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Zr-doped g-C3N,4 photocatalytic degradation of organic pollutants
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Abstract: Zr-doped g-C;N, photocatalysts (Zr/g-C;N,;) were prepared by thermal polymerization of
guanidine hydrochloride and Zr(NO;)4*5H,0. The structure, morphology, and optical properties of the
catalysts synthesized were then characterized and analyzed by XRD, SEM, UV-Vis DRS, PL, XPS and N,
adsorption-desorption. The results showed that the doped Zr/g-C;N, photocatalysts, leading to wider
visible-light absorption range, increasing the specific surface area, and reducing the recombination of
photogenerated electron-hole pairs, demonstrated good photocatalytic activity. The photocatalytic
degradation rate of rhodamine B (RhB) by 5Zr/g-CsN, [Zr(NO3)4*5H,0 was 5% of the mass of guanidine
hydrochloride] reached 99.29% within 60 min under visible-light irradiation. Furthermore, the
photocatalytic degradation process conformed to the first-order kinetic equation, and the rate constant was
0.08647 min ", 8.3-fold that of pure g-CsN,. Meanwhile, 5Zr/g-CsN, also exhibited excellent photocatalytic
performance for methyl orange(MO) and tetracycline hydrochloride(TC-HCI) degradation, with degradation
rates of 98.02% and 84.47% within 60 min, respectively (the dosage of 5Zr/g-C;N, for the degradation of
RhB, MO and TC-HCI was 0.05 g, and the pH of the solution was not adjusted). It was found that the main
active species involved in RhB degradation was superoxide radical, based on which the possible reaction
mechanism was speculated.
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1 180 min /7 ,MB [Ef#2 H 75.94%2 T+ 2 97.32%,
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MAEBHEAIRA R KB oK, Al
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SUS000 14 i+ i il 4% ( SEM ), H & Hitachi 23 A ;
Nicolet Is20 fd# B it 48 466 21 4P S 3% 4L ( FTIR ).
ESCALAB 250 X ST GHFREIE(L (XPS), EH
Thermo Fisher 23 7] ; Autosorb iQ 4= H 5l Lt FE H AR I
FLAEAT A4, 2€E Quantachrome /A F]; Cary

5000 5Ah-1] WL -3 2T 415 e BE T (UV-Vis-NIR ),
Cary Eclipse % 615 (PL ), E[E Agilent 23l ;
721s BN WA BT, B e ARG BR AT,
12 f#EEFIFE

¥ 4 g HhRANE — & & Zr(NO;)45H,0 (351K
50, 100, 200 F1 400 mg) JIA 50 mL %EprH,
JA 10 mL KB FK 05 2 h, ZERFEH 75 °ClH
12 h, K TS IR A PRI ES I AN 35 HH R
BTl 3 °C/min BFHEEZEFE 550 °CJ5
k5 3 h, BEZREEGE, DR RAN, e
1IN xZr/g-C3Ny, Hi x 2 Zr(NOs)45H,0 Jfi i 5k
PRI & 2 FL iy 100 7%, 439028 1.25. 2.5, 5 il 10,
BI Zr B2 400 1.25%. 2.5%. 5%. 10%. 1EH
SR, AHA Zr(NO;)45H,O # [ 3R [R1RE J7 2 4%
4fi g-C3Nyo
1.3 MRS HERENK

XRD Mk : LA Cu K A HE SR, TAEH 40 kV,
TAEH YL 40 mA, AR 5°~90°, 494
5(°)/min, SEM M%E: TAEHIE 10 kV, X it
ATmi AL B . FTIR MK SR FHIRAL R 2 6 i
BT, DeEGE R . 4000~400 cm ', XPS i :
XPAE i e AT I o N W - B i >R A BET
PATERS BRI, MR 77 Ko HIERS-
Al L8 RSP (UV-Vis DRS) M. KR
200~800 nm. PL M. DUGIT MR IEIR , A I
£ 4 360 nm, HH#EF 380~700 nm,
1.4 S HEsEIEMN

KA A il Je £ Xk oL ) N 2%, X RhB
HEATCHEAL R R PP i AL 7 1 R o DAk S N 7
WO N HEAT, Je i@ AV BEK LAAESR: BV 8 1E I
DSR2 S R A E U VER 1 W 2 o WA RN LR
#Bo HL0.05 g MEALFISTECT 100 mL )47 ot it vk
29 10 mg/L /) RhB 7KW H AN 15 3 4G pH,
EEAE £ 30 min i 5 7 8 B W R R 250 W
EEAET (400 nm<1<800 nm ) YE A B IRE HEF756
AR AR 256, SE BRI A 60 min, £:R% 10 min £
B4 mL R, T 0.22 nm BB B A0 AT 5 o D 2%
ERRARAE, ] 721s BUR] WA R K R
550 nm A0 5E R [0 RhB 7K TR G RE ( BIMA-
FooREfE), FEmal (1) AT RYRERR ().
7EXT MO 5 TC-HCI ByPEREMIR T, BRIEBRI IR
5 5E B K5 FRISE RhB SAEARFSN, Ha
YRR, Hirh, MO 5 TC-HCI (7] 4k 5 2 vik B 4
H124 10 1 20 mg/L , il %E %< 73 514 464 Fi1 356 nm.

0 %=(po—p.)/pox 100=(4g—A,)/A¢x 100 (1)

e NI REYIIRERR R, %; po N5 YR 1R
R, mg/L; p, K5 Y B OB ¢ B )
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15 WHRBEHEXR
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PN [ EE7 l IE A =R AN X A i B 3
AR 0.1 mmol, HAEE S 1.4 F5AHIF,
16 XEABEMEIE

X AR A T R R AR 5% [ RhB (A2 e
PEo e BRI S 1.4 TR, FERRERR,
BAAL I LB R S K CBEDR % 3 Kk, TR
BTFWAA, ks, LHEA 4 K.

2 GRS

21 RIESHH
2.1.1 XRD & #f

4l g-CsNy MR Zr $84% 5 Zr/g-C3Ny ) XRD
REEE 1R, WK1 AaTIEH, 4l g-CiN, A 2
AR5 B B AT I, 260=27.60°4b ()58 15K g-C3N,
H(002)n TS0, IHIR T HIR R 2SS,
20=12.72°4b (55 Ky g-C3N, [9(100) 5 1 A7 5,
IF R F g-C3Ny =R R AT Y - 1 F A 254017

116.16° 127.60°
M

I,
512.72° /ﬁ\
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R /a.u.

1.25Zx/ g-C3N4
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20/%)

K1 ARAERFH XRD 35
Fig. 1 XRD patterns of different catalysts

ME VAR LVE B Ze B4 4, (002)
s AT S R 88 SR O 55, (EL 200 A1 oK R A ) I g
B, £ ¢CNMBAEZET Ze 1, (Hid &
Zr (AN UL g-CNy 1Y i 2 o (AT Y
S, 5Zr/g-C3Ny 1(100) 58 THAT S0 LT 2k, & H
Zr PR A TN, 5HASEBRN g-CN,
PEHFEL,  (100) &b T AT 5 04 A3 2% v RS LV
Zr/g-C3Ny [(00 1) I 7 1) F BT e 8 ir ™), sbsh,
10Z1r/g-CsNy FEFHAE 20=16.16°kb B T — 4 i,
XU 1Y Ze B AE—EFREE LR g-C3Ny
BYZERE o LR, XRD 1% B R R BLHJE T Zr 8¢ ZrO,
SR, ERE Zr SEET g-CiNy i 4h

Fr
2.1.2 SEM £#7

K SEM XFAE S TR 34T T 434, 245 5% DL 1A
2, KBl 2a W LAE ), 4l g-C3Ny AAFLI A — 48 )=
REEH, B2 2B B B RETEA Ui g-C3N,y
ST c WHES A BT AR 2 Ze B RN
1.25%HF, g-CNy BRI R ZZ i 754 (E 2b). 4
Zr B4R 2.5%0F, g-C3Ny HIRK 2 4h 82450 /)N
EHERURS A (K 2¢). M Zr BREREE
5%, BN R RAREL TR, ORI 25K A
T SRR R 5, DT Sy SN BRI T 20 M A
W2 I E A AT IS M 4 v (1A
2d. e), MY Zr B m 2 10%0), g-CNy )2
AR R R85 XU T Zr B A2
i E MR o-CN, MBS (& 26),

Kl 2 g-C3Ny(a), 1.25Zr/g-C3N4 (b ), 2.5Zr/g-C3Ny (c).

5Zr/g-C3N, (d. e) il 10Zr/g-C3N, (f) 5 SEM ]
SEM images of g-C3Ny4 (a), 1.25Zr/g-C3N, (b),
2.5Zr/g-C3Ny (¢), 5Zr/g-C3Ny (d, e) and 10Zr/
g-C3Ny (D)

Fig. 2

2.1.3 FTIR o #7

Wi FTIR FAE T g-C3Ny Ko 5Zr/g-CsNy (B fiE
A, a3 FiR.

M 3 T LIE 4l g-C3N, 7E 3000~3600 cm ™
Ab S N—H $R O—H MR IR shig, 5 g-CiN,
WK 46 A I KRR AR Y H0 A e
1700~1200 cm ™' 4b > N—C==N Ze ¥ [ {1 45 45 5l s,
J& CN Z3R By AR AR, 809 em ™Abb PEi3f
A iR i, A Y g-CsNy J2: i BRI IR 5T
JRALALY s 5Zr/g-CsNy BEFH LT AMFIEIE S g-C3N,
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%510 A4, %5 Zr B2 g-CiNy SCEIL A ILI5 YL <2115+
L, HFEHAREIRES Zr HCHRFFIEE, XU Zr d 182.1 6V Zr3d
B FEARAFE M g-C3N, IS5 . ; 1845 6V
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Fig. 3 FTIR spectra of g-C3N, and 5Zr/g-C;N,
2.1.4 XPS 5 #F
S3HT T Tl s AR TR S A A,
g-C3N, 1 5Zr/g-C3Ny (1755 73 B XPS 35 K 4 AT 4 fr s

284.6 eV
5Zr/g-C;N,

TR /a.u.

g-C;N,
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GiafeeV

b 398.6 eV Nls
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'
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1 1 : 1 i
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ZEARE/eV
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\ 4 533.1¢V
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S o AN
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Fig. 4 XPS spectra of g-C3N,4 and 5Zr/g-C;N,

MIE 4 AT LIE L, g-CiNg 1Y C 1s i E-A 3 M
TR, 5B RENLT 284.6 eV HIFHIFIEIE T C—C 4
Y sp? Bk, LT 286.0 eV AbAUIEIT N T C—NH,
R, 7T 288.1 eV ALAYIE I JE T35 &5 #F N—
C=N TRy, 5Zr/g-CsNy A7 T 286.0 eV [ff
R A AR I R AR MR, TTRES Zr
FIB A Ko g-CNy BY N Ls JEEIAT 4 PMFIENE, 25
A e BT 398.5. 399.3. 400.8 Fl 404.0 eV, 43
MK =R (C—N=C) " sp” S IE . A .
KA ERER (C=N—H) M = x>,
5Zr/g-CisNy N Ls [ 4 AMFRAE G4 ] i 25 5 se Ak % 2E
BmES, "l REEAE S PAETER) Zr—C 3 Zr—N
FIEPY . ¢-CaNL Y O 1s 34T 2 ANERAF I, 54
RENL T 531.8 F1533.2 eV, 4354 M B /K 1 3 1 11
BHEP i 5Zr/g-C3Ny (19 O 1s 3K H A 3 MR F I
HrpZE A RENL T 533.1 eV IG5 g-CoN 2R, 5
FESL R AR IEAT O, AAN 2 MG A BERYERE G
AT 529.7 #5313 eV, IR HETE O—
Zr 519 57r/g-CsN, 1Y Zr 3d 35K 2 ANERIE I 5y
ST 182.1 #11 184.5 eV, 5 ZrO, | Zr 3d W 1) 4%
Afe (1822 1 184.7 eV ) AR W T, X 1MW
5Zr/g-CsNy ) Zr YRR Li+4 MAFAE T g-CNy
Rt
2.1.5 N, "R H-BL 57

I N 8% 6 - O 25 k4 AR [) A A BET
RmA, wE s iR,

ME S FTLVE H, PR 28 AR IV
RIS L, HAFAE H3 RURMEER, X i ik
TEAENFLEEPT 2, g-C3N,. 1.25Zr/g-C3Ny.,
2.5Zr/g-C3Ny. 5Zr/g-C3Ny Al 10Zr/g-C5N, F EL 2 1
U (Sper) 439k 61.84. 78.73. 86.44. 143.00 FlI
94.27 m*/g, LI MBI Zr J5HIRE S H R AR
BRI, ELFE Zr 824 5 042 = 2 B K5 08/
F B i 5Zr/g-CiNy B9 HE R TR K, A g-C3N,
) 2.3 152, OH 2528 ILI R ZNHTIR, 25187 Fe,



* 2116

A% 4m 4 T FINE CHEMICALS

Co.Ni T g-C;N, 1, BRI AHET 1.4~1.9 £,
Zr BRRIGHZEM, KU Zr BIAREBA HOE R
g-C3Ny WL RE A, (Hid /B4 T Zr/g-C3N,y
LR EAUE Frisl/y, Tl BER A B A BH AT T TR (K
R IR NITE e R PR G R BRI HCL RN NH 8 SUAR Y i
FE, e — @ LM T g-CNy F 295324 i
W Zr BAIE KT g-C Ny LR MRL, X &1
TSCARE AR B 7 B 3% A6 o, AR 2 S R 0 B I 8
W55 Y6 A fL -2 O B A, DT R A AR R Y
S PERE

500
—o— g-CN,

400 - —o— 1.25Zr/g-CN,
) —o— 2.5Zr/g-C\N,
‘B 300} —<— 5Zr/g-C\N,
= —v— 10Zt/g-CN,
i
& 200
)

100 - EQ7eiY

$§§:-l- Y
olﬁmmi i
0 0.2 0.4 0.6 0.8 1.0

FHXFFES1 (plpo)
5 AR Y N 1082 BT - 50 B 25 i 26

N, adsorption-desorption isotherms of different
catalysts

Fig. §

2.1.6 UV-Vis DRS % #7

UV-Vis DRS #Foefifbfl ot fb = m, &
6a A Al AL 1Y UV-Vis DRS St 3% AR ## Tauc Plot
JrEXTE 6a g dEdE— b3, 132 6b, T
g-C3Ny MR B R, DL hy SHE AR AR, DU
(ahv) 2 AR FRZ I, %ok il £ D) 28 1 28 K 2 x il
28 B A AR BT B . T, g-CiNG .
1.25Zr/g-CsNy . 2.5Zr/g-C3N, . 5Zr/g-CsN,
10Zr/g-CsNy 19 E, (AFBL) 73508 2,52, 2.34, 2.31,
228 F12.18 eV, W] ULEH Zr BRI, HHE
oy, VB Ze $B2F0 T T AR AT DL Y
W, HEMIGTR g-CiNy MIEMEILTE M, X —450 Y
Zr B HAl A SRS G AR A )15 1 — 3P0

a — g-CN,
—— 1.25Zr/g-C;N,
—— 2.5Zr/g-C;N,
—— 5Zr/g-C3N,
—— 10Zr/g-C3N,

Y68 /au.

1 1 1 1 1
200 300 400 500 600 700 800
B /nm

%539 %
30Fb
25+
L 20t
N
g€ 157 — -GN,
—— 1.2571/g-C;N,
1.0 — 2.57t/g-CN,
0.5 —— 5Z1/g-CN,
’ 7 —— 10Z1/g-C:N,
0 1 7y /) 1 | 1 | I
1.8 2.0 22 24 26 2.8 30 32 34 36 38

hv/eV

F6 AFEMEMLAIG UV-Vis DRS i & (a ) il Tauc E (b)
Fig. 6 UV-Vis DRS spectra (a) and Tauc' plot (b) of
different catalysts

2.1.7 PL 5 #r

PL O nf il 2 SOt A ) b e A v -2
TR A B AL, i P Hh g ) S Y B BB A S B
AL FRIECAE T 52 R AR, I65R
I E I &2 A AR B ERAIG, BT B A e A i 1 o
TE 360 nm 3 A P T L TR [REE S ) PL S A,
ULE 7. IEL 7 WTLLE IR, FESLTE 460 nm b H BT
AN TA] 5 BE B9 PL & B0, I 5 OB 5 AR I
g-C3N>1.25Zr/g-C3Ng>2.5Z1/g-C3N4>10Zr/g-C3Ny>5
Zr/g-CsNyo i, g-CsNy WEHEGTR B ek, BiPH 4l
g-CyN, WYL F-55 7 5 R A AP Bt S AR Y
PL &SI 2 s BE YA Bl ek 55, Hrh 5Zr/g-C3N,
1Y PL KBS R B e, Ui Zr 820 R At 1
g-Ci Ny A - T 523 0 85, REA R e
i, X—&5HR 5 Zr B4 g-CN, BUFHSEHE —5,

0 g-GN,
1.25Zx/g-C;N,
2.5Zr/g-C;N,
10Zr/g-CsN,
5Zr/g-C;N,

400 440 480 520 560 600
WH/nm

K7 AREMETIR PL
Fig. 7 PL spectra of different catalysts

PR E /au.

2.2 FfEERITEN
221 REMEALFH FEE RhB 69 7&K

& 8a s T AN[EMEALFFER] LG T X RhB [%
RIS o BT A R S ZE DG IR 30 min N3 EL iR H
W B, BT RIS AN, B4R Zr SRR
Al g-CyN, B I AT rdnm . MK 8a I LIAH,
Y6 60 min Ji7 , g-C3N4. 1.25Zr/g-C3N, . 2.5Zr/g-C3Ny
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5Zr/g-CsN, 1 10Zr/g-C3N, X} RhB R AR 243 51
44.90% . 87.67%. 95.92%. 99.29%7%1 98.76%., 54
g-CyN, I, Zre #8204 J5 B il A0 G AR A T i ol 34
Horp 5Zr/g-CsNy RS A BTG M, BRI A 4l
g-CoNy 9 2.2 £, M TFHEREAEL, #235K
NS PR S 3G 2, AR - EGE R, AR T
Hedse it (0 W PR BE KOG A - O B A R [
%o X4 Zr B m it — BN, e s s A 1%
fiX, WTRESE Zr BRI T g-CN, fL45H
W . MR — G 8 71 25 5 B 42 1 i —In(p /po) 5 B
] ¢ LRAERISE R LR, JEITE AR B R A (&
i), WK 8b Frzn. MIE 8b ITLIAE H, 5Zr/g-C3N,
0 kAR, K 0.08647 min™', 2424l g-C3N, 1Y 8.3
W, UL Zr B2 0 RS T g-CsNy X RhB /956
TEAL R i 1 e

100 - " g-C;N, a
—o—125Zr/g-C)N, W
g | —T25ZECN, /v/ e
o O] —a—5Zi/g-CN, / 9 o
_@_ 60 —o—10Z1/g-C3N, 4 / 5 -
- 74
O
g 40 y ./'/.
o /./
20 - -—"
0 1 L L 1 L 1
230 20 -10 0 10 20 30 40 50 60
i [E] /min
5L ® g-C3N, (k) e a b
0 1.25Zt/g-CsN, (k)
4| ¥ 2.5Zr/g-CN, (k)
—_ A 5Zr/g-C3Ny (ks)
§ 3L © 10Zr/g-CoN, (ks)
E
| 2 .\
1 01037 min™
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fist &) /min

K8 AFEMAFIFEM RhB B (a) KBIAZ (b)
Fig. 8 Degradation activity of different catalysts on RhB
(a) and fitting curves (b)

2.2.2  5Zr/g-CsNy A= xF 5% RhB 493 v&)

RIRFEAMEAR XL PERE R SE e, TE R
fit RhB W& AR 5Zr/g-CsNy FHE (0.02, 0.05,
0.2 g) JATHLE, BRILZA, HRASKMHHE 147
AHIE, 253 9 FrR .

ME 9 MTLIFEH, 4 5Zr/g-CsN, R 0.02 ¢
F10.05 gif, JEME 60 min J5XF RhB HY #2435
1 97.03%F1 99.29%, T T g-CiNy%F RhB
A 20 5 25.86% 11 44.90%, TEAHIR & T
5Zr/g-C3Ny A TAFHYCHEALPERE . HL7E I3 PN B

T, BRI WY 5Zr/g-CN, =T
% 0.20 g I, RhB FEAFFREL 0.05 g AT TR, N
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WK 11a Fras, 60 min B, 4l g-C3N, M
Zr/g-CsNy X MO HIRFE #3857 30 39.85% . 71.64%
82.76% . 98.02%7#1 94.07%, wIULFE Zr B4R
L BRI TS R IR B, 5FEf# RhB
TEOLAHIE, 5Zr/g-CsNy BEff ot , 21h4l g-CiNy
) 2.5 /%, il 11b iR, 60 min B, 4l g-C3N, K&
ANIF) Zr/g-CsNy it TC-HCI By R AR 53 510 58.30% .
74.91% . 80.59%. 84.47%F1 64.77%, 5Zr/g-CsN, &
iR L Al g-CsN, B 1.4 1%,

XTREA% MO 5 TC-HCI F B4 [RIRE B 806 5
AR HCR R (KE), Wk 1 PR, Fg5A5E 8b
HRIE , 5Zr/g-CsNy Ffi# RhB ., MO 5 TC-HCI #Y %
RAEHY N 0.08647 . 0.06927 F1 0.03255 min',
Iy R Al g-CN, B 8.3 7.1 A1 2.2 4%, I WLFEf#
RhB HA—EM#H. Rtz b, fxf b 7 HALTE
BIRH) g-CoNy BEfIX 3 R e pfs il , ansgk 2 fr
e R, JEIRTIEN 300 W XU E, S5AWF
FEAEAHIFTS Yo & i T beds, B3 5Zr/g-C3Ny HIFE
fiff e R H T A R KT, B 5Zr/g-C3Ny
AT FE R 15 Y ) TR — 5 T RE

F 1 AR R MO 5 TC-HCI AR 4L (min)

Table 1 Rate constants of different catalysts for degradation
of MO and TC-HCI (min ™)

N 1.25Zr/ 2.5Zx/ 5Zr/ 10Zx/

S g-C3Ny g-C3Ny g-C3Ny g-C3N,

MO 0.00971  0.02287 0.03122  0.06927  0.05096

TC-HCl 0.01472 0.02457 0.02879 0.03255 0.01783

225 RAEAE T HIFHN

Kl 12 2y 5Zr/g-CsNy Ffi# RhB BFRE P S5 5 o

#£2 ANFEICEBIR g-CN, FEM TS U i
Table 2 Comparison of degradation of pollutants by g-C;N, doping with different elements
AL 5 S 15U 5 S k/min™! EE PN
571/g-C3N, (0.05 g) 250 W Na 4T RhB: 10 mg/L, 100 mL 99.29%, 60 min 0.08647 ENGIE
Fe $54% g-C5N4(0.05 g) 400 W K 2T RhB: 20 mg/L, 50 mL 99.50%, 120 min 0.0378 [34]
Y $44 g-C3N4 (0.03 g) 500 W Xe AT RhB: 5 mg/L, 50 mL 100%, 110 min — [35]
P, Cl #£3584% ¢-C3N, (0.05 g) 70 W Led AT RhB: 10 mg/L, 100 mL 99.32%, 120 min 0.047 [36]
571/g-CN, (0.05 g) 250 W Na 4T MO: 10 mg/L, 100 mL 98.02%, 60 min 0.06927 N A
Fe $52% g-C5N4(0.05 g) 500 W Xe AT MO: 2 mg/L, 50 mL 90.30%, 30 min 0.08944 [37]
Zn $87% g-C3N,4 (0.05 g) 300 W Xe 4T MO: 5 mg/L, 100 mL 95.0%, 240 min — [38]
P, S #4824 o-C3N, (0.05 g) 300 W Xe AT MO: 10 mg/L, 100 mL 73.25%, 60 min 0.02141 [39]
571/g-C5N, (0.05 g) 250 W Na 4T TC-HCI: 20 mg/L, 100 mL 84.47%, 60 min 0.03255 N A
P 2% g-C3N,(0.05 g) 300 W Xe AT TC-HCI: 50 mg/L, 50 mL 85.0%, 120 min 0.01544 [40]
Ba $2% g-C3N,(0.05 g) 150 W Xe AT TC: 20 mg/L, 50 mL 91.94%, 120 min 0.0175 [31]
N H#4% g-C:N4 (0.05 g) 300 W Xe 4T TC: 10 mg/L, 100 mL 81.74%, 60 min — [41]

. =7 R
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