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Emmohiliced photocamlyee
Bedizced graphens axide
Plazsima elecerolyric oxidation
Wastewmter treatment
WoTi0 =0

A highly efficient immohilized W-Ti02/7G0 composite photocatalyst was prepared a= a coating on tiEaninm
using plasma elecmolytic coddadon (PEQ) with particle addidon. The lngh dopant concentraton in Ti0, resuleed
in smaller cryztallite size, increased lambes strain, and dizlocation denzity. The optimom W containing GGW
sample has improved electron mobility, higher charge carrier separation efficiency, and lower elecoon-hole
recombinadon rate. This can be asemibed w the oumber of different defect cenmres emerging ffom mngsten in-

terstitislz and higher ocxgrgen vacaneies in the Ti0; stucture. The catalyer exhibited enhanced photocataivie
degradadon efficiency (93%) of methylene blue dve than the pure Ti0:, which was attribured to the synergetc
effect of 2-D structured r30 and the changes: incorporated upon tungsten interstitialz in the Ti0,. The presen:
research concludes that W-Ti02 7ED photocatalyst by PEQ process can be 2 good candidate for sfficient. Tow
oost, ren=sable, and visible-light-driven mmmobilized photmeatalyet for texnle wastewater freatment

1. Introduction

Nowsadays, water pollution 1= & significant threat to the world, and
mainly the texble mdustry i= sceountsble for an extensive impact and
urimaginabls harm to the snvironment [1]. Discharge of untrested dye
=ffluents from the textile Industry into the water bodies [2] contnibutes
509 of the totzl poliution cansed by this industry [3]. It was estimated
that around 10-50% of colouring agent relessed into the ermnronment
duing the dyeing and finishirig process [4]. Textle afflusnts are highiy
toxic, carcinogenic, and mutsgemic agents and reduce light proetration,
wiich suppreszes the rate of photosynthetic acuvity n aguatic bodies
and bmitz water usage downstrezsm for tmigabon, drinleng, and other
purposes [5]. The synihetic texhle dves are soluble morgamic com-
poundz, making them difficult bo remove from the water bodies nzing
comventionzl methods [6]. Henes, an wgent need to detosafy the haz-
ardous pollutants contarminating the water bodies by 2n ezsy, low cost,
and environmentslly greensr approach.

Semuconductor photocatalyziz (Ti0z, CdS, W02, Znd) hss gamed
potential attenibon in the recent past No addifional encrgy in the form of
heat 13 required n this estalvhe process and iz 'conmdered greener to
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degrade the hazsrdons pollutants [7]. TiO; has been considerad the
maost potenial photocatalytic material among the seroconductor pho-
tocatalysts due fo itz high chemucsl stshility, sbundance, tunable
microstruchire, and non-toxic properiies [2]. TiD; exizis in three allo-
tropic forme: anatass ruble and brockite erystal shuctores. An anstaze
strocture 35 considered the most smisble phase for photocatabyzis
application, owing to itz lighter effective mass and the presence of
charge carmers with longer hfchmes [8]. However, itz practical sppli-
cation iz limited by zeveral factors, such as, the TiO; has a high
clectron-hole recombinstion rate and wide bandgsp (3.2 eV for
anatase), 1., the material will be able to absorb only UV hight, which is
sbout 4% of zolar hght [10]. Henee, potentisl rezearch has to be made to
trprove Ti0y photoestalvst by Ermbing the elsctran-hols recombination
rate and frming the bandgap of the Ti0- semiconductor, thereby utilis-
1z the zolar/visible light for photocatalytic spphications.

In general Ti0: powder was widely used in the Held of photo-
catalvie wastewater treatment applicafionz. In the schusl mdustrial
wastewatsr trestment process, powder photocatalysts rezulted in add:-
tional ztages such asz filbration and centrifugzston to separsie photo-
catalviic powders, resuliing 1n the wastsge of fime and the meurenee of
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the extra cost. Synthesiz of an mmobilised T, photocatalyiic material
1z an effective way to overcome thiz problent [11,1Z]. Plasma el=ciro-
Ivtic ooodation (PEOQ) 15 & novel, cost-effectve elecirochermical method
for the preparation of manosuvrable coatings on Btanium and titanium
alloys for applications in the field of photoeatalv=iz [13-16], biomedical
[17] and other industial spplhicstions [18.19]. PEO 1= generally nsed to
fabricate mono-doped, co-doped. and composite TiD: photocatalyst,
subduing their synthesiz problems by conventional methods.

Another factor that hmits the effechive usage of TiO; as a photo-
catalysi 1z the charge carrier’s recombimation. Vanows studies have been
carned out In recent years to limit the electron-hole recombimation by
doping with metsl jonz (W Mo/ V/Cr/Fe,/Mn/Cd, ete)] [20-23] or
non-metal ions (C/NAS, ete]) [24-26] mto TiO: matnx and formeng
novel conrposite photocatslvets by incorporating other senmconductors
to TID;

Smilarly, vaneus approaches have been widely used to enhanee the
charge zeperabion znd suppress the charge czarmiers’ recombination
Among which couplmz with carbon-based fimetionalized marerials such
as CNTs, sctivated carbon, fullerene graphene and reduced graphens
cxide 25 the muost promizing becansze of their high charge carmmier
mobility, large sinfaps srea and manly the supenior electron trapping
abihity.

In recent times, reduced graphens oxide (rGO) has paird much
attention to photocataiveiz due to improved slectron transpertsbion and
charge separation properbies. Baseslly, $GO acts 55 & photogenersted
electron acceptor and transporter, lesding to the suppressed ele=ctron-
hole recombination rate [27-29]. Reduced graphens omdes possess
high specific ares, strength and excellent adzorphion properties, theveby
enablmg them to be a2 more widely uzed matenzl in the field of photo-
catalyziz. Ebralirm ot al. [30] successfully developed Ti02/7G0 com-
posits coatings on Cp-Ti using the PEQ process. They found that the
photoresponse of the Ti0=/rG0 composite cosfing was superior under
UV Light than the pure Ti0z. The inchision of two dimensions]l (20 oGO
sheets Into the Ti0; matnx paved a pathway for the slectron fransfer,
rezulting in 6054 higher photoresponziye behaviour and photoswitching
behaviowr than the pure TiDs.

Similarly, ¥GO/Zn0 composite coating fabricated by the PEO process
showed enhanced photodegradstion eficiency due to the less electron-
bole recombinaton rate, high zpecific surface ares and extraordinary
opticel response of the meorporated rG0 nanocheetz [14]. TIOLAGO
photocatalyst preparsd from other techruques; for sxample, Sun =t al.
[31] designed the Ti0./rG0 composite usng & smele-step hydrothermal
method. They found that the catabyst has ncreszed charge zeparstion
efficieney and sxtended light abeorphon eapability atibuting to the
exeellent al=cirics]l propertiss of rGO and the chemiea]l bond betwesn
r30 and Ti0y nenopariicles. Likewize, the Ti0./7G0 photocszalyst
prepared by the hvdrothermal procesz exhobited improved photo-
catalyvhic performanece. It 1= found that the rGO 1= responmble for the
higher donor concentration and lower cherge carner recombination rate

32]). Simularly, Ageel et &l [33] prepared Ti0-/rGO nanocomposite by
colloidal blending process with highest photoestalytie potentisl owing
to the presence of 150, which acted s= adsorbent, electron acceptor, and
photosensibzer In photocatslviie dye degradation.

In geneval, the charge carner recombination pathway can be poszible
in tweo ways: In first, the recombinstion of surface electrons with hales
and zecond, by electrons and holes vathin the lathes of TiOz. It was
found from the hterature that the n50 coupled TiO: zemiconductor
sigmificantly reduces the eleciron-hole recombination rather than act-
vabing the photorlectrons in the vinble region. Alzo_ the GO0 incorpo-
ration mainly focused on suppressing charge carrisr recombination on
the Ti0. surface. Hence, TiOs photocatalyst efficiency can be forther
enhanced by coupling doped TiOs with GO to harvest the synerzehe
effect of absorption in the vizble light region and reduce charge carmier
recombination on both lattes and surface TiO, [34,35].

Wamng =t sl [36] prepared a2 composite photocstalyst comprizing
sulphur doped TiO: with rG0 meorporsfon. The cstslvst’z higher
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photocatalytic activity was reported becanze the sulphur 15 responsible
for the narrowed bandzap helping to sborb the vizible light m the solar
specoum. The &0 sheets rap the electron from the CB, which rectfies
the electronchole recombinshon proesss. The zynergebic effect of
sulphur and rG0 boost the efficiency of the 5-Ti0./ TG0 photocatalvst.
Zhang =t a1 [37] developed a Co-doped TiO-/rGO photocatalyst by
hydrothermal method. The author found an opommm dopng level of
cobalt into the Ti0, matrix to schieve 3 99.7% degradstion efficiency
within a short itme. Thiz was doe to the namrowed bandgap of the ms-
terial shout 2.92 eV and the 650 sheets 1n the matrix act az an electron
ascceptor, favouring the efficient charge separsbon. Smmlarly, Pham
et al [38] proposed = relationzhip between wettability and photo-
catalviic achvity for Cio-Ti0: and graphene exide composite photo-
catalvst. The ineorporation of Cu mmto Ti0s lattice narmowed itz bandgap.
Upon rradiation, the excited electrons move from CB of Ti0 to copper
and then transfer to the graphens oxide sheets, where the electrons are
trapped. Az & resuli, recombination 1= delaved Also, more hydrophibic
film surfacs mfiates higher photoreduction on MB dye.

Tungsten doped T10: 1= widely studied and geined s potential in-
terest m the arca of photoestalyziz. Tungsten i= shrongly known for
schvating the TiO, in the visible remion and reducing the chargs car-
rier’s recombination in lattice lewel To the best of the authors™ knowi-
edge, there 1= no study on the development of tungsten snd GO
incorporated TiD; costing az =n immohbized photocatalyst: The present
rezesrch sime to develop an immobihzed, vimble light photoactive, and
reasable $GO supported W doped TiD- composite photocatalyst costing
on the ttamum substrate by the PEOQ process in a singls step. The present
research investigated the effect of concentration of himgsten ion doping
on the developad W-TiO,rGO composite costings” phass composifon.
optical shsorption, surface morpholosy, charge carmmier’s recombinston
rate and MB dye degradation under the vizible light source.

2, Materials and methods
2.]. Fabricanon of FEQ cootiigs

The Staniimn subsirate ussd n the present study 1z 00 0059 pure.
Before the PEO process; the Gtsnmm substrate 15 cut mto the reqgoired
dimensions of 20 = I3 » 2 mm. The samples were grounded, polished
and ultrasonically cleaned mn acetone, Custom made (Milmsn Thin Fibms
Pvi Lid Pune, Indis) pulsed DC power sourcs umt was used for devel-
oping W-Ti0./ 750 composite photocstalyst coatings on T by PEO. The
base electrolyte uzed for rGO/Ti0. composits photocstalyst costing
preparsfon by PEO comprzes 5 /L Nay{PO, ) 12H.0, 2 2/L KOH and
0.5 /L n30. Then Na_,W0, a3 a tungsten source was sdded to the baze
electrolyte with verying comcentratioms up to 8 g/L for prepanng
W-Ti0./rGO composite photocstalvet coatings. The wn-doped TiO-
costing, without f30 addition, iz alzo prepared by PEO for companson
studi=s. A stamnless-stes] pot contaimng slacirolyi= zolotion was nsed as=
& cathode, and the Ti substrate to be coated was 1mmersed n the elee-
tralyte bath acts 22 an anode. The Ti substrate was PECQ treated for Smin
under constant current mode with & current densite of 150 ma fem™
Alea the duty cvels and frequerncy wers maimtamed at 20% and 1000
Hz. respecovely. Dunng the PEQ process, the elecirolyie was contina-
ously stirred with 3 magnebic strrer to ensure the homogenous arco-
lation of the electrolyte. Addibonally, the electrolyte bath temperature
waz controlled at 20 “C by the externs! refrigeration unit. After the PEO
process, the coated zamples were rinsed with distilled water to clean the
surfaces. The sample preparation process was depicted =5 2 flosvehart
shown m Supplementsry Fig. 51. The wdenbfication codes for the PEO
costed zamples and the corresponding el=cirolyte composrtion, pH and
conduchvity, were presented 1n Table 1.

22 Charocterization of the PEO coated samplez

The thickness of the semuconducting PEC coating was messured in
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Table 1
Idendfication codez for the PED treated zamples zlomg with the electrolyie
eomnpoziton, pH and conduetivity.

5L Sammple Electmbyze composition sH Conductvity (%)
Moo cods 315 /o)
1 T Sz Nz PO 12H:0 | 2 = HDH 13.12 11.52
2 G 5 g MNay PO 12H0 | 2gHOH 12.04 14.54
| 05 AE0
3 GIwW 55 Ma PO 12HL0 | ZgHOH 1165 1533
§ 0.5 0G0 | Ty Na W0, 2H.O
4 AW 5g MagPOy 1280 | 2 g EOH 11.15 13.96
105060 | 4 g N Wo, 20
5 GEW Sz Nz PO.12H:0 | 2 = HoH 1062 16.35
) 05 rGO | 63 NasWis 2H0
£ GEW 55 %MaPO,ATELO | ZgHOH 1032 16ET

| 0.50G0 | &g NayWwoe.Zho
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source.

The photocatalytie ability of the prepared samples was eveloated by
the degradation of MB under vizsible hight nradisnon. The prepared
photocataly=t of dimensionn 153 = 10 mm, hke three zamples, was
mmerzed m the 15 ml of 20 me/L agueouz MB solution st room tem-
peratore. MEB solution was meintained m a dark condibon before initi-
ating the photocatelviic process to echieve the adsorption-descrpton
equilibrivm. In order to find the adsorphon capshility of the photo-
catalyst, the prepared samples were mmmersed m the MB solution and
kept in the dark condiion for sbowt 60 min. The absorption spectra of
the resultant BB solution wers analyzed in UV-Vis spectroscopy. Pho-
toeatalyziz was carried out by irradisting the zamplez, dipped in MBE
solufion; usmg 3 300 W tmgsten lamp wais used a5 the hight sowree. The
wradiafion source was get ai 15 om above the MEB solubon. The hght
intensity was measured by a CMP3 pyrenometsr, and the

10 diffevent locations using & non-destructive eddy current thickness
gauges umt, and the aversge thickness value was reported in Table 2. The
phazs composibon of the obtsined coatings was determuned by
employing Ulbms TV-Rigaky, Xray diffractometer (XRD] with a Cu
=vertation soures (AcnKp = 0.154 nm) over & rangs of 25-90" at zn
acquisition rate of 17°/mm with the scanming step zize of 0.050°. The
phazss prezent in the coatings were 1dentified by using standsrd JCPDS
cards. The surfzce morphology of the prepared coatmgs was invest-
gated using a field emizsion scanning electron microseops [FESEM, Carl
Zeizs-Gemmm 30073, The slementsl composition was examined by x-ray
spectroccopy (EDS, AMETER-EDAY] sttached to the FESENL The surface
ares of the photocatalvet was messured using & BET (Brnumauer-Enmmett-
Taller} surface analvy=er (Nova, Quantachromes, USA). Sinee the 20 x 15
% 2 mm samples ars unsuttable for BET analyms, the coatings developed
on ] mm @ HEsnium wire with electrolyte systems and procesz param-
eberz 33 gven m Table 1 were used for BET analveis. During the FED
procsss; the omde growth occurs both outward and inward by
consuming the substrate. The weight of the TiO: layer alone cannot be
measured sceurately; the total weight of the costed sample i= conzidered
m the measnwement of the BET surface srea. So, the surface area
measurad m thas arficle for the developsd photocatalyst i= an apparent
surface ares helpful for comparmg the charactenszoes of the fabrcated
photocatalysts.

Regarding the opbesl properbies, UV-Viz diffuse reflectance spec-
troscopy {Shimadzn, UV-2600) was used bo anabvse the reflectancs
specira of the coatings. The photohominsscence (PL} was messured
umng the spectrofluorometer (FP-8500, JASCO) wath an excitstion
waveleneth of 375 nm. The wettability of the developed coatimgs was
analvzed by measuring the contact angls of distilled water (5 0l) droplet
on the costing surfaces wsing a contsct angle gomometer (DSAJO0-
KRUSS). The charge separstion efficiency of the ssmples was analysed
by the slecirochemieal mpedance spactroscopy (EISY using a 1 MEOH
agueous solution with a three-electrode cefl setup and scanned over &
frequency range of 0.1 Hz=-100 kHz. The surface components of the
prepared samples were obzerved using X-rsy photoclectron spectros-
copy (XPS, PHI-ULVACY wath Al-K@ (hi-1486.6 &V) 5= an sxcitabon

Table 2
Coating thicknes=s, phaze compozition and crystallite size of the PEQ meated
zamples.

=B Sample Coating Amaraze {101} Busls {1100
hi d= hickness {pm}
-F Té“a m P e Ditmm)  we % Dofumd
i £2%  4DSom 2% 405mm
1 T & 62 32 3= 32
2 el F 59 3 41 i
a GIW 735 1 22 ] 25
=+ 4w 835 100 . oo
= GEW iy | o0 25 oo
E GEW 115 100 I4 oo

vahae iz 60 + 5 mW/om®. Blank experiments were conducted on MB
zolufon without any samples to snalyee itz divect photocstalvic naturs,
which shows the MB solution was stsble even after 3 b of vizible hight
wradiation. The degradation rate of the MB was analysed by talking a 2
ml of MB sclufion for every 30 min to meazure the shearphon spectra
refative to the concenfration of MB m the agueous solufton and then
replenizhied back sfer the mesnmrement to maimtain the vnsform volume
of the zolution throughout the process. To evaluate the recyclability of
the bezt phiotocatslyst sample, the used photocatslvet was retrizved and
underwent dye desprption by fresheester cl=aming and uitrasomication
with water and ethanol for 15 min cach

3. Resuliz and discuzsion
3.]. Phasze aralysiz of tdhe samples

The cryztal shructure of the as-prepared samples was charseterized by
the powder X-ray diffraction (XRD) techmique. The XRD patterns of the
substrate (8}, TIOs TiO2/rG0 snd tumesten doped Ti0w1E0 composite
costed samples are shown m Fiz. 1. The peaks at diffraction angles (26}
of ~25.3" and ~27.4* (JCPDS card no. 21-1272 and 21-1276) in the
XRD pattern of the costed samples represent the prineipal ervetal planes
of snatase and rufile TIC, phases, respectively. Additionsfly, there o
evidence of carbon-related peaks in the samples mcorporsted with rGO.
Aleo, 1t can be believed that the 650 peak might be overlapped with the
characterisie peak of the smatase TiD, [39]. The wt % of anatazs= and
rufile phazes of Ti0- in the prepared samples was caleulzted using the
Spur formuls; and the values ave reported in Teble 2. The samples T and

#- Amnlpse - Rotik w=0§ Subsirniy
e I tﬂ . [T « GEW
.L ) PR N R e GeW|
E _L SR IS iE o GAW
z ||
RS [T CES e v P - G SO | |
[ =
2 + - a
E ¥ - A af = G
J.l_.UJA__A_m.._J_J_.A_._T
R | |\ i I 3|
T T T T T T T T T T T T T L]
0 40 1] &0 Th B0 80

20 ( degree)

Flg. 1. XRD anzaly=iz of the PEQ zamples and tncoated substrate
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G show both anstase and rubile phases of TiO;. It was mnplied that
moorporating rGO doss not alter the stoctural property of senple G In
contrast, the G2W sample has a considerably lower mitense rutle peak
than the undoped zample. It was suggested thet tingsten dopant con-
centrates on the surface of the Ti0: grain: and hinders the corystsl
growth thersby retsrd the anstsse to mmble phase transformaton.
Corroborating with G2ZW, the samples doped with a higher concenira-
tion of tungsten namely G4W, GO6W and GEW, shows the zero-rutile
content indicstms complete suppression of anstase to roble trans-
formation. Thiz iz because the doped W* ' fon diffusss into the interstitial
poaitions of the Ti0z lathes, thereby decreasing the density of oxygen
wacancies which reznlts m retsrdation of the amatass to rutile phase
tranzformstion [40]. The aversge crystalbite zize (Dy) of the TiO: phases
was assessed uming the Debpe-Scherrsr sgustion snd present=d m
Table 2. It was found thst the ervstallite size of the prepared samples
decreszed wath the ineresze of tungsten concentration into the Ti0-
Iathice. Thiz may be dus to a slight distortion in the eryztsl latfice upen
doping with metsl ionz [41]. The fonic radii of W2 (0,600 A) and Ti*!
{0.605 A" are slmost strmiar, with no sigmficant change i the TIO; wrat
cell on subshitufionsl doping. In contrast, partis]l replacement of Ti 1on
with wW*! (066 A) imperts mivior expansion in the Ti0; umt cell. The
Iatitos parameters of the unit cell of the prepared zamples have been
caleulsted by fittng the XRD dats uming GEAS IT softwsere. Also, the
latties strsin {f), dislocation densines {8} and theoretical specific surface
area [5.) were calmilated by the procadure menbionesd m B=f [42], and
the values.are reported in Table 3. The zample G wath hitle change1n the
Iatbes strain and dislocetion density indicatss no changes resulting from
the imnterschion of TiD: snd rG0 sheets. Due to the Ti and dopant 1omie
rady mizmatch, a menor strain iz induesd in the Ti05 ervetal lattice. The
mcresse m laties strain and dislocation density 1mpliss that the doped
samples have more defects in the crystal lattice. Thiz can extend hight
abzorption in the wisible hight spectram It slzo favours decreasing the
charge carniers recombimation rate and inersasing the separstion of the
photo-induced electrons and holes [43]. The limited solubility of W*' I
the Ti0z lattice leads to Lhmuted expansion m the unit cell volume,
whereas the effect of stress shll emists with the tungsten doping Henee,
the call vohyme with lathics stvan and dislocation density inereas=s with
further tungsten concentration. The other factor responsible for the
degradastion of methylene blue iz the adeserption of MB dye onto the
surface of the TiO; photocstah=t, which 1z highly dependent on the
surface gres. The specific suyisce ares of the doped zamples was
mcreased with the incresse of dopant conceniraton. As a result, the
higher specific surface ares csn increase the contact sres with dye zo-
hution and provids more active sites for the adsorpiion of dye molecules,
moresse the productvity of gensrated slectron-hole pairs, and promote
photocatalyiic activity.

32 Swface morphology of the developed coatings

The surfscs morpholoey: of the developed PECQ and PED eoatings,
along with EDS spectrs, are shown in Fiz. 2. All the samoples exhibat

Tzble 3
Structural parameters, lamice strain, disloration densiny and specific surface area
of the PEQ meared samples.

Zample  Larrice Uit cell Larrica Diizlocation Specific
Code parameters ":'n]u.n:.l-_ Srrain denzizy () surface
= = A o Lines fuum? area (5.0
bt A 103 * 10°
ettt
T 37419 94598 132930 1.082 0.000976 46957
] 37452 55012 133482 1130 0001040 45715
GIW 3751B 95767 I34ETT 158 0001275 54497
G4 37548 96085 195955 1332 0001479 50014
GEW 37556 9.6134 135622 1.386 0.001 500 6.1365
GEW 37576 96189 135ESS 1.402 0001738 64038
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porous surface morphology, and the dopent’s addibon sigrafieantly
influenesd the sample surface. The ssmple G exhobited a large cluster of
pores with irregular shapes, The sample G2W with the Ieast concen-
trafion of W ameng the costings shows parfisl removal of large chasters.
In contrast, the sample G4W revesls the surface 1= enbirely free from the
large clusters and develops mnto more perfect uniformly distnbuted
torordal stractures sivalar to the result found 1o the stody [44]. Since the
0 sheets were highly inert and stable a negetive charge iz established
1 the rG0 a5 soon sz it enters the alkshine electrolvie, The $GO sheet=s
were migrsted nesy to the pores of the posibively charged anode by
virtue of elecirophoretic foree [40]. Fig. 2 also zhows the
high-magnificstion FESEM micrographs with the successful incorpora-
tion of G0 sheets In the developed coatings: The zamples G and GIW
exhibit the rGO shests embadded partially near the porss, whersas G4W,
GEW and GEW indicate rG0 shests wvere entrapped within the pores.
Sinee the conduchvity of the slectrolyte uzed mn the preperation of
coatings meressez with the mereaze of W concentretion, the dizcharge
charactenznes and thermsl reachions that occur at dischergs sites alter
the PEQ procesz =nd thereby resulted in obtaining different murface
maorphologies. Tuning the PEOD process, the vG0 nanosheets entrap in the
wieinity of the discharge channel and accordingly, the number of pores iz
reduced [45].

Fiz. 3 chows the porosity map of the samples denived from the FESEM
images using Image] software. The sample T and G show uneven pores
with 7.5 and 6.5% porosrty, respectvely. The sample GZW shows the
porosity of 23.6%, whereas the samples GAW, GEW and GEW show
porosity of 22.3%, 21.8%%, and 21.2%, respectively. The secondary
electron (SE) image and the corresponding backscatiered electron (BSE)
tmiage, and EDS maps of sample GEW wers shown @ Fiz. 4. The BEE
1mage shows that the carbon-based rGO wath the least sfomic mumber
was dark. In conirast, ttamum end other elements with & igher stome
number appear bright in the BEE image The EDS mapping shows the
presence of mdividusl elements, which comstitubes the surface of the
coating. The presence of tungsten is confirmed by the EDS analvzz with
the W M@ peak at 1.77 EeV. It 1z evident from the EDS spectra that the
inten=ity of the W M pesk increases with the ineresse of W dosage in the
electrolyie. Teble 4 depicts the EDS elemental composition prezent in
the prepared samples. From Teble 4, 1t 15 evident that the at %6 of W was
found to be neressed with the incresse in W concentrabion in the
electrolyte. The carbon content relafed to the 16O vaned only shightly m
zamples with vamed W concentrations. The mifrogen. adsorption-
desorption 1sotherm of the prepered zamples was shown in Fig. 3 to
understand the zpecific surface area. All the photocataly=ts. exespt
zampls T, show high nitrogen adsorpiion-desorption isotherms dues to
the higher surfsce poromty, thereby providing more achve sites for
photocatalyiic reactons. The surface ares of the zamples T, G, GZW,
GAW, GEW znd GEW ape 2.43, 4.45. 4.85, 515, 7.23, 7.85 o/
respectively.

3.3. Weoability of the coatings

The contsct angle (CA) of the prepared cosbngs was measired be-
tween the water droplet and the surface of the costed samples, az shown
in Fig 6. The bare TiO; shows 2 contact angle of 539° + 2. In contreast, the
zample G vwith TG0 displays a relatively agher contact angle value of
65° + 2, which can be assortated with the presence of wrinkied or folds
of rG0O layer, which entraps the sir bubbles, drastically reducing the
contzct srea of the water droplet on the surface of the cosfings. On the
other hand, the CA vahoe of W doped Ti0-/ 160 composite coatings was
found tovary from 76" 4+ 2-85" + 2 with the incresce of W concentration
(2 /L to 8 gL in the electrolyte, which can be ascribed to the nano
protrusions szzocizbed with the nanopores as well 22 2-D structured 0G0
layer [45]. All the developed coasbngs show the hvdrophilic nabure,
fapibitating the ssov spreading of wastewater snd adequately improving
photocatalyiic reachion rate.
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Flg. 2, Surface morphology and EINS analysis of the PEQ samples.

34 Optical properfies of the coatings

Thr abscrption edge of the samples Ti0z, G and W doped Ti02/TGO
waz sequired from the UV-Vis DRS sheorbancs spectra denived from the
corresponding UV-Vis DRE reflectsnce spectra using the Kubelka-MWonk
function, and it iz presented m Fig. 72, The sbzorption edge of the bare
Ti0: 15 i the UV regime, wheress the sample G with rGO sheets exinbits
an abzorption edge in the nearvizihle region The =light shift in the
abzorption edze towards the vizible remon cen be attrbuted to the
mcorporation of high specific surface area 2-D soectured G0 Into the
Ti0< layer, furthermore, the formston of Ti-C chemicsl bond between
the Ti0; and rE0, whoch account for the contraction of the bandgap in
the Ti0,/vGO composite [47]. Thiz will enhance the light absorption
ability of the TiOs/ G0 composite, which 13 not sufficent to excite the
electron from the conduction band to the valencs band with lower Light
enerzy. The UV shsoerphon edge of the W doped Ti02/vG0 composite

shows a tremendous shift towsrds the visible region. This mught be
atimbuted to the formation of donor level under the conduction band of
TiDz, Ieading to & narrower bandgap. The sample GEW revezls the ab-
zorphion edge almost identiesl to the G&W, which confeszes that
mereazing W concentration; above 6 g/L doez not mmprove further, The
opiical bendgsp of the indirect band Ti0: zemiconductor was messurad
using the varation of the ahsorption coefficient (@h)® of the costings
with photon energy (hy) az stated mn the Teoe relabonship [20]. The
sxirapolation of the hnezr resion of corves detsrrmnes the bandeap of
the samples. The Tauc plots of the prepered samples sre shown o
Fiz. 7b. The bandgap of the zamples T, G, GZW, GIW, G6W and GEW are
313V, 300 £V, 3.02 £V, 202 eV, 2 88 eV and 2 80 eV, recpectively.
The narrowed bandgap can be asenbed to the inersass in the l=tbes
defects sz 5 result of W doping and rGO addition, which crestes a
localized W Sc state just below the conducton band (CB) minmmoum and
manceuvre the conduction band to a lower level, winch results in the
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Fig. 3. Porosity map of the PED coatings.

Table 4

EDE surface compozition of the FED treated zamples.

Flg. 4. The 5E image, corresponding BSE image, and EDS slements! mape of sample GHW.

Exmple code Element {ar. %)
o Na B IE C W

T 65.40 L1 47 25
G 6212 0Bl 431 62 464
GIW 62.95 0.73 349 25.B5 4355 L3s

W E4.61 0,50 247 2143 4.43 3.20
GEW 63.88 0.7 2.96 23.52 437 4.65
GEW B3.27 0LES 243 2339 412 5.94

contrection of conduction band to valence band energy [42]. All the
W-Ti0-/v50 composite zamples exhibited s lower bandgap vahie sint-

able for the visible hght photoeatslytic process.

3.5 Photwohmurescence emizsion zpechrum from the coatingz

PL emizzion spectra are nseful for measuning the photon smission

o

and 1tz energy dismbution upon optical excitation and providing msight
into the electron-hole recombination rate in photocatalyiic matenals:
Alzo; the Iathies distoetion and oxvegen inadeguacy present i the pre-
pared zamples were anshyzed using PL emizzion spectra prezented in
Fiz. 5. The PL spectra wene recorded over 380 nm-325 nm with an
exritation wavelength of 375 nm af room temperatore. All the semples
show the PL emizzion specburmn with s similar peal patiern, but the
mntenzity of the emssions 15 remsrkably different The PL emiszsion
specira consttute many peaks in which the main smizzion band located
=t 400 nm ecotrezponding to the band-to-bend transibion of Ti0-, and
various peaks rammng from 450 nm to 480 nm onginated from the
charge transfer transiton of an oxyveen vacsncy and other defects
mcloding rF0 sheets [43,44]. Compared to samples T and G, the sam-
ples GIW, G4W, GEW, GEW show a muinor redshaft in the 400 nm band to
band emizsion peak Thiz redshift can be atibuted to the reduction in
the bandssp of the TiO: by the svoluton of the density of states tmls
band from inhomogenesous distnbution of dopants, which 1= consistent
with the UV-Viz sheorption spectra in Fig. 7. The PL emizsion zpectra
conshtute many pesks i which the mein smission-band iz located af
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6 - 400 nm correspondmg to the band-to-band tranmsmbon of Ti0, and
varous peaks ranging from 450 nm to 480 nm_ The pealks located ~450
nm and ~~468 nm are arnsing from oxygen vecancies trappmg the elee-
tranz. These charge carriers are generally trapped by surface hydrooxgl

groups and oxygen vacancies that contnbute to ther vimble lumines-
cencs [45]. The charge trencfer transition from Ti® | to oxygen anion

gives ermssion peaks at ~483 nm and ~494 nm [30-32]. The sapmple T
shows the PL emizzion with elevated intensity resulting from the fastest
recombination of charge earniers, which can be atmbuted fo the l=ck of
defects In the erystal to trap the charge carmiers. Also, swrface recom-
bination occurs mn the absence of rGO. On the other hand, the zample G
with rG0 content exhibits relatively lowwer intensity PL spectra than
zample T, resulting from the wmique 2-D strochured vG0 in the Ti0z layer
[30]: The excited slectrons from the CB of Ti0z were transmitted indo
the f50 sheets, dimimishing the charge carmers” recombination rate. The
zamples with TiO./rG0 with W dopant show & reduchon in PL emission
T infenzity with the incresse of W dosage. The lowest intemsity was
.6 0.8 1.0 recorded on the ssmple GAW, indicating the suppreszed recombinstion
rate of photosxcited charge carmers resuliing from the synergetic effect
of surface electron trapping by 2-D struehred rGO 2nd the tungsten 2z
electron acceptor also the formation of different defect conires emearging
from cxygen vacancies i the TiOy [48-33]. The PL intensity of the
sample GEW iz relafively higher than the sample G4W and G6W, which
czn be stiributed to the excess W dopent in the Ti0; [54]. This depicts

T l [ ' G 2W I

Yolume absorbed {tmjg' Ij at STP

T
.0 02 04

Relative pressure /Py

Fig. 5. Nitrogen adsorption-desorption isotherm for the PEQ samples.

that the optinoam level of doping 5 cruetal for lowering the electron-hole
recombination rate. Otherwise, the surplus doping sct as recombinston
cenires; thereby, the photocatalytic acawity of the s=mple can be

stgnificantly decreazed.
3.6. EIS ard photocurrent analyns of the prepared coatings

Imterfsce charge carner fransfer and zeparston efficiency are some
G4AW GOV GEW

of the prominent factors that sfect the photocstalviic abohiy of the

prepared szamples. Hence, electrochemmicsl impedance - spectroscopy
Flg. 6. Water droplet images indicating wettability of the PEQ coatings:

(EIS) was nsed to mscertsin the resistznce offered by the zsmple for
efficient charge separstion of photogenerated electrons and holes. Fig. ©
shows the Nyguist plot of EIS for the prepsred samples under devk and
wizible hght irradiation conditions. The arc radins of the Nyqust plot
zuggests the rate of the reaction on the photocatslvst A greater arc
radiuzs represents a substantial smommt of resistance the materisl offers
for charge transfer [55]. The Nvgmst plot of ssmples shows similar
gemmcircles with different radius. The radios was sigmificantly reduced
under illommation than the dark condibon, swhich contezses that the
zample 1= promnently acove under the vimble hight tlhurmnation. The
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Flg. 7. UV DRES absorbance and Taue-plot for the PECQ coatngs.



P Mineihooner of ol Ploysicn B Phoysies’ of Condeamed Mower 551 {3023} 415650

5 5
< <
i E
§

B =

TS w0 a5 e s a0 535 : : : !
450 486 ane [
Wavelength {nm) Wavelangth |am)

Fig. 8. PL emizzion spectra of the PEQ coatings.
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Fig. 9. EI5-Nyquist plot of the PEQ zamples.

zmallest semnicirele was reported for the sample G6W in both dark and
wvizmble hght rradistion, mdicatmg that its resistance to the mierfacial
charges carmner transfer was weskened, 1.e., igh charge separation =ffi-
ciency. Theze resnlts cleariy show that the synergetic effect of optimal
dosage W and 2-D laver rGO sheets could effsctively facilitate the
electron-hole mobility and improve the charge carner separation effi-
ciency 1n the W doped Ti0-/rGO composits [20.30]. It was apparent
from the UV-DRS, PL spectra and EIS measurements thet an optimum
doping amournit of hmgsten 15 crocial in TiO- photocstsivet to matigate
the recombimation of photogenerated eleciron-hole pairs. The Nygmst
plot gave a piece of solid evidence to support the sbove discaszed
UWV-DRS & PL rezults. Thus W-Ti0./ G0 composite can be used &= =n
effective materisl for photocatabrtic spplication. The photocurrent was
evaluated by messuring the photomurent density at varying potential
with the range of —1.5t0 2.5V vs 5CE with the sweeping rate of 60 mV /s
m 0.1 M Na 50, medivum The lincar swesp voltanmetry (L8V] graph of
prepared photocstslvet under dsrk and vwi=sble hight irrsdiatons are
shiowwn 1 Fiz. 100 The photocurrent density of all the samples umder dark
medium shows only 2 narrow photocurrent value, compared to the
vizible light prradiation This mndicates that the prepared catslyst re-
sponds to the irradiston of visible ight and produces a photoonrent.
The photocerrent denzity of photocatslvet under ilhwrmination 1= grado-
ally increasz=d afier incorporsting ri30 snd with increasing concenira-
tions of W dopant It confivms thet W doping and G0 incorporation are
effective and sitraightforwsrd methods for snhancing photocatalvbe
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Filg. 10. Photocwrent density of e FEO coatngs coflected at dak and
light conditions.

degradation performance. Also, the photocurrent density mcresses
gradually with the apphed poteniisl and reaches & satorsted current of
0.68 mA/cm” at —1 V vs 5CE By znalysing the above photocurent
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graph, it has been found that the photoorrent densihes of the GEW
sample are almaost two fmes higher than that of pure TIO; (zample T) m
the entire sean range. The higher photoomrent density of the GOW
sample iz zscribed to the narrowed bandgsp indicsfing the efficient
absorption of the light energy from the wizible zpectrom. Thiz higher
photorurrent impliss & higher photocstalytic desradstion efficiency for
the sample GEW.

3.7 X-ray Fhomelectron Spectra of the prepared samplez

X-ray Photosleciron Spectra (XPS) provides sirface-sensitve infor-
mation about changes m the chermical state of elements present in the
compozite coating. The XPS pesks were deconveluted uzsing curve fitting
software (Gauszman deconvolubon} CASAYPE. Fiz. 11 shows the survey
spectrum and mgh-resolubon XPS speciys of Ti 2p, O 1z, C 12 and W4f
for the samples T, G and GEW. The sorvey spectrum confirms the pres-
ence of TiO,, W and C species in the photocatalyst The Ti 2p core level
of the zample T and G shows doublet pesk= at the hinding energy of
457 .4 eV and 463.4 eV, matching T1 2p3/2 and T1 2p1-2; respecavelya
valence state of Ti"' of TiOs [30]. The incorporstion of GO does not
alter the peak position of the Ti*' since 150 cheets mainky exist on the
surface of the Ti0; and do not modify the arvstal structore of the Ti0-.
On the other hand, the zample GOEW shows & shight shift of 0.5 &V in the
poaition of the doublet peak az 457.9 &V and 463.9 £V, which can be
aseribed to the subshtubionsl deoping of W into TiOz lsthee which
produce = slight distorbon in the crystal lathes upon doping with
fumgsien 1onz. Afl the samples show 3 small shoulder pesk at a binding
enerey of 458 eV associated with the T ' of Tiz0s. The sample T without
adding any dopant and rG0 alzo shows Ti° |, which can be sttributed fo
the mevitable doping of phosphorous present in the base slectrolyie
uzed to prepare costings [20]. In sample GEW, the Ti®' peak shows a
higher area fracbon compared to that in the zamples T and G. The -
cresze in the intensity of the TE' peaks ssombed to the charge
compensation by elsctrons corresponding to substitutionsl doping of
W W species for Ti®!, which will lead to the reduction of titaninm
cxidation sate, Le, TE ' [56]. The presence of Ti- 'results in the gen-
eration of more oxygen vacsneies to mantam the local nentraliby m the
Ti0y lzttice [57]. Addifionally, T ' can alzo suppress the chargs carvisr
recombination rate and promote cherge separation efficiency [SE].

The high resolution {HR) -XPE scan of O 1z cors level for samples T.
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G, and GEW was deconvelufed into two pesles at 2 hinding energy of
5208 &V and 53]1.6 V. The first paak of O 1z spectra belongs to the
lattice oxveen of the Ti—O bond (Ti0s), whereas the second peak cor-
responding to the non-lathies oxygen of O-H belonging to the adzorbed
zpecies [supercxade, water molecule or hydrooyf group) [37]. The peak
corresponding to non-lattics oxveen of sample GEW shows an incresse
i intensity, confirming the substitogons]l dopme of thungsten at Ti0:
lattice, The suppression in the recombinstion rate of charge carrers
mught be due to the reacton of photogenerated holes with the adsorbed
species (Le | superomides ste) present 1in higher amoimts on the oorfacs,
thereby enhancing the charge trapsfersbility of the photocstalyst
Conszequently, the produchon of streng hvdroxyl groups can lead to the
degradation of organic compounds i texble dyes.

The HR-XPS scan of C 1z core level for samples G and GSW was
deconvoluted into five pesl= st binding energy 284.3, 283.2, 286.5,
987 4 and 280 2 £V corresponding to Ti-C, C-C, C-0, €=0 and 0=C-
fimecdonal groups, respectively [59]. The peak related to Ti-C iz attrib-
uted to the chermeal bonding betweeen titamium and csrbon from the
ri30, which confirms the nteraction between TiO; and GO sheet
through the resrrangement of Ti atoms [57]. The TiC pesk in zample
GEW shows lowser intensity than 1n zample G, which can be asernbed to
the interaction of TiCs, and W iz more influentizl than the Ti0s and 0G0
The XPS specira of the W 4f core Ievel were deconvoluted into different
pesks In which the pesks located at 34 .8 and 36.6 £V corresponding to
4f- - and 485 cof W= Comzequently, a small doublet peak positfionad at
324 and 34.2 £V correzponding to 4 - of W' [60.61]. The W 4f core
level confirmns the tungzten species may be present in TiO; with different

oxidation ztates.

3.8 Phoweatalyie actnety of W doped Ti0=/r30 composite coatings

Fiz. 12 represents the UV-Viz absorpiion spectra of the MB solobion
degraded under = vizible light zoures ower an wrradiabion period of 180
min. The UV-Viz absorphion spectra wers measured over a range of 200
nm-300 nme. All the zamples show the specira with the ssme pattern but
with different inten=ity. Addibonally, to evaluate the adsorption shility
of the photocatalyst. experiments were conducted in the dark medinm
before the degradation of MB dy= under vizible light From Fiz. 133 1t
can be conchuded that the sntire W doped Ti0o/mG0 composits poses
notable adzorption shality, precisely; sampls G4W, GEW and GEW shows
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Fig. 13. (3} Phowocatalytic degradation of MB dye for the PEQ weated zamples and (b)) rensability of GEW zample.

a maxmum sdzorpion efficiency of 25, 33 and 31%%, respectively. This
mght be asenbed to the presenes of porous morphology with undformiy
distnbuted pores and the awface energyof the photocatalyst Also, the
photosenaitization propertiss and strong electrostatic attractiom of
cationic molecules of ME dyve towards the zzmple plays s vital role in the
adsorpbon properties [62,563]. Sample T reports the MB degradston
efficeney of 43%, which 1= pmach lower then the ssmple G with 72%
degradation efficiency. The increase m efficiency could be atributed to
the presence of unigoue 2-D struchured rG0 sheets i the Ti0z layer,
which is responzible for the bappmg of electrons excited from the CB
and lesds to a longer chargs carner’s hife. The improved shelf life of the
clectronz and holes can rezult in the mteraction with the water mole-
culez =2nd oxygen to ereste more hydromede radicals and zupercoade
anions, which sttack the dye molecules, thereby degrading the MB dye
mors effectively [64]. The sample TiO./rGO with veried W concenira-
ton (2 g/L to & g/L} shows tremendous mmprovemsnt m the MB dye

10

degradation efficiency. Additionally. a blue shift in the U'V—Viz speetra
was also recorded for the zamples G4W, GEW and GEW. The maxmum
sbsorbance pesk of MB dyve was recorded at 664 nm for the rubal
condition, and as Ome progresses, its intensty gradually decreases along
with the pesk shift towsrds a loveer weavelength. This can be azeribed to
the desirischon of the parent compound and the formstion of new m-
termeediate compounds [65,66]. The zample G6W chows the highest
degradation among all the prepared samples, which account for 93%
efficiency. The zample GEW with a higher coneentraton of tungsten 8
2/L dhows 88% degradation efficiency. The zample G2W wath a lower
concentration of tungsten results In 76% degradation efficiency, the
lzast among the tungsten doped TiDL /TG0 samples. Thiz mmght be
aseribed to the lower dossge of tungsten, thereby forming relafvely
fower defect centres and faster chorge recombinsfion. The pressnd
photocatalyst showed betier degradation eficiency (with respect o
catalvst dosage, dye conceniration, light source and degradation time)
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compered to most phobtocataly=ts prepared by other processes [20,
30-33.67-70]. Thi= proves that the present W-Ti0-/+G0 photocatalyst
can effectively degrade bulk MB dye concentration. The photocszalyst
stability was investigated by conducting the desradation test for slmost
6 cyeles for optinmam W doped sample GEW, az showm in Fig. 13b. This
reussbibiy test revesls that all the cyveles® sfficieney values were pe-
ported to be satsfactory.

The aversll rnprovement in the development of optimised W-Ti04/
rG0 composite coatmg for the efféctive degradstion of MB dye resulis
from the synergetic of 2-D sbuctured rG0 and the formation of different
defect centres emerging oxyezen vacancies on the Ti0z along with nar-
rower band gap, porons surface morphology with expected high surface
ares improved electron mobility with efficient cherge carrer zeparation
and lower recombinetion rate.

3.9 Proposed mechoizm for the degrodafion of MB dyve usmg W-Ti0z/
130 photocaralyst

To understand the mechanizm of photocstsiviie degradston, the
rEpping cxpenment was carned out by usmg different kinds of scav-
engers such &5 g-benzoguimons reagent (BZ0, a5 & superoxide scav-
enger), ethylene dismine tetrasectic seid dizodmm (EDTA-IZN=2 =5 =
hole scavenger and 1sopropancd (TPA. 32 a hyvdroxyl radicsl seaven gar),
were added mto the MB dye solubon The scevenger concentrations
were sot at 1 mmol for the trapping expenment, and the resuliz are
shown in Fig. 14, The IPA and EDTA-2Ns added MB solution degrada-
tion was severely affected and reduced to 45% and 45046, respectively
Wheress the BZ0Q added MPB solubion wasz 73% degradsfion, which
confeszes the supsromdes scavenger has & hmuted effect on the MB
degradation process. Finally, 1t was concluded that the hyvdroxyl radical
and holes were the active spemes responsible for the degradation of MB
dve.

Based on the aective species test in the prezent work and reported
hiterature, the photocstalyiie degradation mechsnizm of MB dye solis-
tion by the W-Ti0. G0 photocatalvst under vizible hight irradiation
was proposed mn Fiz 13. The MB degradation process was assumed to
myolve the following three st=ps. Step 1- Adzarphon of MB dye by the
prepared W doped Ti0w/rGO photocataly=t. Step 2 Actvabion of pho-
tocatalyst by sbeorbing the vimible hght Step 3: Generation of schve
radical specizs by the charge carrers to degrade the MB dyve mmto OO
and Ho0. When the W-Ti0-,/rG0 photoestalyvzt is kept ander the MB dye
solubion, adsorphion of MB dve towards the ecatslyst 1z sterfed. The
hvdrogen bonding achieved the exeellent sdsorption capabality of the
developed photocztalvet, -1 coupling between the aromatic region on
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Flg. 14. Badicalz scavenger test owverr GOAW im the MB  photo-
degradation process.
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Flg. 15. Schematic flustration of the photocatalytic degradation mechanizm of
MB dye onto GoW photocatalyst

grephenie’s surfece and aromste molecules strengthens the interachon
with rGO-ME eleciroststic interschon between the photoestslyst and
MEB dye. Thiz sdsorption procsss dramatically improves the photo-
degradation process by accumulsting the sbundant MB dye near the
photocatalyst.

Under wisible nrradistion, the W-Ti0z /G0 photocatalvet gets acti-
vated and excite the photoelectron to the CB of TiO,, leaving behind the
holes in the VB of Ti0;. Whereas the W dopent in the form of W= form=
& shallow energy level nesr the conductbon band mimema {CBM]), whach
zcts az the trapping site, and the alectron can be accepted by W to form
W' . Which in tum improve the lifeime of electvons end holes also
reduce the recombinstion of charge carriers. Therefore, the cosxiztence
of WE W5 couples, charge carriers, and sorfeee oxvgen species such as
hydroxyls may promote the surface reduction-oxddation cycles.

The rGO has exeellent electrical conductivity (hugh electron mobikity
[=1000 cro® V 15 7). The photoexcited electrons e transferred to riz0
and work sz the electron carmer to react with adsorbed oxygen mole-
cules on the sorface of TIO, to form 05~ Subssguenily, the photosxeited
holes m the VB can react with Hz0/0H - and form DH (hydroxyl radical }
zpeciez and thus decrease the recombination rate of electron-hole pairs.
Sines the elactran cen be transfarred onto GO and trapped by W* ' _beoth
surfece snd bulk recombination of electrons and holes were mutigated by
uzimg the W doped Ti02/rG0 composite photocatalyst facilitating
enhanced photocatslvihe degradation Thersfore, cndsfion sand redue-
tion processes coexizt in the MB dye photodegradation process,
sccompamed by electrons transfer from the bydroxyls to the OH rad:-
calz and fom O to O; . slong wath the eleciron-hole pairs with
WE W= couples in the catalyst surface. Finsily, the principal scove
zpeciez attack the MB dye molecules and undergo reactions to decom-
poes MB into C0- and H-0 [71].

4. Conclusion=

The nungsten doped TiOs/rG0 composite photocatalyst was sue-
cessfully fabnicsted by the PEO wath parbicle addition for fficient MB
dye degradation

# Phaze anslyais of the prepared photocstalvsts confirmed that the W
dopant suppressed the rmtle formation and reduced the crystal
growth of anatsss, favounng photocatalytic activity.

& The defects in the crystzl latbes ineregsed with the W dopant con-
centration incrsass in the coatings. Thiz can favour the light ab-
sorption 1n the visible light spectrum. It slzo decreszed the charge
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carfiers recombination rate snd meressed the separation of the
photo-induced =lectrons and holes.

a All the W-TiO./TGO composite ssmples show excellent porous
morphologies. The smfece ares increased with =n fncresse in W
dopent concentration, providing more: active sitez for the degrada-
tion of MB dyve molecnles. Alen, the presence of the rG0 coniributed
to & higher speoific surface area confirmed by BET analvais.

» The GEW zample with opbimum dopant concentration showed a
prominent redshift 1n UV-Vis abeorpbon wath a bandgap of 2. 88 V.

& The vz and W dopant in Ti0z effectively supressed the slectron-
hols recombination rate at both surface and lethce level. Also, the
hole =nd hydroxyl radicsis were actively partieipated in the photo-
catalviic degradabon process rather than super cxode radies]

« The highest MB dye degradation efficiency with 93% was achieved
on sample G6W with the synergetic effect of vizble hght absorpaon
by W doping and reduced eleciron-hole recombination rate by nGO
addition.

The present article conchudes that the W-Ti0./rGO composite
costing developed by the PEQ with particle additton process can be a
good cendidate for the low-cost, efficiant, momoebabized and recyeiabls
catalyst for textils wastewsoer reatment.

Credit author statement

P. Manojkumar: Concepmushzation, Methodology, Investization,
Writing — originzal draft E. Lokeshkumar: Visuzhizstion, Writing - re-
wiew & editing. C. Premchand: Writing - review & editing. A, Saikiran:
Writing — review & edibing. L. Rama Krizhna: Methodology, Wnting —
revisw & editing. N. Rameshbabu: Concephialization, Supervision,
Funding acquisibon, Woting - review & editing.

Declarstion of competing interest

The suthors declare that they heve no known competing fnancial
interests or personal relationzhipe that could have sppeared to influence

Acknowledgement

The author {NRB) would zlzo hke to thank and ackrniowledse the
finzneial zupport from the Soence and Engimesnng Resesrch Board,
Mew Delhi {No. EMEBA2016,/003259 dated 22-03-2017 to carry out this
research

Supplementary data to oz artiels can be found onhine at bitne-//dol.
org,/10.1016/]. phy=b. 2022 41 3680

References

[1] 5= Miorm Susmimabibicy in the tetile ndusery, e E5. Mot (B4 ), Texmls
Science and Clodring Tedmolagy, Springer, Heidelberg, 2017, pp. 1 B

[7] 5.C. Bhatia 5. Diewrm, Pnﬂtﬂtmﬂunn'n]m'[g:ﬂ:&n&-h'\- ¥iltorr WPL Indin,
2T

[31 DM Wang, BEnvironmental protection in dothing mduerry, m L Zha (4],
Sorminghle Development: Procesdings of the 3015 International Conference on
ESustmimable Developenens, World Scisnsific Poblishing Co Singapor=, 3016,

PR 729735,

[4] L Bruno, CZ Favaro-Polomio, J A Pamphile J.C Palonio, Bfecs of tevrile dyes an
health and the emrirermen: and bioremedizdon patential of Sving organizms,
Biotechnol Res Imow. 3 (2019) 275290

[5] B Bhateria D. Jain Water quality smsemmens of lake water = review, Sugtain
Water Besoor. Manag I (3FI6) 161-173.

[61 F5.A Ehmn, "q‘nL’H‘I‘L.'bm YH Tan, M Ehalid BB Fari B Walveker, B
[ 2 .‘l]:d".l.lj]'l_ £ Mazammudding 5.4 Mazari A comprehensive revieer on magnetic
carbon menotubes and carbon oanotthe-Baged bucky paper-herny metal 2nd dyes
remaval, L Hazped Mater 413 (2022) 125375,

i

=]

i9]

[1io]

f11]

[13]

[14]

[15]

[15]

[17]

[ze]

[15]

[20]

[21]

(9]

[24]

[zs]

[26]

7]

[2e]

[29]

[3a]

[71]

Dhysize Br Physies of Condemred Maser 31 (2023 415650

X Li JL £hi H Hao, X Lang, Viahle ight-indoced selective axidation of alcohals

mﬂmbyﬂmm—mmd Ty photmcamlysic, Appl Caral 8 BEmviron 232 {2018)

260267

¥H Hashemi. M. Yarsi, & Ghoshari, LH Sareci, ML Girimmad,

Photodesradation of organic vat=r polluorms undervizible ight udng eneeeee F, 1

co-daped Ti0w/Si0y nano-camposite semi-pilor plam: sxperiment snd deneicy

functional dheary caloulations, Chemosphess 275 {2021) 129905

X Fang, ¥. Wang, C Pan, Micro-ar ocdation of T04 subetrares tn Ebricate T304

YAG: Ced ) compound fime with enhanred photocamlytic activicy, J. Alloys

Compd 509 (2011} 157141

NP Moreira, M.J. Sampaio, A B Bibeim, G Sikva, JL. Farin A B Silva, Meol-

fre= g-CoMe photocatalysia n[utgmcn:nmm]]mm in uwrhan wastewater under

vizzble light, Appl Carsl B Brviron 248 (20150 184-192

T-Tildis, HC Yaimias K D:mrk_ Anzeage Ti0; powder tmmobilised on redoulated

Al cermmics 2w 2 photocaralys: for degradation of RO16 aso dye, Ceram In 46

{20} B651-BAST.

R.mzﬂm.!.’l.ﬂm'a,_] 'Pl.'d:'l.ﬁ'.'m:: L :Ram.m.mh I hilizad riG0 TiDe

photoratzlyst for decontuminasion of wazer, Catalyes 7 I'_Eﬂl'g'l TRE

A Hogeini, B Yarmend, hrenobilization of Fa 05/ TH0: shotocsalmst on the

meeallic suberate wia plamen elecomlytic oxidation process: degmdanion sfficiency,

J. Mamoparficle Rec 22 (2020) 312

5. Fhrahimi, A Bardbar-Shisheni B Yeomend, Emnobilization of 30/ Zn0 hybod

composites on the Zn substrate for enhenced phorocasalstic acririny 2nd comosion

awsbility, J. Alloys Compd. 545 (20207 156218,

W5, Rudnesy, IV, Iokivanchuk ME. Vagibesia, VF. Momzova, W0 Zelikmen, T

& Tarkhemowa, W-comeaining oxide lapers ohtninad on abwmimom and tigeiom by

FED an carslyam in thiophens cxiderion, Appl Swef. Sci 422 (20173 1007- 1014,

5. Stojadmovic, M Bedic, I Tadic, B Vagilic, B. Grhic, Enhanced nleraniolet lighe

axidasion inm AkO; costings co-doped with C=™*, Opr. Mater, 107 (20207 109765

E Lakechimmar P Manojkhmar, hSﬂhrm,Esz:bntﬂ E. Heripragad,

L Ramn Brizhns 3 E.=n:m=]:.m.|:'|r|:|1 Fabriceton of C= and P :Dmum:,g'm-u]:uu.m

oxide ceramic coatings an miohium by PEQ coupled FPD process, Burd Coating,

Techmal 416 (2021 127161,

A Eaxikiran & Haripreead 2. Manoilooner, | Bams Srichns, 3 Bameshhabno,

Effzcy of laser restmem on mocphology and corrosion bebasiowr of che plasma

alertrohric oxidation coadngs dev=loped oo 2huminiced seal Swf Coaring.

Techmal 904 [2020) 125882

A Hakimizad, B Rasissi, M A Gelosar, X Lu, C. Slawert, 311 Zheladkevach,

Influence of cathodic dury gyxd= an e proparties of mmgemen conraining ALO./

Ti0h PED nenn-composise coarings, St Coating: Technal 340 (2018 90277

F. Manojlommar, E Lokeghinmmar, A Saildran, B. Goverdhanan, M Ashok,

M. Bzmeshhaba, Vizihle Eght phowcamabatic activin: of meml 30V W} doped

porowm Ti0; coating fabiceted an Cp-T by plasms elecomlytic amdation, J. Allows

Compd. 525 (2020} 154092

& Yanelak A Sanhom G Farenfil, B Aclen F.Ogel TH Pagir, Enhanced

photocstalyric hpdrogen svohetion from bandsep nmable Ag25X (X-NiCo In ,
Minnancoryeraks :Bffect of transition mem] jons, I Plomchem Phowobial Chem

394 20300 112462,

M5 Vasilyevs, V.5 Fodreyv, A 4 Sergeew, KA Sergeeva, A V. Nepommyeechiy, A

Y. Ustinow, A 4 Fversvz, EN. Fln 35 Vemessndoy, Composition, stmochre,

and photocatalytic propertes of Pa-contining ods leyers on doum, Protect

Met Phyw. Chem Surface 55 (2017 579-888

M5 Vamheva V.5 HBndnes, I A Tombrine Photorsrberic propesties of In- and

Chd-comaining aride layers an timiom fommed by plasma elecmolytic coidebon,

Prow Mes Phya. Chem. Swf 53 (20171 711715,

PS5 Basxrrerajeppa 58 Patl W Ganganagappe, ER Reddy, AV, Baghn

V. Reddy, Fecess progres: in memi—duped Tith, non-mes] ﬂnped.- ‘to-doped Tih

and Tl mmn struchoed jl‘l.'bﬂ.‘l.d: far enha.n.l:rd p.r-:m-:um!*-- Ine J. Hwbugm

Enevgy 45 2020 77647778,

OLY. Hecldn, B Dabmiz, I Belk MFA Acem Comparison of the effect of non-

metal snd rareearth element doping on struchoal =nd opsical propersies of 0

Tilh cre=—drmersions] phommic oyeek, I Alloys Compd. E17 (20200 153262

A Piatbroake M Janms, B Soymosiski, 5. Moda, G, W- and 5-doped TiD2

photoratslyss & review, Camaless 11 (2022) 144

E & Nejman, AW. Momwosld, TiDs graphenebazed far wamr

reatmens 2 brief n-.-m-:mafdu:_g: carrier oamder, antimicrabisl and

photoratalyric perfarmance, Appl. Cawl B Environ. 253 {20197 179-156.

M Yadaes, A Yadev, B Permamdes, ¥. Poper, M Orlandi, A Dashors DUC Kothan

A MEotella, BL Ahnjs M. Pazel Timgsten-doped TiO2 rednced Graphens Cxide

rano-rompagite. phomcatalyst for degradation of phencl: & sywt=m to redunce

eorfzace and buolk slecoon-hole recombination, J. Bosiron. Manag, 203 (2017

-3+

3. Mohammadi, MLE Rolmabadi, M Bebhdani A4 Fompany, Enhancement of

vizible @nd UV light phosocatalrtic activity of 150~ T0y manoconmpodtes the affecs

of Tily /Graphens oxide weight raria, Ceram. nr 45 (200§) 12625 12634,

5. Bhezhimd, A Berdbar-Fhizhan, B. Yermend, M A4 Asghan, Foproving

apeelectrical properties of photoactive amsee Tid; coaring mwing rG0

incorpomation during plasme elscrolytic oridation, Ceram. Int 45 (20019)

1746 1754

W Sun, JAa, CWang, J. Sne I Qiang, T Tang. A facike md sificient meshod =

directly mnthesize T02/rG0 with enhanced photoranlytic performance,

Superineice MEooze 121 (3AE} BB

M. Tayehi_ B Eolasi, A Tayyebi © Musommi, Z Belbasi BE Les Rednced

graphens oxide (RG]} on Ti0: for an bopeoved photo el=coochemical (PEC) and

iz artiviny, Sol Bnargy 180 (2019) 155 194,



P Mineihooner ot al

x|

341

{39]

fa0]

faz]

faz]

fa3]

]

fa5]

E46]

471

[48]
E4a]

fso]

is1]

521

M%qed,iﬁqm‘illnnn,‘ilhm,l{hﬁpﬁd.‘n[’qqﬁ -\E,lLLA!nnlﬂ.
mﬂ@m&mmmhmﬁmlﬂ D-E-ﬁ"..‘lE.

B Wang, 5. ﬂwr,?]ﬁz,ﬁ Ma, (}. Thou, ¥ Li, The findamenml mle and
miechaniom of redired mdgmrﬂﬂfhmmmfnrhjh-
performanre photocamalytic water spliring, Appl Caml B Environ 207 {2017)

335346,

G. Bharath, J. Prakash, K Rambabu, G. Deversn, Venlemseubbu, 4 Homoer, 5 Les
J. Thescthagiri, MY, Choid, 7. Bane Synthesiz of TiOLRE0 with plasmendic 4z
manopasticles for kighly eMidens phomelactron calytic redoetion of OOy o
meshannl toward the removal of an erganic pell Erom the pher=,
Brvirom. Polloe. 251 {2027) 116990,

W_wug_.Z.erq,J_Iiu, Lo, 5L Suib, P. He, G. Ding. T Thang, Bingls-ep
one-pot syt of TH0s sheess doped woith sulfor oo redured graphene oxide
with enhmnced phomoamivhc sctvity, 5o Bepo 7 (20177 46610,

X Zheng, & ¥i, H Pan P.Li, T Therg, ¥. Wi, L Chen, C Thoag, ¥. Thang, (. Sum,
Cobalt daped TeD2/AGO a5 highly efficien: phowcatabyst for vot=r
purification,

mEnOCCImposites
Bicomed. J. Boi. Tech. Res. 57 (2020] 29240-20257.

T.Pham ¥ Chinh H Lee T. Nqwyen-Phan, TH Son, C Kom, BEW. Shin, Cu-doped

Ti0z/redoced graphens cxide thin-fils et efferr of Cu comtent upon

methylene blue removal in water, Ceram. Ine 41 [2015) 1118411193,

A Bordbar-Ehishen 5. Bheshim, 8. Yarmand, Highly commosion protection

Sand. Bci 456 [20719) 153-165.

T Puree, L MEng-Chom T ﬂmnm,ﬂumtﬂyn:mnyuruuq:mdnpaﬂno-

with treatment wnder bl light iradiatios, J. 5 Aarag
2011y 22722376

R.5. Dobey, 5 Singh Frestigation of soocnors] and opticel properties of pure and
chromivum doped Ti02 oanoparticles prepared by sohmothermat method, Remio

Fhye 7 C217) 1283-1368

o. Knmuh,E.Rn]h:,.'f Sivalumer MV Ramans Reddy, B Sayarms

FPhowhmminesrence and phomcasalytic activity of spin coased Az 1 doped snamee=

TiD; thin Glme Ope Ainter. 106 (207307 110401,

H Zhang, J Cai; Y. Wang, B Wi, M l-!ﬂag,?'ﬁm,]f_]'.r,l Thang, L Zheng,

Z. Jimng, J. Gmhﬂnmh&:ﬂu[nﬂﬁm on phomcatalytic

h}dmgmnuhmnmuT:ﬂ—wﬂhnpmﬂ{ﬂﬂl}uﬁmlﬂnﬂl B Envirom.

240 C20FEY 126. 1560

N0 Sakhnenkn, MV, Ved, A V. Haralorkehi, Effscy of doping metals on the

strucmare of FEO coatings on Stanium, bet. J, Chem, Bng. (2018) 4608485,

% Lo, M Mohedans, © Slowers, £ Marykine. B Arrsbal, 5.1 Kainer, 3

Lﬂmb&:ﬁ.&,ﬁmd&n’d}ﬁ:m:um\dﬁhm&nﬁm-l
review, Surl Coasing, Techool 307 (2016) 1165-11E2

{Anmﬂhl,l'msia:h&dL{lS_ﬁ_RnhnmﬂHﬂhn,Hj I'.I'lg:n_]:,ﬂfec:or

graphens oxide laading an plecma sprayed ehom i oxide compreites for

nqnmmdmnmﬂhjﬂ:ﬂphhnmm;MTw Memol Prop.

(2015 704003

Y. Liu ¥ 5hi, 5 Eheng, B Lin, X 5o, D Yooy, Opeimising the interfoce of C

J Bdmcer Sci 54 (2019) B9OT-ERIE

efferts om the hand somomre of anatace-rimamis. Appl Phye Lere 94 {20090 152102

A El Mragi, ¥ Logvins, L Pineo d= Sihva, O. Zegaoni, J.C G Esteves da Silva,

Svothesiz of Pe- smd Co-Doped Ti0; with fmproved phoeocaralbyric acdrity wder

vizihle irradisrion covard carbamerepine degradasion. Marernls 12 {2019} 3674

V. Fomaravel, 5: Bhatgan, 5 Methew, 3C Mechel F. Bordess 3 Mol 5

J Hinder, & Gact, . Fasie-Palomar, 0. Harmocilla, 5.C. Billai, Mo doped Tick:

J Phye Meser 3 {30007, (15008

¥ A FBhabu A Dei J Thesrthogin J. Madhavan T. Baluy TR Aejsseloma

Tungee=n doped ttanium dioride 2 2 phomanods for dy= eensitized wler cells,

J Bmemr. 81 Aimpsr: Blarmom 38 020170 3428 5438

JEi I ¥o, WL Dei, H 1, B Pan, One-pot synthesis’ of twint-lie el

umgeEn mrngen-co doped titania photoosmlysts with highly mproved visibe

13

{59]

EE

[se]

[s9]

(1]

[62]
[e3]

[se]

[s71

681

551

L7ol

]

Diymicn B Ploysies of Comderesed Meter 551 {2023} 413680

light artivity in the sheserment of phenol, Appl Caml B Bmciran. B2 (2008

33243

531 Hargdnlkhan E Janals, G Velbaj, B8, Ganepdhy, M. Magerajan, Bffect of Ag

&upnqmmmLuph:ﬂmﬂﬂwtﬁmhm:mWGfmgnﬂeﬂm
J. Nixter. 5ci Marer Hlecomn 27 {2016) 47444751

W. 25, B Li, (3 Xu, BEnhanred photoonmlytic activity af Se-doped Til: ondes

11ﬂ=h=hnﬂmhhﬂmm"751

properties, Mew J. Chem. 42 (2015) 5256.

CH Him B Hm, .5 Yang, Ti0h nanoperoicles Joadad on graphens=/rarbon

compoeite nanfhers by electroapimming for incressed phomoarshyiz, Carbon 50

{2012} 247224961

G.h‘kd.nh,Tﬁguﬂu;R.Al:m::,\lKﬂhJ?ﬁm Syrthesis of W-daped Tilk
by lowe-sesmperarure. hydmlysic affecs of anmesling emperstor= and doping

mnnhnﬁmmm&wm J. Chin Chem

Soc. (2018} 1-11.

KL,ZHun.g,I__HE_E Husng, 5. Gao, J.ln,hn:qﬂ::eﬁe:tuf'l?“mﬂ

af T0,/7-CoN, beremimctions, ACE Appl Mater Interfaces 9 {2017}

1I577-11584:

GTS How, A Pandiloirar, H_Elﬁ:g'mhﬁﬂiﬁﬂvu:pnﬂ{ﬂﬂl}ﬁmrnf

tiEmmtirn diccide modified with oeckiced graphen= gaids for dopamine p=mming, Sci

Eeqp. 4 (20140 G044

5. Satbinctvers, 05 Bhacdm, ¥ Luy £ Aldhbiss 40 Alvooki, 2

N.h.lhd,ﬂ.llhmh,ﬂ.?n&:.n,'[m Ti0y with echanced

photocaesbyric and opmoel=cerical via aeroeml sssicted chemmical vaper

deposition, 5o Rep. 5 (2015 10952,

F. Rugyieri, D Di Camillo, L Maccarone, 5. Sanrood, L Loz, Blecoroepun Cu-, W-

and Fe-doped Ti0: nancfibres for photocaslytic degradation of thodamine 6&,

JI'{mnﬂeleECﬂﬂlS} 1883

E.ﬂnm:&m,ﬂ.hnr,ﬁ.hﬂh,ﬂgm-m:dphﬂm:ﬂbmnfﬂ:pﬁlmh

Mjhnﬂhmlmmdmlﬁmdpﬁnnﬂmhflﬂﬂﬁ Chem Eng.
J.E5T (20100 373 37E.
Ylﬂmﬂ&q?.ﬁ,ﬂ.ﬁnn,lt&qlli,ﬂ{-ﬂmdqﬁmnf
E‘Eiﬁlﬂn“ﬂ_ﬂmlﬂﬁm

5 Thou, T D, X 1i Y. Thang, YHY. Thang Degradation of medhylens hioe by
mazural manganese onder: lanetics and mensformarion products, B Soc. Open Sci
& (2019) 190351

AEM Adaoe Tlsh, A BM Fauld Biliin, M Akier MINT Than, AR Toreg, &
H. Piroz, Oxidative degradation of meshylens blue using Mn304 Nanoparcls,
Vimter Conzesw_ 5ci Eng 1 (2017} 248 256,

5P Deshrmbh DF. Hale 5 Har, S5 R hiresth B A Bhanvase, VE Szharan 5
H Sammvean= Uloasnmd assizeed preparsnion of £30,Ti0y namo-cempogite for
mﬂm-nﬁ:mﬂmjlm.

H Tme, 3 Mapd, A novel magpetic reusabls mmo-composite with snhanesd
photocamlytic sctvises for dye degradarion, Separ. Purif Technol 134 (2014
E10-235.

H Tisn, C Wan, X Xn= X Ho X Wang, Bffective elecmon tranefer pathveay of the
termary TiCy /B0 Ag aanooomparite with enhanced photooambric actvit mmdes
vizible Bght, Carsbrar 7 (2017) 156,

¥ Lin ¥ Shi X Lie, H I3, A facile soloochenmnl spproach of novel Bi 5/ Ta0w/
bloe, Appl Swf S 996 (20177 SE.66.

X Eim, ¥ E]:n Y. Demg H Li ¥ EJ,HWmE,ﬁn:ﬂemlm&mlaPprua:hrm'

irradincion, Neve J. Chem. 41 (37) {20177 L3382 153090,



