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Ni-rich LiNixCoyMn; _x.yO2 (NCM) cathode materials have received extensive attention on account of their high
specific capacities and great application prospects in electric vehicles. While increasing Ni content in NCM can
greatly increase initial discharge capacities, more highly reactive Ni** species in the delithiated state may
facilitate irreversible phase transformation and undesirable interfacial reactions, leading to severe capacity
degradation. Here we demonstrate an organic surface modification approach to modulate the surface coordi-
native structure of NCM cathode for enhanced cycling stability. We discover that the highly reactive Ni** cations
can be anchored by strong electron-donating organic groups, especially under bidentate coordination, which
mitigates excessive electrolyte decomposition and Ni dissolution into the electrolyte, inhibits the layered-to-rock
salt phase transformation and suppresses the initiation and propagation of microcracks within the NCM cathodes.
In consequence, the nickel-rich cathode coated with poly (acetoacetoxyethyl methacrylate) (PAAEM) with
multiple ester groups exhibits a remarkable improvement in cycling stability, showing 91.3% retention of the
initial capacity after 200 cycles. The present findings demonstrate that regulating surface coordinative structure
is an efficient and practical strategy to modify the interfacial reactions for enhanced cyclability in Ni-rich layered
oxide cathodes.

corrosion and dissolution of Ni cations [6-8]; (iii) migration of Ni%* to

the neighboring vacant Li* sites with concomitant formation of elec-

1. Introduction

Ni-rich layered cathode LiNiyCoyMn;_x.yO2 (NCM, x > 0.5) have
been considered as one of the most effective candidates for high-energy
lithium batteries with high specific energy over 300 Wh kg™!, opening up
a new application prospect in fast-growing electric vehicles (EVs) [1-3].
The Ni?*/Ni®*/Ni*" redox-active couples offer high capacities, how-
ever, the intrinsic chemical and structural instability associated with
high Ni content, especially at the highly delithiated state, still pose
challenging hurdles on their large-scale implementation prospect: (i)
excessive electrolyte oxidation/decomposition derived from high cata-
lytic reactivity of Ni** cations [4,5]; (ii) severe Ni loss engendered by
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trochemically inactive NiO-type rocksalt phase[9-11]. Notably, all these
issues are mainly initiated at the interface of cathode particles and sta-
bilizing this interfacial layer during charge-discharge process is highly
desirable but challenging[12-14].

Surface modification with electrochemically inactive metal com-
pounds (Al,O3, [15,16] ZnO, [17,18] MgO, [19] SiO,,[20] AlF3, [21]
LiF, [22,23]), Li-reactive compounds (Co304, [24] Mn3(PO4)2, [25]
Ni3(PO4)2, [26]) and Li* conductors (LisPOy4, [27,28] LiBO,, [29]) have
been widely explored to provide a physical barrier to reduce transition
metal (TM) dissolution and to suppress side reactions between NCM and
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non-aqueous electrolytes. Whereas typical inorganic layers are generally
thick, inhomogeneous and imperfect coverage, they exert a limited ef-
fect on the improvement of long-term electrochemical performance of
the NCM cathodes. More recently, with the aid of atomic layer deposi-
tion (ALD), Yan et al. successfully coated LisPO4 nanolayer on both
surface of primary and secondary particles of polycrystalline Ni-rich
LiNig 76C00.10Mng 1402 cathode and their modified sample demon-
strates a superior capacity retention of 91% after 200 cycles [27]. Un-
fortunately, this advanced ALD process needs to further address its
cost-ineffectiveness for the real-world implementation.

Organic surface modification via solvent-based reaction processes is
a facile and economical strategy that allows precursor molecules to
evenly penetrate into the NCM particles and form a conformal organic
nanolayer on NCM cathode [30]. For instance, electronically or ionically
conductive polymers, such as polypyrrole (PPy), [31,32] polyaniline
(PANI), [33-35] poly(3,4-ethylenedioxythiophene) (PEDOT)[36,37]
and poly (ethylene glycol) (PEG) [38] show promise in impeding the
interface side reactions and improve electrochemical kinetics. Never-
theless, these conductive polymer layers are physically absorbed to
oxide surface and can hardly stabilize interfacial Ni cations and effec-
tively suppress Ni dissolution. Recently, Han et al. designed an ultrathin
poly (methyl methacrylate) (PMMA) surface layer for anchoring the
Ni%" via electron transfer between the ester group and interfacial Ni%*
species [39]. It is worth noting that, however, the PMMA layer may
dissolve or decompose under high temperature and high voltage and the
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incorporation of polyvinylidene fluoride (PVDF) is therefore necessary.
Thus far, its ultimate stabilization of Ni cations during extended cycling
has not yet been realized and how the Ni-polymer complexing interac-
tion affects interfacial evolution has not been well elucidated.

In this work, we demonstrated a new organic modification strategy
that allows organic precursors with tunable complexing sites to coor-
dinate to surface TM cations, especially Ni, suppressing the irreversible
phase transformation and dissolution of TM cations and thus substan-
tially mitigating the capacity loss and voltage decay of Ni-rich cathode
materials. Specifically, polymeric nanolayers with different functional
groups, including poly (2-Cyanoethyl Acrylate) (PCA) with a single
cyano-group and poly (acetoacetoxyethyl methacrylate) (PAAEM) with
multiple ester groups, were applied to tailor the LiNip ¢Cog.oMng 202
cathode surface (Fig. 1). First-principles calculations, in situ X-ray
diffraction (XRD) and surface structural analyses reveal that the sup-
pressed capacity/voltage decay arises from the effective reduction of
reactivity of Ni*" cations on the cathode surface and the retention of
interfacial structure over extended cycling, which is dominated by the
variable electron-donating capability of the applied organic functional
groups. Our findings suggest that tailoring the surface electronic struc-
ture via coordination with organic functional groups provides a robust
strategy to address the issues of capacity/voltage decay of transition
metal-based layered oxide cathodes.
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Fig. 1. Schematic diagram for surface coordination mechanism and structural stability differences on NCM cathodes. Severe surface degradation and crack prop-
agation on (a) pristine NCM and improved structural stabilities with relieved particle cracking on (b) NCM@PCA and almost no particle cracking on

() NCM@PAAEM.
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2. Experimental
2.1. Materials synthesis

Ni-rich layered oxide materials were prepared via a co-precipitation
and solid-state method [40]. Typically, a transition-metal (TM) solution
(2mol L'Y) was prepared by dissolving stoichiometric amounts of
NiSO4.6 H,0, CoSO4.7 Hy0 and MnSO4-H,0 in deionized water. The as
prepared TM solution, 2 mol L1of NayCO3 and 0.24 mol L1of NH3-H,O
were pumped into a 5 L reaction tank with the pH value adjusted to 7.8
and the solution temperature kept at 60 °C. The obtained (NigC-
00.2Mng 2)CO3 precursor was washed by deionized water for several
times to remove the residual Na™ and S04%, and then dried at 100 °C for
24 h. After pretreated at 500 °C for 4 h, the carbonate precursor was
mixed with Li,CO3 and calcined at 880 °C for 15 h under pure oxygen
atmosphere.

The PAAEM and PCA coated LiNiggMng 2C0g 202 particles were
synthesized by solution polymerization. Specifically, the acetoacetox-
yethyl methacrylate monomers (0.04 g) were dissolved into anhydrous
acetonitrile (15 mL), and then the NCM powders (2.0 g) were added.
The above-mentioned mixed solution was ultrasonic bathed for 1 h to
realize equality dispersion. After adding 2,2’-Azobis(2-methyl-
propionitrile) into the precursor solution, the monomers were poly-
merized on the surface of the NCM particles under continuously stirring
and heating at 60 °C for 4h in an argon atmosphere. Finally, the
NCM@PAAEM powders were collected by rotary evaporation and dried
under vacuum at 60 °C over 12 h. The NCM@PCA powders were syn-
thesized using the same methods mentioned above.

2.2. Electrochemical measurements

Electrochemical performance measurements were conducted using
CR2016 coin type cells with NCM cathode and Li metal anode. To pre-
pare cathode electrodes, a slurry containing the as-prepared samples,
carbon black and polyvinylidene difluoride (PVDF) at a weight ratio of
8:1:1 was dispersed in N-methyl-2-pyrrolidone (NMP), and then cast
evenly onto an Al foil. After the solvent evaporation under vacuum, the
electrodes were punched into wafers with a diameter of 12 mm, and
then dried at 110 °C for 12 h in a vacuum oven to remove the moisture.
The average loading level of cathode active material was about
2 mg em 2. The cell assembly was executed in an argon-filled glove box
(O2 < 0.5 ppm, Hy0 < 0.5 ppm). The electrolyte was prepared through
dissolving 0.6 M lithium bis(trifluoromethanesulphonyl)imide (LiTFSI),
0.4 M lithium bis(oxalato)borate (LiBOB) and 0.05 M lithium Hexa-
fluorophosphate (LiPFg) in the solvent mixture of ethylene carbonate
(EC) and ethyl methyl carbonate (EMC) (4:6 by weight). The electro-
chemical performance of as-assembled cells was evaluated on a LAND-
CT2001A battery testing system in a potential range of 3.0-4.3 V (vs.
Li*/Li) at 1C (1C = 160 mAh g_l). Electrochemical impedance spec-
troscopy (EIS) was performed on a Princeton PARSTAT 4000 using an ac
amplitude of 5 mV in a frequency range from 10 mHz to 100 kHz.

2.3. Materials characterizations

The morphology of the as-prepared samples was obtained by scan-
ning electron microscopy (SEM, Nova Nano SEM 230) and transmission
electron microscopy (TEM, JEM-2100F). Powder X-ray diffraction
(XRD) using a Bruker Advance D8 powder diffractometer was conducted
to investigate the crystallographic structure of as-prepared samples.
Fourier transform infrared spectroscopy (FTIR, Nicolet 6700) tests were
carried out to analyze the surface chemical composition of as-prepared
materials. X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi)
was performed to determine the chemical state of the elements and
composition of the electrode interface. The binding energies of all XPS
spectra were calibrated based on C 1 s peak at 284.8 eV. Inductively
coupled plasma-atomic emission spectrometry (ICP-AES) was utilized to
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analyze the residual concentration of transition metal cations in the
organic electrolyte. Before the test, the NCM electrodes, collected from
coin cells after 200 electrochemical cycles, were soaked in 2 mL baseline
organic electrolytes for 7 days. HAADF imaging and EELS were con-
ducted by using an aberration corrected FEI STEM (Titan Cubed Themis
G2) equipped with a 300 kV X-FEG gun to obtain the detailed local
structural and chemical information. The beam current was ~50 pA, the
convergence semi-angle was 30 mrad, and a collection semi-angle snap
was in the range of 80-379 mrad. EELS spectra were acquired on a Gatan
Enfinium ER 977 system with a collection semi-angle of 5.9 mrad,
convergence semi-angle of 25 mrad, and a dispersion of 0.25 eV/ch. The
data was processed by using DigitalMicrograph (Gatan) software. In-situ
XRD measurements were performed to investigate the crystallographic
structural evolution using an Empyrean 2 X-ray diffractometer with a 2D
Vantec detector.

2.4. Calculation methodology

The electron configurations of PAAEM and PCA were calculated by
density functional theory (DFT) method using the Gaussian 09 D01
software [41]. The def2-TZVP [42] basis set combined with Lee-
—~Yang-Parr gradient-corrected correlation functional (B3LYP [43]) was
applied to the whole calculations. The highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) were
calculated by Multiwfn 3.7 [44].

First principles calculations were performed using the Vienna ab
initio simulation package (VASP) based on DFT with the exchange-
correlation functional depicted by the projector augmented wave
(PAW) method and the Perdew-Burke-Ernzerhof (PBE) version of the
Generalized Gradient Approximation (GGA).

3. Results and discussion
3.1. Theoretical calculations

During the delithiation process, polymer materials could be oxidized
by the cathode materials with strong oxidation states. To ensure the
high-voltage compatibility of the coating layer, the polymers should
have a relatively high electrochemical oxidation potential, which is
equivalent to a low highest occupied molecular orbital (HOMO) [45].
The HOMO and lowest unoccupied molecular orbital (LUMO) levels of
PAAEM and PCA molecules were calculated by density functional theory
(DFT) (Fig. S1). Compared with regular polymer molecules of PEO and
PMMA (Fig. 2a), the PAAEM exhibits a relatively lower HOMO, indic-
ative of a higher oxidation resistance than the general ether and
ester-based polymers, demonstrating its electrochemical stability
against high charge voltage during cycling. As for the PCA, the cyano
group can promote electron delocalization of the entire molecule and
enhance the oxidation resistance of PCA [46,47]. Additionally, both
polar carbonyl and cyano groups can share a pair of electrons with TM
cations (Fig. 2b) [48-50]. These results indicated that PAAEM and PCA
with high antioxidant ability are suitable coating materials to coordinate
the TM cations on the surface of NCM cathode, and thus maintain its
structural integrity even after prolonged cycling.

3.2. Structural characterizations

To confirm the polymerization of organic monomers on the surface
of NCM particles, Fourier transform infrared (FTIR) spectra of the pris-
tine NCM, NCM@PCA and NCM@PAAEM are compared in Fig. 2c. The
FTIR spectra exhibit strong peaks at around 2256, 1726, 1445 and
1155 em™ that could be assigned to the stretching vibration of C=N,
C=0, C-C and C-O-C, respectively, which are in well accordance with
the standard spectra of the PAAEM and PCA monomers, revealing the
existence of the polymer layers on the particles (Fig. S2). Scanning
electron microscopy (SEM) and transmission electron microscopy (TEM)
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Fig. 2. Theoretical calculations and structural characterizations. (a) Comparison of the highest occupied molecular orbital (HOMO) and lowest unoccupied mo-
lecular orbital (LUMO) energy levels for different polymers. (b) The diagram of shared electronic pair between polymer and transition metal ion. (c) FTIR spectra of
NCM, NCM@PCA and NCM@PAAEM samples. SEM and TEM images of (d) NCM, (e) NCM@PCA and (f) NCM@PAAEM samples. (g) XRD patterns of NCM,
NCM@PCA and NCM@PAAEM samples. XPS spectra for (h) Ni 2p and (i) O 1 s for different samples.

images (Fig. 2d-f and Fig. S3) confirm the polymer nanolayers
(~ 10 nm) evenly cover the NCM particles. EDS elemental mappings
taken from the cross-sectioned particles (Fig. S4), demonstrate that the
polymer nanolayers can penetrate into the NCM particles and thus form
a conformal nanolayer. X-ray diffraction (XRD) patterns show no extra
diffraction peaks after application of polymer layers compared with the
pristine NCM, which suggests the amorphous nature of the coating
layers (Fig. 2g and Fig. S5).

In order to investigate the surface coordinative structures, high res-
olution X-ray photon spectroscopy (XPS) analysis was implemented by
using representative Ni 2p and O 1s spectra (Fig. 2h and 2i). The Ni 2p
spectra exhibits slight deviation (~ 0.2 eV), shifting to a lower binding
energy after polymer coating. This reveals that the introduction of
polymer coating layers changes the surface chemical environment of
cathode material due to the chemical interaction between organic
groups and Ni atoms [51]. Moreover, the surface chemical state of ox-
ygen is likewise altered after coating. The peaks at around 529.1 eV and
531.6 eV represent the lattice oxygen with stable coordination in the
bulk and under-coordinated oxygen on the surface, respectively. It is

clearly shown that the intensity of both oxygen peaks is attenuated to a
marginal level. The emergence of additional peaks at binding energy of
533.8 eV and 532.3 eV, corresponding to C-O and C—=O bands, also
corroborates that the electronegative polymers PAAEM and PCA were
successfully deposited onto the surface of NCM material.

3.3. Electrochemical performance of pristine and polymer-coated NCMs

To evaluate the effect of the applied polymer coatings, the electro-
chemical performance of pristine NCM and coated NCM was measured
(Fig. 3). The NCM@PAAEM and NCM@PCA deliver a slightly lower
initial discharge capacity of 178 mAh g™! than the pristine NCM of 182.4
mAh g~! under 0.1C due to the increase of contact resistance between
active materials. Nevertheless, as shown in Fig. 3a, the coated samples
exhibit higher initial coulombic efficiencies (88.4%, 88.1%) than the
pristine NCM (86.5%), indicating effective suppression of irreversible
capacity loss. The NCM@PAAEM electrode exhibits remarkable cycla-
bility enhancement with a capacity retention of 91.3% after 200 cycles,
when compared with the NCM@PCA and pristine NCM (85.8% and
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Fig. 3. Electrochemical performance of pristine NCM, NCM@PCA and NCM@PAAEM half cells. (a) Galvanostatic discharge/charge voltage profiles of NCM,
NCM@PCA and NCM@PAAEM at 0.1 C. (b) The capacity retention of NCM, NCM@PCA and NCM@PAAEM at 1C. (c) Comparison of the cycling performances of
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bon). The dQ/dV profiles of (d) NCM, (e) NCM@PCA and (f) NCM@PAAEM at different electrochemical cycles. In-situ XRD during charging of the pristine NCM in
the first cycle, and the corresponding (g) in-situ XRD patterns and (i) contour plots of the (003) and (101) reflections. In-situ XRD during charging of (d) the
NCM@PAAEM in the first cycle, and the corresponding (h) in-situ XRD patterns and (j) contour plots of the (003) and (101) reflections.

71.1%, respectively) (Fig. 3b). Note that coated NCM electrodes exhibit
optimal cycle stability with the polymer content of 2 wt% (Fig. S6-7),
which balances the contact resistance and coordination effect. In addi-
tion, the average discharge voltage decreases by 70 mV, 15 mV and
10 mV for the pristine NCM, NCM@PCA and NCM@PAAME after 200
cycles (Fig. S8). The voltage decay trend demonstrates that the polymer
layers are beneficial to decrease the electrode polarization, particularly

the PAAME layer, which is consistent with the charge/discharge curves
in Fig. S9. The cycling performance of NCM@PAAEM excels those of the
previously reported NCM622-based cathodes with other inorganic or
organic coating materials (Fig. 3c and Table S1), indicating the superi-
ority of the PAAEM coating layer. Additionally, the rate performance of
NCM@PCA and NCM@PAAEM is comparable to that of the pristine
NCM (Fig. S10).
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To precisely probe the polarization evolution upon cycling, differ-
ential capacity (dQ/dV) versus voltage curves derived from the charge-
discharge profiles are compared in Fig. 3d-f. The gradual peak shift and
reduced peak intensity of the redox reactions indicate the accumulation
of structure degradation and surface side-reactions of NCM that leads to
the increase of capacity fading [52]. In contrast to the remarkable po-
tential deviation (39 mV) and suppressed peak intensity in pristine NCM
(Fig. 3d), much less attenuation of the reduction peaks of NCM@PAAEM
can be observed after 200 cycles (Fig. 3f). Furthermore, compared with
the stable oxidation peaks of the NCM@PAAEM, the Ni>"/Ni*" peak
located at around 3.75V for pristine NCM virtually disappears. This
suggests that the strong coordination capability of PAAEM can stabilize
the highly reactive Ni*" cations and thus substantially promote the
reversibility of the Ni%*/4* redox reactions, which is well consistent with
the remarkably decelerated growth of interfacial resistance, as
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confirmed in the electrochemical impedance spectroscopy (EIS) results
(Fig. S11 and Table S2). The positive influence of the coordinative
PAAEM layer on the cathode materials is further demonstrated by the
improved electrochemical performance of the NCM@PAAEM tested
under a higher cut-off voltage of 4.5 V and an elevated temperature of
60 °C (Fig. S12-13).

3.4. In-situ XRD analysis

In order to determine the protective behavior of PAAEM polymer
coating on the structure of NCM materials, the structural evolution
associated with the delithiation process of the pristine and
NCM@PAAEM cathodes was investigated using in-situ XRD in a voltage
range of 3-4.3 V at a constant current density of 0.2 C. Fig. 3g-j and
Fig. S16-17 exhibit the in-situ XRD patterns and contour plots of
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selected regions during the first charge process, accompanied by the
corresponding voltage curves of the batteries with regard to the charging
time. It is evident that the peak splitting appears in (003) and (101)
reflections when the NCM materials are initially charged above 3.75V,
indicating the formation of H2 phase on the basis of the original H1
phase. And then the (003) reflection shifts to higher 260 angle after
further charging, indicating the formation of H3 phase. Differently, the
phase transition processes, especially the transition from H2 to H3, are
markedly delayed in the charged NCM@PAAEM cathode. This reveals
that the PAAEM coating layer can stabilize the delithiated structure of
NCM and is in favor of alleviating the aggravated structural distortion
related to H2-H3 phase transition.

3.5. Coordination structural analysis

In order to unravel the stabilizing effect of coating layers, XPS
analysis was performed on charged NCM, NCM@PCA and
NCM@PAAEM materials (Fig. 4a-c). It has been well recognized that, as
charged to the cut-off voltage, Ni*" cations are readily reduced by
organic electrolyte and in turn bring about the decrease of the oxidation
state of nickel cations [53-55]. This can explain a lower proportion of
Ni** observed in the charged NCM due to the undesirable interfacial
reactions occurred (Fig. 4a). Comparatively, the incorporation of poly-
mer coatings, in particular the PAAEM layer, facilitates the cathodes
maintaining a relatively larger amount of Ni** cations, suggesting the
effective mitigation of side reactions on the cathode-electrolyte inter-
face. The XPS results also illustrate that the protective effect of the
polymer coatings is dependent on the coordination bond strength of the
applied functional groups. The two carbonyls in PAAEM unit can coor-
dinate with a Ni cation to form a hexagonal ring configuration, stabi-
lizing Ni cations through chelation effect. By comparison, the
monodentate coordination between cyano group and Ni cation shows
relatively lower structural stability. Moreover, the XPS results of Co and
Mn collected from the batteries charged to 4.3 V, as shown in Fig. S14,
illustrate that the coordination interaction has little effect on the
oxidation state of Mn and Co cations.

To rationalize this coordination mechanism, the adsorption energy,
Bader charge transfer analysis and crystal orbital Hamiltonian popula-
tion (COHP) were calculated to analyze atomic interactions between
polymer molecules and NCM under the delithiated state. The adsorption
energy of PCA and PAAEM to the NCM surface are — 1.209 and
— 1.766 eV respectively, indicating that the two polymers are easily
adsorbed on the NCM surface (Fig. 4d). As predicted, the PAAEM
molecule shows a much higher Bader charge energy of — 1.671 eV to Ni
atom than that of — 0.039 eV for the PCA molecule (Fig. 4e). These
results reveal that both the carbonyl and cyano groups have a high
ability to donate electrons to Ni atoms and thus form stable coordination
bonds [56]. Compared with the monodentate ligand provided by PCA,
PAAEM not only possesses multiple carbonyls groups linked to the
backbone, but also exists additional f-keto esters on the flexible
branched chain (Fig. 4f), which ensures a higher electron-donating
capability of PAAEM than that of PCA. COHP was utilized to further
analyze the bonding and antibonding information, and the negative
COHP value implies the existence of coordination bonds between
organic groups and Ni atoms. The results in Fig. 4g confirms that the two
Ni-O (Ni-O; and Ni-O3) bonds induced by PAAEM molecule can form
six-membered chelating coordination with Ni cations, whereas only one
Ni-N coordination bond exists between PCA molecule and Ni. The COHP
integrals of Ni-O;, Ni-Oy and Ni-N bonds are — 0.734, — 0.271 and
— 0.383 eV, respectively, revealing stronger coordination interactions
to immobilize Ni** in NCM@PAAEM than that in NCM@PCA [57].

3.6. Atomic-scale interfacial characterization of the cycled cathodes

To understand the surface chemical evolution along the cathode-
electrolyte interface after extended cycles, O 1s XPS spectra of the
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cycled cathodes were collected (Fig. S15). Compared with NCM@PCA
and NCM@PAAEM, the O 1s spectrum in the pristine NCM shifts to high
binding energy with stronger peak intensity of C-O (533.3 eV) and CO5>
(531.2 eV) derived from the decomposition of electrolyte, indicating
that the PCA and PAAEM nanolayers effectively protect cathode mate-
rials from electrolyte corrosion. This protective effect is also verified by
the corresponding inductively coupled plasma-atomic emission spec-
trometry (ICP-AES) analysis of the residual TM-cation concentrations in
the electrolyte (Fig. S16). Consequently, the polymer coatings could
slow down the undesirable side reactions, suppress the dissolution of TM
cations from the NCM cathode and then improve the cathode-electrolyte
interfacial stability by tunable coordination interactions.

Meanwhile, as depicted in the cross-sectioned SEM images of the
cathodes after charged to 4.3 V (Fig. S19), the applied polymer coating
layers, especially PAAEM, can substantially retain intergranular
cracking in polycrystalline NCM cathodes. Since the initiation and
propagation of microcracks have been considered to be closely con-
nected with the lattice mismatch between rock-salt and layered phases
[58], high angle annular dark field-scanning transmission electron mi-
croscopy (HAADF-STEM) characterization was performed to investigate
the microstructure changes in pristine and polymer-coated cathodes
after 200 cycles. Evidently, the layered structure of pristine NCM
gradually transforms into the electrochemically inactive rock-salt phase
from the surface to the bulk (Fig. 5a-c and Fig. S20). In contrast,
benefiting from suppressed phase transformation as confirmed by in-situ
XRD (Fig. 3g-j), the NCM@PAAEM electrode exhibits noticeable
improvement in structural integrity. The thickness of rock-salt phase is
remarkably reduced to several nanometers on the outer surface (Fig. 5g-i
and Fig. S22), which may account for little intergranular cracking in the
NCM@PAAEM cathode. Moreover, the NCM@PCA electrode also shows
a certain improvement in structural integrity (Fig. 5d-f and Fig. 521).

Electron energy loss spectroscopy (EELS) line-scanning was con-
ducted to investigate the local chemistry evolution from the surface to
the bulk of the cycled NCM and NCM@PAAEM materials (Fig. 5j-k).
Compared with the bulk region, the Ni-L, 3 peaks of the cycled NCM
exhibit slight deviation to a lower energy on the surface, which indicates
a lower Ni oxidation state on the surface region [59,60]. By comparison,
no detectable shift of the Ni-Lp3 peak can be observed on the
NCM@PAAEM particle, revealing a stable chemical structure is main-
tained during the long-term cycling. In addition, the O K-edge prepeak of
the cycled NCM weakens as well as shifts to higher energy, indicating
that the average valence of TM cations decreases during long-term
cycling. In contrast, the cycled NCM@PAAEM exhibits minor peaks
shifts and intensity variation. he structural and chemical variations
demonstrate that the strong coordination complexation between
PAAEM and Ni** cations could effectively suppress the reduction of
reactive Ni** cations to a lower oxidation state in the delithiated state
and thus mitigate the degree of Li/Ni cation mixing, thereby conducing
to the outstanding structural stability along with cycling performance of
the NCM materials.

4. Conclusion

The coordination structures between electron-donating functional
groups and Ni*" cations can lead to more general discussions on the
interfacial stability of Ni-based cathode materials upon cycling. As dis-
cussed previously, highly reactive Ni** cations at delithiated state are
apt to oxidize the organic electrolyte and result in the decrease of the
oxidation state of surface Ni cations, which promote the migration of
Ni%* cations to Li layer and facilitate the layered-to-rocksalt (NiO)
transformation during the subsequent discharge process (Fig. 5a-c). The
higher Ni content in the surface rocksalt (NiO) phase brings about the
preferential dissolution of Ni in the electrolyte (Figure S16). The
cumulation of these detrimental issues results in the initiation of inter-
granular crack formation at the cathode-electrolyte interface. Gradually,
the propagation of microcracks allow the penetration of organic
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electrolytes into the secondary particles and expose the subsurface of
primary particles to the interfacial side reactions, which create a vicious
circle for interfacial degradation and cycling instability.

The existence of robust coordination structures induced by the
polymeric coatings could bring about multiple benefits as follows. First,
strong electron-donating capability of functional groups help stabilizing
the high oxidation state of surface Ni*' cations upon charging and
refrain Ni cations from migrating to form inactive rocksalt (NiO) phase,
both of which substantially promote the reversibility of the Ni2*/Ni**
redox reactions and ensure high reversible capacity of cathodes during
extended cycles. Second, the conformal polymeric coatings effectively
avoid the direct contact between the organic electrolyte and active NCM
cathode materials and thus minimize the excessive electrolyte decom-
position and detrimental TM corrosion, leading to less cathode-
electrolyte interphase (CEI) and improved interfacial stability. Third,
the high flexibility of polymeric coatings may accommodate the
repeating volume changes of the NCM particles during charge-discharge
process and help mitigate the initiation and propagation of microcracks
within the NCM particles.

In summary, we demonstrated an organic surface modification
strategy to tune the surface coordinative structure of Ni-rich NCM
cathode for enhanced cycling stability by constructing polymeric
nanolayers with different functional groups. In situ XRD and surface
structural analyses and DFT calculations demonstrated that strong
electron-donating capability of functional groups help stabilizing the
highly reactive surface Ni*' cations and thus suppress the organic
electrolyte decomposition, the layered-to-rocksalt (NiO) transformation
and subsequent Ni dissolution in the electrolyte, and the formation and
propagation of microcracks within the NCM particles. As a result,
LiNig 6Cog 2Mng 205 cathode coated with PAAEM with multiple ester
groups, exhibited a remarkable improvement in cycling stability (91.3%
retention rate, 200 cycles). This work provides a new direction to
regulate the surface coordinative structures of high capacity and high
voltage layered cathode materials for enhanced cyclability.
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