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Abstract
For the fabrication of green batteries, instead of synthesizing the electrode materials from high-purity metal powders via 
primary production methods, it is of great importance to design and produce an electrode material by recovering valuable 
elements from existing wastes. In this article, for the first time in open literature, an electrode active material was fabricated 
from biomedical waste by using a combination of leaching and hydrothermal methods. Once 100% leaching efficiency was 
achieved, an optimization was realized in the hydrothermal parameters (filling ratios, time, and temperatures) to fabricate 
spherically shaped metal oxide powders with 150 nm particle size. Innovatively, fuzzy logic modeling was used for refinement 
of parameters. Subsequently, three verification experiments were realized at optimum conditions, defined by fuzzy logic. The 
repeatability as well as the accuracy of the model was confirmed. In the meantime, analysis of variance (ANOVA) technique 
was applied for identification of the most effective parameter for the fabrication of powders in hydrothermal conditions. A 
detailed mechanistic analysis about the formation of particles was also realized. Finally, the possible use of this metal oxide 
powder as an anode material was evaluated galvanostatically and potentiostatically. The electrode delivered a higher capacity 
than graphite and achieved 100-cycle tests with success. The presented approach was anticipated to constitute an example 
for the future, as it brought an effective perspective to material scientists about the valorization of biomedical waste in high 
value-added applications such as energy storage devices.
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1  Introduction

In the twentieth century, the fast-growing population 
and economies need huge amounts of resources to ful-
fill the needs of consumers. With the current population 
growth rate, it is expected that by 2040, many of the natu-
ral resources are going to be consumed completely [1]. 
The continuous decrease in primary energy sources (i.e., 
fossil fuel) and fast-growing pollution necessitate the use 
of renewable energy along with energy storage facilities. 
Among  alternatives, lithium-ion batteries (LIBs) are the 
most renowned ones, due to their lightweight, excellent 
energy density (> 150Wh kg−1), lack of memory effect, 
low self-discharge rate, and long cycle life [2, 3].

LIBs are used in different sectors such as in the trans-
portation (autocycle cycles, cars, busses, forklifts, etc.), 
electronic goods (laptops, personal care devices, phones, 
etc.), and stationary grid applications [2]. A report issued 
in 2020 states that by 2030 the energy stored in LIBs will 

surpass 2 TWh collectively [4]. In another report, it is esti-
mated that the growing market of LIB is going to expand 
up to 300 billion US dollars by 2050, and per year power 
storage production requirement will be 4–12 TWh [5]. 
This makes it obvious that with the developing market, 
a higher amount of electrode material is  needed for the 
fabrication of LIBs.

LIB consists of four basic components: electrolyte, 
separator, cathode, and anode [6, 7]. When the energy 
consumption of the LIB manufacturing process is con-
sidered, 163 kWh of energy is found to be utilized for 
the fabrication of LIB that stores 1kWh of energy [8, 9]. 
Detailed analysis reveals that 70–80% of that energy is 
used mainly for the electrode active material fabrication 
[10], which results in approximately 150 kg CO2 emission 
(to store 1kWh of energy in LIB) [11, 12]. Moreover, the 
cost of active material covers 65% of the total production 
cost of the LIB [13]. Here, keeping in mind the market 
forecast of LIB with the purpose of revenue generation, 
the motivation is to reduce the production cost of active 
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material without compromising environmental safety. As 
a solution, some scientists have studied the recovery of 
metals from spent LIBs by pyro and hydrometallurgical 
processes [14]. Alternatively, mill scale [15], spent pick-
led acid [16], flue dust [17], and ash [18] from different 
furnaces are also utilized as the starting material, and 
valuable metals are recovered from them to be used in the 
fabrication of the electrode active material. In these stud-
ies, industrial waste usage in the synthesis of electrode 
active materials is not proposed only to offer solutions for 
the problems experienced during the disposal of the exist-
ing waste but also to reduce the environmental damage 
resulted from the synthesis of the electrode active material 
with the primary methods [19–21]. In 2019, Liu et al. [19] 
and Luo et al. [20] have fabricated hematite/C based hol-
low spindles and hematite/C based composites from acid 
pickle iron oxide, respectively. On the other hand, in 2018, 
Li et al. [21] have fabricated 200 nm sized carbon coated 
ferric oxide composites from waste toner. In all these stud-
ies, scientists prefer to synthesize submicron sized metal 
oxide/C composite since Wang et al. [22] reported that 
pure metal oxide anodes fail in early stage of galvanostatic 
test, because of their low electronic and ionic conductivi-
ties. Another challenge, faced by transition metal oxide, is 
the huge volume expansion occurrence in the anode active 
material in discharging [23]. This significant change in 
the volume of the anode active material during cycling 
causes electrode pulverization and rapid capacity decay, 
impeding their practical applications [24, 25]. To over-
come this main demerit of volumetric expansion and to 
enhance structural stability of anode material, its particle 
size optimization is greatly emphasized by researchers. 
Many research efforts conclude that reducing the particle 
size (of anode material) to 150 nm or below provides a 
balance between stress accommodation ability as well as 
high surface area for better lithiation kinetics and eventu-
ally high capacity [26–29]. Likewise, Courtel et al. [25] 
have also shown in their study that for mixed transition 
metal oxide, as anode active material in LIBs, ~ 150 nm 
particle size is critical to counter stress during volume 
expansion and maintaining electrochemical performance. 
Furthermore, when nano-sized anode active material 
(< 100 nm) is utilized, the performance decreases over 
time during cycling due to the formation of "electrochemi-
cal induced agglomeration" which is urged by the high 
surface energy of nano particles [30–32]. Additionally, the 
production of a thicker SEI on the nano-sized anode active 
material results in higher resistance at the electrode/elec-
trolyte interface, which lowers the anode's performance at 
high current loads [33, 34]. Therefore, optimization in the 
particle size is highly required since neither too low nor 
too big particle size of metal oxide leads to good cycle 
performance in the galvanostatic tests.

Up to now, mostly, researchers have optimized the elec-
trode active material’s properties by studying the effect of 
one parameter at a time. For example, Zhao et al. [35] used a 
full factorial design to optimize four factors with 2 levels to 
achieve a minimum particle size. Rangappa and co-worker 
[36] utilized full factorial design for optimizing the cooling 
system of the LIB considering 3 factors with 3 levels.

The orthogonal experimental design supports a hypoth-
esis with a definitive answer (YES/NO or TRUE/FALSE) 
but disregards the ‘possibilities’ between these two distinct 
alternatives. In order to collect more data, it is possible to 
increase the number of trials in a crisp (two-value) logic 
system (by increasing the number of factors and their lev-
els), which leads to an increase in the number of experi-
ments runs for a finer orthogonal system. Therefore, such an 
approach might not be practically possible, especially when 
time, cost, or resource constraints are considered.

On the other hand, the use of fuzzy logic (FL) system 
inference-based modeling maximizes the fabrication effi-
ciency of the particles at the desired properties with a 
smaller number of experiments because this alternative logic 
suggests an unorthodox approach which does not require 
many experiments and it allows for the analysis of complex 
systems’ control, under the effect of independent param-
eter interactions [37–39]. Moreover, this flexibility makes 
FL modeling particularly suitable for problems where the 
relationships between variables are not precisely (crisply) 
pre-defined. There are two popular types of fuzzy inference 
systems as Mamdani [40] and Takagi-Sugeno [41] mod-
els. The qualitative form of data can be well modeled by 
Mamdani FL model, where inputs and outputs are related 
through fuzzy set inclusive rule bases. The superiority of FL 
modeling can be observed in cases where the design space 
is complex, and the interactions between variables are non-
linear or difficult to define precisely. FL modeling allows the 
incorporation of expert knowledge, linguistic variables, and 
logical rules, to enable a more intuitive and qualitative repre-
sentation of the problem mechanism. Furthermore, FL mod-
eling is capable of handling uncertainties inherent in real-
world systems, providing robustness in decision-making and 
finding the optimum solution [42]. For example, Majmudar 
et al. [43] used FL to measure and study the size and shape 
of the fabricated gold particle by c-mean clustering approach 
on Transmission Electron Microscopy (TEM) images. Shetty 
et al. [44] practiced the Taguchi method with FL modeling to 
optimize and predict surface roughness of composite. Hos-
seini et al. [45] also applied FL model in their study, this 
artificial intelligence (AI) based approach enabled them to 
develop a relation between Cr (VI) removal efficiency (as 
output) and pH, contact time, initial Cr (VI) concentration, 
and absorbent dose as input variables by applying Mamdani 
interface system.
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In this study, in order to exemplify the use of FL princi-
ples in the fabrication of green electrode material, innova-
tively, orthodontic waste (stainless steel braces) has been 
chosen as starting material. Biomedical sector as a growing 
market attracts attention as their waste contains 57%, 21%, 
and 6% amounts of Fe, Ti, and Ni, respectively. In 2020, 
the World Health Organization (WHO) [46] reported that 
144,000 tons of biomedical waste were mostly discarded. So 
far, a couple of research groups have tried to recover metals 
from biomedical waste, but none of them have designed a 
procedure to manufacture LIB electrode materials out of it. 
Thus, in this study, firstly the leaching efficiency of stainless 
steel (SS) braces is maximized (not given here), then the 
hydrothermal reaction parameters (temperature, time, filling 
ratio) are heightened by FL modeling to achieve ⁓150 nm 
as the critical particle size for electrode material [29]. The 
fabricated powder is utilized as an anode material in lithium-
ion batteries leading to promising results.

2 � Experimental

2.1 � Powder synthesis

Stainless steel braces were collected from local dentists near 
Istanbul, and they are washed at 60 °C for 2 h, and then 
leached by sulfuric acid. Here, leaching at 90 °C with 4 M 
H2SO4 for 4 h while maintaining a solid-to-liquid ratio of 
1/50 in the reflux system results in 100% leaching efficiency. 
After applying 14 M NaOH to bring the leachate's pH to 
10, the solution is transported to the hydrothermal reactor. 
The reaction is carried out at various filling ratios, time, and 
temperatures determined using FL modeling at this step. 
The precipitates are then separated and thoroughly cleaned 
by centrifuging it for 30 min at 4500 rpm. Precipitates are 
heated at 730 °C for 5 h in an air environment after drying 
at 100 °C for 12 h.

2.2 � Fuzzy logic modeling

In this study, the refinement in particle size is realized by 
using FL principles by using a toolbox of MATLAB for 
further optimization and verification of the hydrothermal 
reaction parameters. In this regard, the three input variables, 
namely, time, temperature, and filling ratio are connected 
to one output (particle size), with Mamdani FL inference 
system model (see Table 1 and Fig. 1). The three inputs and 
output are fuzzified into three fuzzy sets linguistically as 
Gaussian function. Equation 1 represents the formula for 
fuzzifying the experimental numbers into Gaussian function 
[47], where � is a standard deviation and c is the mean of the 
function. These three inputs with three fuzzy sets generate 
27 fuzzy rules. These rules are then triggered according to 

fuzzy inference system (FIS) principles to obtain the output 
fuzzy set. The final numerical value was obtained after the 
defuzzification of this set according to centroid defuzzifica-
tion approach [39]. Moreover, MINITAB software version 
20 is used to analyze the experimental data and perform 
ANOVA analysis.

2.3 � Materials characterization

2.3.1 � Structural, morphological, compositional analyses

The chemical composition of the fabricated powder is exam-
ined by applying X-ray fluorescence (XRF, Rigaku—ZSX 
Primus II). To analyze the structural phases of the fabri-
cated powder, an X-ray diffractometer (XRD, Brucker AXS/
Discovery D2 phaser) is utilized between 10° and 90° by 
Cu Kα with 0.02° sec−1 scanning rate. The particle size is 
determined by Malvern Panalytical ZETASIZER ULTRA.

2.3.2 � Cell fabrication and electrochemical characterization

For electrochemical evaluation of synthesized material in 
lithium-ion batteries, anodes are fabricated by mixing the 
electrode active material, conductive additive (TIMCAL 
C-64), and binder (PVDF; polyvinylidene difluoride) in an 
organic solvent (NMP: N-methyl pyrrolidone) with 60: 25: 
15 ratios in Thinky ARE-250. The lamination is realized by 
coating the slurry on copper foil with the Dr. Blade tech-
nique [48]. Then, the coated foil (lamination) is dried (at 
70 °C for 12 h and at 120 °C for 12 h), rolled, and punched.

Then, CR2032 standard coin cells are assembled in argon-
filled glovebox MBRAUN, LabMaster (< 0.1 ppm O2, < 0.1 

(1)f (x;�;c) = e
−

(x−c)2

2�2

Table 1   Linguistic levels of Input and output of fuzzy logic model

Variable Linguistic levels Values

Temperature (°C) Low 156
Middle 181
High 204

Time (h) Less 13
Intermediate 20
More 25.7

Filling ratio Small 0.3237
Moderate 0.556
Big 0.849

Particle size (nm) Fine 155.7
Average 258.1
Coarse 410
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ppm H2O). The electrolyte contains 1M LiPF6 in EC: DMC 
(1:1) solution. The separator is Celgard 2400. Galvanostatic 
performances’ assessments are made at a current load of 50 
mA g−1 between a voltage range of 1 mV–3 V (vs Li/Li+) 
using the Neware Battery Analyzer System. The lithiation 
mechanism has been examined by performing cycling vol-
tammetry using Gamry Interface1000E. The first 4 cycles of 
CV curvatures of each electrode are retrieved by cycling the 
electrodes between said voltages with a scan rate of 0.2 mV 
sec−1. The electrochemical impedance spectroscopy (EIS) has 
been executed at 1 mV, from 0.01 Hz to 100 kHz in symmetri-
cal cells using Gamry Interface1000E. The symmetric cell has 
been assembled following the procedure explained adopted 
by Burns et al. [49], typical cell contains an anode cycled to 
specific cycle and then discharged to 1mV vs the same but 
fresh electrode.

3 � Results & discussion

3.1 � Fuzzy logic (FL) modeling

This modeling deals not only with every parameter’s effect 
but also with the interaction of parameters. It involves the 
subdivision of important factors affecting the input pro-
cess and possible outcome (output), into linguistic fuzzy 
sets (Table 1). The linguistic fuzzy sets are the subsets of 
both input and output as “small”, “intermediate”, “less”, 
“more”, and “most,” which are linguistic fuzzy words. The 
logical set of fuzzy rules-based relations is developed for 
each input variable simultaneously with fuzzy sets of the 
output variable. Each of the inputs and the output is fuzzi-
fied into 3 fuzzy subsets. Figure 2 shows the fuzzy sub-
sets of both input and output. Table 1 indicates the central 
values of each Gaussian fuzzy function (see Fig. 1b). As 

Fig. 1   a Structure of FL model 
with three inputs and one out-
put, b Schematic demonstration 
about the difference of orthogo-
nal design to FL model
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Mamdani FIS is more appropriate to apply on practical 
experimental works, hydrothermal parameters to fabricate 
particle size around 150 nm are adjusted accordingly.

Validation of fuzzy model
Many studies have been reported to optimize the par-

ticle size of metal oxide material in hydrothermal reac-
tions [50–53]. In this study, time, reaction temperature, 
and filling ratio of the reactor have been chosen as param-
eters to control the morphology and the size of forming 
powder with 3 levels for each of them. As a result, 27 pos-
sible combinations are proposed as fuzzy rule base (see 
Table 2), but not all the experiments need to be performed, 
unlike the orthogonal design of experiments (Figs. 1b and 
3a). Therefore, by taking most logic experiments and their 
results, FL model enables to develop a strong relation 
between the inputs and the output. This attribute gives 
superiority to FL modeling over conventional orthogonal 
experimental designs.

The output obtained in Mamdani type FIS is in the form 
of fuzzy set, which needs to be de-fuzzified into one crisp 
numerical value. In this study, the fuzzy set is de-fuzzified 
by centroid method by taking the centered value of  the 
fuzzy output set (Fig. 3a). The FL model is validated by 
calculating the percentage relative error (PRE) and sum of 
square error (SSE) between the model prediction and the 
experimental values using the following Eqs. 2 and 3 [54].

Here, VE is the experimental particle size value and VC 
is the calculated particle size value through the FIS model. 
Approximately, the error percentage is found as ~ 2% and 
this is within the practically acceptable engineering error 
limits of ± 5%. By using Eq. 4 [54], the calculated root mean 
squared error (RMSE) is found to be 0.144. As the RMSE 
value is very close to 0, it indicates the goodness of the 
model.

Moreover, Fig. 3b displays the experimental and the 
model prediction values of particle size. For 150 nm par-
ticles, the refined parameters of the FL model are 150°C 
temperature, 12 h, and 100% filling ratio. Three experi-
ments are carried out under these circumstances, and the 
particle sizes of these trials are measured for the confirma-
tion and the validation of the parameters adjustment. The 

(2)

Percentage Relative Error (PRE) =
(Vi,E − Vi,C)

max(Vi,E,Vi,C)
× 100

(3)

Sum of Squared Errors (SSE) =

n
∑

i=1

(

(Vi,E − Vi,C)

max(Vi,E,Vi,C)

)2

(4)

Root Mean Squared Errors (RMSE) =

�

�

�

�

�

∑n

i=1
(Vi,E − Vi,C)

2

n

�

Fig. 2   Fuzzified inputs (Tem-
perature, Time and Filling 
Ratio) and output (Particle 
Size) with their fuzzy subsets
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average of the three trials is 154 nm, which is extremely 
near to the model's expected value for the smallest parti-
cle size of 156 nm. Figure 3c displays the particle size of 
the 8 experiments that are run based on FIS model. Their 
parameters are given in Table 3.

Figure 4 exhibits a 3D illustration of the two-way inter-
action of inputs on the particle size. It also shows how 
fuzzy outperforms the orthogonal system. Because, as FIS 
modeling considers all possibilities, it allows for knowl-
edge of the conditions that have not been experimentally 
studied. Figure 4a depicts that at a high filling ratio and 
lower temperature, a smaller particle size is achieved due 
to high pressure and low kinetic movement of the particles. 
Then, Fig. 4b shows that within the interested intervals, 
independent of the process duration, at lower tempera-
tures, particles with smaller particle size are formed. Addi-
tionally, Fig. 4c demonstrates that at a high filling ratio 
and short process duration, particles with small particle 
sizes can be fabricated, because prolonged duration at high 
temperature promotes diffusion resulting in agglomeration, 
eventually.

3.2 � Analysis of variance (ANOVA)

By using MINITAB software v.20, ANOVA analysis is 
performed to study the individual as well as combined 
interaction of the parameters onto the particle size and to 
investigate the most effecting parameter of the hydrothermal 
reaction. The results are displayed in Table 4.

The calculation reveals that the 3-way interaction of the 
parameters has less effect on the final product properties, and 
therefore, this is taken as an error and ANOVA calculations 
are revised and given in Table 5. The R-square and R-square 
adjusted values of the revised ANOVA analysis are found to 
be 99.67% and 97.71%, respectively.

According to the calculations, the most effective param-
eter is the temperature as it has the biggest F-value. As 
the temperature rises, the kinetic energy of the molecules 
increases, leading to more frequent and energetic collisions. 
Moreover, at higher temperatures, not only does the rate of 
nucleation increase, resulting in a greater number of parti-
cles formation, but also the thermal motion of the molecules 
is more rapid, leading to faster diffusion, hence to particle 
growth. At elevated temperatures, the kinetic energy of the 
particle and their collision with each other get enhanced. As 
a result, the particlescollide, stick together, and form larger 
agglomerates. All these factors make the temperature the 
most effecting parameter in the hydrothermal reaction.

3.3 � Material Characterization

3.3.1 � Mechanistic understanding of particle formation: 
crystallization and growth

In a hydrothermal reaction, the formation of nanoparticles 
involves an ordered nucleation and growth mechanism.  In 
a hydrothermal reaction, the production of nanoparticles 
begins with nucleation, in which stabilized clusters form, 
and then grows by autocatalytic surface processes.The regu-
lation of nucleation and growth mechanisms in a hydrother-
mal synthesis allows for the controlled and precise fabrica-
tion of nanoparticles with specific sizes and properties.

During synthesis of nano particle, nucleation takes place 
in the first place. Nucleation in a hydrothermal reaction 
requires relatively high supersaturation levels, which mean 
for the precipitation of metal ions as their oxide, metallic 
ions must exist in abundance in the solution. The process 
begins with the formation of clusters, typically on a 0–2 
nm scale, which represents crystalline materials. These clus-
ters are referred to embryos and their formation is revers-
ible because of their small size. Therefore, the production 
of these clusters does not guarantee the initial continuation 
of the synthesis process. When cluster (embryo) reaches to 
certain size (critical radius) and critical activation energy, 
they become irreversible. Upon reaching the critical point, 

Table 2   Linguistic relation between levels of input and output

Time Temperature Filling ratio Particle size

Rule 1 Less Low Small Average
Rule 2 Intermediate Low Small Average
Rule 3 More Low Small Average
Rule 4 Less Middle Small Corse
Rule 5 Intermediate Middle Small Corse
Rule 6 More Middle Small Corse
Rule 7 Less High Small Corse
Rule 8 Intermediate High Small Corse
Rule 9 More High Small Corse
Rule 10 Less Low Moderate Average
Rule 11 Intermediate Low Moderate Average
Rule 12 More Low Moderate Average
Rule 13 Less Middle Moderate Corse
Rule 14 Intermediate Middle Moderate Corse
Rule 15 More Middle Moderate Corse
Rule 16 Less High Moderate Corse
Rule 17 Intermediate High Moderate Corse
Rule 18 More High Moderate Corse
Rule 19 Less Low Big Fine
Rule 20 Intermediate Low Big Fine
Rule 21 More Low Big Fine
Rule 22 Less Middle Big Fine
Rule 23 Intermediate Middle Big Corse
Rule 24 More Middle Big Corse
Rule 25 Less High Big Fine
Rule 26 Intermediate High Big Corse
Rule 27 More High Big Corse
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Fig. 3   a The rules set by fuzzy based on the given data, b Graphical comparison between experimental and model predicted particle size values, 
c Particle size measurements of the 8 experiments

Table 3   The experimental vs 
the predicted values of 8 runs

Temperature 
(°C)

Time (h) Filling ratio Experimental 
particle size 
(nm)

Calculated 
particle size 
(nm)

PRE (%) SSE

EXP. 1 150 12 0.5 230 285  − 19.2982 0.037242
EXP. 2 150 12 1 158 156 1.265823 0.00016
EXP. 3 150 24 0.5 214 285  − 24.9123 0.062062
EXP. 4 150 24 1 184 158 14.13043 0.019967
EXP. 5 200 12 0.5 391 409  − 4.40098 0.001937
EXP. 6 200 12 1 169.9 156 8.181283 0.006693
EXP. 7 200 24 0.5 488 409 16.18852 0.026207
EXP. 8 200 24 1 361.3 406  − 11.0099 0.012122
Average percentage relative error =   − 2.48 0.16639
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an irreversible phase change occurs leading to nucleation. 
Then, these nuclei grow and stabilize, forming the basis for 
nanoparticle development [55–57].

After the nucleation of nuclei, growth takes place involv-
ing fast, autocatalytic surface growth, where the nanoparti-
cles expand through diffusion and stabilization occurs. In the 

Fig. 4   Surface plots of effect of temperature, time, and filling ratio on particle size

Table 4   ANOVA calculations 
for particle size of powder

Source Df Adj SS Adj MS F-value P value

A (temperature) 1 48,703 48,703.2 – –
B (time) 1 11,130 11,130.3 – –
C (filling ratio) 1 25,290 25,290.0 – –
2-way interactions
A (temp) × B (time) 1 9688 9688.3 – –
A (temp) × C (F ratio) 1 7552 7552.2 – –
B(time) × C (F ratio) 1 2326 2325.6 – –
3-way interactions
A (temp) × B (time) × C (F ratio) 1 343 343.2 – –
Error 0 – –
Total 7 105,033
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case of metallic nanoparticles, the metal cation-containing 
precursor is reduced or decomposed  then atoms combine to 
form stable nanoparticles, completing the growth process. 
The hydrothermal approach offers advantages in regulating 
the rate, uniformity of nucleation, growth, and aging pro-
cesses, allowing for precise control over the formation of 
nanoparticles. The size of nanoparticles in a hydrothermal 
reaction is controlled by the nucleation and grain growth 
processes, ensuring the desired characteristics and properties 
of the final nanoparticles [55–57].

However, factors such as reaction temperature, time, and 
filling ratio have very prominent effects on the synthesized 
nanoparticles' properties. For instance, the increase in tem-
perature causes aggregation leading to relatively bigger par-
ticles. The prolonged reaction duration also results in rela-
tive coarsening in grain size. Conversely, the filling ratio has 
an inverse effect on the particle. Higher filling ratio causes 
higher pressure averting the particle growth. Therefore, it is 

important to carefully select the parameters and their levels 
to obtain particles in nanometric size  i.e., time, temperature, 
and filling ratio.

3.3.2 � Powder characterization: the structural 
and compositional analyses

The XRD pattern of the powder fabricated at the defined 
conditions by FL reveals that the sample contains hematite 
(Fig. 5). The chemical compositions of the initial material 
as well as the fabricated powder are also examined by XRF 
method. The initial material that belongs to SS grade 304L 
is very suited to extract the values from it. In this work to 
coprecipitate Fe, Cr, Ni together in oxide form in one step, 
the adjustment of pH during precipitation is realized con-
sidering Pourbaix diagrams. In the study of Janin et al. [58], 
they disclosed that at pH above 10, iron and chromium get 
precipitated together from a leachate as hydroxide, and the 
fact that Fe and Cr have similar ionic radii (Fe+3 0.67 Å; 
Cr+3 0.64 Å); after the calcination of this precipitate, a ten-
dency to form a solid solution of iron oxide at any concentra-
tion level is increased due to the same crystal structure [59]. 
Therefore, although no further or additional peak related to 
chromium oxide is observed in XRD analysis, XRF reveals 
16% Cr and 9% Ni existence along with 69%wt. Fe in the 
powder.

During solid solution, the solute atom (i.e., Cr and Ni) 
completely takes in the place of the host (i.e., Fe) atom in 
the oxide structure. Such substitution causes imperfections 
in the unit cell lead to ion and electron mobility improve-
ments, stabilizing structural phases, and increasing mechani-
cal strength [60–63]. These benefits leading to better charge/
discharge cycle, higher specific capacity, and improved dura-
bility in energy storage devices. The tailored properties of 
solid solutions, such as optimized morphology and electro-
lyte compatibility, contribute to the overall efficiency and 
longevity of anode material [63, 64].

3.3.3 � Electrochemical performances of the anode vs Li

Fabricated anode has been punched and CR2032 standard 
half-cells are assembled to test the electrochemical perfor-
mance. 50 mA g−1 current load is applied to cycle the cell 
between 1 mV and 3V vs Li. Figures 6a–c show the elec-
trochemical performance of the electrode. In Figure 6a, a 
discharge curve located around 0.7 V is assigned to thefor-
mation of solid-electrolyte interface (SEI) and the reduc-
tion of metal oxide [65, 66]. As reported in the literature, 
the reduction of metal oxide (i.e., hematite) follows 3 steps 
given by Eqs. (5–7) [65–67]. Following the first reaction, a 
small amount of lithium gets inserted in an iron oxide solid 
solution and forms hexagonal LixFe2O3 . Then, upon further 
lithiation, a change in the crystal structure from hexagonal 

Table 5   Revised ANOVA calculations for particle size of powder

Source Df Adj SS Adj MS F-value P value

A (temperature) 1 48,703 48,703.2 141.90 0.053
B (time) 1 11,130 11,130.3 32.43 0.111
C (filling ratio) 1 25,290 25,290.0 73.68 0.074
2-way interactions
A (temp) × B (time) 1 9688 9688.3 28.23 0.118
A (temp) × C (F ratio) 1 7552 7552.2 22.00 0.134
B (time) × C (F ratio) 1 2326 2325.6 6.78 0.233
Error 1 343 343.2 – –
Total 7 105,033

Fig. 5   XRD pattern of the powder fabricated at the defined conditions 
of fuzzy
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LixFe2O3 to cubic Li2Fe2O3 occurs. Finally, a complete 
reduction of iron oxide happens and a reduced elemental 
iron cluster in Li2O matrix is achieved. In charging, the ele-
mental iron is converted to iron oxide following Eq. 8. [65, 
66, 68, 69] (Fig. 6a).

Figure 6b depicts that a high capacity (983 mAh g−1) is 
delivered by the electrode, because of the higher theoretical 
capacity (1006 mAh g−1) of Fe2O3 and smallest homogene-
ous morphology of the fabricated powder. After the 50th 
cycle, the capacity becomes ⁓410 mAh g−1 with a columbic 
efficiency of 96%. The decrease in the capacity is due to 
inevitable volumetric change caused by structural conversion 
that happened in cycling (see Eqs. 5–8). At this point, this 

(5)Fe2O3 + xLi+ + xe− ↔ LixFe2O3

(6)LixFe2O3 + (2 − x)Li+ + (2 − x)e− ↔ Li2Fe2O3

(7)Li2Fe2O3 + 4Li+ + 4e− ↔ 2Fe0 + 3Li2O

(8)Fe2O3 + 6Li+ + 6e− ↔ 2Fe + 3Li2O

performance shows that the iron oxide-based material syn-
thesized from biomedical waste has successfully completed 
100 cycle tests. This superior performance can be explained 
by the fact that the particle size of the obtained powder is 
⁓150 nm and its structure is designed as a solid solution 
instead of pure metal oxide.

The cyclic curvatures of the electrode for the first 4 cycles 
are given in Fig. 6c. The results are in well agreement with 
previously disclosed outcomes in literature [65, 70, 71]. 
Herein, a characteristic behavior of hematite is noted, the 
cathodic peaks at 0.7 V and a wide slight hump appeared 
at 1.3 V, signifying the irreversible SEI formation and the 
reduction of hematite with lithium, resulting in the forma-
tion of Li2O and Fe0 (Eqs. 5–7). In the interim, only a broad 
peak at about 1.7 V is attributed to the oxidation of iron to 
Fe+3 [65, 68–70].

To understand the prevalent mechanism on the capac-
ity, CV at different scan rates  is performed [72]. First, the 
electrode has been cycled 3 times at 50 mA g−1 between 1 
mV and 3 V, for the stabilization of the electrode/electro-
lyte interface. Later, voltammetry is applied with different 
scan rates of 0.3 mV s−1, 0.5 mV s−1, 1 mV s1, and 1.5 
mV s−1 between the same cutoff voltage range 1 mV–3 

Fig. 6   Electrochemical performance of iron oxide sample a Voltage–Capacity curves b Capacity–Cycle curves c cyclic voltammetry curves
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V (Fig. 7a, b). Then, log of peak current values has been 
taken and plotted versus scan rate and fitted with the linear 
model (Fig. 7c, d). In the literature, it is mentioned that 
the capacitive effect can be quantified using the Eq. 9 [72], 
where a and b are constants. The value of b is between 0.5 
and 1. 0.5 signifying that the reaction is diffusion con-
trolled; while when the value of b is 1, it signifies that 
the reaction has capacitive control. Figure 7b shows ln (i, 
peak current)-ln (v, sweep rate) of two peaks detected at 
the anodic and cathodic sides of Figure 7a. The fitted line's 
slope gives b value. Regression analysis of each fitted line 
shows that the fitting is perfectly done as R2 and R2-adj are 
close to 1. The value of b in the current case is between 
0.5 and 1, which shows mixed control (Figure 7b). Fur-
ther Fig. 7c exhibits the impedance results of the electrode 
after 1st discharge, according to which the electrode shows 
small charge transfer resistance of the material owing to 
the small nodular shape morphology of the synthesized 
iron oxide.

4 � Conclusion

In this study, the valorization of biomedical waste has been 
realized in a high-value-added application such as anode 
active material in LIB. This point of view will enable the 
formation of a system in which sectors can achieve mutual 
gains economically on the way through the generation of a 
sustainable world.

For the first time in literature, orthodontic waste (stainless 
steel braces) has been leached through sulfuric acid with 
100% efficiency and the leachate has been treated by hydro-
thermal reaction. Fuzzy logic (FL) has been applied to syn-
thesize particles with optimum size as reported in the litera-
ture. Time, temperature, and filling ratio have been selected 

(9)k1v + k1v
1∕2 = avb

Fig. 7   a & b Sweep Rate Test c electrochemical impedance after 1st discharge of the sample
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as input factors/parameters. The FL model not only provides 
valuable insights into the effects of process parameters on 
particle size but also allows for further refinement and con-
sideration of intermediate parameter values. Furthermore, 
ANOVA analysis yields that the filling ratio and temperature 
are the two most influencing parameters in the synthesis of 
iron-oxide-based anode material through the hydrothermal 
reactional route. The fabricated powder exhibits desirable 
structural, morphological, and compositional characteristics, 
and its electrochemical performance as an anode material 
is promising. The combination of these experimental and 
modeling approaches can contribute to the development and 
optimization of materials for energy storage applications.
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