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Abstract: The effects of fluoride ions (F") on the electrochemical behavior and coordination properties of titanium ions (Ti"") were studied in
this work, by combining electrochemical and mathematical analysis as well as spectral techniques. The @ was taken as a factor to indicate the
molar concentration ratio of F~ and Ti"". 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 @, and in-situ sampler was used to prepare molten
salt samples when a 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. Ti*" cannot be detected in the
molten salt when « 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 (TiCl;F;*~) forming.

Keywords: molten salt; sodium chloride—potassium chloride; ratio of fluoride and titanium ions; coordination mechanism

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 TiCl, 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 Ti*', Ti*, and
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Ti*". 1t has been demonstrated by several researchers that
equilibriums exist between metallic titanium and three ions
states (Ti*", Ti*", and Ti*") [11-15]:

3Ti*" @ Ti+2Ti*" )

4T & Ti+3Ti*" 2)
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(Ill),
Ti(Ill)—-Ti(1l), 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(I) ions. It
means that the presence of fluoride causes Ti(IIl) to stabilize
in the form of TiFZ’. Ti(I1I) 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(IIl) and Ti(II[)—Ti [25].
Titanium free ions exist in Ti*", Ti®", and Ti*' 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.

It has been studied that titanium ions exist in form of com-
plexions in molten chloride salts, TiCl""". 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].

Therefore, titanium ions and fluoride ions will form co-
ordination compounds: TiF;"". 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-KCIl 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

In our previous work [7], TiCl; was obtained by the reac-
tion of TiCl, (TiCl,, Sinopharm Chemical Reagent Co., Ltd.,
analytical grade 99.0wt%) with titanium metal in the CaCl,
(CaCl,, Sinopharm Chemical Reagent Co., Ltd. Analytical
grade 99.99wt%) melt. In this research, titanium ions were
synthesized by the reaction of TiCl, (TiClL, >99.9wt% purity)
with sponge titanium in the NaCl-KCI melt, and the molar
ratio of Ti and TiCly (nr; : nricy,) was equal to 1:4. NaCl and
KCl (NaCl, >99.5wt% purity; KCI, >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 TiCl, liquid was

® oS

Ar inlet——> |

<—KF

|«— Cooling water
——> Ar outlet

Cooling water—>

Alumina crucible

Mol 1 .
olten salt <—Stainless steel furnace

(NaCl-KCl)

Fig. 1.

slowly injected into the reactor under slight negative pres-
sure. The flow rate of TiCl, was controlled by valve to regu-
late the reaction rate so that TiCl, could react fully with ti-
tanium sponge in the reactor. After all the TiCl, 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 CL,/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 CL,/Cl .

2.3. Sample preparation and characterization

The concentrations of Ti*" and Ti** 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,
wrp = 8.30Wt%, wre =3.18wt%, and wqps = 3.93wt%,
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-
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(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 Ti"" ([F J/[Ti"'], i.e. @) 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.

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

3. Results and discussion

3.1. Reduction of TiCl; in molten NaCl-KCI under vari-
ous @

Fig. 2 shows the CV curves of titanium ions in the
NaCl-KCl molten salt under different @ conditions. Two
pairs of redox peaks (O,/R;, O,/R,) were observed in Fig.
2(a)—(c), while only one pair of redox peaks (O;/R;) was ob-
served in Fig. 2(d) and (e). The results demonstrate that the
reduction steps of Ti(IIl) convert from two steps to one step
with the addition of KF.
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Cyclic voltammogram of titanium ions in NaCl-KCIl melt on the glassy carbon electrode at various a values: (a) @ = 0;

(b) @=1.0; (¢) @ =2.0; (d) @ = 3.0; (e) @ =5.0. Reference electrode (RE): CL/CI; 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, R;, R,,
and R;, were measured by SWV.

The relationship between the peak half width (W,,) and
the number of exchanged electrons involved in the reaction
(m) can be expressed as Eq. (3) [32-33]:

RT
W1/2 = 352— (3)
nF

where F is the Faraday constant; R is the gas constant, 8.314
J-mol™"-K™"; Tis the temperature in Kelvin.

From Fig. 3(a)—(e), n was calculated by Eq. (3) as follows:
peak R;, n = 1; peak R,, n = 2; peak R;, n = 3. Thus, it sug-
gests that the cathodic reaction of titanium ions takes place in
two steps when a <2.0:

Ti(IlT) + ¢~ = Ti(II) 4
Ti(Il) + 2e™ = Ti(0) 5)

However, it transferred to a one-step reduction when a >
2.0:

Ti(IlT) + 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 @ conditions (Fig. 4)
shows that accurate measurements of the potential of the
Ti(IV)—Ti(IlI) 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 « 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.

Ti(IV), Ti(Ill), and Ti(I[) are assumed to form several
complexes between TiCIZ /TiCLy™/TiCl{” and F~ ions. The
replacement reaction is given by the following equilibriums:

TiCI;™ +iF~ — TiClg_;F?~ +iCl” @)
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Fig. 3. Square wave voltammogram of titanium ions in NaCl-KCI melt on the glassy carbon electrode at various « values: (a) @ = 0;
(b) @=1.0; (¢) @ =2.0; (d) @ =3.0; (¢) @ =5.0. Frequency: 20 Hz; RE: Cl,/CI'; CE: graphite.

Table 1. Electrode redox potentials and reduction steps of titanium ions under various &
Redox peak potentials / V Reducti
a OR, OJR, OVR, eduction process
0 —1.47/-1.69 -1.71/-1.99 — Ti(IH)ﬂTi(II)R—%Ti
1.0 —-1.53/-1.81 —1.84/-2.12 — Ti(IH)ELTi(H)E%Ti
2.0 —1.65/-1.91 —1.87/-2.15 — Ti(IH)E)Ti(H)EETi
3.0 — — -1.41/-1.79 T 3 Ti
5.0 — — —1.49/-1.82 T S Ti
—0.86 —0.88
(@ (W] w=0
—0.88 ¢ -0.90 [
L a=0 =
g, 090 <09 WMGW%WWW a=1.0
@) @)
s —092 1 a=1.0 @
£ > —0.94
Z 094} z
= = -0.96 | =
s 0961 =20 = f @20
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Fig. 4. OCEP curves (in range of 3000-7200 s) obtained at various a values: (a) actual curve; (b) fitted curve.

TiCl;” +iF~ — TiClg_F}~ +iCl”
TiCl§™ +iF~ — TiCls_F}~ +iCl”
The activity is defined as [34-36]:

S ()
TiCF = o
T |Ticr]

N _ [TiID]¢

TiCle F = T A3
[T1C16 ]

(12)

In the Egs. (10)(12), [TiCI;" |, [TiCI;" |, and [ TiCI™ | are
the concentration of Ti(IV), Ti(IlI), and Ti(II) cations which

do not coordinate with F~, and [Ti(IV)]r, [Ti(IID)];, and

[Ti(I)]; are the total concentration of Ti(IV), Ti(Ill), and
Ti(I) (coordinating and non-coordinating with F°), respect-

®) dricit F = m
©) [TlClg_]
(10)
(11)

(13)<(15).

ively. Then, Egs. (10)~(12) can be transformed into Egs.
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T1C16 le

ncp =1ty TTCET [ricte ] (13)
T1C16 ; ]

aT1icE F =1+ Z, i [T1C12 (14)
| TiCle_F;~ ]

Arici-F = 1+Z TC14 (15)
i

where TiClg_;F?, T1C16_,~F? , and TiCls_;F/~ are the co-
ordination forms of titanium ions with chloride and fluorine
ions; [TiClg_;F?"], [TiCly_;F?~], and [TiClg_;F}~] are the con-
centrations of Ti(IV), Ti(Ill), and Ti(Il) cations coordinating
with Cl" and F~ at each fluoride concentration, respectively;
1<x<6.
Associate with the cumulative complexation constants 3;:
[TiCls_;F>-][CI']
Bi=——F— (16)
[T1C16 ][F ]free
3 [TiCls_,F3-][CI']
" ITCEF Thee
_ [TiCls- FH[CrY
TCEIF T

where [F],.. is the concentration of free fluoride ions, and
[C17]is the concentration of free chloride ions.

Then, Egs. (16)«(18) can be transformed into Eqgs.
(19)—21):

[T1C16*1F12 ] ﬁl[ ]free

(17)

(18)

[TiCIZ ] [CI'T "
. 3- TE- 1

[Tlc.lﬁ_;lfi ] — ﬁl[F _]fr‘ee (20)
[TiCI3"] [cry

[TlCI(]_:f?_] — ﬁi[F__]ér'ee (21)
[TiCI¢™] [CrIY

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

arice F = Z b [Cl ]]free (22)
v BilF” iree

ancps =1+ 3 A @3)

drici F = Z IBI[ Cr ]free (24)

Since the concentration of CI” is much higher than that of
Ti(IV), Ti(IIl), Ti(II), and F~ in molten salt, [CI | can be ap-
proximated as a constant, and it can be assumed to k;:

[CI'Y
Then, Egs. (22)—(24) can be rewritten as Egs. (26)—(28), in
which [F]; is the total concentration of F~ ions introduced,
and it can be approximated as: [F Jg.. = [F 1.

arep =1+, k[F]; (26)

(25)

i
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arep =1+, k[F]; 27)

arcrp =1+ Zi:l ki [Ff]lT (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:

. ~12—
E _ g 23RT |TicrE] 29
omermer = Exep mep + = 5 iy | )
6
23RT . (|TiCKE ]
Eqmicr; mioi; = E%cf mici T TR lg[ [TiCI‘r] .
6
2.3RT . de
Eomicimi = Eicr mT lg[TlClg ] (3D

After coordination with F~ ions, the Egs. (29)—31) and
can be written as:

— )
E; mici micy; = ETiClZ{/TiCl"

2. 3RT [ 32)
Amici ]

2. 3RT

ETile,’/Tin’ + nF [

E i TiCI/TiCl =

!
o,
[[T1C14 ” 33)

2.3RT e
E;mcrm = E7, 1g[T1C12 ]l. (34)

TiCly m nF

where Eq rice-rmici Eoticr-mici and Ey mici-m are the initial

equilibrium potential (E,,) of Ti(IV), Ti(Ill), and Ti(Il) be-
: : : . (S} S]

fore adding fluoride ions; E7 B e ED i e and

E%cﬁ’ . are the standard potential of Ti(IV), Ti(Ill), and

Ti(I); [TiClé‘]i, [TiClz"]i, and [TiClg‘]i are the concentra-
tion of Ti(IV), Ti(Ill), and Ti(Il) cations which do not co-
ordinate with F~ at each fluoride concentration; E; rici-rici-
E; vici-rici> and E; i are the equilibrium potential of
Ti(IV), Ti(Ill), Ti(Il) at each fluoride concentration. These
values can be calculated by CV, SWV, and OCP mentioned
above, where:
Eq=E\p=(Ec+Ep)2 (35)
where E¢, E,, and E), are cathode peak potential, anode peak
potential, and half-peak potential, respectively [37].
Combining Egs. (10)~(12) and Egs. (32)+34), the follow-
ing relationship can be obtained:

£ _ g N 2.3RT1 argcp p [TI(IV)]r
i, TiClg /TiClg~ TlClZ /TlClL nF g aTiClé’ ’F [Tl( III)]T
(36)

2.3RT . (aricp [Ti(HD]r
_ [© o -
Ei,TiClZ’/TiCF ETl I TiCI- + o lg( trer o [TiD], )

(37

2.3RT [Ti(ID)]
E; tici-m = EZ lg( T) (38)

4
TiClg /Tl nF aTiCli’ F

Subtracting the Eqgs. (36)—(38) and Egs. (29)—(31), then
we can obtain Eqgs. (39)—(44):
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Ei,TiClé’/TiClé’ - Eo,TiC1§’/TiC1g’ =
2.3RT aTici F [Ti(IV)]y [Ti(IV)]¢
Ig . ! (39)
nk aricp p [Ti(ID] [Ti(IID)]¢

Ei,TiCli’/TiCl‘;’ - EO,TiCli’/l"iClz’ =
23RT [, (amicy ¢ [TI(TID)] Ti(1II
[lg( TiCI: F . )T)—lg([ 1.( )]T)] (40)
nk aricp ¢ [TI(ID] [Ti(ID]y

nkF
1g driciF = m (EO,TiCIg’/TiCIQ’ - Ei,TiClz’/TiC]z’ ) +1g arici F
(43)
nF
lg arici F = m (EO,TiCl:’/Ti - Ei,TiCl?;/Ti) (44)

According to Table 2, the experiment values of 1g @rcy-
lg aricp- p, and Ig @i p vs. 1g[F ]r are shown in Fig. 5. The

2.3RT [Ti(ID]y i slope equals to 0.99 for lg - and Ig[F Jr. This shows
Eimcrm — Eomiciom = nF lg arcr v ) 1g[TidD }r that the number of F~ coordinated with Ti(II) is close to 1.0.
’ (41) The slope changes from 2.46 to 4.04 with fluoride ions in-
creases for g agcp- p and Ig[F ;. In the same way, it changes
nF from 1.83 to 4.23 for Igap;cp- ¢ and 1g[F Jr. This indicates
1 ATiCE F = == E iCI2 /TiCE- —FE. iCI2 /TiCE- +1 QATicr- . . TiClg ,F T
SOTCLF = 5 3RT ( O.TiCI /TGl i TiCly MTiCl, ) Samey that the number of F~ coordinated with Ti(IIT) and Ti(IV) in-
(42) creases with the addition of fluoride ions.
Table 2. Values of Ig[F ], 1g aTicp r at different @ conditions
a Molar mass of KF, Cgy / (mol-kg ") 1g[F 1t Ig @Ticii-F lg @Tici}- F lga’TiClé’,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
L6 (a) 2.5 1(b) 2.510)
. 15} | _/ _ 20} /
g T LSF, —246v+3.40" g y,= 1.83x +3.16\
o S \ & 15} |
o 14r 010t \ o |
05t Lor
13} ¥, =0.99x + 1.96 : y;=4.04x+ 1.11 ys=4.23x+1.54
: : : : 0l : : : 0.5 : : :
-0.7 -0.6 -0.5 -0.4 -0.7 -05 -03 -0.1 0.1 -0.7 -05 -03 -0.1 0.1
1g[F ] 1g[F ] 1g[F];

Fig. 5. Plot of lg a’TiCl:—’F, lg a’TiCl:—’F, and lg aTiClé* F VS. lg[F]T.

3.3. Spectral analysis

Fig. 6 shows sample images under the condition of vari-
ous «. It can be found that the color of the sample changed
significantly when « varied from 0 to 8.0. Literature shows
that Ti*", Ti*', and Ti*" 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 Ti*". According
to the distribution of titanium ions measured above, it can be

Fig. 6. Samples under different @ 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.

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

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 Ti*" in
molten salt disappears gradually, Ti*" is the main body, and
finally titanium ions are converted into Ti*". 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 (o = 0), and Fig. 7(b) shows the
macroscopic view of molten salt after salt extraction at @ =
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-
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Fig. 7. (a) Image of molten salt containing titanium ions be-
fore adding fluoride ion (@ = 0); (b) macroscopic view of mol-
ten salt at @ = 8.0.

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 Ti*"; the bond energy of pink part is 458.2 eV,
which is the characterization energy of Ti’"; the green bond
energy is 459.8 eV, which is the characterization energy of
Ti*" [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 Ti*", Ti**, and Ti*" are mixed in molten salt. When
fluoride was added, the blue area in the fitted curve de-
creased gradually, indicating that concentration of Ti*
gradually decreased. When a = 3.0, blue area basically disap-
peared which means the Ti** vanishes in the melt. The pink
part in Fig. 8 first increases and then decreases, it indicates

Intensity / a.u.

454 456 458 460 462
Binding energy / eV

Fig. 8. XPS patterns of samples under different o conditions.
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that concentration of Ti*" 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 Ti*" 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 « = 3.0, Ti*" ions cannot be detected
in the molten salt, and thus the ion balance is maintained
between Ti, Ti*", and Ti*". 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).

TiClg™ +iF = TiCle_,F" +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.

When a = 0, there are three characteristic peaks in the Ra-
man spectrum, which are 489, 713, and 944 cm', which cor-
responded to the complexes TiCl;~, TiCl¢~, and TiCI}", re-
spectively. It can also be found that when @ = 1.0, additional
peak at 611 cm™" is observed. It indicates that titanium ions
and newly added fluoride ions formed a new complex:
TiClsF*. When a = 2.0, there are three peaks, and new char-
acteristic peaks of TiCI;F*, TiCI;F*, and TiCl,F5~ appears at
413, 540, and 887 cm’!, respectively, while the TiClé",
TiClg’, TiClF*, and TiClg’ peaks no longer exist. However,
when a = 3.0, TiCIsF* peak disappears. When a = 4.0, there
are three peaks, and a new peak TiCl;F5~ appears at 519
cm™'. When « is in the range of 5.0 to 8.0, there are five
peaks, TiCl,F3~ peak disappears, and new peaks of TiCl,F -,
TiCl,F5~, and TiFé‘ appear at 295, 342, and 918 cm™', re-
spectively. However, with the increase of fluoride ion, the
peak strength changes, TiCl3F3~ peak strength decreases, and
TiF;~ strength increases. The above results are summarized
in Table 3.

Titanium ions exist as complexions in molten chloride
salts: TiCL"". 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, TiClg™ 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-
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Fig.9. Raman spectra of samples under different o values.

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: TiCl;F}"".

TiCL}” +F~ = TiCIsF*~ + CI” (46)
TiCly” +F~ = TiClsF* +CI” 47)
TiClsF*~ +F~ = TiCl,F3~ + ClI~ (48)
TiCl;” +F~ = TiClsF* + CI” (49)
TiCl,F;” +F = TiCl,F3~ +CI” (50)
TiC,F; +F = TiCL,F; +CI~ (51)
TiClsF*~ +F~ = TiCL,LF2~ + CI” (52)
TiClsF*™ + 5F~ = TiF: +5CI° (53)
Table 3. Raman peaks and possible types of complexes un-

der various « (@ =0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, and 8.0)

Possible types of complexes

0 TiCIZ~ TiCl¢~ TiCI3~ — —
1.0 TiC* TiCli~  TiCLLF©  TiCE- —
20 TiCI,F¥  TiCl,F*~  TiCLF- — —
3.0 TiClLF*  TiCLF- — — —
40 TCLF  TiCLF*  TiClF- — —
50 TCLF~  TiCLF:  TiCLFy  TiCl,F*  TiFy
6.0 TiCLF™  TiCLF3~ TiCLF;~  TiClF*  TiF:
8.0 TiCLF~  TiCLF}~ TiICLF;~  TiClsF*  TiF:-

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

4. Conclusion

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-KCI 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 « = 3.0, Ti** cannot be detected in the molten salt,
and finally existed mainly as coordination compounds with
fluoride ions: TiCl;F;"".
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