Architecting “Li-rich Ni-rich” core-shell layered cathodes for high-energy
Li-ion batteries

Zhiwei Jing ', Suning Wang ™", Qiang Fu", Volodymyr Baran ¢, Akhil Tayal ,

Nicola P.M. Casati“, Alexander Missyul ©, Laura Simonelli ¢, Michael Knapp b Fujun Li f
Helmut Ehrenberg ", Sylvio Indris°, Chongxin Shan ¢, Weibo Hua *"""

@ School of Chemical Engineering and Technology, Xi’an Jiaotong University, No.28, West Xianning Road, Xi’an, Shaanxi 710049, China

b Institute for Applied Materials (IAM), Karlsruhe Institute of Technology (KIT), Hermann-von-Helmholtz-Platz 1, Eggenstein-Leopoldshafen D-76344, Germany

¢ Deutsches Elektronen-Synchrotron (DESY), Notkestr. 85, Hamburg 22607, Germany

94 Paul Scherrer Institut (PSI), WLGA/229, Villigen PSI 5232, Switzerland

€ CELLS-ALBA Synchrotron, Cerdanyola del Valles, Barcelona E-08290 Spain

f Key Laboratory of Advanced Energy Materials Chemistry (Ministry of Education), College of Chemistry, Nankai University, Tianjin 300071, China

8 Key Laboratory of Materials Physics of Ministry of Education, School of Physics and Microelectronics, Zhengzhou University, Daxue Road 75, Zhengzhou 450052 China

ABSTRACT

Keywords:

Ni-rich cathodes
Li-rich cathodes
Core-shell architecture

Li-rich or Ni-rich layered oxides are considered ideal cathode materials for high-energy Li-ion batteries (LIBs)
owing to their high capacity (> 200 mAh g!) and low cost. However, both are suffering from severe structural
instability upon high-voltage cycling (> 4.5 V). Here, “Li-rich Ni-rich” Li; ¢gNig.gMng 102 oxides with core-shell
architecture are designed and synthesized to improve their high-voltage cyclability. These oxides are determined
to be composed of a less reactive “Li-rich Mn-rich” shell and a high-capacity “Li-rich Ni-rich” core. As Li-ions
gradually enter into the core-shell precursor during high-temperature lithiation reaction, the interdiffusion of
elements across the interphase between the Mn-rich shell and the Ni-rich core successively occurs. Such
thermally-driven atomic interdiffusion could lead to a thickness-controllable “Li-rich Mn-rich” shell, which can
guarantee an exceptional structural reversibility for the layered “Li-rich Ni-rich” core upon long-term cycling. As
a consequence, the optimized core-shell Lij ggNip 9Mng 102 achieves a capacity retention of 96% at 0.1 C after
100 cycles in the voltage range of 2.7-4.6 V. These findings might open up a new avenue for rational design of
advanced cathode materials for LIBs and beyond.

Interdiffusion
Cycling stability

1. Introduction

In recent years lithium-ion batteries (LIBs) have been extensively
applied in various applications, such as portable electronics for the
fourth industrial revolution, electric vehicles (EVs) and large-scale en-
ergy storage systems [1-4]. Achieving the climate goals of the Paris
Agreement is driving the growing requirements of LIBs, and the esti-
mated scale of required LIBs will reach TWh scales by 2030 [5-10]. This
has led to global research efforts toward advanced LIBs with higher
energy density and longer lifetime [11]. Currently, layered Li(Ni,Co,Mn)
02 (NCM, space group R3m) cathode materials are particularly attrac-
tive because of their high volumetric and gravimetric energy densities
[12,13]. The specific energy (Es) of NCM is determined by the average

discharge potential (V) and the specific capacity (C) (i.e. Es = f V(C)dC)
[14,15]. Thus, Ni-rich layered Li(NiyCo,Mnj_x.,)O2 (x > 0.6) compounds
are regarded as one of the most promising cathode materials for EV
batteries because their higher amount of the Ni2™/Ni**/Ni*t redox
couple could enable EVs to achieve a higher mileage per charge [2,
16-20].

Normally, the delivered reversible capacity of Ni-rich NCM cathodes
is approximately 200 mAh g~! when the LIBs are charged to 4.3 V, which
is still lower than their theoretical capacity (around 280 mAh g’l) [21,
22]. Making a higher energy density of Ni-rich cathodes viable requires
deintercalation/intercalation of a larger number of Li-ions and electrons
from/into the layered structure (R3m) by an increased potential window
[23,24]. Unfortunately, a large amount of highly reactive Ni** species
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would be generated at the surface of the particles when charged to
higher potentials (> 4.2 V) [25-27], which causes parasitic side re-
actions such as oxygen release [24] and surface reconstruction from
layered to spinel or rock-salt structure [28], etc., and thus results in the
deterioration of electrochemical performances. Controllable synthesis of
secondary particles with a Mn-rich shell surrounding a Ni-rich core or a
transition-metal (TM) concentration gradient is found to be an effica-
cious approach to improve the chemical and structural stability of
Ni-rich cathodes [29-31]. However, the Mn ions in the shell-phase are
prone to diffuse to the core during the high-temperature lithiation
process (> 700 °C) making the surface passivation less effective [32,33].
On the other hand, Li- and Mn-rich layered cathode materials can deliver
exceptionally high capacity (>250 mA h g 1) stemming from both
cationic and anionic redox reactions, but these materials are plagued by
severe voltage decay upon cycling [7,34,35]. Recently, Tarascon’s group
[36] and Ma’s group [37] proposed a new concept of “Li-rich Ni-rich”
layered oxide cathode materials, which could exhibit an improved
cycling stability and a robust oxygen lattice structure framework.
Nevertheless, few studies have focused on the controllable synthesis of
“Li-rich Ni-rich” layered oxides with a core-shell architecture.

Herein, a core-shell-architectured Ni(OH)>@Mn(OH), precursor was
prepared by a precipitation method. The cation interdiffusion and

structural evolution during the synthesis of “Li-rich Ni-rich” core-shell
Li; 0gNip.oMng 102 oxides were carefully analysed and characterized
by a combination of analytical methods. As the heating temperature
increases to about 700 °C, the mixture of the core-shell precursor and
LiOHeH,0 gradually converts to a compound with a layered “Li-rich Ni-
rich” core (R3m) and a monoclinic layered “Li-rich Mn-rich” shell (C2/
m) on a secondary particle level. Both layered phases would convert into
a single-layered Lij ogNigoMng 102 phase (R3m) completely with a
further increase of temperature above 800 °C, driven by the concen-
tration gradient of Ni/Mn ions. It is evident that a thin layer of less
reactive Li- and Mn-rich phase on the top of a Ni-rich primary particle
can be formed at an appropriate temperature (e.g. 750 °C), which is
favorable for improving cycling stability. The enhanced structural sta-
bility of Ni-rich core-shell cathode materials was further supported by in
situ high-resolution synchrotron-based X-ray diffraction (SXRD). This
study provides new insights into the cation interdiffusion during thermal
treatment and an effective approach for alleviating structural fatigue
upon high-voltage cycling.

2. Results and discussion

To synthesize the core-shell-architectured Ni(OH);@Mn(OH),
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precursor, layered Ni(OH), (P3m1l) was firstly prepared via a precipi-
tation method [38,39] (see Figs. 1a and S1, supporting information). A
NiSO4-6H20 aqueous solution, a NaOH solution (aq.) and a desired
amount of NH4OH solution (aq.) were simultaneously and separately
added into a reactor Nr.1. After the nucleation and crystallization pro-
cesses (20 h), the Ni(OH), precipitates were fed into a reactor Nr.2 as
crystal nuclei. Subsequently, a MnSO4-H50 solution, a NaOH solution
and an ammine solution were added into the reactor Nr.2, respectively.
The molar ratio of NiSO4-6H50 solution to MnSO4-H,0 solution is 9:1.
The resultant powders were filtered, washed and dried for the removal
of impurity ions and absorbed H»O. For comparison, homogeneous
Nig.9Mng 1(OH), was also prepared by a co-precipitation method on the
basis of our previous work [12,40,41].

Both Ni(OH); and Nig 9Mng 1(OH) particles are spherical secondary
particles composed of thin nanoplates, see Fig. S2. The average size of
the Ni(OH), and Nig gMng 1 (OH), agglomerates is determined to be 12.2
and 9.2 pm, respectively (Fig.S3). Thereare several nanoparticleson the
surface of the Ni(OH),@Mn(OH), precursor (Figs. le and Figure S2),
resulting in a slight increase in the average secondary-particle size
compared with Ni(OH), (Figure S3). The Ni(OH),@Mn(OH), agglom-
erates containing a Mn-rich shell and a Ni-rich core can be observed
clearly by both cross sectional scanning electron microscopy coupled
with energy dispersive X-ray analysis (SEM-EDX, Figure S4) and trans-
mission electron microscopy combined with EDX maps (TEM-EDX,
Figs. 1i-1). The small particle size of the Mn-rich shell is predominantly
due to a relatively high solubility-product constant of Mn(OH); (log Kgp:

12.7) compared to that of Ni(OH), (log Ks,:  15.2) [42]. All the re-
flections in the XRD patterns of Ni(OH)> and NipgMno.1(OH) can be
indexed according to a single-layered Cdly-type structure (P3m1l), as
shown in Fig. S5. In addition to the main layered phase (P3m1), a set of
weak reflections belonging to a tetragonal spinel MngO4 (I4,/amd) are
found in the XRD pattern of core-shell Ni(OH);@Mn(OH),, which is
possibly caused by the oxidation of Mn(OH)3 in air.

In situ high-temperature synchrotron-based X-ray diffraction (HT-
SXRD) and absorption spectroscopy (HT-XAS) were used to investigate
the structural evolution and charge compensation mechanism during
the synthesis of core-shell-architectured Li; ¢gNig.gMng 102, as shown in
Figs. 1b—d. At low temperatures (< 300 °C), the main reflections in the in
situ HT-SXRD patterns can be assigned to a layered Ni(OH) (P3m1) and
a tetragonal LiOH (P4/nmm). When the temperature is increased to
around 500 °C, the reflections from Ni(OH), and LiOH gradually vanish,
and a new set of reflections belonging to a rhombohedral layered
structure (R3m) successively appear, which indicate the occurrence of
the Li*/H"-ion exchange reaction ata relatively low temperature. As the
temperature further increases to 750 °C, an increased intensity of 003
reflection suggests a phase transformation from disordered layered
(R3m) to ordered layered phase (R3m). Generally, the integrated in-
tensity ratio of the 003 reflection to 104 reflection (Ipos/I104) is higher
than 1.2 in the layered structure. [43] The low ratio of Ipo3/I104 in the
SXRD pattern obtained at 750 °C is due to the limited heating time
during the HT-SXRD experiments (< 1 h). The X-ray absorption
near-edge structure (XANES) region of the in situ HT-XAS spectra of the
reactants is sensitive to the oxidation state and local symmetry of Ni and
Mn ions. The normalized Ni K-edge and Mn K-edge XANES spectra are
presented in Figs. 1c and d. The valence states of Ni and Mn are esti-
mated to be approximately 2.0+ and 2.5+ at the initial stage of the
heating process. Both Ni K-edge and Mn K-edge XANES spectra obvi-
ously shift towards higher energy as the high-temperature lithiation
reaction proceeds, demonstrating that the valence states of Ni and Mn
cations are increased with the insertion of Li-ions. These data reveal that
ambient oxygen anions are progressively incorporated into the host
structure to maintain electrical neutrality and provide the coordination
sites for the inserted Li-ions in the calcination process.

According to the in situ HT-SXRD and HT-XAS results, the temper-
atures for the lithiation reaction were chosen as 650, 700, 750, 800, and

850 °C for 12 h to prepare the oxides with core-shell (CS) morphology
and explore the interdiffusion in detail. The obtained samples were
marked as CS-650, CS-700, CS-750, CS-800 and CS-850, respectively.
The overall chemical composition of the synthesized core-shell oxides
measured by inductively coupled plasma mass spectrometry (ICP-MS,
Table S1) shows that their atomic ratios of Li:Ni:Mn is around 1.08
(1):0.90(2):0.10(1), which agrees well with the theoretical value. For
comparison, the layered LiNiO5 (R3m, LNO) obtained at 650, 700, 750,
800, and 850 °C were labelled as LNO-650, LNO-700, LNO-750, LNO-
800, and LNO-850. The layered Li; ggNig oMng ;05 (R3m) with a uniform
distribution of TM ions was prepared at 800 °C for 12 h (LNMO-800).
The spherical morphology of the secondary particles is basically pre-
served after the thermal treatment. Obviously, the primary particle size
in the near-surface region of both CS and LNO agglomerates increases
with increasing temperature, as depicted in Figs. 1f~h and S6. However,
the average primary particle diameter of LNO crystallites is larger than
that of CS particles at each temperature because of the Mn-rich nano-
particles on the surface of Ni(OH),@Mn(OH), agglomerates. The Ni-rich
particle core and Mn-rich shell with a thickness of about 220 nm can
evidently be seen from TEM-EDX mapping images of CS-700 (Fig. 1j).
The Mn-rich outer surface on the top of the Ni-rich core becomes thinner
when the heating temperature is increased from 700 to 750 °C and
eventually vanishes at even higher temperatures (> 800 °C), see
Figs. 1j-1 and S6,S7. A decrease in the thickness of the Mn-based shell
and a more homogeneous distribution of TM ions with increasing tem-
perature provide direct evidence for an interdiffusion of Ni/Mn ions
during annealing driven by concentration gradient.

High-resolution SXRD was utilized to investigate the crystallo-
graphic structure of the samples, as shown in Fig. §9. All the reflections
in the SXRD patterns of CS samples can be indexed according to a single
rhombohedral layered a-NaFeO, structure (R3m). With increasing the
calcination temperature, the splitting of the two Bragg peaks of 006,/102
and 018/110 becomes clear, suggesting an increased lattice distortion of
the cubic-close packed (ccp) oxygen framework along the [111] direc-
tion and the generation of a better-defined rhombohedral layered
structure [44]. Simultaneously, the full width at half maximum (FWHM)
of all reflections tends to become narrower, which is consistent with an
increase of the crystallite size at higher heating temperatures (see
Figs. 1f-h and S6). Rietveld refinements were completed by using a
rhombohedral layered structure model [Lij gg.xNixlsq[Nip o.xLix
Mnyg 113502 (R3m). The refinement results, including the calculated lat-
tice parameters (e.g. a and c), unit-cell volume (V) and the degree of
Li/Ni cation exchange, are given in Fig. S10 and Table S2 in the Sup-
porting Information, which are in good agreement with previously re-
ported values for Ni-rich layered materials [41,45,46]. Apparently, no
obvious secondary phase belonging to the rhombohedral layered
structure (R3m) is observed in CS-650, CS-700 and CS-750, which sig-
nifies that the Mn-rich shell phase possesses a very similar layered
structure. The normalized Ni K-edge and Mn K-edge XANES spectra of
CS oxides (Fig. S11) show that the valence states of Ni and Mn ions are
estimated to be +3 and +4, respectively. These results indicate a
completion of lithium/oxygen incorporation when the heating temper-
ature is higher than 650 °C.

To further study the thermal annealing induced interdiffusion pro-
cess, the TEM-EDX mapping measurements were carried out on the
outer surface of CS-700, CS-750 and CS-800, respectively. Clearly, there
is a Ni-rich layer on the primary particle surface in the Mn-rich shell of a
CS-700 agglomerate (see Fig. 2a), which suggests that Ni ions from the
inner Ni-rich core had diffused to the near-surface region of secondary
particles. Fig. 2¢ shows a high-resolution TEM (HRTEM) image of CS-
700 taken along [312]y orientation. The Fast Fourier Transform (FFT)
patterns in the selected area of Fig. 2¢ exhibit an array of dots with
monoclinic layered symmetry, correlated with the traditional “Li-rich
Mn-rich” phase (C2/m) [47-50]. The inverse FFT (IFFT)-HRTEM image
was filtered using the standard diffraction spot, as shown in Fig. 2d.
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Fig. 2. Changes in the local structure and elemental distribution in the near-surface region of agglomerates at various temperatures. TEM-EDX mapping images of (a)
CS-700, (e) CS-750 and (i) CS-800; (c, g, k) HRTEM images, (b, f, j) corresponding selected area FFT patterns and (d, h, 1) IFFT-HRTEM images of CS-700, CS-750 and
CS-800. Subscript M and R represent the monoclinic (C2/m) and rhombohedral (R3m) layered structures, respectively.

There are two sets of lattice fringes with the interplanar spacing of 0.37
and 0.24 nm at an angle of ~50°, which can be indexed to the (111)y
and (112)y planes of the monoclinic layered structure (C2/m). These
results are indicative of the formation of a “Li-rich Mn-rich” layered
phase with monoclinic, C2/m symmetry in the shell of CS-700 (see stage
I in Fig. 3) due to the fact that the Li-ions are firstly inserted into the
Mn-rich outer surface region of the secondary particles during heating. A
relatively large degree of elemental segregation of Ni and Mn can be
detected at the outer surface of CS-750, pointing out that the interdif-
fusion of Ni and Mn ions is gradually enhanced by a successive annealing
process (stage III in Fig. 3). The FFT patterns of the selected region in
CS-750 exhibit spots for the (020)y;, (110)y and (110)y lattice planes
(Fig. 2f), which are also consistent with C2/m symmetry. The measured
lattice fringes in the IFFT-HRTEM image (Fig. 2h) are approximately
0.42 and 0.41 nm, respectively, corresponding to the d values of the
020y and 110y superstructure reflections of monoclinic “Li-rich
Mn-rich” phase. Importantly, the presence of these superstructure re-
flections manifests the in-plane honeycomb ordering of (Li/Ni)/Mn ions
in the a-b plane of the monoclinic layered structure, while the typical
rhombohedral layered NCM materials do not possess such superstruc-
ture reflections. By contrast, a uniform distribution of Ni and Mn ions is
probed in CS-800, implying a completion of interdiffusion of TM ions.
The HRTEM image (Fig. 2k) and corresponding selected area IFFT image
(Fig. 21) of CS-800 illustrate that the interplanar spacing is around 0.47
nm, which matches precisely with the d-spacing of (003)g crystal plane
of the rhombohedral layered structure (R3m). The corresponding FFT
patterns along [010]g zone axis (Fig. 2j) are in good agreement with
R3m symmetry. These results reveal that the primary particles in the
near-surface region of CS-800 agglomerates possess the same layered
rhombohedral structure (R3m) as the inner core of the secondary par-
ticles (see its SXRD pattern in Figure S9, stage IV in Fig. 3).

To understand the correlation between core-shell architecture and
electrochemical properties, electrochemical tests were carried out on
CR2032-type coin cells at 25 °C. The initial charge-discharge voltage
profiles and cycling performances of the electrodes in a narrow voltage
range of 2.7 — 4.3 V are shown in Fig. S12. It is clear that CS-750 exhibits
an outstanding cycling stability. The capacity retention of CS-750 is
nearly 99% at 0.1 C (1 C = 275 mA g™') after 100 cycles, which is much
higher than that of LNMO-800 (76%) and other CS cathodes (CS-650:
93%, CS-700: 95%, CS-800: 62%, CS-850: 46%). On the basis of the
instability of Ni-rich cathode materials at higher voltages (> 4.3 V), a
wider voltage range (2.7 — 4.6 V) was used to investigate the cyclability
of core-shell-architectured Ni-rich cathodes under high-voltage opera-
tion, see Figs. 4 and S14. The initial discharge capacities of LNMO-800,
CS-700, CS-750 and CS-800 at 0.1 C are 191, 159, 187 and 186 mAh g_l,
respectively. A comparatively low capacity of CS-650 and CS-700 is
most likely correlated to the higher thickness of the electrochemical
inactive “Li-rich Mn-rich” shell. The apparent activation energy (E,) for
the Li-ion extraction from CS-800 (pristine state) is around 0.45 + 0.02
eV, as exhibited Fig. S15, which is higher than that of CS-750 (0.38 +
0.02 eV). The higher E, of CS-800 indicates that the larger primary
particle size could impede the Li-ion interfacial transport process,
thereby resulting in a low discharge capacity. It can be seen from
Figs. 4a—c and S14 that the Co-free Ni-rich cathode materials with core-
shell architecture (e.g. CS-700 and CS-750) deliver an outstanding
cycling stability during high-voltage cycling. After 100 cycles at 0.1 C,
the capacity retention of CS-750 is around 96%, which is higher than
that of other cathode materials without core-shell architecture (e.g.
LNMO-800: 75% and CS-800: 73%) and superior to most values of Ni-
rich cathodes reported in previous literature (see Table S4) [6,36,
51-56]. Except for the improved cyclability, the voltage fading is also
effectively suppressed in CS-750 over long-term cycling (see Fig. 4b).
The enhanced reversibility in the CS-750 can also be clearly recognized
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Fig. 3. Schematic illustration for the cation interdiffusion and local structural changes of core-shell-architectured particles.

by the stable oxidation-reduction peaks in the differential capacity
versus voltage (dQ/dV) curves upon extended cycling, as illustrated in
Figs. 4d-f. The charge-transfer resistances (R.;) of CS-750 and CS-800 in
a pristine state are comparable, as exhibited in Fig. S16 and Table S3.
The Rt of CS-800 increases from 96 Q (before cycling) to 1655 Q after
100 cycles at 0.1 C, which is larger than that of the CS-750 (from 97 to
1141 Q). The suppression of rapid growth of R for CS-750 can be
ascribed to the core-shell architecture that could mitigate the lattice
distortion during extended cycling (see HRTEM images of fatigued
electrodes below). The cycling performances of the prepared cathode
materials at a current density of 1 C are displayed in Figs. 4g-h and S18.
The capacity retentions of core-shell-architectured CS-700 and CS-750
are higher than those of LNMO-800 and CS-800 after 100 cycles. More
excitingly, around 79% and 62% of their initial capacity can still be
achieved for and CS-700 and CS-750 after 500 cycles at 1 C. These re-
sults are indicative of the outstanding cyclic performance of core-shell
architectured cathode materials during high-voltage cycling.

To elucidate the underlying mechanism for the enhanced cyclability
of core-shell-architectured cathode materials, in situ SXRD experiments
were conducted on CS-750, LNMO-800 and CS-800 cathodes with
cycling in the voltage range from 2.7 to 4.6 V (Figs. 5 and S20-S22). No
apparent reflection splitting is found in these electrodes, except for a
continuous change in reflection positions and intensities during the (de)

lithiation process, indicating a quasi-solid-solution reaction, which is in
good agreement with reported results [15,16,24]. On the basis of crys-
tallographic theory, the 003, 104 and 018 reflections reflect predomi-
nately the change in the lattice parameter ¢ (i.e. the average metal-metal
inter-slab distance) of the rhombohedral layered structure (R3m) [57],
whereas the 101 and 110 reflections represent mainly the lattice
parameter a or b (the average metal-metal intra-slab distance) of the
layered phase [58]. From open-circuit voltage to 4.2 V, the 003, 104,
018 reflections gradually move towards lower 20 angles, while the 101
and 110 reflections shift towards higher 20 angles, corresponding to an
increased c¢ parameter and a decreased a (a = b) parameter. All the re-
flections move to higher scattering angles in the voltage region from 4.2
to 4.6 V, implying a continuous shrinkage of the unit-cell volume. The
contraction of cell volume always occurs at higher voltage regions in
conjunction with the formation of severe lattice strain that deteriorates
the electrochemical performance of Ni-rich cathode materials (see the
discussion below). The lattice parameter variations of three electrodes
were obtained from the Rietveld refinement results, as shown in Figs. 5b,
d, f. When charged to 4.6 V, the lattice parameter ¢ and the unit-cell
volume (V) of the CS-750 cathode change by -1.8 and -5.9%
compared to its pristine state, respectively, which are smaller than those
of LNMO-800 cathode (-2.6 and —6.7%) and CS-800 cathode (-3.6 and
-10.5%). These findings indicate that the core-shell architecture could
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effectively mitigate the structural collapse in c¢ direction and the
contraction of the layered unit cell. The difference in the unit-cell vol-
ume V of the CS-750 electrode before and after the first cycle is as low as
0.0735(5) 10\3, which is much lower than that of the LNMO-800 electrode
(0.3378(9) A%) and CS-800 cathode (0.1432(6) A%). Such good revers-
ibility of the CS-750 electrode provides clear evidence that the “Li-rich
Mn-rich” shell on top of the Ni-rich core is beneficial for the improve-
ment of the structural stability and cyclic property of Co-free Ni-rich
cathodes during high-voltage cycling.

Since the anisotropic lattice contraction and expansion in the layered
structure would cause substantial anisotropic microstrains upon the Li*
insertion/extraction, the anisotropic strain evolutions in [003] and
[101] directions were quantitatively analysed (see Figs. 6a and b). As the
potential increases to around 4.3 V, the microstrains in CS-750 and
LNMO-800 cathodes are gradually accumulated in both (003) and (101)
planes. With the voltage further increasing to 4.6 V, a notable rise in the
strain evolution along [003] (or [001]) direction can be observed clearly
at the highly delithiated state of LNMO-800 cathode, in sharp contrast to
a slight increase in the lattice strain of the CS-750 cathode. The micro-
strain accumulated in the (003) plane of the LNMO-800 cathode at the
end of the charge process is approximately 6 times higher than in its
pristine state. In contrast, the CS-750 cathode in the highly charged state
shows a pronounced suppression of microstrain along [003] direction
(see Figs. 6a and g). The lattice strain in the (101) plane in the LNMO-
800 cathode firstly increases and subsequently decreases upon
charging. The CS-750 cathode exhibits a sluggishness in changing the
microstrain along [101] direction upon de-lithiation, further proving its

enhanced structural stability. A severe lattice distortion in the near-
surface region of LNMO-800 particles along [003] direction is clearly
visible when charged to 4.6 V, as evidenced by the HRTEM images in
Figs. 6e and f. By contrast, no obvious lattice distortion is detected at the
surface of the CS-750 cathode in the (003) plane (Figs. 6¢ and d), which
matches precisely with the microstructural analysis (Figs. 6a and b). The
content of Ni ions in Li layer (Nig,) for both CS-750 and LNMO-800
cathodes as a function of charging voltage is shown in Fig. S23. Upon
the first de-lithiation, the concentration of Niz, for both materials firstly
decreases and reaches the minimum value in the high-voltage region
(4.3-4.5 V), and increases suddenly with further charging to 4.6 V,
which are consistent with the SXRD analysis (Figs. 5b, d) and previous
results in the literature [59,60]. The content of Nis, in a deeply deli-
thiated state (4.6 V) is approximately 5% for both cathodes. Therefore,
the increased microstrain of Ni-rich cathodes along [003] direction is
supposed to be dominantly linked to lattice distortion rather than the
Li/Ni antisite defects.

With the online differential electrochemical mass spectrometry
(DEMS) technique it is possible to detect various gasses in the electro-
lyte/electrode interfacial reaction products that are evolved during
electrochemical cycling. As shown in Figs. 7(a) and (d), almost no O3 gas
is probed in both Li/CS-750 and Li/LNMO-800 cells. The CO, emission
becomes obvious when the cells are charged above 4.0 V and reaches a
maximum value of 362 nmol min ! g ! for Li/CS-750 cell and 1032
nmol min ! g ! for Li/LNMO-800 cell at the end of the first charge
process (4.6 V). The overall CO, generation of Li/CS-750 cell is
decreased by around 35% when compared with the Li/LNMO-800 cell.



Low High
(a) )
CS-750 :
20
15
£
2104
=
5_
0 T T P ———
3 4 24 26 82 84
Voltage (V) 26 (°, A=0.2073 A)
(c) )
LNMO-800
20
15
£
(0] 4
2 10
[
5_
0 T T Lo o T _T - I *
3 4 24 26 82 84
Voltage (V) 26 (°, A = 0.2073 A)
(e)
CS-800
25
20 -
= 15
£
= 10+
5_
0 T T
3 4 485052 164 168
Voltage (V) 20 (>, A=0.4142 A)

(b) Charge Discharge
2.89
< 2.85 <I.: //’/7
Tu/ 2.81 Aa=-2.0%, Aa=-0.1%
14.43
314-10'ﬁ¢2°@ L A
S 1377 o o Ac=0.4%
1014
o ¥
> 93
S 46
5S 38 .
E 3{CS-750
0 5 10 15 20
Time (h)

\

i
Ra=2b Aa=-0.4%

i

Ac=13%
Ac=-3.9% Ac=0.5%

= r__—-’f-
av=67%| % AV=0.3%

|\
]

LNMO-800

0 5 10 15 20
Time (h)
()
289
< 285 S /
S opq] AN a=-0.2%
14.43
oS 1410@0& L
© 13.77 Ac=-5.0% Ac=0.3%
_101 — v
< 971 AV=-105% AV=01%
> 93
T 46
£s 38 r—/-/"\‘
° 3{CS-800
= 0 5 10 15 20 25
Time (h)

Fig. 5. Crystallographic changes of CS-750, LNMO-800 and CS-800 cathodes during the initial cycle in a voltage range of 2.7-4.6 V at 0.1 C. Three-dimensional (3D)
maps of the intensity and position of 003, 018 and 110 reflections for (a) CS-750, (¢) LNMO-800 and (e) CS-800 cathodes upon the first electrochemical cycle; the
variations of lattice parameters and unit-cell volume of (b) CS-750, (d) LNMO-800 and (f) CS-800 electrodes as functions of reaction time.

These results suggest the core-shell architecture can effectively supress
the lattice oxygen release and/or the decomposition of electrolyte dur-
ing high-voltage cycling. In situ XAS experiments were also carried out
to probe the oxidation state changes of Ni and Mn ions for both CS-750
and LNMO-800 electrodes during the first cycle, as shown in Figs. 7(b-c)
and S24. Ni K-edge XANES spectra of CS-750 cathode collected at
various states of charge/discharge exhibit a weak 1s — 3d pre-edge peak
A, a shoulder peak B and an intense main absorption peak C (Fig. 7(b)).
The main peak shifts towards higher energy during charge and then
moves to lower energy during discharge, indicating the oxidation and
reduction of Ni ions upon cycling (i.e. Ni*" = Ni** + e). These results
are in good accord with the contraction and expansion of lattice
parameter a of the CS-750 electrode shown in Fig. 5(b). The Mn K-edge
spectra of CS-750 cathode can be characterized by a doublet pre-edge
peak A, a shoulder peak B, and a main absorption peak C (Fig. 7(c)).
The intensity and position of pre-edge peak A and main peak C do not
show obvious changes, revealing a very negligible change in the
oxidation state of Mn ions during cycling. Peak B corresponding to
ligand-to-metal charge transfer (LMCT) gradually vanishes, and peak B*

progressively emerges during charging, which is correlated with
changes in the electron density of the ligand. [61,62]

The Fourier transform (FT) magnitudes of k? weighted EXAFS spectra
at Mn and Ni K-edges for CS-750 are plotted in Figs. 7(e, f). There are
two distinct peaks in the FT spectra of two electrodes for Ni and Mn. The
first peak at about 1.5 A reflects the scattering interactions of TM-O, and
the second one at approximately 2.5 A corresponds to the TM-TM in-
teractions. Interestingly, the intensity of Ni-O peak increases during de-
lithiation and decreases during lithiation, indicating the changes in the
degree of local structural disordering on Ni sites in the layered structure.
The variations of XANES and EXAFS spectra of LNMO-800 are very
similar to those of CS-750 electrode (see Fig. S24). The EXAFS fitting
results of two electrodes are depicted in Figs. 7(g) and (h). Apparently,
the average Ni-O bond distance (dnj.0) and the corresponding mean-
square thermal displacement parameter (6]2\11_0) of the electrodes shrink
successively upon charging, revealing the oxidation of Ni ions and the
reduction of local disorder on the Ni sites in the layered structure (and
vice versa during discharging). The dyin-o and o%m.0 parameters of two
samples stay nearly unchanged upon cycling, which suggest that the Mn
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ions do not participate in the redox reaction. It is worth noting that the
GI%H_O parameter of CS-750 is lower than that of LNMO-800 cathode in
the state of charge (SoC) region of 50-85%, demonstrating that the
degree of local structure disorder on Ni ions in the layered structure of
CS-750 at high voltage is alleviated by introducing a core-shell archi-
tecture, which matches precisely with the analysis of in situ SXRD
(Fig. 5) and ex situ HRTEM (Figs. 6¢-f) images of these oxides.

After 100 cycles at 0.1C between 2.7 and 4.6 V, there are apparent
lattice distortions at the surface of fatigued LNMO-800, as depicted in
the HRTEM image (Fig. S25). Besides, two sets of spots from overlapping
domains with two layered structures (R3m) can be seen in the FFT
patterns of cycled LNMO-800, which hint at the formation of an inter-
mediate state during the transformation process from layered to spinel/
rock-salt structure [15,39]. It is noted that the core-shell architecture of
CS-750 is well maintained after prolonged cycling (see Figs. S26 and
S27), confirming again the robust structural stability of core-shell
architectured Ni-rich cathode materials upon high-voltage cycling.
Moreover, a slight increase of cationic Li/Ni mixing is observed for both
CS-750 and LNMO-800 after 100 cycles, as shown in Fig. $28. Ex situ
XANES spectra at Ni and Mn K-edges shown in Fig. S29 illustrate that Ni
valence state of two materials maintains a constant value (Ni*") after
prolonged cycling. Comparably, the oxidation state of Mn ions is esti-
mated to be approximately +3.8 for cycled CS-750 electrode and +3.6

for cycled LNMO-800 electrode, obtained by a linear combination fit
(LCF) method. These results again prove an enhanced stability of lattice
oxygen of “Li-rich Ni-rich” cathode materials with core-shell architec-
ture during long-term cycling. Taken together, the core-shell architec-
ture of Co-free Ni-rich layered cathode materials achieves the following
two goals. First, the “Li-rich Ni-rich” core contributes to a high specific
capacity. Meanwhile, the “Li-rich Mn-rich” shell can be regarded as a
rivet, leading to the spontaneous formation of a mechanically stabilized
structure (see Fig. 6g). Second, the lattice distortion and microstrain of
Ni-rich cathode materials upon high-voltage cycling can be markedly
suppressed by the less reactive monoclinic layered shell phase, resulting
in mitigation of charge-transfer resistance growth during repeated
lithiation/de-lithiation processes. Therefore, “Li-rich Ni-rich” oxides
with such robust core-shell architecture could deliver enhanced
chemo-mechanical stability and cyclic stability under high-voltage
cycling conditions.

3. Conclusion

In summary, a two-step precipitation method followed by sintering
with LiOHeH>0 was proposed to synthesize “Li-rich Ni-rich” core-shell
Lij ogNig.oMng 10, cathode materials. The structural evolution and
changes in the oxidation state of TM ions throughout the whole synthesis
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Fig. 7. DEMS measurements of gas evolution (i.e. O and CO3) on (a) a Li/CS750 cell and (d) a Li/LNMO-800 cell upon the first charge process; in situ XANES spectra
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CS-750; variation of (g) bond distance and (h) mean-square thermal displacement parameters of Ni-O and Mn-O for both CS-750 and LNMO-800 cathodes upon the

first cycle.

process were monitored to interpret the origin of cation interdiffusion
caused by the concentration gradient. As lithium and oxygen gradually
incorporate into the core-shell-architectured Ni(OH)>@Mn(OH), pre-
cursor, a “Li-rich Mn-rich” layered phase (C2/m) would be formed on
top of a Ni-rich core (R3m) during the high-temperature lithiation pro-
cess. Such core-shell architecture can be well maintained within rela-
tively lower heating temperatures (e.g. 650-700 °C). The “Li-rich Mn-
rich” outer shell tends to become thinner and eventually disappears with
increasing calcination temperature. In situ SXRD results demonstrate
that the microstrain of “Li-rich Ni-rich” cathodes in the high-voltage
regions could be suppressed effectively by the introduction of a “Li-
rich Mn-rich” shell. With these peculiar benefits, the cycling stability of
Ni-rich cathode materials with core-shell architecture has been
demonstrated to be superior to materials with a uniform distribution of
TM ions. Specifically, the CS-700 cathode exhibits a superior cyclability
of about 79% after 500 cycles at 1 C during high-voltage cycling (4.6 V).
Finally, these findings can broaden the prospects for designing and
developing highly stable cathode materials for high-energy LIBs.
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