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Abstract The lithium-rich layered xLi,MnOj3-(1 — x)
LiNi;3Co13Mn;,30, materials were simply prepared by
the molten-salt method. The effects of reaction temperature
and x value on the phase structure and electrochemistry
were systemically studied by X-ray diffraction, galvanos-
tatical charge/discharge and electrochemical impedance
spectroscopy (EIS). It has been found that the obtained
phase is sensitive to the reaction temperature and compo-
sition. A layered rock-salt form with hexagonal a-NaFeO,-
type structure occurs at 700 °C, while a spinel LiMn,0y4
becomes the main phase at 800 °C. Besides, a spinel Liy
MnsO,, component can be found in the lithium-rich lay-
ered material when x value decreases to 0.4. The
0.4Li,MnO5-0.6LiNi;;3Co,3Mn;,30, material can deliver a
high initial discharge capacity of 218 mAhg™' under
20 mAg{l current rate, then increase to the maximum
241 mAhg™' after 4 cycles. It is confirmed by different
cycle dQ/dV profile change that the layer rock-salt trans-
forms into the two phases with the layer rock-salt phase
and the spinel phase step by step. According to the EIS
analysis, the 0.4Li,MnOj3-0.6LiNi;;3Co;;3Mn;,30, sample
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with the better electrochemical performance shows the
smaller charge transfer resistance and Warburg impedance
associated with Li-ion diffusion through cathode, which is
attributed to contribution from a fast 3D Li-ion diffusion
channel of appropriate LizMnsO;, phase.

1 Introduction

Lithium-rich cathode materials have been the research
focus of electrode materials due to their high discharge
specific capacity when cycled above 4.5 V, which repre-
sents an important milestone in the material design for
advanced lithium-ion batteries [1-3]. However, there are
the following technical bottlenecks for their industry
application: (1) the large irreversible capacity loss after
first cycle; (2) the insufficient cycling performance at the
high voltages; (3) the poor rate capability; (4) the voltage
attenuation caused by the phase transformation during
cycling process. The huge irreversible capacity loss has
been attributed to the elimination of oxygen atom and
lithium-ion vacancies from the layered lattice at the end of
the first charge, which is also source of higher special
capacity than other materials [4]. The poor rate capability
could be related to the low electronic conductivity asso-
ciated with the surface phase or the thick SEI layer, which
is formed by a reaction of the cathode surface with the
electrolyte. In addition, transport behavior in the bulk
phase is also a key factor for the rate capacity, cycle life
and voltage fade. Many researchers devote themselves to
deeply analyzing reasons for voltage fade, structural
transformation and roles of transition metals [5-7]. In order
to overcome the above problems, in recent years much
effort has been devoted to the preparation of the
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composites that integrate both high-power characteristics
and rate capability to meet the ever-increasing demand for
new cathode materials of lithium-ion batteries [8—12]. All
bottlenecks are closely relative to the fine structure of
prepared phase and the structure change during charge-
discharge process. All the solutions to improve electro-
chemical performance are based on adjustment of structure
such as element composition design, conductive layer and
morphology control [12—-15].

The methods for preparing lithium-rich cathode mate-
rials include molten salt, co-precipitation spray pyrolysis,
hydrothermal, simple solid-phase, carbon-thermal reduc-
tion and others [16]. Among them, the molten-salt method
is one of the most versatile and simple methods to prepare
various metal oxides with controlled morphology and tai-
lored physical and electrochemical properties [17, 18].
Previously, one pot molten-salt synthesis method was used
for the preparation of layered cathodes, namely LiCoO,,
Li(Co;_,Al)O,, Li(Nij;3Co13Mn;s3)0,, Li(Nigs5C005)0,
and Li(NigpsCog4Alg.1)O, using 0.5SMNaCl:0.5MKCl1 salt
[19].

In this work, the molten-salt method was adopted to
prepare our samples. The phase structure change under
different synthetic condition was discussed, and the effect
of phase structure on electrochemistry was analyzed by the
subtle analysis of diffraction peak and redox peak change
in the dQ/dV plots at different charge/discharge times. The
effect of different phase structures on Li-ion transport
nature in the battery was discussed by the EIS analysis,
which explains the electrochemical performance difference
for samples with different phase structures.

2 Experimental

Target samples (xLi,MnOs-(1 — x)LiNi;;3Co,3Mn;,305)
were prepared by the molten-salt method as follows. Firstly,
Li,CO;, MnCO;, Co(NOj3),-6H,0O and Ni(CH;COO),-
4H,0 were mixed with stoichiometric ratio of
(Bx + 3):(2x + 1):(1 — x):(1 — x). Then the above mixture
was added to the KCIl, NaCl or KCI-NaCl (with stoichio-
metric ratio of 1:1) salts in a crucible. Next, the crucible was
held at 200 °C for 1 h and then annealed at 700-825 °C (due
to melting point difference among molten salts) for another
10 h followed by cooling at the room temperature to obtain
black precipitates. Finally, after the precipitates were soaked
and washed by the distilled water for several times, the
residue was dried at 80 °C. To clearly distinguish the prod-
ucts, six kinds of compounds have been named as X5-KCl,
X5-NaCl, X5-700, X5-800, X4-700 and X3-700 as given in
Table 1.

The phases of samples were characterized by X-ray
diffraction on a Rigaku D/MAX-2000 powder
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diffractometer at 20 kV. The charge—discharge measure-
ments of electrodes were done by cell testing platform
LAND CT2001A. Charge—discharge tests were performed
at a current rate from 20 to 100 mAg~"' over a potential
range between 2.0 and 4.8 V at room temperature. EIS
measurement was conducted with an electrochemical
workstation (Zahner Zennium) using an amplitude of 5 mV
and a frequency range from 100 kHz to 0.1 Hz. The EIS
spectra were performed at the open-circuit voltage about
2.76 V with deviation less than 0.1 V after 4 times cycle.
The cathodes for testing cells were fabricated by mixing
80:12:8 (w/w/w) ratio of active material about 0.4 g, a
carbon electronic conductor (acetylene black) and polyte-
trafluoroethylene (PTFE), respectively, using NMP as the
solvent and then compressed onto the aluminum. The
electrode was made after being dried over 12 h at 120 °C
in a vacuum oven. The electrode area in a cell is 0.95 cm?.
The cells were assembled in glove box. In the test cells,
lithium metal and porous polypropylene film served as
counter electrode and separator, respectively. The elec-
trolyte solution was 1.0 M LiPFg in ethylene carbonate and
diethyl carbonate with a weight ratio of 1:1.

3 Results and discussion

Figure 1 shows XRD patterns of the X5-KCl, X5-NaCl,
X5-700 and X5-800 samples in the range of scattering
angles from 10° to 80°. In Fig. 1a, the main XRD patterns
of the X5-KCI, X5-NaCl and X5-700 samples can be
indexed to the layered rock-salt phase with hexagonal o-
NaFeO,-type structure with a space group of R3m. A low-
intensity peak near 26 = 21°-23° (denoted with the solid
ellipse) for each pattern arises from super-lattice ordering
of Li and Mn in the transition-metal layer, which is the
characteristic of Li-rich material close to the Li,MnO;
composition with C/2m space group. In addition to the
main crystal phase, the X5-KCl, X5-NaCl samples were
indexed to the spinel phase at 30.6°, 36.5°, 63.5°, while the
X5-700 sample is the pure phase. It can be seen that the
KCI-NaCl salt is more beneficial to the crystallization of
the layer phase. In Fig. 1b, the main crystal phase of the
X5-800 sample is indexed to the cubic spinel LiMn,Oy,
phase with a space group of Fd-3m. Zhao et al. [20]
reported that the Li; ;Cog4Mny 40, powder annealed at
850 °C is pure Li-rich phase using an improved molten-salt
method. The different results are attributed to the [20]
conditions. The Li-rich phase is unstable above 800 °C
under our synthesis condition, which easily transforms to
the spinel structure.

The SEM images of the X5-700, X5-800 samples are
shown in Fig. 2. The aggregated particles of the X5-700
sample are shown in Fig. 2a, and the smaller primary
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Table 1 Identification of samples under the different processes

Serial number  Stoichiometric ratio xLi,MnO3-(1 — x)LiNi;;3Co13Mn;,30,  Reaction temperature (°C)  Reaction time (h) Molten salt
X5-KC1 05L12Mn0305L1N1]/3C01/3Mn]/302 800 10 h KCl
X5-NaCl 0.5LizMHO3’O.5LiNi1/3C01/3Mn1/302 825 10 h NaCl
X5-700 0.5Li,Mn0O5-0.5LiNi;/3Co;,3Mn, 50, 700 10 h KCI-NaCl
X4-700 04L12M1’10306L1N11/3C01/3M1’11/302 700 10 h KCI-NaCl
X3-700 03L12MHO307L1N11/3C01/3MH1/302 700 10 h KCI-NaCl
X5-800 05L12MHO305L1N11/3C01/3MH1/302 800 10 h KCI-NaCl
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Fig. 1 The XRD patterns of the X5-KCl, X5-NaCl, X5-700 and X5-800 samples

Fig. 2 The SEM images of the X5-700 (a), X5-800 (b) samples

particles are generally in the range of 100-200 nm in
diameter. The morphology is coincident with other litera-
ture [21]. In Fig. 2b, the morphology of the X5-800 sample
presents a wide particle distribution with an polyhedral
shape, which is the typical morphology of spinel LiMn,0O,4
structure [22].

The discharge special capacities of the X5-700 sample
under different current rates are shown in Fig. 3. The X5-
700 sample only delivers the initial discharge capacity of

150 mAhg™", but displays higher discharge capacity of
200 mAhg ™' after 8 cycles at current rate of 20 mAg~".
The obvious discharge capacity increase shown in Fig. 3 is
attributed to stepwise activation of Li,MnOs [23]. As
current density of discharge increases, discharge capacity
decreases from 200 to 110 mAhg~'. Severely cracked
particles may finally become fragmented pieces and no
longer be available for reversible Li-ion insertion/extrac-
tion, resulting in capacity degradation.
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Fig. 3 Rate performances of the X5-700 sample under different
current rates

On the basis of the above experimental results, the effect
of mole ratio between Li,MnO5 and LiNi,;;Co;,3Mn;,30,
on phase stability and electrochemical properties was fur-
ther investigated. Figure 4a shows the XRD patterns in the
range of scattering angles from 10° to 80° for the X5-700,
X4-700 and X3-700 samples. The XRD patterns of main
phase are indexed to hexagonal a-NaFeO,-type structure.
The additional XRD pattern at about 31° occurs for X4-700
and X3-700 samples, which are indexed to the (220) peak
of spinel phase LisMnsO;, (PDF#46-0810). In order to
further confirm the Li;MnsO;, with the spinel structure,
XRD data shown in Fig. 4 were analyzed in detail. Firstly,
as shown in Fig. 4b, there is the shoulder peak or split peak
denoted by a pentagram for the X4-700 or X3-700 sample,
respectively, which may be the evidence of the (311) peak
for a spinel Li;MnsO;, phase. Secondly, as the Li,MnO3
content decreases, Li;MnsO;, phase obviously increases,

which accounts for Li4;Mns0;, phase in Li,MnO3;-LiMO,
structure easily occurring. This phenomenon was different
from other reported literatures, which coexists with Li-rich
layer structure by integration with the spinel LiMn,Oy,
phase [24]. Finally, the evidence of a Li;MnsO;, phase is
also shown in Fig. 4c. The intensity of (110) and (108)
peak is comparative in hexagonal o-NaFeO,-type structure,
while the experimental results show that relative intensity
of the (108) peak increases as Li,MnO;5 content decreases.
The enhanced intensity of (108) peak is attributed to con-
tribution from (440) peak of LizMnsO;, (PDF#46-0810).
According to the above analysis, Li,MnO3; component of
Li-rich material makes layer structure stable, when x value
exceeds 0.5. A LizMnsO;, phase easily occurs when x is
less than or equal to 0.4. The SEM images of the X3-700,
X4-700 and X5-700 samples are shown in SFigure 1 of
supplementary information. There is no obvious morphol-
ogy difference among the three samples.

To investigate the effect of the ratio between Li,MnO;
and LiMO, phase on the electrochemical performances of
the as-synthesized samples, the charge—discharge cycling
was conducted at room temperature between 2.0 and 4.8 V
at 20 mAg~ ', and the results are displayed in Fig. 5. Two
charging regions corresponding to different electrochemi-
cal reactions can be clearly observed in the first charge
curve of the three samples. The first region, characterized
by a sloping voltage profile, is attributed to the removal of
lithium from the LiNi;;3Co1,3Mn;,30, component with a
concomitant oxidation of Ni** to Ni** [25]. During the
sloping charging course, inactivated Li,MnO; in the
composite structure can act as a reservoir of surplus
lithium, which can diffuse from the transitional metal
layers into the adjacent lithium-depleted layers in order to
stabilize the crystal structure at low lithium loadings. The
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Fig. 4 The XRD patterns of the X5-700, X4-700 and X3-700 samples. a Full spectrum, b, ¢ location larger spectrum
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second region, characterized by a long plateau around
4.65 V, can be attributed to the electrochemical activation
process that extracts a net loss of Li,O from the Li,MnO3
component [4]. The initial discharge capacities of the X5-
700, X4-700 and X3-700 samples reach 152, 218 and
200 mAhg ™', respectively. It is the reason of obvious
special capacity difference among samples that the Li,.
MnO;5; component in the X5-700 sample is not adequately
activated. The explanation can be confirmed from the cycle
performance data in Fig. 5b, special capacity of the X5-700
sample reaches the maximum value after 8 times cycle,
while those of X3-700 and X4-700 samples reach the
maximum value 218, 241 mAhgf1 after 3 or 4 times cycle,
respectively. This also confirms that the existence of Liy
MnsO,, enhances the activation ability of the Li,MnOj;
phase. From the cycle performance shown in Fig. 5b, a
fluctuation of special capacity occurs for the X4-700 and
X3-700 samples, while the phenomenon does not occur for
the X5-700 samples. Essential reason needs to be further
researched.

To further evaluate the charge—discharge process of the
X4-700 sample, the discharge curves of the Ist, 4th, 7th,
14th, 18th, 20th are presented in Fig. 6. The discharge
special capacity reaches the maximum value at 4th dis-
charge profile and then decreases slowly. It is well known
that the voltage degradation during the cycling process
seriously hinders their applications, because voltage fade
would result in a dramatic decrease in energy density. The
voltage degrade of the X4-700 sample is not obvious,
which is similar to other literature [26].

Examining the charge branch of the dQ/dV plots shown
in Fig. 7a, two major peaks are clearly observed at first
charge: The relative sharp peak at 4.7 V (denoted as P1) is
associated with the removal of lithium ions along with the

Voltage(V)

1 L 1 L 1 " 1 " 1 L
0 50 100 150 200 250 300
Capacity(mAh/g)

Fig. 6 Charge and discharge profile for the X4-700 sample under
20 mAg~" during 2.0-4.8 V

simultaneous oxygen evolution. Another broad one at
about 4.0 V (denoted as P2) is ascribed to oxidation of
Ni?* and Co** ions [27, 28]. At 4th charge process, the P1
peak disappears, and the P2 peak shifts to low voltage,
which is the new oxide containing Ni and Co ion with other
value states. A platform occurs from 3.1 to 3.4 V at 4th
charge process, which evolves to P3 peak at 20th charge
process. The P3 peak can be attributed to the formation of
the spinel phase, which confirms the phase change during
charge—discharge process [29].

The discharge branch of the dQ/dV plots is shown in
Fig. 7b. At first discharge, there is a main peak (R2) at
about 3.75 V, and three shoulder peaks occur at about
3.25 V (R4), 3.5 V (R3) and 4.3 V (R1), respectively. The
reduce peak at 3.75 V can be attributed to the reduce
reaction of Ni>™>™#* or Co®™** [30]. The shoulder peak

@ Springer



812 Page 6 of 7

T. Yuan et al.

800

L(a)

700 |
600 —
500 —
400 —

300 |

dQ/dV(mAhg'V ™)

200 -

100 -

Voltage(V)

2.0 25 3.0 3.5 4.0 4.5 5.0

Fig. 7 dQ/dV profile for the X4-700 sample a charge course b discharge course

(R4) at 3.25 V is associated with value state change of
Mn***" in the spinel phase. The shoulder peaks at about
3.5 and 4.3 V are corresponding to Mn*™** in the layer
structure and the spinel phase, respectively [5]. During the
4th discharge process, the main peak at 3.75 V transfers to
a shoulder peak, and the peak at about 3.5 V turns into the
main peak. The shoulder peak at 3.75 V becomes weaker
during the 20th discharge process, and the peaks at about
3.5 V change into a shoulder peak. Another peak at about
3.25 V becomes the strongest as discharge process goes,
which accounts for the increasing formation of spinel phase
with the electrode structure [31]. The peak (R4) at 3.25 V,
corresponding to the occupation of Li within octahedral
sites associated with the reduction of Mn“, demonstrates
an increasing contribution to the total discharge capacity
with a gradual shift to lower potentials during the cycling
process [32].

As shown in SFigure 2 of supplementary information,
rate capability of the X4-700 sample is performed from
current densities of 20-100 mAg~'. Special capacity
doesn’t obviously fade at 30 mAg~' and reach about
225 mAhg~'. While the charge—discharge current is over
40 mAg ™', special capacity obviously decreases and is
about 100 mAhg™' at 100 mAg~'. The difference in
resistance among xLi,MnO;-(1 — x)LiNi;;3Co,3Mn;,30,
samples is revealed by electrochemical impedance spec-
troscopy in Fig. 8. The equivalent circuit is shown in inset
of Fig. 8 by fitting the EIS data, which is similar to other
literatures [33, 34]. A linear feature is observed at low
frequency, which resembles a Warburg type response,
attributable to the solid-state diffusion of Li ion into active
mass. On the basis of low-frequency part in Fig. 8, the
Warburg factor (¢) can be obtained by the formula Z' =
R, + R, + o~ /2 [35]. So the ¢ for the X3-700, X4-700
and X5-700 samples is 237.4, 110.8 and 475.5 QHz'"?,
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Fig. 8 AC impedance spectra and equivalent circuit for the X3-700,
X4-700, X5-700 samples

respectively. According to the formula
Dy;+ = 0.5R°T? /n*A2F*C?q?, the values of the resistance
and diffusion coefficient for each sample are shown in
Table 2 [36]. The X3-700 and X4-700 samples show the
smaller Ry, due to the occurrence of the Li;MnsO,, phase
and the more layer component. There is the biggest value
of the diffusion coefficient for the X4-700 sample because
Li4MnsO;, can effectively reduce the barrier for Li-ion
diffusion. Generally speaking, the bigger diffusion

Table 2 Resistance and lithium-ion diffusion coefficients of each
sample

Sample  Reyt (@) R (Q) Ry (Q)  Dfi(em®s™")

X3-700 8.308 209.1 14.38 2460836 x 1071
X4-700 10.81 9.527 85.06 5.527517 x 107"
X5-700 20.48 92.12 395.4 1.339122 x 10715
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coefficient is, the bigger discharge capacity is. So the
results are consistent with the above charge—discharge
curve results.

4 Conclusion

A series of xleMn03(1 — X)LiNi]/3C01/3MH]/302 mate-
rials are simply synthesized by the molten-salt method. It
has been found that the obtained phase is sensitive to the
temperature and composition, and high temperature
exceeding 800 °C induces the formation of the LiMn,0O,
phase. A spinel Li;Mns0;, component can be found in the
)CleMl'lO:;(l — x)LiNi1,3C01/3Mn1/302 material, when
x value is less than or equal to 0.4. The 0.4Li,MnOj;.
0.6LiNi;;3Co,,3Mn;,30, material can deliver a high initial
discharge capacity of 218 mAhg™" under 20 mAg~" cur-
rent rate, then increase to 241 mAhg™' after 4 cycles,
which confirms that the existence of Li;MnsO;, enhances
the activation ability of the Li,MnOj3 phase. According to
the dQ/dV profile, there is the phase change from layer
structure to spinel phase during the charge—discharge pro-
cess. From the EIS analysis, the 0.4Li,MnO3-0.6LiNiy,
3Coy3Mn; 50, sample shows the better electrochemical
performance due to the smaller charge transfer resistance
and Warburg impedance, which is attributed to the con-
tribution from a fast 3D Li-ion diffusion channel of
appropriate Li4;Mns0O;, phase.
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