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Abstract: The effects of fluoride ions (F−) on the electrochemical behavior and coordination properties of titanium ions (Tin+) were studied in
this work, by combining electrochemical and mathematical analysis as well as spectral techniques. The α was taken as a factor to indicate the
molar concentration ratio of F− and Tin+. Cyclic voltammetry (CV), square wave voltammetry (SWV), and open circuit potential method (OCP)
were used to study the electrochemical behavior of titanium ions under conditions of various α, and in-situ sampler was used to prepare molten
salt samples when α equal to 0.0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, and 8.0. And then, samples were analyzed by X-ray photoelectron spectroscopy
(XPS) and Raman spectroscopy. The results showed that F− in molten salt can reduce the reduction steps of titanium ions and greatly affects the
proportion of valence titanium ions which making the high-valence titanium content increased and more stable. Ti2+ cannot be detected in the
molten salt when α is higher than 3.0 and finally transferred to titanium ions with higher valence state. Investigation revealed that the mechan-
ism behind those phenomenon is the coordination compounds ( ) forming.
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 1. Introduction

High purity titanium has excellent properties, such as light
weight,  high  corrosion  resistance,  high  melting  point,  low
resistivity  [1–3].  It  is  mainly  used  in  large-scale  integrated
circuit  manufacturing  of  high-end  new  titanium  alloy  and
other industries [4–6]. It is a necessary strategic critical ma-
terial  for  electrical  and  electronics,  and  aerospace.  Among
many preparation technologies of high purity titanium, mol-
ten salt  electrolysis,  as a simple process and easy to realize
continuous  process,  has  a  very  broad  application  prospect
and attracts much attention. Considering the electro-refining
process, firstly, it is necessary to prepare molten salt contain-
ing low valence titanium ions which uses TiCl4 and high pur-
ity titanium [7], which is used as titanium ion source to add
eutectic salt in electro-refining cell. Secondly, sponge titani-
um (95wt%–99wt%) is taken as anode and high purity titani-
um plate as cathode, and then the electrochemical dissolution
of titanium and electrochemical deposition of high purity ti-
tanium occur at anode and at cathode, respectively. Finally,
high purity titanium products with different morphology and
quality are obtained under various electrolysis parameters.

Due to sundry oxidation states of titanium ions,  the pro-
cess of electrolytic production of titanium was complex and
involves  multi-step  process,  resulting  in  low  current  effi-
ciency  [8–11].  There  were  mainly  three  possible  valence
states of titanium ion in chloride melt, namely Ti2+, Ti3+, and

Ti4+.  It  has  been  demonstrated  by  several  researchers  that
equilibriums exist  between metallic  titanium and three  ions
states (Ti2+, Ti3+, and Ti4+) [11–15]:
3Ti2+⇔ Ti+2Ti3+ (1)

4Ti3+⇔ Ti+3Ti4+ (2)

TiF3−
6

The element of electrolyte has an important effect on the
equilibrium of titanium ions in molten salt and the electrode-
position process of titanium. All kinds of molten salt electro-
lytes  including  chlorine,  fluoride,  and  chloro-fluoride  have
been  studied  in  detail  [16–17].  In  molten  chlorides,  the  re-
duction  of  Ti(IV)  follows  the  steps  of  Ti(IV)→Ti(III),
Ti(III)→Ti(II), and Ti(II)→Ti. However, there are some dif-
ferences in electrochemical behavior in various chloride sys-
tems [18–20]. In the fluoride based molten salt, there is usu-
ally  no  intermediate  reduction  step  involving  Ti(II)  ions.  It
means that the presence of fluoride causes Ti(III) to stabilize
in the form of .  Ti(III)  is  supposed to be reduced dir-
ectly to the metal when the concentration of fluoride is high
enough,  and  it  will  also  involve  an  intermediate  reduction
step with a lower fluoride concentration [21–24]. In full-flu-
oride  melts,  the  deposition  of  titanium  may  occur  directly
from trivalent species, and a two-step reduction for Ti(IV) to
titanium metal: Ti(IV)→Ti(III) and Ti(III)→Ti [25].

Titanium free ions exist in Ti2+, Ti3+, and Ti4+ states in dif-
ferent  molten  salts,  specifically,  in  anodic  dissolution,  and
anions  such  as  Cl− or  F− will  combined  with  the  dissolved 
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high-valence  titanium  ions  to  form  a  stable  coordination
compounds, which made the high-valence titanium ions ex-
ist stably, so as to affect the existence of different valence ti-
tanium ions in the molten salt.

TiClm−i

It has been studied that titanium ions exist in form of com-
plexions  in  molten  chloride  salts, .  When  a  certain
amount  of  fluoride  ion  is  added  to  the  electrolyte,  titanium
ions  in  intermediate  valence  states  will  undergo  dispropor-
tionation reactions as shown in reactions (1) and (2), and the
equilibrium of the reaction will be broken down. Fluoride ion
has a smaller ionic radius compared with chloride, and it was
more likely to form coordination relationship with cation in
molten salt [26–30].

TiFm−
i

Therefore,  titanium ions  and  fluoride  ions  will  form co-
ordination compounds: . The formation of these com-
pounds changes the equilibrium of above disproportionation
reactions. However, the specific forms and reaction mechan-
isms of these coordination compounds is not clear. In this re-
search,  we  introduced  fluoride  ions  into  NaCl–KCl  molten
salts to in-depth study of the coordination mechanism of Ti–F
ions. It is of great significance for revealing the mechanism
of reduction process and electrolytes selecting.

 2. Experimental
 2.1. Preparation of titanium ions

nTi : nTiCl4

In our previous work [7], TiCl3 was obtained by the reac-
tion of TiCl4 (TiCl4, Sinopharm Chemical Reagent Co., Ltd.,
analytical grade 99.0wt%) with titanium metal in the CaCl2

(CaCl2,  Sinopharm  Chemical  Reagent  Co.,  Ltd.  Analytical
grade  99.99wt%)  melt.  In  this  research,  titanium ions  were
synthesized by the reaction of TiCl4 (TiCl4, ≥99.9wt% purity)
with sponge titanium in the NaCl–KCl melt,  and the molar
ratio of Ti and TiCl4 ( ) was equal to 1:4. NaCl and
KCl (NaCl,  ≥99.5wt% purity;  KCl,  ≥99.5wt% purity;  mass
ratio of 0.44:0.56) were applied as electrolyte with the weight
of 1000 g. It was first pre-melted at 1023 K, and then, titani-
um sponge was placed into the pre-melted salt, and the tem-
perature  was  re-heated  to  1023  K  under  the  protection  of
high-purity argon atmosphere (99.999wt%) for 4 h. The res-
istance  furnace  was  vacuumed,  and  the  TiCl4 liquid  was

slowly  injected  into  the  reactor  under  slight  negative  pres-
sure. The flow rate of TiCl4 was controlled by valve to regu-
late the reaction rate so that  TiCl4 could react  fully with ti-
tanium sponge in the reactor. After all the TiCl4 was injected,
it was kept for 6–8 h and lowered to room temperature under
the protection of argon gas. Finally, the salt was taken out and
stored in a glove box for later use.

 2.2. Electrodes and electrochemical techniques

Low-valence  state  titanium was  measured  by  cyclic
voltammetry  (CV),  square  wave  voltammetry  (SWV),  and
open  circuit  potential  method  (OCP)  tests  in  a  three-elec-
trode system, a glassy carbon (3.0 mm in diameter) was used
as the working electrode, and a platinum wire (2.0 mm in dia-
meter) and a graphite rod (5.0 mm in diameter) were used as
reference electrode and counter electrode, respectively. In or-
der to be more comparable, the reference potential was con-
verted to Cl2/Cl−. When determining the anodic polarization
curve, a glassy carbon (2.0 mm in diameter), a graphite rod
(5.0 mm in diameter), and a nickel wire (1.0 mm in diameter)
were used as working electrode, counter electrode, and refer-
ence electrode, respectively. All of potentials in the follow-
ing experimental were calibrated to Cl2/Cl−.

 2.3. Sample preparation and characterization

wTi3+ = 8.30wt% wTi2+ = 3.18wt% wTi4+ = 3.93wt%

The concentrations of Ti2+ and Ti3+ were determined by di-
hydrometric  method  and  ferric  ammonium  sulfate  titration
method, respectively.  The total  amount of titanium ion was
determined by spectrophotometry. In this research, the total
concentration  of  titanium ion  was  15.41wt%,  among  them,

, ,  and ,
which was used as titanium ion source. Molten salt contain-
ing 10.0wt% titanium ions was obtained by dilution of titani-
um concentration, and KF (KF, ≥99wt% purity) was used as
the source of  fluoride ions. Fig.  1 (a)  shows the equipment
diagram of in-situ online  feeding  feeder.  The  basic  feeding
process is to load KF at the top of the feeding tube and then
substitute  KF into  the  molten salt  by means  of  argon flow.
Then, a quartz rod (6.0 mm in diameter) was inserted into the
melt under different concentrations of fluoride ions and was
quickly pulled out to take a molten salt sample, which was re-

 

Ar inlet
KF

Cooling water

Molten salt

(NaCl–KCl)

Alumina crucible

Stainless steel furnace 

Ar outlet

Cooling water

(a) (b)

Ti
2+

Ti
2+

Ti
3+

3Ti
2+ Û Ti + 2Ti

3+

4Ti
3+ Û Ti + 3Ti

4+

Ti
3+

Ti
3+

Ti
3+

Ti
4+

Ti
4+

TiCl6

4−

TiCl6

3−

TiCl6

2−

TiCl6
3− TiCl5F

3−

TiCl6

m−
 + iF

− Û TiCl6−iFi
m−

 + iCl
−

TiCl4F2

3−

TiCl6

3−
TiCl5F

3−
TiCl4F2

3−

TiF2
2−TiCl4F2

2−
TiCl5F

2−TiCl3F3

3−
TiCl2F4

3−

TiCl5F
4−

Fig. 1.    (a) Equipment diagram of in-situ online feeding; (b) schematic diagram of equilibrium mechanism.
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ported in detail in our previous work [31]. The attached melt
was cooled to the solid state and collected.

The samples under different conditions, the molar concen-
tration ratios of F− and Tin+ ([F−]/[Tin+], i.e. α) with 0, 1.0, 2.0,
3.0, 4.0, 5.0, 6.0, and 8.0, were obtained by adding fluoride
ion according to above method. After adding of fluoride ions,
titanium ions will react with them to give coordination com-
pounds.  In  order  to  observe  the  possible  type  of  the  com-
plexes,  the  molten  salts  with  different  amounts  of  fluoride
ions  were  sampled  and  analyzed  by  X-ray  photoelectron
spectroscopy (XPS) and Raman spectroscopy.

 3. Results and discussion
 3.1. Reduction of TiCl3 in molten NaCl–KCl under vari-
ous α

Fig.  2 shows  the  CV  curves  of  titanium  ions  in  the
NaCl–KCl  molten  salt  under  different α conditions.  Two
pairs  of  redox  peaks  (O1/R1,  O2/R2)  were  observed  in Fig.
2(a)–(c), while only one pair of redox peaks (O3/R3) was ob-
served in Fig. 2(d) and (e). The results demonstrate that the
reduction steps of Ti(III) convert from two steps to one step
with the addition of KF.
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Fig.  2.      Cyclic  voltammogram of  titanium ions  in  NaCl–KCl  melt  on  the  glassy  carbon  electrode  at  various α  values:  (a) α  =  0;
(b) α = 1.0; (c) α = 2.0; (d) α = 3.0; (e) α = 5.0. Reference electrode (RE): Cl2/Cl−; counter electrode (CE): graphite.
 

A  more  accurate  SWV  method  was  used  for  testing,  as
shown in Fig. 3, it can be seen that the reduction steps and re-
duction  potential  correspond  to  CV results.  The  number  of
exchanged electrons associated with reducing peaks, R1, R2,
and R3, were measured by SWV.

The  relationship  between  the  peak  half  width  (W1/2)  and
the number of exchanged electrons involved in the reaction
(n) can be expressed as Eq. (3) [32–33]:

W1/2 = 3.52
RT
nF

(3)

where F is the Faraday constant; R is the gas constant, 8.314
J·mol−1·K−1; T is the temperature in Kelvin.

From Fig. 3(a)–(e), n was calculated by Eq. (3) as follows:
peak R1, n ≈ 1; peak R2, n ≈ 2; peak R3, n ≈ 3. Thus, it sug-
gests that the cathodic reaction of titanium ions takes place in
two steps when α ≤ 2.0:
Ti(III)+ e− = Ti(II) (4)

Ti(II)+2e− = Ti(0) (5)
However, it transferred to a one-step reduction when α >

2.0:
Ti(III)+3e− = Ti(0) (6)

The redox potentials from Fig. 2 (CV) and Fig. 3 (SWV)

are listed in Table 1.
By measuring the open circuit potential (OCP), the recor-

ded equilibrium potential of each KF addition was obtained.
A typical OCP recorded under different α conditions (Fig. 4)
shows  that  accurate  measurements  of  the  potential  of  the
Ti(IV)→Ti(III) system  can  be  achieved  during  the  stability
period.  As  can  be  seen  from Fig.  4(a),  the  potential  curve
after 3000 s is nearly flat, and the curve after straight line fit-
ting is shown in Fig. 4(b). It can be found that when α is 0.0,
1.0,  2.0,  3.0,  and  5.0,  the  potentials  correspond  to  −0.894,
−0.921, −0.963, −0.980, and −0.993 V, respectively.

 3.2. Mathematical analysis

In order to estimate the properties of the complex Ti–F, a
mathematical analysis of the evolution of redox equilibrium
potential  was  carried  out  based  on  the  combination  of  the
mass balance, thermodynamic equilibriums, and Nernst rela-
tions.

TiCl2−6 /TiCl
3−
6 /TiCl

4−
6

Ti(IV),  Ti(III),  and  Ti(II)  are  assumed  to  form  several
complexes  between  and  F− ions.  The
replacement reaction is given by the following equilibriums:
TiCl2−

6 + iF−→ TiCl6−iF2−
i + iCl− (7)
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TiCl3−
6 + iF−→ TiCl6−iF3−

i + iCl− (8)

TiCl4−
6 + iF−→ TiCl6−iF4−

i + iCl− (9)

The activity is defined as [34–36]:

αTiCl2−
6 ,F =

[Ti(IV)]T[
TiCl2−6

] (10)

αTiCl3−
6 ,F =

[Ti(III)]T[
TiCl3−6

] (11)

αTiCl4−
6 ,F =

[Ti(II)]T[
TiCl4−6

] (12)

[
TiCl2−6

] [
TiCl3−6

] [
TiCl4−6

]
In the Eqs. (10)–(12), , , and  are

the concentration of Ti(IV), Ti(III), and Ti(II) cations which
do  not  coordinate  with  F−,  and  [Ti(IV)]T,  [Ti(III)]T,  and
[Ti(II)]T are  the  total  concentration  of  Ti(IV),  Ti(III),  and
Ti(II)  (coordinating and non-coordinating with F−),  respect-
ively.  Then,  Eqs.  (10)–(12)  can  be  transformed  into  Eqs.
(13)–(15).

Table 1.    Electrode redox potentials and reduction steps of titanium ions under various α

α
Redox peak potentials / V

Reduction processO1/R1 O2/R2 O3/R3

0 −1.47/−1.69 −1.71/−1.99 — Ti(III)
R1→ Ti(II)

R2→ Ti

1.0 −1.53/−1.81 −1.84/−2.12 — Ti(III)
R1→ Ti(II)

R2→ Ti

2.0 −1.65/−1.91 −1.87/−2.15 — Ti(III)
R1→ Ti(II)

R2→ Ti

3.0 — — −1.41/−1.79 Ti(III)
R3→ Ti

5.0 — — −1.49/−1.82 Ti(III)
R3→ Ti
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Fig. 3.    Square wave voltammogram of titanium ions in NaCl–KCl melt on the glassy carbon electrode at various α values: (a) α = 0;
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αTiCl2−
6 ,F = 1+

∑x

i=1

[
TiCl6−iF2−

i

]
[TiCl2−

6 ]
(13)

αTiCl3−
6 ,F = 1+

∑x

i=1

[
TiCl6−iF3−

i

]
[TiCl2−

6 ]
(14)

αTiCl4−
6 ,F = 1+

∑x

i=1

[
TiCl6−iF4−

i

][
TiCl4−

6

] (15)

TiCl6−iF2−
i TiCl6−iF3−

i TiCl6−iF4−
i

[TiCl6−iF2−
i ] [TiCl6−iF3−

i ] [TiCl6−iF4−
i ]

1 ≤ x ≤ 6

where , ,  and  are  the  co-
ordination forms of titanium ions with chloride and fluorine
ions; , , and  are the con-
centrations of Ti(IV), Ti(III), and Ti(II) cations coordinating
with Cl− and F− at each fluoride concentration, respectively;

.
Associate with the cumulative complexation constants βi:

βi =
[TiCl6−iF2−

i ][Cl−]i

[TiCl2−
6 ][F−]ifree

(16)

βi =
[TiCl6−iF3−

i ][Cl−]i

[TiCl3−
6 ][F−]ifree

(17)

βi =
[TiCl6−iF4−

i ][Cl−]i

[TiCl4−
6 ][F−]ifree

(18)

[F−]free

[Cl−]
where  is the concentration of free fluoride ions, and

 is the concentration of free chloride ions.
Then,  Eqs.  (16)–(18)  can  be  transformed  into  Eqs.

(19)–(21):
[TiCl6−iF2−

i ]
[TiCl2−

6 ]
=
βi[F−]ifree
[Cl−]i

(19)

[TiCl6−iF3−
i ]

[TiCl3−
6 ]

=
βi[F−]ifree
[Cl−]i

(20)

[TiCl6−iF4−
i ]

[TiCl4−
6 ]

=
βi[F−]ifree
[Cl−]i

(21)

Then combining the Eqs. (13)–(15) and (19)–(21), compl-
exation coefficient can be expressed by:

αTiCl2−
6 ,F = 1+

∑x

i=1

βi[F−]ifree
[Cl−]i

(22)

αTiCl3−
6 ,F = 1+

∑x

i=1

βi[F−]ifree
[Cl−]i

(23)

αTiCl4−
6 ,F = 1+

∑x

i=1

βi[F−]ifree
[Cl−]i

(24)

Since the concentration of Cl− is much higher than that of
Ti(IV), Ti(III), Ti(II), and F− in molten salt, [Cl−] can be ap-
proximated as a constant, and it can be assumed to ki:

ki =
βi

[Cl−]i
(25)

Then, Eqs. (22)–(24) can be rewritten as Eqs. (26)–(28), in
which [F−]T is the total concentration of F− ions introduced,
and it can be approximated as: [F−]free = [F−]T.

αTiCl2−
6 ,F = 1+

∑x

i=1
ki

[
F−

]i
T (26)

αTiCl3−
6 ,F = 1+

∑x

i=1
ki

[
F−

]i
T (27)

αTiCl4−
6 ,F = 1+

∑x

i=1
ki

[
F−

]i
T (28)

The  complexation  coefficient  can  be  deduced  from  the
measurement of equilibrium potentials before and after addi-
tion of fluoride ions in the molten salt. The Nernst equation is
given by:

E0,TiCl2−
6 /TiCl3−

6
= E⊖

TiCl2−
6 /TiCl3−

6
+

2.3RT
nF

lg


[
TiCl2−

6

][
TiCl3−

6

]  (29)

E0,TiCl3−
6 /TiCl4−

6
= E⊖

TiCl3−
6 /TiCl4−

6
+

2.3RT
nF

lg


[
TiCl3−

6

][
TiCl4−

6

]  (30)

E0,TiCl4−
6 /Ti = E⊖

TiCl4−
6 /Ti
+

2.3RT
nF

lg[TiCl4−
6 ] (31)

After  coordination  with  F− ions,  the  Eqs.  (29)–(31)  and
can be written as:

Ei,TiCl2−
6 /TiCl3−

6
= E⊖

TiCl2−
6 /TiCl3−

6
+
2.3RT

nF
lg


[
TiCl2−

6

]
i[

TiCl3−
6

]
i

 (32)

Ei,TiCl3−
6 /TiCl4−

6
= E⊖

TiCl3−
6 /TiCl4−

6
+
2.3RT

nF
lg


[
TiCl3−

6

]
i[

TiCl4−
6

]
i

 (33)

Ei,TiCl4−
6 /Ti = E⊖

TiCl4−
6 /Ti
+
2.3RT

nF
lg

[
TiCl4−

6

]
i

(34)

E0,TiCl2−
6 /TiCl3−

6
E0,TiCl3−

6 /TiCl4−
6

E0,TiCl4−
6 /Ti

E⊖
TiCl2−

6 /TiCl3−
6

E⊖
TiCl3−

6 /TiCl4−
6

E⊖
TiCl4−

6 /Ti[
TiCl2−

6

]
i

[
TiCl3−

6

]
i

[
TiCl4−

6

]
i

Ei,TiCl2−
6 /TiCl3−

6

Ei,TiCl3−
6 /TiCl4−

6
Ei,TiCl4−

6 /Ti

where , , and  are the initial
equilibrium potential  (Eeq)  of  Ti(IV),  Ti(III),  and  Ti(II)  be-
fore  adding  fluoride  ions; , ,  and

 are  the  standard  potential  of  Ti(IV),  Ti(III),  and
Ti(II); , ,  and  are  the concentra-
tion  of  Ti(IV),  Ti(III),  and  Ti(II)  cations  which  do  not  co-
ordinate with F− at each fluoride concentration; ,

,  and  are  the  equilibrium  potential  of
Ti(IV),  Ti(III),  Ti(II)  at  each  fluoride  concentration.  These
values can be calculated by CV, SWV, and OCP mentioned
above, where：
Eeq = E1/2 = (EC+EA)/2 (35)

where EC, EA, and E1/2 are cathode peak potential, anode peak
potential, and half-peak potential, respectively [37].

Combining Eqs. (10)–(12) and Eqs. (32)–(34), the follow-
ing relationship can be obtained:

Ei,TiCl2−
6 /TiCl3−

6
= E⊖

TiCl2−
6 /TiCl3−

6
+
2.3RT

nF
lg

(
αTiCl3−

6 ,F [Ti( IV)]T

αTiCl2−
6 ,F [Ti( III)]T

)
(36)

Ei,TiCl3−
6 /TiCl4−

6
= E⊖

TiCl3−
6 /TiCl4−

6
+
2.3RT

nF
lg

(
αTiCl4−

6 ,F [Ti( III)]T

αTiCl3−
6 ,F [Ti( II)]T

)
(37)

Ei,TiCl4−
6 /Ti = E⊖

TiCl4−
6 /Ti
+
2.3RT

nF
lg

(
[Ti (II)]T

αTiCl4−
6 ,F

)
(38)

Subtracting  the  Eqs.  (36)–(38)  and  Eqs.  (29)–(31),  then
we can obtain Eqs. (39)–(44):
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Ei,TiCl2−
6 /TiCl3−

6
−E0,TiCl2−

6 /TiCl3−
6
=

2.3RT
nF

[
lg

(
αTiCl3−

6 ,F [Ti( IV)]T

αTiCl2−
6 ,F [Ti( III)]T

)
− lg

(
[Ti( IV)]T

[Ti( III)]T

)]
(39)

Ei,TiCl3−
6 /TiCl4−

6
−E0,TiCl3−

6 /TiCl4−
6
=

2.3RT
nF

[
lg

(
αTiCl4−

6 ,F [Ti( III)]T

αTiCl3−
6 ,F [Ti( II)]T

)
− lg

(
[Ti( III)]T

[Ti( II)]T

)]
(40)

Ei,TiCl4−
6 /Ti−E0,TiCl4−

6 /Ti =
2.3RT

nF

[
lg

(
[Ti (II)]T

αTiCl4−
6 ,F

)
− lg[Ti (II) ]T

]
(41)

lgαTiCl2−
6 ,F =

nF
2.3RT

(
E0,TiCl2−

6 /TiCl3−
6
−Ei,TiCl2−

6 /TiCl3−
6

)
+lgαTiCl3−

6 ,F

(42)

lgαTiCl3−
6 ,F =

nF
2.3RT

(
E0,TiCl3−

6 /TiCl4−
6
−Ei,TiCl3−

6 /TiCl4−
6

)
+lgαTiCl4−

6 ,F

(43)

lgαTiCl4−
6 ,F =

nF
2.3RT

(
E0,TiCl4−

6 /Ti−Ei,TiCl4−
6 /Ti

)
(44)

lgαTiCl4−
6 ,F

lgαTiCl3−
6 ,F lgαTiCl2−

6 ,F

lgαTiCl4−
6 ,F

lgαTiCl3−
6 ,F

lgαTiCl2−
6 ,F

According to Table 2, the experiment values of ,
, and  vs. lg[F−]T are shown in Fig. 5. The

slope  equals  to  0.99  for  and  lg[F−]T.  This  shows
that the number of F− coordinated with Ti(II) is close to 1.0.
The slope changes from 2.46 to  4.04 with  fluoride ions  in-
creases for  and lg[F−]T. In the same way, it changes
from  1.83  to  4.23  for  and  lg[F−]T.  This  indicates
that the number of F− coordinated with Ti(III) and Ti(IV) in-
creases with the addition of fluoride ions.

 
lgαTiClm−

6 ,FTable 2.    Values of lg[F−]T,   at different α conditions

α Molar mass of KF, CKF / (mol·kg−1) lg[F−]T lgαTiCl4−6 ,F lgαTiCl3−6 ,F lgαTiCl2−6 ,F

1.0 0.21 −0.68 1.282 1.73 1.92
2.0 0.42 −0.38 1.578 2.47 2.47
3.0 0.63 −0.20 — 0.29 0.69
5.0 1.05   0.02 — 1.18 1.62
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 3.3. Spectral analysis

Fig. 6 shows sample images under the condition of vari-
ous α. It can be found that the color of the sample changed
significantly when α varied from 0 to 8.0. Literature shows
that  Ti2+,  Ti3+,  and  Ti4+ display  colors  were  emerald  green,
reddish  brown,  and  colorless,  respectively  [22].  The  color
variation trend in the Fig. 6 indicates the average valence of
titanium  ion  changes  in  molten  salt.  It  was  emerald  green
with free of fluoride, indicating the color of Ti2+. According
to the distribution of titanium ions measured above, it can be

concluded  that  the  Ti3+ takes  up  to  53.86wt%  of  titanium
ions, mainly because Ti2+ is green and has serious color ren-
dering, which will cover up the reddish brown of Ti3+.

When the concentration of fluoride increases, the color of
sample gradually changes from green to reddish brown and
then gradually becomes light to colorless. It shows that Ti2+ in
molten salt disappears gradually, Ti3+ is the main body, and
finally titanium ions are converted into Ti4+.  Schematic dia-
gram of equilibrium mechanism shows in Fig. 1(b).

Fig.  7(a)  is  the image of  molten salt  containing titanium
ions before adding fluoride (α = 0), and Fig. 7(b) shows the
macroscopic view of molten salt after salt extraction at α =
8.0.  The  color  changed  from  green  to  light,  which  further
confirmed that the addition of fluoride has a great influence
on the ratio of titanium ions with different valence states in
molten salt.

It  can  be  observed  that  the  color  is  much  light  for  the
samples in Fig. 6. It may be due to the sample was taken out
in-situ (at  a  high  temperature),  while  the  darker  color  after
condensation in Fig. 7 is caused by the shift of titanium ion
balance when low-down the temperature. According to liter-

 

(a) (b) (c) (d) (e) (f) (g) (h)

Fig. 6.    Samples under different α in NaCl–KCl molten salt at
1023 K: (a) 0; (b) 1.0; (c) 2.0; (d) 3.0; (e) 4.0; (f) 5.0; (g) 6.0; (h)
8.0.
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ature reported [3], the disproportionation reaction will move
in the direction of divalent titanium at a low temperature. As
a result, the color of the sample differs from that of the con-
densate.

XPS analysis was carried out to further study the compl-
exation equilibrium relationship between titanium and fluor-
ide  ions  at  different  fluoride  ion  concentrations,  and  XPS
analysis  results  of  samples  with  different  fluoride  ion  con-
centrations are shown in Fig. 8. As refer to database of XPS,
the blue part bond energy is 456 eV, which is the characteriz-
ation energy of Ti2+; the bond energy of pink part is 458.2 eV,
which is the characterization energy of Ti3+; the green bond
energy is 459.8 eV, which is the characterization energy of
Ti4+ [38–39]. According to the Fig. 8, three peaks can be fit-
ted when no fluoride ion was added, and XPS fitting results
show that Ti2+, Ti3+, and Ti4+ are mixed in molten salt. When
fluoride  was  added,  the  blue  area  in  the  fitted  curve  de-
creased  gradually,  indicating  that  concentration  of  Ti2+

gradually decreased. When α = 3.0, blue area basically disap-
peared which means the Ti2+ vanishes in the melt. The pink
part in Fig. 8 first  increases and then decreases,  it  indicates

that concentration of Ti3+ in the melt increases and then de-
creases with adding of fluoride. Moreover, the XPS diagram
moves to the right as a whole, and the green area in the fit-
ting peak gradually increases with the increase of fluoride ion
concentration, indicating that Ti4+ ions in the melt gradually
increases. In this process, it can be shown that the introduc-
tion of fluoride ions is beneficial for stabilizing a titanium ion
in high-valence. When α = 3.0, Ti2+ ions cannot be detected
in  the  molten  salt,  and  thus  the  ion  balance  is  maintained
between Ti, Ti3+, and Ti4+. The above test and analysis results
are consistent with the macroscopic images of the samples in
Fig. 6.

As described before,  the  disproportionation reactions  (1)
and (2) occurred between metallic titanium and titanium ions
in molten salt. The coordination ratio of fluoride and titani-
um ions will transfer the equilibrium reaction, and thus affect
the existence state of titanium ions in molten salt, besides, the
variation of XPS peaks can be described by replacement re-
action (45).
TiClm−

6 + iF− = TiCl6−iFm−
i + iCl−; i = 1,2,3,4,5,6 (45)

The results show that the change of the equilibrium of dis-
proportionation  reaction  results  from  fluoride  addition
mainly  because  of  the  complexation  of  fluoride  with  high-
valence state titanium ion. Eventually, the equilibrium of bi-
valent  titanium  and  trivalent  titanium  will  shift  toward
trivalent  titanium,  and  the  trivalent  titanium and  tetravalent
titanium will transfer to tetravalent titanium.

To further verify the specific morphology of coordination
compounds  of  fluoride  and  titanium  ions,  samples  under
various a conditions were analyzed by Raman spectroscopy,
and the results are shown in Fig. 9.

TiCl2−6 TiCl4−6 TiCl3−6

TiCl4F3−
2

TiCl2−6
TiCl4−6 TiCl3−6

TiCl3F3−
3

TiCl4F3−
2 TiCl2F3−

4
TiCl4F2−

2 TiF2−
6

TiCl3F3−
3

TiF2−
6

When α = 0, there are three characteristic peaks in the Ra-
man spectrum, which are 489, 713, and 944 cm−1, which cor-
responded  to  the  complexes , ,  and ,  re-
spectively. It can also be found that when α = 1.0, additional
peak at 611 cm−1 is observed. It indicates that titanium ions
and  newly  added  fluoride  ions  formed  a  new  complex:
TiCl5F3−. When α = 2.0, there are three peaks, and new char-
acteristic peaks of TiCl5F4−, TiCl5F2−, and  appears at
413,  540,  and  887  cm−1,  respectively,  while  the ,

, TiCl5F3−, and  peaks no longer exist. However,
when α = 3.0, TiCl5F4− peak disappears. When α = 4.0, there
are  three  peaks,  and  a  new  peak  appears  at  519
cm−1.  When α is  in  the  range  of  5.0  to  8.0,  there  are  five
peaks,  peak disappears, and new peaks of ,

,  and  appear  at  295,  342,  and  918  cm−1,  re-
spectively.  However,  with  the  increase  of  fluoride  ion,  the
peak strength changes,  peak strength decreases, and

 strength increases. The above results are summarized
in Table 3.

TiClm−i

TiClm−6

Titanium  ions  exist  as  complexions  in  molten  chloride
salts: . Due to the existence of different valence states
of titanium ions, disproportionation reaction will occur in the
intermediate  valence  state  of  titanium ions.  When a  certain
amount of fluoride ion is added to the electrolyte,  will
undergo replacement reaction with fluoride ions through re-
actions (46)–(53), resulting in a right shift in the equilibrium
of reaction (2). It can also be explained by the schematic dia-

 

1 cm 1 cm

(a) (b)

Fig.  7.      (a)  Image of  molten salt  containing titanium ions  be-
fore adding fluoride ion (α = 0);  (b) macroscopic view of mol-
ten salt at α = 8.0.
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Fig. 8.    XPS patterns of samples under different α conditions.
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TiCl jFm−
i

gram of  equilibrium mechanism in Fig.  1(b).  The reason is
that  compared with  chloride  ion,  fluoride  ion has  a  smaller
ionic radius and is easier to replace chloride ion forming a co-
ordination  relationship  with  titanium  ion  in  molten  salt
[40–41]. Thus, in molten salts containing titanium ions, flu-
oride  ions  form  a  coordination  compound  with  titanium
ions: .
TiCl3−

6 +F
− = TiCl5F3−+Cl− (46)

TiCl4−
6 +F

− = TiCl5F4−+Cl− (47)

TiCl5F3−+F− = TiCl4F3−
2 +Cl

− (48)

TiCl2−
6 +F

− = TiCl5F2−+Cl− (49)

TiCl4F3−
2 +F

− = TiCl3F3−
3 +Cl

− (50)

TiCl3F3−
3 +F

− = TiCl2F3−
4 +Cl

− (51)

TiCl5F2−+F− = TiCl4F2−
2 +Cl

− (52)

TiCl5F2−+5F− = TiF2−
6 +5Cl− (53)

The  formation  of  these  coordination  compounds  makes
the equilibrium of titanium ions transformed. Titanium free
ions  existed  as  Ti2+,  Ti3+,  and  Ti4+ in  molten  salt  without
adding  fluoride  ions.  Ti2+ disappeared  and  titanium  ion
mainly existed as Ti3+ and Ti4+ complexes after fluoride ion is
added. The Raman analysis and XPS results perfectly reveal
the phenomenon and mechanism.

 4. Conclusion

TiCl jFm−
i

In this research, electrochemical and mathematical analys-
is as well as spectral techniques were performed to investig-
ate the effect of fluoride ions on the coordination structure of
titanium  ions  in  NaCl–KCl  molten  salt.  The  coordination
mechanism of  Ti–F under  various  fluoride  ion  content  was
obtained. It showed that fluoride ions can reduce the reduc-
tion steps of titanium ions and greatly affect the proportion of
titanium ions’ valence states, and the average valence of ti-
tanium  ions  increased  with  the  increasing  of  proportion  of
fluoride ions.  The Raman analysis and XPS results showed
that when α = 3.0, Ti2+ cannot be detected in the molten salt,
and finally existed mainly as  coordination compounds with
fluoride ions: .

 Acknowledgements

This work was financially supported by the National Nat-
ural Science Foundation of China (No. 51804277), the State
Key  Laboratory  of  Complex  Nonferrous  Metal  Resources
Clean Utilization, China (No. CNMRCUKF2008), the State
Key Laboratory of Special Rare Metal Materials, China (No.
SKL2020K004),  and  the  Northwest  Rare  Metal  Materials
Research Institute, China.

 Conflict of Interests

The authors declare no conflict of interest.

References

 A.  Dehghan-Manshadi,  M.J.  Bermingham,  M.S.  Dargusch,
D.H.  StJohn,  and M.  Qian,  Metal  injection moulding of  titani-
um  and  titanium  alloys:  Challenges  and  recent  development,
Powder Technol., 319(2017), p. 289.

[1]

 E. Ahmadi, R.O. Suzuki, T. Kikuchi, T. Kaneko, and Y. Yashi-
ma,  Towards a  sustainable  technology for  production of  extra-
pure  Ti  metal:  Electrolysis  of  sulfurized  Ti(C,N)  in  molten
CaCl2, Int. J. Miner. Metall. Mater., 27(2020), No. 12, p. 1635.

[2]

 T.C. Yuan, Q.G. Weng, Z.H. Zhou, J. Li, and Y.H. He, Prepara-
tion of high-purity titanium by molten-salt electrolysis process,
Adv. Mater. Res., 284-286(2011), p. 1477.

[3]

 M. Chen, X.Q. Wang, E.L. Zhang, Y.Z. Wan, and J. Hu, Anti-
bacterial ability and biocompatibility of fluorinated titanium by
plasma-based surface modification, Rare Met., 41(2022), No. 2,
p. 689.

[4]

 L.C.  Tsao,  Effects  of  different  electrolytes  on  microstructure
and  antibacterial  properties  of  microarc  oxidized  coatings  of
CP-Ti, Int. J. Mater. Mech. Manuf., 8(2020), No. 2, p. 34.

[5]

 A.  Ebrahimi,  H.  Esfahani,  O.  Imantalab,  and  A.  Fattah-Alhos-[6]

Table  3.      Raman peaks  and possible  types  of  complexes  un-
der various α (α = 0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, and 8.0)

α Possible types of complexes
0 TiCl2−6 TiCl4−6 TiCl3−6 — —

1.0 TiCl2−6 TiCl4−6 TiCl5F3− TiCl3−6 —

2.0 TiCl5F4− TiCl5F2− TiCl4F3−
2 — —

3.0 TiCl5F2− TiCl4F3−
2 — — —

4.0 TiCl3F3−
3 TiCl5F2− TiCl4F3−

2 — —
5.0 TiCl2F3−

4 TiCl4F2−
2 TiCl3F3−

3 TiCl5F2− TiF2−
6

6.0 TiCl2F3−
4 TiCl4F2−

2 TiCl3F3−
3 TiCl5F2− TiF2−

6

8.0 TiCl2F3−
4 TiCl4F2−

2 TiCl3F3−
3 TiCl5F2− TiF2−

6

 

0 200 400 600 800 1000

α = 0

α = 1.0

α = 2.0

R
am

an
 i

n
te

n
si

ty
 /

 a
.u

.

α = 3.0

α = 4.0

α = 5.0

α = 6.0

α = 8.0

Raman shift / cm−1

Fig. 9.    Raman spectra of samples under different α values.

S.S. Liu et al., Effect of fluoride ions on coordination structure of titanium inmolten NaCl–KCl 875

https://doi.org/10.1016/j.powtec.2017.06.053
https://doi.org/10.1007/s12613-020-2162-5
https://doi.org/10.4028/www.scientific.net/AMR.284-286.1477
https://doi.org/10.1007/s12598-021-01808-y
https://doi.org/10.18178/ijmmm.2020.8.2.480
https://doi.org/10.1016/j.powtec.2017.06.053
https://doi.org/10.1007/s12613-020-2162-5
https://doi.org/10.4028/www.scientific.net/AMR.284-286.1477
https://doi.org/10.1007/s12598-021-01808-y
https://doi.org/10.18178/ijmmm.2020.8.2.480


seini, Biological, antibacterial activities and electrochemical be-
havior of borided commercially pure titanium in BSA-contain-
ing PBS, Trans. Nonferrous Met. Soc. China,  30(2020), No. 4,
p. 944.
 J.X. Song, X.X. Huang, J.Y. Wu, and X. Zhang, Electrochemic-
al behaviors of Ti(III) in molten NaCl–KCl under various con-
tents of fluoride, Electrochim. Acta, 256(2017), p. 252.

[7]

 G.M. Haarberg, W. Rolland, Å. Sterten, and J. Thonstad, Elec-
trodeposition of titanium from chloride melts, J. Appl. Electro-
chem., 23(1993), No. 3, p. 217.

[8]

 Y.F.  Cai,  N.N.  Song,  Y.F.  Yang,  L.M.  Sun,  P.  Hu,  and  J.S.
Wang, Recent progress of efficient utilization of titanium-bear-
ing  blast  furnace  slag, Int.  J.  Miner.  Metall.  Mater.,  29(2022),
No. 1, p. 22.

[9]

 Q.Y. Wang, Y. Li,  S.Q. Jiao, and H.M. Zhu, Producing metal-
lic  titanium  through  electro-refining  of  titanium  nitride  anode,
Electrochem. Commun., 35(2013), p. 135.

[10]

 S.Q.  Jiao,  H.D.  Jiao,  W.L.  Song,  M.Y.  Wang,  and  J.G.  Tu,  A
review on liquid metals as cathodes for molten salt/oxide elec-
trolysis, Int.  J.  Miner.  Metall.  Mater.,  27(2020),  No.  12,  p.
1588.

[11]

 A.  Girginov,  T.Z.  Tzvetkoff,  and  M.  Bojinov,  Electrodepos-
ition of refractory metals (Ti, Zr, Nb, Ta) from molten salt elec-
trolytes, J. Appl. Electrochem., 25(1995), No. 11, p. 993.

[12]

 H.  Wendt,  K.  Reuhl,  and  V.  Schwarz,  Cathodic  deposition  of
refractory  intermetallic  compounds  from  flinak-melts—I.
Voltammetric  investigation  of  Ti,  Zr,  B,  TiB2 and  ZrB2, Elec-
trochim. Acta, 37(1992), No. 2, p. 237.

[13]

 J.X.  Song,  Q.Y.  Wang,  M.H.  Kang,  S.Q.  Jiao,  and  H.M.  Zhu,
The equilibrium between titanium ions and metallic titanium in
the  molten  binary  mixtures  of  LiCl, Electrochim.  Acta.,
82(2014), No. 12, p. 1047.

[14]

 J.X. Song, Q.Y. Wang, J.Y. Wu, S.Q. Jiao, and H.M. Zhu, The
influence of  fluoride  ions  on the  equilibrium between titanium
ions and titanium metal in fused alkali chloride melts, Faraday
Discuss., 190(2016), p. 421.

[15]

 G.R. Stafford and T.P. Moffat,  Electrochemistry of titanium in
molten 2AlCl3–NaCl, J. Electrochem. Soc., 142(1995), No. 10,
p. 3288.

[16]

 E. Chassaing, F. Basile, and G. Lorthioir, Study of Ti(III) solu-
tions in various molten alkali chlorides. I. Chemical and electro-
chemical investigation, J. Appl. Electrochem., 11(1981), No. 2,
p. 187.

[17]

 M.H. Kang, J.X. Song, H.M. Zhu, and S.Q. Jiao, Electrochem-
ical  behavior  of  titanium(II)  ion  in  a  purified  calcium chloride
melt, Metall. Mater. Trans. B, 46(2015), No. 1, p. 162.

[18]

 Y. Song, S.Q. Jiao, L.W. Hu, and Z.C. Guo, The cathodic beha-
vior of Ti(III) ion in a NaCl–2CsCl melt, Metall. Mater. Trans.
B, 47(2016), No. 1, p. 804.

[19]

 T. Uda, T.H. Okabe, Y. Waseda, and Y. Awakura, Electroplat-
ing  of  titanium  on  iron  by  galvanic  contact  deposition  in
NaCl–TiCl2 molten  salt, Sci.  Technol.  Adv.  Mater.,  7(2006),
No. 6, p. 490.

[20]

 J.X. Song, Q.Y. Wang, G.J. Hu, X.B. Zhu, S.Q. Jiao, and H.M.
Zhu, Equilibrium between titanium ions and high-purity titani-
um  electrorefining  in  a  NaCl–KCl  melt, Int.  J.  Miner.  Metall.
Mater., 21(2014), No. 7, p. 660.

[21]

 J.X.  Song  and  A.  Mukherjee,  Influence  of  F− on  the  electro-
chemical properties of titanium ions and Al–Ti alloy electrode-
position in molten AlCl3–NaCl, RSC Adv.,  6(2016),  No.  85,  p.
82049.

[22]

 G.S. Chen, M. Okido, and T. Oki, Electrochemical studies of ti-
tanium in fluoride–chloride molten salts, J. Appl. Electrochem.,
18(1988), No. 1, p. 80.

[23]

 N. Ene and S. Zuca, Role of free F− anions in the electrorefin-[24]

ing of titanium in molten alkali  halide mixtures, J.  Appl.  Elec-
trochem., 25(1995), No. 7, p. 671.
 B.N. Popov, M.C. Kimble, R.E. White, and H. Wendt, Electro-
chemical  behaviour  of  titanium(II)  and  titanium(III)  com-
pounds  in  molten  lithium  chloride/potassium  chloride  eutectic
melts, J. Appl. Electrochem., 21(1991), No. 4, p. 351.

[25]

 F.H.  Bright  and  J.G.  Wurm,  Some  new fluoride  complexes  of
trivalent titanium, Can. J. Chem., 36(1958), No. 4, p. 615.

[26]

 F.  Lantelme  and  A.  Salmi,  Electrochemistry  of  titanium  in
NaCl–KCl mixtures and influence of dissolved fluoride ions, J.
Electrochem. Soc., 142(1995), No. 10, p. 3451.

[27]

 L.P.  Polyakova,  P.  Taxil,  and  E.G.  Polyakov,  Electrochemical
behaviour  and  codeposition  of  titanium  and  niobium  in  chlor-
ide–fluoride  melts, J.  Alloys  Compd.,  359(2003),  No.  1-2,  p.
244.

[28]

 A.  Robin  and  J.  de  Lepinay,  Determination  of  the  apparent
standard  potential  of  the  Ti/Ti(III)  system in  the  LiF–NaF–KF
eutectic using voltammetry, chronopotentiometry and open-cir-
cuit  potentiometry, Electrochim.  Acta,  36(1991),  No.  5-6,  p.
1009.

[29]

 J.X.  Song,  Q.Y.  Wang,  X.B.  Zhu,  J.  Hou,  S.  Jiao,  and  H.M.
Zhu,  The  influence  of  fluoride  anion  on  the  equilibrium
between titanium ions and electrodeposition of titanium in mol-
ten  fluoride–chloride  salt, Mater.  Trans.,  55(2014),  No.  8,  p.
1299.

[30]

 Q.Y. Wang, J.X. Song, G.J. Hu, et al., The equilibrium between
titanium ions and titanium metal  in  NaCl–KCl equimolar  mol-
ten salt, Metall. Mater. Trans. B, 44(2013), No. 4, p. 906.

[31]

 Z.T.  Liu,  G.M.  Lu,  and  J.G.  Yu,  Electrochemical  behavior  of
magnesium  ions  in  chloride  melt, Ionics,  25(2019),  No.  6,  p.
2719.

[32]

 J.L.  Liang,  H.  Li,  D.X.  Huo, et  al.,  Electrochemical  character-
istics  of  TiO2 in  NaCl–KCl–NaF  molten  salt  system, Ionics,
24(2018), No. 10, p. 3221.

[33]

 S.  Delpech,  S.  Jaskierowicz,  and  D.  Rodrigues,  Electrochem-
istry of thorium fluoride in LiCl–KCl eutectic melts and meth-
odology for speciation studies with fluorides ions, Electrochim.
Acta, 144(2014), p. 383.

[34]

 D. Lambertin, J. Lacquement, S. Sanchez, and G.S. Picard, Dis-
mutation of divalent americium induced by the addition of flu-
oride  anion  to  a  LiCl–KCl  eutectic  at  743  K, Electrochem.
Commun., 3(2001), No. 9, p. 519.

[35]

 Y.L. Liu, J.H. Lan, L. Wang, et al., The influence of F− ion on
the  electrochemical  behavior  and  coordination  properties  of
uranium  in  LiCl–KCl  molten  salt, Electrochimica  Acta,
404(2022), art. No. 139573.

[36]

 D.S. Maltsev, V.A. Volkovich, B.D. Vasin, and E.N. Vladykin,
An  electrochemical  study  of  uranium  behaviour  in
LiCl–KCl–CsCl  eutectic  melt, J.  Nucl.  Mater.,  467(2015),  p.
956.

[37]

 H.D.  Jiao,  W.L.  Song,  H.S.  Chen,  M.Y.  Wang,  S.Q.  Jiao,  and
D.N. Fang, Sustainable recycling of titanium scraps and purity
titanium production via molten salt electrolysis, J. Clean. Prod.,
261(2020), art. No. 121314.

[38]

 A. Léon, D. Schild, and M. Fichtner, Chemical state of Ti in so-
dium alanate doped with TiCl3 using X-ray photoelectron spec-
troscopy, J. Alloys Compd., 404-406(2005), p. 766.

[39]

 I.M.  Shlyapnikov,  H.P.A.  Mercier,  E.A.  Goreshnik,  G.J.
Schrobilgen, and Z. Mazej, Crystal structures and Raman spec-
tra  of  imidazolium  poly[perfluorotitanate(IV)]  salts  containing
the  [TiF6]2−,  ([Ti2F9]−)∞,  and  [Ti2F11]3− and  the  new  [Ti4F20]4−

and [Ti5F23]3− anions, Inorg. Chem., 52(2013), No. 15, p. 8315.

[40]

 H.  Miyaoka,  K.  Hasebe,  M.  Sawada, et  al.,  Raman  spectrum
and  normal  mode  analysis  of α-TiCl3, Vib.  Spectrosc.,
17(1998), No. 2, p. 183.

[41]

876 Int. J. Miner. Metall. Mater. , Vol. 30 , No. 5 , May 2023

https://doi.org/10.1016/S1003-6326(20)65267-0
https://doi.org/10.1016/j.electacta.2017.10.058
https://doi.org/10.1007/BF00241912
https://doi.org/10.1007/BF00241912
https://doi.org/10.1007/BF00241912
https://doi.org/10.1007/s12613-021-2323-1
https://doi.org/10.1016/j.elecom.2013.07.047
https://doi.org/10.1007/s12613-020-1971-x
https://doi.org/10.1007/BF00241947
https://doi.org/10.1016/0013-4686(92)85009-A
https://doi.org/10.1016/0013-4686(92)85009-A
https://doi.org/10.5796/ELECTROCHEMISTRY.82.1047
https://doi.org/10.1039/C6FD00007J
https://doi.org/10.1039/C6FD00007J
https://doi.org/10.1149/1.2049976
https://doi.org/10.1007/BF00610979
https://doi.org/10.1007/s11663-014-0191-z
https://doi.org/10.1007/s11663-015-0521-9
https://doi.org/10.1007/s11663-015-0521-9
https://doi.org/10.1016/j.stam.2006.02.016
https://doi.org/10.1007/s12613-014-0955-0
https://doi.org/10.1007/s12613-014-0955-0
https://doi.org/10.1039/C6RA18417K
https://doi.org/10.1007/BF01016208
https://doi.org/10.1007/BF00241929
https://doi.org/10.1007/BF00241929
https://doi.org/10.1007/BF00241929
https://doi.org/10.1007/BF01020221
https://doi.org/10.1139/v58-087
https://doi.org/10.1149/1.2050003
https://doi.org/10.1149/1.2050003
https://doi.org/10.1016/S0925-8388(03)00180-4
https://doi.org/10.1016/0013-4686(91)85308-T
https://doi.org/10.2320/matertrans.M2014071
https://doi.org/10.1007/s11663-013-9853-5
https://doi.org/10.1007/s11581-019-02881-1
https://doi.org/10.1007/s11581-018-2503-9
https://doi.org/10.1016/j.electacta.2014.07.096
https://doi.org/10.1016/j.electacta.2014.07.096
https://doi.org/10.1016/S1388-2481(01)00210-7
https://doi.org/10.1016/S1388-2481(01)00210-7
https://doi.org/10.1016/j.electacta.2021.139573
https://doi.org/10.1016/j.jnucmat.2015.10.014
https://doi.org/10.1016/j.jclepro.2020.121314
https://doi.org/10.1016/j.jallcom.2004.11.129
https://doi.org/10.1021/ic302468j
https://doi.org/10.1016/S0924-2031(98)00030-7
https://doi.org/10.1016/S1003-6326(20)65267-0
https://doi.org/10.1016/j.electacta.2017.10.058
https://doi.org/10.1007/BF00241912
https://doi.org/10.1007/BF00241912
https://doi.org/10.1007/BF00241912
https://doi.org/10.1007/s12613-021-2323-1
https://doi.org/10.1016/j.elecom.2013.07.047
https://doi.org/10.1007/s12613-020-1971-x
https://doi.org/10.1007/BF00241947
https://doi.org/10.1016/0013-4686(92)85009-A
https://doi.org/10.1016/0013-4686(92)85009-A
https://doi.org/10.5796/ELECTROCHEMISTRY.82.1047
https://doi.org/10.1039/C6FD00007J
https://doi.org/10.1039/C6FD00007J
https://doi.org/10.1149/1.2049976
https://doi.org/10.1007/BF00610979
https://doi.org/10.1007/s11663-014-0191-z
https://doi.org/10.1007/s11663-015-0521-9
https://doi.org/10.1007/s11663-015-0521-9
https://doi.org/10.1016/j.stam.2006.02.016
https://doi.org/10.1007/s12613-014-0955-0
https://doi.org/10.1007/s12613-014-0955-0
https://doi.org/10.1039/C6RA18417K
https://doi.org/10.1007/BF01016208
https://doi.org/10.1007/BF00241929
https://doi.org/10.1007/BF00241929
https://doi.org/10.1007/BF00241929
https://doi.org/10.1007/BF01020221
https://doi.org/10.1139/v58-087
https://doi.org/10.1149/1.2050003
https://doi.org/10.1149/1.2050003
https://doi.org/10.1016/S0925-8388(03)00180-4
https://doi.org/10.1016/0013-4686(91)85308-T
https://doi.org/10.2320/matertrans.M2014071
https://doi.org/10.1007/s11663-013-9853-5
https://doi.org/10.1007/s11581-019-02881-1
https://doi.org/10.1007/s11581-018-2503-9
https://doi.org/10.1016/j.electacta.2014.07.096
https://doi.org/10.1016/j.electacta.2014.07.096
https://doi.org/10.1016/S1388-2481(01)00210-7
https://doi.org/10.1016/S1388-2481(01)00210-7
https://doi.org/10.1016/j.electacta.2021.139573
https://doi.org/10.1016/j.jnucmat.2015.10.014
https://doi.org/10.1016/j.jclepro.2020.121314
https://doi.org/10.1016/j.jallcom.2004.11.129
https://doi.org/10.1021/ic302468j
https://doi.org/10.1016/S0924-2031(98)00030-7
https://doi.org/10.1016/S1003-6326(20)65267-0
https://doi.org/10.1016/j.electacta.2017.10.058
https://doi.org/10.1007/BF00241912
https://doi.org/10.1007/BF00241912
https://doi.org/10.1007/BF00241912
https://doi.org/10.1007/s12613-021-2323-1
https://doi.org/10.1016/j.elecom.2013.07.047
https://doi.org/10.1007/s12613-020-1971-x
https://doi.org/10.1007/BF00241947
https://doi.org/10.1016/0013-4686(92)85009-A
https://doi.org/10.1016/0013-4686(92)85009-A
https://doi.org/10.5796/ELECTROCHEMISTRY.82.1047
https://doi.org/10.1039/C6FD00007J
https://doi.org/10.1039/C6FD00007J
https://doi.org/10.1149/1.2049976
https://doi.org/10.1007/BF00610979
https://doi.org/10.1007/s11663-014-0191-z
https://doi.org/10.1007/s11663-015-0521-9
https://doi.org/10.1007/s11663-015-0521-9
https://doi.org/10.1016/j.stam.2006.02.016
https://doi.org/10.1007/s12613-014-0955-0
https://doi.org/10.1007/s12613-014-0955-0
https://doi.org/10.1039/C6RA18417K
https://doi.org/10.1007/BF01016208
https://doi.org/10.1007/BF00241929
https://doi.org/10.1007/BF00241929
https://doi.org/10.1007/BF00241929
https://doi.org/10.1007/BF01020221
https://doi.org/10.1139/v58-087
https://doi.org/10.1149/1.2050003
https://doi.org/10.1149/1.2050003
https://doi.org/10.1016/S0925-8388(03)00180-4
https://doi.org/10.1016/0013-4686(91)85308-T
https://doi.org/10.2320/matertrans.M2014071
https://doi.org/10.1007/s11663-013-9853-5
https://doi.org/10.1007/s11581-019-02881-1
https://doi.org/10.1007/s11581-018-2503-9
https://doi.org/10.1016/j.electacta.2014.07.096
https://doi.org/10.1016/j.electacta.2014.07.096
https://doi.org/10.1016/S1388-2481(01)00210-7
https://doi.org/10.1016/S1388-2481(01)00210-7
https://doi.org/10.1016/j.electacta.2021.139573
https://doi.org/10.1016/j.jnucmat.2015.10.014
https://doi.org/10.1016/j.jclepro.2020.121314
https://doi.org/10.1016/j.jallcom.2004.11.129
https://doi.org/10.1021/ic302468j
https://doi.org/10.1016/S0924-2031(98)00030-7

	1 Introduction
	2 Experimental
	2.1 Preparation of titanium ions
	2.2 Electrodes and electrochemical techniques
	2.3 Sample preparation and characterization

	3 Results and discussion
	3.1 Reduction of TiCl3 in molten NaCl–KCl under various α
	3.2 Mathematical analysis
	3.3 Spectral analysis

	4 Conclusion
	Acknowledgements
	Conflict of Interests
	参考文献

