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a b s t r a c t 

Lithium-rich manganese-based layered oxides (LRMOs) offer joint cationic and anionic redox at a high voltage, 
thus promising high energy density for lithium-ion batteries (LIBs). However, the restive anion redox is also con- 
nected with poor rate performance, severe capacity fading, and continuous voltage decay. Herein, a successful 
strategy for enhancing the Li + ion diffusivity and structure stability of LRMOs is proposed. The obtained material 
possesses high cationic and anionic redox activity due to the introduction of Te 6 + . Moreover, a heterogeneous 
protective layer that is composed of acid-resistant Mg 3 (PO 4 ) 2 and self-induced cation-disordered phase with pas- 
sivated lattice oxygen is verified to be located on the surface of the material, thereby restraining the structural 
degeneration. Benefitting from the unique architecture, the modified material presents a favorable cycling perfor- 
mance and excellent rate capability (178.8 mA h g -1 , 10 C). More importantly, the voltage decay is significantly 
suppressed during cycling. The finding here exhibits the importance of activating cationic and anionic redox in 
the bulk and passivating surface oxygen for enhancing reversible capacity at high rates and improving structural 
stability, providing a ponderable way to promote the electrochemical performance of LRMOs. 
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. Introduction 

Lithium-rich manganese-based layered oxides (LRMOs) with the
omposition of x Li 2 MnO 3 •(1- x )LiTMO 2 (TM = Mn, Ni, Co, etc.) have
een perceived as the potential next-generation cathode materials for
he high-performance lithium-ion batteries (LIBs) owing to the extraor-
inarily high specific capacity (exceeding 250 mA h g -1 , 2.0-4.6 V vs
i/Li + ), comparatively high average discharge voltage (exceeding 3.5
 vs Li/Li + ) and reduced cost [1-4] . Based on the first-principle cal-
ulations and experimental work, the extremely high capacity resulted
rom LRMOs can be ascribed to the combined contributions of both the
ationic redox couple of transition-metal ions (TM 

n + /TM 

(n + 1) + ) and the
nionic redox couple of oxygen species (O 

2- /O 

n- ) [5-9] . In spite of fur-
ishing high capacity, the unique reaction mechanism, especially the
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ndisciplinable oxygen redox, triggers some issues. For instance, the lat-
ice oxygen is easily oxidized to oxygen gas on the surface of particles
nd accompanied by some irreversible Li + ions extraction from the lat-
ice at the high voltage of > 4.5 V. This process is always in conjunction
ith possible electrolyte decomposition at the high voltage, resulting

n a large initial irreversible capacity and safety issues [ 7 , 9 ]. Recently,
ruce’s group [5] presented that O 2 formed during initial charge plateau
 > 4.5 V) in the honeycomb-ordered TM layer can be trapped in vacancy
luster defects within the bulk of particles due to the in-plane TM ions
igration into the vacated Li + sites. Though the O 2 can be reduced on
ischarge to O 

2- , the honeycomb superstructure cannot be recovered as
t was rapidly repopulated by Li + ions, which can block TM ions migra-
ion. This irreversible structural rearrangement changed the coordina-
ion environment around O from two TM ions and one Li + ion to only
 February 2021 
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i + ions, boosting the energy level of the O 2p states and leading to a
ower voltage on discharge compared with charge, which can cause volt-
ge hysteresis. Moreover, numerous investigations have demonstrated
hat the anion redox during cycling was coupled with irreversible loss
f lattice oxygen and cation migration on continuous cycling [ 6 , 10-14 ],
hich can induce irreversible structural transformation from layered

o deficient spinel-like [ 3 , 5 , 14-18 ]. These processes involve the Li + ions
nd oxygen release from the lattice, which can generate structural strain
nd result in lattice breakdown and particle fracture. Thus, the oxygen
oss and phase transformation have proved to be a major factor of the
ontinuous voltage and capacity fading [ 11 , 19 , 20 ]. Furthermore, Taras-
on’s group [6] has pointed out that the anion redox in the LRMOs ex-
ibited sluggish charge-transfer and diffusion kinetics, which was dis-
dvantageous for fast charge/discharge cycling. In brief, the low initial
oulombic efficiency, severe voltage hysteresis and decay, successive ca-
acity fading, and inferior rate capability lead to severe restrictions for
he commercialization of LRMOs. 

Because various side reactions occur at the electrode/electrolyte in-
erface, surface modification can be an effective route for mitigating
he capacity decline by preventing the host materials from erosion by
cidic species in the electrolyte [21-25] . Song et al. [23] reported an
n-situ dispersion method to construct a nano-AlPO 4 coating layer on
he surface of LRMOs and a capacity retention of 90% after 100 cy-
les can be obtained for the AlPO 4 coated Li 1.15 Ni 0.17 Co 0.11 Mn 0.57 O 2 
aterials. Zhao et al. [24] synthesized high-performance Er 2 O 3 -coated

RMOs, which illustrated significantly enhanced cycling performance
ith an ultrahigh capacity retention of 101% after 300 cycles. Though

he surface coating works quite well in enhancing cycling performance,
he overall effectiveness against voltage fading remains unsatisfactory.
n addition, the improvement of rate capability is inconspicuous for the
oated LRMOs due to the unaltered low diffusivity of Li + ions in the
ulk. Cation and anion doping were proposed to improve the cycling
tability and impede the voltage fading by alleviating the TM migration
n LRMOs [ 19 , 20 , 26-30 ]. For example, Sallard et al. substituted partial
i of LRMOs with Mg and reported that Mg substitution could hinder
he TM migration from TM slabs to Li layers during cycling due to the
trong coulombic repulsion between Mg 2 + and Mn n + , thus restraining
he structural transformation. The Mg-doped cathode materials deliv-
red a mitigated voltage fading rate of ~0.80 mV per cycle as compared
o a voltage fading rate of ~1.31 mV per cycle for the pristine material
26] . Nevertheless, doping usually results in lowering the specific ca-
acity because of the incorporation of inactive dopants. 

Recently, some researchers found that a minority of coating layer
nd dopant can affect the phase structure and the lattice oxy-
en activity of LRMOs, thus enhancing the electrochemical proper-
ies [31-35] . Zhu et al. [32] reported that surface treatment of LR-
Os using a molten ‐molybdate leaching method could induce a crys-

al ‐dense LiMn 1.5 Ni 0.5 O 4 shell in the surface region of LRMOs, this an-
on ‐redox ‐free shell can prevent global oxygen migration during cy-
ling, thus mitigating oxygen release and phase collapse. The mitigated
lobal oxygen migration (GOM) was conducive to enhancing the ini-
ial coulombic efficiency and maintaining the high discharge voltage
latform. Zhao et al. [33] presented a heterostructured LiAlF 4 coating
ethod to obtain a high proportion of oxidized nonbonding O 

n- species
n the LRMOs, which can significantly increase the anionic redox ki-
etics. As a result, the LRMOs@LiAlF 4 electrodes exhibited outstanding
ate capability (133 mA h g -1 , 5 C). In our previous work [34] , Sb was
oped into the TM site and the results demonstrated that Sb could do-
ate extra electrons to O and alleviate the excessive O participation of
harge compensation, which can stabilize lattice oxygen structure. The
b-doped LRMOs illustrated high cycling performance with a capacity
etention of 86.9% after 200 cycles at 1 C and suppressed voltage fading.
owever, the specific capacity of the Sb-doped LRMOs was a little lower

han the pristine LRMOs due to the decreased activity of lattice oxygen.
ang’s group [35] addressed the capacity and voltage fading by surface

oping of heavy ions (Nb, Ti, and Zr) in the LRMOs. It can be found that
510 
he strong Nb-O, Ti-O, and Zr-O bonding integrated the surface structure
nd passivated the surface lattice oxygen but didn’t influence the bulk
attice oxygen of the LRMOs. The modified cathode materials obtained
 high initial reversible capacity of 320 mA h g -1 at 0.1 C with high
oulombic efficiency of 87% and excellent cycling performance with
 capacity retention of 94.5% after 100 cycles. Moreover, the average
ischarge voltage drops only by 136 mV during cycling. Thus, tuning
he phase structure and electronic structure of bulk and surface lattice
xygen is crucial to stabilizing the high energy and power density of
RMOs. 

Overall, in light of the unique electrochemical reaction mechanism
f LRMOs and the tremendous efforts on the modification of these mate-
ials with coating and doping, some concerns need still to be addressed
o enhance their electrochemical performance: (1) cationic/anionic re-
ox activity and Li + ion diffusion rates should be enhanced through
ulk doping to obtain high rate capability; (2) the coating layer should
e electrochemically inert and completed to avoid the side reaction
etween the LRMOs and electrolyte; (3) the surface layered structure
hould be induced to be a more stable phase and/or the surface lattice
xygen should be passivated to suppress the oxygen release and phase
ransformation from surface to bulk. 

The non-transition metal ions with the completely filled (or no) d-
rbitals were reported to induce a formation of less directional M-O
ond, which can change the local environment around lattice oxygen,
rompting the formation of peroxo-like species, and improve anionic re-
ox activity in Li-excess materials during cycling [ 33 , 36 ]. Furthermore,
t is noteworthy that the valences of Ni, Co, and Mn are + 2, + 3, and + 4
n the LRMOs, separately [ 34 , 37 ]. Thus, doping the LRMOs with high
alence ( > + 4) ions can decrease the average valence of TM ions in LR-
Os and enhance the cationic redox activity [38] . As a result, Te 6 + ions
ith completely filled d-orbitals and high valence ( + 6) can meet the
ualifications as the appropriate dopants. Besides, to avoid the direct
ontact between the high active bulk and electrolyte, Mg 3 (PO 4 ) 2 was
oated on the surface of Te 6 + -doped LRMOs. Because the stable P = O
onds in Mg 3 (PO 4 ) 2 can provide high ionic conductivity and withstand
he erosion of acidic species [ 23 , 39 , 40 ]. Moreover, a cation-disordered
hase with less Li-O-Li configuration than the conventional well-ordered
tructure was introduced between the bulk layered structure and coat-
ng layer, which can greatly decrease the surface lattice oxygen activity
12] . Thus, a suppressed phase transformation from the surface to bulk
an be obtained in this regard. Taking advantage of Te 6 + dopant and
eterogeneous protective layer, the new LRMOs can deliver outstand-
ng electrochemical properties including high reversible capacity, slight
oltage fading, and excellent rate capability, as schematically illustrated
n Fig. 1 . Although intensive works on surface coating and doping have
een previously explored, it is important to emphasize that this work
rovides significant design guidance for the industrialization of LRMOs
ith practically high specific power and energy. 

. Experimental section 

.1. Material preparation 

A pristine lithium-rich manganese-based layered cathode material
i 1.4 Mn 0.6 Ni 0.2 Co 0.2 O 2 + x (LMNCO-P) was synthesized by a two-step
rocess containing co-precipitation followed by high-temperature cal-
ination. Firstly, a 1.6 mol L -1 mixed aqueous solution of MnSO 4 •H 2 O,
iSO 4 •6H 2 O and CoSO 4 •7H 2 O (Mn : Ni : Co = 3 : 1 : 1, molar ratio), 1.6
ol L -1 aqueous solution of Na 2 CO 3 and desired amount of NH 3 •H 2 O so-

ution were prepared, separately. Then, the as-prepared solutions were
umped into a reaction tank at a proper flow rate. The pH value and the
emperature of the suspension in the reaction tank were adjusted at 7.5
nd 55 °C. After stirring for 15 h, the as-prepared carbonate precursor
n 0.6 Ni 0.2 Co 0.2 CO 3 was washed with deionized water several times and

hen vacuum dried at 110 °C for 12 h. Subsequently, the precursor was
onverted into oxide powder by calcining at 500 °C for 6 h. After that,
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Fig. 1. Schematic diagram of design strategy 
of the Te-doped lithium-rich manganese-based 
layered oxides with a heterogeneous protective 
layer. 
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he oxide powder was fully ground with a desired amount of Li 2 CO 3 
nd finally calcined at 850 °C for 12 h to obtain the LMNCO-P cathode
aterial. 

For the preparation of the Te-doped lithium-rich manganese-based
ayered cathode material (LMNCO-T), 0.13 g H 6 TeO 6 was first dissolved
n deionized water, then 2 g as-prepared oxide powder was added into
he solution and stirred at 70 °C for 24 h to evaporate the excessive wa-
er. The resulting powder was mixed with stoichiometric amount Li 2 CO 3 
nd calcined at 850 °C for 12 h to get the LMNCO-T sample. 

The Te-doped lithium-rich manganese-based layered cathode mate-
ial with a heterogeneous protective layer (LMNCO-TH) was synthesized
hrough a wet coating method. 0.15 g Mg(NO 3 ) 2 •6H 2 O was mixed in
0 mL polyvinyl pyrrolidone (PVP) aqueous solution (0.05 g/mL) with
onstant stirring at room temperature for 1 h. Whereafter, 1 g LMNCO-T
ample was dispersed in the solution under vigorous stirring at 70 °C for
.5 h. Then stoichiometric amount NH 4 H 2 PO 4 was added into the above
uspension. After stirring for another 5 h, the mixture was filtered and
ried at 110 °C, and then calcinated at 450 °C for 6 h. Additionally, the
g 3 (PO 4 ) 2 coated lithium-rich manganese-based layered cathode mate-

ial (LMNCO-M) was synthesized through the same wet coating method.

.2. Materials characterizations 

The concentrations of metal elements were determined by induc-
ively coupled plasma optical emission spectroscopy (ICP-OES, Perkin
lmer Optima 7300 DV, PerkinElmer). The morphologies of these com-
osites were analyzed by scanning electron microscopy (SEM, JSM-
100LV, JEOL). The surface area and pore volume of samples were
tudied by N 2 adsorption/desorption using the Brunauer-Emmett-Teller
BET, Micromeritics ASAP2020) method. The crystal phases were char-
cterized using an X-ray diffractometer (Bruker AXS D8) with Cu K 𝛼

adiation at 40 kV and 40 mA, and the X-ray diffraction (XRD) results
ere collected between 2 𝜃 = 10-90° with the step size of 0.02° and du-
511 
ation per step of 1.5 s. The crystal parameters were obtained by full
pectra fitting and Rietveld refinement of the XRD data through general
tructure analysis system (GSAS) software. To gather the detailed struc-
ural characterizations and elemental distribution, transmission electron
icroscopy (TEM, JEOL JEM-2100F) and energy-dispersive X-ray spec-

roscopy (EDS, Bruker Quantax 200) were carried out. The in-situ XRD
ata were collected at a scanning speed of 0.04° s -1 between 2 𝜃 = 10-70°,
nd the time interval for each scan was set for 180 s to ensure enough
ime to track the structural evolutions of electrodes during cycling. X-
ay photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fischer)
ith monochromatic Al K 𝛼 radiation (hv = 1486.6 eV) was conducted

o analyze the valence states of Ni, Co, Mn, O, Te, Mg, and P. The Ra-
an spectra were recorded on a confocal Raman spectrometer (JASCO
RS1000DT) with an air-cooled He-Ne laser at 632.8 nm wavelength.
he synchrotron radiation X-ray absorption fine structure (XAFS) spec-
roscopy measurements, including X-ray absorption near edge structure
XANES) and extended X-ray absorption fine structure (EXAFS) spec-
ra, were performed at the Soft X-ray Microcharacterization Beamline
SXRMB) at the Canadian Light Source, Saskatchewan, Canada. The Ni,
o, Mn, and Te K-edge XAFS data were collected in fluorescence mode
sing a Si (111) double-crystal monochromator. Differential scanning
alorimetry (DSC) measurement was carried out to monitor the ther-
ostability of samples upon a TA (SDT-Q600) instrument at a heating

ate of 10 °C min -1 . 

.3. Electrochemical measurements 

Electrochemical properties of the materials were evaluated using
R2025 coin cells and pouch cells. The as-obtained cathode materi-
ls (LMNCO-P, LMNCO-T, and LMNCO-TH) were first mixed with a
inder (polyvinylidene fluoride, PVDF) and conductive additive (acety-
ene black) with the weight ratio of 8 : 1 : 1 in N-methyl-2-pyrrolidone
NMP) and then casted on aluminum foils. The prepared foils were dried
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t 110 °C for 12h under vacuum and then pressed under a pressure of
00 kg cm 

2 . The coin cells were assembled with lithium metals as an-
des and porous polypropylene membranes (Celgard 2325) as separa-
ors in a glovebox. For pouch cells, the Si/C anode (Glabat Solid-State
attery Inc.) with an areal capacity of ~3.0 mAh cm 

-2 was used, and
he capacity balance of anode to cathode was 1.2. The electrolyte for all
ells was lithium hexafluorophosphate (LiPF 6 , 1 mol L -1 ) dissolved in
 mixture solution of dimethyl carbonate (DMC) and ethylene carbon-
te (EC) (volume ratio = 1:1). The galvanostatic charge and discharge
easurements were carried out on a battery testing system (CT-3008,
eware) at various current rates (1 C = 200 mA g -1 ) in a cutoff voltage

ange of 2.0-4.6 V (vs Li + /Li). For the galvanostatic intermittent titra-
ion technique (GITT) test, cells were charged/discharged at 0.05 C for
ctivation and then charged/discharged at 0.1 C for an interval 𝜏 of 10
in. Subsequently, the cells were kept in open-circuit voltage (OCV)

or 60 min to allow the voltage to relax to the steady-state value E s .
hrough an electrochemical workstation (SP-300, Bio-Logic), the elec-
rochemical impedance spectroscopy (EIS) test was carried out. The ap-
lied frequency range is 0.1 Hz to 1 MHz, and the amplitude is 10 mV. 

. Results and discussion 

Spherical morphology is usually vital to promote the tap density and
nergy density of the nickel-based cathode materials and lithium-rich
anganese-based layered oxides. It can be seen from the SEM images

n Fig. 2 a-c and Fig. S1 a-f that LMNCO-P, LMNCO-T, and LMNCO-TH
amples represent similar particle size distributions and morphology of
phere-shaped particles with diameters of ~9 𝜇m. Moreover, these par-
icles possess compact aggregates of abundant primary nanoparticles. It
an not only provide high tap density but also contain ample space for
lectrolyte and Li + ions to permeate from surface to bulk. Furthermore,
he LMNCO-P ( Fig. S1 g) and LMNCO-T ( Fig. S1 h) samples exhibit a
imilar BET specific surface area of about 8.0 m 

2 g -1 , while LMNCO-
H ( Fig. S1 i) delivers a slightly high value of 8.3 m 

2 g -1 . The increase
f BET specific surface area for the LMNCO-TH can be ascribed to the
g 3 (PO 4 ) 2 coating layer, as will be demonstrated by high-resolution
EM (HRTEM). 
512 
To collect the average structural information of LMNCO-P, LMNCO-
, and LMNCO-TH samples, XRD patterns were conducted, as shown in
ig. 2 d. The diffraction peaks of all cathode materials match well with
ach other. They can be well indexed as rhombohedral LiTMO 2 phase
ith the space group of 𝑅 ̄3 𝑚 (marked by purple color) except for ad-
itional weak diffraction peaks between 20 and 26° (2 𝜃), which mainly
elong to monoclinic Li 2 MnO 3 component with the space group of C2/m
marked by green color) [ 41 , 42 ]. Moreover, all samples illustrate com-
lete splitting of the (006)/(102) and (018)/(110) peaks, indicating the
ormation of a typical layered phase [43] . The integrated intensity ratio
f the (003)/(104) peaks is usually applied to quantify the degree of
ation mixing, and the values of all samples are higher than 1.2, reveal-
ng low cation mixing [ 43 , 44 ]. Nevertheless, the I (003) /I (104) of LMNCO-
H sample (in the value of 1.37) is slightly lower than of LMNCO-P (in
he value of 1.45) and LMNCO-T (in the value of 1.43) samples, which
ould be ascribed to the formation of minor cations disordered layer
n the LMNCO-TH sample. In addition, A close inspection displays that
ome weak peaks between 20 and 26° (2 𝜃) of the LMNCO-TH sample
an’t be assigned to the Li 2 MnO 3 phase, and apart from that, there is no
ther impurity peak can be observed in the XRD patterns for all samples.
hus, the enlarged views of the XRD patterns between 20 and 26° (2 𝜃)
re presented in Fig. 2 e. The diffraction peaks at 20.8, 21.7, and 24.2°
2 𝜃) belong to (020), (110) and ( 1 11 ) planes of Li 2 MnO 3 phase [ 34 , 44 ],
espectively. However, it should be noted that three weak peaks at 23.2,
4.1, and 25.6° (2 𝜃) can only be observed in the LMNCO-TH sample. Af-
er careful analysis, the three reflections are more likely to be assigned to
he main diffraction peaks of Mg 3 (PO 4 ) 2 (PDF#71-1164), and the weak
ntensities are presumably attributed to the low crystallinity and content
f Mg 3 (PO 4 ) 2 . Combining the XRD and ICP-OES results ( Table 1 ), it can
e deduced that the Te was successfully doped into the LMNCO-T and
MNCO-TH samples, and Mg 3 (PO 4 ) 2 component was indeed formed in
he LMNCO-TH sample. To obtain more accurate crystallographic infor-
ation, the Rietveld refinements of the XRD data for all samples were
erformed, as shown in Fig. S1 j-l, and the lattice parameters of all sam-
les were calculated and listed in Table S1 . The ratio of R 3 m and C2/m
hases in each sample remains a similar value (3:2), which is in accor-
ance with the original design. Furthermore, Te 6 + ions in the TM (3b)
Fig. 2. SEM images of (a) LMNCO-P, (b) 
LMNCO-T and (c) LMNCO-TH samples; (d) 
full XRD patterns of LMNCO-P, LMNCO-T and 
LMNCO-TH samples; (e) enlarged views of the 
XRD patterns between 20 and 26° (2 𝜃) in (d), 
showing the difference between these three 
samples. The insets in (d) are the simula- 
tive crystal structures of monoclinic Li 2 MnO 3 

(space group: C2/m, marked by green square) 
and rhombohedral LiTMO 2 (space group: 𝑅 3 𝑚 , 
marked by purple square). Scale bars in (a), (b), 
and (c) are 2 𝜇m. 
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Fig. 3. HRTEM images of (a, b) LMNCO-P and (c, d) LMNCO- 
T samples; (e) TEM image and (f) EDS line scan profile of a 
selected primary grain of LMNCO-TH sample; (g, h) HRTEM 

images of LMNCO-TH sample; (i) simulative crystal struc- 
tures of conventional monoclinic Li 2 MnO 3 and partial cation- 
disordered Li 2 MnO 3 . The insets in (a-d, g, h) represent the FFT 
patterns and signal profiles of the selected regions. 

Table 1 

Chemical compositions of the LMNCO-P, LMNCO-T, and LMNCO-TH samples 
determined by ICP-OES. 

Samples 
Normalized element content (use Ni = 0.200 for all samples) 

Li Mn Ni Co Te Mg 

LMNCO-P 1.402 0.599 0.200 0.201 \ \ 

LMNCO-T 1.399 0.597 0.200 0.198 0.021 \ 

LMNCO-TH 1.397 0.598 0.200 0.199 0.019 0.027 
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ite of the R 3 m phase and Mn (4g) sites of the C2/m phase were con-
trained for the Rietveld refinement of LMNCO-T and LMNCO-TH sam-
les. The results manifest that the Te 6 + ions are highly possible to oc-
upy the TM (3b) site. In addition, an obviously increased lattice param-
ter of R 3 m phase can be observed in each modified sample compared
ith the pristine sample, which may be connected with the increased
roportion of TM ions with lower valence and larger ionic radius in the
odified samples, as will be demonstrated by XPS examination. 
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To investigate detailedly the microstructure of the as-obtained cath-
de materials, TEM and HRTEM were conducted on the LMNCO-P,
MNCO-T, and LMNCO-TH samples, as shown in Fig. 3 . The HRTEM im-
ge and corresponding signal profile of the selected region (green line)
f LMNCO-P sample ( Fig. 3 a) give clear lattice fringes with an inter-
lanar spacing of 0.474 nm, corresponding to the combination of (003)
lane of rhombohedral LiTMO 2 structure and (001) plane of monoclinic
i 2 MnO 3 structure. [45] The fast Fourier transform (FFT) pattern taken
rom the selected area (marked by the red square) of HRTEM image
 Fig. 3 a) can further confirm the above speculation. Furthermore, the
nalysis of the HRTEM image of the LMNCO-P sample ( Fig. 3 b) mani-
estly exhibits a set of lattice fringes that can be indexed to ( 1 31 ), ( 1 11 ),
nd (020) planes of monoclinic Li 2 MnO 3 structure [ 19 , 45 , 46 ]. Also, two
ypes of lattice fringes can be observed in Fig. 3 c and d, which refer to
omposite layered structure (the combination of rhombohedral LiTMO 2 
nd monoclinic Li 2 MnO 3 phases) and pure monoclinic Li 2 MnO 3 phase
tructure within LMNCO-T sample, respectively. Accordingly, the TM-
M-TM arrangement of the rhombohedral LiTMO 2 phase and Li-TM-TM
rrangement of the monoclinic Li 2 MnO 3 phase coexisted in LMNCO-P
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Fig. 4. Comparison of the electrochemical characteristics of the initial cycle at 
0.1 C and rate capabilities of LMNCO-P, LMNCO-T, and LMNCO-TH samples: 
(a) initial cycling curves; (b) differential capacity versus voltage (dQ/dV vs V) 
profiles of the initial cycle; (c) discharge capacity at various current rates. 

s  

t  

o  

X  

F  

L  

m  

t  

t  

b  

s  

i  

i  

t  

L  

s  

T  

H  

s  

t  

A  

m  

(
i  

 

p  

L  

t  

2  

e  

t  

v  

r  

4  

b  

p  

p  

L  

c  

n  

v  
nd LMNCO-T sample, and these two samples feature a well-ordered
ayered structure without Li/TM cations disordering within the Li layer
12] . For the LMNCO-TH sample, TEM and energy dispersive X-ray spec-
roscopy (EDS) line scanning ( Fig. 3 e and f) was first performed to char-
cterize the local homogeneity and atomic composition on the surface
f the particles. It can be detected that Ni, Co, Mn, and Te elements are
niformly distributed throughout the primary grains, while the P and
g elements are highly enriched on the surface of the nanoparticles. To

urther determine the distinction of phase constitution between surface
nd bulk of the LMNCO-TH sample, the HRTEM images and correspond-
ng signal profiles of the selected regions (marked by the green line) from
ulk to surface of the particles were carefully examined, as illustrated
n Fig. 3 g and h. The LMNCO-TH sample displays the peculiarity of an
rdered layered structure in the bulk region, and a Mg 3 (PO 4 ) 2 coat-
ng layer with a thickness of 2-4 nm can be obviously observed in the
uter layer. Nevertheless, in the subsurface region, some strong peaks
etween TM and TM layers in the line-scan signal profile can be directly
bserved, which reveals that the partial TM ions enter into the Li layers,
ndicating Li/TM cations disordering within the Li layers of rhombo-
edral LiTMO 2 and monoclinic Li 2 MnO 3 system. Fig. 3 i presents the
ifference between conventional monoclinic Li 2 MnO 3 phase and par-
ial cation-disordered structure, it can be found that the well-ordered
i 2 MnO 3 phase delivers long-range ordering of 4Li-O-2TM octahedron,
nd Li-O-Li configuration can be easily formed in the structure ( Fig. 1 )
10] . In contrast, 4Li-O-2TM ordered structure can be broken in the
i/TM cations disordered structure due to the formation of the 1Li-O-
TM octahedron, thus decreasing Li-O-Li configuration in the surface
egion of the LMNCO-TH sample. It was reported that over-oxidation
f lattice oxygen and oxygen loss in charged LRMOs cathodes mainly
roceed by extracting labile electrons from unhybridized O 2p states
itting in Li-O-Li structure [ 10 , 36 , 47 , 48 ]. As a result, the redox activity
f surface lattice oxygen is expected to be subdued in the LMNCO-TH
ample by introducing the heterogeneous protective layer. In addition,
he impact of a heterogeneous protective layer on the Li + ion diffusion
ate can be minimized due to the appropriate thickness of the heteroge-
eous protective layer and the harmonious transition between the bulk
aterial and the heterogeneous protective layer [31] . 

XPS analysis was performed to evaluate the oxidation states of ions
n the samples. as illustrated in Fig. S2 a, the Te signal can be detected in
he XPS spectrum of the modified samples (LMNCO-T and LMNCO-TH),
nd Mg and P signals only appear in the XPS spectrum of the LMNCO-TH
ample, which is in accordance with the above ICP-OES and TEM-EDS
esults. The Ni XPS spectra ( Fig. S2 b) consist of two sets of photoelec-
ron peaks: the peaks at binding energies of ~854.0 and ~861.0 eV
re assigned to the Ni 2p 3/2 and corresponding satellite peak, the other
wo peaks at ~872.0 and 879.0 eV correspond to the Ni 2p 1/2 and re-
ated satellite peak. The Ni 2p 3/2 profiles can be fitted with two peaks
hich are located at 854.3 eV (Ni 2 + ) and 855.6 eV (Ni 3 + ), indicating

he coexistence of Ni 2 + and Ni 3 + in all samples [ 49 , 50 ]. Nevertheless,
he concentration ratio of Ni 2 + and Ni 3 + (Ni 2 + /Ni 3 + ) of the modified
amples is higher than that of pristine material. Fig. S2 c and d present
he Co 2p and Mn 2p XPS spectra of all samples, and no shift of peak
ositions can be detected between pristine and modified cathode mate-
ials. Moreover, the dominant peaks of Co 2p 3/2 at 780.0 and Mn 2p 3/2 
t 642.5 eV demonstrate that the main chemical valences of Co and Mn
re + 3 and + 4 in all samples [ 33 , 34 , 50 ]. Fig. S2 e exhibits Te 3d peaks
nd the Te 3d 5/2 locates at 576.4 eV, demonstrating that Te ions are
t the oxidation state of + 6 in the LMNCO-T and LMNCO-TH samples
51] . To further identify the oxidation state of Te ions in the bulk of
he materials, the LMNCO-T sample was etched for 5 and 10 min and
hen analyzed by XPS ( Fig. S2 f). The results manifest that the chemical
alence of Te is + 6 in both surface and bulk of the modified materials.
n addition, the Mg 1s peak at 1302.8 eV ( Fig. S2 g) and P 2p peak at
33.3 eV ( Fig. S2 h) can only be detected in LMNCO-TH, and a unique
aman band at ~1000 cm 

-1 can be observed in the spectra of LMNCO-
H sample ( Fig. S3 ), which further confirm that the Mg 3 (PO 4 ) 2 was
514 
uccessfully coated on the surface of LMNCO-TH sample [52] . To de-
ermine the effect of Te 6 + dopant on the local bonding environment
f Ni, Co, and Mn ions in the LMNCO-P and LMNCO-TH samples, the
AFS spectra of several elements were studied in detail. Fig. S4 a shows
ourier transform magnitudes of the Te K-edge EXAFS spectrum for the
MNCO-TH sample. The first peak at about 1.5 Å contains the infor-
ation of metal-oxygen interaction for the first coordination shell, and

he second peak at about 2.5 Å reveals the metal-metal interaction for
he second coordination shell [53] . It is noticeable that the difference
etween Te and TM (TM = Mn, Ni, Co) K-edge EXAFS spectra is incon-
picuous, indicating that the local structure around Te is similar to TM
ons [53] . Thus, the Te 6 + ions prefer to occupy the TM layer, which
s in accord with the results of Rietveld refinements of XRD data. Fur-
hermore, The Co, Mn, and Ni K-edge XANES spectra for LMNCO-P and
MNCO-TH samples are presented in Fig. S4 b-d, and these spectra are
ensitive to the local atomic and electronic structure of absorbing atoms.
he Co and Mn K-edge XANES spectra do not change after Te doping.
owever, the absorption edge of the Ni K-edge XANES spectra exhibits a

ignificant change in intensity and shifts to lower energy, corresponding
o the variation of the local environment and reduction after Te doping.
ccordingly, it can be deduced that the Te 6 + dopant in the TM layer will
ainly affect the local environment of Ni due to the same ionic radius

0.056 nm) between Te 6 + and Ni 3 + , and then induce the partial Ni 3 + 

ons to be reduced to Ni 2 + ions, thus may boost TM ions redox capacity.
To explore the electrochemical properties of the as-prepared sam-

les, the half coin cells that assembled with LMNCO-P, LMNCO-T, and
MNCO-TH as cathode materials were characterized. Fig. 4 a manifests
he initial charging-discharging curves of all samples at 0.1 C between
.0 and 4.6 V, respectively. Each sample displays a similar characteristic
lectrochemical behavior of the LRMOs cathodes. In combination with
he corresponding differential capacity versus voltage profiles (dQ/dV
s V, Fig. 4 b), the initial charging curves can be decomposed into two
egions including a short slope line below 4.5 V and a long plateau above
.5 V. The slope is ascribed to Li + ions deintercalation from the rhom-
ohedral LiTMO 2 phase accompanied by the oxidation of TM ions (O1
eaks) such as Ni 2 + /Ni 3 + , Ni 3 + /Ni 4 + and Co 3 + /Co 4 + [6] , and the ca-
acity of both LMNCO-T and LMNCO-TH is slightly higher than that of
MNCO-P sample at this stage, which is connected with the increased
ontent of Ni 2 + ions in the modified samples. The long plateau is the sig-
ature of the activation of the monoclinic Li 2 MnO 3 phase with the irre-
ersible loss of lattice oxygen (O2 peaks) [54] . It’s obvious that only the
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MNCO-TH sample possesses distinctly subdued capacity in the plateau
egion, indicating the decrease of irreversible surface oxygen redox (oxy-
en loss) by the heterogeneous protective layer with passivated lattice
xygen. During the initial discharging process three reduction peaks ap-
ear, and it was reported that the region above 3.6 V referred to hy-
ridized “TM-O reduction ” and the region below 3.6 V mainly reflected
he “O reduction ” [55] . The most significant change between pristine
LMNCO-P) and modified (LMNCO-T and LMNCO-TH) samples is the
nhancement in the intensity of reduction peaks at ~3.4 V. The surpris-
ng growth of anionic redox could be attributed to the reform of the
ocal environment around lattice oxygen by Te 6 + ions doping, which
an be further determined by the comparison of initial cycling curves
 Fig. S5 a) and differential capacity versus voltage profiles ( Fig. S5 b) be-
ween LMNCO-P and LMNCO-M samples. Additionally, compared with
he LMNCO-P sample, the electrochemical polarization is reduced for
oth LMNCO-T and LMNCO-TH samples, suggesting the significantly im-
roved Li + ion diffusivity by Te 6 + ions doping. Hence, the LMNCO-TH
elivers a high initial discharge capacity of 282.2 mA h g -1 and optimal
oulombic efficiency of 95.4% at 0.1 C in the voltage range of 2.0-4.6 V
mong all samples, as shown in Table S2 . 
515 
The discharge capacities of the as-obtained samples at different cur-
ent densities from 0.1 C to 10 C (1 C = 200 mA g -1 ) were also measured.
s illustrated in Fig. 4 c, at any of the current rates, either LMNCO-T
r the LMNCO-TH shows higher discharge capacity than the LMNCO-
 sample, indicating that a significant enhancement of rate capability
an be obtained through modifying, which is in accordance with the
IS results ( Fig. S5 c). Though the LMNCO-TH sample shows slightly
ower discharge capacity than the LMNCO-T sample, which could be
ttributed to the increase of the Li + ion migration barrier in the cation-
isordered phase. The discharge capacity of the LMNCO-TH sample can
each 204.7 mA h g -1 at 5 C and 168.5 mA h g -1 even at 10 C, corre-
ponding to 72.5% and 59.7% capacity retention rate of those at 0.1 C.
nstead, The LMNCO-P sample only yields low discharge capacities of
50.3 mA h g -1 at 5C and 71.9 mA h g -1 at 10 C, respectively, corre-
ponding to 55.8% and 26.7% capacity retention rate of that at 0.1 C.
fter the high-rate ability test, only the LMNCO-TH sample can almost
each its initial discharge capacity once the current rate restores to 0.1
, which further confirms the high structural stability of the LMNCO-TH
ample. Additionally, the improvement of rate capability is inconspic-
ous for the LMNCO-M sample ( Fig. S5 d), therefore the enhancement
Fig. 5. (a) XPS spectra of O 1s for the LMNCO- 
P, LMNCO-T, and LMNCO-TH samples after 
charging to 4.6 V; XPS spectra of O 1s under 
different charge-discharge states for the etched 
(b) LMNCO-P, (c) LMNCO-T, and (d) LMNCO- 
TH samples; (e-g) galvanostatic intermittent 
titration technique (GITT) curves and (h) Li + 

ion diffusion coefficient ( D Li 
+ ) versus degree of 

delithiation ( x ) profiles. The insets in (e-g) are 
the selected t versus V profiles of single GITT 
titrations. 
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Fig. 6. Comparison of the cycling performance of LMNCO-P, 
LMNCO-T, and LMNCO-TH samples within 2.0-4.6 V at 1C: (a) 
variation in discharge capacity versus cycle number; (b) charge 
and discharge curves of selected cycles; (c) differential capac- 
ity versus voltage (dQ/dV vs V) profiles in (b). (d) The cycling 
retention of discharge capacity and energy density of LMNCO- 
P and LMNCO-TH samples in pouch full ‐cells with commercial 
Si/C anodes within 1.9-4.5 V at 0.5 C. 
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f the rate capability of LMNCO-T and LMNCO-TH samples could be
ainly related to the Te 6 + ions doping, while the effect of Mg 3 (PO 4 ) 2 

oating layer on the bulk Li + ion diffusivity is little. Such a favorable rate
apability of the modified samples is benefited from the improved bulk
edox activity and the Li + ion diffusivity, which can be demonstrated by
aman spectra, XAFS, and XPS of the electrodes under different charge-
ischarge states and GITT examination as shown below. 

Fig. S6 displays the ex-situ Raman spectra of the electrodes at var-
ous charge/discharge states. It can be found that a new peak at ~850
m 

-1 emerges and the intensity increases during charging, while grad-
ally disappears with the subsequent discharge process, indicating that
 

n- species (peroxo-like O-O bond) is prone to form when charged to
 high voltage (4.6 V) and disappear after discharged to a low voltage
2.0 V) [8] . More importantly, the peak area of peroxo-like O-O bond
n both charged LMNCO-T sample and charged LMNCO-TH sample is
uch higher than that in the charged LMNCO-P sample, suggesting the
igh oxygen redox reactivity for the charged LMNCO-T and LMNCO-TH
amples. To explore further the effect of Te 6 + doing on oxygen redox
eactivity, the Fourier transform magnitude of k 3 -weighted K-edge EX-
FS data of Te for the pristine and charged LMNCO-TH samples were
resented in Fig. S7 . When the cell is charged to 4.6 V, the peak of Te-O
onding becomes weak, indicating the significant variation of the length
f the Te-O bonds. As oxygen participates in the charge compensation,
he two O 2p orbitals along with the Li-O-Li configuration slightly ro-
516 
ate, generating the 𝜎-overlapped O-O dimer. According to Ceder’s work
36] , the oxygen redox is easier when the oxygen ions are bonded to the
on-transition metal ions with fully filled or empty d orbitals (such as
e 6 + ions). Since these ions coordinate the neighboring O 

2- ions equally
y “pure ionic bonding ”, it can result in less directional M-O bonds, thus
aking it easier for the O 2p orbitals to rotate. In brief, the oxygen redox

eactivity can be actually enhanced by Te 6 + doping. 
Furthermore, the ex-situ XPS of the electrodes in the different charge-

ischarge states was conducted, as shown in Fig. 5 a-d. The O 1s pro-
les ( Fig. 5 a) of charged LMNCO-P and LMNCO-T samples can be re-
olved to O 

2- (red line, 529.5 eV), O 

n- (green line, 530.5 eV), and oxy-
enated deposited species (blue and cyan line, 531.5 and 533.0 eV)
eaks [ 8 , 10 , 33 , 56 ]. To fit the O 1s curve of the LMNCO-TH sample,
nother P = O peak (orange line, 532.5 eV) needs to be added [57] . Com-
aring the LMNCO-T sample with the LMNCO-P sample, the peak inten-
ity of O 

n- increase with the introduction of Te 6 + ions. But after coating
ith a heterogeneous protective layer, the O 

n- peak intensity of LMNCO-
H is sharply diminished, indicating passivated surface oxygen, which

s in accordance with DSC results ( Fig. S8 ). As a result, the above re-
ults further reveal that the Te 6 + ions doping can prompt the formation
f nonbonding O 

n − species when charging to a higher voltage due to
he rotatable Te-O bond [36] , and thus enhancing the oxygen redox ac-
ivity. More importantly, the heterogeneous protective layer can avail-
bly passivate the surface oxygen activity, which is connected with the
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Fig. 7. In-situ XRD patterns and the corresponding enlarged views of the XRD 

patterns between 18 and 19.5° of the (a) LMNCO-TH, (b)LMNCO-T, and (c) 
LMNCO-P samples during cycling. 
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igh initial coulombic efficiency and reversible specific capacity, por-
ending that high cycling stability can be obtained. Additionally, to in-
estigate the oxygen activation in the bulk, all samples under different
harge-discharge states were etched for 10 min, and then were analyzed
y XPS, as illustrated in Fig. 5 b-d. The charged LMNCO-T sample pos-
esses a higher proportion of nonbonding O 

n- species than the charged
MNCO-P sample in the bulk lattice, indicating that Te 6 + doping can in-
ubitably enhance oxygen redox activity. Also, the charged LMNCO-TH
ample possesses a similar proportion of bulk nonbonding O 

n- species
ith the charged LMNCO-T sample, which demonstrates that the het-

rogeneous protective layer does not affect the oxygen redox activity of
ulk lattice oxygen. It is worth noting that the nonbonding O 

n- species
till exist when discharged to 2.0 V, and this incomplete reduction of
 

n- species suggests the sluggish kinetics of oxygen redox [6] . Inter-
stingly, the proportions of nonbonding O 

n- species of the discharged
MNCO-T and LMNCO-TH samples are significantly lower than that of
he discharged LMNCO-P sample. Thus the higher oxygen redox kinetics
an be obtained by Te 6 + doping. 

To illustrate the effect of the variation of oxygen redox reactivity
nd local environment of TM ions by Te 6 + doing on the Li + ion diffusion
inetics, a GITT test was conducted. Fig. 5 e-g manifests the GITT curves
f all samples, and the corresponding t versus V profiles of GITT single
itrations are inserted at the bottom of each picture. The Li + ion diffusion
oefficient ( D Li 

+ ) can be calculated based on the equation (1) as follows
34] : 

 𝐿 𝑖 + = 

4 
𝜋

( 

𝐼 0 
𝑉 𝑚 

𝐹 𝑆 

) 2 ( 

𝑑𝐸 ∕ 𝑑𝑥 
𝑑 𝐸 ∕ 𝑑 𝑡 1∕2 

) 2 
, 𝑡 << 

𝐿 

2 

𝐷 𝐿 𝑖 + 
(1)

here I 0 is assigned to the current, V m 

represents the molar volume, F
s equivalent to the Faraday constant, S refers to the surface area of the
ositive electrode, and L manifests the Li + ion diffusion length. 

As shown in Fig. 5 h, the calculated D Li 
+ values of the modified sam-

les in any degree of delithiation are larger than that of the pristine
ample. As we know, Li + ions generally diffused by hopping-diffusion
n the layered cathode materials [ 20 , 58 ]. The D Li 

+ value develops along
ith the delithiated depth ( x ) due to the variation of the Li + ion diffu-

ion barrier, which is connected with the activation energy of hopping
nd Li slab space [58] . It was reported that the Li jump pathways con-
ained oxygen dumbbell hopping (ODH) and tetrahedral site hopping
TSH), and the TSH dominated the Li hopping mechanism [58] . For the
SH pathway, the energy barrier near the Ni 2 + site is much lower than
hat near the Ni 3 + site [58] , suggesting that the fast Li + ion diffusivities
n the LMNCO-T and LMNCO-TH samples benefit from the increased
ontent of Ni 2 + ions. Furthermore, the Te 6 + dopant can increase the lat-
ice parameter of LRMOs, thereby expanding the interslab spacing and
romoting Li + migration. More importantly, for the LMNCO-P sample,
 sharp drop of D Li 

+ can be clearly observed at the end of delithiation,
hich is associated with the sluggish oxygen redox at the high charge
oltage [6] . By comparison, the D Li 

+ of LMNCO-T and LMNCO-TH sam-
les maintain well at the same stage, which could be attributed to the
nhanced oxygen redox activity [45] . In addition, the LMNCO-T and
MNCO-TH samples exhibit a similar Li + ion diffusion coefficient, indi-
ating that the heterogeneous protective layer possesses a little negative
ffect on the Li + ion diffusion. 

The cycling performance of all samples was evaluated at 1.0 C with
 pre-activation at 0.1 C for 3 cycles in the voltage range of 2.0-4.6 V,
s shown in Fig. 6 a. The initial discharge capacities of the LMNCO-P,
MNCO-T, and LMNCO-TH samples at 1 C are 228.7, 251.3, and 249.2
A h g -1 , respectively. After 200 charging/discharging, the LMNCO-TH

ample still exhibits a discharge capacity of 222.2 mA h g -1 , correspond-
ng to 89.2% of its initial discharge capacity. Inversely, the discharge
apacities of the LMNCO-P and LMNCO-T samples degrade much faster
han that of the LMNCO-TH sample and are only 163.7 mA h g -1 (71.6%
apacity retention) and 183.5 mA h g -1 (73.0% capacity retention) in the
ame cycling period. To investigate the cycling behavior of all samples
n-depth, the average discharge voltage, select charge-discharge voltage
517 
urves, as well as the corresponding differential capacity profiles, are
urther compared in Table S2 and Fig. 6 b and c. The LMNCO-P and
MNCO-T samples deliver obvious voltage decay after 200 cycles. On
he contrary, the LMNCO-TH sample shows a favorable reproducibility
f charge-discharge curves and voltage plateaus, though the voltage fad-
ng can’t be completely eliminated for the LMNCO-TH sample over the
ong-term cycling. Moreover, the cycling performance of LMNCO-P and
MNCO-TH pouch full cells is shown in Fig. 6 d. It indicates that the dis-
harge capacity and discharge energy density of LMNCO-TH pouch full
ell can maintain constant during cycling, while the LMNCO-P full cell
elivers obvious decay in both discharge capacity and discharge energy
ensity, demonstrating that heterogeneous protective layer can greatly
tabilize the full cell cycling. 

The structural evolutions of the LMNCO-P, LMNCO-T, and LMNCO-
H samples during cycling are further explored. In-situ cells containing
he as-obtained cathodes were first fully activated at 0.1 C several times
nd then cycled at 1 C, and the in-situ XRD patterns during cycling
t 1 C were collected. As shown in Fig. 7 , the (003) peaks first shift
o the low 2 𝜃 angle and then to the high 2 𝜃 angle along with the Li + 

ons extraction and insertion, which reflects the unit cell expansion and
ontraction along the c-axis due to the variation of electrostatic repul-
ion between the oxygen layers [59] . However, the variations of diffrac-
ion peak positions for LMNCO-TH are smaller than that of LMNCO-
, LMNCO-T samples, because the uniform distribution of TM ions in
he cation-disordered phase was reported to be beneficial to suppress
olume expansion/contraction during cycling [60] . Moreover, only the
iffraction peak corresponding to the LMNCO-TH sample can entirely
ecover back to its initial position after discharging to 2.0 V, indicat-
ng the excellent reversibility of structural change during cycling. These
esults also confirm that the LMNCO-TH sample possesses the charac-
eristics of reversible oxygen redox reaction during long-term cycling. 

It is generally accepted that the severe capacity and voltage fading
re mainly ascribed to the intrinsic structural transformation from lay-
red to deficient spinel-like phase, which occurs firstly on the surface
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Fig. 8. Evolutions of morphology, crystal 
structure, and chemical compositions after 
long-term cycling: (a) comparison of full XRD 

patterns of all cycled electrodes; enlarged views 
of the XRD patterns (b) between 18 and 19.3°
(2 𝜃) and (c) between 63 and 67° in (a); HRTEM 

images of (d) LMNCO-TH, (e) LMNCO-T and 
(f) LMNCO-P samples; (g) concentrations of TM 

cations in the electrolyte for the samples after 
cycling. Scale bars in (d), (e), and (f) are 5 nm. 

a  

c  

d  

r  

c  

d  

a  

s  

r  

s  

t  

i  

s  

f  

r  

c  

i  

c  

2  

t  

X  

T  

f  

v  

P  

f  

b  

L  

e  

a  
nd gradually propagates toward the bulk [14-18] . The structural in-
ompatibility between the original layered lattice and the generated
eficient spinel-like phase has been reported to obstruct the complete
ehealing of the lattice structures during lithiation on the discharge pro-
ess, leading to the particles cracking. Furthermore, the newly generated
eficient compounds can be easily etched by acidic species and there-
fter become fragments after deep cycling [15-17] . Zhang’s group ob-
erved that numerous Mn 2 + ion species formed in the fragments, which
esults in a dramatical decrease in the content of Li + ions that can be
tored in the LRMOs [17] . Moreover, the voltage at which Li + ions in-
ercalate into the deficient spinel-like moieties is about 2.8 V, which
s lower than that for Li + ions intercalation into the primordial layered
tructure ( > 3.0 V) [ 11 , 19 , 20 , 27 ]. Thus, the gradual voltage and capacity
ading appear, and intensify further along with electrochemical cycling,
esulting in a persistent loss of the specific energy. The cycling-induced
518 
rack, phase transformation, and TM ion dissolution cause the capac-
ty and voltage fading in the cycling process. Thus the morphology and
rystal structure of LMNCO-P, LMNCO-T, and LMNCO-TH samples after
00 cycles at 1 C, as well as concentrations of transition metal cations in
he electrolyte after cycling, were characterized by SEM, XRD, HRTEM,
PS and ICP-OES, the results are shown in Fig. S9 , Fig. 8 and Fig. S10 .
he SEM results show that the spherical morphology of the cathode
or the LMNCO-TH electrode after deep cycling can be well kept. Con-
ersely, the cracking of particles in the cycled electrodes of LMNCO-
 and LMNCO-T can be clearly observed. Furthermore, it can be seen
rom the XRD and HRTEM results that the LiMn 2 O 4 spinel domains can
e observed on the surface and even in the bulk regions of the cycled
MNCO-P and LMNCO-T samples, indicating the severe structure degen-
ration from the surface to bulk. On the contrary, the layered structure
fter deep cycling can be maintained well for the LMNCO-TH electrode.
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dditionally, it can be found from XPS analysis that the oxidation state
f Mn in either cycled LMNCO-P sample or cycled LMNCO-T sample
s lower than that in the cycled LMNCO-TH sample, which can further
ertify that the phase transformation from the layered structure to the
iMn 2 O 4 spinel can be well inhibited. These results suggest that the
eterogeneous protective layer in the LMNCO-TH sample can actually
tabilize the LRMOs structure against the severe physical degradation
ue to its passivated surface lattice oxygen. Furthermore, the dissolved
oncentration of Co, Ni, and Mn ions in the electrolyte for the LMNCO-
H sample are lowest among all samples, determing the significant ef-
ect of heterogeneous protective layer against the acidic species in the
lectrolyte. 

. Conclusions 

In this study, we successfully synthesize the Te-doped lithium-rich
anganese-based layered oxides with a heterogeneous protective layer

ased on a combination of the co-precipitation process and wet coat-
ng method. Abundant nonbonding O 

n- (n < 2) species are obtained in
he bulk lattice when charged to high voltage (4.6 V) due to the less
irectional Te-O bond, which can significantly improve anionic redox
ctivity during the cycling process. Meanwhile, the Te 6 + dopant in the
ulk induces partial Ni 3 + ions to reduce into Ni 2 + ions, thus maximiz-
ng TM ions redox capacity and promoting Li + ion transport within the
hole particles. The Mg 3 (PO 4 ) 2 component with a stable P = O bond can
ithstand the erosion of acidic species and inhibit TM ions dissolution

nto the electrolyte. Moreover, the redox activity of surface lattice oxy-
en is remarkably subdued by introducing the Li/TM cations disordered
tructure in the subsurface, which prevents the layered-to-spinel trans-
ormation and further ensures structural stability. As a result, the unique
rchitecture can significantly boost the initial reversible capacity and
ate capability of the material, as well as suppresses the capacity and
oltage fading. It reveals that reforming the local environment of oxy-
en ions in the bulk and surface lattice through facile bulk doping and
urface coating is critical for enhancing the electrochemical properties
nd structural stability of lithium-rich manganese-based layered oxides.
ence, this novel insight may boost the commercialization of lithium-

ich manganese-based layered oxides and inspire the development of
ther layered oxide cathode materials. 
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