CHAPTER III

A detailed study on structural and optical
properties of core TiO2 and shell MgO in TiO»-
MgO nanostructures leading to enhanced
photocatalytic activity in the core-shell

nanostructure under daylight illumination



A detailed study on structural and optical properties of core TiO2 and shell MgO in TiO2-MgO nanostructures Chapter III

TiO, nanoparticles have caught the attention of researchers as an efficient and cost
effective semiconductor which is used till date for various applications in the field of
optoelectronics as well as photocatalysis. From the environmental aspect, it has
become of utmost importance now a days to remove various dyes and pollutants that
come together with wastewater from industries. So keeping the scenario of increasing
environmental pollution in mind, we opted to work on this topic which was mainly

based on two questions:

v/ Can TiO; nanoparticles synthesized via a simple laboratory method be used as
an efficient photocatalyst?
v" How does coating TiO, with another oxide material affect its optical and

photocatalytic properties?

This chapter mainly deals in the properties of core TiO, and shell MgO along with the
core-shell TiO,-MgO. The structural, morphological and optical properties are studied
via various characterization tools and a correlation among the properties of core and
core-shell is tried to be established. The properties of the shell MgO are also
extensively studied with an aim to see how the shell properties influence the property
of the core-shell structure. We found no trace of shell characteristics as we go deep
down tracking the optical properties of the core-shell indicating that only the core
characteristics are enhanced /suppressed due to the addition of the coating layer.
Although morphological property analysis clearly indicates the presence of the shell in
the core-shell structure. An attempt to get inside temperature dependent optical

properties of all three samples has been made as well.
3.1 Synthesis of TiO, nanoparticles

For the synthesis of TiO, nanoparticles, we followed a standard procedure [1].
Titanium iso propoxide was taken as the reactant and 2-Propanol as the solvent in a
ratio 2:5.Then we allowed the solution to stir for 30 minutes followed by adding 1
drop of H,O and left it for stirring upto 8 hours until gel formation occurs. Then the
prepared gel was dried at 80°C to remove the solvent and water portion from it. After
drying, we got amorphous white powder and then annealed it at 430°C to have the

crystalline TiO, nanostructures.
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3.2 Morphological properties
3.2.1 XRD pattern analysis
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Fig. 3.1 XRD pattern of TiO, nanostructures

Synthesized TiO2 nanoparticles are characterized via XRD with peaks at positions of
20 = (25, 38, 48, 54, 63, 69, 75) from different crystal planes {(101), (004), (200),
(105), (204), (220), (215)}. All these peaks correspond to tetragonal anatase phase of
TiO,.The microstrain and crystallite size are also calculated from W-H plot which is
listed in table 3.1. The strain is found to be positive. When the size of a material is
reduced from bulk to nano, lots of defects occur and nanoparticles contain excess
volume of atoms than that in the nanocrystallites. These excess atoms produce short
range stress field and increases the lattice strain in the sample. The crystallite size is
found to be 16.3 nm.

3.2.2 HRTEM characterizaion

Fig. 3.2 TEM image of TiO, nanoparticles
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Fig. 3.2 depicts the TEM image of TiO, nanoparticles. The blue colored circles show
the lattice planes for the particles which are agglomerated owing to not adding any
kind of surfactant during synthesis. The HRTEM image of a single TiO, nanoparticle

is shown in the inset.
3.3  Optical Property Analysis

3.3.1 UV-vis absorption spectra

In{F(R)}
&

absorbance

300 400 500 600 700 800 900
wavelength(nm)

Fig. 3.3.1 UV-Vis absorbance spectra of TiO, nanoparticles (inset) Urbach tail Plot
Fig. 3.3.1 shows the UV-vis absorption spectra of TiO, nanoparticles. It is observed
that the synthesized nanoparticles exhibit a loud peak around 340 nm along with a long
tain in the visible region. This peak is the band to band absorption peak. Fig in the
inset depicts the Urbach tail present in the sample. Considering the idea from bulk
TiO,, the Urbach tail is linked with the excitons self trapping, which is in
agreement with the anatase phase as it has lower coordination among TiOg octahedra
[2]. The Urbach equation is represented by

a = oo exp (E/Ey) (3.1)
where, a is the absorption coefficient, E is the photon energy and E, is the Urbach
energy. For the calculation of Urbach energy, Ina is plotted against E. The reciprocal
of the slopes of linear portion, below optical band gap, gives the value of E,. Since
absorption coefficient a is proportional to absorbance A (or F(R) in DRS mode), we

can plot In[F(R)] vs. photon energy, E [3-4]
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Fig. 3.3.2 Tauc’s Plot for TiO, nanoparticles
The absorption is calculated by Kubelka-Munk plot F(R) = (1-R)%/2R, where R is the
reflectance of the sample and it is found from the reflectance spectra. The band gap of
the nanomaterials were calculated from a plot of the modified Kubelka-Munk function
[F(R)E]Y? vs the energy of absorbed light E (=hv) where R=Rgmple/Reasos. After
plotting the graphs and fitting linear, we get the band gap of TiO, nanoparticles to be
3.25 eV. The value is greater than that of bulk TiO, which is 3.2 eV. The increase in
band gap in the nanoparticles can be attributed to quantum confinement effect which

occurs due to transformation from bulk to nano.

3.3.2 Photoluminescence Spectra
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Fig. 3.4 PL spectra of TiO, nanoparticles.
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Fig. 3.4 depicts the photoluminescence spectra of TiO, nanoparticles annealed at
450°C. The strong emission peak around 390 nm occurs owing to phonon assisted
indirect transition from M—I" in the Brillouin zone. The visible emission peaks
are accredited to excitons, oxygen vacancies and different surface defect states [5-6].
The oxygen defect related emission peaks are at 464 nm and 539 nm. These
peaks are accredited to F or F ++ and F +centers respectively. The emission
peak at 2.52 eV (492 nm) is due to charge transfer transition from Ti3+ to TiOg”
complex, associated with oxygen defects .The 425 nm peak is attributed to self trapped
exciton emission [68-69].

3.4  Synthesis and characterization of shell MgO

3.4.1 Preparation of nanoscale MgO

The chemicals used for the preparation of MgO were magnesium nitrate hexahydrate
(Merck, purity > 99 %) and sodium hydroxide, NaOH (Merck, purity > 97 %).
Magnesium nitrate solution of 0.1 molar (M) was prepared in 100 mL double distilled
water and stirred for 15 min, keeping the solution temperature at 50 °C. After 15 min
0.2 M NaOH solutions were added into it in the stirring condition [7]. White
precipitate appeared at the end of the stirring for 3 h. The precipitate was washed with
double distilled water and ethanol respectively. For washing the solution was taken in
a 50 mL centrifuge tube and centrifuged at 6000 rpm. After first washing with water
the product at the bottom of the centrifuge tube was sonicated in ethanol and then
again centrifuged. The process of washing was continued for 3 times first with water
followed by ethanol. The product was kept in a hot air oven maintained at 80°C. The
sample became completely dry after 10 h. The powder was then kept in a tube furnace
with an initially temperature of 25°C. After putting the sample the furnace is switched
on. The furnace temperature reached 600°C at a heating rate of ~0.2 sec/degree. We
kept the sample in the furnace for 3 h for annealing and after 3 h the furnace was
switched off. The sample was kept inside until the furnace temperature reached 25°C.
The sample was then taken out of the furnace and kept in container. The sample was
labeled Mg600.
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3.4.2 Structural and morphological study

3.4.2.1 XRD pattern analysis
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Fig. 3.5 XRD pattern of MgO nanoparticles.

X-ray diffraction pattern of Mg600 is shown in the above Fig. 3.5. The diffraction
pattern corresponds to the face centered cubic lattice of MgO having space group
F m3m (225) (JCPDS-89-7746). Mg600 contains a small peak at 20 = 58.69 °
corresponding to (110) peak of Mg(OH), (JCPDS-860441). Presence of Mg(OH),
peak infers that the sample may contain hydrogen related impurities. These hydrogen
related impurities could be formed when the —OH from Mg(OH), interacts with
oxygen vacancies present in MgO [MgO paper, 8] . The possible role of hydrogen
impurities on the emission of MgO will be discussed latter. The crystallite size is
calculated using Scherrer’s formula in the Eva software equipped with the X-ray

diffractometer. The Scherrer’s formula is represented by

-094
d= /BCOS@ (32)

Where, d is the crystallite size, A is the wavelength of X-ray radiation, B is the full
width at half maximum and 0 is the diffraction angle. We considered intense (200)
diffraction peak for the determination of the crystallite size. The calculated crystallite

size is 10.7 nm.
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3.4.2.2 TEM image analysis

Fig. 3.6 (a) Low resolution TEM and (b) HRTEM image of MgO nanoparticles

Transmission electron microscope images of Mg600 are shown in Fig. 3.6(a-b). Fig.
3.6 (a) shows that the particles are agglomerated and are of varied shape. Inset of Fig.
2a shows the histogram displaying size distribution of the nanoparticles with average
size of 12 nm. The crystalline nature of the prepared nanoparticle is confirmed from
the observation of the clear lattice planes in Fig. 3.6 (b) and from the selected area
electron diffraction (SAED) pattern shown in the inset of Fig. 3.6 (b).

3.4.3 Optical Property analysis
3.4.3.1 UV-Vis absorption study

Kubelka-Munk absorption plot and the corresponding reflectance spectra of Mg600
are shown in Fig 3.7 (a-b). Kubelka-Munk absorption or F(R) is obtained from
reflectance R considering the equation, F(R) = (1-R)?/2R, where R is reflectance of the
sample. The lower spectral detection limit of the UV-vis spectrophotometer is 200

nm. Therefore, we could not detect any absorption or reflectance below 200 nm. The
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UV-vis spectral range from 280-700 nm are Gaussian fitted with fitting correctness,

r’= 0.9985 (shown inset of Fig. 3a).
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Fig. 3.7 (a) Kubelka-Munk absorption plot and (b) Reflectance spectra of MgO.

For bulk MgO the absorption threshold could be seen at 7.8 eV in the UV region [9].
However, nanocrystalline MgO contains several absorption peaks in the UV and
visible region. Those absorptions are due to the presence of defects and low

coordinated cations and anions on the surface, interface, etc. [10-11].

The absorption at ~ 200 nm (6.2 eV) involves excitation of 5 coordinated surface
anions [9, 12]. In the present study the observed absorption at 250 nm (4.96 eV) could
be associated with bulk F or F* centers [13]. The absorption at 289 nm (4.29 eV) is
owing to singlet to singlet 1Alg to 'E transition of electrons present in the surface Fs
center [14]. The other singlet to singlet 1Alg to 1Alg excitation of surface Fs center is
observed at 405 nm (3.06 eV). These two singlet to singlet transitions of surface F;
center arises owing to crystal field splitting of the 2p states of oxygen defect on the
surface [14]. The absorption peak at 652 nm (1.90 eV) involves singlet to triplet
photoexcitation of electrons from ground A, state to excited *Ayq state of surface Fs
center [14]. The absorption peak at 365 nm (3.39 eV) is due to the surface Fs" center

and involves zAlg to 2Alg electronic transition [14]. The absorption peak at 324 nm

700
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(3.83 eV) is due to F,?* centers [15-16]. The dimmers or aggregates of F centers are
formed by the pairing of the nearest F centers (F, F* or F2*). Thus, depending on the
number of trapped electrons by the paired oxygen vacancies these aggregates are
referred as F, (with four electrons), F," (three electrons), F,** (two electrons in two
vacancies) respectively [16]. The absorption peak at 559 nm (2.21 eV) is likely due to
V™ center [17-18]. V' center consists of a single hole trapped oxygen ion adjacent to a
magnesium vacancy having the configuration 02'-[Mgvacancy]-0' [19]. The absorption
at 444 nm (2.79 eV) is due to the transition of a four coordinated F center [20-21]. The
absorption at 605 nm (2.05 eV) appears owing to 5-coordinated surface Fs" centers
[22-23]. In the present discussion the notation corresponding to surface or bulk F or F*
centers is provided based on the theoretical work by Illas et al. [14]. He studied the
possible absorption positions of bulk and surface F centers in MgO. He stated that F
and F* centers have higher coordination (O symmetry) in the bulk and lower
coordination (C4, symmetry) with the surrounding ions on the surface [14]. In bulk
MgO the absorptions are mostly due to bulk F centers. However, because of the
nanoscale size Mg600 contains higher percentage of F or F* centers on the surface.
Because of the different symmetry and due to different extent of the crystal field
splitting of the 2p states on the surface than in the bulk, the F or F* centers on the

surface show different absorptions than in the bulk.

3.4.3.2 Photoluminescence (PL) study

PL spectra of MgO are taken at three different excitations, 206 nm, 270 nm and 330
nm respectively. The emission spectra of MgO at Aex = 206 nm is shown in Fig. 3.8a.
Excitation at this wavelength generates several emission peaks with the intense
emission lying in the UV region centering at 365 nm. Fig. 3.8b shows the excitation
spectra monitored at 365 nm emission. The excitation spectra contain peaks at 225 nm,
245 nm and 262 nm. The excitation peak at 225 nm may be assigned to bulk F centers,
whereas the peaks at 245 nm and 262 nm correspond to F and F* centers respectively
[12, 13, 23]. Therefore, the intense emission at 365 nm may be due to F or F* center.
However, reports suggest that emission due to F centers appear in between 416-420
nm and at ~ 516 nm, whereas emission due to F* center lies in between 390-400 nm

[14, 24]. Therefore, the emission at 365 nm may be assigned to F* center with its
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corresponding excitation at 262 nm. Photoexcitation at 206 nm results in the excitation
of the F* center electrons leaving a ground state F>* center and electrons in the
conduction band. During emission the conduction band electron encounters with F2*
giving 365 nm emission, F2*+e” —F"+hv (365 nm) [14]. The emissions in between
280-320 nm may be due to energy transfer from one anion to another present on low

coordination sites on the surface [25].
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Fig. 3.8 Photoluminescence spectra of MgO excited at (a) 206 nm. (b) PLE spectra
monitored at the intense emission, 4., = 365 nm. Inset shows the extended spectra in the

> €X

range from 220-280 nm to show the excitation peaks.

Photoluminescence spectrum of MgO nanoparticles, excited at 270 nm, is displayed in
Fig. 3.9a. Excitation at 270 nm results in emission peaks at 345 nm, 359 nm, 375 nm,
390 nm, 407 nm, 427 nm and 446 nm, 464 nm and 491 nm with intense emission

being at 427 nm.
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Fig. 3.9 Photoluminescence spectra at (a) 4, = 270 nm. (b) PLE spectra monitored at the
intense emission 427 nm.
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The PLE spectra (Fig. 3.9b) monitored at 427 nm results in excitation peak at 365 nm
and 390 nm along with a small excitation at 310 nm. The absorption at 365 nm and
390 nm may be associated with F; centers [12, 14]. The absorption peak at 310 nm is
due to F,*" centers [12]. The corresponding emission spectra of F, centers and F,?*
centers appear at 375 nm and 475 nm respectively [23]. F,** center in MgO has a Doy,
point symmetry and consist of F* centers in nearest neighbour anion sites along <110>
lattice direction [23]. Kumar et al. observed F,** center related emission peaks in
between 425-443 nm [14]. Therefore, the intense emission in the violet region at 427
nm may be assigned to By, to 1A1g transition of electrons in F,°* center with its
corresponding excitation at 310 nm [14]. Fig. 3.10a shows the PL spectra of MgO
excited at 330 nm. Excitation at this wavelength gives an intense emission peak at 419
nm. This 419 nm emission peak is due to F center. The corresponding PLE spectra
monitored at this intense emission, shown in Fig. 3.10 b, gives an excitation peak at
228 nm. This excitation peak is due to bulk F center [12]. Rosenblatt and his co-

workers attributed the emission peak at 530 nm to F centers [25].
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Fig. 3.10 Photoluminescence spectra at (a) A, = 330 nm. (b) PLE spectra monitored at 4,
= 330 nm. Inset shows the extended spectrum to display the excitation peaks.

On the other hand, Kawaguchi et al. observed F* and F center related emission peaks
at 430 nm and 500 nm in the fracto-luminescence study of MgO single crystals [26].
Boubeta et al. attributed the 420 nm emission peak to F center in defective MgO film
[16]. Since our PLE spectrum corresponding to 419 nm shows an excitation peak at
228 nm, which is due to bulk F center, we can assign the intense emission peak to bulk
F center [12]. The other emission peak at 514 nm may also be assigned to bulk F
center [25-26].
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Apart from the intense emission peaks in the near UV or violet region, excitation of
MgO at 206 nm, 270 nm and 330 nm result in several other emission peaks lying in the
blue and green regions of the visible spectrum. Those emission peaks lie in between
441-446 nm (violet), 461-486 nm (blue) and at 514 nm (green). The emission peaks in
the range ~ 441-446 nm are due to F,°* center and the emission peaks in between 461-
464 nm may be assigned to hole trapped at Mg ion vacancy [16]. The emission lying in
between 474-479 nm is assigned to F," center and the emission lying at 491 nm is due

to hydroxyl group adsorbed at the low coordination site on the surface [16, 23].

3.4.3.3 Temperature effect on the emission spectra:

In order to understand the effect of high temperature air annealing on the intensity of
emission peaks, one part of the as prepared MgO is annealed at 800 °C for 3 h. This
sample is labeled Mg800 and the crystallite size of the sample is 20 nm. As evident
from Fig. 3.12-c, irrespective of the excitation energy, the emission intensity of MgO
appears to be reduced on annealing at 800 °C. We have plotted the intensity ratio of

F*/F, F.**/F" and F,?*/F as a function of annealing temperature.
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Fig.3.11 Photoluminescence spectra of MgO annealed at 600°C and 800°C and excited at
(a) 206 nm (b) 270 nm and (c) 330 nm

The intensity ratios for different emissions were determined based on emission spectra
decomposition by Gaussian fitting. The intensity ratio of F'/F decreases at 800°C as
shown in Fig. 3.12a. Edel et al. observed photoconversion of F to F' center on
excitation at 4.96 eV (250 nm). They also stated that thermal treatment may convert F*
to neutral F centers [27]. We have observed that photoexcitation of MgO at 4.59 eV
(270 nm) and 3.75 eV (330 nm) result in the transformation of a considerable numbers

of F centers to F* centers, following the process F+hv— F'+ (emission). Thus, F*
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emission seems to be enhanced in comparison to F center emission at 600°C. On the
other hand the F*/F intensity ratio decreases at 800°C. At 800°C most of the F* centers
might have been converted to F centers [28-30]. This F* to F center conversion is
reported to be assisted by H™ impurities at high temperature. Thermal conversion
increases the population of F centers and thus, enhances the intensity of F center
emission, with subsequent reduction in F'/F intensity ratio. Fig. 3.12b displays the
intensity ratio of F* to F,** emission centers. Whether it is 4.59 eV (270 nm) or 3.75
eV (330 nm) excitation, the F*/F,*" emission intensity ratio decreases on annealing
MgO at 800°C. Decrease in the intensity ratio at high temperature indicates quenching
of the intensity of F* emission as compared to that of F,?* emission. Since F,**
aggregates are formed by the association of nearest F* centers, the numbers of these
aggregates depend on the concentration of F* centers. Thermal annealing at 800°C
results in the conversion of F* centers to F centers. Hence, emission intensity of the F*
center decreases in response to the intensity of the F,** centers. Excess F»>* aggregates
might not be produced at 800°C, but due to reduction in the number of F* centers the
F*/ F,** intensity ratio is believed to be reduced. Even if we consider that thermal
annealing dissociates F,?* into F* centers, the process of photoconversion of F* to F

centers will be faster than the dissociation rate of the aggregates to F.

Thus, we can consider that the number of F,?* ions participating in the emission will
be higher than those of F* ions and that is why we have observed decrease in the
intensity ratio of F*/F,?* at 800°C. Fig. 8c shows the intensity ratio of F/F,°" as a
function of temperature. It is seen from the figure that thermal annealing increases the
F/F,** emission intensity ratio at 800°C. This indicates that F,>* emission intensity
decreases at high temperature in comparison to F center emission. This is quite
obvious since thermal annealing is likely to dissociate F,** to F* center (although the
process is not as fast as F to F conversion) and finally these F* transforms into F
centers. Therefore, the numbers of these F centers are expected to be higher than F,**,

resulting in the enhancement of F/F,*" intensity ratio at 800°C.
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Fig. 3.12 Plot of the intensity ratio of defect emissions as a function of annealing

temperature for (a) F*/F (b) F'/F,”" and (c) F/F,”" at 270 nm and 330 nm excitation.

3.5  Synthesis of core-shell TiO,-MgO nanostructures

The TiO, nanoparticles were synthesized as we have described in section 3.1. The
obtained TiO, nanoparticles were annealed at three different temperatures namely
450°C, 650°C and 850°C. The coating layer was prepared by adding NaOH solution to
Magnesium nitrate hexahydrate solution as described in section 3.4.1. Thus we
obtained a coating of Mg(OH); layer over the TiO, core followed by drying the sample
at 100°C to remove the water portion for having a shell MgO. We added the coating
layer separately to the three core samples annealed at different temperatures to get the
core-shell nanostructures labeled as TM 450, TM 650 and TM 850.

3.6  Structural and Morphological Properties of core-shell TiO,-

3.6.1 XRD analysis
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Fig. 3.13 XRD pattern of core-shell TiO,-MgO nanostructures with core annealed at (left)
450°C, (centre) 650°C and (right) 850°C.
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Fig. 3.13 shows the XRD pattern of the core-shell nanostructures while the core was
annealed at different temperatures. TM 450 shows peak positions at 20 = (25, 38, 48,
54, 63, 69, 75) from different crystal planes {(101), (004), (200), (105), (204), (220),
(215)}. All these peaks correspond to tetragonal anatase phase of TiO,. The XRD
patterns indicate that none of the coatings affected the TiO, composition as there is no
apparent shift in the existing peaks assigned to rutile and anatase phases. We believe
that the thickness of the coating layers consist of a few nanometers, this would explain
why no peaks from these layers were detected [31].The rutile peak of TiO, (110) i.e 26
= 28 occurs at both TM 650 and TM 850. Thus TM 450 exhibits all the anatase peaks
like its core counterpart. In TM 650 and TM 850, presence of rutile phase can be
found along with complete quenching of the (101) peak that occurs at 20 = 25° in TM
850. The crystallite sizes and microstrain were calculated from W-H plot and are
tabulated below in table 3.1.

Table 3.1 Calculation of crystallite size and microstrain

Sample name Crystallite size(nm) Microstrain
TiO, 16.3 0.0053

TM 450 33 0.01145

TM 650 39 0.0013

TM 850 39.3 0.0085

From the table 3.1, we can see that the crystallite size of TM 450 is much more than
pure TiO, indicating the coating layer formation surrounding the core. Also with
increase in annealing temperature of the core, the crystallite size increases as there is
enlargement of grain boundary with temperature. Oxygen vacancies, defects on the
surface and on the grain boundary, impart a positive strain in the lattice of TiO,
nanocrystallites annealed at 450°C. In the core-shell TM 450, as we have observed the
microstrain is enhanced than the core counterpart. This may be attributed to the reason
that upon addition of the coating layer to the core, a significant lattice mismatch occurs

at the interface of the core and shell hereby increasing the strain. Again the oxygen
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vacancy related defects are enhanced in the core-shell structure than the core structure
which also plays a vital role in increasing the microstrain in the core-shell system. As
we go on annealing the core at 650°C, many of the grain boundary defects are reduced
and promote movement of atoms from grain boundary to the grain interior [32].
Removal of grain boundary defects decreases the stress field in this regime with a
successive reduction in the magnitude of lattice strain. But in case of annealing at
850°C, the strain is again increased as the core size becomes sufficiently large than the
volume of the shell (the shell concentration is same in all cases, so when the core
expands the shell may get compressed) hereby imparting significant strain on the shell

resulting in enhancement of the microstrain in the TM 850 system.

3.6.2 TEM image analysis

Fig. 3.14 TEM images of TiO,-MgO nanostructures annealed at (a) 450°C (b) 650°C and
(c) 850°C

Fig. 3.14 portrays the TEM images of all the three core-shell heterostructures annealed
at 450°C, 650°C and 850°C respectively. The green colored shapes (arrow and circles)
indicate the core portion in the sample while the blue colored arrows do the same for
surrounding shell layer. It was not possible to find any single core-shell nanoparticle
due to huge agglomeration present in the sample, but one thing is clear from the
images that significant increase in particle size is prominent as we go on increasing the

annealing temperature of the core particles.
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3.6.3 EDX spectra analysis
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Fig 3.15 EDX pattern of (left) TiO, and (right) TiO,-MgO

The EDX spectra of the samples are shown in fig. 3.16 which confirms the presence of

all the constituent elements Ti, Mg and O in the sample.

3.6.4 FTIR spectra
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Fig. 3.16 FTIR spectra of both core TiO, and core-shell TiO,-MgO nanostructures.

Extended version of the Ti-O bond (inset)

Fig. 3.16 represents the FTIR spectra of both core TiO, and core-shell TiO,-MgO
nanostructures. The broad band centered at 500-600 cm™ is likely due to the vibration
of the Ti-O bonds in the TiO, lattice. The peaks at 1620-1630 cm™ and the broad
peaks appearing at 3100-3600 cm™ are assigned to vibrations of hydroxyl groups.
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Also it is observed that the position of Ti-O bond is shifted to lower frequency regime

resulting in broadening of the peak.

6= 57 GR/W) (33)

The FTIR frequency shifting can be determined from the above equation. The
broadening of the peak may be accredited to the generation of defects owing to
mismatch of bonds at the interface [33]. In pure TiO,, the position of Ti-O bond is
determined by its strength or by its force constant. After incorporation of MgO to
TiO,, the amount of oxygen vacancy is increased, which is further explained with XPS
spectra. Hence, there will be less O atoms to form Ti-O bond in core-shell TiO,-MgO.
This results in weakening of the bond thereby lowering the force constant which
explains the shifting of the bond towards lower wavenumber. The MgO coated TiO;
possesses a larger amount of hydroxyl group 3600-3000 cm™ as well as water
molecules around 1624 cm™ confirming that the MgO coating has a potential in
photodecomposition of air pollutants as well. The role of these two species hydroxyl
group and water molecule has been allegedly known as follows. The profusion in
hydroxyl groups permits for more radicals on the surface, facilitating the
decomposition process of organic materials. Regarding MgO coated TiO,, the
photogenerated holes from the TiO, core are simply assumed to reach the outer surface
of ultrathin MgO shell via quantum tunneling to form a highly active hydroxyl radical
[34].

3.6.5 Raman Spectra analysis

This spectroscopic technique is skilled to probe structures of gases, liquids and
crystalline and amorphous solids [35-36].The Raman effect arises when an intense
monochromatic radiation experience inelastic scattering on passing through a sample
containing molecules resulting in the change in molecular polarizability on vibration
[35-36]. When a sample is irradiated with incident light of frequency v,, the scattered

light is shifted by frequency vo+v. Raman scattering light undergoing a frequency shift

~ vo-v (longer wavelength) are called Stokes light and scattered light with frequency
shift ~ vo+v (shorter wavelength) are known as anti-Stokes light. The anti-Stokes
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intensity is much lower than the Stokes intensity. The frequency (or energy) shift is
ascribed to the transfer of energy due to the lattice vibrations (phonon), molecular
vibrations, rotation of molecules and electronic transitions [35-38].

The Raman spectra of TiO, and core-shell TM 450 samples are recorded using
Renishaw In Via Raman spectrometer (Rensihaw, Wotton-under-Edge, UK) at a

resolution of 0.3 cm™ Ar laser of 514.5 nm wavelength is used for excitation.
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Fig 3.17 Raman spectra of both TiO, and TM 450

Raman spectra of both TiO, and TM 450 samples are shown in Fig. 3.16. Anatase
TiO, has six Raman active modes and three infrared (IR) active modes. The optical

phonon mode at the 7-point of Brillouin zone (BZ) is presented by [39-40].
I'=Alg(R) + 2BlIg(R) + 3Eg(R) + B2u(IR) +A2u (IR) + 2Eu (IR) (3.4)

The four vibrations (Alg+B1lg+B2g+EQ) are Raman active and the rest are IR active.
In these samples, an intense Eg peak appears at 144 cm™, followed by low intense
Alg, B1g peaks at 410 cm™, 520 cm™ and at 630 cm™ respectively [41-42].

Lattice strain, defects, crystallite size strongly influence the shifting, peak broadening
and the intensity of the Raman peaks [43-44]. For pure crystal, the phonon
contribution comes from the center of the Brillouin zone, at g = 0 [44-46]. However,

for small nanocrystallites, the phonon dispersion counts on phonon contribution from
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entire Brillouin zone [44,47]. The breaking of the phonon selection rule influences the
Raman line shape, position, etc. [47]. Positive phonon dispersion from zone center will
lead to asymmetric broadening, blue shift and reduction in the intensity of Raman peak
[48].

To study the effect of size, defects and temperature on the position, width of the
Raman peak, we have considered the Eg Raman peak. Xu et al. [48] employed a
phonon confinement model to explain the observed changes in the Raman line and

position using Heisenberg uncertainty principle.
AX AP > h/4n (3.5)

Where 4X is particle size, 4P is the phonon momentum distribution and h is Planck
constant. In case of a perfect crystal first order Raman scattering of photons obey the
phonon selection rule g=0, implying phonon contribution at the center of Brillouin
zone. So, when AX increases as we can see in our case, AP decreases thus the phonon
contribution becomes very less. This results in shifting as well as contraction of the
active Raman peak. The red Raman downshifts are mainly ascribed to either size-
induced phonon confinement [49] or lattice defects, such as point defects, dislocations
and stacking faults [49]. Again the strength of a bond is determined by its force
constant and the force constant of a bond is connected with frequency by voovk [50].
The increase in oxygen vacancies in the core-shell nanostructure plays a vital role in
red shifting of the Raman peak as number of Ti-O bonds decrease due to lack of
oxygen resulting in decreasing the force constant and thus the wavenumber also thus

gets reduced.

We have calculated the phonon lifetime, considering Eg mode, in each sample by
adopting the energy-time uncertainty relation, 4E/h = 1/t = 2rcl’, where AE is
uncertainty in the energy of phonon mode, 7 is reduced plank constant, 7" is the
FWHM of the Raman peak [45,51]. The calculated phonon lifetime (z) are presented in
table 3.2.
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Table 3.2: Calculation of phonon lifetime

Sample Raman line width of E4 peak (cm™) Phonon lifetime (pico sec)
TiO; 23.64 0.19
TM 450 1551 0.29

It is realized from the table that the phonon lifetime increases in case of the core-shell
nanostructure. As we can see from table 3.1 that crystallite size of TM 450 is much
higher than that of TiO, which leads to an increase in the phonon density and thus
anharmonic phonon coupling increases. This finally increases the decay time or the

lifetime of the phonons [51].
3.6.6 XPS spectra analysis

The principle of X-ray photoelectron spectroscopy is based on photoelectric effect.
When a material is irradiated with X-ray photon with an energy /v, the energy is
absorbed by the core or valence electrons that are bound to the atoms with a binding
energy of EB. If the absorbed energy /v is very high the electrons will be excited and
will leave an electron in the atom with kinetic energy EK. This energy is the difference

between incident energy 4o and the binding energy EB i.e. EK = hv-EB [52-53].

When applied to solids, XPS is a surface sensitive technique. The nominal analysis
depth is on the order of 1 to 10 nm (10 to 100 monolayers) [52-53]. The sensitivity of
XPS for the detection of elemental composition is 0.1 at %. However, the sensitivity
varies for different elements and for different concentration of the elements [53]. In
analysis of solid materials, the two primary uses of XPS are to determine elemental
compositions and to characterize the chemical states of elements. Other applications
include determining film thickness or composition profiles at the surface of a material,
either through nondestructive or destructive means, and characterizing molecular

orientation for adsorbates on surfaces [53].
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Fig. 3.19 XPS of core-shell TiO,-MgO nanoparticles
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Fig. 3.19a shows the XPS spectrum for pure TiO, nanoparticles. The O1s spectrum is
deconvoluted to 2 peaks. The 530.143 eV peak corresponds to O that is oxygen in the
TiO, crystal lattice whilst the 532.28 eV peak is assigned to Oy that is due to the
presence of hydroxyl atoms. It can be seen that the intensity of the O, peak is
decreased in the core-shell structure indicating that there is more oxygen vacancy in
the sample than its core counterpart. Again both O and Oy peaks are shifted to higher
binding energies and this shift may be attributed to TiO,.x after addition of MgO to
TiO; [33]. For the core-shell sample, the deconvolution of Ti 2p core level yields two
major characteristic doublets for Ti2ps, and 2p;», encompassing a set of two 2pzp.
peaks at 458.281 eV and 459.267 eV. The 458.281 eV peak is attributed to 3+ state
while the 459.267 eV peak is assigned to 4+ valence states of Ti, respectively
[54].Similarly the 2py, peak is also deconvoluted to two peaks at 463.815 eV (3+
state) as well as 465.42 eV (4+state). The occurrence of Ti** state in the core-shell
structure confirms the presence of oxygen vacancy which can be explained as follows.
The Ti*" ion near oxygen vacancy accepts an electron from cavity V, and yields an F+

center and converts to Ti** ion.
Vo+2e ' =F
F+Ti*" =F" +Ti®"

V, cavity contains a pair of electrons one of which is occupied by the neighbouring
Ti*" ion thus forming an F* center. The Mg 2p peak which should be 51.5 eV is shifted
to 49 eV. The shifting to lower binding may be due to presence of Mg?* vacancies in
the coating MgO layer.

3.7  Optical property analysis
3.7.1 UV-vis absorbtion spectra

Fig. 3.20 shows the UV-Vis absorbance spectra of core TiO, annealed at 450°C, 650°C
and 850°C along with the corresponding core-shell samples. The maximum absorption

peak of TiO, appears at 330 nm followed by a big absorption tail in between 350-800
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nm. The UV absorption peak is termed as the band to band absorption peak [55-56].
The absorption in the visible region may be due to the presence of Ti ** or oxygen
vacancies. In TiO, nanoparticles, Ti ** ion is surrounded by six oxygen ions forming
basic TiOg octahedra. When the system is ambient in oxygen vacancy, loss of oxygen
in the lattice releases free electrons. These free electrons are either captured by Ti ** to

% on the lattice site, to maintain charge neutrality, or got trapped in the

form Ti
oxygen vacancy centers. The electrons captured by the Ti**, on either side of oxygen
vacancy (Vo), forms Ti**-VyTi®" defect complex, and the electrons trapped by the

oxygen vacancies form color centers (F, F'or F**) [57-58].
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Fig. 3.20 UV-vis absorbance spectra

Oxygen defect related colour centers may show absorption peaks in the range from 2-
2.8 eV [57-59]. Apart from colour centers, Ti ** may also show absorptions between
2.2-2.3 eV (539-563 nm) due to 2 T, to 2E d-d transition of d1Ti** [60]. Also the peaks
available from 250nm-410 nm (found only in the core-shell structures) may be
attributed to addition of MgO as we found in MgO as described in the earlier section,
the absorption at 289 nm (4.29 eV) is owing to singlet to singlet 1Alg to 'E transition of
electrons present in the surface Fs center [14]. The other singlet to singlet 1Alg to 1Alg

excitation of surface Fs center is observed at 405 nm (3.06 eV).
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Fig. 3.22 Utrbach energy plot (a) TM 450, (b) TM 650 and (c) TM 850

Table 3.3 Calculation of band gap and Urbach energy

Sample name Urbach energy(eV) Band gap(eV)
TiO, 450 0.487 3.25
TM 450 1.213 3.07
TM 650 0.919 2.85
TM 850 0.578 2.75

The band gap calculated from Tauc’s plot is presented in table 3.3. Again we know
that band gap of MgO is around 7.8 eV. It shows that all core-shell structures are
TYPE 2 core-shell structures, which is the most essential criteria for a material to be
used in photocatalysis or photovoltaic devices. Also the decrease in band gap suggests

that the materials tend to absorb more in the visible region which is another essential
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criteria for photoactivity. From the table we can see that there is tremendous increase
in Urbach energy when TiO, nanoparticles annealed at 450°C are coated with MgO
shell layer. The growth of the shell results in strain and the formation of defect states at
the core/shell interface or within the shell [61]. These can act as trap states for
photogenerated charge carriers. The excited electrons are captured by the shallow
defect bands, preventing their direct transition to the conduction band as a result
increasing the Urbach energy to such high extent. In TM 650 where the shell
concentration is same as that of TM 450, the Urbach energy decreases as air annealing
at a higher temperature fills up the vacant oxygen levels, most of the electrons may
undergo excitation to the conduction band instead of getting captured in the defect
band. These oxygen defects are mostly accountable for the decrease in the band gap
and the magnitude of this gap varies with defect density [62].Same goes for TM 850 as
after annealing at such high temperature the amount of oxygen vacancy decreases in

the sample subsequently reducing the Urbach energy.

3.7.2 Photoluminescence spectra analysis
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Fig. 3.23 PL spectra of the core-shell nanostructures excited at 350 nm
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Fig. 3.23 displays the Gaussian fitted emission spectra of TM 450, TM 650 and TM
850, excited at (350 nm). If we look at the PL spectrum of pure TiO, nanoparticle we
can see that both core and core-shell TM 450 exhibit an emission peak at 390 nm. This
peak corresponds to phonon assisted indirect transition from M—TI" in the Brillouin
zone. But it is prominent that the intensity of the peak is suppressed in the core-shell
nanostructure. This is due to the outer MgO shell that is covering the core TiO,
nanoparticles. The lowering of the TiO, related UV peak should be due to relatively
thick and dense MgO layer, thus the excitation source has low penetration intensity to
excite the inner TiO, nanoparticles. Again, the photo-generated charge carriers which
are emitted from the TiO; core are absorbed by the TiO, NPs which are formed on the

surface of the core.

Although the photo-generated charge carrier emission from the TiO, core is very
strong, but the TiO, NPs which are grown on the surface of TiO; core can absorb some
of the emission, resulting in the decrease of the UV emission [63].Also from the
charge separation diagram we can see that both electron and hole are spatially
separated at the interface of the core and shell. This minimizes recombination resulting
in decrease of the PL intensity of the peak. All these characteristics lead to TYPE 2
characteristic of the core-shell sample. The visible emission peaks are associated with
excitons, oxygen vacancies and different surface defect states [64-66].
Photoluminescence properties of the different crystalline phases depend on their long
range crystalline order, as spatial distribution of electron and holes depend on the
length of the octahedra chain of the two phases [64-66]. TiO, and TM 450 exhibit an
intense emission peak around 425 nm which is assigned to self trapped exciton (STE)
recombination [68-69] The same peak is shifted to 433 nm in the TM 650 sample. It
can be seen that in TM 650 and TM 850, the band edge emission peak is completely
diminished. This is mainly due to the decrease in the number of radiative centers,
present on the surface or in the bulk phase. Although, oxygen vacancies are found at
the interface of the anatase rutile mixed phase TiO,, those vacancies act as non
radiative centers only [73]. Annealing at 950°C removes many of the radiative oxygen

vacancy centers, along with non radiative centers thereby completely quenching the
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390 nm peak. Oxygen defect related emission peaks occur at 2.67 eV (464 nm) and 2.3
eV (539 nm). These peaks are credited to F or F** and F* centers respectively [67].
The emission peak at 492 nm is due to charge transfer transition from Ti** to TiOg’
complex, associated with oxygen defects [68-69]

3.7.3 TRPL spectra analysis

Unlike steady state PL, the instrumentation of time resolved PL spectrophotometer
uses a pulsed light source for photoexcitation [70]. The time-dependent intensity is
measured following the excitation pulse, and decay time is calculated from the slope of
a plot of log I (t) versus t, or from the time at which the intensity decreases to 1|e of a
value at t = 0 [71]. Steady state PL analysis of our samples is carried out in Perkin
Elmer LS-55 spectrometer with a Xenon light source. The instrument has a scanning
range in the visible region spanning from 200-800 nm and the measurement is done at
an increment of 0.5 nm. Time resolved photoluminescence (TRPL) spectra are
obtained in life spec Il spectrofluorssimeter (Edinburgh instrument). The sample was
excited by a laser diode of wavelength 342 nm and the decay was measured with a
time scale of 2.791736E-11 sec/channel.
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Fig 3.24 TRPL fit of (left) TiO, and (right) Core-shell TiO,-MgO

Fig. 3.24 shows the TRPL spectrum for both core TiO, and core-shell TiO,-MgO
nanostructures. A four exponential was fitted to calculate the life time of TiO, whilst a
five exponential was needed to find out the same for TiO,-MgO through the following

equation
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Y =VYo+ Xl a)exp (-t/tj).....(for n exponential)

From the graph of TiO,, the values of r; = 5.052403E x 10~ %sec, 7, = 6.115959 X
10~'sec, 73 = 5.526903 x 10~ !sec and 7, = 2.843263 x 10~ ?sec. The values of
o1 =-219.0319, ap =-13.22373, a3= 16.22717and a4 = 2.337827x10™

The lifetime of core-shell TiO,-MgO is calculated using the parameters z; =
4953978 x 10~'%sec, 7, = 1.405968 x 107 %sec, 73 = 1.276275 x 10~ 1%sec,
7, = 1.28485 x 10~ 0sec, 7z = 4.901529 x 107° and oy = -156.2194,0,= 24.9461,
0 = 447.1461, a4 = -471.0229, as= 1.637182x 10™. The lifetime of electron in the
core-shell structure is found to be 0.021 nano sec which is much more higher than that
of the core structure that is 0.005 nano sec indicating that there is very less
recombination in the sample. This once again stands with the TYPE 2 structure of
core-shell TiO,-MgO. The spatial separation of electron and hole can result in a
decrease of the wave function overlap and thus longer lifetime of charge
recombination is expected in TYPE 2 like heterostructures. Our observation indicates
that the formation of shell leads to an increase in lifetime, which can be concluded as
the clear evidence of reduced electron hole wave function overlap in core-shell
material. Upon coating the number of oxygen vacancies increases, and therefore large
number of carriers are trapped in these defect centers. Therefore, as compared to pure
one the electrons in the coated system now transit from one defect to another defect
and then to valence band until it find an emission center. The oxygen vacancies, with
trapped electrons, act as charged defects. Therefore, these charged oxygen vacancies
interact with the mobile electrons and scatter them, thereby decreasing their mobility
[72]. Decrease in mobility will separate the electrons-holes for longer time and hence

increase the lifetime.
3.8 Photocatalytic Application

Photocatalytic activities of pure TiO, nanoparticles and core-shell TiO,-MgO
nanoparticles are examined by observing the degradation of methylene blue (MB)

under daylight just as described in chapter 2 (section 2.3.3).
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Fig. 3.25 (left) Absorbance of MB in presence of catalyst, (right) %Degradation w.r.t.

irradiation time

The degradation efficiency of MB solution is given by{ (Ao-A)/A}*x100% [2].

Table 3.4: Calculation of %degradation

Sample %degradation w.r.t. time
name

10 min 20 min 40 min 60 min
TiO; 38.9 44.47 46.31 50.2
TiO,/MgO | 59.97 76.64 62.7 55.22

For pristine TiO,, the maximum degradation efficiency was found as 50.2% while for
core-shell TiO,-MgO nanostructures, the degradations were found to be 76.64% for 20
min irradiation. From this, it is clear that the core-shell nanostructure exhibits much
better photocatalytic activity than the core structure. Since the light source has very
less energy than to excite TiO, (less than 3.2 eV), it requires already created e -h" pair
to get them photoexcited. That is why, pure TiO, nanoparticles cannot show very good
photocatalytic activity. But due to TYPE 2 band allignment, TiO,-MgO favors charge
separation and it can be used as good photocatalytic agent. Also oxygen vacancies act
as traps for electron while —OH radicals do the same for holes. From PL, XPS as well

as TRPL we have already explained that the number of oxygen vacancy has
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significantly increased in the core-shell structure. Again adding MgO coating layer
induces more number of hyrdroxyl radicals as we have seen from FTIR. Since the
methylene blue solution is prepared in water, upon contact with TiO, surface, the H,O
or -OH groups and water dissolved O, are adsorbed on different active sites present on
the host surface. The electrons trapped in these oxygen vacancies are transferred to the
adsorbed oxygen and produce superoxide radicals while the water and hydroxyl ions
are converted to its corresponding hydroxyl radical by the photogenerated holes [2-
74]. These superoxide and hydroxyl radicals are very strong oxidizing agent and can
degrade the dye to its constituent product [75]. Therefore, different possible steps
involved in the photodegradation of MB are generation of free electrons and holes,
photoexcitation of the dye molecule, trapping of electrons and holes to form
superoxide and hydroxyl radicals and finally degradation of the dye. We can see that
the degradation is reduced in irradiation time 40 min. This is attributed to lack of
charge carriers to degrade the dye although irradiation time is increased; most of the
charge carriers generated this way undergo recombination. It is further reduced with
increase in irradiation time indicating more charge recombination. The reaction

mechanism for TiO, to degrade dyes is mentioned below [2].

TiO, — e +h’

3.9 Conclusion

In this chapter, we have discussed about the various spectroscopic and structural
characterizations performed on core TiO; and core-shell TiO2-MgO nanostructures. It
is realized that although TiO, nanoparticles have been able to photodegrade the dye
Methylene Blue, the efficiency is less than that is exhibited by the core-shell structure.
We found that the shell MgO layer highly influences the properties of the core TiO,,
but no distinct evidence of shell characteristics was visible in the optical

characterization as we have extensively studied the properties of MgO also to see if
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some of them are present in the core-shell structure. This may be due to the fact that
MgO has a very high band gap (7.8 eV) which is almost insulating so although it
changes the core properties, it fails to leave any sign of itself in the core-shell
structure. By comparing the core-shell with its core counterpart, we have seen that the
former is ambient in oxygen vacancies which makes it more suitable for the

application purpose as we have shown in photocatalysis than the later one.
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In the earlier chapters, we have discussed in details about core-shell TiO,-MgO and
Ti0,-SnO, nanostructures. We coated the material TiO, with two different layers. The
first layer tried was MgO which has an insulating band gap of 7.8 eV. The other layer
was SnO, whose band gap is 3.37 eV which is very close to that of TiO, itself. In this
chapter we will discuss about two other core-shell nanocomposite structures where for
one, the shell is ZrO, with a band gap 5.7 eV and for the other, TiO, will act as a shell
material with a core nanostructure of CdSe which has a very small band gap 1.74 eV.
Also another interesting fact that has come to notice. Whilst in our earlier chapters, we
have studied materials which have TYPE 2 band edge at their bulk structure, now both
Ti0,-ZrO, and CdSe-TiO, have bulk band edge as TYPE 1. So, in this chapter, we
shall addess the following questions:

v/ Can a material with a TYPE 1 band alignment in the bulk form be converted to
TYPE 2 when it comes down to nanosize? Can these be rendered as efficient
photocatalyst?

v As a shell material, what is the role of TiO; as a shell layer for supporting
photocatalysis?

So, with an aim to answer the above questions we have focused on the optical and
photocatalytic properties of TiO,-ZrO, and CdSe-TiO, core-shell nanocomposites. The
optical and structural details are characterized via UV-vis absorbance spectra, PL
spectra, XRD, RAMAN and TEM. The photocatalytic activity for both the samples
are studied for degradation of Methylene Blue (MB) dye under daylight illumination

for different time limits.

5.1 Synthesis of core-shell TiO,-ZrO, nanostructures

The TiO, nanoparticles were synthesized as we have described in chapter 3. For
preparation of ZrO, coating layer, we followed a standard procedure [1]. 2.312 g of
ZrO (NO3)2-xH,0 and 4 g of NaOH were dissolved, each in 20 ml of distilled water, to
form 0.5 M and 5 M solutions, respectively. The NaOH solution was slowly added to
the ZrO(NO3),-xH,0 solution and stirred for ~4 hour. Then the resultant solution was
poured dropwise on the already prepared TiO, nanoparticles under stirring which
continued for 8 hours. Then the solution was centrifuged and dried at 100" C to remove
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the water from the sample so that there can be a coating of ZrO, over the TiO,

nanoparticles.

5.2 Structural characterization
5.2.1 XRD pattern analysis
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Fig 5.1: (left) XRD pattern of TiO2 nanoparticles and core-shell TiO2-ZrO> nanostructures and

(right) extended version of XRD of TiO»-ZrO; nanostructures

Fig 5.1 shows the XRD patterns of core TiO, and core-shell TiO,-ZrO, nanostructures.
We can see that the core—shell nanostructure (red line) consists of both core TiO, and
shell ZrO, phases. It contains anatase phase of core TiO, and monoclinic phase of shell
ZrO,. The figure in the right hand side shows an extended version of the core-shell
nanostructure where we can see the prime peak of ZrO, (101). The crystallite size and

microstrain are calculated as described in chapter 2 (section 2.2.1) from W-H equation.

Table 5.1: Calculation of crystallite size and microstrain

Sample name Crystallite size (nm) Microstrain
TiO, 8.5 0.006
TiO,-ZrO, 4.4 -0.011
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From the table 5.1, it can be seen that the crystallite size is less in the core-shell
nanocomposite than that of the core structure. This is a different observation as we
found in TiO,-MgO and TiO,-SnO, the coating layer favored increase in crystallite
size by extending the crystallinity of the sample. Also the microstrain as obtained in
the core-shell nanostructure is negative. Again from the XRD pattern, it is clear that as
the shell is grown, the diffraction peaks shift toward smaller d-spacing (larger 260).
This provides a clear indication that the growth of the ZrO, shell is compressing the
lattice planes in the TiO, core. Compressive strain is generally defined as the
deformation along a line segment that decreases in length when a load is applied. The
decrease in crystallite size of the core-shell hints towards a strong dependence of
crystallite size upon the induced strain by shell [2]. The results indicate that tensile
strain exists in pure TiO, nanocrystals, whereas compressive strain is obtained after
surface coating leading to smaller crystallite size. Also compressive force often results
in a negative strain as we have observed in the core-shell structure. Therefore, in a
nutshell, it can be marked that the surface coating plays an important role in tuning the

crystallite size and lattice strain of core-shell nanostructure [2].
5.2.2 TEM image analysis

The low resolution TEM image shows that the particles have sizes carrying from 5 nm
- 20 nm. But the core-shell morphology is not clear in the low resolution image. From
the HRTEM image, the evidence of formation of core-shell is found as we can see two
different types of lattice lanes which correspond to two different materials. The red
colored planes are assigned to core TiO, and the yellow colored planes are drawn for
the shell ZrO, (Fig. 5.2, left).
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Fig 5.2: (left) HRTEM image (right) Low resolution TEM image of core-shell TiO,-ZrO,

nanocomposites

5.2.3 EDX spectra analysis

Fig 5.3: EDX spectra of TiO,-ZrO, nanoparticles

The EDX spectrum confirms the presence of all the constituent elements Ti, Zr and O

in the sample.

5.2.4 Raman Spectra analysis
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Fig 5.4: Raman spectra of TiO, and core-shell TiO,-ZrO, nanostructure
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Fig 5.4 displays the Raman spectra of core TiO, and core-shell TiO,-ZrO,
nanoscomposites. As we have already mentioned in the earlier chapter 3 (section
3.6.5), anatase TiO, has six Raman active modes and three infrared (IR) active modes.

The optical phonon mode at the I"-point of Brillouin zone (BZ) is presented by [3-4].

I'=Alg(R) + 2B1g(R) + 3Eg(R) + B2u(IR) +A2u (IR) + 2Eu (IR) ......... (5.1)

The four vibrations (Alg+Blg+B2g+Eg) are Raman active and the rest are IR
active. In the pristine TiO, sample, the intense Eg peak has appeared at 144 cm™,
followed by low intense Alg, Blg peaks at 410 cm™, 520 cm™ and at 630 cm™
respectively [5-6]. But in case of core-shell TiO,-ZrO, nanostructures, as we can see
from figure, the Eg peak is blue shifted to 148 cm™ unlike the other core-shells we
have discussed in chapter 3. The other three peaks are also found to be blue shifted
than their corresponding core positions. The intensity of the Raman peaks are
suppressed in the core-shell structure than the core structure.

Surface atoms of nanoparticles are attached together by weaker forces because of
absent neighbors, which leads to lower characteristic wavenumbers for these atoms
compared with interior atoms. When the surface of TiO; is coated with a layer of
ZrO, an alteration occurs and the surface atoms get bound differently. Furthermore,
the coating layer produces a compressive stress on the first several layer atoms of
TiO, nanoparticles which we already proved from the XRD pattern. This makes the
surface atoms to pack intimately, resulting in higher vibrational wavenumbers [7].
The decrease in Raman peak suggests that the core is completely covered with the

shell layer thus obstructing the phonons to interact with the outer phonons.

Xu et al. [7] used a phonon confinement model to explain the observed changes in the

Raman line and position using Heisenberg uncertainty principle.

Where AX is crystallite size, 4P is the phonon momentum distribution and h is Planck
constant. In case of a perfect crystal first order Raman scattering of photons obey the
phonon selection rule k=0, implying phonon contribution at the center of

Brillouin zone. Thus when AX decreases as we can see in our case, Ap increases thus
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the phonon contribution becomes very less. This results in shifting as well as

expansion of the active Raman peak.

Thus as we have already explained the Raman active peak width is increased in the
core-shell structure whilst the phonon lifetime is decreased. This is due to the fact that
as the crystallite size becomes smaller, the phonon density decreases and also
anharmonic phonon coupling decreases. Also with decrease in crystallite size, since
the phonon momentum distribution increases, some of the phonons may get lost in

collision with each other thus shortening its life span.
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Fig 5.5: Lorentzian fit on Raman active mode of (left) TiO, and (right) TiO,-ZrO,

Table 5.2: Calculation of bond width of Raman active peak and phonon lifetime

Sample name | Eg bond width (cm™) | Phonon lifetime (ps)
TiO, 15.29 0.32
TiO,-ZrO, 15.99 0.31

5.3 Optical Property analysis
5.3.1 UV-vis absorbance spectra analysis

Fig 5.6 shows the UV-vis absorbance spectra of core TiO, and core-shell TiO,-ZrO,
nanocomposite. It is seen that absorbance maxima of TiO, which occurred at ~350 nm
is shifted to 355 nm after coating with ZrO,. This slight red shift occurs due to increase
in particle size in the core-shell nanostructures. The absorption tail of TiO, in the

visible region may be due to Ti** defect related states as well as oxygen vacancies
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present in the sample which goes for the core-shell structure also as we have already

observed in the other core-shell structures.
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Fig 5.6: UV-vis absorbance spectra

g 4
4
® Ti0,-Zr0,
1 e TiOy -2
.24
.34
= =
.3 x
c E
£ =4
4 ) 1
.54
.54
-6 T T T -6 T T T
29 3.0 3.1 3.2 3.3 2.90 2.95 .00 3.0 3.10
hv (eV) hv (eV)

Fig 5.7: Urbach energy plot for (left) TiO, and (right) TiO,-ZrO, nanostructures
The Urbach equation is represented by
a=00XP (E/Ep) «ovvviniii (5.3)

where « is the absorption coefficient, E is the photon energy and E, is the Urbach
energy. For the calculation of Urbach energy, /na is plotted against E. The reciprocal
of the slopes of linear portion, below optical band gap, gives the same. In case of

solid materials instead of «, F(R) can also be plot which is calculated from the

reflectance.
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Fig 5.8 : Kubelka Munk Plot for (left) TiO, and (right) TiO,-Z1O,

The absorption is calculated by Kubelka-Munk plot F(R) = (1-R)%/2R, where R is the
reflectance of the sample and it is found from the reflectance spectra. The band gap of

the nanomaterials were calculated from a plot of the modified Kubelka-Munk function
[F(R)xE]*? vs the energy of absorbed light (E =hv) where R = Rsampie /Rpaso,- After
plotting the graphs and fitting linear, we get the band gaps as tabulated below.

Table 5.3: Calculation of band gap and Urbach energy

Sample name Urbach energy (meV) | Band gap (eV)
TiO, 90 3.3
TiOz-ZrOZ 250 3.1

From the table 5.3 we can see that there is tremendous increase in Urbach energy when
Ti0; nanoparticles are coated with ZrO, shell layer. The growth of the shell generates
strain and of defect states are created at the core/shell interface or within the shell as
we stated in earlier chapters. These can act as trap states for photogenerated charge
carriers. The excited electrons are captured by the shallow defect bands, preventing
their direct transition to the conduction band as a result increasing the Urbach energy
to such high extent. The band gap of the core-shell structure (3.1 eV) is also found to
be less than that of the core structure (3.3 eV) which hints towards the TYPE 2
configuration of the system. The charge separation in the core-shell structure is

schematically shown in Fig. 5.9.
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Fig 5.9: Schematic charge separation in TiO,-ZrO,

The red lines correspond to conduction band whilst the black ones represents the
valence band. We can see that in bulk heterostructure, TiO,-ZrO, possesses a TYPE 1
structure. But as the size decreases to nano regime, due to high surface to volume ratio
lots of defect related states occur at the shell layer or at the core-shell interface. Thus
as we have explained with increase in Urbach energy of the core-shell nanostructure,
these shallow bands trap electrons preventing them from recombination. Thus a quasi
TYPE 2 structure prevails in the TiO,-ZrO, core-shell structure which is further

confirmed from PL spectra.
5.3.2 Photoluminescence (PL) spectra analysis

Fig 5.10 shows the comparative PL spectra of core TiO, and core-shell TiO,-ZrO,
nanocomposites. It can be clearly seen from the figure that the intensity of the band
edge emission peak is suppressed in the core-shell structure. If we look at the PL
spectra, we can see that both core and the core-shell exhibit an emission peak at ~380
nm. This peak is assigned to phonon assisted indirect transition from M—/" in the
Brillouin zone as mentioned in chapter 3 (section 3.9.2) . The lowering of the peak is
due to the coating layer of ZrO, surrounding TiO, as it does not allow sufficient
amount of UV photons to go in and interact with the inner TiO, core thus reducing the
PL intensity. Both samples exhibit an intense emission peak ~425 nm which is
attributed to self trapped exciton (STE) recombination [8-9]. The other peaks

correspond to defect related states or oxygen vacancy related states. Thus the PL
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spectra also supports the quasi TYPE 2 structure in the core-shell structure which was

earlier assumed from the band gap calculation.
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Fig 5.10: PL spectra of (a) core TiO,, (b) TiO,-Z1O, core-shell nanostructure and (c)

comparative plot of both core and core-shell nanocomposites
5.3.3 Photocatalytic activity

Photocatalytic activities of pure TiO, nanoparticles and core-shell TiO,-ZrO,
nanoparticles are examined by observing the degradation of methylene blue (MB)
under daylight. The photoactivity is observed under daylight lamp of 500 watt power
Xenon lamp in the wavelength range from 400-700 nm. The samples are placed at 6
cm distance from the light in the photocatalysis chamber. For carrying out the
degradation experiment, we followed the same procedure as stated in chapter 2
(section 2.3.3) . The catalyst loaded dye solution is irradiated under daylight different

time limits. When irradiation is completed, each of the irradiated solution is
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centrifuged at 13,000 rpm to make it free from the catalyst. 5 mL of each of the
irradiated MB solution is taken for absorption measurement. The decrease of
concentration or degradation of MB from its initial concentration is studied by
observing the decrease of the absorption peak (C;) of the dye solution irradiated for the
aforementioned period. The degradation efficiency of phenol solution is given by{(Co-
Cy)/Co}*x100% [10] where Cy is the initial concentration of the dye solution. The rate

constants are determined using 1* order kinetic equation.
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Fig 5.11: (a) Absorbance of methylene blue in presence of catalyst (b) % degradation, rate

constant determination of (c) TiO, and (d) TiO,-ZrO,

Fig. 5.11 shows the photocatalytic degradation of MB in presence of TiO, as well as

TiO,-ZrO,. The rate constants and percentage degradation amounts are tabulated

below.

Table 5.4: Calculation of rate constant and % degradation

Sample name | Rate const (min™) % degradation w.r.t time

10 min | 20 min 40 min 60 min
TiO, 0.0035 38.9 4447 46.31 50.2
TiO,/ZrO; 0.017 69.2 76.23 81.14 88.32
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The table 5.4 clearly indicates that core-shell TiO,-ZrO, nanostructures exhibit highest
photocatalytic activity at 60 min irradiation which gradually increases from 10 min,
The degradation efficiency is quite high if we compare it with the degradation shown
by TiO; nanoparticles which is at maximum 50.2% at 60 min irradiation. The reaction
mechanism for photocatalysis is same as we described in the earlier chapters. MB
excited in the presence of sunlight can efficiently inject electrons into the TiO;
conduction band. The slow degradation of MB by TiO, is due to electron
recombination between the injected electron and surface adsorbed MB (holes). For the
TiO,-ZrO, core-shell system, electrons injected into the TiO, conduction band can be
transferred to the different defect levels of ZrO, and then to the valence band. This
leads to sufficient separation between the electron and hole. The electron in the defect
states of ZrO, can then be trapped by dissolved oxygen to form reactive oxygen
species which then degrade the dye MB. Again MB adsorbed directly onto the
conduction band of ZrO, nanoparticles can inject electrons into the valence band of
ZrO,, which in turn leads to the degradation of MB via the same process described
above. The rate constant calculated for both the samples also gives verdict in favor of

the core-shell structure as a far better photocatalytic agent.
5.4  Synthesis of core-shell CdSe-TiO, nanocomposites

In a typical procedure[11], 0.4567 g (2 mmol) CdCl,-2.5H, O was dissolved in 100
mL of deionized water in a 250 mL three-neck flask, and 0.5 mL thioglycolic acid
(TGA) was added while stirring. The solution was adjusted to pH 11.0 with 1.0
mol-L™* NaOH solution. After several minutes, excess NaBH, (0.1 g) and 0.111 g (1
mmol) SeO, was added consecutively into the above solution. For the coating layer of
TiO, nanoparticles, we followed a standard procedure. Titanium isopropoxide was
taken as the reactant and 2-Propanol as the solvent in a ratio 2:5.Then we allowed the
solution to stir for 30 minutes followed by adding few drops of H,O and left it for
stirring upto 8 hours until gel formation occurs. Then the solution is added dropwise to
the already prepared CdSe solution to obtain the core-shell structure. The solution is

centrifuged and dried at 100" C to get the powder core-shell structure.
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5.5 Structural characterization

5.5.1 XRD pattern analysis
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Fig 5.12: (left) XRD pattern (right) W-H Plot of CdSe-TiO,

From the XRD, it can be seen that the peaks are quite broad indicating very small size
in the core-shell structure. The peaks correspond to hexagonal CdSe structure along
with tetragonal TiO, peak at 26 = 25.5°. We have determined the lattice strain and
crystallite size of each sample using Williamson-Hall (W-H) equation
BcosO/ A= 0.9/D+4€Sinb/ A.............. (5.4)

In egn. 5.4, 4 is the wavelength of X-ray, # and 9 are the FWHM and diffraction angle
of the diffraction peaks of CdSe-TiO, core-shell nanocomposites. D is the effective
crystallite size considering lattice strain and is the effective value of lattice strain. The

crystallite size is found to be ~8 nm and lattice microstrain is obtained as 0.066.
5.5.2 TEM image analysis

Fig 5.13 (left) shows the low resolution TEM image of core-shell CdSe-TiO;
nanocomposites . The shell contains two core nanoparticles which are indicated with
blue colored arrows . The core particle size is about 7 nm and approximate diameter of
the core-shell nanostructure is about 25 nm.The lattice planes of the core particle is
illustrated with yellow color (right) while the same for shell layer is marked with red
color. The interplanar spacing for the core and shell are obtained as 3 A and 6 A

respectively.
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Fig 5.13: (left) Low resolution (right) High resolution TEM image of CdSe-TiO,

nanostructrures

5.5.3 EDX spectra analysis

Fig 5.14: EDX spectrum of CdSe-TiO, core-shell nanocomposites

The EDX spectrum confirms the presence of all constituent elements i.e Cd, Se, Ti and
O in the core-shell CdSe/TiO, nanocomposites.

5.6  Optical Property analysis

5.6.1 UV-vis absorbance spectra analysis

Fig 5.15 shows the UV-vis absorbance spectra of both core CdSe and core-shell CdSe-
Ti0, nanoparticles. For both samples, the absorption onset appeared at ~550 nm, blue-
shifting 166 nm compared with bulk CdSe (716 nm), which was caused by quantum
confinement effect. This indicates that the particle size is very small compared to its

bulk counterpart. The absorbance maxima for CdSe occurs at 470 nm which is same
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for the core-shell CdSe-TiO,. It can be seen that the absorbance intensity has increased

significantly in the core-shell structure extending to almost infrared regime.
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Fig 5.15: UV-vis absorbance spectra of core CdSe and core-shell CdSe-TiO,

nanocomposites

The band gap of the samples are calculated with the help of Tauc’s plot from the

absorbance spectra by using the following equation

(hva)?=AMV-Eg).....ooooeieiiiie (5.5)

Where h=Planck’s constant, v=frequency of the incident light, o=Absorption
coefficient, A=Proportionality constant, Eq= Band gap. So by plotting hv along X-axis
and (hva)? along Y-axis and taking the intercept of the linear section of the graph, the

band gaps are calculated.

75

——CdSelTiO,

——CdSe

504

(ahv)?

254

7

T T Y
2.0 25 3.0 : i
hv (eV) hv (eV)

Fig 5.16: Tauc’s Plot for (left) CdSe and (right) CdSe-TiO,
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From the fig.5.16, the band gaps are found to be 2.44 eV and 2.33 eV for core CdSe
nanoparticles and core-shell CdSe-TiO, nanocomposites. It is seen that the band gap is
significantly decreased than the bulk band gap 1.7 eV which is another proof of
quantum confinement effect that has occurred in the samples. It is also observed that
the band gap of the core-shell structure is less than either of the core or of the shell i.e
band gap of TiO, is 3.2 eV. This gives a hint on the fact that the core-shell structure
might be of TYPE 2 which is later confirmed with the help of PL spectra.

Also, for the calculation of Urbach energy, /na is plotted against E. The reciprocal of
the slopes of linear portion, below optical band gap, gives the value of E,.. The Urbach
energy for CdSe and core-shell CdSe-TiO, are found to be 1001 meV and 3225 meV
respectively. We can see that there is tremendous increase in Urbach energy when
CdSe nanoparticles are coated with TiO, shell layer. The reason is same like other
core-shells we discussed earlier as the growth of the shell results in strain and the

formation of defect states at the core/shell interface or within the shell.
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Fig 5.17: Urbach energy plot for (left) CdSe and (right) CdSe-TiO,

Table 5.5: Calculation of band gap and Urbach energy

Sample name | Urbach energy (meV) | Band gap (eV)
CdSe 1001 2.44
CdSe-TiO, 3225 2.33

Using the band gap of the nanostructures, we have schematically represented charge

separation diagram represented in fig. 5.18.
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Fig 5.18: Transition from TYPE 1 to TYPE 2 in core-shell CdSe-TiO, nanocomposites

Fig. 5.18 shows the band edge alignments in bulk (left) CdSe and TiO,. It can be
clearly seen that the structures form a TYPE 1 heterostructure. But as the size of the
core (CdSe) is decreased to nanometer, there is increment in band gap due to size
quantization. When the band gap is increased the conduction band moves upward and
valence band moves downward. But the shift in conduction band is more prominent
than that in valence band. Thus as we can see in the band alignment picture (right) in
nanosize core-shell CdSe-TiO,, it completely attains a TYPE 2 heterostructure which
favours charge separation by accommodating the electron in the conduction band of

shell TiO; and confining the hole in valence band of core CdSe.
5.6.2 Photoluminescence spectra analysis

Fig. 5.19 shows the comparative PL spectra of core CdSe and core-shell CdSe-TiO,
nanocomposites . We can see that that PL peaks are very broad and shows two distinct
peaks at 525 nm and 600 nm for CdSe nanoparticles. The peaks are visibly red shifted
in the core-shell structure indicating larger particle size than the core one. The reason
for the generation of defect-related emission may be that the extremely small diameter
has a very high surface to-volume ratio, and the high-density dangling bonds and trap
sites on the surface is easy to be formed and difficult to be passivated. It can be seen
that the PL intensity is significantly reduced in the core-shell structure which is due to

very less charge recombination in the sample thus confirming the TYPE 2 structure.
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Fig 5.19: Comparative PL diagram for CdSe/TiO, core-shell nanocomposite

5.6.3 Photocatalytic activity
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Fig 5.20: (a) Absorbance of methylene blue in presence of catalyst (b) % degradation

Table 5.6: Calculation of % degradation under different illumination time

Sample name | % Degradation w.r.t time of irradiation

10 min 20 min 40 min 60 min
CdSe 24.8 36 41.2 46.4
CdSe-TiO, 94.6 95.4 96.7 97.7

The photocatalytic experiment for both core CdSe and core-shell CdSe-TiO,
nanostructure were carried out under day light illumination for MB dye. The catalyst
and dye amounts were taken in the same procedure as we have described in section
5.3.3. The decrease in concentration or degradation of MB from its initial

concentration (Cp) was studied by the decrease in the absorption peak (C; of MB
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solution irradiated for namely 10, 20, 40 and 60 min. The degradation efficiency of
MB solution is given by {(Ao-Ai)/Ac}*x100%. From the table it is precisely clear that
the degradation efficiency of the core-shell nanostructure is far better than its core
counterpart. As it has already been established that for a material to serve as a superior
photocatalyst, it should fulfill certain criterions namely (1) Charge generation
throughout the whole solar spectrum and (2) charge separation so that free charge
carriers are available to take part in the oxidation-reduction reaction for photocatalytic
degradation. From UV-vis spectra (fig. 5.15), we can see that the core-shell structure
exhibits very high absorbance throughout the whole solar spectrum. Again. The
prominent charge separation in core-shell CdSe-TiO, nanocomposite is established
through fig. 5.18.This is due to the fact that owing to the TYPE 2 nature of the core-
shell nanocomposite, the charge separation in the sample is very high which allows
free electrons and holes to take part in oxidation and reduction reaction thus leading to
enhanced photocatalytic activity. Also as described in chapter 4 (section 4.4), here also
charge transfer from conduction band of CdSe to same of TiO; occurs which enhances
the spatial charge separation reducing the recombination of electron and hole. That is
why, we have obtained photocatalytic degradation upto an extent of 97.7% in case of
core-shell CdSe-TiO, nanocomposites under 60 min daylight illumination for

degradation of MB dye.
Conclusion

Thus in this chapter we have investigated the optical as well as photocatalytic
properties of two core-shell nanostructure TiO,-ZrO, and CdSe-TiO,. We also
answered the questions with which we started this chapter. We have established from
the spectroscopic analysis that both TYPE 1 core-shells are transformed to TYPE 2
due to generation of defect related states and size quantization effect. Further coating
of TiO; layer over CdSe greatly enhanced the photocatalytic activity by improving the

charge separation at the interface of the core-shell nanostructure.
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