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Abstract: Core-shell structure ZnO/g-C,N, nano—photocatalysts with ultrathin amorphous g-C,N, layer
were synthesized via facile polymer network gel method applying zinc oxide and dicyandiamide as the raw
materials. When the molar ratio of zinc oxide to dicyandiamide was 1: 1, the heterojunction interface of the
composite with ~3 nm thickness of shell layers was distinct, and it had the best photocatalytic activity for
the degradation of organic dye pollutants under simulated sunlight and visible light irradiation. Ultraviolet-
Visible diffuse reflection spectra (UV-vis) results show that the composite materials have increased
absorption in the visible light region, as well as the absorption bands are red shifted. Photoluminescence
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(PL), Stable Surface Photovoltage (SPV) and Stable Surface Photocurrent (SPC) reveal that the loading
of g-C,N, significantly improve the separation of photo—generated carriers. The photocatalytic degradation
of Methylene Blue (MB) , Methyl Orange (MO) and Rhodamine B (RhB) was carried out under
simulated sunlight and visible light. The results exhibit that the photocatalytic activity of ZnO/g-C;N,
composite is effectively enhanced, and the catalyst has excellent stability and reusability. In addition,
sacrificial agent experiments proclaim that superoxide radicals are the main active species for composite to
degrade pollutant dyes, while holes play an important role in the degradation process. During the
photocatalytic process, the core—shell structure can effectively promote the charge transfer between ZnO
and g-C,N,. This study provides a simple strategy for the preparation of high—-efficiency nano-
photocatalysts based on graphitic carbon nitride/metal oxide heterostructure.
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R SR W B IS VO D22 A B R 228 ) P2 (A I S | B 2 2 [ R | SN 5. W 1 R B
FE (C.HN,) , 7S 7K A R BE (Zn(NOy),- 6H,0) , Jo K 45 %5 8% (C,H,O,) , L= () =1l A R (C,H,O,) , PN 4 Bt i
(CsHNO) NN 3 = 9 45 e e (C.H,NLO,) o
1.1.2 # &

FE TR ZH T ) AR TR RE T R I R S T B AR AR G R A N 4 R T T L L A
A 2 B LB 1k 95 B AE T o B b ZURI 4R o Bk g-CNL, 4l ZnO F1 ZnO/g-C N, &2 & 6 Ak 57 A4 1 45 3
PR E 1R

NH ~ . gl NH,
N N
DCD (C,H,0,) \ J\ . P - .
\ | ‘
NH  NH, N%LN . J\N . N)\NJ\T
- I K & J‘ o NHZ/I\N SN UNH,

Calcination in air N N NPONT N
k J\ ‘ k J\ | “ [ l’ g-C3N4
— NS \
SNTSNTSNTONTSNTSNTONTSNTS NN
\ [\ i

550°C for 4 h |

(a) Preparation process of bulk g-C;N,

ZN (NO,)-6H,0 Dicyandiamide (C,H,N,)
Glucose (C4H;,04) Glucose (C¢H;,05)
Tartaric acid (C,HOg) Tartaric acid (C,HO;)
Acrylamide (C;H;NO) Acrylamide (C,H;NO)
Bisacrylamide (C,H,,N,0,) Bisacrylamide (C,H,N,0,)

Magnetic + Heating
stirring at 90°C

Drying/calcination

(b) Preparation process of pure ZnO and D/Z-x nanocomposites

CRENF TS
Fig. 1 Preparation processes of photocatalysts

1) g~C N, [ il 4« FH AR A ik il 46 7 Bk g-C N 7828 S4Bl 8 — 2 B DCD LA 36 1 R Ak
AP BT T b D) 5°C/min A4 B FR TR F 550°C AR IR 4 by BRIBEBE 7 W AR R b 7R Ay BT B L 15 5
R AP g-C N K o

2)7Zn0 MYl 4 Fx i 0.02 mol 77K & R FR AF 7 T 60 mL 25 85 77K b, FEAR U A 25 0 L 2% & 57008 41
2 B TN A5 Tk B R A B ) N, NI R SR RO s Tk . 28 KU it L RUB b I 15 3 40 ZnO 49K 0K

3)7Zn0/g-C, N, il % ¥ —F 5 19 ZnO A DCD(DCD 1 ZnO BYEE /R 435124 0.3,0.5,1, 2 M1 3) 0 8 T
A 30 mL A B F KB 100 mL 25 5 1B H s AR UM A — i S 1) 85 4 B8 I A TR DR IR AN N, NI
TN BRI, 7E 90K T R S B FE (10 rad-s ) 1 h, T G 2 I 45 R T R M o T B RS RN TR AR R T
10 h 5 75 21 B S 5 X 1 88 B 2 AT IS #E 550°C T 4B ke 3 h, 15 2K [F] ¢~ CN, & i 19 ZnO/g-C. N, 4k 2 &
A MR 4E DCD 5 ZnO FEIR WA AR Ik bR il 8 D/2-0.3,D/2-0.5,D/72-1,D/Z2-2,D/Z-3.
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K DX=2000 #3 A X 5 2 477 A0 3 i) 28 B o 09 AR R S5 48, S A B2 L O 10°F] 80°, 7 10.0 kV
LR, Hitachi SU8220 37 49 #f i, 1 G058 WL ¢ 44 0K 14 1 2 T 35 F0 RS 40 A o SR H A HL 7
JEM2100 3 % 5t 355 Bt B 7 b B 8%, 76 200 KV N L T bR 5 A0 B O 68 M B A7 R AIE o A A A9 X BT ROl 7
B 1% 7E ESCALAB Xi+ % XPS {4 (thermoscientific) B #4571, R Perkin-Elmer 22 & {1 lambda 750 %
S /0] WG /I L AN AR BR A3 B T (UV -vis) 7 300~800 nm F 38 B P4 10 S RE 5 A 78 S 55 W ot . Sk
H 7S 8 128 8] 19 RF5301 20 06 BE T X G BUR YOG ik 4T T R AE  BUE WK R 325 nm. il & FE SRR A &
T G, H R0 4 TR ' H, 3t 016 3% 3 ok el B € DI U5 I 2 I Ak 110 B T K s (SR830-DSP) DGR vt L K it
BILLL B O LR A (R MR 2 ) 1 5% o
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MR AT (V-1100D, 1 25 3 3k A8 A BR A &) 78 38 75 77 /) R AF % KT I e ) 1 % B A,
(MB:664 nm,MO:464 nm,RhB:554 nm) . # 0.05 g e FM A F] 100 mL Je b E W (4 mg-L ), 75 5.
5 2% 1 1 R O Al AR R T 4 A B, RS Lk 30 min DLk 24 Ak ) 5 Yokl i T =2 18] Y W% B - i 0 S
5o SRR (PLS-SXE300D, - ¥ 5 BB 7 A A% A7 PR 2> 7 ) A5 S B0 A AT WO (A=>400 nm) , 6
) V5 W T Y IR B A 25 em, B CIRAS TR (A A AR R AT UL Y S $4 BESR A BE 3 51 R 120 pW e em R 50 pW -
em (FZ-A B4R BRRE T, JU Iy 2O AR ) o FE— 5 I [a] (A1 P 6 m L B PR, FH B0 HILEL 6 000 rad-
min A RS0 4 miin, A5 T PR W IR b T U, DN S I IO B AL YRR SR RS Y R — B Dh Bl ) 27 R
Koy A= (D) =k (2) 175
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Fig. 2 XRD patterns of ZnO, g-C;N, and D/Z-x composites
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IR o Bl ZnO B S BT AT AT S 0A (LA 745 10 ) A B 6 B 7S O A BRI iR A8 (JCDPS NO.36-1451) . g-C,N,7E 13.0°
Ab B 55 R AR A6 102 (100) & T, 3R W )23 P9 B 45 40 B o0 52 R T PR HE S o 27 A°KE SR BEATT S i 3 & T )2 Rl HE AR Y
(002) 11, 5 BLATIRIE —F" . D/Z-2 1) XRD i% R I 5 40 ZnO — B fir i 06, FLIG SR B A 22 A8 K U R &
SEAEAL ) ELAT F ZnO I BL A S5 A BE o MR AR 28 RIS T A 2R A0 o i D B 28 2T R A R R SR A
FWRLCIFE PR 5 g-CNEE AT, ZnO [ S A% & BOM ok R 8 3% A8 fb . & A6 AE ] A XRD 3% o &
S BT W g~ CNLARAEIE . WANG Yajun %748 1, 24 g~ C N, 451 43 87 ZnO R T, H XRD FRAE g A
Zyth 8. NI 2 AT S 0 K I AT LLE 2 DCD & s 5 m i (D/Z-3 86 5 ) L 76 27.7°40 th BRSS9 ¢ C. N,
(002) iy T RFAIE U6, LA XS T Bk g—C N, a1 KA B & AR RS , 3B T P 443 22 ] 5 B 4 AH AR H
F1 ZnOMD/Z-x EAFMENTIM RIS E B Rk R~

Table 1 Lattice constants and grain size of ZnO and D/Z-x composites

Sample a/nm ¢/nm Crystallite size/nm
7ZnO 0.324 8 0.521 3 36

D/7-0.3 0.324 4 0.5212 32

D/7-0.5 0.324 4 0.519 5 31

D/7-1 0.324 2 0.518 2 31

D/7-2 0.323 9 0.5209 30

D/7-3 0.324 0 0.520 5 28

FH A B U (SEMD) FLZ S5 1 3 0B (CTEMD) X il 28 A5 1) 28 1T I 350 RIRO0E 285 44 147 00F 5%
Pl 3 5350 S Bedk g-C.N, 4l ZnO M D/Z-1 & 453 e AL B9 SEM 15 0 g-CNL (1] 3(a) ) 2 B i i 78 0 J2 4k
B S5 . 4l ZnO 9K FORL (1 3(b)) 23 A1 20 1, WORL RS 2 A #4270 Al 3(e) B, S 3 ikl D/ Z-
1B ROWIE S5 5 40 ZnO A1 H 6 2 B 25 S (B S0 AR I/ o — BOR G, X6 T 40 oK JBORE , B/ ) RS R R
B 0 L R TR A R TR TR DAL TE . D/Z-1 8T R AR L WA 4(a) FER  BoR B T Zn O

-

- 5 o
& - 1
R R A\ s/
\ h A o B8

(a) SEM image of g-C;N, (b) SEM image of ZnO

B3 gCN.ZnOFD/Z-1# & B E3 B 7 8 f 5 il
Fig. 3 SEM images of g-C,N,, ZnO and D/Z-1

Lum

N

{ 2.88 nm

R

(a) EDS images of D/Z-1 (b) TEM image of D/Z-1 (c) HRTEM image of D/Z-1

W4 D/Z-19KE & EMF T RS HREHETEMEH
Fig. 4 EDS images and TEM images of D/Z~1 nanocomposite
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C.N¥& o0, EA AT D/Z-1 1 TEM & 3B i R 48 8 ~50 nm 09 94K BOR 4L 8. Sk itk — 2 i 5%
D/Z-1 W OS5 , 8 5 & 43 #F TEM(HRTEM) VLI AL i (19 5 B 2504, W51 4 () fir s o mI RLE 31, ZnO 44K
WORL 2 T 78 5 % W AR A g-CNL 2 L g=Cu N, 5 ZnO 94 K kL 2 [0) 7776 74 W /Y FL T . 38 i I & L ZnO &
BL A S S [ BB >R 0.281 nm, X F (100) &4 1, AL LG K ZnO R A9 g¢-C, N, JZEE 28 2.88 nm., &5 7%
B R il £ T 5 R ZnO/g-C N, 7 L 45 /) 2 A k.
22 HRNRETESW

KM X SO F RERE (XPS) #F— 2 73 Hr A S B9 R s R A ML= & . W 5(a) s ,D/Z-14#
W XPS 42l e W, 9 K 2 SO AR EEH Zn C ONFO T EH M, KA L E L LM XPSHES . K5
(b)J&ZnO M D/Z-18) Zn 2p it . 1E~1 021 Fl~1 044 eV &5 & fe 4k W2 2 P AN 06, 43 51 % F ZnO 1 Zn
2Dy, M1 Z0 2p,,, AW B 25 A RE22{H M 23 eV, IESE Zn” B F I A EY . 545 ZnO M L, D/Z-1 1) Zn 2p I
i 15 245 G e 2l EL P A 06 22 ] 19 1) 25 5 B 25 (B AR ) 3K A2 Ak AT RE 2 T ZnO Al g-C,NL 2Z ] i A .7

D/Z-1 @ 1021.3 In2p
o I
= '
N d
—~ . ] 1044.3
3 | =
s s |
g z ] :
E E : .
0 200 400 600 800 1000 1200 1020 1030 1040 1050
Binding energy/eV Binding energy/eV
(a) XPS survey spectrum of D/Z-1 (b) High-resolution Zn 2P spectra
0.7
O IS 5392 Zn_o
~ 06 \\
=
S ~
= 5
£ 05 — 40 -
g —e— O-H ‘E‘
s .
£
S 04
0.3 : . ! :
ZnO D/Z-1 526 528 530 532 534 536
Sample Binding energy/eV
(c) Comparison of two O species content (d) High-resolution O 1s spectra
Cls 284.8 —CC N ls 398.7 CN-C
— C-NH, A N-
shon 28867N-N:N
= D/Z-1 | : —
= ! =
S <
B E
Z 2883 gz
g-GN,
282 284 286 288 290 394 396 398 400 402 404
Binding energy/eV Binding energy/eV
(e) High-resolution C 1s spectra (f) High-resolution N 1s spectra

K5 g-C,N,.ZnO #1 D/Z-1# & 4y XPS o} i
Fig. 5 XPS spectra of g~C;N,, ZnO and D/Z-1
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W X D/Z-1H g-CNL 1 i 43 BF O 1s itk A7 W L5, an 151 5Cd) e o W LU B, 6 A L #R 7E
~530 eV M ~532 eV 45 & 684 WA 43 il 16, 23 59 X F ZnO b 4% 9 40 (Zn-O) L T 2 56 19 42 (O-
H)™ o B 5Ce) AR E D/Z-1 8 ZnO R TRV &) Rl 09 T 43 B i, ZnO R D/Z-1 8 38 000 & 2 43 i)
4 35.9% F144.7% , RWIE AR SO R M R T 3R . 151 5(e) i D/Z-1F1 g-C,NL 1 C 1s &5 43 HE G5 LA
K5y it Vg, 284.8 eV 45 4 RE ML B M5 5 16 X 0 T XPS A8 A% B 3 1 A 22 Bk ) Fh 19 C-C B iz, ~286 eV Ab 1Y
e 40 e ok YR T 6 ) -NHL L A B B LT, 82 T ~288 eV Ak B M5 B I R B T C-N iy sp A i, &1 5(1)
X T D/Z-1 54 g-C N, W & 48 FER N Isotalk o JERUHE N s G ak ol LU S = A4S e B i, 43 5l 3 8 1
sp” & Lk e A (C=N-C,~398 eV ), =2 & (N-C,,~400 eV) , LI e & 3£ B GE A (-NH, ~401 eV) F B A
JEFU L AR AR AR R [F] G 2 A XPS O 1 Y i 0 0 WA X T 4B ZnO B g-C N A AR
Ivi) 2 3 4 D %, UE S T A 2 43 22 ) A4 R B A
23 RFEHRRXBHE

AR G 2 M X G AR TS VA B RS0 . SR JH 58 A0 AT DL 18 SO Xt 4 ZnO HUR g-CON, A
D/7-x 93k 2 & AL B 6 W i A7 XF e o P 6(a) A ZnO  g—C N, L K A2 A 6 Ak 570 A4 A1 OB € %) 1
B, 2iZnO R A HE, 5 g CNERG HEMMEEATR, WE 6(b) TR, 4l ZnO 75 28 4h X R 3 3k
YA AE W o RIS, ply T 3R T Bk B A A TE (A0 Zn, Vo, Vo 5, ZnO FE ] UL DX 52 30 0 — 5 /9 DG i) 7 o
g~ C N, B A 307 B A7 T 29 460 nm Ab , X1 ~2.70 eV 945 BR o 2R 1T, Bk g—C,N, 7E 500~800 nm 4 AT L)% X
B AT WG A 55 . 54l ZnO A E, D/ Z-x 9K A AR R G WG B % URE R DCD 5 a1 3 i &
AL RS, Hoal WO e BE AR B . (EAS R, 2 DCD A1 ZnO [ BEJR Fe i 1 H TRE(D/Z-1RE 5L ), il ok
W R A Ad . A O AR B AT U6 IR U BE 2 DCD 8 A 2 252 386 0 i AR, T RE S A M AR g-C N R TE
ZnO R 18 7 35 52 T ORIeE

1.0
0.8
S 06
s 0
)
5
£ 04
0.2
0 1 1 1 1
300 400 500 600 700 800
o Wavelength/nm
(a) Appearance color contrast of as-prepared samples (b) UV-vis absorption spectra of as-prepared samples

B 6l & B 5 oy AU BT E Xt b e g b T ROk B

Fig. 6 Appearance color contrast and UV -vis absorption spectra of as—prepared samples

FeARIRF I E A Mo B AR KRR & B e s b ReR™ . fEZ M T X Zn0O . g-C,N, A1 D/Z-x
9k AR G BUR G (PL) #E4T 7 I, 018 7(a) it s o D/Z-x B 48 6L 19 PL OGS I 5
4l ZnO ML, 56 6 & 5 5k B B g—C, N, B 28 B (9 388 i 52 PR 2 0k 55 )5 T o ke 34 . Hoh D/Z-1RE S Y PL & Bt
588 5 R G, Ul B G T - O B A e R A o A5 SRR IS ) g C N, B T DL A R 2
PRI RR TR B KR E ERRE T2 R AR, Mg g CNAETRESSEO AR
faf 524 U TR B, 6 AR 20 T PR AR b, 2 A i

E 7(b) A1 (o) kil 45 A i B R 25 R T G HL R (SPV) AR T DG HL IR (SPC) 3% o HefA g—C N, b 20k HE 1L 4%
P, H AR SRR A 25 HOGIOR A R i T B MR B 3 1w AL s i R A R Rk 4l
ZnO M D/Z-x 58 4 e AL F AR 1L, ek g-C N, i SPV FI SPC 58 B B I, 21 151 7(b) A1 (c) 4 18 e s . 14
7(b)Hr, 54l ZnO M L , i & g-C,N, 7 28 (10 RE 55 78 390 nm FF T 09 6 o {5 5 A A R REEE (42 T, b D/Z-1
162 AM R RT WL AR AT B AR . X E BN T ZnO/g-C, N, 5 F 45 0 A7 4, i i Ak 700 76 5 8 R HoAT
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gl ZnO K 6 AR B 7 Ffm . AHELZ R B S D/Z-3 89 SPV i jj 55 , B ZnO F1i i 2 19 JE & S
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Fig. 8 Photocatalytic degradation of MB, MO and RhB under simulated light and visible light irradiation using as—prepared sam-



T AR

FITE 20 min N XF MB ) B fift A BE IR ) 93 %0, W T 52 5 458 ZnO/g-C,N, & A G AL A R AF Y
T ko T8 Ce) HLCE) 43 51 Ay il £ B b 78 B 400K BH G BE S 9 MO A Tk I fige il 22 0 B8 — 2% 3l g 5 Bl 45
D/Z-15 4 M EHE 40 min N X MO B B i 22 8 98 % , 2l J1 2 8 8 k=0.107 7, 24 ZnO (£=0.023 3) i) ~4.6
W R HA g-C N, (£=0.011 2) 1) ~9.6 % o [AIFE , FERLHOG T D/Z- 14 5 Xt RhB #6415 Ve A 4 (4]
8(g) A1 (h) ), RhB ¥ W 7E 80 min B 35 3 58 4 [ i, Ho 3l J) % % 40 £=0.0597, 43 53 A W] 26 44 F ZnO Fil g-
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Table 2 Comparison of photocatalytic activity of ZnO/g—C,N, nanocomposite photocatalysts prepared by different methods
Mass of

MB solution (volume, Light source; Best degradation

Preparation method ) - Ref.
concentration) photocatalyst/mg ~ wavelength range efficiency
300 W Xe lamp ;
Simulated sunlight, ) ) )
100% in 20 min;  This
Pymer network gel 100 mL, 4 mg/L 50 A>300 nm; : i
L 96% in 60 min work
Visible light, A>
400 nm
Xe lamp; Visible ) )
Hydrothermal 50 mL, 10 mg/L 50 o 92% in 120 min [45]
ight
. ) 100 W halogen
Pyrolysis & Atomic layer . .
. 200 mL., 6 mg/L 30 lamp; 96% in 120 min ~ [46]
deposition
800 nm>2A>400 nm
Pyrolysis &. solid-state 500 W Xe lamp; . .
o 30mlL, 10 mg/L 40 76 % in 100 min [47]
grinding A>420 nm
Pyrolysis &. hydrothermal &. 500 W Xe lamp; ) )
. 100 mL, 10 mg/L 100 o 95% in 50 min  [48]
ethanolic reflux Visible light,
. 500 W Xe lamp; . .
Pyrolysis 200 mL, 10 mg/L 200 80% in 120 min ~ [49]
A>380 nm
Pyrolysis &. hydrothermal 300 W Xe lamp; ) ) B
O 100 mL, 10 mg/L 100 98% in 70 min [50]
&. calcination A>420 nm
L 500 W Xe lamp; ) . -
one-pot in situ 35mL, 10 mg/L 50 95.7% in 150 min  [51]
A=>420 nm
. 500 W Xe lamp; ) ) -
Pyrolysis &. hydrothermal 100 mL, 50 mg/L 100 90% in 180 min  [52]
A>420 nm
Pyrolysis & hydrothermal Xe lamp; Visible ) ) ~
50 mL, 10 mg/L 25 97% in 30 min [53]

&. ultrasonic mixing

light

2.5 NEAVIE
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(h™) MEEE A B3 C-OH) S5k 0 A HLTS G 0 o 8 1 o8 4 b 1) 3 o) 45 %6 i 10 350 A9 4 AR AL 3R, DL BQ.
EDTA-2Na il IPA 43 5I4/E O, h' F1-OH (G4 7, FER O 347 7 B B AR R S8 50 o an &l 9(a) Jir
/R, FE 60 min P, A B AR AR ) B ZnO X MB 9 B g 2235 51 96 % . 7R AR R 25 44 T 43 5l 51 A BQ L IPA Fil
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(c) Free radical trapping experiments using D/Z-1 (d) Influence of radical scavengers on the photo-degradation

of MB under simulated light
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Fig. 9 Free radical trapping experiments during the photocatalytic degradation of MB using as—prepared samples under simulated
light irradiation
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Fig. 10 Schematic illustration of charge transfer process and photocatalytic reaction mechanism in ZnO/g-C,N, composite
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