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Abstract: The dissolution mechanism of CeO, in molten CeFs-LiF-BaF, and the electrochemical behavior of Ce(Ill) on

molybdenum electrode in molten CeFs-LiF-BaF, was investigated. Cyclic voltammetry, chronoamperometry and potentiostatic

electrolysis were performed to investigate the reduction mechanism of Ce(Ill) ions. The products obtained by dissolution

reaction and potentiostatic electrolysis were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM)

and energy dispersive spectrometer (EDS). The results show that CeO, can dissolve into the fluoride molten salts in the form

of CeOF by reacting with CeFs. Further, cerium oxyfluorides can be directly reduced to cerium metal with a purity of 99.38

wt%~99.81 wt% on molybdenum electrode via a reversible three-electron-transfer process, which is controlled by diffusion.
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As a kind of abundant rare earth metal, cerium metal is
extensively used in special alloys and hydrogen storage
materials!' ). Particularly, with the new applications in the
fields of permanent magnetic materials,*™ new en-

(112173t comes up with

ergy,”'" optics and optoelectronics
higher requirements at purity of cerium metal. Electro-
chemical preparation methods, i.e. electrowinning and
electrorefining, are effective and promising approaches for
obtaining high-purity rare earth metals and their alloys.

At present, cerium metal is produced by electrolysis in
molten fluoride salts using ceric dioxide as raw material.
However, relevant researches on the electrochemical process
and mechanism of cerium metal preparation are mainly fo-
cused on molten chloride salts. Zhang et al''*! studied the
electrochemical behavior of Ce(III) on aluminum electrode in
molten LiCl-KCI-CeCl; salts. The electrode reaction process
of Ce(III) on molybdenum electrode in molten electrolyte
was investigated by cyclic voltammetry, chronopotentiometry
and square wave voltammetry. The results show that Ce(III)
ions are electrochemically reduced to cerium via a
three-electron reaction and the process is controlled by the
diffusion of Ce(IIl) towards the surface of cathode!*. Qi"!
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et al studied the cathodic process of Ce(IIl) ions in molten
NaCl-CsCl and proposed that the cathodic process includes
two steps, i.e. the one-electron-transfer process and the
two-electron-transfer process. Furthermore, sporadic studies
have reported the electrochemical behavior of Ce(IIl) in

1 conducted the elec-

molten fluoride salt. Constantin et a
trochemical studies on Ce(IIl) generated by adding CeF; in
molten LiF-NaF and LiF-NaF-CaF, salts. They confirmed
that the reduction process involves a three-electron-transfer
step and metallic cerium can be deposited as fine powder.
The study of electrochemical reduction of Ce(III) in molten
LiF-BaF, on molybdenum electrode using CeF; as solute was
performed by cyclic voltammetry and chronopotentiometry.
The results shows that the reduction of Ce(IIl) is a one-step
process and controlled by Ce(IIl) diffusion in melt"'”. How-
ever, there are few reports on the cerium preparation by elec-
trolysis in fluoride-oxide molten salts. Using CeO, as raw
material, the dissolution mechanism of CeO, and the elec-
trochemical behavior of Ce(IIl) in molten CeF;-LiF-BaF,
were investigated. The results might provide useful informa-
tion for the direct extraction and separation of cerium from
oxide in molten fluoride salt.
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1 Experiment

CeF; (299.9%, Sinopharm Chemical Reagent Co., Ltd),
LiF (>98.0%, Shanghai Aladdin Bio-Chem Technology Co.,
Ltd) and BaF, (>99.0%, Sinopharm Chemical Reagent Co.,
Ltd) were used as the components of electrolyte. CeO,
(299.9%, Sinopharm Chemical Reagent Co., Ltd) was used
as the additive.

20 g mixed salts (the mass ratios are shown in Table 1)
were weighted and placed in a graphite crucible. After dry-
ing at 200 °C for 5 h, the mixed salts were heated at 940 °C
for 2 h under argon atmosphere (>99.99%, 1 L/min), and
finally cooled to room temperature by air-cooling. The
melting products were identified by XRD (D/max-2500PC,
X’Pert Pro), SEM (JSM-7800F, Ultra Plus) and EDS after
grinding.

Electrolysis measurement and constant potential elec-
trolysis experiments were performed in a sealed stainless
steel reactor with inlet and outlet gas lines. Argon gas
(>99.99%) was injected into the reactor continuously with a
flow rate of 1 L/min. The mixture of electrolyte
CeF;-LiF-BaF, with a mass ratio of 73:17:10 was contained
in a graphite crucible (70 mm in inner diameter, 100 mm in
depth) standing in the reactor and dried at 300 °C for 5 h to
remove residual water. Subsequently, the temperature was
increased and kept at 940 °C. Once the salts were melted, a
three-electrode system was used in the constant potential
electrolysis experiment. The graphite crucible was used as
the electrolytic cell and also functioned as the counter elec-
trode. Graphite rod (spectroscopic pure, 6 mm in diameter)
was used as the pseudo-reference electrode. Molybdenum
rod (>99.95%, 1.5 mm in diameter, 600 mm in length) was
used as the working electrode. The experimental conditions
in cyclic voltammetry and chronopotentiometry measure-
ments were similar to those in the constant potential elec-
trolysis experiment. All the electrolysis measurement and con-
stant potential electrolysis experiments were performed using
Zahner IM6e electrochemical workstation. After constant po-
tential electrolysis, the obtained products were washed and
dried, and finally identified by XRD and SEM. The contents of
cerium and impurity in the products were analyzed by Induc-
tively Coupled Plasma (ICP, Optima 8300).

2 Results and Discussion

2.1 Dissolution mechanism of CeO, in molten
CeF;-LiF-BaF,

The electrolysis process of rare earth oxides in molten
fluoride salt is similar to the aluminum electrolysis process.
Hence, the dissolution behavior of cerium oxide in molten
CeF;-LiF-BaF, is important for the electrodeposition proc-
8] proposed that the possible
dissolution reactions of rare earth oxides in molten fluoride

ess of cerium metal. Xu et al

salts can be described as follows.

1) Simple dissociation reaction:

Ce0,=Ce*"+20™ (1)

2) CeO, reacts with carbon in the form of graphite:

2Ce0,+C=2Ce*" +30*+CO 2)

3) CeO, reacts with the co-ions in the molten salt, i.e.
CeF;.

In order to determine the dissolution mechanism of CeO,
in molten CeF;-LiF-BaF,, the mixtures of CeO, with one or
more of CeF;, LiF and BaF, were melted in graphite cruci-
ble at 940 °C for 2 h. Table 1 lists the composition and mass
of the molten salts and Fig.1 shows the XRD patterns of the
melting products.

As shown in Fig.1, the diffraction peaks of product A ob-
tained after melting the mixture of CeF; and CeO, are identi-
fied as CeOF. This suggests that CeO, reacts with CeF; and
forms CeOF, in which the cerium ion is trivalent. The XRD
patterns of the products B, C and D obtained by melting the
mixtures of CeO, and LiF, BaF, and LiF-BaF, show that the
phase composition of the mixtures is changed after melting,
indicating that CeO, cannot react with LiF, BaF, or LiF-BaF,.
Simultaneously, as can be seen from Fig.1, the diffraction
peaks of CeOF in product E are observed after melting CeO,
into molten LiF-BaF,-CeF;. In summary, the dissolution of
CeQ; results in the formation of cerium oxyfluorides in mol-
ten CeF;-LiF-BaF,.

Table 1 Composition and mass ratio of the mixed molten
salts
Product Composition m(Ce0,)/ m(CeF3)/ m(LiF)/ m(BaF,)/

No. g g g g
A CeF5-CeO> 9.32 10.68 - -
B LiF-CeO, 17.37 - 2.63 -
C BaF>-CeO» 9.91 - - 10.09
D LiF-BaF,-CeO,  9.22 - 1.40 9.38
g CoFeLiFBab oot 601 091 614

C802
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Fig.1 XRD patterns of reaction products labeled in Table 1 after
melting at 940 °C for 2 h
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Fig.2 shows the SEM image and EDS spectrum of the
product obtained after melting the mixture of CeF; and
CeO,. The EDS result shows that the product is mainly
composed of cerium, oxygen and fluorine, and the atomic
percentage of these three elements is close to 1:1:1. This
result is consistent with the observation from XRD. Identi-
cal conclusions on the formation of rare earth oxyfluorides
have been obtained in relevant studies, such as the electro-
deposition of neodymium from LiF-NdF;-Nd,0,!"”
LiF-CaF,-AlF Nd,0;"".

2.2 Cyclic voltammogram

Fig.3 shows the cyclic voltammograms of molybdenum
metal electrodes in molten LiF and LiF-BaF, salts. As
shown in Fig.3a, the cyclic voltammogram of molybdenum

and

metal electrode in molten LiF exhibits no notable current
during the cathodic scan until about —1.6 V (vs. C/CO,),
where a significant increase in reduction current peak A is
observed. The corresponding reoxidation peak A’ emerges
upon reversing the potential scan. On the basis of relevant
studies on the LiF-based molten electrolytes’**’!, it can be
concluded that the A and A’ peaks are attributed to the
deposition of Li(I) ions and reoxidation of the deposited
metal lithium, respectively.

Fig.3b presents the cyclic voltammogram of the molyb-
denum metal electrode in molten LiF-BaF, (mass ratio:
17:73) salts. As shown in the figure, a reduction current
peak B forms at about —1.75 V (vs. C/CO,), which can be
attributed to the electrochemical deposition of Ba(Il).
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Fig.2 SEM image (a) and EDS spectrum (b) of the product ob-
tained by melting the mixture of CeF3 and CeO; at 940 °C
for2 h

As the potential continues to shift negatively, the reduc-
tion current peak A is observed. Upon reversing the poten-
tial scan, reoxidation peak A' appears together with the
peak B’ due to the reoxidation of deposited lithium and
barium, respectively.

Fig.4 shows the cyclic voltammogram curve of molyb-
denum electrode in molten CeF;-LiF-BaF, (mass ratio:
73:17:10). It can be seen that a reduction current peak C
appears at about —1.5 V (vs. C/CO,). Compared with the
cyclic voltammetry curves mentioned above, this current
peak C can be attributed to the electrochemical deposition
of Ce(III), formed by CeF;.
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Fig.3 Cyclic voltammetry curves of molybdenum electrode in mol-
ten LiF (a) and LiF-BaF, (b) with a scan rate of 150 mV/s
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Fig.4 Cyclic voltammetry curve of molybdenum electrode in
molten LiF-BaF,-CeF3 with a scan rate of 150 mV/s
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Fig.5a shows the cyclic voltammogram curves of mo-
lybdenum electrode recorded in molten CeF;-LiF-BaF, con-
taining 2 wt% CeO,. As shown in the figure, a reduction
current peak D is formed at about —1.0 V (vs. C/CO,),
which can be attributed to the electrochemical reduction of
cerium-oxygen-fluorine ions generated by the reaction be-
tween CeO, and CeF; as discussed above.

In order to further confirm the reduction reaction oc-
curred within the potential range of current peak D, cyclic
voltammogram experiment was performed by narrowing the
scanning potential range from —-0.5 V to —1.25 V (vs.
C/CO,), as shown in Fig.5b. It is worth noting that a reoxi-
dation peak D’ is visible upon reversing the potential scan,
indicating that the electrochemical reduction of ce-
rium-oxygen-fluorine ions is reversible. As for the absence
of current peak D’ in Fig.5a, it may be due to the overlap of
the reoxidation current at C' and D’, because the final re-
duction product of both CeF; and CeOF is metal cerium.

According to previous studies on cyclic voltammograms,
the number of exchanged electrons can be deduced by cal-
culating the slope (k=RT/nF) of the curves of potential E vs.
In[(i,—i)/i,]. For the reduction peak D, the linear plot of po-
tential £ vs. In[(i,—i)/i,] is shown in Fig.6. From the slope
(k=0.0336), the exchanged electron number of the reduction
of cerium ions is approximately equal to 3. So it can be
concluded that the Ce(IIl) in CeOF is electro-reduced to
metal cerium directly.

2.3 Chronoamperometry

In order to confirm the rate-limiting step of the elec-
tro-deposition reaction of cerium, chronoamperometric ex-
periments were carried out on molybdenum electrode. Fig.7
shows the chronoamperograms obtained at different applied
potentials varied from —0.9 V to —1.5 V (vs. C/CO,). It is
observed that currents are fairly low during the potentio-
static polarization between —0.9 V (vs. C/CO,) and -1.0 V
(vs. C/CO,), indicating that no reduction occurs. By in-
creasing the potential to —1.1 V (vs. C/CQO,), an increase in
current is observed and current step S1 appears. Similarly,
current step S2 is observed when the potential increases to
—1.5 V (vs. C/CO,). Supported by the results of cyclic
voltammetry, it can be concluded that the step change S1 is
attributed to the reduction of cerium ions formed by CeOF
and the step change S2 is attributed to the reduction of
Ce(IIT) formed by CeF;.

In addition, according to the Cottrell equation™, the
current J, is correlated with the function of time (%) for
diffusion controlled step:

= nFAD”zC/(nl/ztl/z) 3)
where # is the number of exchanged electrons, F is the fara-
day constant (96485 C), 4 is the surface area of the
electrode in cm?, D is the diffusion coefficient in cm*s™', C
is the bulk concentration of reducible ions in mol-cm™, and
t is the polarization time.
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Fig.5 Cyclic voltammetry curves of molybdenum electrode in

molten CeF;-LiF-BaF,-2wt% CeO, with a scan rate of 150
mV/s: (a) —2.0~0.0 V and (b) -0.5~-1.25 V
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Fig.6 Linear correlation between potential £ and In[(i,—)/ip]

The Cottrell equation indicates the linear relationship be-
tween current /, and inverse #* caused by the depletion of
electro-active species near the working electrode surface.
Fig.8 shows the plot of current 7, vs. £'* at —1.1 V (vs.
C/CQO,). It can be seen that the current increases linearly with
the increase of /"%, demonstrating that the electro-reduction
process is a diffusion controlled step and this result is in
agreement with the theory proposed by Wang et al'*’!.
2.4 Constant potential electrolysis

According to the results of electrochemistry tests, CeO,
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can dissolve into the molten CeF;-LiF-BaF, in the form of
CeOF which can be reduced at a relatively low potential,
about —1.0 V (vs. C/CO,). In order to further confirm the
electrode reaction at this potential, constant potential elec-
trolysis was carried out at —1.25 V (vs. C/CO,) for 2 h. Af-
ter potentiostatic electrolysis, the washed and dried product
was analyzed by XRD. As shown in Fig.9, the obtained ca-
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Fig.7 Constant potential step curve of CeF3-LiF-BaF,-2wt%

CeO; molten salts on molybdenum electrode
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Fig.9 XRD pattern of product obtained by potentiostatic
electrolysis at —1.25 V (vs. C/COy) for 1 h

Fig.10 SEM image of potentiostatic electrolysis product
obtained at —1.25 V (vs. C/CO,)

thode product is mainly cerium, indicating that CeOF was
reduced to metal cerium by direct electrochemical reduction
reaction.

The SEM image of the product obtained by potentiostatic
electrolysis experiment is exhibited in Fig.10. The product
shows metal luster and has a dense microstructure. The
content of cerium was 99.38 wt%~99.81 wt%, tested by
decrement method.

3 Conclusions

1) CeO, can dissolve in molten CeF;-LiF-BaF, in the
form of CeOF, by reacting with CeFj;.

2) Cerium oxyfluorides can be directly electro-reduced to
metal cerium with a purity of 99.38 wt%~99.81 wt% at
about —1.0 V (vs. C/CO,).

3) The electrochemical reduction process is one-step
process involving the three electron exchanges and con-
trolled by diffusion.
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