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A high voltage layered Li;,Niy14C000sMngs:0, cathode material with a hollow
spherical structure has been synthesized by molten-salt method in a NaCl flux.

Characterization by X-ray diffraction and scanning electron microscopy confirmed
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its structure and proved that the as-prepared powder is constituted of small,
homogenously sized hollow spheres (1-1.5 pum). The material exhibited
enhanced rate capability and high first cycle efficiency due to the good

dispersion of secondary particles. Galvanostatic cycling at different temperatures
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(20, 40, and 60 °C) and a current rate of 2 C (500 mA-g-1) showed no significant

1 Introduction

As mobile storage of electric energy plays an
increasingly important role in today’s life, lithium-
ion batteries (LIBs) have attracted a great deal of
worldwide interests due to their high energy and
power densities, safety and long applicable cycle life
[1]. These advanced chemical power sources supply
consumer electronic devices, portable power tools
[2,3], as well as large-scale applications such as
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electric vehicles (EVs), hybrid electric vehicles (HEVs)
and stationary storage stations [4]. The cathode
materials utilized in lithium-ion batteries greatly
determine the energy storage capability. Therefore,
considerable efforts have been devoted to the
development of low-cost and high-energy cathode
materials. Up to now, LiCoO, has mainly been used
in the 3C market (computers, communication and
consumer electronics), whereas layered LiMO, (M =
Ni, Co, Mn, etc.), spinel LiMn,O, and olivine LiFePO,
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have been successfully commercialized in applications
in EVs and HEVs [5, 6]. However, insufficient energy
densities, as the result of low cathode capacities, limit
the performance of today’s LIBs, which are unable to
fully satisfy the growing demand. In order to meet
future requirements, many research activities now
focus on high-capacity layered Li-rich oxide cathode
materials, which can be written either as a solid
solution Li[Li,;3Niai-4C0opi_oMnays401-9]O, or a nano-
composite material xLi,MnO;-(1-x)LiMO, (M = Nj,
Co, Mn), known as Li-rich nickel cobalt manganese
oxide (NCM). This kind of cathode material can
deliver a discharge capacity f over 250 mAh-g in the
voltage range of 2.0-4.8 V at 0.1 C [7-12].

Although layered Li-rich cathodes may provide
remarkably high specific capacities, their practical
application is still limited due to major unsolved
issues, such as (i) oxygen release during initial charge
and hence serious safety problems, (ii) phase trans-
formation from layered to spinel-layered intergrowth
structure can result in continuous decay of the
discharge plateau during long-term cycling, and (iii)
Ni dissolution accompanied by increase in oxidation
states of the remaining transition metals, at surface
regions of Li-rich NCM particles [13-17].

To circumvent these obstacles, various strategies
have been developed, especially regarding the
materials synthesis. A feasible strategy is to retain the
particle size within the nanometer scale [18], since
smaller particles provide shorter diffusion pathways
for ions as well as faster electron transport [19, 20].

In addition to this, a well-defined morphology,
composition and interior micro-/nanostructures may
also improve the electrochemical performance of
cathode materials [21]. Nanostructured hollow spheres
constitute one of the most promising particle
morphologies, as they provide (i) enhanced specific
capacities, which originate from extra active sites for
the storage of Li* within the hollow cavities, (ii) an
improved rate capability, which results from the
large surface area of the nanoparticles [22, 23], (iii) an
enhanced structural stability due to the void space
within each sphere, which can buffer the local
volume changes upon charge/discharge [24]. For
instance, the syntheses of LiNijsMn;50,[25] and
0.3Li,MnO5-0.7LiNiysMn, 5O, [23] with spherical

morphologies have been reported, and have proved
that a hollow-structured material can provide enhanced
electrochemical performance, especially in terms of
their remarkable high rate capability. However, the
“hollow-sphere” materials published to date are
often strongly agglomerated and the electrochemical
performance of the material is thereby limited.

In order to control the structural homogeneity and
afford a narrow secondary particle size distribution
during the synthesis [26], the molten-salt method
is introduced in this work [27]. NaCl melts below
800 °C and provides a liquid reaction environment
(flux). As a result, the required annealing temperature
is reduced and the resulting particles are better
dispersed compared to those obtained by a solid-
state reaction. Meanwhile, during the reaction, one of
the precursors is insoluble in the molten-salt medium,
while the remaining ions can dissolve. Therefore, the
morphology of the insoluble precursor can be
preserved.

In this paper, a facile sacrificial-template approach
to synthesize hollow-spherical structured
Li12Nig16C000sMny 50, at high temperature within a
molten salt is reported. The structure, morphology
and electrochemical performance of the synthesized
material are extensively investigated. The electrodes
prepared from these microspheres exhibit high capacity,
excellent cycle stability, superior rate capability and
high 1* cycle coulombic efficiency at both 20 °C and
elevated temperatures of 40 °C and 60 °C.

2 Experimental
2.1 Material synthesis

MnCO; microspheres were prepared via a precipitation
method as a template precursor. MnSO, solution
(0.0285 mol/L), prepared in a water/ethanol (9:1 by
volume) solvent mixture, was first precipitated by a
NH,HCO; solution (0.0285 mol/L) under continuous
stirring at room temperature for 1 h. The as-obtained
white MnCOj; microspheres were thoroughly washed
and dried in a vacuum oven at 80 °C overnight. The
MnCO; microspheres were then calcined at 400 °C for
5h in air at a heating rate of 1 °C-min™ to prepare the
corresponding MnO, microspheres [23].
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Li; 5Nig16C000sMng 50, hollow microspheres (LNCM
synthesized with NaCl: From this point onward
abbreviated as MS-LNCM) were synthesized by a
molten-salt method. In this method, NaCl has been
chosen as the molten-salt flux. Stoichiometric amounts
of Ni(NO;),6H,O, Co(NO;),-6H,O, as-prepared MnO,
microspheres, and 2 mol% excess of LiOH-H,O were
mixed with NaCl in a weight ratio of 1:3 and then
dispersed in acetone. After that, the acetone was
slowly evaporated at 50 °C with stirring and the
mixture was calcined at 800 °C for 15h in air. After
cooling to room temperature, the powder was first
washed with deionized water and then dried at
100 °C overnight to remove residual water. For
comparison, Li;»Niy1¢C0qsMng50, was also synthesized
by the same procedure without the addition of
molten salt (LNCM without NaCl: NMS-LNCM).

2.2 Morphology and structural characterization

The crystal structure of the powders was characterized
by X-ray diffraction (XRD) in a 20-range of 10°-90°
with a step size of 0.01°/step, which was performed
on a Bruker D8 Advance diffractometer (Germany)
using Cu K, radiation. The lattice parameters were
determined by Rietveld refinement using the Maud
2.0 software package [28]. Particle morphology was
evaluated using field-emission scanning electron
microscopy (FE-SEM, Zeiss Auriga). A focused-ion
beam (FIB-SEM) study was carried out to investigate
the interior of the obtained spheres. Elemental mapping
was carried out by energy dispersive X-ray analysis
(EDX; Oxford Instruments). The Li:Ni:Co:Mn-ratio as
well as the Na content of the materials were also
analyzed by inductively-coupled plasma optical-
emission spectrometry (ICP-OES). The specific surface
area was determined by the Brunauer-Emmett-
Teller (BET) method by physisorption of nitrogen
(Micromeritics ASAP 2020).

2.3 Electrochemical investigation

Electrodes were prepared by casting a slurry with
the composition of 80 wt.% Li;,Nip16C000sMngs60,
active material, 10 wt.% Super C65 (Timcal) carbon
black and 10 wt.% polyvinylidene difluoride (PVDEF)
(KynarFlex®761A), onto an aluminum foil. The slurry
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was prepared by magnetic stirring for 12 h in order
to preserve the integrity of the hollow spheres. The
active material mass loading was about 2.5 mg/cm?
The electrodes were assembled into CR2032-type
coin cells with lithium metal as counter electrode and
1M LiPFsin 1:1 ethylene carbonate:dimethyl carbonate
(EC:DMC; wt./wt.) as electrolyte.

Galvanostatic cycling was carried out on MACCOR
series 4000 battery testers in the voltage range 2.0-
4.8 V at different current rates (1 C =250 mA-g™). The
elevated temperature performance was evaluated by
cycling the cells at three different temperatures of 20,
40, and 60 °C.

3 Results and discussion

Scheme 1 illustrates the synthesis procedure of the
hollow MS-LNCM microspheres. The porous MnO,
microspheres were obtained through thermal decom-
position treatment of MnCQO; at 400 °C for 5 h according
to [23]

ZMHCO3 + 02 —> ZMHOZ + 2C02

Upon mixing, Li*, Ni*, Co* migrate into or surround
the resulting porous MnO,. When the annealing
temperature reaches 800 °C, NaCl melts and serves as
a molten-salt flux during the sintering process. After
drying, decomposition and lithiation through an in
situ sacrificial-template route, LNCM microspheres
were obtained. The reactions can described as below

LiOH-H,0O— LiOH + H,O

4AMNO,— 2Mn,O; + O,

2Ni(NO3),-6H,O— 2NiO + 4NO, + 12H,0 + O,

2Co(NOs),6H,O0—> 2Co0 + 4NO, + 12H,0 + O,

30LiOH + 7Mn,0O; + 4NiO + 2Co0O + 40,—>
25Li; ,Nip16C0g,0sMnyg 50, + 15H,0O

NaCl _Ni(NO3),
flux Co(NOs),
-0 g% O

MnCO; MnO, LNCM
Li/TM/MnO,

Figure 1 Schematic  route  for the  synthesis of

Li; ,Nig 16C0g 0sMng 560, hollow microspheres.
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Since MnQ, is insoluble in molten NaCl, good contact
exists between the porous MnO, template spheres
and the Li/Ni/Co-salts. Therefore, crystal growth and
particle morphology of MS-LNCM material are
controlled.

The XRD patterns and the Rietveld refinement
results of the MS-LNCM and NMS-LNCM are shown
in Fig. 2. Low reliability factors R, (<5%) demonstrate
satisfactory refinements. Sharp XRD reflections
indicate the high sample crystallinity. The peaks of
both samples can be indexed on the basis of a
hexagonal a-NaFeO, structure (space group: R3m,
No. 166) [29], except for a few broad peaks between
20° and 25°. These broad diffraction peaks are known
to be caused by the LiMng superlattice ordering
within the transition metal slab of the monoclinic
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Figure 2 Observed, calculated and the difference XRD patterns
of the Li; ;Nig 14C0g0sMngs¢0, samples synthesized (a) without
and (b) with NaCl.

Li[Li;sMny,;5]O, entity (space group: C2/m, No. 12).
Although NaCl,
calcination is carried out at lower temperatures

the molten-salt method uses

and shorter times than conventional routes, and no
impurity phases could be observed. The results of the
compositional analysis shown in Table 1 prove that
the experimental compositions of both samples are
in good agreement with the target values, i.e.
Li:Ni:Co:Mn = 1.20:0.16:0.08:0.56. Both samples contain
traces of Na (~3.5 ppm), most likely originating from
the starting agents. Thus, rinsing the sample with
water is regarded as an efficient method to remove
residual Na and to obtain pure LNCM microspheres.

Rietveld refinements were carried out to investigate
the effect of using NaCl on the lattice parameters of
synthesized materials. The software Maud 2.0 was
used to perform the refinement based on two structural
models (R3m and C2/m) and the results are listed in
Table 1. The lattice parameters 4, ¢ and the resulting
unit cell volume V of the MS-LNCM are slightly
bigger than those of the NMS-LNCM, indicating that
the material obtained from the molten-salt method
facilitates intercalation and de-intercalation of lithium
ions through a wider space of host structure. This may
in turn result in enhanced electrochemical performance,
especially regarding rate capability.

Particle morphologies of precursors and final
product were investigated by SEM (Fig. 3). Figures 3(a)
and 3(b) show the SEM images of MnCO; and MnO,
precursors. Both samples have a spherical morphology
with secondary particle size in the range of 1-1.5 um.
These microspherical particles are composed of
primary nanoparticles with triangular shape. After
high temperature annealing, the primary particle
shape changes from triangular to round, while the
spherical morphology of secondary particle was
preserved (Fig. 3(c)). Similar to the precursors, the
size of these spheres also range within 1-1.5 pm.
That is to say, the synthesis approach and high
temperature annealing do not alter the morphology
of the secondary particle in both size and shape.
According to the Kirkendall effect, during the
sacrificial-template process, Mn, Ni, and Co atoms
rapidly diffuse outward and the opposite O atoms
slowly diffuse inward, which leads to the formation
of the void within the LNCM microspheres [30]. Only
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Table 1 The lattice parameters obtained from Rietveld refinement and ICP-OES analysis results of NMS-LNCM and MS-LNCM. The
structural parameters are denoted according to the hexagonal R3m phase.

Sample MS-LNCM NMS-LNCM
XRD refinement a (nm) 0.2854(2) 0.2851(9)
¢ (nm) 1.4216(3) 1.4202(9)
R3m:C2/m (Phase ratio %) 47:53 35:65
ICP-OES Li:Ni:Co:Mn (molar ratio) 1.20:0.16:0.09:0.56 1.20:0.16:0.08:0.54
Na content (ppm) 3.53 3.46

s

Figure 3 SEM images of (a) MnCO;, (b) MnO,, (¢) and (d) MS-LNCM, (e) FIB-SEM image of MS-LNCM, and (f) SEM image of

NMS-LNCM.

a few hollow particles could be directly identified by
their self-formed surface hole (Fig. 3(d)). The internal
cavity within the majority of microspheres is
confirmed in Fig. 3(e), obtained by creating a particle
cross section using combined focused-ion beam SEM,
in which the particle split in half by the Ga ion beam
is shown. Generally, the individual secondary particles
of this material have a typical hollow structure with a
rough surface. The walls of these hollow spheres
have a thickness of approximately 220 nm, while the
internal diameter is below 50 nm. The presence and
homogenous distribution of Ni, Co, and Mn inside
the hollow microspheres was identified by EDX
chemical mapping of a halved sphere, as showed in
Fig. 4. After high temperature treatment, the Ni and
Co can readily migrate from the sphere surface to the
inside structure, consistent with the XRD results,
which once again confirms the purity of the synthesized
material.

An interesting difference between the MS-LNCM
and NMS-LNCM shows in the surface area analysis:

UNIVERSITY PRESS

MS-LNCM has a much higher surface area of
14.21 m2g™ than NMS-LNCM (1.19 m2.g). Such a
high surface area will surely result in an enhanced
electrochemical performance, especially the rate
capability. In order to elucidate the cause of the large
difference in surface area, low magnification SEM
images of both materials are compared in Fig. 5. As
can be seen, the hollow microspheres form in both
synthesis approaches with very similar size. However,
Fig. 5(a) shows that NMS-LNCM microspheres are
strongly agglomerated, while the MS-LNCM micro-
spheres are loosely distributed and much less
agglomerated (Fig. 5(b)). The different degree of
agglomeration therefore explains the large difference
in BET surface areas. The larger specific surface area
of the material MS-LNCM also facilitates electrolyte
wetting of the resulting electrode. However, the high
surface area may also result in low volumetric energy
density. Thus, the tap densities of MS-LNCM and
NMS-LNCM are worth measuring before practical
application. In addition, the high magnification SEM

f@;} TSINGHUA @ Springer | www.editorialmanager.com/nare/default.asp
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Figure 4 SEM/EDX electron image (a) and element mapping of
Mn (b), Ni (c), Co (d) in a halved hollow spherical MS-LNCM
particle.

Figure 5 SEM images of (a) NMS-LNCM and (b) MS-LNCM
in the low magnification.

image of NMS-LNCM, shown in Fig. 3(f), indicates
that the hollow shell of this material is obviously
thicker than that of MS-LNCM, and a larger number
of separate primary particles are located inside the
hollow spheres. This structure will surely lead to
worse electrochemical performance, especially at high
current rate.

In order to identify the influence of the different
morphology on the electrochemical performance, the
electrochemical properties of the two LNCM materials
were initially investigated by rate tests carried out at
40°C (Fig.6). The cells were first charged and
discharged between 2.0-4.8 V at current densities of
0.1,0.2, 1, 2, 5, and 20 C, respectively with 3 cycles at
each rate. MS-LNCM delivers discharge capacities of
296, 279, 244, 226, 199, and 144 mAh-g™', respectively,
at 0.1, 02,1, 2, 5, and 20 C. As can be seen in Fig. 6(a),
these capacities are obviously higher than for
NMS-LNCM. The performance difference becomes
more apparent with increasing current densities. For

example, at 0.1 C the discharge capacity of NMS-
LNCM lies still well above 250 mAh-g™, which is
more than 80% of the capacity delivered by MS-LNCM.
However, this capacity dramatically decreases to
44 mAh-g" at 20 C, which is less than 30% than for
NMS-LNCM. For a convenient comparison of the
obtained capacities a histogram of the capacity ratio
at each current rate is shown in Fig. 5(b). The data
points are labeled according to the ratio of the 2
cycle discharge capacity between MS-LNCM and
NMS-LNCM. In other words, MS-LNCM displays a
good electrochemical performance in both specific
capacity and rate capability. After the rate test, the
cells were further cycled at 0.1 C for 3 cycles and 2 C
for 40 cycles. As can be seen, when the charge and
discharge rate change back to 0.1 C after 18 cycles,
the reversible discharge capacity delivered by the
MS-LNCM returned to 284 mAh-g™, which is similar
to the initial cycle. It provides a reversible capacity as
high as 230 mAh-g without obvious capacity fade
within 40 cycles at 2 C, which again demonstrates the
good rate capability and stable cycling performance
of this material. The physical properties of the LNCM
materials synthesized by the two methods indicate
that the larger lattice parameters, the better dispersion
of the secondary particles, and the improved electro-
chemical performance of MS-LNCM can be attributed
to the higher BET surface area of the LNCM material.

The temperature-dependence of the electrochemical
performance at 20 and 60 ‘C of MS-LNCM was also
tested under the same procedure as Fig. 6 and the
results are plotted together with the one at 40 °C in
Fig. 7. It is known that a higher operating temperature
leads to higher specific capacities for Li-rich cathode
materials, regardless of the current density applied.
All three cells exhibit good cycling retention and
stable cycling performance after the rate test, although
the two cells tested at elevated temperature (40 and
60 °C) showed slight fading due to electrolyte
decomposition [31]. At ambient temperature, where
electrolyte decomposition is less likely to occur, no
fading could be observed in within test cycles.
Nevertheless, high reversible capacities of 180, 230,
and 250 mAh-g at 20, 40, and 60 °C at 2 C could be
obtained. To the best of our knowledge, such high
capacities with good retention at this current rate
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have not been reported so far, especially at elevated
temperature. Once again, the well-dispersed, hollow-
spherical LNCM cathode material presented in this
work displays very good electrochemical performance
regarding specific capacity, rate capability and
cycling stability, independent of the chosen operating
temperature (20, 40, or 60 °C).

Last of all, it is worth commenting on the
difference of first cycle coulombic efficiency between
NMS-LNCM and MS-LNCM. For this reason, the
first cycle charge/discharge voltage profiles and the
corresponding dQ-dV'-plots of both cells cycled at
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Figure 7  temperature-dependent rate capabilities of the

Li; 5Nig 16C00.0sMng 560, electrodes obtained by the NaCl-assisted
synthesis method cycled at 20, 40, and 60 °C.

0.1C and 40 °C are compared in Figs. 8(a) and 8(b),
respectively. It can be seen that the MS-LNCM has a
much higher 1* cycle coulombic efficiency of 92%
than the one NMS-LNCM (80%). In practical app-
lications, this will be a very promising property in
terms of cathode/anode electrode balancing. Fig. 8(a)
shows that both profiles exhibit two plateaus during
the first charge, due to the existence of two different
processes which arise from lithium de-insertion from
the R3m and C2/m phase region [32], respectively.
Compared to NMS-LNCM, the voltage profile of
MS-LNCM shows an obviously longer first slope and
shorter second plateau. The sloping lower voltage
region (<4.4 V) corresponds to the reversible extraction
of Li* ions from R3m region with the concomitant
oxidation of Ni* to Ni* and Co* to Co*, which
corresponds to the oxidation peak at approximately
4.0V in the dQ-dV7-plot. The long voltage plateau
(~4.5V) is widely accepted to be attributed to an
irreversible loss of oxygen from the manganese-rich
C2/m region and the transformation into a MnO,-like
phase. According to the phase ratio determined by
Rietveld refinement shown in Table 1, the material
prepared by the molten-salt route contains a higher
amount of R3m phase (47%) than the one without
molten salt (35%), even though ICP-OES analysis
had indicated an identical elemental composition.
This finding agrees well with the progression of the
charge voltage profiles (Fig. 8(a)), in which MS-LNCM
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shows a higher capacity in the lower voltage region
(<4.4YV). Since the Li-rich materials do not clearly
show distinct redox features in the voltage profiles
after initial charge, a dQ-dV™" plot is used to visualize
the different processes and is plotted in Fig. 8(b). The
peak between 3.5-4.5 V can be assigned to the redox
activity of Ni/Co. It shows a similar trend to that of
the charging process, ie. the peak maximum of
MS-LNCM is slightly higher than for NMS-LNCM.
However, the second peak at 3.3 V, which originates
from lithiation of the newly formed MnO, phase
shows the opposite behavior. The peak maximum of
MS-LNCM is significantly higher than for NMS-LNCM,
even although the amount of MnO, present should
be much less-based on the phenomenon of the 1+
charging process. In other words, the relative amount
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Figure 8 Comparison of the ™ cycle charge/discharge voltage
profiles (a) and the corresponding dQ-dV~' plot (b) of LNCM
synthesized with and without NaCl. Both cells were tested
between 2.04.8 Vat 0.1 C.

of electrochemically active MnQO, is higher in MS-
LNCM. This may be due to the good dispersion of
secondary particles within the material synthesized
with the assistance of the molten salt and it is worthy
of further investigation.

4 Conclusions

Well-crystallized Li; 2Nig16C0g0sMny 560, hollow micro
spheres have been successfully synthesized by a
molten-salt method. SEM and surface area analysis
prove that the Li;,Nip16C000sMnys0, microspheres
preserve their hollow spherical morphology in the
NaCl-assisted synthesis and display a larger specific
surface area than the material synthesized without
molten salt. The resulting material provides extra
active sites for Li*storage and much better secondary
particle dispersion. This results in very promising
electrochemical properties, such as a high specific
capacity, good rate capability, stable cycling behavior
and a high 1* cycle coulombic efficiency.
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