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Abstract
The oxidation of UF4 in LiF–NaF–KF (FLiNaK) melt with oxygen sparging was conducted at 823 K and analyzed by in situ
infrared spectrometer, UV–Vis absorption spectrometer, and other characterizations with thermodynamic calculations,
indicating UF4 was converted to UO2F2 with the following reaction mechanism: 2UF4 (l) + O2(g) + 2H2O(g) = 2UO2F2(l)
+ 4HF(g). Cyclic voltammetry measurements showed that the reduction of UO22+ in oxidized melt exhibited two steps both
with one exchanged electron: UO22+ + e− → UO2+ and UO2+ + e− → UO2. By potentiostatic electrolysis, the product of
UO2 was obtained with nanoscale triangular sheet structure.
Keywords UF4 · FLiNaK · Oxidation · O2 sparging · UO22+ · Potentiostatic electrolysis

Introduction
Molten salt reactor (MSR) is a unique generation IV reactor, which uses fluorides both as the carrier salt and coolant
salt [1–4]. During the operation of the reactor, U
 F4, ThF4
or other actinide fluorides are evenly dissolved in the carrier salt composing of LiF and B
 eF2 (FLiBe melt). MSR
has intrinsic merits including inherent safety and flexible
fuel cycle due to the use of liquid fuel, and is considered to
be suitable for the implementation of thorium uranium fuel
cycle. During the operation of MSR fueled with thorium,
233
Pa (an intermediate product in the conversion of 232Th
to fissionable 233U) and fission products (FPs, mainly Xe
and rare earths (REs) with high neutron capture cross section) will accumulate in the fuel, which will reduce neutron

Dong Han and Changfeng She have contributed equality.
* Wei Huang
huangwei@sinap.ac.cn
* Qingnuan Li
liqingnuan@sinap.ac.cn
1

Shanghai Institute of Applied Physics, Chinese Academy
of Sciences, Shanghai 201800, China

2

University of Chinese Academy of Sciences, Beijing 100049,
China

3

Center of Excellence TMSR Energy System, Chinese
Academy of Sciences, Shanghai 201800, China

economy. The operation of MSR at high efficiency and high
breeding ratio requires the isolation of 233Pa and REs frequently. However, U4+ is more chemical active than Pa and
lanthanides ions, so it is very difficult to separate Pa and
REs from the fuel salt prior to the extraction of uranium.
Currently, in almost all fuel reprocessing flowsheets proposed for the thorium-based MSR (TMSR), uranium extraction was always the first step [5–9]. Up to now, molten salt
electrochemical method is recognized as one of the most
mature and promising pyroprocessing technologies [10–12].
Unfortunately, during the reduction of U4+ followed by the
generation of U3+ species, the reduction potential of U3+ to
U metal was close to those of REs and the electrochemical window potential of FLiBe melt (Be2+/Be couple) [13],
which makes it impossible to treat MSR fuel by molten salt
electrochemical method directly [5, 7, 14, 15].
In order to overcome above limitations, a new idea for
uranium extraction from MSR fuel using electrochemical method was proposed by our group: first, the U
 4+ was
2+
transformed into UO2 in fluoride melt; and then, the
cathodic product as UO2 was obtained and separated from
melt by electrochemical reduction of U
 O22+ [16]. The preliminary experiment revealed that in UO2F2–LiF–NaF–KF
(46.5–11.5–42 mol%, FLiNaK) melt prepared by adding
UO2F2 to FLiNaK melt, the reduction potential of U
 O22+
was far away from the electrochemical window potential and had significant potential difference with those of
REs; and UO22+ could be reduced to UO2 on the cathode
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by a two-step reduction process: U
 O22+ + e− → UO2+ and
+
−
UO2 + e → UO2. Preliminary studies showed certain feasibility of our new strategy.
Several decades ago, Young et al. [17] reported the
conversion of U F 4 during spectrum measurement of
UF4-FLiNaK melt, and they found the color of melt changed
from green to yellow during measurements and the absorption peak of the newly formed species was similar to that
of uranyl ion in aqueous solution. Young et al. speculated
that UF4 was oxidized to uranyl fluoride in FLiNaK melt by
oxygen in air atmosphere; however, they didn’t proffer the
reaction mechanism.
Considered that the conversation of U
 F4 to uranyl fluoride
in fluoride melt is the critical step in this proposal of MSR
fuel processing, in this work we attempted to oxidize U4+
into UO22+ by inducing oxygen into the U
 F4-FLiNaK melt,
and in situ infrared spectrometer (IR) was used to on-line
detect the reaction process. To explain the reaction mechanism, the melt before and after oxidation was analyzed by
X-ray diffraction (XRD), UV–Vis absorption spectrometer
of molten salt (UAMS), the inductively coupled plasma
atomic emission spectrometer (ICP-AES) and thermodynamic calculations. Based on the above studies, cyclic voltammetry (CV) was employed to measure the oxidized melt
and the preliminary electrolysis of the oxidized melt was
also conducted by potentiostatic electrolysis.
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hydrogen fluoride [18]. UF4 was supplied by China National
Nuclear Corporation. Argon and oxygen gas (99.999%) were
purchased from Xiangkun Gas Co., Ltd. Pt crucible (inside
diameter: 49 mm, height: 25 mm, wall thickness: 0.5 mm,
used in electrochemical measurements), Pt crucible (top
diameter: 42 mm, bottom diamer: 30 mm, wall thickness:
0.5 mm, used in oxidation reaction), Pt wires (ø 1.0 mm),
W wires (ø 1.0 mm) and Au sheet (3 cm × 1 cm, CE) were
purchased from Sinopharm Chemical Reagent Co., Ltd.
Graphite crucible (inside diameter: 78 mm, wall thickness:
3 mm) and rods (ø3 mm × 50 mm) were purchased from
Merson Co., Ltd. W wires (ø 1.0 mm) were purchased from
Alfa-Aesar Co., Ltd.

Melt preparation

Experimental

Except for the oxidation of UF4, all the other experiments
were carried out in a home-made electrical furnace connected with an argon covered glove-box. The maximum temperature of the furnace is 1273 K. Details of this equipment
have been reported previously [19, 20].
UF4(10 wt%)-FLiNaK melt: 3.15 g UF4 and 31.85 g FLiNaK powders were mixed and placed in a graphite crucible,
and then loaded into the furnace vessel. After the vessel was
sealed, the furnace was heated to 1023 K and kept for 3 h.
After that the temperature decreased to 823 K in 1 h and
maintained for 12 h before the subsequent oxidation experiments. UF4(1.5 wt%)-FLiNaK melt was prepared in the same
way for electrochemical and oxidation experiments.

Reagents and materials

The oxidation of UF4 in UF4‑FLiNaK melt

The FLiNaK eutectic melt was prepared by mixing high
purity LiF, NaF and KF (99.95%) with the molar ratio of
46.5:11.5:42, and then treated with 10–15 wt% ammonium

The oxidation of U
 F4 by sparging O
 2 into U
 F4-FLiNaK
melt was carried out in a home-made electrical furnace
connected with air covered glovebox as shown in Fig. 1.

Fig. 1  Schematic diagram of reaction device for the molten salt and O
 2 in high temperature
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The process was as follows: (1) the device and the pipeline
were purged by argon to ensure them unobstructed; (2) the
prepared 35 g U
 F4(10 wt%)-FLiNaK melt was placed in a
Pt crucible and loaded into the furnace vessel; (3) the furnace was heated from room temperature to 823 K in 1.5 h
with continuous argon sparging, and then kept at 823 K
for 1 h; (4) the argon gas was cut off and oxygen was inlet
with flow rate of 100 ml/min for 60 min; (5) the oxygen
gas was cut off and argon was inlet; (6) the temperature
of furnace was then reduced to 623 K in 30 min; (7) the
furnace was cooled down naturally. During O2 sparging,
the gas from the outlet of the furnace was detected by IR
spectrometer (PerkinElmer Spectrum Two™). The melt
was sampled in molten state after reaction and analyzed by
XRD (PANalytical X’Pert Pro MPD), UAMS (self-assemble, UV–Vis spectrometer from Ocean Optics Co., QE Pro
65), and ICP-AES (PerkinElmer Optima 8000). The oxidation of U
 F4(1.5 wt%)-FLiNaK melt and the blank control
experiment that O2 was introduced into the FLiNaK melt
were performed in the same procedure with reaction time
shortened to 30 min. The contents of corrosion product
in the blank FLiNaK after sparging O2 were analyzed by
ICP-MS (PerkinElmer NexION 300 D).

The electrochemical behavior of melt
before and after oxidation
All electrochemical experiments were performed by Autolab PGSTAT302 N potentiosta/galvanostat with the software
of Nova 1.9. All the potential data was calibrated by the
decomposition potential of FLiNaK melt, that is, the reduction potential of K+/K couple.
In the UF4(1.5 wt%)-FLiNaK melt after oxidation, Pt wire
was used as working electrode (WE) and reference electrode (RE), respectively, and Au sheet was used as counter
electrode (CE). The immersed depth of WE was 3 mm. W
wire was used as WE instead of Pt in U
 F4(1.5 wt%) FLiNaK
melt to avoid the formation of U-Pt alloys, and the immersed
depth of WE was 5 mm.
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Results and discussion
Oxidation process and product characterization
Based on previously reported literature [21–23], UF4 powder can react with O2 at high temperature and the products
would be UO2F2 and UF6, as the following equation:
(1)
To illuminate the gas products formed during the reaction of UF4 and O2 in the FLiNaK melt, the gas-flow from
the outlet of the furnace was in situ detected by IR during
O2 sparging into UF4(10 wt%)-FLiNaK melt. Generally, in
IR spectrum, the characteristic peaks of UF6 were located
at the region of 500–700 cm−1 [24, 25]. However, during
the whole O2 sparging period, no peaks related to UF6 were
found in the IR spectrum (as shown in Fig. 2a), indicating
that this reaction mechanism probably differs from that of
Eq. 1. In addition, the concentrations of uranium in FLiNaK
melt before and after reaction were measured by ICP-AES,
and revealed it was almost unchanged. Besides, after reaction, the peaks (1–6 and 1′–6′) in symmetric distribution
at 3650–4200 cm−1 appeared (as demonstrated in Fig. 2b),
indicating the formation of HF [26].
The UV–Vis absorption spectra of FLiNaK melt and
UF4(1.5 wt%)-FLiNaK melt before and after oxidation were
conducted at 826 K, as shown in Fig. 3 (insets were the photographs of solidified melts). The color of melt changed from
green to yellow after oxidation, and the UV–Vis absorption
spectra had conspicuous variation before and after oxidation.
Before reaction, the UF4-FLiNaK melt had several absorption
peaks, as shown in Fig. 3a. Young et al. [17] considered that
the peaks at 610 nm and 658 nm were related to the characteristic peaks of UF4, and the peaks at 436 nm, 266 nm and

2UF4 (s) + O2 (g) = UO2 F2 (s) + UF6 (g)

Electrolysis of the oxidized melt
The oxidized melt was electrolyzed by the potentiostatic
method, and the duration time was 4 h. The potential
employed in electrolysis was confirmed based on the reduction potential of UO22+ on Pt electrode. Spiral Pt wire, Pt
wire and graphite rod were used as WE, RE and CE, respectively. The phase composition and microstructure of the
electrolysis product were characterized by XRD and scanning electron microscope & energy dispersive spectrometer
(SEM–EDS, Zeless Merlin Compact LED 1530 VP).

Fig. 2  The typical in situ IR spectra of the off-gas of the reaction
between UF4-FLiNaK and O
 2, detected at 20 min; a the region of
short wavelength, b the region of long wavelength
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Fig. 4  The XRD patterns of UF4-FLiNaK melt (a) and after oxidation
(b)

Fig. 3  The spectra of FLiNaK and UF4(1.5 wt%)-FLiNaK melt before
and after oxidation at 826 K (Inset: photographs of solidified melts).
a Before oxidation; b after oxidation; c FLiNaK melt

532 nm were attributed to absorption of the FLiNaK melt
itself. The remarkable peaks at 436 nm, 266 nm and 532 nm
appearing in the case of UF4-FLiNaK melt did not exist in
FLiNaK melt (as shown in Fig. 3c), which meant those peaks
didn’t belong to FLiNaK melt itself. We speculated that those
peaks were attributed to the formed complexes when UF4 dissolved in FLiNaK melt. In Fig. 3b, the only absorption peak
at 419 nm implied the existence of UO2F2 in the oxidized
melt [17]. The XRD patterns of UF4(10 wt%)-FLiNaK before
and after oxidation were consistent with above results. As
illustrated in Fig. 4, complexes such as N
 a3UF7‚ K2UF6 and
LiU4F17 did exist when U
 F4 dissolved in FLiNaK melt, while
only K3UO2F5 (3KF·UO2F2) species appeared in the oxidized
melt [17], which further confirmed that UO2F2 formed when
UF4 reacted with O2 in the FLiNaK melt.
According to above discussion, we could propose that UF4
reacts with O
 2 in FLiNaK melt through the following reaction
(2)
where H2O was from the reactant and the air atmosphere in
glove-box. To demonstrate the feasibility of this reaction on

the basis of thermodynamics, the corresponding standard
Gibbs free energy changes (∆Gθ), standard enthalpy changes
(∆Hθ), standard entropy changes (∆Sθ) under various temperatures were calculated by software HSC Chemistry 6.0.
Although the thermodynamic data of UF4 and UO2F2 from
HSC software are in the solid state, the calculated results
can also be used as a reference. The results revealed that this
reaction is exothermic and ∆Sθ is very small, as shown in
Fig. 5. Additionally, ∆Hθ was negative in the entire range of
temperature and the absolute values increased with temperature, which manifested this reaction is spontaneous.

The electrochemical behavior of UF4‑FLiNaK melt
before and after oxidation
The CV curves of FLiNaK melt, U
 F4(1.5 wt%)-FLiNaK melt
and UF4(1.5 wt%)-FLiNaK melt after oxidation by sparging
O2 were shown in Fig. 6a. For FLiNaK melt, a couple of
intense peaks (G′/G) situated near the electrochemical limit

2UF4 (l) + O2 (g) + 2H2 O(g) = 2UO2 F2 (l) + HF(g)
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Fig. 5  The curves of thermodynamic parameters of Eq. 2 with different temperatures
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of melt (corresponding to K
 +/K), and another single anodic
peak H1′ appeared in the positive potential range at about
3.30 V (vs. K
 +/K), which could be assigned to the dissolution of Pt electrode [13]. In the case of UF4(1.5 wt%)-FLiNaK melt, there were three couples of peaks expect G′/G.
The reduction peak D at 0.66 V was related to the reduction
of U4+ to U3+ with a single electron transfer and the oxidation peak D′ was ascribed to the oxidation of U
 3+ to U
 4+. The
cathodic peak F at 0.24 V and anodic peak F′ at 0.41 were
assigned to the reduction of U3+ to U metal and its reverse
reaction. The reduction peak E at 0.40 V and oxidation peak
E at 0.94 could be matched to the monolayer absorption and
desorption of uranium ions, respectively. These results were
in agreement with the published literature [27–31].
For UF4 (1.5 wt%)-FLiNaK melt after oxidation, the electrochemical signals were complicated. The anodic peak H2′
at 3.44 V was associated with the dissolution of Pt. Compared with the potential (3.48 V) in U
 O2F2(2 wt%)-FLiNaK
melt [16], this andic potential of Pt electrode slightly shifted
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negatively. The minor negative shift might be caused by the
different concentrations of uranyl, and in this work, relatively lower concentration of uranyl enabled the electrode
to be less passivated. In addition, the oxidation peak (A′/C′)
formed by superimposed anodic peaks of U
 O2 and U
 O 2+
was located at 2.20 V and the reduction peak A generated
by the reduction of U
 O22+ to U
 O2+ was situated at 2.02 V,
which were consistent with those in UO2F2(2 wt%)-FLiNaK
melt [16]. The peak C
 1 at 1.57 V should be related to the
reduction of UO2+ to UO2 and was 0.08 V negative to that
in UO2F2(2 wt%)-FLiNaK melt [16], which was probably
induced by the oxygen remained in melt after oxidation. In
the more negative potential range, there were two reduction
peaks near 1.07 V and 0.58 V, namely C2 and C3, which
might be assigned to impurities, such as the Fe, Cr or Ni
ions resulting from the corrosion of vessel material during
O2 sparging.
In order to confirm the attributions of C
 2 and C3, the
electrochemical measurement of blank FLiNaK melt after
sparging O2 was carried out. As shown in Fig. 6b, unsurprisingly, two reduction peaks (C2 and C3) did appear at the
same positions as those in U
 F4(1.5 wt%)-FLiNaK melt after
oxidation. ICP-MS analysis of FLiNaK melt after sparging
O2 indicated that the contents of Fe, Cr and Ni were 0.57
wt%, 0.15 wt% and 0.19 wt%, respectively. Therefore, Peak
C2 and peak C3 should not belong to any species of uranium
and they were assigned to corrosion impurities. Table 1
summarizes the peak potentials from CV curves and peak
attributions in diverse systems, including the blank FLiNaK
melt, UF4(1.5 wt%)-FLiNaK melt, UO2F2 (2 wt%)-FLiNaK
melt and UF4(1.5 wt%)-FLiNaK melt after oxidation.

Electrodeposition of UF4‑FLiNaK melt
after oxidation

Fig. 6  a Cyclic voltammograms of FLiNaK, 
UF4(1.5 wt%)-FLiNaK and UF4(1.5 wt%)-FLiNaK melt after oxidation at 823 K, scan
rate: 0.1 V/s, FLiNaK melt [WE: Pt (S = 0.165 cm2); CE: Au sheet
(3 cm × 1 cm); RE: Pt (ø 1.0 mm)]; 
UF4-FLiNaK melt [WE:W(
S = 0.165 cm2);CE: Au sheet (3 cm × 1 cm); RE: Pt (ø 1.0 mm)];
UF4(1.5 wt%)-FLiNaK melt after oxidation [WE: Pt (S = 0.1 cm2);
CE: Au sheet (3 cm × 1 cm); RE: Pt (ø 1.0 mm)]; b Cyclic voltammograms of FLiNaK and UF4(1.5 wt%)-FLiNaK after sparging O2
at 823 K, scan rate: 0.1 V/s, WE: Pt (S = 0.1 cm2); CE: Au sheet
(3 cm × 1 cm); RE: Pt (ø 1.0 mm)

The electrochemical analysis of oxidized U
 F4-FLiNaK melt
indicated that the U
 O22+ formed in this system could be
reduced to U
 O2 by two single-electron transfer reactions,
which revealed that it is theoretically possible to obtain uranium dioxide by electrolysis of the melt at suitable electrolytic voltage.
For this purpose, potentiostatic electrolysis was employed
to the UF4(1.5 wt%)-FLiNaK melt after oxidation and the
potential was set at 1.05 V (vs. K
 +/K). After electrolysis for
4 h at 823 K, the cathodic product was vacuum distilled at
1323 K, and the mass of the cathode deposit after distillation
was 0.10 g. During the electrolysis, the amount of total input
charge was 87.27 C, so the current efficiency was calculated
to be 81.9%. The XRD patterns of cathodic deposition before
and after salt distillation treatment were shown in Fig. 7.
Before distillation, there was a large amount of salt entrained
in the deposition, but the diffraction peaks of UO2 could be
observed and the product was clearly determined to be U
 O2
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Table 1  The peak potentials
from CV curves and peak
attributions in FLiNaK, UF4(1.5
wt%)-FLiNaK, UO2F2 (2wt%)FLiNaK and U
 F4(1.5 wt%)FLiNaK melt after oxidation by
sparging O2
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System

FLiNaK
UF4(1.5 wt%)-FLiNaK

UO2F2(2 wt%)-FLiNaK

UF4(1.5 wt%)-FLiNaK melt
after acylation

Potential (V) vs. K+/K

Peak attributions

2+

−

Pt → Pt + 2e
U → U3+ + 3e−
U3+ + 3e− → U
Absorption of uranium
Desorption of uranium
U3+ → U4+ + e−
U4+ + e− → U3+
UO2+ → UO22+ + e−
UO2 → UO2+ + e−
UO22+ + e− → UO2+
UO2+ + e− → UO2
Pt → Pt2+ + 2e−
UO2+ → UO22+ + e−
UO2 → UO2+ + e−
UO22+ + e− → UO2+
UO2+ + e− → UO2
Impurities
Pt → Pt2++ 2e−

H1′
F′
F
E′
E
D′
D

This work

Literature

3.30
0.42
0.24
0.94
0.40
0.81
0.69

3.30 [13]
0.41 [25]
0.24
0.92
0.42
0.80
0.68
2.20 [13]

A′/C′

2.20

A
C1
C2
C3
H2′

2.02
1.57
1.07
0.58
3.44

2.02
1.49
3.48

after vacuum distillation treatment. The surface morphology
of cathodic deposition was analyzed by SEM–EDS and the
triangular surfaces composed of oxygen and uranium were
found with nanostructure, as shown in Fig. 8, which are the
triangular growth of UO2 crystals on (111) face [32].

Conclusion

Fig. 7  XRD patterns of cathodic deposition, potentiostatic electrolysis of UF4(1.5 wt%)-FLiNaK melt after sparging O
 2 on a spiral Pt
electrode at 1.05 V (vs. K+/K) and 823 K for 4 h
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By sparging O
 2 into U
 F4-FLiNaK melt at 823 K, the U
 F4 was
successfully converted to U
 O2F2. The reaction mechanism
between O2 and U
 F4 in FLiNaK melt was analyzed by in situ
IR, UAMS, XRD, ICP-AES and thermodynamic calculations, and was confirmed as follows: 2UF4 (l) + O2 (g) + 2H2O
(g) = 2UO2F2 (l) + 4HF (g). The electrochemical behavior of
the melt after oxidation by sparging oxygen was studied by CV
and potentiostatic electrolysis, and the result suggested that
the formed UO22+ can be reduced to UO2 through two steps:
UO22+ + e−→UO2+ and UO2+ + e−→UO2. The above results
preliminarily confirmed the feasibility of the oxidation from
UF4 to U
 O2F2 in FLiNaK melt and the possibility of electrochemical separation of uranium in the form of U
 O2 from the
UF4-FLiNaK melt after oxidation, which would be helpful for
the consideration of new strategies for MSR fuel processing.
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Fig. 8  Images of SEM–EDS of cathodic deposition after distillation, potentiostatic electrolysis of UF4(1.5 wt%)-FLiNaK melt after sparging O2
on a spiral Pt electrode at 1.05 V (vs. K
 +/K) and 823 K for 4 h
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