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� A thin conformal polysiloxane is firmly 
wrapped on the surface of 
LiNi0.8Co0.15Al0.05O2. 
� Polysiloxane layer reduces trace water 

and removes HF, while suppresses the 
side reaction. 
� LiNi0.8Co0.15Al0.05O2@Polysiloxane de

livers ultrahigh long cycling stability.  
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A B S T R A C T   

LiNi0.80Co0.15Al0.05O2 (NCA) as a practical cathode material for lithium-ion batteries has been attracting 
extensive attention owing to its superior specific capacity and small voltage hysteresis, but suffers from the 
serious side reactions with electrolyte and HF erosion resulting in capacity fading. A thin conformal polysiloxane 
with ethoxy-functional groups (EPS) is successfully grown on NCA particles through the hydrolysis-condensation 
method effectively suppresses the side reactions and mitigates the instability of NCA cathode. The original 
discharge capacities of NCA and NCA-EPS cathodes are 158 and 159 mAh g� 1 at 25 �C, respectively. The capacity 
retention of NCA-EPS cathode is ~96% of the original capacity after 150 cycles under 1 C, 25% higher than NCA 
cathode. Even at 55 �C, NCA-EPS cathode could maintain ~86% of the original discharge capacity through 150 
cycles, which enhances 29% compared to NCA cathode. The excellent cycling stability of NCA originates from the 
EPS that acts as a protective shell to reduce the trace water on the NCA surface, inhibit the side reaction and 
remove HF from the electrolyte through a nucleophilic substitution reaction.   
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1. Introduction 

Lithium ion batteries (LIBs) are recognized as the reliable energy 
storage and conversion systems for electric vehicles and portable elec
tronics due to their high energy density and excellent cycling perfor
mance [1–4]. As one of the most important components of LIBs, cathode 
materials determines the operating voltage of batteries within the safe 
electrochemical window of the electrolyte and restrains the energy 
density of batteries. Layered Nickel-rich LiNi0.80Co0.15Al0.05O2 (NCA) 
cathode stands out among many LIBs cathode materials for its superior 
reversible capacity, small polarization and good thermal stability [5–8]. 
However, some drawbacks and challenges for NCA cathode materials 
still remain [9]. For example, the surface side reactions that occurs when 
the active electrode is in contact with electrolyte could generate the 
degenerative capacity. Firstly, in the discharge process, the active Ni3þ

will inevitably be oxidized to the unstable and inactive Ni4þ [10,11]. 
Because Ni4þ has strong oxidation, it will accelerate the decomposition 
of the electrolyte and cause the surface side reactions between active 
material and the electrolyte to formulate the non-conductive solid 
electrolyte interface (SEI) film, which will influence the Liþ transport 
and increase electrochemical polarization in the NCA electrode mate
rials [12]. Next, the inevitable trace water of the cathode particles sur
face will react with the solute of electrolyte (LiPF6), it would 
decomposed into the profitless products, such as HF, LiF and POF3. The 
presence of HF could arouse the dissolution of transition metal ions, 
resulting in further deterioration of the surface structure of active NCA 
material [13,14]. In addition, Ni2þ ions derived from the conversion of 
Ni3þ or Ni4þ ions easily exchanges their positions with the adjacent Liþ

ions because of the close ionic radius of Ni2þ (69 p.m.) and Liþ (76 p.m.) 
ions, which results in cation mixing to form a NiO-like passivation layer 
[15,16]. The passivation layer could cause a permanent loss of capacity 
owning to the active lithium layer destroyed in the lattice [17]. 

Surface modification techniques are now commonly used to improve 
the properties of cathode materials, coating is one of the most important 
methods. The coating layer covers the surface of cathode particles and 
can effectively isolate the electrode from the electrolyte to control the 
surface side reactions [18,19]. Different kinds of materials are being 
explored, such as metal oxides (SiO2, TiO2, Al2O3) [20–23], metal 
fluoride (AlF3, FeF3) [24–26], metal phosphates (Ni3(PO4)2, FePO4, 
Li3PO4) [27–29], mixed oxides (Li2O–ZrO2, Li2O–2B2O3) [30,31], car
bon materials (graphene [32], Carbon nanotubes [33]), and Poly (3, 
4-ethylenedioxythiophene) (PEDOT) [34]. These coatings form a phys
ical barrier on the active particles surface to keep the structure from 
being damaged and inhibit the interfacial side reaction to some extent. 
HF erosion of the active electrode can be eliminated and the dissolution 
of transition metal ions could be suppressed. But for most coatings, the 
harm of HF to cathode materials has not been fundamentally solved. In 
addition, LiOH/LiCO3 and H2O on the surface of layered NCA cathode. 
These harmful products will accelerate the generation of HF, resulting in 
irreversible attenuation of capacity [35–37]. Therefore, an ideal coating 
should protect the electrode from the surface side reactions, as well as 
eliminate trace water adsorbed on NCA and HF in electrolyte. 

Tetraethyl orthosilicate (TEOS) is easily hydrolyzed to formed the 
polysiloxane with ethoxy-functional groups (EPS) because of the sensi
tivity to H2O [38]. The polysiloxane is widely being used in the fields of 
binder and textile or biomedical coatings because of the good film for
mation, strong adhesion and high/low temperature adaptability [39, 
40]. In addition, ethoxy-functional groups in polysiloxane coating could 
eliminate the harmful HF from the electrolyte through providing reac
tion sites for nucleophilic substitution of Si and F [41,42]. However, it is 
rarely reported that the electrochemical performances were improved 
through covering the polysiloxane on the cathode materials in LIBs. 
Therefore, EPS act a coating of active materials can cut down the 
interface side reactions to enhance the electrochemical performance of 
NCA cathode through eliminating H2O on the NCA surface and HF in the 
electrolyte. Water is always used as reactant for the hydrolysis of TEOS 

to form the coating, but it could cause an irreversible damage on NCA 
and the calcination would remove ethoxy-functional groups and lose the 
ability of HF clearance [43,44]. Therefore, it is imperative to explore a 
new and reliable approach to obtain polysiloxane coating with a large 
number of ethoxy-functional groups to improve the electrochemical 
performances of NCA. 

Herein, we report a scheme by establishing a protective polysiloxane 
coating on the layered NCA cathode. EPS film was grown on the NCA 
particles surface by a simple interface hydrolysis-condensation tech
nique. The EPS film could be formed through the condensation after 
TEOS was subjected to the hydrolysis of trace water adsorbed on NCA 
particles at room temperature. This method can avoid an irreversible 
damage on NCA material and the decrease of ethoxy-functional groups 
during heat treatment process. The cycling stability of NCA coated with 
EPS (NCA-EPS) cathode was significantly improved. The capacity 
retention rate of NCA with EPS are 95.7% and 85.7% at 25 �C and 55 �C 
under 1C after 150 cycles, respectively. By contrast, the pristine NCA 
only maintains 71% and 57.6%, respectively. This study suggests a 
simple way to mitigate the effects of interface adverse reactions, HF 
corrosion, and their interactions on performance degradation after long 
cycle of NCA. 

2. Experimental section 

2.1. Materials synthesis 

EPS coated NCA particles was synthesized via an in-situ hydrolysis- 
condensation reaction. The commercially available Ni0.80C
o0.15Al0.05(OH)2 precursor (Zhichuan, Haian) was mixed with LiOH⋅H2O 
(99%, Aladdin) at a molar ratio of 1:1.07. The mixture was heat treated 
at 450 �C for 5 h and then calcined at 760 �C for 12 h with a heating rate 
of 10 �C min� 1 under an oxygen atmosphere. Tetraethyl orthosilicate 
(TEOS, 99%, Aladdin) was mixed with 50 mL absolute ethyl alcohol with 
stirring to generate a clear solution, followed by NCA powders (nTEOS: 
nNCA ¼ 0.03) was added. The above mixture was continuously stirred at 
25 �C for 4 h until the ethanol was adequately evaporated and then the 
resultant powders was referred to as NCA-EPS. Meantime, samples with 
different mole ratios of TEOS to NCA (nTEOS: nNCA ¼ 0.01 and 0.05) were 
also prepared at the same condition and referred to as NCA-EPS1 and 
NCA-EPS5, respectively. 

2.2. Materials characterization 

Karl Fischer Moisture Titrator (870 KF Titrino plus, Switzerland) was 
used to determine the water content of the surface of NCA particles. X- 
ray diffractometer (XRD, BRUKER D8 Advance, Germany) was 
employed to identify the phases of the as-prepared samples. Field 
emission scanning electron microscopy (FESEM, JEOL, JSM-7500F, 
Japan) and transmission electron microscopy (TEM, JEOL, JSM- 
2100F, Japan) were adopted to observe morphologies and analyze the 
crystal structures of the samples. The chemical valence states and 
compositions of the samples were analyzed by using X-ray photoelectron 
spectroscopy (XPS, THERMO, ESCALAB 250XI, USA). The tests were 
carried out with a monochromatic Al Kα (1486.6 eV) source at a voltage 
15 kV and beam current 15 mA with the vacuum about 5 � 10� 9 mbar. C 
1s hydrocarbon peak at 284.8 eV is used to calibrate the binding energy. 
The thermal stabilities of the pristine and NCA-EPS electrodes under the 
charged state were studied by differential scanning calorimetry (DSC, 
NETZSCH, STAþ449F5, Germany). 

2.3. Electrochemical measurements 

The batteries were assembled into CR2016 coin-type batteries in an 
argon glove box with Li wafers as the anode, Celgard 2325 as the 
separator and 1 mol L� 1 LiPF6 solution as the electrolyte [45,46]. The 
cathode was prepared by mixing the NCA or NCA-EPS samples with 
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Super-P carbon and polyvinylidene fluoride (PVDF) dissolved in 
N-methyl-2-pyrrolidone (NMP) according to the mass ratio of 8: 1: 1. 
And then the above mixture was ground into a uniform slurry. The slurry 
was painted onto an Al foil and followed by drying at 120 �C overnight. 

The electrochemical performance of the CR2016 coin-type cell was 
characterized using cyclic voltammograms (CVs), electrochemical 
impedance spectroscopy (EIS) and galvanostatic charge-discharge 
(GCD) via an electrochemical working station (CHI660E, CHENHUA, 
China) and multichannel galvanostatic system (CT2001A, LANHE, 
China). CVs were measured at a scan rate of 0.1 mV s� 1 within a voltage 
range of 2.5–4.5 V. After the cell was activated at a rate of 0.05 C at room 
temperature, the charge-discharge cycles were carried out at the current 
density of 1 C (¼ 180 mA g� 1) for 150 cycles at 25 and 55 �C, respec
tively. EIS was carried out in the frequency range of 0.01 Hz–100 kHz 
and an amplitude of 5 mV. 

3. Results and discussion 

The phase structures of the as-synthesized samples were identified 
using XRD analysis. Fig. 1a shows the XRD image of NCA and NCA-EPS 
powders samples. The diffraction peaks at 2θ ¼ 18.75, 36.58, 44.38, 
48.58, 58.67 and 68.05� for the NCA powders sample are correspond to 
(003), (101), (104), (015), (107) and (113) lattice planes of α-NaFeO2- 
structured phase (JCPDS card No. 74–0919) [33,47]. The splitting peaks 
of (006)/(102) and (108)/(110) lattice planes demonstrate the ordered 
layered structure in NCA [48,49]. The peak intensities and positions of 
NCA-EPS sample change scarcely after covering EPS on the surface of 
NCA particles, which indicates the EPS coating does not influence the 
NCA crystal phase. The XRD patterns of NCA-EPS1 and NCA-EPS5 also 
showed the same results (Fig. S1, Supporting Information). The result 
could be further confirmed through the Rietveld refinement of XRD 
pattern. In this study, Rietveld refinement was introduced to qualita
tively evaluate the variation in the lattice parameters with the structural 
model of (Li1-zNiz)3a [LizNi0.8-zCo0.15Al0.05]3b{O2}6c via GSAS/EXPGUI 
software [50]. Fig. 1b and c depict the Rietveld refinement results of 
NCA and NCA-EPS samples, respectively. The lattice constants of NCA 
and NCA-EPS obtained from Rietveld analysis are listed in Table 1. NCA 
and NCA-EPS have the approximate lattice constants, c/a values and the 

intensity ratio of I(003)/I(104), which illuminates the similar layered 
structure and the cation mixing degree in both samples [51]. So the layer 
structure and the cation mixing of NCA are influenced scarcely by EPS. 
The XPS spectra (Fig. S2, Supporting Information) of NCA and NCA-EPS 
samples reveal the existence of Ni, Co, O and Al elements. However, Si 
element appears in the NCA-EPS sample, which could be attributed to 
the presence of polysiloxane with ethoxy-functional groups. Fig. 1d and 
e displays the high resolution spectra of Ni 2p and Co 2p of NCA and 
NCA-EPS, respectively. There is no obvious difference in the position 
and strength of binding energy in Ni 2p and Co 2p spectra of the two 
samples, indicating that EPS coating has no impact on the chemical state 
of the elements in NCA cathode materials. In Fig. 1d, Ni 2p spectra 
reveal primarily two spin-orbit doublets (Ni 2p3/2 and Ni 2p1/2) along 
with two shake-up satellites (indicated as “Sat”), which are split into 
four peaks through Gaussian fitting method, manifesting the presence of 
Ni2þ and Ni3þ cations. The main peaks at 854.3/872.7 eV and 
855.8/874.1 eV are assigned to Ni2þ and Ni3þ [52–54]. The positions of 
the two smooth satellite peaks are respectively at 861.5 and 878.9 eV, 
which reveal that Ni3þ are the majority in samples [55]. As for the Co 2p 
spectra in Fig. 2e also exhibits mainly two spin-orbit doublets (Co 2p1/2 
and Co 2p3/2) along with two weak shake-up satellites. The fitted peaks 
at 779.8 and 794.8 eV are assigned to Co3þ ions, at 781.3 and 796.5 eV 
are indexed to Co2þ ions [56]. Fig. 1f depicts the high-resolution XPS 
spectrum of Si 2p for NCA-EPS sample. The binding energy at 102.6 eV 
confirms the existence of Si–O bond [40]. Therefore, the successful 
formation of EPS coating on the NCA particle surface is shown as a result 
in the XPS profile. 

Fig. 2a and b shows the typical FESEM images of NCA particles in the 
different magnification. It is found that the spherical morphology of 

Fig. 1. (a) XRD patterns of NCA and NCA-EPS powders; (b–c) Rietveld refinement results of NCA (b) and NCA-EPS (c) samples; The high-resolution XPS spectra of (d) 
Ni 2p and (e) Co 2p for NCA and NCA-EPS samples and (f) the high-resolution XPS spectrum of Si 2p for NCA-EPS sample. 

Table 1 
Rietveld analysis results of NCA and NCA-EPS.  

Sample Lattice parameters I(003)/ 
I(104) 

Ni in Li 
site 

Rp 

(%) 
Rwp 

(%) 
a (Å) c (Å) c/a 

NCA 2.8685 14.188 4.9461 1.2389 0.0801 3.21 5.01 
NCA- 

EPS 
2.8688 14.189 4.9459 1.2392 0.0795 3.45 5.84  
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Fig. 2. The typical FESEM images of NCA and NCA-EPS samples: (a) the particles of NCA at low magnification; (b) the NCA particles at high magnification; (c) 
HRTEM images of NCA particle, the inset is the FFT diffraction patterns and lattice fringes; (d) the particles of NCA-EPS at low magnification; (e) the NCA-EPS 
particles at high magnification; (f) HRTEM images of NCA-EPS particle, the inset is the FFT diffraction patterns and lattice fringes; EDS elemental mapping im
ages of NCA-EPS particle: (g) NCA-EPS particle, (h) Ni, (i) Co, (j) Al, (k) Si. 

Fig. 3. (a) Schematic illustration of NCA-EPS through an in-situ hydrolysis-condensation reaction; (b) The molecular structure of polysiloxane; (c) The content of 
water on NCA and NCA-EPS particles surface. 
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NCA particles at low magnification from Fig. 2a is consisted of the ag
gregates of inhomogeneous microparticles at high magnification from 
Fig. 2b. The FESEM photos of NCA-EPS particles in the different 
magnification are shown in Fig. 2d and e. Compared with NCA particles, 
NCA-EPS particles also exhibit the spherical morphology composed of 
the aggregates of inhomogeneous microparticles. In addition, NCA-EPS 
particles display the rougher surface which may be derived from the 
presence of EPS coating from Fig. 2e. NCA-EPS1 and NCA-EPS5 samples 
also display the similar morphologies and various surface roughness 
compared with NCA sample (Fig. S3, Supporting Information). Fig. 2c 
and f are the representative HRTEM images of NCA and NCA-EPS 
samples, respectively, the insets in Fig. 2c and f are the corresponding 
fast Fourier transformation (FFT) diffraction patterns and lattice fringes. 
From the insets, the both samples present the excellent crystallinity. The 
clear lattice fringes with the interplanar spacings of 0.235 nm (Figs. 2c) 
and 0.204 nm (Fig. 2f) which are assigned to the (012) and (104) planes 
of NCA crystal, respectively. Further, a distinct coating layer with about 
4 nm thickness is observed on the NCA-EPS particles surface in Fig. 2f. 
To confirm the ingredient of the coating, EDS element mapping of NCA- 
EPS particle is shown Fig. 2g and k. The result reveals Si element appears 
on the NCA-EPS particle in addition to Ni, Co and Al elements, showing 
that the EPS coating was evenly coated on the NCA particles surface 
through the hydrolysis-condensation method. 

Fig. 3a depicts the schematic illustrating of the reducing trace water 
on the NCA surface through the formation of EPS coating by an in-situ 
hydrolysis-condensation reaction. First, TEOS is hydrolyzed by the 
trace water on the surface of NCA particles to generate (EtO)4-nSi(OH)n. 
And then (EtO)4-nSi(OH)n could generate self-polymerize to form the 
dipolymer (EtO)4-n (OH)n-1Si–O–Si(OH)n-1 (EtO)4-n. Also, (EtO)4-nSi 
(OH)n could produce copolymerization with TEOS to form the dipol
ymer (EtO)4-n (OH)n-1Si–O–Si(OEt)n-1 (EtO)4-n. Furthermore, the 

dipolymer (EtO)4-n (OH)n-1Si–O–Si(OH)n-1 (EtO)4-n and (EtO)4-n (OH)n- 

1Si–O–Si(OEt)n-1 (EtO)4-n can be polymerized continually in situ to form 
EPS coating with three-dimensional network structure. The process 
could be represented by the following equations [38–40]: 

SiðOEtÞ4þ nH2O→ðEtOÞ4� nSiðOHÞn þ nEtOHðn¼ 1; 2; 3; 4Þ (1)  

ðEtOÞ4� nSiðOHÞnþðEtOÞ4� nSiðOHÞn→ðEtOÞ4� nðHOÞn� 1Si � O

� SiðOHÞn� 1ðEtOÞ4� n þ H2O (2)  

ðEtOÞ4� nSiðOHÞnþ SiðOEtÞ4→ðEtOÞ4� nðHOÞn� 1Si � O

� SiðOEtÞn� 1ðEtOÞ4� n þ EtOH (3)  

mð� Si � O � Si�Þ→

2

4 � O �
⋮
Si
⋮
�

3

5

m

(4) 

The molecular structure of EPS is displayed in Fig. 3b. The formation 
of EPS coating because of the TEOS hydrolysis could also be verified 
through the distinct decreased content of water absorbed on NCA-EPS 
particles surface. Fig. 3c depicts the content of trace water on NCA 
and NCA-EPS particles surface obtained through Karl Fischer Moisture 
Titrator. The surface water content of NCA-EPS was significantly less 
than that of NCA with decreasing to 1.28% from 2.77%, which indicates 
the formation of EPS coating could have a role to consume the trace H2O 
on NCA particles surface. 

Fig. 4a displays the charge and discharge profiles of NCA and NCA- 
EPS cathodes in the first cycle at 1/10 C with the voltage range of 
2.8–4.3 V at 25 �C. NCA-EPS cathode exhibits the similar charge/ 
discharge profile with NCA cathode, indicating that the additional redox 
reaction is not caused by covering EPS coating on NCA particles surface. 
NCA and NCA-EPS cathodes reveal the approximate initial discharge 

Fig. 4. (a) Initial charge-discharge curves of NCA and NCA-EPS at the current rate of 1/10 C; cycling performance of NCA and NCA-EPS at the current rate of 1C at 
25 �C (b) and 55 �C (c); (d) the discharge voltage profile evolution of pristine NCA and NCA-EPS at 25 �C and 55 �C. 
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capacity and coulombic efficiencies, which are 189 and 184 mAh g� 1 

and 83.1 and 83.8%, respectively. The irreversible capacity loss origin 
usually from the formation of the surface phases because of the spinel- 
like defect structures triggered by oxygen loss [34]. The evolution 
from the layered to spinel/salt structure for NCA cathode derives from 
the decomposition of electrolyte and side reactions [57,58]. EPS coated 
on NCA particles surface could inhibit the interface reaction between the 
NCA particles and electrolyte, thus reducing the amount of irreversible 
Liþ consumed during the formation of SEI film [59], which results in the 
decrease of the irreversible capacity loss for NCA-EPS cathode. How
ever, as non-conductive EPS coated the surface of NCA particles, the 
interface resistance was increased to a certain extent, thus inhibiting the 
diffusion of lithium ions [60]. Therefore, EPS coating did not contribute 
to the improvement of coulombic efficiencies. 

Fig. 4b and c depicts the cycling performance of NCA and NCA-EPS 
cathodes for 150 cycles at 1 C with the voltage range of 2.8–4.3 V at 
25 and 55 �C. It is observed that the discharge capacity of NCA cathode 
declines obviously with the incremental cycle number, whereas slight 
reduction for NCA-EPS cathode. At 25 �C the discharge capacity still 
keeps ~96% of the original discharge capacity for NCA-EPS cathode 
after 150 cycles, whereas only ~70% residual rate of the original 
discharge capacity for NCA cathode. NCA-EPS cathode exhibits 
outstanding cyclic stability. At 55 �C, the cycle stability of NCA-EPS 
cathode is also significantly better than that of NCA cathode. Mean
time, the original discharge capacities of samples are 179 and 185 mAh 
g� 1, which are larger than those of the both cathodes (158 and 159 mAh 
g� 1) at 25 �C. Because the diffusion coefficient of Liþ is directly pro
portional to the temperature [61,62], high temperature will accelerate 
the diffusion speed of Liþ and facilitate the 
intercalation/de-intercalation of Liþ, making the discharge capacity at 
55 �C higher than that one at 25 �C. After 150 cycles, the capacity 
retention (~86%) of NCA-EPS cathode is higher than NCA cathode 
(~58%). In order to testify further the function of EPS coating, the cyclic 
performance data of NCA-EPS1 and NCA-EPS5 cathodes obtained by 
changing the TEOS content are display in Fig. S4, Table S1 and Table S2 
(Supporting Information). It is found that the discharge capacities of 
NCA-EPS1 and NCA-EPS5 cathodes decrease gradually with the incre
mental cycle number. Meantime, the capacity retentions of the both 
cathodes at 1 C are lower than that one of NCA-EPS electrode after 150 
cycles at 25 and 55 �C, respectively, but higher than those of NCA 
electrode. The results above indicate that the surface EPS coating can 
improve prominently the cycle stability of NCA electrode at low and 
high temperature. Additionally, the cyclic stability enhances first and 
then declines with the incremental TEOS level and attains the maximum 
as the mole ratios of TEOS to NCA is 0.03. The result suggests that the 
excellent cyclic stability results from the appropriate thickness of EPS 
coating with poor electrical conductivity on the surface of NCA particles. 

The thermal stability of NCA and NCA-EPS as cathode materials 
could be further investigated by DSC analysis. DSC curves of NCA and 
NCA-EPS electrodes under the charged state of 4.3 V from room tem
perature to 400 �C are depict in Fig. S5 (Supporting Information). The 
exothermic reaction of the NCA electrode occurs approximately at 
236.6 �C, whereas the exothermic peak shifts to higher temperature 
260.1 �C for NCA-EPS electrode. Meantime, the exothermic peak area of 
the pristine NCA electrode is larger than that one of the NCA-EPS elec
trode. These result indicate that the thermal stability of the NCA cathode 
material could be enhanced via the aid of the EPS coating, which can 
suppress the interface reaction between the electrode and electrolyte 
and stabilize the interface. Generally, the use of insulator as coating can 
improve the cyclic stability of cathode materials, but it is also likely to 
limit the migration of Liþ in the charging and discharging process [40]. 
Fortunately, during the formation of EPS coating, not only did H2O on 
NCA surface be removed, but ethoxy-functional groups on polysiloxane 
could also react with harmful HF. In this way, the erosion rate of NCA 
particles and the formation of SEI are suppressed resulting in a stable 
cycling of NCA. Fig. 4d depicts the discharge capacity of NCA and 

NCA-EPS with different cycles at 25 �C and 55 �C. The voltage platform 
(Fig. S6, Supporting Information) of NCA has a faster voltage decay than 
NCA-EPS with the increase of cycles, indicating that the voltage degra
dation can be overcome with reasonable surface coating because the 
inhibition of the side reaction. More significantly, the capacity retention 
of NCA-ESP is higher than the values in recent reports of the other 
coating materials, such as, FeF3 [26], Ni3(PO4)2 [27], SnO2 [63], MnO2 
[64], AlF3 [24], LiTiO2 [65], as indicated in Fig. S7 (Supporting 
Information). 

Fig. 5 depicts the schematic diagram of the cycle performance of NCA 
cathode improved by EPS coating in Li-ion battery. The trace water on 
NCA surface could react with LiPF6 to generate the harmful HF and by- 
products. And these by-products then react with residual Li on NCA 
surface to cover a non-conductive passivation layer, according to the 
following equation: 

LiPF6 ​ þ ​ H2O → LiF↓ þ ​ POF3 þ ​ HF (5)  

POF3 ​ þ ​ Li2O
�

LiOH ​ →LiF ​ ↓þ LixPOFy (6) 

In the long-term circulation process of NCA cathode, HF will 
continue to corrode the particles surface, and will cause the particles to 
crack or even break. The electrolyte then seeps into the primary particles 
of the cathode material, causing permanent damage to the material. 
Meantime, LiF could hinder the Liþ ions diffusion, which result in the 
degenerative cycle performance of NCA. According to Karl Fischer 
Moisture Titrator analysis, the moisture on NCA particles surface is 
reduced obviously by covering the EPS coating, which suppresses the 
generation of corrosive HF and by-products. EPS skin protection can 
prevent the electrolyte from penetrating into the primary particles of the 
cathode to trigger the formation of miro-cracks and pulverization. In the 
case of the decrease of HF and by-products, the surface of NCA is 
improved and the Liþ diffusion channel is augmented, which enhance 
significantly the cycle performance of NCA-EPS. 

Fig. 6a and b shows the CV curves of the first three cycles for NCA 
and NCA-EPS cathodes. The profiles of CV curves change scarcely for the 
both cathodes, indicating that no additional redox reaction is introduced 
into the NCA cathode after coating EPS film. The main oxidation peaks 
of the NCA and NCA-EPS cathodes appear in the high potential of 3.94 
and 3.92 V in the first cycle, whereas these peaks shift to the low po
tential of 3.84 and 3.74 V in the second cycle, which is caused by the first 
irreversible capacity loss. However, the reduction peaks for NCA and 
NCA-EPS cathodes do not shift in the first two cycles, manifesting that 
the first irreversible capacity loss is caused by the generation of SEI film 
[34,57,58]. SEI film could cause the partial Liþ loss, resulting in the 
augment of surface polarization and the irreversible capacity loss. In 
addition, the reversibility of the electrochemical reaction can be esti
mated according to the potential difference (ΔE) of the redox peak. The 
smaller ΔE value means the better reversibility of the reaction [66,67]. 
As shown in Fig. 6a, in the second cycle the redox peaks of NCA cathode 
appear in the voltage of 3.84/3.68, 4.07/3.95 and 4.25/4.15 V, which 
are corresponding to the phase transitions of the hexagonal phase 
structure (H1)/monoclinal structure (M), M and the second hexagonal 
phase structure (H2) and H2 and the third hexagon phase structure (H3) 
[68]. The redox voltage difference ΔE values are 0.16, 0.12 and 0.10 V. 
However, the oxidation peaks of NCA-EPS cathode drift to low voltage 
and the reduction peaks to high voltage according to Fig. 6b. The redox 
peaks of H1/M, M/H2 and H2/H3 transformation locate at 3.74/3.70, 
3.99/3.96 and 4.22/4.16 V, respectively. The ΔE values decrease to 
0.04, 0.03 and 0.06 V compared to NCA cathode. The smaller ΔE values 
of NCA-EPS cathode suggest the improved reversibility of redox reaction 
and the decreased electrode polarization, which generate the excellent 
electrochemical stability for NCA-EPS cathode. 

To study the effect of EPS coating on the NCA structural stability, the 
EIS test was conducted for the batteries uncirculated and after 150 cy
cles, as displayed in Fig. 6c. The insert is the equivalent circuit simulated 
by the Z-View software. Nyquist plots are usually consisted of two 
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semicircles in middle and high frequencies and a line in low frequency. 
Herein, Rs is the system resistance, Rct is the charge-transfer resistance 
and Zw is the Warburg impedance [69]. The equivalent resistance Rs and 
Rct values of NCA and NCA-EPS cathodes are presented in Table 2. The 
initial Rs (2.7 Ω) and Rct (117.6 Ω) values of NCA-EPS cathode is larger 
than those of NCA cathode (1.5 and 102.2 Ω), which may be caused by 
the poor conductivity of the EPS coating. The Rs value of NCA cathode 
increases slightly to 2.1 Ω, whereas NCA-EPS cathode decreases to 2.4 Ω 
after 150 cycles. Meantime, the Rct value of NCA cathode enhances 

Fig. 5. The schematic diagram of the cycle performance of NCA cathode improved by EPS coating in Li-ion battery.  

Fig. 6. Cyclic voltammetry curves of NCA (a) and NCA-EPS (b) at a scan rate of 0.1 mV s� 1; (c) Nyquist plots of NCA and NCA-EPS cathodes uncirculated and after 
150 cycles in the voltage range of 2.7–4.3 V (vs. Li/Liþ), the insert is the equivalent circuit; (d) relationship between Z0 and ω� 1/2 of NCA and NCA-EPS cathodes. 

Table 2 
The fitting resistance values and calculated values of DLi

þ of NCA and NCA-EPS 
cathodes.  

Sample uncirculated 150th cycle 

Rs Rct DLi
þ(cm2 s� 1) Rs Rct DLi

þ(cm2 s� 1) 

NCA 1.5 102.2 3.49 � 10� 11 2.1 467.3 4.27 � 10� 12 

NCA-EPS 2.7 117.6 2.32 � 10� 11 2.4 247 2.65 � 10� 11  
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significantly to 467.3 Ω from 102.2 Ω, whereas NCA–EPS cathode only 
augments to 247 Ω. The smaller Rs and Rct values of NCA-EPS cathode 
after 150 cycles also verify the better electrochemical performance of 
NCA-EPS cathode. 

The diffusion behavior of Liþ was characterized by the diffusion 
coefficient of Liþ in the cyclic process, which was calculated by the 
following formula [61,62]: 

DLiþ ¼R2T2�2A2n4F4C4σ2 (7)  

where R is the gas constant, T is the absolute temperature, F is the 
Faraday constant, A is the area of the electrode plate (1.766 � 10� 4 m2), 
n is the number of transferred electrons (n ¼ 2), C is the molar con
centration of Liþ (2.6 � 104 mol m� 3), and σ is the Warburg coefficient 
which was calculated from the following formula [49]: 

Z0 ¼Rs þ Rct þ σω� 1=2 (8) 

According to Eq. (7), the DLi
þ of NCA and NCA-EPS cathodes uncir

culated and after 150 cycles were calculated and shown in Table 2. In the 
uncirculated samples, the DLi

þ of NCA and NCA-EPS cathodes are 3.49 �
10� 11 and 2.32 � 10� 11 cm2 s� 1, respectively. However, after 150 cycles 
the DLi

þ of NCA cathode reduces about one order of magnitude to 4.27 �
10� 12 cm2 s� 1 and DLi

þ increases slightly to 2.65 � 10� 11 cm2 s� 1 for 
NCA-EPS cathode. The side reaction between NCA particles surface and 
electrolyte would be reduced through the coating EPS film and the Liþ

diffusion is influenced scarcely during the 150 charge/discharge cycles, 
which result in the approximate diffusion coefficient DLi

þ for NCA-EPS 
cathode. Inversely, NCA cathode reveals the lower diffusion coeffi
cient than that of NCA-EPS cathode through the 150 cycle. In summary, 
the appropriate EPS film covered on the NCA particles surface can 
efficiently inhibit side reaction and lower the interface impedance of Liþ

diffusion, leading to the improved the cycle stability of NCA cathode. 
To explore the mechanism of capacity loss and the difference in 

Fig. 7. The cross-sectional FESEM photos of NCA and NCA-EPS cathodes after 150 cycles: (a) NCA cathode at low magnification; (b) NCA cathode at high 
magnification; (c) NCA-EPS cathode at low magnification; (d) NCA-EPS cathode at high magnification. 

Fig. 8. The high resolution XPS spectra of Si 2p (a) and F 1s (b) of NCA-EPS cathode after 150 cycles.  
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electrochemical properties, the cathode materials was characterized 
after 150 cycles in the voltage range of 2.7–4.3 V (vs. Li/Liþ). Fig. 7a and 
d are the cross-section photos of NCA and NCA-EPS cathodes after 150 
cycles at different magnification. The internal structural characteristics 
of the two particles were significantly different. The NCA particles from 
Fig. 7a are subjected to destruction after 150 cycles. At high magnifi
cation (Fig. 7b) it is found that the aggregation of grains emerges 
dramatically the micro-cracks and a part of grains are desquamated from 
the surface of aggregation. As the number of cycles increases, the indi
vidual particles may split completely. Intergranular cracks have been 
identified as one factors for the degradation of the cathode material and 
its failure during the cycles [70]. The surface and internal structure of 
NCA particles generate the difference owning to the HF corrosion. The 
micro-cracks and exfoliated grains would be generated by the strain 
derived from expansion and contraction of the different structure during 
the consecutive charge/discharge cycles. The micro-cracks allow elec
trolyte to penetrate into the interior of particles to form SEI film and 
NiO-like interface layer with the incremental cycle number [71,72], 
which lead to a reduced electrical contact between the particles and 
inhibit the release of Liþ. The contribution of the isolated particles to 
capacity would decrease [73], which results in the decaying cycle per
formance of NCA cathode. However, the NCA particles coated by EPS 
still remain in an intact state at the same cycle number in Fig. 7c. Also 
from Fig. 7d, the micro-crack and exfoliated grains are alleviated 
prominently on the aggregation surface, which enhances the cycle per
formance of NCA cathode. 

Fig. 8a and b reveal the high resolution XPS spectra of Si 2p and F 1s 
of NCA-EPS cathode after 100 cycles. For Si 2p spectrum it is observed 
that a main peak and a weak peak appear at 104.7 and 102.7 eV, 
respectively. The former represents the Si–F bond that is generated 
through a nucleophilic reaction site provided by the ethoxy-functional 
group between Si and F. The reaction equation may be expressed as 
follows [39]: 

EtO 

�

OEt
｜
Si
｜
R 

� OEt þ F� →

2

6
6
6
4

F⋯

OEt
｜
Si
｜

EtO=R

⋯OEt

3

7
7
7
5

ð� Þ

�����!
ðHþÞ

F 

�

OEt
｜
Si
｜
R 

� OEt þ EtOH (9)  

And the latter is assigned to Si–O bond from EPS. As for F 1s spectra, the 
peak at 685.3 eV is corresponding to Si–F bond [74,75]. The peaks at 
688 and 689.2 eV are associated with LixPFy [76] and LixPOyFz [77]. The 
above results show that EPS film could capture F� species to form Si–F 
bond during the charge/discharge cycle, removing harmful HF and en
hances the surface stability of NCA particles, which lead to the improved 
cycle performance of NCA-EPS cathode. 

4. Conclusions 

EPS film as a protective layer was successfully grown on NCA par
ticles surface through the TEOS hydrolysis-condensation method 
without heating treatment. Results indicate that NCA-EPS cathode has 
excellent cycle performance at room temperature (25 �C) and high 
temperature (55 �C). These improvements are attributed to TEOS hy
drolysis consumed trace H2O on NCA particles surface in the synthesis 

process, thereby reducing the generation of harmful substance HF. 
Additionally, HF can be further cleared by polysiloxane with ethoxy- 
functional groups produced by TEOS hydrolysis. The original 
discharge capacities of NCA and NCA-EPS cathodes are 158.2 and 158.9 
mAh⋅g� 1 at 25 �C, respectively. After 150 cycles the capacity retention 
of NCA-EPS cathode is ~96% of the original discharge capacity, which is 
25% higher than that of NCA cathode. Even at high temperatures of 55 
�C, NCA-EPS cathode could maintain ~86% of the original discharge 
capacity through 150 cycles, which enhances 29% compared to NCA 
cathode. EPS coating plays a crucial role in the barrier to suppress the 
penetration of the electrolyte into the secondary particles to alleviate the 
interfacial side reactions, and scavenge HF to eliminate the side re
actions, providing an effective approach to obtain the stable NCA 
cathode for high energy density batteries. 
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