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1.Introduction

Neodymium (Nd) is a rare earth element (REE) not found in nature in its pure metallic
form. Although it is classified as a rare earth element, it is not rare. Its abundance in the
Earth's crust is approximately 30 ppm, making it the 60th most abundant element [1].
As technology advances, the importance of Nd increases due to its high magnetic
strength (strong magnetic field generation), good electrical conductivity, and lightweight
yet high mechanical strength [2]. Its major industrial use is in the production of
neodymium-iron-boron (NdFeB) magnets, which are among the most powerful
permanent magnets. These magnets are widely used in electric motors, wind turbine
generators, hard disk drives, headphones, and various other high-tech applications [3]
High-purity Nd is required to use Nd for these applications. Therefore, the final step for
Nd production is molten salt electrolysis. At high temperatures (around 1050°C),
neodymium oxide is dissolved in NdFs-LiF electrolyte. An oxidation reaction occurs at
the anode to supply electrons to the cathode, where neodymium ions are reduced to
metallic neodymium. Conventionally, carbon is used as an anode where oxygen
undergoes an oxidation reaction, furthermore, it reacts with the carbon anode to produce
greenhouse gasses (GHGs): CO2 and CO. At high voltage, the carbon anode reacts with
fluorine-containing electrolyte and forms perfluorocarbons (PFC) gasses which are
highly environmentally harmful GHGs [4, 5]. Due to the continuous consumption of the
carbon anode in the cell and GHG emission, a new inert anode should be investigated.
To become an ideal inert anode, it should fulfill some requirements, which are:

e Economically feasible

e Low corrosion rate

e Low contamination in the produced pure metal

e Good electrical conductivity [6]
When selecting an inert anode for Nd molten salt electrolysis, these factors are taken

into account, and the corrosion behavior of potential anode materials is studied.

This bachelor thesis aims to investigate the corrosion of nickel ferrite-based inert anodes

in NdF;-LiF melts to assess their suitability for Nd electrowinning.

To evaluate the corrosion resistance, an immersion test was conducted, which shows
the maximum corrosion behavior of the anode by applying no current to the cell. The
dissolution of the anode in the melt and the corrosion depth are measured to identify its
corrosion behavior. Based on these findings, the nickel ferrite-based inert anode is tested

in Nd molten salt electrolysis.



The results of this study will provide valuable insights into the feasibility of using nickel
ferrite-based anodes as a corrosion-resistant alternative to traditional carbon anodes in

Nd electrowinning.

2.State of art

2.1 Neodymium overview

2.1.1. Introduction to Neodymium
Nd is a rare earth element (REE) with atomic number 60, belonging to the lanthanide
group. It is a silvery-white metal that oxidizes upon exposure to air. Despite being
classified as a REE, Nd is relatively abundant in the Earth's crust, the 60" abundant
element. It is primarily extracted from minerals called bastnasite and monazite, which
contain a specific amount of REE. Nd beneficiation is a relatively recent and complex
metallurgical process. The initial beneficiation steps involve physical separation
techniques such as flotation, gravity separation, and magnetic separation, followed by

chemical processes like acid leaching, solvent extraction [7, 8].
Important physical properties of Nd are listed in Table 1: Neodymium properties.

Table 1: Neodymium properties

Atomic number 60
Atomic mass 144.24g/mol
Density 7.01 g/cm3
Melting point 1024°C
Boiling point 3074°C

Due to its strong metallic bonding, Nd exhibits high thermal and chemical stability at
elevated temperatures. Its relatively high density, melting point, and boiling point
contribute to its suitability in demanding processes such as metallurgy, electrowinning,
and the production of high-performance permanent magnets. These properties ensure

that Nd can maintain structural integrity and reactivity under harsh industrial conditions.

2.1.2. Importance and Applications
Nd is widely used in various high-tech applications due to its exceptional magnetic and

optical properties:



e Neodymium-Iron-Boron (NdFeB) Magnets: Used in electric vehicle (EV) motors,
wind turbines, hard disk drives, and high-performance motors.

e Optical and Laser Technologies: Found in Nd:YAG lasers for medical
procedures, material processing, and fiber optic communication systems.

e Glass and Ceramics: Used for coloration in high-quality optics, sunglasses, and
protective welding goggles.

e Metal Alloys: Strengthens steel and aluminum alloys in aerospace and structural

applications.

2.1.3. Global Production and Market Trend
As shown in Figure 1, China accounts for 85% of global Nd production, and it remains
the center of Nd research. Other notable producers include the United States, Australia,
Myanmar, and Russia [9]. In parallel, the growing demand for electric vehicles and
renewable energy technologies has led to an annual growth rate of 8-10% in Nd
consumption. Price fluctuations between $50,000 and $250,000 per metric ton, and are

influenced by supply chain constraints and geopolitical factors [10].

Mine production of rare earths worldwide in 2024, by leading country (in metric
tons REO)

Neodymium oxide price worldwide from 2009 to 2020 with a forecast for 2021 to
2030 (in U.S. dollars per metric ton)

Figure 1: (a) Leading Countries in rare earth mine production in 2023 Global (data
retrieved from [9]), (b) Neodymium oxide (REO) price forecast (2009—-2030) (data
retrieved from [10])

For comparison, copper is an essential industrial metal, which is right before Nd
regarding its abundance, with prices around $9,600 per metric ton. This makes Nd
roughly 8 times more expensive than copper, reflecting its specialized applications and

limited availability.

2.2 Molten salt electrolysis
Electrolysis is the electrochemical process where a non-spontaneous reaction is driven
by the applied voltage. When the electric current passes through the electrolyte, ions in
the electrolyte migrate to respective electrodes, where the cation is reduced at the

cathode (negative electrode), and the anion is oxidized at the anode (positive electrode).
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Electrolysis can be classified into two main types: aqueous electrolysis and molten salt

electrolysis.

Aqueous electrolysis

This method is used when the element being reduced or oxidized has a relatively
higher electrochemical potential than water, allowing the reaction to take place in
an aqueous solution, where water remains thermodynamically stable. However,
this is generally true under standard ideal conditions. In practice, conditions can
be adjusted to manipulate the overvoltage and allow the deposition of metals with

lower redox potentials than hydrogen.
Molten salt electrolysis

In molten salt electrolysis, water is absent, and only metal cations and nonmetal
anions from the molten salt participate in the electrochemical reactions. This
method is particularly suitable for metals with reduction potentials relatively lower
than that of water, as aqueous electrolysis becomes impractical under these

conditions.

The electrochemical potential of a species refers to the potential energy that drives its

movement during a redox process. The reduction potential of metals compared to

hydrogen determines whether they can be reduced in an aqueous or molten salt system.

Metals with higher reduction potentials than hydrogen (E° > 0.00 V) can be reduced in

aqueous solutions, whereas those with lower reduction potentials (E° < 0.00 V) favor

hydrogen evolution. Molten salt electrolysis is essential for extracting highly reactive

metals like Al and Nd, which have highly negative reduction potentials.



Table 2: Standard reduction potential

Reduction reaction | Standard electrode potential (E°) (V)
Agr+e - Ag 08
Fe3* +e - Fe* 0.77
Cu* + 2e~ - Cu 0.34
2H* + 2e” > H: 0
Ni?* + 2~ - Ni 0.25
Fe* + 2e” - Fe -0.44
Zn* + 2e" - Zn -0.76
AP + 3e™ - Al -1.66
Mg* + 2e” ~ Mg -2.37
Nd* + 3e" - Nd 243
Ca* +2e - Ca 287
Ba* + 2e” - Ba 29
Li* + e — Li 305

2.1.1 State of art - Aluminum molten salt electrolysis
In the Al production industry, the Hall-Héroult process is the final step of the Al purification
process. Since Al has a significantly more negative reduction potential than hydrogen,

aqueous electrolysis is unsuitable for the electrodeposition of Al.

Alumina (Al>O3) is produced from the Bayer process, where impurities are removed from
bauxite. Since AlOz has a very high melting point (2072°C), it is dissolved in molten
cryolite (typically NasAlFs), which lowers the operating temperature to around 950-
1000°C [11]. The electrolysis is conducted in a carbon-lined cell, where electrodes are
also made of carbon, as shown in the simplified Hall-Héroult cell in Figure 2. The carbon
cathode is located at the bottom of the cell, whereas the carbon anode is suspended in

the molten electrolyte.
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Hall-Heroult Cell
(Simplified cross section)
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Figure 2: Hall-Héroult cell simplified (Source of the illustration [12])

The system's principle is that Al,Os3 is reduced at the cathode, while oxide ions migrate
to the anode and are released as oxygen gas. The corresponding reactions are shown
in Reaction (1) and Reaction (2). However, behind this process lies a more complex
series of reactions. The Al,O; dissolves into the electrolyte to form Al oxyfluorides, which

then undergo oxidation at the anode.
Cathode: AI3* + 3e™ = Al (1)
Anode: 20%" = 0, + 4e” (2)

While the Hall-Héroult process produces aluminum with a purity of about 99.5%, it also
generates significant carbon emissions (CO, and CO) due to the consumption of carbon

anodes, raising environmental concerns.
C+ %0, = CO (4)

Moreover, undesirable side reactions between the cryolite electrolyte and the carbon
anode result in the formation of PFCs, such as CF, and C,F, according to Reaction (5)

and (6), which are potent GHG contributing to global warming [13].
Na3;AIF, + 34 C = Al + 34CF, + 3 NaF (5)
Na3AIF6 + C = Al + ]/ZCZFG + 3 NaF (6)

According to Global Warming Potential (GWP) values, CF, has a GWP of approximately
6500, and C,F¢ has a GWP of around 9200 over a 100-year time horizon, making them
significantly more potent GHG than CO, [14].
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In response to these concerns, there has been growing interest in developing inert
anodes for Al electrolysis. Inert anodes significantly reduce harmful emissions by
eliminating the consumption of carbon anodes, which are a major source of CO,, CF,
and C,Fs. While carbon anodes are consumable and increasingly expensive in terms of
raw materials and production infrastructure, the economic viability of inert anodes
remains under evaluation. Challenges such as higher cell voltages and the loss of heat
from C oxidation may increase operational costs. Nonetheless, inert anodes offer
promising environmental advantages and the potential for long-term sustainability in the

aluminum industry [15].

Proposed inert anode: Cermet anode

Cermet anodes, which combine a metal matrix with ceramic materials, have emerged as
a viable solution. In terms of metallic properties, cermet material has good thermal and
electrical conductivity, which allows accelerating the electrolysis process. On the other
hand, cermet has good thermal resistance and a wide range of electrochemical stability.
However, cermets also face challenges such as poor thermal shock resistance,
brittleness, and potential degradation under fluctuating thermal or electrochemical
conditions, which can limit their longevity and mechanical reliability during industrial
operation [16].

NiFe,0,4-based inert cermet anodes have been extensively investigated for Al molten
salt electrolysis due to their favorable corrosion resistance and electrical properties.
According to Olsen and Thonstad [17], in Al molten salt electrolysis, NiFe,O,-based inert
cermet anodes were investigated in a NaF/AlF;-based electrolyte with varying metallic
phase additions (0%, 17%, and 23%). Among the metallic components, Ni exhibited
significantly lower dissolution into the electrolyte compared to Cu and Fe, which was
attributed to its lower mass transfer coefficient. Furthermore, due to the NiO activity being
less than unity, the activity of Fe;O, becomes relatively higher, potentially leading to an
increased rate of Fe dissolution from the anode into the melt. The authors proposed that
the corrosion of cermet anodes in cryolite-based melts is primarily governed by a mass

transport-controlled mechanism [17] [18].

Further investigations revealed that under an argon atmosphere, the spinel phase
dissolved, NiO was reduced, and metallic Ni accumulated at the anode surface. Notably,
variations in cermet ratios or alumina content did not significantly influence degradation

behavior, which followed a similar path in all tested cases [19] [20].
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Corrosion behavior

Nickel ferrite (NiFe,0,) also exhibits notable electrical conductivity, but during
electrolysis, Fe3* ions in its structure are more susceptible to corrosion by the molten salt

electrolyte. A proposed chemical corrosion reaction by He [21] is shown in Reaction (7).

NiFe,0, + 2AIF; — NiO + 2FeF; + Al,0; (7)

In practice, NiFe,O, demonstrates slight chemical solubility in cryolite melts; for instance,
approximately 0.18% NiO was reported to dissolve in a melt containing 5 wt% Al,O3 and
0.003 wt% Fe,0;. Under electrochemical conditions, the anode may also undergo the

following Reaction (8), according to He [21]:

2Al + NiFe,0, - NiAl,0, + 2Fe (8)

The development of inert anodes in Al electrolysis offers valuable insights for other high-
temperature molten salt systems, including neodymium electrolysis, which presents its

unigque challenges.

2.1.2 Neodymium molten salt electrolysis
Electrowinning, or molten salt electrolysis, is the predominant industrial method for
extracting rare earth metals from their oxides. In this process, only the oxide species
dissolved in the molten salt undergoes electrochemical reduction, making the solubility
of the oxide in the electrolyte a critical factor for process efficiency [22]. A typical
electrowinning cell for Nd consists of a tungsten or molybdenum cathode and a carbon

anode. The electrochemical reactions for Nd,O; electrolysis proceed as follows Reaction

(9)

Cathode: 2Nd,0; + 12e~ — 4Nd + 60%*" 9)
Anode: 3C + 60* - 3C0, + 12e” (10)
Overall: 2Nd,03; + 3C = 4Nd + 3CO, (11)

This process typically operates at cathodic current densities exceeding 1 Acm™ and a
cell voltage of around 3.6 V. The dominant overpotentials are due to ohmic resistance in
the electrolyte and the anodic overpotential associated with CO, gas evolution. By
contrast, the cathodic overpotential remains low, attributed to the high exchange current

densities associated with Nd metal deposition [23].
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Inert anode characteristic

Cermet materials have been identified as promising candidates for inert anodes. Inert
anode investigation and research are mostly focusing on nickel ferrite spinels (NiFeOa)
addition of Ni, which is a good corrosion-resistant cermet material. Among various
sintering methods, this study focuses on conventional sintering and spark plasma

sintering (SPS) techniques.
1. Conventionally sintered anode

A conventionally sintered anode, also known as powder-sintered, is fabricated using
solid-state sintering, which relies on diffusion-driven particle bonding at high
temperatures. This method is widely used for ceramic and metal-oxide-based anodes
due to its ability to produce dense, thermally stable structures with controlled porosity

and grain growth.

The powders were thoroughly mixed with a small amount of organic binder, then

uniaxially pressed and sintered in an inert atmosphere.
2. SPS anode

Spark plasma sintering, also known as Field-Assisted Sintering Technique (FAST) or
Pulsed Electric Current Sintering (PECS), is a modern sintering method used to produce
dense materials such as metals, ceramics, and composites. In this process, powdered
material is placed in a graphite die and exposed to both uniaxial pressure and a pulsed
direct current under vacuum or an inert atmosphere. The electric current causes rapid
internal heating, allowing the sample to reach high temperatures in a very short time—
often within minutes. This combination of fast heating and applied pressure promotes
efficient densification of the material while limiting grain growth, which is important for

maintaining fine microstructures [24] [25].

During sintering, Fe,O; and NiO undergo solid-state reactions forming a range of mixed
oxides and alloys such as Ni,Fe (a nickel-iron alloy), Ni,Fe;_,0, (a non-stoichiometric

spinel), and Ni,Fe;_, 0 (solid solutions), as shown in Reaction (12).

Fe,0; + NiO = Ni,Fe;_,0 + Ni,Fe,_,0 (12)
Fe + Fe;04 + NiO = NigFe,_y + NiyFe;_40, + NigFe;_,0 (13)
Ni + NiFe,0, + NiO = Ni,Fe,_, + Ni Fes_,0, + Ni,Fe,_,0 (14)

Electrolyte characteristic

In molten salt electrolysis, alkali and alkaline earth metal salts are commonly used as

electrolytes because of their excellent stability and conductivity. One of their most
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important features is their wide electrochemical window, which refers to the range of
voltage where the electrolyte itself remains stable and doesn’t undergo unwanted
reactions. This means the salt components don’t get reduced at the cathode or oxidized
at the anode under normal operating conditions. This stability is largely due to their very
negative Gibbs free energies of formation, making them hard to reduce and highly
resistant to oxidation. In addition to this, these salts offer good thermal stability at high
temperatures and high ionic conductivity, thanks to their strong dissociation in the molten
state. Altogether, these properties make alkali and alkaline earth metal salts ideal for

high-temperature electrochemical processes like neodymium electrowinning [26].

However, these electrolytes also present certain limitations. Their high melting points
demand substantial energy input to achieve and maintain the molten state. Additionally,
the solubility of metal ions in these salts is often limited, restricting the efficiency of
electrochemical processes. Molten fluorides are also highly corrosive, posing
challenges to the durability and selection of construction materials used in electrolysis

cells.

The NdF;—LiF binary phase diagram exhibits a eutectic behavior at 1 atm, with a eutectic
temperature of approximately 800 °C. While pure NdF; melts above 1400 °C, the addition
of LiF (melting point: 845°C) significantly lowers the melting point. The eutectic
composition is around 52:48 mol% NdF;:LiF, corresponding to the lowest melting

temperature in the system, as shown in Figure 3.

However, this eutectic composition does not provide sufficient Nd,O; solubility for
efficient electrolysis. To enhance the dissolution of Nd,O; and maintain a higher
concentration of electroactive neodymium species, NdF; is typically added in excess,
often up to 85 wt%, shifting the composition away from the eutectic but optimizing for
oxide solubility and electrochemical efficiency [27]. At this composition (85:15 wt%
NdF3:LiF), the minimum temperature required to keep the electrolyte fully molten is
approximately 1100 °C, based on Figure 3. This operating temperature is also slightly
above the melting point of Nd metal (1024 °C), enabling the electrodeposited Nd to

remain in liquid form and be efficiently collected during electrowinning

15



NdF; - LiF

1atm thtiage’"

1500 T T T T T T

1400
1300 +
1200 | Saitliquid

1100 /
P

1000

T(©)

" NdF, + Saltiquid
s00 |-

L + Saltligud ~—  ——————_
800 -

700 -

LiF + NdF;

500

1 1 1 1
Q 0.2 0.4 0.6 08 1

NdF,/(NdF+LiF) (g/g)

Figure 3: Binary Phase Diagram of the NdF;—LiF System. Generated by FactSage 8.3.

The NdF;—LiF system is preferred in Nd electrolysis due to the following advantages [26]:

Thermodynamic stability: Fluoride-based melts, especially those containing NdF;
and LiF, provide a wide electrochemical window because of their strongly
negative Gibbs free energy of formation, ensuring the electrolyte remains stable
during electrolysis [22].

Reduced operating temperature: Adding LiF significantly lowers the melting point
of the mixture, enabling operation at temperatures around 850-900 °C, which is
more energy-efficient compared to using pure NdF.

Improved ionic conductivity: LiF also reduces the melt's viscosity, which facilitates
better ion transport and enhances the overall conductivity of the electrolyte.
High Nd,O; solubility: Compared to other fluoride systems like cryolite (NazAlF),
the NdFs;-LiF mixture offers significantly higher solubility for Nd,O3, making it

more suitable for efficient oxide feeding and consistent metal deposition.

Nd,O5 Solubility

The solubility behavior of Nd, O3 in various fluoride-based molten salt systems has been

extensively studied due to its significance in rare earth electrochemical processes. Guo

et al [28] summarize the previous studies on the solubility of Nd,O; in LiF—MgF,/CaF,

and LiF-MgF,—CaF,/BaF, melts, as well as that of a series of rare earth oxides (REOS)
in 81LiF-15MgF,—4BaF, at 1000 °C. Their findings revealed that the chemical interaction

between Nd,O; and LiF was relatively weak. Rather than forming strong bonds with the
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oxide, LiF primarily acted as an additive to lower the melting point and enhance ionic

conductivity.

Complementary to this, Wu et al. [28] measured Nd,O; solubility over a temperature
range of 800—900 °C in a LiF—NdF;—BaF, ternary melt. Based on their experimental data,
they developed a regression equation to quantitatively describe the dependence of
Nd,O; solubility on both temperature and the compositions of LiF and BaF,. Their model

provided a predictive tool for solubility trends in these types of systems.

Hu [29] offered a more mechanistic perspective, exploring how both temperature and the
composition of NdF; in LiIF-NdF3 binary melts affect the solubility of Nd,O;. He proposed
that the dissolution of Nd,O; in the melt involves the disruption of the solid's long-range
order through interactions between oxide ions (O27) and neodymium fluoride complexes,
particularly [NdF¢]3~ and [NdF,]™. These interactions facilitate the formation of oxyfluoride
species, with complexes like [NdOF,]3~ and [NdOFs]*", as well as [Nd,OF,,]®” and
[Nd,OFg]*, being the most probable candidates.

Nd,0; + NdF; + 3(x — 1)LiF = 3NdOF™ ™M™ 4+ 3(x — 1)Li* (15)

The reaction illustrates that LiF primarily functions as a fluoride ion donor, while Nd3*
ions from NdF; actively support the dissolution process. Hu et al. [30] emphasized that
increasing NdF; content in the melt enhances the formation of Nd—F complexes, which
in turn promotes Nd,O; solubility—a conclusion that aligns with the findings of
Stefanidaki et al [31] [32] and supports the broader understanding of rare earth oxide
dissolution in fluoride melts. Adding more rare earth fluoride helps rare earth oxides
dissolve better, and this likely works the same way for most rare earth elements. [28]
[32].

Dissolution mechanism

Different mechanism pathways have been proposed for the dissolution and
electrochemical conversion of neodymium oxide in fluoride-based melts. One
mechanism based on Raman spectroscopy studies was suggested by Stefanidaki et al.
[32], who identified the presence of Nd3**in fluoride mixtures primarily as [NdFg]J3"
complexes. In the LiF—CaF,—-NdF; molten salt system, the electrodeposition of
neodymium occurs via the reduction of these [NdF4]3~ species at the cathode, resulting

in metallic neodymium deposition. This mechanism is supported by bulk electrolysis
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experiments using a nickel cathode, where intermetallic phases such as NdNi, Nd,Nis,
and Nd;Ni;; were observed, confirming neodymium's electrochemical reduction [31].
Upon addition of Nd,O; to the melt, it reacts with excess fluoride and [NdF¢]3~ to form
oxyfluoride species like [NdOFs]*". Even though the system's general behavior stays the
same, another neodymium complex, [NdOF;]*~, might get involved in the reduction
process under certain conditions. However, [NdF¢]3~ is still the main ion responsible for

the electrochemical reaction [33].

W-Cathode

m Electrolyte (NdF,-LiF)
A

Figure 4: Dissolution and reaction mechanisms of the neodymium oxide electrolysis
(Source of the illustration [4])

This understanding of the mechanism aligns with the pathway summarized in the review
by Vogel [4], illustrated in Figure 4 where Nd,O; reacts directly with [NdF¢]3~ and free
fluoride ions to form [NdOFs]*", as shown in Reaction (16). In a typical LiIF—-NdF; melt
(85:15 wt%), the [NdOFs]*~ complex undergoes anodic oxidation, releasing oxygen gas
and generating Nd3* ions that are subsequently reduced at the cathode to form Nd°,

shown in Reaction (17) and (18)(19) respectively.

Dissolution: Nd,05; + [NdF¢]®~ + 9F~ — 3[NdOFs]*" (16)
Anodic reaction: 3[NdOFs]* - 1.50, + 3Nd** + 15F + 6e” (17)
lon dissociation: [NdF¢]*~ = Nd3* + 6F~ (18)
Cathodic reaction: 2Nd3** + 6e~ — 2Nd° (19)
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These reaction pathways highlight the critical role of complex ion formation in increasing
the solubility and electrochemical mobility of Nd species in the melt, thereby enhancing
the efficiency of the electrowinning process. While other pathways involving
intermediates such as NdOF and NdO* have been proposed [34] [35] [36], the
mechanism summarized by Vogel [4] remains a useful reference due to its clear

presentation and practical relevance to industrial electrolytes.

Understanding these reaction pathways is essential for optimizing electrolyte
composition, minimizing corrosion, and improving the overall efficiency and sustainability

of Nd electrowinning.

3. Material and method

3.1 Material

The experiments were conducted using different compositions of fluoride—oxide molten
salt electrolyte system consisting of NdF; (>99,5%, Ganzhou Wanfeng Adv. Materials
Tech. Co., Ltd.), LiF (97%, Thermo Scientific), and Nd,0O; (>99,9%, Ganzhou Wanfeng

Adv. Materials Tech. Co., Ltd.) which served as a source of neodymium for experiments.

The inert anodes under investigation included nickel ferrite-based anodes (NiFe,0,),
where its composition was varied in the experiment. Anodes were prepared via a two-
step sintering method using NiO (99%, Thermo Scientific), Fe>.Os (98%, Thermo
Scientific), and Ni (99.8%, Thermo Scientific). NiO and Fe»O3; were first sintered

conventionally at 1200°C in air using 4% polyvinyl alcohol (PVA) solution as an organic

binder to obtain NiFe>O4 and NiO containing ceramic phase. Afterwards, metallic Ni was

added to the ceramic powder containing NiFe204-Ni to produce final cermet anodes.

During the second sintering step, anodes were fabricated using both spark plasma
sintering (SPS) and conventional sintering methods. The SPS-anode was sintered with
a constant composition of 80(85NiFe,0,4-15NiO)-20Ni at 950°C for 10 min sintered in

vacuum under 80 MPa in a cylindrical die with a diameter of 20 mm and a height of 10
mm. SPS-sintered anodes were cut in half for immersion tests, which had a semi-

cylindrical shape, weighing approximately 10 g.

Conventional sintered anodes were prepared with varying nickel contents (10, 20, 30,
40, and 50 wt%) and produced at 1200 °C for 2 h in an Ar atmosphere. Initially, elongated
samples were fabricated and subsequently cut into smaller pieces with a height of 10 mm

to obtain uniform anode specimens. The resulting anodes had a rectangular
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parallelepiped shape with a square base of approximately 5 mm on each side and a
height of 10 mm, weighing approximately 2 g. The dimensions of both types of anodes

are shown in Figure 5.

Figure 5: Dimensions of inert anodes a) SPS-sintered anode, b) conventionally sintered
anode

To evaluate anode corrosion, an immersion test is conducted. Since no external current
is applied, the test focuses entirely on the material’s natural corrosion behavior, without

interference from electrochemical reactions caused by an applied voltage.

Figure 6: a) Graphite crucible b) Boron Nitride crucible

The electrolyte pre-melting and immersion tests were conducted using a graphite and
BN (SITUS Technicals) crucibles with an outer diameter of 60 mm, an inner diameter of

50 mm, an outer height of 70 mm, and an inner height of 65 mm, shown in Figure 6.

3.2 Method

3.2.1 Immersion test
The immersion test is one of the practical tests to determine corrosion of the material of
interest and the liquid or molten medium under specific operating conditions. Without any
applied current, the test purely evaluates the corrosion of the material rather than

electrochemical degradation caused by an external potential [37].

Since no current is applied, the maximum possible corrosion of the anode is observed in
the immersion test due to the absence of a protective oxide layer in the electrolysis
process. At the anode, oxidation occurs, the oxygen gas is released, and it reacts with

the anode, forming a passivation layer during molten salt electrolysis. This passivation
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layer slows down further corrosion by creating a barrier between the molten salt and the

anode material [38].

For the pre-melting stage, NdF;, LiF, and Nd,O; powders were accurately weighed
based on the target composition to obtain a total mass of 200 g and were subsequently
homogenized by thorough mixing. In the investigation of different anode materials, the
electrolyte composition was kept constant at 2 wt% Nd,O3, 83.3 wt% NdF3, and 14.7
wt% LiF. To study the effect of electrolyte composition, the NdF;—LiF weight ratio was
systematically varied as 45:55, 55:45, 65:35, 75:25, and 85:15 (wt%), with no addition
of Nd,O3. Furthermore, to evaluate the influence of Nd,O3; concentration on corrosion
behavior, its content was varied at 0, 0.5, 1.0, 1.5, and 2.0 wt% while maintaining a
fixed NdF;:LiF ratio of 85:15 (wt%). The mixture in the graphite crucible was dried at
110°C for 24 hours to remove any residual moisture and pre-melted in a chamber
furnace (HTK 25GR/25-2G, Carbolite Gero) at 1100°C for 2 h under an Ar atmosphere

to reduce the powder volume.

200 g of molten salt mixture was used to submerge the inert anode specimen in a
graphite crucible for the immersion test. This setup was placed in a chamber furnace
and held under an Ar atmosphere. The anodes were tested in the molten salt at

temperatures up to 1100 °C for a duration of 6 h.

3.2.2 Neodymium electrolysis
The salt mixture of 14.7 wt.-% LiF (97%, Thermo Scientific), 83.3 wt.-% NdFs (>99,5%,
Ganzhou Wanfeng Adv. Materials Tech. Co., Ltd.), and 2 wt.-% Nd.Os (>99,9%,
Ganzhou Wanfeng Adv. Materials Tech. Co., Ltd.) was dried at 110 °C for 24 h and then
melted in a chamber furnace (HTK 25GR/25-2G, Carbolite Gero) at 1100 °C for 2 h under

an Ar atmosphere for the volume reduction of the powder.

The 1.2 kg of crushed pre-melted electrolyte was first placed into a smaller carbon
crucible (outer diameter of 70 mm and an inner diameter of 50 mm). Additionally, a
molybdenum crucible was positioned beneath the cathode rod to collect the deposited
liquid metallic neodymium. To prevent potential leakage of the molten electrolyte, this
crucible was placed inside a larger protective graphite crucible (outer diameter of 100
mm and inner diameter of 80 mm). The graphite crucible assembly was then inserted

into a steel cell, providing a sealed reactor during the high-temperature process.

For the electrowinning process, a tungsten rod cathode (diameter of 3 mm), a
conventionally sintered inert anode (a sample with a 5 mm square base and 65 mm

height) containing 30% Ni, and a tungsten wire reference electrode (diameter of 1 mm)
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were employed. All electrodes were enclosed in alumina tubes for insulation. In addition
to the primary temperature monitoring, three thermocouples were attached to the lid of
the setup to measure the off-gas temperature, the temperature around the lid, and the
adjustable temperature within the electrolyte, using a type K thermocouple housed in a

6 mm steel sheath. Before electrolysis, all components were thoroughly dried. The

positioning of the electrodes and thermocouple is shown in Figure 7.
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Figure 7: Electrode setup mounted on the lid of the electrochemical cell, showing the
cathode, reference electrode, anode, and thermocouple before electrowinning.

Before electrolysis, the cell was evacuated to create a vacuum and remove air. It was
then purged with Ar four times to ensure complete air removal. The electrolysis was
performed at 1070 °C for 2 hours in a resistance furnace. The furnace was preheated to
1070 °C before electrode insertion. To ensure safe operation, the lid, upper cell
components, and related fittings were continuously cooled. An Ar gas flow of 120 L/h was

maintained throughout the experiment.

The electrodes were immersed in the molten electrolyte. After 2 h, the electrodes were
lifted to prevent them from solidifying inside the electrolyte. In Figure 8, the Nd

electrowinning cell set is shown.
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Figure 8: Neodymium electrowinning: a) Cell setup with lid and components, b) Inside
the cell — carbon crucible containing pre-melted electrolyte
The composition of the off-gas was continuously monitored using Fourier-Transform
Infrared Spectroscopy (FTIR) (Matrix-MG2, Bruker), which measured CO, CO,, CF,,
C,Fs, HF, and H,O. The electrowinning was powered by a DC rectifier. Off-gases were

filtered and washed through a sodium hydroxide (NaOH) solution for neutralization.

3.2.3 ICP-OES measurement
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) is an analytical
technique used to determine the composition of specific elements in a sample. The
method utilizes extremely hot plasma (Ar plasma) to excite atoms and ions. As electrons
transition from their excited state back to lower energy levels, they emit photons at
characteristic wavelengths. These wavelengths are detected and, after calibration with
known element concentrations, the emission intensity is measured to quantify the
elements present. This technique enables the highly accurate detection of trace
elements. ICP-OES samples are introduced in an aqueous solution with appropriate

dilution to ensure precise measurements [39, 40].

After the immersion test, the electrolyte was analyzed using ICP-OES (Agilent 725-ES,
Varian) to determine the concentrations of Nd, Ni, Fe and Li. A solidified electrolyte was
milled in a disc mill for 2 min and dissolved in HCI for microwave leaching before analysis.
8 M HCI was used as a lixiviant, which was prepared from concentrated HCI (37 wt%,

VWR Chemicals). A 0.2 g powder sample was dissolved in 15 mL of lixiviant.

The results indicate the extent of anode dissolution in the electrolyte, providing insight

into its inertness.
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3.2.4 SEM/EDX measurement
Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM/EDX)
is a surface analytical technique that scans a sample’s surface using a focused electron
beam. This interaction generates signals due to electron-atom interactions, producing

high-resolution images of the sample at the microscopic level.

During the measurement, atoms are excited by an electron beam and emit their
characteristic X-rays for each element. The EDX system detects these X-rays, identifies
their energy, and quantifies elements present in the sample. This method is particularly

useful for determining corrosion depth and analyzing anode dissolution [41, 42].

After the immersion tests, the anode was carefully separated from the solidified
electrolyte using a chisel and a rubber hammer. The sample was then cut cross-
sectionally and embedded in PolyFast—a phenolic resin with graphite filler—using a hot
mounting press at 170 °C and 200 N pressure. PolyFast was selected due to its low
shrinkage and high electrical conductivity, making it suitable for SEM analysis. After
embedding, the samples were ground with SiC paper under water cooling and polished
using DiaDuo diamond suspensions (9 um, 3 um, 1 pm) stepwise, which contain
monocrystalline diamonds in a water-based solution. Prior to SEM examination, the
polished sample surface was sputter-coated with a thin layer of Au to improve

conductivity and image resolution.

SEM-EDX analysis was conducted using an Ultra55 (Zeiss) microscope to evaluate
surface morphology and elemental distribution. Corrosion zone depth was manually
approximated using the SEM software’s cursor tool. Total corrosion depth was
determined from EDX line scan data, calculated as the distance between the point where

Nd content significantly decreased and the point where Ni was first detected.

Three EDX line scans were performed along the upper middle region of the sample, and
the average of these measurements was used to improve accuracy. In addition, EDX
spot analyses were carried out to determine the elemental composition at selected
phases. Elemental ratios obtained from these spot analyses were used to identify the
phases present. Understanding these phases provides valuable insight into the corrosion

mechanisms of the inert anodes.

3.2.5 XRD measurement
X-ray Diffraction (XRD) is an analytical technique used to identify the crystalline
structure, phase composition, and lattice parameters of materials. The working principle

is that the X-ray source produces X-ray radiation, which is directed at the sample, and
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X-rays interact with the crystal lattice. If the sample is crystalline, the atomic planes act

like mirrors, reflecting the X-rays at specific angles according to Bragg’s Law:

nA = 2dsinf

n = integer (order of reflection)

A = X-ray wavelength

d = interplanar spacing of the crystal lattice
0 = diffraction angle [43]

Diffracted X-ray intensity is recorded in the detector as a function of diffraction angle, 6.
The resulting XRD pattern (diffractogram) consists of characteristic peaks corresponding
to specific interplanar spacings in the crystal structure [44]. Each material has a unique
set of peaks, allowing phase identification by comparing the pattern to reference

databases such as the International Centre for Diffraction Data (ICDD).

A representative portion of the powder electrolyte was then placed into XRD sample
holders. To ensure a flat and level surface, the sample was gently pressed using a glass
plate with a flat surface, and excess material around the holder was cleaned. The
prepared sample was then analyzed using XRD to identify the phase composition in the
electrolyte. The results from XRD were analyzed using the Interfaith Center for
Sustainable Development (ICSD) database as a reference, and the peaks were

visualized in Origin software.

4. Result and discussion

This section presents the experimental findings on the corrosion behavior of nickel
ferrite-based inert anodes in NdF;-LiF molten salt. The results were structured into two
main parts: (i) the immersion test results, which evaluate the chemical stability of various
anode compositions, various electrolyte compositions as well as anode sintering
conditions, under no applied current, and (ii) the electrolysis performance of the
promising nickel ferrite-based anode. Key parameters such as corrosion depth, anode
dissolution, and post-exposure phase composition were analyzed to assess the

suitability of the tested anodes for application in the neodymium electrowinning.
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4.1 Immersion test result

4.1.1 Crucible: Boron nitride crucible vs Graphite crucible
Carbon is considered a strong reducing agent, particularly in high-temperature
processes where it reduces various metal oxides such as NiO, Fe, O3, and CuO to their
respective metals [45]. Therefore, graphite crucibles may not be ideal for the immersion
tests aimed at evaluating the corrosion behavior of NiFe,O,-based anodes. Dissolved
metal species may be reduced on the inner wall of the graphite crucible, altering the
actual corrosion results. For this reason, BN crucible was considered a potentially better

alternative due to its chemical inertness.

To evaluate this, both BN and C crucibles were tested under identical conditions. The
electrolyte used contained 2 wt% Nd,O3, 83.3 wt% NdF;, and 14.7 wt% LiF, and the
anodes were produced via SPS.

Table 3: ICP-OES results for electrolytes after 6 h immersion at 1100°C in graphite and
BN crucibles. Electrolyte composition: 2 wt% Nd,O3, 83.3 wt% NdF;, and 14.7 wt% LiF

Crucible | Measured Li % | Measured Nd % | Measured Ni % | Measured Fe %
C 421 51.01 0.025 0.055
BN 3.605 49,925 0.185 0.275

As shown in Table 3, there is a significant difference in the measured Ni and Fe
concentrations between the two crucibles. Given that both the electrolyte composition
and anode material were identical, the dissolved metal content should have been
comparable under constant conditions. However, when the graphite crucible was used,
the Ni and Fe concentrations were significantly lower. This is likely due to the reducing
nature of carbon, which promotes the reduction of dissolved metal ions on the crucible
wall, as shown in Figure 9a. In contrast, the BN crucible maintained higher metal

concentrations in the electrolyte, suggesting that reduction did not occur.
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Figure 9: Crucibles after a 6-hour immersion test at 1100 °C in an electrolyte composed
of 2 wt% Nd;O3, 83.3 wt% NdF;, and 14.7 wt% LiF. a) Circular patch observed on the
inner wall of the carbon b) Fractured boron nitride (BN) crucible

However, one drawback of using BN crucibles was noted after the test: the solidified
electrolyte adhered strongly to the crucible walls and could not be removed easily.
Despite attempts to dislodge it using a rubber hammer, the BN crucible broke due to its
brittleness, indicating that BN crucibles are single-use, shown in Figure 9b. The reason
for the adhesion is unclear, but it could be related to a possible reaction between the
crucible material and the molten NdF;—LiF electrolyte [46]. Some BN crucibles may
contain boron oxide impurities, which could potentially react with the melt and contribute

to the strong adhesion.
4.1.2 Anode: SPS condition

In this study, the behavior of SPS-sintered NiFe,O,—NiO—Ni anodes was evaluated in an
electrolyte composed of Nd,O3; (2 wt%), NdF; (83.3 wt%), and LiF (14.7 wt%) using
immersion tests. The sintering parameters, including temperature (950 °C, 1000 °C, and
1050 °C) and time (5, 10, and 20 minutes), were varied to investigate their influence on

anode performance.
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Table 4: SPS anode sintering condition and electrolyte composition

Anode Electrolyte
Number of .
. SPS Condition
experiments Ni NiO-NiFe204 | Nd20s | NdFs-LiF
Temperature | Time
1 950°C 5 min
2 1000°C 5 min
3 1000°C 10 min 20% 15%-85% 2% 85%-15%
4 1000°C 20 min
5 1050°C 10 min

SEM/EDX result

Corrosion behavior of the SPS-sintered NiFe,0,-NiO-Ni inert anodes was examined
after immersion in molten NdF;—LiF electrolyte. The corrosion depth was analyzed using
cross-sectional SEM imaging and EDX line scanning. It was measured at three distinct
positions from the top surface, with the region directly exposed to the electrolyte without
interacting with the carbon crucible providing an average depth considered as the

corrosion depth.
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Figure 10: Line scanning on post-anode surfaces at 100x magnification, sintered at a)
1050 °C for 10 min and b) 1000 °C for 5 min
Each corroded sample exhibited a layered structure comprising three distinct corrosion
zones, as shown in Figure 10. These layers were distinguished based on microstructural
contrasts in SEM and variations in elemental composition detected via EDX. While all
samples revealed similar corrosion phases, their distribution and thickness varied with

sintering conditions.
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Figure 11: Backscattered (BSE) image of different zones of the anode sintered at
1000 °C/10 min after a 6 h immersion test at a magnification of 100x.

e Zone A: The outermost layer mainly consisted of metallic phases like the Ni-Fe
alloy, in which NdFs-LiF salts solidified in the pores. This zone reflects direct
interaction with the electrolyte and shows significant dissolution.

e Zone B: This zone contained a mixture of metallic NizFe and NdOy.¢,F1.66, and
FeNdOs, representing a transitional interface where partial conversion of oxides
occurred.

e Zone C: This region corresponds to the unreacted bulk of the inert anode,
containing a mixture of Ni-Fe alloy and NiFe,O, phases, preserving the integrity
of the original structure.
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Figure 12: Spot analysis of the post-anode sintered at 1050°C for 10 min at 1000x
magnification, indicating a) Electrolyte and Zone A regions, b) Zone B and Zone C
regions, c) Zone C region
In Figure 12a, the light-grey regions primarily consist of Nd containing phases such as
NdF3; and NdOy.¢,F;.66, While the darker grey areas correspond to the NisFe phases from
the anode material. At the interface between Zones B and C, as shown in Figure 12b,
Ni-Fe alloy phases were detected in both regions; however, the NdOy.4,F1.6¢ phase was

only observed in Zone B. This suggests that Nd penetrated the anode structure up to this
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boundary, marking the extent of its diffusion, referred to as the corrosion depth. In the
deeper region of Zone C shown in Figure 12c, the light-grey areas were enriched in Ni,
while the dark-grey regions were identified as NiFe,O,, the original ceramic phase of the

anode.

Based on the observed phase changes and elemental distribution, it can be concluded
that the NiFe,O, phase collapses or degrades upon interaction with the molten
electrolyte. This is supported by the absence of the NiFe,O, phase in the corroded
regions, where a Ni-rich zone was detected instead. The preferential degradation of the
NiFe,O, phase suggests its limited stability in the corrosive molten salt environment,

while the metallic phase remains stable in aggressive environments.

To further support the identification of corrosion zones and clarify elemental migration
during the corrosion process, EDX line scan analysis was performed across the anode

cross-section.
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Figure 13: SEM micrographs and EDX scan analyses of inert anodes at 100x
magnification. Sintering conditions of the anodes a) 7050 °C for 10 min and b) 1000 °C

for 10 min

Figure 13 presents EDX line scan data across the corroded anodes, showing the
elemental distribution along a cross-sectional line of the anode. Ni was detected
throughout the corrosion profile, with a constant signal intensity in Zone C, while Fe and
O signals notably increased in the transition from Zone B to C. Conversely, Nd
concentration was high in Zones A and B but dropped sharply in Zone C, indicating

limited penetration into the bulk structure.
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The presence of metallic Ni;Fe and oxyfluoride phases points toward a corrosion
mechanism that preferentially depletes oxygen and metal cations, leading to the

breakdown of the ceramic structure.

Corrosion depths were evaluated using both morphological and elemental
measurements. The measured corrosion depth was determined by manually measuring
the extent of Zones A and B on SEM images. The corrosion depth was defined as the
distance between the initial detection of Ni (marking metal-rich zones) and the decline in
Nd signal (indicating the corrosion front limit) in the EDX line. Measurements were taken
from three line scans spaced approximately 7 um apart, and the final corrosion depth

was reported as the average of these values

Table 5: Corrosion depth of SPS-sintered anodes after a 6-hour immersion test at
1100°C. Electrolyte composition: 2 wt% Nd.O3, 83.3 wt% NdF;, and 14.7 wt% LiF

Sintering condition | MERSIEE AP | 1ot gepin Total depth
TEMPSEE el Zone A | Zone B meai?TL\j;SeJZSfr?an]n)SEM E?DI(;(UIST:S z[loffrlr;

(°C) Time (min)

950 5 2115 608.2 839.5+6.6 805

1000 5 261.5 517.1 766.91 + 10.3 766.8
1050 10 111.6 608.2 694.14 £+ 15.3 719.8
1000 10 173.3 634.6 743.83 £4.3 790.3
1000 20 202.7 617 819.7+1.6 803.2

Table 5: Corrosion depth of SPS-sintered anodes after a 6-hour immersion test is
summarized in Table 5, where the measured and calculated corrosion depths for all
sintering conditions. The sample sintered at 1050°C for 10 min exhibited the lowest total
corrosion depth, suggesting enhanced corrosion resistance due to improved
densification and reduced pore connectivity. In contrast, the 950°C for 5 min sample
showed the deepest corrosion, attributed to insufficient densification and increased

surface area available for molten salt attack.

At 1000°C, holding time significantly influenced corrosion depth. The 5 min sintered
sample showed a relatively high corrosion depth, the lowest total corrosion was 766.8
um, likely due to insufficient grain growth and high surface reactivity. Prolonging the
holding time to 10 and 20 min slightly reduced corrosion resistance, possibly due to
abnormal grain growth or microcrack development, which allowed deeper melt

penetration. Although density was not directly measured in this study, longer holding
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times during sintering are generally known to promote densification and reduce porosity,
as reported in previous studies [47]. This densification may influence the corrosion
behavior of the anode material by altering electrolyte penetration and interfacial

reactions.
ICP-OES result

After the immersion test, the solidified electrolyte was milled, and samples were analyzed

using ICP-OES to quantify the concentrations of Li, Nd, Ni, and Fe in the electrolyte.

Table 6: ICP-OES results for electrolytes after 6 h immersion at 1100°C with anodes
sintered under different SPS conditions. Electrolyte composition: 2 wt% Nd O3, 83.3
wit% NdFs, and 14.7 wt% LiF

Sintering condition

NG _ Initial Li | Measur| Initial | Measure | Measur | Measur

Temperatur| Holding % edLi%| Nd% | dNd% |ed Ni% |ed Fe %

e°C time (min)

1 950 5 3.96 4.21 61.39 51.01 0.025 | 0.055
2 1000 5 3.96 4.09 61.39 | 48.835 0.03 0.06
3 1000 10 3.96 3.725 | 61.39 | 42.965 0.01 0.07
4 1000 20 3.96 3.86 61.39 38.72 0.01 0.05
5 1050 5 3.96 3.98 61.39 | 43.805 | 0.045 0.05

For the Li content, no significant change was observed compared to the initial
composition. This is expected, as Li primarily acts as a fluoride ion (F~) donor in the

molten salt and does not significantly participate in corrosion reactions.

In contrast, the Nd content showed a slight decrease after the immersion test. This trend
supports the earlier SEM-EDX analysis, which revealed Nd-containing phases such as
NdF; and NdOF infiltrating the anode. On the other hand, the leaching process was not

entirely successful, likely due to incomplete dissolution of the samples in acid.

Most notably, Fe was found in higher concentrations than Ni in all electrolyte samples.
The possible explanation is that Ni was reduced to its metallic form by the carbon
crucible, therefore remaining as solid metal instead of dissolving into the electrolyte. This

could explain the lower Ni content in the electrolyte.

XRD result

Figure 14 presents the XRD patterns of electrolytes collected after immersion tests using

SPS-sintered anodes. The dominant phases identified in all samples were LiF, NdF,
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and NdOy.¢,F;.66. Importantly, no crystalline phases containing Ni or Fe were detected.

This absence suggests that the Ni and Fe released from the anodes during corrosion did

not remain dissolved in the molten electrolyte, but were instead likely reduced and

deposited onto the graphite crucible wall.
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Figure 14: XRD patterns of electrolytes after 6 h immersion tests at 1100°C with SPS-
sintered anodes. Electrolyte composition: 2 wt% Nd;O3, 83.3 wt% NdF;, and 14.7 wt%

LiF
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4.1.3 Effect of varying Ni content in conventionally sintered anodes
To investigate the influence of Ni content on the corrosion behavior of the anodes, a
series of immersion tests were conducted using conventionally sintered anodes with
varying Ni concentrations: 10, 20, 30, 40, and 50 wt%. The elongated sintered anodes
were cut into 2 cm long segments for testing. The electrolyte composition was kept
constant at 85:15 wt% NdF;:LiF, and addition of 2 wt% Nd.Os for all experiments.

SEM/EDX result

All of the conventionally sintered anodes, regardless of Ni content, appeared quite
porous. As shown in Figure 15, the core of each anode was more porous than the outer
regions. This is most likely due to the shape and pressing process used before sintering.
Since the anodes were pressed into elongated shapes, the sides experienced more
pressure during compaction, resulting in a denser structure there. In contrast, the center
received less compression, leading to increased porosity. This uneven density is
common in conventionally sintered samples. It is important to note that in the initial (as-
prepared) anode material, no NiFe,O, or NiO phases were detected. Instead, only a
metallic Ni—-Fe alloy phase was present. This observation suggests that during the
sintering process, the expected oxide phases either decomposed or were reduced,
although the mechanism behind this transformation remains unclear. Interestingly, in
samples with a lower Ni content, residual oxide phases were still observable in the core
region. However, in samples with higher Ni content, these oxides were absent throughout

the entire structure.

Predominant pores
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Figure 15: Conventionally sintered anodes after 6 h immersion test using anodes with
a) 10% Ni content, b) 30% Ni content at 1100°C. Electrolyte composition: 2 wt%
Nd-O3, 83.3 wt% NdF3, and 14.7 wt% LiF
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After the immersion test, only the sample with 20% Ni showed visible electrolyte
penetration, shown in Figure 16. This was likely not due to chemical attack, but rather
due to high porosity. The increased porosity is attributed to the fact that this sample was
cut from the middle section of a longer sample, where densification may have been less

uniform.
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Figure 16: Electrolyte penetration observed in the conventionally sintered anode with
20% Ni content a) top-middle region, b) left side of the core.
No visible differences or distinct corrosion zones existed in any of the anodes under this
condition. However, slight electrolyte penetration (around 70 um) was observed in the
30% Ni anode shown in Figure 17. EDX spot analysis revealed that the light-gray and
white areas correspond to NdF; and NdOF phases, while the gray regions are the NiFe
alloy with a Ni/Fe atomic ratio ranging from 4.5 to 6.2. The darkest regions were identified
as pores. These phases were present before the immersion test, suggesting that they

were part of the initial structure and not the result of corrosion.
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Figure 17: 30% Ni anode (a) Top surface at 100x magnification; (b) Top-middle region
where the electrolyte penetrated the anode, at 1000x magnification

Varying the Ni content did not result in a clear difference in corrosion depth or the
formation of significantly different corrosion-related phases. This suggests that, under
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the tested conditions, the overall corrosion behavior of the conventionally sintered
anodes was not strongly influenced by Ni content alone.
ICP-OES result

ICP-OES was used to measure the concentrations of Li, Nd, Ni, and Fe in the electrolyte

after the immersion tests. The results are summarized in Table 7.

Table 7: ICP-OES result of electrolyte compaosition after 6 h immersion test using
anodes with different Ni contents at 1100°C. Electrolyte composition: 2 wt% Nd»Oj;,

83.3 wt% NdF3, and 14.7 wt% LiF

NG Ni Initial Li | Measure | Initial | Measure | Measure | Measure
content % d Li % Nd% dNd% | dNi% | dFe%

1 10% 3.96 3.88 61.39 48.64 <0.01 0.01

2 20% 3.96 3.95 61.39 36.27 <0.01 0.03

3 30% 3.96 3.91 61.39 57.8 0.01 0.01

4 40% 3.96 3.94 61.39 47.21 <0.01 <0.01

5 50% 3.96 3.96 61.39 46.13 <0.01 0.01

Both Ni and Fe concentrations in the electrolyte were very low (< 0.01%), suggesting that
the anode material remained stable and did not significantly dissolve during the
immersion tests. This indicates that the corrosion of the anodes was minimal, and the
dissolution of metal ions into the electrolyte was negligible under the given test

conditions.
XRD result
XRD analysis of the electrolyte after the immersion tests confirmed the presence of LiF,

NdF3, and NdOy.¢7F1.6¢ phases in all samples. No additional phases were detected from

the electrolyte after the 6 h immersion test.

The results indicate that varying the Ni content in the anode composition did not lead to
the formation of new phases, nor did it significantly affect corrosion behavior, as

evidenced by the stable Ni and Fe concentrations and consistent XRD patterns.
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Figure 18: XRD analysis of phases in electrolytes after immersion tests with anodes of
varying Ni content.

Within the tested range (10-50 wt%) variations in Ni content in conventionally sintered
anodes do not have a noticeable effect on corrosion in the 85:15 wt% NdF;:LiF
electrolyte. The anodes remained chemically stable, and no additional corrosion-related
phases were observed. From a theoretical standpoint, the lack of reaction is because Ni

and Fe are less active than Nd and Li. Their lower electrochemical reactivity means they
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are not easily fluorinated or oxidized in the NdF;—LiF melt [48]. The electrolyte conditions

are not enough to overcome the thermodynamic stability of Ni and Fe in this environment.

4.1.4 Effect of NdF;—LiF Composition

This section investigates the influence of electrolyte composition on the corrosion
behavior of the anode by varying the NdF;—LiF ratio, without adding Nd,Os. All
experiments were conducted using a conventionally sintered anode with the composition
80(85NiFe,0,—15NiO)-20Ni (wt%). Five different electrolyte compositions were tested:
NdF;:LiF mass ratios of 45:55, 55:45, 65:35, 75:25, and 85:15. These variations were
selected to examine how increasing NdF; content affects the chemical stability and
corrosion resistance of the anode under no applied current. The results provide insight
into the relative aggressiveness of each melt composition.

SEM/EDX result

In all tested NdF;—LiF compositions, the electrolyte was able to penetrate into the anode,
indicating significant chemical interaction between the molten salt and the anode

material.
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Figure 19: Top central regions of the anodes containing 20 wt% Ni after a 6 h
immersion test at 1100°C, shown at 100x magnification, in NdF;—LiF electrolytes of
varying mass ration of a) 45:55, b) 55:45, ¢) 65:35, d) 75:25, and e) 85:15.

However, for the electrolytes with NdF;:LiF weight ratios of 45:55 and 65:35, the SEM
images revealed no clearly defined corrosion zones on the top surface of the anode. This
lack of distinct zoning suggests that the anodes may not have been significantly
corroded, but rather, the observed microstructure could be a result of penetration due to
the high porosity of the anodes. Depending on where the samples were cut along the
elongated shape of the anode, the degree of penetration might vary, leading to a more

uniform microstructure across the cross-section.

In general, the anode sample showed a gradient of corrosion from the surface inward,
clearly shown in Figure 19 d) 75:25 wt% of NdF;—LiF. The outermost layer (Zone 1) was
the most affected, with a dark, layered appearance and possible microcracks. This layer,
in direct contact with the electrolyte and carbon crucible, underwent oxide dissolution
and reduction, leading to structural degradation. The middle zone (Zone 2) was brighter
and denser, indicating a transition region with partial reaction. The innermost area (Zone
3), however, contained no original NiFe,O, structure—only NiFe alloy remained. This
suggests that the electrolyte penetrated deeply into the anode and that any residual
oxygen, most of which had already been removed during sintering, was likely consumed
during the immersion test, potentially forming neodymium oxyfluoride (NdOF). This
progression shows a clear trend of corrosion, with the outer layer heavily affected, the
middle layer partially reacted, and the inner region chemically transformed into metallic

alloy and oxyfluoride phases.
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Figure 20: Anode after 6 h immersion test in NdF;:LiF (45:55 wt%) electrolyte, at 1000x
magnification: a) Top-middle section, b) Bottom-middle section.

As seen in Figure 20a, the top side of the immersed anode showed no clear signs of
corrosion or formation of new phases. In contrast, the bottom side (Figure 20 b) displayed
a darker gray region, indicating the formation of a NiFeC phase. This suggests that the
observed carbon most likely originated from the organic binder used during the
conventional sintering process. Since the image shows a cross-sectional cut, carbon
diffusion from the carbon crucible can be ruled out. Additionally, the presence of carbon
could also be attributed to contamination introduced during sample polishing, such as

from diamond paste.

ICP-OES result

The powder electrolytes were analyzed using ICP-OES to quantify the concentrations of
Li, Nd, Ni, and Fe in the electrolyte after 6 h immersion test.

Table 8: ICP-OES analysis of the electrolyte composition after 6 h immersion tests with
varying NdF;—LiF composition

NoO NdFs-LiF Initial Li % Measured| Initial |Measured|Measured|Measured
composition Li % Nd% Nd % Ni % Fe %

1 45:55 14.8 14.82 32.24 471 <0.01 <0.01

2 55:45 12.11 11.79 394 23.24 <0.01 <0.01

3 65:35 9.42 9.64 46.565 9.62 <0.01 <0.01

4 75:25 6.73 6.8 53.73 20.35 <0.01 <0.01

5 85:15 4.04 4.1 60.98 35.28 <0.01 0.01

From Table 8, the Ni and Fe concentrations in the electrolyte remained very low,
indicating minimal dissolution of the anode. Furthermore, the variation in NdFs—LiF

composition had little effect on the concentrations of Ni and Fe detected, suggesting that
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the electrolyte composition did not significantly influence the extent of anode dissolution
under the tested conditions.

XRD result

For XRD analysis, the phases present in the electrolyte were identified to understand the
chemical changes occurring during the immersion test. The results showed that all five
different NdF;-LiF composition electrolytes contained three common phases: LiF, NdFs,
and NdOy.¢7F1.66.
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Figure 21: XRD analysis of phases in electrolytes with varying NdF ;-LiF mass ratios
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The presence of the NdOy.4,F1.6¢ phase is particularly noteworthy. Since no Nd,O; was
added to the system, the formation of this phase indicates a chemical reaction between
NdF; and oxygen from the anode material. The amount of neodymium oxyfluoride
detected was relatively low (approximately 0—1%), supporting the interpretation that only

a small fraction of the electrolyte reacted with the anode-derived oxygen.

4.1.5 Effect of Nd203 addition
In this section, the effect of Nd,O3 addition on the corrosion behavior of the anode was
investigated at a constant electrolyte composition of 85:15 wt% NdF;:LiF. A
conventionally sintered anode with the composition 80(85NiFe,0,—15NiO)—20Ni (wt%)
was used for all experiments. Five different oxide dosages were tested: 0%, 0.5%, 1%,
1.5%, and 2% Nd,Os. The objective was to evaluate how varying Nd,O3 concentrations
influence the chemical stability and corrosion resistance of the anode in the molten

fluoride environment.
SEM/EDX result

The SEM images in Figure 22 show the central top regions of the anodes after immersion
tests with different Nd,O; additions. When no Nd,O; or just 0.5% was added, only a few
areas where electrolyte penetrated on the surface, indicating limited electrolyte
interaction. However, as the Nd,O; content increased, especially at 2%, a much more
noticeable white phase spread across the anode surface. This bright grey phase is NdOF
as it was confirmed through spot EDX analysis in Figure 23, where the presence of both

Nd and F increased with higher Nd,O3 content.
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a) Nd.O. 0%

Figure 22: SEM micrographs of the inert anodes after immersion in the electrolyte with
various Nd;O; additions, taken at 100x magnification a) 0 wt%, b) 0.5 wt%, ¢) 1 wt%,
d) 1.5 wt%, e) 2 wt%.
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Figure 23: Spot EDX analysis of the anodes after a 6-hour immersion test at 1100°C at
100x magnification. Electrolyte composition: NdF;-LiF 85:15 wt%, addition of Nd,O; a)
0.5 wt%, b) 2 wt%

Elemental maps along the red lines showed Figure 24 that Ni, Fe, Nd, F, and O were
evenly distributed, which means the electrolyte penetrated throughout the anode.
Interestingly, C was also detected, which wasn’t found in the SPS-made anodes. The
initially high carbon signal is attributed to the embedding resin used to fix the sample in
the solid matrix. Additionally, the uniformly distributed minor C peaks are likely due to

residual polyvinyl alcohol (PVA) binder used during the anode sintering process.
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Figure 24: SEM and EDX scan of the anode corroded in the electrolyte containing the
0.5% Nd;O; at 100x magnification. a) Top surface and b) right surface.

ICP-OES result

ICP-OES was conducted to assess the changes in electrolyte composition after 6 h
immersion tests, results shown in Ni concentrations remained below 0.01 wt% in all
cases, suggesting negligible dissolution of Ni into the electrolyte. Fe concentrations were
also low and showed no meaningful variation with Nd,O3; addition, indicating that the

corrosion of the anodes remained minimal across all tested compositions.

Table 9. Ni concentrations remained below 0.01 wt% in all cases, suggesting negligible
dissolution of Ni into the electrolyte. Fe concentrations were also low and showed no
meaningful variation with Nd,O; addition, indicating that the corrosion of the anodes

remained minimal across all tested compositions.

Table 9: ICP-OES analysis of electrolyte composition after 6 h immersion tests with

varying Nd;O; addition

NoO Nd203 Initial Li |Measured| Initial |Measured|Measured| Measured
addition % Li % Nd% Nd % Ni % Fe %

1 0% 3.96 4.08 61.39 35.09 <0.01 0.01

2 0.50% 4.02 3.95 61.767 32.46 <0.01 0.01

3 1% 3.99 3.89 61.14 44.16 <0.01 0.01

4 1.50% 3.97 4.26 61.265 24.78 <0.01 0.01

5 2% 3.96 3.95 61.39 36.27 <0.01 0.03
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XRD result

XRD results confirmed the consistent formation of LiF, NdF;, and NdOy.¢,F1.6¢ phases

in all electrolyte samples. The relative intensity of the NdOy.s7F1.¢6 phase increased

progressively with higher Nd,O; additions, estimated at approximately 0%, 2%, 3%, 5%,
and 6% for the 0%, 0.5%, 1%, 1.5%, and 2 wt% Nd,O; additions, respectively. This trend

suggests that Nd,Os; dissolution into the fluoride melt promotes the formation of

oxyfluoride species, contributing to the evolving phase composition of the system.
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Figure 25: XRD patterns of electrolytes with different Nd,O; contents.

4.2 Neodymium electrowinning

A neodymium electrowinning experiment was conducted for 2 h in an electrolyte
composed of 85:15 wt% NdFs;—LiF with added 2 wt% Nd,Os. A conventionally sintered
anode consisting of 70% (85NiFe,0,—15NiO) and 30% Ni was used.

Before initiating the electrolysis process, the melt was allowed to homogenize for
approximately 30 minutes after reaching the target electrolysis temperature. This waiting
period ensured that the melt composition and temperature were uniform, contributing to
the consistency and reliability of the electrolysis process. Shortly after initiating the
electrolysis process, an unexpected furnace shutdown occurred within the first 10
minutes. The issue was noticed immediately, and the furnace was promptly restarted.
During this unplanned interruption, the temperature dropped from 1050°C to

approximately 950 °C before stabilizing again.

After molten salt electrolysis, the solidified electrolyte was difficult to remove from the
graphite crucible. Therefore, the crucible had to be broken with a hammer to retrieve the
electrolyte.

- Ao

Yo,

———E Reference electrode

. SSS==  Cathode

Figure 26: After 2 h of electrolysis a) broken graphite crucible used in the experiment;
b) inert anode before electrolysis; ¢) post-electrolysis anode, cathode, and tungsten
reference electrode.
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FTIR analysis of gas evolution

FTIR spectroscopy was used to monitor gas emissions during molten salt electrolysis,
revealing a continuous and progressive release of H,O, CO,, CO, and HF throughout
the 2 h experiment. Notably, CF, and C,F¢ were not detected throughout the electrolysis,
suggesting that this Nd molten salt system—using a nickel ferrite-based anode—

operates without producing PFCs, unlike carbon anodes.

The gradual release of H,O likely originated from residual moisture in the electrolyte,
electrodes, and other cell components. Although all materials were pre-dried, it is
possible to have residual moisture. Additional moisture could have been introduced
during cell assembly. Moreover, although high-purity (6.0) Ar gas was used to maintain
an inert atmosphere, it contained trace amounts of moisture and oxygen. At elevated

temperatures, these traces gradually desorbed and were detected as water vapor.

Gas Emissions During Electrolysis
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Figure 27: FTIR analysis of gas emissions (H-O, CO_, CO, HF) during 2 h molten salt
electrolysis using a nickel ferrite-based inert anode.
The presence of CO and CO; is attributed to the oxidation of the carbon crucible and
graphite insulation. In the electrochemically active, high-temperature environment, C
readily reacts with available oxidizing agents. Trace oxygen in the system—either from
the Ar gas or generated anodically—can lead to full or partial oxidation, shown in
Reaction (20)-(21).
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C+0,-CO, (20)
1
C+50; - CO (21)

These reactions explain the simultaneous and increasing presence of both CO and CO..
As shown in Figure 27, CO, exhibited a relatively stable and gradually increasing trend,
indicating ongoing surface oxidation of the carbon crucible. In contrast, the CO signal
showed irregular behavior, with multiple jumps and drops throughout the experiment.
This instability suggests that the system was not in a fully stable state and that local
fluctuations in O availability, temperature, or reaction pathways likely influenced the

oxidation process.

HF emissions, detected in the range of 10-20 ppm, are due to moisture-induced

hydrolysis of fluoride salts, generating HF in Reaction (22).
H,0 + MF, - HF 4+ M(OH),_.F (22)

HF formation is thermally activated, and interestingly, during an unplanned furnace
shutdown within the first 10 minutes, both CO and HF signals dropped sharply. Although
HF is usually detected above 850 °C and CO even earlier, the observed drop during the
temperature decrease from 1050 °C to 950 °C suggests that higher temperatures

significantly accelerate the reaction rates and gas release.

In summary, the observed gas emissions are strongly linked to trace moisture and
oxygen contamination, along with the use of a carbon crucible under oxidative and high-

temperature conditions.
Cell voltage and temperature over time

In parallel with electrochemical measurements, temperature data were acquired using
an ALMEMO data acquisition system, which enabled high-resolution, time-synchronized

logging from multiple thermocouples embedded in the setup.

Although the furnace was set to maintain the molten salt at 1100 °C, the thermocouple
located approximately 5 cm above the electrolyte consistently measured a slightly lower

temperature of around 1070 °C. The thermocouple was initially immersed in the melt but
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was later lifted to prevent dissolution of its steel sheath in the corrosive environment. Due
to the limited availability of materials capable of withstanding the aggressive conditions
of molten salt at high temperatures, this adjustment was made to ensure the
thermocouple’s longevity. Throughout the electrowinning process, both the overall cell
voltage and the cathode potential (measured against a tungsten reference electrode)

were recorded in real time.
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Figure 28: (a) Lid and internal cell temperatures measured during electrolysis. (b) Cell
voltage and cathode potential vs. tungsten reference electrode over time
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As illustrated in Figure 28, the cell voltage remained relatively steady for the experiment,
showing a gradual rise and eventually peaking at 2.474V near the end. A brief
disturbance occurred between 0:05 and 0:15 hours, corresponding to a sudden furnace
shutdown followed by an immediate restart. This incident caused a sharp but short-lived

drop in both the cell voltage and cathode potential.

The increased fluctuations in cell voltage and the gradual downward shift in cathode
potential were observed after approximately 1:10 hours. First, the continued deposition
of Nd likely led to a local depletion of Nd3* ions near the cathode surface. As the supply
of reducible ions became limited, a higher overpotential was required to drive the
reduction reaction. This phenomenon is consistent with classical electrochemical theory,
where a lower concentration of active species at the electrode interface increases the
potential needed for electron transfer [48]. Another possible reason for the higher
overpotential required for Nd deposition is that Ni and Fe, which have higher melting
points (above 1450°C), are deposited first at a lower potential and remain solid on the
cathode surface. In contrast, Nd, which remains liquid at the electrolysis temperature,
could face difficulties in deposition due to the solid Ni and Fe blocking the cathode

surface. This could explain the increased overpotential observed for Nd reduction.

On the other hand, unwanted materials may have built up on the surface of the electrodes
during the experiment. These could include small amounts of impurities coming from the
crucible or the anode. This kind of surface contamination can interfere with the normal
flow of electrons, making the electrochemical reactions slower and less efficient. As a
result, the cell needs to apply more energy to keep the reactions going, which increases

the overall resistance at the electrode surface [49].

Even with these effects, the cell continued to operate within the typical range needed for
successful Nd deposition. The observed fluctuations in voltage and cathode potential
likely reflect natural changes in the electrolyte composition and physical properties over
time. One contributing factor could be the gradual evaporation of LiF, which is more
volatile at high temperatures. This evaporation reduces the LiF concentration, which not
only increases the melting point of the electrolyte but also raises its viscosity and
electrical resistance. As a result, ion mobility is reduced, making ion transfer more difficult

and potentially decreasing current efficiency [50].
SEM/EDX result

SEM images were taken from cross-sectional cuts of the anode, which had the shape of

an elongated square-based prism. The SEM images reveal significant microstructural
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transformation on the anode surface, as shown in Figure 29. From top to bottom, where
the anode was immersed, and across different lateral sections (labeled in the figures as
bottom, left mid, right low, and left low), a clear evolution in texture, porosity, and phase
distribution was observed. The first column of images shows different sections of the
anode at 100x magnification, while the second column provides a closer view at 500x

magnification, with areas of interest highlighted by red circles.
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Figure 29: SEM images showing microstructural changes on the anode surface across
different sections after 2 h electrolysis at 100x and 500x magnification.

In the bottom region of the anode, which was immersed in the electrolyte, surface
roughening and the formation of porous zones were observed. This suggests active
interaction with the molten electrolyte, likely due to oxidation reactions, as the anode
material is almost fully metallic. The dissolution of the anode likely occurs via the
oxidation of Ni° to Ni** when the applied potential drives the process. In the middle and
lower regions of the anode, a NiFe,O, phase was observed dispersed within the metallic
alloy matrix. This suggests that NiFe,O, was likely formed during the electrolysis, as it

was not present in the initial anode material.

Separate NiO and Fe,O; phases were found, especially near the outer edge of the
anode. This suggests that the Ni and Fe from the metallic alloy were oxidized due to the

continuous O, production on the anode during the electrolysis process.

Neodymium electrodeposition after 2 h of electrowinning
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Figure 30: Neodymium metal after 2 h of electrowinning with the inert anode. a)
Overview of the deposited Nd metal at 100x magnification. b) phase identification of
the deposited Nd at 500x magnification.

Figure 30a shows the deposited Nd metal, with approximate dimensions of 1178 pum in
width and 590.5 um in height. From the EDX data, the purity of Nd was found to be
36.5%. As shown in Figure 30b, the elemental analysis was measured after magnifying
the sample 500x. The deposit is surrounded by a Fe—Ni—Al alloy or a Fe-rich Fe—Ni—Al-

Nd alloy, which appears darker in contrast and exhibits laminar grain growth.

On the outer side of this metallic alloy layer, electrolyte residues were observed,
containing NdOy.s7F1.66 and NdF; phases. The metallic alloy also contains a notable

amount of Al, which likely originates from cross-contamination. This could be due to
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ceramic wool used to insulate the crucible from the steel cell, which may have entered
the electrolyte. Additionally, Al-containing chemicals may have entered during the drying

process, as other samples are dried in the same oven.
ICP-OES result

After 2 h molten salt electrolysis, the concentrations of Li, Nd, Ni, and Fe in the solidified

NdF;—LiF electrolyte were measured using ICP-OES.

Table 10: ICP-OES result of electrolyte after 2 h of electrolysis

NO Initial Li | Measured Initial Nd% Measured | Measured | Measured
% Li % °l Nd% Ni % Fe %
Electrolyte| 3.96 4.2 61.39 57.84 0.01 0.06

After 2 h molten salt electrolysis, the concentrations of Li, Nd, Ni, and Fe in the solidified
NdF;—LiF electrolyte were measured using ICP-OES.

Table 10, the concentrations of Li and Nd in the electrolyte remained close to their
original values after the electrolysis. The amount of dissolved Fe was slightly higher
compared to previous tests, indicating that Fe is more prone to corrosion under these
conditions. This increased dissolution of Fe suggests that when the inert anode dissolves
in the electrolyte, the dissolved Ni and Fe would migrate toward the cathode, where they
get reduced. Consequently, any dissolved Fe and Ni would be incorporated into the
deposited Nd, forming an alloy. This is consistent with the fact that Fe and Ni are more
noble than Nd, meaning they are reduced first at the cathode, while Nd is reduced only

afterward.

However, Fe has multiple oxidation states, which allows it to undergo both reduction and
oxidation during electrolysis. Specifically, Fe2* can be oxidized to Fe3* at the anode, and
Fe3* can be reduced to Fe?* at the cathode. This continuous cycling of Fe between its
oxidation states consumes electricity without directly contributing to the deposition of Nd.

As a result, this side reaction can lower the current efficiency of the electrolysis process.

While it would have been beneficial to calculate the current efficiency, this was not
possible due to the difficulty in accurately measuring the deposited Nd mass. The
deposited Nd adhered to the molten electrolyte, making it impossible to isolate and
measure the exact amount of Nd that was deposited on the cathode. As a result,

calculating the current efficiency based on the deposited Nd mass was not feasible in
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this experiment. Addressing these challenges, such as optimizing the electrode design
or finding methods to better separate deposited Nd from the electrolyte, would be

essential for future investigations into current efficiency.

Despite challenges such as the difficulty in removing the solidified electrolyte from the
graphite crucible, significant Nd deposition occurred, with minimal dissolution of Ni and
Fe into the electrolyte. SEM analysis revealed surface corrosion on the anode, with
changes in microstructure indicative of interaction with the electrolyte. Gas emissions
mainly consisted of H,O, CO,, CO, and HF, with no PFCs detected, suggesting a cleaner

process compared to traditional carbon anodes.

5. Conclusion

This study explored the performance of nickel ferrite-based inert anodes in molten NdF;—
LiF electrolytes for Nd electrowinning, with a focus on corrosion behavior,
electrochemical stability, and material interactions under varying experimental

conditions.

Although boron nitride (BN) crucibles provided excellent chemical stability for immersion
testing, their fragility and single-use limitations makes them impractical for further
investigations. Graphite crucibles, on the other hand, offered a more balanced
approach—combining chemical resistance with reusability and cost-efficiency—and

were therefore chosen for subsequent experiments.

The corrosion resistance of NiFe,O,-based anodes was found to be highly dependent
on SPS parameters. Anodes sintered at higher temperatures, particularly at 1050 °C for
10 minutes, displayed enhanced densification, which significantly reduced electrolyte
infiltration. Microstructural and compositional analyses revealed a gradual degradation
of NiFe,O, into Ni-rich metallic regions and neodymium-containing oxyfluorides,
indicating the progression of corrosion. This transformation was more prominent in
anodes sintered at lower temperatures. Supporting this, ICP-OES measurements
revealed a higher dissolution rate for Fe compared to Ni; however, due to incomplete
dissolution of solid residues in the leaching solution, these values should be interpreted
with caution. XRD analysis of post-test residues detected only neodymium corrosion
products, suggesting that Ni and Fe either precipitated within the anode or remained in

metallic form. These results underscore the importance of optimizing sintering conditions
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to enhance anode longevity and chemical resistance in aggressive molten salt

environments.

Conventionally sintered anodes with varying Ni content (10-50 wt%) showed minimal
differences in corrosion resistance after immersion in NdF;—LiF—-Nd,O; electrolytes. Only
the 20 wt% Ni sample exhibited noticeable electrolyte penetration, likely due to higher
porosity at its core, while other samples remained largely intact. Minimal metal
dissolution and the absence of new corrosion-related phases, as confirmed by ICP-OES
and XRD, suggested that porosity had a more significant impact on corrosion behavior
than Ni content alone.

The NdF;—LiF composition also played a key role in corrosion behavior. While all
electrolyte formulations led to some degree of anode penetration, higher NdF; mass
ratios (e.g., 75:25) triggered more aggressive attack, resulting in a distinct corrosion
gradient and full transformation of the anode core into NiFe alloy. In this case, there was
no addition of Nd, O3, then XRD revealed the formation of NdOy.s,F;.66, SUggeSting that
oxygen released from the oxide-based anode reacted with excess NdFz. Despite limited
Ni and Fe dissolution, the structural changes in the anode became more severe as NdF;
content increased, highlighting the electrolyte's role in accelerating corrosion and

influencing microstructural evolution.

A 2 h electrowinning test was conducted under high-temperature molten salt conditions
to assess the performance of the nickel ferrite-based inert anode. However, this relatively
short duration did not allow the system to reach steady-state operation, as literature
suggests that at least 48 hours of continuous electrolysis are typically required for
stabilization. The purity of the deposited Nd was relatively low (36.5%), indicating that
further optimization of process parameters and electrode design is needed to improve
product quality. Despite partial decomposition and visible interaction with the Nd-
containing electrolyte, the anode remained structurally stable throughout the test. A
dense Nd deposit formed at the cathode, surrounded by alloy phases containing Fe, Ni,
and Al. ICP-OES confirmed low levels of metal dissolution. FTIR analysis detected gas
emissions, including CO, CO,, HF, and H,O, primarily originating from crucible oxidation
and moisture in the system. Importantly, no PFCs were detected, underscoring the

environmental advantages of using inert anodes over traditional carbon-based systems.

Although current efficiency was not directly measured, the observed performance
suggests that further process optimization is required to improve product purity and

overall efficiency. The presence of side reactions involving dissolved Fe and Ni species,
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which may undergo repeated redox cycling in the melt, could hinder overall performance.
To mitigate this, pre-oxidation of the anode surface before electrolysis may reduce metal

dissolution.

In summary, nickel ferrite-based inert anodes show strong potential for Nd electrowinning
applications. They offer excellent corrosion resistance, high electrochemical stability, and
minimal environmental impact. These findings mark an encouraging step toward greener
and more efficient REE recovery. Nevertheless, to realize their full industrial potential,
further work is needed—particularly in optimizing sintering conditions, minimizing

porosity, and assessing long-term durability under operating conditions.
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