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Abstract

Cyanamide used as precursor of the graphitic carbon nitride (g-C3N4), hollow carbon nanospheres
(HCNs) used as carbon support, core-shell HCNs@g-C3N4 catalysts were synthesized via a pyrolysis
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approach. The morphologies, structures, and compositions were characterized by scanning elec-
tron microscopy, transmission electron microscopy, X-ray diffraction and infrared spectra. The
oxygen reduction reaction (ORR) performance was performed through electrochemical station in
alkaline medium. The effect of structure on ORR performance of HCNs, g-C3N4, and HCNs@g-C3N4
composites were studied. It was found that HCNs@g-C3N4 composites show greatly significant ORR
performances compared to HCNs, such as improving half-wave potential (80 mV) and maintaining
long-term durability (90% relative to initial current).
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1. 5|8

N T GERRIREGG G REVR LG AE IR R, I VR REVR AR U AE A i A B R atE— 2B AL 1] [2]
BRRL VB AT DLR AL 5 e B AR L RE AR . 2 — s R, AR IF BRI L A2 1F (3] [4]. 1HAE,
AR (1) 58 S8 J5L 3 (oxygen reduction reaction, ORR) B! /7 2# 3 FE G218 , H A H PR 1) 7 Bk Hi il 1) 8 4 2%
., P, & B S AR RS AT s AR E YERI IR ORR AR OCEZ (5], HAl, BRI
RIFHFHME. KR BN 5180 sl iz 5t [6] [7]. A EMAEMRKEARUT HENZ
RESE LM, AMC, BRAERR, HHTHET SR, SRREE, R 7 HEBEIE TR
J7 T SEBRRL 8] [9] [10]e A T A S5 A BALBRAFAE R ol /B, H A E 2 B TR D7 V202 4 A S8 AH Ak
FUERAE S H SRR b DR v HL A OB SR BB 1] [12] [13] [14]. Yang 25 A [15]81 4% T A SBAGIE EALRGUK B
ZEAMERIHSEA S &, RN RS RN fHE N ORR L& @M, I I
RAEALTE R R AFA APERT S $E 1 . Sarkar 5 A[16]6 1) Cu-g-C3Ny MEHERRPES B 5% ORR %
It e R 2 v KA E . Park S8 N [17]H4 7 A 88 50K - BRIIK LT 4E(g-C3No-CNF), i ALT
XAV R SR ST H ROBE S s HH A E M, AR N R Re AR BiRS E R 7
EREE T g-CoNy ARSI JEVERE, (HR A AAFIE— e . 755 R ME TS 2 B AL A SZ i by Bk
YR A AE SRR B2 AR 55 . L, & —Fh R AR . AR E . AN BR 1A S5 A
BTSSR 72— Fh kiR -

AR SCIE I R VAR A S A S A B (g-C3Ny) 1 BT 344 B S B 6 38 7E P S BB AR (hollow carbon nanos-
pheres, HCNs)J i, Sl EIE, JA9A FAHEIROE T 2 (HCNs@g-CsNy) Z G A7 . it
PR ER A X AT AMRSOGIE R AIET T — RAITES . SRR RAE, I
JE T H AL AW 7 T HCNs. g-C3N, Al HCNs@g-C3N, [ ORR Tfig. 45 5REH, AR E A EE, ORR
PR R R A

2. SCROERSy
2.1. iR

MR(CHANLS, >99.0%). HFHE(CHN,, S50%KIEW, & 0.1%FERFEER]). MM (C,HN, CP). 2K
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ZJ(CgHg, >99.5%) A1+ — B LB BN(SDS, >99.0%)I [ Bl T 4b2E A PR A & o A RIS 205 B LE
FHATHEAT IR 2818 o AR ERM(NayCO3, >98.0%)~ I IR (K2S,055 >99.0%)~ I B FRAM((NH,),S,055 >98.0%)
9B E 251 A A IR A F . REMA(KOH, >95.0%). ZFE(C,HsOH). & 7RI 22 4h, i
o 2 it RRRLE AT A& v A 1 — P 4l .

2.2, SEHEEE

2.2.1. PEBHRAKBREHIE

BRI AR BRI DARTHRIE 775 [18]: K Te /KRR E4(0.1 g, 0.94 mmoL) Al -+ bt HE 1 B B4
(0.2 g, 0.69 mmoL)¥AfiEAE 300 mL Z& /K, SRGHB B FE RIS, N, 85 30 4080 BEE, thigm
AR ZIF(30 mL), 1E60°C FomFIFE 30 7080, /5, ¥ KuS:0s 7K M(10 mL, 1 mmoL) | A _F i J B
RSP, MAE 75C, FERFE 20 M. AEIEERE, FHZEMKLL 12,000 rpm/min FEH 5 25074
20 B ECR . KRR IR IR LR GUOK TR TR 2 BUE 100 mL Z&TREK B, BRI TR L0 BRI
(polystyrene, PS £}R).

S RAKER: ¥ PS BRB(2 mL) 2B E) S 100 mL 25 T /K BB, ZEREEE T ) ik R o
N 0.1 ml WL AR, BRI G SRR (20 mL, 20 mmoL) 34T R &N . AT/ G, i
REVIEH LB PR BT EEIK . BERF=ITE 60°C A AR b T — 8, R E &
HLL 5°C/min BIINFAGEZR M 20°CFHEE 850°C, FEULIRE FIVAEP /NS G HARAEIE =R, 0
R ARG ER o

HH SRR ER IR AL : B 200 mg B 2 BkEK, BT 25 mL M4+, TN 5 mL ¥ H,80,, H4&1E
B 10 mL ¥k HNO;, ZIRHE 48 /NS G, MKFRE. HhiE, B3 E 60°C NI TR —8RA, &
=10 8 HCNs.

2.2.2. ASHETLREEIE
Rd EHIRE TN, BL3°C/min BINHAGE R M 20°CTHE R 550°C, (LI T ORIE PN A
BB A=, SR PEN g-CNy.

223. ASHELKROEPTHRNEIE

HCNs@g-C3N, {9414 FREL 10 mg BRALJ5 9 HCNs, HIA 5 mL /NMg#frdr, [RIRBONSERET. I 1
mL 255 7/K, HAESEU . BL400 mg FEHL(50% KB, & 0.1%FEaER), IFKIECmE: KA
3:1 MBI REREA R, AP UOIMNNEN, BidE EARIE R . BERFERE 70°C N RS T
W, T M E AR SR T e, BL3°C/min MINHAGER M 20CTHEE 550°C, RIEM/NEH
R HIEZER, RIT 378 HCNs@g-CsN, B A Ak

3. ZR51TR
3.1. EWFIRRRIER SR

14 H 7 S 5B (scanning electron microscope, SEM)J& —FO 1t (X JE S #E AT 1 0 F K 0 i F B, an &l
L(@)FTRA g-CN, s, HRIUH KR A SR B E 45 R R E I ESRRIE, AN A B 2 (8]
RAEBIAEL. Wl 1(b)&X HCNs MBS T 1 3RAE, Wi LS A A U HCNs BA RIFH
SYECIRAS, REDEH, BAE R SHRRFE 200 £ 10 nm. & 1(c)s K 1(d)2& HCNs@g-CsN, B &Pt s
B v, ANERIIERTIBOMMRE, AW DD BT A& T — M ERE, RWULH SR s 15310
g-CNy B | — E B AEBR T IR
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& 1. g-C;N, (a), HCNs (b), HCNs@g-C3N, (c) (d)B943H r B El %

B} ALY S5 R (transmission electron microscope, TEM)J {4 H B 12K R WA ) A B B3 1 A B AR
B o WA 2(a) BT g-C3Ny (9 TEM & 7, #E— 2D R B JATHI 45 1 g-C3Ny & B A s b 9K Fr s
PRI RGP 8 . 1] 2(0) BT A B A SR G5 4 (1) HONs, %45 s B A iy LR T AR R e A AR
to B 2(c)/& HCNs@g-CsN, EEY TEM B, 18 550°C il i 25 1 K S B AL ) g-C3Ny B 3K
FEP R . MWEH AT DOREE Rk R B B K, R L5 2 BB, fEE a3
10 2 nm, B g-C3Ny I ) FUERAE BB A b S iR IR T . L 2(d) & 1) HCNs@g-C3N, H A fdk
AT ICRBU, 2(e)s 2085k BN BAEBEAShEBIRERI. Wi airEH, 26
PIEEfA RO R EEDIRES, PRI AS RS R RN, A, XFMRIZ S AT O,
BENMEAL IR, AR 78 Uk Jslod R i (i gk v g PR i

Figure 2. TEM image of g-C3N, (a), HCNs (b), HCNs@g-C;N, (¢); Element mapping
representation of HCNs@g-Cs;Ny (d) (e) (f)

[& 2. g-C3N, (a), HCNs (b), HCNs@g-C3N, (c)BNiZESTE B ; HCNs@g-C3N, (d) (e)
(DHYTT = ARGTE (&
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A1 — i X-HHRATHMN (X-ray diffractometer, XRD)XFE 5l IR 25 #4 HE4T AL BT 4 3
B NERIRZ S il AR T B g-C3Ny (19 XRD [, R BIR T BRAIATHIEN, 7 27.3° AR 3 IGERT . 1)
32 g-C5Ny 9(002) 5410, 13.1°FIF5I4RT R g-C3N, BI(100) 4 1 (JCP-DS 87-1526) [19], iZATH &R T BA
Tr NGRS e B A o H LA 2 0, SR AD RIS 45 . HCNs 1) XRD EITE
247 Wb ISR, FE 44° 4 LSS g, & T BA — 8 45 5 LI G 8 TR k(002) FI(100) Af T AP — 4%
G ZJEH XRD 79 BN, HCNs@g-CsNy BARIIERI B 5 HCNs TSI BRSUHAL, R
g-CN, B A B X0 HONs (MBS &5 ), (HREIEE &R NS T HRMMA SRR, Xk
HCN s (¥ FE A AR e M A T T FE 20 o

—HCNs
- g'C3N4
— HCNs@g-C,N,

Intensity /a.u.

0 20 30 40 50 60
2 Theta (degree)

Figure 3. XRD image of HCNs, g-C;N4, HCNs@g-CsN,
[& 3. HCNs, g-C3N,, HONs@g-C3N, B9 X-5H 4751 El1%

I FH A AR 1 43 (infrared absorption spectrum, IR)XAE S ISR BE4T 871, 18] 4 AT~ A HCNs.
g-C3N,« HCNs@g-CN, FILLAMEIE B . 810.2 em ™' Kbt (1 /& BEFA B G 2 i HR Bh 16, 7E 1200~1600 cm™
Z AR U L) /2 g-CsNy HHR) C-N Fll C=N RSN il Ik — Bk W & B AR A A S5 A AL
Bk[20]. 7E B, WA LSS E) HCNs IS PR EE 2R T g-C3Ny, 5 XRD Bl )& BEAHYI & .
KRR E G 25, BT BIEN £ E S EB R ER T —E T

)
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Figure 4. IR image of HCNs, g-C;N,, HCNs@g-C3Ny
4. HCNs, g-C3N,, HCNs@g-C3N, HILT 4t [E 1
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3.2. PR AR

7E 0.1 mol-L™" ) KOH Btk oyl rf, R = sk R, EHEXIE 0.1V %] 1.2 V (vs. RHE) X #4
KHF) ORR FLAEAGEBEHEAT IR . 7RI AT @ /N, DR AR B AR P9 I S SR

HCNs. g-C3N,w HCNs@g-CsN, #E S EFHE RN 50 mV-s™ MR 2 £k (CVYI T 5() iR
M H AT DLAR B R 5% B B R SR R, R MR R — MR AR EE . H 2
HCNs@g-CsN, B AW I bs i 25 BE ok, B IE. MR, HCONs@g-CN, E &R I H by
) ORR fi AL«

I FH Tt [ 48 FEUBROGTE i 1) ORR fEAGYE MR HEAT VEA . HONs@g-C3N, TEAS 6 T MR R R R &%
HZR(LSV) U S(b) Ao,  MIE 2k B AR SO 4R v 1 R AL Bt o % S (38 D0 g 386 0, 3R B HCNs@g-C3Ny B
e 5 B L FAEHTRE 7. HCNs. g-C3N,w HCNs@g-C3N, 7E 1600 rpm R LSV #iZk & 5(c)for, fEHR
P N-0.1 mA-cm * i, HCNs@g-C;N, B AW 45 1 A7(1.087 V) HCNs (0.770 V). g-C3N, (0.777 V)
FKILHIEIE. FFER, HCNs@g-C3Ny EE Wik AL AR LL T —#E i B I . [RS8, HCNs@g-CsN,
HEWIE 03 VI B9 IR B %5 (3.286 mA-cm D)W T g-C3Ny (1.957 mA-cm %), HCNs (2.424
mA-cm ). X FERE AP RE A2 5 R IR R AZ R 45 AR L L R AR T Rk, AT
FHARTH )P0 AL FD L 55 7%, {8145 ORR MERETS 2 83Tt

b 0
1.0 HCNs@g-CN,
= 14
< 00; £
E ] = 21 ——2025rpm
Z 051 i ——1600rpm
§ 2 ——1225rpm
2 -1.04 £ = ——900rpm
& = ——625rpm
5 1.5 4 o " ——400rpm
——HCNs —g-C,N, —HCNs@g-C,N, 7 —225rpm
'2.0 T L} T L L L] L) L T
0.2 0.4 0.6 0.8 1.0 1.2 0.2 0.4 0.6 0.8 1.0 1.2
Potential (V vs. RIIE) Potential (V vs. RIIE)
c o d
100 +—
14 — i
: - \
< o
c <
= o § 604
S g 10-
5 ] ——HCNs £ _Hchﬁ
E —g-C.N = 20 gL N,
(@] 3 4 =)
——HCNs@g-C,N, < ——HCNs@g-C,N,
-4 v T v v 0 T v r T
0.2 0.4 0.6 0.8 1.0 0 2000 4000 6000 8000 10000
Potential (V vs. RIIE) Potential (V vs. RIIE)

Figure 5. (a) CV curves of HCNS, g-C;N,, HCNs@g-C;N, at the scanning rate of 50 mV-s'; (b) LSV curves of

HCNs@g-CsN, at different rotating speeds; (c) LSV curve of HCNS, g-C;N,;, HCNs@g-C3N, at 1600 rpm; (d) I-T curve of
HCNS, g-C3N4, HCNS@g-C3N4

5. (a) HCNS, g-C3N,, HCNs@g-C3N, £ 50 mV-s™' B3R E T CV BhZk; (b) HONs@g-C:N, FEANEEEE T LSV
BiZ%; (c) HCNs, g-C3Ny, HCNs@g-C3N, 7E 1600 rppm TEY LSV BliZk; (d) HCNS, g-C;5N,, HCNs@g-C3N, BY I-T #iZk
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KA 10,000 s E AT, HE—20 VA0 RE S i AR e VERE, 1T M2 S(d)FF R, Horh -GN,
FEILH (O IEFR R SE MR L 76 10,000 s J5 LR FEIL B 102.3%, 73 28 F 25 B0 14 R Fa i 4544, 1 HONs
F EhL 9 2 P SR SR 1 72.3 Y% AG PRI TRLE &2 J5 7E ORR AL L S KR SR T IR b, 11875
R MRS T BATS S, (RFE T R IR B 86.2%. (EIE AT, 5 AW RALIE B 1
B, W] HONs@g-CNy 512 W A 7R 1 75 M 0 15 ZE R A o e o
4. &g

ASCHIBIHE TH g-CN, CLETE S L D SR . g-CoNy AR ER, X O, MIMLBHE (L g
hf . HONs@g-CsNy S A A0 614 50 IR 7 S kR IF 1065 . 54h, HONs@g-CsN, JkE i =
YEREFARGER, 28 T RTHIRONE 4, FEHLHH BLATAO ORR MEALIEE R sE Mk . 785 4R TAEh, BRATHT L
HE— B AE B A AR T S 4 R R AR RN KRE T, A 4 T AR B ORR AL USRIt T 1R 5261

St
E&ME

SR ST 9545 85525 B SR RL A LT 1301 H (20K TB430046) FI K 2RIt 5 46:(03083030)
SHF
S5

[1]  Zalmdn, 28, skidfa, & BREBIa BT & A FEER 7L [0]. AL T, 2021, 41(7): 128-132.

2] ZFEM, F8, PR, = E, B5E, XI5, BN, B8, H TR R RN RIS T 0 2 Uk E R 1
ESBAA PR SRERRD]. PEA AL BT, 2021, 31(5): 1427-1438.

[3] THHE, BRE, HEdE, & SEARREEFITRERD]. FEE&EMES TR, 2021, 42(2): 40-47.

[4] 858, NiCo X & BB AR b i) 8 S B AL PERE (D). A6 LTI i8R, 2021, 47(4): 37-38.

[5] %, &, HZE, & wpidesn R am s i), MEHRR, 2020, 34(23): 23009-23019.

[6] Yi,J., Liao, KM., Zhang, C.F., et al. (2015) Facile in Situ Preparation of Graphitic-CsNa@carbon Paper as an Effi-
cient Metal-Free Cathode for Nonaqueous Li-Oz Battery. ACS Applied Materials & Interfaces, 7, 10823-10827.
https://doi.org/10.1021/acsami.5b01727

(71 EF. B4 BRREE EGL S I B ) 46 S LA PERED]: (W22 AR 5], P22 PR R, 2020,
(8] XEW, FXRE, ¥, 5. Hria SRR G/ BB 2 E A VIR & LA IEREE0) )], M
224, 2021, 42(2): 633-642.

[91 KfH, B, BB B AR B AR A B 4% B AR AR f i P IR [T]. B A MR, 2021, 38(5): 1558-1566.
[10] F3f. ET A4S ENEA REB &AL B AR VE R 0 [D]: [t 2608 30]. R RiEHE TR, 2020.
[11] Xu, J.Y. and Bin, L. (2020) Intrinsic Properties of Nitrogen-Rich Carbon Nitride for Oxygen Reduction Reaction. Ap-

plied Surface Science, 500, 144020. https://doi.org/10.1016/j.apsusc.2019.144020

[12] Jin, J.Y., Wu, H.M., Wang, S.F., et al. (2017) Heteroatoms Doped C3;N, as High Performance Catalysts for the Oxygen
Reduction Reaction. International Journal of Hydrogen Energy, 42, 20579-20588.
https://doi.org/10.1016/j.ijhydene.2017.06.122

[13] Tong, Z.W., Yang, D., Zhao, X.Y., et al. (2018) Bio-Inspired Synthesis of Three-Dimensional Porous g-C;N @carbon
Microflowers with Enhanced Oxygen Evolution Reactivity. Chemical Engineering Journal, 337, 312-321.
https://doi.org/10.1016/j.cej.2017.12.064

[14] Ma, T.f, Bai, J., Liang, H.O., ef al. (2016) An Efficient Method for Assembling Layered g-C;N4 Nanosheets Grow on
1D Pore Channels Carbon Fibers as a Composite Photocatalyst by Ultrasound-Assisted Exfoliation and Hydrothermal
Method. Vacuum, 134, 130-135. https://doi.org/10.1016/j.vacuum.2016.10.013

[15] Yang, S.B., Feng, X.L., Wang, X.C., et al. (2011) Graphene-Based Carbon Nitride Nanosheets as Efficient Metal-Free

Electrocatalysts for Oxygen Reduction Reactions. Angewandte Chemie International Edition, 50, 7132-7135.
https://doi.org/10.1002/anie.201101287

DOI: 10.12677/nat.2021.113011 91 PRFEAR


https://doi.org/10.12677/nat.2021.113011
https://doi.org/10.1021/acsami.5b01727
https://doi.org/10.1016/j.apsusc.2019.144020
https://doi.org/10.1016/j.ijhydene.2017.06.122
https://doi.org/10.1016/j.cej.2017.12.064
https://doi.org/10.1016/j.vacuum.2016.10.013
https://doi.org/10.1002/anie.201101287

R, FE

[16]

[17]

(18]

[19]

[20]

Sarkar, S., Sumukh, S.S., Roy, K., ef al. (2020) Facile One Step Synthesis of Cu-g-C;N, Electrocatalyst Realized
Oxygen Reduction Reaction with Excellent Methanol Crossover Impact and Durability. Journal of Colloid and Inter-
face Science, 558, 182-189. https://doi.org/10.1016/j.jcis.2019.09.107

Park, J.E., Kim, M.J., Lim, M.S., et al. (2018) Graphitic Carbon Nitride-Carbon Nanofiber as Oxygen Catalyst in
Anion-Exchange Membrane Water Electrolyzer and Rechargeable Metal-Air Cells. Applied Catalysis B: Environmen-
tal, 237, 140-148. https://doi.org/10.1016/j.apcatb.2018.05.073

Qin, T., Zhao, J., Shi, R.W., et al. (2020) Ionic Liquid Derived Active Atomic Iron Sites Anchored on Hollow Carbon
Nanospheres for Bifunctional Oxygen Electrocatalysis. Chemical Engineering Journal, 399, 125656.
https://doi.org/10.1016/j.cej.2020.125656

ZWORE, ERM, EEE, 5 ARG AR BEACTRE G B E ERE]. MEHS IR, 2021, 35(6):
6048-6053.

BB, xS, B, &, [ G oA SR B AL BB X Bk 2 BRI FE D). S RIER 2Rk (B R
BHERR), 2021, 36(1): 1-6.

DOI: 10.12677/nat.2021.113011 92 PRFEAR


https://doi.org/10.12677/nat.2021.113011
https://doi.org/10.1016/j.jcis.2019.09.107
https://doi.org/10.1016/j.apcatb.2018.05.073
https://doi.org/10.1016/j.cej.2020.125656

	石墨相氮化碳包覆中空碳及其氧气还原性能
	摘  要
	关键词
	Hollow Carbons Coated with Graphitic Carbon Nitride for Oxygen Reduction Reaction
	Abstract
	Keywords
	1. 引言
	2. 实验部分
	2.1. 试剂
	2.2. 实验过程
	2.2.1. 中空碳纳米球的制备
	2.2.2. 石墨相氮化碳的制备
	2.2.3. 石墨相氮化碳包覆中空碳的制备


	3. 结果与讨论
	3.1. 催化剂形貌表征及结构分析
	3.2. 材料的电催化性能

	4. 结论
	基金项目
	参考文献

