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NiMn,0,/C hierarchical tremella-like nanostructures
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Porous hierarchical NiMn,0,/C tremella-like nanostructures are obtained through a simple

solvothermal and calcination method. As anode of lithium ion batteries (LIBs), the porous
NiMn,0,/C nanostructure exhibits superior specific capacity, excellent long-term cycling
performance even at a high current density. The discharge capacity can stabilize at 2130 mAh
g™' within 350 cycles at a current density of 1000 mA g™'. After long-term cycling of 1500
cycles, the capacity is still as high as 1773 mA h g ' at a high current density of 4000 mA g,
which is almost five times higher than the theoretical capacity of graphite. The porous
NiMn,O,4/C hierarchical nanostructure provides sufficient contact with electrolyte and fast
three-dimensional Li* diffusion channels, and dramatically improves the capacity of

www.rsc.org/Nanoscale

NiMn,0,/C via interfacial storage.

1. Introduction

Hierarchical nanostructures or superstructures have attracted
extensive attention owing to the synergistic effects of their
nanometer-sized building blocks and overall micrometer-sized
structures.'® These hierarchical structures not only provide
characteristic size effects, they also give desirable mechanical
strength, facile ion transportation and easy recycling. They are
considered promising candidates for applications in high
performance energy conversion and storage devices, 2
catalysts,''"'* and adsorbents.*'* These hierarchical structures
are also important for electrode materials for lithium ion
batteries (LIBs) and exhibit superior electrochemical
performances because of their unique properties comparing
with their bulk counterparts. '*°

As an important spinel binary metal oxide, NiMn,O, has been
applied in many fields, such as magnetism,**?' catalysis,?
negative temperature coefficient thermistors,”® sensors,?*
supercapacitor, etc.”>*® NiMn,O, nanostructures have been
synthesized by various methods including solid-state reaction,”’
co-precipitation,”® sol-gel,” and microemulsion-mediated
routes.”’ Additionally, precursor method has been widely used
to prepare binary metal oxides such as ZnMn,0,;, CoMn,0y,,
NiMn,O,, and CuMn,O, etc.3®*  Porous NiMn,O,
nanostructures have been successfully prepared using oxalate
plrecursor,ZI’25 and exhibit improved electrochemical
performance due to their porous characteristic. As anode
candidates of LIBs, nanostructured transition metal oxides have
attracted much attention for their merits of high surface-to-
volume ratio and short path length for Li-ion diffusion.’®*!
Particularly, binary metal oxides have been among the most
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widely investigated alternative anode materials because of their
much higher specific capacities (~ 1000 mA h g™") comparing to
that of conventional graphite (372 mA h g ').*** Among these
oxides, Mn-based oxides AMn,O, (M=Co, Zn, Mn) exhibit
excellent anodic performance. Lou’s group reported a capacity
of 750 mA h g in ZnMn,O, after 120 cycles,*® and a capacity
of 624 mA h g’l in CoMn,0, after 50 cycles.31 CoMn,0O, anode
was also reported to have a capacity of 706 mA h g ' after 25
cycles by Xiong’s group.'’

Considering that nanostructured nickel-based oxides are also
electrochemically active and can contribute to the lithium
storage capability, we studied the electrochemical performances
of Ni-containing Mn-based oxide as an anode material for LIBs.
Recent studies showed that hierarchical geometries especially
porous nanostructures can significantly increase capacities of
oxide anode materials due to interfacial lithium storage as
reported by Maier et al and re-oxidization to a higher oxidation
state upon cycling.**>' Herein, we report a porous NiMn,0,/C
hierarchical tremella-like nanostructure assembled with
nanoparticles via a simple solvothermal and calcination method
for LIB application. This porous hierarchical nanostructure
effectively facilitates Li* ion transport by decreasing the
diffusion distance and accommodates volume changes during
charging/discharging processes. As anode of LIB, this tremella-
like nanostructure exhibits a stable capacity of ~2130 mAh g
at a high current density of 1000 mA g after 350 cycles.
Moreover, it still retains a capacity of ~1773 mAh g even at a
higher current density of 4000 mA g after 1500 cycles,
indicating its potential applications for LIBs with long cycle
life and high power density.
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2. Experimental
2.1 Preparation of NiMn,0,/C

All reagents were used as received. Typically, 0.5 mmol of
Ni(CH3;COO0),*4H,0, 1.0 mmol of Mn(CH3;COO),*2H,0 and 3
mmol of hexamethylenetetramine were dissolved into a mixed
solvent of 5.0 mL water and 25.0 mL triethylene glycol (TEG).
The above solution was then transferred into a Teflon-lined
stainless steel autoclave and held at 180°C for 16 h. After
naturally cooled to room temperature, precursor precipitate was
collected by centrifugation, washed several times with
deionized water and ethanol, and vacuum dried at 60°C for 12
h. The obtained precursor was mixed with polyacrylonitrile
(PAN) at a weight ratio of 5:1 in a solvent of N, N-
dimethylformamide and then dried at 150 °C on a hot plate. To
obtained the final product of NiMn,0,4/C, the above mixture
was first calcinated at 250 °C in air for 3 h and then at 600 °C
in N, for 3 h.

2.2 Materials characterization

X-ray diffraction (XRD) measurements were carried out on a
Siemens D-500 diffractometer using Cu Ka radiation. Scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) were respectively carried out with a Philips
XL30 FEG SEM and a Philips FEG TEM CM200 (operated at
200 kV). X-ray photoelectron spectroscopy (XPS) analysis was
performed in a VG ESCALAB 220i-XL UHV surface analysis
system with a monochromatic Al Ka X-ray source (1486.6 eV).
Thermogravimetric analyzer (TGA) measurement was
performed under air atmosphere at a heating rate of 10 °C min™'
from room temperature to 600°C. Fourier transform infrared
spectroscopy (FTIR) measurements were performed on a
VERTEX-70 spectrometer using the KBr tablet method.

2.3 Electrochemical measurements

Working electrodes were prepared by mixing NiMn,0,/C with
acetylene black and sodium alginate at a weight ratio of 5:3:2
and with a total weight loading of 1.2 = 0.3 mg cm™. LiPF
solution (I mol L) in an ethylene carbonate and dimethyl
carbonate mixture (1:1, v/v) was used as the electrolyte.
Galvanostatic cycling tests were measured using a Macco
Instruments system. Cyclic voltammetry (CV) measurements
were carried out over a potential window of 0.01-3.0 V with an
electrochemical workstation (CHI 660D). Electrochemical
impedance spectroscopy (EIS) was carried out on a ZAHNER-
elektrik IM6 over a frequency range of 100 kHz to 10 mHz.

3. Results and Discussion

Tremella-like carbonate precursor was obtained with the
described solvothermal process. To obtain the desired
bimetallic salt, instead of a mixture of the two monometallic
salts, the processing conditions have to be optimized such that
the solubility of the desired bimetallic salt should be lower than
those of the individual monometallic salts.?! To realize this,
polyol is usually used in the solvothermal reaction.’*** In our
studies, the mixture of TEG and water (5:1, V/V) was used as
the solvent for the preparation of the binary metal carbonate
precursor with tremella-like nanostructures. A series of control
experiment has also been carried out to emphasize the
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importance of solvent (Fig. S1, S2) and the raw materials of
acetate (Fig. S3) on the formation of carbonate precursor with
the tremella-like nanostructures.
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Fig. 1 (a) XRD patterns of NiMn,O,/C and its precursor
Ni;3sMn,;3CO;; XPS spectra for the as-prepared NiMn,O,
nanostructure: (b) a survey spectrum, (c) a Mn 2p and (d) a Ni

2p core level spectra.

The bottom curve of Fig. 1a shows XRD patterns of the as-
prepared precursor. All the peaks can be well indexed based on
the standard XRD patterns of MnCO; (JCPDS No. 86-0173)
and NiCO; (JCPDS No. 78-0210). Together with the energy
dispersive spectroscopy (EDS) analysis (Fig. S4), the precursor
can be confirmed as Nij;;Mn,;CO;. After mixed with PAN and
calcinated at 600°C, all the diffraction peaks in the XRD
patterns (the top curve in Fig. 1a) of the obtained sample can be
assigned to well-crystallized cubic spinel NiMn,0O,4 (JCPDS No.
84-0542). Oxidation state of the corresponding transition metal
ions in the obtained sample is further investigated with X-ray
photoelectron spectroscopy (XPS). A survey spectrum (Fig. 1b)
shows the presence of Ni, Mn, and O as well as C and there is
no other impurity. A Mn 2p core level spectrum (Fig. 1¢) shows
two major peaks with binding energies of 641.7 and 653.2 eV,
assigned to the Mn 2ps, and Mn 2p;,, peaks, respectively.'’
After refined fitting, the spectrum composes of four peaks.
Those with binding energies of 641.8 eV and 653.3 eV are
ascribed to Mn®". Another two peaks at 640.7 eV and 652.3 eV
are ascribed to Mn*". Similarly, the Ni 2p spectrum (Fig. 1d)
shows two spin-orbit doublets characteristics of Ni’" and
Ni*" states and shake-up peaks at around 861.2 and 879.7 eV at
the high binding energy side of the Ni 2ps, and Ni 2p;,
edge.>"°® The fitted peaks at 854.5 and 872.1 eV are attributed
to Ni**, while the other peaks at 855.8 and 874.0 eV are related
to Ni*". According to the XPS analyses, the couples of
Mn**/Mn?" and Ni**/Ni*" are coexisting in the spinel NiMn,O,
nanostructures. The atomic ratio of Ni and Mn is ~1:2 based on
the areas of their corresponding XPS peaks.

Fig. 2a displays SEM images of the as-prepared
Nij;3Mn,;3CO; precursor. It can be seen that the precursor has a
tremella-like hierarchical morphology assembled by many
nanoplatelets as shown in the inset of Fig. 2a. It was found that
morphology of the obtained precursor depends strongly on the
reaction solvent. Only irregular aggregates composed of small
particles can be formed if water was used as the solvent (Fig.
S1). Meanwhile, if the solvent is pure TEG, the obtained
precursor shows non-uniform feather-like structures (Fig. S2a,
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2b). Star-like structures can be obtained in a solvent of TEG
and water with a ratio of 1:1 (Fig. S2c, 2d). TEM observations
indicated that the carbonate precursor can be well dispersed
(Fig. 2b), and many nanoplatelets were integrated into a
tremella-like hierarchical structure (inset of Fig. 2b).

: A2y £
Fig. 2 (a) SEM and (b) TEM images of the Ni;;3Mny;CO;
precursor. The insets are the corresponding magnified images.

To get more insight into the actual evolution process of the
tremella-like precursor structure, a series of time-dependent
experiments were performed, and intermediate products were
obtained at different reaction intervals (Fig. S5). The XRD
patterns indicate that the carbonate precursor forms from the
initial reaction stage and the crystallinity increases along with
the reaction time. The sequential SEM images reveal a
morphological evolution from random particles to the
coexistence of particles and flakes, then the coexistence of
particles, flakes and flake aggergate, and finally to the 3D
hierarchical tremella-like nanostructures. We propose a
precipitation-dissolution-recrystallization-oriented aggregation
mechanism to explain the formation of the Ni;;3Mn,;3CO;
tremella-like structure. Finally, after calcination, porous
NiMn,0,/C nanostructures can be obtained. Preparation of the
tremella-like hierarchical structure is schematically illustrated
in Fig. 3.

) ® Precipitation

Recrystallization 5 ‘ g

Niy3Mny/5C0; Niy/sMn;/5C05
~ Calcination * Aggregation
PAN iy
NiMn,0,/C Niy/sMn,/sCOs

Fig. 3 Schematic diagram for the formation of Ni;;3Mn,;CO3
tremella-like structure and porous NiMn,0,/C nanostructures.

After calcination with PAN, the precursors transformed into
porous NiMn,0,/C tremella-like nanostructures, as shown in
Fig. 4. It should be noted that after mixed with PAN, the
hierarchical tremella-like structures are thermally stable, while
the structures collapse after heat treatment without using PAN
(Fig. S6). Additionally, the calcination treatment with PAN
deposit non-uniform carbon films (marked with white arrows)
on the tremella-like nanostructures as shown in Fig. 4a and 4b,
which is beneficial for LIB applications. As the contrast of the
carbon films differ considerably from that of the NiMn,O,
nanostructures, it is difficult to simultaneously show their
images clearly. We have adjust the contrast of Fig. 4a and 4b,
such that the carbon films can be more clearly shown in Fig.
S7. Meanwhile, the tremella-like nanostructure becomes porous
and composed of numerous nanoparticles as shown in the inset
of Fig. 4b. EDS microanalysis of the NiMn,0O,/C hierarchical
tremella-like structures is shown in Fig. S8. The nanostructures
were found to contain only Ni, Mn, O and C, and the ratio of Ni
and Mn is about 1:2, further confirming the formation of pure
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NiMn,0,. Also the C content is shown by FTIR and estimated
to be 0.75 wt% based on the TGA analysis (Fig. S9). In
addition, energy dispersive x-ray spectroscopy mapping (Fig.
S10) show the homogeneity of Ni, Mn and O in the tremella-
like structures. The porous characteristic of the NiMn,0,/C
hierarchical nanostructures was further examined via TEM
observations (Fig. 4c). Brunauer—-Emment—Teller (BET)
analysis of the porous NiMn,0,/C tremella-like structures gives
a specific surface area of 38.9 m> g, a pore volume of 0.237
cm’® g as shown in Fig. SI11. In addition, an SAED pattern
(the inset in Fig. 4c) of the NiMn,O, nanostructure shows its
polycrystalline nature. An HRTEM image (Fig. 4d) shows
lattice fringes with interplanar spacing of 0.233, 0.204 and
0.289 nm corresponding to the (222), (400) and (220) planes of
the spinel NiMn,O, phase, respectively

Fig. 4 (a, b) SEM images, (c) TEM image and (d) HRTEM
image of the porous NiMn,0,/C tremella-like nanostructures;
the inset in panel (b) is the magnified SEM image; and the inset
in panel (c) is the corresponding SAED pattern.

Electrochemical performance of the tremella-like NiMn,O,/C
hierarchical nanostructures as anode material for LIB was first
investigated by cyclic voltammetry (CV). Fig. 5a shows the
first five CV curves of the NiMn,O,/C electrode at a scanning
rate of 0.2 mV s™ over the voltage range of 0.01-3.0 V. In the
first cycle, the broad peak between 0.30-0.90 V can be
attributed to the reduction of NiMn,0O4 to Mn and Ni. In the
anodic process, two broad oxidation peaks located at ~1.25 V
and ~1.96 V, are ascribed to the oxidation of Mn to Mn>" and
Ni to Ni*".'” %7 In the second cycle, the cathodic peaks at 1.02
and 0.53 V correspond to the reduction of Mn** to Mn*" and
Mn?* or Ni*" to metallic Mn or Ni, respectively. In the
following cycles, the redox peaks move to lower potentials,
while the anodic peaks show little changes. Apparently, the
differences in the second cycle indicate a different
electrochemical mechanism from the first anodic process. For
the following cycles, the CV curves are almost overlapped,
implying excellent electrochemical reversibility. Based on the
above CV analysis, the electrochemical reactions for the
NiMn,O, electrode can be summarized as follows: 7%’

NiMn,0, + 8Li* + 8e~ — Ni + 2Mn + 4Li,0 (1)
Ni + Li,O © NiO + 2Li* + 2e~ 2)
Mn + Li, 0 & MnO + 2Li* + 2e- (3)
2MnO + 1/3 Li,0 —» 1/3Mn30, + 2/3Li* +2/3 e~  (4)

Nanoscale, 2014, 00, 1-3 | 3
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Fig. 5b shows typical discharge-charge curves of the LIB
with the NiMn,0,/C tremella-like anode at 1000 mA g ' over a
voltage range of 0.01-3.0 V. The initial discharge capacity is
1617 mA h g ! with a corresponding Coulombic efficiency
(CE) of 62.8%. The 37.2% capacity loss is mainly attributed to
the formation of solid electrolyte interphase (SEI) during the
first discharge process.’® The discharge capacities in the 2nd
and 150th cycles are 997 and 979 mA h g ', respectively, which
are both higher than the theoretical value (~922 mA h g') of
NiMn,04. The high capacities could be attributed to synergistic
effects, including the reversible formation/dissolution of
polymeric gel-like film resulted from electrolyte degradation,*”-
% which is often observed in transition metal oxides, and the
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Fig. 5 (a) CV curves at a scan rate of 0.2 mV s~ over the

voltage range of 0.0-3.0 V, (b) Representative charge—discharge
curves at a current density of 1000 mA g ', (c) Rate capability,
(d) Cycling performance at current density of 1000 mA g, and
(e) long-term cycling at a high current density of 4000 mA g
for the as-prepared tremella-like NiMn,04/C hierarchical
nanostructure electrode.

The porous NiMn,04/C tremella-like structure electrode
also exhibits remarkable rate performance (Fig. 5c). Upon
cycling at current densities of 200, 500, 800, 1000, 2000 and
5000 mA g'l, the porous NiMn,0,/C nanostructure electrode
shows discharge capacities of 1035, 948, 909, 900, 826 and 671
mAh g™, respectively. The capacity can be retained to 1025 mA
h g ' as the current density reduces back to 200 mA g ',
indicating a good rate-cycling stability of this nanostructure.
Long-term cycling performance of the porous NiMn,0,/C
nanostructures was also measured at high current densities of
1000 mA g™ and 4000 mA g (Fig. 5d, 5e). At a current density
of 1000 mA g, after the first cycle, the discharge capacity
shows almost stable capacities of ~900 mAh g ' in the initial
30 cycles with the CE around ~98%. Then the capacity
decreases to a value of 680 mAh g™ within 100 cycles. After
that, it is interesting that the capacity increase gradually and can
reach a high value of 2130 mAh g™ after 300 cycles and then
keep almost stable within 350 cycles. However, the pristine
NiMn,0, nanoparticles only show continuously decreasing
capacities (Fig. S12). So a small amount of the doped C can

4 | Nanoscale, 2014, 00, 1-3

improve the electrochemical performance based on the fact of
preserving the hierarchical structure and providing a continuous
pathway for electron transport.To further evaluate the cycle
stability of the NiMn,0O,/C nanostructure electrode, we test the
long-term cycling performance at a much higher current density
of 4000 mA g '. As shown in Fig. 5e, the capacity also shows a
similar trend compared with that at a current density of 1000
mA g '. The electrode retains its capacity very well for 1500
cycles. The capacity in the 1500th cycle is still as high as 1773
mA h g~!, which is almost five times higher than the theoretical
capacity of graphite.

.
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Fig. 6 (a) Nyquist plots in the range of 100 kHz to 10 mHz of
NiMn,0,4/C electrode at a full discharge state after different
cycles at 1000 mA g'; (b) Mn 2p XPS spectrum of the
NiMn,0,4/C electrode in a full charge state after 350 cycles at
1000 mA g'; (¢) SEM and (d) TEM images of the NiMn,0,/C
nanostructures electrode observed after 350 discharge/charge
cycles at 1000 mA g '

The porous NiMn,O,/C tremella-like nanostructure in this
work exhibits a superior electrochemical performance
compared with other binary transition metal oxides for LIBs.
The high capacity of this porous nanostructure should be
attributed to the continuously reversible formation of a
polymeric gel-like film originating from the progressive kinetic
activation in the electrode. Similar phenomenon has also been
reported by Maier et al.*® They pointed out that the interfacial
storage is mainly from the reversible formation/dissolution of
organic polymeric gel-like layer by electrolyte decomposition,
which could deliver an extra capacity through a so-called
pseudo-capacitive behavior. In each discharge process fresh
metal surface is generated due to the conversion characteristic
of TMOs, and so additional electrolyte decomposition is need
to form SEI films. The electrolyte can thus penetrate into inner
part of the porous hierarchical nanostructures after several
cycles. As a result, the inner part of the nanostructures is
gradually involved in the conversion reactions and leads to the
increased capacity. Nyquist plots of the electrode for the 1st
and 150th cycles are shown in Fig. 6a. The charge-transfer
resistance for the 150th cycle (~3 Q) was obviously smaller
than that in the 1st cycle (~7 Q), which indicates the activation
and improved kinetics upon cycling. In addition, through XPS
analysis of the Mn peaks for the electrode material in the full
charge state after 350 cycles at 1000 mA g in the Fig. 6b, we
can observe the characteristic peak for Mn** at about 653.3 eV
and 642.2 eV, while these peaks cannot be observed in the as
prepared NiMn,O,/C. This suggests that some Mn*" or Mn*"

This journal is © The Royal Society of Chemistry 2014
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ions can be re-oxidized to a higher oxidation state (e.g. Mn*")
upon cycling, which also leads to an increasing capacity
according to Huang’s report.*

To wunderstand the relationship between the improved
performances and structure, we also study the morphology
changes of the porous NiMn,O,/C tremella-like nanostructure
electrode upon cycling (Fig. 6¢c, 6d). After 350
discharge/charge cycles at 1000 mA g ', the tremella-like
nanostructures changed into porous clusters (Fig. 6¢) composed
of many nanosized particles, promoting the surface Li storage
capacities, and thus lead to a capacity increase during the
discharge process.*® On the other hand, although the tremella-
like morphology changed wupon cycling, the porous
characteristic of the formed clusters still provide sufficient
contact with electrolyte and three-dimensional channels for Li"
diffusion (Fig. 6d), which should be contributed to the long life
capacity stability of this porous NiMn,0,/C tremella-like
hierarchical nanostructure.

4. Conclusions

Porous tremella-like NiMn,0O,4/C hierarchical nanostructures
can be facilely obtained through thermal annealing treatment of
the synthesized Ni;;3Mn,;CO; precursor with a carbon source
of PAN. As anode material, porous the NiMn,0,/C
nanostructure electrode shows a superior high capacity of 2130
mAh g™ within 350 cycles at current density of 1000 mA g™
Even at a high current of 4000 mA g, the capacity can reach as
high as 1773 mA h g ' mAh g after 1500 cycles, which is
almost five times higher than the theoretical capacity of
graphite. The excellent electrochemical performance can be
attributed to the porous hierarchical structures of NiMn,0,/C
with a specific surface area of 38.9 m* g”', which is in favor of
the interfacial lithium storage state upon cycling. The further
oxidation of transition metal to higher oxidization states can
also contribute to the increased capacity. It is believe that the
high rate capacity and cycling stability of this porous
NiMn,0,/C nanostructure will make it promising anode
candidate for high performance LIB applications.
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