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Fig.2 SXRD patterns, SEM images and particle size distribution histograms of the samples

%1 GLLOs SXRD #5845 5%
Table 1 SXRD refinement results of GLLOs

Site  Wyckoff position X y z Occupation
Li 1 3a 0 0 0 0.960 (6)
Ni_1 3a 0 0 0 0.040(6)
Li 2 3b 0 0 0.5000 0.207(6)
Ni_2 3b 0 0 0.5000 0.210(6)

Mn 3b 0 0 0.5000 0.583

O 6¢c 0 0 0.2428(6) 1.000

# 2 N-GLLOs SXRD #5845 %
Table 2 SXRD refinement results of N-GLLOs

Site Wyckoff position ~ x y z Occupation
Li 1 3a 0 0 0 0.954(4)
Ni_1 3a 0 0 0 0.046 (4)
Li 2 3b 0 0 0.5000 0.213(4)
Ni_2 3b 0 0 0.5000 0.204 (4)
Mn 3b 0 0 0.5000 0.583
O 6¢c 0 0 0.2437(5) 1.000

%3 NP-GLLOs SXRD #5184k
Table 3 SXRD refinement results of NP-GLLOs

Site  Wyckoff position X y z Occupation
Li 1 3a 0 0 0 0.963(4)
Ni_l 3a 0 0 0 0.037(4)
Li 2 3b 0 0 0.5000 0.204(4)
Ni_2 3b 0 0 0.5000 0.213(4)

Mn 3b 0 0 0.5000 0.583

(6} 6¢ 0 0 0.2421(5) 1.000
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Fig. 5 Electrochemical performances of ammonia-modified GLLOs under different process conditions
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Extended Abstract

Introduction  With the ever-increasing industrial demand for high energy density lithium-ion batteries, lithium-rich
manganese-based layered oxide cathodes have attracted much attention due to their high specific capacity and low cost. However,
their practical application is hindered by critical drawbacks including low initial Coulombic efficiency, irreversible oxygen release,
and severe voltage fade. In this paper, bulk-engineered lithium-rich manganese-based layered oxides with a full concentration
gradient were prepared by a room-temperature ammonia plasma interfacial modification strategy. In contrast to direct ammonia
sintering, ammonia plasma modification could construct a stable spinel-amorphous composite nano-bifunctional motif ordered
interface on the cathode surface that endowed fast Li* transport kinetics. This bulk-surface functional motif ordering design concept
could provide a novel and effective strategy for improving the overall electrochemical performance of lithium-rich oxide cathodes.

Methods A precursor of cobalt-free full-concentration gradient twin-domain lithium-rich manganese-based layered oxide cathode
material was synthesized by a co-precipitation method. After washing for impurity removal and vacuum drying, the precursor was
uniformly mixed with 3% (in mole fraction) excess Li2CO3 for lithium supplementation and sintered to prepare the cobalt-free
gradient lithium-rich manganese-based layered oxide cathode material (GLLOs). To investigate the modification effects of different
treatment methods under ammonia atmosphere, the equal mass of GLLOs was subjected to direct ammonia sintering and ammonia
plasma modification, respectively. The crystal structure, micro-morphology, electrochemical performance, ion transport kinetics, and
transition metal valence state evolution of the materials before and after modification were determined by systematic characterizations
including X-ray diffraction, scanning electron microscopy, X-ray photoelectron spectroscopy, electrochemical measurements, and
kinetic analysis, respectively. Furthermore, the regulatory differences of ammonia treatment in different states on the performance of
GLLOs and their intrinsic action mechanisms were revealed.

Results and discussion Two distinct ammonia-based treatments (i.e., direct ammonia sintering and ammonia plasma technology)
have different impacts on the GLLOs’ surface structure, valence variation, electrochemical performance, and stability. Direct
ammonia sintering forms a rock salt-amorphous interface with more significant Mn valence reduction, improving initial efficiency
and rate capability, while degrading cycling stability. Ammonia plasma constructs a stable spinel-amorphous interface facilitating Li*
transport, with a milder Mn valence change, effectively stabilizing interfacial reactions and structure to remarkably enhance
long-cycle performance and mitigate voltage decay.

The formation of rock salt and spinel phase functional units on GLLOs surface stems from ammonia-induced TM valence
reduction, triggering Li leaching, oxygen vacancy formation, and TM migration to Li layers that drive layered-to-spinel/rock salt
transformation. Direct ammonia sintering requires prolonged heating with limited ammonia decomposition, most nitrogen
intermediates adsorb on the material surface, causing excessive TM migration and a rock salt-N-rich amorphous interface. Ammonia
plasma enables a rapid ammonia decomposition into nitrogen intermediates for quick modification, forming a spinel-amorphous
interface that enhances Li* transport, inhibits oxygen loss, electrolyte corrosion, and stabilizes cycling via short-time treatment.

Conclusion In this work, twin-domain lithium-rich manganese-based layered oxide cathodes with bulk full-concentration gradient
were interface-modified via direct ammonia sintering and ammonia plasma treatment. The effect of interface modification method on
the surface structure, electrochemical performance, TMs valence, kinetics, and stability was investigated. Ammonia nitridation could
form a 2-3 nm N-containing amorphous interface, alleviating oxygen vacancies and enhancing oxygen redox reversibility. Ammonia
plasma, operating at room temperature for minutes, could decompose into nitrogen active species under high electric field,
constructing a spinel-amorphous composite interface favorable for Li* transport. It could avoid Mn over-reduction and spinel-to-rock
salt transformation, maintaining TMs reversibility. A robust bulk-surface synergistic stabilization system was established via
integrating the bulk full concentration gradient twin-domain design with the surface composite nano-bifunctional motif ordering
construction, remarkably boosting the electrochemical performance of the cathodes (i.e., the capacity retention of 81.5% after 900
cycles at 1 C, accompanied by a low voltage decay of only 0.21 mV/cycle). Controllable ammonia decomposition could facilitate a
stable interface formation, offering a novel pathway to boost the comprehensive performance of LLOs.

Keywords functional unit sequential structure; ammonia; plasma; lithium-rich manganese-based layered oxide cathodes;
full-concentration gradient; lithium-ion battery



