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ARTICLE INFO ABSTRACT

Keywords: The aging of lithium-ion batteries (LIBs) is synergistically influenced by multiple chemical/mechanical degra-
Lithium-ion batteries dation mechanisms. Therefore, conventional models that incorporate only partial mechanisms exhibit limited
Ce-Si anode

predictive accuracy and applicability, failing to fully reflect the effects of chemical/mechanical degradation
under complex operating conditions. Here, we propose an aging model for NCM/Ce-Si LIBs coupled with
comprehensive chemical/mechanical degradation mechanisms. The model includes chemical mechanisms at the
Ce-Si anode solid electrolyte interface (SEI), Li plating, and NCM cathode electrolyte interface (CEI), as well as
mechanical mechanisms of loss of active material (LAM) for Cg, Si, and NCM. Based on this model, we
comprehensively investigate the effect of capacity loss by (dis)charge rates and ambient temperatures, obtaining
the aging characteristics and the contribution of each mechanism to loss under different variables. Furthermore,
we quantitatively analyze the sensitivity and response characteristics of the degradation sub-mechanism to (dis)
charge rate and temperature. This study introduces an advanced aging analysis model for NCM/Ce-Si LIBs, which
can effectively decouple the operational characteristics of the degradation mechanism and provide guidance for

Aging model
Degradation mechanisms
Sensitivity analysis

developing next-generation high-energy LIBs.

1. Introduction

Lithium-ion batteries (LIBs) have higher energy density and reli-
ability compared to other batteries [1,2], thus holding a leading role in
the power battery field. Alongside the swift ascent of the new energy
automotive industry and the progressive expansion of the power battery
market [3], advancements in new energy vehicle technology continue to
surge [4]. Correspondingly, the demand for high-energy LIBs is experi-
encing considerable growth.

The anodes of commercially available LIBs predominantly utilize
graphite (Cg), while the cathode is predominately composed of ternary
materials (NCM/NCA) and LiFePO4 (LFP). The energy densities of
available battery systems are approximately 250 Wh/kg, which is close
to the energy density limit of material systems [5,6]. This underscores
the urgency in identifying active material systems with higher energy
densities [7]. C¢ provides good cycling stability and long cycle life [8],

but the lower theoretical capacity (LiCg~372 mAh/g) [9] limits further
development. Among all the emerging anode materials, silicon (Si) is
one of the most promising high-specific energy anode materials due to
the abundant resources and high theoretical capacity (Li;5Si4~3579-
mAh/g) [10]. However, Si experiences a volume expansion of up to 300
% during lithium intercalation [11], which leads to particle fracture
losses. Consequently, it is typically used for doping C¢ to create com-
posite anodes with higher energy density(>400 mAh/g) [12]. In addi-
tion, the layered nickel-rich cathode material LiNipgCog 1Mng 102
(NCM811) exhibits a high specific capacity (240 mAh/g) due to its high
nickel content. Cobalt and manganese are employed to maintain the
stable backbone structure of the material and have a high operating
voltage (~4.3 V vs. Li*/Li) [13]. It is regarded as an optimal choice for
cathode materials in high-energy LIBs. Therefore, nickel-rich/Ce-Si
system LIBs are currently widely used and studied. Nevertheless, due to
the complex degradation process inherent to this system of LIBs, there is
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