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Controlling structural deformations and rapid voltage decay during prolonged cycling has been con-
sidered the foremost challenge in improving the cycling and rate performance of Li-rich cathode
materials for advanced lithium-ion batteries. In this work, we report an effective strategy for de-
laying structural variations and inhibiting transition metal migration by co-doping with a large-
sized cation and anion. A Li-rich layered composite cathode, namely Lij165Mng495Nig165C0016502
(LMNCO; 0.5Li;MnO3-0.5LiMng33Nig33C00330,) was prepared as the starting material, followed by
synthesis of the optimized K*-doped Li135Kg03Mng495Nig165C0016502 (LKMNCO) and K*/S2--doped
L1135K0.03Mng 495 Nig 165 00165025002 (LKMNCOS) samples via a co-precipitation method. This co-doping
strategy retarded structural deformations by significantly suppressing transition metal migration, as evi-
denced by ex-situ X-ray diffraction analysis at various cycle numbers for the sample cycled at 1.0 C-rate.
The K*/S?~-doped sample, i.e., LKMNCOS, exhibited exceptional cycling stability and high-rate capability.
Owing to the enhanced structural properties, the co-doped sample delivered an initial charge/discharge
capacity of 341/295 mAh g-! at 0.05 C, with the lowest irreversible capacity loss (ICL) compared to the
pristine and K+-doped sample. A discharge capacity of ~129 mAh g~! was also achieved even after 450
cycles at 1.0 C-rate, with the highest capacity retention ratio (65%) and lowest average capacity decay rate
per cycle (~0.07%), suggesting excellent cycling performance. Overall, the results are prospectively benefi-
cial for further development of advanced layered cathodes that undergo layered-to-spinel transformations
and demonstrate the efficacy of co-doping for alleviating undesired structural defects.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

A novel class of Li- and Mn-rich layered transition metal ox-
ides have attracted widespread attention as insertion cathodes
for lithium-ion batteries [1,2]. These Li-rich layered oxides, for-
mulated as xLi;MnO3-(1-x)LiMO, or Li;,,M;,0, (where M= Mn,
Ni, Fe, Co, etc, and 0 < x < 1, 0 < z < 0.33), have been re-
ported to deliver specific discharge capacities exceeding 250 mAh
g~1 [1]. This could be attributed to the integrated layered-layered
structure formed-between monoclinic Li;MnO3 and a rhombohe-
dral LiMO, phase. The origin of the high discharge capacity of
these materials is partially attributed to the participation of redox-
active transition metals (Mn, Ni, and Co), and to some extent,
oxide ions (O,™). A high specific discharge capacity can be ob-
tained after the initial charging reaction, accompanied by the acti-
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vation of monoclinic Li;MnO3, when these materials are charged
above 4.5 V vs. Li/Li*. This activation process leads to the re-
moval of lattice oxygen and lithium-ion extraction in the form
of LiyO0 [Li;Mn*t03—Mn*+0, + Li,0] [1]. The irreversible oxygen
loss during the initial charge forms oxygen vacancies and triggers
a complex mechanism involving migration of the transition metal
(TM) ions to the vacant Li sites, eventually causing voltage fading
or structural deformation (undesired spinel growth) as cycling pro-
ceeds [2]. Such unwanted structural damages result in substandard
Li*t-ion diffusion, causing inferior cycling performance and capacity
fading during long-term cycling. Good capacity retention and sta-
ble voltage responses of the cathode material are crucial factors for
maintaining high power and energy densities but are highly chal-
lenging to achieve for Li-rich metal oxides.

Substantial effort has been expended in suppressing the volt-
age fading or structural changes to improve the cycling stabil-
ity and energy/power density of Li-rich metal oxides over ex-
tended cycling. These strategies include novel structural designs
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[3-8], surface modification using conductive materials [9-16], com-
posite cathodes [17,18], etc. Among the existing approaches, ion-
doping is considered as an efficient way to improve the overall cell
performance by prohibiting structural changes/damages and effec-
tively alleviating voltage fading/decay. Doping with different for-
eign ions (cation/anion, co-doping) and their effect on the elec-
trochemical performance have been reported previously [2,19-26].
Doping with alkali metal cations (Na*, K*) proved to be more fa-
vorable owing to the similarity of the chemical environment of
these cations to that of lithium. Ates et al. studied the effect of
Na-doping on the rate capability and layered-to-spinel structural
transformation of Li-rich cathodes [27]. The group reported that 5
wt-% Na-doping not only improved the conductivity, but also pro-
hibited the layered-to-spinel conversion, which in turn enhanced
the rate capability and cycling life. Similarly, Li et al. studied an
in-situ K*-doped Li-rich cathode and reported similar prohibition
of the structural transition during cycling [28]. However, the cyclic
stability achieved in the reports mentioned above was testified
only for a limited number of cycles at either low or high rates.
Moreover, the majority of the reported studies are based on single-
element doping only (cation-doping in particular) [19,20,29-33].
Therefore, the combined effect of co-doping on the structure and
electrochemical properties still needs to be investigated in detail.
Although, there are few reports studying the combined effects of
doping with other cations and anions on Li-rich cathodes [2,23,24],
to the best of our knowledge, there is no report on K* and S?- as
cation and anion dopants, which prompted us to carry out this in-
vestigation.

Inspired by the considerable improvement in the structural
transition and rate capability achieved with alkali metal-ion dop-
ing, we report an efficient approach involving cation/anion co-
doping of a Li/Mn-rich cathode to afford considerable cycling sta-
bility and improved electrochemical performance. Herein, potas-
sium and sulfur are selected as the cation and anion, respectively,
and a systematic study of their effect on the rate capability, ex-
tended cycling stability, and mitigation of the structural transition
of the cathode from layered to spinel is executed. The optimized
K*/S2--doped sample, i.e., Liji35K003NCMOSq g, (LKMNCOS), ex-
hibits exceptional structural stability and enhanced electrochemi-
cal performance. Attributed to the robust, reversible layered struc-
ture, LKMNCOS delivers a stable discharge capacity of 217.0 mAh
g1 at the end of the 80t cycle at 0.1 C-rate. The discharge ca-
pacity of ~129 mAh g-! even after 450 cycles at 1.0 C-rate, with
the highest capacity retention ratio (65%) and lowest average ca-
pacity decay rate per cycle (~0.07%) compared to the pristine and
cation-doped samples, suggests the excellent cycling performance
of LKMNCOS. The outstanding electrochemical performance of the
co-doped sample is ascribed to the exceptional structural stability,
leading to hindrance of the layered— spinel transformation, stable
oxygen layer and reduced irreversible capacity loss (ICL), as well as
effective mitigation of transition metal migration to the Li sites.

2. Experimental

Chemicals: To synthesize the Li-rich cathodes, analytical
grade chemicals, namely, lithium hydroxide monohydrate
(LiOH-H,0, Sigma-Aldrich, 99.995%), manganese (II) sulfate
(MnSQ4-4H,0, Sigma-Aldrich, >99%), nickel (II) nitrate hex-
ahydrate (Ni(NOs3),-6H,0), Sigma-Aldrich, >98.5%), cobalt (II)
nitrate hexahydrate (Co(NOs3),-6H,0), Sigma-Aldrich, >98%),
sodium hydroxide pellets (NaOH, Sigma-Aldrich, >98%), potassium
carbonate (K,COs, Sigma-Aldrich, 99.995%), and lithium disulfide
(Li,S, Sigma-Aldrich, 99.98%) were used as precursor salts without
any purification. Deionized (DI) water was used as the solvent to
dissolve the sulfate/nitrate salts.
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Synthesis of cation/anion stabilized Li/Mn-rich cathodes: All
cation/anion stabilized lithium-rich cathodes were synthesized us-
ing the conventional co-precipitation technique, followed by high-
temperature heating to obtain the pure phase. Briefly, stoichiomet-
ric amounts of nitrate/sulfate salts of manganese, nickel, and cobalt
were mixed in deionized water and continuously stirred for 2 h
at room temperature. Thereafter, NaOH solution as a precipitating
agent (4 M) was added dropwise to the above metal salt solution.
The pH of the solution was maintained at 10 and stirring was con-
tinued for 8 h at room temperature to form uniform metal hydrox-
ide precipitates, followed by vacuum filtration. The filtered metal
hydroxide precipitates were dried overnight at 120 °C in a hot air
oven to remove moisture and then ground to obtain a fine powder.
Thereafter, the powder was mixed with lithium salt using a pestle
and mortar and sintered in air at 500 °C for 5 h, followed by calci-
nation at 900 °C for 10 h. Scheme 1 presents a stepwise illustration
of the synthesis process. The final lithium-rich pristine material
with the composition Li]‘165Mn0.495Ni0.]65C00.]5502 (O.SLizMnO3-
0.5LiMng 33Nig 33C0g 330, ), denoted as LMNCO, was stored for fur-
ther characterization. A series of cation/anion stabilized lithium-
rich cathodes were also prepared by a similar approach. Initially,
K-doped LMNCO (L;_xKxMNCO; x = 0.01-0.05) samples were pre-
pared. The as prepared metal hydroxide powder was thoroughly
mixed with the stoichiometric amount of lithium and potassium
precursors followed by the heat-treatment in air at identical con-
ditions as used above. The optimized K-doped LMNCO sample was
selected for further sulfur treatment (L;_xKxMNCOSy; x = 0.03, y
=0.01-0.03). Lithium sulfide (Li,S) was used as a sulfur source. For
the synthesis of co-doped samples, metal hydroxide powder was
mixed with the stoichiometric amounts of lithium and potassium
precursors along with Li,S and then subjected to heat-treatment in
air atmosphere at 500 °C for 5 h and 900 °C for 10 h. The synthe-
sized samples were stored in a vacuum oven at 60 °C for further
analysis.

Physical characterization: Crystal structure and phase analyses
of the as-synthesized samples were performed using a Bruker X-
ray diffractometer (D2 Phaser Bruker AXS) with CuK,; radiation
(1.5405 A) in the 26 range of 10-70° with a step size of 0.02°.
Rietveld refinement of the XRD data was performed for all opti-
mized samples. Note that no data smoothening and background
subtraction was performed before plotting. The morphological and
surface properties of the prepared samples were examined using
a Philips field- emission scanning electron microscope (FE-SEM,
XL30S FEG, operating at 15 kV) equipped with an energy disper-
sive X-ray (EDX) analyzer for elemental mapping. Elemental com-
positions of the as-prepared powders were also analyzed using
inductively coupled plasma atomic emissions spectroscopy (ICP-
AES). Thermogravimetric (TG) analysis was carried out for precur-
sor powders of optimized undoped, cation, and co-doped sample
in 0, atmosphere at a ramp rate of 10 °C min~!. X-ray photoelec-
tron microscopy (XPS) studies were carried out to determine the
oxidation state of manganese, cobalt, nickel, and potassium using
a monochromatic Al-Ka X-ray source.

Electrode preparation and electrochemical measurements: Stain-
less steel Swagelok® cells were assembled to study the electro-
chemical performance of the synthesized samples. Electrodes were
prepared by the slurry coating technique using the prepared pow-
ders, super P, and polyvinylidene fluoride (PVDF) binder mixed in
a weight ratio of 8:1:1 in the minimum amount of N-methyl-2-
pyrrolidone (NMP). The slurry was then coated on Al-foil, dried
overnight at 120 °C in air, and roll pressed. Circular electrodes
(¢ =10 mm) were cut with an average loading of ~4 mg cm2,
followed by heating at 60 °C for 1 h, and subsequently trans-
ferred to an argon-filled glovebox. The electrolyte used was 1
M LiPFg in EC/DEC (1:1 v/v). Galvanostatic charge/discharge and
cyclic voltammetry tests were conducted using a WBCS3000 bat-
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tery cycler (WonATech) at room temperature. The voltage win-
dow for the electrochemical measurements was fixed at 2.0-4.8
V. Impedance measurements were performed using an impedance
analyzer (ZIVESP2 Electrochemical Workstation) in the frequency
range of 2 MHz to 0.01 Hz with a 5 mV AC wave amplitude.
The galvanostatic intermittent titration technique (GITT) was per-
formed at a current pulse equivalent to 0.1 C for 30 min, followed
by a relaxation of 2 h to calculate the lithium-ion diffusion coeffi-
cient (Dy;, ). The C-rate was calculated by equating 1C = 230 mAh
g~1. For the ex-situ XRD studies, stainless steel Swagelok® cells
were transferred to glovebox after charge/discharge, and the elec-
trodes were removed carefully, followed by drying at 50 °C. Sub-
sequently, the dried electrodes were placed inside a sample holder
covered with a glass lid for X-ray diffraction studies.

3. Results and discussion
3.1. Crystal structure of synthesized samples

The pristine, K*-doped, and K*/S2~-doped samples were pre-
pared using the co-precipitation method followed by two-step
heat-treatment. The detailed procedure for formation of the nanos-
tructure is illustrated in Scheme 1. Thermogravimetric (TG) mea-
surement of precursor powders was performed initially for op-
timized undoped, cation, and co-doped samples to evaluate the
phase change process during the thermal treatment and the ob-
tained results are shown in Fig. S1. The obtained TG curves pri-
marily consist of four weight loss regions where region I (30-100
°C) represents weight loss mainly due to the removal of moisture
or adsorbed water molecules. A massive weight loss took place
in region II between 100-450 °C, which is mainly originated due
to the decomposition of oxygen-containing groups [34]. The fur-
ther weight loss associated with cation and co-doped sample in
region IIl (450-700 °C) is associated with the decomposition of
metal salts, which is almost constant for undoped sample, sug-
gesting onset of doping process. Furthermore, the minor weight
loss in region IV (>700 °C) is observed, which indicates the for-
mation of metal oxide structure. No further weight loss was ob-
served above 850 °C suggesting the formation of lithium-rich pure
phase. The phase purity and crystal structure of the synthesized
samples was confirmed by X-ray diffraction analysis (Fig. 1(a,b)).
The narrow and intense peaks for all the Li-rich layered-oxide sam-
ples indicate a high degree of crystallinity (Fig. 1a and 1b). The
diffraction peaks could be indexed to the hexagonal «-NaFeO, unit
cell with R-3m symmetry, while the weak and broad diffraction
peaks around 20-25° (Fig. S2) are attributed to the superlattice
structure (i.e., Li and Mn ordering in the transition metal layers)
of the Li;MnO3; component in the integrated composite cathode
[1,27,35]. Besides, even after cation (K*) doping (Fig. 1(a)), the
XRD profiles showed no secondary and/or impurity phases, thus
indicating the phase purity of the synthesized samples. To further
elucidate the influence of doping with larger cation ion doping
(K*) on the structural changes of the pristine material (LMNCO),
the highly intense diffraction peaks of the (003) and (104) planes
were magnified, as shown in Fig. 1(al) and (a2), respectively. As
shown in Fig. 1(al), the (003) peak shifted to a lower 20 angle
with K*-doping, indicating an increase in the cell volume due to
expansion of the interplanar spacing. This suggests that the larger
potassium ion was successfully doped into the pristine material,
resulting in expansion along the c-axis, which may be favorable
for better Lit conduction. The apparent splitting of the (018) and
(110) peaks around 26 = 65° suggests that all of the synthesized
samples possess a highly ordered, well-defined layered structure
without any secondary phases. The intensity ratio of the two ma-
jor peaks, i.e., Ig3)/l(104) was calculated for the K*-doped sam-
ples (Table 1). It has been reported that in the absence of cation
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disordering, the intensity ratio must exceed 1.2 [36]. The inten-
sity ratio, was high for the pristine and K*-doped samples, indi-
cating low cation disordering. Among the K*-doped samples, the
It003)/I(104) Tatio was highest for Lij;35Kg03MNCO (ie., 1.63), sug-
gesting the absence of cation disordering. In addition, for sam-
ples of high doping content, such as L;115Kq05MNCO, the shift to
a lower 20 for (003) peak is less than for other K*-doped sam-
ples. It might be due to unfavorable cation arrangement caused
by high doping content which is clearly evident from the low-
est lpo3)/l(104) ratio value. Based on the XRD pattern and inten-
sity ratio (Iigo3)/I104)) Li1135K003MNCO was selected for further an-
ion (sulfur) treatment. The XRD results (Fig. 1b) confirmed that
the hexagonal w-NaFeO, unit cell with R-3m symmetry was pre-
served in the cation (K*) and anion (S2~)-doped samples, with-
out any impurity or secondary phase. Moreover, the intensity
ratios (Iigg3)/lr104)) values indicate that the cation disordering de-
creased with sulfur treatment, with almost identical values (i.e.,
174) for the Li].135K0.03MNCOS0.020 and Li].]35K0A03MNCOSOA025 Sam-
ples, thus indicating the lowest cation mixing. Therefore, these
results suggest that co-doping may be a valuable strategy for
obtaining superior crystal structures, leading to enhanced elec-
trochemical performances. To further elucidate this, the cycling
performance of all synthesized samples was initially evaluated at
0.1 C-rate to determine the optimal composition of the cation
and cation/anion-doped samples, as shown in Fig. S3(a, b). As
demonstrated, among the K*-doped samples, Li; 135K 03MNCO ex-
hibited the highest and stable discharge capacity for 50 contin-
uous charge-discharge cycles. Similarly, among the K*/S2~-doped
samples, Lijq35K003MNCOSg gy displayed the highest discharge
capacity over 80 cycles. Although, the cycling performance of
the Li1_135K0_03MNCOSO_020 and Li]_135K0.03MNCOSO_025 samples was
very similar, based on the cycling stability, Li;135Kp03MNCOSq 20
was selected as the optimal sample among the co-doped sam-
ples. The obtained cycling performance is in good agreement
with the XRD results. Henceforth, only pristine LMNCO, K*-doped
Li1_135K0_03MNCO, and the I(*/SZ*—doped Li1_135K0_03MNC050_02 Sam-
ple are considered for further analysis and electrochemical charac-
terization. Hereafter, the optimal K*-doped (Liy135Ko03MNCO) and
co-doped sample (Lij135Kp03MNCOSgq,) are abbreviated as LKM-
NCO and LKMNCOS, respectively.

To determine the lattice dimensions of the layered oxides and
validate the XRD results, Rietveld refinement of the XRD data for
the optimized samples was carried out. XRD refinements were per-
formed using the R-3m (LiMng,Nig,Cogg0,, JCPDS: 01-074-8968)
and C2/m (Li,MnOs: JCPDS: 01-084-1634) space group and the ob-
tained refinement profiles, along with the refined lattice param-
eters, are presented in Fig. 2 and Table 2. As listed in the refine-
ment Table 2, a monotonic increase in the c-axis values was clearly
evident, indicating an increase in the unit cell volume after K*+-
doping, suggesting that the K dopant was primarily localized in
the Li-layers. The obtained refinement results are in good accor-
dance with the XRD results, suggesting that K-doping should facil-
itate better Li-ion conduction through the enlarged interlayer spac-
ing.

3.2. Morphology and valence state analysis of synthesized samples

The morphologies of the as-prepared samples were observed
using FE-SEM (Fig. 3). As observed, the synthesized samples re-
vealed the formation of nanosized particles. Moreover, compared
to the pristine LMNCO sample, the particles in K* and K+/S2--
doped samples were more uniformly dispersed, homogenously dis-
tributed, and less aggregated, which could be beneficial for better
electrolyte percolation and lithium diffusion. The average particle
size was ~200 nm for the synthesized samples. Elemental mapping
was used to evaluate the element distribution in the synthesized
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Fig. 1. X-ray diffraction (XRD) patterns of as-prepared compositions: (a) L;.xKyMNCO; x= 0.01-0.05 and (al, a2) corresponding magnified view of peak (003) and (104),
respectively, and (b) XRD patterns of co-doped L;_xKyMNCOS; x= 0.03, y=0.01-0.03 samples.

Table 1

Comparison of respective intensity ratio values of two major peaks [Iigo3)/l(104)] for all the synthesized compositions.

Sample (1003/11 04) Sample (1003/11 04)
LMNCO 1.53 L1.135K0.0sMNCO 1.63
Li.155K00:MNCO 1.57 L1.135K0.0sMNCOS o1 1.63
L1.145K0.02MNCO 1.58 L1.135K0.0sMNCOS 15 1.67
—
Li.135K0.0sMNCO 1.63 L1.135K0.0sMNCOS 2 1.73
L1.125K0.0sMNCO 1.58 L1.135K0.0sMNCOS 025 1.74
L1.115K0.0sMNCO 1.41 L1.135K0.0sMNCOS, g3 1.56

Table 2

Rietvield refined crystal structure parameters for optimized compositions. Digits in the bracket denotes the error in the

repective numeric value.

Lattice constants \% cla Refinement
Sample a(A) b (A) c(A) (A3) ratio parameters
LMNCO 2.84861(3) 2.84861(3) 14.23465(6) 100.033(2) 4.99705 Rwp: 3.90; Rp: 3.13; x2: 7.98
LKMNCO  2.84918(4) 2.84918(4)  14.24055(2)  100.155(2) 4.99812  Rup: 3.97; Rp: 3.24; x2: 8.065
LKMNCOS 2.85012(5) 2.85012(5) 14.24576(4) 100.416(6) 4.99830 Rwp: 5.68; Rp: 4.67; x2:7.48

compositions. Fig. 3(al-a4, b1-b5, and c1-c6) shows that all ele-
ments (Mn, Ni, Co, K, S, and O) were homogeneously distributed
in the optimized samples. Additionally, the approximate compo-
sition was obtained using EDS element analysis, as shown in Fig.
S4(a-c) and corresponding Table. The derived chemical composi-
tions are in good agreement with the original compositions (ig-
noring the permitted error of the EDS tests), indicating high in-

tegrity of the elements in the samples. However, the slightly lower
amount of potassium in the approximated compositions could be
attributed to K*-loss at high sintering temperature. In addition, the
elemental composition of the optimized Li-rich cathodes was also
obtained from inductively coupled plasma atomic emission spec-
trometry (ICP-AES), as shown in Table T1. The atomic ratio of all
the elements matches fairly with the target value.
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X-ray photoelectron spectroscopy (XPS) was used to evaluate
the valence state of the component elements in the synthesized
samples. Fig. S5(a-d) shows the magnified XPS profiles correspond-
ing to the Mn 3s, Co 2p, Ni 2p, C 1s, and K 2p regions, while
the survey spectrum for the optimized samples is presented in Fig.
S6(a). As indicated in the XPS profiles, the photoelectron signals
of the respective transition metal ions were almost identical for
the synthesized samples. For the three samples, the binding en-
ergy values corresponding to the Mn 3s doublet were ~84.0 (Mn
3s 7S) and 88.3 eV (Mn 3s °S) and could be related to the interac-
tion between unpaired 3s electron with parallel (7S) and antipar-
allel spin (°S) with the unpaired 3d electrons [37,38]. The sepa-
ration between these doublets (A = 4.35 eV) indicates the pres-
ence of only the Mn**+ oxidation state and therefore the exclusion
of Mn3+ [28]. Additionally, Mn 2p photoelectron signals were also
recorded for all samples (Fig. S6(b)), which exhibited high intensity
signals around 642.2 eV (Mn 2p3/2) and 653.40 eV (Mn 2p1/2),
confirming the presence of Mn** species as a major constituent
again [39]. Similarly, binding energies of 779.5, 794.4, 854.3, and
871.7 eV were obtained for Co 2p3/2, Co 2p1/2, Ni 2p3/2, and Ni
2p1/2, respectively, in good agreement with the previous report,
indicating the presence of Co3* and Ni2* [40-42]. However, the C
1s and K 2p spectra illustrate a noticeable difference in the binding
energy range of 280-297 eV. In particular, the profile of the K*-
doped samples, i.e., LKMNCO and LKMNCOS, showed strong peaks
at binding energies higher than 290 eV. The doublet observed at
292.3 and 295.3 eV for K 2p3/2, and K 2p1/2, respectively, was ab-
sent in the profile of the pristine LMNCO sample, indicating suc-
cessful potassium doping [28]. Moreover, the C 1s peak at 284.3
eV remained unchanged, suggesting a similar carbon environment
in the three samples. The S 2p XPS data was also recorded for the
LKMNCOS sample to examine the nature of sulfur in the synthe-
sized sample, and the results are shown in Fig. S6(c). The peaks at
161.8 and 160.9 eV are associated with bridging sulfur and terminal
sulfur, respectively, while the peak at binding energies higher than
167.0 eV could be assigned to oxidized sulfur species [43]. These
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results clearly indicate the presence of the sulfur atom, along with
other transition metal ions, in the synthesized structure. Overall,
the XPS results suggest that the valence state of the transition
metal ion remains unchanged in all the synthesized samples.

3.3. LKMNCOS as a robust cathode

To better understand the electrochemical redox reactions of
these three optimized samples, the cyclic voltammetry (CV) curves
were recorded for the initial ten cycles. Fig. 4(a-c) shows the cyclic
voltammetry (CV) curves of the synthesized samples, acquired at
01 mV s~! in the voltage window of 2.0-4.8 V, at room tem-
perature. During the initial scan, all optimized samples displayed
similar CV behavior with a slight difference in the current val-
ues. For instance, the peak around 4.1 V in the anodic scan for all
samples, is primarily associated with the oxidation of Ni2t/Co3+
to Ni*t/Co*t in the layered structure [44-47]. The anodic peak at
4.6 V is mainly correlated with Li,O extraction from the Li,MnOj3
component of the synthesized samples [1,48]. The intensity of this
peak increased in succession for the pristine to K*-doped and the
K+/S2--doped sample, indicating a monotonic increase of the ini-
tial charge capacity. During the initial cathodic scan, no cathodic
peaks were observed at 4.6 V, indicating irreversible electrochem-
ical activation of the LiMnO3 component. Furthermore, the ca-
thodic peaks observed around 3.7 and 3.2 V are ascribed to the re-
duction of Ni*t/Co** to Ni%+/Co3+ and Mn** to Mn3+, respectively.
However, the absence of the Mn3*/Mn*t oxidation peak during
the initial scan for the as-prepared samples clearly suggests that
the Mn*t species remains electrochemically inactive. However, af-
ter the first scan, a minor Mn3+/Mn*+ oxidation peak appeared
in the profile of the pristine and K*-doped samples, i.e., LMNCO
and LKMNCO samples, but was absent for the K*/S2~-doped sam-
ple (LKMNCOS). The presence of inactive Mn** species in the sam-
ples is believed to stabilize the layered structure but with lower
or gradual capacity fading over cycling due to the complete activa-
tion of Li,MnO3 during the initial cycle (as discussed later). How-

Fig. 3. FE-SEM images of optimized compositions: (a) Pristine LMNCO, (b) LKMNCO, and (c) LKMNCOS. (al-a4) Respective elemental mapping for LMNCO, (b1-b5) corre-
sponding elemental mapping for LKMNCO, and (c1-c6) elemental mapping for LKMNCOS sample.
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ever, for better evaluation of the structural stability, the ratio of
the oxidation peak current, i.e., I(4.6 V)/I,(4.1 V), was determined.
It was previously reported that a lower peak ratio value indicates
a highly stable structure [44]. The values corresponding to LMNCO,
LKMNCO, and LKMNCOS were 2.123, 1.980, and 1.897, respectively,
indicating that the K*/S2~-doped sample underwent less structural
changes and possessed superior cycling stability. The observation
of the Mn3*/Mn*t oxidation peak after the first scan for the co-
doped sample indicates the presence of Mn** active species, with
a gradual increase in the intensity over cycling, which suggests in-
complete activation of Li,MnO3 during the initial cycle. This pro-
cess induces a gradual increase in the capacity and/or stable cycla-
bility over prolonged cycling. After the first cycle onwards, more
stable and overlapped CV curves were obtained with slight pertur-
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bations. For instance, the electroactivity of the nickel redox couple
was found to decrease during the initial few cycles for all samples,
and finally stabilized with further cycling. Overall, the CV curves
envisaged better electrochemical performance and lithium-ion ki-
netics for the K+/S2~-doped sample as compared to the pristine
and K*-doped samples. The obtained CV results are also in good
agreement with the XRD analysis (Fig. 1).

In order to understand the effect of cation (K*) and anion (S2-)
doping on the electrochemical performance, the initial charge-
discharge curves were recorded at 0.05 C-rate (1C = 230 mAh g 1)
as shown in Fig. 4d. As predicted from the CV curves, all samples
exhibited a smooth voltage increase in the 3.75 - 4.45 V range,
followed by a stable voltage plateau with a voltage higher than
445V, and finally a sloppy voltage profile when charged further
above 4.6 V to 4.8 V. The smooth voltage profile in the 3.75 -
445 V region can be attributed to lithium deinsertion from the
layered-type Li[M]O, (M = transition metal) framework, while the
long voltage plateau around 4.5 V may be related to activation
of the Li;MnO3; component in the composite through Li,O extrac-
tion. The optimized samples displayed slightly different behavior
in the 4.45 - 4.6 V range, indicating marginally different redox
reactions. For example, the voltage plateau was relatively longer
for the K+/S2~-doped sample than for the undoped and K+-doped
samples, suggesting a larger initial charge capacity. The initial
charge-discharge capacities of the as-prepared LMNCO, LKMNCO,
and LKMNCOS samples were 293/239, 322/272, and 341/291 mAh
g1, respectively, with initial Coulombic efficiencies of 81.5, 84.4,
and 85.3 %. The higher Coulombic efficiency for the co-doped sam-
ple clearly suggests a decrease in the irreversible capacity loss (ICL)
for the K*/S2-doped sample compared to other two samples. This
result is more pronounced considering the voltage polarization val-
ues for all optimized samples. For instance, the LKMNCOS sample
showed the lowest voltage polarization (AV = 0.95 V) among the
three prepared samples, suggesting improved redox reaction kinet-
ics. The discharge voltage shifted gradually (mid AV = 0.142 V) to-
wards higher potential (highlighted in green), from pristine LMNCO
to LKMNCOS, indicating that the robustness of the structure in-
creased, with enhanced electrochemical thermodynamics. For bet-
ter evaluation of the structural integrity of the LKMNCOS sample,
the differential capacity (dQ/dV) versus voltage curves correspond-
ing to the charge-discharge at 0.05 C-rate were obtained and an-
alyzed. Fig. 4e reveals the change in dQ/dV profiles for three op-
timized samples. As observed, the intensity of the oxidation peak
around 4.0 V and 4.6 V increased monotonically from pristine to
K+/S?~-doped samples, suggesting that redox kinetics was better
than other two samples. These observations, along with the CV
curves, lead us to conclude that the K*/S2~doping not only sup-
pressed oxygen vacancies during the initial charge-discharge cycle,
but also enabled better utilization of Mn, leading to enhanced elec-
trochemical performance compared to the other prepared samples.

To further investigate the feasibility and advantage of the co-
doped sample for more practical applications, stepwise rate capa-
bility tests were performed at different C-rates ranging from 0.1
- 7.0 C (Fig. 4f). The charge/discharge capacities corresponding to
the K*/S2--doped sample i.e., LKMNCOS, were 262/246, 231/218,
207/188, 173/155, 144/129, 110/93, and 81/80 mAh g at 0.1, 0.2,
0.5, 1.0, 2.0, 5.0, and 7.0 C-rate, respectively. On the other hand, the
charge/discharge capacities for LMNCO and LKMNCO were 243/226,
214/202, 189/173, 162/146, 133/116, 72/63, 47/45, and 249/235,
231/219, 207/191, 179/163, 150/136, 84/71, 52/55, respectively, at
identical C-rates. Moreover, when the current was reversed, the
original capacity of the co-doped sample was almost fully recov-
ered at 0.1 C, thus indicating excellent capacity retention and rate
capability. Table 3 compares the respective discharge capacity re-
tention ratios for the three optimized samples at each C-rate with
respect to 0.1 C. As observed, LKMNCOS displayed good capacity
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retention (percentage), particularly at high C-rates of 5.0 and 7.0
C, compared to the other two samples, which clearly reflects the
structural superiority of the co-doped sample. Additionally, the loss
of the discharge capacity at high current rates could be attributed
to the large polarization effects, which were more pronounced in
the undoped and K*-doped samples, as indicated by the corre-
sponding charge-discharge profiles at each C-rate (Fig. S7(a-c)).
The outstanding rate capability of the K+/S2~-doped sample can
be ascribed to the robust layered structure with minimal varia-
tions, along with the enlarged interlayer spacing, leading to fast
lithium-ion and electron kinetics during the charge-discharge pro-
cess, compared with the other two samples.

The cycling performance is the foremost benchmark for evalu-
ating the commercial applicability of synthesized compositions for
LIB applications. Fig. 5a displays the cycling performance data for
the optimized cathodes at 0.1 C-rate. The initial discharge capacity
of LMNCO, LKMNCO, and LKMNCOS was 244, 248, and 232 mAh

g~1, with an initial Coulombic efficiency of 96.9, 98.3, and 99.7%,
respectively. However, after 25 cycles, the discharge capacity of
LMNCO decreased sharply to 192 mAh g~! compared to 231 and
239 mAh g~! for LKMNCO and LKMNCOS, respectively, suggesting
irreversible structural changes leading to fast capacity fading, as il-
lustrated by the CV curves. With continued cycling, the discharge
capacity of the K*-doped sample, i.e., LKMNCO, decreased, reach-
ing 215 mAh g-! after the 50t cycle, indicating that structural
changes were still prominent in the cation-doped sample, but were
delayed to some extent. On the other hand, the discharge capac-
ity of the K*/S*>~-doped sample, i.e., LKMNCOS, was 224 mAh g~!
and decreased only slightly even after the 80t charge-discharge
cycle (217 mAh g-1). Therefore, the stable cycling performance at
0.1 C-rate clearly indicates that cation and anion doping not only
prohibits the structural deformation process during extended cy-
cling, but also provides enlarged channels for faster lithium-ion
transport. The higher Coulombic efficiency (>98.0 %) also indi-
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Table 3
Elecetrochemical performance comparison of optimized samples at various C-rates and cyclic capability at 1.0 C-rate.
R? (%) 1.0 C (mAh g1)
Samples 01C(mAhg') 02C 05C 10C 20C 50C 70C 1% Last R" (%)
LMNCO 226.3 89.6 76.5 64.6 58.9 32.1 20.8 1783  115.1% 64.5
LKMNCO 235.7 93.2 81.2 69.5 57.7 30.4 233 1855  111.5°  60.1
LKMNCOS  246.3 88.6 76.5 63.1 52.5 38.1 32.8 1979 128.8° 65.0

2 capacity retention ratio of prepared samples compared to 0.1 C.

b capacity retention ratio of prepared samples compared to 1st cycle at 1.0 C.
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cates the structural integrity and high reversibility of the LKMN-
COS sample during prolonged cycling. Fig. 5b shows the long-term
cycling stability of the optimized samples at 1.0 C-rate. As ob-
served, the initial discharge capacity of the undoped LMNCO and
K+-doped LKMNCO samples was 178 and 186 mAh g~!, respec-
tively. However, with continued cycling, the discharge capacity of
pristine LMNCO decreased sharply to 115 mAh g~! after 200 cycles
(only 64.5% retention), while for LKMNCO, the discharge capacity
was around 141 mAh g-! (~76% capacity retention). On the other
hand, the K*/S2~-doped sample, i.e., LKMNCOS, delivered an ini-
tial discharge capacity of 198 mAh g1 and retained a value of 172
mAh g1 after 200 cycles, indicating much higher capacity reten-
tion(~87%) compared to the other two samples. Furthermore, after
300 continuous charge-discharge cycles, LKMNCOS still displayed a
higher capacity retention (~89%) than the LKMNCO sample (~79%),
indicating better lithium-ion transport. Even after 450 cycles, co-
doped LKMNCOS delivered a discharge capacity of ~129 mAh g1,
thus suggesting excellent cycling performance. Table 3 displays the
capacity retention ratio of all three samples for better compari-
son. Even after prolonged cycling, the capacity retention ratio of
K+/S?~-doped sample was the highest (65%) among the optimized
samples. The average capacity decay rate per cycle was lowest for
the co-doped sample (~0.07% per cycle) compared to that of the
other two synthesized samples (~0.18% and 0.13% for undoped and
K*+-doped samples, respectively). The electrochemical performance
obtained in the present work is either comparable or superior to
that of other co-doped Li-rich cathodes reported previously (Ta-
ble T2). These results indicate that co-doping is highly effective for
improving the structural stability and minimizing structural varia-
tions, leading to outstanding electrochemical performance.

For better comparison, the LMNCO sample doped with sul-
fur only (LMNCOSgo,) was also prepared. Fig. S8(a-e) shows
the structural and electrochemical characterization results of the
LMNCOSq g, sample. As observed, the FE-SEM micrograph (Fig. S8a)
reveals the formation of homogeneously distributed nanoparticles
with an average particle size of about 200 nm. Besides, a slight
agglomeration is also evident from the FE-SEM image. The crys-
tal structure was confirmed by XRD pattern as shown in Fig. S8b.
The sharp and intense peaks in the XRD pattern could be indexed
to the hexagonal «-NaFeO, unit cell with R-3m symmetry with
low intensity diffraction peaks around 20-22° are also observed
that could be linked to the Li and Mn ordering as discussed in
the Section 3.1. Moreover, the intensity ratio of the two major
peaks, i.e., Igg3)/l(104), Was observed around 1.61, which suggests
that the cation ordering in the sample is better than the pris-
tine LMNCO sample but lower than either of the cation (LKM-
NCO) and/or cation-anion (LKMNCOS) doped sample. To deter-
mine the electrochemical performance, rate capability tests were
conducted for the LKMNCOSgo, sample at various C-rates rang-
ing from 0.1-7.0 C as shown in Fig. S8c. The assembled cell was
initially charge-discharge at 0.05 C. The initial discharge capac-
ity values were found to be around 244, 234, 213, 182, 150, 109,
53, and 43 mAh g~! at 0.05, 0.1, 0.2, 0.5, 1.0, 2.0, 5.0 and 7.0
C-rate, respectively. The corresponding voltage profiles at various
C-rates is shown in Fig. S8d. The observed rate performance re-
veals that purely sulfur-doping improves the electrochemical per-
formance at low C-rates (0.1, 0.2, and 0.5 C). However, at high C-
rates, LMNCOSg g, sample exhibits discharge capacity values simi-
lar to the pristine LMNCO sample. To gain further insights, cycling
performance was conducted at 0.1 and 1.0 C-rate as shown in Fig.
S8e. As observed, LMNCOS o, delivers an initial discharge capacity
of about 226/163 mAh g~ at 0.1/1.0 C, respectively. The discharge
capacities at 0.1 C-rate decreases marginally even after more than
60 charge-discharge cycles, while at 1.0 C-rate, the sample tends to
deliver lower discharge capacities. The LMNCOSg o, delivers a dis-
charge capacity of around 220 mAh g~! after 67™ cycle at 0.1 C
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while a discharge capacity value of 134 mAh g-! after 120th cycle
was observed which is lower compared to the K*/S2--doped sam-
ple (LKMNCOS). The low capacity values during prolonged cycling
could be attributed to the sluggish redox kinetics possibly arises
from small interlayer spacing compared to the co-doped sample.
These results show that the cation and anion co-doping strategy
is far more effective in enhancing the electrochemical performance
than only cation or anion-doping

The variation in the average discharge voltage over cycling for
all three optimized samples at 1.0 C-rate is shown in Fig. S9.
For the LMNCO sample, the average discharge voltage decreased
from 3.24 V to 3.03 V after 200 continuous cycles, whereas for
LKMNCO, the average discharge voltage dropped from 3.35 V to
3.09 V over 300 cycles. The slow voltage fading in the K*-doped
sample may be attributed to the large interlayer spacing and ro-
bust layered structure despite repeated cycling. However, struc-
tural changes during cycling still occurred in both samples, as evi-
dent from the corresponding charge-discharge profiles presented in
Fig. 5(c-e). The gradual shift in the mid voltage (V;q) was more
prominent for the undoped sample than the cation-doped sample,
as expected. However, this voltage shift towards low values was
delayed to some extent for the LKMNCO sample, suggesting mini-
mal structural variations. In contrast, the average discharge voltage
of the LKMNCOS sample was reduced from 3.36 V to 3.10 V over
more than 450 charge-discharge cycles, indicating that the struc-
tural change from the layered to spinel arrangement due to tran-
sition metal migration was more strongly curtailed. The respective
charge-discharge profiles at various cycle numbers (Fig. 5e) firmly
validate the above result. The differential capacity (dQ/dV) plots
at different cycles were also analyzed to further authenticate this
voltage decay (Fig. 5(f-h)). The discharge profiles of all three sam-
ples comprised three main voltage regions around 4.2 V, 3.6 V, and
3.0 V. The voltage region around 4. 2 V could be attributed to the
presence of lithium at tetrahedral sites, while the peaks around 3.6
V are due to Ni#*/3+/Co*3+ redox couples, and the voltage peaks
at 3.0 V are related to the-Mn*t/Mn3+ redox pair. The peak at 3.0
V continuously shifted towards lower voltage upon cycling and fi-
nally appeared as a voltage peak around 2.50 V at the 200t cy-
cle for the undoped sample. Some shoulder peaks also appeared
(marked by a circle) upon cycling, thus indicating the presence of
the spinel phase. Similar trends were observed for the K*-doped
sample, although, to a lower extent. Comparatively, for the LKMN-
COS sample, no remarkable change/splitting of the 3.0 V peak was
observed, suggesting the absence of spinel traces during extended
cycling. A voltage peak was observed at ~2.8 V in the discharge
profile of the co-doped sample at the 200t cycle, where the volt-
age was higher than that of the undoped and K*-doped samples.
However, the K+/S?~-doped sample also displayed a continuous
shift of the 3.0 V peak towards lower voltage values, as predicted
by the charge-discharge profiles, suggesting that slight structural
deformations were still present and could not be eliminated com-
pletely. Overall, the rate and cycling performance indicate that the
co-doping strategy is highly effective for delaying structural defor-
mation and preventing transition metal migration.

3.4. Structural changes during charge/discharge

To validate the outstanding rate and cycling performance, the
structural variations in the optimized samples during lithium dein-
sertion/insertion were evaluated by ex-situ XRD measurements.
Fig. 6 shows the X-ray diffractograms measured for different states
of charge and discharge at 0.1 C-rate. The cells were first charged
to 4.8 V and then discharged to 2.0 V at the same current rate.
As shown in Fig. 7, for all of the optimized compositions, the typ-
ical XRD profile of the hexagonal w-NaFeO, unit cell with R-3m
symmetry was maintained. The magnified view of the (003) peak
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Fig. 6. Ex-situ XRD results of optimized samples at different state of charge and discharge, when cycled at 0.1 C-rate, and corresponding enlarged view of two major peaks

[(003) and (104)].

for all samples showed almost similar changes. During charging,
the (003) peak at ~19° shifted towards lower 26 angles (Fig. 6b),
while during discharging, the peak shifted to the right (i.e., higher
26 angles), indicating continuous expansion and contraction along
the c-axis, which is in good agreement with the previous reports
for lithium-rich cathodes [49]. Expansion and contraction of the
c-axis during lithium removal (charging) and insertion (discharg-
ing) are clearly expected as this process leads to the repulsion be-
tween the oxygen layers, which are shielded by the presence of
lithium atoms. The changes in the (104) peak followed different
trend for the pristine and doped samples. As observed from the
expanded view (Fig. 6¢), the (104) peak at ~45° followed the op-
posite trend to that observed for the (003) peak of LMNCO, i.e.,
during deinsertion, the (104) peak shifted towards higher 26 an-
gles, while during insertion, the peak shifted towards lower 26
angles. However, for the K+ and K+/S2--doped samples, the (104)
peak changed minimally during charge-discharge. This could be ex-
plained on the basis of rearrangement of the transition metal (TM)
ions during charge-discharge. The removal of lithium during charg-
ing also leads to migration of the transition metal (Ni2*) to the
vacancies created by lithium, which leads to irreversible volume
expansion and contraction of the microstructure as evident in the
case of LMNCO (Scheme 2). However, for the K*/S2~-doped sam-
ples, the position of the (104) peak remained unchanged, indicat-
ing robustness of the crystal structure during charging-discharging.
The presence of K* and S2- ions in the doped samples is, there-
fore, believed to provide support to maintain a rigid layered struc-
ture by hindering transition metal ion migration at the lithium

10

sites, which in turn leads to a stable reversible structure dur-
ing lithium insertion and removal (Scheme 2). This explanation is
firmly supported by the work reported separately on cation and
anion-doping in previous reports [2,28]. To further verify this pos-
tulate, the structural changes of the optimized samples were ex-
amined at different cycle numbers for the pristine, K*-doped, and
K*/S>~doped samples at 1.0 C-rate; the obtained XRD patterns are
shown in Fig. 7. For the undoped lithium-rich sample, the (003)
and (104) peaks were split after the 2" charge-discharge and re-
mained apparent in the subsequent cycles. A shoulder peak ap-
peared after the 2" cycle and gained intensity at the expense
of the main peak, which shifted continuously towards lower 26
values. Similarly, (003)/(104) peak splitting was observed for the
K*+-doped sample; however, the onset of splitting was delayed,
becoming apparent at the 10t cycle. This indicates that the irre-
versible structural changes due to transition metal migration dur-
ing lithium insertion/extraction are more pronounced in the pris-
tine sample than in the K™-doped sample. This difference indi-
cates that doping with a larger cation hindered changes in the
crystal structure during repeated cycling to some extent. However,
during prolonged cycling, this effect is overridden by other mul-
tiple factors such as Jahn-Teller distortion, which comes into play
from a disproportionation reaction involving splitting of Mn3* to
Mn*+ and Mn2* [50]. The thus-formed Mn?* species favor tetra-
hedral sites over octahedral sites, leading to spinel-type structures
and hence, lower structural stability. On the other hand, for the
co-doped sample, no splitting of the (003)/(104) peaks and/or any
secondary phase was observed even after the 100t cycle at 1.0 C-
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Fig. 7. Ex-situ XRD results of optimized samples at various cycle number cycled at 1.0 C-rate, and corresponding enlarged view of two major peaks [(003) and (104)].

rate. This suggests that co-doping not only supports structural re-
versibility, but also prohibits transition metal ion migration to the
lithium sites. The presence of a larger cation (K* in the present
case) at few lithium sites hinders formation of the spinel structure
in the fixed closely packed oxygen framework. These results are
well supported by the work of Mai et al., where they investigated
Ko.7Feg5Mng 50,5, NagsFegsMngs0,, and Lio.7Feo_5Mn0_502 das lay-
ered cathodes and systematically proved that the K[TM]O, frame-
work is superior in terms of structural robustness, reversibility, and
cyclability than the Na/Li isostructural framework [51]. In addition,
structural damage to the lithium-rich cathodes is inevitable due to
instability in the oxygen layers caused by the oxygen release dur-
ing the initial charge process [52-54]. The collapse of oxygen layer
gradually increases the deterioration of layered structure. There-
fore, the presence of a larger anion (5%~) in the oxygen framework
can be treated as an inactive pillars that help to stabilize the lay-
ered structure by suppressing the formation of oxygen vacancy by
weakening the interaction of oxygen and metal atoms as previously
reported [2]. In addition, enlarging interlayer spacing subsequently
lowers the energy barrier required for the smooth Li-ion insertion
and extraction. Therefore, the presence of both Kt and S2-, along
with transition metals, can be envisaged as a prototype similar
to the K[TM]S, system, which is superior to the Li counterparts
in terms of the electrochemical properties [55]. Hence, the syner-
getic effects of co-doping are believed to inhibit structural collapse
and thus provide better lithium kinetics and electrochemical per-
formance, as evidenced by the cycling and rate capability results.

3.5. Diffusion coefficient and Impedance analysis

GITT was employed to confirm the Li* diffusion kinetics during
charge-discharge (C/D); the results are presented in Fig. 8(a, c, e).
The GITT measurement was performed at a current pulse equiv-
alent to 0.1 C for 30 min, followed by a relaxation period of 2 h.
The lithium-ion chemical diffusion coefficients (D;; ) for all the op-
timized samples were calculated using Eq. (1).

4 (ngVm\ [(AE’

T mt ( S > AE;

In Eq. (1), Vi is the molar volume (cm3 mol-1), 7 is the du-
ration of the applied current pulse (s), nn and S are the number
of moles and electrode surface area, respectively, and AE; is the
change in the steady-state voltage after a current pulse; AE; rep-
resents the voltage change during a current pulse (Fig. S10) [56].
As shown in Fig. 8, the curves display higher Dy;, values during
charge and discharge for LKMNCO and LKMNCOS samples com-
pared to the pristine LMNCO sample. The average Dj;, value of
1.02 x 10710 cm? s~! during charge for LKMNCOS is 2.43 times
higher than the bare LMNCO sample (0.42 x 10710 c¢m?2 s~1). Like-
wise, the average Dj;, value of 1.30 x 10-10 ¢m? s~! during dis-
charge for co-doped LKMNCOS sample is 1.35 times higher than
the bare LMNCO sample (0.96 x 1010 cm? s—1). As apparent, the
lithium diffusion coefficient was higher for the K*/S2~-doped sam-
ple owing to enlargement of the interlayer spacing and the better
ability to maintain a robust-reversible layered structure even after

(1)
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Fig. 8. Lithium-ion diffusion coefficient (Dj;, ) measurements using GITT curves during charge-discharge. (a, c, e) GITT curves of LMNCO, LKMNCO, and LKMNCOS samples.
GITT was performed at a current pulse equivalent to 0.1 C for 30 min followed by a relaxation of 2 h, (b, d, f) EIS measurements of the optimized samples at various cycle

number during cycling at 1.0 C-rate.

=

Stir Heat Stir Heat

Scheme 1.

prolonged cycling. Additionally, the obtained D values are in good
accordance with the previously reported results for Lit diffusion
[2]. Therefore, the improved Dj;, values during charge and dis-
charge clearly indicate that the synchronized incorporation of K*
and S% effectively improves the diffusion kinetics by simultane-
ously enlarging the interlayer spacing and prohibiting transitional
metal migration to the lithium sites (Scheme 2).

Vacuum filtration

Add
Fiter Li Source, Grind
(. product
U Calcination  Final powder
To vacuum

Schematic illustration of synthesis process for Li-rich layered-type cathode materials.

Electrochemical impedance spectroscopy (EIS) measurements
were performed to evaluate the kinetics and behavior at the in-
terface inside the assembled cells. EIS data were obtained at dif-
ferent cycle numbers during charge/discharge at 1.0 C-rate, as
shown in Fig. 8(b, d, f). As evident from the EIS curves, for all
samples, the charge transfer resistance (R., depressed semicir-
cle in the high-medium frequency region) decreased, with in-
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Scheme 2. Schematic illustration of synergetic effects induced by co-doping of larger cation/anion to enhance the structural stability and therefore, improvement in the

electrochemical performance of co-doped LKMNCOS sample for long-lasting advanced lithium-ion batteries.

creasing cycling. However, after 100 cycles, the R, was lowest 4. Conclusions
(~25 Q) for the K*/S2~-doped sample, i.e., LKMNCOS, with higher
values (~70-80 2) for the LMNCO and LKMNCO samples. The
solution resistance (Rs, first intercept at the real x-axis by the
semicircle in the high-frequency region) for all the assembled
cells varied over cycling, indicating slightly different electrode-
electrolyte environment inside the cells. The Rs for the cell with
the LMNCO cathode was slightly higher after 100 cycles than for
those with the K*-doped and Kt/S2--doped cathodes. This is at-
tributed to the formation of a stable electrolyte interface between
the electrode-electrolyte in the doped samples. The obtained EIS
data are well synchronized with the diffusion coefficients (Dy;, )
determined by GITT analysis and the cycling/rate performance.
These results again confirm that the improved structural prop-
erties, enlarged lithium channels, and effective mitigation of the
layered-to-spinel structural transformation significantly enhanced
the Lit-ion kinetics. Finally, we believe that the adopted K* and
S2--doping strategy could provide solutions for addressing various
limitations of Li-rich cathodes such as structural deformation, volt-
age decay, and inferior cycling/rate performance. The obtained re-
sults and corresponding explanations could open up new avenues
for the development of hybrid cathodes for advanced lithium-ion
batteries.

In summary, we utilized a co-doping approach to overcome
structural and electrochemical shortcomings of Li-rich layered
cathode material. The optimized Lij;35Kg03MNCOSq g, (LKMNCOS)
sample, display enhanced electrochemical performance with ex-
ceptional structural stability. The synthesized LKMNCOS sample de-
livered a stable discharge capacity of 217.0 mAh g-! at the end
of the 80t cycle at 0.1 C-rate. In addition, co-doped sample ex-
hibits lowest average capacity decay rate per cycle (~0.07%) at 1.0
C, suggesting excellent cycling performance. The rate performance
was also noteworthy as the LKMNCOS sample delivers high dis-
charge capacities of 246, 218, 188, 155, 129, 93, and 80 mAh g~!
at 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, and 7.0 C-rates, respectively. The ex-
cellent electrochemical performance of the co-doped sample could
be attributed to the exceptional structural stability, hinderance for
layered to spinel transformation, effective prevention of transition
metal migration to the Li-sites, and stable oxygen layer or reduced
irreversible capacity loss (ICL). Overall, the present work provides
a novel interpretation of layered-spinel intergrowth and a mecha-
nism to further stabilize the layered structure using the co-doping
approach. Therefore, the knowledge gained in the present work
could open new frontiers and deliver appropriate direction in the
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development of advanced layered cathode materials with extraor-
dinary cycling and rate performance.
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