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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 LiY,NdyFe; x.;PO4/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 surpass 1000 cycles. In this regard, they have emerged as the favored

alternative to outdated technologies like LA and Ni-Cd. Recent ad-

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
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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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manufacturing [22-24]. To achieve the desired characteristics, the
produced cathode material must possess properties such as small par-
ticle size, uniform particle distribution and morphology, high crystal-
linity, high specific surface area, and minimal defects and agglomeration
[25-27]. In this essence, LiFePO4 (LFP) can be considered the primary
candidate for LiB cathodes via its desirable thermal stability, afford-
ability, non-toxic sources, and availability [28-30]. Among the most
prominent advantages of LiFePQa are the stability of its structure during
lithium-ion insertion and removal and its wide voltage range. None-
theless, it has certain limitations, such as a low ionic diffusion coefficient
(10722107 cm?/s) resulting from the one-dimensional movement of
Li* within the structure, as well as poor electrical conductivity (1010
S/cm) [29,31,32].

To address the above-mentioned challenges associated with LFP,
techniques such as minimizing grain size and ensuring a uniform par-
ticle size distribution, implementing carbon coatings, combining carbon
coatings with an electron-conductive material, refining the morphology
and shape of particles via low-temperature synthesis methods, and
introducing multivalent cation doping can enhance the electronic con-
ductivity and lithium mobility within the LFP structure [33-35]. The
reduction of particle size has been utilized in numerous studies as a
successful approach to enhance the capacity at elevated charge/di-
scharge rates and stability during the cycling of LFP [36-38]. Many
researchers believe that the reduced capacity of LFP at high charge/-
discharge rates stems from its poor ionic conductivity [39-42]; hence,
minimizing the particle size can potentially improve its electrochemical
performance. The enhancement can be linked to the reduced pathways
that enable quicker transport of ions and electrons, resulting in
improved rate capabilities and cycling stability [37,43,44].

Apart from the particle size, incorporating doping elements into the
LFP composition can enhance its capacity, cyclic stability, conductivity,
and Li*-ion diffusion coefficient. The doped elements include multiva-
lent cations such as Nb%*, Zr**, Ti**, Mg, Cr®*, V**, Cu**, and anions such
as F-and Cl- [45-48]. In fact, by doping elements into the LFP structure,
due to the creation of lattice defects, the mobility of Li*-ions is increased
[49,50]. On the other hand, due to the change in the capacity of Fe** to
Fe® * during charging/discharging, the structure of LFP consistently
transitions from p-type to n-type semiconductor and vice versa. This
phenomenon can be significantly enhanced by adding elements with
valence electrons different from those of Li and Fe [51,52]. As a result,
the addition of elements to the LFP composition can lead to increased
ionic/electric conductivity. On the other hand, there exist several
studies, albeit much more limited, in the literature aiming at investi-
gating the effect of doping the LFP structure with more than a single
element. In this manner, the works of Li et al. [53] on the addition of P
and B, Kandhasamy et al. [54] on the addition of P and Si, Zhang et al.
[55] on the addition of Ce and La, Tian et al. [56] on the addition of Ti
and Nb, Gao et al. [57] on the addition of Zr and Co, Wang et al. [58] on
the addition of Na, P, and Cl, and Li et al. [59] on the addition of V, F,
and P can be mentioned.

Additionally, coating of LFP particles with carbon can enhance the
surface conductivity of particles, allowing for the complete use of active
materials even under high current densities [60-62]. Moreover, the
application of carbon coating effectively restricts particle growth
throughout the synthesis process, leading to a decrease in the particle
size. Furthermore, carbon can function as an antioxidant to inhibit the
conversion of Fe** to Fe® * during synthesis, thus removing the necessity
for a reducing atmosphere during the synthesis process [63,64].

As noted above, incorporating additional elements into the cathode
active material composition is a strategy to enhance the efficiency of this
material. In this regard, a nearly uncountable amount of articles can be
found in the literature aiming at enhancing the performance of LFP
through doping/co-doping this structure with various elements. How-
ever, despite these efforts, there is a substantial need for methods to
study the concurrent effect of various factors on the performance of
modified LFP structures. Due to the diversity of the available data,
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processing this information manually seems to be impossible. In this
regard, machine learning methods can accomplish this task more effi-
ciently, and in fact, these methods have been used actively in the liter-
ature for innovative material development purposes [65-67]. Recent
literature emphasizes the role of machine learning in accelerating the
discovery and optimization of Li-ion battery materials. For example,
Wang et al. used gradient boosting and SHAP analysis to predict the
discharge capacities of doped NCM cathodes, highlighting the influence
of dopant features like lithium content and electronegativity [68]. Lv
et al. reviewed ML applications for predicting and designing electro-
de/electrolyte materials, classifying ML methods into descriptive, pre-
dictive, and prescriptive categories and discussing their integration with
battery state monitoring [69]. Alzamer et al. emphasized AI’s potential
for electrolyte discovery, advocating for frameworks that integrate
structure-property relationships with ML models [70]. Deeg et al. pro-
posed a novel image-based approach that leverages CNNs to directly
predict the rate capability of LIB electrodes from light microscopy im-
ages of their microstructure, bypassing traditional feature extraction
processes [71]. Additionally, in a comprehensive review, Valizadeh and
Amirhosseini highlight the transformative impact of machine learning
(ML) techniques across the entire lifecycle of lithium-ion batteries
(LIBs), including design, manufacturing, performance evaluation, and
recycling [72]. These studies underscore the potential of ML not only for
performance prediction but also for uncovering hidden relationships,
which aligns with the goal of identifying synergistic effects in co-doped
LFP/C systems.

In this study, a dataset containing data regarding the efficiency of
several doped elements in the enhancement of LFP/C’s specific
discharge capacity was gathered. Then, by studying the correlation be-
tween the input-input and input-output pairs, the most proper input
features capable of serving the training of ML models were selected. In
the next step, two machine learning schemes were developed, and the
best one, in terms of its accuracy, was selected for further studies. In
order to study the possible synergic effects between two co-doped ele-
ments, first, synergy was defined as the deviation of the performance of a
co-doped LFP/C material from that attained by summing the individual
effect of each dopant. In this manner, to calculate the latter, the above-
mentioned developed ML scheme was employed. Afterward, through the
comparison of the summed effect of individual dopants with actual
values, the difference between these two parameters was further stud-
ied. This difference was approached by another ML scheme that was
inspired by the ML scheme developed earlier. In this manner, the
functional relationship between the best set of features of both dopants
and the above-mentioned deviation was found. Finally, to validate this
process, a novel co-doped LFP/C cathode material was synthesized and
utilized as a validation. In this regard, the present work consists of three
phases, namely 1) ML study of the effect of single elements on the per-
formance of doped LFP structures to facilitate the study of the possible
existence of a synergic effect between co-doped elements, 2) Fabrication
and synthesize of a novel co-doped LFP cathode active material, and 3)
Approaching the possible synergic effects between co-dopants through
ML and by employing the data obtained from previous steps.

2. Materials and method
2.1. Machine learning overview
An ML framework was developed to forecast the precise discharge
capacity of doped LFP/C specimens. The methodology employed was
organized in the subsequent manner, as can be seen in Figure (a):
e Development of a dataset
A dataset was constructed by gathering data from the current liter-

ature, with a specific emphasis on various LFP/C compositions that have
been doped with different elements at varying concentrations. The
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dataset documented:

o The chemical compositions of LFP/C samples are detailed.

o The elements used for doping and their respective concentrations.
o The C-rate at which galvanostatic discharge tests were conducted
o The associated electrochemical performance (i.e., SDC).

This step was essential since it is a well-acknowledged fact that the
precision and ability to generalize of machine learning models were
influenced by the quality and variety of the dataset.

¢ Selection of input features

The model took into account various physicochemical properties of
the doped element and the test conditions as input features, with the
goal of understanding their impact on the specific discharge capacity,
including:

0 Z: The atomic number of the doped element signifies its essential
identity.

o V: The valence of the doped element significantly influences its in-
teractions within the LFP structure.

0 Arpeion = (Tdopantion —TFeion) /Treion X 100%: The difference in ionic
radius between the doped element and iron influences lattice
distortion, phase stability, and the pathways for lithium-ion
diffusion.

0 Arii g ion = (Fdopantion —Tiiion)/Tiiion X 100%: The variation in ionic
radius between the doped element and Li is similar to the previous
point.

0 ATpeatom = (Tdopant.atom —TFe.atom) /TFe.atom X 100%: The variation in
atomic radius between the doped element and Fe highlights the
possible impacts of lattice strain.

0 Argiatom = (Tdopant.atom —TLiatom)/Tiiatom X 100%: The variation in

atomic radius between the doped element and Li is similar to the

aforementioned.

The mol% of the doped element indicates the level of doping present.

The C-rate indicates the rate at which charging or discharging oc-

curs, influencing the electrochemical performance.

o The electronegativity, y, of the doped element significantly in-
fluences electronic conductivity and redox potential.

o o

In this context, considering that Arge jon, AT jon> ATFe atom> AN ATL; arom
exhibit linear correlation, selecting all of them as input variables might
appear unnecessary. Nonetheless, the rationale for this choice can be
articulated in the following manner:

1. What was the rationale for selecting variations in both atomic and ionic
radii? This was because many of the doped elements under consid-
eration were multivalent. In this situation, the oxidation state of the
dopant within the LFP structure remained indeterminate. Conse-
quently, since the ionic radius is influenced by the oxidation state,
the previously noted uncertainty has rendered it ambiguous which
ionic radius should be taken into account.

2. What was the rationale for selecting differences concerning both Fe and
Li? The purpose of this was to examine if one of the two components
of the LFP structure (i.e., Li or Fe) might play a more significant role.

e Utilizing Pearson correlation for feature selection

To examine the influence of each input parameter, identify the pre-
dominant role of either Fe or Li, improve model efficiency, and minimize
redundancy, a Pearson correlation coefficient analysis was conducted.
Following the evaluation of the most impactful and significant features,
features exhibiting high collinearity were excluded to mitigate the risk
of overfitting and redundancy. In this way, this step was undertaken for
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the following reasons:

o High collinearity might bias the understanding of feature
significance.

o It minimizes the likelihood of multicollinearity, which can lead to
instability during training.

o It enhances the effectiveness and clarity of the model.

For the purpose of comparison and to identify the impact of elimi-
nating redundant features on the prediction accuracy of the developed
machine learning models, the models were trained on both datasets: the
complete dataset with all initial input features and the reduced dataset,
which was created after the removal of highly correlated features.

e ML model development and training
(A) Gaussian Process Regression (GPR)

Based on Bayesian inference, GPR is a probabilistic model with un-
certain prediction-making. It catches complicated correlations with
kernel functions, performs well for small to medium datasets, and offers
uncertainty estimations. GPR is prone to overfitting on small datasets;
hence, a 10-fold cross-validation (CV) approach was used. The dataset
was therefore divided into ten equal sections, and the model was trained
on nine folds and validated on the one fold left. This method was con-
ducted ten times, each with a distinct fold serving as the validation set.
The average performance throughout all the folds came to define the
final model performance. This approach guarantees that every data
point is used for training and validation at least once, so a more accurate
assessment of model performance would be obtained with less bias than
with other strategies including single train-test split.

GPR works based on the assumption of a prior probability distribu-
tion for the data being modeled. Afterward, a kernel function defines
relationships between data points, and the model learns by optimizing
the likelihood of observed data. Finally, predictions are made as the
mean value of a probability distribution rather than a single point esti-
mation. In this regard, the uncertainty associated with the prediction is
also available, making it straightforward to compare the result obtained
by this model at a specific point with that obtained from a different
source. This property of GPR was employed in this study to investigate
the synergic effects of various combinations of co-dopants, which will be
discussed in the consecutive sections.

(B) Random Forest (RF)

Random Forest is a method that utilizes an ensemble of multiple
decision trees for its learning process. Every tree is developed using a
specific portion of the data, and the ultimate prediction is derived by
averaging the outcomes from all the trees. This model effectively man-
ages high-dimensional data, mitigates overfitting through the averaging
of several models, and demonstrates strong performance with non-linear
relationships. A 10-fold CV validation strategy was implemented in this
instance as well.

RF operates by randomly dividing the dataset into several subsets
through the method of bootstrap sampling. Independent training of
decision trees is conducted utilizing various subsets. By employing this
method, each tree is developed using a random selection of features,
which helps to mitigate overfitting. Ultimately, the predictions are
derived by averaging the results from each individual tree.

2.2. Analysis of synergy

After model development, data regarding various co-doped LFP
active materials were extracted from the literature. To analyze the
possible synergy between co-dopants, first, the anticipated improvement
in the LFP’s SDC due to each individual dopant was obtained based on
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the best ML model developed. Then, by defining synergy as the deviation
from the sum of the contribution of individual dopants, the difference
between actual values and summed predictions was calculated. This
difference was then subjected to another ML analysis, and the rela-
tionship between the features corresponding to the heavier dopant and
those corresponding to the lighter dopant with that difference was
investigated. Finally, to evaluate the study of synergy, a novel co-doped
LFP/C active material was fabricated, and its SDC was compared with
the analysis predictions.

2.3. Materials

In the conducted research, raw materials with the purity levels
specified in Table 1, along with ethanol of 99.9 % purity as a homoge-
nizing solvent, were used during the milling process.

2.4. Synthesis of raw LiFePOy

The schematic illustration of the synthesis procedure is shown in
Fig. 1(b). In this manner, Li2COs, NHsH2POs, and FeC204-2H-0 were
initially mixed in a stoichiometric ratio of 1:1:1. This mixture, combined
with 70 cc of ethanol, was milled using a planetary ball mill for 10 hours
at a rotational speed of 400 rpm to achieve homogenization and reduce
particle size. The milling process utilized three sizes of steel balls (4 mm,
8 mm, and 9 mm) with a powder-to-ball ratio of 1:20. After drying the
slurry in an oven at 60°C for a duration of 24 hours, the resulting powder
underwent pre-calcination at 400°C for a duration of 8 hours in a
tubular furnace. Meanwhile, an argon atmosphere with a purity of
99.9 % was maintained. The pre-calcined powder underwent a milling
process for 2 hours at a rotational speed of 400 rpm to attain a finer and
more uniform particle size, utilizing 5 mm zirconia balls during the
procedure. As the synthesis temperature can profoundly affect the
microstructure and properties of the final materials, samples were
calcined at different temperatures of 550°C, 600°C, 650°C, 700°C, and
750°C. This helped the assessment of the impact of temperature and
choosing the most appropriate synthesis route. The synthesis was con-
ducted in both powder and tablet formats.

2.5. Synthesis of LiFePO4/C composite

To produce the LiFePO./C composite, based on previous studies,
Super P carbon was used as the carbon source at 5 % of the weight of
LiFePOs.. After the first calcination stage, it was added to the raw powder
along with a small amount of ethanol using an attrition mill. The powder
mixture was dried and calcined at the optimal temperature.

2.6. Synthesis of LiFe(;.x.yy)NdxYyPO4/C composite

In this stage, based on prior studies, two types of dopants, neodym-
ium oxide and yttrium oxide, were used. The neodymium oxide content

Table 1
The compilation of substances utilized in this investigation.
Material name Chemical Molar Purity Manufacturer
Formula Mass
Lithium Carbonate Li=COs 73.891 99.9%  Merck

Ammonium NH4HzPO4 115.03 99.9 % Merck
Dihydrogen
Phosphate
Iron(II) Oxalate FeC204-2H20 143.91 99.9%  Alpha
Neodymium Oxide Nd:20s 336.48 99 % MatecK
Yttrium Oxide Y205 225.81 99 % MatecK
Glucose CeHi1206 180.156 98 % Sigma-Aldrich
Carbon (Super P) C 12.01 99.9 % MTI
Corporation
Polyvinylidene (C2HzF2)n 146.06 99 % LI-COR
Fluoride
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was fixed at 0.06, while the yttrium oxide content was selected as 0.02,
0.03, 0.04, 0.07, and 0.08. The dopant oxides were added to the raw
materials from the beginning, and the synthesis process followed the
same steps as described earlier. The carbon source was introduced after
the first calcination stage using an attrition mill. Prior to synthesis, the
powder was pressed into tablet form using a manual hydraulic press and
then calcined.

2.7. Characterization and testing

This study involved the characterization of synthesized samples
through a range of analytical methods, such as TGA, DTA, SEM, CV, EIS,
and XRD. GCD tests were also conducted across several cycles to assess
the longevity of the battery.

The TG analysis of the samples was performed utilizing a Netzsch-
STA 449 C apparatus, operating within a temperature ranging from 20
to 850 °C, with the rate of heating set at 10 °C/min in an air environ-
ment. Furthermore, a comprehensive phase analysis of each sample was
conducted employing XRD with a D8 X diffractometer (Bruker, Ger-
many), using Cu-Ka radiation. The scan data were gathered over a 20
range of 10-70°, employing a step size of 0.013° and a count duration of
6 seconds. The shape of the synthetic compounds was assessed utilizing
a JEM-6701F microscope (Jeol, Japan) for SEM analysis and a
JEM2100F transmission electron microscopy (Japan) for TEM studies.

The mass loadings of the fabricated cathodes were as follows: for
each case, 80 portions of the synthesized cathode powder were mixed
with 15 portions of acetylene black and 5 portions of PTFE to form the
cathode for the electrochemical measurements. To obtain an integrated
cathode material capable of being cut, rolling was employed to form the
mixture into a sheet measuring 0.15 mm in thickness. This sheet was
then cut into tablets. The assembly of half-cells involved a) Li as the
anode, b) a mixture of 1 M LiPFg with ethylene carbonate and dimethyl
carbonate (having equal volume ratios) as the electrolyte, and c¢) Celgard
2400 microporous membrane as the separator. This process took place
in a glove box filled with nitrogen, maintaining a relative humidity of
less than 3 %. The cells underwent charging and discharging processes
within a voltage range of 2.5-4.5 V in relation to the Li/Li* electrode at
ambient temperature. The CV and EIS tests were performed utilizing a
CHI 600 A electrochemical analyzer device. The CV profiles for the
investigated cells were documented across a 2.5-4.3 V potential range,
utilizing a scan rate of 0.05 mV/s. The EIS measurements were con-
ducted over the range of frequency from 10 kHz to 10 mHz, utilizing an
AC voltage of 5 mV. The experiments involving CV and EIS were con-
ducted using a three-electrode system, with lithium foils serving as the
counter and reference electrodes.

3. Result and discussion
3.1. The Pearson correlation coefficient matrix

Fig. 2 depicts the result of collinearity analysis in terms of the
Pearson correlation coefficient matrix. Several aspects can be identified
from this figure, including:

1) As it was speculated, there are high levels of collinearity between
ArFe,amm: ArFeAion - ArLiAatomy ArFeAion - ArLi,amm: ArLiAian -
ATy gtom> and Arge arom — ATii aom. However, it can be seen that the
correlation in the Ary; gom —SDC and Arge qrom —SDC sets is more than
in the Ary;jon —SDC and Arg jon —SDC sets. As previously discussed,
given the uncertainty in the proper selection of ionic radii (due to
vagueness of the exact oxidation state of the dopant), these findings
suggest that it would be possible to employ atomic radius to predict
the efficiency of a dopant in increasing the SDC of LFP. Hence, this
parameter is not only more certain but also more effective in pre-
dicting the enhanced SDC of a doped LFP.

ArFe,ion -



Z.M.S. Elbarbary et al.

Journal of Alloys and Compounds 1034 (2025) 181316

Precursor selection

¢

Electrode fabrication

Mixing

Final calcination

Ball Milling

Carbon addition

Fig. 1. Schematic overview of (a) the ML employed to detect and analyze possible synergic effects between co-dopants, and (b) the synthesis procedure adopted.
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Fig. 2. The Pearson correlation coefficient matrix.
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2) No predominant effect of Li or Fe was observed; therefore, these two
constituents play the same role.

3) Based on point 1 and point 2, in the rest of the analysis, Ary; gom Was
only considered, and Arge atom, ATreion, and Ary;jon Were neglected.
This omission also vanished the collinearity observable in V —
Argejons V — ATiiions ¥ — ATFe ions and y —Ary jon sets.

3.2. ML models’ predictions and versatilities

Fig. 3(a) and (b) depict normalized target values vs. each model’s
predictions. In these figures, scheme 1 corresponds to the model trained
on the whole dataset, and scheme 2 corresponds to the model trained on
the dataset with the reduced features. As it can be seen, the strategy to
shrink the dataset had been successful in improving the accuracy of the
model, yet to a limited degree. Nevertheless, the best model was
GPR—Scheme 2 in the sense that it yielded an R* value of ~0.85 and was
employed in the rest of the study to predict the effect of a dopant on the
SDC of LFP/C obtained under various C-rates. In these figures, the entire
range is divided into three sections, namely low accuracy, medium ac-
curacy, and high accuracy regions. However, regardless of the model
type or the scheme, it can be seen that the low accuracy region
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corresponds to the normalized SDCs of less than 0.4, roughly equal to
110 mAh/gr. This observation is most likely due to the imbalance in the
data distribution. That is, on one hand, there is plenty of data in the high
SDC domain, helping the process of model training and reducing the
error in this region. On the other hand, the number of data points in the
low accuracy region is more scarce, which makes it challenging for an
ML model to learn the relationships between input features and the
output well. Hence, it is not surprising to see wider scattered predictions
in this region. Fig. 3(c) illustrates the statistics of the errors (i.e., re-
siduals) associated with each model. As can be seen, in each case, this
parameter almost follows a normal distribution with its mean centered
around 0. By moving from RF—Scheme 1 toward GPR—Scheme 2, error
values tighten around the mean, in accordance with the increase in R

The RF—Scheme 2 outcome is presented in Fig. 4, where the varia-
tion of normalized SDC with each pair of input variables is shown,
keeping other normalized input features at 0.6. As can be seen, these
figures are in well accordance with the Pearson correlation coefficient
matrix. For instance, the fact that increasing C-rate decreases the SDC is
well captured by each figure where C-rate is one of the axes. As another
example, at a certain concentration, increasing Ary; qom increases the
SDC up to a certain point, and further increases in this parameter yield a
decrement in the SDC. This phenomenon can be observed in many
previous works, and also in this work, and is mainly due to the formation
of secondary phases or an excessive distortion of the LFP lattice, making
this structure unstable during the operation of the battery.

3.3. Determination of calcination temperature

Fig. 5 presents the TGA-DTA analysis of the powder mixture of raw
materials. Based on this figure, several phenomena can be identified.
The evaporation of moisture and other volatile contaminations absorbed
by the sample results in a primary weight loss of up to ~110°C. How-
ever, three distinct weight loss regions are observed thereafter. In the
region between ~110°C and ~200°C, the weight loss observed is
attributed to the dehydration of the FeC204-2H:0 compound, as
described by Eq. (1). This is consistent with the exothermic reaction
observed at ~150°C on the DTA curve.

FeC,0,02H,0—FeC,04 + 2H,0 (D]

The thermal decomposition of NH«H2PO. and FeCz204 accounts for the
subsequent weight loss, occurring between ~200°C and ~400°C, as
described by Egs. (2) to (3). Based on the peaks observed in the DTA
curve, these decomposition reactions occur as two exothermic events at
~230°C and ~287°C. The decomposition during this stage is critically
important; incomplete decomposition of FeC204 contributes to unde-
sirable Fe:0s; phase formation, as described by Eq. (4). Moreover,
obtaining a high-purity LiFePO. phase requires a stoichiometric amount
of the FeO phase.

NH,H,PO,—NH; + H3PO, 2
FeC,03—FeO + CO, + CO 3)
2FeC,0,—Fe,053 + CO, + 3CO ©)]

The third weight loss region corresponds to a slight weight change in
the temperature range of 400°C to 500°C, which indicates the initiation
of LiFePOu phase synthesis at temperatures above 400°C. Furthermore,
based on the DTA curve, the solid-state reaction and crystallization of
the LiFePQOa phase occur at 506°C.

Based on the analysis of Fig. 5 and previous studies, a temperature of
400°C was selected for the initial calcination stage to decompose the
compounds and eliminate volatile substances. However, prior to the
carbonization step, to determine the optimal temperature and micro-
structure, the samples underwent final calcination at various tempera-
tures (650°C, 700°C, 750°C, 800°C, and 850°C) for 14 hours to
synthesize the LiFePO4 phase.

Journal of Alloys and Compounds 1034 (2025) 181316
3.4. XRD study results

Fig. 6(a) displays the reference pattern of LFP. Based on the com-
parison of the XRD pattern of LFP and LFP/C samples synthesized at
various temperatures, presented through Fig. 6(b) and (c), respectively,
with this reference pattern, it can be concluded that the synthesis was
successful. The fact that no additional primary peaks are observed in-
dicates the absence of impurity phases in the synthesized specimens,
which can alter the active material’s performance to a great amount.
Overall, from the perspective of the evolution of the structure after
calcination of specimens at different temperatures, it can be seen that by
increasing the temperature from 550°C, the intensity of peaks increases
and they become narrower. This can be attributed to the material
retaining its stable crystalline structure, which becomes more profound
as temperature increases. However, beyond 650°C, the peaks’ intensities
start to fall again. This can be due to the excessive evaporation of volatile
species, such as Li, from the structure as temperature increases beyond
some optimum point, located near 650°C. In this manner, it seems that
650°C was the best synthesis temperature despite the fact that the
decrease in the peaks’ intensities was not considerably significant. Yet,
generally, it is more desirable to synthesize cathode-active materials at
as low as possible temperatures. This is due to the fact that the lower the
temperature the lower the fabrication costs, and process complexities
such as volatile elements loss.

Moreover, the effect of the carbon layer, applied on the surface of
particles, on the structural evolution of specimens during the synthesis
was also investigated. This was crucial as the application of a carbon
layer on the surface of specimens was an inseparable part of the syn-
thesis of LFP/C and doped specimens. Fig. 6(c) depicts the XRD patterns
corresponding to the LFP/C specimens. As can be seen, the same trend as
that of Fig. 6(b), increasing the crystallinity and stability of the structure
up to 650°C followed by a decrease in the peaks’ intensities at higher
temperatures, is observable here too. In this way, it is rational to
conclude that the carbon coating did not affect the synthesis of the
specimens.

Fig. 6(d) illustrates the XRD patterns of samples containing 0.02,
0.03, 0.04, 0.07, and 0.08 yttrium and 0.06 neodymium oxide synthe-
sized at 650°C. Based on the results shown in this figure, it can be
concluded that all samples lack any additional peaks corresponding to
impurity phases. In other words, the added neodymium and yttrium
oxides are within the permissible range, and have fully integrated into
the LFP lattice by reacting with the raw materials, replacing cations
without altering the lattice structure.

Based on these observations, it can be deduced that the temperature
of 650°C and the synthesis duration of 14 hours are suitable conditions
for the reactions to occur. Furthermore, as observed in the patterns, the
addition of dopant oxides to the composition causes slight peak shifts.
These shifts are due to the replacement of Fe?* ions (ionic radius of
78 pm) in the lattice with Y® * and Nd®* ions, which have larger ionic
radii of 90 pm and 99.5 pm, respectively, resulting in an increased lat-
tice parameter.

3.5. Examination of the undoped sample

Fig. 7(a) shows the SEM images of milled powders before and after
the synthesis of LFP at 650°C. It can be seen that, before synthesis, the
particles have an irregular and elongated shape. However, after calci-
nation at 650°C, the particles transition into a semi-spherical shape. To
examine the elements present in the composition and evaluate their
distribution in the synthesized samples, EDS analysis was also con-
ducted. As shown in Fig. 7(b), the distribution of iron, phosphorus, and
oxygen is uniform in the LiFePO4 composition synthesized at 650°C.

3.6. Morphological analysis of samples

As the geometrical and statistical features of the cathode active
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material have a significant effect on the electrochemical behavior, these
parameters are investigated in Fig. 8. In Fig. 8(a), the SEM image of the
synthesized samples, namely pristine LFP, LFP/C, LFP-Y( ¢3Ndo.06/C,
LFP-Y(.04Ndg 06/C, and LFP-Y(7Ndgoe/C are presented. Fig. 8(b)
demonstrates the corresponding particle size distribution analysis for
each sample. Moreover, a log-normal distribution with the definition
given by Eq. (5) is fitted to each case, and the results in terms of mean,
standard deviation, and goodness-of-fit are reported in Table 2. To
calculate the goodness-of-fit, the cost function was chosen to be mean
square error with its definition given by Eq. (6).

o (Inx) — p)?
fx; u&o) = xov/27 exp ( - 262 > ®)
N 2
Z (F empirical (X) —F fitted (X) )
MSE= = (6)

N

In Eq. (7), Fempiricat(x) is the empirical cumulative distribution func-
tion, and in Eq. (8), Fpixea(X) is the fitted one. These two functions can be
defined as:

Number of data points < x

Fempirical(x) = Total number of data points @
1 In(x) —
Fﬁtted(X) = 3 [1 +erf (H(GL\/QII) :| ®

As Table 2 suggests, the application of carbon coating yielded a lower
particle size compared to the uncoated sample; simultaneously, the
value of the standard deviation was also decreased. The latter means
that this strategy also resulted in a narrower distribution (particles with
almost identical size). It is a well-established rule that these character-
istics contribute to the enhanced electrochemical properties. Moreover,
the addition of doping elements caused a further decrease in the mean
size while keeping the standard deviation almost intact. Yet, for the case
of Y0.07, it can be seen that both the mean value and standard deviation
increased significantly. As a matter of fact, the high values of MSE
indicate that the distribution of particles, in this case, does not follow the
normal distribution; rather, it’s of a multi-modal form.

It is evident from Fig. 8(b) that for the case of the LFP sample, the
particle size distribution ranges approximately between 300 and
1000 nm. However, with the addition of carbon as a coating to the LFP
particles, a separating layer is formed by the carbon network settled on
the particles, hindering particle growth and agglomeration at elevated
temperatures. This results in a reduction of the particle size distribution
range to nearly half of the previous range (approximately 50-450 nm),
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as clearly shown in the case of the LFP/C sample. In this regard, the
addition of carbon reduced the average particle diameter from 431 nm
to 153 nm. Moreover, the SEM images and particle size distribution
diagrams of doped-LFP/C samples show that the addition of neodymium
and yttrium reduces the particle size compared to the LFP sample.
Additionally, the addition of yttrium further reduces the particle size up
to 0.04. However, for yttrium contents exceeding that value, the particle
size distribution becomes much broader (ranging from 400 to 1400 nm),
leading to an increase in the average particle size to 793 nm.

This reduction can be attributed to the incorporation of neodymium,
which replaces iron, and to a very small extent, lithium, causing
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Fig. 7. SEM moicrographs of (a) milled and calcined (at 650°C) LFP specimens, and (b) Results of EDS analysis and distribution of Fe, P, and O within the synthesized

LiFePO,4 specimen.

distortions in the LFP crystal lattice and ultimately leading to smaller
particle sizes. Such a trend in the variation of the mean particle size with
the addition of a dopant has been observed in many previous studies and
is attributed to several factors. These include the effect of dopant on
surface energy, grain boundary mobility, lattice distortion, and probably
other phenomena [73-77].

Fig. 9 shows the carbon layer applied on the surface of the
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synthesized powders. It can be seen that the applied layer has almost a
uniform thickness, which is promising for the electrochemical perfor-
mance of the cathode active material. Fig. 10 illustrates the TEM mi-
crographs of the pristine LFP and doped structures. As can be seen, TEM
micrographs are in accordance with the SEM analysis from the
perspective of particle size. Moreover, the discrepancy between the size
of particles is evident in the case of the specimen doped with 0.07 Y.
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Table 2
The variation of the mean size, standard deviation, and MSE for different
specimens.

Sample H c MSE

LFP 431.3 79.1 0.0866
LFP/C 153.4 31.6 0.0857
Y0.03 189.7 29.3 0.1060
Y0.04 171.6 34.6 0.0824
Y0.07 793.5 337 0.2508

Carbon Layer

Fig. 9. Applied carbon layer on the surface of synthesized powder particles.

Additionally, HRTEM analysis shows a consistent lattice expansion as a
result of the addition of dopants. Y and Nd, with atomic radii of 180 pm
and 185 pm, respectively, can replace lithium (145 pm) and iron
(140 pm) in the LiFePOas lattice. This substitution causes distortions and
opens up the lattice structure. Additionally, Y* * and Nd? * ions, when
substituting Fe?* in the lattice, create electronic defects with a charge of
+ 1. These factors facilitate lithium-ion diffusion and enhance the ma-
terial’s electrical conductivity. In this manner, it is expected that such
increased lattice volume, which primarily affects diffusion, along with
the generated electronic defects, manifest themselves in the electro-
chemical performance of the material.

3.7. Analysis of cyclic voltammetry curves

The CV curve for LiFePOa4 (Fig. 11) shows an anodic peak corre-
sponding to the oxidation reaction of Fe** to Fe®* in the FePOs com-
pound and a cathodic peak corresponding to the reduction reaction of
Fe? * to Fe* in the LiFePO4 compound. However, it must be remembered
that due to the charge neutrality constraint, this Redox reaction is
coupled with the insertion/removal of Li into the LiFePOa. structure.
Moreover, these oxidation/reduction reactions are indicators of suc-
cessful electron transfer.

Fig. 11(a) illustrates the CV curve of the powder LFP sample. The
figure illustrates anodic peaks occurring at approximately 3.5-3.6 V and
cathodic peaks at about 3.25-3.3 V for the initial and fourth cycles,
respectively. The voltage difference between the anodic and cathodic
peaks across the first and fourth cycles relates to the development of the
cathode-electrolyte interphase (CEI) layer on the surface of the cathode.
This formation plays a significant role in attaining relative stability
during the insertion and removal processes of Li-ion after the second
cycle. The analysis of this stability can be conducted by examining both
the peak current intensity and the corresponding voltage at which these
peaks manifest.

In this regard, the current magnitude decreases from the first to the
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fourth cycle, indicating a reduction in the cathode capacity during
multiple charge/discharge cycles. The higher peak current in the first
cycle can be attributed to the energy consumption required for the
formation of the CEI layer. Consequently, in the first cycle, a portion of
the capacity is irreversibly consumed for the formation of this layer. The
amount of this irreversible capacity consumption decreases significantly
for subsequent cycles as the CEI layer stabilizes. Therefore, the relative
reduction in peak current intensity from the second to the fourth cycle
can be interpreted as a decrease in the cathode’s charge and discharge
capacity.

Additionally, in the first cycle, the curve shows discontinuity around
2.5V. The anodic and cathodic peak voltages exhibit a wide range,
which indicates strong internal polarization. This discontinuity at
approximately 2.5 V in the first cycle can be attributed to the formation
of the CEI layer, leading to uneven electrochemical processes. The strong
internal polarization observed further highlights the resistance associ-
ated with the initial formation of the CEI layer and the stabilization of
lithium-ion pathways [78-81].

Fig. 11(a) also illustrates the CV curve of the LFP tablet sample. As
observed, this diagram demonstrates better performance compared to
the powder sample in several aspects:

1. The peak current intensities of both anodic and cathodic peaks are
higher in the pelletized sample, indicating greater capacity and faster
lithium-ion diffusion during insertion and removal processes
compared to the powdered sample.

2. The stability of the peaks, particularly during the cathode discharge
process, is a positive characteristic of this sample. This stability
corresponds to the formation of a more desirable CEI layer, which
contributes to capacity retention over successive cycles.

Fig. 11(b) presents the CV curves of composite LFP/C samples with
different doping levels. For the case of the undoped LFP/C sample,
during the charge/discharge process in cycles 2 and 3, the material did
not exhibit stable ionic conductivity. Due to the inability to transfer and
release lithium ions effectively, the charge/discharge process was not
successfully completed in these cycles. However, the material recovered
in the fourth cycle, successfully completing the cycle.

By comparing cycles 1 and 4, it can be observed that the current
density increases from cycle 1 to cycle 4, indicating faster lithium-ion
diffusion. Additionally, the voltage range of the peaks narrows from
cycle 1 to cycle 4, meaning the anodic peak voltage decreases while the
cathodic peak voltage increases. This reduction in the voltage difference
between the two peaks can be attributed to reduced polarization.

Fig. 11(c) compares the first and fourth cycles of cyclic voltammetry
for various samples. As observed in the figure, with the addition of
carbon and dopant oxides to the composition, along with optimizing
their amounts, the anodic and cathodic peaks become closer to each
other. This convergence confirms improved reversibility (defined by Eq.
(9)) of the redox reactions in the samples. This parameter is compared
for different specimens in Table 3 and it can be seen that the sample with
0.04 Y content (LFP/C-Y( 04-Ndg g6) exhibits the best behavior.

Cathod Voltagem .,

——— — x 100
Anode Voltage; . *

Reversibility(%) = 9

In fact, with the addition of dopant elements at optimal levels (i.e.
~0.04), the ionic conduction network expands, and the creation of
electronic defects in the structure enhances electrical conductivity. As a
result, the reaction kinetics within the structure improve, enabling the
material to respond rapidly to charge/discharge processes and mitigate
capacity loss during these processes. This behavior ultimately leads to
improved reversibility.
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and LFP/C-Y( 07-Ndg g6 (denoted by Yy 7), and (c) Comparison of the CV curves corresponding to the first and fourth cycles of the materials investigated in this study.

3.8. Analysis of discharge capacity

Fig. 12(a) illustrates the variation in discharge capacities of different
LiFePO4/C samples during the formation stage. In this stage, the elec-
trolyte is simultaneously exposed to electrons present on the electrode
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surfaces under a specific voltage range, ultimately leading to the for-
mation of an interfacial layer on the surface of both the anode and
cathode.

During charging, the electrolyte decomposes and deposits on the
anode surface through reductive reactions at low potentials, and on the
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Table 3
Comparison of the reversibility of different specimens in their 1st and 4th cycles.

Journal of Alloys and Compounds 1034 (2025) 181316

cathode surface through oxidative reactions at high potentials. The
largest amount of interfacial layers is typically formed during the first
charge/discharge cycle, as no interfacial layers have yet been estab-

Sample Cathode Anode Reversibility
Voltage (V) Voltage (V) (%) lished on the anode and cathode surfaces to electrically insulate the
Raw LFP 1st 393 36 89 electrodes from the electrolyte. Consequently, the most significant
(Powder) cycle irreversible capacity loss occurs during the first charge/discharge cycle.
4th 3.26 3.53 92 This capacity loss is significantly reduced from the second and third
Raw LFP iwe 3.24 3.6 90 cycles onward.
a(v';",ablet) C;;e ’ ’ If a significant interfacial layer is not formed during the first cycle,
4th 3.96 3.55 91 subsequent cycles will result in only minimal interfacial layer formation.
cycle This occurs because the weak initial layer prevents the electrolyte from
LEP/C 1st 3.25 3.64 89 reaching the electrode surface and inhibits electron transfer between the
Z{ﬁle 43 357 03 two. In fact, irreversible capacity loss varies depending on factors such
eycle ' ’ as particle surface area, operating conditions, and more.
LFP/C-Yo,03- 1st 3.24 357 90 As shown in Fig. 12(a), the discharge capacity for the raw LFP sample
Ndo.os cycle synthesized as a powder is initially low, measuring approximately
4th1 3.28 3.56 92 110 mAh/g in the first cycle. This indicates poor electrical and ionic
LFP/C-Y, ?s’tc ¢ conductivity in the composition. This issue is partially addressed by
-Yo.07- - - - i i i
Ndo.0s cycle pelletizing the powder before synthesis (as in the Bare LFP Tablet
4th 3.3 3.55 92 sample), improving the discharge capacity to 120.03 mAh/g by the third
cycle discharge cycle.
LF;Q C-Yo.04- ml 324 3.6 o1 For the LFP/C sample, the addition of Super P carbon as a particle
cycle . . .pe . .
008 4};}1 33 354 03 coating significantly improves cathode performance, enhancing the
cycle discharge capacity to 133.2 mAh/g and 126.7 mAh/g in the first and
third cycles, respectively. This capacity improvement is attributed to
increased electrical conductivity and enhanced particle surface area due
to the carbon coating on the LiFePOa particles. Carbon prevents particles
7 g N
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Fig. 12. (a) Variation of discharge capacity during the formation cycles for various cathode materials synthesized in this study, (b) galvanostatic charge/discharge
curves of the synthesized cathode active materials obtained at 0.1 C, (c) cycling stability curves of different specimens at 0.5 C and (d) rate capacity of LiFegq.

Yo.04Ndg.06PO4/C.
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from adhering to one another, and multiple smaller carbon particles
attach to a single LFP particle, effectively increasing the chargeable
surface area on the particles.

Based on the data illustrated in Fig. 12(b), which represents the
galvanostatic charge/discharge capacity of synthesized materials, it can
be concluded that the lattice structure in the sample doped with 0.03
yttrium (Y0.03) is more open compared to the Bare and Tablet samples.
This allows lithium-ion diffusion within the lattice to occur more easily
during charge/discharge processes. Moreover, the sample doped with
0.04 yttrium (Y0.04) demonstrates even better electrical and ionic
conductivity than the Y0.03 sample, resulting in improved charge/
discharge capacity. However, excessive yttrium in the lattice (0.07)
leads to severe distortions and probably blockage of lithium-ion path-
ways. This reduces ionic conductivity compared to the sample doped
with 0.04 yttrium (Y0.04), which has a nearly optimal amount of
yttrium. Table 4 presents the discharge capacities of different samples.
As previously mentioned, the Y0.04 sample exhibits the highest
discharge capacity, which is compared in Table 5 with several LFP/C-
based cathode materials synthesized and tested previously by other
researchers.

3.9. Analysis of cycling stability

The cycling performance was evaluated using the discharge capacity
over 50 cycles at a charge/discharge rate of 0.5 C. As shown in Fig. 12
(c), the raw LFP samples exhibit good stability after 50 discharge cycles.
However, with the addition of carbon and dopant elements, the
discharge capacity and stability improves, indicated by lowered slope
over various cycles.

Upon closer examination of Fig. 12(c), as suggested by the TEM and
HRTEM analysis, in the samples doped with 0.07 yttrium (Y0.07) and
0.03 yttrium (Y0.03), the addition of guest elements to the lattice and
the resulting lattice expansion improve the discharge capacity compared
to the raw LFP and LFP/C samples. However, again, it can be observed
that the discharge capacities of samples with the lower and higher Y-
content compared to the optimal value, remain lower than that of the
sample doped with 0.04 yttrium (Y0.04).

This lower capacity in the Y0.07 sample is attributed to significant
lattice distortions caused by the excessive presence of guest atoms in the
LFP lattice. With each charge/discharge cycle, some lithium diffusion

Table 5
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Comparison of the specific discharge capacity of the best composition found in
this study with that obtained in the literature for the case of LFP coated with C.

Cathode Specific Synthesize Method Ref.
composition Discharge
Capacity
LiFeq, 91 Yo.03Ndo. 150.1 solid-state -
06P04/C
Lio.99Y0.01FePO4 130 solid-state [82]
LiLag o01Feq.990P04/C 156 solid-state [83]
LiCeg 1Feq.oP0O4/C 137 solid-state [74]
LiNdg o1Feg.99P04/C 115 solid-state [84]
LiSmyg ggFeg.04P04/C 113 sol-gel [85]
LiEug o2Feg.9gP04/C 149 glass-ceramics quenching [86]
LiDyg.02Fe.9sP04/C 110 sol-gel [87]
LiHog o1Fe( 99P04/C 160 solid-state [88]
LiErg o2Fep.0gP04/C 105 sol-gel [89]
LiYby,g2Feq.0sP04/C 146 sol-gel [90]
LiWy,02Fe.9sP04/C 110 solid-state [91]
LiPdg 02Feo.0sP04/C 109 sol-gel [92]
LiFeg 975Rhg 025P04/ 117 carbo thermal reduction [93]
C

LiRug ¢1Feg.9oP04/C 117 surfactant-assisted sol-gel [94]
LiMog g1Feg.99P04/C 83 solid-state [95]
LiNbg gsFeg.95P04/C 85 sol-gel [96]
LiZng o1Fe.99P04/C 133 solid-state [971
LiCug goFeq.0sP04/C 127 solid-state [98]
LiNig 3Feg.97P04/C 94 spray drying and [99]

carbothermal reduction
LiCog,01Fep.00P04/C 115 sol-gel [100]
LiMng 21Feq 79P04/C 108 reflux process and [101]

carbonization
LiCrg o3Feq.97P04/C 120 mechanochemical [102]
LiVg,03Feq.07P04/C 117 sol-gel [103]
LiTig ogFeg.92P04/C 110 solid-state [104]
LiSng g3Feq.97P04/C 146 sol-gel [105]
Lilng g1 Feg.0oP0O4/C 128 sol-gel [106]
Lio.99Alg.01FePO4 95 ceramic [107]
LiCag o1Feo.99P04/C 80 solid-state [108]
Li.o5sMgo.05FePO4 108 solid-state [109]
Lio.97Ko.03FePO4 76 carbothermal reduction [110]
LiNag o1Fe(.99P04/C 119 precipitation and spray [111]

drying

Table 6

Comparison of discharge capacities of different samples in their 1st and 100th

pathways become temporarily or permanently blocked, preventing
lithium-ion movement. On the other hand, the Y0.03 sample has fewer
guest atoms and fewer ionic and electronic defects, resulting in less
lithium diffusion and weaker electrical conductivity compared to the
Y0.04 sample. The Y0.04 sample, due to the optimized amount of
dopant, neither suffers from limited lattice space for lithium passage nor
excessive distortions caused by guest atoms in the lattice. Consequently,
it demonstrates consistent discharge capacity from the outset without
significant fluctuations and achieves the highest discharge capacity
among all samples. Overall, the Y0.04 sample exhibits the best charge/
discharge performance over 100 cycles.

Table 6 highlights the differences in discharge capacity for the
mentioned samples. As observed, adding carbon to the raw material
results in a sudden increase in discharge capacity and a reduction in
capacity fade. With the addition of non-optimized dopant elements, the
discharge capacity further improves, but the capacity fade becomes
worse compared to the LFP/C sample. Careful analysis of Table 6 reveals
that by incorporating the optimal amount of dopants in the Y0.04

Table 4
Comparison of the specific discharge capacity of different samples.

cycle and their corresponding capacity fade.

Cathode Composition

Discharge Capacity (mAh/g)

Capacity Fade (%)

Cycle 1 Cycle 100
Bare LFP (Powder) 115 55 52
Bare LFP (Tablet) 124 80 35
LFP/C 135 100 26
LiFeg.01Y0.03Ndg,0sP0+/C 152 137 10
LiFeg.0Y0.04Ndg,06PO4/C 159 149 6
LiFeg g7Y0.07Ndo.06P04/C 146 128 12

sample, the discharge capacity reaches its highest value in both the first
and final cycles. Additionally, the capacity fade is reduced to 3.1 %,
demonstrating significant improvement in cycling performance.

3.10. Rate capability analysis

Fig. 12(d) illustrates the rate capability of the optimized sample

Cathode Composition Bare LFP Bare LFP LFP/ LiFeg 91 Yo.03Ndo.0cPO4/ LiFep.9Y0.04Nd.06PO4/ LiFeq.g7Y¢.07Ndo.0sPO4/
(Powder) (Tablet) C C C C
Specific Discharge Capacity (mAh/ 105.2 120.7 127.5 150.1 155.7 149.6

8)
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containing 0.04 yttrium and 0.06 neodymium. The sample underwent
charging and discharging cycles at various rates of 0.1 C, 0.2 C, 0.5 C,
1 C,2C, and5 C. It is observed that as the charging and discharging rate
increases, the capacity decreases. At a 5 C rate, representing the highest
charge rate, the discharge capacity reaches its minimum compared to
other charging and discharging rates. This reduction indicates decreased
electrical conductivity and increased electrode polarization at high rates
(5C) [112,113].

3.11. Electrochemical impedance analysis of LFP samples

The electrochemical impedance spectroscopy (EIS) analysis of the
synthesized samples in this study was conducted using electrochemical
cells under kinetic-diffusion control. All cells had identical anodes and
electrolytes but different cathodes. This means that the solution resis-
tance (Rg) was similar across all studies, while the charge-transfer
resistance (R¢), double-layer capacitance, and Warburg impedance
varied. While EIS provides invaluable data regarding simple electro-
chemical systems, in the case of batteries, the results of this test are not
interpretable that simply [114]. This is mainly due to the fact that
various phenomena play a role during the working of a battery,
including electron motions in electrodes, ion transport across a perme-
able passivation layer, charge transfer phenomena, diffusion in the solid
state, and accumulation of charge on the electrode surface. Each of these
phenomena occurs at a specific time scale and has an individual effect
yet overlapping with that of others [115].

Fig. 13(a) illustrates the impedance diagrams of different samples,
featuring a semicircular shape in the high-frequency area and a line that
runs, ideally, at a 45° angle in the lower frequency area. However, in
most of the experiments, this line will have a slope somewhere between
35° and 55° [116]. The observed semicircle arises from the combination
of two semicircles: one situated in the high-frequency domain and the
other in the mid-frequency domain. The high-frequency region’s semi-
circular shape indicates the flux of lithium ions across the interfacial
layer at the electrode/electrolyte interface, which corresponds to R¢ in
the equivalent circuit. The semicircle observed in the mid-frequency
region corresponds to the charge transfer resistance (R.¢), indicating
the intricate dynamics of charge transfer reactions occurring between
the electrolyte and active materials. The low-frequency region’s linear
behavior, which corresponds to (W) in the equivalent circuit, indicates
the diffusion process of lithium ions throughout the bulk of the electrode
material. In conclusion, the diameter of the semicircle corresponds to
the sum of Ry and R, while the slope of the straight line reflects the
extent of lithium-ion diffusion within the LFP structure. Furthermore,
the constant phase elements (CPE) relate to the pseudo-capacitive
characteristics of the oxide layer that develops between the electrode
and electrolyte, and they are taken into account in parallel with R¢ and
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Rt within the equivalent circuit [117].

With closer examination of Fig. 13(a), it can be observed that adding
carbon and dopant elements to the material reduces the diameter of the
semicircle from approximately 14 mQ in the raw sample to about 2 mQ
in the LFPY( 04 Ndg,06/C sample. This reduction indicates a decrease in
Rfand Ry, attributed to improved lithium-ion diffusion at the electrode/
electrolyte interface and enhanced electrical conductivity due to the
addition of carbon. Thus, it can be concluded that by optimally applying
a carbon layer and adding dopants, the cathode impedance is reduced,
leading to enhanced charge/discharge capacity. Based on Eq. (10) [73],
a measure of Rt + R and Dy was calculated and reported in Table 7. As
can be seen, the doping of LFP/C up to the optimum value resulted in a
continuous decrease in the charge transfer resistance as well as a
consistent increase in the diffusivity of Li.

R21Q

b= 2A2n*F2c202, (10)

In this equation,

e D represents the diffusivity of Li
e n represents the number of electrons

e T represents the absolute temperature (K)

o A represents the surface area of the working electrode

e Fis the Faraday constant

e c represents the concentration of Li

¢ o, represents the Warburg factor

Fig. 13(b), on the other hand, depicts the electrochemical impedance
spectra of samples after they went through 100 cycles. As can be seen,
cycling resulted in the shift of the curves along the Z’ axis, which means
an increase in the ohmic resistance (Rs). Several components play a role
in determining this resistance, including electrolyte, electrode particles,
and current collectors. In this manner, upon the operation of the cell,
factors such as electrolyte decomposition, corrosion of the current

Table 7
Comparison of the effect of doping on the charge transfer resistance and Dy;.
Cathode Composition Solution Charge Dy; (cm?/
Resistance (mQ) Resistance (mQ) s)

LFP/C 0.33 6.7 1.73 x

10—14

LiFeq.91Y0.03Ndo,06PO4/ 0.32 2.3 4.56 x

C 107

LiFe.9Y0.04Ndo.06P04/C 0.29 1.7 9.83 x

10714

LiFeq g7Y0.07Ndg.0sPOs/  0.37 5.6 1.58 x

C 107
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collectors, SEI growth, and Li plating on the negative electrode can in-
crease Rs. Moreover, it is observable that the radius of the semiarch at
the mid- to low-frequency regions also increased for all samples. This
region corresponds to the charge-transfer process, and its enlargement
after cycling can be attributed to CEI formation and retardation of
charge transfer as well as SEI growth and decomposition. However, as it
is evident from these figures, even after 100 cycles, doped structures
outperformed pristine LFP and LFP/C specimens. This is in complete
accordance with the results given in Fig. 12(c), where it was observed
that the doped specimens show high levels of cyclic stability.

3.12. Analysis of synergy

Having established the properties of the synthesized unique LFP/C
specimens co-doped with Nd and Y, it is now pertinent to consolidate the
data and conduct the study that was intended. Fig. 14(a) illustrates the
SDC of various co-doped LFP/C specimens sourced from literature
[55-57,118,119], juxtaposed with their corresponding anticipated SDC
derived from the established GPR—Scheme 2, by aggregating the indi-
vidual contributions of their dopants. All data points are positioned
above the bisector of the first quadrant, indicating a synergistic impact
between the two co-dopants. These data, although limited, were used to
train a GPR model to predict the effect of the reduced input features for
both co—dopants (i.e., Zheavier dopant > Vheavier dopant > -=»>  Xheavier dopant>
Ziighter dopants Viighter dopants +++> Xiighter dopant) O the difference between
actual SDC values and those obtained from summing the individual ef-
fects of each dopant, obtained from previously trained GPR model (i.e.,
GPR - Scheme 2). This GPR model was called GPR — Scheme 3, and
Fig. 14(b) illustrates the efficiency of this trained model (R? = 0.904).
Through simultaneous application of GPR — Scheme 2 and GPR — Scheme
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3, the SDCs of the synthesized active materials in this study were
calculated. Fig. 14(c) compares the actual and anticipated values, and it
can be seen that while the adopted ML strategy does not preserve the
order of materials in term of their corresponding SDC, predicted values
are in good accordance with the actual values.

4. Conclusion

This study successfully demonstrated the application of machine
learning techniques to evaluate and predict the synergistic effects of co-
doped elements in LiFePO./C cathode materials for LiBs. The main
outcomes of this study can be summarized as:

e The Pearson correlation coefficient matrix analysis indicated that the
difference between a dopant’s atomic radius and the atomic radius of
either Li or Fe could be a good measure to predict the effect of that
element on the SDC of LFP/C.
It was shown that the difference between an element’s radius with
the radius of Fe is as effective as its difference with that of Li. In this
regard, no prominent role can be imagined for either Li or Fe.
Between RF and GPR, it was demonstrated that the GPR model is
more efficient in predicting the effect of a doped element on the SDC
of LFP.
Due to the lack of data in the existing literature regarding low-
efficient doped structures, it was shown that it would be chal-
lenging to train a model capable of attaining the most comprehensive
view of the effect of a wide range of elements on the SDC of LFP.
e It was shown that the addition of Yttrium up to 0.04 in the presence
of 0.06 Nd can significantly enhance the electrochemical perfor-
mance of LFP/C.
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Fig. 14. (a) comparison of the actual and predicted normalized SDC of various co-doped LFP/C materials, (b) the results of the trained ML scheme, and (c) a
comparison of the developed ML scheme for studying synergy with the obtained experimental results.
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o It was demonstrated that co-doping is nearly almost associated with
a synergic effect. In this essence, the addition of two co-dopants will
be more successful in enhancing the electrochemical performance of
LFP/C compared to the individual effect of each dopant that it may
have.
Inspired by the ML models developed to correlate the physi-
ochemical properties of single elements on the SDC of LFP/C,
another ML model was developed to find the effect of the respective
properties of co-dopants on the deviation of the SDC of resulting
composition from predictions.
e A comparison of the results obtained from the ML model trained to
capture synergy with the experimentally found values demonstrated
acceptable performance of the developed ML scheme.
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