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Investigation of Zr(IV) in LiF-CaF,: Stability with oxide ions and electroreduction

pathway on inert and reactive electrodes

M. Gibilaro*, L. Massot, P. Chamelot, L. Cassayre, P. Taxil

Université de Toulouse, UPS, CNRS, Laboratoire de Génie Chimique, 118 Route de Narbonne, F-31062 Toulouse, France

ABSTRACT

In this work, a detailed electrochemical study of the molten LiF-CaF,-ZrF,4 system is provided in the
810-920°C temperature range, allowing the determination of the reduction potential, the diffusion coef-
ficient and the reduction mechanism of dissolved Zr(IV) on an inert Ta electrode. Addition of CaO in the
molten salt is shown to cause Zr(IV) precipitation into an equimolar mixture of solid compounds, most
likely ZrO, and ZrOq 3F; 4. Underpotential deposition of Zr on Cu and Ni electrodes is also evidenced and
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Gibbs energy of formation of Cu-Zr compounds calculated by open circuit chronopotentiometry.

1. Introduction

Pyrochemical route for partitioning and transmutation strategy
is considered as one of the most promising option for nuclear fuel
cycle, and molten salt electrorefining is well adapted for metallic
spent fuel reprocessing, such as U-Zr and U-Pu-Zr [1-3], where
the classical hydrometallurgical processes are no more efficient
due to the zirconium element. Its presence in the molten bath is
commonly considered as an annoyance to the actinide-lanthanide
separation, as the zirconium (IV) reduction potential is more pos-
itive than uranium in chloride [4-7] and in fluoride salts [8-10],
interfering in the actinides selective recovery [11]. In the specific
case of molten fluoride solvents, a good knowledge of both ZrF,
chemistry and electrochemistry is thus required.

ZrF, is mainly prepared by chemical reaction between zirco-
nium oxide ZrO, and a fluorinating agent, such as fluorine gas [12],
hydrogen fluoride [13], ammonium bifluoride [14] or bromium tri-
fluoride [15]. These syntheses evidence the existence of a great
number of zirconium oxifluorides solid phases. A full description
of the ZrO,-ZrF4 phase diagram is given by Perpiernik et al., who
gathered data for the whole system [16].

The zirconium electrochemical behaviour, in the form of chlo-
ride, has been widely investigated and no consensus on its
reduction pathway in chloride melts has been found yet. Authors
reported several oxidation states (0, +I, +Il and +IV) due to a complex
chemistry in chloride and in chloro-fluoride melts [17-19].

* Corresponding author. Tel.: +33 561 55 72 19; fax: +33 561 55 61 39.
E-mail address: gibilaro@chimie.ups-tlse.fr (M. Gibilaro).

To obtain a less hygroscopic form and to decrease Zr(IV) volatil-
ity [20], numerous studies have been performed on the fluoride
form, ZrF4, and were devoted to the deposition in fluoride media
of coherent Zr metal and Zr alloys preparation on Ni, B and C
[8,21-25].In these media, the electrochemical reduction of Zr(IV) is
a one-step process exchanging 4 electrons, as it has been proved by
many authors [9,10] and more recently demonstrated in LiF-NaF
by Groult et al. [8]. Anyway, no study has been performed yet in
LiF-CaF, medium.

This paper presents a detailed electrochemical study of Zr(IV)
ions behaviour in LiF-CaF, in the 810-920°C temperature range
on inert electrode (Ta) using several electrochemical techniques
(cyclic and square wave voltammetries, chronopotentiometry).
Very sensitive to oxide, oxide ions (CaO) have been added into
the LiF-CaF,-ZrF4 mixture to investigate the zirconium precipi-
tation by formation of Zr-O-F solid phases. Finally, Zr(IV) has been
deposited on reactive electrodes (Ni, Cu) and, after determination
of phases composition by EDS-SEM, the Gibbs energy of formation
of these intermetallic compounds were estimated by open circuit
chronopotentiometry on the Cu-Zr system. The experimental data
were compared to existing thermochemical data.

2. Experimental

The cell was a vitreous carbon crucible placed in a cylindri-
cal vessel made of refractory steel and closed by a stainless steel
lid cooled by circulating water. The inside part of the walls was
protected against fluoride vapours by a graphite liner. The experi-
ments were performed under an inert argon atmosphere (less than
one ppm O,), previously dehydrated and deoxygenated using a
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Fig. 1. Cyclic voltammograms on Ta of the LiF-CaF, system at 100 mVs~! and 840 °C: without ZrF, (grey) and with ZrF4 addition of 0.05 mol kg~ (black). Inset. Variation of
the peak current density and the peak potential versus the square root of the potential scan rate. Working el.: Ta (S=0.31cm?); auxiliary el.: glassy carbon; comparison el.:

Pt.

purification cartridge (Air Liquide). The cell was heated using a pro-
grammable furnace and the temperatures were measured using a
chromel-alumel thermocouple. A more detailed description of the
set-up can be found in [26].

The electrolytic bath consisted of a eutectic LiF-CaF, (Appolo
99.99%) mixture (79.5/20.5 molar ratio), initially dehydrated by
heating under vacuum (105 bar) to its melting point (762 °C) for
72 h. Zirconium ions were introduced into the bath in the form of
ZrF4 pellets (Cerac 99.99%) and oxide ions in the form of CaO powder
(Cerac 99.9%).

Tantalum, copper and nickel wires (Goodfellow 99.99%, 1 mm
diameter) were used as working electrodes. The auxiliary elec-
trode was a vitreous carbon (V25) rod (3 mm diameter) with a large
surface area (2.5 cm?).

The potentials were referred to a platinum wire (0.5 mm diame-
ter) immersed in the molten electrolyte, acting as a quasi-reference
electrode Pt/PtOy/02~ [27].

The electrochemical study and the electrolyses were performed
with an Autolab PGSTAT30 potentiostat/galvanostat controlled
with the GPES 4.9 software.

The composition and microstructure of Zr deposits obtained on
reactive electrodes were characterized by scanning electron micro-
scope (SEM) coupled with an energy dispersive spectroscopy (EDS)
probe.

Cyclic voltammetry, chronopotentiometry, square wave
voltammetry and open circuit chronopotentiometry were used for
the investigation of the zirconium electroreduction process.

3. Results and discussion
3.1. Zr(IV) reduction mechanism on inert electrode

3.1.1. ZrF4in LiF-CaF,

3.1.1.1. Cyclic voltammetry. A series of cyclic voltammograms
has been plotted on an inert tantalum electrode. A represen-
tative voltammogram is presented in Fig. 1 in LiF-CaF,-ZrF,
(co=0.05molkg1) at 840°C and 100mVs~!, where a single peak

is observed in the cathodic run at around —1.15V vs Pt. This peak is
associated with a reoxidation peak at around —0.9V vs. Pt, whose
shape is typical of the dissolution of a metal deposited during a
cathodic run (stripping peak). As presented in the Fig. 1 inset, the
quasi-reversibility of the system, characterized by a peak potential
independent of the scan rate, is verified.

The cathodic peak current increased linearly with the concen-
tration of zirconium (IV) ions (Fig. 2), confirming that this peak can
be attributed to the Zr(IV) reduction reaction.

Then, the influence of the scan rate on the peak current was stud-
ied (Fig. 1 inset) to verify the Berzins Delahaye relationship, valid
for a reversible soluble/insoluble system and a diffusion-controlled
reaction [28]:

1/2
I, = —0.61nFSco (%) D'/21/2 (1)

where n is the number of exchanged electrons, F the Faraday con-
stant (96,500 C), S the electrode surface area in cm?2, D the diffusion
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Fig. 2. Linear relationship between the cathodic peak current density and the ZrF,
content in the bath in the LiF-CaF, system on Ta electrode at 100 mVs~' and 840°C.
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Fig. 3. Variation of the chronopotentiograms of the LiF-CaF,-ZrF4 (0.08 molkg~!) system at 840 °C with the applied current on Ta. Inset. variation of It'/2 vs. the current at

840°C. Working el.: Ta (S=0.31 cm?); auxiliary el.: glassy carbon; comparison el.: Pt.

coefficient in cm?s~!, ¢ the solute concentration in molcm~3,
T the absolute temperature in K and v the potential scan rate
invs1

The linear relationship between i, and v1/2 observed in the Fig. 1
inset confirms the previous assumptions:

- the reaction yields an insoluble product, likely zirconium metal
- the electrode process is diffusion controlled.

The slope of this linear equation is:

% =-0.379+0.002 A s/2y-1/2¢m—2 o
v

at t=840°C and ¢y =0.05mol kg~1.

3.1.1.2. Chronopotentiometry. Chronopotentiometry was per-
formed on Ta at 840°C to confirm that the electrochemical
process is controlled by zirconium ions diffusion in the melt. In
Fig. 3, chronopotentiograms plotted at various current densities
at 0.08 molkg~! exhibit a single plateau at about —1.15V vs Pt
corresponding to the potential of the Zr(IV) reduction into Zr metal
evidenced in Fig. 1. The transition time t decreased when the
applied current increased, in good accordance with the Sand’s law
[29] valid for diffusion-controlled reactions:

l'.L-l/Z

=0.5n7%°FD%> (3)
Co

where 7 is the transition time in s.

The data plotted in the Fig. 3 inset are not influenced by cg, in
accordance with Eq. (3); the validity of this equation was checked in
the 810-920°C temperature range and at 840 °C and the constant
value is:

l'.L.1/2

——=-880.8+0.2 A s1/2 (4)
0

The reversal chronopotentiogram presented in Fig. 4
(co=0.08 molkg~! and I=+150mA) exhibits an anodic transition
time equal to the cathodic one (7ox = Treq = 1.6 5). This result, char-
acteristic of an insoluble compound formation on the electrode,
confirms that the reaction yields Zr metal on the working electrode.

3.1.1.3. Number of exchanged electrons. The Zr formation by reduc-
tion of Zr(IV) in one step at —1.1V vs Pt was finally evidenced by
calculating the number of exchanged electrons during the cathodic
process.

Two methods were used for this calculation:

- combination of cyclic voltammetry and chronopotentiometry
measurements,
- square wave voltammetry.

The first method allows the uncertainty on the Zr(IV) concen-
tration and diffusion coefficient to be ignored by coupling (1) and

3):

L/vu n
e = 74.173\/; (5)

From these equations, the calculated number of exchanged elec-
trons was found to be 3.8 +0.2.

The other technique used to determine the number of
exchanged electrons is the square wave voltammetry [30]. In this

0.2 r r r r r r . . .
0.5 1 15 2 25 3 35 4 45
-0.3 tis

04 1

-0.5 4

-0.6

-0.7

E vs Pt/V

-0.8 4

-0.9 4

Fig. 4. Reversed chronopotentiogram of the LiF-CaF,-ZrF4 (0.08 mol kg~!) system
at 840°C; applied current=+0.15A. Working el.: Ta (S=0.31cm?); auxiliary el.:
glassy carbon; comparison el.: Pt.
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Fig. 5. Square wave voltammogram of the LiF-CaF,-ZrF4 (0.05 mol kg~!) system at 9 Hz at 840 °C. Black line: deconvoluted signal. Inset. Variation of the peak current density
and the peak potential versus the square root of the frequency. Working el.: Ta (S=0.31 cm?); auxiliary el.: glassy carbon; comparison el.: Pt.

method, derived from cyclic voltammetry, the scanning of potential
proceeds stepwise with superimposition on each step of the stair-
case of two potential pulses, direct and reverse, with equal values.
Plotting the differential current measured at each step between the
successive pulses versus the potential associated to each electro-
chemical reaction, a Gaussian shaped peak is obtained. In the case
of a reversible system, a mathematical analysis of the peak yields a
simple equation associating the half-width of the peak (W;,) and
the number of exchanged electrons:

Wi, =3.52 (6)

RT
nF

A typical square wave voltammogram in LiF-CaF,-ZrF,
(co=0.05molkg~1) is shown in Fig. 5 at T=840°C and f=9 Hz. The
curve exhibits one peak at about —1.1V vs Pt corresponding to the
Ep of the cyclic voltammogram. Beforehand, the validity of Eq. (7)
was verified in Fig. 5 inset, as far as a linear relationship is obtained
between the peak current and the square root of the frequency [31].

As mentioned in previous papers, the distortion of the peak,
in comparison with the classical Gaussian peak valid for a sol-
uble/soluble system, is due to the currentless nucleation phase
during the metal deposition. Concerning quasi-reversible system
with asymmetric peak, the reference [32] indicates how to deter-
mine the half-peak width (W;;). From Wy, measurements, the
number of exchanged electrons is equal to 4.0+ 0.1.

Thus, both methods confirm that Zr(IV)/Zr(0) reduction pro-
ceeds in a single step, according to:

Zr(IV)de™ = Zr (7)

3.1.1.4. Diffusion coefficient determination. Using Eq. (1) or (3) and
n=4, the Zr(IV) diffusion coefficient (D) was calculated to be
(6.8+0.1)x 1076 cm?2 s~ at 840°C, whatever the determination
method. In the 810-920 °C temperature range, the linear variation
of InD versus the inverse absolute temperature, plotted in Fig. 6,
follows an Arrhenius’ law as:

10765.10(+0.03)

In D= —2.22(+0.03) — T

(8)

From Eq. (8), the activation energy is 89.5 + 0.2 k] mol~!.

This is in good agreement with the activation energy deter-
mined by Groult et al. (76.2kJmol~') in a study devoted to the
LiF-NaF-ZrF, system [9].

3.1.2. ZrFy in LiF-CaF,-CaO

Fig. 7 presents cyclic voltammograms plotted on a Ta electrode
at 100mVs~! in LiF-CaF,-ZrF4 (0.11molkg~!) after successive
Ca0 additions: the Zr(IV) peak current density decreases gradu-
ally with the oxide content. After addition of 2.4 mol of CaO, no
more electrochemical signal related to the Zr system is observed
on Ta.

The normalized quantity of zirconium ions n(Zr) has been plot-
ted versus the normalized oxide ions content n(oxide), calculated
as:

n . n.a-
n(Zr) = ?F“ and n(oxide) = g
N7k, N7,

where nng4 is the initial quantity of Zr(IV) in mol, nzs, the
remaining quantity of Zr(IV) in mol determined by cyclic voltam-

metry, n.- the added quantity of 02~ in mol.
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Fig. 6. Variation of the logarithm of the diffusion coefficient versus the inverse of
the absolute temperature.
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Fig. 7. Variation of the cyclic voltammograms of the LiF-CaF,-ZrF, (0.11 molkg~1)
system with oxide ions addition in the solution at 100mVs~! and 840°C. (A):
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addition: 0.143 molkg~"; (D) oxide ions addition: 0.178 molkg~!. Working el.: Ta
(5§=0.31cm?); auxiliary el.: glassy carbon; comparison el.: Pt.

The data, presented in Fig. 8, exhibit a linear relationship
between the quantity of added oxide and the decrease of Zr(IV) con-
centration. As reported in previous work in the case of rare earth
[33], this behaviour is an evidence of the formation of a solid com-
pound. The first assumption was that insoluble ZrO, was formed
during oxide additions. However, as evidenced by the theoretical
slope of ZrO, formation plotted in Fig. 8, this assumption does
not fit with experimental data. It is thus very likely that oxyflu-
oride Zr-O-F compounds were formed during the reaction. At the
operating temperature (840 °C), according to the ZrF4-ZrO, phase
diagram [16], there are three non-stoichiometric stable oxyfluoride
phases: Zr(F,0)4_x (0.25<x<0.34), Zr(F, O)3+x (0.33<x<0.50) and
Zr(F, 0)3_x (x~0.30). The composition of these phases is reported
in Fig. 8. From these data, it is thus believed that additions of CaO
into a ZrF4-containing LiF-CaF, salt lead to the formation of a close
to equimolar mixture of solid ZrO, and ZrOq 3F; 4.

3.2. Zr(IV) reduction mechanism on reactive electrode

This section is dedicated to the study of Zr(IV) reduction
on reactive cathodes in LiF-CaF, at 840°C. Cu and Ni elec-
trodes were selected since both Cu-Zr and Ni-Zr systems present
many intermetallic compounds at the operating temperature
[34,35].
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Fig. 8. Variation of the normalized Zr(IV) amount in the melt versus the normalized
oxide ions content added in the melt. Comparison to existing phases in the Zr-O-F
system at 840°C (1) Zr(F,0)4_x (0.25<x<0.34) phase; (2) Zr(F, 0)3:x (0.33 <x<0.50)
phase (3) Zr(F, 0);_x (x~0.30) phase.
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Fig. 9. Superposition of the cyclic voltammograms of the LiF-CaF,-ZrF,
(0.11molkg ') at 100mVs~! and 840°C. Working el.: Ta, Cu, Ni (§=0.31cm?);
auxiliary el.: glassy carbon; comparison el.: Pt.

3.2.1. Cyclic voltammetry

The cyclic voltammograms presented in Fig. 9 represent zirco-
nium ions reduction on inert (Ta) and on reactive electrodes (Cu,
Ni) at 100mVs~!. On both reactive electrodes, additional reduc-
tion waves are detected at around -0.85V vs Pt on Cu and —0.75V
vs Pt on Ni prior to Zr metal deposition on Ta, and are attributed
to alloys formation. These shifts in potential are due to a depo-
larisation effect also called underpotential deposition: the Zr alloy
formation occurs at more positive potential than pure Zr [36].

3.2.2. Electrolysis runs

Galvanostatic electrolyses in LiF-CaF,-ZrF; (0.11molkg1)
were performed during 30 min at —0.1 Acm—2 on Ni and Cu plates.
The cross-section of the samples was analyzed by SEM-EDX and
micrographs are presented in Fig. 10a (Cu) and b (Ni): several layers
of intermetallic compounds are formed at the surface of the elec-
trodes. Their compositions, reported from the inside to the outside
of the starting material, are:

- On copper electrode: Cu/CusZr/CusqZri4/CuZr;
- On nickel electrode: Ni/NisZr/Niy; Zrg /NiZr

Ni-Zr and Cu-Zr alloys have thus been obtained, confirming the
underpotential deposition of Zr(IV) ions on reactive cathodes. As
previously demonstrated on other systems, it was noticed on both
electrodes that the compound with the highest Ni or Cu content is
obtained at the boundary of the initial Ni or Cu metal substrates
[37].

3.2.3. Gibbs energy calculations using open circuit
chronopotentiometry data

Zr-based compounds have been formed and identified after
electrolysis runs and open circuit chronopotentiometry was used to
determine the Gibbs energy of formation of these compounds. This
electrochemical method is however restricted to binary systems
containing intermetallic compounds rather than solid solutions. As
the Zr-Ni phase diagram exhibits both solid solutions and inter-
metallic compounds, the determination of Gibbs energy values has
been applied to the Cu-Zr system and its 6 intermetallic com-
pounds: CuZr,, CuZr, CuygZry, CugZrs, CusiZri4 and CusZr [34].

The method consists in first electrodepositing a small quantity
of Zr on the cathode by a short cathodic run and then measuring the
open circuit potential of the cathode versus time. The intermetallic
diffusion of Zr and Cu leads to the successive formation of Zr-Cu
compounds, with a decreasing Zr content from the surface to the
bulk of the Cu material. The open circuit chronopotentiogram then



Fig.10. SEM micrographs of a cross section of Cu (a) and Ni (b) plates after reduction
of ZrF4 at 840°C in LiF-CaF,-ZrF,4 (0.11 molkg~1!). Applied current=—-0.1Acm™2,
time =30 min.

exhibits plateaus of metallic interdiffusion corresponding to suc-
cessive intermetallic compounds formation at the surface of the
electrode, as described in [38,39]. Each potential plateau of the
chronopotentiogram corresponds to an equilibrium between two
intermetallic compounds in the solid state and diffusion of Zr within
the substrate explains the cathode potential increase.

The chronopotentiogram of the Cu-Zr system is presented in
Fig. 11 where 7 plateaus have been observed on top of pure Zr. By
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Fig. 11. Open-circuit chronopotentiogram of glassy LiF-CaF,-ZrF4 (0.11 molkg1)
on Cu electrode (S=0.31cm?) at 840°C after a polarization at I=—0.2 A. Auxiliary
el.: glassy carbon; comparison el.: Pt.

Table 1
Experimental values of Gibbs energy of formation compared to calculated one from
SGTE database in the Cu-Zr system at 840 °C.

Compound AE vs. Zr|V AG (Jmol-1) A¢Gexp (K mol~1)
This work SGTE database

Zr

CuZr; 0.063 -24,318 24+ 1 -38

CuZr 0.083 -32,038 —28+1 -28

CuyoZry 0.158 —60,988 —258 + 2 —242

CugZrs 0.347 —133,942 —168 + 2 —148

CusiZria 0.520 —200,720 —-985 +£2 —844

CusZr 0.724 —279,464 —-90 +2 —-62

linear combination (see reference [39] for calculation details), the
Gibbs energy of formation of each intermetallic compound has been
calculated. The data are compiled in Table 1. For most compounds, a
rather good agreement is found between the present experimental
values and the one tabulated in the SGTE database [40].

4. Conclusions

The ZrF, electrochemical behaviour has been investigated in
LiF-CaF, at 840°C on inert electrode (Ta) and its reduction takes
place at around 1V from the solvent reduction (Li*). Using different
electrochemical techniques, it was demonstrated that the reduc-
tion mechanism is a one step process exchanging 4 electrons and
controlled by the Zr ions diffusion in the molten salt, in accordance
with previous studies in molten fluoride solvents: Zr(IV) +4e~ =Zr.

Diffusion coefficients have also been determined on a wide tem-
perature range (810-920°C) and data show a dependence of InD
with the inverse of the temperature, as a classical Arrhenius-type
law:

10765.10(£0.03)
T

Then, the effect of oxide ions by CaO addition in a LiF-CaF,-ZrF4
system has been studied. At 850°C, the zirconium precipitation
is evidenced and the concentration decrease of Zr(IV) with CaO
additions indicates that the precipitate is most probably composed
of zirconium oxide ZrO, and zirconium oxifluoride ZrO; 3F; 4. On
nickel and copper electrodes, Zr(IV) reduction was observed at
a more positive potential than pure Zr deposition and zirconium
alloys formation (Ni-Zr and Cu-Zr) were evidenced by SEM-EDS.
Thanks to the open circuit chronopotentiometry data on the Zr-Cu
system, the Gibbs energy of formation of the corresponding inter-
metallic compounds (CuZr,, CuZr, CuygZry, CugZrs, Cusq Zri4, CusZr)
were estimated and in good agreement with the SGTE database.

In D =-2.22(+0.03) —
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