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ARTICLE INFO ABSTRACT
Keywords: In this work, appropriate material selection and process design enable the succesful production of high energy
Low-carbon footprint anode for LIB density electrode active material in the form of XAZ (where X, A and Z stand for electrochemically active,

Mechanochemical synthesis
Metal oxide composite
Ball milling

electrochemically inactive and carbon materials, respectively). Herein, the precipitates rich in iron and chro-
mium are extracted selectively from a local ferrochromium alloy utilizing hydrometallurgy procedures. The
precipitates are then exposed to separate calcination to get iron-rich and chromium-rich oxides seperately. In the
end, a composite (XAZ) is fabricated under the mild synthesis conditions by combining these oxides with acti-
vated carbon and aluminum powder in a planetary ball mill. The composite’s morphological, structural, and
chemical properties are all optimized. The galvanostatic test results clearly demonstrate that the powder made of
XAZ composite with embedded metal nanoparticles delivers 798 mAh g™ after 1000 cycle under a current load of
50 mA g’ and high capacity (600 mAh g~1) over 300 cycles with an exceptional rate performance. It is
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anticipated that this research will create novel opportunities for producing high-value electrode active materials
from accessible, low-cost raw ingredients.

1. Introduction

Due to the quick development of electric vehicles (EVs), lithium-ion
batteries (LIBs) are in high demand. Further mining will therefore be
required to create electrode active materials for batteries because it is
expected that the global LIB demand would reach 1293 GWh by 2030
[1]. Moreover, recent advances in technology requires high energy
density batteries. This has paved the way for research on the production
of environmentally friendly electrode active materials with higher ca-
pacities. Therefore, by considering the high energy demand of the
electrode production methods and the emissions caused by the fossil fuel
(primary energy source used in the fabrication) a need for alternative
solutions is urged to ensure sustainable battery production.

The analysis shows that the anode active materials used in lithium-
ion batteries (LIBs) may follow different reaction mechanisms in
cycling: intercalation, conversion, and alloying. Those materials (i.e. C
based materials [2]) performing intercalation-type reactions with Li,
they have stable structures and long cycle life, but low capacity due to
their redox operation and structural properties [3]. And, the materials
performing conversion type reactions deliver high reversible capacity
but poor rate performance due to their low conductivity [2]. Finally,
materials which form alloy with lithium have the highest practical ca-
pacity but low capacity retention due to serious volume expansion
problems [4]. Among them, transition metal oxides performing con-
version reaction as a negative electrode material with a theoretical ca-
pacity of over 700 mA h/g, face challenges as commercial LIBs anodes
due to their semiconductor behavior that limit its cycle performance
[4-7]. Nanoengineering transition metal oxides are a successful strategy
for reducing Li* diffusion time to the core, hence improving rate capa-
bilities [8,9]. Those made of iron oxide/chromium oxide mixtures or
chromium ferrite attract attention. They all exhibit significant capacity
loss and low initial coulombic efficiency during cycling, despite the fact
that their capacities are consistently greater than those of graphite. For
instance, Mumtaz et al. study [10] found a 60 % loss in the
(MWCNTSs)/CrFe304 composite after 100 cycles. Then, in Harpak et al
work, a 50 % capacity loss at 0.25C was noted in the stainless steel
composite after 200 cycles [11]. To further increase the cycle perfor-
mance of metal oxides, decoration with nano-sized metals has been
proposed. Nano-sized metal decoration provides advantages for reach-
ing capacities at high currents loads or increasing the capacity conser-
vation over cycling. Such performance is achieved by both increasing
the conductivity of the electrode [12] and lithiation mechanism [13].
Wu et al. [13] coated Ag nanoparticles on Cu foam to increase the ca-
pacity retention. Then, Guo et al. [14] decorated MnO, with Au. The
material not only allowed for quick diffusion of ions and electrons due to
its broad contact surface, but also served as a 3D current collector, of-
fering excellent electrical conductivity and coulombic efficiency [14].
Then Cheng et al. [15] added nano copper particles to LTO material, to
achieve higher capacity performance even at high current loads.
Moreover, aluminum which forms alloy with Li could be a potential
candidate to be used as anode active material in lithium-ion batteries
[16]. However, its use is problematic due to its structural instability.
Additionally, it is known that aluminum is present in nature with its
oxide surface layer, which is an insulator material [17] causing higher
impedance when it is being directly used as electrode active material.

Therefore, fabricating composite electrode material with a decora-
tion of nano-sized metal particles stands out [18,19] since by composite
formation both the capacity and the cycle life could be optimized and by
means of nano-sized metal decoration the rate performance and the
capacity retention are expected to be improved. The composite basically
consists of an electrochemically active compound along with an inactive

one that conducts electrons. Such a design improves the stress accom-
modation ability of the electrode material [20]. In order to promote the
rate performance capability of the electrode active material, metallic
nanoparticles and/or carbon atoms may be embedded in the material.
Therefore, to combine both capacity with rate performance capability, a
composite made of XAZ structure is proposed, where X, A and Z stand for
electrochemically active material, electrochemically inactive material
and carbon, respectively. Using the same rational method, different
scientists fabricated anode active material with remarkable electro-
chemical performances (i.e. Si-Cu3Si-Al,O3 [20], SnSb-TiC-C [21],
FeSby—Al;03—C [22], NiSb—Al;03—C [23] and CuSb-Al;03-C [24]).
In their fabrication, mostly, high-purity metal salts were used as starting
material, resulting in an increase in the cost as well as the C-footprint of
the resulting products.

This article suggests an alternate method for producing a sustainable
anode active material (AAM) for lithium-ion batteries. For the first time
in the literature, using a locally produced ferrochromium (FeCr) alloy as
a starting material, the production of XAZ composite material and its use
as AAM is investigated. Turkiye produced 94,000 tonnes of ferrochro-
mium in 2015 [25]. Use of domestic product in the synthesis reduces
carbon dioxide emissions associated with transportation of the raw
material and lowers the raw material supply chain risk. Furthermore,
different concentrations of trace transition metals found in high carbon
ferrochromium may have a combined effect on the electrochemical
performance of AAM.

In our previous studies [26,27] first the leaching of FeCr by sulfuric
acid was optimized [26], then from this leachate iron oxides of different
structures were produced selectively [27] to be used as AAM in LIB. In
the present study, by using a domestic product as the starting material, it
is intended to reduce both the carbon dioxide released during the pro-
duction of a primary quality raw material to be used in the production of
electrode materials as well as the carbon dioxide released during the
transportation of the raw material obtained in other locations. Accord-
ingly, a novel flow chart is designed to fabricate iron-rich and
chromium-rich oxides containing powders from FeCr alloy (Fig. 1).
Unlike the case of synthetic production methods, upon the fabrication of
iron oxide powders from FeCr alloy, Mn and Co are entrapped in the iron
oxide structure to create electron conductive pathways in the powder
[27,28]. Moreover, as iron oxide and chromium oxide have been
recognized as electrochemically active vs Li, using their mixture (as X in
the XAZ formula) adds a new positive perspective to the study. For A (in
XAZ), alumina is selected as inactive compound to act as a mechanical
buffer. In the present setup, instead of adding Al;O3 directly into the
composite, metallic aluminum is added into the mixture of metal oxide
and the mixture is planetary ball milled together. Due to the high
oxidation tendency of metallic aluminum, a mechanochemical synthesis
is realized as it is processed with metal oxide under appropriate condi-
tions. Khodaei et al. [29] mentioned that when aluminum was milled
under an argon atmosphere with a metal oxide, without giving any heat
to the system, the mechanical energy created in the vial triggered the
reduction reaction of metal oxide to produce metallic nanoparticles
along with alumina. In 2016, Allcorn and Manthiram [23] claimed that
in ball milling, addition of carbon (C) in the vial promoted the reduction
of metal oxide. Moreover, carbon having low voltage profile contributes
to the energy storage capacity of AAM [23]. Therefore, for Z (in XAZ)
carbon is added to the vial. Carbon together with the metallic nano-
particles formed as a result of the reduction reaction represent
electron-conducting pathways in the composite powder. Moreover, their
existences reduce the destructive effect of volume change in the anode
structure.
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Research on electrode design with high energy density and low
carbon footprint has received a lot of attention lately. Knowing that so
many factors need to be considered, no perfect design has been identi-
fied as of yet. In this study, an alternative solution to the existing
problem is proposed by fabricating metal nanoparticles embedded in a
XAZ structured composite via planetary ball-milling. The electro-
chemical performance of the composite powder is maximized through
the optimization of the milling conditions. After 100 cycles, the elec-
trode known as AADC displayed 798 mAh g ! under a current load of 50
mA g'l. The rate performance tests further revealed that the electrode
(AADC) accomplished the cycle test even when it was subjected to high
current loads (up to 2 A g1) and displayed a capacity of 600 mAh g~ at
the 300th cycle when tested under a current load of 100 mA g~ .

2. Experimental
2.1. Materials

High carbon ferrochromium alloy is supplied from Eti Krom-Elazig,
Turkiye. Sulfuric acid and oxalic acid are purchased from Merck
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(1.00713.2500) and Isolab (LS096211DAGW), respectively. Deionized
water, active carbon, and ammonium hydroxide are analytical grades.
Stearic acid is purchased from Akbel Kimya and metallic aluminum is
supplied from Nanokar (In Figs. S1a-b, the structural and morphological
properties).

2.2. Powder fabrication
The novel chart designed for this study is given in Fig. 1.

2.2.1. Production of powder containing iron oxide

The optimization of the ferrochromium’s leaching conditions and the
concentration of the leachate were reported in our previous study [26].
In this paper, this leachate is used to fabricate iron oxide and chromium
oxide, subsequently. First, oxalic acid is added to the leachate (1:5
volumetric ratio), and iron oxalate hydrate is precipitated selectively at
pH 3 by using NH4OH (14.53 M) at room temperature. This hydrous
iron-rich oxalate powder is collected by centrifuge, dried at 70 °C (under
vacuum) overnight, and heat treated at 300 °C for 2 h in an air atmo-
sphere. The calcined powder is identified as FeO.
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2.2.2. Production of powder containing chromium oxide

After the recovery of iron oxalate, the residual leachate is stirred
magnetically at 200 rpm in room temperature while the pH is adjusted
to 10 with NH4OH (14.53 M). Following stirring for 30 min at this pH,
the solution is aged for 3 days at room temperature for crystallization.
The chromium-containing precipitate (Cr-P) is dried and heat treated at
430 °C for 1 h. The calcined chromium powder is labeled as CrO.

2.2.3. Production of composite powder

Planetary ball milling (Retsch PM100) is used in the fabrication of
the composite. 2.87 g FeO, 1.43 g CrO, 1.05 g Al and 1.35 g activated
carbon are measured and put in the vial. Stearic acid (%1.5 wt of the
mixture) is also added to disperse the mixture in the vial and decrease
the destructive effect of heating in milling.

One pot milling is performed with the following parameters in a
partial argon atmosphere when all the above-mentioned four com-
pounds are placed in a vial together: 300 rpm, 5 h (20 min run 10 min
off), 20:1 ball to powder ratio, and vol%?7 vial filling ratio. The obtained
powder is labeled as AADC.

Three additional experiments are also conducted to investigate the
effect of composition on the electrochemical performances: the first
mixture is realized to get AADC without carbon (named as 'AAD’), the
second mixture is produced to have AADC without chromium oxide
(labelled as 'FeDC’) and the third mixture merely contains aluminum
and carbon (marked as ’AlC’) without FeO and CrO (see Table 1 for
sample coding). The performances of these additional electrodes are
used to obtain complimentary information about the electrode active
material’s reaction mechanism with lithium.

2.3. Material characterizations

X-Ray Fluorescence (XRF) analyses are performed via Rigaku
SUPERMINI 200 WDXRF. X-Ray Diffraction (XRD) analyses are made
between 26 = 10-90° with 0.02 step size via Bruker D2phaser. The
morphological analysis is accomplished by FE-SEM (Zeiss Gemini 500).
Particle size is measured by Malvern Panalytical, Zetasizer Ultra. Raman
spectroscopy is completed with Renishaw (532 nm wavelength).
Transmission Electron Microscopy (TEM) analysis is realized by JEOL
JEM-ARM200CFEG UHR-TEM with 200 kV.

2.4. Electrochemical tests

The slurry contains 80 wt% active powder (AIC, FeDC, AADC, AAD),
10 wt% PVDF (MTI HSV900) and 10 wt% Super P conductive (TIMCAL)
dissolved in NMP. Thinky ARE250 is used to stir the mixture. Dr. Blade is
used to form electrodes onto 15 pm thick copper foils. Laminations are
cold-rolled to achieve a thickness of less than 30 pm after being dried at
120 °C for 16 h in vacuum. The active material mass loading is 0.4 mg/
cm? in average for all the fabricated electrodes.

CR2032 coin-type half-cells are assembled in an argon-filled glove-
box (MBRAUN, Labmaster; HO 0.1 ppm O 0.1 ppm) to examine the
electrochemical performances of the electrodes. Each cell contains a
working electrode, a counter electrode (Li metal foil), a separator
(Celgard 2400), and an electrolyte (Merck’s Battery Grade electrolyte
solution, 1 M LiPFg dissolved in EC:DMC 1:1). Each electrode’s cycling
stability is evaluated between 50 mV and 3 V (vs Li/Li") under a load of
50 mA g~ L. The electrodes are then tested under various current loads

Table 1
Sample coding and properties given in the manuscript.

Sample coding Al C FeO CrO

AADC
AAD
FeDC
AlC

o+ o+ +
o+
4+t

+
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(from 100 mA g~ ! to 2 A g™1) to assess the changes in their capacities
under high current loads.

Gamry Interface 1000E is used to obtain the first four cycles of the
cyclic voltammograms (CV) and electrochemical impedance spectra
(EIS) of the electrodes after the 1st and 10th cycle at 50 mV are taken in
half cells. CV curves between 50 mV and 3 V (vs Li/Li") are obtained at a
scan rate of 0.1 mV s~ . EIS spectra are taken with AC amplitude of 1 mV
once the electrode is discharged down to 50 mV and polarized at that
potential for 9 h to get a stable electrode/electrolyte interface. Nyquist
plots are recorded in the frequency range of 100 kHz to 0.01 Hz after 1st
and 10th discharge reactions. Using the Gamry Echem Analyst software,
the impedance data are fitted to the appropriate equivalent circuits.

3. Results and discussions
3.1. Structural and morphological characterizations

3.1.1. Powders recovered from FeCr alloy

In our previous work, the XRF result of the 5%-carbon-contained
FeCr alloy was reported and its leaching with sulfuric acid was opti-
mized [26]. In a previous study of our group, the oxalate precipitation
method for the selective recovery of iron and iron group metals,
excluding chromium, from this leachate was also reported [27]. There,
this oxalate dihydrate underwent heat treatment at 180 °C and 550 °C in
various atmospheres to produce porous iron-rich metal oxide powders.

Taking into consideration the results obtained from our previous
research, in this work, to produce XAZ composite, the metal oxide
powder is fabricated from FeCr alloy. In the present work, dihydrate
oxalate is precipitated at pH 3 then vacuum dried (70 °C 12 h) and
heated to 300 °C for 2h in air to transform the oxalate dehydrate to
a-FeoO3 (hematite), as discussed by Rao et al. [30]. XRD analysis con-
firms that the crystal structure of the sample (identified as FeO) is
converted to hematite at the end of the heat treatment (Fig. 2a). SEM
analysis reveals that FeO has columnar morphology (Fig. 3a) as defined
by Dhal et al. [31].

The remaining leachate (rich in chromium) is treated by NH4OH, and
the pH of the solution is fixed to 10 to precipitate the chromium complex
eventually. After stirring at 200 rpm for 3 h, the solution is left for aging
over 48 h. As a result of this procedure, the efficiency of chromium re-
covery is found to be 86.9 % (Supp file defines the calculation method).
Literature reveals that using transition metal sulfate in the electrode may
have benefits in the cycle performance as their existence helps to control
the volumetric expansion and improve the reaction kinetic [32]. Metal
sulfates could also reversibly contribute to capacity [32]. Moreover,
studies reveal that by adjusting the calcination temperature and dura-
tion in air, it is possible to produce various chromium phases with
different Cr/O stoichiometries [33,34]. Of these oxide structures, Cr3Og
and CroOs are frequently used as electrode materials since the distance
between the layers in the structures is enlarged due to the presence of
chromium in different valences. Therefore, Li can lithiate/delithiate
easily in the structure [35,36]. Hence, the precipitate rich in chromium
is heat treated at 430 °C for 1 h to obtain different stoichiometric phases
together with chromium oxide and chromium sulfate [33,34] (Fig. 2b).
SEM analysis reveals that the powder named as CrO has hexagon-shaped
particles (Fig. 3a). This is in agreement with the findings of Liu et al.
[36].

The chemical compositions of both FeO and CrO powders are
examined by XRF (Table 2). Results show that selective recovery of Cr is
achieved by pH adjustment and in the fabrication of FeO, not only Fe but
also Ni, Co and Mn are precipitated with success, as expected. The sulfur
in the chromium structure is associated with the chromium sulfate in the
precipitate (Supp. Fig. S2a: Cr-P XRD result).

3.1.2. Composite by ball milling
The mechanochemical processing of metal oxide has become a sub-
ject of particular interest in recent years. There are various examples in
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Fig. 2. XRD analysis a) FeO, b) CrO, c) AAD and AADC.

the literature regarding the use of this method in electrode synthesis for
battery applications[37-40]. However, no study is found on the pro-
duction of electrodes by mechanochemical processing of FeO and CrO
mixtures, as proposed in the present paper.

De Souza and De Lemos [41] have ball-milled hematite with metallic
aluminum powders to reduce hematite to iron by mechanochemical
conversion reaction (see Eq. (1)). Different than conventional high en-
ergy conditions such transformation is only realized in a shorter time (5
h), with a speed of 300 rpm by using a planetary ball mill [42]. There-
fore, in this study, firstly the powders recovered from FeCr alloy (FeO
and CrO) are mixed with aluminum following Mojarrad et al.‘s sugges-
tion. This sample is labeled as AAD (see Table 1). XRD analysis of AAD
shows the existence of Al;03, Al, transition metal (i.e. Fe) and transition
metal oxide (i.e. Fe303) in the powder. This verifies that metal oxide is
partially reduced forming metal and alumina (Fig. 2¢), eventually. SEM
images of AAD reveal that particles have irregular morphologies
(Fig. 3c).

Then, Allcorn, Manthiram, Applestone et al. claim the positive effects
of carbon in mechanochemistry due to its contribution to the reduction
of metal oxides to sustain better retention in electrode capacity [22,24]
(Eq (2)-(5)). In their studies, they state that these composites [43]
exhibit superior ionic/electronic conductivities [43]. Thus, in this study,
carbon are added to the mixture of FeO, CrO and Al (using the same
experimental conditions for AAD), forming AADC eventually (see
Table 1).

When we compare the particle size of AAD (without carbon) and
AADC (with carbon) (Fig. 3e), AADC demonstrates lower particle size
compared to AAD. Jia et al. [44] explained that less agglomeration
occurred due to the existence of activated carbon in milling. SEM image
demonstrates that AADC contains small-sized particles of irregular
morphology, which tend to get together partially due to their high
surface area.

When the XRD of AADC is studied in comparison to AAD, it is noted
that the intensities of transition metal and alumina peaks increase, and

the intensities of transition metal oxide peaks decrease (Fig. 2c).
Kashiwaya and Ishii [45] have stated in their study that as a result of ball
milling hematite with carbon in air and argon atmosphere, the oxidation
level of iron changes and metallic iron can be formed. The reduction
reactions that may take place are given in Eq. (2)-(5) [45].

Fe;03 + x.Al-2Fe + y Al,O3 + (x — 2.y)Al (€8]
3Fe;03 + C — 2Fe304 + CO 2)
Fe304+ C — 3FeO + CO 3)
FeO +C — Fe + CO @
Fe30,4+4C — 3Fe + 4CO (5)

Then to differentiate the effect of CrO on AADC structure, FeO
recovered from FeCr alloy is ball milled with Al and C in the same
conditions (See Table 1). This sample is labeled as FeDC. XRD shows that
in comparison to AADC, FeDC reveals lower peak intensities (Fig.S2b,
20 = 32.6°).

Finally, to differentiate the effect of transition metal oxide on AADC
structure, none of the material recovered from FeCr alloy is used, instead
Al and C are ball milled in the same conditions (see Table 1). This sample
is named as AIC. XRD shows that in comparison to AADC, AlC (Fig.S2c)
reveals no peak related to oxide formation which means alumina is only
formed after the mechanochemical reaction of the transition metal oxide
with aluminum.

To get more detailed information on AADC, Transmission Electron
Microscopy (TEM) analysis is performed. Rod-shaped and spherical
morphologies draw attention in accordance with SEM images (Fig. 3). In
order to examine these particles in more detail, EDX analysis is per-
formed (Fig. S3). As a result of EDX analysis, it is seen that the rod-
shaped particle seen in Fig. 4a-b contains a high amount of carbon
along with Al, O, Fe, S, Co, Cr (Fig. S3a.). Then Fig. S3a reveals that rod
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Fig. 3. SEM images a) FeO b) CrO c) AAD d) AADC. e) Particle size analysis of AADC and AAD.

Table 2
XRF (%wt) results for FeO and CrO.
Al S Ca Fe Cr Ni Mn Co

FeO 0.0905 0.3719 0 93.1516 3.4860 1.8738 0.2234 0.1535

Cro 0.1283 22.330 0.0473 5.3314 72.1631 0 0 0

AAD 13.315 17.67 0 25.075 9.61 0.51 0.115 0.03
shape particle is mainly made of C. When the spherical particles are 8Li* + 8¢~ + Fes04 — 4 Li,O + 3Fe %)
studied, metallic Al is found to be embedded in an amorphous matrix
(Fig. 4g and h). EDX mapping results indicate the presence of Fe-Co-Mn- 4 Li,0+ 3Fe < 2 LiFeO, + Fe + 6Li* + 6~ )

O-containing structures in the AlpO3 matrix (Fig. S3b). This can be
interpreted as the synthesis of amorphous Al;O3 - carbon matrix tran-
sition metal-containing electrode material, similar to the study of All-
corn and Manthiram [22,23] as a result of the experiment.

For further characterization of carbon in the structure, Raman
analysis is realized (Fig. 5). In case of AADC, 2 peaks (1339 em~! and
1608 cm ™) are recognized which are related to D and G-bands of car-
bon, respectively [46].

3.2. Electrochemical analysis

Wu et al. [47] reported that along with high capacity (around 1000
mAh g™1), the transition metal oxides perform high volumetric changes
(>200 %) leading to poor structural stability, hence weak cycle per-
formance (Eq (6)-(8)) [47].

3Li+1/2Fe,05 < 3/2Li,O + Fe 6)

On the basis of the galvanostatic tests results, the potential applica-
tions of these powders as anode active materials for LIBs have been
assessed. According to the galvanostatic performance, AAD delivers
1353.75 mAh g! as the 1st discharge capacity, and the capacity
retention over 100 cycles is equal to %~ 17 compared to 1st discharge.
The sample without chromium oxide (FeDC) performs 561.94 mAh g~!
capacity at 1st discharge and retains 339.43 mAh g ! capacity after 100
cycles. The electrode made of AADC delivers the best performance as its
first discharge capacity is noted to be 1824.13 mAh g}, and it retains ~
%44 of its initial capacity after 100 cycles. The difference between
AADC and FeDC is the clue of the capacity contribution of CrO in the
anode performance. When the galvanostatic performance of AlC with
AADC is compared, the capacity retention seems to be very low for AIC
and the electrode delivers <200 mA h/g after 20th cycles. This confirms
that the inactive phases in the AADC structure (i.e. Al;03) support the
mechanical integrity of the electrode upon cycling.
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C(111) 01-075-2078
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)
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0.24 nm

Fig. 4. TEM images a) general view revealing different powder morphologies, b) rod-shape particle, c) Fe;O3 (104), d) Fe (110), e) carbon (111), f) demonstration of
nanoparticles embedded in the particle g) spherical shaped particle, h) Al (111), 1) amorphous shell.
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Fig. 5. Raman spectrum of AADC.

When the rate performance of AADC is studied, the electrode exhibits
a highly stable performance when the applied current is increased and
then decreased over cycles. The superior electrochemical performance
depicted in Fig. 6e may be attributed to the high structural stability of
the electrode. At 1st discharge, AADC delivers 1246.32 mAh g~ ca-
pacity upon the current load of 0.1 A g~1. Then, the same electrode

delivers 400 and 350 mAh g~ respectively when 1 Ag 'and 2 Ah g™}
current loads are applied, respectively. Once the applied current is
decreased down to 0.1 A g1, the electrode retains its capacity over 300
cycles. As the electrode conversion kinetics is limited by Li-ion diffusion
upon the introduction of Li into the XAZ composite, the lithiation would
occur progressively, which will increase the structural stability of the
electrode, eventually. Thus, the performance at different rates shows
that no delamination or cracking occurs even at high current loads.

In Fig. 7a—d, capacity-voltage curves of AAD, FeDC and AADC are
given. Their comparison reveal that no additional plateau and/or trend
change noted on the voltage-capacity curvatures of AADC and FeDC
confirms the contribution of transition metal oxide is the same and the
sulfate remains inactive vs Li.

Kim and Manthriam have stated in their study that the amorphous
Al;03 and carbon coating formed here are expected to affect both the
formation and growth of SEI, and it is aimed to mechanically strengthen
the structure throughout the cycle by forming an active-inactive matrix.
Finally, it is expected to contribute to lithium diffusion by restricting
electrochemical induced agglomeration in cycling [43].

Fig. 8a—c shows the cyclic voltammetry (CV) curves of FeDC, AAD
and AADC. In accordance with studies involving iron and other transi-
tion metals as anode materials, peaks around 1.6, 0.9 and 0.6 V are
observed in the cathodic region in the first cycle.These peaks are
assigned to the reduction of iron oxide and the breakdown of the elec-
trolyte leading to SEI formation on the electrode surface. However,
unlike the transition metal oxide samples’ CV curves given in our pre-
vious study [27], in addition to the curves indicating the oxidation of
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metals at 1.4 V, a peak around 0.5 V is also observed. This indicates the
reactions related the LiAl phase [17]. In the following cycles, the peak
on the cathodic side is shifted from 0.6 V to 0.7 V with polarization. In
addition, due to the reduction of metal compounds in the structure,

3,0
25
g 20 ——1stcycle
o ——2nd cycle
o 15 —3rd cycle
©
=
o 10
>
0,5
0,0+ T T T T J
0 400 800 1200 1600 2000

Specific capacity (mAh/g)

mA/g between 50 mV and 3V) of a) AAD, b) FeDC, c¢) AADC.

peaks are also observed at 1.5 V on the cathodic side in the following
cycles. On the anodic side, no changes are observed in the following
cycles. Moreover, FeDC has no cleavage in peaks different form AAD and
AADC which is a result from the absence of chromium oxide in the
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sample. The change in current intensities can be associated with the
electrochemical activity of the electrodes [48].

Herein, it is important to note that the existence of Aly0O3, in XAZ has
positive effect on its electrochemical performance since it enables more
stable interfacial energy to be obtained as it affects the SEI formation at
the electrode/electrolyte interface, hence the cycle retention.

Fig. 9a and b depict the electrochemical impedance spectra of AADC
after the 1st and 10th discharge reactions. The EIS spectra of AAD, FeDC
and AIC after 1st and 10th discharge reactions, are given as Fig. 54, for
comparison. The equivalent circuit model, used to fit the impedance
spectra of AADC, is illustrated in the inset of Fig. 9c. Rs represents so-
lution resistance and Rf and Rct represent charge-transfer resistances
and CPE1 and CPE2 stand for constant phase elements and W indicates
Warburg coefficient which corresponds to the diffusion of Li" in the
electrode [50,51]. The values (Table 3) show that the cells are well
assembled and SEI is well established after 1st discharge reaction [49].
Then , when the Warburg factors (¢) of AADC, AAD, AIC and FeDC at the
1%t and the 10T discharged states are studied, (Fig.S5 a-b, Table S1) [51].

300+
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0 50 100 , 150 200 250 300
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Table 3
EIS value according to equivalent circuit.
1st discharge 10th discharge Units

Rs 1.098 1.305 Ohm
CPE1 2.48 x 107° 2.09 x 107° S's*a7
a7 7.10 x 1071 7.25 x 1071 -
Rf 89.12 87.65 Ohm
CPE2 2.00 x 1072 1.70 x 1072 $s"al0
al0 7.39 x 1071 7.11 x 1071 -
w 1.05 x 1072 1.56 x 1072 $'$"1/2
Ret 35.32 36.64 ohm
Goodness of Fit 4,67 x 107* 3.46 x 107* -

the results show that lithium ion diffusion in AADC is easy and diffusion
rate changes from 1% to 10" cycle. Possible morphological changes in
the electrode upon cycling may explain it [50].
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Fig. 9. EIS result after 1st (a) and 10th (b) discharge. c)Equivalent circuit for spectra’s.
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4. Conclusion

In this study, a domestic (5%C-contained) FeCr alloy is used as a
starting material to produce composite with low energy requirement.
The electrochemical performances of this composite is studied based on
galvanostatic test results. The results are summarized as follows.

- With a correct material selection and process design it is possible to
selectively fabricate iron-rich and chromium-rich oxide powders
from FeCr alloy.

In the fabrication of the anode active material a low CO, emission is
achieved by choosing a locally produced material as the starting
material and by using ball milling.

A heterogeneous composite made of metal/metal oxide/carbon
(Metal: Al, Cr, Fe, Co, Mn) is produced by ball milling.

The composite anode (AADC) with XAZ formula has a higher ca-
pacity value than the commercial graphite and LTO. After 100 cycles,
AADC delivers 798 mAh g ! under a current load of 50 mA g''. The
rate performance tests further shows that AADC performs 400 mAh
¢! capacity value when it is cycled under a current load of 1 A g,
The same electrode depicts 600 mAh g~ 'capacities at the 300t cycle
under a current load of 100 mA g

Systematic investigations reveal that the synergitic effect of each
component of AADC contributes to its cycle performance.
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