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In this work, the well-dispersed LiMnOy nanowires of diameter 100 nm were
successfully prepared via a simple one-pot hydrothermal method. The mor-
phology of the nanowires during their growth was dependent on the reaction
time. The LiMnO, nanowires were possibly formed by a nucleation and re-
growth process. The LiMnO, nanowires-graphene nanoplatelets (LiMnOo
nanowires-GNP) composite was then prepared by the direct milling of one-
dimensional LiMnO, nanowires and two-dimensional GNP. The LiMnO; na-
nowires-GNP composite was employed as an electrode material to investigate
its electrochemical performance. The LiMnO, nanowires-GNP composite
exhibited an outstanding mass-specific capacitance of 147 F g~ at 5 mV s %,
as revealed by cyclic voltammetry measurement. This was more than three
times higher than that exhibited by LiMnO, nanowires (41 F g~'). The cycling
performance of LiMnO, nanowires-GNP electrode revealed a capacitance
retention of 86% after 1000 charge—discharge cycles at 5 A g~!, which was
superior to that exhibited by the LiMnO, nanowires. Besides, the resistance of
the LiMnOy, nanowires-GNP was lower than that of LiMnOs; nanowires,
demonstrating that these hybrids could be considered as next generation
electrode materials for electrochemical energy storage and conversion devices.
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INTRODUCTION

Over the past few years, significant efforts have
been devoted to the development of alternative
energy storage and conversion devices of high
energy and power densities and long cycle time.
This is primarily because of the gradually increas-
ing environmental concerns and the exhausting
fossil fuels.! It is extremely essential for researchers
to explore various kinds of energy storage and
conversion systems. Until now, as an intermediate
system between dielectric capacitors and batteries,
electrochemical capacitors have attracted much
attention as next generation energy storage devices
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because of their high power density and good cycling
performance.?® However, their lower energy den-
sity as compared with that of the batteries restricts
their application as next generation energy devices.
An effective method of enhancing the energy density
is to improve the capacitive performance of electro-
chemical capacitors.*® The most effective strategy
for optimizing the capacitive performance is to
develop hybrid electrodes with carbon materials
and metal oxides,® wherein the carbon materials
serve as a physical support for metal oxides and
provide efficient electron transfer channels to
improve the power density and conductivity of the
metal oxide materials. These metal oxide materials
store the charge of redox reactions and render high
energy density to these electrodes. These hybrid
electrodes can overcome the individual defects of the
carbon and metal oxide materials. Therefore, in
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order to achieve capacitors with outstanding elec-
trochemical performance, it is essential to develop
hybrid electrode materials possessing outstanding
electrical conductivity and high charge storage
capacity.

Nanowires and nanoplatelets can significantly
influence the performance of supercapacitors,
because the shorter distance in the low dimensional
materials render high rates of metal ion transport
during intercalation and deintercalation.’ !
Although there are many reports on the synthesis
of low dimensional materials, the preparation of
one-dimensional cathode nanowires still proves to
be a challenge.'? LiCo0,,'? LiFePO,,*
Nag 35MnO,,'® and Ky 1oMnO5'® nanowires have
been synthesized by a template-assisted method
using porous SiOy template or MnO, nanowire
template. However, as cathodes in supercapacitors,
these composite metal oxide nanowires do show very
high capacitance compared with the corresponding
bulk materials. Recently, the introduction of carbon
materials was found to be effective in enhancing the
electrochemical properties of the composite metal
oxide nanowires.'” Particularly, layered graphene,
owing to its large surface area, excellent conductiv-
ity, and chemical stability, was found to be an
outstanding carbon substrate for hosting active
materials in storage energy systems.'® For example,
Rai et al. prepared a novel hybrid material of
Ni(OH)y; and reduced graphene oxide by a facile
non-hydrothermal route. This material had a high
specific capacitance of 1671.7F g~! at a current
density of 1 A g~1.'® Ultrafine NiO dot/graphene
flakes synthesized using a green electrochemical
alternating voltage method exhibited a specific
capacitance of 1181.1 F g!, which was much
higher than that exhibited by pure NiO dots.°
Moreover, Wang et al. reported the synthesis of
Co304 nanoclusters on flocculent graphene/nickel
foam, which showed an improved specific capaci-
tance of 1615 F g !, as compared with the capaci-
tance of 968 F g~ " exhibited by Co304 on bare nickel
foam.?! The overall performance was enhanced
because the large surface area and high electrical
conductivity of the hybrid material favored a facile
charge transport, while the layer structure ensured
the easy diffusion of electrolytes.

In this work, uniform LiMnO, nanowires were
successfully prepared via a one-pot hydrothermal
method. We also employed LiMnO, nanowires-
graphene nanoplatelets (GNP) composite as a
hybrid electrode material in electrochemical capac-
itors. The hybrid electrode could overcome the
defects of carbon materials and transition metal
oxide materials. GNP served as a physical support
for LiMnO, nanowires and provided an efficient
electron transfer channel to increase the conductiv-
ity of LiMnO, nanowires, which could store the
charge of redox reactions and impart high energy
density to the electrodes. To the best of our knowl-
edge, only a few studies on the synthesis of LiMnO,

nanowires-GNP composite have been reported thus
far. The electrochemical performances of the
LiMnO, nanowires-GNP composite as well as the
individual components were investigated for com-
parison. A possible formation mechanism of LiMnO,
nanowires has also been proposed. The capacitance
of LiMnO, nanowires-GNP composite in 1 M KOH
electrolyte was much higher than that of the
individual components. It exhibits superior
charge—discharge properties and outstanding
cycling lifetime, suggesting their potential applica-
tion in energy storage systems.

EXPERIMENTAL SECTION
Synthesis of LiMnO; Nanowires

All the reagents were of analytical grade and used
directly without further purification. Typically,
0.2 g of Mn,03 powder was dispersed in 50 ml of
5 M aqueous LiOH. After stirring for 30 min, the
above suspension was transferred into the Teflon-
lined autoclave and heated at 205°C. Samples were
withdrawn at intervals of 24 h, 48 h, 72 h, and 96 h
for analyses. Subsequently, the wine brownish black
precipitate was separated by centrifugation and
washed several times with deionized water and
ethanol before drying at 100°C in an oven. The final
products were collected for characterizations and
further preparation of LiMnO,; nanowires-GNP
composite.

Synthesis of LiMnO,; Nanowires-GNP Com-
posite

Commercial GNP was purchased from Plas-
machem. Typically, 0.008 g GNP and 0.024 g
LiMnO, nanowire powder were dispersed in
40 mL isopropyl alcohol, and the dispersion was
exposed to ultrasound irradiation under ambient air
for 120 min. The black mixture was centrifuged,
and the precipitate was washed with deionized
water and ethanol several times before drying at
80°C in an oven. The final products were obtained
for characterization and further preparation of the
electrode material.

Characterizations

The phases of the synthesized samples were
examined by x-ray powder diffraction (XRD) using
Cu Ko-radiation (1 = 0.154 nm) at a scanning rate of
5°min~' in the 20 range from 10° to 80°. The
morphologies and sizes of the powders were exam-
ined by field emission scanning electron microscopy
(FESEM; JSM-6360LA, Japan). Ny adsorption—des-
orption isotherms were recorded on a Micromeritics
ASAP 2010 adsorption analyzer, and the Brunauer—
Emmett-Teller (BET) specific surface area was
calculated.

The electrode materials were prepared by mixing
powdered LiMnOy nanowires-GNP composite, acti-
vated carbon, and poly (vinyl alcohol) onto a nickel
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foam, at a weight ratio of 80:10:10. KOH (1 M) was
used as the electrolyte. LiMnO, nanowire electrode
for the control experiment was prepared in a way
similar to that of the LiMnO, nanowires-GNP
composite electrode.

The electrochemical properties of the synthesized
samples were measured in a three-electrode cell
system, in which a saturated Ag-AgCl electrode
(SCE) and Pt were used as the reference and
counter electrodes, respectively. Cyclic voltammetry
(CV) and galvanostatic charge—discharge curves
were recorded on a Princeton Applied Research
Electrochemical Workstation. The capacitance was
calculated based on the weight of the active cathode
material. The specific capacitance (C) is defined by
the equation: C = (fIdV)/(m x AV xv), where I, m,
v, and AV represent the working current, mass of
active materials, scan rate of the working current,
and range of voltage, respectively.

RESULTS AND DISCUSSION

The XRD pattern of the brown powdered sample
prepared hydrothermally is displayed in Fig. 1. All
the main diffraction peaks could be indexed to a
spinel phase LiMnO,; with lattice parameters
a =2.812 A and ¢ = 1.629 A, which was consistent
with the standard XRD database (PDF card No. 09-
0109). No diffraction peaks corresponding to impu-
rities were observed in the XRD pattern, indicating
that the product was entirely composed of pure
LiMnO, nanowires.

The SEM images of LiMnO; samples at various
time points during its synthesis, keeping the other
conditions constant, are shown in Fig. 2. Figure 2a
shows that a small amount of nanoplatelets and
some bulk precursor were obtained after 24 h in the
one-pot hydrothermal synthesis. After for 48 h
(Fig. 2b), two-dimensional layered products with

LiMnO2
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Fig. 1. XRD pattern of LiMnO, powders synthesized hydrothermally.
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large surface area were observed, which gradually
grew into a one-dimensional assembly of nanowires
along one growth direction of microplates after 72 h
(Fig. 2¢). After 96 h, well-dispersed and uniform
LiMnO, nanowires (Fig. 2d) were obtained, along
with a concomitant disappearance of the nanoplate-
lets. The nanowires were about 100 nm in diameter.
The above results indicated that the morphology of
LiMnO, nanowires was strongly influenced by the
reaction time.

Based on the morphology transformation at dif-
ferent time points in the reaction, we speculated
that the formation of LiMnO, nanowires followed
the nucleation and regrowth process®?; a possible
formation mechanism of different morphologies is
illustrated in Fig. 3. With increasing reaction time,
the LiMnO, products gradually changed from
nanoplatelets to nanowires, because the precursor
Mny03 behaved as a thermodynamically stable nu-
cleus onto which MnyO3 could diffuse. This helped
LiMnO, transform into nanowires. Moreover, the
uniformity of the nanowires was better with pro-
longed reaction times, as the nanoplatelets disap-
peared, and the one-dimensional nanowires
appeared.?

The typical XRD pattern and SEM image of
LiMnO, nanowires-GNP composite (mass ratio of
LiMnO, nanowires to GNP is 3:1) are shown in
Fig. 4. Figure 4a shows that the LiMnOs nano-
wires-GNP composite displays two kinds of phases.
The main phase comprised pure LiMnOy nanowires,
which was consistent with the data in Fig. 1 (PDF
card No. 19-0105). The diffraction peaks at 20
values of 25° and 42.5° (labelled with triangles)
are consistent with the GNP phase. No diffraction
peaks corresponding to the impurities were
observed in the XRD pattern, indicating that the
product was composed of LiMnO, nanowires and
GNP only. The SEM image at the right of Fig. 4b
confirmed the successful fabrication of the LiMnO,
nanowires-GNP composite, which was achieved by
sonicating a mixture of one-dimensional LiMnO,
nanowires and two-dimensional GNP for 1 h. The
final products were collected for further electro-
chemical experiments.

The N, adsorption—desorption isotherms of
LiMnO, nanowires and LiMnOs; nanowires-GNP
composite are displayed in Fig. 5. The figure in the
inset shows their corresponding pore size distribu-
tions. For the LiMnO, nanowires-GNP composite,
the BET surface area and pore volume are
73.9 m? g7 ! and 0.15 cm® g}, respectively, which
are larger than those of the LiMnO, nanowires
(4.1 m?> g ! and 0.014 cm® g ).

The electrochemical performances of the samples
as cathodes in an electrochemical capacitor were
examined in a three-electrode system by using 1 M
KOH as the electrolyte. The CV curves of the LiMnO,
nanowires and LiMnOy nanowires-GNP composite,
recorded at scan rates varying from 5 mV s ! to
100 mV s~ !, are shown in Fig. 6a and b, respectively.
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Fig. 3. Schematic illustration of the formation mechanism of the LiMnO, nanowires at different time points during the hydrothermal synthesis: (a)
0 h, bulk; (b) 24 h, plate; (c) 48 h, flake; (d) 72 h, bundle; (e) 96 h, nanowire.

In the working potential range of 0-0.5 V, the shapes mechanism of the electrochemical reaction can be
of the CV curves correspond to a typical battery-like proposed based on a similar reaction®®:

capacitive behavior that results from the faradaic

redox reaction of Mn*?>/Mn** in the LiMnO, nano- LiMnO Chgge LiMn:_.O Mn** -
wires and LiMnOg nanowires-GNP composite during 1vin 2Disc<ﬁarge iMn;_,Og +xMn™" + xe

the charge and discharge processes.>*?® The
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Fig. 4. (a) XRD pattern and (b) SEM image of LiMnO, nanowires-GNP composite.
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Fig. 5. N, adsorption—desorption isotherms and the corresponding pore size distribution (inset) of (a) LiMnO, nanowires and (b) LiMnO,

nanowires-GNP composite.

The area under the CV curve is proportional to
the charge stored during the anodic and cathodic
scans. So, the CV curves were used to calculate the
mass-specific capacitance. The plots of the mass-
specific capacitance versus scan rates (in the range
5-100 mV s~ 1) for both the electrodes materials are
depicted in Fig. 6¢. Similar to that observed in
typical electrochemical capacitors, the specific
capacitance of the LiMnO, nanowires and LiMnO,
nanowires-GNP composite increased with decreas-
ing scan rates. This is because of the limited
diffusion of the electrolytes into the electrode mate-
rials, arising from the random distribution of pores
on the surface of the electrodes.?’” The maximum

mass-specific capacitance of LiMnO, nanowires-
GNP composite obtained was as high as 147 F g*
at 5mV s™!, which was more than three times
higher than that of LiMnO, nanowires (41 F g™ 1).
The LiMnO, nanowires-GNP composite provides
thorough access of the electrolyte ions to the
electrode surface because of the good conductivity
of graphene, leading to superior capacitance in
comparison with the LiMnO, nanowires.?® In order
to further investigate the charging and discharging
properties of LiMnOy nanowires and LiMnO,
nanowires-GNP electrode materials, the galvanos-
tatic charge—discharge characteristics were mea-
sured at a current density of 1 A g~ ' in the potential
range 0-0.5 V. The charge—discharge curves of the
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Fig. 6. Electrochemical characterizations of LiMnO, nanowires and LiMnO, nanowires-GNP composite as cathode materials in electrochemical
capacitors: (a, b) CV curves of the two samples at various scan rates, from 5 mV s~' to 100 mV s~ (c) variation in the mass-specific
capacitance of the two CV curves as a function of the scan rate, (d) galvanostatic charge—discharge curves of LiMnO, nanowires and LiMnO,

nanowires-GNP electrodes at a current density of 1 A g~", (e) cycling performances of the two electrode materials at a current density of 5 A g~
for 1000 cycles.
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Fig. 7. (a) Nyquist plots of LiMnO, nanowires and LiMnO, nanowires-GNP composite as the cathode materials and (b) Nyquist plots of LiMnO,
nanowires-GNP samples before and after fitting. Inset shows the fitted equivalent circuit: Wo, CPE, Rs, Cdl, and Rct refer to Warburg impedance,
faradaic pseudocapacitance, series resistance, double layer capacitance, and faradaic charge transfer resistance, respectively.

electrodes presented in Fig. 6d are non-triangular,
which are characteristic of pseudocapacitors. This
also illustrates that the capacitive performance of
the LiMnOy, nanowires-GNP electrode material is
more stable and reliable than that of LiMnO,
nanowires. Moreover, the galvanostatic charge—
discharge profiles are also used to calculate the
capacitances using the formula Cy = (I*A¢)/(AV*m),
where I, AV, At, and m represent discharge current,
discharge time, potential window, and mass of the
active materials, respectively. Using this equation,
the specific capacitance of our LiMnOy nanowires-
GNP electrode material was calculated to be
70 F g~ . This value is within the capacitance range
43-147F g, calculated from the former CV
curves, demonstrating that the capacitances calcu-
lated from the two curves agree with each other.

The cycling stability of the LiMnO; nanowires
and LiMnO, nanowires-GNP composite electrodes
were also examined from the galvanostatic charge—
discharge profiles at a current density of 5 A g~ for
1000 cycles. Figure 6e clearly shows that the capac-
itance retention of the LiMnOs nanowires-GNP is
86% after 1000 cycles, which is 20% higher than
that of LiMnOs nanowires.

Finally, electrochemical impedance spectroscopy
was performed to obtain further insights into the
electrochemical properties of LiMnO, nanowires
and LiMnO, nanowires-GNP electrode materials.
From the x-axis intercepts of the Nyquist plots
(Fig. 7a), the internal resistances of the LiMnO,
nanowires-GNP electrode and LiMnOsy nanowires
electrode were calculated to be 1.03 Q and 1.4 Q,
respectively.’ This suggested that LiMnO, nano-
wires-GNP composite has lower interparticle resis-
tance as compared with LiMnO, nanowires.
Figure 7b shows the Nyquist plots of the LiMnO,
nanowires-GNP electrode before and after fitting;

the inset in Fig. 7b suggests a good fit of the Nyquist
plot with the equivalent circuit.

CONCLUSIONS

In summary, well-dispersed one-dimensional
LiMnO, nanowires of diameter of 100 nm were
successfully prepared via a simple one-pot
hydrothermal method. Based on the morphology
transformation at different time points in the
reaction, we proposed that the formation of LiMnO,
nanowires followed a nucleation and regrowth pro-
cess. The LiMnO, nanowires-GNP composite was
then synthesized by the direct milling of one-
dimensional LiMnO, nanowires and two-dimen-
sional GNP. The LiMnO, nanowires-GINP composite
exhibited an outstanding mass-specific capacitance
of 147 F g~ at 5 mV s™', as revealed by the cyclic
voltammetry measurement. This was more than
three times higher than that exhibited by LiMnO,
nanowires (41 F g71). The cycling performance of
LiMnO; nanowires-GNP electrode revealed a capac-
itance retention of 86% after 1000 charge—discharge
cycles at 5A g !, which was better than that
exhibited by the LiMnOy nanowires. Besides, the
resistance of the LiMnOs nanowires-GNP was lower
than that of LIMnO, nanowires, demonstrating that
these hybrids could be considered as next genera-
tion electrode materials for electrochemical energy
storage and conversion devices.
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