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Abstract
Rutile-phase  TiO2 rods prepared by hydrothermal bath deposition on F:SnO2 are in fact bundles of single-crystal  TiO2 pris-
matic nanorods of ~ 4 nm diameter each. These bundles of rutile-phase  TiO2 nanorods have tetragonal morphology and are 
strain-free (or the strain in all the samples is the same). Bundles of  TiO2 that are oriented tetragonally with respect to the 
substrate’s surface, can be prepared for optimized growth times. It is observed that bundles of  TiO2 nanorods act as single 
entities from the point of view of the Raman spectra (and thus lattice vibrations). Single prismatic nanorods of ~ 4 nm width, 
as observed via TEM, appear to act as “larger” crystals to the lattice phonons once stacked together to form large oriented 
bundles of  TiO2. Hence, the phonon confinement effect cannot be observed because translational symmetry is preserved at 
the grain boundaries of the nanorods that make each  TiO2 bundle. Moreover, an increase in the density of bundles growing 
preferentially in the [002] direction, perpendicular to the substrate surface, results in an unusual increase of room and low 
(77 K) temperature Raman band Eg/A1g intensity ratios.

1 Introduction

Raman spectroscopy is an important non-destructive struc-
tural characterisation tool that is used to investigate amor-
phous to crystalline phase transitions, oxygen defects, stress 
states and quantum-size effects in transition metal oxides 
[1–5]. The analysis of Raman peak positions, widths, and 
intensities reveal information about chemical composition 

and environment, bonding and the crystalline structure of 
a sample material.

Parameters acting on the “mechanical” properties such 
as atomic mass, bond strength or interatomic distances and 
atomic substitutions, set the positions of the Raman peaks; 
parameters acting on the “charge transfer” properties such 
as ion-covalency, band structure and electronic insertion, 
determine the intensity of the Raman peaks, since vibration-
induced charge variations occur at the bonding scale [5]. 
Raman spectroscopic analysis of  TiO2 materials has been 
conducted thoroughly for decades [4–10], and its Raman 
spectra have been studied extensively since the middle of 
the twentieth century. It has been established that transla-
tional symmetries of crystalline materials are broken at grain 
boundaries in nanomaterials, which results in the appear-
ance of specific surface and interface vibrational contribu-
tions [11]. Therefore, it is highly desirable to understand the 
extent of morphological and nanostructure geometrical ori-
entation effects of rutile-phase  TiO2 on the Raman spectra. 
Nanostructured  TiO2 is a material with potential applications 
in energy conversion and photoelectrochemical hydrogen 
production, and offers superior charge transfer properties 
and high stability, making them suitable as photo-catalysts 
with improved water splitting efficiency [1, 9, 10].
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A schematic diagram of first-order Raman active atomic 
vibrations in rutile  TiO2 is shown in Fig. 1. In this report, 
a discussion is presented on the correlations between mor-
phological, structural and Raman spectroscopic proper-
ties of oriented bundles made of single-crystal rutile-phase 
 TiO2 nanorods prepared by hydrothermal bath deposition 
on transparent conducting substrates.

2  Experimental

Reagent grade (97%) titanium butoxide was obtained from 
Sigma-Aldrich, concentrated hydrochloric acid (31–32% 
by weight) from SMM Instruments and F:SnO2 (FTO)-
coated glass substrates were obtained from Technistro. The 
substrates used were successively degreased in hot trichlo-
roethylene, acetone and methanol. Each degreasing step 
was repeated three times for 3 min. The substrates were 
then washed in DI water at room temperature and finally 
were blown dry with  N2.

In a typical synthesis, 30 ml of concentrated HCl was mixed 
under magnetic stirring with 30 ml of DI water to reach a total 
volume of 60 ml. The mixture was stirred at ambient condi-
tions for 10 min before adding 1 ml titanium butoxide. After 
ten additional minutes, the mixture was poured into a Teflon-
lined stainless-steel autoclave at room temperature. The clean 
substrate was placed in the solution at an angle of ~ 45o against 
the wall of the autoclave with the conducting side facing down. 
The autoclave was then placed in an oven pre-heated to 150 °C.

Six samples were prepared using this method, and growth 
times of 6, 9, 12, 15, and 20 h were used. After each deposition, 
the autoclave was cooled to room temperature in a waterbath 
for approximately 30 min. More details on the hydrothermal 
bath deposition method can be found in Ref. [12]. The different 
growth times were chosen to produce rods of different size and 
orientation with respect to the substrate. Once cooled to room 
temperature, the samples were removed from the growth bath, 
rinsed with deionized water and blown dry with  N2.

A Bruker D8 Discover X-ray diffractometer (XRD) with a 
Cu-Kα X-ray source (λ = 1.5405 Å), a JEOL JSM-7001F field 
emission scanning electron microscope (SEM), and a JEOL 
ARM 200F aberration-corrected transmission electron micro-
scope (TEM) were used for the structural and morphological 
characterisation of the samples. For visible wavelength excita-
tion Raman, the 514.5 nm line of an argon ion laser was used 
with a Horiba LabRAM HR Raman spectrometer equipped 
with an Olympus BX41 micro-Raman attachment in backscat-
tering configuration. Room and low temperature measurements 
were made in a Linkam THMS600 microscope cryostat. In all 
cases, the Raman spectrometer was calibrated before each set 
of measurements using the F1g line of Si at 520.6 cm−1 as a 
reference.

3  Results and discussion

Figure 2 displays (a) an XRD pattern of the as-received 
FTO film on a glass substrate and (b) XRD patterns of 
samples hydrothermally grown for different times. The 
XRD pattern of as-received FTO is added for comparison 

=Oxygen =Titanium

A1g, ν=~612 cm-1

(a)

(b)

(c)

Eg, ν=~445 cm-1

a

c a

B1g, ν=~143 cm-1

Fig. 1  Scheme of first-order Raman-active atomic vibrations in rutile 
 TiO2 a B1g, b Eg and c A1g [For double degenerate vibrations (Eg), the 
arrows show only one of the possible displacement geometries.] The 
length of arrows represents the amplitudes of vibrations [6]
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purposes. Every XRD diffraction peak emerging from 
FTO is denoted by F:SnO2. Figure 2a shows that the FTO 
crystals are preferentially aligned with the (200) planes 
parallel to the substrate. From Fig. 2b, it can be seen that 
pure rutile-phase  TiO2 was successfully grown on FTO-
coated glass substrates. There are two noticeable preferred 
orientation planes: (101) and (002). Increasing the hydro-
thermal growth time enhances the (002) diffraction peak, 
suggesting that for longer growth times, rutile-phase  TiO2 
material grows preferentially along the [002] direction. 
The (002) XRD diffraction line is narrow and pronounced, 
indicating good crystallinity for the sample synthesized 
for 20 h. Since the  TiO2 in this sample is highly oriented 
with respect to the substrate surface, a 20-h synthesis was 
chosen as a reference in this study.

The estimated lattice parameters of rutile-phase  TiO2 
prepared for 20 h, are a = b = 4620 Å and c = 2959 Å. These 
values are in close agreement with the lattice parameters 
of bulk  TiO2: a = b = 4.594–4.682 Å and c = 2.959–2.974 
Å [13]. It is, therefore, concluded that  TiO2 grown on FTO-
coated glass is in the rutile-phase. Rutile-phase  TiO2 struc-
ture has the space group  (P42/mnm) with two  TiO2 mol-
ecules [14], i.e. six ions per primitive cell. It follows that 
there are 15 optical vibrational modes of rutile  TiO2 and 
that there is a very large number of 18 phonons per Brillouin 
zone point (Γ, X, M and Z) [14]. It must be mentioned that 

for hours of growth beyond 20 h, the as-grown layers detach 
from the substrate (results not shown here).

Figure 3 shows typical low magnification SEM micro-
graphs of rutile-phase  TiO2 layer grown on FTO-coated 
glass. Top views are shown for (a) 6 h, (b) 9 h, (c) 12 h, (d) 
15 h and (e) 20 h growth, while (f) shows a typical cross-
sectional view of rutile-phase  TiO2 grown for 20 h whose 
growth was found to prefer the [002] direction. It is clear 
from the figure that the entire surface of the FTO film is 
covered uniformly with rutile-phase  TiO2 made of rods. The 
top surfaces of these rods appear to contain many step edges. 
The average diameter of the rods varied depending on the 
growth time. Using the micrographs in Fig. 3, it is estimated 
that  TiO2 rods grown for 15 h and less have mean diameters 
of between ~ 100 and 120 ± 7.5 nm, as measured along the 
diagonal of the rod’s cross-section (see inserts in Fig. 3a–d). 
After 20 h of growth, a mean diameter of ~ 175 ± 7.5 nm is 
observed (insert in Fig. 3e) and the rods have an approxi-
mate length of ~ 4.2 ± 0.1 µm (Fig. 3f). The average FTO 
film thickness is approximately 642 ± 5 nm (Fig. 3f). Due 
to charging, cross-sectional SEM imaging of the samples 
grown for shorter times was not successful. For rutile-phase 
 TiO2 grown for 6 h, 9 h, 12 h, and 15 h, it was difficult to 
minimize charge build-up. Hence, cross-sectional images 
of sufficient quality could not be obtained due to beam drift 
and image distortions.

Fig. 2  XRD patterns a of the 
as-received FTO film on a glass 
substrate and b of samples 
hydrothermally grown for dif-
ferent times. Powder diffrac-
tion data of FTO (PDF  SnO2 
00-041-1445) and rutile-phase 
 TiO2 (PDF  TiO2 00-021-1276) 
were added as reference
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Figure 4a–d shows cross-sectional TEM images of a typi-
cal single  TiO2 rod developed on FTO after 20 h of hydro-
thermal growth. TEM samples were prepared by removing 
rods from the substrate (FTO-coated glass) and then sus-
pending them in ethanol. Vertically broken pieces of rods 
were then placed on a lacey carbon for TEM analysis. Fig-
ure 4e shows a sketch, based on the TEM analysis, of a typi-
cal bundle of single-crystal rutile-phase  TiO2 nanorods.

The TEM images in Fig. 4 show that the step edges 
observed in Fig. 3 were the top surfaces of single  TiO2 
nanorods (e.g. see numbered nanorods in Fig. 4b). Figure 4c, 
d shows that these nanorods have an elongated prismatic 
morphology. The average thickness of a typical nanorod is 
4 nm. These nanorods have the same morphological char-
acteristics as the crystallites obtained by Swamy [9], who 
used the hydrothermal bath method. Swamy used TEM to 
determine the diameter and length of prismatic crystallites, 

Fig. 3  Typical low magnification top view SEM micrographs of 
rutile-phase  TiO2 grown for a 6 h, b 9 h, c 12 h, d 15 h and e 20 h; 
and f typical cross-sectional SEM magnification micrographs of 

rutile-phase  TiO2 prepared for 20  h. Inserts are corresponding high 
magnification micrographs
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which were found to have diameters of 4–5 nm and lengths 
in the range 15–20 nm.

Figure 5a shows a TEM image of bundle of nanorods. The 
selected area diffraction (SAED) pattern in (b) was taken 
from the circled region. In Fig. 5c, d the measured SAED 
patterns are matched to a known SAED pattern of rutile-
phase  TiO2 along the [110] direction (red dots). Figure 5e 
shows zone axis/viewing direction simulated diffraction 
pattern for the [110] direction for rutile with indices. The 
rectangles in Fig. 5c, d indicate regions where a reasonable 
match was obtained. The prismatic nanorods observed in 
Fig. 5 are crystalline.

From the SAED images, it is understood that the rod-
like features observed in Fig. 3e, f with mean diameter 
of ~ 175 nm and length of 4.2 µm, are bundles of prismatic 
 TiO2 nanorods. The difficulty in fitting the entire SAED 
pattern is ascribed to the fact that every bundle is made of 
many prismatic nanorods. Furthermore, these observed dis-
crepancies in matching the measured SAED patterns to a 
known SAED pattern of rutile-phase  TiO2 along the [110] 
direction, most probably come about due to slight misori-
entations between rods. Based on SEM observations, it is 
also concluded that each bundle has tetragonal morphology 
as sketched in Fig. 4e. The TEM observations made here 
agree strongly with the growth mechanism debated in the 
literature [12]. Nanorods developed by hydrothermal growth 

proceed by the addition of titanium growth units [12] at the 
step edges throughout the entire growth stage. The complex 
 C16H36O4Ti could be the precursor of rutile-phase  TiO2 in 
the hydrothermal chemical bath. Each step edge is a single 
nanorod. As a function of growth time, and depending on the 
availability of the precursor in the solution, these nanorods 
grow taller. Determining the number of nanorods constitut-
ing one tetragonal bundle is still a subject of research due to 
technical challenges that are TEM-related. For the sake of 
this discussion, bundles made of single-crystal  TiO2 pris-
matic nanorods will just be called rods.

The degree of c-alignment of these  TiO2 rods has been 
determined by an ω-scan of the rutile  TiO2 (002) peak, as 
shown in Fig. 6. X-ray rocking curves of  TiO2 rods prepared 
for 6 h, 9 h, 12 h, 15 h and 20 h are presented. The yellow 
dots inside the black line is a Gaussian fit of the rocking 
curve of  TiO2 rods prepared for 20 h (black line). It is seen 
that the full width at half maximum (FWHM) of the rocking 
curve of as-grown  TiO2 rods on FTO-coated glass substrate 
decreased significantly as a function of growth time, and 
took a Gaussian distribution type in the case of rods pre-
pared using a 20 h growth time (see Gaussian fit in Fig. 6). 
This observation indicates that after 20 h of hydrothermal 
bath deposition, the FTO-coated substrate surface is uni-
formly covered with rutile-phase  TiO2 rods that grow per-
pendicular to the substrate surface.

(a) (b)

(e)
(c) (d)

Fig. 4  Cross-sectional TEM image of single rod of  TiO2. a–d TEM images of broken pieces of rods captured on a coated TEM grid. e Sketch of 
a typical bundle made of single-crystal rutile-phase  TiO2 nanorods according to observations made from TEM images (a–d)
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Figure 7a, b shows first-order Raman modes at room tem-
perature (RT) and 77 K, respectively. These peak parameters 
are summarised together with their corresponding values as 
reported in the literature, in Table 1. The RT Raman peak 
positions for the different samples measured at the same 
temperature did not show any differences in peak positions 
(see Fig. 7a). This implies that either there is no strain in the 
different samples, or the strain in all the samples is the same. 
For bulk single-crystal rutile  TiO2, the A1g and Eg Raman 
mode positions have been well documented [3, 15]: the Eg 
and A1g modes appear at 447 ± 3 cm−1 and 612 ± 3 cm−1, 
respectively. Comparing the Raman peak positions Eg 
(~ 447 ± 2  cm−1) and A1g (~ 611 ± 2  cm−1) observed in 
Fig. 7a, b to their counterparts reported in literature, it is seen 
that they fall within the reported range for Raman modes Eg 
and A1g for single-crystal rutile  TiO2 film. This implies that 
no phonon confinement effects are observed. Quantum-size 
effects arising from phonon confinement become effective 
for crystals ranging in size from 1 to 100 nm [10, 17]. The 
bundles of single-crystal nanorods thus act as single entities 
from the point of view of the Raman spectra (and thus lattice 
vibrations). Single prismatic nanorods of ~ 4 nm width, as 
observed via TEM, stick together, forming a large bundle of 
 TiO2 that appear as “larger” crystals to the lattice phonons. 
Hence, it is concluded that bundles of rods prepared using 
a 20-h growth time, form a layer of well-packed crystals 
aligned perpendicularly to the substrate surface, and this 
layer behaves like a single crystal layer.

Figure 7c shows multiphonon modes for rutile-phase 
 TiO2 nanorods grown at 77 K. Their summary and corre-
sponding identification are given in Table 2. Figure 7d shows 
the Eg/A1g intensity ratio as observed in all samples. Raman 
bands were assigned based on Refs [3, 6, 8, 18].

From Fig. 7a–d, it is also observed that (1) Eg/A1g ratio 
is above the unity for Raman spectra collected at room and 
low temperature (300 K, 200 K, 100 K and 77 K) from rods 
prepared for less than 15 h (see Fig. 7d). But (2) it decreased 
significantly in rods of  TiO2 grown for 15 and 20 h. Spe-
cifically, a sudden enhancement of the intensity of the A1g 
(~ 611 cm−1) from rods prepared for 15 and 20 h is observed. 
It is worth noting that, the A1g, B1g and Eg modes have only 
oxygen displacements [6, 19]. Observation (2) is due to the 
presence of more bundles of  TiO2 nanorods perpendicular 
to the substrate, as observed through rocking curve studies 
(see Fig. 6). Specifically, this enhancement of the intensity 
of A1g (~ 611 cm−1) is the result of an increase in the number 
of bundles of nanorods perpendicular to the substrate.

Figure 8 shows the temperature dependence of (a) fre-
quency shift and (b) FWHM of Raman modes Eg and A1g 
as observed in  TiO2 rods prepared for 20 h of hydrother-
mal growth. From Fig. 8a it is seen that (3) the Eg mode 
undergoes a significant phonon softening with tempera-
ture compared to the  A1g mode. Moreover, it is seen also 
in Fig. 8b, that (4) the thermal broadening of the Eg and 
A1g peaks is very significant. Lan et al. [20] and Samara 
et al. [16] made the same observations in their studies on 
the effects of temperature (4–500 K) on the frequencies of 
Eg and A1g in single-crystal rutile. Based on Raman spec-
trometry and molecular dynamics simulations [16, 20], the 
factors contributing to observations (3) and (4) have been 
cited as thermal expansion, and cubic and quartic anhar-
monicities. Specifically, the pure-temperature contribution 
(thermal expansion) arises from phonon cubic and quartic 
anharmonicities of rutile  TiO2 [16, 20]. Eg exhibits behav-
iour [observation (3)] typical of normal ionic crystals, in 
that thermal expansion due to temperature (at a constant 
pressure) is the dominating factor behind observed Eg shifts 
as function of temperature. The fact that A1g has a small 
thermal softening at high temperature (RT), is due to the fact 

Fig. 5  Typical a experimental, b unfitted and (c, d) fitted raw selected 
area electron diffraction pattern taken from the sides of a bundle of 
rods of rutile-phase  TiO2 captured on a coated TEM grid. Dotted rec-
tangles are added to guide the eye. e Zone axis/viewing direction sim-
ulated diffraction pattern for the [110] direction for rutile with indices
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Fig. 7  Raman modes for rutile-
phase TiO2 nanorods grown 
hydrothermally for different 
hours: a at room temperature 
(RT) and b at 77 K; c multipho-
non modes for rutile-phase 
 TiO2 nanorods grown hydro-
thermally for different hours at 
77 K. d Eg/A1g intensity ratio as 
observed in all samples. Aver-
age growth time is marked on 
figures. Inserted dotted lines are 
to guide the eye
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Table 1  Phonon symmetries and frequencies (in cm−1) at points �  , X, M and Z of the Brillouin zone at room temperature

First-order scattering features

Mulliken notation Raman spectrum obtained rutile-
phase TiO2 rods

Raman spectrum rutile-phase  TiO2 obtained from literature

Room temperature B1g ~143 ± 2 cm−1 (142 cm−1) [8], (143 cm−1) [1, 15], (144 cm−1) [10], (145 cm−1) [6]
Eg ~ 447 ± 2 cm−1 (445 cm−1) [8, 16], (447 cm−1) [1, 10, 15], (447 cm−1) [6]
A1g ~ 611 ± 2 cm−1 (610 cm−1) [8], (612 cm−1) [1, 6, 10, 15, 16]

77 K Eg ~ 454 ± 2 cm−1 –
A1g ~ 613 ± 2 cm−1 –
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that thermal expansion and higher order anharmonicity con-
tribution of the A1g mode shift, cancel each other out [16]. 
All the above observations confirm the fact that bundles of 
 TiO2 nanorods act as “larger” crystals to lattice phonons. It 
is, therefore, suggested that once single prismatic nanorods 
(as observed in Fig. 4) stick together and form bundles of 
 TiO2 rods, translational invariance is preserved [17]. Hence, 
quantum-size effects cannot arise from phonon confinement 
phenomena in the crystal.

4  Conclusion

Rutile-phase  TiO2 rods prepared by hydrothermal bath 
deposition on F:SnO2, were in fact bundles made of sin-
gle-crystal  TiO2 prismatic nanorods of ~ 4 nm width each. 

These bundles had a tetragonal morphology and were 
strain-free (or the strain in all the samples was the same). 
Tetragonal bundles of  TiO2, highly oriented with respect 
to the substrate’s surface, were prepared for optimised 
growth times (i.e. 20 h). It was observed that bundles of 
 TiO2 nanorods acted as single entities from the point of 
view of the Raman spectra (and thus lattice vibrations). 
Single prismatic nanorods of ~ 4 nm in size (width), as 
observed via TEM, once stacked together to form large ori-
ented bundles of  TiO2, appeared to act as “larger” crystals 
to the lattice phonons. Hence, phonon confinement effects 
could not be observed because translational symmetry 
was preserved at the grain boundaries of the nanorods 
that made each bundle of  TiO2. Moreover, as the density 
of bundles growing preferentially in the [002] direction, 
a perpendicular direction with respect to substrate sur-
face, increased, an unusual increase in the room and low 
(77 K) temperature Raman bands Eg/A1g intensity ratios 
was observed. The low-temperature Raman peak position 
and peak width data were interpreted as supporting the 
hypothesis that the bundles of nanorods act as single enti-
ties from the point of view of the lattice phonons. Phonon 
symmetries and frequencies (in  cm−1) at points Γ, X, M 
and Z of the Brillouin zone at room temperature and 77 K 
of such bundles of rutile-phase  TiO2 were also measured 
and found to be consistent with rutile-phase  TiO2 phonon 
symmetries and frequencies.
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Table 2  Phonon symmetries and frequencies (in  cm−1) at points Γ, X, 
M and Z of the Brillouin zone at low temperature (77 K)

Second-order scattering features

Rutile-phase  TiO2 rods Rutile-phase  TiO2 from 
literatures

Assignment

~212 ± 2 cm−1 (215 cm−1) [6] X
1

2
+ X

1

2

~260 ± 2 cm−1 (260 cm−1) [8], (264 cm−1) 
[6]

Eu(2) − Eu(1)

~313 ± 2 cm−1 (313 cm−1) [8], (319 cm−1) 
[6]

M
2
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~336 ± 2 cm−1 – –
~342 ± 2 cm−1 (340 cm−1) [6] Eu(3) − Eu(1)

~377 ± 2 cm−1 (372,9 cm−1) [6], 
(377 cm−1) [8]

Eu(3) − B1u(1)

Fig. 8  Temperature depend-
ence of a frequency shifts, b 
FWHM, of the Raman modes 
Eg, and A1g observed in the rods 
of  TiO2 prepared after 20 h. 
Dotted straight line drawn in (a) 
is guide to the eye

(a) (b)
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