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Abstract

Nickel-rich layered lithium transition-metal oxides, Li12Nii—xMxO2 (M=transition
metal), have been studied intensively as high-energy positive-electrode materials for
lithium batteries because of their high specific capacity and relatively low-cost.
However, oxygen loss from the lattice during the initial charge and gradual structural
transformation during cycling can lead to capacity degradation and potential decay of
the cathode materials. This is due to the small size and highly oxidizing nature of
tetravalent nickel. Herein, we report for the first time a series of promising core-shell
structured  positive-electrode  materials with a general formula [Liiz-
xNaxNio.62C00.14Mno 24802], where x = 0, 0.05, 0.08, 0.10 and 0.12. The results clearly
show that manganese oxide coating has greatly improved the cycling stability and
inhibited the side reactions with the electrolytes. However, manganese oxide coating

can also retard the electrode reactions because it extends the diffusion path for lithium
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ion and results in increases the charge transfer resistance. Sodium doping expands the
lattice due to the fact that Na has higher ionic radii than that of Li. This facilitates the
diffusion of Li-ions, reduces the charge transfer resistance and improves the
electrochemical performance of the materials. Furthermore, sodium doping not only
improves the discharge capacity, but it also improves the cycling stability even further.
This is because Na has higher ionic radii than that of Li and hence Na has less tendency
to migrate to “tetrahedral” sites in the Li/Na layer and restricts the structural
transformation. However, addition of Na higher than 0.1 decreases the capacity as Na

has higher weight than that of Li.

Keywords: Nickel-rich materials, manganese oxide; nanoscale coating, sodium doping,

charge transfer resistance, lithium diffusion, lithium ion battery

1. Introduction

The world energy consumption and environmental pollution have been increasing
exponentially during the last decades, which force us to quest for a green and low-cost
energy resources. The green sources of energy such as solar, wind energy and wave
are periodic. Therefore, an efficient battery is needed to store the energy in chemical
form and convert to electricity when needed. Lithium ion battery system (LIBs)has
been regarded as one of the most promising solutions due to its high energy density
and long lifespan.! Current lithium ion battery technology is well-developed for

portable electronic devices, but still need to be improved to fit the requirement for
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high-power systems like plug-in hybrid electric vehicles (PHEV) and electric vehicles

(EV) in many perspectives, such as energy density, safety, durability and cost.> *

Among all the positive-electrode materials, LiCoO- is the most used and qualified.
However, its energy density also fails to meet the demands of today's consumers, it is
not stable to heavy duties and very expensive because Co is rare.* 5 Therefore,
researches on substitution of Co for cheaper and abundant elements, such as Mn and
Ni, have been main concerns in last decades. One of the successful examples is
Li[Niy3C013Mn13]O2, which has already been commercialized for auto-mobile
applications because it is relatively cheaper than LiCoO; and its outstanding safety
characteristics. However, its capacity of 155 mAh g* is quite low to be use in next

generation EVs applications.5 ’

It has been found that Ni-rich materials (Ni content > 60%) are promising cathode
candidates for Li-ion batteries because of their high energy density, and low cost. In
addition, they can deliver higher discharge capacities and work at higher voltages (4.4-
4.8V)%%han Li[Niy3Co1sMn13]Oz, because the higher Ni content makes the main
active redox species (Ni?*< Ni**) more in the layered structure. However, fast capacity
fading, poor thermal stability still plague their mass application. Furthermore, they can
easily transform into an electrochemically inactive NiO-like or spinel phase with high
volumetric changes. This is due to the small size and highly oxidizing nature of
tetravalent nickel and it can result in the loss of oxygen, and migration of nickel ions to

the lithium-depleted layer. The increased formation of NiO phase results in capacity
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fading, and moreover, repeated volumetric changes can result in the pulverization of
the original active materials. This instability of the delithiated phase also causes safety
issues and capacity fading.> & 116 In addition, cycling the positive-electrode material
at a temperature greater than 60 <C can also catalyze the reaction between electrode
surface and electrolytes, which forms a non-conducting solid electrolyte interface (SEI)
layer that increases the diffusion path of Li* ion and deteriorates the electrochemical

performance of the material.}’-*°

To date, intensive research has been carried out to improve such structural stability
of Ni-rich materials via surface coating or core shell structuring.*® - 20-27 Sun et al
reported a Ni-rich core-shell structured Li[(Nio.sC00.1Mno.1)0.8(NiosMnos)0.2]O2, which
delivers 200 mAh g* at 40 mA g* and it delivers a discharge capacity of 120 mA g at
1 C and retains a discharge capacity of 98% after 500 cycles. They have attributed the
high capacity to the core Li[NiosC00.1Mno1]O2) and the good thermal stability to the
manganese rich-shell (Li[Nio.sMnos]O2 shell).!! Recently, Cho et al have synthesized a
Ni-rich positive-electrode material LiNiosC002Mno202 coated with SiO: layer, their
result showed that its cycle performance and thermal stability can be improved because
SiO2 has reduced the side reaction between the electrode and electrolyte, although the
discharge capacity of the material decrease along with increase of Si content due to
sluggish kinetics of Li* diffusion.?® Lu et al reported a LiMO, material coated with
nanoscale Li>TiOs. They found that the thin film of Li>TiOsz has significantly improved
the cyclic stability of the material, and the charge transfer resistance of the coated

material is much smaller than the uncoated one after many cycles.?® However, all the
4
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materials reported above (Reference! 2°) were cycled at relatively low upper voltage

of 4.3 V.

Although considerable research has been done to improve the electrochemical
performance of nickel rich materials, it is still need further efforts to design and prepare
a more stable nickel rich materials for LIBs. On the other hand, among the positive
electrode candidates currently being studied, Li-rich layered oxides are the most
attractive for next generation LIBs due to their high specific capacities exceeding 200

mAh g-1.29-32

Sun et al reported (Li12Nio62C0015Mno2502) positive-electrode materials. Their
results showed that this material has poor cycling stability and low thermal stability.
They also reported that increasing Mn content in the shell can improve the thermal
stability of the material.3® Therefore, in this study, we have chosen the Li-excess Ni-
rich materials system (Li1.2Nio.s2C00.14Mno2402) to further enhance its stability and to
improve its electrochemical performance via manganese coating well as sodium doping,
because as reported earlier that manganese coating can provide good thermal stability
to the material, while sodium doping can increase the discharge capacity.> 34-3Qur
results show that coating the material has significantly improved its cycling stability.
However, by using the impedance spectroscopy techniques, we have found that coating
the material has increased the charge transfer resistance due to increases of the diffusion
path of Li-ions. It has been reported that sodium doping can enlarges the lattices volume,

reduces the charge transfer resistance and increases the discharge capacity of layered
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structure materials.®> 3" 38 Therefore, we have doped the surface modified materials
with sodium to reduce its charge transfer resistance and to further improve its
electrochemical performance. Na has higher ionic radii than that of Li and because of
this fact, Na has expanded the lattice, reduced the charge transfer resistance and

significantly increased the discharge capacity of the surface modified materials.

Experimental section

1.1 Syntheses of the materials

All chemicals and reagents used were analytical grade without any further
purification. Nio2C00.14Mno24CO3 was synthesized by a typical co-precipitation.
Stoichiometric amounts of NiSO4-6H20, CoSO4-7H20 and MnSO4-H,O were dissolved
in deionized water to prepare 1 M solution, which was added into a 2 M Na;COs
solution in a continuously stirring tank reactor to form a suspension. It had been then
aged for 24 h under N2 atmosphere, during which the temperature and pH value of the
solution were precisely controlled at 60 <T and 8.5, respectively. The solid was filtered,

washed and dried in a vacuum at 100 <C.

Coating of manganese oxide on the surface of Nio.s2C00.14Mno 24CO3 was achieved
as followed: 0.177 g of MnSO4-H20 was dissolved in 50 ml of deionized water and
added into 100 ml of aqueous suspension containing 2 g of the precursor
Nio.62C00.14Mno.24CO3 and 0.223 g of Na2COs. The resulted suspension was aged for 12
h at 60 <C, filtered, washed three times with deionized water and dried in a vacuum at

100 <C.
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The  final lithiated  positive-electrode  material ~ materials  Liy2-
xNaxNio.62C00.14Mno 24802 (x = 0, 0.05, 0.08, 0.10 and 0.12) were obtained by mixing
stoichiometric powder of the coated precursor with a proper amount of Li.CO3z and
Na>COs. The mixture was first heated at 450 °C for 8 h, followed by baking at 850 C
for 12 h in air. The furnace ramp rate was maintained at 2 <C min™. The coated material
with the nominal formula [Li1.2-xNaxNio.s2C00.14Mng 24802], where x = 0, 0.05, 0.08, 0.1

and 0.12, have been denoted as S1, S2, S3, S4 and S5, respectively.

The material Li12Nio62C0014Mno2402 without coating, denoted as SO, was
synthesized with a similar method, except that the uncoated precursor is mixed with a

proper amount of LioCOs directly.

1.2 Physical characterization

Powder X-ray diffraction was performed on a SHIMADZU XD-3A diffractometer
in transmission mode with Cu K, radiation. XRD data was collected at a scan rate of

0.15726 min* with 0.02 ®step size in the 26 range between 10=and 80<

The morphology of the materials was observed using a scanning electron
microscope (SEM, FESEM Hitachi SU8010). Transmission electron microscopy (TEM)
was performed on a JEMZ2000EX transmission electron microscope. Chemical
compositions of the samples were determined using inductively coupled plasma (ICP-

OES, Optima 8000).

To test the electrochemical performance, powder samples were mixed with
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acetylene carbon black (AB) and poly(vinylidene fluoride) (PVDF), to a weight ratio
of 80 : 10 : 10, then dispersed in 1-methyl-2-pyrrolidinone (NMP). The slurry was
spread onto a piece of aluminum foil, a typical loading of the thin electrodes is about
2-3 mg cm 2 and then dried in vacuum oven at 100 <C for 24 h. The test CR 2032 coin
cells were assembled in an Ar-filled glove box with Li metal as the counter electrode,
1 M LiPF dissolved in ethylene carbonate (EC) and dimethyl carbonate (DMC) as the
electrolyte. The cells were galvanostatically charged/discharged within the range of 2.5
~ 4.8 V at room temperature instead of upper voltage of 4.5V. The cells were
galvanostatically charged at different current densities to 4.8V, followed by additional
constant-voltage (CV) charging step at 4.8 V for 20 min and then discharged
galvanostatically at the same current density as the charging process to 2.5V using a
battery cycler (Land battery testing system) at room temperature. The current densities
used were 27, 136, 273, 546, 1092 and 2184 mA g%, corresponding to C rates, 0.1, 0.5,
1,2,4and 8 C (1 C =273 mAg?). Cyclic voltammetry (CV) tests were performed on
a CHI660D electrochemical workstation at a sweep rate of 0.5 mV st The
electrochemical impedance spectroscopy (EIS) was carried out on an electrochemical
analyzer within a frequency range between 10° Hz ~0.01 Hz and an AC amplitude of 5

mV.

2. Results and discussion

2.1 Structure and morphology

The elemental analyses of the samples were performed using the ICP-OES
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technique. The results are shown in Table 1, which demonstrate that the observed values
are approximately consistent with the proposed ones. The observed values of
manganese are slightly higher than the proposed values because manganese ions has

lower solubility than both of nickel and cobalt ions at the PH of the reaction.

The XRD patterns in Figure 1 show that the synthesized samples are all phase-
pure without any impurity peaks detected. All the diffraction peaks of the XRD pattern
could be indexed based on the layered hexagonal structure of a-NaFeO; type lattice
belonging to the space group R3m.***? There is no reflection appears in the ~ 20—23°
20 range that indicates the absence of Li.MnOs phase due to the low content of
manganese, and the patterns can be described inarguably as a single phase LiMO; (see
reference®® for more information).*> 4 In the XRD patterns, the (006)/(102) peaks of
sample S4 are well spilt, suggesting a well-defined layered structure formed in the
lattice. A careful analysis of the XRD pattern indicates that the (003) peak of the Na-
doped samples move slightly toward the lower angle region. This suggests that the Na
ions could be completely introduced into the alkali ion layer in the lattice, which
enlarges substantially the Li slab space.® The lattice parameters and particle sizes are
shown in Table 2.The carefully refined lattice parameters indicate that there is no lattice
expansion as a result of manganese coating. It can be seen that sodium doping increases
the values of a, ¢ and looa/l104 due to the fact that Na has higher ionic radii than Li. This
lattice expansion can makes the lithium intercalation/de-intercalation easier as well as

decreases the degree of cation mixing, which make well-defined layered structure®.
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Figure 2 shows the SEM images of the samples. The grains of the pristine sample
SO are irregular with dimensions ranging from 300 nm to 500 nm. However, it is less
aggregated than the manganese coated sample S1. The grains of the sodium doped
samples are secluded from each other and has better crystallinity than the undoped
samples. These results indicate that sodium doping significantly improves the
crystallinity of the material. The structure and morphology of the rod-like particles
appearing in all of the sodium doped samples. They have the same a-NaFeO; type
structure (space group R3m) as shown in Figure 3, but they are impurity particles

coming from the crucible.

The structure and morphology of the pristine sample SO and the surface modified
material S4 were further characterized by Transmission Electron Microscope (TEM),
which is shown in Figure 4. The irregular primary particle of the pristine material is
well-crystallized, and its selected area electron diffraction (SAED) pattern exhibits sets
of lattice fringes with 0.470 nm, 0.245 nm, 0.237 nm, 0.235 nm, and 0.200 nm
interplanar spacing, which corresponds to the (003), (101), (006), (012), and (104)
diffractions of the layered structure (a-NaFeO- type, space group R3m), respectively.*®
Spinel phase in the pristine samples were observed in TEM diffraction pattern, but it

could not be observed in the XRD pattern due to the low content of the spinel phase.

The high-resolution transmission electron microscope (HRTEM) image of sodium
doped material S4 shows well-crystallized particles and a very uniform shell of ~2.4

nm thickness. The SAED pattern of the sample S4 exhibits a lattice fringe of 0.142 nm,

10
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which can be indexed to the (110) diffraction of the a-NaFeO; type structure (space
group R3m). As shown in the enlarged image, the inner part shows a typical layered
structure with interplanar spacing of 0.47 nm which corresponds to spacing of (003)

planes. These results are in good agreement with the XRD patterns.

Scanning transmission electron microscopy was used to characterize the nanoscale
coat on sample S4, Li1.0oNao.09sNio.62C00.155Mno 32202 (Figure 5). It can be seen that the
intensities of Mn and Li in the shell are much higher than those of Ni and cobalt. This
indicates that the outer layer was manganese oxide, but it was lithiated by Li>COs at
high temperature. The shell thickness is about 2.5 nm which is in good agreement with
the previous TEM results. Moreover, Ni, Co and Mn are homogeneously distributed in
the core of the particles, as reflected by the EDS line scan results.

2.2 Electrochemical performance

Figure 6a displays the initial charge-discharge curves of the samples at 27 mA g*
(0.1 C, 1 C =273 mAg?). The coated sample S1 delivers a discharge capacity a little
lower than the pristine material SO because the coating of the material even at nano-
scale makes the diffusion path of the Li-ions longer which leads to sluggish rate of Li
insertion/deintercalation and increases of the charge transfer resistance (Table 3) (see
the impedance spectroscopy part in this paper for more information). Sodium doping
significantly increases the discharge capacity because sodium doping enlarges
substantially the Li slab space and reduces the charge transfer resistance. The Sample
S4 shows a flatter discharge platform and it delivers the highest discharge capacity of

265 mAh gt at 27mA g among all of the samples. As shown in the enlarged image
11
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(Figure 6a), the discharge curves of the sodium doped samples and especially sample
S4 are at higher voltage than the discharge curves of the undoped samples. However,
sample S5 delivers less discharge capacity than both of S4 and S3 due to the fact that
addition of Na higher than 0.1 decreases the capacity as Na is higher weight than that

of Li.

To evaluate the effect of Mn coating and sodium doping on the stability of the
materials, samples SO, S1 and S4 have been cycled between 2.0 and 4.8 V at 546 mA
gt. The pristine material SO delivers a discharge capacity of 175 mAh ginitially and
its capacity retention is only 74% after 100 cycles (Figure 6b), while the discharge
capacity of the Mn-coated sample S1 is 215 mAh g* and retains 92% of its capacity
after 100 cycles. This results clearly indicates the manganese coated layer is very

effective to inhibit the side reactions with the electrolytes.

As can be seen in figure 6b, the sample S4 delivers a discharge capacity of 228
mAh g and retains 95% of its capacity after 100 cycles. This indicates that sodium
doping not only increases the discharge capacity, but it does further improves the
cycling stability due to the fact that Na has higher ionic radii than Li and because of
that Na has less tendency to migrate to “tetrahedral” sites in the Li/Na layer and restricts

the structural transformation.

To further study the effect of Na doping and manganese coating on the cycling
stability, the cells were cycled between 2.0 and 4.8 V at current densities of 27, 136,

273, 546, 1092 and 2184 mA g* at room temperature (Figure 6c). It can be seen that
12
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the pristine sample SO delivers a discharge capacity of 245 mAh g* at 0.1 C, which
falls to 104 mAh gt at 8 C and 201 mAh g * at 0.1 C after overall 37 cycles, which is
84% of the initial value, while those for Mn-coated S1 are 244 mAh gt at 0.1 C, 144
mAh g at 8 C and 239 mAh g *at 0.1 C at the 100" cycle, which is 97% of the initial
value. Such a large capacity fading of the pristine sample could be attributed to the high
reactivity of Ni** and Co®" at high voltage toward the electrolytes, which results in the
loss of oxygen, migration of the transition metal ions into the lithium-depleted layer,
and subsequent degradation of the active material.1*1” In a comparison with the recently
reported LiMO; in ref.®, the coated sample S1 in this work exhibits much improved

cycling performance under higher current density.

Sodium doping has increased the discharge capacity remarkably (Figure 6c) at all
rates. Among the four sodium-doped samples, S4 delivers the highest discharge
capacity at all the rates (Figure 6c). Such excellent rate capability of the Na-doped
samples could be attributed to the enlargement of the Li slab space by the Na doping
that facilitates the diffusion of lithium ion in the bulk of the material and to the
orientation growth of the Na-doped lattice along the direction of the layer, which
promotes the fast insertion and extraction of Li ions. It is noteworthy that when the
current is reduced back to 0.1 C, the discharge capacity of the S4 cell can recover to
257 mAh g while the pristine cell delivers only 201 mA h g*. Furthermore, it is found
that the discharge capacity increases along with the increase of loos/l1104 values (Table2)
as evaluated from the XRD data. These indicate that sodium doped samples can tolerate

the impact of high current density and restrict the structure transformation which result
13
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in an increase in the utilization of the materials.3> 3738

Cyclic voltammetry measurements have also been carried out to evaluate the
effects of surface modification and sodium doping (Figure 7). The fresh electrode was
scanned anodically (Li extraction), followed by a corresponding cathodic scan (Li
insertion). One pair of redox peaks was observed for all the prepared samples. It is
known that the anodic peaks located in the potential range between 4 and 4.2 V are due
to the oxidation process of Ni%* and Co*® to higher oxidation states.*” Moreover, sample
SO shows a pair of a broad redox peaks with high potential difference (AEp), which
indicates that the redox reaction is hard to take place reversibly. In addition, the anodic
peak current of sample SO is very small in comparison with the others, which indicates
a slower rate of the redox reaction. All the surface modified materials show sharper
redox peaks, and smaller AE; than the pristine material SO, and the peaks of sodium
doped samples are even sharper. Moreover, the anodic peaks of all surface modified
materials are at lower potentials than the pristine material, which means that the
polarization is reduced. Among all the samples, the anodic peak intensity of sample S4

is the highest, which means S4 components are very easy to be oxidized.

Figure 8 shows the electrochemical impedance spectroscopy (EIS) of the materials
after the first cycle, which shows that the charge transfer resistance (Rct) of the surface
modified material is higher than that of the pristine material (Table 3). This means that
Mn-coating has increased the diffusion path of Li* ion. However, sodium doping has
significantly decreased the Rt values, and sample S4 has the smallest Rt value among

14
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all the synthesized samples, which is in accordance with its superior electrochemical
performance. This is due to the fact that sodium has a higher ionic radii than Li which
expands the lattice C. To further evaluate the structure stability, we have also measured
the electrochemical impedance spectroscopy after cycling the cells for 100 timesat 2 C
(Table 3 and the inset of Figure 8). It is clear that the Rct value of sample SO increases
from 124.9 to 560.8 Q, but those of the Mn oxide coated samples did not change
significantly. This phenomenon has also been found in the literature.?® Therefore,
manganese coating has significantly inhibited the growth of SEI film on the surface of
the electrode material, as it is well known that the SEI film thickens upon cycling due
to the high reactivity of nickel and cobalt ions toward the electrolyte and results in

deterioration of the electrochemical performance.?®

The XRD pattern of the synthesized sample S4 after 100 charge-discharge cycles
shows that the material is still single phase without any impurity peaks detected (Figure
1-S4"). All the diffraction peaks of the XRD pattern could be indexed based on the
layered hexagonal structure of a-NaFeO type lattice belonging to the space group R3m.
3942 The calculated a and ¢ values of the cycled material are 2.893 and 14.315,
respectively, which are very slightly smaller to the corresponding values of the original
material. The 003 peak of the cycled material is a little broader with lower intensity
than the original material’s peak, which means that the crystallinity of the material is
reduced upon cycling. These results indicate that the synthesized material is very stable
even when it cycled at high potential of 4.8 V.

To further evaluate the structure stability of the material, we have characterized

15
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the material after being cycled for 100 charge-discharge cycles by the high-resolution
transmission electron microscope (HRTEM) (Figure 9). The SAED pattern exhibits a
lattice fringes of 0.47, 0.235, 0.243, 0.186 and 0.143 nm, which can be indexed to the
003, 006, 101, 015 and 018 diffractions of the a-NaFeO. type structure, respectively
(space group R3m). As shown in the enlarged image, the inner part shows a typical
layered structure with interplanar spacing of 0.47 nm which corresponds to spacing of
(003) planes. These results are in good agreement with the XRD pattern. Therefore, the
outer Li-Mn-O layer of the particle (shell) has significantly improved the stability of
the structure, the material still exhibits single phase and there is little structural changes

observed after 100 charge-discharge cycles.

Conclusions

In summary, a series of MnO2-coated materials [Li12-x NaxNio.s2C00.14Mng.2480:]
(x=0, 0.05, 0.08, 0.10 and 0.12) have been successfully synthesized by homogeneous
coprecipitation and subsequent calcinations, and the coating layer is 2 ~ 3 nm in

thickness.

All the synthesized materials are single phased and isostructural with LiNiO> (a-
NaFeO: type, space group R3m). The coating layer increases the diffusion path of
lithium ion and increases the charge transfer resistance (Rc). However, it has
significantly improved the cycling stability even when the material cycled at high

voltage of 4.8V and high current density.

16
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A proper amount of sodium doping has improved the crystallinity of the material,
substantially expanded the Li slab space due to the higher ionic radii of Na than that of
Li which resulted in reduced Rc value and improved the discharge capacity.
Furthermore, Sodium has improved the cycling stability even further due to the fact that
Na has higher ionic radii than that of Li and because of this fact, Na has less tendency
to migrate to “tetrahedral” sites in the Li/Na layer and restricts the structural
transformation. However, addition of Na higher than 0.1 decreases the capacity as Na

is higher weight than that of Li.
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Figures Captions

Figure 1.  X-ray powder diffraction patterns of the pristine and the surface
modified samples. Sample S4' is the S4 after 100 charge-discharge cycles.

Figure 2.  SEM images of the pristine and surface modified samples.

Figure 3. TEM images and electron diffraction patterns of the rod-like particles of
sample S4.

Figure4. TEM images and electron diffraction patterns of the samples SO and S4.

Figure 5. (a) HAADF-STEM image and (b) STEM-EDS for (Ni, CO and Mn)
and STEM-EELS for (Li), intensity line profiles extracted from the spectrum
image data along the red line drawn on (a).

Figure 6. (a) The initial charge—discharge profiles at 27 mA g2, (b) cycle
performances between 2 and 4.8V at 546 mA g%, and (c) Rate capability
performances between 2 and 4.8V at difference current densities. All the
electrochemical measurement were carried out at room temperature. Here, 1
C=273mAhg™

Figure 7.  Cyclic voltammograms of coated and pristine LiMO> half-cells at a
sweep rate 0f0.5 mV s in the range of 4.5 ~ 2 V at room temperature.

Figure 8.  Nyquist plots and the equivalent circuit of the half-cells after the 1st
cycle. The inset is the Nyquist plots of the cells after 100 charge-discharge
cyclesat 2 C.

Figure 9. TEM images and electron diffraction patterns of the S4 material after
100 charge-discharge cycles.
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Table 1. Chemical composition of the samples.

RSC Advances Page 22 of 34

Sample No. Observed molar ratio Proposed molar ratio
SO Li1.18Nio.62C00.155Mno 31 Liz.2Nio.62C00.14Mno 24
S1 Li1.19Ni0.62C00.157Mno 322 Li1.2Ni0.62C00.14Mno 248
S2 Li1.118Nao.046Ni062C00157Mno322  Li1.15Nao.0sNio.62C00.14Mno 248
S3 Li1.115Na0.077Ni0.62C00.155Mno.322  Li1.12Na0.08Ni0.62C00.14Mno.248
S4 Liz.00Nao.09sNi0.62C00155Mnos22  Li1.1Nao.1Nio.62C00.14Mno 248
S5 Liz.108Nao.107Ni0.62C00.156Mno.321  Li1.08Nao.12Ni0.62C00.14Mno.248
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Table 2. Lattice parameters and intensity ratios of indicating peaks that calculated from

XRD data.

SampleNo. a(A) c(A) cla  loos/liosa  Particle size (nm)*

SO 2.862 14.270 4989 1.259 300-500
S1 2863 14.2/0 4984 1.284 200-300
S2 2875 14292 4971 1.396 80-200
S3 2890 14.300 4.948 1.595 80-200
S4 2.896 14320 4.944 1.620 80-200
S5 2.898 14342 4948 1621 80-200

*Particle size of the surface modified and the pristine materials evaluated by SEM.
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Table 3. Fitting values of Rs and R of the pristine and the surface modified materials

at different state of cycling.

Cycling Rs and SO S1 S2 S3 S4 S5
state Ret(Q)
1% cycle Rs 6.552 6.680 3.276 3.124 3.008 3.012
Ret 1249 150.1 89.28 7293 64.89 69.35
100" cycle Rs 8.9 6.762 3.298 3.1354 3400 3.981
Ret 560.8 1511 91.09 7516 6789 7531
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Figure 4.

28



Page 29 of 34

Intensity / a.u.
o o
N N

o
o

Figure 5.

29

o
o
1

1

RSC Advances

—Ni
—Co
—Mn
e 1

T T T
5 10 15 20
Distance / nm



Potential (V vs. Li /Li)

—~
o
~—

Discharge capacity (mAh g'])

Discharge capacity (mAh g'l)

RSC Advances

.#
(&)}
1

il
o

——
4,775 464
c---850 X [
S : \\

—--— 82
— T

50 100 150 200 250
Specific capacity (mAh g")

240 -

S4

(@m««((@«(«@«t««««r@«(f(tslft'(««(t«r««««r««««« @
(8

(@

B R e
SR
4t cadqes,

200 -

S8 iedstesen

0 20 40 60 80 100

Cycle number

280
0.1C E).‘S‘C 0.1C
1237352 1C a83dags
240_ l'..n'=l=:‘4“‘ 18 9 l_._'
)
160 ST v S5
| ...'-w * S3
o = = + S2
= 51
12091 c=273 mA g™ . SO
0 10 20 30 40

Cycle number

Figure 6.

30

Page 30 of 34



Page 31 of 34

Current / mA

RSC Advances

o
N
[ ]

o
o0

2.5 3?0 3?5
Potentia vs. (Li/Li )/ V

N
o

Figure 7.

31




RSC Advances

{50

e
:-“200- 0 200 400
N

—— 54

A—S1 After 100 cycles

—a— S0
—e—S1
—— G52
—v—S3
—— 54
——S5

0 100 200
7' ()

Figure 8.

32

300 400

Page 32 of 34



Page 33 of 34 RSC Advances

Figure 9.
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