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Facile synthesis of porous and hollow spinel materials is highly desirable for their extensive applications

in energy storage fields. In this work, uniform and decentralized flower-like CoMn,0, microspheres were

synthesized and characterized for supercapacitor electrodes in neutral aqueous electrolyte. In this contrib-

ution, uniform microspheres precursors were firstly fabricated by solvothermal method, following by a

low temperature calcination process for crystallization. A detailed study shows that the deionized (DI)

water content plays an important role in the solvothermal process to optimize the morphology of microsp-

heres. In 1 M Na,SO,, the spinel electrode material owns a working potential window as high as 1.1 V

and a specific capacitance of 188 F g™'. Besides, the electrode material exhibits excellent cycling stability

by retaining 93% of their original capacitance after 1000 cycles. Therefore, the flower-like microspheres

of CoMn,0y spinel is a promising candidate for supercapacitor applications.

Introduction

Supercapacitor, also called electrochemical capacitor, has
attracted comprehensive research attentions in recent years for its
predominant properties, which include environmental friendly,
excellent cycle stability, higher power density and stable
performance in a wide temperature scope . Supercapacitors are
usually classified into two categories based the energy storage
mechanisms: electrical double-layer capacitor (EDLC) and
pseudocapacitor *3 EDLCs store energy through the accumul-
ating of electric charge at the interface between electrode and
electrolyte 9 Pseudocapacitor stores energy by fast redox
charge transferring, which can provide higher capacitance than
EDLCs'” ', Transition metal oxides are considered as ideal
pseudocapacitors electrode materials for their varieties of cation
charges, such as MnO, 2, Co30,4 13, Fe;0,4 14, and so on.

Surface properties of electrode materials are important factors
for the specific capacitance of supercapacitors ~. Carbon material
is one of the most researched materials leading to unique and
ideal microstructure. Compared with carbon materials, the
tailoring of specific morphology is difficult for metal oxides.
Nowadays, many binary transition-metal oxides with spinel
structure, such as CuCo,0, 16, ZnCo,0, 17, NiCo,0, 18,
ZnMn,0, 19 and CoMn,0, 20, etc, have been investigated as
electrodes materials for energy storing. Wu et al. synthesized
mesoporous Nij3Co, ;04 with a high specific capacitance of 960
F g and excellent cyclic stability L Compared with sole cation
metal oxide, the spinel materials, which can provide superior
electrochemical performances by forming specific structure and
charge transfer modes, are desirable supercapacitors
applications. Among the spinels, Mn-Co oxide has been used
promisingly as supercapacitor electrode due to the high
capacitance and richer redox reactions over unitary Mn or Co

in

oxide. Xu et al. synthesized CoMn,0, and MnCo,04 nanowires
by thermal decomposition of organometallic compounds, both of
them showed high specific capacitance in 2 M KOH electrolyte
22. Zou et al. reported the urchin-like MnCo,04with hierarchical
architectures showed a specific capacitance of 151.2 F g at 5
mV s in 1 M KOH solution . By far, most of the related work
was characterized in alkaline electrolyte. Comparatively, the
neutral electrolyte has the advantage of low cost, non-corrosive
and allow applying diverse current collectors, which makes the
assembling process much easier and cheaper and the
supercapacitor more environmentally friendly ) Additionally,
neutral electrolytes are benefit for stable electrochemical process
with higher potential window ~~ and better cycle performance can
be achieved. For the spinel material CoMn,O,4, despite the
obviously redox nature of the energy storage mechanism, fast ion
adsorption on electrode surface can be considered as another
feasible energy storage mechanism.

In this work, novel flower-like CoMn,0O4 microspheres were
synthesized by solvothermal method as electrode materials for
supercapacitor applications. We acquired the Co/Mn-EG
(Ethylene glycol salt) precursors first 26, followed by a
calcination process to complete the phase transformation of
CoMn,04. A facile route was developed to optimize the
microsphere morphology by adding a small amount of DI water,
finally achieved the flower-like microspheres. In the following
calcinations process, a comparatively low temperature of 300 ‘C
is sufficient for the phase transformation with high performance.
The supercapacitor properties are evaluated by electrochemical
methods in neutral electrolyte of 1 M Na,SO,.

Experimental

Synthesis of flower-like CoMn,0, microspheres

This journal is © The Royal Society of Chemistry [year]
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Ethylene glycol (HOC,H,OH, GC 99%), Mn(CH;COO),-4H,0
, Co(CH;COO0),4H,0 and polyethylene glycol (PEG) 1000
were supplied by Shanghai Aladdin Chemical Reagent Co. Ltd.
All chemicals were used as received without further purification.
Except ethylene glycol, all other chemicals were of analytical
grade.

In a typical procedure, 0.248g Co(CH3;COO),-4H,0 (1 mmol),
0.49g Mn(CH;CO0),-4H,0 (2 mmol) and 1 g PEG 1000 were
completely dissolved in 70 ml ethylene glycol (EG) under stirring
10 in 50 °C water bath, followed by addition DI water with the mass

ratio (DI water/PEG) of 0.5, then stirred for a further 20 min to

obtain a homogeneous solution and transferred into a 100 mL

Teflon-lined stainless steel autoclave. The autoclave was sealed

and maintained at 200 °C for 6 h in a blast oven, then cooled to
1s ambient temperature. The precipitate was collected and washed

with absolute ethanol for several times by vacuum filtration, and

finally dried at 60 °C. In order to study CoMn,0, spinel with

different degree of crystallinity, the dried precipitate was further

calcined in air for 6 h at various temperatures, including 250 °C,
20 300 °C, 400 °C, 500 °C, and 600 °C.

w

Characterizations

The crystalline structures are characterized by XRD (Rigaku
D/max 2500PC system) with Cu-Ka radiation (A = 0.15418 nm)
in the 2 Theta range between 10° and 90° with scan rate of 8° min’

', Field emission scanning electron microscopy (FE-SEM,
Hitachi S4700, 15 kV) and Transmission electron microscope
(TEM, JEOL JEM-2100F) are employed for surface morphology
assessment. Thermo gravimetric analysis (TGA) and Differential
Scanning Calorimetry (DSC) (TA instruments, Q500) was carried

3 out using a temperature ramp of 10 °C min"' under an open air
atmosphere.

Electrochemical measurements

The working electrodes were prepared by mixing the spinel
CoMn,0, material with acetylene black and polite trafluorene-
ethylene binder (diluted from 60 wt.% to 5 wt.%) at a mass ratio
of 80: 15: 5. A small amount of absolute ethanol was added to the
mixture to produce a homogeneous paste. The mixture paste was
dried at 60 °C for 2 h before coated on a nickel foam current
collectors as working electrode. The electrochemical performance
40 of the as-prepared electrode are measured with a conventional
three-electrode cell with 1 M Na,SOy, as the electrolyte, platinum
foil and saturated calomel electrode (SCE) as the counter and
reference electrodes, respectively. All electrochemical measure-
ments were conducted on a electrochemical workstation (CHI
45 760D, CH Instrument, China).

3

&

Results and discussion
Characterizations of CoMn,0, flower-like microspheres

The SEM and TEM morphologies of CoMn,0O, powders are
displayed in Fig. 1. The powders were calcined at 300 °C. From
the SEM pictures (Fig. 1a and Fig. 1b), we can see that the final
product is composed of uniform and discrete microspheres with
size of ~3 um. Each microsphere is constructed from numerous
cross-linked nanosheets (Fig. 1c), intersected in a flower like
morphology, as shown in Fig. lc. More importantly, no
ss agglomeration is observed. Further TEM characterization (Fig. 1d

93
S

and Fig. le) indicates that the pores are interlinked and exist in
the whole microspheres, from the outer surface to the inner
center, implying a large internal surface area of the microsphere
structure. The thickness of these nanosheets is between 25 nm to

6 50 nm. The selected area electron diffraction (SAED) pattern
exhibits the polycrystalline nature of MnCo,0,. However, the
ring is not well-defined, indicating the microspheres are not well
crystallizated at 300 °C clacination. Through a N, absorption
measurement at 77 K, the flower-like microspheres structure

os contributed to a BET surface area of 16 m* g ' (Fig. S1), and the
mean diameter of the pore size is ~5nm according to BJH method.
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Fig. 1 SEM surface morphologies (a, b and c) and TEM images of the
CoMn,0,4 microsphere (d and e).

Nanosheet $PEGmUIecule o EGmolecule @ Water molecule

The ether group
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b g

75 Fig.2 The schematic show of flower-like microspheres formation
mechanism
In a typical solvothermal reaction of EG with metal salts, the
products can be ascribed to the formation of metal glycolates or
alkoxide derivatives by alcoholysis and coordination of with the
2729 Here we used Co/Mn-EG for simplication. The
effect of small amount of DI water additive was also studied. In
the solvothermal reaction of Co/Mn-EG precursor, the reaction
process is shown in Fig. 2. When nanosheets are formed, PEG
molecules will stick on the surfaces as the interaction of Van der
ss Waals forces, electrostatic force and hydrogen bonds. The outer
layer mainly constructed with the polar ends (the ether group) of
PEG molecules, which have strong affinity with polar molecules.
When no DI water is involved, the outer layer is completely
covered by EG molecules; the electrostatic repulsion between
9 nanosheets is very small in such uniform environment, leading to

s0 cations

2 | Journal Name, [year], [vol], 00—-00

This journal is © The Royal Society of Chemistry [year]




Page 3 of 7 RSC Advances

a negligible gap between the two nanosheets. Moreover, the
uniform outer layer will make nanosheets easily grown in the
transverse direction, finally form a thick nanosheet.
In addition, as the polar ends of PEG molecules have both
s affinities for water and EG molecules, once DI water was
involved into the reaction, the outer layer will be partially
covered by water molecule. By increasing the DI water content,
the mixed environment will increase the electrostatic repulsion
and the steric effect of PEG molecules between nanosheets.
10 Moreover, when heated to 200 °C, the small amount of DI water
should be presented as gas phase, the active water vapor will
hinder the compact packing of the nanosheets, which leads to the
flower-like microspheres instead of compact ones

DSC (mW/mg)

—Tr—rTT T
0 400 600 800

Temperature (°C)

45 Fig. 4 TGA/DSC curves for the precursor Co/Mn-EG in air
a
3
&
0
2> h 600°C
‘@
15 T . | . | 5
Fig. 3 SEM images of the final CoMn,0, spinel materials in solvothermal E JCPDF card 77-0471
process with different DI water content: (a) 0 ml, (b) 0.25 ml, (c) 0.5 ml,
(d) 1 ml and (e) 1.5 ml; (f) lower magnification of image (d).
] | |||||I|||.|..||
T 1T

In order to confirm the effects of DI water on the microsphere |
. . . 15 30 45 60 75 20
20 morphology, SEM morphologies are studied for the samples with
different amount of DI water addition. Fig. 3 is the SEM image of 20 Theta (degree)
the corresponding samples, which showed the morphology
evaluation when the DI water mass ratio with PEG varied from 0,
0.2, 0.5, 1 to 1.5, respectively. When no water is involved (mass
s ratio is 0), the morphology of microspheres is solid balls
composed by closely packed nanosheets, with nearly no internal
holes (Fig. 3a). As the amount of DI water increasing, the internal
gaps between nanosheets start to show up to form the blooming
like flower shape. The more DI is introduced, the larger gaps
30 between nanosheets will be (from Fig. 3b to Fig. 3d). With
further increasing the mass ratio reach to 1.5, the microsphere
collapses as Fig. 3(e). To double check the morphologies of Fig.
3d at lower magnification, the microspheres are distributed with
collapsed nanosheets, as Fig. 3f, so the microspheres are not 15 30 45 60 75 90
35 uniform. Overall, with DI water mass ratio was below 0.5, 2 Theta (degree)
microspheres with uniform distribution could be obtained. In the
aspect of surface area and uniform microsphere structure, we

Intensity (a.u.)

Fig. 5 (a) XRD patterns of CoMn,0, microspheres after calcination at 600

choose the recipe with mass ratio 0.5 (Fig. 3¢) as the optimized °C for 6 h; (b) XRD patterns of CoMn,0, microspheres after calcination at
result for further material and electrochemical characterization. so different temperatures.

s Moreover, it is noted that the nanosheet thickness becomes The pyrolysis behavior of the precursor (Co/Mn-EG) was
thinner with the DI content increasing, illustrating that the investigated by TGA/DSC, as demonstrated in Fig. 4. The whole
dispersion effect represented well in all aspects of the mechanism process can be categorized into three major weight loss steps. The
(Fig. 2). first step under 200 °C was the loss of the physically and

ss chemically adsorbed water. In the second step, the sharp weight
loss occurs in the temperature range of 200 °C ~250 °C, which is
attributed to the combustion of ethylene glycol, convinced by the
DSC curve since much more heat was absorbed in this range.

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3
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Finally, when the temperature further rises from 250 °C to 600
°C, only slight weight loss occurs and the DSC data showed an
exothermic process, which is attributed to the process of further
crystallization, and calcination process may lead to a porous
32 In order to study temperature effect on CoMn,O4

spinel, the dried precipitate was calcined at various temperatures,

including 250 °C, 300 °C, 400 °C, 500 °C, and 600 °C.

XRD was conducted to study the effect of calcination

temperatures on the CoMn,O, structure, as shown in Fig. 5. Fig.
10 5a compared CoMn,0, sample (calcined at 600 °C) with the PDF

card (JCPDF card 77-0471), from which all the diffraction peaks

can be indexed and assigned to CoMn,0, phase without any

impurities.

Fig. 5b shows the XRD patterns of the samples after

15 calcination at temperature of 250 °C, 300 °C, 400 °C, 500 °C and
600 °C. It reveals that the spinel structure can be completely
achieved at 300 °C. With the increase of temperature, the sharp
and well-defined peaks on the diffractogram implying higher
crystallinity. However, only several wide and weak peaks
displayed at 250 °C, suggesting the powder is not fully
crystallized.

31
structure

w

2

S

Electrochemical
electrode

properties of CoMn,O4 microspheres

Fig. 6 presents the CV curves of the CoMn,0, microspheres
»s after calcinations at various temperatures, measured in three-
electrode system at the scan rate of 20 mV s™'. All the CV curves
exhibit nearly rectangular shape, indicating the ideal capacitive
behavior and fast charging/discharging process characteristic for
the obtained samples. For oxides materials in pseudocapacitor,
30 the crystallinity is an important factor mainly reflected in the
balance between electrical conductivity and ionic transportation.

64 1—250C
2—300°C
13—400°c
3 4+—>so00°c

5——600°C

o
[

Current density (A/g)

From curve 3 to 5, the calaination temperature
increases with the arrow direction

02 04 06
Potential (V vs. SCE)

0.8

Fig. 6 CV curves of the CoMn,0, microspheres after calcinations at
different temperatures at the scan rate of 20 mV s™.

35 Typically, well crystallized structure limits the ions diffusion
because lattice expansion or contraction is restricted strictly,
accordingly the charge transfer resistance increases. As a result,
for the materials calcined at higher temperatures, the active sites
numbers decreases with the crystallization degree, so the specific

40 capacitance of electrode materials will be affected negatively. On
the other hand, too low crystallinity leads to a low conductivity

3335 The principle can be applied for CoMn,0, spinel material,

as shown in Fig. 6. The current density increases with increasing
calcinations temperature from 250 °C to 300 °C, then decreases
4s with the further increasing the calcinations temperature to 600 °C,
indicating that the 300 °C sample gives the relatively highest
specific capacitance. Therefore, 300 °C was used as the optimized
calcination temperature for further study.
Based on the literatures of Mn-Co oxides in aqueous
so electrolyte 1. 6, the redox reaction mechanism for the
pseudocap-acitance of the CoMn,0,4 composite oxide is described
by Eq. 1 and 2 as follows.

CoMn,0, + H,0 + OH'—CoOOH + 2MnOOH + e (1)

MnOOH + CoOOH + OH'—-MnO, + CoO, + H,0+2¢e (2)

ss The reactions are highly reversible. Fig. 7a presents the CV
curves of the sample that calcined at 300 °C at different scan rates
(from 5 mV s™' to 50 mV s™) in a potential window of -0.2 ~ 0.9
V (vs. SCE). It is worth noting that all the CV curves of the spinel
CoMn,0, material exhibited close to a rectangular shape, which

e is typical shape for supercapacitor in neutral electrolyte ~', and
desirable for an ideal supercapacitor. The rectangular area
increased with increasing the scan rate. In addition, the electrode
can remain stable at much larger potential window than that in
alkaline electrolyte, which is typical less than 0.6 V 3840,

10
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Fig. 7 Electrochemical characterizations of the CoMn,0, flower-like
microspheres as electrodes for supercapacitors. The materials were
calcined at 300 °C: a) CV curves at various scan rates ranging from 5 to
50 mV s; b)The calculated capacitance as a function of scan rate; c)
charge/discharge voltage profiles at various current densities ranging
from 1 to 10 A g; d) the calculated capacitance as a function of current
density; e) the capacitance as a function of cycle number at constant
current densities of 1 A g™ for 1000 cycles.

Fig. 7c depicts the galvanostatic charge/discharge behaviors of
the electrodes between -0.2 V and 0.9 V at different current
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densities, which presents ideal linear behavior with good
symmetry. For most materials, the specific capacitance decreases
with the increasing of discharge current density, which comes
from two reasons. Firstly, assuming the resistance is constant,
high current density suggests high potential drop, so low
capacitance is inevitable, as proved in the CVs when scan rate
increased (Fig. 7b). Secondly, when the current density is low,
ions have sufficient time to penetrate into the inner-structure of
electrode material, being able to access to more internal pores of
the electrode. While higher current densities, the
charging/discharging time is short, so that part of the internal
surfaces of electrode materials cannot be effectively utilized; the
retained capacitance only come from the electrochemical process
on the outer surface, the capacitances are decreased accordingly.
The effect is more obvious for porous materials.

The specific capacitance can be calculated according to the
following Eq. 3:

at

I Atf
= o —
m AV

C
3)

Where I is the discharge current density, m is the mass of the
applied active materials of the working electrode, AV is the
working potential range, and At represents the discharging time.
The calculated specific capacitances as a function of the
discharge current densities are plotted in Fig. 7d, the specific
capacitances are 188 F g, 169 F ¢!, 146 F g, 120 F g and 119
F g at the current densities of 1 Ag', 2 Ag',5Ag", 8 A g’
and 10 A g, respectively. The specific capacitance can retain
about 63.3% with the increased current density from 1 A g to 10
A g, which is much higher than the recent similar reports
measured in neutral electrolyte for CoMn,0, 41. In addition, the
cycling stability is also evaluated by the consequent charging-
discharging measurement at a constant current density of 1 A g,
as shown in Fig. 7e. After 1000 cycles, the electrode retained
93% of the original capacitances.

At low scan rate like 5mV s™' the specific capacitance is 174 F
g (Fig. 7b). The specific capacitance will decreases as the scan
rate increases just like most any other materials. However, even
at the scan rate reach to 50 mV s, the specific capacitance can
remain 87 F g as show in Fig 7b. The results demonstrate that
the polyporous active material performs a high rate capability in
1M Na,SO,.

Furthermore, the reaction kinetics can be evaluated by EIS test.
The Nyquist plots of the electrode had been compared for the
fresh one, after 500, and 1000 cycles, as shown in Figure 8. Each
plot consists of a semicircle at high frequency region and an
inclined line in the low-frequency region.

The intercept on the Z real axis in the high-frequency region
corresponds to equivalent series resistance (ESR, Ry), including
the inherent resistances of the electrode, bulk resistance of
electrolyte, and contact resistance at the interface between
electrolyte and electrode. The semicircle in the middle frequency
range indicates the charge-transfer resistance (R.) through the
interface . The inclined straight line in the low frequency
corresponds to Warburg impedance related to the diffusion of
electrolyte within the electro active materials. Here the R are 5.8,
6.1 and 6.3 Q for the fresh electrode, after 500 cycles and 1000

This journal is © The Royal Society of Chemistry [year]
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cycles, respectively. The semicircle diameter reflecting R, was
calculated to be 20.2, 26.4 and 25.5 Q for the fresh electrode,
after 500 cycles and 1000 cycles, respectively. This indicates
there is only a small change of the R, and R, between 500cycles
and 1000 cycles. The ion diffusion resistances indicated by the
inclined line of Nyquist plots also presented the nearly
overlapping line. This proves the stable cycling performance of
electrode. In addition, the diffusive resistance (Warburg
impedance) was a little higher after 500 and 1000 cycles in lower
frequencies. These results may be because the surface and
microstructure changes of the CoMn,0O, electrodes after 1000
successive cycles.

40
) R CPE —a— fresh electrode
—«— 500 cycles
30 4 1000 cycles
Rat
E h fresh 500 cycles 1000 cycles
K=
9, 204 R:(ohm) 58 6.1 6.3
f\ll Ret (ohm) 20.2 26.4 255
10 <
0 r T r T T T .
0 10 20 30 40
Z' (Ohm)

Fig.8 Nyquist plots of the fresh electrode and the ones after 500, 1000
cycles.

Meanwhile, the straight line showed less vertical sha?e
comparing with (Mn,Co);0, spinels in KOH electrolyte 22, 3,
because Na,SO, electrolyte displayed lower molar conductivity,
with larger hydration spheres of Na” and less molar conductivity
of SO,”. However, the high overpotential for dihydrogen
evolution results in higher potential window. Therefore,
electrolyte of Na,SO, displayed lower specific capacitance with
larger potential window.

Conclusions

This work demonstrated a facile method for the synthesis of the
flower-like CoMn,0, microspheres for supercapacitor electrode
applications, including a low temperature solvent thermal and
following calcinations processes. In the solvothermal process, DI
water content plays a key role in controlling the nanosheet gaps
of flower-like microspheres structure. The following calcination
temperature was optimized to obtain the highest specific
capacitances.

In 1 M Na,SO, neutral solution, the spinel electrode material
exhibited a working voltage as high as 1.1 V and a specific
capacitance of 188F g™ was obtained at the current density of 1 A
g, The electrode material showed excellent cycling stability by
retaining 93% of their maximum capacitance after 1000 cycles.
EIS further proved the good cycle performance by presenting
little charge transfer resistance change from 500 to 1000 cycles.
These achievements enriched the research direction and
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application potential for spinel materials in supercapacitor
electrodes.
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