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Abstract: Oxovanadium-graphitic carbon nitride thin nanosheet (VO@g-C;N,-T) of different V mass
fractions was prepared using urea and vanadium (IV) oxy acetylacetonate as precursors, and was compared
with graphite nitride carbon (g-C3N,) and oxovanadium-supported graphite nitride carbon (VO/g-C;Ny) for
catalytic performance of benzene hydroxylation. The samples were characterized by X-ray diffraction (XRD),
Fourier translation infrared spectroscopy (FTIR), N, adsorption, scanning electron microscope (SEM),
energy dispersive spectroscopy (EDS), inductively coupled plasma-atomic emission spectroscopy
(ICP-AES). The photocatalytic performances of the obtained samples were tested in the hydroxylation of
benzene to produce phenol under visible light. The results showed that VO@g-C;N4-T nanosheets
possessed large specific surface area and had favorable bandgap, which resulted in a very good
photocatalytic activity for the hydroxylation of benzene via C—H activation under visible light. 98.4%
conversion of benzene was obtained, and the selectivity to phenol was as high as 91.1%. The good
reusability of catalyst was attributed to strong interaction between graphitic carbon nitride surface and
vanadium metal, which could minimize vanadium leaching. After being reused five times, the conversion of
benzene and the selectivity of phenol still could be up to 97.1% and 91.1%, respectively.

Key words. C-H activation; carbon nitride; photocatalysis; heterogeneous catalyst; hydroxylation of
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Vermal"""V45E % B, e W] ULOB AT H,0, fEFF,
VO@g-C3N,y LRI 2 C—H B B iE L&
bRy, HHEAMRR MRS, TEEMHEZK,
Ajayan! VAL, FARRE R KB g-CoNy BT TR
AR RIS, 90K A -GNy BA TR R AT IO
PEALTEVE . Vermal "4 3, FHRH /KT g-CsNy kAT
MAEFIEE, U Cu M Ag 49Kk, HK
CuAg@g-CsNy fEALFR , FH AR AT WG b R F2 3k
RN, 0.5 h 5 R R ALt A 5] 99%, HA W
e s

AL LA SR R A S B oA JERE A 4K
HH VO@g-CiN,-T fiEfLF, LIZK— A AR
BV, FERT DLOGAN Ho00 5510 T, B 58 T LTI
IR IR TR B AP RE

1 SRIGERSy

11 KFIFEE

. O IRE: AR, EZER AR R
oyl HaOy (& 280 30% ). & Mk 79 i 450 1L
[ VO(acac), J: AR, B TAb2#il A RA T .

12 #l&

ZOCHR[12] [13 ] f AL
1.2.1  g-C3N, 894 &

10 g JREMAMFRAM ST, 7 LT, A
g, FHEEE N 15 °C/min, JHE] 500 °C, {11
3h, BEGK - YE LB R i, ARk E G
MR, R LT, HBASHRY, FHEEEN

15 °C/min, F+#] 500 °C, £ 3 h, WHFHEIRE
OHR BN N g-C3Ny, YRR,
1.2.2  VO/g-C3N, # %) &

# 0.265 g VO(acac), MIA % 50 mL {&F 53400
50% 19 O BEOK B Wb, IR R, A 05 g
g-C3Ny, LA 700 r/min $ii £ 30 min, i3&, JEUFHH
BEPEVR, SRIGTER PR T, 50 CT R 12h, 7Y
B4 VO/g-C3Ny,

1.2.3 VO@g-C3N4-T 84 %) &

0.5 g g-CNy A 500 mL (KRR ECH
50% 1 H B K S MR AR TR 2 he #F 0.265 ¢
VO(acac), I A E 50 mL A& B35k 50% 1) FH K i
Wb, WEPEE . B R 2 PSR A S R 4
6 ho IRGWIE, WEVFH BB, RIS
HEAEH 50 CTHE: 12 h, P=PRIH V fdE N 10%
(LA g-C3N, it S 2640, T[] )Y VO@g-C3Ny-T,
FRiE A VO@g-C3Ny-T (110.0% V ),

M7F VO(acac), WA, HAhS288 g 0n] I,
Hilf3 vV RSB 2.5% . 5.0%. 20.0% [
VO@g-C3Ny-T, 2 AlFRiE N VO@g-C3N,-T (2.5%
V). VO@g-C3N,-T (5.0% V) Al VO@g-C3N,-T
(20.0% V),

1.3 EAFEETEN

¥ 25mg VO@g-CiN,-T #E4LF 5 0.0391 ¢
(0.5mmol) 7., 2mL ZHEHESREHAE, BIA
A Hl e O ER M, A 0.0680 g (0.6 mmol )
H,0, (/%L 30% ), L1700 r/min #ERFE,
30 W BT B3GR 12 h, ROVESH)E, BO0%
SRR . AR A e Tk, A
BN, A EGESOS =i e 5. R AEE
B IR A BE R SOR B ORI AT
Mphenol T Mby-product
+n

Conv./%= x100

Mbenzene phenol + nby—product

7 phenol
pheno %100
nphenol + nby—product

Yield/%=Conv.xSel.x 100

1.4 RIESMK

K H X-Pert Pro AY X HF&fit 4L ( faf 22
PNAlytical 2y 7], Ni J&, Cu K, fEHHE, TAEHRE
40 kV, TAEHLIHL 30 mA ) FEA TR S IR ZEFINE ( 20=
10°~80° ); 2K F VERTEX 70 {8 B AR e 2T S %A%
(185 Bruker 2AH], FEF#%) #F47 FTIR Mk SR
F 3Flex AU M43 M1 ( 35 E Micromeritics 2y
F) ) RPRE aHEAT LR TE AR, AR JETE 150 °CHi
STALIE 4 h, He 3R A FLUE 1T Brunauer-Emmett-Teller
J7iER s R S-4700 T H4# T Bies (HA
Hitachi A H) ) XI#EM AT SEM RIE; RITTREIEAL

Sel./%=
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AT PRI 5 SR 6890N A (X ( &
Agilent A ], HEAETIREE 250 °C, FID #RJEF 300 °C,
s HP-5 ) Xf 7 M) ok AT E s A

2 ZHR5E

21 RUER
2.1.1 BET & #f

1 N g-C3N,. VO/g-C5N, Fll VO@g-C3N,-T
(10.0% V) 1 N W Bf- BB 5 R4k . i1 1 ],
IR 3 A i W B - T B S R 2 R T IV S A, R
3 eI HA N LA SRS H3 IR, 3
W1 3 i il AT RE X ARG I SR AR A, X AP ALY
[ A 2 e DRABURE (4 A I S SR AR A LR AE D 17
F 1 JEFESL g-C3Ny. VO/g-C3Ny B2 VO@g-C3N4-T fY
Fe R AL, FLAR AL IS . FE i g-CNy.
VO/g-C3Ny J2 VO@g-C3Ny-T 1Y 2% 1 AR (Sper) 23 31
4 37.8.37.2 Fll 76.1 m*/g. "] LA i, VO@g-C3N,-T
1) Sper b R o X F R TR g-C3N, i@ H
P 7K I A 7 R B B K 2 g-CaN, T, B
K R EARXDOEAE R 2 CEZER, HEEAH
TR, R T X SN 0= ) B o e A%
B 3 1 ATAL, VO@g-CN-T IIFLZ (13)
5 0.597 cm’/g, . g-C3Ny4 (0.223 cm’/g) . VO/g-C3N,
(0.205 cm’/g) B2 345 Xl figEH T g-CN, #
BJE, AR R HERUTE . VO@g-C3Ny-T i1
BIfL#E (D kb g-CsNy /Iy, 33X 3522 30 B 5 v
U 458 2 1 /INLIT S

SrP»wa

O.IZ 0.I4 016 O.IS l.IO
Plpo
El 1 (A)g-C3Ny. (B) VO/g-C3Ny F1(C) VO@g-C3N,-T 1Y
N 8 68 o 5 T £
Nitrogen adsorption-desorption isotherms of (A)
2-C;3Ny4,(B) VO/g-C;5N, and (C) VO@g-C;3Ny-T

Fig. 1

F 1 g-C3Nyw VO/g-C3Ny & VO@g-C3N,-T 1Y LR AR
fLE K LAz
Table 1 Specific surface area, pore volume and pore size

distribution of g-C3N4,VO/g-C3Ngand VO@g-C3N4-T

S&er/(m?/g) Wi(em’/g) D¢/nm
2-C3N, 37.8 0.223 34.5
VO/g-C3N, 37.2 0.205 24.8
VO@g-C3Ny-T 76.1 0.597 31.7

a: BET ¥ A, b. BIH EBMERFLE, ¢ BIH
5 W RO 28 B E LA

2.1.2 XRD 45 #
& 2 JHERL g-C3Ny . VO/g-CsNy B2 VO@g-C3Ny-T
(10.0% V) 1 XRD El3% . 3 MY XRD Bl
B AR, 50T 20 4 13.1°F1 27.2°4b, X
i g-C3N4( JCPDS 87-1526 )F H H1 (002 )F1( 100 )
AT . o, 27.2°4b AT BTG IR SR, A )]
HEFRERAE N, XFRZAIEE d = 0.33 nm, Ui g-C3N,
BARMIASBNZREER . 13140 7T i 2 40 3R
A (melon ) ZEY) BT AFAEIG , XN 3 — R 4544
HFAEFLIEIEE (d=0.67 nm ), J&&45H) FAFELER/MiiA}
fnLEEE, BN VO@g-CN,-T HA 27.2°4b K47
SFPUGe LT S P R P SO s , JC e RURR S N
FEIEWM TR R B G, 55 B Y2 0] 3 BURE AR
55, KB g-CN, Bl B 4 Kk i 51, 3 f BET
MERZE IR G . VO@g-C3N,-T 76 13.1°40 BT 5
WS, EEEH TR IS g-CNy 1y (100 )
ARTRHEIEIR , SEFIBIGIE BT IRE AP, VO/g-C3N, Fil
VO@g-C3Ny-T Ff oK B B A AL A A7 S, 3=
BRI THULES W g-CN, BB SR, Beh
m AR E AL AR G, DLRRAE B ITE g-C3N, KT
30 T R R A

\-/\—'\\\-Cs
B
A

1 1 1 1 1

1
10 20 30 40 50 60 70 80
26/(°)

Bl 2 (A)g-CsNy. (B)VO/g-C3Ny Fl1(C) VO@g-C3N,-T
XRD %5

XRD patterns of (A) g-C;N,, (B)VO/g-C3Ny and (C)
VO@g-C3N,-T

Fig. 2

2.1.3 FTIR 5 #7
& 3k g-C3N, Al VO@g-C3N4-T (10.0% V) HY
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LLAMEREE . 3000~3500 cm ! 2T JE T g-C3N, H
4> N—H M4 i, 2150 em ™ AbBliod s +
g-CsN, A C=NPY ) 7 1250, 1325, 1420, 1573
A 1635 em ' Ab A A WIS I & T g-CsNy R
ZRAPRSN, 78 816 F 892 cm ' AWk )E T
g-CsN, IR B AR S, RITRFIE A g-C3N,
MBS TTNHKE R VO@g-C3N4-T 1 g-C3N, Y
FTIR YGiE AL, UEMIRIEET . 5 g-C3N, 1k
SRR AR FF—E, VO@g-C3N,-T 7 982 cm'
AR A B BRI, X HE T
VO(acac), "' V=0 iy zh, 5 ckdaE > 2
VO(acac), 11 V==0 i shife (997 cm™ ) A H w1
WeBUmEL, X AIHER: VO(acac), MK F g-C3Ny &
AT B B2 A TS, 5 SOk AR T8 S AR A Y

VO@g-C;N,-T 982

g-CN,

N)\ N

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™

Bl 3  g-C3Ny Fl VO@g-C3N4-T HILLAMERE &
Fig. 3 FTIR spectra of g-C;N, and VO@g-C;N,-T

2.1.4 SEM. EDS % ICP-AES % #7

K 4 & g-C3N4y. VO/g-C3Ny B2 VO@g-C3Ny-T
(10.0% V) #ifi SEM R K 4A AL, #
i g-CaNy AN FLI Y HeR 254, i 255 0 Rtk
WA, A rRECH R, 5 ZEERAIET
H%., K 4B, C WoR, FEEL VO/g-C3Ny 2 B 73
B . KANA—BIE 454, R LA 1F 2 A

600 -
570-C
540

VO/g-C:N,

\
T T T l\\l T T T T

N4
s,

b

r
u-><

E/keV

Nwzskt. mIE 4D, E B, FEf VO@g-C3N,-T
REA VRS PR, R LA KRR
B, B 5 R Z AR TR SR E. X R
30 3 A7 o 14 P R S By ) A TR e T
TR VO@g-CsN4-T J6HEAk#], F1 BET,
XRD M4 REA —F . Kl 4F Bor, fELF
VO@g-C3Ny-TEH 5 WG REE T KRR 48K
WRREEH, REAEW B RIS,

Bl 4  g-C3N4 (A). VO/g-C3N,4 (B, C). VO@g-C3N,-T (D,
E)RZEH 5 F VO@g-CsN,-T (F)Y SEM [
Fig. 4 SEM images of g-C3N, (A), VO/g-C3Ny(B, C),
VO@g-C;N4-T (D, E) and recycled five times
VO@g-C;N,-T (F)

750
720} C
690 VO@g-C:N,-T

Counts/a.u.
&
S,

E/keV

B 5 VO/g-C3N, Al VO@g-C3N, i EDS 23 Hrahi i
Fig. 5 EDS analysis of VO/g-C3Nsand VO@g-C3N,4-T



559

Brtgill, 55 VO@g-C3Ny-T = AT WOGHE L2 SE AL il 4

* 1539 -

&l 5 & VO/g-C3N4 Fll VO@g-C3N,-T 1 EDS i
Fl, Z5RE, VO/g-CN, Al VO@g-CiN, #H V.,
O. N, C X 4 FocEH M. ICP-AES MHLFEH,
VO/g-C3N, Hl VO@g-C3N4-T H V IG % I 43 5003 3
& 7.76%. 9.78%. %54 FTIR J XRD n[%l, #4&
TR EAR LT M [ 8 AR OKR T g-CaNy b, JFak 3T
o B 4
22 HEAFIEFEEEMR

LI H,0, 1B A gkt S8 AR, AR RE AL KA TR
Iof SR A X AR B SR s L2 2,

2 AR R 1 2

Table 2 Screening of catalysts for hydroxylation of benzene®

No. Catalyst Conv./%  Sel./% yﬁgfgz/{,
I g-CiN, 0 — —
2 VO(acac), 30 985 <30
3 VO/g-CsNy (10.0% V) 279 972 271
£ VO@g-C:Ni(10.0% V) 845 946 799
5 VO@g-C:NeT (2.5%V) 286 970 277
6 VO@g-C:NeT(5.0%V) 724 965  69.9
7 VO@g-C:N.-T(10.0% V) 984  9L1 896
8  VO@g-C:Ni-T(20.0% V) 968 914 885
9 VO@g-C:N.-T(10.0% V) 838 943  79.0

10 VO@g-C:NT(10.0% V) 947 916  86.7

11° VO@g-C:N,-T(10.0% V)  <3.0 984 <29

a -C¢H¢(0.5 mmol), CH;CN (2 mL), w(H,0,)=30%(0.6
mmol), 30 W HHATHL, HEFI(25 mg), =, RIAFE (12 h),
V RN R b-BRERE T IR g-CaNy Tl 5 c-HLO AR
F; d-ZBE IR e- SN 7RIS 2 R #EAT .

B2 2 1 No.l, 2 Al FE i, KRR ¢-C3Ny.
VO(acac), fEALFIZE AT WOEAEH T, XA 5
WA GG EN S . No3 B, gl
VO/g-C3Ny(10.0% V) Ak 55 A AT UL A Ak 3% e
HHEALFT] LK B 27.9%, K B 10 16 B M Al %
SN 97.2%. 27.1%., No.5~8 W, VO@g-C3N,-T
B VSR R, AT DL b T P
3, VO@g-C3N,-T (10.0% V)EA e i L%
(98.4% ), Rk EEEAT T T, BER 91.1%, &l
YRR I HURER, REMCE N 89.6%, VO@g-C3N4-T
(20.0% V)TE IS A R X BB T g-CsNy #15
BR HFE A . BB E A TS TR 9K
5, ®E T EESEE VO(acac), 4T, JEM T
LA B U IR 85O, R R M R XA AR AT RE LA
X AT DAL AR BRI A Al iy 2210 kR
B DL PRI AT R R R K M o A SR Akl 3% o T AR
TG WL, X TR R IR 4 F 5 T R B
FH R Nod W FEH, AR 1 IRK g-CN,

& 1) VO@g-C3N, (10% V)AL IS A TR,
Szt EAL 2 ) g-CsNy T HE, g-C3N, &t
PEEALZN S AT I R, X5 SCERRGE
FAR O MIEF OB SUK 2B S, i
No.9. 10 AJLUEH, REALREAG I TR, g
TERG 2 P AT RO, i No.11 Af LLE Y, R B )
REAEALR (/NT 3.0%), Al No.2 FEA—F, X
AIREEH THOCEAR B ER AR A&
55 A AR A B,

¥ VO@g-C3N,-T W] WG F AL AR B Ak S i
35 T 5 SCHRARGE Y HA g-CoNy FAB AL 7 28 5 R Ak
PSR TR, AR L 3,

3 OUEAT VO@g-C3N,-T HEAL A F2 FeAb 45 21 5 30k

e
Table 3 Results of hydroxylation of benzene over
photoactive VO@g-C3;N,4-T catalyst compared

with those of literatures

Result of
No. Catalyst t/h Hydroxylation/% Reference
1 Fe-g-C3N,4 4 4.8° [10]
2 Fe-g-C;N4/SBA-15 4 11.9° [27]
3 Fe-MCN 12 14.4° [28]
4 Fe-C5N,/TS-1 4 10.0* [29]
5  VO@g-CiNy — 91.6” [11]
6 CuAg@g-C;N, 0.5 99.0° [14]
7  VO@g-C;N4-T 4 57.5%(56.3%) this work
(10.0% V)
8  VO@g-C3N4-T 12 98.4(89.6%) this work
(10.0% V)

¢, y IR AL R A

2 37 0L, No.1~4 H -k g—QN:;%%E%%ﬂS?ﬂJ ,
TE AT UL G AR Ab T #0 EL A BTG A 2R 2 Ak 32 BOR B Ui
R, AKMN Fe-g-CiNy, HKEALFEHE 4.8%,
Fe-MCN H A8 &M ABICE, A 14.4%, No.5
VO@g-C3Ny AL FIZE AT WL T, UL H0, A
e, ERIALMICRIER T 91.6%, A& SCHERA
PR N, No.6 /8, CuAg@g-CsN, fEfLH
X TR R AL HA e T WG TEPE, 0.5 h )5
TR I T 99.0%, (HSCHRBEA H 8 te PRk
R, 536 3 SCHRIRIE 19 HoAt g-CsN, FEA L 57 4
I, No.7 VO@g-C3N,-T(10.0% V) HEALFI A EA &
LTS, I B PR, 4 h R LR A
AR AT IR 3 57.5% . 56.3%, 12 h Al ik 98.4% .
89.6%.

RNEERE, B E AR, 50 CFEZ
THE SRS AEARR S FEE M, 45 A E 6 PR .
PEAE 5 W, KB MR TEA IR A4
1E 97.1%. 91.0%. Z5REV], A VO@g-C3N4-T
HA B RE e Z A0 . s xHE A 5 a1
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1EIEFRNETT ICP-AES 3 HT A1, VO@g-C3N,-T 1
RV R EA REIA F] 9.69% , FIE EE Y 9.78%
FH L, Ui B AR R T 2R A S R AR B AT G
X5 SRR A — 2 X RN i EF T ICP-AES
MR &I, SN R TR AETE, e
EPULE Y g-CN, BA AR SRINES G I8 45
AEM 5 AR SEM ([F 4F ) #AETTH1, Z AL
ERE . A HIESIBA B RAE, Xl ikl
FIRRE M R FE LR A

100k [ Conversion [ Selectivity

80
60

40H]

Conversion or selectivity/%

1 2 3 4 5
Run times

R 4. CeHe(0.5 mmol), CH;CN (2 mL), w(H,0,)=30%
(0.6 mmol), 30 W BT, fALF(25 m), Fikk, SUNATE (12 h)

K6 L VO@g-CsN,-T 1y H 4 1
Fig. 6 Reusability of catalyst VO@g-C;Ny4-T

K 7 J2 2 SCHR[ 14148 Hh A9 R4 T RERYDL
HEAEPLIE,

C—H activation

—=Q==9C

0% VO(acac),
VO@g-C:N+-T <

K7 AT RER LR HLEE
Fig. 7 Possible photocatalytic mechanism of hydroxylation of
benzene under visible light

H,0, 7E VO@g-C3No-T Ak 55 2R 1h1 45O i = A
FRIEF AL, AE A A0 AT 2R T AR S R AR
MBI ER, Ra+1 C—H {3k, ™
AR HE A SRS AR R AR RIE BT 28 B o

3 it

K FH TR BARG R R IR R RO R B e 5
N EN ST R T VO@g-C3N,-T HEALF
T WG SR R S N, B R Rt

MEALTTE o SR B 1Y) @-C3Ny 12 I PR PR 4 B 45
B A REIE M — R R IR O 254, ELRA B A iR R 2%
B, FHEOXMEEMLTAA GERE 2, Xl Wb
PR B AT B BRI 5 BT A 40K
Fr A S AL R ARBR R DG T IR WO . PR B
P BAEERMEA, (2t TR C—H /Y
G
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