
Vol.:(0123456789)

  e-ISSN 2150-5551
      CN 31-2103/TB

ARTICLE

Cite as
Nano-Micro Lett. 
         (2026) 18:433 

Received: 30 March 2026 
Accepted: 2 June 2026 
© The Author(s) 2026

https://doi.org/10.1007/s40820-026-02276-8

Inhibition of Surface‑Originated Degradations 
in Lithium‑Rich Layered Cathode 
via a Pre‑Constructed Carbon/Fluorine‑Rich 
Artificial CEI Layer
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HIGHLIGHTS 

•	 A multifunctional carbon/fluorine-rich artificial cathode electrolyte interphase (CEI) layer is fabricated on Li1.2Ni0.2Mn0.6O2 cathode 
surface.

•	 The artificial CEI layer ensures highly reversible anionic redox, with higher Coulombic efficiency, suppressed local structure rear-
rangement, and lowered Li+ transport activation barrier.

•	 Profiting from the mitigated surface-originated degradations, capacity retention up to 90.6% after 300 cycles is achieved, with mark-
edly alleviated voltage decay and effective surface depolarization.

ABSTRACT  In the ongoing pursuit of energy-dense lithium-ion batter-
ies (LIBs), Li-rich layered oxide (LLO) cathodes provide an attractive 
path forward with extraordinary capacity delivery and low raw material 
cost. However, the surface-originated degradations and local structure rear-
rangement incur severe capacity and voltage fading, which fundamentally 
impedes the practical deployment of LLOs. Here, we report a pre-con-
structed multifunctional carbon/fluorine-rich artificial cathode electrolyte 
interface (CEI) layer via a facile thermal treatment. This surface integrated 
layer, with high-voltage tolerance and amorphous features, is designed to 
mitigate surface-originated parasitic reactions and phase transformations 
induced by electrochemistry. Multiscale characterizations reveal that the 
artificial CEI layer exhibits excellent interfacial compatibility with both 
the LLO cathode and the electrolyte system, ensuring highly reversible 
anionic redox and low activation barrier for Li+ transport. Profiting from 
this architecture, remarkable cycling stability is achieved including 90.6% retention after 300 cycles in half cell, along with high energy efficiency 
and markedly alleviated voltage fading. More importantly, the artificial CEI layer demonstrates a distinct depolarization effect, which almost 
completely prevents the rise in charging voltage upon cycling. This work provides valuable insights into surficial/interfacial modulations and 
broadens research directions for designing high-voltage cathodes with more durable interphases for next-generation batteries.
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1  Introduction

Lithium-ion batteries have emerged as the dominant energy 
storage solution, serving as the ubiquitous power source for 
a diverse range of applications including portable electron-
ics, industrial power tools, and the rapidly expanding electric 
vehicle market. The relentless pursuit of higher energy den-
sity has spurred extensive efforts in the research and devel-
opment of advanced high-specific-energy cathode materials. 
Lithium-rich layered oxides (LLOs), with reversible capacity 
exceeding 250 mAh g−1, are regarded as one of the most 
competitive cathode candidates for overcoming the current 
energy density bottleneck [1–4]. The remarkable capac-
ity of LLOs stems from the strategic utilization of hybrid 
anion- and cation-redox (HACR) chemistry. Nevertheless, 
the heavy utilization of anion redox inevitably compromises 
the solid oxide framework, resulting in the formation of O–O 
dimers and, ultimately, the release of molecular O2 from the 
particle surface. This phenomenon sets the stage for cathode 
degradation, as studies indicate that once oxygen vacancies 
are generated at the LLO particle surface, they could readily 
propagate toward the particle core and detriment the oxide 
lattice [5–8]. The following degradations, including local 
structural rearrangement from layered to disordered phases, 
transition metal (TM) migration and TM dissolution, eventu-
ally give rise to continuous capacity and voltage fading. The 
emission of O2 into the electrolyte also accelerates decom-
position of the latter, leading to the formation of a loose 
and thick cathode electrolyte interface (CEI) with increased 
surface polarization [9–11]. In this context, the cathode sur-
face/interface plays a pivotal role in the electrode process 
and its reliability can deeply influence the electrochemical 
performances of LLOs.

To tackle this, surface engineering strategies such as 
surface doping/coating, partial lattice reconstruction from 
layered to spinel/rocksalt-like phases, and defect induce-
ment on surface cation/anion sites, have been widely 
explored [5, 12–20]. Admittedly those efforts have made 
extensive contributions toward cathode performance 
enhancement, most of them aim at reinforcing the cathode 
surface lattice while neglecting the interfacial issues upon 
organic electrolyte/Li salt attaching, throwing obstacles in 
the way of direct CEI stabilization and sustained interfa-
cial protection during prolonged cycling.

Typically, the structures and properties of CEI layer are 
dictated by the electrolyte system when cycled within a 
certain potential range. The full utilization of anion redox 
necessitates an upper cut-off voltage Uup of approximately 
4.8 V, which surpasses the oxidative stability limit of con-
ventional carbonate electrolytes (e.g., approximately 4.5 V 
for ethylene carbonate, EC), and thus triggers electrolyte 
decomposition and formation of CEI layer [21–23]. Since 
this layer forms in situ during cycling, the most applied 
CEI modification strategies are modulating of electrolyte 
component/additives, while its direct manipulation pre-
sents significant difficulties. An ideal CEI for LLOs should 
possess high chemical/electrochemical stability against 
oxidation at Uup, low interface polarization, and good 
interfacial compatibility. Yet this presents challenges for 
electrolyte design since the ones should also balance the 
character of solid electrolyte interface (SEI) on the anode 
side, as well as other physical properties for ion transport 
and solvation chemistry [24].

In this work, we present a pre-constructed artificial CEI 
strategy on a Li-rich layered cathode Li1.2Ni0.2Mn0.6O2. 
The controlled thermal treatment of LLO with 
1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether 
(TTE) enables the formation of a carbon- and fluorine-
rich surface layer on the cathode particle. This layer pos-
sesses an amorphous feature and is tightly integrated on 
the cathode surface with a thickness of ~ 6 nm. Proof-of-
concept tests indicate that when cycled in an electrolyte 
non-oxidated environment (against a Li4Ti5O12 anode), 
this layer could markedly enhance electrode reversibility 
with higher Coulombic efficiency (CE) and less irrevers-
ible charge transfer. Various characterization techniques 
further demonstrate that this artificial CEI layer sig-
nificantly mitigates surface-initiated parasitic reactions, 
alleviates phase transformations and TM dissolution. 
More importantly, the tailored interfacial chemistry also 
leads to pronounced depolarization. Leveraging these 
merits, remarkable cycling stability is achieved includ-
ing a capacity retention of 90.6% after 300 cycles with 
less voltage attenuation, alongside improved full cell 
performance. This work provides actionable insights into 
surface/interface modulation and opens new avenues 
for designing high-voltage cathodes for next-generation 
batteries.
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2 � Experimental Section

2.1 � Materials

Lithium acetate dihydrate (CH3COOLi·2H2O, 99.0%), 
nickel acetate tetrahydrate (Ni(CH3COO)2·4H2O, 99.0%), 
manganese acetate tetrahydrate (Mn(CH3COO)2·4H2O, 
99.0%), and N-methylpyrrolidone (NMP, 99.5%) were pur-
chased from Shanghai Aladdin Biochemical Technology 
Co., Ltd. Citric acid (C6H8O7, 99.5%) and ammonia solu-
tion (NH3·H2O, 25%-28%) were purchased from Shanghai 
Macklin Biochemical Co., Ltd. Polyvinylidene fluoride 
(PVDF) and Super P were sourced from Canrd Technol-
ogy Co. Ltd. CR-2025 coin cell cases were purchased from 
Hefei Kejing Materials Technology Co., Ltd. The 1.0 M 
LiPF6 in EC:EMC:DMC = 1:1:1 wt% electrolyte and 
1.0 M LiClO4 in EC:EMC:DMC = 1:1:1 vol% electrolyte 
were purchased from Suzhou Duoduo Chemical Technol-
ogy Co., Ltd. All chemicals were used directly without any 
purification.

2.2 � Materials Synthesis

2.2.1 � Preparations of LNM

The Co-free Li1.2Ni0.2Mn0.6O2 (LNM) cathode was pre-
pared using a conventional sol–gel (S-G) method com-
bined with solid-state reaction. In a typical synthesis, stoi-
chiometric quantities of CH3COOLi·2H2O (5% excess to 
compensate for lithium volatilization during calcination), 
Ni(CH3COO)2·4H2O, and Mn(CH3COO)2·4H2O were first 
dissolved thoroughly in deionized water. This transparent 
solution was then added dropwise into a citric acid solution 
(molar ratio of citric acid to total metal ions = 1:1) under 
constant stirring. The pH of the resulting mixture was care-
fully adjusted to 6.5–7 by dropwise addition of dilute aque-
ous ammonia. Maintaining this near-neutral pH ensures full 
deprotonation of citric acid and strong chelation with metal 
ions, forming a homogeneous and stable sol without any pre-
cipitation. After stirring at 80 °C for 8 h, this gel was dried 
in an air oven at 220 °C overnight to completely decompose 
the citric acid, yielding a black, porous precursor. The dried 
precursor was ground, pre-calcined at 450 °C in air for 5 h 

(heating rate of 5 °C min⁻1), and finally annealed at 900 °C 
for 20 h to obtain the well-crystallized layered LNM oxide.

2.2.2 � Fabrication of Artificial CEI Layer

To fabricate a carbon- and fluorine-rich artificial CEI layer 
on the LNM cathode, 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetra-
fluoropropyl ether (TTE, purchased from Suzhou Duoduo 
Chemical Technology Co., Ltd. and used as received without 
further purification) was adopted as the precursor. After cal-
cination, 2 g of the as-obtained LNM powder was quenched 
into 20 mL of TTE and then subjected to intense ultrasoni-
cation for 20 min. The resulting dispersion was transferred 
into a 50-mL Teflon-lined hydrothermal reactor and heated 
at 220–320 °C for 6–12 h. After the thermal treatment, the 
product was collected and dried in a vacuum oven at 90 °C 
for 10 h to thoroughly remove residual TTE, yielding cath-
ode with an artificial CEI layer. After a series of trial-and-
error experiments, the reaction temperature was optimized to 
270 °C and the reaction time to 6 h (Fig. S1 and Table S1). 
The optimized cathode was marked as CFx-LNM.

3 � Results and Discussion

Our investigation commenced with the screening of single-
bonded functional groups potentially suitable for an artifi-
cial CEI layer. Given that chemical/electrochemical stabil-
ity against high-voltage oxidation is the critical determinant 
for LLOs, bond energy and length were assessed as the key 
parameters in this assessment (Fig. 1a). Of the candidates 
considered, the C-F component demonstrates the highest 
bond energy (approximately 485 kJ mol−1) together with a 
moderate bond length. TTE was therefore chosen as the raw 
reagent, owing to its high content of -CF/-CF2 groups and 
the presence of a relatively labile ether linkage that read-
ily cleaves during thermal processing. The detailed experi-
mental procedures are articulated in the Materials Synthe-
sis section, and the formation mechanism and ion transport 
behavior in the artificial CEI are discussed in Supplemen-
tary Notes and Discussions. For conciseness, the pristine 
Li1.2Ni0.2Mn0.6O2 is denoted as LNM, while the cathode 
with the pre-constructed artificial CEI layer is denoted as 
CFx-LNM hereafter. Fig.  1b illustrates the Fourier trans-
form-infrared (FT-IR) spectra of LNM and CFx-LNM. Both 
cathodes exhibit typical absorption peaks corresponding to 



	 Nano-Micro Lett.          (2026) 18:433   433   Page 4 of 15

https://doi.org/10.1007/s40820-026-02276-8© The authors

LLOs, while two extra peaks emerge in CFx-LNM. These are 
ascribed to the presence of -CF (around 1180–1240 cm−1) 
and -CF2 (around 1300–1350 cm−1) groups, respectively 
[25, 26]. The absence of characteristic ether bond vibrations 
(around 900–1100 cm−1) indicates that the -CFx signature 
originates from fluoro-ether decompositions derivatives, 
rather than a simple TTE physical adsorption (Fig. S2). Fig-
ures  1c and S3 present the X-ray diffraction (XRD) patterns 
of LNM and CFx-LNM. All diffraction peaks can be well 
indexed to LLOs, which comprises a combination of hexago-
nal LiMO2 with R 3 m space group and monoclinic Li2MnO3 
with C2/m space group [20, 27, 28]. Rietveld refinement 
confirms that the artificial CEI layer and its construction 
process did not alter the bulk crystal structure, as evidenced 
by the negligible difference in lattice parameters between the 
two cathodes (Tables S2 and S3).

Scanning electron microscopy (SEM) and high-resolution 
transmission electron microscopy (HRTEM) were employed 
to characterize the morphology of LNM and CFx-LNM. As 
shown in Figs. 1d and S4, both cathodes consist of granular 
particles with diameters of 200–400 nm. HRTEM image 
clearly shows that a continuous and uniform layer tightly 
integrated on the CFx-LNM surface (Figs. 1e and S5). The 
homogeneous distribution of all elements (Ni, Mn, O for 
LNM and Ni, Mn, O, F, C for CFx-LNM) was further veri-
fied by HRTEM-equipped energy-dispersive spectrometer 
(EDS) as shown in Figs. 1f and S6 and Table S4. The obvi-
ous TEM contrast discrepancy (Fig. 1g) and geometric 
difference (according to geometric phase analysis, GPA, 
Fig. 1h) indicate a clear structure distinction between the 
surface layer and oxide bulk. Figure 1i–n illustrates the mag-
nified TEM, high-angle annular dark field (HAADF) and 
annular bright field (ABF) images, along with homologous 
fast Fourier transform (FFT) patterns for region I and II in 
Fig. 1e. The artificial CEI layer possesses a typical amor-
phous feature according to Fig. 1i, j, which is anticipated 
to facilitate ion transport during electrochemistry. For the 
interior region, atomic-resolution HAADF and ABF images 
resolve a well-ordered O3-type layered structure with neg-
ligible signal of Li/Ni antisite defects. This bulk structure is 
consistent with that of the pristine LNM cathode (Fig. 1o, p). 
Accordingly, the STEM line scan results in Fig. 1q reveal the 
near-surface architecture of CFx-LNM, comprising an ~ 6 nm 
amorphous surface layer, a transition region, and an ordered 
interior lattice with an interplanar spacing of ~ 0.47 nm.

Surface chemistry was subsequently investigated by X-ray 
photoelectron spectroscopy (XPS). It is found that the arti-
ficial CEI did not alter the Mn oxidation state, as shown by 
the nearly identical Mn 3s splitting energies between the two 
cathodes in Figs. 2a and S7 [29]. Nevertheless, CFx-LNM 
exhibits significantly weakened lattice oxygen signal along-
side an increase in surface oxidized species (Fig. 2b) [30]. 
Given the high surface sensitivity of XPS, these observations 
reflect the complete coverage of the artificial layer, which 
reduces the lattice oxygen contributing to the spectrum. As 
for the C 1s and F 1s spectra (Fig. 2c, d), characteristic peaks 
corresponding to both C-F and C-F2 are clearly identified, 
again implying the chemical constituents of the surface layer 
[25, 31]. To obtain further statistical information of the sur-
face structure, time-of-flight secondary ion mass spectrom-
etry (TOF–SIMS) was carried out. Figure 2f depicts the nor-
malized intensity of representative fragments as a function 
of sputtering time. Both CF− and CF2

− fragments exhibit 
a depth-dependent distribution, of which the intensities 
reach a maximum rapidly and subsequently turn to decline. 
In contrast, the MnO− signal shows a progressive increase 
during the initial 100 s of sputtering before reaching a nearly 
steady state. Figure 2g presents the three-dimensional (3D) 
reconstruction and two-dimensional (2D) top view results 
of the fragments. The uniform in-plane signals of CF− and 
CF2

− fragments in the 2D maps confirm the homogeneity of 
the surface layer, while the 3D renders indicate the gradi-
ent spatial distribution. These results further elucidate the 
structure and composition of the as-constructed CEI, in well 
line with the FT-IR and HAADF-STEM findings.

To evaluate the effect of the artificial CEI during electro-
chemical process, a proof-of-concept test was conducted by 
operating the cathodes within an electrolyte non-oxidizing 
environment. A Li4Ti5O12 counter electrode was adopted 
due to its moderate (de)lithiation plateau at ~ 1.55 V, which 
results in a ~ 2 V voltage gap between the electrodes (cor-
responding to a voltage range of 0.4–3.25 V) and thus avoids 
CEI formation through carbonate electrolyte oxidation (Fig. 
S8). When cycled within a certain voltage range, the Cou-
lombic efficiency (CE) is defined as the ratio of the total 
reductive charge (Qred) to the oxidative charge (Qoxi) [32]:

The irreversible charge transfer during electrochemistry 
is then able to be quantified by the Coulombic inefficiency 

CEn =
Qred(n;Umin,Umax)

Qoxi(n;Umin,Umax)
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cumulant (CIC), i.e., the accumulation of the Coulombic 
efficiency loss in each individual cycle: CICn =

n∑

n
�
=m

|1 − CEn
� |

Fig. 1   Morphological and structural characterizations of LNM and CFx-LNM. a Comparison of bond energy and bond length of single-bonded 
functional groups potentially suitable for artificial CEI layer. b FT-IR spectra of LNM and CFx-LNM. c XRD pattern and Rietveld refinement 
result of CFx-LNM. d SEM and e TEM images of CFx-LNM. f EDS elemental mapping results of CFx-LNM, showing the distribution of Ni, 
Mn, O, F, and C. g TEM image and h GPA results of CFx-LNM, homologous with e. i-n Magnified HAADF-STEM images and correspond-
ing FFT patterns for different regions of CFx-LNM. o, p Magnified HAADF-STEM image and corresponding FFT pattern of LNM. q STEM 
line scan profile of CFx-LNM, illustrating the near-surface atomic arrangement
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Figure 2h plots the CIC and average CE for both cath-
odes after an initial activation cycle. It is evident that the 
artificial CEI layer effectively mitigates the CIC increase, 
lowering it to 23.42% for CFx-LNM from 39.75% for the 
pristine LNM. Meanwhile, the average CE improves from 
99.60% (for LNM) to 99.82% (for CFx-LNM), indicating a 
more reversible electrochemistry for the latter. The detailed 
charge–discharge profiles are provided in Figs. 2i, j and 
S9. The slight voltage fade and a capacity retention up to 
95.9% for CFx-LNM again imply the efficacy of the artificial 
CEI layer on cathode stabilization. As such, the properties 
and functions of the artificial CEI layer are summarized in 
Fig. 2e. To better assess the lattice oxygen stability and more 
directly monitor the gas evolution behavior, differential elec-
trochemical mass spectrometry (DEMS) measurements were 
also conducted during the initial charging process. As shown 
in Fig. S10, substantial O2 evolution is observed from LNM 
near the end of the first charge, with a peak concentration 
reaching 200 ppm. In contrast, O2 evolution from CFx-LNM 
is significantly suppressed, and only a very minor amount 
of O2 is detected throughout the entire charging process. 
These results provide direct evidence for the suppression of 
O2 evolution by the artificial CEI layer.

The half cell performances were evaluated with Li metal 
anodes in a voltage range of 2.0—4.8 V. CFx-LNM exhibits 
a higher initial CE of 80.9% (vs. 76.1% for LNM) with a 
shortened oxygen oxidation plateau (Fig. 3a). When cycled 
at 1 C (Figs. 3b–e and S11 and Table S5), significantly 
improved cyclability can be observed in CFx-LNM with 
capacity retention of 90.6% (vs. 77.3% for LNM) and higher 
energy efficiency within 300 cycles. More importantly, the 
artificial CEI layer demonstrates a marked depolarization 
effect, preserving CFx-LNM with an average discharge volt-
age VD of 3.25 V at the 300th cycle while keeping the aver-
age charge voltage VC nearly constant at 3.92 V through-
out cycling. This is in sharp contrast with LNM, the VD of 
which at the 300th cycle deteriorates to 2.98 V and VC rises 
to 4.13 V. The redox couple variations during cycling are 
also studied by the differential capacity (dQ/dV) analysis 
(Fig. 3d, e). The negligible O1 peak changes (ΔV = 0.063 V 
for CFx-LNM vs. ΔV = 0.212 V for LNM) and the mitigated 
R1-3 peak variations indicate a more reversible redox chem-
istry enabled by the artificial CEI. This is further evidenced 
by the cyclic voltammetry tests after 4 and 99 cycles in a 
three-electrode cell (Fig. S12). The stabilizing effect persists 
even at an elevated temperature of 50 °C, under which the 

cathode degradation and surface/interface parasitic reac-
tions are significantly intensified (Figs. 3f, g and S13). As a 
result, an improved capacity retention of 84.3% (vs. 63.9% 
for LNM) alongside a substantially mitigated voltage fading 
rate of 0.80 mV/cycle (vs. 2.11 mV/cycle for LNM) were 
achieved on CFx-LNM.

To better assess the application potential of the cathode 
with artificial CEI layer, full cells were assembled employ-
ing a commercial graphite anode (Figs. 3h and S14). A volt-
age range of 1.8–4.6 V and current density of 0.5 C were 
adopted. As expected, the full cell with CFx-LNM cathode 
exhibits a more stable redox behavior with a capacity reten-
tion of 82.7% after 100 cycles. These findings substantiate 
that the artificial CEI layer significantly enhances the overall 
performance of Li-rich cathode, particularly by mitigating 
irreversible capacity/voltage losses and enabling effective 
surface depolarization.

The mechanism underlying cathode performance 
improvement by the artificial CEI layer was subsequently 
investigated through post-cycling analysis. We first 
employed the galvanostatic intermittent titration technique 
(GITT) to probe the Li+ diffusion kinetics after 100 cycles. 
It is found that CFx-LNM demonstrates a higher Li+ dif-
fusion coefficient (DLi+) than LNM across every measured 
state of charge (Figs. 4a and S15). Temperature-dependent 
electrochemical impedance spectroscopy (EIS) was carried 
out to investigate the activation energy (Ea) barrier for Li 
ion pre-desolvation and its transport through the CEI layer 
[33]. As plotted in Figs. 4b, c and S16 and Table S6, the 
Ea,CEI and Ea,ct are 12.58 and 15.46 kJ mol−1, respectively, 
which are much lower than those (20.69 kJ mol−1 for Ea,CEI 
and 17.14 kJ mol−1 for Ea,ct) of LNM. This lower energy 
barrier accounts for the observed kinetic enhancement and 
the increased DLi+ in CFx-LNM compared to the unmodi-
fied cathode.

SEM and HRTEM were performed on the cathodes 
extracted from post-cycled electrodes. CFx-LNM surface 
remains clean and smooth according to the SEM images 
(Fig. 4d), showing little morphological change compared 
with its pristine state. In sharp contrast, LNM surface is cov-
ered by a thick and fuzzy layer, as a consequence of severe 
electrolyte oxidization and deposition (Fig. 4e). The elimina-
tion of these electrochemical by-products plays an important 
role in the surface depolarization and kinetic improvement 
of CFx-LNM. HRTEM images and their corresponding FFT 
patterns further reveal that CFx-LNM possesses a uniform 
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surface layer with amorphous features and a well-preserved 
interior layered structure with d(003) spacing of 0.474 nm 
(Fig. 4f). However, LNM exhibits a defective surface with 
partially disordered and spinel-like phases, as well as nano-
voids induced by electrolyte corrosion (Fig. 4g). Specifi-
cally, a spinel character with d(220) spacing of 0.291 nm (Fd 
3 m symmetry) is clearly observed, indicating an extensive 
local cation mixing and lattice deterioration.

The surface chemistry of the cycled cathodes was 
explored by XPS. As shown in Figs. 4h and S17, the O 1s 

spectra can be attributed to five peaks: the electrolyte oxida-
tion products, carbonate species (CO3

2−), oxygenated depos-
ited species, C=O components, and lattice O2−, respectively 
[34–38]. After 100 cycles, the lattice O2− signal of LNM 
is significantly diminished, while the peaks corresponding 
to electrolyte oxidation products and CO3

2− become more 
intense. These observations indicate that severe parasitic 
reactions have occurred, which trigger the carbonate elec-
trolyte oxidation and decomposition. By contrast, CFx-LNM 
shows a cleaner surface, as evidenced by the more intense 

Fig. 2   Chemical composition and properties of the artificial CEI layer. XPS spectra of a Mn 3s, b O 1s, c C 1s, and d F 1s for LNM and 
CFx-LNM. e Schematic diagram of CFx-LNM, showing the structure and function of the artificial CEI layer. f TOF–SIMS depth profiles of CF−, 
CF2

−, and MnO− fragments. g 3D reconstruction and corresponding 2D top views of the representative fragments. h Coulombic inefficiency 
cumulant and Coulombic efficiency for LNM and CFx-LNM in cells with a Li4Ti5O12 counter electrode. Galvanostatic charge/discharge curves 
of i Li4Ti5O12||LNM and j Li4Ti5O12||CFx-LNM full cell
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lattice O2− signal and the absence of C=O peak. In the Mn 
3s spectra, a higher Mn valence is observed in CFx-LNM 
(Fig. 4i), with averaged oxidation state (AOS) of + 3.60 
(vs. + 3.17 for LNM). The preservation of Mn valence 
gives rise to mitigated Jahn–Teller distortion and less 
spinel-like structure evolution [39]. The improved surface 
structure integrity and mitigated parasitic reactions result 
in less charge-transfer resistant growth and better kinetics, 
as evidenced by the EIS results (Fig. S18). In the Raman 
spectra (Fig. 4j), both cathodes exhibit the disappearance 
of Li2MnO3 signals after cycling, as a consequence of com-
plete activation of anionic redox. In addition to the vibration 
signals of the layered Eg and A1g modes, a new peak with 
spinel characters (located at ~ 660 cm−1) emerges only in 
LNM, in well line with the HRTEM observation [40, 41]. 
ICP-OES results show that the dissolution of Mn and Ni is 

significantly suppressed in CFx-LNM across different cycles 
(Figs. 4k and S19), suggesting that the engineered artificial 
CEI layer effectively preserves lattice integrity and mitigates 
electrolyte corrosion.

To gain a deeper insight into the evolution of CEI and 
variation of surface chemical species during electrochem-
istry, electron energy loss spectroscopy (EELS) was con-
ducted on CFx-LNM after 50 galvanostatic cycles. In this 
section, half cells were assembled using a LiClO4-based 
electrolyte (1.0 M LiClO4 in EC:EMC:DMC = 1:1:1 
vol%) and a lithiated polyacrylic acid (PAALi) binder to 
avoid extraneous fluorine contamination. As illustrated in 
Fig. 5a, the F K-edge signal is clearly identified with a 
surface-enriched character, whereas O, Mn, and Ni sig-
nals exhibit a homogeneous distribution across the entire 
particle. This confirms  that the artificial CEI layer is 

Fig. 3   Electrochemical behaviors of LNM and CFx-LNM in half and full cells. a Initial charge/discharge profiles of LNM and CFx-LNM at 
0.1 C (1 C ≡ 250 mAh g−1). Cycle number as a function of b average charge/discharge voltage and c discharge capacity at 1 C. Selected dQ/dV 
curves of d LNM and e CFx-LNM over 300 cycles. Insert, corresponding charge/discharge profiles. Cycle number as a function of f discharge 
capacity and g average discharge voltage at 50 °C in half cells. h Schematic diagram of the Graphite||LNM and Graphite||CFx-LNM full cells. i 
Cycling performance of the full cells
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well-retained after extended cycling and still sustains its 
surface-integrated morphology. Figure 5b–e presents the 
detailed EELS spectra extracted from a rectangular region 
of interest (ROI) spanning from the particle surface to the 
interior. A slight shift of the Mn L2,3-edges is discernible, 
attributed to the electroactivated Mn3+/4+ redox couple and 
partial Mn dissolution, consistent with the XPS and ICP 
results. The O pre-edge lineshape is well retained, signi-
fying the integrity of the near-surface oxide lattice with 
markedly diminished oxygen loss and phase rearrange-
ment. The F signal is detectable only within the outermost 
few nanometers, directly attesting to the enduring presence 
of the artificial CEI layer. It should be noted that while the 
use of a fluorine-free electrolyte was necessary to unam-
biguously resolve the artificial CEI signals, the structural 
protection against surface oxygen loss conferred by this 
layer is an intrinsic characteristic that remains operative 
irrespective of the electrolyte anion chemistry.

The structural integrity of the post-cycled cathodes 
was further assessed by HRTEM and GPA (Figs. 5f and 
S20). CFx-LNM retains well-defined lattice fringes with 
negligible strain build-up, in stark contrast to LNM, the 
lattice of which shows pronounced strain accumulation. 
TOF–SIMS analysis was subsequently conducted to inves-
tigate the surface chemical speciation after cycling. The 
outermost surface of CFx-LNM contains most PF2O2

− and 
PO3

− fragments, as a consequence of carbonate electrolyte 
oxidation (Fig. 5g). In contrast, the CF2

− fragment exhib-
its a distinct signal assignment, which reaches its maxi-
mum and gradually decline. The 3D reconstruction results 
(Fig. 5h) further substantiate the spatial distribution of 
these species. Collectively, these results demonstrate that 
the artificial CEI layer sustains its structural and chemical 
integrity throughout cycling, affording durable and effec-
tive protection to the cathode surface.

To further reveal the variations on the local coordination 
environments of LNM and CFx-LNM after cycling, hard 
X-ray absorption spectroscopy (XAS) was carried out. A 
comparison of the Mn K-edge X-ray absorption near-edge 
structure (XANES) spectra (Fig. 6a) indicates the differ-
ence of Mn oxidation states by the clear divergence in 
the pre-edge region between LNM and CFx-LNM. Fig-
ure 6b–e presents the Fourier-transformed extended X-ray 

absorption fine structure (EXAFS) spectra. The peaks 
located at approximately 1.51 and 2.45 Å correspond to 
the Mn–O coordination in the first O shell and the Mn-TM 
coordination in the first TM shell, respectively [42, 43]. 
The post-cycled LNM cathode demonstrates a significantly 
attenuated Mn–O absorption signal, which suggests the 
formation of oxygen vacancies due to substantial oxygen 
release during cycling. In contrast, this attenuation is 
partially alleviated in CFx-LNM. Meanwhile, the Mn–O 
bond distance in LNM contracts slightly, indicating the 
occurrence of MnO6 octahedra distortion; however, such 
variation is not observed in CFx-LNM. The detailed 
Mn–O/Mn–TM distances and Debye–Waller factor cal-
culated from the fitting results are presented in Fig. 6f, 
g and Table S7. The minimal changes in σ2 compared to 
the pristine state again demonstrate the better lattice pres-
ervation of CFx-LNM, which is also corroborated by the 
k3-weighted XANES spectra (Fig. 6h) and wavelet trans-
formed EXAFS results (Fig. 6i-k).

4 � Conclusions

In summary, we propose a pre-constructed multifunctional 
carbon/fluorine-rich artificial CEI layer on a Li-rich cathode 
Li1.2Ni0.2Mn0.6O2 and showcase its efficacy on stabilizing 
overall HACR chemistry and on maintaining cathode frame-
work integrity under high-voltage operation. Attributed to 
its intrinsic stability and well interfacial compatibility on 
both the cathode and electrolyte sides, this rationally archi-
tected layer exhibits a uniform morphology and serves as a 
robust barrier to protect the surface oxide lattice. The pres-
ence of this surface structure enables the LLO cathode to 
achieve an impressive performance of 90.6% capacity reten-
tion over 300 cycles in half cell, and mitigated voltage fading 
under various operating conditions. Moreover, complemen-
tary multiscale characterization techniques demonstrate that 
the artificial CEI layer sustains its structural and chemical 
integrity throughout prolonged cycling. Such durability 
gives rise to a direct depolarization effect and improved 
surface chemistry, accompanied by a marked suppression 
of both surface parasitic reactions and transition metal dis-
solution. This work provides valuable insights into surficial/
interfacial modulations and broadens research directions for 
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Fig. 4   Kinetics and post-mortem analyses of the cathodes after cycling. a Li+ diffusion coefficient of LNM and CFx-LNM after 100 cycles, cal-
culated based on the GITT results. b Comparison of activation energies for Li+ migration across the CEI layer in LNM and CFx-LNM half cells. 
c Schematic diagram of the Li+ transport kinetics through the CEI layer for LNM (bottom) and CFx-LNM (top) half cells. SEM images of d 
CFx-LNM and e LNM after 100 cycles. HRTEM images and corresponding FFT patterns of f CFx-LNM and g LNM after 100 cycles. XPS spec-
tra of h O 1 s, i Mn 3s for the cathodes after 100 cycles. j Raman spectra of LNM and CFx-LNM before and after cycling. k ICP-OES results, 
showing the dissolution amounts of Ni and Mn ions after different cycles
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Fig. 5   Evolution of the CEI and variation of surface chemical species after electrochemical cycling. a EELS mapping results of a representative 
cycled CFx-LNM particle, showing the distribution of O, Mn, Ni, and F elements. b-e Detailed Mn, O, and F spectra at different particle depths, 
extracted from EELS mapping result. The ROI is marked in a by yellow rectangular. f HRTEM and GPA results for post-cycled CFx-LNM. 
Inset, the corresponding FFT pattern. g TOF–SIMS results, showing the normalized intensity of LiO−, PF2O2

−, PO3
−, and CF2

− fragments as a 
function of sputtering depth. h 3D reconstruction results of the fragments
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Fig. 6   Local structural environment analyses of the post-cycled cathodes by hard X-ray absorption spectroscopy. a Normalized Mn K-edge 
XANES spectra of LNM and CFx-LNM after 100 cycles. b–e Fourier-transformed Mn K-edge EXAFS spectra and corresponding fitting results 
for LNM and CFx-LNM. Fitted Debye–Waller factor and f Mn–O bond distance and g Mn-TM bond distance for the cathodes. h–k3-weighted 
XANES spectra. i–k Wavelet transformed EXAFS results, showing the differences in Mn–O coordination between LNM and CFx-LNM
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designing high-voltage cathodes with more durable inter-
phases for next-generation batteries.
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