
Modifications of graphene nanosheets to utilize as

photocatalyst

By

Zameelt Yousaf

(79-X'BAS/PHDPITY/F I 6)

Department of physics

X'aculty of basic and applied sciences,

International Islamic University,

Islamabad

ffi
Etht\u4 ila



,il*tsi::: frT*WV

PhD
E3''"t
7ft fi1

\V;l;, ^,;" yuipr^ii r:

Ajr, r ,r " i,.- ., 
',{^:., 

,

Phn.{ , dl"' }l 5 4



Modifications of graphene nanosheets to utilize as

photocatalyst

Zameelt Yousaf

(79-r'BAS/PHDPTTY/f,' 1 O

Supenrisor

Dr. Shamaila Sajjad (II[D

A thesis is submitted for degree of Doctor of Philosophy

By

,'."f,;?;
/;s:

! 
-= 

--,.-."t At-\ ti'"';ll,lI

I



Dated: 3l-0E-2022

FINAL APPROVAL

It is certified that the work presented in this thesis entitled 'Modifications of graphene

nanosheets to utilize as photocatalpt' by Ms. Tamerllt Yousaf bearing Registration No. 79-

IBAS/PDPEY/F16 is of suffrcient standarrd in scope and qualrty for the award of degree of
PhD from Intenrational Islamic University, Islamabad.

COMMITTEE

Ertemal Examiner I
Ih.Zafar Iqbal
Professor,
Riphah International University

Extemal Examiner 2
Dr. Qrat ul Ain
Assistant Pnofessor

NUST

Intemal Examiner
Ih. Imran Murtaza
Associate Professor
Deparfinent of Phpics, FBAS, IruI

Supenisor
Ih. Shamaila Sajiad
Associate Professor

G.!2 B;:' , FBA5,IIUI

Chairperson
Ih. ShaistaShahzada
Associate Professor
Departnent of Physics, FBAS, IIUI

,tlrFrle



Modilications of graphene nanosheets to utilize as

photocatalyst

Ztmeelt Yousaf

(Registration No. 79-F'BAS/PHDPIIY/F'16)

A thesis submitted to

Department of physics

For the award ofthe degree of

Ph

Department of phyrsics

f,'aculty of basic and applied sciences,

International Islamic University,

' Islamabad

Q0221
t

ll!

.B.ffi3ffi:

(Chairman, Deparfrnent of Physics)

(Dean FBAS, IIU, Islamabad)



A thesis submitted to

Department of Physics

International Islamic University Islamabad

As apartial fulfilment forthe award ofthe degree of

Doctor of Philosophy

tv



Certilicate

It is certificated that Ms. Zameela Yousaf (Registration No.79-FBAS/PHDPIIY/F16) has carried

out the research work related to this thesis having title "Modifiations of graphene nanoaheets to

utilize as photocatalysf' under my supervision. Most of experimental work was carried out in

Nano photocatalysis laboratory of interntional Islamic University Islamabad (I[JI), Pakishn

Atom ic Enerry Comission (PAEC). Ii is certificated that chapter No. 4-6 of prcsent work are based

on Ms. TameelaYousaf s researh conthibutions and have beur published in international journals.

The present work fulfills all 
ffiuirments 

for the arryzrd of degree of dotor of philosophy.

$ (/^ -$'-

superuisor4.2$'
Dr. Shamaila Sajjad (trUD 

"C
A ssociate professor (n'S)

ct285
I nternational Islamic University, Islamabad.

t-



Declaration

I hereby declare that this thesis work 'Modifiations of graphene nanosheets to utilize as

photocatalyst' neither as a whole nor a part of it has been copied out fitom any soute. Further work

presented in this dissertation has not been submitH in support of any application for any ottrer

degree or qualification to any other university or institute and is considerable under the plagiarism

rules of Higher Education Commission (FIEC). It is affirmed that Chapter No.4-6 of pesent work

are based on my own nesearch contibutions and Chapter No. 4 and chapter No. 5 have been

published in intemational journals. The plagiarism test was done by using Turnitin via ID:

1749124695 and similarity index is found that lies in accepted range allowed by Higher Education

Commission (HEC) PakisAn.

TaneelaYousaf

(79-FBAS/PTTDPHY/F I 6)

vt



DEDICATED

To

My Parun&, Brothers

&

Sister

vt!



Acknowledgement

First, I would like to thank the most gracious, Almighty Allah, for giving me stnength and

determination to carry my rcseanch work. He bestowed me with wellness, understanding and

persistence to accomplish this thesis. Alhamdulillah!

I would like to thank and exprcss my deep and sincere gratihrde to my motivational supervisor Dr.

Shamaila Sajjad (Associate professor. Deparfrnent of Physics, IIUI) for their patience, support,

immense knowledge, guidance, and'encouragement. Her doors were always open for worthy

discussions and suggestions during whole rcsearch. Her benevolence will be ever appreciated.

I would also like to thank my Lab fellows at IIUI Anum lqbalr llfiaria, Yumna, Artik& Saima

Noor, and Ayecha Kanwal for their continuous support. I would also like to thank my colleagues

for encouraging me. My reseanch is really the fruit of my sincerp family members, parents, and

respected teachers.

It fills my heart with joy unspeakable to express my gratitude to everybody who contibuted to the

successful accomplishment of my PhD thesis.

VIII



List of Publications

l. Yousaf, Z.rSayad, S., Leghari, S. A. K., Noor, S., Kanwal, A., Bhatti, S. H., ... &ElBahy,Z.

M. (2021). Influence of integrated nitrogen functionalities in nitrogen doped graphene

modified WO3 functional visible photocatalyst. Joanul of Ewirownental Chemical

Engineering.106746. (r['.7.90

2. Yousaf, 2., Saiiad, S., Leghari* S. A. K., Mehboob, M., Kanwal, A., & Uzah, B. Q020).

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

significant visible photocatalysis. Jomal of Solid-,State Clumistry, 291, 121606. (IX'3.498)

3. Kanwal, A., Saiiad, S., Leghari, S. A. K., & Yousaf, 7^ Q02l). Cascade elecfion tansfer in

ternary CuO/o-Fe2O3lT-ADO3 nanocomposite as an effective visible photocatalyst. Jownal

of Pltysics and Chemistry of Solids, 151,109899. (m:3.99)

4. Naz, Y., Safiad, S., Leghari, S. A. K., Masoo( M., Malih A., Yousaf, 7^r&Uzafu,B.Q020).

Development ofeco-friendly green and chernical routes forexfoliation ofgraphite as effective

antibacterial agent. Materials Research Eryress, 6(12), 125620.

Research ptperc under pnocms

(tF:1.O

l. Carbon qauantum dots modind 2Dl2D MgO@G nanocomposites as an visible

photocatalyst.

lx



t.t ltrtn. i lt,,rr{.,, dtl { .. rl}.d tnf,t{r/.. ., \'r'lt: t ll!(...h

.;, i--L

f.E!ffi llit d$b $ \flrr.Tlt rr.l

Journd of Environmental Chemical

lou nrJ homrpag= strl fl i!(t,et.L(l,'rlft rc{rlr:rrr r
?-

U

TT
?fr*al-FInfluence of integrated nltrogen funcflonalltses tn nitrogen doped graphene

modified WO3 functiond vtsible photocatalyst

Zamerla Yousef , Shamaila Sailed -'' , Seiiad ithEcd Xher lrgherl', Saima Nmr',
Aisha lt'anwal . SiaSad l{ussaln lthetd , l(hded }1. Mahmotd',Zclnhorn M. EI-Bahy

'rffiendlJ.rr LlHr.ry. lHq' lr&Efrt tr{{-
' tr{-,Vf p JE lffilrbrd icftt ral}r rr iffi t r# -d ItsEE tlHlt HErr *lbE* UfrEArr afrE
' 2Jt- En imtlrr ol lith.rqt af ,JDfd ScLl4r l&r*d, Era.r
I l,cm*tt sl Plqrt! q,fu.lhfuitE. Br-4!dnc
' l+rvr'ril of FlmE Wt q tuil Ura$ O6r f4'.lihl'Et7. t.4 U llfr. E rl*f,Srr t t
' i ttrffiv .l t: il&lrr. J@ al tur.. rll fth lfi r5t;, er Qr. t I U frl 1F

rt, lrLLt ItlfU AITTTA(T

[lr.til doFd lr.Dtilrlroaild ffuralcornoltr ryst ryrltttrt.d 6tulh m.ftcEy. .Illad!&E.
nE Drc"rmdFhdoclEttiaHGrrEdqrdrr![G.radriEftrdtFrAll6.fhlt!rytod.ctrfrL..,4 't
.Itl{oluDtdd fe +EDlrd D.qilcrp(Iffi.XIDfoil dfifqf:rdurd ugf,trrrfiuru of
{iO hro h-IrrFDsr, ltr dffir d of fy(h rbll niilr l[$Tb rdt.rrrrd urlrr phn of lr{}}
lSEm rrrd 16l ltrl lfi of E6lxfltr.arril(,ttrrtm.td afrE^H lErltd6r dl,il;drrnrcdtr
rld Ut" thd'c d 'qd iled D.td..of fforalBtr.a u crrtrd lhl.df lf-lr.Dt r, fllrolru ffG3l'
la 

'rephfi, 
drer.d ilE 5 !r, r.l-!.Eltrc 7efir,t to ralco.6ssq* ffild .rl lmtrrd dl{ .b,

rot?rEn ct, of l$dfldt ot/tlxlr rrrcoqdlE Eidt rlllt r$cr r rndhd m DllS rnelyrL. t'nfi .d
luEl! lrltEr rhd fh ffifl.ilc{E b.thErr fi{rrDt r. .Ed tlll,}t !!l lErth| W - O - t] Ir,rlr+
lhlry*. tt. notlmrbh nHo! rlLtrldil F*dS.Off I+I8?U.E^Iq tdrrdoDdurr+rrtjoa ol
gfEro ldlErd.{ul,c rett llc rdr.aflftI r.srrEr rytard rLr loL. tf,-] ud rwl ur th 6ra
elus h thr d.cuEddb. dtdr ltlrd 2, +ED. Illlrtlrr lErrrd abhC- tti bdag
mdlur.tru lo !.6i lllE bGaffi. 3.If il14lrrr/Ultlr riltd, dxrcat ttr ndurr gho
dq5rdrtond.Uotr|,{lt*ldI.{'OCD(ril-Oltl. IbttEFotff+n]r'.!rrFcrdSqflarltrllro
E.t $oS-lrF6olcSFr.d rrgt[lof dlrrcrrl dltcrrl! l}{lrDh!. hlil EprF O. Er+
ptrr t5.r of rhatr c*zrr 6dq flreulyrL, Ttlr srt ;ril& trELlrw Etrrlhr lc dra[rq; th X-
f,r.lt rryt.tuftrtrllI dbltn! rELsrNtrE{ FtdGirIyE Fl[@.oa r[ &. rJlronmul t{np
rtctdrB

ld:tu! l[ riL llr||o

f,l][Erlr
1rn{r4 d+.d. FtrglE
- 4flh.rrybml

r,rBht: .Eltrtr
tlrt ftr"Fra Fhltraaalts

r. rntqluctlon

\coroaducrrr bercd pttutrnlyet hryc gelncd uurl rttrr.tbo r
rrrrrunt od hrgt artrp drrund aad mlng wlroonrad eroHax 1 

. ..
Fert l'.r lrrillr. ncrcnorE ffidcdxlrrr rrd rr slaltrda rrlGfu
.rnd m.ral orlde hryc bmr f;trlctqt to dcrtr.G ttGE pholodrdydc
n\F(rr(, un&rtrdble lflu t , llorarr. fir* rrrmHartpn rrlc of
plurtr,3rnr.reltd drrtre rrrasr,oil krw uqrofvlillrlc l4ht hrAu &Ar
dFF.r drrnn tr,rwrrdt cffitquufirrl rr:rr{ledsr t . Subgprnttf.
rnrblr h;ht nrpadvr jhauarelyrk *taleb hirt blor ftlrdildto
trrhF ltu rhrtrq;ct aprltA rntri!' pmdrton rrd cnvrrwrmd

cntrldaffoL Arrd6 dl d thcr[. tlt(h (n+Jf ElEondrcrc, n
ccrdad r porothl Ehrlll rrrlnil E thz finrblc Epftrl rud
dcEtuL pmFtE W()t hrr bs ruurd lEElArd rEEErhr a!

;hotcrtrl1lilc rgrU.rdru dr tu brf, rcra lrrhlc ilydodsrlrrl
FrFliq ptolE!fidc rod viriHc liglc rlrrrptftrr rcdliatr t' - . -

thhftlldt fftL il! drmnHufm prm d ptoio Edrrcd
chrlsonftorud ltilrtlo re at|lrarr:dudlrl q rcuE! dErrton
hd trrp rd lor+otcuH EDGGtltr{t Ed.:r W(h hl r{crdw b
pkelrlydt lrl-

lb ovstua drcrc trrrt. lnrugl trturlqlH h*c bsgr rpplrd ro
lEa fu plr4mulflc lrrtdrkr oI $lth ttEan[h trroryrr.trst oi

' I r{rrrtl(t4fu.r rs. t clilly d lt 3. na Aglurd s.rtr++ &l.rr.bo.l llh!& lM$'. H.!q ldc.b.d {HU[, ]*loE
t.jnu, )'tbtllrlL t , , . .' ..ri,,. ,r ri I ' ,p tA qFafl,

'r't'
lrd' I rr{d l, Jlrl} XlIt: l{.Gtrstd E 3lelr.ldfril 3l ff.tD.rllElt; A{rlF.rf t !{crbtilAf
tt.rlrtlr rr:rlltt" ('.r{of,a[Dg ttr|t
:Jt r- x-'r ttl,.$21 Lk rH lld, Jl[ 4htr rE'Isc



J. sr, - r Lv{.J \Lli t'hrfi srr} .}Jl ,J,t:llr} tllFD

ls. ,tL.

GaGt.ulLrrerdld:I SGlffi

Joumal of Solid Sae Chenistry

rournal lrofiapage: rrrrrr.drorhr"comnocrlrrEr$

Interfacial drarge tranrsfcr via 2rlNio and 2rlgraphene nanoeheets
combrnation for significant visible photocatalysis

/-anreclc Yousaf '. shamaila seliad *'. saiied Afuned Kran leghart e, .f,larl! Mchboob ",
.\rsha l(anwel". Bushra Uzair'
',rreoJ I'hnr Lmry fllrt &br&d, frh
' |r:lsDn,6!u. rd frUErf E {fLdbr[ts tll.!

'f,

-

r [ | tt I r' l\iDar AfsrtacT

fm dlurddl l2lr, ffiEr 5 GtEdE utt il.r lD urlrlr glry r drt.* lc hil ilD
Ec.ldtErllffit' orh! F EE h lnEEf cLttrrlrrE rEEtl{ rI:. 6trpltffi Dfind }|E|
Utt-,ilrrmmplat Fc FEdrf ra 5Ft!.tta drodrdGadlrd lturlurtFcrBPrc -drlltcql !f,ttD{B ED F.rr dlrf, rrd iilpodl rcH rh rirr-lrr F- d Ir'tO d F|.glnr lflO nrrbruIt rrl*tlf qprd o 349tr rhtltLt tdlln LlltdrlGgldl!| !.H!
lErr F-rpr 5SEl| hilI. llv-YbFrdGoF.rEdEfTldrtb!E-Lt E2!rv
ffht !o ltE{ldrH o(tr$rl-- Era.ErTEE of Ghr! crltr rE.o.nrrdD,rgfD
t5llauE |t..Er. tu 48q,, rO.OI.qltrr:{aocctdr.alDab hog F.iF-tldG.Gdrt,crrd rlo d:trd.da u&ddLbIaIer E q lilrtud-"r-f rd I&fD rItf, r4hbfrr.{
Fhoec.Ilrrrr f,ludr !rhdEdETFrrtrfitl. Hdartu d pllrfi ErrE t.drlrla.r.

t.,r Ll n.! l.d.rE llEstrf

tr{*raa
l,r F*firlr
lailutr!!d.taF
-LL. l. rEaru{,
l lrhrlLrh.!

I lnrrtrrducrioa

Enrrmnmurtel urtnolopr urd dm lc Edrl6ror:rcrror tna
l'.ned rrn rnrrtrerint srEr and etr polhdm f I l. A lqge rrnouil d pol-
luurntr thear-l mcteh dycr ea,l lr pmfirod drrc to idrnriel cfltm
r hrh lntrnsr.ly cffrct cnvrronnr:rtd rnd .qrlrttc H& uluh thmr lullc
t I hcr depcnrlr on ttrclr msrdcr molGcrrbrrtnrtur [i,51..I] is rruELI to
Jrruhrp ln ethctrrru tctd+rc o tdtlc thcre htrtatl crryrroonlatrl
prrrhtcrn+ Phurntrlytic dGF.daim is tr :ffi.ciot ta..hfrfrr b dcd
n:th ennrunrnorul chr[cn6o lru crdlotc thc hpsdour conlnlar
truns frun eruturraErt) aod sstatrab0ltv rrrft l[lu irdLdm J..51. b
phrrhrGElytiE prfiEEt aciled dc<lrus luw ftom vehm to codrc
t:,rn hand nt scmictnductottltcnrls to g:nrrrm dcctu {G-}+Elc ft .t
pu;r undcr ll$u irndtedar ffu* photorldtd rfuXc GrrriEE rrc
rrurrnqhh. for orrdetim rsdurrion prca wlth orytco rrd wrtlr to
dr.qrlrrh. thc orSrnrpollrrans rnd nbrcqrsrtly mlrelhclttoGol rnd
[{,rr I l-

2l) nanrlnrtcrLlr trrc bc:!l grialug tro&c ffiatidl ia oui.
rrnnrenlal rcmr-rlratioo oNrfoE to tlrdr 6*idirg phydo&anicrl pop
trirt* Lfu mcr,henxzl llrrihhtg lar;: TGdIL ssfeoc artr rnd
nurrrrilur eutrr,e ritcr m fhcfu flrf.RE GtE [8.o1. fuirool uariqs 2[t

rlcdd+ Xfi lP{yF rsutcodr-url powr allsu dEDEG
ft-G, br dr clcrFxld &dol ud tmgru ctlflt rbiliry
ddrt ut& L mdr: c ptmdlnt !!d.rd.lUc llilt irdirhn
II(\III llorwr. +ict norttuion of &EE GEfEr. uhimnn
hri,Ehg cI [thr kr dodw rhrprlon GE. lrc rbe cquldcrrblc
uJor lhltrr of MO rrntodrrEr E tarrd phomrlytlc pcr-
hruacr [l:$. To or:rtur tls fird:r, llrroun tru rhorm rhrt
2lI4D lrcuurrlanrtl codoudltEsrlc orplir6 lod cded ilrE-
hdrl srttur trrura tirn ltru. ptyrlat ud clrrtrurir orplhl
cfftsr Hrca uicoodrua tffirad ;rrptc tshrureblc s for
sa- th trrr4crdan nt o{rh:troqAoh Fhr !!d bct ftE phc
lctrlydrddxy [t 3-l Sl. Bamhfhlyoodwt'rc gryhm irc:l
g rnrhcru Erpbr fr futla3 dcctrsrdr: ro ddmlirGd
drnrrrrl grrort ru drc cerbon *=e hdlag to u rftctiw chr4e
rlpGdoo ilGrt}ffii.il hfu llol. nGtrtilf,$rnct d. dsnor
ind thr fficrdm of 2DZD enOr1lrtnO ln$arc tccc vrr
rhnd lll urtod GddHEd Hil phdoEdtdE rfidmy rr
oq.td b IIIAD Ed GAD hasqhn dc. ftc r:rutr &rrly tur
dclE ftG h dxlocrLdiu; tur 2D.ifD SilrO+rrGeEGd tfdphE"E
dp.trr foufurl jucdur, Ldngr erqurt$t-p*io nrc oi
drqr urLr s! nhme phffiCrtic UAAancy [I:f. Ilndcr,

' &{rerFrndr.E rurhor Frcutry of Eu&. rd fpgtid tcir-r hrtrrdo{ ldle thiurr]E, hrtrn filO, ]ela-
tatutltl&a*t tlt.ll ur,,.-. t,.'t, ..qt,..drstlr.c.l:JCEtrlsU-,pL(S.{lfd}

I t.,rrr tw Jr.,., i.j.ttrr
l'rtr rlrrl I tr.llu lJ'Atl ltr.dv.d ln .gvll3d firfi 16 Jdy An:D! frcraud 2l JrIy 2dIO
,t,rtlrblu rrrlrru g AqF[ 1020
.ttlJ:-.tfljrt'c, -cltu tlr.trl' lE- AII rglrr nr.[td,

xt



)lL
J o u rna I or eh7;.':,i:?, *.=,n'i,t ry or sol ids

L

( ,:rsc;rde eJectrcrrr trarrsfEr irt tertrary CtrC{rr-
|'.'..r <.> +/Y-AL2()3.llarlocorrrPosite as alr. eftective
r i ritrlc 1>lrc>tocart:rlys t

-,,, ,', ,,'::-' :"- 

t a Eel'rd .- r'' Ea-'Ir { qhml. '-hrn t€tFtri E' zstr*'e *sus!"

, sdo to .Merdeley :f, Share t! Cite

(:et ' 4l'tt:- grrll !c-.a:E- (

\l rstr';rr:t
I{ig}rlv effi.cierrt terrrary- hetercrjrrrrctioa ofcrrO/cr-tesO4/y--{zOs r+'a.s
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: L. trt tr-rrid.. cLerrrical curnposition, ru.orpb.ology, <rptica,l aud photocatalytic
,,r1 ..rpr.:'ties ofas-preparecl CrrO/ct-FeeOqly-AlzO3 photo cata.lyst rrrere cornprred
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rr-r.n,El'-'orxlposite lr'.rs fourad to be L.9 eV ehrcid.ated by IJa'-DRS- Bnrnanrer-
[':: r:rr.-.'.t-Teller {EET) a.rea.lvsis short-ed ttrat ac-fabricated terra.rl' GrrO/cr-EeaOa/

\I.'O1 Ttarxocorlaposite ersltribite<l the pororrs stnrctrrrc lrrith large errrface a.fea
arrci s:rrall 1l.rre rzolrrrae as cortr.1>ared to pristirre y-Al2O3.drre to the rrrriqrre
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Abstract
r- q.ris ::l'.ase exfcliaticn (LPE) has emerged as an effectlve technique fcr prcducing large scale 2D

r-i^r'-;h=et-e, lp Dresen: study. graphite has been e#oliated b7 using chemical and green routes, The

: l-:pt=d methcCs are 
=cst 

effertivq eco-friendl)/, time saving and utilize less toxic sclvents fcr

p'rd.r: r'g high oualiti'enfoliated graphite (EG). Herein, graphite er<foliation has been achieved by

.riln-; r'..s3H HCt natJral aciis (lemon ju:ce) and plant extract (mint extractl, ln chernical rcute,

irjlliri,t-:n cf graphite ;sing NaOH has given excellent results as compared to HCl, By using NaOr. d-

!i,:-:Ei-rj r,6tsg Ji45 been increased from 3.30 tc 3.17 nm and sheets with average thiskness of 14.8 nm

l- r', e ceen achieved. lq green route, mint efiract gives better result as compared to lemon juice. The

L (:.1:t'\'e ccnstituents of plant extracts penetrate betrreen graphitic layers results in weakening of van

trr i'.'rifr s fcrces u,'hicn faeilitates exfoliation. Using mint extrac, d-spacing value has been increased

-rcm 3.10 to 3.35 nm. Thin sheets with a'r,'erage thickness of 10.79 nm has been obtained, Overall

;.-:lir: cn using NaCH ano mint extract gives excellent resutt. The higher lDilG ratio for exfoliated

;"F')" tE .rsing NaOH and mint extrart is O.77 and 0.88, respectively as compared to pure graphite

'.."r ,t1- r'Jnflrr-e.i the llegree of exfoliation. Exfoliation of graphite enhances the surface properties of

na^c-sheets leading to the enhanced antibacterial activity against Pseudomonas Aeruginosa as

::,:n'prrec! to pure graphite, The exfoliated graphite using mint extract showed the best antibacterial

-,-ri', r.

xil



Abstract

Environmental pollution and enerry crises are the main contests in worldwide. Over a past decade,

the development in natural abundant, cost effective and more efficient material has made thern as

competent candidate for versatile applications.

In rhis rcsearch worh high-quality graphene with confrollable layers and 2D semiconductors

materials have been fabricated via chernical synthetic rcutes. The graphene based modified

semiconductors (2D NiO, WOI and 2D MgO) have been syntehsized to enhance the photooatalytic

activity under visible light iradiation by tailoring their optical prcperties. Morpover, the

incorporation graphene sheets offer large surface arpa and active site for photooatalytic activity.

The prepared photocatalysts were applied forthe degndation of organic pollutants (MO, 2,4 DCP

and Congo red).

ln my present work ZDDD graphene/l{iO composites with various concentration ofgraphene was

synthesized to enhance the photocatalytic efficiency under visible light irradiation. The

synthesized 2D NiO sheet via effective chemical mettrod 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 surfrce area and strong interfrcial interaction

between 2DDD graphene/l{io r€tad the recombination rate of electnon/hole pairs as examined

through PL spectra led to excellent photocatalytic performance against MO.

N-graphene/WOr nanocomposites as active photocatalysts with optimum content of N-graphene

were fabricated through wet chemical method. The effect ofN-graphene on WOr was investigated

through different characterization technique such as RAMAN, XPS, PL, FTIR, etc. In N-

graphene/WO3 nano stnrctutt the interconnected network ofN-graphene allow dispersion of WOI

and improved the light harvesting ability of WOr photocatalyst confirmed by UV-vis spectra.*



Thercfore, the N-graphene/WOr nanocomposite exhibit€d superior degradation performance

against mixture of strong pollutants (2,4DCP, MO) than pure WOr attributed to increase charge

separation ability through z-scheme photocatalysis owing to nitnogen functionalities in N-

graphene.

2D MgO sheets was prEparEd through co-precipitation method. Thc 2D MgO is poor visible light

responsive photocatalyst due to large band gap. The photocatalytic efliciency of 2D MgO was

improved by synthesizing binary composite 2DDD MgO@G (seen in SEM images).2Dl2D

MgO@G strong interfrcial interaction boost the photocatalytic activity of MgO towards Congo

red under visible light. Moreover, incorporation of CQDs n2DDD MgO@G composite scavenge

the electrons and incrtased the roughness of surface which prcmotes the enhanced photocaalgic

degradation of CQDs/IVIgO@S OgW than binary ZDDD MgO@G composite and pure MgO.

Y
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CHAPTER 1

Introduction

1.1 Background of Photocatalysis

Environmental technology is facing some critical issues based on inqpasing air and water

pollution. Industrial, agriculture and domestic activities, accidental spillage, s€wage and storm

water. other global and envircnmental changes are the main soupes 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 naturp. The inorganic water pollutants are composed of

heavy carrinogenic and toxic metal. [3]. While the organic pollutants ttrat greatly affect the human

life as well as environment and ttreir effective tendency depends on their structutt. As a result,

organic pollutants are further classified into thrce tlpes based on their chemical composition (l)

organometallic compounds (2) hydrocarbons (3) oxygen, phosphorus, and nitrogen compounds

t4t.

The first category consists organometallic compounds with metals like tin and lead. Industrial

discharge materials and agriculturr activities art 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 ofhetercatoms like oxygen, nitnogen, and phosphorus in the hydrocarbon



structure. The abovementioned atorys are r€sponsible for high polarity of related compounds

which make thern fat insoluble and more water soluble. As such, heteroatoms related compounds

are less persistent because they dissolve easily through the envircnmental activities [4-5].

Moreover, dyes are also stable organic molecules owing to complex structup have extensive use

in food. rubber, plastic, poptr, textile, and printing indusfiies. These stable organic dyes are

carcinogenic and poisonous in nature which are not easily affected by ligtrg temperatue, and

microbial attacks. Ottly 15 o/o dyes are extinct during dyeing activrty. Consequently, the

elimination of them is an imperative issue. As a result shortage and incrpasing demand of clean

water sources account of rapid population gowttr, industrialization and long-term droughts have

become a worldwide problem. Numerous practical schemes have been applied to produce possible

water resouttes. To store rainwater for regular activities and enhancing the catchment capability

for water are the scaroe techniques to solve the short-term water problems. To suppress the

deteriorating of sanitary water shortage, it is essential to develop an effective, highly efficien!

and cheap water treatrnent techniques to clean the rmstewater. For this purpose, generally used

techniques can be divide into two categories: chemical and physical methods. Screening,

distillation, sedimentation, filtration etc. arp included in Physical method while Chemical methods

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

The major drawback of all other above mention high-cost techniques to pnodue,ed hazards

secondary pollutants as a by-product which are harmful for human health l6,Tl.lnmodern era, it

is irnperative to develop most effective, inexpensive, and minimum time-consuming technique to

attain safe water. AOP (advance oxidation process) is advanced technolory that has the capability

to oxidize pollutants rapidly. In advance oxidation prccess the reactive radicals ane created with

the help of enerry soupes (sun), one or morc oxidants (hydrogen peroxide, ozone, oxygen etc)



and catalyst, which can oxidize the contamination prcsent in water [8]. Therefore, photocatalysis

is an eflicient 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 em, the

photocatalysis has been gaining tremendous attention in wastewater treatment to acquire complete

m ineralization of the contaminations [6].

1.2 Nanoscale photocatalpt

Nanotechnology has motivated the rpsearpherc to explone the research, where the intiguing and

unique properties of nano-scale materials provide morc sustainable and effective solutions of

prevailing effluent-water problems that leads to envfuonmental toxicity. In the nanomaterials,

surface properties and quantum effects become monr dominant because their large surface area

offer more active sites to pnomotc surface dependent properties. So, nanomaterials are good

adsorbents owing to their fascinating physiochemical properties to boost the photocatalytic

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

1.2. I Semiconductor photoeatalyst

Over a past decades, the researchers have been paying monc attention on photocatalytic rpaction

that occurs on semiconductor oxides, selenides, and sulfides surfrce. 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 CeG:, TiOz,ZnO,CuzO, NiO, WOI etc

have been found more effective photocatalyst on account of their less toxicity, high

physiochemical stability and photo-catalytic efliciency, specially having stnong capability to

completely degrade the organic contaminants into innocuous prcducts (COz and HzO) [12].

Y



1.2.2 P roperties of photocatalyst

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

for outstanding photo-catalytic activity:

o Band gap is an important featurc of photocatalyst. The light irradiation must have energr

equal or greater than the band gap energy of catalyst to proceed the reaction.

o The photon absotption capacity of the catalysts should be as high as possible to generate

more electrorrhole pairs.

r The recombination pnocess of elechorphole pairs must be prevented as much as possible

to enhance the quantum efficiency ofthe photo-generarcd electron-irole pairs.

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

o The chemical and physical structures ofphotocatalysts must be stable and be beneficial for

the mass transfer in water.

. High crystalline photocatalyst is essential for photocatalytic activity because the defects on

-- the material surface behave as rccombination centes forthe charge cariers, decreasing the

catalysis rate. Furthennone, Lifetime and transferring rate of charge carriers also rely on

the crystallinity of materials. In highty crystalline photocatalyst, transfening and lifetime

of the charge carriers alt also enhanced to leads eflicient photocatalytic activity.

1.3 Photocatalysis

It is chemical reaction accelerated by the absorption of light irradiation (photons) via photocatalyst.

Therc is no changes occur in photocatalyst before and afterchemical rcaction. Thus, photocatalytic

materials used as a catalyst during catalytic rcaction.



f3.f 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 catatytic

sites for reduction and oxidation chemical plocess and light absorbing system on a single form.

Transition-metal complexes arE most suitable photocatalysb 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 Fe2* is allowed by Feh, Fenton rcaction take place owing to existence of

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

Fe 2* + 1126p + Fe3* + Olf +'g11 (l.l)

(r.2)

(1.3)

FeF + Hzo + 11y -+ Fe2* + I{} +.oH

[Fe3*Ln1+HV -+ [FC*r*r] +L'

In equation 1.3, L (organic ligrand) is morc 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 aftelward rcactions [13,14].

(b) Heterogeneous Photocatalysis and iB mechanism

If the reaction medium and catalyst are not in the same phase, then it is known as hetercgeneous

photocatalysis. Heterogeneous photocatalysis is the most usefrrl method for water tneatnent

because catalyst material can easily be sepamted 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 plocess mainly depends upon the light €ner5/ orwavelength. Photocatalyst are used

as catalyst which stimulates the rpdox rcaction under light irradiation owing to their elechonic

feature. Under light irradiation, the holes produced in valence band of photocatalyst oxidize the

water molecules to form hydroxyl radicals (having sftng oxidizing power) as well as electrons in

conduction band react with oxygen molecules to produced Oz'-. Subsequently these OH.and Oz'-

radials undelgo ttdox rcaction that compl*ely 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+ vB

Photocatalyst (e cs) * oz - Oz'-

Photocatalyst (h+va) + H2O + H+ +'OH

Pollutrnts +'OH *O2*+ Degradation ploducts

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 beendivided into ttrree 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 electons which is responsible for

forming electrical potential that leads to movement of holes and electnons in same dirpction. For

(1.4)

(1.5)

(1.6)

(r.7)
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example, excited electrons frrom conduction band of semi+onductor A to move another

semiconductor B and holes also migrate fiom valence band of semiconductor A to serniconductor

B (as shown in fig.l.la) causes the.retardation of rccombination rate and improve the photo-

catalytic efficiency. But this type ofheretojunction doesn't exhibit excellent photocatalytic activity

due to accumulation of charge carrierc in one semiconductor.

Staggercd Gap

Two semiconductors having appropriate band gap relate to each other in such a way that excited

electron from one semiconductor's (A) conduotion band moves toward the other semiconductor

(B) of low enerry conduction band under light irradiation. The valence band ofthe semiconductors

are aligned in this way that that the holes travels in opposit€ direction of electrons, causing

increased charge separation rate to enhance the photo-catalytic activity (fig.l.lb).

Broken Gap

This kind ofheterojunction is like staggerdgap exceptthatthe band gaps don'toverlap (fig.l.lc).

Consequently, the separation and migration ofcharge cariers betrreen thc semiconductors doesn't

occur, making it unfavorable for enhancing photocatalytic performance [lg,l9].
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@ Zscheme photocetelysis

There are two main drarrytacks of haero photocdalysis. (i) Itrotocatalytic mechanisrn sfrongly

depends on redox potential. In addition, the trandemring and recmbination rate also rely on the

position of valmce and conduction bad. Redox reaction will be accomplished if ttre valence band

md con&rc{ion band have more positive and neg*ive potcntial, res@ively thm poturtial of

surface reaction. Under light irradiation, exited electr:ons will migrde to the conduction band of

another semiconductor having low negdive pot€Nrtial whereas tlre holes will move to valence band

of anther semiconductor also have lon, positive potential as $houm in above fig. cause to reduce

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

(ii) The recombinaim of chrge crriers and redox potential e,ffected by electrostatic repulsion

force in hole-hole md electron-+lectron.

itr{..rrrthFlllt



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 II while the conduction

and valence band of semiconductor I and II having stong rpductive electons and oxidative holes

which not only increase the charge separation rate but also maintain the strong rcdox potential to

take part in photo catalytic process [21].

1.3.2 Classification of Zscheme photocatalyst

(i)Traditional Z-scheme (ii) sorid state Z-scheme (iii) Dir€ct Z-scheme

(i) Traditional Z-scheme

The concept of z-schcme has been proposed in 1979. This system consists of two different

semiconductors with appropriate electron mediator i+ Io3 /I', Fe3*/ Fd*. under light irradiation,

both semiconductorc arc excited, resulting in photo-generated holes and electnons in their valence

and conduction band respectively. The elechons in conduction band of semiconductor-I will

migrate to the valence band of semiconductor-Il through redox mediator. In redox mediator, the

holes in valence band of Serniconductor-Il interact with elechon acceptor, producing the

corresponding electron donor and electron in conduction band of semiconductor-Il react with

electron donor, engendering electnon acceptor. Thus, the retain holes and electnon in valence and

conduction band of semiconductor-I and II have shong rpdox to participate in chemical rcaction

(fig.1.2a).

Drawbacks of traditionat Zscheme

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

generated charge carriers decrcased due to diffirsion of ion pairs are the few issues of traditional



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

causes to rcduce/suppress the chemical reaction rate122-241.

(ii) Solid state Z.scheme

ln solid state Z-scheme, the conductor such as Ir, Ag Au, and Cu etc inserted betrueen trvo different

photo catalysts forms an ohmic contact with minimum contact rcsistance. The Noble metals act as

solid mediator are high stable play an imperative rcle to increase the tansferring mte of charge

carriers and stability of photocatalysts. Due to effectively improve tansferring of charge carriers

by the insertion of conductor, the solid-state Z-sherne can work in gas as well as in liquid phase.

The photogenerated charge cariers simultaneously in valcnce and conduction band of two

photocatalysts under light irradiation. The elecfion fiom conduction band of photo-catalyst -A to

valence band of other photo-catalyst B via ohmic contact which leads to incrpase in charge

separation. Moreover, the reserved electrons and holes in photocatalysts (fig.I.2b) takes part in

strong reduction and oxidation reaction r€spectively to degrade the pollutants124-261.

Drawback of Solid-state Z.scheme

t Though' sorne solid conductors ar€ very expensivg causes the shielding effect because it

can absorb light itselfwhich 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 thu the precisely synthesized nano-size solid

conductor lies between the two photocatalysts. Mostly, the solid conductor dishibuted

randomly on the photo catalysts' surftce which behave as a co-catalyst ratherthan electron

mediator [23].

10



(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 nanow band gap photocatalysts. The hercrojuntion

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 rcductive photocatalyst without

redox mediator and noble metals to attain Fermi lwel equilibrium at heterojunction. This

transferring of charge carriers builds an internal electric filed at contact interface (fig.I.2c). The

electron/hole pairs are migrated due to prcsence of built-in electric fieldl27-291. As a result, when

light falls on the photocatalysts, the photogener:ated electnon on oxidative photocatalyst combine

with hole on reductive photo catalyst due to prcsence of electostatic force leads to elimination of
photo generated inactive electron and holes. In addition, highly reactive preserved electons and

holes effectively used for photo-chemical rcaction. Besides, the separation of reactive rcduction

and oxidation sites increased via direct Z-scheme which is morc favorable for efficient photo

catalytic performance. Thus, the formation of direction Z-scheme photocatalyst have great

potential for board practical applications [29].

11
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Figurt 1.2: Different types of Zsche,mes photocdalysis (a) Taditionat Zscheure (b) Alt-solid-

state Z-scheme (c) Dret Z-se,heme [30]

1.4 Feetons effecting the degredetion pcrformrnce

(a) Morphologr of cetetyst

The surhce mupholory urch as, porosity, prticlc size, md surface area play a vital role to attaitr

excellent photocatalytic ffiormance. Morpholory ofnanomderials having small particle size and

large surface area effectively exhibits higher photocatalytic efficiency. Because large n.mber of

atouts ae agglomerdd on the cdatyst surface to promotes high surface to volume ratio which

increase the transfer rde of photogenerded chrge carriers and provide more active sites.

Consequernfly, the surface morphology of cdalyst significanfly affects the photocdalyfic activity

becarse oxidmim and reduction pn Gess occur qr their surface.
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(b) Effect of pE

The pH of the solution is another imperative factor for determining the percentage degradation of

organic pollutants. The degadation process is very sensitive to the pH of photocatalytic rcaction

[3] -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 ttre 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 rcveise conditions (alkaline solution), the

cation:c molecules are absorbed by negatively charged surfrce 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 [t l] For a substance to be photoactive, it is necessary for it to absorb light with

a threshold wavelength for electronic excitation fnom the valance band to the conduction band, so

that the electrons and holes can migrate onto the catalyst surfrce [35]. In photocatalytic nraction,

the degradation rate will be different under tlre 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 incncasing

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 136,371.

13



(d) Catalyst loading

The amount of photocatalyst is one the significant factorto contnol the photocatalytic degradation.

The high concentration of photocatalyst enhance the degnding efficiency ofpollutants an account

off more active sites which leads to the formation of hydroxyl radials. At lower catalyst

concentration, marimum light is transmitted via rcactor and remaining fewer light radiation is

utilized during photocatalytic reaction causes the reduce degradation effrciency. Morcover,

increased catalyst loading than optimum value leads to blocking of light penetration on the surfrce

of photocatalyst to pncceed the reaction. Because the accumulation of particles inclpases as the

concentration of photocatalyst enhance causing the reduction of surface ar€a to absorb light

irradiation thereby abatement formation of electron/trore pairs grcatly affect the photocatalytic

performance [3841].

(e) Concentration of pollutants

The concenhation of pollutants plays a significant role to attain trcmendous photocatalytic

performance. The degradation efficiency of pollutants enhanced as the concentration of catalyst

increase up to suitable value and rcduce as the pollutants' concentration incleases beyond the limit.

Because the high concentration of pollutants causes more absorption on photocatalyst surface

which hinderthe reaction between reactive species and absorbed molecules and scrpening the light

penetration to the surfrce ofthe photocatalyst. So, the amount of photocatalyst should be adjusted

based on pollutant's concentration for efficient degradation rfre.1421.

(f) Oxygen

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

capture the photo-generated electnons to supprss the rpcombination ratc of charge carriels which

t4



enhance the degradation rate. So, the photocatalysis rcaction rate incrcases as the oxygen increases

[43].

1.5 Applications of photocatalysis

ln 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 equipmen! 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, agricultulE, toads, buildings, and household appliances. Subsequently, nrsearchers

still fabricating stable visible light driven photocatalyst to boost up their photocatalytic activity

and to prcmote the board applications of photocatarytic technique.

1.6 Semiconductor

1.6.1 Nickel oxide (NiO)

The NiO semiconductor composed ofNickel (78.55%o)and oxygen el.4}yo) t44]. NiO has rock

salt fcc crystal structurc shows the featurc of p-type semiconductor due to nickel vacancies [45-

47l.ln NiO crystal structurc, at octahedral coordinate, nickel cations have valence state of2+ (3dt)

leads to strong interaction betrveen electrons in 3d orbitals cause optical band gap in the range of

3.4-4.0 eV [a8]. 2D NiO semiconductor has large surfrce area, high chemical stability, excellent

electrical conductivity as well as optical properties. Moreover, its low toxicity, quantum size

confinement' highly rcactive and ecofriendly nature making it as a promising candidate for



multiple applications. NiO also act as photocatalyst to degnde the stnong organic pollutants into

harm less products [46,49,50].

1.6.2 Tungsten Trioxide (WOr)

Thermally stable N-tlpe WOr semiconductor with band gap Q.4-2.9) have complicated crystal

structut€ in which WOo regular octahedral structurc based on slrared oorners and edges connected

with otherthrough weak van der waalS force. Furthermore, oxygen atoms are attached at the corner

of each octatredron [5]-53]. Owing to their unique crystal stucture and feature such as nontoxic,

excellent electron mobility, active both in UV and visible light region due to nanrow ban d gap Q.4-

2.9eV) making it promising material in various fields (de sensitized solar cells, sensing of toxic

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

1.6.3 Magnesium oxide (It{gO)

MgO is an insulator having a rock-salt like structure. In rock-salt stnrcturr each cation is associated

with six neighbor anions making it neutral and stable material. So, each magnesium ions Mg2* is

linked with octahedral oxygen ions (CP- anions) as shown in fig.I.3. The magnesium is in 2p state

because it donates two electnons to neighbor oxygen atom. MgO has been widely used in multiple

applications owing to its trcmendous properties such as non-toxicity, high hardness and

temperature rcsistance, low cost, and optical fiansmitance. But its applications ane limited due to

wide energy band gap which can be modified by an effective method (nanocomposites) [56,5fl.

16
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Figural3: Crystal structure of MgO [5S]

1.7 Limitetion of semiconductor photocrhlysh

The photocatalytic efficiency of semimnductors has the following limitations.

Mnimum interfacial photo-generated charge transferring md separation rde

Quick recmrbination of photo-genffated chage caniers

Ilaving minimum visible-light respoose

Relatively low surface area

Most semiconductorshavingminimum vidble-ligfutresponse owing totheirlargeband gap

which make thern less effective over a wide solarphotocatalysis applicaions [59,601.

l.t Semiconductor/ graphenc sheeb

In preseirt aar2D carbon-based nanomaterials have been gainiry more dtention as an cxcellqrt

photo catalyst for wider potential in photo cdalytic ryplications owing to fascinating properties.

2D crbonaceous materials such as cilbon nitride, grphene oxide and graphe,ne etc offer a niche

for tailoring their physiochemical properties, which assist to suppress the charge recombindion



rate rryhich is favorable for photodegrdation of pollutants. Among all oths crbonaceous

mderials, exfoliatim of graphene (2D cuton allofiopy) in 20M has gained substantial dtractiotr

for hosting numerous intrigurng proputies $,hich dfiibuted to its novel elechmic bmd featue.

The fascinding dectronic stnrctre, high conductive surface, li$t absorption of wide range of

wavelengths urd the lcgc srface rea duc to 2D systat l*tice (sp2 cubm netwuk), making it

m ideat candid*e to enhmce the photocatalytic efficiency. [59, 6t{3] Besides, gr4hene sheets

allow ba[istic transport making itself m ideal elecfron fianfs media or eleclron acc€ptor.

Therdore, Graphene base semicmductor photo catalyst is mue valuable/$itable to boost the

photo dcgraddion of pothrtmts becanse inoorpormion of gr4hene dclays fte agglomeration of

nuromaterial and increase large srface area of slmthesized sample for adsorption of pollutants

tsel.

1.9 Graphene sheets

1.9,1 Structure rnd dectrtnic pttpertics of gnphene

In gr4hene, outetr orbitals of carbm atom are oomprised of three sifa bods separded ftrough

120 md orc 2p, re,mainiag oftital aligned perpendcUr to the gr4hene surface. The two

corresponding cf,tm sub ldtices 4 b per rurit cell fonns the hexagonal lattice stnrcture of

gr4hene sheets. The pi-electrons betrreen trro adjacent cabon doms having 2p, orbitals relate to

nf md r bands th* form empty CB (cmductim band) and filled \IB (valence band) respectively.

The n and rfbands meet d six points lmonm as direct poltrts (fig.1.4. Ref. 63). The two

indepmdent point (K'and K) exhibits linear dispasion of ordrogonal r* and t states owing to

symmefiical structure of graphene sheets. The two bands (n md r+) touch at Dirac pints show that

the grryhene is a seiniaondrctor wift zsro bmd gm or senrimetal.

18



Figurc.l.4. Bmd position of grryhe,ne sheet [63]

1.9.2 Role of glphuc shect in photocrtelyris

Crraphene basenanmderials an effectivdyremove thepollutantsthrough two was adsorption md

photo-degration. Graphene has treine,ndous properties (e.g lrge specific surface rea, hydro,phobic

nature) which make it encellent adsorbent for orgruric molecules than other crbonaceous materials

lik€ AC (activdd crbon), CNTs (crboa nanotube) adGO (grryhene oxide).

The most essential adsorpion reaction benreen gr4hene and uganic molecules is pi-pi

interaction. Because the graphene contains pi+loclrons, perpendicular to the surfacg actively

interact with pi- eleclrqr of organic cmpounds to fum pi-pi bond. Fs maximum adsorption of

organic pollutants, the graphene exhibits sfiolg pi-pi imuaction due to presences massive,

delocalized pi elechons on its srface. This interaction geatly afrwted by reltive position ard

number of aromdic rings exist in the orgmic molcules and carbm-carbon double bond of

molecules to horagon grryhene. tt is notcworlhy th* graphene srrface has resilient te,nde,ncy to

adsorb pollutants due to massive pi dectrons ard flt conformation. In @ntrast, graphene oxide is

not favorable to prrocess the pi-pi intsaction b€twwr aromdic ring md p+rbials (grryh€nee

oxide) owing to present of less p electrons. Thelrefore the graphene is considered is an ideal

!9



mat€rid for the degrad*ion of org;anic pollutmts that comprised of benzene rings or C{ double

bonds.

1.9.3 Ndoped gnphene shee6

Graphene is a promising cmdidde for photo caalytic performance, how€v€r there are few

drarrtacks of ggraphene. In pristine grapheng the unpaired pi- eleclrons are tightly bondd in it

delocalized conjugate system making it c,hernically inert lrhich rEtard its reactivity and

absorptivity. Though these pidectrrons cause the adsorption of pollutants viapi-pr interaction, but

this interactiotr is minimal md wealc Luckily, the incolpordion of heterroatoms with a nriors

eleclronegdivitywill breaktheircrystal laticeleadsto formdion of unbaluce charge distribution

which assist as massivc active sircs. Therefore, formdion of abrmdmt active silss making grpahene

c,hemically ricfi for strong interaction assist to boost tre photocatalytic activity. Furthumore,

doping of heterodom in grryhene sheets op€n a band gap of graphene (c,hange metallic to

serniconductor) due to formdion of additional electromic $des caused to orplore its nmo-range

features. Consequently, tris is most desirable prac'tical teclrnique fu low- cost md metal free

photocdalyst making it catalytically capable for its orvn [63,6,4]

1.9.4 Stmcturd of NG

Inco,rpordion of heteroatoms like O, F, H, N, etc modify tte electrronic properties of graphe,lre

sheets. Tailoring the c,hrgc distribution of gr4hene rurfaoe by introduction with vrious elements

effectively mdiry theirphysioc,hernical feaures. Ihe dopart elements act as acceptors or donor

basd on their electronegativity. As compared to orther haerodorrs, nitogen doeed doms exhibit

the excellent resrlts because N ls orhit have highu €nergy level ufrich is responsible fm rising

the energy lwel of hybridized oftital. N-graphene have four tlpes o,f N-bonding configrraion (i)

N pyrrolic, (ii) pyridinic N-oxide, (iii) N quat€rnary or N grryhitic md (iv) N pyridinic. In



pyridinic nitogen, the N-atom (Nr) sraps the carbon dom at edge or vacancy of hexagonal ring

of graphene Secs. Secm( Qudernry nifrogen also knoqm as gr4hite nifirogen u,hich maintain

the hexagonal ring stnrcture by intoducing the nitrrogen atm in non-vacant place of sheets as

shown in Fig. lastly, the substitution of N-atoms forms the live member ring with cabon dom in

she€t called pyrrolic nitrogeir. (fig.1.5). [63{61.

OC

Figurt 1.5: Stnrcture of nitrogen doped graphene: NI (pfidinic), N2 (pynollic) and N3

(Quaternary) nitmgen doms [67]

1.9.5 Band strocture of NG

Pristine graphe, e is a zero-band gap semimetal in whic,h pr- md pi * bmd of sheets ryrnmetrically

touch at Dirac oonc uihere the Fermi lwel lies (Fig. I .6a). Doped N-atom tailored the band structure

of graphene sheets. N-dom has one entra electron than C4om cause the excessive pi+lecfion to

oecupy flre r*-state cmduction bmd (Fig.l.6b) leads to open the band gap. The conce,ntrdion of

nitrogen atoms plays m imperdive role to ftme fte bmd gry of N-graphene to fulfill the desired

deurand. Subsequently, the modified band md domic stnrc{ure of N-gr4hene brings major

advantages in photocmalytic applicatims.
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Figurc.1.6: Bmd positim of gr4hene (a) and N-grphene (b) 167I

1.9.6 Advantages of Ndoped Graphene

r Generally, the N-graphene sheets have trickness in the mnge of naometer. The doping of

NG in semioon&rctu provides tre *ort pafr fon photo-generated chrge carriere, assisting

the trursfer of electrons from semiconductor to NG surface (cmprise of massive active

sites) for chemical reactim. As a result, NG retards fte recombindion rde of charge

orriers md enhmce photo cdalytic actiyity.

o The charge dis,fiibution and spin d€Nrsity of C+toms are affmted by N-doped atotrls,

creding aptive areas m grqhene shee surface. Thcse "activated reas" ae cuductive to

hosting readive species. Thaefore, N-doms facilitate to boost the activation and

adsorption of reactmts and dirwtly confribute to chemical credion.

Morover, N-graphene shows strong interfacial interaction with olher semiconftictors photo-

cdalysts leads to inerease photo+dalytic performmce. Thus, Trmable fud gry and stnrcture

pto,perties of N- graphene open its potentid inversatile applications [6E,69].
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l.l0 Carbon quantum dots

Carbon quantum dots have quasi spherical shapc (zero dimension) with a diameter less thanlOnm

and consist of oxygen, nitrogen, carbon, hydrogen ffiU0,711. Due to their intriguing properties

non-toxic, photo-stability, chemically inert, wavelength dependant photoluminescenoe and their

hydrophilic naturc making it an ideal candidate for environmental applicationslTl,T2l.
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CHAPTER 2

Literature Review

2.1 Photocata$sis

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 enerry 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 soientist J. Plofrrikow.

Besides the envircnmental rcmediation through photocatalysis, the rcsearcher offercd an

innovative idea to generate the fuel from water splitting prccess. To proceed the purpose of my

research, here I will briefly explain the review ofdifferent rcsearch groups worked on the different

semiconductors and graphene base materials to utilize in envircnmental r€mediation.

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 electnonic features. Different semiconductors

(WOl, NiO, MgO etc) have been used in various envircnmental applications not only itself used

as photocatalyst but also fabricated different nanocomposircs by intnoducing 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 photocaalyst. Therefore, the

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

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

sem iconductors photocatalysts in photocatalytic applications.

2.2.1 Nickel oxide (NiO)

Motahari, F. et al synthesized the NiO nanoparticles through thermal decomposition process using

p-Ni (OHh 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 r€agent material and then formed a NiO thin film through spin-

coating method. They studied their photo-catalytic activity using KMnOr as a pollutant and the

effect ofparticles weight and size was also analyzed for photo-degradation effrciency under visible

light region [74]. Khairnar, S. D. et al, evaluated the photodegradation of Rhodamine B and

methylene blue with NiO NPs. They applied facile chemical method to prepare NiO nanoparticles

using NaHCOI and NiClz as starting a starting material. The prepared NiO was used as competent

material due to low band gap and photo-stability to q(pose in visible light source. The photo-

degradation performance was evaluated to analpe the effect of numercus factors such as

concentration of NiO, radiation time. initial amount of de and pH. Thus, the rcsults indicate that

NiO exhibited excellent photocatalytic performancc 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,



K. et al adopted the two-step method to frbricate the serniconductor mesoporous NiO with average

particle size 2-3nm which confirmed by the structural and surhce 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 LIV rcgron owing to

large surface al€a and pesence of d- and Ni2* vacancies. [76]. Chaudhary, S. et al exurrined the

antibacterial, seed germination and photocatalytic activity of synthesized NiO nanodisks. fire

photocatalytic experiment exposed that the NiO nanodisks extribit good photo-degradation

(methylene bhrc 98.7Y) 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 the ZnOA.[iO nanooomposircs to enhance the photocatalytic

efficiency of ZnO. The orperimental rcsults rcvealed that the ZnOlNiO nanoomposites exhibit

better degradation efficiency for MB than pure ZnO under solar irradiation owing to internal

electric field create at interface of ZnONiO [78]. Chen, C. J. et al, purposed that the synthesizing

N iO/TiO nanocomposites improved the photo-activity owing to P-N junction that leads to supprEss

the recombination of photo-generated charge carrierc [79]. Vidya, J and Balamurugan, P. prepared

the PANi-NiO composites through oxidative polymerization process. The photo catalytic

experiment rpsults indicate that that the prepared sample decomposed the methylene blue up to

T6Younder visible light illumination [80]. Faisal, M. et al, purposed that the synthesis ofNiO/TiO

nanoomposites with different of NiO showed excellent photo catalytic performance towards the

methylene blue and gonifloxacin mesylate than pure NiO and TiO due to synergistic effect at the

interface ofNiO/TiO nanoomposites, porous structurE, large surface anea and low energy band gap

[81]. Santos, R.K. et al, synthesized the AglPOy't',fiO nanoomposircs with various quantity of

AglPOr via precipitation pnocess to improve their photocatalytic activity for envircnmental
a_



remediation. They employed the prepared nanoomposites for decomposition of organic dye

(rhodamine B). The results suggested that the AglPOy'NiO photocatalyst showed the enhanced

degradation efficiency than pure AgIPO+ due to shong 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 ulfiaviolet

light source. The photocatalyic assessment rwealed that P-N junction play an imperative rcle to

increase the degradation efficiency of ZnO@{iO core+hell photocatalyst than pure NiO sheets

and ZnO nanorods [83]. Chen J.Z.et al synthesized NiO/ TiOz omposites nanostnrctue on a film

surface of TiO2. Their photo catalytic properties were analyzedby degndation the metlrylene blue

in aeuous solution. The performed degradation experiment rpsult revealed that the sfiong internal

electric field effectively rcduce the recombination rate of eletuon/hole pairs. Besides, the minimum

thickness of NiO also beneficial to tiansfer 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 assessmurt exposed that the large surfrce anea of NiO/graphene

composites (due to incorporation of graphene) is beneficial to reduce the recombination of charge

carriers that led to improve degndation 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). Thereforc, TGONiO nanostructure exhibit the excellent photo-

degradation towards the organic dye than pure NiO nanowile [86]. Sadhukhan, S. et Al,

Synthesized TGONiO nanocomposites via hydrothermal process. The synthesized material was



used to expose their degradation efriciency under visible light source. The charge transformation

from NiO to gaphene effectively rcduce the rccombination rate which is morc favorable for

degradation of methylene blue [87]. Al-Nafiey, A. et al synthesized visible light-driven

photocatalyst rGO/t{iO to improve tire degradation of perfonnance 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 Tioz (sheet) NiO (nanorod)

hetero-structure to degrade the methyl blue (MB) and phenol under visible light irradiation. The

photo-catalyst showed good photo-catalytic activrty (9ff/o) and reusability against organic dye

[8e].

Above literature demonstrate that the frbrication of 2D materials is considered as efficient

photocatalyst for degradation of water wast€ product. In my prcsent worh I have synthesized novel

photocatalysts 2Dl2D NiO/graphene with inqrase massive active sites and large surfrce anea

which was morc favorable for photocatalytic activity. The 2DDD NiO/graphene photocatalyst

showed excellent degradation efficiency toward methyl orange under visible light due to shong

interfacial coupling.

2.2.2 Twgsten trioxide (WOr)

The WOr is an N-t1pe visible light-driven photocatalyst with band gap 2.7-2.8eY. But its photo

catalytic efficiency in visible light region is limited due to quick recombination rate of charge

carriers. Visible light photocatalytic activity of WOI is improved by tailoring its optical properties

and surface morphology. There are following numercus rcports in which the photocatalytic

efficiency is increased by modiffing the WOI with other serniconductors and carbonaceous

material. Alaei, M et al prepared WOr NPs with tno differeirt 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 WOI with different particle

size behave inversely with dyes in degradation rpaction due to electrostatic strrface interactio,n

[90]. Desseigne Nd et al exposed the photo catalytio efliciency of \YOl NPs with two different

morphologies pseudosphercs and nano-plates synthesized through simple chemical method. The

de-colorization of organic dyes orhibited that photocatalytic property of WOI (pseudospheres)

photocatalyst was higher than WOI nanoplates [91]. Sayamq K.et al studied the photo catalytic

properties of synthesized WOI fircm amorphous peroxo-tungstic acid. The potocatalytic

experiment was performed at visible light region by orposing herone along with WOl. It showed

high degradation owing to good crystallinity and large surface anea than commercial WO3 [92].

Ashkarran, A. A. et al applied arc discharge approach to pr€pare the WOI NPs in deionized water

medium. The size of NPs was increased as incrcasing the arc current. The increase particle size

(64nm) tunes the optical band gap Q.9 to 2.6eV). The photocatalytic assessment concludes that

the prepared photocatalyst at low current boost the photo-degradation efriciency of WOt NPs

towards the Rhodamine B in visible light region owing to small particle size and large surhce area

1931. Zhang, G et al successfully prepared high crystalline WOr sheets with average size 200-

500nm by hydrothermal approach. Modified WOI sheets with Pt (act as co-catalyst) boost the

photocatalytic properties of WOr in visible region. They observed that he 2o/o PtfiilOr sheets

displayed good degradation efficiency against tetracycline than purc WOr nanosheets [94]. W*g,

L. et al used hydrothermal approach to synthesize the WOr nanotube at200oc. The synthesized

sample showedbetterphotocatalytic activity in visible lightregion fordecomposingtherhodamine

B than WOr'0.33I{zOl'lVOr and }VOrHzO which werp attained at 140 and 80oC, respectively [95].

Abazari, R. et al synthesized WOI NPs via rcverse microemulsion apploach 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 Tioz and bulk WOI

[e6].

Liu.Z. et al Prepared CaFezO+ (CFOyWO3 nanoomposites by mixing diffcrmt ofCFO in WOI to

enhance the photocatalytic performance of WOt in visible light region. The visible light photo

catalytic activity of CaFezOr (CFO)AVO3 photocatalysts was evaluate by degnding the

acetaldehyde. The experimental rcsults rcveal that the 5o/oCFO coupled with Wo3 displayed high

photocatalytic efficiency. Morcover,ITO and Ag coating onthe CFO also effectively enhancethe

photocatalytic properties [97]. Adhilori, S. et al Incrcase photo-response range and retad the

recombination rate of photogenerated charge carriers by fabricating BizO/WOr heterostructulr

via hydrothermal method. They observed that the as-prepared sample display higher photocataffic

activity by degradation the 4-nihoaniline and rhodamine B than pure WOI and BizOt undervisible

light source [98]. Tahir, M. B et al exposed the visible lightphoto-catalytic properties ofWO/TiO

photocatalyst by decomposing the ciprofloxacin. They found that incorporation of TiO modified

the morpholory and optical properties of WOI that promotes their photodegradation efficiency.

Therefore, increased visible light absorption rate and novel morpholory stuctup are the key

parameter to enhance the degradation efficiency of 2o/oof WOfliGz nano composite [99]. Priya.

A. et al fabricated BiFeWOe/WOr composites with different wt o/o (1,2 and 3) of bismuth iron

tungstate via wet chemical approach. The visible light irradiation was orposed on the synthesized

composite to investigate their photocatalytic properties. The results indicates that the l%

BiFeWOe/WOr composite displayed good photodegradation efficiency than pure WOt by

increasing the charge transfer rate. Besides, the as-prepared composites showed good photo

stability and reusability in visible rurge [00]. Chai, B. et al investigated the physiochemical

properties and photocatalytic activity of Z-scheme WO/g-CsNl hetercstructures through various



techniques which were synthesized B anchoring the wo3 nanoplates on the surfrce of g-ClN+. The

introducing WOr on g-ClNl not only inqease interfacial contact arpq but also promotcs the

separation and transferring rate of electron/hole pairs. Subsequently, the photo- degradation result

reveal that higher photocatalytic effrciency could be ascribed to the formation of Z-scheme visible

light photo catalyst [0U. W*g, S.L. et al purposed that the 2D photocatalysts (tungsten

carbide/tungstentrioxide) effectively improve visible lightphotocatalytic application due to shong

interfacial interzction that leads to enhance charge separation and transferring rate from the

conduction band of WOr to tungsten carbide. As a result, the orperimental rcsults indicates that

tungsten carbide and tungsten trioxide composites qrhibitod good degradation efficienry toward

organic pollutant (89yr) under vis-IR light Due to synergistic effect between them [02]. Lcghari,

S.A. et al prepared WO/TiGz nanoomposites with different contents (1,2,4,5, and l0 wt 7o) of

WOr to improve photo degradation efficiency in visible light rcgion. The obtained rcsults

demonstrate that the induce WOr at as elecfion acceptor causing to inhibit the rccombination rate.

Thercforc, So/oWOslTiOz photocatalyst showed higher degradation efficiency (70W towards the

methyl orange (MO) owing to large mesoporous spheres and novel mesosfructurp U03]. Saiiad,

A.K. L. et al fabricated visible light active photocatalysts ZnOlWO3 with different concentration

of ZnO. The inhering of ZnO on WOI cause to reduce the band gap of WOr and retard the

recombination rate of charge carriers. Therefore, zo/ozn0fiI{Ot composite extribited highest photo

degradation ofJtIO (100o/o) under visible light than pure WOI [O4].

Ramesh, K. et al. prepared strong anchoring of metal oxide (7-nO, TiOz annd WOI) over rcduce

graphene oxide sheet to increase organic pollutants (MB and BPA) absorption and charge

transferring rate. Among them, RGO/TiOz exhibits highest photo degradation and good stability

against BPA [05]. Tran, V. A et al. prepared the ternary photocatalyst Ag@WOr@GO to



enhance the photo degradation of RhB under visible light. Moreover, the crystal structure and

morphology of WOr is not affected by existeirce of rGO and Ag but they provide the path for

electron transfening U06]. Shi, R.et al. successfully synthesized Ndoped graphene-based

CuO/WO/Cu by using GO and .Cu(salen)PWrz complor as the substrate and prccursor

respectively. The CuO/WO/Cu@CN photocatalyst effectively improved the degradation of

organic dyes (CV, MO, RhB and MB) under visible light source U07]. Chaudhary, K et al.

synthesized WO3-ZnO@GO ternary nanocomposircs by incorporating the WOI-ZnO over rGO

sheets through ultrasound-assisted method. The results indioafe that the synergistic effeots at the

interfaces of WOI-ZnO@IGO nanocomposites leads to incrcase fiansferring and separation rate

of charge carriers which causes the improved photocatalytic effrciency (94yr) as well as good

stability towards the dye (methylene blue) under visible light [08]. Neena, D. et al prepared N-

rGOlZnO nano composites through solvothermal process to improve the photocatalytic efliciency

for the photo-degradation of organic pollutants. The results indicate that the N-rGO/ZnO photo

catalyst exhibited enhance photocatalytic efficienry towards the pollutant QA-OCYI than bare

ZnO rods under visible light [09]. Khan, M. Y. et al synthesized unique indigo-RGO/'[VOr

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 rcveal that the 30mg

catalyst showed highest degradation efliciency at pH=ll UlO]. Hu, X et al fabricated the

WOr/GRx (x = 0.1, 0.5, and l) nanocomposites by incorporating the wo3 nanorods over graphene

sheets via hydrothermal process. Tire photocatalytic propaties of synthesized material were

carried out by decomposition of organic dye (mettrylene blue) under visible light illumination.

From obtained results, they analyzet that the l% WO3/GR nanosomposite showed better
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degradation efficiency (&3yr)than pure WOr due to large interfacial contact arta and wide visible

light absorption range that cause to increase transferring rate [1ll]. Nugnha, M. W. et al

Fabricated WOI/N{QDs (carbon quantum dots derived fi,rom sugancane) composites with varying

quantity of N-CQDs. The found that the anchoring of N-CQDs on the surfrce of WOr leads to

large surface aIEa, low band gap and high crystallimty of lYOl. 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 thatthe 2.57oWO/N{QDs

nanocomposite displayed higherphotocatalytic performance(96.8%) as well as photo stability and

reusability U l2]. Li, G. et al designed z-scherne WOr,/lvIoSz-rGO ternary nanocomposite to

improve photo catalytic efficiency. The WO/IvIoSz-rGO with l0% mass fraction of MoSz-rGO

exhibited superior removal rate of rhodamine B than other prepared samples (WO/MoSz and

WOr). They also found that the holesand hydroryl are the main active species to degrade the dye

under visible light during chemical rcaction through radial tapped experiment I t3]. Zhi,L. etal

designed unique hollow hieranchical flower like sfiucture of AgVWOT z-scheme photocatalyst by

decorating 3D WOI hollow nano-flowers with AgI NPs to boost the light hartresting efficiency.

Their photocatalytic effrcienry was tested by removal of Eosin B and tetacycline hydrochloride

fiom aqueous solution under LED lamp (5\tD. They observed that AgI/WOr hollow hieranchical

nanoflower displayed remad<able photocatalytic efficiency as well as photo-stability than pure 3D

WOr hollow flowers, AgI NPs and AgI/lVOr nanosheets. This is attributed that the high light

absorption efficiency and z-scheme'coupled haero-interface junction are the main factors to

effectively improve the transferring rate of chargc carriels [114].
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The development z-scheme graphene base photocatalyst effeotively enhance the photo degradation

efficiency. In my publication -II, I have synthesized N-dopcd graphene modified WOr Z-scheme

photocatalyst to boost the photocatalytic activity towards the mixturp of stnong pollutants (MO and

2. 4 DCP) in the prcsence of visible light source.

2.2.3 Magnesium Oxide (MgO)

Zheng, Y. et al evaluate the photocatalytic effrciency of MgO micro-particles with flower like

structurc to decomposing the different organic dyes such as Congo rcd, eriochrome black T,

methylene blue, brcmothymol blue and their mixture under W light soure [15]. Mageshwari,

K et al pr€pared hierarchical MgO with coral-like nanostructurr 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 oilribit good

degradation efficiency towards MO due to porous structur€ and large surfrce area I l6]. Taourati,

R. et al investigate the photocatalytic property of MgO NPs errploying the degndation reaction of

Alizarin r€d S. The experimental results demonsfiate that the MgO displayed higher photocatalytic

efficiency (80o/o) as well as good stability under IJV light illumination Ul7l. Khan, M. I. et al

synthesized MgO NPs with band gap (4.l7eV) via ecofriendly green approach. The band gap value

effectively the enhance photocatalytic properties of MgO by decomposition the MB under UV

light I I8].

Bandara et al prcpared TiO?MgO nano-ponous shrcture in which MgO layer act as an electnon

sink and barrier to retard the recombination rate cause to boost the photo catalytic per:formance of

TiOz for oxidation of 2,4dichlorophenol, 2-chlorophenol and 4-aminobenzoic. Besides, the

observed that the thickness of MgO layer stnong effect the degradation efficiency of TiOz tl19].

Ngn" N. K et al have investigated the photo catalytic activity of chitosan/IvlgO nanoomposites byG,



detoxiffing the RB (reactive blue) 19 pollutant. They observed that chitosanrlvlgo extribiGd good

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

In my present worlq I have synthesized binary 2DDD MgO@G and ternary CQDs[tdgO@G

nanocomposites werc synthesized to rernarkably tune the band gap of MgO with increase massive

active sites and large surface area which was morE frvorable for photocatalytic activity. The

temary CQDsnvfgO@G photocatalyst showed excellent degradation effrcienry 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 metho4 the liquid

pr€cursor changed into sol, and it further tansfomred into network stnrctrur called gel. The

precursor used in this method are metal alkoxides. Therp are following basic steps involved in the

fabrication ofnanomaterials. (i) Sol is formedthroughthe hydrolysis ofmetal oxide occurin water.

(ii) Condensation, which leads to formation of porous stnrcturp due to increase in solvent

viscosity. Moreover, Oxo- (M-GM), hydroxo- (M{H-M) bridges cnsate, causing forrration of

metahxo-polymer or metal-hydroxo- during condensation prccess. (iii) After that aging take

place in which distance betrueen colloidal particles increased and porosity decrcase. Lastly, gel

undergo drying and calcination to rEmove the organic solvent and water fiom gel and obtained

desire product [2U.

3.1.2 Ilydrothermal

Hydrothermal is an effective and low-cost technique to synthesize the nanomaterials. The hydro

mean "water" and thermal mean "heat" U221. High temperature is required for hydrothermal

pnocess. Two basic steps (i) crystal nucleation and (ii) subsequent gowth involved in the

fabrication of nanomaterial. The desire size and morpholory of product can be obtained by

controlling the various parameters such as ptl, pressure, additives, temperature, and amount of

reactant 1123,1241.
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3.2 Characterization techniques

3.2. I X-ray dilfraction

The crystallinity, phasg punty, orientation, lattice parameters and size of nanomaterial is

determined by X-ray diffraction (XlD) U25]. This teohnique based on the Bragg's law. To

analyzn the crystal stnrcture of sample, the X-rays fall on the sample that scattered through each

atom within the sample. If these scattercd X-rays (from atomic plane) are in-phase, rcsulting

constructive interferpnce and get maximum intensity at specific angle. The inter planner spaclng

was calculated using Bragg's law: 2d sin 0 = n 1". Besides, the size of crystalline material was

determined by Debye-Schenpr's formula as give below.

D=Kl,/pcos0 (3.1)

Here, k is sheerer constant, p represents full width half maximum [FWHM] and 1, is uravelength

of x-rays U26,12T.

3.2.2 Scanning electron microscope (SEM)

The scanning electron microscope instrument used high enerry electnon beam to scan the surface

of specimen. When electron beam is fall on the surfrce ofspecimen, thrce kinds ofelectrons (such

as secondary electrons, backscattered electrons, and auger elecfrons) are emitted with X-rays.

Basically, secondary, and backscattered elechons play an important role to scan the specimen.

Elastic scattering ofelectnons afterreflecting frrom the specimen produced backscattered elechons.

Whereas secondary electnons are originated from the atoms of specimen. They ane result of

inelastic collision between sample and electnon beam. Secondary and backscattered electons come

frorn surface and deeper surface of the specimen, respectively. Subsequently, Backscattered, and

secondary electrons provide different information: Bactscattered electrons provide the detail of



the atomic number. V/hile the secondary electrons re responsible to produce high-resolution

imagcs in fte rangp of I -5nm and X-rays are used iderytify the composition of elerne,nt using EDX

technique [25,128].
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Figurc.3.1: Basic principlc of SEM [1291

3.2.3 Energr dispersive X-rey

This technique is used for both quantittive and qualit*ive malysis to identiff the chmicd and

elemental cmposition of the prepued smple. Fu this purpose, SEM instrume,nt fitEd wift m x-

ray detectorisusedto excitethe momswithin a smplethroughhigh e,nerry eloctrmbeun. Whe,n

high enerry bem is sfiike to the inner shell of the dm, dirylace an electron from the shdl leaving

behind the holes. To fill the nrcmcy, the elecfim ftCIm high€r €n€rgf lwel is move towads the

lourer enerry lwel by emitting the specific €ncrgr called x-rays (fig.3.2) md me detected by x-ray

detector. The emitted x-rays have rmique €Nrcrgy conreeponding to fte element. Thereforg these

X-rays are uscd to identify elments pres€ot wilhin fte pepared smple.

I{.Ul
)

Ehctroo boam from tfr roqtc
tncomf| prhry.hcttont

38



pdnrra r- lerm

Ftgurc. 3.2: Sche,mdic itlusmation of EDX U30I

3.2.4 Tnrnrmfusiotr dectrun nicrcscope (ITM)

The nanomaterial's size and is distribution are m imputmt paroreter for its applications in

vuious fclds. TEM techniquc is very use,ful to exmine ftc size of nanomatcrials. An electron

beam pnoduced bV heating tungsten filament is focused on smple via condenser lenses. The

focused elec{rm beam sfiike with smple md trmsmitted though it. These trmsmitted electrons

focuscd on the florescence screEn by prrotective lens to form a clear image (as shoym in fig.3.3).

Moreover, the bright and darlc aiea on tre TEM images is shorm u,hicI indic*e the concentrdion

of tmsrritted elecfions. Dmser smple eDrhibits dark area because more electrons are scattered as

compared to rlrinn6ry [13U.

39



lrconlrryclrcr.onr )a

\
YD|CFCrElcrcn,

iy*
It

I
t
t

1l

tllh.r.dxt

Figurc.3.3: Basicprinciple of TEM [32]

3,2,5 Fourier tnnsfotm hfrilcd spcctrometer GTIR)

The stusture md chemical bonding of Ernthesized smple was idenffied using Fourier tansf,orm

iofriled spectomet€,r itr the rmge of 4ffiO4fl)cm{. Tte basic principle of FTIR is based on the

Mchelson interferometer. A light bem having ditrerent IR wavele,ngth is passed via beam splitter

(fig 3 .4), where it putially reaches at movable minu md rest of light bem at mixed mirror. These

two reflected beams combing resulting to cmstnrct an interference phenome,non. Then, this

interferogrm is sent to the smple, md its trrusmitted prt is trilsfeNred to a ddedor. A detector

d€tects the intensity of reflectcd or trmsuritted light in the form of uaveleirgth.

H
8lldlnsl. .-
Ifror I
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li11r6p 

-

Frgura 3.4: schematic diagram ofFTIR instrum€nt [33]
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3.2.6 Raman spectmscopy

Ttre detailed inforrration about phase, crystatlinity md molcculr interaction of prepared sample

is qranined by nondcsnuctive technique knovm as Ranan spectroscopy. Fig.3.5 depicts thd the

Ramm specfioscopy bas€d on the interaction behileen molecular bonding witldn the sanple and

incident light. When &c sample is exposed by light, it intcracts with molecules in mmy lvays'

sorne prt of light reflects or rmdergo Raleigh scarcring (elastic scdtering), as a rrezult e,mitting

the smre navelenglh as incident light. If incoming light cause the vibrdional oscillation within

molecules is called inelasic scdtsing. Fluorescence take place, if the incident light has €'nergy

eq'al to the electonic €n€rgy level of fte molecule, causing the excitdion and de-errcitation

resulting the emissim of longer wavelength than incident light. Stoke scattering oocur when the

molecules absolbed enerry and e,mit the photon having shorter warrelength as oompared to incident

and in the case of anti-stoke scatteriug, the molecule within sarrple is already in vibrdional e'(it

estate, and tmsfer en€rgy to scdtered photon during vibrtional de-excit*ion process. All these

bryes of scattering prcvide Mailed infornaim about composition of prepared sample [134]'
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Figurc.35: Possibte intemaction in Rman specna [135]
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3.2.7 Photoluminescence (PL)

Tlris nondestnrctive techrique is very use,ftrl to analyze the elcctronic structure of spthesized

materials. Whe,n the sanple is illumindd by incideirt ligbt, it absmbed the enerry md excites the

electrons into allowed excited stdes. These elecrtrons turn back to their stable equilibrium stde by

e,mitting €o€rgy in thc form of photons known as non-radiative or radiative prooess as shoum in

fig.3.6. The e,mitted photon €nffgf match with energy difference between two electronic states

thd participate in fiansition betwesr equilibrium and exited state. Therefore, the PL spectnrm is

associated with concentr*ion of non-radiative and radiative recombination raf,e. 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].

EIEfiEd

=::-StaES

cfifidon
bild

>rta.ct luilftlgccrr!

E ptttilon

ffiffi
Figurc.3.6: Scheinaic illusr*ion of PL [136]

3.2.t X-rry Photoelectron spctnosoopl GPS)

XPS studies provide infonnation about elemental cmposition and eleclronic and cheuricd state

of elernents present in synftesized sample. XPti specrtrum dtaind by photoelectrons released from

sample when the impinging photons cn€rgy exceed tran the binding en€rgy of elec{rons. Kinetic



en€r5/ of photoelectrons is dependitrg on the binding en€rgf of each electron (equation 3.2).

Because, dom cmsist of various orbitals having different states, causing to produce ilrmerous

photoelecffis with different binding energies.

EL" = Eprror - Euoung- O (3.2)

H€re, g, Eeum* Ek, Bi,atg represants the urort fimc{ion, incidmt photon €ll€trglf, kingic and

binrling crrcrry of the photoeloctron respectively.

Pfr&p&rfrlon

Figurc. 3.7: Basic mechmism involved itr XPS

3.2.9 LI!Y- vis spec'trroscopy

This tec,hnique is used to strdy the optical popertics relded to bmd gry of Emthesized material.

An absorptiotr specfrum cm be observed rryhen the mmochrmdic light is exposed on the

synthesized mderial, the enerry absoftd by mderial correryonds to the €nsgf level canse to

tansfer the dectron to a higher enGrEDr state. G€osrslty, thre kinds of electrons (nonbonding 'n',

sigma and pi-electrons) exist in molecules absorted light irradiilion to migrae these electrons into

E,

q
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highs state (anti-bonding). There are forupossible electronic fiansitions: tr{r, n-fir, 6{*, and

r-rf as shorm in fig.3.E. The absmptioo spectum is obtained by absorbed light irradiation.

rrlrntltoo*j

r.h{totd
n+d

O.r1rit646.
.Foi.fnd

Figurc.3.t: Basicmehmism involvcs in W-vis spectroscopy [137]

3.2.10 Cyclic voltinrGtry

To study the electron transfening in rcdox artive medium is decrmiaed by ar effective techique

knorrn as cyclic voltammetry. It consists ofthreetypes of elecfodes: counterelecfiode working

elecEode and refseiroe elecfode. To ffiorm this orperinmt fint the electrolyte solution is kept

in fte electroch€mical cell associded with rreference solution md electrrodes. Th€Nr the potmtial is

Iinerly swe€p bettreen the rderence and worting electrode using poteirtiao-state until it r€ach at

a spocific point, after that it's agarn sureEp in rwe,rse directim (clerly seen in fig.3.9).

Subsequenfly, tre chmging current is measrued d cqmter clectrrode.
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t&/ttucE

Figurc.3.9: Crraphid rc,presentation of cyclic voltammetry [138]

3.2.11 Photocatalytic degradation of pollutentr

The photodegraddion of pollutmt was performed using photo-reactor under visible light

irradidion. lVater cirrulatingjacket was used to rclease th€ h€at of lmp mdkeep the ternperature

corutant (fi9.3.10). To carry out the photocatalytic activity, tre optimum mount of photocaAlyst

was dissolned into dye solution unds continuous stining Bdore visible light inadiation, the

suspended solutim kept in dart to dtain adsorption-desorption equilibrium. Lder, this solution

placed in the photo-reactor in dark region to prroceed the photocatalytic performance. After regulr

time intsval, 5ml sarrple was dranm frm photo-reactor and centrifuge the solution to remove

photocatalyst's zuspcnsion. Finally, the obained solution was evahuted by W-vis absorption

spcctrum to investigate the degradation efficieircy. fte degradmion efficiency was detennined

using this reldiou.

Photodegradatim olo:(Cr CyG X 100 (3.3)

Here, G and C represents fte conceirtration of pollutmts bdue and ffier visible light irradiation,

respectively. I\ilotEov€r, Langmuir - Hinshelnrood Kinetic model is used to kinetic study of

photocdalyst for photodegrdion of pollutants [ 391.
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ln CdC: kt (3.4)
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Flgurc.3. l0: Assembly illustrdion of Photocatalytic activity
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CIIAPTER 4

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

com bination for significant visible photocatalysis

4.1. Introduction

Environmental technolory and science are facing some serious issues based on increasing water

and air pollution U401. Many pollutants (heavy metals, dyes etc.) is produced due to industial

effluent which intensely effect environmental and aquatic life while their hostile effect depends on

their complqr molecular structtur ll4l, l42l.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 fi:om

environment) and sustainability with light irradiation [04, 143]. h photocatalytic pnooess, qrcited

electrons move from valence to conduction band of semiconductor materials to generate elecflon

(e-Fhole (h*) pairs under light inadiation. These photoorcited charge carriers arc responsible for

oxidation reduction prccess with oxygen and water to degrade the organic pollutants and

subsequently mineralize it to COz and [IzO 1144,1451.

2D nanomaterials have been gaining tremendous attention in eirvironmental remediation owing to

their fascinating physiochernical pnoperties like mechanical floribility, large specific surface area

and numetous active sites on their surface etc.U46,l47l. Among various 2D materials, NiO (P-

type semiconductor) possesses excellent conductance featue, low cost, elevated chemical, and

long-term catalytic stability which make it appropriate as photocatalyst under visible light

irradiation U48,149]. However, quick recombination of charge carriers, minimum harvesting of
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light. less selective absorption etc. are the considerable major limitations ofNiO semiconduc"tor to

impend photocatalytic performance [50]. To overcome these obstacles, literature have shown that

2D-2D heterosfructurcs endow electnonic coupling and enhanced interfacial contact area between

them. Thus, the physical and electnonic coupling effeot between semiconductor sheets and

graphene is favorable to increase the transportation rate of electron/hole pairs and boost the

photocatalytic eflicienry [51-153]. Because highly conductive graphene sheet acts as an electnon

acceptor for shuttling electrons due to delocalized electonic network over the carbon sheets,

leading to an effective charge separation rate at junction interface U54]. Recently, Swr et d.

demonsfated that fabrication of 2D-2D BiVOy'reduced graphene sheets via solvothermal method

exhibited high photocatalytic efficiency as compared to lD-2D and 0D-2D heterojunctions. The

results clearly indicate the fast electrons shuttling in2D2D BiVO/ reduced graphene sheets at

interfacial junction, leading to augment the separation rat€ of charge carriers and enhance

photocatalytic efficiency U 55]. Thercfore, synttresis ofnovel 2D-2D semicondustor with graphene

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

In present worh NiO nanosheets and 2D-2D graphene/tliO nanocomposite with different

graphene concentration werc prepared via co-prccipitation 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 grapheme/t{iO nanocomposites qftibit

high surface photocatalytic rate than pure NiO towards the m*tryl orange under visible light. This

improved photocatalytic efficiency can be attributed to the 2DDD surface morpholory associated

with graphene and NiO sheets and intimate interfacial coupling between them, which effectively

increased the separation and transferring rate of charge carriers. Thercfore, this pnesent work
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endows an avenue to synthesize numerous 2D-2D semiconduc.tor/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 solution and mettryl orange (MO) are purchased from Sigma-

Aldrich. All these solution and rpactants ane trsed to rynthesize materials without further

purification.

4.2.2. Synthesis of graphene oxide

GO was prepared via modified hummer's method U56]. Expanded graphite Q.5 g and conc.

HzSO+ (980/o,65.0 mL) were mixed under continuous stirring to get homogenous solution. KMnO+

(5.0 g) was gradually added into above solution, the temperature was sustained below 4 oC using

ice bath. As liquid paste was formed, Ice bath was rEmoved and fuitrer stired for 3 hours.

Subsequeirtly, deionized water (200 mL) was mixed to dilute this solution and heated at 90 oC for

2 hrs under water bath. After that the mixture was cooled at room temperature to add (7.5 mL)

HzOz drop wise. Due to this, the color of solution is changed to yellow. Finally, the prepared

particles werc separated through centrifugation at speed of 6000 rpm. Furthermore, the material

was washed with lM 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 oC 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.t). Aqueous

ammonia (10 mL) was added into above solution, gr€en precipitates of Ni (Offt nanosheets .r,en

formed because pH deeply effect the morphology of samplc. Adding ammonia solution (to adjust

pH of solution), the weak alkaline solution is obtained which gives hydroxide ions for fabrication

of Ni (OFDz (F4.4.24.5). NHr act as'complex rcagent forNP* ions to produce Ni (NH3)62* which

play a significant role for formation ofNi (OII) nanosheets by conholling the rcaction ofNi2+ with

OH'as given in equations [57,158]. The obtained precipitates Ni (OII} were segregated by

centrifugation and wastred with deionized water to eliminate the impurities, and dried at 60 oC.

After that, the prepared Ni (OH)z nanosheets changed into NiO nanosheets (Eq. 4.6) by annealing

it at high temperature (400 oC) to make sure the rcmoval of hydroxide phase that may exist in

primary layer ofNiO [59].

NiCl.6H2O + HzO r- Ni (OH)z +HCl + 5H2O

Ni (orDz + 6NH4(OH).rtNi(NIt)512* + 6H2O + 2OIt

tNi (NH3k]Z+e Ni 2* + 6NII3

6NHr +H2O H 6NII4 (OtD

Ni2+ +20Ir Fi Ni (OH)2

Ni (or{h :g:grr.lio + 1119

(4.1)

(4.2)

(4.3)

(4.4)

(4.s)

(4.6)
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4.2.+ Prelnntion of 2IL2D graphendl{iO onposites

For surhce modificatim, graphene/NiO nmocomposites were fabricarcd by wst imprcgnating

method. 1.0 g of NiO was mixed h 50 mL distilled wder rmder const t stinhg to attain well

dispersed and homogeneous solution. At the same time, 0.03 g of grqhene was dissolved in 50

mL distilled wder under continuous stiring. The,n, graphene solutim was graduaily added into

NiO surye,nsion. After thd, solution was &ied d 60 oC in orren to dtain the 3.07o grryhene/I.liO

QD-ZD) nflrooomposite. Various graphememass cmtents wse used to gain 5.0o/omdl0.0o/o2D-

2D graphme/tliO nmocomposites by sme procedure. The fabricdion procedure of 2D-2D

grryhene/Nio nanocomposite is illusfiated in Figrne 4.1.

Addeopbyd.o?

Sdrrr f

2D -2D gra pberc.4\ilO ne norheetc

Figure 4.1. The synthesis mchod for 2D2D gr4hene/tliO nanocomposite photocatalyst

4.2.5. Erperimcntel sct-up and meesurrcment of photocatelytic activities

Photocatalytic activity of pure grapheng NiO ud grryhene/ltliO trmocomposites with vadous

p€rc€rtagcs wre examined under visible light using methyl tratrge as a dye. Degraddion prooess

was performed in qurtz photochmical reacts. 1000 W hugst€n lamp is used to carry out the

photocatalytic ac{ivity. During the reaction, the temperdure of mixture unas f,rstained by cooliug

the nderjackedphotochemical reactorthrough $,il€rcooling system. Initially, (50.0 mg) sample

was added into 50 mL dye solution. This solution was placed in dart for half an hour under stirring

2D S'i(,
relorbccts
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to acquire desorption-adsmption of MO dye and sample. Aftenrrd, the solution waskept bdore

lamp with fixed di*ance of l0 cm and inaditd by visible light for various time intenral. Afts

regulrtime internal, solution was drarm md carrifuged to scgregde the suples for degraddion

analysis. The dpgrad*ion orpuiment of ryrnthesized photocdalysts were performed two times for

apcuracy md errus to omit.

4.2.& Cetalyst ehencterizetion

The crysalline properties of prepared mderials wiere examined using Rigaku D/ltdax

diftactrometer (Cu ka inadidion, wavclength :l.5Ao) operded il. 40 KV ud 100 mA.

Fluorescence spectroureter (Perkin Elemer LS-508) was used to study the PL specffa of

ryarthesized smples. The elerrmhl compositiqr md surface morpholory were investigated

through EDS and SEM (JEOL-JAD 2300), respectively. FIIR uas mployed to explore the

che,mical bonding of smples by Forier trmsform spec{rometcr Bruker FTIR ALPHA tr.

Shimadzu Q700) spectrophotometer was used to obtain the LIV-Vis absorbance spectra of

smples. Raman speclra of MO sheets md 2D-2D graphene/NiO nanocomposite were obtained

using Rauran spectrometer with excitatim wavelengfr of 633 nm by Horiba Labram-IIR 800.

43. Results end discussion

4.3.1XRD enelysis

The crystalline properties of spthesized samples werre analyzed by )(RD. Fig.4.2A exhibits the

)(RD pattern of synthesized GO. The strmg and shup p€ak rypcard d 10.8o is ascribed to the

(001) plane of grryhene oridc with lattice cmstmt 0.82 nm. This indicdes that the gr4hite was

completely oxidized to become gr4heire oxide [601. Furttm, Fig. 4.2B (a+) exhibits the )GD

pattern of graphme nanoSeet, NiO and vuious 2D-2D gr4ph€nen{iO composites. In Fig. 4.28



(a), a bnoad diffiaction Wk20: 26.2o with l*tice constant 0.34 nm was observed which represent

the cmplete conversion of GO into grryhene U6U. Figrre 4.28 (b) exhibits the diffiac{im peaks

il20:37.07",43.080, 62.7y,75.21" illd79.41" which ue assigned to the (lll), (200), (220),

(311) and Qn)flmes of crystalline nickel oxide (urell mdc,hed with standard JCFDS card (65-

2901)) U62,1631. The avemage cry*alline size of NiO was determined through Scherrer fonnula

is found to be rormd,4.25 nm [6,1J. It has been shoum in Fig. 4.2ts (be) tht pure NiO and

grryhenelNiO nanocmposites have almost id€Nrtical draracteristic diftaction pealss. No

ctraracteristic pc* of grryhe,ne sheets at 2e:26" was observed. This may be owing to low

concentrdion of graphene thm NiO. Thus, NiO could rcstrain tre restacking of graphene sheets

[165].

lorl (Al

20 l0
20degreel

Figur€ 4.2. XRf) pattern of (A) GO, (B) XRD pattqn of (a) gr4hene freefs O) pure NiO

nmosheets, (c) 3.0 7o, (d) 5.07o and (e) 10.0 % grryhene/}.fiO nmocomposites, respectively.

4.3.2. Fourier trrnsfom inflarrd spectrcsopy (FTIR)

The presence of fimc'tional group of grryhene shcets ild 2II,2D graphene/t{io composite were

identified by FTIR. Figure 4.3 (a-c) exhibits the FTIR spectra of graphene, NiO and graphene/I.IiO

nanocomposite. The band assignment of each vibnational mode obserrred re presented in Table
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4.1 . In Fig. 4.3 (a), peaks ue observed at 1280 cm-r md 1 100 cm-r whictr ascribed to the stretching

vibratim of C-o{ md C4, respectively. Other bonds related to or<ygm furctional groups were

almost eliminated. Specially, the bond associded wift # hybrifized sretching vibrraion of

carbonyl firnctiondity GC{) was totally removed. This shows the succes$rl removal of

crboxylic md cubonyl groups dong with other oxygcn fimctional groups from basal plane and

edges of hexagonal graphene stnrcture [66, 167]. In Fig. 4.3(b), FTIR spectnrm of NiO

nanosheets exhibits the peaks at 950 cm{ which conespond to CN+ sfietching. Moreoyer, the bond

around 400{fi) c,m-t is ascribed to metal-orygen vib,rational bonds. The peak at 545 crn-r is related

to the Ni-O bond [48, 168, 169]. Exfa absorbance peak observed in Fig. 4.3(c) at 1545 cm'r due

to skeleton vibndion of graphene shcets [670] reveals the successful fabricdion of graphene/I.IiO

nanocomposite.

Frgurc 4.3. FTIR spectra of pure md corrposirc samples; (a) grryhene sheets, O) NiO

nanosheets and (c) graphene/l{iO nmocomposite.

Wavenumbcr rcm'lr
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Teble 4.1. FT-IR absorptior bandforfinctional group of gr4hme sheets, NiO md

grryheneA{iO nanocmposite.

Srmplec BstrdAroignmcntr Rdrences

Crr4henc
Serts

Nio
nanoSeets

Graphendl.[iO
nmocomoosite

1100 cm-' C{ stetchins vibration t166-r671

1280 ma CO-C ffetchine vibrdion tl661

950 cur-t 950 m-' CN* stretcrhins tl481

545 cur' 545 cm-I Peak rplddto NiO bond lr68-r6el

1545 cm-' Skeletonvib,rtion of
ermh€ne sheets

ll70I

4.3.3. Scanning electnon microsaope (SEM)

The strrface morphologies ofNio, graphene sheets and gr4hene/t{iO composites were malyzrd

by SEM. Nickel oxide also exhibit sheets like morphology (indiatcd by rd lines) as shown in Fig.

a.a (qb) (average thiclsness 16 nm). Thin and hiehly tnansparent gr4hene sheets (flricJrness 12

nm) with onrmplcd and folded edge Gan clearly be seen in Fig. 4.4 (c). In Fig. 4.4 (d'e),

gr4hene/tfiO composite displarys diverse morpholory on acoormt of good mixing integrity of

grryhene md NiO sh€eb, nfrich promotes the intimde interfacial coupling between them to

expos€ the more active sites for utmost adsor$ion of dye molecules to boost the photocdalync

acrivity u7l,l72l.
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Figurc. 4.4 SEM images ofpure and composite smples; (a{)NiO nano$eets (c) graphene

sheas (d+) eraphene/Nio nanocmposite ( I 0.07o)

4.3.4. Energr dispcrsivc X-ray spcctnosoopy (EDS)

The EDS spectra of NiO and 10.0olo grryh€ne/fifiO nanocomposite re shown in Fig. 4.5. Fig. 5(a)

orhibits the existence of nickel (Ni) and orryg€n (O) that suggess formdion of NiO sheets with

no obvious impurity. In Figrre 4.5O), l0.Wo graphmefiUO nanocomposite displays the presence

ofNi, O ud C without any inpurity. The signals fonNi, O and C are originated from nickel oxide

and graphene sheets, respectively. Hence it indic*cs the fmmuion of graphene/f.Iio

nan$omposite with purity.The composition of NiO sheets and graphene/NiO nmoeomposite is

preesented in Table 4.2.
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tr'igurc 4.5. EDS ofpureNiO (a) and l0.P/ogrryhene/t{iO composite (b).

Table.4.2. Elemental chemical analysis (atomic ard weight 7o) of MO sh€ets and graphene/tfiO

nanocomposite calculated by EDS.

Photo crtrtstrlr

Abntc% wciE[t %

Ni o c Ni o c

Nio 48.46 51.54 0 77.53 22.47 0

Graphene/lifi O nmocomposite 40.03 20.55 40.03 55.99 30.60 r3.41

4.3.5. [IV-Vis absoration spectra

The optical properties of m*erials re associ*ed wilh bmd gry energies which are ascertained by

IIV-Vis spectroscopy. Figrre 4.6 e,rhibits the absorption spectra of NiO md grryhe,ne/IliO

umooomposites orrcr the range of 275-700 nm. Pure NiO disptays its e,haractsistic absorption

edge arouod 450 nm (Fig. a.6A). It could be obviorsly exmined that whe,n the grryheire sheets

are incorpo,rded into NiO nmosheets, the absorption edges of cmposites re stightly shifted

towrds longer wavelength (red shift). This indicdes tre significant reduction in bmd gap
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e,nergies. The band gps of NiO, grryhene/lliO (5.0olo) and graphene,/tliO (10.0olo) are cdculted

through Tauc's plot using m*hematical relation [l 73]

(ohvf :A(hv-Es) """ "-"""(4'7)

Here c (absorption co-efficient), A (constant), hv (photon energy), E* (band gap enugy) mdn is

a praureter whose value is either 2 m 0.5 for dircct md iadirect trmsitiotr, respectively [l7a]. The

band grys of pure NiO md erryh€ncn{io (5.0 o/ol nd graphene/tliO (10.0 %) composites are

found to be 3 .3 , 2 .9 nd 2 .3 eY ,respectively. This shorrs an effective reduction with incorpordior

of graphene sheets orring to the ddect $ates betureen valeirce and oonduotim band of NiO [175].

Th€se results imply the significmtly redrced bmd gm €Nrergiy to boost the effective utilizdion of

solar irradiation which is favorable fon enhmced photocaalytic activity.

By using calculted bmd gap value of NiO ftom W-Vis spectra, the edge positions of valence

and conduction band of NiO urere estimated usingfollowing equdions;

EcB:ErB- Es (4.e)

Where E is free electron €n€rff (4.5 eV) md .f, is electronegilivity of NiO calculated using the

equation.

x: [x(A)t * x@)t]t(t*D ........(4.10)

The valne of Es and X for NiO 3.3 frd 5.75 eV, rcspectively. The Ecs and Ew of NiO were

determined to be -0.4eVAilIIE and +2.9 eV/NIIE while -0.08eV/NIIE is the Fermi level of

grryhene sheas (well mdched with lit€rdure) [76-178]. Ihe curesponding band alignment of

2D-2D graphene/I{iO nmocompositc is shoum in Fig. 4.6 (D). Consoquently, thc acquired results

are used fon fimsfuring of etrrge carriers in nanocmrposite (2D-2D graphene/tliO) which

illustde the photocmlytic pooess.
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Figurc 4.6. Optical absorption spectra (Inset $owing bard gry €n€rg,r) of pure md vrious

composites; (A) pure NiO nuodreets, (B) grahene/tfiO nmocomposite (5.07o), (C)

grryhene,/t-IiO nanocomposite (tO.Oolo) and (D) Eneqgy band diagran of graphene/ltliO

nanocomposite.

4.3.6. Rrmen spcctrosmpy

The interaction between LDAD graphene/tliO nanocomposites was evaluated by Raman

spcctnoscopy as sho\m in Fig 4.7.Fig.4.7(a) exhibits the peals * 545 cm-t and 1052 cm-r

correspo,nding to phonon scdtering of first md second order in 2D pure NiO [79J. kt 2D-2D

graphene,/tliO nanooomposite, two exfia peaks ue obaerved at about 1345 qn-I md 1598 cm-l
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eredited to the 'D" md'.(i" bmd, rcspectively as shown in Fig. a.7O). The stretching of # crbm

resulted into '.|G" bmd is associ*ed with netwuks owing to Ezs vib,ration mode ufiile *D''bmd

represenrs the defecc prese, t in twGdim€nsionalhexagonal lattice U801. It is aoteworthy that D

band md G bod in 2D2D gr4h€nen{iO nanocomposite confirms the che,mical doping of

gr4hene sheets in 2D NiO.

m tIO
Rrnur rlrllt tcnr'lt

Figurc 4.7. Rmm spectraof pure md compositc smple; (a) prure NiO nmosheets O) 10,0%

gr4hene/t$O nmocompusite

4.3.7. Photoluminercenae spectrcscopy

Phototuminesce,nce tecfoiique rvas used to errnnrirc the recmbination rate md fimsfer of charge

crriers. Fig.4.t d€pic'ts the Photoluminesoence spectra of NiO nanosheets and 10.0%

gr4hene/i.IiO nanocomposite in the range of (3ffi{50 nm) rsing an excited wavelength (280 nm).

the peak intensity rweals the chargc carrier:s'recombindion rde [8U. In Fig. 4.8 (a), the pure

NiO shows an intense pcak $,tich 4pered d about 3t0 nm. The low peak intensity of 2D-2D

grryhene/tliO composite suggests that the addition of graphe,ne in 2D NiO effectively reduce the
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r€combination rate of c,harge carriers as orposed in Fig.4.8 (b). Tte PL results indic*e the surface

interaction betrreer NiO and grpheire sheet and maximun ctrrge fanderring rde re responsible

for emhmced photocmlytic effi ciency.

tma$S
Wmbnglt.rm,

Figup 4.8. PL spectra of pure and composite samples; (a) NiO nanosheets and O) 10.0%

gr4he,ne/I.Iio composites.

4.3.E Photocetalytic eficiency

AII the preefiEd sanrples have beeir exposed uder visible light to initide photocatalytic prooess

forthe degradation ofMO dye. The selfdeeradtion ofmethyl orange isnegligible. Howwer,the

photocatalysts play a vital role for the decompositim of dye. Pure NiO shou,ed wealc degraddiotr

efficiency of - 30.0olo in 4 hn. ft is noticed thd NiO nmoslreets exhibit less photocatalytic

performance owing to following undutying factus. (i) The quicl( recombination of electron-hole

pairs. only some of e- take part in oxidatim of dye u,hicfr re cap,tured by defect stde of Nio

nmosheefs. (ii) High€r bmd Se is also responsible for less adsorption of dye (MO) molecules
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during the reaction. In contrast to pure NiO, graphe,ne sheets and gr4hendtlio (3.0olo)

gr4hore/},fiO (5.0olo) and gr4heneNiO (l0.Mo) composites displays the photo caalytic

efficiency of 94.Wq45.@/o,40.V/o md 75.0%, respectively afts same time intenrals. Because

grryhene act as an eleclron reservoir account of its long zr- cmjugation composition to capture the

photo excited electrons and srp,press the recmbination of chage crriers. Consequently, the

photocdalytic activity of gr4hene/lttiO nmocomposites is increased on agooutrt of synergistic

effect between NiO md grphene. The sperglstic effect made the pure NiO higbly photoactive

whm used in rarious cornbindions with grryhene. The,se results indicded that the significantly

reduced band gap energy boost thc effective utilization of solu irradiation $,hich is favorable for

enhanced photocatalytic effi ciency.

The time degradatiotr graph of MO in presence of differmt photocdalysts under visible light for 4

hrs is shown in Fig. 4.9.|t can be noticed that the degnaddion of MO is increases as the time

increases.
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Figurc 4.9 (A). Time degradation gr4h of MO under visible liehfl (a) NiO nanosheets (b) 3.0%

grryhene/tliO nanocomposite (c) 5.07o graphene/t{iO nanocourposite (d) I0.0olo grryhene/l{iO
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nanocomposite (e) graphene sheets, (B) Confrolled orperiments of photocatalytic degndation of

MO using diverse radical scayengerc over the graphene/t',fiO composite under visible light

irradiation for 4hrs.

4.3.9. Role of scavengers on photocatalytic activity

To determine the contibution of reactive species and explore the photocatalytic mechanism of

graphene/NiO composite, controlled experiments wene carried out by using diverse radical

scavengers (Fig. a.9B). When AgNOt as electron scavenger is added, ttre photocatalyic efficiency

was slightly reduced because electrons are not directly involved in the degradation of MO. The

more electrons arE scavenged by AgNOI and electron fransfer to graphene sheets reduces which

results in less activrty. Benzoquinone (BQ) as superoxide radical (Or) scavenger exhibits

significant effect for photoactivity of photocatalyst (graphene/f',HO) due to incorporation of

graphene sheets. The graphene sheets act as an acceptor in which network ofgraphene sheets storp

photogenerated electrcns and increase the separation and tansferring rate of charge carriers which

facilitate the activation of oz, consequently boosting the formation of zuperoxide radical that

promote its confribution towards thb degradation of MO over graphene/NiO composite. The

addition oftetra-butyl alcohol and ammonium oxalate (AO) act as hydroxyl radical (OH.) and hole

scavenger respectively in reaction system inhibited the photocatalytic activity of graphene/t{iO

composite, showing that OH. radical and hole (h) play an imperative role for the degradation of

MO under visible light [51,182,183].

43.f 0. Mechanism discussion

The mechanism of photocatalytic activity of 2D-2D graphene/t{iO nanocomposite for the

degradation of MO is presented in a Fig. 4.10. The results indicate that the Ew and Ecs are rnore

positive (+2.9 eV) and negative (-0,4 eV) than graphene (as shovun in Fig. 4.6D). Thercfore,
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initially under visible light, excited electrons in conduction band of NiO can easily fiansfer to

graphene sheets, leaving behind holes, because graphene act as an electr,on's acceptor due to low

Fermi level (-0.08 eV) than Ecs ofNiO. So, the photoexcited electnons stored in z - n network of

graphene sheets helps to incrcase the separation mte 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 r€act with dissolved oxygen to produce rcactive

radicals (ql and hydroxyl radicals ane also generated by converting the unstable rcactive species

present in aqueous solution. These reactive species (OH., Gz) play vital role to degrade the MO.

Primarily, the rcactive species attack on the MO molecules to break the Azo bond followed by the

breaking of aromatic rings leads to formation of organic intermediat€ (phenol, nitrobenzene,l,4-

benzoquinone, until it completely converted into harmless products (COz and tIzO) (eq 4.15) U8+.

I 85. 186]. The chemical reactions that occur at the liquid-solid interface is rcpresented as follows

based on literature and our observations (eq. 4.1 l-4.15).

Graphene /NiO + hv + NiO (hvs) + graphene (ecs) (4.1 1)

Nio (hvs) + GI2o + If + otf) + Nio + oH +If

Graphene (ecn1lO2 * graphene + 02-

Oz-+2(H*+OH) -+ HzO'+ 2Ol+

OH + MO -+ Intermediates + [IzO + CO

(4.12)

(4.13)

(4.14)

(4.r5)

il
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Figurc 4.10. Photocffilyhc mechanism for degrad*ion of MO onerthe prepared 2D-2D

gr4hene/I.IiO nuocmposite.

4.4. Conclusions

}D-ZD graphene/l{iO nanocomposites with different graphene cmtents werre synthesized viawet

impreguaion method. The forrration of NiO nmosheets md gr4hene sheets was confirmed by

X-ray diffiaction. In 2IL2D grryhene/tfiO composites, the NiO sheets are uniformly dispersed on

gr4hene sheets which frcilitate interfacial coupling betrreen theur. It was found that the

absorrption edge of grryheue/l.tiO nanoeomposites slightly shift towards longer wavelength which

extqrd tre absorption in visible range. As'spthesizdzEzD graphene/l{io exhibits improved

photocdatytic ffiormance as compued to pure NiO towrds the orgaric dye (MO) undcr visible

light. This remartably increased photocaalytic efficiency cm be assigned to the interfapial contact

associated with tranaferring rde md prclonging fte lifetime of photogenoated charge crriss.

The role of difrerelrt scav€ngers d€scribed thd scarrcnclns of OH' radicals greuly reduce the

photocatalytic activity as cmpared to eleclrons, superoxide radical md holes scav€ngers. It is



hoped that this prEsent work provides a novel path to synthesize numenous 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

mod ified TYOs functional visible photocatalyst

5.1 Introduction

Semiconductor based photocatalysts has gained much atfaction on account ofhigh enerry demand

and rising environmental problems [87]. Past few years, numercus semiconductors such as

oxynitride, sulphides and metal oxides have been frbricated to derive theirphotocatalytic rtsponse

under visible light [88,189]. However, fast rccombination rate of photogenerated charge carriers

and low usage of visible light limits their application towards envircnmental remediation [190].

Subsequently, visible light responsive photocatalytic materials have been fabnicated to tackle the

challenges regarding enerry pncduction and environmental contamination. Among all of them

WOt (n-tXpe semiconductor) is considered a potential material owing to their tunable optical and

electronic properties. WOr has been attained intrigued attention in photocatalytic applications due

to long term stable physiochemical properties, photoconosion and visible light absorption

resilience U9l-193]. Unfortunately, high rate of rccombination pnoc€ss of photo induced charge-

cariers and agitation in orygen reduction on account of narow band gap and low-poteirtial,

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

To overcome these issues, many techniques have been applied to boost the photocatalytic activities

of WOI through incorporation of carbonac@us materials. It was noticed that the carbon materials

played an imperative role to boost photocatalytic efficiency of \VOt [195, 196]. In graphene based

composite material's large aromatic. structure of the graphene act as an electnons collector to



improve the transportation of interfacial electrons because of its femendous properties i.e., such

as high surfrce area (2630 m2g-l), thermal and chemical stability. However, furttrer modification

of graphene's intrinsic featurcs 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 hemendous

properties llg7-lggl.Addition of nitnogen 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{oped graphene sheeb leads to sigpificantly improve the photocatalytic

efficiency. With improved properties such as tunable electonic structure, huge surface arca, high

active sites and superb charge carrier's, the N-doped graphene is considered as a promising

candidate for photocatalytic activities [200, 20U. M. B. Tahir et al. [190] have reported ttrat

graphene/WOt (7.0yA composite showed outstanding photocatalytic efficiency r€gadrng

hydrogen generation as compared to pure WOr Li jia et al. l202ltrove examined that N-doped

graphene/CdS composite degnded salicylic acid and methylene blue (MB) under visible light

exposurE. B. Amanulla et al. [203] have observed AgflOl decorated nitrogen-doped graphene

composite degraded 99.0 o/o eosin yellow compound to less toxic non-molecules. M. Ahmed et al.

[204] have studied that l5-mm porous carrier exhibited highest rcmoval of ninogen (98.07o) from

m icroaeiobic biorpactors.

Most oforganic species are utilized at large scale in agricultural, chemical indusfries, medical, and

domestic prcposes. 2, 4-dichlorophenol Q,4-DCP) is derivative of phenol having one or morc

covalently bonded chlorine atom, poisonous and non-biodegndable compound [205]. Many

chlorinated compounds are xenobiotic, bioaccumulation in natural environment and recalcitant

nature. 2,4-DCP is intermediate product in manufrcturing of 2,4di-chloro-phenoxy-acetic acid

herbicide l206l.The adverse contamination due to 2,4-DCP rcsults into harmful infection in

58



kidney, respiratory system, and liver. Most of organic dyes have been exploited in many chemical

industries like textile, paints, pharmaccutical and cosmetics 12071. Methyl orange (MO) is an azo

dye having very strong -N=N-bonds and carcinogenic in natuE [208]. Thercforc, both organics

have been unployed as model pollutants to mineralize them under visible light.

In this worh N-graphene/WO3 nanocomposites as active photocatalysts with various amount of

N-graphene were fabricated through wet chemical impregnation method. N-graphene/\VOl

composites presented remarkable photocatalytic activity towads the mixturc of 2, 4-DCP and MO

in aqueous solution. The improved photo degradation performance of N-graphene/WOr

nanosystem could be considered to the resilient interfrcial interaction ofnitnogen doped graphene

network and WOI which create massive active sites on its surfrce. This significantly promotes the

adsorption of strong organic species. The effecting parameter GID and radical scavenger species

wer€ examined to demonstrate the photocatalytic rcaction. Moreover, N-graphene/WOt also

showed good reusability after many recycling. Thereforc, the present work plrcvides an avenue to

develop several N-graphene/semicondtrctor nanocomposites for numercus effective applications.

5.2 Experimental

5.2.1Materiats

Graphite power, sodium tungstate (NazWOl), hydrochloric acid (tICl), phosphoric acid (I-I3 PO+),

nitric acid (HNOI), potassium pennanganate (KMnO+), methyl orange (MO), hydrogen peroxide

lHzOz). ethanol and upa were provided by Sigma-Aldrich.

5.2.2 Synthesis of GO

GO was synthesized through Tour's method 1209,2101. Graphite was taken as starting material.

l.0g graphite and 6.09 of potassium permanganate are mixed. Then 9:l ratio of sulphuric acid to
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phosphoric acid was mixed and pour into above solution keeping the temperature below 40 b

under mechanical stining to make a homogeneous solution. This solution kept on hot plate at 50

"C for l3hrs under constant stining. After formation of b,rown puple liquid, a liquid solution cool

down at room temperature and endup into 200 mL ofdeionized ice water. A bright yellow solution

obtained by adding II2O2 (1.0 mL). Finally, the product (GO) was collec"ted by washing and

centrifugation with distilled water and final product was dried at 60'C for 5 hrs. Urea as a nitnogen

sounce and NaOH for chemical reducing agent was used to transform the graphene oxide into N-

graphene sheets through the hydrothdrmal tneatnent at2OO"C for 8hrs.

5.2.3 Preparation of WOr

The WOt 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 HNOI aqueous solution

under continuous stirring. Solution was placed on hot plate at 40'C for 5 hrs. Subseque,lrtly, the

yellow precipitate was obtained. These obtained precipitates were centrifuged, washed with

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

5.2.4 Synthesis of N-graphene/TYo3 nanocompocites

For preparing N-graphene/WOl nanocomposites chemioal wet impregnation tneatnent was

adopted. For this purposc, 500 mg WOI dissolve into 20 ntL distilled water. At same time 0.099

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/WOl composite. Same procedure

was followed by varying the amount of N-graphene to obtain various wt. o/o N-graphene/WOl

(3.0o/o N-graphene/'lVOr and 5.0% N-graphene/WOl) nanocomposites.
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Schcme 5.I. The slmthesis route ofN-gr4phene/Wot nanocomposite.

5.2.5 Characterization techniques

TheX-rays diftachometsr(X'pqtPROMPD.PAl{atyticalwifr Cu ff, radiationmdwarrelength

:1.54A) was ernploycdto ormrine the structurat properties of sanples. The surface morphology

and ele,mental composition of materials were malyzed through scmrning electrm microscope

(SEM) (MIR3,IESCAII) andEDX (JE0l-JAD'23fl)),reryectively. Thc detailedmorphological

shrdies rvere performed through fiarsmission electrron microscryy (TEI\O worked a 80 kV. The

FTIR (AIPHA II, Bnrker, Germany) was used to explore the func'tional groups of prepred

nanooomposites. The optical prroffiies of smples were invesigated by IIV-Vis absorption

spccffoscopy (UV-2600 spectrom€tcr, Shimadzu, Jrym). PL specha were ottained by using

fluorescence spectrometer (Perkin Elmer, Ltd., G€rmmy). )(PS analysis was performed by Iftatos

Axis lIltra specEmeta with (monoc,hromatic Al kc).

5.2.5 PhotocrteSic rc{ivity of orgenic rpccies

The photocatalfac efficiency of photocataly$s was eraluated lhrough the degrad*ion of organic

species MO md 2, 4-DCP (20 mg Lr of each) in visible lieht regim. Initially, 50 mg of catalyst
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was added into 50 mL solution of organic mixture under magnetic stining and kept the mixnre in

dark place for 30 mints to accomplish adsorptiondesorption equilibrium. Then the suspended

mixture was irradiated by visible light at room temperature under same envircnmental condition.

After every hour, 4.0 mL suspended solution was collec"ted and centrifuged to do away the catalyst.

The decomposition of organic species of 2,4-DCP and MO at maximal adsorption (Ir*) of -283

and -464 nm, rcspectively was examined by using UV-Vis spectroscopy. The degradation o/owuS

calculated by employing the relation as given below:

96 degradation = [co 
- '/rrlx 1oo (5.1)

Here Co and C rcpresents concentration before and after irradiation oforganics, rcspectively l2lll,

5.3 Results and discussion

5.3.1. Stmctural analysis of prepared samples

Figure 5.1 shows the XRD pattern of GO, N-graphene, WOr and composites ofN-graphene/1VOl.

In XRD profile of GO (Figure 5.lA), a very sharp and sfrong diffiaction peak is observed d,9.2o

(001) which indicates that oxidation of graphite into GO through expanding the interlayer spacing

from 3.4 Aa g.Z A due to incorporation of oxygen bearing gr,ups at the peripheries and along

carbon grid of GO t2l2l.In XRD patterns ofN-graphene, a diffiaction peak at26.5o (002) (with

laftice 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 l2l3l.In doping prcoess, oxygen

functionalities of GO performs as a backbone forthe incorporation of foreign material whioh offer

active sites for integration of nitrogen atoms into the graphene network. Deoryge,lration prccess

leads to the existence of r-tc bonding interaction betrreen nitrogen and carbon lattice of graphene
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which significantly r€stores sl graphitic crystalline stucture i.e., graphitic, pyridinic N and sp3

pyrrolic N lzl4l.Incorporated nitrogen functionalities into grid ofcarbon would effectively reduce

dense sp3 stnrctural defects in GO lattice t2l5l. L. K Putri et al. l2l4l have observed that

introduction of nihogen and boron into GO considemably reformed the bonding stnrcture and

improved optical properties which were promising in photocatalytic hydrogen production.

Figure 5.1B reflects XRD profile of WOr, 1.0% and 3.0% N-graphene/WOl composites. XRD

diffraction signals of WOt and its composites extribit characteristic peaks at20 =23.1o(002),23.4"

(020), 24.4" Q00),26.6o (120),29.9"(lt2),33.20(022),34.20(202), 35.50(122),41.6o Q22),47.2

" (004), 49.7" (140) and 55.6o (420) ascribed to monoclinic of WOr UPDS No. 43-10351[216]. The

sharp intenstty peak of pure WOr indicate its high crystallinity though the incorporation of N-

graphene reduces crystallinity. It is noticed in composite samples that addition ofN-graphene into

host WOr not only broaden the signals significantly due to amorphous natunc of carton material

but also slightly dov*rnstrift the characteristic peaks due to internal stness of carbon and nitogen

functionalities in nitrogen doped graphene. No additional peaks related to carbon material werc

observed. These might be due to weak diffiaction signal of disorderly stacked N-graphene sheets

but its existence is clearly observed in TEM and Raman studies. Jamila etal.l2lTlhave observed

the amorphous nature of wo/Go/NCQDs composite with incorporation of Go.

Figure 5.lC represenb the FTIR specfrum of pure WOr, 1.0% N-graphene/\VOr and 3.0% N-

graphene/WOs. Lr all samples, the wide absorption signals are observed in range of 3000-2800

cm-r which indicate O-H stretching vibrations. It is also seen that O-W-O shetching in ell

samples vibrations are in the range of 1020-650 cm-r l2l8,2l9l.In l.0o/o N-graphene/WOl and

3.0% N-graphene/WOs, two nerv absorption characteristic peaks are observed at 1600 and 1409

cm-r conforming the C:N and C{ shetching modes. These modes indicate the doping ofnitogen



atom and skeleton vibrations of graphure sheet, rcspectively 1220, 22ll which confirms the

formation of composite samples successfully.

Figure 5.lD depicts Raman spectna of graphene oxide (GO), N-graphene and 3.0% N-

graphene/WOr composite samples. In Raman spectra (GO and N-graphene), tlryical D band of GO

and N-graphene centerpd, at 1337 md 1342 cm'l while G band located at 1593 and 160l cm-r,

correspondingly. Io/Ic ratio of GO was found to be I .13 that was inclpased to I . t 5 in N-graphene

1222,2231. The results indicated that after nitrogen doping in GO defects were enhanced by

nitrogen dopant which disordered thegraphene lattice. Raman spectnrm of 3.0% N-graphene/WO3

composite is well resolved into characteristic peaks located at 280, 334, 724 and 813 cm'I.

Comparatively, sharp peaks centei:ed at 72/l and 813 cm{ indicates the O-IV-O or W+6 -O

stretching vibrations 1216l. Peaks at low frequency region at 280 and 334 cm'l confirms the

O-W-O bending vibrations of monoclinic WOr 12241. Besides these, two additional peaks at

1350 and 1604 cm-r are observed which designates D and G band ofN-graphene sheet through the

linking bridge of W-O-C. It is worth noting in both N-graphene nd 3.0o/o N-graphene/WOr

composite the upstrifting of D and G bands which is associated with new surfrce linkages well

consistent with literature 1187, 196,2251. The connection between WOI and N-graphene well

promotes elecfion conduction and acceleration of electnons towards the surhce of catalyst for

redox reaction l2l0l.
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Figurc 5.1. )(RD pattcrn of (A) grqhene oxide, N-gr4hene, (B) )(RD md (C) FTIR spectra of

WO3, 1.0% N-grmhene,/WO3, nd 3.0o/o N-graphene/\ilO3 @) Raman speclrum of graphene

oxide, N-gr4hene md 3.07o N-gr4heme/1V03.

5.3.2, Morphologirel imegel

Figure 5.2 shows mo,rphological images of pIrepared smples. SEM photograph of WOr (Figrue

2a) reveals the rqmd shapd primry puticles wilh little aeglme,rdion. SEM image of N-

gr4hene (Figure 5.2b) indicates uninkled ad rmdonly overlryped sheets. In 3.0% N-

grryhene/IVOr (Figure 5.2c), some inhmogsnourc disfributiqr of irregular massive rod like

blocJss along with round shapd prticles of WOlcm be noticeably seEn on crac'ked sheets of N-
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grryhene. This morpholory with high active surfrcc area has aptitude for capfiring the visible

ligtt photms. TEM images of 3.0o6N-graph€nEffiOr cmposite d differmt nano scales is Sown

in Figurc 5.2d and f. In both images, it is obviously seen that N-gr4hene sheAs are well decorated

with WOr nanoparticles n&ich displa5rs the intimde contact betrrem WOr and N-graphme. This

contact betrveen WOI md N-grryhe,lre lessens fte reoombindion rde of photo induced charge

crriers to improve the photocatalytic efficiency mdimproresvisible light absorption as observod

in DRS analysis. Additionally, the more wrinldes on the surface of graphene may mise due to

nitrogen doped doms thd provide more ar{ive sites fon the adsorption and desorption of organic

spccies in photocatalytic activity. It cm also be secn in bolh SEM ad TEM im4ges that N-

graphene sheets maintaincd their two dimension (2D) stnrcture after doping with nirogen atoms

!226[.IIRTEM (Figure 5.2f) indicates inter planer distance of 0.37 nm (020) of WOs along with

the few layers ofN4rqhme $/rinldd sheets.

T
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Figure 5.2. SEMirnagps ofpure Wos (a), N-grryhene sheets (b) ad 3.0% N-grryhene/Wor

nmooomposite (c) TEMimages (4 e) andHRTEM(D of 3.0%N-graphenefiVOr conposite.

5.3.3 EDX Anelpis and clementel mapping

The elemental cmposition of spthesized materials was examined through €nergf disposive X-

ray analysis. The EDX speclnrm of WOr @gure 5.3A) displays tff and O peaks with no other

peaks which confirm the form*ion of pure WOr nanoparticles. Moreoner, in 3.07o N-

graphene/WO3 narocomposite (Figure 5.3B) an extrapeak of C atom andN is detected. Moreover,

the elmental mapping of 3.0 7N-graph€ne/Wq is drown in Fig.5.3 (a-e). The elemental

composition of prepued smples is presented in Table 5.1.
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Figurc 5.3. EDX ryeclrum of WOr and 3.0% N-graph€ne/Wo3 and elemental mapping of 3% N-

grryhenertVOr and their ele,rrents tungsten (}V), caton (C), oxygen (O) and nitrogen (N)

respec'tively (a-e).
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Tebte 5.1. Elmmtal composition of WOr nd3.0o/oN-gr4hene/1V0: nanooomposite calculated

byDX $pectra

Photocetrlyatr AtomicTr Wtigtt %

w o c N w o C N

W03 24.81 75.19 0 79.13 22.87 0

3.0 %N-graphene/\trOr
composite

23.6t ffi.27 n.26 4.8 7E.70 18.50 2.7t 0.9

5.3,4 IIV-Vb abcorption study end photoluminerelce spcctrr (PL) ryec{ra

W-Visible difts€d reflectance speclraof as"synilresized WOr mdN-graphme[YOs are shown

in Figrre 5.4A.Ihe absorpion edge of pure \MOr is found in visible regu. CIrygm vacancies

present in the lattice of WOr donates the electrons to its cmtrrction bard. As a result, WOI is

considered as m n-t1pe semicmductu but high rae of recombination of photo generded charge

crriers reduces its photocatalytic ability 12271. W-Visible spcctrum of N-gr4he,ne is shoum in

inset (Figure 5.4A). The absorptim edge ofN-graphene is obs€n/ed in visible region ufrich is well

oorrespondmt to literdure 12281. According to lit€Nrature, GO has absorpion edge d -263 rm

l229lfut this edge has beelr shifted to visible regtm -421 m in N-gr4he,ne. Nitogrn dopd

atoms into graphene shect reduced orryg€n funstimal groups of GO and r@ined sp2 nyUridzea

system of conjugated struc'ture of carbon with nitrogm as observed in XRD pnofile md also

introduced nirogsn defects. It is suggsted that nitrogen inro&rced the tail €Nr€r5r states below

the cm&rctimbmdof grqheneby di$ortingthe grryhenelattioereguluity. Thisforeignmaterial

allows n to n* dectronic tansition and altering zcro band gap smi-metdlic graphme to

semicmducting mderid [230]. It is noterilortry ftd the absuptim edge of N-gr4hene/WOr

compositeshas been rd shiftd towrds longsr uravelengilh and have the abitity of mue light



scatt€ring during photocatalysis process. The band gap values of fabricated samples are shown in

Figure 5.48. The band gap urqgf values of lilOr, t.0% N-graphene/WQ and 3.0% N-

graphene/Wor w€rE calcul*ed by Tauc plot md found to be 2.60, 2.53 and 2.45 eY,respectively.

The effestive reduction in band gap ouing to nitrogen ddects into carbon dorns which modify the

srufrce of bue WOr. ThG optical bmd gap value of N-grpheire is slrown in inset (Figure 5.4B)

md come out 1.5 eV. The rduced optical bard gry of 3.Wo N-gr4henc/\ilO1, availability of

reactive sites md new linlcing bonds (W-O-C) are the pronrising factors in improved

photocatalytic activity.

PL e,mission spectroscqy is a good tool to determine the tryping ad harsferring efficiency of

chrgp canierq €ner5r bmd sfiucture md prwide the information about oxyg€n deficiencies in

the pnepred smples. PL specha of pure WOI md N-grryhene/WOt na(rcomposites were

recordedunderthe excitationwavelength of280nm as showninFigrre 5.4C. A broadpeaklocated

d.302 nm related to surface ddects fs€nt in forur of oxygen vapancies in Wq. Sharp enrission

peats c€otered in ruge d 45E467 nm indicdes ner bmd-edgp transition. While the shoulder

peak located il 537 nm could be attributed to presace of oxygen deficiencies in samples

12312321. Furthermme, it is noteworrthy thd owing to incorrporation of N-grryhene sheets, PL

inteirsity of N-grryhe,ne/1[tO3 rf,looomposites significartly reduced. A prorrinent quenching in

PL intensity is obviously scen n3.0o/oN-grryhe,ne/1VQ. The reduction in intensity is atfributed

to the formation of new additional p*hs for fiuderring of exited electrrons from WOr to N-

grqhene sheeb which effectively fuhibitd thc recombinatim rate of chrge curiers [233t. This

property is favorable to insease the photocatalytic efficiency of N-grryheneAilOr

nanocomposites.
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Figurc 5.4. Optical absorption specra (A) ard Tauc relatim (B), (fuset) N-grryhene md (C) PL

spectna of curerymding prrr€ WOr, I.0% N-gr4hme/Wor and 3.0% N-gr4hme/WO3

composites.

5.3.5. XPS rnelysir

)(PS analysis (Figrre 5.5) was performed to dctermine bmding configuratim of constitumt

elements (W, O, C and N) of 3.0% N-grryhme/WOr. Figure 5.5a shows high resolution speetnm

of W4d which rylits into trro noticeahle peaks i.e W4dvz md W4drz found d binding mergies of

246.7 eV md 262.0 eV, respectively 12341. XPS spectnrm of O ls peats (Figur€ 5.5b) is fitted

into two peaks at binding energies of 531.3 and 532.8 eV dtibuting to W-O md hydroryl groups

in sanplc, respectively. )(PS spcctrum of C ls (Figrne 5.5c) is dscovoluted into three obvious

peaks. The most prorninmt peak d,284.2eV shows graphite-like #(C--Cl hnaine configurdion.

This indicdes that maximum cilbm doms in 3.0% N-grphene/WO3 nanosystern exist in

conjugated honeycomb lattice. The other two characteristic peals d binding mergies of 285.2 and

286.6 eV are associted to Csp2-N (pyridinic) md Cqt'-N (pyrrolic) bonding. These results are

matohed well with the re,port [235]. Fi$re 5.5d iflustrd€s atl possible bonding configrratio,n of

nihogen fimctionalizes in 3.0olo N-grryhene,/1VOs cmposite. fte peaks c€NrtsEd d 39E.5, 399.8

and 401.3 eV rdlect pyridinic N, pyrrolic N md eraphitic N reryectively 12361.It is clearly seen

:i'-B

10 tt t t.l a'l al tl'
,li*irrqrFU

t-



that the peak of pynolic N is very shrp than others which confirmed that pyrrolic N is greatly

dopd in our smple.
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N-grphene/\[Or nmtxystem.

5.3.5. Photocetrlytic rctivity end rcusability of photocetrlpts

Photocatalytic efficiency of as"synthesizd materials was evaluated through degradation of 2,4-

DCP and MO under visible light as shorryn in Figure 5.6A and B. This photoreaction is very

imporht fu fte labordory ad industrial point of view. Because mixed MO (dye) NilZ,4-DCP

(pollutant) system is c,hecked. The efluents ftom the indufi are in the mixed form. So it is a key

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

g2



the higher degradation of mixed pollutants as corrpared to individual pollutant may be ttre

spergistic effect of one on other l237l.In fte mixed system of 2, 4-DCP and MO, these pollutants

act as the hole scavengers which can decrease the rcombindion of elec{rons and holes more. This

mutual stimulding dfect offers a vitd support usingN-graphe,ne/Wq as visiblelight catalyst for

efficient simultmeous removal of 2,4-DCP and MO by photocatalytic prooess, respoctively, in the

sane systenr. Thus eirhancing the photocatalytic activity as compared to the single pollutant

system. The rate of degradmion of the pollutmt in mixed systcNn is more as oompared 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 (44-DCP) showed that pure WOr performed minimum dcgradation efficienry

-24.0o/o of MO nd,-16.0o/o of 2,4-DCP after 5hrs because of having low reduction potential and

leaning to trap the photo gc,nerated chrge crriers. It re$lts i4e high rde of recombination. The

highest degradation 616 againsf the orgmic species was measued as (-94.0o/o of MO ad -81.0%

of 2, 4-DCP) through 3.0olo N-graphene/1VOr. MO and 2, +DeP removal by N-graphene was

tested as -31.0olo nd -24.0 %o, respectively. l.V/o N-greherrc/Wq sanple exhibitd -53.0o/o

degradmion prrcess of 2, 4-DC? nd -78.V/o of MO, respectivdy. While 5.0olo N-graphene/WOr

nanocomposite showed -64.00/o of 2,4-DCP ad -t6.0% of MO, respectively. Saiiad et al. [216]

have reported thd Z.$L/oZIONNOS composite showed the hi$est degradation activity against MO

solution. It is noticed that N-gr4hqre/lVOl composites showed excellent photocaalytc efficiency

due to following reasons (i) the N-graphene has super clrarge carrier mobility. Consequently, the

addition of optimum contents of graphene in lVG mhmoed the photocelytic performance by

providing plenty of active sites md c,onductive chmnels for tre trasportation of electons to

surface of nanocomposites. (ii) N-grryhene e,ffectively reduce bud gap of WOr due to synergistic

effect betrreen WOr and N-graphe,ne ntich sigpificmdy leads to imprcve response of
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photocatalysts towards visible light region 1219,2381. Furthennore, nifogen based defective

conjunction syst€m ylclds grryhene with band energy gap as ps studid in DRS. Nifrogen doms

provides more importmt active sites for enhmcemmt of photocatalysis. As it is well knorvn that

grryhene is chmically inert mat€rial because of its unpaired eleclrons thd are tightly bound in

delocalized r-syste,m, which hinders its cheinical rcadivity md absorptivity [239]. N-grryhene

systenr is ibelf a photocatalyst becarse fte incorporded nitrogen atorns with different

electronegdivity than cubon atoms in grryhene produce rmstable charged zone leading to

poluizAion. This synergtstn results into more sites on N-grryhene surface forthe dtachment of

reactive mgmic species. But as thp mout of N-grqheire bcame too high, the slrfroe rea of N-

graphene sheets is reduc,ed oring to overlapping wift itself. It effectively decreased adsorption

and degrad*ion of organics on the surface of photoc*alyst.

The time degraddion gfryh of organics in visible light regrm for 5h in presence of various as-

prepared samples is shown in Figurc 5.6C (MO) ard 5.6D (2,4-DCP) that follows pseudo firs

order kinetics by using eq. (5.2).

ln (G/C):k'pet (5.2)

Here Co (t:0) and C (t = inadidion time) denotes initial md solute remaining concentration

respec,tively. While kup is degradation rate constant. From these graphs, it is observed thil.3.$o/o

N-gr4heneftVOr has the highest vahre of km against MO ad 2, 4-DCP. Literdure study of

photocdalysts in degradation of various orgmics compred to the pres€nt work is repnesmted in

Table 5.2.
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Smples Light souroe Degradatim%/

Time Irradidion

Modat Pollutmt Refprences

CUO/WOrrcu@{G Yisible Y2.76Yo)

t0.59olo,
t9.77o/o,

%.Wol
(l20min)

Cr5rsal violet,
methyl orlange,

rhodmine B, md
octhylcnebluc

lr07I

WOTZnO@r@ Visible 94% (9tmint) Methylene blue [2401

Cdre/cdsf&tG0 Msible 7016(360minl 2,tHm t24U
t{G/tiOr UV 9896 (:lfll minl MetM Orange 12421

tIUSqrIlG Msible !1996(E0mlnl MedrYlene blue t2431

AglPO.AGTtilol Visible 99% (60 min I lndomethacin (lDMl 12441

u,o/il{@5 Msible 9696(240minl Metffeneblue [24s1

3.096 tr
graphene/tilG
colnpooite

Msible -94.@$-81.096 (llfil
min)

MO, e /LDCP Present

work

Tabte 5.2. Literature study ofphotocdalysts in degrad*ion ofvarious orgmics with pnesentwork.

In N-graphene/Wornano structure fte interconrwted nefirork ofN-grryheire allorn, dispusion of

WOr andprovidespromisingkineticsforphotocdalysis. Thestonginterfacialinteractionbetwem

N-gr4hene md Wor promotcs scpildim of chrge crriers which enhmced photocatalytic

performmcc tffiards the mixture of srong polhrmc (2,4-DCP md MO) rrrder visible light.

Present wort suggcsts thd visible light responsive N-grapheire/WOrphotocatalyst is consid€red

good mdaial fu environmental remedi*ion.

Reusability of N-grryhene/WG cdalyst was evaluafiEd by lhe dccmtminaim of MO frd2,4-

DCP under visible light regon for four consecutive cycles (fi$re 5.7). The photocdalytic

efficiency did not significmtly reduce after four oycles of degndatim tests. Figure 5.7 shows 3.0%

N-grryhme,/1Vor cdalyst der degnaddion of both MO and 2,4-DCP, a small loss during filration
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zuggBsting that the optimized photmdalyst reinain active for long t me and an ideal for industuial

applicuions.
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Figurc 5.5. Time degradation (A,B), rEaction kinetics (C,D) over MO and 2,4-DCP through WOr,

N-graphene,l.0o/oN-grryh€ndltrO\3.0o/oN-grryhene/ Wol md 5.0olo N-gr4heneAtrOr.
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Figurt5.7. Recycling of 3.0 7o N-grryhene/\Vo3 over MO ard 2y'-DCP.

5.3.7. Study of scevengen tnd eficct of pH on photocetdlcis

To determine the effect of reac{ive species dtrhg the photocatalytic degradation of mixed system

of 2, 4-DCP md MO through 3.0olo N-grryheoeAltOr. In nryping test, we have used ammonium

oxalate (AO), tetra-butyl alcohol (IBA), benzoquinure (BZQ) for holes (h),

OH' and Of, rcspectively as active elemcnts. A contolled orpcriment rvas performed by using

diftrent napping radicals as shom in Figrre 5.8A Results revealed that the addition of AO md

TBA scarrengers significanfly inhibited the photocatalytic reaction suggssting that holes (h*) and

OH' re the major active species for the deconmin*ion of both MO ad 2,+frcP. Whereas, the

rate ofphotocatalytic efficiency slightlyreducedwift fte additim of benrcquinone @ZQ) as Oi-

scavqrger indicuing that Of is not mainly reryonsible for photo degradation process.

The effircnt of indusfiies hm x lrge rangp of pH valucs which has greder influence on the

photocdatytic degradaim efficiency. For lhis purpose solutions having differ€ot pH were

prepred by addition of optimum mount of NaOH or HCI to investigab the dfect of pH on

degradation of MO amdz,+DCP. pH mainly atrccts the dispersion of prticle in reaction process

and elecfiostatic interactimbetween orgmic dyes udphotocatalysts. pHpzc Ooint of zero charge)



of WO/N-grryhene was found to be 3 acconding to literdure 12461. Under alkaline condition d

pH values (pH:5, 9) greder 4ran pHpzc the electrostmic repulsive fuce betneen negative chrge

surface of photocdalyst ard mionic MO would hfud€r the adsorption of MO on phmocmalyst

leading to rpduce degrad*ion 59P/o uld40%, respectively ffiu 4 hours as shovm in Figure 5.88.

Under acidic cmdition at low pll nalue (pH:2) lhan pHpz" the positirre chargd photocdalyst

strongfly dhact mionic MO promotes to enhroce degraddion r*e 94%. But d pfl:l, slightly

hinder the degraddion efficietcy 82o/o due to poor diryersion and formatim of particle

agglom€rdionpa7 )a\.

Surfapc property ofphotocatalyst plays avital role on photodegradation of pollutrots. Therefore,

the effect of pH on decontmination of 2,4-DCP rvas observed between pH 1 to 9 as shoum in

Figrrre 5.8C. On the basis on pHpzc (:3) of photocaalyst Q.tr/o Wo3/til-graphene) the results

indicde th* the photodegradAion of 2,4-DCP is higher in acidio conditim than alkaline. In acidic

condition pH < 3 (pH:12) 2,4-DCPmoleanlesr4pidly adsorted on the positively charged surface

of photooatalyst leading to increased degraddim effciency up to 76 and 877o respectively. \[hile

in nlkaline condition pH > 3 (IrH:5,9) ZA-DCP barely adsoftd on the photocatalyst's surface

owitrg to high solubility of 2I-DCP mions md less surfrce interaction betrree,n negatively

chrged surface of photocatalyst md 2,4-DCP anions molecules impeding the photodegradation

rile 49o/o amrd, 39o/o, respectively.
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Figurc 5.S. (A) Shdy of firyping test lhrorgh 3.P/o N-grapheneAMOs photocdalyst on mgmics

(MO and 2, 4-DCP) without scaveng€r and with scavflgers i.e., utmonium oxalate (AO) for holes

(h), rcfa-bnrtyl alcohol (TBA) for OH'mdbenzoquinone (BZQ) for Oi., respectively. Effect of

pH (pH : 1,2,5 ild 9) on photodegradation of (B) MO md (C) 2, 4-DCP through 3'0% N-

gr4hene/WOr.

5.3.& Propor€d mcchenisn of photocate[rct

To elucid*e the photocatalytic mochmisn the valmce ( Evs) and conduction edge potential

(Ecs ) plays a vital role in charge trmsfer prooess md calculated by following equatiotrs 5.3-5 .4.

altl.
IItrGD

Ew = I- E"* 0.5 Es

Ecn=Eva-Eg

(5.3)

(5.4)

llere 7, ErandEs rc eledrorcgativity of semicon&rctor, €n€rgy offree elec{ron (4.5eV vs. NIIE)

and band gap €,nergy of martial used, respec{ively. E, of WOr and N-grryheme was found to be

-2.6 arrd -1.5 eV as mea$red by Tanc plot, respectively. Using above value E66 md Eys of

WOr is calculated to be *0.79 and *3.39eV, respectivety. According to litsdure, fte EgB and

Eys of N-graphene areto be -0.08 md +1.42 eY 1228,2391.
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The photocatalylrc degradation of orgaic species ums eraluated through as-spthesized material

under visible light inadiation as revealed in Sc,hme 5.2. The light euposrrr€ simultaneously

pnoduces decrm/hole pairs in Wq/f.I-grryhene composite. Hfpothaically, photo induced

elecfions would Emsftr from EcB of N-gr4hene to Ecs of WG, r+,hile holes (h*) would move

from Eys of WOrto Eys of N-gr4hcne. The elevdted conce,utrdion of elccfions in Ecs of WG

can't reapt with Oz to generffe Oi- because the E6 of WOr is more positive than redox poteffial

Ozl OT (-0.33eV vs. NIIE) l?2q. On fie otherhmd, the holes in VB of N-grphene suppressed

the oxidation reaction owing to low Ey3 of N-grryhc,ne thm rodox pote,lrtial of OH'/OH- (+2.4eV.

vs. NHE). Consequently, this convantional heterojunctio,n beharrior is not farrorable to generate the

radials ( O|,OH') which are sub*antial to degrade tre orgroics. To ovscome these issueg Z-

schemeis clnsidercd asan €noouraging 4prorchfuphotocdalyticremornal of orgroicpollutants.

InN-grapheire,/WG,theelectronlholepairsuegmerdedundervisiblelightirradidion. Thephoto

generated eleclrrms in lVOl have tendency to move towards Eyp of N-gr4hene and increase the

spaoe se,pilatiotrbetrvem the photoexcited chrgs crriers mdre&rced fte recombintrion rde as

fialy?d,throug[ qucnc,hing of PL fufiensities in cmposite srorple. The accumulatcd elecrons in

N-gr4he,ne rmdergo reduc'tion reactim to produce zuperoxide radicals (O;-) ufuich m reacting

with tIzO pro&rce OH-/OH' . Adso,rbed molecules of MO on the surfrce of catalyst scavengsd the

electrons from Cts of N-grryhene and reduced to hydrazine derivatives wtich on reac-ting with

OH'/OH-dccomposed into less toric mmpounds. The collec'ted holes in \lB of WOr involved in

oxidation reac'tion trrough reacting wilh OH-/[I2O ad proeced hy&onyl radicals ( OH'). These

generded OH'have ryproeriatc potential to oxidize the orgmic molesules 1246|. Therefore, the

holes and hy&oxyl radicals ue the shdegic elements to effec{inely oxidire the MO and 2,4-DcP

molecules md degraded into harmlss cmpounds.
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'; ft (ro+2,4ocPl + ou-roH' E tlnerallzadon

OJ'O, = {.33 eV

""' Oll'/OH'= 2.4eV
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Scteme 5.2. Me&atrim of degraddion of organics under visible light irradidion over N-

graphene/wol nanocomposite.

5.4 Conclusions

In summary WOI and N-grryherc/WG composites with variable amount of N-graphene were

fabricated through an efficient c,hemical method. The spthesired photocdalysts were considsred

as promising candidaes for degradtion ofmixture oforgmics i.e. sfong pollutants methyl orange

(MO) nd 2,4 dichlorophenol (2;4-DCP). 3.07o N-graphenelVOr composite dmonsfrated

excellent photocatatfdc efficiency under visible light as wEll as good reusability. Results itrdicated

thd the increased photocdalytic performmce is ascribed to significantly reduced fte band gap of

WOr and effimc€d s€paxation rde of electnon-hole pairs owing to incorpordion of N-graphe,ne.

Since the incorporded nitrogm into the dcleton of grryhene shects retained its sp2

firnctionalization which effectively modified it into semiconductor material bV opening its band

gap. Moreover, tte scavenger radids study suggested trat OH. and h* are main actirrc species to

dcgnade fte pollutants (MO ard 2, 4-DC?). Tterdore, N-graphmerWor compormd syste,m



showed excellent photocatalytic behavior for the mineralization of waste materials, would be the

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

Carbon qauantum dots modifieil2D2D MgO@G nanocomposites as an
visible photocatalpt

6.I Introduction

The organic dyes released from pharmaceutical, textile and food indusfiies are very toxic and cause

a serious thrcat to environmental pollutions [249]. For environmental protection, it is a noteworttry

a gr€at challenge to decompose the organic dyes prcsent in industrial effluent into non-toxic

material owing to their complex aromatic structup. The various wastewater treatnent methods

such as reverce osmosis, ultrafiltration, precipitation, flocculation etc used for decolorizing the

organic pollutants 12501.

Photocatalysis technique have been gaining trernendous attention as it easily degrade the dyes into

simple and non-toxic material in the presence of solar irradiation lzsll.Numercus semiconductors

(TiOz, NiO, ZnO, Wq) have been widely used as photocatalyst for photodegradation owing to

their peculiar and fascination properties t2521. Magnesium oxide (MgO) with wide band gap (Eg

= 2.5-8.0 eV) has high thermal conductivity , low rcfractive index and dieleclric constanf, which

contribute its potential applications in fields of adsorption, pain! catalysis and so on. Recenfly, it

is reported that the surface defects (sdperoxide Oz-; in MgO making it an interesting candidate for

environmental remediation. The surface defects qrate a low position enerry level between

conduction and valence band when the Eg ofmagnesium oxide rpflects the fransition from valence

(O2-) to conduction band (Mg3+). Thus, MgO photocatalyst easily generate the electron/hole pairs

which contribute in photocatalytic activity under visible light source 1253-2551. Few defect sites

and wide band gap are the main obstacle to limit its application in photocatalysis under visible

lightl25l,254l. There ane numen)us methods (e.g doping, composite) to boost the photo-catalytic



effrciency of MgO in visible light irradiation. To overpome the above mention issues, it was

observed that graphene sheets play a iignificant role to boost the photocatalytic efficiency ofMgO.

Because the rpmarkable properties such as large surfrce area, high chernical stability and electnon

mobility of 2D graphene have allowed it to acquire outstanding progr€ss in fields ofphotocatalytic

applications t2561. Moradi, S. et al have reported that the MgplZnOlGnphene t€rnary composites

exhibit higher photocatalytic efficiency (94y") against the sulfametho)ffizole under UV light

illumination 12571. Z^9, W. et al have investigate the 2DDD MgO/graphene sheet composites

degrade the methylene blue under visible light source 12541.

Besides, the carbon quantum dots (CQDs) competent member of carbon family have shown great

potential in photocatalytic application either as itselfphotocatalyst 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. Furthermorp, CQDs also act as electnon acceptor, increase light hanresting

ability and retard the charge carriers' recombination in photo-chemical reaction 1258,2591.

Gholinejad, M. et al investigated that the prepared Pd stable NPs on MgO{QDs at as a catalyst

for Suzuki reaction t2601.

In present worh 2D MgO 2DDD MgO@G and CQDsnvIgO@G with optimum content of CQD

synthesized through co-precipitation and wet impegration method, respectively. CQDs/IvIgO/G

exhibited rernarkable excellent photo'catalytic performance against Congo red under visible light

source. The photocatalytic efficiency ofCQDs/ItdgO@G enhanced on account of shong interhcial

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. Moteover, the effect of reactive species were also studied to explore the photocatalytic
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reaction. Consequently, this work provides path to develop several CQDs modified 2DDD

graphene base semiconductors for various effective environmental applications.

6.2 Materials and Synthesis

Graphite power, magnesium nitrate Mg(NOl)2, potassium pennanganate (KMnOI), phosphoric

acid (Hr PO+), hydrochloric acid GICI), nifiic acid (HNOr), Congo red hydrogen peroxide (HzO),

sodium hydroxide (NaOfD and citric acid wer€ provided by Sigma-Aldrich.

6.2.1 Synthesis of 2D MgO sheets

49 of magnesium nitrate Mg(NOl)2 mixed in distilled water (l00ml) under continuous string for I

hr. Simultaneously, optimum amount of NaOH dissolved into distilled water until it rcaches at

pH= 3- 4. This solution drop-wise added into magnesium nitrarc solution. After few minutes,,a

white precipitates were formed. These white precipitarcs washed with distilled water and dry at 60

oC to extract the extra ionic impurities. The obtained product was further annealed at 500oC for

2hrs.

6.2.2 Synthesis of graphene sheeb and CQDs

The same mettrod was used to synthesizn the graphene sheets as earlier reported [261]. For

synthesis of CQDS, 49 citric acid used as pr€cursor was dissolved into l0ml distilled water under

vigorous sting and then transfer this solution into Teflon autoclave for hydrothermal teatnent

(180 oC for 4 hrs). Finally, the obtainpd product was ce,ntrifuge for l0mints to erzdicate the larger

particles.

6.2.3 Synthesis of 2D-2D Mgo@G and CQDs/MgO@G nanooomposites

The 0.129 of graphene sheets was dissolved into distilled water and sonicate for thr 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 l5mints and dry at 60oC to get



the binary composite (MgO@G). Same produoer was employed to prepane 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 Kn radiation and wavele,ngth =t.S4A). The SEM (lvIIR3,

TESCAN) wittr EDX was used to investigate the surfrce morphologies of nano-materials. The

FTIR (ALPHA II, Bruker) was employed to analyze the firnctional group present in the pr€pared

materials. The optical properties were studied with help of W-2600 spectnometer, Shimadzu,

Japan) in the range of 200-800nm.

6.2.5 Photocataffic activity

The photo catalytic efficiency of all samples werc investigated by detoxiffing the organic dye

(Congo red) under visible light region. For this purpos€, the appropriate amount of photocatalyst

was dissolved into dye solution (50m1) under constant sfiing and then kept into dark region for

half hour to get the adsorption-desorption equilibrium between the organic dye and photocatalyst'

surface. 5ml solution was collected before exposing in the visible light irradiation for 3hrs. After

regular time irradiation, the solution was collected and centrifuge to s€parate 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 Yo: 1l-CtlCo) x l00o/o (6.1)

The Co and G reprcsents the initial concenfration of dye and concentration of dye after specific

time (t), respectively.
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6.3 Results and dissussion

6.3. I Structural analysis

The XRD pattern (fig.6.1) depicts the crystal stnrcture of MgO sheets, MgO@G and CQDV

MgO@G with different concentnation of CQDs. XRD diftaction peaks of MgO at20 = 38o (l I l),

42.80 (200),62.20 (?20) and78.4o (2i22) well matched with (JCPDS NO. 45-09) 1262,2541.The

absence of secondary phase confirm the formation of pure MgO. In XRD profile of 2DDD

MgO@G, an additional intense diffraction peak at 20 = 26.50 (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 cd) 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 Aimu.tio, peak. The dramatically weak diftaction peak show

the good exfoliation efficiency betrueen the samples p64,265].Therefore, the CQDs act as

intercalator to rctards the agglomeration of streets and enhance the surface area which is beneficial

for photocatalytic activity (clearly seen in SEM imageqp62]. It was also noticed that in all doped

CQDV MgO@G composites, the slightly peals strifting indicates the successful incorporation of

dopants.
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Figurr 6l: )(RD pattErtr of (a) MeO Sects, O) 2D.2D ItfSO@G, (c) l% CQI)s/ MgO@G md

(d\ 2o/o CQDV MgO@G nmocomposite.

6.3.2 Remrn Spcctra

The Rillan wcctra of Mgo@G nd,Zo/o cQDy Mgo@G is depicted in fie. 6.2.Iaboth 2D-2D

MgO@G and 2% CQDS/ MgO@G cmposites, the D bmd is locded d I 559 and I 570 crt-r, while

the G bmd centersd at 1320cm-t ad l336cm-t, respectively. It can be clearly obssved, the peak

ofD and G band is slightty broad and shifted ir?o/o CQDs/MgO@G composite after inducing the

CQDs. The Id/Ig value f$ 2o/o CQDs/Mg@G was found to be (1.15) high€r ftan 2D-

2DMgO@G. Thc lage Id/Ig naluc indicates the massive surface dsfec'ts [266] which promote the

chaqge crriers on the surface of photoctalyst for redox c,heurical reaction. Besides, the Raman

peak near to 200 cm{ is assignd to MgO simultaneously noticed in both samples, shoruing the

sucoesfrrl form*iqr of nano-composites [267].
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Figurc 6.2: Rmm spectra of MgO she*s ardZo/oCQW MgO@G nanocomposite

6.3.3 f,'TIR

Figure 6.3 shows the FTIR qpectra of pure MgO od 2% CQDs/ MgO@G t€rnily nmocomposite.

It is well knorm ttat the crbon dioxide and water molecules ue absofted m the surfrce of MgO

from atmoryhere because of their acid-base srface properties 1268,2691. Therdore, in both

prepared smples, the absorption signals d l64km-t and 2366 rm't coresponds to the O-H

bending md CO2. l26g27}l.The Mg{ shetching vibrations in the range of670-590 cm-r observed

in all smptes [271]. Further, h CQDs[\dgO@G nmocomposite, the peals at 1528 cm'r urdl447

cmr is ascribedto skeleton of graphene sheas tz7zl.Besides, the signals at 1705 cmr, 1383

cm-l and board peak at 12fi) cm-r ttibutedto tre stuetching vibrdion of C{, C-OH and C-O-

C groups, respectively &re to preserce of CQDs 1273,2741. An additional peak at 973 cm-r

indicates the vib,rational mode Mg.o.C [275] which co,nfirm the formation of ternary

narooomposites successfu lly.
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Figure.5J: FTIR speta of MgO Sets nd,2o/oCQN MgO@G nmocomposites

6.3.4 Morphologicel study

The surface morpholory of graphene, MBO,I\,IgO@,9 CQIh/I\dgO@G was investigded through

Scanning dectm microsco,py and obtained results depictd in figrre 6.4. The trmsparmt and

onrmpled graphene sheets wifr sligttly folded edge seen in figure.6.4a. Fig.6.4b deinonstnate that

the MgO also have sheets like mopholory with hiehly sharp pointed fold edges. In 2D-2D

MgO@G nmoco,mposites (fig.64c), MgO ovulrypd wi& gphene sheets due to good mixing

integrity of MgO md gr4hene sheets resulting to form a long stack€d Seets with tigt surface

area These staked sheets were exfolidd with tre incorpuatim of CQDs as agreed with )(RD

patt€rn.Besides, the induce CQDs increasd nrinkled on sample with large surfrse area (fig.6.4d)

which play an effestive role to increase the c*alytic efficiency.
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Figurc. 5.4: SEM images of of graphile shcets (a) , MgO sheets (b) MgO@G (c) and

2o/{.QDsfi,'/rffiG (d).

6.3.5 Energr dispersivc r-rry (EDX)

the eirerry dispersive x{ays was usod to determine the elc,mental compositions of synthesized

mderials (figure 6.5). In both MgO@G md CQDs[tdgO@G spectra, the peaks of C, O, Mg are

observed which indicdcs the form*ion of binry md ternry composites. The obtained results

sgggcst fte purity of synffrcsired smples as no qrtra peak for my other impurity was detected'

The weight and atomic pareirtage of binary md ternry composites are preseirted in table.6.1 .

I

s

101



II3O@G 2%cQDs/MIO@G

Figurc.5.S: EDX pattern of MgO@G md 2o/oCQDs/MgO@G

Teble.5.l: Atomic and elemental courposition of MgO@G nd2o/oCQDsA,IgO@G

Elements MsO@G 2% CQIh/IusO@)G

Itlg

o

C

Totrl

ldacsTo

5.65

2t.99

70.25

97.89

AtomicTo

3.08

18.25

77.67

w

Ntass%

2.39

12.71

E3.65

98.75

Atomic%

1.24

r0.05

88.I4

99.43

6.3.6 [IV-Yis ebsorption study

The optical absorbance properties associated witr enerry band Sap of prepared samples were

exmrined throrgh tlV-vis spectroscorpy as show in figrre 6.6. The absorption edge of pure MgO

is obserted in ultaviolet regon at thc 267m. attribruted to tlre chrge transferring from valence

band (O 2p) to conduction bmd (Mg 3s and 3p state). The band gry of MgO is found to be 4.6eV

as calculated ftom Eg=1240/1.u". As mostly reported in littrature, MgO is an insulator with wide

bmd gry (7.8eV). MgO withnrrow bmd gry correspoding to oxygen deficiency which leads to

formation of nEw energy lenel. Thuq orryg€n racancies e,nhance tte photocatalytic activity ofMgo
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12641. Ftrthermore, it could be obviously seen that absorption edge of nanocomposites is shifted

towards the visible region corresponding to the decline €nergy band gap. The calculded gap bap

values of binary and tenrry composites are to be 2.98eV,2.E2,2.7eY, respectively. These

intrieuhe modifications in bmd g4 of MgO oning to presence of graphene sheets and CQDs,

resulting the formation of che,mical bonds (Mg+C) making it m efficie,nt photocatalyst to utilize

the solar irrddiatiotr for photocdalysis.

300 a00 fln 600 700 uto
UUavdengrft (nmf

Figurc.5.6: Absorption spectra of MgO sheetq 2Di2D IYIgO@}G, l% CQDS/ MgO@G nd2o/o

CQDV MgP@G nmoco,mPosites.

6.3.7 Photocatalytic perfo rmen ce

The photocatalytic efficiency of Pgre MgO, 2D'2DMgO@G, lo/&QDs/IUgO@G urd 2o/o

CeDsMgO@G nmocomposites were waluated by decolorizing the Congo red rmder visible light

illumination (fig. 6.2A). The degradation of Congo rcd was negligible without my photocatalyst.

The pnre MgO decomposcd C;ongo rd -2lo/om aocount of few surface ddects. The MgO have

required valence urd conduction edge position (+3.8eV and -0.7eV Vs NIIE) for redox reactim,

but its wide band gap is responsible for its low degraddiqr efficiency. The photocatalytic

0.6
I
s,
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properties of MgO in visible reglon was enhanced through inducing scavenging materials to

attenuate the enury band ge on account of synerglstic effect. Subseque,ntly,2D-?D MgO@G,

1% CQDs/MgO@G md2%CQDs/MgO@G nmo+rmposites decolorized fte Congo rd75.5o/o,

89.9o/ond99o/o,respectively. Becausethe crumpled surface ofCQDsMgO@G (as shown in SEM

image) provides the massive active sitc for marimum aAsorptlon of organic molecules. Besides,

the grryhene Seets (due to long pi-cmjugates) md CQDs also act as electron- sink canses to retard

the recombination rfe of photogenerded electron/hole patrs amd enhance their transferring rate.

These charge carriers e,ffectively procoed the rcdox reactim to decompose the uguric molecules.
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Firgure. 5.7: (A) Photocatalytic degraddion % of Congo red through of MgO sheets, 2D-2D

MgO@G, lToCQDs/ MgO@G and 2ToCQDs/MgO@G nano omposites. (B) Confrolled

experime,nt using different radical scavengers.

6.3.t Role of tcactive rpccies on photodegndetion

The cmtribution of reactive ryecies during the photodegradatim of Congo red through zo/o0QDsl

MgO@G nanocomposite were determined by using trryping test. Aconfrolled expoiment was

crried out using benmquinone (BZQ), anrmonium oxalate (AO) and t€tra-butyl alcohol (TBA)

for O!., h+and OH' respectively as radical smwgrrs (fig.6.7B). The resrlts dernonstrated that the
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addition of TBA md AO as radical sanevgers significanfly impede the degrad*ion efficiency

whictr indicarc that OH'md h* re main active agents in photo catalytic reaction. Ttough, the phto

cdalytic reac.tion is slight eff*ed by BZQ) as Oi. suggcsting ftat Oi- is not play m imenative role

for detoxiffing the Congo red.

6.3.9 Photocatelytic mechenism

To deinonstrate the photocmlytic activity of CQIh[vIeO@G, the vale,nce ard condudim bad

edge position of samples are key parameters in charge tansferring process md was estimated using

formula [2761

Ew :X- EG + 0.5Eg

Ecs - Erm -F+

(6.2)

(6.3)

Here, the E", X and E; represents the electron atrnity (4.5eV), electnonegdivity (2.05eV) md

en€rgy band gap (4.6eV) of MgO, respeCIively. The VB and Cts edge positim of MgO was found

to be +4.45eV md {.7eV, respectively. Scherne.6.l d€pict the photocaAlytic mectranism to

degpd€ the Congo red by orposing the photoc*alyst in visible light irradiation. Mostly, the MgO

with wide bmd gry (4.6cV) is an active undcr UV inadiation. Howorer, thc grryhene sheet and

CeDs trmed fte MgO into visible light active material by rernar*able reducing its €n€rgy band gp

(2.7eV). The cQDs/Irdgo@G photo cdalysr \dth light erposure simultaneously produe,e

elechm/hole pairs. These electrons h CB of MgO eftEcimly captured by CQDs aod graphene

streets because both act as elecft,on soavengpr, resulting to supFess the recombination rate of

charge crriers. The capflred electrms of MgO reactive with oxygeil and to form superoxide

(.dJ. The holes in MgO VB bmd with edge position +4.48eV vs NIIE higher than requircd
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oxidation potential (OIil.OH = 2.3 eVfus. NIIE) interast with HzO/Ottto form hydroxide radials

(,OH).Thescreactive species.Otand.OH dcgradefte organicmolecules d catalyst surfaoe.
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schemc.6.l: Sctrerndic diagran of photodegraddion of curgo redthrough cQDs[\dgo@G

6.4 Conclusion

trn snmmry 2D MgO, binary 2Dt2D lvlgo@G and ternary cQDyI\'IgO@G conrpositcs with

vuiable ailro,nt of ceDs were spthesized tluough effective chemical process' The synthesized

binry uD:IDMgO@G enhanced photocatalytic efficiency toward the Congo rpd due to sfrong

int€rfa'iat interaction. whereas, the tonry ceDsfiylgo@G cornposite exhibited higher

photocdalytic performance hu ZDDD binuy composite under visible light sot'ce. Results

rpvcaled thd the incr'as€d photocatalytic performmce of tenrary composites is auributcd to

significmtly decline the band gm of Mgo md recombinatiotr rate of chrge caniers owing to

gr*he'e streets md ceDs which act as ar electron scavengcr. The incorpordcd cQDs in ternary
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composites also enlarge the surface area which offerc massive active sites for adsorption oforganic

molecules. Besides, the scavenger radials experiment proposed that h+ and OH. arc rcactive

species to decompose the pollutant (Congo red). Consequently, compound system e)ftibited

superior photocatalytic behavior fortire mineralization ofwaste materials, would be a good choice

in futurr for various novel applications.
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CHAPTER 7

Conclusion

In present erq the rcsearcher's intention has been increased towards the energt crisis and

environmental remediation. The researchers ane trying to develop effective and efficient

techniques to deals with environmental challenges. Photocatalysis is a cost effective, safe and

easily handle technique for envircnmental and energy crisis. The rcsearchers still making this

technique more practical and cost effective by synthesizing visible light active catalysts, both for

energy and environmental applications. In this rcsearch worh I have prepared numerous graphene

based semiconductornanocompositesand appliedthem forwaterwastetreatment. The synthesized

nanocomposites were exhibited enhance photocatalytic efficiency under visible light source.

Publication-lNiO sheets and,2DDD graphene/t{iO nanocomposites were prcpared via chemical

method to boost the photocatalytic activity towards the degradation of MO under visible light. The

incorporation ofgraphene sheets imprcved thephotocatalytic ffiormance of2DNiO sheets from

30o/oto75o/oowingto strong int€rfacial contact 2Dl2D graphene/tliO composites.

Publiation-2 WOI 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

WOr enhance the surface arpa and suprcss the charge carrie6' recombination rate cause to improve

photocatalytic activity.Mottover, thb 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 ZDDDM$O@G nanocomposites were synthesized

to remarkably tune the band gap of MgO. Reduced band gap making it a visible light responsive

catalyst for detoxifring the Congo red. The synthesized 2DDD 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 effrciency ofternary CQDs/ItdgO@G composites

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

Table 7.1 Outcomes ofphotocatalytic performance ofvarious synthesized materials.

Catalyst Photodegradation

of organics

pollutants

Degradation

("/")

Degradation

Time

Light

sounce

ZDDD Grpahene/i{iO

composite

MO 75o/o 4h Visible

N-graphene/lVOt

composite

(2,4DCP, MO) 81 (2,4DCP),

e4 (Mo)

5h Visible

cQDv

2DDDMgo@

composite

Congo Red -99 3h Visible

It is concluded that the graphene sheets and2D semiconductors have great potential towards the

numenous photocatalytic applications.

F'uture perspective

This research project defines the significance of graphene sheets in modifring serniconductors for

photocatalytic applications. Considering its tnemendous degradation efliciency,



The efficient and novel nanocomposites with tnemendous features can be used for

deduction of environmental remediation and industial effluents under solar light.

These materials can be further explored for the rrduction 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 synchrctron radiation X-ray

photoelectnon spectnoscopy (SR-XPS), X-ray absorption spectnoscopy (XAS).
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