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In-situ construction of a thermodynamically stabilized interface on
the surface of single crystalline Ni-rich cathode materials via a one-
step molten-salt route
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ABSTRACT

Nickel rich LiNi,Co Mn,_,., O, cathode materials have been studied extensively to increase the energy density of lithium-ion
batteries (LIBs) due to their advantages of high capacity and low cost. However, the anisotropic crystal expansion and
contraction inside the secondary particles would cause detrimental micro-cracks and severe parasitic reactions at the
electrode/electrolyte interface during cycling, which severely decreases the stability of crystalline structure and cathode-
electrolyte interphase and ultimately affects the calendar life of batteries. Herein, a thermodynamically stabilized interface is
constructed on the surface of single-crystalline Ni-rich cathode materials (SC811@RS) via a facile molten-salt route to suppress
the generation of microcracks and interfacial parasitic side reactions simultaneously. Density functional theory calculations show
that the formation energy of interface layer (-1.958 eV) is more negative than that of bulk layered structure (-1.421 eV). Such a
thermodynamically stable protective layer can not only prevent the direct contact between highly reactive LiNi,Co,Mn,_,_,O, and
electrolyte, but also mitigate deformation of structure caused by stress thus strengthening the mechanical properties. Raman
spectra further confirm the excellent structural reversibility and reaction homogeneity of SC811@RS at particle, electrode, and
time scales. Consequently, SC811@RS cathode material delivers significantly improved cycling stability (high capacity retention
of 92% after 200 cycles at 0.5 C) compared with polycrystalline LiNiygCoq1Mng 1O, (82%).
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1 Introduction

Since the commercialization in 1991, lithium-ion batteries (LIBs)
have been widely applied to various portable electric vehicles and
electronic devices [1-3]. However, as for their application in
electric vehicles, the limitation of driving range is still a primary
concern among customers, which puts forward a higher
requirement for their energy densities [4-6]. Considering the
specific capacity of cathode materials is much lower than that of
anode materials, which has become a decisive factor for the energy
density of LIBs [3,7]. Among the various cathode materials,
ternary Ni-Co-Mn (NCM) materials are regarded as one of the
next-generation cathode materials for high energy LIBs, benefiting
from their intrinsic high capacity and low cost [4]. However, the
NCM cathode materials still face the challenge of unsatisfactory
cycling stability [8-11].

The most widely used NCM cathode materials are
polycrystalline, which are actually micro-sized secondary particles
composed of smaller primary particles. Therefore, the
intergranular cracks would inevitably appear among the grain
boundaries due to the anisotropic stress and volume change
caused by the randomly orientated primary particles during the
charge and discharge processes. These irreversible intergranular

cracks block the electron transmission, resulting in the capacity
decay of polycrystalline materials. Moreover, the delithiated NCM
cathode materials is thermodynamically unstable. The electrolyte
also penetrates into the bulk region of secondary particles along
the cracks, which enlarges the contact interface areas between
electrode materials and electrolyte, aggravating the interface
parasitic reactions [12,13]. And such a negative effect is much
more severe with the increased nickel content in NCM materials.
The accumulation of side reactions induces the phase
transformation and the dissolution of transition metal ions,
leading to the decrease of structural stability and thermal stability.
To mitigate these above problems, various modification strategies
including doping, surface coating, and concentration gradient
construction have been extensively studied, but the key point of
micro-cracks is still hard to be solved fundamentally [14-20].
Single-crystallization is an effective way to alleviate the
generation of cracks. The single crystalline particles without grain
boundaries in their inherent structure eliminate the formation of
cracks and reduce the parasitic reactions [21]. At the same time, a
high-pressure compact density electrode can be obtained due to
the high strength of single crystalline particles. So far, some single
crystalline NCM electrode materials have been synthesized as
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reported. Single crystalline LiNi,sCo,,Mn,;0, was synthesized at
a high calcination temperature of 970 °C [22]. The increase of
calcination temperature can promote the formation of single
crystalline morphology, because the ion mobility and the rate of
grain growth increase as the temperature rises. However, higher
calcination temperature promotes severe agglomeration and it is
difficult to obtain dispersed primary particles directly. Subsequent
operations such as grinding and crushing are used to disperse the
agglomerated particles, which leads to the damage of morphology
and the formation of surface defects. Another method for the
fabrication of single crystalline materials is molten-salt synthesis
[23]. In this method, one or more salts with the low melting point
are added into the precursor, so a liquid environment can be
formed when the mixture is heated to a relatively low temperature.
This can promote the dissolution and diffusion of species and
provide an additional way for the crystal growth. Using NaCl and
KCl salts for the molten-salt synthesis of LiNijsCo,;Mny,0,
(NCMB811), Kim et al. obtained the single crystalline particles with
an almost perfect octahedral figure [24]. In this case, it is difficult
to obtain single crystalline particles with uniform size when the
calcining temperature is lower. However, when the calcining
temperature reaches 1,000 °C, the Li/Ni cation mixing proportion
of nickel-rich cathode materials increased seriously, which
damages the electrochemical performance of cathode materials. In
addition, sodium and potassium ions may be doped into NCM
structures causing changes of structure.

Hence, the uniform single crystalline NCMS811 (SC811)
particles are prepared at lower temperature via LiOH/Li,SO,
molten salt in this work. The evolution mechanism of single
crystalline particles is inferred by observing the morphology of
primary particles under different conditions, which has not been
reported and systematically investigated before. In addition, the
thermodynamically stabilized interface of SC811 is also in-situ
constructed during the preparation process (the material named
SC811@RS). As reported in the literature, the combination of
thermodynamically stabilized interface and layered structure
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would enable cathode materials to exert a better performance
[25-27]. Moreover, the cycle stability of the SC811 materials has
been significantly improved compared with the polycrystalline
NCM811 (PC811) materials. The main cause for the capacity
improvement of SC811@RS can be attributed to the crack-free
structure of material and the restraint of the bulk and surface
structural deterioration of materials as well as the reaction
homogeneity at the particle and electrode scale (Fig.1). This
research can help guide the synthesis of superior single crystalline
NCM cathode materials, deeply understand the performance
degradation mechanism, and promote the large-scale application
of single crystalline NCM materials.

2 Experimental section

2.1 Synthesis of SC811@RS material

The Niy3Coy;Mny,(OH), precursor was provided by Beijing
Easpring Material Technology Co., Ltd. (China). The
NipCoy;Mn,,;(OH), precursor was mixed with Li,SO, (AR,
Aladdin) and LiOH (AR, Aladdin) thoroughly at a mole ratio of
4:1:4.4/5.2/6.0/6.8/7.6, in which the relative amount of LiOH was
changed. The excess lithium salt could not only provide the
molten-salt environment for the single crystalline growth but also
compensate for the lithium loss in sintering process. The mixture
of precursor and salts was preheated at 500 °C for 3 h and calcined
in an oxygen atmosphere at 700/800/850/900/920 °C for 0/5/10 h
with a heating rate of 5 °Cmin”. For comparison, the
NipgCoy;Mny,,(OH), precursor and LIOH (5% excess) were
calcined at 750 °C for 15 h to obtain the PC811 material.

2.2 Electrochemical measurements

The cathode electrode was fabricated with 80 wt.% SC811@RS,
10 wt% polyvinylidene fluoride (PVDF) in N-methy-1,2-
pyrrolidone (NMP), and 10 wt% super P. The SC811@RS
electrode, the Li metal counter electrode, the electrolyte (1 M
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Figure1 Schematic diagram of cyclic performance deterioration mechanism.
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LiPF, in the EC-DMC solvent, ECCDMC = 1:1 v/v), and the
polyethylene porous separator were assembled into half-cells in an
Ar-filled glove box. Electrochemical property tests were performed
on the LAND battery testing system at 25 °C. The electrochemical
impedance spectroscopy (EIS) measurement was tested by
electrochemical workstation (Solartron 1287/1260).

2.3 Simulation method

All the density functional theory (DFT) calculations were
conducted with the Vienna ab initio simulation package (VASP)
[28]. The generalized gradient approximation (GGA) and
Perdew-Burke-Ernzerhof (PBE) formulation were adopted to
describe the exchange correlation energies [29, 30]. The projector
augmented wave (PAW) method was used to describe the ionic
cores [31, 32], and valence electrons were considered using a plane
wave basis with a kinetic energy cutoff of 450 eV. Partial
occupancies of the Kohn-Sham orbitals were allowed using the
Gaussian smearing method with a width of 0.05 eV. The
electronic energy was considered self-consistent when the energy
change was smaller than 10* eV. The convergence criterion of
geometry relaxation was smaller than 0.03 eV-A"". The Brillouin
zones (BZ) were sampled by using the surfaces structures of 2 x 2
x 2 Monkhorst-Pack K point. In our structure, the Li-Ni atoms
had been mixed with each other randomly to construct rock-salt
structures. Finally, we defined the formation energy per atom (Ep)
of a compound

E; = Ea — NLiML, - NNi/"Ni - NO.UQ (1)

where E,, is the total DFT energy of a given structure, yy;, pyp
and po are the chemical potentials of the constituent atomic
species, and Nj;, Ny; and N are the number of the constituent
atomic species. To calculate the stress on structures, the lattice
constant ¢ was fixed at each specific value, and other lattice
constants (@ and b) were relaxed during the structural
optimization. For the strained structures, the strain could be
defined as the ratio between the change of lattice constant (Ac)
and the optimized lattice constant (c).

24 Structural characterization

The inductively coupled plasma atomic emission spectroscopy
(ICP-AES) Plasma 1000 (NCS, China) was used to identify the
chemical composition of SC81. The scanning electron microscopy
(SEM, Zeiss GeminiSEM 500) equipped with an energy dispersive
spectrometer (EDS) was used to characterize the morphology of
samples. The microstructure changes before and after cycling were
observed through transmission electron microscopy (TEM, FEI
Tecnai F30). The crystal structure of samples was identified by X-
ray diffraction (XRD, Rigaku Miniflex 600) with a scan rate of
2 °min™' and Cu Ke radiation, and the recorded data was analyzed
by General Structure Analysis System Rietveld (GSAS) refinement
software. X-ray photoelectron spectroscopy (XPS, Thermo
Scientific ESCALAB Xi+) was used to analyze the surface element
of material. Raman spectroscopy (Horiba LabRAM HR Evolution)
was used to characterize the structural evolution of cathode
materials, with a 532 nm wavelength of laser and a 0.28 mW
power.

3 Results and discussion

3.1 Synthesis, characterization, and electrochemical
performance of SC811@RS particles

The optimal synthesis conditions of SC811@RS cathode materials
are scientifically explored. In Fig.S1 in the Electronic
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Supplementary Material (ESM), by comparing the morphology
and XRD results of synthesized materials in different molten-salt
systems (NaCl-LiOH, LiCl-LiOH, LiNOs;-LiOH, and Li,SO,
LiOH), it is confirmed that the LiIOH-Li,SO, eutectic-salt system is
most appropriate. Combining the phase diagram analysis with
differential scanning calorimetry (DSC) (Fig.S2 in the ESM), a
synthetic route (Fig. S3 in the ESM) to prepare single crystalline
materials is designed, in which the molar ratio of
NigsC0y;Mny,(OH),;LL,SO,LiOH is set as 4:1:4.4/5.2/6.0/6.8/7.6
respectively (Table S1 in the ESM) and preheat temperature is
500 °C [33]. As indicated by the SEM and XRD profiles (Figs. S4
and S5, and Table S2 in the ESM) of NCM811 synthesized at
different calcination temperatures with the fixed molar ratio of
NipsCoy;Mny,(OH),:Li,SO4LIOH is set as 4:1:6, the optimal
calcination temperature is confirmed to be 900 °C.

Furthermore, the ratio of LIOH and Li,SO, was determined
(Table S1 in the ESM). In Fig. S6 in the ESM, the single crystalline
particles size increases as LiIOH proportion increases. According to
ICP results (Table S3 in the ESM), the elemental composition
of the obtained single crystal particles is consistent with
LiNij5Coq;Mny, 0, basically, indicating that the synthesis method
is successful and effective. When R (R = n(LiOH)/n(Li,SO,))
reaches 6.0, the value of 1(003)/1(104) is the highest and the
Li*/Ni* mixing degree is the lowest as shown in Fig. S7 and Table
S$4 in the ESM. Therefore, the best synthesis condition is
confirmed as bellow: the LiOH-Li,SO, eutectic-salt system,
preheat temperature of 500 °C, calcination temperature of 900 °C,
and the R value of 6.0.

In order to explore the formation mechanism of single
crystalline materials, a series of comparative experiments are
carried out. The precursor mixed with different molten salts was
calcined at 900 °C and its corresponding SEM images are shown
in Fig. S8 in the ESM. It can be concluded that Li,SO, promotes
the dispersion of primary particles, while LiOH molten salt
promotes uniform growth of primary particles. When heated to
900 °C, the precursor in LiOH-Li,SO, eutectic-salt system can
obtain dispersed and uniform single crystalline particles
preferentially because of the lower eutectic point. Moreover, as
shown in Fig. S9 in the ESM, the uniform primary particles cannot
be obtained when the calcination temperature is not high enough
or the heating time is too short, indicating that sufficiently high
temperature and enough calcination time are required for the
uniform growth of single crystalline particles. However, when the
calcination temperature and time are fixed, as the proportion of
LiOH in the system increases, the primary particles gradually
change from octahedral to plate shapes (Fig.S6 in the ESM),
indicating that the ratio of LiOH and Li,SO, molten salt controls
the morphology of single crystalline particles.

In general, the growth of single crystalline particles is guided by
temperature, heating time, type, and proportion of molten salt. the
change of particle morphology during a whole single crystalline
growth process is observed by SEM, thus a schematic diagram of
single crystalline growth path can be inferred as Fig. 2(a). When
the temperature is lower than 800 °C, the particle morphology is
similar to the precursor, which is agglomerated secondary
particles; when the temperature rises to 800 °C, the secondary
particles break and the primary particles start to grow; when the
temperature reaches 900 °C, the disperse primary particles can be
obtained. As the heating time extends, the primary particles
gradually grow into single crystalline particles with a relatively
regular and uniform morphology. In addition, when the
agglomerated secondary particles disperse into primary particles,
the primary particles will have different growth directions in
different molten salt, which demonstrates that the morphology
and dispersion degree of single crystalline particles are controlled
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Figure2 (a) Schematic illustration of the formation mechanism of single crystalline materials. (b) SEM image of SC811@RS. (c) Size distribution of SC811@RS
particles. (d) HR-TEM image of SC811@RS. (e) FFT images and (f) XRD pattern and the Rietveld refinement results for pristine SC811@RS. (g) Formation energies of
two structures. (h) Stress—strain curve for layered and rock-salt structures. (i) Schematic illustration of structures of SC811@RS material surface and bulk region. Bond-
length distribution of Li-O and Ni-O in (j) rock-salt and (k) layered structures when the applied tensile strain is 0 and 0.4; the average value is shown in the bold line.

by the molten salt, and the presence of SO4 can effectively
prevent particle agglomeration.

The structure of SC811@RS obtained under the optimal
synthesis conditions is investigated by SEM, high-resolution
transmission electron microscopy (HR-TEM), and XRD. As
shown in Figs. 2(b) and 2(c), SC811@RS materials are uniform
single crystalline particles with the average size of 1-2 pm. The
XRD result confirms that all patterns of the material can be
indexed to the hexagonal a-NaFeO, structure with the R3m space
group without any impurity phase, indicating the successful
preparation of SC811@RS material (Fig.2(f)). The Rietveld
refinement result reveals that the SC811@RS material has a lower
percentage of Li/Ni cation mixing (0.46%) than PC811 material
(0.71%) (Tables S5 and S6, and Fig. S10 in the ESM). Additionally,
the image of HR-TEM shows that the bulk region of SC811@RS
particle is layered structure with a crystal interplanar spacing of
0.47 nm (Fig. 2(d)), which corresponds to the R3m space group.
According to the fast Fourier transform (FFT) result (Fig. 2(e)) of
material bulk region, it can be further confirmed that the bulk
phase of SC811@RS material has a layered structure. Besides, the
surface rock-salt structure layer with a thickness of 2-3 nm is
constructed through washing and re-heating during the synthesis
process of SC811@RS. As reported in the literature, the formation
of the surface rock-salt phase may be due to the extraction of
lattice lithium during the washing processes and migration of
nickel ions in the material surface region [26, 34]. Figure S11 in
the ESM shows the thermogravimetric analysis-mass spectrometry
(TGA-MS) results for SC811@RS and PC811 samples. The most
mass loss of SC811@RS started at 250 °C, which was higher than
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that of PC811 at 200 °C. It means that the thermal stability of
SC811@RS material is better than PC811 material. And the
delayed oxygen release of SC811@RS material may be due to the
lower percentage of Li/Ni cation mixing [35].

To gain insight into effect of surface rock-salt structure layer on
SC811@RS material, DFT calculation is used to evaluate the
property difference between layered and rock-salt structure. The
surface rock-salt structure layer is a thermodynamically stabilized
interface as its formation energy is much lower than that of
layered structure (Fig. 2(g)). In addition, we apply tensile stress on
the structures in [003] direction to investigate their mechanical
properties. As shown in Fig. 2(h), rock-salt structure can cope with
stress easier, which means rock-salt structure can withstand a
higher stress and has strengthened mechanical property. As
reported in literature, when the tensile stress is applied to the
layered structure in [003] direction, the bond-length of Li-O is
stretched notably while that of NiO barely changes, indicating the
delamination of structure is originated from Li layer and the Li-O
bonds paly an major role in structural fracture behavior [36]. Due
to the high binding capacity of Ni-O bond, the Ni** ions migrated
to Li layer can be used as “anchor” to stabilize layered structure so
that alleviating the deformation of structure. When the strain is 0.4
(the fracture critical point of structure), the average value of Li-O
bond-length in rock-salt structure is significantly decreased
compared with layered structure (Figs. 2(j) and 2(k)), indicating
that the rock-salt structure can enhance the stability of material.

Electrochemical performances of SC811@RS and PC811 are
investigated in the region of 3.0-4.3 V at 25 °C. Figure S12 in the
ESM shows the first-cycle voltage profile of the SC811@RS and

@ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. i 5
a
( )" 220 : T ] (b) 5o V,05C — 50 (C)[3023v,05¢ — 50
< 200 Lo | i i | SC811@RS —100* PC811 —100t
uyl 1 1 1 [ -
E 180 nn muuungagun, o [ 02¢ = =
160 02C1 771 qc EEVED L ayaa 2 =
- 1 1 I 20! 1 8 ©
o ] 1 1 | I | =
g 449 | 1 1 I ¢! % %
1204 I ! 1 I i 2 3
g ! ' 1 1 1 Q <]
o 100 1 1 1 1 1 T o X
= - 2 1 I 1
et = el
@ ] 1 1 1
o 89 yl - ") . ., T T T T T T T T T T T T
«n 0 5 10 15 20 25 30 3.0 32 34 36 38 4.0 4.2 3.0 3.2 34 3.6 3.8 4.0 4.2
(d) = Cycle number Voltage (V vs. LilLi*) (e) Voltage (V vs. LilLi*)
J
g) 550 ] 3.0-43V,05C 9 :; E
= 7 *
E 180 e — g :g p This work
~ 160 9
86
o c
Qun- 89.8% Gl [ 5
o 79.9 b4
8 o 82
Q 1204 = 5o -
2 - = WWCBOILL 2743V, 050
S 100 &' 78] | o wncasjui, 27544v, 10 &
= o SC811@RS S 76
& 80 Q.74
‘s PC811 © NMCTO]Graphite 2742V, 01
® 60- O 72|+ o243V osc
=3 T T v v v 70 T T T T T T
L 50 100 150 200 250 300 80 100 120 140 160 180 200 220
Cycle number Cycle number
b 600 600 -
(f) D200 4 3.0-45Vv,1C (g) —o—SC811@RS-200" (h) —o—SC811@RS-200 5
< 180 5004 SC811@RS-150m & i/ 5004 SC811@RS-150 & Ve
£ —o—SC811@RS-100" v —o—SC811@Rs-100" & |
< 160 4 400] o SCB11@RS 50" Hi 400 —o—ScB11@RS 50" &
3-140 - 1—o—scs11@rs-3d | | il S a 7 —o—scs11@rs-3d e
‘© ] ] /C/( 7@ = ] z(Q)
© < 300 = 300
S 120 y / N
©
© 100 1 2004 & " 200 L P
&£ g0] © scstars P o° %0
S PC811 1004 ¢ 100 4 '
3 .
2 60 . . ¥ ) S
0 50 100 150 0 100 200 300 400 500 600 0 100 200 300 400 500 600
Cycle number zZ(Q) zZ(Q)

Figure 3 Electrochemical performance comparison of SC811@RS and PC811 electrode (a) Rate-capability tests of S811 and PC811 electrode. The differential capacity
curves of (b) SC811@RS and (c) PC811 in the region of 3.0-4.3 V for 200 cycles. Cycling performance at 1 C in the voltage region of (d) 3.0-4.3 V and (f) 3.0-4.5 V,
respectively. (e) The comparison between the Ni-rich cathode batteries and this work in terms of capacity retention and cycle life [38-43]. The EIS profiles of (g)

SC811@RS and (h) PC811 electrode at charging potential.

PC811 electrodes at 0.5 C (1 C = 170 mAh-g"). SC811@RS
displays an similar initial discharge capacity to that of PC811.
However, the SC811@RS cathode showed better rate performance
over the PC811 electrode as shown in Fig. 3(a). This may be due
to the higher Li* diffusion rate of SC811@RS than PCB811, as
indicated by the GITT test in Fig. S13 in the ESM. Figures 3(b)
and 3(c) exhibit the differential capacity curves of SC811@RS and
PC811 at 3.0-4.3 V. The redox peaks in the region of 3.7-3.9 V
are associated with the transformation of H1 phase to M phase
[37]. However, the potential difference between the oxidation and
reduction peaks of PC811 is larger than that of SC811@RS at the
same cycle number, indicating PC811 has a larger electrode
polarization and worse reversibility. The charging/discharging
curves at selected cycle numbers are displayed in the Fig. S14 in
the ESM. Similarly, in Fig. 3(d), the SC811@RS cathode shows a
higher capacity of 163 mAh-g" and a better capacity retention rate
of 92% after 200 cycles, than those of PC811 cathode (143 mAh-g”
and 82%). The SC811@RS cathode also has a better cycle
performance than PC811 under the high voltage region of
3.0-4.5 V, displaying a capacity retention of 75% after 150 cycles
(Fig. 3(f)). Moreover, the interfacial charge transfer resistance R
of PC811 increased from 10.5 to 882.9 Q after 200 cycles, which is
much higher than that of SC811@RS (from 31.1 to 454.8 Q)), as
shown in the Figs. 3(g) and 3(h), and Figure S15 and Table S7 in
the ESM. According to the above results, it can be inferred that the
electrochemical performance of SC811@RS is much better than
that of PC811.

3.2 Capacity deterioration mechanism of SC811@RS and
PC811

The possible reasons for differences in the electrochemical
properties between SC811@RS and PC811 materials are also
explored. The XRD patterns of cycled SC811@RS and PC811
electrodes are shown in Fig. 4. The peak positions in the XRD
patterns are corrected with the (220),; peak at 65.186°. All of the

electrodes show a typical rhombohedral layered structure and a
clear splitting of the (108)/(110) peaks, which means the material
basically maintains a layered structure during cycle process [37,
44]. However, the (003) and (108) peaks of cycled material shift to
a lower angle, which is reported to origin from the increase of c-
axis due to the insufficient intercalation of Li* [42]. When the Ni
ions occupy the Li ion sites, the transmission of Li ions is hindered
and Li ions cannot reinsert into the structure sufficiently after
cycles, leading to the capacity loss of electrode. After 200 cycles,
the (003) peak angle deviation of PC811 material (0.16°) is larger
than that of SC811@RS material (0.14°) and the lattice distortion
rate of material is the same trend (0.83% for PC811 and 0.72% for
SC811@RS), which indicates a better structural reversibility of
SC811@RS during cycle process, corresponding to superior
electrochemical performance.

In order to further analyze the reasons for differences in the
structure reversibility of material after cycling, the morphology
changes of SC811@RS and PC811 electrodes before and after
cycling are observed by SEM. As shown in the Fig.S16 in the
ESM, there have no apparent microcracks in SC811@RS materials
before and after 200 cycles. However, a few microcracks appear on
the surface of the PC811 electrode after 50 cycles and more cracks
appear after 200 cycles. From the cross section of particles, the
phenomenon is more obvious (Figs. 4(c)-4(f)). Similarly, the
morphology of the SC811@RS particles remains intact after 200
cycles, while the PC811 particles crack obviously and some large
gaps are exposed. The existence of internal microcracks in the
particles not only causes part of materials to lose electrical contact
but also allows the electrolyte to penetrate into the particles easily
and aggravates the side reactions between the electrolyte and the
material [45]. Therefore, the suppression of microcracks in the
particles ensures the good structural reversibility of SC811@RS
during the cycle, which is consistent with the XRD results.

The surface structural evolution of cycle SC811@RS and PC811
samples is revealed by TEM measurements. As shown in the TEM
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Figure4 XRD patterns of (a) SC811@RS and (b) PC811 electrodes after selected cycles. Cross-sectional SEM images of the SC811@RS electrode collected after (c) 50
and (d) 200 cycles. Cross-sectional SEM images of the PC811 electrode surface collected after (e) 50 and (f) 200 cycles.

and the FFT images, the bulk regions of both the pristine
SC811@RS and PC811 materials show a consistent layered
structure (Figs. 5(f) and 5(g)). But there is a thermodynamically
stabilized interface (rock-salt structure) with the thickness of
2-3 nm on the surface of SC811@RS material along the lithium
ion deintercalation direction (Fig. 5(f), region 1). After 200 cycles
at a region of 3.0-4.3 V (Figs. 5(h) and 5(i)), the thickness of the
rock-salt passivation layer on the surface of SC811@RS particles
hardly increases (Fig. 5(h), region 4). In contrast, that of PC811
particles (17 nm) increases significantly (Fig. 5(i), region 6). It
indicates that the thermodynamically stabilized interface of the
SC811@RS-pristine material lessens the side reaction between the
electrode material and the electrolyte, and inhibits the further
surface structure deterioration of SC811@RS during the cycling
[46]. However, during the cycle, the severe surface structure
deterioration of the PC811 material hinders the insertion and
extraction of lithium ions, resulting in the deteriorative structure
reversibility of material, which is also consistent with the XRD
characterization results. Through XPS we further analyze surface
species changes during the cycle. The Ni 2p spectrum has two
major peaks at 854.8 and 856.8 eV corresponding to Ni** and Ni*,
respectively [47]. From the Ni 2p spectra, the ratio of Ni** for
SC811@RS-pristine sample is slightly higher than that of PC811-
pristine sample due to the presence of the thermodynamically
stabilized interface of SC811@RS material (Figs. 5(a) and 5(b)).
After 200 cycles, the content of Ni** on the surface of SC811@RS
slightly drops from 64.6% to 64.3%, while part of Ni** transform
into NiF, and the content of NiF, increases to 35.4% (Figs. 5(c)
and 5(e)). In comparison, the content of Ni* on the surface of
PC811 drops significantly (41.5%) and the content of Ni*
(13.5%)/NiF, (45.0%) increases (Figs. 5(d) and 5(e)). In addition,
the XPS analyses of C, O, and F elements are shown in Fig. S17 in
the ESM. Those prove that the side reactions occur at the
electrode/electrolyte interface and the side reactions of the PC811
material are more serious, which is consistent with the TEM
results [48].

In summary, it is believed that SC811@RS material can
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maintain good structural reversibility during long cycle, thus
exhibiting a better electrochemical performance than PC811
material, which is mainly due to the suppression of internal micro-
cracks and surface structure deterioration in the SC811@RS
material.

Furthermore, the difference in structure reversibility of
SC811@RS and PC811 during long-term cycles is compared from
multiple scales by Raman spectroscopy. The previous work of our
research group shows that the Ni-rich NCM material has two
Raman active modes (A;, and E,p), which are attributed to
stretching vibration of M-O (M = Ni, Co, and Mn) bond and
bending vibration of O-M-O bond, respectively. The A,; and E,
vibrational modes can be further deconvolved into four Raman
active modes: A, (Ni, Co) = 550 cm™, A}, (Mn) = 610 cm™, E,
(Ni, Co) = 476 cm™, and E, (Mn) =~ 595 cm™ [49]. The redox
reaction of Ni*/Ni* causes changes of MO, local coordination
structure, resulting in the variation of peak intensity. In Fig. 6(a),
the Raman spectra of SC811@RS basically coincide after cycling 3,
50, and 200 cycles, indicating a good structural reversibility of
SC811@RS during long-term cycles. The focused ion beam
technique is used to split the cycled SC811@RS and PCS811
materials to expose their cross-sections. Whether the Raman
spectra between different SC811@RS particles at different
electrode depths (Fig. 6(b), and Figs. S18(a) and S18(c) in the
ESM) or those between the surface and bulk regions of the same
SC811@RS particle (Fig. 6(c)), are almost the same during cycling.
This further confirms the excellent structural reversibility and
reaction homogeneity of SC811@RS at the particle, electrode, and
time scales. Noting that the Raman spectral difference between the
pristine and cycled SC811@RS may be related to the low
coulombic efficiency of the first cycle [50].

For the PC811 material, the A;, (Ni, Co) peak and E, (Ni, Co)
peak intensities of the different particles after 200 cycles generally
increase compared to the E, (Mn) peak intensity (Fig.6(d)),
indicating that the reduction depth of PC811 material decreases,
and the irreversibility of the layered structure increases after 200
cycles [37,51]. It is worth noting that the Raman peak differs
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Figure5 The XPS spectra of Ni 2p for (a) the pristine SC811@RS sample, (b) the pristine PC811 sample, (c) the SC811@RS sample, and (d) the PC811 sample in the
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Figure 6 Raman spectra of ((a)-(c)) SC811@RS electrode and ((d)-(f)) PC811 electrode and (g) schematic diagram of SC811@RS and PC811 structural reversibility

difference during long-term cycles.

greatly after 200 cycles whether it is particles at different electrode
depths (Fig. 6(e), and Figs. S18(b) and S18(d) in the ESM), or the
bulk and surface regions of the same particles (Fig.6(f)). It is
reported that the particles near the surface of electrode have a

higher availability compared with the particles inside the electrode
during charging and discharging process [52]. They are broken
easily, which causes the bulk structure of the particle to lose
electrical contact and affects its structural reversibility. This shows
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the poor structural reversibility and reaction homogeneity of
PC811 at the particle, electrode, and time scales.

Based on the above results, the superior electrochemical
performance of SC811@RS material can be ascribed to bulk
structure integrity without microcracks, which can inhibit the
spread of side reactions along the grain boundaries. Besides, the
thermodynamically stabilized interface on the surface of the
pristine SC811@RS material lessens the side reaction between the
electrode material and the electrolyte, and mitigates further surface
structure deterioration. The above reasons ensure good structural
reversibility and reaction uniformity of SC811@RS material
during cycles, thus possess a better electrochemical performance
compared with PC811 material.

4 Conclusions

In this work, the SC811@RS is successfully prepared by the molten-
salt method. The morphological evolution of single crystalline
material growth path is observed by SEM and the possible growth
mechanism of single crystalline particles is inferred. Compared
with the PC811 electrode, the cycle stability of SC811@RS
electrode has been significantly improved, and the cycle retention
at 1 C rate was 86% after 200 cycles. The main cause for the
capacity decay of PC811 electrode is the deterioration of structural
reversibility and reaction uniformity. Single crystalline particles
significantly inhibit the generation of microcracks in the particles,
lessen the parasitic reactions, and mitigate further surface structure
deterioration. Those characteristics enhance the stability of
cathode which increases the cycle life of batteries.
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