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Abstract
Electrolytic reduction of metal oxides is a promising approach to produce high purity metals.
However, the commercialization of the process is challenged by low current efficiency. The low current
efficiency is due to the slow oxygen ion diffusion through the oxide particles. In order to improve the
current efficiency, it is important to understand the reduction mechanism and find solutions to the key

factors.

This project focuses on fundamental electrolytic studies and the sonication operating
mechanisms in molten salts. Metal oxides (NiO, and TiO,) were reduced in a small scale through
electrolytic approaches in molten LioO/LiCl at 650 °C. The reductions were carried out by controlling
the total applied charges, and the cathodic potential at overpotentials and underpotentials. To accurately
control the cathodic potential, a three-terminal electrolytic cell was used, including an oxide basket
cathode, a glassy carbon crucible anode and a Ni/NiO reference electrode (RE). The reduced products
were characterized for compositions and oxygen levels using X-ray diffraction (XRD) and
Thermogravimetric Analysis (TGA). The XRD results were analyzed with the Rietveld refinement to
get the quantatitive analysis of the components. Salts after reductions were analyzed for metal element
contents using Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The reduction extent,

current efficiency were calculated as the key parameters in evaluating the process.

Ni/NiO reference electrode was used in the reduction, for the advantage of its stable
performance in electrolyte with varying O%* concentrations, compared with glassy carbon (GC),
tungsten (W), and molybdenum (Mo) reference electrode. The correlation of the electrode potentials
among the GC, W, Mo and Ni/NiO reference electrodea was defined in both molten LiCl and 1 w.t.%
Li,O/LiCl. The lithium deposition potential measured with Ni/NiO reference electrode was -1.75 V or
-1.90 V vs. Ni/NiQ, based on the fabrication method of the Ni/NiO reference electrode.

In the overpotential reductions of NiO, Ni metal was produced at a high current efficiency of
96.1%. The reduction followed a simple one-step reduction mechanism in a fast kinetics. The NiO was
reduced directly to nickel metal by the lithium metal and electrons without any intermediate involved.
Samples were analyzed with XRD and TGA. The success in the NiO reduction verified the feasibility

of the experiment setup and the methodology.

Electroreduction of TiO; at overpotentials generated lithium titantes Li,TiO3 and LiTiO,. The
reduction followed multiple steps and generate multiple interfaces. Li;TiO3; was formed on the outer
shell of the particle through a spontaneous chemical combination reaction of TiO; and Li,O. When the

lithium metal was generated on the cathode, it reduced the TiO; core to LiTiO,. Finally, the Li;TiO3
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shell was reduced with Li metal to LiTiO,. LiTiO, was the final product of the reduction at -0.3 V vs.
Li/Li" with 150% of the theoretical charge, resulting in a 25% of reduction extent and 16.7% reduction
extent. The oxygen ion diffusion through the solid phase was found to be the rate-limiting factor in the

reduction.

The sonication was coupled with the TiO; electroreduction process in both overpotential and
underpotential controls. By using the ultrasound agitation, the current efficiency was improved. For
overpotential reductions, the current efficiency was increased from 26.7% to 27.4%; and for the
underpotential reductions, the increment was more significant, from 36.7% to 44.5%. So, the
introduction of sonication in the reductions could enhance the internal oxygen ion diffusion inside the

metal oxides, and as the result, improve the current efficiency.

The results and conclusion in this work could promote the commercialization of the metal
production through electrolytic reductions and ultrasound technique in molten salts, and impact the

pyroprocessing technology for the treatment of spent nuclear fuels.
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Chapter 1: Introduction

Metal generation from electrolysis in molten salts has a long history dating back to the early
nineteenth century. The first industrial electrolytic cell for metallurgy was an electrorefining plant for
copper production in Pembrey, Wales in 1869.[1,2] In US, the first commercial copper electrorefining
plant was the Balbach Smelting & Refining Co., constructed in 1883. The electrorefining takes place
in a CuSO4/H,S04 aqueous bath. Copper releases from the anode in an ionic status and reduced to
copper metal at the cathode. Copper production rate was 2~3 tons per day in 1883 (Newark, NJ), and
it has been improved to 450~500 tons per day so far (ASARCO, AZ). In1886, an aluminum production
process through electrolysis was patented as the Hall-Héroult process.[2] It was commercialized when
the Pittsburgh Reduction Company (now Alcoa Inc.) was established by Hall in 1888. As Hall improved
the process, the price of aluminum dropped from $4.86 /pound in 1888 to $0.78 /pound in 1893, which
is further reduced to $0.16 /pound in 2020. In the Hall-Héroult process, the bauxite ore is mixed with
lime and caustic soda at high temperature and pressure, and it results in white alumina powders. Then

the alumina is dissolved in a cryolite (Na3AlF¢) bath and electrolyzed to aluminum metal.

As discussed above, the classic electrolytic copper metallurgy is carried out in aqueous
solution, but the Hall-Héroult process takes place in molten cryolite salts. It is for the reason that the
electrolysis of aluminum ion requires a higher reduction potential than water electrolysis. It can be
found that the electrolysis in molten salts allows a much wider potential window for electrolytic
reactions than that in aqueous environment. For this reason, molten salt electrolysis finds its wide

applications in metal generations, through both electrorefining and electroreduction processes.

Pyroprocessing is a step in the spent fuel recycling, which is an electrolysis process in high
temperature chloride salt. It recovers metals from the wastes and the process includes both
electrorefining and electroreduction. The electrorefining in pyroprocess achieves purified uranium
metal from the waste fuel in the Experimental Breeder Reactor II (EBR-II). It utilizes molten UCIs (10
w.t.%)/LiCI/KCl at 500 °C as the electrolysis mediate. The spent metal fuel is loaded in a basket anode,
and uranium metal is collected at the cathode. In the electroreduction process, the feed was spent oxide
fuels from the Light Water Reactor (LWR) containing uranium oxides. The electroreduction occurs in
a molten 1 w.t.% Li>O/LiCl bath at 650 °C. The waste fuel is loaded in the cathode basket and the

product metallic uranium is collected at the same location after the electrolysis.

In the extraction of metal from non-radioactive metal oxides, electrolysis in high temperature
molten salts is also a widely studied area. The electroreduction of metal oxides in molten salt has been

studied in recent decades, for the advantages of a wide range of metal productions, low hazard emission,



low equipment requirement compared with conventional methods. It is an effective way in achieving
metals which require a higher potential than water electrolysis. Research efforts are drawn in this area
for the purpose of achieving metal at a lower cost and a higher yield. Some widely used structural
metals, such as titanium, finds increasing demands in extensive applications, including the aerospace
industry, marine, medical, armor, sporting goods, etc. Fig. 1.1 displays the industrial demand for
titanium from 2012 to 2021.[3] The distributions among different aspects were different, but the total
demand for the titanium metal was generally in on the rise. So, the market for the titanium metal keeps
increasing and it stimulates the growth of R&D in generating more high quality titanium metal products.
However, the traditional method, such as the Kroll process[4] for the titanium generation, requires high
temperatures, complicated manufacturing equipment, large hazards emissions and low product
impurity. The cost of titanium metal is high, but the market is still huge due to its excellent properties,
such as the strength to density ratio, and the corrosion resistance. In order to reduce the cost of the
titanium, research efforts have been put on finding alternative producing approaches. Among many
other metal generation process, the electroreduction of metal oxides in molten salts started to attract

research interests due to several advantages.
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Figure 1.1 Industrial titanium demand in 2012~2021[3]

As discussed above, electroreduction of metal oxides is a practical approach to produce high
purity metals at a low cost, and it is also an integral step of pyroprocessing in spent nuclear oxide fuels
recycling. However, the promotion and commercialization of this promising method is limited by the
low current efficiency which is a critical evaluation criterion. The slow oxygen ion diffusion through
the particulates inside the cathode basket is the limiting factor, which leads to not only the low current
efficiencies, but also long operating hours, and re-oxidation of reduced metals. Researchers have tried

different methods in increasing the current efficiency, including using more porous precursors, adding



stirring methods, changing electrolyte compositions, and pretreating metal oxides. Nevertheless, the

improvement is still unsatisfactory.

In this project, the technique of sonication will be introduced in the electroreduction of metal
oxides. The sonication is a mature technology which has been employed in a variety of chemical and
physical processes to improve the mass transfer and increase the yields in moderate operation
environment. In terms of experiments, metal oxides reductions will be carried out through
electrochemical methods coupled with ultrasound in 1 w.t.% Li,O/LiCl at 650 °C. Electroreductions of
TiO; and NiO are under study in this project. It will lead fundamental studies of electroreductions and
the sonication working mechanism. The mass transfer is expected to be improved with the ultrasound,
and it will lead an increment in the current efficiency. By proving that the sonication is an effective
method in increasing the current efficiency, it would promote the commercialization of the metal
production through electroreductions in molten salts, and also accelerate the treatment of spent nuclear

fuels through pyroprocessing.

1.1 Research Motivation

The electrolytic reduction is an outstanding method in reducing metal oxides for the advantages
of lower operation condition requirements, easier parameter control and lower oxygen concentration in
product. It should be taken in commercial productions at an industrial scale. However, the electrolytic
metal oxides reduction has not been put into the market, and the reason is its low current efficiency due
to the difficulty in oxygen ion transfer in the solid phase. Extensive research and development actions
have been conducted in the past decade to improve the oxygen diffusion process associated with the
electrolytic reduction of metal oxides in high temperature molten salts. Methods have been tested to
increase the current efficiency, such as using precursors at different particle sizes and porosity, and
varying the reactor setup design. However, the improvement was not significant. The gap of the process

lies in the low oxygen diffusion inside the solid phase.

Sonication is a technology which improves a variety of processes including chemical reactions
and mass transports. And so far, it has not been explored for the purpose of improving oxygen diffusion
in high temperature molten salts. In this research project, the ultrasound agitation is expected to
accelerate oxygen ion diffusion through the fuel particulate packed in the cathode basket. Furthermore,
application of sonication will improve the contact between the fuel particulate and the cathode, and will

drive the concentrated oxygen diffusing out of the packed oxide bed in the adhesive molten salt.



1.2 Dissertation Scope
The purpose of this dissertation is to obtain fundamental understanding in electroreductions of

metal oxides and sonication, and transferable knowledge to pyroprocessing of nuclear spent oxide fuel.

Chapter 1 summarized the entire project, including the state of art and challenges in the
electroreduction field, the function and expectation of the application of the sonication, and the

significance of this study.

Chapter 2 expands detailed discussions about the background of the electroreduction processes
in high temperature molten salts. It covers the pyroprocessing of the spent fuel treatment, and two
typical methods for the electrolytic reductions non-radioactive materials. In the review of
pyroprocessing, it emphasizes on the electroreduction of the waste metal oxide fuel from the light water
reactor. TiO; is taken as the example of the non-radioactive metal oxides, and the reductions are
proceeded in two ways, the Fray-Farthing-Chen (FFC) Cambridge process and the Ono-Suzuki (OS)
process. These processes are initially used in molten calcium salts, but the operations are also applied
in molten lithium salts. Electroreduction of other metal oxides, including NiO, TbsO7, WO3, Nb,Os,
Ta,0s and Cr»03, are also reviewed and compared in this session. The reductions are discussed in details
in terms of the reactor setups, operation parameters, reduction mechanisms, limitations and
improvements. A short summary of the experimental details covers the electrolytes and electrodes used
in the literatures. It also provide the foundations for selecting experiment elements based on specific

requirements.

Chapter 3 describes the electrolytic methods, ultrasound techniques and controllable
parameters employed in this study. Based on the experimental plan, an experimental setup is designed
and assembled. It includes the selections of oxide precursors, anode, cathode, reference electrode,
electrolyte, and the experiment environment. The sonication apparatus is also discussed in this session.
The coupling of sonication with the electroreduction is challenging, so the solutions to the problems
are discussed here. The operational parameters for both electrolytic reduction and sonication are

included in each subtopic.

Chapter 4 presents a study of the comparisons among the performances of different reference
electrodes, including the glassy carbon, tungsten, molybdenum, and Ni/NiO electrodes. Cyclic
voltammetry is performed in molten LiCl with various Li>O concentrations. The purpose is to determine
the stability of the reference electrodes in an environment with changing Li,O concentrations. This
study is significant in guarantee the reliability and repeatability of the electrolytic measurements in this

study. It is because, based on the literature reviews in Chapter 2, it is found that Li,O concentration is



not identical during the reduction procedure and in different positions in the cell. At the success of this
study, a proper reference electrode will be selected and involved in the following electrolytic studies

based on the stability at varying Li,O concentrations.

Chapter 5 focuses on the electroreduction of NiO in molten Li,O/LiCl salt. The experimental
procedures are described in details, including the reduction setup, parameter control and sample
analysis. Data collected in the electrolytic measurements and product characterization are shown. The
reduction results, including the reduction extent and current efficiency, are calculated and the reduction
mechanism is derived. The success in the NiO electroreduction proves that the reaction setup and the
reduction method are feasible and can be introduced in the reduction of more complication metal

oxides.

Chapter 6 continues the electroreduction studies with TiO, as the feed in the same reaction
system as that used in the NiO reduction in Chapter 5. The reduction of TiO- is more complicated than
that of NiO. So, more reduction tests are carried out, and theoretical calculations are introduced to assist
the understanding of the mechanism. After the study, the mechanism of the TiO; reduction is proposed

and the limiting step of the TiO; reduction is defined.

Chapter 7 shows the effects of the coupled sonication on the TiO, reduction. The reduction
results of TiO, reductions under the silent conditions (following steps in Chapter 6) are taken as the
reference. By conducting the reduction assisted with sonication, the reduction phenomenon and the
reduced products are analyzed and compared. Changes in the reduction extent and current efficiency
are caused by the ultrasound power. Effect of sonication on the temperature is also measured. It is found

that the current efficiency can be improved by the sonication.

Chapter 8 is the conclusion of the whole project. The performed work is summarized and the
significance is defined. This chapter also suggests the future work based on the achievements and

challenges from this study.



Chapter 2: Literature Review

In this chapter, the electroreduction of metal oxides in high temperature molten salts was
reviewed. The metal oxides reduction session covered the electroreduction of radiological metal oxides
in the spent nuclear fuel through the pyroprocessing, and the electrolytic reduction of non-radioactive

metal oxides through the Fray-Farthing-Chen Cambridge process and the Ono-Suzuki processes.

2.1 Metal Oxide Electroreductions

Reductions of metal oxides through electrochemical methods in molten salts attract research
attentions in producing pure metal as an engineering material or a complex as a battery component.
High temperature molten salt electrolysis provides paths to achieve reductions which are not practicable
in aqueous solutions. Electrolytes involved in metal oxide electroreductions includes molten calcium
chloride and molten lithium chloride. In molten calcium chloride salts, electrolytic reductions mostly
follows the typical Fray-Farthing-Chen Cambridge process for underpotential reductions and the Ono-
Suzuki process for overpotential reductions. Electroreductions in molten lithium chloride salts includes

the pyroprocessing of spent nuclear fuel and other non-radioactive oxides reductions.

2.1.1 FFC and OS Processes in Molten CaCl, Salts
The Fray - Farthing - Chen (FFC) Cambridge process and the Ono — Suzuki (OS) calciothermic
reduction process are the two main methods in metal oxides reductions in molten calcium salts. These

two approaches are discussed in details in the TiO; electroreduction.

2.1.1.1 TiO,

Titanium metal is an excellent structural metal with low density, high strength, and corrosion
resistance. It has found extensive applications in many areas, including the acrospace industry, marine,
medical, armor, sporting goods, etc. However, it is quite costly to extraction titanium metal from
titanium dioxide through the Kroll process.[4] So, the electroreduction of TiO, in molten salts is
promising for Ti metal production for a lower cost and easier operations. The reduction of TiO; in

molten CaCl, salts can be carried out in different methods, FFC and OS processes.



2.1.1.1.1 The Fray-Farthing-Chen (FFC) Cambridge Process
2.1.1.1.1.1 Introduction

Calcium chloride molten salts started to draw attentions when the Fray - Farthing - Chen (FFC)
Cambridge process was discovered for the electrochemical reduction of TiO..[5] The FFC process
utilized molten CaCl, salt at 850-950 °C. [5] It was a competitive method in producing Ti metal
compared with the traditional Kroll process which required two separate reactors at a high temperature
over 1100 °C and released toxic chloride gas.[4] The Kroll process is a two-step titanium generation at
around 800~900 °C from the titanium ore. In the first step, the raw titanium ore is chlorinated and
distillated to pure titanium tetrachloride (TiO, + C + 2Cl, — TiCl, + CO/CO0,) in a chlorinator. And
then, the TiCly is transferred to a separation vellsel and reduced with magnesium through 2Mg(l) +
TiCl,(l) » 2MgCl, + Ti(s). The typical FFC process has been demonstrated for reductions of many

other metal oxides in multiple molten salts at underpotentials.[6]

The FFC processes were carried out in a closed chamber with argon purging (Fig. 2.1). It
utilized molten CaCl, salt as the electrolyte.[ 7] The salts were contained in a crucible (made of titanium,
graphite or stainless steel [8]) and heated to 850~950 °C. A water cooling system was installed around
the connection of the chamber body and the lid. A graphite rod was used as the anode, and a metal lead
(Ti or Mo [9]) worked as the cathode. In most of the studies, the TiO, was prepared into a big disc and
fixed to the cathode.

Graphite Anode Cathode Lead with Oxides
~a g

I Ga

as Outlet

[ <« Water Cooling
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<— Heating

Crucible (Ti, graphite or S.S.)
Molten Calcium Salts

Figure 2.1 Sketch of an experiment setup of the FFC process

During a typical reduction of TiO, in molten CaCl,, a cell potential lower than the salt
decomposition potential (3.18 V) was applied between the TiO; pellet cathode and a thick graphite rod

anode.[7,10,11] As the products, Ti metal was collected on the cathode and gases were detected on the



anode, including O, (Eq. 2.1), CO (Eq. 2.2) and CO; (Eq. 2.3).[8] The released gases were defined by

analyzing the outlet gas from the closed reactor chamber.
20%" - 0, + 4e~ (Eq. 2.1)
C+ 0% - CO + 2e~ (Eq.2.2)

C+20% - CO, + 4e” (Eq.2.3)
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Figure 2.2 Steps of TiO; reduction through the FFC process. TEM results are from literatures.[12,13]

The reduction mechanism was proposed including a series of reaction steps.[12,13] Fig. 2.2
presented the FFC products of 8 g TiO; (porosity=25%~30%) along with time. The reduction followed
a multiple-step process. In the first stage, TiO» reacted with CaCl, to form perovskite CaTiOs and Ti30s
and Ti,0; (Eq. 2.4). Then, Ti,O3 continued the reaction with CaO and generated TiO and more
perovskite CaTiOs; (Eq. 2.5). In the third stage, TiO combined with CaTiOs; and produced CaTi,Os4 (Eq.
2.6). The generated CaTi,O4 was reduced with electrons to TiO (Eq. 2.7); and the TiO was further

reduced to titanium metal through direct electroreduction (Eq. 2.8).
3Ti0, + Ca?* + 2e~ - CaTiO; + Ti, 05 (Eq. 2.4)

2Ti,05 + Ca?* + 2e~ — 3Ti0 + CaTiO; (Eq. 2.5)

TiO + CaTiO; — CaTi,0, (Eq. 2.6)

CaTi,0, + 2e~ - 2Ti0 + Ca** + 20%~ (Eq. 2.7)

TiO + 2e~ - Ti + 0% (Eq. 2.8)

The process followed a multi-stage shrinking core model.[14] The model considered the
Magnéli phases (TiOzn.1, n=4~10), exclusive of the perovskite and other calcium titanates. The oxide
core shrank in an order starting from the feed TiO, — Ti305 — Ti,03 — TiO — Ti. The reduction went
through the propagation of the three-phase interlines (3PIs).[15,16] The 3PI in the TiO; reduction in
molten CaCl, is different from the typical metalloxide|electrolyte 3PI [17]; however, FFC reduction

was a much complicated process involving multiple phases and interlines. The reduction could be



simplified to formation and movement of four 3PIs, including TiO,|CaTiOslelectrolyte,

CaTiO;(titanium suboxides|electrolyte, titanium suboxides|TiO|electrolyte and TiO|Ti|electrolyte.[16]

2.1.1.1.1.2 State of Art of the FFC Process

Through the FFC process, the reduction of TiO, (porosity = 25%~30%) in molten CaCl,
resulted in a current efficiency at 10%~20%.[12] However, the low current efficiency did not meet the
criteria for the commercial production of Ti metal. Therefore, the recent research efforts focused on the
opportunities to increase the current efficiency. Attempts were made in terms of utilizing different

precursors, changing composition of the electrolyte, and varying operation parameters.

During the reduction, it was found that the formation of the perovskite CaTiOs was inevitable
and took quite long time in the reduction of TiO,. So, to avoid the in situ formation of CaTiOs, it was
pre-synthesized through the chemical combination reaction (Eq. 2.9).[9] By using the CaTiOs as the
precursor, Ti (2800 ppm of oxygen) was produced via stable Ti** and Ti** intermediates. By directly
reducing CaTiOs, it took less than half of the time to reduce the same amount of TiO,, and the current

efficiency was increased to 28%, compared with 15% in TiO; reduction under the same conditions.
TiO, + Ca0 - CaTiO5 (Eq. 2.9)

In order to initiate the O* flow, decrease the oxygen level in the metal product, and increase
the O* activity, CaO was added to CaCl, in preparation of a 2 mol% CaQO/CaCl, mixture (Table 2.1).
By applying -1.5 V vs. graphite reference electrode, 2 g of TiO, (porosity 15%~16%) was reduced to
Ti metal with oxygen content at 12000~36000 ppm after 16 h, following a mechanism similar with that
in CaCl,.[18] In the reduction of the dense TiO,, it was found that there was no sufficient free volume
in the particles to allow the contract with the calcium. So, the mechanism for porous TiO- reduction
was different from that for reduction of dense TiO». The reduction proceeded from the shell to the core
layer by layer; after the outer layer was fully converted to Ti, the reaction interline started to migrate
inwards. The TiO, was firstly converted to TisO;s and perovskite CaTiO; (Eq. 2.10). The titanium oxide
TigO1s was reduced to TiO3; (Eq. 2.11) which was reduced to TiO (Eq. 2.12). For the perovskite
CaTi0;, it was also reduced to TiO (Eq. 2.13). Finally, Ti metal was produced through the electrolytic
reduction of TiO (Eq 2.8). Formation of CaTi0; was limited due to the insufficient contact with calcium
in the dense structure. The current efficiency was improved to 32%, but the oxygen content in the
product was high at 12000 ppm. Porous TiO: (porosity 25%~30%) particles were also reduced in 2

mol% CaO/CaCl,. In the first stage of the reduction, perovskite CaTiOs and titanium suboxides such
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as Ti,O3 were generated (Eq. 2.4). However, Ti,Os; was absent in the surface layer, owing to a direct
reduction to TiO (Eq. 2.14). After CaTiO; was generated, a significant amount of the material was
dissolved in the electrolyte. The fate of the CaTiOs lead to two results. It can be directly reduced to TiO
(Eq. 2.13). At the same stage, a large amount of CaTi,O4 was produced from the combination reaction
of TiO and CaTiOs (Eq. 2.6), but it was then broken down to TiO (Eq. 2.7). The last step was the
deoxidation of TiO to Ti metal (Eq. 2.8). In this reduction process in 2 mol% CaO/CaCl, with porous
Ti0,, the current efficiency reached to 40% and the oxygen content in Ti metal was decreased to 2000
ppm. Oxide pellets were modified for the purpose of increasing the surface area to allow faster oxygen
ion transfer.[19] A thin layer of high porosity (>75%) TiO; pellet was tested and proved to be effective
in shorten the reduction time and lower down the oxygen residual in the products. Reduction of a thin
layer (300~400 pm) after 6 h contained less than half of oxygen in the product than reduction of a thick
pellet (3 mm). So, compared with reductions in calcium melt without CaO, the addition of CaO
increased the current efficiency and shortened the processing time.[20] A model was established for
the TiO, reduction in calcium molten salt based on a core-shell structure of the metal oxide

particles.[14,21]

9Ti0, + Ca?* + 2e~ - Tig0;s + CaTiO; (Eq. 2.10)
TigOs + 6e~ - 4Ti,05 + 30%™ (Eq. 2.11)

Ti,05 + 2e~ - 2Ti0 + 0%~ (Eq. 2.12)

CaTiO; + 2e~ - TiO + Ca®* + 20%™ (Eq. 2.13)
Ti,05 + 2e~ - 2Ti0 + 0%~ (Eq. 2.14)

Table 2.1 Current efficiency and oxygen content in product for FFC TiO, reductions

TiO, Calcium  Current Oxygen

Electrolyte Reference
porosity titanates  efficiency content
CaTiOs,
CaCl, 25% ~ 30% ) ~20% 3,000 ppm [12]
CaT1204
2 mol% )
15% ~16%  CaTiOs3 ~32% 12,000 ppm [18]
CaO/CaCl,
2 mol% CaTiO;,
25% ~ 30% ~40% 2,000 ppm [20]

CaO/CaClz CaTi204
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Experimental parameters were also varied aiming at a higher current efficiency. The study on
the effect of applied charge showed that more charge were required to decrease the oxygen content in
the products. However, the current efficiency was also reduced at the same time.[22] By applying 100%
of theoretical charge, oxygen in the solid was 10.5 w.t.% and the current efficiency was 41.1%. When
200% of theoretical of charge was applied the oxygen level decreased to 6.3 w.t.%, and the current
efficiency was also reduced to 33.3%. With 300% of theoretical of charge, the oxygen content and the

current efficiency were 2.7 w.t.% and 27.4%, respectively.

In the FFC reductions, researchers concluded that the removal of oxygen from the solid phase

is a slow process, especially the removal of the last amount of oxygen from the metal.

2.1.1.1.2 The Calciothermal Reduction (Ono-Suzuki (OS) Process)

2.1.1.1.2.1 Introduction
The Ono — Suzuki calciothermic process is a type of TiO, reduction in the molten CaCl,

mediates by introducing the in situ generated calcium metal as the reductive agent.[23]

In the CaO/CaCl, molten salt systems, cell potentials were applied between the cathode lead
and the graphite anode. The applied potential was high enough to decompose CaO, but below the
decomposition potential of CaCl,.[24] The TiO, was either loaded in a titanium net cathode, or could
be added to the system by dropping from the top of the S.S. cathode vessel (Fig. 2.3a). The final metallic

Ti was collected either on the cathode tray, or at the bottom of the reaction vessel.

Graphite anode

(a) (b)

Figure 2.3 Illustration of (a) experimental setup and (b) conceptual design of future setup
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In the OS process, Ca** was reduced to Ca metal on the cathode (Eq. 2.15) which directly
reduced TiO; to Ti metal sponge (Eq. 2.16).[23-28] In some studies, it was found that the titanium
metal was produced through Megneli phases, such as Ti>O, and calcium titanates CaTiOs as the
intermediate products.[26] On the anode, due to the component of carbon, CO (Eq. 2.2) and CO; (Eq.
2.3) were generated and dissolved in the melt. The current efficiency of the OS process was 12.9%,

which was the highest value can be achieved and it was in the molten 0.5 mol% CaO/CaCl,.[24]
Ca?t + 2e™ - Ca (Eq. 2.15)

TiO, + 2Ca — Ti + 2Ca®** + 20%™ (Eq. 2.16)

2.1.1.1.2.2 State of Art of the OS Process

Ti metal with a low oxygen level was successfully produced via the OS process. In an OS
process, it took 3 hours to fully reduce 1 g TiO; in 0.5 mol% CaO/CaCl,. The oxygen level in the
product was 2000 ppm in the product and current efficiency was around 12.9%.[24] The low current
efficiency was partially due to the energy consumption to generate extra Ca metal; meanwhile, part of
the Ca metal took part in side reactions with the dissolved CO (Eq. 2.17) and CO, (Eq. 2.18) gases

generated on the graphite anode.
Ca+CO - C + CaO (Eq. 2.17)
2Ca+CO, - C+ 2Ca0 (Eq. 2.18)

Attempts were made to increase the current efficiency, including utilizing TiO; at different

sizes, changing the molten salt compositions, and modifying the reactor design.

Different sizes of particles were investigated for the reductions, including micro- (D=2.0 um),
submicro- (D=90 nm) and nano- (D=13 nm) particles.[26] Ti metal was achieved by reducing nano-
particles, and a mixture of Ti and Ti,O was generated in the reduction of submicro particles. In the
reduction of micro TiO; particles, Ti metal, as well as intermediates CaTiO; and Ti,O were observed.
Lower titanium oxide Ti,O was an intermediate product which could be further reduced to Ti metal.
The formation of CaTiOs was due to the slow diffusion of CaO away from the particle and it reacted
with the residual unreacted TiO» particles. It was found that the TiO, reduction rate increased with the

decreasing particle size, due to the increasing surface area of the particles.

Effect of electrolyte composition on the reduction product was also studied, in terms of CaO

concentrations (Table 2.2). When TiO, powder was reduced in CaCl, using 100% of theoretical charge,
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the product was TiOg 325, and with 500% of theoretical charge, the product was still TiOy325.[24,29]
There was no increase in the current efficiency even with much more charge, probably due to the low
current response in electrolysis of CaCl,. CaO was added to CaCl, to form Ca metal. In 0.5 mol%
CaO/CaCl; electrolyte, Ti metal containing 2000 ppm of oxygen was achieved. With the CaO addition,
the current on the cathode was increased that Ca metal was generated efficiently. So, higher CaO
concentrations were tested to find an optimized composition for a better reduction result. By increasing
the CaO to 1 mol%, oxygen level in the generated Ti metal was increased to 6200 ppm. At even higher
CaO concentration in CaCl; at 15 mol%, the products were mixtures of Ti metal and titanium oxides
including TiOg325, TisO and TiO. It was because when the concentration of CaO was high in the
electrolyte, the diffusion of CaO released from the TiO; reduction was delayed. The highest current
efficiency that could achieved was 12.9% from reductions in 0.5 mol% CaO/CaCl,. The low current
efficiency was due to generation of extra Ca metal; meanwhile, part of the Ca was consumed in side

reactions including the dissolution of Ca in the bulk, and the reaction with CO; released on anode.

Table 2.2 Product compositions and oxygen concentrations, and current efficiency of TiO, reductions

at 2.6~2.9 V under different reaction conditions [24,29]

Oxygen
Charge of Current efficiency /
Molten Salt Phases by XRD  concentration
theoretical /% %
/ ppm
CaCl, 113 TiOg 325 Not measured Not measured
CaCl, 525 TiOg 325 Not measured Not measured
0.5 mol% CaO/CaCl, 767 Ti 2000 12.9
1 mol% CaO/CaCl, 833 Ti 6200 11.8
15 mol% CaO/CaCl, 478 Tic0O, TiO Not measured Not measured
15 mol% CaO/CaCl, 11220 Ti, TiOg 325 Not measured Not measured

In order to overcome the shortages of generating extra calcium and side reactions consuming
the necessary Ca metal, a conceptual design was proposed (Fig. 2.3b). In the conceptual model, TiO;
was added by dropping to the cell and was reduced by Ca as it went down to the bottom. CO and CO;
were released from graphite anode in a separated chamber. As a result, the calcium metal was expected
to be fully used in TiO; calciothermic reductions. A rotating cathodic basket was tested, but the product
contained a quite high oxygen level at 11 w.t.%. The stirring increased the transfer of Ca to the salt
bulk, leaving less time for the contact of Ca and TiO,.[24] For the purpose of increasing the Ca

spreading on the TiO; particles, a rotating cathodic basket was tested, but the product contained a high
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oxygen level at 11 w.t.%.[24] The stirring accelerated the diffusion of Ca to the salt bulk, leaving less

time for the contact of Ca and TiO-.

2.1.1.2 NiO
Nickel is a widely used structural material and magnetic material for a high melting point and

good corrosion resistance. So, research effort were also placed on the reduction of NiO to Ni.

NiO could be reduced in CaO/CaCl, through the OS process at 900 °C. NiO was reduced by
the calcium to the nickel metal (Eq. 2.19). The current efficiency was 16.8%~79.2% based on the
distance of the NiO to the cathode.[30] A higher current efficiency could be achieved from the oxides
closer to the cathode. The reduction followed a modified core-shell model that the surface of the oxide
was reduced first, then the interface went into the particle to reduce the core. Other parameters were
also tested in the reductions, such as various CaO concentrations in CaCl, molten salts. By conducting
the experiment for 30 min, different amounts of charges could be applied in salt of 0~5 mol% CaO in
CaCl,. In pure CaCl, melt, 126.3% of the theoretical charge was applied and only the outer layer of the
oxides was reduced to Ni metal, leaving a mixture of Ni and NiO inside. As the CaO concentration
increased from 0.5 mol% to 3 mol%, more charges were applied, from 129.5% to 197.3% of the
theoretical charge. It was found that with more CaO in the electrolyte, the reduction was more thorough
inside the oxide, and for the reduction in 3 mol% CaQ/CaCl,, the NiO was fully reduced to Ni metal.
In an electrolyte with 5 mol% CaO concentration in CaCl,, the total applied charge decreased to 182.3%
of the theoretical charge and the reduction extent was dramatically decrease, observing NiO even on
the surface of the feed. The study on the CaO concentration concluded that the oxide ion transfer was
enhanced and the reaction rate was improved at a higher CaO concentration. However, with a much
high CaO concentration, the generated Ca liquid metal droplet formed a ‘metal fog’ and deposit on the
external surface of the oxide basket. As the result, the Ca precipitate on the outside of the basket

accumulated and would not transfer inside for effective NiO reduction.

NiO + Ca — Ni + Ca?* + 0%~ (Eq. 2.19)



15

—
(=]
(=]

=

[==]

|

T
— =
o = Oy

oo
(=]
Energy consumption /
kWh/kgy;

T
© o oo o~
R = O o0

~
=
I

Current efficiency / %
(=)
=]
|
T

(o]
(=)
1

o

0.8 1 12 14 16
Cell voltage / V

Figure 2.4 Plot of current efficiency achieved at different cell voltages [31]

NiO electroreductions were also performed in a molten salt mixture Na>,CO3/K>COs at 750 °C.
In underpotential reduction at 1.1 V, NiO was fully reduced with the electrons (Eq. 2.20). The current
efficiency reached a high value of 95.4%, however, the operation time was very long. It took 11 h to
reduced 0.6 g NiO.[31] The applied cell potential was studied as a controllable parameter in the
reduction. The retention time of the current plateau in the I-t curve became shorter under a higher cell
voltage, which was the result of higher reduction driving force. When comparing the current efficiency
at different applied cell voltages (Fig. 2.4), it was found that the current efficiency and energy efficiency
decreased with the increasing cell voltage. It was because at a higher cell voltage, the background
current became greater and more portion of the energy was consumed by the side reaction. The high
current efficiency and affordable process made the molten carbonate electrolysis a green process for

the metal extraction from its oxides.
NiO + 2e~ - Ni + 0%~ (Eq. 2.20)

NiO was also reduced in NaOH molten salt at 550 °C at underpotential.[32] When reducing in
pure NaOH, the current efficiency was 25.9%. The low current efficiency was due to the side reaction
of electrolysis of the OH (2NaOH - Na,0 + H,0). So in order to prohibit the electrolysis of OH
and decrease the activity of water, Na,O was added to the NaOH as a second component of the
electrolyte. By adding 1 w.t.% of Na,O, the potential window of the electrolyte was much broadened.
The increase of oxygen ion concentration accelerated the reduction of NiO, and distinctly increase the

current efficiency to 87.2%.

In the XRD analysis of the products, all the studies detected just Ni and NiO. It indicated that

the reduction of NiO was a one-step mechanism (Eq. 2.19 and Eq. 2.20) and there was no intermediate
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involved in the process. The reduction mechanism was simple and the reduction was relative easy. But
the larger scale production of Ni metal was limited by the high operation temperature, long operation

hours or low current efficiency.

2.1.1.3 TbsOy

The electrolytic reduction of Tb4O7 was carried out in molten CaCl, at 850 °C to 900 °C.[33]
An overpotential was applied to the cell between TbsO7 and the graphite rod anode. The phase analysis
showed the presences of Tb.Os;, TbOCI, and Tb (Fig. 2.5). TboO; was the generated through both
thermal decomposition and Tb4O7 underpotential reduction. Side product TbOCI was produced from
the reaction of Tb,Os and CaCl,. Both Tb4sO7 and Tb,O3; were reduced by either metallic calcium or

electrons to terbium metal.

¢ TbOClI
Cal/e Tb

CaCl,

Figure 2.5 Reaction pathway of Tb4O7 electroreduction in molten CaCl,

The study concluded that Tb4O7 could be reduced to Tb metal with the Ca deposition. With and
increasing cell potential, the generation rate of Ca metal and the calciothermic reduction remained at
the same rate, but the direct electrolytic reduction became faster. So, in the section view of the product
pellet, it could be seen that the reduction depth increased with higher cell potentials. However, with the
cell potential higher than 3.5 V, the reduction depth was not changed. Also, a liquid Ca layer could be
detected, leaving the interior oxide partially reduced. The overdeposited liquid Ca metal covered the
reactant and impeded the ion transfer within the oxides. It blocked the ion change between the oxides
and the mediate, and prohibited the release of oxygen after electroreductions, resulting a retard of the
electroreduction process. It was concluded that the mass transfer of O* or CaO in the non-linear pores

of the pellet in the rate-control step.
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2.1.1.4 WOs

Attempts were made to reduce WOs in molten calcium chloride molten salts at 900 °C.[34]
Under the experimental conditions, WOs chemically reacted with CaCl, and generated CaWO4 and
WOCl; (Eq. 2.21). And then the CaWO4 was reduced to tungsten by electrolysis. There was a great
mass lose during the process. 50 w.t.% of WO; was lost on the cathode in the form of WO,Cl, vapor
due to high volatility of WO,Cl,, and around 15 mol% of intermediate CaW O, dissolved in the CaCl,.

So, there was almost no product after reductions, and it made the process quite low in efficiency.
2WO05 + CaCl, - CaW O, + WO0,Cl, (Eq.2.21)

In order to increase the efficiency, two improvements were made to the reduction process.
CaWOs was used as the feed to avoid the formation of WO,Cl, through the reaction of WO3 and CaCl..
It was pre-synthesized by mixing equimolar CaO and WO; at 1200 °C for 6 h (2ZW 03 + Ca0 —
CaW0,). Also, NaCl was added to CaCl, electrolyte to create a NaCl/CaCl, (48 mol% NaCl) eutectic
salt system for the purpose of decreasing the solubility of CaWOQOj4 to 1 mol%. The advantage of using
NaCl/CaCl; as the melt also lied in a relative lower melting point. At a lower operation temperature
600 °C, the nano-size (100 nm) tungsten powder was generated from CaWOs reduction on the cathodie
and CO, was released on the anode (Eq. 2.22). However, the product was contaminated by calcium
compounds and needed to be leached with dilute HCL. Impurities in the product included CaCOs and
Ca(OH),, which were the products of the CaO with side products. The CaO was not initially added, but
generated due to the accumulated O* ion. So, the diffusion of O* away from the cathode played an
important role in the getting high quality tungsten product and improving the producing rate. Sintered
and nonsintered CaWOj; pellets were used in reductions. It was found that the current response on the
non-sintered pellets was higher than that on the sintered pellets, and the researchers expected a shorter
reduction time for smaller pellet sizes. It was the effect of a higher mass diffusion in more porous and
bigger surface area materials. So, the mass diffusion in the solids was an important factor in the

reduction process.

CaW 0, +>C —» W + Ca0 +3C0; (Eq. 2.22)

2.1.1.5 Nb,Os
Nb,Os was reduced in a NaCl/CaCl, electrolyte systems at a cell potential of 3.1 V at 900
°C.[35] This applied potential was high enough for oxygen ionization on the cathode, but was lower

than the decomposition potential of the salt. Based on the thermodynamic calculations, it was proposed



18

that the preferred reaction on the cathode was the oxygen ionization of the cathode to release oxygen
ions. So the reduction should follow a pathway only with niobium suboxides involved, and the oxygen
ions released from the cathode supposed to transfer to the graphite anode and form oxygen gas.
However, during the reduction process, the products phase identification showed that the cathode
Nb,Os was converted into a series of intermediates, including calcium niobate phases (CasNb,Oo,
Ca3Nb,0s, Ca(NbOs3),, and CaNbOs3) and niobium suboxides (NbsOs, NbO,, NbO, etc). It was because,
in reality, the oxygen ion diffusivity among the oxides was low and also depended on the type of
niobium oxides. The accumulation of released oxygen ions increased the local activity of CaO which
reacted with the nearby niobium oxides to form calcium niobate intermediates (Eq. 2.23), and the
niobates were difficult to reduce. 90.78% of oxygen was removed from the cathode in 4.2 h through
oxygen ionization of niobium oxides, but it took up to 48 h to fully reduce the calcium niobate
intermediates to niobium (oxygen level 2311 ppm). So, due to the low oxygen diffusion in the cathode,
the calcium niobates were formed and it dramatically reduced the reduction efficiency. The addition of
NaCl in the salt mixture was to decrease the CaO activity and prevent the dissolution of Nb,Os in the
CaO/CaCl, melt. But the effect of NaCl was limited where the local CaO concentrations were very
high. In conclusion, the reduction of Nb,Os was limited by the diffusion of the interstitial oxygen in the

niobium oxides towards the cathode surface.

xCa0 + yNb,05 — CaxNb,, 0,45, (Eq. 2.23)

2.1.1.6 Ta,Os

The electrolytic reduction of TaOs in NaCl/CaCl, at 850 °C followed a one-step
electroreduction mechanism (Eq. 2.24), meaning that the Ta>Os could be directly reduced to Ta metal
without any tantalum oxides at other valences.[36] However, the oxygen ions extracted from the
cathode were accumulated to form CaO, and the CaO could chemically combine with the unreduced
Ta,0s, leaving a mixture of Ta,Os-nCaO (n=0, 0.5, 1, 2, 4). The combination products would have a
larger n value at longer contacting time and increasing CaO concentrations in the melt. As a comparison
(Table. 2.3), a batch of CaO (1 mol%)/ NaCl/CacCl, salt was also used in the reduction. CaO was added

to mimic the high CaO concentration environment during the reduction.

For reductions in NaCl/CaCl,, Ta metal was generated at 0.5 h, accompanied with a second
phase of Ta,Os-0.5Ca0. However, when CaO existed in the surroundings, phases identified at 0.5 h
were Ta,0Os and Ta;0s-0.5Ca0. In a high CaO concentration environment, Ta metal was detected after

1 h as well as TayOs5-0.5Ca0 and Ta,Os-2Ca0. In the electrolyte without added CaO, the oxide was
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reduction to Ta metal after 12 h reduction. However, in electrolyte with high CaO concentration, the
full convertion was 1 h delayed. In conclusion, due to the slow diffusion of oxygen ion to the outside
of the cathode, the CaO formed by the residual oxygen ions delayed the tantalum metal production and

prolonged the reduction time.
Ta,05 + 10e™ - 2Ta + 50%™ (Eq. 2.24)

Table 2.3 Products of Ta>Os reduction in NaCl/CaCl, and CaO/NaCl/CaCl, at 850 °C

Reduction period Products in NaCl/CaCl, CaO/NaCl/CaCl,
0.5h Ta; Ta,05-0.5 CaO TaxOs; Ta,0s5:0.5 CaO
lh Ta; Ta;
Ta;0s5-0.5 CaO; Tax0s5:0.5 CaO;
Tay0s5-2 CaO Tay0s-2 CaO
2h Ta; Ta;
TayOs5-2 CaO; TayOs:2 CaO;
Ta,05-4 CaO Ta,05:4 CaO
4h -— Ta;
TayOs-2 CaO;
Ta,0s5-4 CaO
5h Ta; Ta,0s-4 CaO Ta; Ta,0s-4 CaO
12h Ta -—-
13h - Ta
2.1.1.7 CryOs

In molten CaCl,, electrolytic reductions of Cr,O3 were carried out at underpotential in a two-
electrode cell with a graphite anode at 2.8 V.[17,37] The reduction followed the three-phase interlines
(3PIs) model. The change in the 3PI could be identified in the I-t curves recorded during the controlled
potential reductions. Initial current increase corresponds to the metallization on the surface of the oxide
pellet. At this stage, the reduction occurs at the Cr|Cr,Os|electrolyte 3PI at the surface of the pellet. This
phenomenon was different from that in the TiO; reductions. It was because that Cr,Os itself was semi-
conductive and there were no other stable phase between Cr,0O3 and Cr. So the current increase in Cr,03
reduction was not because of the formation of intermediates. Before the current started to increase, a
current decrease occurred in the first several seconds which it was a very short double layer charging
period. After the current peak, current decreased to a plateau. The current was related to the length of
the 3P1. The 3PI propagation continued layer by layer into the pellet, but the speed became slower. It

was because the diffusion and migration of oxygen ion needed to pass a long distance to the bulk
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electrolyte. The current plateau was a combined effect of (1) the inward-propagating 3PI from the outer
surface decreases in length, and (2) outward propagating 3PI from the central hole increases in length.
So it resulted in a constant 3PI until the full metallization of the pellet. Two different sizes of chromium
cubic particles were observed in the products, and the larger particles of a few tens of micrometer
diameter was the dominant morphology. The current efficiency reached 75% and the oxygen content
was controlled below 0.2 w.t.%. A process of sintering was in the preparation of the oxide cathode, and
the sintering temperature was a key parameter (Table 2.4). It showed that reductions of Cr,Os3 sintered
at 1150 °C to 1450 °C achieved the Cr metal containing oxygen content of 0.8 w.t.% to 4.3 w.t.% with
current efficiencies from 78.2% to 23.9%, respectively. So, reductions of precursors prepared at higher
temperatures resulted in a low current efficiency and higher oxygen level. It was because the sintering
at a high temperature would result in a large particle size, leading to a long distance for oxygen transfer

from the oxides to the bulk salt, and hence a long reduction time.

Table 2.4 Results of electroreductions of Cr,O; prepared at different sintering temperature.

Sintering Temperature ~ Weight loss  Current efficiency ~ Oxygen content

1150 °C 30.9 % 78.2% 0.8w.t.%
1300 °C 24.1% 68.1% 1.5w.t.%
1450 °C 7.7% 23.9% 43w.t.%

Reductions were in molten CaCl, at 2.8 V for 4 hours

Reductions of Cr,03 were also carried out in CaO/CaCl,, in 1 mol% CaO/CacCl, using a two-
terminal cell at 3.0 V [38], and in 2 mol% CaO/CaCl, with a three-terminal cell at a cathodic potential
-1 V vs. graphite [39]. By applying -1 V (below the Ca*" reduction potential) on the oxide, calcium ion
inserted in the Cr,O3 and with the assist of the electron, the Cr,O; was partially reduced to Cr metal and
left unreduced CaCr,Os (Eq. 2.25). Then the CaCr,O4 underwent a direct electron reduction to Cr metal
and released Ca”" and O (Eq. 2.26). A layer of calcium chromite CaCr,O4 was always in between the
outer Cr metal and center Cr,O3 core. On the anode, it showed an overpotentail coordinating with the
cathodic potential, and CO; was formed on the carbon anode. Kilby pointed out that the generated CO,
dissolved in the melt and combined with O to form COs> (CO, 4+ 0%~ = C03%7). After transferring
to the cathode, the CO3> was reduced to solid carbon by electron consumptions (CO3%~ +4e~ = C +
3027). So, the application of a carbon anode would not only lower the current efficiency, but also
introduce impurities due to the anode reactions.[38] As a modification of the setup, a SnO-based anode

was introduced in the Cr,Os electrolytic reduction. By using a graphite anode (5.5 cm? surface area),
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the current efficiency was 30 %; with a SnO»-based anode at the same surface area, the current
efficiency was increase to 55%. Other than the improvement in the current efficiency, the chromium

product was free from the carbon or carbide and the electrolyte salt was uncontaminated with carbon.
4Cr,03 + 3Ca*t + 6e~ - 2Cr + 3CaCr,0, (Eq. 2.25)

CaCr,0, + 6e~ > 2Cr + Ca®* + 40%~ (Eq. 2.26)

2.1.2 Electrolytic Reduction in Molten LiCl Salts

2.1.2.1 Pyroprocessing

The pyroprocessing technology has been developed since the 1980’s at the Argonne National
Laboratory (ANL).[40] It is a technology of high temperature electrochemical spent fuel recycling, as
a part of the Integral Fast Reactor (IFR) system. The pyroprocessing was put into operation in 1996 at
the Idaho National Laboratory (INL, formerly ANL West), for the purpose of dealing with the
remaining spent nuclear fuels after the EBR-II was ceased.[41] In recent years, the pyroprocessing has
been performed to close the LWR oxide fuel recycle.[42] In the INL, the researches have developed
engineering scales for electrolytic reduction with over 700 g of molten salt and 50 g feeds in each

reduction batch.

S —
Ve[| Circuit 1 Circuit 2

Ag/AgCl Ref.

Basket Wall
Pt Anode (I)
Ni/NiO Ref.

(a) (b)
Figure 2.6 Sketches of the setup for (a) electrorefining process, and (b) electroreduction process

The initial goal for the electrorefining was to process the remaining EBR-II spent fuels. The
spent fuels contain majorly uranium and zirconium as the originally driver fuel, and also sodium,

neodymium, cesium, molybdenum, etc.[43] The purpose of the electrorefining was to separate the
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uranium from other elements in the spent fuels, through metal dissolution on the spent fuel anode and
then reduction on the cathode.[44,45] In some cases, the electrorefining was also introduced as the post-
treatment of metals generated from the oxide reductions [46] and from waste salts in the electrochemical
processing [42]. Fig. 2.6a shows the sketch of the Mark-IV electrorefining reactor setup. A stainless
steel (2.25 Cr — 1 Mo) reaction cell had an inner diameter of 1.0 m and depth of 1.0 m. In an
electrorefining salt batch, there were a bottom layer of around 10 cm depth of molten cadmium, and a
top layer of 32 cm depth of UCl; (10 w.t.%)/LiCI/KCI. The addition of UCl; was to restrain the
generation of Pu in the U products. The cathode was a mild steel mandrel, and the spent fuels were
loaded in the anode fuel basket. A Ag/AICI reference electrode was used in measuring the cathodic and
anodic potentials. In the electrorefining process, the typical operation temperature was 500 °C and the
electrolysis was in a controlled current mode. When the current was held at 30 A, a gradual increase in
the anodic potential was observed, which indicated the electrochemical dissolution of uranium from
the anode basket. In order to avoid the dissolution of other metal components in the basket, such as
zirconium and other noble metal fission products, the current was gradually reduced to zero after the
anodic potential reached 0.4 V vs. Ag/AgCl. A co-dissolution phenomenon was observed, meaning the
dissolution of zirconium with uranium even though the anodic potential was not high enough to ionize
the zirconium metal. The co-dissolution was a challenge to the electrorefining, due to the presence of
UZr,, leading to a low 73% zirconium retention rate with a 94 w.t.% uranium dissolution. It was fond
that with a high anodic potential, more zirconium was dissolved and also less noble metal fission
products was retained. A periodic interrupting current was applied in the anodic process for the purpose
of increase the retention rate zirconium and noble metals. A secondary circuit was built using the
original mild steel mandrel working electrode, and the anode was the cadmium pool at the bottom. In
operations, the current was applied on the steel — basket circuit for 6 s and then on the steel — cadmium
circuit for 2 s. So, in terms of the anode fuel basket, the electrolysis was in an interrupted mode with 6
s on and 2 s off. The pulsed mode was proved to improve the retention rate of the zirconium and noble
metals to 100% with an averaged uranium dissolution of 93.7 w.t.%. On the cathode, the uranium ions
were reduced to uranium metal, forming a dendrite shape. A rotating anode basket was tested and the
results showed that the efficiency was improved to 70%, compared with 50% by using a stationary
basket.[47] When the feed was the metal fuels generated from the electroreduction process, the
electrorefinement could achieve an efficiency of 78%.[46] Though efforts were made to increase the
current efficiency, it was still low due to the difficulty in internal diffusion which referred to the mass
transfer of reactants inside the fuel segments.[44,48] The electrorefinment has played an important and
irreplaceable role in the spent fuel treatment. Around 830 kgHM of spent driver fuels have been

electrorefined by the Mark-1V Electrorefiner since 2012.[48]
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In recent years, the pyroprocessing has found its extended applications to close the LWR oxide
fuels recycle, by reducing LWR oxide spent fuels to metals.[42,46,49-51] After the spent oxide fuels
were transferred out from the nuclear reactors, they were chopped into operational sizes, and pyro-
processed to reusable metal fuels. The reductions were carried out at 650 °C in a mixture of molten
Li;O and LiCl (Li2O at 1 w.t.%). The feed oxide fuels (Table 2.5), dominantly UO,, were loaded in a
stainless steel (S.S.) fuel basket. Other than uranium, elements in the LWR spent fuels included rare
earths (Nd, Ce, La, Pr, etc), transuranic (Pu, Np, and Am), noble metals (Zr, Mo, Ru, etc) and salt
soluble (Cs, Ba, etc). Two electrolysis circuits were built in the cell (Fig. 2.6b). In the primary
electrolysis control for oxides reduction, the charge was applied between the S.S. lead — basket cathode
and a platinum anode. A Ni/NiO reference electrode was placed in the cell for the monitoring purpose.
The current of the primary circuit was controlled in order to maintain the anodic potential just below
the Pt anode dissolution (Pt — Pt?* + 2e™) potential at +1.5 V (vs. Ni/NiO). The metal oxides were
reduced at both overpotential (potential higher than the electrolyte decomposition potential) and
underpotential (potential lower than the electrolyte decomposition potential) conditions. At
overpotentials, the Li" was reduced to Li metal which would cover the basket and corroded the basket
wall. So, in order to eliminate the impact of the lithium metal on the experimental setup, a secondary
circuit was installed. The secondary circuit connected the S.S. lead as the cathode and the basket wall
as the anode. A secondary power supply started to energize the basket wall at a potential more positive
than the lithium formation potential (-1.75 V vs. Ni/NiO). Li metal generated on the basket wall
dissolved at the lithium oxidation potential. This process mitigated the diffusion of lithium metal

outside the fuel basket and prevented the fuel basket from the attack by metallic lithium on the wall.

Table 2.5 Constituent concentrations in spent oxide fuel [49]

Rare earths ppm |U/TRU ppm Noble metals ppm Salt soluble  ppm
Nd 4,200 |U 838,000 | Zr 3,300 | Cs 2,500
Ce 2,600 |Pu 6,060 Mo 2,600 | Ba 2,200
La 1,300 |Np 421 Ru 1,200 | Sr 790
Pr 1,200 | Am 230 Tc 540 Rb 530

Studies on the electroreductions of spent oxide fuels have been carried out by researchers in

the INL.
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The spent oxide fuel was reduced in the cathode fuel basket by controlling the current between
the cathode and anode. Inside the fuel basket, the UO, was reduced in two approaches, direct reduction
by electrons at underpotential, and lithiothermic reduction by Li metal at overpotential.[46,49] In the
direct reductions, UO, was reduced with electron to uranium metal and released O* (Eq. 2.27). In the
lithiothermic reductions (reductions with lithium metal as the reductive agent), lithium metal was
reduced on the cathode (Eq. 2.28), then the Li attacked and reduced UO- to U metal through a chemical
reaction (Eq. 2.29). In both pathways, O* was oxidized to gaseous oxygen on the anode (Eq. 2.1).
Nearly full conversions were achieved for metal oxides which were less electrochemically stable than
Li,O, such as 99.7% for uranium oxides and almost all the neptunium and noble metal oxides. For the
metal oxides that were more stable than Li,O, part of the feeds were reduced (98% for plutonium, 90%
for americium and 28% ~ 80% for rare earths).[52]

U0, + 4e~ - U + 20% (Eq. 2.27)
Lit + e~ - Li(eq. 2.28)

UO, +4Li - U+ 2Li,0 (eq.2.29)
20%7 > 0, + 4e™ (eq. 2.1)

Reductions of UO, and U3Og were widely studied as a part of the spent nuclear fuel treatment,
without the consideration of problem caused by other elements in the fuels.[53—56] Similar as the
pyroprocessing treatment, electrolytic reductions of uranium oxides generally took place in 1 w.t.%
Li,O/LiCl. In the U303 reduction, the process was under a pulsed cell potential control at 3 V. The
applied cell potential was lower than the salt decomposition in value, but the potential on the cathode
(-0.90 V vs. Li-Pb) was higher than the Li/Li" reduction potential (-0.54 V vs. Li-Pb).[53] More than
98.1% of uranium was recovered with 140% of the theoretical charge. The XRD analysis of products
at different positions of the basket were conducted. Uranium metal was generated at the lower part of
the basket (Eq. 2.30); however, in the upper basket, lithium metal was detected, as well as the partially
reduced UO; (Eq. 2.31). It was because that the lithium metal could accumulated and cover the oxides

particles and hinder the oxygen ion transfer out.[53]
U3;0g + 16Li — 3U + 16Li,0 (Eq. 2.30)
U30g + 4Li —» 3U0, + 2Li,0 (Eq. 2.31)

In conclusion, the oxygen ion transfer from the metal oxides to the outside of the basket is the
key challenge in the electroreduction of pyroprocessing.[52,57,58] There are three regions for the
oxygen ion transfer, transfer inside the solid phases, transfer in the liquid phase among the oxides, and

the diffusion to the bulk salt through the basket.
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In order to increase the current efficiency, researchers tried different methods to improve the
oxygen ion mass transfer. Different uranium oxides precursors, UO: and U3Os, were used. UO; is the
composition in the spent fuel and the UsOs is the oxide fuels after the DEOX (Decladding by oxidation)
process.[52] After the oxidation, the UO, was turned to U3Og and there was a 30% volume expansion
in the uranium compound. After the reductions, there was no significant difference in using UO, and
U30s. The fuel basket design was another study interest in O* ion transfer. Studies on the effect of the
fuel basket design on the reduction extent was carried out for the oxide fuel reductions, as shown in
Table 2.6.[52,57,58] Two fuel baskets were involved in the comparison, a sintered S.S. basket and a
S.S. wire mesh basket. Up to 150% of the theoretical charge was applied. After reductions, Li.O
concentrations in the basket were measured and the reduction extents were evaluated. The Li,O
concentrations in the sintered S.S. basket were 3.18~4.15w.t.% and the reduction extents were
8%~33%; and in the S.S. mesh basket, the Li,O concentrations were 0.85~0.91 w.t.% and the reduction
extents were increased to 43%~70%. The results showed that at a high Li,O concentration, the reduction
extents were low. So, the oxygen ion concentration is an important factor in the reductions, and the
reduction extent is low at a high oxygen ion concentration. The key to increase the current efficiency
is to improve the oxygen transfer from inside the metal oxides to the outside of the basket. To test the
combined effect of the basket designs and oxide particle sizes on the oxygen ion transfer, a porous
magnesia basket, a sintered S.S. basket and a S.S. mesh basket were used. The particles in the porous
magnesia basket and sintered S.S. basket were smaller than 0.045 mm (diameter), while the particles
in the mesh basket were larger to fit the bigger holes in the basket wall. It was found that the reduction
current was around 1 A with the sintered metal basket, which was lower compared with higher than 2
A for reductions using a mash basket. The low current was attributed to the high resistance of oxygen
diffusion through the sintered metal basket, and it resulted in a low current efficiency. When up to
480% of the theoretical charge was applied, the current efficiencies varied from 21% (using small
particles in the sintered metal basket) to 45% (using big particles in the mesh basket). The Li,O
dissolution rates were also measured in different baskets. The dissolution rate in the porous magnesia
basket was 6.9x107 /s, but a great mass loss was observed with the porous magnesia basket. In the
sintered S.S. basket, the dissolution rate was increased to 1.0x10* /s, and the rate was improved 8 times
by using the S.S. mesh basket at 8.6x10*/s. When the S.S. mesh basket was rotated, the rate was further
increased to 6.9x107 /s, which was 100 times higher than that with the porous magnesia basket.[57]
So, by using a S.S. mesh basket in a rotational mode, the oxygen diffusion through the basket wall and
diffusion among the oxides were improved, and a rotating S.S. mesh basket was used in
electroreduction in pyroprocessing. Four different types of mash cathode baskets were testes, with

various opening size at 8~9 um up to 40~43 um. The reduction results were the same with different
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baskets, indicating that the open area of these types of mesh was large enough that the transport of
oxygen ion through the basket was not impeded.[55] However, with an in situ O* concentration
measurement, the researchers found a slow O diffusion rate from the metal oxide particles to the bulk
salt.[56] In conclusion, the oxygen ion diffusion to the outside of the oxides determined the reduction

efficiency.

Table 2.6 Fuel baskets design on current efficiency [50]

% of the Li;O in basket /w.t.%  Reduction extent / % Basket image
theoretical Sintered Mesh Sintered Mesh Sintered  Mesh

charge basket basket basket basket basket basket
75 3.69 0.851 15 43
100 4.15 0.878 11 70
125 3.72 0.884 8 68
150 3.18 0912 33 67

2.1.2.2 TiO,
2.1.2.2.1 Introduction

The lithium chloride salts used in pyroprocessing was also introduced in TiO; reductions at

650~700 °C. The advantage of the system mainly lied in the low operation temperature.

In pure LiCl, underpotential electrolysis of TiO. could not produce titanium metal. Instead, it
generated partially reduced lithium titanates LiTiO» (Eq. 2.32) at a higher reduction cell potential 3.2
V and LiTi,04 (Eq. 2.33) at a lower reduction cell potential 1.8 V.[59] A CV study in the same system
and it was concluded that the LiTi,04 could be further reduced to LiTiO..

Ti0, + Li* + e~ — LiTi0, (Eq. 2.32)
2Ti0, + Li* + e~ - LiTi,0, (Eq. 2.33)

Li,O was added to LiCl, for the purpose of initializing the oxygen ion flow and increasing the
oxygen transfer in the cell. The composition became 1 w.t.% Li>O/LiCL, which was the same
electrolyte in the pyroprocessing. Ti metal produced through multiple steps and intermediates (Fig.
2.7). At overpotentials, Li* was reduced to Li metal in situ at the cathode. The lithium metal inserted to
Ti0; and produced both LiTi,04 (Eq. 2.34) and LiTiO: (Eq. 2.35). The higher oxide Li,TiO4 could also
be reduced by Li metal (Eq. 2.36). Then, assisted with Li metal, LiTiO, was reduced to Ti metal through
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a series of titanium suboxides, such as TiO and Ti,O (Eq. 2.37 ~ 2.39). The current efficiency was at
around 71.9% which was much higher than that of reductions in molten calcium mediates.[60,61]
2Ti0, + Li - LiTi, 0, (Eq. 2.34)
TiO, + Li = LiTiO, (Eq. 2.35)
LiTi, 0, + Li = 2LiTiO, (Eq. 2.36)
LiTiO, + Li - TiO + Li* + 0%~ (Eq. 2.37)
2Ti0 + 2e~ - Ti,0 + 0%~ (Eq. 2.38)

Ti,0 + 2e~ - 2Ti + 0%~ (Eq. 2.39)

Ti

TiO

Figure 2.7 Reaction pathways of TiO; reduction in 1 w.t.% Li,O/LiCl

2.1.2.2.2 State of Art of TiO, Reduction in Molten Lithium Salts

Ti metal was generated from TiO; reduction in 1 w.t.% Li,O/LiCl, through a series of lithium
titanates (LiTi,O4 and LiTiO») and titanium suboxides (TiO and Ti,O). Due to the advantage of a
relative low temperature, the process was conducted by many research groups and more reaction details

were studied.

Other than the LiTi,04 and LiTiO,, generation of another lithium titante Li,TiO3 was predicted.
In the cyclic voltammetry (CV) of TiO: in molten LiCl at 850 °C, it was found that there was a reduction
peak which could not be assigned to the reduction of either TiO, or LiCl.[62] So, it was probably the

reduction of a species whose formation did not associated with electron transfer, and the researchers



28

claimed the species to be Li;TiOs. This titanate was the result of a chemical combination reaction (Eq.
2.40). It was then reduced to TiO (Eq. 2.41). Instead of reducing single oxide TiO,, a TiO2-MoO, mixed
oxide was also studied for reduction in molten LiCL[62] The reduction was carried out at 3.2 V for 24
h, and produced a Ti-Mo alloy with residual oxygen at 1.8 w.t.%. By using the (Ti, M0)O, as the feed,
compared with reducing single TiO; oxide, this oxide solid solution possessed a high oxygen mobility
which improved the diffusion kinetics during the reduction.[62] As discussed above, in the
calciothermic TiO» reduction, the low current efficiency was the result of extra generation of Ca metal.
For the overpotential reductions in molten lithium salts, in order to eliminate generation of excessive
Li metal which was corrosive and lowered down the current efficiency, the cathodic potential was
applied in a pulsed mode. The electrolysis was pulsed to measure the open circuit potential, and then
the potential was resumed when the open circuit potential dropped to below the Li" reduction potential.
With a pulsed mode, the current efficiency in reduction of TiO, was much higher than that in
calciothermic TiO, reductions. Increasing amount of charges were applied to get a higher reduction
extent. LiTiO, was generated with 25% of theoretical charge, and with 100% of theoretical charge, the
product was single Ti2O. Ti metal was collected with 150% of theoretical charge. Though the reduction
extent was improve with more charge applied, the current efficiency was reduced. The current
efficiency of TiO, reduction to LiTiO, was almost 100% but it decreased to 71.9% to produce Ti metal.
So, the reduction of LiTiO, may be the key factor in the reduction of TiO; in molten Li,O/LiCl.

TiO, + 2Li*t + 0%~ > Li,TiO5 (Eq. 2.40)
Li,TiO; + 2e~ © TiO + 2Li* + 0%~ (Eq. 2.41)

Researchers derived the diffusion coefficient of O* transfer through the solid oxides in the
order of 10 ~ 10 cm? s! with the square root sweep method. This O* diffusion coefficient was very

low, so the O ion diffusion through the solid oxide was the rate-determining step in the reduction.[62]

2.1.2.3 Ta205
Tay0s, as well as LiTaO3; were reduced through chronopotentiometric measurements in 3 w.t.%
Li,O/LiCl at 650 °C.[63] Readctions were carried out in a customized sealed chamber with argon flow

through. Oxide powders were added from a tube to the magnesia membrane basket.

Reactivity of Ta,Os in the molten salt was studied by maintained the Ta,Os powder in the
molten salt. 30 Ta,Os was gradually converted within 11 h. LiTaO; (Eq. 2.42) was generated and
became the only product after 24 h. TaO was observed between 5 h and 11 h. The LiTaO; was formed



29

by reaction of Ta,Os and Li,O. So, the starting material of the reduction was considered as a mixture

of the Ta,Os and LiTaOs.

A series of current was applied in the chronopotentiometic reductions of 30 g Ta;Os, including
0.8A,1.0A,1.2 A and 1.5 A. A potential decrease and plateau were observed in the potential-time
profiles. The study compared the theoretical time and the actucal experimental time for complete
reductions. It was found that more time was spent than the theoretical calculation, and the difference
between the theoretical and actual time tended to decrease at increasing current. It was because at a
higher reduction current, the electrolysis rate of Li>O was increased. Redutions were also tested on 10
g LiTa0s, and the E-t curves were similar as that in Ta,Os reductions. With both reduction precursors
Ta,0s and LiTaOs, Li metal worked as the reduction agent and reduced the feed through chemical
reactions (Eq. 2.43 and Eq. 2.44). Under all reaction conditions, the potential was high enough to
decompose Li>O, but not LiCl. So, O, was released on the anode. Also, an oxidztion of Pt anode surface
to Li,PtO; was also observed. With higher reduction current applied, the oxygen gas formed on the Pt

anode was accelerated.

This study concluded that the O* diffustion rate from the cathode to the salt bulk depended on
two aspects, the thickness of the partical layer and the propoties of the the magnesia member, such as

the porosity and pore size.
Ta,0s5 + Li,0 = LiTa0O5 (Eq. 2.42)
Ta,0s + 10Li — 2Ta + 5Li,0 (Eq. 2.43)

LiTa05 + 5Li » Ta + 3Li,0 (Eq. 2.44)

2.1.2.4 Nb,Os
Nb,Os was reduced in 3 w.t.% Li,O/LiCI molten salt by controlling the current between
cathode and anode at 0.8 A and 2.0 A.[64] The study took advantages of the setup used in Ta,Os

reductions.[63]

A soaking test was conducted to study the chemical conversion of Nb,Os in the molten salt.
XRD analysis was applied on the samples taken after soaking for 2 h, 5 h and 10 h. During 10 h of
soaking, the amount of Nb,Os was gradually decreased, LiNbO; (Eq. 2.45) and LiNb;Os (Eq. 2.46)
showed sharp intensity peaks in the XRD patterns. Another niobium species NbO, was also identified
after 5 h.
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In the electropotentiometric reductions, several stages were observed in the potential-time
profiles. The Li metal was generated since the cathodic potential was higher than the Li,O
decomposition potential, resulting in a potential increase. Then, the lithium metal was consumed by
reduction of the Nb,Os and lithium niobate species to the niobium metal (Eq. 2.47-2.49). As the process
went on, lithium metal kept being generated. However, niobium compounds which could react with
litium became less. So, lithium metal started to accumulate in the magnesia membrane basket, and it
caused a potential increase on the cathode. The amount of Li>O in the electrolyte was found to be
decreased gradually, with a faster decrease in reduction at 2.0 A. The decrease in Li,O concentration
indicated that the electrochemical reduction of Nb,Os was via the electrolysis of Li»O, which was an
indirect electroltyci reduction. By analyzing the reduction product at different charges, it was found
that LiNbO; appeared and disappeared during the process. It may be the product of reduction of LiNbO3

or LiNb3Os. On the anode, it was the evolution of oxygen gas.

In this study, it was concluded that the diffusion of O* was an important. By using a magnesia
mambran basket to load the oxide, the oxygen ion diffurion from the inside to the outside of the basket
helps to prevent Li,O depletion in the electrolyte bulk. This process maintained a relative low O2-

concentration in the basket. It also allow a stable operation in a large scale electroltyci cell.
Nb,Os + 2Li* + 02~ - 2LiNbO; (Eq 2.45)

3Nb,0s + 2Li* + 02~ - 2LiNb;0g4 (Eq 2.46)

Nb,Os + 10Li » 2Li + 10Li* + 50%~ (Eq. 2.47)

LiNbO; + 5Li > Nb + 6Li* + 302~ (Eq. 2.48)

LiNb3;0g + 15Li - 3Nb + 16Li* + 802~ (Eq. 2.49)

2.1.3 Electrolytic Reduction System
In this session, the electrolyte and electrodes involved in literatures were summarized and
compared. It provided the clues in selecting proper experimental elements based on the research

needs.

2.1.3.1 Electrolyte

The choice of electrolyte is an essential factor in the electrolytic studies. It determines the

operation temperatures, potentials, and changes the behaviors of reactant in the mediate. Mainly two
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kinds of electrolytes were in use, the calcium electrolyte with CaCl, as the main component and lithium

electrolyte with LiCl as the dominating composition.

CaCl, molten salts started to get attentions when the Fray - Farthing - Chen (FFC) Cambridge
process was discovered for the electrochemical reduction of TiO,. The melting point of CaCl, was 772
°C and the general temperatures in the experiment were 850 °C — 950 °C. The decomposition cell
potential of CaCl, was 3.18 V.[37] Several extra components were added to the CaCl, salt for different
purposes. CaO was added to the system to introduce oxygen ions to start the oxygen ion flow. The
melting point of CaO was 2572 °C, but the melting points of the CaO/CacCl; eutectic salts were reduced.
And the decomposition cell potential of CaO was 2.6 V. [37] In the reduction of TiO, it proved that it
could increase the current efficiency and also decrease the oxygen content in the produced metal.[18,20]
However, effect of CaO could be either improve or retrogress the metal oxide reductions. Calcium
intermediates could be formed by the reactions with CaO. The intermediates were either hard to reduce,
such as calcium niobates [35], or easily dissolved to the bulk salt, such as CaWQ, [34]. Also, in the
reduction of Ta,Os, CaO concentration was proved to have effects on the particle sizes of the final Ta
metal, with larger particle sizes resulting from higher CaO concentrations.[36] The CaO concentration
also had influence on the oxygen content in the product. By adding CaO, the product of calciothermic
reduction of TiO; could be alpha phase titanium metal. However, with increasing CaO concentration,
the oxygen level increased from 2000 ppm to 6200 ppm when the concentration of CaO increased form
0.5 mol% to 1 mol%. And with more CaO at 15 mol% in CaCl,, the reduced product was not only the
alpha phase titanium metal, but also titanium suboxides, such as TiOq 325, TicO and TiO. [24] NaCl was
also a common additive to the molten CaCl,. By adding NaCl, the operation temperature in the
NaCl/CaCl; could be reduced to 600 °C.[34] Other than lowering down the required temperature, the
NaCl in the salt could also restrain the dissolution of the oxides, such as Nb,Os [35], and calcium
intermediates, such as CaWOs [34]. The loss of materials caused by dissolution reduced the materials
recovery and decrease the cell efficiency. In the reduction of Nb.Os, the existence of NaCl also reduced
the activity of CaO and prevented the formation of intermediate which required much longer time to

reduce.[35]

LiCl salt was used in metal oxide reductions at a lower temperature compared with that in
calcium salt. The melting point of LiCl was 605 °C and the general operation temperature was 650 °C.
However, in pure LiCl, it was difficulty to start the oxygen flow in TiO; reductions, and no metallic
titanium was achieved.[59] The 1 w.t.% Li>O/LiCl was the electrolyte in pyroprocess for spent oxide

fuels.[44,46] In the 1 w.t.% Li>O/LiCl, a lot of metal oxides can be reduced to metal, including uranium
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oxides [53] and titanium oxides[60]. However, when applying overpotential during the reductions,

lithium metal generated on the cathode was corrosive on the cathode basket.[46]

2.1.3.2 Electrode

2.1.3.2.1 Cathode

The main cathode component was the materials of interest, including the metal oxides and the
pre-synthesized complex precursor. The metal oxides could be fabricated in big pellets [17,37], small
particles [60], or discs [9,39]. Other components of the cathode assembly included the current collectors

and the holders of the materials for reductions.

The current collector was metal wires connecting the oxides with the potentiostat equipment.
Various options of metal wires were used in the electrolysis. A stainless steel (S.S.) rod was inserted in
a basket of TiO, powder as the current collector.[60] The part of S.S. in the TiO; bed was in a big size
of 6 mm diameter for a large contact area with TiO,. In some cases, the metal wires also wound the
feed pellets to support the materials. A Kanthal wire was used in molten calcium salts electrolysis for
its corrosion resistivity and low cost.[17,36] It was 1.5 mm in diameter and composited of 22-25 w.t.%
Cr, 5-5.5 w.t.% Al, 1.5-3 w.t.% Co and the balanced with Fe. Ni wires was used to wind the TiO» pellets
for the reduction in Li;O/LiCl [60]A molybdenum wire was also employed as the current collector to
support the chromium oxide disk during the reductions in CaO/CaCl, [39] and the CaTiO; pellet in
molten CaCl, [9].

For the materials holders, several materials and configurations were used, and studies on the
effect of holder designs were conducted. A Ti net current collector was also used to load the TiO; in
the calciothermic reduction.[27] As a conceptual cell design in the calciothermic reduction of TiO,, a
S.S. vessel would work as both a cathode and the container of the salt. Titanium products would be
collected at the bottom of the vessel after the reactions.[23] A magnesia holder was employed in the
Ti0; reductions.[61] The magnesia holder was porous to enable the diffusion of the molten salt to the
cathode and TiO; in the assembly. A S.S. spoon cathode was used to hold the WO3 pellets in molten
CaCl,.[34] After the reduction, the pellet was not left in the spoon, due to the generation of volatile
WO:Cl; and soluble CaWOa4. A S.S. basket of 18 mm diameter was used to hold the TiO, powder for
reduction. [60] It was fabricated by surrounding a 325 mesh sheet. A detailed study of S.S. basket was
conducted by using various mesh layers and sizes.[55] Basket walls were composed of inner and outer
layers of big opening meshes, and four different types of meshes in between: three layers of 325 mesh

(40-43 um), five layers of 325 mesh, a layer of 1400 mesh (12-14 pm) or a layer of 2300 mesh (8-9
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um). Electrolytic reductions of UO; were carried out with these four basket. As the results, the openings
of the mesh were sufficiently large that there was no oxygen ion transfer difficulty through the basket
wall, evidenced by similar reduction results. A mesh S.S. basket and a sintered S.S. basket, as well as
a magnesia porous basket, were tested in the reductions of spent nuclear oxide fuels in 1 w.t.%
Li;O/LiCL.[57] After reductions, the Li»O concentrations in the basket were 26~46 w.t.% and 6.2~9.2
w.t.% in the sintered basket and mash basket, respectively. And the reduction extent in mesh basket
was 43%~70% and that in the sintered basket was only 8%~33%. It was concluded that the oxygen ion
diffusion through a mesh basket was 9 times higher than that in a sintered metal basket, and 10 times
higher than that in a porous magnesia basket. Rotating and resting mesh baskets were tested for the
lithium oxide dissolution rate, and it was found that the lithium oxide dissolution rate was improved 6

times by rotation.

2.1.3.2.2 Anode
The reactions on the anodes were the half reaction paired with reactions on the cathodes.
Problems on the anodes included the material dissolution, gas emissions, and contamination to the

electrolyte.

Pt anodes were used in the reduction studies in spent nuclear fuel [46], uranium oxides [54,55],
chromium oxides [38] and titanium oxides [60,61]. During the reduction of metal oxides, positive
potentials were responded on the Pt anodes. Before the evolution of Cls, the platinum was oxidized to
Pt** (Eq. 2.50) at +1.55 V vs. Ni/NiO [46] or +2.6 V vs. Li-Pb [54] in molten LiCl. And when Li,O
was added to 0.5 w.t.% Li>O/LiCl, gas released on the anode was O at a lower positive potential, +2.1
V vs. Li-Pb. Besides the generation of O, a thin film was coated on the Pt electrode.[54] It was
identified as the Li,PtOs; (Eq. 2.51) with XRD. Researchers used different shapes of Pt anodes,
including rods [38], spiral [46] and wide plates [55,60].

Pt - Pt?* + 2e™ (Eq. 2.50)
Pt + 2Li* + 30%~ - Li,PtO; + 4e~ (Eq. 2.51)

Graphite anode were widely used in LiCl [59], CaCl, [12,17,38], NaCl/CaCl, [35] and
CaO/CaCl, molten salts [18,20]. By using a carbon anode, O», as well as CO and CO», emitted from
the carbon electrode. The thick graphite rod had the problem of carbon release and high resistivity, but
some features made it a relative competitive option as the anode. In molten calcium salts, platinum

reacted with metal calcium, and molybdenum and nickel became brittle after several experiments.[65]
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The graphite anode could be either a rod (1.5 cm diameter) [17] or a crucible [59]. With CO; dissolved
in the electrolyte, CO;* was produced and diffused to the cathode. Reduction of CO;* took place on
the cathode and left solid carbon (Fig. 2.8). So, a mass loss was observed on the anode, and the reduced
metals and electrolyte salts were contaminated by the carbon.[38] The reduction of COs> consumed

electrons and this side reaction would decrease the current efficiency.[66]

Free carbon
0%~

2—
CO5 CO;
Figure 2.8 Carbon cycle in the electrolyte between the cathode and carbon anode

A SnO; anode (1 cm diameter) was studied for the purpose of improving the current efficiency
for Cr,0s reduction compared with the reduction with a graphite anode.[38] The SnO; resulted in almost
no weight loss, and CO and CO, bubbles were larger. For a 5.5 cm? anode surface area, the current
efficiency was 55% with the SnO, anode at 3.0 V; compared with 30% and 50% with graphite anode
at 3.0 V and 2.0 V, respectively. The study concluded that by using the SnO, anode, it achieved higher
current efficiencies than that with a graphite anode. However, a CaSnOs calcium stannate phase was
detected on the SnO» anode. It was the product of the reactions between SnO, and Ca metal generated
at the cathode, and it was an insulator. So, there would be a conductivity problem with the SnO, anode

in a longer term.

2.1.3.2.3 Reference Electrode

In the three-clectrode cell, the reference electrode is a necessary elements. The reference
electrode was also applied in the two-electrode cell to measure the cathodic and anodic potentials. In
this project, the electrolysis was conducted by controlling the cathodic potentials. However, so far, the
electrolytic reductions were mostly carried out by controlling the cell potentials. So, the review on the
reference electrodes was expanded, including the cyclic voltammetry studies, electroreduction and

electrorefining.

A stainless steel reference electrode was used in CV measurements in 0.30 CaCl; - 0.17 CaCO;
- 0.43 LiCl - 0.1 KCI (molar ratio) in a potential range of -2 V to +0.5 V at 100 mV/s at 520 °C.[67]

Three reduction peaks were observed at -0.8 V, -1.7 V and -2.0 V which were assigned to the deposition



35

of carbon, potassium and lithium, respectively. No reduction peak of Ca*" was observed which means
the decomposition potential for Ca/Ca>" was higher than -2 V. However, the application of stainless
steel as a reference electrode was limited by the localized corrosion which was very common in chloride
molten system.[68] The corrosion would cause introduction of impurities to the system and potential

drift due to the change in the reference electrode.

The electrochemistry of LiCl/LiO/H>O molten salt system was studied with a molybdenum
reference electrode.[69] CVs were measured in pure LiCl electrolyte and also in LiCl with 1 w.t.% Li,O
at 650 °C at 20 mV/s. The results showed that the cathodic decomposition potential was at around -1.9
V for pure LiCl and at -1.2 V for 1 w.t.% Li,O/LiCl. The authors explained the positive potential shift
of Li/Li" after addition of Li>O was due to an underpotential deposition (UPD).

A titanium crucible was used as both the molten salt container and the reference electrode.[65]
CV measurements were taken to check the working conditions of the electrolysis cell. After pre-
electrolysis of molten CaCl, at 2.7 V (cell potential) for 2 hours, a first CV was measured in a region
0.2 V to -1.3 V at 50 mV/s. There was no current peak in cathodic CV until Ca/Ca** decomposed at -
0.9 V, indicating a successful pre-electrolysis in removing the moisture in the melt. A second CV was
measured in order to clarify the change on the glassy carbon working electrode. An oxidation peak at -
1.0 V appeared when CV was repeated 6 times. After the glassy carbon working electrode was polished,
this oxidation peak disappeared at the first CV cycle but showed again on the second measurement.
The oxidation peak at -1.0 V was concluded as the decomposition of CaC, which was the product of a

chemical combination reaction of the deposited calcium and the glassy carbon working electrode.

A Li-Pb reference electrode was used to determine TiO: reduction routine in 1 w.t.%
Li,O/LiCl1.[60] CVs were carried out at a scan rate 100 mV/s using a Ni-TiO, working electrode, and a
Pt plate counter electrode. The CVs were measured in multicycles from around -1.0 V ~+1.0 V. A
reduction peak in CV measurement at 0.3 V is assigned as the reduction of TiO; to lithium titanate
intermediate, and another reduction peak at -0.2 V was the reduction of titanates and titanium

suboxides.

A Ca-Pb reference electrode was employed in deriving the decomposition potential of Ca/Ca>*
vs. at different CaO concentrations.[70] The decomposition potential from CV measurements was -
0.51 V at 810 °C. After a series of measurements, it is found that the decomposition potential decreased

with increasing CaO concentrations and temperatures.

Ag/AgCl is a widely used reference electrode by establishing a redox couple (Eq. 2.52) which

enhances the stability in electrolytes especially for electrolytes containing Cl” ions. [jije et al. identified
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a carbon species loop by measuring CV cycles of molten Li>CO3/K,COs with a Ag/AgCl reference
electrode at 540 °C.[67] During cathodic CV scans, COs* was reduced to carbon with electrons at -
1.65 V. And then in the anodic scans, carbon was oxidized at different potentials to different species.
Carbon was oxidized with O* to CO; at -1.28 V. And at -1.05 V, carbon was oxidized with O* to CO
which was further oxidized to COs> at -0.6 V. At-0.2 V, carbon was oxidized with COs* to CO,. And
at +0.2V, O, was evolved when COs* was converted to CO,. The Ag/AgCl reference electrode is also
employed in electrorefining in KCI/LiCl (44 w.t.% LiCl) at 500 °C.[71,72] This Ag/AgCl reference
electrode was fabricated by inserting a silver wire in a mixture of AgCl (5mol%)/ LiCI/KCI in a Pyrex
NMR tube (Fig. 2.9a). At the LaCl; concentrations of 0.97 w.t.%, 2.68 w.t.% and 6.38 w.t.%, the
cathodic decomposition potentials for La*" were at -2.185 V, -2.180 V, and -2.176 V, respectively.

AgCl+e~ & Ag + Cl™ (Eq. 2.52)

Pyrex NMR tube

" Silver wire

MgO tube

— Nickle wire

Li,O/LiCl

AgCl (5mol%)/ LiCI/KCl Porousplug  NiO powder

(a) (b)

Figure 2.9 Sketch of (a) Ag/AgCl and (b) Ni/NiO reference electrode

Ni/NiO (Fig. 2.9b) is also a commonly used reference electrode in system with free O* ions.
An equilibrium (Eq. 2.53) is established within the electrode. Herrmann and Li used a Ni/NiO pseudo
reference electrode in measuring CVs at 20 mV/s in determination of cathodic and anodic
decomposition potentials for LiCl with different Li,O concentrations.[46,49] LiCl with 0, 0.25, 0.5 and
1 w.t.% of Li,O/LiCl were stabilized at 650 °C and CVs were obtained in both cathodic side with
stainless steel working electrode and anodic side with platinum working electrode. By using a Ni/NiO
reference electrode, the cathodic decomposition potential of the lithium salt decreased with increasing
Li,O concentration and the Li/Li* was at -1.75 V for 1 w.t.% Li;O/LiCl. On the anodic CV side, after

adding Li,0 in LiCl, gas evolved from anode was O, instead of Cl,, which lead to an obvious decrease



37

in anodic decomposition potential. Before O, evolution, an oxidation peak appeared was determined as
the generation of Li,PtO; from Pt anode and Li>O. Ni/NiO reference electrode were also in CVs for
spent nuclear fuel containing uranium oxides in 1 w.t.% Li;O/LiCl, in order to determine uranium
oxides reduction potentials. CV peaks showed a series of reduction reactions, where U3Os was reduced

to UO; at -1.45 V and UO, was reduced to U metal at -1.62 V.

NiO © Ni +0, (Eq. 2.53)

2.2 Research Challenges and Gaps

The electrolytic reductions has been widely studied on various metal oxides with all kinds of
operation setups, and the electrolysis control methods. However, the promotion of the electroreduction
of metal oxides is hindered due to the low current efficiency. Based on the review of research discussed
above, the low current efficiency is the result of the low oxygen ion diffusions inside the oxide solid

particles to the bulk.

Table 2.7 Methods in increasing current efficiency in literatures

Changes Reductions Current efficiency Reference
Precursors Dense — Porous TiO, FFC of TiO» 32% — 40% [18,20]
TiO, — CaTiO; FFC 15% — 28% [9]
Electrolyte ~ CaCl, — 2 mol% CaO/CaCl, FFC of TiO2 18% — 40% [20]
CaCl; — 0.5 mol% CaO/CaCl,  OS of TiO; No Timetal > 12.9%  [29]
Setup NiO closer to the cathode OS of NiO 16.8% — 79.2% [30]
Sintered — Mesh basket Pyroprocessing  Faster O transfer [50]
Stationary — Rotating basket Pyroprocessing  Faster O transfer [57]

In order to increase the current efficiency, researchers have tried many methods. In terms of
the precursors, different types are tested. By using the porous TiO; instead of dense TiO, the current
efficiency in FFC process increased from 32% to 40%.[18,20] To avoid the in situ formation of the
CaTiO;, it was used directly as the precursor in the FFC process, and the current efficiency was
increased from 15% with TiO, to 28% with CaTi0s.[9] In the aspect of electrolyte, by adding 2 mol%
of CaO to CaCl,, the current efficiency in FFC process increased from 18% to 40%.[20] And for the

OS reduction, titanium metal cannot be produced in pure CaCl,, but after adding 0.5 mol% of CaO, the
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current efficiency in titanium generation is 12.9%.[29] The setup design also has impacts. In the OS
reduction of NiQ, it is found that by placing the NiO closer to the cathode, the current efficiency can
be increased from 16.8% to 79.2%.[30] In the pyroprocessing, it was found that compared with a
sintered basket, the mash basket has a higher O* transfer rate.[50] And when the basket was rotating,

the O transfer rate was further improved.[57]

The agitation through sonication is expected to achieve several goals. It will accelerate the
diffusion of oxygen ion in the oxide bed to the outside of the solids. And the agitation should improve
the contact between the oxide particulates with the electron from the cathode or the reductive metal on
the cathode. Due to the adhesion property of the molten salt, the released oxygen molecules are trapped
in the cathodic basket. So the sonication will also drive the trapped oxygen molecules diffusing out of
the oxide particles. Should the proposed research proceed as expected, it will successfully resolve one
of key needs associated with scale-up pyroprocessing, and promoting the commercialization of metal

production through electroreductions.

Therefore, the sonication was introduced in this project mainly as an agitation method. It
expected an improvement of the mass transfer in the electrolytic cell under a single or a combined

mechanism.

2.3 Research Objectives
This work combines the fundamental study in electrolytic reductions of metal oxides in high
temperature molten salts, with the advanced technique of sonication. The combined technique has
potentials being scaled-up and introduced in effective reductions of radiological metal oxides, which
promotes the spent fuel recycling. This project is carried out in progressive procedures to accomplish

the research goals as follows.

1. Understand the fundamental of electrolytic reductions of metal oxides

By varying the electrochemical parameters, such as the applied charge and reduction potentials,
the electrolytic reductions of metal oxides can be controlled in a step-by-step way. The cathodic
reduction potential is the main parameter in this study, and the reductions will be stopped after applying
a desired amount of charge. This procedure will benefit a fundamental understanding of the reduction
mechanism, in terms of reaction processes and the rate-determining step.

2. Couple electrolytic reduction with sonication

A sonication setup is first time introduced in electrolytic reduction of metal oxides in high

temperature molten salts, which is a new and promising method in improving the oxygen diffusion and
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current efficiency. A sonication setup is designed and built in the project. Challenges, such as high
temperature heat working atmosphere, need to be overcome in the progress of the study. After the
sonicator setup is completed, it will be coupled with the mature electrolytic reductions of metal oxides
study. On the success of establishment of the sonication setup, the freedom in sonication combination
can also be introduced in interdisciplines.

3. Improve process efficiency for metal oxides electrolytic reduction

The improvement of reduction due to application of sonication is identified by comparing the
results of reductions in both silent and ultrasonic environment. When the combined technique is proved
to be effective in increasing the current efficiency, it will be promoted in the area of electrolytic metal
oxides reductions. Other than reduction of common metal oxides, it will also be applicable in recycling
spent nuclear fuels. Currently, one of the most widely adopted methods in spent fuel management is
disposal underground. However, the leakage of radiological materials raises the objections from the
public. So the recycling of spent fuel will make the problem easier and reduce the worries from the

society on nuclear energy.
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Chapter 3: Methodology

Research effort of this project focuses on the conduction of electroreduction experiments,
derivation of the metal oxide reduction mechanism and improvement of the efficiency with ultrasound
power. In this chapter, detailed experimental design is discussed including the choices of experimental

elements, electrolytic techniques, and sample characterization methods.

3.1 Electrolytic Techniques
The electrolytic study is the principle throughout the whole project. It is a milestone of the
project to establish the baseline for metal oxide reductions by performing electrochemical reductions
on metal oxides in molten salts without sonication. Cyclic voltammetry and chronoamperometry were
performed for the purpose of achieving the properties of the electrolyte, and carrying out
electroreductions to derive the reduction mechanisms and create a baseline to define the change caused

by the sonication.

The electrolytic control and data acquisition were realized with a VersaSTAT 4 Potentiostat

(Princeton Applied Research) interfaced with the VersaStudio software.

3.3.1 Cyclic Voltammetry
Cyclic Voltammetry is one of the most versatile electroanalytical techniques in the
electroactive studies. It is widely used in organic and inorganic aqueous solutions [84] and molten salt
mediates [60] thanks to its flexible application and quick responses at controllable scan rates and
potential ranges. In this project, cyclic voltammograms were measured in both fresh and used salts to
study the salt properties, including the thermodynamic uniformity, the salt decomposition potential,

generation of impurities, and possible chemical reactions in the salts.
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Figure 3.1 Typical potential-time profiles in an exemplary (a) single and (b) multiple cycles of cyclic

voltammetry measurement.

There are several parameters in performing cyclic voltammetry. The initial potential, final
potential, and the vertex potentials define the voltage range of the scans. The applied potentials should
not be very high. It is because the current limit of 2 A according to the potentiostat, and big current
peaks may cover some smaller peaks. The current responds vs. the applied potentials were the data
collected as the CV results. Both single and multiple cycles were measured. The basic difference
between the single CV and multiple cycle CV is straight forward. Fig. 3.1 shows typical potential-time
profiles in CVs. In a single CV measurement (Fig. 3.1a), the scan is from the initial potential E; to the
vertex potential E, and then reaches to the final potential Eg, and the derived whole potential-current is
considered as a single cyclic voltammogram. For the multiple cycles CV measurement (Fig. 3.1b), the
potential sweeps from the initial potential E; to the first vertex potential Ei, then it scan forward to the
second vertex potential E.» and back to E,i, and finally stops at the final potential Er. In a multiple cycle
cyclic voltammogram, the scan between two vertex potentials is treated as a cycle in the data acquisition
with software by default, which is the period between t.; and t,;>. In this project, both single CV and
multiple cycles of CV were measured by setting E; and E; at the open circuit potential (OCP). E, in
single CV and E,; in multiple cycle CV were potentials more negative than the salt decomposition
potential. Ey in the multiple cycle CV was a potential more positive than the OCP. For the multiple
cycle CV measurement, only one entire cycle was measured and data was extracted for analysis. All
the multiple cycle CV results reported in this dissertation are collected by running one entire CV cycle
and the data are between t,; and ty;-. The scan rate is also an essential property in CV measurement, and
all cyclic voltammograms achieved in this study were recorded at a scan rate of 20 mV s™'. In order to

achieve comparable and repeatable CV results, the working electrode surfaces were accurately
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recorded, and either the potential ranges or the current responses of the CVs was controlled. The
potential range was directly applied by inputting the values in the control interface. Desired current
ranges were attained by varying applied potentials. CV measurement under each condition was repeated

at least once to guarantee the reliability of the results.

Cyclic voltammetry measurements were taken in different salt compositions. CVs in fresh salt
(the electrolyte free from metal oxides reductions) provided the information of the properties of the
electrolyte, including the open circuit potentials, electrochemical reactions of components in the salt
and the salt decomposition potentials. By varying the salt composition, the effect of species
concentration on the salt properties was also defined by measuring CV in salts. For example, in
Li,O/LiCl mixtures, the concentration of Li,O was the controllable factor. So, the influence of Li,O
concentration on the OCP, Li deposition potential, O, emission potential, etc. were achieved from CV
curves. CVs were measured each time before the electroreduction, for the purpose of checking the
thermal uniformity of the system and determining the Li/Li* potential. Post-reduction CVs in used salts
(salt melt after metal oxide reductions) were also measured to characterize changes in the electrolyte
due to the metal oxide reductions. Attentions were paid on the shift and intensity change of original

existing peaks, and the growth of new peaks.

3.3.2 Constant Potential Chronoamperometry
In a chronoamperometry measurement, a constant potential is applied on the working electrode
and the current-time profile is usually recorded and reported. The duration time and the data collection
time intervals are also variables in controlling the potential application. Limits such as current respond

and the charges applied, can be set as criteria to cease the electrolysis.

3.3.2.1 Chronoamperometry for Electrode Surface Cleansing

After each CV measurement, the working electrode surface was cleaned with an anodic
electrolysis method to remove the residual deposited metal. During the CV measurements, metal ions
in the electrolytes are reduced to metal (eg. Li* + e~ — Li) which attaches on surface of the working
electrode. Though in the backward CV scans, the metal is re-oxidized to ions (Li = Li* + e™), there
may be residual on the surface which will affect the next CV measurement. So, when a CV
measurement is completed, a chronoamperometry run is followed at +0.1 V vs. OCP for 30 seconds.

This process aims at dissolve any metal left on the electrode surface. If the surface is clean, the OCP



43

should be the same as the value before the CV measurement, or the CV curves are identical. The

cleansing process can be repeated if these criteria are not satisfied.

3.3.2.2 Chronoamperometry for Electrolytic Reductions

Electroreductions are carried out by applying a constant cathodic potential on the working
electrode. The current-time data are collected and filed. The primary parameter in chronoamperometry
is the applied potential on the working electrode, and the criteria in stopping the electrolysis is either

the experimental duration or the total charge applied.
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Figure 3.2 Potential setting for the overpotential electroreductions

To study the effect of reactive agent in the oxide reduction process, both overpotentials and
underpotentials are applied in the chronoamperometry experiments. The overpotential is a potential
more significant than the decomposition potential of the salt, so the reductive agent is the electrolyzed
metal. For the underpotential reduction, the applied potential is lower than the salt’s decomposition
potential, so the electrons are the reductant. The decomposition potential of the salt is defined with the
CV measurement before the chronoamperometry. In this study, the electrolyte system was Li,O/LiCl
(discussion in session 3.3.5), so the salt decomposition potential is the Li deposition potential (E;/;;+),
and the potential values reported in this dissertation are versus the Li/Li* unless otherwise specified. In
overpotential reductions, the applied potentials were -0.2 V, -0.3 V and -0.4 V vs. Li/Li*, and the
potential in underpotential reductions was +0.05 V vs. Li/Li*. In the overpotential reductions, as
mentioned above, excess Li metal will slow down the metal oxide reduction, consume extra charge,
and erode the elements in the electrolytic cell. Therefore, the overpotential will be applied in a pulsed

mode. In the potential setting for the reductions (Fig. 3.2), a continuous potential is applied for 20 min,
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followed by a 2 min rest. Then, cycles including 8 min of electrolysis and 2 min off time were repeated,

until a desired amount of charge was applied.

The charge applied is also an essential parameter in the electroreduction. It is used in
calculating and comparing the reduction efficiency (discussion in session 3.5). The amount of charge
is expressed in terms of the theoretical charge to reduce the metal oxides to the metal. It is also an

important standard in scaling up the experimental.

3.2 Application of Sonication
Upon successfully demonstrating and measuring the baseline for metal oxide reduction, the
sonication was added on to the electrochemical reduction of the metal oxides. The effect of the sonicator
probe depth within the cell, the pulse frequency, and vibration amplitude on oxygen diffusion and

reduction efficiency were investigated.

The ultrasound parameters under study include the operation mode (the continuous or pulsed
mode), time interval of the pulsed mode, power load, and the position relative to the oxide basket. The
operation mode is changed and adjusted by setting the timer built in the sonication control box (Fig.
3.3). The timer can be functioned in multiple ways, including a delayed operation, one-shot impulse
and cyclic pulsed operating modes. In this study, a continuous mode (no timer setting) was used in
testing the durability of the sonication probe, and the pulsed modes (with 20 s and 40 s interval) was
used in the electroreduction processes. The maximum power of the equipment was 1500 W, and the
ultrasound power supplied to the converter was adjusted from 30% to 80% of the power load by turning
a knob at the control box. In this study, the power was applied starting from 30% of the maximum load.
The depth of the probe in the salt was around 2~3 cm, and it was almost impossible to place the cathode
basket right beneath the probe. So when placing the basket by the side of the probe, the depth of the
basket relative to the probe tip was controllable and the effect of the depth on the reduction result were

studied.
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Figure 3.3 Front panel of the ultrasound control box

The sonication setup was tested in the fume hood first, before transferred into the glovebox. In
the fume hood, air from the gas supply was directed to the sonication converter for the cooling purpose.
A sonication probe of 0. 5” in diameter was used in the 1 w.t.% Li>O/LiCl molten salt in the continuous
mode. After the successful test in the fume hood, the ultrasonic apparatus was transferred into the argon
glovebox, excluded the sonication control box. In the glovebox, the test of the sonication was conducted

again in the molten lithium salt, with the temperature monitored and time recorded.

When coupled with the electroreduction process, the sonication in a puled mode was started at
the same time with the electrolysis. The applied ultrasound power was set at 30% of the maximum
power load first, and the actual power supplied by the box was displayed on the power monitor (Fig.
3.3). When the power monitor bar showed the maximum load percentage, an overload problem
occurred and the ultrasound power was stop automatically. So the sonication equipment was watched
all the time during the electrolysis, to guarantee the simultaneous experiment. When the sonication was
ceased due to the overload problem, the researcher needed to hit the power switch on the control box
(Fig. 3.3) to resume the sonication application. During the ultrasound power supply, the temperature of
the molten salt were measured with the thermocouple and thermometer. Temperature data were

collected at both the sonication on and off, and electrolysis on and off.

The molten lithium salt was very corrosive and would damage the sonication probe. So, the
sonication probe was disassembled, washed with water and acetone and dried outside the glovebox
each time after the experiment. The weight of the probes were recorded and the performance during the
electrolysis was also documented. So, in preparation for the coupled reduction, the sonication probe

with good performance record and less weight loss was picked in priority.
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3.3 Experimental Setup
In this session, it includes details and challenges in carrying out the electroreduction studies.

Problems and solutions to the design of experimental setup are in deep discussion.

3.3.1 A Three-electrode Electrolytic Cell
3.3.1.1 Metal Oxide Precursors

Multiple metal oxides have been tested in the electroreduction studies. TiO- is a widely studied
metal oxide in electrochemical reductions, and the reduction process is complicated due to its high
oxidized status (+4) and involvement of complicated titanates [5,60]. Furthermore, the
commercialization of Ti generation through the electroreduction of TiO» in molten salt is still restricted
by the low current efficiency. More attention are to be paid in promoting the process which lowers the
cost and reduces hazards emission. On the other hand, TiO: is also treated as a proper surrogate for the
UO:; studies.[73] The first reason is that Ti in TiO; and U in UO; share the same valence at +4. Second,
TiO; has similar electrokinetic properties with UO,, such as the isoelectric point. Therefore, any
improvement takes place in the TiO; reduction may be also available in the reduction of UO,, and it
will give rise to a closing the nuclear fuel cycle. So, in order to make the work more significant and
beneficial in a wider area, TiO, was selected as one of the reduction feeds and the particles were
designed to be 0.25~0.85 mm, the similar size with depleted UO, from the spent nuclear fuels. TiO,
particles at proper sizes (99.995% metal basis, Alfa Aesar) were readily available from commercial

supplies.

Before carrying out the electroreduction of TiO,, reduction tests on a simpler feed is performed
to verify the feasibility of the electrolytic cell and methods. Reduction of NiO generates Ni metal
through a simple one-step mechanism and the current efficiency can reach 87.2% in molten sodium
salts. So, it can be concluded that the electroreduction of NiO is an ideal starting point for the
experiment. Therefore, the NiO particles were prepared in a size range of 0.25~0.85 mm, and reduced

under the same conditions as that in the TiO; reductions.

NiO particles were pelletized from NiO powder (99.95% metal basis, Alfa Aesar) using a
mechanical press, a pellet mold (DI=10 mm), a set of sieves (20 and 60 mesh), and mortar and pestle.
The particles were made from the following steps. Fig. 3.4 shows the NiO powder (a) and pellet (b).
The color of the NiO particles was greyish yellow.

1) A small amount of NiO powder was added to the center of the mold.
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2) The mold was placed in the chamber of the press. A 5-ton force was loaded on the mold,
and held for 3 min.

3) The 10 mm-pellet was removed from the mold and broken into smaller particles with the
mortar and pestle.

4) The next step was to sieve all the particles in the sieves. The larger pieces (in the upper
sieve of 20 mesh) were knocked in the mortar and sieved again. The smaller pieces (in the
bottom collecting pan) were grinded in the mortar and added to the mold for the next press
procedure.

5) The last step was to collect the particles left in the bottom sieve (60 mesh) which were the
products with targeted sizes of 0.25~0.85 mm.

The bulk densities of the oxide particles were roughly determined by weighing the mass of
particles collected with a 10 ml volumetric cylinder. It shows that the bulk densities of TiO, and NiO
particles were at 1.82 and 1.87 g cm™, respectively. With the bulk densities known, the size of the
particle holders can be estimated based on the weight of the loads. In order to focus on the kinetics and
mechanism of the reduction, the amount of metal oxides was in a small scale that 2 g of particles were

loaded for each reduction experiment.

(a) (b)

Figure 3.4 (a) NiO powder, and (b) NiO particles sizing between 0.25~0.85 mm

3.3.1.2 Anode / Crucible

In the electrochemical experiments, a crucible was needed to contain the salts during the
process. The liner of the furnace in this study was a graphite drum with 65 mm inner diameter and 140
mm height. However, the graphite liner was coarse and easy to fall powder, so it could not be used as

the crucible directly. Restricted by the space in the furnace heating zone, the size of the crucible should
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be taller than 140 mm and not exceed 65 mm in diameter. Moreover, the salt used in the studies were
to be solidified and collected after each experiment. The solidified salt should be removed easily, and

the chosen container should be reusable and wiped clean easily.

In order to fulfil the requirements discussed above, a glassy carbon crucible was selected. The
commercially available glassy carbon crucible (HTW Hochtemperatur- Werkstoffe GmbH, Germany.
GAZ30) was 150 mm in height, 60 mm outer diameter and the thickness was 3 mm. The inner space
of the crucible was only 54 mm diameter, so the electrodes and the sonicator probe needed to be closely
packed. This crucible had an extremely smooth surface, so the salt would not attach to the wall while
cooling down to room temperature. The glassy carbon was also a dense material which would not drop

powder in to the salt.

Another advantage of the glassy carbon crucible was its electronic conductivity and therefore
it could be used as the anode in the study. By employing the crucible as the anode, the surface area of
the anode was guaranteed to be much larger than that of the cathode. The crucible was also heated
during the measurement so it would damage the plastic cover of the cord connecting to the potentiostat.
So, a conductive extension clamp was used. It clamped the rim of the glassy carbon crucible and left
the other end around 15~20 cm away from the heating zone. Though the free end was not as cool as the

room temperature, the heat would not cause damage to the connection cords.

Based on the literature, when the carbon material was used as the anode, carbon could release
from the bulk, and the crucible wall became thinner.[23] In this case, after using the crucible in several
electrochemical experiments, the inner diameter at the lower crucible gradually became bigger than
that at the upper session. This change in the structure would not make big change to the electrochemical
result, but might affect the post-treatment of solid salts after reductions. Fig. 3.5 shows the drawings of
section views of a new crucible and an old one used for a long time. The grey color was the inner
surface, the black is the crucible wall, and the dashed area represents the solidified salts. The salt
showed a concave shape and shrank a little bit after it cooled down, so it was easy to pull the salt chunk
out from the almost new crucibles. When used for many times, the crucible wall was eroded and became
thinner. Though the salt would shrink during the solidification, the size of the salt trunk would be bigger
than the original inner size of the crucible. At this point, the salt could not be removed from the crucible

at room temperature. So, the crucible needed to be changed every once in a while.
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(a) (b)

Figure 3.5 Sectional views of a glassy carbon crucible (a) at a new condition, and (b) after used for several

times. The dashed lines represent the solidified salt bulk.

3.3.1.3 Cathodes and Oxide Baskets

As the electron carrier in the electroreductions, a stainless steel rod was always employed to
couple together with a basket. The stainless steel rod was inserted in the oxides bed without touching
the bottom of the basket to avoid forming a Faraday cage. A change in dimension of the stainless steel
cathode was reported in TiO: reduction in Li>O/LiCl.[60] The stainless steel cathode was 3 mm in
diameter, and it was enlarged to a 6 mm diameter for the part in the basket. By doing this, the cathode
surface had a large contact area with the oxides. Therefore, a large working electrode surface in
electroreductions could be achieved by using a stainless steel rod cathode with the diameter of 0.0625”

(1.6 mm) which was big enough for the oxide contact but could still fit in the size of the oxide basket.

CV was also measured during the electrochemical study. It was perfomed to determine the
properties of the salt. So during the CV measurement, the electrolysis should not make significant
change to the bulk salt. For this purpose, the size of cathode should be relative small compared with
that of the anode. The empirical experience in this case was that the surface area for the cathode should
not be larger than 1/5 of that for the anode. So, in the CV measurements, the cathode was a stainless

steel wire with a diameter of 0.25” (0.6 mm).

In literatures, there are many methods to hold the metal oxides. Researchers wounded the oxide
pellet with metal cathode wire [21] or load the oxides at the bottom of the cell or on a spoon [7]. In the
pyroprocessing for the LWR spent fuel, it was suggested that the mash basket worked well with molten
salt system, for the advantages of high Li,O mass transfer through hole on the basket wall.[49] So, in
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this study, a basket made with economically affordable stainless steel mesh was used as the metal
oxides holder. In order to contain 2 g of metal oxides whose bulk densities were 1.8~1.9 g cm™, the

minimum volume for the basket was 1.1 cm?>.

The basket was carefully designed taking account the limited space in the glassy carbon
crucible, and the volume required for the metal oxide particles and the thick working electrode. A
cylindrical shape basket was used in pyroprocessing, so it was also selected as the general shape of the
basket in this study. The dimension of the basket was determined as 10 mm in diameter and 25.4 mm
height. The inner volume of the basket was around 1.25 cm?, covering the space for the oxide particles
and the electrode, and around 10% free space. In order to firmly hold the particles while allow mass
transfer through the basket wall, two layers of stainless steel cloth at 100 mesh were employed as the
basket wall. For the basket bottom, a single layer of 200 mesh stainless steel cloth in a star shape was
clipped by the double layer mesh wall. Then the whole basket was wrapped with the 0.032” (0.8 mm)
stainless steel wire to maintain the shape and attach to the cathode. To avoid any damage to the 200
mesh bottom while weaving the net around the basket, a 10 mm circle 100 mesh stainless steel cloth
was inserted between the 200 mesh cloth and the weaved bottom. A wrap with thin stainless steel wire
surrounding the outer 100 mesh would help to maintain the shape of the basket wall while weaving the
net around the mesh layers. The center cathode wire was wrapped with an Al,O; rube to prevent any
electronic contact with the basket or other conductive solids in the cell. The configuration of the cathode

was displayed in Fig. 3.6 (a), and a picture of the basket was presented in Fig. 3.6 (b).

<—— Cathode
<—Inner 100 mesh layer

<— Quter 100 mesh layer

9 [« Bottom 200 mesh layer
<— Bottom 100 mesh layer

(a) (b)

Figure 3.6 (a) configuration, and (b) a picture of the cathode oxide basket
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3.3.1.4 Reference Electrode

The reference electrode (RE) is an essential component in the electrochemical studies,
especially for the studies focusing on the working electrode. A three-clectrode electrolysis cell was
built in this study to realize the accurately cathodic potential control. In this project, two types of
reference electrodes were tested, the pseudo-reference electrode (such as glassy carbon, tungsten and
molybdenum) and unsealed true reference electrode (Ni/NiO reference electrode). The pseudo-
reference electrode included the glassy carbon, molybdenum, and tungsten, and the unsealed true

reference electrode was the Ni/NiO electrode.

The configuration of the electrodes were shown in Fig. 3.7. The pseudo-reference electrodes
were made by inserting each bare rod or wire in an Al,O3 tube covering the middle part of the tube, to
avoid contact with other solid elements in the cell. The Al,Os tube was above the liquid salt level. The
NiO/NiO electrode was fabricated with a Ni wire, NiO powder and a porous-end MgO tube through

several steps.

1) Mark a line at 1 inch above the tip at the outside of the MgO tube. The electrode would
be immersed in the liquid salt for 1 inch depth, so the NiO was filled to be at the same
level of the liquid salt.

2) Insert the Ni wire into the tube. The NiO wire touched the inner bottom of the tube and a
length of 2~3 inches was left outside the MgO sheath for the potentiostat connection.

3) Use a flashlight to see the inside of the tube. The dense MgO wall was partially transparent
under the strong light from the flashlight. By looking through the tube, it was easy to find
the position of the porous plug.

4) Add NiO powder into the tube with a funnel. Add a little amount of NiO powder each
time, and check the level of the powder filled with the flashlight. If the loose powder was
stuck, gently knock the tube or stir with the NiO wire.

5) Gently pat the bottom of the tube. Use the flashlight to make sure the NiO reach to the 1
inch line. Wipe off the marked line.

6) Bake the prepared Ni/NiO electrode on a heating plate at 120 °C for 6 h.

7) Transfer the electrode to the glovebox. Slowly increase and decrease the pressure in the
transfer chamber. Let the electrode stay overnight in the chamber to guarantee the removal

of air.
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Pseudo-RE — > «—— Ni wire
(GC, Mo or W)
Aleg tl.lbe —_—> « MgO h'lbe

Molten salt—> =¥

#l<— NiO powder

e Porous end
of the tube

Figure 3.7 Sketch of the assembly of the reference electrodes.

In the electrochemical studies, the pseudo reference electrodes and the Ni/NiO electrode were
kept in molten salts for 1~1.5 h before any measurement to reach a thermal stability. Meanwhile, for
the Ni/NiO electrode, it also required that period of time to establish an equilibrium among Ni between

NiO in the salt.

3.3.1.5 Electrolyte Selection

Ca0/CaCl; and Li>O/LiCl were the mostly used electrolyte systems in metal oxide reductions.
The operation temperature for the calcium salts was around 850~950 °C, which is much higher than
that for the lithium molten salt at 650 °C. On the other hand, the Li>O/LiCl was the liquid mediate in
the pyroprocessing, and it was one of the goal of this project to promote the spent fuel cycle by doing
research on the surrogate TiO». So, the electrolyte for the NiO and TiO; reduction in this project was 1

w.t.% Li;O/LiCL

Around 150 g of LiCl was used in each batch of experiment, taking into the account of sizes of
sonication probe and electrodes, and the room in the crucible. The density of LiCl was reported at
certain temperatures. The densities are 1.4898 and 1.4821 g cm? at 638.6 °C and 655.9 °C,
respectively.[74] The density of LiCl melt at 650 °C is not in the literature but it can be determined
through the following equation (Eq. 3.1)[75].

pr = pm — k(T —Tp) (Eq. 3.1)

where pr is the density at temperature T, p,, is the density at the melting point T,,,, and k is a

temperature difference related coefficient which is 0.000432 K-! for LiCl. The melting point of LiCl is
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610 °C and the density at the melting temperature is 1.502 g cm™. This equation is valid at the
temperature below 781 °C. After the calculation, the density of LiCl is 1.4847 g cm™ at 650 °C, which
falls between 1.4898 and 1.4821 g cm™ at a temperature range of 638.6 °C and 655.9 °C. So, in this
study, 150 g of LiCl was used as the main component of the salt melt, and the volume was around
101.03 ml. Therefore, 30% of the crucible was filled with LiCl, and the liquid salt level in crucible was
44.11 mm height.

Fundamental studies about the salts were also carried out in LiCl salt and Li>O/LiCl mixtures.
In the electroreductions, oxygen ions were extracted and transferred to the environment. So, the effect
of oxygen concentration on the properties of salt mixtures was interested. To get a better understanding
of the system, Li>O was added to the LiCl to prepare salt mixtures with Li,O concentration at 0.25, 0.5,
0.75, 1, 2, and 4 w.t.%. Table 3.1 listed the amount of LiCl and Li»O used under each condition

regarding the Li,O concentration.

Table 3.1 Table of Li,O/LiCl salt compositions

Composition

0.00 025 05 0.75 1.00 2.00 4.00
(w.t.% of Li,O in LiCl)
Weight of LiCl (g) 150 150 150 150 150 150 150
Weight of Li>O (g) 0.00 038 0.75 1.13 .52 3.06 6.25

The operation temperature for the experiments was at 650 °C which was the temperature at the
molten salt. Heat provided by the furnace could not be 100% efficiently transferred to the salt. So, a
calibration step was necessary to find the proper working temperature for the furnace to maintain the
temperature of the salt at 650 °C. A thermocouple (Omega, TJ36-CAXL-116G-18) and a thermometer
(Fluke 177 True RMS Digital Multimeter) were coupled to measure the salt temperature to find the
correct setting point of the furnace. The thermocouple was hung above the crucible and the measuring
tip was suspended in the salt without touching the crucible wall. It was found that when the setting

temperature of the furnace was at 684 °C, the salt could be stabilized at 650 °C.

3.3.1.6 Reduction Atmosphere Control

The electroreduction experiment is very sensitive to the environment including the moisture

level and the oxygen concentration.
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LiCl salt strongly adsorbs moisture. Furthermore, Li,O, as the key component in the LiCl
solvent, is easy to react with water in the environment (Eq. 3.2). Li,O concentration in the melt was
proved to have impact on the reduction performance, so it was added at 1 w.t.% initially. However,
when water is in the surrounding, it combines with partial of Li.O to form LiOH. So, the Li,O

concentration in the LiCl is out of control, and it makes the experiment less repeatable and reliable.
Li,0 + H,0 — 2LiOH (Eq. 3.2)

Moreover, in the overpotential reductions, Li metal will be generated and consumed as the
reductive agent. However, at the contact of Li metal and water, typical reaction between alkalis and
water takes place (Eq. 3.3). Generation of H, makes the mechanism more complicated and almost out
of experimental control. It is because the amount of H, generated is hard to estimate and its effect on

the metal oxide reduction cannot be determined.
Li + Hy0 — LiOH + - Hj (Eq. 3.3)

In the case of water, LiOH will be produced and distributed in the electrolyte. Both Li* and
OH' have potentials to be reduced at the cathode, but the preference of possible cathode half-reaction
depends on the reaction potential. Table 3.2 listed the relative reaction potentials (standard potentials
at 25 °C in aqueous solutions), including metal ion reductions, impurity reactions and water electrolysis.
Potentials in the table are not under the condition of the molten salt reactions, but they provide clues in
basic analysis and comparison. The reduction of Li* ion and Ca?" ion requires much higher potentials
compared with that of water electrolysis. So, in the electrochemical aspect, moisture at the cathode will
be reduced first when increasing the reduction potential. When water is decomposed, it also generate
OH'. On the anode, OH, from chemical reaction and water electrolysis, is oxidized to water and O,. At

this point, the system becomes more complicated and more uncontrollable parameter involved.

Table 3.2 Standard electrode potentials in aqueous solution at 25 °C

Cathode Half-reaction Standard potential E® (V) vs. NHE
Lit+e™ > Li -3.04
Ca*t +2e” - Ca -2.76
2H,0 + 2e~ - H, + 20H™ -0.83
40H™ - 2H,0 + 0, + 4e~ 0.40

When O; is in the gas above the liquid salt, due to the equilibrium of the O, concentration

between in the liquid and in the gas phase, it prohibits the O, in the molten salt to vaporize and evolve
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from the liquid. On the other hand, O; can dissolve in the salt melt and slow down or stop the oxygen
extraction from the metal oxides or intermediates. Furthermore, the dissolved O, around the cathode

has potential to re-oxidize the active metal back to the oxidation status.

In conclusion, the moisture can introduce side reactions and by-product, which consumes
necessary compound for the reduction and lowers down the efficiency. Also, the oxygen in the
atmosphere prohibits the release of oxygen from the salt, and may re-oxidize the metal product when it

dissolves in the electrolyte.

The concerns of the moisture and oxygen level were also taken in literatures. In the
pyroprocessing, the reductions were carried out in an argon room. Non-radioactive metal oxide
reductions were usually performed in a smaller scale. The electroreduction of TiO, in molten CaCl, was
conducted in a sealed cylinder with Ar flowing during the experiment. But it is not applicable to seal
the sonication probe inside a chamber leaving the converter at the outside. In this study, an argon glove
box (MBraun Labmaster 200G) is used to provide inert atmosphere. The oxygen and moisture level are

monitored and controlled at below 5 ppm.

3.3.2 Sonication Apparatus
This work marks the first use of sonication in the capacity of electrolytic reduction in high
temperature molten salts. The sonication setup will be tested in the fume hood first and then transferred

into the glovebox. The configuration of the cell is designed and shown in Fig. 3.8.

<— Sonicator probe
<+— Ni/NiO RE
<+— Stainless steel rod WE

Glassy carbon crucible CE

<+— Furnace

[
e
b
e
b
b2
b
b2
b
i
- Basket loaded with metal oxides
£

b

Figure 3.8 Sketch of the cell including the electrolytic reduction and sonication

There are challenges in coupling the ultrasound with the electrolytic reduction. One of the

challenges is the high temperature working environment. The molten salt will be heated and kept at



56

650°C, which is much higher than the general operation range of the ultrasound equipment. The
common sonicator probe is designed for sonication in water mediate at ordinary temperatures, so
special probes are customized. The second challenge is about the heat tolerance of sonication converter.
Other than the probe, the general sonication converter is also design for room temperature use, but the
heat from molten salt will be eventually transferred to the convertor which will cause the sonicator stop
working due to the overload problem. Therefore, a coolant system will be a solution in cooling down
the converter. Third, the whole sonicator setup includes a control box and a sonicator probe. The control
box is located outside of the glovebox while the convertor and probe are in the glovebox. The cable
needs to be installed to connect the part inside and outside the glovebox. The only way is to build the
cable in a feedthrough located at the back ports of the glovebox. The forth change is the movement of
the sonication probe. During the reductions, the sonication probe needs to accurately merge in the
molten salt, stay at the position and lift up after the experiment. The sonication apparatus is heavy and
the surface becomes very hot after held in the salt for several hours. So, a tool or an equipment is

required to hold the sonication convertor and control its movement.

Solutions are found and tested to solve the problem discussed above. Customized sonication
probes are made for use in the high temperature and high corrosion environment. The probe is made of
titanium alloy which is corrosion resistant in extreme environment. Two sizes of probes will be tested,
0.5” (1.27 cm) and 0.75” (1.91 cm) in diameters. Probe larger than 0.75” will be hard to fit in the
crucible with electrodes. A modified KF40 feedthrough was fabricated by drilling a hole at the center
of the part, letting the cable pass through, and finally sealing gap with a special material from the
manufacture. To solve the problem of the high temperature at the sonication converter, an air-cool
system was built. The coolant gas lines connected the air cylinder (Airgas, UHP-Air) to the gas ports
at the back of the glovebox. Inside the glovebox, two gas pipes are under control by individual valves.
Clear hoses connect the inlet gas valve to one of the sonication converter gas port, and the outlet gas
from the sonication converter is lead to the outlet gas valve which is connected with ventilation system
of the lab. So, there is a light vacuum inside the gas line, and in consequence, coolant air will not escape
from the pipe and mix with argon in the glove. The pressure of the dry air was around 15~20 psig and
the flow rate was controlled at 100 ml/min. An actuator with a heavy base is employed to hold and
control the movement of the sonication converter. By pressing buttons on a remote controller, the

elongation and contraction of the vertical actuator arm can lift the sonication probe up and down.
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3.4 Characterization of Reduced Products and Used Salts
After reductions, products and salts are cooled down to room temperature inside the argon
glovebox. Reduced samples are merged in frozen salt as a bulk in the fuel basket. So reduced products
need to be separated from the salt and post-treated for further analysis such as X-ray Diffraction (XRD)
and Thermogravimetric Analysis (TGA). Used salt samples will be knocked off from the bulk and
analyzed with Inductively Coupled Plasma Mass Spectrometry (ICP-MS) to study the changes caused

by reductions.

3.4.1 Reduced Sample Treatment and Used Salt Sampling
The product was immersed with the solid lithium salt when it was cooled to room temperature.
To minimize the operation process, the oxide basket was cut off from the electrode bundle and the
stainless steel rod working electrode was also cut into two pieces. After the basket was transferred out
from the glovebox, it was treated through the following steps to be prepared for the X-ray Diffraction
and Thermogravimetric Analysis. Samples were dried at room temperature, in order not to re-oxide the

reduced products through heating methods.

1) Soak the product basket in the nano-pore water in a 100 ml beaker for 30 min.

2) Pour the loose particles on a piece of filer paper in the liquid-solid separation system
consisting of the Buchner funnel and filter flask. Connect the side opening to the vacuum.

3) Rinse the particles with wash bottles filled with nano-pore water and acetone.

4) Turn off the vacuum, and transfer the particles and filter paper to a flat aluminum plate.

5) Put the aluminum plate in a vacuum drying chamber.

6) Gently turn on the vacuum valve. When the chamber became vacuum, close the ports of
the chamber and turn off the vacuum.

7) After overnight of vacuum drying, gently open the pressure valve and take the aluminum
plate out.

8) Ground the dried products in the mortar and pestle to fine powders.

9) Storage the fine powders in sealed bags. Keep the bags in the glovebox.

The salt samples were taken after the salt was solidified at room temperature in the argon glove
box. The solid salt could be easily slide out from the crucible. Both the top and the bottom of the salt
bulk were knocked with a clean metal file, and the dropped materials were collected and storage in
sealed bags. All the operations were conducted in the argon glovebox, and the sample bags were kept

in the glovebox before transferred out for the ICP-MS analysis.
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3.4.2 XRD Analysis of Reduced Products
Products after NiO and TiO; electroreductions were post-treated into fine powders for the XRD

analysis for the phase identification and composition analysis.

The equipment used in this study was the Rigaku SmartLab X-ray Diffractometer. Copper was
employed as the anode and the filter was the B filter. So, the incident beam was the Cu Ko radiation,
owning a wavelength of 1.54 A. Table 3.3 listed the XRD parameters used in the sample phase

1dentification.

Table 3.3 XRD setting parameters

Parameters Settings
Detector Bragg-Brentano (BB)
LL 15 mm

IS 2/3 Degree
RS1 2/3 mm

RS2 20 mm

Range 10~80 degree
Step 0.04 degree
Speed 4 degree min!
Voltage 40 kV
Current 30 mA

Samples without washing were also tried to analyze with XRD. However, it was found that the
mixed salt strongly adsorbed the moisture in the air and the sample became a solution on the glass
sample plate. At the meanwhile, in the XRD results, the salt, as the major component, showed wide
peaks with high intensities, which covered smaller peaks from the reaction products (not shown in this
dissertation). So, the XRD results presented were all from washed samples. Though the washed
products were free from lithium salts, the fine powder still potentially adsorbed moisture. Therefore,
the operations during the XRD analysis were conducted as quickly as possible, including transferring
the samples and preparing the glass sample plates. The samples after the XRD analysis could be either

discarded, or recycled in separated containers.
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3.4.3 TGA Analysis of Reduced Products
The products of NiO electroreductions were analyzed with the TGA for the reduced product
oxygen level measurement. A TGA/DSC3+ model from the Mettler Toledo was used for the analysis.
The balance in the TGA had a high resolution of 0.1/1 pg.

The theory of the TGA analysis was that, by oxidizing the reduced sample, the metal
component was oxidized to the oxide and the weight gain during the process was due to the combined
oxygen. Then by comparing the weight gain and the original mass the sample, the composition of the
metal component could be calculated and the oxygen level of the loaded sample was determined. In the
operation, a small amount of reduced sample was loaded in the alumina crucible without a cover. The
sample was then oxidized in the oxygen atmosphere at a high temperature until the weigh was no longer

changed.

In this study, 10.454 mg of reduced Ni product in fine powder was loaded in an alumina
crucible without a lid. An empty crucible was also placed on the weighing bar as the reference of the
heat flux. The process of taking and loading sample before heating should also be done quickly.
Because the fine powder adsorbed moisture and any weight fluctuation would heavily influenced the
accuracy of the measurements. Dry air flew through the pipeline to the TGA furnace to create an
oxidative environment, and the air flow rate was at 20 ml min™ in the entire measurement. Temperature
of the furnace was programmed in three stages as shown in Fig. 3.9. Starting from the room temperature
(25 °C), the temperature was first slowly ramped to 500 °C at 10 °C min™'. On the second heating stage,
the temperature was quickly increased to 1150 °C at a heating rate of 50 °C min™'. The temperature was

held at 1150 °C for the rest of the experiment.
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Figure 3.9 Temperature setting for the TGA analysis
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3.4.4 ICP-MS Analysis of Used Salts
The ICP-MS was conducted with the Agilent 7900 Inductively Coupled Plasma — Mass
Spectrometer. It was used to define and measure the metal composition of the salts after the electro-
reductions. The salt samples were sealed in sample bags to avoid the contact with moisture before
analysis. In the ICP-MS sample preparation, materials were dissolved in acidic solution in the testing

tubes. The samples were prepared through the following steps.

1) Measure the weight of empty testing tube.

2) Weigh around 0.1 g sample in the testing tube. As mentioned before, the salt easily
adsorbed the moisture in the air. So in order to get the accurate weight of salt sample, this
step was finished as quickly as possible.

3) Add 3 ml concentrated HNO;3 (5%) to the testing tube. Wait 30 min.

4) Add 3 ml concentrated HCI (5%) to the tube. Wait overnight for a thorough dissolution.

5) Add nano-pore water to the tube to a 50 ml of total volume.

6) Transfer 10 ml of acidic solution to the sample tube for the equipment analysis.

In the analysis of the acid-digested samples, Li, Ni and Ti were the targeted elements.
Calibration lines for each element were generated by measuring the standard solutions. The calibration
lines covered a certain range of element concentrations. During the sample analysis, if the measured
concentration was higher than the maximum concentration of the calibration lines, the sample needed
to be diluted to fit in the calibration concentration range. The data collected from the measurement were
in the unit of pg/L. When utilizing these data, the calculation should consider the dilution procedure

during the measurements.
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Chapter 4: Investigation on Reference Electrodes in Molten Li>O/LiCl

4.1 Abstract
Glassy carbon (GC), tungsten (W), molybdenum (Mo) and Ni/NiO reference electrodes were
explored for cyclic voltammetry measurements in molten lithium salts at 650 °C. CV's were performed
at 20 mV s in LiCl with Li,O concentrations at 0, 0.25, 0.5, 0.75, 1, 2 and 4 w.t.%. The Ni/NiO
reference electrode showed a consistent Li deposition potential at different LiO concentrations.
However, by using GC, W, and Mo reference electrodes, decreases in lithium deposition potential in
Li20/LiCl molten salt with increasing Li>O concentrations were observed. Correlations of electrode

potentials of all the electrode potentials were defined in both pure LiCl and 1 w.t.% Li>O/LiCl.

4.2 Introduction
High temperature molten salts electrochemistry has been extensively investigated for
pyroprocessing for spent nuclear fuel treatments [46,49,76], and Fray-Farthing-Chen (FFC) and Ono-
Suzuki (OS) processes for metal productions [25,59,65,71,72,77-79]. Among the elements in an
electrolytic cell, the reference electrode (RE) is essential for monitoring and controlling the
performances of the systems while remains stable under the high temperature corrosive molten salt

environment.[80]

Various reference electrodes have been used in electrochemical measurements in molten
lithium salts, including pseudo-reference electrodes such as molybdenum [69], platinum [81], tungsten
[82], and carbon [39,83,84], and the unsealed true reference electrode [85] Li-Pb alloy [54,60,86], Li-
Bi alloy [70], and Ni/NiO [46,49,62,87]. Molybdenum wire was used as a pseudo-RE to determine
Li/Li* redox potential using CV in Li,O/LiCl molten salt systems at 650 °C.[69] The Li/Li" redox
potential changed with Li,O concentration, decreasing from -1.9 V in pure LiCl to -1.2 V vs. Mo in 1
w.t.% Li,O/LiCl. At 665 °C, Li/Li" potential was at -1.24 V vs. Mo in 2 w.t.% Li,O/LiCl. In the same
system of 2 w.t.% Li,O/LiCl, OH" decomposition potential was determined at -0.6 V vs Mo. When the
platinum wire was used as RE, Li/Li* redox potential was -1.82 V, and the reduction potentials of U>33*
was -1.40 V vs. Pt in 3 w.t.% Li,O/LiCl at 650 °C.[81] The tungsten reference electrode was used in
CV measurements in 1 w.t.% EuFs/LiF-NaF-KF molten salt on a gold working electrode.[82] It showed
that potassium was deposited at -1.3 V, Au,Na alloy appeared at -0.8 V, and Eu** was reduced to Eu**
at -0.3 V vs. W. The deposition of lithium was not observed even when the cathodic potential reached

-1.4 V vs. W. Glassy carbon was employed as the reference electrode in 1.2 mol% Ni,F/FLiBe melts,
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and the open circuit potential (OCP) were measured at 340 mV, 322 mV and 307 mV vs. GC at 500
°C, 525 °C and 550 °C, respectively.[83] In ferrocene (0.05 M) / EtsNBF4 (1 M) /AN, CV measurements
were taken with an active carbon (AC) reference electrode at 50 mV/s at room temperature, and the E,
of Fc/Fct was determined at 0.2 V vs. AC.[84] A graphite reference electrode was used in the
electroreduction of chromium oxides in molten 2 mol% CaO/CaCl,.[39] The Ca/Ca>" potential was
determined at around -1.35 V vs. graphite, and the electrochemical reduction of Cr,O; to Cr metal could
be achieved by applying -1.0 V vs. graphite. Complex metal alloy REs were used in the electrolytic
reductions of metal oxides, such as titanium oxides and uranium oxides in Li,O/LiCl salts.[54,60,70,86]
The Li/Li" redox potential was -0.63 V vs. Li-Pb (32 mol% of Li) for both pure LiCl and 1 w.t.%
Li,O/LiCl at 650 °C.[86] TiO, was reduced to lithium titanates at +0.3 V vs. Li-Pb and lithium titanates
were reduced to titanium metal at -0.2 V vs. Li-Pb.[60] UO; was reduced at -0.6 V vs. Li-Pbin 1 w.t.%
Li>O/LiCl at 650 °C.[86] With a Li-Bi RE, the Li" reduction potential was -0.76 V and potentials for
the formation of Li,PtOs, O, evolution, Pt dissolution and Cl, emission were 1.84 V,2.04 V,2.44 V
and 2.74 V vs. Li-Bi, respectively, in 0.13 mol% Li,O/LiCl at 650 °C.[70] The reduction potential of
UO;was -0.9 V vs. Li-Bi in 1 w.t.% LiO/LiCl at 650 °C.[70] Ni/NiO RE has been extensively used in
electrolytic reductions of metal oxides. Different from pseudo REs, a redox equilibrium (Eq. 4.1) is
established within the Ni/NiO electrode and enhances its stability in the molten salts especially for
systems containing O* ions. The redox potentials for Li/Li* were determined as -1.95V,-1.90 V, -1.85
V, -1.78 V and -1.75 V vs. Ni/NiO in LiCl with Li,O concentrations at 0, 0.25, 0.5, 0.75 and 1 w.t.%
at 650 °C, respectively.[46,49] Similar values for Ey; /;;+were reported in 1 w.t.% Li>O/LiCl by other
researchers.[62,87] UsOsg was reduced to UO; at -1.45 V and then reduced to U metal at -1.62 V vs.
Ni/NiO.[49] On the Pt anode, O, evolution potential was at 0.75 V vs. Ni/NiO in 0.75 w.t.% and 1
w.t.% Li,O/LiCl.[46] And the Pt anode dissolved at 1.4 V and 1.65 V vs. Ni/NiO in 0.25 w.t.% and 0.5
w.t.% Li,O/LiCl, respectively.[49]

Ni0 & Ni+30, (Eq. 4.1)

In literatures, key results such as the Li deposition potentials obtained using different REs
varied significantly and made it challenging to compare and understand similar measurements in
different studies (Table 4.1). Therefore, this study will investigate the inherent consistency of
electrochemical measurements by having our own sets of CV data measured at 650 °C in Li,O/LiCl
molten salts. Subsequently, these experimentally determined data can be used to unify and compare
potentials measured at various conditions using different REs. In this study, a glassy carbon rod, a

tungsten wire, a molybdenum wire, and two Ni/NiO electrodes will be used as REs for CVs
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measurements. Li deposition potentials and anodic reaction potentials will be determined and reported

using these REs in LiCl with Li,O concentrations from 0 to 4 w.t.% at 650 °C.

Table 4.1 Summary of E;;,;;+ using various reference electrodes in molten Li>O/LiCl salts

Reference electrode  Electrolyte Temperature  E;;,;;+  Reference
Mo LiCl 650 °C -L9V  [69]
1 w.t.% Li,O/LiCl 650 °C -1.2V [69]
2 w.t.% Li,O/LiCl 665 °C -1.24V  [69]
Pt 3 w.t.% Li,O/LiCl 650 °C -1.82 vV [81]
Li-Pb LiCl 650 °C -0.63V  [86]
1 w.t.% Li,O/LiCl 650 °C -0.63V  [60,86]
Li-Bi 0.13 mol% Li,O/LiCl = 650 °C -0.76 V. [70]
Ni/NiO LiCl 650 °C -1.95V  [46,49]
LiCl 900 °C -1.90V  [62]
0.25 w.t.% Li;O/LiCl 650 °C -1.90V  [46,49]
0.50 w.t.% Li;O/LiCl 650 °C -1.85V  [46,49]
0.75 w.t.% LiO/LiCl 650 °C -1.78 V. [46,49]
1 w.t.% Li,O/LiCl 650 °C -1.75V  [46,49,87]

4.3 Experimental

High purity lithium chloride (LiCl, 99.995% metals basis, ultra-dry, Alfa Aesar) and lithium
oxide (Li20O, 99.5%, Alfa Aesar) were used to prepare the molten salts. The chemicals were used as
received. A glassy carbon rod (3.2 mm diameter), a tungsten wire (0.8 mm diameter), a molybdenum
wire (0.8 mm diameter), a stainless steel wire (0.64 mm diameter), a platinum rod (1.0 mm diameter),
a nickel wire (0.4 mm diameter) and NiO (99.95% metals basis, Alfa Aesar) were employed to
fabricated the electrodes. Al,O; tubes (McMaster-Carr) were taken as insulator covers, and MgO tubes
with one porous end (Ozark Technical Ceramics, Inc., 3.2 mm ID) were involved in preparing the
Ni/NiO reference electrodes. A glassy carbon crucible (HTW, GAZ30; height = 150 mm, outer

diameter = 60 mm, and thickness = 3 mm) was the container for the salts.

The electrochemical measurements were carried out with a three-electrode electrochemical
cell. A nickel wire spiral worked as the counter electrode. The working electrode was a stainless steel
wire and a platinum wire for cathodic and anodic studies, respectively. The reference electrodes
included a glassy carbon rod, a tungsten wire, a molybdenum wire, and two Ni/NiO electrodes. The

Ni/NiO reference electrodes were fabricated by adding NiO powder to the MgO tube, and then a nickel
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wire was inserted in the NiO bed. For the Ni/NiO (1) electrode, NiO powder was added to the MgO
tube and the height of NiO inside the tube was 1 inch above the bottom of the MgO tube. And for the
Ni/NiO (2) electrode, NiO powder was added to the MgO tube and the height of NiO inside the tube
was 2 inch above the MgO tube bottom. The NiO powder was dropped into the tube but not tightly
packed. Al,Os tubes were used to cover each bare wire or rod, and the tubes were more than 1 inch
above the electrode tips. All the electrodes were bound together with the bottom ends aligned. (Fig.
4.1) Heat was provided with a Kerrlab electric furnace (Auto Electro Melt Maxi) to maintain the salt
temperature at 650 °C during the experiments. A VersaSTAT 4 potentiostat (Princeton Applied
Research) coupled with the VersaStudio software was used to control the measurements and collect
data.

CRE®O® @

Glassy
carbon
crucible

/ Furnace

Li,O/LiCl
molten salt

Figure 4.1 Experimental setup for CV measurements. 1: Ni spiral counter electrode. 2: S.S. working electrode
for cathodic CVs. 3: Pt wire working electrode for anodic CVs. 4: GC rod reference electrode. 5: W wire
reference electrode. 6: Mo wire reference electrode. 7: Ni/NiO (1) reference electrode. 8: Ni/NiO (2) reference

electrode

Cyclic voltammagrams were measured in LiCl and varying concentrations of Li,O in LiCl at
650 °C. Before CV measurements, the electrode bundle was immersed in the melt at 1 inch depth and
hold at 650 °C for 2 hours to reach stability. CV measurements were taken in 150 g pure LiCl first.
Then, Li,O was gradually added in the crucible after the salt from the previous measurement was
solidified at the room temperature. CV measurements were taken using the same electrode bundle with
Li,0 concentrations at 0.25, 0.50, 0.75, 1.00, 2.00, and 4.00 w.t.%. CVs were performed at a scan rate
of 20 mV/s starting from the open circuit potential. Ni/NiO reference electrodes were employed in both
cathodic and anodic scans, and other reference electrodes were used in cathodic scans only. Each CV

curve was measured at least twice to gurantee the reproductbility, and data curve that could not be
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repeated was not presented. All the heating and electrolysis were carried out in a glovebox with argon

atmosphere (H,O and O, <1 ppm).

4.4 Results and Discussion

4.4.1 Correlation among Different Reference Electrodes
The correlation among reference electrodes was based on the Li deposition potentials in

Li20/LiCl achieved in CV measurements.

Cathodic cyclic voltammograms measurements with the Ni/NiO were displayed in Fig. 4.2.
The reduction and oxidation CV peaks were assigned for Li deposition (Eq. 4.2) and stripping (Eq. 4.3),
respectively. Since there was no concentration limitation of Li* in electrolyte, the Li* reduction peaks
were very sharp. However, in the backward scans, there was a mass limit of metallic Li on the cathode,
so the Li° re-oxidation peaks were wide. Cathodic CV measurements with the Ni/NiO (1) reference
electrode in pure LiCl, and 0.25 w.t.% to 4.00 w.t.% Li,O/LiCl showed the same deposition potential
at-1.75 V. Compared with the literatures, Herrmann and colleagues found that with a Ni/NiO reference
electrode, the lithium deposition potentials decreased with increasing Li>O concentration, and the Li/Li*

potential was -1.75 V only in 1 w.t.% Li,O/LiCl.[46,49]
Lit +e” - Li® (Eq. 4.2)

Li® > e™ + Li* (Eq. 4.3)
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Figure 4.2 Cathodic CVs with Ni/NiO (1) reference electrode in Li,O/LiCl at 650 °C. W.E.: Stainless steel.
C.E.: Nickle spiral. Scan rate =20 mV s'.

Cathodic CVs were also measured with pseudo reference electrodes, including the glassy

carbon, tungsten and molybdenum reference electrodes.

Cathodic CVs in LiO/LiCl with the glassy carbon reference electrode were obtained and
presented in Fig. 4.3. When Li>O was initially added to a 0.25 w.t.% concentration, the Li" reduction
onset potential decreased dramatically from -1.426 V in pure LiCl to -1.341 V. Then, the change was
less significant when the Li;O concentration was increased in a 0.25 w.t.% interval. The Li deposition
potential decreased from -1.314 V to -1.298 V, -1.285 V, -1.264 V and -1.236 V when the Li,O
concentration increased from 0.50 to 0.75, 1.00, 2.00 and 4.00 w.t.%, respectively. The positive shift

of Li deposition potential was in a trend, which was the result of elevating Li,O concentration.
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Figure 4.3 Cathodic CVs with glassy carbon reference electrode in Li;O/LiCl at 650 °C. W.E.: Stainless steel.
C.E.: Nickle spiral. Scan rate =20 mV s’

When a tungsten wire was used as the reference electrode in cathodic CV measurements (Fig.
4.4), the Li deposition potential decreased from -1.435 V in pure LiCl to -1.165 V in 0.25 w.t.%
Li,O/LiCl. With more Li,O in LiCl, the Li* reduction potential kept decreasing, and the change was
not significant. The Li/Li* potentials in 0.50, 0.75, 1.00, 2.00 and 4.00 w.t.% Li,O/LiCl were -1.148 V,
-1.135V,-1.125V, -1.116 V and -1.095 V, respectively. Therefore, with a tungsten reference electrode,
the potential for Li/Li" decreased with higher Li,O concentrations, a similar trend observed in CV

measurement with the glassy carbon reference electrode.
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Figure 4.4 Cathodic CVs with tungsten reference electrode in LixO/LiCl at 650 °C. W_.E.: Stainless steel. C.E.:
Nickle spiral. Scan rate =20 mV s\

A molybdenum wire was also tested as the reference electrode at different Li»O concentrations
and Fig. 4.5 shows the cathodic CV curves. There were more data curve measured with the Mo
reference electrode. However, some of the results were obvisouly off the trend, due to the unconsistency
of the Mo wire in corrosive molten salt. So these results were treated as error and not shown in the
figure. A significant decrease in Li" reduction potential from -1.522 V to -1.241 V was observed when
Li,O was initially added to 0.25 w.t.%. And then, with more Li,O added to the system, the Li deposition
potential decreased to -1.210 V, -1.202 V and -1.185 V in 1.00, 2.00 and 4.00 w.t.% Li,O/LiCl. In
literature, a molybdenum rod (0.5 mm diameter) was also used as a reference electrode in measuring
cathodic CVs in molten LiCl with Li,O concentration at 0 and 1 w.t.% at 25 mV s7..[69] The researchers
observed a positive shift of cathodic edge when Li>O concentration was increased, and the Li deposition
potential was at -1.91 V in pure LiCl and at -1.21 V in 1w.t.% Li,O/LiCl. So, the difference between
Li/Li" potentials in pure LiCl and 1 w.t.% Li,O/LiCl was 0.7 V in literature, compared with 0.312 V in
the present study. Though the decomposition potentials are not the same in literature and the current

study, both results show the same trend of lower Li deposition potentials at higher Li,O concentrations.
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Figure 4.5 Cathodic CVs with molybdenum reference electrode in Li>O/LiCl at 650 °C. W.E.: Stainless steel.
C.E.: Nickle spiral. Scan rate =20 mV s'.

Fig. 4.6 sequences the tested reference electrodes taking Ni/NiO electrode potential as the
positive limit. The electrode potential of each reference electrode is determined by taking the measured
Li deposit potential as the reference. Since the Li deposition potential measured with Ni/NiO remains
constant at various Li,O concentrations, the Ni/NiO electrode potential is normalized as zero. Fig. 3a
shows the Li deposition potentials in molten LiCl at 650 °C. The electrode potentials of molybdenum,
tungsten and glassy carbon reference electrodes were 0.23 V, 0.32 V and 0.33 V more negative than
that of Ni/NiO, respectively. Since 1 w.t.% Li,O/LiCl molten salt is widely used in metal oxides
electroreduction studies [46,49,60,61,86], it is worthy studying the correlation among reference
electrodes in this electrolyte. Fig. 3b describes the relationship among electrode potentials in 1 w.t.%
Li,O/LiCl, showing the electrode potentials of glassy carbon, molybdenum and tungsten reference
electrode were 0.47 V, 0.54 V and 0.63 V more negative compared with Ni/NiO, respectively. The
results can be used to estimate the reaction potentials with one reference electrode when the information

was known with another reference electrode.
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Figure 4.6 Comparisons among reference electrodes at 650 °C in (a) LiCl and (b) 1 w.t.% Li,O/LiCl

4.4.2 Effects of O* Concentrations on Electrode Performances
The Nernst equation for lithium redox process (Eq. 4) gives the lithium ions reduction
potentials. The activities of solid (Li’) and solvent (Li") are ideally taken as unity.[53,88] So, based on
Eq. 4.4, the Li" reduction potential equals to the standard potential regardless of the Li,O concentrations
in this study. In other words, an ideal system should not show a Li* reduction potential shift even if the

concentration of Li,O varies.
=0 RT a,i+
ELi/Li+ = ELi/Li+ + ? ln?‘io (Eq 44)

where E” is the standard potential for the reaction, R is the universal gas constant, T is the temperature

and F is Faraday’s constant.

The Ni/NiO reference electrode undergoes a Ni-NiO equilibrium reaction (Eq. 4.1) inside the
reference electrode which counteracts the variations of the surrounding O* concentrations. An
equilibrium constant Ky;/njo = [N i]PO1 2/ 2 /[NiO] is established regarding the concentrations of the
species. (The brackets represent the concentrations of the species, and partical pressure of O, is 1 atm
in the glove box.) In high temperature molten LiCl mixturesalts at 650~700 °C, slight Ni metal
dissublution was observed in the studie of corrosion.[68] NiO was also found to be soluble in molten

LiCl mixture salts at 450~500 °C.[89,90] So, in this study, both Ni wire and NiO powder are soluble

to some degree, and there are corresponding concentrations of these two species in the liquid phase.

Therefore, based on the Nernst equation for Ni/NiO electrode potential (Eq. 4.5), the electrode

potential remains unchanged regardless of O* concentration in electrolyte. Therefore, combing the
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Nernst equation studies for Li/Li* (Eq. 4.4) and the Ni/NiO equilibrium couples, the Li deposition
potential should remain a constant value at different Li>O concentrations. The CV results in this study

proves this theory.

[NiO] 0
[NL']Polé2

RT 1
—1

RT
—In (
2F  “Kni/Nio

— g0
Eni/nio = Eni/nio 5

) (Eq. 4.5)

In anodic CVs measured with Ni/NiO (1) reference electrode at various Li>O concentrations,
anodic peaks shifted left with higher Li,O concentrations (Fig. 4.7). For anodic CV in pure LiCl
electrolyte, an oxidation peak onset at +1.335 V indicated the dissolution of the Pt electrode (Peak Al,

t>* around the Pt electrode, the reverse

Eq. 4.6). The reduction peak C1 was the reduction of residual P
reaction of Eq. 4.6. When Li,O was added, new oxidation peaks A2 and A3 appeared before the Pt
dissolution potential. The reaction at anodic peak A3 was the oxidization of O* (Eq. 4.7). The oxidation
peak A2 was the formation of a semiconductor Li,PtOs (Eq. 4.8) on the Pt electrode [54,70,91,92], and
the onset potentials were at 0.746 V, 0.680 V, 0.645 V, 0.618 V, 0.544 V and 0.455 V in LiCl with
0.25, 0.50,0.75, 1.00, 2.00 and 4.00 w.t.% Li,O, respectively. For CVs in lithium salt with higher Li,O
concentrations, peak shapes were similar, while both the Li,PtO; formation peak and the O* oxidation
peak shifted left. Backwards scans in anodic CVs in Li,O/LiCl showed two reduction peaks C2 and C3
which did not exist in CV in pure LiCl. C2 was composed of two small separated peaks and they started
to merge into one big peak when the intensities became larger. C2 and C3 were also observed by Choi
[93] and Sakamura [70]. Choi explained these two peaks as a two-step reduction of Li>PtO;.[93]
Sakamura considered the two reduction peaks as the paired reduction peaks with anodic peaks, meaning
that C2 coupled with A2 was the reduction of Li,PtOs;; and C3 corresponded with A3, making it the O,
reduction peak.[70] Based on CV measurement in this study, A3 remained at the similar current
intensity by controlling the applied potential while A2 became larger with increasing LiO
concentration, and in response, C2 became bigger while C3 did not change much in intensity with
higher Li,O concentrations. So, in this study, peak C3 was the reduction of O, generated at A3, and
peak C2 was the two-step reduction of Li,PtO; formed at A2. The Nernst equation for the formation of

Li;PtO; is expressed in Eq. 4.9. By taken the activity of solid and solvent as unity, the equation is

simplified. A linear line is achieved by plotting the Li, PtO5; formation potential and ln([oi_]) (Fig.

4.8), and the slope is 0.103. The O* activity coefficient is derived from the slope of the line. With the
assumption that the activity coefficient is related with the concentration, the apparent activity

coefficient is expressed as yggf’ = Ap; X [0%27]BPt (Ap, and B are constants). Substituting yggf’ in eq.

. _ o 3RT, (1Y  3(b+DRT 1\ 3(b+1)RT . . .
49 givesE = E” + o In (Apt) t =0 In ([02_]). TR the slope in th fitting, and the value
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of Bp is determined as 0.7. Therefore, the apparent activity coefficient of O* in Li;O/LiCl defined with
Li,PtO; formation is ygff = Ap; X [0%27]°7.

Pt - Pt?* + 2e~ (Peak Al, Eq. 4.6)
20%™ - 0, + 4e~ (Peak A3, Eq. 4.7)
2Li* + Pt + 30?~ - Li,PtO; + 4e~ (Peak A2, Eq. 4.8)

=0 RT AaLi,Pto _ 3RT 1
Ept/Liypeo, = EPt/LiZPt03 + Eln (2—33> =E°+ Eln(m) (Eq. 4.9)
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Figure 4.7 Anodic CVs in Li;O/LiCl with Ni/NiO (1) reference electrode at 650 °C. Scan rate = 20 mV s
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Figure 4.8 Plots of Li,PtO; formation potential with Ni/NiO (1) RE as a function of In(1/[0*]). The oxygen ion

concentrations were in mol%.
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The Li deposition potential shift measured with the pseudo-reference electrode is due to the
reactions on the reference electrode surface. In cathodic CV measurements, balanced with negative
charges on the working electrode, positive current would flow through the reference electrode and

oxidation reactions take place.
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Figure 4.9 Plots of surface reaction potential of glassy carbon electrode, molybdenum electrode, tungsten

electrode as a function of In(1/[O%*]). The oxygen ion concentrations were in mol%.

With positive current on the glassy carbon electrode, CO and CO; are generated (Eq. 4.10 and
Eq. 4.11).[39,94] The Nernst equation for CO and CO, emission on the glassy carbon electrode are
written in Eq. 7¢ and Eq. 7d, respectively. The pressure in the glovebox is 1 atm (~1 bar) which is the
pressure for CO and CO.. So, as the O* concentrations increased, the glassy carbon reference electrode

potential decreases. A linear relationship is achieved by plotting the electrode reaction potentials (vs.

Li/Li*) with In(==), as shown in Fig. 4.9. The apparent activity coefficient of O* in LiO/LiCl is

O2 17
assumed as yoz_ = A X [0?7]Bc. Based on the plotted slope 0.037, Bc value is zero. So, the apparent

activity coefficient of O* is a constant independent on the O* concentration.
C+ 0% - C0(g) + 2e™ (Eq. 4.10)

C 4202~ - C0,(g) + 4e™ (Eq. 4.11)

1
Ecyco = Ejco +5In( ) =E°+ 1n(”C°) =E%+ Eln(m) (Eq. 4.12)

acxa

) RT aco 0 RT Pco _ o0 , RT 1
EC/COZ = EC/COZ + Eln(acxa—zz) =F oF ln(rz_zz) =E" + ;ln(y[oz_]) (Eq 413)
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A linear relationship is also achieved by plotting the surface reaction potentials (vs. Li/Li") as

a function of (n( ) in Fig. 4.9. The surface reaction on the tungsten electrode (Eq. 4.14) is predicted

1
[0%7]
as the formation of Li,WO3, based on the well-defined reaction of Li,PtO; generation on the Pt electrode
(Eq. 4.8). The surface reaction is expressed in eq. 8a and the corresponding Nernst equation is written
in Eq. 4.15. By assuming the apparent activity coefficient of O* to be yggf) = Ay X [0?7]Bw, the By
value calculated from the slope of 0.0195 is -0.6. So, the apparent activity coefficient of O* in
Li;O/LiCl defined with Li;WO3 formation is ygff = Ay X [0?7]7%8, indicating that the apparent

activity coefficient of O* is dependent on O* concentration.
2LiY + W + 30%" > Li,WO0; + 4e(Eq. 4.14)

3RT
4F

In(——) (Eq. 4.15)

RT 1 ( aLi,wos
v[027]

_ 0 _
Ew/Li,wo, = EW/Li2W03 + 2r 3) =E°+

a;+lawXxagz-

The surface reaction on the molybdenum electrode was also studied based on the relationship

between the reaction potential (vs. Li/Li") and the oxygen ion concentration. A linear line is achieved

with a slope of 0.0244 by plotting the surface reaction potential vs. ln(ﬁ) (Fig. 4.9). Following the

same reaction pattern on the Pt electrode, the reaction on the molybdenum electrode is proposed as the
Li:MoO; generation (Eq. 4.16). With the assumption that the apparent O* activity coefficient is ygff =

Ao X [0?7]BMo combined with the Nernst equation in Eq. 4.17, the value of By, is -0.7. Therefore,
the O* apparent activity coefficient determined with the Mo electrode has a relationship with the O*

concentration as yggf’ = Ay, X [027]707.
2Li* + Mo + 30%~ - Li,Mo0O5 + 4e~ (Eq. 4.16)

RT aLi,Mo 3RT 1
EMo/LizMoO3 = EI\(ZIO/LizMoO3 +-=In <$> =E°+ In(—=) (Eq. 4.17)

4F a+2apoxagz-3 4F y[027]

In the measurements of Li deposition potentials in Li,O/LiCl melts with all the reference
electrodes, results with Ni/NiO reference electrode show a consistent potential at around -1.75 V, while
potential drifts are found with GC, W and Mo reference electrodes due to the instability of the electrode
materials. The theoretical analysis predicted a constant Li deposition potential in LiCl with different
Li,O concentrations. Therefore, in order to overcome the influence under the oxygen ions, a reference
electrode assisted with an equilibrium (such as Ni/NiO) is expected to have a better performance in a

system with varying concentrations of O%.
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4.4.3 Effects of Ni/NiO Fabrication Methods

To study the effect of the amount of NiO powder on the reference electrode performance, a
Ni/NiO (2) reference electrode was also used in cathodic and anodic CV measurements (Fig. 4.10a and
4.10b). The Li deposition potentials in pure LiCl and 0.25 w.t.% Li,O/LiCl were the same at -2.07 V.
However, a potential gap was observed when more measurements were taken. Li deposition potential
in 0.50 w.t.% Li,O/LiCl dropped to -1.90 V and the Li deposition potentials in higher Li,O
concentration mixtures were around this value. The anodic CV scans also showed a sharp peak of Pt
dissolution in pure LiCl salt at 1.035 V (A1), and peaks for Li;PtOs formation (A2) and O* oxidation
(A3) in Li,O/LiCl mixture salts. CVs for 0.25 w.t.% Li»O/LiCl showed a Li,PtOs formation peak onset
at 0.414 V and an O* oxidation peak onset at 0.542 V. When the Li,O concentrations were at 0.5 w.t.%,
a peak shift of +0.121 V happened on the anodic side, which was the compensation effects of electrode
potential shift observed on the cathodic side and the oxidation potential shift due to the Li,O
concentration change. In CVs for 0.75 w.t.% to higher Li,O concentrations, the peaks for Li>PtOs
formation and O* oxidation shifted in the cathodic direction. The onset potentials for Li,PtO; formation
were 0.414 V, 0.535V, 0.505 V, 0.472 V, 0.416 V and 0.317 V in LiCl with 0.25, 0.50, 0.75, 1.00,
2.00, and 4.00 w.t.% Li,O, respectively.
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Figure 4.10 Cathodic CVs (a) and anodic CVs (b) in Li,O/LiCl with Ni/NiO (2) reference electrode at 650 °C.

Scan rate =20 mV s,

The irregular shift in CV measurements with Ni/NiO (2) may come from the structure change
inside the MgO tube (Fig. 4.11). When the Ni/NiO (2) reference electrode was initially assembled (a),

the NiO powder in the tube was one inch above the molten salt surface level (b). When the tube was
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placed in the liquid salt, NiO powder adsorbed salt melt and partial of the upper powder sank in the
molten salt, leaving the top part suspending in the tube (c). The powder left in the upper tube were loose
and easy to be knocked down during preparation or conduction of the experiments. Then the loose
powder adsorbed molten salt when the electrode was in the salt (d). In this study, the Ni/NiO (2)
reference electrode was at status (c) for CV measurements in pure LiCl and 0.25 w.t.% Li;O/LiCl, at

status (d) for the rest of the measurements.
Ni wire —»
MgO

tube >

NiO ] £
powder

Porous
end of
the tube

(@) (b) (c) (d)

Figure 4.11 Structural changes in Ni/NiO (2) reference electrode during CV measurements

A study on the effect of the length of MgO porous end was carried out by Burak using Ni/NiO
as the working electrode in 1 w.t.% Li,O/LiCl at 670-680 °C.[95] Similar as the method of electrode
fabrication in the current study, a Ni wire was inserted to the NiO bed in the MgO tube, but the NiO
powder used in the literature was high above the molten salt level. The Ni/NiO electrodes were pre-
soaked in the molten salt for at least 24 hours prior to the measurements, to eliminate the transient
characteristic of the reference potential. The MgO tubes were cut to equalize the length at the porous
ends. Open circuit potential of the molten salt was measured with untrimmed Ni/NiO working electrode
vs. Pb-Li and trimmed Ni/NiO working electrode vs. S.S. By taking the measurement with multiple
untrimmed and trimmed Ni/NiO electrodes, the OCP measured with untrimmed Ni/NiO was averaged
at -1.6 V vs. Pb-Li with 5.3% relative standard deviation, and the OCP with trimmed Ni/NiO was
averaged at -0.52 V vs. S.S. with 1.3% relative standard deviation. So, the trimming procedure for the
Ni/NiO electrode was essential in standardized experiment operations and repeatable experiment

results.

Therefore, a trimmed Ni/NiO with a proper amount of NiO powder is the key characteristics

of the Ni/NiO electrode for reliable and repeatable performances.
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4.5 Conclusion
In CV measurements, the Ni/NiO reference electrode shows a consistent Li deposition potential
at -1.75 V in cathodic CV measurements in LiCl with different Li»O concentrations. So, in a system
with a varying O* concentration, reliable and repeatable electrolytic measurements rely on a trimmed

Ni/NiO reference electrode with a proper internal structure in the MgO tube.

The lithium deposition achieved with the glassy carbon, tungsten and molybdenum reference
electrodes showed positive shifts with increasing Li>O concentrations, due to the corrosion on the
reference electrode surface in molten salts. The Li,PtOs formation potentials measured with Ni/NiO
reference electrode also varied with LiO composition, less positive potentials at higher Li,O

concentrations. Linear relationship was found between signature potentials (Li deposition potential and

Li,PtO; formation potential) and ln(ﬁ), and the apparent O* activity coefficients with each

reference electrode were proposed based on the relationship. Furthermore, correlations of reference
electrode potentials in pure LiCl and 1 w.t.% Li>O/LiCl were defined, including Ni/NiO, glassy carbon,
tungsten and molybdenum reference electrodes. In both electrolytes, Ni/NiO showed the most positive

electrode potentials.
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Chapter 5: High Current Efficiency of NiO Electro-Reduction in Molten
Salt

5.1 Abstract
Electrolytic reduction of NiO particles were carried out in 1 w.t. % Li»O/LiCl molten salt at
650 °C. The reduction potential was controlled at -0.3 V vs. Li/Li*, at which Li metal was reduced at
the cathode. The NiO was reduced by both the electrons and the in sifu generated Li metal. The
reductions followed a simply one-step reduction mechanism under each reduction mechanism. The
electroreduction was fast and reached a high current efficiency at 96.1%, characterized with both XRD
and TGA. The high current efficiency suggested that the parameter control and customized

electrochemical cell used in this study could be introduced in other studies with similar research targets.

5.2 Introduction

Ni metal is an important material for its high melting point and corrosion resistance. These
chemical and physical properties made the nickel metal widely used as a structural and magnetic
material. The nickel metal is maturely produced in two ways, the hydrometallurgy and pyrogenic
process. The hydrometallurgy process, such as electroplating with Watts bath, generally produces
nickel metal in a high purity. The other method, the pyrogenic process is involved in the current
industry, producing around 90% of the Ni generation in the world. However, the pyrogenic process
takes the charcoal as the energy provider, so it suffers from slow process rate and low energy efficiency.
[96]

The electrolytic reduction of metal oxides in high temperature molten salt provides a promising
method in generating metals, such as niobium, chromium, titanium and nickel.[7,30-32,64,96] Among
these metals, the production process of nickel showed the most direct reduction process, without the
involvement of intermediates. So, it results in a high reduction efficiency at a low cost. [30,31,97] Two
reaction pathways have been proposed for electrolytic reduction of NiO in CaO/CaCl, molten salts,
including the Fray-Farthing-Chen (FFC) Cambridge process and the Ono-Suzuki (OS) process. In the
FFC reduction process, it utilized the electron as the reductive agent to directly reduce the NiO on the

cathode, and O; or carbon oxides gases were released from the metal or carbon anode. [97]

NiO + 2e~ - Ni + 0%~
0%~ - 2e~ +1/20, (or CO,)
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For the OS reduction mechanism, the reduction potential was higher than that of the FFC
process, and the applied potential was high enough to reduce the Ca*" to calcium metal. The in situ
generated Ca chemically reduced the metal oxides into metal. Reactions on the anode were the same
process as occurred on the anode in the FFC process.[30]

Ca** + 2e~ - Ca
Ca + NiO - Ca?* + Ni + 0%~

Various molten salt systems have been employed in the NiO reductions. The calciothermic
reduction of NiO in CaO/CaCl, at 900 °C produced Ni metal, but the current efficiency was low at
about 30%.[30] Current efficiency for NiO reduction in Na,O /NaOH at 550 °C reached 87%.[32]
Nickel powder was also prepared in a electrolytic cell in molten Na,CO3/K,COs at 750 °C, and it gave
a current efficiency at 95.4%.[31] Though the Ni metal can be generated at a relative high current
efficiency in some processes, there were still limitations in the high operation temperatures at 900 °C ,
and long operation hours for 11 hours in reducing only 0.4 g NiO [31].

In this work, the electroreduction of NiO was investigated under the lithiothermic conditions
at 650 °C in 1 w.t. % Li,O/LiCl molten salt using a three-terminal electrolytic cell. NiO particles were
loaded in a metal basket on the cathode. The cathodic reduction potentials were accurately controlled
by using a Ni/NiO pseudo reference electrode. Constant potential chronoamperometies with intervals

were carried out for the reductions. Reduced products were analyzed with XRD and TGA.

5.3 Experimental
5.3.1 Chemicals and Materials
Commercially available high purity lithium chloride (LiCl, 99.995% metals basis, ultra-dry,
Alfa Aesar) and lithium oxide (Li»O, 99.5%, Alfa Aesar) were used as the electrolyte without further
treatments. Nickel oxide powders (NiO, 99.95% metals basis, Alfa Aesar) were pelletized and prepared
within the size range between 0.25 mm and 0.85 mm for the electrolytic reductions. Stainless mesh

clothes (mesh size 100 and 200) and stainless wire were used for weaving the fuel baskets.

5.3.2 Experimental Setup
A three-clectrode electrochemical cell (Fig. 5.1a) was used for the electrolytic studies including
the cyclic voltammetry measurements and metal oxide reductions. The reactor cell was installed inside
an argon atmosphere glovebox (MBraun, Labmaster 200G) with moisture and oxygen level lower than
10 ppm. Three electrodes were a working electrode, a Ni/NiO reference electrode and a glassy carbon

crucible (HTW Germany) counter electrode. Thus, the glassy carbon crucible worked as both a
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container for molten salts and a counter electrode with a large surface area. The pseudo Ni/NiO
reference electrode was assembled with Ni wire and Ni powder encapsulated into a dense MgO sheath
with a porous MgO plug at one end. For CV measurements, a 0.025” (0.635 mm) diameter stainless
steel wire was used as working electrode. For NiO reductions, the working electrode assembly consisted
of a stainless steel rod as an electron collector and a stainless steel basket loaded with NiO particles.
The cathode basket was made of stainless steel mesh clothes and wires which can hold particles as
small as 0.075 mm. The bundled electrode assembly (Fig. 5.1b) consisted of a working electrode
assembly for reductions, a working electrode of a stainless steel wire for CV measurements and a
Ni/NiO reference electrode. A Kerr lab electric furnace (Auto Electro Melt Maxi) was used for heat
supplyment, and keeping the high temperature molten salt at 650 °C. The VersaSTAT 4 (Princeton
Applied Research) potentiostat with VersaStudio was used to control the cathodic potentials for CV

measurements and NiO reductions, and to collect experimental data.

Ni/NiO Stainless

reference steel {‘od

electrode working
electrode

Glassy Cathode basket

carbon g £ loaded with

crucible metal oxides

counter

electrode

Molten
LiCl-Li,O
salt

Furnace

(@) (b)

Figure 5.1 (a) Electrochemical Cell setup for NiO reduction, and (b) the fuel basket electrode assembly

5.3.3 Methodology
5.3.3.1 CV Measurements

150 g LiCl with 1 w.t.% of Li,O was weighed and added into the glassy carbon crucible at
room temperature in the argon atmosphere glovebox, and then the crucible was lowered into the electric
furnace . It took less than one hour for the furnace to increase to 650 °C, and around 1.5~2 h for the salt

to completely melt and homogenize.

CVs were measured in fresh 1 w.t.% Li,O/LiCl molten salt, to determine the Li deposit

potential vs. Ni/NiO at the cathodic end of the salt decomposition curve. The CV data were collected



81

in the range of -2.25 V to 0.4 V at a scan rate of 20 mV s'. The working electrode used in CV
performance was the 0.025” stainless steel wire. CV curves were also recorded in the used salts after

NiO reductions using the same methods and conditions.

5.3.3.2 Electrolytic Reduction of NiO Particles

2 g NiO particles were loaded in the fuel basket (Fig. 5.1b). Then the electrode assembly was
lowered down into 150 g 1 w.t.% Li,O/LiCl melt at 650 °C with the oxide basket edge submerged right
under the salts surface. The reduction process was started after soaking the NiO in the molten salts for
1.5 hours. The cathodic reduction potential at -0.3 V vs. Li/Li* was applied continuously for the first
20 minutes and then in a pulsed mode. For the pulsed mode, the power supply was turned on for 8 min
and off for 2 min repeatedly until 100% of theoretical charge was applied. The cell was at the open
circuit potential (OCP) when the potentiostat was off. The accurate applied charge was calculated by
the integration of the current with elapsed time through the VersaStudio software. After reduction was
completed, the electrode bundle was lifted up from the salts and cooled down to room temperature

inside the glovebox.

5.3.3.3 Post-reduction Analyses

After reductions, the CVs were measured in the used salt at 650 °C. Reduced samples were
transferred out from the glovebox. The produces were rinsed with nanopore water first and then acetone,
and then dried overnight in vacuum at room temperature. The dried reduced samples were grounded
into fine powders. The powders were analyzed with the X — ray diffraction (XRD, Rigaku SmartLab)
with Cu Ka radiation at 40 kV and 30 mA, from 10° to 80° at 4 ° min™!. The dried reduced products
were also analyzed for the oxygen level with the Thermogravimetric Analysis (TGA/DSC3+, Mettler
Toledo). The fine Ni powder of 10.454 mg was weighted and used for the TGA analysis. The weight
of the TGA sample was monitored at 1150 °C with air flow at 20 ml min™' until the weight of sample

did not change any more. The balance resolution was 0.1/1 pg.

5.3.3.4 Theory and Calculations

100% of the theoretical charge (Eq. 5.1) is defined as the charge needed theoretically for a

complete reduction of NiO to Ni metal based on the Faraday law, which is in the unit of coulomb.

100% of the theoretical charge = ZF% (Eq.5.1)
NiO
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where my;q is the mass of NiO particles loaded for reductions, My;g is the molecular weight of NiO,
F is Faraday constant 96485 C mol™. The total charge is estimated by the integration of current with
elapsed time through the VersaStudio software. The targeted charges for NiO reduction are 100% of

the theoretical charge.

TGA result analysis is based on the sample weight gain after oxidation. The reduction extent
determined from TGA results is presented in Eq. 5.2.

(mT—mI)*MN_

i0
Reduction extentygy = —=2 (Eq. 5.2)

where Mo is the molar weight of oxygen. The m; and mr are the weights of TGA samples before and

after oxidation, respectively.

The current efficiency is estimated as the percentage of the total charge in the effective Ni metal

production (Eq. 5.3).

2nyiF

Current ef ficiency = (Eq. 5.3)

Total Charge

where ny; is the mole of Ni metal; F is the Faraday constant, 96485 C mol'. The total charge is the

integration of current with elapsed time.

5.4 Results and Discussion

5.4.1 CVsin 1 w.t.% Li>O/LiCl Salts
CVs were measured using a 0.025” stainless steel wire as the cathode and the glassy carbon as
the anode. CV peaks indicate reactions occur at certain potentials (Fig. 5.2). It can be seen that all the
three CV curves in both fresh and used salts share the same cathodic edge. This phenomenon indicates

that lithium species in the molten salt are the same after two reductions.

The CV in fresh 1 w.t.% Li,O / LiCl salt is shown in Fig. 5.2 blue line. The curve features a
sharp edge at C1 which corresponds to the reduction of the lithium ions (Eq. 5.4), and the big oxidation
peak Al represents the re-oxidation of Li metal to ions.[49] The Li deposition potential in 1 w.t. %
Li,O/LiCl was determined as -1.75 V (vs. Ni/NiO), determined from the onset potential of the reduction
peak.

Lit+e~ & Li (1) (C1,A1; E® = 0V) (Eq. 5.4)
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The oxidation peak A2 onset at -0.45 V is the formation peak of CO;* from oxidation of carbon
associated with O* (Eq. 5.5).[8,66,67,98] The generated CO, on the anode dissolves in the salt and
associates with O% ion to form COs> (CO, + 0%~ = C03%7).[99] Free carbon and COs, though at low
concentrations, were generated in the electrolyte during CV cycles. The reaction at cathodic peak C2
on set at -0.37 V is the reverse reaction of A2. E g /co 3z_is 1.25 V taking A1 and C1 as reference potential

point. Figure 5.3 shows the calculation process for values of E°.
C+30% & C03* +4e™ (42,C2; E® = 1.25V) (Eq. 5.5)

The CVs in used salts (Fig. 5.2 green and red curves) show a symmetric reduction peak C3
onset at 0.18 V, accompanied with the increasing oxidation peak A4 onset at 0.24 V. The C3/A4
coupled peaks are the reversible conversion between CO;* and CO (Eq. 5.6).[67]

C05%™ +2e~ o CO + 20% (A4,C3; E° = 2.02 V) (Eq. 5.6)

The reaction at the oxidation peak A3 onset at -0.12 V is the oxidation of free carbon to form

CO (Eq. 5.7), which enhances the reversibility of CO/COs> redox reactions (A4, C3).[67]

C+ 02 =CO0 +2e (43; E° = 1.52V) (Eq. 5.7)
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Figure 5.2 () CVs in 1.0 w.t. % Li>O/LiCl at 20 mV s using 0.025” stainless steel working electrode before

and after NiO reductions, and (b) enlargement of the anodic branches of the CVs in (a).
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Figure 5.3 Procedures in identification of half-cell potentials (vs. Ni/NiO).

5.4.2 NiO Electroreduction
The NiO reductions were carried out at cathodic potential -2.05 V (vs. Ni/NiO) with intervals
(Fig. 5.4 green line). The cathodic potential was 0.3 V more negative than Li deposition potential using
a Ni/NiO reference electrode. Under this condition, NiO could be reduced through a lithiothermic
reduction. The reductions of NiO were carried out with 100% of the theoretical charge in fresh 1.0 w.t.

% Li,O/LiCI molten salt and then repeated in the same batch of salt.

During the reduction processes, the current ranged between -1.0 ~ -1.2 A and 100% of the
theoretical charge was achieved in 1.76 h for reduction in fresh salt (Fig. 5.4 red line) and 1.6 h in used
salt (Fig. 5.4 blue line). The currents initially reached to a maximum intensity at -1.2 A and stayed for
15 minutes. Then the current decreased to -1.0 A and stayed at a plateau for almost one hour. Finally
at the end of the reductions, the current dropped dramatically, which suggested the completeness of
reduction[17]. NiO reduction in the used salt resulted in higher current responds and shorter reduction
duration time. Fig. 5.4b explained the changes in materials at different current stages in terms of the
formation and movement of the three-phase interlines. When the potential was applied, the NiO at the
surface of the pellet was reduced to Ni metal. At this point, the three-phase interlines Ni[NiO|electrolyte
was formed, and the current increased. Then as the interline move to the inside of the pellet, the
diffusion path becomes longer, and that caused the current decrease. As the electrolysis continues, an
equilibrium was established between the metal generation and long diffusion distance, and current
stayed at a plateau. The final current drop indicated the completion of the reduction to a uniform Ni

particle.
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Figure 5.4 (a) Current-time profiles for NiO reductions in fresh (red) and used (blue) 1.0 w.t. % Li,O/LiCl salt

at - 0.3 V vs. Li/Li" using 100% of the theoretical charge, and cathodic potential-time profile (green) for

reductions. (b)

The fresh NiO pellets are yellowish green (Fig. 5.5a). The retrieved reduced samples are black

powders after washed, dried and grinded (Fig. 5.5b). When the black powders are compressed into a

round disc under 6 metric tons, it shows metallic shinning appearance (Fig. 5.5¢). The color change

from black to metallic gold is an optical effect. The black powder status indicates the Ni metal particles

are really fine, possibly in the range of nanometers.[100,101] When the fine powders are compressed

into disc, the Ni particle size increases and forms a smooth surface with a metallic luster.

(®)

©

Figure 5.5 (a) NiO pellet samples before reduction; (b) NiO powder samples after reduction; (c) Ni metal disc in

1/16” thickness (compressed powders from Fig 5.4b)

5.4.3 Post-reduction XRD and TGA Analysis

The XRD analyses (Fig. 5.6) of the two reduced NiO samples show only metallic Ni peaks

without the NiO phase, suggesting a 100% reduction extent of NiO with 100% of the theoretical charge.

Thus, the current efficiency for NiO electrolytic reduction is estimated as 100%, which is high
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compared with the results from NiO electroreduction in literatures.[32] Moreover, the XRD results
confirmed that the dramatic current decrease in current-time profile (Fig. 5.4 red and blue) is a sign for

approaching the compete reductions. The particle size for Ni product is estimated through the Scherrer

KA

Booso" K is 0.9 as the shape factor; A is the X-ray wavelength, 1.5406 A; 0 is the Bragg

equation: d =

angle in rad. B is the line broadening at half the maximum intensity, 0.00365 rad. The particle size is

calculated as 41 nm, which confirms that the black production powder is Ni nanopowder.

MNiO reduction in fresh salt * N
- 100% theoretical charge
Z b S
o
g NIO reduction inused salt e Ni
| 100% thecretical charge
—
— L ]
1 L ]
I e e
| Ni0o
‘ Ni
|
T T T T T

10 20 30 40 50 60 70 RO
2 Theta /Deg

Figure 5.6 XRD profiles for reduced NiO samples in fresh and used salt 1 w.t.% Li>O/LiCl at 650 °C.

For more accurate estimations on reduction extent, the reduced sample was also analyzed with
TGA in an oxidative environment (Fig. 5.7). In the first half hour, the sample showed a weight loss due
to moisture release and free carbon combustion.[102] Then the weight started to increase and reached
constant within 2 hours. The net weight gain was 2.673 mg (from 10.314 mg to 12.987 mg), which was
due to the oxidation of nickel metal particles (Ni+ 1/2 0, — NiO). Consequently, based on TGA

analysis, the reduction extent is 96.1% and the current efficiency is 96.1%.



87

13.0 — 1200
12.5 - 1000
@)
212.0 L 800 <
= 2
115 - 600 €
= Z
11.0 - 400 3
[_.
105 —— Weight vs. Time L 200
v Temperature vs. Time
10-0 T T T T T T T O

0 05 1 1.5 2 25 3 35 4
Time /h

Figure 5.7 TGA analysis profile for the reduced Ni sample (10.314 mg) at a temperature programming with dry

air flow rate at 20 ml min™'.

5.4.4 NiO Reduction Mechanism

In this study, NiO was reduced in 1.0 w.t. % Li>O/LiCl salt at -0.3 V vs. Li/Li" at 650 °C with
an unprecedented high current efficiency 96.1%. The Gibbs free energy change of NiO, LiCl, Li,O
decomposition reactions at 650 ‘C were calculated using HSC chemistry (Eq. 5.8~5.10). The

corresponding decomposition potentials were obtained based on the thermodynamics calculation (E =
- i—i). Theoretically, the decomposition potential of NiO is more positive than that of Li,O and LiCl

(Eq. 5.8 vs. Eq. 5.10), which means NiO can be reduced before the salt decomposition as the potential

becomes more negative.

LiCl - Li+ 1/2Cl,; AGeso-c = 333.7 kJ/mol; E=-3.46 V (Eq. 5.8)
Li,0 - 2Li + 1/2 05; AGeso-c =475.7 kJ/mol; E=-2.47 V (Eq. 5.9)
NiO — Ni+ 1/2 0,; AGgso-c =155.3 kJ/mol; E =-0.80 V (Eq. 5.10)

A similar high NiO reduction current was observed using a metallic cavity electrode in
Ca0O/CaCl,.[97] No calcium-containing oxide phases were observed in NiO reduction. When the
reduction potentials were at a more negative value than that of NiO decomposition, and even more
negative than that of salt decomposition potential, two different notable mechanisms were proposed by
the OS process and FFC-Cambridge process. In the OS process, the in situ generated alkaline metal

reacts with metal oxides for reduction. The in situ generated Ca in molten CaCl;, has been involved in
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reducing the NiO to Ni metal.[30] Thermodynamically, both the reactions with Ca and Li for NiO

reduction are spontaneous according to Eq. 5.11 and 5.12.
NiO + Ca = Ni + CaO; AGgso-c =-383.1 kJ/mol (Spontaneous reaction) (Eq. 5.11)
NiO + 2Li = Ni + Li,0; AGesooc = -320.5 kJ/mol (Spontaneous reaction) (Eq. 5.12)

The NiO reduction follows a shrinking core model (Fig. 5.8). Reduction starts on exterior of
the grain, and the surface of the pellets is reduced to the metal shell. As the reduction proceeds inwards,
the metal shell becomes thicker towards the core and finally converts to uniform metal grains.A newly
formed Ni metal lay is inserted between NiO and alkaline metal. Thus, the reduction also follows a
secondary mechanism. The Li metal plays a role as an electron donor similar as a current collector in
molten LiCL[104] Therefore, the high current efficiency in NiO reduction is possibly due to a combined
mechanism with both the OS and FFC processes. In addition, the generated Li is an electron carrier in
transferring electrons to the NiO center core through the Ni shell, which is also an excellent conductor
with low resistance. The reduction process is fast, compared with around 11 h in literature.[31] The

reduction mechanism for the NiO reduction is proposed as follows.
(D) Li* + e~ - Li(D); NiO(s) + 2Li(l) - Ni(s) + Li,0(1)

(2) Li(l) » Li* + e~ (Li as the electron carrier); NiO(s) + 2e~ = Ni(s) + 0%~

Nf@z!l« ?(‘*
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Figure 5.8 Schematic diagram of a shrinking core model for NiO electroreduction.[l4]

5.5 Conclusion
Lithiothermic NiO reductions were investigated in 1 w.t. % Li>O/LiCl molten salt at 650 °C.
The reduction was a fast process that 2 g NiO particles could be fully reduced in two hours at -2.05 V
(vs. Ni/NiO, -0.3 V vs. Li/Li"). The current efficiency for NiO electrolytic reduction is 96.1% with
100% of the theoretical charge. The unprecedented high current efficiency and fast reduction process
are due to a combined reduction mechanism. The NiO reduction at overpotentials involve both a
lithiothermic reduction and an electrolytic reduction. In addition, the salt after reduction can be reused

for more electrolytic studies.
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Furthermore, the successful and repeatable NiO reductions with a high current efficiency

proves the reduction method is well designed and suitable in reductions of other metal oxides.
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Chapter 6: Electroreduction of Titanium Dioxide in Molten Li;O/LiCl

6.1 Abstract

The electrolytic reductions of TiO, were investigated in 1 w.t.% LixO/ LiCl at 650 °C by
directly controlling the cathodic reduction potentials. A multistep reduction mechanism was proposed,
accompanied with a shrinking-core model and three phase interlines process. The reduction mechanism
included the chemical insertion reaction and partial reduction to generate LiTiO,. Lithium titanates
products, Li;TiO3 and LiTiO,, were identified and quantified through the X-ray diffraction analysis.
Reduction of LiTiO, was the key rate-determining step in electrolytic reduction of TiO; in molten
lithium salt. The process was controlled by the accumulation of Li,O and the slow diffusion of the Li,O
within the solid particles. The highest reduction extent obtained in this study is 25%, with the current
efficiency at 16.7%.

6.2 Introduction

Titanium metal is an excellent structural metal due to its low density, high strength, and
resistance to corrosion. However, it is very expensive because the extraction of titanium from titanium
dioxide is very costly. The industrial approach to reduce TiO; is through the traditional Kroll process,
which releases hazardous Cl, gas and is operated at a temperatures as high as 1100 °C.[4]
Electrochemical methods have been established in the recent decades. TiO; electrolytic reduction in
molten CaCl, is a promising technology for low-cost Ti extraction at temperatures between 850 °C and
950 °C.[7,9,13,20,12,18] The Fray — Farthing — Chen (FFC) Cambridge process reduces TiO; directly
by electrons through titanate intermediates CaTiO3 and CaTi,04, and titanium suboxides such as Ti,Os3
and TiO [12,14,18,20], following a shrinking core model.[14] Reduction kinetics pathways and
mechanisms were examined using the scanning electron microscope (SEM), X-ray diffraction (XRD),
in situ synchrotron X-ray, etc.[10,12,13] The electroreduction of solid oxides went through the
propagation of the metalloxidelelectrolyte three-phase interlines (3PIs).[15,16] The current efficiency
of titanium metal depended the pellet properties. Various precursors were studied to alter the reduction
pathway or phase transformation, including perovskite CaTiO; [9], highly porous TiO; [19,20], dense
TiO, precursor [18], and different oxide particle sizes [22]. However, there was no significant
improvement on current efficiency achieved. A low current efficiency (10%~40%) and long operational

hours were the limiting factors of the FFC process.[12,18,20]

2TiO, + Ca?* + 2e~ > TiO + CaTiOs;
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TiO + CaTiO; — CaTi,04;

CaTiOs + 2e~ - Ti0 + Ca?* + 20%,
CaTi, 0, + 2~ - 2Ti0 + Ca®* + 2077,
TiO + 2e~ - Ti.

Different from the FFC process, the Ono — Suzuki (OS) process presumes that TiO; is reduced
by in situ generated calcium metal.[23-26,29] Calcium metal is generated at the cathode and reduce
the TiOz to Ti metal. The current efficiency of the OS process was 12.9%, producing a highly purity

metal with very low residual oxygen.[24]
Ca*t +2e™ - Ca(D);
TiO,(s) + Ca(l) = CaO(l) + Ti(s).

Molten lithium chloride salts were also employed in electroreduction at 650 °C, which is much
lower than the temperature required in molten calcium salts. The pure LiCl melt was tested in the
electrolytic reduction of TiO,. However, this system was limited to the formation of lithium titantate
compounds (LiTi204 and LiTiO,), but not metallic titanium. It was because the LiTiO, is
thermodynamically more stable than LiCl.[19,59] To increase the oxygen ion activity, Li>O was added
to the original LiCl. Lithiothermic TiO; reductions were carried out in 1 w.t.% Li,O/LiCl, and an
interrupted controlled potential was applied.[61] The electrochemical reduction of TiO, reached almost
100% reduction extent to Ti metal, and achieved a current efficiency as high as 72%.[61,105] Therefore,
the LiO/LiCl molten salt mixture was an alternative electrolyte to replace molten calcium salts for
TiO, reductions at a high current efficiency and lower operation temperatures. The reduction

mechanism for TiO; reduction in lithium salts was proposed as follows.[61]
Lit+e” - Li;

2Ti05 + Li = LiTi,04;

LiTi,04 + Li = LiTiOy;

LiTiO, + 3Li » Ti + 2Li,O0.

In this study, TiO; electrolytic reductions in 1 w.t.% Li;O/LiCl at 650 °C were investigated
systematically by accurately controlling cathodic potentials and charges to gain better understanding of
the TiO, reduction mechanism. The reduced products were analyzed with X-ray diffraction (XRD).

The complementary analysis on fresh salts (lithium salts free from any TiO; reduction) and used salts
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(lithium salts after TiO, reductions) were performed using cyclic voltammetry measurements.
Inductively Couple Plasma — Mass Spectrometry analysis (ICP-MS) was involved to identify and
quantify the changes in the lithium salts due to the TiO, reductions. The reduction mechanism was

derived based on the experimental results.

6.3 Experimental
1 w.t.% of Li,O/LiCl was used as the electrolyte for TiO; electrolytic reduction at 650 °C. High
purity lithium chloride (LiCl, 99.995% metals basis, ultra-dry, Alfa Aesar) and lithium oxide (Li,O,
99.5%, Alfa Aesar) were used as received. Titanium dioxide powders (TiO2, 99.995% metals basis,
Alfa Aesar) were pelletized, and sieved between mesh 60 and 20 (particles size 0.25 mm ~ 0.85 mm).
For each TiO; reduction run, 2 g TiO; particles were loaded in a stainless steel basket and reduced in a

150 g salt bath.

A three-electrode electrochemical cell within an argon glovebox (MBraun, Labmaster 200G)
was used for CV measurements and TiO; electrolytic reductions. The moisture and oxygen level in the
glovebox were controlled below 1 ppm. The electrochemical cell consisted of a working electrode, a
Ni/NiO reference electrode and a glassy carbon crucible as the counter electrode (HTW GAZ30;
height=150 mm, outer diameter=60 mm, and thickness=3 mm). A Kerrlab electric furnace (Auto
Electro Melt Maxi) was used to heat the molten salts to 650 °C. VersaSTAT 4 Potentiostat (Princeton
Applied Research) interfaced with experiments in the gloveboxes was used for electrochemistry
measurement up to 2 Amps with VersaStudio for data acquisition. This three-clectrode electrochemical

cell has shown high current efficiency and reliability in previous study on NiO reduction.[87]

Cyclic voltammetry measurements were performed in molten 1 w.t.% Li,O/LiCl at 650 °C at
a scan rate of 20 mV s’ using a stainless steel wire (DI=0.64 mm) working electrode. After a TiO,
reduction was conducted with 80% of the theoretical charge, a CV cycle was measured with the basket
submerged in the salt. Single CVs were performed in fresh salt and in the used salts after reductions
with 150% of the theoretical charge. The first single CV measurement was taken in the fresh 1 w.t.%
Li;O/LiCl. After a TiO, reduction with 150% of the theoretical charge was conducted in the salt, the
basket was removed from the salt, and the salt was cooled down to room temperature. The second CV
was measured after this salt was reheated and stabilized at 650 °C. Then, another TiO reduction with
150% of the theoretical charge was carried out in the used salt and the basket was removed from the
salt after. The third CV was performed in the same batch of used salt after the salt was solidified after

the reduction and reheated to 650 °C.
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The TiO; electrolytic reductions were carried out in molten 1 w.t.% Li,O/LiCl at 650 °C using
the cathode basket bundle as the working electrode which is described in Session 5.3.2.[87] The cathode
basket bundle consisted of a stainless steel rod (DI=1.59 mm) as an electron collector at the center of a
stainless steel cathode basket (height=2.5 ¢cm, DI=1 cm) with 2 g TiO; particles packed around the
stainless steel rod. The electrode bundle was soaked in molten salt for 1~1.5 hours before the
electrolytic reduction. To determine the optimal potential for TiO, reduction, various cathodic
potentials including -0.2 V, -0.3 V and -0.4 V vs. Li/Li" were studied, respectively, with 80% of the
theoretical charge. The constant reduction potential was applied with an interval mode (electrolysis 8
minutes on and 2 minutes off) to minimize the excessive lithium metal generated on the working
electrode. To increase the reduction extent, charges higher than 100% of the theoretical charge,
including 130% and 150% were applied at the optimal TiO, reduction potential, which was -0.3 V vs.
Li/Li" in this study. After reductions, the electrode bundles were lifted out of the molten salt, and the
whole cell cooled down to room temperature for further product analysis. To determine the starting
sample composition for the electrolytic reduction, a soaking test on TiO, was performed by immersing

TiO; particles in the 1 w.t.% Li,O/LiCl salt at 650 °C for 5 hours, without electrolysis.

After the soaking tests and reductions, the cooled cathode basket assemblies were transferred
out of the glovebox and rinsed with nanopore water to remove the residual Li;O/LiCl solid salts. Then,
the samples were retrieved and rinsed in acetone for quick dry. The washed sample was then dried
overnight in vacuum at room temperature. The completely dried samples were grinded into fine
powders using a pestle and mortar. The powder samples were analyzed using the X — ray Diffraction
(Rigaku SmartLab XRD) with Cu K-a radiation at 40 kV and 30 mA. The scan range (2 theta) was
from 10° to 80° at 4 deg min'. The XRD data were analyzed with the Rietveld refinement using the
WPPF (Whole Powder Pattern Fitting) within PDXL 2 from Rigaku, based on which TiO, Li,TiO; and
LiTiO,, were identified and quantified. In this study, the reduction extent and current efficiency were

estimated by Eq. 6.1 and Eq. 6.2, respectively.

4XTi0,mol%+4XLi,TiO3mol%+3XLiTiO,mol%

Reduction extent = 100% — 2

(Eq. 6.1)

. Znpirio, F
Current ef ficiency = 2 Eq. 6.2
ff Y Total applied charge ( ! )

where z is the electron transferred for reduction of TiO; to the reduction products. In this study, z was
1, because only partial reduction to LiTiO, was obtained. 7;r;0, is the molar mass of LiTiO. F is the

Faraday constant, 96485 C mol'. Total applied charge is generally represented in terms of the
theoretical charge (Eq. 6.3) for the TiO, complete reduction to Ti metal.
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100% of the Theoretical charge = 4ng;o,F (Eq. 6.3)

The used salt after two consecutive TiO» reductions at -0.3 V vs. Li/Li" with 150% of the
theoretical charge was sampled for the elemental analysis. ICP-MS (Agilent 7900 series) was used for

the quantitative analysis of Ti composition in the used salts.

Density Function Theory (DFT) modelling provides theoretical understanding to determine the
TiO; reduction pathway and mechanism. Vienna Ab Initio Simulation Package (VASP) was used for
the DFT calculation.[106] Gibbs free energy of formation for titanate intermediates including Li>TiO;
and LiTiO, were calculated. The calculations of total energies and structural relaxations were carried
out using the projector augmented wave (PAW) method to treat core electrons.[107] The Helmholtz
free energy, F(V,T), a function of both crystal volume (V) and temperature (T), can be expressed by
F(T,V)=EWV)+F,;, V,T) + F,;(V,T), where
E(V) is the total energy. F_vib (V,T) and F_el (V,T) represent the vibrational and thermal electronic
contributions to the free energy, respectively. E(V) of a given crystal can be described by the equation
of state (EOS), and its values at different volumes were obtained directly from periodic DFT
calculations. Here, the 4%-order Birch-Murnaghan (BM4) EOS (E(V) =a+ bV ~2/3 + cV~4/3 +

dV~2) was used.

6.4 Results and Discussion

6.4.1 Soaking Test of TiO»

Soaking is a general step for electrolytic measurement with small particle samples.[95] It is
proceeded to guarantee the electrolytic stability of the system.[108] The soaked TiO, sample in 1 w.t.%
Li,O/LiCl at 650 °C consists of three phases including 60.8 w.t.% of TiO», 38 w.t.% of Li,TiOs, and
1.2 w.t.% of Ligs4Ti28s06 based on the XRD analysis (Fig. 6.1) and the Rietveld Refinement (Table
6.1). This was the first time Li>»TiO3 phase was identified structurally for TiO; electrolytic reduction in
LiCl salts. The Li,TiO3; was formed chemically by intercalation of Li>O into TiO; on the surface of
TiO; particles through Eq. 6.4. Production of Li,TiO3 was analogous to the formation of perovskite
CaTi0; during the TiOs reduction in calcium salts melt systems.[12,13,18,20]

Ti0,(s) + Li,0(1) - Li,TiO5(s) (Eq. 6.4)
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Figure 6.1 XRD results (blue solid lines) and Rietveld refinement fittings (red dash lines, with TiO,, Li;TiO3

and Lio 54Ti2.3606) of fresh TiO, and product soaked in molten 1 w.t.% Li,O/LiCl for 5 hours at 650 °C

Table 6.1 Rietveld refinement results for the soaked products

TiOs 60.8
Products composition ___

L12T103 38.0
(w.t. %)

Lio.54Ti2.860s 1.2

Rup (%) 15.98

R, (%) 11.23

R. (%) 5.57
R factors

S 2.8653

a 8.2101

Maximum shift e.s.d. 0.339
Phases Structure Parameters

a(A) 4.544644

b (A) 4.544644

c(A) 2.927009
TiO, a (Degree) 90
Rutile, syn (01-084-1284) B (Degree) 90
Space group: 136 : P42/mnm v (Degree) 90

V (A%) 60.452834

Scale factor 68(2)

U 0.148(14)




Gaussian peak v -0.149(4)
width parameters | W
(*?) 0.001(4)
a(A) 5.017(3)
b (A) 8.717(5)
c(A) 9.608(6)
a (Degree) 90
LixTiOs B (Degree) 99.74(5)
Dilithium titanate (IV) (01-080-7163) v (Degree) 90
Space group: 15 : C12/c1,unique-b,cell-1 V (A% 414.1(4)
Scale factor 40.3 (19)
Gaussian peak U 0.00(14)
width parameters | V 0.24(4)
(°%) W 0.003)
a(A) N/A
b (A) N/A
c (&) N/A
a (Degree) N/A
B (Degree) N/A
Lio54Ti2.8606
Lithium titanium oxide Y (Degree) A
V (A% N/A
Scale factor 0.99(8)
Gaussian peak U 1.6(13)
width parameters | V -1(4)
(*?) W 0.82(16)
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The formation of Li,TiO3 is spontaneous in 1 w.t.% Li,O/LiCl at 650 °C. However, 60.8 w.t.%

of 2 g TiO» persisted after soaking for 5 hours, suggesting the diffusion of Li,O through Li,TiOs layer

was very slow. The minor LiossTizs60s phase also indicates Li>O reacted with bulk TiO, phase

nonstoichiometrically because the surface Li>TiO3 shell slows down the diffusion of Li>O to reach the

fresh TiO; core.
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6.4.2 Effect of Reduction Potential on TiO; Electrolytic Reductions

0.10
Al
0.05 - A2
< 0.00 A
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=
&)
-0.10 1 C3
-0.15 A —— CV Before Reduction
—— CV Right After Reduction
-0.20 T T
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Potential (vs. Ni/NiO) /V

Figure 6.2 CVs in fresh 1 w.t.% Li>O/LiCl and the used salt right after TiOz reduction at -0.3 V vs. Li/Li" with
80% of the theoretical charge at 650 °C (Scan rate = 20 mV s™').

The CV in fresh 1 w.t.% Li,O/LiCl at 650 °C shows several anodic and cathodic peaks, which
were also identified in our previous work (Fig. 6.2, Red curve).[87] The redox potential lithium ions
(Li* + e~ & Li (C1, Al)) corresponds to the peak at -1.93 V vs. Ni/NiO.[108] Peak A2 and C2 are
attributed to the reversible oxidation of carbon € + 30%~ & C03%™ + 4e~ (A2, C2).[109] Compared
with the CV in fresh salt, post reduction CV in the salt used in TiO; reduction at -0.3 V vs. Li/Li* with
80% of the theoretical charge shows a new cathodic peak (C3) at -1.76 V while the Li metal re-oxidation
peak (Al) is missing (Fig. 6.2, Blue curve). The C3 peak corresponds to the electrolytic reduction of
dissolved titanate species.[105] The missing re-oxidation peak of Li metal also means that the in situ

generated Li metal chemically consumed by dissolved titanium species in the used salt.[105]
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Figure 6.3 XRD results (blue solid lines) and Rietveld refinement analysis (red dash lines) of reduced TiO,
samples at -0.2 V, -0.3 V and -0.4 V vs. Li/Li" with 80% of the theoretical charge; b) Reduced sample
compositions, current efficiencies, and reduction extents for TiO, reduction at -0.2 V, -0.3 V and -0.4 V vs.

Li/Li*.

The XRD analysis results for products in TiO; electrolytic reduction at cathodic potentials -0.2
V,-0.3 Vand -0.4 V vs. Li/Li" in 1 w.t.% Li,O/LiCl at 650 °C with 80% of the theoretical charge are
presented in Fig. 6.3a. For all of the three reduced samples, three titanium-containing phases are
identified including unreacted TiO,, Li,TiOs and LiTiO, comparing with the standard XRDs. There is
no other reduced product or metallic Ti detected. The quantitative compositional changes (Table 6.2)
for the three samples reduced at different cathodic potential are shown together with the soaked TiO»
sample based on Rietveld refinement analysis (Fig. 6.3b). Compared with soaked TiO, sample, the
unreacted TiO, content for the sample reduced at -0.2 V is decreased from 60.8 w.t.% to 14.5 w.t.%,
while Li>TiO3 is 35.7 w.t.% remaining the similar level. The partial reduction product LiTiO, takes
49.8 w.t.%. These results indicate that TiO, was reduced to LiTiO, directly by the in situ generated Li
metal at -0.2 V vs. Li/Li* (Eq. 6.5).

Li(1) + Ti0,(s) — LiTi0,(s) (Eq. 6.5)



Table 6.2 Rietveld refinement results for the reduced products using 80% of the theoretical charge
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Reduction potential (vs. Li/Li") 02V 03V -04V
TiO; 14.54 1.69 4.05
Products composition
WL % Li;TiOs 35.66 28.27 26.22
LiTiO; 49.80 70.04 69.73
Ruwp (%) 6.93 6.06 6.99
R, (%) 4.67 4.16 4.77
R factors Re (%) 5.73 5.51 5.51
S 1.2054 1.0955 1.2644
r 1.453 1.2002 1.5986
Maximum shift e.s.d. 0.682 0.359 0.075
Phases Structural Parameters
a(A) 4.58666 4.58666 4.58666
b (A) 4.58666 4.58666 4.58666
c(A) 2.95407 2.95407 2.95407
TiO, o (Degree) 90 90 90
Rutile, syn B (Degree) 90 90 90
(01-084-1284) v (Degree) 90 90 90
Space group: V (A% 62.146099 62.146099 62.146099
136 : P42/mnm Scale factor 16.3(9) 3.2(14) 5.7(15)
Gaussian peak 0.16(2) 0.19(5) 0.09(4)
width parameters -0.16(3) -0.26(8) -0.157(11)
) 0.011(7) 0.06(2) 0.051(4)
a(A) 4.1372(4) 4.1457(5) 4.1355(2)
b (A) 4.1372(4) 4.1457(5) 4.1355(2)
c(A) 4.1372(4) 4.1457(5) 4.1355(2)
LiTiO; o (Degree) 90 90 90
Lithium titanium(IIT) oxide | B (Degree) 90 90 90
(01-074-2257) v (Degree) 90 90 90
Space group: V (A3 70.813(11) 71.254(15) 70.729(7)
225 : Fm-3m Scale factor 32.8(15) 62.6(17) 54.8(17)
Gaussian peak 0.27(3) 0.24(6) 0.204(10)
width parameters -0.16(3) -0.26(8) -0.157(11)
) 0.011(7) 0.06(2) 0.051(4)
Li,TiO3 a(A) 5.0604(16) 5.053(3) 5.0588(8)
Dilithium titanate (IV) b (A) 8.777(5) 8.782(6) 8.7354(13)
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(01-080-7163) c(A) 9.760(4) 9.714(6) 9.7254(17)

Space group: o (Degree) 90 90 90

15 : C12/c1,unique-b,cell-1 | B (Degree) 100.12(3) 99.45(7) 99.824(14)
v (Degree) 90 90 90
V (A% 426.7(3) 425.2(5) 423.22(12)
Scale factor 9.0(7) 12.4(8) 9.2(9)
Gaussian peak U 0.17(3) 0.6(2) 0.092(11)
width parameters | V -0.16(3) -0.26(8) -0.157(11)
(*?) W 0.011(7) 0.06(2) 0.051(11)

TiO; content in the TiO, sample reduced at -0.3 V further decreased to 1.69 w.t.% which is
close to the XRD detection limit (around 2%). The amount of intermediate Li,TiOs; decreased
significantly from 35.7 w.t.% to 28.3 w.t.% while the reduction product LiTiO; increased from 49.8
w.t.% to 70.4 w.t.%. It suggests that both Li,TiO3 and TiO, were transformed into LiTiO- at a higher
reduction potential and TiO; tended to be more reducible than Li,TiOs. As the reduction potential
further increased to -0.4 V vs. Li/Li", both TiO; and Li,TiOs varied slightly within the range of XRD

limit while the concentration of LiTiO; stayed almost the same.

The increasing reduction potential promotes TiO; electrolytic reductions to a certain extent and
then reached the limit. The optimal reduction potential for TiO, reduction in the 1w.t.% Li;O/LiCl salt
is determined as -0.3 V vs. Li/Li". The highest reduction extent at 18.6% was obtained in reduction at
-0.3 V vs. Li/Li" with 80% of the theoretical charge (Fig 6.3b). A similar trend was also observed in
the TiO; electrolytic reduction in CaOQ/CaCl,.[20] The extra amount of Li metal generated in situ does
not always help the reduction of TiO,.[110] Reduction at -0.4 V vs. Li/Li* results in a reduction extent
at 18.4%, slightly lower than that in reduction at -0.3 V. It is found in a previous study that the ratio of
Ti**/Ti*" increased with Li concentration in the molten salt.[110] So, in this study, less amount of
Li,TiOs was reduced to LiTiO; in the presence of more excess Li metal generated in the reduction at -
0.4 V. The corresponding highest current efficiency achieved is 23% for TiO, reduction at -0.3 V (vs.
Li/Li") using 80% of the theoretical charge. The current efficiency at 23% in this study is comparable
with the current efficiency reported for the FFC process for TiO» in CaO/CaCl; at 10~40%[18,20], and
higher than that in the calciothermic TiO; reduction in CaO/CaCl, at 12.9%[24].



101

TiO,

|  LiTiO,

.. L., LuTios
| C

Intensity

T T

10 20 30 40 50 60 70 80
2 Theta / Degree

Figure 6.4 XRD for salt sample on the external surface of the cathode basket used for TiO, reduction at -0.3 V

vs. Li/Li* using 80% of the theoretical charge.

Lithium titanates Li,TiOs; and LiTiO,, as well as carbon, are identified in the materials on the
external surface of the cathode basket used for TiO, reduction at -0.3 V vs. Li/Li" using 80% of the
theoretical charge based on XRD analysis (Fig. 6.4). This result suggests some of the Li,TiO3; and
LiTiO, were dissolved into the 1 w.t.% Li»O/LiCl salt during TiO, electrolytic reduction at 650 °C.
Dissolution of Li>TiO; was also observed in studies on TiO; interaction with Li>O/LiCl salts.[110] It
was found in literature that TiO, was soluble in Li,O/LiCl but not in an environment containing Li
metal.[110] It explains the absence of TiO; in the materials on the outside of the basket during the
lithiothermic reduction. The titanates deposit on the wall of the basket and migrate gradually to the
outside of the basket. So, after the reductions, the cathode baskets are wrapped with a black layer
containing Li,TiOs, LiTiO; and carbon. The dissolved Li>TiOs; and LiTiO, will chemically react
reversibly with the in situ generated Li metal as termite reactions,[111] which explains the missing Li
re-oxidation peak in the CV for used 1 w.t.% Li,O/LiCl salt (Fig. 6.2 Blue line) and the possible reason

for low current efficiency.
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Figure 6.5 Current-time profiles for 2 g TiO» reductions at cathodic reduction potentials at -0.2 V, -0.3 V and -
0.4 V (vs. Li/Li") with intervals using 80% of the theoretical charge.

I-t curves for TiO; reductions at all three potentials show a three-stage pattern including a sharp
current peak (<20 min) and a decrease, and then current plateaus between 0.4 A and 0.6 A (Fig. 6.5).
TiO; reduction through the FFC process was also observed with a current decrease and a plateau in the
I-t profile.[10,12] The overall current magnitude increases with reduction potential from -0.2 V to -0.4
V (vs. Li/Li"), which leads to shorter reduction time for completing 80% of the theoretical charge for 2
g TiO; from 6.5 h to 5 h. In TiO; reduction at a cell potential of 3 V in 1 w.t.% Li,O/LiCl, the I-t curve
consisted of a current increase, decrease and a plateau.[60] As the TiO, was converted to LiTiO,, the
current increased to 4.3 A. In the stages of current decrease and a plateau at 2.5 A, LiTiO, was
progressively reduced to TiO, Ti,O and finally Ti metal. In the TiO, reduction through the FFC process
at 2.5 V cell potential, it observed a current decrease and a plateau in the profile.[10,12] CaTiOs was
partially reduced to Ti,Os as the current decreased from 3 A to a plateau of 0.3 A. During the reduction
at the current plateau, Ti metal was generated through a series of titanium species, including TiO and
CaTi,0s4. It took 120 h to produce Ti metal from 8 g TiO», which is much longer than the duration time

in the present study.

The first stage of current increase is attributed to the transformation of insulator TiO, to lithium
titanate LiTiO, which has significant conductivity, 0.5 S ¢m™.[112] According to the three-phase
interlines (3PIs) reaction mechanism extensively applicable in previous work on electrolysis of metal
oxides, the conductive LiTiO,, insulator TiO; and electrolyte LiCl can form 3PIs.[113-115] As 3PI
expanded from contacting points to a large area, the charge transfer reactions occurring at 3PIs led to
increasing current flow.[115] With more LiTiO; generated, the interline moves inwards to the inside of

the TiO; core. The longer diffusion distance for the 3PIs resulted in the sharp current decrease on the
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second stage.[17,59] When the current continued to decrease at a smaller slope, Li>TiO; shell started
being reduced to the more conductive LiTiO; and a new 3PI of LiTiO,|Li,TiOs|electrolyte was formed.
The continuous propagation of the newly formed 3PI increases the material transfer distance leading to
the continuously decreasing current. The following current plateau 0.4 A indicated either the reaction
at 3PIs were limited by slow diffusion of reactive species or reached equilibrium. For TiO; electrolytic
reduction at -0.2 V vs. Li/Li", the final product still contains TiO, while Li,TiOs stays almost same
suggesting the final charge transfer is more relevant with reactions at the 3PIs of
LiTiO;|TiOzlelectrolyte. At -0.3 V and -0.4 vs Li'/Li, the final stage reaction for TiO, reduction halted
at conversion of Li,TiOs at the 3PIs of LiTiO[Li>TiOslelectrolyte, which is limited by O* diffusion.

6.4.3 The Effect of Applied Charges on TiO, Reductions at -0.3 V vs. Li/Li*
The further investigation was carried out for TiO» electrolytic reductions by applying more

charges (130% and 150% of the theoretical charge) at the optimal cathodic potential -0.3 V vs. Li/Li".
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Figure 6.6 a) XRD results (blue solid lines) and Rietveld refinement fittings (red dash lines, with TiO,, Li>TiO3
and LiTiO,) of TiO; reduction products at -0.3 V (vs. Li/Li") using 80%, 130% and 150% of the theoretical
charge; b) Product distribution, current efficiencies and reduction extents for TiO reductions at -0.3 V vs.

Li/Li* using 80%, 130% and 150% of the theoretical charge.

The XRD analyses show that the reduced TiO, samples with increasing charges only consist
of Li,TiOs and LiTiO;, (Fig. 6.6a). TiO> was completely converted in reductions at -0.3 V vs. Li/Li".
When the applied charge was increased from 80% to 150% of the theoretical charge, the Li,TiO;
content was decreased from 28.3 w.t.% to 0 w.t.% (Table 6.3), while the LiTiO, increased from 70.0
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w.t.% to 100 w.t.%. This indicates that Li>TiO3 was only fully reduced to the partial reduction
intermediate LiTiO, through Eq. 6.6. No metal Ti was generated even using 150% of the theoretical
charges within 9 hours. The electrolytic reduction of TiO, is very refractory in 1 w.t.% Li,O/LiCl at
650 °C. The previous FFC studies also show that it took 120 h to completely reduce 8 g TiO»to Ti in
CaO/CaCl; at 900 °C.[12] The formation of Li,TiO; as a passivation layer during the soaking stage
may slow down the reduction process in a couple of ways. Firstly, Li,TiO3 retards Li metal diffusion in
and O* diffusion out. Second, the reduction of Li,TiO; is a slow and reversible process.[116] Previous
study on TiO» reduction in LiCl salts only obtained partial reduction products including LiTiO, and

Li>Ti04.[59]
Li,TiO5(s) + Li(l) — LiTiO,(s) + Li,0(1) (Eq. 6.6)

Table 6.3 Rietveld refinement results for reduced products at -0.3 V vs. Li/Li*

Applied charge / % of the theoretical charge 80% 130% 150%
Ti0; 1.69 0.00 0.00
Products composition
% Li,TiO; 28.27 13.36 0.00
LiTiO; 70.04 86.64 100.00
Rup (%) 6.06 6.33 6.42
R; (%) 4.16 4.56 4.52
R factors Re (%) 5.51 5.58 5.47
S 1.0955 1.1328 1.1721
v 1.2002 1.2832 1.3737
Maximum shift e.s.d. 0.359 0.366 0.002
Phases Structural Parameters
a(A) 4.58666
b (A) 4.58666
c(4) 2.95407
TiO, a (Degree) 90 — -
Rutile, syn B (Degree) 90 — -
(01-084-1284) v (Degree) 90 - -
Space group: V (A% 62.146099
136 : P42/mnm Scale factor 3.2(14) - -
Gaussian peak U 0.19(5) --- ---
width parameters \Y4 -0.26(8) — -
(%) W 0.06(2)
LiTiO; a(A) 4.1457(5) 4.1400(5) 4.14000




Lithium titanium(III) oxide | b (A) 4.1457(5) 4.1400(5) 4.14000
(01-074-2257) c(A) 4.1457(5) 4.1400(5) 4.14000
Space group: a (Degree) 90 90 90
225 :Fm-3m B (Degree) 90 90 90
v (Degree) 90 90 90
V (A% 71.254(15) | 70.957(16) | 70.957937
Scale factor 62.6(17) 66.9(19) 62.7(17)
Gaussian peak 0.24(6) 0.20(4) 1.098(12)
width parameters -0.26(8) -0.17(4) -1.00(15)
(*?) 0.06(2) 0.053(11) | 0.248(2)
a(A) 5.053(3) 5.035(6) -
b (A) 8.782(6) 8.790(2) -
c(A) 9.714(6) 9.767(4) -

LixTiOs3 a (Degree) 90 90 -

Dilithium titanate (IV) B (Degree) 99.45(7) 100.22(2) ---

(01-080-7163) v (Degree) 90 90 -

Space group: V (A%) 425.2(5) 427.8(2) -

15 : C12/c1,unique-b,cell-1 | Scale factor 12.4(8) 7.0(6) ---
Gaussian peak 0.6(2) 0.6(2) -
width parameters -0.26(8) -0.6(2) -
(°%) 0.06(2) 0.08(3)
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22.3% reduction extent was obtained for TiO, electrolytic reduction using 130% of the
theoretical charge while 25% reduction extent was reached with 150% of the theoretical charge. The
current efficiencies for TiO, reductions are 17% and 16% for the reductions using 130% and 150% of
the theoretical charge, respectively. Various ways have been used for calculation of TiO» reduction
current efficiency including subtraction of background current consumption from the total charges,
which lead to different level of current efficiencies.[59] The total applied charge used for the current
efficiency calculation in this study is the integrated area under the I-t curve without background

subtraction.
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Figure 6.7 Current-time profiles for TiO, reductions at -0.3 V (vs. Li/Li*) using 80%, 130% and 150% of the
theoretical charge for 2 g TiO,.

Similar I-t profiles with a 3-stage pattern as discussed in the previous section are observed in
TiO; reductions at -0.3 V (vs. Li/Li") but with extended time using 130% and 150% of the theoretical
charges (Fig. 6.7). It took 8.2 h to apply 150% of the theoretical charges, and it took the longest
experiment among all the TiO; electrolytic tests in this study, with the highest reduction extent of 25%
of 2 g TiO,. Comparably, the FCC process showed that the products were a mixture of TiO, CaTiOs;
and CaTi,O4 after 8 h of electrolytic TiO, reduction in molten CaCl, at around 900 °C.[12] The
electrolytic reduction of TiO; is challenging even at higher reduction temperatures and more kinetically

favorable conditions.

The current plateau reached for TiO» reductions at -0.3 V (vs. Li/Li") using 130% and 150% of
the theoretical charges reflects the final charge transfer for the conversion of Li>TiO; at the 3PIs of

LiTiO,|Li,TiOslelectrolyte, which is limited by O* diffusion [62].
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6.4.4 Reusability of Lithium Salts for TiO, Electroreductions
0.15

0.10 A

—— Fresh salt
After 1st reduction
-0.20 ] —— After 2nd reduction

24 21 -1.8 -15 -1.2 -09 -06
Potential (vs. NI/NiO) / V

Figure 6.8 CVs for lithium salt before and after TiO, reductions at -0.3 V vs. Li/Li" with 150% of the theoretical
charge (Scan rate =20 mV s™)

Cathodic CVs are compared for fresh 1 w.t.% Li,O/LiCl and for used salts after two
consecutive TiO; reductions using 150% of the theoretical charge from OCP to -2.25 V vs. Ni/NiO
(Fig. 8). The CVs in used salts show a huge slope off the baseline right after the OCP, which indicates
the increasing background current due to the increasing impurities, such as COs> and titanate species,
generated during the TiO reduction (Fig. 6.8 Green).[20] The re-oxidation peak of the Li metal became
smaller for the used salts, suggesting that the in sifu generated Li metal in the forward scan is partially
consumed by the soluble titanate species. The Li,O/LiCl salt after two repeated TiO: reductions turns
into a dark grey color, due to the carbon dust from the redox reaction of the glassy carbon anode.[38]
The ICP-MS analysis of the used salt dough shows that the accumulated titanium element concentration
is 4112 ppm (2 w.t.% metal basis, balanced with Li) in the Li>O/LiCl salt after two reductions, which
verifies the slight solubility of titanate species in the salts. Insoluble black carbon particles due to the
reactions at glassy carbon anode were also observed during the salt sample preparation for ICP-MS

analysis.

6.4.5 DFT for TiO; Reduction Mechanism
Based on the discussion in the above sections, reduction reactions (Eq. 6.4, 6.5, 6.6) have been

proposed and discussed for TiO» electrolytic reduction process.
TiO,(s) + Li,0(l) - Li,TiO3(s) (Eq. 6.4)

Li(1) + Ti0,(s) — LiTi0,(s) (Eq. 6.5)
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Li,Ti05(s) + Li(l) = LiTiO,(s) + Li,0(1) (Eq. 6.6)

DFT simulation provide a theoretical understanding on the reaction mechanism for TiO»
electrolytic reduction in 1 w.t.% LixO/LiCl at 650 °C. DFT calculations for the crystalline bulks were
performed using the Vienna Ab Initio Simulation Package (VASP).[106] The total energies and
structural relaxations were carried out using the projector augmented wave (PAW) method to treat core
electrons.[107] The energy cutoff up to 520 eV was used for the plane wave basis set. The Perdew-
Burke-Ernzerhof (PBE) functional was employed to account for the electron exchange-correlation
effects.[117] Spin polarizations were considered in all calculations. A Monkhorst—Pack scheme was
used to generate the k-point mesh for the Brillouin zone sampling. The most stable phase for each
involved bulk crystal (i.e., TiO, TiO,, Ti, Li,TiO3, Li,O, and LiTiO,) were used. The unit cell structures
are illustrated in Fig. 6.9. PBE + U calculations were performed on all oxide and perovskite crystals
containing the Ti species, and U-J is set to be 2.0 eV, which has been shown to produce more accurate
reaction energies for the PBE+U methods.[118] The optimized bulk lattice structures based on periodic

DFT calculations using the described modeling method were tabulated in Table 6-4.

Figure 6.9 Optimized bulk crystal structures for the Li system, TiO,, TiO, and Ti. Ti, Li, and O are in grey,
green, and red, respectively. Black lines indicate the boundaries of the unit cell. Axis labels along the a, b, ¢
directions are also shown



109

Table 6.4 Optimized bulk lattice parameters.

Crystal lattice

Crystals
Space group Lattice parameters
LiTiO, 4/mmm a=b=4.08A,c=856A;0=PB=y=90°
LiyTiOs 2/m a=511A,b=888A,c=9.83 A; a=90°, B =100.24°, v =90°
TiO 6m?2 a=b=506A,c=292A; a=p=90° y=120°
TiO, 4/mmm a=b=384A,¢c=974A;0=P=y=90°
LiO m3m a=b=c=4.63A;a=p=y=90°
Ti 6/mmm a=b=458A,¢c=2.83A;a=p=90° y=120°
Li m3m a=b=c=343A;a=p=y=90°

A quasiharmonic approach would be adopted to estimate the thermodynamics of solids at high
temperatures. The Helmholtz free energy, F(V,T), a function of both crystal volume (V) and
temperature (T), could be expressed by Eq. 6.7.

F(T,V) = E(V) + F,;,(V,T) + F,,(V,T) (Eq. 6.7)

where E(V) is the total energy. F,;,(V,T) and F,;(V,T) represent the vibrational and thermal

electronic contributions to the free energy, respectively.

E(V) of a given crystal can be described by the equation of state (EOS), and its values at
different volumes were obtained directly from periodic DFT calculations. Here, the 4M-order Birch-

Murnaghan (BM4) EOS was used. Specifically, E (V) is expressed as Eq. 6.8.
E(WV)=a+bV2/3+cV=*3 4+ dV=2 (Eq. 6.8)

The EOS expressions for all materials considered for free energy calculations are listed in Table
6.5. Then, the bulk modulus (B(V)) and pressure (P), both in GPa, can be represented by Egs. 6.9 and
6.10, respectively.

9%E

OE
P = — 2= (Eq. 6.10)

Values of B(V) at the equilibrium volume (V;) determined from respective BM4 EOS are also
listed in Table 6.5. The vibrational free energy contribution, F,;;, (T), can be rigorously obtained from
explicit phonon calculations. In this study, the calculation of F,;;, (T) at the equilibrium volume (V;)

follows the formulation of a simplified Debye model, as expressed in Eq. 6.11.
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Foin(T) = 2kp0p + kpT {3In [1 — exp (—22)| - D (%2)} (Eq. 6.11)

where Opis the Debye temperature; D(®p /T) is the Debye function, expressed by Eq. 6.12.

D(x) =2 [*—Yat (Eq. 6.12)
x370 exp(t)-1 4. -

The Debye temperature was approximated by the Debye-Wang model [119], as in Eq. 6.13.

0p = sAVY {~[B(V) - ”T“)P]}l/z (Eq. 6.13)

1
M
where s = 0.617, A = 231.04, and A = —0.5. M is the molecular weight in gram/mole. In this work,

we assume that the effect related to crystal thermal expansion can be neglected. The values for B and

P were taken at Vj, resulting in P(V;) = 0. Then, the Debye temperature can be expressed as 0p =
SAV,Y(B(Vy)/ M)/,

The electronic free energy contribution F,;(T) at V, is represented by Eq. 6.14.
Fei(T) = Eq(T) + TS (T) (Eq. 6.14)

where E,;(T) and S,;(T) are the internal energy and entropy due to electronic excitation, and are

given by Egs. 6.15 and 6.16:
Eo(T) = [n(e)fede — [ n(e)ede (Eq. 6.15)

Se(T) = —kg [ n([finf + (1 — fIn(1 — f)]de (Eq. 6.16)
where n(e) represents the electronic density of states (DOS), and can be obtained from DFT
calculations, f (g, T) is the Fermi distribution function, as shown in Eq. 6.17.

f(e,T) = ——— (Eq. 6.17)
-

kT

where kg is the Boltzmann’s constant, & is the Fermi energy, and u is the electronic chemical
potential, which ensures that the Fermi function produces the total number of electrons at T. Values of

u corresponding to each material can be found in Table 6.5.
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Table 6.5 Equation of state, equilibrium volumes (V) determined from corresponding BM4 EOS, bulk
moduli, and electronic potentials for the materials modeled from DFT.

BM4 EOS
Crystal Vo (A%  B(V,) (GPa) pu(eV)
a b c d
LiTiO, —-571.9 41551.2 —1.25x10° 1.24x 107 143.8 139.7 7.07
Li,TiOs —-79.3 —23671 249893 1.68 x 107 440.9 107.8 2.55
TiO 177.5 —9384.75 126016 —540527 65 2153 8.35
TiO; 35.8 —6282 35014.2 935552 143.7 180.6 1.88
Li,O —1.42 —2395.5 25495.8 929.43 99.4 80.5 1.386
Ti 26.4 —1503.21 12977.2 —23850.9 51.4 113 59
Li 1.65 —147.2 1191 —2524.4 40.7 13.8 0.56

Gibbs free energy changes for the reactions possibly involved in TiO, reduction are calculated
based on the optimized bulk structures of the relevant compounds including Li and Ti (Table 6.6). The
negative Gibbs free energy of AGgso<c, -125 kJ mol™! for the insertion of Li>O to TiO» (Eq. 6.4) confirms
that the formation of Li,TiO; is spontaneous at 650 °C. This theoretical result is consistent with the
TiO; soaking test with the formation of Li,TiO; shell. AG; for TiO; reduction with Li metal is more
negative than that for the reduction of Li,TiO; with Li metal which suggests the reduction of TiO, with
Li is more favorable than Li,TiOs (Eq. 6.5 vs. Eq. 6.6). The remaining core of TiO; particles is most
likely reduced to LiTiO; before Li,TiOs shell reduction, and this process may be slowed down by the
Li,TiOs passivation layer. The unit cell volume of Li,TiO; is three times as much as the one for TiO,,
which will elongate diffusion pathway (Fig. 6.10).[9,104] Reduction of Li,TiOs by Li metal generates
Li>O (Eq. 6.6) which need to diffuse through the new LiTiO; layer to the bulk molten salts and promote
further reaction. The slow diffusion of O* slows down the reduction of Li,TiO; which may reach
equilibrium due to the accumulation of Li,O trapped in the solid particle. The further reduction of
LiTiO, by Li metal is an irreversible reaction and generates Li,O (AGr=0.8 kJ mol™!). Both reduction
of LiTi0, pathway are most likely halted due to the high local Li>O concentration (Eq. 6.18 and 6.22),
which becomes the key limiting step for further reduction and takes elongate time. The DFT analysis
supports the experimental TiO, electrolytic reduction results obtained in this study that the LiTiO, is
the most reduced product ever achieved even using 150% of the theoretical charge. The thermostability

of LiTiO; was also reported on previous electrolytic reduction of TiO; in LiCl molten salts.[59,104]



Table 6.6 Gibbs free energy change and reaction potentials for reactions at 650 °C by DFT

112

calculations.

Reaction AGr (at 650 °C) / kI mol'  AE/V

TiO, + Li, 0 — Li,TiO; (Eq. 6.4) -125.0 Chemical reaction
Li+TiO, = LiTiO, (Eq.6.5)  -113.0 1.17

Li,TiOs + Li - LiTiO, + Li,0 (Eq.6.6)  -11.0 0.11

LiTi0, + Li - Ti0 + Li,0 (Eq. 6.18) 0.8 -0.01

TiO + 2Li - Ti + Li,0 (Eq. 6.19) 223 0.12

TioO - Ti+1/20, (Eq. 6.20) 227.0 -1.18

Li,TiO; - LiTiO, +1/2Li,0 +1/40, (Eq.6.21) 222.0 -2.30

LiTi0, - Ti0 + 1/2Li,0 +1/40, (Eq. 6.22) 212.0 2.20
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Figure 6.10 Unit cell volumes for the related chemicals during the TiO; electrolytic reduction in molten 1 w.t.%

Li;O/LiCl at 650 °C.

Direct electrolytic reductions of Li,TiOs and LiTiO; are alternative pathways in the titanium

dioxides reduction (Eq. 6.21 and Eq. 6.22). At the cathodic potential -0.3 V vs. Li/Li*, theoretically

electrochemical decomposition of Li,TiO3 and LiTiO; is feasible. However, the most reduced product

obtained in this study is LiTiO> with 150 % of the theoretical charge. Furthermore, previous TiO, pellets

electrolytic reduction at cell potential 1.8 V and 3.2 V only obtained LiTi,O4 and LiTiO,,

respectively.[59] The direct electrolytic reduction of Li,TiO3 and LiTiO; could not be achieved due to

Li,O accumulation, which also alternate the conductivity of the mixtures.

By combining the experimental and DFT results, a multi-step reaction mechanism for TiO»

electrolytic reduction at overpotentials in the 1 w.t.% Li>,O/LiCl salt at 650 °C is proposed in this study.
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Step 1: Li,O(l) + TiO,(s) = Li,TiO3(s)
Step 2: TiO,(s) + Li(l) = LiTi0,(s)
Step 3: Li,TiO5(s) + Li(l) - LiTiO,(s) + Li,0(1)

(b)

(a)
(O 1i0, @ LipsiTirs0s @ Livtios () LiTio, @) LiTiOLi,0

Figure 6.11 Shrinking core model for (a) the TiO; soaking process, and (b) for the electrolytic reduction of TiO»

process with passivation layers

As illustrated in Fig. 6.11, the soaking process follows shrinking core mechanism where the
insertion of Li,O and TiO; forms a stoichiometric Li;TiO; layer on the external surface of the TiO;
particles.[14] The Li,TiO; layer becomes thicker and slows Li,O diffusion leading to a
nonstoichiometric Lios4Ti2860¢ formation with unreacted TiO» core. The Li,TiOs;|TiOzlelectrolyte
interline initially forms on the surface of the oxide particle, and gradually moves to the interior of the

particle.

At second step, the Li metal diffuses through the Li;TiO; and reduces the TiO; core directly
into LiTiO,. The 3PIs of LiTiO,|TiOzjelectrolyte is formed. It continuously moves to the center of the
TiO; core until the core is fully converted to LiTiO». This step is controlled by the Li diffusion through

the Li,TiOs and newly formed LiTiO; layer. The second reaction also follows a shrinking-core model.

When TiO; is completely reduced to LiTiO,, the Li,TiOs shell starts to be reduced to a mixture
of LiTiO; and Li,O, which is different from the inner LiTiO, core. The reaction occurs at the external
layer of Li,TiO3 and forms a new 3PI of Li,O+LiTiO,|Li,TiOs]| electrolyte. It stops when the interline
approaches the LiTiO; core.

LiTiO; was so far the most reduced product at even 150% of the theoretical charge. The LiTiO»
component was detected in the product with 80% of the theoretical charge, and it accumulated in the
cathode basket till 150% of the theoretical charge was applied. This indicated that the under no

circumstance would the LiTiO, be reduced. Based on the literature reviews in Session 2.1.2.2, the
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reduction of LiTiO, with Li metal produced TiO and more Li,O.[60] It indicates that LiTiO; is

relatively stable and the reduction of LiTiO; is refractory.

The key to improve the TiO; reduction in Li,O/LiCl molten salts is to promote the
diffusion of O* out of solid phase and reduce the Li,O local concentration. Strategies include lowering
Li>O concentration in the molten salts and applying sonication or mechanical stirring to accelerate O*

diffusion.[120]

6.5 Conclusion
TiO; electrolytic reduction in Li>O/LiCl salts at 650 °C were examined for soaking only test,
effect of reduction potential, and effect of applied charges. Lithium titanates Li,TiO3 and LiTiO, were
identified during the reduction processes. The chemical formation of Li,TiO; is achieved spontaneously
by soaking TiO; in molten Li,O/LiCl salt without electrolysis. LiTiO; is the final product with 150%
of the theoretical charge, indicating a maximum of 25% reduction extent and 16.7% current efficiency

achieved in current work.

Based on the experimental study as well as the DFT calculations, the electrolytic reduction of
Ti0; in molten Li,O/LiCl is proposed to follow a stage-wise reaction mechanism consisting of chemical
and electrolytic reactions. Reduction of the oxide particle fits the shrinking core model. The reduction
process could be explained as the formation and movement of three-phases interlines. The external
surface of TiO; particles is first chemically combined with Li;O in the electrolyte to form Li,TiOs.
Then in the second step, as the electrolysis started, Li metal was generated, diffused through the Li,TiO;
shell and reduced the TiO; core to LiTiO.. Then as the center core was fully converted to LiTiO,, the
Li;TiOs shell was reduced with Li metal and turned to a layer of LiTiO» mixture with high local Li,O
concentration. The formation and reduction of lithium titanates are also evidenced by current intensity

changes in the current-time profile during electrolysis.

O? diffustion in the solid layers is the rate-determining factor in TiO; electrolytic reduction in
molten Li,O/LiCl. The possible strategy to realize the reduction of the LiTiO; to Ti metal is to decrease
the Li,O concentration within the solid particles. It can be achieved by promoting the Li,O diffusion

within the solid particles.
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Chapter 7: Sonication Assisted Electroreduction of TiO: in Li>O/LiCl

7.1 Abstract

The sonication was coupled with the TiO; electroreduction in molten 1 w.t. Li>O/LiCl in both
overpotential and underpotential processes. The application of sonication increased the current
efficiency in both types of reductions. The improvement by 21.2% in underpotential reduction was
more significant than that in overpotential reduction. The highest current efficiency reached 44.5% in
underpotential reduction with sonication. The increase in current efficiency is the results of
improvement of O* diffusion, possibly due to sonication fragmentation and the sono-capillary effect.
High ultrasound power can break large particles into small ones, and it can generate high pressure in
the mediate which presss liquid mediate deep inside the particles at a fast speet. The temperature of the
system was not highly affected by the pulsed ultrasound power, and the pulsed mode (20 s or 40 s
interval) didn’t impact on the reduction performance. Due to the characteristics of the sonication, the
probe should be used in an inert atmosphere and the power setting should be in a moderate range such

as 30% of the maximum power supply (1500 W).

7.2 Introduction
The ultrasound has been applied extensively in food processing, material chemistry and
industrial manufacturing processes as it is a great way to promote chemical and physical processing at
high efficiencies, fast procedures and low energy consumptions.[120—123] The sonication was applied

to the systems of interest mostly as a method of agitation for promoting the mass transfer.

Mechanisms of the ultrasonic were studied to understand the fundamentals and broaden the
applications of the technology. Ultrasound power can cause dramatic reductions in particle sizes or
fragmentation of the raw materials by inter-particle collisions due to the cavitation bubbles in the
liquid.[124] For example, in the extraction of chlorophyll from spinach leaves, sonication pretreatment
of the leaves resulted in an averaged particle size of 200 um compared with 300 um using the traditional
maceration method.[ 125] The particles size was so much reduced that the surface area was much higher
which increased the mass transfer, extraction rate and yield. The ultrasound also have localized effect
on the feeds, such as the erosion, local shear stress, and detexturation. In the extraction of boldine from
boldo leaves, the implosion cavitation bubbles generated on the leaves surface damaged the structures
of trichomes.[126] It lead to an erosion on the material, enhancing the release in the extraction medium.

In mixtures of solids and liquids, cavitation bubbles created shear forces in the liquid and at vicinity of
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the solids. During the extractions of basil essential oil, cavitation bubbles collapsed at the oil glands,
and the generated shear forces broke the oil glands at the leaves surface.[127] Sonoporation, another
proposed sonication mechanism, was the results of cavitation on the wall or membrane structure and
the change could be either reversible or irreversible. At high ultrasound frequencies (0.5 to 5 MHz)
[128] or sometimes at generally used 20 kHz [129], pores grew on the cell wall, and the cell membranes
became permeable for mass transfer in and out, known as the sonoporation.[130] The sonoporation was
generated by cavitation [131] and shear stress [132]. In the studies of human prostate cancer cell,
sonoporation at 21 kHz was exposed to the cells.[133] With the treatment of ultrasound, pores were
observed with SEM on a part of the membrane, indicating a reversible sonoporation process. The
reversible sonoporation was also used in medical treatments in organs. By applying local sonoporation
to the kidney, the oligonucleotides could pass through the glomerular filtration barrier at a high
efficiency.[134] Ultrasound waves also have impact on the materials without damages in the structures,
such as sonocapillary. The sonocapillary effect is the result of liquid pressurization in capillary
structures due to the acoustic vibrations.[135] It increased the depth and velocity of liquid penetration
into canals and pores in the materials.[136] An increase of water absorption was observed with the
ultrasound processing, about 70% higher than that of the general maceration in dealing with the apple
pomace.[137] The results showed that the extraction kinetics was improved under the ultrasound and

the sonocapillary effect directly promoted the mass transfer.

Parameters were studied to find the correlation with the products, including the sonicator type,
ultrasound power, sonication time, mediates, transducer position, etc. By introducing a sonicator (500
W, 20 kHz) as both a heating source and mixing method, researchers studied the catalytic 5-
hydroxymethylfurfural (HMF) generation from glucose in the mediate of 1-butyl-3-methylimidizonium
chloride.[138] It was found that the probe-type sonicator had a better synthesis results than a bath-type,
due to its high localized intensity. Several key operation parameters were under studied. The HMF yield
and glucose conversion were improved with increasing power load until 60% of the ultrasonic power
was applied, and then further increment of the power would not improve the process. At 60% of the
power load (to avoid damage of the probe at higher power), the yield of HMF increased from 1% to a
maximum 43% within first 3 minutes, slightly changed in the following 20 minutes, and then started to
decrease due to the degradation of the HMF under the harsh conditions. It was also observed that, since
the intense sonication zone was directly beneath the probe, it made no difference in the reactions if the
probe was located at an upper position in the mediate with a proper amount. In chemical reactions, the
sonication will not only increase the yield, but also generate products in a nanoscale. During the
synthesis of tin nanorods in a SnCl,/ ethylene glycol degassed mixture, sonication played roles as both

an agitation method and a necessary reaction condition.[139] In the reaction steps, ethylene glycol
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dehydrated to acetaldehyde, and SnCl, was hydrolyzed into Sn(OH).. For further reaction between
acetaldehyde and Sn(OH),, it required the application of sonication. The Sn generation under the
current condition was not thermodynamically favorable. However, the cavitation bubbles released heat
that was high enough to drive the reaction. In order to form the bubbles easily, less viscous polyol was
preferred, such as the ethylene glycol whose chain was the shortest. The tin nanorod products were 50-
100 nm in diameters. For metal electrodepositions in ionic liquids, the sonication was also added for
the purpose of mixing. In AICl;/[BMIm]CI (1.5:1 molar ratio), aluminum metal was deposited on the
brass substrate.[140] The electrolytic studies concluded that the sonication did not change the
nucleation and growth mechanisms, but the morphology studies showed an increase in the deposit

surface roughness by forming larger crystals.

The sonication technology has been studied in low temperature molten salts of CuCl,/ChCI/EG
and CuCl/ChCI/EG.[120] Mass transfer coefficient kp was derived by linear voltammetry
measurements. Comparisons were made by using different agitation method, a rotating disc electrode
(RDE) and the sonication. The mass transfer coefficients were listed in Table 7.1. At 25 °C, in both
electrolytes, the mass transfer coefficients with sonication were 2~3 times higher than that with the
RDE. And at 50 °C, the temperature was higher and the viscosity of the liquid was lower than that at
25 °C. The results showed that the improvement by using sonication at 50 °C was more than that at 25
°C. The experiments proved that the sonication could effectively improve the mass transfer and it was

more efficient at in liquid with a low viscosity.

Table 7.1 Mass transfer coefficients with RDE and sonication at 25 °C and 50 °C

Operation conditions ~ Temperature /°C  kp Cu?" /cm s™! kp Cu’ /cm s°!
RDE at 5000 rpm 25 5.7x10* 6.9x10*
RDE at 5000 rpm 50 11.1x10* 10.7x10

Ultrasound at 20 kHz 25 15.5x10* 13.2x10*

Ultrasound at 20 kHz 50 36x10* 67x104

Electrolytic reduction of metal oxides becomes a promising method of traditional approaches
for metal productiondue to the advantages of lower operation temperature, less hazards emission, and
higher metal purity.[4,7,23] However, the commercialization of the electroreduction method is impeded
because of the low current efficiency,[13,24] which was limited by the diffusion of O* anions through

the solid oxide.[62] According to the three-phase interlines mechanism, O should be released from
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the LiTi0,/Li»O|Li,TiO;|Electrolyte interlines to the electrolyte when Li;TiO; is reduced to LiTiO,.
However, as the O% ions accumulate in the solid phase, the local high Li,O concentration slows down

the reaction, kinetically and thermodynamically.

Attempts are made to increase the O* diffusion in the oxides and improve the current
efficiency. Electrolyte oxides were added to the chlorides salts to initiate the oxide flow. CaO was
added to the CaCl, in both FFC and OS process.[18,20,24,29] For the FFC process, reduction in a 2
mol% CaO/CaCl; electrolyte resulted in a current efficiency of 40%, about three times higher than that
of the reduction in CaCl,. In the calciothermic reduction, Ti metal was produced only after 0.5~1 mol%
of CaO was added to CaCl, and the current efficiency was 12.9%.[24] The low current efficiency in
the OS process was due to the generation of extra amount of Ca metal, and the Ca metal participated in
side reactions, covered the oxide surface, or converted to a high local CaO concentration which hinder
the O transfer. To solve the problem of excess liquid metal generated at overpotentials, a rotating
oxide basket was used for a uniform distribution of Ca metal over the feed.[24,25] However, the rotating
basket resulted in a lower efficiency, owing to less contact time of Ca metal with the oxides. Addition
of Li,O to LiCl molten salt also helped the metal generation. In pure LiCl, the reduction product was
either LiT1204 or LiTiO,, based on the applied reduction potential.[59] There was no Ti metal product
from the reaction. In comparison, in molten 1 w.t.% Li>O/LiCl, Ti metal was produce in 100% reduction
extent at a current efficiency at 71.2%.[60] Changes were also made to the reduction feeds. In the FFC
process, it was found that the generation of CaTiOs was inevitable and took long time, so the perovskite
was synthesized ex situ through a chemical process and reduced following the FFC process.[9] The
results proved that by directly reduce the perovskite, the current efficiency was improved to 28% with
less than half of time to reduce TiO: at a current efficiency of 15%. TiO, particles with low and high
porosity were also tested and compared.[18,20] Dense TiO, (15%~16% porosity) followed a different
reduction mechanism with porous TiO, (25%~30% porosity). Though both reduction of both TiO,
precursors could generate Ti metal, reduction of porous TiO, reduction had a higher current efficiency
(40% vs. 32%) and the product contained less oxygen (2000 ppm vs. 12000), compared with those in
dense TiO; reductions. Different TiO; particle sizes were also reduced through the OS process, to define
it effect on the reduction results. Three different sizes were tested under the same conditions, including
micro- (D=2.0 um), submicro- (D=90 nm) and nano- (D=13 nm) particles.[26] In the reduction of nano-
particles, Ti metal was produced, while the reduction of submicro TiO: produced a mixture of Ti and
Ti,0. Electroreduction of micro TiO; particles produced a more complicated and less reduced products,
including Ti metal, perovskite CaTiOs and Ti,O. Amount the products, TiO was an intermediate
product which could be further reduced to Ti metal. The formation of CaTiO; was due to the slow

diffusion of CaO away from the particle. The research efforts in accelerating the O* diffusion in the
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solid and increasing the current efficiency were successful for the purpose. However, the improvement

in current efficiency still could not satisfy the requirement of commercial production.

Agitation is a favorable method in improving mass transfer in a system. Among the agitation
methods, the sonication has been introduced in low temperature molten salt electrolysis for the purpose
of increasing the diffusion of targeted species.[120,140] However, the sonication has not been adopted
in applications in high temperature molten salts. In this study, the electroreduction of TiO, was carried
out at both overpotential and underpotential in 1 w.t.% Li,O/LiCl with and without sonication.
Reductions in the silent mode was employed as the baseline for the sonication assisted reductions. The
sonication was applied under various parameters, including the relative depth to the oxide basket, the
sonication pulsed mode and the power load. Reduced products were analyzed with XRD. Reduction

extent, current efficiency and particle sizes were calculated based on XRD results.

7.3 Experimental

High purity lithium chloride (LiCl, 99.995% metals basis, ultra-dry, Alfa Aesar) and lithium
oxide (Li»O, 99.5%, Alfa Aesar) were used for the electrochemical measurements without further
treatment. The electrolyte used in this study was the mixture of 1 w.t.% of Li,O/LiCl. Titanium dioxide
powders (TiO2, 99.995% and 99.5% metals basis, Alfa Aesar) were pelletized, grounded, and sieved
between mesh 60 and 20 (particles size 0.25 mm ~ 0.85 mm). In each TiO; reduction run, 2.0 g TiO;
particles were loaded within a 150 g salt mixture bath. The VersaSTAT 4 (Princeton Applied Research)
potentiostat with VersaStudio was used to control the electrolysis of CV measurements and TiO;
reductions and for the data acquisition. The ultrasound was controlled with Sonics VCF1500. All the

electrolysis operations were carried out in an argon atmosphere glovebox (moisture and O; level <5

ppm).

To define the cathodic decomposition potential of the electrolyte, cyclic voltammetry was
measured in a potential range of -2.00 V to OCP vs. Ni/NiO at 20 mV s™! before reductions. A stainless
steel wire (0.025”) was used as the cathode and a glassy carbon crucible (HTW GAZ30; Inner
height=147 mm, inner diameter=54 mm) was employed as both the anode and the salt container. The
reference electrode was a Ni/NiO electrode. CVs were also measured after the reductions in the same

potential range to estimate the change in the salt due to the reductions.

2 g TiO, was loaded in the cathode basket inside the glovebox. The electrode bundle and
sonication probe (a 0.5” Ti alloy rod) were lowered down into a glassy carbon crucible anode containing

the salt before reduction. Reduction were conducted at -0.3 V and +0.05 V vs. Li/Li" and stopped when
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it reached a desired amount of charge. Sonication was operated along with the electrolysis at a 30%
output amplitude in a pulsed mode (20 s or 40 s interval). Temperature was also measured during the
progress. The coolant air (Airgas, UHP-Air, 100 ml min'") was opened before the sonication probe was

lowered down to the salt melt, and closed after the probe was lifted out.

After reductions, the electrode bundle and the sonication probe were lifted out from the salt
and the whole set up was cooled to room temperature. The reduction products were transferred out of
the glovebox, washed with nano-pore water and acetone, dried under vacuum overnight, and then
grinded into fine powder. Powder samples were analyzed using XRD (Rigaku SmartLab) with Cu K-
alpha radiation at 40 kV and 30 mA. The scan range was from 10 to 80 degree at 4 deg min™'. The

particle sizes were derived through the Scherrer equation d = BCK—:;e. K is 0.9 as the shape factor; A is

the X-ray wavelength, 1.5406 A; 0 is the Bragg angle in rad. B is the line broadening at half the

maximum intensity.

7.4 Results and Discussion
7.4.1 Sonication Parameters Optimization

7.4.1.1 Effect of the Basket Depth

To study the effect of the relative position of the probe and the oxide basket, three different
basket positions were tested in the sonication-assisted TiO» reductions at a constant potential of +0.05
V vs. Li/Li*. In this study, the reduction potential was in a continus mode without interruption. There
was no lithium metal generation during the underpotential reductions, so it was not necessary to apply
reduction potentials in a pulsed mode. Sonication was applied at 30% of 1500 W power in a puled mode
with 20 s intervals. Three positions were presented in Fig. 7.1 inset. The bottom of the basket was

placed at 1/3”, 2/3” and 1” below the probe tip.

In I-t curves achieved in reduction at different basket depths (Fig. 7.1), the curves showed the
similar starting current at -1 A, and an immediate current drop to a plateau at -0.3 A. The current in
reduction with basket at 2/3 beneath position was a little lagged drop, compared with the current curves

in other two conditions.
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Figure 7.1 I-t curves of TiOs reductions at +0.05 V vs. Li/Li" with sonication at three different depths. Inset: the
geometries of the relative positions of the sonication probe and cathode baskets. Inset: sketch of the probe and

cathode basket.

Effect of the position of the probe was studied in literatures. Fig. 7.2 shows the convective flow
distribution around the horn, which is dominated by the acoustic streaming. The nonlinear effect also
creats a strong and rapid flow below the sonic horn (10-100 cm s™). [138] It was found that in the bulk
generation of HMF from glucose, as long as the probe was 1/3 of the total height of the solution, the
reaction kinetics were not changed and the results were consistent.[138] However, in the
electrochemistry with a face-on geometry of the electrode and sonication horn [141], researchers
investigated the relationship between the homn-to-electrode distance and the limiting current in an
aqueous solution of 0.8 mM sodium iodide.[142] Results showed that with a longer distance, the
limiting current became lower. The previous studies also proved that the diffusion coefficient was
increased by applying sonication [120] and the improvement was more significant with a smaller horn-
to-electrode distance.[142] It was explained that the acoustic streaming resulted in an turbulent flow

pattern and the flow near the sonication probe is more intensive.
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Figure 7.2 Schematic drawing of a typical flow pattern around a sonication probe[142]

In the present study, the sonication probe tip was 17 in the molten salt, and the cathode basket
(1” height) was located on the side of the sonication probe. Three basket immersion depth were tested
with the top edge of the basket 1/3”, 2/3” and 1” below the molten salt surface level. TiO, redcutions

were carried out at +0.05 V vs. Li/Li* with sonication controlled in a 20 s interval pulsed mode with

30% of 1500 W.
1/3 Beneath
i .

2 2/3 Beneath
gl i i
5}
= | Full Beneath .
\ .
| LiTiO,
Li,TiO
I | I s

L
T T T T T T

10 20 30 40 50 60 70 80
2 Theta /Deg

Figure 7.3 XRD analysis of samples in reduction processes with different basket positions

The XRD analysis was shown in Fig. 7.3. Compositions of the reduction products were
estimated from the XRD results though the Retvield refinement (Table 7.2). The compositions were
Li;TiOs and mainly LiTiO,. There was neither TiO> nor Ti metal identified in the products. The

summary of the reduction products were listed in Table 7.3. The reduction extent was increased when



123

more charge was applied. The reduction extent was 18.9% with 61% of the theoretical charge at the1/3
beneath position, and it was increased to 21.5% when the applied charges was 76% of the theoretical
at the full beneath position. Current efficiency at the basket location close to the surface was the highest,
followed by the lowest position, and the reduction with basket at the middle level resulted in the
smallest current efficiency. With the basket level closest to the molten salt surface, the status of the
liquid was affected by not only the direct ultrasound but also the surface vertical wave generated from
the vibration of the sonicator probe (Fig. 7.4). At the current stage, this explanation is a deduction from
the observation, and more work needs to be done to make it clear. So, the effect of sonication on the
reduction with basket at 1/3 beneath position was enhanced, and in result, it showed the highest
reduction extent. With the basket level moved away from the molten salt surface to the probe tip, the
external impact would come from the sonication only. Particle sizes, determined with the Scherrer
equation using the XRD intensity peak at 43~44 °, decreased with longer sonication time and lower
basket positions. The TiO, particle before reduction sizes 56.40 nm, derived from Fig. 6.1.The particle
size in the basket at 1/3 beneath position was the largest at 38.04 nm and that in the basket at the full
beneath position was the smallest at 32.06 nm. Since the effect of sonication was the most intense near
the tip of the horn, it would have a significant impact on the basket at the full beneath position. So, in
this case, the fragmentation was the dominated the result from the ultrasound.

Table 7.2 Rietveld refinement results for the products reduced at +0.05 V vs. Li/Li" with different
basket depth. Sonication interval: 20 s, ultrasound power: 30% of 1500 W.

Basket Depth (inch below the sonication probe tip) 1/3 2/3 1
TiO> 0 0 0
Products composition __
Li;TiO; 29.0 16.7 17.0
w.t. %
LiTiO, 71.0 83.3 83.0
Rup (%) 6.92 7.49 6.83
R, (%) 4.96 5.16 491
Re (%) 5.72 5.76 5.89
R factors
S 1.2069 1.2984 1.1576
e 1.4565 1.6859 1.34
Maximum shift e.s.d. 0.944 0.096 1.755
Phases Structural Parameters
LiTiO, a(A) 4.1423(4) 4.1638(4) 4.1556(9)
Lithium titanium(III) oxide | b (A) 4.1423(4) 4.1638(4) 4.1556(9)
(01-074-2257) c(A) 4.1423(4) 4.1638(4) 4.1556(9)
Space group: o (Degree) 90 90 90
225 : Fm-3m B (Degree) 90 90 90
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v (Degree) 90 90 90
V (A%) 71.075(12) 72.187(13) 71.77(3)
Scale factor 60(2) 2.0909) 62(3)
Gaussian peak U 0.33(16) 0.22(16) 0.27(18)
width parameters | V -0.23(16) -0.14(16) -0.13(19)
(*?) W 0.06(4) 0.06(4) 0.05(5)
a(A) 5.060(2) 5.120(2) 5.0741(12)
b (A) 8.760(3) 8.8238(6) 8.818(5)
c(A) 9.753(5) 9.802(3) 9.758(3)
Li,TiO3 o (Degree) 90 90 90
Dilithium titanate (IV) B (Degree) 99.77(5) 99.38(3) 100.17(3)
(01-080-7163) v (Degree) 90 90 90
Space group: V (A% 426.1(3) 437.0(2) 429.8(3)
15 : C12/c1,unique-b,cell-1 | Scale factor 9.6(7) 4.2(6) 6.9(5)
Gaussian peak U 0.34(19) 1.489(18) 0.8(2)
width parameters | V -0.12(10) -1.0(3) -0.38(10)
(» W 0.042(12) 0.100(5) 0.036(11)

Table 7.3 Summary of products in reductions at +0.05 V vs. Li/Li" at different basket positions

Basket Charge of Sonication Particle  Composition (w.t.%) Reduction Current
Depth theoretical duration /h size /nm TiO, Li,TiO; LiTiO, extent efficiency
1/3 beneath  61% 6.29 38.04 0 29.0 71.0 18.9% 30.9%
2/3 beneath  83% 6.86 3267 0 16.7 83.3 21.6% 26%

Full beneath 76% 6.91 3206 0 17.0 83.0 21.5% 28.3%
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Figure 7.4 (a) Schematic drawing of setup when the sonication is on. (b) Flow analysis at the basket when the
basket is close to the molten salt surface.

In summary, the basket at different depth was impacted differently by the effect of sonication.
As the basket closer to the sonication tip, the effect of ultrasound wave is stronger and the current
efficiency is higher. At the meantime, when the bakset was closer to the molten salt surface, it received
agitation from both the sonication and the liquid surface wave, and the combined effected resulted in a
current efficiency higher than that resulted from the ultrasound power only. So, a basket at the liquid

surface level is recommend.

7.4.1.2 Effect of the Sonication Pulse Modes

The effect of sonication pulse mode was studied at 20 s interval and 40 s interval pulse modes
during TiO; reduction at -0.3V vs. Li/Li* for 4 h. The basket was merged in the molten salt with the
upper edge of basket at the molten salt surface level, meaning ‘zero’ inch below the sonication probe.
80% of the theoretical charge was applied for reduction under sonication at 20 s interval, and 58% of
the theoretical charge was applied for reduction under sonication at 40 s interval. The ultrasound power
was at 30% of 1500 W.The corresponding I-t curves were presented in Fig. 7.5a, and the XRD analyses

of the products were shown in Fig. 7.5b.
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Figure 7.5 (a) Current-time profiles and (b) XRD results for TiO, reductions at -0.3V vs. Li/Li* with sonication

in 20 s and 40 s interval pulse modes

In the current-time profiles, a current peak was observed in blue line while it is not shown in
the green line. The difference was due to different TiO, soaking time before electrolysis, as discussed
in Session 6.4.1. TiO, particles were soaked in the molten salt for 1.5 h before reduction with 20 s
interval of sonication, and the soaking time for reduction with 40 s interval sonication was 4 h. After 4
h of soaking, Li,TiOs shell is thicker, and the diffusion distance for the LiTiO|TiO;|Electrolyte is much
longer, so the current decreases earlier than that in reduction with shorter soaking time. Also, for the
LiTiO»/Li,O|Li,TiOs|Electrolyte interlines, the thick Li»TiOs shell takes longer time to reduce, and with
higher concentration of Li>O generated, it slows down the Li,TiOs reduction. So, the current plateau in
longer soaking time reduction is lower than that in shorter soaking time reductions. Therefore, a shorter
soaking time is recommended.

Current oscillations show differences at 20s and 40s pulse (Fig. 7.5a inset). A wider current
oscillation is observed in the 40s pulse curve, compared with that of 20s pulse mode. XRD results of
products reduced in 20s and 40s sonication pulse modes consisted of similar concentrations of LiTiO;
and Li>Ti0;. TiO, was fully converted in both conditions. In conclusion, different sonication pulse
modes results in different current oscillation widths, but it didn’t improve reduction extent significantly.

So, based on this study, either interval mode works.
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7.4.1.3 Effect of the Sonication Power with 20 s Pulsed Mode
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Figure 7.6 Current-time profiles in TiO; reductions at -0.3 V vs. Li/Li" with 30% and 50% of maximum power

output 1500 W at (a) whole range, (b) current decrease section and (c) current plateau section

In the reductions of TiO; at -0.3 V vs. Li/Li", the top of the basket was at the molten salt level.
The power supply was switched between 30% and 50% of 1500 W (the maximum power of the supply)
to study the effect of sonication power on the reduction current (Fig. 7.6a). In Fig. 7.6b, when power
was switched during current decrease in the I-t curve, a small current increment was observed when the
power supply was switched from 30% to 50% of 1500 W. But due to power overload after 40s, the
sonication was stopped and the current dropped back to the level without sonication. When the
sonication was resumed immediately after power overload, it still ran into the problem of power load
even at 30% of 1500 W. While after around 8 min of rest time, the sonication started to work normally
at 30% of 1500 W. Fig. 7.6c shows the current response when power was increased in current plateau
section. There was no significant change in current when power was increased to 50% of 1500 W, and
the sonication kept working at the higher power for 30 min. In conclusion, in the current decreasing
section, the current shows a jump when sonication power was increased; but in the current plateau, the
increase in sonication power does not show significant change in current response. In terms of applying

a higher power supply, the problem of power overload may happen which forces the sonication to stop.
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7.4.2 Effects of Sonication on Temperatures
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Figure 7.7 A portion of temperature profile with pulsed sonication (20 s interval) when (a) electrolysis is ON

and (b) electrolysis is OFF

Figure 7.7 shows the effect of pulsed sonication on temperatures. The trend of temperature
changes were different when the potential was applied (Fig. 7.7a) and when the system stayed at the
OCP (Fig. 7.7b). There was a 4 s delay in the temperature response. The temperature increased from
646.5 °C to 649.5 °C as the ultrasound power was applied. It was because the cavitation of the high
pressure gas bubble (CO or CO,) generated by the ultrasound power. When sonication was off, the
temperature dropped to the original temperature before the sonication was applied. During the
electrolysis, the temperature gradually increased in each sonication cycle when electrolysis was on and
decreased when electrolysis was at rest. The increase of temperature during electrolysis may be the
results of several reasons. By applying reduction potentials to the cell, the temperature would be slightly
increased due to the power input. Also, the temperature increase due to just the sonication would
decrease the solubility of gas generated during reduction, so the generated CO or CO; bubbles on the
anode underwent the cavitation. It promoted the formation and release of CO/CO; and would improve

the reduction.

It can be observed from the plots that the temperature oscillated during the procedure kept
within a certain range of 3°C. Therefore, temperature is not a big concern when sonication is applied

in a pulse mode.
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7.4.3 Effects of Sonication on TiO; Reductions
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Figure 7.8 CVs in molten 1 w.t. % Li,O/LiCl at 20 mV s’ before and after TiO> reductions at -0.3 V vs.
Ni/NiO. W.E.: Stainless steel wire. C.E.: glassy carbon.

CVs in the salts were measured before and after reduction, as shown in Fig. 7.8. The cathodic
decomposition potentials were almost the same for the two CV measurements, at -1.83 V vs. Ni/NiO.
Lithium reduction peaks were at the same current while the re-oxidation peak for used salt is smaller
than that of fresh salt. The difference in re-oxidation current may be that the generated lithium metal
was consumed elsewhere in used salt, such as reactions with intermediates dissolved in salt during TiO,
reduction run. The CV curve for used salt in this experiment has a larger Li Re-oxidation peak, more
similar cathodic edge as that for fresh salt, and a smaller current slope than the CV s for used salt after
reduction without sonication (Fig. 6.8) The improvement may be the quick release of gaseous carbon

oxides, and less generation of carbonates. It indicates that the properties of salt after reduction are not

changed so much if the reduction undergoes sonication.
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Figure 7.9 I-t curves of sonication-assisted TiO, reductions at (a) overpotential at -0.3 V vs. Li/Li" and (b)

underpotential at +0.05 V vs. Li/Li*

Fig. 7.9a shows the current-time profiles of TiO, reduction at -0.3V vs. Li'/Li. All three
experiments show a similar current pattern which contains a current peak at -1.4 A and then decrease
to a plateau at around -0.44 A. Reduction with sonication shows a little higher current response, which
decrease reaction time. The silent reduction showed a current peak at the beginning; however, in the
sonication-assisted reductions, the current dropped directly as the sonication and electrolysis started.
Reductions with sonication were more time-efficient than the silent reduction. To apply 80% of the
theoretical charge, the silent reduction took 5.2 h, which was longer than the 4 h reduction with
sonication. Reduction with 100% of the theoretical charge with sonication took 5 h, which was still
shorter than silent reduction to reach 80% of the theoretical charge. In the reductions with ultrasound,
current spikes in the I-t curve were associated with cavitation bubbles collapsing on the electrode
surface.[120] In the reduction at +0.05 V vs. Li/Li", the current pattern (Fig. 7.9b) was the same as
reduction at -0.3 V, but both the initial current response and the current plateaus were lower than that
in reductions at -0.3 V. The current drop in reduction with sonication was earlier than in the silent
reduction. Both sonication-assisted reduction and silent reduction showed the similar maximum current
at -1.1 A. The current in sonication-assisted reduction dropped fast, reached the lowest at -0.1 A, and
then slightly increased to -0.15 A. The current plateau in silent reduction was -0.22 A, higher than that

in reduction with sonication.

The reduction products were analyzed with XRD (Fig. 7.10). The XRD results were further
studied for the composition with the Retvield refinement (Table 7.4 and 7.5), and the summary was
listed in Table 7.6. In the overpotential reduction products, TiO, was fully converted, and LiTiO, was

the major component, balanced with Li,TiOs3 (Fig. 7.10a, Table 7.4). In the reductions with 80% of
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charges, the application of sonication improved both reduction extent and current efficiency by around
2%. In sonication-assisted reductions, by applying more charge to 100% of the theoretical charge, the
reduction extent was increased from 21.9% to 22.6%, around 3% higher. However, the current
efficiency was decreased dramatically from 27.4% to 22.6%, about 17.5% lower. The decrease in the
current efficiency may be the generation of excess Li at overpotential electrolysis. Product particle sizes
derived from the Scherer equation was decreased in the sonication-assisted reductions, and the size was
increased with more charges. The decrease in particle size may due to the fragmentation caused by
ultrasound power.[124] And the increase in particle size with longer sonication time may be the
expansion of the particle through the sono-capillary effect.[136] The XRD analyses of the
underpotential products (Fig. 7.10b, Table 7.5) were similar as overpotential reduction products. There
was no TiO; left; LiTiO, was the major component, and Li,TiO3; was the minor component. In
underpotential reductions, the current efficiencies were higher than that in overpotential reductions. In
the reduction at underpotential, the current efficiency was 36.7%. When the reduction was assisted with
sonication, the current efficiency was 44.5%, 21.25% improved compared with reduction without
sonication. The product particle size in sonication-assisted reductions was bigger than that in the silent

reduction, which might be the compensation effect of fragmentation and sono-capillary effect.
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Figure 7.10 XRD analysis of reduction products at (a) -0.3 V and (b) +0.05 V vs. Li/Li".
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Table 7.4 Rietveld refinement results for the products reduced at -0.3 V vs. Li/Li* with and without

sonication. Sonication interval: 20 s, ultrasound power: 30% of 1500 W.

Reduction No sonication Sonication Sonication
Applied charge of the theoretical 80% 80% 100%
TiO; 0 0 0
Products composition
W% Li,;TiO3 17 15 12
LiTiO; &3 85 88
Ruwp (%) 6.98 6.55 7
Ry (%) 4.9 4.61 4.94
R factors Re (%) 5.79 5.62 5.78
S 1.2042 1.1637 1.21014
e 1.4502 1.3542 1.465
Maximum shift e.s.d. 0.478 0.06 0.119
Phases Structural Parameters
a(A) 4.0722(14) 4.1476(15) 4.14007(12)
b (A) 4.0722(14) 4.1476(15) 4.14007(12)
c(A) 4.0722(14) 4.1476(15) 4.14007(12)
LiTiO, o (Degree) 90 90 90
Lithium titanium(IIT) oxide | B (Degree) 90 90 90
(01-074-2257) v (Degree) 90 90 90
Space group: V (A%) 67.53(4) 71.35(5) 70.962(4)
225 : Fm-3m Scale factor 63(2) 61(2) 65.0(13)
Gaussian peak U 0.15(6) 0.30(9) 0.32(8)
width parameters | V -0.12(7) -0.26(9) -0.29(8)
(» W 0.042(16) 0.08(2) 0.09(2)
a(A) 5.014(2) 5.092(4) 5.177(8)
b (A) 8.611(6) 8.806(8) 8.592(13)
c(A) 9.5885(5) 9.732(9) 10.194(12)
Li,TiO3 o (Degree) 90 90 90
Dilithium titanate (IV) B (Degree) 99.80(4) 99.35(11) 108.91(19)
(01-080-7163) v (Degree) 90 90 90
Space group: V (A%) 406.6(4) 430.6(6) 429.0(10)
15 : C12/cl,unique-b,cell-1 | Scale factor 7.1(12) 10.0(16) 9.9(17)
Gaussian peak U 0.2(3) 1.6(5) 4.5(2)
width parameters | V -0.2(3) -0.23(8) -0.7(4)
(*?) W 0.07(6) 0.00(8) 0.0(3)
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Table 7.5 Rietveld refinement results for the products reduced at +0.05 V vs. Li/Li* with and without

sonication. Sonication interval: 20 s, ultrasound power: 30% of 1500 W.

Reduction Without sonication | With sonication
Applied charge of the theoretical 50% 46.3%
TiO; 0 0
Products composition
Wt % Li,;TiO3 31% 21%
LiTiO; 69% 79%
Ruwp (%) 6.98 6.49
R, (%) 4.54 4.38
R factors Re (%) 5.54 5.59
S 1.2574 1.1589
r 1.581 1.343
Maximum shift e.s.d. 0.088 0.199
Phases Structural Parameters
a(A) 4.1356(2) 4.18165(18)
b (A) 4.1356(2) 4.18165(18)
c(A) 4.1356(2) 4.18165(18)
LiTiO, o (Degree) 90 90
Lithium titanium(III) oxide | p (Degree) 90 90
(01-074-2257) v (Degree) 90 90
Space group: V (A% 70.732(7) 73.121(5)
225 : Fm-3m Scale factor 61(2) 72(2)
Gaussian peak 0.17(8) 0.04(5)
width parameters -0.13(8) -0.02(5)
) W 0.0444(19) 0.019(12)
a(A) 5.0572(12) 5.1099(5)
b (A) 8.7433(15) 8.8665(9)
c(A) 9.691(3) 9.8309(14)
LixTiOs o (Degree) 90 90
Dilithium titanate (IV) B (Degree) 99.705(19) 100.321(13)
(01-080-7163) v (Degree) 90 90
Space group: V (A3 422.37(19) 438.21(9)
15 : C12/c1,unique-b,cell-1 | Scale factor 9.9(10) 4.93)
Gaussian peak 0.01(12) 0.30(5)
width parameters -0.09(2) -0.18(3)
@) W 0.036(10) 0.024(3)
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Table 7.6 Summary of products in reductions at -0.3 V and +0.05 V vs. Li/Li* with and without

sonication
Reduction  Charge Particle Composition /w.t.%
Sonication Reduction  Current
potential /V /% of size .
o ) /h TiO, Li;TiO; LiTiO, extent efficiency
vs. Li/Li*  theoretical /nm
-0.3 80% N/A 3837 0 17 83 21.5% 26.9%
-0.3 80% 4.05 3596 0 15 85 21.9% 27.4%
-0.3 100% 5.04 38.04 0 12 88 22.6% 22.6%
+0.05 50% N/A 38.02 0 31 69 18.3% 36.7%
+0.05 46.3% 6.72 39.07 0 21 79 20.6% 44.5%

In conclusion, sonication can improve the current efficiency in both lithiothermic and direct
electron reductions of TiO». In overpotential reductions, liquid Li metal blocks the O* transfer by
covering the oxide particles.[33,86] Under the ultrasound pressure, the solid oxide particles are broken
into smaller pieces and the Li layer will either become thinner or transfer into the pallet through the
newly generated tunnals. In underpotential reductions, after the particle breaks down, fresh salt with
rich electrons reaches to unreacted session easily. Then, under both reduction conditions, O%* ions
generated from the reduction only need to travel a short distance inside the particle to be leased at the
solid surface. So, with the sonication, the O* diffusion to the outside of the particle became easier and
the current efficiency increased. Another consequence from the ultrasonic vibration was the sono-
capillary effect, under both overpotential and underpotential conditions. It pressurized the molten salt
into the capillary structure inside the materials, and the depth and velocity of liquid salt penetration into
the canals and the pores. Fresh lithium salt is pushed in the porse when the sonication is applied. Then
during the sonication is pulsed, oxide reduction occurs inside the particle and O.. ions are released to
the cappilaris pores. And after the sonication is resumed, new lithium salt goes into the cappliary
structure and force the O,.-rich lithium salt out from the solid. So, in general, the liquid lithium salt
passed thoroughly inside the particles, taking the released O to the outside and leaving the particle at
a relative low O* concentration. In overpotential reductions, the vibration could also press liquid Li to
the inside pores of the particle and accelerate the lithiothermic reduction. Though the time efficiency
of sonication assisted underpotential reduction is low, the current effieincy is dramatically high.
Meanwhile, the flow of the salt melt through the capillary structure would generate pressure inside the
particle and slightly expanded the particle size. The increment in particle size was also observed in

long-time sonication-assisted electrolysis (Table 7.6). Improvement in current efficiency was more
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sufficient in underpotential reduction, indicating the diffusion of O* through the solid particle was the

main reason of low reduction current efficiency.

7.4.4 Corrosion of Sonicator Probes under Different Operation Conditions
Effect of operation conditions was studied by testing the sonication in air and argon
atmospheres. Pictures of probes (Fig. 7.11) were used to visualize the corrosion results. Probes were
titanium alloy (Fig. 7.11a) customized for application in molten salts at 650 °C. When tested in air,
overloading problem occurred after 15 minutes, and as the result, the sonication was forced to stop. It
was because the extreme oxidative reaction occurred on the probe surface with air. The probe was
corroded (Fig. 7.11b), and the condition of the probe was changed. So it could not work as manufacture

tuned.

When used in argon, the probe kept working for more than 3 hour with electrolysis before it
was turned off. Probe after tested in argon (Fig. 7.11c) showed a metal shinny surface compared with
the probe tested in air (Fig. 7.11b). The probe surface after operating at an even longer time in molten
salt with electrolysis (Fig. 7.11d) still looked better than that tested in air. The reason that the probe

works longer in argon is that the system is free from moisture and oxidative species which are corrosive.

I l I =M i % 4
(a) (b) (©) (d)

Figure 7.11 Sonicator probes when it is (a) new, (b) tested in air without electrolysis, and (c) tested in

argon without electrolysis. (d) is the probe (¢) used in argon after reduction.
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7.5 Conclusion

TiO, reductions with various sonication control modes were carried out in this study.
Introduction of sonication can increase the current efficiency. At overpotential reductions, application
of sonication reduced the operation time, and the current efficiency was slightly improved when
sonication was applied, at around 2%. At underpotential electroreduction, current response is lower and
time is longer. However, the current efficiency in underpotential reduction is much higher than that can
be achieved in overpotential reductions. The highest current efficiency in reduction with sonication was
44.5% which was improved by 21.25% compared with reduction without sonication. The improvement
may be due to the fragmentation or sono-capillary effect of the sonication that increased the oxygen ion
diffusion in the solid materials. Large particles are broken in to smaller ones, and the liquid mediate is
pushed into deep particles to provide fresh reactant and take away products. Location of the cathode
basket also has impact on current efficiency. When the basket was in the enhanced sonication area close
to the probe tip, the current efficiency was the highest. In the case of a single effect of sonication, the
current efficiency was improved when the basket was close to the probe tip. By applying sonication
during the reduction, impurity residual in the molten became less. Sonication in high temperature
molten salts worked well only in inert environment. The overall temperature of the system was not
significantly impacted by the application of sonication in a pulsed mode, so the temperature change in
the system is not a big concern in the reduction. Sonication pulse mode of 20 s or 40 s intervals didn’t
impact the reduction results. High sonication power output increased current responses before current
plateau, but the sonication stopped working due to the power overload problem. In conclusion, the
application of sonication can improve the O diffusion and therefore, increase the reduction current

efficiency.
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Chapter 8: Conclusion and Future Work
The electrolytic reduction of metal oxides is a promising approach in producing precious
metals. The electrochemical methods are low in cost and operation requirements. However, there are
obstacles of the commercialization of the method. In recent decades, research efforts have been focused
on defining the problem and searching for the solutions. It was found that the O* diffusion in the solid

particles was the limitation of the process which gave rise to a low current efficiency.

In this study, metal oxides, NiO and TiO,, were reduced through electrochemical process in
molten 1 w.t.% Li,O/LiCl at 650 °C. Both underpotential and overpotential were applied to the oxides
for reductions. The operations included the concept and experimental details from the FFC process, the
OS process and pyroprocessing. The uniqueness of this project lies in that the reduction was carried out
in a small scale of metal oxides by accurately controlling the reduction potential (vs. Ni/NiO RE) and
applied charge, as well as the coupling of sonication. High purity electrolytes were used, so that the
analysis of the result is free from the interference of impurities. The metal oxides were loaded in the
baskets which were designed and fabricated especially for this project. There are mainly two
electrolytic measurements involved in the experiments, cyclic voltammetry and chronoamperometry.
The properties of the molten salt, such as the decomposition potentials and the electrolytic reaction of
salt component at different potentials, were defined with the cyclic voltammetry measurements.
Reductions were controlled through the chronoamperometry measurements by applying a constant
cathodic potential on the working electrode, and stopped when it reached to a desired amount of charge.
The reduced products were analyzed with XRD and TGA for the composition and oxygen level. ICP-

MS was introduced in defining the used salt metal composition, including Li, Ni and Ti.
Important contributions and conclusions derived from this work are listed as follows:

1. This study realized successful reductions of metal oxides in a small scale of 150 g molten
salts and 2 g metal oxides. The success verified the feasibility of the setup and the
practicality of the reduction methods and parameter controls. Therefore, the
electrochemical experiment elements in this study can be used in the electroreduction of
many other kinds of metal oxide or nonmetal oxides.

2. The performances of several pseudo-reference electrodes (glassy carbon, tungsten,
molybdenum and Ni/NiO electrodes) were compared with CV measurements in Li>O/LiCl
molten salt. In defining the Li deposition potential in LiCl salts with various Li,O
concentration, the Ni/NiO provided a constant deposition potential. The lithium deposition
achieved with the GC, W and Mo reference electrodes showed positive shifts with

increasing Li>O concentrations. So, the Ni/NiO reference electrode was more favorable in
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use in molten LiCl with a varying Li;O concentration, and it was employed in this work
for other measurements. Furthermore, correlations of reference electrode potentials in pure
LiCl and 1 w.t.% Li,O/LiCl were defined. Also, the apparent O* activity coefficients were
derived in each cell with different reference electrode.

Lithiothermic NiO reductions produced Ni metal with 100% of the theoretical charge. The
products were analyzed with XRD and TGA. The current efficiency for the process was
very high at 96.1%. It took around 2 hour to fully reduce 2 g of NiO pellets. It indicated
that the reduction followed one-step mechanism and it possessed a fast reduction kinetics.
CV study showed that the used salt didn’t contain unacceptable amount of impurities after
the NiO reduction, so the salt could be reused in future reductions which reduce the cost of
the process.

The electrolytic reductions of TiO; in molten Li>O/LiCl were controlled in multiple ways
and the reduction mechanism was proposed. It followed a stage-wise reaction mechanism.
The reduction of the oxide particle was considered as the shrinking core model. The
reduction process could be explained as the formation and movement of three-phases
interlines. The external surface of TiO; particles was first chemically combined with Li,O
in the electrolyte to form Li, TiOs. As the overpotential was applied, the generated Li metal
reduced the TiO; core to LiTiO,. Finally, the Li,TiO; shell was reduced by Li metal,
leaving a LiTiO> shell with high Li,O concentration. The highest current efficiency in TiO,
reduction was 16.7%. The Li,O diffusion to the outside of the solid particles was the
obstacle of the process.

Sonication was coupled with TiO, reductions and it improved the current efficiency for
reductions at both overpotential and underpotential. The improvement for the
underpotential reduction was much more significant than that in overpotential reduction.
The current efficiency reached to 44.5% in the sonication-assisted underpotential
reduction. So, it was proved that the sonication was effective in accelerating the oxygen
ion diffusion in the solids which was the limitation of the metal oxide electrolytic
reductions.

It was the first time the operation of sonication was utilized in electrolysis in high
temperature molten salts. The modified sonication setup in this study could be
confidentially introduced in other high temperature molten salt studies. In order to
guarantee a stable function of the sonication, it should be used in an inert atmosphere, such
as in an argon glovebox. Handling of sonication in a glovebox required several

experimental elements, including a dry air coolant system, power cable installed in a
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feedthrough, and an actuator for the movement control. The sonication should be operated

in a pulsed mode at a low power input.

The success in combing the sonication with metal oxide reductions makes this work have
profound implications. This study provides information in aspects of the metal oxide reduction
experiments, approaches to derive the mechanism, and the application of sonication. Subsequent wok

can be done to make the work more complete.

1. The small experimental scale and the control methods will find extended applications in
reduction of other oxides and derivation of the reduction mechanisms. Theoretical models,
such as the DFT calculation, will support the work and make the results more reliable and
comprehensive.

2. Since the sonication has been proved to be effective in improving the current efficiency in
metal oxides electroreduction, it promte the commercialization of the metal generation
through electrochemical process. So, the scalling up of the sonication-assisted
electroreduction will practically realize the industrial production. Effect of sonication could
be enhanced and cover more materials by installing the probe in matrix, which might be
one of the possible approaches.

3. In this study, the improvement by the sonication was considered as the acceleration of
oxygen ion in the solid phases. It was the conclusion by researchers studying metal oxide
reductions in the literatures. However, there is no adequate data provided in this aspect in
this study. So, in order to get more solid evidences of the effect of sonication, it is necessary
to quantitatively define the O* diffusion coefficient in the reduction process under silent
and sonication conditions. Also, the determination of flow patter under a combined effect
of sonication and liquid surface wave (Fig. 7.4) is not clear. Calculation or molding work
such as COMSOL will be needed to complete the understanding.

4. This work evidenced the effectiveness of sonication in improving the oxygen ion diffusion
through the solid phase in the reduction of TiO,. The reaction conditions in this study are
quite similar as those in pyroprocessing. So, there is a potential of transferring this work to
the pyroprocessing. After overcome the challenges in scaling up the sonication setup to an
engineering scale, it is promising to apply the technique to the pyroprocessing in spent

oxide fuel treatment. It will speed up treatment of the spent fuel from the light water reactor.
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