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Spinel LiNigsMn; 504 (LNMO) with a loose structure is successfully synthesized through a modified
KCI molten salt method for the first time. Firstly, the precursor is prepared by a sol-gel method, and
then it is calcined with LiOH and the KCI molten salt to synthesize the product. To evaluate the effect
of the synthesis conditions on the formation of spinel LNMO, the molten salt and calcination
atmosphere are investigated in detail. The structure and morphology of the materials are characterized
by X-ray diffraction and scanning electron microscopy. The LNMO synthesized under optimized
condition exhibits a loose morphology consisting of 500-800 nm particles and more excellent
electrochemical performance especially in the rate performance, receiving a discharge capacity of
108.3 mAh g™tat 10 C. The superior performance is attributed to both the loose structure and uniform
particle.
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1. INTRODUCTION

The huge demands for high-power application have motivated the development of battery
materials [1-3]. One of the most promising candidates is the spinel-like LiNigsMn;50, (LNMO),
considering its lower toxicity, lower cost, and higher theoretic capacity [4-8]. Compared to the
traditional cathode material LiMn,O4, LNMO exhibits improved structural stability because of the
absence of Mn**. This material also has a two-electron transition from Ni** to Ni** with two voltage
plateaus near 4.7 V vs. Li*/Li, fast three-dimensional lithium-ion diffusion paths within the cubic
lattice and a theoretical capacity of 147 mAh g™ [9-12].
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However, the rate performance and the cyclic performance at a high current density of LNMO
are facing serious challenges. To solve these problems, considerable research has been focused on its
physical properties, particularly its particle size, particle morphology, crystal structure and Mn®*
content. Zhang et al. reported a morphology-inheritance route to prepare 1D nanoporous LNMO and
the materials delivered an outstanding rate performance [13]. Liu et al. synthesized LNMO cathode
materials through a two-step approach, which exhibited excellent performance, high capacity and good
cyclic stability [14].

In general, LNMO is always synthesized by a solid-state method [15, 16]. However, solid-state
procedure produces larger particles with poor control of their stoichiometry and shape. Some
disadvantages of the conventional solid-state method could be eliminated or minimized by a sol-gel
method. B.J. Hwang et al. synthesized the spinel Lij0,NigsMn1504 by a citric acid-assisted sol—gel
process followed by sintering under O, flowing conditions [17]. In addition, the molten-salt method is
another route to synthesize LNMO, and it has been reported as the simplest method for preparing
ceramic materials [18]. The molten salt method is based on the application of a salt with a low melting
point. In the molten salt, diffusion rates between reaction materials are much higher, thus powders with
a single phase can be obtained at a lower temperature. Previous studies reported that the LNMO could
be synthesized only in a covered crucible in a LiCl flux and the synthesis in the open state would lead
to the formation of the Li,MnOjz impurity because of the excessive Li* [19].

In this paper, the KCI molten salt was used in the synthesis of LNMO for the first time to avoid
the Li,MnO3; impurity and the LNMO powders were obtained in the open state. Furthermore, the
molten salt successfully maintained the loose structure of the precursor prepared by a sol-gel method.
The LNMO powders were synthesized by the calcination of a mixture of the precursor, LiOH and the
KCI molten salt. The influence of molten salt and sintering atmospheres were discussed in detail. The
materials synthesized under optimized condition show excellent electrochemistry performance.

2. EXPERIMENTAL
2.1. Preparation and characterization

2.1.1. Preparation of LNMO materials

The LNMO powders were synthesized by a modified KCI molten salt method. Stoichiometric
amounts of Mn(CH3COO),-4H,0, Ni(CH3COO),-4H,0 and citric acid were dissolved in distilled
water and stirred continuously. The mole ratio of citric acid to total metal ions was 1. After adjusting
the pH value to 7.0-8.0 with ammonium hydroxide, the solution was evaporated at 80 °C at 400 r/min
until a green gel formed. The gel was dried in a vacuum oven at 120 °C for 15h. The obtained powders
were decomposed at 500°C for 6 h. The precursor powders were ground with a appropriate amount of
LiOH and a large excess of KCI, of which the molar ratio for the precursor was 4 (hereafter, the molar
ratio of KCI for the mixed precursors is defined as R). After sufficient mixing, the mixture was placed
in an alumina crucible and calcined under different atmosphere where the gas flow consisted of O, and
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N, at O, concentrations of 10%, 20%, 50% and 100%. The samples were then calcined at 900 °C for
12 h and then cooled to room temperature naturally. Finally, the resulting powders were washed with
distilled water and dried at 120°C.

For the purpose of comparison, the LNMO powders were also synthesized by an ordinary sol-
gel method and calcined at 900°C in O, flow for 12 h.

2.2. Physical characterization

The structure of the as-prepared powders was confirmed by X-ray diffraction (XRD, Bruker D8
Advance, Cu Ka radiation, a=1.5406 A) with a range of 20 from 10° to 80° at a scan rate of 1°/min.
The morphology and composition of the samples were investigated by scanning electron microscopy
(SEM, JEOL JSM-6390).

2.3. Electrochemical measurements

The working electrodes were prepared by mixing 80 wt.% as-prepared powders, 10wt.%
carbon conductive agents (super P) and 10 wt.% polyvinylidene difluoride (PVDF) binder in N-
methyl-2-pyrrolidone (NMP) solvent. The slurry was then cast onto an aluminum foil current collector.
After coating, the electrodes were dried at 80 °C for 3h. Then, the electrode film was punched into
disks with a typical diameter of 12 mm. The electrodes were dried overnight at 80 °C in a vacuum
oven prior touse. A metallic lithium foil was used as an anode, 1 M LiPFg in ethylene carbonate (EC) -
diethyl carbonate (DEC) (1:1 in volume) was used as the electrolyte, and a polypropylene micro-
porous film (Cellgard2300) served as the separator. Coin-type (CR2032) half-cells were assembled in
an argon-filled glove box (Mikarouna, Superstar 1220/750/900). The galvanostatic discharge-charge
measurements were performed on a battery test system (Land CT2001A, Wuhan Jinnuo Electronic Co.
Ltd.) between 3.5 and 4.9 V (vs. Li*/Li) at different rates at room temperature. EIS measurements were
performed on an electrochemical workstation (CH Instrument 660A, CHI Company). The amplitude of
the AC signal was 5 mV over a frequency range from 100 kHz to 10 mHz.

3. RESULTS AND DISCUSSION

3.1. Effect of synthesis conditions

In this paper, the precursor was prepared by sintering dry gel, and the LNMO powders were
synthesized by calcining a mixture of the precursor, LiOH, and the KCI molten salt. To reveal the
effect of the KCI molten salt on the sol-gel method precursor, we synthesized spinel LNMO powders
from a sol-gel method precursor at different conditions: one was calcined with LiOH and KCI molten
salt (R=4) (modified KCI molten salt method) and the other was calcined with LiOH only (sol-gel
method). Both samples were calcined at 900 °C for 12h in O, flow. Fig. 1 (1) shows the XRD patterns
of the two groups of samples. Although all of the diffraction peaks were in good agreement with
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JCPDS card 80-2162, the LNMO samples calcined directly (LNMO-SG here after) exhibited
LixNi; <O impurity peaks at 37° and 44° in 26.
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Figure 1. XRD patterns of the (1) LNMO powders synthesized by different methods: (a) the sol-gel
method and (b) modified KCI molten salt method. SEM images of the LNMO powders
synthesized by different methods: (2) the sol-gel method and (3) molten salt method.

However, these peaks were no longer seen in the samples synthesized by modified KCI molten
salt method (LNMO-MS here after) because of the faster phase formation in the molten medium [20].
The XRD of LNMO-MS also shows that the Li,MnO3 impurity reported in the LiCl molten salt
method was successfully eliminated [19]. The Fig. 1 (2) (3) shows the SEM images of the two groups
of samples mentioned above. The LNMO-MS exhibited single crystals of octahedral shape with [111]
planes and a characteristic loose morphology, whereas the LNMO-SG particles were irregular,
indicating that the LNMO-MS exhibited better crystallinity. The image also shows that the particle size
of LNMO-MS is approximately 500-800 nm.
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Figure 2. SEM images of the LNMO powders synthesized in different ratios of KCI molten salt: (a)
R=1; (b) R=4; (c) R=16.
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The morphology of the LNMO samples significantly varied with the change of the molten salt
amount. We synthesized three groups of materials in different amounts of KCI molten salt (R=1, 4,
16). Fig. 2 (a)—(c) show the SEM images of the samples. As shown in Fig. 2, the particle exhibits
bigger size and more significantly aggregation with the decreasing of the KCI molten salt ratio. Fig. 2
(a) represents the sample of R=1.
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Figure 3. XRD patterns of the (1) LNMO powders synthesized under different atmospheres: (a) 10%
0,; (b) 20% O; (c) 50% O, and (d) 100% O,. SEM images of the LNMO powders synthesized
under different atmospheres: (2) 10% O; (3) 20% O,; (4) 50% O, and (5) 100% O..

The particle size of 1-4 um and terrible aggregation can be observed because the deficient
molten salt cannot pack and isolate the particles well during synthesizing process. Fig. 2 (b) represents
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the sample of R=4. The better crystallinity and loose structure can be found because of the appropriate
amount of molten salt to packing particles. Fig. 2 (c) represents the sample of R=16. It is significant
that the particle size is only about 100 nm. It is considered that the particles about 100 nm are easy to
aggregate after calcination in 900 °C. However, the sample of R=16 maintained a loose structure and
little aggregation. We attribute the preservation of the loose morphology to the abundant molten salts
that packed the particles and prevented them contacting each other during sintering process. The
formation process was discussed in the next chapter. Considering the decomposition of electrolyte on
the materials surface, we selected KCI molten salt ratio of R=4 as the the optimality condition.

To investigate the effect of calcination atmosphere, especially the content of O, on the
preparation of spinel LNMO, we synthesized the samples at different atmospheres where the gas flow
consisted of O, and N, with an O, concentration of 10%, 20%, 50% and 100%. These samples were
calcined at 900 °C for 12 h using the same amount of KCI (R=4). Fig. 3 (1) shows the XRD patterns of
the different samples. All of the diffraction peaks were in good agreement with JCPDS card 80-2162.
Because no superlattice structure was observed, these samples were assigned to the Fd3m space group
of the disordered framework [21]. The sharp diffraction peaks indicated good crystallinity. In this
structure, Li ions and O, ions are respectively occupied in the tetrahedral 8a sites and 32e sites, and
Mn or Ni ions are occupied in the octahedral 16d sites. The LixNi; O impurity peaks in the XRD
patterns of the LNMO synthesized at 10%, 20% and 50% O, concentrations were observed close to the
(311), (400) and (440) reflection peaks [22, 23], respectively; however, these peaks were not observed
in the LNMO synthesized at 100% O, concentration.

Fig. 3 (2)-(4) shows the SEM images of the LNMO synthesized at 10%, 20%, 50% and 100%
O, concentrations. The samples synthesized at low O, concentration (10%, 20% and 50% O,
concentrations) exhibited some irregular particles with particle size of 10-50nm which may be
attributed to the impurities and undeveloped crystals. However, the sample calcined at 100% O,
concentration exhibited particles with better crystallinity and octahedral crystals. It may indicate that
the O, concentration will influence the formation of the impurity and the crystal. The above samples
were all synthesized by calcination of a mixture of the precursor, LiOH and KCI (R=4). Because the
precursor was prepared by sintering the dry gel at 500 °C, the Mn?" ions from Mn(CH3;COO),-4H,0
were not completely oxidized to Mn**, and the Mn ion in the precursor was maintained at a lower
valence state. It is considered that O, contributes to the oxidation of the Mn ions in lower valence
states when the LNMO is synthesized at 900 °C. The LNMO synthesized at low O, concentration
contained more Mn** ions because of the absence of the O, during calcination. As a result, the
LixNi;—,O impurities formed. In the case of the 100% O, concentration calcination condition, the
sufficient O, led to fewer Mn** ions and Li.Ni; O impurities. To sum up, the abundant O, and the
appropriate molten salt lead to the loose morphology consisting of well-crystallized particles.

3.2. Mechanism of the formation of the loose structure of LNMO

In this paper, spinel LNMO powders with loose structures were obtained by a modified KCl
molten salt method. Fig. 4 shows the SEM images of LNMO-MS. Spinel LNMO powders with a
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uniform particle size, excellent crystallinity, little aggregation and a loose morphology were observed.
Fig. 5 shows the formation mechanism of LNMO-MS. In the first step, the precursor was synthesized
by a sol-gel method. The dry gel was obtained from the solution of acetate and citric acid, followed by
sintering at an appropriate temperature.
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Figure 4. SEM images of the loose structural LNMO powders under different magnifications.

Because of the decomposition of organics, the precursor has a high surface area and loose
structure. In the SEM images of the precursor after sintering, the particles of transitional metal oxide
with 50-100 nm size could be observed. More importantly, the precursor also reveals a loose
morphology, which provides favorable conditions for the molten salt infiltrating and packing the
particles in the next step. In the second step, the precursor was calcined and infiltrated with KCI
molten salt and LiOH. Referring to Fig. 5, an appropriate amount of KCI led to the packing of the
precursor particles, preventing them from contacting each other and maintaining the loose structure. In
the third step, the mixture of materials was calcined at a high temperature to synthesize the final
product in an O, flow. As a result of the facilitation effect of the O, flow and the suitable temperature,
the spinel LNMO crystalized well resulting in small and uniform particles. Meanwhile, the KCI molten
salt between the particles resulted in a loose structure and little aggregation. The SEM image of the
LNMO shows the final morphology in which the loose structure and little agglomeration could be
observed. This phenomenon indicates that the particles maintained relatively small size and loose
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structure and preferred to grow separately rather than aggregate because the KCI molten salt
participated in the synthesis process.
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Figure 5. The mechanism of the formation of the loose structural LNMO.

On the basis of the discussion above, we deduce that the KCI molten salt play a role as crystal
growth inhibitor. The precursor particles will be packed and isolated well and grow separately in
appropriate molten salt. Similarly, the lack of molten salt will lead to the aggregation and bigger
particles.

3.3. Electrochemical Characterization

The galvanostatic charge-discharge profiles of LNMO-SG and LNMO-MS at1 C, 2 C, 5 C and
10 C (1 C=140 mA g™) in the potential window of 3.5-4.9 V are shown in Fig. 6. Both groups
exhibited a long plateau consisting of two distinct potentials at approximately 4.7V, attributed to the
NiZ*/Ni** and Ni**/Ni** redox couples [21, 24], and a short plateau at approximately 4.0 V, attributed
to Mn**/Mn** because of the Mn®" existing in spinel LNMO [24]. The distinct double-plateau also
indicates that both samples exhibited face-centered cubic Fd3m (cation disordering) geometry [25, 26].
The shorter plateau at approximately 4.0 V in LNMO-MS indicates fewer Mn®* ijons and LixNi; O
impurities. When the current density ascended up, the plateau of LNMO-SG was influenced more
significantly and LNMO-MS has a higher discharge plateau and a lower charge plateau at 4.7V and
4.0V, respectively. Meanwhile, the discharge capacity of LNMO-SG decreased dramatically with the
current density increasing. However, the LNMO-MS exhibited much more excellent capacity retention
ability. These results indicate that LNMO-MS has a better rate capacity because of its smaller particle
size, little polarization, and better crystallinity.
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Figure 6. The charge-discharge curves of the LNMO powders synthesized by (a) the modified KCI
molten salt method and by (b) the sol-gel method at different current densities.
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Figure 7. Cycling stability of the LNMO powders synthesized by the modified KCI molten salt
method and sol-gel method at 1 C.

The cyclic performance of the two groups of samples was investigated at a high current of 1 C
to avoid decomposition of the electrolyte, the results of which are presented in Fig. 7. As shown in the
pattern, after a few activating cycles, the discharge capacity of the two groups of samples reached a
maximum of 113.9 mAh g™ for LNMO-SG and 134.6 mAh g* for LNMO-MS. After 100 cycles, the
discharge capacity of LNMO-SG was only 100.6 mAh g*, whereas LNMO-MS had a discharge
capacity of 127 mAh g*. The discharge capacity retention rates with respect to the maximum
discharge capacity were 88.32% (LNMO-SG) and 94.35% (LNMO-MS). The excellent discharge
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capacity retention rate for LNMO-MS was attributed to its high crystallinity and fewer impurities, as
demonstrated by the XRD and SEM analyses. The poor cycle performance of LNMO-SG is likely a
result of the structural destruction of the undeveloped particle.
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Figure 8. Discharge capacity of the LNMO powders synthesized by the modified KCI molten salt
method and the sol-gel method at different current rates.

The rate capacity of both samples was investigated at 1 C, 2 C, 5 C and 10 C. As shown in Fig.
8, the discharge capacities for LNMO-MS were 134.5 mAh g, 130.7 mAh g*, 121.3 mAh g*, and
108.3 mAh g* at the respective current rates listed above. The material also exhibited excellent
stability at each current rate with no obvious fading observed. When the current density was reduced
back to 1 C, the discharge capacity recovered to its initial value. This result indicates that rapid
lithiation/delithiation and a large current density did not result in structural damage of the crystals. The
loose structure also led to sufficient infiltration of the electrolyte and the nano-size particle shortened
the distances for Li* migration, which allowed the materials to obtain better electrochemical properties.
In addition, the material has outstanding cycle performance because of its excellent crystallinity.
However, LNMO-SG samples exhibited a poor rate capacity with discharge capacities of 114.4 mAh
g™, 106.1 mAh g, 81.6 mAh g™ and 48.9 mAh g™ at the respective current densities mentioned above.
It is notable that the LNMO-SG sample exhibited low electrochemistry performance (only 48.9 mAh g’
) at a large current density of 10 C. This result indicates that LNMO-SG samples cannot be
completely lithiated/delithiated because of electrochemical impedance and polarization. Compared to
LNMO-MS, the lower discharge capacity at the same current density for LNMO-SG were attributed to
its increased particle size, higher internal resistance and more significant polarization.

To investigate the internal resistance of the samples, EIS patterns for both were performed. Fig.
9 shows the EIS plots of both samples after the 10th, 20th, 30th, and 50th cycle.
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Figure 9. Electrochemical impedance spectroscopy (EIS) of the LNMO powders synthesized by (a)
the modified KCI molten salt method and (b) the sol-gel method after different cycles.

Generally, the spectra of both samples are composed of a high-frequency semicircle
corresponding to the R (the resistance of the surface layer), a medium-to-low-frequency semicircle
corresponding to the R (charge-discharge resistance at the interface of the electrode and the
electrolyte) and the diameter corresponding to the value of R¢. The line at the low-frequency region
corresponds to Zw caused by lithium-ion diffusion in the material [27-29]. Both samples were
measured at a potential of 4.5 V. The R, of LNMO-MS was found to be significantly lower than that
of LNMO-SG. This result is possibly attributed to the smaller and more uniform particle size, better
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crystallinity with octahedron and the shorter distances for Li* migration, as well as the loose structure
of LNMO-MS.

4. CONCLUSION

Spinel LNMO was synthesized by a modified KCI molten salt method in which conditions
were modified. Among all of the synthesis conditions, the sample synthesized at 900 °C for 12h in O,
flow with KCI molten salt (R=4) exhibited an obviously loose structural morphology with uniform
octahedral crystals with a particle size ranging from 500 nm to 800 nm. O, facilitated the formation of
spinel crystals and the KCI molten salt prevented the aggregation of the particles, both leading to the
loose structure. The material also exhibited superior electrochemical performance. The maximum
discharge capacity reached 134.6 mAh g™ and the discharge capacity after 100 cycles reached 127
mAh g at 1C. Furthermore, an excellent rate capacity was obtained with a discharge capacity of 108.3
mAh g at 10 C. We attributed the superior electrochemical properties of these materials to their
smaller particle size, high crystallinity and characteristic loose structure.
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