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1. Introduction

Flames offer an attractive chemical vapor deposition (CVD)
route to nanostructure preparation. Well-designed flame envi-

ronments can produce metal oxide nanoparticles and struc-
tures with high purity, high throughput rate, controllable size,

crystal phase and morphology.[1–3] Examples include carbon
nanoparticles[4] , nanotubes,[5, 6] flakes and needle arrays,[7] mag-

netite,[8] and nanoscale catalysts.[9] One of the frequently stud-

ied metal-oxides is titanium dioxide or titania (TiO2). Rutile and
anatase are two common polymorphs of TiO2, and they differ

notably in properties.[10, 11] As a metastable form of titania,[12]

anatase has garnered considerable interest owing to its wide

ranging applications, from dye-sensitized solar cells[13] and pho-
toelectric chemical catalysis[14] to chemical sensors.[15] Doped
TiO2 can exhibit rich electronic,[16] electrochemical,[17] catalytic[18]

and photocatalytic[19, 20] properties that are the basis of many
emerging applications.

Studies of crystal phase stability and transformation in TiO2

extend from the classical work on bulk TiO2
[21] to the more

recent evaluations of nanoparticles.[22–25] Surface free energy
plays an important role in crystal-phase equilibrium in nano-

particles and nanostructures. Notably, by considering the sur-
face energy and surface stress of fully oxygenated TiO2 surfa-
ces, Banfield and co-workers[22, 23, 25] constructed a phase dia-

gram for TiO2 nanoparticles using results of atomistic simula-
tion.[26] The rutile-anatase crossover diameter was predicted to

be around 14 nm over the temperature range of 300 to
1000 K, below which anatase is thermodynamically favored.

A series of flame synthesis studies we conducted over the
past years[13, 27–29] suggest that the phase equilibrium of TiO2

nanocrystals cannot be fully described by Banfield’s model. Al-

though the earlier results are not as conclusive owing to the
limited range of gas conditions in which rutile was found to

be dominant, these studies did show that rutile particles
<14 nm and anatase particles >14 nm can be reproducibly

prepared in flames.[13, 27, 28] The determining factor appears to
be the gas-phase composition and more specifically, the avail-
ability of molecular oxygen. While anatase was the dominant

crystal phase in oxygen-rich conditions, rutile was predominant
in oxygen-deficient environment. Similar observations were re-
ported in co-flow diffusion flames in which controlled quench-
ing led to some degree of controlled titania nanoparticle crys-

tal phase.[30, 31]

The observations suggest that a more generalized thermo-

dynamic interpretation is required to make useful predictions
for the crystal phase of TiO2 nanoparticles when they are pre-
pared at high temperatures. The theory should probably con-

sider the effect of oxygen desorption on surface energy and
resolve the interplay among surface composition, surface

energy, and crystal phase stability. Qualitative evidence about
this interplay is abundant. Adsorption and passivation was

found to have a considerable impact on the surface free

energy, which, in turn, can influence the crystal shape.[32–34]

Water at 100–300 8C passivates TiO2 surfaces, an effect of

which is to reduce the surface energy and the anatase-rutile
crossover size.[24] The sensitivity of the crossover size to surface

composition was also reported in thermal coarsening experi-
ments.[35, 36] Atomistic simulations revealed the sensitivity of

Nano-scale titanium oxide (TiO2) is a material useful for a wide
range of applications. In a previous study, we showed that TiO2

nanoparticles of both rutile and anatase crystal phases could

be synthesized over the size range of 5 to 20 nm in flame-as-
sisted chemical vapor deposition. Rutile was unexpectedly

dominant in oxygen-lean synthesis conditions, whereas ana-
tase is the preferred phase in oxygen-rich gases. The observa-

tion is in contrast to the 14 nm rutile–anatase crossover size
derived from the existing crystal-phase equilibrium model. In

the present work, we made additional measurements over a
wider range of synthesis conditions; the results confirm the

earlier observations. We propose an improved model for the

surface energy that considers the role of oxygen desorption at
high temperatures. The model successfully explains the obser-

vations made in the current and previous work. The current re-
sults provide a useful path to designing flame-assisted chemi-

cal vapor deposition of TiO2 nanocrystals with controllable
crystal phases.

[a] C. Liu, Prof. H. Wang
Mechanical Engineering Department
Stanford University
Stanford, CA 94305 (USA)
E-mail : haiwang@stanford.edu

[b] Prof. J. Camacho
Mechanical Engineering Department
San Diego State University
San Diego, CA 92189 (USA)

The ORCID identification number(s) for the author(s) of this article can
be found under https://doi.org/10.1002/cphc.201700962.

ChemPhysChem 2018, 19, 180 – 186 T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim180

ArticlesDOI: 10.1002/cphc.201700962

http://orcid.org/0000-0001-6507-5503
http://orcid.org/0000-0001-6507-5503
https://doi.org/10.1002/cphc.201700962


crossover size to surface H-atom bonding by showing that oxy-
genated surfaces and hydrated surfaces have different cross-

over sizes.[32, 37] Calorimetry methods have provided insights
into the contribution of oxygen desorption to phase equilibria

of nano-crystalline metal oxide.[38, 39] More recent calorimetry
studies have considered the impact of grain boundaries[40, 41]

and particle shape[42] on crystal phase equilibria of titania
nanocrystals.

The current study has two objectives. First, we provide con-

clusive evidence that rutile particles smaller than the crossover
size of 14 nm and anatase particles larger than the crossover

size can be prepared by simply manipulating the abundance
of molecular oxygen in flames. Second, we propose a more
generalized thermodynamic treatment for the phase stability
of TiO2 nanoparticles. The treatment supplements Banfield’s

model with a consideration of surface oxygen adsorption/de-

sorption equilibrium.

Experimental Methods

Titania nanoparticles are prepared using a flame CVD tech-
nique.[27, 29, 43] As illustrated in Figure 1, a quasi 1D disc-like gaseous
flame sheet is stabilized at atmospheric pressure around 3 mm
from a rotating surface. The mechanism of flame stabilization is
flow stretch or anchoring of the flame due to gas flow divergence
as it impinges against the surface. The reactant gas, issued through
the nozzle, is combustible and comprised of ethylene, oxygen and
argon. The gas is doped with vaporized titanium tetraisopropoxide
(TTIP). TiO2 nanoparticles nucleate in the flame sheet from Ti pre-
cursors and grow by particle coagulation and surface condensa-
tion/reaction. The temperature gradient in the particle growth
region between the flame and the rotationally chilled surface can
exceed 5000 K cm@1, thus producing a strong thermophoretic force
FT on the growing particles which transports them to the surface
for deposition into films. In the flame and after nucleation, the par-
ticle growth time is typically several milliseconds.[29]

The TiO2 particle size is controlled by the Ti precursor concentra-
tion. The TTIP concentration ranges from 100 to 3000 ppm in the
reactant gas. The flames can be oxygen-rich or oxygen-lean, de-

pending on the O2 concentration in the reactant gas. The oxygen
abundance may be characterized by the equivalence ratio f, de-
fined as the ratio of the actual ethylene-to-oxygen ratio to the stoi-
chiometric ethylene-to-oxygen ratio. Thus, f<1 corresponds to
excess oxygen, while f>1 is oxygen deficient for fuel oxidation.
The equilibrium O2 concentration is indicative of the O2 abundance
in region where particles are synthesized. The value may be deter-
mined in an adiabatic and isobaric equilibrium calculation of the
burned gas. Table lists the equilibrium O2 mole fraction xO2,eq for
each flame, along with the adiabatic flame temperature Tad. The
thermochemical properties of TTIP was taken from Buerger et al,[44]

and those of other species from USC Mech II.[45] It is worthy noting
that the actual peak temperature of the synthesis flame is lower
than the adiabatic flame temperature because of heat loss to the
rotating surface. For example, the actual temperature is around
2100 K for flame 1a, while the adiabatic flame temperature is
2354 K.[27]

Microscope slides are mounted flush to the rotating surface for
particle collection. The deposited TiO2 nanoparticle films are ana-
lyzed by X-ray diffraction (XRD) using PANalytical X’pert Pro diffrac-
tometer equipped with a Cu X-ray tube operating at 45 kV and
40 mA. The weight fraction of anatase and rutile was determined
using the method of Spurr and Meyers.[46] The correction factor for
the relatively high intensity of the [101] peak of anatase as com-
pared to the rutile [110] peak was taken to be 0.842, an average of
values reported previously.[22, 46] The crystallite size is determined by
fitting the peaks corresponding to the [211] face of rutile and the
[101] face in anatase. A pseudo-Voigt function is used and the
Scherrer’s constant was taken for each face.[47]

Particles are examined under transmission electron microscopy
(TEM, FEI Tecnai G2 F20 X-Twin at 200 keV) to confirm the XRD
crystallite size and assess whether the spherical assumption ap-
plies. The samples are prepared by dispersing the particles by soni-
cation in ethanol, followed by deposition onto a copper-supported
holey carbon TEM grid (Electron Microscopy Sciences HC200-Cu)
and drying. The particle size was determined from TEM images as
the average of the major and minor axes of an ellipse drawn over
each particle. The difference between the major and minor axis
was typically within 10 %.

2. Results and Discussion

The flame environment in which the nanoparticle synthesis
takes place may be characterized by a rapid rise of the temper-

ature close to the flame (see Figure 1), followed by a &2 mm
region exceeding 2000 K. The particles nucleating from the

gas-phase and in subsequent early growth stages are expected
to be liquid-like droplets because the melting point of bulk
TiO2 is 2116 K and even lower for nanoparticles.[48–51] The parti-

cle-laden gas cools as the flow impinges on the chilled surface
in the last 1 mm of reacting flow. During the thermophoretic

transferring process, the particles cool and solidify into crystal-
line particles. The freezing temperature and gas composition

at the solidification point are expected to determine the crystal

phase of the particles eventually deposited onto the substrate.
Although the freezing point of the particles is not precisely

known and the particle ensemble effect causes different freez-
ing points, our estimate is that the temperature at which this

occurs is around 1800 K, as this may be inferred also from the
MD results of Zhang et al.[51]

Figure 1. Schematic illustration of TiO2 nanoparticle film preparation in a
typical flame-assisted CVD setup.
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Six TiO2 nanoparticle samples (OR1-3 and OL1-3) are pre-
pared in the current work, as shown in Table 1. Along with six

samples from a previous study,[27] they form the basis for the
current analysis. The measured XRD crystallite size is listed in

the same table for each sample. Typical XRD patterns of the
deposited TiO2 are shown in Figure 2. For particles prepared in

oxygen-rich flames, the prominent (101) diffraction peak and
the accompanying peaks are indicative of tetragonal anatase

TiO2. For oxygen-lean flames, prominent diffraction peaks, such

as those corresponding to the (111) and (211) faces, are indica-
tive of tetragonal rutile TiO2. In all cases, there is a small contri-

bution from anatase as indicated by the (101) peak. Again, for
the oxygen lean conditions, the small diffraction peak at 338
could be due to the presence of Ti3O5, but its weight fraction
is too small to be of importance to the present analysis.[52]

To verify the XRD crystallite site, we show in Figure 3 repre-

sentative TEM images and size distribution for particles collect-
ed from the OR2 flame. In calculating the size distribution, the
particles are assumed to be spherical using the TEM diameter
values. The median diameter of the particle size distribution,

11.5 nm, is in close agreement with the XRD crystalline size at
11.3 nm. The particles synthesized are mostly single-crystal par-

ticles and XRD crystalline size is basically a measure of the par-
ticle size for even the less uniform particle compositions (e.g.
the OL1 sample).

Figure 4 shows the weight percentage of anatase in the par-
ticle samples as a function of the crystallite size and equilibri-

um gas-phase O2 mole fraction. The balance is the rutile frac-
tion. While the top panel shows no correlation between the

anatase fraction and crystallite size, the bottom panel displays

the clear dependence of the crystal phase on gas-phase
oxygen concentration. Anatase is the preferred phase when

oxygen is abundant; rutile dominates the phase equilibrium
when the oxygen concentration is low. The change from rutile

dominance to anatase dominance occurs over a rather small
range of O2 concentrations. The results illustrate that the rutile

Table 1. Flame equivalence ratio (f), adiabatic temperature (Tad), equilib-
rium O2 mole fraction (xO2 ;eq), crystallite size and phase data of the TiO2

particles synthesized.

Flame f Tad [K] xO2 ;eq Crystallite
size [nm][a]

%(wt)
anatase[b]

OR1 0.44 2385 1.8 V 10@1 <5 78
OR2 0.46 2329 1.5 V 10@1 11.3 93
OR3 0.59 2667 1.5 V 10@1 17.7 94
OL1 1.19 2557 3.3 V 10@3 <5 30
OL2 1.15 2560 4.4 V 10–3 7.5 26
OL3 1.33 2606 1.7 V 10@3 12.1 29
1ac 0.52 2354 1.3 V 10@1 11 91
1bc 0.68 2551 8.5 V 10@2 13 95
1cc 0.83 2652 5.4 V 10@2 13 71
2ac 0.90 2651 3.7 V 10@2 11 98
3ac 1.13 2782 1.6 V 10@2 8 20
4ac 1.27 2797 9.3 V 10@3 9 12

[a] as determined by XRD. [b] the balance is rutile. [c] taken from Memar-
zadeh et al.[27]

Figure 2. Selected XRD patterns of TiO2 particles prepared in oxygen rich
flames (top panel) and oxygen-lean flames (bottom panel).

Figure 3. TEM images and volume distribution of OR2 particles. The histo-
gram is collected from a sample of 239 particles. The fit to the size distribu-
tion uses the log-normal distribution.
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crystal phase below 14 nm can be prepared at high tempera-

tures so long as the system is deprived of oxygen at the point
where particles solidify.

3. Modeling

The size dependence of the TiO2 nanocrystal phase was ex-
plained in the spherical limit by Zhang and Banfield.[23] In their

treatment, the Standard Gibbs free energy for anatase-to-rutile
transformation is given as [Eq. (1)]:

DG2 ¼ Df G2R @ Df G2A þ 2 2t þ 3ð ÞM
d

gR

1R
@ gA

1A

. -
¼ > 0 anatase

< 0 rutile

(
ð1Þ

where subscripts R and A denote rutile and anatase, respec-

tively, Df G2 is the standard Gibbs energy of formation of the

bulk-phase material, t is the ratio of surface stress to surface
free energy, M is the molecular weight of TiO2, d is the crystal-

lite size or particle diameter, g is the surface free energy, and 1

is the mass density. According to [Eq. (1)] , both bulk and sur-

face properties impact the nano-TiO2 phase stability. The sur-
face effect increases as particle size decreases, thus causing

the size dependence of the crystal phase equilibrium. Using

the JANNAF thermodynamic properties[53] and the atomistic
simulation result of surface energy of fully oxygenated TiO2

surfaces,[26] [Eq. (1)] yields a crossover diameter of 14 nm below
which anatase is more stable than rutile.

At high temperatures, oxygen desorption can be important
to surface composition. For example, under oxygen-lean or re-

ducing conditions, oxygen vacancy on bulk TiO2 can be signifi-
cant.[21, 54] For a given temperature, the gas-phase oxygen con-

centration is the determining factor of the absorption/desorp-
tion equilibrium on TiO2 surfaces.[12, 43] Under oxygen deficient

conditions, the reaction 2 O@ÐO2(g) + 2 s@ shifts to the right-
hand side, leading to the formation of vacant sites s@ . In what

follows, we demonstrate how surface oxygen vacancies can in-
fluence the surface energy and perturb the crystal phase equi-

librium.
The oxygen desorption enthalpy DH2r at 298 K is reported to

be 59 kcal mol@1 for a mixture of anatase and rutile powder.[55]

Earlier, we reported the desorption enthalpy to be 58 kcal
mol@1 for Degussa P25 nano-anatase (25 nm nominal diameter)

and 54 kcal mol@1 for 9-nm anatase particles prepared by the
current flame CVD process.[43] The same TiO2 nanoparticles
show an O2 desorption activation energy of 50.4:0.4 kcal
mol@1 at 773 K.[43] The observed desorption enthalpy difference

just discussed is consistent with recent findings that nano-
phase transition metal oxides show large thermodynamically

driven shifts in oxidation-reduction equilibria.[38] That is, metal-

oxygen bonds weaken toward small particle sizes.
Here, we use DH2r;298K = 55 kcal mol@1 to model the desorp-

tion enthalpy. The entropy and sensible enthalpy of 2 O@ and
2 s@ sites were assigned the values of TiO2 and Ti, respectively.

The vacant-site fraction ns@ is obtained from the equilibrium
constant Kp, [Eq. (2)]

Kp ¼
PO2

P0

ns@
1@ ns@

. -2

¼ e@DG2anatase!rutile Tð Þ=RT ð2Þ

where P0 is the standard pressure. For the current flame CVD
process, PO2

2
P0 is the gas-phase O2 mole fraction xO2

. The

vacant-site fraction is therefore [Eq. (3)]:

ns@ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Kp

2
xO2

q
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Kp

2
xO2

q ð3Þ

For xO2
<10@2, which corresponds to an oxygen lean condi-

tion (see Table 1), we find that ns@>36 % at 1500 K.

Equation (1) may be adapted to account for the influence of
desorbed surface sites [Eq. (4)]:

DG2anatase!rutile ¼ Df G2R @ Df G2A þ 2 2t þ 3ð ÞM
d

gR=Ti

1R
@ gA=Ti

1A

. -
ð4Þ

where gR/Ti and gA/Ti are the surface free energies of rutile and
anatase with partially desorbed surfaces, respectively. These

free energies may be estimated by [Eq. (5a) and (5b)]

gR=Ti ¼ ns@gTi þ
.

1@ns@

-
gR ð5aÞ

gA=Ti ¼ ns@gTi þ
.

1@ns@

-
gA ð5bÞ

In the above equations, gTi is the surface free energy of tita-
nium. gR and gA may be calculated from [Eq. (6)]:

Figure 4. Anatase weight percent versus crystallite size (top panel) and equi-
librium O2 mole fraction (bottom panel). The balance is rutile. Symbols are
experimental data: oxygen-lean: solid symbols; oxygen-rich: open symbols.
Lines are drawn to guide the eyes.
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g Tð Þ ¼ h Tð Þ @ TsO Tð Þ

¼ h 0Kð Þ þ
Z

T

0
c Tð ÞdT

+ *
@ T

Z
T

0

c Tð Þ
T

dT
ð6Þ

where h(0 K) is the surface enthalpy: hR(0 K) = 1.93 J m@2 and
hA(0 K) = 1.34 J m@2.[23] The specific heat c(T) may be estimated

by extrapolation with the Debye theory[56] from the low-tem-

perature measurement.[57] Using a Debye temperature value of
670 K for TiO2,[58] we find c = 2.12, 2.30, and 2.33 V 10@4 J m@2 K@1

for T = 500, 1000, and 1500 K, respectively.

The surface free energy of titanium was assumed to be

equal to that of its liquid phase[59] [Eq. (7)]

gðJ m@2Þ ¼ 1:64@2:38> 10@4½T@1043A ð7Þ

where T is in K. The ratio of solid-to-liquid surface specific heat
was taken to be 1.18.[60] The thermal expansion was considered

by treating the density 1 as a function of temperature. 1 de-

creases by &5 % as temperature increases from 300 to 2000 K.

The Gibbs free energy of bulk rutile and anatase were taken

from the JANAF table [47] , which may be parameterized as a
function of T (in K) from 300 to 2000 K as [Eq. (8) and (9)]:

Df G2RðJ=molÞ ¼ @9:46> 105 þ 2:472> 102 T@9:593 T lnT

þ2:994> 10@3 T 2@3:472> 105 T@1
ð8Þ

Df G2AðJ=molÞ ¼ @9:41> 105 þ 2:655> 102 T@12:21 T lnT

þ3:966> 10@3 T 2@2:603> 105 T@1
ð9Þ

Assuming t = 1,[23] the phase equilibrium may be calculated
as a function of crystallite size (or particle diameter), gas-phase

O2 mole fraction xO2
, and temperature T. Figure 5 shows the

DG2anatase!rutile ¼ 0 isosurface at 1 bar pressure. At low tempera-
tures (<500 K), oxygen desorption is unimportant, and the

crossover size remains to be 14 nm. Above 500 K, oxygen de-
sorption starts to impact the phase equilibrium, which general-

ly leads to a reduction in the crossover size. Desorption of sur-

face oxygen creates bare Ti sites, thus diminishing the effect of
rutile and anatase specific surface free energy on the total

Gibbs energy.
The DG2anatase!rutile ¼ 0 iso-lines at three representative tem-

peratures are plotted in Figure 6 along with experimental data.
For each temperature shown, the region to the right of the

line is predicted to be anatase and rutile is to the left of the

line. It is seen that anatase is thermodynamically favored at
high gas-phase O2 concentrations and small particle sizes. In

comparison, rutile can be preferred at small sizes as the
oxygen concentration decreases. As mentioned earlier, the

actual flame O2 mole fraction is somewhat higher than the
adiabatic equilibrium value because of heat loss and recombi-
nation below the adiabatic flame temperature. The difference,

however, is expected to be small. It can be seen that the
1800 K iso-line divides the observed rutile-favored and ana-
tase-favored conditions rather well. If the crystal phase of the
particles is determined largely by the thermodynamic state at

the point of solidification, the current result suggests the melt-
ing point of the TiO2 nanoparticles to be around 1800 K, which

is consistent with the result from a recent molecular dynamics
simulation.[51]

Lastly, we note that several other factors may influence the

rutile-vs.-anatase fractions. The presence of other burned gases
in the particle growth region could impact oxygen adsorption/

desorption equilibrium especially for the oxygen-rich flames,
where reducing gases such as CO and H2 can have appreciable

concentrations. The presence of these gas molecules should

push the equilibrium to a further desorbed state, thus poten-
tially reducing the crossover size even more. The finite width

of the particle size distribution and the size dependence of the
melting point present a new layer of complications. Additional-

ly, kinetic factors, including the particle-cooling rate and the
crystal-phase transformation of solidified particles, can also

Figure 5. The DG2anatase!rutile ¼ 0 isosurface dividing the rutile- and anatase-fa-
vored regimes, as a function of crystallite size, temperature and gas-phase
O2 mole fraction. The surface is applicable to 1 bar total pressure.

Figure 6. The DG2anatase!rutile ¼ 0 isolines at several temperatures. The experi-
mental data are shown as the pie symbols in which the blue fraction indi-
cates measured anatase weight percentage, and the red fraction represents
rutile fraction.
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play a role in the crystal phase of the particles collected. Fast
cooling causes the crystal phase to be frozen in a particular

thermodynamic state; and this has been an underlying as-
sumption of the current analysis. Subsequent solid-phase

phase transformation is not expected to be significant as the
particles are transported to the cooled surface over a time

scale of merely &1 ms. In any event, these kinetic effects are
difficult to assess, especially for an ensemble of particles with

varying sizes as the cooling rate and solid-phase transforma-

tion depend on the temperature-time history of a particle, and
its size and melting point.

4. Conclusions

In this work, we conclusively demonstrated that rutile TiO2 par-

ticles smaller than the traditionally accepted crossover size of

14 nm can be prepared in flame-assisted chemical vapor depo-
sition. A thermodynamic analysis shows that in high-tempera-

ture vapor-phase synthesis, nano-TiO2 crystal phase is deter-
mined strongly by the gas-phase oxygen concentration, and to

a less extent by the particle or crystallite size. It is identified
that oxygen desorption at high temperatures plays a critical

role in the surface free energy, which, in turn, impacts the crys-

tal phase equilibrium. The thermodynamic theory advanced by
Banfield and workers has thus been extended to high-temper-

ature conditions including the effect of oxygen adsorption/de-
sorption on crystal phase equilibrium.

A more complete understanding emerges in terms of con-
trolling the crystallite size and polymorph of TiO2 nanoparticles

in high-temperature, vapor-phase synthesis. Specifically, the

flame temperature must be kept at a value higher than the
melting point of the particles so that the growth of the parti-

cles by coagulation and surface condensation occurs while the
particles are in the liquid phase. Under this condition, particles

coalesce rather than aggregate as they grow in size. As the
droplets are transported away from the high-temperature

region toward a cold deposition surface, they solidify in the

gas phase at some point. The crystal phase is determined
largely by the gas-phase conditions at the point of solidifica-

tion: particles exposed to an oxygen-rich environment turn to
anatase, and those in an oxygen-depleted gas solidify to rutile.
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