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A new method of electrodeposition of Ti using a water-soluble KF–KCl molten salt electrolyte has been proposed. The electrochemical 
behaviors of Ti(III) ions in a KF–KCl molten salt to which 0.1 mol% K2TiF6 and an excess amount of sponge Ti were added have been investi-
gated by cyclic voltammetry at 923 K. Anodic currents corresponding to the oxidation of Ti(III) ions were observed from 1.5 V (vs. K+/K) at a 
glass-like carbon rod electrode. In the negative potential region, cathodic currents were seen from 0.3 V, indicating the deposition of Ti metal 
from Ti(III) ions. When a nickel �ag electrode was used, cathodic currents due to the formation of Ti–Ni alloys were observed, in addition to the 
current of deposition of Ti metal. The analyses of the electrodeposits by scanning electron microscopy, energy dispersive X-ray spectroscopy, 
and X-ray diffractometry con�rmed that dense and smooth �lms of Ti metal with 20 μm thickness were obtained at current densities of 2.5 ×  
10−2–1.0 ×  10−1 Acm−2.　[doi:10.2320/matertrans.MK201605]
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1.　  Introduction

Titanium metal is widely utilized in the manufacture of air-
plane parts, industrial plants, biological implants etc. due to 
its superior properties such as high strength to weight ratio, 
corrosion resistance, heat resistance, and biocompatibility. 
Currently, titanium products are mainly manufactured by a 
two-step process. First, the titanium metal is produced by the 
Kroll process, in which Mg is used to reduce titanium tetra-
chloride. Next, the machining processes of the bulk titanium 
metal such as rolling and cutting are carried out. However, the 
current production method has several drawbacks such as 
high production cost for the Kroll process and the poor work-
ability of titanium, which inhibit the widespread use of titani-
um. Therefore, the development of a new manufacturing pro-
cess for titanium is required.

Toward this end, plating metallic titanium on general sub-
strates is a promising approach to utilize the superior proper-
ties of titanium. For example, physical vapor deposition 
(PVD), which can produce high quality �lms, has been prac-
tically used in the semiconductor �eld. However, the deposi-
tion rate is extremely low, resulting in a high process cost, and 
the plating of substrates with complicated shapes is dif�cult.

Electrodeposition is the plating method of choice for titani-
um because of its potentially high deposition rate and low 
cost. Furthermore, plating substrates with complicated shapes 
is possible by electrodeposition. The electrodeposition of tita-
nium metal has been studied in high-temperature molten 
salts. In previous studies, chloride melts1–5), �uoride 
melts6–13), and mixed �uoride–chloride melts14–17) were in-
vestigated as electrolytes. In chloride melts such as LiCl–
KCl1), NaCl–KCl2), CaCl23), and NaCl–CsCl4), the morphol-
ogies of the products were dendritic or rough surface. It has 
also been reported that the obtained deposit in molten NaCl5) 
was not metallic Ti but a Ti–Fe alloy. In general, it is dif�cult 
to obtain smooth and compact �lms in chloride melts because 

three ionic species with different valence numbers, i.e., Ti(II), 
Ti(III), and Ti(IV), exist and undergo disproportionation re-
actions. However, compact and smooth Ti �lms were ob-
tained in LiF–NaF–KF melts by Lepinay et al. at 823–
1023 K6) and by Robin et al. at 873–923 K7–9). The electro-
chemical reduction mechanism of Ti ions in molten LiF–
NaF–KF and LiF–KF at 823–1023 K10–13) was also studied. 
In these papers, Ti(III) and Ti(IV) ions were shown to achieve 
high stability by forming titanium–�uoro complex ions, and 
the deposition of Ti metal occurred in two steps by the reduc-
tion of Ti(IV) ions. Moreover, good deposits were obtained 
when the valence of the Ti ions was adjusted to be only Ti(III). 
In mixed �uoride–chloride melts, Oki et al. obtained compact 
smooth �lms in KCl–NaCl–LiCl containing K2TiF6 at 723–
923 K14,15), while Malyshev et al. reported similar results in 
KCl–NaCl–NaF–TiCl3 at 1073 K16). The in�uence of the ad-
dition of F− ions into chloride melts on the morphology of the 
Ti deposits has also been investigated. Song et al. reported 
that the addition of KF into KCl–NaCl up to a molar ratio of 
[F−]/[Tin+] =  6 led to the deposition of Ti metal with �ne crys-
tal grains, which is advantageous for the formation of com-
pact and smooth Ti �lms17). According to Oki et al., Ti(II) 
ions were not formed during the electrochemical reduction 
when the added amount of KF in NaCl–KCl–3 mass% K2TiF6 
exceeded 10 mass%18). To summarize, compact and smooth 
�lms are obtained in �uoride-based melts. However, the main 
disadvantage of these melts is the dif�culty to remove the so-
lidi�ed salt from the obtained Ti �lms by water washing, be-
cause of the low solubility of �uoride salts (LiF; 0.13, NaF; 
4.15, MgF2; 0.13, CaF2; 0.016 g per 100 g H2O)19).

Hence, we propose a new process for the electrodeposition 
of Ti using KF–KCl as a molten salt electrolyte. Fluo-
ride-based molten salts are known to yield smooth and com-
pact Ti �lms. Among the alkali and alkaline earth �uorides, 
KF has an exceptionally high solubility in water (101.6 g per 
100 g H2O)19). However, the use of KF molten salt is prob-
lematic, owing to the high melting point of KF (1131 K). 
Since KCl also has high a solubility in water (35.9 g per 100 g 
H2O)19), it is possible to lower the melting point by using a 
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KF–KCl binary melt (melting point =   878 K at the eutectic 
composition20)) without losing the water-solubility. Althogh 
LiCl, NaCl, MgCl2, and CaCl2 are also highly soluble in wa-
ter, they form water-insoluble �uoride salts when they are 
added to molten KF. For example, LiF is produced according 
to the reaction, KF +  LiCl →  LiF +  KCl. In a previous study 
by our group21), compact and smooth Si �lms were electrode-
posited in KF–KCl–K2SiF6 and the solidi�ed salt was easily 
removed by water washing alone.

In the present paper, the electrochemical behavior of Ti(III) 
ions was investigated in the KF–KCl eutectic melt at 923 K. 
On the basis of previous studies6–9,14–16), Ti(III) ions were ob-
tained by the comproportionation reaction (1).

 Ti(0) + 3Ti(IV)→ 4Ti(III) (1)

Speci�cally, K2TiF6 and an excess amount of sponge Ti were 
added to a KF–KCl melt. Then, the deposited samples were 
obtained by galvanostatic electrolysis at several current den-
sities and analyzed by scanning electron microscopy (SEM), 
energy dispersive X-ray spectroscopy (EDX), and X-ray dif-
fraction (XRD) to �nd the optimum current density condi-
tions for the deposition of dense and compact titanium �lms.

2.　  Experimental Procedure

A schematic representation of the experimental apparatus 
is shown in Fig. 1. Reagent grade KF (Wako Pure Chemical 
Co., Ltd., > 99.0%) and KCl (Wako Pure Chemical Co., Ltd., 
> 99.5%) were mixed to achieve the eutectic composition 
(molar ratio of KF:KCl  =   45:55, melting point  =   878 K20), 
400 g) and loaded in a graphite crucible (Toyo Tanso Co., 
Ltd., outer diameter: 90 mm, inner diameter: 80 mm, and 

height: 120 mm) or nickel crucible (Chiyoda Industry Co., 
Ltd., outer diameter: 96 mm, and height: 102 mm). The mix-
ture in the crucible was �rst dried under vacuum at 453 K for 
72 h. The crucible was placed at the bottom of a stainless 
steel vessel in an air-tight Kanthal container and further dried 
under vacuum at 773 K for 24 h. The electrochemical mea-
surements were conducted in a dry Ar atmosphere at 923 K in 
a glove box. After blank measurements in KF–KCl, 0.1 mol% 
K2TiF6 (Morita Chemical Industry Co., Ltd., > 97.5%) and an 
excess amount (10 g) of sponge Ti (Wako Pure Chemical Co., 
Ltd., > 99%) were added to the melt. Here, 10 g of sponge Ti 
is approximately 100 times the amount necessary to generate 
Ti(III) ions from 0.1 mol% K2TiF6 according to eq. (1).

Electrochemical measurements and galvanostatic electrol-
ysis were conducted using a three-electrode system (Hokuto 
Denko Corp., HZ-3000). The working electrodes were a Ni 
plate (Nilaco Corp., 5 mm ×   10 mm, thickness: 0.1 mm, > 
99%), a Ni �ag (Nilaco Corp., diameter: 2.0 mm, thickness: 
0.1 mm, 99.98%), and a glass-like carbon (G.C.) rod (Tokai 
Carbon Co., Ltd., diameter: 3.0 mm). The structure of the Ni 
�ag electrode was reported in our previous paper21). In order 
to remove the oxide �lm before usage, a Ni plate for electro-
deposition was electropolished in 50 mass% sulfuric acid at 
200 mAcm−2 for 10 s, dipped in aqueous solution containing 
sodium bi�uoride, and followed by washing in hydrochloric 
acid of pH =  4.0, at room temperature. The Ni plate was then 
washed by ethanol and dried. A Ti rod (Nilaco Corp., diame-
ter: 3.0 mm, 99.5%) was used as the counter electrode, and a 
Pt wire (Nilaco Corp., diameter: 1.0 mm, > 99.98%) was em-
ployed as a quasi-reference electrode. The potential of the 
reference electrode was calibrated with reference to a dynam-
ic K+/K potential estimated by cyclic voltammetry on a Mo 
wire (Nilaco Corp., diameter: 1.0 mm, 99.95%). The tem-
perature of the melt was measured by a type K thermocouple. 
The electrolyzed samples on the Ni plates were soaked in 
distilled water at 333 K for 1 h to remove the salt adhered on 
the deposits. The cross-sections of the samples were studied 
by SEM (Keyence Corp., VE-8800). For the observation, the 
samples were embedded in acrylic resin and polished with 
emery papers and buf�ng compounds. After polishing, the 
samples were coated with Au by an ion sputtering apparatus 
(Hitachi, Ltd., E-1010) to give conductivity. The deposits 
were also characterized by EDX (AMETEK Co., Ltd., EDAX 
Genesis APEX2) and XRD (Rigaku Corp., Ultima IV, Cu-Kα 
line).

3.　  Results and Discussion

3.1　  Cyclic voltammetry
Figure 2(A) shows the cyclic voltammograms from the 

open-circuit potential to the positive direction measured at a 
glass-like carbon electrode before and after the addition of 
0.1 mol% K2TiF6 and an excess amount of sponge Ti at 
923 K. The anodic currents sharply increase at 3.6 V (vs. 
K+/K) (current (b)) before and after the addition. The theoret-
ical decomposition voltage of KCl(l) is calculated to be 
3.63 V from the standard Gibbs energy of formation 
(−345.516 kJ mol−1)22), assuming that the activity of Cl− ions 
follows Raoult’s law. Thus, it is conceivable that the anodic 
currents above 3.6 V correspond to the generation of Cl2 gas.

Fig. 1　A schematic representation of the experimental apparatus: (A) Ni 
plate electrode, (B) Ni �ag electrode, (C) glass-like carbon rod electrode, 
(D) Pt and Mo wire electrodes, (E) Ti rod electrode, and (F) molten KF–
KCl.
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 2Cl− → Cl2(g) + 2e− (2)

After the addition of K2TiF6 and sponge Ti, anodic currents 
are also observed from 1.5 V on the positive scan (current 
(a)), which is explained by the oxidation of Ti(III) to Ti(IV)7).

 Ti(III)→ Ti(IV) + e− (3)

In the present experiment, the rest potential (R.P.) was ob-
served at approximately 0.7 V. Since this value is much more 
negative than the redox potential of Ti(IV)/Ti(III), most of 
the Ti ions exist as Ti(III) in the melt.

Figure 2(B) shows the cyclic voltammograms measured at 
the glass-like carbon from 0.6 V to the negative direction 
(dashed curve) and Ni �ag electrodes from 0.8 V to the nega-
tive direction (solid curve) after the addition of K2TiF6 and 
sponge Ti. For both electrodes, cathodic currents �ow from 
approximately 0.3 V (current (c)). After the reversal of scan-
ning direction, the corresponding anodic currents are also ob-

served. From this result, it is expected that Ti metal is depos-
ited from Ti(III) ions at potentials more negative than 0.3 V.

 Ti(III) + 3e− → Ti(0) (4)

At the nickel �ag electrode in Fig. 2(B), reduction currents 
are also observed from 0.5 V (current (d)). From the phase 
diagram of the Ti–Ni system, three intermetallic compounds, 
TiNi3, TiNi, and Ti2Ni exist at 923 K23). Thus, the observed 
currents (d) are likely to be associated with the formation of 
these Ti–Ni alloys.

 Ti(III) + Ni(s) + 3e− → Ti–Ni(s) (5)

The corresponding anodic currents (d’) are then explained by 
the dissolution of Ti from the alloys.

 Ti–Ni(s)→ Ti(III) + Ni(s) + 3e− (6)

3.2　  Galvanostatic electrolysis
To prepare the deposition samples, galvanostatic electroly-

sis was conducted using the Ni plate electrodes at 923 K. Fig-
ure 3 shows the surface and cross-sectional SEM images of 
samples. The current densities were (a) 2.5 ×  10−2, (b) 5.0 ×  
10−2, (c) 1.0 ×   10−1, and (d) 1.5 ×   10−1 Acm−2. The total 
quantity of electricity was �xed at 150 C. As seen from the 
surface SEM images, the �lms prepared under conditions (a), 
(b), and (c) were densely packed with compact crystal grains. 
From the cross-sectional SEM images at the center of the 
sample plates, the �lms had smooth surfaces and thicknesses 
around 20 μm. EDX analysis revealed only Ti, implying that 
all the components of the molten salt electrolyte (K, F, and 
Cl) were below the detection limits. Thus, the adhered salt on 
the Ti deposit was successfully dissolved by water washing.

As seen in the XRD patterns (Fig. 4), deposition of crystal-
line titanium metal is con�rmed for samples (a), (b), and (c). 
Thus, the reduction currents approximately at 0.3 V were due 
to the deposition of Ti metal. The current ef�ciencies for Ti 
deposition calculated from the weight increase were 87%, 
77%, and 81% at 2.5 ×  10−2, 5.0 ×  10−2, and 1.0 ×  10−1 Acm−2, 
respectively. Under the assumption of a 3-electron reaction, 
the theoretical thickness of the Ti layer is calculated to be 
55 μm, which is much higher than the observed thickness 
about 20 μm. This could be attributed to the uneven distribu-
tion of current – high current densities at the edges and low 
current densities at the center. Moreover, as shown in the high 
magni�cation SEM image of sample (b) (Fig. 5), Ti–Ni alloy 
layers with 3 μm thickness are observed at the interface be-
tween a deposited Ti �lm and a Ni substrate. Meanwhile, Ti 
�lms were not obtained at the highest current density of (d) 
1.5 ×  10−1 Acm−2. This is explained by the deposition of a K 
metal fog at high current density and the detachment of the 
metal deposit. A similar phenomenon was observed for the 
deposition of Si in the KF–KCl molten salt24).

The preferred crystal orientation of the obtained Ti �lms 
was evaluated from the peak intensities in the XRD patterns. 
Table 1 lists the orientation index αh k l calculated for samples 
(a), (b), and (c) using the equation proposed by Willson et 
al.25)

 αh k l =
Ih k l(sample)/ I(sample)

Ih k l(PDF)/ I(PDF)
 (7)

Fig. 2　Cyclic voltammograms in molten KF–KCl at 923 K obtained at a 
scan rate of 0.10 Vs−1. (A) Positive potential region was measured with a 
glass-like carbon rod electrode before (dashed curve) and after (solid 
curve) the addition of 0.1 mol% K2TiF6 and an excess amount of sponge 
Ti. (B) Negative potential region was measured with a glass-like carbon 
rod electrode (dashed curve) and a Ni �ag electrode (solid curve) after the 
addition of 0.1 mol% K2TiF6 and an excess amount of sponge Ti.
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Here, Ih k l(sample) and Ih k l(PDF) indicate the peak intensity 
of h k l plane for the deposits and PDF data (# 00–044–1294), 
respectively. The values of ∑ I(sample) and ∑ I(PDF) indicate 
the sum of peak intensities for the all planes for the deposits 
and PDF data, respectively. As the result, α1 0 1 is higher than 
1.8 for all the deposits, which demonstrates the high orienta-
tion to 101 plane. Oki et al. reported that the Ti metal �lm 
deposited on nickel in KCl–NaCl–LiCl containing K2TiF6 at 
923 K was highly orientated to 002 plane17). They also report-
ed that the orientation varied with temperature, electrolysis 
time, current density, and electrolysis method. Similarly, the 
preferred orientation might be in�uenced by the electrolysis 
conditions in the present case, and will be reported in the fu-
ture.

4.　  Conclusions

Electrodeposition of titanium metal was investigated in a 

KF–KCl molten salt containing Ti(III) ions at 923 K. The 
Ti(III) ions were prepared by the addition of 0.1 mol% K2TiF6 
and an excess amount of sponge Ti, and the electrochemical 
behaviors were investigated by cyclic voltammetry. The oxi-
dation of Ti(III) ions to Ti(IV) ions was observed from 1.5 V 
(vs. K+/K) in the positive scan at a glass-like carbon elec-
trode. Cathodic currents corresponding to the deposition of 
metallic Ti were observed at potentials more negative than 
0.3 V. The solidi�ed salt was successfully removed by wash-
ing with water, and the deposits obtained by galvanostatic 
electrolysis were analyzed by surface and cross-sectional 
SEM, EDX, and XRD. The �lms deposited at current densi-
ties of 2.5 ×  10−2–1.0 ×  10−1 Acm−2 had smooth surfaces and 
approximately 20 μm thickness. XRD analysis revealed that 

Fig. 4　XRD patterns of the samples obtained by galvanostatic electrolysis 
of Ni plate electrodes in molten KF–KCl after the addition of K2TiF6 
(0.1 mol%) and an excess amount of sponge Ti at 923 K. Cathodic current 
density and time: (a) 2.5 ×  10−2 Acm−2 for 100 min, (b) 5.0 ×  10−2 Acm−2 
for 50 min, and (c) 1.0 ×  10−1 Acm−2 for 25 min.

Fig. 5　A cross-sectional SEM image of the sample obtained by galvanos-
tatic electrolysis of a Ni plate electrode in molten KF–KCl after the addi-
tion of K2TiF6 (0.1 mol%) and an excess amount of sponge Ti at 923 K. 
Cathodic current density and time: 5.0 ×  10−2 Acm−2 for 50 min.

Fig. 3　Surface and cross-sectional SEM images of the samples obtained by 
galvanostatic electrolysis of Ni plate electrodes in molten KF–KCl after 
the addition of K2TiF6 (0.1 mol%) and an excess amount of sponge Ti at 
923 K. Cathodic current density and time: (a) 2.5  ×   10−2 Acm−2 for 
100 min, (b) 5.0 ×   10−2 Acm−2 for 50 min, (c) 1.0 ×   10−1 Acm−2 for 
25 min, and (d) 1.5 ×  10−1 Acm−2 for 16.7 min.
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crystalline metallic titanium was deposited, and that the tita-
nium �lms were highly orientated to 101 plane.
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