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ABSTRACT. Highly ordered cubic Iα3d mesoporous MnCo2O4 with crystalline framework
was synthesized through a facile nanocasting method. The obtained mesoporous MnCo2O4
possesses hierarchical porosity with pore sizes of about 5 and 17 nm, respectively, and
exhibits an enlarged surface area (133 m2/g) compared to binary mesoporous Co3O4 (98.6
m2/g) and MnO2 (75.0 m2/g). Significantly, the hierarchical mesoporous structure of
MnCo2O4 is beneficial for exposing more electroactive sites, improving the charge transfer
and facilitating the ion transport. As a consequence, the mesoporous MnCo2O4 shows a high
charge storage performance of 199 mAh/g at current density of 1A/g, long cycle stability and
excellent rate capacity. This study demonstrates ordered ternary mesoporous materials with
controllable porosity have great potential for high-energy-density electrochemical energy
storage.
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INTRODUCTION
The increasingly serious environmental problems associated with fossil fuels have prompted
intense research interest into the development of sustainable and reliable energy storage
systems. Among a wide variety of innovative technologies, supercapacitors (also known as
electrochemical capacitors), as a type of rechargeable energy device, have attracted great
attention owing to their high power density, minimal maintenance cost, long life span and fast
charge/discharge ability compared to other conventional rechargeable technologies such as
the lithium-ion battery.1-6 The outstanding properties of supercapacitors make them important
power source components for electric vehicles (including trams and buses), forklifts and other
high power portable devices. The supercapacitor typically involves two identical electrodes
that store charge in the double layer in the electrolyte adjacent to the electrodes. A variation
on the supercapacitor is often described as a “hybrid supercapacitor” where one of the
electrodes exhibits more battery-like behaviour and therefore improves the energy density of
the device. There is much interest in such hybrid type devices made from inexpensive
materials using very highly ion conductive KOH as the electrolyte, carbon as a classical
double layer capacitive negative electrode and various transition metal oxide type materials as
the positive electrode.7-11 There have been many reports of these oxide type materials for this
application, most describing these in terms of “pseudo-capacity”; however it has recently been
pointed out12,13 that this description is incorrect in many cases (with the notable exception of
MnO2 and RuO2) and that the main charge-discharge behaviour of these materials is Faradaic
in nature. In other words, the bulk of the charge stored by these materials is electrochemical
in nature and the process takes place over a narrow range of potentials, similar to battery
electrodes. Nevertheless, as long as these materials are seen in the appropriate light, and
analyzed as such, they remain interesting and important electrochemical materials for charge
storage devices, in particular for hybrid type devices. As is true for all electrochemical storage
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devices, it is the electrode capacity (in mAh g-1) over the operating potential range that is the
important feature of the electrode material.

Therefore it is preferable to interpret the

properties of hybrid materials in terms of specific capacity rather than specific capacitance
(capacity = capacitance x DV).
Transition metal oxides and their hybrids are well-known electroactive materials owing to
their multiple oxidation states. Recently, the development of earth abundant transition metal
(Ni, Co and Mn etc.) oxide and hydroxide materials has attracted enormous research effort
owing to their low environmental impact and theoretically high energy-density capability.14-19
Nonetheless, despite recent progress, great challenges still remain for non-noble electrode
materials to achieve excellent capacity and stability performance. In pursuit of high
electrochemically active surface area, exploration has been devoted to creating hierarchical
and/or three-dimensional porous materials including metal oxides core/shell arrays,20
NiCo2O4 nanosheet/halloysite nanotubes,21 porous graphene-like network films22 and
mesoporous carbon and carbon nanotubes.23 Among them, well-ordered mesoporous materials
exhibit a unique set of advantages, including great numbers of regular channels, controllable
structures and a multitude of composites.24-26 Lately, mesoporous first-row transition metal
(e.g. Co, Ni and Fe) oxides have been reported as excellent electrochemical materials in
energy conversion and storage, such as water splitting,26-30 however, most of them are
unimodal mesoporous materials, with pore size less than 5 nm. Such small mesopores limit
the access of the electrolyte and ion transport into the inner surface of the mesopores.
Therefore, the surface area of the electrodes cannot be efficiently utilized, especially at high
rates. In this regard, mesoporous materials with hierarchical porosity are of great current
interest because they not only provide large active surface area, but also allow efficient mass
transport.31,32
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As a typical spinel-type of ternary oxide, MnCo2O4 is known to have a cubic structure
(space group Fd-3m (227) with lattice constants of a= b=c =8.269 Å). It has wide applications
in many fields, such as spintronics, sensors, lithium batteries, and electrochemical energy
storage.33-37 MnCo2O4 nanostructures with different morphologies have been investigated.35-41
However, there is no report on the synthesis of ordered hierarchical mesoporous MnCo2O4 as
yet. In this work, we have synthesized cubic Iα3d mesoporous MnCo2O4 with crystalline
framework. The resultant cubic Iα3d mesoporous MnCo2O4 has continuous crystalline
framework with hierarchical pore sizes (ca. 5.4–17 nm) and high specific surface areas (up to
133m2/g). Such unique structure of the mesoporous MnCo2O4 allows efficient mass and
charge transfer. Meanwhile, the combined contributions from both Co and Mn ions in
MnCo2O4 make its performance superior to the binary counterparts, collectively exhibiting a
high capacity, an excellent rate capability and long-term cycling performance.
EXPERIMENTAL SECTION
Chemicals. Cobalt (II) nitrate hexahydrate, manganese (II) nitrate tetrahydrate, potassium
hydroxide, sodium hydroxide, Nafion 117 (5wt%), Pluronic P-123 (EO20PO70EO20), tetraethyl
orthosilicate (TEOS), urea and n-butanol were purchased from Sigma-Aldrich. All chemicals
used in this study were analytical grade and used without further purification.
Preparation of mesoporous silica template (KIT-6). Cubic silica template (KIT-6) with
ordered channels was synthesized through a hydrolysis approach followed by hydrothermal
treatment. Typically, 6 g Pluronic P-123 was dissolved in acid solution containing 217 g
distilled water and 11.8 g concentrated hydrochloric acid (35%) by vigorous stirring.
Subsequently, 6 g n-butanol was added into the mixture solution with stirring at constant
temperature (35 oC) using the oil bath until the formation of homogeneous solution, then 12.9
g TEOS was gradually added into the resultant solution. This resultant solution was sealed
and vigorously stirred for another 24 hours at 35 oC for thorough hydrolysis of the silicone
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precursor. Afterwards, the formed gel-like solution was transferred into an autoclave and
placed in an oven for 24 hours at 100 oC. After the hydrothermal reaction, the sample was
collected by filtration and dried in the oven. The dried sample was soaked in ethanol-HCl
solution (20 mL ethanol/2 ml concentrated HCl) for another 20 min extraction treatment.
Subsequently, the sample was washed with copious of water and dried again in an oven.
Finally, the obtained powder was annealed in a tube furnace at 550 oC for 6 h to completely
remove the residual polymer surfactant.
Preparation of mesoporous MnCo2O4. Mesoporous MnCo2O4 with well-ordered
mesopores was synthesized through the hard-template method using the as-prepared KIT-6
template. Typically, 0.291 g Cobalt (II) nitrate hexahydrate and 0.125 g manganese (II) nitrate
tetrahydrate with a molecular ratio of 2:1 were first dissolved in 10 mL absolute ethanol by
vigorous stirring. Subsequently, 0.2 g as-prepared KIT-6 was added into the ethanol solution,
followed by another 2 hour stirring to form a homogeneous suspension. After that, the
resulting solution was heated and maintained at 60 oC using an oil bath to evaporate the
ethanol. During the evaporation process, the metal ions will be forced to impregnate into the
channels of the silica template. After the impregnation process, the obtained sample was
annealed at 400 oC and 500 oC, respectively for another 2 hours. The final sample annealed at
400 oC was denoted as MnCo2O4 (400), while the sample annealed at 500 oC was denoted as
MnCo2O4 (500), respectively. In order to fully fill the silica template, the impregnation and
consolidation process was repeated with 1/3 of the metal precursor. Afterwards, the silica
template was removed by washing with 2M NaOH solution three times and distilled water for
another three times. Finally, mesoporous MnCo2O4 (400) and MnCo2O4 (500) was collected
by centrifugation and dried in an oven at 60 oC overnight.
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Preparation

of

MnCo2O4 nanoparticles.

For comparison purposes, MnCo2O4

nanoparticles were prepared through a hydrothermal method. Specifically, Cobalt (II) nitrate
hexahydrate (20 mM), manganese (II) nitrate tetrahydrate (40 mM) and urea (40 mM) were
dissolved in a solution containing distilled water and absolute ethanol in a volume ratio of 4:1.
Subsequently, the resulting solution was sonicated for 30 min before transferring to a 48 mL
autoclave followed by hydrothermal treatment at 150 oC for 6 h. Afterwards, the sample was
cooled to room temperature and washed with water several times to remove the residual
impurities. Finally, the obtained MnCo2O4 nanoparticles were calcined at 400 oC for 2 h.
Electrochemical Measurements. The obtained mesoporous mMnCo2O4 (400) and a small
amount of carbon black were drop-cast onto a nickel foam electrode (denoted as NF) to
achieve the mMnCo2O4 (400) coated NF electrode (denoted as mMnCo2O4 (400)/NF). On the
one hand, the mMnCo2O4 (400) is in direct contact with NF, thereby facilitating the electron
transport. On the other hand, the macroscopic skeleton of Ni foam and the mMnCo2O4 (400)
actually form two levels of hierarchical architecture, which can maximize the electrochemical
surface area. Typically, 1 mg of the capacitive materials, 0.1 mg carbon black and 10 µL of
Nafion solution were added to a 200 µL solution containing water and isopropanol with a
volume ratio of 3:1. This suspension was sonicated until the formation of homogeneous black
ink. After that, the ink was drop-cast onto a piece of nickel foam and dried making the
material density 1mg/cm2. The electrochemical performance in this study was evaluated in a
three-electrode electrochemical cell employing the prepared MnCo2O4 (400)/NF as working
electrode, Ag/AgCl (3 M KCl) and Pt wire as reference electrode and counter electrode,
respectively. All measurements were conducted in 2 M KOH solution (pH = 14) on an ECLab electrochemical workstation. Electrochemical impedance spectra (EIS) were measured in
a frequency range from 100 kHz to 0.01 kHz at an open circuit potential. The specific
capacity was calculated based on the equation below:
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C = Q/M = IDt/3600M

(1)

where C (mAh g-1) is the specific capacity, Q is the quantity of charge, I (mA) is the constant
charge current, Dt (s) is the discharge time and M (g) represents the mass of the electroactive
materials. For comparison purpose, mMnCo2O4 (500) and MnCo2O4 nanoparticle drop-casted
nickel foam electrodes were also prepared through the drop-casting method described above.
The following electrochemical measurements were identical to that outlined for the
mMnCo2O4 (400)/NF electrode.
Material Characterization. The scanning electron microscopy images were conducted on
field emission scanning electron microscope (Magellan 400 FEGSEM instrument).
Transmission electron microscopic images and energy dispersive spectroscopy were recorded
by a FEI Tecnai G2 T20 working at 200 kV. The X-ray diffraction patterns were obtained on
a Bruker D8 ADVANCE ECO powder X-ray instrument using Cu Kα radiation (λ = 0.15418
nm) in the 2θ range from 10o to 90o with a scanning step size of 0.01o. The small angle X-ray
scattering experiment was conducted on N8 HORIZON small-Angle X-ray scattering system.
The nitrogen adsorption-desorption isotherms were performed on a Tristar II instrument
operating at 77 K. Prior to each measurement, the samples was degassed under vacuum
environment for 5 hours at 150 oC. The specific surface and pore size distribution was
evaluated by Brunauer-Emmett-Teller (BET) method.
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RESULTS AND DISCUSSION

Figure 1. (a) SEM image and (b) high-resolution SEM image of hierarchically mesoporous
MnCo2O4.
Figure 1 presents the scanning electron microscopy (SEM) images of the obtained
mesoporous MnCo2O4 calcinated at 400 oC (denoted as mMnCo2O4 (400)). As shown in
Figure 1a, fluffy and interconnected nanoparticles with numerous nanocavities and nanopores
are obtained via the nanocasting method. By a closer observation in Figure 1b, these fluffy
nanoparticles are comprised of well-distributed mesopores with an average diameter around
17 nm. Significantly, these well-distributed mesopores are uniformly embedded among the
entire bulk structure of each particle offering enormous open space and accessible channels.
Figure 2 displays the transmission electron microscopic (TEM) images of the synthesized
mMnCo2O4 (400). It can be clearly observed that slit-like pores are well distributed among the
entire mMnCo2O4 (400) nanoparticles with a bulk structure around 200 nm (Figure 2a). Two
kinds of primary pores with average diameters of ~ 5 nm (Figure 2a, 2b) and ~ 17 nm
(Figure 2c, 2d) can be observed, which is in agreement with previously reported Au and Fe
induced mesoporous Co3O4.28,42 All of these mesopores are well ordered showing a
mesoporous structure with Iα-3d symmetry, confirming the faithful replication of cubic
structured KIT-6 template.
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Figure 2. (a-d)TEM images at various magnifications , (e) SAED pattern and (f) highresolution TEM image of well-ordered mMnCo2O4.
For comparison, mMnCo2O4 calcined at 500 oC, (denoted as mMnCo2O4 (500)) and
MnCo2O4 nanoparticles (denoted as MnCo2O4 NPs) were also synthesized (see details in
experimental section), as shown in Figure S1. Obviously, mMnCo2O4 (500) shows a similar
porous structure to mMnCo2O4 (400), while MnCo2O4 NPs show irregular size from around
50 nm to 150 nm, and numerous irregular cavities are randomly distributed on the surface.
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The mesoporous MnCo2O4 with well-ordered mesopores is expected to significantly enlarge
the ion-accessible surface area which plays a crucial role in charge storage as the capacity
performance is highly dependent on the Faradic redox reactions occurring on the interface
between the electroactive materials and the electrolyte. Furthermore, high-resolution TEM
(HRTEM) and selected area diffraction electron (SAED) patterns were also obtained to
further investigate the surface structure of the obtained mMnCo2O4. The HRTEM image of
mMnCo2O4 (400), shown in Figure 2f, exhibits two kinds of lattice fringes with interpalnar
distance of 0.42 nm and 0.25 nm, which correspond to (200) and (311) atomic planes of cubic
MnCo2O4 structure.40 Meanwhile, the sharp diffraction fringes in the corresponding SAED
pattern (Figure 2e) are corresponding to the (220), (311), (400), (440) and (511) crystal
planes of the MnCo2O4, indicating the high crystallinity of the mMnCo2O4.35

Figure 3. (a) Wide-angle X-ray diffraction patterns of mMnCo2O4 (400, red) and mMnCo2O4
(500, blue) and (b) Small-angle X-ray diffraction pattern of well-ordered mMnCo2O4 (400).
X-ray diffraction (XRD) measurement was further performed to characterize the crystalline
structure of MnCo2O4 displayed in Figure 3. Both mMnCo2O4 samples (annealed at 400 oC
and 500 oC) and MnCo2O4 NPs (Figure S2) show diffraction peaks at 2q = 18.6 o, 32.5o,
37.2o, 44.9o, 56.3o, 59.4o, 65.1o and 75.3 o. All of these observed diffraction peaks can be
indexed to the (111), (200), (311), (400), (422), (511), (440), and (533) planes of the cubic
MnCo2O4 (a=b=c=8.269 Å; space group Fd-3m (227), JPCDS card no. 23-1237). The
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calculated average crystalline size is 11.6 nm by subtracting diffraction peak from instrument
boarding. The low-angle XRD pattern in Figure 3b shows (211) and (332) diffraction peaks,
which can further characterize the cubic (Iα3d) symmetry of the pore system. In addition, the
small-angle X-ray scattering (SAXS) pattern in Figure S2 shows that the mMnCo2O4 (400)
has 3 well-resolved scattering peaks. After modelling analysis, it suggests that the mMnCo2O4
(400) contains mesopores with average diameter of 5.0 nm, which is consistent with the
observation of slit-like pores (5.4 nm) in TEM image, indicating the highly ordered
mesoporous architecture. The chemical composition and elemental distribution of the
obtained mMnCo2O4 (400) were analyzed by energy dispersive X-ray spectroscopy (EDS) as
shown in Figure 4. According to the backscattered TEM and elemental mapping images
displayed in Figure 4a-d, both Mn and Co ions are uniformly distributed over the entire
particle. In addition, an atomic Mn/Co ratio of approximately 1:2 was also determined by the
EDS analysis shown in Figure S3, which is in accord with the empirical formula, further
confirming the formation of cubic Iα3d mesoporous MnCo2O4 spinel oxide structure.38,43

Figure 4. (a) Backscattered TEM image, (b-d) EDS Co (red) and Mn (blue) elemental
mapping of mMnCo2O4.
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Figure 5 presents the N2 adsorption-desorption isotherms and pore size distributions of
mMnCo2O4 (400), mMnCo2O4 (500) and MnCo2O4 NPs. The isotherms obtained from
mMnCo2O4 (Figure 5a) exhibit the type IV features with H3 hysteresis loops, indicating the
mesoporous nature of the mMnCo2O4.44,45 According to the calculated Brunauer-EmmettTeller (BET) surface area data summarized in Table S1, both mMnCo2O4 (400) and
mMnCo2O4 (500) have similar surface area with 133.3 m2/g and 132.8 m2/g, respectively,
which are much higher than the value (45.2 m2/g) of MnCo2O4 NPs. Interestingly, mMnCo2O4
(400) has larger pore volume (0.420 cm3/g vs. 0.369 cm3/g) than mMnCo2O4 (500). The slight
decrease in pore volume may result from the collapse of some large pores at higher annealing
temperatures. This hypothesis is confirmed by the pore size distribution plots displayed in
Figure 5b. The pore size distribution of mMnCo2O4 (400) exhibits two dominant peaks
centered at 5.4 nm and 17.2 nm, while the dominant peaks of mMnCo2O4 (500) are located at
4.7 nm and 13.1 nm, respectively. All these results directly evidence the hierarchical
characteristic of the mMnCo2O4 (400). It is expected that the high surface area and large pore
volume of the hierarchical mesostructure can benefit the penetration of sterically hindered
reactants into the internal layer, thereby dramatically enlarging the effective interfaces for
electrochemical reactions.

Figure 5. (a) N2 adsorption desorption isotherms and (b) pore size distribution plots of
mMnCo2O4 (400 oC), mMnCo2O4 (500 oC) and MnCo2O4 NPs.
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Pristine mesoporous Co3O4 (mCo3O4) and MnO2 (mMnO2) were also prepared under the
same conditions as mMnCo2O4 (400) for comparison. As shown in the TEM images (Figure
S4), both mCo3O4 and mMnO2 exhibit well-ordered mesoporous structures, revealing a
successful replication of KIT-6. However, it can be seen in Figure S5, mCo3O4 exhibits only
one dominant pore size centered at ~ 5 nm, while mMnCo2O4 shows two dominant peaks at ~
5 nm and ~ 17 nm (Figure 5), respectively. According to the previous report, Co species can
uniformly impregnate into both channels of KIT-6, forming a monomodal pore size
distribution. However, the Co species are forced to impregnate into one channel in the
presence of Fe ions, hence, the replica exhibits bimodal pore size distribution.27,28,42 In this
study, the obtained mMnCo2O4 shows two kinds of pore size distributions, suggesting the Mn
can also affect the impregnation of metal precursors inside the KIT-6. It has been reported
that Mn ions would grow in only one set of the mesochannels, thus generating two kinds of
mesopores after removing the KIT-6 (Figure S5).46 However, it is difficult for pristine Mn
ions to fully fill the mesochannel of KIT-6 owing to the complex interactions between the
silica and the Mn alkali precursor.24,47 The outside loaded Mn may accumulate together to
form a bulk structure, thereby decreasing the actual surface area (Table S1). Here, we propose
that the Mn can guide the impregnation of the alkali precursors into the targeted KIT-6
mesochannels in the presence of Co precursor. As a result, the generated mMnCo2O4 shows
excellent homogeneity and a hierarchically mesoporous structure. Significantly, the change in
the porous structure leads to a higher surface area and pore volume of MnCo2O4 (133 m2/g,
0.42 cm3/g) than that of the mCo3O4 (98.6 m2/g, 0.17 cm3/g) and mMnO2 (75.0 m2/g, 0.28
cm3/g).
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Figure 6. (a) CV curves of mMnCo2O4 (400), mMnCo2O4 (500) and MnCo2O4 NPs at a scan
rate of 25 mV/s, (b) charge/discharge voltage profiles of mMnCo2O4 (400), mMnCo2O4 (500)
and MnCo2O4 NPs at 1A/g, (c) CV curves of mMnCo2O4 (400) with various scan rates from 5
mV/s to 25 mV/s, (d) charge/discharge voltage profiles of mMnCo2O4 (400) at various current
densities from 1 A/g to 5 A/g, (e) Nyquist plots of mMnCo2O4 (400) and MnCo2O4 NPs and (f)
corresponding capacities of mMnCo2O4 (400) at different current densities.
The electrochemical performance of the obtained mMnCo2O4 samples and MnCo2O4 NPs
were evaluated in 2 M KOH solution in a standard three-electrode electrochemical cell,
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employing mMnCo2O4 loaded Ni foam working electrodes, a Ag/AgCl (saturated) reference
electrode and a Pt wire counter electrode. Figure 6a depicts the cyclic voltammetry (CV)
curves of all prepared MnCo2O4 samples at the scan rate of 25 mV/s in 2 M KOH solution.
All CV curves exhibit similar shapes with two pairs of Faradaic redox peaks in the potential
range from 0 V up to 0.45 V (vs. Ag/AgCl), corresponding to the chemical energy and
electrical energy conversion as follows:47-49
MnCo2O4 + OH- + H2O Û 2CoOOH + MnOOH + e-

(2)

CoOOH + OH- Û CoO2 +H2O + e-

(3)

MnOOH+ OH- Û MnO2 +H2O + e-

(4)

Apparently, the CV curve obtained from mMnCo2O4 (400) has the largest enclosed area,
suggesting the highest capacity.
To quantify their charge storage capability, galvanostatic charge-discharge (GCD)
measurements were carried out within the potential window between 0 V to 0.45 V vs.
Ag/AgCl (saturated) at a current density of 1A/g, as presented in Figure 6b. It can be
observed that all MnCo2O4 samples exhibit plateau regions in their charge-discharge curves,
as expected from the CV behavior. The specific capacities were calculated based on the
discharge time of the GCD plots between 0.45 and 0.2 V according to Equation (1). The
highest capacity is obtained from mMnCo2O4 (400) at the current density of 1 A/g (199 mAh
g-1), which is much higher than the values of mMnCo2O4 (500 oC, 155 mAh g-1) and
MnCo2O4 NPs (16.1 mAh g-1). These results are consistent with the estimates obtained from
the CV curves in Figure 6a. The theoretical capacity of MnCo2O4 compound was calculated
to be 452 mAh g-1 based on the redox potential (See calculation details in supporting
information). The high specific capacity of mMnCo2O4 (400) outperforms many of recent
reported non-precious electroactive materials in terms of charge storage capability, such as
mesoporous Co3O4/CeO2 hybrid nanowires (130 mAh g-1),50 Ni-Co-S composites (167 mAh
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g-1)51 and flake-like MnCo2O4 (165 mAh g-1),52 Urchin-like NiCo2S4 (175 mAh g-1)53 and
hierarchical Co3O4 twin-spheres (76 mAh g-1),54 as shown in Table S2.
Figure 6c shows the CV curves obtained from mMnCo2O4 (400) at various scan rates from
5 mV/s to 25 mV/s. Despite a slight shift in peak positions, the shapes of all CV curves
basically remain unchanged, revealing a high electrochemical reversibility and excellent rate
capacity. In addition, bare Ni foam was also characterized by CV and GCD techniques, shown
in Figure S6. It can be observed that bare Ni foam shows a couple of redox peaks with low
current densities (Figure S6a). This redox process is assigned to the reversible reaction of
Ni(II)/Ni(III) occurred on the Ni foam surface. However, bare Ni foam exhibited negligible
capacity compared with mMnCo2O4/NF electrode shown in GCD curve (Figure S6b). Figure
S7a depicts the initial and 5th cycle discharge curves of mMnCo2O4 (400)/NF electrode at
current density of 5A/g. It reveals that the initial discharge capacity is around 125 mAh g-1,
while the capacity increases to 150 mAh g-1 after 5 cycles charge discharge process. This
phenomenon is attributed to the gradual kinetic activation of mMnCo2O4 upon the ion
transportation and redox process on the electrochemical interphase. Additionally, the CV
profile (Figure S7b) also exhibits an activation process in the first 7 cycles (Figure S7), which
is in agreement with the discharge data.
The GCD curves of mMnCo2O4 (400) obtained at various current densities from 1 A/g to 5
A/g are depicted in Figure 6d. It can be observed that specific capacity of 199 mAh g-1, 172
mAh g-1, 158 mAh g-1, 145 mAh g-1 and 137 mAh g-1 can be obtained at current densities of
1A/g, 2 A/g, 3 A/g, 4 A/g and 5 A/g (Figure 6f), respectively. As a result, about 70% capacity
is retained when the charge-discharge rate increases from 1 A/g to 5 A/g. These results are
comparable, or, even better than those in the previous reports (Table S2).50-54 Moreover, the
mMnCo2O4 (400) also exhibits higher capacity (199 mAh g-1) than that of the corresponding
monometallic oxides mCo3O4 (75 mAh g-1) and mMnO2 (56 mAh g-1) (Figure S8),

17

suggesting the combined contribution from both Co and Mn ions produces enhanced charge
storage capability. To check the materials loading effect, we further investigated the charge
storage performance of mMnCo2O4 (400)/NF electrode with mass loading of 2 mg/cm2.
However, the capacity is lower than 1 mg/cm2 materials loading (Figure S9). Higher mass
loading may hinder the ion transport into the inner surface of mesoporous materials, and
decrease the availability of internal surface of the electrode.
The mMnCo2O4 was further investigated by electrochemical impedance spectroscopy (EIS).
The recorded Nyquist plots shown in Figure 6e were obtained after 50 cycles charge
discharge measurement in fully charged state. The semicircle in the high frequency region is
related to the charge transfer resistance within the capacitive materials (Rct), and the straight
slope in the low frequency reveal the ion diffusion on the electrode/electrolyte interface.21,54 It
can be seen that the MnCo2O4 NP displays no obvious semicircle at high-frequency region,
but a lowered slope at low-frequency region, suggesting its inferior ion diffusion process. In
comparison, the mMnCo2O4 exhibits a smaller semicircle and a high slope, indicating a small
internal resistance (Rct = 11.6 Ω), fast charge transfer and low ion diffusion resistance, which
is even better than the reported flake-like MnCo2O4.52 The high capacity and good rate
capability can be summarized as follow. Firstly, the mMnCo2O4 (400) with highly-ordered
hierarchical mesopores and continuous crystalline framework can facilitate the transport of
electrolyte ions, reducing the diffusion resistance, Secondly, the mesoporous MnCo2O4 has
higher exposed surface area and offers more stable and efficient electroactive sites in
comparison to its nanoparticle counterparts, resulting in the high capacitive performance.
Thirdly, the porous structure of Ni foam allows rapid electron transfer and ion diffusion
between MnCo2O4 and electrolyte on the entire electrode.
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Figure 7. Cycling performance and coulombic efficiency of mMnCo2O4 (400)/NF electrode
in 2 M KOH at a discharge current density of 10 A/g.
The stability and coulombic efficiency of the mMnCo2O4 (400) was tested with continuous
charge-discharge cycling at a high current density of 10 A/g, as shown in Figure 7. In the first
cycle, the mMnCo2O4 (400)/NF electrode can deliver a capacity of 93 mAh g-1. After 1000
charge-discharge cycles, around 76% of the capacity is retained compared to the first cycle.
Moreover, the coulombic efficiency at the first and last cycles is 96.5 % and 98.1 %,
respectively, probably as a result of a small amount of oxygen production in the high potential
region. As shown in Figure S10, the mesoporous structure is still maintained after 1000
cycles, suggesting the excellent stability of the mMnCo2O4. The slow decrease in the capacity
with cycling process is mainly caused by the detachment of mMnCo2O4 from the Ni foam
substrate. It is expected that the cycling stability can be further improved by using a more
effective binder and optimized design of the electrode.

CONCLUSION
In summary, hierarchical mesoporous MnCo2O4 spinel oxide with two levels of hierarchy
comprised by large mesopores (~17 nm) and small mesopores (~5 nm) has been synthesized.
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A MnCo2O4 electrode has been developed by using Ni foam as the electron collector. The
MnCo2O4/NF hierarchical electrode material has high charge storage capability as well as
excellent long-term cyclic stability, making it as a promising candidate for high-performance
electrochemical energy storage devices. It is expected that this tunable, hierarchical
mesoporous architecture can also be applied for other applications, such as batteries, fuel cells
and water splitting devices.
SUPPORTING INFORMATION. The supporting information is available free of charge on
the ACS publications website at DOI: XXXXXXXXX.
TEM images of mMnCo2O4 (500) and MnCo2O4 NPs (Fig. S1), XRD diffraction pattern (Fig.
S2), EDS spectrum (Fig. S3), TEM images of mCo3O4 and mMnO2 (Fig. S4), N2
adsorption/desorption isotherms (Fig. S5), electrochemical characterization of bare Ni foam
(Fig. S6), mCo3O4 and mMnO2 (Fig. S7), TEM of mMnCo2O4 (400) after cycling test (Fig.
S8).
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