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Relationship between Oxygen Content and Crystal Structure of W
Films Electrodeposited in Molten CsF-CsCI-WO;

Haochen Wang,

Yutaro Norikawa,

and Toshiyuki Nohira®*

Institute of Advanced Energy, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan

The formation of W film with different crystal structures, a-W and 3-W, has been reported in molten salt electroplating; however,
the mechanism has not been sufficiently explored in previous studies. Here, the electrochemical behavior of W ions and the
relationship between the oxygen content and crystal structure of electrodeposited W films were investigated in CsF—CsCl eutectic
melts after adding 2.0 mol% of WOj3; at 773-973 K. The oxygen content in W films electrodeposited at various temperatures was
analyzed using an inert gas fusion infrared absorption method. The oxygen content in the W films gradually decreased from 6.65 to
0.19 at% as the bath temperature increased from 773 to 973 K, and the crystal phase changed from 5-W to a-W, as confirmed by
X-ray diffractometry. Then, vacuum annealing treatment was performed on the 5-W films electrodeposited at 823 K. Mirror-like a-
W films were obtained after annealing at 973 K for 3 h; the oxygen content in the films decreased from 1.82 to 0.41 at%. This result
shows that mirror-like a-W films are obtained by a two-step method of electrodeposition and vacuum annealing.
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Tungsten (W) metal is known for its refractory properties,
including a high melting point, exceptional hardness, and remarkable
heat resistance. It is anticipated to serve as a plasma-facing material
in fusion reactors.' However, its hardness and brittleness make
processing W into complex shapes challenging. Therefore, electro-
deposition is considered an alternative method for preparing W
materials due to the method’s simple operation and low cost.

Tungsten has two distinct crystal structures: stable o-W with a
bee structure and metastable 5-W with an A15 structure.’ Recently,
(-W has gained attention for its significant spin Hall effect and the
largest spin Hall angle among transition metals,’ and is expected to
be applied to spintronics.* Previously, single-phase 5-W films were
primarily obtained using physical vapor deposition (PVD) methods,
with the film thickness limited to the nanometer order.*™®

Conversely, W electrodeposition has been investigated in several
types of high-temperature molten salts: oxide molten salts,” '
chloride molten salts,'’* fluoride molten salts,”*** and chloride-
fluoride mixed molten salts.”> > Among these regorts, Takeda et al.
gave a meticulous summary for previous study.’> While a-W has
been successfully synthesized in various molten salts, only a few
studies have reported the formation of 3-W.'*° We focused on
CsF-CsCl molten salt due to its high-water solubility and low
eutectic melting point (713 K, 50:50 mol%). Recently, we have
reported that a mirror-like single-phase 5-W film was obtained in
molten CsF—CsCl-WOj3 at 773 K.>° Additionally, we found that the
crystal structure of electrodeposited W has temperature dependence,
with 3-W electrodeposited at 773 K and 823 K and a-W electro-
deposited at 923 K.*>' However, the mechanism of 3-W formation by
molten salt electrolysis remains underexplored and needs further
investigation.

There are several reports on the mechanism of 5-W formation
when using the PVD method. Shen et al. obtained 5-W by filling
oxygen in a sputtering chamber using the PVD method, in which
(-W films with a thickness of approximately 150 nm and oxygen
content of 6-15 at% were formed.** Additionally, Chattaraj et al.
used chemical molecular dynamics calculation to simulate the 5-W
structure and found that G-W became more stable than o-W
thermodynamically with the inclusion of O, N, and F.>> These
reports suggest that the oxygen content in W films is a factor
influencing the formation and stabilization of 3-W. Therefore, the
different crystal phases of the electrodeposited W films at varying
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temperatures may be attributed to differences in oxygen content
within the films.

The relationship between the crystal structure and oxygen content
by preparing a-W and S-W films in molten CsF-CsCl-WO; at
773-973 K and analyzing the oxygen content in the electrodeposited
W films. Furthermore, we investigate the crystal phase change of
electrodeposited W films using annealing treatment to confirm the
relationship between the crystal structure and oxygen content.

Experimental

Reagent grade CsF (>99.0%; Furuuchi Chemical Corp., Tokyo,
Japan) and CsClI (>99.0%; FUJIFILM Wako Pure Chemical Corp.,
Osaka, Japan) were dried in vacuum at 453 K for more than 24 h and
at 773K for 24h. The salts were then mixed in a eutectic
composition (CsF:CsCl = 50:50 mol%, 150 g), and the mixture
was loaded in a glass-like carbon crucible (o.d.: 56 mm X i.d.:
53 mm X height 75 mm; Alliance Biosystems Inc., GAZ13-AB,
Osaka, Japan). The crucible was placed at the bottom of a
stainless-steel vessel. Subsequently, WO; (2.0 mol%) (99.9%;
Kojundo Chemical Laboratory Co., Ltd., Tokyo, Japan) was directly
added to the melt as the W(VI) ion source.

Electrochemical measurements and galvanostatic electrolysis were
conducted in an Ar glove box (Pure Box System, ZYS16-0057,
YAMATO Co., Ltd., Osaka, Japan), using a three-electrode method
with an electrochemical measurement system (HZ-7000, Meiden
Hokuto Corp., Tokyo, Japan). For the working electrodes, Cu foil
(99.9%, thicknesses: 0.05 mm; Nilaco Corp., Tokyo, Japan), Ag flag
(99.98%, diameter: 2.0 mm, thickness: 0.10 mm, Nilaco Corp., Tokyo,
Japan), and Au flag (99.95%, diameter: 2.0 mm, thickness: 0.10 mm,
Nilaco Corp., Tokyo, Japan) were selected. A glass-like carbon rod
(diameter: 3.0 mm; Tokai Carbon Co., Ltd., Tokyo, Japan) was used as
the counter electrode. A Pt wire (99.98%, diameter: 1.0 mm; Tanaka
Precious Metal Technologies Co., Ltd., Tokyo, Japan) was employed as
the quasi-reference electrode. The potential of the quasi-reference
electrode was calibrated with respect to the dynamic Cs*/Cs potential
determined by cyclic voltammetry performed on an Ag electrode. The
melt temperature was measured using a type K thermocouple. The
electrolyzed samples on the Cu foils were soaked in distilled water for
5 min at 333 K to remove the salt adhering to the deposits.

A mini lamp annealer (Advance Riko Inc., MILA-5050,
Kanagawa, Japan) was used for vacuum annealing treatment of
electrodeposited W samples. The samples were heated in vacuum
using a turbo molecular pump (ULVAC Inc., YTP70A-D,
Kanagawa, Japan).
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Phase identification of the W films was conducted using an X-ray
diffractometer (XRD; Smart Lab, Cu-Kq line, A = 1.5418 A, 40kV,
40 mA; Rigaku Corp., Tokyo, Japan). A digital microscope (VHX-
7100, KEYENCE Corp., Osaka, Japan) and a scanning electron
microscope (SEM; Phenom Pro Generation 5, Thermo Fisher
Scientific Inc., Waltham, MA) were employed for surface mor-
phology observation. The oxygen content in the electrodeposited W
films was analyzed using an inert gas fusion infrared absorption
(IGF-IR) method (EMGA-930, Horiba Ltd., Kyoto, Japan).

Results and Discussion

Electrochemical behaviors of W ions.—Figure 1 shows the cyclic
voltammograms on an Au flag electrode after the addition of WO;
(2.0 mol%) in the molten CsF-CsCl at 773-973 K. The inset figure
shows an enlarged view of around the start of the reduction currents. At
773 K (dark blue line), the cathodic current started to increase at around
1.42 V (vs Cs*/Cs), and then suddenly increased at around 1.37 V. It is
assumed that W(VI) ions were first reduced to an intermediate product,
and then further reduced to W metal. Similar behaviors were observed
in our previous study.*® At 823-923 K (light blue line, green line, and
orange line), the two-step reduction behavior was also observed.
However, at 973 K (purple line), the cathodic current suddenly
increased at around 1.44V, indicating the electrodeposition of W
metal. At 973 K, it is thought that the intermediate product is not
formed, or is immediately reduced to W metal. Therefore, the increase
in temperature might affect the formation of the intermediate product
during W electrodeposition.

In addition, the cathodic peak currents increased with increasing
temperature. We have reported the solubility of WO; in molten
CsF-CsCl at different temperatures, which is determined to be
1.0 mol%, 1.4 mol%, 3.1 mol%, and 4.9 mol% at 773 K, 823 K,
873 K, and 923 K, respectively.®' In the present study, the amount of
added WO5; was set as 2.0 mol%. According to the solubility of
WO3;, only part of the WO3 was dissolved in the melt at 773 K and

823 K. When the temperature was increased to 873 K, all of the WO;
dissolved, leading to the large increase in the cathodic peak current
compared to that at 823 K. At 923 K and 973 K, the cathodic peak
current increased slightly, which is explained by the higher diffusion
rate of W ions at higher temperatures.

Electrodeposition of W films.— Surface morphology and current
efficiency.—Samples were prepared by galvanostatic electrolysis of
Cu plate electrodes at a current density of 6 mA cm ™2 at 773-973 K.
Optical and SEM images of the samples obtained at various
temperatures are exhibited in Fig. 2. Metallic luster was observed
on the samples obtained at 773 K, 823 K, and 873 K, while gray and
black surfaces were observed on the samples obtained at 923 K and
973 K. In particular, the films obtained at 773 K and 823 K have a
mirror-like surface, indicating a high smoothness of the surface.

In the SEM images, for the samples obtained at 773 K and 823 K,
crystal grains could hardly be observed. For the sample obtained at
873 K, small spherical grains were observed on the entire surface of
the samples. The sample obtained at 923 K exhibited a surface with
angular crystal grains. As for the sample obtained at 973 K, an
inhomogeneous surface with gaps was observed, indicating that a
rough-surfaced film was obtained. The surface morphology of
electrodeposits is temperature-dependent, with smoother surfaces
more easily obtained at lower temperatures.

To calculate the current efficiency, the mass change (mgi,) was
calculated by measuring the mass of the Cu substrate before
electrodeposition (myer) and the total mass after electrodeposition
(myg). The current efficiency (1) was calculated, assuming a 6-
electron reaction from W(VI) to W(0), using the following formula:

1 = (6-F-mgin)/(S-q-Mw) x 100% (1]

where F is the Faraday constant, S is the electrode area (1.015 cmz),
q is the charge density (90 C cm™2), and My is the molar weight of
W. The calculation results are listed in Table I. Samples obtained at
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Figure 1. Cyclic voltammograms of an Au flag electrode in molten CsF-CsCl salt after addition of WO; (2.0 mol%) at 773-973 K. Inset figure shows an

enlarged view of around the start of the reduction currents. Scan rate: 0.2 Vs~ '.
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Figure 2. Optical and SEM images of the samples obtained by galvanostatic
electrolysis of Cu plate electrodes with a current density of 6 mA cm ™2 in
molten CsF-CsCl-WO; (2.0 mol% added) at 773-973 K. Charge density:
90 C em ™.

773 K exhibited an average current efficiency of 63.5%. W deposi-
tion is predicted to be a multi-step process; W(VI) ions are reduced
to intermediate products, such as W(IV) ions or W(ll) ions, and then
furtherly reduced to W metal. As for W deposition at 773 K, only a
part of the W intermediate product was reduced to W metal, while
the rest might diffuse to the bulk, resulting in the loss of current
efficiency. Samples obtained at 823 K, 873 K, and 923 K exhibited
high average current efficiencies of over 80%; this is explained by
the increase in reduction ratio of W intermediate products to W
metal as the temperature increases. The average current efficiency of
the samples obtained at 973 K was 68.9%; this is believed to result
from reduced adhesion due to the formation of surface irregularities
and the shedding of some of the deposits during electrolysis.

Relationship between crystal structure and oxygen content.—
XRD patterns of the samples are illustrated in Fig. 3. All XRD
patterns were identified with either a-W or 5-W. Only 8-W was

Table I. Current efficiency in the electrodeposition of W on Cu plate
electrodes in molten CsF-CsCl-WO; (2.0 mol% added) at various
temperatures.

Temperature 77K~ Number of samples n  Current efficiency™ /%

773 5 63.5+9.5
823 9 90.6 = 1.5
873 5 83.4+3.0
923 5 823 +4.0
973 5 68.9 = 7.1

a) Average value (+ standard err(g_rl)_mcalculated under the 6-electron
reaction for W deposition. b) n = — '533"400, My, = 183.84 gmol ',
S = 1.015 cm?, Mgy = Magper.
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Figure 3. XRD patterns of the samples obtained by galvanostatic electro-
lysis of a Cu plate electrode with a current density of 6 mA cm 2 in
molten CsF-CsCl-WO; (2.0 mol% added) at 773-973 K. Charge density:
90 C em™>.

detected at temperatures of 773 K, 823 K, and 873 K. The 3-W films
obtained at 823 K and 873 K were strongly oriented along the {111}
plane, which had also been reported in our previous study.’' A
mixture of a-W and S-W was detected at 923 K, while only a-W
was detected at 973 K. In our previous study, a mixture of a-W and
B-W was obtained in molten CsF-CsCI-WO5 at 873 K.>' A slight
difference was found in the temperature at which the mixture of a-W
and $-W was obtained. This is thought to be due to the different
amount of added WO3: 1.0 mol% WO; was added in the previous
study, whereas 2.0 mol% was added in the present study.
Subsequently, the oxygen contents in the electrodeposited W
films were investigated by an IGF-IR method. 0.5 g of Sn and 0.5 g
of Ni were used as solvents to help with the combustion of W films.
The combustion period lasted for 75s with an input power of
5.50 kWh. As illustrated in Fig. 4, the oxygen contents in the W
films gradually decreased from 6.65 + 0.11 at% to 0.19 = 0.10 at% as
the bath temperature increased from 773 K to 923 K. As mentioned
above, the crystal structure of electrodeposited W changed from
(-W to a-W as the bath temperature increased. These results suggest
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Figure 4. Oxygen contents of the samples obtained by galvanostatic
electrolysis of a Cu plate electrode with a current density of 6 mA cm™ 2 in
molten CsF-CsCl-WOj3 (2.0 mol% added) at 773-973 K. Charge density:
90 C cm™2. Error bars represent the standard error of the mean, n = 3.

that the presence of oxygen in W films stabilizes 5-W. Although the
position of the oxygen atoms in the §-W has not yet been fully
clarified, Arita et al. calculated the XRD patterns of (W3W)O,, in
which the oxygen atoms occupy interstitial sites, and ordered W30,
in which the oxygen atoms occupy substitutional sites, in order to
elucidate the position of the oxygen atoms in 5-W(A15). The former
gave the same XRD pattern as pure §-W (A15), and the latter gave
the 110, 220, and 310 diffraction lines in addition to the XRD pattern
of 3-W (A15).% Since the same XRD pattern as pure 5-W metal was
obtained in the present study, the oxygen is thought to occupy the
interstitial sites. Also, Sluiter reported that C, N, O, and F cannot
dissolve substitutionally in 3-W according to the results of ab initio
calculation,37 which is consistent with our opinion.

Furthermore, our group had reported that the structure of the
W(VI) ions in CsF-CsCl-WO; is fac-[WO3F3]37 by Raman
Spectoscopy.®’ Thus, the total reaction of the reduction of W ions
during electrolysis can be described by the following formula:

[WOsF;13~ + 6e= — W(s) + 30>~ + 3F~ [2]

It is believed that covalent W—O bonds in [WO3F;]*~ partially
remained during the reduction, which led to the inclusion of oxygen
in 8-W films. However, a higher temperature provides abundant
energy to promote the dissociation of covalent W-O bonds, leading
to the lower oxygen content in electrodeposited W films and the
formation of a-W.

Annealing treatment of electrodeposited -W.— Surface mor-
phology.—To further confirm the relationship between the crystal
structure and oxygen content in W films, vacuum annealing
treatment was conducted using [G-W films electrodeposited at
823 K. The samples were heated to 973 K in 10 min under vacuum
conditions (3 x 107> Pa) and then held for 3 h. Figure 5 illustrates
the optical and SEM images of as-electrodeposited 3-W obtained at
823 K and after annealing at 973 K. After annealing at 973 K,
metallic luster can still be observed, and almost no change occurs in
surface morphology.

Relationship between crystal structure and oxygen content.—The
XRD analysis results of the samples before and after annealing
treatment are illustrated in Fig. 6. Electrodeposited 5-W films were
transformed to pure o-W after annealing at 973 K. As previously
introduced in this study, o-W films electrodeposited at 973 K
showed a rough and uneven surface. Conversely, a-W films
fabricated by annealing treatment using electrodeposited 5-W films
are dense and possess a mirror-like surface. Therefore, we provide a
promising method for preparing smooth and dense a-W films, which
is inexpensive and easy to operate compared to traditional W
processing methods, such as mechanical polishing.

Furthermore, the oxygen content of the 3-W films annealed at
973 K was analyzed by an IGH-IR method. The oxygen content in
the W film decreased from 1.82 + 0.09 at% to 0.41 + 0.21 at% after
vacuum annealing treatment, accompanied by crystal phase change
from 5-W to a-W. Shen and Mai prepared thin 3-W films using the
PVD method and found out that §-W films became unstable at high
temperatures and changed to a-W under vacuum above 900 K.** In

Optical Images

SEM Images

Surface Cross-section

As-deposited
at 823 K

Annealed
at973 K

5mm

—30 um —5pum

Figure 5. Optical and SEM images of the 5-W films as-electrodeposited at 823 K and after annealing at 973 K for 3 h.
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Figure 6. XRD patterns of the 5-W films as-electrodeposited at 823 K and
after annealing at 973 K for 3 h.

addition, Chattaraj et al. claimed that ab initio calculations show a
higher solution energy of oxygen in (-W and a tendency to
transform locally from « to [ phase with increasing oxygen
concentration.>> Therefore, in this study, the reason for the phase
transformation from (3-W to a-W is speculated to be the breaking
down of covalent W—O bonds in 8-W, resulting in the removal of
oxygen. Here, the oxygen partial pressures in equilibrium with WO,
and WO; at 900K are calculated to be 2.2 x 107?°Pa and
3.8 x 107" Pa, respectively, from the Gibbs energies of
formation.”® These values are much lower than the pressure during
the annealing process, suggesting that these tungsten oxides are
stable and no release of oxygen gas occurs. Cantalini et al. reported
the fabrication of WOj; film by evaporation of WO; under
1.0 x 1073 Pa at 783 K.*° In the present study, annealing treatment
was conducted under 3.0 x 107> Pa at 973 K. Therefore, the oxygen
in W films was speculated to be removed as WO; gas during the
annealing treatment process.

Conclusions

The relationship between the oxygen content and crystal structure
of electrodeposited W films was investigated. Cyclic voltammetry
was carried out in molten CsF-CsCI-WO3; (2.0 mol% added) at
773-973 K. The results suggested the formation of an intermediate
product before the electrodeposition of W metal at 773-923 K, but
not at 973 K. W films electrodeposited in molten CsF—CsCI-WO;
(2.0 mol% added) at various temperatures showed different crystal
phases; the 3-W phase was obtained at 773-873 K, the mixture of a-
W and B-W phase was obtained at 923 K, and the a-W phase was
obtained at 973 K. As the temperature increased, the oxygen content
gradually decreased from 6.65 at% to 0.19 at%, accompanied by the
crystal phase change from 3-W to a-W. Single-phase 3-W electro-
deposited at 823 K transformed into a-W after vacuum annealing at
973 K, and the oxygen content decreased from 1.82 at% to 0.41 at%.
The phase transformation from 3-W to a-W was believed to occur
due to the breakdown of covalent W—O bonds in 5-W, leading to the

release of oxygen as WO;. Furthermore, a-W films obtained by
vacuum annealing have a mirror-like surface, indicating that the
two-step method of electrodeposition and vacuum annealing is
useful for preparing the a-W films with smooth surfaces.
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