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Abstract: Hollow polymer spheres (HPS) were firstly prepared through a hydrothermal method using
phenolic precursor and styrene as starting materials. HPS was treated with phosphorous trichloride via
a Friedel-Crafts reaction to obtain phosphorus-containing cross-linked polymer. After carbonization
and KOH activation, P-doped hollow porous carbon spheres (AP-HCS) were prepared. FT-IR, TG,
SEM,TEM,Raman,BET and XPS, and so on, were used to characterize the composition, structure
and morphology of polymer and carbon spheres. The capacitance performance was also tested in
1 mol/L H,SO, electrolyte. The results show that AP-HCS has specific surface area of 2177 m?/g,
exhibits good capacitance performance of 288 F/g at the current density of 1 A/g. After charging and
discharging for 5000 times at the current density of 5 A/g,the 88. 9% capacity is retained, showing
good capacitance performance.

Key words: Friedel-Crafts reaction; phosphorus-doped; hollow carbon sphere; activation; capacitance

performance

Y R AR — R R R AR F . BT T R
JEE v P 2 i I AR i 2 U A S s L EE T ALK
VR4 35 9 25 UM T T 20 AELAT) A7 75 B 2t 5 BE IR
TR AL DR I O K LU LA ORI R A B R AT
S BRAPRERIRTZ LR L L R TR L RS AR
AR » 2 T 5 L A 17 P S5% 10 78 PR 2 e M L

Hh s i B CRL A S IR Y B2 T e TR 2 Ak o AR
YA AR EL =S S5 A AT L A6 A S TR T E I
FARE TR (4 i iz A% 2 2 AR Az By R B

DL AR . F A P s BRI i 95 07 s
FAE P TR AR BRAA Y R B B
LR JES ok 1 e #9123 2 T PR 5895 e - I
IR FH BRI €8 19 T 2277 3 R Al o mp s i Bk A5+ 00
WhEE 53— 7 T » SRR A LA A 2 18 1 A 2 1 ) AL
AFIF R Al . 5 P OCR T AR R4 2 1
siry A P AT B2 B PR ) 3 T I 9 A B b R 3 T
P AT A A A L O T B R — i 1 R
HL A O B e P A P BRI — A ORI L AR



106 BT R

2020 4 3 A

SN DL A R R BT R IR R W TR A T — R B 2
(1 = 4E Z AL BB BT KB A4 AR A S0t 3 = 2 FL B A
R % Al 2% B AR A RS . Huang S50 RIMHE 5 o
Wi H, PO, B 25045 7 R A 1135 m® /g,
BB 2% 1O 2. 5800 (BB JR 43 B0 19 1% T Bk OB, TE
1 mol/L H, SO, ML .1 A/g IR T A
ik 134 F/g. AT AR bR T 55 07k R T
E BN S b R B AR s e b R TR BB T A i
A B O T AR A BB AR R ER RO 4 .

A AR LA - S0 A W3k o JEkk, L =54
AR Ay W 42 2 700 R 58 6 791 3 o -5 SR A R T
— SR A KRG W7 & R kL KOH
Ak Ak B ) A 15 2 B 48 2% b 25 Bk 3K (activated P-
doped hollow carbon sphere, AP-HCS) ,#f%% T KOH
TG A A5 48 S r Al 27 vl 2R PERE 09 52 L D B 4B 4 th
25Tl IR 4 o A S AR T — OB O

1 LBWHBEFE

1.1 SEWHR

AL (St, CP) 5 5 L e i ot B ((C HyNOD,,
M, =24000) ; oK AL (AICL, , AR) 5 N-HT 5 it 1% 4
fiil (NMP, 98 %), - g BT $i T4k 0] 24 w) 5 = S 1k %
(PCly) Je/k Z B (C,H, O) & A AL (KOHD | B 1R
(H; SO R (HCD ¥4 AR, [ 24 4 A {22 K8 5 A

' PCl, H,0
_— —

AICI,

" PCLAICI,
—_—
-HCI

Cl=1~Cl

AlCI, OH

Friedal-Crafts reaction

) Ar
_
Carbonization

HPS P-HPS

n Hzo n n
- or
j oFon o3 ()L
OH N

BEL2A ) 5 Tp I A0S G TR 4 52 3 = 1 ol
1.2 LI HE
1.2.1 thas Ak (HPS) 6 4%

il i S 2 SCHR[16 ], fERR BEE 1. 0 g MY IEAS BE
I 5.0 mL(4. 5 @ LM T 20.0 mL K2
B B 30 min MV IRIR &35, A LR WP
Jin 50 mL A 0.3 g B £ ML o T 1) 7K 95 . S
30 min, FHE RIS I FLIUE Fe A% 25 R A0 NS 1 =
JER A 125 CTRER RN 12 he Jp;5e 55 . 12 20
FERLAEO UK TR IR ¥ 6@ HPS Bk,
1.2.2 SHsCHER G (P-HPS) i 4

L 1 2 3 HIFRIC 1. 0 g T4 HPS By R
2.0 g LKA, BT OB H . mA 30.0 mL
AL S 4310 min J5 L& T 70 C R R
R SN 24 b, RN S I I 30. 0 mL 25 B F
K AR 2 R R RN K il U8 e U, T8 5 ARAS IR
@ P-HPS ¥k .

1.2.3 @B AP 2SR (AP-HCS) 1yl %

W—E Rt H) P-HPS By K & T & A, FRAE R
PR AR TS C/min i THEHER A E 800 C
HAk 2 h [ & %G . 3415 P-HCS, P-HCS 5 KOH P
1 2 BRI ARG AU T & ik TR R
T 800 Ciffk 2 h G B B B 55 R Eh iR
HORE IR B K TR 2 pH Rtk B0 TR 5 3R
3 AP-HCS, il s fFEanEl 1 s,

P-HCS

KOH 800 C
Activation

Enhanced
icropore

AP-HCS

B 1 AP-HCS #il 4 3d F2
Fig. 1 Preparation process of AP-HCS
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&l 3 SEM E#1 TEM K] (a) HPS; (b)P-HCS; (¢) AP-HCS; (1) SEM image; (2) TEM image
Fig.3 SEM and TEM images (a) HPS; (b)P-HCS; (¢) AP-HCS; (1)SEM image; (2) TEM image
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Table 1  Specific capacitance(F + g~ ') of P-doped hollow

carbon spheres at different current densities
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Fig. 7 Cycling performance of AP-HCS at current density of 5 A/g

TRFFRATI BRI B 88. 900 . B B UF HOIR IR AR E 7

3 £

-l
o

(DA KRG B0 T 72k 1 0 R i 3R
KOBEAWhE B AWK, U =S AL E s 2y
FIFIASHR T X6 v 25 A BRI AT WAL S BK L I 22
peALFN KOH {4k 45 1) 3% HHLRE 1) 85 48 44 b 2s ek .
R BT i T IR AR Y M R b R R TR A T
o AR BT T

(2) AP-HCS 7£ 1 mol/L H,SO, #1.1 A/g B %
W LR 2R o 288 F/g. 4 5000 JE YR A1 31 7 i L
Ja RN 5 A/g) LA AT 7 88. 9% . HoAs
KT (0 PRV R B 45 2% o 23 B Bk T 1 D e AR A L
T 2 2 i U R ELA T e 1

S % Tk

[1] GONZALEZ A,GOIKOLEA E,BARRENA ] A.et al. Review on
supercapacitors: technologies and materials [J]. Renewable &
Sustainable Energy Reviews,2016,58:1189-1206.

[2] CUICY,XU]J T.WANG L,et al. Growth of NiCo,O; @ Mn-
MoO, nanocolumn arrays with superior pseudocapacitors proper-
ties[J] . Applied Materials & Interface,2016,8(13) ;8568-8575.

[3] LI X,WEI B Q. Supercapacitors based on nanostructured carbon
[J]. Nano Energy,2013,2(2):159-173.

[4] LU Q,LIU J,WANG X Y,et al. Construction and characteriza-
tions of hollow carbon microsphere (@ polypyrrole composite for
the high performance supercapacitor[ ] ]. Journal of Energy Stor-
age,2018,18.62-71.

[5] MAJM,WEIZ X,WANG L,et al. Layered tin sulfide and sele-
nide anode materials for Li- and Na-ion batteries[ ] ]. Journal of
Materials Chemistry: A,2018,6:12185-12214.

[6] FHIR.ETR. M. w4/ 5 2 Bk ey il & O i e
SEVEREL)]. RERR R 242, 2017,45(11) :1665-1672.

YIN P A,WANG Z C,YANG H.,et al. Preparation and electro-
chemical properties of MoS, /C hollow microspheres[ J]. Journal of
the Chinese Ceramic Society,2017,45(11):1665-1672.

[7] LIUC,WANG J,LIJ S,et al. Controllable synthesis of functional
hollow carbon nanostructures with dopamine as precursor for su-
percapacitors[ J ]. Applied Materials & Interface, 2015, 7 (33):
18609-18617.

[8] HASEGAWA G.DEGUCH T.,KANAMORI K. et al. High-level
doping of nitrogen, phosphorus, and sulfur into activated carbon
monoliths and their electrochemical capacitances[ J ]. Chemistry of
Materials,2015,27:4703-4712.

[9] PATIRIO J, LOPEZSALAS N, GUTIERREZ M C, et al. Phos-
phorus-doped carbon-carbon nanotube hierarchical monoliths as
true three-dimensional electrodes in supercapacitor cells[J]. Jour-
nal of Materials Chemistry: A,2015,4(4):1251-1263.

[10] WANG Q H,XU J T.ZHANG W C,et al. Research progress on

vanadium-based cathode materials for sodium ion batteries[ ] ].



548

5% 3 3

45 A vh 25 B BR 10 1) 6 B G v A P R

111

[11]

[12]

[13]

[14]

[15]

[16]

Journal of Materials Chemistry A,2018,6,8815-8838.

MA W P,XIE L J,DAI L. Q,et al. Influence of phosphorus do-
ping on surface chemistry and capacitive behaviors of porous car-
bon electrode[ J]. Electrochimica Acta,2018,266:420-430.

T KI5 2 ARBR. D B PR A S XA 2 E A R RORE R E Ak
FHERELT]. W H Ak 2F 2F 4R - 2016,32(2) :481-492. .

WANG Y F,ZUO S L. Electrochemical properties of phosphor-
us-containing activated carbon electrodes on electrical double-lay-
er capacitors[]]. Acta Physico-Chimica Sinica,2016,32(2);481-
492.

50 & e 40 S0 A5 RE T AL IR IAE P 1B 2 2 LR R
e s )]. DAERTRE 2016, 47T 2) : 142-147.

NI J,LIANG Y,CAI G Y,et al. P-doped porous carbon compos-
ite by caustic pyrolysis of copolymer as supercapacitor[ J]. Jour-
nal of Functional Materials,2016,47(Suppl 2) :142-147.
HUANG C C,PUZIY A M,SUN T,et al. Capacitive behaviours
of phosphorus-rich carbons derived from lignocelluloses[]J]. Elec-
trochimica Acta,2014,137:219-227.

MAIW C, SUN B, CHENL Y, et al. Water-dispersible, respon-
sive,and carbonizable hairy microporous polymeric nanospheres
[J]. Journal of the American Chemical Society,2015,137 (41):
13256-13259.

YU S R, CHANG Y, YUAN C H, et al. Composite polymer

nanoarchitectures from a one-pot hydrothermal route[ J]. Nano-

[17]

[18]

[19]

[20]

technology,2015,26(45) :455302.

POLJANSEK I,KRAJNC M. Characterization of phenol-formal-
dehyde prepolymer resins by in line FT-IR spectroscopy[ J]. Acta
Chimica Slovenica,2005,52(3) :238-244.

LI1Z,XU Z W,WANG H L,et al. Colossal pseudocapacitance in
a high functionality, high surface area carbon anode doubles the
energy of an asymmetric supercapacitor[J]. Energy & Environ-
mental Science,2014,7(5):1708-1718.

LIY J,LIU Y, WANG M, et al. Phosphorus-doped 3D carbon
nanofiber aerogels derived from bacterial-cellulose for highly-effi-
cient capacitive deionization[ J]. Carbon,2018,130:377-383.
YANG W,YANG W,KONG L, et al. Phosphorus-doped 3D hi-
erarchical porous carbon for high-performance supercapacitors:a
balanced strategy for pore structure and chemical composition

[J]. Carbon,2017,127:557-567.

ELTH:HEHRRB LW H (51673161,51773172) s i 4 A
BEH% A5 F & (2014H2006)

%8 B #:2018-06-20; 1T H #1:2018-12-10
BRAEE B REA959 ) L B ML NF IR TARE S
PR BB ST 156 R kL - A A BT DT R B IR B R i 422 S TR

R g

B Bl 24 % (316005) , E-mail : [zdai@ xmu. edu. cn

(AL wth:% &)



