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Abstract The high-voltage spinel-type LiNiysMn; 504
(LNMO) is a promising cathode material for next-
generation lithium ion batteries. In this study, hollow
LNMO microspheres have been synthesized via co-
precipitation method accompanied with high-temperature
calcinations. The physical and electrochemical properties
of the materials are characterized by x-ray diffraction
(XRD), TGA, RAMAN, CV, scanning electron micro-
scope (SEM), transmission electon microscopy (TEM),
electrochemical impendence spectroscopy (EIS), and
charge-discharge tests. The results prove that the micro-
spheres combine hollow structures inward and own a
cubic spinel structure with space group of Fd-3m, high
crystallinity, and excellent electrochemical performances.
With the short Li* diffusion length and hollow structure,
the hierarchical LNMO microspheres exhibit 138.2 and
108.5 mAh g ' at 0.5 and 10 C, respectively. Excellent
cycle stability is also demonstrated with more than 98.8
and 88.2 % capacity retention after 100 cycles at 1 and
10 C, respectively.
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Introduction

Renewable and sustainable energy resources, such as solar,
wind, and tide, attract more and more attention because of
the quick decrease of fossil fuels and the urgent need to ad-
dress the environmental problems associated with their use
[1-4]. However, these renewable energy resources are only
intermittently available and require energy storage systems
to improve the power reliability and quality [5, 6]. Lithium
ion batteries (LIBs) with high energy density, superb rate ca-
pability, and satisfactory lifetime have recently shown poten-
tial applications in the areas of electric vehicles and stationary
energy storage for smart grids [7-9]. To extend the operation
hours of mobile IT devices and the driving mileages of all-
electric vehicles, the energy densities of LIBs still require
further extensive improvement [2, 6]. High-voltage
LiNig sMn; 504 (LNMO), as a derivative of the spinel
LiMn,QOy,, has been considered as one of the hottest cathode
candidates, due to the theoretical capacity of 146.7 mA h g_l,
cubic spinel structure, good electrochemical performance, low
cost of raw material, and environmentally friendly properties
[10-14]. Furthermore, it shows 20 and 30 % higher energy
density than conventional LiCoO, and LiFePOy, respectively
[15, 16].

Apart from the inherent properties of the material, other
attributes, including the crystallinity, particle morphology,
phase purity, and cation disordering are also important and
should be optimized [17—19]. The synthetic route is one of
the main reasons to greatly affect them in the structure of the
cathodes. Therefore, different synthesis methods have been
devoted to addressing these obstacles, such as the solid-state,
liquid co-precipitation, sol-gel, and template methods
[18-23]. LNMO products with various morphologies and par-
ticle sizes ranging from nanometers to microns have been
synthesized by these techniques. In particular, carbonate co-
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precipitation is regarded as one of the most effective ways to
prepare various morphologies and excellent electrochemical
performance of materials [12]. Among the various structured
electrode materials, hollow structures with well-defined mor-
phology, composition, and interior have attracted intense at-
tention in recent years [20-23]. Generally, hollowing the elec-
trode materials with well-defined nano-architectures may con-
tribute to the improved electrochemical performance. The
cavity in each hollow sphere can provide many extra active
sites for the storage of Li*, which is beneficial for enhancing
the specific capacity. In addition, the hollow structure made of
nanoparticles often has a larger surface area and a reduced
effective diffusion distance for Li*, leading to improved rate
capability. Most importantly, the void space in the hollow
sphere may buffer against the local volume change during
the lithium insertion/extraction cycling, thus facilitating the
structural stability of the electrode material and improving
the cyclability [21-25]. Considering the particular advantages
of hollow structures, LNMO hollow structures would be a
very attractive cathode material for LIBs. Up to now, the com-
mon approaches for the synthesis of LNMO hollow structures
are mostly template-directed methods [26]. However, tem-
plate routes exhibit complicated procedures and high cost.
Also, they are not practical for LIBs with mass production.
Hence, a simple and low-cost method for synthesis of LNMO
hollow structures is needed.

Herein, the study presents a facile co-precipitation strategy
to fabricate hollow LNMO microspheres for LIB applications.
The preparation processes start from the nickel manganese
carbonate microspheres, which are prepared through a co-
precipitated reaction. Then, the (Nig,sMng 75)CO5 precursors
directly blend with a stoichiometric amount of Li,COj3, and
calcine in air to obtain the final products, which show good
electrochemical performances such as specific capacity, rate
capability, and cycling stability.

Experimental
Sample preparation

All the chemical reagents were analytical grade without fur-
ther purification. Spherical (Nig,5Mng 75)CO5 precursors
were prepared by a simple carbonate co-precipitation method.
In specific, an aqueous solution of NiSO4 and MnSO, (cat-
ionic ratio of Ni/Mn = 1:3) with a concentration of 2.0 mol L!
was added dropwise to a tank reactor under vigorous stirring.
At the same time, Na,CO; solution (aq.) of 2.0 mol L !and
desired amount of NH4OH solution were also separately fed
into the reactor. The reaction temperature was controlled at
52 °C. The pH value of the mixed solution was controlled
between 7 and 8 during the precipitation process. The precur-
sor was collected, washed with water several times to remove
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residual sodium and sulfuric species, and dried inside a vacu-
um oven set at 80 °C for 12 h.

Synthesis of hollow LNMO (marked as NM-H) micro-
spheres contains multi-step process and rather complicated
reactions in the high-temperature range. To give a clear and
simple instruction, we roughly designed several steps which
were carried out to get the final product in Fig. 1. In step I, the
obtained (Nij»5Mng 75)CO5 precursor was mixed with a stoi-
chiometric amount of Li,CO5 (5 % excess lithium source was
added in order to make up for the volatilization of lithium
during calcination). In step II, the mixture calcined in air at
500 °C for 5 h. It could involve the following processes: (1)
6(Nig 25sMng 75)CO3 + O, — 2(Nig 25Mng 75)304 + 6CO, and
(2) (Li,CO3 — Li,O + CO,). Then, the intermediate product
was calcined at 900 °C for 12 h. The final lithiation procedure
of the fabrication for hollow NM-H microspheres can be il-
lustrated briefly as follows: (8(Nig,sMng 75)304 + 6Li,0 +
50, — 12LiNip sMn; 50,).

Material characterization

Thermogravimetric analysis was operated on a thermogravi-
metric analyzer (NETZSCH, TGA 209F1) with a heating rate
of 10 °C min ™" to determine the mass loss and thermal behav-
iors. Crystalline phases of the synthesized materials were
identified by x-ray diffraction (XRD, D/max-rB, Rigaku,
Japan) measurements using Cu-Ko radiation in the 26 range
of 10°-80° at a continuous scan mode with a step size of 0.02°
for a counting time of 10 s. Particle morphologies were ob-
served by scanning electron microscope (SEM, JSM-
5900LV), field-emission transmission electron microscopy
(TEM), and high-resolution transmission electron microscopy
(HRTEM) on a JEM-2100 instrument.

Electrochemical tests

The electrochemical characterizations of the LNMO powders
were carried out under ambient temperature using CR2025
coin-type half cells. The cell contains a cathode, a lithium
metal anode, and a porous polypropylene film Celgard 2400,
which was used to separate the cathode and anode. Then,
1 mol L™ LiPF; dissolved in a mixture of ethylene carbonate
and dimethyl carbonate (1:1 by volume) was used as the elec-
trolyte. The prepared LNMO powders, acetylene black, and
polyvinylidene fluoride (PVDF, binder) were mixed at a mass
ratio of 80:13:7 in 1-methyl-2-pyrrolidinone (NMP). The
mixed slurry was spread on an aluminum foil and dried in a
vacuum oven at 120 °C for 10 h. The loading of the active
material in the electrode was 3—4 mg cm 2. The cell was
charged with a constant current to the 5.0 V and then charged
with constant voltage for an hour. After that, cells were
discharged with constant current densities
(1 C =147 mA g ') to the 3.6 V on a battery test device
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Fig. 1 Schematic illustration of
the synthesis route for the NM-H
sample via co-precipitation
method combined with a
calcination process

(Nio.2sMno.75)CO3

(Neware BTS-610). The cyclic voltammetry was taken at a
scan rate of 0.1 mV s ! between 3.6 and 5.0 V (vs. LV/Li).
Electrochemical impendence spectroscopy (EIS) measure-
ments were taken with an electrochemical workstation of type
CHI660C over the frequency range of 100 kHz-10 mHz with
the amplitude of 5 mV at room temperature.

Results and discussion

Figure 2 shows the XRD patterns of the spherical
(Nig.»5Mng 75)CO;3 precursor and hollow NM-H micro-
spheres. From Fig. 2a, we can see that the diffraction peaks
of precursor can be readily indexed to a typical hexagonal
carbonate structure with a space group of R-3c, which are
almost consistent with that of iso-structural MnCO;
(JCPDS#44-1472). Obviously, there also exist the diffraction
peaks of NiCO; (JCPDS card no. 12-0771, marked with an
asterisk). In addition, the diffraction peaks are broadened due
to the spherical secondary particles composed of a lot of
nanosized primary particles [18, 20]. We can also see that all
the strong diffraction peaks of the NM-H are well indexed to
the structure of spinel phase (JCPDS card No. 80-2162) with a
space group of Fd-3m (Fig. 2b). Besides, weak diffraction
peak at 26 = 43.6°, as marked with asterisks, can be ascribed
to the rock salt phase Li,Ni;_O, due to the lithium loss during
high-temperature calcination [23, 24]. According to previous
reports [27], the content of impurity phase is estimated by
calculating the ratio of peak intensity at 26 = 43.6° of impurity
phase to that at 20 = 44.3° of spinel phase. The intensity ratio
in the NM-H is 6.5:100, which can be negligible. It indicates
that the NM-H sample has a low impurity, which is believed to
be beneficial to the electrochemical properties. Because the
existence of impurity phase will accelerate the formation of
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defects in the crystal, the mobility of Li* in the high impurity
sample would be hindered. What’s more, a high Mn>* content
induced by a high impurity could generate Jahn-Teller distor-
tion and Mn** dissolution into the electrolyte, leading to poor
performances [24-26].

In order to confirm the accurate reaction temperature for
the phase formation of the NM-H sample, thermogravimetric
analysis of the precursor was conducted in air. The obtained
TG and TGA curves are depicted in Fig. 3; we can see that
three distinct regions of weight loss are exhibited in the re-
gions of 30-185, 285-535, and 550-800 °C. The first weight
loss region, i.e., before 185 °C is ascribed to the evaporation of
adsorbed moisture (ca. 7.02 %). The second weight loss
(around 31.01 %) between 285 and 535 °C is attributed to
the decomposition of (Nig,5Mng 75)CO53 and Li,COs. The fi-
nal weight loss from 550 to 800 °C corresponds to the forma-
tion of NM-H with spinel structure. However, precursor with a
small amount (~0.5 mg) was used to investigate reaction tem-
perature for the phase formation. Considering the relatively
large quantity of the sample and reaction kinetics during the
real calcination process, a higher temperature of 900 °C was
set to guarantee the complete decomposition of the precursor
and the high crystallinity of the final product.

Generally, the spinel LNMO has two different space
groups: P4332 group with Mn and Ni ions ordering in the
12d and 4a sites and Fd-3m group with random occupation
of Mn and Ni ions in the 16d octahedral sites. Raman spec-
troscopy can be employed to distinguish between the disor-
dered Fd-3m and ordered P4;32 space groups [27, 28]. The
Raman spectrum of the NM-H sample was measured and
shown in Fig. 4. According to previous reports, the strongest
peak in NM-H is at around 630 cm ™' and can be assigned to
the symmetric Mn-O stretching mode of MnOg octahedra
(Aig), while the two bands at around 394 and 490 cm ! are

Fig. 2 XRD patterns of (b) . i
(Nig2sMng 75)CO; (a) and the : A E = s *LANO
NM-H sample (b) z 2 5 3 &
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Fig. 3 Thermal gravimetric (TG) and differential thermal gravimetry
(DTG) curves of the NM-H sample
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Fig. 4 Raman spectra of the NM-H sample

associated with the Ni-O stretching mode in the crystallite
structure. The splitting of the T2g®’ band near 580
606 cm™ ', obvious evidence of the ordered structure of
P4532 for the spinel, is absent in the Raman spectrum of
NM-H sample [24, 27]. Therefore, the peaks are the finger-
prints of the Fd-3m phase in NM-H rather than the P4332
phase, which is consistent with the information obtained from
the XRD pattern. It has been reported that LNMO with the Fd-
3m space group shows better electrochemical performance
than the spinel with the P4332 space group due to 2.5 orders

Fig. 5 SEM images under
different magnifications of
spherical (Nig25sMng 75)CO3
precursor (a—c) and the NM-H
sample (d—f)
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of magnitude faster electronic conductivity caused by the
higher electron conduction between mixed Mn**** cations
[28, 29].

Particle morphologies under different magnifications of
precursors and final products were investigated by scanning
electron microscopy (SEM). Figure 5a, b illustrates typical
SEM images of spherical (Nig,sMng75)CO5 precursors with
diameters of 2-3 pm. Moreover, the high magnification image
focusing on the surface of a single microsphere reveals that the
microsphere is closely constituted by a host of nanoparticles
and nanosheets (Fig. 5¢). From the image of the NM-H sam-
ple in Fig. 5d, e, we can see that the sample is hollow hierar-
chical structure with a size around 2 pm, similar to the
(Nig»5sMng 75)CO; spheres. The magnified region of a single
microsphere (Fig. 5f) reveals that the microsphere is com-
posed of regular octahedral nanoparticles in the range of
100-350 nm. On the other hand, the dimension of the primary
particle has somewhat grown compared to that in the precur-
sor because lithiation reaction happens and crystal growth
occurs at high temperature [11].

TEM and HRTEM images can provide more insight into
the microstructure of the products and further confirm hollow
structure. In Fig. 6a, b, a distinct light-dark contrast is ob-
served in the spheres, suggesting their hollow nature. The
formation of the hollow structure is attributed to the decom-
position of the carbonate precursors to release CO, and the
Kirkendall effect, which refers to unequal directional matter
flows in a diffusion couple [21, 24]. During lithiation, the fast
outward diffusion of Ni and Mn atoms and the slow inward
diffusion of O atoms form a hollow cavity [21]. Meanwhile
the high-resolution TEM image for the NM-H sample shown
in Fig. 6c displays the periodic lattice fringe spacing with
approximate value of 0.47 nm, which matches the interspaces
of (111) of the cubic spinel LNMO (JCPDS Card no. 80-
2162), and reveals the high crystallinity of the NM-H sample.
What’s more, the ordered lattices in a long-range order result
in the easy occurrence of Li" intercalation/deintercalation,
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Fig. 6 The NM-H sample of TEM images (a, b), HRTEM image (¢), and
SAED pattern (d)
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Fig. 7 Cyclic voltammetry curve of the NM-H sample

which is favorable for the rate capability. In addition, selected-
area electron diffraction pattern (Fig. 6d) presents a well-
organized array of diffraction spots that reveal the single-
crystalline characteristic of the subunits and a cubic spinel
structure [24].

The electrochemical performances of the as-prepared hol-
low NM-H microspheres were studied subsequently. Cyclic

Fig. 8 Charge-discharge profiles
of the initial 10 cycles (a) and

voltammetry was applied to study the oxidation/reduction be-
havior of the NM-H sample. Generally, LNMO with the
P4332 space group shows only a strong oxidation peak at
around 4.7 V corresponding to the Ni**/Ni** redox couple
[26,27]. However, from Fig. 7, we can see that a pair of minor
oxidation/reduction peaks appears near 4.0 V, which can be
attributed to the redox reaction of the Mn**/Mn** couple. And
the oxidation peak splits into two separate peaks because of
the voltage difference between Ni**/Ni** and Ni**/Ni** redox
couples. This finding suggests that NM-H sample exhibits the
Fd-3m space group, in accordance with the Raman result. It is
generally accepted that the polarization degree can be mea-
sured by the potential difference between the anodic and ca-
thodic peaks of LNMO. The potential difference between the
anodic and cathodic peaks of Ni**/Ni** and Ni**/Ni** are 0.06
and 0.07 V, respectively, which are lower than the previous
reports [26, 27]. This observation indicates that hollow struc-
ture is beneficial to the reversible intercalation/deintercalation
of Li".

Figure 8a exhibits the charge-discharge curves of the initial
10 cycles at 0.5 C in the voltage window of 3.6-5.0 V. It can
be seen that the NM-H exhibits a highly stable discharge spe-
cific capacity of ~138.2 mA h g ' and the corresponding
discharge specific energy is ~628 Wh kg '. Also, charge-
discharge curves with different charge-discharge times at
0.5 C are shown in Fig. 8b. They show a steady larger plateau
in the 4.7 V region and a smaller plateau about at 4.0 V, which
are attributed to Ni2*/Ni** and Mn>*/Mn*" redox reactions,
respectively [30-32].

Charge and discharge profiles and rate capability of the
NM-H sample at different rates are shown in Fig. 9. The elec-
trode was charged and discharged at the same rate from 0.5 to
1 C, and then charged at 1 C for each charging process and
discharged at various rates from 3 to 20 C. It delivers good rate
capability with discharge capacities of 138.2 (0.5 C), 129.8
(1 C), 122.3 (3 C), 117.8 (5 C), 108.5 (10 C), and
92.6 mAh g ' (20 C), especially 138.2 mAh g ' at 0.5 C,
which is close to the theoretical capacity of LNMO
(147 mAh g ). However, it can be noticed that the capacity
of NM-H decays at high discharge rate and discharge plateau

-
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different charge-discharge times
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becomes shorter and almost disappears at 20 C, which mainly
attribute to the surface polarization caused by the side-
reactions between electrode and electrolyte [33-35].
Figure 9b shows that the storage capacity is stable at each
current rate. It is worthy to note that the specific capacity
almost returns to its original value soon after the rate reverses
back to 1 C, revealing the superior reversibility of the NM-H
sample.

Figure 10 illustrates the cycling performance and ca-
pacity retention at selected cycles of the NM-H sample
with charge rate at 1 C and discharge rate at 1, 5, and
10 C. The initial discharge capacities of 128.5, 116.7,
and 109.2 mAh gfl can be obtained at 1, 5, and 10 C,
respectively. After 100 cycles, the corresponding capacity
retention rates are 98.8, 94.0, and 88.2 %, showing the
potential in the application of high rate discharge. Also,
the specific capacity retentions at selected cycles of the
sample are summarized in the table of Fig. 10b.
Compared with the previous studies [18, 28], NM-H ex-
hibits both higher capacity and better cyclic stability. On
the other hand, it is well known that one of the main
drawbacks of LNMO materials is the inferior cycling
stability at elevated temperature. In this work, we also
investigated the cycling performance of the NM-H sam-
ple at 55 °C, as shown in Fig. 11. It displays good
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cycling stability at elevated temperature. The discharge
capacity reaches its maximum value of 122.1 mAh g ' at
the eighth cycle under 5-C discharge rate. The NM-H
sample delivers an initial discharge capacity of
118.8 mAh gfl, and still retains 85.7 % of the initial
capacity after 100 cycles. The remarkable electrochemi-
cal performances might be related to the peculiar struc-
tures. The hollow structure in the interior could provide
many extra active sites for the storage of Li* and allow
for the full contact of the particles with the electrolyte. In
addition, the special structures could significantly
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Fig. 11 Cycling performance of the NM-H sample with charge rate at
1 C and discharge rate at 5 C at 55 °C
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Fig. 12 Nyquist impedance spectra and equivalent circuit of the NM-H
sample at room temperature

improve the structural integrity by partly mitigating the
mechanical strain induced by volume change associated
with the repeated lithium ion intercalation/deintercalation
processes during cycling [20-23].

To understand the kinetic behaviors of lithium ion in
the material, hollow NM-H sample was further investi-
gated by electrochemical impedance spectrum (EIS) mea-
surements. Figure 12 shows the Nyquist plot of the elec-
trode measured after 30 charge-discharge cycles at 1 C
and fitted curve using Zview software. The plot consists
of a depressed semicircle at high frequency relating to
the charge transfer resistance (R.) and a sloping line in
the low frequency region ascribing to the diffusion of
lithium ion in the sample, which is highly consistent
with the previous studies [36-38]. The value of R, fitted
by the equivalent circuit inserted in Fig. 11 is 28.65 €2,
which is lower than the previous report [11]. It indicates
the fast transport of charged species between the elec-
trode and electrolyte.

Conclusion

In summary, hierarchical hollow LiNiysMn; 504 micro-
spheres as a 5-V cathode material for lithium ion batte-
ries has been synthesized by a co-precipitation approach
accompanied with high-temperature calcinations. Such
peculiar structure could provide many extra active sites
for the storage of Li*, allowing for the full contact with
the electrolyte and release the stress resulting from the
volume change during the charge-discharge processes.
The obtained products deliver enhanced electrochemical
performances with good rate capability and cycle stabil-
ity, which makes it a promising cathode candidate for
high-energy density lithium ion batteries. Furthermore,
we believe that this process can be applied for prepara-
tion of other hierarchical hollow electrode materials with
improved electrochemical performances.
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