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Ni-based superalloys are promising materials for high-temperature molten
salt (MS) energy generation and storage. Studying morphological and chem-
ical evolution of pure Ni in MS provides fundamental knowledge for MS
technologies and corrosion mitigation. Here, real-time 3D morphological
changes of Ni microparticles in molten KCl-MgCl2 were studied by operando
synchrotron X-ray nano-tomography at 700�C. Rapid Ni particle agglomera-
tion occurred, without significant chemical reactions, such as oxide or chloride
formation. The morphological growth evolved differently from classical
coarsening or sintering behaviors and occurred nonuniformly, with other re-
gions showing slight dissolution of Ni. Ni nanoparticles were found to be
dispersed in many areas of the samples, either from microparticle dissolution
or other radiation-induced nanoparticle formation mechanisms. This study
discusses important factors, i.e., thermal gradient, amounts of salt and metals,
and radiation effect, that influence morphological changes of materials in MS,
critical for fundamental understanding of material–MS interactions as well as
for practical applications.

INTRODUCTION

Molten salts are effective high-temperature heat
transfer fluids and thermal storage media for a wide
range of energy generation and storage facilities,1–3

including concentrated solar power plants4–9 and
high-temperature batteries.10–13 Molten salt reac-
tors (MSRs), which use molten halide salt as the
fuel carrier and heat transfer fluid, are prominent
candidates for safer next-generation nuclear power
plants.14–16 Molten salt has also been used as an
effective synthesis agent for inorganic nanomateri-
als17 and two-dimensional materials.18,19

Consequently, understanding how materials inter-
act with molten salts is an essential priority, and it
is especially challenging to study such liquid/solid
interfacial phenomena due to their complex envi-
ronment and heterogenous nature. For instance,
corrosion has been recognized as one of the major
challenges in molten salt technologies, with a range
of fundamental and technical questions still unre-
solved.20–23 The morphological evolution of materi-
als in molten salts, including corrosion, involves the
interplay between interfacial phenomena and long-
range mass transport. The interfacial phenomena
involve the electrochemical charge–transfer process
at the metal–salt interface and the surface diffusion
of metal atoms. The long-range mass transport
could be in both the solid and liquid phases,(Received August 31, 2022; accepted January 16, 2023;
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including intergranular or bulk diffusion in the
alloy, and oxidant or corrosion product diffusion in
the molten salt. Providing fundamental insights
regarding the processes including mass transport
(surface and long-range diffusion, as well as con-
vection) and charge transfer (chemical/electrochem-
ical reactions) is a path towards revealing how the
basic transport and reaction processes govern struc-
tural changes of materials in molten salts.

Considering the variable working environments
in a molten salt reactor, the underlying mechanisms
of molten salt–material reactions are complicated,
including factors such as impurities due to the
hydroscopic nature of the salt,24 irradiation
effects,25 grow-in of fission products,26 and temper-
ature variations.27 As a result, the molten salt and
the contacted alloys may undergo chemical, mor-
phological, and structural changes that significantly
affect their properties and functions. Fundamen-
tally, it is important to understand the individual
processes involved in molten salt–alloy interactions.

In the gamut of morphological evolution phenom-
ena at elevated temperatures, coarsening is an
important factor influencing the morphological evo-
lution of materials at high temperatures. Coarsen-
ing is an increase in characteristic length scale
during microstructural evolution. The driving force
for coarsening is minimization of the total interfa-
cial energy.28 Coarsening is also known as Ostwald
ripening or competitive growth, is commonly
observed in heterogeneous systems consisting of
particles dispersed in a matrix, and occurs when
large particles grow at the expense of small particle
shrinkage.29 Coarsening has been observed in
molten salt dealloying with porous structures,30–32

but it has yet to be studied extensively in molten
salt media. Coarsening phenomena can be more
broadly applied to a wider range of systems with
different morphologies: the growth of pores and
ligaments in bicontinuous nanoporous structures
created by dealloying is one example;33–36 this
includes coarsening in molten salt media.

An important point is the differentiation between
coarsening and densification for porous materials.
Coarsening refers to an increase in dimension
without changing the volume ratio between the
solid phase and the pore phase, and thus not
changing the porosity. In a bicontinuous system, it
is typically achieved by surface diffusion, where
materials are rearranged along the surface without
affecting the porosity. However, densification,
which involves bulk diffusion (also known as lattice
diffusion) to reduce the porosity, can accompany
coarsening and occurs in materials that are sub-
jected to a high-temperature environment, as also
observed in materials dealloyed by molten salt.30

X-ray nano-tomography is an effective tool to
provide direct 3D visualization of a wide range of
materials. With synchrotron full-field imaging tech-
niques, such as transmission X-ray microscopy
(TXM), rapid data acquisition and high data quality

provide the ability not only to capture the morpho-
logical evolution of the system but also to quantify
their kinetics (pathways and rates).37–41 For
instance, several recent reports from our group
have analyzed the morphological evolution of Ni-
20Cr in molten KCl-MgCl2 salts under different
conditions.30,42 The concurrent coarsening phenom-
ena, during dealloying in particular, were analyzed
in detail with a Ni-20Cr microwire.30 TXM nano-
tomography has also been used to quantify the
coarsening mechanism of Ni in solid-oxide fuel
cells,43–45 as well as bicontinuous nanoporous
gold.33,46 Combined with the energy tunability
available at a synchrotron source, spectroscopic
imaging with TXM can provide spatially-resolved
chemical information, also known as X-ray absorp-
tion near-edge structure (XANES) imaging and
XANES tomography.47,48

This work studies the complicated behaviors of
Ni, including coarsening, dissolution, and nanopar-
ticle formation in molten salt, by directly capturing
the 3D morphological evolution of Ni microparticles
in molten salts with X-ray nano-tomography. The
work is motivated by the need to know how to
manage the aggregation and deposition of particu-
late materials in molten salt reactors and concen-
trated solar power plants, for the assurance of
safety and reliability. Ni is a major component of the
alloys used to construct salt loops in these systems,
and various corrosion processes transfer oxidized
and metallic Ni from the alloy to the salt phase,
where radiation effects can re-reduce the oxidized
Ni.49 Additional morphological evolution character-
istics have been observed, such as the presence of
many smaller, well-dispersed Ni particles at sub-
micron to nanometer scales. The heterogeneous
morphological evolution due to the complex envi-
ronment involving local salt/metal concentration
variation, high temperature and X-ray radiation is
discussed. Nanoparticle formation has been
observed under the influence of chemical, radiolytic,
or corrosive conditions for applications in nuclear
reactors,49 which is consistent with the observations
of this study. Overall, this work serves as a step
towards understanding the complex coupling
between the different kinetics steps in the corrosion
process, and how they determine the morphological
changes of materials in a molten salt environment.
Ongoing efforts in experiments, theoretical analy-
sis, and computational modeling are critically
needed to provide more detailed 3D morphological
and chemical quantification and prediction in this
research area.

METHODS

Sample Preparation

The MgCl2 used in this study was purified
following the method established from previous
work,30 then mixed with KCl (purchased as
99.999% Suprapur reagent grade) in a 50:50 molar
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ratio. Ni powder (purity 99.5%, 1 lm; US Research
Nanomaterials) was purchased and stored in a
glovebox. Quartz capillaries (Charles Supper) with
0.1-, 0.3- and 0.5-mm diameters and 10-lm wall
thickness were baked in an oven (CASCADE TEK)
at � 120�C overnight to remove any surface mois-
ture that may have been present and immediately
transferred into an Ar-filled glovebox. The 0.1-mm
capillaries were open-ended on both sides, while the
0.3- and 0.5-mm capillaries had one open funnel
side and one closed tip side. Two different types of
samples were prepared. For the first type, the
ground powder of 5 wt% Ni mixed with KCl-MgCl2
(50:50 mol%) was added into the 0.3-mm quartz
capillary from the funnel side. Then, this capillary
containing the Ni and salt powder was placed into a
0.5-mm quartz capillary. For the second type, the Ni
powders were added into the 0.1-mm quartz capil-
lary. The ground KCl-MgCl2 (50:50 mol%) salt
mixture was heated in a quartz boat in the glovebox
at � 650�C to a molten state. Then, the molten salt
was drawn up into the capillary containing Ni
powder, using a syringe connected by a tube,
through the open tip within several seconds. The
molten salt immediately solidified in the capillary,
which was at room temperature. The capillary with
the Ni powders and solidified salt mixture was then
placed into a 0.5 mm capillary.

For both types of the samples, the 0.5-mm capil-
laries were then sealed with a small bead of epoxy at
the funnel opening of the funnel end to ensure the
Ar environment was preserved in the double-capil-
lary assembly during the sample transfer. The
epoxy was not in contact with the Ni or salt, which
remained at the tip end of the capillary. After the
epoxy was cured in the glovebox, the sample was
transferred from the glovebox and immediately
flame-sealed using a miniature benchtop hydrogen
torch system (Rio Grande). The flame-sealed double-
capillary sample assembly was then attached to an
alumina rod (ID: 0.02’’; McMaster-Carr) and
mounted on a kinematic mount (TXM sample
holder) using a high-temperature epoxy
(RESBOND).

In situ Synchrotron X-ray Nano-tomography
Measurement

The in situ X-ray nano-tomography experiments
were conducted at the Full Field X-ray Imaging
beamline (FXI, 18-ID) at the Brookhaven National
Laboratory National Synchrotron Light Source-II.50

The sample was heated by a miniature furnace51

integrated with the TXM endstation at FXI. The
double-capillary sample containing Ni powder
immersed in molten salt was heated to 700�C with
a ramp rate of 50�C/min. The X-ray incident energy
used was 9.8 keV, which provides a sufficient
transmission signal and good contrast for the Ni

particles. The image was captured by a lens-coupled
charge-coupled device detector (2560 9 2160 pixels,
horizontal 9 vertical) with 6.5-lm pixel size, and
camera binning was 2 9 2 during the experiment.
The magnification of the microscope was 9 300.
Thus, the effective pixel size of the image was
43.34 nm. For all tomographic measurements, the
exposure time was 40 ms per projection with 360
projections, which resulted in an acquisition time of
less than 1 min per nano-tomogram.

Two in situ heating experiments (Fig. 1) were
conducted on different samples. The first experi-
ment was conducted by continuously collecting X-
ray nano-tomography scans at one fixed location at
700�C using the sample made with the 0.3-mm
quartz capillary. Secondly, a mosaic in situ tomog-
raphy experiment was conducted by repeatedly
taking mosaic tomography scans (3 9 3 9 1, x 9
y 9 z) during the in situ process to capture the
morphological evolution of the full capillary, using
the sample made with the 0.1-mm quartz capillary.
The step size between each tomography was 25 lm;
considering the horizontal field of view is 46.8 lm,
there was a 21.8-lm overlap between the tomogra-
phy volumes to enable adequate image stitching.
The data were collected with an X-ray beam atten-
uator to mitigate the potential radiation damage.
The mosaic tomography experiment included mea-
surements at two distinct regions of the same
sample, one with salt and one without salt (as a
control experiment) in the sealed capillary, carried
out consecutively.

After each heating experiment, the sample was
cooled to room temperature with a ramp rate of
50�C/min. Tomography scans were collected prior to
the heating and after the cooling of the samples. 2D
TXM images were also collected during the heating
and cooling process to record any potential morpho-
logical changes. In addition, 2D XANES imaging
was also conducted at 700�C by scanning the Ni K-
edge from 8.323 to 8.353 keV. Standards of Ni, NiO,
and NiCl2 were measured at room temperature.
Additionally, for comparison, two Ni-20Cr (80
wt%Ni-20 wt% Cr) samples were studied by in situ
heating TXM analysis at 700 and 800�C, respec-
tively (see supplementary data file on the Methods
for further details; refer to online supplementary
material).

The tomographic projection images were recon-
structed into volumetric images with the gridrec
algorithm using Tomopy.52 PyXAS53 was used to
process the XANES imaging data. The 3D images
were stitched together to extend the imaging vol-
ume using Python programs developed in-house.54

The 2D and 3D visualization was carried out by Fiji
(a distribution of ImageJ with plug-ins for tomo-
graphic data processing)55 and Avizo (Thermo
Fisher Scientific, v9.3).
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RESULTS AND DISCUSSION

The Initial Morphological Change of Ni
Particles in Molten KCl-MgCl2 Versus in Ar

With the rapid tomographic data collection at the
FXI beamline, the very early stages (within � 3
min) of the 3D morphological changes of the Ni
particles were captured; the in situ heating exper-
iments were conducted on the same sample in two
different regions, one with Ni particles immersed in
the molten salt environment and the other with Ni
particles in a no-salt region. As shown in Fig. 2, the
pristine Ni particles were mostly spherical and well
dispersed in the salt, with a particle size � 2 lm in
diameter. From the image contrast (Fig. 2a) and the
pseudo-cross-sectional view in the XY plane (see
supplementary Fig. S1), it could be identified that
the particles were attached to the inner surface of
the quartz capillary. After being heated in Ar at
700�C for 2.4 min, the particles started to connect
together with a classic neck growth feature (see
Fig. 2a, indicated with an orange arrow in the
middle panel). With a continuous heating to
3.1 min, more particles became connected, but the
particles did not fully merge, with neck features
remaining clear between particles. This neck

growth phenomenon is commonly observed in sin-
tering particles, a solid-state processing method
typically carried out at a high temperature to
convert powders into a structure with more mechan-
ical integrity. The growth of the feature size in
particles is driven by reducing the total interfacial
area in order to lower the overall free energy of the
system.28

For the particles submerged in molten salt, after
being heated at 700�C for just 1.3 min (Fig. 2b),
larger aggregates of particles were observed com-
pared to the particles after 3.1 min in the Ar
environment without the molten salt. The growth
continued, as can be seen in the image from 2.9 min
of heating. Previous work conducted by Zhang et al.
has shown aggregation of nanocrystals (Pt) in
molten AlCl3-NaCl-KCl.56 In that study, the col-
loidal behavior of different nanocrystals including
metals (Pt and Pd) was analyzed. The study demon-
strates that stable colloids form only when there is a
chemical affinity between the nanocrystals surface
and the ions present in the molten salt. This shows
that the salt composition, which changes its Lewis
acidity, affects the reactivity and diffusivity at the
metal surfaces. Combined with the observation of
particle segregation of Ni in molten salts, these

Fig. 1. In situ synchrotron X-ray nano-tomography experimental setup at 700�C to study the morphological evolution of Ni microparticles in KCl-
MgCl2. Two experiments were carried out on two separate samples (the figures are not drawn to scale.): (a) continuous X-ray nano-tomography
scans were taken at the same sample location in the first experiment; (b) the setup of the mosaic X-ray nano-tomography scans for the second
experiment, conducted at two locations (with and without salt) within the same sample.
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observations should inspire future theoretical,
experimental, and simulation work to study the
behaviors of Ni and other structural elements (such
as Cr and Fe) in different salt mixtures or compo-
sitions. The reactivity and diffusivity of the metals
can vary in different salt mixtures, which may
result in different morphological evolutions of alloys
in molten salt. Overall, the image quality of the
tomographic reconstruction from the molten salt
region (Fig. 2b) was not as good as the one without
the salt (Fig. 2a), which is consistent with the rapid
change of the particles, likely accompanied by
greater particle motion in the molten salt than in
the Ar case. The growth of the Ni particles in molten
salt could also be the result of mass transport
between particles to reduce the interfacial area,
similar to the behavior in coarsening and sintering
processes. The large particles that formed in molten
salt did not show the neck growth feature, which
may be because the mass transport of Ni particles in
the molten salt was much faster than without the
molten salt, leading to a much more rapid particle
growth. However, note that, due to the rapid feature
size growth, there may be artifacts in the

reconstructed images, so the shapes of the features
here should be viewed as a qualitative
representation.

Additionally, the 3D morphological comparison of
the pristine Ni particles, heated at 700�C in Ar for
2.4 min (see supplementary Video S1) and in molten
salt for 1.3 min (see supplementary Video S2) are
shown in Fig. 3a–c. In the large scale, many parti-
cles are connected by neck growth in Ar. In molten
salt, the much more rapid growth and aggregates of
large particles can be seen clearly in the 3D volume
rendering view.

To confirm that the morphological evolution here is
primarily due to mass transport leading to coarsening
(possibly also densification), and not chemical reac-
tions (e.g., oxide growth), the chemical states of the
coarsened Ni particles in molten salt at 700�C were
studied by 2D Ni K-edge XANES spectroscopic imag-
ing, as shown in Fig. 4. Two regions of interest (ROIs)
were selected on large particles formed in the molten
salt (Fig. 4a). The averaged XANES spectra in the two
regions are plotted in Fig. 4b, and compared with the
Ni, NiO, and NiCl2 standards. The profiles and edge
positions of the spectra in ROI-1 and ROI-2 are the

Fig. 2. The pseudocross-sectional view (XZ plane) from the X-ray nano-tomography reconstruction of the pristine Ni particles and their change in
an Ar environment, as well as molten KCl-MgCl2 (50:50 mol%) at 700�C: (a) the morphological evolution of Ni particles in Ar; the orange arrow
indicates the neck growth between particles from coarsening; (b) the morphological evolution of Ni particles in molten salt shows a much more
rapid coarsening. Note that the images were not taken in the exactly the same region within the sample due to the particle motion (Color
figure online).
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same as the ones from the Ni standard. This shows
that the large particles and aggregate structure
formed in the molten salt are still fully metallic Ni.
This supports the inference that there are no oxidation
reactions contributing to the morphological changes in
the Ni particles; this observation also further suggests
that the rapid size increase of the Ni particles in
molten salts was from mass transport.

The rapid Ni coarsening observed in the molten
salt environment does not resemble the morpholog-
ical evolution in classical coarsening (Ostwald
ripening) or neck growth in sintering. While the
exact mechanisms remain unclear, this rapid
growth in the feature size suggests that the molten

salt can provide an alternative mass-transport
pathway, and/or a faster diffusion rate, that are
not available when the Ni is coarsening in Ar.
Considering the mass transport mechanisms, in the
salt, the long-range diffusion in liquids, and/or the
surface diffusion along the solid–liquid (Ni–salt)
interfaces, may be faster than the surface diffusion
along the particles and/or the capillary walls in Ar.
In addition, due to the presence of a temperature
gradient along the vertical direction introduced by
the heating elements, convection can drive particle
movement within the molten salt. Furthermore, it is
possible that some dissolution/redeposition process
could take place. Future work will improve the

Fig. 3. The 3D visualization of the (a) pristine Ni particles; (b) the particle changes in Ar without molten salt for 2.4 min; and (c) the particle
changes in molten KCl-MgCl2 for 1.3 min; the orange circle shows the coarsening of Ni particles with necking features, and the red arrow
suggests the coarsened large Ni particles in molten salt (Color figure online).
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reconstruction image with quantitative analysis to
study the kinetics of the morphological evolution of
Ni in molten salt.

The Heterogeneity of Morphological
Evolution of Ni Particles in Molten Salts

In addition to the more rapid feature size growth
of the Ni particles in molten salt, the study also
revealed the heterogeneous morphological changes
of Ni particles in molten salt. An in situ mosaic X-
ray nano-tomography study was conducted, where
the 3D volumes were stitched together to obtain a
larger field of view. First, Fig. 5a shows the 2D
projections from one tomographic measurement at
two different rotation angles for a heating time (t) of
35.5 min at 700�C. In addition to the growth of large
Ni particles, there are many particles in the sub-
micron or nanometer size ranges that are smaller
than the pristine Ni particles in molten salt (indi-
cated by a green rectangle in Fig. 5a). Future work
can be conducted to use high-resolution scanning
transmission electron microscopy (STEM) to study
the size and formation of the particles. Further-
more, Fig. 5b shows the morphological evolution of
the Ni particles in molten salt at different time
points with pseudo-2D cross-sectional images from
the in situ mosaic-tomography (XY plane views)
experiment. Each image was stitched from a 3 9 3
grid for a total of 9 tomographic measurements, in
order to capture a full view of the capillary. The
growth of the large particles (indicated by red
arrows in Fig. 5b), as well as presence of many
smaller, sub-micron/nanoparticles (indicated by
green arrows in Fig. 5b) were observed. Similarly,
there are some artifacts in the images, consistent
with the fast motion and morphological evolution of
the particles in molten salt; note that this issue was
not observed for the sample heated only in an Ar
environment. With the heating time of 79.8 min in
molten salt, large Ni particles were observed. For

the particles heated in Ar at 700�C for a longer
duration of 140.3 min (see supplementary Fig. S2),
no comparable large Ni particles or sub-mi-
cron/nanoparticles were observed.

Because the mosaic tomography scans were taken
during the in situ heating experiment to observe the
overview, the time difference between two scans on
a same location was long (� 7–9 min), and it might
be difficult to capture the dissolution of the Ni
particles. Therefore, an in situ experiment with
continuous tomographic data collection on the same
location was conducted, in which the dissolution of
the Ni particles was observed (Fig. 6). The red
arrows in Fig. 6 indicate the regions that show the
dissolution of Ni particles in the molten salt. The
dissolution of Ni would imply that there is an
oxidation of metallic solid Ni into Ni2+ (ions dis-
solved in the molten salt).57 The oxidation of Ni
would likely be driven by the trace amounts of
impurities in the salt.15 Although purified KCl-
MgCl2 was used in this work, such trace amounts of
impurities (H2O, O2 and MgOHCl) could be intro-
duced into the sample during sample preparation.
The Ni K-edge XANES spectra from the salt region
of the sample measured in the mosaic tomography
experiment are noisy, likely due to limited Ni
dissolution into the molten salt, and thus one
cannot determine the exact chemical form of the
Ni species in the salt region (see supplementary
Fig. S3). However, the presence of an edge jump
across the Ni K-edge indicates that there are indeed
Ni-containing species in the molten salt, but their
concentration is low. Further studies will be needed
to understand the chemical states of Ni. Similar to
the other experimental results presented in Figs. 2,
3, 4, and 5), here, many nanoparticles are identified
in this in situ sample. In addition, the experiment
showed a similar rapid coarsening, although the
morphological evolution seems to conform with the
classical coarsening model (see supplementary
Fig. S4).

Fig. 4. The 2D XANES spectroscopic mapping on large Ni particles formed in the molten salt: (a) a representative frame of the 2D Ni K-edge
XANES mapping with regions of interest (ROI-1 and 2); (b) normalized Ni K-edge XANES spectra of ROI-1 and ROI-2 with Ni, NiO, and NiCl2
standards.
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Fig. 5. The morphological evolution of Ni particles in molten KCl-MgCl2 at 700�C: (a) 2D projections at 35.5 min with different rotation angles
showing the large particles and nanoparticles dispersed in the molten salt; (b) assembled 2D mosaic XY images at selected time points showing
the real-time change of particles in molten salt in a large field of view; red arrows in (a) and (b) show the large agglomeration of particles, and
green rectangles in (a) and green arrows in (b) highlight small particles (Color figure online).

Fig. 6. 2D projections of the Ni particles in molten salt at selected time points showing the dissolution of Ni particles (red arrows) and the green
arrow (Color figure online).
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Note that this continuous nano-tomography
experiment was conducted on the same region
repeatedly, without adding an X-ray attenuator
(see Methods for more details). Thus, the local
region is likely receiving a higher X-ray dose
compared to the other experiment. Here, several
complex effects are worth noting. In addition to the
prior discussions on the thermal gradient leading to
convection, locally the amount of salt and the
concentration of the Ni particles can vary, leading
to a more heterogenous morphology compared with
the prior experiment. The ionizing radiation effects
of the X-ray beam also have an impact, as observed
previously in related studies.49 In particular, bubble
formation was observed during the imaging, as
shown in supplementary Fig. S5. Interestingly,
bubbles were seen in the projection images, where
some particles were at the interface of the molten
salt and the bubble. The bubbles from Ar trapped in
the pristine sample, or gas produced from the
corrosion reaction. Supplementary Video S3 shows
how another sample was also changing during the
heating process. Bubbles were observed during the
heating process.

These factors contribute to the overall morpho-
logical heterogeneity observed in the current

measurements. For instance, in some regions, dis-
solution of Ni particles was observed instead of
significant coarsening as observed in other locations
(Fig. 5). This observation supports the explanation
that the smaller, well-dispersed particles observed
in Figs. 5 and 7 may simply be due to the dissolution
of the original Ni microparticles. Note that the data
in Fig. 5 were taken at 700�C, while Fig. 7 was
based on data collected after the sample was cooled
to room temperature. The particles were tracked via
X-ray microscopy; however, the particles in these
figures may be different due to the motion of the
particles. However, it was unclear why these par-
ticles do not coarsen or aggregate like the pristine
Ni particles. The morphological heterogeneity
attributed to the complexity of the system should
be further analyzed, particularly to better under-
stand the kinetics (rate and pathways) of the
various mechanisms, as well as the dynamical
balance of the system in equilibrium. For instance,
the concurrence of dissolution and deposition can be
discussed, as well as the effects from local gradients
in salt–metal concentration and temperature, that
together drive the varying degrees of the growth
and dissolution in different regions.

Fig. 7. The morphology of the Ni particles in molten salt after cooling to room temperature: (a) overview of the 3D morphoogy of the sample; (b)
pseudo-2D XY view; (c) detailed 3D visualization of the large particles; (d) detailed 3D visualization of the nanoparticles formed in molten salt;
yellow arrows indicate large particles and green arrows indicate the nanoparticles (Color figure online).
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This morphological heterogeneity can be observed
well in samples after an operando heating experi-
ment. After cooling the in situ sample to room
temperature, another mosaic tomography set was
collected on the solidified sample. Figure 7 shows
the visualization of the cooled sample, where
Fig. 7c, d shows the detailed 3D views of the large
Ni particle and smaller, sub-micron/nanoparticles
extracted from Fig. 7a (see supplementary Fig. S6).
Both the larger and smaller particles were pre-
served during the cooling process (see supplemen-
tary Video S4). Here, the formation mechanism of
the nanoparticles will be further discussed. First,
the XANES spectra shows that the chemical state of
the small particles is still metallic Ni (see supple-
mentary Fig. S7). Thus, the observed nanoparticles
are not products of the chemical oxidation and
precipitation of NiO or NiCl2.

As a comparison, nanoparticle formation was
clearly observed from the reaction of Ni-20Cr
microwires (80–20 wt.%) in molten KCl-MgCl2
(50:50 mol%) at 500�C in 20 s.42 The elemental
analysis from STEM with energy-dispersive X-ray
spectroscopy in our prior work42 showed that there
were Ni-rich particles in the corroded sample, which
were likely from the detachment of material from
reacted Ni-20Cr. Supplementary Videos S5 and S6
shows the emergence and growth of the nanoparti-
cles during Ni-20Cr corrosion in molten KCl-MgCl2
during in situ heating processes at 700 and 800�C,
respectively. Furthermore, supplementary Video S7
shows the dissolution of the formed nanoparticles at
800�C. Note that the formation of these nanoparti-
cles from Ni-20Cr in molten salt was observed as a
parasitic event to the main corrosion and dealloying
processes; the combination of the ionizing radiation
from X-rays and molten salts likely plays a role, but
the exact mechanism remains unclear. The connec-
tions between these nanoparticles as shown in the
supplementary Videos S5–S7 and the detached
particles identified by STEM/EDX in our prior work
are also unclear. Thus, further work will be needed
to systematically analyze the formation of the
nanoparticles in similar conditions of Ni-20Cr and
other metals/alloys under radiation effects to better
understand the mechanisms.

Due to the spatial and time resolution limita-
tions, it is unclear whether the nanoparticles
observed in the Ni-particle experiment were also
from nanoparticle formation similar to the Ni-20Cr
experiments. One possible formation mechanism
for the nanoparticles could be the fast break up or
dissolution of the micron-sized pristine or coars-
ened Ni particles. Although purified salt was used,
trace amounts of oxidant impurities could still be
present in the system, due to the hygroscopic
nature of MgCl2 or sample manipulation. Ni could
be oxidized into molten salt as Ni2+ until reaching
the solubility limit of NiCl2 or completely consum-
ing the residual oxidants. Moreover, Dias et al.
reported Ni nanoparticle (� 1.0 nm diameter)

formation under a synchrotron X-ray beam for
0.05–1.0 wt.% NiCl2 in molten ZnCl2 at 320�C,
with 10–20 min beam exposure, by X-ray absorp-
tion spectroscopy measurements; their study
showed that excess electrons produced by X-ray
irradiation of ZnCl2 leads to a reduction of Ni2+

and Ni nanoparticle formation.49 Since the disso-
lution of Ni was observed, there should be Ni2+

ions in the molten salt. The dominant behavior of
Ni observed in this study is aggregation and
coarsening. The dissolution of Ni was local,
because the purified salt contains only trace
amounts of impurities, which can cause corrosion.
Another possibility for no obvious Ni2+ in the salt
is that X-rays may induce reduction on Ni2+, as
reported in the literature.49

CONCLUSION

The aim of this work is to fundamentally under-
stand Ni behavior in molten salt because of the
application of Ni-based alloys in molten salt reac-
tors. While much work has been carried out on
engineering alloys, there remains a lack of under-
standing on the fundamental mechanisms of how
metals interact with molten salts. This work exam-
ined the morphological evolution of Ni particles,
including coarsening, dissolution, and nanoparticle
formation, in molten KCl-MgCl2 by in situ syn-
chrotron X-ray nano-tomography. Faster growth
and agglomeration of the Ni particles was observed
in the molten salt compared to the Ar environment.
The large Ni particles produced did not show a
classical neck-growth feature nor a typical morpho-
logical evolution as in Ostwald ripening. However,
the chemical states of these large Ni particles,
characterized by XANES imaging, remain as metal-
lic Ni, suggesting that this feature size growth is
due to mass transport mechanisms and not oxida-
tion reactions. In addition, smaller metallic Ni sub-
micron/nanoparticles were formed, and were found
to be relatively stable in molten salt. The nanopar-
ticles may be from the dissolution or breakage of
large Ni particles or they could be formed by the
reduction of dissolved Ni ions by X-ray radiation.
Note that coarsening and dissolution of Ni can occur
concurrently in molten salt and thus may exhibit a
dynamic balance and/or competition between the
two mechanisms. Future work by in situ X-ray
diffraction, X-ray absorption spectroscopy, or trans-
mission electron microscopy needs to be conducted
to further understand the nanoparticle formation in
molten salt.

Overall, this work provides a direct observation
on the morphological evolution of Ni, including
coarsening/agglomeration and dissolution behav-
iors, in molten salt compared to an environment
without the salt. The heterogeneous environment of
the molten salt and alloy system, such as temper-
ature gradients and radiation effects, will result in
different reaction mechanisms being favored in
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different parts of the reactor system. Future studies
need to be conducted to understand the effects of
individual parameters and their cross-coupling
effects in determining the behavior of metals in
contact with molten salt. Such an analysis may be
extended to other metal elements used in molten
salt applications, which have different chemical
reactivities in molten salt, as well as different
transport properties. It may be possible to also
differentiate the effects of the radiation and tem-
perature by analyzing samples heat-treated ex situ
without the exposure to X-ray beams. It is impor-
tant, however, to ensure that the cooling process
does not significantly alter the morphology and
chemistry of the samples. Using complementary
characterization techniques with different interac-
tion mechanisms (diffraction, spectroscopy, and
imaging) and X-ray radiation dose density (local
versus bulk probes) as a multimodal approach will
also enable cross-checking the phenomena occur-
ring in the samples. Future work, where operando
X-ray nano-tomography experiments can be com-
bined with in situ X-ray diffraction, X-ray absorp-
tion spectroscopy, and transmission electron
microscopy, to better understand the correlation
between the morphological, chemical, and struc-
tural changes, will be invaluable.
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