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Enabling Stable and High-Rate Cycling of Ni-Rich Layered Oxide
Cathode for Lithium-lon Batteries by Modification with an Artificial
Li*-Conducting Cathode-Electrolyte Interphase T

Shixuan Wang?, Alvin Dai®, Yuliang Cao?, Hanxi Yang?, Amine Khalil®, Jun Lub*, Hui Li 2*, Xinping Ai2*

Ni-rich LiNiggC0o1Mng,0, (NCM811) cathodes are investigated to realize high energy density Li ion batteries for long life
electric vehicle applications. However, capacity decay and thermal instability due to cathode-electrolyte interfacial
degradation remain challenges that require sophisticated surface stabilization methods to address. Here, we propose a
strategy, for the first time, to form an artificial Li*-conducting cathode-electrolyte interphase (ALCEI) on the NCM811 cathode
surface using a nucleophilic reaction between polysulfides and vinylene carbonate (VC). The as-formed ALCEI layer
simultaneously protects the NCM particles from electrolyte corrosion and facilitates Li* ion transport, thus enabling stable
and high rate cycling of NCM811. As a result, the ALCEI-modified NCM811 cathode exhibits a high capacity (211.6 mAh g
at 0.1C), notable rate capability (134 mAh g at 10C), and superior cycle stability (94.2% over 200 cycles at 1C). These results
underscore the use of interfacial engineering in high voltage cathode material development and provides a feasible strategy
for stabilizing Ni-rich cathode interfaces in practical Li ion battery applications.

1. Introduction

Owing to their high specific capacities and low cost, Ni-rich lithium
layered oxides with high Ni contents such as LiNiggCog1Mng 10,
(NCM) or LiNiggCog 15Alp.050, (NCA) are highly desired and developed
as a promising cathode for next-generation lithium ion batteries
(LIBs).” However, obtaining higher capacities in these Ni-rich
materials comes at the cost of cycle and thermal stability, due to an
increase in unstable Ni-O bonds that destabilize the lattice structure
and increase surface reactivity during cycling.81! As reported,1%1>
nickel-rich cathodes undergo surface degradation at highly
delithiated states due to chemical reactions between Ni** and
solvents in electrolyte that promote transition metal dissolution and
NiO-like rock-salt phase formations. The as formed, Li*-deficient, and
impermeable rock-salt phase impedes Li* diffusion transport
between the bulk lattice and electrolyte, thus increasing interfacial
reaction resistance at the cathode.’® 17 Moreover, the parasitic
surface reaction exacerbates morphological and structural damage
in nickel-rich materials, which promotes electrolyte penetration into
secondary particle interiors and subsequent reactions with primary
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crystallites. This parasitic reaction propagates throughout the grain
boundaries of the secondary particles and accelerates lattice
microcracking that leads to structural distortion and cathode
capacity loss.1820

Various strategies to alleviate this parasitic side reaction and
stabilize the interfacial structure of nickel-rich cathodes have been
proposed, including robust cathode-electrolyte interphase (CEl), 1217
25,22 elemental doping of bulk lattice,?3%> morphological/structural
tailoring,26-28 or electrolyte optimization. 2>-3! Among these methods,
building a stable CEl is a direct way to shield Ni-rich material surfaces
from electrolyte corrosion and inhibit surface parasitic reactions. A
number of chemically and electrochemically stable metal oxides (e.g.,
TiO,, ZrO, and Al,03),323* fluorides (e.g., LiF and AlF;),3> 3¢ and
phosphates (e.g., Mn3(PO,), and AIPO,) 37-38 have already been used
as an artificial CEl to modify the surface of Ni-rich NCM or NCA
materials through various wet chemical processes. Asides from their
complicated synthetic processes, these coated CEl layers provide
poor Li* conductivity that is detrimental to cathode rate capability.
Recent work has attempted to resolve this problem by coating the
Ni-rich materials with Li* conductive phases that include LizPQ,4,3% 40
LiFePQy4,*% 42 or Liy 3Alg 3Tiy 7(PO4)3 *3. However, these inorganic layers
are brittle, easily fractured, and detach from the particle surface
during anisotropic lattice volume changes that occur due to Li-
insertion/extraction in Ni-rich layered compounds. Compared to
inorganic CEl layers, conducting polymers (e.g., polyaniline (PANI),
polythiophene (PTPh) and polypyrrole (PPy))*-4¢ have good
structural flexibility and are capable of accommodating cathode
material volume changes as a conformal CEl layer. However, these
conducting polymers usually swell and are slightly soluble in organic
electrolytes, which makes it difficult to form completely
homogeneous and dense surface layers. Therefore, building a
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chemically inert and Li*-conductive CEl to stabilize the interfacial
chemistry of Ni-rich NCM (or NCA) cathode is essential for realizing
high energy applications.

In this work, we propose an original and facile strategy to build an
artificial Li*-conducting cathode-electrolyte interphase (ALCEI) on
the surface of NCM811 cathodes using a nucleophilic reaction
between polysulfides in an ether solvent and vinylene carbonate (VC)
molecules pre-adsorbed on the NCM particles. The as formed ALCEI
layer is robust, electrochemically stable, and has high Li* conductivity.
These properties shield the NCM particles from direct contact with
electrolyte and promote Li* ion transfer between the bulk lattice and
electrolyte, thus creating a chemically stable and electrochemically
favorable interface for the NCM cathode. The ALCEI-modified
NCM811 cathode subsequently exhibits improved capacity, superior
rate capability, and significantly enhanced cyclability when
compared to its pristine counterpart. These promising results
demonstrate a viable method to realize cycle stability and high-rate
capability in Ni-rich cathodes for Li ion battery applications.

2. Experimental
2.1 Materials synthesis

ALCEI-modified NCM811 was obtained through a nucleophilic
reaction of polysulfide Li,Sg with carbonate solvent, vinylene
carbonate (VC). Initially, 1.0 g of NCM811 powder (Lishen Ltd., China)
was added to a 200 pL VC/ether co-solvent electrolyte under
vigorous stirring. The VC/ether co-solvent electrolyte was prepared
by dissolving 1 mol L?! lithium bis-trifluoromethanesulfonimide
(LiTFSI) in a mixture of VC (Aladdin, China), DME and 1, 3-dioxolane
(DOL, DodoChem, China) solvent with a volume ratio of 1.0: 4.5: 4.5.
After evaporation to remove ether solvents, the residual VC
molecules and LiTFSI salt were homogeneously deposited on the
inner/outer surfaces of NCM811 powders. As formed NCM811
powders were then transferred to a 1.25 mL Li,Sg solution and
constantly stirred for 6h to complete the nucleophilic reaction. The
Li,Sg solution was stoichiometrically prepared by dissolving sublimed
sulfur (Aladdin, China) and Li,S (Aladdin, China) at a molar ratio of 7:1
in a dimethoxyethane solvent (DME, J&K Scientific Ltd., China). After
completion of the nucleophilic reaction, the NCM particles were
filtered, washed with DME solvent, and vacuum-dried at 100 °C to
obtain the ALCEl-coated NCM811 material.

To facilitate chemical and conductivity analysis, a larger quantity
of ALCEI powder was obtained by direct nucleophilic reaction of Li,Sg
solution with VC co-solvent electrolyte at a volume ratio of 2:5. After
completion of the reaction, the products were collected by filtration,
washed with DME, vacuum-dried at 100 °C, and then used as an
analogue compound of ALCEI for physical characterization.

2.2 Structural characterization

Chemical composition of ALCEI, the reaction product of Li,S, and VC,
was analyzed by Fourier Transform Infrared Spectrometry (FT-IR,
Nicolet iS50, USA). The crystalline structures of pristine and ALCEI-
modified NCM811 materials were characterized by X-ray diffraction
(XRD, Rigaku Miniflex600, Japan). Field emission scanning electron
microscope (FE-SEM, ZEISS Merlin Compact VP, Germany) and high-
resolution transmission electron microscopy (HRTEM, JEOLJEM 2100,
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Japan) were used to observe the morphological changes of the
NCM811 materials before and after surface modification as required.
Brunauer—-Emmett-Teller (BET) method was utilized to determine
the specific surface area of NCM811 materials. The surface chemical
states of pristine and modified NCM811 materials were detected by
X-ray photoelectron spectroscopy (XPS, ThermoFischer Escalab Xi+,
USA). The mass content of the ALCEI layer on the cathode material
was measured by thermogravimetric analysis (TGA, Mettler-Toledo
TGA2 / DSC3, Switzerland) with a heating rate of 10 2C min ! from
100 to 650 2C in air atmosphere.

2.3 Electrochemical characterization

ALCEl ionic conductivity was measured by electrochemical
impedance spectroscopy (EIS) and conducted on an electrochemical
working station (Autolab PGSTAT128N, Eco Chemie, Netherlands)
over a frequency range from 1 Hz to 10° Hz with an amplitude of 10
mV. The solid product was first pressed into a compact disk and then
sandwiched between two stainless-steel blocking electrodes for
impedance measurement. The electrochemical stability of the
reaction product was measured by linear sweep voltammetry (LSV),
carried out on a CHI660a electrochemical workstation at a scan rate
of 0.1 mV s in the potential range from 3.0 to 4.5 V (vs Li/Li*). For
LSV measurement, the ALCEl powder was coated on a super P
electrode to ensure a good electrical contact. Electrochemical
performances of NCM cathode materials were tested in CR2016 coin-
type cells with a Li disk as counter electrode and a polyethylene
microporous membrane as separator. The cathode electrodes were
fabricated by mixing active material (pristine or ALCEI-modified
NCM811), conductive carbon (Super P), and polyvinylidene fluoride
binder (PVDF, Macklin) at a weight ratio of 8:1:1 in a N-methyl
pyrrolidone solvent (NMP, Aladdin) to form a uniform slurry, and
then coating the slurry on an Al foil substrate. After vacuum-drying
at 80 oC for 5 h, the electrode film was cut into =12 mm disks with
an active material loading of about 3.0 mg cm2. The electrolyte used
in this work was 1 M LiPFg solution in dimethyl carbonate (DMC)
/ethylene carbonate (EC) /ethyl methyl carbonate (EMC) (1:1:1 by
vol.), purchased from DodoChem, China. Galvanostatic charge-
discharge measurements were carried out on a Neware battery
testing system (CT-4008) within a voltage range of 2.7-4.3 V (vs Li/Li*)
at 25 2C. CV and EIS measurements were performed on a CHI660a
electrochemical working station. CV measurement was carried out
with a scan rate of 0.2 mV s’! within the voltage range of 3.0-4.4 V (vs
Li/Li*). EIS analysis was performed over the frequency range from
0.01 Hz to 10° Hz with an amplitude of 10 mV.

3. Results and discussion

In previous work on Li/S batteries,*” we found that VC molecules can
nucleophilically react with Li,Sg intermediate at a very fast rate to
deposit a CEl film on the sulfur electrode surface, and the as-formed
CEl film can inhibit electrolyte penetration while allowing Li* diffusion,
thus ensuring stable cycling of sulfur cathode. Inspired by this finding,
we designed a nucleophilic reaction to build a suitable ALCEI layer on
nickel-rich NCM cathode using Li,Sg and VC molecules. As shown by
the supplementary video, the VC solvent rapidly reacts with the Li,Sg
solution and is accompanied by an immediate color change from
colorless to wine red. Possible reaction routes are displayed in Figure

This journal is © The Royal Society of Chemistry 20xx
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inner and outer surfaces of NCM811 particles. The as formed
NCM811 particles are then transferred to a Li,Ss/DME solution,
where VC molecules are nucleophilically reacted with Li,Sg to deposit

S1. Figure 1 illustrates the synthetic process for ALCEI-modified
NCM811 material. First, NCM811 powders are thoroughly infiltrated
with a VC/ether co-solvent electrolyte (1 M LiTFSI/VC-DME-DOL).

Under continuous stirring, the low boiling ether solvents are
evaporated with the residue of VC and LiTFSI salt remaining on the

a

compact and thin ALCEI layer on NCM811 particles.

o

VC + LITFSI

VC + Li*

® newsti

Li,S,
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—
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. modified layer

Fig. 1 Schematic illustration for the fabrication process of ALCEI-modified NCM811 material

However, the as formed ALCEI layer must satisfy several rigorous
requirements when used on NCM811 that include electrochemical
stability at high potentials, chemical tolerance toward highly
oxidative Ni*3/*4, high Li* conductivity, and mechanical robustness.
To evaluate its applicability for NCM cathode, the ALCEl material
was collected from the solid reaction product of Li,Sg and VC in
solution and used for compositional, structural and electrochemical
characterizations. Figure 2a shows the Ohmic impedance measured
by electrochemical impedance spectroscopy (EIS) at room
temperature for a circular piece of ALCElI sandwiched between two

stainless-steel blocking electrodes. The EIS spectrum appears as a
sloped line and its intercept on the real axis corresponds to the bulk
resistance (Rp). lonic conductivity can be calculated from the
equation o = t/(R,A), in which t and A are the thickness and area of
the ALCEl sample, respectively.*® From these calculations the ALCEI
material has a room temperature ionic conductivity of 0.16 mS cm-
1, which is sufficient for fast Li* transport rates across a solid
electrolyte interphase during insertion/extraction to and from the
bulk NCM lattice.
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Fig. 2 Structural and electrochemical characterizations of ALCEI material: (a) EIS plot of the ALCEI sample sandwiched between two stainless steel blocking
electrodes; (b) FT-IR spectrum; (¢) LSV curves of the pristine and ALCEI-modified carbon electrodes in 1 M LiPFs EC/DMC/EMC (1:1:1 by vol.); (d) XRD

patterns of pristine and ALCEI-modified NCMS811.

Figure 2b exhibits FT-IR features of the ALCEl material. The IR
peaks at 1805, 1261, 1169, and 1075 cm™ are characteristic
stretching vibrations of C=0, C-O, symmetrical and asymmetrical C-
0O-C in polycarbonates, whereas the peaks at 1605 and 1431 cm!
reflect the stretching vibrations of C=0 and C-O in lithium alkyl
carbonates. In addition, the peak at 866 cm™ corresponds to Li-O
deformation vibrations in Li,CO3 or lithium alkyl oxides. The rest of
the peaks are all related to methyl groups and methylene chains.
The detailed vibration modes and assignments of the IR absorption
bands are listed in Table S1.4% 50 These FT-IR analyses reveal that
the ALCEl material is composed of well-mixed polycarbonates,
Li,COs, lithium alkyl carbonates and lithium alkyl oxides, which are
very similar to the components of the solid electrolyte interphase
(SEI) formed on Li ion battery anodes. Due to this similarity in the
chemical composition, the ALCEI layer is expected to behave like a
SEl film to prevent parasitic electrolyte decomposition and stabilize
battery operation.

The electrochemical window was measured by linear sweep
voltammetry (LSV) in 1 M LiPFg EC/DMC/EMC to evaluate the
oxidation tolerance of the ALCEI material. As shown in Figure 2c, no
discernible current can be observed from the ALCEl-modified
carbon electrode until the potential positively scans to 4.3 V,
implying that the ALCEI can withstand a high positive potential
without any discernible oxidation at 4.3 V. Such a wide
electrochemical window enables the ALCEI layer to be stable on the
NCM811 cathode at normal working potentials. Furthermore, to
examine the chemical compatibility of the ALCEI with NCM811, XRD
patterns of pristine and ALCEI-modified NCM811 materials were
obtained.

As exhibited in Figure 2d, all diffraction peaks from these two
samples are near identical and can be indexed to a well-developed
rhombohedral R§m structure that is standard for layered NCM811.

- /)\
d=7.4nm

This means that the crystalline structure of the NCM811 remains
intact after surface modification, or in other words, the nucleophilic
reaction does not result in any etching or erosion of NCM811 in the
modification process. Besides, the ALCEI layer shows no diffraction
signals in the XRD pattern, possibly due to its amorphous structure
or low content. The results discussed above highlight ALCEI material
as having desirable Li ion conductivity as well as electrochemical
and chemical compatibility, all of which are beneficial for creating
stable NCM811 cathode interphases.

The morphologies of pristine and surface modified NCM811
were characterized using SEM and TEM. As displayed in Figure 3a
and 3b, the pristine NCM811 appears as a spherical aggregate with
a diameter of approximately 20 um. These aggregates are
composed of submicron-sized primary particles with 300-500 nm
diameters. In comparison, the ALCEI-modified NCM811 keeps the
same morphology but has rough surfaces decorated with smaller
particles (Figure 3c and 3b), reflective of a refined modification
layer. This thin ALCEI layer can be visualized from the TEM images
in Figure 3e-3h. As can be seen, the pristine sample has a clear grain
boundary without gradient surface layers (Figure 3e). On the
contrary, the ALCEI-modified sample shows a distinct coating layer
in the surface region (Figure 3f) and even at the contact area of two
primary particles (Figure 3g), suggesting that NCM811 particles are
fully coated with the ALCEI layer. From the TEM image of Figure 3d,
it can be seen that such an ALCEI layer is uniformly distributed with
a thickness of only ~ 7 nm, which does not significantly increase
mass loading and minimally affects cathode specific energy density.
The lattice fringe in the core of the ALCEI-modified sample has an
interplanar distance of 0.472 nm for the characteristic (003) spacing
plane of NCM811, which corresponds with XRD results that
NCM811 lattice structures are unaffected during chemical

modification.

Fig. 3 SEM images of (a, b) pristine and (¢, d) ALCEI-modified NCM811; TEM images of (e) pristine and (f-h) ALCEI-modified NCM811.

BET measurements further confirm that the ALCEl layer is

4| J. Name., 2012, 00, 1-3

modified not only on the outer surfaces but also onto surfaces deep

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




lournal of-Materials' Chemistry A

Journal Name

inside of NCM811 aggregates. The specific surface area and pore
volume for pristine NCM811 are 0.467 m? gt and 0.0084 cm3 g7,
which changes to 0.319 m? gl and 0.0110 cm? g%, respectively, for
the ALCEl-modified sample, indicating that this chemical
modification can infiltrate deep inside the cathode particles. The
total ALCEI mass content of 1.9%, derived from TGA analysis (Figure
S2) also indicates minimal effects on cathode specific energy
density.

XPS provides further information about the surface chemistry of
the modified NCM811sample. As shown in Figure 4a, the XPS signals
of Ni 2p, Co 2p, and Mn 2p appear from pristine NCM811 but
disappear from the modified NCM811, reflecting a complete
coverage of ALCEI layer on the NCM811 surface. The consistent
appearing of O 1s signal is due to the presence of elemental oxygen
in reaction products. Despite the O 1s signal, the C 1s, and Li 1s
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signals can also be detected on the surface of modified NCM811,
which is entirely different from the pristine sample. As shown in
Figure 4b, the C 1s spectrum exhibits five peaks, which can be
attributed to the C 1s electron binding energies in -OCOO- of
polycarbonates (289.88 eV), Li,CO; (288.99 eV), ROCOOLi (288.72
eV), O-C bond (286.15 eV), and C-C bond (284.78 eV). In agreement
with C 1s XPS signals, the fitted O 1s spectrum in Fig. 4c shows the
presence of the O-C bond (533.40 eV), O=C bond (531.98 eV), Li,CO3
(531.83 eV), and ROLi (531.08 eV) in the modified layer. Besides,
the Li 1s spectrum in Figure 4d can be well fitted with the Li 1s
binding energies of ROCOOLi (55.87 eV), Li,CO3 (55.28 eV), and ROLi
(54.63 eV). This XPS analysis demonstrates that the ALCEI layer is
mainly composed of polycarbonates, lithium alkyl carbonates,
lithium alkyl oxides, and Li,CO3, which is consistent with the FT-IR
results.

(b) C1s

=== EXp.
—Fit

Intensity

292 290 288 286 284 282
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Fig. 4 (a) XPS surveys of pristine and ALCEI-modified NCM811. XPS spectrum of ALCEI-modified NCM811: (b) C Is, (¢) O 1s and (d) Li 1s.

Coin-type cells using pristine and ALCEl-modified NCM811
cathodes were assembled in parallel for electrochemical
characterization to evaluate the functions of the ALCEI layer during
cycling. The CV features of these two cathodes are given in Fig. S3.
In the initial scan, both electrodes exhibit a huge anodic peak
starting from 3.8 V and two unsymmetric cathodic peaks at 4.2V
and 3.7V, respectively, due to the formation of a cathode-
electrolyte interface (CEl) film and electrochemical activation
during the initial delithiation process.>! In subsequent scans, three
pairs of reversible peaks appear in the CV curves, representing a
continuous phase transition of NCM811: from hexagonal to
monoclinic (H1-M), monoclinic to hexagonal (M-H2) and hexagonal
to hexagonal (H2-H3) structure, respectively.>? Nevertheless, in

This journal is © The Royal Society of Chemistry 20xx

comparison with pristine NCM811 cathode the ALCEI-modified
electrode shows improved kinetics and redox reversibility as
reflected by its narrower anodic peak and better overlapped
cathodic peaks in the CV scans.

Figure 5a provides data for the first charge-discharge of pristine
and ALCEI-modified NCM811 cathodes. While both of them display
similar charge/discharge behaviors with a delithiation plateau at ~
3.9V and lithiation plateau at ~ 3.7V, the ALCEl-modified cathode
exhibits a greatly reduced polarization and a slightly larger capacity
during cycling when compared to the pristine cathode. The
charge/discharge capacities are 223.9/205.6 mAh g for pristine
cathode and 238.1/211.6 mAh g for the modified cathode,
respectively. Fig. 5b compares the 1C rate cycling performances of

J. Name., 2013, 00, 1-3 | 5
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these two cathodes, measured after an initial electrochemical
activation cycle. The reversible capacity of the pristine cathode
decreases from its initial value of 179.1 mA h g'to 121.8 mA h g*
over 300 cycles, corresponding to a retention of only 68%. In
contrast, the ALCEI-modified cathode demonstrates a significantly
enhanced cycling stability with reversible capacity decreasing
slowly from 177.4 to 164.5 mA h g during 300 cycles, achieving an
impressively high-capacity retention of 92.7%. Besides, the
modified cathode also exhibits a much more stable discharge
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Journal Name

plateau than its pristine counterpart. As shown in Figure S4, the
modified cathode keeps its mean discharge voltage stable at 3.8 V
during the entire 100 cycles, whereas the pristine cathode shows a
100 mV decrease in its discharge voltage due to gradual surface
degradation occurring during cycling. This surface degradation
most likely arises from irreversible phase transition of the surface
structure induced by electrolyte etching, which produces an
inactive NiO-like rock-salt phase to block Li* ion diffusion and
increase interfacial resistance.
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Fig. 5 Electrochemical performances of the pristine and modified NCM811 cathodes: (a) The first charge-discharge curves at 0.1C; (b) Cycling performance at
1C (200 mAh g); (c) Differential capacity vs. potential profiles at 10th, 50th, and 100th cycles; (d) Rate performance.

The difference in surface structural stability between pristine and
ALCEl-modified NCM811lcathodes are also evident in their
differential capacity profiles as shown in Figure 5c. Both cathodes
exhibit three pairs of redox peaks in their dQ/dV profiles that
represent the reversible phase transitions of H1-M, M-H2, and H2-
H3 as their CV features. With increasing cycles from the first to 100th
cycle, the oxidation peak (H1->M) of pristine cathode positively
shifts by 57.7 mV to a higher potential and its corresponding
reduction peak negatively shifts by 22.3 mV to a lower potential,
demonstrating a gradually increased polarization. Along with the
increased polarization, peak intensities are also substantially
reduced which indicates gradual capacity decay with increased
cycling. However, this electrochemical degradation does not take
place on the modified cathode. As the cycle number increases to
10, 50, and 100 cycles all redox peaks remain unchanged in the
potential position and intensity, which indicates a very stable
electrochemical interface on the ALCEI-modified cathode.

6 | J. Name., 2012, 00, 1-3

Undoubtedly, such a stable interface is brought about by the ALCEI
layer, which prevents electrolyte penetration and inhibits parasitic
surface reactions, thereby eliminating the surface irreversible
phase transition and improving the electrochemical reversibility of
the cathode.

The modified NCM811 cathode benefits from the favorable ALCEI
layer and exhibits excellent high-rate performance. As shown in
Figure 5d, with the current rates increasing from 0.1C to 0.5C, 1C,
3C and 5C, the reversible capacity of the ALCEI-modified cathode
slowly decreased from 202 mAh gto 186, 178, 162, and 152 mAh
g, respectively. Even at a very high rate of 10C, the modified
cathode can still deliver a high capacity of 134 mAh g. Once the
current rate returns back to 1C its capacity immediately recovers to
178 mAh g?, demonstrating a strong high-rate tolerance. In
contrast, the pristine cathode capacity of 108 mAh g at 10C is
much lower.

Electrochemical impedance spectroscopy (EIS) was used to show

This journal is © The Royal Society of Chemistry 20xx
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electrochemical performance improvements from using ALCEI
layers on NCM811 cathode. Figure 6a-c gives the EIS spectra of
pristine and ALCEI-modified NCM811 cathodes at 30th, 60th, and
100th cycles. For a convenient comparison all EIS spectra were
obtained from the cathodes after charge to 4.3V. As can be seen, all
of the EIS spectra are composed of two semicircles and a sloped line,
where the semicircle diameter at medium frequency represents the
charge transfer resistance (Rcy).>3 At all the cycles, the Rer values of
pristine cathode are much higher than those of the modified
cathode. According to the equivalent circuit given in the inset of Fig.

(a) 200

160 |

s ALCEI-modified NCM811
s pristine NCM811

Rg Regi Rer Ws

-Z,,, (ohm)

50 | CPE, CPE,
(
o0® eteg, o
0 1 1
0 50 100 150 200
Z,. (ohm)
(C) 200

e ALCEl-modified NCM811
e pristine NCM811

LI »
50 | ® L) e ..o
] .o"-..v,*v'
0 50 100 150 200
Z.. (ohm)

Journal ofcMaterials Chemistry A

6a, the R¢rvalues were fitted and the fitting results are given in Fig.
6d. It can be found that as the cycle number increases from 30 to
60 and 100 cycles, R¢r values of the pristine cathode rapidly rise
from 71.8 to 86.8 and 113.7 Q, while the Ry value of the ALCEI-
modified cathode increases slightly from 18.8 to 41.3 and 58.9 Q.
Therefore, it can be concluded that the ALCEI layer acts to stabilize
the NCM811 cathode surface and decreases the charge transfer
resistance of Li* insertion reaction, thus leading to high capacity,
excellent rate capability and long-term cyclability.

200
(b)
—_— e ALCEI-modified NCM811
i e pristine NCM811
£
L 100 |
£
N
80 |
P Rt oo o %y
5 p.i.. \ /
0 "v 1 1
0 50 100 150 200
Z,, (ohm)
(d) 120
100 |
—~ 80 }F
£
oy
£ 60}
3
o 40
—#— ALCEI-modified NCM811
20 | —=— pristine NCM811

30 40 50 60 70 80 90 100
Circle number

Fig. 6 EIS spectra of the pristine and ALCEI-modified NCM811 cathodes measured at 4.3 V at the (a) 30th, (b) 60th and (c) 100th cycle. (d) Changes in charge-

transfer resistances with cycle number.

Asides from creating a stable surface, the ALCEI layer also helps
to maintain the morphological integrity of NCM811 cathode. Figure
S5 compares the SEM images of the pristine and modified NCM811
cathodes after 40 cycles. As shown in Figure S5a and b, the
morphology and structure of the pristine NCM811 particle are
seriously damaged and the interconnections among the primary
particles are almost disconnected and broken off, which indicates
severe electrode degradation. This degradation is undoubtedly
caused by the undesirable phase transition. Due to the lack of
surface protection, electrolyte can freely penetrate into NCM811
particle interiors and cause the primary particles to undergo
irreversible phase transition and the creation of inactive rock-salt
phases, which result in particle cracking, fracture, and even
pulverization. This should also be responsible for the poor rate and
cyclability of the pristine NCM811 cathode. However, with the
protection of a modification layer, the modified NCM811 can
effectively prevent electrolyte infiltration and preserve structure
and morphology during cycling. As demonstrated by the TEM image
in Figure S6, the ALCEI layer remains intact and still tightly adheres

This journal is © The Royal Society of Chemistry 20xx

on the cathode surface after 40 cycles.

4, Conclusions

In summary, we have successfully developed an artificial Li*-
conducting cathode-electrolyte interphase (ALCEI) on the NCM811
cathode surface using a nucleophilic reaction between polysulfides
and VC molecules. The as formed ALCEl layer builds a stable
electrochemical interface that can not only protect the NCM
particles from electrolyte attack but also facilitate Li* ion transport
across the interface, thus enabling stable and high rate cycling of
the Ni-rich cathode. As a result, the ALCElI-modified NCM811
cathode exhibits a high reversible capacity of 211.6 mAh gt at 0.1C,
excellent rate capability at 10C, and superior cycle stability with a
94.2% capacity retention over 200 cycles. These promising results
serve to inform the development of cycle stability and high capacity
for cathodes in Li ion battery applications.

J. Name., 2013, 00, 1-3 | 7
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