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ABSTRACT: Electrode films fabricated with lithium-rich layered
0.3Li2MnO3−0.7LiNi5/21Co5/21Mn11/21O2 cathode materials have
been successfully modified with ZnO coatings via a reactive
magnetron sputtering (RMS) process for the first time. The
morphology and chemical composition of coating films on the
electrodes have been in deep investigated by transmission electron
microscopy (TEM), energy dispersive spectrometry (EDS), and X-
ray photoelectron spectroscopy (XPS) characterizations. The results
clearly demonstrate that ZnO film coatings are ultrathin, dense,
uniform, and fully covered on the electrodes. The RMS-2 min
(deposition time) coated electrode exhibits much higher initial
discharge capacity and coulombic efficiency with 316.0 mAh g−1 and
89.1% than that of the pristine electrode with 283.4 mAh g−1 and
81.7%. In addition, the discharge capacity also reaches 256.7 and 187.5 mAh g−1 at 0.1 and 1.0 C-rate, as compared to that of
238.4 and 157.8 mAh g−1 after 50 cycles. The improved electrochemical performances of RMS-coated electrodes are ascribed to
the high-quality ZnO film coatings that reduce charge transfer resistance and effectively protect active material from electrolyte
oxidation.

KEYWORDS: lithium-ion batteries, lithium-rich layered oxide cathode, zinc oxide coating, reactive magnetron sputtering,
initial coulombic efficiency

1. INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) are being considered
as the key technology of choice for powering electric vehicles
(EVs) due to their long service life and high energy density.1,2

However, it is clear for EVs that the energy density of LIBs
must be exceeding 250 Wh kg−1.3 To this end, it is necessary to
focus on greater capacity cathode materials to substitute for the
currently used LiCoO2, LiMn1/3Ni1/3Co1/3O2, and Li-
Ni0.85Co0.1Al0.05O2, of which these cathode materials only
deliver the capacity of less 200 mAh g−1.4−6 A new layered
oxide possessing excess Li in the transition metal layer, denoted
either as xLi2MnO3−(1−x)LiMO2 (M = Mn, Ni, and Co) or
Li[Li1/3−2x/3NixMn2/3−x/3]O2, was recently reported.7,8 Such a
finding has received worldwide attention, owing to its discharge
capacity of over 250 mAh g−1, low cost and high safety.9−11

Unfortunately, they also suffer from some disadvantages with
initially large capacity loss and poor rate capacity.12−17 This is
generally caused by the initial charge process, which is typically
different from that of the currently used layered materials.4 As
reported in previous literatures, this process can be divided into
two stages.8,12,18 When the charge voltage vs Li+/Li is below 4.4
V, lithium ions can be extracted from the LiMO2 component.

After charged to over 4.4 V, a long plateau would form at 4.5 V,
which is accompanied by extracting a net loss of Li2O from the
Li2MnO3 component.

19 The net loss of Li2O leads to a huge
irreversible capacity loss in the initial cycle.8,19 Meanwhile,
some oxygen extracted from the lattice results in the transition
metal ions migration leading to phase transformation, especially
on the surface of the materials.19,20 This irreversible phase
transformation is adverse to high rate capability as demon-
strated by Xu et al.20 In order to further improve the
electrochemical performance, many approaches including
surface modification,21,22 blend in lithium-intercalated hosts,23

and special nanostructures24 on these high-capacity materials
have been developed. Among these strategies, more effective
approach to lower or eliminate the initially irreversible capacity
is surface modification, such as oxide,21,22,25 fluoride,26 and
phosphate.27 Nonetheless, most surface modifications of
lithium-rich layered oxides reported in literatures are carried
out with wet chemical method such as sol−gel or solution
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processing with soaking cathode materials into a metal-ions-
contained sol.21,22,26,27 These processes are not well-controlled.
As a consequence, it is apparent that the lack of control over
thickness and uniformity is prohibited by sol-gel methods.
Therefore, it is significant to explore new surface coatings that
are much thinner and have high uniformity for next generation
battery technology.
So far, many techniques preparing surface coating films have

been brought in the battery technology, such as atomic layer
deposition (ALD),28−30 thermal evaporation (TE),31,32 and
pulsed laser deposition (PLD).33 Among these techniques,
ALD has been extensively applied in lithium-rich Li-
[Li0.2Mn0.54Ni0.13Co0.13]O2,

28 nano-sized LiCoO2,
29 and spinel

LiMn2O4.
30 It significantly enhances their electrochemical

performances after ALD coatings, but the alkyl-metal salts
used as precursors to form ALD coatings are apparently
restricted its large-scale application; at the same time, another
technique about reactive magnetron sputtering (RMS) plays an
important role in preparing coating film for photoluminescence
and thermoelectric material.34,35 It has several advantages:36 (1)
low substrate temperature (down to room temperature); (2)
good adhesion of films on substrate materials; (3) very good
thickness uniformity; and (4) directive deposition from
elemental (metallic) targets by reactive sputtering in rare/
reactive gas mixtures. In addition, the deposition process can be
easily repeated. There are some reports about surface
modifications of LIBs electrode via radio-frequency magnetron
sputtering coatings at spinel LiMn2O4 cathode.

37,38 Therefore,
we believe RMS coating may be an attractive method to
improve the electrochemical performance in lithium-rich
layered oxides.
Anther factor to consider is to choose appropriate surface

coatings. The semiconducting ZnO film has been successfully
applied in lithium-rich layered oxide to improve their
electrochemical performance.39,40 For instance, Wu et al.39

successfully constructed ZnO-layer coating with Li-
[Li0.2Ni0.13Co0.13Mn0.54]O2, leading to the result that the
irreversible capacity loss was significantly reduced. Recently,
Singh et al.40 reported that the Li[Li0.2Ni0.2Mn0.6]O2 electrode
coated with ZnO exhibited enhanced cycle life. In the present
paper, lithium-rich 0.3Li2MnO3−0.7LiNi5/21Co5/21Mn11/21O2
oxides were synthesized by a co-precipitation method, and
RMS process with ZnO film coatings is firstly introduced in
d i r e c t l y c o a t i n g o n t h e 0 . 3 L i 2MnO 3− 0 . 7 L i -
Ni5/21Co5/21Mn11/21O2 electrodes as shown in Figure 1. In
here, we prepared ZnO film by RMS using a metallic Zn target.
Ionized Ar ions were generated in glow discharge plasma and
then accelerated by an electric field to bombard the target. This
bombardment caused the removal of metallic Zn target atoms,
in which reacted with oxygen to generate zinc oxide and finally
condensed onto the substrate electrode as a thin film. It is
expected that the discharge capacity, rate capacity, and cycle
stability would be greatly improved by RMS coatings on the
electrodes.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Lithium-Rich 0.3Li2MnO3-0.7Li-

Ni5/21Co5/21Mn11/21O2 (LMO-NCM) Oxides. Lithium-rich layered
ox i d e w i t h a nom in a l f o rmu l a 0 . 3L i 2MnO3−0 . 7L i -
Ni5/21Co5/21Mn11/21O2 was synthesized through solid-state reaction
between Li2CO3 and (Ni1/4Co1/4Mn4/6)CO3 powders. The mole ratio
between them was set to 0.65. The mixed precursor was firstly pre-
treated at 500 °C for 5 h and then calcined at 850 °C for 15 h. The
(Ni1/4Co1/4Mn4/6)CO3 precursor was prepared as follows: an aqueous

solution containing NiSO4·6H2O, CoSO4·7H2O, and MnSO4·5H2O
with a concentration of 2.0 mol L−1 was pumped into a stirring tank
reactor; and then 2 M Na2CO3 solution and 0.2 M NH4OH solution
were separately added into the reactor. The temperature was held at
60 °C, and the pH value was fixed to 8.0. The resulting powders were
washed several times by pure water to remove Na+, and dried in a
vacuum oven at 100 °C for more than 20 h.

2.2. Surface Coatings by Reactive Magnetron Sputtering on
Lithium-Rich Layered Oxide Electrodes. The bare composite
electrode (abbreviated as pristine electrode) was prepared by
spreading a mixture of the LMO-NCM powder (80 wt %), acetylene
black (10 wt %), and polyvinylidenefluoride as the binder (10 wt %)
dissolved in N-methyl pyrrolidone (NMP). The slurry was coated onto
the aluminum current collector with the thickness setting of 350 μm
and dried overnight at 120 °C in a vacuum oven. Approximately 7 mg
of active material was loaded in the circular working electrode with a
diameter of 14 mm.

Surface coatings of the electrode film with ZnO film are conducted
by reactive magnetron sputtering (RMS) on carbon/aluminum foil
substrates using a metallic Zn target (99.99%). High purity argon and
oxygen were used as the sputtering and reactive gas, respectively. The
target-to-substrate distance was 10 cm. The cathode was mounted on a
water-cooled copper plate. The chamber was pumped to a base
pressure of 1 × 10−4 Pa before deposition. Film growth was carried out
in the growth ambient with a mixture of argon (40%) and oxygen
(60%), and at a constant working pressure of 0.30 Pa. The film
thickness was carried out by strictly controlling the deposited time. In
here, the deposited time on the electrode was set at 1, 2, and 4 min,
respectively (abbreviated as RMS-1 min, RMS-2 min, and RMS-4 min
electrode).

Figure 1. Schematic diagram showing reactive magnetron sputtering
process for ZnO film deposition on the lithium-rich LLNCMO oxide
electrode.
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2.3. Characterizations. Different composite electrodes were
performed by X-ray diffraction (XRD) on a German Bruker D8
Advanced X-ray Diffractometer with Cu Kα radiation at a voltage of 40
kV and a current of 40 mA. Field emission scanning electron
microscopy (FESEM) images were acquired on a FEI Quanta 250
FEG microscope, equipped with elemental mapping. The surface
coating was observed by an FEI Tecnai G2 F20 transmission-electron
microscope (TEM) at an accelerating voltage of 200 kV equipped with
energy dispersive spectrometry (EDS). The detailed procedure is as
follows: sample powder was firstly scraped off the RMS-4 min
electrode and then dispersed in NMP solution, and the mixed solution
was dropped onto thick amorphous carbon films supported on the
copper grids. X-ray photoelectron spectroscopy (XPS) measurements
were conducted using an AXIS Ultra DLD spectrometer with Al Kα
(1253.6 eV) radiation. The as-obtained electrodes after MRS coatings
were directly used to detect the change of surface compositions. The
base pressure in the XPS analysis was 3 × 10−10 Torr. During the data
acquisition, the constant analyzer energy mode was employed at a step
size between 0.25 and 0.50 eV. To further collect the electrodes after
initially charged to 4.5 and 4.8 V, coin-type cells were disassembled in
an argon-filled glove box, washed with anhydrous dimethyl carbonate
(DMC), and dried under vacuum overnight. The as-obtained
electrodes were used for further XPS analyses to determine the
changes of the compositions on the electrode surface. Curve fitting of
slow-scanned XPS spectra was carried out using a peak-fit program
with a Gaussian−Lorentzian sum function. The C 1s peak (284.6 eV)
from the adventitious carbon was used as the reference for binding
energy calibration.
2.4. Electrochemical Measurements. Different composite

electrodes were assembled into CR2032-type coin cells for electro-
chemical tests, with lithium-rich composite electrode as cathode,
metallic lithium foil as anode, and Celgard-2502 membrane as
separator in an argon-filled glovebox; the electrolyte was 1 M LiPF6
dissolved in ethylene carbonate (EC) and dimethyl carbonate (DMC)
at a volumetric ratio of 3:7. The cells were galvanostatically charged
and discharged on a LAND-CT2001A battery test system. Unless
otherwise specified, the cells were typically cycled between 2.0 to 4.8 V
vs Li+/Li0, and 1.0 C-rate was equal to the current density of 250 mA
g−1. Electrochemical impedance spectroscopy (EIS) measurements
were conducted by Autolab83710 impedance analyzer with an
amplitude voltage of 5 mV and frequency range of 0.0−100 000 Hz.
Before EIS measurements, all cells were initially charged to 4.5 and 4.8
V at 0.1 C-rate. Li foil served as both counter and reference electrodes
during the EIS measurements. All the electrochemical measurements
were conducted at room temperature.

3. RESULTS AND DISCUSSION

3.1. Characterizations of the Surface Coatings on the
Electrodes. Figure 2 compares the XRD patterns of the
pristine and MRS-coated lithium-rich LMO-NCM electrodes.
The major peaks of the XRD pattern for the pristine electrode
(Figure 2a) are well indexed to α-NaFeO2 hexagonal type
structure for LiCoO2 with space group symmetry of R3 ̅m.41,42
Some of the high intensity peaks corresponding to the Al are
contributed to the Al-foil onto which the cathode material has
been coated. The low intensity peaks in 2θ between 20° and
30° show the presence of monoclinic Li2MnO3 component
with space group symmetry of C2/m.41,42 This indicates the
formation of the well crystalline layered structure. Compared to
the pristine electrode, the XRD patterns for RMS-coated
electrodes (Figure 2b−d) have no clear changes. The absence
of any reflections corresponding to the Zn-contained product in
the RMS-coated electrodes is possibly due to its amorphous
nature or low concentration.
To confirm the formation of Zn-contained product on the

electrode surface, parts a and b of Figure 3 show the FESEM
images and related-element mappings of the pristine electrode

and the RMS-4 min coated LMO-NCM on the electrode,
respectively. It is observed that the as-obtained powder sample
is spherical particles. More importantly, the dot mapping clearly
reveals that element Zn is uniformly distributed on the surface
of the RMS-4 min electrode, compared to that of the pristine
electrode without detecting the existence of Zn element.
Additionally, XPS is a sensitive tool for the surface composition,
especially for the change of chemical state, and therefore used
to determine the presence of Zn-contained product on the
surface. The Zn 2p XPS spectrum for the RMS-4 min electrode
is shown in Figure 3b. Presence of the Zn on the surface
electrode is also reflected by the presence of the sharp peaks
corresponding to Zn 2p peaks. It is worth noting that the
observed binding energy of the Zn 2p3/2 remains to be 1022.6
eV, which is larger than the value of Zn 2p3/2 in bulk ZnO (The
standard value about 1021.7 in NIST XPS Database) and
metallic Zn with a binding energy of 1021.5 eV.43 The value is
very close to the reported values of ZnO-coated cathode
materials, for example, 1022.5 eV for ZnO-coated Li-

Figure 2. XRD patterns of different electrodes: (a) pristine electrode,
(b) RMS-1 min electrode, (c) RMS-2 min electrode, and (d) RMS-4
min electrode.

Figure 3. (a, b) SEM image and elemental mappings of the pristine
electrode and the RMS-4 min electrode, respectively; (b) the XPS
spectrum of Zn 2p of the RMS-4 min electrode.
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Ni0.5Co0.25Mn0.25O2
44 and 1022.2 eV for ZnO-coated Li-

Ni0.5Mn1.5O4.
45 This shows that Zn exists only in the oxidized

state and is mainly bivalent. Therefore, it is concluded that the
ZnO film as expected has successfully formed on the composite
electrode.
Surface characteristic even for oxygen species is one of the

contributing factors to affect the electrochemical perform-
ance.46 Figure 4a shows the O 1s XPS spectra of the pristine
electrode. It is clear that the asymmetric O 1s peak was
coherently fitted by two completely Gaussian components and
is located at 531.7 and 529.9 eV. The former is possibly
correlated to OH− or adsorbed H2O environment,47 the latter
clearly contributed to the lattice of oxygen in the lithium-rich
layered oxide.48 While the electrodes after RMS coatings show
large changes, as given in Figure 4b−d, the asymmetric O 1s
peak on the electrode was fitted by three nearly Gaussian
components, approximately centered at 529.9, 531.4, and 532.8

eV, respectively. The lower banding energy is the same as the
value of the pristine electrode ascribed to the M−O
covalence.48 The higher binding energy is usually attributed
to adsorbed or dissociated oxygen, or −CO3 that may be
originated from the oxidation of C-contained compounds.46,47

The medium banding energy in the RMS coated electrode may
be associated with O2− ions within the ZnO matrix. However,
the value is much larger than that of the O2− ions (530.2 eV)
on the regular wurtzite structure of the hexagonal Zn2+ ion
array.49 The same phenomenon has been also observed by
Kunat et al.50 They contributed it to oxygen-deficient regions
within the ZnO matrix. Recently, Kotsis et al.51 calculated the
O 1s core level binding energies in different Zn-contained
compounds by means of wave function based quantum
chemical ab initio methods, and the result was in excellent
agreement with the experimental data. Therefore, we believe
the medium banding energy is resulted from ZnO film with
some oxygen defects. More interestingly, the intensity about
this peak gradually increases with the deposited time increasing.
By contrast, the intensity about the lower banding energy peak
gradually decreases with the thickness of ZnO film increasing.
This is caused by the depth of penetration for X-ray. After the
calculation, the intensity of the medium banding energy peak
for the RMS-4 min electrode is about 2.5 times for that of the
RMS-2 min electrode which is approximately 2.5 times for that
of the RMS-1 min electrode. This further indicates that ZnO

Figure 4. XPS spectra of the O 1s with different electrodes: (a)
pristine electrode, (b) RMS-1 min electrode, (c) RMS-2 min
electrode, and (d) RMS-4 min electrode.

Figure 5. (a, b) TEM image of the pristine electrode and RMS-4 min
electrode. The EDS signals of the areas labeled as p1, p2 and p3, p4 are
shown in the right, respectively. HRTEM images of the particle on the
(c) pristine electrode and (d) RMS-4 min electrode.
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film with different thickness on the electrodes has been
successfully acquired by controlling deposited time.
In order to investigate the deposition of ZnO coating on the

surface of LMO-NCM particles, EDS is used to examine the
compositions of the TEM image at the center and the edge of
the pristine electrode and RMS-4 min coated electrode,
respectively, labeled as p1, p2 and p3, p4 in Figure 5a and b.
The results shown in the right are that the compositions of the
pristine electrode with p1 and p2 has no clear difference, but a
clear Zn peak is observed only in p4 but not in p3, which
demonstrates ZnO coating on the surface of the particles. The
Cu peaks are from the copper grid where the TEM sample was

placed. To study the details of RMS coatings grown directly on
the electrode, high resolution TEM (HRTEM) is used to
examine the pristine and RMS-coated electrode. Parts c and d
of Figure 5 present HRTEM images of a bare particle and a
RMS-4 min coated particle. It is noted that the particle on the
pristine electrode has lattice fringes as observed in Figure 5d,
while HRTEM image of the RMS-4 min coated electrode
(Figure 5d) reveals that a very thin and amorphous coating
fully and conformally enwraps around the crystalline particle.
The thickness of the coating is estimated at approximately 8
nm. Therefore, from the XPS and TEM results in Figures 4 and
5, it is concluded that ZnO RMS coatings are ultrathin, dense,
uniform, and provide full coverage of LMO-NCM electrode.

3.2. Electrochemical Performances. Figure 6a and b
show the first and second charge−discharge profiles of the
pristine, RMS-1, 2, and 4 min coated LLNCMO electrodes at a
current density of 25 mA g−1. A long plateau around the high
potential region (4.4−4.8 V), as shown in Figure 6a, is observed
in the first charge profile of all the electrodes, which has been
mainly ascribed to the electrochemical activation process of the
Li2MnO3 component;12,19 however, this plateau region
disappears in the subsequent charge profiles shown in Figure
6b, indicating that the oxygen loss during the first charge is an
irreversible process.21 The initial discharge capacities of the
pristine, RMS-1, 2, and 4 min coated electrodes are 283.4 mAh
g−1, 300.1 mAh g−1, 316.0 mAh g−1, 293.4 mAh g−1,
respectively. In comparison with the capacity between the
pristine and RMS coated electrodes, it is clear that the capacity
is largely enhanced by the RMS coatings, especially for RMS-2
min coated electrode, of which has significantly exceeded 300
mAh g−1. In addition, the initial coulombic efficiency is
acquired to 89.1% for the RMS-2 min coated electrode
compared to that of 81.7% for the pristine electrode. Moreover,

Figure 6. Typical charge−discharge curves for different electrodes: (a) the first cycle and (b) the second cycle. Cycling performances at different
rates for different electrodes: (c) 0.1 C-rate and (d) 1.0 C-rate.

Figure 7. Comparisons of the rate capabilities of different electrodes,
where the charge−discharge rates are the same after initial two cycles
at 0.1 C-rate.
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the initial coulombic efficiencies for other two coated electrodes
(87.2% and 86.5%) are also larger than that of the pristine
electrode. The significant improvement of RMS-coated
electrode is possibly ascribed to the uniform and dense ZnO
coatings can average the distribution of electrons and lithium
ions around the LMO-NCM surface to fully utilize the active
sites. This leads to the decrease of the electrode polarizations53

as presented in Figure 6a and b. It is evident that the first and

second charge curve for the RMS-2 min electrode is lower than
that of the pristine electrode when the cut-off voltage is below
4.4 V.
The cycle performances of the pristine and RMS-coated

electrodes are investigated with a 0.1 and 1.0 C charge−
discharge rate (Figure 6c and d). The pristine electrode shows a
discharge capacity 238.4 and 157.8 mAh g−1 at 0.1 and 1.0C-
rate after 50 cycles. Comparatively, the RMS-coated electrodes
exhibit relatively higher discharge capacity at 0.1C-rate after 50
cycles. It is noted that the RMS-2 min coated electrode could
deliver high discharge capacity of 256.7 mAh g−1 at 0.1 C-rate
after 50 cycles. However, all the electrodes present a large
capacity fading before 15 cycles in Figure 6c, which is possibly
associated with the largely structural rearrangement as
previously reported.52 On subsequent cycles, the discharge
capacity keeps nearly stable for all electrodes. Additionally, the
discharge capacity at 1.0 C-rate for the RMS-2 min coated
electrode is about 238 mAh g−1, and the capacity retention is
approximately 78.8%, compared with the of 220 mAh g−1 and
71.6% for the pristine electrode. It ensures that the ZnO films
coatings on the electrode, which effectively protect active
material from electrolyte corrosion, can be beneficial to rate
capacity and cycle stability during the cycling.
Figure 7 compares the discharge profiles at various C rates of

the pristine and RMS-coated electrodes to evaluate their rate
capability. The RMS-coated electrodes, especially for RMS-2
min coating, show much higher rate capability than that of the
pristine sample. For instance, while the pristine electrode
exhibits a discharge capacity of only 181.6 mAh g−1 and 112.3
mAh g−1 at 2.0 and 5.0 C-rate, the RMS-2 min electrode
exhibits 198.3 mAh g−1 and 124 mAh g−1, respectively. On the
contrary, the RMS-4 min electrode shows higher discharge
capacity than that of the pristine electrode at lower rates,
however, with the rate increasing to 1.0 C-rate, the discharge
capacity is much lower than that of the pristine electrode, which
may be ascribed to the coating film increasing to prevent the
lithium fast diffusion.
To gain a better understanding of factors leading to the

improved electrochemical performance of these coated electro-
des, EIS is also introduced to investigate their electrochemical
kinetics, which is conducted after initially charged to 4.5 and 4.8
V, and is shown in Figure 8a and b. It can be seen that all the
Nyquist plots show two arcs in the high-to-medium frequency
region. According to previous EIS studies on this type of
layered cathode materials,26 the first semicircle is contributed to
lithium ion diffusion through the surface layer, the second
semicircle is assigned to the charge transfer reaction. The
corresponding equivalent circuit is given in Figure 8c. In the
equivalent circuit, Re refers to the uncompensated ohmic
resistance between the working electrode and the reference
electrode, Rsl represents the resistance for lithium ion diffusion
in the surface layer (including SEI layer and surface
modification layer), CPE and Csl refer to the nonideal
capacitance of the surface layer and the surface layer
capacitance, Rct and Cct refer to the charge transfer resistance
and the charge transfer capacitance, Zw represents the Warburg
impedance describing the lithium ion diffusion in the bulk
material, and Cint presents the intercalation capacitance. Among
these parameters, Re, Rct, and Zw can be used to quantify the
ohmic polarization, charge transfer polarization, and diffusion
polarization.21,22 The fitted impedance parameters are listed in
Table 1. It is clear that there is a larger reduction in charge
transfer resistance for the RMS-2 min coated electrode than

Figure 8. Nyquist plots for different electrodes: (a) after initially
charged to 4.5 V, (b) after initially charged to 4.8 V at the current
density of 25 mA g−1, and (c) the equivalent circuit performed to fit
the curves.

Table 1. Impedance Parameters of the Pristine and RMS-
Coated Electrodes after Initially Charged to 4.5 and 4.8 V

after initially charged to
4.5 V

after initially charged to
4.8 V

Re
(Ω) Rsl (Ω)

Rct
(Ω)

Re
(Ω) Rsl (Ω)

Rct
(Ω)

pristine electrode 2.40 37.2 173.6 3.15 75.1 231.6
RMS-1 min
electrode

2.32 106.5 165.7 3.14 167.8 230.4

RMS-2 min
electrode

2.24 150.6 105.2 2.42 156.5 116.1

RMS-4 min
electrode

1.27 1221 119.8 2.45 1475 154.4
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that of the pristine electrode, whatever the upper charge cut-off
voltages are applied to 4.5 and 4.8 V. The resistances for the
RMS-coated electrodes have no clear increase for this different
charge of sates, while that of the pristine electrode shows the
great increase. At the same time, the resistance for lithium ion
diffusion for the RMS-4 min coated electrode has a huge
increase, which is mainly ascribed to the coating film increasing.
This clearly reveals that the charge transfer resistance is greatly
reduced in the RMS-2 min coated electrode to improve the
electrochemical performance.
Along with EIS study at different state of the charge after

initially charged to 4.5 and 4.8 V, XPS of charged electrodes
were carried out to determine the chemical composition of
passivation products formed as results of high voltage charging.
A significant change is expected to occur upon high voltage
charging: surface species formation with oxidation of electro-
lyte. Due to the limitation of the depth of penetration for the
XPS, the electrolyte oxidation products layer may screen some

signal from surface of lithium-rich layered oxide particle.48

Figure 9a presents XPS spectra about the O 1s with different
electrodes after initially charged to 4.5 and 4.8 V for the pristine
electrode. It is observed that there has more obvious electrolyte
oxidation when the pristine electrode is initially charged to 4.8
V than that initially charged to 4.5 V. This results in the
disappearance of the lattice oxygen 1s signal in lithium-rich
layered oxides. Instead, some electrolyte oxidation products
exist in the particle surface and leads to the resistance increasing
as given in Table 1 demonstrated by EIS measurements. By
contrast, the O 1s signals for RMS-coated electrodes have no
clear change as shown in Figure 9b−d, even if the initial charge
voltage gets to 4.8 V. The less the electrolyte oxidation occurs,
the lower the resistance, and the better the electrochemical
performance. On the other hand, the O 1s spectra for the RMS-
coated electrodes after initially charged 4.5 or 4.8 V show the
similar results with the uncharged RMS-coated electrode. The
slight difference is that the higher binding energy is shifted to

Figure 9. XPS spectra about the O 1s with different electrodes after initially charged to 4.5 and 4.8 V: (a) pristine electrode, (b) RMS-1 min
electrode, (c) RMS-2 min electrode, and (d) RMS-4 min electrode.
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larger value, which is usually attributed to C−O compounds
that may be originated from the electrolyte oxidation.48

Additionally, when the RMS-2 min electrode is initially charged
to 4.8 V, the O 1s signal in the ZnO films on the surface, and
more importantly, the lattice oxygen signal in lithium-rich
layered oxides are still clearly observed in Figure 9b and c. This
further indicates that the existence of ZnO coatings on the
electrode surface could prevent the electrolyte oxidation to a
certain degree. On the basis of these results, it is concluded that
ZnO surface coatings on the electrodes by RMS process play an
important role in improving the electrochemical performance,
due to the suppression of the electrolyte oxidation to decrease
the resistance, especially for the charge transfer resistance. As a
consequence, the decrease of the charge transfer resistance
could greatly improve the rate capability and the protective
layer of ZnO film on the electrode surface could enhance the
electrode surface stability to improve the cycling performance.

4. CONCLUSION

We have successfully fabricated LMO-NCM electrode films
modified by RMS ZnO coatings for the first time. Presence of
ZnO coatings on the electrode was confirmed by XPS and
TEM study. The coatings were ultrathin, dense, uniform, and
provided full coverage of LMO-NCM electrode surface. It has
been realized from our experimental studies that the RMS-2
min ZnO coated on the LMO-NCM electrodes had the
following superiorities compared to pristine LMO-NCM: (i)
ultrahigh discharge capacity of 316.0 mAh g−1 at room
temperature; (ii) higher initial columbic efficiency with 89.1%
than that of 81.7%; (iii) improved rate performance with
discharge capacity of 238.0 mAh g−1 at 1.0 C-rate for the RMS-
2 min coated electrode. Lower charge transfer resistance value
in case of the RMS-coated electrode enhanced the electro-
chemical performance compared to pristine sample. ZnO
surface coatings on the electrodes by RMS process play an
important role in suppression of the electrolyte oxidation to
improve the cycling performance. Lastly, the method presented
in this study can be generalized to other coatings as long as the
coatings can be fabricated via RMS, which could be directly
deposited from single or multiple metallic targets.
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