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Advancing surface properties of Ni through electrodeposition of Mo
coatings in molten CaCl,—CaMoQO4
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Abstract: The molten CaCl,—CaMoOQ4 system was investigated, and the electrodeposition of protective Mo coatings on
Ni plates was demonstrated. The results confirm the high solubility of solid CaMoOs and the electrochemical reactivity
of MoOyj™ ions in molten CaCl,. The eutectic temperature and composition of the system are identified as 1021 K and
4.74 wt.% CaMoOys, respectively. Under constant-current electrolysis conditions of =10 mA/cm? at 1123 K, uniform and
dense Mo coatings are obtained on Ni plates with up to 90.31% efficiency. Increasing the current density raises the
overpotential, leading to refined grains and decreased roughness. The Mo-coated Ni plate exhibits a significant
improvement in hardness and corrosion resistance. Microhardness increases from HV 46.00 to HV 215.10 after coating,
and the corrosion rate in a 20 wt.% NaCl solution at room temperature decreases to 0.1% that of the bare plate. These
findings enhance our understanding of the molten CaCl,—~CaMoOQ; system and emphasize the potential of innovative Mo
coating technologies.
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KOYAMA et al [5] pioneered the successful
electrodeposition of Mo on various metals using
KF—-Na;B407-K>:Mo004. Subsequent research has

1 Introduction

Molybdenum (Mo) is favored for coatings in
critical metallic components due to its exceptional
properties at high temperatures. Industrial
techniques for Mo coating on metal substrates
mainly involve plasma spraying [1] and chemical
vapor deposition [2]. These methods, while
effective, are energy-intensive and can lead to
environmental pollution. In response, alternative
technologies for Mo coating have been explored,
with electrodeposition emerging as a promising
approach because of its environmental cleanness
and procedural simplicity.

The electrodeposition of high-quality Mo
coatings in aqueous solutions is hindered by
oxyphilic property of Mo [3,4]. Molten fluxes thus
present a more suitable choice for electrodeposition.

expanded on this foundation, exploring a variety of
fluoride-bearing fluxes including KF—B,Os [6—8],
KF-K,B407 [9], KF-Li,B4O7 [10], KF-SiO; [11],
among others [12—17], to enhance process
efficiency. While fluoride-bearing molten fluxes
can yield high-quality Mo coatings, their use
presents challenges due to the corrosive and
harmful nature of fluorides. In search of alternatives,
researchers [18—20] have explored systems
based on oxides and chlorides. For instance,
CHERNYSHEV et al [18] successfully prepared
uniform Mo coatings thicker than 50 um on glassy
carbon substrates in molten NaCl-KCl-MoCl;
at 1053 K, with a current efficiency close to
100%. These studies demonstrate the potential
for achieving high-quality Mo coatings with high
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efficiency using fluoride-free fluxes. However,
compared to fluorides, most chlorides are generally
less effective in dissolving oxides, which
necessitates the use of expensive and volatile
compounds like MoCls, MoCls, or Kz;MoCls as
precursors.

To overcome the limitation of using expensive
and volatile compounds as precursors in molten
chloride systems, research has shifted towards
employing more stable and readily obtainable
Mo oxides or molybdates. One approach involves
utilizing molten chloride—oxide mixtures. To date,
there have been only a few reports on the
electrodeposition of high-quality Mo coatings in
molten chlorides using Mo oxides or molybdates as
the precursor. KOLOSOV et al [19] claimed the
successful electrodeposition of Mo coatings on Ni
in molten CaCl,—CaO at 1190 K, using MoOs as the
precursor. While their study demonstrates the
feasibility of Mo coating in the CaCl,-based molten
flux, there is an opportunity to further enhance this
process by using molten CaCl,—CaMoQO; instead.
Notably, CaMoQs, also known as powellite, occurs
naturally in the Earth’s crust, making it a readily
available and sustainable precursor for electro-
deposition. The use of molten CaCl,—CaMoO4
could simplify the process and facilitate the broad
application of Mo coating technology.

However, there are certain knowledge gaps
that need to be addressed. The dissolution behavior
of solid CaMoOs in molten CaCl, is a critical
subject that requires thorough investigation to
understand its solubility and the factors that
influence this process. Additionally, a deep insight
into the electrochemical behavior of Mo(IV) within
the melt, as well as the mechanisms that drive
the formation of Mo coatings, is essential for
optimizing this electrodeposition method. Although
some reports in the literature touch upon related
topics, a comprehensive investigation into the
underlying mechanisms is still necessary.

The objective of this work is to investigate and
demonstrate the feasibility of Mo coating on Ni
plates through electrodeposition in molten CaCl,—
CaMoOs. The study initially focuses on clarifying
the fundamental aspects of the molten CaCl,—
CaMoOy system, including the dissolution behavior
of solid CaMo0OQs, the phase relationship within the
system, and the electrochemical behavior of MoOj .

The study also delves into the mechanisms
underlying the formation of Mo coatings on Ni
plates through electrodeposition. Additionally, the
hardness and anti-corrosion performance of the
Mo-coated Ni plates are investigated to evaluate the
efficacy of the Mo coating in enhancing the
properties of the Ni substrate. By clarifying these
mechanisms and establishing the practicality of this
method, the findings will provide crucial insights
for advancing more efficient and sustainable Mo
coating technologies.

2 Experimental

2.1 Materials

Reagent grade CaCl, (Greagent, 97%) and
CaMoOs (Adamas, 99.9%) were used as the
supporting electrolyte and the Mo precursor,
respectively. To remove moisture, CaCl, was first
subjected to a vacuum drying process at 473 K for
24 h, followed by another treatment at 773 K for
12 h. Figure S1 in Supplementary Materials (SM)
shows the size distribution of CaMoOQs, with 90%
of particles smaller than 10.7 pm. Ni plates (Hebei
Qingyuan Metal Materials, purity 99.98%) with a
thickness of 0.5 mm were used as the substrate for
Mo coating.

2.2 Procedure
2.2.1 Dissolution

The experimental apparatus to study the
dissolution behavior of solid CaMoQOs4 in molten
CaCl, is similar to that described in a previous
study [21]. An AlOs crucible (Hubei Gude Tech.,
purity 99%, outer diameter 80 mm, inner diameter
70 mm, height 120 mm) containing approximately
220 g of CaCl, was set inside the sealed SiO; vessel
(outer diameter 120 mm, inner diameter 112 mm,
height 580 mm) with flowing Ar (200 mL/min) in a
programmable crucible furnace. Once CaCl, was
melted at the setting temperatures (1073, 1123, and
1173 K), a small Al,Os crucible (outer diameter
60 mm, inner diameter 56 mm, height 22 mm),
containing approximately 40 g of CaMoQO4, was
carefully lowered into the melt. Over time, CaMoQj4
powder in the small crucible would gradually
dissolve in CaCl, until saturation. The dissolution
time was within 72 h. During this period, the melt
outside the small crucible was periodically sampled
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for chemical analysis by dipping an ALOs3 rod
(diameter 6 mm) at nearly the same position. All
collected samples were stored in a sealed glass bin
to avoid moisture exposure before analysis.
2.2.2 Cooling curve measurement

Approximately 100g of CaCl,—CaMoO4
mixtures were initially heated to a high temperature
to ensure complete melting. Subsequently, a
temperature decreasing program was initiated in
the furnace to cool the melt at a rate of 5 K/min,
allowing for the observation of phase transitions
occurring in the melt. Throughout the cooling
process, the temperature of the melt was
continuously recorded using a K-type thermocouple
connected to a data logger. Prior to this test, the
thermocouple was calibrated to ensure accuracy.
The calibration process involves the measurement
of cooling curves for pure chlorides, including
MgCl,, CaCl,, NaCl and CsCl. By analyzing the
cooling curves, it becomes possible to identify the
temperature at which solidification and phase
transition occur in the molten CaCl,~CaMoO4
system.
2.2.3 Electrochemical test

Cyclic voltammetry (CV) test was conducted
both in molten CaCl, and in molten CaCl,—CaMoQ4
using an electrochemical workstation (Hokuto
Denko, model HAG1232m, HZ-7000 series) in a
three-electrode manner at 1123 K. The working
electrode was a graphite rod (Shandong Guanzhi
New Material Technology, purity 99.99%, diameter
3 mm, immersion depth in melt 1 mm). The counter
electrode was a Mo plate (purity 99.95%, 25 mm X
5Smm x I mm, immersion depth in melt 20 mm).
The reference electrode (Ag'/Ag) was prepared by
immersing an Ag wire (Runde Metal Materials,
purity 99.9%, diameter 1mm) in CaCly—
0.5mol.%AgCl (Shanghai Titan Scientific, purity
98%). This assembly was enclosed in a SiO, tube
(outer diameter 6 mm, inner diameter 5 mm, height
700 mm). The Ag'/Ag potential was calibrated
using the Clo/Cl™ potential estimated by CV test.

Initially, CV test was performed in pure molten
CaCl, (200 g) to establish a baseline. Following that,
powdery CaMoOs (1.08 g) was added to the melt
and allowed to dissolve completely over a period of
2 h. After ensuring the complete dissolution of
CaMoOs4, the melt was sampled for chemical
analysis to  determine the  composition.
Subsequently, CV test was conducted once more to

investigate the electrochemical behavior of soluble
Mo(VI) ions in the melt.
2.2.4 Electrodeposition

After conducting the CV test in molten CaCl,—
CaMoQO4, an additional amount of powdery
CaMoOs (2.52g) was added to the melt to
increase the content of soluble Mo(VI) ions.
Electrolysis was then performed in a two-electrode
configuration at constant current density (—5, —10,
—20 and —40 mA/cm?, “— indicates cathodic
current). A Ni plate (purity 99.99%, 10 mm X
5mm x 0.5 mm, immersion depth in melt 10 mm)
was used as the working electrode (cathode). A Mo
plate (25 mm x 5 mm % 1 mm, immersion depth in
melt 20 mm) was used as the counter electrode
(anode). Before usage, the Ni and Mo plates
underwent ultrasonic cleaning in alcohol to remove
any contaminants that could affect the electrode
reactions. Once electrolysis was complete, the Ni
plate was carefully removed from the melt and
subjected to ultrasonic washing in distilled water.
Subsequently, it was dried in preparation for further
analysis and characterization to assess the quality
and properties of the deposited material.

2.3 Measurement and characterization

The Mo content in the collected melt sample
was measured using an inductively coupled
plasma-atomic emission spectrometer (ICP-AES,
ThermoFisher, ICAP PRO XP). The Raman
spectroscopy measurements were conducted using
a spectrometer (WITec, Alpha300R) with an
excitation wavelength of 532 nm. The surface and
cross-section morphologies of the Mo-coated Ni
plates were examined by an analytical field
emission scanning electron microscope (AFESEM,
Gemini 450). Element analysis was performed
using an energy dispersive X-ray spectrometer
(EDS, Oxford, Ultim EXTREME,). The surface
roughness was determined using an atomic force
microscope (AFM, Bruker Dimension Icon).
The phase composition of the coatings was
characterized using powder X-ray diffraction
(PXRD, Cu K,, Bruker, D8 Advance). The Vickers
hardness of the sample was measured using a
microhardness tester (Innovatest, FALCON 507).
The corrosion test was carried out at room
temperature using a 20 wt.% NaCl solution, which
was prepared by dissolving reagent grade NaCl in
distilled water.
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3 Results and discussion

3.1 Dissolution of solid CaMoQO.in molten CaCl,
Figure 1(a) shows the dissolution curves of
solid CaMoOs; in molten CaCl, at various
temperatures. The corresponding raw data can be
found in Table S1 of SM. The content of Mo
gradually increases until reaching a plateau,
indicating the dissolution of solid CaMoO; into the
melt. Figure 1(b) shows the photographs comparing
the appearance of pure CaCl, and the CaCl,—
CaMoO4 mixture sampled at 1123 K. The dissolution
of CaMoOQy for 48 h transforms the melt from a
colorless state to a milk-white color. The solubility
of CaMoOQ; in molten CaCl,, determined by averaging
the contents of Mo(VI) or CaMoOQj in the melt after
dissolution for 40h, increases with increasing
temperature. Notably, at 1123 K, the solubility
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approaches 10 wt.% (CaMoOs), indicating its
soluble nature in molten CaCl,. This property is
beneficial for the electrodeposition of Mo coatings,
as it creates favorable conditions for the process.

To clarify the dissolution mechanism, the
molten CaCl,—CaMoQOs(std.) melt sampled at
1123 K was rinsed with distilled water, and the
remaining residues were subsequently analyzed.
Additionally, the solid-state reaction between
CaMoOs and CaCl, was studied by heating the
mixtures (molar ratios of 5:1 and 1:1) at 1023 K for
5h. The post-reaction substance was rinsed with
distilled water to recover the water-insoluble
residues. Figure 2(a) shows the XRD patterns of
these residues, with only CaMoQs detected in all
cases. The results indicate that solid CaMoO4 does
not react with molten CaCl, to form new
compounds during its dissolution. This behavior of
CaMoOs is distinct from that of other oxysalts such
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Fig. 1 (a) Dissolution curves of solid CaMoOs in molten CaCl, at different temperatures; (b) Photographs of sampled
melts of pure CaCl, and after adding solid CaMoOs for 48 h at 1123 K
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Fig. 2 (a) XRD patterns of water-rinsed residues of molten CaCl,~CaMoO4 (std.) sampled at 1123 K and CaCl,/CaMoO4
mixtures (molar ratios of 5:1 and 1:1) heated at 1023 K for 5h; (b) In-situ Raman spectra of molten CaCl—

CaMoOj4 (std.) and pure CaMoO4 at 1123 K
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as Ca3(POs)2 and CaSiOs, which react with CaCl; to
form oxymuriates like CaPO4Cl or Ca,SiOsCl,
[21,22].

Figure 2(b) shows the in-situ Raman spectrum
of molten CaCl,~CaMoOQs(std.) at 1123 K, with
pure solid CaMoOQy at the same temperature serving
as a reference. Pure CaMoOQ4 exhibits three Raman
bands within the analyzed frequency range. Based
on the previous studies [23,24], these bands were
identified as: the symmetric Mo—O stretching mode
at 866 cm™' and the antisymmetric Mo—O stretching
mode at 834 cm™! within the [MoO4] clusters, and
the lattice motion-related vibration mode at 778 cm™.

In the spectrum of molten CaCl,—
CaMoOQ4 (std.), only two Raman bands are observed:
an intense one at 920 cm™' and a broad one
spanning from 776 to 878 cm™'. These bands are
interpreted as originating from the symmetric and
antisymmetric Mo—O stretching modes within the
[MoOy4] clusters, respectively. The absence of the
lattice motion-related vibration mode suggests the
dissolution of solid CaMoOs in molten CaCl,. This
suggests that the [MoQs] clusters remain intact in
the melt, transitioning into mobile MoQj; ions.
Notably, both bands exhibit broadening, likely due
to enhanced thermal motion and disorder within the
MoO; ions in a molten state. The blue-shift of the
symmetric Mo—O stretching mode is evident, which
can be attributed to the influence of mobile Ca?*
and CI” ions in the melt. The interaction between
MoO; and Ca** or CI" may alter the molecular
environment, resulting in the blue-shift of the
Raman band.

Based on these results, the dissolution
mechanism of solid CaMoO, in molten CaCl, can
be summarized. When solid CaMoOs comes into
contact with molten CaCl,, it undergoes direct
dissociation into soluble ions (Ca®* and MoO}") at
the solid—-liquid interface via

CaMo0O4(s)—Ca*(in melt)+MoOj (in melt) (1)

These ions then diffuse away from the
interface into the broad volume of the molten salt.
The dissociation and diffusion continue until the
melt reaches a saturation with respect to MoO;. In
a separate dissolution experiment, it was observed
that the introduction of Ar bubbling in the melt
enhanced the dissolution rate (Fig. S2 in SM). This
suggests that the diffusion of MoO; ions in the

melt, rather than the initial dissociation, could
potentially be the rate-determining step in the
overall dissolution process. Ar bubbling enhances
mass transport by stirring the melt and likely thins
the saturated boundary layer around the particles,
accelerating the transfer of these ions into the bulk.
A deep analysis into the dissolution kinetics and
thermodynamics has been conducted, detailed in
SM.

3.2 Phase relationship of CaCl,-CaMoO, binary
system

It is considered that CaMoO4 and CaCl, will
form a eutectic mixture. To determine the liquidus
lines and the eutectic point of the CaCl,—CaMoO4
binary system, studies were conducted on the
solubility of CaMoOs; in CaCl, at various
temperatures and the cooling curves for different
compositions. Figure 3 shows the cooling curves
from homogeneous melts with varying CaMoOs
contents. The presence of inflection points on these
curves, which occur due to the release of heat from
the precipitation of the solute during cooling, marks
the locations on the liquidus line.

Through analyzing these data, it becomes
possible to clarify the phase relationship within the
CaCl,—CaMoO4 binary system, particularly on the
CaCly-rich side, as shown in Fig. 4. The eutectic
point is identified as the intersection of the
extension of the liquidus lines, determined from
solubility and cooling data. The eutectic
temperature and composition are established at
1021 K and 4.74 wt.% (or 2.69 mol.%) of CaMoOQs.
It is important to note that CaMoO4 does not form
any compounds with CaCl,, meaning that the
solid phase within the two-phase region on the
CaMoOQy-rich side consists solely of CaMoQa. This
clarification of the liquid region in the CaCl,—
CaMoO; binary system is necessary for designing
molten salt compositions which facilitate efficient
electrodeposition of Mo. Remarkably, this study
represents the first reported instance of elucidating
the phase relationship in the CaCl,~CaMoOQj4 binary
system.

3.3 Electrochemical behavior of MoO;

The electrochemical behavior of MoO; on a
graphite electrode in molten CaCl, was clarified
through electrochemical tests. Figure 5(a) illustrates
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Fig. 4 Phase relationship in CaCl,—CaMoOs binary
system on CaCl,-rich side

the cyclic voltammograms (CVs) obtained in pure
CaCl, and in CaCl,—0.52wt.%CaMoO4 at 1123 K.
In pure CaCl,, as represented by the dotted line,
only a single pair of cathodic and anodic peaks
is evident. These peaks correspond to the
electrochemical deposition and oxidation of Ca.
However, upon the addition of 0.52wt.%CaMoOQs,
new redox peaks emerge between —1.30 and
—1.70 V (vs Clo/CI"), as indicated by the solid line.
The electrochemical reduction of Mo(VI) can

be described as
MoOj; (in melt)+6e—Mo(s)+40>(in melt) 2)

Using the method described in a previous
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3)
Figure 5(b) plots the relationship between
and the activity of MoO; (a ) or

MoO3~

goMoOﬁ' /Mo MoO3”

o> (a.. ). The result indicates that the value of

Prto02 1Mo falls within the range of —1.06 to

—1.80 V, depending on the values of a,, and

00‘2[
a,. . This suggests a strong possibility that the

redox peaks between —1.30 and —1.70 V observed
in Fig. 5(a) are associated with the electrochemical
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reduction of MoOj .

Figure 5(c) shows the CV curves over a narrow
potential range, with various potential scan rates
from 0.025 to 5 V/s, providing a clear view of the
electrochemical behavior. Within this range, a
distinct cathodic peak is observed at around
—1.56 V for each scan, paired with an anodic
peak at —1.32V. To further investigate the
electrochemical process, electrolysis was conducted
at —1.60 V (vs Cl/Cl") using a graphite electrode
for 5 min (three-electrode manner). This results in
the formation of solid deposits on the cathode.
Subsequent XRD analysis of these deposits, as
shown in Fig. 5(d), suggests the presence of
elemental Mo. This finding supports the inference
that the cathodic peaks on the CV curves are
associated with the reduction of MoO; to Mo,
while the anodic peaks likely represent the
re-oxidation of the metal.

Figure 5(e) plots the relationship between the
cathode peak potential and the logarithm of the scan
rate (Ig v). Within the range from 0.025 to 3 V/s, the
cathode peak potential remains relatively stable at
approximately —1.56 V (vs Clo/CI"). This stability
indicates that the electrochemical reduction of
MoO; to form elemental Mo is a reversible
reaction within this scan rate range. However, as the
scan rate increases to 5 V/s, the cathode peak
potential shows a slight negative shift, suggesting
that the electrochemical reaction becomes quasi-
reversible or irreversible at high scan rates.

Figure 6(a) presents the chronopotentiograms
obtained at a graphite electrode under various
current densities , where each measurement exhibits
a consistent potential platform ranging from —1.40
to —1.60V (vs CI/CI). This potential platform
corresponds to the electrochemical reduction of
MoO;". It is worth noting that the reduction process
from MoO; to Mo can be approximated as a one-
step reaction. Therefore, the diffusion coefficient
can be calculated using the Sand’s equation [26]:

M

1
Jr'? = —EnFC s (Dym)"? 4)

where J is the current density (A/cm?); 7 is the
transition time (s); n is the number of electron
transfer (n=6); F is the Faraday constant
(96485 C/mol); CMooff and D, are the molar
concentration (mol/cm®) and diffusion coefficient
(cm?/s) of MoO; ions in the melt, respectively. The

methodology for determining the transition time is
outlined in Fig. S5 in SM. Figure 6(b) plots the
relationship between current density and the
reciprocal of square root of the transition time. By
examining the slope of the regression line, the
diffusion coefficient of MoO; in molten CaCl—
0.52wt.%CaMoOs at 1123 K is calculated to be
2.94x107° cm?/s. This value is in the same order of
magnitude as the result reported by JIN et al [17],
who found a value of 0.91x107c¢m?s in molten
KF-MoO; at 1173 K. The comparability of these
values suggests that MoOj; ions exhibit similarly
fast mass transfer behavior in molten CaCl,
environments, even in the absence of fluorides.
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Fig. 6 (a) Chronopotentiograms at different current
densities; (b) Relationship between current density and
reciprocal of square root of transition time using graphite
electrode (diameter 3.0 mm, immersion depth 1 mm) in
molten CaCl,—0.52wt.%CaMoOs at 1123 K

3.4 Electrodeposition of Mo coating

Constant current electrolysis was conducted
in molten CaCl,—1.61wt.%CaMoO4 at 1123 K for
electrodeposition on Ni plates. Figure 7 shows the
SEM images of the surface and the cross-section of
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Fig. 7 SEM images of Mo-coated Ni plates after electro
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Cross-section

o T

—20 mA/cm? for 2.5 h (¢), and —40 mA/cm? for 1.25 h (d) in molten CaCl,—1.61wt.%CaMoQO4 at 1123 K

the Mo-coated Ni plates. A consistent charge of
180 C was maintained in all experiments. The SEM
and EDS analyses (refer to Fig. S6 in SM) confirm
the deposition of Mo films on the Ni plates.

Given that the standard equilibrium potential
of Ni (gogi2+ i) In molten CaCl, at 1123K is
calculated to be —0.72 V (vs CI/CI"), it is more
positive than the standard reduction potential
of MoO; ( 401(\94003* Mo = 1.65 V). Therefore, we
believe that the formation of Mo is attributed to
electrochemical reactions, rather than the thermal
reduction by Ni. Variations in grain size, surface
morphology, and coating thickness are noticeable
among the samples according to the surface SEM
images. An increase in current density from —5 to
—40 mA/cm? leads to refinement in grain size, a
phenomenon that can be explained using the theory
of electrocrystallization. Additionally, AFM images

in Fig. 8 illustrate that surface roughness decreases
from 413 to 221 nm as the current density increases
from —5 to —40 mA/cm?, indicating that the surface
becomes smoother at higher current densities.

The cross-section SEM images of the
Mo-coated Ni plates exhibit dense and uniform
coatings, free from any apparent voids or cracks,
with a well-adhered boundary between the coating
and substrate. These observations strongly suggest
the successful deposition of Mo coating on Ni
through electrolysis in molten CaCl,. The result
also shows a gradual decrease in coating thickness
with the increase of current density. This is
attributed to the formation of Mo particles or
dendrites on the surface. Loose Mo particles
become evident on the surface (Fig. S7 of SM),
when the current density exceeds —10 mA/cm?.
Particularly at =40 mA/cm?, a distinct dendrite
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Fig. 8 Surface AFM images of Mo-coated Ni plates after electrolysis at =5 mA/cm? for 10 h (a), =10 mA/cm? for 5 h (b),
—20 mA/cm? for 2.5 h (c), and —40 mA/cm? for 1.25 h (d) in molten CaCl,—1.61wt.%CaMoO; at 1123 K (R, means

surface roughness)

structure (Fig. 7(d)) is observed. This phenomenon,
known as the formation of particles or dendrites in
electrodeposition, was originally proposed by
FISCHER [27] on the growth of polycrystalline
electrodeposits. As the current density increases, the
electric field strength intensifies, leading to the
creation of localized regions with high electric field
concentration on the electrode surface where field
lines converge. These regions with elevated electric
field intensity facilitate the growth of powder or
dendrites.

The formation of these undesirable Mo
particles or dendrites leads to the decrease in
process efficiency. In this study, the coating
efficiency (7) is defined as

_nFAm
MIt

n x100% &)
where M is the molar mass of Mo (M=96 g/mol); /
and ¢ are the applied current (A) and electrolysis
time (s), respectively; Am is the mass gain (g) of the
Mo-coated Ni plate, measured after undergoing an
ultrasonic rinse in distilled water and subsequent
drying. This water rinse is intended to eliminate any
removable particles or dendrites from the plate.
Using Eq. (5), the coating efficiencies were
calculated to be 90.64% at —5 mA/cm?, 90.31% at
—10 mA/cm?, 73.84% at —20 mA/cm?, and 70.17%
at —40 mA/cm?. These results show a decrease in
coating efficiency with increasing current density, a

trend consistent with the observed reduction in
coating thickness. From the perspectives of energy
consumption and coating quality, a lower current
density (<—20 mA/cm?) proves more favorable for
producing dense and smooth Mo coatings.
Additionally, even at the lowest current density of
—5 mA/cm?, the efficiency does not reach 100%.
This could be attributed to Mo deposition on the
current collector (Fig. S8 in SM) and impurity
reactions in the melt.

Figure 9(a) depicts the XRD patterns of
Mo-coated Ni plates over a wide range of current
densities from —5 to —60 mA/cm?. In all cases, the
diffraction peaks of Mo are exclusively visible,
confirming the successful formation of Mo coatings.
Notably, there are clear variations in the relative
intensities of these peaks. The predominant grain
orientation of the Mo coating shifts from the (110)
to the (211) plane as the current density increases.
This change in grain orientation is quantitatively
depicted in Fig. 9(b), which plots the relationship
between the relative peak intensity ratio of (110) to
(211) plane and the current density. The plot reveals
that the ratio decreases with increasing current
density. This trend suggests that it is possible to
tailor the predominant grain orientation of Mo
coatings in molten CaCl,—CaMoOs by adjusting the
electrolysis parameters. However, a comprehensive
understanding of the underlying mechanisms
requires further in-depth studies.
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Fig. 9 (a) XRD patterns of Mo coatings electrodeposited
under different current densities in molten CaCl,—
1.61wt.%CaMoO; at 1123 K; (b) Relationship between
relative intensity ratio of (110) to (211) plane and current
density

3.5 Properties of Mo-coated Ni plate

The Mo coating substantially enhances the
hardness of the Ni substrate, as demonstrated by the
Vickers microhardness testing results shown in
Fig. 10. This figure compares the microhardness
values of a bare Ni plate and Mo-coated samples,
all of which were obtained through electro-
deposition in molten CaCl,—1.61wt.%CaMoO, at
1123 K. The result clearly demonstrates that the
microhardness of the Mo-coated plate is higher than
that of the bare Ni plate. Additionally, an increase
in the current density for electrodeposition from
—10 to —20mA/cm? results in an increase of
microhardness from HV 150.53 to HV 215.10. This
phenomenon can be attributed to the influence of
current density on the grain size of the Mo coating.
As the current density increases, the grain size of
the Mo coating decreases, leading to an increased
number of grain boundaries. Based on the theory of
dislocation [28], grain boundaries act as barriers to

the movement of dislocations within the material.
An increased number of grain boundaries
intensifies the resistance to dislocation movement,
making it more difficult for the material to deform
under stress. Consequently, this increase in grain
boundary density leads directly to an enhanced
hardness of the Mo-coated plates.

300
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o
~
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>~ 50 46.00
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Bare Ni Coated at Coated at
plate -10 mA/cm?> 20 mA/cm?
for5h for2.5h
Sample

Fig. 10 Vickers microhardness of bare Ni plate and two
Mo-coated Ni plates (obtained by electrodeposition at
—10 mA/cm? for 5 h and —20 mA/cm? for 2.5 h in molten
CaCly—1.61wt.%CaMoO; at 1123 K)

The Mo coating also improves the corrosion
resistance of the Ni substrate. Figure 11 shows the
corrosion morphology of a bare Ni plate and a
Mo-coated sample (obtained by electrodeposition
at —10mA/cm?> for 5h in molten CaCl—~
1.61wt.%CaMoOs at 1123 K) before and after 96 h
exposure to a 20 wt.% NaCl solution at room
temperature under static conditions. The bare Ni
plate exhibits severe local corrosion in the form of
pitting. After 96 h corrosion test, the surface of bare
Ni plate undergoes a substantial transformation
from a clean and smooth appearance to one
extensively covered with etch pits, indicative of
significant material degradation (Fig. 11(a)).
Surrounding these etch pits, loose corrosion
products can be observed. EDS mapping analysis
indicates a high content of O, pointing to the
formation of nickel oxides. It is worth noting that
these corrosion pits can act as initiation points for
cracks, posing a risk of sudden fracture in the
material. In contrast, the Mo-coated sample exhibits
a surface morphology with negligible changes after
the same exposure period (Fig. 11(b)). It maintains
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Fig. 11 Morphology of bare Ni plate (a) and Mo-coated Ni plate (b) (obtained by electrodeposition at —10 mA/cm? for
5h in molten CaCl,—1.61wt.%CaMoO4 at 1123 K) before and after 96 h exposure to 20 wt.% NaCl solution at room

temperature (Insets are SEM images at high magnification)

a smooth surface devoid of any visible signs of etch
pits, suggesting that the Mo coating provides
greater stability compared with bare Ni when
exposed to corrosive environments.

Figure 12 shows the variation of Ni and Mo
contents during exposure to the 20 wt.% NaCl
solution at room temperature. For the bare Ni plate,
the solution shows a rapid increase in Ni content,
suggesting significant dissolution or corrosion of
the plate. The average corrosion rate of the bare
Ni plate within 96 h can be determined to be
1.4x10% mg/(h-cm?). This reflects an
corrosion process where Ni from the plate is being
steadily leached into the solution. In contrast, when
the Mo-coated sample is tested, there is negligible
change in Ni content in the solution. This suggests
that Mo coating effectively prevents the dissolution
of Ni. However, there is a slight increase in Mo
content observed, which indicates some degree
of Mo corrosion under the same conditions.
The average corrosion rates of Mo and Ni for the
Mo-coated Ni plate are determined to be 6.7x107*
and 1.7x107° mg/(h-cm?), respectively. Notably, the
corrosion rate of Ni after Mo coating decreases to
0.1% that of the bare plate.

active

8
7L —0— Bare Ni plate
—O— Mo-coated Ni plate

6L (-10 mA/cm? for 5 h)
e Ni
257
g 4
s 3L
f‘g’ Mo
S 27

1 L

0t o —0— o a Ni

0 10 20 30 40 50 60 70 80 90 100110
Corrosion time/h
Fig. 12 Variation of Ni and Mo contents during exposure
of bare Ni plate and Mo-coated Ni-plate (obtained
by electrodeposition at =10 mA/cm? for 5h in molten
CaCl—1.61wt.%CaMoO4 at 1123 K) to 20 wt.% NaCl

solution at room temperature

This dramatic reduction highlights the
effectiveness of the Mo coating in shielding the Ni
substrate from corrosive agents. The Mo layer acts
as a robust barrier, significantly minimizing the
interaction between Ni and the corrosive
environment, thus preserving the integrity of Ni
substrate and substantially reducing its corrosion
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loss. This protection mechanism is crucial for
applications, where enhanced durability and
longevity of Ni-based materials are required.

4 Conclusions

(1) Solid CaMoOs4 exhibits high solubility
in molten CaCl,, forming mobile and electro-
chemically reactive MoO; ions. The eutectic
composition is determined under 4.74 wt.%
CaMoOy4 at 1021 K.

(2) Electrochemical tests indicate that the
reduction of MoOj is electrochemically reversible
within the potential scan rate range from 0.025
to 3 V/s. The diffusion coefficient of MoOj is
determined to be 2.94x107° cm?/s at 1123 K.

(3) High-quality Mo coatings were successfully
deposited on Ni plates through electrodeposition
using molten CaCl,—CaMoQOs. Operating at
—10 mA/cm?> for 5h at 1123 K produces a
32 um-thick Mo film with an efficiency of 90%.
Higher current densities lead to grain refinement
and decrease surface roughness, although they also
lower the efficiency due to the formation of
particles or dendrites.

(4) The Mo-coated Ni plates exhibit substantial
improvements in hardness and anti-corrosion
properties. Microhardness increases from HV 46.00
for a bare Ni plate to HV 215.10 after coating. The
corrosion rate in a 20 wt.% NaCl solution at room
temperature decreases to 0.1% that of the bare plate,
highlighting the protective efficacy of Mo coating.
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