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A B S T R A C T

In molten salt electrodeposition, a clear understanding of the initial nucleation and growth of nuclei formed on a
substrate/electrode is critical to determining the morphology and structure of deposits in order to produce
devices and products in various scientific fields. However, it is a challenge to obtain and characterize micro- or
nano-sized nuclei, especially for very active elements due to their high sensitivity to water and oxygen. This
problem is made even worse when the nuclei are accompanied by a larger amount of solid salts. In this work, we
have designed a detachable disk electrode (DDE) which can prevent inessential salts from adhering to the disk
substrate, greatly reducing the operational complexity, and ultimately enhancing the effectiveness and ease of
visualizing initial nucleation. Uranium, a typical radioactive element with high metallic activity in the nuclear
fuel cycle, was chosen as an example to test the sampling performance of the DDE. High-quality visualization of
the initial nucleation and growth morphology of uranium on different substrates is presented here for the first
time. The DDE provides a universal and simple scheme with wide applicability to the study of initial nucleation
in high temperature molten salts, in fields such as electrodeposition, electrosynthesis, electroplating, etc.

1. Introduction

Molten salts possessing a high dissolution capacity, chemical sta-
bility and reactivity and relatively low vapor tension have applications
in many industrial processes [1,2], such as the classical Hall-Héroult
process for aluminium production [3], electrocoating [4] and electro-
polishing [5], electrosynthesis of functional materials [6], electrowin-
ning and electrorefining of refractory metals [7,8] and spent nuclear
fuels (SNF) in pyrochemical reprocessing [9–11], etc. Therefore, a good
understanding of the chemical and physical properties involved in these
processes is essential for practical operation, maintenance and technical
upgrades. A variety of analytical methods and techniques have been
used to help understand the molten salt solvents, species, chemical and
electrochemical mechanisms/processes, including absorption
[9,12–14] and scattering [15,16] spectroscopy, spectroelectrochemistry
[13,17], macro [18,19] and micro [1,20] electrodes, in situ [21] and ex
situ [22] monitoring techniques, etc.

Among the industrial applications involving high temperature
molten salts (HTMS), the most obvious one is electrodeposition/elec-
trolysis. The very early stages of nucleation and growth of nuclei on a

substrate/electrode are critical in determining the morphology and
structure of the deposits, when the aim is often to achieve stable elec-
trodeposition. Increasing attention [18,23–27] has been paid to the
performance of metals in this step in HTMS. However, most of these
works have been restricted to explaining the fundamental nucleation
mechanism using electrochemical methods such as chronoamperometry
[28]. The evolution of the morphology and growth of nuclei at early
stages of electrocrystallization in HTMS, which is crucial for subsequent
deposition, is still not well understood, especially for active metallic
elements such as actinides and lanthanides.

However, it is very difficult to obtain samples of early stage nuclei.
Early crystal nuclei are generally deposited instantaneously, therefore
the sample is very small. In addition, micro- or nano-sized nuclei are
very sensitive to water and oxygen, and electrodeposition is generally
accompanied by larger amounts of solid salts. Thus, it is problematic to
obtain the initial nuclei without alteration if cleaning with water or an
organic solvent. To avoid the adhesion of a molten salt, Pesic et al.
reported the straightforward and smart idea of preparing a Mo disk
electrode from a side-shielded 3 mm width × 10 mm length Mo cy-
linder [18]. They found that a fresh and well-polished Mo surface did
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not retain molten salt upon withdrawal and yielded high-quality SEM
images of the initial formation and growth of nuclei of several lantha-
nide elements in molten salt electrolysis [18,29]. However, due to the
large size and complex shielding of the electrode, a special sample stage
had to be designed before attempting the electron microscopy studies.

In this work, we have designed a detachable disk electrode (DDE) in
order to characterize the initial formation and growth of nuclei in
HTMS electrolysis. Our design makes it possible to easily replace the
disk substrate with different materials, which in turn helps to reduce
the complexity of the experiments and enhance the efficiency of HTMS
electroanalysis. Using the DDE, high-quality samples of early nucleation
on different substrates can be obtained for optimized characterization
and analysis of metal electrocrystallization in HTMS. Uranium was
chosen as an example, as it is a radioactive element with high metallic
activity, which plays a critical role in the nuclear fuel cycle. Carrying
out this experiment on uranium is more demanding than performing it
on one of the rare or rare earth elements.

2. Experimental

Design and Fabrication of the DDE. Fig. 1(a) shows a schematic
diagram and Fig. 1(b) a photograph of the DDE. The electrode consists
of an upper and lower fastening screw rod (2) and nut (3) made of
boron nitride, combined with a stainless-steel current collector (1)
sealed with a corundum tube and a welded stainless-steel cylinder top
fastener (4). The cathode disk (5) is sealed to form a simple mechanical
structure which can easily be detached. The small hole (6) at the
bottom of the nut (3) is used for contact with the electrolyte. The inner
bottom surface of the nut (3) and the upper and lower sides of the
cathode disk are both polished surfaces, which minimizes the gap be-
tween them. Fig. 1(c) presents the assembled DDE which is put into the
high-temperature molten salt for 5 min and then withdrawn. After
cooling, the nut is removed, and the cathode disk and the cylindrical
salt ingot retained in the hole can be easily separated (Fig. 1d). No salt
is observed on the inner bottom of the nut and the disassembled sub-
strate also retains a shiny surface appearance (Fig. 1e), which makes
characterization of the surface morphology and composition feasible
and very convenient. Other experimental details are given in the
Supporting Information.

3. Results and discussion

3.1. Electrochemical signal response of the DDE in a molten salt

Fig. 2 shows the CV curves collected on inert W, Mo, and GC, and
(b) active Al, Ni, STS, and brass disks (d= 3 mm). Redox couples U4+/
U3+ (A/A′) and U3+/U (C/C′) can be directly identified for inert W, Mo,

and GC disk substrates, and have been widely verified on wire elec-
trodes made from the same materials [30–34]. On the active Al, Ni, STS,
and brass disk substrates, the signal of the U4+/U3+ (A/A′) redox
couple merges with the oxidation current of the disk due to the for-
mation of alloys [30,35] and the easy oxidation of the material itself,
resulting in different CV curves. Nevertheless, the CV signal response of
the different substrates to the electrochemical reaction of uranium is
identifiable and continuous, suggesting that although the electrode disk
was only connected to the collector by direct contact rather than by
welding, its conductivity is still excellent and there is no signal dis-
connection.

However, considering the harsh conditions of the HTMS system, it
seems unfeasible to completely seal the DDE. In Fig. 2c, the current
corresponding to the reduction peak of the U3+/U (C/C′) redox couple
was recorded at different times after the DDE had been inserted into the
molten salt. In the initial 600 s, the current slowly decreased from 61.5
to 58 mA, and then remained stable for more than 1000 s before slowly
increasing. One possible reason for this phenomenon may lie in the
detachable design and hollow structure of the electrode package, which
could contain some residual air inside the electrode or/and on the
surface of the disk substrate inserted into the molten salt. The residual
air would be physically heated and expand, which would slightly affect
the active area of the disk. Nevertheless, the molten salt slowly per-
meated inside the electrode and dampened more of the electrode disk as
expected, which caused an increase in the active area on the electrode
and, subsequently, the cathodic current. Fortunately, for characteriza-
tion of early nucleation and growth evolution, electrolysis experiments
usually only focus on the initial seconds or tens of seconds. Therefore,
the service life of an electrode used here to characterize electro-
deposition in HTMS is undemanding. It is, however, not adequate for
accurate electrochemical analyses such as those performed in the lit-
erature [1]. However, the DDE meets the requirements under our ex-
perimental conditions (the deposit sampling performance will be con-
sidered in the next section). Fig. 2d shows CA curves for
electrocrystallization of U on a W disk electrode at various over-
potentials in LiCl-KCl-3.2 wt% UCl3 at 773 K. The dimensionless
Scharifker–Hills model [36] fitting (Fig. S1 in the Supporting
Information) suggests a big difference between the experimental data
and the 3D growth of instantaneous and progressive models, which also
has been observed in a bromide system [37]. In studies of lanthanides in
the same chloride system, Pesic et al. [18,29,38] found that although
the Scharifker–Hills models suggest a 3D mechanism for formation of
nuclei, the SEM images of the initial morphology show 2D growth. The
theoretical Scharifker-Hills models cannot fully reflect real nucleation
and growth phenomena.

Fig. 1. (a) Schematic diagram of the
DDE: (1) STS current collector, (2–3)
BN fastening screw rod and nut, (4)
STS top fastener, (5) disk, (6) working
hole. (b) The DDE. (c) The DDE after
withdrawal from a molten salt con-
taining uranium (left, cooled; right,
just withdrawn). (d) The locking cap
(nut), GC and W disks and the removed
cylindrical solidified salt. (e) Inner side
of the nut after withdrawal.
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3.2. Sampling performance of uranium deposition and nucleation
morphology on the DDE

Fig. 3 presents low magnification SEM images and element mapping
analyses for different disk substrates (GC, W, Mo, STS, Ni and Al). After
removal of the solid salt (Fig. 1d), the residual salts on the various
substrates were totally different. Based on the results of Cl mapping,
there were small amounts of salt observed on the GC and W cathodes,
and relatively more on the Mo, STS, Ni and Al electrodes. One possible
reason for this diversity may lie in the surface smoothness of the sub-
strate. Some scratches can be identified on the surfaces of all the
manually-polished substrates except for the commercial GC cathode
(Fig. S2 in the Supporting Information). Considering the STS, Ni and Al
substrates, the deposited uranium can form an alloy with these sub-
strates [30,39], which changes the physical surface and makes it
rougher (Fig. S2 in the Supporting Information). Another reason might
be the difference in properties between the materials themselves. The
most convincing example is the Cl mappings of W and Mo substrates:
both surfaces were scratched, but more salt was left on the Mo substrate
than on the W substrate. In addition, the Al substrate also shows a
positive tendency to form a very clean, uniform and dense alloy layer
(Fig. S3 in the Supporting Information).

On the other hand, both Cl and U mappings suggest that the wett-
ability of the melt on these substrates during the 60 s of electrolysis is
mainly concentrated in the working area, except for the GC and STS
electrodes. This phenomenon is consistent with the limited variation of
peak current vs. time on the W substrate in the initial stage, as shown in
Fig. 2c. When studying only the initial stage of nucleation and growth,
the effect of molten salt infiltration on the actual working area is lim-
ited. Although the Cl mappings show that there is little salt on the W
and GC substrates, the U mappings also suggest that smaller uranium
deposits were retained on the GC and W surfaces. This implies that the

uranium crystal sample was pulled off along with the solid salt. This
phenomenon also appears in the morphology analysis of Nd nucleation
on a Mo surface [38]. This can also be deduced from Cl and U mappings
on the Mo substrate in Fig. 3, looking at the region where Cl is con-
centrated, and the signal of uranium is also relatively strong. Further-
more, the surface coverage rates of uranium on W and C were observed
to be lower than on Mo cathodes after uranium dendrites had been
scraped off in electrorefining tests [30,40]. Therefore, it can be con-
sidered that GC and W materials may be more conducive to the removal
of the solid salts than the Mo substrate, leading to better character-
ization of initial nucleation.

Nevertheless, most of the active area of all the electrode substrates
was not obviously stained nor covered with too much solid salt. Due to
the surface homogeneity of the substrates, the characterization of ur-
anium nucleation and crystal growth in these regions is still reasonable
and representative. The initial deposition morphologies and corre-
sponding EDS analyses on different substrates are presented in Figs. S4
and S5 in the Supporting Information. As an example, Fig. 4 shows SEM
images of uranium nuclei deposited at −100 mV vs. U/U3+ on the GC
disk substrate in different melt systems and with different electrolysis
times. In particular, 1 wt% (Fig. 4a, d) or 10 wt% (Fig. 4b, c, e, f) UCl3
melt systems were studied, and the electrolysis times were 2 s (Fig. 4b,
e) or 10 s (Fig. 4a, d, c, f). In SEM images with low magnification
(Fig. 4a–c), the distribution of clusters and a discrete form of uranium
nuclei can be clearly identified without salt interference. On applying a
greater magnification (Fig. 4d–f), clusters of uranium nuclei in the form
of cubes or polyhedrons of different sizes are visible. However, K.
Serrano et al. suggested a hemispherical nucleus based on a blurred
SEM image on the GC substrate at −320 mV vs. U/U3+ in NaCl-KCl
eutectic [26]. In addition, Fig. 5(a–d) shows the growth and evolution
of uranium nuclei on the W substrate under various overpotentials and
with different electrodeposition times. In the case of 100 mV

Fig. 2. CV curves of (a) inert W, Mo, GC and (b) active Al, Ni, STS, brass disks (d= 3 mm) in LiCl-KCl-3.2 wt% UCl3 melt at 773 K; (c) The evolution of peak current
(peak C) with time after the DDE was inserted in the melt; (d) CA curves for electrocrystallization of U on the W disk at various overpotentials in LiCl-KCl-10 wt%
UCl3 melt at 773 K.
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overpotential, the area covered by uranium nucleus growth did not
change very much between 10 and 60 s. However, the size of the crystal
nucleus grew with the increase in deposition time, and at 60 s, crystal
nuclei were linked together to form a circular chain. These phenomena
suggest the possible instantaneous nucleation of uranium. Fig. 5(e–h)
show the uranium nuclei deposited after 10 s with different over-
potential conditions (50, 100 and 150 mV, respectively). The coverage
of uranium nuclei grew with increasing overpotential. At an over-
potential of 150 mV (Fig. 5(g and h)), the uranium nuclei obtained at
different sites of the same sample present different morphologies,
showing that the crystal sample might be altered and pulled off along
with the solid salt as mentioned above. Nevertheless, they present a
similar arrangement and almost completely covered the tungsten sub-
strate and even grew together. This phenomenon is generally observed
in the electrodeposition of other metals [41]. The increase in

overpotential reduces the size of the nuclei and increases their density.
We can conclude that the initial nucleation and growth morphologies of
uranium on GC and W can be successfully characterized using the DDE.

4. Conclusion

This work reports the design, construction, and electrochemical
performance of a detachable disk electrode (DDE) for the character-
ization of initial nucleus growth and formation in HTMS electro-
deposition. The aim was to solve the problem of deposit sampling
where micro- or nano-sized nuclei are very sensitive to water and
oxygen, accompanied by larger amount of solid salts. The DDE greatly
reduces the complexity of experimental operation and ultimately en-
hances the effectiveness of the visual characterization of initial nu-
cleation. It is successfully used to characterize the morphology of

Fig. 3. SEM images and element mapping analyses of the uranium deposition site on different disk substrates (d= 4mm) after deposition at −100 mV vs. U/U3+ for
60 s in LiCl-KCl-3.2 wt% UCl3 at 773 K.
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uranium nucleation and growth on different substrates. The proposed
DDE provides a facile scheme with wide applications to the visual
characterization of initial nucleation in high temperature molten salt
electrodeposition.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://

Fig. 4. SEM images of the initial nucleation of uranium deposited at −100 mV vs. U/U3+ on the GC disk substrate (d= 4mm) in LiCl-KCl eutectic at 773 K. (a, d) for
10 s containing 1 wt% UCl3, (b, e) after 2 s and (c, f) after 10 s containing 10 wt% UCl3.

Fig. 5. SEM images of the initial nucleation and growth of uranium deposited on the W disk substrate (d= 5 mm) (a-d) after different times with the overpotential
set at −100 mV vs. U/U3+; and (e-h) using different overpotentials for 10 s in LiCl-KCl eutectic containing 10 wt% UCl3 at 773 K.
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