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pacity of Mn-rich cathodes by
kinetics control for lithium-ion batteries†

Jue Wu, *a Weiping Gao,a Qiling Wen,a Zhipeng Zhuanga and Liangkui Zhub

High energy density cathodes have been widely explored in recent years in the area of lithium-ion batteries,

which suffer from sluggish kinetics and structural degradation. Herein, the kinetics of the charge transfer

process on the cathode material was accelerated via synergistic lanthurizing and Li/Mn optimization

method, thereby delivering layered-spinel biphase and improved electrochemical performance. The

available capacity was greatly enhanced from 57.4 mA h g−1 for the pristine material to 233.4 mA h g−1

for the modified material with a voltage of 1.5–4.8 V. Based on the electrochemical and structural

characterization, the improved capacity and rate performance were attributed to the engineered

structural design with enhanced electrochemical kinetics. Electrochemical impedance spectroscopy

results indicated that modification tuning could effectively lower the activation energy of the charge

transfer process by nearly 45%. This synergistic approach widens the method for enhancing the energy

density of oxide cathodes.
Introduction

Lithium-ion batteries with high energy density rely on the high-
voltage operation of oxide cathodes to gain extra capacity.1,2 Mn-
rich cathode has been proposed as a replacement for the
commercial layered cathode as it is inexpensive and safer.3,4

Unfortunately, the poor kinetics and structural stability lead to
a severe decrease in the rate performance and capacity, thus
hindering further commercial applications.5–7 The main reason
affecting the electrochemical performance of Mn-rich oxide
material is kinetics.8–10 The charge compensation at high
voltage for oxygen anion and transition metal (TM) cation bi-
center redox increases the available capacity.10,11 However,
with a high ratio of lithium (de)intercalation, the oxygen atoms
become unstable. The undesirable oxygen gas released from the
cathode material directly reduces the available capacity.12,13

Because the organic electrolyte is chemically reactive at high
voltage, the cathode/electrolyte side reaction could still lose
oxygen atoms and thicken the cathode electrolyte interphase
(CEI). Therefore, the undesired oxygen side reaction leads to
sluggish kinetics, leading to poor lithium-ion diffusion at high
voltage.14,15 It further results in fast impedance growth, accel-
erated structural degradation, and battery failure.

Extensive efforts have been devoted to tackling the issues
mentioned above, including the modication of the surface
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37687
with protective layers,16–18 design of the cathode structure,19–21

introduction of functional electrolyte additives,22 and applica-
tion of a solid-state electrolyte.23,24 Doping is one of the most
widely used methods to enhance the electrochemical perfor-
mance of cathode materials. Various dopant elements, such as
Al, Ti, Fe, and Mg, have been examined in Mn-rich cathode
oxide.25–27 However, the lithium ion diffusion kinetics and
surface stability of the cathodes decrease with increased oxygen
redox reaction. In this regard, investigations on the simulta-
neous modication of the structure and surface with a syner-
getic strategy have been recently reported.28

Herein, an effective engineering strategy is proposed to tailor
the Mn-rich Li2MnO3 (LMO) cathode material via the La–O
bond and layered-spinel biphase simultaneously (Fig. 1). Pris-
tine LMOmaterial has been conrmed to present severe oxygen
release.29,30 Replacing the weakly bonded surface oxygen with
a stable La–O bond has been proposed to prevent the oxygen
release.31,32 Because of the biphase framework and favorable
ionic transport network, the modied Mn-rich material delivers
a high specic capacity of 233.4 mA h g−1. Based on X-ray
diffraction (XRD), transmission electron microscopy (TEM),
and Raman spectroscopy, the modied Mn-rich material pres-
ents a layered-spinel biphase. The galvanostatic intermittent
titration technique (GITT) data and temperature-varied elec-
trochemical impedance spectroscopy (EIS) data analyses
demonstrated that the notable improvement in the electro-
chemical performance is due to the favorable lithium-ion
diffusion process. This study emphasizes the importance of
fast kinetics on the charge transfer process and provides
a promising path for the rational design of LMO materials to
achieve high energy density and high rate performance.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The Mn-rich cathode cycled at high voltage enables high available capacity. (a) However, high voltage electrochemical cycling leads to
severe oxygen loss, which results in sluggish lithium ion diffusion kinetics. (b) Herein, we constructed a highly stable structure with La doping and
Li/Mn optimization, which delivers stabilized structure and fast lithium-ion diffusion kinetics.
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Experimental
Synthesis of LMO series cathode materials

The cathode materials Li2MnO3 (LMO), Li2Mn0.99La0.01O3−d
(La0.01), Li2Mn0.97La0.03O3−d (La0.03), Li2Mn0.95La0.05O3−d (La0.05),
and Li2Mn1.97La0.03O5−d (LMLO) were synthesized via a high-
temperature solid-state method. The raw materials Li2CO3,
MnO2, and La2O3 were placed in an agate tank according to the
stoichiometric ratio, soaked in acetone, andmixed via ball milling
for 3–4 hours. The uniformly mixed slurry was dried and pressed
into a sheet at a pressure of 90 MPa and then calcined at 750 °C
for 24 hours in a muffle furnace. Aer the high-temperature
calcination, the obtained samples were taken out, ground into
powder, and named as the cathodematerials. The synthesis of the
reference Li2Mn4O9 material has been reported in previous
works.33,34 The precursor was calcined at 400 °C for 32 hours in air.
Electrochemical measurement

Aluminum sheet was punched into a circular plate with a diam-
eter of 14 mm and cleaned with 0.1 M NaOH solution and 0.1%
H2C2O4 solution. Taking the synthesized cathode material as the
active material, acetylene black as the conductive agent, and
polyvinylidene uoride (PVDF) as the binder in a weight ratio of
8 : 1 : 1, the mixture was sequentially added into the mill tank
with N-methyl-2-pyrrolidone (NMP) as the dispersant. The
mixture was milled at a high speed of 350 rpm for 2–3 hours to
obtain a uniform slurry. The slurry was coated on the treated
aluminum sheet and dried at 120 °C in a vacuum drying oven
overnight to obtain the cathode electrode. The weight of the
active material was 3–5 mg in the cathode electrode.

To test the electrochemical performance, we assembled the
CR2032 coin-type cell in a glovebox lled with inert argon gas
(H2O < 0.01 ppm, O2 < 0.01 ppm). The cells were assembled with
a self-made electrode, Celgard 2300 as the separator, lithium
metal foil as the counter electrode, and 1.0 M LiPF6 in a mixed
solvent (the volume ratio, EC : DEC : EMC = 1 : 1 : 1) as the elec-
trolyte. The galvanostatic charge–discharge test was conducted
© 2024 The Author(s). Published by the Royal Society of Chemistry
on a battery cycler (CT-3008W, Neware, China). Aer standing at
room temperature for 8 hours, the cell underwent long-term
cycling and electrochemical tests such as rate performance,
GITT, etc. The EIS and cyclic voltammetry (CV) tests were con-
ducted on the an electrochemical workstation (Shanghai Chen-
hua CHI760E, and VERSASTAT 4). The frequency range of the EIS
test was 0.01 Hz to 100 kHz with a voltage amplitude of ±5 mV.
The scanning rate of the CV test was 0.1 mV s−1. The GITT test
was conducted with charge/discharge at a current density of
25 mA g−1 for 10 minutes and the rest for 40 minutes.
Structural characterization

The XRD data were collected on a Rigaku Ultima IV powder X-ray
diffractometer using Cu Ka radiation (l = 1.5406 Å) source.
Rietveld renement was performed using the General Structure
Analysis System (GSAS) soware with the EXPGUI interface.35

Schematic diagrams were drawn using the VESTA soware.36

Raman spectroscopy (Horiba LabRaman HR evolution) was
conducted at an activated wavelength of 633 nm and power of 7
mW. The differential scanning calorimetry (DSC) (NETZSCH,
STA409PC) measurements for the charged LMO and LMLO
electrodes were carried out at a heating rate of 5 °C min−1. The
scanning electron microscopy (SEM) and assorted energy
dispersive spectroscopy (EDS) measurements were performed
(Mira, Tescan) to characterize the morphology of the particle and
elemental mapping of the materials. Transmission electron
microscopy (TEM) technique was applied using a JEM-2100F
TEM instrument. The stoichiometry of the elemental composi-
tions for the cathode materials was examined by inductively
coupled plasma atomic emission spectrometry (ICP-AES).
Results and discussion
Structural design and material characterization

The general structural design for the high-capacity Mn-rich
cathode is outlined in Fig. 2a. The pristine Li2MnO3 (LMO)
was viewed as Li[Li1/3Mn2/3]O2, wherein one-third of the
RSC Adv., 2024, 14, 37676–37687 | 37677
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Fig. 2 (a) Proposed crystal atomic structure of the bulk architecture for LMO and LMLOmaterials. (b) SEM image for the LMLOmaterial. (c and d)
TEM image for the LMLOmaterial. (e) XRD patterns and Rietveld refinement for the LMOmaterial. (f) XRD patterns for LMO, LMLO and Li2Mn4O9

materials.

Table 1 Target vs. measured Li : Mn : La atomic ratio of pristine and
modified materials by ICP-AES

Material Target Li : Mn : La Measured Li : Mn : La

LMO 2.00 : 1.00 : 0.00 2.021 : 1.011 : 0.000
La0.01 2.00 : 0.99 : 0.01 2.008 : 0.992 : 0.011
La0.03 2.00 : 0.97 : 0.03 2.011 : 0.971 : 0.031
La0.05 2.00 : 0.95 : 0.05 2.020 : 0.952 : 0.052
LMLO 2.00 : 1.97 : 0.03 2.010 : 1.973 : 0.031
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transition metal (TM) layer site is occupied by the lithium atom.
For the LMLO material, the combination of layered-spinel (Li
atom in tetrahedral site) biphase and rare element La doping
(with stabilized La–O bond) suggests enhanced structural
stability. The pristine LMO and modied materials were
synthesized via a simple one-step solid-state method.37

The SEM images for pristine LMO and modied LMLO
material are presented in Fig. S1† and 2b. It shows that both
materials deliver irregular ball shapes with a diameter of 100–
200 nm, which is consistent with the TEM image for the LMLO
material (Fig. 2c). The coexistence of layered and spinel phases
in the LMLO material was characterized via the TEM method
(Fig. 2d). Lattice fringes in the bulk region with a d-spacing of
0.474 nm can be ascribed to the (001) facet of layered structure.
In some regions, the transition metal ions occupy part of the
lithium-ion layer, forming a crystal plane with a d-spacing of
0.236 nm, which is consistent with the (222) facet of the spinel
phase (space group Fd�3m).38,39 The elemental content was
detected via inductively-coupled plasma-atomic emission
spectrometry (ICP-AES). The ICP-AES data (Table 1) indicates
37678 | RSC Adv., 2024, 14, 37676–37687
that the compositions of the as-synthesized compounds are
close to that of the targeted compositions, which is consistent
with the SEM-EDS results (Table S1†).

The XRD proles of LMO series materials are presented in
Fig. S2.† All LMO series materials present Li2MnO3-like
diffraction patterns in the range of 10°–90°, leading to the
monoclinic phase (space group C2/m).7,40 The Rietveld-rened
XRD data for the LMO material is presented in Fig. 2e, and
the unit cell parameters calculated by the General Structure
Analysis System (GSAS) are listed in Tables S2 and S3.† For
© 2024 The Author(s). Published by the Royal Society of Chemistry
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pristine LMOmaterial, the peaks at about 18° are characteristic
of a layered rhombohedral LiMO2 phase, the relatively weak
reections between 20° and 23° are assigned as the Li2MnO3-
like phase (Fig. 2e and S1†). For the XRD patterns of LMLO
material (Fig. 2f), the extra diffraction peaks at 36.4° and 44.2°
can be attributed to the spinel Li2Mn4O9 phase (or some spinel-
like phases),34 which indicates that the modied material
delivers a layered-spinel biphase, consistent with the TEM
results. The extra peak at about 33° for the LMLO material may
come from the La-containing compound, which needs further
conrmation.

Electrochemical performance

The electrochemical activity was detected via galvanostatic
charge–discharge measurement. The initial charge–discharge
curves for LMO series materials are presented in Fig. 3a. Under
a voltage window of 1.5–4.8 V, the pristine LMO electrode
presents a characteristic 4.5 V voltage plateau during charging,
which is associated with the activation process and delivers
a discharge capacity of 57.4 mA h g−1.8 Aer La doping, the
discharge capacity increases to 72.1 mA h g−1, 182.8 mA h g−1,
and 99.6 mA h g−1 for La0.01, La0.03, and La0.05 electrodes,
respectively. This indicates the positive effect of La doping on
Fig. 3 Galvanostatic charge–discharge curves for LMO series cathodes. (
at a current density of 25 mA g−1. (b) Specific capacity and coulombic effi
and 2.0 V. (c) dQ/dV curves for the 2nd cycle. (d) Rate performance.

© 2024 The Author(s). Published by the Royal Society of Chemistry
the electrochemical performance. It is worth noting that the
modied LMLO material delivers an extremely enhanced
capacity of 233.4 mA h g−1 and special charge–discharge curves
with new discharge voltage plateaus at 4.0 V and 2.8 V, which
are characteristic features for the spinel phase.41 The enhanced
reversible capacity in the LMLO material suggests suppressed
irreversible oxygen release aer the synergistic modication.
The cycling performance of the LMO series was obtained with
a current density of 25 mA g−1 in the voltage range between
2.0 V and 4.8 V (Fig. 3b). It shows that the LMLO material
delivers higher capacity than that of the other three materials
during the whole cycling process. The discharge capacities of
the pristine and La-modied materials gradually increase in the
initial 10 cycles, which can be ascribed to a gradual activation
process to utilize more lithium ions.42,43 At the 100th charge–
discharge cycle, the available capacity for LMO and LMLO is
13.5 mA h g−1 and 118.1 mA h g−1, respectively. It is worth
noting that the capacity decay remains obvious upon extensive
cycles in LMO systems. The conventional LMO delivers poor
cycling, which is related to Mn dissolution, surface interaction,
structural evolution, etc.30,44,45 Further improvements could be
gained through other modications such as surface coating,
which is beyond the scope of this work.
a) Initial charge–discharge curves with voltage between 4.8 V and 1.5 V
ciency evolution during the cycling process with voltage between 4.8 V

RSC Adv., 2024, 14, 37676–37687 | 37679

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06047d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

/1
0/

20
26

 6
:3

3:
09

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Differential capacity against voltage (dQ/dV) curves for LMO
series materials under the voltage range of 2.0–4.8 V were
analyzed (Fig. 3c). Aer the activation process in the initial
cycle, the pristine LMO electrode delivers a broad hump due to
the partial overlap of cathodic and anionic redox. The peak
pairs at the 2.5–4.4 V region belong to the redox of Mn2+/Mn4+ in
the layered cathode material.46 Above 4.5 V, the peak pairs
mainly belong to the oxygen redox reaction.14 For comparison,
the modied LMLO electrode presents peak pairs at about 3.0 V
and 4.0 V, indicating that the spinel phase exists in the LMLO
material. As for the rate performance, LMO series materials
were evaluated between 2.0 V and 4.8 V with 0.1 C, 0.2 C, 0.5 C, 1
C, and 2 C rates (1 C = 200 mA g−1), respectively (Fig. 3d). The
La-modied materials deliver higher specic capacity than that
of the pristine LMO at all rates. When cycled at 2 C rate, the
available capacity for LMO and LMLO is 31.5 mA h g−1 and
111.1 mA h g−1, respectively. Upon returning to the 0.1 C rate,
the LMLO material ensures a capacity of 213.0 mA h g−1, which
is 251% that for the LMO material (85.0 mA h g−1).

To explore the effect of La doping and Li/Mn optimization,
the charge–discharge curves during the cycling process for LMO
and LMLO electrodes were compared (Fig. S3†). It is notable
that during the cycling process, the charge curves for the Mn-
Fig. 4 (a) Nyquist plots of the EIS data for LMO and LMLO materials afte
obtained from variable temperature EIS data for LMO and LMLO materi
process.

37680 | RSC Adv., 2024, 14, 37676–37687
rich LMO electrode change to S-type curves. For the LMLO
electrode, the initial charge–discharge curves contain the
specic 4.0 V and 2.8 V discharge voltage plateaus, which are
well sustained during cycling, suggesting the coexistence of
layered phase and spinel phase in the modied LMLOmaterial.

The corresponding differential capacity against voltage (dQ/
dV) curves for LMO and LMLO at different cycles under the
voltage range of 2.0–4.8 V were further analyzed (Fig. S3c and
d†). Pristine LMO delivers an oxidation peak at about 4.5 V,
which can be linked to the activation of the Li2MnO3 compo-
nent accompanied by irreversible oxygen release.47 Besides, the
anodic peaks (at about 3.0 V) gradually shi to lower potential
during cycling, indicating a sharp voltage decay with increasing
cycle number for pristine LMO (Fig. S3c†). For comparison, the
peaks at about 2.8 V (discharge process) are maintained well for
the LMLO material during the cycling process (Fig. S3d†). The
comparison of the normalized charge–discharge proles is
presented in Fig. S4.† The pristine LMO shows severe voltage
decay upon cycling (Fig. S4a†). The voltage decay has been
ascribed to the structural degradation, low-voltage redox
couples, and so on.48 In contrast, the modied LMLO material
presents improved voltage evolution (Fig. S4b†), which supports
the advantage of synergetic modication.
r 100 cycles and (b) corresponding fitting results of RCEI and Rct. (c) Rct

als and (d) corresponding activation energy (Ea) of the charge transfer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Electrochemical characterization

To study the Li-ion transport behavior under synergetic modi-
cation, the EIS technique for cells aer 100 cycles was exam-
ined to investigate the Li+ transfer property (Fig. 4a).28 The EIS
spectra were tted based on the equivalent circuit model
(Fig. S5†), and the corresponding tting data is shown in
Fig. 4b.49 It shows that the Rct in LMLO is lower than that in
LMO material, which is a good explanation for the better rate
capability gained above. The reduced Rct would come from the
reduced interfacial side reaction aer layered-spinel phases
modication.

To further study the impact of modication on the charge
transfer process, EIS at varied temperatures was adopted to
monitor the cell impedance (Fig. 4c and S6†). The values of Rct

can be obtained via equivalent circuit tting from Nyquist
proles at different temperatures (Table S4†).49 According to the
Arrhenius relationship that charge transfer resistance (Rct)
follows (Note S1†), the value of activation energy (Ea) could be
obtained.50 As shown in Fig. 4d, the calculated Ea for LMO and
LMLO electrodes is 90.3 kJ mol−1 and 50.1 kJ mol−1, respec-
tively. This indicates that the synergistic La doping and Li/Mn
optimization could effectively enhance the kinetics of lithium-
ion diffusion. The facilitated Li+ transport across the
electrolyte/electrode interface should be attributed to the
stabilized structure and mitigated side reaction.
Fig. 5 CV curves for (a) LMO and (b) LMLO with different scan rates. Th

© 2024 The Author(s). Published by the Royal Society of Chemistry
Cyclic voltammetry at different scan rates (ranging from
0.3 mV s−1 to 1.1 mV s−1) was carried out to investigate the Li+

diffusion kinetics (Fig. 5a and b). The Li+ diffusion coefficients
of LMO and LMLO were evaluated by following the Randles–
Sevcik equation

Ip = 2.69 × 105n3/2AD1/2v1/2C0 (1)

where n refers to the number of electrons transferred per
molecule (1.0 for lithium ions), A refers to the surface area of the
cathode, and C0 refers to the bulk concentration of lithium
ions.51 Hence, by tting the Ip–v

1/2 curve and comparing the
slope, the apparent diffusion kinetics of the materials can be
well contrasted. As plotted in Fig. 5c and d, the anodic peak
current slope of the LMLO electrode is 0.0287, which is higher
than that of the LMO electrode (0.0204). As for the cathodic
peak current, the slope of the LMLO electrode (0.0245) is higher
than that of the LMO electrode (0.0228). It indicates faster
lithium-ion transportation kinetics via bulk modication,
which is consistent with the improved rate performance and
enhanced cycling stability.

The kinetics of the redox reactions that take place during the
charge/discharge process was further veried by the galvano-
static intermittent titration technique (GITT, Fig. 6a). In the
GITT test, a short current pulse was applied and then removed,
followed by a sharp voltage increase (decrease) and achievement
e corresponding Ip–n
1/2 profiles for (c) LMO and (d) LMLO materials.

RSC Adv., 2024, 14, 37676–37687 | 37681

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06047d


Fig. 6 Hysteresis and kinetics of LMO series cathodes. (a) GITT voltage profiles for LMO series materials. (b–d) Time-elapsed OCV during rest
periods at various voltages depicted in (a). DLi+ for (e) the charge process and (f) the discharge process from the GITT data in (a).
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of the thermodynamic equilibrium potential. The kinetics of
lithium-ion diffusion could be investigated by comparing the
overpotential between the initial state and the nal state of the
open circuit voltage (OCV) test at the selected voltage.52 As
shown in Fig. 6b, LMLO delivers a smaller potential drop (186
mV) than that of pristine LMO (678 mV) at a voltage of about
4.5 V. The difference in the OCV value clearly shows accelerated
kinetics of lithium-ion diffusion for LMLO in the 4.5 V region.
Upon charging to a higher voltage (Fig. 6c and d), the lower
overpotential (273 mV for 4.6 V, 240 mV for 4.7 V) for the LMLO
37682 | RSC Adv., 2024, 14, 37676–37687
electrode than that of the pristine LMO electrode (606 mV for
4.6 V, 312 mV for 4.7 V) also conrms the positive effect of the
modication. Here, based on the equation

DLiþ ¼ 4

ps

�
mBVM

MBA

�2�
DEs

DEs

�2

(2)

a series of DLi+ values versus charge/discharge voltage was
generated (Fig. 6e and f).53 The results show that the modied
LMLO electrode delivers enhanced DLi+ value.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Structural evolution aer modication

Thermal stability is an important indicator for practical appli-
cation.54 The DSCmeasurements were conducted with LMO and
LMLO materials charged to 4.8 V. As shown in Fig. 7a, the LMO
electrode presents a large exothermic peak at 228 °C with a high
heat ow of 29.3 J g−1, while the main peak for LMLO electrode
shis to a higher temperature of 239 °C with a much lower heat
ow of 5.0 J g−1. This result reveals that lanthurizing and Li/Mn
optimization can signicantly improve the thermal stability of
the Mn-rich LMO cathode.

To conrm the formation of spinel phases, Raman spectra
were obtained for the LMO and LMLO materials (Fig. 7b).33,55,56

The Raman band appearing at about 400 cm−1 can be assigned
to the monoclinic Li2MnO3 phase. The other two signicant
Raman peaks appear at about 473 and 593 cm−1 in the spectra,
which results from the bending Eg and stretching A1g modes in
the Li2MnO3 phase, respectively. It is worth noting that the
LMLO material delivers a new peak at about 630 cm−1, which
can be attributed to the spinel phase. It indicates the mixed
Fig. 7 Structural evolution for themodifiedmaterial. (a) Differential scann
spectra of LMO and LMLO materials. (c and d) The ex situ XRD patterns
charge–discharge process, and after cycling.

© 2024 The Author(s). Published by the Royal Society of Chemistry
structure of the layered and spinel phases aer modication,
which consists of the XRD patterns.

To understand the mechanism of how the spinel phase
improves the cycling performance, the structural evolution
during charge–discharge was monitored. Fig. 7c and d show the
ex situ XRD results corresponding to the (003) reections, rep-
resenting the unit cell change along the c-axis. In Fig. 7c, the
(003) reection of LMO shis to a lower angle when charged to
4.1 V, which is likely caused by the coulombic repulsion of the
anion layers. Besides, the (003) reection of LMO splits into two
peaks at a voltage of 4.1 V, indicating the appearance of a new
phase. With further Li+ removal (charge to 4.5 V, 4.8 V), the (003)
reections undergo an aggressive shi to higher angles, sug-
gesting a drastic contraction of the c-axis due to the phase
transition. For comparison, the modied LMLO delivers a more
stable peak evolution upon cycling (Fig. 7d). Upon discharge to
2.0 V, the (003) reection of LMO shis to a lower angle, which
is lower than that of LMLO.

In addition, the batteries were cycled for 5 cycles, and the
positive electrodes were taken out for the XRD tests. In Fig. 7c,
ing calorimetry data for charged LMO and LMLO electrodes. (b) Raman
for (c) LMO material and (d) LMLO material in the pristine state, initial
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Fig. 8 Proposed mechanism of (a) LMO and (b) LMLO materials during the electrochemical process.
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the (003) reections of the LMO samples shied to a lower
diffraction angle aer 5 cycles. In detail, the (003) reections of
LMO contain a broad shoulder, which is mainly due to the
presence of two different phases with close lattice parameters,
indicating that a two-phase transition reaction occurs in LMO.
As for LMLO, the almost identical shape of the (003) reections
indicates a quasi-single-phase process (Fig. 7d). The continuous
single-phase reaction makes lattice contraction to have a buffer
process, thus reducing the structural damage. The (003)
reection of LMLO is well sustained, suggesting that the
modied LMLO has a more enhanced reversible lattice
shrinkage, which is favorable for maintaining the structural
integrity during electrochemical cycling.

Based on the characterization results, Fig. 8 proposes the
synergistic effect of modication during electrochemical
cycling. Pristine LMO material delivers limited capacity due to
sluggish kinetics and is accompanied by interfacial side reac-
tion (Fig. 8a). For comparison, a spinel phase is in situ formed
and coexists with the bulk layered phase on the modied
material (Fig. 8b). The layered-spinel biphase ensures acceler-
ated kinetics, as evidenced by the GITT, CV and EIS results.
Besides, the biphase with stabilized La–O bond would mitigate
the irreversible oxygen release, which suppresses the interfacial
side reaction and further enhances the available capacity.
Meanwhile, during the cycling process, the structural evolution
is stabilized aer modication, as evidenced by the ex situ
XRD data.
Conclusions

To summarize, we have demonstrated a synergistic approach
for accelerated kinetics and for realizing high-capacity cycling.
We showed that the modied LMLO phase can enhance the Li-
ion diffusion. Electrochemical characterization demonstrated
that the modied Mn-rich cathode could deliver an enhanced
37684 | RSC Adv., 2024, 14, 37676–37687
available capacity of 233.4 mA h g−1 at a voltage of 1.5–4.8 V. Our
lanthurizing and delithiation approach accelerates the lithium-
ion diffusion kinetics and widens the strategies for enhancing
the energy density.
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