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Stable phase domains of the TiO,-Ti;05-Ti,0;3-TiO-
Ti(C,0y)-TiC system examined experimentally and
via first principles calculations

Jiwoong Kim” and Shinhoo Kang’,

The stable phase domains of the TiO,~Ti305-Ti,03-TiO-Ti(C,O,)-TiC system were examined
experimentally and using first principles calculations. The stable phase domains before, after,
and during (i.e., meta-stable phases) the carbothermal reduction of TiO, are reported here in
detail because this increasingly important reaction has not been systematically studied. Stable
phase domains were experimentally assessed from the isothermal study of the reduction of
TiO,; the thermodynamic activities and the Gibbs free energies of the formation of TiC and
TiO in Ti(C,O,) solid solution phases were calculated using the Gibbs-Duhem equation. The
first principles calculations of stable-phase-domain diagrams at different temperatures were
used to assess the effects of temperature. Formation energies of the solid solutions were
calculated using special quasi-random structures. Zero-point energies and phonon vibration
effects were calculated for the solid solutions by density perturbation theory implemented in
the Vienna ab initio simulations package. A thorough understanding of the stabilities of the
initial, final, and intermediate phases will allow the optimization of synthesis conditions and
aid the development of new materials. Therefore, this study is expected to aid the synthesis of
titanium oxides, titanium carbides, and their solid solutions for energy storage materials and
other useful applications.

production.'®!" Various other works have provided useful
information about the synthesis of these materials;'?'* however,

Titanium-based materials, such as titanium oxides, titanium
carbides, and their solid solutions, have for several decades
been considered promising materials for various applications.
Their high incompressibility, strength, and chemical properties
make them suitable for use as heterogeneous catalysts,
transparent coatings, and solar cells.'” These materials have
been considered for hydrogen storage, which is potentially
important to the generation of non-polluting renewable energy,
an important and growing field.®” In particular, the
thermodynamic stability of titanium carbides and non-
stoichiometric phases, such as TiC,_, and TiC,O,, makes these
materials attractive raw materials for carbide-derived carbon.®®
Therefore, the development of efficient syntheses of precise
compositions of titanium oxides, carbides, and their solid
solutions, as well as an understanding of their phase stabilities,
is increasingly important.

There are several syntheses of Ti(C,O,) (which includes TiC,
TiO,, and various intermediates), of which carbothermal
reduction is most favorable because of its low cost of producing
solid solution phases and its ease of nano-powder

This journal is © The Royal Society of Chemistry 2013

little attention has been paid to the stable intermediate phases of
TiO, and TiC at given external conditions, despite their
importance to the synthesis of Ti(C,Oy) solid solutions and
other intermediate phases.

This work investigates the stable phase domains of the TiO,—
Ti305-Ti,05-TiO—~(Ti(CO,))-TiC system using practical
thermodynamic experimental results and first principles
calculations. Transformations between the phases are
interpreted with respect to carbon activity and partial pressure
of CO. Isothermal study of the reduction of TiO, is used to
obtain the Gibbs free energies of the formation of solid solution
phases.' First principles calculation energies of the formation
energies of Ti(C,Oy) solid solutions are used to investigate the
effects of temperature on phase stability. Random Ti(C,O,)
solid solutions are modeled using special quasi-random
structures (SQSs), and density perturbation theory is used to
investigate temperature effects.'®!” The calculations agree well
with the experimental data, supporting the validity of the
models and calculation methods.
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To the best of our knowledge, the thermodynamic approaches
combined with computational methods have not been attempted
in the carbothermal reduction of titanium oxy-carbide system.
This study is expected to aid the synthesis of titanium oxides,
carbides, and their solid solution phases, which can be used as
energy storage materials and in many other applications.

Methods

Activity and formation energy of Ti(C,Oy) solid solution
First calculated were the thermodynamic properties of the
Ti(C,O,) solid solution phase. The thermodynamic model for
its formation is as follows:

xTiC + yTiO = Ti(C,0,). (1)

Other reactions associated with Ti(C,O,) formation can be
expressed as follows:

Ti + C = TiC, 2)
Ti + %oz =TiO. 3)

The Gibbs free energy of formation for Ti(C,O,) (eq. 1) at a
given temperature T and partial pressure of oxygen Pg, can be
expressed using the following thermodynamic equation:

Y/
AG (¢ 0,),1) = X AGHc + y{AG-f“o — RTIn (POZZ)}
+ RT{xIn(aric) + yIn(ario)}, (€]

where aric and ar;g are the activities of TiC and TiO in the solid
solution, respectively. To use the partial pressure of carbon
monoxide Pcg in the present study, eq. 4 is modified using the
following equations:

C+ %oz =Co, (5)
C+ 0, =CO0.. (6)
CO is more dominant than CO, at high temperatures

(>1400 °C),'® and the formation of CO is the governing
reaction above 1400 K during non-equilibrium
reduction.'* Therefore, the formation of CO (eq. 5) is only

cven

considered in the present calculations. In excess carbon, the
activity of carbon is unity; therefore,

AGco = —RTIn(Peo/Py!%) (7)
Egs. (4) and (7) can be used to calculate the formation energy
with respect to Pco and the activity coefficient (y). The Gibbs

free energy of Ti(C,O,) is, therefore,

AGfTi(CXOy), = x AGric + y{AGhi0 — AG o — RTIn(Peo)}

+ RT{xIn(x) + x In(yric) + yIn(y) + yIn(yrio)}
(®
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Taking the first derivative of AGfTi(cxoy),u) with respect to x

and employing the Gibbs—Duhem relation for a binary solid
solution system, eq. (8) can be expressed as follows: '

aAGf‘ri(cxoy),m _
0x -
X YTi
AGLic — AGL o + AG'o, (s) + RTIn (PCO ;ﬁ) ©)

At equilibrium, eq. (9) has to be zero, and the Gibbs free energy
of CO formation (AGfg) can be expressed as a function of
temperature; i.e., —111700 — 87.65T (J/mol)."” As a result, the
ratio of yric and yrio can be derived as follows:

i AGE—AGE o+ AGT, X
In (YT‘lC) = —{~CSric~4CTio 0. ® 4 In (PCO _)}’
YTio RT y

(10)
where AGH;c, AGL;o, and AGfeo are —164621, —395217, and
—250187 J/K at 1580 K, respectively. From eq. (10) and the
equilibrium partial pressure of CO (Pgg),'® the ratio of the
activity coefficients of TiC and TiO can be calculated with
respect to x; the coefficients themselves can be obtained from
eqs. (11, 12) as follows:*

In(yric)  Xtic = — ;TTiicczl XTio dln(%), (11)
In(yrio) i Xrio = — ;TTizjzleic dln (3:—:2) (12)

Stable phase domain calculations

If there is no tendency to form Ti(C,O,) solid solution phases,
the system will consist of three components (Ti—C—O) and five
condensed phases (TiO,—Ti;05-Ti,03;—TiO-TiC). The stable
phase domains can be calculated using the formation energies
of TiO,, Ti;0s, Ti,0s, TiO, and TiC from the JANAF table."”
The values of Gibbs free energy of formation and lattice
parameters used here are listed in Table 1.

Table 1 Experimental Gibbs free energies of formation of
titanium oxides and carbide

Condensed Phase AG" ™% (J/mol)

TiO2 -659875

TizOs -1769720

Ti2O3 -1092659
TiO -395217
TiC -164621

A system with five condensed phases has ten possible types of
boundary involving two condensed phases and a gas phase (sC,,
(5 x 4)/(2 x 1)); however, TiO, can be in equilibrium with only
Ti305 in the region of interest. Therefore, only seven types of
boundaries are considered in the present calculations
(Ti305/T1,03—gas, Tiz05/TiO—gas, Ti;05/TiC—gas, Ti,05/TiO—
gas, Ti03/TiC—gas, TiO/TiC—gas, and TiO,/Tiz;Os—gas).
Detailed calculations are provided below.

First principles calculations

This journal is © The Royal Society of Chemistry 2012
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Density functional theory (DFT) calculations were performed
using the Vienna ab initio simulations package (VASP).>!*?
Exchange—correlation terms were treated in the framework of
the generalized gradient approximation (GGA) in the Perdew—
Burke—Ernzerhof (PBE) functional.*** Ion—electron
interactions were described using the full-potential frozen-core
projector augmented wave (PAW) method.”*® Energy cutoffs
of 500 and 600 eV were used for the first and second structure
optimizations, respectively. Integration in the Brillouin zone
was performed using Monkhorst—Pack 11 X 11 X 11 k-points
for the unit cell models (8 atoms) of Ti(C,O,) with B1 (NaCl)
structure and 3 X 3 X 3 k-points for 3 X 3 X 3 (216 atoms)
supercell models with random substitution. Metallic Ti (hcp)
and graphitic C were calculated using spin-polarized DFT
calculations. The structure optimizations of Ti and C employed

13 x 13 X 6 and 15 X 15 X 8 k-points, respectively. The total
electronic energy and vibrational frequency of molecular
oxygen were computed in a 10 Ax 10 A x 12 A cell with
gamma point calculation. We adopted experimental values of
the enthalpy and entropy of O, to compensate for DFT energy
calculation errors for the gaseous phases.'*?’

SQSs were used to express random solid solutions of Ti(C,Oy);
they were created by the gensqs code as implemented in the
Alloy Theoretic Automation Toolkit (ATAT) package.”® SQSs
with 8 and 16 atoms were created; those with 16 atoms were
selected for the calculations because the 8 atom structures could
not satisfy the random correlation function. The 16 atom SQSs
of Ti(Cy750¢.25) and Ti(Cy 50, s) are illustrated in figure 1. The
generation of the SQSs has been reported in detail in previous
studies.?**

Fig. 1 SQSs of Ti(Co,750o_25) and Ti(Co,50o,5) solid
solutions. Ti(Co.2500.75) is described by swapping the C
and O positions of Ti(Co.7500.25).

To obtain the equilibrium volume as a function of temperature
and composition, the total electronic energy and phonon
vibrations were calculated at 19 volume points in each
composition. The Birch—Murnaghan equation of state with five
parameters (BM5 EOS, Eq. (13)) was employed to obtain the
equilibrium state X(V, P, T) at each temperature:

E(V) = a+bV™2/3 4 cV™*/3 4+ dV=2 4 eV~8/3,
X(V,P,T) = Eq(V) + Ezpp (V) + Fpu(V,T) + PV,

(13)
(14)

where a—e are constants, V is volume, P is pressure, T is

temperature, E. (V) is the electronic energy at 0 K, Ezpg(V) is
the zero-point energy (ZPE), and F,,(V) is the Helmholtz free

This journal is © The Royal Society of Chemistry 2012
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energy of phonon vibration. The ZPE and vibrational
Helmholtz free energy are obtained by

hw;
Ezpg(V) + Fpp(V,T) = z,& hw; + kgTin (1 - e‘@)]

(15)

where kg is Boltzmann constant and w; is individual phonon
frequency. In the present calculations, the changes of pressure
and volume of the condensed phases are both negligible.
Therefore, the Helmholtz free energy represents the vibrational
Gibbs free energy.'® First principles calculations of phonon
effects were conducted using the PHONOPY,*? which
provides a VASP interface to calculate force constants.

Unit cell and supercell models were expanded to suitable sizes
for the phonon calculations: the SQSs of Ti(C,O,) were
expanded by 2X 2 X 1 (64 atoms) for x = 0.25 and 0.75, and by
1x1x 2 (32 atoms) for x =
used 2 X 2 X 2 k-point grid meshes for models containing more

0.5. Brillouin zone integrations

than 64 atoms; other models were calculated using 5 X 5 X 5 k-
point grid meshes.

Results and discussion

Activity and formation energy of Ti(C,O,) solid solution at
1580 K

The activities of TiC and TiO calculated from previous
experimental results'> using the Gibbs—Duhem equation'® are
illustrated in figure 2.

1.0 —~ 1.0
.
L] L
"
g v
. - s d
0.8 4 ™ " 0.8
L 3 -
.
» .
»
0.6+ [} 0.6
— .
Q h o
E, / S
© 044 ] ] H04T
a, . (Calculated value)|
024 —a_ (Calculated value) w [02
a,. (Ideal solution)
a,, (Ideal solution)
0.0 . . . 0.0

0.0 0.2 ' 014 ' ofs ' 08 ' 1.0
Content of TiO (y) (TiCxOy)

Fig. 2 Activities of TiC (atic) and TiO (ario) in Ti(CxOy)
solid solution. Dotted line indicates ideal solution behavior.

They show positive deviation from ideal solid solution behavior:
the activity coefficients of TiC and TiO in Ti(C,O,) solid
solutions are higher than unity. The relationship between
activity coefficient, enthalpy, and temperature is as follows:

J. Name., 2012, 00, 1-3 | 3



Journal of Materials Chemistry A

d(RIn(y)) _

m
oan = AH™, (16)

where y is the activity coefficient and AH™ is the enthalpy
change due to the mixing. The equation shows that the positive
deviation (y > 1) led to a positive change of enthalpy; i.e., the
mixing is endothermic. Therefore, TiC and TiO in Ti(C,Oy)
solutions are expected show phase separation or clustering.

By contrast, the mixing Gibbs free energies of Ti(C,O,) solid
solutions are negative regardless of their composition (Table 2),
indicating that such solid solutions can form across the whole
composition range despite their positive mixing enthalpy.
Mixing entropies (e.g., thermal and configurational)
compensate for the effects of the mixing enthalpy.

Table 2. Experimental formation and mixing Gibbs free
energies of various Ti(CxOy) solid solution phases

Composition  Activity of  Activity of AGfTi(Cxoy)

(x) TiO TiC (J/mol)
0.00 0.00 1.00 -164621
0.04 0.19 0.96 -175232
0.10 0.40 0.92 -189870
0.15 0.51 0.88 -201965
0.28 0.68 0.82 -232483
0.33 0.71 0.81 -244057
0.50 0.77 0.77 -283352
0.70 0.82 0.69 -329325
0.90 0.92 0.40 -374347
1.00 1.00 0.00 -395217

The formation energies listed in Table 2 become more negative
with increasing oxygen content in the solutions. TiO with a Bl
(Fm-3m) structure shows a more negative formation energy
than does TiC. Accordingly, the phase stability increases with
increasing TiO content. Note that TiO shows the greatest
stability under the given conditions; however, TiO with a Bl
structure is difficult to detect during carbothermal reduction.
This is because precise conditions (e.g., oxygen and carbon
contents) are needed for it to form; i.e., a system containing
carbon immediately produces a Ti(C,O,) solid solution phase
owing to the negative mixing free energy of TiC and TiO. Even
if a system is carbon free, TiO transforms to Ti,O;, Ti30s, or
TiO, phases owing to the lower stability of TiO
(—395.22 kJ/mol) relative to these phases. The phase
transformation during carbothermal reduction is discussed in
detail in the following section.

Stable phase domain

Once stable phase domains are obtained, the exact composition
of the final product is expected to be also obtainable. That is,
the composition of the final product can be controlled by
modulation of the experimental conditions. Therefore,
knowledge of the stable phase domains is important in the
production of pure materials, solid solutions, and intermediate
compounds. The stable phase domains of the TiO,-Ti;0s—

4| J. Name., 2012, 00, 1-3

Ti,05-TiO-TiC system (without a solid solution phase), which
were calculated using the Gibbs free energy of formation in the
JANAF table," are represented in figure 3(a). In the case of the
stable phase boundary of Ti;Os and Ti,Osz, the following
reaction can be considered:

3Ti, 05 +§o2 = 2Ti;05 (17)
The Gibbs free energies of formation for Tiz;Os and Ti,O3 are
—1769.72 and —1092.66 kJ/mol at 1580 K, respectively (Table

I). From eq. (17) and the Gibbs free energy of formation, we
have

1
AG™™ =2 x (AGH;,0.) — 3 % (AGh0,) — > RTlog(Po,) (18)

The term log(Pp,) can be calculated using eqgs. (17) and (18).
The term log(Pco) can be alternatively formulated using the
formation of CO in eq. (5). Changes in the standard Gibbs free
energy of eq. (5) can be expressed as a function of

temperature,'® and the following equation describes the system
at 1580 K:

log(Po,) = —16.57 + 2log(Pco) — 2log(ac) (1580 K) (19)

Eqgs. (18) and (19) can be used to calculate the phase boundary
of Ti;Os and Ti,O3 with respect to log(ac) and log(Pcp). The
other six stable phase boundaries can be calculated using
similar methods The related reactions are as follows:

3TiO + 0, = Ti30s, (20)
3TiC +20, = Tiz05 + 3C;, (e2))
2TiO + 50, = Ti, 03, (22)
2TiC +20, = Ti, 05 + 2Cs, (23)
TiC +0, = TiO + C, and (24)
Tiz05 + 20, = 3TiO,. (25)

Figure 3(a) indicates that the stable phase region of TiO, does
not directly contact the stable phase regions of Ti,Os, TiO, or
TiC. This implies that a direct transformation of TiO, to Ti,Os,
TiO, or TiC without a Ti;Os phase would be energetically
unstable. Therefore, TiO, must first change to Ti;05 before the
other reduced phases can form during the carbothermal
reduction. In excess carbon (log(a.) = 0), Tiz;Os can form TiC
directly during carbothermal reduction. However, Ti(C,O,)
solid solution phases can form in the TiO,—Ti;05—Ti,03;—-TiO—
TiC system;'® therefore, the stable phase boundaries of the solid
solution phase should be examined.

The stable phase domains of the TiO,—Ti;0s—Ti,0;—TiO—
Ti(C,O,)-TiC system are represented in Figure 3(b). An
additional five stable phase boundaries have to be examined
(Ti(C,0,)/Ti0,/Ti305/Ti,05/TiO/TiC) to obtain the stable
phase domains with the solid solution phase; however, only
three stable phase boundaries remain after eliminating the meta-

This journal is © The Royal Society of Chemistry 2012
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stable phase boundaries.'® Note that the stable phase regions of
TiO vanished in this case, which leads to TiO readily
transforming to the Ti(C,O,) solid solution phase during
carbothermal reduction. Such a result agrees with the previous
analysis of mixing free energy (Table 2). Consequently, the
production of Ti(C,O,) or TiC by carbothermal reduction can
be achieved through two pathways: TiO, — Ti;05 — Ti,0; —
Ti(C,0y) — TiC, or TiO, — Ti;05 — Ti(C,Oy) — TiC. The
choice of pathway is determined by the experimental conditions,
such as carbon activity. This result strongly supports the
experimentally observed TiO, carbothermal reduction sequence:
TiO, — Ti;05 — Ti,0; — Ti(C,0,) — TiC."

TIC +C ThOe + € TIO; + C
0
a) ——Ti,0,/Ti 0 (050 /030 f130
——TiOTi 0
—TiC/TiO
19 —Ticmio,
TiC/Ti O,
—Ti 0/TiO.
2 (39.22)
>
L
=)
9 a1
=
(:9.6,:5.9)
5 , S, . :
-14 12 10 -8 -6 4 2 0 2
log(P_,)
TG0, +C
1 10.4C TO C
0
b)
44
i, [
)
8
<]
o

(-19.7.-5)
T

-14 -12

log(P_.)

Fig. 3 Stable phase domains of the TiO>—TizOs5—Ti2O3—
TiO-Ti(CxOy)-TiC system at 1580 K, (a) with and (b)
without the solid solution phase.

First principles approaches

Experimental results showed that Ti(C,O,) and TiC could be
synthesized by carbothermal reduction via two paths; however,
this result is restricted with respect to temperature, pressure,
and other factors. The combination of experimental and
theoretical analyses can effectively overcome such limitations.
Here, first principles calculations are used to expand the limited
experimental results. Figure 4 illustrates the Birch-Murnaghan
equation of state fitting the equilibrium volume change of
Ti(Cy,500.75) as a function temperature. The current results

This journal is © The Royal Society of Chemistry 2012
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clearly show the volume expansion of the solid solution with
increasing temperature, although no noticeable volume change
is observed from 0 to 300 K. The volume changes of the
Ti(C,O,) solid solutions are similar regardless of carbon
content.

178 . , . . r . -

e E. + Eprat0 K .
g0 CrmeEet A0l . ]

1000 K e
-18.2 | o

-~
= 1500 K —~0—r
3 184 4
L
)
= <
1864 T d
% zooo\f’\q\‘,\q\d\/
P e A4
o - =
= -18.8
[
e
1909 2500k P b
B =SNG WIS
-19.2 i i : g . r
20 21 22 23

Volume (A °/f.u.)

Fig. 4 Birch—Murnaghan equation of state fitting of the
equilibrium volume change of Ti(Co.2500.75).

The calculated and experimental lattice parameters of the solid
solution phases are listed in Table 3. The experimental values
are obtained using Vegas’s rule. The calculated lattice
parameters are increased with increasing the carbon content. In
addition, the lattice parameter differences between calculated
and experimental values are below 2 %. This indicates that the
SQS models successfully represented the solid solution phases
of TiC and TiO.

Table 3 Calculated and experimental lattice parameters of
TiC, TiO, and Ti(CxOy) solid solution phases with a B1
structure

Composition Calculation Experimental
(x) (300 K)/ A (298 K)/ A
0.00 4.288 4.207t
0.25 4.291 4.238
0.50 4.310 4.270
0.75 4.321 4.301
1.00 4.336 4.332¢

The Gibbs free energy of mixing of TiC and TiO is shown in
figure 5(a). The configurational entropy is assumed for
simplicity to be equal to that of an ideal solution. The results
show a negative deviation compared with an ideal solution,
indicating that TiC and TiO readily form solid solutions over
the whole composition range. The maximum mixing tendency
is shown at about x = 0.40. The calculated formation energies
of Ti(C,Oy) solid solutions at different temperatures are
illustrated in figure 5(b). A comparison of the experimental and
calculated results at 1580 and 1500 K shows good agreement of
the formation energies of TiC and TiO. However, a maximum

J. Name., 2012, 00, 1-3 | 5
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difference of about 13.8% in the solution compositions is
observed. This difference originates from the calculation
overestimating the mixing tendency, probably due to the
configurational entropy and the SQS models. The
configurations of the solutions are assumed here to be ideal;
however, the activities of TiC and TiO in solution clearly show
a strong positive deviation compared with an ideal solution.
This may affect the micro-configuration of the solid solutions.
SQS models were also employed to examine random solutions
of Ti(C,Oy); however, as mentioned above, the solution was
found to show phase separation or clustering. Therefore, the
SQS model is a possible source of error in the present
calculations, and the formation energy differences in solid
solution compositions are higher than those of the pure
substances TiC and TiO. To correct the errors, the effects of
enthalpy on the configurational entropy and suitable
segregation models for solid solutions should be considered;
however, these are beyond the scope of the present study. In
addition, the effects of this error source are minor and therefore
the corrections are not considered here.

a) of% T T T p

20 ; 4
30 -

- 40 - g -

AG" ., (kJ/mol)

[ o 300K
‘ 1000 K
1500 K
‘ 2000 K )
Ideal solution

50

-60

-70 T T T
0.00 0.25 0.50 075 1.00

Content of TiO (y) (TiCxOy)

T L T T % T T
bliso ] §
200 - ]
-250 i e
D s o i
g o
o | a
- ¥,
< 350 1
o ¢
o - ~
® 407 oo 300k-o 100K A
< 41500 K - 2000 K (DFT cal.)
450 - > §
2 300K @ 1000K
5004 % 1500K @ 2000 K (Ref. 19) ]
1580 K (Table 2)
550 L— . . - ; : . :
0.00 025 0.50 0.75 1.00

Content of TiO (y) (TiCxOy)

Fig. 5 DFT-calculated Gibbs free energies of (a) mixing
and (b) formation of Ti(CxOy) solid solutions

Based on the calculated formation energies, stable phase

domains of Ti(C,0,)/TiO-/Ti;0s/Ti,O3/TiO and TiC at
different temperatures are depicted in figure 6. Note that the

6 | J. Name., 2012, 00, 1-3

calculated stable area of Ti(C,O,) is larger than that
experimentally observed due to the difference between the
experimental and calculated formation energies.

At 1000 K, TiO, can be transformed directly to Ti(C,O,) in
excess carbon. However, this process is difficult to achieve
because despite there being enough carbon (ac = 1), a CO
partial pressure of at least 10 is needed. Pure TiC also cannot
practically be formed from TiO, owing to the limitation of CO
partial pressure (~10"%).

Note that no stable region of TiO, or other titanium oxide
phases exists in excess carbon at 2000 K, indicating that TiO,
and the other titanium oxides are readily reduced in excess
carbon to Ti(C,O,) and TiC regardless of the partial pressure of
CO. The reduction can occur even in systems with low carbon
activity. Also, the stable areas of TiC and Ti(C,O,) became
larger with increasing temperature, indicating that its relative
phase stability increased and that production was more easily
achieved at higher temperatures. In short, high temperature is
essential to the reduction of titanium oxide phases to TiC or
Ti(C,Oy) phases.
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0 TC,0)+C f TiO < C
a) mic A

/y=04
y=0.1 (42-02)

=)
L
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Lo
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TiO, + €

0 TiC + € THC,0,) + C 1 1o+

b)
TiC
a4
fe0.1

24 0.2
o
&
{=J
o

34

(14,39

<41
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TiC +C THC,0,) + €

C) (4.5.0)

(2-0.3)

TiC
2-1.3)

TH(C,0,)

(14.47)

Fig. 6 DFT-calculated stable phase domains of the TiO>—
TisOs—Ti203—TiO-Ti(CxOy)-TiC system at: (a) 1000 K, (b)
1500 K, and (c) 2000 K.

In addition, the current calculations revealed that TiO, cannot
be reduced directly to Ti(C,Oy), and there are two paths that
yield TiC or Ti(C,Oy) solid solutions from TiO, at 1500K. This
is in good agreement with the experimental stability results at
1580 K. These findings and the present combinational methods
may aid the study of reduction in various academic and
industrial fields.

Conclusions

The stable phase domains of the TiO,—Ti;0s—Ti,0;—TiO—
Ti(C,O,)-TiC system were assessed using measurements of
isothermal CO gas pressure during the carbothermal reduction
of TiO, and also using first principles calculations. The
activities of the solid solutions demonstrated a positive
deviation from ideal solid solution behavior, indicating that the
mixing of TiC and TiO is endothermic, which would favor the
phase separation or clustering of the solid solution. However,
the negative Gibbs free energy of mixing indicates that TiC and
TiO can readily form solid solutions over the whole range of
compositions.

The effects of temperature on phase stability were examined
using first principles calculations. Although the calculations
contained potential error sources, they successfully represented
the stable phase domains of the system at different
temperatures.

The stable phase domains of the TiO,—Ti;05—Ti,0;—-TiO—
Ti(C,O,)-TiC system showed that there are two paths for the
carbothermal reduction of TiO, to TiC at 1580 K: TiO, —
Ti;05s — Ti,0; — Ti(C,0y) — TiC, and TiO, — TizOs —
Ti(C,O,) — TiC. First principles calculations demonstrated that
TiO, can be reduced directly to Ti(C,O,) with excess carbon at
1000 K. However, due to the low temperature for reduction, it
is difficult to form Ti(C,O,) and pure TiC cannot practically be
obtained by carbothermal reduction. However, a sufficiently
hot system (2000 K) enables the transformation of TiO, and
other titanium oxides to Ti(C,Oy) in excess carbon regardless of
the partial pressure of CO.

This journal is © The Royal Society of Chemistry 2012
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The present combinational study successfully describes a
systematic interpretation of the TiO,—Ti305—Ti,0;-TiO—
Ti(C,O,)-TiC system during carbothermal reduction.
Considering the usefulness and importance of both the
materials and the method, this work could aid the synthesis of
titanium oxides, carbides, and their solid solutions. The
combinational method used here may be effectively applied to
other materials systems.
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Graphical Abstract
The stable phase domains of the TiO,-Ti305-Ti,03—TiO-Ti(COy)-TiC system were

examined experimentally and using first principles calculations.
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