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The Li-rich layered oxide is considered as one of the most promising cathode materials for high energy
density batteries, due to its ultrahigh capacity derived from oxygen redox. Although incorporating
over-stoichiometric Li into layered structure can generate Li,MnOj-like domain and enhance the
oxygen redox activity thermodynamically, the fast and complete activation of the Li,MnOs-like
domain remains challenging. Herein, we performed a systematic study on structural characteristics of
Li-rich cathode materials to decipher the factors accounting for activation of oxygen redox. We reveal
that the activation of Li-rich cathode materials is susceptible to local Co coordination environments.
The Co ions can intrude into Li,MnOs-like domain and modulate the electronic structure, thereby
facilitating the activation of Li-rich layered cathode materials upon first charging, leading to higher
reversible capacity. In contrast, Li,MnO3-like domain hardly contains any Ni ions which contribute
little to the activation process. The optimum composition design of this class of materials is discussed
and we demonstrate a small amount of Co/Mn exchange in Li,MnOs;-like domain can significantly
promote the oxygen redox activation. Our findings highlight the vital role of Co ions in the activation
of oxygen redox Li-rich layered cathode materials and provide new insights into the pathway toward
achieving high-capacity Li-rich layered cathode materials.

Keywords: Li-ion batteries; Li-rich layered cathodes; Oxygen redox activation; Composition design; Local structure
modulation

* Corresponding authors.
E-mail addresses: Qiu, B. (giubao@nimte.ac.cn), Shirley Meng, Y. (shirleymeng@ucsd.edu), Liu, Z. (liuzp@nimte.ac.cn).
* These authors contributed equally to the work.

1369-7021/© 2021 Elsevier Ltd. All rights reserved. https://doi.org/10.1016/j.mattod.2021.10.020

Please cite this article in press as: C. Yin et al., Materials Today (2021), https://doi.org/10.1016/j.mattod.2021.10.020

RESEARCH



mailto:qi�ubao@nimte.ac.cn
mailto:shirley�meng@ucsd.edu
mailto:li�uzp@nimte.ac.cn
https://doi.org/10.1016/j.mattod.2021.10.020
https://doi.org/10.1016/j.mattod.2021.10.020

HOHVY3IS3d

RESEARCH

Materials Today ® Volume xxx, Number xx ® xxxx 2021

Introduction

The application of lithium-ion batteries (LIBs) has expanded
rapidly over the past decades [1-3]. Developing LIBs with
higher energy density than current benchmarks remains attrac-
tive, especially for electric vehicle applications. The relatively
low capacity of cathode materials is becoming the limiting fac-
tor for the future development of LIBs with high energy den-
sity [2]. Li-rich nickel-cobalt-manganese (LR-NCM) layered
cathodes with over-stoichiometric Li have the potential to dou-
ble the capacities of stoichiometric nickel-cobalt-manganese
(NCM) layered cathode materials, due to a blend of cationic
redox and anionic redox [4]. There is a growing consensus that
such high capacities arise from the reversible redox of O%
anions in Li,MnOj3-like domain, which is identified as a
nano-composite component in Li-rich cathode materials [5].
Incorporating more Li and Mn in Li-rich layered structure is
thus regarded as a golden rule to achieve high capacity. The
pursuit of high-Mn Li-rich layered cathodes is even more
promising considering the resource availability of Mn com-
pared with Ni. However, the practical capacity of Mn and Li-
rich materials is highly dependent on the electrochemical acti-
vation process of Li,MnOs-like domain. Early studies have
observed that a substantial amount of Li ions could be
extracted from pure Li,MnO3, only when the activation poten-
tial is above 4.5 V vs. Li/Li* and the current density is small
(10 mA g ') [6,7], which implies the poor kinetics of Li;MnOs.
The challenge is thus how to consolidate more Li,MnOs3-like
domain in layered oxide while maintaining fast electrochemi-
cal activation process [8,9].

Structure

Composition design is a widely applied engineering strategy
to improve the activation kinetics in Li-rich layered cathodes.
The previous studies have identified that Co ions play a positive
role in the activation of Li,MnOs3-like domain, while Ni ions
have little impact [10,11]. However, the interaction mechanism
between Li,MnO3-like domain and Ni/Co ions is not investi-
gated in the previous reports. Other cation doping, such as Na
[12] and Fe [13] have been identified to improve reaction kinetics
through reducing the barrier of Li ion diffusion. The doping of Cr
was also proposed to improve the activation of Li,MnOs-like
domain, given the strong covalence between transition metal
and oxygen due to the close energy between the bottom of Cr-
3d band and the top of O-2p band [14]|. However, the missing
structural analysis on the local coordination environments in
these previous works makes the doping effect ambiguous.
Recently, the microstructure and defect engineering have broken
a new ground in activating the oxygen redox. The stacking faults
of transition metal layers and oxygen vacancies have been intro-
duced to facilitate the activation of Li,MnOgs-like domain
[15,16]. However, the complicated synthesis method for defect
engineering limits its practical application. To formulate perfor-
mance improvement guidelines for Li-rich layered oxides, the
fundamental relationships should be studied among chemical
compositions, microstructures and activation of LiMnOs;-like
domain. As illustrated in Fig. 1, a comprehensive structure anal-
ysis requires samples with well controlled compositions, from
stoichiometric NCM cathode to Li-rich Mn-based layered cath-
odes, and toolset for probing different length scales, from long-
range to short-range ordering.
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FIGURE 1

Schematic of pathway toward establishing relationships among chemical compositions, microstructures with electrochemical property in Li-rich Mn-based
cathodes. Composition diagram shows a set of Ni-Co-Mn layered samples used in this work, with a nominal formula of Liv[Niy/3+3%C02/3+3nMnNax/3+3x%]102
(LR-/NCM11X: X =1, 2, 3, 4, 6; Y > 0). Fundamental understanding of structural information from long-range to short-range ordering is needed to improve
electrochemical performance of low-Co/high-Mn cathode materials. The energy density of 25 Ah pouch cell is calculated using Li-rich cathode samples and
Si0,/C composite anode material with a specific capacity of 950 mAh g~ . To verify the reliability of the estimation, a 400 Wh kg~ pouch cell was fabricated
and serves as an example of high energy rechargeable battery. More details are given in Supplementary Note 1.
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In this study, we investigate the structural characteristics of
LR-NCM and stoichiometric NCM layered materials, with a nom-
inal formula of Lijy[Niz/3.+3x)C02/@+3xMN2x/3+3x)]02 (LR-/
NCM11X: X =1, 2, 3, 4, 6; Y > 0) as shown in Fig. 1. Synchrotron
X-ray diffraction (SXRD) and time-of-flight neutron powder
diffraction (TOF-NPD) were used to resolve the long-range struc-
ture for all the samples. The extended X-ray absorption fine
structure (EXAFS) results exhibit the atomic coordination envi-
ronments of each transition-metal. We reveal that Ni** coordina-
tion environments remain the same among all the samples,
while Co** ions participate in the formation of Li,MnOs;-like
domain. Combined with electrochemical measurements, we
demonstrate that the activation of Li,MnOsj-like domain is
highly related to the Co mixing in Li;MnOs-like domain. It is
observed that the distortions of Co—O and Mn-O bonds greatly
increase after cycling, which further manifests that the activated
lattice oxygen ions are coordinated with Co and Mn. The sample
with the optimized composition is able to deliver energy density
of 400 Wh/kg at cell level on the basis of SiO,/C anodes. These
findings provide engineering guidelines for improving reaction
kinetics of anionic redox and opportunities to achieve high
energy density LIBs with Li-rich Mn-based layered oxides.

Material and methods

Materials synthesis

The detailed procedures of material preparation are similar to our
previous report [17]. LiNi;;3C01/3Mny,30, (NCM111), Lij g6-
Nip 22C00.22Mng 4502 (LR-NCM112), Li; 11Nig.17C00.17Mng 5002
(LR-NCM113), Lij.14Nip13C00.13Mnp 540, (LR-NCM114) and
Li;.17Nig.005C00.00sMng 570, (LR-INCM116) were synthesized by
a solid-state method with carbonate precursors and Li,CO3 (Sino-
pharm Chemical Reagent Co., Ltd., Shanghai, China). The carbonate
precursors were prepared by a co-precipitation method: stoichio-
metric amounts (Ni:Co:Mn = 1:1:1, 1:1:2, 1:1:3, 1:1:4 and 1:1:6)
of NiSO4+6H,0 (Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China), CoSO47H,0O (Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China), and MnSO4-5H,0 (Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China were dissolved in deionized water; then
the aqueous solution with the reagent concentration of
2.0 mol L™! was continuously pumped into a continuous stirring
tank reactor (CSTR, 250 L); at the same time, Na,CO3 aqueous
solution (2.0 mol L™!) and NH,OH aqueous solution (0.2 mol L")
were pumped into the CSTR, separately. During the reaction, the
pH was kept at around 8.0 and the temperature was kept at 60 °C.
The as-obtained co-precipitation powders were filtered, washed
several times with deionized water, and then dried at 120 °C
overnight. After mixing Li,CO3, the mixed precursors were pre-
treated at 500 °C for 5 h before calcining at 820 °C for 12 h in
the air. The Li,MnO; sample was synthesized by a solid-state
method with stoichiometric amounts of Li,CO3; and MnCO3
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China). After cal-
cining at 820 °C for 12 h, the powders were ball milled under
800 rpm for 3 h.

Physical characterization

The in-house XRD pattern for Li,MnO3 sample was obtained by
using a Bruker D8 X-ray diffractometer with a Cu Ko radiation
source. SXRD patterns were collected at the beamline BL14B of

the Shanghai Synchrotron Radiation Facility (SSRF) with the X-
ray wavelength of 0.6887 A. For the pristine materials, TOF-
NPD patterns were collected at GPDD beamline of China Spalla-
tion Neutron Source (CSNS). For the cycled materials, the TOF-
NPD patterns were collected on the POWGEN beamline at the
Spallation Neutron Sources (SNS) in the Oak Ridge National Lab-
oratory. The joint refinements were performed by using the
GSAS-II program [18], based on the Rietveld method. The refined
parameters include polynomial background parameters, overall
atomic displacement parameter, lattice parameters, FWHM
parameters (U, V and W), position of oxygen, occupancy of Li
and Ni in thombohedral R 3 m phase, occupancy of Li and Mn
in monoclinic C2/m phase, and phase fraction. The FAULTS pro-
gram [19] was used to analyze super-lattice peaks. For the pristine
materials, the hard X-ray absorption spectroscopy (hXAS) exper-
iments were carried out with transmission mode at beamline
KMC-2 of the synchrotron BESSY at Helmholtz-Zentrum Berlin,
Germany. For the cycled materials, the XAS experiments were
carried out with transmission mode at beamline BL11B of the
SSRF at Shanghai, China. The foils of Ni, Co and Mn were simul-
taneously measured for calibration. The X-ray absorption near
edge structure (XANES) data and EXAFS data were processed
and fitted using the ATHENA software package [20]. For normal-
ization and background removal of XANES, the E, value was set
by a default fraction of edge step (0.5). The pre-edge range was set
between —150 eV and —30 eV relative to Eq, and the post-edge
range was set from 150 eV to the maximum energy position of
the XANES. The normalized k3-weighted EXAFS spectra were
Fourijer-transformed (FT) in k space with integration limits of
3.0-10.5 A~! for the Ni, Co and Mn. The least-square fits were
carried out in R space between 1.0 A and 3.0 A. A field emission
scanning electron microscope (FSEM, Hitachi S-4800) was used
to analyze the morphology of pristine materials. The high-
resolution transmission images were obtained from a double
aberration-corrected JEOL-ARM 200CF microscope with a cold-
field emission gun operated at 200 keV.

Electrochemical measurements

Electrochemical performances of LR-/NCM11X (X =1, 2, 3, 4, 6,
8) samples were tested in CR2032-type coin cells using a LAND-
CT2001A battery test system. Electrodes consisted of 80 wt.%
LR-/NCM11X (X =1, 2, 3, 4, 6, 8) samples, 10 wt.% super P car-
bon, and 10 wt.% polyvinylidene fluoride (PVDF) binder. Coin
cells were assembled with circular cathode electrodes, Celgard
2502 separator, and thin Li metal foil in an argon-filled glove
box. The moisture and oxygen levels of the argon-filled glove
box were less than 0.1 ppm. The electrolyte was mixed with ethy-
lene and dimethyl carbonate (3:7 volume ratio) with LiPFg
(1.0 M). The cells were tested by galvanostatic charge-discharge
mode in the potential range of 2.0-4.8 V vs. Li*/Li°. The nominal
capacity of the samples was set to 250 mAh g~'. The mass load-
ing of cathode materials was about 5 mg cm~2. The positive elec-
trodes for pouch cells were prepared by mixing 95 wt.% of
samples, 2 wt.% of super P carbon, and 3 wt.% of PVDF. The
anode materials were lithium metal foils (pouch cells used to col-
lect cycled samples for TOF-NPD measurements) or SiOx/C com-
posite (pouch cell used to verify high energy density). For coin
cells, the amount of electrolyte was 20 pL. For pouch cells, the
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weight of electrolyte was about 2.0 g Ah~'. The powder conduc-
tivity was tested by using an ST2742B electro-conductibility tes-
ter (Suzhou Jingge Electronic Co., Ltd.) based on four-probe
method. The galvanostatic intermittent titration technique
(GITT) was tested with 30 min pulse and 2 h rest. The pulse cur-
rent density was 0.05 C. The electrochemical impedance spec-
troscopy (EIS) was tested on Solartron Analytical system with
an amplitude of 10 mV over a frequency range of 100 kHz-0.0
1 Hz. All batteries in this study were tested at room temperature.
A simplified method with the following formula was applied to
calculate Li diffusion coefficient [21]:

Do 4 (mVy ? (AE,\*
BT ae\ Ms ) \AE,

Results

Long-range structure characterization

In order to obtain the crystal structure information of the synthe-
sized LR-/NCM materials, the SXRD/NPD joint Rietveld refine-
ments were carried out and the patterns are plotted in Fig. 2a—
e. The detailed results of refined parameters are summarized in
Tables S1 and S2. The patterns of NCM111 sample can be

indexed with a single thombohedral R 3 m phase without impu-
rities [26]. Monoclinic Li,MnO3-like domain (Space group: C2/
m) with LiMng ordering appears in LR-NCM11X (X = 2, 3, 4, 6)
samples, corresponding to the super-lattice diffraction peaks
located in the 20 region between 7.5° and 15° [22]. The Joint Riet-
veld refinement for NCM111 sample was carried out using a sin-
gle rhombohedral R 3 m phase (R phase) and the refinements for
LR-NCM11X (X = 2, 3, 4, 6) samples were performed using the
two-phase model with the addition of monoclinic C2/m phase
(M phase). The weighted profile factors (Ryp) for all the samples
are less than 10%, indicating that the applied model fits well for
the samples.

For comparison, the lattice parameters a, b and c of M phase
were converted into &, b and ¢, which have the similar R-
phase-like characteristics (Supplementary Note 2 and Fig. S1).
As shown in Fig. 2f, the lattice parameter a reduces from
2.861 A to 2.848 A with X increasing in LR-/NCM11X (from
X =1to X =6), and @ (V') reduced from 2.860 A (2.853 A) to
2.850 A (2.848 A). The lattice parameters ¢ (R phase) remains
nearly constant (see Fig. 2g), while the parameters ¢ (M phase)
declines from 14.257 A to 14.234 A. The lattice parameters shrink
with increasing Mn content because of shorter bond distance of
Mn-O (as proven by EXAFS fittings in latter section). The quanti-
tative phase analysis shows that the amount of Li,MnOs;-like
domain increases from 25.3% to 61.3% with X increasing values
in LR-INCM11X (from X = 2 to X = 6). These values are consistent
with the calculated numbers based on the nominal two-phase
formula of xLi,MnO3-(1-x)LiMO, (M = Ni, Co, Mn) [8]. The sub-
tle difference between the refined and calculated values for the
Li-rich layered cathode may result from the microstrain due to
multi-domain composition, as shown in Fig. S2. The refined
interlayer Li;,/Ni3p mixing degree in R phase is lower than 3%
(Fig. 2i), which indicates that the anti-site defects are not prevail-
ing in LR-/NCM11X (X =1, 2, 3, 4, 6) samples. The refined intra-
layer Li,/Mng, mixing degree in M phase is much higher,

ranging from 50.5% to 39.1% in LR-NCM11X (X = 2, 3, 4, 6) sam-
ples. The high interlayer Liy,/Mnyg mixing degree of high Ni/Co
samples (e.g. LR-NCM112) indicates that the increase of Ni/Co
content can inhibit the formation and segregation of Li,MnO3-
like domain to some extent. Although the lower Liz,/Mng, mix-
ing degree often implies the more ordered LiMns honeycomb
structure in Li,MnO3-like domain, the local Li-Mn coordination
environments cannot be obtained from the refinements because
Rietveld method is based on average crystal structure [23].

Short-range structure characterization
The schematic illustration of the composite structure is shown in
Fig. 3a, and two types of local structural configurations are high-
lighted as follows. The black solid box exemplifies the out-of-
plane stacking ordering in the monoclinic domain. Three differ-
ent stacking orientations of transition metal layers (Fig. 3b) can
potentially create the so-called stacking faults [24]. The other
type of local structural configuration is in-plane cationic ordering
(Fig. 3¢), such as the LiMng honeycomb structure in Li,MnO3-
like domain. Fig. 3d shows the super-lattice peaks of LR-
NCM11X (X = 2, 3, 4, 6) samples, and the broadening of super-
lattice peaks implies the stacking faults of transition metal layers
[19]. NCM111 is not discussed here because there is no LiMng
honeycomb structure in transition metal layers for NCM111
[25]. A two-layer model [17] was applied to simulate the super-
lattice peaks by using FAULTS program [19]. Note that the prob-
ability of stacking faults used in the following section is calcu-
lated by the formula proposed in the previous study [24].
Fig. S3a shows the simulated super-lattice peaks with various
probabilities of stacking faults, displaying the drastic intensity
decreasing with the increasing of stacking faults. However, the
obvious peak broadening between 9.0° and 9.2°, as marked by
arrow in Fig. 3d, cannot be solely ascribed to stacking faults.

Besides the stacking faults, the size effect of M phase can also
induce super-lattice peaks broadening (Fig. 3c). According to this
hypothesis, we further introduced the parameters D and D; in
our simulation as an indicator of the Li,MnOs-like domain
length (calculation details are given in Supplementary Note 3).
Fig. S3b shows the simulated super-lattice peaks with different
domain lengths (Dg and D, were set to equal for simplicity).
The broadening of the super-lattice peaks between 9.0° and
9.2° is consistent with our experimental results in Fig. 3d. There-
fore, the super-lattice peaks of LR-NCM11X (X = 2, 3, 4, 6) sam-
ples were refined in consideration of both stacking faults and
domain length effect (Fig. S4). The refined probability of stacking
faults and domain lengths are plotted in Fig. 3e. All samples
show high probability of stacking faults (>45%), implying that
the chemical compositions have no obvious impact on stacking
ordering. The high degrees of stacking faults are probably due to
the nature of carbonate precursors and calcination process we
applied [26]. The domain lengths of LR-NCM112 and LR-
NCM114 are less than 200 A, while LR-NCM113 and LR-
NCM116 samples exhibit large domain lengths beyond 700 A.
This indicates that ordering of LiMne honeycomb structure in
Li,MnOs-like domain is sensitive to composition and there exists
a nonlinear relation.

To decipher the atomic-scale local structure, XANES and
EXAFS measurements were carried out on Ni, Co and Mn K-
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FIGURE 2

Long-range structural analysis for different samples. (a—e) The Joint Reitveld refinement patterns of synchrotron X-ray diffraction and neutron diffraction for
NCM111, LR-NCM112, LR-NCM113, LR-NCM114 and LR-NCM116, respectively. (f,g) Comparison of lattice parameters for different samples (the details for
calculating @, b’ and ¢’ were given in Supplementary Note 2). (h) Comparison of refined phase fraction and stoichiometric phase fraction of Li,MnOs based on
the nominal two-phase formula. (i) Comparison of Lis./Nis, mixing degree (R phase) and Li,,/Mnsg mixing degree (M phase) for different samples.

edges. The similar XANES spectra of Ni, Co and Mn for different
X values of NCM11X demonstrate that the oxidation states of Ni,
Co and Mn in NCM11X samples with different X values (X =2, 3,
4, 6) are almost the same (Fig. 4a). According to the previous
research on NCM111 [27], the oxidation states of Ni, Co and
Mn should be +2, +3 and +4, respectively. A theoretical atomic
coordination model can be established based on Pauling’s elec-
trostatic valence rule [28]. As shown in Fig. 4b, the layered struc-

ture contains multiple atomic coordination configurations. Here,
a semiquantitative equation is applied to evaluate the stability of
a coordination configuration:

Zc

AZ=Zy—2—

where Z, is the valence of anion and Zc is the valence of cations.
Number n is coordination number of the central anion. The sum-
mation notation represents summing over all coordinate cations.
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Short-range structural analysis for out-of-plane stacking ordering and in-plane ordering. (a) Structural illustration of typical Li-rich layered oxides cathode with
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peaks for LR-/NCM11X (X = 1, 2, 3, 4, 6) samples. (e) Refinement results for LR-NCM11X (X = 2, 3, 4, 6) samples.

According to the principle of local electrical neutrality, the
structure may become unstable if AZ > 0. Three Li ions in the
Li layer are always coordinated with central oxygen atom, while
the coordination environments of cations in the transition metal
layer may have different combinations. In the stable state
(AZ = 0), only three combinations (Co-Co-Co, Ni-Co-Mn, and
Li-Mn-Mn) are feasible in the transition metal layer. We cannot
exclude the existing of Li-Co-Mn, Ni-Ni-Mn and Mn-Mn-Ni com-
binations because its AZ (AZ = 1/6) is close to 0. Considering the
high AZ (AZ = 1/3) value of Li-Mn-Ni or Li-Co-Co combination,
it is almost impossible for these combinations to abound in LR-/
NCM layered oxides.

Further justification of the atomic coordination is provided by
the EXAFS analysis and the radial distribution function (RDF)
patterns (Fig. 4c). Despite the different central cations, the first
coordination shell refers to the nearest neighbor (NN) TM-O
(TM: Ni, Co and Mn) bond and the second coordination shell
represents NN TM-M (M: Lj, Ni, Co and Mn) bond [29-30]. Obvi-
ously, all the Ni coordination shells remain almost unchanged,
whereas the second coordination shell of Mn and Co shows a
regular decrease in LR-/NCM11X (X =1, 2, 3, 4, 6) samples. This
indicates that more Li ions, which have less extranuclear elec-

tron, participate in Mn-M coordination and Co-M coordination.
EXAFS fittings were then employed on the first two coordination
shells of Mn and Co (Figs. S5 and S6) and the results are listed in
Table S3 As shown in Fig. 4d, the second coordination number of
Mn decreases from 6.00 to 3.78 in LR-/NCM11X (X =1, 2, 3, 4, 6)
with the increasing content of Li,MnOj3-like domain. The second
coordination number of Co shows a similar decrease trend from
6.00 to 4.79. Note that the atomic coordination in the second
shell is dependent on atomic combination as we discussed above
(Fig. 4b). If Co coordinates with Li in the second coordination
shell, the most possible cations combination should be Li-Co-
Mn. Fig. 4e shows the calculated ratio of Co content in M phase
to total Co content (Coy/Cor), and the ratio of Co content in M
phase to total transition metal cations in M phase (Con/TMyy).
The increased Coy/Cor ratios indicate that the relative amount
of Co in Li,MnQOg3-like domain is incremental in LR-/NCM11X
(X=1,2, 3,4, 6) samples. However, due to higher absolute con-
tent of Li,MnOs-like phase, the Coy/TMy, ratio shows a decline
trend from 26.9% to 8.1% in LR-NCM11X (X = 2, 3, 4, 6) sam-
ples. Besides, the cross-domain Co/Mn mixing would inevitably
force Mn ions in Li,MnOj3-like domain to migrate into rhombo-
hedral domain, generating metastable Ni-Ni-Mn and Mn-Mn-Ni
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FIGURE 4

Atomic-scale structural analysis for local structure. (a) K-edge XANES of Mn, Co and Ni for LR-/NCM11X (X = 1, 2, 3, 4, 6) samples. The K-edge XANES of
references (Li,MnOs, LiCoO, and LiNiO,) are plotted by red dashed lines and the K-edge XANES of references (Mn,0s, CoO and Ni(OH),) are plotted by black
dashed lines. (b) Schematic of atomic coordination centered on the oxygen atom. According to Pauling’s electrostatic valence rule, the stability of a certain
coordination configuration is determined by the valence difference between cations and the centered anion. (c) EXAFS of Mn, Co and Ni for LR-/NCM11X
(X=1,2,3,4,6) samples. (d) Fitted coordination numbers of Co and Mn in second coordination shells. (e) Calculated ratio of Co content in M phase to total Co

content (black), and the ratio of Co content in M phase to total transition metal cations in M phase (blue).

combinations. These metastable combinations can be observed
in LiNipsMnosO, cathode material, which usually manifest a
low thermal and electrochemically cycling stability [31,32].

Electrochemical activation of Li,MnOjs-like domain

The electrochemical measurements were used to investigate the
activation process of Li,MnOs-like domain. Fig. 5a shows the
charge-discharge profiles of LR-/NCM11X (X =1, 2, 3, 4, 6) sam-
ples under the voltage range of 2.0-4.8 V vs. Li*/Li® at 0.1 C. All
the samples show a slope region below 4.45 V and a plateau
region at around 4.5 V during first charge process except for

NCM111. For Li-rich layered cathodes, the capacities in the slope
region (<4.45 V) are ascribed to cationic redox (Ni and Co redox)
and the capacities on the plateau region come from oxygen
redox [33]. As the X becomes larger in LR-NCM11X (X = 2, 3,
4, 6), the capacities on the plateau region increase from
115 mAh g ! to 239 mAh g~'. On the contrary, the capacities
from cationic redox reduce from 178 mAh g~! to 92 mAh g~ *,
due to more inactive Mn** ions in materials. Although the charge
capacities of LR-/NCM11X (X = 1, 2, 3, 4, 6) increasewith
increased X values, the highest discharge capacities
(~288 mAh g~') were delivered by LR-NCM114 composition.
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Activation of Li,MnOs-like domain in Li-rich layered cathode materials. (a) Charge-discharge voltage profiles of LR-/NCM11X (X = 1, 2, 3, 4, 6) samples. (b)
Measured oxygen redox (OR) capacity in the plateau region (>4.45 V) versus ultimate OR capacity calculated from complete activation of Li,MnOs-like
domain. The Li,MnOs-like domain fractions are obtained from Joint SXRD/TOF-ND refinements. (c) The cycling capacities of LR-/NCM11X (X =1, 2, 3, 4, 6)
samples. (d) The average discharge voltage (specific energy divided by specific capacity) decay of LR-/NCM11X (X = 1, 2, 3, 4, 6) samples.

In light of dramatic kinetics improvement by Co doping [34],
it is not surprising that the relatively lower discharge capacities of
low-Co/high-Mn samples (e.g. LR-NCM116) at all tested rates
(Fig. S7). To further study their kinetics, GITT was applied to
quantify the Li diffusion coefficient (Figs. S8 and S9). The large
polarization potentials are observed in low-Co/high-Mn samples
on the plateau region (Fig. S10a), indicating a sluggish structural
rearrangement process triggered by oxygen redox [35]. Figs. S10b
and S10c show the calculated Li diffusion coefficients during
charge and discharge. The decline of Li diffusion coefficients is
synchronized with the oxygen redox [17]. Furthermore, we
observed that the cationic redox voltages of LR-NCM11X
(X =2, 3, 4, 6) samples in the slope region increase with increased
X values (Fig. S11). This phenomenon cannot be explained by
slow kinetics and resulting overpotential. Fig. S8 shows the catio-
nic redox overpotential in the slope region does not increase
with X increasing values in LR-NCM11X (from X = 2 to X = 6).
The obvious voltage increase of cationic redox should be ascribed
to the cross-domain Co/Mn mixing we proposed above, which
leads to weakened TM-O covalency induced by the electron
localization effect of Mn** substitution in thombohedral domain

[36]. The electrochemical impedance (Fig. S12) and electrical
conductivity (Table S4) were also tested for the samples, showing
the increasing charge transfer impedances and decreasing electri-
cal conductivities as X becomes larger in LR-/NCM11X (X =1, 2,
3, 4, 6) samples.

It is worth noting that even though the slow kinetics of low-
Co/high-Mn samples, the activation of lattice oxygen is still
achieved during the first charge process. Fig. 5b shows the mea-
sured oxygen redox capacities on the plateau region and theoret-
ical oxygen redox capacities calculated by fully delithiating
Li,MnOj-like domain (phase fraction of Li;MnO3-like domain
were obtain by joint refinements). The small differences between
the measured and calculated oxygen redox capacities can be
observed in high-Mn samples, of which the LR-NCM116 has
reached up to a Mn ratio of 75%. The oxygen redox activation
of low-Co/high-Mn samples to large extent is due to the unique
coordination configuration of Co. To further evaluate the activa-
tion degrees of LR-/NCM11X (X =1, 2, 3, 4, 6) samples, galvano-
static cycling tests were performed. The stepwise activation
process cannot be observed in all samples, demonstrating the
high activation degrees of LR-/NCM11X (X =1, 2, 3, 4, 6) sam-
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ples during the initial cycle (Fig. 5¢). The discharge voltage (speci-
fic energy divided by specific capacity) decay of LR-/NCM11X
(X =1, 2, 3, 4, 6) samples is plotted in Fig. 5d and Fig. S13. It
should be noted that the voltage decay and energy density fade
(Fig. S14) of NCM111 are faster than those of LR-NCM11X
(X =2, 3, 4, 6) samples. The NCM111 sample may suffer from
severe surface damage and passivation under high voltage
cycling because of irreversible oxidation of lattice oxygen, which
leads to impedance increase during cycling [37]. In addition, we
observed that the Coulombic efficiencies for all samples cannot
reach 99.9% (Fig. S15), including NCM111, which calls for fur-
ther study on high-voltage electrolyte [38,39].

Structure analysis for the cycled materials

The crystal structure of the samples after one cycle was also char-
acterized by SXRD and TOF-NPD. Unlike the pristine materials,
the SXRD patterns of the cycled samples show negligible super-
lattice peaks (Figs. S16-S20). The disappearance of super-lattice
peaks strongly indicates that the in-plane ordering of LiMng hon-
eycomb structure was disturbed after the oxygen redox activa-
tion. Hence, the SXRD/NPD joint Rietveld refinements were
carried out with a single R 3 m phase. The refined parameters
a, ¢ and Liz,/Ni3p mixing degrees were summarized in Fig. S21.
The changes of lattice parameters a and c indicate that the struc-
tures of the cycled samples are much different from the pristine
samples, which is likely due to the structure rearrangement dur-
ing cycling [35,40]. After cycling, the increase of vacancies and
the magnetic frustration [41] can also induce anti-site defects
as shown in the summarized Liz,/Nisz, mixing degrees. Interest-
ingly, Li-rich samples can almost maintain the long-range order-
ing and structural integrity after 50 cycles. Take LR-NCM114 for

example as shown in Fig. S22, it is hard to detect the phase tran-
sition from layered to spinel structure.

No obvious changes of Ni, Co and Mn K-edge positions are
found in XANES results for the cycled samples (Fig. S23), indicat-
ing the oxidation state of cations among the samples are basi-
cally identical. The overlapping XANES of the cycled samples
and pristine NCM111 suggest the oxidation states of Ni, Co
and Mn in the cycled samples return to +2, +3 and +4, respec-
tively. The RDF patterns based on EXAFS results exhibit the coor-
dination environments of Ni, Co and Mn (Fig. 6a). The Mn-M
coordination shells are still much lower than Mn-O coordination
shells in low-Co/high-Mn samples (LR-NCM114 and LR-
NCM116), implying that even when the LiMng honeycomb
structure is disturbed after cycling, Mn ions maintain coordina-
tion with a small amount of Li or vacancies. Further analysis
was performed by fittings (Figs. 524-526). Note that the amount
of oxygen loss from the lattice is actually small (<5%) compared
to the total lattice oxygen [42]. Hence, the first coordination
number of TM can be approximately set as 6. The differences
of the first coordination shells in LR-/NCM11X (X =1, 2, 3, 4,
6) samples mostly originate from local structural distortion
[43]. The second coordination number of Mn decreases from
6.00 to 4.93 in LR-/NCM11X (X =1, 2, 3, 4, 6) samples, while
the coordination numbers of Ni-TM and Co-TM cannot be
obtained precisely because of the large analytical error caused
by a distortion factor and coordination number coupling in a sin-
gle shell (Tables S5-S7). On the other hand, the distortion factors
o2 of Ni-O, Co-O and Mn-O coordination all increase after
cycling (Fig. 6b-d), which is consistent with more disordered
structure after activation. The increasing trend of o factors are
quite different between Ni-O coordination and Co-O (Mn-O)
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Structural analysis for cycled samples. (a) EXAFS of Mn, Co and Ni for cycled LR-/NCM11X (X = 1, 2, 3, 4, 6) samples. (b—d) Fitted distortion factors 5> of Ni-O,
Co-0 and Mn-O coordination environments for cycled samples (red). The fitted distortion factors > for pristine samples (black) are also plotted for
comparison.
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coordination. NCM111 sample shows a higher ¢ value of Ni-O
than those of LR-INCM11X (X = 2, 3, 4, 6) samples after cycling,
while Li-rich samples exhibit a higher o2 value of Co-O and Mn—
O than that of NCM111. Generally, the oxygen redox reaction is
not completely reversible, which can disturb TM-O coordination
and lead to the increase of o In case of NCM111, the oxygen
coordinated with Ni is more active [44-46], and thus the o2 of
Ni-O for cycled NCM111 increases more than that of Co-O
and Mn-O. In case of Li-rich samples, due to unique Li-O-Li con-
figuration, the oxygen in Li,MnO3-like domain becomes more
active and accounts for significant increase of 6 of Mn-O. It is
observed that the o® of Co-O also increases drastically in Li-
rich samples, which coincides with our structural analysis results
that Co can intrude into Li,MnOs;-like domain and regulate oxy-
gen redox process.

Discussion

The excess capacities observed in Li-rich layered cathodes are
believed to originate from oxygen redox of Li,MnOs-like domain
[42]. However, the fast and complete activation of the Li,MnOs-
like domain remains challenging, especially for high-Mn materi-
als. We designed and synthesized a series of Li-rich layered cath-
odes for systematic structural characterizations to pinpoint the
“sally port” for understanding the activation of Li,MnOj-like
domain.

First, we inspect the long-range structures of LR-/NCM11X
(X =1, 2, 3,4, 6) samples (Fig. 2). The changes of lattice param-
eters, phase fractions and atoms mixing degrees are determined
by refinements. No obvious correlation is found between long-
range structure and activation of Li;MnOs3-like domain. These
results guide us to delve into short-range structural changes of
different samples. A common defect, stacking fault of transition
metal layer is also identified in our work (Fig. 3). Some studies
have regarded stacking faults as the key to activate Li,MnOs-
like domain [7,15]. We synthesized the pure Li,MnO3; material
as an example to show that the high degree of stacking faults
is insufficient to achieve fast activation of Li,MnOj (Figs. S27
and S28). Similar phenomenon was also reported by previous
work [26], revealing that the ordering of LiMns honeycomb
structure or domain length may play an important role in the
activation process. Despite the large domain length of LR-
NCM116 sample, almost full activation can be achieved
(Fig. 5), indicating the ordering of LiMns honeycomb structure
or domain length may have little impact on activation. Note that
the high degree of activation in the first charge process was also
observed in micron-size single crystalline Li-rich layered cathode
[47,48]. The SEM morphology characterization also demon-
strates the weak correlation between primary particle size and
activation of Li,MnO3-like domain (Fig. S29).

We then explore the atomic-scale local structure of LR-/
NCM11X (X =1, 2, 3, 4, 6) samples by EXAFS fittings. In the sec-
ond coordination shell (in-plane cationic ordering), the decrease
of the coordination numbers of Mn demonstrates the increase of
the LiMngs honeycomb structure, as well as Li,MnO3-like domain
(Fig. 4c and d). The second coordination shells of Ni remain
almost the same among the samples. The high peak intensity
also indicates that Ni are only surrounded by transition metal

elements in the second coordination shell, which is a typical
structural feature in conventional NCM layered materials. In
other words, Ni does not participate in the formation of Li,-
MnOs-like domain and contributes little to the activation pro-
cess. This could explain why Co-free Li-rich layered cathodes
are not easy to be fully activated [49]. As for Co, we note a drastic
intensity reduction of the second shells due to Co-Li coordina-
tion. This implies that the Co is able to intrude into Li,MnOs-
like domain and modulate the electronic structure of oxygen in
Li,MnOj-like domain. The Co-3d bands across the top of the
O-2p bands can potentially bridge the charge transfer path from
lattice oxygen [50], which facilitates the activation of Li,MnO3;
phase. Furthermore, the proportion of Co involved in the forma-
tion of Li,MnO3; phase becomes larger as the total Co content
decreases, implying that low-Co samples can maximize the effect
of Co on promoting activation (Fig. 4e). The structure analysis
for the cycled samples further confirms the special role of Co
in the activation of oxygen in Li,MnOs;-like domain (Fig. 6).
The more pronounced increases of distortion factors can be
observed on Co-O and Mn-O coordination in Li-rich samples,
indicating that electrochemical activation of lattice oxygen is a
region-selective reaction, which mainly involves the oxygen
atoms coordinated with Co and Mn. We infer that the dopant
cation in Li;MnOs-like domain, with 3d energy bands across
the top of the O-2p bands, may offer a similar role as Co to pro-
mote activation of Li-rich layered oxides.

Conclusions

In summary, a series of layered cathode materials, LR-/NCM11X
(X =1, 2, 3, 4, 6) with stepwise increase of Mn content were
designed and synthesized to study the activation process of oxy-
gen redox. The long- and short-range structural characteristics of
these materials have been investigated by SXRD, TOF-NPD and
EXAFS, focusing on the local structural changes of Li,MnOs;-
like domain. Stacking faults of transition metal layers and disor-
dered LiMng honeycomb structure in Li;MnOs-like domain
appear in the serial samples, whereas their effects on activating
Li,MnOj-like domain are limited. The Co mixing in Li,MnOs;-
like domain is revealed and its effect on oxygen redox activation
is proposed. It is demonstrated that a small proportion of Co/Mn
substitution in Li,MnOs-like domain is required for activation of
reversible oxygen redox in Li-rich cathode materials. Our find-
ings elucidate the unique function of Co in the activation of oxy-
gen redox, and call for further composition tunings of Li,MnOs-
like domain to enable high energy density for next-generation
rechargeable batteries.
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