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SIZE DEPENDENT REFLECTIVE PROPERTIES OF TIO , NANOPARTICLES
AND REFLECTORS MADE THEREOF
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The present work investigates the size dependefiéctige properties of Ti®
nanoparticles and discusses the development adéctefs. The nanocrystalline TiO
powders with different crystallinity and phase sttes were obtained by controlling the
reaction parameters. TjO nanoparticles synthesized via sol-gel method were
characterized by using X-ray diffraction (XRD), nemission electron microscope
(TEM), UV-Vis absorption fluorospectrophotometerdatV-Vis diffuse reflectance
spectroscopy (UV-Vis DRS). Rutile phase Fi@anoparticles with crystallite sizes in the
range, 77.50 - 78.31 nm, were obtained by adjustiad- value in the range 20 to 50. On
calcining the TiQ powders from 35 to 900C, the particle size increases from 60 to
150 nm and band gap energy decreases from 3.421l40€¥/, calculated respectively
using TEM micrograph and UV-Vis absorption spectd. spectrum shows a broad
luminescence peak at 431 nm, irrespective of tfferdnt calcination temperatures. BiO
nanoparticles with L value of 40 shows the attaint@ maximum diffuse reflectance
(99.50 - 99.60%). Employing these nanoparticleseflective pigment, coating material
was prepared and applied on plastic substrate diffierent coating thicknesses to
develop reflectors. These reflectors show maximiffuse reflectance, 97.12 - 96.91%,
for the 0.25-mm thick coating with 17% pigment toder weight ratio.
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1. Introduction

Reflective coatings are used in a wide variety ppligations such as automobiles,
buildings, luminaries [1, 2]. The coating protetiie substrate from degradation as well as serves
as a light reflector. Reflective coating formulatiosually contains a number of components [2]. A
primary component is a reflective pigment, whichparts a pleasing color and reflective
properties to various media in which it is mixedicls as paints, organic resins, varnishes.
Secondary component is a binder, which can be alabuisynthetic, used to bind the pigment to a
substrate and provides durability to the coatidggnium dioxide (TiQ) is mainly used as white
reflective pigment in these types of coatings [3].

The naturally occurring oxide of Titanium at atmlespc pressure exhibits three
polymorphs: anatase, brookite and rutile. The @eafhase is used for photocatalysis due to its
high photoreactivity [4]. Brookite phase is diffltto produce and therefore has no importance in
the pigment industry [5]. Rutile phase is thermaaipically the most stable and possesses the
highest density with compact atomic structure TP, having rutile phase is largely employed as
reflective pigment in the reflective coatings [7, Because of its effective light scattering
properties. Coatings containing even small amo@iftiO, (rutile phase) particles reflect almost
the entire visible light.
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Mechanism of reflectance by an isolated particle be studied by Mie theory [9]. It
depends upon the refractive index, band gap, shsipe, and surface characteristics of the
particles [9, 10]. In reflective coatings, the pedpes of particles are significantly altered on
mixing with other materials (binder, solvent, et®). The reflectance of coatings depends upon
the relative refractive index of the particles dhdt of their surrounding medium, distribution of
particles in the coating, loading of particles,d@n concentration and wavelength of the incident
light [11].

As of today, the reflective coatings used are afveational type, which employ bulk
TiO, particles of about 0.1 um size as reflective pigm€&hese pigments are prepared by crushing
the minerals obtained from their respective oréter &rushing, aggregated crystals are shattered
into small granules. This results in individual todes of irregular shape and size. Not only do the
particles vary in shape and size, but also in tbemposition. The mineral contains inclusions,
which are less in amount and act as impurities.[} a result, materials absorb certain
wavelengths of visible light and their reflectiveoperty deteriorates. To date, these materials are
used as reflective pigments and they barely meet aforementioned requirements for the
reflective coatings. Moreover, the bulk Ti@articles show diffuse reflectance in the rang@®f
91% [13].

Coating material containing nanoparticles signifiba enhances the properties of the
various coatings, such as: scratch-resistant, Weptive, antibacterial [14, 16JApplications of
nanoparticles are expanding at a rapid rate beaafudeeir unique and excellent properties [17,
18]. Due to controlled morphology [19, 20], highrfaice to volume ratio and high purity, TiO
nanoparticles are apparently potential candidatesdflective coatings as compared to its bulk
counterpart.

From the extensive survey of past studies on tk® manoparticles, it has been observed
that the synthesis of uniform crystalline nanopées with different size and shape have been
reported by many researchers [21-23]. But the efééccontrolling the morphology of these
nanoparticles on the reflective properties has Ine¢n explored. And, to the best of our
knowledge, no one has reported the work on theectfe coatings, based on the 7iO
nanoparticles. The present work aims at the stiidsjze dependent reflective properties of 7iO
nanoparticles and the reflector made thereof.

2. Experimental
2.1 Synthesis of TiQ nanopatrticles

Analytical grade of Titanium isopropoxide Ti(OCH(Qk.4, anhydrous 2-propanol
(CsHgO) were procured from SIGMA-Aldrich, whereas aarinder (VISYCRYL-8350) from N.
R. Chemicals.

Sol-gel technique has been used to synthesize Ma@oparticles at room temperature [4].
In a typical experiment, titania isopropoxide wéssdlved in 100 ml of anhydrous 2-propanol (0.4
M). A measured quantity of distilled water was naix@ith 100 ml of anhydrous 2-propanol to
prepare a second solution. Both the solutions wewered and stirred for 45 minutes. With the
help of a burette, the water solution was addeg-@hise to the first solution under constant
magnetic stirring for another 6 hours. As a restitlydrolysis of titania isopropoxide, the color of
solution changed from transparent to white indigatthe formation of precipitates. Different
solutions were prepared by varying the L (rationafiar concentration of water to that of alkoxide
precursor) within the range of 20 - 50.

The reaction of hydrolysis of the titania isoproj@proceeds as follows:

Ti(C,H,0), + 2+n)H,0 - TiQ,.nH,0+4C,H,OH

The precipitates were filtered and dried in an oseB0°C for 8 hours; after crushing in
pestle and mortar, powder of titania was obtaifféuk dried powder was then calcined at 350°C,
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550°C, 750°C and 900°C for 15 minutes to removestileent completely as well as to crystallize
the amorphous titania powder.

2.2. Preparation of coating materials

Coating materials were prepared by dispersing, Tiéhoparticles in de-ionized water solution of
organic binder with different pigment to binder glat ratios (Table 1). Particularly, 2.0 g of £jO
0.24 g of product VISYCRYL- 8350, and 4.0 gm ofideized water were mixed using Planetary
Ball Mill, for 5 minutes at 800-1000 rpm. The pHtbE coating material was adjusted in-between
6 to 8.

Table 1: Preparation of different coating materialgh different pigment to binder weight ratio.

Coating material Pigment to binder weight Pigment to solvent weight
ratio (%) ratio
TiO5:A 8.3:1 (12%) 1:2
TiO,:B 7.1:1 (14%) 1:2
TiO,:C 6.1: 1 (16%) 1:2

2.3 Development of reflectors

Plastic sheet (2cm x 2cm), having thickness of 1 wanm used as substrate, mechanically
sanded, cleaned using detergent, rinsed with deddrwater and isopropyl alcohol. These sheets
were spray coated with the coating material witfedent thicknesses. Before applying the coating
material, a thin layer of binder was applied to substrate for better adhesion. The coating was
done by spreading one layer over the other to dpvedflectors; care was taken to apply the
second layer before the glossy appearance ofrifiddier disappeared.

2.4 Characterization of TiO, nanoparticles

PANanalyticals X'Perto Pro X-ray diffractometer wasiployed to determine the phase
purity and crystal structure of the synthesisedoparticles. Size and morphology of the
nanoparticles were studied through Hitachi (H-750@nsmission electron microscope (TEM).
Perkin Elmer (350) UV-Visible spectrophotometer wasd to record optical absorption spectra
and, Cary Varian fluorospectrophotometer, to meaphotoluminescence (PL).

2.5 Measurement of diffuse reflectance

The diffuse reflectance measurement of the nanofestwas performed by UV-Visible
spectrophotometer, attached with integrating sptespatially integrate the radiant flux. For the
measurement, the nanoparticles were pressed iigto gkllet, and placed at the entrance port of
the integrating sphere. The same set up was use@asure diffuse reflectance of the developed
reflectors. Calibration of the reflectance scaleswane by standard reference material (WS-1-SL,
Spectralon).

3. Results and discussion:

The XRD patterns of Tigpowder calcined at different temperatures are shiowFig. 1.
The peaks indexed to the reflection from (110)1§10200), (111), (210), (211), (220), (002), and
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(310) planes, at@values 27.54°, 36.04°, 39.20°, 41.12°, 44.14°353%.56.89°, 62.82°, and
64.17° correspond to rutile phase of TiQCPDS card #860148) as well as, the reflectiomfr
(101), (004), (200), (105), (211) and (204) plaretsd values 25.44°, 38.02°, 48.19°, 53.94°,
54.98°, and 63.06° correspond to anatase phas®e{JCPDS card #861157). Fig. 1(a) is the
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Fig. 1: X-ray diffraction patterns of Tilpowder (a) uncalcined and calcined at (a)
350°C (b) 550°C (c) 750°C (d) 900°C.

X-ray diffraction (XRD) pattern of the uncalcinathhia powder, indicating its amorphous
nature. The amorphous phase could be hydrous, T®, TiQ.nH,O. Figs. 1(b) and (c) reveal
that samples calcined at 350°C and 550°C exhilsitadteristic peaks of only anatase phase, while
the sample calcined at 750°C (Fig.1(d) exhibit geafikooth anatase and rutile phase. Examination
of the kinetics of the anatase to rutile phasesfamation involves the assessment of the relative
guantities of anatase and rutile weight fractio@2Q°C. The weight fraction (¥ of rutile phase
content calcined at 750°C (Fig. 1(d)) was calculdtem the equation (1) [24]

W, = 1
(1+1, /0888 ;)

(1)

wherel, and I are the intensity of most intense peaks of anaaskerutile phase respectively.
Substituting the values df and I from Fig. 1(d),Wk for rutile phase is 83%. Mixed-phases
(rutile—anatase) of TiDhave been reported to exhibit enhanced photogctiglative to single-
phase titania [25]. It is considered widely thaistis the result of improved charge carrier
separation, possibly through the trapping of etetwdrin rutile and the consequent reduction in
electron—hole recombination [26]

With the further increase in the calcination tenapere, i.e., 750°C to 900°C the
formation of complete rutile phase has been obsefveom the XRD patterns (Fig. 1(d, e)), it is
clear that with increase in calcination temperatihe peak broadening decreases and phase
transformation from anatase to rutile registerdiriec The anatase to rutile transformation is
reconstructive, which means that the transformatiwolves the breaking and reforming of bonds
[27]. This is in contrast to the displacive tramsfation, in which the original bonds are distorted
but retained. The reconstructive anatase to rtridlesformation involves a contraction of the c-
axis and an overall volume contraction of 8% [ZBjis volume contraction explains the higher
density of rutile relative to anatase. For the sfarmation of anatase to rutile phase a sufficient
amount of thermal energy is required to facilitdie rearrangement of atoms. It has been reported
that for typical bulk TiQ powders this energy requirement is obtained at@&IYC in air in the
absence of any dopants or impurities. However réiperted transition temperature varies in the
range 400-1200°C, owing to the use of different hods of determining the transition
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temperatures, raw materials and processing tecésidithe anatase to rutile transformation is not
instantaneous; it is time-dependent because gdenstructive. This transformation temperature
can be enhanced or impeded by influencing the megeraent of the atoms in the anatase and
rutile lattices. It has been reported that the nrapbrtant factor affecting the phase transfornmatio
is the presence and amount of oxygen defects ititthmea lattice [29]. Ease of rearrangement and
transformation are enhanced by relaxation of tingelaoxygen sublattice through the increased
presence of oxygen vacancies [30].

Table 2: Nanoparticle-crystallite size variationtiwvicalcination temperatures.

Sr. No. Sample & Calcination Crystallite size (nm)
temperature (°C)
(@ TiO,: 350 29.31
(b) TiO,: 550 49.16
(c) TiO,: 750 73.25
(d) TiO,: 900 77.50

Table 2 shows the crystallite sizes of the sampkdsined at different temperatures,
calculated using Debye Scherrer's equation [23}stallite size is determined by measuring the
broadening of a particular peak in the diffractipattern associated with a particular planar
reflection from within the crystal unit cell. It iaversely related to the full width at half maximu
(FWHM) of an individual peak; narrower the peakgkr the crystallite size. The periodicity of
the individual crystallite domain reinforces thdfrdiction of the X-ray beam, resulting in a tall
narrow peak. If the crystals are randomly arramgeldave low degrees of periodicity, the result is
a broader peak [23]. This is normally the casenforomaterial assemblies. Thus, it is apparent that
the FWHM of the diffraction peak is related to #iee of the nanomaterials. The FWHM has been
calculated from the most intense peak (Fig. 1nagisiorentz best fit curve ¢R> 0.98). It is clear
from Table 2 that with increase in the calcinatiemperature, the crystallite size increases.
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Fig. 2: X-ray diffraction patterns of Tihanoparticles calcined at 980 with different L
values (a) 20 (b) 30 (c) 40 (d) 50.

Fig. 2 shows the X-ray diffraction pattern of Fi@anoparticles calcined at @ with
different L values. All the peaks are well matchedh rutile phase of Ti® (JCPDS card
#860148). As observed from the XRD pattern, witbré@ase in the L value i.e., from 20 to 40,
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there is an increase in the peak broadening bt fwrther increase in the L value from 40 to 50,
depreciation takes place. Table 3 shows the clistaizes of the samples calcined at @0with
different L values calculated using Debye Schesreguation.

78 o

¥ S
L L

Crystallite S Ize (nm)
R
1

70 o

T T T T T T T
10 20 30 40 50 a0

L values

Fig. 3: Nanoparticles crystallite size variationttviL values.

Fig. 3 shows the graphical variation of crystalfitee with L values for Ti@nanoparticles
calcined at 90TC. As observed from the Fig. 3, with increase i Ithvalues from 20 to 40, there
is decrease in the crystallite size and with furtinerease in the L values from 40 to 50, the
crystallite size increases.

Table 3: Nanoparticle-crystallite size variationtiwiL values.

Sr. No. L values Crystallite size (nm)
@) 20 77.50
(b) 30 74.20
(c) 40 70.34
(d) 50 78.31

For the formation of Ti@nanopatrticles, the net reaction is shown below.
Hydrolysis:
Ti—0OR+H,O--Ti —-OH+R-0H
Alcohol and water condensation:
(Ti—O0Hm + (RO —Tim—-n(Ti -0 —TH+nR - 0H)+n HO

As clear from the above reactions, the nucleatate of TiQ particles increases with
increasing L, and as a result, the average nartadlites size and the average nanopatrticle size
should decrease with increasing L (Table 3). Initemdto this, with increasing L, although the,
hydrolysis reaction in the above equation is driwerthe forward direction, the condensation
reaction driven in the reverse direction, whichgagis more dissolution of Ti@articles, which
effectively reduce the average size of nucleat&d, particles. However, due to the formation of
large number of nuclei with increasing L, the growhte of the Ti@ nanocrystallites also
increases [4].

The size and morphology of Tihanoparticles was investigated by TEM. The vahfes
H.O/titanium (L) precursor and calcination temperasuare significant parameters in controlling
TiO, particle size and size distribution. In the pres#ady, both the parameters were utilized to
control the morphology of TiOnanopatrticles. Fig. 4 shows the TEM micrographsrafalcined
TiO,. It reveals that the uncalcined particles get egated and coalesce non-uniformly because of
cohesive force of Tipnanoparticles.
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Fig. 4: TEM micrograph of uncalcined Ti®anoparticles.

Amorphous TiQ nanoparticles have been transformed into anatdsen vheated at
temperature from 350°C to 550°C (XRD study). Figstiows the TEM micrographs of TiO
nanoparticles calcined at different temperaturaxofding to the micrographs, the particles are
found to be uniformly distributed and nearly spbaki This might be due to the decrease in the
cohesive force of Ti®© nanoparticles with the increase of the averagenelier of TiQ
nanoparticles [31]. With the increase in the caltion temperature from 350°C to 550°C, the
particle size increases (Table 4)

Fig. 5: TEM micrographs of TiPnanoparticles calcined at (a) 350°C (b) 550°C &)7C
(d)900°C.
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With further increase in the calcination temperatinom 750°C to 900°C, the particle size
increases (Table 4). The average size (Table daloined particles has been calculated from TEM
micrographs by plotting histograms. Significantleugrain growth is exhibited as the anatase to
rutile transition proceeds. Rutile grains coarsertha expense of neighboring anatase during
coalescence until the large rutile grains begiimjoinge on each other [32]. This increase in grain
Size causes a decrease in surface area leadirgreade in photocatalytic activity and increase in
the photostability of TiQnanopatrticles. It can be observed (Table 4) tiemheat treatment of the
nanopowders largely affects the domain size, asutzed through TEM micrographs, it increased
from 60 nm for the as-synthesized nanopowders dg%onm for the Ti@treated at 900°C.

Table 4: Particle size variation with calcinatioenhperature.

Sr. No. Sample & Calcination Particle size (nm)
temperature (°C)
(@ TiO,: 350 60
(b) TiO,: 550 80
(c) TiOy: 750 110
(d) TiO,: 900 175

Fig. 6 shows the uv-visible absorption spectra had TiO, nanoparticles calcined at
different temperatures. The spectra reveal thah witrease in calcination temperature; the
absorption edge gets shifted to higher wavelerngith ghift).
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Fig. 6: UV-Vis absorption spectra of Ti@anoparticles calcined at (a) 350°C (b) 550°C{8p°C (d)
900°C

The band gap energieEg] of TiO, nanoparticles were calculated using the equa@dn (
[33, 34]
he

1:?’;[ (2)

E; =

whereh is Planck’s constant (4.135 x 10eV.nm);c, the velocity of light (3 x 10m s%), and Ay,
the wavelength (in nm) corresponding to the intiea of extension of linear parts of the
spectrum of y-axis and x-axis. From Fig. 6, thergg band gap values for Ti@anoparticles
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calcined at different temperature were found tarbthe range of 3.14 - 3.42 eV (Table 5). The
crystallite size of rutile phase nanocrystallineOFiincreases with respect to calcination
temperature (XRD study), leading to decrease inethergy band-gap values (Table 5). Small
band-gap values are indicative of relatively dengeicked crystalline structures. It is well known
that the band-gap of a semiconductor decreasesingtease in the crystallite size of Bi{¥Y].
Generally, the color of a solid is determined bg gosition of its absorption edge; a shift of this
absorption edge towards a higher wavelength caultiesabsorption in the visible region.

Table 5 Determination of band gap energy of ;lil@noparticles calcined at different

temperatures.
Sr. No. Sample & Calcination Band gap energy
temperature (°C) (eV)
(@ TiO,: 350 3.42
(b) TiO,: 550 3.34
(c) TiO,: 750 3.25
(d) TiO,: 900 3.14

PL emission spectra have been widely used to iipadstthe efficiency of charge carrier
trapping and migration, and to understand the d&telectron-hole pairs in semiconductors [35]
Fig. 7 shows the PL spectra of Li@anoparticles calcined at different temperatusgsan
excitation wavelength of 370 nm. As seen from {hectra, a broad peak at 431 nm is observed for
all the samples, irrespective of the different icetion temperature. This emission band originated
from charge recombination at the shallow-trap siefatate [36]. These surface states originate
from the oxygen vacancies which act as radiativeers.

(431 nm)

(474 nm)

Intensity (arb. units)

455 4;0 4;5 560 525 550
Wavelength (nm)
Fig. 7: Room temperature photoluminescence emisgpentra of Ti@nanoparticles

calcined at (a) 350°C (b) 550°C (c) 750°C (d) 900at an excitation wavelength of
370 nm.

The peak around 474 nm for Ti@anoparticles is due to the oxygen vacancy with tw
trapped electrons, i.e., F centers [37]. Thesectistates play an important role in determining the
reflective properties and photocatalytic properidsTiO, nanoparticles. In the manufacturing
process of titanium dioxide pigment, it is aimedtdain a product with the highest photostability
and lowest photocatalytic activity [38, 39]. Thianc be realized in various ways, and the
techniques can be divided into two fundamental gsod he first group comprises of the methods
that prevent the migration of electrons and hoteshe surface of Ti¢) and the second group
comprises of the methods that prevent the formatioradicals as a result of reaction due to the
electrons and holes located on the particle surfabe photocatalytic properties of Ti@an be
diminished by creating defects in its crystallinttite to introduce traps for the electrons anéol
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generated under the influence of radiation. Hetieepeaks at 431 and 474 nm act as luminescent
centers which help to improve the photostabilityr td,.
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Fig. 8 Diffuse reflectance spectra of Li@anoparticles calcined at 980 with different L
values (a) 20 (b) 30 (c) 40 (d) 50.

The diffuse reflectance spectra for Fi@anoparticles calcined at $@with different L
values are shown in Fig. 8. On increasing L fromt@MO0, the diffuse reflectance increases,
whereas, it decreases on further increasing L fd@nto 50. These results show attainment of
maximum diffuse reflectance (99.50 - 99.60%) witlvdlue of 40 for TiQ nanoparticles. As
observed from XRD study, with increase in L val@é { 40), the crystallite size decreases, hence,
large is the surface area of particles to scaiybt.|With further increase in the L value (40 -50)
crystallite size increases which leads to decréadhe surface area and reduces the scattering
form the particles. Hence, Tihanoparticles with L value 40, shows the maximuiffuske
reflectance (99.50 - 99.60%). These are potenaaldiclates for the preparation of reflective
coatings.
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Fig. 9 shows the diffuse reflectance spectra of deeeloped reflectors (plastic as
substrate) coated with different binder weightaaf\s seen from Fig. 9, with the increase in the
binder weight ratio, there is an increase in ttiuske reflectance of the coating. For binder weight
ratio from 14 to 17%, the diffuse reflectance irses respectively from 92.56 - 92.40% to 94.05 -
93.88%. With further increase in the binder weigttio, i.e., from 17 to 20%, there is not much
increase in the reflectance. With higher bindergheiratio, there is a strong capillary action
between the binder particles, causing them to fagether and bind TiOnanoparticles into a
continuous film.

It has been found that coating material, with kss 14% weight ratio is unable to form
stable coating layer and gets easily detached fhenplastic sheet. On the other hand, the coating
with more than 20% weight ratio, develops crachkss might be due to the large surface tension of
the coating [39].
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Fig. 10 Diffuse reflectance spectra of the devedogglectors (plastic as substrate) having
different coating thicknesses.

Fig. 10 shows the diffuse reflectance of the reflec (plastic as substrate) with various
coating thicknesses. The diffuse reflectance has ieund to vary from 94.01 - 93.66%, 96.10 -
95.88%, and 97.12 - 96.91%, respectively, for cgathickness 0.15, 0.20, and 0.25 mm showing
that the increase in reflectance is due to hightimgathickness; as higher the number of
nanoparticles on the substrate more the reflectah@h further increase in thickness, i.e., from
0.25 to 0.30 mm, there is practically no changthereflectance Thus, the coating thickness, 0.25
mm, has been found to be the optimum one. At thienopn coating thickness, the critical volume
pigment concentration plays an important role itedaining reflectance. In general, with increase
in the coating thickness, the reflectance increéseause greater the film thickness, greater the
number of particles on the substrate, which couate$ to the higher reflectance. But, there is a
particular limit to the concentration of particiesa coating after which there is no increasetdeli
increase in the reflectance (Fig. 10). This lingt determined by critical pigment volume
concentration (CPVC) [40, 41].

4. Conclusions

TiO, nanoparticles were successfully synthesized anaracterized with different
characterization techniques. Complete rutile phBgenation occurs on calcining the TiO
particles at 90TC. On adjusting the ratio of molar concentrationvater and alkoxide (L) to 40,
the smallest crystallite size of 70.34 nm with jgéetsize 170 nm has been obtained for rutile
phase. These particles show the maximum diffudeateice, 99.50 - 99.60%. Employing these
nanoparticles as reflective pigment and optimizthg pigment to binder ratio and coating
thicknesses, the reflectors were successfully dpeel. These reflectors show the maximum
diffuse reflectance, 97.12 - 96.91%, for 0.25-mrnckhcoating having 17% pigment to binder



618

weight ratio. The developed reflectors will be wimense use in areas wherever high illumination
is required.
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