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2.2 TiO, =019 2t
2.2.1 Ti0,9 1z} EA

TiO, U 7t (Band GaP)O| 3.0~3.2 eVOZ 37| Wj20| % 2t
oMS EIHOZ H E4Y 4 UL, 489 FOM HEH Y was
Moz obysp| WTO| Q7SS ALHOE BEsHI IHssHChI20]
TiO, HuI™A S ZAMAIRE UEHHE anatase, rutile It AR A9
2YARE Ad brookite? M 7fA| {FL=2 UEfE FEHOIY
(polymorphs) @ E{O[C}.[21I22] (Fig 3) M| 7fZ| |& & anatase’t &
580l 517 W0 2 A7F O|FOIR|L QUL brookite <
HZ7F 77| IjZ0| A= O0/0|stH.

TiO,2 ety oz Lit4 ZAEPOZ Qs nF HE=A|O|Cf.[23] '?_H 4
2 anatase? A% 3.2 eV, rutile® AL 3.0 eV, brookite® 7
3.2 eVoO|Ct.[24] Lot CHE FFOHt H|WStH FHYSH f%ﬂ%fﬂ
= tef #E MY F™E 7R A7 W&

—

o|ct.
TIOAE SHEH BEO) HREZ U8 Lajmot orqa Apol4l pek
J)5e #8510 Mol £2 U SYENAN 8L ULt

Anatase Rutile RBroakite

V.Etacher: et al./ Journal ot Photochemistry and Photobiology C: Photochemistry Reviews Zb (2015) 1-29

Fig 3. Crystalline structures (rutile, anatase and brookite) of TiO,
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2.3 g—C3N, (Graphitic carbon nitride)
231 g—C3N4

LEO F 71 YRl TiO& EfY o|uZ|Q Y2 ALEE0| 28|
7
o

=
HIZAMo|ty. MM EfFoUA|e 20 &8 &&= F-dst7| AsiM
= 7HAES SN Y EE HO|E ZHAEM HhE =00 CHof &'
SHAl AEOfA| L Tt O F oot FEOH2 UFAF HEEHQl g—CaNy
7t FFET QM g-C:Nys AE2F Band Gap(2.7 eV), £=-d, AH|
g, et Y 9 FHEOl UG £t g-CNy2 2, 37|, B,
718 #Z, 37| 22 E FEE A0 7tssto dstA REE Yts
gt FZOHE JFgot=H A EE8FE &+ AL UEfM oz 2 23
steb ZOROIM IfeHd, 7|=4 F8749 A FAZE £d& Soff oY
gt & =OF gk g—CsNy 7|8t EFZ0HE 7HEst= A0l & #HHES
HFT O} [27]

2.3.2 g—C3N49.I ;-_%

g—C3Ny, 2= a—C3Ny, B—CsNy, cubic CsNy4, pseudocubic CsNy,
g-h—triazine, g—heptazine 12|11 g-o—triazine 772 LH 2RIt I8/
ZkZF HHE ZH O|HR|= 5.49 eV, 4.85 eV, 4.30 eV, 4.13 eV, 2.97 eV,
2.88 eV 2|1 0.93 eV O|C}f.[28] g—C3N, & FAMHste 7|2 +2 ©Y
triazine(C3Ny )2t tri-s-triazine/heptazine(CeN7) 1 2|0|Ct (Fig 8) O]
W F& FUAM tri-s—triazine AR7f HZ0| Md3E1 9 =F
oM 72k Qr™zel 1ol O] JLRE melamine, cyanamide,
dicyandiamide E£= ureaZ F=% 9r80| UL} g—C:Ny 4%
M LUF &5 +27F HEHL Eb SEES0 ol 2D &
=0, 2D 350 gt 2HE g29 o osiM AHIEHY &
(graphitic)df H|L9F A2 S JdetHt. Ot AL Hi9F L24
= ¥-8or7| wi=o IsmE FhE O] EZfO|E(Graphitic carbon
nitride)2t= O|F0| &AL}, (Figh)

4 rr

L
mjo
(_J'I_l

mjo o
ol

x

ol



J. Wen et al. / Applied Surface Science 391 (2017) 72-123

Fig 4. The stacked 2D layered structure of g—CsNy

(a) (b)
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Fig 5. a) Structures of Triazine b)Structures of tri—s—triazine
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Eot g-CoNis 2|70 B8 UAe TAR JYEO UCh LA
47t ZE5 A3

S 24 A0l FHHMOZ ¢-CN.B PHY & UTh CHU WA

= 7

=

Isotil CfFet Band

) ) ) = °
Urea, thiourea, melamine, cyanamide 53 Z2 %

0|85t hE & z=HUC=Z g—C3N,O| 7
Gapl}f BHA S Zr=Ct (fig9, Tablel)[29]

Melamine
(CsHsNg)

Cyanamide
(CH:N,)

Dicyandiamide
(C2H4N4)

Urea
(CH4N,O)

Thiourea
(CH4N;S)

ox

500-580 °C
.g.{ 550 °C

550 °C
' Thermal
@
Polymerization
P z ¢ 520-550 °C —
9

450-650 °C —

Graphitic carbon nitride
(g-C3Ny4)

Chem. Rev. 2016, 116, 7159—7329

Fig 6. Schematic illustration of the synthesis process of g—C3sN4 by thermal polymerization of

different precursors
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Table 1. Specific surface areas and band gaps of g—C3Ns photocatalysts synthesized from different types of precursors and
under different synthesis parameters

ke &7 H] £
LA Hie 78 oA
(annealing temp, duration, | Specific surface area
precursors of g-c3n4 . Band gap energy (eV)
atmosphere) (m* g™)
Cyanamide 550 °C, 4 h, air 10 2.7
500 °C, 2 h, air 7.1 2.83
550 °C, 2 h, air 8.6 2.78
600 °C, 2 h, air 11.7 2.71
650 ‘C, 2 h, air 46.8 2.74
470 °C, 2 h, air 6.0 2.87
500 °C, 2 h, air 41.5 2.85
520 °C, 2 h, air 173.6 2.89
540 °C, 2 h, air 210.1 2.93
Melamine 600 °C, 4 h, Ar atmosphere 8.6 2.69
520 °C, 2 h, N2 atmosphere 17.4 2.74
550 °C, 4 h, He atmosphere,
subsequently 550 °‘C, 3 h, H2|28.0 ~2.72
atmosphere
400 °C, 1.5 h, N2 atmosphere,
. 2.48—2.95 (n — TO*
subsequently 700 C, 2 h, N2 |99 N
transitions)
atmosphere
Thiourea 550 °C, 3 h, air 11.3 2.60
450 °C, 2 h, air 11 2.71

_‘]2_




500 °C, 2 h, air 17 2.70
550 °C, 2 h, air 18 2.58
600 °C, 2 h, air 27 2.62
550 °C, 2 h, air 27.1 2.46
600 °C, 4 h, air 18.5 2.74

_‘]3_
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2.3.3 g—C3N49.l ZC,I-ZE]I

g—C;N,&= A3 Band Gap(2.7 eV) T &2 3l5HA otyMdo|zt 2
HE2 7HA[L UY. 460nm O A 7ZHA|ZM ofefo F&EEE HAME
FH0l A, Lot OF 113 ohfot g 8RO et CB HZRIE 7F
A2 QITh. Zo| F42H0| glon, 2D S50| Lt w2 waol g
of o HSd A=2E 7ML UL, Ozt H™ot MR HHE J2E=
BEO) B 27, CO.ZL, 2F U £, 7] ¥Y Y 251 2
Qs Hopo| AHgELr S2fsich!?’! of or ofyzr ce Noz
1

T i
L Z

oM oz

Mo

THEIYT] 20| M HIGOR HA TY 5T wo of
MM PEYOIE YUE U EIr SO o5 2D
=] Zﬁ-{ o

-tTl—
||'|J -||:|

20| B0 o3 &fat

I'IJ

Potenial
(V vs NHE, pH=T7)

otenial (AE,) for CRR ,‘."',_

B E(C0/C0)
vl . "-ﬁf{mmmm
;g'-;é ———— e, s
B B = ELCO/CH,0M)
- \.’HI IIJI'C !
2.7eV | C;N, E{CBJ{':IU
“ v c—t E(H,000,)

1.29 - Ferrerrrsrrrmrrerrrrrerrwr e e a— OO )

Dvcrpnlculnl (AE,) for OER

Fig 7. The redox potentials of the relevant reactions with respect

. . 2
to the estimated position of the g—C3N4 band edges at pH 7.[ 7]
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2.3.4 g—C3N,2| shA™

A2t H30| ME QLM AREFR| =
Z0 285 7ML AN, LF=E
= a8 12 ZHAEH SHoM - bulk
g—C:N.8| BF3o| 8 HAO|Ly. ZrA[gd otol| &sff FAE &+& of
4 = VBOA CBEZ 7|0
VBO| g&0| YEEn. I3 Hg MA-HI 4 FHEHAY FE0M
HHOZ O|FotHA AZL0| HO. 2AHZT YoM BEH AHEAYY &
o 2zZes Edoh. o33t WHo =2 MAret ZJO| MAYEHAM &
ZEMQ 82 ZaA|7IL. Bulk g—CsNy&= tri—s—triazine 2]
2D3eR FHEO UY 2O AR 7hsdol IA F7IetH. o|%t
20| g—C3Ny 22F YA FH&= A0 Y2 = 01rIH.

i
~
2
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e
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rlo
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a2
=
rx

Fi'_ﬁ J

N

|o

fu

C
Lro Kl

o

Pollutant degradation
B _{_19, Water splitting

conversion

Fig 8. Schematic of the pathway of photogenerated electron-hole pairs
on the bulk g-CsN, after light irradiation
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olg{gr AP S F=5t71 #ali o2 7tA| HEHE0| AHHEARLZ U
CH(OF13) Est7| e gEH2 24 ¥ HE% %S doping, 25
MetE SHZ "™, HES AetE slHEZ Yol A 245 Y HZ
4£Z dopingstH WE AR &, WA-HF 28 =&, WSt dF &8
O 0| 7tsott. o8 2itE &6 2HAE & =+ g
Nanostructuree g—C:N4O| Z=F5 THE0] HIREHHE S I FTA7|=
Se4O|Cf.[301 SFx[QF O] #fH2 OFM/gol &RIEZ| ot &, &
5 =25, < W2 Z2 425 SlEHZ2 Y2 FAHAO|A| Zotht. f
gHA 2 AHYME HZS SHZ Y WEES 0|85t ZMStAL
HZ24 SElz Yt 22 253t Band Gapg E&H=0 AHZEYHES =
Y 5+ U EE 7L UH. H[FEHL2 2= tungsten oxide (WO3)E
AtEot AL

/ N
/' Non-metal- \
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- _//
/ \ ,-'//Modification;\\\ _, 4
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heterojunction
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>

Flg 9. Modifications of g-CsNy
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2.3.56 REZS 1 E X (Supramolecular)

g—C3Ny= melamine §2f #2 HHsE AAXFE LG50 A AHZ
o £+ YA OEE Bulk 222 FGEHOUN. Bulk 2= WAL

=
&2 AZYOl gl o|FolH F=0iel =80 BOIUH. IEM d&
e Fsll o RR] FEE  AlEsforetty. 1 F °F i

Supramolecular assembly Bft10| QUL [31] Supramolecular assembly2

HZR 44 ZY HS LY o ¥2 |IIEAS0 ZYHO 2 2

A FRE st AYo[nt.32] o L2 HAA AO|o ~AZE

Of JGE0f eyt L7t HH. (Fig 10) ;M ¥ FEQF 22 HHRr
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Fig 10. Hydrogen bond network in cyanuric acid-melamine crystal®
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2.4 Tungsten oxide (WO3)

FAH ASE(WO3)2 LTM
40| 1,473°C 0|1, O|EAQ UEE 7.21g/cm3 O|H, 0= =X
LdHEY =+ HM‘%@ =40, HAR AtetEol AP IR
250 et HESIEE 740 °C O| 4o 2&0|A= tetragonal +=&, 330
~ 740 °C OfAM= orthorhombic %, 17 ~ 330 °C %A= monoclinic
242 d2|1d —-50 ~ 17 °C oM triclinic +R2E 7FRICE O] FO|M
AFRO|| A JHAF OFHEF ZZANO| monoclinic LZE U QJCH EIAE
etE2 =2 2EEL JHAEH SF0MY et BEilEES 7RA|LL
Band Gap Of|LZ|7} QF 2.8 eV (Fig 11)Z2M 7JHAEM0| Z-3st= %’8
Of A2l 480nm7A| H& S+ Y + AUH. SR =0 SHEL=

Sat0] ojst QA S40| O HolLTHE ZAPE gCti

(o]
=
ogl
rz
>
Y
oH
r)—
@
o
rx
i
©°
il

ﬂJI

'0,/HCOOH(-0.61 V)
| AU,:‘]-ICHE{-I].#E\-‘}

2HTH,(-0.41 V)

3
=
= :
= Riﬂgcﬂdﬂ-ﬂiﬁuaaw
; +1 %, %CO,/CH,(-0.24 V)
T 2t H,0/0,(0.82 V)
[ ¥]
= +3} |
= 2.7 BiVO, 2.7
" I'wo, TiO,(A)
(pH=T)

Fig 11. Schematic illustration of the Band Gap[27]
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2.5.1 Rhodamine B (Rh B)

B
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ol
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Fig 13. The Structure of Rhodamine B
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2.6 S84

off

o
HES

i
o a0l 8= H7[H ¢

A= Aol HAPE =A] SEoF °F 30-90%7F

<13

]

20k OfLjat ARS8

Hi =2

X0
ol

mjn

P
110

To
ol
1o

o

mn
To

.
__OL
4L

A

e A AL

1= J =)
=22

E

o
=

i &= AA7F =HA|T L8 9

A

<

|

0

A W ErEEorol ofeh B A7 HRE U,

2.6.1 Tetracycline (TC)

2 Z01M oorE, £

Sk
=]

2171 2|2 ME2=2 F

I

5|

AHAF

a4 MAoM

TCe=

202 Yt ol

of <k

|
Sf/H|
HAZF oy 1

T/ REE: 23
SHH = 7|29

g
Cf. of2fgr

GOl A AZF olE .

o

st

CC
¢!

[A17] S440] QL. (39

=9 8% Al

Al
=

’

—_
110

s

or

Lol A H|

—
—

sfet2= ofefel Fig 17af Zof. TC

gl
Ho|Lt &7 o)A

=g oty

1100
oju

__OH_

ol

27f, 37t8] 50|24 ZAH0lE

=l

CC
a-

st ZgE ot

2+2 7| (Silanol groups)df Z

==
=

_2‘]_



Fig 14. The Structure of Tetracycline
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2.7 A=A
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3. A H

3.1 A=
o ATOME FRNTM sl THE B 4 A= B

(W—g-C:NDE gdst7] #shM HFU #2 S ARESIUH.
g—CsN, 2 $d5t7| Qs Melamine (@O sH2), Cyanuric acid(&)CH
4or2)2F  Thiourea(®UEe2)2 APEsHtt. 2|2 Ammonium
tungstate(99.99%,Sigma—aldrich)& O| &5l 3|HZ Mt &d2 5t
Ch. =S 2 =9Q5t7| Y5t Rhodamine B(Sigma—aldrich),
Tetracycline(Sigma—aldrich) £8M2 ArEs5I¥L. 2= st 232
=4 55 AlYo|en ZIrHQl HAH|GO|l ARESHAN. EESH A
ZIAEHE AEEli7| @516 =4 (xenon I ORIEL
INSTRUMENTSOPS—A500)& At25tA L.
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3.3 2019 S4E4

3.2.1 SEM &4

FIg 15. Image of SEM equipment
<Model :S—3400N(Type II)>
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3.2.2 HR-TEM(i#dl5 Futilxtedu]3)

HR-TEM2 1 Edl|ls ENHMAEHD|AO0|H <2AUR= High Resolution—
Transmission Electron MicroscopyO|Ct. YHFHOl TEMO|| H|s{ O/MZ
A 20| |85t RAo|0|X|ol TP A AYSEEMO| AMEsE 7|7|0|
CF. A|HE &&ote W2 €8 A7| dZ2E SaetH A 3| IjH
o JsidE AP OnR[7t JEdEH. &= AHAMM ddE FSFO0Y

WO3 YA JH U g-CSN.2| FHE F&ofA AR sl A&
SFRAH.

Fig 16. Image of HR—TEM equipment <Model : JEM—2100F >
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3.2.3 EDS Spectra

EDS# Energy dispersive spectroscopy? 2FAO|H, A& 0.lum 4
Lo DIMgE FHO| 7EHAFE ZAGHY AlRUWZ YARE ALY A=
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29 74 8459 4EH 24 Yol
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£ 0 o
L0 e
= T
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>
QE
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3.2.4 Elemental Mapping

Elemental Mapping= AHEO0|A ZF @49 EXE HOF
ot A|RERS YAEEE Mot I 9
Ut %2 Ago| ER oZo|t &
g 7tssthh. A|R9| HZpM(Electron beam)g& RA
OlH4Z[E O|&st0 shad Ha9 FFY
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Fig 17. Image of EDS Spectra and Elemental Mapping
<Model : Nova NanoSEM >
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3.2.5 XRD (X-ray Diffractometry)

XRDE X-ray Diffractiometry?] A2 XME A0F L= HIAILNE
O| 85t ZEMst= 7|7|0|H. XMEZ A0 BEES|A otH 1 F &7t

3¥g YorlE 1 WAL YE& BUNNG LRF US UEYS

2 0 Y XME BYSIW ARE PG YN BUY FRE ¢

4 AT Z4E A HY BAI 34, MY, DEA MO 2YA

B4 Y BRI A2 BAOIN 80| Jhssith £ AUEHOIME A

BOREOe ZHIZ Y ZHUZ HAUH| A0 AESIACE
= =g

Fig 18. Image of XRD equipment <Model : D/MAX2500V/PC>
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3.2.6 TGA(Thermogravimetric Analysis)

TGAE= Thermogravimetric Analysis2A @& It A|&RQ| 3}SHA,
=0y B2 MU= BA IS Al 220 Ofep #shs H|O|
O TGAO 93t -2 TMe ALGI AR TOHYH U B
TJHIE YEFHD 7tEo] ERE W RA7| AgHIE &+ AL (2]

29| MOl U MEIE AT ZYEMS HOSH Ro| B8Y 4
UTH 2 MBOlME FHE FFOY B WYY 24ES A ©

Fig 19. Image of TGA equipment <Model : Q500>
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3.2.7 LC-MS

LC—MS&t Yy IROLEJHE RZFEAM7|2tn 5HH,  Liquid
Chromatography — Mass Spectrometer® 2FZIO|Ct. O] 7|7|& &l A
2 U H9E SR FURAS HOIY £ U Eah AR U 27
S JIMAOIN O[2BHAIZ SIHUA et AHS 25Ol molecular
weight® ZHE 4 °'E+ ol =uF TZE I SO S P2
2 7BY 4 ATh LC-MSE HE U A%E B4, BY 24 Y D
A =3 E*H#"E'/DNAOE—'?’—1 A 22 A & Ot dAlE
Uol pzLM0| HE JHSSICL B AYOME TCY 23E ol
Aol ArEsIRH. TCe Holid /71 =017 H=o 2Het F==
gs = Yo OEM TCY F=df 3¢ 98 SUAE S83E °of
W 2s AR ofsf 2 4 Ut

Fig 20. Image of LC—MS equipment
<Model : 1200 Series & HCT Basic System>
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3.4 7tAlR g stoM =0 o

gddd FEMY T ZEE US| #stq 420W xenon WIEEF O
&ofl 7FAlEA St Rh B 89 HEdl BtES 2HAIZD.

Rh B #gHd TC £EAUS 12ppm= FH|SIH 15mlE =ForL
ddet =0 0.01ge E9 HES AL BA, LU= H2|of
Dark HEfE |AI5tH 30 HE uwhBH7|E O[&5IH A ZEH. Ol =+
A FFRON7F 2 S2EA HE7] HSHMO|H. 15 JE & Ao E
WS HY =85t HSAUT A & EEEEA(UV-Vis)E O|&
ol g4 AHETZ SHAML. Ol 7HAEFM HIEE 7 F=04o BF
SO AHEHES ot 5 99 M-S HrESH. Xenon HIEE ARES Of
7IA[EM StOIMe 2&E =HQUSH| HSHH AM, HeMEZ fHsi=
F 7t HR|E O|85IATt. LEY0[400nmO|sFQl RjMZ 2fHSHI| 9
Sf% 400nm HE{S Z2GIALT LEYO| 800nm O XHeldE 2Hst
7| 95t 8 +&#A|7|= Immersion Cooler(GJEIO TECH)ZE 0|85t
AL ZR|Y AR Qs YMIESl REI7t Zet7tH HeMOo| EAlst=
O, O|F AMo{=0] Mg ATHAI7|7] 70|

Rh B2 TCY sLtstE 2Mst7| Yol 302~1A17t 7tHe=2 &
EFEAZ ARE SY5I9 vtg M 29 g+ YL F HlWSI0 ZUIE
oty
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4.2.2 HR—TEM £
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Fig 23. Image of TEM of W—g—C3N,4
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4.2.4 Elemental Mapping &
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Fig 25. Elemental mapping images of W/CN—sup
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Fig 26. Elemental mapping images

of each elements
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4.2.5 XRD (X-ray Diffractometry) &4
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Fig 27. XRD patterns of the WO3, CN—ML, W/CN—-SUP
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4.2.6 TGA(Thermogravimetric Analysis) =M
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Fig 28. TGA curves of CN—ML and 6.2% WO3 in g—C3N4
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Fig 29. UV—vis absorption spectra for the Rh B degradation
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Abstract

Synthesis and modification of carbon nitride material and its
application in removing contaminants under visible light

irradiation

Yun—Seol Hwa
Department of Civil & Environmental Engineering

Graduate School, University of Ulsan

Various industries have grown around the world, and as a result,
wastewater contains non—degradable organic chemicals such as
pesticides, pharmaceuticals, and cosmetics. Various methods of
removal techniques have been developed to remove hardly
decomposable organic compounds, and among them, studies on the
treatment efficiency of hardly decomposable organic substances

using a visible light—reactive photocatalyst are being conducted.

In this study, the photolysis efficiency of Rh B and TC aqueous
solutions under visible light was investigated using the synthesized
photocatalyst, W—-g—CsNy (W/CN—-SUP). The purpose is to
effectively remove contaminants by checking whether the
synthesized photocatalyst designed to solve the problem of
recombination can photodegrade under visible light. In this study, a
supramolecular was made using Melamine, Cyanuric acid and
Thiourea as precursors and then a W-—g—CsN; photocatalyst was
synthesized by heterojunction using Tungsten Oxide. After that, the
physical/chemical properties were analyzed using various analysis
equipment. Under visible light, the concentrations of Rh B and TC
aqueous solutions were 12ppm and 20ppm, respectively, the amount
was prepared in 15 ml and the photoactivity was confirmed through

photolysis experiment.

First, 2 g of Melamine, Cyanuric acid, and Thiourea were used.
Then, Tungsten Oxide was bonded to the supramolecular made of

the three precursors and pyrolyzed at 540C. for 4 hours to
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synthesize W—g—CsN; (W/CN—-SUP). The synthesized photocatalyst
was confirmed by a variety of analysis equipment such as scanning
electron microscope (SEM), EDS, X-ray diffraction (XRD), TGA,
TEM, and LC—MS to confirm the structure and synthesis results.
The synthesized W—g—C3sN;s was photodegraded under visible light
with Rh B and TC aqueous solution. About 100% of Rh B was
decomposed during 8 minutes of irradiation with visible light. It was
comfirmed that more than 80% of TC was degraded within 15

minutes of visible light irradiation.

Accordingly, it was confirmed that W—g—CsN,; can be used very

effectively for the removal of organic substances.
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