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Electrochemical Behavior of Ti(III) Ions in Molten LiF-LiCl:
Comparison with the Behavior in Molten KF-KCI
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! Institute of Advanced Energy, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan
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Ti(III) ions has been prepared by the addition of 0.50 mol% of Li,TiF¢ and 0.33 mol% of Ti sponge to LiF-LiCl melt, and their
electrochemical behavior has been investigated using cyclic voltammetry and square wave voltammetry at 923 K. The reduction of
Ti(III) ions to metallic Ti is observed around 1.2 V vs Li*/Li, whereas the oxidation to Ti(IV) ions is observed at 2.78 V as a
reversible electrochemical process. The diffusion coefficient of Ti(IIl) ions is determined to be 3.2 x 107 em? s'. The
electrochemical behavior of Ti(III) ions in LiF-LiCl melt is compared to that in KF-KCI melt. The potentials for Ti(IV)/Ti(III) and
Ti(III)/Ti(0) couples based on the F»/F~ potential in LiF-LiCl melt are more positive than those in KF-KCI melt by 0.41 V and
0.31V, respectively. Such differences in potential are explained by the difference in interactions between Li™—F~ and K™-F .
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Titanium metal has several excellent properties, such as a high
specific strength, corrosion resistance, heat resistance, and biocom-
patibility. Despite these attractive properties, its high production cost
and poor workability have prevented its widespread application. The
electrodeposition of titanium has been proposed as a new manu-
facturing process to expand the applicability of titanium.

Plating titanium metal onto general substrates is one of the
effective methods for utilizing the advantageous properties of
titanium. Previous reports have shown that metallic titanium can
be electrodeposited only from high-temperature molten salts as
electrolytes.'=! Generall?/, chlorides,'™"  fluorides,'*'® and
chloride—fluoride mixtures'°=' have been used as the molten salt
electrolytes for titanium electrodeposition. The morphology of the Ti
deposits closely depends on the type of salts used as electrolyte.
Compact and smooth films were generally difficult to obtain using
chloride melts,''® but could be obtained by using proper current
densities or deposition potential in fluoride or chloride—fluoride
melts.”>'*%7 Several researchers have discussed the effect of anions
on the morphology of deposits and electrochemical behavior of Ti
ions by changing the fluoride ion concentrations.’°*? Takamura
et al. reported that the morphology of deposits was improved by
addition of LiF to LiCl-KCI melt at 773 K.” Song et al. reported that
Ti metal with fine crystal grains was obtained when KF was added to
NaCI-KCl at 1073 K.*' Guangson et al. reported that Ti(Il) ions
were not observed and that Ti was deposited directly from Ti(Ill)
ions when 10 wt% KF was added to KCI-NaCl-3 wt% K,TiF¢.”
Depositing Ti metal directly from Ti(Ill) ions is one of the
characteristics of fluoride melts.'>™'® It has been previously sug-
gested that the ionic state of Ti complex ions in the chloride—fluoride
melts is similar to those in the all-fluoride melts. Although the effect
of anions has been discussed in the above-mentioned papers, i.e. the
effect of addition of fluoride ions to chloride melts on Ti electro-
deposition, the effects of alkaline cations in chloride—fluoride melts
have not been investigated. This is because molten salts containing
multiple cations with a constant composition, like eutectic LiCI-KCl
plus LiF, were used in these studies.

Based on this background, we focused on different fluoride—
chloride melt mixtures consisting of single cations to individually
investigate the effect of alkaline cations. In this study, the electro-
chemical behavior of Ti(IIl) ions was investigated in LiF-LiCl melt
(LiF:LiCl = 45:55 mol%) at 923 K. The effects of temperature and

*Electrochemical Society Member.
“E-mail: nohira.toshiyuki.8r@kyoto-u.ac.jp

anion fraction were eliminated by using the same conditions as those
used in our previous experiments conducted in KF-KCI eutectic
melt (KE:KCI = 45:55 mol%) at 923 K,***’ which yielded electro-
deposition of compact and smooth Ti. The redox potentials of Ti
(IIT)/Ti(0) and Ti(IV)/Ti(III) were determined to be 0.33 and 1.82 V,
respectively, vs K*/K. In the present study, the redox potentials and
diffusion coefficient of Ti(Ill) ions in LiF-LiCl were evaluated by
using cyclic voltammetry and square wave voltammetry. The effect
of cations in fluoride—chloride melt on the electrochemical behavior
of Ti(Ill) ions was discussed by comparing the results obtained in
LiF-LiCl and KF-KCI melts.

Experimental

Reagent-grade LiF (Kojundo Chemical Laboratory Co., Ltd.,
>99%) and LiCl (Kojundo Chemical Laboratory Co., Ltd., >99%)
were dried under vacuum at 453 K for more than 72 h and at 773 K
for 24 h. The salts were mixed in the prescribed composition (molar
ratio of LiF:LiCl = 45:55, 300 g) and the mixture was loaded in a Ni
crucible (Chiyoda Industry Manufacturing Plant Co., Ltd., outer
diameter: 98 mm, inner diameter: 96 mm, height: 102 mm). The
crucible was placed at the bottom of a stainless-steel vessel in an air-
tight Kanthal container. The electrochemical measurements were
conducted in dry Ar atmosphere at 923 K in a glove box. After blank
measurements in molten LiF-LiCl, 0.50 mol% of Li,TiFs and
0.33 mol% of Ti sponge (Kojundo Chemical Laboratory Co., Ltd.,
>99%) were added to the melt. Here, 0.33 mol% of Ti sponge
corresponds to approximately twice the amount necessary to gen-
erate Ti(IIl) ions from 0.50 mol% of Li,TiFs, according to Eq. 1.

Ti(0) + 3Ti(IV) — 4Ti(IIl) [

Prior to the experiment, powdery Li,TiFs was prepared from
aqueous H,TiFg solution (Morita Chemical Industry Co., Ltd.,
40%) and Li,COz (FUJIFILM Wako Pure Chemical Co., Ltd.,
>99.0%), according to the method reported by Janz et al.>* First,
37 g of Li,CO5; was added to 200 ml of aqueous H,TiFg solution,
and then ultrapure water was added to give a final volume of 300 ml.

HzTiF6 -+ L12C03 — L12T1F6 + C02 + H20 [2]

The Li,TiF¢ product was completely soluble; therefore, any pre-
cipitate that formed was removed by filtration because it could
contain impurities like TiO,. Solid Li,TiFs was recovered by
evaporation of the solution under reduced pressure. The thus-
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Figure 1. Cyclic voltammograms (a) in the negative potential region at a Mo
flag electrode and (b) in the positive potential region at a glass-like carbon
rod electrode in molten LiF-LiCl at 923 K. Scan rate: 0.5 Vs~ .

obtained Li,TiFg was dried under vacuum at 453 K for over 6 h and
pulverized in a mortar under dry Ar atmosphere in a glove box.

Electrochemical measurements and galvanostatic electrolysis
were conducted by a three-electrode method using an electroche-
mical measurement system (Hokuto Denko Corp., HZ-7000). The
working electrodes were Mo plate (Nilaco Corp., 10 mm x 10 mm,
thickness: 0.1 mm, 99.95%), Mo flag (Nilaco Corp., diameter:
3.0 mm, thickness: 0.1 mm, 99.95%), Au flag (Nilaco Corp.,
diameter: 3.0 mm, thickness: 0.1 mm, 99.98%), and glassy carbon
rod (Tokai Carbon Co., Ltd., diameter: 3.0 mm) electrodes. The
structure of the flag electrodes was reported in our previous paper.”
Ti rods (Nilaco Corp., diameter: 3.0 mm, 99.5%) were used as the
counter and reference electrodes. In the blank measurement, a Pt
wire (Nilaco Corp., diameter: 1.0 mm, 99.98%) was used as the
quasi-reference electrode. The potential of the reference electrodes
was calibrated with respect to a dynamic Li*/Li potential, deter-
mined by cyclic voltammetry on a Mo electrode. When necessary,
the potential was expressed based on Cl,/Cl™ and F,/F~ potentials,
calculated from the theoretical decomposition voltage of the salt.
The calibration method is explained in the next section. The melt
temperature was measured using a type-K thermocouple. The salt
adhering to the deposits was removed by ultrasonic washing in
distilled water for 10 min.

The surface and cross-section of the sample were observed by
using scanning electron microscopy (SEM; Thermo Fisher Scientific
Inc., Phenom Pro Generation 5). Before the observation of the cross
section, the samples were embedded in an acrylic resin and polished
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Figure 2. (a) Cyclic voltammogram and (b) square wave voltammogram at a
Mo flag electrode in molten LiF-LiCl after the addition of Li,TiFg (0.50 mol
%) and Ti sponge (0.33 mol%) at 923 K. (a) Scan rate: 0.5 V s b) f=
5Hz, Esw = 20mV, and AE = 10 mV.

with emery papers and buffing compounds. The samples were then
coated with Au using an ion sputtering apparatus (Hitachi, Ltd., E-
101) to impart conductivity. The deposits were also characterized by
energy-dispersive X-ray (EDX; AMETEK Co. Ltd., EDAX Genesis
APEX?2) and X-ray diffraction (XRD; Rigaku Corp., Ultima IV, Cu-
Ka line) analyses. A small portion of the molten salt was sampled by
the suction method using a borosilicate glass tube (Pyrex , outer
diameter: 6 mm, inner diameter: 4 mm) and dissolved in aqueous
HNOj; solution (pH 1, obtained from Tama Chemical Corp., AA-100
grade, 68 wt%). The solution was analyzed by using inductive
coupled plasma-atomic emission spectroscopy (ICP-AES; Hitachi,
Ltd., SPECTRO BLUE) to determine the Ti ion concentration in the
sampled molten salt.

Results and Discussion

Electrochemical window of LiF-LiCl molten salt.—Prior to the
measurement of Ti(Ill) ions in LiF-LiCl, the electrochemical
window of the used molten LiF-LiCl at 923 K was determined.
Figure 1a shows the cyclic voltammogram at a Mo flag electrode in a
negative potential region. The cathodic current due to the formation
of Li metal fog increases gradually from 0.2 V vs Li*/Li. Then, the
current increases rapidly from 0 V, corresponding to the deposition
of liquid Li metal.

Lit + e — Li(}) 3]
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Figure 3. Potential transient curve obtained during galvanostatic electrolysis
of a Mo plate electrode at —50 mA cm 2 for 20 min in LiF-LiCl after the
addition of Li,TiFg (0.50 mol%) and Ti sponge (0.33 mol%) at 923 K.
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Figure 4. (a) Optical image and (b) XRD pattern of the sample obtained by
galvanostatic electrolysis of a Mo plate electrode at —50 mA cm ™2 for
20 min in molten LiF-LiCl after the addition of Li,TiF¢ (0.50 mol%) and Ti
sponge (0.33 mol%) at 923 K.

After reversal of the scan direction, anodic current due to Li metal
dissolution was observed. The potential at zero current in the linear
variation region during the positive sweep can be considered the
redox potential of Li*/Li. Figure 1b shows the cyclic voltammogram
at a glass-like carbon electrode in a positive potential region. A sharp

(@)
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Figure 5. (a) Surface and (b) cross-sectional SEM images of the sample
obtained by galvanostatic electrolysis of a Mo plate electrode at
—50 mA cm 2 for 20 min in molten LiF-LiCl after the addition of Li,TiFs
(0.50 mol%) and Ti sponge (0.33 mol%) at 923 K.

increase in anodic current due to Cl, gas evolution is observed
around 3.5 V.

2CI" — Clp + 2e~ (4]

Based on this result, the electrochemical window of LiF-LiCl
molten salt (LiF:LiCl = 45:55 mol%, 923 K) is determined to be
3.5V. This value is in good agreement with the theoretical
electrochemical window of LiF-LiCl, 3.51V, which has been
calculated from the standard Gibbs energy of formation of LiCl(/)
(—333.81 kJ mol™" at 923 K),* assuming the activity of LiCl to be
0.55.

Reduction of Ti(III) ions.—The electrochemical reduction of Ti
(II) ions was investigated using cyclic voltammetry and square
wave voltammetry. Figure 2a shows the cyclic voltammogram in a
negative potential region at a Mo flag electrode in molten LiF-LiCl
after the addition of 0.50 mol% of Li,TiF¢ and 0.33 mol% of Ti
sponge at 923 K. Cathodic current increases from approximately
1.30 V vs Li*/Li and forms a peak at 1.18 V. After reversal of the
scanning direction at 1.00 V, the corresponding anodic current peak
is observed at 1.31 V. For a more detailed analysis of the cathodic
reaction, square wave voltammetry was conducted on the same melt.
The square wave voltammogram obtained at f = 5SHz, Esw =
20 mV, and AE = 10 mV (Fig. 2b) shows a single peak at 1.19 V vs
Li*/Li. Here, f is the frequency, Egy is the amplitude of the SW
pulses, and AE is the potential increment of a staircase potential
ramp. In a square wave voltammogram, the half-width of a peak,
Wi /2, is given by Eq. 536739
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Figure 6. (a) Cyclic voltammograms at a Au flag electrode in molten
LiF-LiCl after the addition of Li,TiF¢ (0.50 mol%) and Ti sponge (0.33 mol
%) at various scan rates at 923 K. (b) Dependence of anodic peak current
density on scan rate.

W= R1353 4 346
nF Eow + 8.1 RT

2

557“’} Eqw = @ [5]
where R is the universal gas constant, T is the temperature, n is the
number of electrons transferred, and F is the Faraday constant. The
value n is calculated to be 3.0 from the peak half-width of 100 mV in
Fig. 2b. Since the calculated value is 3.0, the reduction observed in
the voltammogram in Fig. 2b is suggested to be due to deposition of
Ti metal.

Ti(ll) 4 3e~ — Ti(0) [6]

To confirm this, galvanostatic electrolysis was conducted using
the Mo plate electrode at a current density of —50 mA cm ™2 for
20 min. Figure 3 shows the potential transient curve during
galvanostatic electrolysis. The potential during electrolysis was
around 1.2V vs Li*/Li, indicating the progress of the cathodic
reaction observed in the cyclic voltammogram. As shown in the
right-hand potential axis, the potential was approximately —70 mV
against a Ti reference electrode, which suggests the presence of
concentration and activation overpotentials. The optical image of the
sample after water washing (Fig. 4a) shows deposits having metallic
luster covering the entire substrate. The XRD pattern of the sample
(Fig. 4b) shows peaks only for metallic Ti and Ni substrate.
Althou%h LiF has low solubility in water (0.13 g per 100 g-H,O at
293 K*), any adhered salts were successfully removed from the
sample, likely because the dissolution of LiCl assisted the physical
removal of LiF from the sample surface. Surface and cross-sectional
SEM images of the sample are shown in Figs. 5a and 5b,
respectively. The deposits have compact grains with diameters of
approximately 10 gm. Only Ti was detected by EDX analysis of the
sample surface. The cross-sectional SEM image demonstrates that
adherent, compact, and comparably smooth films with a thickness of
around 15 pm were electrodeposited on the Mo substrate. Based on
these results, the cathodic wave in the cyclic voltammogram is
assigned to the reduction of Ti(IIl) ions to metallic Ti (Eq. 6).

Oxidation of Ti(Ill) ions.—The anodic oxidation of Ti(III) ions
was investigated using cyclic voltammetry. Figure 6a shows the
cyclic voltammograms obtained at a Au flag electrode in a positive
potential region. The scan rates were varied from 0.5Vs™' to
10.0 Vs™'. Pairs of redox currents are observed around 2.8 V vs
Li*/Li. This redox reaction is reversible because the peak potential
was constant and independent of the scan rate. For a reversible
reaction, the following relationship holds between the anodic peak
potential (E,p) and the cathodic peak potential (Ecp):41

Ey — Eep = 2.3RT /nF (7]

Since the difference of peak potentials in Fig. 6a is 0.16 V, n is
calculated to be 1.1. Thus, the observed redox currents correspond to
the redox reaction of Ti(IV)/Ti(ILD).

Ti(IV) + e~ = Ti(ll) [8]

Here, the formal potential, £/, is calculated to be 2.78 V from the
average values of the cathodic and anodic peak potentials.

The diffusion coefficient of Ti(Ill) ions, Drigm, in LiF-LiCl
molten salt was determined from the cyclic voltammetry results. In a
reversible electrochemical reaction for the soluble reactants and
products, the anodic peak current (/,p) is given by Eq. 9,4

[ap = 0'446FACTi(IH) (DTi(IH)FV/RT)l/Z [9]

where A is the electrode area and v is the scan rate. The volume
concentration of ions in the electrolyte, eri), is calculated to be 2.88
x 107* mol cm™> from the ICP-AES result for the LiF-LiCl melt
and its density. In this case, the density of the melt with a
composition of LiF:LiCl = 45:55mol% is estimated to be
1.58 gem ™ at 923 K by extrapolating the reported data for the

Table I. The formal potentials for Ti(IV)/Ti(III) couple determined by CV and the peak potentials in SWYV for Ti(III)/Ti(0) couple in LiF-LiCl and

KF-KCI.

E vs CL/CI"/V E vs Fo/F/V
Molten salt (Molar ratio) Ti(IV)/Ti(IIT) Ti(IID)/Ti(0) Ti(IV)/Ti(III) Ti(IID)/Ti(0) T/IK References
LiF-LiCl (45:55) —0.73" —2.32" —2.70" —4.20” 923 This study
KF-KCI (45:55) —1.81% —3.30” —3.11Y —4.60” 923 26

a) The formal potential determined by CV. b) The peak potential in SWV.
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melts of compositions LiF:LiCl = 37:63 and 50:50 mol% in the
temperature range 940-1260 K.** Figure 6b shows the plots of L vs
v2 in the range 0.2-20.0 V s~ L. The value of Driamy is determined
from the slope of the plots to be 3.2 x 107> cm” s~ ' at 923 K.

Comparison of electrochemical behavior of Ti(Ill) ions.—
Table I compares the redox potentials for Ti(IV)/Ti(IIl) and Ti
(IID/Ti(0) couples in LiF-LiCl and KF-KCI at 923 K. In the second
and third columns of the table, the potentials are expressed against
the Cl,/C1™ potential, in which the conversion of potential has been
conducted using the theoretical electrochemical windows of the
molten salts. The theoretical electrochemical window of LiF-LiCl is
3.51V, as calculated in previous section, while that of KF-KCI is
calculated to be 3.63 V based on the standard Gibbs energy of KCI(/)
at 923 K. The potentials for the Ti(IV)/Ti(III) and Ti(I)/Ti(0)
couples in LiF-LiCl are more positive than those in KF-KCI by
1.08 V and 0.98 V based on Cl,/C1™ potential, respectively. In other
words, the stable potential range of Ti(Ill) ions in LiF-LiCl shifts in
the positive direction by ca. 1 V compared with the KF-KCI system.

To explain the shift in potential, we first must consider the
stability of the titanium complex ions from the viewpoint of
thermodynamics. Since hexacoordinated titanium ions exist in
molten salts,'>***° the possible titanium complex ions present in
the fluoride—chloride molten salt mixture are TiFs ,Cl>~. To
evaluate whether F~ or ClI™ anions coordinate more readily, the
standard Gibbs energies for conversion from TiCl; to TiF3 by the
reaction with LiF or KF have been calculated based on the reported
thermochemical data.™

TiCls(s) + 3LiF(l) = TiFs(s) + 3LiCl(J) [10]
AGE = —126.01 kJ mol'at 923 K
TiCls(s) + 3KF(l) = TiFs(s) + 3KCI() [11]

AGE = —320.67 kJ mol~!at 923 K

Since the Gibbs energies of conversion have large negative values
for both the systems, the most probable form of titanium complex
jons is TiFg>~. When the ligands of the titanium complex ions are
only F, its stability should be discussed based on the potential with
reference to that of the F,/F~ couple. Thus, the redox potentials for
the Ti(IV)/Ti(IIl) and Ti(III)/Ti(0) couples in LiF-LiCl and KF-KC1
against the Fo/F~ potential are also listed in Table 1. The potential
conversions have been conducted in the same manner as the
conversion for the Cl,/Cl™ potential. Although the difference in
potential between LiF-LiCl and KF-KCI has decreased, there
remain large differences of 0.41V and 0.31V for the Ti(IV)/Ti
(II) and Ti(II)/Ti(0) couples, respectively.

Similar tendencies of the shifts in potential, i.e., more positive for
smaller alkaline cation, were reported for pure chloride molten
salts.*>** Table I compares the potentials for the Ti(IV)/Ti(III), Ti
(TI)/Ti(1), Ti(II)/Ti(0), and Ti(I1)/Ti(0) couples in LiCl, LiClI-KCl,
NaCl-CsCl, and CsCl molten salts at 1023 K, as reported by Song et

al.** They explained that the potential shifts were due to the
polarization power of alkaline cations, which was strongly related
to cation radius. That is, smaller cations such as Li" have higher
polarization power and strong ionic attraction to C1~, which results
in less stable Ti chlorocomplexes. The present shifts in potential in
fluoride—chloride molten salts are well explained in the same
manner: the smaller cations that interact strongly with F~ reduce
the stability of the Ti fluorocomplexes. For the preliminary
quantitative discussion, the difference of Coulomb interactions
between Ti>"—F~ and A"™—F~ (A = Li and K) is roughly evaluated
by following equation.*®

AP = P(Ti*t — F) — (At — F)
_ 1ZniZp| _ |ZaZp|
rri + rg A + rg

[12]

Here, rr;, ra, and 7 are the 6-coordinated ionic radii for Ti3+, AT,
and F~ proposed by Shannon, respectively,’’ and Zy = 3, Zy = 1,
and Zp = —1 are ionic valences. The calculated A are 1.13 x 1072
pm~" for the K system and 1.02 x 107> pm~' for the Li system,
which indicates the Coulomb force between Ti*" and F~ in the K
system is larger than that in the Li system. Furthermore, the
difference in potential in fluoride—chloride melts is larger than that
in pure chloride melts. For example, according to Tables I and II, the
difference in potential for the Ti(IV)/Ti(Ill) couple was 0.41 V based
on F,/F~ potential between LiF-LiCl and KF-KCI, and 0.32V
based on Cl,/ClI™ potential between LiCl and CsCl. The larger
difference in fluoride—chloride melts is explained by the larger
difference in interaction between Lit—F~ and K'—F~ than that
between LiT—Cl™ and Cs™—Cl ™.

Conclusions

The electrochemical behavior of Ti(IIl) ions was investigated in
LiF-LiCl melt after the addition of 0.50 mol% of Li,TiFs and
0.33 mol% of Ti sponge at 923 K. The cathodic reaction at around
1.2 V vs Li*/Li was determined to be the reduction of Ti(III) ions to
Ti metal, based on the results of cyclic voltammetry, square wave
voltammetry, and XRD analyses of the deposits. The oxidation
reaction of Ti(IIl) ions to Ti(IV) ions was reversible, with the formal
potential of 2.78 V. The diffusion coefficient of Ti(IIl) ions was
determined to be 3.2 x 107> cm? s~ L. The potentials for Ti(1I)/Ti(0)
and Ti(VI)/Ti(IIl), with reference to the F»/F~ potential in LiF-LiCl,
were more positive than those in KF-KCI by 0.31V and 041V,
respectively. Such potential differences were explained by the
interactions of LiT—F~ and K"—F; smaller cations interacts more
strongly with F~, resulting in reduced stability of Ti fluorocom-
plexes.
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Table II. The formal potentials for Ti(IV)/Ti(III) couple determined by CV, and the peak potentials in SWV for Ti(III)/Ti(II), Ti(IIT)/Ti(0), and Ti

(ID)/Ti(0) couples in LiCl, LiCI-KCl, NaCl-CsCl and CsCl molten salts.**

E vs CL/CI"/V

Molten salt (Molar ratio) Ti(IV)/Ti(I1I) Ti(IL)/Ti(IL) Ti(ID)/Ti(0) Ti(IIL)/Ti(0) T/K
LiCl —0.30” —1.67% —1.98» — 1023
LiCI-KCl (59:41) —0.43Y —1.70» —2.01» — 1023
NaCl-CsCl (35:65) —0.539 —1.88» —2.129 — 1023
CsCl —0.629 — —1.98 1023

a) The formal potential determined by CV. b) The peak potential in SWV.
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