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Ni-rich Co-free cathodes have attracted extensive attention for high-energy—density lithium ion batteries (LIBs).
However, structural and interfacial instability in these cathodes accelerates capacity degradation under high-
voltage operation. Herein, Ni-rich Co-free In/Sn dual-element modified cathode (InSn-LiNig gsMng 9Alp.0602,
InSn-NMAS85) was synthesized through a one-step sintering strategy. Dual-element doping along with the in-situ
induced LilnO, interphase synergistically prolongs the cycle life of the Ni-rich Co-free cathode under high
voltage (>4.5 V) as well as high temperature (>45 °C). Comprehensive characterizations combined with DFT
calculation confirm that In/Sn dual-element modification effectively increases Li*/Ni?>* mixing energy and ox-
ygen release energy, stabilizes the lattice structure, and improves the electrochemical performance. Meanwhile,
in-situ formed coating of LilnO, effectively protects the cathode from redundant cathode-electrolyte side re-
actions, preserves the layered phase, and further inhibits the generation of microcracks after cycles. The modified
cathode maintains superior capacity retention of ~ 100 % and ~ 90 % within the voltage range of 2.7-4.5 V at
30 °C and 45 °C, respectively, after 100 cycles. The modification strategy enables the Ni-rich Co-free layered
NMAS8S5 cathode to deliver comparable battery performance with NCM and NCA cathodes, which provides
promising approaches for the application of Ni-rich Co-free cathode in 4.5 V-class high-energy-density LIBs.

1. Introduction

With the ever-rising demand for high-energy—density lithium-ion
batteries (LIBs) nowadays, the development of high-voltage cathode
materials with high capacity has attracted considerable attention [1-3].
Ni-rich cathode materials, including LiNi;.x.,Co,MnyO; (NCM) and
LiNij xyCoxAl;O2 (NCA) (1-x-y > 0.5), with the a-NaFeOy structure
(R3m, space group) have high capacity and excellent electrochemical
kinetic characteristics, and show great potential in reducing cost and
improving energy density [4-6]. Co has been considered as an indis-
pensable component because it efficiently reduces Li*/Ni>t mixing,
facilitates 2D diffusion in the Li" plane, and improves the rate capability
of the cathode [7,8]. However, Co resources are scarce, expensive, and

highly toxic, which motivates researchers to research on Ni-rich Co-free
cathode materials [9]. Currently, Ni-rich Co-free cathodes still face
problems including surface residual alkali, deficient rock salt phase
formation and high-order Li*/Ni®** mixing [10-12]. These issues
severely damage the stability of cathodes, leading to structural collapse,
transition metal dissolution, irreversible phase transformation, and lat-
tice oxygen release, as a result, capacity dramatically degrades. Mean-
while, high temperature and high cut-off voltage operating conditions
are necessary to realize a wide range of environmental practicability and
elevated energy density. However, the structural stability of Ni-rich Co-
free cathodes is poor when cycling at high temperature and high cut-off
voltage. The high valence nickel ions are prone to irreversible reaction
with the electrolyte, and the surface will be gradually corroded by the
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electrolyte. As a result, the layered structure is gradually destroyed from
the inside out and the electrolyte is gradually consumed, eventually
leading to rapid battery failure [13]. So far, the application of the Ni-rich
Co-free cathodes is still quite challenging.

Doping is a low-cost and efficient strategy to alleviate the above-
mentioned problems and enhance the structural stability and electro-
chemical performance of NCM and NCA cathodes [14-16]. Usually, the
incorporation of high valence ions (such as Zr**, Ti**, Ta®*, Nb>+, W™,
Mo®") can form strong interaction with lattice oxygen. It effectively
prevents the release of lattice oxygen during cycling and induces the
formation of lithium vacancies, thus greatly improving the diffusion
efficiency of lithium ions [17,18]. Sn*" has larger ion radius and higher
valence state, which can effectively regulate lattice parameters and
reduce lithium ion diffusion barrier to improve lithium ion diffusion
efficiency, and it is a candidate element to inhibit the contraction of
lattice parameters in the ¢ direction under high charge state, inhibit the
migration of nickel ions, and reduce the release of oxygen [19]. Addi-
tionally, dual-ion co-doped Ni-rich cathodes exhibit improved perfor-
mance due to synergetic improvement effect compared with single ion
doping [20,21]. However, there are few studies on the synergistic effect
of Sn** and other transition metals ions in Ni-rich cathodes, especially in
the Ni-rich Co-free cathode system for high voltage (>4.5 V) and high
temperature (>45 °C) applications. Besides, the engineered surface
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structure of cathode, which is robust and stable, also plays a key role in
reducing the cathode/electrolyte interfacial side reactions and
improving the cyclability of the cathode materials [22]. In-situ formed
stable interphase is quite attractive to enable highly reversible cathode,
and various materials, like LisPO4 [23], LioMnOg3 [24], and Li;SiO3 [25]
have been utilized to establish stable interphase on the cathode. More-
over, it is imperative to understand the modification mechanism of the
Ni-rich Co-free cathode by cation doping.

In this work, we report a one-step sintering strategy to introduce In/
Sn dual-element modification in the Ni-rich Co-free cathode
(LiNiO.SSMn0.09A10.0602’ NMA85) and get the InSn-NMAS85 cathode
material. Structural evolutions of NMA85 and InSn-NMAS85 cathodes
during cycling are investigated by high-resolution transmission electron
microscopy (HRTEM), in-situ XRD, and DFT calculations, etc. to reveal
the modification effects at the atomic scale. In/Sn dual-element modi-
fication results in homogeneous doping in the NMAS85 cathode, which
not only effectively inhibits Li*/Ni2" mixing and stabilizes the lattice
oxygen to mitigate the Ni dissolution in the Ni-rich Co-free cathode, but
also improves the lithium ion diffusion efficiency and synergistically
improves the electrochemical performance of NMA85. Meanwhile, the
dual-element modification simultaneously facilitates an in-situ formed
LiInO2 coating layer on the surface. The in-situ formed LiInO, layer
successfully protects the NMAS85 particles from the erosion of

Fig. 1. Schematic illustration of synthesis, morphology and elemental distribution. (a) Schematic illustration of the synthesis route of the InSn-NMA85. (b)
SEM image of the NMAS8S5. (c) Cross-sectional HRTEM images of the NMAS85. (d) SEM image of the InSn-NMAS8S5. (e) Cross-sectional HRTEM images of the InSn-

NMASS. (f) HAADF mapping images of the InSn-NMA85.
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detrimental species generated by electrolyte decomposition and stabi-
lizes the cathode/electrolyte interface. The irreversible phase trans-
formation of NMAS85 and redundant cathode/electrolyte interfacial side
reactions during cycling are greatly suppressed by the synergistic effect
of the in-situ formed LiInOs layer together with the doping in the lattice.
This work provides an insightful strategy on the development of Co-free
Ni-rich cathodes for the high-energy—density rechargeable lithium bat-
tery with prolonged cycle life.

2. Results and discussion
2.1. Synthesis and characterizations

The InSn-NMAS85 cathode was synthesized via a one-step sintering
strategy. Briefly, as shown in Figure S1, the LiNip gsMng g9Alg 06(OH)2
with spherical particles of ~ 11 pm was selected as the precursor. The
modified cathode was synthesized by calcinating uniformly mixed
Ni0.35M1’10.09A10_06(0H)2, LiOH-Hzo and Il‘l205SI‘1, denoted as InSn-
NMAS8S5. As shown in Fig. 1a, Iny03 in InyOsSn reacts with LiOH and
forms LilnOy layer on the surface of materials (InoO3 + 2LIOH —
2LiInO; + H50) [26]. In addition, In and Sn enter the lattice of cathodes
as doping through high-temperature calcination [27], which will be
further clarified in the following characterization. For comparison, a
control sample calcined at the same temperature was obtained without
adding In,OsSn, denoted as NMAS8S5. The detailed synthesis procedure is
presented in the Experimental section.

SEM images (Fig. 1b, 1d) illustrate that both NMAS85 and InSn-
NMASS cathodes consist of spherical secondary particles with average
diameters of ~ 11 pm and are composed of primary particles less than 1
pm. Apparently, the introduction of InyOsSn in the InSn-NMAS85 does
not bring about discernable morphology differences from the NMAS8S5.
Cross-sectional SEM images (Figure S2) also show similar morphology
without any fractures. Energy dispersive X-ray spectroscopy (EDS)
mapping of InSn-NMAS8S5 in Figure S3 (Top-view) and Figure S4 (Cross
sectional-view) demonstrates that the Ni, Mn, Al, O, In, and Sn elements
are well distributed throughout InSn-NMA85.

X-ray photoelectron spectroscopy (XPS) was employed to analyze the
chemical states of the elements in the samples, and the results are shown
in Figure S5. There is no noticeable change of the peak position around
872 eV and 855 eV, corresponding to Ni2p; 2 and Ni2ps /o, respectively
[28-30], in the Ni 2p spectra for both samples. However, the proportion
of Ni%" in InSn-NMAS8S5 (38.2 %) is lower than that in NMAS5 (42.8 %),
which is beneficial to the formation of a more stable surface structure
with a lower Li*/Ni>* mixing [31]. XPS spectra of In3d and Sn 3d
further confirm that In and Sn co-exist in InSn-NMAS85. Deconvolution of
the In 3d spectra shows that the main peaks (444.1 eV and 451.7 eV) can
be attribute to the LilnO, species [26,32], confirming the existence of
LiInO; on the surface of InSn-NMAS85 and the occurrence of the above-
mentioned reaction between In,O3 and LiOH. The X-ray diffraction
(XRD) patterns of both cathodes are presented in Figure S6a. The results
show that NMA85 and InSn-NMAS8S5 can be completely indexed with a
well hexagonal a-NaFeO, structure (R3m, space group) [33]. The
apparent splitting of (006)/(012) and (018)/(110) peaks indicate a
well-formed layered structure with high crystallinity [34-36]. In addi-
tion, the (00 3) diffraction peak shifts towards lower 20 angles with the
In/Sn dual-element modification (a shift of 0.0205° as shown in
Figure S6b). Lattice parameters a and ¢ of InSn-NMAS8S5 are significantly
increased according to the Rietveld refinement results in Figure S7 and
Table S1, likely owing to the addition of large ion radius of In>* and
sn*t (1$7=0.8 A, r&F=0.69 A), which indicates that In and Sn are suc-
cessfully incorporated into the NMAS85 cathode lattice. Moreover, with
increasing In,OsSn content (InSn2-NMAS8S5 in Figure S6a), the charac-
teristic peak of LilnOy at ~ 22.6° (101) becomes apparent [37], which
reveals the existence of LilnO; and further confirms the occurrence of
reaction between In,OsSn and LiOH to form LilnO, in InSn-NMAS85,
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consistent with the XPS analysis. In addition, the Li*/Ni?* cation mix-
ing in the InSn-NMAS8S is greatly reduced and the Ipgs/I1o4 ratio is
increased (Table S1). The above results demonstrate that the In/Sn
dual-element modification effectively increases the crystallinity of the
cathode material by entering the lattice of NMAS85 as well as induces in-
situ formed LiInO; species.

The cross-sectional TEM and HRTEM were carried out at the surface
and bulk regions of NMAS85 and InSn-NMASS to further reveal the dis-
tribution of In/Sn and investigate the effects of In/Sn dual-element
introduction. As shown in Fig. le, the cross-sectional HRTEM images
in region @, i.e. the surface region, of NMAS85 show interplanar spacing
of 0.478 nm (part @-I and part @-II), corresponding to the (00 3) planes
of layered structure [38]. By contrast, the surface region @ in InSn-
NMAS8S5 (Fig. le) show two sets of interplanar spacing of 0.215 nm
(part @-I) and 0.478 nm (part D-II), corresponding to (101) planes of
LiInO; and the (003) planes of layered structure [26], respectively. It
demonstrates that the in-situ formed LiInO, islands distribute on the
surface of the NMASS5 particles in InSn-NMAS85, which may be beneficial
to protect the cathode from corrosion by the electrolyte. The cross-
sectional HRTEM images in the bulk regions @ for both NMA85 and
InSn-NMASS exhibit clear interplanar spacing of 0.478 nm and 0.242
nm (part @-III and @-1IV in Fig. 1c and 1e), which are the crystal planes
of (003) and (1 01) belong to the well-ordered R3 m layered structure. It
indicates that the dual-element modification does not affect the crys-
tallization of the cathodes, which is consistent with the above XRD re-
sults. Additionally, cross-sectional high-angle annular dark-field
imaging (HAADF) mapping further reveals that the Ni, Mn, Al, O, In and
Sn elements are well distributed throughout the InSn-NMAS85 cathode,
demonstrating successful doping of In and Sn into the inner lattice of the
crystal (Fig. 1f). Overall, based on the above analysis, it can be
concluded that the In and Sn have been concurrently doped into the
NMASS lattice by the one-step sintering method, which effectively in-
creases the crystallinity of NMAS85 cathode. Moreover, island coating of
LiInO; is in-situ formed along with the doping during the material
synthesis. LilnO, possesses a similar layered structure to the Ni-rich
cathode [26], thus LilnO; can easily combine with the cathode, effec-
tively maintain the layered structure, and distribute on the surface of the
cathode as coating.

2.2. Electrochemical performance

The electrochemical performance of the NMA85 and InSn-NMAS85
cathodes was evaluated in half cells at various temperatures, i.e. 30 °C
and 45 °C with a cut-off voltage of 4.5 V. Such conditions enable us to
comprehend the advantages of In/Sn dual-element modification in
alleviating H2-H3 phase transitions and inhibiting cathode/electrolyte
interfacial erosion at high temperature and high voltage. Fig. 2a-b
shows the charge/discharge curves of the NMAS85 and InSn-NMAS85
cathodes at 0.5C in 2.7-4.5 V at 45 °C. Both cathodes exhibit voltage
plateaus corresponding to phase transitions of H1-H2-H3. The phase
transition plateaus of NMA85 cathode decay faster than those of InSn-
NMASS5 cathode with cycling, especially for the H2-H3 phase transi-
tion plateau at 4.2-4.3 V, which nearly disappears in the 80th and 100th
cycles in NMAS85 cathode. Moreover, it is worth noting that the current
of both cathodes gradually decreases during trickle charge. Conse-
quently, the capacity loss caused by overpotential can be partially
restored, and a platform appears at 4.5 V. This constant voltage platform
is correlated with the overpotential generated by the polarization of the
electrode. The constant voltage charging platforms in the InSn-NMA85
cathode is more stable and correspond to way lower capacity than
those in the NMAS85 cathode even after 100 cycles (10.5 vs 22.7 mAh
g 1), indicating much reduced electrode polarization for the InSn-
NMASS cathode due to InSn dual-element modification. The voltage
curves at 30 °C (Figure S8) show similar trends, suggesting the
advantage of the dual-element modification in the InSn-NMAS85.
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Fig. 2. Electrochemical characterization. (a-b) Charge/discharge voltage curves for the NMAS85 (a) and InSn-NMASS5 (b) cathodes at 45 °C. (c-d) dQ/dV curves of
the NMAS8S5 (c) and InSn-NMAS85 (d) cathodes at 45 °C. (e-f) EIS curves of the fresh and cycled NMAS85 (e) and InSn-NMAS8S5 (f) cathodes in discharge state. (g-h)
Cycling performance of the NMA85 and InSn-NMAB8S5 cathodes at 30 °C (g) and 45 °C (h). (i) Rate performance of the NMA85 and InSn-NMAS8S5 cathodes at 30 °C. (j)
Cycling performance of the NMA85 and InSn-NMAS85 cathodes in full cell with graphite anode cycled between 2.7 and 4.3 V at 0.5C at 30 °C.

Differential capacity profiles (dQ dv1) were plotted by differenti-
ating the 20th, 50th, 80th, and 100th voltage curves to further under-
stand the reversibility of the electrochemical reaction and phase
transition in both cathodes during cycling, as shown in Fig. 2¢-d. Both
cathodes undergo a serious of phase transformation, from hexagonal
(H1) through monoclinic (M) to hexagonal (H2 and H3) during the
delithiation, and vice versa during lithation [39-41]. It is reported that
the redox peaks around 4.2-4.3 V are related to the H2-H3 phase tran-
sition, which results in a sudden unit cell lattice contraction in the c-
direction, and the cathodes are subjected to a severe mechanical strain
with an anisotropic volume shrinkage that eventually deteriorates dur-
ing cycling [27,42,43]. From the 20th to the 100th cycle, the voltage of

the H2 — H3 peak in the NMAS85 cathode is 4.317 V, 4.318 V, 4.337 V
and 4.371 V, respectively, and the voltage of the H2-H3 peak in the InSn-
NMASS cathode is 4.275 V, 4.271 V, 4.275 V, and 4.287 V, respectively.
The obvious shift of the H2 — H3 phase transition voltage in the NMA85
suggests obvious attenuation with cycling. The degradation is related to
the severe structural changes of the cathode caused by the mechanical
strain during the H2 — H3 phase transition. The increase of delithiation/
lithiation voltage polarization (potential gap between cathodic peak and
anodic peak), especially for the H2 — H3 — H2 phase transition, in-
dicates degraded reversibility and increased charge transfer resistance,
which could be caused by the accumulation of cathode electrolyte
interphase [44,45], irreversible surface structure transformation [46],
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and micro-crack generation [47], etc. By contrast, the delithiation/
lithiation peaks of the InSn-NMAS85 cathode are well maintained with
only slight variations during cycling, demonstrating that the In and Sn
dual-element modification can effectively suppress the structural
changes of the NMAS85 cathode.

Electrochemical impedance spectroscopy (EIS) of the as-prepared
and cycled cathodes was tested to further understand the interfacial
changes and Li" ions transport kinetics during cycling. Fig. 2e-f show
Nyquist curves of both electrodes with different cycles. The Nyquist
curves of both NMAS85 and InSn-NMAS85 cathodes in the fresh cells
exhibit one semicircle at high frequency regions corresponding to the
interfacial charge transfer resistance (R¢¢) and a slash at low-frequency
regions relates to the mass transfer controlled Warburg impedance
(Zyw) [48,49]. For the fresh samples, compared to the NMA85, the InSn-
NMAS5 shows lower interfacial charge transfer resistance and faster
mass transfer kinetics, indicating that the dual-element modification not
only efficiently reduces the interfacial resistance but also facilitates the
Li* transport. After cycles, additional semicircle in the high-frequency
region appears, which corresponds to the resistance of cathode elec-
trolyte interphase (CEI, R¢) [50]. The CEI resistance (Rf) and charge
transfer resistance (Rt are greatly reduced in the InSn-NMAS85 after
cycling, indicating a more conductive CEI layer is formed due to the
dual-element modification, which may be related to the promoted Li*
diffusion by the in-situ formed LiInO, layer [51]. With increasing cycle
numbers, the impedance of the NMA85 and InSn-NMAS85 cathodes in-
creases gradually, especially for the NMA85 cathode, owing to the
structural collapse of the cathode particles and continuous formation of
CEI layer. Compared with the NMAS85 electrode, the InSn-NMAS85
electrode exhibits much lower impedance (R¢ + R¢) even after 100 cy-
cles, indicating much better structural stability after In and Sn dual-
element modification in the sample.

The cycling stability of the InSn-NMASS5 is notably superior to that of
the NMASS5 cathode with the cutoff voltage of 4.5 V, as shown in Fig. 2g-
h. The InSn-NMAS8S5 cathode possesses discharge capacity of 185.2 mAh
g1 at 30 °C after 100 cycles, and capacity retention of ~ 100 % of its
initial capacity, which is superior to the NMASS cathode (164.8 mAh g !
and ~ 90 %) (Fig. 2g). It demonstrates that the InSn-NMAS85 cathode
owns more stable structure than the NMAS85 cathode to bear a high
cutoff voltage. Initially, some particles in the bulk are not accessible at
the beginning of the cycle, which is limited by the diffusion of lithium
ions. With prolonged cycling, the electrolyte gradually penetrates into
the electrode and lithium ion diffusion is facilitated, all active materials
are accessible and participate in the electrode reaction, so the specific
capacity has an upward trend at the initial stage, and similar phenomena
have been found in previous reports [52-54]. Additionally, the InSn-
NMASS cathode delivers a stable and promising material-level specific
energy density of 708.5 Wh kg ! at 0.5C and 30 °C after 100 cycles with
retention of ~ 99 % (Figure S9), while the NMAS85 cathode delivers
specific energy density of 596.2 Wh kg~! and inferior retention of ~ 88
%. Furthermore, the InSn-NMAS85 cathode can attain capacity retention
of ~ 90 %, (179.7 mAh g~ 1) after 100 cycles even at high temperatures
of 45 °C, higher than ~ 73 % (142.4 mAh g™!) capacity retention of the
NMASS cathode (Fig. 2h). The significantly enhanced cycling stability at
high temperature and high voltage is another benefit resulting from the
In/Sn dual-element modification, which stabilizes the cathode/electro-
lyte interface and ensures prolonged cycling life. The rate performance
for the NMAS85 and InSn-NMAS8S5 cathodes is further studied to evaluate
the influences of the dual-element modification on Li™ transportation
with various rates from 0.2C to 10C in the range of 2.7-4.5 V (Fig. 2i).
With the rate increase from 0.2C to 10C, the discharge capacity decrease
for both cathodes and the capacity of NMAS85 cathode exhibit a much
faster decrease than that of InSn-NMAS8S5 cathode. At 10C, the discharge
capacity of InSn-NMAS5 is around 140 mAh g}, which is much higher
than that of the NMAS85 cathode (~120 mAh g’l). Moreover, when the
current density returns to 0.2C, the discharge capacity of both cathodes
can recover to the original value, suggesting the structure of the samples
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are highly reversible after cycling at varying current densities. The
charge—discharge curves of the NMA85 and InSn-NMAS85 at various
current densities are shown in Figure S10. It is clear that the voltage
attenuation of NMASS5 is more severe than that for InSn-NMAS85 cath-
ode. The drop of reaction platform at high current density is suppressed
to some extent. This drop is related to the siginificantly increased po-
larization in the cathode and the capacity of the electrode cannot be
fully utilized, which are caused by reduced ion diffusion efficiency and
increased interfacial resistance at high current density. It suggests that
the In/Sn dual-element modification in InSn-NMA85 cathode may
facilitate the Li" transport and account for the increased rate perfor-
mance and reversible capacity retention, even under the harsh condi-
tions of high voltage and high temperature. The full cell consisting of the
NMASS and InSn-NMASS5 cathodes and graphite anode was fabricated to
further investigate the electrochemical performances of cathodes. As
shown in Fig. 2j, remarkably, the InSn-NMAS85 cell maintained a
reversible capacity of 176.2 mAh g™ ! after 200 cycles with an excep-
tional capacity retention of 100 % of its initial capacity, while the ca-
pacity retention of NMA85 cathode retains only 138.6 mAh g~1.

2.3. Investigation of structure and Cathode/Electrolyte interphase
changes

The detailed structural evolutions, especially against the H2-H3
phase transition, of the NMAS85 and InSn-NMAS85 cathodes during
initial lithiation/delithiation were characterized by in-situ XRD (Fig. 3)
to investigate their contributions to the improved electrochemical per-
formance of InSn-NMAS8S5. Fig. 3a-b show the initial charge/discharge
curves of the cathodes and corresponding contour maps of the (003),
(101),(104) and (018)/(110) reflections derived from the in-situ XRD
results. The NMA85 and InSn-NMASS5 cathodes experience similar H1 —
H2 — H3 phase evolution upon charging (delithiation), consistent with
the voltage curves and differential capacity profiles in Fig. 2 a-d. During
the initial delithiation of the two electrodes, (003), (101), (104), and
(018)/(110) peaks illustrate a well layered structure and show a
noticeable shift due to the initial phase transition from hexagonal (H1)
through monoclinic (M) to hexagonal. The (00 3) peaks shift to lower 260
angles before arriving at the local minimum at ~ 4.2 V, corresponding to
the H1-H2 phase transition, indicating an enlargement of lattice along
the c-axis, which is related to the increase of a stronger repulsive force
between oxygen atoms caused by the diminishing lithium-screening
effect within the Li slab in the layered structure [55]. Afterwards, the
(003) peaks shift backward to higher 20 angles to 4.5 V, which corre-
sponds to the H2-H3 phase transition with the lattice shrinkage along
the c-axes direction. Compared to the NMA85 with a maximum angle
shift of 0.32° during H2-H3 transition, the (003) peak of InSn-NMA85
only shifts by a lower maximum angle of 0.2°, illustrating that the
contraction along the c-axis of the InSn-NMASS5 is reduced. The lattice
shrinkage along c-axis is attributed to the continuous removal of Li*
which weakens the pillaring effect and accelerates the abrupt variation
in the interslab distance and structure collapse [50]. In addition, the
continuous shift of the (101) peaks to higher 20 angles during charging
up to 4.5 V indicates shrinkage of lattice along the a-axis owing to the
oxidation of Ni>* to Ni** ions [56]. The results demonstrate that the
InSn-NMAS5 possesses relatively more stable structure, especially at
high voltages. Fig. 3c-d summarizes the changes of lattice parameters
derived from in-situ XRD data for the two electrodes upon charging.
Initially, when the Li" ions are delithiated from the cathode, lattice
parameter c gradually increases (Fig. 3d), which enhances the electro-
static repulsive force in the adjacent oxygen plate slabs. At the same
time, the cation oxidation compensates for the charge variation, which is
then followed by the decreased ionic radius in the transition metal
layers, causing the a-parameter to decrease (Fig. 3c). Specifically, the
NMASS and InSn-NMASS display shrinkage of 1.98 % and 1.77 % along
the a-axes, respectively. For the NMAS85 electrode, when charging to
voltages higher than 4.2 V, the c-parameter decreases sharply due to
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Fig. 3. In situ XRD characterizations during initial delithiation/lithiation of the (a) NMAS85 and (b) InSn-NMA85, showing recorded charge/discharge curves and
contour plots of 003,101,104 and 018/110 reflections. (c) The variation of the a-axis parameter during delithiation for the NMA85 and InSn-NMAS85. (d) The
variation of the c-axis parameter during delithiation for the NMA85 and InSn-NMAS85.

irreversible oxygen loss and the associated transition metal migration
associating with the H2 — H3 phase transition. The ¢ parameter of
NMASS dramatically decreases to 14.07 A at 4.5 V, while that of InSn-
NMABSS slightly drops to 14.22 A. The maximum variation of ¢ param-
eter in the InSn-NMAS8S5 (1.46 %) is way smaller than that in the NMA85
(1.71 %). The significant c-axis contraction of the NMAS85 under high
voltage would lead to serious structure degradation. Severe lattice
changes are thought to be one of the major reasons for the rapid capacity
fade of Ni rich cathodes, and alleviating the lattice contraction is an
effective way to improve the capacity retention. For the InSn-NMA85
cathode, the greatly reduced lattice contraction during cycling
contribute to more reversible phase transition, as revealed in Fig. 2b and
2d. The variation of the shape and position of the (003) reflection is
greatly reduced, which may be ascribed to the inhibition of lattice
mismatch between reconstructed surface and interior bulk under high
voltage. The structural/volume changes, which is directly responsible
for the particle cracking/pulverization, associated with the phase tran-
sitions can be effectively suppressed during cycling in the InSn-NMAS85.
In addition, the lattice shrinkage along c-axes during H2-H3 transition is
less aggressive and slower in the modified InSn-NMA85, which would be
beneficial to avoid accumulation of internal strain and particle fracture/
cracks.

The structural evolution of cycled NMA85 and InSn-NMASS elec-
trodes after 100 cycles at 2.7-4.5 V and 45 °C were analyzed by cross-
sectional SEM and HRTEM, as shown in Fig. 4a-d, to further under-
stand the relationship between structural degradation and microcrack
generation. Cracks and particle fractures can be clearly observed in the
NMASS electrode (Fig. 4a and Figure S11a), exposing additional sur-
faces which would further accelerate the electrolyte penetration and
parasitic reactions through the intergranular gaps. In contrast, the InSn-
NMASS electrode is mechanically intact without visible cracks (Fig. 4c
and Figure S11b). As discussed above, the improved structural integrity
of the InSn-NMASS is associated with the effectively suppressed irre-
versible phase transitions during cycling. More detailed observation of
the irreversible phase transformation from ordered layered to disor-
dered rock salt structure in the NMA85 and InSn-NMAS8S5 electrodes was
obtained by HRTEM. Fig. 4b shows that there is a thick rock-salt NiO
layer of ~ 20 nm, i.e., region A indexed by the (200) plane of Fm3m

rock-salt phase, at the surface of the particle with layered phase (region
B indexed by (003) plane of layer NMA structure), after 100 cycles,
indicating severe structural degradation of the cycled NMAS8S5 electrode.
By contrast, the interplanar spacing of 0.230 nm, which corresponds to
(01 2) plane of layer structure, in both region A and B in Fig. 4d suggests
that the R3m structure are well-preserved in the cycled InSn-NMAS85
electrode. The rock-salt phase formed on the surface of the cathodes
during cycling indicates a structural collapse of the cathodes, which
would increase the interfacial resistance and elevates the barrier for Li™
transport [21]. In/Sn dual-element modification for NMAS85 electrode
effectively promotes the electrochemically and structurally stability
even at high-voltage circulation to avoid detrimental phase formation.

The improved structural stability of NMA85 by In/Sn dual-element
modification is expected to alleviate the detrimental interfacial side
reactions between NMAS85 cathode and the electrolyte as well as
enhance the reversibility of NMAS85 electrode during cycling. The
chemical compositions of the cathode-electrolyte interphase (CEI) layer
in the cycled NMAS85 and InSn-NMAS85S electrodes were examined by
XPS (Fig. 4e-h) to reveal the amelioration effect of the dual element
modification on CEI formation and interfacial reactions. The XPS survey
spectra demonstrate the presence of C, O, F and P elements in the CEI
(Figure S12). The peaks corresponding to C—C, C—H, C—0, C=0, and
OCO; bonds are observed in the C 1 s spectra for both NMA85 and InSn-
NMASS electrodes. The presence of C—C (284.8 eV) and C—H (285.4
eV) bonds is attributed to acetylene black and polyvinylidene fluoride
(PVDF) binder, respectively, while C—O (286.6 eV), C=0 (287.7 eV),
and OCO3 bonds (290.3 eV) are associated with lithium alkyl carbonates
(ROCO,Li), ROLI, and Li»CO3 which are the decomposition products of
carbonate electrolyte solvents [57] (Fig. 4e). Compared to the NMA85
electrode, the contribution related to the C—0, C=0, and OCO, species
in the InSn-NMABSS electrode is reduced, especially for the OCO; species,
suggesting less organic species produced by electrolyte decomposition
due to the In/Sn dual-element modification. Moreover, the M—O, LioCO3
and ROCO;, Li species are observed in the O 1 s spectra for both NMA85
and InSn-NMASS electrodes (Fig. 4f). The peaks of LioCO3 (531.6 eV)
and ROCO;Li (533.2 eV) are related to lithium alkyl carbonates as the
decomposition of carbonate electrolyte solvents. Compared with the
NMASS electrode, the peaks of Li;CO3 and ROCO;Li are detected for the
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Fig. 4. (a) Cross sectional SEM images of NMAS85 electrode after 100 cycles at 45 °C. (b) HRTEM images and the corresponding FFT images of the cycled NMA85
electrode. (c) Cross sectional SEM images of the InSn-NMASS5 electrode after 100 cycles at 45 °C. (d) HRTEM images and the corresponding FFT images of the cycled
InSn-NMASS electrode. XPS spectra of (e) C1s, (f) O 1s, (g) F1 sand (h) P 2p elements in the cycled NMA85 and InSn-NMAS8S5 electrodes after 100 cycles at 45 °C.

InSn-NMAS8S5 electrode with reduced content, which further validates
the suppressed carbonate decomposition accumulation on the inter-
phase between cathode and electrolyte [58-60].

Meanwhile, the O 1 s peaks at 529.3 eV is typically assigned to the
lattice oxygen (M—O) in the cathode. The larger lattice oxygen content
detected on the surface of InSn-NMAS5 (11.95 %) electrode than that of
NMAS8S5 (5.64 %) electrode implies the formation of a thinner CEI layer
in InSn-NMAS5 after cycling (Fig. 4f), which may be related to the
improved particle integrity and reduced cathode/electrolyte side re-
actions as demonstrate above. In terms of the F 1 s spectra, as presented
in Fig. 4g, the peaks located at 685 eV and 687.5 eV are attributed to the
LIF/NiF, and PVDF binder, respectively [61,62]. LiF/NiFy species are
originated from the decompositions products of LiPF¢ salts in the elec-
trolyte and dissolved transition metals (TMs) cations from the cathode
that caused by acidic species attack. Compared with the NMAS85 elec-
trode, the decreased peak intensities of LiF/NiFy are deducted on the
InSn-NMAS8S5 electrode, which indicates that acid corrosion and TMs
dissolution are effectively inhibited. Moreover, a stronger peak of PVDF
binder is shown for the InSn-NMAS85 electrode, which validates the
reduced electrolyte and electrode side reactions. In addition, the peaks
of P 2p spectra corresponding to LixPOyF, (134.1 eV) and LixPF (135.3
eV) bonds are shown Fig. 4h for both NMA85 and InSn-NMAS85

electrodes. Compared with the NMAS85 electrode, a weaker LiyPOyF,
peak shows up, which is beneficial to the formation of a stable CEI layer
that can prevent the cathode from being damaged by the electrolyte. As
a result, the continuous electrolyte consumption along with the inter-
facial side reactions and microcrack growth along with the phase tran-
sition/TMs dissolution, which are associated with the increase of
interfacial impedance and, are successfully suppressed by the stable CEI
on InSn-NMAS85 to avoid severe deterioration of the electrochemical
performances, consistent with the observed results in Fig. 2.

2.4. Electron density of state analysis

To further analyze the positive effects of In/Sn dual-element modi-
fication on the crystal structure and electrochemical performance, the
density functional theory (DFT) was used to calculate the Li/Ni ex-
change energies and the oxygen vacancy formation energies based on
substituting transition metal ion with In and Sn ions in InSn-NMAS85
cathode. Firstly, the doping sites of In ions are determined by clculat-
ing the formation energy of In doping in the Li (-0.08444 eV) or Ni
(-3.24057 eV) site in the lattice structure, and it turns out that In in the
Ni site is energetically more favorable. The atomic configuration of the
NMASS used for the calculation is shown in Fig. 5a-b and Figure S§13.
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As depicted in Fig. 5¢, the Li/Ni exchange energy is increased from
0.837 eV to 2.034 eV by the In/Sn dual-element modification, which
would effectively inhibit the Li-Ni cation mixing [63]. Specifically, due
to the similar ionic radius of Li* (0.76 A) and Ni** (0.69 A), the Ni%*" in
TMs layers can easily migrate to Li* sites in the Lit layers during syn-
thesis and cycling, leading to the Li/Ni mixing [64]. The removal of Li™
in the NMAS85 cathode, which possesses low cation mixing energy bar-
rier, more likely leads to Li-Ni cation mixing during delithiation
(Fig. 5d). When Ni?* occupies the Li* sites, such cationic mixing triggers
the phase transition from the layered phase (R3m) to the rock-salt phase
(Fm3m) during cycling, facilitates the lattice structural collapse and
generation of micro-cracks, further inducing severe cathode-electrolyte
side reactions and transition metal dissolution [65]. These changes in
turn increase the impedance and retard the diffusion of Li*, resulting in
poor cycle stability [66], which have been revealed in Fig. 2e and Fig. 4.
By contrast, the increased energy barrier of Li-Ni cation mixing enables a
more stabilized layered structure and integrated microstructure of InSn-
NMASS even cycled at high voltage and high temperature (Fig. 5e). It
can be related to the In/Sn dopants with relatively larger radius (0.8 A
and 0.69 ;\) compared with Ni®* (0.56 f\) and AI** (0.53 A). Combined
with the results of EDS, HRTEM and XPS, it is proved that Sn has been
successfully introduced into the lattice of NMAS85 cathode, which act as
“pillar” during delithiation to avoid the migration of Ni to the Li inter-
slab [21]. In addition, Sn** has higher valence state, which can effec-
tively inhibit the contraction of lattice parameters in the c direction
under high charge state, inhibit the migration of nickel ions and improve
the structural stability. As a result, the integrity of the lattice structure
can be well preserved, as revealed above, resulting in improved elec-
trochemical performance and prolonged cycle life.

Furthermore, the formation energy of oxygen vacancies in both
cathodes was also calculated. The oxygen vacancy formation energy in
the InSn-NMAS8S5 cathode is 2.068 eV, which is way higher than that in
the NMASS5 cathode (1.618 eV). Due to the energy band overlap between
transition metal ions and 0% (such as the 3d orbital in Ni and the 2p

orbital in oxygen), O tends to be oxidized in the high delithiated state
(i.e., high charged state) with the increase of applied voltage [67]. The
lower oxygen vacancy formation energy in NMAS85 makes it easy to
release lattice oxygen during repeated lithium removal/insertion,
resulting in an irreversible phase transition from layered structure to
surface spinel and rock salt phase combination (Fig. 5f). Once the oxy-
gen atom is released and reacts with the electrolyte, the TM-O bonds are
broken up. The transition metal ions will be reduced to the divalent
oxidation state and diffuse from the octahedral site of the transition
metal layer to the lithium layer [68], especially at high voltage and high
temperature. This harmful surface recombination will not only consume
active lithium sites but also form an insulating surface layer, which will
hinder the diffusion of lithium [69]. The lattice oxygen activity in InSn-
NMASS is effectively inhibited by its higher oxygen vacancy formation
energy, and series of adverse effects caused by oxygen release will also
be suppressed (Fig. 5g). The bond energy of In-O (360 kJ mol™?) is
similar to that of Ni-O bond (391 kJ mol ). However, Sn-O bond pos-
sesses way higher bond energy of 548 kJ mol !, which elevates the
barrier for the dissociation of oxygen atoms from the bulk in the sample
and ensures a more stable 0>~ anion skeleton in the InSn-NMA85 cath-
ode [31]. Therefore, the InSn-NMA85 cathode possesses improved
structural stability at elevated voltage and temperature, enabling the
excellent electrochemical performance. The detailed illustration of the
internal structural evolution for both cathodes is described in Fig. Sh.
For the NMAS5 cathode, the lower Li/Ni exchange energy and the ox-
ygen vacancy formation energy triggers the phase transition from the
layered phase (R3m) to the rock-salt phase (Fm3m) during cycling,
which facilitates the lattice structural collapse and generation of micro-
cracks, further inducing severe cathode-electrolyte side reactions and
transition metal dissolution. These changes in turn increase the imped-
ance and retard the diffusion of Li™, resulting in poor cycle stability. On
the contrary, for InSn-NMAS85 cathode, the increased energy barrier of
Li/Ni exchange energies and the oxygen vacancy formation enables a
more stabilized layered structure and integrated microstructure,
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resulting in much improved electrochemical performance.
3. Conclusion

In summary, we synthesized a Ni-rich Co-free In/Sn dual-element
modified cathode through a one-step sintering strategy. Comprehen-
sive structural and electrochemical characterizations provide clear in-
sights into the correlation between the microstructure of Ni-rich
cathodes and the corresponding capacity performance and mechanism.
In/Sn dual-element modification improves the structural and interfacial
stability in the Ni-rich Co-free cathode. Specifically, the In/Sn dual-
element modification not only effectively inhibits Li*/Ni?*" mixing but
also stabilizes the lattice oxygen. Meanwhile, the in-situ formed LiInO,
layer successfully protects the cathode from the erosion of detrimental
species generated by electrolyte decomposition and stabilizes the cath-
ode/electrolyte interface. As a result, the modified cathode maintains
superior capacity retention of ~ 100 % (185.2 mAh g~) and ~ 90 %
(179.7 mAh g™ 1) in 2.7-4.5 V at 30 °C and 45 °C after 100 cycles,
respectively. The full cell exhibits a remarkable capacity retention of
100 % after 200 cycles at 4.3 V with an exceptional discharge capacity of
176.2 mAh g~ 1. The key findings of this work highlight the development
of high energy density and the superior cycling stability of Ni-rich Co-
free cathodes under high voltage.
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ABSTRACT

Ni-rich layered oxide material with high theoretical capacity and low cost is one of the most promising cathode
candidates for high-energy-density lithium-ion battery. However, increase of Ni content triggers structural
instability and fast capacity degradation, which severely impedes the practical application of Ni-rich materials.
Here, a surface dual-modification layer of BO3 & LiBOj is introduced to Ni-rich material LiNip ggCog.0sMng, 0302
(NCM89), which successfully stabilizes the layered structure of NCM89 during cycling as well as removes re-
sidual lithium in NCM89. The in-situ X-ray diffraction and cross-sectional scanning electron microscopy results
demonstrate effectively improved structural reversibility and stability of the cathode. Moreover, the dissolution
of transition metals and decomposition of electrolyte at the cathode/electrolyte interface are successfully sup-
pressed, resulting in beneficial cathode electrolyte interphase (CEI) layer. As a result, the boron modified cathode
exhibits s a high capacity of 180.4mAh g! along with an excellent capacity retention of 90% after 100 cycles at
1C in 2.75-4.35 V at 25 °C, while the pristine NCM89 cathode only retains 59% of its initial capacity after 100
cycles. Furthermore, the capacity retention of full cell after 350 cycles is improved from 52.5% to 90%.
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1. Introduction

Growing markets of portable electronics and electric vehicles create
tremendous demand for advanced lithium ion batteries (LIBs) with high
power and energy density, and developing battery electrodes with high
capacity and energy density is one of the keys for next-generation LIBs
[1-6]. Ni-rich cathode material has attracted extensive attention owing
to its superior theoretical capacity (>200 mA g~1) [7] and energy
density (~800 Wh kg’l) [8]. Besides, it has impressive performance in
achieving capacity at high voltage range (>4.3 V) and reducing the
usage of cobalt metals to reduce cathode cost [9]. However, Ni-rich
cathode material suffers from some critical problems which impede its
application [10]. The Ni-rich cathodes have a high affinity to H,O and
CO4 in the atmosphere [11], and the surface remaining lithium oxides
(Li2O, Liz0o, etc) would react with HoO and CO; in the air and generate
lithium compounds (LiOH and Li»CO3), which is commonly referred to
as “residual lithium” [12]. The residual lithium (LiOH and Li;CO3) on
the surface result in potential safety issues, such as CO, generation
during lithiation and Oj release during delithiation, which not only
deteriorates the electrochemical performance but also could cause
catastrophic thermal runaway even explosion [13]. In addition, the
direct contact between the cathode and electrolyte causes parasitic
interfacial reactions, including severe depletion of electrolyte [14],
production of gases [15], element dissolution of Ni/Co/Mn [16], and
highly resistive cathode electrolyte interphase (CEI) layer. These are the
main causes of the structural instability, cracks generation and capacity
degradation of Ni-rich cathodes [17]. Stabilizing the lattice structure
and alleviating parasitic reactions would benefit the long-term cycla-
bility of Ni-rich cathodes.

Surface coating of Ni-rich cathode materials can effectively improve
the chemical and structural stability, and then enhance the electro-
chemical performance. Inorganic oxides (ZrOy [18], TiO2 [19], MgO
[20], Al;03 [21], SiOy [22], CeO, [23]) have been widely investigated
as surface coatings for Ni-rich cathodes. The inorganic oxide coating can
form a stable interface layer between the cathode and the electrolyte,
reducing the occurrence of side reactions and enhancing the structural
stability of the cathodes [24]. Strategies that utilize chemical com-
pounds to react with residual lithium (LiOH and Li3COs) on the surface
of Ni-rich cathodes have also been reported. For example, Zhu et al. [25]
reported a LigPOy4 coating layer to reduce the contents of surface residual
lithium through the reaction between surface residual lithium and
(NH4)2HPOy. Similarly, LisSiO4 with a small amount of Al was intro-
duced to modify LiNip gCog 15Alp.0502 by wet-chemical and solid-state
methods, leading to improved rate and cycle performance [11].
Recently, Liu et al. [26] reported a dual-modified approach to in-situ
synthesize an InpO3&LiInOy layer on the surface of Ni-rich cathodes,
which can improve the stability of Ni-rich cathode and reduce lithium
impurity on the surface of the material. Despite all the progress, it is still
challenging and critical to seek for appropriate modification material for
Ni-rich cathode in practical LIBs.

Herein, we report a facile wet coating strategy to synthesize dual-
modification layer of B2O3&LiBO2 on the Ni-rich oxide materials
(LiNig g9C0g.08Mng 0302, NCM89). With the help of chemical titration,
in-situ X-ray diffraction (XRD) and XPS analysis, etc., it is found that the
modification effectively reduces residual lithium, enhances the struc-
tural integrity of the NCM89, and improves the cathode/electrolyte
interfacial stability. The BoO3&LiBO5 dual-modifications prohibit suc-
cessive side reactions between the cathode and electrolyte. Structures of
the cathode can be well maintained without any severe irreversible
phase transitions and particle ruptures. As a result, the boron modified
LiNig.g9Cog 0gMng 302 (hereafter termed as B-NCM89) delivers a high
capacity of 180.4 mA/g at 1C with 90% capacity retention after 100
cycles. In full cell paired with graphite, the capacity retention is
improved from 52.5% (NCM89) to 90% (B-NCM89) after 350 cycles.
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2. Experimental section
2.1. Materials preparation

Nig.gg7C0g.09Mng 04(OH), precursor (Shaanxi Coal & Chemical In-
dustry) was mixed with LiOHeH,0 (Aladdin, analytical grade, 98%) in a
molar ratio of 1:1.03, and then calcined at 740 °C for 9 h in oxygen flow
to get LiNigg9gCog 0gMng o302 (NCM89). 1 wt% B(OH); (Macklin,
analytical grade, 99.9%) was dissolved into the anhydrous ethanol so-
lution and then NCM89 was added into the above solution. The mixture
was continuously stirred at 80 °C until the solvent was completely
evaporated. The obtained product was calcined at 300 °C for 10 h in
oxygen flow to get the desired boron modified NCM89 (B-NCM89).

2.2. Material characterization

The crystalline structure of the samples was characterized by X-ray
diffractometer (XRD Bruker D8 Advance) with Cu-Ka radiation (A =
1.5406 A) in the 20 range of 10°-80° at a step rate of 5° min~'. The
Rietveld refinement was performed using the GSAS software. Surface
morphology and cross-sections of the cathodes polished by argon ion
milling (IB-19530CB, JEOL) were characterized under a SEM (HITACHI
SU8010) equipped with an EDS detector. The surface chemistry of the
samples were characterized by X-ray photoelectron spectroscopy (XPS)
on an ESCALAB250Xi spectrometer with Al Ka radiation source (1486.6
eV). The residual lithium content of both samples were determined by a
chemical titration method. Briefly, 1 g of cathode material was added to
100 mL (A7) of de-ionized water and then stirred for 5 min. Afterwards,
the resulting suspension was filtered through a vacuum filtration system.
50 mL (A») of the filtered solution was titrated with 0.05 M HCI solution
with methyl orange and phenolphthalein as indicators. When phenol-
phthalein changed color, the reaction was suspended and the added
volume of HCl was marked as V;. The reaction in this process was LiOH
+ HCI=LiCl + H30 and Li;CO3+HCI=LiHCO3+LiCl. As the methyl
orange changed color again, the reaction was terminated, and the used
volume of HCl was labeled as V. The reaction in this process was LiH-
CO3+HCI=LiCl + H30. The contents of the residual lithium compounds
can be calculated based on the consumed amount of HCI solution with
the formula below:

(2Vi = Va) X Cher X Miion _ A

LiOH (wt.%) = 000w % % 100(we%) @

(V2 - Vl) x Char X Mpiyco, A

Li,CO; (wt.%) = 000 X X 100(we.%) @)
2

Li (ppm) = (LiyCO3% x 0.1879 + LiOH% x 0.29)*10000 3)

2.3. Electrochemical measurements

The cathode slurries were prepared by mixing the active material,
carbon black (super-P), and polyvinylidene fluoride (PVDF) (weight
ratio = 8:1:1) in N-methyl-2-pyrrolidone (NMP). The slurries were
coated onto Al foil with an active material loading of 3-5 mg cm™2 and
then dried in a vacuum oven at 120 °C for 12 h. 1.2 M LiPFg in ethylene
carbonate (EC)/ethylmethyl carbonate (EMC) (3:7 by weight) with 2 wt
% vinylene carbonate (VC) was used as electrolyte. The CR2032 half
cells were assembled in an Ar-filled glove box (both O and H»0 levels
below 0.01 ppm) using Li-metal, Celgard 2325 separator, electrolyte and
cathode electrode. Cells were cycled galvanostatically with Land
(CT3001A, Wuhan) between 2.75 V and 4.35 V at C/2 or 1C rate with a
trickle charge at 4.35 V. The rate capability was evaluated by cycling at
various rates (C/5, C/2, 1C, 2C, 5C, 10C, and 15C) for 5 cycles respec-
tively. Electrochemical impedance spectroscopy (EIS) was measured by
using a CHI760 electrochemical workstation with the frequency from
0.01 Hz to 1 M Hz and with a 5 mV amplitude by using half cells before
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and after cycles. The electrode was equilibrated for 1 h before the EIS
measurements, and the impedance data were analyzed using Z-view
software. For the galvanostatic intermittent titration technique (GITT)
measurement, a 600 s galvanostatic discharge pulse (C/10) was applied,
followed by an open-circuit relaxation of 3600 s. The galvanostatic
discharge pulse and relaxation test were maintained until the cutoff
voltage of 2.75 V. The diffusion coefficient was calculated according to
equation.

4 (mgVi\* (AE\’
D*E( M, ) (AE,) @
where 7 is the time of the galvanostatic current pulses, S represents the
contact area between the active material and electrolyte, AE; is the
change of the transient potential before and after the current pulses, and
AFE; is the change of the steady-state voltage. In addition, Vy;, Mg and mp
are the molar volume, molar mass and mass of the electrode material,

respectively. Full cells were cycled at 1C between 2.7 and 4.2 V at 25 °C
with a constant current-constant voltage charging mode.

LiOH, LiCOs, etc

B(OH)s coating } Pyrolyzing
by wet method .
NCMS89 2B(OH)s — B205+3H20 %)) 3

B(OH)3+LiOH—LiBO2+2H20

2B(OH)s+Li2CO3—2LiBO2+CO2:3H20  (3)
NCM89 'o. co: (&, mHO0
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3. Result and discussion
3.1. Microstructure of the materials

The schematics in Fig. 1a illustrate the formation process of the dual-
modification layer on the NCM89. B(OH)3 was introduced followed by
pyrolysis to establish the modification layer on the NCM89 material. The
amount of LiOH (Fig. S1) is decreased by ~9.8%, with an obvious drop
of Li,CO3 content by ~44.1%, due to the reaction between B(OH)3 and
residual lithium compounds. Dual-modification layer of LiBOy & B2Os,
which will be further characterized below, on the surface of NCM89
material is expected through the following reactions (5)-(7).

2 B(OH); — B»03+3H,0 5)
B(OH)3+LiOH—LiBO,+2H,0 (6)
2B(OH)3+LirCO3—2LiBO,+CO0»+3H,0 %)

The SEM images in Fig. 1b and c¢ and Fig. 1e and f displays that both
NCMS89 and B-NCM89 have spherical secondary particles with a diam-
eter of ~10 pm, consisting of ~500 nm primary particles. It demon-
strates that the microstructure of NCM89 is well maintained after the
introduction of boron species. The HRTEM images of NCM89 and B-
NCMS89 are shown in Fig. 1d, g. The interplanar spacing in Fig. 1d is

B20s, LiBO2

B(91H)3 coate‘i layer

o £
};{ B(OH)s

©® LiOH, Li2COs, etc

d(101)
0.241nm

d1
£

g1

d(003)
0.478nm

Fig. 1. (a) Schematic illustration of the formation of B,O3 & LiBO, dual-modification layer on NCM89. (b-c) SEM images of NCM89. (d) HRTEM images of NCM89
and corresponding FFT pattern (inset d1). (e-f) SEM images of B-NCM89. (g) HRTEM images of B-NCM89 and corresponding FFT pattern (inset g1). (h-m) EDS
mapping of B, Ni, Co, Mn and O in B-NCM89. (n-s) EDS mapping of the cross-sectional structure of B, Ni, Co, Mn and O in B-NCM89.
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0.241 nm, which is the (101) plane of NCM89. The interplanar spacing
in Fig. 1g is 0.478 nm, which is the (003) plane of B-NCM89. Compared
to NCM89, an amorphous layer with an average thickness of ~5 nm
disperses on the surface of B-NCM89, suggesting the existence of
modification layer on the surface of NCM89 particles. The EDS mapping
images in Fig. 1h-m shows a homogeneous distribution of the B, Ni, Co,
Mn and O elements on the surface of B-NCM89. In addition, the EDS
mapping (Fig. 1n-s) of the cross sections of B-NCM89 demonstrate that
boron species mainly exists on the surface layer.

The structure of the NCM89 and B-NCM89 was characterized by XRD
(Fig. 2a—c). The diffraction peaks in NCM89 and B-NCM89 belong to the
rhombohedral a-NaFeO, structure with the space group of R3 m, and
there is not any extra impurity peak. Both of them show clear peak
splittings around 37.5-39.0° and 64.0-65.5°, which are corresponding
to (006)/(102) and (018)/(110), respectively. The peak splitting sug-
gests both samples have high crystallinity and well-formed layered
structure [27]. The Rietveld refinement results of NCM89 and B-NCM89
are shown in Fig. 2d and e with the lattice parameters listed in Table S1.
The c/a value of both samples is greater than 4.9 and the intensity ratio
of (003)/(104) peaks is greater than 1.2, which indicates that both
samples have highly ordered layered structure and low degree of Li/Ni
cation mixing [14,28]. There is no obvious change of the lattice pa-
rameters, and the unit cell volume of B-NCM89 is comparable to that of
NCM89, suggesting that boron species mainly exist on the surface rather
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than occupy the NCM89 lattice. Deconvoluted XPS spectra of Bls, Cls,
O1s, Ni2p shown in Fig. 2f-i provide more information about the surface
chemistry of the NCM89 and B-NCM89. The peaks at 191.7 eV and
192.7 eV corresponding to LiBO3 and B,03 species [29,30], respectively,
are observed in B 1s spectra in B-NCM89 (Fig. 2f), consistent with
equations (5-7). The Cls spectra consist of peaks corresponding to CO3~
(288.8 eV), C-0 (286.6 eV) and C-C (284.7 eV) [31]. The contribution
of CO3"™ is decreased from 16.4% to 13.7% with boron addition (Fig. 2g),
confirming the reduced amount of LioCOj3 on the surface of the B-NCM89
cathode [32], which agrees well with the chemical titration results. The
O 1s spectra in Fig. 2h include peaks corresponding to the Oimpurity
(531.1eV) and Oyatice (528.7 €V) [33]. The Ojmpurity mainly relates to the
reactive oxygen species including O~, 0>~ and CO%~ in LiOH/Li,COs5
[34]. The Ojattice is derived from lattice oxygen 0> inM -0 (M = Ni,
Co, Mn) bond. The amount of oxygen impurities is greatly reduced
(84.3%—77.5%) by boron modification, which aligns with the reduced
amount of residual lithium by chemical titration and C 1s spectra.
Meanwhile, Fig. 2i demonstrates that more Ni®" appears on the surface
of B-NCM89 than on NCM89, which could be related to the
electron-deficient property of boron. The increased content of Ni** has
been proved to be beneficial to promote the structural stability of Ni-rich
cathodes [35].

al s b Cc
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3.2. Electrochemical performance

Electrochemical performance of the NCM89 and B-NCM89 were
evaluated in both half cells (vs Li/Lit) and full cells (vs graphite), and
the results are shown in Fig. 3. Fig. 3a and b shows the voltage curves of
the NCM89 and B-NCM89 over the cycling of 100 cycles at 1C. During
the initial cycle, both samples clearly display voltage plateaus corre-
sponding to H1-H2-H3 phase transitions. However, the plateaus of
NCMS89 decay much more rapidly than those of B-NCM89 over cycling,
especially for the H2-H3 phase transition plateau around ~4.2 V which
almost disappears after 100 cycles in NCM89. The rapid fade in voltage
profiles results from the increase in impedance upon cycling, which may
be related to the transition metal dissolution and the thickening of CEI
layers (further discussion in the following section) [36]. The average
voltage difference between the charge and discharge voltages in NCM89
is 0.7404 V, which is much higher than the 0.1982 V in B-NCM89 after
100 cycles. Compared to NCM89, the voltage curves of the B-NCM89
remain stable even after 100 cycles with slight changes, suggesting a
quite small increase of impedance in B-NCM89 and much better struc-
tural stability over NCM89. In addition, it should be noted that the
current gradually decreases in the process of trickle charge (i.e. constant
voltage charge at 4.35 V), as a result, the capacity loss caused by po-
larization can be partially restored and a platform presents at 4.35 V in
the voltage curves. This constant voltage platform is related to the
overpotential generated by the electrode polarization. The capacity
change related to this platform in Fig. 3a is 19.7 mA g~ ! after 10 cycles
and 40.1mAh g™ ! after 100 cycles, respectively, indicating severe elec-
trode polarization in NCM89 cathode after cycles. By contrast, the
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platforms account for only 4 mA g~! after 10 cycles and 27.9 mA g~}
after 100 cycles (Fig. 3b) in the B-NCM89 cathode, which suggests that
the introduction of B in the Ni-rich cathodes can effectively alleviate the
increase of electrode polarization. Charge/discharge voltage profiles at
0.5C are shown in Fig. S2 and demonstrate a similar trend to those in
Fig. 3a and b).

Corresponding differential capacity curves were plotted in Fig. 3c-d
and Fig. S3 to further understand the redox reactions and the phase
transitions in NCM89 and B-NCM89 during cycling. As shown in Fig. 3¢
and d, both of the NCM89 and the B-NCM89 profiles consist of three
pairs of redox peaks, which are associated with a series of phase tran-
sitions in NCM materials through hexagonal (H1) — monoclinic (M)
—hexagonal (H2) —hexagonal (H3) during charging (delithiation) and
the transitions in reverse order during discharging (lithiation) [3,27].
The redox peaks around 4.1-4.35 V are related to the H2-H3 phase
transition, which is known to be responsible for capacity fading [37,38].
The final H2—H3 phase transition leads to a sudden contraction of the
unit cell in the c-direction, as a result, the cathode materials are sub-
jected to a mechanically strained state that subsequently deteriorates its
rechargeability. The delithiation peaks of the NCM89 gradually tenuate
with cycling and the delithiation/lithiation voltage polarization in-
creases, especially for the H2—H3 phase transition. The phase transition
peaks of the NCM89 totally distort after 100 cycles, indicating poor
reversibility, which is consistent with the voltage profiles. The decay
and distortion of the redox peaks are due to the deteriorating revers-
ibility of the cathode, which is likely caused by the structural degrada-
tion of the cathode arising from the H2 — H3 phase transition. By
contrast, the reversibility of the redox peaks and phase transitions in the
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B-NCM89 is well maintained during cycling with only slight increased
delithiation/lithiation voltage polarizations, indicating an increased
structural stability of the cathode by boron modification.

EIS measurement for as-prepared and cycled cathodes was carried
out to further understand the relationship between the electrochemical
degradation and the interfacial evolutions during cycling. Fig. 3e and f
shows the Nyquist plots of the electrodes and corresponding equivalent
circuits at the fresh cells and after 100 cycles. For the as-prepared cells,
the intercepts at high frequency, which are assigned to the solution
resistance (Rg), for NCM89 and B-NCM89 are comparable (2.83 Q and
3.11 Q, respectively). The semicircle is related to the charge transfer
resistance (R.y) and the followed slope line relates to the Warburg
impedance (Zy,) [39]. The charge transfer resistance is reduced from
247.4 Q to 137.8 Q due to the boron modification, indicating that the
surface modification layer can facilitate the interfacial charge transfer to
some extent. After cycling, as shown in Fig. 3f, an increased semicircle in
the high-frequency region arises, which can be ascribed to the interfacial
resistance (R¢) due to the formation of cathode electrolyte interphase
(CED layer during cycling [40]. There is no obvious change of the in-
ternal solution resistance after cycling. The CEI resistance (inset in
Fig. 3f, Ry) is greatly reduced from 157.3 Q to 22.53 Q due to the boron
modification, indicating that a more conductive CEI layer is formed in
B-NCM89. The R of NCM89 increases dramatically to 643.6 Q, which is
way higher than that of the B-NCM89 (276.5 Q), implying the better
structural stability with the boron modification. Additionally, the mass
transfer controlled low-frequency regions in the fresh cells indicate a
faster kinetic in the boron modified B-NCM89 case. The diffusion
behavior of Li* in both samples were further evaluated by galvanostatic
intermittent titration technique (GITT). GITT results (Fig. 3g, GITT
discharge curves of both samples are plotted in Fig. S4) demonstrate that
the NCM89 and B-NCM89 show a similar change in conductivity
magnitude. The Df; values in the B-NCM89 are higher than those in the
NCMS89, indicating that the introduction of B facilitates the migration
and diffusion of lithium ions at the cathode/electrolyte interface, in
accordance with the EIS results in Fig. 3e. As demonstrated above, B
(OH);3 transforms to ByO3 and LiBO;, after reacting with surface lithium
residuals, and the formed modification layer would remarkably improve
the ionic conductivity and reduce the impedance increase during
cycling. The GITT and EIS results demonstrate that the B-NCM89 exhibit
better kinetic behavior, which can be related to the outstanding struc-
tural stability by the modification of boron species.

Fig. 3h and i shows the cycling performance of NCM89 and B-NCM89
material. Upon cycling at 0.5C, the B-NCM89 delivers a high discharge
capacity of 193 mA g~ ! and capacity retention of 92% after 100 cycles,
superior to the 184 mA g~* and 87% of NCM89. Additionally, the B-
NCMS89 cathode retains 90% of its initial capacity after 100 cycles at 1C
(180.4 mA g’l), much higher than 59% of the NCM89. In addition, a
series of cathode materials with different amount of boron were syn-
thesized by adjusting the addition of B(OH)3 to 0 wt%, 0.5 wt%, 1.0 wt
%, 1.5 wt% and 2.0 wt%, respectively. As shown in Fig. S5, the
reversible capacity and capacity retention follow a volcano-shape rela-
tionship with the boron contents. Therefore, the addition of 1.0 wt% was
selected to achieve the best modification effect. According to the reac-
tion equations (5-7), the addition of a large amount of B(OH)3; would
lead to a significant increase in the amount of the B,O3/LiBO2 and the
percent of ByO3, which not only affects the transmission rate of Li™ but
also reduces the content of active components, resulting in a certain
decline in the specific capacity and capacity retention [41]. Fig. 3j il-
lustrates the rate performance of both samples at different current
densities in 2.75-4.35 V. At relatively low current densities of 0.2C,
0.5C, 1C and 2C, both samples exhibit similar discharge capacity.
However, when the current density is greater than 5C, the discharge
capacity of B-NCM89 is much higher than that of NCM89. At 15C,
B-NCM89 cathode delivers a superior discharge capacity of ~120 mA
g~ !, about 53.5% of the discharge capacity at 0.2C, which is much
higher than that of NCM89. As shown in Fig. S6, the lithiation plateaus,
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which nearly vanish in high voltage ranges in NCM89 at high current
densities, are well maintained in B-NCM89. Cycling results of half cells
at 5Cin Fig. S7 further demonstrate the excellent cycling performance of
the B-NCM89 at high current density. As discussed above, the interfacial
charge transfer resistance is greatly reduced and the lithium-ion diffu-
sion coefficient is increased due to the existence of BoO3&LiBOy modi-
fication layer in B-NCM89. As a result, the reaction kinetics at the
cathode/electrolyte are facilitated, leading to an improved rate perfor-
mance at high current density. Lastly, the NCM89 and B-NCM89 cath-
odes were used in full cells paired with a graphite anode to illustrate
their practical viability. As shown in Fig. 3k, there is not obvious ca-
pacity degradation during the first 300 cycles in cells with B-NCM89,
and 93% capacity can be well reserved after 350 cycles. However, the
capacity of the NCM89 decays substantially after 200 cycles, and the
retention is less than 50% after 300 cycles. The full cell consisting
B-NCM89 was used to light up a light board and can provide stable
power supply (Figure 31).

3.3. Investigation of structure and cathode/electrolyte interphase change

The structural and phase evolution during delithiation/lithiation was
studied using in situ XRD measurements to investigate their possible
contributions to the enhanced electrochemical stability of B-NCM89.
Fig. 4a and b illustrate initial charge/discharge curves of NCM89 and B-
NCMS89 electrodes, together with contour maps of the characteristic
(003), (101), (104) and (018)/(110) reflections based on the recorded
XRD patterns in Fig. S8. Both NCM89 and B-NCM89 exhibit a similar
phase evolution upon charging (H1-H2—H3), which is consistent with
the voltage curves and differential capacity profiles in Fig. 3a—d. During
an early stage of delithiation, the (003)y; peak gradually shifts to lower
260 angles for both samples and finally evolves into (003)H2 at ~4.1 V,
which indicates an enlargement of lattice along the c-axes. The expan-
sion is attributed to the increase of oxygen-oxygen repulsion due to a
diminishing lithium-screening effect within the Li slab. Upon further
delithiation, the (003)H2 peak rapidly shifts backward to a higher 26
angle, accompanied by the H2-H3 phase transition, which implies the
lattice shrinkage along the c-axes direction [42]. The B-NCM89 elec-
trode exhibits a peak shift of 0.72° at high SOC, whereas a larger peak
shift of 0.86° and phase separation were observed for the NCM89 elec-
trode. The (110) peak as well as (101) and (104) peaks monotonically
shifts to a higher angle during the delithiation process, indicating the
lattice shrinkage along the a- and b-axes, which relates to the oxidation
of transition-metal ions (such as Ni** to Ni*") [43]. During lithiation
(discharge) process, the peaks returned to the initial 20 position and the
peak variations are in good accordance with previous reports [44,45].
However, there is an obvious peak widening in NCM89 which does not
occur in the fully discharged B-NCM89, indicating that the reversibility
of NCM89 crystalline structure is improved in B-NCM89 [46].

The detailed evolution of lattice parameters derived from Fig. 4a and
b are shown in Fig. 4c and d. The NCM89 and B-NCM89 display
shrinkage of 2.2% and 2.4% along the a-axes, respectively. The
maximum variation of ¢ parameter in the B-NCM89 (4.6%) is smaller
than that in the NCM89 (4.9%). Severe anisotropic lattice changes are
thought to be one of the major reasons for the rapid capacity fading of
high-Ni cathodes, and alleviating the lattice contraction has been proven
effective in improving the capacity retention. The in-situ XRD analysis
demonstrates that the B-NCM89 electrode can effectively alleviate the
severe lattice changes at high SOC, suggesting that the introduction of
boron containing modification layer can effectively mitigate the
intrinsic structural change associated with the phase transitions during
cycling [44]. The volume change during cycling is directly responsible
for the integrity of particles. Secondary particle cracking and pulveri-
zation in high-Ni cathodes is considered to be caused by dramatic lattice
changes during cycling [47]. Notably, the lattice shrinkage along the
c-axes in Fig. 4d is much quicker and more aggressive during H2-H3
transition than the expansion during initial delithiation of H1-H2
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transition, especially in NCM89 and this would cause severe accumu-
lation of internal strain and particle rupture.

In view of this, cross-sectional SEM investigations were performed on
the pristine and cycled cathodes. The uncycled cross-sectional SEM
images indicate that the overall primary particle array in both cathodes
is radial and there is no significant difference in the secondary particle
microstructure before cycling (Fig. 5a and d). However, NCM89 and B-
NCM89 display quite different features after cycling. Some of the
NCMS89 particles fracture into fragments and totally lose their original
secondary particle morphology (Fig. 5b and c), which is responsible for
the electrical contact lost with the current collector and CEI accumula-
tion at the interface. The particle rupture is caused by dramatic lattice
changes and the repeated strain from the abrupt volume contraction and
expansion during cycling, as demonstrated above in Fig. 4. The inter-
facial impedance would be elevated, and lithium-ion diffusion as well as
charge transfers would slow down. By contrast, the secondary particles
of the B-NCM89 are well maintained after cycling, with only small
cracks inside (Fig. 5e and f). The SEM images of the electrodes after 100
cycles in half cell and after 350 cycles in full cell are also shown in
Fig. S9 and Fig. S10. The secondary particles of NCM89 were crushed
into fragments, while secondary particles of B-NCM89 remained intact.
These results clearly testify that the B-NCMS89 is more resistant to
microcracking. In addition, the structural integrity and stability are
greatly improved which contribute to the improved electrochemical
performance of B-NCM89. As a result, the cycling degradation is sup-
pressed in the B-NCM89 cell compared with the NCM89 one.

XPS spectra of (a) C 1s, (b) O 1s, (c) F 1s and (d) Bls elements for
NCM89 and B-NCM89 cathodes after 100 cycles from 2.75 V to 4.35 V.

Additionally, XPS analysis on the cycled NCM89 and B-NCM89
further demonstrate the function of boron modification layer on the CEI
construction and the interfacial structural stability during cycling. For
Cls spectra (Fig. 5g), abundant carbonaceous species for cycled NCM89
and B-NCM89 on the surfaces were observed. Carbonaceous species
corresponding to C-C (284.4 eV), C-H (285.1 eV), C-O (286.2 eV), C =
O (288.4 eV) and OCO; (290.3 eV) can be attributed to the acetylene
black, PVDF binder, and carbonate electrolyte decomposition products

[48]. Compared to the NCM89, weaker peak intensities are observed for
the peaks associated with C-O, C= O, and OCO-, of the B-NCM89, sug-
gesting lower electrolyte decomposition amount on the surface of the
boron modified B-NCM89 material. Moreover, the O 1s spectra (Fig. 5h)
include peaks corresponding to the M — O (529.3 eV), LioCO3 (531.6 eV)
and ROCOsLi (533.2 eV) [49]. The amount of M — O (metal-oxide)
derived from the active material decreases from 44.4% to 24.5%%,
indicating a thinner CEI layer may be formed on the surface of
B-NCM89. In terms of the F 1s XPS (Fig. 5i), there is a dramatic sup-
pression in the formation of highly resistive LiF and NiF3 species in the
CEI layer after boron addition. Notably, these species are derived from
the LiPFg decomposition products that caused by acidic species attack.
Thus, the reduced LiF and NiF; content proves that chemical corrosion is
less intense in the B-NCM89 and the dissolution of transition metal is
inhibited after boron modification. Meanwhile, strong B 1s (Fig. 5j)
signals were observed in the cycled B-NCM89, which indicates the B
surface layer is not covered by thick CEIs even after prolonged cycling.
The observations above suggest that the boron modification can prohibit
successive side reactions between the cathode and electrolyte, suppress
transition metal dissolution, and facilitate more stable thin CEI layer on
the B-NCM89 during cycling. The interfacial structure and its stability
greatly contribute to the improved cycling performance of the
B-NCMS89.

4. Conclusion

In summary, this work proposes a modification strategy by
B203&LiBO; dual modification layer to improve the structural stability
and electrochemical performance of the Ni-rich LiNigp ggCog 0sMng 9302
cathode material. The chemical analysis shows that the boron modifi-
cation can effectively reduce residual lithium and further enhance the
interfacial stability. With the help of in-situ X-ray diffraction (XRD),
cross-sectional SEM and XPS analysis, it is found that B;O3 and LiBO,
species are present on boron modified LiNip ggCog.0sMng 9302 (hereafter
termed as B-NCM89). Severe lattice changes and particle ruptures of the
Ni-rich cathodes are successfully avoided in B-NCM89 while the layered
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Fig. 5. Cross-section SEM images of NCM89 (a) and B-NCM89 (d). Cross section SEM images of NCM89 (b-c) and B-NCM89 (e—f) after 100 cycles between 2.75 and

4.35 V (discharged state).

structure is well maintained during cycling. The B,O3&LiBO2 modifi-
cations can effectively prohibit successive side reactions between the
cathode and electrolyte and facilitate more stable CEIL As a result, B-
NCMB89 delivers a high capacity of 193 mA g~! and capacity retention of
92% at 0.5C, 180.4 mA g~ with 90% capacity retention at 1C after 100
cycles. For full cell paired B-NCM89 with graphite, there is not obvious
capacity degradation during the first 300 cycles in cells with B-NCM89
cathode, and 93% capacity can be well reserved after 350 cycles.
However, the capacity of the NCM89 containing full cell decays sub-
stantially after 200 cycles, and the retention is less than 50% after 300
cycles. This work enhances the understanding of the boron modification
effects on the Ni-rich oxide cathodes and provides insight for further
improvements to the state-of-the-art Li ion battery cathode materials.

CRediT authorship contribution statement

Yao Lv: Conceptualization, Methodology, Investigation, Writing —
original draft. Shifei Huang: Data curation, Writing — review & editing.
Sirong Lu: Formal analysis, Visualization, Investigation. Wenbo Ding:
Investigation, Writing — review & editing. Xiaoliang Yu: Validation,
Data curation. Gemeng Liang: Data curation. Jinshuo Zou:

Visualization. Feiyu Kang: Resources, Writing — review & editing.
Jiujun Zhang: Resources, Supervision, Project administration. Yidan
Cao: Conceptualization, Formal analysis, Writing — review & editing,
Project administration, Supervision, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This work was supported by Guangdong Basic and Applied Basic
Research Foundation (2019A1515110530), China Postdoctoral Science
Foundation (2021M691750), Shenzhen Science and Technology Pro-
gram (JCYJ20210324140804013, RCBS20200714115000219-Doctoral
Startup Project), and Tsinghua Shenzhen International Graduate School
(QD2021005N, JC2021007).



Y. Lvetal

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.jpowsour.2022.231510.

References

[1] K. Park, H. Jung, L. Kuo, P. Kaghazchi, C. Yoon, Y. Sun, Improved cycling stability
of Li[Nip.9Cop, 0sMng,05]02 through microstructure modification by boron doping
for Li-ion batteries, Adv. Energy Mater. 8 (25) (2018), 1801202.

[2] Y. Yang, R. Xu, K. Zhang, S. Lee, L. Mu, P. Liu, C. Wei, et al., Quantification of
heterogeneous degradation in Li-ion batteries, Adv. Energy Mater. 9 (25) (2019),
1900674.

[3] H. Ryu, K. Park, D.R. Yoon, A. Aishova, C. Yoon, Y. Sun, Li[Nij 9C0¢.09W0,01]02: a
new type of layered oxide cathode with high cycling stability, Adv. Energy Mater. 9
(44) (2019), 1902698.

[4] U.Kim, G. Park, B. Son, G.W. Nam, J. Liu, L. Kuo, P. Kaghazchi, C. Yoon, Y.K. Sun,
Heuristic solution for achieving long-term cycle stability for Ni-rich layered
cathodes at full depth of discharge, Nat. Energy 5 (11) (2020) 860-869.

[5] K. Wu, J. Wang, Q. Li, Y. Yang, X. Deng, R. Dang, M. Wu, Z. Wu, X. Xiao, X. Yu, In
situ synthesis of a nickel concentration gradient structure of Ni-rich
LiNig,gC00.15Al0.0502 with promising superior electrochemical properties at high
cut-off voltage, Nanoscale 12 (20) (2020) 11182-11191.

[6] Y. Lv, S. Huang, Y. Zhao, S. Roy, X. Lu, Y. Hou, J. Zhang, A review of nickel-rich
layered oxide cathodes: synthetic strategies, structural characteristics, failure
mechanism, improvement approaches and prospects, Appl. Energy 305 (2022),
117849.

[7]1 P. Hou, J. Yin, M. Ding, J. Huang, X. Xu, Surface/interfacial structure and
chemistry of high-energy nickel-rich layered oxide cathodes: advances and
perspectives, Small 13 (45) (2017), 1701802.

[8] Q. Tao, L. Wang, C. Shi, J. Li, G. Chen, Z. Xue, S. Wang, H. Jin, Understanding the
Ni-rich layered structure materials for high-energy density lithium-ion batteries,
Mater. Chem. Front. 5 (6) (2021) 2607-2622.

[9] C. Jung, D. Kim, D. Eum, K. Kim, J. Choi, J. Lee, H. Kim, K. Kang, S. Hong, New
insight into microstructure engineering of Ni-rich layered oxide cathode for high
performance lithium ion batteries, Adv. Funct. Mater. 31 (18) (2021), 2010095.

[10] J.U. Choi, N. Voronina, Y. Sun, S. Myung, Recent progress and perspective of
advanced high-energy Co-less Ni-rich cathodes for Li-Ion batteries: yesterday,
today, and tomorrow, Adv. Energy Mater. 10 (42) (2020), 2002027.

[11]1 J. Zheng, Z. Yang, Z. He, W Yu H Tong, J. Zhang, In situ formed
LiNip.gC00.15Al0,0502@ Li4SiO4 composite cathode material with high rate
capability and long cycling stability for lithium-ion batteries, Nano Energy 53
(2018) 613-621.

[12] Q. Xie, W. Li, A. Dolocan, A. Manthiram, Insights into boron-based polyanion-
tuned high-nickel cathodes for high-energy-density lithium-ion batteries, Chem.
Mater. 31 (21) (2019) 8886-8897.

[13] L. Qiu, W. Xiang, W. Tian, C. Xu, Y. Li, Z. Wu, T.- Chen, K. Jia, D. Wang, F. He,
X. Guo, Polyanion and cation co-doping stabilized Ni-rich Ni-Co-Al material as
cathode with enhanced electrochemical performance for Li-ion battery, Nano
Energy 63 (2019), 103818.

[14] F.Xin, H. Zhou, X. Chen, M. Zuba, N. Chernova, G. Zhou, M. Whittingham, Li-Nb-O
coating/substitution enhances the electrochemical performance of the
LiNipgMng.1C00 102 (NMC 811) cathode, ACS Appl. Mater. Interfaces 11 (38)
(2019) 34889-34894.

[15] S.S. Zhang, Problems and their origins of Ni-rich layered oxide cathode materials,
Energy Storage Mater. 24 (2020) 247-254.

[16] T. Li, X. Yuan, L. Zhang, D. Song, K. Shi, C. Bock, Degradation mechanisms and
mitigation strategies of nickel-rich NMC-based lithium-ion batteries,
Electrochemical Energy Reviews 3 (1) (2020) 43-80.

[17] H.M.K. Sari, X. Li, Controllable cathode-electrolyte interface of Li [Nip gCop.1Mng 1]
O, for lithium ion batteries: a review, Adv. Energy Mater. 9 (39) (2019), 1901597.

[18] W. Bao, G. Qian, L. Zhao, Y. Yu, L. Su, X. Cai, H. Zhao, Y. Zuo, Y. Zhang, H. Li,
Z. Peng, L. Li, J. Xie, Simultaneous enhancement of interfacial stability and kinetics
of single-crystal LiNig sMng 2C0g 202 through optimized surface coating and
doping, Nano Lett. 20 (12) (2020) 8832-8840.

[19] Q. Fan, K. Lin, S. Yang, S. Guan, J. Chen, S. Feng, J. Liu, L. Liu, J. Li, Z. Shi,
Constructing effective TiO, nano-coating for high-voltage Ni-rich cathode
materials for lithium ion batteries by precise kinetic control, J. Power Sources 477
(2020), 228745.

[20] M.R. Laskar, D.H.K. Jackson, S. Xu, R.J. Hamers, D. Morgan, Atomic layer
deposited MgO: a lower overpotential coating for Li[Nip sMng 3C00.2]02 cathode,
ACS Appl. Mater. Interfaces 9 (12) (2017) 11231-11239.

[21] K. Du, H. Xie, G. Hu, Z. Peng, Y. Cao, F. Yu, Enhancing the thermal and upper
voltage performance of Ni-rich cathode material by a homogeneous and facile
coating method: spray-drying coating with nano-Al,03, ACS Appl. Mater.
Interfaces 8 (27) (2016) 17713-17720.

[22] S. Lee, G. Park, S. Sim, B. Jin, H. Kim, Improved electrochemical performances of
LiNig.gCog.1Mng 102 cathode via SiO; coating, J. Alloys Compd. 791 (2019)
193-199.

[23] S. Dong, Y. Zhou, C. Hai, J. Zeng, Y. Sun, Y. Shen, X. Li, X. Ren, G. Qi, X. Zhang,
L. Ma, Ultrathin CeO, coating for improved cycling and rate performance of Ni-rich
layered LiNip 7Cog.2Mng, 105 cathode materials, Ceram. Int. 45 (1) (2019) 144-152.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[391]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Journal of Power Sources 536 (2022) 231510

U. Nisar, N. Muralidharan, R. Essehli, R. Amin, I. Belharouak, Valuation of surface
coatings in high-energy density lithium-ion battery cathode materials, Energy
Storage Mater. 38 (2021) 309-328.

J. Zhu, Y. Li, L. Xue, Y. Chen, T. Lei, S. Deng, G. Cao, Enhanced electrochemical
performance of LizPO4 modified Li[NipgCop1Mng 1102 cathode material via
lithium-reactive coating, J. Alloys Compd. 773 (2019) 112-120.

Y. Liu, L. Tang, H. Wei, X. Zhang, Z. He, Y. LiJ, J. Zheng, Enhancement on
structural stability of Ni-rich cathode materials by in-situ fabricating dual-modified
layer for lithium-ion batteries, Nano Energy 65 (2019), 104043.

L. Qiu, W. Xiang, W. Tian, C. Xu, Y. Li, Z. Wu, T. Chen, K. Jia, D. Wang, F. He,
X. Guo, Polyanion and cation co-doping stabilized Ni-rich Ni-Co-Al material as
cathode with enhanced electrochemical performance for Li-ion battery, Nano
Energy 63 (2019), 103818.

L. Tian, K. Liang, X. Wen, J. Zheng, Enhanced cycling stability and rate capability
of LiNig goCop.15Alp.0502 cathode material by a facile coating method,

J. Electroanal. Chem. 812 (2018) 22-27.

J. Li, Z. Liu, Y. Wang, R. Wang, Investigation of facial BoO3 surface modification
effect on the cycling stability and high-rate capacity of LiNi;/3C0;1,3Mn; /302
cathode, J. Alloys Compd. 834 (2020), 155150.

W. Hu, C. Zhang, H. Jiang, M. Zheng, Q. Wu, Q. Dong, Improving the
electrochemistry performance of layer LiNij sMng 3C00,202 material at 4.5 V cutoff
potential using lithium metaborate, Electrochim. Acta 243 (2017) 105-111.

Y. Liu, Y. Qiao, G. Wei, S. Li, Z. Lu, X. Wang, X. Lou, Sodium storage mechanism of
N, S co-doped nanoporous carbon: experimental design and theoretical evaluation,
Energy Storage Mater. 11 (2018) 274-281.

C. Lv, Z. Li, X. Ren, K. Li, J. Ma, X. Duan, Revealing the degradation mechanism of
Ni-rich cathode materials after ambient storage and related regeneration method,
J. Mater. Chem. 9 (7) (2021) 3995-4006.

L. Mu, Z. Yang, L. Tao, C.K. Waters, Z. Xu, L. Li, S. sainio, Y. Du, H. Xin,

D. Nordlund, F. Lin, The sensitive surface chemistry of Co-free, Ni-rich layered
oxides: identifying experimental conditions that influence characterization results,
J. Mater. Chem. 8 (34) (2020) 17487-17497.

B. Huang, D. Liu, K. Qian, L. Zhang, K. Zhou, Y. Liu, F. Kang, B. Li, A simple method
for the complete performance recovery of degraded Ni-rich LiNig 70C0g.15Mng 1502
cathode via surface reconstruction, ACS Appl. Mater. Interfaces 11 (15) (2019)
14076-14084.

J. Wang, Y. Nie, C. Miao, Y. Tan, M. Wen, W. Xiao, Enhanced electrochemical
properties of Ni-rich layered cathode materials via Mg?" and Ti** co-doping for
lithium-ion batteries, J. Colloid Interface Sci. 601 (2021) 853-862.

J. Kasnatscheew, M. Evertz, B. Streipert, R. Wagner, S. Nowak, I.C. Laskovic,

M. Winter, Changing established belief on capacity fade mechanisms: thorough
investigation of LiNi; 3C01,3Mnj,302 (NCM111) under high voltage conditions,
J. Phys. Chem. C 121 (3) (2017) 1521-1529.

N. Park, H. Ryu, G. Park, T. Noh, Y. Sun, Optimized Ni-rich NCMA cathode for
electric vehicle batteries, Adv. Energy Mater. 11 (9) (2021), 2003767.

T. Nguyen, U. Kim, C.S. Yoon, Y. Sun, Enhanced cycling stability of Sn-doped Li
[Nig.90C00.0sMng 05102 via optimization of particle shape and orientation, Chem.
Eng. J. 405 (2021), 126887.

C. Zhou, P. Wang, B. Zhang, L. Tang, H. Tong, Z. He, J. Zheng, Formation and effect
of residual lithium compounds on Li-rich cathode material Li; 35[Nip 35Mng 65102,
ACS Appl. Mater. Interfaces 11 (12) (2019) 11518-11526.

X. Qu, H. Huang, T. Wan, L. Hu, Z. Yu, Y. Liu, A. Dou, Y. Zhou, M. Su, X. Peng,
H. Wu, T. Wu, D. Chu, An integrated surface coating strategy to enhance the
electrochemical performance of nickel-rich layered cathodes, Nano Energy 91
(2022), 106665.

Y. Su, L. Li, L. Chen, L. Wang, Y. Lu, Q. Zhang, L. Bao, F. Wu, Enhanced
electrochemical performance of Ni-rich cathode materials with an in situ-formed
LiBO,/B203 hybrid coating Layer, ACS Appl. Energy Mater. 5 (2022) 2231-2241.
C. Jung, Q. Li, D. Kim, D. Eum, D. Ko, J. Choi, J. Lee, K. Kim, K. Kang, W. Yang,
S. Hong, Revisiting the role of Zr doping in Ni-rich layered cathodes for lithium-ion
batteries, J. Mater. Chem. 9 (32) (2021) 17415-17424.

J. Li, A. Manthiram, A comprehensive analysis of the interphasial and structural
evolution over long-term cycling of ultrahigh-nickel cathodes in lithium-ion
batteries, Adv. Energy Mater. 9 (45) (2019), 1902731.

X. Fan, X. Ou, W. Zhao, Y. Liu, B. Zhang, J. Zhang, L. Zou, L. Seidl, Y. Li, G. Hu,
C. Battaglia, Y. Yang, In situ inorganic conductive network formation in high-
voltage single-crystal Ni-rich cathodes, Nat. Commun. 12 (1) (2021) 1-13.

X. Huang, W. Zhu, J. Yao, L. Bu, X. Li, K. Tian, H. Lu, C. Quan, S. Xu, K. Xu,

Z. Jiang, X. Zhang, L. Gao, J. Zhao, Suppressing structural degradation of Ni-rich
cathode materials towards improved cycling stability enabled by a Li;MnO3
coating, J. Mater. Chem. 8 (34) (2020) 17429-17441.

S. Song, M. Cho, 1. Park, G.J. Yoo, K. Ko, J. Hong, J. Kim, S. Jun, M. Avdeev, S. Ji,
S. Lee, J. Bang, H. Kim, High-voltage-driven surface structuring and
electrochemical stabilization of Ni-rich layered cathode materials for Li
rechargeable batteries, Adv. Energy Mater. 10 (23) (2020), 2000521.

G. Nam, N. Park, K. Park, J. Yang, J. Liu, C. Yoon, Y. Sun, Capacity fading of Ni-rich
NCA cathodes: effect of microcracking extent, ACS Energy Lett. 4 (12) (2019)
2995-3001.

Y. Zou, F. Meng, D. Xiao, H. Sheng, W. Chen, X. Meng, Y. Du, L. Gu, J. Shi, Y. Guo,
Constructing a stable interfacial phase on single-crystalline Ni-rich cathode via
chemical reaction with phosphomolybdic acid, Nano Energy 87 (2021), 106172.
F. Wu, J. Dong, L. Chen, L. Bao, N. Li, D. Cao, Y. Lu, R. Xue, N. Liu, L. Wei, Z. Wang,
S. Chen, Y. Su, High-voltage and high-safety nickel-rich layered cathode enabled by
a self-reconstructive cathode/electrolyte interphase layer, Energy Storage Mater.
41 (2021) 495-504.



Applied Energy 305 (2022) 117849

Contents lists available at ScienceDirect
Applied Energy

journal homepage: www.elsevier.com/locate/apenergy

L)

Check for

A review of nickel-rich layered oxide cathodes: synthetic strategies, e
structural characteristics, failure mechanism, improvement approaches

and prospects

Yao Lv*, Shifei Huang ™, Yufeng Zhao ™, Swagata Roy °, Xionggang Lu®, Yanglong Hou ",

Jiujun Zhang "

2 College of Sciences and Institute for Sustainable Energy, Shanghai University, Shanghai 200444, China
b Department of Materials Science and Engineering, College of Engineering, Peking University, Beijing 100871, China

HIGHLIGHTS

e The capacity failure mechanisms are
emphatically summarized and
discussed.

e The improvement measures of nickel-
rich cathodes in recent years are
summarized.

e The prospects of nickel-rich materials
are summarized.

ARTICLE INFO

Keywords:

Lithium-ion batteries

Nickel-rich layered oxide cathode materials
Capacity failure mechanism

Strategies

Perspectives

GRAPHICAL ABSTRACT

ABSTRACT

Nickel-rich layered oxide cathode materials have high specific capacity and are environmentally-benign, hence
they are considered as the most relevant next-generation positive-electrode materials for lithium-ion batteries,
particularly for powering plug-in hybrid electric vehicles and battery electric vehicles. The rich nickel content in
layered oxides is highly beneficial in improving the energy density, but the cycle ability, rate capability and
thermal stability inevitably decrease with the increase of nickel percentage, leading to the gradual failure of
lithium-ion batteries. Therefore, it is an essential requisite to give a thorough review of previous research,
thereby providing a clear understanding of the relationships between the material structure and their electro-
chemical activities, and improving the electrochemical performances of nickel-rich layered oxide cathode ma-
terials through reasonable modifications. In this article, the structural characteristics and synthetic methods are
systematically reviewed. Particularly, the capacity failure mechanism and the corresponding improvement
strategies of nickel-rich layered oxides are emphasized and discussed from atomic scale to macro-scale along with
the latest literature review. A brief analysis of the perspectives is also presented with several possible research
directions for technical and commercial success of nickel-rich layered oxide cathodes.

* Corresponding authors.

E-mail addresses: huangsf2020@sz.tsinghua.edu.cn (S. Huang), yufengzhao@shu.edu.cn (Y. Zhao), jiujun.zhang@i.shu.edu.cn (J. Zhang).

https://doi.org/10.1016/j.apenergy.2021.117849

Received 23 June 2021; Received in revised form 25 August 2021; Accepted 7 September 2021
0306-2619/© 2021 Elsevier Ltd. All rights reserved.


mailto:huangsf2020@sz.tsinghua.edu.cn
mailto:yufengzhao@shu.edu.cn
mailto:jiujun.zhang@i.shu.edu.cn
www.sciencedirect.com/science/journal/03062619
https://www.elsevier.com/locate/apenergy
https://doi.org/10.1016/j.apenergy.2021.117849
https://doi.org/10.1016/j.apenergy.2021.117849
https://doi.org/10.1016/j.apenergy.2021.117849
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2021.117849&domain=pdf

Y. Lvetal
1. Introduction

Over the past century, the wide application of fossil energy, such as
oil, natural gas, coal and nuclear energy, has provided a strong driving
force for the development of human society and the world economy.[1-
9] Despite producing more and more energy from renewables each year,
the global energy mix is still dominated by coal, oil, and gas. Not only
does most of our energy ~ 84% of it come from fossil fuels, we continue
to burn more each year: total production has increased from 116,214 to
136,761 TWh in the last 10 years (Fig. 1a-b). However, the earth’s re-
sources are limited. With the continuous consumption of resources,
these resources will gradually dry up in the next 50-150 years (Fig. 1c).
With the global energy crisis and environmental pollution becoming
increasingly prominent, the development of energy-saving and envi-
ronmental protection related industries has been highly valued, and the
development of new energy vehicles has formed a consensus all over the
world. In 2020, the global sales volume of new energy vehicles increased
from 140,000 in 2012 to 3.07 million, with an annual compound growth
rate of 47%; Permeability increased from 0.2% to 4%. In the short and
medium term, the global energy conservation and emission reduction
policies will drive the rapid increase of the penetration rate of new en-
ergy vehicles. In the long run, intelligent upgrading will bring a sub-
versive revolution to the automobile industry and bring greater growth
space to the new energy automobile industry. In this context, the global
sales volume of new energy vehicles is expected to reach 10 million in
2025 and ~ 25 million in 2030, and the future market capacity growth is
expected to exceed ten times (Fig. 1d). Due to the requirement of high
energy density, the batteries used in electric vehicles are basically
lithium-ion batteries. Battery system is the component with the highest
cost in new energy vehicles, and its cost accounts for nearly 40%. With
the popularity of new energy vehicles, the scale of power battery in-
dustry is expected to grow rapidly. In 2020, the global lithium battery
output will be 747 GWh. Lithium ion battery super factory predicts that
the global lithium battery output will reach 2492 GWh in 2025, and the
compound growth rate from 2020 to 2025 will exceed 27% (Fig. 1e).

Further enhancement of the energy and power density of LIBs are
being highly focused in order to inflate their application in the EV
market, as well as in the renewable energy involving wind and solar
energy grid storage applications [10]. Electrode materials (cathodes and
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anodes) have a significant influence on the electrochemical performance
of LIBs such as volumetric/gravimetric energy density, cycle perfor-
mance, output potential and safety [11-21]. However, when compared
with the industrialized anode materials having high specific capacity,
such as graphite (372 mAh g~1), especially silicon carbon anode (greater
than600 mAh g’l), it has been observed that the cathode materials
chiefly restrict the energy density and power density of LIBs. Over the
past two decades, conventional cathode materials such as LiCoO3 [22]
with hexagonal layered structure and LiFePO4 [23] with polyanionic
olivine structure, as well as LiMnyO4 [24] with spinel structure have
been extensively studied. Among them, LiCoO, (140 mA h g™!) [25] is
widely used in traditional 3C field, but its application in large-scale
energy storage system is limited due to the lack of cobalt resources,
radioactivity, high price, poor overcharge resistance and cycle perfor-
mance of lithium cobalt oxide batteries [26]. The lithium ions in olivine
LiFePO4 (140 mAh g’l) [27,28] form a continuous linear chain with two
dimensional mobility, stable oxidation state, good safety, high temper-
ature performance and long cycle life, but their electronic as well as
ionic conductivities are low. Therefore, their rate performance needs to
be improved. LiMnyO4 (120 mAh g~!) is a low cost material, having
stable structure, excellent electronic and ionic conductivity as well as
safety but it suffers from capacity decay due to the structural distortion
upon charge/discharge cycles [29]. Till date, traditional cathode ma-
terials are mostly used in PHEVs and EVs, but cathode materials can only
deliver around 120-160 mAh g’l, which have significantly hindered the
far-ranging application of LIBs due to the limited specific energy.
Consequently, it will be difficult to satisfy the demand for passenger cars
in the future. Clearly, the pursuit for high specific energy is a key
research and development direction of LIBs in PHEVs and EVs. Recently,
the new generation of layered oxide cathodes, particularly the Ni-rich
oxides (LiNijx.yMxNyOp; x +y < 0.5; M. N = Co, Mn, Al, Mg, Ti etc.)
have attracted intensive attention due to their higher reversible capacity
(greater than200 mAh g~!) and specific energy (~800 Wh kg™!) as
compared to LiCoO, (140 mA h g~! and 570 Whkg™!) and LiMn,04
(120 mAh g~! and 440 Wh kg™ 1), and are entrusted with heavy task to
achieve the target of 350 Wh kg~! cell-level specific energy and long
endurance mileage by 2025 or sooner. Notably, Ni-rich oxide cathodes
like LiNiyCoyMn,O> and LiNixCoyAl,O> have solidified their status in
EVs. The 18650-type LIBs which utilized LiNiy gCoq.15Alg,0502 (NCA) as

Fig. 1. (a) Global primary energy consumption by source (Primary energy is calculated based on the ’substitution method’ which takes account of the inefficiencies
infossil fuel production by converting non-fossil energy into the energy inputs required if they had the same conversion losses as fossil fuels.) (Source: Vaclav Smil
(2017) &BP Statistical Review of World Energy). (b) Global primary energy consumption by source for 2019 (Our World in Data based on BP Statistical Review of
World Energy (2020)). (c) Industry estimates of economically viable fossil fuel reserves (Source:World Coal Association, World Nuclear Association, International Gas
Union Global Gas Report 2020, British Petroleum Statistical Review of world Energy 2020). (d) Annual sales of passenger pure electric vehicle (EV) and plug-in
hybrid electric vehicle (PHEV) (Source: Bloomberg, electric vehicle outlook 2019). (e) Battery manufacturing capacity (Source: “lithium ion battery super factory

evaluation”, benchmark mineral intelligence, March 2021).
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cathode materials have already been successfully used in Tesla Model 3
for EV application, with an advantage of more than 200 miles of ranges
per charge. The above two cathodes were derived from LiNiO,, which
have a high theoretical capacity of 278 mAh g~!. Multiple phase tran-
sitions rapidly deteriorate the discharge capacity of LiNiO, during
delithiation while the intrinsic structural instability seriously hinders its
commercial application. In order to prevent multiple phase transitions,
Li[Nig gCog.15Al0.05]102 cathode materials were prepared by introducing
Co®" and AI** into LiNiO, to stabilize the structure. In another example,
Ni was partially replaced by Co and Mn to form Li[Nip gCog 1Mng 1]02
with a good capacity retention.

Till date, many researchers have shown great interest in Ni-rich
layered materials, and numerous types of Ni-rich materials have been
studied. Sun et al. synthesized Ni-rich LiNiyCoyB,02 (NCB) [30] and
LiNiyCoyW,02 (NCW) [31] cathode materials by replacing Mn with B
and W. Again, cobalt is highly expensive ($9000/ton) and also it is
scarcely available in the earth’s crust. Thereby, reducing or eliminating
Co in Ni-rich materials has gradually become a consensus in the in-
dustry. In recent years, a renewed interest in LiNiO4 with substitutions of
cations other than Co, viz., LiNig gMng 102 [32], LiNig.95Mgg.0502 [331,
LiNig 94Al0.05Mg0.0102 [34], and LiNig.96Mgo.02Ti0.0202 [35] have also
been reported. However, the electrochemical performance and the
control of element composition in cobalt free materials are not satis-
factory. There are only a few long-term test reports that meet com-
mercial standards. Good electrochemical performance, cost efficacy and
high voltage are the notable features which have impelled high nickel
and ultra-high nickel rich cathodes to be the major research interests as
the next-generation of high energy density cathodes in the medium and
long tenure. At the same time, some new cobalt free (LNMO:
LiNig.sMnj 504, NMA: LiNiyMnyAl,0) and lithium rich (LMR: Li; , nM1.
nO2) cathodes are still in their initial stage of investigation [36].
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Compared with Ni-rich cathodes, Li-rich layered oxide cathodes (LMR)
can be can be represented by xLioMnO3-(1-x)LiMO2 (M = Mn, Ni, Co, Fe,
etc.), which are generally considered to be composed of LiMO, and
LioMnOs component. LiMO2 have a typical rhombohedral crystal
structure with R;m space group, Li" occupies octahedral 3b sites and
TMs (Ni, Co and Mn) occupy octahedral 3a sites. The structure of
LisMnOg (space group C2/m) is similar to LiMOs, but one-third of the
TM sites are occupied by Li* ions [37]. The structural transformation
caused by cation migration during charge and discharge, and the acti-
vation of low potential Mn**/3* redox pairs caused by the redox process
of irreversible oxygen (lattice oxygen release, 0> —0,). Compared with
Mn and Co ions, Ni ions have higher and more stable redox potential
[38]. The increase of nickel doping can improve the structural stability
and oxygen redox reversibility of the material, so it can improve the
capacity retention rate, inhibit the voltage attenuation, and obtain high
energy density and long cycle stability [39]. In the long run, it is ex-
pected to break the monopoly of NCM and NCA in the Ni-rich cathodes
and high energy density LIBs (Fig. 2).

The higher Ni content can result in higher charge-discharge capac-
ity, however at the same time it can also be accompanied with accel-
erated capacity fading and poorer thermal stability as well as safety
properties. The main reasons that cause capacity decay for Ni-rich
cathodes can generally be summarized as following:1) environmental
factors; 2) intrinsic structural factors; and 3) electrochemical parame-
ters. The increase of nickel content makes the cathode materials more
sensitive to temperature, moisture and carbon dioxide in the air, which
is detrimental to the intrinsic structure and the stability of the structure
during repeated charge/discharge [40]. Owing to the influencing factors
of its intrinsic structure, secondary spherical particles formed by the
accumulation of primary spherical particles in Ni-rich layered oxide
cathode materials may lead to Li"/Ni?" mixing, thereby formation of,

Fig. 2. (a) The mass and volume specific energy density for a series commercialized, next-generation and emerging cathodes for LIBs (LNMO: LiNip sMn; 504; LMR:
Li; 1 nM;.,02; HV: high-voltage.). (b) The battery cell cost difference ratio of NCM523 and NCM811 in medium and long term development.
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rock salt phase (NiO) and residual alkali (LiOH and Li,CO3) on the
surface during the synthesis, diminishing the reversible capacity and
stability.

In addition, the continuous Li" conduction channel formed by the
radial distribution of grains can reduce the non-uniformity of charge
distribution in the secondary particles and improve the stability of NCM
during repeated charge/discharge, but it can have adverse effects on the
structural integrity of the particles [41,42]. At the same time, a small
number of vacancies, dislocations and lattice distortion are found as the
intrinsic defects. Unstable structure of nickel-rich cathodes can be held
responsible for several degradation phenomena induced by cycle and
accompanied by the phase transition of defect chain reaction (DCR)
[43]. The electrochemical parameters mainly include the structural
degeneration of cathode material which is induced by both cycle process
and the influence of discharge depth (DOD). During the cycling process,
the phase transition of H2 — H3 occurs, which leads to oxygen release.
The change of lattice constant/cell volume results in the occurrence of
stress, which further leads to micro cracks and breakage of particles. The
electrolyte immerses the particles, which further aggravates the side
effects and affects the electrochemical performance. After a certain
number of cycles, Ni/Co/Mn metal elements precipitate and dissolve,
and the change of material structure leads to the loss of active material
and decrease in capacity. Meanwhile, removal of lithium, especially in
the deep charged state, involves multiple phase transitions instigating
inherent instability of the materials, which hinders the further devel-
opment of Ni-rich positive electrodes [44,45]. Transition metal ions and
02 have energy band overlap (such as 3d orbit of Ni and 2p orbit of
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oxygen). Hence, with the increase of applied voltage, 0%~ is oxidized and
peroxy species or superoxide species are formed. While the electrode is
deoxidized, the transition metal ions form unstable high oxidation by-
products resulting in interface phase transition. Besides, the electro-
lyte oxidation reaction on the electrode surface can have a significant
impact on the improvement of their activity (Fig. 3) [46].

The performance degradation of subsequent cycles can be attributed
to several causes like complex chemical and mechanical interactions
among lithium diffusion, anisotropic lattice strain, surface oxygen con-
sumption and cathode particle deterioration. Among them, the transient
performance of particle size of material remains the key factor of
diffusion and deterioration process. Once the electrochemical process is
interrupted for diffraction measurement, the charge rebalancing will
occur, the movement of lithium ions will be along the radial direction of
the particles and the anisotropy of the lattice parameters will be masked.
Therefore, it is indispensable to use high-resolution experimental tech-
nology (such as submicron focused operando synchrotron radiation X-
ray diffraction and in situ stacking tomography nano imaging) in time
and space dimensions in order to explore the undisturbed charge
discharge process for better understanding of the potential decomposi-
tion degradation mechanism [42] (Fig. 3). Researchers have carried out
a series of improvement strategies such as lattice doping, surface
coating, morphology design, regulating the crystal structure and elec-
trolyte modification on the performance degradation mechanism of Ni-
rich layered oxide cathode materials. In addition to the conventional
doping, coating and electrolyte modification, the current research
technologies for large-scale production include single crystal

Fig. 3. Schematic diagram of failure factors, evolution process and characterization technology development of Ni-rich layered cathodes.



Y. Lv et al.

preparation [47] and regulating the morphology (core-shell, radial
primary particles, etc.) [48,49].

In this paper, the synthesis, structure and redox mechanisms of Ni-
rich cathode materials are briefly introduced. As a key point, we have
mainly focused on the failure mechanism of Ni-rich cathode materials,
through a large number of recent research progress analyses. For the first
time, the three factors and their mutual influence on the failure of Ni-
rich cathode materials have been summarized. Furthermore, combined
with some advanced characterization techniques, the latest capacity
failure mechanism (such as temperature effect at full charge; charge
distribution guided by grain crystallographic orientations in poly-
crystalline battery materials; structural evolution induced by crystal
defects; influence of discharge depth et al.) of Ni-rich cathode materials
and the modification approaches to solve these problems are analyzed
(Fig. 4). Also, a detailed venation chart, depicting the remaining chal-
lenges and perspectives of Ni-rich oxide materials in recent years has
been drawn. Finally, the new insights of Ni-rich cathode materials are
discussed, which expand the research fields and promote their practical
applications.

2. Preparation methods and electrochemical performances

The preparation methods have a significant influence on the micro-
structure and electrochemical properties of Ni-rich layered materials.
High temperature solid phase method, co-precipitation method, sol-gel
method, spray drying method and combustion method are the few major
synthesis techniques discussed here in detail.

Applied Energy 305 (2022) 117849
2.1. High temperature solid phase method

In high temperature solid state method, the lithium source and the
transition metal salt in accordance with the stoichiometric ratio are
directly taken in the ball mill. The uniform mixture thus formed is pre-
sintered at low temperature followed by sintering of the same at a higher
temperature, to obtain the desired powder products. The non-uniformity
of reaction during the synthesis has been considered as the major
drawback of this method. The morphology and particle size distribution
of the prepared materials are quite different. Consequently, only a few
researchers use this method to synthesize Ni-rich cathode materials, and
it is also not suitable for industrial production. Caballero et al. [50]
developed a simple, rapid and direct method for synthesizing nano-
crystalline oxides with either layered or spinel structures, including
LiMny04, LiCoOy, LiNip sMnj 504, and LiCog sNig.502. The approach is
based on the thermal decomposition by one step solid-state metathesis
reactions of mixed nano-crystalline oxalates formed by grinding oxalic
acid and hydrated salts. Saavedra-Arias et al. [51] synthesized LiNig g
Cop.1Mng 10, cathodes by solid-state reaction route using Li»O, NiO,
Co304 and MnO,. The reagent mixtures were first ball-milled for 24 h in
isopropanol and the resulting mixture was dried at 60 °C. Subsequently,
the powder was calcined at 450 °C for 4 h and sintered at higher tem-
peratures. X-ray diffraction (XRD) and Raman scattering (RS) spectra of
various stages of lithiation-delithiation processes portrayed that the well
layered structure is maintained throughout the electrochemical process
along with the systematic change of lattice parameters in the range of
3.0-4.5 V. The initial discharge capacity obtained was 132 mAh g~!

Fig. 4. Schematic diagram of structural characteristics, preparation method, failure mechanisms and modification of Ni-rich layered cathodes.
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while the capacity retention rate was 86% after 20 cycles.

2.2. Co-precipitation method

Co-precipitation method can address the problems of inhomoge-
neous mixture and wide particle size distribution which were found in
traditional solid-phase method. By controlling the concentration of raw
materials, droplet acceleration, stirring speed, pH value and reaction
temperature, core-shell structure, spherical, nano flower and other
morphologies with uniform particle size distribution can be prepared.
The development of Ni-rich materials cannot be separated from the
promotion of precursors. At present, Ni-rich materials face problems of
secondary spherical particles breaking and pulverizing, which not only
prevents it from participating in the charging-discharging process, but
also creates more side reactions in the new interface of cracks. The above
problems deteriorate the comprehensive performance in LIBs. In order
to obtain a stable granular crystal structure and excellent comprehensive
performance, it is necessary to design the whole process from the pre-
cursors. The co-precipitation method is a feasible approach for indus-
trialized preparation of Ni-rich materials precursors [52]. For better
understanding of the growth mechanism of Ni-rich precursors, a brief
description of their formation has been provided. The precursor is pre-
pared by mixing Ni, Co and Mn salts together and forming a soluble
mixed solution. Hereafter, NH3 and NaOH are further added to the
former solution to form Ni-rich materials precursors by controlled re-
action conditions. The reaction equations are as follows.

M + NH3 — [M(NH;3),]** €8]
[M(NH3),]>" +OH —M(OH), + 3NH; 2

From the above equation it can be seen that M salt first reacts with the
NHs-H,0 to form [M(NHsz),]%", and then OH™ replaces to form M(OH),.
In order to show the reaction process more vividly, Yang et al. [53] used
the stick model in the above equation. Reaction equations and the stick
growth model can provide a clear picture of the growth process of pri-
mary particles. By controlling the reaction conditions viz. temperature,
pH, stirring and flow rate, the primary particles were gradually
agglomerated into spherical secondary particles. Islam et al. [54],
through his experiments, offered a better understanding of the influence
of reaction conditions on the co-precipitation process. LiNiggMng o
Cog.202 materials were synthesized by co-precipitation method and the
effects of the synthesis parameters such as stirring speed, pH and sin-
tering temperature on the structural characteristic, particle size,
morphology and cyclic stability were discussed in detail. The results
show that the pH is the most important factor for the synthesis of pre-
cursor, because it affects the tap density and the morphology. The pH
value of 10.8 exhibits the highest tap density. Stirring speed has a great
impact on the crystallization process. As the stirring speed increases, the
particle morphology changes from irregular agglomeration to dense
spherical particles. However, when the stirring speed reached 1200 rpm,
the particle morphology was destroyed, which resulted in cracking. XRD
peaks showed that with the upsurge of sintering temperature from
780 °C to 860 °C, the value of 1(003)/1(104) increased signifying a
better layered structure. However, due to Li/Ni mixing, when the tem-
perature escalated to 900 °C, the value of I(003)/I(104) decreased. The
samples, when sintered at 860 °C, exhibited best electrochemical
properties (168 mAh g_1 at 0.5C). Park et al. [55] synthesized
LiNig.99C0g.0sMng 9502 cathode material by co-precipitation method.
The synthesized cathode material was charged and discharged at a
current density of 0.1C in the voltage window ranging from 2.7 to 4.3 V.
The discharge specific capacity of the composite was found to be 230
mAh g’l, and the capacity retention was 89% after 50 cycles. LiNig g5.
Cog.0502 cathode material was synthesized by Wu et al. [56] via co-
precipitation method and exceptional cycle ability with capacity
retention of 69.68% after 100 cycles at 0.1C was demonstrated by the
material.
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2.3. Sol-gel method

Sol-gel method is a synthesis technique which involves compounds
containing high chemically active components as precursors. These raw
materials are mixed in the liquid phase and are hydrolyzed. Thereafter,
chemical reactions condense and form a stable sol-gel system/phase.
The gel with a three-dimensional spatial network structure is formed by
aging and slow aggregation of colloidal particles. The stoichiometric
ratio of this method is precisely controlled, and some trace elements can
be doped uniformly and quantitatively at the molecular level. The re-
action is easy to execute, the required temperature is low, with good
morphology [57]. Chandrasekar et al. [58] prepared Nig;C-
00.15Mng 15(OH)2 precursor by a solvothermal method using Ni
(CH3CO0),, Co(CH3CO0), and Mn(CH3COO),. Stoichiometric amount
of metal acetate was first dissolved in 50 ml of anhydrous alcohol and
deionized water having a volume ratio of 4:1 and thereby transferred to
a teflon-lined stainless-steel autoclave followed by heating at 200 °C for
12 h. Finally, the obtained slurry was filtered and washed with anhy-
drous alcohol and then dried. Li;CO3 and the Nig7Cog.15Mng 15(0H)4
precursor in accordance with the stoichiometric ratio of 1.05:1 were
thoroughly blended and the mixture was sintered at 480 °C for 5 h and
800 °C for 12 h in an atmosphere of Os. Lu et al. [59] also prepared
NCM811 cathodes by sol-gel and co-precipitation methods. The XRD
patterns depicted that NCM811 positive electrode synthesized by these
two methods can form a good layered structure. Rietveld refinement
revealed some disparity in the degree of cation disorder between the two
materials, among which the samples prepared by sol-gel method
showed lower Li/Ni cation disorder. SEM and BET measurements
revealed that the sol-gel samples were composed of relatively small
aggregate particles with larger BET surface area compared to the co-
precipitation samples. The electrochemical test showed that the mate-
rial prepared by sol-gel method delivered better initial discharge ca-
pacity of 200 mAh g~! with capacity retention rate of 82.2% after 50
cycles at 0.5C.

2.4. Spray-drying method

Spray drying method uses atomizing equipment to atomize the re-
action solution and leads it into the reactor, so that the solution gets
rapidly evaporated and dried. The process is simple, can prepare a large
number of precursors in a short time, and the raw materials can be
uniformly mixed at atomic level, with extraordinary consistency of
particle size and regular morphology making it an efficient synthesis
method. Li et al. [60] prepared LiNi; ,3Mn; ,3Co1,302 cathodes by a spray
dry process between Ni(CH3COO),-4H20, Mn(CH3COO),2-4H20, Co
(CH3C00)2-4H20 and LiNOs. The stoichiometric amount of metal ace-
tates were first dissolved in deionized water to obtain the starting so-
lution and then was pumped into a spray dry instrument followed by
pre-heating at 400 °C and sintering for 15 h in air. Yue et al. [61] also
prepared micron-sized LiNig ¢Cog 2Mng 202 cathode material at various
sintering temperatures by spray drying method with a molar ratio of Li/
Me = 1.04, and studied the effect of sintering temperature on the crystal
structure, morphology and electrochemical properties of the material.
The results showed an enhancement in the volume of a and ¢ with the
rise of sintering temperature. The particle prepared at 850 °C was an
irregular primary aggregation with a size of 1 um as well as of low
cationic mixing degree. It exhibited a discharge capacity of 173 mAh g !
of 0.1C and capacity retention of 89% after 50 cycles, which proved to
be better than materials prepared at other temperatures.

2.5. Combustion method

The combustion method involves mixing of the raw metal salt with
the fuel to form a dry gel at low temperature. Next, the dry gel is heated
to a high temperature to make the system undergo combustion and
exothermic reaction occurs resulting in the formation of precursor
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powder comprising of extremely fine particles. The powder is then
roasted at a high temperature to obtain the final product. Ahn et al. [62]
prepared micron-sized LiNiggCog 2 Mng 202 cathode material by this
method. Scanning electron microscopy (SEM) showed that a large
number of spherical particles with a diameter of 100 nm agglomerated
into secondary particles. The ratio of Ni®*/(Ni? +Ni®") prepared at
800 °C was found close to their theoretical value. It exhibited a
discharge specific capacity of 170.1 mAh g~! while the capacity reten-
tion rate was 98.2% after 30 cycles.

3. Structure and redox mechanisms

The general structure of nickel rich layered oxide cathode materials
LiNiyCoyMn,05(x > 0.6) is in form of a rhombohedralR3m structure,
which can be derived from the ordered rock-salt structure of a-NaFeO,
(Fig. 5) [63,64]. Li occupies octahedral 3b sites and Ni, Co and Mn (TMs)
occupy octahedral 3a sites disorderly [65,66]. The formation of the
whole crystal is designed by alternate stacking of [MOg] octahedron
layer and [LiOg] octahedron layer [67], which is appropriate for lithium
ion intercalation and de-intercalation. However, the ionic radius of Ni%+
(0.069 nm) is approximately similar to that of Li™ (0.076 nm). Hence,
Ni%" can easily occupy Li* slabs and vice versa, resulting in the cationic
mixing, increase of cell parameter a, and the weakening of the intensity
of the diffraction peak (003) [68,69]. Cation disordering between these
two sites of Li* and Ni* can compromise the structural stability of
nickel rich layered oxide cathode materials. This is because during sin-
tering, Ni>" is oxidized to Ni®* at a high temperature and oxygen at-
mosphere. However, the energy barrier of Ni?* to Ni®* is elevated,
making it difficult for Ni®" to get completely oxidized even in pure ox-
ygen atmosphere. The remaining Ni** will still occupy 3a sites, which
will further reduce the cation mixing. In order to preserve the charge
balance, part of Ni%* will occupy 3b sites. In addition, while charging,
the minimal valence nickel in the transition metal layer will migrate to
the lithium layer, occupying the lithium vacancy, and form the cation
mixing arrangement.

The redox reactions of Ni%*/Ni>*/Ni**, Co®*/Co*" electron pairs
mainly take place during the charging and discharging process. Mn has
no electrochemical activity and does not participate in the redox reac-
tion, but has a role in stabilizing the materials. Nevertheless, the struc-
ture of nickel rich layered oxide cathode materials is very unstable due
to the release of a large number of Li*. Material cycle capacity decay and
deterioration in its thermal stability can be considered as its two sig-
nificant outcomes. The ionic radius of Ni%* in Li layer is less than that of
Li*. This reduces the thickness of inter-wafer and oxidizes it into Ni>* or
Ni** during charging, resulting in the partial collapse of inter-wafer
space. Also, during discharging, it makes the ion embedment of Li*
more difficult, thus reducing the reversible capacity of materials. When
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Li " enters the transition metal layer, the thickness of the main wafer will
get enlarged. Thereby, it will be tough to get detached which in turn will
depreciate the electrochemical performance of the material. Therefore,
the smaller the inter-wafer thickness, the more difficult it is for Li* to be
re-embedded. [70-73] The degree of ion mixing can be characterized by
c/a and 1(003)/1(104) value. When c/a greater than 4.9 and 1(003)/1
(104) greater than 1.2, the degree of ion mixing is low. [74,75] In
addition, (006)/(102) crystal plane and (108)/(110) crystal plane
have two pairs of splitting degree of the diffraction peaks [75,76], which
reflect the integrity of the layered structure and have a greater impact on
the electrochemical properties of nickel rich layered oxide cathode
materials. [77-81] The greater splitting degree of the two pairs of
diffraction peaks is accountable for the complete layered structure of
NaFeO,, as well as for improved electrochemical properties. Therefore,
during synthesis, it is necessary to maintain a suitable Li*/Ni2* ratio,
low mixing degree and complete layered structure for improving the
electrochemical performance of nickel rich layered oxide cathode ma-
terials. Increasing Ni content can intensify the material capacity but
decrease the cycle performance and stability. Increase in Co content can
inhibit phase transformation and improve the rate performance.
[72,73,82,83] Increasing Mn content can improve the structural stabil-
ity, but reduce the capacity. Enterprises can reduce the content of Ni and
increase the proportion of Co and Mn in the production process in order
to enhance the cycle performance and thereby attaining a prolonged
product life. [84,85] Moreover, Ni gains and loses electrons in the oxi-
dation-reduction process, while it is difficult for Co®™ to get oxidized in
nickel rich layered oxide cathode materials. The 3 degy energy levels of
NiZ*/Ni®t, Ni®*/Ni*t are higher than those of Co>'/Co*' 3dty,
(Fig. 6a). [86] Therefore, in the charging process, Ni2+/Ni3+, Nid/Ni**
oxidation process takes place preferentially, and the corresponding
HOMO energy levels are higher than Co®*/Co**. The charge-discharge
voltage of nickel rich layered oxide cathode materials is less than
LiCoOs. At most 0.8 lithium can be separated from the layered structure
under the same voltage [87,88], so high nickel containing materials can
transfer more electrons than LiCoO,, that is, their charge-discharge
capacity is higher than LiCoO,. [89,90] In addition, Co®t/Co*tt tog
overlaps with the top of 0%~ 2p energy level, while Ni®**/Ni** overlaps
only by a small part, indicating that LiNiO, is more stable at higher
voltage. During the charging and discharging process of nickel-rich
layered oxide, the valence state of Mn** remains unchanged, which
stabilizes the layered structure of the material, hence, the safety is
improved. The capacity is mainly provided by Ni2*/Ni®*, Ni®*/Ni**
pairs. The addition of Co can improve the conductivity and rate per-
formance from the synergistic effects of Ni, Co and Mn (Fig. 6b) [12].

Fig. 5. Crystal structure of layered LiNi,Co,Mn,O, cathodes.
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Fig. 6. (a) Schematic diagram of energy levels of layered electrons. Reproduced with permission. [86] Copyright 2011, American Chemical Society. (b) Compo-
sitional phase diagrams of lithium stoichiometric-layered transition-metal oxide: LiCoO5-LiNiO,-LiMnO,. Reproduced with permission.[12] Copyright 2008, Royal

Society of Chemistry.

4. Capacity failure mechanism and characterization technology

The failure of nickel rich layered oxide cathode materials are related
not only to its surface rock salt phase (NiO), residual alkali and its in-
ternal structural (Li*/Ni%" mixing) characteristics, but also to a series of
complex evolution processes during lithiation-delithiation as mentioned
above. Further elucidating the failure mechanism has a great signifi-
cance in the preparation and development of nickel rich cathode ma-
terials. With the development of characterization technology, especially
in the application of in-situ electrochemical characterization and in-situ
electrochemical transient characterization technology, these experi-
mental techniques with high resolution in time and space dimension can
demonstrate the potential degradation mechanism at a higher depth.

4.1. Li*/Ni®* cation mixing

During the preparation of Ni-rich oxide cathodes, a complete
oxidation of Ni%* to Ni** is extremely difficult. As a result, there remains
a small amount of Ni*T in Ni-rich oxide cathodes. Furthermore, the
radius of Ni%* (0.069 nm) is very close to that of Li* (0.076 nm), and
NiZ* can easily occupy the 3b sites of Li*, resulting in the Li/Ni mixing.
[63] Li/Ni mixing not only occurs in the synthesis of materials, but also
during the charge-discharge process, which significantly affects the
electrochemical properties including initial capacity, reversible capacity
and cycle performance. During first charging, Li" in both the lithium
layer and the transition metal layer can be deintercalated, but in the first
discharge, part of Li* cannot return to the positive lattice due to the Li*/
Ni%* mixing, which results in the lower efficiency (typically less than
90%) and increase in the irreversible capacity. When Ni?* occupies the
lithium layer, the thickness of the inter-granular layer will be reduced,
and the redox reaction of Ni%*/Ni®*, Ni**/Ni** will occur during the
charging process. The ionic radius will be further reduced, which will
cause the partial structural collapse of the space of the inter-granular
layer, hinder the migration of Li* during the charging and discharging
process, increase the impedance, and lead to poor cycle stability. When
NiZ* occupies the Li* site completely, the space group structure of
cathode materials changes from layered phase (R3 m) to the spinel-like
phase (Fd3 m) and rock-salt phase (Fm3 m) during cycling at an
elevated temperature, which in turn increases the diffusion of Li* and

induces poor thermal stability [91]. Cation mixing occurs not only
during the synthesis of nickel rich cathode materials but also during the
electrochemical cycling process. The processes are represented by the
reactions which are as follows [52,92,93]:

3Li,NiO, (R3 m) — LiyNi,O4 (Fd3 m) + NiO (Fm3 m) + xLi,O 3)
LiyNiyO4 (R3 m) — 2NiO (Fm3 m) + x/2 Li»O +(4-x)/20, 4
3Li,NiO, (R3 m) — 3NiO (Fm3 m) + 3x/2 Li,O+ (6-3x)/4 O, 5)

New characterization techniques can help to further analyze the struc-
tural changes caused by cation mixing. For instance, Kim et al. [94]
reported the structural degradation mechanism of LiNigp ¢Cog oMng 202
electrode by HAADF-STEM analysis. They realized that the surface
crystal structures suffer from an irreversible transition from the pristine
rhombohedral structure to a mixture of spinel as well as rock-salt phases
as shown in (Fig. 7a-b). In addition, Han et al. [95] also exemplified that
LiNig gCog gMng 1 O5 material’s surface has a thin cation disordered layer
during the synthesis process. Both regions 1 and 2 exhibit an uneven
NiO-type cation mixed layer with a thickness of 1-2 nm (Fig. 7¢-d). Zou
et al. [96] also observed the crystal structure rearrangement after
lithium deintercalation by using transmission electron microscope
(TEM). Some regions of the layered surface changed into layered/rock
salt mixed structure. The structure gradually changed from the inside to
the surface of the material particles, respectively: ordered layered
structure (a-NaFeO,), partially ordered structure and disordered rock
salt phase structure (NiO). This transformation can be attributed to the
mixture of transition metal ions and lithium ions along with the for-
mation of rock salt phase as the precursor of particle crack (Fig. 7e-g).
Zhao et al. [97] studied the phase transformation caused by mixed
cation in the preparation of LiNip gCog 202, and optimized the sintering
process (sintering temperature, sintering atmosphere and holding time),
which greatly reduced the loss of Li and the formation of NiO rock salt
phase on the surface of the structure. It also facilitated in obtaining a
higher order LiNij gCog 202 layered structure and the mixed discharge
rate of Ni?*/Li" ions was found to be less than 2%. The specific capacity
of the optimized high nickel layered anode material under wide working
voltage (2.7-4.6 V) range reached more than 220 mAh g~*, and the cycle
stability was significantly improved (Fig. 7h). Duan et al. [98]
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Fig. 7. Illustrations of the phase transformation from well-ordered layered structure (R-3 m) to the disordered spinel structure (Fd-3 m) and/or the rock-salt structure
(Fm-3 m). (a) Schematic diagram of the surface treatment on the primary particles. (b) HAADF-STEM images of 622. Reproduced with permission.[94] Copyright
2015, American Chemical Society. (c-d) STEM images of pristine 811. Reproduced with permission.[95] Copyright 2018, American Chemical Society. (¢) HAADF-
STEM image of the pristine sample showing the majority of the bulk maintains R3 m structure. The white and green arrows point to the TM layer and Li layer. (f and
g) HAADF-STEM image of the 200-cycle LiNig 76C09.10Mng 1402 at 0.33C and 1C. The blue dashed lines outline the boundary of the converted phase, below and above
which are the disordered rock salt and layered structure. Reproduced with permission.[96] Copyright 2018, American Chemical Society. (h) Schematic illustration of
the phase evolution, cationic ordering of the intermediates. Reproduced with permission.[97] Copyright 2016, Wiley-VCH. (i) Schematic illustrations of how cationic
ordering is coupled to surface reconstruction of NMC71515 under different sintering temperatures. Reproduced with permission.[98] Coyright 2019, The Royal
Society of Chemistry. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

concluded that surface reactions have substantial impacts on the
cationic ordering/disordering kinetics in the bulk. Insufficient sintering
temperatures do not provide enough driving force for Li,CO3 decom-
position as well as Li-ion diffusion during the ordering process, leading
to the cation mixing Li™ and Ni?* (Fig. 7i). In order to gain a deeper
understanding of the correlation between surface chemistry and per-
formance decay, Zhang et al. [99] synthesized nickel rich single crystal
cathode materials and used operando X-ray spectroscopy imaging and
nano-tomography to monitor the compositional and structural evolution
before and after 200 cycles. The redox reaction occurred along all di-
rections and phase-transition fronts propagated drastically during the
initial cycle, indicating a high electrochemical reversibility. Neverthe-
less, high reversibility failed to survive after 200 cycles. Operando X-ray
spectroscopy imaging and nano-tomography chemical phase mapping
unambiguously revealed the above outcomes. Four representative re-
gions from the bulk to the surface were selected and the corresponding
content of Ni oxidation states was illustrated. The 2D histogram high-
lights inhomogeneous Ni oxidation state distribution within the single
crystal particle. Reaction heterogeneity and high irreversibility are
ascribed to the characteristics of surface chemicals rock-salt phase on
pristine single crystal cathodes, which may induce heterogeneous in-
ternal strain within the particle, and further results in the structural/
performance degradation, as evidenced from the chemical composition
analysis.

4.2. Surface side reaction

Due to the volatilization of lithium at high-temperature calcination,
excessive lithium is often needed in the preparation of nickel-rich
layered oxide cathode materials (LiNi;.xMxO2; x < 0.5; M = Co, Mn,
Al, Mg, Ti etc). The remaining active lithium oxides (Li2O, Li»O) adhere
to the surface of the materials, react with H,O and CO- in the air, and
form LiOH and Li»COg layers (Fig. 8) [100]. The Ni content increases by
over 70 % and have a dynamic high affinity towards moisture and CO,

in ambient air. They primarily react to form LiOH, Li,CO3 on the surface,
which is commonly termed as “residual lithium”. When Ni-rich layered
oxide cathode materials (LiNi;.xMxOg; x < 0.5; M = Co, Mn, Al, Mg, Ti
etc.) are exposed in air, they are more likely to absorb CO3 and H50 in
the air to generate COs?~ and OH-, and further react with residual
lithium to generate Li,CO3 and LiOH. In addition, NiO was found to form
on the surface of Ni-rich cathodes because of the exhaustion of Li and
evolution of lattice oxygen (Fig. 8a). The reactions are stated as follows
[101-105]:

Li,O + H,0 — 2LiOH (6)
Li,0 + CO; — Li,CO; (7)
2Li,0, + 2C0O; — 2LirCO3 + Oyt (8)
Liy0; + H,O — 2LiOH + O, 1 (©)]

3LiMO, + 2xH;0 + xCO, — 3Li;\HMO; + xLiOH + xLi,CO3 (10)

The existence of LioCO3 and LiOH will cause several complications. (1)
Li»CO3 and LiOH not only consume Li* in the material, but also have no
electrochemical activity. This further instigates capacity attenuation.
Moreover, dense Li;COg3 layer on the materials surface will hinder the
Li* diffusion, and cause irreversible capacity loss in the process of cyclic
charging and discharging. Further decomposition of Li;CO3 during high-
voltage charging generates CO5 inside the cell, thus threatening the safe
operation of the battery (Fig. 8b-c). (2) LiOH reacts with PVDF and
LiPFg, which has a negative effect on battery process and performance.
In the preparation of Ni-rich cathodes slurry, PVDF dissolves in NMP and
the basic groups on the surface of the material attack the adjacent C-F
and C-H bonds. PVDF is also prone to bimolecular elimination reaction,
forming a part of C = C bond with the molecular chain. It transforms the
slurry into a gel state and restrains from adequate coating. (3) LiOH
reacts with Al foil as shown below:
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OH +2 Al + 6 H,O — 6 OH +2 AI(OH)3 + 3 H; 6 (11)

After the corrosion of Al, the electrochemical performance and safety of
the battery is utterly affected. (4) LiOH also reacts with LiPFg, which
consumes LiT in electrolyte and generates HF gas. It can corrode the
metal parts inside the battery and cause battery leakage. Moreover, HF
can destroy SEI and react with SEI continuously.

4LiOH + LiPFg — Li3PO4 + 2LiF 4 4HF? (12)
RCOsLi + HF — RCO3H + LiF 13)
2RCO3Li + LiPFg — 2LiF + 2RF + LiPOyF, + 2CO,?1 aa4)
RCO3Li + LiPFg — 2LiF + 2RF + POF; + CO,1 (15)

In summary, degradation caused in the process of material synthesis,
storage and charge discharge of lithium-ion batteries initiates from the
modification of the surface structure. It is also found that different
materials have different reactivity to carbon dioxide and water in the air.
You et al. [106] showed that the residual lithium content on the surface
of the same composite material increases with the increase in nickel
content (71715, 811 and 9055) (Fig. 8d-e).

4.3. Irreversible phase transition

The irreversible phase transformation of Ni-rich layered oxide
cathode materials occurs easily in the state of deep lithium intercalation,
leading to the degradation of the particle surface structure. In the
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Fig. 8. (a) Scheme of Li(NipgMng1C00.1)02
and its impact on suppressing unfavorable
side reactions at the cathode-electrolyte
interface. (b). Residual lithium change of
NCM811  during charging/discharging.
Reproduced with permission.[107] Copy-
right 2019, Elsevier. (¢) The microstructure
and composition of the solid-electrolyte
interface at the surface of Ni-rich cathode
materials. Reproduced with permission.[12]
Copyright 2015, Wiley-VCH. (d) Concentra-
tion of residual Li species on high-Ni layered
oxides with various nickel contents before
and after being exposed to ambient air for
30 days. (e) accumulation of surface residual
Li compounds. Reproduced with permission.
[106] Copyright 2018, Wiley-VCH.

process of charging and discharging, phase transformation occurs four
times along with the intercalation and deintercalation of lithium ions.
When the voltage is less than 4.2 V, the transformation takes place from
hexagonal phase H1 — monoclinic phase M — hexagonal phase H2;
when the voltage is greater than 4.2 V, the transformation takes place
from hexagonal phase H1 — monoclinic phase M — hexagonal phase H2
— H3; when the voltage is greater than 4.2 V, H2 — H3 is an irreversible
phase transition, which seriously affects the cyclic stability of nickel-rich
layered oxide cathode materials.

Zhang et al. [108] introduced the H2-H3 phase transition of
LiNig goCop.10Mng.1002 near 4.1 V, accompanied by the release of lattice
oxygen. The precipitated lattice oxygen oxidizes the electrolyte, and
transforms the material from layered structure to spinel structure and
rock salt structure, resulting in the continuous decline of discharge ca-
pacity and voltage platform of LiNiggoCog.10Mng 1002 under high
voltage (Fig. 9a-b). In the process of charge and discharge of nickel rich
cathode materials, the existence of H3 phase can be used as a perfor-
mance index to reflect the state of high capacity transmission and high
degree of lithium removal. In fact, a large number of Li vacancies in the
state of highly deintercalation will weaken the structural stability and
induce structural transition. In order to improve the reversibility of H2-
H3 phase transformation in nickel-rich layered oxide cathode materials,
element of doping radius similar to Li* (0.076 nm) can improve the
stability. Wu et al.[56] synthesized Ti*t doped LiNig 9Cog.102 cathode
material which not only improved the stability of the structure, but also
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Fig. 9. (a) Typical pattern of the differential capacity vs. cell’s voltage for Li/NCM811 cells. (b) plot of differential capacity vs. cell voltage. Reproduced with
permission.[108] Copyright 2020, Elsevier. (¢) In situ XRD (d) plot of differential capacity vs. cell voltage. Reproduced with permission.[56] Copyright

2019, Elsevier.

restrained the irreversible phase transition in the process of charging
and discharging. A repeated appearance of the H3 phase during the
charge discharge cycle was induced by the improvement in the revers-
ibility of H2-H3 phase transformation. It also maintained a high capacity
output. At the same time, H3 phase ensured excellent cycling stability of
the material. After 100 weeks at 38 mA g~! cycles, the retention rate of
modified LiNip 9Cog 102 material was significantly increased from 69.7
to 97.9%. In order to observe the phase transition process directly, the
undoped and Ti*" doped samples were characterized by in-situ XRD.
During the second cycle of charging, when charged to 3.9 V, the (003)
peak of the sample shifted to a lower angle, and shifted to a higher angle
when charged to 4.2 V, corresponding to the formation of H2 and H3
phases respectively (Fig. 9c-d). After 30 cycles, the shift angle of (003)
peak of undoped samples decreased, while that of Ti**doped sample did
not change significantly. Therefore, it can be concluded that the ion
mixing layer in the Ti** doped sample maintained the integrity of H3
phase during the cycle. The hidden hazard of H3 phase formation is that
micro cracks may be induced during the cycle. Titanium doped particles
showed no micro cracks. After cycling, the layer structure of the undo-
ped samples were destroyed, and Fm-3 m phase, mixed phase and R-3 m
phase appeared successively from the surface to the interior. For Ti*t
doped sample, no obvious structural change was noted. Bak et al. [109]
used in-situ XRD, synchrotron radiation and mass spectrometry to test
the phase transformation and oxygen production of different compo-
nents of nickel-rich layered oxide cathode materials during charging and
discharging. During heating, mixed discharge of cations resulted in the
transformation of R3 m to Fm-3 m structure, and the subsequent
release of oxygen. When heated to a higher temperature, it changed to
Fd-3 m structure.
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4.4. Generation of micro cracks

At present, nickel rich layered cathode materials are synthesized by
co-precipitation method, and the characteristic of co-precipitation is to
grow into secondary particles by agglomeration of nano primary parti-
cles. In the process of co-precipitation, the primary particles are disor-
derly distributed and agglomerated due to violent stirring, so there are
different degrees of stress and distortion in the secondary particles.

The nickel-rich layered oxide cathodes are composed of two-micron
spheres formed by agglomeration of particles. In the process of lithium
intercalation, the variation of lattice size results in the formation of
micro cracks in the primary particles, which hinders the diffusion of
lithium ions. What’s more, the change of cell parameters in the process
of charge and discharge leads to the repeated expansion and reduction of
the crystal, which further leads to the crack between primary particles
and destroys the continuity between them. It again obstructs the elec-
tronic transmission, penetration of electrolyte and the continuous
growth of interface impedance. The generation of micro cracks is also
closely related to the change of phase structure. In the range of high cut-
off voltage, the micro cracks are generated at the boundary of the lattice
due to the change of stress. When the charging voltage of the nickel
layered anode material is higher than 4.2 V, the irreversible phase
transition from H2 to H3 will occur, causing a large volume change. NiO
phase will be produced, which will not only induce the further phase
transition of the material, but also lead to the crack in the material.
Increase in impedance and decrease of active materials are triggered by
the generation of micro cracks. At the same time, the electrolyte per-
meates into the cracks, and degrades the electrochemical performance.
Park et al. [55] explicitly illustrated the degree of mechanical damage
sustained by each cathode during cycling. In a severe case, a crack
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traverses across the entire particle and nearly fractures the secondary
particle, even in its first charged state before cycling (Fig. 10a). Nam
et al. [110] summarized the relationship between specific capacity, the
capacity retention rate, micro crack degree and thermal stability of NCA
and LiNiO, with high nickel content. Though the specific capacity of the
cathode increased with the increase in Ni content, the capacity retention
and thermal stability decreased. With the increase of Ni content, the
propagation degree of micro cracks also got enhanced. Fig. 10b-c shows
the SEM of the positive cross section under different SOC and DOD.
Micro cracks began to appear at 3.9 V for all three kinds of positive
electrodes. At the same voltage, the percentage of micro cracks area in
the discharge was higher than that of the charge, which indicated that
micro cracks were not completely reversible. The electrolyte entered the
secondary particles from micro cracks, accelerated the surface degra-
dation of particles of micro cracks and formed NiO rock salt phase.

4.5. Other newly proposed failure factors

With the continuous development of research and characterization
technology, some newer and deeper failure mechanisms have been
proposed. Generally, the increase of nickel content in ternary materials
will make it easier to react with water and carbon dioxide in the envi-
ronment. CATL evaluated the NCM811/graphite soft package battery for
full charge storage at high temperature, and analyzed the cell disas-
sembly before and after storage to study the mechanism of storage
performance degradation. The results show that the thickness of non-
electrochemically active rock salt phase on the cathode material sur-
face increases after storage, and spinel phase appears in the local range
of grains, which can lead to the attenuation of reversible capacity of Ni-
rich materials. At the same time, the deposition of by-products produced
by electrolyte side reaction on the surface of cathode materials after high
temperature storage can lead to poor interface conductivity and increase
the battery polarization.

For a comprehensive understanding of the chemical and physical
changes of NCM, and an intense study of the actual changes occurring in
electrode materials in the long cycle process, Arumugram et al. [111]
used an electron microscope based analysis technique to obtain micro-
structure images of crystals and electronic structural changes. The re-
sults of electron probe microanalysis (EPMA), X-ray energy dispersive
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spectroscopy (XEDS) and electron energy loss spectroscopy (EELS)
combined with TEM reveal the modifications of Ni content, crystal
structure and oxidation state on the surface and bulk cathode. The
relationship between the change of high Ni NCM positive electrode and
its electrical properties was studied by comparing the original positive
electrode and the positive electrode after 500 cycles. The results show
that the structure, chemical composition and oxidation state of TMS
propagate from the surface to the whole bulk phase in a long cycle time.
The continuous formation of Ni®?* and the loss of 0% are the main
problems leading to the degradation of high nickel NCM cathode. Yang
et al. [112] and Su [43] et al. found that intrinsic crystal defects cause
cycle induced degradation of cathode materials. Furthermore, the
studies made by Lin et al. [41] also established that the non-radial
crystal orientation of the NMC positive electrode is not conducive to
the formation of continuous Li" conduction channel, which reduced the
inhomogeneity of charge distribution in the secondary particles, and
improved the cycling charge discharge stability of NMC. Recently, it has
been observed that DOD has an obvious effect on the stability of ternary
high nickel cathode materials. Yoon et al. [44] revealed that NCT95
cathode material had a discharge depth of 60% in the high range
(3.76-4.3 V), 60% in the low range (2.7-4.0 V), and 100% in the range
of 2.7-4.3 V. At the discharge depth of 60% in the high range, NCT95
cathode material had the most of the cracks, the most obvious change of
cell volume, and the deterioration of cycle stability was more significant.

5. Approaches to suppress capacity failure

Although the primary nanoparticles of Ni-rich layered materials with
high Ni content can enlarge the reaction interface and shorten the
diffusion path of Li™, thereby improving the cycle and rate performance
of materials, there are also side reactions such as the formation of rock
salt phase (NiO). Ni-rich layered materials react with the electrolyte to
form solid electrolyte interface (SEI), which increases boundary
impedance and leads to rapid capacity decay. [113-116] In addition,
when materials are deeply charged at extreme voltage, Li/O vacancies
will cause oxidized Ni®*/Ni** ions to become unstable. It will result in
the migration of cations and thereby forming a surface reconstruction
layer consisting of NiO phase and spinel phase on the surface of the
electrode. [117,118] Appearance of surface reconstruction layer will

Fig. 10. (a) Schematic illustration of the effect of NCM90 cathode’s mechanical stability during charge and discharge cycling. Reproduced with permission.[55]
Copyright 2018, Wiley-VCH. (b) Diagram of specific capacity, capacity retention rate, micro crack degree and thermal stability of NCA and LiNiO, with high nickel
content. (¢) SEM comparison of NCA80, NCA88 and NCA95 under different SOC. Reproduced with permission.[110] Copyright 2019, American Chemical Society.
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increase the diffusion dynamic resistance of Li " and will lead to capacity
degradation. The commercial application of nickel rich layered material
is restricted by its poor high temperature performance and low com-
pacting density. Doping, surface coating, crystal and morphology
structure regulation, DOD setting, electrolyte, binder, separator modi-
fication and assembly technology are deemed to be the main methods
for effectively reducing the side reactions and improving the electro-
chemical properties and thermal stability of the materials (Fig. 11).
Table 1 summarizes the various promising approaches in enhancing the
electrochemical performances of Ni-rich cathodes.

5.1. Elemental doping

Multiple phase transitions occur in Ni rich layered oxide cathodes
during the lithiation/delithiation process, especially under deep charge,
which will lead to a series of unstable conditions. In order to alleviate
these complications, researchers have modified the cathodes by using
various doped elements to increase their energy density without sacri-
ficing the cyclic stability. Structural modification via atomic substitution
of foreign elements such as cationic doping and anionic doping, as well
as co-doping of anion and anion element have been adopted. The
commonly used doping elements are Zr'*t, Tit, AP, Mg2+, Mo®+, B3+
and F". The successful doping helps in restraining the Li/Ni mixture and
stabilizes the crystal structure of the materials, further improving their
comprehensive performance. Zr has become the most commonly used
doping element because of its stabilizing effect on layered cathode
materials. Lastly, Choi et al. [119] detected through experiments that Zr
doping in Li[Nig ¢Cog 2Mng 2102 can be an effective approach to enhance
the cycle as well as rate performance by stabilizing the structure and
increasing Li" diffusion rate. The doping of Zr decreased the mixing
degree of ions, reduced the structure transition and promoted the
diffusion of Li*, further improving the cycle and rate performance
(Fig. 12a-c). Gao et al. [120] synthesized NCM811 cathode material by
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substituting the transition metals with Zr to mitigate its structural
instability and capacity degradation. It exhibited superior electro-
chemical performance in comparison to the undoped-NCM811 material
(Fig. 12d-e).

Ti*" and AI** are frequently used as promising dopants in stabilizing
the material layered structure. Song et al. [121] synthesized Ti-doped
LiNig 7Co¢.15Mng 1502 cathode materials via the following methods; a
solution of 0.1 wt% titanium sulfate was dissolved in deionized water.
Nip.7C0g.15Mng 15(OH), precursor powders were then added to the so-
lution and continuously stirred at 100 °C until the complete evaporation
of the solvent. The resulting powder was mixed with Li,CO3 (Li/M =
1.03) and sintered at 800 °C for 10 h under an O3 atmosphere to produce
Ti-Nig.7C09.15sMng 1502. For comparison, the Nig7Cog 15Mng 1502 was
prepared with the same approach without Ti addition. Subsequently,
after Ti-doping, the external morphology remains similar, but the lattice
parameters of the layered structure were slightly shifted toward larger
values. Ti-Nig 7Cog.15Mng 1505 cathode material exhibited long cycle life
and delivered better retention rate of 95% after 50 cycles at 60 °C. Ti-
tanium doping enhanced the structural strength of a high-Ni layered
cathode material in lithium ion batteries during high temperature
cycling which attributed to the better retention of the compressive
strength of the particles. Besides, it also retarded crack formation within
the particles (Fig. 13a-f). Zhang et al. [143] found that Ti** doping in
Ni-rich cathodes can improve the robustness of the oxygen framework,
which further contributes to improve the structural stability and elec-
trochemical performance (Fig. 13g-h).

Among the various dopants, AI** doping can effectively improve the
storage stability and prevent the reaction between H,0 and CO; during
storage. AI>* has been proven to be one of the most potential elements in
mitigating the structural degradation. Successful commercialization of
LiNig §Cog.15Alp.0502cathodes has revived the interest in Ni rich layered
materials comprising Al. Yan et al. [144] synthesized LiNigpg.
Co0.1Mnp 102 and LiNig78Cop.1Mng 1Alp 0202, prepared via co-

Fig. 11. Schematic diagram of the modification strategies.
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Table 1
Summaries on the promising strategies in improving the electrochemical performance of Ni-rich cathodes.
Ni content Strategies Voltage Capacity Current Retention Rate Capacities Ref
~1
N2 (mAh g~ Modified Pristine Modified Pristine

0.6 Zr-doping 4.3 185.2 0.1C 98.4@100th 83.7@100th 2C 152.9 130 2019[119]
0.8 Zr-doping 4.3 183.8 0.2C 84.2@60th 80@60th 2C 163 159 2019[120]
0.7 Ti-doping 4.3 181.05 0.1C 98.82@50th 92.84@50th 5C 150 148 2018[121]
0.82 Ti-doping 4.3 190 0.2C 97.7@200th 75.9@200th 20C 146 120 2019[122]
0.8 Mo-doping 4.6 208.9 0.2C 75@101th 65@101th 2C 180 160 2019[123]
0.94 B-doping 4.4 223(0.1C) 1/3C 85@200th 68@200th 10C 170 170 2019[124]
0.8 Zr-F-doping 4.3 179 1C 90.5@200th 75.8@200th 2C 186.9 192.8 2019[125]
0.9 B-doping 4.3 234(0.1C) 0.5C 90.4@100th 78.8@100th 0.5C 220 212 2020[30]
0.8 Mn-PO,*-doping 4.3 210 0.1C 85.5@100th 75@100th 5C 160 140 2019[126]
0.89 Ta-doping 4.3 229(0.1C) 0.5C 94@100th 81@100th - - - 2020([45]
0.9 W-doping 4.3 180.4 0.5C 89@400th 82.4@400th - - - 2020*!
0.8 In,03 4.3 207(0.1C) 1C 91.3@100th 74@100th 5C 177.1 149.9 2019[127]

/LiInO; coating
0.8 GN-LPO coating 4.3 184(0.2C) 0.5C 94.3@150th 88.1@150th 10C 122.4 108.5 2019(128]
0.8 LPO coating 4.4 193 1C 92.6@100th 86.1@100th 8C 159.4 144.4 2019[129]
0.8 LiYO, coating and inner gradient Y doping 4.5 207.4 0.5C 98.4@100th 83.5@100th 10C 118.4 101.2 2019(130]
0.7 CeO,, coating 4.3 187 0.5C 86.4@100th 70.6@100th 5C 137.1 95.5 2019(131]
0.8 La-Al doping and coating 4.3 - 1C 86.5@100th 71.3@100th 10C 136 116 2019(132]
0.8 C coating 4.3 182 0.1C 93@40th 86@40th 3C 83 46 2010[133]
0.8 Graphene coating 4.3 185 0.2C 97@80th 91@8th 10C 152 130 2012[134]
0.6 C-Al,0O3 caoting 4.5 186.6 1C 93.5@100th - - - 2019[135]
0.8 LMO coating 4.3 201 0.1C 93@100th 74@100th 2C 150 140 2019(136]
0.8 Core-shell 4.3 192.5 0.2C 95.9@100th 84.9@100th 10C 161.2 100 2019(137]

concentration

gradient
0.8 radially aligned 4.3 180.9 1C 95.5@300th 84.5@300th 5C 152.7 128.6 2019(48]
0.83 single-crystalline 4.4 200 1C 84.5@150th 63.8@150th 5C 175 177 2020[138]
0.5 p-toluenesulfonyl isocyanate 4.5 180 1C 86.2@100th 71.4@100th 10C - - 2017[139]

additive
0.8 Silyl-group functionalized organic additive 4.5 200 1C 60.8@100th 41.9@100th - - - 2018[140]
0.7 multi-functionalized additive 4.3 200 0.1C 91.9@100th 71.7@100th — — — 2016[141]
1 flfluorinated 4.3 216 0.5C 80@400th 65@200th 3C 160 - 2019(142]

electrolyte with LiDFOB additive

Fig. 12. (a) Schematic illustration of Zr doping effects in NCM811cathode. (b) cycling test of undoped and Zr-doped LNCM electrodes at 0.1C. (c) rate capability of
undoped and Zr-doped NCM811 electrodes. Reproduced with permission.[119] Copyright 2019, Wiley-VCH. (d) Rate performance of NCM811s with different Zr
concentrations. (e) Discharging curves at different C-rates of the raw NCM811 and the 1% Zr-NCM811. Reproduced with permission.[120] Copyright 2018, Elsevier.

precipitation method and followed by sintering. The LiNig7s.
Cog.1Mny 1Alg g202cathode material showed high capacity retention of
96.15% after 50 cycles at 20 °C and of 94.38% after 50 cycles at 60 °C. In
addition, Mo doping reduced the Li/Ni mixing and broadened the Li*
migration channel. Stronger Mo-O bond might suppress precipitation of
lattice oxygen and stabilized the material surface. Liu et al. [123] syn-
thesized Mo-doped LiNipCog.2Mng20ocathode material by co-
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precipitation method. Electrochemical impedance spectroscopy (EIS)
clearly demonstrated that Mo-doped cathode reduced the charge
transfer impedance and enhanced the electrochemical reaction activity
of Li*. When the doping amount of Mo is 0.01 mol, it exhibited an
excellent reversible capacity of 208 mA h g™ at 0.2C, corresponding to
the capacity retention up to 75% even after 101 cycles. Cobalt in NMC
and NCA, an expensive and scarce metal is generally considered as the
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Fig. 13. FE-SEM images of polished cross-sections of (a) fresh NCM electrode (b) NCM electrode after 50 cycles. (c) fresh Ti-NCM electrode and (d) Ti-NCM electrode
after 50 cycles. XRD patterns for NCM (e) and Ti-NCM (f) powders. Reproduced with permission.[121]Copyright 2018, Elsevier. (g) secondary particle size dis-
tribution of the three samples. (h) XPS spectra of the O 1 s state for the NCM and NCMT 0.005 samples. Reproduced with permission.[143] Copyright 2019, Elsevier.

key element to inhibit Li/Ni mixing, can further improve the electro-
chemical performance. Li et al. [33] systematically studied the influence
of different cation doping including Al, Mn, Mg and Co doping in Ni-rich
layered oxide cathode materials. In-situ X-ray diffraction (XRD) and
differential capacity versus voltage exhibited that through the doping of
Al, Mn, Mg or Co, multiple phase transition in LixNipg5Mg 0502 was
restrained during lithiation/delithiation process. This phase transition
was attributed to the poor capacity retention of LiNiO,. The addition of
5% Al, Mn and Mg in LiNiO; reduced the Li/Ni mixing and inhibited the
irreversible phase transition.

The inherent anisotropic lattice volume variations of randomly ori-
ented primary particles lead to stress concentrations, followed by
microcracks of secondary particles, The generation of microcracks
causes the electrolyte to penetrate the interior of the particles and attack
primary particles, which result in structural degradation and further
aggravated capacity attenuation. Recently, Kim et al. [45] introduced Ta
dopants into the Ni-rich cathode material LiNig 9; C0g,0902 (NC90) by co-
precipitation-solid phase method. Ta was introduced into hydroxide
precursor and LiOH was used to obtain the material of the ideal radial
structure by changing surface energy. As a result, the addition of Ta
hindered the coarsening of the particles. The unique microstructure of
NCTa90 material led to the dissipation of anisotropic mechanical strain
and inhibited the formation and propagation of micro cracks. At the
same time, the cyclic stability was achieved by the radial arrangement of
primary particles and the crystal structure of [003], which effectively
dissipated the internal strain in the deep charge state. It exhibited
excellent capacity retention of 95% even after 1000 cycles and exhibited
high energy density of 850 Wh Kg~! (Fig. 14).

Kim et al. [145] also found that the Nb-doped Li(Nig g55C00.13Al0.015)
O, (NCAS85) cathodes alter the morphology of primary particle to
accurately adjust microstructure. With the increase of Nb-dopant con-
tent of NCA85 cathodes, the primary particles are elongated and ar-
ranged radially. which partially relieve the caused by H2-H3 phase
transition during deep charging. The elimination of internal strain
significantly improves the cycling stability of NCA85 cathodes even at
an elevated temperature. Furthermore, Nb-doping enhances the me-
chanical stability and further improves the fast charging performance of
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Fig. 14. STEM image of a cross-sectional cathode and the corresponding
schematic of the primary particles LiNip99C00.00Alp 0102 (a) and LiNig go.
C0.09Tap,0102 (b). Cross-sectional SEM images of NCA90 (c) and NCTa90 (d)
cathodes at different charge/discharge state during the first cycle. (e) Long-
term cycling stability in full cells for NCA90 and NCTa90 cathodes lithiated
at different temperatures. (f) Cycling performance (at 0.5C) with the initial
charge and discharge curves in the inset for NCA95 and NCTa95 cathodes .
Reproduced with permission.[45]Copyright 2020, Nature.
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batteries. Moreover, The Nb-dopant of NCA85 cathode also shows strong
chemical and structural stability under aging and under thermal load
(Fig. 15a-f). Furthermore, Ryu et al. [30] proposed B-doped Li
(Nip.9Cog.1)O2 cathodes by introducing B,Os. The synthesized cathodes
with B doping show a highly oriented microstructure, and the with of
primary particle can be changed by adjusting the boron proportion.
Compared with the NC90 cathode without B, NCB cathode effectively
inhibits the formation of microcracks and significantly improves the
cycling stability. The cathode with wide primary particles delievers a
poor stability, which indicates a strong correlation between microcrack
formation and microstructure. By changing the primary particles
morphology, Ni-rich cathodes with high energy density and long-term
life were reasonably designed, which is suitable for the next genera-
tion of electric vehicles (Fig. 15g-i). Park et al. [55] used B doping to
change the microstructure of Li[Nig g9C0g 05Mng 05102 particles and
improved the inherent poor cycling performance. Density function
theory (DFT) calculations testified that 1 mol % of Li[NiggoC-
00.05Mng 05102 with B doping (B-NCM90) altered the surface energy and
achieved a well textured microstructure, which further alleviated the
intrinsic internal strain generated during the deep charging of NC. 1 mol
% B-NCM90 showed extremely high coulombic efficiency of 91% after
100 cycles at 55 °C, however, NCM90 delivered a coulombic efficiency
of 76%. By utilizing the differential capacity curve, structural changes of
Ni-rich cathode materials were demonstrated during lithiation/deli-
thiation process. It was found that NCM90 underwent a series of phase
transitions. The phase transition of H2-H3 caused a sudden contraction
in the c axis, further resulting in the mechanical stress and deteriorating
cycle performance. Oxidation peak value of H2-H3 significantly
decreased during 100 cycles, which indicated poor reversibility, and was
related to the serious collapse of material structure caused by mechan-
ical strain. Conversely, 1 mol% B-NCM90 kept good peak strength of H2-
H3, which was consistent with the improvement of the cycle stability by
B3* doping. When compared with NCM90 material, it was noticed that
the 1.0 mol% B-NCMO90 material had no obvious micro crack, and B3+
doping significantly reduced the internal strain caused by H2-H3 phase
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Fig. 15. (a) Cross-sectional SEM image
of the primary particles of NCA85 cath-
ode. (b) Cross-sectional SEM image of
the primary particles of Nb-NCA85
cathode. (c) Aspect ratio of the primary
particles. (d) orientation of the primary
particles. (e) Cycling performance in
half cells at 30 °C.(f) Cycling perfor-
mance in half cells at 60 °C. Reproduced
with permission.[145] Copyright 2021,
Wiley-VCH. (g) Cross-sectional SEM
image of NC90 cathode. (h) Cross-
sectional SEM images of 0.5-NCB90
cathode. (i) Cross-sectional SEM images
of 1-NCB90 cathode. Reproduced with
permission. [30] Copyright 2021, Wiley-
VCH.

transformation.

Xie et al. [124] stabilized the Ni- rich cathodes effectively by intro-
ducing boron-based polyanions into the LiNig 94C0g 0602 materials. It
delivered long cycling life, retaining a capacity of 223 mAh g~! after 400
cycles and the coulombic efficiency was close to 80%. However, the
LiNip.94C00.0602 (NC) without element doping exhibited a poor
coulombic efficiency of 61% after 400 cycles. In addition, further study
on the interface showed that a well-passivized boron/phosphorus-rich
cathode electrolyte interface was formed, which exhibited excellent
cycle stability. Moreover, B-NC had highly enhanced thermal stability
and air-exposure as well. After being exposed in air for 30 days, it dis-
played a superior rate performance of 125 mAh g’l at 10C. However, NC
showed a rate performance of 80 mAh g~! at 10C (Fig. 16).

Zhang et al. [146] also synthesized LiNipCog2Mng 202 cathode
materials with B doping via co-precipitation method. As a result, B-
LiNig 6Cog.2Mng 205 cathode (B-NCM622) delivered a superior revers-
ible capacity of 188.2 mAh g~! at 1C and excellent coulombic efficiency
of 86% after 200 cycles. High-resolution transmission electron micro-
scopy (HR-TEM) and X-ray photoelectron spectroscopy (XPS) exhibited
that the interaction of B>* and excess Li* led to the reduction of cation
mixing, further resulting in rapid kinetics, stable oxygen dense packing
structure, which in turn improved the cycling stability. This study has a
deep understanding of the effect of B>* doping and provides a feasible
strategy for the development of practical high energy density ultra-high
nickel rich cathodes.

In addition to the cation doping, anion doping has also become a
significant approach in improving the structure and electrochemical
performance of Ni-rich materials. Woo et al. [147] synthesized LiNigg.
Cop.1Mny 102,F, via co-precipitation method. X-ray diffraction (XRD)
spectra showed that all peaks were indexed with hexagonal -NaFeO5
structure with a space group of R3'm. The lattice constants of a and ¢
were increased by F~ doping. This can be accredited to the repulsive
forces in the oxide matrix formed by the strong bond between Li and F,
causing the lattice to expand simultaneously on both a and c axes.

The increase in the initial charging voltage of LiNip gCog.1Mng 102 ,F,
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Fig. 16. SEM images of (a) fresh NC and (b) fresh B — NC. TOF-SIMS surface mapping of (¢) BO™~ and NiO~ species and (d) BO?>~ and NiO" species in fresh B — NC
particles. (e) TOF-SIMS cross-section mapping of BO~, BO?~, and NiO — species in fresh B — NC. (f) TOF-SIMS three dimension depth profiling of BO,~ (x = 1 or 2)
species in the fresh B-NC. (g) Cycle performance of NC and B-NC cathodes in pouch full cell at 25 °C. Residual lithium content changes (h) NC and (i) B — NC. (j) Rate
performance of the 30-day stored NC and B — NC over the course of C/5 to 10C rate. Reproduced with permission. [124] Copyright 2019, American Chemical Society.

material may be related to the interaction caused by the substitution of F
for O. The bond energy of Li-F (577 KJ mol 1) is much stronger than that
of Li-O (341 KJ mol™!). Therefore, LiNig gCog.1Mng 104_.F, delivered
excellent electrochemical properties such as cycle and rate performance.
Generally speaking, single ion doping can only improve one aspect of the
performance of Ni-rich materials. In order to improve the comprehen-
sive performance of Ni-rich materials, multi-ion co-doping has become

the research direction of many researchers. Qiu et al. [125] synthesized
LiNig gCog.15Al0.0502 cathode material by co-doping Zr** and F. X-ray
diffraction (XRD), scanning electron microscope (SEM), constant cur-
rent charge discharge test and cyclic voltammetry (CV) proved that F°
doping can stabilize the crystal structure but reduces the reversibility of
the material. The doping of Zr*' effectively stabilized the crystal
structure and reduced the strong bond dissociation energy of ZreO. Co-

Fig. 17. (a) EDS mapping of Zr-F-1 sample. (b) XPS results of F (c) XPS results of Zr. (d) CV curves of bare samples at various scan rates. (e) CV curves of Zr-F-1
samples at various scan rates. (f) the relationship of the peak current (i,) and the square root of scan rate (v'/?). Reproduced with permission.[125] Copyright

2019, Elsevier.
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doping of Zr** and F stimulated the migration of lithium ions, slowed
down the electrochemical polarization and improved the electro-
chemical performance (Fig. 17). In addition, Qiu et al. [126] studied the
effects of the coexistence of PO43’ and Mn** on the crystal structure,
phase transition and electrochemical performance during lithiation/
delithiation process. Appropriate co-doping of PO,% content and Mn**
increased lithiation/delithiation channel of Li*, reduced the cation
mixing and inhibited the structure deterioration during cycle process.
When compared with the Ni-rich materials (un-doped), it was noted that
the electrochemical performance of the Ni-rich materials with PO4> and
Mn** co-doping got improved. It exhibited an excellent reversible
discharge capacity of 204 mAh g~! at 0.1C for 2.7-4.3 V and stabilized
at 174 mAh g™! at 1C after 100 cycles, as well as a coulombic efficiency
of 85.5% was achieved.

5.2. Coating modification

During the charge-discharge process, especially at higher voltage
and higher temperature, Ni** easily reacts with the electrolyte, leading
to the destruction of material structure. Surface coating is an effective
approach in improving the performance of Ni-rich layered oxides, while
coated materials are required to have good Li" and electronic trans-
mission performance. On one hand, it can improve the electronic con-
ductivity [148-151], while on the other hand, the coating materials can
reduce the direct contact area between Ni-rich layered oxide cathode
materials and electrolyte, hinder the formation probability of HF in the
electrolyte and the side reaction and further prevent the collapse of the
crystal structure due to corrosion of the cathode materials. All these
aspects significantly improve their electrochemical performance.

Previous reports have almost confirmed that Ni-rich layered oxide
materials through coating metal oxides can significantly improve the
electrochemical stability. Oxides such as AlyO3, TiO3, MgO are often
used as coating materials due to their structure stability and electro-
chemical inertia between coating materials and electrolyte at high
voltage, which shows good effects in improving the electrochemical
performance. Recently, Fan et al. [152] constructed a highly effective
TiO nano-coating on the surface of LiNig gCop.1Mng 102 (NCM811) by
accurately controlling the hydrolytic dynamics of Ti** in order to
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improve the comprehensive performance of Ni-rich cathodes for LIBs at
a higher upper cut-off voltage. A systematic study on the effect of
coating layer with TiOy was also executed. As a result, the continuous
and uniform coating layer with TiO; offered an exhaustive protection for
NCMS811 and increased the reversibility of phase transition between H2
— H3 during lithiation/delithiation process. This further ensured a su-
perior cycling stability and rate performance under the cut-off voltage of
3.0-4.5 V. High-resolution transmission electron microscopy (HR-TEM)
further demonstrated the slight structural decay of the NCM811 material
with TiOy coating when compared with the NCM811 material. Elec-
trochemical impedance spectroscopy (EIS) established a stable interface
between cathode and electrolyte, as well as fast kinetics at the surface of
NCMS811 material with TiO, coating. Comparing with NCM811cathode
material, NCM811 material with TiO2 coating delivered a superior
coulombic efficiency of 72.2% at 1C after 500 cycles with 3.0-4.5 V and
63.4% at 1C after 1000 cycles with 3.0-4.3 V. This work offers a general
approach for the preparation of uniform TiO; coatings and provides
direction for the precise evaluation of the comprehensive performance
of coatings (Fig. 18).

Becker et al. [153] synthesized tungsten oxide (WO3) coating layer
on the surface of LiNipgCop1Mng 102 (NCM-811) via sol-gel method
followed by heat treatment. As a result, tungsten oxide (WO3) coating
layer on the surface of LiNij gCop 1Mng 102 (NCM-811) delivered a su-
perior capacity retention for the long-term cycling process of LiNigg.
Cop.1Mng 105 (NCM-811) based LIBs full cells. Coated electrodes showed
superior discharge capacity of 184 mAh g~ at 0.1C and excellent ca-
pacity retention of 80% after 865cycles. Furthermore, it was confirmed
that tungsten oxide (WOs3) coating composite provides thermal and
structure stability. Unlike the uncoated electrode, the particle cracking
of the surface modified electrode had improved after cycles. Rare earth
oxides can also be used as a promising coating layer for Ni rich cathode
materials. Dong et al. [131] synthesized LiNig 7Cog sMng 102 (NCM712)
cathode materials with CeO coating by a wet chemical method. X-ray
powder diffraction (XRD) analysis and transmission electron microscope
(TEM) results demonstrated the structural characteristics, morphology
and elemental composition of bare and surface coated NCM712 mate-
rials. The CeOq-coated NCM721 exhibited reversible discharge specific
capacity of 202 mAh g! at 0.1C and showed excellent capacity

Fig. 18. (a) The protection mechanism of the TiO, nano-coating for Ni-rich cathode materials. (b) The rate performance of NCM and T-NCM. TEM images for NCM
(c) and T-NCM. (d) TEM image of a primary T-NCM particle. (e) and corresponding elements mapping including Ni (f), Co (g), Mn (h), O (i) and Ti (j). (k) The selected
discharge profiles for NCM and T-NCM at different current densities. Reproduced with permission.[152]Copyright 2020, Elsevier.
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retention of 86.42% at 0.5C after 100 cycles between 3.0 and 4.3 V as
well as decent rate performance of 137.1 mAh g~ at 5C. For compari-
son, NCM721 without coating delivered a reversible discharge specific
capacity of 205.7 mAh g ! at 0.1C and a coulombic efficiency of 70.64%
at 0.5C after 100 cycles between 3.0 and 4.3 V was noted. Again, the rate
performance obtained was of 95.5 mAh g~ at 5C.

Li et al. [132] constructed La-Al coating and doped co-modified
LiNig.gCog.1Mng 102 by wet coating method followed by calcination.
La-Al was uniformly doped in the inner layer and the coated layer of
Lay0O3 was distributed in the bulk phase. As a result, the doping and
coating of La-Al promoted the migration of Li", decelerated the elec-
trochemical polarization and amplified the reversibility of phase tran-
sition between H2 — H3 during lithiation/delithiation process. The
Lay03 coating layer offered an exhaustive protection and suppressed the
side reactions between materials and electrolyte, further improving the
storage stability. During cycling, excellent structural stability of 86.4%
at 1C was demonstrated after 100 cycles in the cell within a potential
range of 2.7-4.3 V (Fig. 19).

Recently, Yoon et al. [154] prepared CoxB-NCM811 by a room-
temperature synthesis route to construct high-guality coatings. Under
the strong driving force of interfacial chemical reaction, CoyB is not only
completely wrapped on the surface of secondary particles, but also
injected into the grain boundary of primary particles. As a result, CoxB-
NCM811cathode dramatically improved the cycling stability and the
rate capability, and delivered a superior capacity rentention of 95% at
1C after 500 cycles in practical pouch-type full-cells. Mechanically, DFT
calculation also identified a strong interfacial binding between NCM and
CoxB, which offers a reasonable explanation for the reactive wetting and
inhibited oxygen activity observed in the experiment. Therefore, other
transition metal boride coatings may also be suitable for Ni-rich cath-
odes, which puts forward a simple and feasible method to improve the
properties of Ni-rich cathodes (Fig. 20).

Although, coating layers of oxides can reduce the direct contact be-
tween the Ni-rich materials and the electrolyte and hinder the occur-
rence of side effects, most oxides exhibit electrical and electrochemical
inactivity. Many researchers have also studied the role of the electronic
conductive and Li™ conductive matrix as alternative coatings. Materials
with electronic conductivity include carbon, graphene oxide and poly-
mer, and materials with LiT conductivity include Li,ZrOs, LiySiOs,
LlAlOz et al. Chung et al. [133] synthesized LiNi0_8C00_15Alo_0502
(LNCAO/C) material with conductive carbon-coating by addition of
surfactant (SDS) and chemical adsorption SAM synthesis techniques. X-
ray diffraction (XRD) peaks depicted that LNCAO/C cathode was also in
form of a rhombohedralR3m structure, which can be derived from the
ordered rock-salt structure of a-NaFeO, compared with LNCAO. The
field emission transmission electron microscopy (FE-TEM) clearly
showed that a distinguishable carbon coating of about 2-3 nm thickness
was seen on the surface of LNCAO. The electrochemical performance

Fig. 19. Illustration for the synthesis and structure of La and Al co-modified Ni
rich cathode. Reproduced with permission.[132] Copyright 2019, Elsevier.
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such cyclic voltammetry (CV), discharge capacity and cyclic perfor-
mance demonstrated that the carbon coating with SDS on the surface of
LNCAO can effectively prevent the direct contact between electrolyte
and cathodes and can avoid being attacked by HF. Further inhibition of
the release of oxygen from the lattice as well as exhibition of an excellent
initial discharge capacity of 183 mAh g ! along with capacity retention
of 93% at 1C in 2.8-4.3 V were also the outcomes of the investigation.
Yoon et al. [134] obtained LiNiggCog 15Alp.0502/graphene cathode
using a high energy mechanical ball milling process at 200 rpm min~?
for 30 min under argon atmosphere. It was found to deliver a superior
discharge capacity of 180 mAh g™! at constant current of 55.6 mA g~
and had excellent capacity retention of 97% even after 80 cycles at
25 °C. However, LiNiggCog.15Alg,0502 without coating exhibited first
discharge capacity of 172 mAh g~! at a constant current of 55.6 mA g~
and capacity retention of 91% after 80 cycles. The graphene coating on
the LiNipgCoq.15Alp 0502 enhanced the conductivity of the cathode
material and reduced the polarization of the battery. Unlike other car-
bon coating experimental approach, this method used graphene for
coating which can be directly derived from carbon source without high-
temperature sintering. Although this method can save energy and pro-
tect the environment, cost-effectiveness and improvement of the ho-
mogeneity of graphene coating should be considered. Kong et al.[135]
synthesized LiNip ¢Cog.2Mng 202 materials with a homogeneous thick-
ness of C-Al;O3 composite. Whilst comparing with LiNig Cog.2Mng 202
using the coating of Al;Os, it was seen that the dual-functional C-Al,O3
coating on the surface of LiNipCog2Mng 202 showed a superior
reversible discharge capacity of 186.6 mAh g~ and excellent capacity
retention of 93.5% at 0.1C. The synergistic effect between the amor-
phous Al;O3 and conductive carbon improved the structural stability
and electrochemical kinetics of LiNiggCog2Mng 205 cathode material.
The carbon network in dual-functional C-Al,O3 coating on the surface of
LiNig 6Cog.2Mng 205 composite provided high electrical conductivity
and reduced the charge transfer resistance on the electrode surface
(Fig. 21).

Gan et al. [155] synthesized NCM811@PANI-PVP by poly-
vinylpyrrolidone (PVP) surfactant-induced homogeneous coating of
polyaniline (PANI) on the surface of the NCM811. The coating layer of
PANI not only provided a fast channel for electron conduction, but also
inhibited direct contact between the electrode materials and the elec-
trolyte. It further hindered side reactions and improved the electro-
chemical performance. Excellent capacity retention of 88.7% at a
constant current of 200 mA g~! after 100 cycles and a superior rate
performance of 152 mAh g~! at 1000 mA g~! were achieved. In-situ X-
ray diffraction and in-situ Raman spectra investigated the char-
ge—discharge mechanism and the cyclability of NCM811@PANI-PVP
upon electrochemical reaction. This surfactant-modulated surface ho-
mogeneous coating approach provided a new strategy to stabilize Ni-
rich cathodes and improved the electrochemical performance for
lithium ion batteries.

Du et al. [156] obtained LiNig gCo¢ 15Alp.0502 with LiAlO5 coating by
spray-drying coating technique. The study revealed a capacity retention
of 90.40% after 150cycles at 1.0C in 2.8-4.4 V, which was significantly
higher than that of the pristine material. This effective coating tech-
nology can significantly improve the structural stability, and can be
extended to other cathodes, to further obtain a higher safety and better
cycle stability for Ni-rich materials. Surface coating on the surface of Ni-
rich cathodes is an effective approach to solve the serious problems such
as fast energy loss and structure stability in LIBs. Nevertheless, the
coating of single and double layers has many serious defects. Herein,
Guo et al. [157] synthesized Li TiO, nano-particles embedded in
amorphous silica (LTSO) using the strategy of a dual-component in one
coating layer by facile approach. The results obtained showed excellent
electrochemical performance and improved the ion diffusion kinetics
(Fig. 22).

Huang et al. [136] developed an in-situ coating technology, which
realized the controllable construction of the material surface coating
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Fig. 20. (a) Schematic coating-plus-infusion microstructure. (b) TEM images of cross-sectioned CoyB-NCM cathode. (c) EDS mapping of site A in b. (d) EDS mapping
of site B in b. (e) Cycling performance in full-cells at 1C in the range of 2.8-4.3 V. (f) Strong interfacial bonding suppresses oxygen activity. (g) Rate performance of

CoxB-NCM811 and NCM811cathodes. Reproduced with permission.[154] Copyright 2021, nature.

Fig. 21. (a) Schematic illustration for the
synthetic procedure of MLD-derived C-Al,O3
coating on the surfa ce of NCM-622. (b) TEM
images of C-Al,03@NCM-622. (c) cyclic
performanceof the pristine and coated NCM-
622 electrodes at 25 °C, and the corre-
sponding discharge profiles. (d) at the 10th,
50th, and 100th cycles. (e) Nyquist plots of
pristine NCM-622, Al,O3@NCM-622 and C-
Al,03@NCM-622 electrodes at a charge state
of 4.4 V for 50th cycle. Reproduced with
permission.[135] Copyright 2019, Elsevier.

Fig. 22. Preparation of dual-component coating NCM by one-pot method. Reproduced with permission.[157] Copyright 2019, Elsevier.
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and the regulation of the order degree of the layered structure. At the
same time, in situ XRD and electrochemical performance test were
performed which revealed the inherent mechanism of the coating layer
of LipMnO3 which helped to improve the cyclic stability of Ni-rich
cathode materials. The results showed that the Li,MnOs3 coating can
effectively inhibit the irreversible phase transitions as well as the
occurrence of interfacial side reactions during the cycling process, which
effectively enhanced the long-cycling stability, rate performance and
high-temperature working performance of the Ni-rich cathode mate-
rials. This work is expected to be the reference for the preparation of
high energy density and Ni-rich cathode materials.

Residue lithium is considered to be one of the most critical factors
affecting the electrochemical performances of Ni-rich layered oxide
cathode materials. This is because residual lithium (Li3O and Li3O2) on
the surface of Ni-rich layered oxide cathode materials reacts with COy
and H»O in the air to form LipCO3 and LiOH. Li,CO3 and LiOH not only
consume Li" in materials, but also have no electrochemical activity,
which causes capacity degradation. The dense layer of LioCO3 on the
surface of particles hinders the diffusion of Li*, and further causes
irreversible capacity loss during charging and discharging. In addition,
the surface LiOH reacts with LiPFg to generate HF, which results in the
deterioration of lithium ion battery performance. In recent years, many
researchers have testified that some coating materials can consume
Li,CO3 and LiOH on the surface of Ni-rich layered oxide cathode ma-
terials and reduce the residual alkalinity as well as improve the elec-
trochemical performance.

Liu et al. [127], for the

first time, synthesized Ni-rich
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LiNig gCop.1Mng 10, cathode material with In,O3 and LilnO5 co-
coating layer on the surface. During sintering, the surface of LiNig g
Cog.1Mng 10, cathode material formed an In,O3 coating layer, and then
In,O3 reacted with the residual lithium (LiOH and Li»COs3) of LiNigg.
Cop.1Mng 105 to form an InyO3 &LiInO, coating layer. The specific re-
actions are as follows:

In,03 + 2LiOH — [2LiInO], + H,O1 (16)

In,03 + LipCO3 — [2LiInO], + CO2t a7

High-resolution transmission electron microscopy (HR-TEM) proved
that the surface on the NCM811 formed a homogeneous coating layer of
about 12 nm thickness, and two different lattice spacing in the coating
layer corresponds to InpO3 and LilnOj, respectively. Electrochemical
performance demonstrated that the NCM811 with the InpO3&LiInO3 co-
coating not only exhibited a superior capacity retention of 90% at 1C,
but also delivered superb discharge capacity of 177.1 mAh g~ ! at 5C and
a capacity retention of 86.4% after 300 cycles (Fig. 23).

In addition, part of Li;O remains behind in high temperature calci-
nations. H3POy4 also reacts with Li;O material’s surface. It is generally
believed that it is impossible to completely remove water molecules
from commercial electrolytes. The presence of traces of water in the
electrolyte results in the decomposition of LiPFg, which is further asso-
ciated with the formation of HF. What’s worse, the HF, generated from
the hydrolysis of LiFPg, accelerates the gradual disintegration of the
active materials by dissolving transition metal ions. The reaction equa-
tions are as follows [129]:

Fig. 23. (a) Schematic illustration of the formation of LilnO,. (b-c) HAADF images of NCM-In2. (d) EELS spectra ranging from 25 to 130 eV for NCM-In2 at different
points. (e) STEM elemental mapping of NCM-In2. (f) C 1 s and (g) O 1 s taken from the surface of pristine and NCM-In2 samples. (h) cycling performance of pristine
and co-coated samples at 1C. (i) rate performance of pristine and co-coated samples. Reproduced with permission.[127] Copyright 2019, Elsevier.
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LiPFg — PFs + LiF 1s)
PFs 4 H,0 — 2HF + POF; (€)]
POF; + Li,0 — Li,POFy + LiF (20)
NiO + 2HF — NiF, 4+ H,0 @1n
CoO + 2HF — CoF, + H,0 (22)
MnO + 2HF — MnF, + H,0 (23)

Fan et al. [128] used wet chemical method to convert H3PO4, LiOH and
Li;CO3 on the surface of Ni- rich LiNiggCop.1Mng 10, (NCM811) into
uniform LisPOy4 coating layer, and then used high conductivity graphene
(GN) to connect the secondary particles of Ni-rich LiNip gCog.1Mng 102
(NCM811) together to obtain multi-functional coated materials (GN-
LPO-NCM811) with high ionic and electronic conductivities. As a result,
the electrochemical performance, safety performance and storage per-
formance of the material have been significantly improved (Fig. 24a-c).
Zhu et al. [129] successfully synthesized LigPOs-coated LiNigg
Co0p.1Mng.102(NCM811) cathode material by lithium-reactive coating.
The test results showed that the LisPO4-coated NCM811 achieved
improved cycling performance at room temperature as well as at
elevated temperatures. In addition, there are other functions like (1)
removal of residual lithium (LiOH and Li;CO3) which impedes LiT
migration; (2) protection of the core NCM811 materials from HF attack
in the electrolyte; (3)HF scavenger to reduce the level of HF in the
electrolyte (Fig. 24d-f). The reaction equations are as follows:

(NH4),HPO, + 3LiOH — Li3PO, + 2NH; + 3H,0 24)
2(NH4);HPO, + 3Li,CO; — 2Li3P0O4 + 4NH3 + 3CO; + 3H,0 (25)
Li3PO4 + HF — LiF + LiyH,PO4 (or POHy) (26)
Li3PO4 + HF — Liy0 + LixH,PO, (or POHy) 27)

5.3. Morphology design

Ni-rich cathodes are generally composed of mixed and disordered
arrangements of initial particle reunion of secondary particles. Its
structure and characteristics lead to internal stress and complex lithium
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ion transport path in the charging/discharging process which further
lead to poor cycle stability and rate performance as well as greatly limit
the application process. Due to the anisotropic properties of crystal,
modification in the morphology in order to improve the stability and
rate performance cycles can be realized as an effective strategy. But from
the two aspects of structure and morphology, controllable synthesis with
excellent cycle stability and rate performance are still a significant
challenge, especially in the field of large-scale commercialization. Core-
shell and concentration gradient structured materials not only inhibit
the reactions between Ni*™ and electrolyte on the surface, but also
reduce the influence of coating on discharge specific capacity and en-
ergy density, and further improve the structure stability of Ni-rich
cathode materials.

Sun et al. [137] synthesized a Li[(Nip gCog.1Mng,1)0.8(Nip 5sMng 5)o.21
O, material of spherical core shell structure, namely the high specific
capacity Li[NipgCop1Mnp1]02 (NCM811) cathode, and a good ther-
mally stable Li[NipsMngs5]O; regarded as the core and shell, respec-
tively. The [(Nip.gCoo.1Mng.1)0.8(Nig.sMng 5)9.2](OH)2 precursor with
spherical core shell structure was initially obtained by a modified hy-
droxide co-precipitation method, and then uniformly mixed with the
stoichiometric amount of LiOH. Next, the mixture of [(NiggC-
00.1Mng 1)0.8(Nip sMng 5)9.2] (OH), precursor and LiOH were sintered to
obtain the Li[(Nip.gCog.1Mng 1)0.8(Nig.sMng 5)0.2]102 with spherical cor-
e-shell structure. Scanning electron microscope (SEM) showed that the
inner core was tightly wrapped by the outer shell layer. It delivered a
superior long-term cycling performance and capacity retention was
relative to the NCM811 at 1C after 500 cycles. A new type of Ni-rich
positive cathodes with core shell structured is a major breakthrough in
the development of high capacity density LIBs (Fig. 25a-c). Kim et al.
[158] designed a new hybrid cathode material, LiNiggge.
Cog.0490Mng 05Alp,01502, which was synthesized using LiNig.g34.
COQ‘043A10.01502 encapsulated by Li [Nio_844C00_061Mn0.080Alo.015] 0. Its
core part was Ni-rich LiNig 934C00.043Al0.01502 (NCA) and the outer layer
shell part was Li[Nig gggC00.049Mng 05Alg.015]02. It exhibited excellent
reversibility discharge capacity of 225 mAh g~! at 0.1C and a superior
capacity retention of 91% at 1C after 1000 cycles. (Fig. 25d-f). In order
to achieve high pressure density and excellent velocity performance at
the same time, Su et al. [137] synthesized structural gradient LiNigg.
Cog.1Mng 10, cathode materials. The gradient Ni-rich cathode material
demonstrated excellent electrochemical performance, especially a rate
performance of 160 mAh g1 at 10C.

Porous electrodes with multi-shell structure have attracted much

Fig. 24. (a) The synthesis schematic
and working mechanism of GN-LPO-
NCM811. (b) The cycling performance
for pristine and modified samples in the
voltage range 3.0-4.3 V at 0.5C at 55 °C.
(c) The differential scanning calorimetry
traces showing heat flow from the reac-
tion of the electrolyte with pristine
NCM811, LPO-NCM811, and GN-
LPONCMS811 charged to 4.3 V. Repro-
duced with permission.[128] Copyright
2019, Elsevier. (d) Schematic illustra-
tion of chemistry on the surface. (e)
Cycling performance of the as-prepared
samples over the voltage range of 3.0
~ 4.4V at 55 °Cat 1C. (f) rate capability
for the LP. Reproduced with permission.
[129] Copyright 2019, Elsevier.
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interest in recent years. First, the porous multi-shell structure provides
more lithium ion channels to enhance specific capacity. Second, the
multi-shell structure has a lithium ion diffusion path that is very short,
leading to good rate performance. As a cathode material for lithium ion
batteries, exhibition of high performance is mandatory. Zou et al. [49]
synthesized a nickel rich multilayer hollow fiber material with low
cation mixing using green algae fiber as template. Compared with the
traditional nickel rich materials, the multi-layer hollow fiber materials
had lower cationic mixed defects and multi-layer hollow fiber conduc-
tive network. Thereby, the materials showed excellent electrochemical
performance (Fig. 26a-f). In addition, Xu et al. [48] synthesized sec-
ondary spherical Ni-rich cathodes NCM811, which was formed by the
primary agglomeration of radially oriented single crystal particles. The
surface of the spherical secondary particles were LitT active (010)
crystal, which formed three-dimensional Li* transport channels, thus
improving the Li* transport rate and rate performance. In addition, the
radial primary particles have the same orientation, which significantly
reduced the grain boundary stress caused by the anisotropic volume
change, further inhibiting the particle breakage and improved the cycle
stability (Fig. 26g-i).

5.4. Crystal form regulating

In recent years, many studies have reported that oxide positive
electrode can improve specific capacity when charged at high voltage,
but the increase in voltage will aggravate the material decomposition
and seriously affect the safety performance of the battery. It is generally
believed that the transition of nickel rich cathode materials from layered
to spinel or completely disordered rock salt structure, as well as the
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Fig. 25. (a). Schematic diagram of the
structure of concentration gradient
cathode materials and electrochemical
performance. (b-c) The energy disper-
sive spectroscopic (EDS) image of the Li
[(Nip.gC0o.1Mng 1)0.8(Nip.sMno.5)0.2]02
particle. Reproduced with permission.
[137] Copyright 2005, American
Chemical Society. (d) TEM image of an
NCA-NCMA90 primary particles. (e)
Long-term cycling performance of the
NCA90 and NCA-NCMA90 cathodes in
full cells. (f) Cross-sectional SEM images
of the NCA90 and NCA-NCMA90 cath-
odes from the full cells after 1000 cycles.
Reproduced with  permission.[158]
Copyright 2019, Elsevier.

dissolution, migration and segregation of transition metals (TMs), can
cause structural reconstruction, resulting in capacity attenuation. It is
observed that the inhomogeneous stress can cause intra-grain cracks
during the cycle, which can aggravate the collapse and capacity loss of
the nickel rich cathode materials structure. Some traditional modifica-
tion methods including doping and coating have been reported to inhibit
the cation mixing and interface side reactions. But excessive coating and
unregulated doping might hinder the migration of Li*, thus affecting the
electrochemical performance of the battery. In order to solve these de-
fects, creative strategies must be adopted to improve the structural
stability of cathodes. The ideal method is to adjust the structural and
morphological characteristics simultaneously in order to impede the
structural failure and inter-granular fracture. Compared with traditional
polycrystalline particles, single-crystal cathode materials have attracted
a solemn attention due to its excellent capacity retention rate in the long
cycle. Firstly, the cracking of nickel rich oxides can be inhibited due to
the inherent structural integrity and continuous conductive network of
single crystal particles. Second, compared with the polycrystalline ma-
terials, single crystal electrodes have no grain boundaries in theory,
which can improve the antioxidant capacity and structural stability in
the process of interacting with electrolytes.

In order to further understand the correlation between surface
structure, internal strain, and capacity deterioration, Qian et al. [47]
directly observed the correlation between surface chemistry and phase
distribution from homogeneity to heterogeneity by using X-ray spec-
troscopy and nano tomography, which induced heterogeneous internal
strain within the particle and structural/performance degradation dur-
ing cycling. The improved strategy effectively adjusted the performance
degradation of single crystal cathode and provided a new idea for
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Fig. 26. Cross-section SEM images of
the multi shelled LiNi;Coy,Mn,O5 hollow
fibers (a) x = 0.8, (b) x = 0.7, (c) x =
0.65, (d) x = 0.5. (e) SEM image of Li
(Nig.65C00.05Mng1)05 and the corre-
sponding EDS mapping for Ni, Co, Mn
elements. (f) EDS spectrum collected
from the area in panel (e) of Li(Nig g5C-
00.25Mng 1)0,. Reproduced with
permission.[49] Copyright 2017, Wiley-
VCH. (g) Schematic illustration of the
structure and characteristics of C-NCM
(commercial NCM) and RASC-NCM ma-
terials. (h) SEM images of RASC-NCM.
(i) cross-sectional SEM images of RASC-
NCM. Reproduced with permission.[48]
Copyright 2019, WILEY-VCH.

Fig. 27. (a) SEM image of the as-synthesized particles. (b) PXRD pattern and the Rietveld refinement results. (c) and (d) are band-contrast EBSD map and the EBSD
orientation (Euler angles) map of the particles. Each color in (d) indicates a specific crystal orientation of the grains compared to a chosen reference. (¢) STEM-EDS
mapping of the particle showing homogeneous distribution of Ni, Co, and Mn elements. (f) STEM image of a particle oriented along the [99] zone axis of
LiNip,¢Mng 2C0¢ 202. (g) and (h) are HAADF-STEM images showing the particle has well-formed layered structure and a surface cation mixing layer of 3-5 nm in
thickness. (i) Half-cell rate capability tests of the SC622 cathode and PC622 cathode. (j) half-cell cycling performance of the SC622 and PC622 cathodes at a current
density of 1C in 2.8-4.3 V at 55 °C. Reproduced with permission.[47] Copyright 2020, Elsevier.
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improving the performance of cathode (Fig. 27). Fan et al. [138] syn-
thesized a single crystal and the secondary particle sample. It has been
proved by testing that the sample of secondary particles in the process of
charge—discharge cycle process still maintained the R3m-layered struc-
ture in the central bulk far away from the nano crack. However, the
approached parts gradually deteriorated into disordered layered phase
and defect rock-salt phase, which eventually transferred into the disor-
dered rock-salt phase at the nano-crack surface. Compared with the
materials with secondary particle morphology, nano/micro cracks were
not observed in the synthesized single crystal materials, and the integ-
rity of micron particles was well maintained both inside and outside.

5.5. DOD setting

The mechanism of capacity attenuation of high nickel positive
electrodes (NCM and NCA) involves the accumulation of mechanical
strain caused by the sudden collapse of layered structure during phase
transformation, and the formation and development of inter granular
micro cracks. A lot of research has been carried out to improve the cycle
stability of high nickel positive electrode by coating and doping, but
minor results have been perceived. Yoon et al. [44] found that the cycle
stability of the cylindrical battery based on NCA positive electrode and
graphite negative electrode was poor, and the capacity retention rate
was of only 50% after 2000 cycles at 100% discharge depth. However,
when the discharge depth was 60%, the cycle performance was found to
be better, which indicated that the discharge depth should be limited to
60% in order to achieve long-term cycle stability. However, this reduced
the energy density and increased the weight and cost of the battery.

5.6. Electrolyte modification

Electrolyte is known as the “blood” of lithium-ion batteries. It plays
an important role in the performance of lithium-ion batteries (LIBs),
especially in the structure and properties of the interface between
electrodes and electrolyte. However, the structural changes and
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interface side reactions of cathode materials under high voltage and high
temperature bring great challenges to the practical applications in the
traditional electrolyte system. It is one of the effective methods to
improve the electrochemical performance of lithium-ion battery by
developing suitable electrolytes to improve the interface structure be-
tween electrode and electrolyte, which has attracted extensive attention
in recent times. Since LiFP¢ decomposes and produces HF at high pres-
sure and high temperature, a series of safety problems are a matter of
concern. In LiPF¢ based electrolytes, the use of additives to establish a
uniform cathode electrolyte interface (CEI) and removal of reactive HF
and PFs is considered as a method to maintain the stable electro-
chemical performance of Ni rich cathodes. Before the decomposition of
electrolyte solvents such as ethylene carbonate (EC), dimethyl carbonate
(DMCQ) and lithium salt, the film-forming additives are oxidized on the
surface of nickel rich cathode to form uniform CEI The existence of
uniform CEI can inhibit the side reaction of electrolyte at the cathode.
Dong et al. [139] introduced p-toluenesulfonyl isocyanate (PTSI) as
electrolyte additive. The test showed that the Li/LiNig5Cog 2Mng 302
half-cell with PTSI exhibits superior rate capability when compared to
that of the baseline electrolyte. The discharge capacity retention is
elevated from 71.4% to 86.2% after 100 cycles at room temperature.
This can be also attributed to the —-S = O group in PTSI which serves as
the weak base site to restrain the reactivity of PFs, resulting in the
suppression the formation of LIF and HF (Fig. 28).

Phosphite derivatives as additives are an efficient method to make a
protective film on high-voltage nickel rich cathodes, to mitigate the
hydrolysis reactions of LiPFg, and to eliminate HF. Researchers have
aroused their interest to test the effect of phosphate based additives on
nickel rich cathode materials. Song et al. [159] carried out a compara-
tive study by using organophosphorus compounds including triphenyl
phosphite (TPP), trimethyl phosphite (TMP), tris(2,2,2-triflfluoroethyl)
phosphite (TFEP), and tris(trimethylsilyl) phosphite(TMSP) in Li/
LNMO half cells. It was found that the cycle performance and rate per-
formance of the half-cell were significantly improved under the action of
TMP. Moreover, phosphite based additives inhibited the hydrolysis of

Fig. 28. (a) Schematic mechanism on the roles of PTSI to the high voltage electrochemical properties improvement of LiNig 5Cog 2Mng 30 electrode. (b) The cyclic
performance at 25 °C. (c¢) Nyquist curves of Li/LiNig 5Cog.2Mng 305 half cells in RE and PTSI-containing electrolyte after first cycle and (d) 100 cycles under 55 °C and

1C rate. Reproduced with permission.[139] Copyright 2017, Elsevier.
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LiPFg and removed HF. Jang et al. [140] proposed silyl-functionalized
dimethoxydimethylsilane (DODSi) as a multi-functional additive. In
contrast to the typically attempted cathode additive, silyl-functionalized
dimethoxydimethylsilane had a wide electrochemical window up to 5.0
V, which indicated that DODSi will not damage the electrochemical
stability of traditional carbonate based electrolytes. In terms of cycle
performance, the use of DODSi effectively improved the cycle perfor-
mance and rate performance at higher potential. DODSi removed F from
the battery and inhibited the additional side reactions on the surface of
NCMS811. Presently, Yim et al. [141] showed that DVS oxidized and
decomposed on the surface of NCM721 electrode material, forming an
inert layer on the surface of positive electrode material and thereby
reducing the decomposition of electrolyte on the surface of positive
electrode. This resulted in the significant improvement of the cycle
stability of NCM721 electrode material. In order to analyze the
composition of the inert layer formed on the surface of NCM721 by DVS,
the surface composition of NCM721 was characterized by means of FT-
IR. Polycarbonate (RCO2R) and carbonate (Li;CO3) were observed on
the surface after one cycle, from the test results, which mainly come
from the decomposition of the solvent. At the same time, the absorption
signals (1275 cm ™! and 1371 em™!) of polyalkyl sulfone and polyolefin
functional groups on the surface of NCM721 particles using DVS addi-
tive electrolyte were observed, which indicated that DVS did decompose
on the surface of NCM721 particles (Fig. 29 a-b). Deng et al. [142] used
fluoridated lithium electrolyte (FEC: FEMC: HFE, 2:6:2) and 2% LiDFOB
to produce F and B rich cathode/electrolyte interface which was able to
withstand the volume expansion of LiNiOy. The LiNiO, with this elec-
trolyte provided discharge capacity of 210 mAh g~! at 0.5C, and the
capacity retention was still maintained at 80% even after 400 cycles
(Fig. 29¢-d).

5.7. Binder

Usually, PVDF is a commonly used binder in cathode materials (used
with NMP solvent) with good bond strength, electrochemical stability
and insoluble in electrolyte, but its alkali resistance is poor. [160] When
high nickel system is selected as the cathode material, the residual alkali
content in the material becomes higher and higher with the increase of
capacity. Under the strong alkali environment, PVDF will produce
decomposition reaction, resulting in the separation of hydrogen fluoride
and making the slurry gel (Fig. 30). At the same time, some side re-
actions will occur on the surface of the high nickel positive electrode,
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Fig. 30. Reaction formula of PVDF elimination reaction.

which will cause the secondary particles to collapse, resulting in a
decrease in the conductivity of the battery. [161] At present, we have
summarized the following three points to solve this problem: 1. Reduce
alkaline substances. 2. The alkali resistance was improved by PVDF
modification. 3. Replace PVDF with new binder. For the treatment of the
Ni-rich cathode itself, the optimization of sintering process can reduce
the residual alkaline impurities on its surface, but compared with water
washing process, this method is not complete. At the same time, water
washing will lead to the attenuation of material properties, so these two
methods are not applicable. Therefore, coating a layer of stable oxide is a
better choice. In addition, the addition of Lewis acid (such as LiPFg)
[162] which can neutralize with free alkali in the Ni-rich cathode has
been reported as a feasible method. The application performance of
PVDF in high nickel NCM can also be improved by modifying PVDF. For
example, Maurizio Biso et al. Found that the chemical modification of
PVDF by Solef was effective in preventing gelatinization of slurry
compared with emulsion polymerization PVDF.[163] Meanwhile, Ki Jae
Kim of Korea’s Jianguo University and Jang wook Choi of Seoul Uni-
versity reported a high elastic binder spandex (spdx), which can over-
come the problems of nickel rich layered cathode materials and
significantly improve their electrochemical properties. The high elas-
ticity of spdx enables it to uniformly coat LiNig gCog 1Mng 102 particles
through shear force during slurry mixing, so as to prevent side reactions
in the circulation process of particles, which will greatly promote the
wide application of nickel rich cathode materials in the future. [164]
Japan’s ZEON group also said that it has developed a new fluorine-free
binder, which can replace the traditional PVDF too.”

5.8. Separator

Separator is a kind of functional membrane material with micropo-
rous structure, and its thickness is generally 8 ~ 40 pm. In the battery

Fig. 29. (a) 2D and 3D molecular structures of DVS. (b) FT-IR analysis results of cycled NCM721 cathode after 1 cycle. Reproduced with permission.[141] Copyright
2015, Elsevier. (c) Synthesis illustrative diagram of LiNiO,. (d) Cycle performance curve of LiNiO,. Reproduced with permission.[142] Copyright 2019, Elsevier.
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system, The separator membrane can prevent the short circuit of posi-
tive and negative electrodes and provide lithium ion diffusion channel.
It can regulate the lithium ion diffusion rate, the retention of electrolyte,
the internal resistance of the system and the composition of battery
interface structure, so as to affect the electrochemical performance of
the battery. However, polypropylene and polyethylene separator
currently used commercially will shrink and melt at high temperatures,
resulting in short circuit and thermal runaway. The above traditional
separator can not meet the current needs of lithium-ion batteries. High
porosity, high thermal resistance, high melting point, high strength and
good wettability to electrolyte are the development direction of lithium-
ion batteries in the future.

According to the development needs of lithium-ion battery tech-
nology, researchers have developed a variety of new separators based on
the traditional polyolefin membrane. According to the development
needs of lithium-ion battery technology, some polymers with better
comprehensive performance, such as PVDF, PET and PI et al, have been
gradually applied. [165] At the same time, coating inorganic ceramic
particle layer or composite polymer layer on the substrate will further
improve its comprehensive properties.

For example, Zhao et al. designed a heat-resistant and fireproof
double function diaphragm by coating ammonium polyphosphate (APP)
particles on a ceramic-coated separator modified with phe-
nol-formaldehyde resin (CCS@PFR). When applied to LiNigpg.
Coo.1Mng 10| |SiOx-Gr full battery, it has excellent safety performance,
does not catch fire in 30 s combustion test and does not fail in 10 min of
high temperature test above 300 °C. [166] So in the long run, the
traditional separator of single component may be gradually replaced by
composite separator with better comprehensive properties. With the
rapid development of solid- state batteries, gel electrolytes or solid
electrolytes may completely replace the diaphragm in the future

5.9. Assembly technology

Safety performance is the largest luxury of electric vehicles. As one of
the core components of electric vehicles, the safety of batteries largely
determines the safety performance basis of electric vehicles. The opti-
mization of assembly process has a great impact on the safety of lithium-
ion battery. The assembly process of the battery is cumbersome. Before
assembly, the diaphragm needs 120 °C heat treatment to increase its
barrier performance and safety. The battery shall be vacuum dried for
24 h before cell liquid injection to remove the moisture and moisture in
the battery components, so as to prevent LiPFg from reacting with water
to form HF and shorten the service life. After the whole battery assembly
is completed, the battery shall use X-ray to identify whether the internal
structure of the battery is normal, and check the cell misalignment, steel
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shell crack, solder joint, short circuit, etc. to eliminate the battery with
the above defects and ensure the quality of the battery. At the same time,
compared with the wound structure core, the laminated structure has
more uniform current density, excellent internal heat dissipation per-
formance, and is more suitable for high-power discharge. For example,
BYD blade battery with laminated cell structure shows better cycle
characteristics, safety characteristics and energy density. Although the
Ni-rich cathode is thermodynamically unstable, it is believed that it will
be well solved with the continuous development of assembly
technology.

6. Prospect

When compared with the traditional layered LiCoO,, nickel-rich
layered oxide cathode materials (LiNijxyMyNyO2; x + y < 0.5; M\ N
= Co, Mn, Al, Mg, Ti etc.) have the advantages of high reversible specific
capacity (greater than200 mAh g 1), comparably high operating voltage
and low cost. These beneficial features are responsible in making them a
research hotspot in the arena of materials, energy and other disciplines.
Nickel rich layered oxide cathodes have gradually entered the stage of
commercial application and have been considered as promising cathode
materials for lithium-ion power batteries. In the future, Ni-rich cathodes
will have further applications and development in the following aspects
(Fig. 31):

6.1. Co-free

Due to its scarcity and strategic value, the price of cobalt has
remained high for a long time. Reducing cobalt content has become the
primary measure to reduce the cost of NCA or NCM cathode materials.
At the same time, the redox potential of nickel is relatively high, and the
increase of its content can increase the capacity. The development of
high nickel and cobalt free materials has become an inevitable trend.
Cobalt free high nickel materials have obvious advantages (Fig. 32a)
[167]. There are two R & D lines for cobalt free high nickel materials: (1)
Reduce the content of CO in NCM/NCA and increase the content of Ni.
(2) reduce the content of nickel in LiNiOs. At present, NCM/NCA with
80% Ni content has been reported commercially, and those with more
than 80% (90%, 95% et al.) content have also been reported by relevant
laboratories, which has been mentioned in the previous part , it will
continue to develop towards ultra-high nickel content in the future. For
LiNiOs, because Ni2* and Li* have the same ion radius, Ni?* can easily
migrate to the lattice position of Li, thus blocking the migration channel
of Li*, greatly reducing the reversible capacity of the material. Ni site
doping is a main means to improve the properties of modified materials,
including mg, Fe, Al, Mn and other transition metal elements. For

Fig. 31. Further applications and development trends of nickel rich cathodes in the future.
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Fig. 32. (a) A comparison of specific energy and cost per energy of LCO, NMC111, NMC622, NMC811, and Co-free high-Ni layered oxides. Reproduced with
permission.[167] Copyright 2020, Elsevier. (b) Effect of Mn concentration on electrochemical properties and thermal stability of high nickel materials. Reproduced

with permission.[168] Copyright 2013, American Chemical Society.

example, Yang kook sun and others found that Mn content is inversely
proportional to the capacity of the material, but directly proportional to
the capacity retention and thermal stability of the material (Fig. 32b)
[168].

6.2. Single crystal

Compared with the secondary spherical polycrystalline material of
about 10 um formed by the agglomeration of hundreds of nano-sized
primary particles, the single crystal material is directly composed of
independent crystals with a diameter of 2-5 um. Due to the higher
crystallinity, more stable layered structure and anisotropy, the single
crystal material has both cyclic performance and thermal stability, And
gas production are better than the traditional secondary particle NCM
materials [169]. At present, high nickel single crystal cathode materials
have been studied mainly for single crystal nickel cobalt lithium
manganate (NCM) [170] nickel cobalt lithium aluminate (NCA) [171]
ternary cathode materials with nickel content of more than 80% and
single crystal nickel cobalt lithium manganate (NCMA) [172] quater-
nary cathode materials. Although single crystal materials contribute to
cyclic stability, the low diffusion kinetics of lithium ion limits the
multiplier performance and reversible capacity. Therefore, the optimi-
zation of single crystal microstructure, particle size and test environ-
ment will play a decisive role in achieving rapid charge-discharge.
Recently, J. R. Dahn of dalhouse University studied the synthesis of Mg
doped cobalt free single crystal LNO by one-step lithium method.
Compared with polycrystalline cells cycled at 30 °C, cycling single
crystal materials at 55 °C can restore the discharge capacity of about 20
mAh g~! and produce similar irreversible capacity. [173] With the
development of lithium-ion battery technology, people began to demand
a cathode material with large capacity, high voltage and good stability
to break through the existing energy density. Cobalt free nickel rich
single crystal cathode material is expected to achieve this goal. How-
ever, it is still a long way from industrialization, which still needs a lot of
efforts and attempts.

6.3. Characterization technology

The development of characterization technology is very important to
analyze the microstructure morphology and chemical characteristics of
electrode materials. Especially in the process of electrochemical charge
and discharge, in-situ characterization technology must be introduced to
observe the structural transformation of electrode materials, redox
process, solid-liquid interface formation, side reactions and lithium ion
transport characteristics in real time [174]. In addition, the process of
lithium diffusion and decay reaction in high nickel ternary materials
depends on the transient properties of material particle size. The per-
formance degradation of subsequent cycles can be attributed to several
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causes like complex chemical and mechanical interactions among
lithium diffusion, anisotropic lattice strain, surface oxygen consumption
and cathode particle deterioration. Amongst them, the transient per-
formance of particle size of material remains the key factor of diffusion
and deterioration process. Once the electrochemical process is inter-
rupted for diffraction measurement, the charge rebalancing will occur,
the movement of lithium ions will be along the radial direction of the
particles and the anisotropy of the lattice parameters will be masked.
Therefore, it is indispensable to use high-resolution experimental tech-
nology in time (subsecond) and space dimensions (submicro) in order to
explore the undisturbed charge discharge process for better under-
standing of the potential decomposition degradation mechanism. [42]

6.4. High-throughput calculations

In the era of big data, high throughput computing method based on
material genome and Al technology can quickly determine and select
appropriate electrode materials and components and configurations of
the whole battery system. Therefore, we also describe the screening and
modification of electrode materials by high-throughput calculations.
The traditional research and development of battery materials is based
on the development mode characterized by “trial and error method”.
The cycle from discovery to application is very long, which generally
takes 20 years or more. In the process of lithium battery material design
and development, the theoretical method of high-throughput computing
began with ceder research group. They have carried out research called
“genetic engineering of lithium ion battery materials” since 2010. In this
method, new compounds are produced by replacing the elements in
compounds containing polyanion xO4 (x = P, s, as, SI). The parameters
such as energy density, voltage and volume change after Li removal are
calculated, and the new materials are selected. Starting from the mineral
sidorenkite structure existing in nature, they replaced its elements,
constructed more than 270 components and structures, calculated its
properties, and screened out several materials: LisMn(CO3)(POy4), LioV
(CO3)(PO4), LisV(CO3)(Si0y4), ete. [175] Based on theoretical calcula-
tions, gerbrand ceder of the University of California, Berkeley and others
carried out a comprehensive high-throughput search in five aspects:
phase stability, electrochemical stability, chemical stability, ionic con-
ductivity and electronic conductivity, and quickly found suitable
coating materials for cathode materials (Fig. 33a). From the results of
the author’s study, it is obvious that the selection of coating materials
needs to be careful to the specific solid-state electrolyte (SSE)/cathode
electrode combination (Fig. 33b). The author believes that lithium
borate is recommended regardless of the interface, because lithium
borate has good chemical stability and high oxidation limit. Although
the results show that LiBa(B3Os)s has a high migration barrier for
lithium ion conduction, other borates with high lithium content may still
show high ionic conductivity [176]. Meanwhile, Professor Mo Yifei’s
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team from the University of Maryland studied, analyzed and screened
the interaction and interfacial thermodynamic stability of a series of
solid compounds for cathode materials of high specific energy lithium-
ion batteries through high-throughput thermodynamic calculation. By
studying and analyzing the chemical reactions of a large number of
compounds on cathode materials, the effects of different material
chemistry and components on the interface stability of cathode mate-
rials are explained, and the strategy of selecting solid electrolyte and
coating materials for different cathode materials is put forward [177].

With the continuous development of material genome and artificial
intelligence technology, we believe that it will provide strong guidance
for the specific design strategy and material selection of lithium cathode
materials such as ternary high nickel. However, at present, the research
work on high-throughput screening of lithium battery materials is in its
infancy, and there are still the following problems. [178,179] 1) It fo-
cuses on the calculation of thermodynamic properties of materials, such
as formation energy and thermal stability, and lacks the consideration of
lithium ion transport, an important dynamic property; 2) The con-
straints used in screening are lack of pertinence and hierarchy, resulting
in a large number of repeated and unnecessary calculations; 3) The first
principle method based on density functional theory is mostly used in
the calculation, but it has not been combined with other calculation
methods or software; @ A large number of calculated data have not been
effectively mined. However, it can be predicted that in the next few
years, the application of high-throughput computing methods, com-
bined with experimental research, will greatly accelerate our R & D of
lithium battery materials, deepen our understanding of various prob-
lems in lithium batteries, reveal the structure performance relationship
and internal physical laws of materials, so as to shorten the whole
process from R & D to application. The application of high-throughput
computing method to explore and design new lithium battery mate-
rials is an important way for future material scientific research and
development. It can shorten the whole process from R & D to applica-
tion, and provide strong support for the development of new battery
materials and even battery systems.
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Fig. 33. (a) Flowchart describing the
computational screening of cathode-
coating materials (Following the initial
screening, phase stability, electro-
chemical stability, and chemical stabil-
ity were used as sequential filters for the
high-throughput screening. Eg is the
density functional theory (DFT)-calcu-
lated Kohn-Sham band gap; Vred and
Vox are the reduction and oxidation
limits of the electrochemical stability
window in V versus Li metal, respec-
tively; DErxt is the reaction energy of
the material with the cathode or elec-
trolyte in eV/atom; LPS denotes the SSE
material LizPS4and NCM denotes the
fully lithiated cathode material LiNi,,
3C01,3Mn;,305). (b) Coating Recom-
mendations for Various Cathode/SSE
Interfaces under Different Processing
Conditions (Oxide cathode/sulfide SSE
and Oxide cathode/LLZO). Reproduced
with permission. [176] Copyright 2019,
American Chemical Society.

7. Summary

In summary, the structure, surface properties and electrochemical
performance of nickel rich layered oxide cathodes have been preferably
awarded and have shown substantial improvements these years. Of
course, nickel rich layered oxide cathodes still have numerous chal-
lenges related to structural instability, surface side reactions, and safety
concerns. Nevertheless, it is believed that unceasing and thorough in-
vestigations and honest efforts of the scientific researchers can undeni-
ably inaugurate the application of nickel rich layered oxide cathodes as
the next generation of lithium ion batteries high-energy cathode mate-
rials in the impending future.
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ABSTRACT

Hard carbons are one of the most promising anode materials for sodium/potassium-ion batteries (SIBs/
PIBs), which demonstrate favorable long charge/discharge plateaus, but suffer from low rate perfor-
mance. Herein, we report a new design of N—P codoped hard carbon (NPHC) with three-dimensional
(3D) hierarchical porous frameworks. Such unique structure provides bicontinuous ion/electron trans-
portation paths, regulated electronic structure, enlarged interlayer spacing, and moderate surface area.
The as prepared NPHC demonstrates a high reversible specific capacity (336 mAh g~ for SIBs, 339 mAh
g1 for PIBs), along with a good rate performance of ~5.3 C. Particularly, an in-depth study on the charge
storage mechanism for both SIBs and PIBs is conducted by combining in-situ Raman spectra and quasi in-
situ synchrotron X-ray diffraction analysis, whereby the coexistence of physical adsorption/graphitic
layer intercalation, or intercalation/pore filling within certain potential ranges is detected, and the ion
storage behavior at different charge/discharge stages is precisely identified.

Charge storage mechanism

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Sodium/potassium-ion batteries (SIBs/PIBs) are recognized as a
potential alternative system for lithium-ion batteries (LIBs) because
of the low cost and abundant reserves of sodium/potassium as well
as its suitable sodiation/potassiation potential (0.05 Vvs. Na®/Na,
0.2 Vvs. K/K') [1—12]. At present, important progress has been
made in the research and development of cathode materials for
SIBs. But, the search for suitable SIB/PIB anode materials is still
ongoing because of the more sluggish diffusion kinetics and a larger
radius of Na*/K* than Li* [13—15]. Hard carbons (HCs) comprising
interlaced graphite microcrystalline layers and abundant micro-
pores and defects are considered to play an important role in the
future commercialization of SIBs because of its high capacity, stable
cycling performance, and wide range of precursors [16—18]. How-
ever, the very polarized energy storage platform and sluggish ions
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E-mail address: yufengzhao@shu.edu.cn (Y. Zhao).
1 These authors contributed equally to this work.
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diffusion kinetics of HC generally cause limited rate performance
[19,20].

It is reported that the fine structure and physicochemical
properties, for example, the pore structure, interlayer spacing, and
the defects of HCs have a significant effect on their electrochemical
performances, and even the charge storage mechanism. Hetero
atoms doping (N, P, or S, etc.) or tailoring the porous structure could
principally raise the electrochemical performance of amorphous
carbon materials, which is generally, however, on the premise of
sacrificing the initial columbic efficiency and plateau charge/
discharge capacity. For example, an N-doped mesoporous carbon
can present a high specific capacity of 462 mAh g~!, but with very
low initial columbic efficiency [21]. Lu et al. [22] developed a cork-
derived HC, which could demonstrate an optimized capacity of
360 mAh g~ ! with well reserved plateau, which, however, suffers
from serious capacity decay at high rates. Therefore, a rational
design of HCs with modulated structure that can simultaneously
improve the rate performance and plateau charge capacity for SIBs/
PIBs is urgently demanded. On the contrary, the charge storage
behavior of Na/K in HC has been extensively explored [7,22—30].
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The typical sodium storage behavior includes obvious high poten-
tial oblique line region (>0.1 V) and low potential plateau region
(<0.1 V), indicating that the sodium embedding process has at least
two reaction mechanisms. Different researchers have proposed
different energy storage mechanism including “layer intercalation-
pore filling" [30], “adsorption-intercalation mechanism" [21],
“adsorption-hole filling” [31]. Nevertheless, these mechanisms are
mainly based on the specific HC structure, and certain in situ or ex
situ characterization techniques, which show limitations of single
characterization means and inconsistency of test conditions.

In this work, we report a new design of N, P codoped HC (NPHC)
with 3D hierarchical ions/electrons bicontinuous porous structure,
adjusted electronic structure, and modulated carbon layer spacing,
which exhibits a high rate performance, high capacity performance,
and good cycle stability for both SIBs and PIBs. More importantly, an
in-depth mechanism with combined in-situ Raman combined with
in-situ synchrotron X-ray diffraction (XRD) techniques have been
conducted. We confirm the coexistence of different charge storage
behaviors in certain potential ranges, and a four-step reaction
mechanism of “adsorption—adsorption/inter-
calation—intercalation/pore filling—overpotential deposition” is
proposed according to the different charge/discharge stages. The
charge storage behaviors for SIBs and PIBs are similar, but vary in
some details.

2. Results and discussion
2.1. Characterization

The NPHC with 3D interconnected channel was synthesized
using Artemia cyst shells (Fig. S1) as precursor and N source, and
H3POg4 as P source through a combined preoxidization and high
temperature (1,300 °C) calcination technique (see more details in
the supporting information). The morphology and microstruc-
tures of the sample were examined and shown in Figs. 1 and S2.
The scanning electronic microscope (SEM) and transition elec-
tronic microscope (TEM) images confirm the 3D interconnected
microporous carbon framework of as prepared NPHC, with pore
sizes around 120—150 nm (Fig. 1a—d), and abundant mesopores
can be found on the carbon skeletons (Fig. 1d). This unique
structure can not only provide a favorable charge transportation
channel for electrolyte, but also can greatly shorten the diffusion
path of electrolyte ions and increase the ion diffusion efficiency
when applied as battery electrodes. For comparison, the
morphology of N-doped hard carbon (NHC) produced with the
same precursor (Fig. S2a) and bulk commercial hard carbon (HC-
commercial) (Fig. S2d) is also characterized. It is aware that the
preoxidation of the carbon precursor may play an important role
in decreasing the graphitization degree of the sample, which is
confirmed by the high-resolution TEM (HRTEM) images,
whereby NHPC shows more disordered microstructure than HC-
commercial and NHC (Figs. 1e and S2b&e). This might be due to
that the preoxidation could induce the cross-linking of precur-
sor, thus prevent the ordered rearrangement of carbon atoms,
meanwhile the as released small molecules (e.g. CO and CO;)
during carbonization can also affect the microstructure of NHPC,
increasing the content of defects and micropores. The dgg2
interlayer spacing of the synthesized materials are measured as
0.35—0.4 nm. According to previous studies, the energy region
corresponding to the Na™ intercalation into the carbon layer is in
the range of 0.35—0.47 nm, HCs with lattice distance <0.35 nm
cannot accommodate sodium ions, whereas those >0.47 nm
show only adsorption behavior [8]. Note that, the P doping
seems be able to enlarge the interlayer spacing of carbon to a
certain extent compared with NHC (Fig. S2b) and HC-commercial

Materials Today Energy 20 (2021) 100673

(Fig. S2e), which implements multiple storage modes of sodium
ions through combined pore filling, defect adsorption, and
intercalation within the graphite nanoregion. And the scattered
diffraction rings reflected by (002) and (101) crystal planes in
selected area electron diffraction (SAED) images (Figs. 1f and
S2c&g) verify the low crystallinity of all samples, which is
consistent with the HRTEM results. The corresponding energy
dispersive X-ray spectroscopy mappings confirm the uniform
distribution of C (Fig. 1h), O (Fig. 1i), N (Fig. 1j), and P (Fig. 1k)
elements in the skeleton of NPHC. The internal microstructure
and composition of the samples were further characterized using
XRD, Raman spectroscopy, N adsorption/desorption isotherms
and Density Functional Theory pore-size distribution, as well as
X-ray photon spectroscopy (XPS) (Fig. 2). As shown in Fig. 2a, the
broadened humps (002) at 23.48° attributed to disordered car-
bon can be found in the XRD diffraction patterns of NPHC, cor-
responding to an average d spacing of 0.380 nm, which is larger
than that of NHC (0.372 nm) and HC-commercial (0.378 nm),
which is consistent with HRTEM results. A weak (101) peak
appeared at 44.0°, indicating that the graphitized microcrystals
formed in the HC had both rhombic phase (3R, 43.4°) and hex-
agonal phase (2H, 44.7°). Raman spectra of all the samples show
the two characteristic peaks of D band (defect) at 1,330 cm~! and
G band (E2g lattice vibration) at 1,593 cm~! (Fig. 2b). The Ip/lg
values of NPHC, NHC, and HC-commercial calculated from
Raman data are 1.17, 1.05, and 1.03, respectively, indicating the
more disordered nature because of the increased defect degree
of NPHC [32]. The type I isotherm plot from N; adsorp-
tion—desorption test (Fig. 2c) indicates the microporous type
structure of NPHC [33], with the largest Brunauer-Emmett-Teller
(BET) specific surface area (SSA) of 285.8 m? g~! and pore vol-
ume of 0.197 cm® g~! (Table S1), and the porosity distribution
(Fig. 2d) also reveals the microporous structure of NPHC. This
moderate SSA  will not seriously affect the initial
charge—discharge Coulombic efficiency, but can provide more
active sites for the storage of sodium/potassium in conjunction
with abundant microporous [34,35]. Meanwhile, the tap density
of NPHC was detected to be about 1.2 g cm~3, which is much
lower than that of HC-commercial (1.6 g cm™3) and graphite
(2.2 g cm~3) because of its large SSA and porous structure. The
design of three-dimensional (3D) structure of this material is not
conducive to the improvement of volume specific capacity, but it
is more conducive to the improvement of mass specific capacity.
Fig. 2e shows the XPS survey spectra of NPHC, NHC, and HC-
commercial, the contents of C, O, N, and P are 89.3, 7.3, 2.1,
and 1.3 at% in NPHC, 85.7 (C), 13.5 (0), and 0.8 at% (N) in NHC,
and 94.0 (C) and 6.0 at% (0O) in HC-commercial, respectively. The
deconvoluted XPS spectra of each element was carried out in
Fig. 2f—i. The peaks corresponding to C—P, C—C/C=C, C—N, C-O0,
and 0—C=0 were found at 283.7, 284.7, 285.7, 286.2, and
288.9 eV, respectively, of Cls spectra (Fig. 2f). Four peaks at
531.3, 532.3, 533.3, and 534.2 eV in O1s spectra (Fig. 2g) corre-
spond to C=0, C—OH, C—0—C, and COOH, respectively. There are
three classical peaks of pyridine N (398.6 eV), pyrrolidine N
(400.2 eV), graphite N (401.2 eV), and one N—O (405.1 eV) in N1s
spectra [36] (Fig. 2h), and two peaks of P—C (133.3 eV) and P—0
(135.6 eV) were also shown in the P2p spectra (Fig. 2i). For
comparison, the deconvoluted XPS spectra of Cls, Ols, and N1s
of NHC and C1s, O1s of HC-commercial spectra were also pro-
vided in Fig. S3. The introduction of heteroatoms into HC can
change the electronic structure of carbon materials, which can
offset the Fermi level guide band of carbon materials. It can not
only improve the electronic conductivity of carbon materials, but
also provide more active sites of sodium/potassium storage
[24,37]. At the same time, the introduction of phosphorus can
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Fig. 1. Morphological and structural characterizations of NPHC. (a—b) SEM images of NPHC. (c—d) TEM images of NPHC. (e—f) HRTEM and SAED images of NPHC. (g) SEM images

of NPHC and the corresponding element mapping images of C, O, N, P, respectively.

also broaden the graphite layer spacing of carbon materials to a
certain extent, and provide favorable conditions for the storage
and transport of electrolyte ions [38—40].

2.2. Electrochemical performances

The electrochemical performance for Na/K-ion storage of NPHC,
NHC, and HC-commercial was investigated by cyclic voltammetry
(CV) and galvanic charge—discharge (GCD) test. Fig. 3a—c shows the
first five cycles of CV curves of NPHC, NHC, and HC-commercial at
the scan rate of 0.1 mV s~ L. The charge and discharge CV curves are
very straight and almost overlapped in the potential interval from
2.5 to 1.5 Vindicates that the adsorption capacity of sodium storage
on the surface of carbon materials is limited. When continuous
discharge to about 0.2 V, an irreversible region appears relative to
the second cycle because of the decomposition of the electrolyte
and the formation of solid electrolyte membrane (SEI) on the sur-
face of the carbon materials. The cathodic reduction peaks appear
when the discharge potential decreases continuously near 0.01 V.
At the same time, the corresponding anodic oxidation peak at
~0.14 Vwas detected during charging process, which can be
attributed to the insertion/extraction of sodium ions into the HC
graphite layer and the filling of nanopores during the
charge—discharge process. In addition, the CV curves of NPHC and
NHC overlapped in the following four cycles, but the HC-
commercial showed an obvious attenuation of cathodic reduction
peak of at low potential, which indicates good reversibility and
cycle stability of the as synthesized electrode material. The NPHC
demonstrates a high reversible specific capacity of 336 mAh g~ ! at

25 mA g~ !, which is superior to that of NHC (292 mAh g~ 1) and HC-
commercial (268 mAh g 1).

At the same time, there is no serious reduction of coulomb ef-
ficiency in the first cycle because of its large SSA of NPHC. In fact,
the irreversible capacity of NPHC (127 mAh g~ 1) is higher than that
of NHC (108 mAh g~ !) and HC-commercial (72 mAh g~1), but it
does not increase in proportion to the SSA [3]. Both NPHC and NHC
show good rate performance, with 52 and 48 mAh g! at
3,000 mA g, respectively (Fig. 3d), which can be restored to 281
and 254 mAh g~! when the current density is adjusted to
25 mA g L This indicates that the interconnected hierarchical
structure and shorter ion transport path of the prepared 3D HC are
more conducive to capacity storage, especially under the higher
current density. The electrochemical performance of HC-
commercial was also tested for comparison, of which the specific
capacities at corresponding current densities are only 268, 37, and
245 mAh gl respectively. Meanwhile, the capacity of HC-
commercial decreases sharply compared with NPHC when the
current density increases to 100 and 200 mA g~! (Fig. S4), indi-
cating the serious polarization of HC-commercial. We also provide
the variation values of platform capacity and slope capacity under
different current densities in Table S2.

Promisingly, the samples also exhibit excellent stability in SIBs
(Fig. 3e), with no capacity attenuation after 5 and 10 cycles at
25 and 50 mA g~ |, respectively, and then continued to charge and
discharge to 120 cycles at 100 mA g~ L. More interestingly, both the
capacity in the slope (107 mAh g~ ') and platform regions (190 mAh
g~ 1) have been significantly improved for NPHC as can be seen from
the first charge curves (Fig. 3f). The platform region capacity
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Fig. 2. Internal structure characterization and element analysis of NPHC, NHC, and HC-commercial. (a) The XRD, (b) Raman, (c—d) nitrogen adsorption/desorption isotherm
plot and Density Functional Theory pore-size distribution, (e) XPS survey spectra and deconvoluted XPS spectra of C1s (f), O1s (g), N1s (h), and P2p (i) of NPHC, respectively.

contribution is 60.3%, 56.9%, and 57.7%, respectively, for NPHC, NHC,
and HC-commercial, respectively. This could be due to that, the
addition of H3PO4 during the synthesis would cause activation on
NPHC, and increases the defect concentration, which benefits the
slope region capacity; however, the heteroatom doping plays an
important role in improving the electronic structure of NPHC by
increasing the micropore size and broadening the interlayer
spacing, which then maximizes the platform region capacity. The
capacity of the slope area plays an important role for the rate
performance of HC, and a stable long platform is also very condu-
cive to the matching of high energy density full sodium ion cells. To
compare the performance of our materials for sodium storage with
the state-of-the-art literatures, we conducted a comprehensive
investigation and made a detailed comparison in Tables S3 and S4,
respectively.

The potential application as PIB electrodes of all the samples
was also tested (Fig. 3g—1). The CV curves show a sharp cathodic
reduction peaks near 0.01 Vfor all samples, and corresponding
anodic oxidation peaks of NPHC, NHC, and HC-commercial can be
detected at ~0.387 V, 0.544 V, and 0.589 Vduring discharge and
charge process (Fig. 3g—i). The appearance of redox peaks is due to
the intercalation/de-intercalation of potassium ions between the
HC graphite layers and the filling/releasing of nanopore during the
charge—discharge process. It is noteworthy that the test results also
show that the introduction of heteroatoms can effectively alleviate
potential hysteresis in PIBs, especially P-doping. At the same time,
the effect of the larger radius of potassium ion intercalation on the

internal structure of carbon materials can be effectively alleviated
by the enlargement of graphite layer spacing, and so does the 3D
skeleton nanoporous structure. The NPHC demonstrates a high
reversible specific capacity of 339 mAh g~ ! at 25 mA g, which is
superior to that of NHC (290 mAh g~!) and HC-commercial
(217 mAh g~!). NPHC also shows good rate performance of
98 mAh g~! than NHC (78 mAh g~ ') and HC-commercial (67 mAh
g 1)at 2,000 mA g~ (~5.3C) (Fig. 3j). Promisingly, the samples also
exhibit excellent stability in PIBs (Fig. 3k), with a few capacity at-
tenuations after 5 and 10 cycles at 25 and 50 mA g, respectively,
and then from 21st to 200 cycles at 100 mA g~ !, the capacity of
NPHC, NHC, and HC-commercial also can be maintained at 77.1%,
69.4%, and 65.2%, respectively. From the first GCD curves of NPHC,
NHC, and HC-commercial (Fig. 31), it can be seen that the plateau
potential of PIBs is higher than that of SIBs, and the potential
platform is not as obvious as that of SIBs when the voltage is close
to 0 V because the larger radius of K™ cannot be filled in small
nanopores. In addition , it can be seen that the voltage hysteresis of
NPHC and NHC has been significantly improved because of the
regulation of N, P functional group. To compare the performance of
our materials for potassium storage with the state-of-the-art lit-
eratures, we conducted a comprehensive investigation and made a
detailed comparison in Table S5.

A galvanostatic current intermittent titration test was also per-
formed to determine the ion diffusion coefficient (D) of sodium/
potassium ions in the prepared HC [20,40,41]. The galvanostatic
intermittent titration technique (GITT) curves (Fig. 4a) of NPHC,
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Fig. 3. Electrochemical performance of NPHC, NHC, and HC-commercial for SIBs: (a—c) representative CV curves at a scan rate of 0.1 mV s~! for the first five cycles; (d) rate
performance gradually increasing from 25 to 3,000 mA g, and then back to 25 mA g~ ; (e) cycling performance at the current density of 25, 50, and 100 mA g™, respectively; and
(f) GCD profiles at the first cycle with the current density of 25 mA g~ . Electrochemical performance of NPHC, NHC, and HC-commercial for PIBs: (g—i) representative CV curves at a
scan rate of 0.1 mV s~ for the first five cycles for PIBs; (j) rate performance gradually increasing from 25 to 3,000 mA g, and then back to 25 mA g~ '; (k) cycling performance at the
current density of 25, 50, and 100 mA g~, respectively; and () GCD profiles at the first cycle with the current density of 25 mA g~ .

NHC, and HC-commercial were tested under the pulse current
density of 25 mA g~! for 0.5 h between rest intervals for 2 h in
sodium electric semibattery, respectively. The sodium-ion diffusion
coefficient during charging and discharging processes (Fig. 4b and
¢) can be calculated by Equation S1 [20,33,42]. The D values for all
samples varied in a similar trend in the process of sodiation and
desodiation with 107 cm? s~! magnitude. The diffusion co-
efficients of sodium ions gradually decrease with the process of
sodiation are relatively gentle. When the discharge reaches about
0.1 Vcut-off potential, the diffusion coefficients decrease sharply
and recover rapidly, showing a V-shape. It is worth noting that the
D value decreases abruptly at the discharge platform area, indi-
cating it is more prone to polarization under high current in the
plateau region. In this region, the D values follow
D(npHC)>D(NHC)> D(HC-commercialy, implying that the attenuation of

platform capacity will be in the opposite trend at high rates. At the
same time, the diffusion coefficient of Na™ in the slope area is much
larger than that in the platform area with the same sequence of
D(npHC)> D(NHC)> D(HC-commercialy. The larger diffusion coefficient of
Na* in this area is the main factor affecting the contribution ca-
pacity of HC materials at high rate. During the charging process, the
value of Na™ diffusion coefficient between 0.01 and 0.1 Valso shows
a V-shaped change trend of first steep decline and rapid recovery,
and the value of Na™ diffusion coefficient decreases slowly as the
potential continues to rise. The difference of D values between
slope area and platform area is due to the different binding energy
of Na—C, indicating that the sodium storage mechanism of HC in
the two areas is completely different. The K™ diffusion coefficient of
all samples was also tested showing a similar trend with that of Na™
(Fig. 4d—f). However, the K* with relatively larger ion radius cannot
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embed or fill in the smaller graphite layers and nanopores like Na™,
resulting in the less obvious platform area, which also has a
negative impact on the assembly of high-energy potassium battery.
This is due to the difference in ion diffusion activation energy
caused by the difference in electron density between Na and K, and
the difference in binding energy between Na* and K* with the
active sites of carbon materials, respectively.

2.3. In situ electrochemical study

Raman spectroscopy can provide important information about
vibration and structural details of carbon materials [43—48]. Thus,
in-situ Raman characterization was conducted to reveal the so-
dium/potassium storage mechanism of NPHC during the real-time
charging/discharging process (Fig. S5). The Raman signal of the
electrode material at different potential states can be obtained by
synchronizing the charge and discharge with the Raman test.
Fig. 5a shows the charge and discharge curves of NPHC at the
current density of 100 mA g~' in the sodium half-cell. Two char-
acteristic peaks, D band at 1,350 cm~! and G band at 1,580 cm™! are
detected in open circuit (OCV), and also shows a gradual change
during the charging/discharging process. Interestingly, during the
OCV ~0.01 Vdischarge in the first cycle, the signal strength of D and
G peaks begins to increase and then gradually decreases and finally
the two peaks disappear (Fig. 5b1-b3). Specifically, from OCV to
2.0V, the initial increase of D and G peak strength may be caused by
the greater influence of polarization current on the potential of
electrode materials. Then the peak strength of D and G decreases
slowly from 2.0 to 1.0 V, implying that the interaction between Na
and C atoms at this stage shows weak influence on the vibration
strength, which is attributed to the physical adsorption of sodium
ions on the surface of carbon materials. The D-peak sharply de-
creases from 1.0 to 0.5 Vand disappears when continues to
discharge to ~0.15 V, which indicates that sodium ion has gradually
occupied the defect site in the carbon material at this stage, and has
a greater influence on the respiration vibration of carbon atoms at

the edge, making the Raman scattering signal decreases till it dis-
appears. At the potential of 0.5 V, G peak shifts left to 1,556 cm™,
indicating the intercalation of Na into the carbon layer at this po-
tential. When continued discharging to 0 V, the G-peak is further
shifted or even disappeared, indicating that sodium ions continue
to be embedded in the carbon layer at this stage and formed NaCx
(“x” gradually decreases) [49,50]. We further conducted a quasi in
situ synchrotron X-ray radiation study to double check the products
upon charge/discharge by collecting the XRD data at several certain
potentials. The existence of elemental sodium within the potential
of 0.128 ~ 0 Vstage (Fig. 5c and d) was detected from the XRD
patterns, indicating that sodium was continuously filling in the
carbon nanopore during this stage. Note that, the half-cell test
system with discharge above 0 Vcannot completely show the so-
dium storage characteristics of HC materials in full-cells. We
therefore overcharged the half-cell to below 0 V, the discharge
curve shows the same trend, until a polarization potential of
—0.0375 Vappears, the voltage then gradually stabilizes at
—0.0329 Vand a stable platform appears under this depolarization
potential. During this process, we detected a large increase of
metallic Na signal, which also indicated that the HC material
reached saturation after discharging to —0.0375 V, and began to
precipitate (over-potential deposition) on the surface of the elec-
trode material. In particular, this kind of HC with 3D hierarchical
porous structure can reduce the local current density, thus inhib-
iting the formation of sodium dendrite at low potential. A large
number of Nay;CO3 may be formed by the conversion of some Na
elements in contact with air (caused by leakage of polyacetylimide
membrane), and the presence of NaOH and NaCl might be the main
inorganic substances of SEI membranes. Meanwhile, the Raman
curves show a relatively symmetric change trend during the
charging process, which also indicates the good sodium storage
reversibility of the NPHC. At this point, we can conclude that the HC
electrode material shows empirical adsorption under high poten-
tial (2.5—1.0 V) in the process of sodium storage, defect adsorption
under medium potential (1.0—0.128 V), and the beginning of
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graphite layer embedding, graphite layer embedding and nano-
pore filling under low potential (0.128 ~ (—0.0375) V), and surface
overpotential deposition (—0.0329 V). Therefore, the mechanism of
HC sodium storage can be simply attributed to the model (Fig. 6) of
“adsorption (OCV ~ 1.0 V, stage I[)—adsorption/intercalation
(1.0—0.128 V, stage II)—intercalation/pore filling (0.128~ —0.0375 V,
stage Ill)—overpotential deposition (—0.0329 V, stage IV)"

Similar tests were performed on the electrochemical process of
NHPC in a PIB half-cell as in SIBs. It can be seen that the Raman
curves change significantly during charging/discharging process
(Fig. 7a and Fig. 7b1-b3). Two typical characteristic peaks of
amorphous carbon materials, D peak at 1,350 cm~! and G peak at
1,589 cm~}, can be detected under the state of open circuit (OCV).
Interestingly, the intensity and the position of D and G peaks did
not change significantly during the first discharge potential from
OCV to 1.2 V, indicating that there is no K ion embedding in the
graphite layer of NPHC, nor is there any storage of defect site, but
the adsorption process of a small amount of K ion at the surface site
of NPHC. However, the position of D and G peaks shift to the left
obviously, and two characteristic peaks (1,266 cm~!' and
1,555 cm™!) were detected at 0.25 V, which were in good agree-
ment with the Raman spectra of KCg reported in the literature
[51,52], indicating that K* intercalation occurred in the graphite
layers at this stage, and the disappearance of the D peak also
indicated that K* ion was adsorbed by defect sites at the same time.
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With the discharge process going on, the response signal at
1,555 cm™~! is stronger and stronger, which indicates that K* con-
tinues to be embedded in the carbon layer (KCg.x may be formed).
Meanwhile, the existence of K element is detected at O Vin the ex-
situ synchrotron radiation XRD curves (Fig. 7c and d). It also in-
dicates that the filling process of potassium in carbon nanopores
occurs at this stage. However, the larger radius of K makes it un-
able to fill in the smaller graphite layers and smaller nanopores like
Nat, so the discharge platform at low potential is not as obvious as
that in sodium battery. When continue discharge to negative
voltage, the charge—discharge curve still shows the same discharge
trend, until a polarization potential of —0.0546 Vappears, then the
voltage gradually stabilizes at —0.044 V. When the discharge con-
tinues to negative voltage, the charge—discharge curve still shows
the same discharge trend, until a polarization potential of
—0.0546 Vappears, the voltage gradually stabilizes at
—0.044 V(Fig. 7¢). In this process, we detected a large amount of K
element increase, which also indicated that the HC materials
reached full saturation after discharging to —0.0546 V, and began to
deposit on the surface of electrode materials (overpotential depo-
sition). At the same time, the symmetrical change trend of Raman
curves in the charging process also shows that the NPHC has good
reversibility of potassium storage. Therefore, the mechanism of HC
potassium storage also can be simply attributed to the model of
“adsorption (OCV ~ 1.2 V, stage I)—adsorption/intercalation
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Fig. 7. In-situ Raman and quasi in-situ synchrotron radiation XRD (SR-XRD) test of NPHC for PIBs. (a) Discharge—charge profiles at the first cycle of NPHC for PIBs with current
density of 250 mA g, (b1) the corresponding in-situ Raman curves, (b2) the Raman curves corresponding to charge and discharge to 2.0, 1.0, 0.25, and 0 V, (b3) the intensity change
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discharge to 1.2 'V, 0.25 V, 0 V and —0.044 Vof NPHC, respectively.
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(1.2—0.25 V, stage IlI)—intercalation/pore filling (0.25 ~ —0.0546 V,
stage Ill)—overpotential deposition (—0.044 V, stage IV)" too.
Although the process of potassium storage is similar to that of so-
dium storage, there are obvious differences in details.

3. Conclusions

In this work, a novel 3D NPHC anode material with high ca-
pacity, high rate performance, and cycle stability was obtained
using the biomass precursor with 3D connected pore structure. The
maximum discharge specific capacities of NPHC for sodium and
potassium storage reached 335.6 and 338.9 mAh g, respectively.
In addition, the combined in-situ Raman and quasi in-situ syn-
chrotron XRD study confirms the coexistence of physical adsorp-
tion and graphitic layer intercalation, and the coexistence of
intercalation and pore filling within certain potential ranges. In
conclusion, this study further reveals the energy storage mecha-
nism of HCs during the charge—discharge process of SIBs/PIBs.

4. Experimental section
4.1. Materials preparation
Preparation:

1. Precursor pretreatment: The Artemia cyst shells were washed
with tap water for several times, then washed with distilled
water for three times, placed in a drying oven, dried at 80 °C,
milled at 300 r min~! for 6 hto obtain carbon source precursor.

2. Precursor preoxidized: Firstly, the milled precursor powder was
put into a muffle furnace and heated to 200 °C at a heating rate
of 0.5 °C min~! for 6 h. Then, 5.0 g of the obtained precursor was
immersed in a dilute solution containing 2 ml phosphoric acid
and stirred for 12 h. Finally, the paste was evaporated in a water
bath at 80 °C and dried in a drying oven at 80 °C. The control
group was not treated with phosphoric acid;

3. High temperature pyrolysis and carbonization: Firstly, the pre-
treated precursor powder was put into a tubular furnace, heated
to 350 °C at a heating rate of 0.5 °C min~! and kept for 6 h. Then,
it was heated to 1,300 °C at a heating rate of 0.5 °C min~!, and
then held for 6 h. Finally, the samples were treated with
concentrated nitric acid and then washed and dried.

4.2. Characterization

Raman spectra were recorded on a Renishaw inVia Raman mi-
croscope with an Ar-ion laser at the excitation wavelength of
532 nm. Powder XRD patterns between 10 and 60° (20) were
collected by Rigaku D/MAX-2500 powder diffractometer with Cu-
Ko radiation (A = 0.154 nm) operated at 40 kV, 200 mA. Hitachi
XPS was measured by a VG ESCALAB MKIIX-ray photoelectron
spectrometer using Mg-Ka as the exciting source (1,253.6 eV). The
SSA and pore size of the materials were measured using a micro-
meritics (ASAP 2020 V4.00 (V4.00 H)). Carl Zeiss SUPRA 55 SAP-
PHIRE field-emission scanning electron microscope (Germany,
15 kV), Hitachi-7650 TEM (Japan, 80 kV), and HRTEM (JEOL JEM-
3000F) were used to investigate the morphology and
microstructure.

4.3. Electrochemical measurements
The working electrodes were prepared by a mixture of 80 wt%

synthesized active materials, 10 wt% acetylene carbon black, and
10 wt% polyvinylidene fluoride (PVDF) binder in N-methyl-2-
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pyrrolidone onto a Cu foil, and then dried in a vacuum furnace at
120 °C for 12 h. The 675 pm glass fiber isolation membrane (GF/D)
and Na/K metal was used as separator and counter electrodes,
respectively, when assembled into a stainless-steel coin cell (2032)
in an Ar-filled glovebox (both O; and H,O levels below 0.1 ppm).
The electrochemical measurements were tested in 1 M NaClO4
solution in a mixture (1:1, in vol%) of EC and DEC for SIBs and 0.8 M
KPFg solution in a mixture (1:1, in vol%) of EC and DEC for PIBs.
CV curves were measured at different scanning rate of 0.1 mV s,
respectively. The CV was test on CHI 650e electrochemical work-
station (Chenhua, China). The constant current charge—discharge
and GITT tests were performed with a computer controlled
cycling equipment (Land CT2001A, China) in the potential rage of
0.01-2.5V.

4.4. In-situ characterization

The in-situ Raman curves were recorded on a Renishaw inVia
Raman microscope with an Ar-ion laser at the excitation wave-
length of 532 nm through an in-situ Raman steel shell cell (Raman
tests while the workstation is charged and discharged). The quasi
in-situ synchrotron radiation XRD was carried out at BL14B1 line
station of Shanghai light source. Electrode treatment in quasi in situ
testing: After the electrodes are charged and discharged to the
corresponding potential, the electrodes are relaxed at constant
voltage for 30 min. The electrodes are removed in the glove box,
washed with organic solvents, and sealed with polyacetylimide
film after drying.
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