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eg-CsN, HEAT Ab BEAH L3R 1w 7= A 2 3k & iU 45 1)
eg-C3N,-S 7 CO, FIFRAE N L P00 BB JL ik PR PN M
Bk A A S R o, AR TR 28 H,SO, Ab B Ek R 28 44
FIEIY g-CoN, ABHEAT B = R A AT . 2 B e
7174 2.0 MPa, WV E A 140 °C B, FRE N BRI FE
AR DY s TR B B 23301 R 85% i1 98%.

1 EIGERS

1.1 EEFIFE
1.1.1 g-C;N, il eg-C;N, ¥ EH 4%

B R M (DCDA, 5 g) B 149 30 mL 7 55 A9
Wi, ZED g P L 3 °C min | A9 FHE B TR
F 550 C, 2R 4 h JF R EER, 521K E G
&, WHJEARIE R g-C3N,.

X} g-CyN, HEAT HA 85 19 7 1l 45 eg-C3N,.
2 g I g-CN, INA B2 30 mL 47 5 (R b, 755
FEpr L 3 °Comin ' B THRERTFE 600 °C, fHE
RV 2 h JG AR H B, AR ENRE O, frid
A eg-C;N,.

1.1.2 eg-C;N,-S-T M BH 4%

B EA 1.5 g eg-C;N, il 25 mL (9 H,SO,
(72%, Ji i 70 500 s T R VU IR 0 AR R SR
KIS B 2 T, TEANF IR (T = 50~70 C) T
TN 4 h, PR ARTR A UE T koK G R,
SR G K IIR B 2T IAE] 50 mL A9 25 5 F K H

IFHEFE, FPEEtHE 2 h, ROV AT IR SR 2 ik |

VEANTJ, £58) (06 R, WS JS hRic N eg-C3N,-
S-T. Horpr 74055 H,S0, AbFH A1 .

@ —A— ¢g-C;N,-5-60
—0— eg-C;N,
—8— g-C;)N,

200
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plp

1.2 TR

K H ASAP 2020 R BRI BfFY (Micromeritics)
DU A Ak 0] P 2R 20, I SR AE S ZE 150 <C
i 4 h. 2K D/Max 2500PCHY X 5 2k 4y A A7 5
% (Rigaku) #£17 XRD &AHZHr (Cu #E, 45 HL R 40
KV, B 100 mA). 2% ] TENSOR 27 #U{df BLi-21
AMETEAL (Bruker) X ¢ i £ 7 021 4 (FT-IR)
KA. R ESCALAB 250Xi % X H£6 6 T fgi
S (Perkin-Elmer) 1 128 A% i %) 2% 10 b 27 2H A% >R
UV-3600 25 #h-1] UL [ 55563542 (Shimadzu) )3
AR SEI I B
1.3 EAFIMHERE K

TE 25 B VUG 24 A IE ) 183 S S R 28 (25 mL)
HFOinA 10 mL fFR4ENBE (PO). 50 mg [ PU T FEIR
1k#% (TBAB) FIEALF] (200 mg), 4R 5 S 28 &
WL CO, [, LB T 2R, FJq B A
4l CO, KA (1.5~2.5 MPa). 7EfE PS4 N AR 5
THEZE 140 °C, fHIR A 4 h. [N S5 WS, B 050
BRIV, TESAREIE (SP-6890) 44T

2 R 5118

2.1 EUAFIRES

TR ARLEEAT T N, W R S T, R i B
SRR AN 1(a) 7R, g-CoN, Sz H B i g IV 7Y
SR £&, TEAIXT T p/py 2 0.80~0.99 Y8 FEl A H
BT —AN R IR, R INIZA R A — 2 N FLES .
SRR BT BN eg-CoN, BHRERE (A0 Jh 2 B I 3
5, FEAXS R ST p/pe A 0.40~0.99 JE RN HBL T —
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Fig.1 (a) N, adsorption-desorption isotherms and (b) pore size distributions of g-C;N,, eg-C;N, and eg-C;N,-S-60
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A A BR, UEAZA BHAHAL T g-CN, AL
A B AR LA 33 i) B 3 e AR 8 14 5 12 T AT
-GN, BRI 6 B4 FLESH. T2 H,S0, 4k
ST EINY eg-CsN,-S-60 Bk, FLME B8 s T R,
E43) T IV RS 2k, Uik RIS BA A FL4S
F. FIRBPRO R FLAR S AT AN AT 1(b) TR, 3 Fii
PEFITE 2~3 nm Ab B HA HIHE Y fLAE. L5
XF 07 B b R AR AL AL AR Ik 1 . g-
C,N, ML R K 17 m™g ', T eg-C,N, MEHE
R (S0m* g ) J& g-CN, 1 35447, HE— 24
B 3 e PR B 1 5 1 1T LA SR R g-CoN AR
AR AR, X TRt THERLT A g-CoN, #4
BHEATIRZ & A BRI T, X LE5E R 7R g-C3N,
PR AR e R b e 7 A Y UM ffg-C N, AR
R AR /N T T R B eg-CiN,-S-
60 BRI LK mARFFLIATRA B R, (B4 S T g-
C;N, PR LE R TR A FIALAA AR, T eg-C3N,-S-50 5
eg-CN,-S-70 1y LR A 43 51 31 Rl 26 m*-g ',
£ 1 g-C;N,.eg-C;N, 7 eg-C,N,-S BRI A S E
Table 1 Texture parameters of sample g-C;N,, eg-C;N,,
and eg-C;N,-S samples

Sample  Saer/(m’g') Dy /nm’ V. /(cm’g )

g-CN, 17 1.7 0.07

eg-C;N, 50 2.3 0.25
eg-C;N,-S-50 31 2.6 0.13
eg-C;N,-S-60 38 1.9 0.15
eg-C;N,-S-70 26 2.2 0.10

a. Determined by the N, adsorption isotherms.

()

N
o &

1
! eg-C;N,-S-70
|
! eg-C;N,-S-60

(’0

Intensity (a.u.)
[ [ [~

S &
' Q“ N\ eg-C;N,
! "
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Xof 7 B FLARFR 23 5104 0.13 1 0.10 em™ g ', B FIR T
Ffobt o 1 b 2% AR FFLAR B BIR T eg-C5N,-S-60.
XAl HESE T eg-CoN, MBHEZ H,SO, Ab 35, i
T R — 0 & E o TR 24 H,S0, 4h R
BEM 50 2 60 °C B, bb 3% 1 AR FLAR B A r 4
i, AT AEE T RE TR TR, HoSO, R T £
)& BIE R 501, (1145 eg-CN, MR A2 T HZ 1)
e AL, [6) B0k A AR BN I 2 i — R
H,S0, WA EERT, 7= A A FLEAE T 8853 I,

FIH XRD 7087 T g-C3N,. eg-C3N, Fll eg-CN,-
S-T #H KL SR 254, Al 2(a) TR, g-C3N, il eg-
C,N, MRHE 20 4 13.1°F11 27.3°4b W 7s H T B4
S, 43 BIVAJE T g-CN, MR I 14))2 P 3ERURD
o B2 MR, B (100) AT (002) g,
g-C;N, BRI GRS S5, (002) &t 1T G AT S s 1] v
FAE T A B, B SR 22 R R 4E /N, 3
F g-CN, TERF R b &4 TR RIMTHE. 5 1
R FR AR L, eg-CoN,-S-T HY XRD & H 7R H
ASTR] B 17 S 06 20 78 6.1°F11 122040 B 4 B A7 5 1
A3 A 8 T2 B e (110) & 0 AN (220) ST, T
TE 26.5°H1 30.9°4b B AR Bt i s 5 88 e A 5™, %
PSR A AT 2 i B0 TAEDY oA 4. il i
FIREHLEL, FIIA N eg-CoN, #HBHZ 3T H,SO, 4b 3
J, HJF e A2 N ot & A T e, AR T L
) R AR SR B . R NI, eg-CiN,-S-T )2
[ HEFRZE A A B IR,

L FT-IR X bk b4 B se UEA 7
A3 HT, W& 2(b) BT 7R . g-CN, Hil eg-C;N, 1} i 7w

(b)

b
- eg-C;N,-S-70
]
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804

£2-C;N-S-60
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&l 2 g-C;N,. eg-C;N,. eg-C;N,-S-50., eg-C;N,-S-60 Fll eg-C;N,-S-70 F£ 51K (a) XRD K FI (b) FT-IR &
Fig.2 (a) XRD patterns and (b) FT-IR spectra of g-C;N,, eg-C;N,, eg-C;N,-S-50, eg-C;N,-S-60, and eg-C;N,-S-70
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3 BRI, 7E 804 em ™ AbJRBE By WL i i I
J& T UL =34 = R AR BT i 2 N AR TR AR Sl (R
W A=) 76 1100~1700 em ' Ab H BR (1 £ T 174
)BT I57 I CN 28R G iR shibial; e 3 200~
3600 cm ' Ab 14 T e — A Sk 2 R Ak Bk 114 S 4
N—H FI 7k O—H Ay 4 4% 3. I 2(b)
AT LANER 3] g-CiN, ARk 2ead G 25 5, 42 B e A
BRIFEA AR KA. 5 g-CyN, Ml eg-C3N, £1
BHH L, eg-CiN,-S-T 7 1 000~1 700 cm ' 4b 1 £
FAr LT, TiFE 1627, 1473 A1 1087 cm ' 4t
LT AR A W, — A2 C—N(—C)—C
of, C—NH—C [ 45k 31 1t4h, eg-CiN,-S-T 1
3433 cm ' AL RIS B E S T g-CN, Fl eg-C3N,
FORL OB RT B T £ —OH. £ b FTik, n] LI
H eg-CyN, 42 H,S0, AbHJ5, FRiy=A: T 21745k,

El 3 2N g-C3N,. eg-C3N, Fl eg-C;N,-S-60 £ 81T
XPS 4tk K. G54 HEAE 288 F1 399 eV AbAYIE /511
J&T C 1s FIN 1s #1H, 533 eV ZLHyiE K O 1s HhiA,
eg-C3N,-S-60 1Y it U6 5 J&F Bl 1 K T g-CN, 11 eg-
C3N,. 3 2 i XPS &35t A M C.NFI O TR
. eg-C3N, 3¢ g-CN, A S C & i, XAl g2
Hh ¢-CN, il Zkima i (N5 C HHi#E) LI C
DI E N FAES 2 Wk AR ) i
e & o i, S BUR & B FEL, M eg-CoN,
5 g-CN, HAHE S C &8, ma bR
B A& LU A R AR K B AR 4k, X 5 Z 1 Sk
I 18 B 45 B — 5 A, eg-CyN,-S-60 5 eg-
CN, FERHHIEE, N A R AR A, O /A T

Nl1s
01s Cls
eg-C;N,-S-60
El
&
)
5 eg-C3N,
= M
2 L—«wl
=
1 1 1 1 1 1
1200 1000 800 600 400 200 0

Binding energy/eV

3 g-CsN,. eg-CsN, Fll eg-C5N,-S-60 FHA}1 XPS 42 (&l
Fig.3 XPS spectra of g-C;N,, eg-C;N, and eg-C;N,-S-60

+® 2 gC;N,.eg-C;N, Fl eg-C;N,-S-60 7 #}H1
C.N.O #IFHIEE/R 52 80
Table 2 The mole fractions of C, N and O species

in various samples

Mole fractions/%

N,

N, :
N, !
! , eg-C;N,-S-60
1
1
—

eg-C;N,

Intensity (a.u.)

1 1 1 T
399 398 397 396
Binding energy/eV

1 1
402 401 400

395

Sample Composition
N (0]
g-GN, Cos6N100.04 45.0 52.7 2.3
eg-C;N, Co.93N1O0g 07 46.6 50.0 34
eg-C;N,-S-60 Co90N10g 14 44.1 49.0 6.9
IRTAINE TN

UNHT AT, g-CsN,, E AT S L 13376 4R
THE AWM. T, X ERBRIIEST T N 1s 19
Sy, ZERUNTE] 4 PR, 255 REAE 398.1 eV Ak 2k
ARBIT (R =3 =1%) F iy N ¥ F (C=N—C, N,),

NN N,
PUBN
NZONTON
N \N)\\NI
N ceeecceccccceccne.. >N,
N)\IN Ng\}\l
N)\N)\N N)\N)\N
XX T s
HN NN NN

Kl 4 g-CiN,. eg-C;N, Fll eg-C;N,-S-60 ¥ N 1s [Fl K 254 7R = A
Fig.4 N 1s spectra and basic structure of sample g-C;N,, eg-C;N, and eg-C;N,-S-60
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399.4 Fil 400.5 eV 4b B A 15 5 0543 5 9 & T4
B =¥ =8 H e TPy N JE 7 (C—N(—C)—C FlI
NH—C, N,) Dk & A 3 2 5 (-NH, 3(-NH-, N,). H
3 A, g-CaN, MBS N, B T B 3L 50 )L
S IEARAER, TN, BOBRE R TN, e A
J& CO, THALHY HE RS . 2 3 9 3 Ff N WFh
) HAAEE IR B X g-CN, BERHIE T GBS IS, N,
AT T, X AT RE R R RS g-CoN, T IRER I
RAWER (N, &R T ¢-CN, KA 2% N 1Y
FEFTEL, T eg-CiN,-S BIE DI P34 Fll eg-C3N, &
AL XPS 451 (55 2) B B8 eg-C3N,-S-60 #1K}
HAREN O F&. X ik 3 Fd R T O 1s 43
W, 25 R E 5 i, g-CoN, Fill eg-C3N, A O 1s 1%
VA B—1) O Wikh (531.7 eV), BIVRE i v g jf %) 7k
(H—O—H). TMij eg-C;N,-S-60 1 530.6 eV ibif A —
AR A (5508, XN FRERR I (C—O0—H). £ 4 7 O
Ls BTG A3 I 25 X BB O WP Y 1T 20 & . g-CoN,
Hl eg-C;N, T | 9 O 4> %8 g W B 4 7K 43 1~
H,SO, 4t 1 J5 1) eg-CsN,-S A1 BHU & A 26%~33%
PIREFR I, Hih eg-CyN,-S-60 B A 5 i R 3L 5
. MR E SCER [6,33] BYHGE, H,SO, B eg-CiN, |
B I S BE R A RN, A5 eg-CoN, 2 SR 4
I 3E (N,) 28R T B, HoRBERE 6 Fin.

x3 EHRPEM N IHPERSE
Table 3 The mole fractions of various N species
in various samples

Mole fractions/%

H—O—H , C—O—H
eg—QN,,-S-ﬂ)_A
€g-C;N,-5-60 A
eg-C;N 4-8-&&
eg-C;N, A
g-CN, /\

536 535 534 533 532 531 530 529 528
Binding energy/eV

Intensity (a.u.)

K5 g-CiN,. eg-CsN, il eg-C;N,-S 1 O 1s [&]
Fig.5 O 1s spectra of sample g-C;N,, eg-C;N,
and eg-C;N,-S
R4 BERPETOMHHERSE
Table 4 The molar fractions of various O species in

various samples

Sample H—O—H/% C—O0—H/%
g-C;Ny 100.0 0.0
eg-C;N, 100.0 0.0
eg-C;N,-S-50 72.7 27.3
eg-C3N,-S-60 66.5 335
eg-C;N,-S-70 73.3 26.7
eg-C;N,-S-60-R 68.5 31.5

& 7 R UV-Vis 3% 8. g-C,N, #BHE
£ HRX (200~400 nm) &b A 1 A4S B A i i g, B
WCHE L 290 2.65 eV, X T g-C;N, Hh =) =12
4643 HOMO %13 il LUMO %LiE 1y fig g B,

Sample N, ~ N eg-CN, WM i (2.80 eV) KA T, X 1
o a s en JRT -GN, B B R T R A S
eg-C:N, 67.0 249 88 HE. eg-C3N,-S-60 TE £ 4N X (14 W i g FH St el 53, 1)
g-C;N,-S-60 66.6 25.0 8.4 AP R 1 (3.37 eV) i35 L. MM RN g%
KB, g-CiN, Fl eg-CiN, A L 1Y 21 {0 i 8%, 1] eg-
SN SN SN SN
NP N)\i‘l N)\i\l NZ\FJ
N)\N | N N)\N N H,50, (a.q.) N)\N N N)\ NN
\N)\\N \NJ\N/]\\N S N \N)\\N)\\NJ\N)\\N)\\N I N~
5 ™
NZ NN NZ N7 N N7 N7 N NN N
NS NN \N)\\N)\\NJ\NHZ \N)\\N)\\NJ\I\II/ > \N)\\NJ\OH

% 6 H,S0, AbH eg-C;N, 1] REHLEL
Fig.6 Possible treatment mechanism of eg-C;N, by H,SO,
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— g-GN
(a) 8-CslNy (b) N
eg-C;N, & ’CéN;I
g-C;N,-5-60 8%
- eg-C;N,-S-60
3 O
8 g
= a
3 =
s 3
2 S
<
337
1 1 1 1 1 2'65|\/ l/'|2.80 g cadl 1 1

200 300 400 500 600 700 800 2.0 25 3.0 35 4.0 4.5 5.0

Wavelength/nm

hv/eV

Kl 7 g-C;N,. eg-CiN, Fll eg-C;N,-S-60 #14}H#) UV-Vis &
Fig.7 UV-Vis spectra of g-C;N,, eg-C;N,, and eg-C;N,-S-60

C;N,-S-60 A1FL A 1 4. Al LUHERT, H,SO, Ab BBl 22
TRSE eg-CN, BYFEAR BRITES Y, HETTRE T eg-
C3N, FHL TR0
2.2 fE BRI
LA CO, Al PO BRI & B PC 9 H AR DL,
FA T LIRBORHE RN P B AR T, S5 2R L
5 AERMMERIHEAT B 2600 T, PO RYFEALR R
H 3%, 1 PC AU £E1E A 92%(Entry 1), [RIFHEFA
R~ N B (PG) A= 1. PG W RERIET PO 5%
V7 48 R B K TE e il e R T R AR K . AR g-
C;N, 1 eg-C;N, M EHME N AL (Entry 2-3), PO
AL A BEA B B A4 T, BERZ A BHE R AT T80E
N5 T, AL PR BEARAK. 5 eg-CoN, ML, eg-
%5 SFMUFE CO, TRINALR KL HRAL IR
Table 5 Catalytic performances of various catalysts in

cycloaddition reactions of CO, to PC*

Entry Catalyst Conv./%  Sel./%  Yield/%
1 = 3 92 3
2 g-CN, 4 92 4
3 eg-CN,’ 6 94 6
4 eg-C5N,-S-60° 13 95 12
5 - 46 97 45
6 eg-C;N, 70 98 69
7 ¢g-C;N,-S-50 78 98 76
8 ¢g-C;N,-S-60 85 98 83
9 ¢g-C;N,-S-70 57 97 55
10 g-CN, 59 96 57
1 g-C;N,-S-60 61 99 60

a. Voo =10 mL, W, =200 mg, Wigsp =50 mg, =4 h, p(CO,) = 2 MPa,
and T= 140 °C;

b. Voo = 10 mL, Wiy = 200 mg, ¢ =4 h, p(CO,) = 2 MPa, and 7= 140 °C.

C5N,-S-60 [ Ak 1% P B &) (Entry 4), X J2 HH T4
H,SO, Zb H )5, eg-CiN, M BHFR I 7= A T — 2L 2 JE,
Ha5E T HXF PO AW R AITE LR RE . AE AN L, 7E
Mg ] TBAB ) (Entry 5), PO %5 4k 3 0] L) 3k )
46%, Uit TBAB 1 LA S 3 =12 S N7 4 1k 14
fE. T 7F TBAB 5 eg-C,N, 3t [6] 77 16 1 1% . T
(Entry 6), PO fH ALK Z HT Y 46% 2T+ 2 70%,
VERAME ] eg-C5N, FIl TBAB AT L AT SICHR: 5 S o7 i
fetfE. BRI, TBAB H IR ES 7] IR dE R A
LY B FEER, 1T eg-CaN, 1 kg — i [ A58 AT LLAIE 2
Xt CO, MIMER. A7 SCrkaRas™™ "™, i 7l LUl i
1k PO F1i75 T HIF 5. FEMH ] eg-CoN,-S AE A AL
i (Entry 7-9), #4036 A T3 18T, SO0&H N
HEAL ) 2 T AR L REARHE PO BOTFRR1 ), BIFSTiE K
L PO MFE LR S H,S0, A B IR A KA. AbBE
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Fig.8 Effects of reaction (a) temperature and (b) pressure on the catalytic performances of eg-C;N,-S-60; (c) the catalytic

performances during five consecutive runs

Reaction conditions: Vpo=10 mL, W, =200 mg, Wip,s=50 mg, =4 h, P(CO,)=2 MPa (a, c), and 7=140 C (b, c)
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Synthesis of Propylene Carbonate from CQO, Catalyzed by
Metal-free Carbon Nitride

SUN Xiao-hua, ZHANG Xue-wen, WANG Fei, XU Jie', XUE Bing
(School of Petrochemical Engineering, Changzhou University, Changzhou 213164, China)

Abstract: The exfoliated graphitic carbon nitride (eg-C;N,) material was synthesized by thermal polymerization
and thermal exfoliation using dicyanodiamide as a precursor, and the eg-C;N,-S materials were prepared by
treatment of H,SO,. The physicochemical properties, including porous structure, chemical compositions etc., of
the materials were characterized by N, adsorption-desorption, XRD, FT-IR, XPS and UV-Vis spectroscopy. The
characterization results showed that exfoliation effectively increased the specific surface area of g-C;N,, while
H,SO, treatment introduced hydroxyl group. In the catalytic reaction of cycloaddition of CO, with propylene
oxide to propylene carbonate, eg-C;N,-S showed higher catalytic activity than g-C;N, without H,SO, treatment or
thermal exfoliation. Under the reaction pressure of 2.0 MPa and temperature of 140 °C, the propylene oxide
conversion and propylene carbonate selectivity were 85% and 98%, respectively.

Key words: g-C;N,; cyclic carbonate; CO, cycloaddition reaction
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