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Introduction

Efficient plasma-enhanced method for layered
LiNi1/3C01/3Mn1/302 cathodes with sulfur
atom-scale modification for superior-performance
Li-ion batteriest

Qiangian Jiang,*° Ning Chen,” Dongdong Liu,” Shuangyin Wang*® and Han Zhang*®

In order to improve the electrochemical performance of LiNi;;3C01,3Mny,50; as a lithium insertion positive
electrode material, atom-scale modification was realized to obtain the layered oxysulfide LiNi;;zCo1/zMny,3-
0O,_,Sx using a novel plasma-enhanced doping strategy. The structure and electrochemical performance
of LiNiy;3C01,3MN1,50,_,S, are investigated systematically, which confirms that the S doping can make the
structure stable and benefit the electrochemical performance. The phys—chemical characterizations indi-
cate that oxygen atoms in the initial LiNi;;3C01,3Mny,sO, have been partially replaced by S atoms. It should
be pointed out that the atom-scale modification does not significantly alter the intrinsic structure of the
cathode. Compared to the pristine material, the LiNi;zCo1,3sMny,30,_,S, shows a superior performance
with a higher capacity (200.4 mA h g™ and a significantly improved cycling stability (maintaining 94.46%
of its initial discharge capacity after 100 cycles). Moreover, it has an excellent rate performance especially
at elevated performance, which is probably due to the faster Li* transportation after S doping into the
layered structure. All the results show that the atom-scale modification with sulfur atoms on LiNiy/z-
Co1/3Mnys0,, which significantly improved the electrochemical performance, offers a novel anionic
doping strategy to realize the atom-scale modification of electrode materials to improve their electro-
chemical performance.

materials, manganese based layer-structured material LiNi/;-
Co4/3Mn,30,, which possesses a good electrochemical per-

The lithium-ion battery has been considered to be the most
promising alternative, environmentally friendly energy
because of global warming and the exhaustion of fossil
fuels."™ Over the past decades, lithium-ion batteries have been
applied as an essential electric source for portable electronic
devices®” due to their low cost, fast charge discharge reac-
tions, high coulombic efficiency and non-toxicity. LiCoO, has
been used as the major cathode material for lithium on
secondary batteries since Sony first introduced LiCoO, as a
cathode material. However, the relatively high cost and high
toxicity of cobalt has led to the evaluation of other possible
cathode materials. Among the lithium-ion secondary battery

“SZU-NUS Collaborative Innovation Center for Optoelectronic Science & Technology,
Key Laboratory of Optoelectronic Devices and Systems of Ministry of Education and
Guangdong Province, College of Optoelectronic Engineering, Shenzhen University,
Shenzhen 518060, China. E-mail: hzhang@szu.edu.cn

bState Key Laboratory of Chem/Bio-Sensing and Chemometrics, College of Chemistry
and Chemical Engineering, Hunan University, Changsha, 410082, P. R. China.
E-mail: shuangyinwang@hnu.edu.cn

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
c6nr02589g

11234 | Nanoscale, 2016, 8, 1123411240

formance and safety characteristics, is considered to be one of
the most promising battery materials. This material attracts
significant interest because the combination of nickel, manga-
nese and cobalt can provide advantages such as a high revers-
ible capacity with mild thermal stability at a charged state.®’
Therefore, there is a strong demand to improve their electro-
chemical performance to meet commercial demand. Recently,
several research groups have investigated the substitution
of lithium ions for transition metal ions,'®™® the so-called
overlithiation,’*"” to improve electrochemical properties.'®>*
In this case, a decrease in the obtainable capacity is expected
because the main redox reaction is ascribed to the Ni*"/*" and
Co>"**, The substitution for Mn sites in LiNi;;3C0;,3Mn;/30,
may not decrease the capacity because Mn does not take part
in the redox reaction in the voltage range between 2.7 and
4.8 V. However, the retention of the discharge capacity is not
satisfactory. Meanwhile, Kubo et al.>* and Naghash et al.>***
observed that the crystal structure of the material was stabil-
ized by substituting O for LiNiO, with fluorine, resulting in
the significant improvement of LiNiO, cycling performance
during the intercalation/deintercalation process. Therefore,
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anionic substitution may be another possible way to tune the
electronic properties and electrochemical performance of
cathode materials.”**®> Heteroatom doping has been demon-
strated to be an efficient strategy to modify the structure and
electronic properties and thus the electrochemical perform-
ance. For example, previously, we reported systematically that
heteroatom doping into graphene, carbon nanotubes and
other two-dimensional materials could efficiently improve
their electrochemical performance due to the modified elec-
tronic properties and the introduced defect sites.*

In this study, a novel simple plasma-enhanced method is
used for atom-scale modification to dope sulfur atoms into the
classical LiNi;;3C043Mny/30, cathode. The structure of the
layered LiNi;;3C04/3Mn;,30, and the possible structure of
sulfur doped LiNi;;3C04/3Mn;,30, (LiNij/3C04/3Mny/30,_,S,) are
shown in Scheme 1. During the plasma reaction, the applied
RF power is only set at 200 W and the optimal reaction time is
20 min, so the energy consumption of this experiment only
needs 2.4 x 10° J, which is less than the commercial reaction.
In the conventional method, the power of the tube furnace is
commonly set at 2.5 kW, and the reaction time is longer than
2 h, which leads to an energy consumption larger than the
plasma technology. Therefore, it can reduce the cost of the
reaction to a great extent. Furthermore, during the plasma
reaction, the end gas can be dealt with in a conical flask,
which is easier than that of the conventional method for a
quite long reaction time. In addition, plasma as one of the
four fundamental states of matter consists of charged particles
and a set of neutral particles, in which the positive and nega-
tive ions are completely free showing a high chemical activity.
Through the inelastic collision between each other, the acti-
vation state of the reactant ion is formed, which can relatively
easily promote the chemical reaction. Due to the high
efficiency of the plasma method, it can also reduce the danger
to the environment. From the chemical viewpoint, in plasma,
there exist a large number of ions, electrons, excited states of
atoms, molecules and free radicals, which have high activity.
The plasma method can use these highly reactive species to
promote certain chemical reactions which can not react under
normal conditions. At the same time, the parameters of the
plasma equipment are very easy to control, which further indi-
cates that the plasma technology has good application pro-
spects for the large-scale synthesis of cathode materials for
lithium-ion batteries. The most important is that the atom-
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Scheme 1 Structures of the layered type LiNi;j;3C04/3Mny30, and
LiNiy/3C01/3Mny,302_4Sx-

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper

scale modification can realize the modification on the
materials. The sulfur anion doping could improve the elec-
tronic properties and thus enhance the electrochemical per-
formance as cathode materials in Li-ion batteries. On the
other hand, proper modification may lead to stabilized elec-
trode materials for durable Li-ion batteries.

Experimental section

In order to make the uniform mixture, the LiNi;,;3C04,3Mn;,30,
(denoted as LNCM) powder (supplied by Tianjiao Tech.) was
mixed with a measured amount of thiourea at a molar ratio
10:1. Then the mixture was transferred into the plasma-
enhanced tube furnace. The temperature of the tube furnace
was set at 500 °C with a heating rate 10° min~". The plasma
was introduced using an RF power supply at 13.56 MHz, and
the applied RF power was set at 200 W. Argon was used as the
shielding gas with a flow rate of 5 sccm and the total pressure
of the chamber was kept under 50 Pa. The reaction time was
controlled from 10 min to 30 min. The samples of LiNi;,3C04/3-
Mn,,30,_,Sy synthesized using the plasma-enhanced method
using thiourea as the sulfur source were defined as LNCM-S-X
(X represents the plasma time: 10, 20, or 30 min).

Powder X-ray diffraction (XRD; Model D2500v/pc, Rigaku,
Japan) measurements using Cu K radiation (40 kV, 200 mA)
were carried out to characterize the structural properties of the
synthesized compounds. XRD data were obtained 26 = 10-80°
with a step size of 0.02°. The as-prepared powders were
observed using a scanning electron microscope (FEI Nova,
NanoSEM 230). All XPS spectra were corrected on an ESCALAB
250Xi photoelectron spectrometer and curve fitting and back-
ground subtraction were accomplished.

The electrochemical characterization was performed using
CR2032 coin-type cells. Cathodes for evaluating the electro-
chemical performance were prepared by mixing 80 wt% active
materials with 10 wt% Super P carbon black and 10 wt% poly-
vinylidene fluoride in N-methylpyrrolidinone to create the elec-
trode slurry. They were then dried in a vacuum oven at 120 °C
for 12 h. The electrolyte used was a 1 M LiPFs-ethylene carbon-
ate (EC)/dimethyl carbonate (DMC) (1:1 by volume). The cell
was assembled in an argon-filled dry box and tested at room
temperature. The cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) of the cells were conducted on
an AUT85794 with a frequency range from 100 kHz and
10 mHz. The CV was measured on an AUT85794 (made in the
Netherlands) in a voltage range from 3.2 to 4.8 V with scan rate
of 0.1 mV s™". The galvanostatic cycling tests of the assembled
cells were carried out on a LAND CT2001A battery tester
(Wuhan, China) in the voltage range of 2.8-4.3 V (vs. Li'/Li).

Computational details

Our total energy and the binding energy were performed using
the density functional theory as implemented in the Vienna
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ab initio simulation package (VASP).>”*® The exchange correlation
energy and potential are described as GGA in the scheme of
Perdew-Burke-Ernzerh of (PBE).>® The 4 x 4 x 4 Monkhorst
Pack k-points were used and in all calculations the plane wave
energy cutoff was set at 400 eV to ensure that the energies were
converged within 0.1 meV per atom. The pure LNCM structure
was fully optimized including its lattice constant. For the geo-
metry optimizations, all the internal coordinates were relaxed
until the Hellmann-Feynman forces were less than 0.005
eV A™'. The crystal structures, total energy and binding energy
values (Ep,) of LNCM and LNCM-S are shown in Table S1.} The
binding energy Ej, is defined as: Ey = Exnem + Eatom — Erotaly
where E, is the energy of the whole configuration, Erncwm 1S
the energy of the (relaxed) LNCM with a vacancy and E,om rep-
resents the energy of an isolated dopant atom.

Einem-s = Ernem-s — Einem — Es + Eo = 3.49 eV.

After the DFT calculations, we can clearly find that the total
energy of LNCM is a little lower than that of LNCM-S, which
indicates that the LNCM-S possibly has the higher activity than
LNCM. The binding energy of LNCM-S is about 3.49 eV, which
indicates that the structure of LNCM-S is more stable than that
of LNCM. It may be good for the lithium insertion/deinsertion
during the charge and discharge process. Therefore, the
material possibly has a better electrochemical performance
than pristine LNCM. In order to further confirm that the S
doping can make the structure stable and benefit the electro-
chemical performance, the binding energies of the lithium
deinsertion during the charge process with the pristine LNCM
and LNCM-S are calculated. From the calculation result, we
can find that the binding energies of the lithium deinsertion
for LNCM-S (4.36 eV) are larger than that for the pristine
LNCM which indicates that the lithium deinsertion during the
charge process with LNCM-S is easier than that of the pristine
LNCM. In order to explore the electronic structure and trans-
port properties of the S-doped LNCM, we performed DOS
calculations (Fig. S1t). Since the layered lattice structure is well
preserved after the sulfur doping, the linear energy dispersion
near the Dirac point is not entirely destroyed. Effectively, the
Fermi level (EF) of the LNCM-S system (4.78 eV) is a little
higher than that of LNCM (4.73 eV), which indicates that
the structure of LNCM becomes more stable due to the partial
oxygen atom being replaced by the sulfur atom. Therefore,
LNCM-S has an excellent electrochemical performance due
to the S doping on the structure.

Results and discussion

As described in the Experimental section, thiourea is used as
the S source to realize the atom-scale modifications to atomic-
ally dope S into the commercial LNCM cathode. The thiourea
is initially evaporated and decomposed to NH; and H,S *® at
the proper temperature to flow through the plasma-generator
tube, which results in H,S and NH; plasma reacting with the
LNCM. Since the N in NH; is a positive ion, which is difficult
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to react with LNCM. Therefore, no N species are observed in
the treated samples, as shown in the following XPS and EDS
characterizations. The S anion plasma can efficiently react
with the metal species to realize the atom-scale modification
on LNCM. XRD of the undoped and doped LiNi;;3C0/3Mny3-
O, was carried out to determine the effect of the S doping on
the crystal structure of LiNi;;3Co4,3Mn4/30, as shown in Fig. 1.
The main intense diffraction peaks of the two samples can be
indexed based on a hexagonal o-NaFeO, structure (space
group: R3m), which is consistent with LiNi;;3C04,3Mn;/30,
reported literatures.'>'>'®'” At the same time, we find that
there are no other reflection peaks observed in their XRD pat-
terns which indicates that doping a small amount of sulfur
into the material LiNi;;3Co0,/3Mn;,30, did not generate any
impurities in the final product or destroy the integral layered
structure of the material. By comparing the two patterns, it
can be seen that the splits in the (006)/(102) and (108)/(110) of
LNCM-S-20 are more obvious than those of LNCM, which illus-
trates that LNCM-S-20 has a highly ordered layer structure, and
the well-developed layered structure is probably achieved by
the S partial substitution of O. In order to further confirm that
the sulfur atom has been doped into the lattice, the lattice
parameters of the LNCM and LNCM-S-20 powders obtained
from the Rietveld refinements of the XRD patterns are shown
in Table S2.1 The refinement parameters and the refined XRD
patterns of LNCM and LNCM-S-20 are shown in Fig. S2.1 And
the refined lattice parameters within the experimental errors
of the two samples are identical to the reported results.**?"
Compared to the lattice parameters of LNCM, we find that the
parameters a and c are a little smaller than those of LNCM,
which further confirms that the sulfur atom has been doped
into the lattice.** At the same time, c/a of LNCM-S-20 are a
little larger than those of LNCM, which indicates that the layer
space of the material has increased due to the substitution
of sulfur for oxygen. Considering that the small amount of
S doping can make the structure more stable, it will be
beneficial for the electrochemical performance of the material.

Comparing the morphology change of the cathode
materials before and after the atom-scale modification is of
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Fig. 1 X-ray diffraction patterns of the pristine LNCM-C and
LNCM-S-20.
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great interest. The scanning electron microscopy (SEM) images
of the pristine LNCM and doped LNCM-S-20 are investigated
in Fig. 2 and S3.f It can be clearly observed that the two
samples show a similar structure. In order to further study the
changes on the surface of the sample, the SEM images with
small scale bars are shown in Fig. 2. From the SEM images in
Fig. 2, we can see that the two samples have a similar regular
polygonal shape, indicating that the S surface doping did not
significantly affect the microscopic morphology of the
material. However, it can be seen from Fig. 2b that the surface
of the doped LNCM-S-20 becomes much rougher than that of
LNCM, possibly due to the plasma etching effect on the
surface of the material. The changes on the surface may be
good for the lithium insertion/deinsertion during the charge
and discharge process. In the EDS image (see Fig. S4at), the
molar ratios of Mn, Ni and Co in the two samples are both
close to 1:1:1, which is consistent with the ideal layer struc-
ture Li[Ni;;3C04/3Mn;3]0,. Besides, except S (the percentage of
S is 1.32%), there is no other element signal in Fig. S4b,f
which indicates there is no impurity existing in the product
caused by S doping. The existence of S suggests that S has
been doped into the material LiNi;;3C0;3Mn,,30, and the
content of S is very low, which indicates that the S only
replaces a small part of the O in LNCM. In order to confirm
the distribution of the S doping, SEM images with a wide
range and the corresponding elemental mappings are col-
lected. Fig. 3 shows the SEM images of LNCM-S-20 and the
element-mapping images of each of the constituent elements
(Ni, Mn, Co, O) and sulfur. It should be emphasized that the
doped sulfur atoms are uniformly distributed on the electro-
des. The results further confirm that the atom-scale modifi-
cation with sulfur atoms is successfully realized using the
novel efficient plasma-enhanced method.

In order to investigate the effect of the S doping on the
electrochemical performance of the material, the electro-
chemical properties of LNCM and LNCM-S-20 are systemati-
cally investigated by studying their discharge capacity in the
voltage range of 2.8-4.3 V at 0.2 C and the cycling stability.
From Fig. 4a, we can see that the discharge curves of the two
samples exhibit obvious discharge plateaus associated with
the one-stage mechanism of the electrochemical lithium inter-
calation (at about 3.9 V),*'° which indicates the modification

Fig. 2 Scanning electron microscopy images of (a) the pristine LNCM
and (b) LNCM-S-20.
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Fig. 3 (a) SEM image of the sample LNCM-S-20, corresponding
elemental mappings of (b) Ni, (c) Co, (d) Mn, (e) O and (f) S.
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Fig. 4 Initial discharge curves (a) in the voltage range of 2.8—-4.3 V and
cycling stability curves (b) of commercial LNCM and modified
LNCM-S-20.

by S doping did not alter the layered structure of
LiNi;/3C04/3Mny,30,. Obviously, the discharge platform of
LNCM-S-20 is longer than that of LNCM, indicating a higher
battery capacity. The discharge capacity of LNCM-S-20 is
200.4 mA h g~', which is much higher than that of LNCM
(164.1 mA h g™'). It is clear that the S doping has greatly
improved the initial discharge capacity. At the same time, the
discharge capacities of the modified LNCM with the different
plasma times (seeing ESI Fig. S5at) are all higher than that of
commercial LNCM, which further illustrates the important
role of S doping on improving the electrochemical perform-
ance of the material.

The discharge capacities as a function of their cycle
numbers at 0.2 C between 2.8 and 4.3 V at the room tempera-
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ture are shown in Fig. 4b. The cycling behavior of LNCM-S-20
is quite stable and displayed better capacity retention of
94.46% capacity retention after 100 cycles compared to the
corresponding value of 75.69% for commercial LNCM. In
other words, LNCM-S-20 exhibits a slower capacity fading on
cycling with an average capacity loss of 0.111 mA h g~ per
cycle during 100 charge-discharge cycles than that of LNCM
with an average capacity loss of 0.399 mA h g™' per cycle.
Better capacity retention means that the structural stability is
improved by the sulfur anion doping. Meanwhile, the cycling
performance of the samples with the different plasma
times was investigated in Fig. S5b.f The capacity retention of
PLA-LNCM-S-10, LNCM-S-20 and PLA-LNCM-S-30 are 85.60%),
94.46% and 85.60%, respectively, which is much higher than
that of LNCM. It is believed that the doped S atoms can sup-
press the formation of Ni**, thereby preventing disruption of
the ordering of the Li layer and improving the cycling perform-
ance of the material, which is much better than that of the
existing literature (seeing the ESI Table S37).

It is well known that rate capability can be affected strongly
by the structure of a cathode material. The rate capabilities of
LNCM-C and LNCM-S-20 ranged from 0.2 to 5 C rate are
shown in Fig. 5a. Charge and discharge processing of the cells
are cycled ten times at the same current densities in the range
of 2.8-4.3 V at room temperature. Specific capacity of 200.6
mA h g™ is obtained at the rate of 0.2 C for LNCM-S-20 and
then decreased to 195.2 mA h g~ at 0.5 C, 186.4 mA h g™" at
1 C, finally, 175.8 mA h g™" at 2 C, corresponding to the capacity
retention of 98.87%, 97.80% and 96.19%, respectively. This
rate capability is much higher than that for the pristine
LNCM. The specific capacities of the pristine LNCM are only
160.7 mA h g7*, 153.5 mA h g”", 137.2 mA h g~ and 106.5
mA h ¢, and their capacity fadings are 2.12%, 5.15%, 8.53%,
and 7.79% at 0.2 C, 0.5 C, 1 C and 2C after 10 cycles, respec-
tively, which indicates that the S doping plays an important
role in the improvement of the rate capability. At the same
time, we can find that after the different rate tests, the capacity
retention of LNCM-S-20 back to 0.2 C is 99.55%, which is
higher than that of LNCM. In addition, LNCM-S-20 shows
excellent stability and no obvious degradation at each stage of
the current rate, which indicates that S doping can effectively
improve the cycling performances of the material. This excel-
lent rate performance is probably due to atom-scale modifi-
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Fig. 5 (a) Rate capability tests and (b) cycling performances at 55 °C for
LNCM and LNCM-S-20 in the voltage range 2.8—-4.3 V Li/Li*.
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cation, which makes the layered structure more stable, and
thus the rate of Li ion insertion/extraction into/out of the
layered LiNi,;3Co4,3Mn;30, structure is significantly improved.

In order to further confirm the effect of the S doping, the
cycling performance of the material at elevated temperatures
was also investigated, the cycling performances of the
materials at 0.2 C between 2.8 and 4.5 V at 55 "C are shown in
Fig. 5b. It is clearly found that the capacity of LNCM
fades more quickly than that of LNCM-S-20.** The pure
LiNi;/;3C04/3Mn; 30, exhibits a gradual capacity fading upon
cycling, and the capacity retention is only 43.43% over 60
cycles. However, LNCM-S-20 maintains 72.75% of its initial
capacity after 60 cycles, which shows a much better capacity
retention than that of LNCM. With the S doping in LiNi,;3C04/3-
Mn,,30,, the thermal stability of the charged cathode material
in the electrolyte is greatly improved. It is assumed that the
partial substitution of oxygen with sulfur might create a more
flexible structure in the S-doped layered LiNi;;3C0q/3Mn;,30,
framework, which can increase the ion transport for lithium
by the sulfur doping. When oxygen is substituted with sulfur,
it suppresses the formation of Ni** and prevents the disruption
of the ordering of the Li layer. The resulting lithium nickelate
does not show restrained distortion, and therefore the cycle
life is improved. The excellent elevated performance further
confirms the benefit of S doping, which is also consistent with
the other electrochemical performance tests.

In order to understand the effect of the S doping on layered
LiNi;5C043Mn,,30, cathode materials, cyclic voltammetry
tests are conducted on both the pristine and the S doped
LiNi;/;3C0,,3Mn;,;0, cathode materials at 0.1 mV s™' from
3.2 to 4.8 V. Fig. 6a displays the CV curves of LNCM and
LNCM-S-20 with similar curves and there is no other peak
appearing in the CV curve of LNCM-S-20. The anodic scan
shows a sharp and intense peak centered at 3.95 V and a
second low-intensity peak at 4.65 V corresponding to the plat-
form in the charge curve. At the same time, an obvious catho-
dic peak is observed at about 3.6 V, consistent to the platform
on the discharge curve, which indicates that there is no struc-
tural distortion caused by the multiphase reactions during the
charging and discharging cycling process. The redox peaks are
Ni**/Ni** couples corresponding to the lithium ion emergence
from the anode materials and reduction on the cathode corres-
ponding to Ni*" oxidized to Ni**. At the same time, there is a

0 (a) P (b) " .

Current (mA/g)

— » LNCM

* LNCM-S-20
T

: v
32 ) a0 44 a8 o 100 Y ) a0
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Fig. 6 (a) Cyclic voltammograms in the voltage range 3.2-4.8 V Li/Li*
and (b) Nyquist plots of samples LNCM and LNCM-S-20.
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small peak at 4.5-4.6 V in both the cyclic voltammograms con-
clusively assigned to the Co**/Co*" couple.**> However, we
can clearly see that the oxidation current peak in LNCM-S-20 is
larger than that of LNCM, indicating the occurrence of
lower polarization and the reversible oxidation reaction
process at the cathode, which further illustrates that the
S doped Li(Ni;;3Co4/3Mny,3)O, synthesized using the plasma-
enhanced method has a higher electronic conductivity than
that of LNCM. Furthermore, the redox peak of LNCM-S-20 is
also higher than that of LNCM, indicating that LNCM-S-20 has
a better lithium intercalation/deintercalation and a faster elec-
trode reaction than LNCM. The CV results demonstrate that
the cathodic/anodic peak potentials are quite sensitive to the
structure of the material, which can further demonstrate the
important effect of S doping on the performance of material.

To further investigate the conductivity of the electrode
materials with the S doping, electrochemical impedance spec-
troscopy (EIS) spectra are measured for the two materials
before the charge/discharge test with two-electrode CR2032-
type coin cells. It can be seen from Fig. 6b that all the EIS
spectra consist of a high-frequency intercept, a broad semi-
circle and an inclined line, which can be fitted using the equi-
valent circuit model. The intercept in the high frequency
region corresponds to the ohmic resistance (Rg), which com-
bines resistance of the electrolyte and the contacts of the
cell.**® The diameters of the plots of the electrode provide
the charge transfer resistance (R.;) associated with the electro-
chemical process. In this work, the Ry values are almost the
same throughout the experiments due to the same battery
structure and fabrication technique. From the fitted results
(see ESI Fig. S61), we can see that LNCM-S-20 exhibits a
smaller charge transfer resistance (R = 73.2 Q) than LNCM
(Rt = 170.8 Q), due to the enhanced Li' transportation with
the enlarged interlayer caused by the large S atom doping. The
smaller R favors the rapid electrochemical reactions and
might improve the electrochemical performance of the active
materials. This result is validated by the capacity and stability
analyses discussed above.

In order to investigate the detailed information about the
composition and electronic structure of LNCM-S-20, X-ray
photoelectron spectroscopy (XPS) analysis is performed. As
expected, Fig. 7a-c show the Co, Ni and Mn XPS core spectra
for the two samples. In the two curves, we can find that a
characteristic satellite peak around 860.3 eV is noted as the Ni
2ps/» peak. Such a satellite peak is also observed in NiO, LiNiO
and in Li(MnNi)O ** and is explained as being due to the mul-
tiple splitting in the energy level of the Ni-containing oxides.*’
The Ni 2p;, spectrum gives two BE values. In the Co XPS
spectra, the Co 2p3,, spectra fits to a single peak with a BE of
779.5 eV, whose value match well with the BE reported for Co**
in LiCo0,.”>> At the same time, the binding energies for Mn
2p12 and Mn 2p3, measured from Fig. 7c are 653.79 eV and
642.09 eV, which closely match those values reported for
LiMn,0,."" On the other hand, from Fig. 7, we can clearly see
that peaks for Co 2p, Ni 2p and Mn 2p are shifted to a higher
binding energy after the S doping. In order to easily to illus-
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Fig. 7 XPS core level spectra of Co (a), Ni (b) and Mn (c) in LNCM and
LNCM-S-20. The high resolution S 2p (d) XPS spectrum of LNCM-S-20.

trate the phenomenon, Fig. S7t exhibits a scheme to illustrate
why the Mn 2p core binding energy in Li(Ni;;3C04/3Mny,/3)0,
increases with the doping with S. It is the higher electron
affinity of S compared with O that reinforces the Mn-O ionic
bonds in the hexagonal a-NaFeO, structure (space group: R3m)
sites of Li(Niy/;3C04/3Mny,3)0,, and hence the energy for emit-
ting an electron from the Mn 2p core levels increases. Con-
trastingly, the Mn2p XPS core peaks of LiMn,0,_,F, decreased
from 642.9 to 641.0 eV when the F content in LiMn,0,_,F,
increased from 0 to 1.0.** Similarly, the high resolution S 2p
peak can be fitted with two different peaks (Fig. 7d) in agree-
ment with the previously reported S 2ps, and S 2pyj,,* indi-
cating the formation of a bond between S and the transition
metal. Due to the small amount of S substitution for O, there
are some M-O (M = Co, Ni and Mn) replaced with M-S, which
can increase the binding energy of elements in LNCM-S-20.
Therefore, the structure is more stable and facilitates the
lithium intercalation/deintercalation between the cathode
and electrolyte. Thus, it is evident from the XRD and XPS
results that the excellent cycling performance and rate capa-
bility of LNCM-S-20 in Fig. 4b and 5a are attributed to the
improved structural stability from the S doping.

Conclusion

In this study, we have successfully realized the atom-scale
modification on LiNi;;3C04/3Mn;,30, using plasma-enhanced
sulfur doping. The surface modified LiNi;;3Co;/,3Mn;,30, not
only has a higher initial discharge (200.4 mA h ¢™") than that
of the pristine sample (164.1 mA h g™"), but also has an excel-
lent cycling performance with only 5.54% capacity fading com-
pared to 24.31% with the pristine one. More importantly,
LiNi;;3C04/3Mn,,30,_,S, has a much better rate performance
and elevated temperature properties than LNi;,;3C04/3Mn;,30,,
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due to the S doping with modified structural and electronic
properties. The S doped LNCM shows a higher initial dis-
charge capacity and a better cycling performance. Therefore,
these interesting properties make this material an eco-friendly
and highly efficient cathode material for lithium-ion batteries.
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