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Abstract

In this article, instead of synthesizing the electrode active material using expensive precursors that lead to high carbon emis-
sions to the atmosphere during fabrication, an alternative engineering approach is presented for the utilization of the electric
arc furnace flue dust, which is an industrial waste, as anode material in lithium-ion batteries. In this scope, firstly ball milling
of the flue dust with citric acid is applied and then in situ carbonization conditions are optimized by pyrolyzing the mixture
at different temperatures (600 °C and 750 °C) and times (4 h and 6 h). Every sample delivers capacities greater than graphite.
Structural, morphological, and chemical characterization results demonstrate that the designed method not only promotes
the formation of a nanometer-thick carbon layer formation over the particles but also induces partial phase transformation
in the structure. The best performance is achieved when citric acid is used as the carbon source and the ball-milled powder
is treated at 600 °C for 4 h in nitrogen (C6004): It delivers 714 mAh g~! capacity under a current load of 50 mA g~! after
100 cycles. This research is expected to set an example for the utilization of different industrial wastes in high value-added
applications, such as energy storage.
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Introduction

Fossil fuels used to produce energy are no longer favored
because of their significant carbon dioxide emissions,
which harm the environment [1]. As a result, the use of
renewable energy sources is strongly encouraged, which
calls for the efficient use of energy storage technologies.
Among alternatives, lithium-ion batteries (LIB) are pre-
ferred because they do not have a memory effect, can
operate at high voltages, and have a high specific energy
density [2]. Today, many manufacturers prefer lithium-
ion batteries in electric vehicles and portable devices [2].
The use of LIB has been growing significantly over the
last 10 years, and research for further improvements in
performance at a cheaper price is still in demand. It has
been stated that battery prices at pack level have decreased
by 97% in 2020 since its first commercialization in 1991.
In the same study, it was also mentioned that the expected
cost per kWh in 2030 was 75 USD [3]. This situation
necessitates the development of battery chemistry [4—7].
Therefore, projections show that the progress in battery
technology will extend their usage, hence their production
in future. When the rate of CO, equivalent gas released
during battery production is taken into account, it is found
that the active material synthesis is responsible for 54% of
the total emission [8], while the cost to synthesize elec-
trode material represents 43% of the total cost to produce
batteries that store 100 kWh energy.

In this context, the assessment of industrial wastes
becomes compelling as their replacement for synthetic
precursors enables the utilization of easily accessible
cheap material in the fabrication. Considering the envi-
ronmental and financial benefits of waste evaluation during
electrode fabrication, scientists have recently utilized a
variety of bio-waste and industrial waste as raw materials
in the fabrication [9, 10]. However, most of these studies
entail selective material recovery by leaching the waste
with potent chemicals. Therefore, new waste is produced
during the recovery which creates the need for additional
disposal procedures. Unlikely, in this work, a new method
is anticipated to evaluate the entire industrial waste in a
high value-added application: batteries. According to Gao
et al. [11], 1 ton anode active material production causes
5315.91 kg CO,_, as this amount of production needs
112.48 GJ energy consumption. Thus, the evaluation of
a waste with no economic value as active material led to
less energy consumption in fabrication hence less CO,
emissions [12].

According to the World Steel Association, the total
amount of steel produced in 2021 is~ 1.9 billion tonnes
[13] and around 29% of the steel production was realized
by electric arc furnace furnaces (EAF) [14]. During the
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production of one ton of steel by EAF, approximately
20 kg of flue dust is formed [15]. Previous researches
reveal that EAF flue dust (EAFFD) mainly contains zinc
(as zincite or franklinite), iron (as franklinite), and other
metals, such as Ca, Mn, Cd, and Pb [15]. Researchers have
designed methods to selectively recover zinc oxide and
zinc over the last few years [9, 16—-19]. The main motiva-
tion of this study is to evaluate the EAFFD as electrode
materials, since the uses of synthetically manufactured
franklinite [20] and zincite [21] have already been exam-
ined as anode materials and their performances are found
to be promising. Moreover, EAFFD has a trace amount
of other metals, such as Mn, that could promote electro-
chemical performance by doping effect [9]. In our previous
study, with the help of the knowledge of electrochemistry
and metallurgy, carbon-coated electric arc furnace dust has
been prepared by combining wet chemistry with one-pot
pyrolysis where sucrose was used as a carbon source [22].
As the results are found to be promising, in this research
first time in the open literature, a combination of ball mill-
ing with pyrolysis has been studied where citric acid is
chosen as a carbon source in milling, and the pyrolysis
at different conditions (temperatures and durations) have
been realized to optimize the cycle performance of the
anode material. Thus, by combining mechanical activation
with the subsequent high-temperature thermal treatment
process, a versatile technology with significant scale-up
potential has been achieved [23].

In this research, the main goal of using the ball mill is to
increase the interaction between the flue dust and the car-
bon source. As Nzabahimana et al. [24] have reported in
milling, the reactants are brought together, and the pow-
ders are trapped between the colliding balls and undergo
deformations that define the final powder structure. Dur-
ing the process, the chemical bonds of the crushed powder
are broken due to the kinetic energy applied by balls, and
both the particle size as well as the crystal structure change.
In the experiments, a mechanical activation is realized by
ball milling a suitable organic substance with the EAF flue
dust. Herein, citric acid is selected because of its low oxy-
gen content and low decomposition temperature [25]. Such
interaction between two powders (i.e., citric acid and EAF
flue dust) followed by a heat treatment in an oxygen-free
atmosphere is expected to promote a partial phase transfor-
mation, which is accompanied by the generation of a thin
carbon layer over the EAFFD.

Up to now, the production of high-performance com-
posites by citric acid has been studied extensively in the
literature (coating with magnetic stirrer, spray pyrolysis,
etc.) [26, 27]. The electrochemical performance of the as-
synthesized samples, however, was the focus of the major-
ity of the studies, and unfortunately, the synthesis process
received very little attention. Such knowledge, on the other
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hand, is very critical for further optimizing material proper-
ties. The production of composite powder using a mechani-
cal activation procedure with citric acid as the carbon source
was thoroughly explored in this study. It is anticipated that
during the mechanical activation process, active edges are
formed on the dust (EAFFD), while citric acid is broken
down into smaller chains. This fact partially disturbs the
stable structure of the flue dust; hence, the fragmented citric
acid will react more efficiently with the high-energy regions
of the flue dust. Then, in the pyrolysis process applied in the
next step, an amorphous carbon film is formed over the dust.
During the experimental study, the pyrolysis temperatures
are chosen by paying attention to the temperature values at
which the carburization of citric acid is realized efficiently,
but the zinc oxide from the flue gas dust would not evaporate
completely.

Although the studies carried out so far have shown that
the composites obtained by mechanical alloying have long
cycle life at low current loads, it has been observed that such
electrodes generally degrade at high current loads. With the
design made in this study, it is observed that the electrode
exhibits good retention over the 100th cycle and a higher
capacity than graphite over 400 cycles when it is tested
under a current load of 1 A g~

Experimental
Materials

EAFFD was received from the industry. Citric acid was
purchased from Merck (for analysis, %99.5-100.5). The
ethanol used in this work was a technical grade from a local
producer.

Material Preparation

Firstly, EAFFD was cleansed at 80 °C for 30 h with deion-
ized water and then dried in air for 16 h at 100 °C. After-
ward, 1.75 g of washed EAFFD and 1.75 g of carbon source
(citric acid) were planetary ball milled where 24.5-ml etha-
nol was added as a dispersant. The volume of the vial was
500 ml and ball-to-powder ratio (wt/wt) was 40:1. The vial
and balls were made of zirconia and the balls radius is 5 mm.
Planetary ball milling was performed at 400 rpm for 5 h with
20-min ON and 10-min OFF mode to minimize the over-
heating problem (Retsch PM100). Then, the obtained pow-
der was dried at 80°C in a vacuum for 16 h. Pyrolysis was
realized when the dried powders were treated in a nitrogen
atmosphere: C6004 (citric acid-milled powder pyrolyzed at
600 °C for 4 h), C6006 (citric acid-milled powder pyrolyzed
at 600 °C for 6 h), and C7504 (citric acid-milled powder
pyrolyzed at 750 °C for 4 h).

Material Characterization

X-ray fluorescence was used to examine the chemical com-
position of the EAFFD (Table 1) after cleaning at 80 °C for
30 h with deionized water (Hitachi X-MET8000). Scanning
electron microscopy was used to examine the morpholo-
gies of the powders (C6004, C6006 and C7504) (SEM,
Zeiss Gemini 500). Raman spectra of the samples (EAFFD,
C6004, C6006, and C7504) were collected for 5 min at room
temperature using a micro-Raman spectroscope (Renishaw,
532). 1 pym diameter He—Ne laser with a 50 X 50 micron
objective was used to evaluate carbon bond type in the com-
posites. Analyses were conducted 3 times in the same area
to verify data reliability.

Eltra CS800 was used to quantify the amount of carbon
in each sample.

The structural investigations were performed by X-ray
diffractometer (Bruker AXS/Discovery D8) between
20 =20°-70° with a scanning rate of 1°/min using a Cu Ko
source. The JEOL TEM 2100 was used to conduct a High-
Resolution Transmission Electron Microscopy (HRTEM)
study on the C6004 sample (LaBg, 200 kV). Oxford 80 T
performed the EDX analysis.

Electrochemical investigation

Firstly, the active material was intimately combined with
Timcal-C64 and polyvinylidene fluoride (PVDF: MTI
HSV900) dissolved in N-methyl-2-pyrrolidone (NMP:
Merck) with an 80:10:10 weight ratio. The slurry prepara-
tion was done by Thinky ARE-250. Then, the slurry was
laminated on a current collector made of 10-pum-thick cop-
per foil (>99.90 purity). The laminations were calendared,
punched, and weighed after being dried in a vacuum at
120 °C for 16 h.

CR2032 standard half-cells were built in a glovebox
(MBRAUN, Labmaster with <1 ppm O,,< 1 ppm H,0) to
test the performance of each electrode. The counter elec-
trode was lithium, the separator was a Celgard 2400, and the
electrolyte was Merck grade solution formed of 1-M LiPF

Table 1 XRF analysis of

o Element Percentage (%)
Pristine EAFFD

Si 0.28
S 0.22
Mn 3.04
Fe 27.35
Zn 68.2

w 0.25
Cr 0.19
Ta 0.34
Pb 0.12
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dissolved in EC: DMC (1:1). With Gamry Interface 1000E,
electrochemical impedance spectra (EIS) of C6004 and the
pristine EAFFD were collected. Impedance measurements
were realized with symmetric cells, as Chen et al. [28] sug-
gested to avoid any effect caused by the impedance of Li
metal present in the half-cell. To measure EIS with sym-
metrical cells, firstly, two half-cells were assembled from the
same electrode and discharged down to 1 mV vs Li. Then,
both cells were polarized (at 1 mV) for 16 h until the current
passing through each cell became lower than C/100. Then
the two cells were taken to the glove box and disassembled
there. The working electrode (here in ‘anode’) of each half-
cell was removed and a new cell was assembled from the two
electrodes being polarized to 1 mV. This newly assembled
symmetric cell was kept in the glovebox overnight and an
EIS test was applied with 1-mV rms stimulation.

Finally, as proposed by Duan et al. [29], a sweep voltam-
metry approach was utilized to study the capacitive con-
tribution to the overall lithium storage capacity of C6004
(vs the pristine EAFFD) when the samples were cycled
between 1 mV and 3 V at different sweep rates: 0.3, 0.5, 1,
and 1.5 mV s~!. Herein, to avoid the effect of the irreversible

reaction that occurred at the beginning of the cycling test,
first, the half-cell had been cycled 3 times galvanostatically
and then the sweep voltammetry analysis result of each elec-
trode was recorded.

Results and Discussion
Material Characterization

XRF analysis of the EAFFD after being washed with water
for 30 h shows that (Table 1) it contains a high amount of
zinc (68.2%) and iron (27.35%) akin to the literature [9].
SEM images reveal that after washing with water, parti-
cles of different sizes and shapes are noted similar to those
presented in our previous work [22]. After milling and
pyrolysis, surface irregularities are noted around each par-
ticle which is believed to be related to carbon film forma-
tion. When comparing SEM pictures (Fig. 1a—b) of C6006
to C6004, longer calcination duration (C6006) is noted
to promote agglomeration [30]. Then, when SEM images

Fig. 1 SEM images of a C6004, b C6006, and ¢ C7504
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(Fig. 1c—a) of C7504 and C6004 are compared, the particle
size is found to be decreased at higher temperature.

XRD analysis of each sample is given in Fig. 2. In the
case of pristine EAFFD, typical phases (such as franklin-
ite, zincite, calcite, and iron oxides) are found akin to the
literature [22, 31, 32]. By applying planetary ball milling, a
homogeneous mixture of EAFFD with citric acid is provided
at the defined experimental conditions, then via pyrolysis at
different temperatures and durations phase transformation
is achieved with different efficiencies. As a result, Fig. 2
reveals that some phases disappear and new phases form
in C6004, C6006, and C7504 [33], eventually after the
pyrolysis step (see Supp. Figures S1-S3 for detailed XRD
analysis).

When a scrutiny investigation on the effect of carbon
coating is studied (C6004 in comparison to the pristine
(i.e., ‘non-coated EAFFD’) seen in Fig. 2 and online sup-
plementary Figure S1), it is seen that the peak intensities of
the calcite (at 26 =29.46°) and franklinite (20 =29.93°) are
decreased, while new peaks related to maghemite formation
appear (20 =30.24°, 50.43°, 59.98°, and 62.91°). Moreo-
ver, peaks related to hematite disappear (26 =33.39°) and
a remarkable peak shifting is noted in zincite (20 =31.84°,
34.49°, 36.27°), which can be explained by the fact that
under the defined heat treatment conditions, C atoms
reduce oxides to some extent and reduced metals may par-
tially diffuse into ZnO crystal causing deformation in its
structure. Then, by comparing the XRD data of the C6006
with the pristine (Fig. 2 and Figure S2), the effect of pyroly-
sis at a longer duration is discussed: peaks related to cal-
cite (26 =29.46°) and hematite (2e =33.39°) disappear,
while new peaks related to maghemite formation appear
(26 =30.35°, 60.24°). Moreover, the intensities, as well

as the number of peaks related to franklinite (20 =29.93°,
53.21°, 62.34°) are decreased. Herein, the fact that the peaks
intensities of ZnO are decreased (C6006 vs pristine EAFFD)
could be related to partial ZnO evaporation at longer pyroly-
sis duration. Then, the fact that the peak shifting in ZnO
becomes less remarkable in C6006 (vs C6004) may be
related to the enhanced diffusion of atoms at a longer dura-
tion, leading to a more stable structure formation with larger
particle size.

When the effect of the high pyrolysis temperature on
the composite powder’s structure is studied (C7504 vs the
pristine), peaks related to calcite (20 =29.46°) and hema-
tite (20 =33.39°) are found to disappear, and new peaks
related to maghemite (26 =30.35°, 60.24°) and wuestite
(20=42.36°, 61.40°) are recognized. Additionally, the inten-
sities, as well as the number of peaks related to franklinite
(206=29.93°, 35.28°, 42.88°, 53.21°, 56.67°) are remarkably
decreased, similar to C6004 and C6006. However, unlike
others (C6004, C6006), C7504 depicts less number of zin-
cite peaks (at 20 =31.84°, 34.49°, 47.55°, 68.08°, 69.15°
disappear) as reported by Holloway et al. [34] and Wu et al.
[35]. Such a remarkable change is believed to be related
to the different phase transformation occurring at different
pyrolysis temperatures.

The studies examining the thermal decomposition of
citric acid in a nitrogen atmosphere show that the maxi-
mum rate of weight loss is found to occur at 180-200 °C
[36] and the carburization reaction changes upon the tem-
perature: at lower temperatures (7 < 700 °C), pyrolysis of
citric acid leads to the formation of H, along with CO,
and C (Eq. 3), and at higher temperatures (7> 700 °C)
pyrolysis of citric acid results into the generation of H,
along with CO,, CO, and C (Eq. 4). Therefore, in this

Calcium carbonate (01-085-1108)30
Zincite (01-089-0510)

Franklinite (01-089-1012)
Maghemite (01-089-5892)

Wauestite (01-089-7100)
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Fig.2 XRD patterns of obtained powders
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work, upon the application of pyrolysis at 600 °C frank-
linite may be partially reduced [37], while the forming
carbon atoms generate a nanometer-thick carbon layer
over the particles. Then, upon the application of pyroly-
sis at 750 °C, the formation of carbon monoxide (along
with H,) promotes a more remarkable phase transforma-
tion in the flue dust, accompanied by nanometer-thick
C layer formation over the dust particles [27, 34]. Wu
et al. [35] have reported that via heat treatment of the
composite made of C and EAF flue dust, it is possible to
get various structured iron oxides with the evaporation
of zinc following the reduction of franklinite by CO [27]
(Egs. 1, 2). This fact could be ascribed to the formation of
wuestite more remarkably on C7504, of which positions
are shifted due to the fluorescence effect (seen in Fig. 2
and Figure S3).

ZnFe,04 + C =Zng, + CO(,, + Fe, 03, (D)
ZnFe,04 +4C =Zn, +4CO, + 2Fe, 2)
C¢HgO; - H,O =4CO, + S5H, + 2C, ?3)
C¢HgO; - H,0 = 2CO, + 5H, + 4CO + C. 4)

When Raman spectra are examined in Fig. 3a—c, peaks
at~1330 cm™! and~ 1580 cm™! refer to the D and G bands
of carbon, respectively [38]. Iy/I ratios are calculated for
C6004, C6006, and C7504 as 0.76, 0.79, and 0.89, respec-
tively. Huang et al. [39] state that a lower I,/I; ratio leads
to higher conductivity because of a better degree of order
in the graphitized carbon. These results show that increas-
ing pyrolysis duration and temperature results in higher I/
I ratio, decreasing the physical properties of the powder.

HR-TEM is used to characterize C6004 in more detail
(Fig. 4a—d). According to the general image (Fig. 4a—c), it
is confirmed that the sample contains rod and spheres-like
particles, as stated in the literature [22]. Figure 4b reveals
the fractured edge of the nanorod following the mechani-
cal activation process as well as C layer formation over the
particle surface. EDS mapping (Figure S4) shows that the
C6004 has additional Mn and Cr in its structures as agreed
with XRF. Moreover, the nanometer-thick C layer is also
detected in Fig. 4d. Lastly, SAED pattern (Figure S5 and
Table S1) verifies existent phases in XRD analysis (Fig. 2).

Moreover, the carbon amount (wt%) in each sample is
determined by Eltra CS800. The results show that around
2-wt% C is detected in the EAFFD, while the amount of C
is found to be ~ 6 wt% for C6004 and C6006 and ~4 wt%
for C7504 [36]. This fact verifies the explanation related
to the phase transformation occurring in the electrode
upon different pyrolysis conditions.
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Fig.4 HR-TEM images; a general image, b detailed investigation on rod-like particles, ¢ a sphere-shaped particle, and d carbon layer on a

spherical particle

Electrochemical Characterization

Galvanostatic tests are carried out under a current load of
50 mA g~! (Fig. 5a): pure EAFFD demonstrates ~ 550 mAh
g~ ! discharge capacity in the first cycle and performs ~20%
capacity retention over 100 cycles. Figure 5a shows that by
C coating, the cycle performance of the EAFFD has been
improved: C6004 delivers ~ 1470 mAh g~! discharge capac-
ity in the 1st cycle and reveals ~ 50% capacity retention over
100 cycles. C6006 demonstrates ~570 mAh g~! discharge
capacity in the Ist cycle and reveals ~ 40 % capacity reten-
tion after 100 cycles. Lastly, C7504 performs 955 mAh g™!
discharge capacity in the 1st cycle and reveals ~53% capac-
ity retention after 100 cycles.

Then, to evaluate the performance of each cell at different
current loads (0.1-0.2-0.4-0.8-1-0.8-0.4-0.2-0.1-0.5-1-2-0.1
A g_l), rate tests are performed. Herein, C6004 reveals a
very stable performance upon the increasing and decreasing

current loads. When a load of 0.1 A g~! is applied to the
sample, after being tested under a current load of 2A g7!,
the electrode keeps delivering capacities similar to the
55th cycle, and performs ~ 800 mAh g~! at the 200th cycle
(Fig. 5b). Then for electrode stability assessment, an addi-
tional galvanostatic test is run where C6004 is cycled 3 times
at 0.05 A g~!, then 400 cycles at 1 A g~! current loads. The
result shows that C6004 delivers 380 mAh g~! over 400
cycles. The retention from the 3rd to 400th cycle is 99.5%
and the coulombic efficiency at the 400th cycle is 99.2% for
C6004 when it is galvanostatically tested under a current
load of 1 A g~!. Such performance points up the remarkable
stability of the electrode even under high current loads.

Figure 6a—d demonstrates the capacity—voltage curves of
each electrode material for the first 3 cycles. The shape of
the discharge curve is differentiated after the 1st cycle which
proves that activation occurs in the first lithiation reaction as
for the synthetic ZnFe,O, anode material [40].

@ Springer
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Fig.5 Cycle performances
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Ciambezi et al. [41] have proved that using in situ X-ray
absorption spectroscopy (XAS) method, the synthetically
fabricated ZnFe,O, reaction with Li occurs in multi-steps
with an initial activation process. Taking into considera-
tion, previous studies where the lithiation of synthetically
fabricated zincite is studied with in situ and ex situ char-
acterization techniques (such as XRD, XAS), herein the
lithiation mechanism is proposed as follows [42, 43]: Upon
discharging, first 0.5 mol of Li is introduced into the fer-
rite structure around 1.5 V, resulting in a capacity of ~90
mAh g~!' (Eq. 5). Then, the intermediate compound is
transformed into Zn and Fe, upon further reduction (Egs. 6
and 7). Additionally, down to 0.7 V the carbonate-based
electrolyte is decomposed and solid electrolyte interface
(SEI) forms on the electrode surface. Finally, further dis-
charging results in the lithiation of Zn (Eq. 8). After this
activation reaction, cycling occurs as defined in Eqgs. 9 and
10 [40, 42, 44-47].

ZnFe,0, + 0.5Li* + 0.5¢~ — Li, sZnFe,0,, 3)
Lij sZnFe,0, + 1.5Li* + 1.5¢~ — Li,ZnFe,0,, (6)
Li,ZnFe,0, + 6Li" + 6~ — 4Li,0 + Zn + 2Fe, (7)
Zn+Li* +e” < Li — Zny,,, (8)
2Fe + 3Li,0 < Fe,0; + 6Li* + 6¢7, )
7Zn + Li,O < ZnO + 2Li* + 2¢". (10)

Next, EIS spectra of EAFFD and C6004 are examined
(Fig. 7a, b). Symmetric cells have been assembled, as
specified in the experimental part, to prevent the effect of
impedance introduced by Li metal (counter electrode in
the half-cell). Two depressed semicircles and an oblique
line at low frequency are noticed on each of the spec-
tra. They each relate to different processes, including
the formation of SEI, the charge-transfer reaction at the
electrolyte—electrode interface, and the diffusion of lith-
ium ions throughout the electrode. The model used to fit
experimental data is given in Fig. 7c. The results show
that the C-coated EAFD (C6004) exhibits lower SEI (R8)
and charge-transfer resistance (R10), indicating that their
electrolyte—electrode complex reactions can occur easily
(the R8 and R10 of C6004 are found to be 9.987 and 8.86,
while the R8 and R10 of the EAFD are calculated as 30.81
and 38.11, respectively).

As the highest capacity is provided by C6004, sweep
voltammetry is used at various sweep rates to distinguish
between the effects of faradaic and non-faradaic reactions
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Fig. 7 EIS results and fitted model at 1 mV; a EAFFD, b C6004, and
¢ fitted model

on the overall amount of Li stored in the lithiation reac-
tion [29]. (As a reference, the EAFFD-pristine sample
is also tested using the same procedure, and the result
is reported in Figure S6 a—c). To stabilize the electrode/
electrolyte interface, the electrode is first cycled 3 times
at 100 mA g~! between 1 mV and 3 V. Voltammetry is
then used with varied scan speeds ranging from 1 mV to
3 V (Fig. 8a). Two cathodic peaks (at 0.05 and 0.5 V) and
an anodic peak (at 1.52 V)) are selected to calculate the
capacitive contribution because they appear for all scan
rates.

According to Duan et al. [29], the capacitive effect can be
described using Eq. 11, where “a” is a constant referring to
scan rate and “b” is a coefficient ranging from 0.5 to 1 (if b is
close to 0.5, the reaction will be regulated by Li* diffusion,
and if b is close 1 the capacitive effect will control the reac-
tion). Figure 8b exhibits In (current)/ In (scan rate) chart. As
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a result, the b value of C6004 has been found to be 0.8278.
This means that carbon in the active material enhances the
capacitive contribution (Fig. 8d). The prevalence of this
capacitive effect at different scan rates is noted in Fig. 8c.

k1><v+k2><v%=a.vb. 11

Finally, ex situ SEM analyses are done for each electrode
after 1st discharge (at 1 mV vs Li/Li") and 1st charge (at 3 V
vs Li/Lit*) reactions to reveal the reason for the differentia-
tion in their cycle performances. No severe delamination/
peeling is noted for any of the electrodes which prove that
laminations are realized successfully. Figure 9a shows that
upon the 1st discharge of EAFFD electrode, high volumet-
ric expansion occurs dramatically and the lamination gets
wrinkled. Close examination reveals that spherical particles
(i.e., ferrite) are swollen when the electrode is discharged
down to 1 mV and then upon charging up to 3 V (vs Li), the
swollen particles are noted to partially retain their morphol-
ogy (Fig. 9b). This could be related to the low Li diffusion
kinetic of the electrode material, as verified by its low-rate
performance (Fig. 5b). Moreover, when the first discharge
morphologies of the C-coated electrodes (C6004, C6006,
and C7504) are compared to that of the EAF electrode, any
of them demonstrate wrinkles in their laminations which
might be related to the buffering effect of C atoms present
in the electrode active material. Then, Fig. 9c shows that for
C6004, once the electrode is discharged down to 1 mV no
micron-sized spheres are detected on the electrode surface,
instead following the activation reaction, the spheres made
of ferrite are transformed into metal nanoparticles. Thanks
to these nano-sized particles, a more stable electrode/elec-
trolyte interface (Fig. 9d) is obtained which leads to better
cycling efficiency (Fig. Sa—c).

On the other hand, the ex situ SEM image of C6006
depicts those swollen spherical particles appear at 1 mV, and
these structures did not fully recover their initial morpholo-
gies and sizes when the electrode is charged to 3 V (vs Li).
A close investigation also determines fractures on the C6006
surface when it is charged to 3 V (Fig. 9e, f). The latter could
be the reason for the lower cycle performance of this sample
(in comparison to C6004, Fig. 5a, b). Finally, Fig. 9g and
h demonstrates that in case of C7504, at 1 mV, no micron-
sized spherical particles are detected at 1 mV and at 3 V
which proves that activation occurs and transformation of
franklinite structure is realized in the sample. However, upon
close examination, it is seen that Li’s removal from C7504
creates cracks in the electrode which may be related to the
low C content in the active electrode material (in comparison
to C6004, Fig. 5a, b).

In conclusion, the difference in the structural and mor-
phological properties of each powder (as revealed by SEM
and XRD results) as well as the dissimilarity in C amount

can explain the variations in the galvanostatic performances
of C6004, C6006, and C7504. The superior performance of
C6004 is believed to be related to the synergetic effect of its
complex composition, optimized C film features, and the
presence of doped elements in the oxide structures which
promote Li diffusion upon cycling [42].

Conclusion

Previously, studies on Zinc recovery from EAFFD through
high temperature and/or energy expenditure were published.
Unlikely, in this study, a new strategy has been put forward
to propose solutions for the future energy crisis as well as the
environmental problems (such as waste storage). To develop
and demonstrate this concept, a combination of ball milling
and pyrolysis was investigated, in which citric acid was used
as a carbon source in milling and pyrolysis was performed
under various conditions (temperatures and durations) to
optimize the cycle performance of the anode material.

— Characterizations show that during milling and pyroly-
sis, remarkable changes occurred in the structure and the
morphology of each powder,

— TEM investigation reveals that a nanometer-thick carbon
layer is present over the particle surface of C6004, after
pyrolysis.

— Galvanostatic tests depict that C6004 performs the best
performance: It delivers 1477.23 mAh g~! initially and
retains 50% of it after the 100th cycle, when it is tested
under a current load of 50 mA g_l. Then, C6004 deliv-
ers 380 mAh g~! capacity over 400 cycles with 99.2%
coulombic efficiency when it is cycled under a current
loadof 1 A g™".

This work has conclusively demonstrated that high-per-
formance electrodes may be produced utilizing secondary
production methods that employ sustainable engineering
methodologies rather than synthetic production processes
that require high investment costs and generate significant
CO,. The current method for valorizing industrial waste in
a high value-added application is likely to serve as a model
for ‘trash to treasure.’
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