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A B S T R A C T

This study investigates the synergistic effects produced by the co-doping of several components in the LFP/C 
structure. To execute this work, a dataset was initially created from the existing literature, encompassing in
formation on doped LFP structures by a singular element. Numerous intrinsic and extrinsic characteristics, such 
as atomic number, valence, relative variations in atomic and ionic radii of Fe and Li, electronegativity, molar 
percentage of dopant, and C-rate, were evaluated. The optimal selection of features leading to satisfactory model 
training was achieved by analyzing the Pearson correlation coefficient factors. Subsequently, two machine 
learning algorithms (i.e., Random Forest and Gaussian Process Regression) were trained using the optimized 
feature set. The two models were evaluated, and the model with superior predictive power was chosen for further 
study. An analysis of the synergistic effect of two co-dopants was conducted by comparing the actual specific 
discharge capacities with the expected values derived from the superimposition of the machine learning pre
dictions. Ultimately, experimental validation was conducted by synthesizing several unique LiYxNdyFe1-x-yPO4/C 
(Nd = 0.06, 0.02 <Y<0.08) samples using solid-state methods. The synthesized powders underwent relevant 
testing, including SEM, TEM, CV, EIS, and GD. Finally, based on the best ML scheme developed and experimental 
results, another ML scheme was developed to analyze the possible synergic effects that co-dopants may exhibit 
regarding the specific discharge capacity of co-doped LFP structures.

1. Introduction

For the chemical storage of electricity, there are two categories of 
batteries: (a) primary (non-rechargeable) batteries and (b) secondary 
(rechargeable) ones. Commercially produced secondary batteries 
include LA (lead-acid), Ni-Cd (nickel-cadmium), LiMH (nickel-metal 
hydride), LiBs and SiBs (sodium-, and lithium-ion batteries) [1–7]. 
Cost-effective and secure energy storage is crucial for the effective 
implementation of electronic and electrical appliances and equipment, 
with rechargeable batteries emerging as a prominent solution [8,9], 
especially within renewable energy systems. LiBs stand out as the most 
efficient and versatile technology, providing exceptional energy and 
current density, elevated voltage, and extended life cycles that can 

surpass 1000 cycles. In this regard, they have emerged as the favored 
alternative to outdated technologies like LA and Ni-Cd. Recent ad
vancements, including new electrode materials [10,11] and innovative 
synthesis methods, further enhance their applicability for renewable 
energy storage, making them indispensable in modern energy systems 
[12–17].

Among different elements of LiBs, the cathode, given its lower spe
cific capacity, is the major element influencing the energy density [18]. 
Furthermore, the primary factor constraining the charge rate in these 
batteries is the rate of Li⁺ ion diffusion within the cathode [19–22]. A 
range of materials has been utilized as cathodes in LiBs up to this point. 
A good cathode material should possess characteristics such as high 
capacity, good cycle life, stability, non-toxicity, high purity, and ease of 
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