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Izvirruzens i photurstalyas

Nittogen doped grapbene modified WOz nanocomponites were synthesized through an effecuve methodology.
The prepared photocatalysis were smployed s actsve candsdates for degradanon of highly waie arganics Le., Z. 4
dichioro phenol {2, 4-DCF) and methy! orange (MO). XRD profile of N-geaphene showed complets reduction of
GO into h-gmapbrne. All diffeaction pesis of WOy along with N-graphens indirsted monocimic phase of Wi
SEM and TEM images of 3.0% N-graphese/WOs have demonstrated the mizad marphaology of irregular massive
rod like blocks and round sheped particles of WO, distributed on cracked sheets of N-graphene, Nigrogen defecss
In graphviw alicted zero hand gap seml-maizlbe graphene to semiconducung menal and \ncreased the ab-
sorption edge of N-graghens/Wils nanocomposites. mwards visibin region ss ssudied 10 DRS analysis. FTIR and
Ramap srathes thowed the strong conneciion between N-grapbhens and Wiy by making W — O — € mriace
linkage. Thw noticeable reduction m PL emission peales of 3.0 N-graphene/W{), undirsted obvious separmtion of
phioto induced charge carriers. The study of radical seavengers supgested that holes A} and »OH are the man
elrmunrs for the decontamination of both MO and 2, 4-DCP. XPS anslysx shows a1l passible C — N boading
configurations 1o 3.0% MNgraphene/WO3s. 1.0% N-graphene/WOs composite showed the maximum phor
degradaton of MO (~ S4.0%) aad 2, 4-DCP (- 81.0%). The synergian berween N-graphene andl WO, results invo
more SPORTY ies on calalyst and restoring of sp? sructural defects in N-graphene lattice improve the rans-
purtation of chage carmiers charing photocstalysis. This work provades innosanve sorategies for designing the N-

Lraphens/sermconductor sanosystems with enhanred photocatalyte pheacmena 1n the suvironmenial clvanup
remwdies |

1. Introduction

contamination. Ampag all of them, W) (nlype semiconducior) 1
considered a potentinl material owing 0 thew tunable optical nd

Semiconductur based photucalysts have gained much nttraction on
strount of gh entrgy demand and rsing environmental problems | ..
Past few yrars numenes senicanducturs such as oxynlinds, sulfides
and metal oxides have been fabricated to derlve thetr photocnalytic
respunse under visible Mght © . Hawever, fast recombinntion rate of
pltugrnerated chage camens and low usage of visible lght hmits their
Appub alinn towwurds environmenial remediation  * . Subsequently,
siibde light resporsive photovatatytic materials bave been fabricated to
larhl the chalienges regarding mergy production and envirommnental

dectronie properiies. WU; has been attsined Inirigued atiention in
photocatalytic applications due to loag term siable physiochemical
properiiss, photorormasion and visihle light sbsorption cexiliexe 1~ - .
Unfortunately, high mte of recombination process of photo mduced
charge-carriers and agitation m oxygen reduction oa sccount of narmow
band gap and low-potential respectively makes WOy lesa cffccrive in
photocatalysis [K|.

To overcome these bwues, muny techniques have been applied 1w
boust the photocatalytic activities of WO through Incorporation of

* Limvspondence 10, hnuly of Bamc and AppHad m Imemadional isfamic Umivessity, 14-10, isamabad 44000, Palastan.
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Interfacial charge transfer via 2D-NiO and 2D-graphene nanosheets
combination for significant visible photocatalysis

Zameela Yousaf ', Shamaila Safjad “°,
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Twa dimensienal (20) hererostrucasss in combinsdon with odher 2D maserials play a vial role vo hooss pho-
tocataly e efficency owing to increass in intexfacis] charge separanon/raneferving wate. Graphana modifisd NIO

hevuurls 21»-20) nanucompontes were prepared vis wat impregnation method snd confirmed by vanous speciroscopsc sad

Si naniahnes snalyocal cechnmques. XBD pacerns of pure and composises ronfirmed e characsarisic pssis of NIO and gos-

_'“"’“"" phene. NAO nancchests are umformly disparssd on graphans shests which facilitate imtarfacial coupling betwwan

o harse them as obtarvod wn SEM images LIV-Vis spactra of compoutie showed hand gap reduction from 3.3 t0 23 aV

P T owing fo meorpamnon of graphane shasts. Further, suppression of charge carviers was confirmed by phoo-

I auhreataly as Inminasrence spactra. Conssquendy, 10.0% graphena/NIO composine extubits incressed photocamiyte acdviy
mmmmmmwunumwmu:mmm-u
photocatalyss which are henaficisl to suppress rhe charge recomiunation and provide masive reactive sites

1 Introduction materials, NiO (P-type semiconductor) possesses excellent eonductance

Environmental technology and science are facing same serious issues
lissed on increasing water and air poliution {1]. A large amount of pol-
lulants fheavy metals, dyes etc.) is produced due to indurtrial effluent
which intensely effect environmental and aquatic life wiule ther hostile
tihet depends an thelr complex molecular structure {2,511t is crucial to
deaelup an cifective technique to tackle these intricate environmental
prubiems Phoincatalytic degradation is most efficient technique to deal
with environmental challenges {10 eradicate the hazardous contaming-
trone from environment) and sustainabilty with light icradiation [4,5). In
phuwclalvtic process, excited electrons move from valence to condoe-
t:0n hand nt semiconductor matenals to generate electron {e=)-hole (h*)
paizs under light irradiaton. ‘These photeexcited charge carriers are
irsponstble for oxidation reduction process with oxygen and water to
degiade the orgamc pollutants and subsequently mineralize it to CO4 and
Har{ o

21 nanomaterials have been gaining tremendous attention in envi-
rinmental remediation owing to their fascinating physiochemical prop-
wraes Lde mechamaal Aexibility, large specific surface area and
numeious aclive sites on their surface etc. [{4.9). Among various 2D

fealure, low cost, elevated chemical and long-teym catalytic stability
which make it appropriawe as photocatalyst under visible light ivadimion
{10,11). However. quick recambination of charge carriers. minimum
barvesting of light, less selective absorption etc. are the considerable
major limitations of NIO semiconductor to impend photocatalytic per-
formance [1:1). To overcome these obstacles, literature have shown that
2D-2D heterostrortures endow slectronic coupling and cohanced inter-
factal contact area between them. Thus, phiysical and electronic coupling
effect between semiconductor shects and graphene is favorable w in-
cremse the tramsportation rate of electron/hole pairs and boast the pho-
tncatalytic efficiency [13-1 5). Because highly conductive graphene sheet
acis as an electron accepior for shutiling dlectrons due to doocalized
clectronic network over the carbon sherts, leading to an effertive charge
separation rate al junction interface [16). Recently, Sun ct al. demon-
sirated that fabrication of 2D-2D BiVO,/reduced graphene sheets via
solvothermal method exhibited high photocatslytic efficiency as
compared o 1D-2D and 0D-2D beterojunctions. The resubts dearly in-
dicatex the fast eloctrons shottling in 2D-2D BiVOy/reduced graphene
sheets at interfacial junction, leading to augment the separation mate of
charge carriers and enhance photocatalytic efficiency [17]. Therefare,

* Liresponding awthor Faculty of Basic and Applied Sciences. International [slamic University, isiamabad. 44000, Palistan.

trtil uddrecces: yuel savpmae 322000

ML R FUEINTVIL ) R g S Y

wetry + otti3the. i 23die oz . ph (S Sajfad).

Peventonl 2 June 2020; Hecelved Ln cevised form 16 July 2020; Acevpred 22 July 2020

Arullable caline Y Aoguar 2020
~NLIZ-S5%un /a0 20N Eisavier Ine All rights seserved.



Journal of Physics and Chemistry of Solids

. voh.rea 152, Aonl 2021, 109899

Cascade electrom transfer in ternary CuQfa-
-, 3 /y-Al, O3 nanocomposite as an effective
visible pliotocatalyst
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Highly efficient ternary heterojunctHon of CuQOfa-FexOafy-Al>O3 wvas

=tiectively fabricated by a facile and cost effective chemical route. The

sLtwc tural, chweruical composition, morphology,. optical and photocatalytic

pioperties of as-prepared CuO/a-FeOafy-AlaO3 photo catalyst were compared

te pristine and binary samples by various characterization. Existerice of all the

rominant peaks of CuO. a-FezO3 and y-AlO3 are noticeable in XRD spectrum

o CuO/a-FexO3fy-AlaO3 ternary photo catalyst which confirms the successfiil

torration of the photocatalyst. SEM and HRTEM results revealed the

spltaa.cal shape CuO nanoparticles with distorted a-FeyQO3 agglomerated

wlates which led to complete diffusion with y-AlO3z. The band gap of ternary

nanocomposite was found to be 1.9 eV elucidated by UV-DRS. Brunauer-

Frzneie-Teller {BET) analysis showed that as-fabricated ternary CuO/a-Fe,O3f

v ALOS nanocomposite exhibited the porous structure with large surface area
and small pore volume as compared to pristine y-Al;Ojz.due to the unique

teriiary nanocomposite structure and synergistic effect among various

vanponents. The photocatalytie activity was examined by monitering the

Jr terioration of methyl orange under simulated solar light irradiation. CuQf

<1 Fe-Oryfyr AlaO3 exhibited superior photocatalytic efficacy as compared to
CuOry ALO3 and a-Fex;Os3fyv-Al,Oj3 binary and pure oxides of y-Al,O3, CuO
a1nd t Fe,O s The marvelous photocatalytic activity of CuQ/a-FeaO3/fy-Al,O3
Lo rary nancacomposite samples can be ascribed to their close contact. strong
nrerfarcial hybridization and proficient charge transfer capacity. The
zlectrochemical studies such as linear sweep voltarnmetry (LSV) and cyclic
s wltwunmetry {CV) were carried out to explore the charge transfer behavior and
~uppurt the high photo activity of ternary nanocomposite CuO/a-Fe,Oafy-
%1023 T SV measurements manifested that CuOfa-FexO3/y-AlaO3 exhibited 4.3
tolds higher current density than bare y-AlaO3 which confirmed the faster
zledtron tiansfer firom CuO to y-Al;O3 via mediated a-Fe>O3 through the
1naterfaciad potential gradient in conduction band. Cyclic voltammetry (CV)
Trsiilts shoswed that pair of anodic and cathodic peaks in CuO/a-Fe;Oafy-
31,03 appeared which affirm the efficient increase in photo-induced e /h*
=epatation and suppress recombination rate of electron-hole pair. This work
vrraonstrated that CuOfa-FexQa/fy-Al,Os ternary nanocomposite is found to
L 4 promising candidate as an erficient adsorbent for organic dyve removal
o1 waste water.
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exfoliation of graphite as effective antibacterial agent
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Abstract

L quic shase exfcliation (LPE) has emerged as an effective technique for producing large scale 2D

r3~C-shaets, Ir presens study. graphite has been exfoliated by using chemical and green routes, The

: dzptad metheods are cost effective, eco-friendly, time saving and utilize less toxic solvents for
p-odaz rg high quatity exfoliated graphite (EG). Herein, graphite exfoliation has been achieved by
4503 MaDH HC! natural acids (lemon juice) and plant extract (mint extract}. in chemical route,
#v*zliazen of graphite using NaOH has given excellent results as compared to HCl. By using NaOr, d-
spacing value has been increased from 3.30 te 3.37 nm and sheets with average thickness of 14.8 nm
l2. 2 ceen achieved. In green route, mint extract gives better result as compared to lemon juice. The
L cact've constituents of plant extracts penetrate between graphitic layers results in weakening of van
er a3 5 forces which facilitates exfoliation. Using mint extract, d-spacing value has been increased
-rcm 2.30 to 3.36 nm. Thin sheets with average thickness of 10.79 nm has been obtained. Overall
z+=2liaz on using NaCH ana mint extract gives excellent result. The higher 'D'G ratio for exfoliated
-r22+ te using NaOH and mint extract is 0.77 and 0.88, respectively as compared to pure graphite
=k confrmed the degree of exfoliation. Exfoliation of graphite enhances the surface properties of
ra~c-sheets leading to the enhanced antibacterial activity against Pseudomanas Aeruginosa as
zzirgared to pure grapnite. The exfoliated graphite using mint extract showed the best antibacterial

Sl A
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Abstract

Environmental pollution and energy crises are the main contests in worldwide. Over a past decade,
the development in natural abundant, cost effective and more efficient material has made them as
competent candidate for versatile applications.

In this research work, high-quality graphene with controllable layers and 2D semiconductors
materials have been fabricated via chemical synthetic routes. The graphene based modified
semiconductors (2D NiO, WO3; and 2D MgO) have been syntehsized to enhance the photocatalytic
activity under visible light irradiation by tailoring their optical properties. Moreover, the
incorporation graphene sheets offer large surface area and active site for photocatalytic activity.
The prepared photocatalysts were applied for the degradation of organic pollutants (MO, 2,4 DCP

and Congo red).

In my present work, 2D/2D graphene/NiO composites with various concentration of graphene was
synthesized to enhance the photocatalytic efficiency under visible light irradiation. The
synthesized 2D NiO sheet via effective chemical method clearly seen in SEM images. Moreover,
the band gap of 2D NiO was tailored by inducing the optimum contents of graphene sheets as
studied in UV-vis apbsorption spectra. The large surface area and strong interfacial interaction
between 2D/2D graphene/NiO retard the recombination rate of electron/hole pairs as examined
through PL spectra led to excellent photocatalytic performance against MO.

N-graphene/WO3 nanocomposites as active photocatalysts with optimum content of N-graphene
were fabricated through wet chemical method. The effect of N-graphene on WO3 was investigated
through different characterization technique such as RAMAN, XPS, PL, FTIR, etc. In N-
graphene/WOs nano structure the interconnected network of N-graphene allow dispersion of WO3
and improved the light harvesting ability of WO3 photocatalyst confirmed by UV-vis spectra.

xiv



Therefore, the N-graphene/WO3 nanocomposite exhibited superior degradation performance
against mixture of strong pollutants (2,4 DCP, MO) than pure WO: attributed to increase charge
separation ability through z-scheme photocatalysis owing to nitrogen functionalities in N-
graphene.

2D MgO sheets was prepared through co-precipitation method. The 2D MgO is poor visible light
responsive photocatalyst due to large band gap. The photocatalytic efficiency of 2D MgO was
improved by synthesizing binary composite 2D/2D MgO@G (seen in SEM images). 2D/2D
MgO@G strong interfacial interaction boost the photocatalytic activity of MgO towards Congo
red under visible light. Moreover, incorporation of CQDs in 2D/2D MgO@G composite scavenge
the electrons and increased the roughness of surface which promotes the enhanced photocatalytic

degradation of CQDs/MgO@G (99%) than binary 2D/2D MgO@G composite and pure MgO.



CQDs
N-graphene
GO

NiO
MgO
wOo3
VB

CB

MO
2,4DCP
SEM
HRTEM
FTIR
PL

XRD
EDX
XPS
DRS

List of abbrevations and symbols

Carbon quantum dots
Nitrogen doped graphene
Graphene Oxide
Nikel oxide
Magnesium oxide
Tungsten trioxide
Valence band
Conduction band
Methyl orange
2,4 Dichlorophenol
Scanning electron microscopy
High resolution transmission electron microscopy
Fourier transform infrared spectroscopy
Photoluminescence
X-ray Diffraction .
Energy dispersive X-ray analysis
X-ray photoelectron spectroscopy

Diffuse reflectance spectra

xvi



Contents

CHAPTER 1 ...cniiieceiassemsieinssnsssnssssasessassssessismsossassssssasssssssssarsasssssssassssssnsassassnssssssasssssnsassasseses 1
INtrOdUCLION....cceeieisnnsnssncenssasansnsansssssasssssmnssssnsnsssssssseasssssnssnssssassassses 1
1.1 Background of PhotOCAtalySis...........ccusuemsssusansssessnsanssesssnsasaesussessesasssssnssssnssnsassasassssssnssassasnsnens 1
1.2 Nanoscale photocatalyst.........c.ccecveecrmsuseisssssnsmsssssasesssssnssnesassassassssssssssssssesssnssses
1.2.1 Semiconductor photoCatalyst .........ccccecreeesneneesarensesasenssarssnesanesasansrases
1.2.2 Properties Of photoCatalyst ..........civcsmsmsssnensssrsssnsnssssssensnsssanssnarscsnensansasenserassasasasass
1.3 PhOtOCALALYSIS ....ceererencersunsurnsansionmsscnnsnssmsssasssssssmsssnssssnssssssnsassnsssssssssssesssnssnssssssssssssssssassssnsnse 4
1.3.1 Types of Photocatalysis..........ccrsreaccasnssscasasensassssssnsansesssseronssesaesessnns w3
1.3.2 Classification of Z-scheme photocatalyst ............cccecmrerecersnsnencncrcraesnsacnsesessssmsasassssasasssane 9
1.4 Factors affecting the degradation performance............ccceceeeercrseseseracnsnsansessenseesssrasasasarassssens 12
1.5 Applications of photoCatalysis...........couseccsseccsssnsansacsararsereesesassassnessnesensenssasnenss 15
1.6 SEMICONAUCIOTS....ccoiccrrsasnsarsanessasscessssssnssssesssessrsnensssensnssassessasasnsstsassasssrassssassonas 15
1.6.1 Nickel oxide (NiO)............... 15
1.6.2 Tungsten TrioXide (WO3) ......ccccceveenmrensnnnnccenssnnnrsnecsssscrsansessssssssesessensenerersrsssssssssssssassssaes 16
1.6.3 Magnesium oxide (MEO)......cc.coceriruerssnssasnsesssasassnsesrssssssesnssnsessanass .. 16
1.7 Limitation of semiconductor photoCatalySLS..........cccecvrrurerererseraenenessessesnssssasseasasassnsenns 17
1.8 Semiconductor/ graphene ShEets...........ccccecrrrrernseearsnsersessesesassnssssnsseanenses .17
1.9 Graphene SKEELS ........cccciveemirencerrerecceenrennsseseressinnsessssssssssssssassessesnsesssessessssssssasssssesnsessnssssasss 18
1.9.1 Structure and electronic properties Of Graphene............ccceereeeeeeerreneeeeseeeensseescssnsensasenens 18
1.9.2 Role of graphene sheet in photocatalysis 19
1.9.3 N-doped graphene ShEets ............cccccvvrruseseersnsnsccressesnessasnssssssmssessssssssssssasssssessasssnesssens 20
1.9.4 Structural Of NG ........ucceeeeirreiccnsnsicssnansissinermessassssssssesssssrsmsassssssessssassnssssssessssssssssseses 20
1.9.5 Band structure of NG ........ccccceeeretersesesesnsesesnesssssesesessssensasassesessensassns .21
1.9.6 Advantages of N-doped Graphene...........c.ccoureeeeeueerscmnsnasesasssnssensssesnons 22
1.10 Carbon QUANTUIM dOLS .......cocceerrminsssssnnsennsesesesesssesssssssessssessnessassassessssssassassssnsssssessnsssnsassases 23
CHAPTER 2 ......ocuiitinnsnsnsassescnnannssessessesssssssssssssessssssssssssssessassssasessssesssessasssnsssssasassessasasasnens 24
LItErature REVIEW......coceeeeeueererernnsessscserecscssnisesssnsmsesssnsmsssssssasaessaesssssssesssssasseseasassssessssessasasssasssnse 24
2.1 PhOtOCALALYSIS ...c.ccerueeeiriencrieinsiiscansisntssnsnsesnsosansssssssassssesnsanassnsassnsasssssssssssasasasssnass 24
2.2 Semiconductors and graphene base semiconductor as photocatalyst .............ceeerurenerncenes 24
2.2.1 Nickel 0Xide (INIO) ...cccemerrururerasnsnnasseassessassessnsasasansssesssssanessssasasssnsssssssessassessssssesessseses 25




2.2.2 Tungsten trioXide (WO3) .......cccccecsisnecrsnsnsnssssssssessssssssssssassansassens 28

2.2.3 Magnesium OXide (MBO) .......cceeicinmissrsnsssusassussissssnssssassnssnsnssssassassssssssssssssssssassasasens 34
CHAPTER 3............ remeetsasnassstnsnsaseseatsasassasasansans s saenen ..36
3.1 Experimental methods restestssessesssstessanenestsstssnsntsassntatsanstens 36

= 3.1.1 Sol gel method .........uu...... cesseemssrsareResRS RS SRR RS RS R RS R RSB SRnR SRR R R RRSE eSS 36
3.1.2 Hydrothermal ........... eeesresresssheessatsNseNIsNIRISRIERIsSSSRL LSRR E AR e s R s e a s sn b e n s h e as 36
3.2 Characterization teChNIQUES ......c.c.eceerericinnencnsanssssasisssisssssesssssssssssnsnsssesassansarsssssmssesssssssssansaes 37
3.2.1 X-ray diffraction......ccccccerreisnnscccncsnnseccnrsnnsnssonssnssnsssnsssssasesasssassssesassnsessassssssnssasssassassnssnss 37
3.2.2 Scanning electron microscope (SEM).......ccccveruicnncnisnisnsnisnsssssanssssansnssssssnsssssesasssssassassese 37
3.2.3 Energy dispersive X-ray....... - - ttesassenesnsssnesanssnenneanesnsessanassaesane 38
3.2.4 Transmission electron microscope (TEM).......cc.cceeemnrenrsnsarsannessrseesesssrnssnsasnens .39
3.2.5 Fourier transform infrared spectrometer (FTIR)........ocoeeerersensucsnnse 40
3.2.6 Raman Spectroscopy........cceeeessersnss . 41
3.2.7 Photoluminescence (PL) crtsstesssssansesessassstesantesansentesssesatssasans .42
3.2.8 X-ray Photoelectron spectroscopy (XPS) ttsestsssisansttrsanestnsnssnrtnsasnnssnsen 42
3.2.9 UV- ViS SPECITOSCOPY ..evrrecrersensmasmsnssssssesmesssassessasssssssssssssassssessansessasess 43
3.2.10 Cyclic voltammetry ............... . Nerstsarsarsstensattsnebtastattattant et e ne st ane e e arnnnns 44
3.2.11 Photocatalytic degradation of pollutants............ceceereueacenereencee . 45
CHAPTER4....... reracsrsssssssssssnsnsanessesensassnassentaneseanarass . .47
- Interfacial charge transfer via 2D-NiO and 2D-graphene nanosheets combination for significant
visible photocatalysis................. reesasssnsasenesasanesrsentassessssestasnnrrans 47
4.1, INtOQUCLION....cc.eicerreiricriserisestsfrsnsensassesseassanssmsnensenssnssesassessesseserssssensassassasasssesassanes v 47
4.2, EXPETIMENLAL ....cceuecrrierricinicnsccssisnsesessssssssssnssssesssnsssssssasassenssssssassssesssssssssssassesessasasssaas 49
4.2.1. Materials.......c.cceeeurreersaeans 49
4.2.2. Synthesis of graphene 0Xide..........c.ccceererererrrensearsensensasssssrsessssnsesssansasssssassnne 49
4.2.3. Synthesis of NiO............ . . 50
4.2.4. Preparation of 2D-2D graphene/NiO compoOSites .........ccceerencereanes . 51
4.2.5. Experimental set-up and measurement of photocatalytic aCtivities........ccceereeururnereacnene 51
4.2.6. Catalyst CharaCteriZation ............ccecereerersrrereessesessescsrsannsasssnssssassssassessssessesssanesssnsasssssessen 52
4.3. Results and diSCUSSION .....ccceeeeerueasuesercssanescrnnnracasasarasssssssesensssssssssssaas 52
4.3.1 XRD analysis..... 52
4.3.2. Fourier transform infrared spectroSCOPY (FTIR)......ccevererersrnsnsercsssncsssnessssnsesesssssssmsesasns 53
~ 4.3.3. Scanning electron microscope (SEM) reeseressssanestat st as R ae st e s R e saannnaeen 55

xviii



4.3.4. Energy dispersive X-ray spectroscopy (EDS)

.. 56

4.3.5. UV-Vis absorption spectra... 57
4.3.6. RAMAaN SPECITOSCOPY ...urrerrerersrerssssesasasonsassnsssssassarsanasssasesassnsassnsnsansasssssssases .59
4.3.7. Photoluminescence spectroscopy ttessisensssnsnsesarsanesens .. 60
4.3.8. Photocatalytic effiCIEncy ..........cccccrmsmsccnresnnsnsnsniecsncnsssensansscsnssnsecsnsansassnessansanens ... 61
4.3.9. Role of scavengers on photocatalytic 8CtIVILY .........cceeeercnssnsenarcnsesnsecsesansnnnenssnsaesenassnns 63
4.3.10. Mechanism discussion ... reestsessssshestetsassestessseatsasasaE SRS SRSt R Rt RS e b R BB ST BSOS 63
4.4. Conclusions. rressesssssesansanse 65
CHAPTERSS .......ccceeevneeee tresessensassssetsnssteresnenssnRr TRt sRasensas a R st s nanatas .67
Influence of integrate nitrogen functionalities in nitrogen doped graphene modified WO;3
functional visible photocatalyst teeessrsesasnsatsans s et s et s n s a s nease st e beanns R aes 67
5.1 Introduction.......cccecersnsersensencensansannannas tressesesnsssesnennsansnnerenans .67
5.2 EXperimental .......coccoivseccmsnsnnsnnnnessssscensamsessssnesssnssssssassnsessisaeses 69
5.2.1 Materials......ccccceeeurereererencn . 69
5.2.2 Synthesis of GO ...... ceressiestsssssensnnnsss s s as bt n s e s ae s s s ana s 69
5.2.3 Preparation of WOs.....ccccocececrvcnnn trestsssssnnssnnaans 70
5.2.4 Synthesis of N-graphene/WO3 nanoCOMPOSILES ......cccseeurerseensrssasassesmsssnsarnsasssessssessassens 70
5.2.5 Characterization techniques .........c.cccccrenincrecanenescrsnessaccnsens 71
5.2.6 Photocatalytic activity of organic species........ccecssurensecs retsnesarsnnsarennanns 71
5.3 Results and discussion ............... eeesessssmsesssesssseesissiattea e ae st s e a s a s ae RS e R R a bR e RS 72
5.3.1. Structural analysis of prepared SAMPIES........ccoeersecacsnennsaccrsancnssrnsssrsssessassscssssssesssasnens 72
5.3.2. Morphological images...........ccceeurnee. . teeresasessaeesssennisnessaanns 75
5.3.3 EDX Analysis and elemental mapping ........cccceeeevesessesersarsnrsaseseesessnesens 77
5.3.4. UV-Vis absorption study and photoluminescence spectra (PL) spectra...........cccceceeenenes 79
5.3.5. XPS analySiS.....ccocreeerrsesersmrnsesrsssmnesnrsnsssnsesssssssssnsssssssssassnsssensasnasssssssesseses 81
5.3.6. Photocatalytic activity and reusability of photocatalysts ................. 82
5.3.7. Study of scavengers and effect of pH on photocatalysis.................. 87
5.3.8. Proposed mechanism of photocatalyst ........cucssesscsicssesnrcsnenssnsncassesarsens 89
5.4 CONCIUSIONS ...coueuceriersusesaricessnsicnsacsisssssssnssmassssssessssesasnssssesassessanssassessassssssassarsesasssassssssasasenss 91
CHAPTER 6........ccconvnervnmrincrarnnnes rreasersssessasasatsasssarsnsssenannsens - 93
Carbon gqauantum dots modified 2D/2D MgO@G nanocomposites as an visible photocatalyst . 93
6.1 Introduction........cccccerereurenneee teessesnnssiinne e en st ssnssararestssass 93
6.2 Materials and Synthesis.........cceceerunee rrerssrssrsnrsarsarssnastrans .95



6.2.1 Synthesis of 2D MgO Sheets.........ccivcvurenenrseniaecsssnsnssrsssasasasasnsesssnsesns 95
6.2.2 Synthesis of graphene sheets and CQDS ......cccoevereresussssecnrensescsssnsensenes w95
6.2.3 Synthesis of 2D-2D Mgo@G and CQDs/MgO@G nanocomposites 95
6.2.4 Characterization Techniques........ 96
6.2.5 PhotocatalyticC aCtiVity ......c.cceceeersesrcnsansansesansensnesscssennsonsonsassnsassaansansansas 96
6.3 Results and dissussion..... . reestestesisntsassatsasansassnnassanaraanss .97
6.3.1 Structural analYSiS .....cccoseeeresansercsrssnsanccsssssssassnsassnssansarssisassnsessessasseneas 97
6.3.2 RAMAN SPECITA....cccoreuremrsranmsrmnnsasarssssssmsassmsassssesstsasssssnsssassssasssrsssstsassensasassnsasssssasnssssaransases 98
6.3.3 FTIR ....eceeeeremcnrennsccsssnenessssersessssssnsessassssnsassnsmsssssssnsssssssssasssssssnssassssassesassnsse .99
6.3.4 Morphological StUAY ........ccccceireceisissscssurenssssnsssansassnsessenarsansssarsssassnssrassnsssssssasssssssassass 100
6.3.5 Energy dispersive x-ray (EDX).......ccccceecssuscninsnnsnscscnsensensecsansenssnsanns 101
6.3.6 UV-vis absorption study ..... 102
6.3.7 Photocatalytic performance..........cccocessesacusscsrsssssassncnsassscssassssnsnsasanses 103
6.3.8 Role of reactive species on photodegradation...........ccceeeceriensnsnnincnsascecsnssnsnnsnsases 104
6.3.9 Photocatalytic mechaniSm............cccrcreeinsnsncnnenssesnsenssnssesssssessneansssesas 105
6.4 Conclusion eeteessssstsseenssesassansnenensaasasanie 106
CHAPTER 7 .curiirrsncacisnsnesnnssinnes 108
Conclusion............. reeststemsssesssssssssssessessssereRIsRSaTtRIsRIARSRTaRSRERAs R e S n R s R ees 108
Future perspective .........c...... 109
References.....ccuenecieninnssnsanssnssccsisacsssssssasnnans ersstsassssssessssessnenssrssstentaansntasenes 111




List of Figures

Figure.1.1: Band alignment of different herojunction...........cceeveiiiiiiiiiiniiiiinniiicennnee 8
Figure.1.2: Different types of Z-scheme photocatalysis..........coeeveereimiiiiiaieiviarnnnnnn. 12
Figure.1.3: Crystal structure 0f MO........cccieimieiiiiiiiiiieniieieniieiiiiiiiiiiiicnins e 17
Figure. 1.4: Band position of graphene sheet...........c.c.ccciiiiiiiiiiiiiiiiiiiiiiiirie . 19

Figure.1.5: Structure of nitrogen doped graphene: N1 (pyridinic), N2 (pyrrollic) and N3

(Quaternary) nitrogen atoms.......... N eeeeceeteressentententtntenstatensennsantonteanetanennrasenrrrnrnnene 21
Figure.1.6: Band position of graphene (a) and N-graphene.............cccciiiviiiiiiiiiieianennnn. 22
Figure.3.1: Basic principle Of SEM........ccciciciiiiiiiiiiiiiiiiiiiiiin et rererecnrasscecesnnemene 38
Figure.3.2: Schematic illustration Of EDX.......ccccciiiiiiiciioiiiiiiiiiniiareianierveraeicaerasanmm 39

Figure.3.3: Basic principle Of TEM ........ccciriiiiiiinrcir i rrnrrrersessesssessssessessessessessssasessessenessd0

Figure.3.4: schematic diagram of FTIR instrument..........cccoieiiiiinieiereiecenrecsenrenencmmnn 40
Figure.3.5: Possible interaction in Raman Spectra...........ccouviceieiiicniiieiicrcniecencenrenesnnns 41
Figure.3.6: Schematic illustration Of PL.........cccoiieiveiiinieeeiiuneeseeninreersieniensesssesomeesns 42
Figure. 3.7: Basic mechanism involved in XPS.......ccccevuiiuireiiiriiraienrereeenrnenrenrereneens 43
Figure.3.8: Basic mehanism involves in UV-Vis SPECIIOSCOPY...c.ccuvurmriurrireeenrearnerenemansenn 44
Figure.3.9: Graphial representation of cyclic votammetry...........ccccoreiiiiiineinncenenennenens 45
Figure.3.10: Assembly illustration of Photocatalytic activity..........cccvvuveveriiinreriovenenienenns 46

Figure 4.1. The synthesis method for 2D-2D graphene/NiO nanocomposite photocatalyst.........51



Figure.4.2. XRD pattern of (A) GO (B) graphene sheets (a) pure NiO nanosheets (b),

graphene/NiO nanocomposites with various concentrations of (c) 3.0 % (d) 5.0% (e) 10.0 %.......53

Figure.4.3. FTIR spectra of pure and composite samples; (a) graphene sheets, (b) NiO nanosheets

and (c) graphene/NiO nanoCOMPOSItE. .....cucererarerrrerareretieieiereieiatereeterasiessrasesassssnasns 54

Figure.4.4 SEM images of pure and composite samples; (a-b) NiO nanosheets (c) graphene sheets

(d-e) graphene/NiO nanocomposite (10.0%  ...cecvviiiiiiriiiiiimiiiiiiiiiiiiiciicirenenen 56

Figure.4.5. EDS of pure NiO (a) and 10.0% graphene/NiO composite (b)..........ccccevueanne 57
Figure.4.6. Optical absorption spectra (Inset showing band gap energy) of pure and various
composites; (A) pure NiO nanosheets (B) graphene/NiO nanocomposite (5.0%) (C) graphene/NiO

nanocomposite (10.0%) (D) Energy band diagram of graphene/NiO nanocomposite............... 59

Figure.4.7. Raman spectra of pure and composite sample; (a) pure NiO nanosheets (b) 10.0%
graphene/NiO nanoCOMPOSIte........ocuuiiiieiiuieeirierenriireirercerrrrestiresreseereeensenrensensens 60
Figure.4.8. PL spectra of pure and composite samples; (a) NiO nanosheets and (b) 10.0%

graphene/NiO COMPOSILES. ... ....veiiiiniiiiiaiiiimrreciireereereereerarterecrateerasenrnrasnerassenes 61

Figure.4.9 (A). Time degradation graph of MO under visible light; (a) NiO nanosheets (b) 3.0%
graphene/NiO nanocomposite (¢) 5.0% graphene/NiO nanocomposite (d) 10.0% graphene/NiO
nanocomposite (e) graphene sheets, (B) Controlled experiments of photocatalytic degradation of

MO using diverse radical scavengers over the graphene/NiO composite under visible light

[0 FE 0] 1 (o) o ¢ 62

Figure.4.10: Photocatalytic mechanism for degradation of organic dye (MO) over the prepared

2D-2D graphene/NiO NanoCOMPOSItE. ......ccerueeenerrnreeerrerniiereersscrasseeenesssmmmessssssens03



Scheme.5.1: The synthesis route of N-graphene/WO3 nanocomposite........covuveun vrevenrnnnans 71

Figure.5.1: XRD pattern of (A) graphene oxide, N-graphene, (B) XRD and (C) FTIR spectra of
WO3, 1.0% N-graphene/WO3, 3.0% N-graphene/WO3 (D) Raman spectrum of graphene oxide,

N-graphene and 3.0% N-graphene/WO3........c.cccotiriinieieieiiiiinenenieiiiiiieieasrasenn 75

Figure.5.2: SEM images of pure WO; (a), N-graphene sheets (b) and 3.0% N-graphene/WOs

nanocomposite (c) TEM images (d, €) and HRTEM (f) of 3.0% N-graphene/WO3 composite.....77

Figure.5.3: EDX spectrum of WQOj3 and 3.0% N-graphene/WO3 and elemental mapping of 3% N-
graphene/WOs and their elements tungsten (W), carbon (C), oxygen (O) and nitrogen (N)
reSPECLiVELY (B-€) ..uiieiiiiiieeiiiiiiteiiiicerenttsteetetenssrensesensensensonsacansansasansarsnsassnans 78
Figure.5.4: Optical absorption spectra (A) and Tauc relation (B), (inset) N-graphene and (C) PL
spectra of corresponding pure WO3, 1.0% N-graphene/WO3 and 3.0% N-graphene/WQO3
COMIPOSIIES. 1t eutirieieriarnrerersatesiressesesesstsrsrecesssssessssssssassssasassssassssssssarasasssasannse 81
Figure.5.5: High revolution XPS spectrum of (a) W4d, (b) O 1s, (c) C 1s and (d) N 1s of 3.0% N-
graphene/WO3 Nan0SYStEM. .. cuvuiuiiieiiriaieretetsrnreriesisssaseressssacesasessarassssssarsrssnsnmne 82
Figure.5.6: Time degradation (A, B), reaction kinetics (C, D) over MO and 2,4-DCP through WOs,
N-graphene, 1.0% N-graphene/WOs, 3.0% N-graphene/ WO; and 5.0% N-

ErapPhenE/ WO, ..o eeiiereecniireearrecererererarerassrsasarasstassarnrerssnnsnssasasessressssnnanses 86
Figure.5.7: Recycling of 3.0 % N-graphene/WOs over MO and 2,4-DCP........c.c.ccceveieennne 87

Figure.5.8: (A) Study of trapping test through 3.0% N-graphene/WO3 photocatalyst on organics
(MO and 2, 4-DCP) without scavenger and with scavengers i.e., ammonium oxalate (AO) for holes

(h™), tetra-butyl alcohol (TBA) for OH* and benzoquinone (BZQ) for 03, respectively. Effect of

xxiii



pH (pH = 1, 2, 5 and 9) on photodegradation of (B) MO and (C) 2, 4-DCP through 3.0% N-

graphene/WOs. ......ouieieieiiiieiiiietiie it risireretertre e ras s rerasarararasasensnatararasasaans 89

Scheme.5.2: Mechanism of degradation of organics under visible light irradiation over N-

graphene/WO3 NanOCOMPOSILE. .....c.cciiirereieriirerecetstaiesiieseserstatseerstansesssssarseassrnns 91

Figure.6.1: XRD pattern of MgO sheets, 2D-2D MgO@G, 1% % CQDs/ MgO@G and 2% CQDs/

MEO@G NANOOMPOSILES. ..eueueurrernenrererreseresrareseresesesarsssrsesesesrersrssssesssrerass o 98
Figure.6.2: Raman spetra of MgO sheets and 2% CQDs/ MgO@G nanoomposites............... 99
Figure.6.3: FTIR spetra of MgO sheets and 2% CQDs/ MgO@G nanoomposites................100

Figure.6.4: SEM images of of graphene sheets , MgO sheeets MgO@G and

2%CQDSMEO@G..ceununnerrrreerrrreens 101
Figure.6.5: EDX pattern of MgO@G and 2% NCQDS/MEO@G. ......evcevermeneenveneeeemeesesnnnn 102

Figure.6.6: Absorption spetra of MgO sheets, 2D-2D MgO@G, 1% % CQDs/ MgO@G and 2%

CQDs/ MgO@G NaNOOMPOSILES. ...vueunnrereirrnerncencnreerasnaeesnsarersssnesssssnsasssessssemmnees 103

Figure.6.7: (A) Photocatalytic degradation % of Congo red through of MgO sheets, 2D-2D
MgO@G, 1%CQDs/ MgO@G and 2%CQDs/MgO@G nano omposites. (B) Controlled

experiment using different radical SCAVENGErS.......ccccvuvriiiiiiireiiniiiieerreeeien e earen o 104

Scheme.6.1: Schematic diagram of photodegradation of Congo red through

CQDs/MgO@G......cccrsuerssunransnns cerrsensssnnasenensasnsasnnee 106

XXiv



List of Tables

Table 4.1. FT-IR absorption band for functional group of graphene sheets, NiO and graphene/NiO

NANOCOMPOSILE. . 1vivireirrerirnaiereririainiatitetasssteeraeseseserssiossssrorssstensossasatatsasseacasarsses 55

Table.4.2. Elemental chemical analysis (atomic and weight %) of NiO sheets and graphene/NiO
nanocomposite calculated by EDS...........c..cociiiiriiiiiiiiiiiiiiiiiiiinin e 56
Table.5.1. Elemental composition of WO3 and 3.0% N-graphene/WO3 nanocomposite calculated
Dy EDX SPECITA. . ..uueueniruirsiraiiiiee e ienisasasssairessenssenrasssassareserassssraetesstsesnssansns 78

Table 5.2. Literature study of photocatalysts in degradation of various organics with present



"\

xxvi



U

CHAPTER 1

Introduction

1.1 Background of Photocatalysis

Environmental technology is facing some critical issues based on increasing air and water
pollution. Industrial, agriculture and domestic activities, accidental spillage, sewage and storm
water, other global and environmental changes are the main sources of water pollution [1,2]. The
numerous pollutants present in contaminated water depends on the nature of agricultural,
industrial, and municipal wastewater releasing activities. There is various type of water pollutants
such as organic, inorganic is biological in nature. The inorganic water pollutants are composed of
heavy carcinogenic and toxic metal. [3]. While the organic pollutants that greatly affect the human
life as well as environment and their effective tendency depends on their structure. As a result,
organic pollutants are further classified into three types based on their chemical composition (1)

organometallic compounds (2) hydrocarbons (3) oxygen, phosphorus, and nitrogen compounds
[4].

The first category consists organometallic compounds with metals like tin and lead. Industrial
discharge materials and agriculture activities are major source of organometallic compounds. The
second category is consist of hydrocarbon and their related compounds such as PAHs (polycyclic
aromatic hydrocarbons), dioxins and DDT (dichloro-diphenyl-tri chloroethane). These
compounds have less solubility in water and more in fats owing to low polarity. Consequently,
they persevere in the environment through agglomeration in the fatty tissues of organisms. The

third group is consisting of heteroatoms like oxygen, nitrogen, and phosphorus in the hydrocarbon

1



structure. The abovementioned atoms are responsible for high polarity of related compounds
which make them fat insoluble and more water soluble. As such, heteroatoms related compounds
are less persistent because they dissolve easily through the environmental activities [4-5].
Moreover, dyes are also stable organic molecules owing to complex structure have extensive use
in food, rubber, plastic, paper, textile, and printing industries. These stable organic dyes are
carcinogenic and poisonous in nature which are not easily affected by light, temperature, and
microbial attacks. Only 15 % dyes are extinct during dyeing activity. Consequently, the
elimination of them is an imperative issue. As a result, shortage and increasing demand of clean
water sources account of rapid population growth, industrialization and long-term droughts have
become a worldwide problem. Nume'rous practical schemes have been applied to produce possible
water resources. To store rainwater for regular activities and enhancing the catchment capability
for water are the scarce techniques to solve the short-term water problems. To suppress the
deteriorating of sanitary water shortage, it is essential to develop an effective, highly efficient,
and cheap water treatment techniques to clean the wastewater. For this purpose, generally used
techniques can be divide into two categories: chemical and physical methods. Screening,
distillation, sedimentation, filtration etc. are included in Physical method while Chemical methods

are contained adsorption, coagulation, and chlorination [2].

The major drawback of all other ;bove mention high-cost techniques to produced hazards
secondary pollutants as a by-product which are harmful for human health [6,7]. In modern era, it
is imperative to develop most effective, inexpensive, and minimum time-consuming technique to
attain safe water. AOP (advance oxidation process) is advanced technology that has the capability
to oxidize pollutants rapidly. In advance oxidation process the reactive radicals are created with

the help of energy sources (sun), one or more oxidants (hydrogen peroxide, ozone, oxygen etc)



and catalyst, which can oxidize the contamination present in water [8]. Therefore, photocatalysis
is an efficient method for numerous'purpose (i) production of hydrogen (ii) for degrading both
aquatic and atmospheric organic pollutants (iii) and antibacterial activity [8,9]. In Recent era, the
photocatalysis has been gaining tremendous attention in wastewater treatment to acquire complete

mineralization of the contaminations [6].
1.2 Nanoscale photocatalyst

Nanotechnology has motivated the researchers to explore the research, where the intriguing and
unique properties of nano-scale materials provide more sustainable and effective solutions of
prevailing effluent-water problems 1:.hat leads to environmental toxicity. In the nanomaterials,
surface properties and quantum effects become more dominant because their large surface area
offer more active sites to promote surface dependent properties. So, nanomaterials are good
adsorbents owing to their fascinating physiochemical properties to boost the photocatalytic

efficiency by decreasing the diffusion length of charge carriers [10-12].

1.2.1 Semiconductor photocatalyst

Over a past decades, the researchers have been paying more attention on photocatalytic reaction
that occurs on semiconductor oxides, selenides, and sulfides surface. Metal selenides and sulfides
are not suitable for photocatalytic .activity because they are unstable, photo-corrosive, and
poisonous. Whereas the nano-size semiconductor such as CeOz, TiOz, ZnO, Cu20, NiO, WOs etc
have been found more effective photocatalyst on account of their less toxicity, high
physiochemical stability and photo-catalytic efficiency, specially having strong capability to

completely degrade the organic contaminants into innocuous products (CO2 and H,0) [12].



1.2.2 Properties of photocatalyst
The points that are given below should be taken under consideration while choosing photocatalyst

for outstanding photo-catalytic activity:

e Band gap is an important feature of photocatalyst. The light irradiation must have energy
equal or greater than the band gap energy of catalyst to proceed the reaction.

e The photon absorption capacity of the catalysts should be as high as possible to generate
more electron-hole pairs.

e The recombination process of electron—hole pairs must be prevented as much as possible
to enhance the quantum efficiency of the photo-generated electron—hole pairs.

o The surface area of the catalysts should be large to provide more reaction sites; and

e The chemical and physical structures of photocatalysts must be stable and be beneficial for
the mass transfer in water.

e High crystalline photocatalyst is essential for photocatalytic activity because the defects on
the material surface behave as recombination centers for the charge carriers, decreasing the
catalysis rate. Furthermore, Lifetime and transferring rate of charge carriers also rely on
the crystallinity of materials. In highly crystalline photocatalyst, transferring and lifetime

of the charge carriers are also enhanced to leads efficient photocatalytic activity.

1.3 Photocatalysis

Itis chemical reaction accelerated by the absorption of light irradiation (photons) via photocatalyst.
There is no changes occur in photocatalyst before and after chemical reaction. Thus, photocatalytic

materials used as a catalyst during catalytic reaction.



1.3.1 Types of Photocatalysis

(a) Homogenous Photocatalysis

If the medium and catalyst have the same phase, then it is known as homogeneous photocatalysis.
Homogeneous photocatalysis contains soluble molecular catalyst’s assembly including catalytic
sites for reduction and oxidation chemical process and light absorbing system on a single form.
Transition-metal complexes are most suitable photocatalysts for homogenous photocatalysis
owing to their suitable band gap and good stability. The production of *OH radial is fundamental
parameter in homogeneous photocatalysis. During this process, the Photo-Fenton reaction
produces "OH radials under light irradiation causes the reduction of photocatalysts. Under this
state, regeneration of Fe?* is allowed by Fe**, Fenton reaction take place owing to existence of

H20> and iron act as a catalyst as depicted in given below equations.

Fe * + H,0, —» Fe** +OH +°OH .1
Fe¥* +HO+HV —» Fe** +H'+'OH (1.2)
[Fe¥Lo]+HV  —» [Fe**1ai]+L" 1.3)

In equation 1.3, L (organic ligand) is more effective than oxidation of organic substrate through

"OH. Thus, the efficient pollutant degradation during chemical reaction is due to substances
containing many carboxyl and hydroxyl groups produced by the oxidation of inert hydrocarbons

via "OH can contribute to afterward reactions [13,14].

(b) Heterogeneous Photocatalysis and its mechanism

If the reaction medium and catalyst are not in the same phase, then it is known as heterogeneous
photocatalysis. Heterogeneous photocatalysis is the most useful method for water treatment

because catalyst material can easily be separated after the application. Generally, solid phase
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semiconductor based photocatalyst on which liquid phase targeted molecules get adsorbed where

degradation phenomenon take place.

Photocatalytic process mainly depends upon the light energy or wavelength. Photocatalyst are used
as catalyst which stimulates the redox reaction under light irradiation owing to their electronic
feature. Under light irradiation, the holes produced in valence band of photocatalyst oxidize the
water molecules to form hydroxyl radicals (having strong oxidizing power) as well as electrons in
conduction band react with oxygen molecules to produced O2™. Subsequently, these OH- and 02"
radials undergo redox reaction that completely degrade the pollutants into water and carbon
dioxide. [15,16]. The photocatalytic phenomenon take place in photocatalyst is described below

by the following equations [17].

Photocatalyst —v e ‘cs + h* va 1.4)
Photocatalyst (e ‘cg) + O2 — O™ (1.5)
Photocatalyst (h* vs) + H2O — H* + "OH (1.6)
Pollutants + *OH + O2 “— Degradation products 1.7

Photocatalytic mechanism strongly depends on redox potential. In addition, the transferring and

recombination rate also rely on the position of valence and conduction band.
Based on band alignment, it has been divided into three groups.

Straddling gap

In this type of hetero-junction, both n and p type semiconductors are directly connected, generating
p-n junction at the interface due to transferring of holes and electrons which is responsible for

forming electrical potential that leads to movement of holes and electrons in same direction. For
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example, excited electrons from conduction band of semi-conductor A to move another
semiconductor B and holes also migrate from valence band of semiconductor A to semiconductor
B (as shown in fig.1.1a) causes the.retardation of recombination rate and improve the photo-
catalytic efficiency. But this type of heretojunction doesn’t exhibit excellent photocatalytic activity

due to accumulation of charge carriers in one semiconductor.

Staggered Gap

Two semiconductors having appropriate band gap relate to each other in such a way that excited
electron from one semiconductor’s (A) conduction band moves toward the other semiconductor
(B) of low energy conduction band under light irradiation. The valence band of the semiconductors
are aligned in this way that that the holes travels in opposite direction of electrons, causing

increased charge separation rate to enhance the photo-catalytic activity (fig.1.1b).

Broken Gap
This kind of hetero junction is like staggered gap except that the band gaps don’t overlap (fig.!.1c).

Consequently, the separation and migration of charge carriers between the semiconductors doesn’t

occur, making it unfavorable for enhancing photocatalytic performance [18,19].
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Figure 1.1. Band alignment of different herojunction (a) Straddlig gap (b) Staggered gap
(c) Broken gap [20]

© Z-scheme photocatalysis
There are two main drawbacks of hetero photocatalysis. (i) Photocatalytic mechanism strongly

depends on redox potential. In addition, the transferring and recombination rate also rely on the
position of valence and conduction band. Redox reaction will be accomplished if the valence band
and conduction band have more positive and negative potential, respectively than potential of
surface reaction. Under light irradiation, exited electrons will migrate to the conduction band of
another semiconductor having low negative potential whereas the holes will move to valence band
of anther semiconductor also have low positive potential as shown in above fig. cause to reduce

the redox capability of charge carriers which decrease photo catalytic efficiency.

(ii) The recombination of charge carriers and redox potential effected by electrostatic repulsion

force in hole-hole and electron—electron.



Therefore, it is necessary to design and explore new photocatalytic systems to solve these
problems. Z-scheme is superior to hetero photocatalysis. In Z-scheme, excited electrons having
low potential will move towards the valence band (holes) of semiconductor I while the conduction
and valence band of semiconductor I 'and II having strong reductive electrons and oxidative holes
which not only increase the charge separation rate but also maintain the strong redox potential to

take part in photo catalytic process [21].

1.3.2 Classification of Z-scheme photocatalyst

(D Traditional Z-scheme (ii) Solid state Z-scheme (iii) Direct Z-scheme

(i) Traditional Z-scheme
The concept of z-scheme has been proposed in 1979. This system consists of two different

semiconductors with appropriate electron mediator i-e I0*/I,, Fe**/ Fe?*. Under light irradiation,
both semiconductors are excited, resulting in photo-generated holes and electrons in their valence
and conduction band respectively. The electrons in conduction band of semiconductor-1 will
migrate to the valence band of semiconductor-II through redox mediator. In redox mediator, the
holes in valence band of Semiconductor-Il interact with electron acceptor, producing the
corresponding electron donor and electron in conduction band of semiconductor-II react with
electron donor, engendering electron acceptor. Thus, the retain holes and electron in valence and
conduction band of semiconductor-I and II have strong redox to participate in chemical reaction

(fig.1.2a).

Drawbacks of traditional Z-scheme
The light shielding due to strong absorb redox mediator, pH sensitivity, transfer rate of photo-

generated charge carriers decreased due to diffusion of ion pairs are the few issues of traditional



z-sheme leads to limit their board applications. In addition, mostly electron mediators are unstable

causes to reduce/suppress the chemical reaction rate [22-24].

(ii) Solid state Z-scheme
In solid state Z-scheme, the conductof such as Ir, Ag, Au, and Cu etc inserted between two different

photo catalysts forms an ohmic contact with minimum contact resistance. The Noble metals act as
solid mediator are high stable play an imperative role to increase the transferring rate of charge
carriers and stability of photocatalysts. Due to effectively improve transferring of charge carriers
by the insertion of conductor, the solid-state Z-sheme can work in gas as well as in liquid phase.
The photogenerated charge carriers simultaneously in valence and conduction band of two
photocatalysts under light irradiation. The electron from conduction band of photo-catalyst -A to
valence band of other photo-catalyst B via ohmic contact which leads to increase in charge
separation. Moreover, the reserved electrons and holes in photocatalysts (fig.1.2b) takes part in

strong reduction and oxidation reaction respectively to degrade the pollutants [24-26].

Drawback of Solid-state Z-scheme
e Though, some solid conductors are very expensive, causes the shielding effect because it
can absorb light itself which effectively reduce the utilization of light irradiation efficiency
for photo-catalyst reaction to some extent [22].
e Synthetic point of view, it is very difficult that the precisely synthesized nano-size solid
conductor lies between the two photocatalysts. Mostly, the solid conductor distributed
randomly on the photo catalysts’ surface which behave as a co-catalyst rather than electron

mediator [23].
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(iii) Direct Z-Scheme

To resolve the above-mentioned issues in Solid state Z-sheme, Cheng and coworkers proposed the
direct Z-scheme in 2010 and Yu and coworkers experimental approved this proposed Z-sheme in
2013. This consist of two different suitable narrow band gap photocatalysts. The heterojuntion
between two photocatalyst is based on their band position and Fermi level. In this Z-sheme, the
Fermi level of reductive photocatalyst will be less negative than oxidative photocatalyst.
Therefore, electrons oxidative photocatalyst interact with holes in reductive photocatalyst without
redox mediator and noble metals to attain Fermi level equilibrium at heterojunction. This
transferring of charge carriers builds an internal electric filed at contact interface (fig.1.2c). The
electron/hole pairs are migrated due to presence of built-in electric field [27-29]. As a result, when
light falls on the photocatalysts, the photogenerated electron on oxidative photocatalyst combine
with hole on reductive photo catalyst due to presence of electrostatic force leads to elimination of
photo generated inactive electron am'i holes. In addition, highly reactive preserved electrons and
holes effectively used for photo-chemical reaction. Besides, the separation of reactive reduction
and oxidation sites increased via direct Z-scheme which is more favorable for efficient photo
catalytic performance. Thus, the formation of direction Z-scheme photocatalyst have great

potential for board practical applications [29].
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Figure 1.2: Different types of Z-schemes photocatalysis (a) Taditional Z-scheme (b) All-solid-

state Z-scheme (c) Diret Z-scheme [30]

1.4 Factors affecting the degradation performance

(a) Morphology of catalyst
The surface morphology such as, porosity, particle size, and surface area play a vital role to attain

excellent photocatalytic performance. Morphology of nanomaterials having small particle size and
large surface area effectively exhibits higher photocatalytic efficiency. Because large number of
atoms are agglomerated on the catalyst surface to promotes high surface to volume ratio which
increase the transfer rate of photogenerated charge carmriers and provide more active sites.
Consequently, the surface morphology of catalyst significantly affects the photocatalytic activity

because oxidation and reduction process occur on their surface.
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(b) Effect of pH
The pH of the solution is another imperative factor for determining the percentage degradation of

organic pollutants. The degradation process is very sensitive to the pH of photocatalytic reaction
[31-33]. So, the adsorption of pollutant’s molecule on the surface of photocatalyst mainly control
by the pH of the reaction solution. Therefore, the degradation phenomenon depends on the
ionization and charge on catalyst surface and the contaminants. In acidic solution, when pH value
is less than zero-point charge of photocatalyst causes the positive charge on photocatalyst leads to
rapid adsorption of anionic organic molecules while in reverse conditions (alkaline solution), the
cationic molecules are absorbed by negatively charged surface of photocatalyst. Meanwhile, the
photodegradation of pollutants is retarded at higher pH (pH >12) because massive production of
hydroxyl radicals competes with the organic molecules for adsorption on photocatalyst’s surface
[34.10].

(c) Light Intensity

The degradation of pollutants is foremost relied on the intensity of light irradiation absorbed by
the photocatalysts [11] For a substance to be photoactive, it is necessary for it to absorb light with
a threshold wavelength for electronic excitation from the valance band to the conduction band, so
that the electrons and holes can migrate onto the catalyst surface [35]. In photocatalytic reaction,
the degradation rate will be different under the light irradiation having different wavelength. The
reaction rate increases linearly as the light intensity increases because the light irradiation is
received by photocatalyst is also increase which stimulate the electrons and enhance photo
catalytic activity. Moreover, there is no significant effect on degradation rate on further increasing
in intensity because optimum number of photons are required to excite all photocatalyst’s particle.

Therefore, further increasing light intensity doesn’t affect the degradation rate [36,37].

13



(d) Catalyst loading
The amount of photocatalyst is one the significant factor to control the photocatalytic degradation.

The high concentration of photocatalyst enhance the degrading efficiency of pollutants an account
off more active sites which leads to the formation of hydroxyl radials. At lower catalyst
concentration, maximum light is transmitted via reactor and remaining fewer light radiation is
utilized during photocatalytic reaction causes the reduce degradation efficiency. Moreover,
increased catalyst loading than optimum value leads to blocking of light penetration on the surface
of photocatalyst to proceed the reaction. Because the accumulation of particles increases as the
concentration of photocatalyst enhance causing the reduction of surface area to absorb light
irradiation thereby abatement formation of electron/hole pairs greatly affect the photocatalytic

performance [38-41].

(e) Concentration of pollutants
The concentration of pollutants plays a significant role to attain tremendous photocatalytic

performance. The degradation efficiency of pollutants enhanced as the concentration of catalyst
increase up to suitable value and reduce as the pollutants’ concentration increases beyond the limit.
Because the high concentration of pollutants causes more absorption on photocatalyst surface
which hinder the reaction between reactive species and absorbed molecules and screening the light
penetration to the surface of the photocatalyst. So, the amount of photocatalyst should be adjusted

based on pollutant’s concentration for efficient degradation rate. [42].

(f) Oxygen

Oxygen acts as an electron acceptor because pre-adsorbed oxygen molecules on catalyst surface

capture the photo-generated electrons to suppress the recombination rate of charge carriers which
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enhance the degradation rate. So, the photocatalysis reaction rate increases as the oxygen increases

[43].
1.5 Applications of photocatalysis

In recent years, the environmental and energy issues arise due to stimulation of industrialization
cause the water and air pollution that directly affect the human life. Photocatalysis is ecofriendly
technique due to simple oxidation equipment, excellent oxidizing ability, production of harmless
by-products. Therefore, photocatalysis technology is widely used in various fields such as
sterilization, hydrogen production via water splitting, air purification, the decomposition of
sewage and carbon dioxide photo-reduction etc. Moreover, this is also extensively used in
automobiles, agriculture, roads, buildings, and household appliances. Subsequently, researchers
still fabricating stable visible light driven photocatalyst to boost up their photocatalytic activity

and to promote the board applications of photocatalytic technique.
1.6 Semiconductor

1.6.1 Nickel oxide (NiO)

The NiO semiconductor composed of Nickel (78.55%) and oxygen (21.40%) [44]. NiO has rock
salt fec crystal structure shows the feature of p-type semiconductor due to nickel vacancies [45-
47]. In NiO crystal structure, at octahedral coordinate, nickel cations have valence state of 2+ (3d%)
leads to strong interaction between electrons in 3d orbitals cause optical band gap in the range of
3.4-4.0 eV [48]. 2D NiO semiconductor has large surface area, high chemical stability, excellent
electrical conductivity as well as o;;tical properties. Moreover, its low toxicity, quantum size

confinement, highly reactive and ecofriendly nature making it as a promising candidate for
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multiple applications. NiO also act as photocatalyst to degrade the strong organic pollutants into

harmless products [46,49,50].

1.6.2 Tungsten Trioxide (WO3)

Thermally stable N-type WO3 semiconductor with band gap (2.4-2.9) have complicated crystal
structure in which WOs regular octahedral structure based on shared corners and edges connected
with other through weak van der waals force. Furthermore, oxygen atoms are attached at the corner
of each octahedron [51-53]. Owing to their unique crystal structure and feature such as nontoxic,
excellent electron mobility, active both in UV and visible light region due to narrow band gap (2.4-
2.9eV) making it promising material in various fields (de sensitized solar cells, sensing of toxic

gases, photoeletrocatalysis, photo catalysis, and water splitting photocatalyst) [54, 55].

1.6.3 Magnesium oxide (MgO)

MgO is an insulator having a rock-salt like structure. In rock-salt structure each cation is associated
with six neighbor anions making it neutral and stable material. So, each magnesium ions Mg?* is
linked with octahedral oxygen ions ((52' anions) as shown in fig.1.3. The magnesium is in 2p state
because it donates two electrons to neighbor oxygen atom. MgO has been widely used in multiple
applications owing to its tremendous properties such as non-toxicity, high hardness and
temperature resistance, low cost, and optical transmittance. But its applications are limited due to

wide energy band gap which can be modified by an effective method (nanocomposites) [56,57].

16



Figure.1.3: Crystal structure of MgO [58]

1.7 Limitation of semiconductor photocatalysts

The photocatalytic efficiency of semiconductors has the following limitations.

e Minimum interfacial photo-generated charge transferring and separation rate

e  Quick recombination of photo-generated charge carriers

e Having minimum visible-light response

e Relatively low surface area

e Most semiconductors having minimum visible-light response owing to their large band gap

which make them less effective over a wide solar photocatalysis applications [59,60].

1.8 Semiconductor/ graphene sheets

In present era, 2D carbon-based nanomaterials have been gaining more attention as an excellent
photo catalyst for wider potential in photo catalytic applications owing to fascinating properties.
2D carbonaceous materials such as carbon nitride, graphene oxide and graphene etc offer a niche

for tailoring their physiochemical properties, which assist fo suppress the charge recombination
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rate which is favorable for photodegrdation of pollutants. Among all other carbonaceous
materials, exfoliation of graphene (2D carbon allotropy) in 2004 has gained substantial attraction
for hosting numerous intriguing properties which attributed to its novel electronic band feature.
The fascinating electronic structure, high conductive surface, light absorption of wide range of
wavelengths and the large surface area due to 2D crystal lattice (sp? carbon network), making it
an ideal candidate to enhance the photocatalytic efficiency. [59, 61-63] Besides, graphene sheets
aliow ballistic transport making itself an ideal electron transfer media or electron acceptor.
Therefore, Graphene base semiconductor photo catalyst is more valuable/suitable to boost the
photo degradation of pollutants because incorporation of graphene delays the agglomeration of
nanomaterial and increase large surface area of synthesized sample for adsorption of pollutants

[59].
1.9 Graphene sheets

1.9.1 Structure and electronic properties of graphene

In graphene, outer orbitals of carbon atom are comprised of three sigma bonds separated through
120 and one 2p, remaining orbital aligned perpendicular to the graphene surface. The two
corresponding carbon sub lattices a, b per unit cell forms the hexagonal lattice structure of
graphene sheets. The pi-electrons between two adjacent carbon atoms having 2p. orbitals relate to
n* and nt bands that form empty CB (conduction band) and filled VB (valence band) respectively.
The n and n*bands meet at six points known as direct points (fig.1.4. Ref. 63). The two
independent point (K' and K) exhibits linear dispersion of orthogonal n* and = states owing to
symmetrical structure of graphene sheets. The two bands (x and x*) touch at Dirac pints show that

the graphene is a semiconductor with zero band gap or semimetal.
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Figure.1.4. Band position of graphene sheet [63]

1.9.2 Role of graphene sheet in photocatalysis

Graphene base nanomaterials an effectively remove the pollutants through two was adsorption and
photo-degration. Graphene has tremendous properties (e.g large specific surface area, hydrophobic
nature) which make it excellent adsorbent for organic molecules than other carbonaceous materials

like AC (activated carbon), CNTs (carbon nanotube) and GO (graphene oxide).

The most essential adsorption reaction between graphene and organic molecules is pi-pi
interaction. Because the graphene contains pi-electrons, perpendicular to the surface, actively
interact with pi- electron of organic compounds to form pi-pi bond. For maximum adsorption of
organic pollutants, the graphene exhibits strong pi-pi interaction due to presences massive,
delocalized pi electrons on its surface. This interaction greatly affected by relative position and
number of aromatic rings exist in the organic molecules and carbon-carbon double bond of
molecules to hexagon graphene. It is noteworthy that graphene surface has resilient tendency to
adsorb pollutants due to massive pi electrons and flat conformation. In contrast, graphene oxide is
not favorable to process the pi-pi interaction between aromatic ring and p-orbitals (graphenee

oxide) owing to present of less p electrons. Therefore, the graphene is considered is an ideal
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material for the degradation of organic pollutants that comprised of benzene rings or C=C double

bonds.

1.9.3 N-doped graphene sheets

Graphene is a promising candidate for photo catalytic performance, however there are few
drawbacks of ggraphene. In pristine graphene, the unpaired pi- electrons are tightly bonded in it
delocalized conjugate system making it chemically inert which retard its reactivity and
absorptivity. Though these pi-electrons cause the adsorption of pollutants via pi-pi interaction, but
this interaction is minimal and weak. Luckily, the incorporation of heteroatoms with a various
electronegativity will break their crystal lattice leads to formation of unbalance charge distribution
which assist as massive active sites. Therefore, formation of abundant active sites making grpahene
chemically rich for strong interaction assist to boost the photocatalytic activity. Furthermore,
doping of heteroatom in graphene sheets open a band gap of graphene (change metallic to
semiconductor) due to formation of additional electronic states caused to explore its nano-range
features. Consequently, this is most desirable practical technique for low- cost and metal free

photocatalyst making it catalytically capable for its own [63,64]

1.9.4 Structural of NG

Incorporation of heteroatoms like O, F, H, N, etc modify the electronic properties of graphene
sheets. Tailoring the charge distribution of graphene surface by introduction with various elements
effectively modify their physiochemical features. The dopant elements act as acceptors or donor
based on their electronegativity. As compared to other heteroatoms, nitrogen doped atoms exhibit
the excellent results because N 1s orbit have higher energy level which is responsible for rising
the energy level of hybridized orbital. N-graphene have four types of N-bonding configuration (i)

N pymrolic, (ii) pyridinic N-oxide, (iii) N quaternary or N graphitic and (iv) N pyridinic. In
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pyridinic nitrogen, the N-atom (N1) swaps the carbon atom at edge or vacancy of hexagonal ring
of graphene sheets. Second, Quaternary nitrogen also known as graphite nitrogen which maintain
the hexagonal ring structure by introducing the nitrogen atom in non-vacant place of sheets as
shown in Fig. lastly, the substitution of N-aloms forms the five member ring with carbon atom in

sheet called pyrrolic nitrogen. (fig.1.5). [63-66].

Figure, 1.5: Structure of nitrogen doped graphene: N1 (pyridinic), N2 (pyrrollic) and N3

(Quatemnary) nitrogen atoms [67]

1.9.5 Band structure of NG

Pristine graphene is a zero-band gap semimetal in which pi- and pi * band of sheets symmetrically
touch at Dirac cone where the Fermi level lies (Fig.1.6a). Doped N-atom tailored the band structure
of graphene sheets. N-atom has one extra electron than C—atom cause the excessive pi-electron to
occupy the n*-state conduction band (Fig.1.6b) leads to open the band gap. The concentration of
nitrogen atoms plays an imperative role to tune the band gap of N-graphene to fulfill the desired
demand. Subsequently, the modified band and atomic structure of N-graphene brings major

advantages in photocatalytic applications.
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Figure.1.6: Band position of graphene (a) and N-graphene (b) [67]

1.9.6 Advantages of N-doped Graphene

e Generally, the N-graphene sheets have thickness in the range of nanometer. The doping of
NG in semiconductor provides the short path for photo-generated charge carriers, assisting
the transfer of electrons from semiconductor to NG surface (comprise of massive active
sites) for chemical reaction. As a result, NG retards the recombination rate of charge
carriers and enhance photo catalytic activity.

o The charge distribution and spin density of C-atoms are affected by N-doped atoms,
creating active areas on graphene sheet surface. These “activated areas™ are conductive to
hosting reactive species. Therefore, N-atoms facilitate to boost the activation and

adsorption of reactants and directly contribute to chemical creation.

Morover, N-graphene shows strong interfacial interaction with other semiconductors photo-
catalysts leads to increase photo-catalytic performance. Thns, Tunable band gap and structure

properties of N- graphene open its potential in versatile applications [68,69].
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1.10 Carbon quantum dots

Carbon quantum dots have quasi spherical shape (zero dimension) with a diameter less than10nm
and consist of oxygen, nitrogen, carbon, hydrogen etc [70,71]. Due to their intriguing properties
non-toxic, photo-stability, chemically inert, wavelength dependent photoluminescence and their

hydrophilic nature making it an ideal candidate for environmental applications [71,72].
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CHAPTER 2

Literature Review

2.1 Photocatalysis

From last two decades, nontoxic, cheap, and ecofriendly photocatalysis approach have been
gaining tremendous attention for environmental remediation and researchers still working to
fabricate an efficient visible light active photocatalyst for energy applications to fulfill the desire
energy growing demands of mankind. First Berzelius introduced the word “catalysis™ and later
(1910) the term *“‘photocatalysis” was coined in a book by the Russian scientist J. Plotnikow.
Besides the environmental remediation through photocatalysis, the researcher offered an
innovative idea to generate the fuel from water splitting process. To proceed the purpose of my
research, here I will briefly explain the review of different research groups worked on the different

semiconductors and graphene base materials to utilize in environmental remediation.

2.2 Semiconductors and graphene base semiconductor as photocatalyst

The semiconductors are considered as a component material in photocatalytic applications such as
(hydrogen production through photocatalytic water splitting and decomposition of pollutants etc)
owing their fascinating charge transport ability and electronic features. Different semiconductors
(WO3, NiO, MgO etc) have been used in various environmental applications not only itself used
as photocatalyst but also fabricated different nanocomposites by introducing other materials into

semiconductor via different synthetic routes.
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Among all other arbon 2D Graphene nanosheet with intriguing intrinsic properties such as light
gathering, high electron mobility making it an ideal candidate as photocatalyst. Therefore, the

graphene-based materials are deigned to effectively utilize in multiple environmental applications.

In below section, the brief review covers the role of Semiconductors and graphene base

semiconductors photocatalysts in photocatalytic applications.
2.2.1 Nickel oxide (NiO)

Motahari, F. et al synthesized the NiO nanoparticles through thermal decomposition process using
B-Ni (OH): as a precursor. The photocatalytic efficiency of NiO was evaluated to examine the
different parameters such as pH, irradiation time, concentration of dye and photocatalyst to
decompose the organic dye (Rhodamine B). The results indicate that the NiO is an effect material
for photocatalytic activity under visible light [73]. Haider, A.J. et al Prepared NiO NPs via sol gel
process using nickel acetate as a reagent material and then formed a NiO thin film through spin-
coating method. They studied their photo-catalytic activity using KMnOs as a pollutant and the
effect of particles weight and size was also analyzed for photo-degradation efficiency under visible
light region [74]. Khairnar, S. D. et al, evaluated the photo-degradation of Rhodamine B and
methylene blue with NiO NPs. They applied facile chemical method to prepare NiO nanoparticles
using NaHCO3 and NiCl. as starting a starting material. The prepared NiO was used as competent
material due to low band gap and photo-stability to expose in visible light source. The photo-
degradation performance was evaluated to analyze the effect of numerous factors such as
concentration of NiO, radiation time, initial amount of de and pH. Thus, the results indicate that
NiO exhibited excellent photocatalytic performance for both organic dye Rhodamine B and
methylene blue at different pH value 7 and 2, respectively. Besides, NiO NPs was also used as

antimicrobial activity against the gram-negative and positive microorganisms [75]. Maniammal,
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K. et al adopted the two-step method to fabricate the semiconductor mesoporous NiO with average
particle size 2-3nm which conﬁrmed.by the structural and surface and DC electrical conductivity
techniques. The mesoporous NiO was found to be an excellent photocatalyst for the decomposition
of organic pollutant (methylene blue) in aqueous solution in both visible and UV region owing to
large surface area and presence of O?~ and Ni?* vacancies. [76]. Chaudhary, S. et al examined the
antibacterial, seed germination and photocatalytic activity of synthesized NiO nanodisks. The
photocatalytic experiment exposed that the NiO nanodisks exhibit good photo-degradation
(methylene blue 98.7%) and high photo stability. Morever, NiO nanodisks was also test for

antibacterial activity against Escherichia coli and Staphylococcus aureus [77].

Thampy, U.U. et al, synthesized th;e ZnO/NiO nanocomposites to enhance the photocatalytic
efficiency of ZnO. The experimental results revealed that the ZnO/NiO nanoomposites exhibit
better degradation efficiency for MB than pure ZnO under solar irradiation owing to internal
electric field create at interface of ZnO/NiO [78]. Chen, C. J. et al, purposed that the synthesizing
NiO/TiO nanocomposites improved the photo-activity owing to P-N junction that leads to suppress
the recombination of photo-generated charge carriers [79]. Vidya, J and Balamurugan, P. prepared
the PANi—NiO composites through oxidative polymerization process. The photo catalytic
experiment results indicate that that the prepared sample decomposed the methylene blue up to
76% under visible light illumination [80]. Faisal, M. et al, purposed that the synthesis of NiO/TiO
nanoomposites with different of NiO showed excellent photo catalytic performance towards the
methylene blue and gemifloxacin mesylate than pure NiO and TiO due to synergistic effect at the
interface of NiO/TiO nanoomposites, porous structure, large surface area and low energy band gap
[81]. Santos, R.K. ef al, synthesized the AgsPO4+/NiO nanoomposites with various quantity of

AgiPOy via precipitation process to improve their photocatalytic activity for environmental
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remediation. They employed the prepared nanoomposites for decomposition of organic dye
(thodamine B). The results suggested that the AgsPO«/NiO photocatalyst showed the enhanced
degradation efficiency than pure AgisPOs due to strong interaction between the phases [82]. Ding,
M. et al investigate the photocatalytic performance of prepared ZnO@NiO by measuring the
degradation percentage of both organic dyes (methyl orange and rohdamine B) under ultraviolet
light source. The photocatalytic assessment revealed that P-N junction play an imperative role to
increase the degradation efficiency of ZnO@NiO core—shell photocatalyst than pure NiO sheets
and ZnO nanorods [83]. Chen J.Z.et al synthesized NiO/ TiO2 omposites nanostructure on a film
surface of TiO2. Their photo catalytic properties were analyzed by degradation the methylene blue
in aeuous solution. The performed degradation experiment result revealed that the strong internal
electric field effectively reduce the recombination rate of eletron/hole pairs. Besides, the minimum
thickness of NiO also beneficial to transfer the photoengraved charge carriers on the surface to

degrade the dyes [84].

Soofivand, F and Salavati-Niasari, M. evaluated the photocatalytic activity for degradation of
methyl orange under both UV and visible light illumination with NiO/graphene photocatalyst. The
performed photocatalytic assessment exposed that the large surface area of NiO/graphene
composites (due to incorporation of graphene) is beneficial to reduce the recombination of charge
carriers that led to improve degradation efficiency [85]. Rahimi, K. et al, Prepared rGO/NiO
composites with optimum amount of reduce graphene oxide via thermal decomposition method.
The induced reduce graphene sheets activate the NiO nanowire in visible region by reducing it
optical band gap (3.3 to 2.8 eV). Therefore, rGO/NiO nanostructure exhibit the excellent photo-
degradation towards the organic dye than pure NiO nanowire [86]. Sadhukhan, S. et gl,

Synthesized rGO/NiO nanocomposites via hydrothermal process. The synthesized material was
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used to expose their degradation efficiency under visible light source. The charge transformation
from NiO to graphene effectively reduce the recombination rate which is more favorable for
degradation of methylene blue [87]. Al-Nafiey, A. et al synthesized visible light-driven
photocatalyst rGO/NiO to improve the degradation of performance of organic dye. The expose
methylene blue (MB) under visible light irradiation was effectively degrade [88]. Chen, J. et al
Have employed the Synthesize visible light active photo-catalyst TiO2 (sheet) /NiO (nanorod)
hetero-structure to degrade the methyl blue (MB) and phenol under visible light irradiation. The
photo-catalyst showed good photo-catalytic activity (90%) and reusability against organic dye

[89].

Above literature demonstrate that the fabrication of 2D materials is considered as efficient
photocatalyst for degradation of water waste product. In my present work, I have synthesized novel
photocatalysts 2D/2D NiO/graphene with increase massive active sites and large surface area
which was more favorable for photocatalytic activity. The 2D/2D NiO/graphene photocatalyst
showed excellent degradation efficiency toward methyl orange under visible light due to strong

interfacial coupling.
2.2.2 Tungsten trioxide (WQ3)

The WO; is an N-type visible light-driven photocatalyst with band gap 2.7-2.8eV. But its photo
catalytic efficiency in visible light region is limited due to quick recombination rate of charge
carriers. Visible light photocatalytic activity of WO; is improved by tailoring its optical properties
and surface morphology. There are following numerous reports in which the photocatalytic
efficiency is increased by modifying the WO3 with other semiconductors and carbonaceous
material. Alaei, M et al prepared WO3 NPs with two different average particles size (50 and 80nm)

via spray pyrolysis approach. These light active photocatalyst showed different photocatalytic
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properties against Congo red and rohdamine B. They observed that the WO3 with different particle
size behave inversely with dyes in degradation reaction due to electrostatic surface interaction
[90]. Desseigne, M et al exposed the photo catalytic efficiency of WO3 NPs with two different
morphologies pseudospheres and nano-plates synthesized through simple chemical method. The
de-colorization of organic dyes exhibited that photocatalytic property of WO3 (pseudospheres)
photocatalyst was higher than WO3 nanoplates [91]. Sayama, K.et al studied the photo catalytic
properties of synthesized WO; from amorphous peroxo-tungstic acid. The potocatalytic
experiment was performed at visible light region by exposing hexane along with WQs. It showed
high degradation owing to good crystallinity and large surface area than commercial WO3 [92].
Ashkarran, A. A. et al applied arc discharge approach to prepare the WO3 NPs in deionized water
medium. The size of NPs was increased as increasing the arc current. The increase particle size
(64nm) tunes the optical band gap (2.9 to 2.6eV). The photocatalytic assessment concludes that

f‘\’) the prepared photocatalyst at low current boost the photo-degradation efficiency of WO3 NPs
%’ towards the Rhodamine B in visible light region owing to small particle size and large surface area
+ [93]. Zhang, G et al successfully prepared high crystalline WO3 sheets with average size 200-
(=" 500nm by hydrothermal approach. Modified WOs sheets with Pt (act as co-catalyst) boost the
photocatalytic properties of WOs3 in visible region. They observed that he 2% Pt/WOj3 sheets
displayed good degradation efficiency against tetracycline than pure WO3 nanosheets [94]. Wang,

L. et al used hydrothermal approach to synthesize the WO3 nanotube at 200°C. The synthesized
sample showed better photocatalytic a'ctivity in visible light region for decomposing the rhodamine

B than WO3-0.33H20/WO3 and WO3-H20 which were attained at 140 and 80°C, respectively [95].
Abazari, R. et al synthesized WO3; NPs via reverse microemulsion approach to improve the

photocatalytic performance in visible region. The observed that visible light photocatalytic
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performance for decomposing methylene blue as compared commercial P-25 TiO2 and bulk WO3

[96].

Liu, Z. et al Prepared CaFe>04 (CFO)YWO3 nanoomposites by mixing different of CFO in WOs3 to
enhance the photocatalytic performahce of WOs in visible light region. The visible light photo
catalytic activity of CaFe20s (CFO)YWOs; photocatalysts was evaluate by degrading the
acetaldehyde. The experimental results reveal that the 5% CFO coupled with WOs displayed high
photocatalytic efficiency. Moreover, ITO and Ag coating on the CFO also effectively enhance the
photocatalytic properties [97]. Adhikari, S. et al Increase photo-response range and retard the
recombination rate of photogenerated charge carriers by fabricating Bi2O3/WO3 heterostructure
via hydrothermal method. They observed that the as-prepared sample display higher photocatalytic
activity by degradation the 4-nitroaniline and rhodamine B than pure WO3 and Bi2Os under visible
light source [98]. Tahir, M. B et al exposed the visible light photo-catalytic properties of WO3/TiO:
photocatalyst by decomposing the ciprofloxacin. They found that incorporation of TiO modified
the morphology and optical properties of WOs3 that promotes their photo-degradation efficiency.
Therefore, increased visible light absorption rate and novel morphology structure are the key
parameter to enhance the degradation efficiency of 2% of WO3/TiO2 nano composite [99]. Priya.
A. et al fabricated BiFeWOs/WO3 composites with different wt % (1,2 and 3) of bismuth iron
tungstate via wet chemical approach. The visible light irradiation was exposed on the synthesized
composite to investigate their photocatalytic properties. The results indicates that the 1%
BiFeWOs/WOj3 composite displayed good photodegradation efficiency than pure WO; by
increasing the charge transfer rate. Besides, the as-prepared composites showed good photo
stability and reusability in visible range [100]. Chai, B. et al investigated the physiochemical

properties and photocatalytic activity of Z-scheme WQ3/g-C3N; heterostructures through various
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techniques which were synthesized B anchoring the wo3 nanoplates on the surface of g-C3Na. The
introducing WO3 on g-C3Ns not only increase interfacial contact area, but also promotes the
separation and transferring rate of electron/hole pairs. Subsequently, the photo- degradation result
reveal that higher photocatalytic efficiency could be ascribed to the formation of Z-scheme visible
light photo catalyst [101]. Wang, S.L. et al purposed that the 2D photocatalysts (tungsten
carbide/tungsten trioxide) effectively improve visible light photocatalytic application due to strong
interfacial interaction that leads to enhance charge separation and transferring rate from the
conduction band of WQ3 to tungsten carbide. As a result, the experimental results indicates that
tungsten carbide and tungsten trioxide composites exhibited good degradation efficiency toward
organic pollutant (89%) under vis-IR light Due to synergistic effect between them [102]. Leghari,
S.A. et al prepared WO3/TiO2 nanoomposites with different contents (1, 2, 4,5, and 10 wt %) of
WOs to improve photo degradation efficiency in visible light region. The obtained results
demonstrate that the induce WOs at as electron acceptor causing to inhibit the recombination rate.
Therefore, 5% WOs/ TiO2 photocatalyst showed higher degradation efficiency (70%) towards the
methyl orange (MO) owing to large mesoporous spheres and novel mesostructure [103]. Sajjad,
A K. L. et al fabricated visible light active photocatalysts ZnO/WOs with different concentration
of ZnO. The inhering of ZnO on WO; cause fo reduce the band gap of WO; and retard the
recombination rate of charge carriers. Therefore, 2%Zn0O/WOQO; composite exhibited highest photo

degradation of MO (100%) under visible light than pure WO;3 [104].

Ramesh, K. et al. prepared strong anchoring of metal oxide (ZnO, TiO; annd WO3) over reduce
graphene oxide sheet to increase organic pollutants (MB and BPA) absorption and charge
transferring rate. Among them, RGO/TiO: exhibits highest photo degradation and good stability

against BPA [105]. Tran, V. A et al. prepared the ternary photocatalyst Ag@WO:;@rGO to
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enhance the photo degradation of RhB under visible light. Moreover, the crystal structure and
morphology of WOs is not affected by existence of rGO and Ag but they provide the path for
electron transferring [106]. Shi, R.et al. successfully synthesized N-doped graphene-based
CuO/WO0s3/Cu by using GO and Cu(salen)PWi2 complex as the substrate and precursor
respectively. The CuO/WO3/Cu@CN photocatalyst effectively improved the degradation of
organic dyes (CV, MO, RhB and MB) under visible light source [107]. Chaudhary, K et al.
synthesized WO3-ZnO@rGO ternary nanocomposites by incorporating the WO3-ZnO over rGO
sheets through ultrasound-assisted method. The results indicate that the synergistic effects at the
interfaces of WO3-ZnO@rGO nanocomposites leads to increase transferring and separation rate
of charge carriers which causes the improved photocatalytic efficiency (94%) as well as good
stability towards the dye (methylene blue) under visible light [108]. Neena, D. et al prepared N-
rGO/ZnO nano composites through solvothermal process to improve the photocatalytic efficiency
for the photo-degradation of organic' pollutants. The results indicate that the N-rGO/ZnO photo
catalyst exhibited enhance photocatalytic efficiency towards the pollutant (2,4- DCP) than bare
ZnO rods under visible light [109]. Khan, M. Y. et al synthesized unique indigo-RGO/WO;
nanoomposites to increase the visible light absorption which is more favorable for improved
photocatalytic performance. The photocatalytic efficiency of as-prepared sample was carried out
at different pH values as well as catalyst contents. The experimental result reveal that the 30mg
catalyst showed highest degradation efficiency at pH=11 [110]. Hu, X et al fabricated the
WO+/GRx (x=0.1, 0.5, and 1) nanocomposites by incorporating the wo3 nanorods over graphene
sheets via hydrothermal process. The photocatalytic properties of synthesized material were
carried out by decomposition of organic dye (methylene blue) under visible light illumination.

From obtained results, they analyzed that the 1% WOs/GR nanocomposite showed better
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degradation efficiency (83%) than pure WO3 due to large interfacial contact area and wide visible
light absorption range that cause to increase transferring rate [111]. Nugraha, M. W. et al
Fabricated WO3/N-CQDs (carbon quantum dots derived from sugarcane) composites with varying
quantity of N-CQDs. The found that the anchoring of N-CQDs on the surface of WO; leads to
large surface area, low band gap and high crystallinity of WO3. The catalytic properties of as-
prepared samples were detected by removal rate of dye (MB) under visible light irradiation. Thus,
the increased visible light harvesting efficiency owing to low band gap cause to enhance the
photocatalytic activity towards MB. The experimental result indicates that the 2.5%WO3/N-CQDs
nanocomposite displayed higher photocatalytic performance (96.8%) as well as photo stability and
reusability [112]. Li, G. et al designed z-scheme WQO3/MoS2-rGO ternary nanocomposite to
improve photo catalytic efficiency. The WO3/MoS2-rGO with 10% mass fraction of MoS2-rGO
exhibited superior removal rate of rhodamine B than other prepared samples (WO3/MoS; and
WOs). They also found that the holes. and hydroxyl are the main active species to degrade the dye
under visible light during chemical reaction through radial trapped experiment [113]. Zhi, L. et al
designed unique hollow hierarchical flower like structure of Agl/WOj3 z-scheme photocatalyst by
decorating 3D WO3 hollow nano-flowers with Agl NPs to boost the light harvesting efficiency.
Their photocatalytic efficiency was tested by removal of Eosin B and tetracycline hydrochloride
from aqueous solution under LED lamp (5W). They observed that Agl/WO3 hollow hierarchical
nanoflower displayed remarkable photocatalytic efficiency as well as photo-stability than pure 3D
WO;3 hollow flowers, Agl NPs and Agl/WOs nanosheets. This is attributed that the high light
absorption efficiency and z-scheme coupled hetero-interface junction are the main factors to

effectively improve the transferring rate of charge carriers [114).
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The development z-scheme graphene base photocatalyst effectively enhance the photo degradation
efficiency. In my publication —II, I have synthesized N-doped graphene modified WO3 Z-scheme
photocatalyst to boost the photocatalytic activity towards the mixture of strong pollutants (MO and

2. 4 DCP) in the presence of visible light source.
2.2.3 Magnesium Oxide (MgO)

Zheng, Y. et al evaluate the photocatalytic efficiency of MgO micro-particles with flower like
structure to decomposing the different organic dyes such as Congo red, eriochrome black T,
methylene blue, bromothymol blue and their mixture under UV light source [115]. Mageshwari,
K et al prepared hierarchical MgO with coral-like nanostructure to improve the photo-catalytic
performance. They performed photocatalytic experiment on the organic dye (MO) to investigate
the photocatalytic efficiency of as-synthesized sample and observed that sample exhibit good
degradation efficiency towards MO due to porous structure and large surface area [116]. Taourati,
R. et al investigate the photocatalytic property of MgO NPs employing the degradation reaction of
Alizarin red S. The experimental results demonstrate that the MgO displayed higher photocatalytic
efficiency (80%) as well as good stability under UV light illumination [117]. Khan, M. L. et al
synthesized MgO NPs with band gap (4.17eV) via ecofriendly green approach. The band gap value
effectively the enhance photocatalytic properties of MgO by decomposition the MB under UV

light [118].

Bandara et al prepared TiO2/MgO nano-porous structure in which MgO layer act as an electron
sink and barrier to retard the recombination rate cause to boost the photo catalytic performance of
TiO, for oxidation of 2,4-dichlorophenol, 2-chlorophenol and 4-aminobenzoic. Besides, the
observed that the thickness of MgO layer strong effect the degradation efficiency of TiO2 [119].

Nga. N. K et al have investigated the photo catalytic activity of chitosan/MgO nanoomposites by
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detoxifying the RB (reactive blue) 19 pollutant. They observed that chitosan/MgO exhibited good

photo catalytic performance against RB (reactive blue) 19 pollutant than pristine MgO [120].

In my present work, 1 have synthesized binary 2D/2D MgO@G and ternary CQDs/MgO@G
nanocomposites were synthesized to remarkably tune the band gap of MgO with increase massive
active sites and large surface area v.vhich was more favorable for photocatalytic activity. The
temary CQDs/MgO@G photocatalyst showed excellent degradation efficiency towards pollutant

under visible light due to strong interfacial coupling.
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CHAPTER 3

3.1 Experimental methods

3.1.1 Sol gel method

It is wet chemical method to synthesize the high-quality nanomaterials. In this method, the liquid
precursor changed into sol, and it further transformed into network structure called gel. The
precursor used in this method are metal alkoxides. There are following basic steps involved in the
fabrication of nanomaterials. (i) Sol is formed through the hydrolysis of metal oxide occur in water.
(i) Condensation, which leads to formation of porous structure due to increase in solvent
viscosity. Moreover, Oxo- (M-O-M), hydroxo- (M—OH-M) bridges create, causing formation of
metal-oxo-polymer or metal-hydroxo- during condensation process. (iii) After that, aging take
place in which distance between colloidal particles increased and porosity decrease. Lastly, gel
undergo drying and calcination to remove the organic solvent and water from gel and obtained

desire product [121].

3.1.2 Hydrothermal

Hydrothermal is an effective and low-cost technique to synthesize the nanomaterials. The hydro
mean “water” and thermal mean “heat” [122]. High temperature is required for hydrothermal
process. Two basic steps (i) crystal nucleation and (ii) subsequent growth involved in the
fabrication of nanomaterial. The desire size and morphology of product can be obtained by
controlling the various parameters such as pH, pressure, additives, temperature, and amount of

reactant [123,124].
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3.2 Characterization techniques

3.2.1 X-ray diffraction

The crystallinity, phase, purity, orientation, lattice parameters and size of nanomaterial is
determined by X-ray diffraction (XRD) [125]. This technique based on the Bragg’s law. To
analyze the crystal structure of sample, the X-rays fall on the sample that scattered through each
atom within the sample. If these scattered X-rays (from atomic plane) are in-phase, resulting
constructive interference and get maximum intensity at specific angle. The inter planner spacing
was calculated using Bragg’s law: 2d sin 8 = n A. Besides, the size of crystalline material was

determined by Debye-Scherrer’s formula as give below.
D=KA/p cosd 3.1

Here, k is sheerer constant, B represents full width half maximum [FWHM] and A is wavelength

of x-rays [126,127].

3.2.2 Scanning electron microscope (SEM)

The scanning electron microscope instrument used high energy electron beam to scan the surface
of specimen. When electron beam is fall on the surface of specimen, three kinds of electrons (such
as secondary electrons, backscattered electrons, and auger electrons) are emitted with X-rays.
Basically, secondary, and backscattered electrons play an important role to scan the specimen.
Elastic scattering of electrons after reflecting from the specimen produced backscattered electrons.
Whereas secondary electrons are originated from the atoms of specimen. They are result of
inelastic collision between sample and electron beam. Secondary and backscattered electrons come
from surface and deeper surface of the specimen, respectively. Subsequently, Backscattered, and

secondary electrons provide different information: Backscattered electrons provide the detail of
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the atomic number. While the secondary electrons are responsible to produce high-resolution

images in the range of 1-5nm and X-rays are used identify the composition of element using EDX

technique [125,128].
Electron beam from the source
Incoming primary electrons
Figure. 3.1: Basic principle of SEM [129]
3.2.3 Energy dispersive X-ray

This technique is used for both quantitative and qualitative analysis to identify the chemical and
elemental composition of the prepared sample. For this purpose, SEM instrument fitted with an x~-
ray detector is used to excite the atoms within a sample through high energy electron beam. When
high energy beam is strike to the inner shell of the atom, displace an electron from the shell leaving
behind the holes. To fill the vacancy, the electron from higher energy level is move towards the
lower energy level by emitting the specific energy called x-rays (fig.3.2) and are detected by x-ray
detector. The emitted x-rays have unique energy corresponding to the element. Therefore, these

X-rays are used to identify elements present within the prepared sample.
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Figure. 3.2: Schematic illustration of EDX [130]

3.2.4 Transmission electron microscope (TEM)

The nanomaterial’s size and its distribution are an important parameter for its applications in
various fields. TEM technique is very useful to examine the size of nanomaterials. An electron
beam produced by heating tungsten filament is focused on sample via condenser lenses. The
focused electron beam strike with sample and transmitted through it. These transmitted electrons
focused on the florescence screen by protective lens to form a clear image (as shown in fig.3.3).
Moreover, the bright and dark area on the TEM images is shown which indicate the concentration
of transmitted electrons. Denser sample exhibits dark area because more electrons are scattered as

compared to thinner [131].
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Figure. 3.3: Basic principle of TEM [132]

3.2.5 Fourier transform infrared spectrometer (FTIR)

The structure and chemical bonding of synthesized sample was identified using Fourier transform
infrared spectrometer in the range of 4000-400cm. The basic principle of FTIR is based on the
Michelson interferometer. A light beam having different IR wavelength is passed via beam splitter
(fig 3.4), where it partially reaches at movable mirror and rest of light beam at mixed mirror. These
two reflected beams combine, resulting to construct an interference phenomenon. Then, this
interferogram is sent to the sample, and its transmitted part is transferred to a detector. A detector

detects the intensity of reflected or transmitted light in the form of wavelength.
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Figure. 3.4: schematic diagram of FTIR instrument [133]



3.2.6 Raman spectroscopy

The detailed information about phase, crystallinity and molecular interaction of prepared sample
is examined by nondestructive technique known as Raman spectroscopy. Fig.3.5 depicts that the
Raman spectroscopy based on the interaction between molecular bonding within the sample and
incident light. When the sample is exposed by light, it interacts with molecules in many ways,
some part of light reflects or undergo Raleigh scattering (elastic scattering), as a result emitting
the same wavelength as incident light. If incoming light cause the vibrational oscillation within
molecules is called inelastic scattering. Fluorescence take place, if the incident light has energy
equal to the electronic energy level of the molecule, causing the excitation and de-excitation
resulting the emission of longer wavelength than incident light. Stoke scattering occur when the
molecules absorbed energy and emit the photon having shorter wavelength as compared to incident
and in the case of anti-stoke scattering, the molecule within sample is already in vibrational exit
estate, and transfer energy to scattered photon during vibrational de-excitation process. All these

types of scattering provide detailed information about composition of prepared sample [134].
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Figure.3.5: Possible interaction in Raman spectra [135]
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3.2.7 Photoluminescence (PL)

This nondestructive technique is very useful to analyze the electronic structure of synthesized
materials. When the sample is illuminated by incident light, it absorbed the energy and excites the
electrons into allowed excited states. These electrons turn back to their stable equilibrium state by
emitting energy in the form of photons known as non-radiative or radiative process as shown in
fig.3.6. The emitted photon energy match with energy difference between two electronic states
that participate in transition between equilibrium and exited state. Therefore, the PL. spectrum is
associated with concentration of non-radiative and radiative recombination rate. The non-
radiatives are related to the impurities. Thus, the PL spectrum also reveals the peaks of impurities

that strongly affect the quality of host material [126].
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Figure.3.6: Schematic illustration of PL. [136]

3.2.8 X-ray Photoelectron spectroscopy (XPS)

XPS studies provide information about elemental composition and electronic and chemical state
of elements present in synthesized sample. XPS spectrum attained by photoelectrons released from
sample when the impinging photons energy exceed than the binding energy of electrons. Kinetic
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energy of photoelectrons is depending on the binding energy of each electron (equation 3.2).
Because, atom consist of various orbitals having different states, causing to produce numerous

photoelectrons with different binding energies.
Exe= Ephoton - Ebinding— @ 32)

Here, @, Ephoton Ex e, Evinding represents the work function, incident photon energy, kinetic and

binding energy of the photoelectron respectively.
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Figure. 3.7: Basic mechanism involved in XPS

3.2.9 UV- vis spectroscopy

This technique is used to study the optical properties related to band gap of synthesized material.
An absorption spectrum can be observed when the monochromatic light is exposed on the
synthesized material, the energy absorbed by material corresponds to the energy level cause to
transfer the electron to a higher energy state. Generally, three kinds of electrons (nonbonding ‘n’,

sigma and pi-electrons) exist in molecules absorbed light irradiation to migrate these electrons into



higher state (anti-bonding). There are four possible electronic transitions: n—o*, n-n*, 6-¢*, and

n—x* as shown in fig.3.8. The absorption spectrum is obtained by absorbed light irradiation.
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Figure.3.8: Basic mehanism involves in UV-vis spectroscopy [137]

3.2.10 Cyclic voltammetry

To study the electron transferring in redox active medium is determined by an effective technique
known as cyclic voltammetry. It consists of three types of electrodes: counter electrode, working
electrode and reference electrode. To perform this experiment, first the electrolyte solution is kept
in the electrochemical cell associated with reference solution and electrodes. Then the potential is
linearly sweep between the reference and working electrode using potentiao-state until it reach at
a specific point, after that it’s again sweep in reverse direction (clearly seen in fig.3.9).

Subsequently, the changing current is measured at counter electrode.



Current

Voltage

Figure.3.9: Graphial representation of cyclic voltammetry [138]

3.2.11 Photocatalytic degradation of pollutants

The photo-degradation of pollutant was performed using photo-reactor under visible light
irradiation. Water circulating jacket was used to release the heat of lamp and keep the temperature
constant (fig.3.10). To carry out the photocatalytic activity, the optimum amount of photocatalyst
was dissolved into dye solution under continuous stirring. Before visible light irradiation, the
suspended solution kept in dark to attain adsorption-desorption equilibrium. Later, this solution
placed in the photo-reactor in dark region to proceed the photocatalytic performance. After regular
time interval, 5Sml sample was drawn from photo-reactor and centrifuge the solution to remove
photocatalyst’s suspension. Finally, the obtained solution was evaluated by UV-vis absorption
spectrum to investigate the degradation efficiency. The degradation efficiency was determined

using this relation.
Photo-degradation % = (Cs- CY/Co X 100 (3.3)

Here, C, and C represents the concentration of pollutants before and after visible light irradiation,
respectively. Moreover, Langmuir — Hinshelwood Kinetic model is used to kinetic study of

photocatalyst for photo-degration of pollutants [139].
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Figure.3.10: Assembly illustration of Photocatalytic activity



CHAPTER 4

Interfacial charge transfer via 2D-NiO and 2D-graphene nanosheets

combination for significant visible photocatalysis

4.1, Introduction

Environmental technology and science are facing some serious issues based on increasing water
and air pollution [140]. Many pollutants (heavy metals, dyes etc.) is produced due to industrial
effluent which intensely effect environmental and aquatic life while their hostile effect depends on
their complex molecular structure [141, 142]. It is crucial to develop an effective technique to
tackle these intricate environmental problems. Photocatalytic degradation is most efficient
technique to deal with environmental challenges (to eradicate the hazardous contaminations from
environment) and sustainability with light irradiation [104, 143]. In photocatalytic process, excited
electrons move from valence to conduction band of semiconductor materials to generate electron
(e')-hole (h™? pairs under light irradiation. These photoexcited charge carriers are responsible for
oxidation reduction process with oxygen and water to degrade the organic pollutants and

subsequently mineralize it to CO, and H>0 [144,145].

2D nanomaterials have been gaining tremendous attention in environmental remediation owing to
their fascinating physiochemical properties like mechanical flexibility, large specific surface area
and numerous active sites on their surface etc. [146,147]. Among various 2D materials, NiO (P-
type semiconductor) possesses excellent conductance feature, low cost, elevated chemical, and
long-term catalytic stability which make it appropriate as photocatalyst under visible light

irradiation [148,149]. However, quick recombination of charge carriers, minimum harvesting of
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light, less selective absorption etc. are the considerable major limitations of NiO semiconductor to
impend photocatalytic performance [150]. To overcome these obstacles, literature have shown that
2D-2D heterostructures endow electronic coupling and enhanced interfacial contact area between
them. Thus, the physical and electronic coupling effect between semiconductor sheets and
graphene is favorable to increase the transportation rate of electron/hole pairs and boost the
photocatalytic efficiency [151-153]. Because highly conductive graphene sheet acts as an electron
acceptor for shuttling electrons due'to delocalized electronic network over the carbon sheets,
leading to an effective charge separation rate at junction interface [154]. Recently, Sun ef al.
demonstrated that fabrication of 2D-2D BiVOs/reduced graphene sheets via solvothermal method
exhibited high photocatalytic efficiency as compared to 1D-2D and 0D-2D heterojunctions. The
results clearly indicate the fast electrons shuttling in 2D-2D BiVOa4/ reduced graphene sheets at
interfacial junction, leading to augment the separation rate of charge carriers and enhance
photocatalytic efficiency [155]. Therefore, synthesis of novel 2D-2D semiconductor with graphene

sheet bestows an effective way to overcome the limitation of charge carrier’s transfer.

In present work, NiO nanosheets 'and 2D-2D graphene/NiO nanocomposite with different
graphene concentration were prepared via co-precipitation and wet impregnation method. To the
best of our knowledge, NiO nanosheets have been interacted with 2D graphene sheets for the first
time to boost the photocatalytic efficiency. As-prepared graphene/NiO nanocomposites exhibit
high surface photocatalytic rate than pure NiO towards the methyl orange under visible light. This
improved photocatalytic efficiency can be attributed to the 2D/2D surface morphology associated
with graphene and NiO sheets and intimate interfacial coupling between them, which effectively

increased the separation and transferring rate of charge carriers. Therefore, this present work
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endows an avenue to synthesize numerous 2D-2D semiconductor/graphene hybrid structures

which can be effectively used in photocatalytic applications.
4.2. Experimental

4.2.1. Materials

Nickel chloride, graphite power, sulfuric acid, hydrochloric acid, potassium permanganate,
hydrogen peroxide, ammonia soluti'on and methyl orange (MO) are purchased from Sigma-
Aldrich. All these solution and reactants are used to synthesize materials without further

purification.

4.2.2. Synthesis of graphene oxide

GO was prepared via modified hummer’s method [156]. Expanded graphite (2.5 g) and conc.
H2SO04 (98%, 65.0 mL) were mixed under continuous stirring to get homogenous solution. KMnO4
(5.0 g) was gradually added into above solution, the temperature was sustained below 4 °C using
ice bath. As liquid paste was formed, Ice bath was removed and further stirred for 3 hours.
Subsequently, deionized water (200 mL) was mixed to dilute this solution and heated at 90 °C for
2 hrs under water bath. After that, the mixture was cooled at room temperature to add (7.5 mL)
H20: drop wise. Due to this, the color of solution is changed to yellow. Finally, the prepared
particles were separated through centrifugation at speed of 6000 rpm. Furthermore, the material
was washed with 1M hydrochloric acid to eliminate the residual contaminants and with distilled
water to set the pH=7. Subsequently, particles were sonicated and dried in oven at 60 °C to obtained
final product (graphene oxide). The graphene oxide successfully converted into graphene sheets

by using chemical reducing agent (NaOH).
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4.2.3. Synthesis of NiO

The 2D-nanosheets of NiO were synthesized by co-precipitation method. Initially, 4.0 g nickel
chloride was dissolved into 150 mL distilled water under constant stirring (Eq.1). Aqueous
ammonia (10 mL) was added into above solution, green precipitates of Ni (OH)2 nanosheets were
formed because pH deeply effect the morphology of sample. Adding ammonia solution (to adjust
pH of solution), the weak alkaline solution is obtained which gives hydroxide ions for fabrication
of Ni (OH), (Eq. 4.2-4.5). NH; act as complex reagent for Ni?* ions to produce Ni (NH3)s** which
play a significant role for formation of Ni (OH) nanosheets by controlling the reaction of Ni** with
OH" as given in equations [157,158]. The obtained precipitates Ni (OH), were segregated by
centrifugation and washed with deionized water to eliminate the impurities, and dried at 60 °C.
After that, the prepared Ni (OH)2 nanosheets changed into NiO nanosheets (Eq. 4.6) by annealing
it at high temperature (400 °C) to make sure the removal of hydroxide phase that may exist in

primary layer of NiO [159].
NiCL.6H20 + H2O «= Ni (OH); +tHCIl + 5H20 4.1)

Ni (OH)2 + 6NH4(OH)»={Ni(NHzs)s]** + 6H20 + 20H- @4.2)

[Ni (NHs)s]?* = Ni 2* + 6NH; 43)
6NH; +Hz0 +=> 6NH; (OH) 4.4)
Ni** +20H += Ni (OH) (4.5)
Ni(OH)p &mmatime  NiO +H;0 (4.6)
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4.2.4. Preparation of 2D-2D graphene/NiO composites

For surface modification, graphene/NiO nanocomposites were fabricated by wet impregnating
method. 1.0 g of NiO was mixed in 50 mL distilled water under constant stirring to attain well
dispersed and homogeneous solution. At the same time, 0.03 g of graphene was dissolved in 50
mL distilled water under continuous stirring. Then, graphene solution was gradually added into
NiO suspension. After that, solution was dried at 60 °C in oven to attain the 3.0% graphene/NiO
(2D-2D) nanocomposite. Various graphene mass contents were used to gain 5.0% and 10.0 % 2D-
2D graphene/NiO nanocomposites by same procedure. The fabrication procedure of 2D-2D
graphene/NiO nanocomposite is illustrated in Figure 4.1.

2D NiO
2D GO - manosheets
nanosheets

Solation A Solutien B

2D-2D graphene/NiO nanosheets
Figure 4.1. The synthesis method for 2D-2D graphene/NiO nanocomposite photocatalyst

4.2.5, Experimental set-up and measurement of photocatalytic activities

Photocatalytic activity of pure graphene, NiO and graphene/NiO nanocomposites with various
percentages were examined under visible light using methyl orange as a dye. Degradation process
was performed in quartz photochemical reactor. 1000 W tungsten lamp is used to carry out the
photocatalytic activity. During the reaction, the temperature of mixture was sustained by cooling
the water jacked photochemical reactor through water cooling system. Initially, (50.0 mg) sample

was added into 50 mL dye solution. This solution was placed in dark for half an hour under stirring
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to acquire desorption-adsorption of MO dye and sample. Afterward, the solution was kept before
lamp with fixed distance of 10 cm and irradiated by visible light for various time interval. After
regular time internal, solution was drawn and centrifuged to segregate the samples for degradation
analysis. The degradation experiment of synthesized photocatalysts were performed two times for
accuracy and errors to omit.

4.2.6. Catalyst characterization

The crystalline properties of prepared materials were examined using Rigaku D/Max
diffractrometer (Cu ka irradiation, wavelength =1.5A°) operated at 40 KV and 100 mA.
Fluorescence spectrometer (Perkin Elemer LS-50B) was used to study the PL spectra of
synthesized samples. The elemental composition and surface morphology were investigated
through EDS and SEM (JEOL-JAD 2300), respectively. FTIR was employed to explore the
chemical bonding of samples by Fourier transform spectrometer Bruker FTIR ALPHA II.
Shimadzu (2700) spectrophotometer was used to obtain the UV-Vis absorbance spectra of
samples. Raman spectra of NiO sheets and 2D-2D graphene/NiO nanocomposite were obtained

using Raman spectrometer with excitation wavelength of 633 nm by Horiba Labram-HR 800.

4.3. Results and discussion

4.3.1 XRD analysis

The crystalline properties of synthesized samples were analyzed by XRD. Fig. 4.2A exhibits the
XRD pattern of synthesized GO. The strong and sharp peak appeared at 10.8° is ascribed to the
(001) plane of graphene oxide with lattice constant 0.82 nm. This indicates that the graphite was
completely oxidized to become graphene oxide [160]. Further, Fig. 4.2B (a-€) exhibits the XRD

pattern of graphene nanosheet, NiO and various 2D-2D graphene/NiO composites. In Fig. 4.2B
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(a), abroad diffraction peak 26=26.2° with lattice constant 0.34 nm was observed which represent
the complete conversion of GO into graphene [161]. Figure 4.2B (b) exhibits the diffraction peaks
at 260=37.07°, 43.08°, 62.79°, 75.21° and 79.41° which are assigned to the (111), (200), (220),
(311) and (222) planes of crystalline nickel oxide (well matched with standard JCPDS card (65-
2901)) [162, 163]. The average crystalline size of NiO was determined through Scherrer formula
is found to be around 4.25 nm [164]. It has been shown in Fig. 4.2B (b-e) that pure NiO and
graphene/NiQ nanocomposites have almost identical characteristic diffraction peaks. No
characteristic peak of graphene sheets at 26=26° was observed. This may be owing to low

concentration of graphene than NiQO. Thus, NiO could restrain the restacking of graphene sheets

[165].
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Figure 4.2. XRD pattern of (A) GO, (B) XRD pattern of (a) graphene sheets (b) pure NiO

nanosheets, (c) 3.0 %, (d) 5.0% and (e) 10.0 % graphene/NiO nanocomposites, respectively.

4.3.2. Fourier transform infrared spectroscopy (FTIR)
The presence of functional group of graphene sheets and 2D-2D graphene/NiO composite were
identified by FTIR. Figure 4.3 (a~c) exhibits the FTIR spectra of graphene, NiO and graphene/NiO

nanocomposite. The band assignment of each vibrational mode observed are presented in Table
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4.1. InFig. 4.3 (a), peaks are observed at 1280 cm™ and 1100 cm™ which ascribed to the stretching
vibration of C-O-C and C-C, respectively. Other bonds related to oxygen functional groups were
almost eliminated. Specially, the bond associated with sp? hybridized stretching vibration of
carbonyl functionality (-C=0) was totally removed. This shows the successful removal of
carboxylic and carbonyl groups along with other oxygen functional groups from basal plane and
edges of hexagonal graphene structure [166, 167]. In Fig. 4.3(b), FTIR spectrum of NiO
nanosheets exhibits the peaks at 950 cm™! which correspond to CN* stretching. Moreover, the bond
around 400-600 cm™! is ascribed to metal-oxygen vibrational bonds. The peak at 545 cm™ is related
to the Ni-O bond [148, 168, 169]. Extra absorbance peak observed in Fig. 4.3(c) at 1545 cm™! due
to skeleton vibration of graphene sheets [1670] reveals the successful fabrication of graphene/NiO

nanocomposite.

Transmittance (%)

3500 3000 2500 2000 1500 1000
Wavenumber qcm"')

Figure 4.3. FTIR spectra of pure and composite samples; (a) graphene sheets, (b) NiO

nanosheets and (c) graphene/NiO nanocomposite.



Table 4.1. FT-IR absorption band for functional group of graphene sheets, NiO and

graphene/NiO nanocomposite.
Samples Band Assignments Refrences
Graphene NiO Graphene/NiO
sheets nanosheets | nanocomposite
1100 cm™ - - C-C stretching vibration | [166-167]
1280 cm’! - - C-O-C stretching vibration [166]
- 950 cm™ 950 cm™! CN' stretching [148]
- 545 cm™! 545 cm™! Peak related to Ni-O bond | [168-169]
- - 1545 cm™! Skeleton vibration of [170]
graphene sheets

4.3.3. Scanning electron microscope (SEM)

The surface morphologies of NiO, graphene sheets and graphene/NiO composites were analyzed
by SEM. Nickel oxide also exhibit sheets like morphology (indiated by red lines) as shown in Fig.
4 4 (a, b) (average thickness 16 nm). Thin and highly transparent graphene sheets (thickness 12
nm) with crumpled and folded edge can clearly be seen in Fig. 44 (c). In Fig. 4.4 (d-e),
graphene/NiO composite displays diverse morphology on account of good mixing integrity of
graphene and NiO sheets, which promotes the intimate interfacial coupling between them to
expose the more active sites for utmost adsorption of dye molecules to boost the photocatalytic

activity [171, 172].
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Figure. 4.4 SEM images of pure and composite samples; (a-b) NiO nanosheets (c) graphene

sheets (d-e) graphene/NiO nanocomposite (10.0%)

4.3.4. Energy dispersive X-ray spectroscopy (EDS)

The EDS spectra of NiO and 10.0% graphene/NiO nanocomposite are shown in Fig. 4.5. Fig. 5(a)
exhibits the existence of nickel (Ni) and oxygen (O) that suggests formation of NiO sheets with
no obvious impurity. In Figure 4.5(b), 10.0% graphene/NiO nanocomposite displays the presence
of Ni, O and C without any impurity. The signals for Ni, O and C are originated from nickel oxide
and graphene sheets, respectively. Hence it indicates the formation of graphene/NiO
nanocomposite with purity. The composition of NiO sheets and graphene/NiO nanocomposite is

preesented in Table 4.2.
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Figure 4.5. EDS of pure NiO (a) and 10.0% graphene/NiO composite (b).

Table.4.2. Elemental chemical analysis (atomic and weight %) of NiO sheets and graphene/NiO

nanocomposite calculated by EDS.
Atomic % Weight %
Photo catalysts Ni o C Ni O C
NiO 48.46 51.54 0 77.53 | 2247 0
Graphene/NiO nanocomposite | 40.03 2055 | 40.03 | 5599 | 30.60 | 13.41

4.3.5. UV-Vis absorption spectra

The optical properties of materials are associated with band gap energies which are ascertained by
UV-Vis spectroscopy. Figure 4.6 exhibits the absorption spectra of NiO and graphene/NiO
nanocomposites over the range of 275-700 nm. Pure NiO displays its characteristic absorption
edge around 450 nm (Fig. 4.6A). It could be obviously examined that when the graphene sheets
are incorporated into NiO nanosheets, the absorption edges of composites are slightly shifted

towards longer wavelength (red shift). This indicates the significant reduction in band gap
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energies. The band gaps of NiO, graphene/NiO (5.0%) and graphene/NiO (10.0%) are calculated
through Tauc’s plot using mathematical relation [173]

(ahv)* =A (hv—=Eg) c...ccccceeeee el (4D)
Here a (absorption co-efficient), A (constant), hv (photon energy), Eg (band gap energy) and n is
a parameter whose value is either 2 or 0.5 for direct and indirect transition, respectively [174]. The
band gaps of pure NiO and graphene/NiO (5.0 %) and graphene/NiO (10.0 %) composites are
found to be 3.3, 2.9 and 2.3 eV, respectively. This shows an effective reduction with incorporation
of graphene sheets owing to the defect states between valence and conduction band of NiO [175].
These results imply the significantly reduced band gap energy to boost the effective utilization of
solar irradiation which is favorable for enhanced photocatalytic activity.
By using calculated band gap value of NiO from UV-Vis spectra, the edge positions of valence
and conduction band of NiO were estimated using following equations;

Eve=X-Ec+05E ............... (4.8)
Eca=Evs-E, rre e e (4.9)
Where E. is free electron energy (4.5 eV) and X is electronegativity of NiO calculated using the
equation.
X =[X(A)* XB) . (4.10)

The value of E; and X for NiO 3.3 and 5.75 eV, respectively. The Ecs and Evs of NiO were
determined to be -0.4eV/NHE and +2.9 eV/NHE while -0.08¢V/NHE is the Fermi level of
graphene sheets (well matched with literature) [176-178]. The corresponding band alignment of
2D-2D graphene/NiO nanocomposite is shown in Fig. 4.6 (D). Consequently, the acquired results
are used for transferring of charge carriers in nanocomposite (2D-2D graphene/NiO) which

illustrate the photocatalytic process.
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Figure 4.6. Optical absorption spectra (Inset showing band gap energy) of pure and various
composites; (A) pure NiO nanosheets, (B) graphene/NiO nanocomposite (5.0%), (C)
graphene/NiO nanocomposite (10.0%) and (D) Energy band diagram of graphene/NiO

nanocomposite.

4.3.6. Raman spectroscopy
The interaction between 2D-2D graphene/NiO nanocomposites was evaluated by Raman

spectroscopy as shown in Fig 4.7. Fig. 4.7(a) exhibits the peaks at 545 cm™ and 1052 cm
corresponding to phonon scattering of first and second order in 2D pure NiO [179]. In 2D-2D

graphene/NiO nanocomposite, two extra peaks are observed at about 1345 cm™ and 1598 cm™!
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credited to the “D” and “G” band, respectively as shown in Fig. 4.7(b). The stretching of sp? carbon
resulted into “G” band is associated with networks owing to Ezg vibration mode while “D” band
represents the defects present in two-dimensional hexagonal lattice [180]. It is noteworthy that D
band and G band in 2D-2D graphene/NiO nanocomposite confirms the chemical doping of

graphene sheets in 2D NiO.
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Figure 4.7. Raman spectra of pure and composite sample; (a) pure NiO nanosheets (b) 10.0%
graphene/NiO nanocomposite

4.3.7. Photoluminescence spectroscopy

Photoluminescence technique was used to examine the recombination rate and transfer of charge
carriers. Fig4.8 depicts the Photoluminescence spectra of NiO nanosheets and 10.0%
graphene/NiO nanocomposite in the range of (300650 nm) using an excited wavelength (280 nm).
The peak intensity reveals the charge carriers’ recombination rate [181]. In Fig. 4.8 (a), the pure
NiO shows an intense peak which appeared at about 380 nm. The low peak intensity of 2D-2D

graphene/NiO composite suggests that the addition of graphene in 2D NiO effectively reduce the



-t

recombination rate of charge carriers as exposed in Fig.4.8 (b). The PL results indicate the surface
interaction between NiO and graphene sheet and maximum charge transferring rate are responsible

for enhanced photocatalytic efficiency.

300 350 400 450 S00 850 600
mengﬂl S
Figure 4.8, PL spectra of pure and composite samples; (a) NiO nanosheets and (b) 10.0%

graphene/NiO composites.

4.3.8. Photocatalytic efficiency

All the prepared samples have been exposed under visible light to initiate photocatalytic process
for the degradation of MO dye. The self-degradation of methyl orange is negligible. However, the
photocatalysts play a vital role for the decomposition of dye. Pure NiO showed weak degradation
efficiency of ~ 30.0% in 4 hrs. It is noticed that NiO nanosheets exhibit less photocatalytic
performance owing to following underlying factors. (i) The quick recombination of electron-hole
pairs. Only some of e take part in oxidation of dye which are captured by defect state of NiO
nanosheets. (ii) Higher band gap is also responsible for less adsorption of dye (MO) molecules
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during the reaction. In contrast to pure NiO, graphene sheets and graphene/NiO (3.0%)
graphene/NiO (5.0%) and graphene/NiO (10.0%) composites displays the photo catalytic
efficiency of 94.0%, 45.0%, ~60.0% and 75.0%, respectively after same time intervals. Because
graphene act as an electron reservoir account of its long - conjugation composition to capture the
photo excited electrons and suppress the recombination of charge carriers. Consequently, the
photocatalytic activity of graphene/NiO nanocomposites is increased on account of synergistic
effect between NiO and graphene. The synergistic effect made the pure NiO highly photoactive
when used in various combinations with graphene. These results indicated that the significantly
reduced band gap energy boost the effective utilization of solar irradiation which is favorable for

enhanced photocatalytic efficiency.

The time degradation graph of MO in presence of different photocatalysts under visible light for 4
hrs is shown in Fig. 4.9. It can be noticed that the degradation of MO is increases as the time

increases.
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Figure 4.9 (A). Time degradation graph of MO under visible light; (a) NiO nanosheets (b) 3.0%

graphene/NiO nanocomposite (c) 5.0% graphene/NiO nanocomposite (d) 10.0% graphene/NiO

62



nanocomposite () graphene sheets, (B) Controlled experiments of photocatalytic degradation of
MO using diverse radical scavengers over the graphene/NiO composite under visible light

irradiation for 4hrs.

4.3.9. Role of scavengers on photocatalytic activity

To determine the contribution of reactive species and explore the photocatalytic mechanism of
graphene/NiO composite, controlled experiments were carried out by using diverse radical
scavengers (Fig. 4.9B). When AgNO3 as electron scavenger is added, the photocatalytic efficiency
was slightly reduced because electrons are not directly involved in the degradation of MO. The
more electrons are scavenged by AgNO; and electron transfer to graphene sheets reduces which
results in less activity. Benzoquinone (BQ) as superoxide radical (O2™) scavenger exhibits
significant effect for photoactivity of photocatalyst (graphene/NiO) due to incorporation of
graphene sheets. The graphene sheets act as an acceptor in which network of graphene sheets store
photogenerated electrons and increase the separation and transferring rate of charge carriers which
facilitate the activation of O, consequently boosting the formation of superoxide radical that
promote its contribution towards the degradation of MO over graphene/NiO composite. The
addition of tetra-butyl alcohol and ammonium oxalate (AO) act as hydroxyl radical (OH*) and hole
scavenger respectively in reaction system inhibited the photocatalytic activity of graphene/NiO
composite, showing that OH+ radical and hole (h*) play an imperative role for the degradation of
MO under visible light [151,182,183].

4.3.10. Mechanism discussion

The mechanism of photocatalytic activity of 2D-2D graphene/NiO nanocomposite for the
degradation of MO is presented in a Fig. 4.10. The results indicate that the Evs and Ecp are more

positive (+2.9 eV) and negative (-0:4 eV) than graphene (as shown in Fig. 4.6D). Therefore,
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initially under visible light, excited electrons in conduction band of NiO can easily transfer to
graphene sheets, leaving behind holes, because graphene act as an electron’s acceptor due to low
Fermi level (-0.08 eV) than Ecs of NiO. So, the photoexcited electrons stored in = — m network of
graphene sheets helps to increase the separation rate of charge carriers. Moreover, the degradation
of MO molecules on the surface of photocatalyst occurs due to transferring of electrons from NiO
to graphene sheets. So, these transferred electrons react with dissolved oxygen to produce reactive
radicals (O2") and hydroxyl radicals are also generated by converting the unstable reactive species
present in aqueous solution. These reactive species (OHe, O2™) play vital role to degrade the MO.
Primarily, the reactive species attack on the MO molecules to break the Azo bond followed by the
breaking of aromatic rings leads to formation of organic intermediate (phenol, nitrobenzene, 1,4-
benzoquinone, until it completely converted into harmless products (CO2 and H20) (eq 4.15) [184.
185, 186]. The chemical reactions that occur at the liquid-solid interface is represented as follows

based on literature and our observations (eq. 4.11-4.15).

Graphene / NiO + hv — NiO (hvs*) + graphene (ecs’)  (4.11)

NiO (hvs*) + (Hz0 + H* + OH’) — NiO + OH +H* 4.12)
Graphene (ecs’) +O2 — graphene + O™ (4.13)
Oz~ +2(H* + OH") — H,0" +2 OH" 4.19)
OH + MO — Intermediates — H.0 + CO; (4.15)



H,0 —+ H* + OH-

Figure 4.10. Photocatalytic mechanism for degradation of MO over the prepared 2D-2D

graphene/NiO nanocomposite.

4.4. Conclusions

2D-2D graphene/NiO nanocomposites with different graphene contents were synthesized via wet
impregnation method. The formation of NiO nanoshects and graphene sheets was confirmed by
X-ray diffraction. In 2D-2D graphene/NiQO composites, the NiO sheets are uniformly dispersed on
graphene sheets which facilitate interfacial coupling between them. It was found that the
absorption edge of graphene/NiO nanocomposites slightly shift towards longer wavelength which
extend the absorption in visible range. As-synthesized 2D-2D graphene/NiO exhibits improved
photocatalytic performance as compared to pure NiO towards the organic dye (MO) under visible
light. This remarkably increased photocatalytic efficiency can be assigned to the interfacial contact
associated with transferring rate and prolonging the lifetime of photogenerated charge carriers.
The role of different scavengers described that scavenging of OH" radicals greatly reduce the
photocatalytic activity as compared to electrons, superoxide radical and holes scavengers. It is
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hoped that this present work provides a novel path to synthesize numerous 2D-2D semiconductor
sheets graphene composites which can be effectively used towards the photocatalytic

environmental applications.
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CHAPTER 5

Influence of integrate nitrogen functionalities in nitrogen doped graphene

modified WO3 functional visible photocatalyst

5.1 Introduction

Semiconductor based photocatalysts has gained much attraction on account of high energy demand
and rising environmental problems [187]. Past few years, numerous semiconductors such as
oxynitride, sulphides and metal oxides have been fabricated to derive their photocatalytic response
under visible light [188,189]. However, fast recombination rate of photogenerated charge carriers
and low usage of visible light limits their application towards environmental remediation [190].
Subsequently, visible light responsive photocatalytic materials have been fabricated to tackle the
challenges regarding energy production and environmental contamination. Among all of them
WO; (n-type semiconductor) is considered a potential material owing to their tunable optical and
electronic properties. WOs has been attained intrigued attention in photocatalytic applications due
to long term stable physiochemical properties, photocorrosion and visible light absorption
resilience [191-193]. Unfortunately, high rate of recombination process of photo induced charge-
carriers and agitation in oxygen reduction on account of narrow band gap and low-potential,

respectively, makes WOs less effective in photocatalysis [194].

To overcome these issues, many techniques have been applied to boost the photocatalytic activities
of WO; through incorporation of carbonaceous materials. It was noticed that the carbon materials
played an imperative role to boost photocatalytic efficiency of WO3 [195, 196]. In graphene based

composite material’s large aromatic. structure of the graphene act as an electrons collector to

67



improve the transportation of interfacial electrons because of its tremendous properties i.e., such
as high surface area (2630 m?g™"), thermal and chemical stability. However, further modification
of graphene’s intrinsic features is needed to meet up the desired demand for vast of potential
applications. Thus, doping of nitrogen is one of the best approaches to module its tremendous
properties [197-199]. Addition of nitrogen atoms in graphene sheets tailor its electronic structure
and convert it into semiconductor by breaking its lattice symmetry. Subsequently formation of
more active sites in N-doped graphe_ne sheets leads to significantly improve the photocatalytic
efficiency. With improved properties such as tunable electronic structure, huge surface area, high
active sites and superb charge carrier’s, the N-doped graphene is considered as a promising
candidate for photocatalytic activities {200, 201]. M. B. Tahir et al. [190] have reported that
graphene/WOQO3 (7.0%) composite showed outstanding photocatalytic efficiency regarding
hydrogen generation as compared to pure WQOs. Li jia et al. [202] have examined that N-doped
graphene/CdS composite degraded salicylic acid and methylene blue (MB) under visible light
exposure. B. Amanulla et al. [203] have observed AgiPOs decorated nitrogen-doped graphene
composite degraded 99.0 % eosin yellow compound to less toxic non-molecules. M. Ahmed et al.
[204] have studied that 15-mm porous carrier exhibited highest removal of nitrogen (98.0%) from
microaerobic bioreactors.

Most of organic species are utilized at large scale in agricultural, chemical industries, medical, and
domestic proposes. 2, 4-dichlorophenol (2,4-DCP) is derivative of phenol having one or more
covalently bonded chlorine atom, poisonous and non-biodegradable compound [205]. Many
chlorinated compounds are xenobiotic, bioaccumulation in natural environment and recalcitrant
nature. 2,4-DCP is intermediate product in manufacturing of 2,4-di-chloro-phenoxy-acetic acid

herbicide [206]. The adverse contamination due to 2,4-DCP results into harmful infection in
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kidney, respiratory system, and liver. Most of organic dyes have been exploited in many chemical
industries like textile, paints, pharmaceutical and cosmetics [207]. Methyl orange (MO) is an azo
dye having very strong -N=N- bonds and carcinogenic in nature [208]. Therefore, both organics
have been employed as model pollutants to mineralize them under visible light.

In this work, N-graphene/WO3 nanocomposites as active photocatalysts with various amount of
N-graphene were fabricated through wet chemical impregnation method. N-graphene/WO3
composites presented remarkable photocatalytic activity towards the mixture of 2, 4-DCP and MO
in aqueous solution. The improved photo degradation performance of N-graphene/WO;
nanosystem could be considered to the resilient interfacial interaction of nitrogen doped graphene
network and WOj3; which create massive active sites on its surface. This significantly promotes the
adsorption of strong organic species. The effecting parameter (pH) and radical scavenger species
were examined to demonstrate the photocatalytic reaction. Moreover, N-graphene/WO; also
showed good reusability after many recycling. Therefore, the present work provides an avenue to

develop several N-graphene/semiconductor nanocomposites for numerous effective applications.
5.2 Experimental

5.2.1 Materials

Graphite power, sodium tungstate (Na2WO4), hydrochloric acid (HCI), phosphoric acid (H3 POs),
nitric acid (HNO3), potassium permanganate (KMnQOj), methyl orange (MO), hydrogen peroxi@e
(H20y), ethanol and urea were provided by Sigma-Aldrich.

5.2.2 Synthesis of GO

GO was synthesized through Tour’s method [209, 210). Graphite was taken as starting material.

1.0g graphite and 6.0g of potassium permanganate are mixed. Then 9:1 ratio of sulphuric acid to



phosphoric acid was mixed and pour into above solution keeping the temperature below 40 'C
under mechanical stirring to make a homogeneous solution. This solution kept on hot plate at 50
°C for 13hrs under constant stirring. After formation of brown purple liquid, a liquid solution cool
down at room temperature and endure into 200 mL of deionized ice water. A bright yellow solution
obtained by adding H202 (1.0 mL). Finally, the product (GO) was collected by washing and
centrifugation with distilled water and final product was dried at 60 °C for 5 hrs. Urea as a nitrogen
source and NaOH for chemical reducing agent was used to transform the graphene oxide into N-
graphene sheets through the hydrotheérmal treatment at 200 °C for 8hrs.

5.2.3 Preparation of WO3

The WO3 were fabricated through sol-gel method. 5.0g sodium tungstate was mixed into a 150
mL of distilled water followed by slowly addition of desire quantity of HNO;3 aqueous solution
under continuous stirring. Solution was placed on hot plate at 40 °C for 5 hrs. Subsequently, the
yellow precipitate was obtained. These obtained precipitates were centrifuged, washed with

distilled water, and dried at 60°C. Final product was calcined at 600 ‘C for 4hrs.

5.2.4 Synthesis of N-graphene/WO3 nanocomposites

For preparing N-graphene/WOQO3 nahocomposites chemical wet impregnation treatment was
adopted. For this purpose, 500 mg WOs dissolve into 20 mL distilled water. At same time 0.09g
of N-graphene was dispersed into distilled water (20 mL) and sonicated for few minutes to make
a homogeneous solution. N-graphene solution was added into above solution drop wise under
constant stirring and dried at 60 °C to attain 1.0% N-graphene/WO3 composite. Same procedure
was followed by varying the amount of N-graphene to obtain various wt. % N-graphene/WO;

(3.0% N-graphene/WOs and 5.0% N-graphene/WQs) nanocomposites.
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Scheme 5.1. The synthesis route of N-graphene/WO3 nanocomposite.

5.2.5 Characterization techniques

The X-rays diffractrometer (X’pert PRO MPD, PANalytical with Cu X, radiation and wavelength
=1.54A) was employed to examine the structural properties of samples. The surface morphology
and elemental composition of materials were analyzed through scanning electron microscope
(SEM) (MIR3, TESCAN) and EDX (JEOL-JAD-2300), respectively. The detailed morphological
studies were performed through transmission electron microscopy (TEM) worked at 80 kV. The
FTIR (ALPHA II, Bruker, Germany) was used to explore the functional groups of prepared
nanocomposites. The optical properties of samples were investigated by UV-Vis absorption
spectroscopy (UV-2600 spectrometer, Shimadzu, Japan). PL spectra were obtained by using
fluorescence spectrometer (Perkin Elmer, Ltd., Germany). XPS analysis was performed by Kratos

Axis Ultra spectrometer with (monochromatic Al ka).

5.2.6 Photocatalytic activity of organic species
The photocatalytic efficiency of photocatalysts was evaluated through the degradation of organic
species MO and 2, 4-DCP (20 mg L of each) in visible light region. Initially, 50 mg of catalyst
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was added into 50 mL solution of organic mixture under magnetic stirring and kept the mixture in
dark place for 30 mints to accomplish adsorption-desorption equilibrium. Then the suspended
mixture was irradiated by visible light at room temperature under same environmental condition.
After every hour, 4.0 mL suspended solution was collected and centrifuged to do away the catalyst.
The decomposition of organic species of 2,4-DCP and MO at maximal adsorption (Amex) of ~283
and ~464 nm, respectively was examined by using UV-Vis spectroscopy. The degradation % was

calculated by employing the relation as given below:
% degradation = [C,, - C/c ] x 100 ¢.D
4]
Here C, and C represents concentration before and after irradiation of organics, respectively [211].

5.3 Results and discussion

5.3.1. Structural analysis of prepared samples
Figure 5.1 shows the XRD pattern of GO, N-graphene, WOj3 and composites of N-graphene/WQOs.
In XRD profile of GO (Figure 5.1A), a very sharp and strong diffraction peak is observed at 9.2°
(001) which indicates that oxidation (_)f graphite into GO through expanding the interlayer spacing
from 3.4 A t0 9.2 A due to incorporation of oxygen bearing groups at the peripheries and along
carbon grid of GO [212]. In XRD patterns of N-graphene, a diffraction peak at 26.5° (002) (with
lattice constant 0.34 nm) is obviously seen which is clear evidence of reduction of GO into N-
graphene sheets during the chemical treatment of GO with urea [213]. In doping process, oxygen
functionalities of GO performs as a backbone for the incorporation of foreign material which offer
active sites for integration of nitrogen atoms into the graphene network. Deoxygenation process

leads to the existence of n—m bonding interaction between nitrogen and carbon lattice of graphene
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which significantly restores sp? graphitic crystalline structure i.e., graphitic, pyridinic N and sp?
pyrrolic N [214]. Incorporated nitrogen functionalities into grid of carbon would effectively reduce
dense sp® structural defects in GO lattice [215]. L. K Putri et al. [214] have observed that
introduction of nitrogen and boron into GO considerably reformed the bonding structure and

improved optical properties which were promising in photocatalytic hydrogen production.

Figure 5.1B reflects XRD profile of WO3, 1.0% and 3.0% N-graphene/WOs composites. XRD
diffraction signals of WO3 and its composites exhibit characteristic peaks at 26 =23.1°(002), 23.4°
(020), 24.4° (200), 26.6° (120), 28.8°(112), 33.2°(022), 34.2°(202), 35.5°(122), 41.6° (222), 47.2
©(004), 49.7° (140) and 55.6° (420) ascribed to monoclinic of WOj3 [JPDS No. 43-1035][216]. The
sharp intensity peaks of pure WOj3 indicate its high crystallinity though the incorporation of N-
graphene reduces crystallinity. It is noticed in composite samples that addition of N-graphene into
host WO3 not only broaden the signals significantly due to amorphous nature of carbon material
but also slightly downshift the characteristic peaks due to internal stress of carbon and nitrogen
functionalities in nitrogen doped graphene. No additional peaks related to carbon material were
observed. These might be due to weak diffraction signal of disorderly stacked N-graphene sheets
but its existence is clearly observed in TEM and Raman studies. Jamila et al. [217] have observed

the amorphous nature of WO3/GO/NCQDs composite with incorporation of GO.

Figure 5.1C represents the FTIR spectrum of pure WO3, 1.0% N-graphene/WO3 and 3.0% N-
graphene/WQs3. In all samples, the wide absorption signals are observed in range of 3000-2800
cm’' which indicate O—H stretching vibrations. It is also seen that O—W—O stretching in 4ll
samples vibrations are in the range of 1020-650 cm™ [218, 219]. In 1.0% N-graphene/WO; and
3.0% N-graphene/WQ3, two new absorption characteristic peaks are observed at 1600 and 1409

cm! conforming the C=N and C=C stretching modes. These modes indicate the doping of nitrogen
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atom and skeleton vibrations of graphene sheet, respectively [220, 221] which confirms the

formation of composite samples successfully.

Figure 5.1D depicts Raman spectra of graphene oxide (GO), N-graphene and 3.0% N-
graphene/WO3 composite samples. In Raman spectra (GO and N-graphene), typical D band of GO
and N-graphene centered at 1337 and 1342 cm™! while G band located at 1593 and 1601 cm’!,
correspondingly. In/Ig ratio of GO was found to be 1.13 that was increased to 1.15 in N-graphene
[222,223]. The results indicated that after nitrogen doping in GO defects were enhanced by
nitrogen dopant which disordered the graphene lattice. Raman spectrum of 3.0% N-graphene/WOs3
composite is well resolved into characteristic peaks located at 280, 334, 724 and 813 cm.
Comparatively, sharp peaks centered at 724 and 813 cm™! indicates the O—W—O or W*¢ —O
stretching vibrations [216]. Peaks at low frequency region at 280 and 334 cm™! confirms the
O—~W-O bending vibrations of monoclinic WO; [224]. Besides these, two additional peaks at
1350 and 1604 cm™ are observed which designates D and G band of N-graphene sheet through the
linking bridge of W—O—C. It is worth noting in both N-graphene and 3.0% N-graphene/WO;
composite the upshifting of D and G bands which is associated with new surface linkages well
consistent with literature [187, 196, 2251. The connection between WO3 and N-graphene well
promotes electron conduction and acceleration of electrons towards the surface of catalyst for

redox reaction [210].
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Figure 5.1. XRD pattern of (A) graphene oxide, N-graphene, (B) XRD and (C) FTIR spectra of

WO3, 1.0% N-graphene/WO3, and 3.0% N-graphene/WO3 (D) Raman spectrum of graphene

oxide, N-graphene and 3.0% N-graphene/WO3.

5.3.2. Morphological images

Figure 5.2 shows morphological images of prepared samples. SEM photograph of WOs (Figure

2a) reveals the round shaped primary particles with little agglomeration. SEM image of N-

graphene (Figure 5.2b) indicates wrinkled and randomly overlapped sheets. In 3.0% N-

graphene/WOx (Figure 5.2¢), some inhomogeneous distribution of irregular massive rod like

blocks along with round shaped particles of WO; can be noticeably seen on cracked sheets of N-
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graphene. This morphology with high active surface area has aptitude for capturing the visible
light photons. TEM images of 3.0% N-graphene/WQ; composite at different nano scales is shown
in Figure 5.2d and f. In both images, it is obviously seen that N-graphene sheets are well decorated
with WO; nanoparticles which displays the intimate contact between WQ; and N-graphene. This
contact between WOs and N-graphene lessens the recombination rate of photo induced charge
carriers to improve the photocatalytic efficiency and improves visible light absorption as observed
in DRS analysis. Additionally, the more wrinkles on the surface of graphene may arise due to
nitrogen doped atoms that provide more active sites for the adsorption and desorption of organic
species in photocatalytic activity. It can also be seen in both SEM and TEM images that N-
graphene sheets maintained their two dimension (2D) structure after doping with nitrogen atoms
[226]. HRTEM (Figure 5.2f) indicates inter planer distance of 0.37 nm (020) of WOj3 along with

the few layers of N-graphene wrinkled sheets.
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Figure 5.2. SEM images of pure WOs (a), N-graphene sheets (b) and 3.0% N-graphene/WO;

nanocomposite (c) TEM images (d, ) and HRTEM (f) of 3.0% N-graphene/WO3 composite.
5.3.3 EDX Analysis and elemental mapping

The elemental composition of synthesized materials was examined through energy dispersive X-
ray analysis. The EDX spectrum of WO; (Figure 5.3A) displays W and O peaks with no other
peaks which confirm the formation of pure WOs nanoparticles. Moreover, in 3.0% N-
graphene/WOs nanocomposite (Figure 5.3B) an extra peak of C atom and N is detected. Moreover,
the elemental mapping of 3.0 %N-graphene/WOs is shown in Fig.5.3 (a-¢). The elemental

composition of prepared samples is presented in Table 5.1.
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Figure 5.3. EDX spectrum of WQj3 and 3.0% N-graphene/WO; and elemental mapping of 3% N-
graphene/WQ3 and their elements tungsten (W), carbon (C), oxygen (O) and nitrogen (N)

respectively (a-e).
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Table 5.1. Elemental composition of WOj3 and 3.0% N-graphene/WOs nanocomposite calculated

by EDX spectra.
Photocatalysts Atomic % Weight %
w O C N w 0 C N
WO; 2481 7519 |0 — |79.13 1228710 —_
3.0 % N-graphene/WOs |23.67 {6027 |11.26 {48 |7870 (1850 {271 [09
composite

5.3.4. UV-Vis absorption study and photoluminescence specira (PL) spectra

UV-Visible diffused reflectance spectra of as-synthesized WO; and N-graphene/WO3 are shown
in Figure 5.4A. The absorption edge of pure WO; is found in visible region. Oxygen vacancies
present in the lattice of WO;3 donates the electrons to its conduction band. As a result, WO; is
considered as an n-type semiconductor but high rate of recombination of photo generated charge
carriers reduces its photocatalytic ability [227]. UV-Visible spectrum of N-graphene is shown in
inset (Figure 5.4A). The absorption edge of N-graphene is observed in visible region which is well
correspondent to literature [228]. According to literature, GO has absorption edge at ~263 nm
[229] but this edge has been shifted to visible region ~427 nm in N-graphene. Nitrogen doped
atoms into graphene sheet reduced oxygen functional groups of GO and retained sp? hybridized
system of conjugated structure of carbon with nitrogen as observed in XRD profile and also
introduced nitrogen defects. It is suggested that nitrogen introduced the tail energy states below
the conduction band of graphene by distorting the graphene lattice regularity. This foreign material
allows n to n* electronic transition and altering zero band gap semi-metallic graphene to
semiconducting material [230]. It is noteworthy that the absorption edge of N-graphene/WO;

composites has been red shifted towards longer wavelength and have the ability of more light
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scattering during photocatalysis process. The band gap values of fabricated samples are shown in
Figure 5.4B. The band gap energy values of WOs;, 1.0% N-graphene/WO; and 3.0% N-
graphene/WOs were calculated by Tauc plot and found to be 2.60, 2.53 and 2.45 eV, respectively.
The effective reduction in band gap owing to nitrogen defects into carbon atoms which modify the
surface of bare WOs. The optical band gap value of N-graphene is shown in inset (Figure 5.4B)
and come out 1.5 eV. The reduced optical band gap of 3.0% N-graphene/WO;, availability of
reactive sites and new linking bonds (W—O-C) are the promising factors in improved

photocatalytic activity.

PL emission spectroscopy is a good tool to determine the trapping and transferring efficiency of
charge carriers, energy band structure and provide the information about oxygen deficiencies in
the prepared samples. PL spectra of pure WOs and N-graphene/WOs nanocomposites were
recorded under the excitation wavelength of 280 nm as shown in Figure 5.4C. A broad peak located
at 302 nm related to surface defects present in form of oxygen vacancies in WO;. Sharp emission
peaks centered in range of 458-467 nm indicates near band-edge transition. While the shoulder
peak located at 537 nm could be attributed to presence of oxygen deficiencies in samples
[231,232]. Furthermore, it is noteworthy that owing to incorporation of N-graphene sheets, PL
intensity of N-graphene/WO; nanocomposites significantly reduced. A prominent quenching in
PL intensity is obviously seen in 3.0% N-graphene/WO;. The reduction in intensity is attributed
to the formation of new additional paths for transferring of exited electrons from WO; to N-
graphene sheets which effectively inhibited the recombination rate of charge carriers [233]. This
property is favorable to increase the photocatalytic efficiency of N-graphene/WOs

nanocomposites.
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Figure 5.4. Optical absorption spectra (A) and Tauc relation (B), (inset) N-graphene and (C) PL
spectra of comresponding pure WOs, 1.0% N-graphene/WOs and 3.0% N-graphene/WO;

composites.

5.3.5. XPS analysis

XPS analysis (Figure 5.5) was performed to determine bonding configuration of constituent
elements (W, O, C and N) of 3.0% N-graphene/WO;. Figure 5.5a shows high resolution spectrum
of W4d which splits into two noticeable peaks i.e W4ds, and W4ds, found at binding energies of
246.7 eV and 262.0 eV, respectively [234]. XPS spectrum of O 1s peaks (Figure 5.5b) is fitted
into two peaks at binding energies of 531.3 and 532.8 eV attributing to W—O and hydroxyl groups
in sample, respectively. XPS spectrum of C 1s (Figure 5.5¢) is decovoluted into three obvious
peaks. The most prominent peak at 284.2 eV shows graphite-like sp>(C=C) bonding configuration.
This indicates that maximum carbon atoms in 3.0% N-graphene/WQO; nanosystem exist in
conjugated honeycomb lattice. The other two characteristic peaks at binding energies of 285.2 and
286.6 eV are associated to Csp>—N (pyridinic) and Csp*—N (pymrolic) bonding. These results are
matched well with the report [235]. Figure 5.5d illustrates all possible bonding configuration of
nitrogen functionalizes in 3.0% N-graphene/WQO: composite. The peaks centered at 398.5, 399.8

and 401.3 eV reflect pyridinic N, pyrrolic N and graphitic N, respectively [236]. It is clearly seen
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that the peak of pyrrolic N is very sharp than others which confirmed that pyrrolic N is greatly

doped in our sample.
a “dy
wad mev
E £
g
£ £

Intensity (a.u)
intensiy (a.u)

20 288 200 e n 0 410
Binding energy (sV) Binding snergy (eV)

Figure 5.5. High revolution XPS spectrum of (a) W4d, (b) O Is, (c) C Is and (d) N 1s of 3.0%

N-graphene/WO; nanosystem.

5.3.6. Photocatalytic activity and reusability of photocatalysts

Photocatalytic efficiency of as-synthesized materials was evaluated through degradation of 2, 4-
DCP and MO under visible light as shown in Figure 5.6A and B. This photoreaction is very
important for the laboratory and industrial point of view. Because mixed MO (dye) and 2, 4-DCP
(pollutant) system is checked. The effluents from the industry are in the mixed form. So it is a key

step to degrade the many pollutants at the same time and at natural pH. The presumed reason of



the higher degradation of mixed pollutants as compared to individual pollutant may be the
synergistic effect of one on other [237]. In the mixed system of 2, 4-DCP and MO, these pollutants
act as the hole scavengers which can decrease the recombination of electrons and holes more. This
mutual stimulating effect offers a vital support using N-graphene/WO; as visible-light catalyst for
efficient simultaneous removal of 2,4-DCP and MO by photocatalytic process, respectively, in the
same system. Thus enhancing the photocatalytic activity as compared to the single pollutant
system. The rate of degradation of the pollutant in mixed system is more as compared to one by
one. Photocatalysts play a decisive role for the degradation of 2, 4-DCP and MO. Figure 5.6A
(MO) and 5.6B (2,4-DCP) showed that pure WOs performed minimum degradation efficiency
~24.0% of MO and ~16.0% of 2,4-DCP after 5hrs because of having low reduction potential and
leaning to trap the photo generated charge carriers. It results into high rate of recombination. The
highest degradation rate against the organic species was measured as (~94.0% of MO and ~81.0%
of 2, 4-DCP) through 3.0% N-graphene/WQs. MO and 2, 4-DCP removal by N-graphene was
tested as ~31.0% and ~24.0 %, respectively. 1.0% N-graphene/WQOs sample exhibited ~53.0%
degradation process of 2, 4-DCP and ~78.0% of MO, respectively. While 5.0% N-graphene/WOQOs
nanocomposite showed ~64.0% of 2, 4-DCP and ~86.0% of MO, respectively. Sajjad et al. [216]
have reported that 2.0% ZnO/WO3 composite showed the highest degradation activity against MO
solution. It is noticed that N-graphene/WQs composites showed excellent photocatalytic efficiency
due to following reasons (i) the N-graphene has super charge carrier mobility. Consequently, the
addition of optimum contents of graphene in WO3 enhanced the photocatalytic performance by
providing plenty of active sites and conductive channels for the transportation of electrons to
surface of nanocomposites. (ii) N-graphene effectively reduce band gap of WQOs due to synergistic
effect between WOs and N-graphene which significantly leads to improve response of
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photocatalysts towards visible light region [219, 238]. Furthermore, nitrogen based defective
conjunction system yields graphene with band energy gap as per studied in DRS. Nitrogen atoms
provides more important active sites for enhancement of photocatalysis. As it is well known that
graphene is chemically inert material because of its unpaired electrons that are tightly bound in
delocalized n-system, which hinders its chemical reactivity and absorptivity [239]. N-graphene
system is itself a photocatalyst because the incorporated nitrogen atoms with different
electronegativity than carbon atoms in graphene produce unstable charged zone leading to
polarization. This synergism results into more sites on N-graphene surface for the attachment of
reactive organic species. But as the amount of N-graphene became too high, the surface area of N-
graphene sheets is reduced owing to overlapping with itself. It effectively decreased adsorption
and degradation of organics on the surface of photocatalyst.

The time degradation graph of organics in visible light region for 5h in presence of various as-
prepared samples is shown in Figure 5.6C (MO) and 5.6D (2,4-DCP) that follows pseudo first
order kinetics by using eq. (5.2).

In (Co/C) = kappt (52)

Here C, (t = 0) and C (t = irradiation time) denotes initial and solute remaining concentration
respectively. While Kapp is degradation rate constant. From these graphs, it is observed that 3.0%
N-graphene/WOs has the highest value of kepp against MO and 2, 4-DCP. Literature study of
photocatalysts in degradation of various organics compared to the present work is represented in

Table 5.2.



Table 5.2. Literature study of photocatalysts in degradation of various organics with present work.

Samples Light source | Degradation % / Modal Pollutant References

Time Irradiation
CuO/WO/Cu@NG | Visible 92.76%, Crystal violet, [107]

80.59%, methyl orange,

89.77%, rthodamine B, and

96.99% / methylene blue

(120 min )
WOs-ZnO@rGO Visible 94% (90mint) Methylene blue [240]
CdTe/CdS/N+GO Visible 70% (360 min) 2,4-DCP [241]
NG/TiO2 uv 98% (300 min) Methyl Orange [242]
WSex/NG Visible 99% (60 min) Methylene blue [243]
AgsPO/NG/WO, Visible 99% (60 min ) Indomethacin {(IDM) | [244]
WO:/N-CQDs Visible 96 % (240min) Methylene blue [245]
3.0% N Visible ~94.0% ~81.0% (300 | MO, 2, 4-DCP Present
graphene/WO; min) work
composite

In N-graphene/WO; nano structure the interconnected network of N-graphene allow dispersion of
WO:; and provides promising kinetics for photocatalysis. The strong interfacial interaction between
N-graphene and WO3 promotes separation of charge carriers which enhanced photocatalytic
performance towards the mixture of strong pollutants (2,4-DCP and MO) under visible light.
Present work suggests that visible light responsive N-graphene/WQs photocatalyst is considered
good material for environmental remediation.

Reusability of N-graphene/WO; catalyst was evaluated by the decontamination of MO and 2, 4-
DCP under visible light region for four consecutive cycles (figure 5.7). The photocatalytic
efficiency did not significantly reduce after four cycles of degradation tests. Figure 5.7 shows 3.0%

N-graphene/WO:; catalyst after degradation of both MO and 2,4-DCP, a small loss during filtration
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suggesting that the optimized photocatalyst remain active for long time and an ideal for industrial

applications.

284 —e—wo, _~00sw o) C
= N-grepgene (k= LETSR")

20] = 1% Nomphenewo, 0, = 02 9

~—— 3% N-grapheneVO, (b, = 8480 )

—— L% NIPRnOWO, (K, = 838 )

18d == "o mmammn ranch) D
== N-graphene (k= 0.05Th")

=== 1.0°% N-graphene/WO, (k,,, = 0.16 i)
= 3.0 N-graphene/WO, (i, = 832 h ")
124 == EO% N-graphena/WO, (k= 02 k")

o
I X
@,

4 o 1 2 3 & & 4 e 1 1
Time (h) Time (h)

Figure 5.6. Time degradation (A,B), reaction kinetics (C,D) over MO and 2,4-DCP through WO;,

N-graphene, 1.0% N-graphene/WO3, 3.0% N-graphene/ WO3 and 5.0% N-graphene/WOs.
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FigureS.7. Recycling of 3.0 % N-graphene/WO; over MO and 2,4-DCP.

5.3.7. Study of scavengers and effect of pH on photocatalysis

To determine the effect of reactive species during the photocatalytic degradation of mixed system
of 2, 4-DCP and MO through 3.0% N-graphene/WO;. In trapping test, we have used ammonium
oxalate (AO), tetra-butyl alcohol (TBA), benzoquinone (BZQ) for holes (h"),
OH* and 05, respectively as active elements. A controlled experiment was performed by using
different trapping radicals as shown in Figure 5.8A. Results revealed that the addition of AO and
TBA scavengers significantly inhibited the photocatalytic reaction suggesting that holes (h*) and
OH" are the major active species for the decontamination of both MO and 2,4-DCP. Whereas, the
rate of photocatalytic efficiency slightly reduced with the addition of benzoquinone (BZQ) as 05~

scavenger indicating that O3~ is not mainly responsible for photo degradation process.

The effluent of industries has a large range of pH values which has greater influence on the
photocatalytic degradation efficiency. For this purpose solutions having different pH were
prepared by addition of optimum amount of NaOH or HCl to investigate the effect of pH on
degradation of MO and 2, 4-DCP. pH mainly affects the dispersion of particle in reaction process

and electrostatic interaction between organic dyes and photocatalysts. pH, (point of zero charge)
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of WOs/N-graphene was found to be 3 according to literature [246]. Under alkaline condition at
pH values (pH=5, 9) greater than pH, the electrostatic repulsive force between negative charge
surface of photocatalyst and anionic MO would hinder the adsorption of MO on photocatalyst
leading to reduce degradation 59% and 40%, respectively after 4 hours as shown in Figure 5.8B.
Under acidic condition at low pH value (pH=2) than pH,;,. the positive charged photocatalyst
strongly attract anionic MO promotes to enhance degradation rate 94%. But at pH=1, slightly
hinder the degradation efficiency 82% due to poor dispersion and formation of particle

agglomeration [247,248].

Surface property of photocatalyst plays a vital role on photo-degradation of pollutants. Therefore,
the effect of pH on decontamination of 2,4-DCP was observed between pH 1 to 9 as shown in
Figure 5.8C. On the basis on pHp,. (=3) of photocatalyst (3.0% WOs/N-graphene) the resuits
indicate that the photodegradation of 2,4-DCP is higher in acidic condition than alkaline. In acidic
condition pH < 3 (pH =1,2) 2,4-DCP molecules rapidly adsorbed on the positively charged surface
of photocatalyst leading to increased degradation efficiency up to 76 and 87% respectively. While
in alkaline condition pH > 3 (pH=5,9) 2,4-DCP barely adsorbed on the photocatalyst’s surface
owing to high solubility of 2,4-DCP anions and less surface interaction between negatively
charged surface of photocatalyst and 2,4-DCP anions molecules impeding the photodegradation

rate 49% and 39%, respectively.
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Figure 5.8. (A) Study of trapping test through 3.0% N-graphene/WO3 photocatalyst on organics
(MO and 2, 4-DCP) without scavenger and with scavengers i.e., ammonium oxalate (AO) for holes
(h™), tetra-butyl alcohol (TBA) for OH® and benzoquinone (BZQ) for 03~, respectively. Effect of
pH (pH = 1, 2, 5 and 9) on photodegradation of (B) MO and (C) 2, 4-DCP through 3.0% N-

graphene/WO:s.

5.3.8. Proposed mechanism of photocatalyst
To elucidate the photocatalytic mechanism the valence ( Eyg) and conduction edge potential

(Ecg) plays a vital role in charge transfer process and calculated by following equations 5.3-5.4.
Evg =x—E.+ 05E, (5.3)
Ecg = EVB - Eg (54)

Here x, E, and E; are electronegativity of semiconductor, energy of free electron (4.5¢V vs. NHE)
and band gap energy of martial used, respectively. E; of WO; and N-graphene was found to be

~2.6 and ~1.5 eV as measured by Tauc plot, respectively. Using above value Ecg and Eyg of
WOs; is calculated to be +0.79 and +3.39eV, respectively. According to literature, the Ecg and

Eyg of N-graphene are to be —0.08 and +1.42 eV [228, 239].



The photocatalytic degradation of organic species was evaluated through as-synthesized material
under visible light irradiation as revealed in Scheme 5.2. The light exposure simultaneously
produces electron/hole pairs in WO3/N-graphene composite. Hypothetically, photo induced
electrons would transfer from Ecg of N-graphene to Ecg of WOs, while holes (h*) would move
from Eyp of WOs to Eyg of N-graphene. The elevated concentration of electrons in E¢g of WOs
can’t react with O to generate O3~ because the Ecg of WO is more positive than redox potential
0,/ 05~ (—0.33eV vs. NHE) [226]. On the other hand, the holes in VB of N-graphene suppressed
the oxidation reaction owing to low Eyp of N-graphene than redox potential of OH® /OH™ (+2.4eV.
vs. NHE). Consequently, this conventional heterojunction behavior is not favorable to generate the
radials ( 05~, OH") which are substantial to degrade the organics. To overcome these issues, Z-
scheme is considered as an encouraging approach for photocatalytic removal of organic pollutants.
In N-graphene/WOs3, the electron/hole pairs are generated under visible light irradiation. The photo
generated electrons in WO3 have tendency to move towards Eyg of N-graphene and increase the
space separation between the photoexcited charge carriers and reduced the recombination rate as
analyzed through quenching of PL intensities in composite sample. The accumulated electrons in
N-graphene undergo reduction reaction to produce superoxide radicals (03~) which on reacting
with H20 produce OH~/OH". Adsorbed molecules of MO on the surface of catalyst scavenged the
electrons from CB of N-graphene and reduced to hydrazine derivatives which on reacting with
OH* /OH~decomposed into less toxic compounds. The collected holes in VB of WOs involved in
oxidation reaction through reacting with OH~/H>0 and produced hydroxyl radicals ( OH"). These
generated OH* have appropriate potential to oxidize the organic molecules [246]. Therefore, the
holes and hydroxyl radicals are the strategic elements to effectively oxidize the MO and 2, 4-DCP

molecules and degraded into harmless compounds.
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Scheme 5.2. Mechanism of degradation of organics under visible light irradiation over N-

graphene/WOs nanocomposite.

5.4 Conclusions

In summary WQO; and N-graphene/WQs composites with variable amount of N- ene were
fabricated through an efficient chemical method. The synthesized photocatalysts were considered
as promising candidates for degradation of mixture of organics i.e. strong pollutants methyl orange
(MO) and 2, 4 dichlorophenol (2,4-DCP). 3.0% N-graphene/WQO; composite demonstrated
excellent photocatalytic efficiency under visible light as well as good reusability. Results indicated
that the increased photocatalytic performance is ascribed to significantly reduced the band gap of
WOs and enhanced separation rate of electron-hole pairs owing to incorporation of N-graphene.
Since the incorporated nitrogen into the skeleton of graphene sheets retained its sp’
functionalization which effectively modified it into semiconductor material by opening its band
gap. Moreover, the scavenger radials study suggested that OHe and h* are main active species to

degrade the pollutants (MO and 2, 4-DCP). Therefore, N-graphene/WO; compound system
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showed excellent photocatalytic behavior for the mineralization of waste materials, would be the

good choice in the future for numerous novel applications.
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CHAPTER 6

Carbon qauantum dots modified 2D/2D MgO@G nanocomposites as an
visible photocatalyst

6.1 Introduction

The organic dyes released from pharmaceutical, textile and food industries are very toxic and cause
a serious threat to environmental pollutions [249]. For environmental protection, it is a noteworthy
a great challenge to decompose the organic dyes present in industrial effluent into non-toxic
material owing to their complex aromatic structure. The various wastewater treatment methods
such as reverse osmosis, ultrafiltration, precipitation, flocculation etc used for decolorizing the

organic pollutants [250].

Photocatalysis technique have been gaining tremendous attention as it easily degrade the dyes into
simple and non-toxic material in the presence of solar irradiation [251]. Numerous semiconductors
(TiOa, NiO, ZnO, WOs3) have been widely used as photocatalyst for photo-degradation owing to
their peculiar and fascination properties [252]. Magnesium oxide (MgO) with wide band gap (Eg
= 2.5-8.0 eV) has high thermal conductivity , low refractive index and dielectric constant, which
contribute its potential applications in fields of adsorption, paint, catalysis and so on. Recently, it
is reported that the surface defects (superoxide O%) in MgO making it an interesting candidate for
environmental remediation. The surface defects create a low position energy level between
conduction and valence band when the Eg of magnesium oxide reflects the transition from valence
(0*) to conduction band (Mg?*). Thus, MgO photocatalyst easily generate the electron/hole pairs
which contribute in photocatalytic activity under visible light source [253- 255]. Few defect sites
and wide band gap are the main obstacle to limit its application in photocatalysis under visible

light [251,254]. There are numerous methods (e.g doping, composite) to boost the photo-catalytic
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efficiency of MgO in visible light irradiation. To overcome the above mention issues, it was
observed that graphene sheets play a significant role to boost the photocatalytic efficiency of MgO.
Because the remarkable properties such as large surface area, high chemical stability and electron
mobility of 2D graphene have allowed it to acquire outstanding progress in fields of photocatalytic
applications [256]. Moradi, S. et al have reported that the MgO/ZnO/Graphene ternary composites
exhibit higher photocatalytic efficiency (94%) against the sulfamethoxazole under UV light
illumination [257]. Zeng, W. et al have investigate the 2D/2D MgO/graphene sheet composites

degrade the methylene blue under visible light source [254].

Besides, the carbon quantum dots (CQDs) competent member of carbon family have shown great
potential in photocatalytic application either as itself photocatalyst or with the combination of other
materials. The CQDs play a diverse role in CQDs modified photocatalysts due to their size effect
and optical features. Furthermore, CQDs also act as electron acceptor, increase light harvesting
ability and retard the charge carriers’ recombination in photo-chemical reaction [258,259].
Gholinejad, M. et al investigated that the prepared Pd stable NPs on MgO-CQD:s at as a catalyst

for Suzuki reaction [260].

In present work, 2D MgO 2D/2D MgO@G and CQDs/MgO@G with optimum content of CQD
synthesized through co-precipitation and wet impegration method, respectively. CQDs/MgO/G
exhibited remarkable excellent photocatalytic performance against Congo red under visible light
source. The photocatalytic efficiency of CQDs/MgO@G enhanced on account of strong interfacial
contact between 2D MgO and graphene sheets. Moreover, the incorporation of CQDs significantly
enhanced the surface area which provides massive actives on its surface for adsorption of

pollutants. Moreover, the effect of reactive species were also studied to explore the photocatalytic



reaction. Consequently, this work provides path to develop several CQDs modified 2D/2D
graphene base semiconductors for various effective environmental applications.

6.2 Materials and Synthesis

Graphite power, magnesium nitrate Mg(NO3)2, potassium permanganate (KMnQOy), phosphoric
acid (H3 POq), hydrochloric acid (HCI), nitric acid (HNO3s), Congo red, hydrogen peroxide (H202),

sodium hydroxide (NaOH) and citric acid were provided by Sigma-Aldrich.

6.2.1 Synthesis of 2D MgO sheets

4g of magnesium nitrate Mg(NOs)2 mixed in distilled water (100ml) under continuous string for 1
hr. Simultaneously, optimum amount of NaOH dissolved into distilled water until it reaches at
pH= 3- 4. This solution drop-wise added into magnesium nitrate solution. After few minutes, a
white precipitates were formed. These white precipitates washed with distilled water and dry at 60
°C to extract the extra ionic impurities. The obtained product was further annealed at 500°C for

2hrs.

6.2.2 Synthesis of graphene sheets and CQDs

The same method was used to synthesize the graphene sheets as earlier reported [261]. For
synthesis of CQDS, 4g citric acid used as precursor was dissolved into 10ml distilled water under
vigorous string and then transfer this solution into Teflon autoclave for hydrothermal treatment
(180 °C for 4 hrs). Finally, the obtained product was centrifuge for 10mints to eradicate the larger

particles.

6.2.3 Synthesis of 2D-2D Mgo@G and CQDs/MgO@G nanocomposites
The 0.12g of graphene sheets was dissolved into distilled water and sonicate for 1hr to get the
homogenous solution. Then, the optimum amount of MgO poured into graphene solution and left

for I hr under string. The solution was centrifuge at 5000rpm for 15mints and dry at 60°C to get
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the binary composite (MgO@G). Same producer was employed to prepare the ternary composites

with different concentration of CQDs.

6.2.4 Characterization Techniques

The structural and phase information of synthesized samples were obtained through XRD (X’pert
PRO MPD, PANalytical with Cu K, radiation and wavelength =1.54A). The SEM (MIR3,
TESCAN) with EDX was used to investigate the surface morphologies of nano-materials. The
FTIR (ALPHA II, Bruker) was employed to analyze the functional group present in the prepared
materials. The optical properties were studied with help of UV-2600 spectrometer, Shimadzu,

Japan) in the range of 200-800nm.

6.2.5 Photocatalytic activity

The photo catalytic efficiency of all samples were investigated by detoxifying the organic dye
(Congo red) under visible light region. For this purpose, the appropriate amount of photocatalyst
was dissolved into dye solution (S0ml) under constant string and then kept into dark region for
half hour to get the adsorption-desorption equilibrium between the organic dye and photocatalyst’
surface. Sml solution was collected before exposing in the visible light irradiation for 3hrs. After
regular time irradiation, the solution was collected and centrifuge to separate the photo-catalyst.
The UV-vis spectrometer was employed on the solution for further analysis. The degradation

parentage of Congo red was determined using formula
Degradation % = (1-Ct/Cp) * 100% 6.1)

The Co and C: represents the initial concentration of dye and concentration of dye after specific

time (t), respectively.
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6.3 Results and dissussion

6.3.1 Structural analysis

The XRD pattern (fig.6.1) depicts the crystal structure of MgO sheets, MgO@G and CQDs/
MgO@G with different concentration of CQDs. XRD diffraction peaks of MgO at 26 =38° (111),
42.8° (200), 62.2° (220) and 78.4° (222) well matched with (JCPDS NO. 45-09) [262,254]. The
absence of secondary phase confirm the formation of pure MgO. In XRD profile of 2D/2D
MgO@G, an additional intense diffraction peak at 26 = 26.5° (002) corresponding to the stacked
graphene sheets [263] is the clear evidence of loading MgO on the graphene sheets. Moreover, it
can be clearly seen in CQDs/ MgO@G composites (fig.6.1 c-d) that the peak intensity of graphene
sheets suppress due to induction of CQDs. This feature suggest that long regular stack of graphene
sheets is destroyed causes the weak di.ﬂi'action peak. The dramatically weak diffraction peak show
the good exfoliation efficiency between the samples [264,265].Therefore, the CQDs act as
intercalator to retards the agglomeration of sheets and enhance the surface area which is beneficial
for photocatalytic activity (clearly seen in SEM images) [262]. It was also noticed that in all doped
CQDs/ MgO@G composites, the slightly peaks shifting indicates the successful incorporation of

dopants.
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Figure 6.1: XRD pattern of (a) MgO sheets, (b) 2D-2D MgO@G. (c) 1% CQDs/ MgO@G and
(d) 2% CQDs/ MgO@G nanocomposite.

6.3.2 Raman Spectra

The Raman spectra of MgO@G and 2% CQDs/ MgO@G is depicted in fig. 6.2. In both 2D-2D
MgO@G and 2% CQDs/ MgO@G composites, the D band is located at 1559 and 1570 cm™, while
the G band centered at 1320cm™ and 1336cm™, respectively. It can be clearly observed, the peak
of D and G band is slightly broad and shifted in 2% CQDs/MgO@G composite after inducing the
CQDs. The Id/Ig value for 2% CQDs/MgO@G was found to be (1.15) higher than 2D-
2DMgO@G. The large Id/Ig value indicates the massive surface defects [266] which promote the
charge carriers on the surface of photocatalyst for redox chemical reaction. Besides, the Raman
peak near to 200 cm™! is assigned to MgO simultaneously noticed in both samples, showing the

successful formation of nano-composites [267].
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Figure 6.2: Raman spectra of MgO sheets and 2% CQDs/ MgO@G nanocomposite

6.3.3 FTIR
Figure 6.3 shows the FTIR spectra of pure MgO and 2% CQDs/ MgO@G ternary nanocomposite.
It is well known that the carbon dioxide and water molecules are absorbed on the surface of MgO
from atmosphere because of their acid-base surface properties [268,269]. Therefore, in both
prepared samples, the absorption signals at 1640cm™ and 2366 cm™ corresponds to the O-H
bending and CO:.[269,270] .The Mg-O stretching vibrations in the range of 670-590 cm™ observed
in all samples [271]. Further, n CQDs/MgO@G nanocomposite, the peaks at 1528 cm™ and 1447
cm! is ascribed to skeleton of graphene sheets [272]. Besides, the signals at 1705 cm™, 1383
cm’ and board peak at 1200 cm™ attributed to the stretching vibration of C=0, C-OH and C-O-
C groups, respectively due to presence of CQDs [273,274]. An additional peak at 973 c¢m!
indicates the vibrational mode Mg-O-C [275] which confirm the formation of temnary

nanocomposites successfully.
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Figure.6.3: FTIR spetra of MgO sheets and 2% CQDs/ MgO@G nanocomposites

6.3.4 Morphological study

The surface morphology of graphene, MgO, MgO@G, CQDs/MgO@G was investigated through
Scanning electron microscopy and obtained results depicted in figure 6.4. The transparent and
crumpled graphene sheets with slightly folded edge seen in figure.6.4a. Fig.6.4b demonstrate that
the MgO also have sheets like morphology with highly sharp pointed fold edges. In 2D-2D
MgO@G nanocomposites (fig.6.4c), MgO overlapped with gaphene sheets due to good mixing
integrity of MgO and graphene sheets resulting to form a long stacked sheets with high surface
area. These staked sheets were exfoliated with the incorporation of CQDs as agreed with XRD
pattern. Besides, the induce CQDs increased wrinkled on sample with large surface area (fig.6.4d)

which play an effective role to increase the catalytic efficiency.
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Figure. 6.4: SEM images of of graphene sheets (2) , MgO sheeets (b) MgO@G (c) and

2%CQDs/MgO@G (d).

6.3.5 Energy dispersive x-ray (EDX)

The energy dispersive x-rays was used to determine the elemental compositions of synthesized
materials (figure 6.5). In both MgO@G and CQDs/MgO@G spectra, the peaks of C, O, Mg are
observed which indicates the formation of binary and ternary composites. The obtained results
suggest the purity of synthesized samples as no extra peak for any other impurity was detected.

The weight and atomic parentage of binary and ternary composites are presented in table.6.1.
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Figure.6.5: EDX pattern of MgO@G and 2% CQDs/MgO@G

Table.6.1: Atomic and elemental composition of MgO@G and 2% CQDs/MgO@G

Elements MgO @G 2% CQDs/Mg0@G
Mass%  Atomic% Mass% Atomic%
Mg 5.65 3.08 2.39 1.24
[0 21.99 18.25 12.71 10.05
C 70.25 77.67 83.65 88.14
Total 97.89 99 98.75 99.43
6.3.6 UV-vis absorption study

The optical absorbance properties associated with energy band gap of prepared samples were
examined through UV-vis spectroscopy as show in figure 6.6. The absorption edge of pure MgO
is observed in ultraviolet region at the 267nm attributed to the charge transferring from valence
band (O 2p) to conduction band (Mg 3s and 3p state). The band gap of MgO is found to be 4.6eV
as calculated from Eg=1240/Aas. As mostly reported in literature, MgO is an insulator with wide
band gap (7.8eV). MgO with narrow band gap corresponding to oxygen deficiency which leads to

formation of new energy level. Thus, oxygen vacancies enhance the photocatalytic activity of MgO
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[264]. Furthermore, it could be obviously seen that absorption edge of nanocomposites is shifted
towards the visible region corresponding to the decline energy band gap. The calculated gap bap
values of binary and ternary composites are to be 2.98¢V, 2.82, 2.7¢V, respectively. These
intriguing modifications in band gap of MgO owing to presence of graphene sheets and CQDs,

resulting the formation of chemical bonds (Mg-O-C) making it an efficient photocatalyst to utilize

the solar irradiation for photocatalysis.
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Figure.6.6: Absorption spectra of MgO sheets, 2D-2D MgO@G, 1% CQDs/ MgO@G and 2%

CQDs/ MgO@G nanocomposites.

6.3.7 Photocatalytic performance

The photocatalytic efficiency of Pure MgO, 2D-2DMgO@G, 1%CQDs/MgO@G and 2%
CQDs/MgO@G nanocomposites were evaluated by decolorizing the Congo red under visible light
illumination (fig. 6.7A). The degradation of Congo red was negligible without any photocatalyst.
The pure MgO decomposed Congo red ~21% on account of few surface defects. The MgO have
required valence and conduction edge position (+3.8¢V and -0.7eV Vs NHE) for redox reaction,

but its wide band gap is responsible for its low degradation efficiency. The photocatalytic
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b/

properties of MgO in visible region was enhanced through inducing scavenging materials to
attenuate the energy band gap on account of synergistic effect. Subsequently, 2D-2D MgO@G,
1% CQDs/MgO@G and 2%CQDs/MgO@G nano-composites decolorized the Congo red 75.5%,
89.9% and 99%, respectively. Because the crumpled surface of CQDs/MgO@G (as shown in SEM
image) provides the massive active site for maximum adsorption of organic molecules. Besides,
the graphene sheets (due to long pi-conjugates) and CQDs also act as electron- sink causes to retard
the recombination rate of photogenerated electron/hole pairs and enhance their transferring rate.

These charge carriers effectively proceed the redox reaction to decompose the organic molecules.
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Firgure. 6.7: (A) Photocatalytic degradation % of Congo red through of MgO sheets, 2D-2D
MgO@G, 1%CQDs¢Y MgO@G and 2%CQDs/MgO@G nano omposites. (B) Controlled

experiment using different radical scavengers.

6.3.8 Role of reactive species on photodegradation

The contribution of reactive species during the photodegradation of Congo red through 2%CQDs/
MgO@G nanocomposite were determined by using trapping test. Acontrolled experiment was
carried out using benzoquinone (BZQ), ammonium oxalate (AO) and tetra-butyl alcohol (TBA)

for 05, h*and OH" respectively as radical sanevgers (fig.6.7B). The resuits demonstrated that the
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addition of TBA and AO as radical sanevgers significantly impede the degradation efficiency
which indicate that OH*and h* are main active agents in photo catalytic reaction. Though, the phto
catalytic reaction is slight effeted by BZQ) as O3~ suggesting that 03" is not play an imerative role

for detoxifying the Congo red.

6.3.9 Photocatalytic mechanism
To demonstrate the photocatalytic activity of CQDs/MgO@G, the valence and condnction band
edge position of samples are key parameters in charge transferring process and was estimated using

formula [276]
Eve =X —Ec + 0.5E; 6.2)
Ecs =Eve —E; (6.3)

Here, the Ee, X and E; represents the electron affinity (4.5eV), electronegativity (2.05eV) and
energy band gap (4.6eV) of MgO, respectively. The VB and CB edge position of MgO was found
to be +4.45¢V and -0.7¢V, respectively. Scheme.6.1 depict the photocatalytic mechanism to
degrade the Congo red by exposing the photocatalyst in visible light irradiation. Mostly, the MgO
with wide band gap (4.6eV) is an active under UV irradiation. However, the graphene sheet and
CQDs tuned the MgQ into visible light active material by remarkable reducing its energy band gap
(2.7eV). The CQDs/MgO@G photo catalyst with light exposure simultaneously produce
electron/hole pairs. These electrons in CB of MgO efficiently captured by CQDs and graphene
sheets because both act as electron scavenger, resulting to suppress the recombination rate of
charge carriers. The captured electrons of MgO reactive with oxygen and to form superoxide

(*O%"). The holes in MgO VB band with edge position +4.48eV vs NHE higher than required

105



oxidation potential (OH/*OH = 2.3 eV/vs. NHE) interact with H;O/OH- to form hydroxide radials

(*OH). These reactive species O~ and *OH degrade the organic molecules at catalyst surface.
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Scheme.6.1: Schematic diagram of photodegradation of Congo red through CQDs/MgO@G

6.4 Conclusion

In summary 2D MgO, binary 2D/2D MgO@G and temary CQDs/MgO@G composites with
variable amount of CQDs were synthesized through effective chemical process. The synthesized
binary 2D/2D MgO@G enhanced photocatalytic efficiency toward the Congo red due to strong
interfacial interaction. Whereas, the temary CQDs/MgO@G composite exhibited higher
photocatalytic performance than 2D/2D binary composite under visible light source. Results
revealed that the increased photocatalytic performance of ternary composites is attributed to
significantly decline the band gap of MgO and recombination rate of charge carriers owing to
graphene sheets and CQDs which act as an electron scavenger. The incorporated CQDs in ternary
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composites also enlarge the surface area which offers massive active sites for adsorption of organic
molecules. Besides, the scavenger radials experiment proposed that h* and OH* are reactive
species to decompose the pollutant (Congo red). Consequently, compound system exhibited
superior photocatalytic behavior for the mineralization of waste materials, would be a good choice

in future for various novel applications.
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CHAPTER 7

Conclusion

In present era, the researcher’s intention has been increased towards the energy crisis and
environmental remediation. The researchers are trying to develop effective and efficient
techniques to deals with environmental challenges. Photocatalysis is a cost effective, safe and
easily handle technique for environmental and energy crisis. The researchers still making this
technique more practical and cost effective by synthesizing visible light active catalysts, both for
energy and environmental applications. In this research work, I have prepared numerous graphene
based semiconductor nanocomposites and applied them for water waste treatment. The synthesized

nanocomposites were exhibited enhance photocatalytic efficiency under visible light source.

Publication-1 NiO sheets and 2D/2D graphene/NiO nanocomposites were prepared via chemical
method to boost the photocatalytic activity towards the degradation of MO under visible light. The
incorporation of graphene sheets improved the photocatalytic performance of 2D NiO sheets from

30% to 75% owing to strong interfacial contact 2D/2D graphene/NiO composites.

Publiation-2 WO; was modified with N-graphene to work with visible light induction for
decomposition of strong mixture of pollutants (2,4 DCP and MO). The induced N-graphene in
WO; enhance the surface area and supress the charge carriers’ recombination rate cause to improve
photocatalytic activity.Moreover, the photocatalytic efficiency of the binary composites was

greatly increased owing to nitrogen functionalities in N-graphene.
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Projcet-3 Ternary CQDs/MgO@G and binary 2D/2D MgO@G nanocomposites were synthesized
to remarkably tune the band gap of MgO. Reduced band gap making it a visible light responsive
catalyst for detoxifying the Congo red. The synthesized 2D/2D MgO@G nanocomposites provide
large surface area and more active sites, which effectively inrcease the photocatalytic performance
against Congo red in the presene of visible light. It was also noticed that induce CQDs act as
electron scavenger leads to enhance degradation efficiency of ternary CQDs/MgO@G composites

again Congo red than binary composite (MgO@G).

Table 7.1 Outcomes of photocatalytic performance of various synthesized materials.

Catalyst Photodegradation | Degradation | Degradation | Light
of organics (%) Time source
pollutants
2D/2D Grpahene/NiO MO 75% 4h Visible
composite
N-graphene/WO; (2,4DCP, MO) 81 (2,4DCP), 5h Visible
composite 94 (MO)
CQDs/ Congo Red ~99 3h Visible
2D2DMgO@G
composite

It is concluded that the graphene sheets and 2D semiconductors have great potential towards the

numerous photocatalytic applications.

Future perspective

This research project defines the significance of graphene sheets in modifying semiconductors for
photocatalytic applications. Considering its tremendous degradation efficiency,
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The efficient and novel nanocomposites with tremendous features can be used for
deduction of environmental remediation and industrial effluents under solar light.

These materials can be further explored for the reduction of carbon diode level in
environment.

The synthesized nanomaterials have great potential for cost effective hydrogen production
through water splitting process.

It is also proposed that detailed electronic properties of nanomaterial can be studied by
employing advanced characterization techniques such as synchrotron radiation X-ray

photoelectron spectroscopy (SR-XPS), X-ray absorption spectroscopy (XAS).
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