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1	 Introduction and motivation

For more than ten years the electrolysis has been studied 
now at the IME. Beginning with the deposition of tita-
nium [1, 2] to neodymium [3-5] and didymium, the alloy 
of neodymium and praseodymium [6-8]. This research is 
now being continued by the investigation of the electro-
deposition of neodymium and praseodymium metal on an 
inert anode in connection with the analysis and study of 
exhaust gases generated during the experiment. Therefor 
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In the molten salt electrolysis, neodymium and praseo-
dymium in their oxidic forms are fed into fused salt, the 
electrolyte, to be reduced by applying current to the sys-
tem and be deposited as metal. The electrolyte consists of 
neodymium fluoride, praseodymium fluoride and lithium 
fluoride. An issue that makes the long-term electrolysis 
impracticable is the fact that the anode effect occurs more 
often after some time of processing if only oxides are fed 
to the system. One reason for this unstable condition seems 
to be an insufficient solubility of the oxides that is related 
to the depletion of lithium fluoride in the melt due to its 

evaporation over time, which, among other things, is im-
portant for the solubility of the oxides. In the present study, 
several electrochemical measurements were conducted 
to examine this complex system. It was possible to reac-
tivate already processed electrolytes by feeding different 
amounts of lithium fluoride. With this approach, the maxi-
mum reached current density could be raised significantly.
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a melt acting as an electrolyte composed of a suitable 
combination of neodymium and praseodymium salts and 
solvents is required [9]. Chlorides, fluorides, oxides of 
alkali and alkaline earth metals combined with Nd are 
often investigated in the past [10-12]. Fluoride electro-
lytes are most suitable due to their high conductivity, low 
hygroscopy and high current efficiency of Nd deposition 
compared to chloride electrolytes [13, 14]. Commonly 
used fluoride electrolytes contain LiF (NaF or KF) and 
CaF2, but for most investigations, only LiF is used as it 

Bei der Schmelzflusselektrolyse werden Neodym und Pra-
seodym in ihrer oxidischen Form in den Elektrolyten, eine 
Salzschmelze, eingeleitet, um durch Anlegen von Strom 
reduziert und als Metall abgeschieden zu werden. Der 
Elektrolyt besteht aus Neodymfluorid, Praseodymfluorid 
und Lithiumfluorid. Ein Problem, das während der Lang-
zeitelektrolyse auftritt, ist die Tatsache, dass der Anoden
effekt nach einiger Zeit häufiger aufkommt, wenn dem 
System nur Oxide zugeführt werden. Ein Grund für diesen 
instabilen Zustand scheint eine unzureichende Löslichkeit 
der Oxide zu sein, die mit der Verarmung des Lithiumfluo-
rids in der Schmelze aufgrund seiner Verdampfung im Lau-
fe der Zeit zusammenhängt. Lithiumfluorid ist dabei unter 

anderem für die Löslichkeit der Oxide von Bedeutung. In 
der vorliegenden Studie wurden mehrere elektrochemi-
sche Messungen durchgeführt, um dieses komplexe System 
zu untersuchen. Dabei war es möglich bereits genutzten 
Altelektrolyten wiederzuverwenden, indem unterschied-
liche Mengen an Lithiumfluorid der Schmelze zugeführt 
worden sind. Mit diesem Ansatz konnte die maximal er-
reichte Stromdichte deutlich erhöht werden.
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positively influences the electrical conductivity, fluidity 
and oxide solubility of the electrolyte [11-19]. Nd sources 
in these melts are NdF3 and Nd2O3 and Pr is supplied by 
PrF3 and Pr6O11. 

During the electrolysis process reactions on the anode 
cause the formation of CO and CO2. However, if condi-
tions in the system change for example the concentra-
tion of LiF is too low, unwanted side reactions produce 
perfluorocarbons (PFCs) like CF4 and C2F6. The global 
warming potential for a 100-year time horizon is 6630 for 
CF4 and 11,100 for C2F6. This means CF4 is a 6630 times 
and C2F6 a 11,100 times more powerful greenhouse gas 
than CO2. Both gases are broken down very slowly in the 
atmosphere and are estimated to have lifetimes of thou-
sands of years [20].

For the goal of stable long term electrolysis without anode 
effects and therefore the formation of PFCs, it is important 
to have an electrolyte with stable composition. Experiments 
have shown that after about eight hours of electrolysis the 
anode effect, a phenomenon at which the anode is covered 
with a gas film that prevents the current flow, occurs more 
often if only oxides are fed to the system. Reasons for this 
seem to be the increasingly insufficient solubility of the 
oxides over time. This is due to the continuous evaporation 
of LiF which is an important component of the system that 
lowers the melting temperature, increases the conductivity 
of the electrolyte and acts as an F- donor, which is required 
for the formation of oxyfluoride, an intermediate in the 
process from oxide to metal.

This LiF evaporation can be seen in Figure 1. One part 
of the LiF settled on the lid of the electrolysis cell, while 
the remaining part was transported out of the cell via the 
exhaust system.

Analysing the condensate on the lid with ICP-OES (Table 
1) showed Nd contents of 8.96 wt.-% up to 13.6 wt.-%, Pr 
from 3.2 wt.-% to 4.6 wt.-% and 18.0 wt.-% up to 18.6 wt.-% 
of Li. The content of fluorine from LiF was determined 
to range from 63.8 wt.-% to 69.2 wt.-%. This results in 
LiF content ranging from 67.08 wt.-% to 69.32 wt.-%. 
The remaining fraction of the condensate was therefore 
made up of metal fluorides, 12.5 wt.-% to 19.0 wt.-% NdF3 

and 4.5 wt.-% to 6.5 wt.-% PrF3. The high content of LiF 
in the condensate shows that a large amount of the LiF 
evaporated from the electrolyte and condensed on the lid 
over time, causing the actual concentration of LiF in the 
electrolyte to be lower than it is initially. 
Table 1:	Content of Li and Nd in the condensate of different measure-

ments of the inhomogeneous sample from the cell lid

ICP-OES

Li [wt.-%] Nd [wt.-%] Pr [wt.-%]

18,0 13,6 4,6

18,6   8,96 3,2

In the present study, the influence of the LiF content on 
the electrolyte for the molten salt electrolysis of didymium 
was investigated. This was done by incrementally adding 
LiF to the cell containing electrolyte that has been used 
previously in other investigations and conducting linear 
sweep voltammetry to study the changes in critical cur-
rent density, the current density that is reached before the 
anode effect occurs. The results can be used for further 
investigation of the feasibility of long-term electrolysis for 
the production and recycling of didymium.

This work is part of the BMBF project REGINA pro-
ject (Rare Earth Global Industry and New Applications), 
funded by the federal ministry of education and research 
– Grant agreement number 033R185D.

2	 Methods and materials

To prepare the electrolyte components, they were dried for 
24 hours at 523 K. Following this step, they were premixed 
and fed into a high purity graphite crucible in which the 
mixture was placed in a vacuum induction furnace under 
an argon atmosphere of 1800 mbar up to 1359 K to be melt-
ed and homogenised. The LiF and the oxides which were 
added during the experiments were prepared by drying 
them for 24 hours at 523 K as well. The initial electrolyte 
composition was 65.7 wt.-% NdF3 (Treibacher ≥99.9 %), 
21.8 wt.-% PrF3 (Treibacher 99.9 %) and 12.5 wt.-% LiF 
(STREM chemicals 99.9 %). This ratio was chosen because 
it is the most suitable in terms of melting temperature and 
viscosity. Electrolytes of this composition were already 
used in previous electrolysis experiments, where they were 
heated up for about 12 hours while the electrolysis, the 
process of applying the current, took about 8 hours. During 
these experiments, the oxide content (Nd2O3 (Treibacher 
99.8 %) and Pr6O11 (Treibacher 99.5 %)) in a 3 : 1 ratio was 
held at about 2 wt.-%. The exact electrolyte composition 
could not be determined due to those circumstances and 
insufficient possibilities for the analysis of the electrolyte. 
Only LiF was added to the previously used electrolytes in 
the here described experiments. 

For the electrochemical measurements, a three electrode 
system has been used. The working electrode (WE) con-
sists of a glassy carbon rod (EWG 99,95 %, 4 mm diame-
ter), counter electrode (CE) and reference electrode (RE) 
are both made of molybdenum (HTW > 99,99 %, 2 mm 
diameter). The current of the WE was measured relative 
to the Mo RE in the melt under given conditions. Before 

Fig. 1:	  
Lid of the electroly-
sis cell with white 
powdery conden-
sate
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the electrodes were placed into the cell using Swagelok 
connections in the lid and alumina tubes to isolate the 
sealing from the heat, they were polished to remove any 
contaminations. The immersion depth into the electrolyte 
was 1.5 cm. The cell, as seen in Figure 2, was covered with a 
water-cooled gas tight lid with the Swagelok connections, 
to prevent harmful gases from escaping the cell during the 
experiments. The cell was placed into a resistance heated 
furnace and heated up to 1423 K to reach the process 
temperature of 1323 K in the electrolyte. The temperature 
was measured by a thermocouple Type B via a Swagelok 
connection. The system was flushed by a constant argon 
flow of 1.5 L/min to prevent the melt from having contact 
with air. The off gas was led into washing bottles that were 
filled with water and NaOH and afterwards treated by the 
exhaust system.

The electrochemical measurements were conducted by 
an IviumStat potentiostat (5 A, 10 V, Ivium Technologies, 
Eindhoven, The Netherlands) and the results were record-
ed with IviumSoft by the same company. Linear voltam-
metry was used to investigate the anodic behaviour. The 
measurements were obtained on a glassy carbon working 
electrode against Mo reference electrode with sweep rates 
of 25 mV/s, 50 mV/s, 100 mV/s. A video of the preparation 
of the cell and the running experiment has already been 
published on YouTube [21].

3	 Results and discussion

Linear sweep voltammograms were conducted by apply-
ing a rising potential to the electrolyte. In dependence on 
the electrolyte’s composition and its resistance, the arising 
current is recorded, seen in Figure 3. In general, the curve 
starts flat with small current densities at low potentials, af-
ter reaching the decomposition voltage the current density 
increases almost linear with rising potential as oxidation 
reactions take place until the current density drops to al-
most zero. At this point, the anode effect has occurred at 
the critical current density. 

Previous investigations [7] have shown that when neodym-
ium oxide is fed to the electrolyte oxyfluorides are formed, 
which is shown in equation (1):

Nd2O3 + [NdF6]
3– + 9F– = 3[NdOF5]

4–	 (1)

The moment the decomposition potential is reached, these 
oxyfluorides react further (2):

3[NdOF5]
4– – 6e– → 3Nd3+ + 3/2O2 + 15F–	 (2)

The neodymium ions are then electrochemically reduced 
to Nd(0) at the cathode in two steps (3) and (4):

Step 1: 	 Nd3+ + e– → Nd2+	 (3)

Step 2: 	 Nd2+ + 2e– → Nd(0)	 (4)

At higher potential values, right before the anode effect, 
the electrochemical reaction shifts from oxyfluorides to 
neodymium fluoride; thus NdF6

3– takes part in the reaction. 
The theoretical decomposition voltage of this reaction is 
1.4 V higher than the reaction of oxyfluorides [4]. This dif-
ference becomes noticeable in the change of the reaction 
gases. Instead of CO/CO2, which emerges at the reaction 
of neodymium oxide, CF4/C2F6 (PFC Gases) are formed 
shortly before the anode effect when neodymium fluoride 
is electrochemically decomposed. The PFCs have a much 
higher wettability at the anode and thus cause a gas layer 
that interrupts the current and induce the anode effect [22]. 

Fig. 2:	 Experimental setup

Fig. 3:	 Linear sweep voltammogram recorded at 100 mV/s

Fig. 4:	 Comparison of the current density in the system NdF3–PrF3–LiF 
with a 2 wt.-% addition of Nd2O3 and Pr6O11 (3 : 1 ratio) at dif-
ferent LiF contents at 1323 K vs Mo at 100 mV/s
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So far, unpublished results show that these reaction steps, 
which apply to neodymium, can also be applied to the si-
multaneous deposition of neodymium and praseodymium. 
In addition to neodymium oxyfluorides, the electrolyte 
also contains praseodymium oxyfluorides, which are also 
reduced in two steps at the cathode. 

In Figure 4, linear sweep curves with different amounts of 
LiF added are shown. The first measurement was taken 
with no added LiF, thereafter five more measurements 
were taken up to a LiF amount of 5 wt.-% in total.

Higher current density values imply that more metal is 
deposited at the cathode per time. Generally, the current 
density increases at a very similar rate for the different LiF 
contents, the values of the maximum current density and 
potential at which the anode effect occurs increase with 
higher LiF content. 

Figure 5 shows the increase of the maximum current densi-
ties before the anode effect with increasing LiF content for 
different trials. Each line represents an electrolyte that was 
used before to synthesis Nd/Pr metal. The lines can be com-
pared well since the experiments to which the electrolyte has 
been exposed have taken place under the same conditions. 
However, the oxide contents may vary slightly. Regression 
analysis is used to derive linear equations for the maximum 
current density vs total LiF content added and resulted in 
slopes of these lines ranging from 0.0381 to 0.2477.

The coefficient of determination, R², is given for each equa-
tion in Figure 5. R² describes the “goodness of fit”, namely, 
how well the measurements are predicted by the model. It 
ranges from 0 to 1, with a value of 1 indicating a perfect fit. 
In this case, R² ranges from 0.7965 to 0.9735, which are rela-
tively high values meaning that the linear equations predict 
the measurements very well, leading to the conclusion that 
up to a LiF content of about 15 wt.-%, assuming an initial 
content of 9 wt.-%, the maximum current density that is 
reached before the anode effect occurs, increases linearly. 
The differences in the slope can be attributed to the differ-

ences in electrolyte composition. The increased maximum 
current density through the addition of LiF is caused by 
the different properties and functions of the lithium and 
fluoride ions in the electrolyte. The comparatively small 
radius, the low resistance of movement and the high mobil-
ity of the Li+ cation improve the electrical conductivity of 
the melt. [16, 23, 24]

Using the equation for determining the gradient in the max 
current density for each LiF addition and each trial is pre-
sented in Table 2. The total average of all trials is a rise of 
7.72 % in the current density value per 1 wt.-% fed LiF. 
The total increase, i.e. the current value after the addition of 
6 wt.-% LiF compared to the current value at 0 wt.-%, is also 
presented in this table. On average, the max current density 
reached could be extended by 58.91 % to the initial value.
Table 2:	Increase of the current density per added LiF and in total

Trial Current density increase 
per 1 wt.-% LiF added  
[%]

Total current density increase 
from 0 wt.-% to 6 wt.-% LiF 
added [%]

1 13.90 117.79

2 6.61 46.78

3 5.84 40.60

4 4.53 30.45

Average 7.72 58.91

The lack of LiF in the melt due to evaporation results in 
several phenomena, which are listed in the following.

1.	 The already elucidated conductivity of the melt de-
creases. 

2.	 Fewer oxyfluoride complexes are formed because of 
the lack of fluorides and because the missing LiF has a 
negative influence on the solubility of neodymium and 
praseodymium oxides. 

3.	 The melting point of the electrolyte increases with the 
result of an increasing electrolyte’s viscosity and thus 
a hindered movement of the oxyfluoride complexes in 
the melt. 

Fig. 5:	  
Graphs for the linear relationship 
between maximum current density 
and the total LiF content derived 
by linear regression with linear 
equation and coefficient of deter-
mination, R2
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4.	 The content of LiF has an influence on the wettability 
of the anode by the electrolyte. Gases thus accumulate 
more easily at the anode which leads to an inferiority 
efficiency of the process [16, 24-26].

For the fluoridic electrolysis producing neodymium, studies 
have considered the electrolyte composition with changing 
values of the oxide and LiF content. Liu, Chen et al. [25] 
has discovered that the anodic overvoltage was reduced 
with an increasing concentration of LiF in an NdF3-LiF-
Nd2O3 melt caused by improved wettability of the anode 
by the melt and reduced electrical resistance. The reduced 
overvoltage caused by improved wettability of the anode 
and reduced electrical resistance is in accordance with the 
increasing critical current density with increasing LiF con-
tent. As the overpotential increases slower with increasing 
current density, the reactions can continue to take place at 
relatively high current densities because a smaller poten-
tial difference is required for the reactions to happen. The 
influence of LiF on metal synthesis with the phenomena 
described are summarised in Figure 6.

At the end of a trial, a piece of the cathode was analysed 
by XRD. During the electrochemical measurements, neo-
dymium and praseodymium metal were deposited on the 
cathode, proving the combined reduction of both metal 
oxides.

4	 Conclusion 

In the present work, the influence of the LiF content on 
the electrochemical reactions of the combined deposition 
of neodymium and praseodymium and the anode effect 
was investigated. Linear sweep voltammetry was used to 
record current density vs potential voltammograms. The 
results showed that the critical current density, the current 
value at which the anode effect occurs, could be shifted to 
higher values with the addition of LiF to the electrolyte. 
Reasons for this are the improved conductivity and mass 
transport by the small Li+ ions, decreased viscosity, and bet-
ter solubility as the decrease of LiF concentration through 

evaporation is counteracted and the comparatively slower 
increase in overpotential at higher LiF contents as the 
current density increases. The increase in critical current 
density differed in each trial with the different electrolytes 
On average, the increase of current density per 1 wt.-% 
LiF added is 7.72 % and 58.91 % after a total amount of 
6 wt.-% LiF was added. 

The results showed that it is possible to reactivate pre-
viously used electrolyte to deposit didymium by solely 
adding LiF. This allows for further investigation of long-
term electrolysis. Especially the relative constant increased 
maximum reached current density per fed LiF could allow 
a provided predictability of the amount and mixture of 
the feeding strategy. This strategy is a further step towards 
a more environmentally friendly production method of 
didymium, avoiding the generation of greenhouse gases 
such as CF4 and C2F6.
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