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1.1 HFREETGE

RELIEPVORA N T 4L, K225k 100 pm,
289 22 S0 Bk 55. 8% o TE A SL IR T L K K R S
FF (RSO FE i by 0, 280 43 15 BRL A2 Ry 125~300 pm
(RS FFIBORE o 4 5 A IBORL B A L8 T4 46, T 60 °C
fER T 12 hJF e . B PVC 5 RS2 MR TTIY
JoT H B bE R A TR A o
1.2 #EXW

K AR S BT A 43 B AR R IR R . 4
0K (104£0.10) mg PVC, (10£0.10) mg RS,
m(PVC) :m(RS)=3:1.m(PVC) :m(RS)=1:1
m(PVC) :m(RS)=1: 3kt i & T ALO, Hf & rp |
TE N #4415 °C/min, 38 BE 8 50~900 'CF, LU
120 mL/min {8 &2 (4 B9 1 1 2238 A & 4l Ar, DL 4E
R SN AR AL T AR .

1.3 &M EPR)E &

K CIS-TH3. 3-P f Hohn ke & (5 I J5 A7 FF
A RN EDH % PR 43514 m(PVCO) :m(RS)=
3:1.2:1.1:1.1:2,1: 3, 4 RS, 2 PVC & T H 3
BEE NNHGR (o435 R 500,600,700,800 °C 5 14 75
N, 9 A& 3% & 24 150 mL/min, FF i 3 2% 2 30~
40 °C/s,

1.4 HHFE
K H ZEISS Sigma 360 B4 4 H F i {45 (scan-

ning electron microscope, SEM, f#[E Carl Zeiss AG
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THER 2SR CHR B2 IR 330

o547 %

2NFD T PROWIE S . R H Scientific DXR # 7
2 6131 (Raman spectroscopy, Raman, 3¢ & Thermo
Fisher Scientific 23 7)), 70 PR B9 A7 85 6 72 B2 F 5k [
% B . oK FH Nicolet iS20 %I f# HL 45 3 21 4p O 1%
(Fourier transform infrared spectroscopy, FTIR, 32
Thermo Fisher Scientific 24 7] )43 4 PR Fh Ak 24
1.5 BHFEENK

1.5.1 fEAF MR X R R H & LIRBRE
Ak 5 Fi 3% 55 ({luorine—doped tin oxide, FTO)
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W 245 pL 5N B WOT KRBV TP RS A
20 puL. Nafion D521 % W AE A 43 #0F) , A5 ab 31 2
PR 5. W20 pL ERIRG L AE FTO
PSR (1 em X 1 em) . fd ] 100 L B WA 43
HERFE IO ik 100 pL BTG 9, N2 B8 A B
SRJE B A 60 “CHERS T4 24 h,

1.5.2 WAz aealX A CHI760E L=~ T
Vi ol C b il R AR AR AT BR 2 w] ) A PR ZEAT 0 B R %
(cyclic voltammetry, CV) 1 28 $ 49 $ifi fk & (linear
sweep voltammetry, LSVl . SC5h , CV i H
FEAAR# 0.5 mV /s, BALE M E N —0. 1~
1.0V, H3 #4435 % 50,100,150,200,250 mV /s;
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9 BCHE B T SRR S A

2 HZERSTHE
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B, DTG TG i 4 & A /M2 1k, BEZ i Be PVC
(B0 A
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RS AR BB 2 3B R B, M <
200 “C 1Y A B B, £ =200~500 “C ik PR32 44 ¢ By
B f =500 Cry 18 g BB . 24 ¢ <<200 “Ci} L&
Tk A B B . 24 1 =200~500 CHf , DTG i &
b B — AN B A R — AN 0 T RS
YL PR 4 3R FOR TR GE R R i AR
N 2F Y N T L A5 H , R E R TR 1= 220~
350 CHIE /it o RIS, 2 £ 2 38 1 fif 3R A0k 2 gk
W 24 S A R /N TR I O TR BRI

TG and DTG curves of samples co—pyrolyzed from PVC and RS

P 45 X E DTG 2 Hpxf AR g F e, Bt ¢ Tt
1 % 350~500 °C, £F 4 F I K 40, 28 A i AE
JHE T SR B FLATT A B B DTG e 1 s —
AW TR 2R 0 = A (AR 235 M A s i P
TE M R T 3R TE % B B0 43 M JoT e AR R AN (B R
AT N DRI R B B A S N, IR L i 2
FEY . BB RS I 5 PR /N 5 AR R
K 6026 ~T70%% , H& P A S I AR 7= 4 0
B B BE . 24 2 =600~800 “CH , RS #fift kA 5¢
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B RA D AR 3 & R 18 R R, LR —
FLRRSE 2 P A R IR B 2 R 43 R S

Rt PV C. RS AL S PV C SN, #4ig
s — B BE S B DTG IR B 8, HLSE — B
P IR T 1 RS o 3 AT g/ B T PV CIE RllB R
T AR R B, T A AL o PTAE BUEE PV C
4 AR T RSN HR AR T B S A B i
JE. B, PVC 5 RS Z AR & DM EBH R0
2.2 HRMBEPRWEHERS

AN TE) G PVC RS BE 5 & 4l PVC L 4 RS
TEA [R] i R BE (O F il 75 PR 19 SEM EBIHR WL 2,
2 m(PVC):m(RS)=1: 11}, PR ) SEM K14 L 14
2Ca)~2(d) . & ¢ T4, PR (1 2% T 25 40 32 7 A8 15
AR, 3% AT fiE S PVC 5 RS B A 5 it IE Bl
AR Y ThE F) 700,800 “CHY L, PR 19 £ FL AR A8
B, AL H ERYIEES . &4 TG,
DTG £ 4391, 24 1=600~800 CI , PR #4fift 25 o,
HUA 43 1 /0 5K BT R 9212 #i , IGBY BL PR w0 5d
JEIH FE s PRALRE 250 55 5 350 v b g A% i ik
FESZ P, PR A HL AL 2AMERE TR . 4l PVC A f#15

=

4?_5' 3 ?

5 . (
200 nm P a

200 im

(b) 600 °chPVC) :m(RS)=1:1

19 PR &2 B B0 PR s RS54 (Bl 2Ce)) , 3R
JEW FLER I > 3X 5 iR PVC LR “ A il —
He— Bk L7 HLEE— 2, R4 PVC FE &R T ILE A
A& AR fLAE S . 4l RS i 15 2 (1 PR 5 L H0k:
W BRI ZE by, R mRLRE  (H LSS & B R E AR, fL
B B AL, R 2E (B 200~2(D), Y
PVC RS it Fb A 5 b PVC i 5 K, PR & B
L N I R E DO G - I Y R = N W E
T 5 FLAR RSE /N FLRE R R, Jay 30 n] W04 31 0
SR . HEAT RS M FLYEREAS 2 M DU i &k 35 1L
454 . B PVC. RSB HCFE & RS & 34 i, PR
FE T T fy 4 20 R AR 45 4 R 43 BIOBURE TORR , L B 4K
U R 2, fLREAS G SR RS BV B b R Y
PR AR ok T LB W, PV C 43 B ) HCLR,
P TT RE X 1 A A — g Z0 A L 08 PR 9 2549 3%
WA B

ANIE B e PVC RS BE i S 4l RSTEAE ¢ T
75 PR Y Raman i K HAUA B LR 3~ 4., &
3~ 41,1 359.1 580 cm b DG FFAFIE , 4351
550 I R R A S Y sp? Z- A AR A iR A G

(e) PVC

(h) m(PVC):m(RS)=1:1

¥

(i) m(PVC) :m(RS)=1:2 () m(PVC) :m(RS)=1:3

(k) RS (1) RS

E 2 PRHE SEM E &
Fig.2 SEM images of PR
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Fig.3 Raman spectra of PR at different pyrolysis temperatures
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4 PRA Raman il &
Fig.4 Raman spectral fitting curves of PR
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Fhi /138, BR PR AR FHES 2 TE 4R 5 0 8
FECPR B BE B I0, 38 Z 0 BBA O S T PR
RS 1 W BRE G B RE 0, i ek T Ak s R .
UL, B ¢ TH i, PR A A S5 A 25 44 LA B g T 25
FTCE TR BRI . — ¢, 1,/ I W3 EYE L R 1. 0~
2.5, BT AL BB 5 A B8 AR B DTG R4, A REE
BRI HEALTERE . A e F PR A A 1,/1,, 15
Ho b 2= MR R T 45 5 HoAb R AR D ik . Al S

ALHL, m(PVC) :m(RS)=1:1,1:2.1:3.2:1.3: 1 14l
RS #1453 PR o 1 /16 V- B (E 53 30 A 1.34.1. 35,
1.96.1.99.2. 25F12. 00, B PVC Hak & & 5%, A
W% . WEEREM P PVCELRS 1Y 86, 1,/ 1, 3%
i, 5 PR A HES 52 T0 P IR A7 A K ik i G
FPaift . PRI, Bt PR HP e o6 25 5 38, 33 22 11 5l
AL SR T PR W BE BB RE S, R e 1
H AL M RE

AN )R HE PVC VRS B dh K 4l PVC L 4l RS
A H A3 PR A FTIR 63 W& 6. i &6 0] 0,
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Fig. 5 Effects of process parameters on the characteristic parameter I,/I; of PR

R

PVC
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Fig. 6 FTIR Spectra of PR under different pyrolysis temperatures and raw material ratios

3 445 em Ak ¥R KL A0 45 Pk Bl 0, X 07 AR iRk B R T IR
Bk . 2 850.2 920 cm Ak — CH,(1<<n<<3) fI§ iy
JEE M —CH ., — CH. B fL R 5h . 1610 cm '4b
W AT U B (2 7 PR P OAEFE R AR AN . 1 090 em ' Atk
Wi U AT g 5 C—O i CUn i Bk (iR h C—O #D 11
Mg R A XK 6Ca)) . 2 ¢ K 500 CTH i 2
600 ‘CZE A, 12 W WA 0 o 3 030 55 5 4k 22 T & ¢, 1z W
Wi e i R B A BB R B C—O B i & A Ak s
SN IR MM 2 852 2 920 em ! Ak M AT U 5 I i
E oo Tt WSS, Ul WA Bk B W R Y
B OBURE A B IR D5 A S R HE DA A 05
WG R TE i . XKW TR HE T ALY
fife e ik, IF AR R S M oRE AT g = T
MR T 1% T 68 T 5 H T SR B a0 il B N 3ot B, 2
T 5 14 R 09 A A 25 4, T IR A R 1Y R
o X —45 05 iR A kAt ge K & SEM El &
Iy EE R — 8

FTIR &3 B8 ( 6(b)) , B4l PVC 4, A[H
5T i I I PVC RS #F i & 2l RS #4745 PR 19

FTIR % & 34 47 1% D B0 (465 em ), 4 00 32 0
KV T RS PG Py, Bl ARG RS T Y
L 3% P& AR A S8 — OH BRI, 58 AR 5 43
Bk a2 524 m(PVC) :m(RS)=1: 3/}, % Kl
HC=C Wi B 3%, @R B AW 2 FRAE W B .
Kt , PR AR 8 AR AR 55 J50RE T & T LE (9 2198 4F
fiE—2,
2.3 Bt
2.3.1 3 PR&ALFHREEGHw 500,600,700,
800 CF ,m(PVC):m(RS)=1:1#f# #l 15 PR 1
CVHIMEWE 7, N[ ¢ T PRIUCV HHLL Y I
FE , 7R PR YA S5 09 B0 23 B 25 6l BE TR RE -
BE & 4 R (o) AW R, CV il &% & B e
e, R PR AR RO R IERE .

29 =100 mV/sBf , A6 T m(PVCO :m(RS)=
1: 14145 PRAY CV I 2 W81 8. w1 |81 8 a] %1, CV il
LRI R E , R PRI EA L S0 X0 2
RAEREERE . XA B, =600 CHY #il 15 PR H A
RRECV L m . 24 >600 CHF, K& 38,
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Fig.7 CYV curves of PR at different scanning rates
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Fig.8 CYV curve of PR at a scanning rate of 100 mV/s
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/N, 7R 600 CHY PR EA S fEf g MEfE ™ .

CV i £ (% B2 43 ThD ARG B i b ORE Y L L 2
KNS 600 CTF il 15 PR A BUHL 2 HLA CCa)
J1.318 5 pF/em” CE 9) , 3 K T 800 'C N i
Cy(0.670 9 pF/cm®) , 43 K F 500 °C 700 °C T 1Y
Cy(1.1132,1.066 3 pF/cm® , ] 600 °CF PR &
FER N SR e o Sy R T A S A e S R A
ke T v 17 B i A A A BIL R AN S R Bk
T B R 06 VR 2H 3 o BB AH G 38 5 s 1 VB T AR

E9 PRAGEUZEYEER

Fig. 9 Electrochemical active surface area of PR
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Co-pyrolysis of Rice Straw and PVC for the Preparation of
Carbon Materials and Their Electrochemical Performance

ZHANG Qi’ang, WU Ziyue, WANG Wei, KE Meirong,
WANG Wei'er, GAO Yanfei, WANG Jiaofei’
(School of Chemistry and Chemical Engineering, Ningxia University, Yinchuan 750021, China)

Abstract: To achieve the efficient and synergistic resource utilization of biomass and waste plastics, a co-
pyrolysis method of rice straw (RS) and polyvinyl chloride (PVC) was employed to prepare high-performance
capacitor carbon materials (PR). This study investigated the reaction pathways of the co-pyrolysis process and
the structure-performance relationship of PR. A Joule heating device was used for rapid co-pyrolysis experi-
ments, where the pyrolysis temperature (=500, 600, 700, 800 °C) and the material ratio (m(PVC):m(RS)=
3:1, 2:1, 1:1, 1:2, 1:3) were adjusted to produce a series of porous PRs. The micro-morphology, graphiti-
zation degree, and functional group characteristics of PR were characterized using thermogravimetry-derivative
thermogravimetry (TG-DTG) , scanning electron microscopy (SEM) , Raman spectroscopy, and Fourier
transform infrared spectroscopy (FTIR). The electrochemical double-layer capacitance storage performance
and hydrogen evolution reaction (HER) performance were tested using a three-electrode system. The results
indicated a significant positive synergistic effect in the RS and PVC co-pyrolysis system, where RS effectively
lowered the initial decomposition temperature of PVC and enhanced the pyrolysis rate. As the temperature
increased, the graphitization degree and defect density (I,/I;) of PR increased; however, when ~>700 °C, the
pore structure of PR collapsed, hindering ion transport in the electrolyte. When /=600 ‘C and m(PVC):m(RS)=
1:3, the pyrolyzed PR exhibited a hierarchical porous structure and suitable defect structure (I,/I;~2.0), dem-
onstrating optimal electrochemical performance, with the electrochemically active surface area corresponding to
the double-layer capacitance (C,) reaching its maximum value (1.318 5 pF/cm?) and exhibiting the lowest
hydrogen evolution overpotential. The incorporation of RS not only constructed a developed ion transport chan-
nel but also mitigated the adverse effects arising from the PVC pyrolysis process through the synergistic effect,
providing a reference for the development of low-cost, high-performance carbon-based energy storage materi-

als.
Key words: Joule heating; straw; PVC; carbon structural properties; resource utilization
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