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� Manganese oxide nano-catalysts are
fabricated by c-radiation induced
method.

� Morphology and composition of
MnOx are tuned by the synthesis
conditions.

� Oxygen reduction reaction (ORR)
activity of the obtained material is
studied.
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exhibit a 4-electron transfer pathway.

� Mn3O4 (with composition 2MnO-
MnO2) nanorods favour an
incomplete 2-electron pathway.
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A c-radiation induced synthesis method is used to fabricate manganese oxide catalysts through both
reduction and oxidation routes. It is shown that the morphology, composition and electrochemical per-
formance of the produced manganese oxide particles can be tuned by altering the redox conditions. The
catalysts prepared via radiolytic oxidation have a hollow spherical morphology, possess c-MnO2 struc-
ture and show high catalytic activity for the complete four-electron reaction pathway of the oxygen
reduction reaction (ORR) in alkaline electrolyte. Meanwhile, the catalysts synthesized via radiolytic
reduction possess a rod-like morphology with a Mn3O4 bulk structure and favour the incomplete two-
electron reaction pathway for ORR. The high catalytic activity of the manganese oxide synthesized via
the oxidation route can be attributed to high electrochemical surface area and increased amount of
Mn3+ on the surface as compared to those in the sample obtained via the reduction route.
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1. Introduction

Manganese oxides are known for their multiple applications
for energy storage and conversion [1–4]. In particular, nanostruc-
tured MnO2 has shown considerable catalytic activity for ORR [5–
7]. The electrochemical behaviour of manganese oxide is mainly
determined by their structural and surface properties [8]. The
basic structural unit of MnO2 is [MnO6] octahedrons linked in dif-
ferent ways by sharing edges or corners, thus forming variations
in structures [9,10], such as one-dimensional tunnel structure like
a-, b- and c-MnO2, two-dimensional layered structure like d-
MnO2 and three-dimensional spinel structure like k-MnO2

[3,11–13]. In earlier studies it was shown that catalytic activity
of manganese oxide was dependent on their polymorphs and
morphology, where ORR catalytic performance was displayed in
the following sequence: a-MnO2 > d-MnO2 > c-MnO2 > b-MnO2

[6,14,15]. Meanwhile, a-MnO2 and b-MnO2 nanowires showed
higher catalytic activities as compared to a-MnO2 and b-MnO2

nano-rods [16].
The good electrochemical activity of manganese oxides can be

attributed to the redox couple of Mn3+/Mn4+ that exists in the octa-
hedral sites with the presence of vacancies in solid phase [8]. The
oxygen reduction on a manganese oxide cathode proceeds through
chemical oxidation of surface Mn3+ ions generated by the discharge
of MnO2 [14] and the total reaction pathway follows a four-
electron reduction pathway [17]. In Mn-based compounds, Mn3+

ions cause one of the largest Jahn-Teller lattice distortions,
whereas Mn4+ ion does not contribute much to those distortions
[18]. Furthermore, the ability to transfer electrons from Mn3+ to
the adsorbed oxygen (O2(ad)) to form Mn4+–O2(ad) is an important
characteristic of the Mn-based catalysts for ORR [19]. Therefore,
the electro-catalytic activity for ORR of different types of Mn oxi-
des can be dependent on the amount of accessible Mn3+ species
on the surface [15].

The ORR performance can be improved by incorporating
nanocatalysts on a carbon support that possess high surface area
and good conductivity [20,21]. In addition, the synergetic effect
can lead to a substantial electron transfer between the supported
manganese oxides and carbon, thereby effectively increase the cat-
alytic performance of manganese oxides [22]. The size control and
mono-dispersity of nanoparticles has become the main issue and
direction in carbon supported nanocomposite fabrication [23,24].
It was shown previously that the structural properties of man-
ganese oxides can be tuned by choosing appropriate synthesis
routes [10]. The nanostructured manganese oxides for catalysis
applications can be synthesized by for example, sol-gel method
[25], co-precipitation method [26], hydrothermal methods
[5,15,27,28], wet chemistry methods [11,29], and radiation
induced synthesis method [30–32].

During the last decades, c-radiation induced synthesis of nano-
materials attracted significant attention due to the following
advantages: low energy consumption; minimal use of potentially
harmful chemicals; relatively simple synthesis schemes [33]. c-
radiation induced synthesis involves redox reactions between
products of water radiolysis, radicals and active species, and dis-
solved metal salt precursors, resulting in precipitation of less sol-
uble reaction products. Since the formation of the radicals stops
immediately when the solution is removed from the radioactive
source, the amount of reacting radicals and, thus, the amount of
obtained precipitate can be controlled by the total radiation dose
with high accuracy. As reported in the literature, by varying
c-radiation induced synthesis parameters, such as radiation dose
rate, total dose, scavenger concentration, and type of solvents,
nanoparticles with different composition, size and morphology
can be engineered. Thus, free-standing MnO2 nano-wires can be
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produced by c-radiation induced synthesis method via both
reductive route, Mn7+ ? Mn4+, from KMnO4 precursor solution,
and oxidative route, Mn2+ ? Mn4+, from Mn (II) salts solutions
[31,34–36].

In the current study we apply c-radiation induced approach to
synthesize not only free-standing MnOx nanomaterials but man-
ganese oxide based nanocatalysts deposited on a carbon support,
aiming to substantiate how morphology, composition and catalytic
activity of the obtained material can be tuned by the redox condi-
tions. The nanocatalysts are synthesized by using different radi-
olytic routes: oxidation and reduction. Structural properties of
the obtained material and its electrochemical activities for the
ORR in alkaline electrolyte were investigated.

2. Experimental

2.1. Radiation induced synthesis of manganese oxide

Radiation induced preparation of metal oxide particles in aque-
ous solution involves reactions between water radiolysis products
and the metal precursor ions. When absorbing ionizing radiation
water molecules decompose to form free radicals and molecular
species [37]:

H2O !c��radiation
OH�; e�aq;H3Oþ;H�;H2;H2O2 ð1Þ

Both oxidizing and reducing species are formed in equivalent
amounts. The hydrated electron, e�aq, with E0 (H2O/e�aq) = -2.87 VSHE

can reduce most metal ions to lower valence states [38]. Meanwhile,
the hydroxyl radical, OH�, is a powerful oxidant, with E0 (OH�/H2O) =
+1.8 VSHE capable to oxidize most metal ions into higher valence
state [39]. For radiation induced synthesis, the solution redox condi-
tion can be shifted to either reducing or oxidizing conditions by add-
ing the proper radical scavenger before radiation.

Under reducing conditions, OH� radicals are scavenged by iso-
propanol to produce reducing 2-hydroxyl-2-propyl radical (CH3)2-
COH�, E0 = -1.8 VSHE [40], according to the reaction:

HO� + (CH3)2CHOH ! H2O + (CH3)2COH� ð2Þ
The interaction of precursor KMnO4 with reducing radicals, e�aq

and (CH3)2COH� can be described by the following reactions:

Mn7þ + ne�aq ! Mnð7�nÞþ ð3Þ

Mn7þ + n(CH3)2COH� !Mnð7�nÞþ + (CH3)2CO + nHþ ð4Þ
In oxidizing conditions, N2O is used to convert e�aq to OH�

according to the following reaction:

N2O + e�aq + H2O ! OH� + OH� + N2 ð5Þ
The formation of MnO2 colloids by the reaction of OH� with

Mn2+ ions in solution was described previously [36]. When dis-
solved in water, Mn2+ ions form a hydrated species [Mn(H2O)6]2+.
The formation of MnO2 can be described by the following overall
processes:

[Mn(H2O)6]2þ + 2OH� !MnO2 + 2Hþ + 6H2O ð6Þ
Note that in both synthesis paths, pH of the solutions after irra-

diation is usually decreased from almost neutral to acidic (pH 2 to
3) which is attributed to the formation of H+ via reactions (4) and
(6).

Considering the above, manganese ions in oxidation states Mn4+

(MnO2), Mn3+ and Mn2+ can be formed. Note that one needs 3
reducing species to get one molecule MnO2 and 4.3 reducing spe-
cies to get an oxide with mixed valences, such as Mn3O4.



Z. Li et al. Journal of Colloid and Interface Science 583 (2021) 71–79
Although the solubility of many Mn2+ compounds/salts is high,
Mn3O4 is stable in aqueous solutions [41]. The structure of Mn3O4

may have several modifications, such as MnO-Mn2O3 (with Mn2+

and Mn3+) and 2MnO-MnO2 (with Mn2+ and Mn4+) [42].
2.2. Synthesis condition

Manganese oxide particles both free-standing and on carbon
support were obtained by c-radiation induced synthesis using oxi-
dation and reduction routes. In the oxidation route, Mn2+ salt,
manganese chloride tetrahydrate, MnCl2�4H2O, (Sigma Aldrich,
� 99.9% purity) was used as a precursor, while in the reduction
route, Mn7+ salt, KMnO4 (Sigma Aldrich, � 99% purity) was chosen.
5 mM manganese salt precursors concentration was used to synthe-
size free-standing nanoparticles. Meanwhile, higher salt concentra-
tion is required for carbon supported manganese oxide. Carbon
powder (Vulcan XC-72, Cabot Carbon Corporation, USA) with a con-
centration of 2.2 g/L was used as support material and dispersed in
the precursor solution by ultrasonic bath for 30 min before radiation.

In the oxidation route, the sample solution was purged with
N2O for 30 min to reach N2O saturation in water (~2.5 � 10�2 M)
at room temperature. In the reduction route, 1 M isopropanol
was added to the sample solution and with N2 gas purging for
30 min to remove oxygen from the solution.

The prepared samples were sealed and subjected for irradiation
in a gamma-cell (MDS Norditon 1000 Elite Cs-137) with a dose rate
of 0.124 Gy s�1. After irradiation, the samples were filtered and
washed with Milli-Q water. Thereafter, the samples containing car-
bon support were placed into a furnace, dried at 60 ℃ in air for
24 h.

The synthesis parameters for c-radiation induced fabrication of
manganese oxide particles both free-standing and on carbon sup-
port are summarized in Table 1.

The free-standing manganese oxides produced via reduction
and oxidation routes are denoted as MnOx-Red and MnOx-Oxi,
respectively, whereas, carbon black supported samples are
denoted as MnOx-Red/C and MnOx-Oxi/C in Table 1.

A number of samples were synthesized. However we chose to
describe four samples which are typical representatives of the
MnOx samples obtained via radiolytic reduction and oxidation
routes. (see Table 1). The influence of other synthesis parameters,
such as precursor types (MnSO4, MnCl2), concentration, total irra-
diation dose and solution pH (from 1.5 to 4.5), on MnOx structure
and its physical properties were studied. The results are shown in
Supplementary Information. It was found that those parameters
have less significant contribution to MnOx properties alteration
as compared to that caused by the changing redox conditions.
2.3. Characterization of structural and chemical composition

Powder X-ray diffraction (XRD) patterns of obtained samples
were recorded by a PANalytical X’Pert PRO diffraction system with
Cu Ka radiation (k = 1.5418 Å) in a Bragg-Brentano geometry. The
angular (2h) range of 15� to 90� with a step of 0.01� was used.

The morphologies of the samples were investigated by trans-
mission electron microscopy (TEM) operated at 200 kV using
Table 1
Radiation induced-synthesis parameters: precursor and scavenger type, total irradiation d

Sample Precursor Scavenger

MnOx-Red 5 mM KMnO4 1 M isopropano
MnOx-Red/C 15.4 mM KMnO4 1 M isopropano
MnOx-Oxi 5 mM MnCl2 4H2O ~2.5 � 10�2 M
MnOx-Oxi/C 18 mM MnCl2 4H2O ~2.5 � 10�2 M
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JEOL2100F and Hitachi S-4800 scanning electron microscope
(SEM) at a voltage of 15 kV.

The mass loading (wt. %) of manganese on carbon was mea-
sured with ICP-OES (Inductively Coupled Plasma-Optical Emission
Spectroscopy) method by a Thermo scientific iCAP 600 series
instrument. Prior to ICP-OES measurements, 0.2 g of dry powder
of each sample was immersed into 20 ml of 5% HNO3 with high
speed stirring for 24 h. The analysis of Mn was performed at wave-
lengths of 279 nm and 285.2 nm.

The oxidation states of Mn were analysed using X-ray photo-
electron spectroscopy (XPS). For the MnOx-Red samples, XPS spec-
tra were recorded with a Kratos Axis Ultra electron spectrometer
with a delay line detector. A monochromatic Al Ka source operated
at 150 W and a charge neutralizer was used for the measurements.
The chamber pressure was below 3 � 10�9 Torr. For the MnOx-Oxi
samples, XPS spectra were recorded with a PerkinElmer PHI 5000C
ESCA system. A monochromatic Al Ka (1486.7 eV) source operated
at 50 W and a charge neutralizer was used for the XPS measure-
ments. The chamber pressure was kept below 6 � 10�10 Torr.
The concentric hemispherical analyzer was positioned at a 45�
angle with respect to the sample normal. The binding energy
(BE) scale was referenced to the C 1 s of adventitious carbon, set
at 284.8 eV. Processing of the spectra was accomplished with Kra-
tos software using Gaussian and Lorenzian functions in the ratio of
70% to 30%. A Shirley background was applied. The element detec-
tion limit was typically 0.1 at%.

2.4. Electrochemical characterization.

Rotating disc electrode (RDE) measurements were performed to
evaluate the ORR activity and carried out on mirror polished glassy
carbon electrodes with a geometric area of 0.196 cm2. The elec-
trodes were modified by drop casting specific volumes of catalyst
ink and then dried naturally in ambient environment. The details
of the ink preparation and electrode modification were described
in supplementary information.

All electrochemical measurements were performed in a three-
electrode system using a potentiostat (Bio-Logic SP-300) with a
graphite rod as a counter electrode and an Ag/AgCl in saturated
KCl solution as a reference electrode. All the potentials reported
here were iR-corrected (85% automatic iR compensation) and cali-
brated to reversible hydrogen electrode (RHE) according to E(RH
E) = E(Ag/AgCl) + 0.964 V in 0.1 M KOH.

The electrochemical active surface area (ECSA) of the catalysts
was estimated by double-layer capacitance (Cdl) measurements,
according to the method reported in the literature [43]. The double
layer charging current (ic) was obtained from CVs at multiple scan
rates (v) at 0.4 V, which was in the potential region where the pres-
ence of faradaic currents was minimized and the total current
dominated by capacitive currents. By plotting ic as a function of
v, the slope of the linear fit was equal to Cdl (ic = v Cdl). The ECSA
of the catalyst was calculated by dividing Cdl by 0.040 mF cm�2,
a typical value reported for Mn electrode in alkaline aqueous solu-
tion [43,44]. It should be noted that the calculated ECSA only pro-
vides an approximate guide, and since the carbon support also
contributes to the capacity, it will represent an overestimation.
The electron transfer number (n) was calculated using the
ose, mass loading of Mn on carbon.

Total irradiation dose Mn mass loading

l 8.9 kGy
l 44.6 kGy 5.7 wt%
N2O 8.9 kGy
N2O 44.6 kGy 21 wt%
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Koutecky-Levich (K-L) equation. The detailed description is given
in the supplementary information.
3. Results and discussions

3.1. Composition, structure, and morphology of manganese oxide
catalysts

3.1.1. XPS studies
The elemental composition of the manganese oxide particles

deposited on carbon was acquired by XPS. Mn 2p and 3 s spectra
are shown in Fig. 1 and the corresponding binding energies are pre-
sented in Table 2. As shown in Fig. 1 (a) and Table 2, three binding
energies for Mn 2p3/2 are distinguished in both samples. Those
energies correspond to different oxidation states of manganese:
Mn3+ [45], Mn2+ [45–47] and Mn4+ [42,45,48]. The ratio of O1s to
Mn 2p3/2 of the two samples are close to 1.2, thus, MnO2 can be
one of the oxides present in both samples [49]. Other oxides, espe-
cially mixed valence oxides are more difficult to identify. For
example, spinel Mn3O4, [Mn2+Mn2

3+O4
2�] has a structure where

Mn2+ ions are in tetrahedral and Mn3+ ions are in octahedral sites
[50]. This crystal system can undergo spontaneous symmetry
breaking that leads to several structures such as MnO-Mn2O3

(Mn2+ and Mn3+) and even 2MnO-MnO2 (Mn2+, Mn4+) with a weak
interaction between different ion sites can exist for Mn3O4 com-
pound [42]. As reported in the literature, the difference in binding
energies of Mn 2p1/2 and Mn 2p3/2 levels in the XPS spectrum for
mixed oxides can be larger than that for a simple oxide [51]. In
our case the spin–orbit splitting between Mn 2p1/2 and Mn 2p3/2

levels is 11.6 eV and 11.3 eV for MnOx-Oxi/C and MnOx-Red/C,
respectively, which matches to the values for Mn3O4 [42,49,51].
Therefore, we can assume that manganese oxides with a mixed
valence states can be present in both the studied samples.

To further estimate the average Mn valence state in the
obtained oxides, we consider binding energies of Mn 3 s core–shell.
The 3 s line for the 3d transition metals has a splitting that depends
on the number of 3d electrons [52]. Thus, one can determine the
valence state of Mn ions considering the splitting magnitude of
Mn 3 s line as shown in Fig. 2 (b). The measured splitting of Mn
3 s lines of 4.7 eV for both samples correspond to Mn3.6+ [53].

As shown in Table 2, the surface atomic ratio of Mn species in
MnOx-Oxi/C is higher than that in MnOx-Red/C. Moreover, the
Mn3+/Mn4+ ratio in MnOx-Oxi/C and MnOx-Red/C samples calcu-
lated from XPS spectra, is 2.01 and 1.56, respectively. Since, as
shown in the literature, ORR activity of different types of man-
ganese oxide is dependent on the amount of Mn3+ on the surface
due to Jahn-Teller distortion effects and the ease oxidation to
Mn4+, the ratio of Mn3+/Mn4+ may be considered as an important
Fig. 1. Mn 2p (a) and Mn 3s (b) XPS spectra of carbon supported manganese oxide partic
(lower curves) routes.
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parameter for the evaluation of the catalytic efficiency of man-
ganese compounds [54].

The XPS studies demonstrate that the materials produced by c-
radiation induced synthesis via both oxidation and reducing routes
consist of a mixture of solid manganese oxides having Mn ions in a
2+, 3 + and 4 + oxidation state.
3.1.2. XRD and electron microscopy studies
XRD and electron microscopy studies were performed to further

elucidate the composition and structure of the synthesized mate-
rial. XRD patterns for manganese oxide particles synthesized via
oxidization and reduction routes are presented in Fig. 2 (a) and
(c), respectively. The patterns were recorded from both free-
standing and carbon supported particles.

The XRD patterns for the manganese oxide obtained by radi-
olytic oxidation are shown in Fig. 2 (a). The peaks denoted with
Miller indices correspond to c-MnO2 phase (JCPDS 14–0644)
[16,55]. This phase is constructed of [MnO6] octahedral units,
arranged in (1 � 2) and (1 � 1) tunnels [9]. As reported in the lit-
erature [16,55], the metastable c-MnO2 can transform to a-MnO2

via increasing the reaction temperature or altering solution pH.
As also seen in Fig. 1(a) the diffraction peak from carbon (at 2h of
about 25�) is almost negligible. This is probably due to the fact that
Mn mass loading in MnOx-Oxi/C sample is rather high (21 wt%),
therefore, the intensity of diffraction peaks from amorphous car-
bon is dampened by the signal from MnOx.

Themorphology of c-MnO2 particles studied using SEM is shown
in Fig. 2(b). As shown in the figure, the particles have a spherical
shape composed of nanoflakes and possess a well-developed sur-
face. The complex morphology of the obtained manganese oxide
particles may indicate that their formation in solutions occurred
via a non-classical crystallization pathway, when the crystallization
occurs via the formation of a sequence of phases, from emulsion via
amorphous phases to crystalline intermediates [56,57]. Although
the XRD study indicates c-MnO2 is the only phase that formed dur-
ing radiolytic oxidation, theXPSmeasurements reveal thatMn2+ and
Mn3+ are also present in the samples. Hence, we assume c-MnO2 is a
bulk crystalline phase, and meanwhile, contains amorphous phases
of both Mn2+ and Mn3+ to be formed on the surface.

The manganese oxides synthesized by radiolytic reduction pos-
sess quite different structure and morphology as compared to that
synthesized by radiolytic oxidation. As seen in Fig. 2(c), the XRD
patterns for MnOx-Red consist of the peaks, which belong to the
tetragonal spinel-type Mn3O4 phase (JPCDS 24–0734) [44,58].
Essentially, these peaks belong to spinel which occurs in nature
as the mineral hausmannite, where manganese exists in two oxi-
dation states Mn2+ and Mn3+ (MnO-Mn2O3). However, as shown
in the literature, another distorted structure of Mn3O4,
les synthesized by both radiolytic oxidation (upper curves) and radiolytic reduction



Table 2
Results of XPS studies of carbon supported manganese oxides synthesized by both radiolytic oxidation and radiolytic reduction.

MnOx-Oxi/C MnOx-Red/C

Line (compound) Binding Energy (eV) Atomic ratio (at. %) Binding Energy (eV) Atomic ratio (at. %)

C 1 s (CAC) 284.8 81.45 284.3 92.53
O 1 s (Mn-O) 529.1 6.9 529.8 2.3
O 1 s (C@O, Mn-OH) 530.8 3.45 531.1 0.8
O 1 s (CAOH)
O 1 s (CAOH)
O 1 s (H2O)

532.5 1.85 532.1
533.3
535.1

1.1
0.75
0.28

Mn 2p3/2 (Mn3+) 641.9 2.98 642.1 0.78
Mn 2p3/2 (Mn2+) 640.5 1.89 640.8 0.14
Mn 2p3/2 (Mn4+)
Mn 2p1/2

643.5
652.7

1.48 643.6
652.0

0.49

Fig. 2. X-ray diffraction patterns of free-standing manganese oxide particles and on a Vulcan X-72 synthesized by radiolytic oxidation (a); and radiolytic reduction (c). The
wide XRD peaks at 2h ~ 25� correspond to amorphous carbon; SEM image of manganese oxide particles synthesized by radiolytic oxidation (b); TEM image of manganese
oxide nano-rods synthesized by radiolytic reduction (d).
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2MnO-MnO2 with Mn2+ and Mn4+ can coexist [42]. Considering the
results from the XPS study that shows the presence of Mn4+

together with Mn2+ (Mn3+) at the surface, we expect that the com-
position of the samples obtained by the reduction route would
rather correspond to 2MnO-MnO2 than to MnO-Mn2O3.

The morphology and the surface structure of the catalyst pro-
duced via the reduction route were characterized using TEM and
shown in Fig. 2(d). Apart from the samples obtained by radiolytic
oxidation, the sample synthesized via the reduction route consists
of a mixture of nano-rods and nanowires. The amorphous carbon
with ‘‘onion” structure is clearly seen in the image.

3.2. Electrochemical characterization

3.2.1. Electrocatalytic activity measured by RDE
The ORR measurements were performed in 0.1 M KOH with a

rotating disk electrode (RDE) setup. Cyclic voltammetry (CV) of
75
synthesized carbon supported manganese oxide catalysts and
commercial Pt/C (20 wt%, ETEK) were obtained at a scan rate of
50 mV s�1 (Fig. 3(a)). The CV curves of MnOx-Red/C and MnOx-
Oxi/C samples showed reduction peaks at potentials around 0.7 V
and oxidation peaks around 1.05 V, which was consistent with the
result in literature [59]. Pt/C showed the standard CV curve with
characteristic shape of polycrystalline Pt in alkaline medium [60].
The ORR kinetics of the carbon supported manganese oxide cata-
lysts was investigated by collecting polarization curves at various
rotation speeds (Fig. 3(b) and (c)). For all the samples, the higher
rotation speed will give faster oxygen diffusion, thus resulting in
higher diffusion limiting current density (Jd). Table 3 summarizes
the key parameters for ORR performance obtained from the polar-
ization curves. It can be seen that, the Jd of MnOx-Oxi/C almost
reached the value of Pt/C (5.0 mA cm�2) and much higher than that
of MnOx-Red/C (2.8 mA cm�2). Both of the onset potential Eonset
and half-wave potential E1/2 of synthesized carbon supported



Fig. 3. Cyclic Voltammetry curves recorded for MnOx-Oxi/C, MnOx-Red/C and commercial Pt/C (20%) catalysts in N2 saturated 0.1 M KOH solution with the scan rate at
50 mV s�1(a). Polarization curves at different rotation rates measured on manganese oxide catalysts synthesized by oxidation (b) and reduction (c) routes. Polarization curves
of MnOx-Oxi/C, MnOx-Red/C and Pt/C at the rotation speed of 1600 rpm (d). All the polarization curves in Fig. 3(b)–(d) were recorded at the scan rate of 10 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.)

Table 3
ORR performance parameters obtained from polarization curves shown in Fig. 3(d). Electron transfer number was calculated from K-L plots in Fig. 4 (a).

Sample Jd (mAcm�2) Electron transfer number Eonset (V) E1/2 (V) Specific Activity
@ 0.7 V (mA cm�2)

MnOx-Oxi/C 4.8 4.1 0.8 0.71 0.03
MnOx-Red/C 2.8 2.6 0.76 0.66 0.02
Pt/C 5 4.0 0.94 0.82 0.91
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manganese oxide catalysts were lower than Pt/C, but it can be
clearly seen that the potentials of MnOx-Oxi/C were much more
positive than that of MnOx-Red/C, which indicates a higher ORR
activity of the MnOx-Oxi/C sample at low overpotentials. The E1/2
of Pt/C sample showed a little negative shift comparing with the
value in some other studies but it should be noted that all the
ORR parameters of Pt/C were within the range that have been
reported in literatures where the similar recipe of catalyst ink
and conditions of measurement were applied [61–63]. To investi-
gate the first order ORR kinetics, the electron transfer number (n)
was determined by K-L plots ((Fig. 4(a)). The calculated electron
transfer number of MnOx-Red/C sample was 2.6, whereas, the n
value for MnOx-Oxi/C and Pt/C were 4.0 and 4.1, respectively,
demonstrating a four-electron oxygen reduction pathway and the
high electro-catalytic activity towards ORR. This matches very well
with the fact that the diffusion limited current of sample MnOx-
Red/C was about half of sample MnOx-Oxi/C.

To eliminate the effect of a carbon support, the ORR activity for
both MnOx-Oxi/C and MnOx-Red/C catalysts having similar Mn
loading, was investigated. Therefore, a MnOx-Red/C sample that
contains 21 wt% of Mnwas prepared, and its ORR activity was com-
pared to the activity of the other samples. The results are shown in
Fig. S3. As seen in the figure the overall ORR activity of MnOx-red/C
catalysts only slightly increases when concentration of Mn in the
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sample is increased by 3.7 times (from 5.7 wt% to 21 wt%). Still this
activity remains significantly smaller than the ORR activity of a
MnOx-Oxi/C sample. Dissimilarity in the samples’ morphology,
nano-rods and hollow spheres in MnOx-red/C and MnOx-Oxi/C
samples, respectively, can be a possible reason for the difference
in the electrochemical performance of the MnOx catalysts

3.2.2. Electrochemical active surface area of the MnOx/C catalysts
The electrochemical active surface area (ECSA) measurement

provides information on the number of electrochemically active
sites on the electrode which directly relates to the sample’s elec-
trocatalytic activity [64,65]. In the current work, the ECSA of the
catalysts was estimated by analysing the double-layer capacitance
and the actual amount of metal on GC electrode which was deter-
mined by ICP-OES after electrochemical test. Fig. 4(b) shows the
plot of capacitive currents as a function of the scan rate with the
corresponding linear fits. The capacitive currents were obtained
from the CVs in the non-Faraday region, which are presented in
Fig. S1. Table S1 lists the double-layer capacitance (Cdl) and ECSA
value of MnOx-Oxi/C and MnOx-Red/C samples, respectively. The
ECSA of sample MnOx-Oxi/C (113.9 m2 gMn

�1 ) is twice as large as that
of MnOx-Red/C (52.3 m2 gMn

�1 ), which can be attributed to the high
porosity and large surface area, mainly owing to the accumulation
of nanoflakes on its surface and, thus, results in an overall



Fig. 4. K � L plots calculated for MnOx-Oxi/C, MnOx-Red/C and commercial Pt/C electrodes at 0.4 V (vs RHE), J is a current density, x is a rotation rate of a disk electrode (a).
Capacitive current as a function of the scan rate with corresponding linear fits to the experimental data (b). (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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three-dimensional hierarchical nanostructure. The ECSA of Pt/C
calculated from Cdl is 171.2 m2/gPt, which is larger than what has
been previously reported [66,67], indicating the fact that the
double-layer capacitance method may not be a suitable technique
to determine the ECSA of Pt/C sample. Therefore, the ECSA was
recalculated at 43.1 m2/gPt based on the modified Hupd method
[68], and the value is within the range reported in literatures
[62,63,66]. Specific activity of the catalysts has been calculated
from the ECSA and listed in Table 3. As seen in the table the specific
activity of both MnOx/C samples is much lower than that of Pt/C,
which is expected. However, MnOx-Oxi/C sample showed higher
specific activity than MnOx-Red/C, which could be ascribed to the
difference in samples morphology and composition. The way to
improve the specific activity of manganese based catalysts can
include reducing the size of the active compounds down to a level
of a single atom, as well as using different supports such as, for
example, nitrogen-doped carbon, to create active interfacial sites
[69,70]. Although this is beyond the scope of the current study, it
can be a topic for future investigations.

The results of stability tests performed on both types of cata-
lysts in O2 saturated 0.1 M KOH solution are shown in Fig. 5. As
seen in the figure both MnOx/C samples exhibited good electro-
chemical stability. The current density of MnOx-Oxi/C showed a
decrease from the initial value 1.48 mA cm�2 to 1.40 mA cm�2 after
Fig. 5. Stability test of MnOx-Oxi/C and MnOx-Red/C carried out by chronoamper-
ometry method in O2 saturated 0.1 M KOH solution with fixed potential at 0.7 V (vs
RHE) for 10000 s, J is a current density, t is test time. Inset is the current density
measured after 100 s, 5000 s and 10000 s of the experiment run. (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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10000 s of the experiment run at 0.7 V (5.4% decay). Also, the cur-
rent density of MnOx-Red/C had a minor increase (from
0.30 mA cm�2 in initial to 0.41 after 5000 s) followed by a small
decrease (ended at 0.38 mA cm�2 after 10000 s). Good stability
of MnOx/C samples may be attributed to the special morphology
of the catalyst which can keep the overall structure and composi-
tion from further transformation, and thus, the active sites could
be then maintained to a great extent. Small fluctuations of current
density in MnOx-Red/C sample could be due to possible de-
adhesion of the neighbor nanorods, thus exposing more active sites
and resulting in increasing current density.
4. Conclusions

In this study we demonstrated that by varying redox condition
of a precursor solution in the c-radiation induced synthesis one
can tune the morphology, composition and electrochemical perfor-
mance of manganese oxide catalysts. Manganese oxide nanoparti-
cles both free standing and on carbon support were synthesized by
c-radiation induced synthesis method. Both radiolytic oxidation
and reduction were used. The samples prepared via the oxidation
route possess a hollow spherical shape composed of nanoflakes,
which structure corresponds to that of c-MnO2. Meanwhile, the
samples produced via the reduction route possess a rod-like mor-
phology and have Mn3O4 (probably 2MnO-MnO2) as the main crys-
talline phase. The ORR activities of the obtained catalysts were
controlled by RDE measurements. It was found that samples syn-
thesized via radiolytic oxidation exhibit a 4-electron pathway,
while an indirect 2-electron pathway was observed in the samples
obtained via radiolytic reduction. High ORR activity of the MnOx-
Oxi/C sample can be attributed to its high electrochemical surface
area originating from the three-dimensional hierarchical nanos-
tructure. Moreover, as confirmed by the XPS analysis, the surface
concentration of Mn3+ in the MnOx-Oxi/C sample is larger than that
in the MnOx-Red/C sample, which may contribute to the increased
electro-catalytic activity of the former. In addition, both types of
catalysts demonstrated good electrochemical stability in alkaline
solutions. Thus, the c-radiation induced synthesis method can be
applied as a structural and composition adjustable approach to
fabricate manganese oxide electro-catalyst with improved ORR
activity and stability.
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