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ABSTRACT

This thesis presents an exploration of Solid Oxide Membrane (SOM) electrolysis
as a solution to the imminent challenge of transitioning from fossil fuel dependence
towards sustainable, low-carbon energy technologies. Two key applications are explored:
the production of solar-grade silicon for photovoltaic cells and the recycling of iron as an
electrofuel.

Solid Oxide Membrane (SOM) based electrolysis process is a promising
technology that has been demonstrated to successfully produce many energy-intensive
metals directly from their oxides in an efficient, economical and environmentally sound
way. First, the production of solar-grade silicon from silica via a single-step SOM
electrolysis process (Si-SOM) is demonstrated. During the Si-SOM electrolysis process,
an yttria-stabilized zirconia (YSZ) tube was employed to separate pre-engineered molten
flux with dissolved silica from the anode assembly. When the applied DC potential
between the cathode and the anode exceeds the dissociation potential of silica, silicon is
reduced at the cathode, while oxygen ions migrate through the YSZ membrane and are
oxidized at the anode. The Si-SOM electrolytic cell design and process parameters are

optimized to enable high-purity silicon deposition on the cathode and ensure stable and

vii



efficient Si-SOM electrolysis. Electrochemical characterization and modeling of the Si-
SOM electrolysis are also presented with detailed microstructural analysis of the silicon

deposits.

In parallel, this thesis demonstrates an innovative method of reducing the iron
oxide to iron via a molten salt-free SOM electrolysis (Fe-SOM). Iron oxide and liquid
silver as the reducing medium are contained in a one-end closed YSZ membrane. The
soluble oxygen is pumped out of liquid silver with an applied potential between the
cathode and the anode to create a reducing condition that is sufficient to reduce the iron
oxide. The Fe-SOM electrolytic cell design and process parameters are optimized to
enable high-efficiency and stable electrolysis of iron oxide. Electrochemical
characterization of the Fe-SOM electrolysis is also presented with detailed

microstructural analysis of the iron deposits.
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1. Introduction

Fossil fuels are a convenient and widely accessible source of stored solar energy
that has enabled our modern civilization; but fossil-fuel production cannot indefinitely
keep up with rising energy demand, and carbon dioxide emissions from fossil-fuel
combustion contribute to climate change. To meet the increasing energy demand of the
global economy and mitigate the climate change, sustainable, clean, and low-carbon
power generation and storage technologies need to be developed and adopted in a large
scale. Out of a wide range of promising alternative power generation technologies, two
specific applications have drawn the author’s attention: Silicon used in photovoltaic cells
and Iron used as an alternative electrofuel.

1.1 Background of Silicon Production

Silicon is one of the most plentiful elements in the earth's crust, accounting for
approximately 25.7 percent of the total mass [1]. Silicon in its high purity form is often
used to make photovoltaic cells, which are capable of ‘harnessing’ solar energy and
turning it into electricity. These silicon-based cells account for around 90 to 95 percent of
the photovoltaics industry. Polycrystalline and monocrystalline silicon cells are two of
the most common forms of silicon cells. Both kinds require the same supply of high-
quality silicon.

Silicon photovoltaics are one of the most environmentally friendly ways for
harvesting and converting solar energy flux into electricity. The conventional method of
generating electricity relies on the combustion of carbon-rich fuels to propel turbines.

This process is, however, unsustainable due to the large emission of greenhouse gases



like CO,. Brown coal, hard coal, and natural gas, respectively, emit 1.183, 1.142, and
0.572 kilograms (kg) of CO2 per kWh of power generated [2]. In contrast, the use of
silicon solar cells, whether monocrystalline or polycrystalline, is estimated to have an
environmental cost of 27 to 38 grams of CO; per kWh of electricity produced [3]. Due to
its lesser environmental impact, the market value of silicon photovoltaics is expected to
reach $150 billion by 2024 with an expected growth of 920 gigawatts [4].

To meet the current demand, the need to develop low-cost solar cells remains a
critical priority for future growth. Numerous processes are used to produce the ultrapure
silicon required for photovoltaics (purity over 99.9999%, 6N) and electronics (purity over
99.9999999%, 9N). All large-scale processes initiate from the carbothermic reduction of
high purity silica to metallurgical grade (MG) silicon. In this process, silicon purity is
affected by the introduction of carbon, boron, phosphorous, alkane earth metals, and
transition metals, which exist as impurities in the raw silica. Secondary refining processes
are therefore needed. The most prominent techniques are the Siemens process and
fluidized bed reactors.

In Siemens process, small particles of MG silicon are ground up and react with
hydrogen chloride (HCl). The resulting trichlorosilane (TCS) has a low boiling point of
31.8 degrees °C, allowing it to be purified relatively easily in tall distillation columns.
Silicon is then deposited from the TCS onto highly pure, slim silicon filaments, which are
electrically heated to up to 1,150 °C in a steel bell-jar reactor (see Figure 1.1a) until they
have grown to polysilicon rods with a diameter of 15 to 20 cm [5].

A fluidized bed reactor (FBR) is cylindrical in shape. Through nozzles at the



bottom, silicon-containing gas is combined with hydrogen (H>) to create a fluidized bed
that carries microscopic silicon seed particles fed from above (see Figure 1.1B). Most
FBR facilities use SiH4 as the feed gas. When the decomposition temperature of SiHs is
reached, Silicon builds up on the seed particles until they grow into larger granules that
fall to the bottom of the reactor. It is noted that those granules can be removed
continuously, whereas Siemens process is a batch or semi-batch processing [5].

&«
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Figure 1.1. Schematics of Conventional Solar Silicon Production of: A). Siemens process; B)
Fluidized Bed Reactor process
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Both techniques react MG silicon with gaseous chemicals and generate new, solar
grade silicon crystals. These procedures are labor-intensive, involve many steps, and use
potentially hazardous halogenated compounds [6]. In addition, carbon dioxide and
halogenated emissions are produced in the manufacturing supply chain. Thus, the
demand for a low-cost, environmentally friendly, and efficient method of silicon

manufacturing persists.



1.2 Conceptual Use of Iron as An Alternative Electrofuel

Electrofuels are low-carbon, recyclable fuels that are produced primarily from
electricity. They can provide high energy and energy densities and are recycled back into
reactive fuel after the fuels are combusted. H» has long been regarded as an ideal
electrofuel. However, limited energy-cycle efficiency and problems with hydrogen storge
and safety limits its ability to replace fossil fuels at a global scale and thus provides the
necessary motivation for researching alternative electrofuels.

In the search for the alternative electrofuels, the periodic table unveils the
potential candidates [7]. Since the fuel must be oxidized by air oxygen, only elements of
groups 1-14 are applicable. In addition, it is desired that the fuel has a high specific
energy, which necessitates the minimization of the nuclear mass for a given number of
valence electrons. Consequently, only elements of periods 1 through 4 are applicable,
which leaves metals or metalloids. Metals as recyclable electrofuels, which can be reacted
or burned with both water and air and are often-overlooked as an energy-carrier. Figure
1.2 compares the energy density and specific energy of several metal-fuel alternatives to
those of fossil and other low-carbon alternatives. Metals, among all fuel options, have the
most volumetric heat generation when burned in air, and are therefore the most
energetically dense chemical fuels available. Several metal fuel candidates have been
proposed and some are currently being investigated as eligible solutions, including
Lithium (L1i), Boron(B), Magnesium (Mg), Aluminum (Al), Silicon (Si), Iron (Fe), and

Zinc (Zn) [8].
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Figure 1.2. Volumetric and Gravimetric Energy Densities of Chemical Energy Carriers

From the perspective of a green metal fuel economy, Iron (Fe) in particular is
highly desirable for stationary power generation. It is stable and abundant, has a high
volumetric energy density, low toxicity, a cheap market price, and has an existing
infrastructure for production and distribution. Figure 1.3 demonstrates a clean, dry
oxidation/reduction cycle for using iron as an energy carrier [8]. At the beginning of the
cycle, electricity is produced with iron as a fuel that is burned to release heat during high-
temperature oxidation, like the conventional burning of solid fuels. In contrast to burning
of fossil fuels, CO; is not released during the burning of iron. The combustion products

are solid iron oxides (Fe,0y), which are easily collected. Iron oxides are stored and

transferred to the reduction facilities at the bottom of the cycle. Electrochemical or

thermochemical techniques involving renewable energy are employed to chemically



reduce iron oxides. Both approaches regenerate iron fuel for the combustion process
without emitting carbon dioxide. When recycled iron fuel is transferred to the thermal

power plant and burnt again to generate electricity, a circular energy economy is

established.
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Figure 1.3. Schematics of a CO2-free Iron Reduction—oxidation Cycle.

The direct reduction of iron (DRI) utilizing green hydrogen as a reducing agent is
proposed as one of the most promising routes to carbon neutrality in this energy cycle.
Green hydrogen is a type of hydrogen produced using renewable energy sources, such as
wind, solar, or hydroelectric power, through the process of water electrolysis. However,
green hydrogen production only consists of less than 1% of the total US hydrogen market
[9]. Production of hydrogen via other approaches, such as steam methane reforming
(counts 75% of the hydrogen market), release greenhouse emissions, making it a less

environmentally friendly method compared to green hydrogen.



In addition, the reduction efficiency is significantly hindered by the small
equilibrium constant of the reduction of iron oxide using hydrogen at the operating
temperature of 1050C. The equilibrium constant for the reaction (Fe2O3; + 3H> = 2Fe +
3H:0) at 1050°C is approximately 61, indicating that the reaction will stop when 80% of
the hydrogen is utilized. The reaction is expected to proceed with Fe;Os first converting
to FeO and then further to Fe. In this case, the equilibrium constant for the reaction (FeO
+ H> = Fe + H>O) at 1050°C is about 0.77. This means the reaction will stop when 44%
of the hydrogen is utilized, leaving 56% unreacted. It is estimated that changing the gas
composition from 98% water vapor with 2% hydrogen to 44% water vapor with 56%
hydrogen on one side of the electrolyzer and air on the other side may increase the
voltage for electrolysis by around 32%. This voltage increase leads to a power
consumption of 3.28 kWh/kg Fe. Given that the thermal energy release is 2.05 kWh/kg
Fe, increasing the electrolyzer power consumption to that figure would likely result in an
overall efficiency of only around 63%.

Lastly, storage and transportation of hydrogen remains a big challenge. Systems
that store and transport the gaseous form H» require safety precautions to prevent
explosion, flashback hazards, and environmental damage. A H»-free approach to reduce
iron oxide is needed to be compatible with the requirements of higher reduction

efficiency and much lower direct and indirect emissions in the iron recovery process.



1.3 SOM Process Overview

1.3.1 Description of the SOM Process

Solid oxide membrane (SOM) electrolysis is a novel method that has been
developed and effectively utilized for the extraction of metals or alloys from their oxides.
Previous research has established the feasibility of this method in the production of a
variety of metals and intermetallic, such as tantalum, titanium, ytterbium, magnesium,
and aluminum [10]-[27].

The key components of the SOM electrolytic cell include anode assembly,
cathode and electrolyte. The anode assembly consists of a ceramic-based SOM, an anode,
and an anode current collector. Yttria-stabilized Zirconia (YSZ) is the common material
as the membrane for SOM electrolysis. It exhibits high oxygen ionic conductivity and
selectively conducts oxygen ions. Liquid silver is generally selected as the anode because
it exhibits excellent electrical conductivity and thermal stability at the temperature of
interest. In addition, liquid silver has high oxygen solubility, diffusivity, and wettability
with the YSZ membrane.[28] At the anode of the SOM cell, depending on the anode
current collector materials, oxygen anions are oxidized to either pure Oz or CO/CO:a.
When a graphite rod is employed as the anode current collector, the oxygen anions are
oxidized by the carbon rod to form CO or CO>. When an inert anode current collector
(Strontium-doped Lanthanum Manganite (Lao.gSro2MnO;.x or LSM) with Inconel rod), is
employed, pure O is produced.

The cathode materials are selected based on the type of the desired metals. The

primary selections include:



1). An inert metal if the desired metal is produced in the gaseous form and later
condensed in a separate container vessel (e.g., Mg (g) produced on a steel cathode.).

2) The desired metal itself.

3). Another metal if an alloy with that metal is desired.

4). Another metal if the desired metal has solubility at the operating temperature
but no mutual solubility at lower temperatures that enables separation upon cooling.

5). An inert electronic collector.

Mixture of molten fluorides and oxides are commonly employed as the
electrolyte, while the feasibility of a molten-salt free electrolytic cell is also explored in
this work. In the rest of this dissertation, the SOM process that employs molten salt as
the electrolyte is referred to as molten salt-based SOM process, and the SOM process that
employs other forms of electrolyte is referred to as molten salt-free SOM process. In the
application of molten salt-based SOM electrolytic cell, the salt electrolyte needs to meet
several characteristics. It should have high ionic conductivity (> 2 S/cm), low electronic
conductivity (< 0.2 S/cm), low volatility (<1 pug/cm?-s), adequate solubility of Silica (>3

wt.%), low viscosity (< 0.1 Pa-s).

1.3.2 Silicon Production via Molten Salt-based SOM Process
In comparison to conventional silicon production methods such as the Siemens
process and fluidized bed reactors, molten salt-based SOM process has three significant
advantages: it is a single-step operation that consumes less energy and capital, it produces

no direct greenhouse gases or halogenated emissions, and yields pure O2 as a valuable
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by-product with an inert anode current collector [11,15, 29, 30]. Figure 1.4 shows the

schematics of the molten salt-based SOM process for silicon production.

| . . |
02 Ofux = Oysz 0%

Molten Halide Flux with Dissolved Metal Oxide

Si Si Siy, — Si Si Si

ux

Figure 1.4. Schematics of Molten Salt-based SOM Process for Silicon Production.

The process of silicon production via molten salt-based SOM electrolysis begins
with the dissolution of silicon oxide in the molten salt. An electric potential greater than
the disassociation potential of silicon oxide is applied, causing the silicon cations to
migrate to the cathode and the oxygen anions to migrate to the anode. When silicon
cations reach the cathode, they undergo a half-cell reaction, shown in Equation 1-1:

Si**(flux) + 4 e~ = Si (cathode) 1-1
When the oxide ions reach the membrane, they migrate through the YSZ membrane as
shown in Equation 1-2:

0% (flux) = 0%~ (YSZ) 1-2
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When liquid silver is used as the anode, the oxygen ions are oxidized at the
YSZ/liquid silver interface as shown in Equation 1-3. Once the silver is saturated with
dissolved oxygen, the oxygen evolves as gas, shown in Equation 1-4. Thus, pure silicon
metal is produced in a single step at the cathode while producing pure oxygen gas as a
byproduct at the anode.

0%~ (YSZ) = [0](Ag) + 2e~ 1-3

[01(49) = 50, (9) 1-4
Previous studies have demonstrated the production of high purity silicon via the SOM
process. Two unique designs of cathode current collector were attempted: one with a
liquid tin cathode and one with a solid molybdenum [31]. However, with the liquid tin
cathode, an extra step of acid etching is required to extract the high purity silicon deposits
from the solidified tin upon cooling. With the solid molybdenum current collector, silicon
is produced as molybdenum silicide. This system also has high resistance, which is
detrimental for long-term operation. Therefore, it is necessary to develop a stable,
removable, and efficient cathode assembly. The ideal cathode assembly should consist of:
1) A cathode current collector that is thermally and chemically stable in the SOM
environment while staying mechanically intact with the cathode. It should also
have low electrical resistance in contact with the cathode.
2) A cathode that can collect Silicon deposits that is reduced from silica in the salt
electrolyte and is free of other chemical impurities. It should also be able to

completely separate from the flux after the experiment.
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1.3.3 Molten Salt-free SOM Process as A Proposed Approach for Iron Recovery

Since the SOM process can effectively extract metals from their oxides, it is a
promising process to recover iron from iron oxide in the iron oxidation/reduction cycle
when iron is used as the electrofuel. This electrolytic approach is featured by its high
reduction efficiency. With an applied potential of 2 V, the power consumption is 2.87
kWh/kg Fe. The reduction efficiency is calculated to be 71% given that the thermal
energy release of iron oxide is 2.05 kWh/kg Fe. In addition, the SOM process does not
require H» or other reducing agents, and it emits zero greenhouse gases with the
incorporation of an inert anode and anode current collector.

In this work, a proof-of-concept molten-salt free SOM process is developed and
implemented for the recovery of iron from iron oxide. Figure 1.5 shows the schematics

of the molten salt-free SOM process for iron production.

‘e'

0., @ —— @ o~ (o [ A
-_'_‘ ‘ Fe,0, '/[ o] @
1 . —— FeAg \32- Fe203/YSZ/Ag
‘ @ YSz =1:1:1 by vol.
Liquid Ag

Cathode

Figure 1.5. Salt-Free SOM Process for Iron Oxide Reduction with YSZ and Silver as the
Reducing Medium
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Equal volume of iron (III) oxide, silver and YSZ powders are contained within a
one-end closed YSZ tube. When an electrical potential greater than the disassociation
potential of iron (III) oxide is applied across the YSZ tube with a system of electrodes,
iron oxide is dissociated into iron (Fe) and soluble oxygen in Ag ([O]ae) [28, 32].
Oxygen can migrate through the silver to the YSZ membrane and undergoes a reduction
to O* at the silver/YSZ membrane interface. Another possible pathway is that soluble
oxygen is reduced to O* at the silver/YSZ particle interface within the electrolyte. The
oxygen ions formed at this interface can migrate through interconnected YSZ particles
within the electrolyte to the silver/YSZ membrane interface. Overall, the half-cell
reactions at the cathode can be expressed as follows:

Fe,0; = Fe + 3[0]y, 1-5
3[0] 4y + 6~ = 30%" 1-6

When the oxide ions reach the YSZ membrane, they migrate through the

membrane as shown in Equation 1-7:
0%~ (YSZ/Ag) = 0%~ (YSZ) 1-7

Similar to the anode reaction in the SOM process for silicon production, when
liquid silver is used as the anode, the oxygen ions are oxidized at the YSZ/liquid silver
interface as shown in Equation 1-3. Once the silver is saturated with dissolved oxygen,
the oxygen evolves as gas as per Equation 1-4. The reduced iron powders can be
separated from the silver and YSZ using a magnet since ferric iron is immiscible with

non-ferric silver and YSZ.
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14 Research Scope

In the previous section, current status and challenges for silicon production and
the conceptual use of iron as a sustainable energy carrier have been reviewed. The
increasingly growing global energy demand is driving the development of energy-
efficient and environmental-friendly processes for both silicon production and iron
recovery. Therefore, the main objectives of this dissertation are:

1). To investigate and develop a molten salt-based SOM process that enables
efficient production and collection of high-purity silicon.

2) To demonstrate the feasibility of a molten salt-free SOM process that enables
efficient recovery of iron from iron oxide.

The dissertation is divided into 6 chapters. Chapter 1 outlines the need of
developing energy-efficient and environmental-friendly processes for silicon production
and iron recovery. Chapter 2 describes the design and assembly of molten salt-based Si-
SOM electrolytic cell and molten salt-free Fe-SOM electrolytic cell. It also entails the
materials selection of cell components and experimental procedure of operating Si- and
Fe-SOM electrolysis. Chapter 3 describes the optimization process of Si-SOM
electrolysis. Initially, some challenges were encountered in obtaining pure silicon. To
address these issues, a systematic approach was adopted, involving initial formulation of
failure mode hypotheses, thermodynamic simulations, and comprehensive
microstructural characterization of relevant cell components. Chapter 4 details the
electrochemical and post-experimental characterization of the Si-SOM electrolysis, with

the discussion of periodic potential switch that aims to facilitate epitaxial growth of
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Silicon. Chapter 5 details the electrochemical and post-experimental characterization of
the Fe-SOM electrolysis. Chapter 6 summarizes the findings and gives suggestions for

future work.
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2. SOM CELL DESIGN AND ENGINEERING

Each component of a SOM cell was chosen for its compatibility with others and
maximal electrolytic efficiency when the cell is in operation. Furthermore, each
component needs to be stable in the surrounding chemistries. In general, a SOM cell
consists of three key components: cathode assembly, anode assembly, and the electrolyte.
In this chapter, the design criteria of each component will be reviewed for both Si-SOM
and Fe-SOM cell. Initial materials selections and preparation of each component are
specified. It should be noted that some cell components were later adjusted to eliminate
the impurities in the deposits and optimize the cell efficiency. These changes are further

detailed in Chapter 3 and Chapter 5.

2.1 Si-SOM Cell Design and Engineering

2.1.1 Cell Design and Engineering: Cathode, Anode and Current Collectors

In this work, polycrystalline silicon wafer was chosen as the cathode because it
provides natural starting seeds for any Silicon deposits produced during SOM
electrolysis. In addition, after the SOM electrolysis, no extra steps are required to extract
the Si deposits. The extraction of silicon deposits can be easily accomplished by
mechanically detaching the cathode from the cathode current collector, given that the
silicon deposits maintain strong adherence to the cathode. A graphite rod was first
employed as the cathodic current collector due to its high electrical conductivity at
elevated temperatures, chemical stability in contact with the flux, and good
machinability. These attributes allow it to have a secure connection and contact with the

Si wafer cathode. Thus, the initial setup for a Si-SOM cell incorporates a silicon (1 0 0)
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wafer as the cathode, and a graphite rod which acts as the cathode current collector. The
Si wafer is attached to the graphite rod by Aremco Graphi-Bond High Temperature
Graphite Paste.

Using prior SOM studies as a guide, an anode with a YSZ membrane that
incapsulates a liquid silver pool was constructed [11-15]. Silver was used as an anode due
to its high electrical conductivity and oxygen diffusivity, stability in contact with the
SOM, and ability to oxidize the oxygen ions without forming an oxide phase. A graphite
rod was used as the anode current collector, for ease of operation and to demonstrate
process feasibility. The oxygen created at the anode reacts with the carbon to form carbon
monoxide (CO), overall reaction shown in Equation 2-1.

1 2-1
C+ 502 (9) =COo(g)

Combining Equation 2-1 and Equation 1-1 to 1-4, the overall electrolysis reaction for
this particular SOM process can be written as Equation 2-2.
Si0, +2C = Si+2C0(g) 2-2
Equation 2-3 shows that the disassociation potential is proportional to the Gibbs free
energy.
AG = —nFE 2-3
where AG is the change in Gibbs free energy (J * mol!): n is the number of
electrons transferred during the electrolysis process (mol); F is Faraday’s constant (96485
C * mol™); and E is the applied potential (J * C!).
The standard disassociation potential of Silica and other major oxides with carbon

at 1100 °C are listed in Table 2.1.
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AG (kJ/mol) n E(V)

Fe,O, -232.052 6 -0.401
CrO, -133.155 4 -0.345
FeO -58.56 2 -0.303

Cr,0, 79.58 6 0.137
MnO 50.267 2 0.262
B,O, 240.861 6 0.416
SiO, 200.436 4 0.519

AL O, 539.007 6 0.931
710, 374.631 4 0.971
MgO 217.542 2 1.127
CaO 256.313 2 1.328

Y,0, 810.896 6 1.401

Table 2.1. Standard Dissociation Potential of Silica and Other Major Oxides with A
Graphite Anode Current Collector at 1100 C.

In order to reach zero direct carbon emission, an inert anode current collector is
also employed. One option is to employ the LSM (Lao.sSro.MnO;_s)—Inconel Inert Anode
Current Collector, suggested and verified in a previous study [11]. A schematic of this
SOM anode current collector configuration can be found in Figure 2.1. This current
collector consists of a sintered LSM bar, an Inconel alloy rod, an alumina sheath, a
mixture of alumina pastes and LSM powders and a liquid silver contact. LSM was
chosen as the inert anode current collector in SOM experiments due to its high-
temperature tolerance, resistance to oxidation while maintaining good electronic
conductivity at high temperatures. The Inconel alloy 601 rod was selected for its
excellent resistance to high-temperature oxidation and consistent conductivity across a
wide range of temperatures. The use of liquid silver ensures proper wetting and electrical

connection between the LSM bar and the Inconel rod. To protect the Inconel rod from
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oxidation in the high-temperature oxygen environment, an alumina sheath is employed.
Additionally, a combination of alumina and LSM powders forms a tight seal that prevents

oxygen from entering the alumina sheath.

-Inconel alloy
601 rod

- Liquid silver
contact

| Alayer of
LSM powder

— Alumina sleeve

Alumina paste

LSM bar

B

|

I

|

I

I

I

1 -
—

Figure 2.1. Schematics of the LSM-Inconel Current Collector
When an inert anode current collector is employed, the oxygen created at the
anode is stable and exit at the top of the anode assembly. Combining Equation 1-1 to 1-
4, the overall electrolysis reaction instead can be written as Equation 2-5.
Si0, = Si+ 0,(9) 2-5
Equation 2-5 can be used for SOM cells producing O> gas at the anode and the

standard disassociation potential of Silica and other major oxides at 1100 °C can be

determined from the free energy of formation of the oxide; values are listed in Table 2.2.
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delta G (kJ) n delta E (V)
Fe,O, 466.493 6 0.805
CrO, 332.542 4 0.861
FeO 881.526 10 0.914
Cr,0, 778.125 6 1.344
MnO 283.475 2 1.469
B,O, 939.406 6 1.622
SiO, 666.133 4 1.726
ALO, 1237.552 6 2.138
710, 840.328 4 2.177
MgO 450.39 2 2.334
CaO 489.1615 2 2.535
Y,0, 1509.441 6 2.607

Table 2.2. Standard Dissociation Potential of Silica and Other Major Impurities with an
inert anode current collector at 1100 C.

2.1.1 Electrolyte Design — Base Electrolytes
As previously discussed in Section 1.3, the flux electrolyte used in the molten
salt-based SOM process needs to meet several characteristics to enable an efficient and
stable electrolysis. The flux electrolyte of Si-SOM electrolysis should have high ionic
conductivity (> 2 S/cm), low electronic conductivity (< 0.2 S/cm), low volatility (<1
pg/cm2-s), adequate solubility of Silica (>3 wt.%), low viscosity (< 0.1 Pa-s). CaF; and
MgF?2 were chosen as the base salts for the following reasons [33, 34]:
- High melting point: Both CaF2 and MgF2 have relatively high melting points,
which makes them suitable for high-temperature applications such as the
SOM process.
- lonic conductivity: These fluorides can exhibit high ionic conductivity when
molten, allowing for the transport of ions within the electrolyte. This property

is crucial for the efficient functioning of an electrolysis process.
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- Stability: CaF2 and MgF2 are chemically stable at high temperatures and in
the presence of oxygen. This stability is important to maintain the integrity of
the electrolyte during the electrolysis process.

- Low viscosity: Both CaF2 and MgF2 exhibit relatively low viscosities at high
temperatures. Lower viscosity can facilitate the movement of ions, enhance
mass transfer, and improve overall system efficiency.

Once the base eutectic was chosen, the investigation focused on the stability and
solubility of the Silica in the flux. Previous study has revealed that Silica can leave the
system by two mechanisms, shown in Equation 2-6 and Equation 2-7 to Equation 2-8
respectively[35-38]:

High Temperature Reaction:
Si02 (s) + 2CaF> (s) - SiF4 (g) + 2CaO (s) 2-6
Water-driven Reaction:

CaF; (s) + xSi02 (s) + H20 (g) — CaO - ySiO2 (s) + zSi02(s) + 2HF(g) 2-7
Si02 (s) + 4HF (g) — SiF4 (g9) + 2H20 (g) 2-8

To prevent the water-driven reaction, a moisture-free experiment environment is
needed. Elimination of water in the system is achieved by:

1) All fluoride and oxide powders are dried prior to mixing.

2) The flux is baked at 400 C prior to any melting or electrolysis.

3). Forming gas is passed through a moisture trap filled with drierite.

To prevent the high temperature reaction, CaO is added to the flux and melts with

CaF; and MgF; prior to addition of SiO. By lowering the activity of calcium fluoride and
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increasing the activity of CaO, the equilibrium constant for Equation 2-6 can be

increased until the overall reaction is suppressed with a positive Gibbs Free Energy.

2.1.3 Electrolyte Design — Stability with YSZ membrane

Another critical requirement for the SOM flux is that the flux should have high
chemical stability in contact with the YSZ membrane (in other words, the degradation
rate of the membrane should be less than 0.1um/hour.). Previous research has revealed
that the degradation of the YSZ membrane is caused by two mechanisms. One
mechanism is the imbalance in Yttria activity between the flux and the membrane. When
the Yttria activity in the flux is lower than that in YSZ, Yttrium can diffuse from the high
activity phase to the low activity phase. This can result in the formation of cracks and the
penetration of the flux into the membrane when Yttrium is lost from the 6-mol% Yttria
Stabilized Zirconia (6YSZ) membrane. As a result, the diffusion distance for Yttrium to
reach the liquid flux is reduced, leading to faster Yttrium dissolution and increase in
thickness of the yttrium depletion layer to hundreds of microns. On the other hand, when
the Yttria activity in the flux is slightly higher than in YSZ, Yttrium diffuses into the
solid YSZ but no crack formation or flux penetration occur. The yttrium enrichment layer
in the YSZ is generally only a few micrometers. Therefore, in order to prevent this
outward diffusion from the YSZ membrane to the flux, more than 2wt% of YF3 is
required in the flux.

Second mechanism is the grain boundary attack caused by the interaction between
basic Yttria in the YSZ and acidic Silica network in the flux. This attack only happens

when the optical basicity of the oxides in the molten flux is lower than that of the Yttria
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in the YSZ membrane. Optical basicity refers to the ability of an oxide or fluoride
compound to act as a Lewis base and donate electrons in electronic transitions involving
the absorption or emission of light. It is a measure of the basicity of the oxide or fluoride
and its ability to interact with excited states. Oxides and fluorides can exhibit a range of
optical basicities depending on the nature of the metal cation and the coordination

environment around the cation, shown in Table 2.3 [39, 40].

Compound CaO Si0; V4(0)} Y203 MgF> CaF;
Optical Basicity (A) 1.0 0.48 0.71 0.72 0.34 0.43
Oxidation State (n) +2 +4 +4 +3 +2 +2

Table 2.3. Optical Basicity of Major Oxides and Fluorides in the SOM environment

Previous study has revealed that YSZ degradation is mitigated by balancing the
optical basicity of the oxides in the flux to that of Yttria within the YSZ membrane [34].
It was also observed that the optical basicity of the fluorides did not exert any significant
influence on the degradation of the YSZ. The exact reason behind this phenomenon
remains unclear. To estimate the optical basicity of the oxide, Duffy’s optical basicity

model for multiple oxides system is used, shown in Equation 2-9.

_ Xing Ay + XonpAgpp + 2-9
Xlnl + inz + b ’

where A is the optical basicity of the oxide system; Aw is the optical basicity of individual

oxides; X is the mole fraction of each individual oxide; and n is the cation oxidation state

of individual oxides.
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As only CaO and SiO; are present in the flux, this model is further simplified to a

function of the ratio of mole fractions of CaO and SiO2, shown in Equation 2-10.

Xcao 2-10
2=+ 0.96
A= XcaoNcaoAcao T Xsio,Nsio,Asio, _ Xsio,
XcaoNcao T Xsio,Msio, Xcao +2
Xsio,

Based on this simplified model, The optical basicity of the flux can be adjusted by
altering the ratio between the acidic SiO, and basic CaO. When the optical basicity of the
flux is lower than that of the Yttria in the YSZ membrane, Silica network in the flux
reacts with the YSZ grain boundaries. This reaction attracts oxygen ions from the Yttria
at the grain boundaries, causing Yttrium ions to be incorporated into the flux.
Consequently, the Yttria concentration decreases within the 6YSZ grains, creating a
concentration gradient between the bulk of the grain and the grain boundary. This leads
to the diffusion of Yttria from the bulk to the grain boundary, resulting in the conversion
of partially stabilized 6YSZ to tetragonal 2YSZ within the YDL (Yttria Depletion Layer).
The formation rate of the YDL depends on the rate at which the Silica in the flux attacks
the grain boundaries, which is influenced by the concentration of unnaturalized Silica in
the flux. Once the optical basicity of the flux matches that of the Yttria, the YSZ
membrane is protected from grain boundary attack and the subsequent formation of the
YDL. Therefore, to counter the imbalance of the optical basicity between the flux and
that of Yttria, a flux with 5.8 mol % Silica (5 weight%) should contain at least 10 mol%
CaO (9 weight%) [34]. Overall, to minimize concentration polarization losses and
prevent any damage to the SOM membrane, a eutectic CaF2-MgF» flux with Swt% SiO»,

9wt% CaO, and 4wt% YF; is proposed for the initial SOM electrolysis experiments.
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2.1.4 Electrolyte Preparation

During the initial stage of the SOM experiments, the electrolytic flux is prepared
as follows. The fluoride and calcium oxide powders were thoroughly dried for six hours
at a temperature of 400 °C inside a Carbo-lite RHF 1600/3 box furnace. They were then
mixed in the appropriate ratios and ball milled for six hours at a rate of 120 rpm. The
milling process employed glass balls with 1 cm in diameter, which guarantees that only
Silica could possibly get introduced into the flux mixture.

The flux mixture was then put into a graphite crucible and was pre-heated to 1150
°C for 2 hours under a forming gas environment. This initial heating phase is critical in
inhibiting the formation of silicon tetrafluoride gas (SiF4). After this, the pre-melted flux
was crushed and mixed with silicon oxide.

The combined flux and silicon oxide were then heated once more in a graphite
crucible to 1150 °C, maintaining the forming gas environment, and held at this
temperature for another 2 hours. After the flux cooled, the carbon on its surface from the
graphite crucible was removed by grinding. The fluoride-oxide mixture was then ready
for use in the SOM experiment.

It should be noted that in subsequent SOM experiments, several components of
the SOM cell and procedures are changed for better cell performances. Therefore, the
preparation of the electrolyte is adjusted based on those changes, which will be detailed

in Chapter 3 and 4.
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2.2. Fe-SOM Cell Design and Engineering

2.2.1 Cell Design and Engineering: Cathode, Anode and Current Collectors

An Iron rod was used as the cathode and current collector. In a reducing
environment at high temperatures, an Iron rod exhibits good electrical conductivity and
are stable with molten Silver that is present in the electrolyte compact and reduced Iron
deposits. Shown in Figure 2.2, Iron and Ag are immiscible at the experiment temperature
(1100 C) [41]. In addition, by using an Iron cathode, the freshly reduced Iron atoms can

deposit directly onto the existing Iron cathode.
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Figure 2.2. Ag-Fe Phase Diagram

Similar to the Si-SOM cell, Silver was also used as an anode because it has
excellent electrical conductivity and chemical stability in oxygen that is produced at the
anode. YSZ membrane was used to separate the silver anode and electrolyte. Due to its

high oxygen ion conductivity, it can effectively transport oxygen ions during the
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electrolysis. Low-carbon steel crucible was used to contain the silver pool and connect
the anode and anode current collector. It exhibits high mechanical strength, electrical
conductivity, and stability with other cell components at high temperatures. These
attributes allow it to have excellent electrical connection, durability, and structural
support in the cell. Inconel rod was selected as the anode current collector. While
Inconel's electrical conductivity is lower than materials like pure nickel, its high
corrosion resistance and mechanical strength at high temperatures makes it an excellent
choice as an anode current collector.

Overall, the anode assembly of the Fe-SOM cell incorporates a silver pool as the
anode, YSZ membrane that conducts oxygen ions from the cathode to anode, steel
crucible that contains silver pool and Inconel rod as the anode current collector. To
maintain an initial oxygen-free environment on the anodic side for efficient electrolysis,
200 sccm argon gas is passed through an oxygen trap filled with heated copper chips. The

schematics of the Fe-SOM cell is shown in Figure 2.3.

Figure 2.3. Schematics of the Fe-SOM Cell Setup.
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2.2.2 Electrolyte Design
Efficient electrolytes for the Fe-SOM electrolysis should meet several criteria to
ensure effective and sustainable Iron production. It should have high oxygen diffusivity
and high physical and chemical stability with the chosen cathode, anode materials and
YSZ membrane. The electrolyte should be able to be effectively separated from the Iron
deposits and recycled for multiple experiments. Based on those criteria, a mixture of
silver and YSZ was selected as the base electrolyte for the following reason:

- Fast oxygen transport: silver exhibits relatively good oxygen diffusivity at

high temperatures (D = 3 X 107 sz/s at 1100 C) [28]. When the
dissociation of iron oxide occurs, oxygen from the iron oxide forms soluble
oxygen in the silver and diffuses through liquid silver. At the same time,
oxygen from iron oxide may undergo reduction at the YSZ/silver interface,
allowing oxygen ions to migrate through the YSZ lattices. Because of high

concentration of oxygen vacancies in YSZ lattice, YSZ exhibits excellent

oxygen ion conductivities (0;,, = 0.3 S/ cm at 1100 C) [42]. Therefore, fast
oxygen transport should occur through diffusion of atomic oxygen within the
silver or ionic conduction of oxygen in the YSZ lattices.

- Compatibility with cathodes and YSZ membrane: Both YSZ and Ag are stable
with the Fe cathode and YSZ membrane. As indicated from Figure 2, Ag
does not alloy with Fe, which ensures good electrical contact and electrode

stability.
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- Cost-effectiveness: Although the use of Silver and YSZ (Yttria-stabilized
zirconia) can be costly, the overall cost of the Fe-SOM cell is relatively
affordable. By employing a magnet, the reduced Iron particles can be
separated from a mixture containing ferromagnetic Iron, non-ferric Silver and
ceramic YSZ. This suggests that recycling of the Silver and YSZ is possible,
leaving the reducing Iron Oxides as the only consumable in this electrolytic

process.

2.2.3 Electrolyte Preparation

To enhance the interfacial contact between Iron Oxide, Silver and YSZ, a
compact that consists of those materials was constructed. The powders are combined in a
1:1:1 volume ratio, mixed with 6.5mm Y SZ balls, and ball milled in ethanol for 6 hours.
After sieving to remove the balls, the powder is dried overnight. The dried powder is then
transferred to a die to form a compact. To ensure a smooth release of the compact from
the die, the internal surfaces of the die are applied with lubricant before adding the
powder. After the compact is compressed in a hydraulic press at a pressure of 8 tons of
force for at least 5 minutes, it is unloaded and broken into small granules that are ready
for the electrolysis.

2.3 Summary

In this chapter, the design and engineering of the Si-SOM and Fe- cells are
discussed. Each component of the cell, including the cathode assembly, anode assembly,
and electrolyte, are chosen based on compatibility, electrolytic efficiency, and specific

characteristics required by their surrounding chemistries.
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For the Si-SOM cell, a polycrystalline silicon wafer is selected as the cathode due
to its ability to serve as a starting seed for silicon deposits and ease of extraction. A
graphite rod is used as the cathodic current collector for its high electrical conductivity,
chemical stability, and machinability. Silver is employed as the anode material, as it
exhibits excellent electrical conductivity and chemical stability with oxygen gas
evolution. The anode current collector can be a graphite rod or an LSM-Inconel inert
anode current collector. The electrolyte consists of a eutectic CaF2-MgF> flux with 9%
CaO and 4% YF3 and 5 wt% SiO: to meet the stability criteria with respect to the YSZ
membrane.

In the Fe-SOM cell, an Iron rod is chosen as both the cathode and current
collector due to its electrical conductivity, stability, and compatibility with the molten
silver electrolyte. Silver is used as the anode material, and a YSZ membrane separates the
anode from the electrolyte. A steel crucible containing the silver pool and an Inconel rod
as the anode current collector complete the anode assembly. The electrolyte comprises a
mixture of Silver and YSZ, providing fast oxygen transport and compatibility with the

cathode and YSZ membrane.
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3. OPTIMIZATION PROCESS OF SILICON-SOM ELECTROLYSIS
3.1 Introduction

This chapter provides an overview of the three major obstacles encountered
during the deposition of high-purity Silicon employing the SOM electrolysis cell and the
steps taken to overcome the challenges to get better quality deposits.

The first challenge was thinning of the Si wafer cathode. When the Silicon wafer
cathode was removed from the flux after few initial SOM electrolysis trials, the Si wafer
cathode experienced thinning due to oxidation. The second challenge involved observing
impurities such as carbon (C) and zirconium (Zr) in the Silicon deposits. The third
challenge was the existence of a Si-Mg-O in the Si deposits.

The optimization process to overcome these challenges was carried out employing
a systematic approach. It involved the initial formulation of failure mode hypotheses,
thermodynamic simulations, and comprehensive microstructural characterization of
relevant cell components. These investigations were followed by a series of validation
experiments to confirm the proposed theories and assess the effectiveness of the
implemented changes. To address the challenge of Si cathode thinning, appropriate
experiments were designed based on initial observations, followed by demonstration of
the underlying mechanisms. After conducting each Si cathode stability experiments, cross
section of Si cathode was thoroughly characterized under Scanning Electron Microscopy
(SEM) to identify any signs of oxidation or dissolution into the flux. Similarly, for the
elimination of carbon and zirconium impurities, appropriate experiments were designed

and conducted. Post-experimental microstructural analysis of the interfaces between the
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cathode and the electrolytic flux, as well as between the YSZ membrane and the flux,
was conducted. By examining the interfaces, the origin and mechanisms of the
incorporation of the impurities were revealed. Finally, in the case of the Si-Mg-O phase
formation, thermodynamic analysis and experimental observations were combined to
propose a mechanism. This approach ensured a thorough understanding of each issue and
helped in mitigating these challenges and optimize the Si-deposition process.
3.2 Si-SOM Cell Electrolysis with Initial Setup

An initial laboratory-scale proof-of-concept Si-SOM electrolysis experiment was
conducted using the setup shown in Figure 3.1. To maintain a reducing atmosphere, a
graphite crucible was heated to 1150°C in the presence of a gas mixture consisting of
95% argon and 5% hydrogen. The graphite crucible contained 450g of powdered flux
with a eutectic CaF,-MgF> mixture containing Swt% SiO2, 9wt% CaO, and 4wt% YFs.

A one-end closed 8 mol% Yttria Stabilized Zirconia (YSZ) tube separated the flux
from 5g of liquid silver contained within the YSZ tube. To extend the YSZ tube out of
the reactor an alumina tube was connected using gas-sealing ceramic paste (Aremco
v552). A graphite rod anode current collector was submerged in the liquid silver within
the YSZ membrane tube at the desired temperature. A digital mass flowmeter was
connected to the exit of the anode assembly, which recorded the flowrate of the evolving
anodic gas during electrolysis.

On the cathode side, a slit was cut at the end of the graphite rod, and a silicon
wafer was inserted and attached using graphite paste (Resbond 931). During the

electrolysis, the Silicon cathode wafer was partially immersed into the flux. Before and
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after the electrolysis, two tungsten reference electrodes were inserted into the molten flux
to monitor any changes of electrolytic properties of the flux. To ensure homogeneity of
the molten flux and minimize concentration polarization at the Si wafer cathode, a
stainless-steel bubbling tube was immersed in the flux during the electrolysis. Argon was
flowing through this bubbling tube. The entire cell was operated in a vertical tube furnace

with the SOM cell positioned at the center of the heating zone.

[—p Anodic Gas flowmeter

Tungsten Reference Electrodes

Steel Bubbling Tube

Graphite Current Collector

Alumina Tube ——p Graphite Current Collector

Used to demonstrate the
feasibility of this SOM cell

Si Wafer Cathode YSZ Solid Oxide Membrane

Liquid Ag anode

Molten Salt Flux

Graphite Crucible

Figure 3.1. Schematics of the initial Si-SOM Cell Experimental Setup.

33 Silicon Cathode Stability Analysis

3.3.1 Initial Observation of Silicon Wafer Thinning
After conducting the initial SOM electrolysis trials, the section of the Si wafer
cathode that was immersed in the flux during the electrolysis process underwent some
degree of oxidation or thinning. To determine its exact thickness, the Silicon cathode was

sectioned, mounted in epoxy, and characterized under SEM. Figure 3.2 shows the cross
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section of the interface between Silicon cathode and flux after one initial SOM
electrolysis trial. The as-received Si wafer had an initial thickness of 500 um, whereas the
post-electrolysis Si wafer exhibited a reduction of thickness ranging from 150 to 160 pm.
The thinning of the Silicon wafer became more significant as the Silicon wafer
approached the flux-gas interface. In other words, there appeared to be a direct
relationship between the reduction in thickness and the immersion depth of the Silicon
wafer cathode in the flux. To understand this observation a series of experiments were

conducted to investigate the effect of the immersion depth on Silicon wafer thinning.

Flux/Gas
Interface

' Bottom of
the crucible

Figure 3.2. A SEM image of the interface between Silicon Cathode and the flux after the
electrolysis
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3.3.2  Silicon Wafer Stability Experiment Setup and Observations

Under a reducing atmosphere that consists of 95% Argon and 5% Hydrogen, the
graphite current collector and Silicon wafer cathode were heated to 1150°C and
immersed at different depths in the flux for a duration of 6 hours. The flow rate of
forming gas was set to 50 sccm. Additionally, a test was conducted where the cathode
current collector with the silicon wafer was positioned above the flux for the same
duration of 6 hours to observe the effect of trace amounts of Oxygen on the oxidation
behavior of the silicon wafer. After completing these tests, the silicon wafer was
removed, sectioned, and mounted in epoxy for microstructure evaluation using a Zeiss
Supra 55 Scanning Electron Microscope (SEM) equipped with an Energy Dispersive X-
ray Spectroscopy (EDS) analyzer. Table 3.1 summarizes the schematics and post-

experimental observations of each experiment.
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Table 3.1. Descriptions, Schematics and Observations of Si wafer Stability Experiment

A detailed microstructural analysis of each silicon wafer in different experiments
is shown in Figure 3 to Figure 7. Initially, a pristine silicon wafer was sectioned and
mounted at room temperature to determine its thickness. SEM/EDS analysis revealed that
the as-received Silicon wafer had a thickness of 507 um, with no visible silicon oxide

layer (Figure 3.3).
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Figure 3.3. SEM Image of the As-received Silicon Wafer.

Subsequently, when the Silicon wafer was heated to 1150°C in forming gas to examine
the impact of the experimental gas environment in the reactor, it was observed that the
thickness of the silicon wafer had reduced by 4 micrometers, and a very thin coating of

silicon oxide had formed on the surface (Figure 3.4).

Figure 3.4. SEM Image of the Silicon Wafer above Flux in 1150 C for 6 hrs.
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However, when the silicon wafer was partially immersed in the flux, the section of the
wafer that was immersed in the flux showed significant thinning, with a thickness of only

155 um (Figure 3.5).

Figure 3.5 SEM Image of the Silicon Wafer Partially Immersed in the Flux.

And when the Silicon wafers were fully immersed in the flux at depths of 1.5 cm and 3
cm, the final thickness of the silicon wafers were 367 um and 503 pum, respectively

(Figure 3.6 and 3.7).

Figure 3.6 SEM image of the Silicon Wafer completely immersed at 1.5 cm deep in the flux.
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Figure 3.7 SEM image of the Silicon Wafer completely immersed at 3 cm deep in the flux.

These findings indicate that as the wafer is immersed deeper into the flux, the degree of
thinning decreases. When the Silicon wafer is immersed at a depth greater than 3 cm into

the flux, the thinning of Silicon wafer is mitigated.

3.3.3 Silicon Wafer Thinning Mechanism
Based on the observations of the Silicon cathode stability experiments, the
mechanism of Silicon wafer thinning is proposed (Figure 3.8). In the presence of an
electronic conductor (graphite or silicon), impurity oxygen in the gas phase is reduced to
oxygen ions at the flux/gas interface. The silicon wafer is oxidized to silicon ions (Si*") at
the wafer/flux interface. In this molten fluoride-oxide system, it is likely that silicon ions
(Si*") exist in the form of Si -O (-F) complex ions and are dissolved in the flux. Thus, the

flux aids the silicon wafer oxidation reaction, while the rate of the reaction is controlled
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by electron and oxygen ion transfer between the oxidation and reduction reaction sites.
As aresult, increasing the immersion depth increases the resistance to electron-oxygen
ion transfer and slows down the thinning of the Silicon wafer. Therefore, to prevent

silicon wafer thinning during SOM electrolysis, the silicon wafer immersion depth was

always kept at 4 cm from the flux/gas interface.

Reduction of impurity oxygen
gas occurs at the surface

0, +4e” = 20%"

Graphite Current Collector = ==

202+ ©Oxygen ion and

Molten Flux — = — — p transport due to charge balance

Silicon Cathode = = == = = o - o
i = Si*t + 4e— Silicon oxidizes and

dissolves in the flux

Figure 3.8 Reaction Mechanism of Si Wafer Thinning.

3.4 Elimination of Carbon and Zirconium Impurities
Another challenge encountered in the initial SOM electrolysis trials was the
presence of Carbon and Zirconium in the Silicon deposits. This section will commence
by presenting the detailed microstructural analysis of the post-electrolysis Silicon
deposits, with a focus on its composition. Subsequently, potential origins of Carbon and
Zirconium impurities and their respective formation mechanisms are proposed, followed
by a series of experiments that were designed to confirm the proposed theories and

eliminate the impurities from getting incorporated in the silicon deposits.
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3.4.1 Initial Observations of Carbon and Zirconium Impurities in the Silicon Deposits

After the SOM electrolysis experiments, the Silicon wafer cathode with the
adhering solidified flux was removed and sectioned. This sectioned piece was then
mounted with epoxy and examined using SEM and EDS. The section of the Yttria-
Stabilized Zirconia (YSZ) tube that contained the silver was also cross-sectioned and
inspected using the same procedure. The goal of this post-characterization process was to
evaluate the nature of the Silicon deposition and to verify the stability of YSZ membrane
in contact with the flux.

The following set of SEM images and EDS spectra show the microscopic
characteristics of the Silicon-containing deposits, the distribution of these deposits within
the flux, the potential impurities contained in the Silicon deposits and the interface
between YSZ membrane and the flux. Shown in Figure 3.9, a 17.6 um layer of Silicon-
containing deposits was observed on this interface. In addition to this layer, Silicon-
containing deposits were dispersed within the flux, positioned about 400 microns from

the interface between cathode and flux (Figure 3.10).
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flux

Figure 3.10 SEM image of the Si-containing deposits dispersed in the flux
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EDS point analysis (Figure 3.11 and 3.12) suggests that Si-containing deposits
predominantly comprise of Silicon Carbide (SiC) and a Silicon-Zirconium-Oxygen
compound (Si-Zr-0O), indicating that Carbon and Zirconium are the primary impurities

within these deposits.

Figure 3.11. EDS Point Analysis of the Si-containing Deposits at the Cathode/Flux Interface
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Figure 3.12. EDS Point Analysis of the Si-containing Deposits dispersed in the Flux

As depicted in Figure 3.13, the section of the YSZ membrane in contact with the
flux did not exhibit a Yttria Depletion Layer (YDL). As discussed in Section 2, the
appearance of YDL is a key sign that the YSZ membrane has been attacked by the flux
[23]. The YSZ membrane appeared to be stable with the flux as no YDL was observed.
However, due to the presence of Zirconium impurities, the stability of the YSZ

membrane during the electrolysis was uncertain.
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Figure 3.13. EDS Mapping of the YSZ membrane in Contact with the Flux.

3.4.2 Source and Formation Mechanism of Carbon Impurities: Postulation

A potential source of carbon impurities in the silicon deposits can be attributed to
the graphite cathode current collector. During the electrolysis, the portion of the graphite
cathode current collector that was in contact with the silicon cathode wafer was immersed
in the flux. Small particles or fragments of carbon can detach from the graphite current
collector due to the surface abrasion by the movement of the molten flux. Another source
of carbon impurities in the silicon deposits might be the graphite crucible that was used to
contain the molten flux during its preparation. Carbon particles detached from the

graphite crucible were primarily present at the surface of the solidified flux, which was
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removed prior to electrolysis. However, it is possible that trace amounts of carbon
entered the flux when it was melting, and those carbon particles were not adequately
removed prior to the electrolysis process.

A Si-C-O phase stability diagram was used to understand the thermodynamic
behavior and potential reactions of carbon in the SOM environment. By examining the
stability regions and boundaries on this diagram, conditions under which certain phases
are thermodynamically favored or not can be determined. As a result, potential reaction
pathways are identified, and the formation of impurities or undesired compounds can be
predicted.

The Si-O-C phase stability diagram is shown in Figure 3.14. The diagram
suggests that in the presence of carbon at unit activity (ac = 1), as the oxygen partial
pressure (Po2) decreases to below 10723, Silica is converted into Silicon Carbide (SiC).
Silicon is thermodynamically stable when Po is below 2.5 * 1072% and a. is below 4x
1073 at the cathode. During electrolysis, Po> at the cathode is significantly low due to the
applied potential, however, due to the presence of carbon particles that originated from
either the cathode current collector or the crucible, ac would be near 1. Based on this
understanding, to eliminate the formation of SiC, no carbon should be present at the

cathode during the electrolysis.
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Figure 3.14. Si-C-O Phase Stability Diagram at 1100 C.

3.4.3 Source and Formation Mechanism of Carbon Impurities: Validation

To evaluate the exact source of carbon impurities in the silicon deposits and
confirm the mechanism, a validation experiment was designed and conducted. The
experiment involved replacing the graphite cathode current collector with a tungsten
current collector while retaining the graphite crucible. The silicon wafer cathode was
securely connected to a tungsten rod by creating a slit at the bottom of the rod, inserting
the silicon wafer into the slit, and applying a tungsten paste (purchased from
Nanochemazone) to secure the joint. Following that, the combined Silicon-Tungsten
cathode assembly was immersed 4 cm deep into the flux with the same YSZ membrane-

based anode assembly at 1150 C. The SOM electrolysis at 0.95V was then performed for
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8 hours. After the flux cooled, the Silicon wafer with the solidified flux was sectioned,
mounted with epoxy and evaluated under SEM/EDS.

Figure 3.15 and 3.16 presents the SEM image of the sectioned Silicon wafer
cathode and accompanying EDS spot analysis. Notably, SiC was not detected at the
interface between silicon wafer and the flux. Zirconium was still present as one of the
major impurities in the Silicon deposits, which existed in the form of Si-Zr-O. Based on
this observation, it is evident that the replacement of the graphite current collector
eliminates the presence of SiC. Therefore, it can be concluded that the carbon impurities
originated solely from the graphite cathode current collector. In addition, it is confirmed
that the presence of carbon in proximity of cathode leads to the formation of SiC. This
validates the proposed theories regarding the source of carbon impurities and their

formation mechanism.
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Figure 3.15. SEM Image of the Si-Zr-O at the Cathode/Flux Interface.

. Spectrum 155
At%

Si 593
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Figure 3.16. EDS Point Analysis of the Si-containing Deposits with Zr as the Major
Impurity.
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3.4.4 Source and Formation Mechanism of Zirconium Impurities: Postulation

Despite successfully eliminating the formation of Silicon Carbide (SiC) by
replacing the graphite current collector, the presence of Zirconium (Zr) impurities
persisted in the Silicon deposits. One possible source of Zr impurities could be attributed
to the presence of impurities within the flux. During the preparation of the flux, Zirconia
balls were utilized to ball-mill the mixture of fluoride and oxide powders. Moreover, it
should be noted that the SiO, powder and graphite crucible employed in the SOM
experiment were reported to contain traces of ZrO,, with concentrations of up to 3 ppm.

Another possible source of Zr impurities could be the Yttria-Stabilized Zirconia
(YSZ) membrane. If Zr is observed to leave the YSZ membrane, there are two proposed
mechanisms to consider. The first mechanism is the yttria depletion in the YSZ
membrane caused by the imbalance of optical basicity between the flux and the YSZ
membrane. As previously discussed, no yttria depletion was observed at the sectioned
interface between YSZ and the flux. However, it is possible that yttria depletion exists in
other sections of YSZ tube and those regions were not analyzed under SEM and EDS.
The second mechanism involves an unknown process that causes the destabilization of Zr
from the YSZ membrane. This requires further investigation to determine the exact
mechanism involved.

Furthermore, once Zr is present in the flux, mechanisms through which Zr
impurities are incorporated into the Silicon deposits are unclear. Based on the reactivity
and availability of Si (from the cathode) and SiO; (from the flux), the complex interplay

between Zr, Si, and SiO; in the formation of Zr impurities in the Silicon deposits should
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be considered. Hence, several chemical reaction pathways (referred as Postulation 1, 2
and 3 in the following section) that involve the sources and formation mechanisms of Zr
impurities are proposed:

1: Si originated from the cathode reacts with Zr impurities in the flux.

2. Si originated from the cathode reacts with Zr detached from the YSZ
membrane.

3. SiO7 in the flux reacts with Zr detached from the YSZ membrane.

3.4.5 Source of Zirconium Impurities: Validation

A series of validation experiments corresponding to different proposed reaction
pathways were designed and conducted. To test Theory 1, a Si wafer was immersed in a
new batch of SOM flux for 6 hours without the presence of the YSZ tube (Flux Run #1).
To validate the reaction mechanisms suggested by Theory 2 and 3, it is crucial to attribute
the source of Zr solely to the YSZ membrane. This necessitates the use of a Zr-free SOM
flux, which was achieved by employing silica ball media during the ball-milling process.
Additionally, a thorough SEM/EDS analysis was conducted on the SOM flux prior to the
testing experiments to ensure that there were negligible Zr impurities in the flux.

The validation experiments corresponding to Theory 2 and 3 were then
conducted. To test Theory 2, both the Si wafer and YSZ tube were placed in the SOM
flux that contained no SiO; at 1150 C for 8 hrs (Flux Run #2). To test Theory 3, both the
Si wafer and YSZ tube were placed in the SOM flux that contained Swt% of SiO> at 1150
C for 8 hrs (Flux Run #3). If Si-Zr-O is only detected at the interface between the silicon

wafer and flux in Flux Run#3, it suggests that the formation of Si-Zr-O is more likely
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attributed to SiO> rather than Si originating from the cathode.

Next, to assess whether Yttria depletion was responsible for Zr detachment from
the membrane, experiments were conducted by immersing both the Si wafer and YSZ
tube in the SOM flux containing 5% and 10% excess optical basicity compared to that of
Yttria (Flux Run #4 and #5). This was achieved by maintaining a fixed amount of CaO
(9wt%) and reducing the amount of SiO: to 4.74 wt% and 3.57 wt% respectively.

All validation experiments were performed in the same SOM experiment
condition (1150 °C, reducing environment) without any applied potential. This approach
provides valuable insight into the nature of the formation of Si-Zr-O, specifically whether
it is primarily a result of a chemical reaction or an electrochemical reaction. After each
experiment was complete, the Silicon wafers with flux and YSZ membranes with flux
were sectioned and mounted in epoxy. These prepared samples were then examined using
SEM/EDS analysis. A pristine YSZ membrane was also prepared using a similar method
and evaluated under SEM/EDS as a reference. By preparing and analyzing the pristine
Y SZ membrane in the same manner as the experimental samples, any observed
differences or deviations in the experimental samples could be attributed to the specific
conditions and interactions involved in the validation experiments.

Table 3.2 provides a summary of the experimental results, along with the
corresponding theories being tested and the experimental setups employed. A comparison
between the results of Flux Run #1 and the remaining experiments confirmed that the
YSZ tube is the source of Si-Zr-O. When SiO2 was not added to the flux, no Si-Zr-O was

observed, indicating that the presence of SiO> in the flux is necessary for its formation.
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Additionally, variation of SiO» content in the flux did not result in any noticeable changes

in the thickness and composition of Si-Zr-O. In the experiments where the flux had an

excessive optical basicity compared to Yttria, no Yttria depletion was observed at the

interface between the YSZ membrane and the flux. These findings suggest that Yttria

depletion did not occur during the actual SOM electrolysis, and the optical basicity of the

flux is not the cause of Zr detachment from the YSZ membrane. The mechanisms of

Zirconium detachment from YSZ membrane requires further analysis.

Experiment Description Aim Results
Flux Run#1 Si cathode dipped into To test Postulation 1 Zr impurities was not
new batch of SOM flux observed at the interface
between Si and flux.
Flux Run#2 Si cathode and YSZ To test Postulation 2 Zr impurities was not

membrane dipped into a
batch of Zr-free SOM
flux with no SiO>

observed at the interface
between Si and flux;

Flux Run#3 Si cathode and YSZ To test Postulation 3 15 — 20 pum of Si-Zr-O
membrane dipped into a observed at the interface
batch of Zr-free SOM between Si and flux;
flux with 5 wt% SiO> YDL was not observed.
(Aﬂux = AYttria)

Flux Run#4 Si cathode and YSZ To assess whether 15 — 20 pum of Si-Zr-O
membrane dipped into a  Yttria depletion was observed at the interface
batch of Zr-free SOM responsible for Zr  between Si and flux;
flux with 4.74% wt Si0>  detachment from the YDL was not observed.
(Afux = 1.05 * Aviria) membrane

Flux Run#5 Si cathode and YSZ To assess whether 15 — 20 pum of Si-Zr-O

membrane dipped into a
batch of Zr-free SOM
flux with 3.57 wt% SiO»
(Afux = 1.10 * Aviia)

Yttria depletion was
responsible for Zr
detachment from the
membrane

observed at the interface
between Si and flux;
YDL was not observed.

Table 3.2. Description, Aim and Observation of Experiments to Validate the Source and
Formation Mechanism of Zirconium Impurities.
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3.4.6 Mechanisms of Zirconium Detachment from YSZ membrane

Microstructural analysis on the interface between YSZ membrane and flux
provides deeper insight into the possible mechanism of Zirconium (Zr) destabilization
from YSZ membrane. Figure 3.17 shows the YSZ boundary of a pristine YSZ tube after
it was sectioned and mounted in epoxy. No mechanical failure or composition change
was detected, suggesting that the preparation process of the YSZ membrane was not the

cause of Zr detachment.

Figure 3.17. SEM Image of the Prisitne YSZ Memrbane.

Yttria depletion layer (YDL) was not observed on the YSZ membrane in all
validation experiments (Flux Run#1 to #5). However, multiple particles were observed to

detach from the YSZ membrane after Flux Run #2 was complete (Figure 19).
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Spectrum 287

Figure 3.18. SEM Image of YSZ/Flux Interface after Flux Run #2.

The subsequent EDS analysis confirms that the detached particles were primarily
composed of a hyper stoichiometric Zirconium Carbide (carbon rich; C/Zr =2) (Figure
3.19). The possible source of carbon for the formation of Zirconium Carbide is attributed

to the graphite crucible used to contain the molten flux.

Figure 3.19. EDS spot analysis of ZrC; at the YSZ/Flux Interface after Flux Run #2.



56

In the experiments where the SiO; content was varied (Flux Run #4 and Run #5),
a distinct degradation layer with a thickness of approximately 5 pm was observed at the

interface between the YSZ membrane and the flux. (Figure 3.20 and 3.21).

Figure 3.20. SEM Image of YSZ/Flux Interface after Flux Run #4

Figure 3.21. SEM Image of YSZ/Flux Interface after Flux Run #5
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Subsequent EDS analysis conducted on these degraded regions revealed a notable
decrease in the Zr concentration compared to the bulk of the YSZ membrane (Table 3.3).
This observation suggests that Zr at the boundary of the YSZ crystals leaves the YSZ

membrane and migrates into the flux.

Atomic Concentration (%) Atomic Ratio

Region Y Zr O Zr/Y

Bulk of the YSZ membrane 3.5 27.8 68.6 7.94
Degradation layer in Flux Run #4 18.2 28.7 46.9 1.58
Degradation layer in Flux Run #5 19.4 30.2 38.4 1.56

Table 3.3. Composition of YSZ in Bulk of the YSZ Membrane and Degradation Layer in
Flux #4 and Flux #5.

Based on these observations, a possible series of reactions that involved ZrO,, and
C and SiO; were considered. First, the reaction related to Zr leaving the YSZ membrane
surface was proposed. ZrO> may react with carbon that were dispersed in the flux to form
Zirconium Carbide (ZrCx), shown in Equation 3-1.

Zr0, + (x +2)C =ZrC, + 2C0(g) 3-1

As Zr has an oxidation state of —2, 0, +1, +2, +3, +4 and C has an oxidation state
of 0, £1, +£2, +£3, and +4, the coefficient of C in ZrCx can range from 0.25 to 4. Based on
the EDS analysis of the ZrCx at the interface between YSZ and flux, it is likely ZrC»
(x=2). However, thermodynamic data available in the HSC database only include two
types of ZrCx, ZrC and ZrCs. The formation of ZrC (x=1) has a Gibbs free energy of
191.56 kJ/mol at 1100°C, suggesting it is thermodynamically unfavorable. On the other

hand, the formation of ZrCs4 (x=4) has a Gibbs free energy of -797.97 kJ/mol at 1100°C,
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indicating it is thermodynamically favored. Therefore, it is possible that the observed
ZrCx (x=2) was formed based on the mechanism described in Equation 3-1 as:

Zr0, + 4C = ZrC, + 2C0(g) 3-2

Subsequently, it is likely that the ZrC, compound reacts with SiO» to form the Si-
Zr-O compound. In order to determine the precise stoichiometry of the Si-Zr-O
compound and investigate its formation mechanism, EDS spot analysis was conducted on
several Si-Zr-O compounds. The atomic concentrations of Si, Zr, and O in the Si-Zr-O

compounds are presented in Table 3.4.

Atomic Concentration (%) Atomic Ratio
Region Si Zr O Si/Zr O/Zrx
1 59.5 35.8 4.7 1.66 0.13
2 49.0 26.7 243 1.83 0.91
3 60.5 34.0 5.5 1.78 0.16
4 55.4 33.1 11.5 1.68 0.35
5 47.6 28.1 243 1.69 0.87

Table 3.4 Composition of Si-Zr-O Observed in Different Regions at the Cathode/Flux
Interface.

Based on the EDS analysis, this Si-Zr-O compound was determined to be ZrSixOy
(x ranges from 1.66 to 1.83; y ranges from 0313 to 0.91) As a result, the reaction between
ZrC; and SiO was proposed as:

ZrCy + xSi0; + (2 — y)C = ZrSi, 0, + (2x — y)CO(g) 3-3

Due to the lack of existing thermodynamic data on Si-Zr-O compounds in the

available literature databases, this reaction cannot be verified. However, considering the
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experimental observations from Flux Run #2 and the proposed formation mechanism of
the Si-Zr-O compound, it is proposed that the elimination of carbon from the SOM

environment should lead to the elimination of the Si-Zr-O compounds.

3.4.5 Formation Mechanism of Zirconium Impurities: Validation

To validate the postulation that the elimination of carbon can result in the
elimination of Zirconium impurities in the Silicon deposits, a SOM electrolysis
experiment was conducted in a carbon-free environment. A silicon wafer attached with a
Tungsten current collector was immersed 4 cm deep into the flux. The YSZ-encased
anode assembly was immersed at the same depth into the flux. The flux was contained in
a stainless-steel crucible, and its composition remained as eutectic CaF, — MgF> with 9
wt% CaO, 5 wt% SiO; and 4 wt% YF3. The electrolysis was performed in a reducing
environment at 1150 C for 8 hrs. Following the electrolysis, the silicon wafer cathode

was sectioned, mounted in epoxy, and examined using SEM and EDS analysis.

Figure 3.22 presents the interface between the silicon wafer and the flux
following the electrolysis process. The corresponding EDS mapping in Figure 3.23
reveals that Zr impurities in the silicon deposits was not detected either in the interface
between the cathode and flux or in the bulk of the flux. This confirms the theory that once
the electrolysis excludes any source of carbon, Zr impurities can be eliminated. However,

other phases were observed which will be discussed next.



60

ASi Cathode

1X
&

Figure 3.22. SEM Image of the the Cathode/Flux Interface after the Carbon-free electrolysis
(50X Magnificantion)
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Figure 3.23. EDS mapping of the Cathode/Flux Interface after the Carbon-free Electrolysis.
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Thus, by employing a Tungsten current collector and Stainless-steel crucible, the
issues of C and Zr impurities in the silicon deposits was solved. Nonetheless, by closely
examining the interfaces between Si cathode and flux, two new phases were observed,

shown in Figure 3.24.

B si cathode
M si-mg-0
I car2

[ Si-Mn-Fe-Cr

Figure 3.24. SEM image of the Cathode/Flux Interface after the Carbon-free electrolysis (1
kX magnifcation)

Further EDS analysis suggests that one phase corresponded to an intermetallic
compound of Si, Mn, Cr, and Fe (Figure 3.25), while the other phase was identified as

Si-Mg-O (Figure 3.26).
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Figure 3.25 EDS Spot Analysis of the Si-Mn-Cr Deposits.

Figure 3.26 EDS Spot Analysis of the Si-Mg-O Phase.

Given that the intermetallic compound has been previously observed in SOM
experiments for other metal productions, its formation mechanisms are well-understood,

and will be described in the next section along with the source and formation mechanism

of the Si-Mg-O phase.
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3.5 Elimination of Silicon-Magnesium-Oxygen Phase

As the SOM electrolysis needs to be performed in a carbon-free environment, a
Tungsten current collector and a stainless-steel crucible was employed. While this change
effectively eliminated Carbon and Zirconium impurities in the Si deposits, it introduced
two new phases.

First, the Si deposits exhibited the presence of Mn, Fe, and Cr compounds.
Sources of those impurities could be attributed to the Stainless-steel crucible. Stainless
steel, when subjected to trace amounts of oxygen in the SOM environment, forms metal
oxides of Cr, Mn, and Fe. According to the Table of Dissociation Potential of major
oxides in the SOM system, it is evident that these metal oxides, such as Cr, Mn, and Fe,
display higher reactivity (lower dissociation potential) compared to silica within the flux.
Furthermore, suggested by previous research, these metal oxides have demonstrated
moderate solubility in the SOM flux. As a result, during the electrolysis process, the
reduction of these metal oxides takes precedence over the dissociation of silica.
Fortunately, the presence of Cr, Mn, and Fe in the silicon deposits was not a major
concern, as potential steel sources could be easily eliminated from the system. By
employing a Boron Nitride crucible to contain the molten flux and excluding any
stainless-steel bubbling tube in the setup, a stainless-steel free SOM environment can be
obtained.

However, the source and formation mechanism of the Si-Mg-O phase remained

unclear, prompting a need for a thorough investigation to unveil its underlying causes.
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3.5.1 Source and Formation Mechanism of Si-Mg-O Phase: Postulation
One possible source of magnesium (Mg) is attributed to the presence of MgF» in
the flux. It is postulated that the oxygen content in the flux from SiO> (5 wt%) and CaO
(9 wt%), creates an MgO phase in the SOM flux which contributes to the formation of
the Si-Mg-O phase. This suggests that by reducing the content of CaO and SiO: in the
flux one can reduce the MgO activity or eliminate the MgO phase and thereby lower the
likelihood of the formation of the Sr-MgO phase.
Furthermore, it is also crucial to investigate the reaction pathways through which
MgO transforms into the Si-Mg-O phase. In the presence of MgO within the flux, a series
of electrochemical and chemical reactions can occur, resulting in the formation of the Si-
Mg-O phase. When a potential that exceeds the standard dissociation potential of MgO
(1.12 V) is applied during the electrolysis, MgO is reduced to Mg and O, (Equation 3-4).
MgO = Mg + 0,(g) 3-4
The reduced Mg then can react with SiOz, resulting in the formation of Si-Mg-O
phase (Equation 3-2 and 3-3).
Mg+ Si0, = MgO + Si 3-5
MgO +Si=Si—Mg—-20 3-6
The Gibbs free energy of Equation 3-5 at 1150 C is -231.60 kJ/mol, suggesting
that this reaction is thermodynamically favored. The exact speciation between MgO and
Si in the SOM flux system remains unclear. Nevertheless, based on the EDS spot analysis
on the Si-Mg-O phase shown in Figure 3.26, the atomic ratio of Mg to O is close to 1:1,

implying the incorporation of MgO into Si as a whole.
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3.5.2 Source and Formation Mechanism of Si-Mg-O Phase: Thermodynamic Analysis
Phase diagrams generated on FactSage with varying amounts of CaO and SiO»

can provide further support for this postulation. Figure 3.27 presents the phase diagram
of CaF, — MgF, — CaO — SiO2 with eutectic CaF; - MgF, and 10 mol% CaO (9 wt%).
The x-axis represents the molar ratio of Silica, while the y-axis corresponds to the
temperature. When the concentration of Silica is held constant at 5.8 mol% (5wt %), the
composition of this flux is essentially the same as that of the SOM flux used, except for
the variation due to the amount of YFs. It is believed that the presence of YF3 does not
significantly influence the formation of MgO in the system. Therefore, YF3 was not

included in this phase diagram.
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Figure 3.27. Phase Diagram of CaF:-MgF,-Ca0O-SiO; with Eutectic CaF, - MgF; and 10
mol% CaO (9 wt%).
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From this phase diagram, at an SiO> concentration of 5.8 mol% (5 wt%), it is
highly likely that the molten flux at the operating temperature (1150 C) consists of two
distinct phases. One phase corresponds to the presence of MgO, while the other phase
represents the salt (slag) liquid region (red-circled). The latter phase represents the
molten species in this system, which consists of a eutectic mixture of CaF, and MgF»,
along with the Si-O-F complex. In order to ensure an efficient SOM electrolysis process,
it is desirable for the entire flux to exist within the “Slag-liq” phase.

To evaluate the potential elimination of the MgO phase by reducing the content of
CaO and SiOz, a phase diagram of CaF> — MgF> — CaO — SiO: with eutectic CaF; - MgF»
and 5 mol% CaO (4 wt%) as a function of SiO; was created (Figure 29). The x-axis
represents the molar ratio of Silica, while the y-axis corresponds to the temperature. As
the content of CaO was changed, the maximum allowed SiO> content had to be adjusted
to maintain the same optical basicity in the flux as that of Yttria in the YSZ membrane.

Based on Equation 2-10, the maximum allows SiO> content was 2.8 mol% (2.5 wt%).
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Figure 3.28 Phase Diagram of CaF,-MgF>-CaO-SiO., with eutectic CaF, - MgF, and 5
mol% CaO (4 wt%).

At a SiO2 concentration of 2.5 wt%, the flux remains exclusively within the 'Slag-
liq' region, and no MgO is present at this composition. Therefore, thermodynamic
simulation results support the postulation that by reducing the content of CaO and SiO2,

the formation of MgO can be eliminated.

3.5.3 Source and Formation Mechanism of Si-Mg-O Phase: Validation
A validation experiments was conducted to confirm the source and formation
mechanism of Si-Mg-O phase. A silicon wafer attached with a Tungsten current collector
was immersed 4 cm deep into the flux. To eliminate the source of stainless steel, a boron

nitride crucible was used to contain the flux, and no steel bubbling tube was employed
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during the electrolysis. The flux composition consisted of a eutectic CaF>-MgF> with 2.5
wt% Si02 and 4 wt% CaO. The electrolysis process was carried out in a reducing
environment at 1.8 V for 8 hours. Following the electrolysis, the silicon wafer cathode
was sectioned, mounted in epoxy, and subjected to evaluation using SEM and EDS
analysis.

Figure 3.29 presents the interface between the silicon wafer and the flux
following the electrolysis process. The corresponding EDS mapping in Figure 3.30
confirms that Mn, Fe, and Cr impurities in the silicon deposits are eliminated once the
use of stainless-steel crucibles was eliminated. The Si-Mg-O phase was also not

observed, as Si and Mg were clearly separated.

Si Deposits

Figure 3.29 SEM Image of the Cathode/Flux Interface after the carbon and Stainless steel-
free Electrolysis.
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Figure 3.30. EDS Mapping of the Cathode/Flux Interface after the Carbon-free Electrolysis.

Further EDS point analysis conducted on the Si-rich regions within the flux (Si

Deposit 1, 2, and 3 in Figure 29) reveals that the Si concentration in the silicon deposits

averages at 99.3 atomic%, which is identical to that of the Si wafer (Table 3.5). Oxygen

was detected as the only impurity. These findings provide strong evidence supporting the

successful elimination of Si-Mg-O phase and the ability to deposit pure silicon.

Atomic Concentration (%)

Region Si 0

Si Deposit #1 99.6 0.4
Si Deposit #2 99.1 0.9
Si Deposit #3 99.4 0.6
Si Cathode 99.0 1.0

Table 3.5. Composition of the Si Deposits and Si Cathode after the Electrolysis.
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3.6 Summary

Chapter 3 of this study focuses on the optimization of Solid Oxide Membrane
(SOM) electrolysis for Silicon production, covering three main aspects: the thinning of
the Si wafer, the presence of carbon (C) and zirconium (Zr) impurities, and the formation
of a Si-Mg-O phase.

The chapter begins by examining the phenomenon of Si wafer thinning during
electrolysis. A series of Si stability experiments were conducted, which examines the
thinning of the Si wafer as a function of its immersion depth into the flux. The results
indicate that the depth of immersion affects the degree of thinning. Based on this
understanding, the Si wafer immersion depth for the subsequent Si-SOM experiments
was set at 4 cm.

Moving on to the investigation of impurities, the focus shifted to the presence of
C and Zr in the silicon deposits. The C impurities were found to originate primarily from
the graphite cathode current collector, which was in contact with the Si wafer during
electrolysis. By replacing the graphite current collector with a Tungsten one, the
formation of silicon carbide (SiC) was eliminated.

In the case of Zr impurities, various theories were proposed on their source and
formation mechanism. Validation experiments confirm that the YSZ membrane is the
source of Zr impurities. Additionally, the presence of C and SiO» in the flux is found to
play a crucial role in the formation of Si-Zr-O compounds. To effectively eliminate Zr
impurities, it is crucial to ensure the absence of carbon in the system, which requires the

implementation of a carbon-free environment in the electrolysis process; achieved by not
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using carbon crucible to contain the salt.

Lastly, the formation of a Si-Mg-O phase at the cathode/flux interface was
investigated. Thermodynamic analysis and validation experiments were conducted to
explain its source and formation mechanism. It was determined that the presence of MgO
in the flux leads to the formation of the Si-Mg-O phase. By reducing the content of CaO
and Si02 in the flux, the formation of MgO, and consequently the Si-Mg-O phase, can be
eliminated. The suggested optimal composition of the flux is eutectic CaF>-MgF» with 4
wt% YF3, 2.5 wt% Si02 and 4 wt% CaO.

Successful demonstration of obtaining high purity silicon deposits by following
the above-mentioned approach to mitigate the encountered challenges will be further

elaborated in Chapter 4.
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4. SOM ELECTROLYSIS PROCESS FOR SILICON PRODUCTION
4.1 Experimental Setup
A laboratory-scale Si-SOM electrolysis setup was optimized based on the
challenges outlined in Chapter 3. The modifications made to the original setup are
highlighted in red in Figure 1. These optimizations improved efficiency and reliability of

the electrolysis process.

Tungsten Reference Electrodes

/ \ f—b Anodic Gas flowmeter

Graphite Current
Collector

2: Tungsten Current Collector,

extended by S.S rod \ :

YSZ Membrane,
extended by
Alumina Tube

*

3: No S.S.
bubbling tube

Alumina Tube

2/3: BN crucible to
eliminate the source
of C and Steel

Si Cathode
3: Molten Salt Flux

1: Si wafer cathode that has lower
immersed deep in content of SiO, and

the molten flux M T | - Cao

Liquid Ag Anode

Figure 4.1. Optimized Si-SOM Cell Setup.

To maintain an atmosphere with significantly low level of oxygen and moisture
for efficient electrolysis, a gas mixture consisting of 95% argon and 5% hydrogen was
passed through a moisture trap filled with Drierite and an oxygen trap filled with heated
copper chips. In order to address the issue of Zr impurities in the Si deposits, a boron
nitride (BN) crucible was introduced as a replacement for the previous graphite crucible

to contain the flux. The BN crucible contained 450 grams of flux which was a eutectic
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CaF>-MgF> with 5wt% SiO», 9wt% CaO, and 4wt% YF3. The flux in the BN crucible had
sufficient depth to completely immerse the silicon wafer cathode to a depth of 4 cm in the
flux. The Si wafer cathode immersion depth was sufficient to prevent its thinning during
the electrolysis process.

On the anode side, a one-end closed 8 mol% Y'ttria Stabilized Zirconia (YSZ)
tube separated the flux from 5g of liquid Silver that was enclosed within the YSZ tube.
To extend the YSZ tube, an alumina tube was connected using gas-sealing ceramic paste
(Aremco 552). A graphite rod immersed in the liquid silver inside the YSZ tube acted as
the anode current collector. A digital mass flowmeter was connected to the exit of the
anode assembly, which recorded the flowrate of the anodic gas evolution during
electrolysis. The faradic efficiency of the cell was calculated by comparing the anodic gas
evolution rate and the current-time profile during electrolysis.

On the cathode side, to eliminate the C impurities in the Si deposits, a Tungsten
rod was used as the cathode current collector. A slit was precisely created at the end of
the rod using Electrical Discharge Machining (EDM). The width of the slit matched the
thickness of the silicon wafer used in the electrolysis, ensuring a precise and snug fit. To
establish a secure contact between the silicon cathode and the tungsten current collector,
the silicon wafer was carefully inserted into the slit and attached using tungsten paste
from Nanochemazone. To extend the tungsten rod, a stainless-steel rod was employed. A
round hole that matches the size of the tungsten rod was machined at the bottom of the
steel rod. The tungsten rod was wrapped with a silver mesh and inserted into the opening

at the bottom of the stainless-steel rod. The tungsten rod was then connected to the
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stainless-steel extension rod with a set screw (Figure 4.2). This meticulous assembly
process guaranteed a stable and reliable connection between the cathode and the current

collector, enabling effective electrical contact during SOM electrolysis.

Stainless
Steel Rod

Tungsten Rod
Silver Mesh

.

—oSiWafer ©
O ......................... o ......................... o

Figure 4.2. Schematics of the Cathode Assembly that consists of Silicon Wafer Cathode,
Tungsten Current Collector and Stainless-steel Extension Rod.

During electrolysis, the salt needs to be in a stainless-steel free environment in
order to eliminate Mn, Cr and Fe in the Si deposits, the Stainless-steel bubbling tube was
not used. The entire SOM cell was placed inside a vertical tube furnace, positioned at the
center of the heating zone for optimal temperature distribution. Two electrolysis
(Electrolysis 1 and 2) at a steady DC potential of 1.75 V was performed at a temperature

of 1150°C for 12 hours each.
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4.2 Electrochemical Characterization

4.2.1 Electronic Transference number of the flux

Previous studies have shown an inverse relationship exists between current
efficiency in SOM electrolysis and electronic conductivity in the flux [10-15]. Therefore,
in order for the SOM electrolysis to operate at high current efficiencies, it is preferrable
to minimize electronic conductivity in the flux.

The electronic transference number (t.) is a reliable measure of the electronic
conductivity in the flux. The electronic transfer number (t.) in the flux system is defined
as the ratio of electronic conductivity (o) to the total conductivity (o), as shown in
Equation 4-1. It quantifies the contribution of electronic conductivity to the overall
conductivity. As the SOM flux involves only electron and ion transfer, a very low t. value
(close to 0) would indicate that the flux is primarily ionic.

Oe, flux
testux = Eq4-1

Otot

The electronic and total conductivities in the flux are inversely proportional to the
electronic and total resistances, (Re.fux) and (Reot), respectively. As other cell parameters
do not change during the experiment, the electronic transference number te fux can be

calculated using Equation 4-2.

1
R
le flux = e'{lux Eq 4-2

Rtot,flux

The flux system can be modeled as a parallel combination of two resistors: the

ionic resistance and the electronic resistance. The total ohmic resistance (Riot), which
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consists of both the electronic and ionic contributions, can be described by the
relationship between the ohmic electronic resistance (Re, fiux) and the ohmic ionic

resistance (R, fux), shown in Equation 4-3 [43].

LR — Eq4-3
Rtot,flux Re,flux Ri,flux q

Before Electrolysis 1 and after Electrolysis 2, two tungsten reference electrodes
were inserted into the flux to measure the total and electronic resistance of the flux. The
impedance measured between the two reference electrodes provides the total flux
resistance, while the current measured between the electrodes at a very low applied
potential provides the electronic resistance. This applied potential was set to 0.01 V, a
potential that introduces negligible polarization and is significantly lower than the
dissociation potential of any possible metal oxides in the system.

The ionic resistance of the flux can be determined from the measured values of
the total resistance and the electronic resistance of the flux using Equation 4-3. The
electronic transference number can be calculated using Equation 4-2. The specific values
of the resistances and electronic transference numbers of the flux between the reference
electrodes are presented in Table 4.1. The results show that the electronic transference
number remained low and unchanged during electrolysis. This indicates that the flux was

primarily ionic during the entire electrolysis process of 24 hours.
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Before Electrolysis After Electrolysis
Rtot,ﬂux Re,ﬂux Ri,ﬂux te Rt:ot,ﬂux Re,ﬂux Ri,ﬂux te
0.19 7.69 0.194 0.025 0.18 20 0.181 0.009

Table 4.1. Total, Electronic and Ionic resistance of the Flux with the Electronic
Transference Number before and after Electrolysis.

4.2.2 Current-Potential Characteristics of the Electrolysis
Potentiodynamic scans (PDS) were carried out at three different stages: before
Electrolysis 1, after Electrolysis 1, and after Electrolysis 2. The current-potential
relationships are shown in Figure 4.2. As the SOM cell has been optimized to minimize
the presence of any impurity oxide, negligible amount of leakage current associated with
the dissociation of impurity oxides was observed at all three stages. Therefore, there was
no need to perform any pre-electrolysis at a potential that is lower than dissociation

potential of Si0;.
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Figure 4.3. PDS showing the Current-Potential Behavior in the potential range of A). 0.2 to
2V;B).0.7to1.1V.

The Nernst potential for S10, dissociation can be experimentally determined by

finding the first deflection point of the Current-Potential profile. The Nernst potential was
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identified to be 0.828 V, which is larger than the standard Nernst potential at the
electrolysis temperature of 1150 C (0.51 V). This increase is likely due to the low activity
of Si0z in the flux. With less SiO» available in the flux, it becomes more difficult
(requires more energy) to drive the reaction. A detailed explanation is provided in section
44.2.1.

The total resistance of the cell (Rt cery) can be determined by calculating the
reciprocal of the slope of the current-potential profile at potentials above the dissociation
potential of silica (E > 1.7 V). The ohmic resistance of the cell (Ronmic,cerr) Was
measured by EIS across the anode and cathode. The value of R,pmic cennWas determined
by finding the high-frequency intercept on the real axis of the Nyquist plot [45, 46]. The
total resistance and ohmic resistance of the cell at different stages are shown in Table
4.2. The results show that the total resistance of the cell remained low during the
electrolysis. The ohmic resistance increased by 16%, which is likely attributed to the

oxidation of graphite anode current collector.

Before Electrolysis 1~ After Electrolysis 1 After Electrolysis 2

Riot,cen () 0.885 0.909 1.010

Ronmic.cell () 0.324 0.338 0.375

Table 4.2. Total and Ohmic Resistance of the SOM Cell before Electrolysis 1, after
Electrolysis 1 and After Electrolysis 2.

Based on the geometry of the YSZ membrane and effective area of anode/YSZ

Si0, )

interface, the ionic resistance of YSZ involved during the dissociation of Silica (R; (vs2)

is calculated to be 0.25 Q.[6] This suggests that the YSZ membrane is the major
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component that contributes to the ohmic resistance of the SOM cell. The cathode
assembly of the SOM cell is believed to provide low ohmic resistance and maintained

reliable electrical contact throughout the electrolysis process.

4.2.3 Current-Time Profile and Faradic Efficiency of the Electrolysis
The electrolysis was performed twice at 1.75V, each for 12 hours. A moderate
overpotential was selected as it allows for an adequate current for silicon deposition
while potentially promoting the planar growth of the deposits at the cathode. The current-
time profile of each electrolysis is shown in Figure 4.4. The profile suggests that the
current remained steady during each electrolysis, and it was not limited by mass transfer.
Total charge that passed through the cell was 12176 C. Assuming 100% current

efficiency, 0.88 gram of silicon would be produced.

Figure 4.4. Current-Time Plots during Electrolysis 1 and Electrolysis 2 with applied
potential of 1.75 V for 12 hrs each.
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During each electrolysis, the gas produced at the anode was passed through a
digital mass flow meter, which measured the rate of anodic gas evolution. The measured
gas evolution rate was then used to calculate the Faradaic current. By comparing the
Faradaic current and current profile shown in Figure 4.4, the current efficiency of each
electrolysis can be calculated. The resulting current efficiency are presented in Figure
4.5. It is observed that the current efficiency exhibited a slight increase during the initial
10,000 seconds of Electrolysis 1. This can be attributed to the fact that it takes some time
for oxygen to fully saturate the liquid Ag anode before evolution occurs. As a result, the
measurement of gases at the anode during this early period might be an underestimate of
the actual gas produced in the liquid silver anode. This leads to a lower estimation of the
Faradaic current and consequently a slightly lower current efficiency value. After the
initial 10000 seconds of Electrolysis 1, the current efficiency remained stable around
60%. The current efficiency of Electrolysis 2 increased to an average of 78%, which
might be attributed to the increase in the electronic resistance of the flux shown in Table
4.1. Based on the current efficiency of each electrolysis, the production of Si was
estimated to be 0.60 gram. Overall, it is evident that both instances of electrolysis were
stable and relatively efficient throughout the process; leaks in the system are the likely

cause of not seeing higher efficiencies.
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Figure 4.5. Current Efficiency during Electrolysis 1 and Electrolysis 2.

4.3 Post-experimental Characterization

After the SOM electrolysis experiment, the furnace was cooled, and the setup was
disassembled. Silicon cathode with flux was sectioned, mounted in epoxy and evaluated
under optical microscopy and SEM with EDS capability. Figure 4.6 shows the optical
microscopy image of Si deposits at the interface between cathode and flux. The EDS
mapping of the collected silicon shows no detectable impurities such as C and Zr (Figure
4.7). Further EDS spot analysis confirms that the deposits consist of 99 atomic % silicon,
which is equivalent to the Si purity in the silicon wafer cathode. (Figure 4.8). The Si
purity in the deposits should be higher as the oxidation inevitably occurred during the

materials transfer and polishing of the sectioned sample.
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Figure 4.6. Optical Microscopy Image (10X) of the Cathode/Flux Interface after
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Figure 4.7. EDS mapping of the Cathode/Flux Interface.
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Figure 4.8. EDS Spot Analysis of the Silicon Deposits near the Cathode/Flux Interface.

A dense layer of Tungsten Silicide (WSi2) with a thickness of 130 pm was
observed at the interface between tungsten current collector and flux (Figure 4.9). As
tungsten (2700 S/cm) is more conductive than silicon (120 S/cm) at the electrolysis
temperature, reduced silicon tends to accumulate at the tungsten/flux interface. Following
that, tungsten atoms from the current collector diffused to the silicon deposits and formed
WSiz. The uniform distribution of W and Si observed in the EDS mapping in Figure 4.10
suggests that tungsten diffusion into the silicon deposits is faster than the formation of
additional silicon deposits. Consequently, once the reduced silicon accumulates at the
tungsten/flux interface, it stabilizes and reacts with the diffusing tungsten atoms to form a

dense and planar layer of WSi.
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Figure 4.9. SEM Image of the Tungsten Current Collector that was Immsered in the Flux
during Electrolysis.
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Figure 4.10. EDS Mapping of the Tungsten Current Collector that was Immsered in the
Flux during Electrolysis.

The WSiz layer with a similar thickness was also observed in other regions of the
tungsten current collector that were immersed in the flux. Based on the thickness of the
WSi; layer and length of tungsten current collector that was immersed in the flux, the
total silicon deposits at the tungsten/flux interface were calculated as 0.20 gram.
However, the estimated production of silicon was 0.60 gram. The relatively low observed
yield (33%) can be attributed to the significant presence of widely dispersed Si deposits
throughout the flux, as seen in Figure 4.6. However, due to the irregular geometry and
nonuniform distribution of these deposits within the flux, it is not feasible to accurately

quantify their overall masses.
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4.4  Electrochemical Modelling

4.4.1 Equivalent Circuit Modelling of the SOM Electrolysis Process

To gain a comprehensive understanding of the electrochemical behavior of the
SOM cell and explore methods for reducing the cell overpotential, it is important to
develop the electrochemical modeling of the SOM electrolysis process. Equivalent circuit
modeling is a useful tool to represent the SOM electrolysis process. Guan et al. have
previously introduced a generic equivalent DC circuit model that incorporates the known
mechanisms involved in current flow, including [12, 15, 30, 31]:

(1) the dissociation of the desired oxide,

(2) the dissociation of impurity oxides,

(3) electronic conductivity of the molten flux, and

(4) the various resistive contributions of the SOM cell.

A similar equivalent DC circuit model is established for the Si production, shown

in Figure 4.11. The corresponding symbols are defined in Table 4.3.
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Figure 4.11. Equivalent Circuit of the SOM Process for Silicon Production.
Symbols Definition
Eappliea Applied Potential
ESt0: Nernst Potential for SiO»
Nernst
Impurities . : . .
Eyornst Nernst Potential for impurity oxides
EZr02 Nernst Potential for ZrO;
Nernst
Ricads Resistance of Lead wires and current collectors
RSi02 Charge Transfer Resistance at the Anode and Cathode for SiO»
ct(ac,) dissociation
RSI02 Concentration Polarization Resistance at the Anode and Cathode for SiO»
conc(a,c) dissociation
Sio . . . s ) _y
R; (y§2) Ionic resistance of YSZ membrane involved in SiO; dissociation
sio . . . . . ..
R; ( Flzux) Ionic resistance of Flux involved in SiO; dissociation

plmpurities Charge Transfer Resistance at the Anode and Cathode for Impurity oxide
ct(ac) dissociation
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Concentration Polarization Resistance at the Anode and Cathode for

lepurities
conc(a,c) Impurity Oxide dissociation
plmpurities Ionic resistance of YSZ membrane involved in Impurity Oxide
i1 (YSz) dissociation
R;??;Z;gties Ionic resistance of Flux involved in Impurity Oxide dissociation
RZT02 Charge Transfer Resistance at the Anode and Cathode for ZrO;
ct(ac) dissociation
RiZ (Tfszz) Tonic resistance of YSZ membrane involved in ZrO; dissociation
R, (vsz) Electronic resistance of the YSZ Membrane
R Electronic resistance of the Flux between the YSZ Membrane and the
e (Flux) Cathode
Liotal Total current in the system
Iisoigizc Ionic current for SiO, Dissociation
lZornOli Ionic current for ZrO, Dissociation
I :;f;:rities Ionic current for Impurity Oxide Dissociation
Leysz) Electronic Current that passes through the YSZ membrane

Table 4.3. Definitions of Symbols in the SOM equivalent circuit.

As the SOM cell has been optimized to minimize the presence of impurity oxides,

the current pathway associated with the dissociation of impurity oxides can be ignored.

The PDS scan in Figure 2 also confirms that no dissociation of impurity oxides was

observed. Since the flux was primarily ionic and ZrO; has negligible solubility in the

flux, dissociation of ZrO> is also unlikely to occur. The dissociation of ZrO is further

mitigated by performing the electrolysis at a potential that is lower than the dissociation

potential of ZrO». Another possible current pathway is the electronic current that passes

through the flux. Since the flux was identified to be primarily ionic suggested by Table

4.1, negligible electronic current passes through the flux. Therefore, the SOM system is
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left with one primary pathway for current to pass through, which is the dissociation of
Si0,. A simplified equivalent DC circuit is established, shown in Figure 4.12.

Eapplied Rieqds

Itotal
— _
I I
| I
gS5i0: 5i0, 5i0, 5i0, 5i0, :
2 2 2 sio.
Nemst Rct(a,ch Rconc(_a.c) Ri(_YSZ] Ri{flu.v) fO‘IliZC

— = H H |

Figure 4.12. Simplified Equivalent Circuit for the Optimized Si-SOM Process.

4.4.2 Polarization Model of the Si-SOM process
Based on the simplified equivalent DC circuit, the applied potential on the system

can be expressed by Equation 4-4:

Sio
applled | ENlerilst| + Nohm + nct(a,c) + nconc,c + 77conc,a Eq 4-4
where | Ej, emst| is the absolute value of the Nernst potential for SiO

dissociation, 1opp, is the ohmic polarization of the SOM cell, ¢t (q,¢) 1s the charge
transfer polarization in the SOM cell, .onc (1S the cathodic concentration polarization,

and 7N¢onc q 15 the anodic concentration polarization.

4.4.2.1 Nernst potential for SiO; Dissociation
The Nernst potential for SiO, dissociation is given by Equation 4-5 when CO is

evolved at the anode:

= +
Nernst Nernst nF

2
pSi02  _ [°Si05.0 Eln( asi0, (flux) A (anode) > Eq 4-5

As; a?
Si(cathode)“co(g) (vSz/anode)
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E°5102,C0

Sio, - . . o
where E\ .7 ., 1s the Nernst potential for the dissociation of silica, E,,.5¢

is the standard Nernst potential for the dissociation of silica when CO is formed at the
anode, R is the ideal gas constant (8.314 J mol! K'!), T is the temperature of the system
(K), n is the number of moles of electrons transferred in the reaction (4 mol), F is the
Faraday’s constant (96485 C mol™), as;o, (riux) is the activity of silicon oxide dissolved
in the flux, ac(anode) is the activity of carbon at the anode, ag;(cathode) 18 the activity of
silicon in the cathode, and aco(g) (vsz/anode) 18 the activity of carbon monoxide gas at the
anode/YSZ interface. In this SOM cell, dg;(catnode) a0d A¢(anode) at the anode can be

treated as unity. The activity of carbon monoxide gas is equivalent to the partial pressure

of carbon monoxide at the YSZ/anode interface, Pco(g) (vsz/anode)- Therefore, the Nernst

potential for SiO» dissociation can be expressed as follows:

Nernst — “~Nernst + Fln

gSi02 . p°Si02,C0 RT ( As5i0,(flux) ) Eq 4-6

P(?O(g) (YSz/anode)
It is possible that CO; is evolved at the anode when the electrolysis starts. The

Nernst Potential for SiO; dissociation when CO; is formed at the anode can be expressed

as follows:
sio, _ oesionco, , BT I Asio, (flux) c(anode) Eq 4-7
ENernst - ENernst + _F n
n Qsi(cathode)Ac0,(YSz/anode)
_ gS5i02C02 E In ( As5i0,(flux) )
Nernst nkF PCOZ(YSZ/anode)
where E N“:lrizstc 92 s the standard Nernst potential for the dissociation of silica when CO»

is formed at the anode, P¢o,(vsz/anode) 18 the partial pressure of carbon dioxide at the
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Y SZ/anode interface.

°Si0,,Cc0 °S5i0,,C0,
ENernst d ENernst

are calculated to be 0.51 V and 0.70 V respectively.
sio,(Fuux) 1S calculated to be 2.29 *10 using the equilibrium module in FactSage.
Pco(g) (vsz/anode) OF Pco,(vsz/anode) 18 established by the activity of carbon

(Ac(anodey = 1) at the anode and partial pressure of oxygen in the air (P, . =

0.21 atm) prior to the electrolysis. Therefore, the estimated E Iii;ﬁm varies between 0.59

—0.83 V, depending on the ratio of CO and CO> formed at the anode. This range aligns

well with the experimental observation of E ,f,ie(;flst (E Iii;ﬁm =0.828 V).

Notably, the FactSage simulation tend to underestimate the interaction between

solvent and solute within a molten salt system, so the exact activity of SiO2 in the flux

i0,

might be lower. The calculated value of E ,f,ems

. 18 likely to exceed the estimated range of

0.59 — 0.83 V. As a result, it is not reliable to determine the ratio of CO and CO; formed

i0,

at the anode by comparing the calculated range of E I\S/erns

. and experimental observation.

4.4.2.2 Ohmic Polarization

The ohmic polarization (1,p,,) in the SOM electrolysis cell can be defined as:

Nohm = iRohmic,cell Eq 4-7
The total ohmic resistance for the electrolytic cell (R..;; ) is the sum of the YSZ

Si0,

. . Sio,
membrane ionic resistance (R; (vs2)

), the flux ionic resistance (R; (Flux)

), the electrodes

resistance, the lead wires resistance, and the contact resistances between the interfaces

(Rieqas)- The ohmic resistance (R.,;;) can be measured by Electrochemical Impedance
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Spectroscopy (EIS) measurements between the anode current collector and the cathode

current collector.

4.4.2.3 Activation Polarization
The activation polarization (7¢(q,c)) represents the extra potential required to
overcome the activation energy barrier for charge transfer reactions at the
electrode/electrolyte interface. It can be described by the Butler-Volmer equation
(Equation 4-7), which relates (1¢(q,c)) to the cell current (i) for conditions of small

currents and/or rapid mass transfer. [47, 48]

P Lo®XP < RT RT

Omnct(a,c)F) — igexp (‘(1 - Of)mlct(a,c)F> Eq 4-8
where i, is the exchange current, « is the transfer coefficient, and n = 4 is the
number of electrons transferred. The activation overpotentials at both the anode and
cathode are combined into one overpotential, 7)c¢(a ). The exchange current iy, is a
measure of the electrocatalytic activity at the electrode/electrolyte interface in an
electrochemical reaction. Its value depends on the specific operating conditions and the
material properties involved. Assuming a symmetric activation energy barrier for both
electrode reactions, a transfer coefficient of 0.5 is suggested. Equation 4-7 can be then

solved for 1¢¢(a ) as a function of i.

Eq 4-9
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4.4.2.4 Cathodic Concentration Polarization
The cathodic concentration polarization, f)¢onc ¢ » 1S attributed to the transport of
Si0; across the diffusion boundary layer at the cathode surface [47]. This overpotential

can be represented as follows:

Eq 4-10
_ RTI agioz(ﬂux) q
Nconc ¢ = E n a(l)—
SiO,(flux )

where i, ) is the activity of SiO; in the bulk flux, and @y, g, is the activity of

Si0> at the cathode/flux interface for a certain current density. Assuming a Henrian
solution, Eq. 4-10 can be expressed as:

Eq 4-11
RT Csoioz( flux ) q

Ncone c — E In ®
SiO2(flux)

where Csoioz( flux ) and CS(R)Z( fux ) are the concentration of SiOz in the bulk flux and at the

cathode/flux interface.

The diffusion of SiO at the cathode surface is driven by the concentration
gradient. Assuming a linear concentration profile within the diffusion layer, the flux of
Si0O2 due to diffusion at the cathode surface can be described using Fick's first law as
follows:

_ dCsio, (flux) Eq 4-12
Jsio,, cathode/Flux = _DSiOZ(flux)—dx =
® 0
CSiOZ(ﬂux) - CSiOz(HUX)
—Dsio, (flux) 5
C




94

where Dg;o, ( fuux ) 18 the diffusion coefficient of SiO: in the flux, and &, is the thickness of
the diffusion layer at the cathode surface.

The diffusive flux Jsio,, cathode/Flux €an be then related to the cell current i:

® _ CO
. Si0, (flux) Si0 (flux)
i = 2FAJsio,, cathode/Flux = —4FADsio, (fux) —— 5 :

C

Eq 4-13

where A, is the effective cathode’s area for the electrochemical half-cell reaction: Si** +
4e~ = Si.

The mass transport limit of SiO2 occurs when C, @ = 0. The value of the

SiO; (flux)

current under this condition is defined as the cathodic limiting current, i, .:

CSOiOZ(ﬂux) Eq 4-14

i1,c = 4FAcDsio, (flux) 5
C

Solving Eq 4-10 through 4-13, 7., . can be expressed as a function of i:

RT il,c Eq 4-15
Nconc,ec = Eln i1,c —

4.4.2.5 Anode Concentration Overpotential
In this work, graphite was employed as the anode current collector, and CO or
CO; evolved at the anode during the electrolysis. It is important to note that CO or CO is
formed when the oxygen gas leaves the liquid silver anode and reacts with carbon within
the anode current collector. When a potential that exceeds the dissociation potential of
silica is applied, oxygen ions migrate through the YSZ membrane to liquid silver anode
and are oxidized at the YSZ/anode interface. Once the oxygen in the silver reaches its

saturation limit, it bubbles out of the silver and reacts with the C forming CO or CO,.
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Thus, as the electrolysis proceeds, the oxygen pressure at the liquid silver anode/YSZ
interface must exceed 1 atm in order to bubble out of the liquid silver. The difference in
pressure within the liquid silver and at the liquid silver anode/YSZ interface generates an

overpotential. The anodic overpotential can be expressed as follows:

_RT (B 0,Ag) Eq 4-16
Meone,a = 4F latm

where sz (ag) 18 the oxygen pressure required for bubble formation at the liquid silver

anode/YSZ interface. Since the oxygen evolved during the electrolysis forms bubbles at
the YSZ/anode interface, there is negligible concentration polarization resulting from the

diffusion of oxygen atoms within the liquid silver anode.

4.4.2.6 Current-Potential Relationship in Polarization Modeling
The relationship between the applied voltage and the cell current for SOM
electrolysis can be determined by substituting Equations 4-7, 4-9, 4-15 and 4-16 into
Equation 4-4:

Eq4-17

Si0y| | - RT i i \?
Eopplica = |EN | + iRohm,cenn + ﬁln 20 + +1

. b
RT lic RT Po (Ag)
—1 : 4+ —1In [ 2=
Tar" (iLC - i> aF " ( Tatm

The current-potential curve obtained from PDS measurement can be modeled

using Equation 4-17 to analyze various polarization losses and determine unknown
parameters, such as the exchange current, the cathodic limiting current, and the oxygen

partial pressure required for bubble formation at the anode/YSZ interface.
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4.4.2.7 Curve Fitting of the Measured Current-Potential Relationship.

The current-potential curve obtained before the first electrolysis experiment was

used for curve fitting (Figure 2). The dissociation potential of silica |E§ioz| was
identified at 0.828 V. The current at 0.828 V (0.01547 A) was used as the baseline for
curve fitting. The difference between the measured current and the baseline current is
referred to as the net current. The ohmic resistance of the SOM cell (Rypmic cen) Was
measured to be 0.324 Q (see Table 3). The fitting potential range chosen was from 0.828
V to 1.028 V, where the current is small, and the cathodic concentration polarization is
negligible. No mass-transfer-limited behavior was observed in the PDS. Therefore, the

current-potential relationship can be simplified as follows:

2 Eq 4-18

[
— 1
Gw) +

1 oSi0s] | RT i
Eapplied - |EN | + lRohm,cell +—In +

2F 2i,
b
BT (Foaae
4F latm

The parameters used for the curve fittings were R,pmic cenn = 0.323 Q, |EN
0.828 V, the operating temperature T, the gas constant R, and the Faraday constant F. The
exchange current i, and the oxygen partial pressure for bubble formation at the Ag/YSZ

interface sz (ag) Were the two unknown fitting parameters. The curve fitting results are
shown in Figure 4.13, with i; =3 *10* A and sz (ag) = 1.80 atm. Previous research has

demonstrated that the charge transfer reaction at the interface between the liquid metal
electrode and the Yttria-stabilized zirconia (YSZ) membrane is fast. [49 - 52] As a result,

it is believed that the exchange current value is primarily constrained by factors such as
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the structural properties and surface roughness of the cathodic material, as well as the

concentration of SiO present on the cathodic surface. The fitted value of
sz (ag) confirms the assumption that oxygen bubbles evolve from the liquid Ag only
when the oxygen partial pressure exceeds atmospheric pressure.

—— PDS measured

Curve Fitted

1.00 I Anode Overpotential
S 0.95 -
o
c
% | Activation Polarization
0- 0.90

0.85

= : v o> Ohmic Polarization
0.000 0.002 0.004

Net Current (A)

Figure 4.13. Curve Fitting of Measured Applied Potential and Net Current.

When the curve fitting results are extended to a wider potential range from 0.828
V to 2.0 V, the deviation between the fitted curve and the PDS scan increases, primarily
due to cathodic concentration polarization (See Figure 12). During the PDS scan, the
thickness of the diffusion layer (§.) continually increases, leading to a non-steady state
condition and making it difficult to calculate the cathodic limiting current i; .. However,
considering the relatively accurate curve fitting results at the low potential range (See

Figure 4.14), the difference between the PDS measurement potential and the curve fitted
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potential can be attributed to the contribution of cathodic concentration polarization at

potentials higher than 1.028 V.

2.0 - -
1.8
~ Cathode Concentration
= Overpotential
> 1.6 1
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0.8 r T ; T J T r T r Id d
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Figure 4.14. Ohmic, Activation, Anode Overpotential and Cathodic Concentration
Polarization as a function of the Net Current by Modeling on the SOM cell.

Based on the polarization fitting over the range from 0.828 V to 2.0 V, it is seen
that the activation polarization loss dominates at low potentials (E <1.028V). The
cathodic concentration polarization loss became significant at high potentials. At the
electrolysis potential of 1.75 V, the activation polarization loss and cathodic
concentration polarization loss are the two major contributors to the overall polarization
loss, accounting for 50% and 40% respectively. The high activation polarization loss, or
low electrocatalytic activity on the cathode/flux interface, may also explain poor adhesion

of silicon deposits on the cathode.
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To improve the performance of the SOM electrolysis, it is important to reduce
losses from cathodic concentration polarization, activation polarization, and ohmic
polarization. The concentration polarization can be reduced by facilitating mass transfer
near the cathode with gas stirring. The activation polarization loss can be lowered by
increasing the electrocatalytic activity of the electrodes (changing the electrode
materials). The ohmic polarization loss appears to be the least dominant in the Si-SOM
system. It can be reduced by decreasing the thickness of the YSZ membrane, as the ionic
resistance of YSZ was identified to be the major contributor of the ohmic resistance of

the cell.

4.5  Summary

Chapter 4 demonstrates the feasibility of depositing high purity silicon via SOM
electrolysis with the optimized experimental setup, and presents electrochemical
characterization, post-experimental characterization and electrochemical modelling of the
SOM cell.

The experimental setup section provides details about the modifications made to
the Si-SOM setup, such as the use of specific materials and components, to address the
challenges identified in Chapter 3 and improve the efficiency and reliability of the
electrolysis process.

The electrochemical characterization section discusses the electronic transference
number of the flux, current-potential characteristics of the electrolysis, and current-time

profile and faradic efficiency of the electrolysis process. The electronic transference
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number remained low and unchanged during electrolysis, indicating that the SOM flux is
primarily ionic. The current-potential profile and electrochemical impedance
spectroscopy (EIS) measurements taken at different stages of the electrolysis process
suggest that total and ohmic resistance within the cell were low throughout the entire
electrolysis process. Current-time profile and associated Faraday efficiency indicate a
stable electrolysis process with high Faraday efficiency.

The post-experimental characterization section describes the analysis of the
silicon deposits at the silicon cathode and tungsten cathode current collector using optical
microscopy and SEM/EDS. The silicon deposits were found to be pure, while a dense
layer of Tungsten Silicide (WSi2) was observed at the interface between the tungsten
current collector and the flux.

Lastly, the equivalent circuit modeling and curve fitting analysis were performed
to identify the key polarization losses in the electrolysis process. Reducing polarization
losses due to mass transfer at the cathode, charge transfer, and ohmic resistance are

crucial for enhancing electrolysis efficiency.
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5. SOM ELECTROLYSIS PROCESS FOR IRON RECYCLING
5.1  Fe-SOM Electrolysis Process with YSZ and Silver as the Reducing

Medium

5.1.1 Experimental Setup

A proof-of-concept salt-free SOM cell for iron production is shown in Figure 5.1.
The anode assembly of the Fe-SOM cell incorporates a silver pool as the anode, a one
close-ended YSZ tube that conducts oxygen ions from the cathode to anode, low-carbon
steel crucible that contains the silver pool, and Inconel 601 rod as the anode current
collector. The Inconel rod was connected to the steel crucible with a set screw. It should
be noted that to an alumina tube was used to extend the YSZ tube. The alumina tube was
connected to the YSZ tube using a gas-sealant alumina paste.

A mixture of Fe>O3, YSZ and silver (each 1/3 in volume) functioned as the
electrolyte of the Fe-SOM electrolysis cell. To create an efficient pathway for the oxygen
in Fe2O3 to migrate through the electrolyte to the YSZ membrane, it is important to
provide Fe;Os3 with sufficient contact area with both silver and YSZ during the
electrolysis. To achieve that, equal volumes of Fe2O3, YSZ and silver powders were
thoroughly mixed. The mixture was then pressed into a compact and loaded into the YSZ
tube.

A low carbon steel rod was used as the cathode and current collector. A tiny layer
of silver powder was placed above the compact to ensure good electrical contact between
the steel cathode and the liquid silver anode during electrolysis. To maintain an initial

oxygen-free environment in the SOM system for efficient electrolysis, 200 sccm argon
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gas was passed through an oxygen trap filled with heated copper chips and flowed to both

the anodic and the cathodic side.

Ar____|cu/cu0
Oxygen Trap
> Flange
& YSZ tube/Alumina
Extension Tube
Fe rod
Inconel
Rod
Liq. Ag
Set Screw
Fe,0,/YSZ/Ag
Steel Pos Compact (1:1:1
volume%)

Figure 5.15. Experimental Setup of Salt-free SOM Process for Iron Production using Ag
and YSZ as the reducing medium

5.1.2 Electrochemical Characterization

5.1.2.1 Current-Potential Characteristics
A Potentiodynamic Scan (PDS) was conducted between the anode current
collector and the cathode, and the current-potential plot is shown in Figure 5.2. A
significant amount of leakage current was observed, which is attributed to the impurity
oxygen that is soluble in the liquid silver inside the YSZ tube. To reduce the leakage
current, a pre-electrolysis at 0.8V was performed for 120 min to remove the soluble

oxygen in the silver.
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Figure 5.16. Current-Potential Relationship Before and After the Pre-electrolysis

After the pre-electrolysis, another PDS was conducted between the anode current
collector and the cathode, and the current-potential plot is shown in Figure 5.2. The
leakage current was significantly reduced after the pre-electrolysis. The total cell
resistance was calculated to be 0.83 ohms. It was determined by calculating the reciprocal
of the slope of the current-potential profile at potentials above the dissociation potential
of Fe20s. Previous studies have shown that the charge transfer reaction at the liquid metal
electrode surface is fast, so the activation polarization of this cell should be negligible
[49-52]. In addition, mass-transfer limitation is negligible at small currents. As a result,
the total cell resistance is primarily attributed to the ohmic resistance of the cell. Notably,

the ionic resistance of the YSZ membrane was calculated to be 0.66 ohms. Therefore, the
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total cell resistance is limited by the ionic resistance of the YSZ. The cell performance
can be improved by reducing the thickness of the YSZ membrane and increasing the

contact area between the silver anode and the YSZ membrane tube.

The Nernst potential for Fe2Os dissociation E ;Zgit was identified to be

approximately 0.82 V, which is consistent with the standard Nernst potential for Fe>O3

Eo F€203

dissociation (E) .}

=0.81 V). After pre-electrolysis most of the impurity oxygen was

removed, and the system was ready for electrolysis.

5.1.2.2 Current-time Profile during the Electrolysis
Two electrolysis experiments were performed at 1373 K to dissociate Fe2O3, both
were held at 1.8 V, one for 2 hours and the other for 1.5 hours. The current time plots are
shown in Figure 5.3. The total charge consumed in the process was 12411 C, whereas
only 2372 C would be required for the complete reduction of Fe2O3 assuming 100%
current efficiency. A significant current flow was observed at the conclusion of the
second electrolysis, indicating the presence of another charged species undergoing mass

transport through the electrolyte and YSZ membrane.
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Figure 5.17. Current-Time Profile during Electrolysis 1 and Electrolysis 2 with an applied
potential of 1.75 V for 2 hrs and 1.5 hrs respectively

One possible explanation for the remaining current flow is the introduction of
oxygen into the cathode site during the electrolysis. Despite the removal of most impurity
oxygen in the silver during the pre-electrolysis stage, the oxygen produced during the
electrolysis may have been able to return to the cathode site due to imperfect sealing at
the joint of YSZ membrane/alumina extension tube. The sealing at the joint between the
YSZ tube and alumina extension tube was initially confirmed to be leak-tight before the
electrolysis. However, it is possible that the sealing may have been compromised during
the heating process. The leak within the sealing results in a continual influx of oxygen
mnto the cathode site. As a result, soluble atomic oxygen was formed in the silver while

the system attempted to pump out the oxygen through the electrolysis.
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The compromised sealing at the joint between the YSZ tube and alumina
extension tube likely resulted from the non-alignment of the YSZ tube entering the anode
silver pool. To mitigate this, the top flange for loading the YSZ tube needed to be re-
machined to ensure that the YSZ tube and Inconel current collector are parallel in
position without any tilting.

Another possible explanation for the remaining current is the increasing electronic
conductivity of YSZ. When most of iron oxide was reduced, the oxygen partial pressure
at the cathode site is significantly low. This leads to an increase in electronic conductivity
of YSZ. The cell is partially short-circuited by electronic conduction through the YSZ
membrane. A detailed analysis on the electronic conductivity of YSZ as a function of

oxygen partial pressure will be presented in Section 5.3.2.2.

5.1.3 Post-experimental Characterization
After the electrolysis, the furnace was cooled, and the setup was disassembled.
The bulk of the compact was sectioned, mounted in epoxy, and characterized under
SEM/EDS. Figure 5.4 shows the SEM image and corresponding EDS mapping of the
reduced iron within the bulk of the compact. Further EDS spot analysis shows that the

purity of iron deposits within the bulk of the compact is over 98 atomic%. (Figure 5.5).
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Spectrum 98

Figure 5.18.A). SEM images of the post-experiment compact(bulk). B). EDS mapping of the
corressponding area.

Figure 19.5. EDS point analysis on Spectrum 98 showing the purity of iron deposits

Similarly, the cathode/compact interface was characterized under SEM/EDS.
Figure 5.6 shows the SEM image and corresponding EDS mapping of the reduced Iron
within the bulk of the compact. Further EDS spot analysis shows that the purity of
reduced iron near the cathode and iron cathode is approximately 84 atomic%, with
oxygen present as the primary impurity (Figure 5.7). This confirms the prediction that
oxygen returned to the cathode site during the electrolysis, leading to low current

efficiency.
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Figure 5.20. A). SEM images of the post-experiment cathode/compact interface. B). EDS
mapping of the corressponding area.
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Figure 5.21. EDS point analysis of: A). the iron deposits at the cathode/compact interface. B.
the iron cathode.

To confirm the phase composition of the Fe deposits and identify the phase
transformation, X-ray Diffractiony (XRD) analysis was performed on the compact before
and after the electrolysis. The compact was crushed into powders and characterized under
Bruker D2 Phaser XRD Analyzer. Figure 5.8 shows the XRD measurements of the
compact before and after the electrolysis. It is evident that most Iron Oxide was reduced

to Iron, and no secondary phases were observed.
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Figure 5.22. XRD spectrum of the compact before and after electrolysis.

5.2 Fe-SOM Electrolysis Process with Silver as the Reducing Medium

5.3.1 Experimental Setup
To understand the role of YSZ in oxygen transport through the electrolyte,
another Fe-SOM electrolysis was performed when the compact contained only Ag and
Fe>O; (Figure 5.9). Equal volumes of Fe;Os, silver powders were thoroughly mixed,
pressed into a compact and loaded into the YSZ tube prior to the electrolysis. A new
flange was used and carefully machined to center the alignment of the YSZ tube into the
anode silver pool. All other cell components remained the same as the Fe-SOM cell with

YSZ and silver as the reducing medium.
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Figure 5.23. Experimental Setup of Molten Salt-free SOM process for iron production using
Ag as the reducing medium

5.2.2 Electrochemical Characterization

5.2.2.1 Current-Potential Characteristics
A PDS was conducted between the anode current collector and the cathode, and

the current-potential plot (labelled as YSZ-free) is shown in Figure 10. Negligible

leakage current was observed, and the Nernst potential for Fe>Os dissociation E ;gigzt

was identified to be approximately 0.78 V. The current-potential plot for the experiment
with YSZ and Ag as the reducing medium was also plotted in Figure 10 and labeled as

"YSZ-contained."
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Figure 5.24. PDS showing the current-potential relationship in Fe-SOM experments with
and without YSZ in the compact

When the applied potentials exceeded the Nernst potential for Fe203 dissociation,
more current was observed in the experiment that used YSZ and Ag as the reducing
medium than the experiment that used only Ag as the reducing medium. As the amount
of Fe2Os initially present in the compact was identical in both experiments, the
dissociation of Fe2Os3 appears to be more kinetically favored in the former experiment.

The dissociation of Fe>O3 can still occur when the electrolyte contains only Ag as
the reducing medium. In this case, the oxygen transport within the silver was enabled by
the diffusion of atomic oxygen in the liquid silver. The solubility of oxygen in liquid
silver is around 2000 ppm at 1100 C and the diffusivity of atomic oxygen in the liquid
silver at 1100 C is reported to be in a range of 1.2 — 2.0 * 10*cm?/s [28][53]. Therefore,

the relatively high value of oxygen solubility and diffusivity in silver explains the
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feasibility of oxygen transport through the liquid silver.

When YSZ particles were added into the electrolyte, they were interconnected by
thorough mixing and pressing. The interconnected Y SZ particles within the electrolyte
provides an alternative pathway for oxygen migration. The rate of oxygen transport
through this pathway depends on the oxygen ion diffusivity in YSZ. Guan et al. reported
that the oxygen ion diffusivity in 8 mol% Yttria-stabilized Zirconia (8YSZ) at 1400 K is
0.12*10** cm?/s [54]. This value explains the efficient ionic conduction of oxygen
through YSZ.

Therefore, with an additional oxygen transport pathway enabled by the ionic
conduction through the interconnected YSZ particles within the electrolyte, the mass
transport of oxygen is promoted. As a result, the overall cell resistance is effectively

reduced.

5.2.2.2 Current-time Profile during the Electrolysis
An electrolysis was performed to dissociate Fe2Os, held at 1.8 V for 6 hrs. The
current-time plot during the electrolysis is shown in Figure 5.11, labelled as “Fe,O3 +

Ag”.
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Figure 5.25. Current-Time Profile in the time span of A) 0 to 21600 seconds. B). 0 to 7800
seconds.

It was observed that the current remained stable for the initial 7800 seconds,
with an estimated total charge of 2661 C passing through the system. This value closely
aligns with the theoretical charge required for complete dissociation of iron oxide (2372
C). After that, the current exhibited some fluctuations and gradually increased at an
accelerated rate. This increase is likely associated with the increasing electronic

conductivity of YSZ. The electronic conductivity of 8YSZ can be expressed as a function

of oxygen partial pressure and temperature [55]:

—388eV\ . Eq5-1
Gogasny = 131 % 107exp (<) P Hecaoce

where kg is the Boltzmann constant (8.617 * 10~ eV/K), Po, Po, ysz/cathoae 1S the
oxygen partial pressure at the cathode/YSZ interface. When Fe>Os is present at the
cathode site, the oxygen partial pressure Py, ysz/cathode 15 established by the activity of
Fe and Fe»O3 and determined to be 1.49 *1012 atm. Oe(ssz) at this oxygen partial pressure
and electrolysis temperature of 1100 C was calculated to be 6.7*107 S/cm. Therefore, the

electronic conduction through YSZ membrane is negligible when Fe;Os3 1s present at the
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cathode site. As the majority of Fe2Os is consumed, the oxygen partial pressure at the
cathode site decreases while the applied potential is held constant near 1.8 V. This results
in an increase in the electronic conductivity of YSZ( 0, (gsz)), and the cell is partly short-
circuited by electronic conduction through the YSZ membrane. The relationship between
Po, ysz/cathode a0d T¢(gsz), 18 plotted in Figure 5.12. It is observed that the rate of current
increase measured in the experiment follows similar trend as the rate of increase of

Oc(gsz) With decrease in the Py, ysz/cathode-

Figure 5.26. Electronic conductivity of 8YSZ( 0, (gsz) ) as a function of the oxygen partial

pressure (POZ,YSZ/cathode)

Another experiment was conducted to validate the factors that attributes to the
increasing current observed in Figure 5.11. The compact that contained only Ag was

placed within the YSZ membrane, and a potentiostatic hold was applied across the
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cathode and anode current collectors at 1.2 V for 4.5 hours. The current-time relationship
is shown in Figure 5.11, labelled as “Ag-only”. It is evident that in the absence of Fe2O3,
the current increased immediately the potential hold. The rate of increase closely matches
the observed current increase after 7800 seconds of the electrolysis experiment, as well as

the relationship between o, gszy and Py, ysz/cathode-

Overall, the cell efficiency for the first 7800 seconds was high as there was
negligible electronic current passing through the YSZ membrane. However, once most of
the iron oxide was reduced, the cell was short-circuited due to electronic conduction in
the YSZ membrane. As a result, it is necessary to stop the electrolysis experiment

immediately after most of the iron oxide is reduced.

5.2.3 Post-experimental Characterization

After the electrolysis, the furnace was cooled, and the setup was disassembled.
The bulk of the compact and the cathode/compact interface were sectioned, mounted in
epoxy, and characterized with SEM and EDS (Figure 5.13 and 5.14). EDS spot analysis
of the iron deposits at both regions shows the purity of Fe was >99.5 atomic % with less
than 0.5 atomic % O impurity. (Figure 5.15). The iron deposits wetted the Ag, making it

challenging to separate them directly using a magnet.
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Figure 5.28. EDS Mapping of the Post-electrolysis Cathode/Compact Interface.
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Figure 5.29. EDS Spot Analysis of the Iron Deposits

5.3 Summary

Chapter 5 demonstrates the feasibility of depositing high purity Iron via a novel,
molten-salt free SOM electrolysis. Two SOM experimental setups are explored, and the
respective electrochemical and post-experimental characterization are presented.

The first Fe-SOM experimental setup involved the use of YSZ and Ag as the
reducing medium. The leakage current was observed in the initial PDS scan, resulting
from the soluble oxygen in the silver that was later removed through a pre-electrolysis at
a lower applied potential. The PDS scan after the pre-electrolysis suggests that the cell
resistance was low, and it was primarily attributed to the ionic resistance of the YSZ
membrane. The current-time profile indicates that the cell operates at a low efficiency,
which can be attributed to the introduction of freshly produced oxygen back into the

cathode site. This can be mitigated by improving the sealing of the cathode assembly.
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The purity of iron deposits was found to be 98 at% within the bulk of the compact and
85% at the cathode/compact interface, with O present as the major impurities.

The second Fe-SOM experimental setup involved only Ag as the reducing
medium. The current-potential profile of this experiment suggests that the addition of
Y SZ within the compact in the earlier experiment enhanced oxygen transport. The
current-time profile indicates that the cell initially operated at a high efficiency. However,
once most of the iron oxide was reduced, the electronic conduction through the YSZ
membrane became significant, causing a short-circuit in the cell. Therefore, it is
recommended that the electrolysis should be immediately stopped after the majority of
the iron oxide has been reduced. The purity of the iron deposits was found to be 99.5
atomic% and the iron deposits were found to be wetted by the Ag, making it difficult to

separate them directly using a magnet.
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6. Conclusion and Future Work
6.1  Conclusion

This work has demonstrated the feasibility of utilizing Solid Oxide Membrane
(SOM) electrolysis for the production of high-purity silicon and iron. The SOM
electrolysis process involves the use of a solid oxide membrane to selectively transport
oxygen ions, facilitating metal deposition at the cathode while allowing efficient
separation of oxygen from the electrolyte.

Optimization of SOM process for Silicon deposition was explored. Three key
aspects were addressed: Si wafer thinning, elimination of carbon (C) and zirconium (Zr)
impurities and preventing the Si-Mg-O phase formation. Thorough Si stability
experiments were conducted to understand the thinning mechanism. The required Si
wafer immersion depth below the salt surface to prevent Si wafer thinning was
determined to be 4 cm. The investigation on the incorporation of impurities showed that
the C impurities originated from the graphite cathode current collector. This issue was
resolved by replacing graphite with a Tungsten collector. Furthermore, the presence of Zr
impurities was attributed to the interplay between YSZ, SiO; and C. To eliminate the Zr
impurities, a carbon-free environment was required, which was established by employing
a Boron Nitride crucible. The investigation of the formation of the Si-Mg-O phase at the
cathode/flux interface showed that the presence of MgO in the flux leads to the formation
of the Si-Mg-O phase. By reducing CaO and SiO2 content in the flux, the formation of
MgO and the Si-Mg-O phase were eliminated. The suggested optimal flux composition is

eutectic CaF>-MgF> with 4 wt% YF3, 2.5 wt% SiO», and 4 wt% CaO.
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The modifications made to the Si-SOM setup effectively addressed the challenges
identified in Chapter 3, enhancing the efficiency and reliability of the electrolysis
process. The electronic transference number remained low and did not change during
electrolysis, indicating that the SOM flux was primarily ionic. The current-potential
profile and electrochemical impedance spectroscopy (EIS) measurements taken at
different stages of the electrolysis process suggest that total and ohmic resistance within
the cell were low throughout the entire electrolysis process. Current-time profile and
associated Faraday efficiency indicate a stable electrolysis process with high Faraday
efficiency. The post-experimental characterization confirmed the high purity of the
silicon deposits while identifying the presence of Tungsten Silicide (WSi) at the
cathode/flux interface. Furthermore, the equivalent circuit modeling and curve fitting
analysis provided valuable insights into polarization losses, emphasizing the importance
of reducing mass transfer, charge transfer, and ohmic resistance to enhance electrolysis
efficiency.

Lastly, a novel, molten-salt free SOM electrolysis process for high-purity iron
production was demonstrated. Two experimental setups were explored, one utilizing YSZ
and Ag as reducing media, and the other employed only Ag. It is found that the addition
of YSZ enhanced the oxygen transport by providing an alternative additional pathway.
The sealing of the cathode assembly was found to be crucial for improving the cell
efficiency. Furthermore, the observation of electronic conduction through the YSZ
membrane emphasized the need for stopping electrolysis once the iron oxide is reduced.

The purity of the iron deposits was found to be 99.5 at%.
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6.2  Future Work

Future work for Si-SOM process should include the incorporation of inert anode
current collector. Previous studies have successfully demonstrated the feasibility of an
inert anode assembly for production of magnesium and aluminum. This assembly utilizes
sintered strontium-doped lanthanum manganite (LSM) bars and an Inconel rod as the
inert anode current collector. With the implementation of an inert anode current collector,
the SOM process achieves a remarkable milestone of zero-direct carbon emissions,
making it an environmentally friendly and sustainable method for metal production.
Moreover, the utilization of an inert anode current collector in the SOM process offers
the significant advantage of generating pure oxygen as a valuable by-product. This
additional feature further enhances the appeal of the SOM electrolysis for industrial
applications, particularly in sectors that rely on a stable and continuous supply of oxygen.

Another area of future research lies in the development of inert anode materials
that enable long-term operation of SOM process. While the current anode material, Ag,
has proven effective in the electrolysis, it vaporizes over time at high temperatures.
Addressing this issue and finding alternative, more stable inert anode materials is crucial
to enhance the overall efficiency and reliability of the SOM electrolysis.

The equivalent modeling and curve fitting analysis indicate that optimizing the
molten flux composition, operating parameters, and experimental setup can effectively
reduce polarization losses and enhance performance. One approach is to explore alternate

cathode materials or improving the surface treatment of the current silicon cathode to
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enhance the electrocatalytic activity of the cathode surface and improve adhesion
between silicon deposits and the cathode.

Future work on the SOM process for iron production should focus on developing
effective methods to separate the iron deposits from the reducing medium. By
quantifying the iron produced, the cathodic cell efficiency of the electrolysis process can
be assessed. Furthermore, when the iron can be effectively collected, it will complete the
full oxidation/reduction cycle for use of iron as an energy carrier. This achievement will
enhance its potential as a promising option for use as an electrofuel, offering a more
sustainable and efficient energy storage solution.

Lastly, a comprehensive electrochemical modeling and curve fitting analysis are
essential for the Fe-SOM process to gain deeper insights into the various contributions of
the polarization losses and optimize the electrolysis performance. This in-depth analysis
will not only enhance our understanding of the Fe-SOM process but also facilitate the
design of more efficient and economically viable electrolysis systems for iron recovery

from iron oxide.
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