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Chapter 5
Accelerated Photodegradation of Polystyrene
using TiO2 and ZnO Surface Modified with

Graphene oxide

Abstract

Graphene oxide (GO) was prepared from graphite using modified Hummer’s method.
Ti0,-GO and ZnO-GO composites were developed using sonication assisted
hydrothermal method. Composites of TiO-GO and ZnO-GO with 3, 10 and 30
percentages of GO were prepared. The crystal morphology of TiO2 and ZnO remained
unaltered upon GO coupling as evident through XRD analysis. XRD, Raman
spectroscopy and XPS analysis confirmed partial reduction of GO, when coupled with
TiO2 or ZnO. XPS further confirmed the formation of Ti-O-C and Ti-C bridge bonds
between TiO2 and GO. TiO2-GO existed as dispersed particles having crystal
morphology. ZnO-GO showed slight amorphous nature. PS-TiO2-GO and PS-ZnO-
GO composites were mechanically stronger and thermally more stable compared to
PS-TiO; and PS-ZnO. TiO>-GO and ZnO-GO composites exhibited enhanced
photocatalytic efficiency compared to TiO> and ZnO respectively for the UV
degradation of PS. It was also observed that TiO2-GO was more efficient compared to

Zn0O-GO for PS degradation.
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5.1. Introduction

Studies worldwide have shown that the photocatalytic property of inorganic metal
oxide semiconductors has appreciably enhanced in the presence of carbon based
materials like carbon nano tube!?, fullerene®* and graphene®®. The photocatalytic
activities of TiO2 and ZnO coupled with such carbon allotropes have been extensively
investigated with amazing results. Out of the carbon structures, graphene has an
advantage of 2D planar structure with higher surface area for better interaction with
other materials and can be prepared easily in the laboratory from graphite. Graphene
has some marked unique properties including enhanced electrical’, mechanical®,
thermal® and optical properties'’. Better chemical stability is also observed in this

transparent and flexible material'!. Composites of graphene find application in

12,13 16,17

electronics’, composite materials'>!3, solar cells'*, ultra capacitors!>, medicine

molecular sensors'® and so on.

Graphene oxide (GO) could be considered as a derivative of graphene with
oxygen atoms bonded covalently to some of its carbon atoms leading to hydroxyl or
epoxy bonds!”?. Carboxylic acid functional groups may also be attached to the
periphery of hexagonal two dimensional planes of GO**. Even though GO shows
slight variations in some of the properties compared to graphene, like conductivity®,
GO resembles graphene in many other aspects. Graphene could be replaced by GO
where improved hydrophilicity is demanded. The functional groups >C=0, -COOH
and epoxy, covalently bonded to some of the carbon atoms in GO provides better
interaction with polar solvents especially water. GO is hence highly dispersible in
water’®2’. Graphene, on the other hand, is not dispersible in aqueous media. The
existence of strong molecular interaction between GO and metal oxides in composites
have been reported?®. The interaction between GO and metal oxides are possible in a
number of ways including the formation of hydrogen bonds, M-C* and M-O-C3%3
bonds where M refers to the metal atoms in metal oxides, C for carbon and O for
oxygen. These bonds act as bridges, facilitating easy charge transport between the
metal oxides and GO. The properties of GO and metal oxides are entirely altered into
new properties related to the composite. One of the most important properties of metal
oxide-GO composite materials is related to its bandgap energy>*. The bandgap energy

of metal oxide—GO composites is lower compared to that of metal oxides. The

Page 136



Chapter 5

relevance of such bandgap shift comes into picture when the metal oxides like TiO»
and ZnO with high bandgap energies that absorb only in the UV region, are shifted
into modified materials with lower bandgap energies upon surface modification with
GO. The lowering of bandgap energy allows the material to absorb in the UV as well

as in the visible region extending its application to broad areas.

Decreased rate of recombination of photogenerated electrons and holes of metal
oxides are observed in metal oxide-GO composites. The electrons in the conduction
band of metal oxides are transferred into the carbon atoms of GO. These electrons are
resonance stabilized in GO and their recombination with the holes in metal oxides are
hence minimized®>. Interfacial charge transfer of TiO»-GO and ZnO-GO has been

reported with heterojunctions of enhanced photocatalytic activity>®37.

Photodegradation of PS in the presence of TiO> as well as ZnO coupled with
Graphene oxide (GO) is discussed in this chapter. GO has been selected instead of
graphene for surface modification of TiO2 and ZnO keeping the following aspects in
mind: (i) GO bears similar properties as graphene. (ii) GO could stabilize ZnO or
TiO2 much easier than graphene by various interactions. (iii) The oxygen containing
functional groups present in GO can interact with electrons from ZnO or TiO:
forming a bridge between them facilitating easier charge transfer. (iv) The functional
groups present in GO can produce radicals when exposed to UV radiation for the
initiation of photochemical reaction. (v) Preparation of GO is easier compared to
graphene (vi) GO can be dispersed much easily in a wide variety of polar solvents
compared to graphene so that TiO2-GO or ZnO-GO composite preparation becomes

easier.

Out of numerous methods of preparation of GO, the most widely adopted one is
the oxidation of graphite developed by Hummers and Offeman in 1958%. Modified
Hummers methods are commonly used nowadays. In this strategy, oxidizing agents
are penetrated between the layers of graphite resulting in the separation of GO layers
and finally the oxidation reaction is terminated with the aid of H>O, and water***.
The mechanism of GO formation through three stages involves the formation of
H>SOs-graphite intercalation compound followed by its oxidation and reaction with

water as reported by A.M. Dimiev and J.M. Tour in 2014*". The advantages of GO
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preparation by Hummers or modified Hummers method are the elimination of

evolution of explosive gases and decrease of reaction time*?.

Section I

Synthesis and characterisation of TiO2-GO and ZnO-GO

composites

5.2. Experimental

5.2.1. Synthesis of Graphene oxide (GO)

GO was prepared from graphite (150 mesh) through modified Hummers method.
Typically 23 ml of sulphuric acid was cooled to 0°C in a flask to which 1g of graphite
and 0.5 g NaNO3 were added slowly with stirring over an ice bath. Vigorous stirring
was continued for 40 minutes. 3g KMnO4 was then added to this mixture while
stirring was in progress, very slowly and in a controlled way, maintaining the
temperature of the system below 20°C. A dark green viscous solution was obtained.
Vigorous stirring was continued for another 12 hours at room temperature. To the
viscous paste like reaction mixture, 40 ml distilled water was added. The dark brown
mixture hence obtained was subjected to stir for another 24 hours followed by the
slow addition of 10 ml 30% H>O,. The mixture turned yellowish brown in colour.
Stirring was continued for another 6 hours. The solution hence obtained was washed
20 times thoroughly using 1M HCI followed by distilled water using a laboratory
centrifuge until the pH of the solution reached 6. pH 7 could not be reached by
washing the solid GO residue obtained using water practically. So the solid GO hence
obtained was dried at 80°C for 12 hours in a hot air oven and finally a brownish black

thin film of GO was obtained*®*.
5.2.2. Synthesis of TiO2-GO composite

Ti02-GO composites were prepared by ultrasonication assisted hydrothermal
process. TiO2-GO composites with 1, 3, 10 and 30 weight percentages of GO namely
TiO2-1% GO, Ti02-3% GO, Ti02-10% GO and Ti0O2-30% GO were prepared
respectively. In order to prepare TiO2-1% GO, 8 mg of GO was dispersed in 80 ml
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water and 40 ml ethanol by vigorous sonication using an ultrasonic probe sonicator
(750 W) for two hours in a flask. 800 mg of nano TiO> was added to the flask and the
sonication was continued for another two hours. The temperature of the flask was
maintained using an ice bath in order to prevent evaporation of solvents due to excess
heating. The contents of the flask were transferred into a Teflon lined hydrothermal
autoclave which was kept in a hot air oven at a temperature 130°C for 6 hours. The
bluish grey solid residue hence obtained was filtered out from the solution and dried
at 70°C for 12 hours in a hot air oven. Ti02-3% GO, Ti02-10% GO and Ti02-30%
GO composites were prepared by the same route varying the weight percentages of

GO taken***°,
5.2.3. Synthesis of ZnO-GO

ZnO-GO composites were also prepared by ultrasonication assisted hydrothermal
process. ZnO-GO composites with 3, 10 and 30 weight percentages of GO namely
Zn0-3% GO, ZnO-10% GO and Zn0O-30% GO were prepared. For the preparation of
Zn0-3% GO, 30 mg of GO was dispersed in 40 ml water and sonicated for 2 hours.
1.55 g of zinc nitrate hexahydrate (Zn(NO3),.6H>O) was added to the dispersion.
Liquid ammonia was added dropwise with vigorous stirring until a white precipitate
of Zn(OH)> was formed. The entire mixture was then transferred into a Teflon lined
hydrothermal autoclave which was kept in a hot air oven at a temperature 130°C for 6
hours. The solid residue hence obtained was filtered, washed with distilled water and
dried at 70°C for 12 hours in a hot air oven. ZnO-10% GO and ZnO-30% GO were

also prepared in similar way by changing the weight percentage of GO*"8,
5.3. Results and Discussion
5.3.1. Powder XRD

Powder XRD pattern of prepared GO exhibits its characteristic intense peak at an
angle 26=10.7° corresponding to the (001) plane of GO. In addition to this, a broader
peak of very low intensity was also observed at an angle 26=26° corresponding to the

unoxidized graphite and/or reduced GO present in traces (Figure 5.1.1).

XRD patterns of TiO2-GO composites exhibited all the peaks corresponding to
TiO2 (Figure 5.1.1). The peak corresponding to GO was hampered and invisible in
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Ti102-GO composites. The dispersion of nano sized GO layers and their association
with TiO; without any aggregation made the presence of GO undetectable through
XRD. The absence of the characteristic peak corresponding to GO (26=10.7°) also
suggests the possibility of partial reduction of GO in TiO, composites upon
hydrothermal treatment (as confirmed through Raman spectroscopy and XPS analysis
discussed below). Peak sharpening were also observed in TiO>-GO composites
compared to pristine TiO, probably due to the increase in size of the composite
particles with the incorporation of GO. The inter planar distance (d) calculated using
Bragg’s equation showed a slight decrease for the TiO2-GO composites compared to
that of pristine TiO (Table 5.1.1). Crystallite sizes calculated from Debye Scherrer’s

formula was greater for TiO>-GO composites as compared to pristine TiO2 (Table
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Figure 5.1.1. XRD patterns of graphite, GO, TiO: and TiO>-GO composites.
XRD patterns of all the ZnO-GO composites exhibited the characteristic peaks of

ZnO (Figure 5.1.2). XRD patterns of ZnO-3% GO resembled that of ZnO. For ZnO-

10% GO composite new broad patterns between 20=20 to 28° corresponding to
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reduced GO was observed. In addition to this, broad peaks at 26=12.8°, 33° and 59.6°
corresponding to Zn(OH): were also observed. The intensity of the peaks
corresponding to reduced GO as well as Zn(OH): increased in ZnO-30%GO
composite. Inter planar distance (d) of the composites were calculated from Bragg’s
equation (Table 5.1.2) and crystallite sizes were calculated using Debye Scherrer’s
equation (Table 5.1.3). Crystallite sizes of the composites were slightly higher
compared to that of pristine ZnO.
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Figure 5.1.2. XRD patterns of ZnO and ZnO-GO composites.

Table 5.1.1. Inter planar distances (d) corresponding to 26 peaks of TiO: and TiO:>-

GO composites

TiO2 TiO»1%GO  TiO:- 3% TiO2- TiO-
GO 10%GO 30%GO
20° d(A) 20° d(A) 20° d(A) 20° d(@A) 20° d(A)

249 3573 252 3,531 253 3517 253 3517 253 3517
374 2403 378 2378 37.8 2378 378 2378 37.8 2378
4777 1905 48.1 1.89  48.1 1.89  48.1 1.89  48.1 1.89
53.6 1708 538 1.703 53.8 1.703 53.8 1.703 53.8 1.703
547 1.677 549 1.671 55 1.668 55 1.668 55 1.668
624 1487 627 1481 627 1481 627 1481 62.7 1481
748 1268 751 1264 751 1.264 751 1264 751 1.264

Anatase phase
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27.1 3288 274 3252 274 3252 274 3252 274 3252
35.7 2513 36 2493 36.1 2486 36.1 2486 36.1 2.486
408 221 412 2189 412 2189 412 2189 412 2.189
68.6 1367 699 1345 70 1.343 70 1.343 70 1.343
70 1.343 703 1338 703 1338 703 1338 703 1.338

Rutile phase

Table 5.1.2. Inter planar distances (d) corresponding to 26 peaks of ZnO and TiO:>-

GO composites

ZnO Zn0-3%GO  ZnO-10% GO Zn0-30%GO
20° d(A) 20° d(A) 20° d(A) 26° d(A)
3197 2.80 3198 279 3198 279 3198 2.79
34.62 259 3465 259 3465 259 3465 2.59
36.45 246 3647 246 3647 246 3647 246
4771 190 4773 19 4773 19 4773 1.9
56.75 1.62 5677 16 5677 1.6 5677 1.6
63.01 147 63.05 147 63.05 147 63.05 147
66.48 141 665 14 665 14 665 14
68.05 138 68.07 138 6807 138 6807 1.38
69.18 136 692 136 692 136 692 136
7270 130 7273 13 7273 13 7273 13
77.00 124 77.03 124 77.03 124 77.03 1.24

Table 5.1.3 Crystallite size of TiO>-GO and ZnO-GO composites calculated using

Debye- Scherrer equation.

Crystallite size Crystallite size
(nm) (nm)
TiO, 17.57 ZnO 30.7
Ti02-1%GO 20.12 ZnO - 3% GO 38.65
TiO2- 3% GO 20.27 ZnO -10%GO 38.83
Ti02-10%GO 20.32 Zn0 -30%GO 38.99
Ti02-30%GO 20.38

5.3.2. FTIR Spectroscopy

FTIR spectra of GO exhibited its characteristic peaks which included >C=0 (1719
cm™), >C=C< (1622 cm™ and 1519 cm™), -C-O- (1065 cm™ and 963 cm™), -OH
stretching (3600-3000 cm™), -C-O-H bending (1377 ¢cm™) and -C-H out of plane
bending vibrations (673 cm™) (Figure 5.2). The presence of carboxylic acid and
hydroxyl functional groups in GO were hence quite evident. FTIR spectra of TiO»-

GO composites exhibited characteristic vibration peaks corresponding to TiO; as well
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as GO (Figure 5.2 A). A striking observation made from the IR spectra was that a
considerable shift towards lower wavenumber in the peak positions occurred in TiO;-
GO composites when compared to uncoupled GO. With the increase in percentage
incorporation of GO among the composites, peaks corresponding to >C=0 and -C-O-
H functional groups exhibited an observable shift. This observation suggested the
existence of a strong interaction between TiO2 and the oxygen atom of acid or
alcoholic functional groups of GO. Increase in the intensities of IR absorption peaks
of GO were also observed in the composites as the percentage of GO incorporation
increased. Tabulated FTIR data of TiO>-GO composites in comparison to GO is given

in table 5.2.1.
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Figure 5.2. FTIR spectra of TiO2>-GO composites (4) and ZnO-GO composites (B) in

comparison with that of GO, TiO: and ZnO.

Similar observations were made from FTIR spectra of ZnO-GO composites
(Figure 5.2 B). The characteristic vibration bands of GO shifted towards lower

wavenumber positions in ZnO-GO composites due to the interaction between ZnO
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and GO. The shift in peak positions of >C=0 and -C-O-H functional groups among
ZnO-GO composites as the percentage of GO increased, suggested a strong
interaction between ZnO and the oxygen atom of the acid or the alcoholic functional
groups of GO. The tabulated FTIR data of ZnO-GO composites in comparison to GO
is given in table 5.2.2.

Table 5.2.1. Highlighted peaks from FTIR spectra of GO and TiO2-GO composites

GO Ti02+30%GO | TiO2+10%GO | Ti02+3%GO | TiO2+1%GO
> =
(sfre(t)ch) 1719 et 1699 e 1695 cm'! 1645 cm! 1640 cm™
>C=C<
(Stretch) 1622 cm™ | 1536 cm™! 1536 cm™! 1536 cm’! 1536 cm™!
?Srtrcet:i) 1519 emrl | 1412 ¢ 1410 om! 1408 o 1408 e
(ger?d)H 1377 cm! | 1232 e 1224 cm” 1176 cm” 1165 cm”
-C-0- -1 . S
(Stretch) 1065 cm™ | Overlapped by Ti-O stretching vibrational peaks
-C-0- ¥ B ' T
(Stretch) 963 cm 962 cm Overlapped by Ti-O stretching vibrational peaks.

Table 5.2.2. Highlighted peaks from FTIR spectra of GO and ZnO-GO composites

GO Zn0+30%GO | ZnO+10%GO | ZnO +3%GO
> =
(s(t:re?ch) 1719 cm™ | 1704 cm! 1695 cm’! 1690 cm’!
>C=C< r r 4 Overlapped by
(Stretch) 1622 cm 1558 cm 1556 cm Ar-C=C band
Ar-C=
(Sl;r(ejtci) 1519 cm™ | 1505 cm! 1501 cm’! 1403 cm’!
-C-O-H
(l?el(l)d) 1377 cm™ | 1178 cm’! 1175 cm! 1170 cm’!
-C-0O- 1065 em™! | 1054 e Qverlépped by Zn-O stretching
(Stretch) vibrational peaks
Egt-r(:;ch) 963 cm™!' | Overlapped by Zn-O stretching vibrational peaks.

5.3.3. Raman Spectroscopy

GO and TiO2-GO was analysed through Raman spectroscopy in order to study the
structure and bonding within TiO2-GO composite in detail. Raman spectra of GO
presented in Figure 5.3a displays two bands at 1355 cm™ (D band) and 1587 cm™ (G
band). The D band represents the disorder of sp* carbon atom (having A, symmetry)
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whereas G band could be attributed to the in-plane sp®> carbon (E;; symmetry)
vibrational mode of graphene skeleton. Raman spectra of TiO2-30% GO (Figure 5.3b)
also shows D and G bands of graphene moiety. Bands observed at 154 cm™, 394 cm
1,511 cm™ and 634 cm™ could be attributed to Eg(1), Big(1), Aigt Big) and Egp)
respectively of anatase phase TiO,. A band at 2695 cm™ was also observed in TiO»-
30% GO composite that attributes the characteristic 2D band of sp? carbon of
graphene. This band was however not observed in the spectra of GO. The appearance
of 2D band reveals the presence of reduced GO associated with TiO: in the
composite. The ratio of intensities of D and G bands (Ip/Ig) calculated to be 0.93 in
GO decreased to 0.62 in Ti02-30% GO. The decrease in the Ip/Ig value shows that
some of the sp® bonds have been converted in to sp? (or decrease in structural defects

within sp? carbon) as a consequence of partial reduction of GO in TiO,-GO

composite.
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Figure 5.3. Raman spectra of GO (a) and TiO2-30% GO (b) composite

5.3.4. X-ray photoelectron spectroscopy (XPS)

The interaction between TiO; and GO in TiO2-GO composites was further clear
from XPS analysis of GO and Ti0:-30%GO (Figure 5.4). XPS revealed the fact that
partial reduction of GO took place in TiO2-30%GO composites with the formation of
Ti-C and Ti-O-C bonds, between TiO> and GO. Bands corresponding to C 1s and O
Is were observed in the XPS of GO and the bands corresponding to Ti 2p, C 1s and O
Is were observed in the XPS of Ti02-30%GO (Figure 5.4 A).
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Figure 5.4. XPS of GO and TiO>-30%GO (A4). Deconvoluted XPS of Ti 2p, C 1s and
O Is regions of GO and TiO2-30% GO composite (B to F).

The deconvoluted spectra of C 1s region of GO exhibited three peaks corresponding
to the binding energies 284.7 eV, 286.8 eV and 288.1 eV that could be assigned to C-
C/C=C, C-0O and C=0 bonds respectively (Figure 5.4 B). C 1s region of TiO2-30%
GO composite (Figure 5.4 E) showed that the intensity of C-O binding energy peak
decreased considerably compared to the C-O peak in C 1s region of GO. This is a
clear evidence of partial reduction of GO. The C=0 bond observed in GO was shifted
to higher binding energy (288.5 eV) in Ti02-30% GO composite due to the formation
of Ti-O-C bond between TiO; and GO. A new peak centered at 283.4 eV represents
Ti-C bond formed between TiO> and GO. The O 1s region of GO showed a peak
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centered at 532.9 eV representing -OH bond and a less intense peak at 531.8
representing C-O bond (Figure 5.4 C). O Is region of TiO2-30% GO composite
displayed peaks centered at 529.4 eV, 530.5 eV, 531.5 eV and 532.95 eV representing
Ti-O-Ti, Ti-O-C, Ti-O-H and C-O bonds respectively (Figure 5.4 F). The
deconvoluted spectra of Ti 2p region of Ti02-30%GO composite gave four peaks
(Figure 5.4 D). The peaks at 458.1 eV (2p3/2) and 463.9 eV (2p1,2) originated from the
Ti-O bond existing in the composite. Low intense peaks centered at 458.3 eV (2p32)
and 462.9 eV (2p12) on the other hand originated from Ti-C bond in the composite.
The existence of strong interaction between TiO> and GO that could facilitate easy
transport of photo generated charges between the composites was evident through

XPS.

5.3.5. UV-visible Diffused reflectance spectroscopy (UV-DRS)
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Figure 5.5.1. UV-DRS of TiO>, GO & TiO>-GO composites (A). Optical bandgap
energy (Eg) determination of TiO> and TiO>-GO composites (B,C & D)

UV-visible spectra obtained from UV-DRS technique showed a decrease in the

characteristic absorption band in the UV region of nano TiO2 upon GO incorporation.
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A decrease in the UV absorption bands contradicted by the increase in the visible
region absorption bands were observed as a consequence of increasing weight
percentage of GO in TiO2-GO composites (Figure 5.5.1 A). The ability of TiO2-GO
composites by which they can absorb in the UV as well as visible region is evident
here. The visually observed bluish grey colouration of the TiO2-GO composites could
be seen due to the absorption in the visible region. The origin of the bluish colour may
be due to the reduction of some of the Ti*' ions into Ti*" ions during the process of
GO incorporation. Interaction of TiO» with the @ bonds of reduced graphene oxide
might have resulted in this reduction®!. Determination of optical bandgap energies
(E,) from the plots of F(R) v/s hv (irrespective of transitions), (F(R) hv)? v/s hv (direct
E,) and (F(R) hv)'? v/s hv (indirect Ey) was done (Figure 5.5.1 B,C &D). The E, of
the TiO2-GO composites were lower than that of TiO>. The E; of the composites

decreased as the percentage of GO increased. The values of Eg of the composites are

given in table 5.3.
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Figure 5.5.2. UV-DRS of ZnO, GO and ZnO-GO composites (4). Optical bandgap
energy (Eg) determination of ZnO and ZnO-GO composites (B, C & D)
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The UV-DRS of ZnO-GO composites followed the same trend as observed in the
case of TiO2-GO (Figure 5.5.2). The characteristic absorption bands in UV region of
the spectra decreased as the percentage of GO increased. The absorption bands in
visible region of the spectra on the other hand increased as the percentage of GO
increased. Coupling of GO with ZnO, modified their light absorption property
extending from UV region to visible region. The values of Eg of the composites (ie.,
E, irrespective of transitions, direct E¢ and indirect Eg) were lower than that of ZnO.
A decrease in Eg among the ZnO-GO composites was noticed as the percentage of GO
increased. Figure 5.5.2 B, C & D represent the plots F(R) v/s hv, (F(R) hv)? v/s hv and
(F(R) hv)"? v/s hv of ZnO-GO composites. The values of Eg are given in table 5.3.

Table 5.3. Values of optical bandgap energies of TiO>- GO and ZnO-GO.

Band gap Energy in eV
Method 110, TiO: TiO: TiO: TiO,
+1%GO +3%GO | +10%GO | +30%GO
F(R) vs hv 3.16 3.10 2.96 2.84 2.62
(F(R)hv)? vs hv 3.22 3.13 2.97 2.85 2.65
(F(R)hv)'?2 vs hv 318 3.11 2.98 2.84 2.62
Band gap Energy in eV
Method ZnO ZnO ZnO
Zn0O +3%GO | +10%GO | +30%GO

F(R) vs hv 3.2 3.02 2.93 2.80
(F(R)hv)* vs hv 3.25 3.03 2.94 2.80
(F(R)hv)2 vs hv 3.27 3.03 2.94 2.80

5.3.6. SEM-EDX, HRTEM and SAED

SEM image revealed that the prepared TiO2-GO composites existed as
nanoparticles (Figure 5.6.1 A). Atomic percentages of titanium, oxygen and carbon
were 15.92, 50.93 and 33.15 respectively as detected through EDX technique for
Ti02-3% GO composite (Figure 5.6.1 B). The Kal, KBl and Lal peaks of titanium
were observed at 4.5, 4.93 and 0.45 keV respectively. Kal peak of oxygen was seen
at 0.53 keV and that of carbon at 0.277 keV
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Element Weight % Atomic %
Ti 38.59 1592
(0] 41.25 5093
C 20.16 33.15
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Figure 5.6.2. HRTEM image (A, B & C), SAED pattern (D) of TiO>-3% GO

HRTEM image revealed that TiO2>-GO composite existed as separated particles.

GO sheet seemed to have broken down into thin sheets of nano dimensions associated
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with TiO, (Figure 5.6.2 A & B). Ultrasonication followed by hydrothermal process
might have caused the sheets to break up into such nano dimensions. Lattice fringes
with a spacing of 0.35 nm assigned to TiO> anatase (101) planes could be visualised
through HRTEM image (Figure 5.6.2 C). Selected area electron diffraction (SAED)
pattern revealed the crystalline nature of the composite with distinguished spots
(Figure 5.6.2 D). Points corresponding to (101), (200) and (105) planes of anatase
phase and (101), (111) planes of rutile phase TiO> were spotted from SAED patterns.
The results were in well agreement with powdere XRD patterns. Average particle size

was determined to be = 44 nm from the HRTEM image using image j software.

% cps/eV

Elemen Weight Atomic
t % %
Zn 51.73 1831
(o] 23.62 34.18
C 24.65 47.51

l. B

1 T T L T T T T
2 4 6 8 10 12 14 16 18 20

EHT = 5.00kV Sigral A = InLens Ciate :24 Jun 2020
WD= 7.4 mm Mag= S0.00KX Time :12:56:37 Energy [keV]

Figure 5.6.3. FESEM image (A) and EDX (B) of ZnO-30% GO composite.

The FESEM image of ZnO-30% GO composite showed that ZnO existed as
hexagonal rods associated with GO layers (Figure 5.6.3 A). The length of the rods
ranges from 90 nm to 700 nm. ZnO crystals however were bonded together by GO
sheets. EDX peaks (Figure 5.6.3 B) corresponding to zinc were observed at 1.02
(Lal, LB1 and LPB3 overlap), 8.62 (overlap of Kal and Ka2 overlap) and 9.58 (KB1
and KB2 overlap) keV. Peak corresponding to oxygen was observed at 0.53 (Kal)
keV and that of carbon was observed at 0.277 (Kal) keV respectively.

HRTEM of ZnO-30% GO revealed that the composites were more aggregated as
compared to TiO2-GO (Figure 5.6.4 A and B). The existence of ZnO particles as rods
of non-uniform dimensions, observed in FESEM image were further supported by
HRTEM of ZnO-30% GO composite. The GO layers existed as microsized sheets
holding ZnO rods together. Some GO layers were wound around ZnO rods. The
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length of the ZnO rods ranges from around 90 nm to 700 nm as observed through
FESEM. Lattice fringes with a spacing of 0.28 nm assigned to (100) plane of ZnO
could also be observed in the HRTEM image (Figure 5.6.4 C). SAED pattern of ZnO-
30% GO composite revealed its predominant amorphous nature with halo rings (faded
edges) (Figure 5.6.4 D). The spots corresponding to the plane of reduced GO (rGO),
(102) and (110) planes of ZnO were however distinguished from SAED pattern of the

composite.

Figure 5.6.4. HRTEM image (A,B & C), SAED pattern (D) of ZnO-30% GO

5.3.7. Interactions of TiO2/ZnO with GO in the composites

The existence of broad bands of -OH could be seen on the FTIR spectra of TiO>

and ZnO as discussed in chapter 3. These broad bands of -OH vibrations arise from

the OH™ ions adsorbed by the surface of TiO2/ZnO from the atmosphere. These -OH
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groups can interact with the oxygen atoms on the >C=0 or -COOH groups of GO to
form hydrogen bonds as represented schematically in Figure 5.7°!. The possibility of
such hydrogen bond linkages between TiO2/ZnO and GO cannot be ruled out as broad
bands between 3500 cm™! and 3000 cm™ were present in FTIR spectra of TiO,-GO as

well as ZnO-GO composites.

| Hydrogen bond |

\o HOOC
|

QH Cn:l |
HO N ——— ’bC

Figure 5.7. Interaction between TiO>-
OH GO or ZnO-GO through hydrogen

Hydrogen

bond bond formation

Ti0,-GO or ZnO-GO

A considerable shift in the >C=0 and >C=C< stretching bands of GO towards
lower wavenumber along with the decrease in their intensities were observed in the
FTIR spectra of TiO2-GO and ZnO-GO compared to that of uncoupled GO (Figure
5.2). As the percentage of TiO»/ZnO increased in the composites, the shift in the
stretching bands increased along with the decrease in the peak intensities upto a level
such that the presence of >C=C< was almost too difficult to be noticed. For the TiO;-
1% GO and ZnO-3% GO (where the percentage of TiO2/ZnO was comparatively
highest) the stretching bands of >C=0 and >C=C< which were supposed to appear at
the adjacent positions (1719cm™ and 1622cm™) were shifted and merged almost into a
single band. This shift may be explained due to the formation of Ti-O-C/Zn-O-C
bond*?. The existence of Ti-O-C bond in Ti02-30%GO was confirmed through XPS
discussed above. The condensation of -OH groups associated with TiO2/ZnO and the
functional groups present in GO leads to the formation of Ti-O-C/Zn-O-C
bonds?*°%3. The bands corresponding to Ti-O-C bond supposed to appear at around
800-850 cm! for TiO2-GO composites were however not clear due to the overlap of

Ti-O-Ti stretching band. A peak at around 833 cm™ was observed for ZnO-GO

Page 153



Chapter 5

composites which may be attributed to Zn-O-C stretching®*. XPS analysis also

showed the existence of Ti-C bond between TiO, and GO.

Ti-O-C/Zn-O-C and Ti-C bonds may shift the valence band of TiO»/ZnO GO to
lower level, thereby reducing the bandgap®*. The lowering of bandgap energy (E,) in

T102-GO and ZnO-GO composites was evident based on the above results.

In addition to the Ti-O-C/Zn-O-C bonds or hydrogen bond formation, the
interfacial electron transfer between the heterojunctions (Ti02-GO & ZnO-GO) is also
favoured®®3’. GO plays the role of electron acceptor which accepts electrons into its

Fermi levels from the conduction band of TiO»>>.

Section 11

Photodegradation of polystyrene using TiO2-GO and ZnO-
GO composites as photocatalysts

The role of TiO,-GO as well as ZnO-GO composites as photocatalysts in the
photodegradation of PS under UV irradiation was studied. PS-TiO2-GO and PS-ZnO-
GO composites were prepared by solvent casting as discussed in chapter 2. The
specimens for electrical and mechanical studies were also prepared. Photodegradation
studies of the specimens were carried out. The results obtained through various
monitoring techniques adopted for photodegradation studies are interpreted and

discussed below.
5.4. Results and Discussion
5.4.1. Gel permeation chromatography (GPC)

The number average (M,) and weight average (M,,) molecular weight of PS-
Ti02-GO (Figure 5.8.1) as well as PS-ZnO-GO (Figure 5.8.2) composites decreased
as the time of UV irradiation increased. The decrease in the average molecular weight
was predominant in PS-TiO2-GO composites compared to that of PS-ZnO-GO. It was
also observed that PS-TiO2-GO and PS-ZnO-GO composites underwent a better

decrease in the average molecular weights compared to that of PS-TiO2 and PS-ZnO
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composites. The maximum decrease in the average molecular weights among the PS-
TiO2-GO composites upon UV irradiation was observed in PS-(Ti02-30% GO). The
decrease in the average molecular weight in the case of PS-ZnO-GO on the other hand
was observed in PS-(ZnO-10% GO). The decrease in M, and M, for PS-(ZnO-30%
GO) was not as pronounced as that of PS-(ZnO-10% GO) composite.
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Figure 5.8.1. A) Weight average (M,,) and B) number average (M,,) molecular
weights of PS-TiO>-GO composites under different UV irradiation time
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Figure 5.8.2. A) Weight average (M,,) and B) number average (M,,) molecular
weights of PS-ZnO-GO composites under different UV irradiation time

The number of chain scissions per molecule (S) and the number of scission events
per gram (N;) of PS-TiO.-GO (Figure 5.8.3) and PS-ZnO-GO (Figure 5.8.4)
composites increased with respect to UV irradiation time. Maximum increase in the

chain scissions on UV irradiation was observed for PS-(Ti02-30% GO) among the
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PS-Ti02-GO composites. Among PS-TiO-GO composites, PS-(ZnO-10% GO)
underwent maximum chain scission. The increased S and N; of PS-TiO>-GO

composites were better, compared to that of PS-ZnO-GO composites.
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Figure 5.8.3. (A) Number of chain scissions per molecule (S) and (B) number of
scission events per gram (Ny) of PS-TiO>-GO composites under different UV
irradiation time intervals
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Figure 5.8.4. (A) Number of chain scissions per molecule (S) and (B) number of
scission events per gram (Ny) of PS-ZnO-GO composites under different UV

irradiation time intervals
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The increase in the polydispersity index of PS-TiO,-GO as well as PS-ZnO-GO

composites increased as the time of UV irradiation increased (Figure 5.8.5). The

increase in the randomness of chain cleavage is highlighted here.
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Figure 5.8.5. Polydispersity index (PDI) of PS-TiO>-GO (A) and PS-ZnO-GO (B)

composites under different UV irradiation time

5.4.2. FTIR Spectroscopy

FTIR spectra of PS-Ti0>-GO composites showed an increase in the intensity of
stretching vibrations corresponding to >C=0 (1740- 1700 cm™), -OH/ -OOH (3700-
3600 cm™), >C=C< (1680-1650 cm™) etc. as the time of UV irradiation increased,
suggesting photo-oxidation. We could also observe that PS-TiO>-GO composites
underwent better photo-oxidation compared to that of PS-TiO» composites.
Enhancement in the photocatalytic efficiency of TiO2 upon surface modification with
GO was evident. The extent of photo-oxidation was found maximum in PS-(TiO:-
30% GO) composite compared to the other PS-TiO>-GO composites. Photo-oxidation
upon UV irradiation for PS-Ti02-GO composites followed the order: PS-(Ti102-30%
GO) > PS-(TiO2-10% GO) > PS-(TiO2-3% GO) > PS-(TiO2-1% GO). This trend
revealed that the extent of photo-oxidation increased as the percentage of GO
associated with TiO> in the composites increased. Figure 5.9.1 and 5.9.2 represents

the FTIR spectra of PS-(TiO2-10% GO) and PS-(Ti02-30% GO) respectively.
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Figure 5.9.1. FTIR spectra of PS-3%(TiO2-10% GO) after different UV exposure time
intervals ranging from 0 h to 1000 h.
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Figure 5.9.2. FTIR spectra of PS-3%(TiO2-30% GO) after different UV exposure
time intervals ranging from 0 h to 1000 h.

FTIR spectra of PS-ZnO-GO composites looked similar to that of PS-TiO2-GO
composites. PS-ZnO-GO composites too underwent photo-oxidation upon UV
irradiation. The only difference was in the extent of photo-oxidation of the composites
which was more pronounced in PS-TiO2-GO compared to that of PS-ZnO-GO. PS-
Zn0O-GO underwent better photo-oxidation as compared to PS-ZnO composites. The
order of photo-oxidation among PS-ZnO-GO composites was as follows: PS-(ZnO-

10% GO) > PS-(Zn0O-30% GO) > PS-(Zn0O-3% GO). Maximum photo-oxidation
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among the PS-ZnO-GO composites was exhibited by PS-(ZnO-10% GO). Excess of
GO in PS-(ZnO-30% GO) composite might have hampered the rate of photo-
oxidation. This irregular trend could be explained by the aggregation of ZnO-GO
composites due to the uneven distribution of GO and ZnO in the composites which

increased as the percentage of GO increased. Figure 5.9.3 and 5.9.4 represents the

FTIR spectra of PS-(ZnO-10%GO) and PS-(ZnO-30%GO) respectively.
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Figure 5.9.3. FTIR spectra of PS-3%(Zn0O-10% GO) after different UV exposure time

intervals ranging from 0 h to 1000 h.
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Figure 5.9.4. FTIR spectra of PS-3%(Zn0-30% GO) after different UV exposure time
intervals ranging from 0 h to 1000 h.

Page 159



Chapter 5

The absorption bands at 691 cm™!, 752 cm™, 905 cm™ and 1027 cm™! representing
phenylic -C-H out of plane bending did not show changes in their intensity in both
PS-Ti0,-GO and PS-ZnO-GO composites. The peak at 1448 cm™ corresponding to
aromatic carbon-carbon double bond stretch also exhibited no change in peak
intensity. This could be due to the fact that the phenyl group may have remained
intact upon UV irradiation of 1000 hours.

5.4.3. UV-visible Diffused reflectance spectroscopy (UV-DRS)

1.6

{ @ PS+3%(Ti0,+30% GO) | __ °°][mmmm Ps+3% (Tio,+1% GO)
1.4 X 27 [E= PS+3% (TiO,+3% GO)
| i 22)7 30'5h Q 24| PS+3% (TiO,+10% GO)
) o |0 PS+3% (TiO,+30% GO
124 (o) | (0 400n| 217 % (Ti0,+30% GO)
§ 1.0, iy (d——600h|| € 18]
1.0 | () 8oon| F . \
£ \ @100 o N
8os A : § c 7] H H
< R ]
06 o o HE 0
- 21 B0 0
0.4 — 3 0] [ ~ sl R |
200 300 400 500 600 700 0 200 400 600 800 1000

Wavelength(nm) UV irradiation time (hours)

PS+3%(Zn0+10%GO) | __ 2*"|[mmmm PS+3% (zn0+3% GO) N
S 21 ]|EPs«a% (2n0+10% GO)| ‘E
@ on S el I PS+3% (ZnO+30% GO) E: E:
(b 200n|| 2 | o \: \:
2 (¢ 400n|| & 154 | \f \:
= (@——60oh|| & | N N
£ @ s g 2] “I'N- §: iz
205 C (fy—— 1000h c 9_. E E &E E:
< T 64 | | \: \:
0.6 8 4] N i; &E
04 . v ) v ) v ) v ) v § O" : | §: B:
200 300 400 500 600 700 0 200 400 600 800 1000

Wavelength(nm) UV irradiation time (hours)
Figure 5.10.1. UV-DRS of PS-3%(TiO>-30% GO) (A), PS-3%(ZnO-10% GO) (C)
and degradation percentages of PS-TiO>-GO (B), PS-ZnO-GO (D) composites at
different UV exposure time intervals ranging from 0 h to 1000 h

Both PS-TiO>-GO and PS-ZnO-GO absorbed in the UV as well as in the visible
region of spectra as evident from their UV-DRS. Maximum absorption was observed
in the UV region of the spectra for all the composites. The absorption in the UV
region decreased as the time of UV irradiation increased. Maximum decrease in the

UV absorption bands was observed in PS-(TiO2-30%GO) among PS-TiO>-GO
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composites (Figure 5.10.1 A). PS-(ZnO-10%GO) underwent maximum decrease in
UV absorption among the PS-ZnO-GO composites (Figure 5.10.1 D). A red shift was
observed with a slight increase in the absorption bands in visible region for the
composites, with an increase in UV exposure time. Degradation percentage
determined from UV-DRS of PS-Ti0,-GO as well as PS-ZnO-GO are represented in
Figure 5.10.1 B and Figure 5.10.1 D respectively. The degradation efficiency of PS-
(Ti02-3% GO), PS-(Ti02-10% GO) and PS-(Ti02-30% GO) increased by 13.24,
16.38 and 19.4 % and that of PS-(ZnO-3% GO), PS-(Zn0O-10% GO) and PS-(ZnO-
30% GO) increased by 9.35, 13.74 and 13.54 % respectively with respect to pristine
PS.

Optical bandgap energy (Eg) of PS-Ti02-GO and PS-ZnO-GO films before and
after UV irradiations at different time intervals was determined using Tauc relation.
The values of E; decreased towards lower energy with respect to UV exposure time of
the composites. Figure 5.10.2 represents the direct Ey determination of PS-(T102-30%
GO) and PS-(ZnO-10% GO) composites by plotting (ahv)> versus hv and
extrapolating the linear portion of the curve towards energy (hv) axis. The decrease in
E; could be due to the formation of conjugated double bonds or other species that can
absorb the visible light. Degradation of PS chain, leading to the decrease in
characteristic UV absorption of PS composites upon UV irradiation also plays a vital

role in the decrease of E; of the composites.

3500
0, H 0,
PS+3% (TiO,+30% GO) 1800
3000-
1500 @91
25004 [(a) oh 7/(b)—— 200h
T~ (b) 200h o~ 1i(©) 400h
§ 2000 () 400h £ 1200 |(d)—— 600h
> (d)—— 600h 1S {/®  soon
<L 1500 |(e) 800h @ 9004 |(f)  1000h
= (f— 1000h U
£ 10004 £ 600-
& 8
5004
0 T T T T T T T T T 0 ™7 .‘ —rTTT —TT
30 32 34 36 38 40 42 44 46 48 50 26 28 30 32 34 36 38 40

hv (V) hv (eV)

Figure 5.10.2. Optical bandgap energy determination from the plot of (ahv)’ v/s hv
for PS-3%(Ti0>-30% GO) (A) and PS-3%(Zn0O-10% GO) (C) composites subjected
to different UV exposure time intervals ranging from 0 h to 1000 h
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5.4.4. Mechanical Properties
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Figure 5.11.1. Flexural (A) and tensile (B) strengths of PS-TiO>-GO composites

before UV irradiation- a comparison
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Figure 5.11.2. Flexural (A) and tensile (B) strengths of PS-ZnO-GO composites

before UV irradiation-a comparison
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The flexural and tensile strengths of non-irradiated PS-TiO>-GO composites were
greater than that of PS-TiO> composites (Figure 5.11.1). It was also found that the
mechanical strength of the composites increased as the percentage of GO in the
composites increased. Maximum flexural and tensile strengths were observed in PS-
(Ti02-30% GO) compared to the other PS-TiO-GO composites. This enhanced
mechanical property of PS-TiO>-GO composites promises their application in such

devices or commodities where better mechanical strength is in demand.

The flexural and tensile strengths of PS-ZnO-GO composites were better
compared to PS-ZnO composite (Figure 5.11.2). In the present study, maximum
mechanical strength was observed in PS-(ZnO-10% GO) among the PS-ZnO-GO
composites. The mechanical strength of PS-(ZnO-10% GO) was even greater than PS-
(Zn0O-30% GO).

Comparing Figures 5.11.1 and 5.11.2, it was observed that mechanical strengths
of PS-Ti02-GO composites were better than that of PS-ZnO-GO composites. This fact
could be explained on the basis of poor distribution of ZnO-GO compared to that of
Ti02-GO along the PS matrix. It could be visualized from the SEM and HRTEM
images discussed in previous section that ZnO-GO existed as small aggregates while
Ti02-GO existed as dispersed nanostructures. The existence of nano sized TiO2 in
Ti02-GO composites provided better surface area for associating with GO, breaking
them apart into nanosheets. The growth of ZnO particles to bigger rod shaped
structures in ZnO-GO composites, on the other hand, provided comparatively lesser
surface area for GO association. The GO which remained unassociated with ZnO
existed as aggregates as observed in SEM and HRTEM images. Loading PS with
Zn0O-GO hence resulted in composites with comparatively lower mechanical strength

compared to PS loaded with TiO»>-GO.

The flexural (Figure 5.11.3) and tensile (Figure 5.11.4) strengths of PS-Ti0,-GO
and PS-ZnO-GO composites decreased as the time of UV irradiation increased. PS-
TiO2-GO composites underwent better decrease in the mechanical properties
compared to PS-ZnO-GO composites upon UV irradiation. PS-(TiO2-30% GO)
composite underwent maximum decrease in mechanical properties among the PS-
TiO2-GO composites. PS-(ZnO-10% GO) showed maximum decrease in the

mechanical properties among the PS-ZnO-GO composites.
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Figure 5.11.3. Flexural strength of A) PS-TiO>-GO and B) PS-ZnO-GO composites
exposed to UV radiation for 0, 400 and 1000 h.
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Figure 5.11.4. Tensile strengts A) PS-TiO>-GO and B) PS-ZnO-GO composites
exposed to UV radiation for 0, 400 and 1000 h.

5.4.5. Electrical properties

Dielectric breakdown (BDV) of PS-TiO,-GO and PS-ZnO-GO composites was
lower compared to PS-TiO; and PS-ZnO composites respectively. BDV of the
composites decreased as the percentage of GO in the composites increased (Figure
5.12.1). The presence of conducting GO in the composites might have resulted in the
easy passage of electric current leading to easier breakdown of the composites. BDV
of the composites decreased with the increase in UV irradiation time (Figure 5.12.1).
The formation of charged centers with better mobility through the composites on UV

irradiation was hence evident. BDV of PS-(TiO2-30% GO) decreased to a greater
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extent among the PS-TiO2-GO composites with the increase in UV irradiation time.
PS-(Zn0O-10% GO) composite showed better decrease in BDV among the PS-ZnO-

GO composites upon UV irradiation.
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Figure 5.12.1. Dielectric breakdown of PS-TiO>-GO and PS-ZnO-GO composites
exposed to UV radiation for 0, 400 and 1000 h.

Dielectric permittivity (&) of the composites increased as the time of UV
irradiation increased. Figure 5.12.2 represents the dielectric permittivity of PS-(TiO»-
30% GO) and PS-(ZnO -30% GO) composites with UV exposure intervals of 0, 400
and 1000 hours respectively. In both the composites, &: increased as the time of UV

irradiation increased.
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Figure 5.12.2. Dielectric permittivity of PS-(TiO>-30%GO) and PS-(ZnO-30%GO)

composites exposed to UV radiation for 0, 400 and 1000 h.

Page 165



Chapter 5

5.4.6. Thermogravimetric Analysis (TGA)
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Figure 5.13. TGA thermogram of PS-3% (TiO2+30% GO) (A) and PS-3%
(ZnO+30% GO) (B) composites before and after UV irradiation of 1000 h

TGA thermograms of PS-(TiO2-30% GO) and PS-(ZnO-30% GO) conducted
under nitrogen atmosphere as represented in figure 5.13, displayed two stages of
weight loss. The first stage of weight loss represents water desorption and the second
stage represent decomposition of the polymer composites. The decomposition
temperature of PS-(T102-30% GO) ranged between 320-434°C before UV irradiation
(Figure 5.13 A). The decomposition temperature of PS-(ZnO-30% GO) before UV
irradiation was between 314-429°C respectively (Figure 5.13 B). The decomposition
temperatures of the composites decreased with the increase in UV exposure time. The
decomposition temperature of PS-(Ti02-30% GO) decreased 872-401°C and that of
PS-(Zn0-30% GO) decreased to 292-408°C respectively upon UV irradiation of 1000
hours. Decreased thermal stability of the polymer composites as a result of

degradation is evident here.

5.4.7. Weight loss

Weight loss percentage of PS-TiO2-GO and PS-ZnO-GO composites exposed to
UV radiation of varying time intervals ranging from 0 to 1000 hours are represented
below (Figure 5.14). The percentage of weight loss increased with respect to UV
irradiation time. Evolution of volatile species produced during the photodegradation

process is evident here. PS-(Ti02-30% GO) underwent maximum weight loss among
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PS-Ti02-GO composites and PS-(ZnO-10% GO) underwent maximum weight loss
among PS-ZnO-GO composites upon UV irradiation.
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Figure 5.14. Comparison of weight loss percentages of PS-3%(TiO>- GO) (4) and
PS-3%(ZnO-GO)(B) composites at regular intervals of UV irradiation

5.5. Mechanism of Photodegradation of PS-TiO:-GO/ PS-ZnO-GO

composites

It was confirmed from various analytic techniques discussed above that PS-TiO»-
GO and PS-ZnO-GO composites underwent better photo-oxidative degradation
compared to PS-TiO; and PS-ZnO composites. In other words, the photocatalytic
efficiency of TiO> and ZnO has been enhanced on coupling them with GO. GO
coupled with TiO2 or ZnO reduces the electron—hole recombination upto an
appreciable extent. Raman spectroscopy proved the partial reduction of GO (into
reduced graphene oxide) in TiO-GO composites discussed above. The reduced
graphene oxide acts as better electron sink. The photogenerated electrons present in
the conduction band (CB) of TiO2 or ZnO are transferred into the Fermi levels of
carbon atoms of these reduced GO instead minimizing the chance of recombining™.
These electrons are resonance stabilized in the GO sheet and can recombine with
adsorbed oxygen producing various reactive species (like O, Ox¢™ etc). These species
interact with the PS chain initiating photo-oxidation of the chain. The holes left
behind in the VB of TiO; or ZnO can now combine easily with the adsorbed water or
OH" ions resulting in the formation of OHe which interacts with the PS chain
initiating another set of reactions including —OH and —OOH substitution over the

chain (Figure 5.15).
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Figure 5.15. Schematic representation of photodegradation mechanism of PS by
TiO>-GO/ZnO-GO catalysts through charge transfer

Other than the interfacial charge transfer occurring in the heterojunctions of the
metal oxides and GO, the formation of Ti-O-C/Zn-O-C and Ti-C bonds act as a bridge
for the transport of electrons. The photogenerated electrons transported from the
Ti02/Zn0O to the carbon atoms of GO are highly stabilized and hence the chance of

recombination of the electron-hole pair is minimized.
5.6. Conclusions

GO could be successfully prepared from graphite through chemical oxidation
approach following ultrasonication assisted modified Hummer’s method. TiO>-GO

and ZnO-GO composites were prepared through ultrasonication assisted hydrothermal
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method. Preparation of TiO2-GO resulted in nano sized separated crystalline particles
whereas ZnO-GO were aggregated. Photodegradation of PS in the presence of TiO»-
GO and ZnO-GO composites as photocatalysts were studied. Both PS-TiO2-GO and
PS-ZnO-GO underwent photo-oxidative degradation in the presence of UV radiation.
They also underwent polymer chain scission upon UV irradiation. The composites
underwent better photodegradation compared to PS-TiO, as well as PS-ZnO
composites. Mechanical properties of the composites were enhanced in PS-TiO>-GO
and PS-ZnO-GO composites compared to PS-TiO> and PS-ZnO composites. Possible
application of the composites, where better mechanical strength is in demand, is hence
promised. The mechanical strength of the composites decreased when subjected to
UV irradiation. The value of BDV of the composites was lower than that of PS-TiO»,
PS-ZnO and even PS. The possibility for the application of the composites, where
better conductivity is required, can hence be assured. BDV of the composites
decreased upon UV irradiation. Formation of charged species as a consequence of
photodegradation was hence evident. Dielectric permittivity of the composites
increased upon UV irradiation due to the formation of charged dipoles. The thermal
stability of the composites too decreased as a consequence of photodegradation as
evident from TGA. It can be concluded that the photocatalytic efficiency of TiO, and
ZnO was enhanced upon coupling with GO. The possibility of various interactions
including hydrogen bond and Ti-O-C/Zn-O-C bond formation between TiO2/ZnO and
GO could have assisted the intrafacial charge transfer between the heterojunctions of
Ti102/ZnO and GO. The photogenerated electrons can transfer from the conduction
bands of TiO2/ZnO into Fermi levels of GO. This appreciably decreases the electron-
hole recombination possibility within TiO2 or ZnO. The resonance stabilized electrons
delocalized in the m bonds of GO can interact with oxygen atoms in the atmosphere
leading to reactive species that could initiate the photodegradation of PS chain. The
holes left behind in the valence band of TiO2/ZnO could further combine with the
adsorbed water molecules or OH™ ions resulting in OHe that can interact with PS chain
resulting in its degradation. PS-TiO>-GO composites underwent better photo-
oxidative degradation compared to PS-ZnO-GO composites. PS-(Ti02-30% GO)
exhibits maximum photodegradation among PS-TiO>-GO composites and PS-(ZnO-
10% GO) exhibits maximum photodegradation among PS-ZnO-GO composites.
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