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DEVELOPMENT OF IRON-RICH ANODE MATERIALS FOR LITHIUM-
ION BATTERY TECHNOLOGY FROM LOCAL FeCr ALLOYS

SUMMARY

Energy is an indispensable concept for all creatures to survive. Energy is also needed
to increase the quality of lives. At this point, it can be said that secondary batteries
become important because they play a critical role in the widespread use of portable
devices that are employed in defence, home appliance and medical applications.
Among the secondary batteries, lithium-ion batteries stand out in terms of their light
in weight, high safety, theoretical capacity and energy density. However, their high
costs restrict their extensive uses.

History shows that after the industrial revolution steam machines replaced manpower
and fossil fuels that were used to prefer as the energy source of the machines. However,
mankind was greedy. Countries that became stronger with the acceleration of
industrialization sought new resources in different geographies to meet their ever-
increasing energy needs. This quest has led to various energy crises until this date.

The positive opportunities provided by the use of energy obtained from renewable
energy sources rather than the use of limited energy resources such as fossil have been
expressed in many different platforms.

The discontinuity of such renewable energy in question is overcome by the
development of energy storage technologies. Following the works of Galvani and
Volta in the 18th century, the first battery types were produced by Exxon in the 1970s
where titanium disulphide and lithium metal were used as the cathode and the anode
materials, respectively.

Then in the 1990s, Goodenough et al. created a great milestone for studies on energy
storage technologies with the secondary battery system that they proposed. In this
battery (LIB) design transition metals were used as cathode and carbon was used as
the anode materials. The fact that in 2019, they were awarded the Nobel Prize thanks
to their LIB design, officially documented the importance of such technology in the
world history. Then in 1980, Armand published the intercalation mechanism of lithium
metal in LIB. In 1991, Sony announced the introduction of the LIB as a product into
the market. Today, the market of lithium-ion batteries is growing day by day, while
the researches to improve their energy and power densities as well as safety are also
increasing exponentially.

Simply, a lithium ion battery consists of four main elements: separator, negative
electrode (Anode) , positive electrode (Cathode) and electrolyte. In charging, lithium
ions of the cathode pass through the electrolyte and get in to the negative electrode,
while electrons follow the ions and move on the external circuit to go to the anode.
Then in discharging, lithium ions leave the anode material and return to their initial
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place in the cathode material. Meanwhile, electrons direct the stored energy to the
desired application. Examples of positive electrodes include LiCoO3, LiFePO4 and
LiMnO., and the most widely used negative electrodes are silicon, transition metal
oxide, and graphite.

These electrode materials are produced by a wide variety of synthetic methods.
However, in many of these production methods, since the starting material is of high
purity, industrial scaled production processes often require working with a continuous
maintenance of high quality raw materials. In this type of production process, where
raw materials are dependent on foreign countries, the input value becomes unstable
which causes financial difficulties in the production for long term business. Also, the
transportation of the raw material to different places may provoke environmental
damages due to CO: gas release during logistic process.

In this thesis, iron-rich anodes for lithium-ion batteries have been fabricated by using
hydrometallurgical methods where an indigienous metallurgical quality
ferrochromium is used as the raw material. Herein, ferrochromium is particularly
chosen as Turkey is well recognized with the high and good quality of ferrochromium
that are fabricated in Elazig and Antalya. In this thesis work, high carbon (wt.%5)
contained ferrochromium alloy is supplied from Eti Krom A.S (Elaz1g).

The aim is to design an environmentally friendly and practical process to fabricate iron
rich oxide powders from an indigenenous ferrochrome alloy. The originality of this
thesis lies in two concepts: material and method. First of all, by using an indigeneous
product as precursor, a material is fabricated for a high value added application such
as electrode material for lithium ion battery. Herein, the existence of other transition
metals in the fabricated powder is believed to create electron conductive pathways in
the electrode to improe its rate performance. Secondly, the fact that during the
experiment, a rotary evaporator has been used in leaching, the change in the solid-
liquid interaction is expected to affect the leaching mechanism as well. The latter
enriches the literature since no similar approach has been reported previously.

In the scope of the thesis, in order to maximize the iron leaching efficiency with the
least number of experiments and analysis the most effective parameters, Taguchi
orthagonal method has been used.

Therefore, in the first chapter of the thesis, the particle size of ferrochromium
containing wt.5% carbon was reduced by ball miling using Taguchi orthogonal array
(La(2%)). As a result of the Taguchi analysis (4 experiments), the smallest grain size
was obtained as average (Dv50) 2.72 pm when the powder was ball milled in 4 hours,
at 235 rpm and 10:1 balls:powder ratio. In ANOVA analysis, the most effective
parameter was found to be duration. In the second chapter of the thesis, the process
parameters related to leaching of the ferrochromium alloy with sulphuric acid were
optimized by Taguchi method (Lo(3%) with 4 parameters and 3 levels. Herein first in
the literature rotary evaporator was used as the leaching reactor. It is believed that the
change in powder/liquid interaction would differentiate the leaching efficiency. Within
the scope of this study, sulphuric acid is particularly chosen as the acidic medium to
prevent the occurance of hexavalent chromium in leachate, which has a harmful effect
on human health. Later, the effect of the duration, precursor particle size and stirring
rate on the lecahing efficiency have been studied. In total 15 experiments were done
to optimize the leaching conditions. As a result of the Taguchi analysis, the optimum
parameters were obtained as 5 molar sulfuric acid, 1:50 volumetric solids: liquid ratio,
30 rpm and 90°C at 150 minutes. The result showed that 91.88% corelation was
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achieved successfully between the theoretically calculated and the experimentally
achieved values in leaching. the ANOVA analysis demonstrated that the most
effective parameter for iron leaching was solid: liquid ratio. After these experiments,
in order to examine the effect of the grain size of the starting solid material on the iron
leaching yield, the experiment was carried out using ferrochromium with a larger grain
size ((Dv50) of 107.5 um). As a result, it was observed that the precursor material with
a larger grain size yield lower efficiency. Once the leaching parameters were
optimized, longer leaching duration were done for investigating leaching duration
effect. The leaching kinetic was analzyed and revelaed that surface reaction and
lixiviant diffusion through solid particles determined the iron leaching. The mixed
model for leaching kinetic was mathematically explained as follows: —In (1-x)=k t%*In
order to examine this model in more detail, the effect of mixing speed was also
examined. In the third chapter, in order to evaluate the possible use of this sulphate
solution in the battery application, a selective chemical precipitation was done. Oxalic
acid was preferentially used to structure the iron oxalate precipitate in the shape of
nanorods. Because, literature survey depicts that nanorods increase the
electrolyte/active material contact area and decreases Li* diffusion distance.
Therefore, enhanced electrochemical performance is expected to achieve when
nanorod-structured anode was used in comparison to bulk powders. Morever, during
precipitation, by adjusting pH of the solution other transition metals like Ni, Co were
also embedded in the nanorod structured iron oxalate particles, to further improve the
rate performance of the anode material. For optimizing the precipitation conditions,
four experiments were realized. The effects of temperature, stirring velocity and
volumetric oxalic acid:leaching solution ratio on the precipitation efficiency were
examined. Fourtly, iron-rich oxide powders, which were selectively recovered from
the leachate, were processed in varying heat treatment conditions. Herein 8 samples
have been fabricated to discuss the effect of temperature, duration and environment on
the final product properties. Finally, once these 8 powders were structurally,
chemically and morphologically characterized, their uses as an anode material in LIB
were reported based on the galvanostatic test results.

The galvanostatic analyses were realized when these 8 samples were tested between
1mV-3V under a load of 50mA/g. The results demonstrated that 6 samples (FeOxA2,
FeOxA3, FeOxAB, FeO3003, FeO3002 and FeO2153) delivered higher capacities than
graphite after 100 cycles. In case of iron oxalate samples, FeOxA3 delivered the
highest first discharge capacity (1038.46 mAh/g) value and highest capacity (673.08
mANh/g) at the 94th cycle. In the cyclic voltammetry analysis, characteristic peaks of
iron oxide and iron oxalate were found, lithiation mechanism of the electrodes are
discussed based on electrochemical tests results.
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YERLI FeCr ALASIMLARINDAN LITYUM IYON PiL TEKNOLOJISI ICIN
DEMIRCE ZENGIN ANOT MALZEMELERININ GELISTIRILMESI

OZET

Enerji canli varliklar i¢in yasamlarmi siirdiirebilmeleri adina vazgecilmez bir
kavramdir. Insanlar ise yasamsal faaliyetlerinin yani sira gelistirdigi teknolojiyi
kullanabilmek i¢in de enerjiye ihtiyag duymaktadir. Eski zamanlarda bu tiir
teknolojiler icin insan veya hayvan giicii kullanilirken sanayi devriminden sonra
buharli makinalara gegilmistir. Giinlimiizde ise gelisen teknolojiler tasinabilir enerji
kaynaklarina ihtiya¢ duymaktadir.

Sekonder (ikincil) elektrokimyasal enerji depolama aygitlar1 tekrar kullanilabilmeleri
bakimindan giiniimiizdeki enerji sorununun ¢dziimii i¢in énem arz etmektedir. ikincil
piller arasinda lityum iyon bataryalar hafif ve gilivenli olmalarinin yani sira
alterantiflerinenazaran daha yiiksek teorik kapasite ve enerji yogunlugu sergiledikleri
icin son yillarda - 6n plana c¢ikmaktadirlar. Ancak yiiksek iiretim maliyetleri
kullanimlarint sinirlandirmaktadir

Enerji depolama teknolojileri tarihi incelendiginde Galvani ve Volta'nin 18. yiizyildaki
calismalarin1 takiben, 1970'lerde 1ilk akii tipleri Exxon tarafindan iretildigi
goriilmektedir. Bu tasarimda katot ve anot malzemeleri olarak titanyum disiilfit ve
lityum metaleri kullanildig: belirtilmistir.

1990'larda ise Goodenough ve ekibinin Onerdikleri ikincil pil sistemi ise enerji
depolama teknolojileri iizerine ¢aligmalar i¢in biiyiik bir kilometre tasi1 etkisi yaratti.
Bu batarya (LIB) tasariminda katot olarak gecis metalleri, anot malzemeleri olarak
karbon kullamlmustir. 2019'da LIB tasarimlari sayesinde Nobel Odiilii'ne layik
olmalari, bu teknolojinin diinya tarihinde dnemini resmi olarak belgelemistir. Daha
sonra 1980'de Armand, LIB'de lityum metalin interkalasyon mekanizmasini
yayinlamis ve 1991'de Sony, LIB'nin piyasaya bir {riin olarak tanitildigini
duyurmustur. Giiniimiizde lityum-iyon pil pazar1 giinden giine biiylirken, enerji ve giic
yogunluklarinin yani sira giivenligini artirmak i¢in yapilan arastirmalar da katlanarak
artmaktadir.Yapilan arastirmalar ise bu pillerin performans, iiretim, maliyet ve
giivenlik 6zelinde devam etmektedir.

Basitge bir lityum iyon pil dort ana elementten olusmaktadir. Bunlar sirasi ile
separator, negatif elektrot (anot), pozitif elektrot (katot) ve elektrolittir. Bir lityum iyon
pilde sarj ve desarj reaksiyonlar1 gerceklesmektedir. Sarj tepkimesinde katottaki
lityum iyonlart anoda elektrolit yardimi ile gegmektedir. Elektronlar ise harici bir
devre elemant ile katottan anoda gitmektedir. Desarj tepkimesi ise sarj tepkimesinin
tersi biciminde agiklanabilir. Desarj sirasinda, elektronlar depolanan enerjiyi istenen
uygulama alanina yonlendirir. Pozitif elektrot 6rnekleri arasinda LiCoO2, LiFePO4 ve
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LiMnOz2 bulunurken, silikon ve grafit ise negatif elektrotlarda kullanilan malzemelere
ornek olarak verilebilir.

Belirtilen bu elektrot malzemeleri cok ¢esitli sentetik yontemlerle {iretilir. Bununla
birlikte, bu iiretim yoOntemlerinin ¢ogunda, baslangi¢ malzemesi yliksek saflikta
oldugu i¢in, liretim siiregleri siirekli ve diizenli yiiksek saflikta ham madde teminine
dayali olarak siirdiiriilmektedir. Hammaddelerin yabanci tilkelere bagimli oldugu bu
tiir Uiretim stirecinde, girdi degerinin dengesiz olmast uzun vadede iiretimde finansal
zorluklara neden olabilir. Bunun yani sira, bir¢ok tiriiniin farkli konumlardan
taginmastyla iiretimin gergeklestirilmesi, lojistik siirecte salinan CO2 gazi nedeniyle
¢evresel hasara neden olabilir.

Bu tez ¢aligsmasinda gilinliimiiz diinyasinin problemleri dogrultusunda yerli, metaliirjik
kalitede ferrokrom kullanilarak hidrometaliirjik yontemlerle lityum iyon piller i¢in
demir esaslt anotlarin {iretimi amaglanmistir. Bu tez kapsaminda literatiirde ilk defa
Tiirkiye’de iiretilen ferrokrom alagimi baslangi¢ malzemesi olarak kullanilarak farkli
demir oksit yapilar {retilmis, karakterize edilmis, anot olarak performanslari
incelenmistir. Hammadde olarak yerli ferrokrom alagimini tercih ederek maliyet ve
cevresel zararin azaltilmasi amaglanmistir. Ayni1 zamanda ferrokrom yapisinda eser
miktarda bulunan diger ge¢is metallerini de tasarlanan proses sayesinde demir oksit
yapisina gegirerek demir esasli anotlarda yasanan iletkenlik probleminin de ¢6ziilmesi
hedeflenmistir.

Bu tez kapsaminda kullanilan baglangi¢c malzemesi ve iiretim yontemi ¢aligmay1 anot
malzemesi tasarlayan direk arastirmalardan farkli kilmaktadir. Literatiir
incelendiginde daha d6nce agirlikca 5% karbon igeren yerli ferrokrom alagiminin
hidrometalurjik yontemlerle (li¢ ve selektif ¢oktiirme) islenmesi suretiyle demirce
zengin metal oksit anotlar1 iretiminde kullanilmasina dair benzer br g¢alismaya
rastlanmamustir. Li¢ islemi sirasinda doner evaportor kullanmak suretiyle elde edilen
kati-s1ivi degisiminin de proses verimine etki ilk defa bu arastirma ile incelenmistir.
Bilindigi iizere cevherden yapilan birincil iiretim fazla enerji harcanmasina ve yiiksek
miktarda atik olusumuna sebep olmaktadir. Ayrica, yiiksek safiyetteki hammadde
kullaniminin da iiretimde ytliksek maliyetlere yol ac¢tig1 bilinmektedir. Bu dogrultuda
baslangic malzemesi olarak metaliirjik kalitede yerli ferrokrom kullanarak ve
hidrometalurjik temelli {iretim prosesi tasarlayarak daha az maliyetli ve daha az
cevreye zarari olan yiiksek katma degere sahip elektrot malzemelerinin elde edilmesi
amagclanmustir.

Bu kapsamda, yerli ferrokromdan demirce zengin ¢ubuklar iiretmek igin gevre dostu,
pratik ve ulusal bir silire¢ tasarlanmustir.

Bu tez ¢alismasinda, ¢evre dostu, ekonomik ve yiiksek katma degerli iiriin elde etmek
i¢in ¢evre dostu iiretim tasarlanmis, deney parametreleri ayr1 ayri optimize edilmistir.
Bu baglamda, tezin ilk baslhiginda ag. % 5 karbon iceren ferrokromun, pargacik boyutu
Taguchi Ortagonal yontemi (L4(2%)) kullanilarak bilyali giitme ile kiiciiltiilmesi igin
4 adet deney Taguchi yonteminden yararlanilarak tasarlanmig ve gerceklestirilmistir.
Taguchi analizi sonucunda, “kiigiik daha 1yidir” yaklasimiyla yapilan istatistiksel
inceleme en kiiciik partikiil boyutunun ((Dv50) 2.72 pm) 4 saatte 235 rpm hizda ve
10:1 agirlikca bilya:toz oraninda ogiitiilmesi ile elde edildigini ortaya g¢ikarilmistir.
Yapilan ANOVA analizinde ise en etkili parametrenin siire oldugu goriilmiistiir. Tezin
calismasinin ikinci asamasinda ise ferrokromda bulunan gegis metallerini ¢ozeltiye
almak iizere siilfiirik asit ile li¢ islemi gerceklestirilmistir. Stilfiirik asidin tercih sebebi
insan saglhigina olumsuz etki yaratan hekzavalent kromun agiga ¢ikmasim
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engellemektir. Optimum parametreleri bulmak adina Taguchi ortagonal yontemi
(Lo(3%) ile 4 parametre 3 seviye ile deney parametrelerine karar verilmistir. Daha
sonra siirenin etkinligi kontrol deneyi parametreleri ile yapilan inceleme ile ortaya
cikartilmistir. “biiyiik daha iyidir” istatistiksel yaklasimi ile yapilan hesaplamalar 5
molar siilfirik asit ¢ozeltisinde, 1:50 hacimce kati:sivi oraninda, 30 rpm dondiirme
hizinda ve 90°C c¢ozelti 150 dak’da yapilan li¢ islemi ile en yiiksek demir ¢6zme
veriminin elde edildigi anlasiimistir.Istatistiksel verilerden yola ¢ikarak yapilan teorik
hesapla optimum kosullarda gerceklestirilen li¢ deneyinden elde edilen sonucun
91,88% oraninda benzerlik gosterdigi goriilmiistiir. Yapilan ANOVA analizinde li¢
islemi ile demirin ¢ozeltiye gegmesi i¢in ise en etkin parametrenin hacimce kati: sivi
orani oldugu hesaplanmistir. Daha sonra siirenin etkisi ayr1 bir deney olarak incelenmis
ve en optimum kosulun 150 dakikada elde edildigi anlasilmistir. Bu deneyler
sonrasinda baslangi¢ kati malzemesinin tane boyutunun li¢ verimine olan etkisini
inceleyebilmek adina daha biiyiikk tane boyutuna sahip ((Dv50) 107,5 pm)
ferrokromlar kullanilarak deney yapilmistir. Bunun neticesinde daha disiik tane
boyutuna sahip baslangi¢c katisinin daha yiiksek demir verimine sahip oldugu
goriilmistiir. Daha sonra optimum parametreler 1s18inda gergeklestirilen li¢ kinetigi
analiz edilmistir. Yapilan hesaplar li¢ kinetiginin karma model ile ifade edilecegini
ortaya ¢ikarmistir. Proses yiizey reaksiyon kontrolii; ¢ozelti difiizyon modeli olarak
ortaya konmustur. —In (1-x) = k.t%*, li¢ kinetiginie ait matematiksel denklem olarak
ifade edilmistir. Bu modelin daha detayli irdelenebilmesi adina karistirma hizinin
etkisi de incelenmistir. Sonug¢ olarak iislii ifadeden de ortaya konuldugu iizere li¢
isleminin kinetiginin difiizyon egilimli oldugu anlasilmistir. Li¢ basghigr altinda
toplamda 16 deney geceklestirilmistir.

Tez ¢aligmasinin {igiincii bagliginda ise ¢ozeltideki demir ve diger gegis elementleri
krom iyonlarindan ayrilarak selektif olarak ¢oktiiriilmesi i¢in proses sartlari optimize
edilmistir. Bu noktada tez kapsaminda coktiiriicii ajan olarak oksalik asit tercih
edilmesinin iki 6nemli sebebi bulunmaktadir. Birincisi, ¢ozeltide bulunan demir stilfat
oksalik asitle reaksiyona girmesinin ardindan ¢ubuk seklinde ¢okelti olusumuna sebep
olurlar. Yapilan literatiir incelemesi s6z konusu ¢ubuklarin genis elektrot/elektrolit ara
temas yiizeyine sebep vermesi ve Li* difiizyonunu kolaylastirmalar1 sebebiyle anot
olarak kullanildiklari durumda toz numunelere nazaran daha iistiin performans
sergilediklerini ortaya koymustur. Yine arastirmalar uygun pH ayarlamasi ile oksalik
asit kullanarak yapilan ¢oktiirme islemi sirasinda demirin yan1 sira Ni, Co gibi diger
gecis metallerinin de selektif olarak kazanilabilinecegini gostermistir. Parametrelerin
¢okelme tizerindeki etkisini belirlemek icin farkl sicaklik, karigtirma hiz1 ve hacimce
oksalik asit: li¢ c¢ozeltisi oraninin ¢oktiirme verimine etkisi her seferinde bir
parametreyi degistirmek suretiyle incelenmistir. Bu hedefle 4 adet deney yapilmistir.

Tezin dordiincli asamasinda ise li¢ sonrasi elde edilen ¢ozeltiden segici olarak geri
kazanilan demir acisindan zengin oksit tozlari, degisik 1s1l islem parametrelerinde
islem gormiistiir ve farkli 6zelliklere sahip oksit tozlar iiretilmistir. Bu noktada 1s1l
islem stiresinin, sicakliginin ve atmosferin etkisi her seferinde bir parametreyi
degistirmek suretiyle incelenmistir. Toplamda 8 adet farkli 6zellikte demirce zengin
metal oksit tozu elde edilmistir.

Elde edilen bu 8 adet toz daha sonra yapisal, kimyasal ve morfolojik olarak karakterize
edilmistir. Tezin besince bashginda ise s6z konusu tozlarin LIB'de anot olarak
kullanimlar1 incelenmistir ve tartisilmistir.
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Elde edilen tozlar kullanilarak ayni kompozisyona sahip ¢amurlardan laminasyon
islemi ile anotlar elde edilmistir. Bu anotlar 1 mV-3 V araliginda 50 mA/g hizinda test
edildiginde FeOxA2, FeOxA3, FeOxA6, FeO3003, FeO3002 ve FeO2153 kodlu
numunelerin 100 ¢evrim sonunda grafitin teorik kapasiteisnden (372 mAsa/g) daha
yiiksek kapasite sergiledigi goriilmistiir. Demir oksalat numuneleri arasinda, FeOxA3
en yiiksek ilk desarj kapasitesi degerine (1038.46 mAsa/g) ve 100 dongii boyunca en
yiiksek kapasiteye (673.08 mAsa/g) sahip oldugu belirlenmistir. En yiiksek kapasite
korunum yiizdesine ise oksalat numuneleri arasinda FeOxA2 numunesi sahiptir.
Demir oksit numuneleri arasinda en yliksek ilk desarj kapasitesine ve 100 ¢evrimde en
yiiksek desarj kapasitesinde FeO3002 kodlu numune ulasmistir. En yiiksek kapasite
korumuna da FeO205 kodlu numune sahiptir. Cevrimsel voltametri analizinde demir
oksit ve demir oksalatin karakteristik pikleri bulunmustur. Elektrokimyasal test
sonuglar1 ile Tretilen elektrotlarin Li ile gergeklestirdigi reaksiyonlara ait
mekanizmalar tartigilmistir.
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1. INTRODUCTION

Since the end of 18™ century, fossil fuels (such as coal, petroleum and natural gas)
have been used for the reason of energy efficiency. As a result, carbon dioxide
emission has been increased exponentially in the atmosphere for the last 2 centuries.
This fact creates considereable concerns as CO2 emission causes global climate change
due to its greenhouse gas warming potential. As stated by Andres et al [1], there was
an accelerated growth in carbon dioxide emission between 1751 and 1950. Moreover,
the total cumulative carbon dioxide emission caused from fossil fuel was detected to
be 250x10° tonnes from 1751 to 1995 [1]. In this sense, people have been looking for
alternative green energy systems.

Renewable energy systems attract attention because not only they are sustainable but
also they provide clean energy. However, the discontinuity of generation (due to
seasonal / day timing variations) is the biggest restriction for their ultimate use.
Therefore, most of cases complex engineering design, planning and control should be
done for using renewable energy sources effectively. Herein, efficient storage of such

a clean energy represents the big challenge [2].

Herein secondary batteries become very important as they can store the energy when
there is excess, and let the consumers use it when it is required. Among alternatives,
lithium ion batteries have come into prominence by light weight, long shelf lives, high
energy density and power density [3].

Shortly, a lithium ion battery contains four elements: separator, negative electrode,
positive electrode and electrolyte. In 1990, Sony commercialized first lithium ion
battery where LiCoO> and graphite were used as cathode and anode, respectively [4].
LIB technology has rapidly become widespread thanks to its superior properties. At
this point, the high price of and the environmental damage caused by Co metal used in
the cathode material’s production lead scientists to look for alternative materials to
replace lithium cobalt oxide. On the other hand, the client's need for higher energy



density induces a search for alternative materials to substitute graphite as the anode

material.

In this thesis, by combining both principles of metallurgy and electrochemistry, iron
based oxide powders have been fabricated. At this point, by using the domestic
ferrochromium (FeCr) alloy as a starting material, it is aimed to reduce the damage to
the environment during the production of the electrode’s raw material and to support
the economic development in the long-term run by enabling the use of a domestic

product in a high value added application.

In the context of the thesis grinding, leaching, selective precipitation and calcination
are used to fabricate iron-rich oxide powders as semi- products. After the structural,
chemical and morphological characterizations of the semi-product, an electrode slurry
is prepared. Finally lamination has been done by Dr. Blade to fabricate the anode
material, final product. The anode material has been tested in CR2032 coin cells

galvanostatically and potentiostatically.

The thesis has made of four steps. First step is to study the leaching mechanism and
kinetic of FeCr alloy. In leaching process, sulfuric acid is used to etch transition metals
(i.e. iron, chromium, and others like Ni,Co) from ferro chromium alloys. Taguchi
experimental design Lo 3* approach is used to maximize the leaching efficiency of iron
and chromium. Then leaching kinetic and mechanism have been discussed. In the
second step, iron ions (along with Ni and Co) are selectively recovered by oxalic acid
reaction in the shape of rods. Then, in the third step, resulting precipitate is calcinated
differently to fabricate iron-rich oxalate and iron oxides rods of different structures.
Finally, the use of those oxide rods as anode material for lithum ion batteries have been
investigated based on their galvanostatic performances.



2. ORIGINALITY OF THIS WORK

Use of transition metal oxides as anode material becomes important as the conversion
reaction enables the reaction of >1 Li* with the electrode material. Therefore, higher
capacity could be achieved, eventually. Among alternatives, iron oxides attract
attention due to their high abundance on earth, high theoretical capacity and

environmentally friendly behaviour.

So far many researchers have fabricated iron oxides powders by means of solgel [5],
hydrothermal reaction [6], solvothermal reaction [7], chemical precipitation [8] and
spray pyrolysis [9], and they have tested their electrochemical performances when
used as anode material in LIBs. The results have revealed that the intrinsically low
electrical conductivity of iron oxides and the high volumetric changes that happen in
the electrode upon cycling deterioriate the cycle performance of the electrode,

resulting low first cycle coulombic efficiency and low capacity retention eventually.

In this thesis, different approaches have been proposed to fabricate electrode material.
The originalities of the thesis lie in the material selection and designed fabrication
process properties: The fact that an indigeneous ferrochromium has been used as the
starting material represents the first originality of this study. Secondly, unlike to
traditional methods a rotary evaporator has been used in leaching which changes the
solid/liquid particle interaction upon leaching. And, thirdly as the ferrochromium
contain trace amounts of nickel, manganese, cobalt, the iron oxide rods fabricated
through the ferrochromium may have some amount of these transition metals in the

structure, if the recovery process is designed for that purpose.

In this thesis, first in the open literature wt. %5 C contained ferrochromium has been
leached with sulfuric acid and leaching parameters have been optimized to maximize
the leaching efficiency of iron and chromium. Herein sulfuric acid is chosen as it
inhibits hexavalent chromium formation in the leachate, which makes the process safer
and environmentally friendly. Plus, sulfuric acid not only dissolves Fe and Cr but also
other transition metals (Ni, Co, Mn, etc.) present in the precursor alloy. Then as a

leaching reactor instead of using magnetic or mechanical stirrer a rotary evaporator



has been utilized. Such a change of the leaching system is expected to modify the
leaching efficiency, eventually. And finally, by adjusting the precipitation parameters
additional transition metals may be precipitated along with iron ions in order to create
some electron conductive pathways in the rods structured oxide particles.
Consequently, first in the open literature, not only iron-rich oxides but also the use of
iron-rich oxalate rods have been fabricated from the indigeneous FeCr alloy and their
possible uses as anode material in LIBs have been evaluated within the content of this

thesis.



3. LITERATURE REVIEW

Although the first usage of electrochemical energy storage devices (or batteries) are
stated as belonging to Persian civilizations depending on archaeological findings in
Bagdad, the firstly accepted works on electrochemical batteries belong to Galvani and
Volta from 18™ century [10]. Many scientists have been working under inspiration of

Galvani words as “animal electricity” [11].

Since 18" century, many types of rechargeable batteries that have been developed over
3 centuries, have been reported, as seen in Table 3.1.

Table 3.1: Types of rechargeable batteries [12].

Energy Theoretical
Storage system Density Capacity Cell Voltage (V)
(Wh/g) (Ah/kg)

Lead Acid 30-50 83 2
Ni-Cd 45-80 162 1.2
NiMH 60-120 172 1.2
Li-ion

) _ 100- 150 104 3.7
(LiMnO2/graphite)
Li-ion
150- 250 158 3.6

(LiCoO2/graphite)

Among alternatives, lithium ion batteries (LIBs) offer higher energy and power
densities compared to other rechargeable batteries [3]. Moreover, compared to lead
and cadmium containing storage devices, lithium ion battery has a better impact on the
environment: high operating voltage (3.7 V), high gravimetric and volumetric
densities, no memory effect, low self-discharge rate and operation in wide range of
temperature [13]. Moreover, lithium ion batteries have no memory effect like nickel
cadmium batteries and has a very long shelf life due to low discharge rate of the cell.



3.1 Lithium lon Batteries

Lithium battery as a primary battery was firstly studied at Bell’s Laboratories in 1960
with graphite anode [14]. After that, Sony contributed the first commercial lithium ion
battery in 1990 [4]. Following its entrance into the market, LIB’s share rapidly
increased due to its superiorities compared to NiCd and acid Pb batteries [13]. Such
privileges caused them to be used in different scales from mobile phones to portable

electronic devices, electric vehicles to gride applications [15-16].

Literature survey reveals that studies on LIBs have increased exponentially from 1990
to 2019 (Fig.3.1.). The data collected from Scopus, Science Direct and Web of

Science.
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Figure 3.1: Amount of publication about LIBs per years by constructing from
different database.

3.2 Operational Procedure of Lithium lon Batteries

Lithium ion batteries being type of secondary batteries can be charged/discharged
reversibly over cycles (Figure 3.2.a-b). During charge reaction (Figure 3.2.a), Li* ions
get out from the cathode and pass through the electrolyte to get into the anode. In the
same time, electrons emerged from the cathode simultaneously move to the anode by
the help of external electric circuit. Then upon discharging, (Figure 3.2.b) Li* ions are
moved from the anode, pass through the electrolyte and get into the cathode material.
To neutralize the reactions, electrons that are moving from the anode get into the

cathode, reversibly, by the help of the external electrical circuit [17].
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Figure 3.2: Illustration of working reaction lithium ion battery a) charge b)
discharge [17].

3.3 Components of LIBs

A lithium ion battery simply consists of 4 component; separator, electrolyte, positive

and negative electrode

3.3.1 Separator

The main contribution of the separator is to prevent any short cut between the
electrodes. Therefore, the properties expected from the separator can be listed as
follows: being chemically stable during the cycling test, easily getting wet after being
in contact with the electrolyte, having high decomposition temperature, low electrical
conductivity, and homogeneous por diameters to selectively pass Li ions in cycling

[18]. Common type of separators and their properties are given in Table 3.2.



Table 3.2: Lists of separators producer, materials and design [19].

Producer Materials Design
Celgrad LLC PE, PP and PP/PE/PP Uniaxiallly oriented
Ashai Kasei Polyolefin and ceramic-filled o )

Chemicals solyolefin Biaxiallly oriented

Entek Membranes ceramic-filled UHMWPE Biaxiallly oriented

SK Energy PE Biaxiallly oriented

Ube Industries PP/PE/PP Uniaxiallly oriented
ExxonMobil/Tonen PE and PE/PP mixture Biaxiallly oriented

3.3.2 Electrolyte

Electrolyte being a lithium ion transferring media, is present between negative and
positive electrodes. Electrolyte could be in a solid or in a liquid state. Mainly, liquid
electrolyte is a mixture of solvent and salts. Common expectations from the electrolyte
salts are high Li* transport rate for obtaining high power, high solubility, stability and
non-corrode current collector [20]. Common types of lithium salts are lithium
perchlorate  (LiClO4), lithium  hexafluoroarsenate  (LiAsFe),  Lithium
hexafluorophosphate (LiPFe), lithium tetrafluoroboarte (LiBFg) and lithium
trifluoromethanesulfonate (LiSO3CFz) [21-22]. LiPFs is the most soluble salt
compared to others [20]. Commonly used solvents could be exemplified with ethylene
carbonate (EC), propylene carbonate (PC), dimethyl carbonate (DMC), ethyl methyl
carbonate (EMC) and diethyl carbonate (DEC) [23].The common expectations from
the organic solvents can be summarized as follows high electrolytic conductivity,
safety and chemical stability [20]. In case of this thesis, a mixture of EC:DMC is
chosen as the electrolyte. EC:DMC composition is best option for disabling oxidation
of LiPFs compared to other candidate organic solution [25]. Moreover, LiPFg

EC:DMC electrolytes have stability in wide voltage range [26].

3.3.3 Negative electrode

The negative electrodes accommodate Li ions that are extruded from the cathode. The

common expectations from the anode material could be summarized as follows [29].



e Having low atomic weight,

e Having high structural stability, electrical conductivity,
e Having low lithiation voltage

e Having affordable price

e Being environmentally friendly

Upto now different materials have been tested as anode materials for LIBs. The results
reveal that Li reaction mechanism with an anode material could be classified as

insertion, alloying and conversion reaction.

In insertion, lithium can easily be inserted/deinserted to anode interstitial sites. The
common example of this mechanism is LisTisO12 anode material as a titanate material.
In example of LisTisO12, Lithium is inserted into the tetrahedral sites of LisTisO12 and
Li7TisO12 is formed consequently [31]. LisTisO12 is a promising anode material
because its lithiation voltage is high enough to avoid Li dendrite and solid electrolyte
interface formation on the electrode surface. However, its low theoretical capacity
(175 mAh/qg) restricts its wide use.

In alloying, metals or alloys could make unique compound with lithium. Table 3.4
depicts some examples which form alloys following their reactions with Li.

Table 3.4: Alloying type anodes and properties [32-33].

_ _ Theoretical Product of
) Potential vs Li* . ) ) )
Material W) specific capacity reaction with
(mAh/qg) lithium
C 0.05 372 LiCs
Si 0.4 4200 Li4.4Si
Sn 0.6 994 Liz4Sn
Ge 0.25 1100 GeLix

Although, in most of the cases alloying mechanism leads to high discharge capacity,
the capacity retention is very low due to the weak structural stability of the anode

material.



And in 2000, Poziot et al have discovered conversion type reaction mechanism [34].
Basically, a reversible displacement reaction occurs over cycling between lithium and
the nanosized active material. The lihitation reaction between the active material and
lithium could be described as Equation 3.1 [35]. (3.1)

My X, + (b.n)Li* + (b.n)e” & aM + bLi, X (3.1)

M and X represent metal or mix of metal and an anion such as halogen, nitrogen, oxide,
oxalate sulphate and etc., respectively. Common examples for conversion anodes

could be seen in Table 3.5.

In general, conversation type anodes have advantages due to cost, safety and high
capacity [35]. However, the process may have some problems such as low electronic

conductivity, high volume change and relatively high lithiation.

Zhang et al [8] have stated that metal oxides have the highest theoretical capacity and

safety among other anode active materials in case of converisation type [8].

Table 3.5: Conversion type anodes and properties [36-39].

Potential vs Li* ) Prodigaet
Material specific capacity reaction with
V) (MAN/G) lithium
CuO 2.24 673.9 Cu+Li20
FesN 1.19 443 Fe+LisN
CoC204 0.58 364 Co+Li2C204
CoO 1.8 715.3 Co+ Li2O

3.3.4 Positive electrode

Positive electrode (or cathode) represents the source of lithium in the coin cell. 1D
(olivine), 2D (layered), and 3D (spinel) structured cathode materials have been
fabricated and tested [26]. Common expectations from a cathode could be stated as
having reversible reaction with lithium, high electrical and ionic conductivity, being
chemically stable against the electrolyte, economic and environmental friendly [27].
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In Table 3.3, the most commonly used positive electrode materials and their capacities

are presented.

Table 3.3: Positive electrode examples and properties [28].

. Specific o
Positive Electrode ) Midpoint voltage
Structure Capacity
Type at C/20
(mAh/g)
) Ordered rock
LiCoO. 140-155 3.9
salt
o Ordered rock
LiNio.sC00.15Al0.0s02 200 3.73
salt
. Ordered rock
L|N|1-x-yC0any02 140'180 38
salt
LiMnO> Spinel 100-120 4.05
LiFePO4 Olivine 160 4.05

3.3.4.1 Transition metal oxide and iron oxide anodes

Poizot et al have explained the lithiation mechanism and revealed that upon lithiation
nanosized transition metal oxide particles are disintegrated leading the formation of
nanoscale metal particles (1 + 5 nanometer in size) in LioO matrix [34]. In the same
study, it is also mentioned that the voltage-capacity curves of the transition metal
oxides vs Li (MO / Li (M: Ni, Co, Fe)) are all very similar and they all reveal changes
in curvature shape after the 1% cycle. They have also [34] stated that there is an
optimum particle size for each metal oxide system where the metal particles will give
the best electrochemical performance. In Table 3.6, types of transition metal oxides,

their theoretical capacities and calculated lihitation voltages are listed. [40-41]

Table 3.6: Theoretical capacities and calculated lithitation voltage of TMO.

Cr20s3

Material FesOs FeO Fe203 CoO MnO Mn30Os Mn203 NiO

Theoretical
capacity 926.1 746.1 1007 1058 715.3 755.6 937.1
(mAh/g)

1018.6 717.6

Calculated
Lihitation 1.61 1.65 1.64 1.13 1.82 1.02 1.26 1.40 1.83
Voltage (V)
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Following the explanation of Poizot et al, studies on transition metal oxide anodes have
been exponentially increased over years (Figure 3.3).
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Figure 3.3: Amount of publications about metal oxide anodes year by year.

Among the alternatives, iron oxides become attractive due to their low fabrication cost,
high abundance on earth crust and environmentally friendly behaviour. Figure 3.4.
depicts that the number of the articles published on iron oxide anode material has
increased exponentially over years. Plus, the fact that iron has many oxidation states,
there are four different types of iron oxides available as electrode materials: Magnetite,
hematite, maghematite and wustite. Iron oxide could be produced by different
methods, through various precursors [8]. These materials perform different
electrochemical behaviours as summarized in Table 3.6. The different performances

are related to their characteristic lithiation reactions (Equations 3.2-3.4) [42-44];

Fe,05 + 6Li* + 6e~ & 3Li,0 + 2Fe (3.2)
Fe;0, + 8Li* + 8¢~ © 4Li,0 + 3Fe (3.3)
FeO + 6Li + +2e— Li20 + Fe (3.4)

So far, different methods (hydrothermal [42], solvothermal [45], elctrospinning [46],

thermal decomposition [47] and precipitation [44] etc.) have been used to fabricate
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iron oxide electrodes. Table 3.7, summarizes the properties and the performances of
the iron oxide anode materials stated in the literature.
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Figure 3.4: Amount of publications about iron oxide anodes year by year.

Among them, the study of Larcher et al [48] stand out as in this research they have
revealed that the micron (M-Fe203) and nano sized (N-Fe2O3) iron oxide particles have
different intercalation charcteristics. Moreover, experimentally they have
demonstrated that the use of N-Fe>O3 performs better than M-Fe,O3. According to this
work [48], M-Fe>03 and N- Fe>O3 could react with 7.2 and 8.4 mol Li and show 1200
and 1400 mAh/g 1% discharge capacity, respectively. Unlike to N-Fe;Os where
multiple plateaus are noted showing the biphasic transformation, during the discharge
of M-Fe20gs, nearly no Li insertion is noted for M-Fe Oz from 3 V to 1 V. When
reaching 1 V, there is an insertion of 6 mol Li to structure. From 1V to 0 V, 1 mol Li
is intercalated into the structure, additionally. It is also argued in this study that the
reduction reaction of a-Fe;QOz is reversible due to the high contact area between Li.O
and Fe. Moreover, Larcher et al state that by using N-Fe>Oz and M-Fe»O3 the reaction

with Li takes place following Eqg. 3.5-3.6, respecitvely [48].

monophasic biphasic biphasic

N —Fe,0,, ————— a — LiFe,0; —— cubic Li,Fe,0; —— Fe® + Li,0 (3.5
monophasic . biphasic i i biphasic i

M —Fe,0; ———— a — Liyg3Fe,0; — cubic Li,Fe,0; —— Fe® + Li,0 (3.6)
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Table 3.7: Example of iron oxide anodes according to literature.

Final
1St i
Cyrstal Fabrication Powder _ discharge Test
) discharge it .
structure method properties N capacily  conditions
capacities
(cycle no)
Spherical 270,14
Magnetite with 25 740 ' 25 mA/g
Hydrothermal mAnh/g
[42] nm mAnh/g 1mV-3V
: (15
diameter
. 1 um 1000
Hematite o " 1700 100 mA/g
Precipitation flower- mAh/g
[44] _ mAh/g 1mV-3V
like (10)
Hematite 200 M 1303 456 mAh/g 01C
Hydrothermal (100.)
[51] nanorod mAh/g 1mV-3V
Hematite 200inm 1248.1 7938 20 mA/g
Hydrothermal =~ Nanospher mAh/g 1mV-3V
[6] mAh/g
es (30.)
Maghema Thermal 43 nm 1284 538 mAh/g 50 mA/g
tite [47]  decomposition plates mAh/g (50) 1mV-3V
Hollow
Hematite Thermal spheres 905 419 mAh/g 50 mA/g
[52] decomposition with2 um  mAh/g (50) 5 mV-3V
diameter
) Electrospun 256 mMAh/
Hematite d 100-250 597.12 MANG 50 mA/g
an
46 nm fibers mANh/ 1mV-3V
Ll decomposition : (50.)
Hematite 100 nm 678 120mAhg  g1c
solvothermal )
[45] particles mAh/g (100.) 1mV-3V
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Then, Wang et al. have underlined the importance of the morphology on the
electrochemical performance of the electrode material [49]. Nuli et al have been
working on different iron oxide morphologies in nanosize [6]. Different morphologies
shows different resistance properties as ordered from the highest resistance value to
the lowest resistance value: nanocuboids, nanosheets and nanowires. Wang has
reported resemblances with the research outputs made by Nuli et al. [6]. Chun et al
[50] explain the reactions of 50 nm sized hematite nanoflakes anode material with
lithium through XRD analysis’ results. They claim that the peaks related to the
formation of LiFe3O4 are distinguished in XRD. The fact that there is no peak
belonging to Li>O in the XRD data obtained around ~0.9V (against Li) reveal that Li,O
is amorphous in the conditions when the intermediate phase (Li2Fe304) occurs. In the
galvanostatic test, it is expected that Li, which enters in the anode structure with the
further decrease in the potential, will completely disrupt Fe-Oz and causes the
formation of Fe atoms distributed in the Li>O matrix [50], eventually (Equation 3.7).

Moreover, electrochemical analyses’ results prove that nanostructuring and doping
could be useful to increase the cycling performance of transition metal oxide anode
material because doping may have a positive effect on the electrical conductivity of
anode. [53-55]. Mai et al [53] have been sustaining Li* diffusion by doping Co to NiO.
Shi et al [54] have demonstrated Cr doping enhancing electronic conductivity of
LiFePOa. Ni doping has been investigated by Lin et al. [55], they achieve better rate
performance in case of LisTisO1a4.

6Li + 3Fe,05 — 2 Li,Fe;0, + Li,0 (3.7)

3.3.4.2 Transition metal oxalates and iron oxalate anodes

Recent studies have highlighted the possible use of metal oxalates as anode material
for LIBs [56]. Figure 3.5 depicts that studies on metal oxalates have increased over
years exponentially. Yeoh et al have mentioned about their potentials to create
opportunity for sustainable materials synthesis and materials [56]. Their lithitation
reaction is given in Eq. 3.8 [56];

MC,0, + 2Li* & Li,C,0, + M (3.8)

M refers metal such as nickel, iron, manganese and cobalt. In this reaction, oxalate

complex is believed to keep structurally stable over cycling. Leon et al [57] have been
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sythesized MnC>04 nanoribbon by reverse micelles method and they have achieved
350 mAh/g over 70 cycle at 2 C. In case of cobalt, Aragon et al. [58] stated that
CoC204 nanoribbons that have been produced by reverse micelles and delivered 550
mAh/g over 50 cycle at 2 C rate. Then, Lopez et al [59] have fabricated NiC204
nanoribbons by reverse micelles and achieved 240 mAh/g over 70 cycle at 2 C rate. In
last example, FeC>04 nanoribbons have been synthesised by reverse micelles and
performed 480 mAh/g over 70 cycles at 2 C rate [60].
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Figure 3.5: Amount of publications about metal oxalate anodes year by year.

Among all different metals, iron oxalates become prominent. Ang et al. [61] have
described the reactions of iron oxalates with Li by Equation 3.9. Accordingly, they
stated upon lithiation the crystal structure of the oxalate particles is disintegrated and
iron atoms are dispersed in lithium oxalate. Oh et al. [62], on the other hand, have
stated that oxalate structures react alternately with Li like metal oxide structures but
form Li2C204 unlike metal oxides (Li2O occurs in the conversion reaction of metal
oxides) [63]. In the study of Oh, however, it is clearly stated that the answer to the
question of why the capacity obtained at the end of this reaction is higher than the

theoretical value is still being investigated.

Table 3.8 summarizes different iron oxalates performances reported in the open

literature.
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Table 3.8: Iron oxalate anode example according to literature.

Final
Powder Fabrication 1% discharge  discharge Test
properties method capacities capacity conditions
(cycle no)
Nanotube
o 340 mAh/g 05C
FeOx Precipitation 1730 mAh/g
(100.) 1 mV-2V
hydrate [63]
Nanorod Dead 05 C
FeOx Precipitation 1340 mAh/g
(90 ) 1 mV-2V
hydrate [63] '
Cocogy 438 mAh/g 11C
shape FeOx Precipitation 825 mAh/g
[61] (100.) 1 mVv-3V
Rod shape o 764 mAh/g 3C
Precipitation 906 mAh/g
FeOx [61] (100.) 1 mV-3V
Nanorod 746.46 5 Alg
a@B-FeOx Solvothermal 1137 mAh/g mAnh/g
[64] (200) 1mv-3V
Nanoribbon ) 600 mAh/g 2C
Reverse micelle 900 mAh/g
FeOx [65] (70.) 1 mV-2v

FeC,0, + 2Lit + 2e~ - Fe + Li,C,0,

(3.9)

According to Figure 3.6, amount of publication on iron oxalate anodes could be seen.

There is an increasing trend for iron oxalate publication.

17



60

50

40

30

20

Amount of journal

1

o

0 |I.|||.||| o bbbl L L hih

199019921994 1996 1998 2000 2002 2004 2006 2008 20102012 2014 2016 2018 2020

Publication years

M science direct B web of science scorpus

Figure 3.6: Amount of publications about iron oxalate anodes year by year.

3.4 lron Based Material Production

As mentioned before, iron abundance is higher than other transition metals [6].
Moreover iron based materials have been used in many field such as defence,
biomedical, sensors, batteries, construction and etc. Upto now, spray pyrolysis, sol-
gel, hydrothermal, precipitation-calcination route and mechanical ways have been
used to produce iron based oxide particles [66-70]. By the help of these methods,
variety of iron oxide in different dimensions and shapes have been fabricated [66-70].
It is already kown that precipitation and calcination methods come to prominence
when considering green manufacturing and energy consumption subjects.

In this thesis work, iron oxides and iron oxalates have been produced by a combination
of precipitation-calcination processes where the precursor is the domestic ferro
chromium alloy. In this perspective, ferro alloys are considered to be good candidates
as they all contain high amount of iron in their structure. Moreover, the existence of
trace amount of other transition metals could have dopping effects onto the iron oxide

particles.

3.4.1 Ferroalloys in Turkey

In the thesis in order to reduce carbon footprint caused by transportation and mining
FeCr alloy has been chosen as the precursor material. Knowing that high purity
precursors have high expence and low grade precursors need purification processes,

ferro alloys are believed to be a good candidate to fabricate iron based oxide materials.
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As stated by Aydin et al [71], high carbon contained ferrochromium is the highest
amount of ferroalloy produced in Turkey. The map that shows the places of
ferrochromium producers is given in Figure 3.7 In the thesis we have used

ferrochromium that have been fabricated in Eti Krom AS.
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Figure 3.7: Map and producer list of ferrochromium [72].

3.4.2 lron leaching

Leaching has been applied to recover the iron (Fe) and trace amount of transition
metals (Mn, Ni, Co etc) in the ferrochromium into solution for using as starting
material So far, many groups have optimized the leaching’s parameters of transition
metals and results revealed that temperature, solid/liquid ratio, temperature, duration

and stirring rate affect the leaching efficiency.

Mohanty et al leached a material that has 24% Fe in its structure and reported that the
highest iron gain (83% yield) is achieved when the electrolyte has 1.93 M sulphuric
acid compared to other leaching medias such as acids (HNO3z, HCI and H2SO4), base
(NaOH) and salt mixture (CuClz with NaCl) [73]. Then, Tzeferis et al [74] have used
organic acids (such as oxalic acid, citric acid), sulphuric acid and their mixtures to
leach lateritic nickel ore containing iron, the results prove that sulphuric acid can leach
iron with higher efficiency compared to organic acids and acid mixtures. Afterwards,
Ige et al [75] have worked with tantalum ore and determine that iron leaching

efficiency is increased with increasing sulphuric acid molarity in leaching experiments
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performed at constant variables. In the same study, Ige et al have also reported that the
decreasing particle size of the starting material is increasing leaching efficiency.
Further, El bar et al [76] have stated that 30% Fe recovery is obtained when the waste
containing 10% iron is leached in 2 hours with 2 M sulphuric acid at 85°C. In the study
of Liu et al [77] they have leached a chromite ore by using a magnetic mixer. The
highest efficiency for iron recovery has been achieved when the leaching has been
done at 138°C and 60 minutes. In the study of El Bar et al. [78] where copper sulphate
concentrate is leached with 2 M sulphuric acid, it is explained that the highest iron gain
was achieved at 2 hours, 65°C and 100 rpm. In the study performed by Zhao et al. [79]
where chromite ore is leached by using a mechanical mixer, they state that leaching
efficiency is increased with decreasing particle size. Within the scope of the same
study, the effect of leaching temperature on yield is also investigated, and it has been
explained that the yield increased up to 180°C, but after 180°C the yield decreased
with the precipitation of sulphated compounds [79]. When the research on the leaching
of ferrochromium alloys with low carbon (wt. <0.1%) content with sulphuric acid is
examined, it is more than 90% of chromium and iron are found to be leached out as a
result of the reaction performed in 6 hours at a volumetric solid: liquid ratio of 1: 3 at
90°C by a mechanical stirrer. It is also mentioned in this study that the remaining leach
residue does not contain hexavalent chromium and that this residue can be used in
ferrochrome production again [80-84]. However, the molarity of the solution used in

this study is not specified.

Liu et al. [80] have stated that the reactions that occurred during the leaching of

ferrochromium with sulphuric acid are as follows (Equation 3.10-3.15).

3H,50, + 2Cr — (Cr,(S0,); + 3H, (3.10)

H,S0, + Fe — FeSO, + H, (3.11)

H,S0, + Mn - MnS0O, + H, (3.12)

H,S0, + Co = CoSO, + H, (3.13)

H,S0, + Ni —» NiSO, + H, (3.14)

4H,S0, + Fe;0, - FeS0O, + Fe, (50,); + 4H,0 (3.15)
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3.4.3 Iron extraction from solution

The results of the literature review for the selective recovery of iron from chromium
rich solution show that the selective precipitation step would be the most
environmentally friendly, economical and efficient process in this context. The work
where Liu et al. [85] have recovered iron, manganese, cobalt and nickel from the
leaching solution of low C contained FeCr alloy stand out. In this study, oxalic acid is
chosen as the precipitating agent. In order to selectively recove Fe along with Ni, Co
and Mn the pH of the leachate has been adjusted to 3 with the help of 25% ammonium
solution. The results prove that iron and other transition metals (Ni, Co, Mn)
precipitate as oxalates; where as chromium ions remain in the leachate. In this study,
the change in precipitation efficiency of the metals (Fe, Co, Ni, Mn, Co, Cr) upon pH
Is given graphically: the chromium begins to settle after pH 3.5 as the chromium
oxalate compound and the iron recovery efficiency decreases when pH becomes higher
than 3.5. In 2011, a similar approach was demonstrated by Chen et al. [86]. They have
show that iron oxalate has been fabricated from the sulphate solution when pH has
been adjusted to 3 by using NaOH solution (containing wt. 10% NaOH).

Apart from oxalic acid, it is possible to extract iron ions from the leach solution with
the help of different precipitating agents (Di-(2-ethylhexal) phosphoric acid [87-88],
ethylene diamine tetra acetic acid [89]). However, because of the high cost of
chemicals and / or the fact that the agents are not able to selectively remove different
transition metals from the solution, they are not preferred within this thesis study.
Furthermore, as iron oxalate considered as a promising anode material, oxalate

precipitation has been chosen in this work.

3.4.4 Thermal treatments for iron oxalate hydrate as precursor

It has been stated in the literature that iron oxide structures (hematite, wustite,
maghemite, magnetite) in different atomic sequence can be obtained following a heat
treatment in different atmosphere and conditions [90-91].

Tsyrnorechki et al. [92] have produced maghemite by calcination of iron oxalate
hydrate at an atmosphere containing 4-5% oxygen for 24 hours at 350°C.
Gopalakrishnan et al. [93] stated that iron oxalate hydrate could be transformed

maghemite when being processed in an air flow of 200°C. Ang et al. reported that
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hematite could be obtained by calcination of iron oxalate hydrate at 270°C in air

atmosphere [61].

In addition, Tahildades et al. [93] have stated that they made heat treatment to the iron
oxalate powder for 2 hours at 350°C in an atmosphere containing 90% N> and 10% Ho,
and then at an atmosphere containing 100% N2 for 1 hour at 480°C. The structural
characterization reveals that magnetite has been fabricated eventually. Zhou et al. [94]
have stated that by processing iron oxalate powder at 400°C in N> atmosphere for 2
hours, they have produced maghematite. On the other hand, Hermankova et al. [95]
have stated that they obtained the structure containing magnetite and metallic iron by
processing the iron oxalate hydrate as starting material for 2 hours in Ar atmosphere
at 400°C.

When all these articles mentioned above are examined in detail, it is seen that the heat
treatment temperature of the studies is selected based on the results of TGA/DTA.
Similarly, within the scope of this thesis, temperature of different heat treatment

processes have been chosen by using the results of the TGA/DTA analyses.

3.5 Taguchi Method and Principle

This method is established by Dr. Genish Taguchi who had expressive contribution in
case of Quality Engineering. Taguchi declared that his methodology depends on
several philosophies. Unlike to the full factorial experimental design, Taguchi method
simply offers lower amount of experimental trial by benefitting experience and
wisdom of researcher and literature research [96]. Furthermore, minimizing the effect
of uncontrolled parameters (‘random noise’) over the controllable factors (‘operator’s
signal’), Taguchi approachs offer formulations to maximize signal/noise ratio (S/N) in
the design. This formula being independent of the target value of the experiment,
always consistent with the Taguchi’s quality objective. Consequently, Taguchi always

supplies robust design solutions [97].

In this thesis study, Taguchi orthogonal method is applied for different purposes. First
an optimization of ball miling has been done to obtain ferrochromium with minimum
grain size by “smaller is better” approach. Then, an optimization of leaching
parameters have been done to maximize the leaching effeiciency of iron and chromium

via “larger is better” approach.
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4. EXPERIMENTAL STUDIES

Experimental studies could be divided into four main group: ferrochromium

preparation, leaching, powder production and characterizations. Flow chart for
experimental studies is seen in Figure 4.1.
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Figure 4.1: Flow chart of experimental studies.
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4.1 Materials

For milling, Turkish high carbon ferrochromium alloy is supplied from Eti Krom A.S.,
Elazi1g. Ethanol (1.00983.2511) are purchased from Merck.

Leaching has been made with Merck quality sulfuric acid (1.00713.2500). For
selective iron precipitation. oxalic acid is purchased from Isolab (LS096211DAGW).

Deionized water and NH4OH are of analytical grade.

To fabricate eletrode, polyvinylidene fluoride (PVDF) and conductive carbon have
been purchased as technical grade for slurry formation. N-Methyl-2-pyrrolidone
(NMP) is Merck quality (8.06072.2500). Highly pure Copper (>99.95%) foil has been
chosen with 10 um thickness.

4.2 Ferrochromium Preparation

Firstly, ferrochromium chunks are hammered then ground to achieve particle size
under 100 um by using the grinding machine (Siebtechnik) given in Figure 4.2.a. Then,
the ground particles are planetary ball-milled by Retsch Pm 100 (Figure 4.2.b.), to
achieve the smallest particle size by using Taguchi orthogonal method. 3 parameters
with 2 levels (L42%) have been optimized. In ball milling, zirconia jar and zirconia balls

are used to prevent any contamination.

Figure 4.2: a) Grinding machine [98] b) Planetary ball mill.
The investigated parameters are duration (1 and 4 hours), rotation speed (235 and 500
rpm) and ball to powder ratio (BPR) in weight (4:1 and 10:1). The experiments design

by Taguchi approach (with parameter’s levels) are given in Table 4.1. In each
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experiment, 5 ml ethanol is used as dispersant and 5 mm diameter zirconia ball are

used to grind.

Table 4.1: Constructed Taguchi experiment for ball milling of ferrochromium

Parameters Units 15t level 2 Jevel
Durartion Hour 1 4
Rotation speed RPM 235 450
BPR wit/wt 1:4 1:10

Milled ferrochromium is cleansed by deionized water. Cleansing is made for removal
of water soluble inclusion before leaching and performed with Velp Scientific LH
magnetic stirrer. 10:1 volumetric ratio of powder: d.w. has been chosen. Powders are
cleansed at 60°C with 500 rpm. The cleansed powder is dried in air atmosphere at

100°C for 12 hours

4.3  Leaching

All leaching experiments have been done in a rotary evaporator (Figure 4.3) (Buchi
Rotavapor® R-300). There has been no published article/report found in literature
where the rotary evaporator has been used for such purpose. In the first step of leaching
study, nine experiments are designed to optimize the leaching process parameters via
Taguchi orthogonal array method (L1-L9). Four parameters with three levels (Lo(3%)
have been chosen; Molarity (0.5 M, 2 M and 5 M), volumetric solid:liquid ratio (1:50,
1:100 and 1:200), temperature (RT, 60°C and 90°C) and rotating speed (30, 100 and
200 rpm). The parameters and their levels are presented in Table 4.2. In addition, a
control experiment (L10) at the optimum parameters has been done to maximize the

efficiency within the defined experimental frame.
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Figure 4.3: Rotary evaporator system 1. Glass condenser 2. Rotating motor 3.
Leaching flask 4. Cooling chiller 5. Control unit 6. Collecting bottle 7. Vacuum

pump

For further optimization, time depended experiment (L11) is performed at the optimum
process parameters (L10) resulted from the Taguchi experimental design, for 6 hours.
Moreover, the precursor’s particle size effect on leaching efficiency (L12) has been

investigated by using ferrchromium particles (Dv50) of 107.5 um.

In the second step of leaching study, additional experiments have been performed to
analyze the kinetic of the Fe leaching from FeCr alloy.

Table 4.2 gives the experimental parameters of the samples fabricated in leaching step
of the thesis.
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Table 4.2: Constructed experiments for leaching of ferrochromium.

. ) Solid:Liquid Rotating ]
Experiment  Molarity ] Temperature Duration
Ratio speed ]
code (M) O (min)
(Vol:Vol) (RPM)

L1 0.5 1:50 RT 30 150
L2 0.5 1:100 60 100 150
L3 0.5 1:200 90 200 150
L4 2 1:50 60 200 150
L5 2 1:100 90 30 150
L6 2 1:200 RT 100 150
L7 5 1:50 90 100 150
L8 5 1:100 RT 200 150
L9 5 1:200 60 30 150
L10 5 1:50 90 30 150
L11 5 1:50 90 30 360
L12 5 1:50 90 30 150
L13 5 1:50 45 30 150
L14 5 1:50 60 30 150
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4.4 Selective Iron Precipitation

Oxalic acid has been added into leaching solution at room temperature. Then, pH is
adjusted to 3 by titrating NH4OH (25%). After balancing pH at 3, solution is stirred
for 30 min. Yellow precipitate (Iron oxalate hydrate) is obtained after 30 min. of
stirring. The yellow precipitate is filtered and cleansed for several time by deionized
water, respectively. To analyze the precipitation efficiency the precipitating
agent/leachate ratio are investigated with P1 and P2 experiment. After that,
temperature effect is examined with P2 and P3. Finally, P4 is made for investigating
effect of stirring compared to P2.

Table 4.3 gives the experimental parameters of the iron oxalate powders formed in

precipitation process.

Table 4.3: Iron precipitation experiments.

Oxalic acid: )
) Rotating
Temperature leaching
Sample name ) . speed
O solution ratio
(RPM)
(vol./vol.)
P1 25 1:100 450
P2 25 1:5 450
P3 60 1.5 450
P4 25 1:5 200

45 Heat Treatments

Table 4.3 gives the experimental parameters of the iron rich oxalate powders in heat

treatment step of the thesis.

Experiment are constructed by considering the thermal analysis results and literature

review’s outcomes.
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Table 4.3: Constructed calcination and heat treatments for iron oxalate hydrate

powder.
Sample name Temperature Atmosphere Durf-altion
O (min.)

FeOxH 70 Vacuum 720
FeOxA2 180 Vacuum 120
FeOxA3 180 Vacuum 180
FeOxAG6 180 Vacuum 360
FeOxA205 205 Vacuum 180
FeO215 215 Air 180
FeO3003 300 Air 180
FeO3002 300 Air 120
FeO350Ar 350 Argon 120

4.6 Anode Fabrication

Slurries are made by mixing PVDF (as binder), conductive carbon black and iron based
powder with 10% 10% and 80%wt. ratios. PVDF and active material are separately
dissolved in NMP via Thinky ARE-250 (Figure 4.4.a). Then, all is mixed together with
Thinky ARE-250.

Lamination is performed by Dr. Blade technique (Figure 4.4.b). Slurries are casted on

10 um copper foil. The spread lamination is dried at 70°C for 16 hours. Then, the dried

foils are rolled to achieve anode with 30 pm thickness by using a roller (Figure 4.4.c).

L o—

b)

Figure 4.4: Used machines in lamination a) Thinky ARE-250 mixer b) Dr. Blade c)
Roller.
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4.7 Characterizations

4.7.1 Wet chemical analysis

For determining amount of iron content of leaching solutions, Atomic absorption
spectroscopy is made by Shimadzu AA 160. Samples are diluted twice with deionized

water.

4.7.2 Thermal analysis

DTA/TG analysis have been eventuated via Pelkin EImer Diamond TG/ DTA. The test
is made at air atmosphere and between room temperature to 950°C with heating speed

of 10°C/min.

4.7.3 Compositional, morphological and structral analyises

Amount of carbon (and sulfur) in the starting precursor material (Ferrochromium) is
detected by Eltra CS 600. X-ray fluorescence (XRF, Rigaku - ZSX Primus Il) is
applied to the ball-milled ferrochromium, the solid residue obtained after the leaching
and the fabricated iron oxalate powders for determining their compositions. Particule
size has been determined for milled ferrochromium via Malvern-Mastersizer 3001.
Additionally, Energy-dispersive X-ray spectroscopy (EDS, Bruker) is used for
chemical analysis. The structural analysis is done by X-ray diffractometer (XRD,

Brucker AXS/Discovery D8) between 10-90° by Cu Ka with 0.02°/sec scanning rate

Bonding type of synthesised powders have been investigated by Fourier Transform

Infrared Spectrometer (FTIR) by Perkin Elmer Spectrum Two.

Morphological analysis for anode active materials have been performed by Scanning

electron microscope (SEM, Zeiss Gemini 500).

4.7.4 Electrochemical tests

CR2032 standard coin cells are assembled to determine the electrochemical
performance of the fabricated anodes (Figure 4.5). Batteries are assembled in
MBRAUN, Labmaster (<1 ppm O2, <1 ppm H20) glovebox. The separator is Celgrad
2400.The electrolyte contains 1M LiPFe (in EC:DMC (1:1) solution). Used anodes has
0.75-1.5 mg/cm? active material per unit current collector area (FeOxA2, FeOXA3,
FeOxA6, FeO205, FeO215, Fe03002, FeO3003 and FeO350Ar) for galvanostatic

tests. Cycling voltammetry tests are made with anodes having active material

30



(FeOxA2, FeOxA3, FeOxAB, Fe0205, Fe0215, Fe03002, FeO3003 and FeO350Ar)
between 0.54-1.08 mg/cm?,

- FoX N e® @

Figure 4.5: CR2032 standard battery component (right to left), upper case, stainless
steel spacer, fabricated anode, separator, lithium metal as cathode, stainless steel
spacer, spring and case.

Galvanostatic tests are made with MTI BST8-WA under a current load of 50 mA/g
between 1mV-3 V (vs Li/Li").

Cycling voltammetry has been performed to investigate the lithiation mechanism of
the electrodes. Gamry Interfacel000E is used in the experiments. First 4 cycles CV
curvatures are recovered when the electrode is cycled between 1mV-3V (vs Li/LI*)

with a scan rate of 0.2 mV/sec.
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5. RESULTS AND DISCUSSION

5.1  Milling

5.1.1 Taguchi results

By the help of the Eq. 5.1, we can calculate S/N ratios for investigating the effect of
parameters on particle size. For that purpose, “small is better” approach is chosen
because literature claims that leaching efficiency will be higher at smaller particle size
of the precursor material [75, 77]. Y represents particle size in unit of pm and n is the

number of observations.

S yy?
N = —10xlog(T) (51)

The milling experiment parameters, results and calculated S/N ratios for each

experiment could be seen in Table 5.1.

Table 5.1: Taguchi experiment and results.

_ Particle
Durat Rotation
Experiment uration -
P speed BPR Size SIN
no (hours) (Dv50)
(RPM)
(nm)
1 1 235 4:1 41.1
32.2768
2 1 500 10:1 43.3
32.7298
3 4 235 10:1 2.78 -8.8809
4 4 500 4:1 30.8 -29.771
After calculating S/N ratio of each experiment, Eq. 5.2. is applied.
b1 — Experiment no.1+Experiment no.4 (5.2)

2
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Graphs with S/N ratios are given in Figure 5.1. S/N graphs show the optimum
parameters for ferrochromium milling are 4 hours (a1), 235 rpm (b1) and 10:1 BPR

(c2).

-18 -18

a) b)

SIN (db)
SIN (db)

-30 -30

A8 = Duration (Hours) Rotation speed (rpm)

cl ‘ ' c2
Ball to powder ratio (wt:wt)

Figure 5.1: a) S/N -duration b) S/N -rotation speed c.) S/N -ball to powder ratio.

5.1.2 Anova analysis

In Table 5.2, ANOVA analysis calculation could be seen.

Table 5.2: ANOVA analysis for ferrochromium milling

Degree of Sum of Average of
F value
freedom square square
Duration 1 173.64
Rotating
1 113.88
speed
BPR 1 104.42
Error
Sum 3 391.94

As seen Table 5.2, BPR has the lowest F value. So by taking BPR parameter into error
function, Anova analysis is repeated. The results show that the time and speed are the

most effective parameters (Table 5.3). This result is compatible with the literature [99].
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Table 5.3: Pooled ANOVA analysis for ferrochromium milling.

Degree of Sum of Average of
F value
freedom square square
Duration 1 173.64 173.64 1.59
Rotating
1 113.88 113.88 1.09
speed
Error 1 104.42
Sum 3 391.94

5.1.3 Morphological, structural and chemical characterization

A control experiment has been run at the optimum parameters. The expected particle
size could be calculated by using Eq. 5.3. X, T, a, b1 and c2 represent control
experiment S/N ratio, average S/N value of all experiment and control experiment

parameters as stated above, respectively.

Results prove that control experiment give 2.78 (Dv50) micron particle size which is
in agreement with experimental results. A remarkable and a small humps aredetected

around 10 um and 20 pm.

Volume Density (%)

010 1.0 100 1000 1,000.0 10,000.0

Figure 5.2: Particle size distribution of the control experiment.
Figure 5.3 demonstrates SEM images of the milled powder (at the control experiments’
parameters). Images confirm the particle size distribution analysis (the dimensions are
generally around 2.78 pum). It is clearly understood by the SEM examination that the

obtained particles have irregular morphology (Figure 5.3.a-b).
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Figure 5.3: Images of milled ferrochromium a.) Taken empirically b.) SEM images
x10000 magnification (left hand side x5000 magnification).

XRF analysis result of the milled powder (at the control experiments’ parameters) is
presented in Table 5.4. The composition shows similarities with the literature [100-
101].

Carbon and sulphur content analysis justifies that the milled ferrochromium has wt.
~%5 carbon and 452 ppm sulphur as declared by Eti Krom A.S. [101].

Table 5.4: XRF analysis of milled ferrochromium.

Elements XRF Analysis (el.%)
Si 0.66
Cr 68.34
Fe 29.49
Co 0.008
Ni 0.54
Other metals balance

XRD analysis results of the pristine (as-received) and the ball-milled ferrochromium
alloy are given in Figure 5.4. The XRD spectra show peaks of carbide structures such
as Fe-Cr-C (00-005-0720) and chromium carbide (01-089-7244) along with
ferrochromium, and iron silicon oxide (00-052-1141) intermetallics and magnetite
(00-026-1136). Such spectrum is in agreement with the literature [102-105].
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Figure 5.4: XRD patterns of non-milled (black line) and milled ferrochromium (red
line).

5.2 Leaching

5.2.1 Taguchi analysis and optimization of leaching operation

Leaching operations have been realized in a rotary evaporator. For achieving the
maximum iron leaching efficiency, “larger is better” principle (EQ. 5.4) is used to
calculate S/N values. “yi” represents AAS results and “n” is the number of repeated

experiments.
1 1
S/N = —10 * log(z * ?zo(y—iz)) (5.4)

Calculated S/N ratios and experiment results with parameters can be seen in Table 5.5.

S/N curves (Figure 5.5) have been constructed by the help of Equation 5.2. As seen in
Figure 5.5, optimum parameters are demonstrated as 5 M, 1:50 solid: liquid ratio, 90°C

and 30 rpm.
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Table 5.5: Design of experiments and results of Lg (3%) orthogonal array for iron.

o Rotation
. Solid:liquid SIN
Experiment Molar of acid Temperature rate of AAS Fe for Fe
No Ratio . the flask
(M) (0 (9/1)
(vol:vol) (db)
(rpm)
1 0.5 1:50 25 30 10.81 20.67
2 0.5 1:100 60 100 9.59 19.64
3 0.5 1:200 90 200 9.1 19.19
4 2 1:50 60 200 12.38 21.86
5 2 1:100 90 30 10.82 20.68
6 2 1:200 25 100 7.04 16.95
7 5 1:50 90 100 13.1 22.35
8 5 1:100 25 200 9.35 19.42
9 5 1:200 60 30 10.03 20.03

An additional control experiment is performed under these conditions and AAS
analysis shows that the solution has 13.22+.1.3 g/l Fe ions. Knowing that the
theoretically calculated value is 14.39 g/l (by using Eq. 5.3), 91.88% correlation

between experimental and theoretical value is found, eventually.

" a) . b)
P

SIN (db)
SIN (db)

Molarity (M) “ solid:liquid ratio (vol:vol)

c) d) s P

 —~

Fe

SIN (db)
SIN (db)

Temperature (C) Flask rotating speed (rpm)

Figure 5.5: S/N values of a.) Molarity (M) b.) S/L ratio c.) Temperature (°C) d.)
Rotation rate of flask (rpm).
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5.2.2 Anova analysis

ANOVA analysis has been performed to determine the most effective parameter
affecting the leaching efficiency of Fe (Table 5.6 and Table 5.7).

Table 5.6: Calculation of ANOVA for iron leaching.

Degree of Sum of

Parameter Mean of Square F value
freedom Square
Molarity 2 1.17
Solid:Liquid 2 12.78
Temperature 2 5.26
Rotation rate of
2 1.02
the flask
Error
Total 8 20.22

The calculations show that the rotation rate of flask and molarity are the less effective
parameters. Therefore these two parameters are considered as errors and revised
ANOVA calculation could be seen in Table 5.7.

Table 5.7: Revised Calculation of ANOVA for iron leaching.

Degree of Sum of

Parameter Mean of Square F value
freedom Square
Solid:Liquid 2 12.78 6.39 11.73
Temperature 2 5.26 2.62 4.82
Error 4 2.18 0.54
Total 8 20.22

According to these calculations, the most effective parameter on the leaching
efficiency has been found as the solid / liquid ratio. It is also revealed that temperature

is also an effective parameter.
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5.2.3 Effect of precursor’s powder size on the leaching efficiency

To justify the advantages of ball milling an additional experiment where 107.5 pm
(Dv50) sized FeCr alloy has been used as the starting material for leaching experiment.
AAS analysis shows that when precursor material with larger particle size is used in
leaching, the iron recovery efficiency is decreased down to 6.61%.

5.2.4 Effect of process duration on the leaching efficiency

Once the ideal leaching parameters are defined by the Taguchi method, the control
experiment (5 M, 1:50 solid:liquid ratio, 30 rpm and 90°C) is repeated for 6 hours to
examine the effect of process duration on the leaching efficiency. 11 samples are
collected at different times during the control experiment (0, 1, 5, 15, 60, 90, 120, 180,
240, 300 and 360 minutes). 5 ml of samples have been taken from the leach solution
and the solution compositions are subjected to AAS analysis. To avoid a sudden
change in the solid / liquid ratio, after each sample is taken, the sulphuric acid solution
at the same molarity and temperature is added to the rotary evaporator. The amount of
iron transferred to the solution is calculated using the equation proposed by Liu et al.
(In Equation 5.5) [80].

(iron in solution from AAS (g/L))*(leachate volume(L))

recovery(%) = *100 (5.5)

(metal amount in Fe—Cr(%) from XRF)*(initial Fe—Cr amount(g)
Iron leach efficiency based on time is shown in Figure 5.6.

75

Fe

60

45 -

30 +

Recovery (%)

15

. . I ; : : , : I ; )
0 60 120 180 240 300 360
Time (min)

Figure 5.6: Time-recovery graph for iron leaching with sulphuric acid.
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This trend (Figure 5.6) has resemblance with Ruiz et al work. They have categorized
this type of leaching time-recovery graph in three parts: induction, conversion and
stabilization. In this sense, they [106] are explained that the induction is the shortest
period lasting around 20 min and afterwards the conversion has taken place where
metal complexing happened in the solution, and lastly at the stabilization, leaching
operation ended with its highest recovery efficiency [106].

The results exhibit that at 150 min. the maximum amount of iron ions pass into the
solution. When the amounts of iron in the precursor and in the leachate are compared,
56% efficiency is found. The existences of FeCr, Fe3s04, FeCrC and FezSiOs in the
residue may explain this result (Figure 5.7., Equations 5.6. and 5.7.) [103-104, 107-
108]. Moreover, unlike to the precursor’s XRD data, chromium sulfate is also observed
(Equation 3.10).

The XRF result of residue could be seen in Table 5.8.

Table 5.8: XRF result of the residue obtained after leaching (under the control
experiment conditions).

Fe Co Ni Si Cr Other

Residue 14.479 0 0.417 8.77 52.235 balance

Comparison between the precursor and the residue shows the amount transition metals
are decreased dramatically. Dissolution reactions (3.10-3.15) have been occurred as
stated in Lui et al. [80] work. Sulphur content has been increased from 452 ppm to
14.095%el. because of the sulphates formation.

2 FeO x Si 0, + 2 H,S0, — 2FeSO, + H,Si0, (5.6)

CaC0s + H,S0, - CaSO, + CO, + H,0 (5.7)
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Figure 5.7: XRD pattern of leaching residue (black line) and ball milled FeCr (red
line).

5.2.5 Effect of the rotation speed on the leaching efficiency

The experiment at the optimum leaching conditions has been repeated with different
rotation speeds (0, 30 and 60 rpm). The stagnant solution results in the worst
efficiency, as stated Lui et al [80]. Figure 5.8 demonstrates that the leaching efficiency

at different rotation speed is always lower than 40%, which means that the leaching
reaction is chemically controlled.
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Figure 5.8: Rotation rate of flask (rpm)- recovery(%) graph.

5.2.6 Kinetic analysis of ferrochromium leaching operation with sulphuric
acid

Leaching is a heterogeneous reaction due to solid-liquid interactions. Various kinetic

models related to the heterogeneous reactions have been studied. Table 5.9 shows the

kinetic modals and the calculated R? and R%agjusted Values for each temperature.

Calculations show the best fitted model is the mixed modal (surface reaction control;
lixiviant diffusion model) as it results in the highest R? and R%justed average values
compared to other modals. To evaluate the leaching mechanism in detail, the Kinetic
model can be fitted by changing the n value in the kinetic formula. If n is close to 1,
the reaction is described as an ‘ideal chemical reaction control phenomena’, but if n is

equal to or less than 0.5 the reaction is assumed to be ‘diffusion controlled’.

Calculations (Table 5.10) give the highest average R? and R%gjusted value (for 45°C,
60°C and 90°C) when n = 0.4 for iron (R%: 0.886).
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Table 5.9: Kinetic models and the calculated R?(and R%ujusted) Values for Fe

leaching.
) Average
. Controlling Fe Fe Fe
Expression _ . . R? (and Ref.
mechanism  45°C 60°C 90°C )
R adjusted)
Solid product
1 2 1 2 K n | 0.617 0.8582 0.6426 0.705933333 [109]
—— %X — —Xx)3 = * t ayer
3 ( ) . y' (0.5532) (0.8346)  (0.583) (0.6569)
diffusion
Chemical
. 0.6766 0.942 0.8045 0.8077
In(a/a-x) = k*t» reaction [110]
(0.6227) (0.9323)  (0.772) (0.7757)
control model
Mixed model
(surface
reaction
0.6784 0.9392 0.8357  0.817766667
-In(1-x) = k*tn control; [111]
o (0.6248)  (0.9290)  (0.8083) (0.7873)
lixiviant
diffusion
model)
Chemical
1 1 0.6755 0.9409 0.8213 0.813 [112]
—(1=2%x)3 = n reaction
I-(A-x)3=k=xt (0.6237) (0.9310) (0.7915)  (0.7953)
control
Surface
reaction
1 rol b 0.6764 0.9421 0.802 0.806833333 [113]
—(1 = 3 = n contro
1-(1-045+x)3 =k=t OOIDY 06225) (0.9324) (0769)  (0.7746)
shrinking core
model
Shrinking
core model
(Film
2 diffusion 0.6726 0.9387 0.7398 0.7837 [112]
— — 3 = n
I-(A-x)3=k=xt control-  (0.618)  (0.9285) (0.6964)  (0.7655)
dense-
shrinking
model)

Activation energy of control experiment could be calculated by Arrhenius equation

(Equation 5.9.a-b). Ea, R and T represent activation energy (kj/mol), gas constant

(8.314 j/mol.K) and temperature in unit of K.

InK = ln4 —

Ea
Rx+T

(5.9)

Activation energy is calculated as 46.12 kJ/mol according to Equation 5.9 (Figure 9).

The calculated value has similarities with the literature [80, 83, 114].
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Table 5.10: Calculated R? (and RZgjusted) Values for different n (n=1-0.3) in Kinetic
expression of this study.

Average of R? ( and RZaverage)

nvalues Fed45°C Fe60°C Fe90°C

values

. 0678 09392  0.8357 08178
(0.6248) (0.9290) (0.8083) (0.7874)

09 0.6921  0.9356  0.8594 0.8290
' (0.6491) (0.9249) (0.8360) (0.8033)
08 0.7078  0.9306  0.8841 0.8408
' (0.6591) (0.9191) (0.8648) (0.8143)
07 0.7259  0.9238  0.9095 0.8531
' (0.6803) (0.9111) (0.8944) (0.8286)
o 0.7470  0.9143 0.9353 0.8655
. (0.7048) (0.9001)  (0.9246) (0.8432)
05 0.7710  0.9008  0.9605 08774
(0.7329) (0.8842)  (0.9539) (0.8570)

0s 0.7967 0.8795  0.9818 0.8860
' (0.7629) (0.8594) (0.9788) (0.8670)
03 0.8178  0.8409  0.9893 0.8827
' (0.7974) (0.8144) (0.9875) (0.8654)
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Figure 5.9: a) Kinetic curve of ferrochromium-sulphuric acid leaching b)
Temperature dependent kinetic curve

This outcome also agress with the outcome stated in the section 5.2.5 about stirring

rate of flask.
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5.3 Selective Iron Precipitation

After achieving the highest iron ion concentration in the leachate, oxalate precipitation
has been performed according to Lui et al’s work to selectively recover Fe (as well as
Ni,Mn,Co) ions from the solution [85]. P1, P2, P3 and P4 have been made for
observing parameters’ effect on the iron precipitation efficiency. Yield of iron oxalate
precipitation is calculated following the Equation 5.10 by using initial and final

solutions’ concentrations obtained by AAS analysis.

PP, g . . g-
initial iron content from AAS result (5 )—final iron content from AAS result (5)
) L x100 (5.10)

%precipitation yield =
p p y initial iron content from AAS result (%)

Results are given in Table 5.11. Precipitation yield is calculated as 86% in P2.
Solubility of oxalic acid has important role on precipitation as Ang et al stated [61].
Herein, the effect of oxalic acid/leaching solution ratio has been investigated (P1
(1/100) vs P2 (1/5)). Eye-ball observation reveals that no precipitate is noted in P1;
unlike to P2. These could be related to occurance of soluble amount of iron oxalate
hydrate in the solution [116].Then, stirring effect has been examined (P3 (200 rpm),
P2 (450 rpm)). Results show that at low stirring rate, the precipitation efficiency is
decreased from 86% to 58.71%. Lower precipitation efficiency could be explained
related to the dielectric constant of the oxalic acid which prevents its practical
dissolution [61]. Lastly, temperature effect on precipitation’s efficiency is investigated
(P4 (60°C) and P2 (25°C)). Results show that at high temperature the solubility of iron

oxalate is increased, hence no precipitation is observed [116].

After drying at 70°C (in vacuum) for 12 h, the obtained precipitate (P2) has been
analyzed by XRF. XRF result reveals that the powder (P2) contains el. %94.49 Fe, el.
%2.62 Ni, el. %1.98 Cr, el. %0.37 S, el. %0.35 Mn, el. %0.13 Co and el. %0.07 Si.
This result verifies that not only Fe but trace amounts of other transition metals (other
than chromium) are recovered selectively by adjusting the pH (around 3) of the

solution.

Then to further examine the structure of the powder (P2), XRD analysis has been done.
As seen in Figure 5.10, all peaks are indexed as iron oxalate hydrate (00-022-0635)
with orthorhombic structure.
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Table 5.11: Precipitation parameters and resutls.

Oxalic acid: _
. Rotating Iron
Temperature leaching _
Sample name ) ) speed extraction
O solution ratio
(RPM) (%)
(vol./vol.)
P1 25 1:100 450 0
P2 25 1:5 450 86
P3 60 1:5 450 0
P4 25 1:5 200 58.71

FTIR spectroscopy resolves the individual spectroscopic features of all samples
(Figure 5.11). It reveals that P2 (FeOxH) has a characteristic spectrum of iron oxalate
hydrate as agreed with the literature [117]. As statement of D’ Antonio et al., oxalates
behave like tetradentate ligand [117]. Therefore, patterns (or peaks) are occurred at
high frequency region)[117]. Peak around 3350 cm™ indicate strong O-H bonds and
strong C-O bonds are identified at around 1625, 1361 and 1325 cm™ [117]. Tiny bump
around 750 cm* refers weak H20. As statement of Angermann and Tépfer [117], peak
around 490 cm'? refers to strong Fe-O bond.

150
. FeOxH (P2)
= |ron Oxalate Hydrate (00-022-0635)
125
3
o 100
Pary
g, ] i
() 75+
£ =
[} ¥ . : . .
= :
ﬁ 50 n L ] - - .
6 H
o

10 20 30 40 50 60 70 80 90
20

Figure 5.10: XRD analysis of precipitated iron-rich oxalate hydrate from control
experiment leaching solution (P2).
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No peaks related to other transition metals (or their oxides) have been noted on XRD
and FTIR analyses’ results. Similar observations have been reported previously in the
literature [53-55]. El-Battal et al. [118] and Mai et al [53] have stated that FTIR data

donot reveal any characteristic shift in the peak position related to dopping effect.

On the other hand, the effect of doping can be seen as the structural modification of
the host structure’s unit cell. XRD analysis justifies that the peak at 26 =18.32"
(20 =18.46° for JCPDS No: 00-022-0635) that corresponds to (202) plane is the most

dominant peak and a slight peak shifting is noted on the XRD result (Figure 5.9) of
P2, which could be related to the dopping effect.
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Figure 5.11: FTIR result of FeOxH powder.

The morphology of the iron-rich oxalate hydrate powders (P2) has been investigated
by SEM. Figure 5.12 shows that oxalate particles have angular columnar morphology
as agreed with literature [64]. The average length of precipitated oxalate powder (P2)
is 2.88+1.81 um and average width is 1.02+0.34 um
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Figure 5.12: SEM images of precipitated iron oxalate hydrate x70000 magnification
(right hand side x10000 magnification).

54  Heat Treatments for Iron Oxalate Hydrate

5.4.1 Thermal analysis results

TGA-DTA analyses (Figure 5.13.a-b) have been performed to determine the iron-rich
oxalate powder (P2)’s thermal stability in air atmosphere. Table 4.3 defines the sample
codes and their heat treatment parameters. TGA results are in line with the work of
Rao [119] et al. Figure 5.13.a shows that the oxalate hydrate (P2) has multi-step
calcination profile similar to the characteristics of the iron oxalate hydrate [119]. A
small amount of mass loss has started around 100°C. For this reason, as stated in the
literature [61], oxalate powders are first dried under vacuum for 12 hours at 70°C, in
order to evaporate the moisture without a phase transformation. The obtained FeOxH
powder (Figure 5.14.a) was obtained in yellow (HEX: # E3D48D) as indicated in the
literature [119]. Further investigation via DTA show that (Figure 5.13.b), there are an
endothermic dehydration peak at 180°C and an exothermic peak for oxidative
decomposition at 220°C [119]. As a consequence, TGA reveals two different slopes
in the range of 170-215°C and 215-270°C, showing 55% of the initial mass lost in the
heat treatment. Rao et al. have associated this mass change with the formation of Fe;O3
[119]. Therefore, after drying in vacuum, iron-rich oxalate powders (FeOxH) are
calcinated under vacuum for 2 (FeOxA2), 3 (FeOxA3) and 6 (FeOxA6) hours at
180°C, considering the TGA and the literature outcomes. The related reaction can be
seen in Equation 5.11, which demonstrates that the crystal water is partially released
in that condition depending on the process duration for FeOxA2, FeOxA3 and FeOxA6
[61]. The colour of the powders (FeOxA2, FeOxA3 and FeOxAG6) after this heat

50



treatment are changed to brown types (HEX: # B4A088, #2B1002 and #844423,
respectively) as agreed with the literature (Figure 5.14.b-d) [120]. Then, different heat
treatment experiments are planned in the light of TGA to determine the effect of heat
treatment duration (Iron oxalate hydrate heat treated at 300°C for 2 hours (FeO3002)
and 3 hours (FeO3003)), temperature (Iron-rich oxalate hydrate heat treated at 215°C
(FeO215 for 3 hours in air environment to compare the result with that of FeO3003)
and environment (Iron-rich oxalate hydrate heat treated at 350°C for 2 hours at argon
atmospehere (FeO350Ar)). The views of the powders (Fig. 5.14.e-i) after these heat
treatments demonstrate that each oxide powder has different color, as stated in the
literature [119-122]: FeO205 (Hex: #422520), FeO215 (Hex: #774435), FeO3002
(Hex: #270604), FeO3003 (Hex: #38060A) and FeO350Ar (Hex: #4C291E).
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Figure 5.13: Thermal analysis in air atmosphere a) TG result b) DTA result.
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Figure 5.14: Empirically view of synthesized powders a) FeOxH b) FeOxA2 c)
FeOxA3 d) FeOxAG e) Fe0205 f) FeO215 g) FeO3002 h) FeO3003 i) FeO350Ar.

5.4.2 Structural analysis

XRD analyses have been performed onto the heat-treated samples. The heat treatment
process parameters of these samples are given in Table 4.3. As seen in Figure 5.15.a,
iron oxalate anhydrate (Equation 5.11 [121]) has been achieved at 180°C for 2 hours
in vacuum atmosphere as Ang et al [61] have mentioned.

When XRD results of the FeOxA2, FeOxA3 and FeOxA6 are examined, it is seent that
longer heat treatment duration (at 180°C in vacuum environment) leads to the
evaporation of the first crystal water (see Equation 5.11) then a distortion in the crystal

structure and transformation of oxalate into magnetite occur eventually (Figure 5.15.a-

C).
FeC,0,.2H,0 - FeC,0, + 2H,0 (5.11)

Figure 5.15.e-f also exhibit the effect of heat treatment temperature on the atomic
arrangement. By the effect of the elevetad temeperature, oxalate structure (FeOxA3)

turns into oxide (Hematite, FeO205) in the vacuum atmosphere.
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Figure 5.15: XRD patterns of achieved samples according to table 4.3 a) FeOxA2 b)
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53



In case of air atmosphere, firstly, P2 sample is heat treated at 215°C for 3 hours
(FeO215) according to TGA result. Hermanek et al [121], have demonstrated that such
heat treatment (around 230°C) results in magnetite formation (Equation 5.12 [95]).
Figure 5.15.e shows that similar to Hermanek’s et al work, FeO215 contains magnetite

particles.
12FeC,0, - 2H,0 + 80, — 4Fe;0, + 24C0, + 24H,0 (5.12)

Then, to compare the effect of the temperature in air atmosphere, FeO3003 has been
synthesised at 300°C in 3 hours and maghematite phase is achieved according to XRD

result. This occurrence resembles with Dhal et al [122] work’s outcome.

For investigating the effect of heat treatment time onto the powders’ crystal structures,
P2 is heat treated in air atmosphere at 300°C for 2 hours (FeO3002) and 3 hours
(FeO3003). The results show that longer duration leads transformation of magnetite
(FeO3002 (2 hours)) to hematite (FeO3003 (3 hours)). This output has resemblance
with Zhou et al [95] work where they achieved hematite following the heat treatment
of the iron oxalate hydrate in air atmosphere for 2 hours. Hematite (FeO3002)

formation reaction could be defined by Equation 5.13 [123].
FeC,0,.2H,0 + 1/40, - 1/2Fe, 05 + CO + CO, + 2H,0  (5.13)

Finally, to investigate the effect of heat treatment atmosphere, P2 sample is heat treated
in Ar atmosphere at 350°C for 2 hours. Argon atmosphere calcination effect has been
mentioned by Angerman and Topfer [123]. They have claimed that maghematite could
be achieved at 400°C in an inert atmosphere when iron oxalate hydrate is used as the
precursor material. Similar to Angerman and Topfer studies, herein the powder
(FeO350Ar) revealed maghematite structure when P2 is heat treated in Ar atm at 350°C
for 3 hours (Figure 5.15.h).

According to XRD result, iron-rich oxalate powders (FeOxA2, FeOxA3 and FeOxAB)
are found to have orthohrombic structure (JCPDS no: 00-003-0117). Magnetite
powder (FeO215) has orthorhombic structure, hematite powders (FeO205 and
FeO3002) have rhombohedral structure and maghematite (FeO3002 and FeO350Ar)

powders are determined to have cubic structure.

When FTIR result are examined for iron-rich oxalate anhydrate samples (FeOxA2,
FeOxA3 and FeOxAB), related peak for strong O-H bonding (peak around 3350 cm™)
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from water as in Figure 5.16 is disappearing by increasing calcination duration (from
FeOxH to FeOxA®6). Strong C-O bonds are identified at around 1625, 1361 and 1325
cm* and the peak around 719 cm™ refers vibrational C-C bonding [117]. As statement
of Angermann and Tépfer [123], peak around 490 cm™ refers to strong Fe-O bond of

the oxalate structure.
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Figure 5.16: FTIR spectrums for FeOxH, FeOxA2, FeOxA3 and FeOxA6 (from
down to up).

When iron oxide samples’ FTIR results are examined in Figure 5.16, the peak at 570
cm® which is assigned to Fe-O bonding is noted for all samples other than FeO215
[124]. For FeO215, amorphization is noted due to absence of any peaks in the FTIR
spectrum (Figure 5.14.e). In case of FeO205, there are peaks for strong C-O bonds at
1625, 1361 and 1325 cm™ [117]. Moreover, there is a peak for vibrational C-C bonding
at 719 cm™ [117].
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5.4.3 Morphological analysis

The morphology of the powders (FeOxA2, FeOxA3, FeOxA6, Fe0205, FeO215,
FeO3002, FeO3003 and FeO350Ar) are given in Figure 5.18.a-h. SEM images show
that both the oxalates as well as the oxide powders have nearly same angular columnar
morphology. However, there are some difference about morphology in case of sides
and corners of columnar shapes according to occuring phase. This fact agrees with the
article of Zhang et al [64] where they have stated that the columnar morphology of the
oxalates is independent of crystal structures. In accordance with the work of Dhal et al
[122], herein dramatic morphology changes have not been observed during the heat

treatment of the oxalate powders (FeOxA2, FeOxA3 and FeOxAB).

Zhang et al. [64] have defined the formation of columnar shaped iron oxalate based on
the growth of the metal and oxalate chains along one dimension, regardless of the
crystal structure. Interestingly, Figures 5.18.a-h reveal that although the columnar
morphology of the oxalate structures remain intact, heat treatment under different

atmosphere causes void formation in the structure.
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Figure 5.18: EM images of achieved podeswac':cording to table 5.3 a)iferAZ b)
FeOxA3 c) FeOxA6 d) Fe0205 e) FeO215 f) FeO3003 g) FeO3002 h) FeO350Ar.

As Angerman et al [123] have mentioned, the topotactic calcination mechanism can
be used to explain this observation. In case of iron oxide particles (FeO205, Fe0215,

FeO3002, FeO3003 and FeO350Ar) in Figure 5.17.d-h, some leafing in the
morphology is noted.
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A scrutiny analysis demonstrates that for oxalate powders (FeOxA2, FeOxA3 and
FeOxA®B) in Figure 5.18.a-c, most homogeneous morphology is achieved at 3 hours.
When the temperature effect in vacuum atmosphere (FeOxA3 and FeO205) is studied,
the rod size is noted to be increasedat high temperature. When temperature and
duration effects in air atmosphere are discussed (FeO215 and FeO3003 (Figue 5.18.e-
f) are compared) at elevated temperature or longer duration (FeO3003, FeO3002;
Figure 5.18.f-g, respectively) diffusion in the particles is noted to be promoted, leading

smaller aspect ratio.

5.4.4 Chemical analysis

The EDS analysis results of all samples demonstrate that the samples have 0.41+0.14%
at. cobalt, 0.46+0.34% at. nickel, 0.35+0.34% at. manganese and 0.66+0.35 % at.
chromium in their structure. These results agree with XRF result of the oxalate
precursor for calcination and heat treatment operation (P2, see section 5.5). Trace

amounts of transition metals (Ni, Cr, Mn) are present along with Fe.

EDS also reveals that lower than 0.1% at. sulphur detected on the samples which is
caused from sulfuric acid that is used in leaching. The low content of S justifies that
the samples are cleansed effectively after leaching and precipitation. Low amount of
chromium content in all samples (Less than ~at. %1), demonstrate successful selective

precipitation of iron from the leachate, eventually.

5.5 Electrochemical Tests

5.5.1 Galvanostatic test results

Anodes have been fabricated for electrochemical testing of synthesized powders of
which properties are described in the experiment section (4.7.4). Electrodes in CR2032
standard half-cells are tested under a current load of 50 mA/g between 1 mV-3 V.
Galvanostatic test results at room temperature are given in Figure 5.19.a-h. Active
materials with different crystal structures and morphologies exhibit varying

performance versus Li/Li".

Galvanostatic performances demonstrate that oxalate samples have higher capacity
than the theoretical capacity value (373 mAh/g for iron oxalate) in cycling test.
Possible explanation could be related to the pseudo capacitance effect of the oxalates

[59]. In case of iron-rich oxalate samples that are calcinated in different durations at
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the same temperature (FeOxA2, FeOxA3 and FeOxA6), FeOxA3 reveals the highest
first discharge capacity. As seen in FTIR result of anhydrate oxalate powders (Figure
5.16), longer calcination duration causes lower intensity in the spectrum line and water
has been completely removed from strucutre from 3 hours. Therefore, FeOxA3 has the
highest capacity and FeOxA6 has a lower capacity value than FeOxA3. Possible
detoriation of the structure at longer heat treatment duration may explain this.

When the iron-rich oxides performances are examined, it is seen that samples
(FeO215, Fe03002 and FeO3003) have delivered higher discharge capacities than that
of the graphite (372 mAh/g) at 100" cycle. This fact substantiates that the approach
presented in this thesis is promising to fabricate electrodes with high energy density.
Although iron rich oxides have been produced via metallurgical grade precursor,
obtained iron-rich oxide has a moderate first discharge capacity and long lasting
capacity performans in comparison to those stated in the open literature (Tables 3.7,
3.8)

Figure 5.19.a-h demonstrate that FeOxA3 in iron-rich oxalate and FeO3002 in iron-
rich oxide deliver the highest capacity and retention over 100 cycles, and FeO205
shows the weakest performance. The remarkable performance of FeO3002 is believed
to be related to its particularities in the morphology (columunar morphology) and
structure (Hematite). On the other hand, the poor crystalline (FeO205) structure is
believed to explain this weak performance of FeO205, as agreed with the literature
[128].

A scrutiny look in the galvanostatic test results exhibits that both crystallinity improves
the cycle capability of the samples. Moreover, the irregular distribution of
macroporosities in the particle (in the FeO350Ar) and inhomogeneity in the particle

size (Fe0O215) are believed to deteriorate the performance of the electrode.

When the coulombic efficiencies of all tested samples are examined, it is understood
that the solid electrolyte interface film formation [127] at the electrode/electrolyte
interface and the destructive volume change performed upon lithation cause lower first

discharge capacity and lower capacity over lasting cycles [128-130].
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Figure 5.19: Capacity-cycle grarph of samples a) FeOxA2 b) FeOxA3 c¢) FeOxA6 d)
Fe0205 e) FeO215 f) FeO3003 g) FeO3002 h) FeO350Ar.

Voltage-Capacity curvatures of the samples are given in Figure 5.20.a-h. The iron-rich
oxalates (FeEOxA2, FeOxA3 and FeOxAG6; Figure 5.18.a-c, respectively) that are
fabricated within the scope of this thesis reveal similar lithiation characteristics as

stated in the literature [61,64] (Figure 5.21.a-c). In the first cycle, a sharp voltage
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decrease down to 1.2 V is noted. Afterwards, a slope is noted from 1.2 VV to 1 mV (vs
Li/Li*). Upon charging no plateau is detected, which confirms the amorphization of
the oxalate structure after the first discharge reaction. The following cycles justify the
proposed lithiation mechanism of Ang et al. [61], as no plateau is observed on 2" and
3 discharge and charges cycles’ curvatures: Ang et al. [61] have defined the
electorchemical amorphization of the oxalate particles upto lithiation and claimed that
at 1.6 V (vs Li/Li+), lithiation of oxalate happens following Equation 3.9.

On the other hand, as expected, the iron-rich oxides that are fabricated within the scope
of this thesis demonstrate different curvatures (in Figure 5.20.d-h). All samples except
from FeO350Ar reveal a similar capacity-voltage profiles like the micron-sized iron
oxide has as stated by Larcher et al [48]. The samples reveal that upon the first
discharge reaction, the voltage drops down from the open circuit potential voltage to
1.6 V (vs Li/Li") steeply. Then a less steepy slope is noted when the voltage gets down
to 0.7 V (vs Li/Li"). Around 0.7 V a plateau is noted for all samples as stated in the
literature [6, 48, 129]. Down to lower potential (1 mV (vs Li/Li*)) another slope is
noted. Similar discharging curves are noted upon 2" and 3™ discharge reactions.
Larcher et al have explained that the plateau detected at 0.7 V for micron-sized iron
oxide particle is related to the conversion reaction from iron oxide and lithium to iron

and lithium oxide (see Equation 3.6).

In case of FeO350Ar, unlike to others, an additional small plateau is noted around 1V
(along with small plateaus around 1.6 and 0.7V). This additional plateau is also noted

in Larcher et al work [48] when they use nano-sized iron oxide as electrode material.

The absence of additional plateaus related to other transition metal oxide’s lithiation
justify the outcomes of XRD and FTIR analyses. It is believed that the transition metals
may be present in the oxide strucutre as dopping metals and work as electron
conductive pathways within the structure as suggested by Liu et al [132]. Further
investigation will be done to define the positions of the transition metals in the iron

oxide structure and their effects on the electrochemical performance of the anodes.
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5.5.2 Cycling voltammetry results

Cycling voltammetry (CV) has been applied for determining electrochemical activities
of all samples. Cyclic voltammetry results of the samples produced within the scope
of this thesis are given in Figure 5.21.a.h. It is understood that CV curves of the
structures obtained after the heat treatment are different from those of oxalate powders

as expected.

In Figure 5.21.a-c, iron-rich oxalate (FeOxA2, FeOxA3 and FeOxA6) samples’ CV
results are given. All samples have peaks at 0.75V and 1.2 V (vs Li/Li") at the cathodic
region which verify the conversion reaction of Li* to form Li>C204 and metallic iron
[61, 64, 131]. In the 1% cycle of all oxalate samples, the cathodic peak intensity is
larger than the others. The change in the number and the intensity of the peaks upon
cycling could be explained by SEI formation and phase transformation happened upon
cycling [61, 64, 131]. On the anodic side, anodic hump appears around 1.5 V in all
samples. This can be explained as the oxidation of metals [61].

In case of iron-rich oxide samples (Figure 5.21.d-h), a sharpy cathodic peak at 0.6 V
which is related to the reduction of Fe* to Fe® and SEI formation on the electrode
surface is noted [130]. After the 1 cycle a peak shifting is noted at the cathodic region
along with 2 cathodic peaks formation at 0.7 and 1.4V [132]. The shift in the peak
position is caused due to increased polarization of the electrode over cycle [7,132].
And the generation of the additional peak at 1.5 V in FeO3002 and FeO3003 show
multiple step reduction of iron oxide as claimed by Chaudhari et al. [7]. In anodic side,

the peak around 1.75 V demonstrates reversible oxidation of metals [7].
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6. CONCLUSION

In this thesis, chemical, structural and morphological analyses have determined that

different types of iron-rich oxides (Hematite, magnetite and maghematite) and iron-

rich oxalates are fabricated by precipitation and calcination routes. By the help of the

approach presented in this thesis work, enviromental friendly and economical anode

active material has been synthesized. Five samples show higher capacity (FeOxA2,
FeOxA3, FeOxA6, FeO215 and Fe03002) values than that of the commercial graphite
anode after 100 cycle. The outcomes of this research can be summarized as follows:

The effect of parameters on FeCr milling (Milling duration, ball to powder ratio
in weigth and rotation speed) have been investigated. Ferrochromium with 5%
C have been milled to 2.78 pum in average (Dv50) by the help of Taguchi
experimental desing: 3 parameter and 2 level. Optimum parameters are 4 hours,
235 rpm and 10:1 ball to powder ratio in weigth.

ANOVA analysis demonstrates the most effective parameter of milling is
duration.

Milled Fe-Cr have been successfully leached by benefiting Taguchi orthogonal
experiment design: 4 parameter and 3 levels. Control experiment has been run
with 5 molar H2SO4, 1:50 solid:liquid ratio according to volume, 30 rpm and
90°C.

ANOVA analysis has been made to understand the most effective parameters
on the leaching experiment designed following the Taguchi Orthagonal Array.
The most effective parameter is found to be solid:liquid ratio for iron leaching.
There is 91.88% correlation between the calculated value and AAS result of
the control experiment.

The effect of duration on the leaching has been investigated. The most iron
containg solution is obtained at the end of 150 minutes when the experiment is
run with the control experiment’s parameters.

Leaching kinetic has been investigated and determined as mixed model
(surface reaction control; lixiviant diffusion model). Then, the activation

energy of leaching is calculated as 46.12 kJ/mol
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The effect of parameters such as temperature, oxalic acid:leaching solution
ratio (vol.:vol.) and rotating speed have been investigated for iron oxalate
dihydrate (FeOxH) rods precipitation. Iron ions have been successfully
precipitated with 86% efficiency at 25°C with 1:5 oxalic acid:leaching solution
ratio (vol.:vol.) and 450 rpm.

Time, atmosphere and temperature effects have been examined and different
types of iron-rich oxides in the shape of the rods (2.87+1.36 um in length and
1.241.36 um in width) (Magnetite, hematite and maghematite) have been
produced.

Galvanostatic tests shows that FeOxA3 has the highest 1% discharge capacity
(1038.46 mAh/g) among the oxalates, and FeO215 has the highest 1% discharge
capacity (989.58 mAh/g) among the oxide powders fabricated within the scope
of this thesis.

FeOxA2, FeOxA3, FeOxA6, Fe03002 and Fe02153 samples have revealed
higher capacities over 100 cycle in comparison to that of the graphite (372
mAh/qg).

Further investigation will be done to define the positions of the transition
metals in the iron oxide structure and their effects on the electrochemical

performance of the anodes.
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