Please cite the Published Version

Yin, S, Chen, H, Chen, J, Massoudi, A, Deng, W, Gao, X, Zhang, S, Wang, Y, Lin, TW, Banks,
CE @, Qiao, SZ, Zou, G, Hou, H and Ji, X (2022) Chemical-mechanical effects in Ni-rich cathode
materials. Chemistry of Materials, 34 (4). pp. 1509-1523. ISSN 0897-4756

DOI: https://doi.org/10.1021/acs.chemmater.1c03051
Publisher: American Chemical Society

Version: Accepted Version

Downloaded from: https://e-space.mmu.ac.uk/631350/

Usage rights: © In Copyright

Additional Information: This document is the Accepted Manuscript version of a Published Work
that appeared in final form in Chemistry of Materials, copyright © American Chemical Society after
peer review and technical editing by the publisher. To access the final edited and published work
see https://doi.org/10.1021/acs.chemmater.1c03051.

Enquiries:

If you have questions about this document, contact openresearch@mmu.ac.uk. Please in-
clude the URL of the record in e-space. If you believe that your, or a third party’s rights have
been compromised through this document please see our Take Down policy (available from
https://www.mmu.ac.uk/library/using-the-library/policies-and-guidelines)



https://orcid.org/0000-0002-0756-9764
https://doi.org/10.1021/acs.chemmater.1c03051
https://e-space.mmu.ac.uk/631350/
https://rightsstatements.org/page/InC/1.0/?language=en
https://doi.org/10.1021/acs.chemmater.1c03051
mailto:openresearch@mmu.ac.uk
https://www.mmu.ac.uk/library/using-the-library/policies-and-guidelines

Chemical-Mechanical Effects in Ni-Rich Cathode Materials

Shouyi Yin, Hongyi Chen, Jun Chen, Abouzar Massoudi, Wentao Deng, Xu Gao, Shu Zhang, Ying
Wang, Tsung-Wu Lin, Craig E. Banks, Shi-zhang Qiao, Guogiang Zou, Hongshuai Hou, Hongshuai Hou

and Xiaobo J*

Correspondence: Email: xji@csu.edu.cn



Author details:

Shouyi Yin - State Key Laboratory of Powder Metallurgy, College of Chemistry and Chemical
Engineering, Central South University, Changsha 410083, China

Hongyi Chen - State Key Laboratory of Powder Metallurgy, College of Chemistry and Chemical
Engineering, Central South University, Changsha 410083, China

Jun Chen - State Key Laboratory of Powder Metallurgy, College of Chemistry and Chemical
Engineering, Central South University, Changsha 410083, China

Abouzar Massoudi - Department Nanotechnology and Advanced Materials, Materials and Energy
Research Center (MERC), P.O. Box, Tehran 14155-4777, Iran;

Wentao Deng - State Key Laboratory of Powder Metallurgy, College of Chemistry and Chemical
Engineering, Central South University, Changsha 410083, China

Xu Gao - State Key Laboratory of Powder Metallurgy, College of Chemistry and Chemical
Engineering, Central South University, Changsha 410083, China

Shu Zhang - State Key Laboratory of Powder Metallurgy, College of Chemistry and Chemical
Engineering, Central South University, Changsha 410083, China

Ying Wang - Department of Chemistry, The Chinese University of Hong Kong, Shatin, New Territories,
Hong Kong999077, China;

Tsung-Wu Lin - Department of Chemistry, Tunghai University, No. 1727, Sec. 4, Taiwan Boulevard
Xitun District, Taichung 40704, Taiwan;

Craig E. Banks - Manchester Fuel Cell Innovation Centre, Faculty of Science and Engineering,
Manchester Metropolitan University, Chester Street, Manchester M1 5GD, U.K;

Shi-zhang Qiao - School of Chemical Engineering, The University of Adelaide, Adelaide, South
Australia 5005 Australia;

Guogiang Zou - State Key Laboratory of Powder Metallurgy, College of Chemistry and Chemical
Engineering, Central South University, Changsha 410083, China

Hongshuai Hou — State Key Laboratory of Powder Metallurgy, College of Chemistry and Chemical
Engineering, Central South University, Changsha 410083, China;

Xiaobo Ji - State Key Laboratory of Powder Metallurgy, College of Chemistry and Chemical
Engineering, Central South University, Changsha 410083, China;



Abstract

The implementation of Ni-rich cathodes with high energy density has been critically restrained by
stress corrosion. Herein, crack-free LiNbO3-coated LiNiosC00.10Mno.020,, as theoretically predicted,
demonstrates highly reversible lithiation/delithiation. Mechanically, the phase transition (H1 > H2 -
H3) is significantly alleviated by the excogitation of the interfacial force invoked by the LiNbO3 coating
layer, as verified by X-ray absorption spectroscopy and extended X-ray absorption near-edge structure
spectroscopy. Meanwhile, the stabilities of the crystal structure are remarkably strengthened by the
strong Nb—O bond activated by Nb** doping that is confirmed by Rietveld refinement of X-ray
diffraction and differential capacitance curves. Chemically, the interface shielding effect is conducive
to protecting the electrode against electrolyte corrosion along with subsequent transition-metal
dissolution, ultimately rendering a faster/highly convertible lithium-ion diffusion. Greatly, the
excellent electrochemical properties (74% capacity retention after 300 cycles at 2 C within 2.5-4.3 V)
and structural stability (the morphology remains intact after 500 cycles at 5 C within 2.5-4.3 V) are
successfully achieved. Given this, this elaborate work might inaugurate a potential avenue for

rationally tuning the structure/interface evolution toward Ni-rich materials.



Introduction

Future cathode materials of lithium-ion batteries require a higher energy density, stronger cycle
stability, and more safety performance to meet the increased demands of consumers. (1-6) Ni-rich
cathodes, such as Li[NixCoyMn1-x—y]O2 (NCM) and Li[NixCoyAl1—x—y]O2 (NCA) (x is more than 0.8),
are excellent in providing a high energy density, but their stability is relatively poor. (7-9) In fact, the
low stability of Ni-rich cathodes results from the structure collapse after cycling, which is mainly
caused by stress corrosion cracking (SCC). (10) It was proposed that this SCC problem could be
attributed to the anisotropic change in lattice parameters, where the stress concentration inside the
secondary particles comes from their H2 - H3 phase transition during the charging and discharging
processes. (9,11,12) In addition, heterogeneous charge/discharge kinetics behavior could accelerate
the rupture of the particles. (13,14) Moreover, once the secondary particle is penetrated by the crack,
it would be seriously invaded by the electrolyte, leading to irreversible side reactions with increased
local impedance of the particles that affect the utilization of the particles. (14) Therefore, the SCC

problem can also be summarized as a process of “chemical-mechanical failure”.

In order to improve the mechanical stability, crystal texture enhancement and lattice structure
improvement are focused by many researchers, aiming to design a type of secondary particle without
anisotropic stress concentration. (15,16) In addition, there are many research studies about single
crystal particles because these kinds of materials have no grain boundaries, which means that they
will be less affected by anisotropic lattice parameter changes and then achieve an excellent stability.
(17) Moreover, chemical problems, such as the electrolyte erosion (the reaction of HF with tetravalent
nickel) (18) and surface residual lithium (the surface pH value will be increased by Li,COs, LiOH), (19)
leading to surface degradation, can be solved by designing stable metal oxide coating layers and
lithium compounds. Furthermore, it was found that this improved coating would provide an interface
with uniform lithium-ion distribution (lithium-ion conductors like Li,TiOs, (20-22) LiAlO,, (20) LiZrOs,
(23) Li,SiOs, (24) and LisVO, (25)), (26) which can achieve a homogeneous phase diffusion on the
particle surface, and then, the internal stress concentration level of secondary particles can be
reduced. (14) Although many studies have investigated the methods to solve the SCC problem, there
is not much about both chemical and mechanical enhancement. The relationships of chemical and
mechanical improvement need to be further studied, such as, the connection between the alleviation
of H2 - H3 phase transition, the uniformity of lithium-ion charge/discharge kinetics, and the

elimination of cracks. As a result, we explored both the boost mechanisms simultaneously.



Hereby, LiNbO; (LNO) is employed to design a kind of crack-free Ni-rich cathode, which can achieve
both the aspects at the same time, confirmed by the phase diagram (Figure 1g). Mechanically, by
means of density functional theory (DFT) calculations, we investigate the mechanical effect of the
force from the coating layer to suppress phase transitions. In addition, the Rietveld refinement of X-
ray diffraction (XRD) and extended X-ray absorption fine structure (EXAFS) are employed to analyze
the changes in the crystal structure and atomic bonds. Moreover, phase transitions and lithium-ion
distribution uniformity are verified by X-ray absorption spectroscopy (XAS) and extended X-ray
absorption near-edge structure (XANES) spectroscopy. Besides, from the chemical perspective, X-ray
photoelectron spectroscopy (XPS) and electrochemical impedance spectroscopy (EIS) are used to
study the surface chemical side reactions. Furthermore, the Arrhenius equation and galvanostatic
intermittent titration technique (GITT) are regarded as tools for studying lithium-ion kinetics.
Expectedly, with the assistance of the mechanics/chemistry coupling effect, excellent electrochemical
performance and structural stability [proved by scanning electron microscopy (SEM)] are successfully

achieved.



2. Results and Discussion
2.1. Proposed Crack-free Cathode Materials from Mechanical Perspectives

All Ni-rich cathodes undergo a series of phase transitions during charging: the original H1 phase is
transformed into a monoclinic phase (M), subsequently converted into H2 and H3 phases as shown by
the lattice parameter characterizations in Figure 1e. (9) This can trigger extremely adverse impacts on
the stability of the Ni-rich cathode. (27) As a result, the most feasible way to improve structural

stability is to hinder phase transition.
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Figure 1. Lattice parameters of the (a) c-axis, (b) a-axis, and (c) unit cell volume calculated by DFT.
Atomic structure model of (d) H1 - H2 and (f) H3 phases of NCM88. (e) Comparison of the differential
capacitance curves. (g) Phase diagram of LiNbO3. (h,i) Structure of the designed material and the

atomic structure of the coating layer.



To understand the mechanics of the phase transition, DFT calculations are performed to simulate the
change in the lattice parameters of pristine NCM88 cathode during the charging process, as shown in
Figure 1. In the H1 - H2 phase transition process, the lattice parameter c-axis is increased to some
extent, the a-axis is slightly decreased, and the lattice volume is expanded slightly. However, when it
comes to the H3 phase, the lattice parameter c-axis is decreased suddenly, the a-axis still falls slowly,
and the lattice volume is dropped similar to the c-axis lattice parameter. All these above results show
that phase transition from H2 to H3 can bring a significant structural change, which might cause the

cracks and worsen the electrochemical performances. (8,28)

Moreover, to explore the mechanism of lattice parameter changes, the O-O interaction in the
interslab has been investigated by analyzing the different charge densities. The distance of the O atom
layers is increased from Li[Nio.84C00.08Mno.08]O2 to Lio 25[Nio.84C00.08Mno.0s]O2 (in the H2 phase transition
state) (see in Figure 2e,h), indicating the increase in the O—O repulsive force, which is further
confirmed by the results of the DFT calculation (Figure 2a). As shown in Figure 2d,g, the value of
-pCOOP, weighted by the overlap matrix elements, tends to be 0 after charging, which offers the
information of less overlap of O atomic orbitals that refers to a strong repulsive force between those
O atoms. It is the repulsive force that leads to the increase in lattice parameter at the c-axis during the
processing of the H1 - H2 phase transition. However, Ni atoms enter into the Li site within the H3
phase, which can reduce the O-0 repulsive force. Subsequently, the increase in the c-axis is doped in
relative to the change in the H1 - H2 process. However, the collapse of the original layered structure
leads to the formation of the H3 phase when the lithium ion is highly deficient (Figure 1f), bringing an

abrupt decrease of c-axis lattice parameters with the as-generated H3 phase.
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Figure 2. Comparison of the formation energies of H1 - H2 and H3 phases between (a) blank group
and (b) experimental group through DFT calculations. (c) Comparison of curvatures of H1 and H2
curves of the curve EFormation-x and ECoating-x in (a,b). Electronic density of states of (d) Lil-
x[Ni0.84C00.08Mn0.08]02 (x = 0) and (g) Li1-x[Ni0.84C00.08Mn0.08]02 (x = 0.75). The differential
charge density of (e) Lil—x[Ni0.84C00.08Mn0.08]02 (x = 0) and (h) Li1—x[Ni0.84C00.08Mn0.08]02 (x
= 0.75). In situ XRD of the (f) pristine sample and (i) 3% LNO sample.

In summary, to reduce cracks and improve structural stability, it is imperative to suppress the changes
of the above-mentioned lattice parameters, that is, the phase transition. It is eager to explore the
mechanical effects of “coating” on secondary particles. Hence, a rigid material with good mechanical
properties is suitable as a coating layer, which can allow researchers to investigate the influences of
the force for the coating layer inside the cathode secondary particles. Compared with the Ni-rich
cathode, LNO has good mechanical performances (Tables S9-S11, Supporting Information) and an
2 s—l

excellent lithium-ion conductivity (10 cm at room temperature). Therefore, it is feasible to create

an LNO-coated Ni-rich cathode. More importantly, the DFT calculation results reveal that LNO plays a



mechanical role in inhibiting phase transition because a protective force is provided by the coating
layer whose mechanical properties are much stronger than those of NCM materials (Tables S9-511,

Supporting Information).

The formation energy of Lil_x[Nio,g4C00‘ogMno,og]Oz (EFormation) and Li1—X[Nio,g4COo,osMno,og]OZ with LNO
coating (Ecoating) is calculated, aiming to further understand the hindering effect of the coating layer on

the degradation, (13) where Egormation i gained by

J:':I = El L. S T M ': | = x)E; = 0.84E, — 008E — 0.08E,,; — 2E,

“armation i

(2.1)

where Eii1-xnio.saco0.08Mn0.0802 means the total energy when x number of Li* is removed during the
charging process, and Eyi, Eni, Eco, Emn, and Eo are the total energies of the Li, Ni, Co, Mn, and O
elements, respectively. The calculated results show that the delithiation voltage of the pristine NCM88
cathode is 3.759 V (the slope of the H1 and H2 curves in Figure 2a), which is well consistent with the
experimental results (3.737 V as shown in Figure 1e). For the phase transition from the H1 phase to
the H2 phase, the curve of Erormationx iS almost a straight line (see Figure 2a). Thus, a low energy barrier
for the pure Li1l-x[Ni0.84C00.08Mn0.08]02 phase decomposed to the binary phase (H1 and H2) will
cause the coexistence of the H1 and H2 phases, corresponding to a split of the (003) plane at 20-30
ks in the in situ XRD (in situ XRD) pattern (Figure 1f). The slope of the x-curve shows that a potential
of 4.506 V is required for complete conversion from the H1 phase to the H3 phase (Figure 1a). When
x> 0.5, the EFormation of the H3 phase is significantly lower than that of the H2 phase. It reveals that

the H2 phase can be easily transferred to the H3 phase after delithiation over 50%.

Furthermore, the Ecoating is as follows: (29)

=E
“Caliveg * Farmation .

- Ef‘;l av I-VI-U-
(2.2)

where G is the shear modulus of LNO and Vinisial is the volume of the NCM88 particle before the
charging process; 8V is the increased volume of the NCM88 particle during the delithiation, and
6V/Vinitial can be estimated by Figure S1 (Supporting Information). Vf.u. is the volume of NCM88 per
formula unit. The second term of eq 2.2 is referred to the strain energy caused by coating layer LNO.
The DFT calculation shows that LNO, the main phase of the coating layer, is a high-hardness material
(the mechanical parameters are shown in Tables S9-S11, Supporting Information). The shear modulus

of LNO is 124.17 Gpa, which is remarkably more considerable than that of NCM88. Therefore, the



coating layer LNO has the greater influence on, shown in Figure 2b. Additionally, the curvature of the
Ecoatingx curve (0.46 V/atom) is more serious than that of EFormation-x (0.35 V/atom) during the H1
and H2 phase transitions. Therefore, the pure phase of Lil—x[Ni0.84C00.08Mn0.08]02 tends to be
formed rather than the binary phase, corresponding to a split of the (003) plane at 20—30 ks in XRD
(Figure 2i). For H2 and H3 phase transitions, the Ecoating Of the H3 phase is increased with the LNO
coating. The difference of formation energy between the H3 phase and H2 phase of NCM@LNO is
decreased to 0.064 eV, compared with that in the pristine system (0.15 eV). When the formation
energy gap between the H3 and H2 phases is small enough, the pure H2 phase can be easily kept
without phase transition. In addition, the pure phase of the NCM material is also funded by the high
curvature of H1 and H2 during delithiation. As a result, the types of internal phases tend to be
homogeneous, and the formation of the most harmful H3 phase could be delayed through the coating

so as to improve the cycle and mechanical stability.

It is demonstrated that the LNO coating theoretically suppresses the generation of the miscible phase
and delays the phase transition. If the phase transition of a secondary particle is suppressed with the
evenness of the phase, the distribution of lithium ions in the bulk must be uniform (this will be
explained in the following content). As a result, the evenness of the phase in the particle will be further

promoted, thus making the mechanical structure of the particle more stable.
2.2. Structure of the Constructed Materials

The ultra-high nickel ternary cathode LiNi0.88C00.10Mn0.0202 (NCM88) is prepared through the
conventional co-precipitation method. (9,30) Inductively coupled plasma mass spectrometry is used
to determine the atomic composition of the material with the normalized formula NCM88 as the
pristine sample is analyzed (Table S1, Supporting Information). LiNbO3 (LNO) coating with a stable
structure was obtained as guided by the phase diagram (Figure 1h, Supporting Information). According
to the mass fraction of the coating layer, the as-obtained materials are named pristine, 1% LNO, 3%
LNO, and 5% LNO (corresponding to 0, 1, 3, and 5% of the total mass of the coating layer in the cathode
material). Characterized by XRD, the structure and composition of the coating layer on the surface of
the measurement sample are effectively confirmed, and the percentages of different components are
also roughly gained. (31)Figure 3b shows that the characteristic peaks of the obtained samples are
similar, and all the peaks could be indexed to the a-NaFeO2-type hexagonal structure of the space
group R3m. Besides, a bimodal feature of the (006)/(012) and (018)/(110) peaks at =38 and 65°,
respectively, is prominent, which provides signs of a classic layered structure, (32) indicating that the
explored coating method maintains the original structure of the material. (33) Significantly, the

intensities of (003) and (104) diffraction peaks for the pristine sample are stronger than those of the

10



other modified samples, implying that the basic material is protected by the coating layer, suggesting
that the coating layer is uniformly adhered on the surface of NCM88 (Figure 3b). (31) As shown in
Figure 3c, the peak positions of the (003) and (104) peaks are slightly shifted to lower angles, indicating
that both the lattice parameters c and a are increased simultaneously. In addition, according to the
value of the lattice parameter obtained by Rietveld refinement of XRD (Figures 3d,e, S2, and Table S2,
Supporting Information), it is confirmed that a part of the Nb element is effectively doped into the
bulk phase. For the modification sample, the coating layer is composed of LiNbO3 (LNO, space group:
R3c) and Li3NbO4 (space group: 123). Through Rietveld refinement of XRD, it is found that the LNO-
coated NCM811 has been successfully prepared. However, no character diffraction peaks of LNO are
noticed in the XRD curves for pristine and 1% samples, which could be attributed to its low contents.
However, they are observed (marked the position of ¥, approximately between 42 and 43°) when
the proportion is increased up to 3 wt % (Figure 3b). Moreover, in Figure 33, it is also evidence of
successful preparation of the LNO layer surrounding the Ni-rich cathode that the diffraction peak of
10% LNO is noticed. Furthermore, as listed in Table S2 (Supporting Information), the 1(003)/1(103)
value of modified samples is declined with the doped Nb (Figure 3b,c), which suggests the increase of
cation mixing degree. When Nb5+ is doped, Ni3+ is reduced to Ni2+ to maintain charge neutrality.
Moreover, Ni2+ (0.69 A) would replace Li+ (0.76 A) sites due to the similarity of their radius, resulting
in the slightly increased cation mixing, which can make the lattice structure more stable to some

extent. (34-36)

11
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Figure 3. Structure analysis of the samples. (a) XRD pattern of the 10% LNO sample. (b) XRD patterns
of the as-obtained samples. (c) Enlarged image of the (003) and (104) diffraction peaks. Rietveld
refinement result of 3% LNO (d) and pristine (e) samples. (f) High-resolution XPS spectra of Nb 3d for
3% LNO. (g) EXAFS fitting curves at the k space of pristine and 3% LNO. WTs for the k3-weighted EXAFS
signals of (h) pristine and (i) 3% LNO.

The morphology and composition induced by the coating are characterized by scanning electron
microscopy (SEM). As shown in Figure S3 (Supporting Information), both the original and processed
samples are composed of spherical secondary particles with a size between 5 and 20 um, most of
which are larger than 10 um in diameter. Large enough particles densely stacked by primary
nanoparticles (~250 nm) are necessary to ensure that the coating phase remains intact on the surface
of the material. (37,38) As the content of LNO is increased, it is clear that the surface of the secondary
particles becomes denser and smoother, and the textures on the surface are gradually filled with the
coating. Energy-dispersive X-ray spectroscopy (EDX) elemental mapping was utilized to reveal the
element distribution. As shown in Figures S5-S8 (Supporting Information), the distribution of Ni, Co,

Mn, and O is quite uniform as expected. The Nb element does not exist in the pristine sample, and as

12



the content of LNO is improved, the distribution of the Nb element around the original sample

becomes more and more obvious, indicating that LNO is uniformly coated on the surface of NCM811.

Focused ion beam (FIB) is employed to cut the secondary particles with 3% LNO coating, aiming to
explore the coating layer. It is confirmed that Nb is much enriched in the coating, and Ni, Co, Mn, and
O are included in the bulk (Figure 4k). In addition, a small amount of the Nb element is also observed
in the bulk phase, agreeing well with the results of XRD Rietveld. Furthermore, to investigate the
microstructure and chemistry of the modified sample, high-angle annular dark field-scanning
transmission electron microscopy (HAADF-STEM) is utilized, and the image is shown in Figure 4.
HAADF-STEM images along the [001] zone axis and the corresponding fast Fourier transform patterns
confirm the presence of R3m NCM and R3¢ LNO. At the same time, a transition region at the junction
of two phases is also noticed (see in Figure 4g). The inner layer corresponds to the plane (006) and the
plane (110) at an angle of 90°, shown in Figure 2h. Moreover, a coating layer with a thickness of
approximately 12 nm is found seen as the outer layer, (110) and (300) are marked, and the angle
between them is 45° (Figure 2i), further indicating that the LNO coating layer has been uniformly

distributed on the surface of NCM88.

13
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XPS analysis also provides clear evidence for the successful LNO surface modification on NCM88. XPS
spectra of Ni/Co/Mn 2p and O 1s of pristine and 3% LNO samples are presented. Figure 3f
demonstrates one of the XPS spectra of the 3% LNO sample, in which the Nb signal can be clearly
detected in the LNO-decorated samples, which was absent in the pure NCM88 material. Specifically,
the binding energies of Nb 3d orbitals are located at =206.33 and 209.33 eV, consistent with the Nb5+
ion in LiNbO3 (LNO) and Li3NbO4, respectively. It is worth noting that the main fitting peaks of Ni 2p

are not shifted at all (Figure 4a). In contrast, the peaks of Co/Mn 2p of 3% LNO have a slight offset

14



toward a lower binding energy (Figure 4b,c), showing that Nb5+ may influence Mn or Co sites. (39)
This phenomenon above is in good line with the Rietveld refinement of XRD. As shown in Figure 4d,
all the O 1s spectra can be deconvoluted into three fitting peaks, corresponding to the lattice oxygen
(OL), oxygen vacancy (OV), and adsorbed oxygen (OA) at around 529/531/533 eV, respectively.
Interestingly, the intensity of binding energy of OL is increased with the coating layer (Figure S4a,
Supporting Information), confirming that Nb5+ has a strong coupling effect at the interface, leading
to the increase of strong metal-oxygen bonds and thereby improving the stability of the material and
promoting charge transfer. In addition, the fact that the O 1s peak is generally moved to a high-energy
direction also indicates that the introduction of strengthened oxygen bonding in the surface region of
the particle is mainly derived from the Nb—O bonds in the outer LNO layer. The EXAFS fitting curves of
at the k space of pristine and 3% LNO samples are shown in Figure 3g, so the wavelet transforms (WTs)
for the k3-weighted EXAFS signals are obtained, which can also further confirm the doping of Nb5+.
As shown in Figure 3h,i, the peak of 3% LNO is shifted to a high-angle direction, showing the

introduction of heavy atoms. (40)
2.3. Enhancement of Mechanical Performances

To further verify the calculated results in this work about how the LNO coating alleviates the
deleterious phase transition, in situ XRD experiments are carried out for the first cycle in the range of
2.5-4.3 V at 40 mA g—1. Figure 2f,i shows the contour plots of selected regions of the in situ XRD
patterns, accompanied by the corresponding voltage curves of the cells concerning the charging time.
Indeed, as shown by in situ XRD during electrochemical cycling, the same bulk phase transition and
lattice expansion/shrinkage were observed in pristine and 3% LNO samples. In addition, the cathode
suffers from a series of phase transitions, which are well consistent with that revealed by the dQ dV-
1 curves (Figure 1e). (15,41) Furthermore, the peak intensity representing the H2 - H3 phase
transition is reduced, indicating that the phase transition intensity is decreased. (42,43) The (003)
reflections, depicting the unit cell dimension in the c-direction, are plotted as a function of the charge
voltage in Figure 2f,i. The split at about 3.9 V represents a mixture of H1 and H2 phases (Figure 2f),
which conforms to the calculation result above (Figure 2a). On the contrary, the (003) reflections for
the modified sample exhibit a smooth transition from the H2 - H3 phase, whereas a rather abrupt
shift of the (003) reflection is observed at 4.2 V for the pristine sample. In conclusion, the phase

transition is delayed and effectively suppressed, leading to less mixed phases. (44-47)

Moreover, as shown in Figure S12g,h (Supporting Information), cyclic voltammetry (CV) tests with
varied scan rates were carried out to explore the changes for the phase transition, and distinct changes

are observed on the curves. The peak for the H2 - H3 phase transition is moved gradually to a higher
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potential. In addition, a linear relationship of potential (V) versus scan rate (mV/s) is presented, and
the slope is regarded to assess the relative rate of phase transformation, as displayed in Figure S12i
(Supporting Information). (37) The transformation rate (the slope) of the 3% LNO sample is about
3.961, much smaller than that of the pristine sample (4.474), demonstrating its optimized structure
stability, which shows that the beneficial cycle stability of the 3% LNO sample is realized by a slight

structural fluctuation during its cycle, agreeing with the calculated result.

As proposed in Section 2.1, the cause of phase variation is the inherent instability of the Ni3+/4+-02—
structure. (48) During the delithium process, Ni2+/Ni3+ is gradually oxidized to Ni4+ with a smaller ion
radius resulting from the charge compensation mechanism. (49) Therefore, when the regions of
excessive delithiation (H3 phase) occur in the Ni-rich cathode, the amount of Ni4+ in the secondary
particles is increased. Accordingly, when the secondary particles have the same degree of delithium
(the total amount of lithium-ion removal is the same), the even distribution of lithium ions determines
the content of active Ni4+ in the system. Considering Ni4+ is harmful to the stability of the structure
during charging and discharging, it can bring a shrinking hTM-0 and irreversible side reactions with
the electrolyte. Therefore, the evenness of lithium-ion distribution in secondary particles plays an
important role in the stability of the Ni-rich cathode structure. Hence, the content of Ni4d+ is utilized
to prove the uniformity of lithium-ion distribution during charging and discharging. The average
oxidation state of Ni ions can be attained by comparing the measured spectral features with that of a
linear combination of Ni2+, Ni3+, and Ni4+. In the case of the Ni L-edge shown in Figures 5a and S13a,b
(Supporting Information), the peaks at 853 and 855 eV illustrate a good match with the character
peaks of Ni2+ (~852.8 eV) and Ni4+ (~855 eV). (50,51) By comparing the valence states of Ni ions in
the materials under the original and after 10 h of a 4.3 V constant voltage charging state, it is found
that the proportion of Ni4+ in the materials after charging is significantly enlarged. For pristine NCM
under the 4.3 V charged state, the Ni2+/Ni4+ ion intensity is 0.972:1.243. However, for the 3% LNO
sample, it is 0.972:0.991 (Figure 5a), revealing that LNO coating plays a significant role in mitigating
the excessive valence of Ni ions, which also means that the uniformity of lithium-ion distribution is
improved during the charging process after coating. This result is consistent with the DFT calculation
outcomes (Figure 2a—c). In addition, the evidence about the O 2p-TM 3d hybridized feature could
verify the electron transfers from Ni to O in the bulk, as shown in Figure 5d, and it occurs in the photon
energy range of 527-534 eV. Besides, the O 2p-TM 3d hybridization feature at ~529 eV for the 3%
LNO sample is much less severe than that of the pristine sample. Moreover, Figure 5b,c shows that for
the pristine and 3% LNO samples, no difference is observed in the peaks of Mn and Co. All the proofs
above indicate that the valence state change of Ni during charging is the most crucial reason for the

difference in the properties of the two samples. Hence, Ni4 and the evolution of O in the bulk are
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generated by the hybridization of Ni ions and O ions. The significant difference between the pristine
and 3% LNO samples about the peak intensities at 529 eV reflects that the LNO layer is helpful to

reduce the harmful hybridization in the Ni-rich cathode.
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Figure 5. Soft XAS spectra of (a) Ni L-edge, (b) Mn L-edge, (c) Co-edge, and (d) O K-edge for pristine
and 3% LNO charge to 4.3 V. (e) EXAFS of the pristine and 3% LNO samples. (f) Ni K-edge XANES spectra

and an enlarged view of the pre-edge.

To investigate the charge compensation on lithium-ion extraction over the first cycle in the NCM
cathode, the Ni K-edge XANES experiment is performed. It shows that the shift toward a higher energy
in the Ni K-edge is noticed during charging, which is well consistent with the expectation that Ni3+ is
oxidized to Ni4+. (49) To demonstrate that the LNO coating can indeed reduce the production of Ni4+
with even delithiation, Ni K-edge values of pristine and 3% LNO samples are compared at the 4.3 V
charged state (see in Figure 5e). Obviously, the curves of the modified sample have a shift to a lower-
energy region compared with the pristine sample after charging, showing that the generation of Ni4+
in the bulk phase is indeed well suppressed, clearly revealing that the phase transformation of the
modified sample is reduced. Moreover, the pre-edge is generally considered as a better oxidation
state measure than the main edge. (52) The intensity of the pre-edge of the two samples is slightly
different, with the modified sample lower than the pristine (insets of Figure 5e). The peaks arise from
the quadrupole-allowed transition from the Ni 1s state to the Ni 3d state, which typically arise in
distorted octahedral TM sites. (53) The increase of peak intensity symbolizes a slight distortion of
centro-symmetry caused by the mixing between the Ni 3d and 4p states. Furthermore, the
phenomenon that the shift for the pre-edge of the pristine sample in the direction of a high energy

indicates that Ni is oxidized. In general, XANES spectroscopy clearly proves that LNO coating has a

17



strong inhibitory effect on the excessive and malignant oxidation of Ni, which is in line with the DFT

calculation results (Figure 2b).

Moreover, pair distribution function (PDF) analysis is employed to verify the detection of short-range
disorders. (54) As proved in Figure 5f, the positive displacement of the first peak of PDF in the 3% LNO
sample implies that the shrink of Ni—O bonds during charging is not as severe as that of the pristine
sample. (55) Meanwhile, the distance between Ni atoms of the modified sample is longer than that of
the pristine sample, suggesting that the phase transition of the modified material which causes the
cell parameter shrinkage is well alleviated at a 4.3 V cutoff voltage, which is in good agreement with
the results of the in situ XRD analysis. This difference also induces an easier delithiation configuration
(i.e., reduces the energy barrier for lithium-ion diffusion) since the modified sample exhibits a lower
Ni—O bond energy during charging (a longer Ni—O bond) than the pristine. Thus, the binding of the Li—
O bond will be weakened considering that the O atoms are also bonded with Li atoms, leading to the
faster diffusion of lithium ions. Therefore, the diffusion barrier of the modified cathode is reduced
(will be further proved below), thereby evening the distribution of lithium ions in the bulk phase and

ultimately suppressing the H2 = H3 phase transition.
2.4. Improvement of Electrochemical Performances

The coin-type half cells are fabricated by utilizing the samples as electrode materials to evaluate the
storage performances within a voltage range of 2.5-4.3 V. The modified samples display superior cycle
stability and rate performances, in which the 3% LNO electrode shows the best electrochemical
performances among the samples. As shown in Figure 6a,b, the capacity retentions of the NCM88, 1,
3, and 5 wt % LNO samples are 36.09% (65.5 mA h g-1), 56.12% (116.9 mA h g—1), 74.96% (127.4 mA
h g-1), and 50.91% (83.8 mA h g—1) after 300 cycles at 2 C and 43.37% (71.7 mA h g-1), 54.36% (89.2
mA h g-1), 62.83% (98.9 mA h g—1), and 51.14% (80.8 mA h g—1) after 500 cycles at 5 C, respectively.
In addition, Figure S12c,f (Supporting Information) shows the CV results of NMC88 cycled at voltages
between 2.5 and 4.3 V with a rate of 2 C, and the 3% LNO sample renders slower performance decay,
with a capacity retention of 74.94%, demonstrating that the capacity decay of the positive electrode
material is effectively suppressed. The worsening of the pristine Ni-rich cathode performance can be
partially ascribed to the thickening of the disorder rock salt layers and the irreversible structural

changing (such as the microcracks caused by a phase transition).
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Figure 6. Cycle performance of the as-obtained samples at 2 (a) and 5 C (b). (c) Rate performance of
the as-obtained samples. Charge-transfer mechanism of the as-obtained samples. EIS spectra of
different temperatures (d,e). The equivalent circuit before the cycle is yellow on the top (f), and the
green one after the cycle on the contrary (f). The LNO layer significantly reduces the energy barrier for
lithium-ion transmission (g,h). Arrhenius plot for the Rct and activation energy of the charging process

of pristine and 3% LNO samples (i).

Moreover, the 3% LNO sample again exhibits the best capability under different rates (Figure 6c),
which delivers a larger capacity of 170.7 mA h g—1 at a high rate of 5 C over that of the pure NCM88
(131.7 mA h g-—1). Since the transport rate of lithium ions is the main factor restricting the rate
performance, it is speculated that the LNO layer may promote the transport rate of lithium ions due

to the excellent ionic conductivity (10-5 cm2 s—1) at room temperature. (56)

In addition, pristine NCM88 and 3% LNO show dramatically different microstructures after cycling.
After 500 cycles under a 5 C discharge rate at 25 °C, severe damaged and corroded secondary particles
of the pristine sample are observed with SEM (Figure 7). On the contrary, the 3% LNO sample has an
excellent mechanical structure with a smooth surface. By analyzing the morphology of the material

after cycling, it is concluded that the outstanding performance of the modified sample is achieved by
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the combined effect of the improvement of the interface stability and the progress of the mechanical

properties in the bulk phase.
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Figure 7. Morphology of the pristine sample (a—c) and 3% LNO sample (d—f) after 500 cycles at 5C.

The improvement of the electrochemical properties by the LNO layer can be divided into three
aspects. It can protect the cathode from having side reactions with the electrolyte to improve the cycle
stability. The lithium-ion distribution kinetics at the interface is improved; thus, there is advancement
of rate performance. (57) Finally, the evenness of lithium-ion distribution at the surface of the particles
is increased, thereby promoting the uniformity of the internal phase of the particles. (14) Therefore,
the improvement of the overall performance can be summarized as the “chemistry-mechanics effect”,
indicating that this kind of chemical development can also play a role in promoting mechanical
stability; that is, the internal phase is evened by the homogeneous distribution of lithium ions, which

can be beneficial to the maintenance of the structure.

By analyzing the composition of the cathode surface after cycling, the level of surface side reactions
can be intuitively assessed. The interface of cycled samples was characterized by XPS, in which the
signals of C 1s are provided by organic CEl components, such as polycarbonates and semicarbonates.
(58-60) The existence of C—C and C—H bonds is ascribed to the binder and conductive substance in the
electrodes, whereas C=0 and C—-F/OCO2 bonds are assigned to the decomposition of carbonate
electrolyte solvents. The peak area of C=0 for 3% LNO-NCM is close to O (Figure 8h), suggesting that

the corrosion of the electrolyte is inhibited. Ni 2P signals are contributed by CEI components, such as

20



NiF2. A smaller peak area of Ni 2P3/2 and Ni 2P1/2 for the 3% LNO sample is observed, demonstrating
the formation of less irreversible side reactions over the pristine sample (Figures 8i and S4b,
Supporting Information). (10) At the same time, the peak corresponding to the P—-F moiety in CEl is

lower in modified samples (Figure 8g), indicating that the LNO layer suppresses the decomposition of

LiPFs. (61)
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Figure 8. GITT characterization of samples. Transient charge voltage at 4.2-4.3 V of the pristine sample
(a) and 3% LNO (b). (c) Transient charge voltage profile. (d) Comparison of lithium-ion diffusion
coefficient between pristine and 3% LNO. (e) Impedance comparison after 50 cycles at 5C. (f)

Impedance comparison before cycling. XPS spectra and composition analysis of (g) P 1s, (h) C 1s, and

(i) Ni 1s for the electrodes after 500 cycles.

Moreover, EIS was performed to explore the enhanced rate performance of the samples. According
to the simplified interface models presented with the corresponding equivalent (Figure 6f), the
electrochemical resistance between the electrode and electrolyte can be determined. (62,63)Rs is

regarded as the series resistance, such as the bulk resistance and resistances from the separator and
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electrodes. (59,64) R« represents the charge-transfer impendence revealed in the high-frequency
region. (60,65)Rs means the conductive impedance of Li+ through the CEl in the medium-high
frequency region. (66) The low-frequency region is associated with Warburg impedance (Wo), and the
Nyquist plot presents as a declining line in the area, corresponding to semi-infinite diffusion. (67-69)
Before the cycle, the plots in the high-frequency range display the semicircle profiles (Figure 8f), which
are attributed to a surface charge transfer process. (70 As calculated from the EIS data, the Rct of 3%
LNO is about 155.9 Q, which is lower than that of the pristine (329.5 Q), 1% LNO (200.5 Q), and 5%
LNO (169.9 Q) (see Table S3, Supporting Information and Figure 8f), which have similar characteristics
with the Rs. This shows that the coating layer can bring a high electronic conductivity and ion
conductivity, thus promoting the even distribution of lithium ions and electrons. (71) In addition, as
shown in Figure 8e, after 50 cycles at 5 C, the Nyquist plot of the samples looks like an arc in the low-
frequency region, corresponding to a finite Nernst diffusion process. (69,72) Obviously, after cycling,
the Rsf and Rct of the pristine are lower than those of 3% LNO, indicating that LNO inhibits the

occurrence of surface side reactions, which is well consistent with the results of XPS analysis (Figure

8g—i).

Activation energy at different temperatures can symbolize characters of the ionic conductivity, as
shown in Figure 6d,e. A typical Arrhenius equation is used to evaluate the degree of difficulty of

lithium-ion transport

1 —E
—_ :ﬂl —_—a .
B ’ E}{P[ BT ] (23)

where AQ is an exponential factor that is a constant for a given chemical reaction, related to the
frequency of particle collision; Ea is the activation energy of the reaction (usually given in Joules per
mole or J/mol); R is the universal gas constant; and T is the absolute temperature (in Kelvins). (73,74)
After being cycled at 0.1 C and then charged at a 3.7 V constant voltage for 10 h, the coin-type half
battery was used to measure the Rct at different temperatures. It is found that under the induction of
LNO coating, the corresponding energy barrier for the charge transfer in the modified samples is
alleviated (Figure 6g,h). The corresponding Ea for the pristine and 3% LNO electrodes are about
32.7779 and 27.3755 kJ mol™ (as shown in Figure 6i), respectively. The 3% LNO sample displays a
16.48% reduction of the energy barrier for the charge-transfer process in contrast to the pristine

sample, which is well consistent with the PDF analysis in Section 2.3.

To further understand the mechanism of ionic conductivity improvement, GITT was employed to
investigate the lithium-ion diffusion kinetics of pristine and 3% LNO samples. As shown in Figure 8a,b,
the electrochemical polarization can be evaluated by analyzing a selected point on the charging

platform (approximately 4.2 V). The AEt and AEs of the pristine sample are higher than the
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corresponding values of 3% LNO, showing the reduced polarization in the 3% LNO sample. Also, the
side reaction during the charging process for 3% LNO is efficiently suppressed, which is consistent with
the result of XPS and EIS. (75) Furthermore, as shown in Figure 8d, the lithium-ion diffusion coefficients
of the 3% LNO sample are overall larger than that of the pristine sample after one cycle under 0.1 C
(the overall GITT voltage response curves are shown in Figure 8c). Moreover, the H2 > H3 phase
transition in the dQ dV-1 curve corresponds to a sharp decline in the plot of the calculated lithium
diffusivity (Figure 1e). (41) The lithium-ion diffusion coefficient for the pristine sample decreases
abruptly during the H2 > H3 phase transition (4.2 V), but that for the 3% LNO cathode decreases
gently, reflecting a slight phase transition (Figure 8d). Therefore, the generation of the H3 phase can
affect the lithium-ion diffusion coefficient, which means that the internal structure influences the

performance at the surface.
3. Conclusions

To summarize, an LNO-coated coupled Nb>*-doped NCM88 cathode with crack-free instruction is
successfully obtained. Mechanically, according to the result of DFT calculations, the tendency of phase
transition (H1 > H2 - H3) is significantly alleviated by the excogitated of the interface force invoked
by the LiNbOs-functionalized coating layer. Meanwhile, the rigidity of the crystal structure is
remarkably strengthened by constructing the Nb—O binding activated with Nb5+ doping. Chemically,
the robust electrode/electrolyte is driven from the functionalized shielding layer, which is conducive
to protecting the electrode against electrolyte corrosion along with subsequent transition metal
dissolution, ultimately rendering a faster/highly convertible lithium-ion diffusion. As a result, an
ultrahigh cyclic and structural stability can be achieved by improving the mechanical and chemical
aspects at the same time. More encouragingly, this mechanics/chemistry strategy can contribute to
the development of a crack-free Ni-rich cathode to meet the needs of consumers for a new generation

of lithium-ion batteries.
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4. Experimental Section
4.1. Chemicals

All chemicals were purchased from Aladdin, without any supererogatory purification. They were used

to synthesize the target samples.
4.2. Materials Synthesis

The synthesized LiNip.ssC00.10Mno.0202 (NCM88) material is heated and stirred in a water bath at 80 °C
according to a certain stoichiometric ratio with a mixed solution of ammonium niobate oxalate and
lithium hydroxide (LiOH-H,0). (56) Heating and stirring are continued until the suspension evaporates
to dryness; then, the powder is scraped out and turned into a solid. After the powder is sufficiently
ground, it is transferred to a tube furnace. First, the temperature is increased to 400 °C at a heating
rate of 1.5 °C/min and then calcined for 5 h. Then, the temperature is increased to 750 °C at a heating
rate of 1 °C/min, and the calcination is performed for 10 h. The results show that according to the
LiNbO3 content of different mass fractions, the obtained materials are named 1% LNO, 3% LNO, and

5% LNO.

4.3. Materials Characterizations

The crystalline structure of composites was determined using a Rigaku Ultima IV powder X-ray
diffractometer with a Cu Ka radiation (A = 1.54059 A, 40 kV, 50.0 mA), scanned over a range of 5-120°
at a scan rate of 0.05°/step. The morphology, elemental distribution, and microstructure of
composites were measured by high-resolution field emission scanning electron microscopy (TESCAN
MIRA3 LMU) equipped with an EDS energy-dispersive X-ray spectrometer. STEM specimens were
prepared by FIB lift out using an FEI Helios NanolLab G3 UC FIB operating at 2—30 kV. The as-prepared
STEM specimens were investigated using an FEI Titan Cubed G2 60-300 aberration-corrected
TEM/STEM at 300 kV. Sub-angstrom resolution images were obtained using the STEM-HAADF
detectors with the inner and outer collection angles at 79.5 and 200 mrad, respectively. The HAADF
images presented here were Fourier-filtered to minimize contrast noise. The XPS (PHI 5000
VersaProbe Ill) measurements were performed to perceive the valence state of relative elements and
investigate the changes of the surface composition for as-prepared composites and electrodes with
monochromatic Al Ka (1486.6 eV) radiation operated at 72 W (6 mA, 12 kV) in a vacuum of about 2 x

10”7 mba. The Ni/Co/Mn L-edge and O K-edge were measured at the beamline U19 of the National
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Synchrotron Radiation Laboratory (NSRL, Hefei) in the total electron yield mode by collecting the
sample drain current under a vacuum better than 1077 Pa. The Ni/Co/Mn/Se K-edges were collected
at the BL11B station in the Shanghai Synchrotron Radiation Facility (SSRF, operated at 3.5 GeV with a
maximum current of 250 mA). STEM specimens were prepared by FIB lift out using an FEI Helios
Nanolab G3 UC FIB operating at 2—30 kV. First, a 1.5 um thick Pt layer (200 nm electron beam
deposition, followed by 1.3 um ion beam deposition) was deposited on the region to be extracted to
avoid damage by the Ga ion beam and to protect the coating. Then, the specimens were thinned to
~200 nm using a 30 kV Ga ion beam; a 5 kV Ga ion beam was used to thin to ~150 nm. Finally, 2 kV
Ga ions were utilized for final polishing to remove the surface damage layer and for further thinning
to electronic transparency. The as-prepared STEM specimens were investigated using an FEI Titan
Cubed G2 60-300 aberration-corrected TEM/STEM at 300 kV. Sub-angstrom resolution images were
obtained using the STEM-HAADF detectors with the inner and outer collection angles at 79.5 and 200
mrad, respectively. The HAADF images presented here were Fourier-filtered to minimize contrast
noise. EDS analysis was carried out using a Bruker Super EDX detector and a Gatan Image Filter

Quantum-966 system.
4.4, Electrochemical Measurements

Using NMP as a dispersant, the active material, super phosphorous and polyvinylidene fluoride were
mixed at a mass ratio of 7:2:1 to prepare a working electrode. (76) The slurry was then spread on Al
foil and dried at 120 °C in a vacuum oven. The mass loading of each electrode is about 3 mg cm™. The
CR2016 coin-type lithium half-cells were assembled in a glovebox filled with argon gas using the
Celgard 2400 membrane as the separator and 1 M LiPF6 in EC/DEC (1:1) as the electrolyte. The cycling
and rate performances were tested on a Neware battery testing system (Neware Co., Ltd, Shenzhen)
at varied current densities. CV and EIS were investigated by using the Autolab (MULTI AUTOLAB M204)

electrochemical workstation.
4.5. DFT Calculations

The first-principles calculations were performed within the DFT (77,78) framework by using the Vienna
ab initio simulation package (79) and the projector augmented-wave method (80) with the Perdew—
Burke—Ernzerhof generalized gradient approximation. (81) According to the former reports, (82) the
Hubbard U correction parameters (83) (Ueff = U-J) of Ni, Co, and Mn were set to be 6.2, 3.32, and 3.9
eV, respectively. The plane-wave cutoff energy was 500 eV. The total energy and residue atomic force
were converged up to 104 eV and 0.05 eV A-1, respectively. (83) 2 x 2 x 1 supercells of Lil—

xNi0.84Mn0.08C00.08 were used for the calculation. The Brillouin zone integration was carried out on
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Monkhorst—Pack grids (84) with a 7 x 7 x 3 k-point mesh. The crystal orbital overlap population (COOP)
was calculated using the LOBSTER code. (85)
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