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Article history: A uniformly dispersed bi-component nanocompotise of transition metal oxide (Mn;0O3)/mixed transition
Received 3 February 2015 metal oxide (NiMn;04) with a porous and hollow microspheric sructure has been successfully prepared
];;C,iglreildziglrsewsecj form with a facile method based on the complexation between Ni** and NH3. The obtained nanocomposite of

0.29 Mn;,03/0.14 NiMn,04, expressed as Nip14Mng gg01.43, with nanometer-sized building blocks exhibits
a high reversible capacity of 615 mA h g~, which is about 90% of theoretical value at the current density
of 800 mA h g, and long lifespan with retained capacities of 553 and 408 mA h g~! after 150 cycles at
200 and 800 mA g, respectively, as an anode material for lithium-ion batteries.
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1. Introduction of LIBs have limited their commercial usage in these applications.
To overcome these two challenges, many kinds of electrode mate-
As recognized, Lithium ion batteries (LIBs) have a great potential rials have been explored in most recent years [5—13]. Although

in applications of electric vehicles and large-scale electric grids graphite is the mostly used commercial anode material for LIBs, its
[1—4]. However, both the insufficient energy density and cycle-life low capacity, poor rate capability and safety problem seem to be the
major drawbacks [2,14—16]. Among various non-graphite materials
explored for LIBs anodes, transition-metal oxides (TMOs) are
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higher lithium storage capacities and better safety [6,9,17—19]. As
identified, their lithium storage mechanism is different from the
classical mechanisms based on reversible insertion/extraction of
lithium into host structures or on lithium alloying reactions. This
kind of TMO anode materials typically involves the formation/
decomposition of Li;O accompanying the reduction/oxidation of
TMOs during the battery reaction [5,20,21]. Poizot et al. [22]
studied the TMOs such as CoO, NiO, CuO and FeO as anodes of
LIBs and found that CoO could obtain a reversible capacity of
700 mA h g~ ! at a rate of 0.2C and keep 100% capacity retention for
up to 100 cycles. Furthermore, the mixed transition-metal oxides
(MTMOs) combining two simple TMOs or a TMO and a post-TMO
(the oxide of post-transition metals located between the transi-
tion metals and the metalloids in the periodic table [23—25]) into
spinel-like structures (AB;O4; A, B=Mn, Fe, Co, Ni, Zn, Cu, and so
on, A # B) with stoichiometric or even non-stoichiometric com-
positions could exhibit exceptionally high specific capacities due to
both their complex chemical compositions and the synergetic ef-
fects [12,26—29]. Alcantara et al. [30] reported a Li cyclability of
NiCo,04 spinel for the first time in 2002. Thence, a large number of
MTMOs with spinel structures have been demonstrated as anode
materials for LiBs [27,31]. Moreover, TMOs or MTMOs with unique
hierarchical micro-/nanostructures as secondary superstructures,
where the particles are typically of micro-/submicrometer di-
mensions and internally consisted of nano-building blocks and/or
nano-domains, could offer exceptional advantages of both
nanometer-sized building blocks/nano-domains and micro-/sub-
micrometer-sized assemblies [32,33]. For example, Zhou et al. [34]
prepared the double-shelled CoMn,04 hollow microcubes by co-
precipitation/annealing method, and the as-prepared material
delivered capacities of 1282 and 827 mA h g~! at the first and
second cycles, respectively, at a current density of 200 mA g~! and
sustained 624 mA h g~! after 50 cycles. Liu et al. [35] prepared
hierarchical three-dimensional ZnCo,04 nanowire arrays based on
hydrothermal method, which exhibited a reversible capacity of
1200 mA h g~ ! after 160 cycles at 200 mA g~ .

Most recently, assembling both TMOs and MTMOs into homo-
geneously dispersed bi-component material of TMO/MTMO with
hierarchical structure has also been demonstrated to be an efficient
strategy to improve the lithium storage performance. The well-
dispersed bi-component-active CoO/CoFe;04 nanocomposites
developed by Li et al. [36] demonstrated a much higher capacity
and also greatly improved cycle-ability than CoO, CoFe;04 and the
mechanically mixed CoO/CoFe,04 as LIBs anode materials. The hi-
erarchical Fe,03/NiFe,04 nanotubes derived from metal organic
frameworks delivered apparently larger reversible char-
ge—discharge capacity, much better cycling stability and superior
rate capability than NiFe;04 nanotubes, they retained a capacity of
936.9 mA h g1 after 100 cycles at a current density of 100 mA g,
compared to that of 598.1 mA h g~! for the latter [37]. However,
there is no report, to the best of our knowledge, on the performance
of a composite combining NiMn,04 and another TMO, with specific
morphology, as anode material for LIBs to date [38,39].

Herein, a novel porous and hollow-structured TMO/MTMO
nanocomposite of Nig14MnggsO143 (0.29 Mny03/0.14 NiMny0y4)
microspheres was synthesized with a facile co-precipitation and
annealing method based on the complexation between Ni** and
NHs. It demonstrated excellent high rate capability and exciting
lifespan as anode material of LIBs.

2. Experimental
2.1. Chemicals

Analytical reagents of Ni(NOs3),-6H,0, MnSO4-H,0, NH4HCOs,

NaHCO3 and ethanol were purchased from Sinopharm Chemical
Reagent Co., Ltd., Super-P-Li was from SCM Industrial Chemical Co.,
Ltd., 1 M LiPFg in a 1:1 v/v mixture of ethylene carbonate and
dimethyl carbonate was from Shenzhen CAPCHEM Technology Co.
Ltd., and Li foil was from China Energy Lithium Co., Ltd.. All the
chemicals were used as received without further purification.

2.2. Materials synthesis

The porous and hollow-structured Nigpi4MnggeO1.43 micro-
spheres were prepared as follows: 1.67 mmol of Ni(NO3),-6H0,
3.33 mmol of MnSQO4-H,0 and 35 ml of ethanol were dissolved in
350 ml of distilled water with vigorous stirring, 50 mmol of
NH4HCO3 dissolved in 350 ml of distilled water was then added.
The mixed solution was heated to 45 °C and maintained for 9 h with
vigorous stirring. The precipitate was then collected by filtration,
washed thoroughly with distilled water and dried at 60 °C over-
night in vacuum. The obtained carbonate precursor was heat-
treated in air at 600 °C for 3 h and at 900 °C for 2 h in sequence
at a temperate ramp of 2 °C min~.

NiO and Mn,03 were also prepared for comparison by the same
method with 5 mmol of Ni(NO3),-6H,0 and MnSO4-H;0, respec-
tively. NiMn;O4 was synthesized via the same method using
NaHCOs instead of NH4HCO3 as the precipitator.

2.3. Materials characterization

The phase components and structure of the as-prepared mate-
rials were characterized using Bruker D8 Advanced X-Ray Diffrac-
tometer. Morphology of the materials was obtained on FEI Nova
NanoSEM 450 Field-Emission Scanning Electron Microscope
(FESEM) and JEOL 2100F Field-Emission Transmission Electron
Microscopy (FETEM). The composition of the samples was analyzed
by EDX attached to the FESEM instrument. Thermogravimetric
Analysis (TGA) was carried out under air flow with a temperature
ramp of 10 °C min~! on Netzsch STA 449 F3 Jupiter instrument. The
Mn and Ni content in the carbonate precursor and as-prepared
oxide were quantified using a Thermal iCAP 6300 Inductive
Coupled Plasma (ICP) spectrometer.

2.4. Electrochemical measurements

The electrochemical measurements were carried out on CR2016
type coin cells. The working electrodes were made of 70 wt% active
oxide materials, 20 wt% Super-P-Li as the conductive agent and
10 wt% polyvinylidene fluoride (PVDF) as the binder. Metallic
lithium foil was used as the counter electrode and 1 M LiPFgina 1:1
v/v mixture of ethylene carbonate and dimethyl carbonate was the
electrolyte. Cells were assembled in an Ar-filled glovebox with
moisture and oxygen concentrations below 0.1 ppm. Cyclic vol-
tammetry measurements were performed on a CHI 750A electro-
chemical potentiostat/galvanostat at a potential scanning rate of
0.1 mV s~ L The galvanostatic charge—discharge tests were per-
formed on a LAND CT2001A battery tester in the voltage range of
0.01-3 V vs. Li/Li*.

3. Results and discussion

Fig. 1 is a schematic diagram of the fabrication mechanism of the
porous and hollow-structured Nip14MnggsO143 microspheres.
Nip14MnggsCO3 microspheres were firstly formed by co-
precipitation of NH4HCO3, Ni(NOs3),-6H,0 and MnSOg4-H,0 as
shown in Fig. 1a. During this process, the Nip14MngggCO3 uniform
microspheres (Fig. 2a, Figs. S1 and S2) were formed with MnCO3
microspheres (Fig. 2b, Figs. S3 and S4) as the body and NiCOs3
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Fig. 1. Schematic illustration of the fabrication mechanism of Nig14Mng gsCO3 micro-
spheres (a) and porous Nip14Mng gs01.43 hollow microspheres (b).

powders (Fig. 2c¢ and Fig. S5) as the ornament, and the deposition
rate of NiCO3; played an important role on the formation of
morphology/structure of the microspheres owing to the complex-
ation between Ni>* and NHa. Specifically, the nickelhexammine
complex firstly formed in the precipitating solution by

Ni** + 6NH3 — [Ni(NH3)g } (aq) » Where NH3 was from the hydrolysis

1um

Fig. 2. FESEM images of the Nip;14Mng gsCO3 microsphere (a), MnCO3 microsphere (b), NiCO3; powders (c) and Nig 33Mng ¢7,C03 powders (d).

of ammonium ion from NH4HCO3 in the solution by
NH; +H;0<NH; +H"-Hy0 [40,41]. Then, with the removal of
ammonia from the solution by [N1(NH3)6] — Ni* + 6NH31
because of the heating, the concentration of ammonia in the so-
lution decreased and the free nickel ions increased. When the
concentration of nickel ions reached a certain level, NiCO3 precip-
itated homogeneously in the solution. The deposition of NiCO3 was
thus so slow that it did not wreck but modified and regulated the
morphology of MnCO3 microspheres into Phoenix tree balls with
shaped edges (Fig. 2a, Figs. S1 and S2) rather than that with square
corners of pure MnCOs (Fig. 2b, Figs. S3 and S4). This can also
explain the fact that the atom ratio of Ni:Mn in the final product,
0.14:0.86 (will be discussed below), is different from that of 1:2 in
the precipitating solution. When the precipitator was NaHCOs3
instead of NH4HCOs3, however, the complexation disappeared and
the deposition of NiCO3; was too fast to form microspheres (Fig. 2d
and Fig. S6).

The Nip14MnggsCO3 uniform microspheres were subsequently
annealed at 600 °C for 3 h and 900 °C for 2 h, respectively, with a
temperature ramping rate of 2 °C min~! to convert Nig14Mng.gsCO3
into Nip14MngggO1.43 compound with a hollow and porous struc-
ture (Fig. 1b) based on the heterogeneous contractions during the
heat-treatment process [34,42]. During the annealing at 600 °C for
3 h, the surface Nig14MnggsCO3 microspheres were firstly trans-
formed into Nip14Mnp gs01.5 (0.36 Mny03/0.14 NiMnOs, as shown in
Fig. 3) as a shell, induced by the large temperature gradient (AT)
along the radial direction [43]. Then, two forces in opposite di-
rections (the so-called heterogeneous contraction) acted on the
interface between the Nipi4MnggsOq5 shell and the
Nip14MnggsCO3 core. The contraction force (F:) induced by the
weight loss during Step 2 in Fig. S7 promoted the inward shrinkage
of the Nip14MngggCO3 core, while the adhesion force (F,) from the
relatively rigid shell restricted this inward contraction. Owing to
both the large weight loss (Step 2 in Fig. S7) and the minimization
of surface energy, F. surpassed F, and Nig14Mng gsCO3 microspheres
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Fig. 3. XRD pattern (a), FESEM (b, c) and FETEM (d) images of Nig14MnggeO15 solid microsphere.

shrank into solid waxberry-like Nig14MnggsO15 microspheres
(Fig. 3). During the subsequent pyrolysis at 900 °C for 2 h, the solid
waxberry-like Nig14Mng g01.5 microspheres were also heated with
heterogeneous contraction. At the initial stage of calcination,
Nip14MnpgsO143 shell firstly formed on the surface of the
Nip14Mng ggO15 core. And then, the adhesion force (F,) between the
Nip14Mng.ggO1.43 shell and the Nigp14MnggsO15 core surpassed the
contraction force (F¢) caused by the small weight loss during step 3
in Fig. S7, leading to shrinkage of the inner core outward, leaving a
hollow cavity in the center. Meanwhile, Ostwald ripening also
happened during this elevated temperature calcination process,
making contribution to the resulted porous structure.

Fig. 4a is the X-ray diffraction (XRD) pattern of the as-prepared
material. All the characteristic peaks could be assigned to NiMn,04
(JCPDF Card No. 01-1110, space group: cubic (face-center),
a=b=c=83824A, o =B =y =290°) and Mn;03 (JCPDF Card No.
65-7467, space group: la-3,a=b =c=9408 A, o. = B = y = 90°).
The weight percentage of Ni and Mn in this material measured with
ICP was 10.3% and 61.3%, respectively. Therefore, the atom ratio of
Ni:Mn was calculated to be 0.14:0.86, and the molecular formula of
the as-prepared material was expressed as Nig14MngggO1.43 (0.29
Ml‘l203/0.14 NiMl‘l204).

Field-Emission Scanning Electron Microscopy (FESEM) and
Field-Emission Transmission Electron Microscopy (FETEM) were
employed to characterize the morphology and detailed structure of
the prepared Nig14Mnggs0143 microspheres. An overall view is
shown as Fig. 4b, the as-prepared material has a morphology of
very uniform microspheres in a diameter of about 5 pm and each
microsphere (Fig. 4c) is consisted of numerous layered nano-
building blocks (Fig. 4d) accumulated with porous structure. The
molar ratio of Mn:Ni, acquired by energy-dispersive X-ray

spectroscopy (EDX) attached to FESEM, is about 6 (Fig. S8), agreeing
well with the ICP results. The SEM-Mapping images of various el-
ements in a single Nip14MnggsO1.43 microsphere (Fig. S9) indicate
that Ni, Mn and O are uniformly dispersed in the whole micro-
sphere and the amounts of Mn and O are drastically higher than
that of Ni. TEM image of the as-synthesized Nip14MngggO1.43 mi-
crospheres is shown as Fig. 4e. Because of the relatively large size of
the microsphere (~5 pm) and nanoblocks (~500 nm), the hollow
interiors are not distinct. However, there are several of the rela-
tively light contrast areas at the center of the microsphere, illus-
trating the existence of the hollow interiors. Fig. 4f is the
representative high-resolution TEM (HRTEM) image of the as-
prepared Nig14Mn1gs01.43, both the (111) lattice space (0.485 nm)
and (220) lattice space (0.297 nm) corresponding to NiMn;04 and
the (222) lattice space (0.271 nm) attributed to Mn;03 can be
clearly observed, implying again that the as-prepared porous and
hollow-structured Nip14Mn1860143 is a uniformly dispersed bi-
component nanocomposite of 0.29 Mn,03/0.14 NiMn;04.

Cyclic voltammetery (CV) was employed to evaluate the elec-
trochemical properties of the porous Nig14MnggsO1.43 hollow mi-
crospheres, and the obtained curves are shown as Fig. 5a. Referring
to the CV curves (Fig. 5b—d) of NiO, MnyO3 and NiMn;O4
(Figs. S10—S12) prepared with the same procedure, the peak
centered at ~1.3 V in the cathodic process of the first cycle should
correspond to the reduction of Mn>* to Mn?*, while the broad peak
at 0.55 V should correspond to the reduction of Ni*>* to metallic Ni
and the formation of solid-electrolyte interface (SEI), and the sharp
peak at ~0.15 V should correspond to the reduction of Mn** to
metallic Mn. In the followed anodic sweep, the peak at ~1.28 V is
derived from the oxidation of Mn to Mn?* and the other one at
~2.10 V is due to the oxidation of Ni to Ni**. In the second and third
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Fig. 4. XRD pattern (a), FESEM (b—d), FETEM (e) and HRTEM (f) images of porous Nip14Mnggs01.43 hollow microspheres.

cycles, there appear two pairs of redox peaks. The one at 0.25/1.23 V
corresponds to the reduction/oxidation of MnO while the other one
at 0.94/2.16 V can be assigned to the reduction/oxidation of NiO.
The porous and hollow-structured Nip14MnggsO143 micro-
spheres were then evaluated as anode material of LIBs. Fig. 6a
shows the representative charge—discharge profiles at a current
density of 800 mA g~ . The first cycle discharge capacity achieves at
1222 mA h g, which is apparently higher than the theoretical
value of 979 mA h g~! (See the lithium storage mechanism in
Supporting Information) probably owing to the irreversible for-
mation of SEI film on the anode surface. Excitingly, the reversible
charge capacity at such a high current density is 615 mA h g~!
which is about 90% of the theoretical value (684 mA h g1, See the
lithium storage mechanism in Supporting Information), although
an irreversible capacity loss caused by the formation of SEI film on
the anode surface has also been observed. Fig. 6b is the rate

capability of the Nig14Mnggs01.43 anode. At the current density of
50 mA g~ !, the reversible capacity is 771 mAh g, which is much
higher than the theoretical capacity and could be attributed to its
complex chemical composition as well as the synergetic effects
[37,44]. Furthermore, an excellent high rate capability could be
achieved on Nip14MnpgsO143 with the discharge capacity re-
tentions of 99%, 94%, 84%, 82%, 74% at 200, 800, 1000, 1200 and
1600 mA g~ !, respectively, when compared to that at 50 mA g~
(Fig. 6b and Fig. S13).

The discharge/charge capacities as well as coulombic efficiency
at various current densities versus cycle number in the voltage
range of 0.01—3.0 V vs. Li/Li* are shown as Fig. 6¢ and Figs. S14—S19.
As shown, the discharge capacity and the cycle-ability at a current
density of 200 mA g1 are very close to that at 50 mA g, implying
the excellent high-rate performance of the porous and hollow-
structured Nip14MnggsO143 microspheres. At 200 mA g*1, the
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initial discharge capacity and the reversible charge capacity are as
high as 1287 and 719 mA h g, respectively. From the second cycle
onwards, the discharge capacity decreases slightly and then keeps
stable after about 20 cycles. A high discharge capacity of
553 mA h g~ ! is still retained after 150 cycles. When the current
density is increased to 800 mA g, a high discharge capacity of
408 mA h g, corresponding to 66.4% of the second discharge ca-
pacity, could be maintained after 150 cycles. This performance is
significantly better than that of the anode with Nip14MnggsO15
solid microspheres and NiMn;O4 powders, which delivers the
discharge capacities of 239.6 and 284.7 mA h g, respectively, at
800 mA g~ ! after 100 cycles (Fig. S20 and Fig. S21). At current
densities as high as 1000, 1200 and 1600 mA g, the discharge
capacities still retain at 331, 294 and 227 mA h g, respectively,
with coulombic efficiency up to about 100% after 150 cycles. The
performance of the porous and hollow-structured Nig14Mng gs0O1.43
microspheres is definitely superior to that of the conventional

graphite which is widely used in commercial LIBs as anode mate-
rial. Its discharge capacities of 553 and 408 mA h g~! after 150
cycles at 200 and 800 mA g~ !, respectively, are apparently higher
than the theoretical capacity of 372 mA h g~! for graphite, its ca-
pacities of 331 and 294 mA h g~ ! after 150 cycles at 1000 and
1200 mA g~ !, respectively, are comparable to (or even better than)
the performance of graphite at ~175 mA g~! (0.5 C) [45],
~115mA g ' (1/3C) [46],~35mA g1 (0.1 C) [47,48] and ~23 mA g~ !
(1/15 C) [49]. These results suggest that the porous and hollow-
structured Nig14Mnggs0143 microspheres are promising alterna-
tives for graphite as high-rate and long life anode for LIBs.

To date, the electrochemical properties of NiMn;O4 nano-
particles are rarely demonstrated as anode materials of LIBs, while
Mn;03 with micrometer-sized structure have been extensively re-
ported [27]. For example, the NiMn,;04 nanoparticles developed by
Courtel et al. [38] only delivered a capacity of 200 mA h g~ ! after 20
cycles at 0.1 C, and that by Lavela et al. [39] demonstrated a capacity
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of about 500 mA h g~ ! after 50 cycles at 1C. However, the high-rate
discharge-ability and cycling stability for longer time have not been
explored and reported for NiMn,0,4 nanoparticles. Qiu et al. [50]
revealed that the oval-shaped and straw-sheaf-shaped Mn,03
could retain capacities of 380 and 320 mA h g, respectively, after
150 cycles, while the commercial nanoparticulate Mn,03 could
deliver 200 mA h g~! after 50 cycles at a current density of
200 mA gL Dai et al. [51] found that hollow Mn,03 nanocones
could display an initial discharge capacity of about 400 mA h g~ ! at
a current density of 400 mA g~ . However, to the best of our
knowledge, the uniformly dispersed nanocomposite of Mn;O3/
NiMn;04 has not been fabricated and reported as anode material of
LIBs. Herein, we believe our work is the first effort on utilizing
Mn,03/NiMny04 nanocomposite (of 0.29 Mn;03/0.14 NiMnyOy,
Nig14Mng g601.43) with a hollow and porous structure as the anode
material of LIBs. The excellent rate capability and stable cycling
performance of the as-prepared porous and hollow-structured
Nip14Mng gs01.43 microspheres maybe attributed to three reasons:
(1) The nanometer-sized subunits could not only enhance the
electrochemical kinetics of the conversion reactions, but also
improve the structure stability during the repeated charge/
discharge processes [26]; (2) The porous structure is in favor of
large electrode/electrolyte contact surface, short path length for
electronic transport and convenient diffusion paths for ionic
transport [26,52]; and (3) The hollow interior helps to relax the
stress caused by the possible volume change during the repeated
charge/discharge processes [53].

4. Conclusion

In summary, a facile method has been developed to produce the
uniformly dispersed bi-component nanocomposite of transition
metal oxide/mixed transition metal oxide (TMO/MTMO) as porous
and hollow-structured microspheres based on the complexation
between Ni2* and NHs. With this method, a novel TMO/MTMO
composite of Nip14MngggO1.43 (0.29 Mn03/0.14 NiMn,04) micro-
spheres with porous and hollow structure constituted by
nanometer-sized subunits was successfully prepared. The obtained
Nig14Mng gs01.43 microspheres exhibit reversible capacities as high
as 719 and 615 mA h g~ ! at the current densities of 200 and
800 mA g~ !, respectively. After 150 cycles, 408 mA h g~ ! is still
retained at 800 mA g~ .. The excellent electrochemical performance
implies that the porous and hollow-structured Nig14MngggO1.43
microspheres are a kind of promising high-rate and long life anode
for LIBs.
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