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a b s t r a c t

Band gap narrowing in metal oxide semiconductor nanostructures is important and advantageous for
various potential applications including visible light photocatalysis. We present a systematic study on the
anomalous strain evolution, phase change and band gap narrowing in TiO2 nanocrystals (NCs) as a result
of ball milling. In addition to the size reduction and strain evolution with milling time, we report the
formation of a new phase of TiO2 with milling, as identified in the XRD pattern and Raman spectra for the
first time. Besides the tetragonal anatase phase of TiO2 NCs, two additional peaks centered at 2q ¼ 31.28�

and 41.60� evolve with milling, and it corresponds to the (1 12) and (312) planes of Ti3O5, respectively.
Further, our results show that the band gap of TiO2 NCs reduces with increasing strain and lowest band
gap achieved in strained TiO2 is 2.71 eV, consistent with a recent theoretical calculation. The evolution of
the crystallite size, strain, stress and energy density was evaluated from the line shape analysis of the
XRD pattern using various models, such as uniform deformation model, uniform stress deformation
model, uniform deformation energy density model and the results are compared with those obtained
directly from HRTEM analyses. The increased d-spacing with milling time was attributed to the tensile
strain in TiO2 NCs. Direct evidence of lattice strain and strain relaxation is provided from HRTEM imaging
and differential scanning calorimetry analyses. Our results demonstrate strain engineering of TiO2 to
achieve narrow bandgap in anatase TiO2 NCs, which are promising for visible light photocatalytic and
other emerging applications.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Titanium oxide (TiO2), an important wide band gap semi-
conductor, has been studied extensively in the past decades due to
wide range of applications in photo catalysis, solar cells, fuel cells,
chemical sensors, biomedical, lithium storage, glass coating, self-
cleaning etc. [1e10] It is well known that the particle size and
crystal morphology play an important role in photocatalytic, ther-
mal and magnetic properties of TiO2 [11e13]. The functional
properties of TiO2 are strongly dependent on its phase and micro-
structure [14e18]. Indeed, the crystallite size is critical for phase
stability, and the presence of micro- and/or macro-strains may
dian Institute of Technology
affect the photoinduced hydrophilicity [19]. The phase change of
TiO2 based compounds (Ti3O5, Ti2O3, Ti4O7) etc. plays an important
role for various applications, like heat storage, sensors [20]. Among
these polymorphs, Ti3O5 is one of the most promising material for
optical memory applications [21]. Many synthesis techniques have
established for controlled synthesis of TiO2 nanocrystals (NCs),
such as hydrothermal [22], sol-gel [14], sonochemical and micro-
wave [16], microemulsion-mediated hydrothermal [18], wet
chemical [23] methods etc. Among these techniques, ball milling is
a simple and low cost technique without involving any complex
chemical synthesis.

Several groups reported the evolution of strain with size
reduction in NCs of different semiconductors, such as Si NCs [24],
Ge NCs [25] and ZnO NCs etc. [26e28] However, only a few reports
investigated on the role of strain and size induced broadening of
XRD peaks in TiO2 NCs [29]. Recently, Ansari et al. reported the gold
and silver plasmonic nanoparticles mediated band gap engineering
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in TiO2 [30,31]. Tripathi et al. reported the temperature dependent
variation of strain in TiO2 NCs [32]. The strain analysis has been
mostly limited to Williamson-Hall (WeH) method. However, an
extensive analysis of the X-ray diffraction (XRD) data by means of
fitting of line shape with various models has not been reported
earlier. Besides the size and strain, the band gap plays the leading
role to tune the optoelectronic properties. Bulk TiO2 band gap falls
in the UV region, thus it limits the use in optoelectronic and visible
light photocatalysis. Unfortunately, no experimental report is
available on the band gap modification of TiO2 NCs by strain en-
gineering, while only theoretical report [33] is available on band
gap reduction using strain. Denis et al. [34] reported that strain is
created in bulk TiO2 surface by Ar ion bombardment, but its in-
fluence on the band gap evolution was not studied. Here, we
demonstrate the band gap tuning by strain engineering with a
simple ball milling approach. This is very useful for photocatalytic
and optoelectronics applications of TiO2. To the best of our
knowledge, no experimental report is available on band gap
modification of TiO2 using simple ball milling technique. The
anomalous strain behaviour reported here has not been addressed
earlier in the literature.

Generally, for the small NCs the XRD pattern is different from its
bulk crystalline counterpart. The deviation from perfect crystalline
order leads to a broadening of the diffraction peaks. It is known that
the mechanical alloying may induce a large amount of strain in the
powders [35]. XRD line profile analysis is a simple and powerful
tool to estimate the crystalline size and lattice strain [36]. Out of
different available methods to estimate the crystallite size and
lattice strain, the W-H analysis, pseudoVoigt function, Rietveld
refinement, and Warren Averbach analysis are mostly common
[37e39]. W-H analysis is a simplified integral breadth method
where both size-induced and strain-induced broadenings are
investigated by considering the peak width as a function of 2q [27].
To the best of our knowledge, band gap modification by strain and
modified W-H method has not been discussed extensively for the
calculation of size and strain in TiO2 NCs.

In the present work, we have grown TiO2 NCs of sizes down to
11 nm by simple ball milling method. As a result of milling, a new
phase of TiO2 is reported for the first time. The particle size and
strain are calculated in a systematic way by means of XRD analysis
and direct imaging i.e. by transmission electron microscopy (TEM).
Different models are utilized to calculate crystallite size and strain
from XRD line profile and the correlation between the different
models are made for different parameters. The band gap modifi-
cation achieved with the combined effect of strain and oxygen
vacancy defects in TiO2 NCs has been explored in detail. In addition
to the XRD, the phase change and nature of strain are further
confirmed from the Raman spectroscopy. Finally, the strain relax-
ation and structural changes are further investigated by DSC
measurements.

2. Experimental details

TiO2 NCs are prepared from commercially available TiO2 powder
with initial average particle size ~80 nm (>99% purity) using me-
chanical ball milling method. Ball-milling was performed at
350 rpm for the duration up to 40 h in a ZrO2 vial (Restch, PM100)
under ambient condition. Small ZrO2 balls (diameter 5 mm) were
used for the ball-milling and this ensured contamination-free
milling process. The ball to powder weight ratio was taken as
10:1. The milled samples were collected at 4, 8, 12, 16, 20, 30 and
40 h duration. Very fine TiO2 NCs with few nanometer sizes were
obtained after milling. For the convenience of subsequent discus-
sion, we denoted the unmilled, 4 h, 8 h, 12 h, 16 h, 20 h, 30 h and
40 h milled TiO2 NCs samples as T0h, T4 h, T8 h, T12 h, T16 h, T20 h,
T30 h, and T40 h, respectively. Post growth annealing experiment
was conducted at 350 �C for 90 min using a quartz tube mounted
inside a muffle furnace, in air atmosphere. Note that the 16 hmilled
annealed sample is named as T16 hA.

3. Characterizations

XRD pattern is obtained with Rigaku RINT 2500 TTRAX-III using
Cu Ka radiation at the operating voltage 50 kV and current 180 mA.
For careful determination of average nanocrystals size, internal
lattice strain, and, energy density, XRD data was collected at a slow
scan rate of 0.002� per second. For the diffraction peak of (101)
planes, all the samples were scanned in the range 23e27 (2q) with a
very slow scan rate of 0.0005� per second. Particle size analysis,
high magnification surface morphologies, crystallinity and lattice
spacing of the samples were studied with transmission electron
microscopy (TEM), high resolution TEM (HRTEM) and selected area
electron diffraction (SAED) patterns (JEOL-JEM 2010 operated at
200 kV). Specimens for HRTEM investigations were prepared by
dispersing powder particles in ethanol and drop casting them onto
the Cu grid of 400 meshes (Pacific Grid, USA). Raman analysis of the
samples was performed in Raman spectrometer (Horiba, LabRam
HR) with excitation wavelength 514.5 nm. In order to avoid the
laser heating induced Raman shift, we have performed the Raman
measurements at very low laser power (0.9 mW). The UV-visible
diffuse reflectance spectroscopy (DRS) measurements were per-
formed using a commercial spectrophotometer equipped with
integrating sphere (PerkinEmler, UV win Lab). To study the strain
relaxation and structural changes, the DSC/TGA measurements
were performed in STA 449 F3 Jupiter DSC analyser (Netzsch,
Germany) with high temperature tungsten furnace (1700 �C) with
heating rate of 5 �C/min by purging the high purity Ar gas. Details of
the photoluminescence and photocatalysis experiment are pro-
vided in the Supporting information, SI-1.

4. Results and discussion

4.1. XRD analysis

Fig. 1(a) shows the comparison of the XRD pattern of different
TiO2 NCs grown by ball milling along with the unmilled TiO2
powder, while Fig. 1(b) shows a magnified view of the comparison
of XRD pattern of all the samples in range (2q ¼ 24e26�). Inset of
Fig. 1(b) represents the shift in XRD peak for T16 h sample before
and after annealing. The plotted curves are vertically shifted for
clarity. All the peaks labelled in Fig. 1(a) correspond to the anatase
phase of TiO2. Two new peaks appear after 4hr milling and become
prominent for the higher milling time (indicated by “*” in Fig 1(a)).
Note that, these peaks were not seen in case of unmilled sample.
For the size and strain calculations, all XRD peaks were fitted with
Gaussian line shape to determine the precise peak position and full
width at half maximum (FWHM) of the peaks. From the fitted pa-
rameters, it was observed that the FWHM of the peaks gradually
increases with increasing milling time. This broadening confirmed
the size reduction and the development of strain in the TiO2 NCs
[26,40]. In addition to the peak broadening, we also observed a shift
in the peak position. The peak shift after milling might be due to
different kinds of strain (tensile and compressive) developed in the
TiO2 NCs. The fitted parameters (peak centre and FWHM) of (101)
peak of all the samples are shown in Table 1. It is clear that the peak
centres are shifted towards lower 2q values with increasing milling
time up to 16 h and it indicates the presence of the tensile strain in
the NCs. Note that the T16 h sample shows the highest peak shift as
compared to the other samples. With further increase of milling
time, the peak centres are shifted towards higher 2q value as



Fig. 1. (a) Comparison of the XRD pattern of ball milled TiO2 powders for different milling times (T0 h to T40 h). The arrows indicate the peaks due to a new phase Ti3O5. (b) Slow
scan XRD pattern of (101) peak of ball milled TiO2 NCs. Inset shows shift in the XRD peak for T16 h before and after annealing. The curves are vertically shifted for better clarity.

Table 1
Gaussian line shape fitted parameters for the XRD pattern for (100) peak of different
samples.

Sample Peak centre in (Degree) FWHM in (Degree)

T0h 25.315 0.216
T4h 25.296 0.238
T8h 25.294 0.269
T12 h 25.283 0.292
T16 h 25.203 0.319
T16 hA 25.320 0.243
T20 h 25.285 0.321
T30 h 25.288 0.325
T40 h 25.289 0.354
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compared to that of T16 h (see Fig. 1(b) and Table 1). Thus, it is
found that the tensile strain reaches its maximum value for milling
time of 16 h and further milling causes reduction of tensile strain or
strain relaxation. To ascertain the strain contribution in the
broadening and peak shift, the maximum strained sample (T16 h) is
annealed in air atmosphere at 350 �C for 90 min (sample named as
T16 hA). Interestingly, the peak centre of T16 hA sample shifts to the
higher 2q value and it closely matches with the pristine sample
(T0h) (see inset of Fig. 1(b)). Note that the peak broadening is also
reduced after annealing. Thus the presence of strain in TiO2 NCs is
confirmed from the annealing experiment and the strain relaxation
happens after annealing of T16 h. Interestingly, in addition to the
anatase phase of pristine TiO2, we observed two new peaks at
2q~31.28� and 41.6� after milling, which correspond to the (1 12)
and (312) planes of Ti3O5 (JCPDS No. 74-0819), respectively (see
Fig. 1(a)). It is clear that with increasing milling time, besides the
size reduction, the mechanical milling induces phase change in
TiO2, as evident from the newpeaks (markedwith “*”) shown in the
XRD pattern in Fig. 1(a). This is consistent with a recent report [41].
This phase change is attributed either to the high-pressure and
high-temperature generated locally in the TiO2 powder or to the
high temperatures (the so-called hot spots) produced during the
ball milling process [41]. Note that Ti3O5 is an oxygen deficient
phase of TiO2, which evolves during the milling in air ambient. The
oxygen deficiency gives rise to oxygen vacancy defects in TiO2 and
presence of oxygen vacancy (Ov) defects in milled TiO2 powers is
confirmed from the photoluminescence (PL) studies, which shows
strong visible PL after milling (Fig. S1, Supporting Information). It is
well known that visible PL in TiO2 arises from the Ov defects in TiO2
[42]. We have noticed that T16 hA sample does not show any sig-
nificant change in phase after annealing (data not shown). It is
believed that 350 �C annealing is not significant for phase change to
occur. However, at higher temperature (>620 �C), the anatase phase
changed to the rutile phase [43]. Generally, the FWHM of the Bragg
peak is contributed by a combination of both instrumental broad-
ening and sample dependent FWHM. To estimate the actual sample
broadening, it is necessary to subtract the instrumental broadening.

4.2. Particle size and strain analysis

4.2.1. Scherrer method
XRD pattern can be utilized to evaluate the broadening of peaks

with reduction in crystalline size and lattice strain. If the strain
contribution is ignored, the particle size can be estimated from the
well-known Scherrer Equation [28]:

D ¼ Kl
bDCOSq

(1)

cos q ¼
�

1
bD

�
$
Kl
D

where K is a constant equal to 0.94 for spherical shaped particles, D
is the crystallie size in nm, l is the wavelength of the x-ray
(1.54056 Å for Cu Ka radiation), bD is the FWHM in radian and q is
the peak centre. 1/b is plotted as a function of cosq and by straight
line fitting of the data, the crystallite size D was extracted from the
slope of the fitted line. Calculated values of crystallite sizes from
Scherrermethod are tabulated in Table 2. It is observed fromTable 2
that the particle size decreases with increasing milling time, as
expected. The particle size calculated for T0h, T16 h and T40 h
samples are ~78, ~60 and ~17 nm, respectively. Note that the
average particle sizes calculated from the TEM images for these
samples are ~80, ~65 and ~10 nm, respectively. The discrepancy in
the size estimation, particularly at higher milling time, may be due
the exclusion of strain contribution in Scherrer equation. A better
estimation of size and strain can be made from W-H method dis-
cussed below.

4.2.2. W-H methods

a. Uniform deformation model. The strain-induced broadening
arising from crystal imperfections and distortion is expressed as:

ε ¼ bhkl
4 tanq

(2)



Table 2
Summary of calculated parameters such as average nanocrystallite size (D), strain (ε), stress (s), energy density (U) obtained from various models and TEM analysis.

Sample name Scherrer method Williamson-Hall method TEM method

UDM USDM UDEDM

~D (nm) ~D (nm) ε (%) ~D (nm) ε (%) s(MPa) ~D (nm) ε (%) s (MPa) U (kJ/m3) ~D (nm) ε (%)

T0h 78 72 0.20 76 0.21 259.64 77 0.19 242.28 232.17 80 e

T12 h 69 66 0.62 67 0.37 468.09 65 0.36 469.43 859.64 59
T16 h 60 58 0.79 59 0.51 631.57 55 0.50 603.38 1512 65 2.11
T16 hA 63 60 0.26 e e e e e e e e

T20 h 54 50 0.55 51 0.42 535.84 45 0.43 550.81 1188.1 49
T30 h 28 26 0.47 25 0.31 433.55 24 0.34 493.09 849.49 24
T40 h 17 10 0.36 9 0.27 350.81 10 0.25 316.59 397.96 11 1.54
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The W-H method does not follow a 1/cosq dependency as in the
Scherrer Eq., but instead varies with tanq. This fundamental dif-
ference allows for a separation of broadening when both small
crystalline size and micro-strain occur together. This difference in
approaches presented in the following assume that size and strain
broadening are additive components of the total integral breadth of
FWHM of a Bragg peak [44]. The distinct q dependences of both
effects laid the basis for the separation of size and strain broadening
in the analysis of W-H. Then the observed FWHM is the sum of Eqs.
(1) and (2)

bhkl ¼
Kl

Dcosq
þ 4εtanq

By rearranging,

bhklcosq ¼ Kl
D

þ 4εsinq (3)

Eq. (3) represents the uniform deformation model (UDM),
Fig. 2. (aef) UDM fitting of XRD data for TiO2 NCs obtained after 0 h, 12 h, 16 h, 20 h, 30 h, a
data are shown with solid line.
where the strain is assumed to be uniform in all crystallographic
directions, thus considering the isotropic nature of the crystal,
where all the material properties are independent of the direction
along which they are measured. A plot drawn between 4sinq versus
bhklcosq allows the determination of strain and crystallite size from
the slope and intercept, respectively. Fig. 2(a)-(f) represents the
UDM fitted graphs of 0 h, 12 h, 16 h, 20 h, 30 h and 40 h milled TiO2
NCs, respectively. The experimental data points are shown with
symbols and fitted data points are shown with straight line. The
UDM fitting parameters are tabulated in Table 2. From Table 2, we
observe that the microstrain gradually increases with increasing
milling time and gets saturated for an intermediate milling time
and then again decreases for highermilling time (up to 40 h). This is
consistent with the reported literature for other semiconductors,
e.g. Si NCs [24]. On the other hand, the particle size systematically
decreases with increasing milling time and it reaches a value of
~10 nm for 40 h milling, which is quite consistent with HRTEM
analysis. Note that the UDM model assumes an isotropic nature of
nd 40 h milling, respectively. The experimental data are shownwith symbols and fitted
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the crystal, which is not very realistic.
b. Uniform stress deformation model (USDM). Here the uniform
deformation stress and uniform deformation energy density were
taken into account; the anisotropic nature of Young's modulus of
the crystal is more realistic. The generalized Hook's law refers to the
strain, keeping only the linear proportionality between the stress
and strain, i.e., s ¼ εY. Here, the stress is proportional to the strain,
with the constant of proportionality being the modulus of elasticity
or Young's modulus, denoted by Y. In this approach, the W-H
equation is modified by substituting the value of “ε” in Eq. (3);we
get,

bhklcosq ¼ Kl
D

þ 4ssinq
Yhkl

(4)

Yhkl is Young's modulus in the direction perpendicular to the set
of the crystal plane (hkl). For a given tetragonal crystal, Young's
modulus is given by the following relation [45].

1
Yhkl

¼s11
�
h4þk4

�þð2s12þs66Þh2k2þð2s13þs44Þ
�
h2þk2

�
l2þs33l4�

h2þk2þl2
�2

(5)

Where s11, s12, s13, s33, s44, and s66 are the elastic compliances of
anatase TiO2, and their values are
5.1 � 10�12, �0.8 � 10�12, �3.3 � 10�12, 10.7 � 10�12, 18.5 � 10�12,
and 16.7 � 10�12 m2 N�1, respectively. However, for the anatase
phase, only theoretical elastic constant values are available in the
literature [46]. Plots were made for (4sinq)/Yhkl vs. bhklcosq for all
the peaks in a sample and this process was repeated for different
samples. The slope of the fitted line gives the stress and the inter-
cept yields the crystallite size for each case. Then, we can calculate
Fig. 3. (aef) USDM model fitting for samples T0h, T12 h, T16 h, T20 h, T30 h, and T40 h, resp
with line.
the strain from the linear relation between stress and strain s ¼ εY.
Fig. 3(a-f) illustrates the USDM fitted curves of 0 h, 12 h, 16 h, 20 h,
30 h and 40 h milled TiO2 NCs, respectively. The experimental data
points are shown with symbols and the fitted data points are
shown with straight line. In this model, again the strain increases
with increasing milling time, saturated after 16 h milling and then
reduces further milling time. At the same time, particle size sys-
tematically decreases with increasing milling time. The fitted re-
sults are shown in Table 2. Note that the particle size obtained in
this model is quite close to that obtained from the UDM model,
while the strain values are quite different in these two models.
Considering the more realistic nature of this model, the obtained D
and ε values are considered to be more reliable in USDM.
c. Uniform deformation energy density model (UDEDM). This model
can be used to determine the deformation energy density, particle
size, stress and strain parameters. In Eq. (4), the crystals are
assumed to have a homogeneous and isotropic nature. However, in
many cases, the assumption is not valid. Moreover, the constants of
proportionality associated with the stress-strain relation are no
longer independent when the strain energy density u is considered.
For an elastic system that follows Hooke's law, the energy density u
(energy per unit volume) can be calculated from u ¼ ðε2YhklÞ=2.
Then Eq. (3) becomes,

bhklcosq
Kl
D

þ
 
4sinq

�
2u
Yhkl

�1
2

!
(6)

Eq. (6) represents the USDEM. The uniform deformation energy
density can be calculated from the slope of the line plotted between
bhklcosq and 4sinq(2/Yhkl)1/2. The crystallite size is calculated from
the y-intercept. Using the relation s ¼ εY and u ¼ ðs2=2YhklÞ, we
can calculate the stress and strain on the TiO2 NCs. Fig. 4(a-f)
ectively. The experimental data are shown with symbols and the fitted data are shown



Fig. 4. (aef) The UDEDM fitting of XRD data for T0h, T12 h, T16 h, T 20 h, T30 h, and T40 h, respectively. The experimental data are shown with symbols and the fitted data are
shown with line.
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represents the UDEDM fitted graphs for 0 h, 12 h, 16 h, 20 h, 30 h
and 40 hmilled TiO2 NCs respectively. The experimental data points
are shownwith symbols and the fitted data is shownwith a straight
line. The calculated parameters from this model are tabulated in
Table 2. This method also concludes that the particle size decreases
with increasing milling time. The strain values of T0h, T16 h and
T40 h samples are 0.2%, 0.5% and 0.25% respectively. The strain
values obtained for these samples using the above models (USDM
and UDEDM) are fully consistent. However, the strain values ob-
tained from HRTEM analysis is relatively higher (see Table 2). The
mismatch may be due to the fact that XRD analysis yields average
strain, where the strain calculated from HRTEM is only for a
particular plane and for a few particles.

d. Comparison of size and strain from different models. Fig. 5(a-c)
represents a comparison of particle size and strain as a function of
milling time for different models, i.e. UDM, USDM, and UDEDM. It is
observed that in all themodels, the size systematically decreaseswith
increasing milling time from 0 to 40 h. However, the strain first in-
creases with milling time up to 16 hmilling and then decreases with
further milling. Up to 16 h milling, the strain developed is tensile in
nature, and then the strain reduces for furthermilling perhaps due to
the strain relaxation by formation of dislocations. Note that for all
models, the strain value is of the order of 10�2 indicating the consis-
tency of UDM, USDM and UDEDMmodels.

4.3. Direct evidence of strain from HRTEM

TEM is an important tool to estimate the size and shape of the
NCs. Fig. 6 represents the size and lattice spacing of TiO2 NCs for
different milling times. Fig 6(a), (c) and (e) are the TEM images of
T0h, T16 h and T40 h samples and (b), (d) and (f) are the corre-
sponding HRTEM images (after IFFT). The inset of Fig. 6(f) (right
lower corner) shows the selected area electron diffraction (SAED)
pattern of T40 h sample indicating the tetragonal crystal phase of
NCs. The strained portions are marked by oval ring for the T40 h
sample (Fig. 6(f)). Note that the lattice strain is very high for T16 h
as evident from Fig 6(d). The NCs size distribution of the T40 h is
shown in Fig. 6(e) as an inset. The average particle size and lattice
spacing corresponding to (101) planes of T0h sample is ~80 nm and
3.24 Å, respectively. The lattice spacing of T16 h sample corre-
sponding to the (101) planes is 3.31 Å, which is much higher than
that of T0h. The higher d-spacing confirms the tensile strain in the
lattice, which is fully consistent with the lower 2q peak shown in
the XRD pattern. It is evident from the HRTEM image (see Fig. 6(d))
that the lattice fringes are quite distorted at many locations due the
high strain. This may be due to dislocations in TiO2 NCs created by
the ball milling. The strain calculated for T16 h sample using the
HRTEM analysis is 2.16%, which is higher than the strain calculated
from UDM, USDM, and UDEDMmodels (see Table 2). In addition to
the distortion of lattice fringes, some changes in the surface
morphology are also observed in T16 h sample. The surface of the
NCs looks ruptured due the high strain. Thus, the strain creates
some morphological disorder in the sample. This is observed
particularly for T16 h sample because these NCs are highly strained
during milling. On the other hand, the morphological features of
NCs in T0h and T40 h samples are almost spherical in nature
without distortion of edges (see Fig. 6(a, e)). Further, the lattice
spacing calculated for T40 h sample is 3.29 Å, a little lower than that
of the T16 h sample, consistent with the XRD analysis. The strain
associated with the NCs is 1.54%, again higher than that the strain
calculated from the above models (see Table 2). These results are
consistent with the XRD results, where 2q value shifted to a higher
angle. FESEM morphology images for T4 h and T12 h are given in
Fig. S2(a,b) and the TEM images for the T20 h and T30 h are pro-
vided in Figure S2(c, d) (Supporting Information). Note that the



Fig. 5. Comparison of the average nanocrystallite size and strain in TiO2 NCs as a
function of milling time calculated by (a) UDM, (b) USDM and (c) UDEDM methods.
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sizes measured from TEM analysis closely matches with that found
from the XRD line shape analysis.
4.4. Evolution of strain and defects from Raman spectra

For further confirmation of the particle size reduction, strain
evolution and defects on the band gap modification of TiO2 NCs,
Raman measurement was performed. Raman spectroscopy is an
excellent tool to investigate the strain, phonon confinement, and
stoichiometry defects in TiO2 NCs based on shifting and broadening
of spectral lines. Fig. 7(a) represents the Raman spectra of T0h, T4 h,
T16 h, and T40 h samples and inset shows the zoomed view of the
spectra in the range 220e700 cm�1 for comparison. All the vibra-
tional modes corresponding to anatase phase of TiO2 are present
here and it is consistent with the literature [47e50]. Along with the
characteristics anatase phase of TiO2, some new spectral features
are found in differentmilled samples (see inset of Fig. 7(a)). Fig. 7(b)
shows a comparison of E1g mode for T0h, T16 h and T40 h samples
and inset shows the change in the peak profile for 16 h sample
before and after annealing. It is clear from Fig. 7(a) that the new
peaks started appearing after 4 h milling and intensity of these
peaks increased with increasing milling time. Note that the for-
mation of new phase after 4 h milling is also seen from XRD data.
However, XRD pattern reveals only the Ti3O5 phase. On the other
hand, Raman spectra distinguish the type of phase of Ti3O5. It is
believed that the new peaks correspond to b- Ti3O5 phase. Similar
results were reported by Wu et al. [51] and Hamouda et al. [52]
Note that b-Ti3O5 has 24 Raman active vibrational modes
(16Ag þ 8Bg). However, some of the spectral lines are very weak in
intensity. Consequently, only the strong Raman peaks (centered at
~170, ~316, ~340, ~360, and ~427 cm�1) have been observed. It may
indicate that only a small fraction of the sample contains b- Ti3O5 as
confirmed from the XRD analysis. Although, several peaks are
observed in milled TiO2 NCs, the most intense peak (E1g) at
~143e145 cm�1 is significant. A closer analysis of E1g mode reveals
the influence of strain and phonon confinement on the line shape
[53] and oxygen related stoichiometry defects [54]. The influence of
strain on the other Raman modes of TiO2 NCs with anatase phase
was relatively poor [55]. Most importantly, broadening of Raman
modes implies the reduction of nano crystalline size and shift in
Raman frequency, implying tensile or compressive strain depend-
ing upon the red shift or blue shift, respectively. The competing
effects of the phonon confinement and strain on the Raman spec-
trum canmake the analysis difficult for TiO2 NCs. Note that the TiO2

nanocrystallites of sizes under 10 nm usually influence the Raman
spectra through phonon confinement effect [53,55,56]. In the pre-
sent case, we have obtained TiO2 NCs of size �10 nm for different
milled sample (T40 h). Thus, the phonon confinement effect may
not be significant in our samples. We believe that the broadening
and shift of Raman peaks aremostly due to the strain and Ov defects
caused by the milling process. The centre of the E1g peak for T0h,
T4 h and T16 h and T40 h are at 144.38, 143.91, 143.20 and
143.91 cm�1, respectively. This peak shift is quite consistent with
the XRD analysis, where we have found the tensile strain in our
samples. The initial red shift of the peak positions are due to the
tensile strain and the later blue shift is due the reduction of tensile
strain for longer milling time. Similar observations were also re-
ported in case semiconductor nanowires and CdSe quantum dots
[57e59]. Further, the strain relaxation was confirmed from T16 hA
sample. The peak centre of T16 hA shifts to higher wave number,
compared to the T16 h sample (see inset of Fig. 7(b)) and attains the
value of pristine sample (T0h). This is also consistent with the XRD
analysis. Thus, the micro Raman analysis further augmented the
nature of strain in the TiO2 NCs, which is fully consistent with the
XRD analysis.

4.5. Effect of strain on band gap reduction

The nature of strain and its effect on band gap tuning of anatase
TiO2 NCs was analysed by UV-visible DRS. It may bementioned that
thebandgap tuningof bulk anatase TiO2 has beenpossiblemostly by
doping/composite with other elements. The DRS data of ball milled
samples (shown in Fig. S3, Supporting information) shows signifi-
cant changes in the reflectance spectrum of TiO2 NCs after ball
milling. Fig. 8(a) shows theUV-vis absorption spectra obtained from
the Kubelka-Munk function for T0h, T16 h and T40 h samples. The
band gap is estimated from the UVevisible absorption edge
(Kubelka-Munk function) [30] and the values are 3.14 eV for T0h,
while T16 h and T40 h with high tensile strain show reduced band
gaps of 2.71 and 2.79 eV, respectively. This reduction in band gap is
very significant and it is believed to be causedprimarily by the lattice
strain in TiO2 NCs, observed experimentally for the first time. Our
results are consistent with the theoretical prediction of bandgap
narrowing in anatase TiO2 by applying strain along a soft crystal
direction [33]. It has been argued that in anatase TiO2, due to the
layered structure with soft crystal direction perpendicular to the



Fig. 6. (a, c, e) TEM images of T0h, T16 h and T40 h samples, and (b, d, f) corresponding HRTEM lattice images showing d-spacing of (101) planes, respectively. The inset in (e) shows
the size distribution of TiO2 NCs in T40 h sample. The inset in (f) shows the tetragonal phase of TiO2 NCs in T16 h. The highly strained region of image in (f) is marked with oval
shaped rings. In case of T16 h, lattice strain is highest (image d).
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layer plane, its bandgap could be effectively reduced by applying
stress along the soft crystal direction. In this case, ball milling pro-
duces strain in different crystal directions and soft direction will be
affectedmost.We believe that the reduction in band gap achieved in
this case is due to the combined effect of lattice strain and lattice
defects induced by the ball milling. Since the achieved band gap of
2.71 eV falls in the visible region of spectrum, the ball milled TiO2
would be suitable for visible light photocatalysis. Indeed, our pre-
liminary results on the visible light photoctalysis studies show that
the performance of ball milled TiO2 NCs is better than the pristine
TiO2 NCs in the photocatalytic degradation of Methylene blue
(Fig. S4, Supporting Information). Ball milled TiO2 shows a degra-
dationof ~52%as compared toonly~36%degradation inpristineTiO2
NCs. Note that the optimization of defects is necessary for achieving
efficient charge separation needed in photocatalysis process. In
contrast to T16 h sample, the band gap of T40 h sample increases to
2.79 eV. Since the changeof bandgap follows the trendof the change
in strain (tensile), the enhancement in band gap arises primarily
from the tensile strain in TiO2. The anomalous variation of band gap
is attributed to the difference in strain content in the samples. These
results are consistent with recent simulated results [33]. Yin et al.
predicted a band gap reduction of ~0.25 eV for a stress of 8 GPa in
anatase TiO2 [33]. Interestingly, we found a band gap reduction of
0.43eV for theT16hsample as compared to theT0h, and it is reduced
to 0.35 eV for T40 h sample. Our XRD analysis shows a maximum
stress of ~0.6GPa for theT16h sample [seeTable 2]. Thus, besides the
strain effect, the effective reduction in band gapmaypartly be due to
the oxygen vacancy defects that help in the band gap reduction.
Interestingly, the PL results demonstrate the presence of oxygen
vacancy states in different samples (see supporting information,



Fig. 7. (a) Raman spectra of T0h, T4 h, T16 h and T40 h samples. Inset show the enlarged view of the spectra in the range 225e700 cm�1. Note that curves are vertically shifted for
the clarity and vertical dotted line shows the peak shift. The “*” indicates the b-Ti3O5 phase and “A” indicates the anatase phase of TiO2. (b) Enlarged view of Raman shift for E1g
mode and the inset shows the shift in Raman peak for T16 h before and after annealing.

Fig. 8. (a) UV-vis absorption spectra (KubelkaeMunk function) of T0h, T16 h and T40 h
samples extracted from DRS data. The band gap values are calculated from the inter-
cept of the extrapolated lines. (b) DSC curve of T16 h sample. Inset shows the differ-
entiated DSC curve and lower temperature peaks (151 and 230 �C) signify the strain
relaxation and the higher temperature peaks (421 and 645 �C) reveal the structural
changes.
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Fig. S1). The defect concentration increases after milling. Oxygen
vacancymediated band gapmodification has been reported for ZnO
nanostructures [60]. It may be likely that the oxygen vacancy states
appear near the band edge and with increasing oxygen vacancy
concentration, thedefect bandcausesaneffectivenarrowingofband
gap in TiO2 NCs [42].
4.6. Strain relaxation and structural changes

In order to monitor the strain relaxation and structural change
by heating, DSC measurements were performed on highly strained
sample (T16 h) and results are shown in Fig. 8(b). The inset of
Fig. 8(b) shows the differentiated curve of T16 h sample. The low
temperature peaks at 151 and 230 �C clearly signify the strain
relaxation during heat treatment [25]. Besides the strain relaxation,
the structural changes may be expected in ball milled samples. The
higher temperature DSC peak (645 �C) may be assigned to phase
change from anatase to rutile without any ambiguity. Since anatase
phase of TiO2 is less stable at high temperature, it is converted to
rutile upon heating. We have already discussed that at higher
milling time a new phase b-Ti3O5 appears in the sample. The b-
Ti3O5 further changes to a-Ti3O5 and then converted into l-Ti3O5 at
high temperature (1047 �C) [21,61]. b-Ti3O5 is an semiconducting
phasewith a nominal Ti3þ-Ti3.33þ-Ti3.67þ electronic configuration of
the three inequivalent Ti atoms in the monoclinic structure [62].
The phase transition have taken place due to the high pressure
created during milling that caused structural rearrangement of the
lattice topology leading to the formation of short TieTi bonds in
neighbouring edge-sharing TiO6 octahedra. Liu and Shang showed
from the energy calculation that b-Ti3O5 has a lower total energy
and lower volume than the l-Ti3O5 and this phase can form at
higher pressure [61]. These results are consistent with our obser-
vation. The DSC peak at 421 �C is likely to be due to the phase
change of b-Ti3O5 to a- Ti3O5. Note that l-Ti3O5 and b -Ti3O5 can be
identified from Raman spectroscopy [52]. In the present case, the
Raman spectra confirm the presence of b-Ti3O5 phase in milled
samples (Fig. 7(a)). The l-Ti3O5 phase is stable at high temperature.
Thus, the DSC results are fully consistent with the XRD and Raman
analysis.
5. Conclusions

In conclusion, we have reported the growth of TiO2 NCs of size
down to ~11 nm using a simple ball-milling method and system-
atically investigated the strain evolution in TiO2 NCs as a function of
milling time. Besides the size reduction and non-monotonous
evolution of strain, we have noticed the evolution of a new phase
b-Ti3O5 from the Raman and XRD analyses, for the first time. The
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broadening and shift of XRD peak positions are analysed with
different models to understand the evolution of strain and particle
size. The combined analysis of XRD and micro Raman spectra re-
veals that the 16 h milling gives rise to the highest tensile strain in
TiO2, and the strain reduces with further milling. The milling time
appears to be the key factor controlling the size and strain of TiO2
NCs. The most important observation for the ball milled TiO2 NCs is
the band gap reduction by tensile strain, reported for the first time.
Our results demonstrated that the band gap narrowing in TiO2 NCs
is due to combined effect of lattice strain and lattice defects (mostly
oxygen vacancies) induced by the milling. This is an important step
for band gap tuning of semiconductor nanomaterials, which can be
directly utilized in practical applications such as optoelectronics,
photovoltaic and photocatalysis etc. Our visible light photocatalysis
results on the ball milled TiO2 NCs are promising. This simple
fabrication also allows for production of large amount of materials
for various commercial applications.
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