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MnzO,4 hollow microcubes and solid nanospheres were selectively fabricated from a metal formate
framework ([CH3NHz][Mn(HCOO)s]) by employing the ion exchange reaction in alkaline solution under
different hydrothermal conditions. The relationships between MnszO, morphology and reaction molar
ratio and reaction time were investigated. When used as the electrode materials for supercapacitors,

MnzO, hollow microcubes and solid nanospheres had specific capacitances of 176 and 150 F g—*
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Accepted 6th February 2017 respectively at a current density of 0.3 A g~ in 1 M Na,SO,. The specific capacitance retentions of the

MnzO4 hollow microcubes and solid nanospheres were 95% and 86% respectively after 8000 charge—
discharge cycles at a current density of 2 A g%, Electrochemical results show that the MnzO,4 hollow
microcubes and solid nanospheres exhibit acceptable specific capacitance and excellent cycling stability.
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Introduction

In recent years, dramatic increases of fossil fuel consumption
and environmental pollution have already become severe chal-
lenges, so it is urgent to develop sustainable energy storage and
conversion devices. Widely regarded as clean energy-storage
devices, supercapacitors have attracted great attention due to
their rapid charging and discharging, high power density and
long-term cycling stability.'® Generally, based on the energy
storage mechanisms, there are two types of energy storage
devices, ie. electrical double layer capacitors (EDLCs) and
pseudocapacitors.*® EDLCs store energy through fast reversible
adsorption and desorption of ions on the electrode and elec-
trolyte interface,®® and pseudocapacitors do so relying on fast
redox reaction on the surface of electrode materials.'>'" Elec-
trode materials affect the performance of electrochemical
capacitors.

Numerous electrode materials with high energy densities,
such as NiO," RuO,,"” Co;0," and MnO,,"” have been devel-
oped. Among various transition metal oxides, manganese
oxides are promising electrode materials, mainly due to large
potential window, low cost and environmental friendliness.
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However, the poor electrical/ionic conductivity and cycling
stability of manganese oxides still limit their potential appli-
cations,'® which has been overcome by fabricating materials
with hollow microstructures. Such attractive structures not only
provide more active faradaic sites but also facilitate the trans-
port of electrons and electrolyte ions.

In addition, materials with hollow microstructures have
been applied in Li-ion batteries and supercapacitors due to
large surface area, low density, and tunable architecture. At
present, hollow structures have generally been prepared by the
template method. Various templates (carbon spheres,'”*® poly-
styrene spheres,' cuprous oxide, etc.?*?*') have been developed
to synthesize different hollow metal oxides, involving tedious
template preparation and removal procedures though. There-
fore, it is desirable to develop a facile approach to prepare metal
oxides with hollow structures.

Metal-organic frameworks (MOFs) have attracted much
interest owing to large surface area and porosity, thus having
become promising candidates for catalysis,*** energy storage,**
and gas separation.”**® Recently, MOFs have been used as novel
templates to construct metals/metal oxides, carbon materials
and metal oxide hybrids with well-defined morphologies under
appropriate thermolysis conditions. For instance, Xu et al.
fabricated porous a-Fe,Oz; by annealing MIL-88-Fe.”® Salunkhe
et al. synthesized porous carbon and cobalt oxide through
thermolysis of ZIF-67.%° Zhang et al. synthesized Fe,O3; micro-
boxes by annealing Fe,[Fe(CN)g];.>* Moreover, some hollow
metal oxides have been fabricated by alkaline-solution treat-
ment of MOFs templates. For example, Zhang et al. prepared
Fe,0; hollow microboxes by alkaline-solution treatment of
Fe,[Fe(CN)e5.>* Zhang et al. synthesized CozO, hollow nano-
boxes by reacting KCo[Fe(CN)q]-3H,O with NaOH solution.*?
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However, most synthetic procedures involve template calcina-
tion, so a facile approach is still in need to prepare hollow metal
oxides.

In this study, we reported a facile strategy to prepare Mn;O,
hollow microcubes and solid nanospheres by employing the ion
exchange reactions between a metal formate framework
[CH3;NH;][Mn(HCOO);] and alkaline solution under different
hydrothermal conditions. More importantly, when applied as
supercapacitor electrode materials, Mn;O, hollow microcubes
and solid nanospheres had high specific capacitances of 176 F
g ' and 150 F g~ respectively at a current density of 0.3 A g™ .
The specific capacitance retentions of Mn;O, hollow micro-
cubes and solid nanospheres were 95% and 86% respectively
after 8000 charge-discharge cycles at a current density of 2 A

g

Experimental

Chemicals

Manganese chloride (MnCl,-4H,0, 99%), methylamine (30-33%
in methanol), anhydrous formic acid (98.5%), polyvinylpyrrolidone
K30 (PVP-K30), sodium hydroxide and ethanol were commercially
available and used without further purification.

Synthesis of [CH;NH;][Mn(HCOO);] microcube precursor

Cubic [CH3NH;][Mn(HCOO);] precursor was synthesized as
follows: CH3NH, (5 mmol, 0.5171 g), HCOOH (5 mmol, 0.2301
g) and PVP-K30 (0.5 g) were dissolved in 25 mL of ethanol
solution. Then 1 mmol MnCl,-4H,0 (0.1979 g) and PVP-K30
(0.5 g) were dissolved in another 25 mL of ethanol, forming
a homogeneous solution. Subsequently, the homogeneous
solution was added dropwise into the former solution and
reacted for 2 h. Finally, the white products were washed with
ethanol several times and dried at 50 °C for 12 h.

Synthesis of Mn;0, hollow microcubes

Mn;0, hollow microcubes were obtained by reacting precursor
[CH3NH;][Mn(HCOO);] with NaOH in a molar ratio of 10: 1.
[CH;3;NH;][Mn(HCOO);] (1 mmol, 0.2212 g) was dispersed into
50 mL of ethanol, and 0.1 mmol NaOH (0.004 g) was dissolved
in 20 mL of ethanol and then added to the precursor solution
with constant stirring. The mixture was transferred into a 100
mL autoclave and heated at 120 °C for 6 h. The final products
were washed with deionized water and dried in an oven at 80 °C
for 12 h.

Synthesis of Mn;0, solid nanospheres

Mn;0, solid nanospheres were obtained by reacting precursor
[CH3NH;][Mn(HCOO);] with NaOH in a molar ratio of 1: 2.
[CH3;NH;][Mn(HCOO);] (0.1 mmol, 0.0221 g) were dispersed in
50 mL of ethanol, and 0.2 mmol NaOH (0.008 g) was dissolved
in 20 mL of ethanol and then added to precursor solution with
constant stirring. The mixture was transferred into a 100 mL
autoclave and heated at 120 °C for 24 h. The products were
washed with deionized water and dried in an oven at 80 °C for
12 h.
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Characterizations

Powder X-ray diffraction (XRD) was carried out to examine the
phase of the samples using a Bruker D8 X-ray diffractometer
equipped with Cu-Ko. radiation (1 = 1.5418 A) ranging from 10° to
80°. The morphologies and microstructures of the samples were
characterized by scanning electron microscopy (SEM, Hitachi, S-
4800H) and transmission electron microscopy (TEM, JEOL, JEM-
2010F). Fourier transform-infrared spectroscopy (FT-IR) was
carried out on a BRUKER EQUINOX55 instrument. X-ray photo-
electron spectra (XPS) were measured on Thermo ESCALAB 250
Xi instrument.

Electrochemical measurements

Electrochemical performances of the Mn;0, products were con-
ducted using a three-electrode cell. The working electrode was
prepared by mixing as-synthesized Mn;0, with acetylene black
and polytetrafluoroethylene at a weight ratio of 80 : 15 : 5 to form
a homogeneous slurry. Then the slurry was pressed on the nickel
foam current and dried at 60 °C for 12 h in a vacuum oven. The
mixture pressed on the nickel foam was approximately 2.5 mg
cm 2, Pt electrode and saturated calomel electrode (SCE) elec-
trode were regarded as the counter and reference electrodes,
respectively. All electrochemical measurements were performed
at room temperature using an electrochemical workstation
(CHI660D Chenhua, China) in a conventional three-electrode cell
in 1 M Na,SO, solution. Cyclic voltammetry (CV) was carried out
at different scan rates ranging from 5 to 50 mV s ' in the
potential window of —0.2 to 0.8 V. The galvanostatic charge-
discharge (GCD) curves were measured at different current
densities within the potential window between —0.2 and 0.8 V.
Electrochemical impedance spectroscopy (EIS) was conducted at
a frequency range of 10° to 10> Hz.

Results and discussion

Fig. 1a shows the schematic illustration of the formation of
Mn;0, hollow microcubes and solid nanospheres. The fabri-
cation process was carried out through a two-step route.

In the first step, metal formate framework [CH3;NH;]
[Mn(HCOO);] templates were synthesized by a modified
precipitation method.** Mn>" reacted with formic acid neutral-
ized by methylamine in ethanol solution at room temperature.
The obtained precursors were characterized by XRD. As shown
in Fig. 1b, all the diffraction peaks correspond to the simulated
results, indicating they were single-phase products. The
morphology of precursor was investigated by low-magnification
SEM (Fig. 1c). The precursor had cubic shape and an average
size of about 2 pum, and the surface was smooth.

In the next step, Mn;O, was obtained by alkaline-solution
treatment of the precursor under hydrothermal condition.
According to the XRD results (Fig. 2), all the diffraction peaks
can be well indexed to the tetragonal phase of Mn;O, (space
group I4;/amd) with JCPDS card no. 01-1127, indicating high
purity of the samples. Note that all the diffraction peaks of the
products are significantly broaden in width and weaken in
intensity, suggested that the as-obtained Mn;0, are essentially

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Schematic illustration of the formation of MnzO4 hollow

microcubes and solid nanospheres. XRD patterns (b) and SEM images
(c) of precursor.
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Fig. 2 XRD patterns of MnszO, hollow microcubes and solid
nanospheres.

constructed with nanosized primary crystallites. Additionally,
the chemical compositions of the products were also analyzed
by XPS. As shown in Fig. 3a and b, the main peaks located at
284.9, 530.1 and 641.0 correspond to C 1s, O 1s and Mn 2p,
respectively. The Mn 2p spectra (Fig. 3c) were disassembled into
four peaks: 641.2 and 654.1 eV corresponding to Mn>*, while the
peaks located at 642.9 and 652.9 eV corresponding to Mn**.%
Particularly, the spin orbital separation between the binding
energy peaks of Mn 2p,,, and Mn 2p;,, was 11.7 eV, which was
in good agreement with those reported for Mn;0,.***” More-
over, in the O 1s spectra (Fig. 3d), the binding energy located at
529.8 and 531.4 eV can be attributed to the lattice oxygen in
Mn;0, and H,O, respectively.*® Therefore, both XRD and XPS
results verified successful synthesis of Mn;0j,.

The morphologies and microstructures of the products were
characterized by SEM and TEM. SEM images (Fig. 4a) show that
Mn;0, hollow microcubes inherit the cubic shape of precursor
with the average size of about 2 um. Moreover, inset of Fig. 4a
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Fig. 3 XPS survey spectra for MnsO,4 hollow microcubes (a) and solid
nanospheres (b); XPS spectra of Mn 2p (c) and O 1s (d).

reveals the porous structure of hollow microcubes. TEM images
(Fig. 4b and c) further confirm that Mn;0, hollow microcubes are
comprised of a large number of small nanoparticles. HRTEM
image (Fig. 4d) shows that the d-spacing value is approximately
0.30 nm, corresponding to the (112) plane of Mn;O,.

In alkaline solution, the ion exchange reaction took place as
described below: [CH3NH;3][Mn(HCOO);](s) + 20H (aq) =
Mn(OH),(s) + 3HCOO (aq) + CH3NH;'(aq). With the reaction
proceeding, OH ™ ions continuously flowed inward and Mn>*
ions diffused outward to maintain this reaction. Then the
precursor microcubes were gradually depleted, followed by
growth of the Mn(OH), shell. The ion exchange reaction was
verified by FT-IR analyses (Fig. S17). In the FT-IR spectrum of
precursor, the dominant peaks located at 1350 and 1600 cm ™
were attributed to HCOO ™. The broad peaks located at 2865 and
3112 cm™ " were attributed to C-H and C-N stretching, respec-
tively.>* After NaOH treatment, the peaks of HCOO™, C-H and

Fig. 4 SEM (a), TEM (b and c) and HRTEM (d) images of Mn3O4 hollow
microcubes.
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C-N were decreased obviously, while OH ™ peak (3500 cm ™ ') was
appeared in the FI-TR spectrum of the product. The FT-IR
spectra results evidenced the ion exchange reaction between
HCOO™ and OH™. As Mn(OH), can be easily oxidized by oxygen
in autoclave during the hydrothermal process,**** Mn;0, was
formed, and the formation process can be postulated below:

4Mn(OH)s(s) + O(g) = 4MnOOH(s) + 2H,O (1)
2Mn(OH)(s) + 4MnOOH(s) = 2Mn;04(s) + 4H,O (2)

The effects of reaction conditions (reaction time and molar
ratio) on the morphology of Mn;O, were further investigated.
When precursor [CH3;NH;][Mn(HCOO);] reacted with NaOH in
a molar ratio of 10 : 1 and the reaction time was 6 h, OH™ ions
were insufficient, and the ion exchange reaction was slow and
incomplete. Finally, the residual precursors were dissolved in
water, giving Mn;0, hollow microcubes. When the molar ratio of
[CH;3NH;3][Mn(HCOO);] to NaOH was kept at 10:1 and the
hydrothermal reaction time was prolonged to 12 h, the product
was still pure Mn;O, (Fig. S21). However, Mn;O, hollow micro-
cubes were partly broken with the shell thickness increased
(Fig. S31). When the molar ratio was changed to 1:2 and the
reaction time was 6 h, Mn;O, nanoparticles were obtained
(Fig. S47). As the reaction time was then prolonged to 24 h,
Mn;O, solid nanospheres with larger sizes were generated
instead. SEM image (Fig. 5a) shows that MnzO, solid nano-
spheres are randomly arranged into a cluster with coarse surface,
and the average diameter is about 300 nm. TEM images (Fig. 5b
and c) display the solid nanospheres consist of numerous
nanoparticles, evidencing the formation of Mn;0, solid nano-
spheres through the assembly of small nanoparticles. HRTEM
image (Fig. 5d) presents that the lattice spacings are about 0.27
and 0.30 nm, which can be assigned to the (103) and (112) planes
of Mn;0, respectively.

Based on the above results, we propose the formation mech-
anism for the Mn;0O, hollow microcubes and solid nanospheres
with secondary structures. As the alkaline solution is insufficient

Fig. 5 SEM (a), TEM (b and c) and HRTEM (d) images of MnzO,4 solid
nanospheres.
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firstly, Mn(OH), nanoparticles are formed. When the concen-
tration of OH™ ions is appropriate, OH™ ions continuously flow
inward and Mn*"* ions diffuse outward, leading to the formation
of well-distributed Mn(OH), shell on the precursor surface.
Finally, Mn;0, hollow microcubes are obtained with the disso-
lution of the residual precursors. When the concentration of OH™
ions is increased, the excess OH™ ions significantly accelerate the
ion exchange reaction. The cubic structure is destroyed
completely in the initial stage of the ion exchange reaction.
Therefore, Mn;O, nanoparticles and solid nanospheres are
generated with the extension of the reaction time.

The electrochemical properties of Mn;0, electrode materials
were evaluated by CV, GCD and cycling stability in 1 M aqueous
Na,SO, solution. Fig. S5 shows the CV and GCD curves of
Mn;0, hollow microcubes and solid nanospheres at various
scan rates (from 5 to 50 mV s~ ') and current densities (from 0.3
to 5 A g '). Fig. 6a shows the CV curves of Mn;O; hollow
microcubes and solid nanospheres electrodes at the scan rate of
10 mV s~ in the potential window of —0.2 to 0.8 V vs. SCE. Each
CV curve has almost rectangular shape and symmetry, indi-
cating a typical pseudocapacitor feature. Fig. 6b gives the
measured GCD curves of Mn;0, hollow microcubes and solid
nanospheres electrodes at the current density of 0.5 A g~ *. The
specific capacitances can be calculated from the discharge
curves according to the following equation:

C = IAImAV (3)

where I is the discharge current density, m is the mass of active
materials, At is the discharge time (s), and AV is the voltage
window (V). As shown in Fig. 6c, the calculated specific capac-
itances of Mn;0, hollow microcubes and solid nanospheres are
176, 152, 124, 116, 105, 90 and 150, 131, 113, 108, 100, 85 F g~ *
at the current densities of 0.3, 0.5, 1, 2,3 and 5 A g’l, respec-
tively. With increasing current density from 0.3 to 5Ag ", 51%

Mn30, hollow microcubes

Mn30, hollow microcubes

Mn30, solid nanospheres

Mn30, solid nanospheres 08

04 05Ag

Potential (V)

100 200 300 400 500 600 700
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I 3
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Fig. 6 CV (a) and GCD (b) curves of MnzO4 hollow microcubes and
solid nanospheres. (c) Specific capacitances of MnzO4 hollow micro-
cubes and solid nanospheres at different current densities. (d) Cycling
stability of Mn3O4 hollow microcubes and solid nanospheres at the
current density of 2 A g%,
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Fig.7 EIS results of MnzO4 hollow microcubes and solid nanospheres.

and 56% of the specific capacitances were retained respectively.
Obviously, the specific capacitance of Mn;O, hollow micro-
cubes was higher than that of solid nanospheres, mainly
because the formers had more active sites that facilitated the
transport of electrons and electrolyte ions.

The long-term cycling stability of Mn;O, hollow microcubes
and solid nanospheres is shown in Fig. 6d. The specific capac-
itance of Mn;0, solid nanospheres remained in the first 3000
cycles and decreased slightly over the next 5000 cycles. The
specific capacitance of Mn;O, hollow microcubes increased
slightly in the first 5000 cycles and decreased slightly over the
next 3000 cycles. The results can mainly be ascribed to the
activation of electrode materials, as the electrolyte needed time
to penetrate their inner space.*!

EIS was performed to evaluate the electrochemical perfor-
mances of the two Mn;0, electrodes with different morphol-
ogies. As exhibited in Fig. 7, the two depressed semicircles in the
high-frequency region correspond to the resistances of electro-
lyte. The resistances of MnzO, hollow microcubes and solid
nanospheres were 1.43 and 1.76 Q, respectively, revealing that the
formers had higher electron transfer ability. A straight line in the
low-frequency region represented the Warburg impedance, as the
electrolyte diffusion into electrode materials. Since Mn;O, hollow
microcubes exhibit a more vertical line than Mn;0, solid nano-
spheres do, the formers had lower diffusive resistance. In short,
the better electrochemical performance of Mn;0, hollow micro-
cubes can be attributed to the more active sites and lower
diffusive resistance. We compared the electrochemical perfor-
mance of Mn;0, hollow microcubes and solid nanospheres with
the reported Mn;0, based electrode materials especially taking
into consideration the existence of additional carbon modifica-
tions, which are listed in Table S1.1>*® The comparison further
suggests that the Mn;O, hollow microcubes and solid nano-
spheres exhibit improved electrochemical performance with
better capacitance and excellent cycling stability.

Conclusions

In summary, we reported a facile strategy to prepare two Mn;O,
products with different morphologies from an MOF template.
When used as supercapacitor electrode materials, Mn;O, hollow
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microcubes and solid nanospheres had high specific capacitances
of 176 Fg~ ' and 150 F g~ " respectively at a current density of 0.3 A
g™, and the specific capacitance retentions were 95% and 86%
respectively after 8000 charge-discharge cycles at a current
density of 2 A g~ *. Mn;0, hollow microcubes had higher specific
capacitance than that of Mn;0, solid nanospheres, because the
formers had more active sites and lower diffusive resistance. The
fabricated Mn;O,4 hollow microcubes and solid nanospheres are
promising for supercapacitor applications.
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