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Crystallite size dependence on the lattice parameters of nanocrystalline anatase was examined
by x-ray diffraction pattern analysis, x-ray photoelectron spectroscopy �XPS�, and Raman
spectroscopy. The lattice parameter a increased while the parameter c decreased with reducing
crystallite sizes. However, the cell volume increased with decreasing crystallite size indicating an
overall expansion due to confinement effect. The observed shift in Eg Raman mode �at 144 cm−1�
was in accordance with an empirical phonon confinement model while no substoichiometric titania
could be detected by XPS. It was concluded that the lattice expansion was purely due to electrostatic
relaxation as a result of size confinement. © 2009 American Institute of Physics.
�doi:10.1063/1.3261754�

Nanocrystalline ceramic powders have received atten-
tion during the past two decades for their unique and size
dependent mechanical, electronic, ionic, thermal, optical, and
catalytic properties. Size dependence of physical properties
in the nanosize regime arises primarily due to the high sur-
face area to volume ratio and confinement effects. Crystallite
size reduction to nanocrystalline levels results in changes in
lattice dimensions which, in turn determines the band struc-
ture and, therefore, physical properties of the material. There
have been many theoretical and experimental studies on the
size dependence of lattice dimensions of metals as well as
compounds. Expansion in lattice parameters have been ob-
served with decreasing crystallite sizes in many nanocrystal-
line oxides such as CeO2,1 Fe2O3,2 MgO,3 TiO2 �rutile�,4 and
ZrO2.5 On the other hand, the reduction in lattice parameters,
primarily due to high surface curvature effects, have been
observed in many metals and nonoxide nanocrystalline par-
ticles such as Au,6 Ag,7 Pt,8 Si,9 ZnS, and CdSe.10,11 By far,
the reports on nanocrystalline anatase titania have suggested
contradictory effects. In some cases, contraction in lattice
parameter with reducing crystallite sizes,12,13 a behavior typi-
cal of metal, was observed while others reported expansion
in lattice dimension with reducing crystallite sizes in the
nanocrystalline regime.14 In this letter we report a nonlinear
expansion in lattice parameters of highly pure nanocrystal-
line anatase powders synthesized by a chemical vapor syn-
thesis �CVS� route.15 The observations were well-supported
by an earlier reported mechanism for lattice expansion in
pure rutile nanocrystals.4

Nanocrystalline anatase titania was synthesized in a
completely vapor phase by CVS. Different crystallite sizes
were obtained by varying the process parameters during
CVS. Characterization by x-ray diffraction in a panalytical
�X’Pert-PRO� machine was carried out with Cu K� radiation
using a step size of 0.02 and collection time of 15–20 s.
Rietveld analysis of x-ray diffraction �XRD� patterns were
performed using the general structure analysis system �GSAS�
software suite.16 In all cases, minor rutile phase �when
present� was also included in pattern refinement and a rea-

sonably good reliability factor �based on weighted profile,
Rwp� value of less than 0.07 was obtained. Crystallite sizes
were calculated from scaling factors and profile parameters
of a pseudo-Voigt profile of type-III. The profile parameter,
LX was used to calculate the crystallite size using the modi-
fied formula given by16

dXRD =
3600�

�2�LX�
, �1�

where dXRD is the crystallite size and � the wavelength of the
x-ray radiation �1.5417 Å�. A commercial refinement pack-
age TOPAS® was also used for analyzing the data pertaining to
some of the samples to check the consistency and reproduc-
ibility of the results obtained from GSAS and the two were
found to be in reasonably good agreement.

The lattice parameters a and c estimated from Rietveld
analysis of the XRD patterns, are depicted as a function of
crystallite size in Fig. 1. Earlier studies showed an approxi-
mately linear variation in lattice parameter a of CeO2 �fluo-
rite structure� and BaTiO3 �perovskite structure� with the re-
ciprocal of the crystallite size.1 In the current study, the
lattice parameter a of nanocrystalline anatase increased while
at the same time the parameter c decreased with decreasing
crystallite sizes. This observation was in accordance with the
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ssb@iitm.ac.in. FAX: �914422574752. FIG. 1. Effect of crystallite size on the lattice parameters a and c of anatase.
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earlier report on BaTiO3.1 The change in lattice parameter
��a� varied with the crystallite size according to the relation
�a=0.00528D−1.08 �Fig. 2�. This was similar to the observa-
tion of Tsunekawa et al.,1 where the lattice parameter change
��a� in CeO2 nanoparticle was reported to follow a relation
�a=0.0234D−1.06 with particle size D and �a in nanometer.
The cell volume �V� was found to increase linearly with 1 /D

as reported earlier in the case of rutile4 �Fig. 3�. The cell
volume size dependence was adequately described by:

V = V0 +
A

D
, �2�

where V0 is the unit cell volume for an infinitely large crystal
and A is a constant. A V0 value of about 136.14 Å3 was
obtained which is very close to the actual unit cell volume
�136.25 Å3, ICSD-9852� observed in case of large crystals.
The observed expansion in cell volume with reducing crys-
tallite size was in accordance with the suggestion of Li et al.

4

and was attributed to the presence of a larger number of
dangling bonds in smaller crystals. Presence of dangling
bonds resulted in the adsorption of water molecules on the
surface which was confirmed by x-ray photoelectron spec-
troscopy �XPS� studies �see later�. The adsorbed water mol-
ecules resulted in distortion around the Ti atoms at the sur-
face. In turn, this displaced the Ti atoms toward the
coordinated oxygen atoms producing parallel surface defect

dipoles. The magnitude of the negative pressure due to the
repulsive interaction between these dipoles exceeded the
positive pressure due to surface curvature effect, resulting in
a net negative pressure causing an expansion in lattice vol-
ume. The effect of this negative pressure reduces with in-
crease in particle size due to reduced number of dangling
bonds per unit volume. Beyond a critical size, Dc, the lattice
volume will become close to that of bulk anatase, Vo. The
critical crystallite size, Dc was given by4

Dc =
�V − Vo� . D

�Vc − Vo�
. �3�

A critical diameter Dc of about 25 nm was obtained. This
was close to the value of 28 nm below which significant shift
in the Eg peak at 144 cm−1 in Raman spectra has been ob-
served due to confinement effects.17 Additionally, the ob-
served shift in the 144 cm−1 peak agreed well with an em-
pirical confinement model �Fig. 4� described by18,19

�� = − A� a

D
��

, �4�

where �� is the peak shift, a is the lattice parameter, D is
crystallite size, and � is a constant. � is typically around one
for two-dimensional layered structures like graphite, boron
nitride, and boehmite and close to 1.5 for three-dimensional
structures like Si and GaAs.18 In the present case, the experi-
mental data gave �=1.38 which is close to 1.44 obtained for
three-dimensional Si structure.19,20 In the x-ray photoelectron
spectrum of nanocrystalline anatase, Ti 2p doublet, shown in
Fig. 5, consisted of 2p1/2 peak �at EB of 459.6 eV� and 2p3/2
peak �at EB of 465.31 eV� corresponding to the Ti4+ species
in O–Ti–O bonding.21 A separation of about 5.71 eV between
2p1/2 and 2p3/2 compared well with the 5.70 eV reported in
literature for pure titania.22 The O1s region �Fig. 6� was com-
posed of two peaks at about 530.9 and 532.1 eV correspond-
ing to oxygen in O–Ti–O and chemisorbed –OH group,
respectively.23,24 Further, no additional Ti2p emissions that
could be assigned to reduced Ti in substoichiometric TiO2−x

�such as Ti3+ or Ti2+� were detected by XPS. Additionally, in
the electron paramagnetic resonance �EPR� spectrum of the 5
nm sized anatase, no Ti3+ could be observed. Because of the
high sensitivity of EPR ��0.1 at. %� it could be concluded

FIG. 2. Crystallite size dependency of change in the lattice parameter, a.

FIG. 3. Crystallite size dependence of unit cell volume of anatase.

FIG. 4. Shift in 144 cm−1 peak in Raman spectra of nanocrystalline anatase
powders.

191906-2 M. I. Ahmad and S. S. Bhattacharya Appl. Phys. Lett. 95, 191906 �2009�

Downloaded 01 Sep 2013 to 143.88.66.66. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



that the amount of Ti3+ or Ti2+, if present, would be insig-
nificant.

Earlier, it has been proposed that lattice expansion in
oxides took place at reduced crystallite sizes mainly due to
reduced ionic valencies resulting in decreased electrostatic
force.1,25 Perebeinos et al.

26 proposed a model based on elec-
trostatic energy minimization and showed from calculations
as well as experimental results that in both CeO2 and
BaTiO3, �a increased linearly with decreasing crystallite
size. The earlier observed contraction in unit cell volume of
anatase was attributed to a positive pressure due to surface
hydration.13 On the other hand, an increase in the nanocrys-
talline anatase lattice volume was explained in terms of the
presence of oxygen vacancies.14 Similar observations had
been earlier reported in case of nanocrystalline ceria.1 In the
present study an overall expansion in lattice dimension �unit

cell volume� was observed with decreased crystallite sizes.
However, no substoichiometric titania or oxygen vacancy
could be detected by XPS or EPR. Although, some amount
of adsorbed –OH was observed in XPS, this was probably
not sufficient to generate a significant positive pressure. Ad-
ditionally, the shift in the 144 cm−1 peak in Raman spectra
agreed reasonably well with an empirical confinement
model. This along with XPS and EPR results confirmed that
the lattice expansion arose purely from the confinement ef-
fects as significant oxygen vacancies were not present. This
is in contrast with earlier reports where presence of oxygen
vacancies was attributed to be the reason for the observed
lattice expansion in CeO2 �Ref. 1� and TiO2.14 In a nanocrys-
talline anatase crystallite progressively larger fractions of
under-coordinated Ti atoms near the surface would result in
the shifting of Ti atoms toward the coordinated oxygen at-
oms at the surface.4 Therefore, the long range repulsive in-
teraction arising from these under-coordinated Ti atoms
would result in a net negative pressure and, in turn, a net
expansion in unit cell volume.
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FIG. 5. �Color online� XPS Ti2p spectrum of nanocrystalline anatase having
crystallite size 7 nm.

FIG. 6. �Color online� XPS O1s spectrum of nanocrystalline anatase having
crystallite size 7 nm.
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