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Fig. 1 Development roadmap of lithium-rich manganese-based cathode!"'”'. Reprinted with permission
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Fig. 6 X-ray ptychography images depict of (a) the original material, (b) the material after one cycle, and (c) the material after 125 cycles!"’. (d) Concentra-
tions of Ni (black), Mn (red), and Co (blue) measured by ICP-MS on graphite anodes after 100 cycles at 45 °C with LMO, LNMO, NMC811, and LMRNMC

cathodes'”. (e) A schematic representation of the atomic rearrangement process transitioning from spinel/rock-salt-type to a layered phase™”. (f) At voltages be-

low 4.3 V, the bulk electrolyte undergoes solvation and decomposition, generating HF, while EC solvent and PF, anions are prone to adsorb onto the LRMO

surface. (g) At voltages of 4.3 V or higher, EC on the LRMO surface undergoes intense oxidative decomposition and dehydrogenation, alongside HF produc-

tion from PF, hydrolysis, leading to cathode corrosion and the formation of harmful byproducts”"). Reprinted with permission
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Fig. 7 (a) HAADF-STEM images show the initial particles, while (b-c) display the particles after 18 cycles. (d) The refined ND spectrum following 26 cycles

(at 3.2 V vs. Li'/Li) is presented” . (e) The formation process of dislocation networks within primary nanoparticles is illustrated” . Reprinted with permission
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Fig. 8 (a) HAADF-STEM images of the surface region of OAT-3. The
red, blue, and green histogram profiles correspond to the spinel phase
Li,Mn,0,,, transition region, and monoclinic Li,MnOj, respectively.

(b) HAADF-STEM image of the inward of OAT-3. (c) The contrast pro-

files along with I-VI histograms. (d) HAADF-STEM image
and high-resolution EDX elemental mappings of the interior region of

OAT-3 are presented””. Reprinted with permission
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Fig. 9 (a) Lattice of NMC layered structure. Green, red, silver, purple,
blue represent Li, O, Ni, Mn, Co atoms, respectively. (b) TSH pathway.
(c) ODH pathway for Li" diffusion in NMC layered structure'”,

Reprinted with permission
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Table 1 Performance comparison of high-voltage LRMOs modified with various dopants

Cutoff voltage Cyclability (capacity ~— Rate capability

Type Dopants Electrolyte (V, vs. Li'/Li) retention@cycle@rate) /(mAh g @rate) Refs.
g?:éli:ltlt(rizt;ci);lg Ta* LB372 48V 93%@200@1 C 155@5 C [76]
Z0/Ti 1 mol L™ LiPF in EC/DMC 48V 81.3%@200@1 C 2342@1C  [74]

Surface doping F 1 mol L™ LiPF, in EC/DMC, 2%VC 43V 91%@1000@1 C 2177@0.1 C  [82]
7ZrB 1 mol L™' LiPF, in EC/DMC, 5%FEC 43V 88.1%@100@1 C 168.1@3C  [92]

AP'(BO,Y’ /(BO,)™ 1 mol L™ LiPF,-EC/DEC 48V 92%@100@0.01 C 239@0.01C  [75]

ALY 1 mol L™ LiPF, in EC/PC/DEC/PP, ARILEL = 1:1: 1 46V 88.2%@800@0.5 C 224@0.1C  [79]

Ca 1 mol L™ LiPF, in EC/DMC 43V 81.0%@50@0.2 C 122@02C  [81]

Sn 1 mol L™ LiPF, in EC/DMC 48V 75.2%@50@0.1 C 199.8@0.1 C  [83]

Y I mol L™ LiPF, in DMC:EC:PC=1:1: 1 45V 98.4%@100@1 C 189.4@0.5C  [84]

AP, Nb** 1 mol L™ LiPF, in EC/DMC 43V 98.9%@100@0.5C  230.8@0.1C  [85]

Bulk doping Mg 1 mol L™ LiPF, in EC/DMC 43V 85.32%@200@0.5 C 174@0.1C  [86]
B, RP 1 mol L™ LiPF, in EC/DMC 45V 87.9%@1000@0.3 C [871

Te 1 mol L™ LiPF, in EC/DMC 46V 89.2%@200@1 C 178.8@10C  [88]

W 1.2 mol L™" LiPF6 in EC/DMC 43V 774%@1000@0.5C  242@0.1C  [89]

S 1 mol L™ LiPF, in EC/DMC 43V 94.5%@100@0.2 C 175.8@2C  [90]

Na’, SO, 1 mol L™ LiPF, in EC/DMC, 5%FEC 48V 94.1%@100C@0.2 C 152@2 C [o1]

Na 48V 85%@500@1 C 227@5 C [80]
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Fig. 10 HRTEM images of (a) unmodified LRMO and (b) ZT-LRMO. Fast Fourier transform (FFT) patterns of (¢) unmodified LRMO and (d) ZT-LRMO.
(e) A comparison of the cycling performance at a rate of 0.5 CI""). (f) The total and partial density of states (TDOS/PDOS) for LRMO, LRMO-A, and LRMO-
AB, along with two-dimensional charge density differences for LRMO-A (top) and LRMO-AB (bottom). (g-h) Diagram of side reaction mechanism at the elec-

trode and electrolyte interface!”. (i) Modification strategy of gradient Ta’" doping for LRMO. (j) The corresponding scheme of structure evolution mechanism
for LRMO and Ta-LRMO. (k) Cross-section SEM images of LRMO and Ta-LRMO after 200 cycles at 1 C'"). Reprinted with permission
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Table 2 Advantages and disadvantages of different coating materials

Type Coating materials

Advantages Disadvantages

Electrochemical
active materials
Non
electrochemically
active materials

LiFePO,; Li,TiO;; LiMn, NixO,

phosphate

Polyaniline; Polypyrrole;

Polymer Poly3,4-ethylenedioxythiophene

Metallic oxide; Metal fluoride; Weaken interface reactions, enhancing electrode stability, and reduce transition

Maintain lattice structuers and have high improved

Provide Li" channels, promote Li" transport, reduce electrode polarization, and Price higher than other
alleviate interface reactions between electrolytes and materials

materials

metal leaching Fluoride is toxic
Difficulty in
aggregation, uneven
coating

Vol. 40 | Issue 3 | Jun. 2025 |

New Carbon Materials



G S m AR R BRI AL IE R . SCHEPRER, R SRR R

#3 AEEEVMHKERNSHEE LRMO HaEtbs

Table 3 A performance comparison of high-voltage LRMO modified with various coating materials

Cutoff voltage  Cyclability (capacity ~ Rate capability

Coating type Cladding materials Electrolyte (V,vs. Li/Li) retention@cycles@rate) /(mAh g '@rate) Refs.
Fluorinated graphene coating 2.0 M LiPFg, THF : MTHF=1 : 1 45V 86.4%@200@1C 200@0.2C  [105]

Carbon-based Fcegg’fﬁafffifs I M LiPF, in EC/DMC 43V 95%@30@1C 178@IC  [106]
D‘;ﬁ‘jgg;"g:ﬂi‘;?rlﬁ:;ed 1 M LiPF, in EC/DEC, 2% FEC 49V 93.8%@200@0.5C 128@0.1C  [107]

Li,PO, 1 M LiPF, in EC/EMC/DMC 43V 84.6%@200@2C 160.1@2C  [102]

Phosphate coating NaH,PO, 1 M LiPF, in EC/DMC 48V 73.6%@500@5C 262.4@0.1C  [108]
AIPO,-Li;PO, IM LiPF, in EC/DEC 48V 75.5%@300@1C 254.6@0.1C  [109]

Polymer coating PPy 1 M LiPF, in EC/DMC 43V 85.1%@100@0.1C - [101]
Tio, 1 M LiPF, in EC/EMC/DMC 47V 96%@150@0.2C - [103]

MgO 1 M LiPF, in EC/EMC 43V 85%@60@0.2C 132.5@0.2C  [104]

Metal oxide coating B,0, 1 mol/L NaPF, in PC 2%FEC, EMC 40V 87%@200@1C 99@10C [110]
Gd,0, 1 M LiPF, in EC : EMC=3 : 7 45V 88.1%@400@1C 88@5C (111

WO, 1 M LiPF, in EC/EMC 44V 76.2%@300@1C 48@loc  [112]

ZrO, 1 M LiPF, in EC/EMC 47V 86%@1000@40C 133@6C [113]

Note: M: mol L™

Electrolyte corrosion

d
( ) RLCNMO v Y (1 & 5%}:'
Path 1 > *

Spinel phase
Organic part

Model
»
el
2
5
N

0.23 nm ce| Organic part

" 7 Inorganic part Inorganic part -
Path 3
e *
-500 -498 -496 -494 -492 -490 -488
Energy (eV)
’ ;s d > ; T PR
= ot G 12{ Em ol Nisbar
- <Oxygen loss. e : 2.
Transition mg e e oS : . :
Interfacial - - i - i % 6
reacton ' e ~ 3
e — i 5, . =
7 i i;MnG; type g £ 0
v on el R 10 NS Jayered ! Mn Ni Co
Transition metal
(n)
Mn
1.344 1.959 C'O
Ni
0.597
0.439
0.302 0.269

6 mL Electrolyte | |
/11 mol L' LiPF6 in EC:DECEMC=52:3 TRLO _ LRLO@0.02Ph-COOH

B 11 (a)S-LRMO fEHIZR 5 (b)) LRMO Fil(¢)S-LRMO BYHL TR e 8 (ELF) {17 (d)R-LRMO HJ HRTEM &1 FFT [&]; (e)R-LRMO(ZE) Fil P-
LRMO (A7) ) CEI 2 k7R~ Bl ; () C2/m Fl R-3m FLHIBHE = 2% Li 9Bl 42 09 s =" (g) MBO,-LRMO Uk 4544 B 1SR W /R i8Il 78 1CF
100 AEFF 5 (h)MBO,-LRMO F1(i) JFilf LRMO £ HRTEM [&l; (§) 100 UAGHF 5 AL A Hh 42 8 25 AT (k) LRMO@Ph-COOH 7R =,
(1) LRMO@Ph-COOH ) HRTEM [&]; (m)V 3t B P (n) AR FP Ao 8 4 5 1l )

Fig. 11 (a) Schematic diagram of advantages of S-LRMO; The ELF of (b) LRMO and (c) S-LRMO"". (d) HRTEM image and FFT of the selected areas of R-
LRMO. (e) Schematic illustration of CEI layers evolution for R-LRMO (left) and P-LRMO (right). (f) The saddle point energy of three Li-diffusion paths near
the interface of C2/m and R-3m""). (g) Schematic diagram of the structure design strategy of the MBO,-LRMO particles. HRTEM images of (h) MBO,-LRMO

and (i) bare LRMO after 100 cycles at 1 C. (j) The concentration of dissolved Mn, Ni and Co ions for the bare LRMO and MBO,-LRMO after 100 cycles””.

(k) Schematic illustration and (I) TEM images of the LRMO@Ph-COOH. (m) Schematic illustration of the V-type cells. (n) The transition metal ion concentra-

tion of the electrolyte of LRMO and LRMO@0.02Ph-COOH V-type cells""". Reprinted with permission
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Fig. 12 (a) Schematic illustration of dual modification strategy. (b) S 2p and (c) O 1s XPS spectra of the composite LRMO electrode of LRMO/LPSCI/Li—In
cell and the composite LRMO-Ru@S electrode of LRMO-Ru@S/LPSCI/Li—In cell at different states (uncycled, after 70 cycles)!''*. Schematic illustrations of

the electronic and ionic migration at the interface: (d) Conventional carbon-free solid-state LRMO electrode. (¢) Carboncontaining solid-state LRMO electrode.

(f) Carbon-containing solid-state electrode with modified LRMO!"'"\. Reprinted with permission
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