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Abstract Undoped and zinc-doped TiO, nanoparticles
(Ti;_xZn,O, where x = 0.00-0.10) were synthesized by a
sol—gel method. The synthesized products were characterized
by X-ray diffraction (XRD), scanning electron microscope
(SEM), transmission electron microscope (TEM) and UV—
VIS spectrometer. XRD pattern confirmed the tetragonal
structure of synthesized samples. Average grain size was
determined from X-ray line broadening using the Debye—
Scherrer relation. The crystallite size was varied from 10 to
40 nm as the calcination temperature was increased from 350
to 800 °C. The incorporation of 3-5 mol% Zn*" in place of
the Ti*" provoked a slight decrease in the size of nanocrystals
as compared to undoped TiO,. The SEM and TEM micro-
graphs revealed the agglomerated spherical-like morphology
with a diameter of about 10-30 nm and length of several
nanometers, which is in agreement with XRD results. Optical
absorption measurements indicated a blue shift in the
absorption band edge upon 3-5 mol% zinc doping. Direct
allowed band gap of undoped and Zn-doped TiO, nanoparti-
cles measured by UV-VIS spectrometer were 2.95 and
3.00 eV at 550 °C, respectively.
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1 Introduction

Nanotechnology for materials, as the one of innovative tech-
nologies in the twenty-first century, is expected to revolu-
tionize materials and their applications. The structural,
electronic and optical properties can be tuned by controlling
the sizes of nanoparticles [1, 2]. Nanocrystalline TiO, is a well
known semiconductor with photocatalytic activities and has a
great potential for applications like in environmental purifi-
cation, decomposition of carbonic acid gas, pigments, catalyst
supports, fillers, coatings, photoconductors, solar cells, gas
sensors, biomaterials, dielectric materials and generation of
hydrogen gas, etc. [3, 4]. It is also stable in different chemical
environment, non-toxic and inexpensive. It has three different
crystalline phases: rutile, anatase and brookite, among which
rutile is in thermodynamically stable state while the latter two
phases are in metastable state. Anatase and rutile have a
tetragonal unit cell. Rutile phase contains two TiO, molecules
per unit cell having a = 4.5937 A and ¢ = 2.9587 A and
anatase contains four TiO, molecules per unit cell having
lattice constant a = 3.7842 A and ¢ = 9.5146 A. TiO, has a
wide energy band-gap of 3.0-3.2 eV which prevents the uti-
lization of visible-light that accounts for most of solar energy.
Photocatalytic activity of titania may strongly depend on its
phase structure, crystallite size, the specific surface area and
pore structure. Many studies have confirmed that the anatase
phase of TiO, is the superior photocatalytic material for air
purification, water disinfection, hazardous waste remediation,
and water purification [5, 6].
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Transition metals ion doping has been primarily studied
to enhance the photocatalytic activity under UV irradiation.
For the preparation of nanocrystalline particles, wet
chemical synthesis routes including sol-gel [7-9], hydro-
thermal [10-15] and precipitation [16] methods are widely
used. For the past two decades, the sol-gel routes have
become an appropriate method for the preparation of
nanocrystalline materials [17, 18]. Synthetic routes of TiO,
production usually result in amorphous solid TiO, or
anatase or rutile depending on the preparation route and the
experimental conditions. It is also known that the trans-
formation behavior from amorphous to anatase or rutile
phase is influenced by the synthesis conditions. During
TiO, sol-gel synthesis the temperature of calcinations (and
pH value) influence on type of phase [19]. Anatase nano-
powders obtained by sol-gel method are amorphous in
phase, but with increasing the temperature up to 350 °C or
higher the transition from amorphous to anatase phase
happens [20]. However, calcinations temperature must be
kept lower than 600 °C, because of the phase transition
from anatase to rutile phase [21].

In the present study, undoped and Zn-doped TiO,
nanoparticles were synthesized by sol-gel method using
stabilizing agent like citric acid and polyethylene glycol
(PEG) as a capping agent. Polymer capping of the syn-
thesized TiO, particles showed an improved stability
against agglomeration and photo-degradation.

2 Experimental
2.1 Chemicals

For the preparation of undoped and zinc-doped TiO,
nanoparticles, the materials used were polyethylene glycol
[M = 6,000, OH(OCH,CH,),H; PEG], titanium tetra-iso-
propoxide [M = 284, Ti(OC5H5)4], zinc nitrate [M = 297,
Zn(NO3),-6H,0], citric acid [M = 210.14, C¢HgO,-H,O].
All chemicals were AR grade from Sigma Aldrich and used
without further purification.

2.2 Synthesis

For the preparation of TiO, nanoparticles Ti(IV)-isoprop-
oxide is used as a starting product. TiO, sol was prepared
by mixing 0.1 M titanium tetra-isopropoxide [Ti(OC3H7)4]
and 100 ml of distilled water at room temperature. After
stirred the solution for 30 min, 0.05 M citric acid were
added into the solution and then capping agent 0.5 gm
polyethylene glycol (PEG) was added to prevent agglom-
eration of particles.

The solution was successively stirred till a clear and
transparent acid sol (pH = 3.06 £ 0.15) was obtained. The
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TiO, sol was dried at 100 °C in the oven for 72 h to get
TiO, gel. Then the gel was calcined at 350, 550 and 800 °C
to prepare TiO, powders for about 35-80 min with a
heating rate of about 10 °C per minute in a muffle furnace.
The Zn-doped TiO, sol and powders were prepared by the
same procedure as stated above. The only difference was
the addition of 0.1 M zinc nitrate [Zn(NO3),.6H,O] solu-
tion into the TiO, sol with citric acid as a stabilizer. The
zinc concentration was varied to 3, 5 and 10 mol%. The pH
of the sol was measured even after addition of zinc nitrate
at various concentrations and found to be 3.18 & 0.15.

2.3 Characterization

X-ray diffraction (XRD) patterns were recorded on a
Rigaku mini desktop diffractometer using graphite filtered
CuK,, radiation (1 = 1.54 10%) at 40 kV and 100 mA with a
scanning rate of 3 degree per minute (from 260 = 20° to
80°). The phase content of a sample can be calculated from
the integrated intensities of anatase (101), rutile (110) and
brookite (121) peaks. If a sample contains only anatase and
rutile, the mass fraction of rutile (W) can be calculated
from the relation [22].

Ag

We=— R
R=0.886A, + Ag

where A, and Ay represent the integrated intensity of the
anatase (101) and rutile (110) peaks, respectively.

Optical absorption spectra were recorded on a shimadzu
double beam double monochromator spectrometer (UV-
2,550), equipped with an integrated sphere assembly ISR-
240A in the range of 190-900 nm.

Morphology and sizes of the product were determined
by scanning electron microscope (SEM: ZEISS EVO MA-
10) equipped with an energy dispersive spectrometer (EDS:
Oxford Link ISIS 300) and TEM carried out using a
H-7,500 model (Hitachi Ltd., Tokyo, Japan). Diluted
nanoparticles suspended in absolute ethanol were intro-
duced on a carbon coated copper grid, and were allowed to
dry in air for conducting TEM studies.

3 Results and discussion
3.1 X-ray diffraction studies

Figurel a, b, ¢ show the XRD diffraction patterns of undoped
and zinc-doped titanium dioxide (Ti;_,ZnsO,, where x =
0.00, 0.03, 0.05, 0.10) powder samples calcined at 350, 550
and 800 °C, respectively indicating that all the samples were
composed of mainly anatase and partially rutile phase. Peaks
marked (A) and (R) correspond to anatase and rutile phases,
respectively. The sample prepared at 100 °C was largely
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Fig. 1 XRD patterns of undoped and Zn-doped TiO, nanoparticles
calcined at a 350 °C b 550 °C and ¢ 800 °C with PEG

amorphous. Calcination is a common treatment used to
improve the crystallinity of TiO, powders. When TiO, pow-
der was calcined at 350-800 °C the transformations such as

amorphous to anatase and rutile phase occur. The XRD pattern
of annealed samples at 350, 550 and 800 °C exhibits anatase
peaks at angles (20) = 25.3°, 37.9°, 48.0°, 53.8°, 55°, 62.7°,
68.8°, 70.0°, 75.0° correspond to the reflections from (101),
(004), (200), (105), (211), (204), (116), (220), (215) crystal
planes of the tetragonal titanium dioxide structure but at
800 °C, large traces of rutile phase are formed. The charac-
teristics peaks of rutile phase at 800 °C are at angles
(20) = 27.4°, 36.0°, 39.2°, 41.2°, 44.0°, 54.3°, 56.6°, 64.0°
correspond to the reflections from (110), (101), (200), (111),
(210), (211), (220) crystal planes. All the diffraction peaks
agreed with the reported JCPDS card no. 84—1,286 for anatase
and 78-2,485 for rutile. No additional peaks corresponding to
the secondary phases of zinc oxides were obtained for
x = 0.03-0.10 at 350, 550 and 800 °C. It was clearly
observed from the XRD patterns that with the increase in
temperature of calcinations at 300-800 °C, the diffraction
peaks become sharper and stronger; which suggests that the
crystalline quality of the nanoparticles are improved and the
particle size is increased. Observations from XRD pattern
show that the relative intensities of anatase and rutile dif-
fraction peaks are different for the TiO, powders obtained at
350, 550 and 800 °C. The results are depicted in Table 1. It
can also be seen that the mass fraction of rutile phase slightly
increases with increasing calcination temperature. At 800 °C,
the mass fraction of rutile was increased up to 51%. Therefore,
itis reasonable to suggest that a large amount of anatase phase
was transformed into rutile phase.

Usually, the temperature of phase transformation from
anatase to rutile depends upon the particle size, morphol-
ogies of crystals and additives [23]. The lattice parameters
a and c for the tetragonal structure can be calculated by the
following equation [24]:

1 w4+ P
— +7

(d)? a? c

where A, k and [ are the Miller indices of the peak, and d is
the planar distance. From the values of a and c, the unit cell
volume can be determined.

The calculated lattice parameters for anatase TiO, are
a=3.76 A ¢ =957 A and anatase Tip.97Zng 30, are
a=2378A,c=0965A, respectively. The lattice parameters
of Tig97Znp 30, are found slightly increased due to the
smaller ionic radius of Zn>" than that of Ti** (rTi** = 0.68
A, Zn*t = 0.60 A), which indicates that the doping of Zn
does not change the tetragonal structure of TiO,.

The average crystalline size was calculated from the
full-width at half-maximum (FWHM) of XRD lines by
using the Debye—Scherrer formula:

Dhg = 0.9%/ (Bpcos0)

where D is the average crystallite diameter, /4 is the wave-
length used in angstrom, f is the line width at half-maximum
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Table 1 Partcles sizes calculated by XRD calcined at 350, 550 °C for anatase phase only and the percentage values of rutile and anatase phase
content and particle sizes at 800 °C

% of Zn Calcination temperature (°C)
At 350 °C At 550 °C At 800 °C
Anatase particle Anatase particle W (Fraction Wr (Fraction Anatase particle Rutile particle
size size of anatase) of rutile) size size
14 24 48.5 51.5 32 39
13 20 48.5 51.5 31 38
13 23 55.1 449 32 39
10 15 25 77.1 229 33 39

EHT = 10.00 KV enctoti = igy  TPNATSE! NEL Maw Dali 1w EMT = 10.00 KV oot gy TIWARSE! L N Del
Mag = S0.00KX WO s 100 8 t i Mag= 2000KX WO = 100 e

Fig. 3 SEM images of 5 mol% Zn-doped TiO, nanoparticles calcined at 350 °C with PEG at different magnification

and 0 is the Bragg angle. The average crystallite size of anatase the calcinations temperature is increased and decreases as the
and rutile TiO, nanoparticles were determined from the  percentage doping of zincis increased from 3—5 mol%. Thisis
broadening of the anatase (101) peak at (20 = 25.3) andrutile ~ due to the change of growth rate between the different crys-
(110) peak at (20 = 27.4). The results are givenin Table 1.1t  tallographic planes. The calculated values of particles size are
can be seen that the average size of nanoparticles increases as  presented in Table 1 for undoped and Zn doped (3—10 mol%)
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Fig. 4 Energy dispersive X-ray analyses of a undoped and b 5 mol% Zn-doped TiO, nanoparticles calcined at 350 °C with PEG

TiO, calcined at 350, 550 and 800 °C. The particles size of
anatase phase is in the range of 13-15 nm, 20-25 nm and
31-33 nm at 350, 550 and at 800 °C corresponding to the
Ti;_xZn,O, (x = 0.0-0.10) nanoparticles, respectively.

3.2 SEM and TEM studies

Figure 2a, b show the SEM images of undoped TiO, and
Fig. 3a, b show the SEM images of 5 mol% Zn doped
TiO,. The elemental analysis were also performed with
Energy dispersive X-ray analyses (EDAX) as shown in
Fig. 4a, b undoped 5 mol% Zn doped TiO, nanoparticles.
It is clear from the elemental analysis that 4.95% Zn

element is present in the doped samples and it can also be
revealed from the analysis that the Zn>" ions are incor-
porated in Ti*" lattice sites.

Figure 5a,bshow TEM images of undoped and 5 mol% Zn
doped TiO, at 350 °C and observed that the particle mor-
phology is spherical in general. The spheres consist of many
small spherical crystals of TiO, due to agglomeration. It can
be seen that the particle size of pure TiO, is about 10-20 nmin
near agreement with the sizes estimated from XRD (ca.
14 nm). 5 mol% Zn*" doping in the sol-gel method has little
influence on the particle size of TiO,. From SEM micrograph,
non-uniform distribution of particles is found. They consist of
either some single particle or cluster of particles.
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Fig. 5 TEM images of a undoped and b 5 mol% Zn-doped TiO, nanoparticles calcined at 350 °C with PEG
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Fig. 6 Optical absorption spectra of undoped and 3, 5, 10 mol% Zn-
doped TiO, nanoparticles calcined at 550 °C

3.3 Optical studies

The optical absorption spectra of undoped and Zn-doped
titanium dioxide (Ti;_,Zn,O, where, x = 0.00, 0.03, 0.05,
0.10) samples calcined at 550 °C, and recorded by a UV—
VIS spectrometer in the range of 200-800 nm are pre-
sented in Fig. 6. The absorption edge shifted towards the
shorter wavelength side in 3-5 mol% Zn-doped TiO,
nanoparticles. Manifacier model is used to determine the
absorption coefficient from the absorbance data [25]. The
fundamental absorption, which corresponds to the trans-
mission from valance band to conduction band, is
employed to determine the band gap of the material. The
direct band gap energy can be estimated from a plot of
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Fig. 7 («hv)*> versus photon energy (hv) for undoped and 3, 5,
10 mol% Zn-doped TiO, nanoparticles calcined at 550 °C

(«hv)? versus photo energy (hv). The energy band gap is
determined by using the relationship:

ohy = A(hv — Eg)n

where hv = photon energy, o = absorption coefficient
(o = 4nk/Z; k is the absorption index or absorbance, 4 is
the wavelength in nm), E, = energy band gap, A = con-
stant, n = 1/2 for the allowed direct band gap. The expo-
nent n depends on the type of transition and it may have
values 1/2, 2, 3/2 and 3 corresponding to the allowed
direct, allowed indirect, forbidden direct and forbidden
indirect transitions, respectively [26]. The value of band
gap was determined by extrapolating the straight line
portion of (¢hv)® = 0 axis; as shown in Fig. 7 at a tem-
perature of 550 °C. The plots of («hv)® versus hv are
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Table 2 Variations of the band gap with temperature of undoped and
Zn-doped TiO, nanoparticles

% of Zn Band gap (eV) at
550 °C

0 2.95

3 3.00

5 3.00

10% 2.95

presented in Fig. 7. The intercept of the tangent to the plot
will give a good approximation of the direct band gap
energies of the samples. The band gap energies of undoped
and Zn-doped TiO, powders calcined at 550 °C were
shown in Table 2. The band gap increases from 2.95 to
3.00 eV with zinc doping (3-5 mol%) at temperature
550 °C. The samples are the combination of anatase and
rutile phase and obtained values for E, are in accordance
with values from the literature for pure anatase and rutile
phase.

4 Conclusion

Undoped and Zn-doped TiO, nanoparticles (Ti;_,Zn,O,
where x = 0.00-0.10) were successfully synthesized using
sol-gel method. The synthesized particles are in the
nanometer regime and the size of anatase crystals were
found to be 13-33 nm as estimated from Debye—Scherrer
formula. For the sample prepared at 350 °C, the mass
fraction of rutile was zero but at 800 °C, the mass fraction
of rutile was reached up to 51%. Therefore, it is reasonable
to suggest that a large amount of anatase phase was
transformed into rutile phase at higher temperature. SEM
images revealed that the particles form a cluster of nano-
crystalline TiO, due to agglomeration. The porosity may
result from the evaporation of the aqueous polyethylene
glycol when calcined at high temperatures. The optical
measurements yield energy band gaps. The absorption edge
shifted towards the shorter wavelength side in 3-5 mol%
Zn-doped TiO, nanoparticles. The band gap value of as
prepared Zn doped TiO, samples were found to increase as
compared to undoped TiO,. The TiO, capped with PEG
restricted the agglomeration of the particles.
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