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ABSTRACT: In this study we show a method of preparing a high performing catalyst by designing func-
tional nano boundaries in a nanocomposite material. A non-precious nanocomposite material composed of 
spinel Mn1.5Co1.5O4 nano crystals and FeNx-functioned graphene nano platelets (FeNx/C)) was synthesized 
by an ultrasonic process. The crystal structure and elemental composition of the bimetal oxide were deter-
mined by X-ray diffraction (XRD) and energy dispersive X-ray spectroscopy (EDS). The surface morphol-
ogy of the Mn1.5Co1.5O4-FeNx/C nanocomposite was characterized with transmission electron microscopy 
(TEM) and scanning transmission electron microscopy (STEM). The catalytic activity for oxygen reduction 
reaction (ORR) was analyzed by electrochemical method. The enhancement of activity for the ORR at the 
nanocomposite material is attributed to double synergistic effects from the bimetal particles and the FeNx/C 
nano sheets. The nanocomposite material is able to catalyze 4-electron oxygen reduction to generate water 
in alkaline media with high kinetic rate constant (7.6 × 10-2 cm·s-1 at 0.7V vs. reversible hydrogen electrode, 
RHE). Finally, the activity and stability of the nanocomposite material were compared with that of 40% Pt 
supported on active carbon (40% Pt/C), which reaches 95% activity and a comparable stability of 40% Pt/C 
at 0.7V (vs. RHE). 

 

1.0 INTRODUCTION  

Fuel cells are ideal energy conversion devices that efficiently use fuel with low to zero emission. However, 
the cost of fuel cell materials and components is unacceptably high for commercial application. For exam-
ple, platinum catalysts are common core materials in fuel cell devices, which accounts for ~60% of the total 
cost of fuel cell stacks [1]. Non-precious materials as an alternative for fuel cell catalysts have received 
much attention. Unpyrolyzed and pyrolyzed transition metal macrocycles [2-10], as a large group of non-
precious materials, were extensively investigated for catalytic oxygen reduction reaction (ORR). It is inter-
esting that the macrocycles after pyrolysis contain only carbon with micro amount of nitrogen and metal 
atoms (~5%), but have better activity and stability than those that have not been pyrolyzed [9-10]. There-
fore, major efforts have focused on pyrolyzed macrocycles such as nitrogen-doped carbons (Nx/C), as well 
as metal-nitrogen co-doped carbon (MNx/C). Lately, it has been reported that the Nx/C or MNx/C catalysts 
may be obtained from non-macrocyclic precursors, such as nitrogen-rich polymers and bio-materials [11-
20]. Although the Nx/C or MNx/C materials have good initial activity, their activity decays rapidly with 
time, especially in acidic media. The gradual activity decrease is attributed to continuous loss of catalytic 
sites in acidic media and harsh fuel cell operating condition. The decrease in catalytic stability is potentially 
mitigated by increasing the concentration of catalytic sites in the MNx/C materials [20]. In addition to Nx/C 
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and MNx/C catalysts, another notable group of non-precious materials investigated for the ORR are transi-
tion metal oxides [21-34], which show promising activity and persistent stability in alkaline media. Non-
noble metal oxides are earthly-abundant, low cost, and ideal catalyst materials for fuel cells with alkaline 
electrolyte membranes or anion exchange membranes [35-38]. As non-noble metal oxides are poorly elec-
trically conductive, they have to be supported on inert conductive materials such as high surface area car-
bons. However, the ORR mechanisms for metal oxides are complex. There are 2-electron, mix 2 & 4-
electron, and 4-electron reactions, which often depend on the metal oxides’ structure, composition, mor-
phology, supporting materials, and dopants. The 2-electron reaction mainly occurs on free metal oxides, 
carbon supports, and their simple mixtures [21, 23, 25-26, 31-32, 34]. The 4-electron reaction mainly occurs 
on the nano-structures of metal oxides coupled with a functional support or a dopant, such as MnO2 inter-
calated in graphene oxides [23], Co3O4 nano-rod supported on carbon [29], Co3O4 nanocrystals on graphene 
[30], Co3O4 nano-sheets interleaved with graphene sheets [33], and mesoporous Mn2O3 doped with Pd na-
noparticles [32]. The mechanism of 4-electron reaction is attributed to a synergistic effect at the nano bound-
aries between metal atoms and the support. Most recently, more innovative nano materials were synthesized 
with high catalytic activity and stability. For example, Xia et al [39] synthesized a high performing bifunc-
tional catalyst composed of hollow frameworks of nitrogen-doped carbon nanotubes for oxygen reduction 
and evolution. 

 In the present research, we attempt to explore how oxygen is reduced at the nano boundaries between 
metal oxides and carbon supports. Scheme 1 shows a mixed mechanism containing a 4-electron O2 reduc-
tion reaction to produce water (Scheme 1a) and a 2-electron reaction to produce hydrogen peroxide (Scheme 
1b) at the boundary between a mono-metal oxide (Mn2O3/C or Co3O4/C) and a traditional carbon support 
(un-doped). 

Scheme 1: Mixed mechanism for ORR at mono-metal oxide and un-doped carbon support 

 

𝑂𝑂2(𝑎𝑎𝑎𝑎) + 2𝐻𝐻2𝑂𝑂 + 4𝑒𝑒− → 4𝑂𝑂𝐻𝐻−             Less      (1a) 

𝑂𝑂2(𝑎𝑎𝑎𝑎) + 𝐻𝐻2𝑂𝑂 + 2𝑒𝑒−↔ 𝐻𝐻𝑂𝑂2− + 𝑂𝑂𝐻𝐻−   More    (1b) 

In order to minimize the 2-electron reduction of oxygen, we combined the two metals to form a bimetal 
oxide, and observed an enhancement of the ORR activity at the boundaries between the bimetal oxide, 
Mn1.5Co1.5O4, and the carbon support. Scheme 2 shows a mixed mechanism of ORR with a larger fraction 
of the 4-electron reaction (Scheme 2a) compared to the smaller 2-electron reduction fraction (Scheme 2b). 
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Scheme 2: Mixed mechanism for ORR at bimetal oxide and un-doped carbon support 

 

𝑂𝑂2(𝑎𝑎𝑎𝑎) + 2𝐻𝐻2𝑂𝑂 + 4𝑒𝑒− → 4𝑂𝑂𝐻𝐻−     More    (2a) 

𝑂𝑂2(𝑎𝑎𝑎𝑎) + 𝐻𝐻2𝑂𝑂 + 2𝑒𝑒−↔ 𝐻𝐻𝑂𝑂2− + 𝑂𝑂𝐻𝐻−   Less   (2b) 

To further increase the catalytic activity, we used a functional carbon (i.e., a metal-nitrogen co-doped gra-
phene) as a support to replace the traditional carbon. We prepared the nanocomposite material, 
Mn1.5Co1.5O4, supported on FeNx/C, by ultrasonic processing. Interestingly, we realized a near completed 
4-electron oxygen reduction reaction for the nano-composite as a catalyst. Scheme 3 shows a 4-electron 
reaction mechanism of ORR at the nano boundaries between the bimetal sites and the FeNx/C nano sheets. 

 

Scheme 3: A mechanism for 𝐎𝐎𝐎𝐎𝐎𝐎 𝐚𝐚𝐚𝐚 𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐚𝐚𝐚𝐚𝐛𝐛 𝐨𝐨𝐨𝐨𝐛𝐛𝐨𝐨𝐛𝐛 and FeNx-doped carbon support 

 

𝑂𝑂2(𝑎𝑎𝑎𝑎) + 2𝐻𝐻2𝑂𝑂 + 4𝑒𝑒− → 4𝑂𝑂𝐻𝐻−               (3) 

The enhancement of catalytic activity is believed to be a synergistic effect of the bimetal atoms (Mn and 
Co), and a synergistic effect of the bimetal oxide nano crystals and the FeNx/C nano sheets. 

Page 3 of 15 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
4 

Ju
ly

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Fl

or
id

a 
L

ib
ra

ri
es

 o
n 

15
/0

7/
20

16
 1

2:
18

:1
1.

 

View Article Online
DOI: 10.1039/C6RA15040C

http://dx.doi.org/10.1039/c6ra15040c


4 

 

 

2.0 EXPERIMENTAL SECTION  

2.1 Chemicals and Materials. Hemin from porcine, Cobalt (II) oxalate dihydrate (CoC2O4•2H2O), Man-
ganese (II) oxalate dihydrate (MnC2O4•2H2O), and ammonium hydroxide (28% NH3), were purchased from 
Aldrich. Graphene nano platelets (GNP) with a BET surface area between 600 – 650 m2/g were purchased 
from Cheap Tubes Inc. Platinum nano catalyst supported on 60% active carbon (40% Pt/C) was purchased 
from Johnson Matthey. Deionized water was used for all synthesis and experiments. 

2.2 Synthesis of Mn2O3, Co3O4 and Mn1.5Co1.5O4. 1g CoC2O4•2H2O and 1g MnC2O4•2H2O were mixed 
with 3 mL NH4OH water, ground to a paste and dried at 70°C. The dry mixture was put in a ceramic boat 
and heat-treated at 400°C in the presence of air for two hours. A bimetal oxide with black color was ob-
tained, and determined as Mn1.5Co1.5O4. The Mn2O3 and Co3O4 were synthesized by weighing 2g 
MnC2O4•2H2O and 2g CoC2O4•2H2O, respectively, and following the same procedure as that of making 
Mn1.5Co1.5O4, except processing and heat-treating them separately. For comparison, a mixture of Mn2O3 
and Co3O4 was also prepared by ultrasonic treatment of equal amount of Mn2O3 and Co3O4 in water for 30 
minutes and dried at 60°C.  

2.3 Synthesis of FeNx/C. Synthesized according to our previous reports [6-8] and briefly described here. 
1g hemin and 1g GNP were uniformly dispersed in 50 mL N, N- Dimethylformamide (DMF). After drying 
on a hot-plate, the mixture was placed in a ceramic boat and sent to a tubular furnace for heat-treatment for 
2 hours under a nitrogen atmosphere at 600 °C. The material after pyrolysis contained 4.9% Fe (w/w), 4.3% 
N (w/w), 1.5% H (w/w) and 77.8% C(w/w), with N/Fe atomic ratio ~3.5 by elemental analysis. 

2.4 Synthesis of Mn1.5Co1.5O4-FeNx/C Nanocomposite. The nanocomposite was synthesized by ultrason-
ically processing Mn1.5Co1.5O4 and FeNx/C to break the large particles into nano-sized particles. A Branson 
Sonifier 450 was used with an ultrasound tip source. Here, 32 mg Mn1.5Co1.5O4 and 75 mg FeNx/C were 
mixed in a small beaker containing 4 mL 1-propanol and 4 mL water. The samples were cooled in an ice 
bath, and processed at a duty cycle of 40 and output control of 8 for 20 minutes. After ultrasound treatment 
an ink-like solution was obtained, containing 4 mg/mL Mn1.5Co1.5O4 dry sample and 9.4 mg/mL FeNx/C. 
The dried material is referred to a Mn1.5Co1.5O4-FeNx/C nanocomposite. The ink was directly used for elec-
trochemical analysis by adding 5% Nafion solution as binder. As mentioned in our previous report [6], the 
ultrasound method is a powerful tool for processing nano-materials. Moreover, the FeNx/C is a high surface 
area nanomaterial with high electric conductivities and relatively good chemical stabilities to accommodate 
the metal oxides. The Mn2O3,/C, Co3O4/C, and Mn1.5Co1.5O4/C samples were prepared by ultrasonically 
mixing with 70% GNP in chilled in an  ice bath.  

2.5 Instrumental Analysis. X-Ray Diffraction data (XRD) were obtained from a Rigaku Ultima III instru-
ment with Cu Kα radiation (λ = 1.5418 Ǻ) using a Bragg-Brentano Configuration. The measurements were 
conducted with a scan rate of 1.0 degree (2θ) per minute; and each diffraction data point was collected at 
the interval of 0.02 degree (2θ) for the total spectrum range of 10 to 80 degree (2θ). Transmission electron 
microscopy (TEM) were obtained with a high-resolution JEOL 2100 FE instrument equipped with an 
EDAX X-ray detector and a high angle annular dark field (HAADF) detector.  Before imaging, a solution 
was prepared by adding 5 mg of the catalyst into 5 mL of 1-propanol followed by a short ultrasonic bath 
(Branson 3510) treatment.  An aliquot of ink was loaded onto a QUANTIFOIL ®–Holey Carbon Films (0.6 
µm hole, 1.6 µm space 300 mesh copper grid, Electron Microscopy Science) with a micro-pipette and dried 
overnight at room temperature. Elemental mapping were obtained by scanning transmission electron mi-
croscopy (STEM) based on atomic resolution HAADF imaging. Elemental analysis was obtained by energy 
dispersive X-ray spectroscopy (EDS). 
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2.6 Electrochemical Characterization. A Pine Bipotentiostat RDE4 was used for electrochemical charac-
terization. A glassy carbon (GC) disk electrode (0.196 cm2) and a ring-disk electrode were used. The ring-
disk electrode had a GC disk electrode (0.247 cm2) and a Pt-ring electrode (collection coefficient 0.37). A 
catalyst sample was first suspended in 1:1 water/1-propanol solution and cooled in an ice bath. The catalyst 
ink was prepared by ultrasonic treatment with a Branson Sonifier 450 with a duty cycle of 40 and an output 
control of 8 for 10 minutes. The final catalyst content was 4 mg/mL metal oxides (Mn1.5Co1.5O4, or Mn2O3, 
or Co3O4). Then, 10 µL of catalyst ink was coated on a GC disk working electrode for RDE experiments; 
and on the disk electrode of the ring-disk electrode for RRDE experiments, respectively. The ink was dried 
at 40°C for over 60 minutes. The final coating on the GC disk electrode contained 95% total catalyst mate-
rials and 5% dry Nafion with a metal oxide loading of 0.20 mg·cm-2. An ink of 40% Pt/C was prepared 
using the same procedure as that discussed for the metal oxide samples. The final loading of 40% Pt/C on 
the GC electrode was 0.20 mg·cm-2. The catalyst coated electrode was mounted onto a Pine ASR rotator 
and used as the working electrode. All voltammetry experiments were performed in argon (Ar.) or O2 sat-
urated 0.1M potassium hydroxide (KOH) solution at room temperature (20 ± 1°C). A three electrode glass 
cell was used for electrochemical study containing three compartments separated by porous ceramic layers. 
A platinum wire counter electrode and a saturated calomel reference electrode (SCE) were used in the cell. 
The experimental results were reported based on reversible hydrogen electrode (RHE). The difference be-
tween SCE and RHE was experimentally determined with an SCE and a fresh-prepared RHE in 0.1M KOH 
solution in the same electrochemical cell. The current density reported in this article is based on the geo-
metrical area of the GC disk electrode (mA·cm-2), which can be changed to current density based on mass 
(mA mg-1) by simply multiplying a factor of 5 according to the mass of the catalyst loading. 

3.0 RESULTS AND DISCUSSION  

 

Fig. 1. X-ray diffraction pattern of non-precious metal oxides, FeNx-doped carbon and Mn1.5Co1.5O4-
FeNx/C nanocomposite. 
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3.1 XRD Results. The composition and morphology of several metal oxides were characterized with XRD, 
including the mono metal oxides (manganese oxide and cobalt oxide) and the bimetal oxide (manganese-
cobalt oxide). As shown in Figure 1, all of them are highly crystalized. Their structures and compositions 
were determined with the XRD results, as α-Mn2O3, Co3O4, and (Mn, Co)3O4, respectively. The atomic 
ratio of Mn to Co in the (Mn, Co)3O4 crystals was further determined with EDS analysis, as ~1 (see the 
following EDS results). Therefore, it is determined that the bimetal oxide is Mn1.5Co1.5O4 with a spinel 
structure. The crystallite size of Mn1.5Co1.5O4 (11.8 nm) is significantly smaller than that of α-Mn2O3 (21.3 
nm) or Co3O4 (24.5 nm). As shown in Figure 1, the XRD pattern of the Mn1.5Co1.5O4-FeNx/C nanocomposite 
has the main peaks of both Mn1.5Co1.5O4 and FeNx/C. The chemical states of Co and Mn in the nano-
composite have been cleared from the XRD results showing in Figure 1, as Co3+/Co2+ and 
Mn3+/Mn2+. The chemical state of nitrogen in the nanocomposite can be determined from X-ray 
photoelectron spectroscopy (XPS) according to the reports [13, 41]. For Fe-porphyrins pyrolyzed 
at 600 °C [41], the deconvoluted high-resolution XPS spectra at the N1s region showed three 
peaks, assigned as pyrrolic, pyridinic and Fe-N4 based nitrogen atoms, with peak positions (bind-
ing energy, eV) at 400.3, 398.8 and 398.1, respectively. The chemical state of iron has been deter-
mined from the electrochemical results (cyclic voltammograms), as Fe+3/Fe+2. 

 

3.2 TEM and STEM Images.  

 

Fig.2. TEM images of Mn1.5Co1.5O4-FeNx/C (A-C), and Mn1.5Co1.5O4 (D); and elemental maps of 
Mn1.5Co1.5O4-FeNx/C obtained from atomic resolution STEM-EDS imaging (E-G): Co Ka1 (E), Mn Ka1 
(F), and Fe Ka1 (G). 
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The nano boundaries between these metal oxides and GNP are examined with TEM. Figure 2A-2C shows 
TEM images of Mn1.5Co1.5O4-FeNx/C. Some small darker and round regions are seen, and identified as 
Mn1.5Co1.5O4 particles. The positions of GNP can also be recognized from the larger and lighter regions. 
However, the boundaries between Mn1.5Co1.5O4 particles and GNP are unclear, which implies that the nano 
boundaries are well formed between the two materials with no gaps. Figure 2D shows TEM image of un-
supported Mn1.5Co1.5O4 with measured particle sizes around 10–20 nm, which is consistent with that of the 
XRD results. The purity and uniformity of Mn1.5Co1.5O4-FeNx/C are examined by atomic resolution ele-
mental mapping with STEM-EDS imaging. Figure 2E-2G shows elemental mapping of Co, Mn and Fe, 
respectively. The spatial distributions of Figure 2E and Figure 2F are matched very well, which indicates 
that the Mn1.5Co1.5O4 is a uniform bimetal oxide, instead of a mixture of α-Mn2O3 and Co3O4. The crystals 
of Mn1.5Co1.5O4, are formed when the Co atoms are replaced by some Mn atoms in the spinel structure of 
Co3O4. The Fe element is evenly dispersed on the small graphene sheets. The spatial distribution of Fe 
element (see Figure 2G) is also approximately matched with that of Mn1.5Co1.5O4, which indicates that the 
nano boundaries between FeNx/C and Mn1.5Co1.5O4 are well formed. The elemental content of Mn1.5Co1.5O4-
FeNx/C and Mn1.5Co1.5O4 is measured with STEM-EDS, and listed in Table 1. Equal Mn and Co atomic 
concentrations of are seen, which matches the elemental composition of Mn1.5Co1.5O4 and the XRD results. 

Table 1. Relative metal contents in Mn1.5Co1.5Ox-FeNx/C and Mn1.5Co1.5Ox samples obtained from 
STEM-EDS analysis (Note: The C% content is excluded for clarification). 

Sample Mn% Co% Fe% O% Total 

MnCoOx-FeNx/C w% 24.9 26.9 4.6 43.6 100 

a.t.% 12.2 12.3 2.2 73.3 100 

MnCoOx w% 31.1 29.3 - 39.6 100 

a.t.% 14.9 15.1 - 70.0 100 

 

3.3 Electrocatalytic Activity and Mechanisms of the ORR at the Mn1.5Co1.5O4-FeNx/C Nanocomposite 
electrode. The electrochemical behaviors of various non-precious nanocomposites coated GC electrodes 
are initially examined by cyclic voltammetry (CV) in 0.1M KOH in the absence of oxygen, as shown in 
Figure 3A-B. An oxidation peak at ~1.0V and a reduction peak appearing between 0.5–0.7V are seen for 
the samples of Mn2O3/C, Mn1.5Co1.5O4/C and Mn1.5Co1.5O4-FeNx/C. It is noticeable that all of the three 
materials contain Mn element in their composition, indicating redox peaks for Mn ion oxidation and reduc-
tion. No peak is observed for the polarization curve obtained from the Co3O4/C nanocomposite. In addition, 
no peak is observed for the FeNx/C electrode, however, the background current increases when the potential 
is less than 0.8V. The rapid increase in background current at the lower potential is likely due to ions 
adsorption and desorption at the FeNx/C surface. The ORR catalytic activity is detected by bubbling O2 
through the electrolyte solution. The catalytic activity is accurately analyzed by the rotating disk electrode 
method (RDE). Figure 3C shows polarization curves for the mono-metal oxides, and bimetal oxide coated 
RDEs in O2 saturated 0.1M KOH. The ORR limiting current increases in the order of Mn1.5Co1.5O4/C > 
Mn2O3/C > Co3O4/C. The half wave potential positively shifts from 0.73V for Mn2O3/C to 0.76V for 
Mn1.5Co1.5O4/C, which implies that the Mn1.5Co1.5O4/C has better catalytic activity than that of the mono-
metal oxides Co3O4/C and Mn2O3/C investigated in this study. The enhancement of activity at the bimetal 
oxide is attributed to a synergistic effect of different metal atoms in the bimetal crystal. The Co3O4 shows 
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a spinel structure, with Co2+ ions in tetrahedral interstices and Co3+ ions in the octahedral inter-
stices of the cubic close-packed lattice of oxide anions. The Mn is also able to form a Mn3O4 spinel 
structure. When Co and Mn form a bimetal oxide, the atoms of Co and Mn are positioned in the 
same spinel structure, which changes the parameters of their original structure, resulting in smaller 
crystallite size and particle size as shown by XRD and TEM results. The smaller crystal and par-
ticle size of a catalyst are corresponding to the higher surface area, the more active catalytic sites, 
and the higher catalytic activity for ORR. Therefore, we call this phenomenon as synergistic cata-
lytic effect of bimetal composition. Figure 3D shows polarization curves of FeNx/C, Mn1.5Co1.5O4/C, 
and Mn1.5Co1.5O4-FeNx/C coated RDEs in O2 saturated 0.1 M KOH. The highest limiting current and the 
most positive half wave potential (0.82V) is observed for the Mn1.5Co1.5O4-FeNx/C nanocomposite-coated 
RDE. 

 

 

Fig. 3. Cyclic voltammograms of the different nanocomposites coated GC disk electrodes in argon saturated 
0.1M KOH, 50 mV/s (A-B); and polarization curves of the same nanocomposites coated disk electrodes in 
O2 saturated 0.1M KOH, 10 mV/s, rotation rate 1600 rpm (C-D).  
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Table 2. Electrochemical parameters of ORR at different nanocomposites coated electrodes in 0.1M 
KOH obtained from RDE and RRDE experiments. 

Parameters Co3O4/C Mn2O3/C Mn1.5Co1.5O4/C FeNx/C Mn1.5Co1.5Ox-
FeNx/C 

E1/2 (V) 0.74 0.73 0.76 0.77 0.82 

Tafel slope (mV/dec) 49 63 54 52 35 

H2O2% yield at 0.6V 57.4 21.6 16.1 7.3 4.8 

Electron transfer 
number at 0.6V 

2.85 3.57 3.68 3.85 3.90 

The enhancement of catalytic activity at the Mn1.5Co1.5O4-FeNx/C nanocomposite is attributed to a second-
ary synergistic effect of ORR at the nano boundaries, where the oxygen molecules are catalyzed by two 
types of catalytic sites, or the bimetal atoms, Mn-Co, at the Mn1.5Co1.5O4 site, and the Fe atom at FeNx/C 
site. The polarization curves of these catalysts coated RDEs are further analyzed with Tafel plots. The half 
wave potentials and Tafel slopes of ORR at these polarization curves are listed in Table 2. The Mn1.5Co1.5O4-
FeNx/C nanocomposite has the smallest Tafel slope (35 mV/dec), which indicates an advantage of fast 
electron transfer between the oxygen molecules and the catalyst coated electrode. The number of electron 
transfer and the yield of intermediate product, H2O2, for ORR are obtained from the RRDE data. Figure 
4A-B shows RRDE polarization curves of ORR at different nanocomposites coated GC disks and Pt-ring 
electrode in O2 saturated 0.1M KOH. The current densities in Figure 4 are somewhat different from 
that in Figure 3. This difference often happens when the RDE and RRDE experiments are carried 
out with different electrodes that have different electrode areas. In the present research we used 
different electrodes for RDE (0.196 cm2) and RRDE (0.247 cm2) experiments, respectively. Due 
to the catalyst loading on the RDE and RRDE was exact the same (0.04 mg of metal oxide), which 
caused the catalyst dispersion and concentration differences (0.2 mg·cm-2 for RDE and 0.16 mg·cm-

2 for RRDE), and the current density a slightly difference. Fortunately, these differences will not 
affect our comparison of the catalyst performance. The goal of the RDE experiment is used for 
comparison of the catalyst activity and stability; but the goal of the RRDE experiment is used to 
compare the H2O2 yielding during the process of ORR. The higher ring current indicates the more 
H2O2 generated for ORR at the disk electrode and collected at the ring electrode. The magnitude of ring 
current is Co3O4/C > Mn2O3/C > Mn1.5Co1.5O4/C > FeNx/C > Mn1.5Co1.5O4-FeNx/C. Plots of the number of 
electron transfer and the yield of H2O2% versus disk potential are shown in Figure 4C-D, respectively. The 
yield of H2O2 is potential dependent, and a peak yield appears at ~0.6V. The electron transfer number and 
H2O2% yield at 0.6V are also summarized in Table 2. The peak yield of H2O2% at the Mn1.5Co1.5O4-FeNx/C 
nanocomposite is less than 5%. The very small H2O2 production is probably because a small part of elec-
trode is incompletely covered by the catalyst coating. Apparently, the Mn1.5Co1.5O4-FeNx/C nanocomposite 
mainly catalyzes 4-electron oxygen reduction. The mechanism of ORR at the nanocomposite Mn1.5Co1.5O4-
FeNx/C has been explained with Scheme 3, where a nano boundary is composed of Mn1.5Co1.5O4 and 
FeNx/C. When an oxygen molecule is diffused into a nano boundary, it is catalyzed simultaneously by the 
bimetal site, Mn-Co, and the FeNx site. If any intermediate product, H2O2, is generated at the Mn-Co sur-
face, it will be continuously reduced at the FeNx site. In addition, the FeNx/C is not only able to catalyze 4-
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electron O2 reduction to water, but also it is able to catalyze 2-electron H2O2 reduction to water with excel-
lent activity [8, 10, 20, 41-42]. The mechanism is shown below, 

2𝐹𝐹𝑒𝑒(𝐼𝐼𝐼𝐼)𝑁𝑁𝑥𝑥/𝐶𝐶 + 𝐻𝐻𝑂𝑂2− +𝐻𝐻2𝑂𝑂 → 3𝑂𝑂𝐻𝐻− + 2𝐹𝐹𝑒𝑒(𝐼𝐼𝐼𝐼𝐼𝐼)𝑁𝑁𝑥𝑥/𝐶𝐶        (1) 

2𝐹𝐹𝑒𝑒(𝐼𝐼𝐼𝐼𝐼𝐼)𝑁𝑁𝑥𝑥/𝐶𝐶 + 2𝑒𝑒− → 2𝐹𝐹𝑒𝑒(𝐼𝐼𝐼𝐼)𝑁𝑁𝑥𝑥/𝐶𝐶                  (2) 

At the Mn1.5Co1.5O4-FeNx/C nanocomposite coated electrode, many hetero nano boundaries are evenly 
dispersed, containing functional groups of Mn1.5Co1.5O4 and FeNx/C, which promote a coordinative catal-
ysis, realizing 4-electron oxygen reduction.  

 

Fig.4. Polarization curves for the different nanocomposites coated GC disks and Pt-ring electrode in O2 
saturated 0.1M KOH (A-B). Note: The rotation rate is 1600 rpm, scan rate is 10 mV/s and the Pt-ring 
potential was held at 1.2V vs. RHE with a ring collection coefficient of 0.37. Plots of the number of elec-
trons transferred per O2 molecule (C), and the H2O2% generation as a function of the disk potential (D). 

 

3.4 Catalytic Kinetics of ORR at the Mn1.5Co1.5O4-FeNx/C nano Composite. The catalytic kinetics of 
ORR at the Mn1.5Co1.5O4-FeNx/C nanocomposite is investigated by analyzing the variations of the limiting 
current with rotation rate at the catalyst coated rotating disk electrode. Figure 5A shows polarization curves 
of Mn1.5Co1.5O4-FeNx/C coated GC disk electrode in O2 saturated 0.1M KOH at various rotation rates. The 
limiting current increases with increasing rotation rate. However, the limiting current is not proportional to 
the rotation rate at higher rotation rates, which gradually deviates from the values calculated by the Levich 
equation [7-8]. Figure 5B shows Levich plots at various electrode potentials. The dotted line is the calcu-
lated results for 4-electron oxygen reduction by diffusion controlled process. At higher potentials, there are 
more deviations from that of the calculated dotted line. Figure 5C shows Kotecky-Levich plots [7-8], all of 
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which are straight lines, and parallel to that of the calculated line (the dotted) for 4-electron oxygen reduc-
tion by diffusion controlled process, which indicates that the catalytic process belongs to a process of 4-
electron oxygen reduction at the Mn1.5Co1.5O4-FeNx/C nanocomposite coated electrode. The kinetic rate 
constants are calculated from the intercepts of the Koutecky-Levich plots, and listed in Table 3. At 0.7V, 
the kinetic rate constant is 7.6 × 10-2 cm·s-1, which is higher than that of silver alloy nano particles (6.8 × 
10-2 cm·s-1) [20] for catalytic ORR in alkaline media. 

 

Fig. 5 (A) Polarization curves of Mn1.5Co1.5O4-FeNx/C coated GC disk electrode in O2 saturated 0.1M KOH 
at different rotation rates. Scan rate: 10 mV/s. (B) Levich plots of i versus ω1/2. (C) Koutecky-Levich plots 
of  i-1 versus ω-1/2. 

 

Table 3. Kinetic rates constant at Mn1.5Co1.5Ox-FeNx/C nanocomposite coated electrode in O2 satu-
rated 0.1M KOH. 

Catalyst Kinetic rate constant (cm·s-1) 

Mn1.5Co1.5O4-FeNx/C 0.8V 0.7V 0.6V 0.5V 

1.4 × 10-2 7.6 × 10-2 11.7 × 10-2 24.9 × 10-2 
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Fig. 6 Polarization curves for (A) Mn1.5Co1.5O4-FeNx/C and 40% Pt/C coated GC disk electrodes in O2 
saturated 0.1M KOH with a scan rate of 10 mV/s and rotation rate of 1600 rpm. (B-C) Normalized activities 
at 0.8 and 0.7V, respectively, where the ORR activity of 40% Pt/C is set equal to 1. (D) Chronoamperomet-
ric curves at 0.7V for Mn1.5Co1.5O4-FeNx/C and 40% Pt/C coated GC electrode in O2 saturated 0.1M KOH 
with a rotation rate of 900 rpm. 

3.5 Comparison with Pt Catalyst. The activity and stability of Mn1.5Co1.5O4-FeNx/C nanocomposite are 
compared with commercially available Pt catalyst containing 40% Pt and 60% active carbon (40% Pt/C). 
The catalyst loadings on the electrode were 0.2 mg·cm-2 on the electrode for the metal oxide and 40% Pt/C 
samples, respectively. 5% Nafion was added as a binder in all catalyst coatings. Figure 6A shows polariza-
tion curves of Mn1.5Co1.5O4-FeNx/C and 40% Pt/C coated rotating GC disk electrodes in O2 saturated 0.1M 
KOH, respectively. There is 60 mV half wave potential difference between Mn1.5Co1.5O4-FeNx/C and 40% 
Pt/C. The catalytic activities are compared, as shown in Figure 6B-C by assuming the activity of 40% Pt/C 
equal to 1. At 0.7V the activity of Mn1.5Co1.5O4-FeNx/C reaches 95% that of the 40% Pt/C. The catalytic 
stability was also examined by chronoamperometric experiment at 0.7V and 900 rpm rotation rate, during 
which oxygen gas was bubbled through the electrolyte continuously. Figure 6D shows chronoamperometric 
curves of Mn1.5Co1.5O4-FeNx/C and 40% Pt/C coated GC disk electrodes in 0.1M KOH solution, respec-
tively. The approximately paralleled curves obtained indicates that the catalytic stability of the 
Mn1.5Co1.5O4-FeNx/C is comparable to that of the 40% Pt/C. 
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4.0 CONCLUSION  

In this study we demonstrated a method of making non-precious metal oxide nanocomposite catalysts and 
achieved double synergistic effects for catalytic oxygen reduction. A precious mono-metal oxide’s catalytic 
activity can be enhanced by incorporating a second non-precious metal element into its crystal structure to 
generate a nano crystal material with uniform elemental spatial distribution. The addition of the second 
metal in the crystal structure of a mono-metal oxide results in smaller crystallite size, particle size, and 
higher active surface area for the bimetal oxide, leading to higher catalytic activity. The catalytic activity 
of the bimetal oxide can be further enhanced by supporting it on a functional carbon material containing 
FeNx functional groups. The bimetal oxide, the functional carbon and the electrolyte form nano boundaries, 
which are the actives sites for catalytic oxygen reduction. The FeNx group is functioned as a mediator to 
remove H2O2 intermediate generated in the catalytic process of oxygen reduction, and promoting oxygen 
to be catalyzed through a complete 4-electron reduction.  Our work provides a new pathway in design and 
synthesis of novel non-precious nanocomposite catalysts. 
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Graphical Abstracts 
 

A nanocomposite material containing non-precious bimetal oxides and FeN-doped carbon was 
synthesized with double synergistic effect for ORR. 
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