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Titanium dioxide nanoparticles are widely used for photocatalysis, and the relative fraction of titanium
dioxide polymorph, i.e. anatase, rutile, or brookite, significantly affects the final performance. Even though
conventional phase diagrams indicate a higher stability for the rutile polymorph, it is well established
that nanosizes benefit the anatase phase due to its smaller surface energy. However, doping elements
are expected to change this behavior, once changes in both surface and bulk energies may occur. Nb2O5

is commonly added to TiO2 to allow property control. However, the effect of niobium on the relative
stability of anatase and rutile phases is not well understood from the thermodynamic point of view. The
itanium dioxide
natase
utile
urface energy
nthalpy
hase diagram

objective of this work was to build a new predictive nanoscale phase diagram for Nb2O5-doped TiO2.
Water adsorption microcalorimetry and high temperature oxide melt solution were used to obtain the
surface and bulk enthalpies. The phase diagram obtained shows the stable titania polymorph as a function
of the composition and size.

© 2016 Elsevier B.V. All rights reserved.
anoparticles

. Introduction

Titanium dioxide presents three main polymorphs: anatase,
utile and brookite. All three polymorphs can be readily synthesized
n the laboratory and typically, the metastable anatase and brookite

ill transform into the thermodynamically stable rutile upon cal-
ination at temperatures exceeding 600 ◦C [1]. Some studies have
een performed on the thermodynamic viewpoint to better under-
tand the stability of the TiO2 polymorphs [2–7]. Even though rutile
s the most stable form of TiO2 and anatase is known as a metastable
hase, at the nanoscale, anatase becomes more stable than rutile
2,8]. This is related to the competition between surface and bulk
nergies, leading to a crossover in thermodynamic stability when
article sizes are decreased. Anatase thus shows a range of particle
izes in which it is thermodynamically stable as long as coarsening
s avoided [2].

Several dopants have been studied targeting the control of TiO2

tability at the nanoscale and its properties. Among them, niobium
mproves TiO2 performance for oxygen sensing [9–11], solar cells
pplications [12,13], and photocatalysis [14–16]. When doping

∗ Corresponding author.
E-mail address: rhrcastro@ucdavis.edu (R.H.R. Castro).

ttp://dx.doi.org/10.1016/j.apsusc.2016.09.126
169-4332/© 2016 Elsevier B.V. All rights reserved.
TiO2 with Nb2O5, since the ionic radius of Nb5+ (0.64 Å) is only
slightly larger than Ti4+ (0.605 Å), Nb5+ forms solid solution in the
lattice of TiO2. One Ti cationic vacancy is then created per every four
Nb ions to compensate the excess charge, or a stoichiometric reduc-
tion of Ti4+ to Ti3+ can take place to accommodate it [17]. Atanacio
et al. [18] have showed that niobium has a potential to segregate
on the surface of TiO2 under oxidizing conditions. The segregation
tendency is enhanced by the presence of titanium vacancies, which
are formed at the TiO2/O2 interface and trapped at the surface.

The use of dopants prone to segregation has been cited as a tool
to decrease interface energies in oxides [19–24] and observed to
follow Eq. (1):

�s = �0 +�s�Hseg (1)

where �s is the surface energy of the doped material; �0 represents
the surface energy of undoped material; �s is the solute excess at
the surface; and�Hseg is the enthalpy of segregation. From Eq. (1),
one can draw the conclusion that the surface energies decrease
with an increase in the surface excess of the dopant, a concept well
established for liquids by Gibbs’ adsorption isotherm.
If a dopant is changing the surface energy of an oxide with
intrinsic polymorphism, the stability of particular phases can be
remarkably affected when the surface area is enlarged (smaller
grain sizes). As demonstrated for Y and Ca doped zirconia [25,26], a

dx.doi.org/10.1016/j.apsusc.2016.09.126
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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ew phase diagram complementing the conventional temperature-
omposition diagram must be introduced, with the grain size as a
ew key variable to account for the surface energetic contribution.
uantitative prediction of the effect of the dopant on the surface
nergy is therefore of interest to enable phase stability design.

Many methods have been proposed in the literature to measure
he surface energy of oxides [19]. Among them, water adsorption

icrocalorimetry has recently demonstrated potential to accu-
ately assess surface energies of doped systems [27] and was
ecently explored in TiO2 based systems [28]. The principle of this
echnique is the relationship between the heat of adsorption of
ater molecules on the surface of the oxide and the surface energy

tself. An adsorption theory previously described in details enables
alculating the surface energy of the anhydrous surface state or at

 given hydration condition [27,29].
In this work, surfaces energies of 0 to 2 mol% Nb2O5-doped

iO2 were measured using water adsorption microcalorimetry [29].
he data was combined with oxide melt drop solution enthalpy to
eliver reliable thermodynamic information on the bulk energet-

cs of the system and the results used to build a new, predictive
anophase diagram for anatase-rutile in the studied compositional
ange.

. Experimental procedure

.1. Sample preparation

TiO2 containing 0, 0.5, 1, 2 and 5 mol% Nb2O5 was  synthesized
y co-precipitation. The samples are labeled in this paper as 0NbTi,
.5NbTi, 1NbTi, 2NbTi and 5NbTi. The Ti and Nb precursors used
ere titanium (IV) isopropoxide (TTIP, Aldrich) and niobium butox-

de (Aldrich), respectively. TTIP and Nb-butoxide were mixed for
0 min  to obtain a homogeneous solution and then dripped into
n ammonium hydroxide solution (NH4OH, 5 M,  Fisher Scientific)
nder vigorous stirring. The obtained colloidal suspension was  cen-
rifuged at 3000 rpm for 5 min  to separate the nanopowders from
he liquid and washed three times (in water, water/ethanol 1:1 in
olume, and ethanol) to remove any residual ammonia. The sam-
les were dried at 90 ◦C for 72 h and ground with a pestle and
ortar. In order to obtain anatase phase and eliminate any ethanol

esidual from the powders, the dried hydroxides were calcined in a
ox furnace (Lindberg/Blue M)  under oxygen atmosphere at 450 ◦C
or 7 h. Bulk rutile phases were obtained after calcination in a tube
urnace (Thermolyne type 54500) at 1200 ◦C for 2 h.

.2. Characterization

Powder X-ray Diffraction (XRD) patterns were collected using
 Bruker AXD D8 Advance diffractometer using CuK� radiation

� = 1.5406 Å), operated at 40 kV and 40 mA.  Data were collected
n the range 20◦ to 90◦. LaB6 (NIST SRM 660a) was  mixed with
he samples as a standard for the lattice parameter calculations.
he crystallite size was determined by WPF  (Whole Pattern Fitting)
efinement in the JADE software (version 6.11, 2002, Materials Data
nc., Livermore, CA). Surface area measurements were carried out
sing the Brunauer, Emmett, and Teller (BET) method with nitro-

SA
d2�

dx2
= d�

dx

{
d2Hr

d�2

d�
dx

+ d�gas

dx
en gas adsorption (Micromeritics Gemini VII). Thermogravimetry
esults showed that significant mass changes can only be observed
p to 400 ◦C; hence, this temperature was selected for degassing
rior to both BET (Micromeritics VacPrep 061, sample degas sys-
Science 393 (2017) 103–109

tem) and water adsorption experiments. Thermal reactions were
also investigated by Differential Scanning Calorimetry (DSC, SET-
SYS Evolution, SETARAM) from room temperature to 1200◦C at a
heating rate of 10 ◦C/min.

2.3. Water adsorption

The water adsorption microcalorimetric experiments were
performed using a Micromeritics ASAP 2020 coupled with a Calvet-
type microcalorimeter (Sensys Evo, Setaram, France). The objective
of the experiment is to measure the heat of adsorption of water
molecules on the surface of an oxide as a function of the rela-
tive pressures. The instrument and methodology are described in
detail elsewhere [27,29]. The samples were placed in the cham-
ber and degassed (at 400 ◦C for 12 h) to ensure an initial anhydrous
surface condition. Lightly hand pressed pellets with total surface
area ∼2 m2 were used (12–24 mg  depending of the sample surface
area). The chamber was kept at 25 ◦C, and the dosing routine was
programmed to be ∼2 �mol  H2O per dose and equilibration time
∼1.75 h for the first four doses, ∼1 h for the fifth dose, ∼0.75 h for
sixth and seventh and ∼0.5 h from 8 h on. A correction for water
adsorption on the tube and manifold was made from a blank run
(empty tubes).

The anhydrous surfaces energies of the synthesized specimens
were calculated using the water adsorption data and computing
them using a custom written function (MATLAB Release 2010a,
MathWorks, Natick, MA), reported elsewhere [29]. The water
adsorption curve was  fitted using a modified Langmuir-BET adsorp-
tion curve (Eq. (2)), where the regression equation fit the water
adsorption data as a function of pressure;

� = �c
b
√
x

1 + b
√
x

+ �p
cx

(1 − x) (1 + (c − 1) x)
(2)

where �cis the monolayer coverage of the dissociative water; �p
is the physisorption monolayer coverage; b and c are unit-less fit
parameters that depend on the specimen; and x is the relative pres-
sure (p/p0). The differential heat of adsorption curve was fitted
using Eq. (3) [29].

dHR
d�

= De−�/d + E
(
f� − �2

)
e−�/e + dHcon

d�
|
To,po

(3)

Eq. (3) is an empirical relationship for the differential heat of
water adsorption as a function of the water coverage, where HR is
the heat of adsorption, and Hcon is the enthalpy of liquefaction of
water. The equation requires five parameters: d and e are decay
parameters that relate how strong the specimen’s surface affects
the adsorbed water; and D, E, and f are fit parameters with units of
kJ/mol, kJ/mol3, and mol, respectively.

After fitting the water adsorption curve and the differential heat
of adsorption data using Eqs. (2) and (3), the surfaces energies of the
samples were numerically computed by plugging the mentioned
equations into Eq. (4).
2SA
�2

d�
dx

+ d�
dx

(
SA
�

− 2
dSA
d�

+ SA
d2�

dx2

(
dx
d�

)2
)}

(4)

Eq. (4) correlates the surface energy and water adsorption. The
adsorbed water is a function of the pressure, x; and the differential
heat of water adsorption is a function of the adsorbed water, �. In
this Equation, SA is the surface area of the sample; � is the surface
energy at a given state; and �gas is the vapor chemical potential.

2.4. Oxide melt solution calorimetry
High-temperature drop solution calorimetry was  carried out
using a custom-built Calvet-type twin calorimeter [30]. This equip-
ment provides energy of dissolution of oxide samples, which
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ig. 1. XRD patterns of Nb2O5-doped TiO2. a) Anatase (0–5 mol%), and b) Rutile
0–2 mol%).

ppropriate thermochemical cycles can be used to obtain bulk
nthalpy information. Laboratory standard calibration with trans-
osed temperature drops of ∼5 mg  alpha alumina pellets was used.
and pressed pellets (∼5 mg)  were weighted using microbalance
nd dropped into molten sodium molybdate (3Na2O·4MoO3) sol-
ent at ∼800 ◦C in the calorimeter. Oxygen was bubbled through
he solvent at the rate of 3.3 mL/min to facilitate sample dissolu-
ion. Oxygen was also flushed over the solvent in the calorimeter
50 mL/min) to maintain constant composition for the gas phase
ver solvent. Changes in the composition of the gas above the
olvent can change the heat flow characteristics of the calorime-
er during an experiment. Before dropping the samples in the
alorimeter, the powders were left in the calorimetric suite for at
east 3 days to equilibrate in a 50% relative humidity environment.
everal drops were made to obtain statistics. The error reported
as determined by the standard deviations. Thermogravimetry
as used to measure the water content on the samples at degassing

onditions to enable a quantitative thermochemical cycle.

. Results and discussion

.1. Nanoparticles’ characterization
The X-ray diffraction patterns for pure TiO2 and Nb2O5-doped
iO2 samples are shown in Fig. 1. The pure (undoped) anatase phase
JCPDS card n. 71–1167) used in the experiments is shown in Fig. 1a.
Fig. 2. The lattice parameter ratio (c/a) for 0–5 mol% Nb2O5-doped-TiO2 samples for
anatase and rutile phases.

Broad peaks can be observed, which is typical of nanosized crystal-
lites. No second phase was  detected by XRD, so that only the peaks
referred to the anatase phase are indicated. The absence of niobium
oxide phases suggests that niobium is dissolved into TiO2 or segre-
gated at the surface of titania nanoparticles. The powders referring
to the rutile phase were calcined at 1200 ◦C for 2 h and are shown in
Fig. 1b. The polymorph is referenced using JCPDS card n.86-0147.
Sharp peaks are observed, which is common in bulk samples. Notice
that the diffraction pattern for 5 mol% Nb2O5-doped TiO2 is not
shown at Fig. 1b. This sample has presented titanium niobium oxide
phase (TiNb2O7–monoclinic, JCPDS card n. 39–1407) in addition to
rutile [18]. Thus, the energetic studies, which requires single phase
were not carried out for this sample. No second phase was detected
for 0–2 mol% Nb2O5-doped-TiO2 rutile. All peaks match with TiO2
rutile phase.

The results for lattice parameters a, b and c for both anatase
and rutile phases are shown in Table 1. A systematic expansion is
observed in the lattice parameters with increasing of Nb2O5 dop-
ing. As the ionic radius of the Nb5+ ions into octahedral coordination
is larger than Ti4+, the increase in the cell parameters with the
increasing Nb content confirms that Nb is incorporated in the TiO2
lattice. This trend is in agreement with the results found in the
literature [4,17]. The lattice parameter ratio (c/a) for anatase and
rutile phases is shown in Fig. 2. Both phases have similar trend. Up
to 2 mol% Nb2O5 doping, a systematic decreasing on the c/a ratio is
observed, and for 5 mol% the value is statistically the same as 2 mol%
Nb2O5-doping. The ratio decreasing with the increasing Nb2O5 con-
centration suggests the formation of limited solid solution. In this
work, the limit was achieved at 2 mol% Nb2O5-doping (samples
with 5 mol% were observed to show second phase). Thus, this value
was used as doping limit for surface energies and enthalpy of drop
solution measurements. Consequently, it was chosen as the dop-
ing limit for the phase diagram as well. According to Vegard’s law
[31], a linear dependence of lattice parameter on dopant concen-
tration is expected when all dopant content is dissolved in solid
solution. The deviation from linearity proposes the occurrence of
surface segregation [20].

The grain sizes calculated from WPF  refinement for all samples
are shown in Table 1. For anatase phase it is possible to observe
a systematic decreasing in the grain sizes as the doping content
increases. As all anatase samples were calcined at the same temper-
ature and time, the decrease on the grain sizes can be attributed to

Nb2O5-doping content, which suggests an increase in the stability
of TiO2 nanoparticles against coarsening. According to coarsening
models [32], the particle size is directly proportional to the surface
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Table 1
Grain sizes and lattice parameters calculated using a WPF  Refinement in JADE 6 Software. The oxide melt drop solution enthalpies are tabulated for both the as measured
drop  solution experiments (�HDS) and as bulk corrected enthalpies (�HBulk). The number in parentheses denotes the number of drops reported in the average value and
used  to determine the standard errors.

Sample Grain size (nm) Lattice Parameter a = b (Å) Lattice Parameter c (Å) Enthalpy of drop solution
�HDS (kJ/mol)

Bulk enthalpy of drop
solution �HBulk (kJ/mol)

0NbTi (Anatase) 11.8 ± 0.3 3.78732 ± 0.00026 9.49265 ± 0.00098 75.08 ± 0.56(6) 63.90 ± 0.69(6)
0.5NbTi  (Anatase) 9.6 ± 0.3 3.78869 ± 0.00030 9.49325 ± 0.00134 76.19 ± 0.96(7) 65.75 ± 1.06(7)
1NbTi  (Anatase) 8.4 ± 0.2 3.79022 ± 0.00029 9.49428 ± 0.00097 78.43 ± 0.58(7) 67.73 ± 0.97(7)
2NbTi  (Anatase) 6.8 ± 0.2 3.79422 ± 0.00044 9.49179 ± 0.00179 80.29 ± 0.36(7) 65.17 ± 0.76(7)
5NbTi  (Anatase) 5.9 ± 0.3 3.79924 ± 0.00054 9.50327 ± 0.00190 – –
0NbTi (Rutile) >100 4.59256 ± 0.00009 2.95890 ± 0.00006 73.92 ± 0.77(11) 73.92 ± 0.77(11)
0.5NbTi  (Rutile) >100 4.59448 ± 0.00005 2.95940 ± 0.00004 73.59 ± 0.77(10) 73.59 ± 0.77(10)

2.96033 ± 0.00005 74.86 ± 0.79(10) 74.86 ± 0.79(10)
2.96120 ± 0.00005 72.54 ± 0.76(12) 72.54 ± 0.76(12)
2.96143 ± 0.00008 – –
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Fig. 3. Water adsorption microcalorimetry data: (a) Enthalpy of water adsorp-
1NbTi  (Rutile) >100 4.59732 ± 0.00008 

2NbTi  (Rutile) >100 4.60321 ± 0.00007 

5NbTi  (Rutile) >100 4.60330 ± 0.00011 

nergy, then it is expected that a decreasing surface energy pro-
otes smaller particle sizes at a given temperature. The grain sizes

or rutile phases are >100 nm,  so the WPF  refinement cannot give a
eliable result for grain size.

.2. Surface energy measurements

The surface energies of the polymorphs were determined using
ater adsorption microcalorimetry. Fig. 3 shows the isotherm

urves for anatase phase. Enthalpy of adsorption plotted against
ater coverage is shown in Fig. 3a and water coverage versus rel-

tive pressure in Fig. 3b. According to Castro and Quach [27], the
dsorption behavior shows the presence of three stages based on
he derivative of the adsorption isotherm curve. At very small rela-
ive pressures (<0.02), there is a rapid increasing on coverage when
he pressure increases. The enthalpies of water adsorption in this
rst stage are very negative, suggesting a highly reactive surface.
hese exceedingly negative heats at low coverage indicate that
here is a strong exothermic reaction in the first few monolayers.
his can be explained by the dissociative nature of water due to
hemisorbed water bonds with the surface [29]. For the second
tage, which is up to about 0.3, the slope of the isotherm is smaller.
n addition, at the third region (relative pressure>0.3), the slope
f the isotherm curve rapidly increases. However, the differential
nthalpy of water adsorption gets close to the enthalpy of liquid
ater condensation, −44 kJ/mol (dotted line at Fig. 3a), indicating

hat the new adsorbed water layers present a liquid-like behavior
27].

In order to calculate the surface energy, one should fit the
ata using Eqs. (2) and (3), followed by solving differential Eq.
4). Fig. 4 shows the surface energies values for 0–2 mol% Nb2O5-
oped-TiO2 versus surface area. The surface energies and surface
rea are inversely proportional. The surface energy for the anatase
hase decreases while the surface area increases as a function of
he Nb concentration. This is consistent with the crystallite size
ata, and confirms an increase in the thermodynamic stability of
he nanoparticles with decreasing surface energy [24]. This phe-
omenon can also be associated to surface segregation of dopants.
s the Nb2O5 has a potential to segregate on the surface of TiO2
nder oxidizing conditions [18], the decreasing on surface energy
nd increasing on the surface area is expected. In addition to the
hermodynamics, though, the segregated dopant, niobium pentox-
de on the surface of TiO2, can also act as pinning agent limiting the
rowth rate. This behavior has been also observed for chromium-
oped SnO2, an iso-structural material [33].

Table 2 compares the surface energies from this work to the

iterature data for undoped TiO2 (Nb2O5-doped-TiO2 surface ener-
ies are not available for comparison). The TiO2 anatase surface
nergy found in this work was 0.95 ± 0.03 J/m2. The results calcu-
ated with DFT by Hummer et al. [4] and Lazzeri et al. [6] for (001)
tion plotted against water coverage; (b) Water coverage isotherms plotted as H2O
molecules per nm2 against the relative pressure.

plane are 0.96 and 0.90 J/m2, respectively. These results are pretty
consistent to the value shown in this work for undoped anatase

titania. However, the values are not in agreement with simulations
for other planes (100), (101) and (110) reported by Barnard and
Zapol [7]. This is not contradictory, though, as in fact our experi-



A.L. da Silva et al. / Applied Surface Science 393 (2017) 103–109 107

Table  2
Surface energies for anatase TiO2 (J/m2) as measured by water adsorption microcalorimetry and from literature data as indicated.

Castro and Wang [8] Levchenko et al. [2] Hummer
et al. [4]

Lazzeri
et al. [5,6]

Barnard and
Zapol [7]

Naicker
et al. [3]

This work

0.67 ± 0.05 0.74 ± 0.04 0.96 (001)
0.51 (100)
0.41 (101)

0.90 (001)
1.09 (110)
0.44 (101)

0.51 (001)
0.81 (110)
0.35 (101)

2.1 0.95 ± 0.03
(0NbTi)
0.87 ± 0.03
(0.5NbTi)
0.88 ± 0.03
(1NbTi)
0.78 ± 0.02
(2NbTi)
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bulk anatase shows negligible variance. This behavior confirms that
ig. 4. Surface energy (J/m2) versus BET surface area (m2/g) is plotted against
–2  mol% of Nb2O5-doped-TiO2 (anatase phase).

ental surface energy is a result of averaging of the contribution
f all present surface planes. Naicker et al. [3] have found a surface
nergy of 2.1 J/m2 by using molecular dynamics in whole nanopar-
icles (where surface planes are averaged like in our experimental
ork). This value is however very high, what can be explained by

he fact their particles are too small (<4 nm). Small particles have
on-negligible energetic effects of edges, defects, and high-index,
igh-energy surfaces effects on the total surface energy. As the par-
icle size increases, the effect of edges and defects is expected to
ecrease [4]. Castro and Wang [8], and Levchenko et al. [2] have
resented experimental data on anatase surface energy for pure
iO2 to be 0.67 ± 0.05 and 0.74 ± 0.04 J/m2, respectively. These are

ower than ours, but the TiO2 particles were synthesized hydrother-
ally by these researchers. The synthesis method is well known to

ave effects on morphology of the particles and hence on average
urface energies.

Due to limitations of the water adsorption microcalorimetry
echnique on measuring coarsened samples, we were not able
o directly determine the surface energy of rutile polymorphs.
or the phase stability analysis, the rutile surface energy was
ssumed as 2.2 ± 0.07 J/m2 based on recent calorimetric experi-
ents [2].

Fig. 5 shows the differential scanning calorimetry data for
–2 mol% Nb2O5-doped TiO2 from from 300 to 1000 ◦C. A first large
xothermic peak is attributed to the crystallization, transforma-
ion from amorphous to anatase phase [34]. The second smaller
xothermic peak observed between 600 and 800 ◦C is attributed to
he anatase-rutile phase transition. It is clearly observed that the
eaks move to the right side of the graph as the doping percent-

ge increases. This shift shows that Nb2O5-doping is postponing
he anatase-rutile phase transition in ∼150 ◦C, suggesting that
he doped samples are more stable than undoped samples. These
Fig. 5. Differential scanning calorimetry (DSC) from from 300 to 1000 ◦C.

results agree with the increase in stability of the anatase polymorph
evidenced by surface energy, surface area and grain sizes data.

3.3. Bulk energy measurements

Data on bulk energetics of each polymorph and composition are
required to build a complete stability diagram. The bulk enthalpy
can be related to its heat of “drop solution” measured by oxide melt
drop solution calorimetry. The experiment is explained in detail in
the experimental section. The samples were dropped from room
temperature into a molten melt of sodium molybdate maintained at
∼800 ◦C and the enthalpy of drop solution was recorded after com-
plete dissolution. Taking the differences in heat of drop solution
of each phase, it is possible to determine the enthalpy difference
during phase transition. In order to remove any surface contribu-
tion from the dissolution process and extract bulk enthalpy data,
the rutile phase was calcined at 1200 ◦C for 2 h. On  the other hand,
since anatase could not be coarsened under the risk of transforming
to rutile, the anatase data were corrected for adsorbed water and
surface energy effects using the water adsorption data and heat
content of H2O vapor between 25 and 800 ◦C as 29.05 kJ/mol (see
Ref. [24] for details on drop solution corrections).

Table 1 shows the uncorrected and corrected enthalpy of drop
solution (�Hds) measured for rutile and anatase phases of TiO2 and
Nb2O5-doped TiO2. The differences among �Hds for undoped TiO2
rutile and doped samples are very small, but one observes that the
uncorrected �Hds tends to be less endothermic with the increas-
ing of Nb2O5 concentration, while the surface-corrected �Hds for
Nb2O5-doping is stabilizing the anatase phase by decreasing its
surface energy. According to the data presented in Table 1, the bulk-
enthalpy of phase transition of TiO2 is 10.02 ± 0.74 kJ/mol. The data
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Fig. 6. Grain size nanophase diagram. The shaded regions show the stable titania
polymorph given a grain size in nm and Nb2O5 content in mol percent. The color
coding is light red for rutile phase and light blue for anatase phase. Red square points
are  rutile phase obtained from real samples and grain sizes calculated using a WPF
Refinement in JADE 6 Software. Blue dots are anatase phase real samples with grain
sizes calculated using a WPF  Refinement in JADE 6 Software. (For interpretation
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ound in the literature have a significant variation. Ranade et al. [35]
ave reported rutile-anatase enthalpy of transformation for TiO2
eing 2.61 ± 0.41 kJ/mol. Navrotsky and Kleppa [36], have obtained
he enthalpy of phase transformation at 968 K as 6.57 ± 0.79 kJ/mol.
hey have used high-temperature oxide melt solution calorimetry

n both cases [35,36]. Hummer et al. [4] suggested that the tran-
ition enthalpy for the nanoanatase to nanorutile transition is 3.5,
.8, and 2.5 kJ/mol for 1, 2, and 3 nm particles, respectively. They
eported that the contribution of edges and vertices to the total
urface energy decreases with particle size, while the change in
he contribution from 2D surface structure is more modest. As a
onsequence, if edge and corner energies were not taken in consid-
ration, the total transition enthalpy for nanoanatase to nanorutile
ould become 25.3, 11.9, and 13.2 kJ/mol for 1, 2, and 3 nm parti-

les, respectively [4].
The final data necessary to complete the nanophase diagram are

ntropy values, which require Cp measurements from zero absolute
o room temperature. In this case, Drazin and Castro [26] have sug-
ested the use of surface energy, bulk enthalpy, and entropy data to
reate the diagram for the surface area and grain size critical for the
hase transformation. According to their work, a standard surface
xcess term is generally added to the Gibbs free energy to account
or the increased surface area (Eq. (5)).

 = H − TS + SA� (5)

here H is the molar enthalpy in kJ/mol; T is the absolute temper-
ture in K; S is the molar entropy in J/mol; SA is the surface area in

2/mol; and � is the surface energy in J/m2.
The Gibbs free energy should be zero at chemical equilibrium

etween any two  ̨ and  ̌ polymorphs. Considering that the reac-
ion occurs via a constant surface area process, we can write Eq.
6), where the delta symbol corresponds to the difference in the
ppropriate quantity of  ̨ and  ̌ polymorphs.

G∝→ˇ = �H˛→ˇ − T�S˛→ˇ + SA · ��∝→ˇ = 0 (6)

The surface area of transition can be solved rearranging Eq. (6) as
hown in Eq. (7). In order to the transformation happens naturally
he denominator and numerator have to be positive simultane-
usly.

A =
(
Hˇ − H˛

)
− T ·

(
Sˇ − S˛

)
(
�ˇ − �∝

) (7)

The entropies for anatase and rutile are reported in the literature
nd have similar values [S0 (298 K, rutile) = 50.35 ± 0.1 J/mol · K and
0 (298 K, anatase) = 49.79 ± 0.1 J/mol · K] [37]. Nevertheless, T� S
as included in the calculations, but it did not change the overall

equence of stability. We  assume here that entropic contributions
or the small Nb doping are negligible.

.4. Stability crossover and composition dependence

The nanophase diagram for Nb2O5-doped-TiO2 is shown in
ig. 6. The stability crossover between the two polymorphs was
alculated in m2/mol. However, the grain size is a more prevalent
arameter. Thus, the surface area crossover was converted to grain
ize using the molar mass and density of Nb-Ti in conjunction with
n approximation for the ideal specific surface area of a circular
article using Eq. (8).(

m2
)

6

A

g
=
�d

(8)

here SA is the surface area; � is the density; and d is the grain size
26].
of  the references to colour in this figure legend, the reader is referred to the web
version of this article.)

The calculated crossover between the two  polymorphs in func-
tion of Nb2O5-concentration was fitted using the exponential Eq.
(9).

y = y0 + 13.13686 ×
(

1 − e− x
0.568

)
(9)

where y is the crossover grain size; y0 is the crossover for undoped
TiO2, which is 17.6 nm for this work; and x is the Nb2O5 molar
fraction.

The shaded regions show the stable TiO2 polymorph given a
grain size in nm and Nb2O5 content in mole percent. According to
the nanocrystalline phase diagram, Nb2O5-doping allows the TiO2
to grow more in anatase phase before it transforms into rutile. The
shape of the curve is similar to the inverse trend of surface energy
against doping content. Therefore, we attribute the anatase stabil-
ity according to the Nb concentration to the decreasing in surface
energy.

Experimental data were collected to verify the veracity of the
diagram. Samples were intentionally calcined to achieve specific
grain sizes and the phases analyzed by X-ray diffraction. The results
are shown in Fig. 6 as red squares for rutile phase and blue circles
for anatase. These experimental results fit well with the proposed
nanocrystalline diagram, confirming that the energetic analysis is
quite predictive with respect to the phase stability.

The anatase-rutile crossover has been studied for undoped TiO2
by several researches and the critical transformation values vary
considerably. Barnard and Zapol [7], using density functional cal-
culations, have found the anatase-rutile phase transition to be
∼9.3 nm.  They also reported that the transition energy and size
vary depending upon factors such as reaction atmosphere and syn-
thesis conditions. The anatase-to-rutile phase transition size also
depends on the surface passivation. The size increases significantly
to 23.1 nm when both the bridging oxygen and under-coordinated

titanium atoms of the surface trilayer are H-terminated. Zhang and
Banfield [38], assuming the surface stress equals the surface free
energy in value, have reported that anatase is more stable than
rutile for particle sizes lower than 14 nm,  and lower than 9 nm if
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urface stress is not considered. Li et al., [39] using sol gel syn-
hesis, have suggested the critical size for transition of anatase to
utile in somewhere between 32 and 42 nm.  Castro and Wang [8],
nd Levchenko et al., [2] have reported the critical size for free
anoparticles as 61 and 67 nm,  respectively. According to this short

iterature survey, this interval (9–67 nm)  can be affected by the syn-
hesis method, particle morphology, surface stress and purity. Our
ata fit within this, as it is a very broad range. Regardless of agree-
ent with literature, our experimental results demonstrate that

he thermodynamics of nanosized TiO2 and the effect of dopants
an significantly affect the polymorphism. In a particular set of
amples, the thermodynamic data can be used to predict polymor-
hism.

. Conclusions

A predictive anatase-rutile phase transition diagram was built
t nanoscale for Nb2O5-doped-TiO2. Nb2O5-doping postpones the
RT, allowing the anatase grains to grow more than undoped
iO2 before phase transition is observed. The stability crossover
or undoped TiO2 was found to be 17.3 nm,  while 2 mol% Nb2O5-
oped-TiO2 crossover is ∼30 nm.  The nanophase diagram agrees
ith the experimental data used in this work. The surface energy

or Nb2O5-doped-TiO2 decreases systematically as the Nb concen-
ration increases, confirming the higher stability for doped samples.
his result is a powerful predictive tool that can be applied for
anotechnological efforts on Nb-Ti oxide systems.
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