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Band Structure Engineering Promotes Anionic Redox
Reversibility of Cobalt-Free Li-Rich Layered Oxides Cathodes

Xianggang Gao, Juanlang Guo, Shihao Li, Haiyan Zhang, Yi Zhang, Chaohong Guan,
Mengran Wang,* Yanqing Lai,* and Zhian Zhang*

Li-rich layered oxides cathodes (LLOs) have prevailed as the promising high-
energy-density cathode materials due to their distinctive anionic redox chem-
istry. However, uncontrollable anionic redox process usually leads to structural
deterioration and electrochemical degradation. Herein, a Mo/Cl co-doping
strategy is proposed to regulate the relative position of energy band for mod-
ulating the anionic redox chemistry and strengthening the structural stability
of Co-free Li1.16Mn0.56Ni0.28O2 cathodes. The incorporation of Mo with high d
state orbit and Cl with low electronegativity can narrow the band energy gap be-
tween bonding and antibonding bands via increasing the filled lower-Hubbard
band (LHB) and decreasing the non-bonding O 2p energy bands, promoting
the anionic redox reversibility. In addition, strong covalent Mo─O and Mn─Cl
bonding further increases the covalency of Mn─O band to further stabilize the
O2

n− species and enhance the reversible distortion of MnO6 octahedron. The
strengthening electronic conductivity, together with the epitaxial structure
Li2MoO4 facilitates the fast Li+ kinetics. As a result, the dual doping material ex-
hibits enhanced anionic redox reversibility and suppressed oxygen release with
increased cyclic stability and excellent rate performance. This strategy provides
some guidance to design high-energy-density LLOs with desirable anionic
redox reversibility and stable crystal structure via band structure engineering.

1. Introduction

The growing energy storage technology and electric mobility mar-
ket have required the development of lithium-ion batteries (LIBs)
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with high energy density and low cost.[1]

The capacity of cathode materials plays
an important role in the innovations of
high-energy-density LIBs.[2] Compared
with commercialized cathode materials,
Li-rich layered oxide cathodes (LLOs) can
provide ultrahigh capacity due to the par-
ticipation of anionic redox chemistry in
the charge compensation.[3] However, the
irreversible oxygen evolution also causes
notorious oxygen release and structural
deterioration, leading to the degradation of
electrochemical performance.[4] It has been
widely accepted that the unique Li─O─Li
configurations in Li2MnO3 phase result in
the formation of non-bonding O 2p orbitals
and labile electrons, which promote the
lattice oxygen to participate in the charge
compensation at high voltage.[5] Although
the non-bonding O 2p orbital theory has
perfectly illustrated the anionic redox phe-
nomenon, the reversibility of anionic redox
and subsequent oxygen evolution fail to
be clarified in this theory. Therefore, it is
worthwhile to further enrich the anionic

redox mechanism for guiding the focused modulation of anionic
redox reversibility.

Actually, the cationic and anionic redox mechanism of lay-
ered oxides cathodes can be explained according to the char-
acteristics of band structure as shown in Scheme 1. The band
structure of conventional layered oxides cathodes like LiCoO2,
LiNixMnyCozO2 (x + y + z = 1) materials is considered to the
orbital overlaps between the transition-metal (M) 3d orbitals and
O 2p orbitals, contributing to the formation of bonding (M─O)
and antibonding (M─O)* bands (Scheme 1a). Therefore, the re-
dox process of these cathodes only involves the exchange of elec-
trons from the (M─O)* bands, referring to the cationic redox
chemistry. However, the band structure of LLOs also includes the
weakly bonded O 2p orbitals with Li 2s orbitals resulting in the
formation of the above-mentioned non-bonding O 2p bands ex-
cept for the M─O bonds (Scheme 1b). The electrons can be re-
moved from both the (M─O)* and non-bonding O 2p bands, ex-
isting the competitive cationic and anionic redox process.[6] The
partially filled (M─O)* bands can be further split into the empty
upper and filled lower-Hubbard bands (UHB and LHB, respec-
tively). Therefore, the anionic redox can be specifically associ-
ated with the relative position of the LHB and non-bonding O
2p bands.[7] The comparison of the electron repulsion within d
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Scheme 1. Illustration of the crystal structures, band structure of layered oxides cathodes, and the regulation mechanism of anionic redox
from the perspective of energy band: (a) The comparison of the crystal structures and band structures of (a) LiMO2, (b) Li2MO3 and (c)
Mo/Cl doped Li2MO3 layered oxides. The anionic redox mechanism is reflected according to the Mott-Hubbard splitting of Li2MO3 band
structures: The relevant effect of the relationship between d-d Coulomb repulsion term U and charge transfer term ∆ on anionic redox
reversibility.

orbital (U) and charge transfer energy between central cation
and ligand (∆) can be applied to reflect the anionic redox
activity[8]. When the U ≪ ∆ case, electrons are removed from
the filled LHB bands experiencing the cationic redox. On the
contrary (U ≫ ∆), electrons are exchanged from the non-
bonding O 2p bands resulting in irreversible anionic redox
and oxygen release. In the middle case (U≈2∆), the LHB
bands can overlap the non-bonding O 2p bands, contribut-
ing to the simultaneous cationic and anionic redox reversibil-
ity. Therefore, it is critical to appropriately narrow the energy
band gap between the term U and ∆ of LLOs via the rela-
tive position modulation of the LHB and non-bonding O 2p
energy bands and finally achieve the enhanced anionic redox
reversibility.

Given the above considerations, we propose a Mo/Cl co-
doping strategy to regulate the relative position of energy band
for realizing the reversible exchange electrons from both the
non-bonding O 2p and antibonding (M─O)* bands. The high

d state Mo substitution with low d orbital coulombic interac-
tion increases the position of LHB band and decrease the non-
bonding O 2p band energy, contributing to narrow the band
gap between for realizing the intermediate case U≈2∆ with re-
versible anionic redox (Scheme 1c). The formation of strong
covalent Mo─O bonding, together with the low electronegative
Cl substitution further increase the covalency of Mn─O bond,
which is beneficial for stabilizing the O2

n− species and strength-
ening the reversible distortion of MnO6 octahedron. In addi-
tion, the strong Mo─O and Mn─Cl bonds also increase the
oxygen vacancy formation energy and suppress the oxygen re-
lease. What is more, the strengthening electronic conductivity
and epitaxial Li2MoO4 structure on the surface further facili-
tate the fast Li+ kinetics and alleviate the interfacial side reac-
tions. As a result, the co-doping materials show increasing ca-
pacity retention and slow voltage decay after long-term cycling
due to the enhanced anionic redox reversibility and structural
stability.
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Figure 1. a) XRD patterns and corresponding (003) peaks of P0 and Mo&Cl materials. Two-phase model Rietveld refinement of b) P0 and c) Mo&Cl
materials. Crystal structure and interslab spacing of the Li layer and TM layer for d) P0 and e) Mo and Cl materials. f) XPS spectra of Mo 3d and Cl 2p
for Mo&Cl materials. g) SEM image and the corresponding EDS mapping of Mo&Cl materials.

2. Results and Discussion

The pristine and Mo/Cl co-doped materials are marked as P0 and
Mo&Cl materials, respectively. First, the powered XRD was ap-
plied to detect the influence of Mo/Cl co-doping on the crystal
structure of the materials (Figure 1a). The main diffraction peaks
of P0 and Mo&Cl materials correspond to the characteristic of
LiMO2 phase with 𝛼-NaFeO2 structure (space group: R-3m). Be-
sides, some weak diffractions appear at 20°–25°, demonstrating
the existence of layered Li2MnO3 phase (space group C2/m) as
composite structure at nanoscale.[9] In addition, the well split-
ting of (006)/(102) and (108)/(110) peaks demonstrate the well-
ordered layered structure for all the materials.[10] However, some
new weak peaks can be observed at the XRD spectra of Mo&Cl
material in comparison with P0 material. It is firstly presumed
to be the Li2MoO4 phase with the spinel-like structure accord-
ing to the previous report.[11] The molten MoO3 at high temper-
ature can deplete partial surface lithium to form the Li2MoO4
phase. In order to further demonstrate the reasonable formation
mechanisms of the aforementioned species, the crystal structural
changes of single Mo and Cl doping materials are separately ana-
lyzed via XRD test (Figure S1, Supporting Information). Similar
new peaks appear after individual Mo doping and its signals be-

come obvious with the increasing usage of MoO3 (Figure S1a,
Supporting Information). However, no additional peaks can be
detected after the sole Cl doping (Figure S1b, Supporting Infor-
mation), proving the fact that the generation of Li2MoO4 phase
is ascribed to the introduction of Mo element. What is more, the
position of (003) peaks of both the Mo/Cl co-doping and indi-
vidual Mo or Cl doping materials shift to left, ascribing that the
incorporation of larger ionic radius Mo and Cl elements in the lat-
tice crystal structure can enlarge interplanar spacing.[12] The in-
creasing interplanar spacing further promotes the fasting Li+ dif-
fusion and enhances the rate performance. Rietveld refinement
based on R-3m and C2/m phase is conducted to accurately an-
alyze the specific changes of lattice parameters after Mo/Cl co-
doping and the corresponding results are listed in Figure 1b,c,
and Table S1 (Supporting Information). The increasing lattice
parameters c of Mo&Cl material in comparison with P0 mate-
rial demonstrates the expansion of layer spacing, conforming to
the left shift of (003) peak.[13] In addition, Mo&Cl material show
smaller degree of Li/Ni mixing than P0 material, indicating that
the Mo substitution can induce the high ordering structure. Fur-
thermore, the decrease of Li2MnO3 content for Mo&Cl material
may be ascribed that the generation of Li2MoO4 ingredient driv-
ing from the reaction between molten MoO3 and Li2MnO3 phase.
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Figure 2. Microstructural structure characterizations of: a) Cross-section SEM image and b) element contents of Mo&Cl material. High-resolution TEM
and corresponding FFT patterns for d) P0 and e) Mo&l materials. f) TEM-EDS Mapping images of Mo&Cl material.

Figure 1d,e shows the calculated interslab layer (LiO2) and slab
thickness (MO2) according to the refined lattice parameters and
reported formulas.[14] The corresponding calculated results show
that Mo&Cl material possess an enlarged Li+ layer spacing due to
the compression of MO2 slab and the expansion of c value, which
is beneficial for the increasing Li+ diffusion rate and enhancing
the rate capability. Figure 1f shows the Mo 3d and Cl 2p XPS spec-
tra of Mo &Cl material. The obvious peak signals of Mo 3d and
Cl 2p peaks located at the range of 228–240 and 195–204 eV, re-
spectively, justify the existence of Mo and Cl on the surface.[15]

Besides, the result of energy dispersive spectrometry (EDS) for
Mo and Cl material shown in Figure 1g further demonstrates the
uniform distribution of Mo and Cl elements. Therefore, these re-
sults confirm that Mo/Cl co-doping can induce the variation of
crystal structure and the production of new phase Li2MoO4. In
addition, the enlarged layer interplanar spacing and suppression
of Li/Ni mixing will enhance the fast Li+ kinetics and strengthen
the ordering structure of LLOs.

Although above results have successfully demonstrated the ex-
istence of dual doping elements on the surface, whether both

Mo and Cl elements are incorporated in the bulk structure and
their specific influences on the microstructure need to be fur-
ther explored. Therefore, the cross-section SEM-EDS of Mo and
Cl material was first conducted to detect the distribution of dop-
ing elements in the bulk structure as shown in Figures 2a,b and
S3 (Supporting Information). Figure 2b and Figure S3 (Support-
ing Information) show the changes intensity of EDS line scan-
ning along the central of material and mapping distribution of
Mo&Cl elements, respectively. The appearance of weak intensity
and uniform distribution Mo/Cl signals perfectly demonstrate
the successful bulk element doping, contributing to modulate
the crystal structure and coordination environment. In addition,
Figure S4 (Supporting Information) displays the FIB-STEM im-
ages and the relative EDS mapping of selected region of Mo and
Cl material. The formation of some nanopores shown in Figure
S4a (Supporting Information) is ascribed to the agglomeration
of nanometer primary particle and gas release during the syn-
thesis process[16]. The mapping of Mo and Cl elements in the
selected region extending from surface to the bulk exhibit a uni-
form distribution, further demonstrating the successful doping
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of Mo/Cl in the bulk structure (Figure S4b, Supporting Informa-
tion). Subsequently, the specific microstructural changes of crys-
tal structure after Mo/Cl co-doping are further analyzed via high-
resolution transmission electron microscope (HRTEM) charac-
terization. Clear lattice fringes can be observed for both P0 and
Mo&Cl materials as depicted in Figure 2d,e, indicating excellent
crystallinity with well-ordered layered structure. The crystal plane
spacing of 0.476 nm between the adjacent lattice fringes together
with the corresponding fast Fourier transform (FFT) pattern of
the red rectangle in Figure 2d all conform to the characteristics of
(003) plane of the R-3m space group.[17] Carefully compared with
P0 material, Mo&Cl material shows an enlarged interplanar spac-
ing with 0.478 nm, ascribing to the increasing electrostatic repul-
sive interaction and enlarged Li+ layer spacing.[18] In addition, an
obvious epitaxial structure appears on the surface of Mo&Cl ma-
terial, which is distinct from P0 material. The interplanar spac-
ing 0.235 nm and relative FFT pattern of this epitaxial structure
region can match well with the typical characteristics of cubic
spinel-like structure.[19] Actually, excess Mo elements will tend
to accumulate along the grain boundaries,[20] resulting in the re-
action between surface residual lithium and MoO3 for the for-
mation of Li2MoO4 spinel-like phase. Combined with the afore-
mentioned XRD results, we confirm the epitaxial structure is the
spinel-like structure Li2MoO4 species with Fd-3m space group.[11]

Therefore, the enlarged d-spacing and surface spinel-like struc-
ture with 3D Li+ diffusion channels can boost the fast Li+ kinet-
ics, suppress the irreversible oxygen release, and reduce the in-
terfacial reactions. The TEM-EDS with HAADF images was ap-
plied to further detect the microscopic dispersion of Mo and Cl on
the primary particle (Figure 2f). The results demonstrate that the
dual doping elements can uniformly distribute in the bulk struc-
ture of primary particle. Therefore, these results have testified
the successful doping of Mo/Cl into the crystal structure and in-
ducing generation of surface spinel-like structure Li2MoO4, con-
tributing to stabilize the bulk/surface structure and regulate the
local crystal structure and energy band.

The variations of the electronic structure can be explored
via XPS and synchrotron X-ray absorption near edge structure
(XANES) characterizations. Figure 3a,b shows the Mo 3d and
Cl 2p XPS spectra at different etching times. Clear signal of Mo
3d and Cl 2p XPS spectra still can be detected with the increas-
ing etching depth, further demonstrating the successful doping
of Mo and Cl into the bulk lattice crystal structure. The shift to
higher binding energy of the Mn 2p XPS spectra and the re-
duced splitting energy of Mn 3s spectra after Mo/Cl co-doping as
shown in Figure 3c,d, respectively, simultaneously indicate the
elevation valence states of Mn. The Mn K-edge X-ray absorption
near structure (XANES) is sensitive to the local electronic struc-
ture, which can be applied to reflect the valence state and local
environment according to the energy position and shape of the
absorption edge. Therefore, the Mn K-edge XANES spectra of P0
and Mo &Cl materials are compared in Figure 3e. The Mo and Cl
material shows high energy shift in comparison with P0 material,
which accurately demonstrates the oxidation of Mn element con-
sistent with the above XPS results. In order to further analyze
the influence of Mo/Cl co-doping on the coordination number,
bond length, and other details, the Fourier-transform extended
X-ray absorption fine structure spectra (EXAFS) at Mn K-edge of
P0 and Mo and Cl materials are studied as shown in Figure 3f.

Two obvious peaks located at ≈1.5 and ≈2.4 Å in the EXAFS
spectra correspond to the oxygen (Mn─O) and metal neighbors
(Mn-(Mn, Ni, Li)) in Mn absorb atom, respectively.[21] The EX-
AFS results confirm that the length of Mn─O bond decreases af-
ter Mo/Cl co-doping, suggesting the increasing covalency of the
Mn─O bonds. The strong covalent Mn─O band can stabilize the
oxidation products O2

n− species of lattice oxygen at high voltage
and enhancing the reversible distortions of MnO6 octahedron,
contributing to the reversible anionic redox and strengthening
structural stability[18b,22]. In addition, the slight high binding en-
ergy shift of Ni 2p XPS peak for Mo&Cl material also indicates
the increasing valence of Ni increases after doping (Figure 3g).
We speculate that less Mo enters lattice crystal structure in com-
parison with the Cl substitution, which is ascribed to the accu-
mulation of Mo element in the grain boundaries and subsequent
formation of Li2MoO4 structure. Therefore, Mn and Ni are oxi-
dized to high valence state for preserving charge neutrality. Be-
sides, the substitution of Mo element possibly induces the gener-
ation of LiMoO2 phase due to its multivalence.[23] Therefore, the
substitution of Mo3+ and the formation of spinel-like structure
on the surface cause the increasing Mn valence.[24] The peaks lo-
cated at ≈ 533.0, 531.5, and 529.5 eV in the O 1s XPS spectra
shown in Figure 3h can be assigned to carbonate species, oxy-
gen vacancies, and lattice oxygen, respectively[25]. The content of
oxygen vacancies increases after Mo/Cl co-doping, which may be
ascribed to the substitution of lattice oxygen with Cl element and
the generation of Li2MoO4 component. The normalized O K-edge
XANES spectra depicted in Figure 3i show two obvious pre-edge
peaks located at ≈529.5 eV and 531.5 eV for both P0 and Mo&Cl
materials, belonging to the transition of the O 1s electrons to
the hybridized O 2p-M 3d orbitals.[26] The decrease of pre-edge
peak overall intensity after doping further proves the increased
content of oxygen vacancies.[27] Oxygen vacancies are able to en-
hance electronic conductivity and suppress oxygen release and
terrible structural transformation.[28] These results have perfectly
demonstrated the influence of Mo/Cl co-doping on the local co-
ordination environment and electronic structure, which is tightly
related to the changes in band structure owing to the formation of
Mo-O and TM-Cl bands. Moreover, the regulation of band struc-
ture will exert a significant influence on the anionic redox activity
and electrochemical properties.

The influences of band structure regulation via bulk doping
Mo and Cl elements have been successfully characterized from
the perspective of the microstructure, local crystal, and electronic
structure. Subsequently, the specific influences of band structure
regulation on energy storage performance are further analyzed.
Figure 4a,b shows the initial charge–discharge profiles and rel-
ative differential capacity (dQ/dV) profiles at 0.1 C rate (1 C =
250 mAh/g) with the voltage range of 2.0-4.8 V, respectively. A
sloped curve below 4.5 V corresponding to the oxidation reaction
of Ni2+ to Ni4+ and an obvious long plateau belonging to the ox-
idation reaction of O2− to O2

n−/O2 can be observed for both the
two materials.[29] The initial discharge capacity of Mo &Cl ma-
terials 234.75 mAh g−1 with an initial Coulombic efficiency of
80.77% are higher than those of P0 materials (228.04 mAh g−1,
78.94%), indicating the less oxygen release and enhanced oxy-
gen redox reversibility. The relative dQ/dV curves of initial charge
and discharge process can reflect the effects of dual doping ele-
ments on the cationic and anionic redox process. Apparently, the

Small 2024, 20, 2401132 © 2024 Wiley-VCH GmbH2401132 (5 of 12)

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 3. a) Mo 3d and b) Cl 2p XPS spectra of Mo&Cl material at different etching time. c) Mn 2p and d) XPS spectra of P0 and Mo&Cl materials. e)
Normalized XANES of Mn K-edge for P0 and Mo and Cl materials. f) Fourier transformed EXAFS spectra at Mn K-edge of P0 and Mo &Cl materials. g)
Ni 2p and h) O 1s XPS spectra of P0 and Mo&Cl materials. i) Normalized XANES of O K-edge for P0 and Mo and Cl materials.

oxidation peak of lattice oxygen at ≈4.5 V for Mo&Cl material
shifts to low potential in comparison with P0 material, suggesting
that band structure regulation can decrease the delithiation po-
tential and enhance the fast kinetics of Li2MnO3 activation.[17,18]

In addition, the rate capability of Mo&Cl material is also more
superior to those of P0 material as shown in Figure 4c: Mo&Cl
material still delivers higher reversible capacity (134.94 mAh g−1)
than P0 material (120.74 mAh g−1) at 5 C charging and dis-
charging rate. The excellent rate capability of Mo and Cl mate-
rial can be ascribed to the enlarged Li+ layer spacing and the ex-
istence of fast Li+ conductive Li2MoO4 coating layer. Therefore,
the electrochemical impedance spectroscopy (EIS) and galvano-
static intermittent titration technique (GITT) were further car-
ried out to quantitatively calculate the changes in Li+ diffusion
coefficient (DLi+). Figure S5a (Supporting Information) shows
the Nyquist plots of P0 and Mo&Cl materials. The characteris-
tic curves can be divided into two obvious sections: a semicir-

cle in the high-frequency and a sloping line at the low-frequency
area corresponding to charge transfer resistance and the War-
burg impedance of Li+ diffusion process, respectively.[30] Mo&
Cl material shows low charge transfer resistance in comparison
with P0 material, ascribing that Mo/Cl co-doping can reduce the
interfacial resistance and promote fast charge transfer. In addi-
tion, the calculated Li+ diffusion rates of P0 and Mo&Cl materi-
als based on Note S1 (Supporting Information) are 2.063 × 10−14

and 1.381 × 10−14 cm2 S−1, respectively. What is more, the Li+

diffusion from the electrode interface to interior of the material
is also calculated based on GITT curves (Figure S5b, Support-
ing Information) and Note S2 (Supporting Information). The av-
erage DLi+ of Mo&Cl material is also higher than P0 material
during the charging process, especially in the stage of anionic re-
dox (Figure S5c, Supporting Information). Therefore, these re-
sults successfully demonstrated that Mo/Cl co-doping can ac-
celerate the Li+ diffusion rate and promote the fast kinetic of
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Figure 4. Electrochemical performance of P0 and Mo&Cl materials: a) Initial charge and discharge curves. b) Differential capacity versus potential
profiles for the first cycle. c) Rate performance from 0.1 C to 5 C. d) Cycling performance at 1 C for 100 cycles. f) Average voltage performance at 1 C rate
for 100 cycles. Discharge curves at different cycles for e) P0 and g) Mo&Cl materials.

anionic redox process due to the increasing d-spacing and exis-
tence of surface spinel-like Li2MoO4 phase. Figure 4d–f shows
the cycling capability of P0 and Mo&Cl materials tested at 1 C
rate after 200 cycles. The P0 material can only deliver a low ca-
pacity 136.80 mAh g−1 with a capacity retention of 71.03%. How-
ever, Mo and Cl material still delivers a high capacity 155.15
mAh g−1 with an increasing capacity retention of 78.55%. The
slow-increasing capacity of Mo&Cl materials during the initial cy-
cles can be ascribed to the electrochemical activation due to the
existence of insulating layer Li2MoO4

[31]. Besides, Mo&Cl mate-
rial exhibits slower voltage decay in comparison with P0 mate-
rial. The discharge curves for different cycles for P0 and M0&Cl
materials are also applied to analyze the irreversible structural
transformation related to the voltage decay (Figure 4e–g). The ca-
pacity of P0 material originating from the above 3 V decreases
more than Mo&Cl material, indicating the gradual deactivation
of Ni and O due to the irreversible structural transformation. Ac-
tually, the doping ratio can be continuously optimized for fur-
ther improving the electrochemical properties. But these results

have adequately illustrated that Mo/Cl co-doping can realize the
band structure regulation to suppress the oxygen release and the
reduction of transition metal ions, contributing to the excellent
electrochemical performance.

The enhanced electrochemical performance of LLOs is tightly
correlated with the evolution of lattice oxygen and reversibil-
ity of anionic redox chemistry. Therefore, ex situ XPS and XAS
combining with in situ DEMS shown in Figure 5 were carried
out to reveal the influences of band structure regulation on an-
ionic redox activity during the electrochemical reaction process.
Figure 5a,b shows the O 1s XPS spectra of P0 and Mo&Cl ma-
terials at 4.8 V charging state and 2.0 V discharging state, re-
spectively. As shown in the O 1s XPS spectra at 4.8 V charg-
ing state, the peak at 530.5 eV belongs to the signal of inter-
mediate oxygen due to the oxidization of lattice oxygen (O2

n−,
0<n<2). Its intensity and content can be applied to reflect the
activity of anionic redox.[32] Apparently, Mo&Cl materials show
more content of intermediate oxygen than P0 materials, indicat-
ing the suppressed lattice oxygen loss and enhanced oxygen redox
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Figure 5. Oxygen evolution and charge compensation mechanism of P0 and Mo&Cl materials: High peak-resolution XPS spectra of O 1s at charging
state 4.8 V and discharging state 2.0 V for a) P0 and b) Mo&Cl materials. c) In situ DEMS analysis during charging in the first cycle. Ex situ sXAS spectra
of O K-edge for d) P0 and e) Mo&Cl materials. Ex situ Ni K-edge XANES spectra of f) P0 and g) Mo&Cl materials. Ex situ sXAS spectra of Mn L-edge for
h) P0 and i) Mo&Cl materials.

reversibility. The DEMS as a powerful characterization is used
to directly analyze the conditions of oxygen release for P0 and
Mo&Cl materials. The results of Figure 5c show that more oxy-
gen release from P0 material in comparison with Mo&Cl ma-
terial, indicating that regulated band structure can stabilize the
lattice oxygen and suppress the irreversible oxygen release. In
addition, epitaxial structure Li2MoO4 coating on the surface of
Mo&Cl material also contributes to inhibit the release of oxygen
to some extent. Figure 5d,e shows the O K-edge sXAS spectra
of P0 and Mo&Cl materials at charging and discharging states,
the pre-edge region located at the range of 525–534 eV can re-
flect the hybridization of M 3d and O 2p orbitals. The peaks of
≈529.5 and 532.0 eV belong to the t2g orbitals of M 3d and eg
orbitals of O 2p,[32b] respectively. The additional peak at ≈530.8
eV at 4.8 V charge state is the characteristic signal of anionic
redox reaction products (O2

n−),[33] similar to the results of ex

situ XPS. Compared with P0 material, the increasing integrated
intensity at the low-energy region for Mo&Cl material reflects
the enhanced anionic redox activity and stabilization of the O2

n−

species,[31,34] which is ascribed that the strengthening covalent
of Mn─O or Mo─O bond after energy band modulation can de-
coordinate with active O2

n− to form stable M─(O─O) bond.[35] In
addition, the ex situ Ni K-edge XANES spectra (Figure 5f,g) and
Mn L-edge sXAS spectra (Figure 5h,i) were detected to further
analyze the changes of electronic structure for transition metal
ions during charging and discharging process. As charged to 4.8
V, the Ni K-edge XANES spectra shift to high energy for both
P0 and Mo&Cl materials due to the oxidization of Ni element
for the charge compensation. However, it is worth noting that
Mo&Cl material shows smaller deviation from the initial posi-
tion than that of P0 material, reflecting the minor Ni reduction
due to the suppressed oxygen loss.[33] Two major peaks located at
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Figure 6. Ex situ Raman spectra of a) P0 and b) Mo&Cl materials. In situ XRD of c) P0 and d) Mo&Cl materials. HRTEM images at charging state 4.8 V
for e) P0 and f) Mo&Cl materials. Atomic coordination of h) P0 and i) Mo&Cl materials with one oxygen vacancy at the surface. The density of state of
O 2p states, Mn-3d states, and total states in j) P0 and k) Mo&Cl materials.

640–650 eV region of Mn L-edge sXAS spectra represent the
Mn4+ signal.[32b,36] The low-energy shift of typical Mn4+ peak, to-
gether with the appearance of Mn3+ peak further indicate the re-
duction of Mn element due to the oxygen loss.[28] However, the
Mn4+ signal always remains in the initial position for Mo&Cl ma-
terial during both the charging and discharging process, demon-
strating that strong M─O bond strengthens the stability of lattice
oxygen and inhibits the oxygen release after band structure reg-
ulation. These results have perfectly elaborated that band struc-
ture regulation exerts an important effect on anionic redox activ-
ity and alleviate the reduction of transition metal ions with the
suppressed oxygen loss.

The regulation of band structure on cationic and anionic re-
dox reversibility has been revealed by examining the evolution of
lattice oxygen and transition metal ions during cycling. Neverthe-
less, the structural evolution also need to be further explored after
band structure modulation for clarifying the anionic redox regu-
lation mechanism. Therefore, ex situ Raman and in situ XRD
analysis were applied to compare the difference of crystal struc-
ture between P0 and Mo&Cl materials to elucidate the effects of
band structure regulation. Figure 6a,b display the results of ex
situ Raman. The A1g peak of both two materials shifts to a higher
wavenumber during the charging process, ascribing to the short-
ening of the O─O bond at high voltage and severe distortion of

the MnO6 octahedra during the anionic redox process.[25,37] P0
material shows larger shift than Mo&Cl material, indicating the
severe distortion of MnO6 octahedra and unstable crystal struc-
ture. However, the Alg peak of Mo&Cl material is able to restore
to the initial position after discharging to 2.0 V, which reflects
that regulating the energy band can enhance the reversible distor-
tion of MnO6 octahedra due to the strengthened covalent M─O
bond.[18b] Besides, in situ XRD was also carried out to further in-
vestigate the structural evolution of P0 and Mo&Cl materials dur-
ing the first cycling process and the corresponding contour maps
of the XRD results are displayed in Figure 6c,d. The changes of
(003) peak position are related to the interplanar space along c-
axis and represent the reversibility of structural transformation
during cycling. The peak of (003) firstly shifts to left before charg-
ing to 4.5 V, ascribing that the extraction of Li+ can cause the
increasing electrostatic repulsive force in the neighboring oxy-
gen slabs and an improvement of lattice constant value c.[38] The
(003) peak begins to shift to right as the charging voltage over
4.5 V. Because the oxidization of lattice oxygen for participat-
ing in the charging compensation and the induced migration of
transition metal ions to lithium layer cause the shrinkage of c-
axis and right shift of (003) peak. [39] The (003) peak shifts to
low-angle position during the subsequent discharging process,
which is ascribed that the intercalation of lithium ions leads to the
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Figure 7. Morphological and structural characterization of cycled P0 and Mo&Cl materials: SEM images of a) P0 and d) Mo and Cl materials. HRTEM
images of c) P0 and d) Mo&Cl materials. STEM-EDS line scanning of e) P0 and f) Mo&Cl materials.

weakened electrostatic repulsive force between the neighboring
oxygen layer. Although both P0 and Mo&Cl materials show sim-
ilar variations of (003) peak shift during the first electrochemi-
cal activation progress, the overall peak shift of Mo&Cl material
is smaller in comparison with P0 material, indicating the sup-
pressed lattice stress, enhanced structural stability and reversibil-
ity after the band structure regulation.[40] Figure 6e,f collected
HRTEM images of P0 and Mo&Cl materials at charging state
4.8 V. P0 material exhibits some lattice distortion after oxygen re-
dox chemistry. However, Mo&Cl material maintains well-defined
layered structures at high voltage. Such phenomena may be as-
cribed to the dissipation of deleterious strain from lattice con-
traction after Mo substitution.[41] The strengthened crystal struc-
ture stability is beneficial for stabilizing the lattice oxygen and
promotes oxygen redox reversibility.[42] Theoretical calculations
were applied to better understand the regulation mechanism of
anionic redox reversibility from the perspective of band structure
modulation. Li2MnO3 phase is chosen as the pure model struc-
ture for calculating. Mo atom substitutes Mn atom at the transi-
tion metal layer and Cl atom substitutes O atom at oxygen layer,
forming the dual doping crystal structure (Figure S6, Supporting
Information). As shown in Figure 6h,i, Mo&Cl material shows a
higher oxygen vacancy formation energy 3.03 eV than that of P0
material (2.19 eV), indicating the increasing lattice oxygen release
barrier, restrict oxygen release, and cationic migration due to the
formation of strong covalent M─O bond after band structure
regulation.[8b,17,43] Figure 6j,k depicts the density of states (DOS)

of Mn 3d and O 2p states from first-principles calculations. Com-
pared with P0 material, Mo&Cl material shows a new discrete
defect state, benefitting to shorten the band gap and increase the
conductivity of Li2MnO3 phase.[44] In addition, the non-bonding
O 2p band of Mo&Cl material shifts to low energy, demonstrat-
ing the increasing charge transfer energy term ∆.[7c,45] What is
more, the high d state of Mo element or strong covalent Mo─O
or M─Cl bond can decrease the d orbital coulombic interaction
term U due to the increasing states of filled lower-Hubbard bands
(LHB).[46] Therefore, Mo/Cl co-doping can narrow the band gap
between U and ∆ via decreasing the energy level of non-bonding
O 2p band and increasing the LHB bands, contributing to the
reversible cationic and anionic redox chemistry. Finally, the dual
doping strategy conforms to the designing idea of band struc-
ture engineering for achieving the reversible anionic redox and
strengthening the structural stability, contributing to the afore-
mentioned cycling stability and suppressed voltage decay.

The regulation mechanism of dual doping on the anionic re-
dox reversibility is revealed to mainly change the relative position
of non-bonding O 2p and the filled lower-Hubbard bands. The
enhanced anionic redox reversibility and suppressed oxygen re-
lease will also alleviate the structural deterioration after cycling.
Therefore, the specific changes in microscopic structure after
200 cycles are analyzed via SEM and TEM characterizations
(Figure 7). P0 material shows distinct crack along the whole par-
ticle and cause the crush of spherical morphology as shown in
Figure 7a, which is ascribed to the continuous oxygen release

Small 2024, 20, 2401132 © 2024 Wiley-VCH GmbH2401132 (10 of 12)

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

and corrosion of electrolyte. However, Mo&Cl material still ob-
tains the intact secondary spherical morphology due to the sta-
ble crystal structure after band structure regulation (Figure 7b).
In addition, P0 material also exhibits severe crystal structural
degradation in comparison with pristine material in Figure 7c.
From the surface to bulk structure, clear amorphous, spinel, and
disordered structure can be observed for P0 material. The out-
side amorphous structure is owing to the continuous interfacial
side reactions and electrolyte decomposition induced by oxygen
release at high voltage. What is more, oxygen loss leads to the
generation of oxygen defects in the lattice structure and cause
the easy migration of transition metal ions. Finally, subsequent
phase transformation from layered to spinel and disordered rock-
salt structure deteriorates the stability of lattice crystal struc-
ture and electrochemical properties. In contrast, Mo&Cl material
still can keep integral layered structure with clear lattice plane
space of 0.485 nm and less amorphous structure on the surface
(Figure 7d), ascribed that strong covalent bonding and Li2MoO4
coating layered stabilize the oxidation products O2

n−, contribut-
ing to suppress lattice oxygen release and irreversible migration
of transition metal ions. Moreover, the STEM-EDS line scan re-
sults reveal that the intensity of Ni and Mn signals can decrease
from the bulk to the surface, reflecting the dissolution of transi-
tion metal ions and irreversible lattice oxygen loss to some extent
(Figure 7e,f). Compared with Mo&Cl material, the discontinuous
change and rapid decreasing intensity of Mn and Ni signal for P0
material are ascribed to the generation of lattice defects and se-
vere dissolution of Mn element after cycling. Furthermore, the
dissolution of Ni and Mn elements on the anode electrodes can
be further quantitatively compared via the ICP characterization,
and the relative results are displayed in Figure S7 (Supporting
Information). The surface of the cycled anode electrode for P0
material appears the obvious black substance, which is associ-
ated with the dissolution of Mn element (Figure S7a, Supporting
Information). However, Mo&Cl material shows less black sub-
stance in comparison with P0 material (Figure S7b, Supporting
Information). The ICP results of dissolved Mn and Ni elements
for P0 material are higher than Mo&Cl material, which is consis-
tent with the above results (Figure S7c, Supporting Information).
These results demonstrate that Mo/Cl co-doping can reinforce
the stability of crystal structure restrict irreversible phase trans-
formation, alleviate the dissolution of transition metal ions and
interfacial side reactions.

3. Conclusion

In summary, we have successfully achieved the regulation of en-
ergy bands via Mo/Cl co-doping to promote the anionic redox
reversibility and enhance the structural stability of Li-rich lay-
ered oxides cathodes. The high d orbital state Mo and low elec-
tronegative Cl can selectively substitute the Mn and O atoms to
form the strong covalent Mo─O and Mn─Cl bands and alter the
band structure: The band energy gap between d orbital coulom-
bic interaction term U and the charge transfer energy term ∆ is
shortened via increasing the filled lower-Hubbard band (LHB)
and decreasing the non-bonding O 2p energy bands, contribut-
ing to the enhanced anionic redox reversibility. What is more,
the strengthening covalency of Mn─O bond further stabilizes the
O2

n− species and enhances the reversible distortion of MnO6 oc-

tahedron, leading to suppress oxygen release and increase struc-
tural stability. In addition, the bulk Mo doping and induced epi-
taxial Li2MoO4 can dissipate lattice strain and alleviate the interfa-
cial side reactions. Benefitting from the above, dual doping mate-
rial delivers increasing cycling stability and excellent rate perfor-
mance with slow voltage decay. This strategy will provide some
references to increase the electrochemical properties of Li-rich
layered oxides cathodes from the perspective of the energy band
structure regulation strategy.
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