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a b s t r a c t 

Thermodynamic and electrochemical properties of actinides in molten fluoride salts are one of the key 

data required for design and safety assessment of any molten salt reactor concept using liquid fluoride 

based fuel. In the case of the Molten Salt Fast Reactor (MSFR), special attention has to be paid to thorium 

fluoride, which is a direct fuel carrier salt constituent. This work presents experimental measurement of 

ThF 4 activity coefficient in eutectic LiF-CaF 2 melt by electrochemical techniques. The proposed approach 

is overcoming problems related to the lack of a thermodynamic reference electrode for high-temperature 

molten fluoride media. The method can be used to compare stability of fissile material and fission prod- 

ucts in a given molten fluoride solvent by estimating their activity coefficients using the described elec- 

trochemical measurements. In addition, electrochemical methods were successfully used to evaluate and 

confirm purity of the used materials, with a special regard to oxygen content in the ThF 4 input material 

synthesised during the previous work from ThO 2 . 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

A worldwide increased interest in the molten salt reactor (MSR) 

echnology has resulted in the inclusion of this concept amongst 

he six innovative reactors studied by the Generation IV initiative 

ince 2001 [1] . The Molten Salt Fast Reactor (MSFR) is one of the

oncepts studied, the design of which was made by CNRS, France, 

nd further developed since 2004 [2–6] . Since 2015, safety aspects 

f the MSFR have been studied through European EC/EURATOM 

rojects SAMOFAR [ 7 , 8 ] and SAMOSAFER [9] . In the MSFR con-

ept, the fissile material is dissolved in a molten fluoride salt me- 

ia, which circulates in the core and serves both as fuel and pri- 

ary circuit coolant. The reactor can be operated as a breeder us- 

ng Th/U fuel cycle or as an incinerator burning transuranium el- 

ments (TRU) [10] . The fuel salt is composed of an eutectic car- 

ier melt LiF-ThF 4 (78.0–22.0 mol.%), in which the fissile material 

s dissolved in the form of fluorides. Fissile material could be 233 U, 
35 U, Pu and/or other TRU, depending on the reactor design [11] . 

he reactor concept is based on the Molten Salt Breeder Reactor 

MSBR) technology developed in the 1965 by the Oak Ridge Na- 

ional Laboratory (ORNL, USA) [ 12 , 13 ]. However, the MSFR design 
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as optimised to overcome the main envisaged MSBR issues, such 

s unfavourable thermal feedback coefficients, positive void coeffi- 

ient, required fuel clean-up scheme difficult to achieve and prob- 

ems specific to the graphite moderator as lifespan, graphite han- 

ling and fire risk [14] . 

The use of a liquid fuel in the MSR concepts brings important 

echnological advantages in comparison to the solid fuel based re- 

ctors. E.g., apart from easier on-line reactivity core control, it is 

 better flexibility of the fuel cycle back-end. In the MSFR, repro- 

essing of the fuel salt was designed to minimize generation of ra- 

iotoxic nuclear waste [10] . For safety assessment and optimisa- 

ion of the offline MSFR fuel salt reprocessing, which is based on 

eductive extraction techniques in molten fluoride media [6] , ther- 

odynamic and electrochemical properties of the actinides and 

ssion products of interest have to be investigated to determine 

he separation factors and distribution of these elements within 

he process. Especially important are data on the activity coeffi- 

ients, enabling estimation of stability of the compounds present 

n the reprocessed fuel salt. In this work, an electrochemical tech- 

ique for evaluation of activity coefficients of compounds dissolved 

n molten fluoride media was proposed. The selected approach is 

vercoming an absence of a stable thermodynamic reference elec- 

rode for high temperature molten fluoride media. The method was 

sed to experimentally determine ThF 4 activity coefficient in eu- 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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ectic LiF-CaF 2 melt. Up to our knowledge it was done for the first 

ime in this solvent. 

A special attention was given to verification of the purity of the 

nput ThF 4 material and the LiF-CaF 2 carrier salt. Similar to other 

ctinide fluorides, ThF 4 is not commercially available in the purity 

equired for electrochemical measurements and it has to be either 

ynthesised or purified. Synthesis of phase pure ThF 4 by fluorina- 

ion of submicron ThO 2 powder with HF gas has been described in 

ur previous work [15] , as well as the established purity control. 

he X-ray diffraction (XRD) analysis and the melting point deter- 

ination by differential scanning calorimetry (DSC) did not reveal 

ny detectable impurities in the obtained ThF 4 , however, no tech- 

ique providing direct oxygen quantification was available in this 

pecific case. 

Therefore, the electrochemical methods were used for confir- 

ation of the purity and acceptable oxygen content in the syn- 

hesised ThF 4 material, based on the review of approaches to de- 

ermining oxide concentration in molten fluoride salts published 

y Goh at al. [16] and on the electrochemical studies of oxide 

ons in molten fluoride media done by Manning and Mamantov 

17] and Massot et al. [18] . Cyclic voltammetry (CV) and linear 

weep voltammetry (LSV) techniques were selected and proved 

uitable for this purpose. In the first step, the appropriate electro- 

hemical response of ThF 4 dissolved in a purified LiF-CaF 2 eutectic 

ixture (80.5–19.5 mol.%) was studied. The studied ThF 4 samples 

ere added into the melt in four different batches in order to step- 

y-step increase the thorium concentration. Several electrochemi- 

al parameters were measured for each thorium content and the 

esults were compared with published data [19–21] . In these ex- 

eriments, the presence of the dissolved oxygen was analysed and 

bserved before the carrier melt purification. In the second step, a 

iF-ThF 4 eutectic salt (78.0–22.0 mol.%) was prepared and charac- 

erised by CV and LSV techniques using a gold working electrode 

o detect the possible oxygen content in ThF 4 . 

. Experimental 

All experiments and storage and handling of chemicals were 

arried out in a dry glove box under purified argon atmosphere 

O 2 /H 2 O < 5 ppm) equipped with a hydrogen fluoride gas supply 

ystem. A detailed description of the installation has been pub- 

ished in our earlier paper [15] . The electrochemical experiments 

ere carried out in a corrosion-resistant Inconel electrolyser (see 

ig. 1 below) inserted in a vertical furnace enabling a maximum 

orking temperature of 1200 °C, built-in to the bottom of the 

love box. The electrolyser’s lid was equipped with ports for pre- 

ise guiding and positioning of the electrodes. The electrode hold- 

rs can be removed fully from the ports, which can be closed gas- 

ight. Pure HF gas (99.95%, Linde) can be introduced to the elec- 

rolyser and used for purification of the liquid melts at high tem- 

eratures. 

The electrochemical cell consisted of a glassy carbon (GC) cru- 

ible containing the measured molten salt and three electrodes. 

old (0.5 mm diameter) and tungsten (1 mm diameter) wires 

ere used for working electrodes, platinum wire (1 mm diameter) 

erved as a quasi-reference electrode as described by Mamantov 

22] and reported in the review of Fredrickson [23] and a tungsten 

ire 

(1 mm diameter) as an auxiliary electrode. All the metals were 

rom Alfa-Aesar and had purity 99.99%. The set-up was placed into 

n alumina crucible electrically insulating the GC crucible from 

ossible shortcuts from the furnace resistance heating system. In- 

onel electrode holders guided by the ports in the electrolyser’s 

id were electrically insulated by alumina tubes and further di- 

ected by MgO tube sheaths through the electrolyser’s heat reflec- 

or plates. The electrodes of about 50 mm length were attached 
2 
o the end of the holders by graphite screw connectors. The active 

lectrode surface was determined after each experiment by mea- 

uring the visually distinguishable immersion depth of the elec- 

rode in the bath. 

A Macor lid was installed on the top of the alumina crucible. 

t had openings allowing only the electrode holders with the at- 

ached electrodes to pass through to prevent contamination of the 

elt by possible corrosion products from the electrolyser. The tem- 

erature was measured using a chromel-alumel thermocouple in- 

erted in an alumina tube sheath and positioned at the level of 

he studied melt, however not in the direct contact to prevent 

hemical attack on the sheath. Photos of the set-up are shown in 

igs. 1 and 2 . All the electrochemical studies were carried out us- 

ng an Autolab PGSTAT 30 potentiostat controlled with GPES 4.9 

oftware. 

The LiF-CaF 2 carrier melt was prepared by mixing the end 

embers (Alfa-Aesar, 99.99 wt.% anhydrous, packed under Ar and 

pened only inside the dry glove box) in a ratio 80.5–19.5 mol.%, 

espectively. Around 50 g of the mixture was used for the electro- 

hemical experiments, and the working temperature was 850 °C. 

he melt was purified according to the procedure described be- 

ow in Section 3.1 . Thorium fluoride synthesised from ThO 2 (JRC 

arlsruhe stock material) had a phase purity > 99 wt.% and metal 

ase purity > 99.9 wt.%, based on the gravimetric analysis, XRD, 

SC and inductively coupled plasma-mass spectrometry (ICP-MS), 

s described in detail in [ 15 , 24 ]. ThF 4 was step-wise added to

he LiF-CaF 2 carrier salt to form melts with concentration of tho- 

ium metal 0.50, 1.01, 1.46 and 1.91 wt.%, i.e., 0.09, 0.18, 0.25 and 

.33 mol.% ThF 4 . Finally, an eutectic LiF-ThF 4 melt was prepared by 

ixing the above mentioned LiF and the synthesised ThF 4 in ratio 

8.0–22.0 mol.%, respectively, and it was not purified to be able to 

valuate the oxygen content in the ThF 4 initial material. 

. Results and discussion 

.1. Purification of the melt 

The carrier LiF-CaF 2 melt was slowly heated up to 850 °C under 

ure argon gas atmosphere in a glassy carbon crucible, which was 

hermally treated before the first use by heating to 800 °C for sev- 

ral hours. The melt was characterised by cyclic voltammetry (CV) 

nd linear sweep voltammetry (LSV) measurements using tungsten 

nd gold wires as working electrodes. Although the best purity 

vailable materials were used, as described above in Section 2 , the 

SV on the gold electrode revealed a significant content of oxygen. 

s illustrated in Fig. 3 , the LSV curve showed a sharp increase of 

urrent at a potential of + 1.5 V vs. Pt quasi-reference electrode. 

his potential, when related to the melt decomposition potential 

not shown on the graph), corresponds to the expected potential 

f oxygen gas formation [25] . At the same time, the current re- 

ponse was very noisy, indicating evolution of gas bubbles at the 

lectrode surface, which were erratically blocking certain parts of 

he electro-active surface, leading to changes of the current value 

nd causing the noisy signal. Although the method was not cali- 

rated and the absolute value of the oxygen concentration could 

ot be evaluated, the measurement clearly indicated oxygen con- 

ent and the melt had to be purified. 

In order to remove the dissolved oxide ions, the LiF-CaF 2 melt 

as purified by fluorination by HF gas, which was bubbled directly 

nto the melt using a tube made from pure nickel metal (99.9 wt.%) 

or 120 min at 850 °C with a flow rate of 6 cm 

3 /min. All parts from

lumina were removed from the set-up to prevent their reaction 

ith HF gas and possible contamination of the melt by the reac- 

ion products. The glassy carbon crucible with the melt was placed 

n a small Macor plate to ensure electric insulation from the fur- 
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Fig. 1. Photo of the electrolyser with description of the most important parts. The insulating alumina crucible with the lid and the electrode holders guiding MgO tubes are 

not shown. 

Fig. 2. Photo of the electrochemical cell consisting of insulating alumina crucible 

with glassy carbon crucible inside (not visible), a Macor lid and three electrode 

set-up with MgO tube sheaths for guidance of the electrode holders. Detail of the 

set-up with the lid in closed (a) and opened (b) position. 
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ace. HF gas is expected to react with the dissolved oxygen ions 

ccording to the reaction: 

 

2 −(sln) + 2HF(g) → H 2 O(g) ↑ + 2F −(sln). (1) 

After the fluorination, the dissolved excess of HF gas was re- 

oved from the melt by bubbling of pure argon gas. The efficiency 

f the HF gas treatment was proven by another LSV measurement 

n the gold electrode. As shown in Fig. 3 , the previously observed 

urrent increase corresponding to the oxygen gas formation was 
3 
o longer detected and the oxide ions concentration was assumed 

egligible. The anodic reaction indicated by a sharp increase of cur- 

ent at a potential of 2.50 V vs. Pt was oxidation of the gold elec-

rode Au(s) + e − → Au 

+ (sln). In addition, the CV on tungsten elec- 

rode revealed an excellent purity of the melt concerning dissolved 

etallic ions both before and after the purification. As shown on 

he CV curve in Fig. 3 (an insert in the LSV graph), there was no

etectable current response of any dissolved metallic impurities. 

he electrode reactions defining the oxidation and reduction po- 

ential limits observed on the CV are described in Section 3.3 be- 

ow. 

.2. Effect of oxygen dissolved in a LiF-CaF 2 melt 

Purification of the carrier LiF-CaF 2 melt from the dissolved oxy- 

en was necessary to avoid formation of partly soluble thorium 

xyfluoride ThOF 2 [26] and/or precipitation of thorium in the form 

f ThO 2 after addition of ThF 4 to this melt. If thorium would pre- 

ipitate as insoluble oxide, the electrochemical response of the re- 

aining dissolved thorium would not be influenced, but the con- 

entration of thorium ions in the melt would not correspond to the 

ddition of ThF 4 . 

However, an important splitting of Th(IV)/Th electrochemical 

eaks was observed during our initial experiments using ThF 4 
issolved in a non-purified LiF-CaF 2 melt containing oxygen. As 

hown in Fig. 4 , it was not possible to evaluate correctly the ob- 

ained thorium cyclic voltammogram and square-wave voltammo- 

ram (SWV) due to the Th(IV)/Th redox peak doubling. Although 

his hypothesis could not be proved conclusively, it was likely 

aused by the presence of thorium in the melt in a form of both 
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Fig. 3. Linear sweep voltammetry of LiF-CaF 2 eutectic melt before (thick line) and after (thin line) purification by HF gas, working electrode: Au wire ( S = 0.08 cm 

2 ), counter 

electrode: glassy carbon rod, quasi-reference electrode: Pt wire, scan rate: 10 mV/s, temperature: 850 °C. Insert in the graph: Cyclic voltammetry in the cathodic domain of 

the same melt after purification, working electrode: W wire ( S = 0.16 cm 

2 ), counter electrode: glassy carbon rod, quasi-reference electrode: Pt wire, scan rate: 100 mV/s, 

temperature: 850 °C. 

Fig. 4. Cyclic voltammogram (a) and square-wave voltammogram (b) of ThF 4 in non-purified LiF-CaF 2 eutectic melt containing some dissolved oxygen, working electrode: W 

wire ( S = 0.16 cm 

2 ), counter electrode: glassy carbon rod, quasi-reference electrode: Pt wire, temperature: 850 °C. CV scan rate: 100 mV/s, SWV frequency 9 Hz, amplitude 

1 � 10 −3 V. 

fl

t

m

t

a

a  

F

c

a

t

p

o

t

i

I

d

c

i

o

t

3

L

w

d

s

a

t

m

t

a

t

m

p

v

t

w

t

uoride and oxyfluoride, the latter one formed by a chemical reac- 

ion of the added ThF 4 with the oxide ions present in the carrier 

elt. Except the oxygen, the used melt also contained an uniden- 

ified, likely metallic impurity, evidenced by a peak with a char- 

cteristic shape for a soluble-insoluble electrochemical system at 

 potential of −1.15 V vs. Pt, as visible on the CV curve in the

ig. 4 (left). However, the electrochemical response did not indi- 

ate formation of any alloys between this impurity and Th, as no 

nodic peaks or waves were observed at potentials more positive 

han Th(IV)/Th red-ox potential. At the same time, the observed CV 

eak splitting could be characteristic for a presence of fluoride and 

xyfluoride, as described previously by several authors in the elec- 

rochemical studies on niobium fluoride and oxyfluoride complexes 

n alkali fluorides and chlorides based molten salt media [27–31] . 

n addition, it was proven that the used ThF 4 did not contain the 

etected impurity, as after addition of more ThF 4 , only the peak 

orresponding to the Th(IV)/Th red-ox system increased. Therefore, 

t was concluded that the splitting was not caused by the presence 

f the metallic impurity, but only by the effect of oxide ions con- 

ent in the non-purified melt. 
4 
.3. Electrochemical behaviour of ThF 4 in purified LiF-CaF 2 

Cyclic voltammetry was carried out on tungsten in the purified 

iF-CaF 2 eutectic melt. The cathodic limit of the electrochemical 

indow corresponded to the decomposition of the melt, i.e., re- 

uction of the least stable cation of the solvent Li(I) to Li metal, as 

hown in [32] and further discussed below in Section 3.5 , and the 

nodic limit was due to the oxidation of the working electrode ma- 

erial. Fig. 5 shows the cyclic voltammogram of the blank LiF-CaF 2 
elt using a W working electrode, clearly demonstrating both po- 

ential limits. 

Thorium was step-wise introduced in the LiF-CaF 2 carrier salt in 

 form of ThF 4 powder and the melt was electrochemically charac- 

erised after each addition. Concentration of thorium in the formed 

elts was 0.50, 1.02, 1.46 and 1.91 wt.%. Sharp cathodic and anodic 

eaks at a potential of −1.64 V vs. Pt were detected in the cyclic 

oltammograms after the addition of ThF 4 , as shown in Fig. 5 for 

he case of a melt containing 1.02 wt.% Th. The shape of the signal 

as characteristic of a solid-soluble redox system and the value of 

he peak potential related to the melt decomposition was in a good 
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Fig. 5. Cyclic voltammetry of pure LiF-CaF 2 eutectic melt and LiF-CaF 2 -ThF 4 (1.02 wt.% Th) melt on W working electrode ( S = 0.31 cm 

2 ), W counter electrode and Pt 

quasi-reference electrode at a temperature of 850 °C and scan rate 100 mV/s. The �E graphical evaluation is described below in the Section 3.5 and in Fig. 9 . 
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Fig. 6. Th(IV)/Th reduction peaks measured by cyclic voltammetry in LiF-CaF 2 -ThF 4 
melts containing 0.50, 1.02, 1.48 and 1.95 wt.% of Th, scan rate 100 mV/s. The in- 

sert shows the linear dependency of the Th(IV) reduction peak current density j p 
on the Th(IV) concentration recalculated to mol �cm 

−3 units for the purpose of eval- 

uation the Th(IV) diffusion coefficient described below. All voltammograms were 

measured using W working electrode ( S = 0.31 cm 

2 ), W counter electrode and Pt 

quasi-reference electrode at a temperature of 850 °C. (For interpretation of the ref- 

erences to colour in this figure legend, the reader is referred to the web version of 

this article.) 

q
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greement with the potential of Th(IV)/Th redox system in the LiF- 

aF 2 melt, as published in [19–21] . Therefore, the peaks were at- 

ributed to the reduction of Th(IV) to Th metal and its re-oxidation 

ccording to Eq. (2) : 

h(IV)(sln) + 4 e − ↔ Th(s) (2) 

In both Th(IV)/Th and Li(I)/Li redox systems, a slight negative 

urrent slope was observed prior reduction to metals at the be- 

inning of the cathodic peaks, as well as low intensity anodic cur- 

ent waves after the dissolution of the metals from the working 

lectrode surface during the back scans. The phenomenon indi- 

ates possible formation and re-oxidation of thin surface alloys of 

he deposited metals with material of the working electrode, with 

ossibly presented traces of dissolved impurities and/or with each 

ther. This effect can be enhanced by high working temperature 

nd presence of very reactive actinide and lithium metals. Slight 

ncrease of the anodic current at a potential of about −0.4 V vs. Pt 

uasi-reference electrode can be also explained by an overpotential 

e-oxidation of these surface alloys and it can be assumed as not 

ignificant for evaluation of the studied system. An effect of oxide 

ons dissolved in the melt can be excluded, as no other evidence 

f the oxygen presence was observed, such as splitting of Th(IV) 

eduction and oxidation peaks (see discussion in Section 3.2 and 

ig. 4 above). 

The Th(IV) reduction peak current density j p increased linearly 

ith the thorium concentration increase, as shown in Fig. 6 . It in- 

irectly confirmed the assignment of the observed system to the 

h(IV)/Th red-ox couple and it also indicated no side reaction of 

he dissolved Th with any possibly present impurity, which would 

ot be detected by the electrochemical measurements. A slight 

hift of the Th(IV)/Th cathodic peak potential E pc towards negative 

alues was observed, showing 0.03 V difference between the low- 

st and highest Th concentration. 

Cyclic voltammetry of the Th(IV)/Th red-ox system was mea- 

ured using different scan rates in a range from 50 to 500 mV �s − 1 

or the melt containing 1.02 wt.% Th. The values of the Th(IV)/Th 

athodic peak potential E p were found constant with the scan- 

ing potential rate variation except one experimental point from 

ight measurements, which was exceeding the constant value for 

 0.02 V. The point was likely affected by a short instability of the 
5 
uasi-reference electrode and it was not taken into account. The 

bserved independency of the peak potential on the scan rate char- 

cterizes a reversible redox system (see graph in Fig. 7 , secondary 

xis). However, for a reversible system, the above-shown shift of 

he Th(IV)/Th cathodic peak potential should be towards positive 

alues. In the present case, the determination of the peak poten- 

ials measured long time after each other can be significantly af- 

ected by a potential shift of the used Pt quasi-reference electrode, 
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Fig. 7. Variation of the Th(IV)/Th peak current density j p (primary axis) and ca- 

thodic peak potential E p (secondary axis) with the scan rate v 1/2 obtained in the 

melt LiF-CaF 2 -ThF 4 (1.02 wt.% Th). 
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Fig. 8. Linear sweep voltammetry of LiF-ThF 4 eutectic melt on Au working elec- 

trode ( S = 0.16 cm 

2 ), counter electrode W, quasi-reference electrode Pt, tempera- 

ture 850 °C, scan rate 100 mV/s (CV) and 10 mV/s (LSV). Only the anodic domain is 

shown to better illustrate the possible oxygen electrochemical response. The insert 

shows a zoom of the low current intensity region. 
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hich can be caused by slightly increasing concentration of oxy- 

en ions dissolved in the measured, highly hygroscopic and oxy- 

en sensitive fluoride melt. It can result in a shift of potentials 

easured over a long period of time to negative values. This effect 

ould have possibly overruled the expected positive potential shift 

nd turn it to a slightly negative shift of 20 mV, as observed. Thus, 

he obtained results indicate that the system is electrochemically 

eversible, however, it was not conclusively proven. 

The reduction peak current density j p was increasing with the 

can rate and it was following a linear dependency on the square 

oot of the scanning potential rate v 1/2 for all the concentrations 

see graph in Fig. 7 , primary axis). It indicates that the observed 

h electrochemical reduction process is controlled by the diffusion 

f Th(IV) ions in the solution. 

The linear regression calculated with the experimental varia- 

ion of j p vs. v 1/2 yielded a straight line passing through the origin, 

hich is expected for an electrochemical process controlled by dif- 

usion [33] . Assuming electrochemical reversibility of the Th(IV)/Th 

eduction process, although not conclusively justified, this analy- 

is enabled a determination of the diffusion coefficient of Th(IV) 

n the LiF-CaF 2 melt using the obtained value j p = 0.9196 �v 1/2 and 

he Eq. (3) established by Berzins and Delahay [34] for a reversible, 

oluble/insoluble system: 

 p = 0 . 61 nF S [ T h ( IV ) ] sln 

(
nF D T h ( IV ) v 

RT 

)1 / 2 

(3) 

here i p is the measured peak current, S is the working electrode 

urface area (cm 

2 ), [Th(IV)] sln is the concentration of Th(IV) in the 

olten salt (mol.cm 

−3 ), v is the scan rate (V. s − 1 ) and other vari-

bles were defined above. The obtained value of the Th(IV) diffu- 

ion coefficient at a temperature of 850 °C and a concentration 

f 1.02 wt.% Th = 1.01 �10 −4 mol.cm 

−3 was D Th(IV) = 3.62 �10 −5 

m 

2 �s − 1 . 

In addition, the Th(IV) diffusion coefficient was calculated using 

he dependency of the peak current density on the Th(IV) concen- 

ration in the melt (see insert in Fig. 6 left) for a selected con-

tant scan rate 100 mV �s − 1 . The linear regression yielded a value 

f j p = −2.9577 �10 3 �[Th(IV)] and a value of Th(IV) diffusion coef- 

cient D Th(IV) = 3.82.10 −5 cm 

2 . s − 1 . The agreement reached be- 

ween these two values indicates a sufficient accuracy of the ex- 

erimental measurements. In addition, the order of magnitude of 

he evaluated diffusion coefficient is similar to the data published 

or thorium [20] and uranium [ 35 , 36 ] in molten fluoride salt media

t temperatures higher than 800 °C. 
6 
.4. Electrochemical purity of a LiF-ThF 4 melt 

The above-described characterisation of ThF 4 in a LiF-CaF 2 melt 

howed an excellent electrochemical purity of all used chemicals, 

owever, it did not conclusively quantify the possible oxygen con- 

ent in the synthesized ThF 4 . A small concentration of oxygen in 

hF 4 would likely not be observed in the measurements, since its 

ontent in the melt would be very low. Therefore, LiF-ThF 4 (78.0–

2.0 mol.%) eutectic melt was prepared and characterized by cyclic 

oltammetry and linear sweep voltammetry on a gold electrode. 

o be able to measure the possible oxygen content, the melt was 

ot purified before the measurement. Both techniques showed only 

races of the dissolved oxygen ions in the melt. The maximum de- 

ected current density at the potential corresponding to the oxygen 

ormation before the sharp current increase due to oxidation of the 

u electrode was 7.5 �10 −4 A �cm 

−2 , as shown in Fig. 8 . Since the

hF 4 content in the LiF-ThF 4 melt was high (78 wt.%), the results 

ndicated that the synthesized ThF 4 does not contain any impor- 

ant amount of oxygen. In addition, this experiment showed that 

he used commercially available LiF is almost free from oxygen im- 

urities and the oxygen content detected in the LiF-CaF 2 melt, as 

iscussed in detail above in Section 3.1 , consequently originated 

rom the used CaF 2 . 

.5. Activity coefficient of ThF 4 in LiF-CaF 2 eutectic melt 

The thermodynamic activity coefficient is related to the stabil- 

ty of a component in a solution. It is a measure for the deviation 

rom ideal behaviour (if any) of the components of the - in our 

ase - liquid mixture. The lower the activity coefficient, the higher 

he affinity of the species to the solvent, and the more stable the 

pecies is in the solvent. A technique to determine the activity co- 

fficient in molten fluoride salt by electrochemical techniques is 

roposed and described in this section. 

The electrochemical stability of a chemical species composed of 

 metal M 

y + and a halide X 

− ions, MX y , in a selected standard state

issolved in a molten halide solvent is characterized by a standard 

thermodynamic) potential E 0 
M X y /M 

. The experimentally accessible 

otential E M X y /M 

of the species MX y in a real, non-standard state is 

ower than the standard electrode potential due to the interaction 

f the species with the solvent, i.e., its solvation. The difference 

etween E 0 
M X y /M 

and E M X y /M 

depends on an activity of the species 

 ( M X y ) and thus also on the activity coefficient γ ( M X y ) according 

o the Eq. (4) 

 ( M X y ) = x ( M X y ) γ ( M X y ) , (4) 
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Table 1 

Results of calculation of the standard potentials using JR- 

CMSD database and data for pure compounds at a reac- 

tion temperature of 850 °C. 

Redox reaction �G (J �mol −1 ) E 0 (V/F 2 / F 
−) 

ThF 4 ↔ Th + 2F 2 (g) 1,756,877 −4.55 

LiF ↔ Li + 0.5F 2 (g) 508,677 −5.27 

CaF 2 ↔ Ca + F 2 (g) 1,036,862 −5.37 
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here x ( M X y ) is a concentration of the species MX y expressed as 

ts molar fraction. 

In chloride media ( X = Cl), the activity coefficient can be ob- 

ained from the measured equilibrium potential and the standard 

otential calculated from available data, as both can be related to 

he same thermodynamic reference Cl 2 /Cl −, as done e.g. for ThCl 4 
y Cassayre et al. [37] and by Delpech [33] . In contrast, so far the

ctivity coefficient could not be determined experimentally in a 

imilar way in high-temperature fluoride media due to the lack of 

 stable thermodynamic reference electrode that can be used in 

xperiments. 

The electrochemical reaction of the studied Th(IV)/Th redox 

ystem and the associated Nernst relation can be expressed by 

qs. (5) and (6) : 

 h F 4 + 4 e − → T h ( s ) + 4 F − (5) 

 T h F 4 /T h = E 0 T h F 4 /T h + 

RT 

4 F 
ln 

a ( T h F 4 ) 

a ( F −) 
4 

a ( T h ) 
, (6) 

n which E ThF4/Th is an equilibrium potential of the redox sys- 

em Th(IV)/Th, which can be experimentally measured in the salt, 

 

0 
ThF4/Th is the standard potential of the redox system Th(IV)/Th 

alculated using thermodynamic data, a( i ) is the activity of the 

pecie i in the solvent and other variables are explained above in 

he text. Eq. (6) cannot be directly used to calculate the activity 

f ThF 4 (and thus the activity coefficient according to eq. (3) ) due 

o two reasons: ( i ) the experimentally obtained ThF 4 /Th equilib- 

ium potential E T h F 4 /T h does not refer the standard thermodynamic 

otential E 0 
T h F 4 /T h 

and ( ii ) the activity of fluoride ions a ( F −) in LiF-

aF 2 melt is unknown. Nevertheless, the cathodic limit of the used 

olvent can be used as a reference potential, as published by Gibi- 

aro for determination of thermodynamic properties in high tem- 

erature molten salt media showed on an example of CeF 3 in eu- 

ectic LiF-CaF 2 [38] and by Delpech for evaluation of the activity 

oefficient of ZrF 4 in LiF-ThF 4 molten salt [39] . 

In the studied case, the cathodic limit is corresponding to 

i(I)/Li redox system, as discussed above in Section 3.3 and below 

able 1 ). The electrochemical reaction of this system and the asso- 

iated Nernst relation can be expressed as Eqs. (7) and ( (8) : 

iF + e − → L i ( s ) + F − (7) 

 LiF/Li = E 0 LiF/Li + 

RT 

F 
ln 

a ( LiF ) 

a ( F −) a ( Li ) 
(8) 

The evaluation of ThF 4 activity coefficient was based on an ex- 

erimental measurement of a difference between Th(IV)/Th and 

i(I)/Li equilibrium potentials and comparing this value with calcu- 

ated difference between Th(IV)/Th and Li(I)/Li standard potentials, 

s described below. 

The LiF/Li electrode reaction (7) can be rewritten in a form 

o involve 4 electrons exchange, i.e., for the reduction of 4 mol 

f LiF to comply with the overall studied reaction ThF 4 + 4Li ↔ 

LiF + Th, with the correspondingly modified Nernst relation (8) 

ielding Eq. (9) : 

 LiF/Li = E 0 LiF/Li + 

RT 

4 F 
ln 

a ( LiF ) 
4 

a ( F −) 
4 a ( Li ) 

4 
(9) 
7 
The potential difference �E = E LiF/Li − E T h F 4 /T h can be then ex- 

ressed by deducing the relation (6) from relation (9) yielding 

q. (10) : 

E = E LiF/Li − E T h F 4 /T h = E 0 LiF/Li − E 0 T h F 4 /T h + 

RT 

4 F 
ln 

a ( LiF ) 
4 

a ( T h F 4 ) 
(10) 

The activities of thorium and lithium metals a ( T h ) and a ( Li ) 

n Eq. (6) and (9) are equal to 1 and the unknown activities of 

uoride ions a ( F −) mathematically cancel out each other by the 

eduction of the equations. 

The difference of equilibrium potentials �E was experimentally 

easured using cyclic voltammetry, while the standard potentials 

 

0 
LiF/Li 

and E 0 
( T h F 4 /T h ) 

were calculated with the FactSage software us- 

ng a Joint Research Centre Molten Salt Database (JRCMSD, devel- 

ped at JRC Karlsruhe), where the data for pure compounds were 

dopted from [ [40] , [41] ]. The values of the standard potentials E 0 

ere derived from the calculation of the Gibbs enthalpies �G 

0 of 

he corresponding chemical reactions at the reaction temperature 

f 850 °C using the relation (11): 

 

0 = −�G 

0 /nF (11) 

The obtained values of the standard potentials, the correspond- 

ng chemical reactions and the values of the Gibbs enthalpies are 

iven in Table 1 for both redox systems of interest ThF 4 /Th and 

iF/Li, together with the calculated values for the system CaF 2 /Ca 

n order to additionally prove that the melt decomposition limit is 

orresponding to the less stable LiF/Li system. 

The activity a ( LiF ) in the used LiF-CaF 2 eutectic solvent was 

lso calculated using the FactSage software and the JRCMSD 

atabase to be 0.798, which agrees with the published value cal- 

ulated for temperature 876 °C in [42] . The activity value is very 

lose to the mole fraction of LiF in the mixture (0.795), which in- 

icates that the excess Gibbs energy for the solution formation is 

mall and the activity coefficient of LiF at the given conditions is 

lmost equal to unity. 

The �E value of −0.46 V was experimentally obtained 

rom the cyclic voltammetry measurements described above in 

ection 3.3 as a difference between the equilibrium potentials 

h(IV)/Th and Li(I)/Li. These potentials were graphically evaluated 

rom the cathodic peaks of the measured cyclic voltammograms, 

ot using the initial current slope likely indicating formation of 

urface alloys prior the pure metals deposition, as discussed above 

n Section 3.3 . The negative slope of the peaks corresponding to 

he deposition of pure metals, i.e., the part where the metal de- 

osited on the electrode surface is in equilibrium with the specie 

issolved in the bulk of the melt, was extrapolated to zero current 

nd the obtained potential value was estimated as equilibrium po- 

ential. The graphical evaluation of both Th(IV)/Th and Li(I)/Li equi- 

ibrium potentials is shown in Fig. 9 . 

Using all the above described data, the activity of ThF 4 was cal- 

ulated from Eq. (10) to be a ( T h F 4 ) = 8.74 �10 −6 and with the con-

entration of dissolved ThF 4 as 0.18 mol.%, the activity coefficient 

f ThF 4 was determined to be γ ( Th F 4 ) = 4.85 �10 −3 using Eq. (4) .

able 2 shows a comparison of this value was with the data for 

he ThF 4 activity coefficients obtained during our previous work 

 43 , 44 ] for different molten fluoride salt. The used reference state 

s the pure compounds, expressed as mole fraction for solid and 

iquid compounds and partial pressure for gaseous compounds. 

The ThF 4 activity coefficient measured in our work in the LiF- 

aF 2 melt is about 4 orders of magnitude higher than in the LiF- 

aF-KF eutectic melt. The reason is the different activity of free 

uoride ions F − in these melts, which affects the affinity of ThF 4 
owards the solvents. As discussed in [45] , alkali fluorides molten 

alts are almost fully dissociated and the F − activity in these sol- 

ents can be approximated as 1. The F − concentration is relatively 
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Fig. 9. Graphical evaluation of Th(IV)/Th (a) and Li(I)/Li (b) equilibrium potentials from cyclic voltammetry of LiF-CaF 2 -ThF 4 (1.02 wt.% Th) melt on W working electrode 

( S = 0.31 cm 

2 ), W counter electrode and Pt quasi-reference electrode at a temperature of 850 °C and scan rate 100 mV/s. 

Table 2 

Comparison of activity coefficients of ThF 4 in different molten salts using pure compounds as reference state. 

Solvent 

LiF-CaF 2 (this work) 

(79.5–20.5 mol.%) 

LiF-NaF-KF [44] 

(46.5–11.5–42.0 mol.%) 

LiF-ThF 4 [43] 

(80–20 mol.%) 

LiF-ThF 4 [44] 

(76–24 mol.%) 

Temperature 850 °C 600 °C 600 °C 600 °C 
log γ (ThF 4 ) −2.31 −6.54 −2.62 −1.80 

x (ThF 4 ) mol.% 0.18 1.07 20.0 24.0 
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igh in these melts, resulting in strong bonding and strong sol- 

ation of thorium. As shown in the following paragraph, CaF 2 has 

igher affinity to F − ions and from a certain content in a mixture, 

aF 2 decreases the F − ions concentration and the thorium solva- 

ion. Therefore, ThF 4 has higher activity coefficient in the LiF-CaF 2 
elt than in the LiF-NaF-KF melt. 

Numakura et al. [46] studied ThF 4 -LiF-CaF 2 melts with fixed 

ontent of ThF 4 (25 mol.%) and with increasing concentration 

f CaF 2 (up to 40 mol.%) by EXAFS measurements. They found 

n average coordination number of thorium molecular complexes 

ThF n ] 
4 − n to be n = 7.1 – 7.3 at T = 1073 K, dependant on the

aF 2 concentration. They observed disordering of the local struc- 

ure around Th 

4 + up to the CaF 2 molar fraction 0.17, while above 

hat concentration, the Th 

4 + local structure stabilised as a result of 

he decrease of the number density of free fluorine ions F − in the 

elts. From this observation, they concluded that CaF 2 acts as F −

onor for CaF 2 molar fraction < 0.17, whereas F − in the mixture is 

iluted above that concentration. 

It can be assumed that the free fluorine concentration in the 

iF-ThF 4 eutectic melt is in a comparable range as in the LiF-CaF 2 
utectic melt. Both media are containing higher valence cations 

ith high affinity towards free fluorine ions and in addition, the 

hF 4 activity coefficient in the LiF-CaF 2 melt determined in this 

ork is similar to the value of ThF 4 activity coefficients published 

or LiF-ThF 4 melts. If the above assumption would be correct, the 

horium molecular complexes in the measured LiF-CaF 2 -ThF 4 melt 

ould be likely similar as in the LiF-ThF 4 melts. The coordination 

umber found in the above-mentioned work by Numakura et al. 

46] in the pure LiF-ThF 4 melt was n = 7.0. In comparison, Bessada 

t al. [47] investigated the LiF-ThF 4 (5–50 mol.% ThF 4 ) systems by 

XAFS experiments and molecular dynamics simulations and they 

eported that the main observed anionic species in the melt had 

oordination numbers 7, 8 and 9, with the predominantly present 

omplex [ThF 8 ] 
4 − for all studied ThF 4 compositions at tempera- 

ures 973–1223 K. 
8 
ummary and conclusions 

The results of the work have shown that electrochemical char- 

cterization is an advantageous method to prove the purity of 

uoride melts, especially with regard to oxygen content. Cyclic 

oltammetry and linear sweep voltammetry techniques using a 

old working electrode are supplementary methods to reveal the 

resence of oxygen in the melts. These techniques have been ap- 

lied to characterize non-purified and purified LiF-CaF 2 eutectic 

elts and a ThF 4 previously synthesized from ThO 2 . The electro- 

hemical response has shown the expected presence of oxygen in 

he non-purified LiF-CaF 2 melt, while in the cases of purified melt 

nd of ThF 4 dissolved in a pure LiF forming an eutectic LiF-ThF 4 
elt, no signal related to oxygen content has been observed. Al- 

hough the method has not been calibrated to quantify the oxy- 

en content, it has proved sufficient to demonstrate the purity of 

he fluorides for electrochemical studies. The consecutive measure- 

ents have shown the expected responses, not affected by any 

hemical reactions with oxygen. 

In addition to the confirmation of the absence of oxygen im- 

urity, the cyclic voltammetry technique has been used to show 

he ThF 4 purity from metallic impurities soluble in the studied LiF- 

aF 2 molten salt solvent. Combination of all results has proven the 

sability of the ThF 4 material for the study on its thermodynamic 

roperties. 

The most important difficulties for the experimental measure- 

ent of thermodynamic and electrochemical properties in high 

emperature molten fluoride media are the absence of a stable 

hermodynamic reference electrode and the unknown value of ac- 

ivity of free fluorine ions in many molten fluoride solvents. The 

resented method for determination of activity coefficient is over- 

oming both problems. It is based on measurements of difference 

etween the electrode potentials of the studied compound and the 

east stable carrier melt constituent (melt decomposition poten- 

ial). The activity coefficient of the compound can be calculated 
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rom this experimentally obtained potential difference, assuming 

hat the standard electrode potentials of the compound and the 

east stable solvent constituent are known or can be calculated, as 

ell as the activity of the least stable solvent constituent. This ac- 

ivity is often assumed to be equal to its molar faction in the sol- 

ent, but that is not correct in some cases, e.g., LiF-ThF 4 or LiCl- 

Cl based molten salt media. The relative potential measurement 

oes not require any stable reference electrode. In addition, this 

pproach is using the fact that even if the free fluorine activity is 

nknown in the measured melt, it is a constant value for each sol- 

ent and when using a potential difference, this value is excluded 

rom the calculation and thus does not have to be known. 

The above-described approach has been used in this work to 

valuate the activity coefficient of ThF 4 in LiF-CaF 2 eutectic melt by 

easuring a difference between the Th(IV)/Th electrode potential 

nd the melt decomposition potential, corresponding to the Li(I)/Li 

ed-ox couple. The ThF 4 activity coefficient has been determined 

sing the calculated activity of LiF in the LiF-CaF 2 solvent and the 

iF/Li and ThF 4 /Th standard potentials. The obtained value is in the 

xpected order of magnitude and comparable to the published data 

n activity coefficients of actinides in molten fluoride media. 

Therefore, we conclude that the presented method can be used 

or experimental determination and comparison of activities and 

ctivity coefficients of different solutes in any fluoride melt, for 

hich the above-mentioned thermodynamic data required for the 

alculation, are available. 
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