J. of Korean Inst. of Resources Recycling
Vol. 18, No. 4, 2009, 24-30

> BRwmX <

BMEEIE LHchirol S E 2 2F0lE &'

Dilip R. Thube*** - &§fifa* - EHR* - HIEE8E*
BB AR

Calcium Aluminate Phosphor Supported TiO, Nanoparticles'

Dilip R. Thube***, Jinhwan Kim*, Suk-min Kang* and *Hojin Ryu*

*Energy Materials Research Centre, Korea Research Institute of Chemical Technology,0
PO. Box 107, Yuseong, Daejeon, 305-600, South Korea
**Post-Graduate Department of Chemistry, New Arts, Commerce and Science College,
Parner, Ahmednagar, 414 302 (MS), India

2 o

HER 948 /Nead dFulgat ¥ wAE AsEue 2 02 AxHA o2A A ASEE ey
7o) ASE9E 34%}7 3] XRD, FTIR, DRS UV-Vis, TEM £7%& A5t @3] 98 Aslelg 9219 44 A%
9] XRDEMZAIAE 600% o1de] %M opelalolr] feg AWy} doibd @9l 600 o)) LEeA A&H A
Zh EAe] Fel= Ao GAE AElgo] AYsert B ohleE =4 s AL 8§34 AXA Y BAE A5E
ME o2 ZAGGA 2lFted AR dHslel] B3 NWsst gAY WEe s Akt DRSEAAF HHA ) GA8
ABlE e AdsiEgo] gl Al vsk B} 7) AuE e Ae W duxel e Jepdh ozd HaAel
A" AlslElge] FRIR AHEZE vae) 937 o e iFFi o3} ME} o]AE AR YRIe} AAH Aol FHAT
o #AS] WE ojgt WIH), TEM °lvRlE= G4 A H o] the Yt 2712 @xEo] = Ashelrre] ¥ah AR 2
A G Jepde)

FHO - J=F, SAYH, Asteg, ohgel], dAlg

Lorii'
n:

Abstract

Rare earth based calcium aluminate phosphor (CaALO,:Eu®*, Nd**) supported TiO, nanoparticles are synthesized by using
sol-gel method, which are further characterized using powder X-ray diffraction (XRD), fourier transform infrared (FT-IR), dif-
fuse reflectance UV-Visible spectroscopy (DRS UV-Vis) and transmission electron microscopy (TEM). The XRD pattern of as-
prepared and sintered phosphor supported TiO, does not show the tendency to change the crystal structure from anatase to rutile
phase up to 600°C. This indicates that the phosphor support might inhibit the densification and crystallite growth by providing
dissimilar boundaries. The diffuse reflectance spectral (DRS) measurements showed shift towards longer wavelength indicating
reduction in the band-gap energy as compared to free TiO,. The FT-IR spectra of phosphor supported TiO, nanoparticles show
shift in the peak positions to lower wavelengths. This indicates that the TiO, nanoparticles are not free, but covalently bonded
to the phosphor support. TEM micrographs show presence of crystalline and spherical TiO, nanoparticles (8 - 15 nm diameter)
dispersed uniformly on the surface of phosphor.
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1. INTRODUCTION
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choice for its envisaged potential applications in
energy and environmental sciences.”” For example,
TiO, has been utilized as a photocatalyst for
photochemical hydrogen production and for self
cleaning of windows. In the cosmetic industry, titania
is the main ingredient in many commercial sunscreens
and a strong competitor to ZnO on account of its UV
absorption properties. The photocatalytic degradation
iIs a promising technology for the removal of toxic
organic and inorganic contaminants from water and
waste water.”> Among various photocatalysts, titania
has been in the center stage of attraction mostly due to
its high photocatalytic activity, strong oxidizing power,
resistance to corrosion, photostability, chemical inertness,
low cost and non-toxicity.*” However, its applications
were limited because of its large band-gap (3.20 eV for
anatase TiO, phase), abosprtion in UV region
(activated only by UV light) and the fact that the solar
light has only a small fraction (8§ %) of UV light as
compared to visible light (45%).® Hence to make it
efficient, manipulating the composition has become
crucial for increasing its absorption range enabling
efficient trapping of solar light. Many attempts, such as
transition metal ion deposition,” anion doping!'®??
have been made to sensitize TiO, for improved
absorption in the visible region. However doped
materials suffer from thermal instability and increased
carrier-recombination centers.”> Several reports on the
modification of TiO, nanoparticles with transition
metal oxides and other oxides such as SiO,, SnO,,
In, O3 (St, La)TiOs,,; and SrTi0;*+*" exist which have
been used to enhance the visible light absorption,
however, the effect of alkaline earth metal aluminate
phosphor support has not yet been investigated. Zheng
et al. have reported that the light-storing phosphor and
TiO, are combined together by coating forms light-
storing photocatalyst.>? This light storing photocatalyst
can store light irradiation and emit slowly, as a result
photocatalyst remains active when the light source is
cut off. Existing bulk semiconducting materials possesses
low surface area, less absorption property and fast
electron-hole recombinations. In order to overcome
these difficulties, research has been oriented towards
the synthesis of nanomaterials for environmental
applications.”® Nanocrystalline materials exhibit unique
properties such as quantum size effect, high surface

area, short interface migration distance and visible light
activity, all of which achieve enhanced photocatalytic
performance. When particle size is smaller the number
of active surface sites increases and thus does the
surface charge carrier transfer rate in photocatalysis.zg‘%)
The sol-gel process is the novel technique for the
preparation of nanocrystalline TiO, through which the
physico-chemical and electrochemical properties of
TiO, can be modified to improve its efficiency' 3>V,
Thus, in the present report, we attempted to modify the
properties of TiO, by supporting it with optically
sensitive phosphor materials. We have synthesized the
phosphor supported TiO, nanoparticles by sol-gel
method and characterized using X-ray diffraction
(XRD), fourier transform infrared (FT-IR), diffuse
reflectance UV-Visible spectroscopy (DRS UV-Vis)
and transmission electron microscopy (TEM).

2. EXPERIMENTS

TiO, nanoparticles were synthesized using sol-gel
method reported in the literature.*” The nanoparticles
obtained were heat treated at different temperatures
from 300 to 600°C with a heating rate of 2°C min™.
The phosphor supported TiO, nanoparticles were
synthesized using sol-gel procedure as follows: A
phosphor, calcium aluminate (CaALO4Eu®* Nd*, 1.2 g)
was dispersed to a solution containing ethanol (115 g,
Merck, 99.7%), deionized water (3.5 g) and a catalytic
quantity of glacial acetic acid (0.035 g) with constant
stirring for 30 min. To the above solution titanium (iv)
isopropoxide (TIP), Ti(OC;H;), (Aldrich, 97%), 0.24
M was added drop-wise over a period of approximately
10 min, under constant stirring. A white precipitate of
Ti0, immediately formed was stirred at 50°C for 5 min.
This TiQ, precipitate was dried in oven at 70-80°C for
48 h. The product obtained was calcined at 400°C and
600°C and characterized using XRD, FI-IR, DRS UV-
Vis and TEM techniques. Schematic flow chart of sol-
gel process used in this study is shown in Fig. 1.

The XRD patterns were recorded on a REGAKU D/
MAX 2200V, Japan X-ray diffractometer (Cu Ko
radiation (A=1.54059 A), 40 kV and 40 mA). The
diffractograms were recorded in the 28 range 10-80° in
steps of 0.02° s'.. The crystallite size was estimated
using the Scherrer equation,®®
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equation (1)

where Dc is the average crystallite size; K (=0.89) is
the Scherrer constant; A (=1.54059 A) is the X-ray
wavelength; B is the full-width at half-maximum
(FWHM) and @ is the diffraction angle. The
identification of the different crystalline phases was
accomplished using the JCPDS database.

FI-IR spectra were recorded with a BRUKER
EQUINOXS55 FT-IR spectrometer in the range of
4000200 cm™ on powders dispersed in KBR pellets.
DRS UV-visible spectra were recorded using UV-vis
spectrophotometer (Shimadzu 2401 PC), with BaSO, as
a reference. The spectra were recorded at room
temperature in air, in the range of 250 to 800 nm. TEM
images of the materials were recorded with FEI TECNAI
G? T-20S microscope. The surface morphologies and
particle size was observed by TEM and high-resolution
HRTEM, with an accelerating voltage of 200 kV.

Phosphor
(CaALO4Ev®* N&*)

l

EtOH/H;0/AcOH
(Stirred for 10 min)

Ti(0-iPr)s
TIP(Q.08 ~ 0.24M)

Stirring at 50 °C
(5 min)

Drying at 70-80°C
(48 hours)

Heat Treatment at
400 °C (3 honrs)

Characterization
(XRD, FT-IR, UV-Vis,
and TEM)

Fig. 1. Schematic flow chart of sol-gel process used for
synthesis of phosphor supported TiO, nanoparticles.
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3. RESULTS AND DISCUSSION

The crystal structure of a photocatalyst is an
important property for the catalytic activity of the
nanoparticles. The crystal structure of the synthesized
free and the phosphor supported TiO, nanoparticles
were studied by XRD. The characteristic XRD patterns
for the free and phosphor supported TiO, nanoparticles
sintered at various temperatures from 300 to 600°C in
air are given in Fig. 2 (a) and (b) respectively. The
XRD patterns for free TiO, nanoparticles sintered at
400°C in air correspond to the anatase TiO, while
above 450°C corresponds to the both, anatase and
rutile phase. Thus, the powder XRD pattern of as-
prepared and sintered TiO, show the tendency to
change the crystal structure from anatase to rutile with
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Fig. 2. XRD patterns of (a) free and (b) phosphor supported
TiO, nanoparticles obtained at different calcination
temperatures.
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Table 1. Average crystallite sizes (nm) of free and phosphor supported TiO,? at different calcination temperatures using XRD

Material 300°C, 3 h 400°C, 3 h 500°C, 3 h 600°C, 3 h
. A: 2212 A: 3291

Free TiO, A: 2048 A: 1593 R: 2761 R: 37.16
Phosphor Supported TiO, - A: 1691 - A: 2557
The average crystallite size of materials was determined by XRD using Scherrer equation.
°A and R denote anatase and rutile, respectively.
the temperature. The XRD patterns of phosphor ;j
supported TiO, nanoparticles sintered at 400 to 600°C - _::’:Te Tio, '::

correspond to the anatase TiO, phase only. This clearly
indicates that the anatase phase of the phosphor
supported TiO, nanoparticles is thermally stable till
600°C. This also implies that the modification by
phosphor could retard the phase transformation of
anatase to rutile and may lead to increase the surface
area significantly.*” The average crystalline sizes
calculated from the (1 0 1) XRD peak of anatase and
the (1 1 0) XRD peak of rutile are shown in Table 1.
It can be noticed that the average crystalline size of the
anatase phase in free TiO, increases with temperature
indicating sintering of TiO, at high temperature.
However, the data in Table 1 for phosphor supported
TiO, indicates that the phase transformation is largely
prevented due to support as reported earlier >3 It is
also observed that there is shift in the 28 values of (1
0 1) diffraction peaks towards higher values. This may
be a result of the formation of tetrahedral Ti species,
whose interaction with the octahedral Ti sites in
anatase is thought to prevent the phase transformation
to rutile. 3539 Further, the phosphor supported TiO,
nanoparticles shows decrease in the intensity of the (1
0 1) XRD peak of anatase as compared to the free TiO,
which may be due to the chemical interactions between
the surfaces of the phosphor and TiO, particles. The
results of the XRD study are well supported by TEM
studies of the synthesized materials.

FT-IR spectra for free and phosphor supported TiO,
nanoparticles are given in Fig. 3. The characteristic Ti-
O-Ti absorptions are found in the range of 500-1000
cm’l. The broad absorption peak of pure TiO, assigned
to the Ti-O-Ti bond appears at 543 cm™!, 349 whereas
for phosphor supported TiO, it appears at 634 cm™.
The FTIR spectra of phosphor supported TiO,
nanoparticles show the increase in the wavenumbers of
the characteristic vibrations of TiO, as compared with

Transmittance (%)

L) L v L) v L v L
4000 35‘00 3000 2500 2000 1600 1000 500

Wavenumber (cm™)

Fig. 3. FT-IR spectra of free and phosphor supported TiO,
nanoparticles (PST - phosphor supported TiO,).

free TiO,. This may be partly attributed to the transfer
of electronic cloud from the terminal oxidic sites
would result the suppression of back donation of the
same to the titanium sites through antibonding
molecular orbitals which may lead to the strengthening
of Ti-O sigma (6) bonds in the entire nano-TiO,
particles. Thus, it could be said that the TiO,
nanoparticles are not free but covalently bound to the
phosphor support.

To investigate the absorption band shifts of TiO,,
DRS were recorded and analyzed. DRS UV-vis
reflectance spectra of the free and phosphor supported
TiO, nanoparticles are shown in Fig. 4. The absorbance
maximum for free TiO, is 396 nm, whereas for
phosphor supported TiO, it is at 405 nm. Generally, the
shift of the absorption band towards the Ionger
wavelength region with the increase in the crystallite
sizes of the materials indicates the decrease in the band-
gap energy due to the quantum size effects *'*% The as-
synthesized phosphor supported TiO, nanoparticles
shows shift in the absorption band toward the longer
wavelength region, which indicates the decrease in the
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Fig. 4. UV-Visible diffuse reflectance spectra for free and
phosphor supported TiO, nanoparticles (PST -
phosphor supported TiO,).

band-gap energy. This decrease in band-gap energy
may be due to the covalent interactions between the
surface of phosphor and TiO, nanoparticles.

TEM study is an appropriate tool to understand the
structural and morphological transformations of the
material. The morphology of synthesized nanoparticles
is studied using TEM and high-resolution HRTEM
images and selected area electron diffraction (SAED)
patterns. Fig. 5 (a) and (b) shows the TEM micrographs
and corresponding SAED patterns for the free and
phosphor supported TiO, nanoparticles respectively. A
TEM image of phosphor supported TiO, nanoparticles
clearly reveals the crystalline and spherical nature of
the nanoparticles with the average grain size of 8-15
nm. It is also observed that the average crystalline size
of phosphor supported TiO, nanoparticles is smaller as
compared to free TiO, with TiO, nanoparticles uniformly
dispersed on the surface of phosphor material. Occasional
aggregation of TiO, nanoparticles is also observed.
The morphology of the as-prepared TiO, nanoparticles
remains same while the particle size is decreased to
8 - 15 nm. The covalent interactions between TiO,
nanoparticles and support might be the reason for
observed uniform dispersion. Such a size controlling
donor-acceptor mechanism is greatly evidenced in this
study. Although TiO, particles are of nanosize, they
appear to have the different sizes. It is attributed to the
difference in the Lewis acid strength of different sites
on the surface of phosphor material.
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Fig. 5. TEM micrographs for (a) free and (b) phosphor
supported TiO, nanoparticles (Inset shows corre-
sponding SAED pattern).

4. CONCLUSIONS

The phosphor supported TiO, nanoparticles were
successfully synthesized by sol-gel method. The
particle size of as-prepared phosphor supported TiO,
nanoparticles is found to be smaller (8-15 nm) than
free TiO, (~25 nm). The smaller particle size is known
to improve the surface area which is important in
catalysis. Phosphor supported TiO, nanoparticles exhibit
excellent thermal stability which retards the anatase to
rutile phase transition in TiO, has been confirmed from
XRD data. The as-prepared TiO, nanoparticles show
covalent interactions with the phosphor support and
hence, show absorption towards the longer wavelength
in the diffuse reflectance spectra. Thus, the band-gap
of these photocatalysts can be tuned to improve the
absorption in the visible spectrum of solar light and
further work in this direction is underway.
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