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Abstract Na doped TiO2 nanorod structures have been

prepared by one-step hydrothermal method. Structural

analysis of undoped and doped TiO2 nanorod samples

revealed the formation of single rutile phase structure.

XRD plots confirms the effective substitution of Ti4? with

Na? in the samples by exhibiting a slight shift towards the

lower angle in the 2h value of the diffraction peaks com-

pared to undoped TiO2 sample. The distribution of sodium

in TiO2 lattice is confirmed by morphological and EDS

analysis. FESEM images of doped samples revealed the

formation of structures in the form of nanorods for 2 and

4% of dopant and then to nanoflowers on increasing the

amount of dopant to 6%. TEM analysis revealed the for-

mation of nanorods with a diameter about 250 nm. Each

nanorod was found to be formed of individual thin

nanorods with approx diameter of 25 nm. The presence of

sodium (atomic% = 7.60) in the nanorods was also sub-

stantiated by EDS studies. From optical studies, with

increase in dopant concentration, the absorption edge is

seen to be shifted towards the longer wavelength and

bandgap tends to show red shift with values varying from

3.0 to 2.74 eV.

1 Introduction

Recently, one dimensional (1D) nanomaterials such as

nanorods, nanowires, nanotubes etc. have attracted con-

siderable attraction due to their interesting properties and

wide spread applications. Enhanced electron transport and

quick separation of photo-generated electrons and holes

along opposite direction to retard the recombination of

electron–hole pairs make these 1D structures suitable can-

didates for applications in the areas of solar photovoltaics

and several other optoelectronic devices [1, 2]. Among the

1D nanomaterials like TiO2, ZnO, SnO2, NiO and V2O5,

titanium dioxide (TiO2) with wide bandgap of 3.0 eV is

chosen as a candidate of study due to its advantages like

long lifetime of excited electrons, suitable band edge levels

for charge injection and extraction, chemical stability, non-

toxicity, natural abundance and low cost [3]. Apart from

the advantages listed above, TiO2 is also a very suit-

able oxide material as a photoanode in dye-sensitized solar

cells (DSSC) due of its extraordinary ability to oxidize

photogenerated holes [4]. In addition to their physical and

chemical properties, the geometries of TiO2 nanostructures

plays a vital role in determining the performances of

DSSCs. TiO2 can be synthesized in variety of forms such

as rods, tubes, sheets, and wires by sol–gel [5], solvother-

mal [6] and hydrothermal methods [7]. Hydrothermal

method is widely chosen as it is a one-step method

involving low operating temperatures and less growth time.
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Among the different 1D structures, nanorods are chosen

for the present work as TiO2 nanorods provides a large sur-

face area for dye loading and in turn reduces the electron loss

during the transfer of photo generated electrons [8]. Doping

of TiO2 with metal or nonmetal atoms is an effective way to

extend the absorption of TiO2 from UV to visible region as

visible-light driven 1D TiO2 nanomaterials are highly

desired [9]. Doping can also easily shift the band edge and

Fermi level of the material and thus change the electron

transfer properties [10]. Doping of TiO2 is more complicated

because of the defect ridden state of TiO2 and doping affects

the trap states and electronic structure of TiO2 [11]. When

TiO2 is doped with metallic or non metallic ions, either the

cation Ti4? can be affected or the anion O2- can be affected.

As the lower edge of conduction band is comprised of Ti4?

3d bands, doping of Ti4? is found to have a profound effect

on the properties of TiO2 as the dopant can induce oxygen

vacancies [12]. Dye absorption and superior charge transport

efficiency can be significantly improved by doping [12].

Liu et al. [13] on doping TiO2 with Zn2? reported a

positively shifted Fermi level and reduced electron–hole

recombination, with improved electron densities and

transport. Interstitial incorporation of Y3? into the lattice of

TiO2 led to increase in surface area, increasing the dye

adsorption. The optical properties were reported to be

significantly modified with a decrease in bandgap and

increase in conductivity [14]. Chen et al. [15] studied the

effects of doping B3? into TiO2. Interstitial doping of B3?

led to a blue shift of the UV–Vis absorption spectrum and

also led to an increase in oxygen vacancies.

There are several dopants including alkali metals, met-

alloids, non-metals and transition metals that are used to

dope TiO2. But to the best of authors knowledge there is only

limited literature available for Na doped TiO2 [16]. Hence in

this study, an attempt has been made to synthesize Na doped

TiO2 nanorods with different amount of sodium by one-step

hydrothermal method. The effect of sodium on structure,

morphology and optical properties has been investigated.

2 Need for doping alkali metals and choice of Na
as dopant

In the case of alkali metals, the outer electron shell of these

metals consists of ‘s’ electrons which can be easily donated,

thereby making these metals interesting cationic dopants for

TiO2. Commonly employed alkali metals for doping TiO2

are lithium [17] and sodium [16]. Doping of lithium and

unintentional adsorption of Li? ions from the electrolyte

(iodide tri iodide redox couple in DSSC) to TiO2, results in a

positive shift of the CB and reduced recombination rate [18].

Doping of sodium is believed to serve two purpose, as

Na? ions when doped into TiO2 modifies the morphology

and optical properties by exciting the absorption of TiO2

from UV to visible region. As a next step, it acts as a

mordant. Mordants are water soluble substances that

partly or wholly combine with natural dye molecule by

forming covalent and coordination bonds. It is believed

that mordants are capable of fixing and improving the dye

absorption by the film. The most important class of

mordants include tannic acid, alum, sodium chloride, and

certain salts of aluminium, chromium, copper, iron,

iodine, potassium, sodium, and tin. These mordants serve

for the fixation of acid or phenol-like natural dyes [19]. It

has been observed that most of the mordants are toxic in

nature. Among all the mordants, sodium chloride is cho-

sen as it is non-hazardous, easily available, cheap and is a

neutral catalyst that helps to speed up the dye uptake by

the film.

3 Materials and methods

3.1 Materials

FTO (fluorine doped tin oxide) of sheet resistance 7 X/h
was used as substrate. Titanium isopropoxide

(Ti[OCH(CH3)2]4, 97% purity) and Hydrochloric acid

(HCl, 98% purity), Sodium Chloride (NaCl, 98% purity)

were used as precursors to synthesis of TiO2 nanorods and

doped TiO2 nanorods. All the materials used in this study

were purchased from Sigma-Aldrich and used without any

further purification.

3.2 Method

This study involves synthesis of TiO2 nanorods and Na-

doped TiO2 nanorods by hydrothermal method.

3.2.1 Synthesis of TiO2 nanorods by hydrothermal method

FTO substrates were cleaned ultrasonically using soap

solution, distilled water, acetone and ethanol for 10 min

and dried. For preparation of TiO2 nanorods by

hydrothermal method, required quantity of HCl and

deionized water was mixed and stirred for 10 min. Then

Ti[OCH(CH3)2]4 was added to the stirring mixture as

droplets. The mixture was again stirred for another 10 min

to achieve homogeneity, and transferred into Teflon-lined

stainless steel autoclave (50 ml) with substrates pre-loaded

into it. Then the autoclave was sealed and hydrothermally

treated in a muffle furnace at 170 �C for 4 h. After cooling

down to room temperature, the samples were washed with

deionized water several times and dried at room tempera-

ture overnight.
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3.2.2 Synthesis of Na-doped TiO2 nanorods

by hydrothermal method

Typically, required quantity of HCl and deionized water

was mixed and stirred for 10 min. Then Ti[OCH(CH3)2]4
was added to the stirring mixture as droplets and stirred

again for 10 min. Finally, to synthesize Na doped TiO2

nanorods, different perentage of NaOH (2, 4 and 6%) was

dissolved with required amount of distilled water and

added to the stirring mixture. The mixture was stirred for

another 30 min to achieve homogeneity, and transferred

into Teflon-lined stainless steel autoclave (50 ml) with

substrates pre-loaded into it. Then the autoclave sealed and

hydrothermally treated in a muffle furnace at 170 �C for

4 h. At the end of growth time, the autoclave was cooled

down to room temperature and the samples were washed

with deionized water several times and dried at room

temperature overnight.

3.3 Characterization techniques

The crystalline phase of undoped and Na doped titania

electrodes were analyzed using X-ray diffractometer

(XRD, SHIMADZU LabX-6000) with a Cu target

(k = 1.5409 Å). A scan speed of 2�/min with the step scan

of 0.02� was used with 40 kV potential. The samples were

scanned with 2h values ranging from 10� to 80�. The

angles of the characteristic peaks were measured from the

plot and indexed by using PCPDF data. The shape and size

of the synthesized nanorods were analyzed using field

emission scanning electron microscopy (FE-SEM, ZEISS,

SIGMA, UK) and high-resolution transmission electron

microscopy (HR-TEM, JEOL, JEM 2100) equipped with

energy dispersive spectroscopy (EDS). Absorbance of the

films and the information about band gap energy of Na

doped nanorod films were recorded using a Jasco UV–Vis-

DRS (Model V570) spectrometer operating at a resolution

of 2 nm.

4 Results and discussion

4.1 Structural analysis

In order to confirm the crystalline phase of undoped and

Na-doped TiO2 nanorods, XRD study was carried out.

Figure 1 shows the XRD plot of undoped and Na doped

TiO2 nanorods. From the plot it is clearly seen that all the

peaks (2h positions of 27.39�, 36.08�, 39.10�, 41.3�,
43.97�, 54.36� and 56.68�) corresponds only to the rutile

phase TiO2 (JCPDS No. 890555). Moreover, rutile TiO2

has a verysmall lattice mismatch (\2%) with FTO and is

easy to grow on FTO with large aspect ratio [20]. No extra

peaks corresponding to other phases of TiO2 such as ana-

tase or brookite was observed.

The observed pattern of Na-doped samples reveal strong

peaks corresponding to pure rutile phase as observed in the

case of undoped TiO2 nanorod sample. This doped films

also exhibit perfect, single rutile phase with no impurity/

additional phases. From the plot it can be clearly seen that

the increase in dopant concentration led to a slight shift

towards the lower angle in the 2h value of the diffraction

peaks when compared to the plot of undoped TiO2 sample.

The shift of the peaks toward lower 2h values indicates an

expansion of TiO2 lattice and also confirms the effective

substitution of Ti4? with Na? in the samples. This is due to

the difference in ionic radius of the dopant ion (Na? = 1.0

Å) and the parent ion (Ti4? = 0.61 Å). As the radius of

dopant ions is larger than the parent ion, substitution of

Ti4? with Na? will lead to induce stresses in the lattice

leading to expansion of the lattice; shifting the XRD peaks

toward lower 2h values. Similar results have been reported

by Li et al. [21] on doping Ti4? ions with Ca2? ions (ionic

radius = 0.99 Å).

4.2 Morphological analysis

4.2.1 Field emission scanning electron microscopy

(FESEM) studies

The surface morphology of undoped and Na-doped TiO2

nanorods grown on FTO substrates was examined by

FESEM. Figure 2a, b shows the top view FESEM pictures

of undoped TiO2 nanorods. The images reveal well-

aligned, densely packed and uniform nanorods, of average

length and diameter of 2 lm and 220 nm indicating that

the nanorods are oriented predominantly vertical to the

FTO substrates and is also consistent with the XRD result.

It is also clear that the top surface of the nanorods are quite

rough and the side walls are relatively smooth. The top

Fig. 1 XRD pattern of undoped and 2, 4 and 6% doped TiO2 nanorod
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surface of the nanorods are also of square shaped that can

support the expected growth of tetragonal crystal.

Figure 3a–f shows the FESEM images of 2, 4 and 6%

Na doped TiO2 nanorods grown on FTO substrates. From

Fig. 3a–d, it can be clearly seen that the surface mor-

phology did not change significantly with 2 and 4% of Na

doping. However, the length of nanorods increased on

increasing the dopant concentration. The length of the

nanorods as determined from FESEM images was found be

respectively 2.262 and 2.309 lm for 2 and 4% of Na

dopant concentration possessing an average diameter of

about 250 nm. The dots seen in the FESEM images of

nanorods (irrespective of dopant concentrations) reveals

the presence of Na in the doped samples. This is also well

substantiated by shift of peak in XRD and also from the

EDS spectra. Figure 4 shows the cross section images of 2,

4 and 6% Na doped TiO2 nanorods with length of the

nanorods are marked in the FESEM image.

In the case of 6% Na doped nanorods (Fig. 3e, f), the

length and average diameter of the nanorods was determined

to be 2.713 and 300 nm. In this case, Na doping is found to

have an obvious effect on the morphology, length and

diameter of the TiO2 nanorods. Moreover, the compactness

of the nanorods were found to decrease with increase in

dopant concentration. It can be understood that, increasing

the dopant concentration in the growth solution decreases

the nucleation density of the seed layer slowly thus reducing

the compactness between the rods. From the image, it is

clearly seen that concentration of Na (6%) have led to an

overgrowth forming nanoflowers on the surface of the TiO2

nanorods as the growth time and temperature are same for

synthesis of all doped samples. This kind of nanoflowers on

the top of nanorods is dense and uniform covering the whole

surface of the substrate. The advantage of such flowers is to

increase the scattering of incident light for better light har-

vesting. Such TiO2 nanorod flowers are believed to provide

a large surface area for higher absorption of incident photons

that can lead to more photogenerated electron–hole pair.

This increase in electron–hole pair can be beneficial for

improvement in efficiency [22].

Studying the possible growth kinetics can pave a way to

find the formation of TiO2 nanorods leading to flower

shaped overgrowth of Na–TiO2 nanorods. The reason could

be well understood by considering the increase in dopant

concentration. The nanorods starts to aggregate one after

the another leading to radial growth of nanorods accom-

panied with increase in the average diameter and length of

the nanorods. Then the TiO2 nanorods starts to aggregate

and connect with one root leading to formation of 3D

nanoflowers on the surface of TiO2 nanorods.

4.2.2 Reaction of precursors and growth kinetics

1. Addition of HCl into growth solution adjusts the pH of

the solution and helps to retard the hydrolysis of the

precursor in the presence of water at low growth

temperatures (hydrothermal growth) [22, 23].

2. When Titanium isopropoxide is added as a precursor to

this acid medium, it gets hydrolyzed to titanium

hydroxide and alcohol. The formed titanium hydroxide

then forms a complex with water and the chemical

reactions involved in the formation of TiO2 are,

TiðORÞ4 þ 4H2O ! TiðOHÞ2 þ 4ROHðhyrolysisÞ
TiðOHÞ2 ! TiO2xH2Oþ ð2� xÞH2OðcondensationÞ

3. The Cl- ion in the growth solution restricts the growth

of rutile TiO2 in the (110) direction and promotes the

growth along the (001) direction. Therefore, the

growth rate of nanorod along (110) direction becomes

much slower than (001) direction, leading to prefer-

ential growth of c-elongated nanorods with (110)

faces. This is also confirmed by HRTEM images of

TiO2 nanorods.

4. Considering the crystal-symmetry and surface-energy

of rutile TiO2, the formed TiO2 nanorods will exhibit a

surface with square cross section and four sidewalls

with (110) faces.

5. Now, when sufficient amount of dopant (NaCl) is

added to the growth solution, Na2? ions combine with

Fig. 2 a, b FESEM images of undoped TiO2 nanorod. c Cross section view of undoped TiO2 nanorod
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OH- group to form NaOH and then forms sodium

complexes in the growth solution.

6. This sodium complexes cannot act as new nucleation

centers for TiO2 to grow due to its surface energy

conditions. As mentioned in the Sect. 4.2.1, nanorods

starts to aggregate and connect with one root leading to

formation of 3D nanoflowers on the surface of TiO2

nanorods with increase in dopant concentration.

Figure 5 schematically represents the growth mecha-

nism and formation of nanorods and nanoflowers.

Fig. 3 FESEM images of a, b 2%, c, d 4%, e, f 6% Na doped TiO2 nanorod. Inset in each figure shows the magnified view of a nanorod showing

the presence of Na doping in the sample
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4.2.3 High resolution transmission electron microscopy

(HRTEM) studies

In order to further study the formation, structure and crys-

tallinity of TiO2 nanorods, TEM analysis was carried out on

undoped and doped TiO2 nanorods. Figure 6a–c shows the

HRTEM images of undoped TiO2 nanorods. Figure 6a dis-

plays the HRTEM image of a single nanorod with a diam-

eter of about 220 nm. The image of the nanorod tip clearly

reveals that each nanorod consists of bundle of thin nanor-

ods with approx diameter of 20 nm. The selected area

electron diffraction (SAED) pattern (Fig. 6b) reveals the

presence of sharp spots indicating that the samples are

highly crystalline in nature. In Fig. 6c, presence of lattice

fringes with interplanar spacing d110 = 0.33 nm corre-

sponds to the rutile phase of TiO2 and clearly confirms that

the rods prefer to grow along (110) direction as discussed in

the kinetics of growth of TiO2 nanorods.

In the case of Na doped TiO2 nanorods, Fig. 6d shows

the HRTEM image of a single nanorod (diameter 250 nm)

with the presence of sodium (as pores) on the surface of the

nanorod. Each nanorod is found to comprise of individual

thin nanorods with approx diameter of 25 nm. Similar to

the case of undoped TiO2 nanorods, the SAED pattern

(Fig. 6e) reveals the presence of sharp dots indicating that

the doped nanorods also possess good crystallinity. In

Fig. 6f, presence of lattice fringes with interplanar spacing

d210 = 0.25 nm corresponds to the rutile phase of TiO2.

The results are also further confirmed by EDS.

4.3 EDS analysis

The EDS spectra and chemical composition of undoped and

Na doped nanorods are shown in Fig. 7a, b respectively.

Quantitative analysis of the spectrum showed that the

main elements present in the undoped sample is Ti and O.

Fig. 4 Cross section FESEM images of 2, 4 and 6% Na doped TiO2 nanorods with length of the nanorods marked in the image

Fig. 5 Schematic representation of growth kinetics and formation of nanorods and nanoflowers
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The weight% and atomic% of the elements present is

provided as inset. Peaks of copper and carbon present in the

spectrum is due to the sample holder/grid used for holding

the sample during analysis and the% of such elements seem

to be very less. The atomic% of titanium is 36.07 and that

of oxygen is 55.27 and the ratio was found to be nearly

stoichiometric of 1:2. Similar to undoped samples, the

main elements present in the Na doped sample is Ti, O and

Na. The atomic% of titanium in this case is 24.1 and that of

oxygen is 58.02 and the ratio was also found to be nearly

stoichiometric of 1:2 with atomic% of Na to be 7.60

indicating the nanorods are doped with sodium.

4.4 Optical properties by UV–Vis–DRS studies

In order to study the optical properties, UV–Vis–DRS

spectra of the undoped and Na doped TiO2 nanorods was

measured. Figure 8 shows the absorption spectra of both

undoped and Na doped TiO2 nanorod thin films.

As seen from the graph, all samples showed absorption

with an intense transition around 420 nm in the UV region,

which corresponds to the intrinsic band gap absorption of

TiO2. This transition is due to the electron transitions from

the valence band to conduction band (O2p ? Ti3d) of TiO2

[2]. Moreover, with increase in dopant concentration, the

Fig. 6 HRTEM image of a undoped, d Na doped TiO2 nanorods, SAED pattern of b undoped, e Na doped TiO2 nanorods, Lattice fringe pattern

of c undoped, f Na doped TiO2 nanorods

Fig. 7 EDS spectra of a undoped TiO2 nanorods, b Na doped TiO2 nanorods

3506 J Mater Sci: Mater Electron (2017) 28:3500–3508
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absorption edge is seen to be shifted towards the longer

wavelength or towards the lesser energy side as compared

to the undoped TiO2 nanorods. The bandgap energies (Eg)

of the doped samples are calculated using the equation,

ahm ¼ Aðhm� EgÞn ð1Þ

where a is the absorption coefficient, A is the absorption

constant, Eg is the band gap of material, m is the frequency

of the incident radiation, h is the Planck’s constant and the

exponent n takes different values such as 1/2, 3/2, 2 and 3

for direct-allowed, direct-forbidden, indirect-allowed and

indirect-forbidden transitions respectively [21]. In the case

of TiO2, n takes the value 1/2, considering the material

exhibits direct-allowed transition.

Figure 9 shows the plot of (ahm)2 versus hm for Na

doped TiO2 nanorod samples. From the graph, the bandgap

(Eg) can be calculated by extrapolating the linear part of

the curve to meet the x-axis. The Eg values as calculated

from the graph is found to be respectively 2.91, 2.83 and

2.74 eV for 2, 4 and 6% Na doped TiO2 nanorod samples

compared to the Eg of 3.0 eV for undoped TiO2 nanorod

samples. From the values, it can be concluded that doping

of required quantity of Na? into the lattice of TiO2 can

significantly reduce the bandgap values. This reduction is

because, the dopant can induce the excitation of an electron

from the valence band to the dope levels and form an

electron-capture trap to prevent the electron–hole pairs

from the process of recombination [21].

5 Conclusions

Na doped TiO2 nanorod structures have been successfully

synthesized by one-step hydrothermal method. XRD anal-

ysis of Na doped TiO2 nanorod samples revealed the for-

mation of single rutile phase structure. FESEM images of

Na doped samples revealed the formation of nanorods and

overgrowth of nanoflowers on increasing the amount of the

dopant. TEM analysis revealed the formation of nanorods

with a diameter about 250 nm. The presence of sodium in

the nanorods was also confirmed by EDS studies. The

optical studies revealed that the absorption edge shifted

towards longer wavelength and the bandgap decreases from

3.0 to 2.74 eV with an increase in dopant concentration.

References

1. S. Sadhu, P. Poddar, Growth of oriented single crystalline La-

doped TiO2 nanorod arrays electrode and investigation of opto-

electronic properties for enhanced photoelectrochemical activity.

RSC Adv. 3, 10363–10369 (2013)

2. X. Wu, S. Fang, Y. Zheng, J. Sun, K. Lv, Thiourea-modified TiO2

nanorods with enhanced photocatalytic activity. Molecules 21,
181–193 (2016)

3. A. Subramanian, H. Wen, Wang, Effects of boron doping in TiO2

nanotubes and the performance of dye-sensitized solar cells. App.

Surf. Sci. 258, 6479–6484 (2012)

4. S. Suhaimi, M.M. Shahimin, Z.A. Alahmed, J. Chyský, A.H.
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