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ABSTRACT

Catalysts for the oxygen reduction reaction (ORR) play an important role in fuel
cells. Alternative non-precious metal catalysts with comparable ORR activity to
Pt-based catalysts are highly desirable for the development of fuel cells. In this
work, we report for the first time a spinel MnCo,0,/C ORR catalyst consisting
of uniform MnCo,0, nanoparticles cross-linked with two-dimensional (2D)
porous carbon nanosheets (abbreviated as porous MnCo,0,/C nanosheets), in
which glucose is used as the carbon source and NaCl as the template. The
obtained porous MnCo,0,/C nanosheets present the combined properties of
an interconnected porous architecture and a large surface area (175.3 m*g™), as
well as good electrical conductivity (1.15 x 10> S-cm™). Thus, the as-prepared
MnCo,0,/C nanosheets efficiently facilitate electrolyte diffusion and offer an
expedite transport path for reactants and electrons during the ORR. As a result,
the as-prepared porous MnCo,0,/C nanosheet catalyst exhibits enhanced ORR
activity with a higher onset potential and current density than those of its
counterparts, including pure MnCo,O,, carbon nanosheets, and Vulcan XC-72R
carbon. More importantly, the porous MnCo0,0,/C nanosheets exhibit a com-
parable electrocatalytic activity but superior stability and tolerance toward
methanol crossover effects than a high-performance Pt/C catalyst in alkaline
medium. The synthetic strategy outlined here can be extended to other non-
precious metal catalysts for application in electrochemical energy conversion.
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1 Introduction

With the ever increasing consumption of energy and
the impending depletion of traditional fossil fuels,
there is a strong need for new energy production and
storage technologies. Fuel cells, as green and efficient
alternative energy sources, have drawn a great deal
of attention [1, 2]. Efficient catalysts for the oxygen
reduction reaction (ORR) play a crucial role in the
development of fuel cells [3-8]. To date, Pt has
displayed the highest reported activity for the ORR
with a high onset potential and current density in
alkaline medium, but its high cost, scarcity, poor
stability, and sluggish ORR kinetics have restricted its
use in practical applications. Therefore, there is a need
to identify alternative, low-cost, and environmentally
benign Pt-free catalysts for the ORR [9-12].

This search has been confined to transition metal
oxides. In 1973, MnO, was reported to be active in
the ORR [13]. Spinel oxides (AB,O,), which are built
around a closely packed array of O* ions with A*" and
B** cations occupying part or all of the tetrahedral and
octahedral sites [14], are known to be low-cost, active
catalysts in the ORR [15-17]. More recently, Wang
and co-workers reported a facile precursor pyrolysis
method to prepare porous spinel-type CoMn,O, and
MnCo,0, nanoparticles, which exhibited excellent
ORR activity along with high stability [16]. Since
AB,O, spinels are semiconductors and highly active
catalysts require good electrical conductivity, AB,O,
spinel nanoparticles require attachment to a conductive
substrate. Carbon materials, such as graphene, carbon
black, and carbon nanotubes, have been widely used
as substrates to supplement the inadequate conduc-
tivity of metal oxides [15, 17-19]. For example, Dai
and co-workers demonstrated that a MnCo,0,/N-
graphene hybrid could outperform the ORR current
density of a Pt/C catalyst at intermediate overpotentials
[17]. However, catalysts supported on graphene are
easily isolated inside the stacked layers or sandwiched
between aggregated graphene sheets and, thus, are
not available for the ORR. As for carbon black or carbon
nanotubes, the catalysts supported on their external
surface easily peel off due to the weak interaction
between the catalyst and the carbon substrate. Con-
sequently, it remains a challenge to develop a simple
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and effective method to prepare catalysts supported
on desired carbon substrates for ORR catalysis.

In addition, the ORR performance of catalysts also
depends highly on their surface or interface structure.
Specifically, nanostructured electrodes with porous
configuration and large surface area can greatly
improve the electrode/electrolyte contact area and
shorten the diffusion path of current carriers, hence
enhancing the mass and electron transport [20-24].
Thus, many efforts have been devoted toward the
development of porous nanostructures for ideal ORR
electrocatalysts, including MnCo,O, anchored on
P-doped porous carbon [25], carbon-coated BaMnO;
porous nanorods [26], Fe/Fe;C-functionalized melamine
foam [27], mesoporous N-doped graphene [28], etc.
Despite the tremendous progress in spinel oxides for
the ORR in recent time, the development of a con-
venient, economical, and scalable approach to prepare
spinel ORR catalysts with interconnecting porous
structures is still urgently required.

Herein, we have designed and synthesized a novel
MnCo,0,/C nanosheet catalyst consisting of uniform
MnCo,0,
dimensional (2D) porous carbon nanosheets with

nanoparticles cross-linked with two-
superior electrochemical performance for the ORR
in alkaline medium. With the assistance of a NaCl
template, the 2D porous MnCo,0,/C nanosheets can
be synthesized in situ using Mn(Ac), and Co(Ac), as
metal precursors and glucose as the carbon source.
Since the as-obtained 2D porous nanosheets possess
several remarkable features, such as high porosity,
large surface area (175.3 m*g™), and good electrical
conductivity (1.15 x 10*> S-cm™), these nanostructures
effectively facilitate electrolyte diffusion and offer an
expedite transport path for reactants and electrons
during the ORR. As a result, the non-precious
MnCo,0,/C nanosheets display excellent activity for
the ORR in terms of electrocatalytic activity, long-term
stability, and excellent resistance to methanol crossover
effects.

2 Experimental
21 Reagents and chemicals

All chemicals were procured from either Alfa Aesar
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or Sigma Aldrich in their highest purity form available.
Pt/C (20 wt.%) was purchased from Johnson Matthey
Chemicals Ltd. Vulcan XC-72R carbon was obtained
from the America Cobot company. All reagents and
chemicals were used as received without further
purification.

2.2 Synthesis of porous MnCo,0,/C nanosheets

In a typical synthesis, a mixture of 1.8 g of glucose
(CsH120Os), 245 mg of manganese(Il) acetate tetrahydrate
(Mn(Ac),4H,0), 498 mg of cobalt(Il) acetate tetrahy-
drate (Co(Ac),"4H,0), and 8.0 g of NaCl was ground
for 1 h with an agate mortar-pestle set. Subsequently,
10.0 mL of deionized water was added to the sample
mixture to dissolve Mn(Ac), Co(Ac), and glucose.
After stirring for 30 min, the resultant mixture was
dried at 40 °C for 10 h and then heated at 750 °C for
6 h under Ar atmosphere. The obtained product was
further heated at 300 °C for 4 h in air to obtain the
final crystalline phase (MnCo,0,/C). Once cooled down
to room temperature, the obtained puffy product was
washed with water and absolute alcohol several times
to remove the NaCl, and then dried at 60 °C.

For comparison purposes, pure MnCo,O, was pre-
pared by further annealing the MnCo,0,/C sample at
600 °C for 6 h in air. Pure carbon nanosheets were
achieved by immersing the MnCo,0,/C nanosheets in
an HClI solution (1 M) for 10 h to dissolve the MnCo,0O,
nanoparticles.

2.3 Electrochemical measurements

The electrodes were prepared by drop-casting ink
containing the catalyst powder on a glassy carbon
electrode. Typically, 5 mg of the sample was sonicated
in a mixture of 1.9 mL ethanol and 100 pL neutralized
Nafion (5 wt.%, Sigma-Aldrich) for 30 min to form a
homogeneous catalyst ink. The catalyst ink was then
coated onto a rotating disk electrode (RDE, 0.196 cm?)
at a loading of 10 pL, and dried at room temperature
(loading density of ~127.5 ug-cm™). All electrochemical
tests were performed with a Ag/AgCl (1M NaCl)
electrode as the reference electrode and a platinum
wire counter electrode at a scan rate of 5 mV-s™ in an
Oy-saturated 0.1 M KOH solution. All electrochemical
tests were performed on Autolab Electrochemical
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Instrumentation equipped with high-speed rotators
from Pine Instruments. All potentials are reported
versus the reversible hydrogen electrode (RHE), and
the following equation was used for the conversion
of the obtained potential (vs. Ag/AgCl) to the RHE:
Erpe = Eagiaga + 0.0592pH + E?Ag/AgCl [E(/J%g/AgCl (in1M
KCl) =+0.235 V, pH=12.9 for 0.1 M KOH].

The overall electron transfer number per oxygen
molecule involved in the typical ORR process was
calculated from the slope of the Koutecky-Levich
plots using the following equations [29]

1 1 1 1 1
e P S S 1
AN .

B =0.62nFC, DU%U% 2)

where | is the measured current density, Jx and |, are
the kinetic and diffusion-limiting current densities,
w is the angular velocity, n is the electron transfer
number, F is the Faraday constant (F = 96,485 C-mol™),
C, is the concentration of O, (1.2 x 10 M), D, is the
diffusion coefficient of O, (1.9 x 10° cm*s™), v is the
kinematic viscosity of the electrolyte (0.01 cm*s™).
The constant value 0.62 in Eq. (2) is substituted by 0.2
when the rotating speed is expressed in rpm [30, 31].
For the rotating ring-disk electrode (RRDE) mea-
surements, the catalyst ink and electrode were prepared
by the same method as for those with the RDE. The
disk electrode was scanned at a rate of 5 mV-s?, and
the ring potential was constant at 1.3V vs. RHE.
The production percentage of the HO; intermediate
(%HO,) and the electron transfer number (1) were
determined by the following equations [32, 33]

2001
%HO, = ———— 3)
NI, +1,
4NI
n= : (4)
NI, +1,

where I, is the disk current, I, is the ring current, and
N is the current collection efficiency of the Pt ring,
which was determined to be 0.37.

2.4 Instruments

The phase purity and crystallinity of the products
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were identified by X-ray powder diffraction (XRD)
on a Rigaku MiniFlex 600 I diffractometer with Cu
Ka radiation (A = 0.15406 nm). X-ray photoelectron
spectroscopy (XPS) was carried out on a Thermo VG
Scientific ESCALAB 250 spectrometer with an Al Ko
light source. The binding energy was calibrated relative
to the C 1s peak energy at 284.6 eV. The Raman spectra
were recorded on a Raman spectrometer (LabRAM
HR800, A =514 nm). The morphology and structure of
the samples were investigated by scanning electron
microscopy (SEM, Hitachi S5500) and transmission
electron microscopy (TEM, JEOL JEM-2010F, 200 kV).
Thermogravimetric analysis (TGA) was carried out
under a flow of air with a temperature ramp of
10 *C-min™ using a thermogravimetric analyzer (Netzsch
STA 449C). The Brunauer-Emmett-Teller (BET) specific
surface area was measured at 77 K using a Micromeritics
ASAP 2050 system. The electrical conductivity was
assessed by the four-probe method using a sourcemeter
(Model 2400, Keithley) and then calculated using the
equations for the bulk material below. The distance
between each two probes was set at 1 mm. S, refers to
the distance between probes 1 and 2, S, to the distance
between probes 2 and 3, and S; to the distance between

probes 3 and 4.
Vv
p=7C ®)
20
C= 6
T11 i ©
S S, §+S, 5,+S§

3 Results and discussion
3.1 Characterization of the samples

The synthetic procedure for the porous MnCo,0,/C
nanosheets is shown in Scheme 1 by a series of
idealized models. Step I consists in dissolving and
precipitating a Mn?/Co*-CsH;,O4-coated NaCl hybrid
from a mixed solution of Mn(Ac), Co(Ac), and
CsH1,06. Cubic NaCl was selected as the template as it
is less soluble than the metal precursors and glucose
in water, and thus tends to precipitate before the
metal precursors and glucose during recrystallization,
acting as a solid synthetic template at the pyrolysis
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MnCo,0,4/C ;
coated NaCl §

MnCo/C
coated NaCl

@ Mn*
r’ Cto

ﬁ Glucose

Scheme 1 Schematic of the formation of the porous MnCo,0,/C
nanosheets. (Step I) Formation of the Mn*"/Co*'~C¢H,0 coated
NaCl hybrid. (Step II) Formation of the MnCo/C-coated NaCl
hybrid. (Step III) Formation of the MnCo,0,/C-coated NaCl hybrid.
(Step IV) Formation of the porous MnCo,0,/C nanosheets.

Mn?/Co%*-CgH1206
coated NaCl

NaCl template

stage. Step Il involves the formation of the metal oxide
by thermal decomposition of the inorganic metal salts,
and the subsequent reduction by glucose carbonization
under Ar gas, leading to the formation of the MnCo/
C-coated NaCl hybrid (Fig.S1 in the Electronic
Supplementary Material (ESM)). Due to the release
of gases during pyrolysis, a porous nanostructure is
effectively obtained (Fig.S2, ESM). In step III, the
MnCo/C-coated NaCl hybrid is further calcined in air
(300 °C) to oxidize MnCo/C and form the MnCo,0,/
C-coated NaCl hybrid. Finally, the obtained powder
is treated with deionized water/ethanol to remove the
Na(l, and porous MnCo,0,/C nanosheets are obtained.
During the synthetic process, the presence of NaCl
plays an essential role in the formation of 2D nano-
sheets. Without the NaCl template, only micron-size
carbon blocks are obtained (Fig. S3, ESM). The surface
of water-soluble cubic NaCl can be effectively used as
a template for the synthesis of 2D nanosheets, which
is consistent with other recent reports [34, 35]. The
synthetic strategy outlined here is highly attractive
for practical applications owing to its low cost,
environmental benignancy, and the possibility for
large-scale production.

The XRD pattern in Fig. 1(a) shows that the diffraction
peaks of the face centered cubic spinel MnCo,O, phase
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(space group Fd3m (227), JCPDS No. 23-1237) and carbon
(marked with asterisks) coexist in the obtained product.
No noticeable impurity phases can be detected in
the sample. These experimental data confirm that
MnCo/C is oxidized and completely transformed into
a MnCo,0,/C hybrid after thermal treatment at 300 °C
for 4 h in air. This MnCo,0O, spinel is regarded as a
mixed valence oxide that adopts a structure in which
Mn and Co ions are distributed over octahedral
and tetrahedral stacking interstices (Fig. 1(a), inset).
Regarding carbon in the MnCo,OyC hybrid, the
interlayer distance (d) obtained from the (002) peaks
is around 0.344 nm (dgraphite = 0.335 nm), indicating
that the carbon in the MnCo,0,C hybrid has a well-
developed graphitic structure [36-38]. The Raman
spectrum exhibits the characteristic D and G bands
for the MnCo,0O,/C hybrid at 1,343 and 1,600 cm™,
respectively (Fig. 1(b)). Generally, the peak intensity
ratio between the G and D bands (Is/Ip) provides an
important index for the assessment of the graphitization
degree of carbon materials [38-40]. The calculated
Is/Ip ratio for the MnCo,O,/C hybrid is 1.15, while
that of Vulcan XC-72R carbon is 0.86. The higher
I/l ratio is a clear indication of a larger number
of graphene layers [38-40]. Moreover, the appearance
of the characteristic peaks for the Mn-O and Co-O
bonds also confirms that high-quality MnCo,O, spinel
has been successfully prepared in this study. The
MnCo0,0, loading in the as-prepared MnCo,0,/C
hybrid was determined to be about 20.7 wt.% by TGA
(Fig. S4, ESM).

The morphology and structure of the MnCo,0O,/C
hybrid were initially characterized by SEM. The low-
resolution SEM images reveal a predominantly 2D
sheet-like structure with high density, and the surface
of each nanosheet is full of voids (Figs. 2(a) and 2(b)).
It should be noted that the 2D porous morphology
of the MnCo/C hybrid is nicely maintained by the
MnCo,0,/C hybrid after annealing in air, indicating
that the 2D porous nanosheets are reasonably thermally
stable, and present no structural collapse. The thickness
of a single nanosheet was estimated to be about 38.6 nm
(Fig. 2(c)). A closer look at the high-resolution SEM
image reveals that the nanosheets consist of numerous
interconnected nanoparticles forming a cross-linked
porous architecture with a uniform pore size (Fig. 2(d)),
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Figure 1 (a) XRD pattern of the porous MnCo,0,/C nanosheets;

the inset shows the corresponding crystal structure. (b) Raman

spectra of the porous MnCo,0,/C nanosheets and XC-72R carbon.

Figure 2 Morphological and structural characterization: SEM
images of the porous MnCo,0,/C nanosheets at different
magnifications.

as supported by the N, adsorption/desorption analysis
(Fig. S5, ESM). The Barrett-Joyner-Halenda (BJH)
pore size distribution plot (Fig. S5(b), ESM) shows
a narrow pore size distribution centered at around
12.8 nm. Prompted by their porous characteristics,
the MnCo,0,/C nanosheets should have a high surface
area. Indeed, the BET surface area of the MnCo,0,/C
nanosheets was measured to be 175.3 m*g™. The
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formation of abundant pores is probably caused by
the evolution of gas from both the thermal decom-
position process and the carbonization process of
glucose. At the same time, glucose can be turned into
molten syrup, which is easily blown to form bubbles
in the presence of gas and adhere to the NaCl sur-
face, resulting in the final formation of 2D porous
nanosheets [41, 42].

Such 2D sheet-like structural features are further
observed clearly in the TEM images (Fig. 3(a)). As
shown in Fig. 3(b) and Fig. 56 in the ESM, these
nanosheets appear as a foam-like porous structure
with many MnCo,0,/C nanoparticles (black spots)
homogeneously embedded. Upon removal of MnCo,0O,
from the porous MnCo,0,/C nanosheets with HCI,
pure carbon nanosheets with a porous structure were
exposed on the outside (Fig. S7, ESM). The porous
carbon nanosheets present a very high graphitization
degree with a layer-spacing of ~0.347 nm (Fig. S8, ESM),
which is consistent with the XRD and Raman analyses.
The clear fringes observed in the high-resolution TEM
(HRTEM) image and the corresponding fast Fourier
transform (FFT) diffraction pattern (Fig. 3(c)) indicates
the high crystallinity of the MnCo,0O, nanoparticles.

2115

The interval between two lattice fringes was estimated
to be around 0.479 nm (Fig. 3(c)), which is consistent
with the {111} lattice spacing of the cubic spinel
MnCo,0O, phase and the XRD analysis. The energy-
dispersive X-ray (EDX) elemental mappings show that
all the elements (Mn, Co, and O) are homogenously
distributed in the carbon matrix (Fig. 3(d)). The molar
ratio between Mn and Co is almost 1:2, as confirmed
by the EDX spectrum, in agreement with the
stoichiometric ratio of MnCo,0O, (Fig. 3(e)).

XPS analysis was performed to further investigate
the surface chemical composition of the porous
MnCo0,0,/C nanosheets. The survey scan spectrum
shows the presence of Co, Mn, C, and O elements
(Fig. 4(a)). In the Co 2p spectrum (Fig. 4(b)), two major
peaks are observed at binding energies of 780.08 (Co
2p3/2) and 795.23 eV (Co 2p1/2), with two weak shakeup
satellite peaks. The Co 2p spectrum was fitted with
the Gaussian fitting method considering the two
spin—orbit doublet characteristic of Co* and Co® ions.
The binding-energy separation between the two main
peaks is about 15.2 eV, in line with previous reports
[40, 43, 44]. Similarly, the Mn 2p3/2 and Mn 2p1/2
peaks at 642.00 and 653.51 eV, respectively, can be

o

Cu
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Mn Rco
A

a 6
Energy (keV)

Figure 3 Morphological and elemental analysis: (a) typical TEM image, (b) magnified TEM image, (c) HRTEM image, (d) EDX
elemental mappings, and (¢) EDX spectrum of the porous MnCo0,0,/C nanosheets. The inset in (c) shows the corresponding FFT

pattern.
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Figure 4 XPS spectra of the MnCo,0,/C nanosheets: (a) survey scan spectrum. High-resolution spectra of (b) Mn 2p, (c) Co 2p,

and (d) C 1s.

resolved into four peak components (Fig. 4(c)): The
two peaks at binding energies of 641.8 and 653.3 eV
are attributed to Mn* ions, whereas the other two
peaks at binding energies of 644.2 and 654.7 eV are
assigned to Mn*" ions [40, 43, 44]. These results show
that the solid-state redox couples Co*/Co* and Mn*/
Mn*" coexist in spinel MnCo,0,. The de-convoluted
C 1s spectrum of the MnCo,0,/C nanosheets is also
presented in Fig. 4(d). The C 1s peak shows prominent
non-oxygenated carbon species (C-C) at 284.8 eV,
indicating that activated carbon exists in the MnCo,0,/C
nanosheets. Obviously, the presence of activated carbon
is advantageous for the conductivity of the active
material. The electrical conductivity of the MnCo,0O,/C
nanosheets was measured to be 1.15 x 10* S-em™.
Additionally, a fraction of C atoms is observed to
contain oxygen functionalities, which may be derived
from covalent coupling between the spinel and some
carbon atoms or from oxygen-containing groups formed
on the carbon surface after pyrolysis (Step III). Overall,
the as-prepared MnCo,0,/C nanosheets present the
combined properties of an interconnected porous
structure and a large surface area, as well as good
conductivity. Thus, the MnCo0,0,/C nanosheets can

TSINGHUA
UNIVERSITY PRESS

offer structural advantages as O, electrode catalysts:
(i) The interconnected porous structure provides
abundant catalytically active sites for the transmission
of the reactant and resultant molecules throughout
the catalyst and, accordingly, the inner catalysts can
efficiently participate in electrocatalytic reactions;
and (ii) the existence of graphitic carbon in the com-
posites can satisfactorily overcome the poor electrical
conductivity of MnCo,0, as a result of the high
conductivity of graphitic carbon and, accordingly, the
MnCo,0O,/C nanosheets display the required electrical
conductivity from an electrocatalyst to promote
oxidation reduction reactions [23, 40, 45].

3.2 Electrochemical measurements

The electrocatalytic activity of MnCo,0,/C nano-
sheets for the ORR was first characterized by cyclic
voltammetry (CV) in a 0.1 M KOH solution on a
glassy carbon electrode (Fig. 5(a)). For comparison,
pure MnCo,O, nanoparticles, carbon nanosheets, and
Vulcan XC-72R carbon were also evaluated as catalysts
via the same procedure. As expected, pure MnCo,O,
nanoparticles display certain ORR catalytic activity,
but with a poor onset potential and peak potential.

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure 5 (a) CV curves of the porous MnCo0,0,4/C nanosheets, pure MnCo,0,, C nanosheets, and XC-72R carbon on glassy carbon
electrodes in a N,-saturated (dashed line) or O,-saturated (solid line) 0.1 M KOH solution. (b) LSV curves of the MnCo,0,/C
nanosheets, pure MnCo,0,, C nanosheets, XC-72R carbon, and Pt/C in an O,-saturated 0.1 M KOH solution at a sweep rate of 5 mV-s™!
at 1,600 rpm. (c) LSV curves of the MnCo,04/C nanosheets in an O,-saturated 0.1 M KOH solution at different rotation speeds.
Scan rate: 5mV-s . The inset shows the corresponding Koutecky—Levich plots for the MnCo0,0,/C nanosheets at different potentials.
(d) Chronoamperometric responses of the MnCo,0,/C nanosheets and Pt/C at 0.6 V vs. RHE in an O,-saturated 0.1 M KOH solution.

After decoration with carbon, the MnCo0,0,/C nano-
sheets exhibit a pronounced ORR activity associated
with a more positive onset potential and higher
cathodic current density than those of pure MnCo,0O,
nanoparticles, suggesting a synergistic effect between
MnCo0,0, and the carbon nanosheets. Meanwhile, the
ORR activity of the carbon nanosheets is superior to
that of XC-72R carbon, which may be attributed to its
porous characteristics and high graphitization degree.
To gain insight into the ORR process on the materials,
linear sweep voltammograms (LSVs) were recorded
in an O,-saturated 0.1 M KOH solution using an RDE
(Fig. 5(b)). Similar trends for the ORR activity were
observed in the RDE measurements using the electro-
catalysts (Fig. 5(b) and Fig. S9 in the ESM). The onset
potential for the ORR, which is defined as the potential
corresponding to 10 pA-cm™ was used as an indicator
of ORR activity [46]. It is worth noting that the
MnCo,0,/C nanosheets show a very positive onset

potential (0.945V vs. RHE), close to that of the Pt/C
catalyst (0.951 V vs. RHE) (Fig. 5(b)), and the half-wave
potential difference between the MnCo,0,/C nano-
sheets (0.767 V vs. RHE) and Pt/C (0.801 V vs. RHE)
is only 34 mV at the same mass loading (Fig. S9, ESM).
The obtained onset potential value for the MnCo,0,/C
nanosheets is comparable to that of high-performance
non-noble metal catalysts such as MnCo,0,/N-doped
carbon nanotubes (CNTs) [47], Co;O./graphene [18],
NiCo,0O,/reduced graphene oxide [48], NiT/carbon
spheres-Fe;O, [49], Mn,O,/nitrogen-doped carbon (NC)
and Co,0,/NC composite materials [50]. Additionally,
the MnCo,0,/C nanosheets exhibit a much higher ORR
current density than MnCo,0,, carbon nanosheets,
and XC-72R carbon, and a comparable one to that of
the Pt/C catalyst (Fig. S9, ESM).

Figure 5(c) shows a set of ORR polarization curves
for the MnCo0,0,/C nanosheets recorded on an RDE
at different rotating speeds. The current increased
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with the increasing rotating speed as a result of faster
oxygen flux to the electrode surface. The observed
rotating speed-dependent current can be theoretically
expressed by the Koutecky-Levich equation for the
analysis of ORR kinetics [6, 51]. The Koutecky-Levich
plot is shown in the inset, from which the electron
transfer number (1) of the ORR can be calculated from
the slope of the fitted lines. Based on the average values
calculated at different potentials, n was calculated
to be 3.82, demonstrating that the MnCo,0,/C nano-
sheets favor the desirable four-electron transfer pathway.
This agrees well with recent reports regarding other
transition metal oxides [17-19, 51, 52]. RRDE mea-
surements were further conducted to verify the ORR
pathway in the MnCo,0,/C nanosheets (Fig. S10(a),
ESM). The HO; yield and the electron transfer number
n were calculated from the corresponding disk and
ring currents (Fig. S10(b), ESM). The ORR on the
MnCo,0,/C nanosheets yielded about 8.4%-17.0%
HO; over the potential range from 0.2 to 0.7 V, with n
ranging from 3.66 to 3.83, indicative of a dominant
four-electron reduction process, which is in agreement
with the result obtained from the Koutecky-Levich
plots based on the RDE measurements. In addition,
the MnCo0,0,/C nanosheets also exhibit excellent
stability compared to the Pt/C catalyst, as measured by
chronoamperometric measurements (Fig. 5(d)). After
10,000 s of continuous operation, the ORR current
density of the MnCo,0,/C nanosheets at 0.60 V
decreased by just 27.5%, while the corresponding Pt/C
catalyst exhibited a 43% decrease in the current density
in the same period.

The superior ORR performance of the MnCo,0,/C
nanosheets possibly arises from the following factors:
(i) Its unique 2D porous architecture with a high BET
surface area provides more active sites for the ORR
catalysis, and the large pore volume facilitates oxygen
and electrolyte transport to the active sites. (ii) The
catalytic coupling effect between MnCo,0, and graphitic
carbon may play a positive role in enhancing the ORR
performance [49, 53]. The coupling effect between
MnCo,0O, and carbon is evident from the binding
energy shifts for Mn and Co in the samples with and
without carbon. As shown in Fig. S11(a) (see ESM),
the Mn 2p3/2 binding energy of the MnCo,0,/C
nanosheets shifts to a higher value with respect to
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that of pure MnCo,0O,. The positive peak shift is also
pronounced for the Co cations, as reflected in Fig. S11(b)
in the ESM. The integration of MnCo0,0O, within the
carbonaceous structure promotes the formation of a
conducting network, facilitating the charge transfer
during the ORR at the oxide surface [17-19, 51, 52].
(iii) In addition, the XPS results shown in Fig. 4 indicate
that the solid-state redox couples Mn*/Mn* and
Co*/Co* coexist in the spinel MnCo,0,, which provide
a significant number of catalytically active sites [17, 44,
54, 55]. Note that Mn?**/Mn*" species are considered to
be more active than Co species [54, 55].

In order to investigate the optimal MnCo,O, content
in the MnCo,0,/C hybrids for the best catalytic
activity, two other MnCo,O,/C catalysts with different
MnCo,0; content were prepared. The amount of
MnCo,0O, on carbon was controlled by varying the
glucose content. The amount of glucose was set to
be 1.0 and 4.0 g, for which the samples were named
MnCo,0,/C-1.0 and MnCo0,0,/C-4.0, respectively. The
morphology, crystal structure, and composition of
the two samples were characterized by TEM, XRD,
and TGA; the detailed analysis results are shown in
Fig. 512 in the ESM. According to the TGA curves
(Fig. S12(d), ESM), the content of MnCo,0O, was
estimated to be about 43.9 wt.% for MnCo,0,/C-1.0,
and 9.6 wt.% for MnCo,0,/C-4.0. We observed that
the MnCo,0,/C nanosheet sample exhibits the most
positive onset potential and the highest current density
among all the samples (Fig. S13, ESM), demonstrating
that the MnCo,0,/C nanosheet catalyst displays the
best ORR performance. Based on the TEM analysis
(see Figs. S12(a) and S12(b) in the ESM for details), we
can speculate that the very low loading of MnCo,O,
particles in the MnCo0,0,/C-4.0 sample generates fewer
ORR active sites, whereas the excessively high loading
in MnCo0,0,/C-1.0 results in the aggregation of the
particles and a low catalytic activity. In addition,
spinel MnCo,0, has a much lower electrical con-
ductivity than carbon materials, which may limit
electron transport on its catalytically active sites. Thus,
MnCo,0,/C-1.0 displays the lowest current density
among all samples due to its low carbon content.

For practical applications, the resistance of the
catalysts toward alcohol crossover effects is an impor-
tant consideration [27, 28, 48]. Thus, the electrocatalytic
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selectivity of the MnCo0,0,/C nanosheets against
methanol oxidation was studied. After the addition
of methanol, no noticeable changes in the oxygen
reduction current were observed for the MnCo,0,/C
nanosheets, although the reduction peak center slightly
shifted to a lower potential (Fig. 6(a)). In contrast, the
commercial Pt/C catalyst showed the typical methanol
oxidation peaks at potentials of 0.70 and 0.77 V in the
positive and negative CV scans, respectively (Fig. 6(b)),
indicating that Pt/C is very sensitive to methanol
crossover. The results demonstrate that the MnCo,0,/C
nanosheets possess high selectivity for the ORR,
which is a valuable feature for practical applications.

4 Conclusions

In summary, we have developed a low-cost and
effective way to obtain a porous sheet-like MnCo0,0,/C
electrocatalyst by a NaCl template-directed pyrolysis
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Figure 6 CV curves of (a) the MnCo,0,/C nanosheets and
(b) Pt/C in 0.1 M KOH solution with and without 0.5 M methanol
at a scan rate of 10 mV-s ",
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approach using glucose as the carbon source. The
synthesized porous MnCo,0,/C nanosheets exhibit
superior electrochemical characteristics for the ORR
in alkaline medium. The porous structure and large
surface area, together with a good electrical conduc-
tivity are responsible for the prominently enhanced
electrochemical performance of the MnCo,0,/C nano-
sheets. Remarkably, the MnCo,O,/C nanosheets present
an ORR onset potential of 0.945 V vs. RHE close to
that of a commercial Pt/C catalyst (0.951 vs. RHE),
suggesting its promising application as an efficient
ORR catalyst in electrochemical energy storage and
conversion devices.
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