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Accelerated Electro‑Reduction of  TiO2 to Metallic 
Ti in a  CaCl2 Bath Using an Inert Intermetallic 
Anode

1 Introduction
Production of metals and alloys without green-
house gas (GHG) emission has become essen-
tial to for meeting the United Nations Climate 
Change for achieving net zero target by  20501. 
Amongst metal producers, the iron and steel 
and aluminium industries are some of the larg-
est consumers of fossil-fuel based energy, which 
contributes to GHG emission producers of  CO2.
According to the 2019 statistics, total produc-
tion of crude steel was 1869 million tonnes(t), 
and the net energy consumption was 21–23 GJ/t 
reflecting 1.2 t and 1.0t of  CO2 for direct and 
indirect emissions, respectively, for each tonne of 
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Abstract | In the FFC‑Cambridge process, the cathodic dissociation of 
oxide and CO/CO2 production on carbon anode is the basis for metal 
production in a  CaCl2 bath. Using an inert intermetallic anode, the  CO2 
evolution can be eliminated altogether with acceleration in the electro‑
reduction kinetics. In the presence of a carbon anode, the cathodic dis‑
sociation of  TiO2 suffers from slow reduction kinetics of  TiO2 to Ti metal, 
which can be enhanced significantly by the incorporation of alkali spe‑
cies in the  TiO2 pellet at the cathode and in the  CaCl2 bath in the pres‑
ence of an intermetallic inert anode. With inert anode and incorporation 
of  K+‑ion in the  TiO2 matrix and in the salt bath, nearly full metallization 
with greater than 99% of Ti metal containing 1500 ppm of oxygen was 
possible to achieve in less than 16 h of electro‑reduction. The micro‑
structural and chemical analysis of the metallic phase and its morphol‑
ogy revealed the presence of a layer of titanium metal that forms in the 
fast reduction reaction step in less than 5 h, after which the reaction 
rate slows down significantly before terminating in 16 h. The investiga‑
tion showed that two different types of microstructures of metallic tita‑
nium were evident—a thin sheet‑like material on the outer periphery of 
the reduced pellet and the dendritic core which was found to be under 
the peripheral sheet of the metallic layer. The mechanism of morphologi‑
cal and microstructural changes in the reduced form of titanium metal is 
explained.
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crude steel  produced2. By comparison, the car-
bon footprint for aluminium production varies 
between 3.5 and 4.2 t of  CO2 for each tonne of 
cast aluminium. For metallurgical grade silicon, 
the figure for tonnage carbon emission is 6.3t3. 
The FFC-Cambridge process, developed in 2000, 
was a breakthrough in reactive metal processing, 
which raised awareness whether the Kroll pro-
cess via chloride: MCl4 + 2Mg = 2MgCl2 + M , 
might be the only course for future of reactive 
metal processing. Here M defines a reactive metal 
such as titanium. The FFC process uses high 
purity metal oxide for cathodic dissociation—
a basis for sustainable route to reactive metal 
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 production4. In FFC, however, carbon anode is 
used for removing oxygen which produces  CO2 at 
the molten salt temperature.

In the FFC process, the cathodic dissocia-
tion of  TiO2 in a  CaCl2 bath with carbon anode 
leads to the evolution of  CO2, which is expected, 
as explained in the FFC-Cambridge  process4. 
However, the cyclic  voltammetric5,6 and calcium 
 thermic5 have enabled the characterization of 
slow reaction kinetics due to the formation of 
interfacial  CaTiO3 phase as a chemical barrier for 
the metallization at  cathode4–8. The complemen-
tary interfacial reactions are shown below aris-
ing from the dissociation of  TiO2 and due to the 
residual solubility of  O2− ions in the  CaCl2 liquid.

Note that the reactions (1a)–(1f) are intercon-
nected for ionic transport and electronic charge 
balance in the overall electro-reduction of  TiO2. 
The  O2− ions, when discharge at the carbon 
cathode, produce  CO2 via reaction (1f), and the 
electrons liberated reduce the  Ti4+ to Ti metal, as 
shown in reaction (1d). In this investigation the 
use of inert metallic anode is discussed below 
which eliminates the  CO2 evolution at anode and 
yields pure oxygen via reaction (1g). The produc-
tion of commercial grade titanium metal powder 
and pure oxygen is, therefore, far more attrac-
tive than what has been demonstrated in the 
 literature4–9 using carbon anode.

The main motivation for this article is to 
demonstrate a laboratory-scale proof-of-prin-
ciple of the production of metallic titanium 

(1a)
TiO2 = Ti4+ + 2O2− (cathodic dissociation)

(1b)

CaCl2 = Ca
2+

+ 2Cl
−

(calcium chloride ionization)

(1c)

Ca2+ + O2−
+ TiO2 = CaTiO3

; (perovskite formation)

(1d)

Ti
4+

+ 4e = Ti

(Ti metal formation at the cathode)

(1e)

CaCl2 +O2−
= CaO + 2Cl−

(

Anion exchange in the chloride bath
)

(1f)
C + 2O2−

= CO2 + 4e (evolution of CO2)

(1g)

2O2−
= O2 + 4e

(

evolution of pure oxygen at anode
)

and commercial purity oxygen generation for 
a range of applications, including further puri-
fication of evolved oxygen for hospital use. In 
this article, we have also analysed the micro-
scopic reason for the formation of calcium titan-
ate  (CaTiO3) perovskite structure, in which the 
 O2− ion lattice diffusion is known to be slow 
(1.323 ×  10–6—4.033 ×  10–5  cm2s−1) at 900 °C 9. 
By comparison, the value of the atomic diffusion 
of oxygen in β-titanium alloy is of the order of 
(~  10−6cm2s−1)10 which forms as an intermedi-
ate phase before the metallization with ultra-low 
oxygen in Ti metal is achieved at the cathode. The 
report on the formation of alkaline earth per-
ovskite  (CaTiO3) is significant because the pres-
ence of alkaline earth perovskites on the surface 
of partially reduced pellets acts as an insulat-
ing barrier for the  O2− charge transport into the 
 CaCl2 bath, which is known to have a limited 
solubility of  O2−ions6–8 at the partially reduced 
oxide and perovskite interface. Also, the perovs-
kite phase is an insulator which means during 
the cathodic dissociation (reaction 1d), the elec-
tronic transport is impeded and leads to slowing 
down of the overall metal reduction process. In 
previous  investigations7, the porosity of the pel-
lets of  TiO2 was increased by incorporating fugi-
tive agent polyethylene, which were burnt before 
commencing the reaction, so that a large surface 
area were possible to maintain for a uniform 
rapid electroreduction, when compared with 
the pellets of  TiO2 without polyethylene. The 
 investigation7 concluded that when the potential 
at 3.0 V (below the decomposition potential of 
 CaCl2) was applied the minimum level of oxy-
gen achieved was approximately 3000 ppm after 
48 h using a carbon anode. Furthermore, when 
the potential was raised from 3 to 3.15 V the time 
to achieve the residual oxygen concentrations at 
3000 ppm in the reduced pellet was halved from 
48 to 24 h. The experimental evidence, shown 
in the literature, confirm although the speed of 
reaction increases, a complete or near complete 
metallization is not possible by enhancing the in-
situ porosity alone, as the insulating perovskite 
was thermodynamically more stable under the 
cathodic dissociation condition, due to the dif-
ference in the Gibbs energies for the formation 
of (− 821 kJ per mole of  CaTiO3 versus − 733 kJ 
per mole of  TiO2). Table 1 below summarizes the 
Gibbs energy ((ΔGo, kJ  mol−1)  change11 for the 
molecular form of the chemical reactions which 
may be relevant in explaining the perovskite sta-
bility in the absence and presence of  K+-ions in 
the salt bath present at the interface between the 
pressed pellets of  TiO2 and  CaCl2-KCl. In this 
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article, the cathodic dissociation of  TiO2 in the 
presence of  K+-ion in the salt mixture and in the 
pellet has been characterized. At the end of this 
article, we also compare and give a critical sum-
mary of other electro-reduction techniques used 
in the lab for reactive metal production.

The role of alkali (Na, K) ions on the chemi-
cal breakdown of crystalline structures of ferrugi-
nous ilmenite  (FeTiO3), tantalite, and chromite 
minerals above 700 °C in oxidizing and reduc-
ing conditions have been extensively studied 
 recently12–16 in the context of the selective separa-
tion of metal oxides as water-soluble and insolu-
ble products. In these investigations, the evidence 
for the formation of alkali-rich titanate liquid 
and lattice strain-induced fracture in situ of crys-
talline alkali complexes (e.g. titanate and chro-
mite) of above 750 °C have also been explained 
and  reported15–17. Both the evidence for lattice-
induced cracking and formation of alkali-titanate 
based  liquid18 during chemical reactions of fer-
ruginous mineral concentrate with alkali are rel-
evant in the context of cathodic dissociation of 
 TiO2 and promoting decomposition of  CaTiO3 
in situ. The thermodynamic basis for selecting 
the incorporation of LiCl in the  CaCl2 salt bath 
and  K+-ions in the  TiO2 pellet at the outset of 
electroreduction process is demonstrated via 
the chemical reactions 2c––2d in Table 1, from 
which it is evident that at high temperatures (e.g. 
900 °C), both the lime and calcium perovskite 
are unstable with respect to the thermodynamic 
stabilities of  CaCl2 and  K2TiO3 in the molten salt 
mixture, respectively. Also, note that in Table in 
reaction 2e that  Li2O + KCl is more stable than 
LiCl +  K2O.The  K2O-TiO2 phase diagram also 
confirms the evidence for the presence of alkali-
titanate liquid above 768 °C in the  K2TiO3 phase 
composition  range19

Based on the literature on alkali-titanate 
 complexes12–17, the molecular representation 
of the analysis of thermodynamic equilibrium 

reactions in Table 1, which correspond to the 
cathodic and anodic reactions (1a–1f), may help 
in describing the overall electro-reduction of 
 TiO2, from which the resulting microstruc-
ture and composition of titanium metal may be 
explained. Experimental evidences from previ-
ous studies on carbon anode show that the cur-
rent decreases gradually, and finally stabilizes 
at a low value between 0.2 and 0.4 A, which has 
been attributed due to the presence of an insu-
lating perovskite barrier. On the other hand the 
thermodynamic equilibrium conditions for reac-
tions, shown in Table 1, show that the when alkali 
ions  (Li+,  K+) are present, these ions enhance 
the electro-reduction the  TiO2 pellets at cathode 
both with and without the inert anodes. In this 
investigation the effect of mixed  K+/Li+ ions in 
breaking down the perovskite phase, which may 
be decomposed under the favourable thermody-
namic alkali-cation exchange condition. The data 
for potassium ion exchange reactions are also 
presented for comparison with the lithium ions 
only in reactions 2c–2e in Table 1. We also show 
for the first time, a comparative study on the use 
of an intermetallic anode with carbon anode for 
Ti-metal production using the FFC-Cambridge 
process. Nearly full metallization was achieved 
with the use of inert anode and the reaction 
mechanism is explained with the help of phase 
stability analysis based on thermodynamic equi-
librium and microstructural evidence.

2 �Experimental
The electrolysis experiments were performed 
in a molten salt mixture of  CaCl2-LiCl (180gms 
 CaCl2 and 20gms LiCl) inside an alumina cru-
cible. The chloride salts were initially dried for 
24 h at 320 °C by removing moisture, followed by 
slowly heating it to 900 °C at a rate of 1 °C  min−1 
in a flowing atmosphere of argon, maintained 
at a rate of 500 ml  min−1. We used two different 
types of anodes: a carbon anode for comparison, 
followed by replacement of carbon anode with an 
intermetallic Al-Ti-Cu  anode20 for enhanced cur-
rent carrying capacity. The oxide pellet (1 g) at 
the cathode was prepared by mixing 99.95% pure 
 TiO2 with analytical grade (99.9% pure)  KHCO3 
in a molar ratio of 1:0.5 so that at the electro-
reduction temperature of 900 °C, so that the reac-
tion between  TiO2 and the decomposed  KHCO3, 
which yields  K2TiO3 and  K4TiO4 which then 
forms a liquid phase, as shown in the isothermal 
ternary  section19. Both the cathode and the anode 
were fixed on to a steel holder and fastened using 
a molybdenum wire, ensuring a good electrical 

Table 1: The Gibbs energy change (ΔGo, kJ 
 mol−1) for chemical reactions of cathodic disso‑
ciation of  TiO2 at 900 °C11.

Reactions ΔGo, kJ  mol−1

(2a) Ti +  O2(g) =  TiO2 − 732.67

(2b) CaO + Ti +  O2(g) =  CaTiO3 − 820.34

(2c) CaO +  Cl2(g) =  CaCl2 +  O2(g) − 111.81

(2d)  CaTiO3 + 2KCl =  CaCl2 +  K2TiO3 − 369.37

(2e) 2LiCl +  K2O = 2KCl +  Li2O − 254.38
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contact. Once the mixture of 90 wt%CaCl2–10 
wt%LiCl was molten, the electrodes were lowered 
down into the salt bath. The cell was continuously 
maintained with a flow of argon gas atmosphere. 
A constant voltage of 3.1 V was applied through 
the electrodes and the current was continuously 
monitored using a computer-controlled software. 
After 15 h of electrolysis, the electrodes were 
extracted from the salt bath and the reduced pel-
let at the cathode was thoroughly washed using 
water. The reduced pellets were analysed for the 
presence of phases and the resulting microstruc-
tural changes were examined using a Cambridge 
Camscan 4 FEG SEM, which was operated at 
20 kV. The SEM was equipped with an energy dis-
persive X-ray spectrometer (EDS Link Oxford). 
Wherever required, the phase identification 
was also carried out using the Philips X-ray dif-
fractometer using  CuKα radiation diffraction, 
which was necessary for determining the reaction 
mechanism. During electro-reduction of  TiO2, 
the partially reduced pellets were also removed 
after different time intervals between 0.5 h and 
4 h of reaction at 900 °C for the verification of 
phases formed during complete metallization. 
The results of X-ray powder diffraction, SEM, 
and EDX analyses are discussed for explaining the 
reaction mechanism of electro-reduction of  TiO2 
to metallic titanium.

3 �Results�and Discussion
The current–time plots for the electro-reduction 
of  TiO2 with carbon and inert anodes are com-
pared in Fig. 1a and b, respectively. It is evident 
that in case of each anode, there is a fast tran-
sient before 5 h after which the rate of either rise 
or fall in current slows down significantly. Note 

that the rate of change in current with time in the 
electro-reduction experiments with inert anode 
differs significantly from that observed for car-
bon anodes, when both the anodes were used for 
the electro-reduction of  TiO2:K2O = 1:0.5 mixed 
pellet. Since the cell potential is fixed at 3.1 V, the 
trends in the rise and fall in current with time 
represent the decreasing and increasing cell resist-
ance, respectively. The reason for the decreasing 
current in carbon anode, as reported previously, 
is due to the formation of the dominant perovs-
kite  (CaTiO3)  phase6–8. By comparison, the rising 
current in case of inert anode is due to increased 
metallization via the electro-reduction of  TiO2 
which increases the overall conductivity with 
time. It was also observed that when the  TiO2 was 
not mixed with  K+ -ions in the  TiO2 pellet, the 
formation of perovskite was observed with both 
types of anodes, leading to almost cessation of the 
overall electro-reduction.

For analysing the mechanism of the electro-
reduction reaction and its distinct characteristics 
of rising current with time, the phase changes 
with time were characterised using the X-ray 
powder diffraction technique. The partially 
reduced samples were extracted at 0.5, 1, and 4 h 
of reduction and washed and dried before X-ray 
diffraction. In Fig. 2, the diffraction pattern of 
the partially reduced pellets at 0.5, 1, and 4 h of 
time intervals are compared, from which the 
diminishing diffraction intensities of oxides of 
titanium  (Ti3O5, TiO), perovskite, and  CaTi2O4 
phases confirm that in the presence of  K+-ion in 
the pellet the reducibility of  TiO2 increases sig-
nificantly. Although the Ti-metal starts forming 
from a time interval of 0.5 h during the electro-
reduction, the phase intensities of perovskite and 
 CaTi2O4 diminish rapidly in 4 h of reduction. 

Figure 1: The current–time diagram for the electro‑reduction of  TiO2 pellet via cathodic dissociation of 
 TiO2 mixed with  K2O (as  KHCO3) in a ratio of  TiO2:K2O = 1:0.5. a with inert metallic anode; b with carbon 
anode. Temperature of electro‑reduction was 900 °C in KCl‑LiCl (9:1 weight ratio) molten salt bath. Atmos‑
phere of argon gas was maintained at a rate of 500 ml/min.
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The metallisation of Ti metal in the  CaCl2-LiCl 
bath follows the thermodynamic equilibrium 
condition which we have verified using the pre-
dominance area diagram in the Ti-Ca-O-Cl dia-
gram in Fig. 3. No potassium complexes or salts 
were observed in the diffraction data, which may 

be explained because of high solubility of alkali 
and  CaCl2 in water.

The phases identified during the course of 
electro-reduction were found to be in good agree-
ment with the predicted equilibrium phase com-
position, as shown in Fig. 3. It is evident from the 
equilibrium analysis that the electro-reduction 
bath after 1 h of reaction must be reaching oxy-
gen potential below  log10  (PO2) = − 26 atm, at 
which the Magnelli oxides of Ti  (TinO2n−1) start 
complexing with CaO by forming, say  CaTi2O4 
spinel-like phase in equilibrium with  Ti3O5. From 
the phase analysis, it is also evident that the for-
mation TiO concurs with the Ti–O interstitial 
solid-solution. The reference red lines in Fig. 2 for 
TiO and Ti–O solid solutions are drawn between 
2θ = 37.5° and 43.8°, in which range the strong-
est diffraction peaks of these two phases are pre-
sent. By considering the vertical red lines in Fig. 2 
as a reference for the Ti–O and TiO phases, the 
apparent shifts in the peak positions of these two 
phases with time for electro-reduction suggest 
that the resulting change in the d-spacing (or the 
lattice dimensions) of TiO and Ti–O solid-solu-
tion phases which form as intermediate phases 
during the electro-reduction of  TiO2.

Figure 2: X‑ray diffraction pattern of  TiO2 pel‑
let electrolysed for different time intervals using 
inert anode and  TiO2:K2O = 1:0.5. Temperature: 
900 °C. Atmosphere of electro‑reduction argon 
gas maintained at 0.5 l  min−1.

Figure 3: A phase predominance area diagram constituting phases in the Ti–Ca–O–Cl system at 
900 °C19.
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Note that during electrolysis, the potas-
sium bicarbonate  (KHCO3) mixed with 
 TiO2 pellet decomposes to  K2O via 
2KHCO3 = K2O + H2O + 2CO2 . The decom-
position reaction occurs rapidly and combines 
with the  TiO2 by forming potassium titanate 
complexes, as shown in Eqs. (3a) and (3b). Equa-
tion (3c) shows the anion-cation exchange 
reactions. The Gibbs energy change for these 
reactions are large and negative at 900 °C.

The potassium titanate, formed in situ, melts 
at 900 °C and breaks down the perovskite bar-
rier and allows a greater surface area for elec-
tro-reduction. This means that the liquid rich 
in  K4TiO4 becomes the main source of the  O2− 
anion transport which is mediated by the pres-
ence of reciprocal salt mixture, shown in reaction 
3c. This is possible because under the applied 
potential of 3.1 V, the  K4TiO4 liquid continues 
to dissociate and generate  K2O which then fol-
lows equilibrium conditions in Eqs. (3a) and 
(3b). Under these thermodynamic conditions, the 
perovskite phase does remain stable, and decom-
poses readily which is why the electro-reduction 

(3a)

CaTiO3 + 2K2O(l) = K4TiO4(l) + CaO(l),

�G
o
= − 334, 349 J mol

−1

(3b)

CaTiO3(s) + K2O(l) = K2TiO3(l) + CaO(l),

�G
o
= − 127, 211 J mol

−1

(3c)

CaCl2(l) + K2O (l) = 2KCl (l) + CaO(l),

�G
o
= − 346, 968 J mol

−1

reaction in the first 5 h accelerates for both types 
of anodes.

As shown in Fig. 4a, the dense metallic micro-
structure formed as a result of the initial stage 
of electro-reduction is a consequence of the 
presence of complex titanate liquid. Once the 
dense metallic layer forms, there is a volumetric 
change resulting in the shrinkage which appears 
to form discreet pores on the peripheral surface 
resulting. Since the weight ratio of  K2O:TiO2 is 
1:2, the overall reaction suffers from the paucity 
of  K+-rich liquid inside the pores of unreduced 
 TiO2 and its oxides. The resulting reaction slows 
down after 5 h with each type of anode and then 
progresses at much reduced rate, as shown in 
Fig. 1a and b.

In Fig. 5a the high magnification image of the 
dendritic region in Fig. 4a is shown and com-
pared. The dendritic structure of titanium metal 
is evident and also dominated by metallic tita-
nium. There is little evidence for the presence of 
any perovskite phase in Figs. 4a, b and 5a, b.

The effect of increased  K2O:TiO2 = 1:1 ratio 
on the reduction is shown by presenting the 
microstructural evidence in Fig. 6 in which the 
formation of dense outer layer is evident and 
this layer seems more continuous around the 
peripheral surface than that in Fig. 4. Since the 
Gibbs energy changes for (3a)–(3c) reactions at 
900 °C are large and negative, which suggest that 
in the presence of freshly formed  K2O from the 
decomposition of  KHCO3, the perovskite sur-
rounding the unreacted  TiO2 is removed by the 
formation of potassium titanate  (K4TiO4)-rich 
liquid via reaction (3a). The solid  K2TiO3 may 

Figure 4: a The scanning electron microscopic image (see 10 µm) with dendritic and dense layer of Ti 
metal in a  TiO2:K2O = 1:0.5 mixed pellet. b The energy dispersive X‑ray spectrum of the analysed area in 
the region identified with the red arrow.



133

Accelerated Electro-Reduction of  TiO2 to Metallic Ti

1 3J. Indian Inst. Sci.| VOL 102:1 | 127–137 January 2022 | journal.iisc.ernet.in

form via reaction (3b) only below 500 °C19, as it 
decomposes to form  K4TiO4 and  K8Ti5O14 phase 
mixture. It should be noted that since the Gibbs 
energy change for the formation of  K2TiO3 is 
much smaller than that for  K4TiO4, which is why 
it is the liquid rich in  K4TiO4 is likely to be more 
prevalent than  K2TiO3.

The presence of porosity, which may arise 
as a result of the solidified microstructure dur-
ing the phase equilibrium condition of electro-
reduction with simultaneous evolution of  CO2 
from the decomposition of  KHCO3, may be 
responsible for maintaining the porosity on the 
surface of the pellet. It is these microscopic path-
ways through which the  CaCl2 liquid may reach 
the inner core of unreduced pellet for remov-
ing  O2− ion for maintaining the steady state of 

ion transport during the electro-reduction pro-
cess. On the other hand, where the  CaCl2 liquid 
remains in contact with more impervious metal-
lic Ti, the interstitial diffusion of atomic oxygen 
might be the viable transport for the  O2− ions 
transport: 

[

O
2−

]

↔ [O]atomic + 2e either across 
the metallic layer or through the interdendritic 
pores of titanium metal. This is likely because 
the values of the atomic diffusivities of oxygen 
in α and β forms of Ti metal are of the order of 
∼ 1 ×  10–6  cm2  s−1, when compared with the 
1.323 ×  10–6–4.033 ×  10–5  cm2s−1 for  O2− anion 
diffusion in  CaTiO3

9,10 under high and low partial 
pressures of  O2. Since at a later stage of electro-
reduction, the overall oxygen potential of the cell 
reduces, when compared at the start of the elec-
tro-reduction, the apparent diffusivity  O2− anion 

Figure 5: The microstructure of the fully metallized  TiO2 cathode, a showing clearly the dendritic and 
solidified Ti metal morphologies in a  TiO2:K2O = 1:0.5 mixed pellet, and b EDX spectrum of the solidified 
region shows traces of oxygen, calcium, chlorine, and aluminium (from alumina crucible).

Figure 6: a Micrograph of electro‑reduced  TiO2:KHCO3 = 1:1 pellet at 900 °C in a  CaCl2‑LiCl bath. Note 
the difference in the sheet‑like and dendritic Ti metal, surrounded by pores. b Isothermal ternary section 
at 800 °C K‑Ti–O (oxygen rich section) showing the evidence for the presence of  K4TiO4 liquid in equilib‑
rium with other potassium titanate phases, using the FACT Sage 6.0  software19.
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also increases by three times at 900 °C9. The slow 
atomic and anionic diffusion in metallic Ti and 
perovskite phase, respectively, may become the 
rate governing step in achieving near completion 
of electro-reduction for near 100% metallization. 
A clear transition in the morphological distinc-
tion between the sheet-like and dendritic tita-
nium metal may be the result of  K2O-rich liquid 
assisted anion transport between time, t = 0 and 
t = 5 h on the surface of the pellet at the start of 
the electro-reduction. The surface reaction is then 
taken over by the anion transport in combina-
tion with interstitial diffusion of atomic oxygen 
in oxygenated β-Ti at later stage beyond 5 h of 

electroreduction. Direct evidence for the presence 
of oxygenated β-Ti may be confirmed by the pres-
ence oxygen peak in the EDX spectrum in Fig. 5b. 
Based on the anionic and atomic diffusivity data, 
given above, the estimated thickness of metallic 
layer growth may be of the order of 60–70 μm  h−1 
of the reduced pellet when using the inert anode. 
For comparing the effect of current on the reac-
tion mechanism, a carbon anode was also used 
during electrolysis in the presence of  KHCO3 in 
the pellet, as shown in Fig. 1b. However, only par-
tial metallization was achieved in this case, which 
is consistent with the experimental observations 
made by Schwandt et al. 20 and Alexander et al. 

Figure 7: Elemental maps of the cross section of a partially reduced  TiO2 pellet  (TiO2:K2O = 1:0.2) with 
inert metallic anode at 900 °C. The right‑hand side of the micrograph shows the interfacial microstructure 
of  TiO2 pellet in contact with  CaCl2. The topochemical progression of electro‑reduction is apparent from 
the cross‑section examination.
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21. In this study, we show that the low current is 
a manifestation of much slower metallization 
of  TiO2 in spite of the use of  TiO2 mixed with 
 KHCO3. To support this point of view, in Fig. 7 
we show the elemental maps of a cross-section  
of partially reduced  TiO2 sample which con-
tained  TiO2:KHCO3 = 1:0.2. Although high cur-
rent was observed at the start, as shown in Fig. 1b, 
the formation metallic layer was only confined 
to 500 μm. We also confirmed the formation of 
KCl via reaction (3c), which also supports other 
accompanying reactions in 3a and 3b, for exam-
ple. It should be mentioned that no  K2TiO3 was 
found in the partially reduced sample.

Using the data in the current–time dia-
grams in Fig. 1a and b, the rate of mass change 
(Δm,g) has been plotted against time dura-
tion for electro-reduction. The change in mass 
was estimated using the Faraday’s law. Based 
on the computed mass from the current–time 
plots, the apparent rates of reduction for the 
inert and carbon anodes were estimated and the 
derived data from the linear regression analysis 
(R2 ≥ 0.998) in Fig. 8 clearly show that the over-
all kinetic constant for electroreduction is much 
slower for carbon than that for the inert anode. 
The comparison of kinetic data derived from 
Fig. 1a and b and the evidence from the X-ray 
diffraction and SEM analyses help in deuc-
ing that the inert anode with potassium salt in 
electrolyte and pellet may be better choice for 
molten salt based electro-reduction of  TiO2. 
Before we conclude this article, we compare the 
above-mentioned process of Ti production with 

Figure 8: A comparison of change in mass 
(Δm,g) with time (h, hour) during electro‑reduc‑
tion of  TiO2 present in  TiO2:K2O = 1:0.5 mixed 
powder mixture pressed into a pellet. Reac‑
tion under consideration for mass lost was: 
 TiO2 = Ti +  2O2 +  4e−.
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other electrolysis methods in Table 2, in which 
different methods of  TiO2 reduction are pre-
sented briefly with references.

4 �Conclusions
When the inert anode was used for electro-
reduction of pressed pellets of  TiO2:K2O = 1:0.5 
mixture at 900 °C, nearly 100% metallization 
of the  TiO2 to metallic Ti was achieved in less 
than 16 h of electrolysis. The experimental evi-
dence shows that more than 75% reduction was 
achieved within first 5 h when the decomposed 
 KHCO3 yielded  K2O by aiding the formation 
of  K4TiO4-rich liquid at 900 °C. The results of 
phase and microstructural examination also 
demonstrate that the intermediate  CaTiO3 phase 
decomposes under electro-reduction condition 
by exchanging anions via reactions (3a) and (3c), 
which then sustain the cathodic dissociation of 
 TiO2 present. The presence of  K4TiO4-rich liq-
uid appears to be responsible for the forma-
tion of thick continuous layer of Ti-metal on 
the peripheral surface pressed pellets. Once the 
 K4TiO4-rich liquid has exhausted, the remaining 
oxide proceeds via much slower combination of 
 O2− ion diffusion in perovskite and atomic dif-
fusion of oxygen in the β-Ti structure. There is 
also microanalytical evidence for the presence 
of larger concentrations of residual oxygen in 
the dendritic Ti-metal structure when compared 
with dense Ti-metal layer formed on the surface 
of the electro-reduced pellet. From the isother-
mal electro-reduction data, the rate constant was 
determined from the mass change versus time 
curves for the inert and carbon anode reduced 
pellets. It was found that the rate constant for car-
bon anode (kcarbon = 0.003 g  h−1) was nearly an 
order of magnitude smaller in magnitude than 
that observed for inert anode (kinert = 0.04 g  h−1). 
With carbon anode, the presence of  K4TiO4 does 
not lead to complete reduction of  TiO2 as the 
perovskite does not decompose spontaneously.
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