with superior electrocatalytic activity are
emerging as a new class of electrode materials to fulfill the
increasing demands for high power conversion and durabil-
ity.">'%2 Recently, there has been immense interest in the
design and development of highly efficient oxygen reduc-
tion reaction (ORR) and oxygen evolution reaction (OER) cata-
lysts which can resolve the crucial issues related to fuel cells
and rechargeable metal-air batteries.”” Pt-based metals or
alloys are regarded as robust and efficient catalysts for oxida-
tion reactions but their high cost and limited abundance
necessitate the exploitation of new non-precious metal cata-
lysts.>® On the other hand, precious metal oxide nano-
materials such as iridium dioxide (IrO,) and ruthenium diox-
ide (RuO,) have demonstrated the best overall performance
for catalyzing ORR and OER.***° Despite this activity, the
development of an active material via a naturally abundant
and economically viable method has remained an unresolved
issue in energy conversion applications. In fact, the oxygen
reduction reaction is a challenging reaction due to slower
ORR kinetics and the stability of the cathode catalyst material
under cycling in acidic or alkaline conditions during opera-
tion. However, one critical issue to be addressed is the lack
of effective electrocatalysts for the four-electron (4e”) reduc-
tion of O, (ORR) at a relatively low overpotential.** Accord-
ingly, non-precious transition metal oxides and in particular,
manganese oxides (MnO,) have been regarded as alternative
ORR catalysts with reasonable catalytic activity, low cost, and
structural stability for primary alkaline-based fuel cells.***¢

1418 | Catal Sci. Technol., 2016, 6, 1417-1429

Catalysis Science & Technology

In contrast to other manganese oxides (Mn;O, or MnQO,), lit-
tle attention has been paid to exploring the potential of the
catalytic activity of Mn,O; nanostructured materials.**"** Suib
et al. reported a manganese oxide (MnO,) catalyst having a
dual nature (OER and ORR catalysis), a potential alternative
for high-cost Pt and its alloys, iridium, and ruthenium oxide
catalysts.>® Recently, mixed metal oxides displaying excellent
catalytic activities have been investigated as one of the most
promising candidates for ORR in an alkaline medium.*”**
Mubhler et al. described the excellent electrocatalytic activities
of cobalt-manganese-based spinels as synergistic bifunc-
tional catalysts for OER and ORR.*’

In the present study, we developed a simple and conve-
nient microwave-assisted approach for the controlled synthe-
sis of pure and metal-doped Mn,O; balls at the nanoscale.
The structure and chemical composition have been studied
along with the growth process and the merits of the MAH
method using trioctylphosphine oxide (TOPO) as the chelat-
ing agent for the formation of Mn,O; nanoballs are
highlighted. To the best of our knowledge, this is the first
report on the synthesis of porous Mn,0; nanostructures with
controlled shape and composition by the MAH method. A
systematic investigation has been conducted in order to con-
trol the average size of the Mn,0O; nanostructures by optimiz-
ing the concentration of the chelating agent (TOPO) and
moreover, a mechanism of the formation of the nanoballs
has also been proposed. The cyclic voltammetry measure-
ments have been employed to investigate the electrocatalytic
activity of these Mn,O; nanostructures for both oxygen reduc-
tion and evolution reaction.

Materials and methods
Materials

Manganese acetate dihydrate, copper chloride dihydrate,
n-trioctylphosphine oxide (TOPO, 99%), and Nafion were pur-
chased from Sigma Aldrich. Potassium bromide, ethylene gly-
col (EG), sodium sulfate and absolute alcohol were obtained
from Merck. All other chemicals employed were of analytical
grade and used without further purification.

Synthesis of Mn,0;

In a typical synthesis of Mn,03, 0.03 mol manganese acetate
dihydrate and 0.12 mol n-trioctylphosphine oxide were
dissolved in 30 ml of ethylene glycol. The resultant mixture
was continuously stirred for 2 hours and then transferred
into a 30 mL Teflon-lined stainless-steel autoclave. EG has
been a selected as a polar and high microwave absorbing
solvent. The Teflon-lined autoclave was microwave-heated to
120 °C and maintained at this temperature for 5 hours. The
final product was collected and washed with distilled water
and absolute alcohol at least three times. Then the as-
prepared samples were further annealed at 450 °C for 6 hours
in air. The effect of TOPO concentration on the formation of
Mn,0; was studied by preparing precursors with different
molar ratios of Mn*':TOPO of 1:1, 1:2 and 1:4. The
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synthesis of copper ion-doped manganese oxide nanoballs
(designated as Cu-Mn,O; NBs) was made by addition of
0.003 M copper chloride dihydrate under similar reaction
conditions. In another set, 0.03 mol manganese acetate dehy-
drate and 1.2 mol urea were added into 30 ml of ethylene gly-
col to prepare Mn,0; without using TOPO.

Characterization

Transmission electron microscopy (TEM) grids were prepared
by applying a diluted drop of the Mn,0; and Cu-Mn,0O; sam-
ples to carbon-coated copper grids. Field Emission Scanning
Electron Microscopy (FESEM, QUANTA FEG 250) investiga-
tions were performed by applying a diluted drop of Mn,0;
and Cu-Mn,0; nanoballs on silicon wafer. The phase struc-
tures of the as-prepared samples were determined by powder
X-ray diffraction (XRD, PANalytical XPERTPRO diffractometer
equipped with Cu Ko radiation at 40 mA and 40 kv, and a
scanning rate of 0.02° ™" in the 20 range from 20° to 80°).
The FTIR spectra of the as-prepared samples were recorded
on a JASCO FTIR-6300 spectrometer, using KBr pellets. The
thermal gravimetric analysis (TGA) of Mn,O; solid powder
was performed under nitrogen atmosphere with a heating
rate of 10 °C min~" from 30 °C to 1000 °C by using a Perkin-
Elmer TGA-50H. A Quantachrome Autosorb 1-C was used to
record the N, adsorption/desorption isotherm of the sample.
The sample was degassed at 200 °C for 8 h under high vac-
uum conditions prior to the measurement.

Electrochemical measurements

For voltammetry measurements, a three-electrode cell was
used with Ag/AgCl as the reference electrode and a Pt wire as
the counter electrode. The electrolyte comprised of a 0.5 M
aqueous Na,SO, solution. The working electrode was fabri-
cated by coating catalysts on a glassy carbon substrate. For
electrode preparation, 2 mg of Mn,0; and Cu-Mn,0O; were
dissolved in 20 pl of ethanol containing 5 wt% Nafion as a
binder. Then 10 pl of sample solution was deposited on the
glassy carbon (working electrode). A multichannel
potentiostat-galvanostat system (AutoLab 302 N) was used
for cyclic voltammetry (CV) and for charge-discharge cycling
studies in a potential window of 0.2 to 0.8 and at different
scan rates of 5-50 mV s

To evaluate the electrochemical activity for the ORR of
Mn,O; rotating disk electrode (RDE) experiments were
performed. Pt wire and Ag/AgCl (Sat. KCl) were used as the
counter and reference electrodes, respectively, and 0.1 M
KOH was used as an electrolyte. High-purity O, gas was
purged for 30 mins before each RDE experiment to make the
electrolyte saturated with O,. A rotating disk electrode
voltammetric study was carried out using a RRDE-3A Rotating
Ring Disk Electrode Apparatus (BioLogic Science Instru-
ments, France) connected to a DY2300 potentiostat (Digi-Ivy
Inc., USA) at a scan rate of 10 mV s ' and potential range
from 0 to —0.6 V. A catalyst ink was prepared by ultrasonically
mixing 6.0 mg of Mn,0; sample with 3 mL of pure deionized
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water and 10 pL of 5 wt% Nafion solution for 1 h in order to
make a homogeneous suspension. Then, 5 puL of prepared
catalytic ink was transferred to the surface of a glassy carbon
electrode of 3 mm diameter using a micropipette. Finally, the
ink was allowed to dry for 10 min at room temperature to
form a thin catalyst film on a glassy carbon electrode as a
working electrode.

To evaluate the electrochemical activity for the oxygen evo-
lution reaction (OER) of the Mn,0s3, rotating disk electrode
(RDE) experiments were performed under saturated N,. Pt
wire and Ag/AgCl (saturated KCl) were used as the counter
and reference electrodes, respectively, and 0.1 M KOH was
used as an electrolyte.’® Electrochemical characterization was
conducted using a single potentiostat with a scan rate of 10
mV s~' and a potential range from 0 to 1 V. The ink was pre-
pared according to the method described above for the ORR.
Koutecky-Levich plots (J * vs. w *?) were analyzed at various
electrode potentials. The slopes of their best linear fit lines
were used to calculate the number of electrons transferred
(n) on the basis of the Koutecky-Levich equation:**

RN R

1
—Et =t (1)
J v Jk Bw? Jk

1

3 _2
B=0.62 nFC,(D,):v ¢ (2)

Jx = nFkC, (3)

where j (mA cm™) is the measured current density, jx and ji.
(mA cm™) are the kinetic and diffusion-limiting current den-
sities, w is the angular velocity of the rotating disk (o = 27N,
N is the linear rotating speed in rpm), n is the overall number
of electrons transferred in ORR, F is the Faraday constant (96
485 °C mol™), C, is the bulk concentration of O, (1.2 x 107
mol em™), D, is diffusion coefficient of O, (1.9 x 10 cm®
s™), v is the kinematic viscosity of the electrolyte (0.01 cm®
s ), and k is the electron transfer rate constant.”” According
to eqn (1) and (2), the number of electrons transferred
(n) and the kinetic-limiting current jx can be obtained
from the slope and intercept of the Koutecky-Levich plots
(J* versus o *?).

Results and discussion
Synthesis and characterization of Mn,0; nanostructures

The Mn,0; and Cu-doped Mn,0; were synthesized by a
microwave-assisted hydrothermal method and the structural
as well as the electrochemical properties of the as-prepared
oxide samples were examined by common techniques as
discussed below. The sizes and morphologies of the Mn,0;
samples were characterized by transmission electron micros-
copy (TEM) (Fig. 1).

Catal Sci. Technol, 2016, 6, 1417-1429 | 1419
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Fig. 1 Transmission electron microscopy (TEM) images of Mn,O3z and Cu-doped Mn,O3 nanoballs. (a) and (b) TEM images at different magnifica-
tions and (c) HRTEM image of Mn,O3z NBs. (d) and (e) TEM images at different magnifications and (f) HRTEM image of Cu-Mn,O3z NBs.

Fig. 1a illustrates the formation of the well-ordered spheri-
cal type Mn,O; nanoballs (NBs) with a mean diameter of
550-620 nm. As evident from Fig. 1b, the NBs were fabricated
by the aggregation of small particles, which presumably led
to a rough surface. In addition, the intrinsic crystal structure
of the as-prepared NBs was further characterized by high-
resolution transmission electron microscopy (HRTEM). As
shown in Fig. 1c, the interplanar distance between the fringes
is found to be about 0.27 nm consistent with the (222) planes
of Mn,0;."* The similar structure of Mn,O; after Cu doping
as revealed by the representative TEM images (Fig. 1d and e)
suggests that doping might have not influenced the growth
of the NBs. The Cu-Mn,0; NBs exhibited a slightly bigger
size ranging from 550-650 nm. The HRTEM image also dem-
onstrated the highly crystalline nature of Cu-Mn,0; NBs with
a cubic phase (Fig. 1f). The shape of the NBs was found to be
small grains of 5-10 nm diameter. Hence, highly crystalline
and pure cubic phase Mn,0O; could be obtained under a mild
temperature through the MAH synthesis.

The X-ray diffraction (XRD) patterns were recorded to con-
firm the lattice facets of Mn,0; and Cu-Mn,0;. Fig. 2a shows
the XRD patterns of pure and doped Mn,O; and the diffrac-
tion peak position could be readily indexed as a cubic phase
Mn,0; crystal (JCPDS No. 41-1442). It is evident from the dif-
ferences between the breadths of the XRD reflections that
doping increases the crystallinity of the Mn,O; structures. No
other impurity peaks have been detected in both cases, indi-
cating that the highly crystalline pure and metal-doped man-
ganese oxides have been successfully synthesized using the
microwave irradiation process. Moreover, FTIR analysis was
carried out to investigate the chemical structure of
trioctylphosphine oxide (TOPO) after microwave irradiation
followed by the Mn,0; NBs formation. Fig. 2b illustrates the
FTIR spectra of pure TOPO and annealed Mn,O; NBs. It

1420 | Catal Sci. Technol., 2016, 6, 1417-1429

appears that the band at 1145 em " (P—O symmetric type)
and 1468 cm™' (CH; bending) of TOPO disappeared after
microwave irradiation and followed by hydrothermal treat-
ment, suggests the surface of NBs free from organic ligands
which can be ideal for catalytic application.*?

Thermogravimetric analysis of Mn,0; powder showed a
weight loss of ~8% up to 580 °C which should be attributed
to the removal of surface-adsorbed water which is consistent
with previous reports.’* Moreover, the weight remains nearly
unchanged which suggests a high thermal stability of the as-
prepared Mn,0; NBs (Fig. 2c). Similarly, Cu-doped Mn,0;
demonstrated a high thermal stability with ~5% weight loss
up to 800 °C.

Further, the N, adsorption-desorption measurement was
performed to determine the surface area analyses of Mn,0;
NBs. As shown in Fig. 2d, a type IV isotherm with an H3 hys-
teresis loop can be observed which confirms the meso-
porosity of Mn,O; NBs. Pore size distributions (PSD) of
Mn,O; NBs have been estimated by employing the non-local
density functional theory (NLDFT) as shown in the inset of
Fig. 2d, which suggests mesopore diameters centered at 1.8
nm and 3.7 nm. The Brunauer-Emmett-Teller (BET) surface
area and pore volume are 22 m> g™' and 0.038 cm® g,
respectively, which are comparable with the manganese oxide
nanostructures synthesized by other common methods.*>*®

The FESEM images revealed that the Mn,O; has a spheri-
cal morphology with a mean diameter of 600-860 nm
(Fig. 3a). Moreover, at a higher magnification (Fig. 3b and c),
it has been found that these solid NBs were formed by the
self-assembly of very small nanoparticles as evident from the
SEM image (Fig. 3b and c).

Mn,0O; demonstrated a homogeneous size distribution
and the average diameter of the NBs prepared from 4 equiva-
lents of TOPO (Mn”>*:TOPO, 1:4) was estimated to be ~600

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Structural characterization of Mn,O3z and Cu-doped Mn,O3 nanoballs. (a) XRD patterns of Mn,Oz and Cu-doped Mn,O3 NBs. (b) FTIR spec-
tra of trioctylphosphine oxide (TOPO) and Mn,Oz NBs. (c) Thermogravimetric analysis (TGA) profile of Mn,Oz and Cu-Mn,Oz NBs. (d) N, adsorption
and desorption isotherms of porous Mn,Osz NBs. Adsorption and desorption points are marked by black and red symbols, respectively. Inset: the
pore size distribution pattern employing the non-local density functional theory (NLDFT).

nm. The control over the morphology of Mn,O; NBs using
TOPO as the chelating agent which plays a dual role of con-
trolling the chemical reaction from both the thermodynamic
and kinetic aspects, has been confirmed further using urea
as the structure-controlling agent (Fig. 3d-f). In the control
experiment, the microwave-assisted hydrothermal decomposi-
tion of manganese salt without using TOPO did not produce
any visible precipitate of manganese oxide. On the other

hand, an equivalent amount of a very common capping as
well as reducing agent, urea, has been used, but micrometric
aggregates were obtained with an average size of ~2 to 10 um
under similar reaction conditions.’® At a higher magnifica-
tion, porous-cracked flake structures have been observed as
shown in (Fig. 3f). This suggests that the formation and mor-
phology of the as-prepared Mn,0; NBs strongly depended on
the presence of TOPO. It has to be noted that the chemical

Fig. 3 Scanning electron microscopy (SEM) images of Mn,Oz nanoballs at different magnifications using TOPO and urea as structure-controlling
agents. (a-c) SEM images of Mn,Oz NBs prepared using TOPO as the capping ligand (Mn?*:TOPO, 1:4). (d-e) SEM images of Mn,Os prepared

using urea as the capping ligand (Mn?*: urea, 1:4).

This journal is © The Royal Society of Chemistry 2016
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structure of TOPO has a tetrahedral structure with three long
carbon chains, which differs significantly from the linear
chain of the urea ligand.”” The major chemical binding inter-
action of TOPO with the metal oxide surface is through the
oxygen. Due to the unique structural feature of the TOPO
molecule and lower intermolecular interaction, the density of
the TOPO molecules at Mn,03; NB surfaces is expected to be
lower. Consequently, the particle growth in the presence of
TOPO is well controlled via lower intermolecular interac-
tions.*® It has been further supported with density functional
theory (DFT) calculation that due to the strong chemical
interaction between the O atom of TOPO and the metal site,
the formation of metal oxide clusters was stabilized.*® On the
other hand, a weaker N-M chemical bond primarily provides
the main contribution toward the intermolecular interaction
with the metal oxide surface along with the formation of
N-H:---O hydrogen bond in the case of urea. Hence, due to
the strong chemical interaction between TOPO and the metal
precursors, morphology-controlled Mn,0O; nanostructures
have been achieved in the present case.

For a better understanding of the formation of these
porous NBs, the concentration of TOPO, (metal: TOPO con-
centration ratio of 1.5 to 4) and the reaction time were varied
during the synthesis. The average sizes of these Mn,0; NBs
can be tuned by controlling the concentration of TOPO. As
discussed above, when the reaction was carried out at a ratio
of 1:4, porous NBs were obtained (Fig. 3). The average diam-
eter of Mn,O; NBs produced was strongly dependent on the
TOPO concentration and no dependency has been observed
on the reaction time (data not shown). At a lower precursor
concentration (1:1.5), micron-sized solid balls were obtained
with a 1.2 um average diameter, as shown in Fig. 4a-c. Fur-
ther increasing the precursor concentration to 1:2, NBs typi-
cally ranging from 750 nm to 830 nm in diameter were
obtained with an aggregated structure (Fig. 4d-f at a different

Catalysis Science & Technology

magnification). The driving force by TOPO as a chelating
agent dominates the Mn,0; NBs formation and at a higher
ratio, uniform nucleation and controlled growth facilitate the
formation of uniform NBs. Hence, a higher concentration of
TOPO might be preferable for the formation of uniform NBs,
whereas relatively lower reactant concentrations could result
in micron-sized slightly irregular balls in the MAH synthesis
procedure.

Fig. 5a-c illustrated the morphology of the as-synthesized
Cu**-doped Mn,0; NBs as evident from FESEM. The average
diameter of the Cu-Mn,O; NBs was found to be 800 nm
higher in comparison with pure Mn,0; NBs, which is consis-
tent with the TEM image. The elemental distribution of the
material was further characterized by energy dispersive
spectroscopic (EDS) mapping. The EDS elemental mapping
clearly confirmed the presence and distribution of Mn, O,
and Cu elements in the Cu-Mn,0; NBs as shown in Fig. 5¢f.
The EDS spectrum indicates that 8 wt% of Cu has been
doped into the Mn,O; crystal lattice (Fig. 5g).

On the basis of the experimental results, a possible forma-
tion mechanism of Mn,O; NBs was proposed. Initially,
Mn,O; nuclei can form through the reaction between Mn>*
cations and O anions in the microwave-solvothermal process
and further Mn,O; nuclei grow to nanocrystals which are
unstable under the solvothermal conditions. Consequently,
they self-assemble into solid NBs and spontaneously adjust
themselves to share the common crystallographic orientation
driven by the minimization of the surface energy of the nano-
crystals. This leads to the assembly of these nanocrystals,
which is well documented in the literature.”® Due to the high
viscosity of ethylene glycol, the energy of the Brownian
motion of the Mn,0; nanocrystallites is not large enough to
fully counterbalance the van der Waals interaction between
the nanoparticles, forming spherical agglomerates of
Mn,0,.%!

Fig. 4 Scanning electron microscopy (SEM) images of Mn,Osz nanoballs at different magnifications and varied concentrations of TOPO. (a-c) SEM
images of Mn,Oz NBs prepared using Mn?*: TOPO, (1:2) and (d-f) SEM images of Mn,Oz NBs prepared using Mn®*: TOPO, (1:1).

1422 | Catal. Sci. Technol., 2016, 6, 1417-1429
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Fig. 5 SEM images and elemental mapping of Cu-doped Mn,O3z nanoballs (a-c) SEM images at different magnifications, (d) Mn, (e) O, (f) Cu ele-
mental mapping and (g) EDS spectrum of Cu-doped Mn,Os NBs (using Mn?*: TOPO, 1: 4).

Electrochemical properties of Mn,0; nanostructures

Before the electrocatalytic investigation, it is crucial to mea-
sure the electrochemically active surface area, an important
factor associated with electrode reaction rates and double-
layer parameters.”” The electrochemically active surface areas
(EASA) of the Mn,O; and Cu-Mn,O; electrodes have been
estimated by considering the ratio of the electrochemical
double-layer capacitance of the catalytic surface (Cq;) and the
double layer capacitance of an atomically smooth planar sur-
face of the material per unit area (Cy, specific capacitance)
under the same electrolyte conditions.” Further, C4, can be
determined by measuring the non-Faradaic capacitive current
related with double-layer charging from the scan rate depen-
dence of the cyclic voltammograms (CVs). A typical CV of
Mn,0O; and Cu-Mn,O; NBs has been shown at a scan rate of
50 mV s between -0.2 and 0.8 V (vs. Ag/AgCl) (Fig. 6a). The
double-layer charging current (i.) is equal to the product of
the scan rate (v) and the double-layer capacitance (Cq) as
given by the following eqn.

ic = l)Cdl (4)
Hence, a plot of i. versus v follows a straight line with a

slope equal to the Cq4 as shown in Fig. 6(b). The current vs.

This journal is © The Royal Society of Chemistry 2016

scan rate in Fig. 6b does not pass through the origin and
shows an intercept on the current axis at the zero scan rate
which is not clear at this level. The estimated Cg; values of
Mn,0; and Cu-Mn,0; were 0.018 mF and 0.097 mF. Specific
capacitance values for carbon electrode materials have been
reported in the range of C; = 0.005-0.055 mF ¢cm ™ in an alka-
line medium.”* We used a specific capacitance of Cs = 0.020
mF cm 2 for both Mn,0; and Cu-Mn,O; as representative
reported values.

The estimated EASA values of Mn,0O; and Cu-Mn,O; are
3.7 ecm? and 19.46 cm? The EASA value of Cu-Mn,O; is 15
times higher than that of Mn,0;. Galvanostatic discharge/
charge measurements were performed in a potential range of
-0.2 to 0.7 V (vs. Ag/AgCl). Upon galvanostatic charging/
discharging, a slow discharge process was observed for
Mn,0; after 10 cycles as evidenced by a voltage drop (IR
drop) and a bent discharge curve indicating that the stored
energy could not be delivered in a fast manner
(Fig. 6¢ and d). In contrast, the Cu-Mn,O; can be charged/
discharged rapidly even after 100 cycles, showing a well-
defined discharge straight line. The high EASA value and the
nearly triangular charge/discharge curves indicate that a
nearly ideal electrical-double-layer capacitive behavior of the
Cu-Mn,0; can open up exciting opportunities for energy stor-
age application.
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Fig. 6 Electrochemical properties of Mn,Os and Cu-doped Mn,Oz nanoballs, (a) Representative cyclic voltammograms of Mn,Os (black line) and
Cu-doped Mn,0s (red line) NBs in the potential range of -0.2 V to +0.8 V versus Ag/AgCl reference electrode (non-Faradaic region) at a scan rate
of 50 mV st in a N,-saturated 0.5 M Na,SO, solution. (b) The cathodic charging current measured as a function of scan rate (5 mV s%, 10 mV s 2,
20 mV s™, and 50 mV s for Mn,Os NBs and Cu-Mn,O3 NBs. (c) and (d) Galvanostatic charge-discharge curves of Mn,Os NBs after 5 and 30
cycles. (e) and (f) Galvanostatic charge-discharge curves of Cu-Mn,Oz NBs after 5 and 100 cycles.

Electrocatalytic activity of Mn,0O; nanostructures

Manganese oxides are well known as efficient catalysts and
the controlled synthesis of Mn,0; nanomaterials prompts us
to evaluate the catalytic properties.”>>® The electrocatalytic
performance of the Mn,0; and Cu-Mn,0; NBs for the oxygen
reduction reaction (ORR) was characterized by CV in 0.1 M
KOH on glassy carbon electrodes (with equal mass loading).
The CV curves of the catalysts are shown at a scan rate of 50
mvV s ' in O,-saturated and N,-saturated 0.1 M KOH solutions
(Fig. 7a and b). Compared with the nearly featureless reduc-
tion current in N,-saturated electrolyte, the detected current
under O, atmosphere was attributed to the catalytic oxygen
reduction. RDE measurements were further carried out to
reveal the ORR kinetics of the as-prepared catalysts.

1424 | Catal Sci. Technol, 2016, 6, 1417-1429

As shown in Fig. 8(a), the ORR onset potential of the
Mn,0; electrode commenced at around -0.36 V. A clear
reduction pre-wave was observed at a low overpotential which
suggests efficient electrocatalytically active sites of Mn,0;
NBs for oxygen reduction. The RDE polarization curves at dif-
ferent rotation rates are used to study the kinetics of the
Mn,0; NBs. With the increase in rotation rate, mass trans-
port at the electrode surface improves, leading to the
enhancement of the current density (0.9 mA cm™>) (Fig. 8b).
From the analysis of the Koutecky-Levich plot, the value of n
was found to be in the range of 3.16-3.8, which is close to
the theoretical value for the 4e™ reduction of O, as shown in
Fig. 8c. Oxygen can be directly reduced to water with the con-
comitant consumption of four electrons per O, molecule
(eqn (5)). Alternatively, oxygen can be reduced indirectly,

This journal is © The Royal Society of Chemistry 2016
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on glassy carbon electrodes in O,-saturated and N,-saturated 0.1 M KOH solutions at a scan rate of 50 mV s™.,

forming H,0, as an intermediate and only two electrons per
0O, molecule are consumed (eqn (6)):

0, + 2H,0 + 4¢” — H,0 + 40H"

®)
(6)

0, + 2H,0 + 2¢ — H,0, + 20H"
This indicates that the Mn,0O; NBs possess a good electrocata-
lytic activity toward the 4e” reduction of O, through a
redoxmediated mechanism and sequential disproportionation
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of the reduction intermediates of O, reduction (i.e., superox-
ide and peroxide ion in alkaline media).

To evaluate the OER activity, CV of the thin films of
Mn,0O; NBs on glassy carbon electrodes was performed in N,-
saturated 0.1 M KOH solution. A set of polarization curves
(Fig. 8d) were recorded on RDE at different rotating speeds to
quantitatively verify the apparent 4 electron reaction on
Mn,0; NBs. The anodic current started at 0.6 V (vs. the
reversible hydrogen electrode, RHE) with a maximum current
density of 1 mA cm™ at 1 V for Mn,O; NBs. Similarly, the
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Fig. 8 Catalytic activity of Mn,O3z nanoballs for the oxygen reduction reaction (ORR) (a-c) and oxygen evolution reaction (OER) (d). (a) Rotating
disk voltammograms in O,-saturated 0.1 M KOH at different rotation rates for the oxygen reduction on the Mn,Oz NBs electrodes. (b) The
corresponding Koutecky-Levich plots (J7* vs. » %) at different potentials of Mn,Os NBs. (c) The electron transfer number (n) profiles obtained
from Koutecky-Levich plots. (d) Rotating disk voltammograms in N,-saturated 0.1 M KOH at different rotation rates for the oxygen evolution on

the Mn,Oz NBs electrodes.
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Fig. 9 Catalytic activity of copper-doped Mn,Oz nanoballs for the oxygen reduction reaction (ORR) and oxygen evolution reaction (OER). (a)
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from Koutecky-Levich plots. (d) Representative rotating disk voltammogram in Nj-saturated 0.1 M KOH at 2000 rpm rotation rates for the oxygen

evolution on the Cu-Mn,0O3 NBs electrodes.

Cu-doped Mn,0O; NBs exhibited a bifunctional catalytic activ-
ity for both OER and ORR (Fig. 9a-c). ORR polarization curve
of Cu-Mn,O; NBs with the increase in rotation rate, leading
to the enhancement of the current density ~5.8 mA cm™ as
shown in Fig. 9b. The Koutecky-Levich plot follows parallel
straight lines for different potentials in mixed kinetic-
diffusion-controlled regions, indicating the number of
electrons transferred per O, molecule and the active surface
area for the reaction do not change significantly within the
potential range studied (Fig. 9b). From the analysis of the
Koutecky-Levich plot, the value of n was found to be in the
range of 3.4-3.9 (Fig. 9c). For OER, the anodic current with a
maximum current density of 17 mA ecm™ at 1 V for
Cu-Mn,0; NBs has been achieved, which is much higher
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than that of the Mn,0; NBs, as shown in Fig. 9d. This
increase in current density might be due to the fact that the
catalysts stimulate not only the oxygen evolution reaction but
also the redox couple due to the presence of Cu in the Mn,0;
crystals as well as increasing the effective surface area ulti-
mately improving catalytic efficiency which is consistent with
earlier reports.””>® We further compared the catalytic activity
of pure and Cu-doped Mn,0O; NB catalysts with other cata-
lysts (Table S17). Although the Pt/C, a state-of-the-art Pt cata-
lyst, showed a higher activity, non-precious transition metal-
based catalysts have shown excellent ORR activity in an alka-
line medium.

The stability of the as synthesized catalysts was investi-
gated by chronoamperometric (CA) measurements where the
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Fig. 10 Stability of pure and copper-doped Mn,Osz nanoballs for the oxygen reduction reaction (ORR) and oxygen evolution reaction (OER).
Chronoamperometric curves for the (a) ORR and (b) OER of pure Mn,Oz NBs (black curve) and copper-doped Mn,Os (red curve) NBs.
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current density-time (I vs. ¢) curves at constant potentials
were recorded as shown in Fig. 10. Both Mn,0; NBs and Cu-
Mn,0; NBs exhibited distinct long-term choronoamperometic
stability which is one of the key challenges for alkaline fuel
cells. The ORR current values obtained for both Mn,0O; and
Cu-Mn,0; NBs were highly stable over 10 000 s of continuous
operation at a constant potential of -0.4 V as shown in
Fig. 10a.

During the chronoamperometric measurement for OER,
initially, both catalysts exhibited a pronounced current decay,
which could be caused by the accumulation of gas bubbles
which may partially block the active sites of the electrode.
The current density attained a steady state in the first ~700 s
thereafter, indicating that both Mn,0O; NB catalysts form a
very stable film on the glassy carbon electrode surface and
also exhibit stable electrocatalytic performance towards OER.
The excellent durability of the as-synthesized catalysts for
both ORR and OER has been associated with the unique
structural and chemical stability of the transition metal
oxides in an alkaline medium.

Conclusion

In summary, we have successfully developed a facile and
large-scale synthesis of thermally stable, crystalline, pure and
copper-doped Mn,0; NBs by a microwave-assisted hydrother-
mal method. More importantly, the low cost of the synthetic
method combined with their promising bifunctional catalytic
activity makes Mn,O; NBs as a new class of electrocatalysts
for the next generation fuel cells. Doped Mn,0; NBs showed
an improvement in the charge- discharge over the pure
Mn,0; NBs, which may be suitable for high-energy storage
devices. The pure and doped Mn,0O; NBs can be effectively
used as electrode materials with an electrocatalytic activity
toward the 4-electron oxygen reduction reaction. Copper dop-
ing in Mn,O; NBs reveals the enormous impact on the
electrocatalytic activity with a high current density both for
ORR and OER, which is supported with 5.2 times higher
electrochemically active surface area (EASA) in comparison
with pure Mn,O; The pure and doped Mn,O; NBs also
exhibited stability for both ORR and OER under alkaline con-
ditions, demonstrating that they can be used as effective
electrocatalysts for alkaline fuel cells. Hence, the microwave-
assisted approach is suitable for the synthesis of electro-
chemically active Mn,O; nanostructures that are highly desir-
able for energy conversion and storage and can also be
extended to prepare other transition metal-doped metal oxide
for fuel cell applications.
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