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Synthesis of Carbon Nanotubes Modified g-C;N, Photocatalysts
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Abstract: Graphitic carbon nitride hybridized with a small number of carbon nanotubes (CNT) was synthesized
using urea as precursor. The resulting CNT/g-C;N, composite photocatalysts were characterized by scanning
electron microscope (SEM), transmission electron microscope (TEM), Fourier infrared spectrometer (FT-IR), X-ray
diffraction  (XRD), X-ray photoelectron spectroscopy  (XPS), ultraviolet-visible-near infrared Reflection
Spectrophotometer (UV-Vis-NIR Spectrophotometer) and photoluminescence spectroscopy (PL). Results indicate
that the synergistic interaction between CNT and g-C;N, changed the optical properties of bulk g-C;N,, affected
the energy band structure, enhanced the absorption of visible light, optimized the distribution of the
photogenerated carrier and improved the electron-hole separation rate. The photocatalytic degradation of
rhodamine B solution (RhB) was performed under visible light irradiation. The photocatalytic activity of CNT/g-
C;N, composite was the highest when 0.1% (w/w) CNT was loaded on the substrate, the rate constant for the
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photocatalyst was 3.1 times as high as that of pure g-C;N,. It was also found that the superoxide radical was the

main active species for catalytic degradation in this system.

Keywords: photocatalysis; graphitic carbon nitride; carbon nanotubes; visible light
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TEM images of the CN-CNTO.5 sample
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Sample BET surface area / (- g™) Pore volume / (cm®+ &™)
CN 62 0.49
CN-CNTO.1 21 0.11
CN-CNT0.3 47 0.38
CN-CNTO.5 66 052




222 Jd Hl fk

#o% 4R %35 %

HL RS 2 AR AR R R A ahw=A (hv-
E) UL hw ABEARAR U (ahw) ™ R AARAE R, Horb o
W R AL e HOC TR Ay L A E,
ot B, X% RSO A5 B0 RE i A5 S B (]
7). CN 25 55 8 R 2.78 eV, CNT W& A AL T H
WBRRE, $&& T A OB R AR Hdh CN-CNTO.1
(55T 58 B B IR 2.74 eV, 4 EFTIR CNT/g-C3N,
AL 5 AR g-CoN, A B | X AT 0L S i g
WPk e W 3 e R R P e T RE A B T -
CsN, YEAE AR PR A 2 T

—CN
0.6+ —— CN-CNTO.1
—— CN-CNTO0.3

0.5 —— CN-CNTO0.5

o
+

Absorbance
f=1
s

0.1
ey
0.0
200 300 400 500 600 700 800
Wavelength / nm
B 6 5-CN, Fil CNT/g-CoN, R IUEHEALF 9 UV-Vis

18 55t A
Fig.6 UV-Vis diffuse reflection spectra of g-C3N, and
CNT/g-C;N, photocatalysts

1.0
—CN
—— CN-CNTO.1
084 —— CN-CNTO03
—— CN-CNTO0.5
3 0.6
%
T
=
§ 0.4+
0.2+
0.0 T e AN T U i
2.6 2.765\;7 2\.,8 3.0 3.2 3.4
e hv/eV

K17 g-CiN, Fl CNT/g-CaN, 55 G AL 51 B4 BE 1Y 18] Bt 141
Fig.7 Energy bandgap spectra of g-C;N, and CNT/g-C3N,

samples

PL i H T 005E o-C3N, Fll CNT/g-CaN, Yot ik
FIFES e AR F-2 O E SR E, B 8 Bl
RPN 380 nm T HTIN S K G EIE R, TE R Ok
Wi, il 5 S W ) iR B BRAER | 3R BHZORE i NG R
T2 O Y S ANl AT AL CN R i
1E 450 nm P I A AR 58 1Y 52 & 5 T CN-CNT

Al I 28 6T S A I I R KL% JF BB % CNT
RS, I PL (5T om E E W s . b CN-
CNTO.1 A 5 W ) o B SIS, HORZE W A% . 8 7l hg
S TR CNT BB AT T R LA o B Pk
2R T KK TS SR RS CNT 1)
T, CNT/g-CaN, Ak 350 N 5 22 1) > Az L 7 1]
R CNT & 40T A 8Bk e AR o 7 &
4, HARM CNT & AHE &, CN-CNTO.1 R

Ak,
2800
—CN
2400+ ——CN-CNTO0.5
——CN-CNT0.3
2000 ——CN-CNTO0.1
3
<
2 1600+
4
2 12004
g
=
A 8004
" A
0 -

400 450 500 550 600 650 700 750
Wavelength / nm

P8  g-CoN, il CNT/g-CoN, FRIUGMEAL T Y PL & I 15
Fig.8 PL emission spectra of g-C3N, and CNT/g-C;N,

photocatalysts

24 RELEBREES T RNEBRESR

P 9 hy e i Ak 5] Bt D' B8 B[] 725 6 B A% RhB 11
WM, WE TR W B B CN-CNTO.1 W Fff
e RS RN R A OC , AE R LB R CN-
CNTO.1 (I fEALTE B B A8 F CN, B % CNT & &
B AR RO AP BE R WSS . 24 ONT & &

1.0 —=—CN
—e— CN-CNTO0.5
—4— CN-CNTO0.3
0.8 —v— CN-CNTO0.1
—¢— CN-CNTO0.05
0.6
5
U 044
0.2
0.0
T T T T T T T T

Irradiation time / h

19 g-CN, Al CNT/g-CN, F I TE T WO T 1Y
HEALAERETEANY
Fig.9 Photocatalytic performances of g-C3N, and
CNT/g-C3N, catalysts under visible light

irradiation



2

MG R AR B g-CN, $R T RT I Ak e A 1 R 223

IKE 0.5%0F , HotfEbERE S CN M b 2 JCH] i 22
B, ¥ CNT & 2 FFIKE 0.05%0 , & 30 H A 1k P 6k
5 CN-CNTO.1 AHAEL, F by i 22 mg /N, B8] 0.19% 1
CNT W& B, CN-CNTO. 1 FF 5w i b i
TR A PERE 5 HAOWIB A . BB 4 4 BT Do i i
Al 1 A B T o B SCRAHW A T CNT [
A, 2l CNT/g-CoN, BE S R I A B | 38 S e fil |
W R B A P RAE R, A RO AE LT
%,

g-CsN, Fl CNT/g-CN, F i B fi# RhB /4 52 0 ik
AT S — R B 10 N FEf# RhB B —
G B 1A 2 R LR AR D A R AL
k. Al 1 CN .CN-CNTO.5 ,CN-CNTO0.3 .CN-
CNTO0.05 #1 CN-CNTO.1 7314 0.13.0.12.0.24 .0.34
F10.40 h™', FHrf1 CN-CNTO.1 ¥ i BAT 5 K 1) 5 g
A R HOR o-CN, 19 3.1 f%, X} CN-CNTO.1
RS HEAT 3 WEZ A5 (B 11), & BLAE 1L & 2 A
I E I RIS IS AR AR HA
BT E IS5

3.04 =CN
e CN-CNTO.5
A CN-CNTO0.3
2.54 y

v CN-CNTO.1
¢ CN-CNT0.05

0.0+ T T T T T T T T T T T T
0 1 2 8 4 5 6
Irradiation time / h

10 g-CoN, Fl CNT/g-CoN, %2 51 i Ak %1 B % RhB (9
TR N

Fig.10  First-order kinetics curves of RhB degradation for
g-C3N, and CNT/g-C;N, catalysts

RGN ML, 7E CN-CNTO.3 A i A Ak B
RhB SRR &R 43 5 i A R B (BQ) . & i 2
2 —#N(EDTA-2Na) SOBUT BE (i-BuOH) , =& 7T AH N 4l
AR I B A B AR H B (- 0,) .2 7 (hyy) A
R A (- OH)™, H BT 12 AT, T CN-CNTO0.3 2
NARZINA BQ J& |, HFE MR 28 T R LT A
FGRERR  BQ A AT T AL f k2, i T %
K Z NI EDTA-2Na J&, BT JL-F A48
EDTA-2Na A JH A XoF e fige aok R 5 >k 520 DR ot 4
WO ML BRI R EE RN, 1 bty IEAR

—8— st —a— 3rd

1.04 u-g a-n [ N

AR
IS N B I
Sl N\ \_\ \

0.2 \ -\. '\

0.0

2 0 2 4 62 0 2 4 62 0 2 4 6
Irradiation time / h
11 CN-CNTO.1 fi {0 o 52 5 0
Fig.11 Reusability of CN-CNTO.1 catalyst

1.04 —a— CN-CNTO0.3

—4— CN-CNT0.3+EDTA-2Na
—e— CN-CNTO0.3+-BuOH
0.8 —v— CN-CNTO0.3+BQ

0.6

cic,

0.4

0.2+

0 . 0 T T T T T T T
-1 0 1 2 3 4 5
Irradiation time / h

B 12 S TAATEE )% CN-CNTO.3 A i 76 AT LG T A
W fif RhB f 5
Fig.12  Influence of various scavengers on the visible-
light photocatalytic activity of CN-CNTO.3 for
the degradation of RhB

SRR R FEEAIE RN, -BuOH N A H) i 15 K%
iff S MR B Y| U B BN AR R N AEFE - OH ) Flr %o
BIR A Bt B kA8 Ak, - OH &2 — s MY
Tl JC A2 A W B AH A 2 7 5 W AH R AR 5 A 4 o 1
fl2f A RN, SR g-CoN, 19t L 462 I F - OHY/
OH &AL R AL, il bty ARERE OH- %4k Ny
-OH, HJZF AL ik 1 T 7 B AR =, #4012 L A2 0,
WEER AR AR, BARSBRIT e 40y
—+0,, -0, +H *—+H0,,2 -HO, —0, +H,0,,H,0, +
-0, —+-OH+OH+0,, i - OH Y42 i 74k ) b7 7]
Gl ARk T8 — T R A RN R R
Az U 2210 - O, T AR fifT 5 3 30 R MR 4 T

P LA | FE R A s i R DAk 2 RO AR
LN 5 A& S T = R N O A B 1 2 SO L= R W B
TH] 30434 il | A B AR R 4t T 38 R Y AR AUR L



224 TR R AR = 355
A2 m] WG REST | = A e =28 9 CNT 51 A 245

P TR T B8R, REWAER T4
CNT 553N, K SR8 Ik 1 480 B P 5 R
W RhB AR A | 18 52 5 A A0 700 O o A 1 1 O e 4
., MLEUR ZEE 13 iR,

&)

2

Visible light
irradiation

Reduction

e

.
Degraded

products

h* h* h*' h* h*' h*

K13 A WOETR CNT/g-CoN, AL 1A R B A RhB 2 7
PO T B S R A
Fig.13  Schematic of photo-generated charge carrier’s
separation and transfer in the CNT/g-C;N,
system for degradation of RhB under visible

light irradiation
3 & B

PAPR R N mir R 44 52 & AN A 5T & (9 CNT, il 4%
H— R IR CNT & 1 CNT/g-CaN, #EAL ) 38 1
RINFIE, WIH LA R B S i ST, 25 R R0
CNT #9525 ] A RO 5 -CaN, X ] ULt i i i v
AE , FEAR LA B g |, 2 O AT DO R TR, CNT
5 g-C N, FFTEPRRVE T AL h CNT BB A 25 7
JEAE L BTG AE FL T2 O Y 4 B AR T il
WA R T SRR, FTAE R A B
R I A R I R EE MR B CNT I E A A
TG P R4 T, Hoh CN-CNTO. 1 (9 fi A T P i
e, HAET] WG R B 402 o-CoN, 1Y 3.1 £,

SE k.

[1] Zheng Y, Lin L H, Ye X J. et al. Angew. Chem. Int. Ed.,
2014,53:11926-11930

[2] Zhang J S, Zhang M W, Yang C. et al. Adv. Mater., 2014,
26:4121-4126

[3] Chen K, Chai Z G, Li C, et al. ACS Nano, 2016,10:3665-
3673

[4] Wang X C, Maeda K, Thomas A, et al. Nat. Mater., 2009.8:
76-80

[5] Xia J X, Ji M X, Di J, et al. Appl. Catal. B, 2016,191:235-

[6] Yang P J, Ou H H, Fang Y X, et al. Angew. Chem. Int. Ed.,
2017,56:3992-3996

[7] Shi L, Wang T, Zhang H B, et al. Adv. Funct. Mater., 2015,
25:5360-5367

[8] Yang P J, Wang R R, Zhou M, et al. Angew. Chem. Int. Ed.,
2018,57:8674-8677

[9] Lang X J, Chen X D, Zhao J C. Chem. Soc. Rev., 2014.43:
473-486

[10]Xiao J D, Xie Y B, Nawaz F, et al. Appl. Catal. B, 2016,183:
417-425

[11]Deng D H, Yu L, Chen X Q, et al. Angew. Chem. Int. Ed.,
2013,125:389-393

[12]Tu W G, Zhou Y, Zou Z G. Adv. Funct. Mater., 2013,23:
4996-5008

[13]Chen Y L, Li J] H, Hong Z H, et al. Phys. Chem. Chem.
Phys., 2014,16:8106-8113

[14]Ge L, Han C C. Appl. Catal. B, 2012,117:268-274

[15]Zhao S, Guo T, Li X. et al. Appl. Catal. B, 2018,224:725-
732

[16]Chew L M, Xia W, Dudder H, et al. Catal. Today, 2016,270:
85-92

[17]Wang P, Chen S'Y, Bai Y X, et al. Fuel, 2017,195:69-81

[18]LIU Chong(X#l), LIU Li-Lai(X! B >K), NIE Jia-Hui(3 1% £5).
Chem. J. Chinese Universities(#1 % 5 ¥ AL 5 5 4R), 2018,
39(7):1511-1517

[19]ZHANG Hua-Sen(3K £ #%), LI Xi-Bao(%% ¥ %), FENG Zhi-
Jun( & ZE), et al. Journal of the Chinese Ceramic Society
(FEBR 3 % 3R), 2018,46(2):281-287

[20]Sun N, Liang Y, Ma X J, et al. Chem.-Eur. J., 2017,23:15466-
15473

[21]Gao J T, Wang Y, Zhou S ], et al. ChemCatChem, 2017.9:
1708-1715

[22]Luo L, Zhang A, Janik M K, et al. Appl. Surf. Sci., 2017,
396:78-84

[23]Liu L 'Y, Xu H, Xu Y G, et al. Appl. Catal. B, 2017,207:
429-437

[24]Wen ] Q, Xie J, Yang Z H, et al. ACS Sustainable Chem.
Eng., 2017,5:2224-2236

[25]Shen T T, Lang D, Cheng F' Y, et al. ChemistrySelect, 2016,
1:1006-1015

[26]Xu Q L, Zhu B C, Jiang C J. et al. Solar RRL, 2018.2:
1800006

[27]Meng Q G, Yuan M Z, Lv H Q, et al. ChemistrySelect, 2017,
2:6970-6978

[28]Liu J, Yang H M, Liu N Y, et al. Green Chem., 2014,16:
4559-4565



