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High-performance spinel NiMn,O, microspheres
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Spinel NiMn,O4 microspheres self-assembled with nanosheets directly grown on a 3D nickel foam were
successfully prepared by a facile microwave-assisted hydrothermal process. The structural and morphology
evolution behavior and the charge storage mechanism of the as-prepared samples were thoroughly
characterized and assessed. It was found that the formation of the product occurred in a stepwise manner,
and the steps involved were nucleation, regular growth, and a self-assembly process (from nanosheets to
small microspheres and further aggregation to large microspheres), resulting in a flower-like microsphere
structure. Furthermore, a study on the energy storage mechanism of the prepared spinel NiMn,Og4
indicated that the diffusion-controlled process dominated charge storage at low scan rates, while the
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capacitive process was dominant as the scan rate increased. As a result, the as-prepared NiMn,O, showed
high specific capacitance up to 7689 F g* at 1 A g when measured by a charge-discharge test and
excellent cycling stability (85.8% capacity retention and near 100% Coulombic efficiency after 6000 cycles

DOI: 10.1039/c9ce01623f
at 5 A g3, which indicated that the fabricated products show a great potential in commercial
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Introduction

As a renewable green energy storage system, supercapacitors
possess great prospects in mitigating energy crisis and
environmental pollution due to their unique performance
advantages such as high power density (>10 kW kg "), fast
charge-discharge performance, long lifetime, and outstanding
safety.”™  However, the practical application of
supercapacitors is severely restricted due to their limited
energy density. According to the equation of energy density (E
= 1/2 CV?), energy density (E) can be enhanced by two
strategies: increasing the operating voltage window (V) or
improving the specific capacitance (C).>® Some strategies to
widen the operating voltage window such as using organic
electrolytes,” ionic liquids® or assembled asymmetrical
supercapacitors’ have been extensively studied. On the other
hand, exploiting ideal electrode materials, which possess a
high specific surface area, high electronic conductivity and
available redox capacitance, is an effective way to improve the
specific capacitance and then improve the energy density.

As a class of promising pseudocapacitive electrode
materials, ternary transition metal oxides such as NiCo,0y,
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MnCo,0,, CoFe,0, and NiMn,0, having multiple oxidation
states show a higher capacitance performance and superior
electrochemical activities than single-component metal
oxides, which enable multiple redox reactions during the
energy storage process.'’® Among the numerous ternary
transition metal oxides, NiMn,O,, as an important AB,O,-type
spinel metal oxide, has been studied as a promising electrode
material for both supercapacitors and lithium-ion batteries
due to its unique advantages such as higher conductivity,
more redox-active sites, relatively low cost and lower toxicity
compared with those of binary metal oxides.'*'® Recently,
NiMn,0, with different morphologies and electrochemical
performances has been reported.’®® Wei et al.’ synthesized
a spinel NiMn,O, nanosheet array with a specific capacitance
of 662.5 F g at a current density of 1 A g™ via a facile
hydrothermal method. Zhao et al.*® fabricated hierarchical
porous NiMn,0O, microspheres with a specific capacity of 900
mA h g™ after 1000 cycles at 500 mA g™*. Ray et al.>" obtained
porous NiMn,O, nanoparticles via a sol-gel method with a
specific capacitance of 875 F g™* at a 2 mV s™* scan rate in a
redox-active  hydroquinone (HQ)-incorporated aqueous
electrolyte solution. Bhagwan et al**> obtained spinel
NiMn,0, nanofibers by an electrospinning process with a
specific capacitance of 410 Fg " at 1 A g ™.

In recent years, the microwave-assisted method has been
widely applied to synthesize various materials due to its own
unique superiorities.>®> For example, a microwave is a non-
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ionizing electromagnetic radiation with a higher penetration
depth, which greatly enhances the rate of nucleation, thus
reducing the synthesis time.>* Meanwhile, the microwave
treatment has an extremely low thermal gradient in the
medium, which helps in forming products with uniform
dimensions and high purity.*® Furthermore, this technology
also has high reaction selectivity and product yield, is energy
saving, and involves accelerated kinetics, which can result in
the formation of particles with uniform sizes."**® It was
noticed that the spinel NiMn,0O, nanosheets prepared by the
hydrothermal method" were thin and uniform. It was
reasonable to expect a lower thermal gradient and faster
reaction kinetics during the hydrothermal process with the
assistance of microwaves. Therefore, introducing microwaves
during the hydrothermal growth process of the NiMn,O,
nanosheets may lead to their further morphology evolution,
which may contribute to an improvement in the
electrochemical performance.

In this paper, spinel NiMn,O, directly grown on a 3D
nickel foam was synthesized by a microwave-assisted
hydrothermal process. Based on the time-dependent
experiments on the growth of NiMn,O,, it was found that the
NiMn,O, nanosheets self-assembled to small microspheres
and further aggregated to large microspheres due to the
assistance of microwaves. The electrochemical charge storage
mechanism of the obtained products was also studied by the
Power law and Trasatti procedure. The tested electrochemical
performances indicated that the as-prepared NiMn,O, flower-
like microspheres exhibited improved specific capacitance,
which could be attributed to their self-assembled morphology
evolution induced by microwaves.

Experimental
Preparation of materials

All the chemical reagents used in this work were analytical
grade without any further treatment. The synthetic route is
illustrated in Fig. 1. The Ni foam substance was cut into a 1 x
3 cm? strip and immersed into 3 M HCI for 30 min to remove
the nickel oxide layer. Meanwhile, 0.316 g KMnO,, 0.291 g
Ni(NO;),-6H,0, 0.900 g CO(NH,), and 0.222 g NH,F were
added to 30 mL deionized water under magnetic stirring for
1 h. A piece of the pre-treated Ni foam substrate was
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immersed in the mixed solution for 1 h. Then, the mixed
solution and the soaked Ni foam substrate were diverted into
a 100 mL Teflon-lined microwave autoclave. The microwave
autoclave was loaded into a microwave hydrothermal reactor
heated at 160 °C with the power set to 1000 W (XH-800G,
Beijing Xianghu Science and Technology Development Co,
LTD.). A microwave hydrothermal treatment time of 3 h was
chosen by a time-dependent experiment. After naturally
cooling to room temperature, the Ni foam was removed,
followed by washing several times with deionized water and
ethanol. The obtained Ni foam was dried at 70 °C for 8 h.
Finally, the obtained Ni foam was annealed at 450 °C for 2 h
in an Ar atmosphere.

Characterization

The crystalline structure of the synthesized NiMn,0, sample
was measured by X-ray diffraction (Rigaku, DMAX- Ultima+
diffractometer) using Co Ko radiation (1 = 1.7902 A). The
morphology and atomic content were characterized by field
emission scanning electron microscopy (FE-SEM), high-
resolution transmission electron microscopy (HRTEM) and
energy dispersive X-ray spectroscopy (EDS). X-ray
photoelectron spectroscopy (XPS) was analyzed on a Thermo
ESCALAB250 XPS system (1486.6 eV, 15 kV, 10 mA, 150 W).

Electrochemical measurements

The electrochemical test was conducted on a VMP3 (EG&G)
electrochemical workstation in a 6 M KOH solution using a
three-electrode system, ie., the prepared NiMn,O, electrode
was used as the working electrode, a platinum net was used
as the counter electrode and a saturated calomel electrode
(SCE) was used as the reference electrode. The potential
window of cyclic voltammetry (CV) was performed from -0.2
V to 0.5 V. The frequency of the electrochemical impedance
spectroscopy (EIS) ranged from 0.01 Hz to 100 kHz. The
specific capacitance of the synthesized samples was
calculated by CV curves and the galvanostatic charge/
discharge (GCD) curves using eqn (1) and (2), respectively.

C=[yidv
2mvAvV (1)

Ni foam

Ar atmosphere

NiMn,0, microspheres
450°C/2h

Self-assembled with nanosheets

Fig. 1 Schematic image of the formation of the NiMn,O,4 microspheres self-assembled with nanosheets on Ni foam.
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C =1iAt
m-AV

2)

Here, C is the specific capacitance (F g); 7 is the current
(A); At is the time of discharge (s); m is the mass (g); v is the
potential scan rate (V s7') and AV (V,-V;) is the potential
window (V). The measured area immersed in the electrolyte
and the mass loading of the product on the Ni foam were
around 1 x 1 cm” and 1.83 mg cm 2, respectively.

Results and discussion

The obtained products were first characterized by XRD and
EDS, as shown in Fig. 2. In Fig. 2(a), strong Ni diffraction
peaks can be clearly identified. The relatively weaker
diffraction peaks for NiMn,O, were still evident enough to
confirm that NiMn,0O, was successfully attached to the Ni
foam surface. To clearly determine the crystal structure of the
attached products, some products attached to the Ni foam
were scratched off to be solely tested, as shown in Fig. 2(b).
The relatively weak and broad diffraction peaks of the
attached products implied their weak crystal characteristics,
which facilitated the transport of electrolyte ions.>”?® The
measured diffraction peaks at 21.26°, 35.06°, 41.36°, 43.29°,
50.42°, 62.89°, 67.19°, and 74.08° corresponded to the (111),
(220), (311), (222), (400), (422), (511), and (440) planes of the
cubic phase of NiMn,O, (JCPDS#71-0852), which has a
crystallographic structure, as shown in Fig. 2(c). The X-ray
energy dispersive spectrum (EDS) (Fig. 2(d)) confirms that the
Ni, Mn and O elements at a molar ratio of ~1:2:4 co-exist in
the final attached product, which further confirms that the
obtained product is NiMn,O,.

The elemental composition and valence states of the as-
prepared NiMn,O, were investigated by XPS, as shown in
Fig. 3. The elemental percentage determined by XPS is given
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Fig. 2 (a) XRD pattern of NiMn,O4 grown on Ni foam. (b) XRD pattern
of NiMn,O,4 scratched from the Ni foam. (c) Crystallographic structure
of NiMn,QOy,. (d) EDS spectrum of NiMn,O, scratched from the Ni foam
(inset shows the atomic ratio of different elements).
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Fig. 3 XPS spectra for the as-prepared NiMn,O,: (a) a total survey, (b)
Ni 2p, (c) Mn 2p, and (d) O 1s.

in Table S1.t The measured element content ratio of Ni: Mn:
O in the obtained products was close to 1:2:4, which
coincided with the result of the EDS test. The total survey
spectrum (Fig. 3(a)) of the obtained products shows the
presence of the signal peaks of Ni, Mn, O and C and there is
no other impurity. The energy spectrum of Ni 2p (Fig. 3(b))
shows two spin-orbit peaks with the binding energies of
854.7 eV and 872.6 eV, corresponding to the peaks of Ni 2p3/,
and Ni 2p,), (the binding energy interval of the two spin-
orbit peaks is 17.9 eV), together with two satellite half peaks
around 861.1 and 879.3 eV, respectively. The Gaussian fitted
peaks at 854.7 and 872.1 eV were assigned to the Ni** state,
while the other peaks at 861.1 and 879.1 eV were assigned to
the Ni*" state.”*?*° The Mn 2p spectrum peaks in Fig. 3(c)
show that the Mn 2p region consists of a spin-orbit doublet
with Mn 2p,,, and Mn 2p;, peaks with the binding energies
of 653.4 eV and 641.7 eV, respectively. Four component peaks
were fitted by the Gaussian deconvolution of the Mn 2p
emission. The fitted peaks at 640.9 eV and 652.2 eV
corresponded to the Mn>" state, while the other two peaks at
644.3 eV and 653.5 eV were ascribed to the Mn®* state.'®?" As
for the O 1s spectra (Fig. 3(d)), the fitting peaks located at
529.7 eV and 531.5 eV can be ascribed to the metal-O bond
and the H-O-H bond, respectively.'®*® Combined with
previous XRD results, it can be confirmed that the prepared
product is pure spinel NiMn,O,.

The morphologies and the microstructure of NiMn,O,
synthesized with the assistance of microwaves at 160 °C for 3
h were observed by both SEM and TEM; the images are
displayed in Fig. 4. The optical images of the Ni foam as well
as the precursor and NiMn,O, on the Ni foam are shown in
Fig. 4(a). Evidently, the microwave-assisted hydrothermal
treatments and the subsequent post-calcination treatments
led to the precursor formation and dehydration reaction of
NiMn,O,, which presented a different colour. As shown in
Fig. 4(b), massive products are evenly attached to the surface
of the 3D porous Ni foam. From Fig. 4(c)-(e), it can be seen
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Fig. 4 (a) Optical images of the Ni foam substrate and the NiMn,O,4
precursor grown on Ni foam and NiMn,O4 on Ni foam. (b-f) The low
and high magnification SEM images of NiMn,O4 on Ni foam. (g-i) The
low and high magnification TEM images of NiMn,O, (inset in Fig. 4(h)
shows the selected-area electron diffraction pattern).

that the as-prepared NiMn,O, exhibits a morphology of
hierarchical flower-like microspheres. Each large microsphere
(~2.5 um in diameter) consisted of many small microspheres
(~0.5 um in diameter). The further detailed image of the
microsphere surface in Fig. 4(f) indicates that these
microspheres consist of thin nanosheets (about 1-10 nm in
thickness on average), which form many micropores (~1.3
nm, see Fig. S1f), ie., the NiMn,O, microspheres self-
assembled with nanosheets. The high specific surface area
(121.2 m* g™', see Fig. S1f) of the as-prepared NiMn,O,
microspheres self-assembled with nanosheets could offer
large contact areas between the electrode materials and the
electrolyte, which was beneficial for enhancing the
electrochemical properties.>*** The NiMn,O, nanosheets of
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high density were uniformly interconnected and distributed,
which can be confirmed by the TEM images shown in
Fig. 4(g) and (h). The diffraction rings shown in the selected-
area electron diffraction (SAED) pattern (inset of Fig. 4(h))
display dispersive distribution and no obvious lattice fringes
can be observed in the high-resolution TEM (HR-TEM) image
(Fig. 4(i)). Therefore, it was reasonable to assume that the as-
prepared nanosheets presented weak crystallinity.**

In order to reveal the hierarchical microsphere formation
sequence of the as-prepared NiMn,O,, a time-dependent
microwave-assisted hydrothermal experiment was conducted
to observe the morphology evolution during the
hydrothermal process. The SEM images of the as-synthesized
products at different hydrothermal times are shown in Fig. 5.
According to Fig. 5(a), it took about 30 min for the autoclave
to ramp up to the pre-set hydrothermal temperature. After
holding for 15 min at 160 °C, thin sheet-like products
consisting of nanosheets were obtained (Fig. 5(b)), which
were similar to NiMn,O, on the Ni foam prepared by the
traditional hydrothermal process at the same temperature for
12 h."® 1t should be noted that many small bumps can also
be observed, as shown in Fig. 5(b). After increasing the
holding time from 15 min to 1 h (Fig. 5(c) and (d)), these
small bumps grew steadily into small microspheres until
their diameters reached ~0.5 um. In this duration, some
early-formed small microspheres attached together to form
larger microspheres (~1-1.5 pum). Further holding led the
small microspheres to aggregate to form large microspheres
until their diameters reached ~2.5 um (Fig. 5(e) and (f)).

Based on the observations of the above-mentioned time-
dependent SEM images, a schematic illustration of the
possible formation mechanism is shown in Fig. 6. In the
initial reaction stage, the manganese source and the nickel
source reacted with each other to nucleate on the surface of

Fig. 5 (a) Temperature and pressure in the time-dependent microwave-assisted hydrothermal process. SEM images of the as-synthesized
products obtained with microwave-assisted hydrothermal times of (b) 15 min, (c) 30 min, (d) 1 h, (e) 2 h and (f) 3 h.
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Fig. 6 Schematic illustration of the formation mechanism for the
NiMn,O,4 microspheres self-assembled with nanosheets.

the Ni foam and form budding nanosheets through regular
growth. Due to the existence of high surface energy on the
nanoscale, fresh nanosheets tend to aggregate and produce
larger particles and primary ultrathin nanosheets begin to
assemble together through an oriented attachment and form
micro-sized fluffy spherical morphology.*® With the further
increase in the reaction time, the fluffy pellets formed in the
previous stage further self-assembled into secondary
microspheres driven by the lowest surface energy and the
Oswald ripening mechanism.**” In short, the formation of
the product occurred in a stepwise manner and the steps
involved were nucleation, regular growth, and the self-
assembly process (from nanosheets to small microspheres
and further aggregation to large microspheres), resulting in a
hierarchical microsphere structure. The morphology
evolution indicated that during the whole hydrothermal
process, the primary nanosheets of NiMn,O, could grow into

View Article Online
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secondary small microspheres, followed by ultimately large
microspheres due to the aggregation of the small
microspheres. It should be noted that the traditional
hydrothermal treatment at the same temperature for 12 h
could only result in the primary nanosheets of NiMn,O,.
After being assisted by microwaves during the hydrothermal
process, the primary nanosheets of NiMn,O, could be
produced in a much shorter time (15 min holding). More
importantly, these primary nanosheets could further grow
into small microspheres and self-assemble into a hierarchical
microsphere microstructure, which could be attributed to the
assistance of microwaves.

The electrochemical performance of the as-prepared
NiMn,0, for supercapacitor applications was evaluated by
cyclic voltammetry in 6 M KOH at different scan rates, as
shown in Fig. 7. From the CV curves of the NiMn,0O, electrode
with a scan rate ranging from 3 mV s to 100 mV s, as
shown in Fig. 7(a), obvious redox peaks can be observed in
the CV curves at all scan rates, which indicates that the as-
prepared NiMn,0O, has high pseudo-capacitance. On the other
hand, all these CV curves exhibit good reversibility and the
current increases on increasing the scan rate.

The CV curves shown in Fig. 7(a) can be employed to
identify the charge storage mechanism of the as-prepared
NiMn,0O,, ie., the capacitive and diffusion-controlled
electrochemical contributions to the current. The CV currents
(/) and scan rates (v) can be explained by the Power law.***°

i=a (3)
It can be further rewritten as follows:

logi=blogv +loga (4)
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Here, a is an adjustable parameter and b is the slope of the
logi vs. logv curve. In general, the slope b = 1 represents that
the charge/discharge processes are dominated by the
capacitive response. In contrast, for an ideal diffusion-
controlled electrochemical process, the slope b is 1/2.
Therefore, the charge storage contribution can be calculated
through the current response (i) at a given potential (V) vs.
the scan rate (v) or the square root of the scan rate (v'/?)
using the following equation:***

i(V) = Iy + k™2 (5)
It can be further rewritten as follows:
(VW2 = k' + & (6)

Here, i(V), k;v and k,v"* represent the total current response
at a given potential, the capacitive contribution current and
the diffusion-controlled contribution current, respectively.
Moreover, k; and k, correspond to the slope and the intercept
of the fitted plot between (V)2 and v'% Thus, once the
values of k; and k, are first determined by the CV curves, the
current contribution by the capacitive and diffusion-controlled
processes can be readily distinguished at each potential. Using
the above equations, the capacity separation curves at 3 mV
s ! were obtained and are shown in Fig. 7(b). The blue shaded
area represents the capacitive contribution, which is about
35.7% of the total capacity. In addition, the contribution ratios
of charge capacity at different scan rates are summarized in
Fig. 7(c). The capacitive contribution ratio increased from
35.7% to 73.6% with the scan rate increasing from 3 to 100
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mV s '. Therefore, the energy storage mechanism of the
prepared spinel NiMn,O, material was dominated by the
diffusion-controlled intercalation process at lower scan rates,
which favoured higher capacitance.*”*> At the same time, the
dominant capacitive contribution at higher scan rates led to a
fast charge/discharge process, which was conducive to a
superior rate performance in the cycling processes.***”

The specific capacitance at different scan rates was also
calculated using eqn (1), which is shown in Fig. 7(d). It can
be seen that the specific capacitance of the as-prepared
NiMn,O, electrode highly depends on the scan rate, ie., a
higher scan rate leads to lower specific capacitance. At a scan
rate of 100 mV s, the calculated specific capacitance was
118.4 F g™'. When the scan rate decreased to 3 mV s, the
specific capacitance increased to 371.7 F g ', which was
higher than that of the reported NiMn,O, materials prepared
by other methods.'®***? As a matter of fact, by slowing down
the scan rate, more active sites within NiMn,O, could be
utilized by the electrolyte ions for each CV circle to contribute
more charges to increase the capacitance. According to the
Trasatti procedure,’® when the scan rate v — 0, full charge
storage, g;.;» from both the inside and outside surfaces is
achieved. On the contrary, when the scan rate v — o, only
the outer surface contributes the charges, which can be
employed to determine the outer surface charge storage,
@ouer- By fitting the plot of 1/g* against v'> and g* against
v Y2 (ref. 38) (Fig. 7(e) and (f)), the calculated total and outer
surface specific capacitances exhibited by the electrode were
971.9 F g' and 82.1 F g™" at the potential window of 0.7 V,
respectively. The significant difference in the specific
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contributions indicated that the capacitance of the as-
prepared spinel NiMn,O, material was dominated by the
faradaic process, which could be attributed to the more
abundant and easily accessible active sites within the as-
obtained products due to the hierarchical microsphere
microstructure self-assembled with nanosheets. More
importantly, the dense micropore structures provided easier
access paths for the electrolyte.

Fig. 8(a) shows the charge-discharge curves between -0.2
and 0.45 V at different current densities from 1 to 10 A g ™.
Clearly, all the discharge curves have an obvious inflection
point of the offset linear characteristic around 0.25 V, which
is consistent with the peak potential on the CV curve. The
specific capacitance of the NiMn,O, electrode at different
current densities calculated by eqn (2) is shown in Fig. 8(b).
At a current density of 1 A g, the specific capacitance of the
NiMn,O, electrode was up to 768.9 F g ', which was larger
than previously reported values. The performance
comparison of the NiMn,O,-based electrodes prepared by
different methods is shown in Table S2, ESIL} In addition, the
electrode displayed an excellent rate performance and could
deliver a large specific capacitance of 354.0 F g at a high
current density of 10 A g”". The electronic resistance of the
as-prepared NiMn,0, electrode was measured by EIS. The
obtained complex-plane Nyquist plots (imaginary part, —=Z” vs.
real part, Z') and the values of the fitting of the EIS data are
illustrated in Fig. 8(c) and Table S3,f respectively. The
impedance plot in the low-frequency region was nearly linear
with the inclination angle approaching 70°, which indicated
the much lower diffusion resistance of the electrolyte (OH™
ions) transport to the NiMn,O, electrode during storing
energy. The enlarged view of the EIS plot at the high
frequency region displays an approximate semicircle
characteristic, and the charge transfer resistance (Rct) is
quite small (~0.1 Q), which indicate that the NiMn,O,
electrode possesses very low charge transfer resistance and
fast diffusion/transport properties.”’>* Additionally, the cycle
performance of the NiMn,O, electrode was measured at 5 A
g for 6000 cycles (Fig. 8(d)). The electrode exhibited good
long-term cycling stability, which could be confirmed by the
results that the specific capacitance remained at 85.8% and
had near 100% Coulombic efficiency after 6000 cycles.
Obviously, the prepared spinel NiMn,O, microspherical
material self-assembled with nanosheets exhibits an excellent
electrochemical performance and is bound to have broad
application prospects in high-performance supercapacitors.

Conclusions

By introducing microwave assistance in the hydrothermal
process, spinel NiMn,O, composed of unique flower-like
microspheres self-assembled with nanosheets was directly
grown on a 3D nickel foam. The as-obtained NiMn,O,
exhibited a specific capacitance up to 768.9 Fg ' at 1 A g™ in
the charge-discharge test and excellent cycling stability
(85.8% capacity retention and near 100% Columbic efficiency

This journal is © The Royal Society of Chemistry 2020
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after 6000 cycles at 5 A g'). The electrochemical tests
revealed that the charge storage mechanism of the as-
prepared NiMn,0, was dominated by the diffusion-controlled
process at low scan rates, while the capacitive process was
dominant as the scan rate increased. Further calculations
indicated that the as-obtained NiMn,O, could store a
maximum specific capacitance as high as ~680.3 C g*
(equivalent specific capacitance ~971.9 F g ') at a potential
window of 0.7 V. The exceptional electrochemical properties
of the obtained product were attributed to its self-assembled
hierarchical ~microsphere assisted by
microwaves during the hydrothermal process; thus, it shows
a great potential in commercial supercapacitor applications.

microstructure
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