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ABSTRACT

DIRECT SYNTHESIS OF HYDROGEN STORAGE ALLOYS
FROM THEIR OXIDES

Tan, Serdar
Ph.D., Department of Metallurgical and Materials Engineering
Supervisor: Prof. Dr. Tayfur Oztirk
Co-Supervisor: Prof. Dr. Kadri Aydinol

February 2011, 127 pages

The aim of this study is the synthesis of hydrogen storage compounds by
electrodeoxidation technique which offers an inexpensive and rapid route to
synthesize compounds from oxide mixtures. Within the scope of this study, two
hydrogen storage compounds, FeTi and Mg,Ni, are aimed to be produced by this

technique.

In the first part, effect of sintering conditions on synthesis of FeTi was studied.
For this purpose, oxide pellets made out of Fe,O3-TiO, powders were sintered at
temperatures between 900 °C — 1300 °C. Experiments showed that by sintering
at 1100 °C, Fe,TiOs forms and particle size remains comparatively small, which

improve the reducibility of the oxide pellet.

Experimental studies showed that the reduction of MgO rich MgO-NiO oxide
pellet to synthesize Mg,Ni occurs only at extreme deoxidation conditions. Pure

MgO remains intact after deoxidation. In contrast to these, pure NiO and NiO



rich MgO-NiO mixtures were deoxidized successfully to Ni and MgNi,,
respectively. Conductivity measurements address the low conductivity of MgO-

rich systems as one of the reasons behind those difficulties in reduction.

In the last part, a study was carried out to elucidate the low reducibility of
oxides. It is considered that the oxygen permeability becomes important when
the reduction-induced volumetric change does not yield fragmentation into solid-
state. The approach successfully explains why MgO particles could not be
reduced at ordinary deoxidation conditions. The study addresses that Mg layer
formed at the surface of MgO particles blocks the oxygen transport between

MgO and electrolyte as Mg has low oxygen permeability.

Keywords: Electrodeoxidation, hydrogen storage, metal oxides, Mg,Ni, FeTi.
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HIiDROJEN DEPOLAMA ALASIMLARININ
OKSITLERINDEN DOGRUDAN SENTEZi

Tan, Serdar
Doktora, Metalurji ve Malzeme Miihendisligi Bolimu
Tez Yoneticisi: Prof. Dr. Tayfur Oztiirk
Ortak Tez Yoneticisi: Prof. Dr. Kadri Aydinol

Subat 2011, 127 sayfa

Bu calismanin amaci elektrodeoksidasyon yontemi ile hidrojen depolama
alagimlarinin  tretilmesidir. Glnimuizde hidrojen depolama alasimlarinin
Uretilmesi ergitme ve mekanik alasimlandirma gibi tekniklerle gerceklestirilse de
bu yontemler kontroli zor ve/veya yiksek maliyetli strecleri icermektedir.
Elektrodeoksidasyon, oksitleri veya oksit karistmlarmi kullanarak metal
veya metal alasimlarin iiretilmesini miimkiin kilan bir tekniktir. Calisma, FeTi ve
Mg,Ni hidrojen depolama alasimlarinin elektrodeoksidasyon ile Uretilmesini

konu almaktadir.

FeTi dretimi icin, Fe,O3-TiO, oksit peletleri, 900 °C ile 1300°C arasinda
sinterlenmis ve sinterleme sicakliginin indirgenme ve alasim eldesine etkisi
incelenmistir. Deneyler sonucunda, 1100 °C de yapilan sinterlemenin oksit
peletinde FeTi eldesi icin uygun kimyasal ve fiziksel kosullar1 (Fe,TiOs

olusumu, tane boyutunun artmamasi gibi) olusturdugu sonucuna varilmistir.

Vi



Calismanin ikinci kisminda, Mg;Ni eldesi hedeflenmistir. Yapilan deneyler
Mg,Ni’nin  elektrodeoksidasyon ile iiretiminin olduk¢a zor oldugunu
gostermektedir. Mg-Ni sisteminde olan diger fazlarin elde edilmesi ic¢in farkli
MgO-NiO oranlarinda hazirlanmig oksit peletleri de indirgemis, Ni ve MgNi,
basariyla elde edilmistir.  Bununla birlikte MgO indirgenmesi ise
gergeklesmemistir. Yapilan deneylerde MgO miktarinin artmasi ile indirgenme
isleminin zorlastig1 gdzlemlenmektedir. Iletkenlik calismalar;, MgO’nun diisiik

iletkenliginin bu sonuca yol agabilecegine isaret etmektedir.

Calismanin son kisminda, elektrodeoksidasyon islemi esnasinda kati fazda
gerceklesen hacim degisiminin indirgenme islemine etkisi incelenmistir.
Geligtirilen bu model ile hacim degisiminin kati halde yarattigi fiziksel
degisimlerin (gozenek olusmasi, oksit tanelerinin kirilmasi gibi) indirgenme
isleminin gergeklesmesi igin gerekli oldugu gosterilmistir. Bu yaklagim
kullanilarak yapilan incelemede, MgO indirgenmesi esnasinda yiizeyde olusan
Mg tabakasinin belirtilen fiziksel degisimleri tolare edebildigi ve Mg tabakasinin

MgO ile elektrolit arasinda oksijen iletimini engelleyebilecegi ongorilmektedir.

Anahtar Kelimeler: Elektrodeoksidayson, hidrojen depolama, metal oksitler,
Mg:Ni, FeTi.
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CHAPTER 1

INTRODUCTION

Hydrogen-based technologies have been extensively studied since the carbon
based fuels started to form environmental problems in 1970s. The idea behind
these technologies base on the use of hydrogen as energy carrier such that
hydrogen and oxygen ions are reacted in a fuel cell producing electricity. As
hydrogen should be fed to such a system continuously, storing the largest
possible amount of hydrogen in the safest way is one of the main challenges in

the development of hydrogen-based technologies.

It is known that some metals, e.g. Mg, Ti, La, and their metallic compounds, e.g.
FeTi, Mg:Ni, LaNis, could react with hydrogen gas and form metal hydrides
(Chen and Zhu, 2008). The reversibility of the reaction allows storing extensive
amount of hydrogen in the metal and extracting it from the solid metal hydride
when necessary. Although the storage capacity of compounds is lower than pure
metals, they are considered as better hydrogen storage materials, as they satisfy

thermodynamic and kinetic requirements to a higher extent.

With its relatively high capacity (3.6 wt %), Mg,Ni is a promising material to
store hydrogen, especially for portable applications (Sakintuna et al., 2007).
Higher durability in air and higher absorption/desorption rates compared to pure
Mg are important advantages of this material. FeTi is another well-known
hydrogen storage compound with storage capacity of 1.8 wt % (Yasuda et al.
2009). Although it has some activation problems, the advantage of room
temperature hydrogen storage makes it a superior material for stationary

hydrogen storage applications.



Extensive usage and commercialization of hydrogen storage compounds depend
on their performance, ease of production and the cost. Currently, melting,
mechanical alloying, combustion synthesis and reactive milling are popular
techniques to synthesize these storage compounds (Zhao and Ma, 2009). In
addition, new methods, such as microwave processing, thin film techniques and

wet chemistry methods are also investigated by different research groups.

Melting technique is one of the most popular methods in the production of
hydrogen storage materials containing transition metals and rare earths. Starting
form pure metals, complex compounds could be directly obtained by melting and
casting. While it is a simple and well-known method, casted materials are
chemically non-homogenous. Thus, after solidification, homogenization and

even re-melting processes might be necessary.

For alkaline and alkaline earth metals as well as their alloys, melting techniques
are more difficult due to high vapor pressure of these metals, causing loss of
material from the molten batch. Due to deviations from the compositions,
melting techniques are not preferred to synthesize hydrogen storage compounds

based on 1A and 1A metals.

Mechanical alloying is a versatile technique to synthesize hydrogen storage
materials including compounds containing Mg, Ca, Li etc. (Varin and Czujko,
2002). In this technique, powders of elements are milled by a high-energy ball
mill for long durations and a heat treatment step might follow this milling
operation. The most significant advantage of this technique is its ability to
produce non-equilibrium materials and materials with low crystallinity.
However, mechanical alloying, as a process, has very low efficiency. The
processing durations could vary from a few hours to a few days and the final
product commonly is not in large quantities. There are many variables in the
process; duration, ball-to-powder ratio, speed of milling, temperature of milling

medium etc. As a result, the reproducibility of mechanical alloying is not very



high. Contamination from balls and container during the milling operation might
also create difficulty. Reactive milling is a special type of processing where
milling is performed in hydrogen atmosphere. The problems observed in
mechanical alloying are also valid in this technique, though reactive milling is a
more efficient process in terms of size reduction (Bérube et al., 2007).

For combustion synthesis, elemental powders are mixed together and then
pelletized. The ignition agent, placed around the pellet, produces an exothermic
reaction when the system is heated up. Sudden increase in the temperature causes
reaction of elemental powders in the pellet and the required compound forms in a
very short time (Chen et al., 2006). The sudden increase of the temperature
makes the process difficult to control. Short processing durations frequently
yield a product with extensive compositional variations. The unreacted species
may left in the product.

To synthesize hydrogen storage alloys, new techniques have been developed
including microwave processing (Li et al., 2010), thin film techniques (Akyildiz
and Oztiirk, 2010) and wet chemistry methods (Ikeda and Ohmori, 2009). While
these techniques are successful to get the required composition, the scale and
method of synthesis are far away to adapt those processes for up-scaled

production.

In the last decade, different solid-state electro-reduction techniques emerged to
obtain metal powders form their oxide, such as Ti from TiO,, Cr form Cr,0O3and
Si from SiO,. They are high temperature electrochemical methods where cathode
is the oxide pellet to be reduced, anode is either graphite or an inert material and
electrolyte is a molten salt that is able to dissolve some oxygen (Mohandas and
Fray, 2004).



Raw Materials (Oxide)
A0y B0y Cy0y

Extraction of Metals

Purification of Metals

Metal A | Metal B | Metal C |me—p ( Mechanical Alloying

%

(AByCe)

Milling to Powder

Hydrogen Storage Alloy
g ABC.

Electrodeoxidation Techmque

Figure 1.1 Flowchart for synthesis of hydrogen storage compounds by three
different techniques: electro-reduction, mechanical alloying and melting.



In electro-reduction processes, with the application of a constant voltage, oxygen
is extracted from the cathode, i.e. oxide pellet, transported through electrolyte
and converted to gaseous phase(s) at the anode. Metallic pellet forms at the
cathode. This occurs without decomposing the molten salt, as the applied voltage

is lower than the decomposition voltage of the molten salt (Chen et al. 2000).

Solid-state electro-reduction techniques are also capable to synthesize alloys
from oxide mixtures. The studies mainly focused on synthesis of Ti, Si and Nb
based materials. These processes allow compounding of elements with very
different melting points, e.g. NioMnGa from NiO, MnO, and Ga,O3 mixture.
Meanwhile, they offer a low-cost way to synthesize compounds as they use
oxide powders as raw material. By this way; extraction, alloying and powder
processing methods are combined in a single step that could be further developed
to continuous production of metallic compounds, see Fig. 1. 1.

This thesis aims to synthesize hydrogen storage compounds by using a solid-
state electro-reduction technique. In order to demonstrate this, Mg-Ni and Fe-Ti
systems were selected having two important hydrogen storage compounds,
Mg,Ni and FeTi.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

In the last 20 years, solid-state electro-reduction processes were developed to
synthesize pure metals from their oxides as well as complex compounds from
their oxide mixtures. These techniques are high temperature electrochemical
methods by which the oxide cathode is reduced to corresponding metal in a
molten salt electrolyte having extensive oxygen solubility (Nagesh and
Ramchandran, 2007). They involve oxygen removal in solid-state and offer a

great opportunity to synthesize powders of the required compositions.

Electro-reduction of oxide pellets is carried out by applying a constant voltage
between the porous oxide pellet and the anode while both are immersed into the
molten salt electrolyte, such as CaCl,, BaCl,, and LiCl. The anode could be a
graphite piece or an electronically conducting inert material (Sadoway, 2001).
With the application of voltage, oxygen is extracted from the oxide powders,
transported through the electrolyte and by anodic reactions, it leaves the molten
salt medium as CO/CO; and/or O, depending on the type of the anode used, see
Fig. 2.1 (Fray and Chen, 2004). The electrolyte is not consumed during process,
as the applied voltage is lower than its decomposition voltage (Chen et al.,
2001). It is only used as a medium to transport O% ions form cathode to anode.

Historically, Ward and Hoar’s cathodic refining technique is considered as the
pioneer work on electro-reduction process (Ward and Hoar, 1961). In this study,
liquid copper with impurity X (X = O, Se, S or Te) was purified in BaCl,.

6
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Figure 2.1 A schematic drawing of solid-state electro-reduction processes
showing flow of oxygen ions and electrons.

By decomposing BaCl,, the deposited Ba metallothermically reacts with [X]c, to
form pure Cu and BaX. In 1990’s and 2000’s, different studies were carried out
to achieve the electro-reduction without Cl, gas evolution (Okabe et al., 1992,
Ono and Suzuki, 2002). Chen and Fray (2001) reported that electro-refining of
liqguid Cu could be achieved even if the applied voltage is lower than the

decomposition voltage of BaCl,.

Okabe and co-workers developed calcium halide flux and Electronically
Mediated Reaction (EMR) techniques to remove oxygen from different oxides
(Okabe et al., 1992; Okabe et al., 1996). Halide flux technique works by
principle of calciothermic reduction of an oxide in calcium saturated molten
CaCl,. With EMR, Okabe incorporated electrochemistry into the halide flux
technique for TiO,, Nb,Os and some rare-earth oxides (Okabe et al., 1993;
Hirota et al., 1999; Okabe et al., 1998).
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Figure 2.2 Schematic drawings of different electro-reduction processes: (a)
FFC Process; (b) OS Process and (c) EMR Process (Abiko et al., 2003).

Ono and Suzuki (2002) used CaO-CaCl, mixtures as electrolyte for in-situ
formation of Ca on the oxide cathode. With the application of a voltage between
metal oxide cathode and graphite anode, electrolytic reduction of CaO occurs.

Then, Ca formed on the oxide powders metallothermically reduces the oxide
pellet to the metallic state, see Fig. 2.2 (b).

Chen et al (2000) conducted experiments to remove oxygen from the surface of
the thermally oxidized Ti foils in pure CaCl; electrolyte. They showed that the
oxygen ionization from the oxide scale occurs without calcium deposition and
chlorine evolution. As the process includes only transport of oxygen and
electrons, but not deposition of metallic calcium, it is called as solid-state
electro-deoxidation (Fray, 2001), see Fig 2.2 (a).



As the Kroll Process is an expensive way to produce Ti (Chen et al., 2001),
production of pure Ti from TiO, is the main driving force for development of
electro-reduction processes in 2000’s. After successful pilot-scale production of
Ti by FFC Process (Metalysis®), researchers mainly focused on two aspects of
electro-reduction: understanding the electrochemical phenomena behind the

process and the synthesis of compounds, difficult to obtain by other techniques.

2.2 Processing Steps in Electro-reduction

Electro-reduction involves a series of processing steps to synthesize metal
powders from their oxides. These are ceramic processing, high temperature
electrochemistry and grinding-separation operations, see Fig. 2.3. In this section,

details of these processing steps will be given with a number of examples.

The process uses fine metal oxide powders as raw materials. For the ease of
handling, oxide powders are compacted and sintered so that the pellets have

certain mechanical strength.

Electro-reduction is carried out in a cell composed of a crucible with electrolyte
and two electrodes, i.e. oxide pellet as cathode and a graphite or inert bar as
anode. The selection and preparation of electrolyte before deoxidation is crucial

for a successful reduction.

The reduction process is conducted at high temperature in an inert atmosphere,
usually under argon, by applying a constant voltage between oxide pellet cathode
and graphite anode for sufficiently long period of time.

After deoxidation, the final product is a metallic pellet composed of lightly fused
metallic powders. Metal powders are obtained simply by soft grinding of the
metallic pellet and the removal of residual electrolyte by a suitable solvent.
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Figure 2.3 The flowchart of electro-reduction processes.
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2.2.1 Preparation of Oxide Pellets
To prepare oxide pellets, suitably selected oxide powders are mixed and shaped
into pre-forms. Subsequently, these pre-forms are sintered to obtain pellets with

reasonable strength, chemistry, porosity and particle size.

The oxide pellet could be made out of a pure oxide (Xu et al., 2005), simply
mixed oxides (Wood et al., 2003) or compounded oxides (Qiu et al., 2006). In
any case, the overall chemistry of the oxide pellet should give the required

metallic composition at the end of electro-reduction (Fenn et al., 2004).

In the most studies, oxide pellets are usually between 10-20 mm in diameter and
a few mm in thickness. Yan and Fray (2005) determined that at least one
dimension of the oxide pellets should be sufficiently small in order to have an
easy penetration of the electrolyte and an easy removal of oxygen ions from the
pellets.

The optimization of porosity is necessary as very low porosity of oxide yields
limited reduction, while oxide pellets with very high porosities are mechanically
instable (Schwandt and Fray, 2005). Oxide pellets with 35-65% porosities are
quite common. It is also highly desirable to maximize the amount of open
porosity in order to increase the oxide-electrolyte contact area (Sanchez et al.,
2007).

All steps of pellet preparation, i.e. selection of oxide powders, mixing, shaping
and sintering, should be performed such that they yield oxide pellets with

required properties, i.e. dimension, particle size and porosity.

Selection of Oxide Powders
Raw oxide powders should be selected according to their chemistry and particle
size. ACS or better grade chemicals are frequently used for lab-scale synthesis of

metals and compounds. The use of micron or submicron sized oxide powders in
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electro-reduction is preferential for many reasons: high surface area between
solid and electrolyte (Yan and Fray, 2009; Yan, 2008); low diffusion path for
oxygen in solid (Yan and Fray, 2005) and higher probability of compounding of
oxides during sintering (Yong et al., 2006 and Yan et al., 2009).

While fine powders are advantageous, some nano-sized oxides powders, e.g.
powders of La,Os3, are very reactive with moisture and, as a result, must be
handled carefully (Zhu et al., 2007). Also, it is difficult to control the sintering
parameters for nano-sized oxide powders (Kim et al., 2002). In such cases, the
use of coarser powders might be preferential.

Production of Porous Oxide Pellets

Two common methods to form porous oxide pellets are slip casting and
compaction. Slip casting involves three consecutive steps: preparation of slurry
and its casting, drying and sintering. In compaction, a similar route is followed,

I.e. mixing, compaction and sintering.

According to Gordo et al. (2004), the size of oxide powders is critical for the
selection of mixing method. For coarse powders, dry mixing for several hours
and further compaction is the best technique for preparation of pellets (Qiu et al.,
2006 and Wood et al. 2003). For fine powders, Chen et al. (2000) recommends
slip casting or wet mixing plus compaction to prepare oxide pellets. The liquid
medium helps to distribute fine oxide particles uniformly. In order to mix Th,O-;
and NiO powders, Qiu et al. (2006) preferred anhydrous alcohol stating that
water reacts with Th4O5. Jiang et al. (2006) used distilled water to prepare pure
TiO, and Ca(OH),-TiO, mixtures, while Sanchez et al. (2007) and Schwandt and
Fray (2005) used isopropyl alcohol to make slurries of TiO,, For different Nb,Os
mixtures, i.e. Nb,Os-SnO, and Nb,Os-TiO,, acetone was used by Yan and Fray
(2005). Ball mills, multi-axial blenders and ultrasonic mixers are used to
distribute oxide powders homogenously in dry and wet mixing (Schwandt and
Fray, 2005).
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A few percent of binder and/or plasticizer are frequently added to the mixture as
a processing aid. Low molecular weight PEG and PVA are the most common
(Sanchez et al., 2007; Schwandt et al., 2005). Pore formers, e.g. graphite,
polyethylene, polystyrene etc., could be included to obtain pellets with extremely
high porosities (Sanchez et al., 2007).

In slip casting, oxide slurries are cast in desired shapes and left to dry (Barsoum,
2002). The solvent evaporates slowly and a solid pre-form is obtained. In fact,
uniaxial cold pressing is the most frequently used method to obtain oxide pre-
forms in electro-reduction. Compaction pressures could be up to a few hundreds
of MPa (Mohandas and Fray, 2009; Yan and Fray, 2005). According to Gordo et
al. (2004), the use of very high and very low compaction pressure should be
avoided as the former ends up with delamination of pellet, while in the latter
there would be difficulties in handling.

Oxide pre-forms are sintered at high temperatures, by which the oxide particles
partially fuse to each other and mechanical strength of the pellet increases (Fray,
2001). Sintering is mainly performed between 800 °C — 1200 °C up to 24 hours
(Chen et al., 2000; Cox and Fray, 2002). Low heating rates, e.g. 0.1 - 5 °C /min,
are preferred so as to maintain the physical integrity of the green compacts
(Gordo et al., 2004).

Sintering temperatures should be selected properly as the mixed oxides could
react with each other. Qiu et al. (2006) detected that sintering of Th,O,-Fe,O3
pre-forms at 800 °C yields a pellet with two individual oxides, while at 1200 °C,
the phases ThsFesO1, and ThFeOs form additionally. Sintering can intentionally
be performed at high temperatures for compounding the oxide powders. Jiang et
al. (2006) sintered Ca(OH),-TiO, pre-form at 1300 °C for 5 h in order to obtain
CaTiOgs pellet. Ma et al. (2006) sintered Fe,O3-TiO, pre-form at 1050 °C for 4 h
and obtained synthetic ilmenite pellet.

13



2.2.2 Selection and Preparation of Electrolyte

With their high ionic but low electronic conductivities in fused state, alkali and
alkaline earth metal salts are preferred as electrolyte in electro-reduction
processes (Mishra and Olson, 2005). In order to be used as an electrolyte, a salt
should have high stability, high O solubility and low solubility of oxide and/or
metal to be worked (Hirota et al., 1999). Non-toxicity and low-cost are other

requirements.

CaCl,, BaCl, and LiCl are suitable electrolytes for electro-reduction processes
with their high decomposition voltages (Chen et al., 2000). Of those, CaCl,
(Tm=772 °C) is the most widely used one, due to its non-toxicity and extensive
oxygen solubility, ca. 20 wt % CaO at 900 °C (Mohandas and Fray, 2004). LiCl
is also used in some deoxidation studies but it does not offer a significant
advantage over CaCl; (Yan, 2008; Jeong et al., 2008).

According to Chen et al. (2000), other alkaline chlorides, e.g. NaCl and KClI,
could also be added into CaCl, or LiCl to achieve specific properties, such as
lower melting points and lower solubility of metal oxides and/or metals studied.
NaCl is abundant and non-toxic material. It has high stability, i.e. -3.21 V at
900°C, and has low solubility for oxides. The eutectic composition of CaCl,-
NaCl (T»=505 °C) is the most frequently used electrolyte which offers lower
working temperatures than pure CaCl, (Gordo et al., 2004; Wang and Sun,
2006).

If metallothermic reduction is required in the electro-reduction process, oxides
could be included into the electrolyte, e.g. CaO into CaCl,; Li,O into LiCl,
(Jeong et al., 2007; Suzuki, 2005). The amount of oxide addition is critical and
varies between 0.5 - 15 % mole (Abdelkader et al., 2007).

Metal salts are known to be very hydroscopic. Reactions between metal salts

with water result in formation of compounds, such as Li,O, Ca(OH), and
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CaOHCI (Mohandas and Fray, 2004). By simply heating to high temperatures
without any precaution, a molten salt may contain a few mole percent of these
impurities. Chen and Fray (2002) state that presence of unwanted species in the
electrolyte causes side reactions in electro-reduction. Thus, formation of these
impurities should be minimized by suitable drying procedures. In the best, they

should be removed from the molten salt by pre-electrolysis.

According to Chen and Fray (2002), water releases form CaCl, mainly up to 200
°C. Thus, the first step of drying process is heating CaCl, (or CaCl,*2H,0) up to
a temperature between 200 °C — 350 °C (Chen and Fray, 2002). Ma et al. (2006)
states that heating rates less than 0.5°C/min should be applied under vacuum.
The salt is then held at that temperature for several hours. The second step is
frequently applied at a temperature between 400 °C — 700 °C. The salt is held at
that temperature for a few more hours (Chen and Fray, 2002), while high purity
Argon is purged into the drying chamber. After this point, the salt can be either
cooled down to room temperature or directly heated up to pre-electrolysis

temperature.

For LiCl, a similar procedure is applied (Jeong et al., 2007). Drying of NaCl is
simpler as it does not contain chemically bonded water (Yan and Fray, 2005).
For drying of mixed electrolytes, the drying procedure is commonly adjusted as
if it is pure CaCl, or LiCl.

Before electro-reduction, impurities formed during drying and foreign cations,
e.g. Mg®*, should be removed from molten salt by pre-electrolysis (Xiao et al.,
2006). For this purpose, a graphite anode and a metal cathode wire is immersed
into the electrolyte and a constant voltage (2.5 - 3.0 V) is applied between these
two for several hours (Wang et al., 2006). The duration of pre-electrolysis
depends on the level of residual current measured which varies with temperature,
applied voltage and purity of electrolyte (Schwandt and Fray, 2005). The residual

current values down to 2 mA/cm? are reported.
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2.2.3 Other Cell Components: Anodes, Crucibles, Reference Electrodes and
Auxiliary Parts

In electro-reduction, anode could be a carbon-based or inert material (Mohandas
and Fray, 2004). Carbon-based anodes, i.e. graphite or glassy carbon, offer lower
reduction voltages for oxides (Chen et al., 2000). However, they have also some
drawbacks, such as formation of CO/CO, and carbon dust, back-reactions etc.
(Yan and Fray, 2009). These problems could be prevented by the use of inert
anodes, such as Pt (Jeong et al., 2007) and SnO, (Barnett et al., 2009).

Electro-reduction experiments are conducted in reaction chambers resistant to
both heat and corrosive salt vapors. The crucible used in the electro-reduction
process could be made out of Ti (Chen and Fray, 2002), stainless steel (Yasuda
et al., 2007), graphite (Qui et al., 2005) or an oxide, e.g. Al,O3; (Gordo et al.,
2004). For metal crucibles, cathodic protection during electro-reduction is
strongly advised (Chen and Fray, 2002). According to Chen et al. (2001), oxide
crucibles should be avoided, if very low oxygen content in the metallic pellet is

required.

Reference electrodes are often used in voltammetry or in constant voltage
deoxidation experiments. For CaCl, and CaCl,-NaCl, quartz sealed Ag/AgCl
reference electrode was found satisfactory (Wu et al., 2008; Gao et al., 2005). A
highly inert metal wire, e.g. Pt, Mo, could be used as pseudo-reference electrode
(Wang et al. 2006; Qiu et al., 2008). Ti or graphite crucibles can also be set as a

pseudo-reference electrode the deoxidation cells (Wang and Li, 2004).

Both oxide pellet and anode should be firmly attached to the current collectors,
i.e. wires of Mo, Ni, Kanthal®, stainless steel (Yan and Fray, 2005; Xiao et
al.2006). Meshes of the same metals could be used to sandwich metal oxide
pellets to increase the metal-oxide-electrolyte contact (Jiang et al. 2006; Wang et
al., 2006). According to Yasuda et al. (2005), metal wires could be wrapped

around oxide pellets for the same purpose.
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2.2.4 Electro-reduction of Oxides and Collection of Product

Table 2.1 lists the previous studies showing sintering, pre-electrolysis and
electro-reduction conditions of different metal oxides. As seen from the table,
there are three fundamental parameters in electro-reduction: applied voltage,
reduction temperature and the duration of reduction.

The applied voltage is in the range of 2.4-3.3 V for different oxides. According
to Qiu et al. (2008), the applied voltage should be high enough to overcome the
theoretical reduction voltage of oxide, IR drop, resistance of external
connections and possible cathodic and anodic overpotentials. The decomposition

voltage of the electrolyte sets the upper limit for the applied voltage.

As given in Table 2.1, electro-reduction is mainly conducted at temperatures
between 700-1000 °C. In order to avoid melting, the deoxidation temperature
should be lower than melting point of the target metal and/or compound. In
synthesis of compounds, reduction temperatures higher than the melting point of
the constituent elements could be selected (Wood et al. 2003). Extreme
temperatures should be avoided considering the lifetime of the equipments and

apparatus.

As electro-reduction processes are not constant current techniques, it is not
possible to mention the theoretical time for electro-reduction process. Instead, it
is more convenient to calculate the total charge necessary to reduce a metal

oxide, i.e. Q;, given by Faraday’s Law (Ma et al., 2006):

Q =Ixt=nxzxF (2.1)

Here, | is the measured current passing through the cell (A), t is the duration of
deoxidation (s), n is the number of moles of substance (mol), z is the electrons
transferred per ion and F is the Faraday’s constant (96485.3399 C/mol).
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Table 2.1 Some metals and compounds synthesized by electro-reduction processes and their synthesis conditions.

Sintering  Pre-electrolysis

Electro-reduction

Metal Oxide Target Metal Electrolyte Reference
T t VvV T t \% T t
Cr,0; Cr CaCl, - NaCl (1:1) 900-1100 1 - - - 28-31 900 5 Gordo et al. (2004)
*Nb,Os Nb LiCl +4.2 % Li,O - - - - - 25-34 650 10 Jeong et al. (2008)
Nb,Os Nb CaCl, 1000 2 26 850 10 24-32 850 12 Qiuetal. (2008)

SiO, (quartz) Si CaCl, - - - - - 20-25 850 2 Yasudaetal. (2007)
Ta,0s Ta CaCl, 900 2 27 850 12 3.1 850 10 Wuetal. (2007)
Ta,0s Ta CaCl, +1 % CaO 1200 3 1.3 900 - 2.8 900 8 Barnett et al. (2009)
*Ta,05 Ta LiCl + 4.2 %Li,0 - - - - - 25-34 650 10 Jeong et al. (2007)

TiO; Ti CaCl, 900 48 27 950 2 28-32 950 12 Chenetal. (2000)
uo, U LiCl + 0.5% Li,O - - - - - 3.2 650 - Sakamura et al. (2006)
ZrO, Zr CaCl, + 1% CaO 600 - 13 900 - 2831 1000 4 Abdelkader etal.(2007)
Al,05-S¢,0;3 Al;sSc CaCl, - NaCl (1:1) 1400 4 28 700 10 3.2 700 24 Liaoetal. (2009)
Ce0,-NiO-CuO CeNi,Cu LiCI-KCI (eutectic) 950 4 3.0 650 2 3.5 650 8 Kangetal. (2010)
FeTiO; FeTi CaCl, 900 4 - - - 2831 900 8 Maetal. (2006)

Al,03-Nb,0s NbsAl CaCl, — NaCl (1:1) 1000 24 2.8 900 10 3.1 900 24 Yanand Fray (2005)

Nb,0s-TiO, NbTi CaCl, — NaCl (1:1) 900 24 3.0 900 10 28-3.1 950 10 Yanetal. (2005)

Nb,05-Sn0, NbsSn CaCl,-NaCl - - - - - 3.1 935 10 Glowacki et al. (2003)
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Table 2.1 (cont’d)

Sintering  Pre-electrolysis  Electro-reduction

Metal Oxide Target Metal Electrolyte References
T T V T t \% T t
Nd,05-Co50, NdCos CaCl, +1 % CaO 1100 - - - - 3.1 950 12 Abdelkader et al. (2010)
NiO-MnO,-Ga,04 Ni,MnGa CaCl, 540 2 - - - 3.0 950 26 Wood et al. (2003)
Th,0,-NiO TbNis CaCl, 1000 2 26 850 10 24-32 850 12 Qiuetal. (2006)
Th,0+-Fe, 03 ThbFes CaCl, 1200 2 26 900 10 2.6-3.2 900 12 Qiuetal. (2006)
Fe,0;-TiO,-NiO TiFeo4Nige CaCl, 1050 4 - - - 2831 900 8 Maetal. (2006)
TiO,-NiO TiNi CaCl, - - 26 900 6 3.1 900 12 Yong et al. (2006)
Zr0,-Cr,0; ZrCr, CaCl, 900 2 26 900 3 3.0 900 12 Peng et al. (2009)

“T7, “V” and “t” represent temperature in Celsius degree, voltage in Volts and duration in hours, respectively. The electrolyte mixture and
additions are given in molar ratio and molar percent respectively. The anode material is graphite otherwise stated.
*Anode material is platinum

T Anode material is SnO,



Electro-reduction processes mainly work at efficiencies between 5 - 60 %
depending on the electro-reduction conditions and properties of the pellet
(Abdelkader et al., 2007).

An electro-reduction experiment starts with cell assembly. The cell is made out
of two electrodes for pre-electrolysis and two electrodes for deoxidation.
Different types of cells mentioned in the literature are given in Fig. 2.4. After the
assembly, the cell is sealed into the reaction chamber and argon is purged
continuously. Before heating up flushing of the chamber with argon is
recommended (Mohandas and Fray, 2004). A high temperature furnace is used to
heat up the system. The temperature of the molten salt bath is followed

continuously during pre-electrolysis and electro-reduction.

Electro-reduction of oxides is carried out just after the pre-electrolysis. After
immersing the oxide pellet and anode into the electrolyte, electro-reduction is

initiated by applying a constant voltage between these two electrodes.

Upon application of a voltage, current starts to flow. This is due to the transport
of oxygen thorough electrolyte. The current is high initially but diminishes with
time (Chen et al., 2000). Deoxidation process is ended up when current cascades
down to a low background value which is attributed to the impurities and
electronic conductivity of the electrolyte (Alexander et al., 2006). After
deoxidation, electrodes are removed from the molten salt and the system is

allowed to cooled down to room temperature.

After deoxidation, the pellet contains both product and solidified salt. The salt
can be removed either by cleaning the pellet directly or by grinding the pellet to
the powders form and further cleaning (Jin et al. 2004). Water is the most
common solvent. In order to remove CaO and Ca(OH),, dilute acids, e.g. HCI,
CH3COOH, can be used (Schwandt and Fray, 2005). Vacuum drying at a
temperature lower than 80°C is quite common. Cleaning by ethanol and/or

acetone before vacuum drying may also be used.
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Figure 2.4 Different types of electrochemical cells used in the electro-reduction
processes (Chen et al., 2004).

2.3 Electrochemical Reactions in Solid State Electro-reduction

2.3.1 Cathodic Reactions

According to Chen et al. (2000), direct ionization of oxygen from the metal
oxide, MOy, or a metal-oxygen solid solution, M(O), is possible by following
reaction:

MOy + 2ye = XM (g + yO© (2.2)

Chen and Fray (2001) calculated the oxygen ionization potential for various
oxides in pure CaCl, melt, Table 2.2. As seen from the table, ionization of
oxygen from metal oxides has more positive potential than deposition of metallic
Ca from Ca?*. This demonstrates that direct ionization of oxygen from the oxide
pellets is thermodynamically possible without Ca deposition, which is also
practically shown by voltammetry, and potentiostatic reduction experiments for
various oxides (Dring et al., 2005; Qiu et al., 2005).
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Table 2.2 Calculated standard oxygen ionization potentials ofvarious oxides in
fused calcium chloride melt at 700 °C ( Ena na = 0) (Chen and Fray, 2001).

Electrode Reaction Potential (V)
2PbO(s) + 4e” =20% + 2Pb 2.082
SnO, + 4" =207 + Sn 1.734
MoO,+ 4e” =20% + Mo 1.650
2/5 Nb,Os + 4e" =20 + Nb 1.209
2/3 Cr,03 + 4e" =20%+ 4/3 Cr 1.189
2/5 Ta,0s + 4e” =20 + 4/5 Ta 1.038
TiO, + 4e'=20% + Ti 0.750
ZrOy+ 4e =207 + Zr 0.349
2/3 Al,Oz+ 4e” =207+ 4/3Al 0.348
2MgO + 4e” =20% + 2Mg 0.143
2Ca*"+ 4e" =2Ca -0.06

In order to elucidate the real reduction mechanisms at the cathode side,
numerous investigations were conducted in the past (Wang and Li, 2004; Wu et
al., 2008). The following part gives a summary of possible cathodic mechanisms

in electro-reduction process for both pure and multi-component oxide systems.

Cathodic Mechanisms in Electro-reduction of Pure Oxides

The analysis of the partially reduced samples by X-ray diffraction and electron
microscopy is the main technique to determine the reduction mechanisms (Qiu et
al., 2006; Schwandt and Fray, 2005). Previous studies showed that partially
reduced oxide pellets might be composed of different phases: raw metal oxide,
sub-oxides, Ca-bearing compounds, pure metals and/or metallic compounds
(Jiang et al., 2006; Abdelkader et al., 2007; Okabe et al., 1998; Yan, 2008). The

diversity in the chemistry of the partially reduced pellets demonstrates that the

22



cathodic reduction mechanisms for electro-reduction of pure oxides are more

complicated than the reaction given in Eq. 2.2.

It was observed that, in many oxide systems, Ca-bearing compounds form at the
start of the deoxidation process (Jiang et al., 2006). Then, oxides and Ca-bearing
compounds are reduced by the applied voltage. It was further observed that, in
these complex systems, deoxidation mainly proceeds on metal oxide phase.
According to Wu et al. (2008), reduction of oxide occurs stepwise in the

following order:

M,0, - MO, - MO, —...» MO, - M (0) > M (2.3)

Here, M,Oy, represents stoichiometric oxide with b/a >z, MO, to MO, represent
sub-oxides, M(O) represents metal-oxygen solid solution, M is the pure metal.
Schwandt and Fray (2005) state that Ca-bearing compounds have more negative
reduction potential than that of sub-oxides. As a result, they are consumed at the

latter stage of the process (Wu et al., 2007).

Alexander et al. (2006) states that the electro-reduction of TiO, starts with
electrochemical formation of CaTiO3; and TisO7 and proceeds by formation of
Ti4Oy7, TizOs, TioO3 and TiO, respectively. Gordo et al. (2004) detected CaCrcOy
particles in the partially reduced Cr,O3 pellet and speculated that the electro-
reduction proceeds either by direct reduction of Cr,O3; to Cr or by stepwise
reduction to CrO and then to metallic Cr. Similarly, Qiu et al. (2008) states that
the reduction of Nb,Os follows the sequence of Nb,Os, NbO,, NbO and Nb in
the presence of CaNb,0g, CaNbO3 and Cag gsNb3Oy.

In some systems, Ca-bearing oxides do not form. VVoltammetry and potentiostatic
reduction studies conducted by Qiu et al. (2005, 2006 and 2006) demonstrate
that oxygen removal from NiO and Fe,O3 occurs directly without formation of

calcium compounds.
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It was found that for some oxide systems, the reduction mainly proceeds on (or
with the help of) Ca-bearing compounds. Yasuda et al. (2005) proposed that the
reduction of SiO, involves presence of calcium by pointing out that CaSiOs is
highly conducting phase, while pure SiO; has very low electrical conductivity,
ca. 10" S/cm at 850 °C. Similarly, Yan (2008) examined the reduction of Al,O5
dross. They concluded that although reduction voltage of calcium aluminates, i.e.
CapAls033 and CayAlxOgs.y, is higher than that of pure AlOs, electro-
deoxidation mainly proceeds on those electronically conducting Ca-bearing
compounds. Wu et al. (2007) proposes that in the reduction of Ta,Os, first
CaTa,0Os5 forms and then the reduction proceeds by further reduction of CaTa,Os
to TaO.

Cathodic Mechanisms in Electro-reduction for Multi-component Oxides
Cathodic reactions in deoxidation of multi-component oxides are more
complicated than those observed in pure systems. Electro-deoxidation of these
oxide pellets involve both reduction and compound formation. In simply mixed
and pre-compounded oxides, the preferential reduction of an oxide with more
positive reduction potential is expected (Qiu et al., 2006).

In simply mixed oxides, the most straightforward mechanism in compound
formation is reduction of each oxide separately and then formation of the target
compound by reaction of pure metals (Yan and Fray, 2005). This is given by:

NcOq() + 2de = cN (5 + dO* (2.4)
MaOp) + 2be" = aM () + bO? (2.5)
XM Ok yN () = MxNy (26)

Here, N.Og4 and M,Oy, are the individual oxides; M, N are corresponding metals

and MyNy is the compound they formed with x<a and y<c.
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This mechanism is observed especially when two oxides of similar reduction
potentials are reduced together. Liao et al. (2009) states that in Al,03-Sc,03
pellet, preferential reduction does not occur as theoretical reduction voltages of
each oxide is similar, i.e. at 700°C, 2.80 V and 2.36 V for Sc,03 and Al,O3,
respectively. Yan and Fray (2005) propose that oxides in Nb,Os-TiO, and
Nb,O5-Sn0O, mixtures deoxidize individually and corresponding metals react to

form NbTi and Nb3Sn superconductor phases.

Another mechanism frequently observed in the simply mixed oxide systems is
the preferential reduction of an oxide from the oxide mixture. In this case, an
oxide with more positive reduction potential is reduced first and other oxides are

reduced on that metal, given by:

NcOg) +2de = cN +d 0% 2.7)
X N + Y MOy + 2yd & = X NM, 5 + y dO* (2.8)
g NM; )+ McOge) + 2rd & = j NMy () + r dO* (2.9)

Here, N:Oy is the oxide with more positive reduction potential, M,Oy, is the oxide
with less positive reduction potential; N is the metal of N.O4; NM; and NMy are

different compounds of M and N.

The preferential reduction is observed when two oxides with very different
reduction potentials are reduced together. According to Yan (2008), preferential
reduction of a metal oxide is beneficial for the reduction of the whole oxide
pellet because of the depolarization effect and improvement of electronic
conductivity. Previous studies show that in Tb,O3-NiO and Tb,O3-Fe,;0s
mixtures, reduction of Th,O3 and formation of Th-Ni and Tb-Fe compounds
occur nearly 0.2-0.8 V more positive potential than reduction potential of pure
Th,0O3 (Qiu et al., 2006; Qiu et al., 2006). Abdelkader et al. (2010) states that
NdCds is synthesized by cathodic reduction of CaNd,O,4 on metallic Co. Peng et
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al. (2009) proposes that reduction of perovskite CaZrOs; on metallic Cr is the

dominant mechanism for synthesis of ZrCr.

There are different routes for deoxidation of pre-compounded oxide systems, i.e.
MaNpOs. Previous studies showed that the rule (the more positive the reduction
potential of an oxide is, the easier it is reduced) still holds for pre-compounded
systems. This simply results in dissociation of the pre-compounded oxide and

formation of a metallic phase in deoxidation:
MaN,Os Ok 2he =bN Oh MaOg Ol h 02_ (2.10)

Here, MOy is oxide with less positive reduction potential and N is metal of NyO.
It is also proposed by Ma et al. (2006) that Ca®* can play a role in dissociation of

pre-compounded oxide by formation of a calcite (CaM,Og4) and metal phase:
MaNpOs ) + Ca®* + (2h-2) € = b N ( + CaM,Oq ) + h O* (2.11)

After dissociation, the components deoxidize either separately or by
depolarization mechanism. According to Ma et al. (2006), synthesis of FeTi
hydrogen storage material from ilmenite, i.e. FeTiOs, occurs by formation of
CaTiO3 and Fe and subsequent reduction of calcite on Fe phase by
depolarization mechanism. For reduction of TiNiO3, the same mechanism works
and pure shape memory NiTi alloy could be synthesized in 12 hours at 900°C
(Yong et al., 2006).

The applied voltage was found to be effective on deoxidation mechanism of
multi-component oxides. According to Qiu et al (2006), only NiO is reduced to
Ni when 1.8 V is applied between NiO-Th,O3 pellet and graphite. At applied
voltages between 2.4 V and 3.1 V, the reduction initiates by formation of Ni and
followed by reduction of Th,O3 on Ni particles. Above 3.1 V, simultaneous

reduction of NiO and Th,O3 occurs. Similarly, in reduction of TiNiO3 powders,
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only NiO could be reduced to Ni up to 1.8 V while in order to synthesize TiNi,
3.0 V should be applied (Yong et al., 2006).

2.3.2 Anodic Reactions

Oxygen ions transported through molten salt electrolyte are removed from the
electro-reduction cell by anodic reactions. The gas formed at the anode leaves
the molten salt by bubbling. With these reactions, electrons are fed back to the

power source through current collector.

According to Schwandt and Fray (2005), oxidation reactions at the anode side

involve formations of CO, CO, and/or O, gases and given by:

yO*+yC=COg+2ye (2.12)
yO¥ +y/l2C =yl2COz g+ 2y € (2.13)
yO* =yl20, g +2ye (2.14)

Apparently, inert anodes yield only oxygen gas at the anode. In case of graphite
anode, both CO and CO; could form together (Bhagat et al. 2008; Chen, 2009).
Chen et al. (2000) used gas spectrometer to analyze exhaust gas and detected
some O, together with CO and CO,.

Thermodynamic calculations show that reactions given in Eq. 2.12 - 2.14 are
highly favorable at ordinary electro-reduction temperatures, i.e. 600-1000°C
(Dring et al., 2005). Fray (2001) states that formation of Cl, at the anode by:

2y Cl'=Cl, @t 2y e (215)

This reaction is less favorable than formation of CO, CO, and O,. As a result,
Cl; is not observed in electro-reduction processes as long as the applied voltage

is less than the decomposition voltage of the electrolyte (Fray and Chen, 2004).
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2.3.3 Overall Cell Reactions
The overall cell reaction in electro-reduction process is the summation of
cathodic and anodic reactions. Qiu et al. (2006) and Sanchez et al. (2007) give

the possible overall cell reactions in electro-reduction of an oxide pellet by:

MyOy) = XM 5 + y/2 Oz g) (2.16)
MyOys) + Y12 C (S) = XM (5) + Y/2 COyg) (2.17)
M;Oy) +Y C 59 = XM (5 + 'y CO(q) (2.18)

Reaction given in Eq. 2.16 occurs if inert anode is used, while for graphite anode
formation of CO and/or CO, should be expected. The reduction voltage of an
oxide at a specific temperature (AEt ) is calculated by using following relations,

considering that as both metal oxide and metal are in their pure state:

_AGY

AE; = AE? = -
n

(2.19)

Here, AE®; is the standard reduction voltage of metal oxide at temperature T
(V); AG®: is the standard Gibbs free energy of overall cell reaction at
temperature T (J), n is the number of electrons transferred in the balanced

electrochemical reaction and F is Faraday’s Constant (96485.3399 C/mol).
Mohandas and Fray (2004) state that metal chlorides (MxCly) are stable up to
their decomposition voltages. Above decomposition voltage, they decompose
into the alkaline metal (M) and Cl, gas by:

MXC|y n= XM st y/2 C|2 (9) (2.20)

Similar to standard reduction potentials of oxides, standard decomposition

voltage of metal chlorides could be calculated by using Eq.2.19. Fig. 2.5 shows
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Figure 2.5 Standard reduction voltage (4E°) of selected oxides: (a) by
formation of Oy; (b) by formation of CO,. Standard decomposition voltages
(AE®) of the selected molten salts are also given in the graphs.
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the standard reduction voltages of selected oxides and the standard
decomposition voltages of the selected molten salts for a temperature range of
600 °C-1000 °C. Voltage values for reactions, given in Eq. 2.16- 2.18 and Eq.
2.20 could be directly calculated by using F*A*C*T database (F*A*C*T) using
Eqg. 2.19.

As seen from Fig. 2.5, standard reduction voltages of the selected metal oxides
are less than the decomposition voltage of the molten salt electrolytes. Thus,
thermodynamically, it is possible to reduce metal oxides to their corresponding
metals without decomposing the electrolyte. In order to achieve this, a voltage
higher than reduction voltage of the metal oxide should be applied between
metal oxide cathode and anode. It should be noted that the use of graphite anode
significantly reduces the reduction voltage of the metal oxide compared to the

use of an inert anode.

2.4 Three Phase Interline (3P1) Model

The most comprehensive and almost unique approach to explain cathodic events
in electro-reduction process is three phases interline (3P1) model developed by
Chen and his colleagues (Xiao et al., 2006). According to this model, see Fig.
2.6, reduction occurs and propagates only at metal-oxide-electrolyte interline
(Xiao et al., 2007). Oxygen ionizes from oxide and transfers to the electrolyte

while electrons transfer from current collector to oxide simultaneously.

Difference in reduction rate of metal oxides could be explained by 3PI model.
Some metal oxides, such as SiO,, NiO, Cr,03, are reduced in a single step
process. In these systems, cracks or pores form in the metal due to extensive
decrease in the volume of the solid phase (Wang et al., 2008). With penetration
of electrolyte through these gaps, electrolyte can reach to new oxide surfaces and
deoxidation propagates along those fresh 3PI leaving a metallic skin at the outer

surface, see Fig. 2.7.
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However, deoxidation of some metal oxides, e.g. TiO,, Nb,Os, necessitates
extensive durations. For such oxides, the deoxidation could be a multi-step
process. Meanwhile their metals and/or sub-oxides may have significant amount
of oxygen solubility. Thus, in these systems, the diffusion of oxygen towards the
vicinity of 3PI is quite important (Deng et al., 2005).

Xiao et al. (2007) states that overpotential is the driving force for deoxidation of

all metal oxides. The value of total overpotential (1) can be found by:

n= E- Eext - EIR =1 1.+ Mopm (2.21)

Here, E is the applied voltage (V); Eex: is the voltage drop due to resistance of
external connections (V); Er = voltage drop due to resistance of electrolyte (V);
ne IS the overpotential used to govern electro-reduction process (V); nc is the
overpotential used to overcome concentration polarization (V) and nonm i the

overpotential used to overcome ohmic polarization (V).

Oxygen removal from metal oxide and electro-reduction process is governed by
electrochemical component of overpotential (ne). However, some of the
overpotential is used to overcome ohmic polarization (n.nm) Which originates
from resistance of reduction generated porous metallic skin plus electrolyte
within that metallic part. Ohmic polarization increases as reduction proceeds and

given by:

Mohm = IOIL (2'22)

where, L is the reduction depth from surface of oxide pellet (cm); p is the
summation of the resistivity of porous metal (py) and electrolyte (pe) (ohm) and i

is the current density (A/cm?).
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model (Wang et al., 2008).
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Some part of the total overpotential is used to overcome the concentration
polarization (ne), which arises from the difference in concentration of oxygen
between bulk of electrolyte and that near to 3PI. According to Deng et al. (2005),
its value could be calculated by:

_RT (G | _RT | [iL+L) o
Te=F et )T nF | nFD.CY (2:28)

Here, Cr° is the concentration of O in electrolyte near to 3P1 (mol/cm?®), Cr° is

the concentration of O in the bulk of electrolyte (mol/cm®), L is the reduction
depth from surface of oxide pellet (cm), Lo is the effective depth of reduction
(cm), Dr is the diffusion coefficient of O% in electrolyte within pores of pellet
(cm?/s), i is the cathodic current density (A/cm?), R is universal gas constant
(8.314 J/mol K), T is deoxidation temperature (K), n is the number of electrons

transferred in the balanced electrochemical reaction and F is Faraday’s Constant.

For insulating oxides reduced in single step process, Chen and his colleagues
developed an electrochemical approach to calculate the movement rate of 3PI
and constructed the relation between overpotential and reduction rate. According
to Xiao et al. (2007), at very short times of deoxidation (t), the amount of
reduction-generated metal is small. As a result, nonm = 0. Then, reduction depth

(L) at any time (t) in a non-porous oxide can be approximated to:

T B
b> bg ) b (2.24)

where, both a and b are constants. For longer deoxidation durations, n¢ and Monm
increases and reach to constant values, i.e. nc* and nonm™ after a specific time tmin
and certain depth L. In that case, current density (i) and reduction depth (L)

are approximately given by:
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*
nohm

\/ P12 2Pt te) (2.25)
q
- (2.26)
L = \/%(t _tmin) + I—fnin
qo

Here, p is the summation of resistivity of porous metal (py) and electrolyte (pe)

(ohm) and q is the charge needed to reduce unit volume of metal oxide (C/cm®).

The equations given above indicate that total current (I) decreases with time (t)
in electro-reduction process. This is actually verified in different studies (Xiao et
al., 2006; Chen et al., 2004). Meanwhile, as concentration polarization (nc) and
ohmic polarization (nonm) increases with time in a constant voltage experiment,

the reduction rate of oxide sample decreases with time.

3P1 model is also used to explain how electro-reduction starts and propagates in
porous oxide pellets. Yan and Fray (2005) speculated on and concluded that
deoxidation does not occur uniformly, see Fig. 2.8. After formation of Ca-
bearing oxides, deoxidation starts from particles touching to the current
collector, Fig. 2.8 (a). At that stage, cell current is relatively low due to limited

number of sites for oxygen removal.

It was observed that deoxidation propagates faster at the surface but slower
through the depth of the porous oxide pellets, see Fig. 2.8 (b) (Jin et al., 2004).
With propagation of deoxidation on the surface, more oxygen could be removed
from the pellet and current passing through the cell increases (Gordo et al.,
2004). When the surface is completely reduced to lower oxides, current reaches a

maximum value.
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Figure 2.8 Deoxidation of a metal oxide pellet. The oxide pellet gradually
deoxidizes through (a) to (f). Note that deoxidation proceeds from outside to
inside of the pellet (Yan and Fray, 2005).

Conversion to metallic state starts from surface of the pellet and propagates
towards its center, Fig. 2.8 (a) — (f). As the reduced surface has less porosity and
higher mass-transfer resistance to O%, concentration and ohmic polarizations
increase and current decreases at this stage (Xiao et al. (2007). For metals with
oxygen solubility, slow reduction could also be attributed to slow transport of
oxygen in the metal (Fray and Chen, 2004). Depending on the synthesized
material and deoxidation temperature, final powders could fuse together,
accompanied by shrinkage of the pellet, Fig. 2.8 (f). Final particle sizes up to 10

pum were reported in the literature (Ma et al., 2006).
2.5 Factors Affecting the Electro-reduction Process

Assadi (2006) asserts that the final aim of electro-reduction studies is to answer
the question: what does determine the reducibility of a metal oxide? It is already

known that different oxides have different reducibilities. Some oxides, e.g.
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Cr,03, NIO, are deoxidized easily (Yasuda et al., 2005; Qiu et al., 2005), while
even partial deoxidation of some others, e.g. Al,Os3, B,Og, is very difficult (Yan,
2008; Ors et al., 2009). The variations and factors affecting electro-reduction can
be understood by examination of electro-deoxidation process from different

points of view.

Two main properties affect the reducibility of a metal oxide: its reduction
voltage and the number of sub-oxides in that metal-oxygen system. The
reduction voltage imposes a thermodynamic criterion specific to the oxide and
temperature. It is already known that metal oxides with less positive reduction
voltage are more difficult to reduce. Meanwhile, previous studies show that
oxides with high number of sub-oxides, e.g. TiO,, are more difficult to reduce
than oxides reduced in a single-step process, such as NiO. It is considered that in
multi-step reduction, each reduction step may impose different thermodynamic
and Kinetic criteria. In that case, all requirements must be satisfied for the

progress of deoxidation.

According to Kar and Evans (2006), solid-state phenomena should be included
to explain cathodic events in electro-reduction. They consider that electro-

reduction occurs in three consecutive steps:

1. Mass transport of oxygen from bulk oxide toward 3PI, if oxide has
oxygen solubility.

2. lonization of oxygen and simultaneous charge transfer from cathode to
the electrolyte at 3PI yielding structural changes in the solid state.

3. Diffusion of O% dissolved in the electrolyte through the pores of the
pellet.

Different studies validate this sequence stating that they occur in series and the
slowest step determines the rate of reduction (Xu et al., 2005; Wang et al., 2006).
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2.5.1 Mass Transport of Oxygen in Bulk Oxide

In electro-reduction, mass transfer of oxygen occurs as a result of concentration
gradient (diffusion) of oxygen and electric field (electromigration) (Wang et al.,
2006). According to Chen and Fray (2001), mass transfer of oxygen in solid state
is a crucial parameter when the oxide or the synthesized metal has oxygen
solubility. Many transition metals-oxygen systems, e.g. Ti-O, Nb-O, Ta-O, Zr-O,
and rare earth- oxygen systems, e.g. La-O, Th-O, Nd-O, fall in this group. Both
sub-oxides and metals of those systems have reasonable amount of oxygen
solubility. For these oxides, the low deoxidation rate is attributed to slow
transport of oxygen in solid state (Chen et al., 2004). In contrast to that, oxygen
solubility is very limited for some other metal-oxygen systems, e.g. Al-O, Mg-O,
Ni-O, Cr-O. In these systems, oxides are highly stoichiometric and metals have
extremely limited oxygen solubility, e.g. ca. 500 ppm for Ni at 900 °C (Park and
Altstetter, 1987).

Wang et al. (2006) states that as diffusion coefficient of O% in solid Tb (10°- 10°
9 cm? s is much lower than that of O* in CaCl, (6x10®- 1.5x107 cm? s™), i.e.
solid state diffusion is rate determining step in the electro-reduction of Th,Os. In
order to minimize this, Yan and Fray (2005) advise to use small oxide powders
by decreasing the diffusion path of oxygen in solid phase. According to Wang et
al. (2006), diffusion of oxygen in the solid is the rate-determining step especially

at high overpotential and low synthesis temperature.

2.5.2 Oxygen lonization, Charge Transfer and Structural Changes

Deoxidation reaction, given in Eq. 2.2, involves many solid-state phenomena:
electron transfer from metal to oxide, ionization of oxygen, heterogeneous
charge (O%) transfer from oxide to the electrolyte and the formation of a new
phase in solid state. According to Wang and Li (2004), charge transfer resistance

is one of the most important barrier in deoxidation.
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Electronic conductivity of oxide is important such that electron transfer
resistance between metal and oxide is related with the electronic conductivities
of metal and oxide (Qiu et al., 2005). According to author, both NiO and Cr,03
are electronic conductors at 900 °C. As a result, electron transfer resistance is
small at 3PI. There are many examples pointing out that electronic conductivity
is important in electro-reduction. For example, reduction of highly insulating
oxide materials, such as TiO,, SiO,, Al,O3, proceeds on either sub-oxides or
calcium bearing compounds, both of which are known as electronically
conducting in some extend (Wu et al., 2007; Schwandt and Fray, 2005; Yan and
Fray, 2009). Meanwhile, it was found that in co-presence of Al,O; and
CaxAlOgs+y), reduction occurs via electronically conducting calcium bearing
compound although its reduction voltage is less positive than that of Al,O3 (Yan,
2008). Additionally, according to Yan and Fray (2005) presence of electronically
conducting phases increases the number of paths for transport of electrons and

offer new 3PI for unreduced particles.

lonized O® ions must pass to electrolyte immediately as there is no place to
accommodate O ions. It was found that charge (O%) transfer is the rate-
determining step especially at low overpotential (Wang et al., 2006). Similar to
other reactions, activation energy describes how much energy is necessary to
transfer O ions from solid to the electrolyte. In deoxidation studies, charge
transfer resistance and activation energy values up to ca. 100 Q and 200 kJ/ mol
were reported, respectively. Two important process parameters affecting charge
transfer resistance is temperature and applied voltage. The resistance value
decreases with increasing deoxidation temperature. The effect of temperature is
more significant at low applied voltages. According to Wang et al. (2006), in
reduction of Nb,Os, increasing deoxidation temperature from 700 °C to 800°C

decreases charge transfer resistance values between two to six folds.

Similar to temperature, an inverse relation exists between applied voltage and

charge transfer resistance: the higher the voltage applied, the lower the resistance
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is. The effect of voltage is significant especially at low temperatures. In
deoxidation of Nb,Os, 5-10 folds decrease is observed in charge transfer
resistance value, when the voltage is increased two folds (Wang et al., 2006). In
study of Wang and Li (2004), a similar relation is observed for both reduction of
TiO, to TiO and TiO to Ti. In parallel to the charge transfer resistance, the

activation energy also decreases with increasing applied voltage.

AC impedance technique is used to determine charge transfer resistance in
electro-reduction experiments. The selection of a suitable equivalent circuit is
crucial to obtain the reasonable values. Activation energies for charge transfer
can also be calculated from resistance values. According to Wang et al. (2006),
charge (O%) transfer resistance (R), derived from Butler-Volmer equation, is

related with activation energy (E;) by following equation:

BT
Ry = ﬁ (2.27)
P RT

Here, B is constant, R is universal gas constant (8.314 J/mol K) and T is

deoxidation temperature (K).

By using In (T/Rg) vs. /T plots, activation energy for O transfer can be
obtained for different applied voltages. It should be noted that if deoxidation
occurs stepwise through sub-oxides, each step has its own transfer resistance and
activation energy (Wang and Li (2004). Thus, impedance measurements are

frequently conducted at different applied voltages.

Yan and Fray (2005) points out that the large surface area of oxide pellet
facilitates the cathodic ionization and charge transfer of oxygen ions at 3PI. This
is actually given in Eq. 2.27, such that the constant term B contains surface area
term in its denominator. Thus, as surface area increases charge transfer resistance

decreases. Physically, this can be explained in a way that as the active surface
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area increases, there would be more sites for transfer of O* from oxide to
electrolyte. High surface area in the oxide pellet is achieved by production of the
pellet with open porosity. The smaller the pores and the more open the porous
structure are, the higher the surface area of the oxide pellet has (Gordo et al.,
2004; Sanchez et. al, 2007).

According to Wang et al. (2006), surfaces where metallic Ca is deposited from
the electrolyte form inactive regions for oxygen removal as the presence of
metallic calcium prevents oxygen transfer from oxide to the electrolyte. If
reduction proceeds on sub-oxides, formation of Ca-bearing oxides at the start of
electro-reduction has similar effect, i.e. they block sites for oxygen removal
(Schwandt and Fray, 2005). According to Schwandt and Fray (2005), calcium
intercalation increases the volume of the oxide. The dimensional increase may
lead to shrinkage of some pores and even may results a decrease in the amount of

open porosity and total surface area.

Structural changes induced by oxygen removal introduce different factors in
electro-reduction. A transformation in crystal structure might be necessary when
metal phase forms from oxide. This is also valid when multi-step reduction
occurs through sub-oxides. According to Schwandt and Fray, 2005,
transformations may necessitate nucleation and growth stages, which could be
slow and might affect the rate of reduction. Alexander et al. (2006) states that
transformation of TiO; to TisO7, then Ti3Os and finally Ti,O3 is easy, since
cooperative mechanisms occur during transformations. However, steps, at which
CaTiyO4 and TiO form, are found to be much slower that was attributed to
reconstructive changes in the solid. Meanwhile, these atomic rearrangements
may end up with the formation of voids when the newly formed material is more
densely packed than the consumed one (Sanchez et al., 2007). According to
Alexander et al. (2006), more 3Pl is created in the formation of CaTi,O4 and
TiO, as the electrolyte could reach to fresh oxide surfaces via voids. Apparently,

the formation of fresh 3Pl increases the deoxidation rate of the oxide pellet.
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2.5.3 Pore Diffusion

The term, pore diffusion, is used to describe diffusion of oxygen ions into the
porous network of metal oxide pellet filled by molten salt electrolyte (Wang and
Li, 2004). According to Wang et al. (2006), mass transport of O ions into the
electrolyte could be the rate-determining step. Jin et al. (2004) states that the
diffusion coefficient of O® in pores of SiO, (porosity 30-56 %, deoxidized in
CaCl,) varies between 2.8x10° cm? s and 6.8x10° cm? s™* at 900 °C. This is
lower than diffusion coefficient of O% in bulk CaCly, 2.5x10° cm? s at the same
temperature. According to Wu et al. (2007), pore diffusion is the rate-
determining step when the dissolved oxygen ions have difficulty to reach out of

the oxide pellet.

For fast removal of O2- ions from pores to the out of the pellet, the distance
travelled by O% in the pores of oxide pellet should be minimized. According to
Yan and Fray (2005), this distance can be minimized by the use of thin oxide
pellet in deoxidation. Yan and Fray (2005) examined Nb,Os pellets with
different thicknesses and found that the pellet with 10 mm in thickness contains
six-fold more oxygen than pellet with 2 mm thickness has. Wang et al. (2006)
proposes that if the thickness of Th,O; pellet is reduced from 2.0 mm to 1.5 mm,
the energy consumed to reduce the whole pellet is nearly halved. Wu et al.
(2007) points out that the efficiency and success of electro-reduction is
significantly improved when the thickness of oxide pellets is reduced to 1.5 mm
or lower. Another way to minimize the distance travelled by O2- in the pellet is
the use of an oxide pellet with coarse pores. Wang et al. (2006) states that the
estimated pore diffusion is much higher when the pores are large which form
linear paths for oxygen diffusion out of the oxide pellet.

It was reported that the metallic phase at the external surface of the oxide pellet
may form a barrier for pore diffusion. According to Kar and Evans (2006), this is
true especially if the target metal and/or compound have low melting point.

During synthesis of those materials, high temperatures may lead to the growth of
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metal particles, see Fig. 2.8. This may hinder the diffusion of O% ions by
decreasing the number of pores open to external surface of the oxide pellet
(Gordo et al., 2004). With the inward growth of metallic layer, pore diffusion

decreases with time.

Similarly, formation of of Ca-bearing oxides at the beginning of electro-
reduction increases the volume of the metal oxide. The dimensional increase
may lead to shrinkage of some pores yielding lower pore diffusion (Alexander et
al., 2006).

Another factor determining how fast O ions are removed from porous network
of oxide pellet is the velocity of O in the electrolyte. According to Honig and
Ketellaar (1966), total flux of ions in an electrolyte under the influence of

electric field and concentration gradient is given by:

oc (2.28)

Vo J; :Ci/’liE_DiE
where, Vi, Ji, Ci, Dj and p; are velocity (cm/s), flux (mol/cm?s), concentration
(mole/cm?®), diffusion coefficient (cm?s) and mobility (cm?V s) of ions,

respectively; E is the applied voltage (V) and x is the distance (cm).
As seen from the Eq. 2.28, higher voltages facilitate oxygen transport in the
electrolyte. Similarly, it is known that mobility of charged species in ionic

liquids increases as temperature increases (Masset and Guidotti, 2007).

2.6 Diffusion of Oxygen in Solid-State and Electronic Conductivity of
Oxides

According to Pirovano et al. (2007) and Kharton et al. (2008), both electronic

conductivity and transport of oxygen in metal oxides rely on their defect
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structures. Transport of electrons occurs via favorable energy levels in one-
dimensional features in the oxide (Wang et al., 1995). Similarly, oxygen

transport is achieved through bulk and/or boundary motion of ions.

Metals with limited number of oxidation states, e.g. Al and Mg, form
stoichiometric oxides. As a result, they mainly contain stoichiometric point
defects. From variety of types, the most common defect creating vacancy site in

oxygen sub-lattice is Schottky type, shown by defect reaction:
nil >V +V,, (2.29)

Here, V"~ o oxygen vacancy with relative charge 2+ and V'’ represent oxygen
metal vacancy with relative charge 2—, formed in metal oxide (MO). Schottky
type defect keeps the original M/O ratio in the metal oxide and does not create

new charge carriers.

Non-stoichiometry is deviation from the ideal ratio of metal and oxygen atoms
present in the unit cell. Cations in transition metal oxides, e.g. Nb,Os, TiOg,
MnO,, V205 etc., have many oxidation states, which may change readily. Thus,
they possess many sub-oxides and more likely to be non-stoichiometric.
Actually, many non-stoichiometric defect reactions are possible in reducing
conditions. They are given in Eq. 2.30-2.34 for metal oxide MO:

n on 1
MI\)/I( +O(;< :Mi +VO +502(g) (230)

n on 1
My +05 =My +V5" +2 0y (2.31)

X oo 1 1
Oo =Vo™ +28'+-0y) (2.32)

43



X . 1 1
O; =V +e +502(g) (2.33)

1

X _\/ X
Here, Vo™ represents a vacancy in oxygen site with positive relative charge n (<
n<2); Oo" represents oxygen atom in oxygen site with neutral relative charge;
M;™" represents interstitially placed metal atom with negative relative charge n
(0< n <2); My ™" represents metal atom in metal site with negative relative charge

n (0<n <2); e represents electron and n is the number of electrons.

As it can be seen from Eq. 2.30 and Eq. 2.31, the oxidation state of metal may
decrease by localization of electrons on metal atoms. Oxygen vacancies may also
form in the oxygen sub-lattice without reduction of the metal cation, see Eq.
2.32-2.34. 1t should be noted that the vacant oxygen site, surrounded by positive
ions, represents a site with positive charge to which free electrons may be
attracted. Thus, Eq. 2.35 and 2.36 may also accompany to the formation of

oxygen vacancies (Vo™):
Ve eV (2.35)

Fig. 2.9 shows different defects formed according to reactions given in Eq. 2.30-
2.34.

Lattice diffusion of oxygen is the diffusion of oxygen atoms in the crystal via
different mechanisms: vacancy or interstitial (Karen, 2006). In the vacancy
mechanism, the motion of oxygen atoms is in the opposite direction that of
vacancies. Interstitial mechanism is dominant when dissolved oxygen moves in

the metal lattice, e.g. diffusion of oxygen in metallic Ti (Hongyan et al., 2004).
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Figure 2.9 Point defects observed in metal oxides in reducing conditions. Black
spheres represent metal atoms and gray spheres represent oxygen atoms. (a)
reduced cation at interstitial site, (b) reduced cation at cation site, (c) electrons
are completely mobile, (d) one electron is trapped at oxygen vacancy and (e)
two electrons are trapped in oxygen vacancy.
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Diffusion coefficient (D) is the common term to define the speed of mass
transport at different conditions and mechanisms. The higher the value, the faster

the transport is. Experimentally, it is given by:

(2.37)
-0, 2

where, D, is the coefficient of exponential function in diffusion equation (cm?/s),
Qa is the activation energy for diffusion (J/mol); R is the universal gas constant
(8.314 J/mol K) and T is the temperature (Kelvin degree).

As seen from the Eg. 2.37, an increase in the deoxidation temperature
exponentially increases the diffusion coefficient. Additionally, in order to
achieve the atomic motion, the activation energy must be overcome. Similar to
the activation energy, diffusion coefficient varies with mechanism of transport
and material itself. Surface diffusion (at boundaries) is found to be more

favorable in some cases (Martin, 2005).

The native charge carriers in an oxide are the cations, anions, electrons, and

electron holes. The total conductivity (o) is then given by:
oc=0,+0,+0,+0, (2.38)

Where, G5, G¢, Oe, On, are conductivities originating from transport of anions,

cations, electrons and holes, respectively (S/cm).

According to Kofstad and Norby (2007), ionic conductivity (ojon) follows
Nernst-Einstein equation for species moving by hoping mechanism:

O = 3 (26°C, 2 -
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Here, z is the net charge of ion, e is the unit charge (1.602x 10™° C); C; is the
concentrations of ion (kg /cm®); D; is the diffusion coefficient of ion (cm?/V s);
k is Boltzmann Constant (1.3806503 x 10 m? kg s? K%) and T is the
temperature (K). Consequently, the diffusion coefficient, concentration and
charge of the ionic specie have significant contribution to the ionic conductivity.

It is known that intrinsic electronic conductivity (og) Of an oxide material can be

written as:

O-el

E
=o,+t0,=Ceu, +Ceu, =K exp(—ﬁ) (2.40)

Here, o, and oy, are conductivities originating from transport of electrons and
holes, respectively (S/cm); C; is the concentrations of charge carrier (unit /cm?);
Wi is the mobility of charge carrier (cm?/Volt sec); K is constant; Eg is the band
gap of the oxide (eV). Apparently, the equation shows that electronic

conductivity decreases with increasing band gap.

As given before, in reducing conditions, oxygen and electrons are predominant
charge carriers. In that case, total conductivity (o) is summation of ionic (Gjon)

and electronic conductivities (cey), given by:
2e
0 = Ojpn +O—e| =2e [VO ] /uVO + € Ce:ue (2-41)

, where, [V¥o] is the concentration of doubly charged pvo mobility of oxygen

vacancies; Ce and L is the concentration and mobility of electrons, respectively.

According to Kofstad and Norby (2007), the mobility of electrons is much higher
than that of oxygen vacancies thus total conductivity of a non-stoichiometric
metal oxide in reducing conditions can be approximated to -electronic

conductivity of the oxide.
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2.7 Summary

Solid-state electro-reduction techniques offer a good opportunity to synthesize
pure metals as well as multi-component metal alloys. The process itself includes
a series of complex phenomena, i.e. removal of oxygen from solid state,
transport of oxygen ions through the pores of oxide pellet, transport of oxygen

ions in the bulk of electrolyte and anodic reactions.

The success of electro-deoxidation initially depends on the thermodynamic
criteria. The applied voltage should be higher than the reduction voltage of the
metal oxide to be reduced. However, one should pay attention to phase changes
during electro-reduction. Formation of new phases imposes new thermodynamic
criteria for electro-reduction. As a result, different reduction routes could be
followed in different oxide systems.

There are many factors affecting the success of reduction process even if the
thermodynamic criterion is fulfilled. These factors may put some kinetic barrier
for electro-reduction of oxides. Practically, the slowest step determines the
overall rate of deoxidation. Process parameters, i.e. applied voltage, temperature

and time, are used to overcome these kinetic barriers.

The preparation of oxide pellet is crucial for a successful reduction. Highly
porous oxide pellets are preferred as they offer more sites for oxygen removal.
The use of thin oxide pellets and presence of coarse (linear) pores is helpful to

minimize pore diffusion.

Inherent properties of metal oxide, sub-oxides and the final metallic phase are
crucial for reducibility of an oxide pellet. The ease of oxygen and electron
transport in solid state are two of these properties which favor the deoxidation
kinetics. Similarly, extreme distortions in crystal structure by formation of new

phases could be helpful in formation of new sites for oxygen removal. On the
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other hand, nucleation and growth of new phases might be energy and time
consuming. The development of those features in electro-reduction totally
depends on the inherent properties of materials present in the pellet during

deoxidation.

In summary, electro-deoxidation is not purely electrochemical technique but also
involves many solid-state phenomena. Without understanding them, it is rather
difficult to optimize processing conditions and obtain the required compound.
Although each oxide has its own characteristic properties, some general rules
and systematic approaches, e.g. 3Pl model, can be put forward to elucidate

problems about reducibility.
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CHAPTER 3

SYNTHESIS OF FeTi FROM MIXED OXIDE PRECURSORS

3.1 Introduction

There has been considerable interest in recent years in the solid-state deoxidation
of oxides which would yield alloys and compounds at targeted compositions, e.g.
Fray (2001), Suzuki et al. (2004). It is an electrolysis process in molten salt, first
developed in the 90’s by Fray and co-workers for extraction of Ti from TiO,
(Chen et al., 2000). The process makes use of sintered oxide pellet as a starting
material, connected to a current collector as the cathode and electrolyzed in a
molten salt using a graphite anode. During electrolysis, oxygen in the cathode is
ionized, dissolved in the electrolyte and discharged at the anode in the form of
CO or COs. Thus unlike conventional electrolysis where the metal is deposited
onto the cathode, here the cathode is gradually de-oxidized leaving the metallic

elements behind.

Due to this special nature of the cathode, the preparation of oxide pellet as a
cathode material has attracted considerable attention. In the case where the target
is pure metal, e.g. Nb (Yan and Fray, 2005), Ta (Hu and Xu, 2006), efforts are
mainly concentrated on controlling the porosity of the pellets. Normally, pellets
of high porosity are preferred since this is believed to improve the kinetics of
deoxidation. In this context, especially in Ti, the formation of CaTiOs, which
occurs as a result of reaction of TiO, with the molten salt, has received
considerable attention (Jinag et al., 2006). In the case of compounds, an added
consideration is the stoichiometry of the product itself. As shown by Qiu et al.
(2006), oxides of the same mixture could lead to different products depending on

50



the sintering conditions. In this study, the target compound, TbFe,, can be

obtained when the pellet is sintered at an elevated temperature, i.e. 1200 °C.

The current work deals with the deoxidation of mixed oxides, Fe,O3; and TiOg,
and concentrates on the choice of sintering conditions which would yield FeTi
intermetallics. Here, the target composition, FeTi, is a well-known compound

that reversibly stores hydrogen at room temperature (Reilly and Wiswall, 1974).

3.2 Materials and Methods

Starting materials, Fe,Os, TiO, (Rutile), were of technical grades. Fe,O3 powders
were needle like and TiO, were rounded as given in Fig. 3.1. Both were roughly
1 um in size but in an agglomerated state. A mixture of Fe,O3 and TiO, in molar
proportions of 1:2 was prepared, i.e. Fe:Ti ratio of 1:1, using a Spex mill at ball-
to-powder ratio (B/P) of 1. After 30 minutes of mixing, the mixture was further
hand mixed adding some PVA solution and allowed to air dry for 24 hours. The
powder mixture was then cold compacted into a cylindrical pellet at a pressure of
110 MPa. These pellets were 18 mm in diameter and 2-3 mm in thickness

weighing approximately 2 grams.

Pellets were sintered at elevated temperatures. For this purpose, they were heated
up in a tube furnace in air atmosphere to the predetermined temperatures with a

heating rate of 5 °C/min. Oxide pellets were held at that temperature for 2 hours.

Electro-deoxidation experiments were conducted in an electrolytic cell. It
comprises a stainless steel crucible for holding molten electrolyte and electrodes
mounted on a top cover immersible into the electrolyte. There were two pairs of
electrodes; one pair was for pre-electrolysis and the other was for deoxidation.
The reactor was gas tight, allowing electrolysis to be conducted in an argon

atmosphere (99.995 % purity) maintained at a flow rate of 150-250 ml/min.
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Figure 3.1 SEM images of oxide powders; (a) Fe,O3 and (b) TiO, used in the
experiments. Note that Fe,O; powders are needle-like whereas TiO; is in the
form of rounded particles.

1000 g of CaCl, was used as electrolyte. This was heated to 900 'C, i.e. the
electrolysis temperature, slowly so as to reduce its moisture content. The
electrolyte was further purified by pre-electrolysis using a graphite anode and
stainless steel cathode, at a potential of 3.0 V for 6 hours. The current, during the
pre-electrolysis following an initial transient rise, decreases gradually over a
period of typically 4 hours, finally settling down to a constant value. After pre-
electrolysis, these auxiliary electrodes were removed and the electrolysis was
initiated by immersing the working electrodes, i.e. oxide pellet (cathode) and a
fresh graphite rod (anode) into the molten salt. The electrolysis was carried out at
a constant potential of 3.2 V for 24 hours. Current vs. time data were collected
by a computer. The temperature of the system was controlled + 10 'C of the

selected temperature.

Following electrolysis, the pellet and the graphite were removed from the
electrolyte and positioned above the melt. After the system was cooled down to
room temperature, the reactor lid was opened and the sample was removed. The
sample, which was in the form of a sponge like agglomerate, was washed in hot
water and all undissolved material was collected for XRD and SEM analysis.
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3.3 Results and Discussion

SEM images of pellets sintered at 900 "C and 1300 'C are given in Fig. 3.2. It is
seen that the structure which was highly porous at 900 ‘C (and also at 1100 C),
was quite dense at 1300 "C. The porosity values were approximately 47 % and
45.1 % with sintering at 900 °C and 1100 'C, respectively. Sintering at 1300 'C
yielded a porosity value of 17.3 %.

X-Ray diffractograms of the sintered pellets are given in Fig. 3.3. The
diffractogram of the sample sintered at 900 'C comprises the initial phases, i.e.
Fe,O3; and TiO,, as well as a new phase, pseudobrookite (Fe,TiOs). The
formation of this phase via the reaction of TiO, with Fe,O3 is expected since the
associated Gibbs energy change is negative at the current sintering temperatures
(Barin et al., 1973). In pellets sintered at 1100 ‘C, Fe,O3 is consumed totally by
the reaction with the result that the structure is made up of two phases; Fe,;TiOs
and TiO,, see Fig. 3.3(b). The same was also the case for the pellet sintered at
1300°C. The two-phase structure is clearly visible in this latter sample, brought

out by the back scattered image given in Fig. 3.2 (c).

X-ray diffractograms of the pellets after deoxidation are given in Fig. 3.4. It was
observed that deoxidation was successful in varying degrees. The greater portion
of the pellet sintered at 900 'C after deoxidation was Fe and a Ti bearing
compound. The compound was TiC, probably formed at the end of electrolysis,
following the reaction:

= TiC, + CO (3.1)

Tiy+ 2C0O = © 2(g)

In Eqg. 3.1, CO is the anode product (see below) which can accumulate in the cell
vessel and could react with Ti reduced from TiO, at the cathode. The minor
constituents of the sample were Fe,Ti and FeTi. Sintering at 900 'C, however,

was not successful in yielding the target composition in substantial amounts.
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Figure 3.2 Micrographs of the oxide pellets sintered for 2 hours at (a) 900 C
and (b) 1300 'C. The graphs refer to broken pellets as viewed through the
thickness section. (c) is the same as (b) but the section is polished and viewed in
back-scattered mode to reveal the two-phase structure.
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Figure 3.3 X-ray diffractograms of the oxide pellets Fe,O3 and TiO, mixed in
molar proportions of 1: 2 and sintered at (a) 900 'C, (b) 1100 ‘C. Note the
presence of Fe,TiOs along with Fe,O3 and TiO, at 900 "C. Also note that at 1100
'C the sintered pellet has a two—phase structure; Fe,;TiOs and TiO,.
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Figure 3. 4 X-ray diffractograms of the pellets deoxidized at 900 °g: for 24 hours
at 3.2 V. The diffractograms refer to pellets sintered at (a) 900 C, and (b) at
1100 C.
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The sample sintered at 1100 'C and 1300 C yielded mainly FeTi, which is the
target composition plus Fe,Ti as a minor phase. Fe, which was quite dominant at
900 C, was insignificant in these samples. The same was true for Ti, implying
that this element, upon reduction, reacted with the existing phases yielding the
target composition FeTi. The SEM image of one such sample is given in Fig.
3.5.

The conditions of sintering reported above for the successful synthesis of FeTi is
consistent with that reported in a similar study conducted by Ma et al. (2006).
The sintering in this study was carried out at 1050 'C, which yielded a product
with X-ray diffractogram very similar to the one reported in Fig. 3.4(b).

To follow the details of electro-deoxidation, samples sintered at 1300 "C were
selected for further study. A current — time plot for this sample covering the first
6 hours of electrodeoxidation is given in Fig. 3.6. It is seen that the current,
following a rapid rise to a peak value, drops down to a smaller value which then
decreases gradually with time. Three positions were selected on this curve for
structural examinations and accordingly three samples were prepared. The
samples, which were maintained above the salt bath during pre-electrolysis, were
then processed sequentially. One sample was immersed into the salt bath,
maintained there for 30 minutes and then lifted out. The others were electrolyzed

as soon as they were immersed; one for 30 minutes and the other for 6 hours.

The sequence of changes that occurred in the samples during electrolysis can be
seen in Fig. 3.7. The X-ray diffractogram shows a systematic change from the
sintered condition to that after the 24-hour electrolysis. In the immersed sample,
Fe,TiOs and TiO,, that is, the phases in the sintered sample, continue to be the
major constituents, but there are also other phases. These are ilmenite (FeTiO3),
a spinel phase (Fe,TiO,4), and a perovskite phase (CaTiOs). After 30 minutes of
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Figure 3.5 SEM image of metallic agglomerate, FeTi, obtained from
deoxidation of mixed oxide pellet sintered at 1300 C.

Current (A)

0 1 2 3 4 5 6
Time (hr)

Figure 3.6 Current —time data collected during deoxidation of the oxide pellet
sintered at 1300 C.
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Figure 3.7 X-ray diffractograms of the oxide pellets sintered at 1300 'C and
deoxidized in CaCl, at 900 C (3.2V). The diffractograms refer to pellets; (a) in
the sintered condition, (b) sintered and immersed into the salt bath for 30

minutes, (c), (d) and (e) refer to sintered pellets electrolyzed for 30 minutes, 6
hours and 24 hours respectively.
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electrolysis, the phases did not change much, though CaTiO3 is much stronger
and a metallic phase Fe is already present in the sample. After 6 hours, the
Fe,TiOs and TiO, are all consumed. Fe is now the dominant phase accompanied
by the intermetallic Fe,Ti. The target composition FeTi can be identified in this
sample, but it is far from being a major phase. It is interesting to note that
CaTiO3 continues to be the major phase in this sample. It appears that beyond
this, the electrolysis mainly consumes CaTiO3 and with the production of Ti as a

result, the greater portion of the sample is converted into FeTi, see Fig. 3.7 (e).

The observations reported above imply that, from the oxide state to the final
composition FeTi, electro-reduction follows quite a systematic route. It appears
that the oxides are already modified upon immersion into the salt bath even
before the electrolysis. Thus a two-phase structure, i.e. Fe;TiOs and TiO,, is in
part converted into a mixture of phases comprising CaTiO3, FeTiO3 and Fe,TiO,.
With the progress of electrolysis, as the oxygen is discharged, these complex
oxides are consumed and instead the remaining oxygen is tied up in simpler

oxides such as FeO and CaO.

The results of experiments show that Fe is reduced quickly from the iron bearing
oxides. In contrast, the reduction of Ti is quite sluggish. After 6 hours of
electrolysis, the greater portion of Ti is still tied up in CaTiOs. Using the
thermodynamic data, the decomposition voltages of various oxides have been
calculated and are listed below with descending order. The values here were
determined for the reactions taking place at 900 °C, the anode product being
CO(9).
Fe,TiOy, +3C, =2Fe, +TiO

+3CO,, E%,=0212V (32

5(s) ©) 2(s) ()

Fe,TiO, + 2C, =2Fey + TiO,, +2CO, Eg, =0.051V  (3:3)
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FeTiO,, +C,, = Fe, + TiO,, +CO E2, =003V (34

©) ()

TiO,, + 2C, = Ti, + 2CO Egw=-0.784V  (35)

CaTiO,, +2C +2CO,, E%, =-1015Vv  (36)

©)

Ti,, +Ca0 ©

3(s) ©

It should be noted that with the reactions given in Eq. 3.2 -3.4, which give rise to
Fe, have reduction potentials more positive than those which give rise to Ti, i.e.
the reactions given in Eq. 3.5 and 3.6. The early formation of Fe and the
persistence of Ti-bearing oxides until the very end of electrolysis are consistent
with the above values. It is also worth noting that CaTiO; has a higher
decomposition potential than pure TiO, which implies that the reduction process
is made difficult by CaTiO3 formation.

Electrolysis, with the sequence of changes described above, may be contrasted
with the sintering process. While sintering, Fe,O3 and TiO, are combined into
more complex oxides, i.e. Fe;TiOs. With electrolysis, the structure first attacked
probably by CaO, which probably forms during drying process. The structure is
then gradually reduced into simpler oxides yielding first Fe and then Ti. Even
though the structure formed by sintering is later disintegrated, it appears that the
state, which had evolved during sintering, exercises a considerable effect on the
nature of the reduction process. This effect of sintering is most probably related
to the length scale of the chemical species in the oxide preforms. At 900 ‘C, the
sintered pellet is grossly heterogeneous in that it contains unreacted Fe,O3 and
TiO, phases as well as Fe,TiOs. With the porosity of 47%, elements that may
form during deoxidation, i.e. Fe and Ti, are not close enough to react with one
another. Accordingly deoxidation yields a range of phases, namely Fe, Ti (i.e.
TiC see above) as pure elements, and Fe,Ti and FeTi as intermetallics.
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At higher sintering temperatures, the reaction goes to completion. Thus, all
Fe, O3 is consumed and the preform is made up of two phases Fe,TiOs and TiO,.
The structure, therefore, is more homogenous than that is given above. Even
though this structure is modified upon immersion into the salt bath, this
modification probably occurs with a length scale that is comparable to the
original structure. Thus, upon reduction, elements are close to each other and
with diffusion over small distances they react with each other yielding the
intermetallics. The result, at the end of electrolysis, is that FeTi makes up the

considerable portion of the product.

As a final remark, it should be pointed out that, with the current processing
conditions, the phases Fe,Ti and a small amount of Ti (i.e. TiC) do form in the
final product. Since the target composition is FeTi, the formation of these other
phases need to be minimized or should be prevented altogether. Following the
approach given above, it may be suggested that one method of achieving this,
would be to make use of mixed oxides with refined structures, i.e. to employ a
processing route that would yield the mixed oxide pellet with as fine a structure
as possible. The other route would be to produce a single-phase pellet, namely
ilmenite (FeTiO3).

It appears that the ilmenite approach, with Fe:Ti in 1:1 proportion, would be
particularly worthwhile since this would make the electrolysis possible in a
variety of sintering conditions. For instance, pellets of increased porosity could
be electrolyzed which might accelerate the reduction process, an approach which

would create difficulties in the mixed oxide approach.

3.4 Conclusions

In the current work, a study was carried out on the synthesis of FeTi
intermetallics from mixed oxide precursors. Fe;O3 and TiO, mixed in molar

proportions of 1:2 were sintered at elevated temperatures ranging from 900 'C to
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1300 "C. The sintered oxide was electrolyzed in a molten CaCl, at 900 ‘C using a
graphite anode at a potential of 3.2 V. The study has shown that the use of
sintering temperatures close to or above 1100 “C leads to the formation of a two-
phase structure, Fe,TiOs and TiO,, which successfully yields the target
composition FeTi in substantial amounts when electrolyzed. The study further
shows that interrupted experiments during the electrolysis and the examination
of partially reduced pellets yield considerable information with regard to the

sequence of changes that occur during the deoxidation process.
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CHAPTER 4

SYNTHESIS OF Mg-Ni COMPOUNDS FROM THEIR
OXIDES

4.1 Introduction

Solid-state electro-reduction of oxides has been an area of intense research
during the last decade (Chen et al., 2000; Suzuki, 2005). The method was used
not only to extract metals from their oxides (Suzuki et al., 2004) but also to
synthesize alloys and compounds from the oxide mixtures (Wang et al., 2006). In
this method, pellets of oxide powders used as the cathode were deoxidized by the
application of a voltage against graphite without decomposing the electrolyte, a
molten salt that is capable of dissolving and transporting oxygen ions. During
electrolysis, while oxygen ions are removed from the pellets and transported to
the anode to form CO and/or CO, , metallic constituents are left behind in the
cathode, which via in-situ reactions may yield alloys or compounds. The method
has the advantage that when inert anodes are used, the electrolysis leads to

oxygen generation rather than CO or CO; emission (Seo et al., 2006).

A number of factors affect the ease with which the reduction is achieved in the
electrodeoxidation process. It has been reported that, oxides of low reduction
voltages, e.g. NiO, Cr,03, Fe,03, are deoxidized faster than the others, e.g. rare
earth oxides (Kang et al., 2009). The ease of reduction is also affected by the
oxygen diffusivity in the solid state. Oxides such as TiO, and ZrO are reduced
relatively easily in the early stages, but as pointed out by Chen et al. (2001), once
the metallic state is achieved, the rate slows down, since the diffusion of oxygen
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is extremely slow in the metallic lattices. Insulating oxides such as SiO, was also
difficult to reduce and required the number of contacting points in the cathode to
be increased (Nohira et al., 2003). Here the reduction is claimed to proceed via
the propagation of conductor-insulator-electrolyte triple interline (Jin et al.,
2004; Xiao et al., 2006). Similarly, the deoxidation of some oxides, such as MgO
and Al20s, has been found to be complicated due to difficulties in the initial
metallization of the oxide pellets as well as due to the fact that the corresponding

metals have low melting points (Cox and Fray, 2002).

The reduction of oxide mixtures is often more complicated than their pure
counterparts. The mixtures, such as Th,O3-NiO (Qui et al., 2006), Fe,03-TiO,
(Tan et al., 2009) and TiO,-NiO (Yong et al., 2006), have been successfully
deoxidized to yield the respective intermetallic compounds, i.e. TbNis, FeTi, and
TiNi. The complication often arises because the oxides are reduced at different
rates, which may give rise to separate individual phases rather than to the
compounds themselves. Yong et al. (2006) reported that the application of a
higher voltage may reduce the differences in the reduction rates and could thus
promote the compound formation. In this context, the pre-compounding of the
oxide mixtures as well as the optimization of the porosity in the pellets could be
beneficial to have more complete reduction of the oxides to the required
stoichiometry. The reduction of the oxide mixtures also has its advantages. For
instance, compounds, such as Ni;MnGa (Wood et al., 2003) and NbsSn (Yan and
Fray, 2005), have been successfully synthesized in the solid state at temperatures
higher than the melting points of some of their constituent metals. Also, Qui et
al. (2006) points out that the reducibility of the oxide mixture could be improved
by fast reduction of one of the oxide phases and the formation of metallic

particles in situ may enhance the reduction of the other oxide constituents.

The current work deals with synthesis of Mg-Ni compounds and the extraction of
pure Ni and Mg from their oxides. The study is of particular interest since the

system involves oxides, MgO and NiO, which have widely different physical,
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such as electrical conductivity and oxygen diffusivity, and thermodynamic
properties. Therefore, electro-deoxidation of these oxides, either on their own or
as mixtures, is of considerable significance. Moreover, Mg,Ni, one of the target
compounds has a considerable potential as hydrogen storage alloy (Zaluski et al.,
1995).

4.2 Materials and Methods

Starting materials were NiO (99%, Alfa Aeser) and MgO (99%, Merck) powders.
NiO powders were irregular in shape and 1.20 pum in size, Fig. 4.1 (a). MgO
particles were much finer, i.e. sub-micron in size, Fig. 4.1 (b). Both powders
were in the form of agglomerates with average sizes, measured by a laser
diffraction technique, of Dsy of 18 pum and 30 pum for NiO and MgO,

respectively.

Oxide powders were mixed in fixed proportions corresponding to metallic
compositions: Ni, MgNi,, Mg;Ni and Mg. The mixing was carried out for 30
minutes in a Spex Mill at ball-to powder ratio (B/P) of 1. The mixtures were
further hand mixed with some PVA solution and allowed to air dry for 24 hours.
They were then cold-compacted under a force of 5000 N to cylindrical pellets of
15 mm in diameter and 4-7 mm in height. All pellets were heated to 1200 °C
with a heating rate of 5 °C/min and sintered for 6 h.

Deoxidation experiments were conducted in a stainless steel reactor placed in a
vertical furnace. The reactor comprises a stainless steel crucible for holding
molten salt and has a lid with retractable electrodes immersible into the
electrolyte. Two sets of electrodes were available, one set for pre-electrolysis and
the other for electro-deoxidation. In both, the anode-to-cathode distance was 25
mm. Anodes were graphite rods, 13 mm of diameter and 100 mm in length, and
were connected to a stainless steel current collector. The cathodes were stainless

steel wire of 4 mm in diameter, which in the case of working electrode was
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(b)

Figure 4.1 SEM images of oxide powders; (a) NiO and (b) MgO used in the
experiments.

connected to the oxide pellet. The reactor was sealed, allowing electrolysis in an
argon atmosphere (99.995 % purity) maintained at a flow rate of 150-250

ml/min.

A eutectic mixture of CaCl2>-NaCl was used as the electrolyte, which has a
melting point of about 505 °C. 1000 g of electrolyte was used for each
experiment. The salt mixture was heated slowly to the electrolysis temperature to
reduce its moisture content. The electrolyte was further purified by pre-
electrolysis using the auxiliary electrodes at a potential of 3.0 V for a minimum
of six hours. Following the pre-electrolysis, the auxiliary electrodes were lifted
above the electrolyte, and the electrolysis was initiated by immersing the
working electrodes, i.e. oxide pellet (cathode) and a fresh graphite rod (anode)
into the salt bath. During electrolysis, current-time data was collected by a

computer connected to the power supply.
At the end of each experiment, the electrodes were disconnected from the

electrical supply and both the graphite anode and the reduced sample were
removed from the electrolyte by positioning them above the melt. After cooling
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to room temperature under a continuous flow of argon gas, the reactor lid was
opened and the sample with its stainless steel connector was removed. The
sample was washed in a hot methanol-ethanol-water mixture and all undissolved

material was collected for XRD and SEM analysis.

Volumetric porosities of the oxide pellets after sintering were determined from
geometric dimensions and the mass of the pellets, making use of specific density
values of the constituent oxides. Phase make-up of the samples was determined
via X-ray diffraction. The quantity of phases was determined following Rietveld
refinements of the powder diffraction patterns using the software MAUD
(Lutterotti et al., 1999).

4.3 Results and Discussion

The oxides following the sintering treatment yielded pellets with porosity values
varying between 37-57 %. An X-ray diffractogram of a sintered pellet of mixed
oxide MgO:NiO =1:2 is given in Fig. 4.2 (a). Since MgO and NiO have the same
crystal structure and very similar lattice parameters, diffraction peaks are very
close to one another showing considerable overlapping. Still, the peaks of MgO
and NiO are differentiated from each other, indicating that the mixed oxides have
a two-phase structure rather than a single-phase solid solution. Considering that
the sintering was carried out at 1200 "C this is somewhat surprising and could be

due to insufficient mixing of the oxides in the Spex Mill ®.

Two phases structure of oxide pellet has been further verified via SEM imaging
in backscattered mode. Regions of two different contrasts were apparent, see Fig.
4.2 (b), in compliance with the presence of two-phase structure. Grains in the
sintered samples had sizes (mean intercept value) of 1.9 um and 3.2 um for MgO

and NiO respectively.
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Figure 4.2 MgO:NiO=1:2 pellet sintered at 1200 'C for 6 hours; (a) X-ray
diffractogram, (b) SEM image recorded in back scattered electron mode
indicating a two-phase structure; NiO (bright phase) and MgO (gray phase).
Black regions are pores.

The process of electro-reduction leads to the discharging of oxygen from the
cathode leaving the metallic constituents behind. More specifically, under the
applied potential, the oxygen is ionized, either directly from the cathode (Chen et
al., 2000) or through calcium deposited onto the cathode (Suzuki et al. 2004;
Suzuki, 2005), dissolved in the electrolyte and is discharged at the anode

(carbon) where it forms CO or CO..

Standard reduction potentials, AE®, of oxides (MgO and NiO) for both CO and
CO, evolution and the standard decomposition potentials of electrolyte (CaCl,
and NaCl) were calculated from the thermodynamic data given in (Barin et al.,
1973; Bale et al., 2002) and are shown in Table 4. 1. The potentials calculated
for oxides for the case of intermetallic formation, i.e. MgNi, and Mg,Ni, are also
included in the table. Here AE® values of the overall reactions, in volts, were

directly calculated from:

AG®

AE" = “hE (4.1)
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Here AG® is the standard Gibbs free energy change of the reaction (in Joules) at
temperature T, n is the number of electrons transferred in the balanced
electrochemical reaction, and F is the Faraday’s constant (in C/mol), assuming

that the components are in pure state.

The data, given in Table 4.1, indicate that the reduction potential of NiO is
positive and therefore it is expected to reduce more easily. The electro-
deoxidation of MgO on the other hand requires the application of a relatively
high voltages. It should also be noted that at 900 °C, the reactions leading to CO
evolution are more favorable whereas at lower temperatures, e.g. 600 °C, the

more favorable reactions are those leading to CO, evolution.

Table 4.1 Standard reduction potentials of MgO, NiO and CaO and
decomposition potentials of CaCl, and NaCl calculated at temperatures of
900°C, 725°C and 600°C. The data in parenthesis refers the potential when the
metal is in liquid state. Reduction reactions yielding intermetallics are also
shown.

Reaction E° (V)

600°C 725°C 900°C

NiO,,, +0.5C, = Ni, +0.5CO, +0.20 4025  +0.33
MgO,,, +2NiOy, +3C,, = MgNiy, +3CO,,, 036 -024  -0.09
2MgQ,,, +4NiQ, +3C,, = 2MgNi,, +3C0O,,,  -0.32  -0.26 -0.18
2MgO,, + NiOy, +3C,, = Mg,Ni,, +3CO, 098 -08  (-0.70)
4MgO,, +2NiO,, +3C,, = 2Mg,Ni,, +3C0,,, 094 087  (-0.78)
MgO, +Cy, = Mg, +CO,, 164 (-152) (-1.34)
MgOy,, +0.5C, = Mg, +0.5CO, -1.60  (-153)  (-1.43)
Ca0,, +C,, =Ca,,, +COy, 183 -171  (-1.52)
Ca0,, +0.5C,, =Cay,, +0.5C0,, 179 172 (-1.63)
NaCl,, = Na,, +0.5Cl,, (-3.37) (-3.28) (-3.16)
CaCl,,, =Ca,, +Cl,, -340  -332 (3.21)
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The data in Table 4.1 also show that 3.2 V is safely below the decomposition
potentials of both CaCl, and NaCl at 600 °C and 725 °C. This voltage is quite
close to the decomposition potentials of the electrolyte at 900 °C. The
decomposition voltage of NaCl given in Table 4.1 at 900 °C is slightly less than
3.2 V referring to the pure state. For equimolar solution of CaCl,-NaCl by using
an activity coefficient of NaCl as 0.66 (Karakaya and Thompson, 1986), this
value is 3.27 V, which is above the applied potential. Furthermore, IR drop,

overpotentials make the actual decomposition voltage even greater than 3.27 V.

Current- time curve recorded during deoxidation of NiO pellet at 900 °C is given
in Fig. 4.3. As seen from the plot, the current shows an initial rise, and over a
period of 30 min it settles down to a steady state, which then cascades down to
smaller values. After 3 h, the current reduces to a residual value of 0.1 A that
continues to drop at a very slow rate until the end of the electrolysis (24 h).

X-ray diffractograms of the NiO pellet before and after electro-deoxidation for
24 h at 900 °C are given in Fig. 4.4 (a) and Fig. 4.4 (b). As seen in the
diffractograms, the pellet was reduced successfully to pure Ni. SEM image of the
pellet, given in Fig. 4.4 (c), shows metallic powders in a sintered state, with
particle sizes ranging from 5 to 10 um. Deoxidation of NiO, for 24 h at 725 °C
and 600 °C, was also successful in yielding pure Ni.

The oxide mixture with a target composition of MgNi,, i.e. MgO:NiO =1:2, was
deoxidized at 900 °C. X-ray diffractogram of the product, given in Fig. 4.5 (a),
contains metallic constituents, i.e. MgNi, and pure Ni, as well as residual MgO,
indicating that the reduction was not complete. Analysis of XRD pattern showed
that the fractions of phases were; 50, 44 and 6 wt % for MgNi,, Ni and MgO,
respectively. The presence of residual MgO (but not NiO) reveals that the
reduction of NiO proceeded faster than that of MgO. SEM image of the product
given in Fig. 4.5 (b) shows again a particulate structure, less coarse than that

obtained from electrodeoxidation of pure NiO.
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Figure 4.3 Current—time data collected during electrodeoxidation of NiO at 900
°Cwith 3.2 V.
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Figure 4.4 NiO pellet; X-ray diffractogram of the sample (a) before and (b) after
electrodeoxidation, at 900 °C for 24 hours (3.2V). (c) refers to SEM image of the
reduced sample.
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Figure 4.5 MgO:NiO=1:2 pellet; (a) X-ray diffractogram and (b) SEM image of
powders after electrodeoxidation for 24 h at 900 °C with 3.2 V.

Although the oxide mixture MgO:NiO=1:2 after the electrolysis contains a
certain fraction of MgO, this fraction is not enough to convert all Ni into MgNi,.
This implies that a certain fraction of MgO either in partially or fully reduced
form was lost from the cathode, probably as a result of dissolution in the
electrolyte. This was checked by examining a sample taken from the electrolyte
after the electrolysis. The sample was dissolved in water and the resulting
residue was analyzed by EDS. The amount of Mg when scaled for 1 kg of
electrolyte was approximately 0.09 g. This is nearly 15 % of the total Mg in the

cathode.

The mixture MgO:NiO=2:1 could not be electrolyzed at 900 °C, since the target
composition Mg,Ni is liquid at that temperature. The experiments were therefore
carried out at 725 °C, safely below the melting point of Mg,Ni (760 °C). As
given in Fig. 4.6 (a), the pellet, after 24 hours of electrolysis, contained only a
small fraction of metallic phases: Mg,Ni, MgNi, and Ni. The rest, i.e. 82 wt % of
the sample, was unreduced oxides. The final pellet was easy to grind and SEM

image of the pulverized product, given in Fig. 4.6 (b), had a non-metallic
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Figure 4.6 MgO:NiO=2:1 pellet; (a) X-Ray diffractogram and (b) SEM image of
powders obtained after electrodeoxidation for 24 hours at 725 °C with 3.2 V.

appearance. For pure MgO, electro-deoxidation was even more difficult. The
electrolysis carried out at 600 °C did not lead to any reduction. No trace of Mg

could be detected in the sample after 24 hours of electrolysis at 3.2 V.

In attempt to reduce the MgO rich mixtures, separate experiments were carried
out at 5 V which is well above the decomposition potential of the electrolyte.
Fig. 4.7 shows the current-time plot recorded for MgO:NiO =2:1 mixture. As
seen in the figure, the current fluctuates quite erratically, probably as a result of
reactions leading to Cl, evolution (Peng et al., 2010). The experiment was quite
successful for MgO:NiO=2:1 mixture. The pellet electrolyzed for 24 hours at
600 °C was reduced almost fully to the metallic state. The phases were MgNi,
MgNiz, Mg (OH), and a small amount of MgO (5 wt %). The presence of
Mg(OH); is probably due to the reaction of metallic Mg with H,O used to
separate reduced pellet from the salt after electrolysis. The experiment with pure
MgO, however, was not as successful. The electrolysis with 5 V at 600 °C
yielded only trace amount of Mg,Ca and Mg(OH),, both adding up to about 1 wt
%, the rest being MgO. Thus, even the application of 5V was not enough to
reduce the MgO pellet.
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Figure 4.7 Current-time data collected during electrodeoxidation of
MgO:NiO=2:1 affected with 5V at 600 °C.

Returning to the results obtained with 3.2 V, it should be pointed out that, of the
four metallic phases aimed in the current work, the ease of reduction closely
parallels the values of the standard reduction potentials reported in Table 4.1.
The reactions in the table were listed according to their reduction potentials (at
725 °C). Accordingly, the reductions become more and more difficult as one

moves from Ni rich compositions to Mg rich ones.

The ease of reduction in NiO could be attributed to its low, in fact positive,
reduction voltage as well as to the other factors such as its high conductivity (see
below). Similar observations were made in a study by Qiu et al. (2005) in which
100-200 micrograms of NiO powders were reduced successfully within a few
minutes at 900 °C.

The oxide mixture targeted for MgNi, was also reduced relatively easily. Here,
the difficulty was in the production of samples with desired stoichiometry since
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there was some loss of Mg from the cathode during the electrolysis. Still, the
electrolysis of MgO:NiO=1:2 mixture is not unlike that of NiO, i.e. the mixture
resulted in a reduction which is nearly complete. Also, as NiO has very low
reduction potential, formation of a Ni-rich environment in the pellet probably
enhanced the reduction of MgO in the oxide mixture. Similar arguments were
put forward by Ma et al. (2006) and Yong et al. (2006) in explaining the

enhanced reduction of TiO; in the presence of Fe,O3 and NiO.

The loss of Mg during the electrolysis appears to be the major obstacle for the
desired quantity of compound formation. Conditions in the pellet should be such
that Mg upon reduction should react with Ni, which had been reduced earlier in
the process, forming the targeted compound. Circumstances that favor compound
formation are well documented in the earlier studies. One approach is to carry
out the electrolysis under high potential. In such conditions as explained by
Yong et al. (2006), the differences in the reduction rate of the oxides are
diminished and all elements are extracted in the same time scale, which would
allow them to react with one another resulting in the compound formation. The
other approach is the solutionizing of the oxide mixture itself (Qiu et al., 2006;
Qiu et al., 2005). In this case, the metallic species being present in the same
oxide phase are close to each other, which upon reduction could react easily with
one another. The latter approach would be particularly suitable for the current
system since the oxides NiO and MgO have complete solid solubility. Thus, it is
possible to form MgO and NiO in a single-phase structure in which Mg:Ni ratio

can be adjusted to any preselected value.

Current experiments show that the reduction of MgO via electro-deoxidation is
an extremely difficult task. This is true for the mixture targeted for Mg,Ni as
well as that for the pure Mg.. For instance, after 24 hours of electrolysis of
MgO:NiO=2:1 mixture yielded only a small fraction of metallic phases, four-
fifths of the pellet still remained as oxides. This implies that the phases in the

oxide mixture do not behave independently. If they were, NiO could have been
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reduced to pure Ni totally, leaving behind MgO. In a pellet with porosity in the
order of 40% or so, this situation could be partially attributed to the insufficient

conductivity of the pellet.

To check this, the electrical conductivities of the oxide pellets were measured
with a two-probe technique. The results, given in Fig. 4.8 (a), verify that the
conductivity of MgO differs drastically from that of NiO. The value for MgO at
room temperature is close to 10** ohm™ cm™, i.e. five orders of magnitude less
than that of NiO. It is also interesting that the conductivities of the mixtures are
also quite different. While NiO rich mixture, i.e. MgO:NiO=1:2 has a value
intermediate between those of MgO and NiO, the same does not hold true for

MgO:NiO=2:1. This mixture has almost the same conductivity as pure MgO.

Clearly, in mixtures corresponding to Ni and MgNi,, NiO is the continuous
phase with the result that conductivity of the pellet is close to that of NiO. Thus,
the pellet in such mixtures benefits from the high conductivity of the host phase.
In MgO:NiO=2:1 mixture, it appears that MgO is the continuous phase and the
presence of NiO which occurs as isolated islands, does not exert a pronounced
influence on the conductivity. Thus, the conductivity of the MgO rich mixture

does not differ significantly from that of pure MgO.

It should be mentioned that conductivities measured for MgO and the MgO rich
mixture are not unlike those expected for other insulating oxides such as ZrO,
and SiO,. The latter oxide, for instance, was reduced quite successfully by
increasing the number of contacting points in the cathode (Nohira et al., 2003).
Chen and co-workers (Jin et al., 2004; Xiao et al., 2006) formalized this by
three-phase interline model according to which the reduction proceeds along
conductor/insulator/electrolyte interlines into the insulator oxides. Obviously,
this mechanism was not operative in the current samples as experiments carried
out by pellets sandwiched between two metallic plates did not lead to noticeable

improvements.
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Figure 4.8 (a) Electrical conductivities of MgO, MgO:NiO = 2:1, MgO:NiO =
1:2 and NiO at room temperature, and (b) conductivity values as a function of
temperature up to 600 °C for MgO and MgO:NiO = 2:1.

It is apparent that the oxides in the current system, both MgO and NiO, differ
from most of the other oxides in the details of their electro-deoxidation.
Electroreduction of oxides, such as TiO, (Dring et al., 2006), Nb,Os (Wu et al.,
2008) and B,03 (Ors et al., 2009), Cr,0O3 (Hyslop et al., 2010) and Ta,Os (Song
et. at.,, 2010), involve the formation of intermediate phases which, in the
respective order, are CaTiO3, CaNbO3, CaB,0,4, CaCr,0,4, CaCr,04 and calcium
tantalates. Thus, the reduction in these oxides is not a direct process but occurs
through these intermediaries. This is also true for ZrO, and SiO, where as
mentioned by Peng et al. (2008) and Yasuda et al. (2007), CaZrO3; and CaSiO3;
do form during their electrodeoxidation. The electroreduction of Al,O; to Al
(Xie et al., 2009), as has recently been reported by Yan and Fray (2009),
similarly, involves the formation of calcium aluminates. Thus, in the three-phase
interline where the reduction proceeds, it is not the starting oxide but the
intermediate phase, which is in contact with the conductor and the electrolyte.
Thus, the formation of intermediate phases such as CaSiOs, CaZrOs or calcium
aluminates is expected to alter the conditions for electroreduction including the

local conductivity of the pellet. MgO (and also NiO) in contrast do not form such
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intermediate phases. Therefore, the insulating nature of MgO is not altered

during the electrolysis.

Values of conductivity reported above refer to oxides at room temperature. Since
the electrolysis was carried out at elevated temperatures, the applicable values
are much higher than those reported above. Conductivities of MgO and
MgO:NiO=2:1 mixtures were measured at temperatures up to 600 'C and are
reported in Fig. 4.8 (b). The conductivity of MgO rises to 10”° ohm™cm™, and
that of MgO:NiO=2:1 to 10 ® ohm™ cm™ at 600 'C. The values measured for
MgO are comparable with those reported by Lewis and Wright (1968). The
conductivity of NiO on its own was not measured in this study, but the reported
values are as high as 102 ohm™ cm™ at 600 'C (Mitoff, 1961). Since NiO can be
electrodeoxidized quite successfully at this temperature, the value of 10? ohm™
cm™ can be taken as a rough measure of the required conductivity. Then, to
reach this value in MgO, using the temperature dependence of conductivity
given by Lewis and Wright (1968), the required temperature needs to be as high
as 1500 °C.

Electrolysis at elevated temperatures may be employed for Mg compounds of
high melting points but for the current compositions of Mg,Ni and pure Mg,
which have the melting points of 760 'C and 650 "C, this approach would not be
relevant. Clearly, for successful electro-reduction of MgO rich mixtures, it would
be desirable to find processing techniques that would render pellets with an
acceptable conductivity. Evidently, any processing techniques that would disrupt
the continuity of MgO phase would be helpful in this respect. But to increase the
conductivity to its highest possible level, it is necessary to develop carefully
tailored microstructures in the oxide pellets. One possibility, which might be
relevant for MgO:NiO:2:1, would be to make NiO the host phase, i.e. NiO,
though small in its proportions, could be distributed in a manner that could
preserve its connectivity while enveloping each and all MgO particles.
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4.4 Conclusion

A study was carried out on the synthesis of Mg-Ni compounds as well as pure Ni
and Mg from their oxides using the method of electro-deoxidation. The oxides
were in the form of discrete phases, NiO and MgO, 3.2 um and 1.9 um in size
respectively, suitably proportioned to yield Ni, MgNi;, Mg;Ni and Mg. The
oxides were electrolyzed in a eutectic mixture of CaCl,-NaCl solution
maintained at a constant temperature (900 °C - 600 °C), using a graphite anode at

an applied voltage of 3.2 V.

The following can be concluded from the current study:

i) NiO with positive reduction potential can be reduced quite successfully to a
metallic state at temperatures studied in this work. The oxide mixture
MgO:NiO=1:2 can also be deoxidized to a metallic state comprising the phases
MgNi; and Ni.

i) MgO rich mixtures are difficult to reduce via electro-deoxidation. The
mixture MgO:NiO=2:1 can be reduced to metallic phases only in small
proportions. Difficulties in the reduction of MgO and MgO rich mixtures are

attributed to low conductivity of MgO.

Further, the low conductivity of the latter compositions is due to MgO being the
continuous phase. It is therefore suggested that the conductivity and thus the
reducibility of the oxide mixtures would be improved if NiO could be made the

host phase.
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CHAPTER 5

A COMPERATIVE STUDY FOR ELECTRODEOXIDATION
OF NiO, MgO, Fe,0O; AND TiO, BASED ON OXYGEN
PERMEABILITY

5.1 Introduction

Electro-reduction techniques provide a simple and cost effective route for
synthesis of transition metals, e.g. Ti, Cr, Ni and Nb, and rare-earths, e.g. Th and
U, from their oxides (Chen et al., 2000, Chen et al., 2004; Qiu et al., 2005; Wang
and Sun, 2006; Wang et al., 2006; Hur et al., 2003). Many compounds, such as
LaNis, FeTi, NiTi and NdCos, were also successfully obtained by electro-
reduction of oxide mixtures (Zhu et al., 2007; Tan et al., 2009; Jackson et al.,
2008; Abdelkader et al., 2010).

As shown in the previous chapters, reducibility of metal oxides do vary quite
considerably. Some oxides are deoxidized very easily, e.g. NiO, Fe,O3, while for
some others, e.g. TiO,, MgO, deoxidation is rather difficult to proceed or it halts
completely after a while. As the applied voltage is always higher than reduction
voltage of oxides, the difficulty in deoxidation is mainly attributed to slow
reduction of oxide pellets (Yan and Fray, 2009; Tripathy et al., 2007).

There might be many reasons for slow reduction of oxides. Wang and Li (2004)
state that the diffusion of oxygen in solid state, ionization of oxygen charge
transfer to electrolyte and pore diffusion of oxygen ions within electrolyte may

put Kinetic barriers for the electro-reduction process. Any condition that retards
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the oxygen transport from oxide pellet to anode decreases the deoxidation rate.
In order to avoid this, the properties of pellet, e.g. particle size, porosity and
thickness, as well as experimental conditions, i.e. temperature and voltage,
should be optimized (Yan and Fray, 2005; Mohandas and Fray, 2004).
According to Alexander et al. (2006), both nucleation and growth of the newly

formed phase are also critical for the rate of the deoxidation process.

In order to explain the deoxidation of metal oxides, different models were
proposed in recent years. Three-Phase Interline (3P1) model looks at the electro-
deoxidation of metal oxides from electrochemistry point of view (Xiao et al.,
2006). It allows calculation of deoxidation rate for an insulating metal oxide, e.g.
SiO,. The model successfully shows how the applied voltage, time and
overpotential are correlated and affect the deoxidation process (Wang et al.,
2008).

Yan and Fray (2005) developed a conceptual model to show how the deoxidation
initiates and propagates in a porous metal oxides pellet. Based on experimental
results and 3PI model, this model is helpful to demonstrate and predict kinetics
of electro-reduction process by examining products obtained from interrupted
deoxidation experiments. A similar approach was also used to determine the

deoxidation pathway of Fe,O3-TiO, mixtures, see Chapter 3.

Assadi (2006) developed a phase-field model in order to estimate how
deoxidation starts and proceeds in a non-porous metallic pellets. In this 2D
model, it was stated that the rate of deoxidation depends on diffusion of oxygen
in solid state. Kar and Evans (2008) developed a shrinking core model in order to
explain propagation of deoxidation in TiO, pellet. This model emphasizes on
oxygen diffusion in sub-oxides, considering that they are neighbors of each

other, i.e. connected series, in the oxide particle.
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In this chapter, a study was carried out to look at electro-deoxidation of a metal
oxide particle in contact with a molten salt electrolyte. The approach emphasizes
the importance of oxygen permeability for propagation of deoxidation.
Reduction of oxides, namely NiO, MgO, Fe,03 and TiO,, by electro-deoxidation

was examined from this point of view.
5.2 Reduction Routes in Electro-deoxidation

Relative stabilities of phases in electro-deoxidation process are shown in Fig.
5.1. As seen from the figure, the initial oxide is thermodynamically more stable
than metal to be produced. Ca-bearing oxides, see Fig. 5.1, are known to be more

stable than the initial metal oxide and its sub-oxides (Alexander et al., 2006).

Formation of sub-oxides and Ca-bearing compounds, however, depends on the
metal oxide to be reduced. Fig. 5.1 shows possible routes of electro-deoxidation,
i.e. Ry, Rz, R3 and R4. Synthesis of pure metal could take place directly in a

single-step process, i.e. via R;. For an oxide, e.g. MO, the cathodic reaction is:
MO ¢ + 26" = M) + O (5.1)

In deoxidation of some oxides, initial oxide may decompose into a sub-oxide and
a Ca-bearing compound as given by R, in Fig. 5.1. In this case, some of the
electrons gathered from current collector are used to convert the initial oxide,

MO,, to Ca-bearing compound by following reaction:
MOz + xCa* + 2xe = MqOw s) + CaxMpOc (5) (5.2)

Here, CayMyO; is Ca-bearing compound and MqOy is a sub-oxide. While Ca-

bearing phase forms, the sub-oxide, i.e. MqOw, is reduced simultaneously by:

MOw ¢ + 2We = gM + wO* (5.3)
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Figure 5.1 Different deoxidation routes in electrodeoxidation process.

It worths to note that Ca-bearing compounds are more stable than sub-oxides and
they are consumed only in the later stages of deoxidation, see Chapter 3. This is
already illustrated in Fig 5.1 where Ca-bearing oxides are shown to decompose

into sub-oxides.

A third route in electro-deoxidation may follow R3 in Fig. 5.1. Here, only Ca-

bearing compound forms by a chemical reaction given by:
M,Oys + 2Ca*" +z0% = Ca;MyO¢ ) (5.4)
The reaction given in Eq. 5.4 is thermodynamically favorable for many oxide

systems (Yan, 2008). Subsequent to the formation of Ca-bearing compound, its

reduction to pure metal may occur by:
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Ca;MOy+, ) + 2ye" = XM(s) + zCa** + y+z0* (5.5)
It is known that Al,Oj3 is reduced in this way (Yan and Fray, 2009).

The fourth route, Ry, involves stepwise reduction of an oxide through its sub-
oxides, see Fig. 5.1. Here, Ca-bearing compounds do not form as they are
thermodynamically unstable at reduction conditions or Ca-M-O system does not
involve those compounds at all. Previous studies show that reduction of Fe,O3

occurs in this way (Li et al., 2009).
5.3 Oxygen Permeability in Electro-deoxidation Process

Fig. 5.2 shows a schematic drawing of a single oxide particle (MxOy) in contact
with electrolyte from its one side and well attached to the current collector from
other side. The directions of oxygen and electron flow are also indicated in the
figure. Electrons transferred from current collector are transported to reduction

front. Similarly, there is a net oxygen flow out of the oxide particle.

The approach presented here is similar to 3Pl model stating that oxygen flow
occurs from pellet to the electrolyte. However, it differs from 3P1 model such
that the oxide is electronically conducting while in 3Pl model the electron
transfer is achieved only by a metallic conductor. In case of non-conducting
oxides, the presence of a metallic conductor at solid-electrolyte interface
delivering electrons form current conductor, such as a metallic wire, is
beneficial. However, Fig. 5.2 offers a simple way to explain the development of
deoxidation in an oxide particle and as a result preferred in this study.

In Fig. 5.2, it is considered that the initial reaction of metal oxide results in the
formation of a reacted layer at the oxide-electrolyte interface. The chemistry of
the reacted layer depends on the deoxidation route followed in reduction process,

see Fig. 5.1. It can be made out of only sub-oxides or can be mixture of Ca-
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bearing compound plus sub-oxides. Reduction of the reacted layer yields the
target metal at the outermost surface of the oxide particle. These layers are

separated by boundaries numbered form 1 to 3 in Fig. 5.2.

For such an oxide particle, the progress of deoxidation depends on two
processes: conversion of oxide (MyOy) to the reacted layer, as given in Eq. 5.2
and 5.4, and conversion of the reacted layer to the target metal (M), given by Eq.
5.3 and 5.5. The conversion reactions occur by transport of oxygen. If the layer
has a contact with electrolyte, the oxygen removal occurs directly from solid to
electrolyte. If the solid phase does not have a contact with electrolyte, the oxygen

is transferred to the adjacent solid layer towards electrolyte.

The direct removal of oxygen ions form solid to the electrolyte occurs when
there is a between the reactant solid phase and the electrolyte. For example, in
order to convert the metal oxide to the reacted layer, both previously converted
metal and reacted layer must be fragmented. The fragmentation can be induced
by volume incompatibilities between initial and final phases. Thus, there should
be extensive difference between normalized molar volumes of target metal,

reacted layer and metal oxide. The molar volume:

MW (5.6)

V. = ——
0

m
Here, MW is the molecular weight of material (g/mol), p is density of material
(g/cm®) and V,, is the molar volume of the material (cm*mol). This quantity is

normalized with respect to a mole of metal atom.
If there is an extensive change in normalized molar volume during deoxidation,

the product phase loses its physical integrity and breaks into pieces. By this way,
the electrolyte could penetrate into solid phase and reactions given in Eq. 5.2-5.5
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can proceed occur. If this is not achieved, deoxidation process slows down or

may stop altogether.

A similar argument on porous structure of product was developed by Chen et al.
(2000). The fragmentation of solid is the basis of 3Pl model as the formation of
new 3PI relies on the penetration of electrolyte (Wang et al., 2008). Alexander et
al. (2006) discussed the volume change in reduction of TiO, and stated that the
volume change in the solid is critical for the progress of deoxidation. Recently,
Li et al. (2010) stated that the change in molar volume must lead to shrinkage of

solid while in volume expansion or limited shrinkage, deoxidation may retard.

For deoxidation to proceed without fragmentation, the oxygen must be
transferred to the adjacent layer. Then, this adjacent layer must have sufficiently
high oxygen permeability so that the oxygen transport and electrodeoxidation

occurs. The permeability of oxygen, P, can be defined by:

P=SxD (5.7)

Here, S is the solubility and D is the diffusivity of oxygen in solid.

If oxygen permeability of a layer is low, then deoxidation process slows down.
Deoxidation may halt completely due to extremely low oxygen permeability of a
layer. In a successful deoxidation, oxygen is transported through layers. Once the
oxygen reaches to the boundary where solid is in contact with electrolyte, it is

transferred to liquid by electrochemical reaction.

Two extreme cases for deoxidation are illustrated in Fig. 5.3. Fig 5.3(a)
represents the case in which normalized molar volumes of all layers are different
from each other. This results with the fragmentation of each layer through which
the electrolyte could penetrate. Thus, the conversion form oxide (MyOy) to
reacted layer and conversion from reacted layer to target metal (M) occur one

after the other.
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Figure 5.2 The schematic illustration of a metal oxide, MOy particle during
deoxidation. Different layers may form during the process.
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Figure 5.3 Different cases in deoxidation of oxides: (a) layers are fragmented;
(b) no fragmentation in layers.
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Fig 5.3(b) represents the case in which both reacted and metal layers are in place
without fragmentation. In this case, the normalized molar volumes of metal,
reacted layer and metal oxide are nearly the same or the difference could be
compensated by the system. The physical integrity of the system allows transport
of oxygen ions only from one layer to another. However, the success of
deoxidation depends on the oxygen permeability of each layer. If oxygen ions
move through each layer successfully, the deoxidation occurs at

metal/electrolyte interface, i.e. boundary number 3.
5.4 Examination of Different Oxide Systems

While Fig. 5.1. and Fig. 5.3 give a general view on deoxidation, it is useful to

examine different oxide systems, i.e. NiO, MgO, Fe,Ozand TiO..

5.4.1 Deoxidation of NiO

As reported in Chapter 4, NiO was successfully deoxidized to Ni at 900 °C by
applying 3.2V. After 24 h of deoxidation, XRD of the product has only Ni peaks
showing complete deoxidation, see Fig. 4.4. SEM analysis showed that the Ni
particles are fused together forming particles up to 10 um in size. In current-time
plot recorded during deoxidation, Fig. 4.3, the current cascade down to 0.1 A
within 3 h. This implies that the reduction is fast and completes in a duration
much shorter than 24 h. Previous studies do confirm this fast reduction of NiO at
ordinary deoxidation temperatures, i.e. 850-950 °C (Jackson et al., 2010).

Easy reduction of NiO is the result of different properties of the oxide. The
reduction voltage of NiO is +0.22 V and +0.33 V at 600 °C and 900 °C,
respectively, see Table 4.1. The conductivity of NiO pellet is high, 10° ohm™
cm™ at room temperature, see Chapter 4. It is known that the conductivity
increases further with increase in temperature (Antolini, 1992). There is no sub-
oxide of NiO. Also,it is difficult to substitute Ca** ion in NiO (rca”" = 1.0 A ryi®*
=0.7 A) (Barsoum, 2002).
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The characteristics of NiO reported above imply that the reduction of NiO occurs
by route R1, Fig 5.1. The reduction occurs in a single step process without
formation of Ca-bearing compounds. This is parallel to what was observed in
previous studies (Qiu et al., 2005). Sub-oxides and Ca-bearing compounds do
not form in the oxide pellet during deoxidation of NiO meaning that the reacted

layer does not form. Thus, the applicable cathodic reaction has the form:
NiO + 26 = Nig + O” (5.8)

Table 5.1 shows normalized molar volumes of NiO and Ni. As seen from the
table, molar volume of Ni is ca. 37 % smaller than that of NiO, i.e. there is
considerable shrinkage during deoxidation. This implies that the deoxidized parts
fragments into pieces. Oxygen removal form NiO occurs via oxygen transport
between oxide and electrolyte.

Table 5.1 Normalized molar volumes of NiO and Ni at 900 °C. The percent
change in volume, when all oxygen is removed, is given in the last column.

) _ Normalized %
_ Molecular Weight Density
Material 3 Molar Volume  Change
(g/mol) (g/cm?) 3 )
(cm?®/mol Ni)
NiO 74.69 6.67 11.20 - 36.33
Ni 58.69 8.23 7.13 -

The progress of deoxidation in NiO particle is schematically shown in Fig. 5.4.
Here, metallic Ni forms in front of NiO as a porous non-blocking layer, allowing
transport of electrolyte. As the electrolyte can reach to NiO surface, reduction

can proceed by Eqg. 5.8.
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Figure 5.4 The progress of deoxidation in NiO. Note that reacted layer does not
form during process and the metallic Ni is non-blocking.
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It is worth to examine the deoxidation of NiO from atomistic point of view. In
deoxidation of NiO, oxygen is removed from the surface of the oxide particle
continuously. This is schematically shown in Fig. 5.5. The removal of oxygen
ions result in formation of oxygen vacancies in the oxygen sub-lattice. The
defect reaction representing the oxygen removal form NiO lattice is given by:

Ni) +OZ +2e” = Ni +V" +0* (5.9)

In fact, this is equal to the deoxidation reaction given in Eq. 5.8. Here, Ni*y; and
0o represents Ni atom in nickel site and oxygen atom in oxygen site,
respectively; V7o is oxygen vacancy with relative charge 2+ and Ni’’y;

represents nickel atom with relative charge 2-.

As seen from the equation, the reduction reaction creates a metallic Ni at Ni site
and a neutral oxygen vacancy in oxygen sub-lattice. The formed oxygen ion is

transferred to molten salt through NiO/electrolyte interface.
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Figure 5.5 Motion of oxygen ions and oxygen vacancies in deoxidation of NiO.
Gray spheres represent oxygen ions and black ones represent Ni atoms.
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The reaction given in Eq. 5.9 implies that NiO/electrolyte interface behaves as a
source for oxygen vacancies. As a result, it is considered that the vacancy
mechanism dominates for the transport of oxygen in NiO although both
interstitial and vacancy mechanisms were proposed for oxygen diffusion in NiO
(Keeffe and Moore, 1961). The motion of oxygen ions and vacancies are in
opposite directions in NiO, Fig. 5.5. Reported diffusion coefficient value for
oxygen in NiO lattice is between 107°-10™ m?/s at 900°C (Keeffe and Moore,
1961; Dubois et al. 2006).

Reactions given in Eg. 5.9 and Fig. 5.5 means that the formation and motion of
vacancies creates an oxygen gradient in NiO particle, i.e. the closer to the
NiO/electrolyte interface, the lower the oxygen concentration is . This gradient
results in a gradual volume change in the solid lattice. Once the shrinkage
reaches to a critical value, system could not tolerate it and a part of NiO
accommodating reduced Ni separates from the main lattice by fragmentation.
Thus, oxide surface continuously breaks-up leaving pieces while electrolyte
penetrates through them. As a result, neither Ni nor oxygen deficient NiO

surface do not behave as a blocking layer in reduction of NiO.

5.4.2 Deoxidation of MgO

Experimental results show that the reduction of MgO is quite difficult. As given
in Chapter 4, the attempt to reduce pure MgO in CaCl,-NaCl eutectic was not
successful at 600 °C. It was found that oxide pellets remain intact after
deoxidation for 24 hours. A similar result was obtained when the reduction is
conducted in CaO added electrolyte (Cox and Fray, 2002).

The difficulty in deoxidation of MgO could be attributed to several reasons. The
reduction voltage of MgO is - 1.64 V at 600 °C. This is much higher than the
voltage necessary to reduce many oxide systems, see Fig. 2.5. The high
reduction voltage puts an important barrier for deoxidation of MgO leaving little

overpotential to overcome different polarizations, see 3Pl model in Chapter 2.
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It is also shown in Chapter 4 that sintered MgO pellets exhibit quite low
conductivity both at room temperature and at 600 °C, 10-10° ohm™ cm™,

respectively. In fact, MgO is known as an insulating oxide (Stankic et al., 2005).

There are also other factors which may limit the deoxidation of MgO. As the
melting point of Mg is 650 °C, the reduction temperature should be kept around
600 °C. Cox and Fray (2002) state that there might be mass transport limitation

for oxygen in both solid and liquid state due to low deoxidation temperature.

The reduction route for MgO has not been reported yet. However, structurally
MgO is very similar to NiO: it has rock-salt structure, it does not have a sub-
oxide and Ca* does not incorporate into MgO lattice. As a result, the reduction
of MgO is expected to occur similar to that of NiO, i.e. in single step process

without formation of the reacted layer.

Table 5.2 shows normalized molar volumes of MgO and Mg. It can be seen that
with deoxidation of MgO, 35 % expansion in the volume occurs at 600 °C. This
is opposite to what was mentioned for reduction of NiO. It is considered that 35
% of volumetric expansion in metallic magnesium results in very limited

fragmentation or it can be accommodated without the fragmentation of Mg layer.

Table 5.2 Normalized molar volumes of MgO and Mg calculated from
molecular weight and density of materials. Molar volume of Mg is calculated
for 600 °C. The percent change in volume, when all oxygen is removed, is
given in the last column.

) ) Normalized %
) Molecular Weight  Density
Material 3 Molar Volume Change
(g/mol) (g/cm?) 3
(cm®/mol Mg)
MgO 40.30 3.58 11.26 +34.9
Mg 24.31 1.60 15.19 -
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Once it is formed, Mg layer may maintain its volume, introducing significant
amount of local stress to its surrounding, or it may expand out of the oxide
particle. In any case, magnesium layer is expected to form between oxide and

electrolyte with very limited fragmentation, see Fig. 5.6.

The physical integrity of Mg layer has an important consequence: the
deoxidation could not proceed through oxide/electrolyte interface. The
expanded, but non-fragmented, Mg layer prevents the penetration of electrolyte
and the formation of new oxide-electrolyte contacts. In a recent study, Li et al.
(2010) reached the same conclusion for MgO by stating that the volume

expansion is the main reason in MgO system yielding failure of deoxidation.

For deoxidation to proceed in MgO, oxygen must transfer to Mg layer, transport
through it and finally leave from the solid at Mg/electrolyte interface. In this

case, the deoxidation can be given by two reactions in series:

Omgoy = Otmg) (510)
Oug) +28° = Mg +0* (5.11)

, which sum up to give:
Ougoy +26~ = Mg +0* (5.12)

Apparently, oxygen permeability in Mg is critical. It is known that the solubility
of oxygen in Mg is in extremely small, i.e. in the order of ten ppm (Kofstad,
1972). Consequently, the amount of oxygen that could be transported through
Mg is very limited. Meanwhile, the diffusion of oxygen in Mg is expected to be
extremely slow, as for hcp metals, the activation energy for oxygen diffusion is
as high as 350 kJ/mol (Khanna, 2002).Thus, the permeability of oxygen in
magnesium must be extremely low. As a result of fairly low oxygen permeability

in Mg, the deoxidation does not proceed but halts completely.
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Figure 5.6 Deoxidation of MgO. Note that Mg forms a blocking-layer between
MgO and electrolyte.

Similar to transport in metallic Mg, transport of oxygen in MgO is also critical.
Different values for oxygen transport in MgO were reported in the literature, i.e.
diffusion coefficient values are between 10%° — 10?* m?/s at 900 °C (Harrop,
1968). Large ionic radius of oxygen ion makes the oxygen transport difficult to
occur in MgO lattice at low temperatures. As a result, the rate of oxygen transfer

from MgO to Mg is also very limited.

To sum up, since physical integrity of magnesium layer is maintained and
oxygen permeability of Mg is extremely low, magnesium behaves as a blocking
layer in deoxidation of MgO. The low reducibility of MgO is due to this
blocking nature of Mg layer that could envelope MgO where it is in contact with

electrolyte.

5.4.3 Deoxidation of Fe;O3

As it is shown in Chapter 3, deoxidation of Fe,O3 occurs rapidly. Metallic iron
could be obtained within a few hours at 900 °C when 3.2 V is applied between
porous Fe,O3-TiO, pellet and the graphite anode. This is in agreement with Qiu
et al. (2006), who reported rapid formation of Fe from Th4O7-Fe,O3; mixtures.
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Haarberg et al. (2009) examining the deoxidation of pure Fe,O3 in CaCl,-CaO

electrolyte found that the deoxidation completed within a few hours.

Facile deoxidation of Fe,O3; to form Fe could be attributed to low reduction
voltage of Fe,Os. As it is mentioned in Chapter 2, reduction voltage of hematite
is between zero and +0.17 V at 600 - 900 °C, respectively. Complete reduction
of Fe,O3to Fe was reported even at applied voltages of as low as 1.0 V at 800 °C
(Li et al, 2009).

As shown in Chapter 3, deoxidation of Fe,O3 occurs in two steps: reduction to
FeO and then the formation of Fe. It should be noted that while Ca-Fe-O system
has many ternary compounds, i.e. CaFe,O,4, CayFe,0s, CaFe 07, they were not
detected in partially reduced samples (Hillert et al., 1990). Li et al. (2009)
conducted deoxidation experiments with pure Fe,O3 and concluded the same for

the reduction pathway.

The studies reported above imply that a semi-reduced Fe,O3 oxide particle is
composed of three layers: Fe,O3 as unreacted part, FeO as reacted layer and Fe
as metallic product. Rapid deoxidation of Fe,O3 implies that metallic layer and

reacted layer have non-blocking characteristics.

Normalized molar volumes of Fe;O3, FeO and Fe are given in Table 5.3. Table
5.3 demonstrates that both Fe and FeO have lower molar volume than Fe,Os3 has.

As a result, some shrinkage is expected while Fe,Os is deoxidized to Fe.

In order to show volume change at each step of reduction, formation reactions of
FeO and Fe and corresponding volume changes are given in Table 5.4. As it can
be seen from the table, formation of FeO results in 18 % decrease in volume of
the solid. The amount of shrinkage is more pronounced when FeO is reduced
into Fe, i.e. 39 %.

96



Table 5.3 Normalized molar volumes of Fe,O3;, FeO and Fe. The percent
change in volume, when all oxygen is removed, is given in the last column.

_ ) Normalized %
) Molecular Weight  Density
Material 3 Molar Volume Change
(g/mol) (g/cm?) 3
(cm°/mol Fe)
Fe,O3 159.69 5.24 15.24 -50.18
FeO 71.84 5.75 12.49 - 39.21
Fe 55.85 7.36 7.59 -

It is considered that shrinkage in FeO and Fe results in fragmentation of the
solid. It is known that thin Fe-O scales may deform in a brittle manner at
temperatures between 700 °C and 1000 °C (Hidika et al., 2003; Suarez et al.,
2009). Thus, fragmentation of FeO phase is highly probable for 18 % shrinkage.
The final reduction from FeO to Fe introduces high shrinkage in the solid, 39 %.

This results in formation of Fe islands, leaving porosity between them.

The physical state of a Fe,Og3 particle during deoxidation is shown in Fig. 5.7. As
seen in the figure, both reacted and metallic layers are porous networks of small
particles. The porosity allows transport of electrolyte towards inner parts of the
oxide particle. By this way, reactions given in Table 5.4 could proceed

continuously at the surfaces of Fe,O3 and FeO.

Table 5.4 Volume change in solid state for stepwise reduction of Fe;O3. Note
that the value is calculated for 1 mole of reactant.

Reaction % Change
Fe,0;, +4e = 2FeQ,, +20* -18.05
-_ 2- -39.23
FeO, +2e =Fe, +0
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Figure 5.7 The schematic representation of deoxidation of Fe,O3 particle.

Fig. 5.8 shows the progress of electrodeoxidation in Fe,O3 particle according to
explanation given above. As it can be seen from the figure, both FeO and Fe
form at the beginning of deoxidation while the amount of Fe,O3 decreases with
time. The non-blocking nature of both FeO and Fe layers allow transport of
electrolyte through each layers and formation of new sites for oxygen removal.

The reduction is completed with the full conversion of FeO to Fe.

It is known that Fe,O3 is a stoichiometric oxide and solubility of oxygen in Fe is
quite low. Thus, the diffusivity of oxygen in both phases is not a big concern.
However, it is known that FeO has some oxygen solubility above 600 °C. Then,
oxygen transport in the solid FeO could be crucial for deoxidation of FeO.
According to Hembree and Wagner (1969), the diffusion coefficient of oxygen
in FeogsO lattice is nearly equal to 5x10™* m%s at 800 °C. Activation energy
value for oxygen diffusion in the lattice is 326 kJ/mol (llschner et al., 1964). It
should be noted that the reported diffusion coefficient value of oxygen in FeO is
much higher than that in similar oxides, i.e. MgO and CoO. For the latter, values
are between 10™° -10* m%s at 900 °C (Harrop, 1968). Thus, high diffusion of

oxygen in FeO allows facile oxygen removal from this phase.
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Figure 5.8 The progress of deoxidation in Fe,O3. Note that FeO and Fe are non-
blocking.
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To sum up, extensive normalized molar volume change during the deoxidation
of Fe,O3 allows the rapid deoxidation of Fe,O3;. Reacted layer, i.e. FeO, and
metallic Fe do not impede deoxidation as they fragment into pieces at the
deoxidation conditions. Meanwhile, comparatively fast transport of oxygen ions,
i.e. high permeability of oxygen, in solid FeO is helpful to achieve rapid

deoxidation.

5.4.4 Deoxidation of TiO;
As shown in Chapter 3, deoxidation of TiO, necessitates significantly long
reduction times at 900 °C. One reason for this is the complexity of Ca-Ti-O and

Ti-O systems and stepwise reduction of TiO,.

The difficulty in deoxidation of TiO, could be attributed to several reasons. TiO,
has many sub-oxides as Ti could posses many oxidation states. This forces the
system to be reduced in a stepwise manner. According to Mohandas et al.
(2004), oxygen removal from TiOx becomes more and more difficult as the
oxygen content (x) decreases, e.g. + 0.750V (vs. Na'/Na) and + 0.338V (vs.
Na'/Na) for TiO, and TiO, respectively. Meanwhile, these oxides may have
completely different physical properties. For example, TiO is an electronic
conductor while TiO, is a semiconductor (Barsoum, 2002). Such variations in

the oxide pellet also make TiO, system difficult to examine.

As shown in Chapter 2, deoxidation of TiO, does not occur directly but follows a
complicated route. Formation of CaTiOs; is one indication of this. The
complicated route in deoxidation of TiO, was also shown in other studies (Wang
and Lee, 2004; Dring et al., 2005). The most comprehensive study was
performed by Alexander et al. (2006) demonstrating that reduction of TiO,
occurs step-wise manner through the formation of sub-oxides, i.e. Ti4zO7, TizOs,
Ti,03, TiO and finally Ti(O). CaTiO3 and CaTi,O4also form during deoxidation.
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Normalized molar volumes of each phase observed in the reduction of TiO, are
calculated and given in Table 5.5. As it can be seen from the table some phases,
e.g. CaTiOg3, TisO7, have larger molar volumes than TiO, has while some others,
e.g. TizOs, TiO, have smaller molar volumes. Additionally, the percent change in
volume, when all oxygen is removed from each phase, is also shown in the table.
The normalized values show that the removal of oxygen results in volumetric

shrinkage for each material which can be as large as 70 %.

In order to understand the volume changes in solid-state, a reaction-based
analysis was performed. For this purpose, deoxidation route of TiO, proposed by
Alexander et al. (2006) is followed. The reaction sequence and related percent
volume change are given in Table 5.6. It is seen from the table that expansion in
solid occurs until the formation of CaTi,O4 It is already known that
incorporation of Ca** ion into the solid-state results in expansion of the crystal
structures. This expansion is apparent in the formation of Magneli phases. It may
be noted that in formation of Magneli phases, there is no removal of oxygen
from the solid-state.

Volume expansions associated with formation of Magneli phases varies between
3-15 %. These values are large enough to cause fragmentation of the phases
involved, as they have only limited deformation capabilities, even at elevated

temperatures (Li et al., 1996).

Formation of TiO occurs by disproportionation of CaTi,O,4, see Table 5.6. The
reaction brings about nearly 43 % volume shrinkage in the solid-state that is
enough for TiO to break up into pieces. Thus, one can state that at this stage of
reduction, gradual change in particle size and volume of the solid-state occur

leading to the formation of significant amount of porosity in the structure.

Reduction from TiO to Ti(O)x brings about 8 % decrease in volume. With the
removal of oxygen atoms from the surface, the mismatch between volume of

Ti(O)x and TiO results in the development stress in the in the Ti(O)y lattice.
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Table 5.5 Normalized molar volumes of materials observed in deoxidation of
TiO,. The percent change in volume, when all oxygen is removed, is given in
the last column. The molecular weight and density of Ti(O) were calculated by
assuming the material has 30 at % oxygen. Density of Ti(O) and Ti was
calculated for 900 °C.

Molecular ) Normalized
) Crystal ) Density %
Material Weight .. Molar Volume
Structure (g/cm?) 3 _ Change
(g/mol) (cm?®/mol Ti)
TiO; Tetragonal 79.87 4.25 18.79 -40.72
CaTiO;  Orthorhombic 135.94 3.98 34.15 -67.38
Ti4,07 Triclinic 303.47 4.34 17.48 - 36.27
Ti305 Monoclinic 223.60 4.35 17.13 - 34.98
Tiy03 Hexagonal 143.73 4.57 15.72 -29.15
CaTiO4 Orthorhombic 199.81 4.37 22.86 -51.04
TiO Cubic 63.87 4.95 12.90 - 13.66
Ti(O) Hexagonal 52.67 4.65 11.87 -6.14
Ti Hexagonal 47.87 4.29 11.14 -

Table 5.6 Volume change in solid state for stepwise reduction of TiO,. Note
that the value is calculated for 1 mole of solid reactant.

Reaction % Change
5TiO,, +Ca® +2e” =Ti,0,, +CaTiO,, +10.76
4Ti,0,,, +Ca* +2e” =5Ti,O; , +CaTiO, +4.10
3Ti,0;,, + Ca? +2e” = 4Ti,0,, +CaTiO,, +3.30
2Ti,0,,, +Ca?" +2e” =3TiO, +CaTiO, +15.84
CaTiO,, +TiO, =CaTi,0,, -3.28
CaTi,0, +2e” = 2TiO, +Ca® +0% -43.30
TiOy, +2(1-x)e- =Ti(0), + (1-x)0* - 8.00
Ti(0), +2xe =Ti, +x0* -6.14
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Previous studies show that the plasticity of Ti decreases in the presence of
interstitially dissolved atoms, i.e. oxygen, hydrogen and nitrogen (Wasz et al.,
1996). It was reported that even a few percentage of oxygen in Ti results in
brittle fracture of the metal upon deformation. Thus, the volume change causes
fragmentation of Ti(O)x layer in deoxidation. By this way, electrolyte reaches to

new surfaces penetrates and the deoxidation progresses continuously.

Further purification of Ti(O)x to Ti by removal of oxygen results in nearly 6 %
decrease in volume. It should be noted that the decrease is gradual and plasticity
increases in parallel with the increasing purity. Thus, there is a probability that at

that stage Ti purification does not bring a refinement in the size of particles.

As discussed above, non-blocking phases form during the course of deoxidation
process. This is schematically shown in Fig. 5.9. Here, the reacted layer has
multiphase structure composed of TisO7,Ti3Os, TiO3, TiO, CaTiO3; and
CaTi,04 and the metallic layer is simply Ti(O)x.
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Figure 5.9 The schematic view to TiO, particle during deoxidation. The reacted
layer is made out of CaTiO3 (black nodules) and different sub-oxides of TiO,
(white nodules). Metallic layer is Ti(O), where metal with less oxygen is shown
by lighter color.
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The development of deoxidation in TiO, particle is shown in Fig. 5.10. As stated
above both reacted and metallic layers are porous and non-blocking. Continuous
transport of electrolyte and Ca* ion is achieved through that porous structure. As
a result, Magneli phases and TiO form continuously in the reacted layer. Metallic
layer, which is made out of Ti(O), grows continuously during deoxidation.

Regardless of the rate of the other electrochemical and solid state events, such as
nucleation, oxygen transport in electrolyte, the study presented here
demonstrates that volume change does not impede the reduction at any stage of
deoxidation. Both reacted and Ti layers are porous and allow the transport of

electrolyte into the necessary sites where the deoxidation proceeds.

Apparently, reduction of TiO; involves many solid-state phenomena which could
be rate limiting. For example, according to Alexander et al. (2006), chemical
reaction in formation of CaTi,O, involves nucleation and growth processes

which slow down the completion of the process.

One reason of slow deoxidation at later stages of reduction in TiO, pellets is
slow diffusivity of oxygen in Ti(O)x. Reported diffusion coefficient values vary
between 10°- 10"2 cm?sec at 900°C (Stringer, 1960; Rosa, 1970). The
permeability is probably moderately high due to high solubility of oxygen while

the deoxidation proceeds slowly as the diffusion of oxygen is slow.

To sum up, change in volume in the solid state allows the progress of the
deoxidation TiO; pellets. Formation of Magneli phases expands the lattice; while
with the formation of CaTi,O,, the shrinkage is expected. The amount of volume
change is significant at almost all stages of the deoxidation resulting in flake of
newly formed phases. In contrast to Fe,O3 and NiO, the reduction of TiO; yields
Ti with extensive oxygen dissolves in it. The latter stages of deoxidation is spent

to extract oxygen from Ti which has moderate oxygen permeability.
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Figure 5.10 The progress of deoxidation in TiO,. Note that multi-phase reacted
layer and metallic Ti are non-blocking.
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5.5 Conclusion

A comparative study for electrodeoxidation of NiO, MgO, Fe,O3 and TiO, based
on oxygen permeability in solid state was carried out. It was concluded that
deoxidation is continuous when the volume mismatch between product and
reactant is high. In any case, i.e. contraction or expansion, the change must be
large enough so that the product could not compensate the volumetric change by
mechanism other than fragmentation. Equally importantly, the oxygen
permeability of the resultant metallic phase and intermediate phases are
important. In cases where the volume mismatch is low, the oxygen permeability
of the solid phases must be high enough to carry on deoxidation process. Low

oxygen permeability in solid phases may impede the progress of deoxidation.

The approach successfully explains why solid MgO particle could not be reduced
at ordinary deoxidation conditions. It appears that either the expansion of Mg is
compensated by volume expansion towards electrolyte or the volume is
maintained constant by inducing local stresses around Mg nuclei. This local
stress may hinder oxygen transport from MgO to electrolyte and may retard the
progress of reduction on the surface of MgO. Once the surface is covered with
Mg layer, Mg may block the oxygen transport between MgO and electrolyte
since it has very low oxygen permeability.
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CHAPTER 6

CONCLUSION

In this study, two hydrogen storage compounds, FeTi and Mg,Ni, were
synthesized by electro-deoxidation technique from oxide mixtures, i.e. Fe;Os-
TiO, and MgO-NIO, respectively. Experiments showed that synthesis of
compounds necessitates adjustment of pellet properties and optimization of

processing conditions.

Fe,O3 and TiO, were sintered at temperatures between 900 °C to 1300 °C. The
reduction of oxide pellets were conducted at 900 °C. The reduction of oxide
pellets conducted at 3.2 V showed that sintering temperature has profound effect
on the synthesis of FeTi. Pellets sintered at 900 °C yield mainly Fe with minor
amount of FeTi and Fe,Ti. In contrast, the use of sintering temperatures close to
or above 1100 °C leads to the formation of target composition FeTi in substantial
amounts. This is attributed to two-phase structure of the pellets, Fe,TiOs and
TiO,, sintered at high temperatures allowing uniform distribution of Fe and Ti
atoms in a smallest scale. Interrupted experiments showed that Fe rapidly forms
in the first 6 hours of deoxidation, while reduction of Ti-bearing oxides and

formation of FeTi occurs at the later stages of reduction.

Deoxidation of MgO-NiO mixtures (in molar ratio of 2:1 and 1:2) as well as pure
MgO and NiO were conducted in eutectic mixture of CaCl,-NaCl electrolyte at
temperatures between 600 °C — 900 °C. It was observed that reduction of pure
NiO and NiO-rich oxide mixture yield target compositions, i.e. Ni and MgNiy,

successfully at applied potential of 3.2 V. However, pure MgO and MgO-rich

107



mixture are difficult to reduce via electro-deoxidation. Mg,Ni hydrogen storage
compound was obtained only at 5.0 V, which formed together with MgNio.

The difficulties in reduction of MgO are attributed to many reasons. High
reduction voltage of MgO puts a significant barrier for deoxidation of MgO. Low
conductivity of MgO is also responsible for the difficulty in deoxidation. The
study showed that these two inherent properties of MgO can be favored by
increasing deoxidation temperature, while low melting point of Mg limits the
temperature at which the deoxidation is carried out. It was also shown that the
low oxygen permeability of Mg inferiorly affects the progress of deoxidation in
MgO. Calculations point out that metallic magnesium covers the surface of MgO
and probably remains there without fragmentation during deoxidation. The
deoxidation of MgO is then prevented by this Mg layer as there is no direct
contact between MgO/electrolyte and oxygen permeability of Mg is extremely

low.
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APPENDIX A

ELECTRODEOXIDATION SET-UP
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Figure A.1 Schematic drawing of deoxidation set-up used in the study
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APPENDIX B

PHASE DIAGRAMS
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