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Synthesis of Anatase TiO,@GO Nanocomposites Enhancing
Photocatalytic Activity in Visible Light Range
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Abstract Titanium dioxide(TiO2) nanoparticles are used widely as photocatalysts in various applications
because of their unique chemical stability, nontoxicity, high photoactivity, and abundance. In particular,
anatase TiO2 nanoparticles exhibit superior photocatalytic performance in the ultraviolet (UV) range
because of the 3.2 eV band gap. On the other hand, UV comprises only 8% of solar radiation on the
earth's surface. Hence, there is a need to develop TiO; nanoparticle-based photocatalysts in the visible
light range, which comprises 39% of solar radiation on the earth's surface. In this study, anatase
TiO2,@GO nanocomposites were synthesized using a hybridized sol-gel and hydrothermal process. The
photocatalytic activity was investigated in the visible light range. Anatase TiO,@GO nanocomposites
exhibited superior photocatalytic activity in the visible light range with 89% photo-degradation of a
methylene blue solution within 30 minutes. By contrast, pure anatase TiO; nanoparticles exhibited only
8% photo-degradation methylene blue solution within two hours in the visible light range. TiO.@GO
nanocomposites can be applied in fields requiring high photocatalytic activity in the visible light and UV

ranges.
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19500l 249 ol | AlA A= F45HA 7t
stef 20179 769 HE EWIAL A&H R 7ot
I QUeH1L 19 F7ket 4h9) A el tigk a7t
Z7Ktol wet oA 8% x&Fog FUElal 9l
th F7kote oUA 8+ tEE AR AHIF
7IE FEEL o1, AR ARSI AT
AT HIESTEE ek Qloh Q19 Ftet
HEo] TA|BkY] X2 BEol4o] F71e} thefst ¥
L9 ZAE REA71AL Utk mEbA RE7RsRE A
3E Yot 7= A A 9 He ] EAIE i
Asfolst sh= Asdo] sl ]tk

OJAFS}EEH(TiO,: titanium dioxide, °]3}F TiOz) W
LR Ao g QHygetal, FEAoln, B2 g
A= (high photoreactivity), 5244, A7 E4 W&
o FERI gl G EdoltH2]. wetA TiOx £
FEE Eoflo] FEW, AdRHSFHNGHA, 7EAANA,
3PEE 5 ohdst Eopoll S-85 1 ItH2-5]. TiO: H
LA EYgy o R vl et £9 A (rutile,
oJadslAl o

=
2 51— '\E?l—;gzj:

tetragonal  structure)d}
(metastable)Ql oFJERA] AZAH(anatase, tetragonal
structure) Y BF710]E ZY(brookite, orthorhombic
structure) 2.2 EAstH ZAFxo| gt AR o E
EA4E YERdTH2,3]. drE R TiO9] &1 €4
Z(photocatalytic activity)e ZAATZR} AATY]
(crystallite size), EHA, 7]31Z(pore structure)
SOl 9T w=rH2] FE 242 3.0 eV HIEH
(band gap) SIHAE 7R3 Qlof 3.2 eVe] WHEZY o
UAE 23 Sl ofeRA] AR HEZY o x]7}
ZAqr w2 Mx}-& HAEE(faster electron-hole
recombination rate)¥ Rt} £ AAY Z7|(larger
grain size), BT} 2R H]FEHA(smaller specific surface
area) £4 508 Q5o F=u GAEE ofeA|
AAgET Yot webA opelA] A4 TiO, e
PR 5T S YR Qlsto] Tkt Eofof
8= QITH2-5].

oA 71&8 AA-™, TiO, Y=gt 7|6te] F=)
+ =49 26, 19REIAA, &M (water
splitting)o]l 23t 484t 5 thfet Fofof] &85
ArH2-6]. A&7FsE AHRE sl JIF7 sidsfor &
oy gH IA F 7P Alge EA= AL HEE
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Alolck. 53] shajetre] 1z WA AWge] et
A4 7K e AAAS U] Aol 1 Folwch
0% FAZ B4R Q7). oAHe dut v
A B o UAE T 4 glolok sm, o] %
Argo] QA% 2 o

£ 84 g 5

7Fsshok aeHg]. SHAIt olefet olgAlel AR 24
2 BE 2121 9t dui A5 gt SR

=

S BluF FAstaL, oluA] agol &2 HE7IA(CHy)

= @EFF 50.1 kJ/go 2 B2 YA E 35T &
UATE, Ak TG Fofl A ATIAR] oJAkERtAE
IS}, =4 7EA(Hy) = SE=TE 249 k] /g9l B2
NUAE TF = Ju(HE7EA9] oF 5Hf), Aol H
4bEo] E(H,0) #olojA] T fafistA] o, R+
o wj- FHI B2 A7|ESN6l] S & Q= Aol
ATHB]. SRR EollA 4F AP4kel7] YoM A4
a7t SR o7 AgE 0] Qe TRaE #olY
7ol F&3t oA E FFdoF gtrh TiO, YA
EEE 93t FA7] st AA|(photoelectrochemical
cell)oll 8= SltH6]. E3t 7|98 £ 5 FFL
& 49 Eofoll &&= qurk shAet FEH) S4=
7t =2 ofEHA AAAAY] TiO, UiedRte] Hi=E o
YA 3.2 eVE H|1H £7] wfjZo] AJd FFelA
93t =rt2,3].

B o2 HE R|to] JAlste PP ot T
9] AAZ|15E =36kl et sHAT =2 ofvAE 7}
A3 = ALIA(UV: Ultra Violet, ©st UV)2 A40
25 9F 25 km AFel A5z 2EF(03)004 =
200 nm ~ 280 nm YHe| UVCE W7 F+okaL, 3t
% 280 nm ~ 320 nm ¥H2] UVBE thi-Z Sk
Y IS AA, A7t 2| Eoh= HPE2 F9
Al(infrared) 53%, 7HA 84 (visible light) 39%, FelA
8%E =0 UTHIL mEbA TiO, YdAt 715k
B E E8oto] f7] LAEELS EofstAY E82
o ol =AE B4tolr] oAl HFgelA +4 Hl
£0| =2 7HGAT A G4 BF EAStEE
BE 9] 7o) Fasit

meka] B AgoAE Tio, edAket T A
0]=(GO: Graphene Oxide, °|5t GO)& E3s}sto]
ALl FHollA] Bt oftg} 7HAEA J oA = =]
LTt =2 TiO,@GO WrE3H|(nanocomposites)
E 5L, 7T Rl FollA FE &

g0l st ARSI
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EH
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TiO; YAty F5m 52 WogRy 44
A& Hphotogenerated electron-hole pairs)9]
w2 d3gto] o) AgATH10,11]. F=E 4 F
BA717] Aste] TiO, WedAtollA Yo R RE AFgE
A2 A9 AdE Aot ot o] ATt
AEH, TiO, HeAte}t ZnO, WOt 22 WreAlE
4 FE= J9y Z2 ©@439] AA(carbonaceous
substance)® °|FFT YrFR(heterojunction
nanostructure)g FGA171H TiO, W dxpolAe] A
A& A9 AT A2AE 4= SlTH10,11). 9] 1

W2 53 A7AEE, B2 o|l24 HuHE, E4
AES &, B2 F4E 59 45 ERSHL §lo,
TiO, Ye=YUAF FEj9] AR EZ (support material)
2 Agoict10-12]. 1A FolA F o71"E A=At
TiO; YRR HLE= Aol TiO, W= YAtol| A9
Aot AAgET} #EA AP=]7] 2ol F of7)d A
A-& 39 AAgo] AAdt. Eo] 7HAEA FHA4
a9 FolA F 71" AR Tio, e YA =R w2
Al 5571 W2l 7M1 JFolME Tio, Wil
A2t 2de] o]FHY FRoAE w2 FEW S

i I O

LEIAE Ttk

GOE Hummer's WO 2 FA517| 51 graphite
flake(Sigma Aldrich, 99% carbon, 100 mesh) 2g¥}
HAAGEE(Duksan, 99%, NaNOs;) 2g, 18]al 34t
(Samchun, 95.0%, HaSO4) 96 mlE 0 €Y ice bath
oA Ertstar 108xr wRtslelt: ol HYHibdE
(Samchun, 90%, KMnOg) 12g& HHs| A7kelal 0
T 27904 90E-5<t 300 rpm o= WHHAZ] TS, ice
bathZ AA3FL 35 €9 water batholA 247t Hot
Z712 wHISIch water bathE A|ASH 3o go|&
4(D1 water, De-lonized water, ©]3} DI water)
80mlE 300l A4 ¢ HHs| Hriste] §REEE 3
AR ol vREE-2 &3 AdstA §heoto] o
9] 7kA7t AYStE R F0o]5t0] vl HHs] H7tsfoket
t}. o]%o] DI water 200 mlE F7t= H71ste] 23]
S|HAIZ & A wrtshEA dAbelae4x(Samchun,
34.5%, H202) 10 mlE ¥H&=0l 7kl 2A175<t
ultrasonic batholAl %31} ehE|abgdE Yot
o]Zo] Al(sieve)E ol8st] Z77t & YAE AEE
7, 16,000 rpm2= 1023t A5k 93] DI
waterg ©]85t pH 7°] 2 w712 AES XPsk3

. GO @Y (suspension)Z ¥7] ¥5Fo] 3,000 rpm

7} A5 SHEH10]. Wb 2 QoA Fig 10] YehE 9 X&om 35z AEY F A5G Hlof
AAE Hummer's WHC 2 = 819 AFE(GO: 5,000 rpmOlA 587F 37i2 YAES A5t
Graphene Oxide, ©]3F GO) UhcA|ESH ohJehA] 4 458 B8 70 T 98o)4 5ARME AZsH9ct,
9] TiO; e dAE H33}sto] ofuterA] Ti.@GO 1 ol lEH Ti0,@GO WrEFAE 457 st
Hummer’s method oi'o\
S o o ~L e
—\ COOH . <
add NaNO;, H,SO, = ultrasonic g,
and KMrO, c00H exfoliation e
— on s — o}‘/ R
= ? 0 COOH Rinsing and o
_ Add water \ D
Graphite Graphene Oxide L —°
00’1
Graphene Oxide
‘a8 Solution
- *-“x »%
Hydrothermal treatment <00
- Xy Vv
‘* [ 30> W TiO, nanoparticle
£ ™

GO solution + Ti(SO,), + Ethanol
180°C,9 hr

D Graphene oxide sheet

TiO,/Graphene oxide

Fig. 1. Schematic diagram of synthesis process for anatase TiO2@GO nanocomposites photocatalyst

by hydrothermal treatment
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ol&F&(Samchun, 95%) 20 mlol titanium(V)
isopropoxide(Samchun, 99%, Ti(SO4)2) 2.84 mlE
A7¥eto] AA2olA 30& Bt 300 rpmeE WREeHe
7kEeE APsHeE ol Ax"E GOE 05
mg/ml9] %2 DI watero]]l AEAAZ GO €4 40
mlE 7HEelE 8dof & W24 M| H71eE F 60
£ B¢t 300 rpmO 2 AF2olA wEket EHES
HEZ2E70] &7 t2 autoclave ©]-&3to] 180 €O
A AT Bt EAYE APl FEAY &
6,000 rpmOllA 1087 AAE sk, o=k ekt
DI water® A3t thg 70 €9 QEOA] 12417F B2t
AXAF

olJEH Ti0,@GO YB39l g7t ¥ s of
U A9 Tio; WA sttt HadE
ol 71ES oFdERAl TiO,@GO WiE3H $A3 7
oA GO &< A7k 34S AYsta sYstaitt.

OFLHEHA TiO; WAk} ot elA] TiO@GO Ui
H3HA 9] sF=u) &A% (photocatalytic activity)S &
Qlst7] fjsto] wWigdll EF(MB: Methylene Blue, ©|5t
MB) &H9] JEo] TS zPslFct. A methylene
blue trihydrate(Samchum, 97.0%) 10 mg¥ DI
water 500 mlE E33t & AF2o4 308 Bt 300
rpmO & WHIEto] 20 ppme] MB £HS A XMt
MB £ 50 mlof| TiO, Y=YAF = Ti0,@GO Y=
E3H 125 mge H718A sonication 422 #Y
SHA BAAIZ] & 400 rpmollA] 108 B9t =712 wHt
sto] MB &0 W dA7t HLoHA A ES 519
o} 7B oA FEe] AL 5 wattS LED
lampE o]&ste] &5k, UV FHolAY FEs|
AYL 6 watt?] T 254 nm9] UV FY& o]&sto
sttt ol FAH} A5 A= 10 cm=E 5L
SFATE. ] A nE IS dukroA AA|
Holom, W& RASEY] Aol AlRE AFH st diE
2]3}al UV-visible spectrometer® S3E5 43I
THO min AlR). 7HEAT UVE AT 24 H
YT O R ARE AF et dHEY & SBEE
E7oto] MB 899 JEa| J=F SFoHrt

Hummer's W22 3AE GO TiO, Y=UdAt
4 Ti0,@GO WEHA| ] RHELS FARAAEANH

(FE-SEM: Field Emission Scanning Electron Microscope,
ols} FE-SEM)2.2 EA4s139Y, 1 A¥E Fig. 201 Y
ehigich. GO heAlE} @ S4E A Fig. 2 (29
A BT % 9100, TiO, QA vl FYsH
2 9 AL Fig. 2 (B)oIA] BRI % Sk E2E GO
thedE 9o T, thedd7h 295k & 23
o] 9= AL Fig. 2 (A &Ast 5= 3t

Fig. 2. FE-SEM images of (a) graphene oxide
synthesized by Hummer’s method, (b) anatase
TiO; nanoparticles synthesized by
hydrothermal method and (c) anatase
TiO,@GO nanocomposites synthesized by
hydrothermal treatment

A TiO; Hed=et TiO,@GO HiE3tA9] 2
g3t E4E gelst7] 9Iste] Raman #33HRaman
spectroscopy) w407 X4 31E(XRD: X-Ray Diffraction,
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SKe

o|3} XRD) #41Z AAISH3 L, Fig. 33 Fig. 40l 2+
a ﬁﬂ—— ‘/}E‘r‘ﬂc"q Fig. 39] Raman &4 T
145 ecm™, 388 em™, 512 em™', @ 639 cm™ 40
A WEE= Raman 3352 242} ofEHA] TiO, Hie
YA Eg, Big, Aig + Big, Eq BEO] dfigol= TAE0]
TH11). E3F 14 1355 cm™'9F 1600 cm™ ZH0lA
== 13E= GO D band®t G bande] 7]1sk=
30|ty D bande I3 ¥Q] edge E+ in-plane
sp’ defect®} disordered carbonol 7]Ql5k= m=0]
W, G bande BAYAEC] sp? Ao HYwof
in-plane vibration® W Yelt= mj30]cH11]. wt
A] Raman #3835 £4 028 E offeHA| TiO; Y=
e} obEHA| TiO,@GO WE3A7F 2 449 A
gRIgk 4= Qi
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Fig. 3. Raman spectra of graphene oxides, anatase

TiO2 nanoparticles and anatase TiO,@GO
nanocomposites

180 TollA 9AIZE B2t EFA H TiO, U=t
o] XRD E4ATE Fig. 491 YERAITE. XRD &40
A ARAL ICDD No. 98-000-5224(anatase),
ICDD No. 00-003-0380(brookite), ICDD No.
00-001-1292 (rutile)® oI5t A THO

2 FAE TiO, YedAs FAzA00 wet 45517
gdgoz dE i QAN BB o Ao] X
=o] FMgETH3,12,13]. 3] 200 COllAl 12412 &<t

FEE H TiO, WA BS-, ofdErAl Aol
79.2%, FE40] 20.8% Hl&R TAHAES EUSIYL
[12], & AdoMz 3A =22 gleh. & 4284 |
TiO; WA= thEE ol Aol9lom, ke
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Fig. 4. XRD pattern of anatase TiO: nanoparticles
synthesized by hydrothermal method for 9
hours at 180 T
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OB TiO, WAk}t o EA| TiO.@GO Y
E3A9] FE&) SHTE gRlsk ] Hste] MB &9
FES) ARES AYstea, 1 AR Fig. 500 YERS
t}. & ofEHA TiO, WAt 4 MB &0 ot
7 254 nm9 UVE RARSHL, RALEE A7t whet
MB &9o] E3El= J=E Fig. 5 () YERL,
7WBAE RARSHEA] MB 890 EafjEs Hxs
Fig. 5 (b)oll Yetigich. Ad 9 7RAlsg4do] 2Atbe]

A A2 Aol A FBE IHzol HighE 100%= 7
Staz, UV 9 7R3 o] AR whet S 38
o] HUFE iAo r gbste %= ®7|sHH &
OFFEHA TiO, U= dAte] B¢, UV7E A= 240l
AE 2AZFES MB 9=9] 69%7t Eai=| ]t skA|gt
7B 0] ZALEE oAM= 2413 59t MB 9=
8%Rto] Fai=]o] 7kAGA FHolA obtERA] TiO, U
Lo FEM e WY B2 AL T 4= 9l
t}. Fig. 5 (0ol 740l RAFE= E0llA] oft
B4 Ti0,@GO Wi-E3H7} &atyl MB &9 i
3 B4 Ut o234 AklollA diEd AXH
[10] OFEHA] Ti0,@GO WicE3tA|9] JEa| S4=
U9 FobA] ZHAIRFAIC] 308 B9 RAMELS o,
MB d=9] 89%7t £oll¥l= 93 FEH HY=E Y
ERfi ]l
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Fig. 5. UV-visible absorbance of methylene blue(MB)
dye as function of exposure time (a) MB mixed
TiO2 nanoparticles under UV irradiation, (b)
MB mixed TiO; nanoparticles under visible
light(VL) irradiation and (c) MB mixed TiO:

@GO nanocomposites under VL irradiation

4. ZE
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2 gAE 98 SAjoluot 54 B4 U AU B
Ho Byshste] AHA ANAE & B0

AEE JeEE TiO,@GO WieBgtA o] Fzxu) 22
< A TS THAIRA GolA e FE &4
TE MB 899 FE 54 £40= Hrisiiltt. A
To] A= Rt go] g9Fe 4= ik

A, Sol-Gel TAT +HFATHS E3sto] T4
= TiO; YedzHe A9 st 2712 =9om,
njege] 2¢ Aol UelUA|gt tiRE-2 ofuekA] A4
Zte o2 ZRIFEh
=4, GO EF3Rt ofeA| TiO,@GOW =5

Aol GO &®ol| TiO, YAt +dsHAl Agt=]of
Y= AL FASAT EF Ti0,@GO =EgH 9
Raman 2423}, ofelA] 2449] TiO, Wi yxtet
GO7l & B3lshe g #elstoirt.

AR, oFJEH Ti0,@GO YB3 FZuji= 7}A|
B GollA HiS- gt FEu) =S YER o]
ZHAA 2AL 308 Tl MB 899] 89%7t FHol =
et

olJEH Ti0,@GO WrE3Hq= 7%1?***?% 2]
A FhoA w2 B0 SH=rF a3 8ok
2849 5 Qg Aog AYHch
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