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Abstract

In this study, we synthesized a combination of graphene oxide (GO) and titanium dioxide (TiO,) and confirm that GO can be
used for CO, photoreduction. TiO, exhibited highly efficient combination with other conventional electric charges generated
by these paration phenomenon for suppression of hole-electron recombination. This improved the efficiency of CO, photo-
reduction. The synthetic form of GO-TiO, used in this study was agraphene sheet surrounded by TiO, powder. Efficiency and

stability were enhanced by combination of GO and TiO,. In a CO, photoreduction experiment, the highest CO conversion rate
was 0.652 pmol/g-h in GO10-TiO;, (2.3-fold that of pure TiO,) and the highest CH, production rate was 0.037 pmol/g-h in
GO0.1-TiO; (2.4-fold that of pure TiO,). GO enhances photocatalytic efficiency by functioning as a support and absorbent,
and enabling charge separation. With increasing GO concentration, the CHy4 level decreases to~45% due to decreased transfer
of electrons. In this study, TiO, together with GO yielded a different result than the normal doping effect and selective CO,

photoreduction.
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1. Introduction

247122 dd 48R ozt e A(C0,)Y Wi 24
7He AR BAlY 8ER 9 AMolge SHAA TOF
St HHog A7t HYP Folth(Song, 2006). 1 T HE

A WP r drYotdd wgs &9 949 ol
EA ¢F&H] 9SS 53 Ft2RY 0 ESY §Ao] 9l
(Spinner, 2012). ol&s Y YHELS 2 E2F HE
2 948, 255 79t mEtA 2AVFAY A &Y
oA HAHQA CO, HAS 1LHsH E8THS Hsl o
A9 B2 A7/t 298¢ EokolthSong, 2006). = TE
COY ¥E PHo= COY F4asHihgo] Atk Upadhye
et al, 2015). ZAEg FLF S 7 F4AE o] &3t CO,
g 9547t2 wss B3 W3AZ ¢ JrhHu et al,
2013). SkA|FF PEAHA CO, &

st7le] =2 UUAE a7 F4F3F 4
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H-&3 Behddoer off A&sishrlde B
woiglnh, ek ot ol WHELS <l °F 353 Gt
HAEE COY ARs A AR FHEde 753
Eo] @oHOlivier et al, 2014; Zhao et al., 2013). ©]2]gt
oAHFE FHIE IR FEFWE 0] &S CO,Y FEH
o] aFZQl ter ZFS WA gItkLiu, Hoivik et
al., 2012). o] oA o F7HFA U E Z8=2
sk gom A2ddME ¥hg 2Po] Fhed AFFH
Q1 Wol7] W&otk

oI FEu EZ FolA oXEEERE(TIO) O] 7HE
EAAQ] AF dl4o]th(Gaya and Abdullah, 2008; Zhao et
al, 2013). @5 TiO= F-AA A2 I, 224 A
@R AA FHEAEe AV Atk oHd FHES
FEI7] A& o2 BEAFH 2ot PHol £ F
Holm ol F3l BEE 2 F&& FYANE F UHKim
et al.,, 2014; Lee et al., 2010; Nasution et al., 2005; Yui
et al,, 2011). 2o 2PV L2 w2 AVIH=E, 70T H
EHE, 25 AEE T 7IE EZAANe HY AE

g EH& MR q7ld g PN FEE
= g2y EAoltkShao et al., 2010). TiO,E Z§3 A
A& 7 o Agddd £2 AUA 2RE AE
Aoz AZHAG A 42 W4T SHIAYe=E
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Agto] &o] skx Yth(Jiang et al, 2011; Park, 2013).

JHPA A E(GO)= 2Hoe] tstE FHE A
g4 A E ot 24877 ZFE Fejolth oz g
M2 E7E B @h AES b2 B2 dZo) Jte
stk Gool EAlske T2 ALY JtEEA7 9%
FAE 7 ARAG £ dZ o7l GO TiO7h
2 AR aBE ds F Aoz oidHc ®ot
oldz Goe 714l §&8%5S AL F 9eH Co, ¥
o 2 A58 /1A Aoz d#HA A tHGarcia-Gallas-
tegui et al., 2012; Sayama et al., 2000). 7]&<] Aol
= AEES FHAII7 Astd GOE FgdE FH= Bo
HgHoy, #AHA FS GOE AR AAFE IS
4 F ol 2FE T FEW 52§ FHE AT F
I TtHGao et al., 2014). Hsu et al. (2012)2 GO7} &=
9 H&3 HZS JHA GOWeEE COE ddAZ
AL AT AH/E HE vt Aok

2 dFodAME LA &2 GO Y= Tio Y éi}
53l Co9 FEY AFES AAFGT GOy FEgo
4 TiO, % %‘f%uﬁ o] HEgAl HAEE EAQA —Z’—-*
AT 9 Astdds FE}LA 81, 4 Tio,E GO

< 59 ZW3 371 B9 FEv w9 28

FHE o|FaA Firk o]H AFAA GO TiO,d =F
2 FEu) S 59 Hs TS FA wpt
(Gao et al.,, 2014). SHA| T & AFAAMAHFE FAukgo] &
23 AT AY gtk E=F J]E AFA Bo] TR
7 298 Go9 FE talel FLHA FE GOE TiO, %}
TiO, 5—{3“% %a} CO, 376]'
ggoz AgEE %X‘% ZAstd & Edo] COo, %

o,
tfo

43

2 F‘D o

2. Materials and Methods

2.1, Lt TiO, &t

2 AT Yk TiO= EAMe=z AU THYu et al,
2012). 9.2 g9 titanium isopropoxide (above 98%, Deajung)
30mle] £t o e (absolute, Deajung)dll St ©]
10832 IEkgk Tl 150 mle] gol2Fo] g des
ok olFA AEE REs dHRHE
ot dggz 47 3 A

o

B2 T "ol 2 AFsAh Al
HE BB QEA 100°CE FE3] @ F 400°ColA
A5 545 thramp rate 1°C/&)

2.2. GO-TiO, =& & I EA{dHH
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100 W)t F 12A1+5< AdAZT AddE dg9e 2
EolA 100°CE i‘:'ol 2 FYHE Tio, iy GO
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B2 GOX-Ti0olH X& 7zt 01, 1, 5, 10% ZSZH=
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Fig. 1. Scheme of CO, photoreduction experiment.

2 B8 doizxl EF S oIt WS
gt BEAg AAEEt 49 23 TF2RE XA ¥4
2]7](XRD, Rigaku D/MAXRINT 2000)Z ©]-&3l4 40 kV,
100 mA ZZo04 205 20~80°Y W2 EA S THCu
Karadiation (A =1.5418740°A) as X-ray source). =22 &
He E3AA0Z(TEM, JEM-2010)22 16kV, 8.5nm
WD value ZAdA EAst FHAAANNE S AL
2 A AR FHlE dggdd AREE FEI 2N F
1A A FHAA

M oft

3100)% o]%o}o:] 532nm #ojA FAHOZ 100~4000 cm’
FHo 2 NS AAEATh B2 W 29 gotry] 9
3 XA FARAEFZ7|(XPS, VG Multilab 2000)E X-ray &
A(Al Ka, 1253.6 eV)E 10kV, 30mA ZHo2 BEA 59
o AAFEAE e BLB(PL, MonoRa750i/ ELT1000)
E4& 3t} He-Cd #olAR25mm)E FYoz A&
. H|ZEHZH(BET, Autosorb-iQ 2ST/MP, Quanta-chrome)&
N AAE xoetd Yk

*XL

2.3. CO, Hata M3
CO, 349 492
gtk AAYY w37
WHEAZL 70mmolH Fol&= 2
£ 03gS 300ml ©ol2o] Yo dds st
c027}*(99 999%)E 3023k Bojgol W& XA E}
F3AZ F UV BIZ(UVC, 254nm, 8 W, Sanko Denky)
g Foz 4¥e AFsdth UVAZY 22 AP 3

Hoz gL Rae Aue A #9
71 F9dl EFrlE 292 gt wSTIdA B8E
2E Yy Jt2aZetEIH I(TOGA, gas chro-
matography, Porapak Q and molsieve 13X column)22 =
Aaant A2AE AFE W% TOGA 1+ FH A2
she] Aok

3. Results and Discussion

st TiO,d 2F S 24 9 IHHFY

o =
= [e)
obE & ot ¥ubAHQl TiO,= Anatase 2737
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Fig. 2. (a) XRD pattern of TiO,, GO1-TiO, and GO10-TiO,
(V:anatase), (b) TEM image of GOO0.1-TiO, and (c)
EDS spectrum of GOO0.1-TiO,.

Rutile ZFT+ZE Wi o0, I = Anatase 23| Rutile
A Hgte B 2 AA AGFHLE st 38
dol Eotx &# A UthLiu, Zhao et al, 2012). TiO,<]
Anatase 2732 XRD £4 oA Fig. 2(a)%t 2ol F 3
391 253°8F TlEo] 37.8°, 48.0°, 53.8°, 55.0°, 62.1°¢]A
3 29t 4d9 £43 Tio, Y=YdAg Gost =
et TiO,9) XRD FHIAME Z2 X 35 Bk
°olE GO =F3 TiO, EI EF Antase 29 TiO, S
7hA ESE GO%Y 2FE H% AHFFNA TiO Y 2
el €S HAA Eas € T UJT ES XRD 4
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ZE Anatase 239 (101) ©dHE Jujges F Had
25.3°9] wbgk WkES Scherrer 412 &3l TiO,S 3B
o 23 Z7IE Ttk 2 A% &F Tio, YA =
10.68 nme|™ o E29 A3 7] TS FASHA Usith
o] o EAPOE AT TiO, F=¥AZ71 10~20 nm
9,]. %)\}o’ko o]- A 01911;].

A E2 FEHl+= Fig. 2(b)2] TEM A& 5 &35t
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Rl

ol Ut @Cd GO«] E‘erE 7};4;4;4011 X <
EA7|¢ A28 ALRE FFo] 7testth Fig 2(c)<
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AE Ti 947 Bolx &7ld Y=Ar7 GO A E
oS G449 & 5 UAATH

a9E B2 M9 gubEel $HeE GO
% Fig. 3(a)% fAMS dd& BoFoich it &
WY 1340 cm™ ¢} 1580 cm™E 22 D I3, GYa=E
. GHAE aH3d AEY g4t sp2 2SS YAt
D ¥aE g 29 sp3 2FL YERlE Aow
aHE W A ZE7Z Q8 sp2 2EES o) FA B
9|n & ch(Kudin et al,. 2008). GOH|&o| wZ D= G
939 HE GOI-TIO,Y 7S 1.15, GOI0-Ti0,8 A$
1142 H| &3 fA3E BAFJoh GOH|7t Efﬂ‘: D
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Fig. 3(b)olX ¢ XPS #4222 GO Tio, I+ 2¢S &
Astgth 22 159 XPS AFEHY g fda
530.9 evel XS FaE ©Le 24T o|FEAES

nst ol BAAIEY FFEEAVE uSthKim et al,.
2012). GOY H|g°o] EF5F 5309 VY Harl LTS
el 7ol TEM A ol4 F58 vtet o] 725477
GOQ} TiO Xt AZ21AE & F AUATh

kg e F5uo FAHHCA dojyrld Butg &7
S Y8 2Hy T4 Aot 99 49 %
< BET ®#4& &3 g8ttt &5 Tio, U=y

[e)

Sl

2 EZd Rise anH %2i EAF
5% 4 AthPerera et al.,, 2012). &F
=7ke] B2 (94.08 m¥/g)ol HEl GOI10-TiO,
o] ¥WF(11627 mY/g)°l S B AL st
Ti0,9 #&E A3t Fo a4l &34 AAF &
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Fig. 3. (a) Raman spectra of GO1-TiO, and GO10-TiO, and
O 1s core level XPS spectra of (b) GO1-TiO, and
(¢) GOI10-TiOs.

S92 AAF HEs YeEle 3ezE & 5

TiO = B = HgH oA T GOe B2 <ls)
FFE BS F AtH(Williams et al., 2008). °]ol GO-TiO,
=429 Fgd gls A& B AFY GO-TiO,E XPS
24& AAsAT Table 19 Fig. 4(b), (c)olH HAFE
o] FWE HF XPS 2HEF 2 Ao|7t gle A=
1A olF &3 Bugod= GOt & FTFs A
o w

FsEe st
AP Fo AHELS AAsRA B
golth. were S WH(024V)7h ALY BY A

271 AUAHL SHAAE Wgo] 5
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Fig. 4. (a) Photoluminescence spectra of TiO,, GO10-TiO,

and C 1s core-level XPS spectra of (b) before the
GO10-TiO, experiment and (c) after the GO10-TiO,

experiment.

Table 1. C 1s core level XPS spectra of peak ratio before and

after experiment

Name Peak position [eV] | Ratio (After/Before) | Bond
1 285.1 1.04 C-C
2 286.0 1.07 C-0
3 286.9 1.12 Cc=0
4 288.6 0.97 0-C=0
5 285.1 1.03

ol e 44 ARARRE YasEart o

Z_'
BT ol A F9 ZHnth: 44T S
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Fig. 5. Production of carbon monoxide via CO, photoreduction. EAME B9 TiO, Y=E2ZTF GO AT mwts
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g [ XS o] &% CO, Y A9 A ditsies 44
2 o151 S GOI0-TiO A 0.652 pmol/g-hS BEPom (&4 TiO,
"§ 0.10 M ! 9] 234, Wg BAL GO0.1-TiO%1 A 0.037 pmol/g-h&
g 0os | v BYE& IRISHATHET TiO 9] 2.4u0). ZEgt 7[&¢] Y
: v H GOE F&3 AFoAE g =39 aAXYH Fo4
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Fig. 6. Production of methane via CO, photoreduction.
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