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The slow kinetics of the electrochemical oxygen reduction reaction (ORR) is a major

bottleneck for the development of alkaline fuel cells. Herein, a facile and effective hydro-

thermal route has been developed to synthesize hierarchical with controllable structures of

manganese oxides (Mn2O3) and reduced graphene oxides supported Mn2O3 composites. The

hierarchal metal oxides were formed by self-assembly of very small Mn2O3 nanoparticles as

evident from transmission electron microscopy. The nature of chelating agents has found

to be the key factor whose subtle variation can effectively control the morphology of the

Mn2O3. Electrochemical investigations indicate that the both pure and supported Mn2O3

demonstrate bifunctional catalytic activity toward the four-electron electrochemical

reduction of oxygen and evolution reaction in alkaline media. Due to the 3D assembled

hierarchical architecture of Mn2O3 composed of rose- and petal-like nano-particle arrays

and the interconnection of reduced graphene oxides (rGO) network, as well as the syner-

getic effects of rGO as a support, revealing the pronounce impact on the electrocatalytic

activity theMn2O3 composites with high current density and excellent durability as cathode

material which is comparable with other electrocatalysts. The synthetic approach provides

a general platform for fabricating well-defined pure and supported metal oxides with

prospective applications as low-cost catalysts for alkaline fuel cells.
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Introduction

The superior efficiency of fuel-cell to converts chemical energy

directly into electrical energy with low emission of pollutants

makes a potentially viable option as an alternative future

power source [1]. However, technological hurdles that still

prevent the commercializationof fuel cell technologies require

designing of low-cost, durable and nonprecious metal cata-

lysts as alternatives to the bench marked Pt-based materials

[2,3]. Recently, the excellent structural versatility of manga-

nese oxides, which include MnO, MnO2, Mn2O3, and Mn3O4,

have received considerable interest for wide range applica-

tions in catalysis, energy storage in lithium ion batteries and

fuel cells [4e6]. In this regards, the possibility of improving

electrochemical properties by tailoring morphologies and

surface structures, enormous effort is therefore devoted to

developing morphology-controllable synthesis, however, suf-

fer from the requirements of high temperature and tedious

process [7e10]. Emerging research trends focus on hydrother-

mal synthesis as a rapid and facile route for metal oxide cat-

alysts, however, only a few Mn2O3 porous structures having

enhanced electrochemical performances, including high ca-

pacity, good cycling stability, and rate capability, as cathode

materials reported till date [11,12]. Very recently, rapid syn-

thesis of Mn2O3 microspheres using a hydrothermal approach

has been reported by our group [13]. However, the role of

structure controlling agent during hydrothermal synthesis in

order to tune morphology of metal oxides structures is not

addressed. Recently, the assembly of metal oxide molecules

into three-dimensional (3D) hierarchical microstructured

materials have attracted considerable interest because of

multiphase heterogeneous interfaces, controllable physical

and chemicalmicroenvironment, high surface area, optimized

pore size distribution and abundance of inner voids provides

improved performance towards their potential application

such as catalysts, super capacitors and solar cells etc [14e16].

Hence, it is crucial to develop facile routes for controlled for-

mation of 3D hierarchical structures and assembly of complex

nanostructures at low cost which still remains a challenge.

One feasible approach is the synthesis of oxides materials

using porousmatrix as conductive support or template such as

carbonnanotubes,metaleorganic frameworks (MOFs) etc via a

simple calcinations with controlled composition and micro-

structure on the nanoscale [17e19]. In particular, hierarchical

structures, which are assembled by oxides materials and

combined with electronically conductive agents, for example,

carbon nanofibers, carbon nanotubes, conducting polymers,

graphene, reduced graphene oxide (rGO) sheets have attracted

a considerable attention [20e24]. In comparison to other sup-

ports, graphene sheets have been aroused great promise

because of its excellent electrical conductivity, high surface

area (calculated value ¼ 2630 m2 g�1), as well as chemical sta-

bility [25,26]. Hence, graphene functionalized metal oxides as

electrode materials have many advantages such as high sur-

facearea, preventing theaggregationof catalysts, possessgood

electrical conductivity to facilitate electronic transfer, offering

easy access of the electrolyte to the electrode surface, allowing

increased utilization of active material and enhanced stability

[27]. Moreover, doped graphene oxides can be also used as
efficient electrocatalysts having large number active sites

generated from doping [28]. Here, we have designed a series of

hierarchical transition metal oxides based microstructure

supported on graphene nanosheets via one pot hydrothermal

route for the electrooxidation of water.

Bifunctional catalysis is a novel concept in modern energy

technologies, where the catalyst can be used for water split-

ting with oxygen evolution reactions (OER) as well as oxygen

reduction reactions (ORR) during energy conversion between

fuel and electricity [29,30]. The various electrochemical de-

vices, fuel cells and metaleair batteries, direct solar or

electricity-driven water splitting operates via electrochemical

reactions involving oxygen supplied from the ambient air on

the cathode, i.e., the oxygen reduction reaction during

discharge and the oxygen evolution reaction during charge

[31,32]. There has been extensive research on electro-catalytic

materials that are capable of promoting both the ORR and the

OER, however, transition metal oxides has been extensively

used as alternative low cost, excellent electrocatalytic activity

and high stability [33e38]. Dai and coworkers deposited Co3O4

nanoparticles on a graphene support and investigated their

electrocatalytic activity [34]. Lee et al. developed a multistep

process for the synthesis of highly efficient oxygen reduction

electrocatalyst based on nitrogen-doped (N-doping) graphene

nanosheets (NG) using mussel-inspired dopamine as a nitro-

gen source [35]. It has been proposed that N-dopingmay leads

to improve catalytic activity as well as provides anchoring

sites for the growth of manganese oxide nanowires on the

graphene nanosheets (NG/MnOx). However, there is a

contradiction about the role of doping in graphene nanosheets

which may causes structural destabilization and make them

prone to oxidation. Kokoh et al. also reported low oxide mass

loading (ca. 30 wt %) Co3O4/nitrogen doped graphene-based

composites as efficient electrocatalysts for ORR and OER [36].

In order to improve the electrochemical performance of metal

oxides, further a series of mixed metal oxides have also been

coupled with reduced graphene oxide as a highly active and

stable bifunctional electrocatalyst [37e41]. Recently, Xu and

co-workers development a high performance Au/NiCo2O4

based OER catalysts supported on the three-dimensional hi-

erarchical porous graphene-like (3D HPG) material by ion-

exchange/activation combination method using a metal ion

exchanged resin as carbon precursor [42]. Very recently,

Kannan et al. employed 3D graphene-mixed metal oxide-

supported carbon palladium quantum dot nanoarchitectures

as a bifunctional electrocatalyst for direct ethylene glycol fuel

cells and oxygen evolution reactions [43]. However, the high

cost and limited availability of Pt, Pd and Au metals are key

barriers to the development of large scale oxygen catalysts

using Pt-based, Pd-based and Au-based catalysts. Alterna-

tively, Wen et al. reported reduced graphene oxide supported

chromium oxide hybrid as a promising low cost and highly

efficient catalyst for ORR by the pyrolysis of chromium-urea

coordination compound [44]. Manganese oxides supported

on graphene have also been employed as active, stable and

low-cost electrocatalysts for fuel cells and Lieair batteries [45].

Kim and coworkers reported ionic liquid mediated Mn3O4

supported on graphene sheets as efficient ORR electro-

catalysts with tunable oxygen reduction pathway [46]. Qiao

et al. also developed a mesoporous Mn3O4/graphene hybrid
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material which illustrates stable and high ORR catalytic ac-

tivity [47]. In spite of huge attempt have been made to devel-

oped transition metal oxides based hybrid catalysts, reports

regarding hierarchical Mn2O3/graphene hybrid materials

using one pot synthesis is very limited. For the first time, we

developed a facile and effective, one pot hydrothermal-

assisted route for the synthesis of hierarchical, porous and

electrochemically active graphene supported manganese

oxide hybrid materials. Consequently, this simple synthetic

methodology is a viable approach inmakingmanganese oxide

nanostructure as a highly active catalyst which can be

extended for other metal oxides for application in fuel cells.

Here, we report the controlled synthesis of pure and graphene

supported Mn2O3 by a hydrothermal process exploring the

role common chelating agents and their electrochemical

behavior for ORR and OER in alkaline medium. These newly

fabricated Mn2O3 microstructures were extensively charac-

terized by using a wide range of methods including trans-

mission electron microscopy, scanning electron microscopy,

X-ray diffraction and thermal analysis.
Materials and methods

Materials

Manganese acetate dihydrate, polyvinyl alcohol, n-Tri-

octylphosphine oxide (TOPO, 99%), graphite powder, nafion

were purchased from Sigma Aldrich. Ethylene glycols (EG) and

absolute alcohol were obtained from Merck. All other chem-

icals employed were of analytical grade and used without

further purification.

Synthesis of Mn2O3

In a typical procedure, 0.03 mol of manganese acetate dihy-

drate, and 0.05 mol of polyvinyl alcohol or 0.12 mol of n-tri-

octylphosphine oxide were dissolved 30 mL ethylene glycol.

The resultant mixture was continuously stirred for 2 h to form

a homogeneous solution and then transferred into a 30 mL

Teflon-lined stainless-steel autoclave. The autoclave was

sealed and maintained at 180 �C for 6 h for both polyvinyl

alcohol and n-trioctylphosphine oxide. Then it was naturally

cooled to ambient temperature. The final products were

collected and washed with absolute alcohol three times. Then

as-prepared samples were further annealed at 450 �C for 6 h

under air atmosphere and black products were obtained.

Synthesis of Mn2O3 supported on reduced graphene oxide

The graphene oxide (GO) was synthesized from graphite

powder by the modified Hummers method as reported in our

previous publication [26,48]. The GO (0.5 mg mL�1) was then

dispersed in EG and exfoliated in an ultrasonic bath for 30min.

Then 0.03 mol of manganese acetate dihydrate, and 0.05 mol

of polyvinyl alcohol or 0.12 mol of n-trioctylphosphine oxide

was added to the GO dispersion. Then themixture was loaded

into a 30 mL Teflon-lined stainless-steel autoclave and heated
at elevated temperature for several hours (at 180 �C for 6 h).

Then as-prepared samples were further annealed at 450 �C for

6 h under air atmosphere and the samples were then washed

with water and ethanol, and dried. The reduced GO was syn-

thesized following the same procedure without adding the

manganese salt. In an another set, 0.03 mol of manganese

acetate dehydrate and GO were added into 30 mL ethylene

glycol to prepare Mn2O3 without using PVA or TOPO. To

investigate the morphology effect of the as-prepared Mn2O3

on the ORR performance, PVA, and TOPO have been used to

control the Mn2O3 structure in presence and absence of gra-

phene support by keeping other conditions the same and

these samples are denoted as Mn2O3/PVA, Mn2O3/TOPO,

Mn2O3/PVA/rGO and Mn2O3/TOPO/rGO.
Characterization

Transmission electron microscopy (TEM) grids were prepared

by applying a diluted drop of the Mn2O3 samples to carbon-

coated copper grids. Field Emission Scanning Electron Mi-

croscopy (FESEM, QUANTA FEG 250) investigations were

performed by applying a diluted drop of Mn2O3 and rGO

supported Mn2O3 samples on silicon wafer. The phase

structures of the as-prepared samples were determined by

powder X-ray diffraction (XRD, PANalytical XPERTPRO

diffractometer equipped with Cu Ka radiation at 40 mA and

40 kV, a scanning rate of 0.02� S�1 in the 2q range from 20� to
80�). Thermal gravimetric analysis (TGA) of Mn2O3 solid

powder was performed under nitrogen atmosphere with a

heating rate of 10 �C-min from 30 �C to 1000 �C by using a

PerkineElmer TGA-50H.
Electrochemical test

Electrochemical RDE measurements were performed in a

standard three-electrode glass cell on a using RRDE-3A

Rotating Ring Disk Electrode Apparatus (BioLogic Science In-

struments, France) connected to DY2300 potentiostat (Digi-Ivy

Inc., USA)with a scan rate of 10mV/s and potential range from

0 to 1 V for ORR under ambient conditions. Cyclic voltammetry

(CV) and Chronoamperometry (CA) were performed for ORR

and OER using a potentiostat galvanostat (SP150, BioLogic

Science Instruments, France). A Pt wire and an Ag/AgCl/KCl

(Sat. KCl) were used as counter and reference electrodes,

respectively and 0.1 M KOH was used as an electrolyte. High-

purity O2 gas was purged for 30 min before each RDE experi-

ment to make the electrolyte saturated with O2. Catalyst ink

was prepared by ultrasonically mixing 6.0 mg of Mn2O3 sam-

ple with 3 mL of pure deionized water and 10 mL of 5 wt%

Nafion for 1 h in order to make a homogeneous suspension.

Then, 5 mL of prepared catalytic ink was transferred to the

surface of a glassy carbon electrode of 3 mm diameter as a

working electrode. Finally, the ink was allowed to dry under

ambient conditions. To evaluate the electrochemical activity

for the oxygen evolution reaction (OER) of the Mn2O3, CV were

performed under saturated N2 solution. Pt wire and Ag/AgCl

(Saturated KCl) were used as counter and reference electrodes,

respectively and 0.1 M KOH was used as an electrolyte [29].

http://dx.doi.org/10.1016/j.ijhydene.2016.12.008
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Electrochemical characterization was conducted using a sin-

gle potentiostat with a scan rate of 10 mV s�1 and potential

range from 0 to 1 V. Ink was prepared according to themethod

described above for ORR. The overall electron transfer

numbers per oxygen molecule involved in the typical ORR

process were calculated from the slopes of the Kouteck-

yeLevich plots using the following equation [49]:

1
j
¼ 1

jL
þ 1
jK

¼ 1

Вu
1
2

þ 1
jK

(1)

B ¼ 0:62 nFC0ðD0Þ
3
2v�1

6 (2)

jK ¼ nFk C0 (3)

where, j (mA/cm2) is the measured current density, jK and jL
(mA/cm2) are the kinetic- and diffusion-limiting current

densities, u is the electrode rotating speed in rpm, n is the

number of electrons transferred per oxygen molecule, F is the

Faraday constant (F ¼ 96485 C mol�1), C0 is the bulk concen-

tration of O2 (1.2� 10�6mol cm�3), D0 is diffusion coefficient of

O2 (1.9 � 10�5 cm2 s�1), n is the kinematic viscosity of the

electrolyte (0.01 cm2 s�1), and k is the electron transfer rate

constant, respectively [49].

In-situ-FTIR study was carried out using a FTIR spectrom-

eter (Bruker Vertex 70v) which is connected to a potentiostat

galvanostat (PGSTAT30, AUTOLAB).

Oxygen can be directly reduced to water with the

concomitant consumption of four electrons per O2 molecule

(Equation (4)). Alternatively, oxygen can be reduced indirectly,

forming H2O2 as an intermediate and only two electrons per

O2 molecule are consumed (Equation (5)):

Ο2 þ 2Н2Οþ 4e�/Н2Οþ 4ΟН� (4)

Ο2 þ 2Н2Οþ 2e�/Н2Ο2 þ 2ΟН� (5)
Fig. 1 e Structural characterization of Mn2O3 and graphene sup

Mn2O3/TOPO, Mn2O3/PVA/rGO and Mn2O3/TOPO/rGO. (b) Therma

TOPO, Mn2O3/PVA/rGO and Mn2O3/TOPO/rGO.
Results and discussion

Characterization of Mn2O3

A facile and mild hydrothermal route has been used to syn-

thesize Mn2O3 without the use of any template. The crystal

structures and formation of the manganese oxides and gra-

phene supported hybrid composites have been verified by

powder X-ray diffraction. Typical XRD patterns of the as-

prepared Mn2O3/PVA, Mn2O3/TOPO, Mn2O3/PVA/rGO and

Mn2O3/TOPO/rGO are shown in Fig. 1. The peaks in the XRD

patterns of the as-prepared manganese oxides can be well

indexed to the (211), (222), (321), (311), (332), (400), (431), (440),

(521), (541), (611), (622), (631) and (721) planes of the cubic

phase Mn2O3 crystal (JCPDS No. 41-1442) indicating that they

are all well-crystallized. These results are in consistent with

our previous reports. For the hybrid sample, in addition to the

peaks from Mn2O3 phase, there is additional diffraction peaks

located at 2q ¼ 26.0� which can be attributed to the (002)

reflection of reduced GO sheets (JCPDS No. 75-1621). In the

Mn2O3/PVA/rGO and Mn2O3/TOPO/rGO, the diffraction peaks

can be indexed as the planes of cubic phase Mn2O3 crystal and

the broad diffraction peak at 26.0� corresponds to the (002)

plane of the graphitic carbon, and indicates the presence of

reduced graphene. Thus, XRD patterns indicate that Mn2O3

successfully incorporated on rGO layers. No other impurity

peaks have been detected in both cases and the results

confirm the successful formation of highly crystalline pure

Mn2O3 over the rGO nanosheets by the present hydrothermal

process.

The thermogravimetric (TG) data for the thermal decom-

position of the Mn2O3 samples are shown in Fig. 1b. TG anal-

ysis of Mn2O3 powder showed a weight loss ~8% at 580 �C
should be attributed to the removal of surface-adsorbed water

which is consistent with previous reports [13,50,51]. Further,
ported hierarchical Mn2O3. (a) XRD patterns of Mn2O3/PVA,

l gravimetric analysis (TGA) profiles of Mn2O3/PVA, Mn2O3/

http://dx.doi.org/10.1016/j.ijhydene.2016.12.008
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the weight remains nearly unchanged suggests high thermal

stability of the as preparedMn2O3 (Fig. 1b). Similarly, graphene

supported Mn2O3/PVA/rGO demonstrated high thermal sta-

bility with ~5%weight loss up to 800 �C. For, Mn2O3/TOPO/rGO,

the weight loss of ~20e30% occurs between 200 and 280 �C
may be associated with the decrease of labile oxygen-

containing functional groups of rGO yielding CO, CO2 and

steam [52]. A residual mass of about 80e95% indicating

loading of Mn2O3 oxides in the nanocomposites.

The structure and morphology of the as prepared Mn2O3

and Mn2O3/rGO composites were investigated by field-

emission scanning electron microscopy (FESEM) and trans-

mission electron microscopy (TEM). Fig. 2a and b illustrates

the formation of hierarchical Mn2O3 microstructure in the

range of 2.5e4 mm using PVA as a structure controlling agent

without any support. The morphologies of the Mn2O3/PVA/

rGO composites using PVA as controlling agent in presence of

graphene oxides as support are shown in Fig. 2c and d. The

flower-like Mn2O3 micro-spheres with size ~2 mm are

anchored on graphene sheets are noticeably observed in

Fig. 2c. Additionally, the Mn2O3 micro-spheres supported on

graphene sheets exhibit partially overlapped and crumpled at

many regions as shown in Fig. 2c. The low magnification SEM

image (Fig. 2d) displays that the flower-like microspheres are

constructed from numerous 2D nanoflakes with several tens

of nanometers in thickness.
Fig. 2 e Scanning electron microscopy (SEM) images of Mn2O3 u

supported hierarchical Mn2O3 using PVA as structure controllin

Mn2O3/PVA/rGO.
For Mn2O3 using TOPO as chelating ligand, SEM image

(Fig. 3a and b) reveals rose-like characteristic which are

assembled with ultrathin Mn2O3 with diameters in the range

of 1.5 mm.When GOwas predispersed in the reaction solution,

the as prepared composites display a 3D architecture con-

sisting of rGO nanosheets and Mn2O3 microstructure (Fig. 3c

and d) with diameter of ~3.5 mm, also possess petal-like

morphology composed of ultrathin Mn2O3 nanosheets as

nanobuilding blocks.

From the high magnification SEM image (Fig. 3d) it can be

clearly seen that the Mn2O3 with hierarchical flower struc-

tures formed with the rGO nanosheets. Such hierarchical

flower-like micro-spheres appear to be suitable for catalytic

applications. Energy Dispersive Spectrometer (EDS) pattern

for the Mn2O3/TOPO shows the peaks of Mn and O further

confirming the formation of Mn2O3 (Fig. S1). Further, the EDS

elemental mapping clearly confirmed the presence and dis-

tribution of Mn, O, and C elements in the Mn2O3/TOPO/rGO as

shown in Fig. 4. Quantitative EDS analysis confirms the for-

mation of Mn2O3 in the composites as well as presence of

graphene.

To reveal detailed microstructures and morphology of

Mn2O3 and Mn2O3/rGO composites, transmission electron

microscopy (TEM) and High Resolution TEM (HRTEM) was

also employed (Figs. 5 and 6). Fig. 5a showed the formation

of spherical type Mn2O3 with a mean diameter of 2.1 mm for
sing PVA as structure controlling agent and graphene

g agent at different magnification. (a, b) Mn2O3/PVA, (c, d)

http://dx.doi.org/10.1016/j.ijhydene.2016.12.008
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Fig. 3 e Scanning electron microscopy (SEM) images of Mn2O3 TOPO as structure controlling agent and graphene supported

hierarchical Mn2O3 using TOPO as structure controlling agent at different magnification. (a, b) Mn2O3/TOPO and (c, d) Mn2O3/

TOPO/rGO.

Fig. 4 e SEM images and elemental mapping of Mn2O3/TOPO/rGO. (a) SEM image (b) Mn, (c) O, (f) C elemental mapping and (d)

EDS spectrum of Mn2O3/TOPO/rGO.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 4 1 1 1e4 1 2 24116
Mn2O3/PVA. A low magnification TEM image of Mn2O3/PVA

shows that large scale microspheres which assembled by

small particles are obtained (Fig. 5b), which is in agreement

with the FESEM observations. As shown in Fig. 5c, the
inter-planar distance between the fringes is found to be

about 0.27 nm consistent with (222) planes of Mn2O3.

Fig. 5def illustrates the TEM and HRTEM results for Mn2O3/

PVA/rGO composites, from which the Mn2O3 formed a 3D

http://dx.doi.org/10.1016/j.ijhydene.2016.12.008
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Fig. 5 e Transmission electron microscopy (TEM) images of Mn2O3/PVA and Mn2O3/PVA/rGO. (a), (b) TEM images at different

magnification and (c) HRTEM image of Mn2O3/PVA. (d), (e) TEM images at different magnification and (f) HRTEM image of

Mn2O3/PVA/rGO.

Fig. 6 e Transmission electron microscopy (TEM) images of Mn2O3/TOPO and Mn2O3/TOPO/rGO. (a), (b) TEM images at

different magnification and (c) HRTEM image of Mn2O3/TOPO. (d), (e) TEM images at different magnification and (f) HRTEM

image of Mn2O3/TOPO/rGO.
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architecture of petal-like morphology with an average

diameter of about 1.8 mm which is well consistent with

those observed by SEM. The HRTEM image also demon-

strated highly crystalline nature of Mn2O3/PVA/rGO with

cubic phase (Fig. 5f).
As shown in Fig. 6aec and def, the TEM images of Mn2O3/

TOPO and Mn2O3/TOPO/rGO formed revealed flower-like

morphology comprise a large number of thin nanosheets

with an average diameter of 1.6 mm and aggregated micro-

spheres with an average diameter of about 3 mm, respectively,

http://dx.doi.org/10.1016/j.ijhydene.2016.12.008
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which is well consistent with those observed by SEM. The

HRTEM images of the individual flower (Fig. 6b and c) and

sphere (Fig. 6e and f) displayed well-resolved lattice planes

with an inter-planar distance of 0.27 nm consistent with (222)

planes of Mn2O3 which correspond to the cubic structure.

However, it is difficult to observed graphene nanosheets in

presence of assembled Mn2O3 structures in TEM images. This

result obviously suggests that the preferential assembly of

Mn2O3 in crystalline phase.

To investigate the effect of PVA and TOPO on the

morphology of Mn2O3, the control experiments were operated

without using TOPO and PVA while the other experimental

parameters were maintained the same as aforementioned

samples but produce irregular shape of manganese oxides

(data not shown). On the other hand, irregular particle aggre-

gates obtained in presence of graphene oxides without using

capping agent under similar reaction condition also suggests

significant role of PVA and TOPO as shown in Fig. S2. This

suggests that the formationandmorphologyof theasprepared

Mn2O3 strongly depended on the presence of TOPO, PVA and

graphene oxides. PVA, a kind of nonionic surfactant, can

physically absorbon the surfaceofmanganeseoxides subunits

to control the grain growth and link the subunits to form a

more stablemorphologyduring the reactionprocess [5,53]. The

particle growth inpresenceofTOPO iswell controlled via lower

intermolecular interaction which is differs significantly from

the linear chain PVA ligand [54,55]. Generally, the growth

process of crystals consists of two steps, an initial nucleating

stage and a subsequent crystal growth process. At the nucle-

ating stage, the crystalline phase of the seeds is critical for

directing the intrinsic shapes of the crystals and Mn2O3 nuclei

can form through the reaction between Mn2þ cations and O�

anions in the thermal process. At the subsequent step, the

crystal growth stage strongly governs the final architecture of

the crystals through the self-assembly of nanocrystals driven

by the minimization of the surface energy which is consistent

with the literature [56]. Moreover, higher supersaturation due

to formation of large concentration ofMn2O3 nuclei causes the

three-dimensional growth of preformed nuclei which leads to

the formation of hierarchical structures which is common in

the synthesis of inorganic nanomaterials [57].

Catalytic activity

Manganese oxides have been identified as one of excellent

candidates as cathode material. In the present case, the

electrochemical ORR andOER tests are performed using three-

electrode system in the alkaline condition. The morphology

controllable preparation of Mn2O3 allows a systematical

investigation of their structureeperformance relationship to-

wards the oxygen reduction and evolution electrocatalysis.

Cyclic voltammetry (CV) curves (Fig. S3) were found to exhibit

oxygen reduction peaks for all the Mn2O3 electrodes in O2-

saturated KOH solution, but not the N2-saturated KOH solu-

tion. Fig. 7a shows the ORR catalytic properties of the nano-

crystalline Mn2O3 supported on rotating ring disk electrodes

(RRDE) and the polarization profiles display typical ORR cur-

rentepotential response. The key performance parameters

such as onset potential, half-wave potential, kinetic current
density and transferred electron transfer number of Mn2O3

have been summarized in Table 1. To evaluate the OER ac-

tivity, cyclic voltammetry of Mn2O3 on glassy carbon elec-

trodes was performed in N2-saturated 0.1 M KOH solution

(Fig. S4). The anodic current started at 0.6 V (vs. Ag/AgCl/

sat.KCl) with a maximum current density in the range of 7e11

mA cm�2 at 1 V. As can be seen, the Mn2O3/TOPO/rGO has the

highest electrocatalytic activity of all the aforementioned

Mn2O3 catalysts in terms of both the onset potential and

limiting current, highlighting the importance of the graphene

support both for ORR and OER (Fig. 7b). The current density of

Mn2O3/PVA/rGO slightly lower than that of Mn2O3/PVA, how-

ever, a significant low onset potential for Mn2O3/PVA/rGO

justify the superior catalytic activity. The catalytic activity for

ORR follow an order, Mn2O3/TOPO/rGO >Mn2O3/PVA >Mn2O3/

PVA/rGO > Mn2O3/TOPO based on current density. However,

the reason behind lower ORR catalytic activity of Mn2O3/PVA/

rGO is not clear. On the other hand, the catalytic activity for

OER is as follows: Mn2O3/TOPO/rGO > Mn2O3/PVA/

rGO > Mn2O3/TOPO > Mn2O3/PVA. For graphene supported

Mn2O3 electrocatalysts, presence of graphene nanosheets

allow the effective dispersion as well as act as anchoring sites

for the Mn2O3 NPs. Moreover, graphene nanosheets having

holes, carbon vacancies, oxygen, and defects due to partial

oxidationmay generates additional chemically active sites for

catalytic reactions which cause enhanced OER activity.

Further, with the increase of rotation rate, mass transport

at the electrode surface improves, leading to the enhance-

ment of current density (from 9.18 to 11.2 mA cm�2) for ORR

(Fig. 7c). The similar trend has been observed for all other

Mn2O3 catalysts (Fig. S5). A comparative Table S1 has been

added in SI which provide the comparison (e.g. in terms of

catalytic activity) of the synthesizedMn2O3 to the similarwork

done in the same field.

Moreover, evaluation of the ORR catalytic behaviors is

studied by determining the transferred electron number (n).

From the KouteckyeLevich plot analysis, the value of n was

found to 3.99, which is close to the theoretical value for 4e�

reduction of O2 as shown in Fig. 7d. The other Mn2O3 catalyst

the value of n was found to be in the range in the range of

3.4e3.9. During the ORR electrocatalysis on transition metal

oxides under alkaline media, involve multistep steps of O2

adsorption, formation of peroxide intermediate and further

reduction or decomposition of peroxide to OH� ions [58].

These processes are mediated by electron transfer, redox re-

actions and the surface oxygen adsorption ability that can be

tuned by electronic structure [59].

One of the practical issues concerning stability of electro-

catalysts can be studied by Chronoamperometry (CA) mea-

surement, where the current at a constant applied voltage is

recorded during an appropriate time period under working

conditions.

For ORR, Mn2O3/TOPO/rGO electrode shows excellent dura-

bility with no obvious activity decay compared with the initial

value over 10,000 s of continuous operation at a constant po-

tential of�0.4 V as shown in Fig. 8a. Similarly, Mn2O3/PVA/rGO

also shows ~10% but more than ~70% decay observed for

Mn2O3/PVA suggests rGO play an important role as a support

(Fig. S6a). For OER,Mn2O3/PVA/rGO catalysts, initially exhibited

http://dx.doi.org/10.1016/j.ijhydene.2016.12.008
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Fig. 7 e Electrocatalytic activities for ORR and OER. (a) Linear scan voltammogram (LSV) curves for Mn2O3/PVA, Mn2O3/TOPO,

Mn2O3/PVA/rGO and Mn2O3/TOPO/rGO at an RDE (1200 rpm) in O2-saturated 0.1 M KOH solution. Scan rate, 5 mV s¡1. (b)

Comparative kinetic current of various samples for both O2 reduction at 0.8 V at the RRDE measurements (1200 rpm) and

evolution OER at 1.0 V, showing the electrocatalytic activities towards both ORR and OER. (c) LSV curves of Mn2O3/TOPO/rGO

in oxygen-saturated 0.1 M KOH at various rotating speeds. (d) KeL plots for Mn2O3/TOPO/rGO at various potentials.

Table 1 e Comparison of the electrochemical performance of Mn2O3 electrocatalysts for ORR.

Electrode Onset potential
V/Ag/AgCl

No. e� from
KL plot

Half-wave
potential (E1/2) (V)

J/mA cm�2
(geom.)

@1200 rpm
and �0.8 V

MA (mA/mg)
@ �0.8 V

vs Ag/AgCl

Mn2O3/PVA �0.15 3.91 �0.34 8.82 31.1

Mn2O3/PVA/rGO �0.08 3.75 �0.26 7.11 25.1

Mn2O3/TOPO �0.04 3.42 �0.22 7.86 27.7

Mn2O3/TOPO/rGO �0.09 3.99 �0.24 9.18 32.4

Fig. 8 e Stability of Mn2O3 for oxygen reduction reaction (ORR) and Oxygen evolution reaction (OER). Chronoamperometry

curves for the (a) ORR of Mn2O3/TOPO (red curve), and Mn2O3/TOPO/rGO (black curve) and (b) OER of Mn2O3/PVA (red curve),

Mn2O3/PVA/rGO (black curve), under 0.1 M KOH with scan rate 20 mV S¡1. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 9 e In-situ FTIR spectra for oxygen reduction reaction (ORR) using Mn2O3/TOPO/rGO as catalyst (a) in N2 saturated, (b) in

O2 saturated, (c) comparative study in N2 and O2 and (d) enlarged portion of nOeH stretching frequency.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 4 1 1 1e4 1 2 24120
a current decay, which could be caused by partially block the

active sites of the electrode due to accumulation of gas bubbles.

The current density decayed in the first 80 s and attained a

steady state thereafter, indicating that these Mn2O3 exhibit

stable electrocatalytic performance towards OER (Fig. 8b). In

contrast, for Mn2O3/PVA, pronounced current decay observed

with almost 90% current decay. Hence, graphene supported

Mn2O3 catalyst exhibits good stability in the alkaline solutions,

which is important factor for energy conversion systems. For

OER, Mn2O3/TOPO/rGO is followed similar trend with slightly

better stability that Mn2O3/TOPO (Fig. S6).

Further, GCE was coated with the catalyst ink and in-situ

study was performed with N2 saturated as well as O2 satu-

rated electrolyte solution with varying applied potential from

�200 mV to �800 mV, exactly the region where linear sweep

voltammetry for ORR is recorded.

It is evident from Fig. 9a, there is no significant OeH

stretching peak range from 3100 to 3350 cm�1 in N2 saturated

solution. Whereas in O2 saturated solution, a strong peak for

OeH stretch is observed prominently (Fig. 9b). This OeH

stretching peak corresponds to water generated during oxy-

gen reduction reaction on catalyst coated glassy carbon elec-

trode surface [59]. In the Fig. 9c, a comparative plot is shown

which clearly differentiate that there is ORR process occurring

in O2 saturated solution whereas there is no OeH peak in N2

saturated solution. Furthermore, an enlarged portion of OeH

stretching frequency in O2 is shown in Fig. 9d. From Fig. 9d, it

is observed that with increasing negative potential from

�200mV to�800mV, theOeHabsorption peak is gettingmore
intense. This can be explained as, with increasing potential

higher amount of water is produced i. e. diffusion of oxygen is

higher on electrode surface at �800 mV comparative O2

diffusion is lower at �200 mV. Linear sweep voltammetry

supports this explanation as with increasing negative poten-

tial from �800 mV to �200 mV a higher current density is

obtained i.e. diffusion of O2 is higher.
Conclusion

A facile one-pot thermal reduction strategy was employed to

fabricate hierarchical flower like manganese oxide and gra-

pheneemanganese oxide nanocomposites using PVA, TOPO

and graphene oxide as precursors. The manganese oxide and

grapheneemanganese oxide nanocomposites demonstrated

superior and stable electrocatalytic activity with high current

density both for ORR and OER. It is suggested that the good

electrochemical performance can be attributed to the 3D

assembled hierarchical architecture and the presence of rGO

network. In-situ FTIR study canmonitor the adsorbed reaction

intermediate of hydroxyl bands as a function of potential

under ORR conditions. This facile and efficient reduction

approach via hydrothermal process, cheapness, and avail-

ability of raw materials, without the need of template further

can be extended to other metal oxides preparation and suit-

able for industrial manufacturing in scaled-up process.

Moreover, the compositions of catalysts can be widely

adjusted, which opens up new avenues in the effective

http://dx.doi.org/10.1016/j.ijhydene.2016.12.008
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application of graphene nanosheet-supportedmetal oxides as

promising electrode materials in near future.
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