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[ B AR KR AR F ), HUUTESAEN
2 L A AR AT IR AR OB TS0 R WARIE . T) E2 SR
Y, KBk, BT HERE AN, SRR
Bl B, JJE7R A Mk tm, &
Mg R T, T H S B, SRR T B3
A A R BT AE JEURE . ASHIEFE LA T) 52 7 D9 T 3R
A, i KOH ¥k, & 1 BAT m BRI ALER S5 R 1Y)
AW R AL o SRV L TV WE T i i AT
LB 5 LA EZ MRS R, A2 0 —IRIENA TS
BARRAT G 3T, I RERB RN T ZSHL

1 MR57E%

11 8 A&

TIG R ANE R AT IRAE, T Hdts . HEkK
KIEVE TG LR, ARER TS 5E4E 50 °C At
FAHBCE 3 d BLERRAKSY, BIREEH .

S (KOH, 85%) Al #h % (HCL, 36%~38%),
W H EdgERT R T A EA R AR B = &M
(PVDF, Polyvinylidene Fluoride) . JEIKE. M3
V) T € 1 AL E AR N-FE R IR S B (NMP,
N-methylpyrrolidone) ¥ T 7 i 17 #z 4k, 2% i 55 A B
NEIR
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1.2 JIEREMRATH &

VW 1) ) ST B RS R, AR R E T
500 mL/min VSIS RIS 4, BLS C/min FFHRHZ
MERFZE 450°C, FHEHIE 1 h. AHBEZRE, KIIE7
7% (Bean shell Charcoal, DC) HFEEK#EIYS]. FREX 2 g DC
BB, e (KOH/DC, R SCHRiELELE)
N2, 4. 6, FREL—EfiE KOH, ¥ KOH 1 DC &1
A5 B TESEZE N 500 mL/min K15 dE40, L3 °C/min
FIFHEE R M E IR TFZE 600~800 CHAREF HARNGE 2 ho ¥4
ARG, F 1M HCUEBEATHITHRE G LR LT
FHZEAK RSB TR B 2 P KRS ) ) & e s
& DAC JRNER TR T4 24 ho PrARERIG FARSE
DACx-yy, H x ForBlmtt GELEBD , yy FRimiLih
%, 9141 DAC4-700 Foriditb ELil A 4, FEALIREE Y 700 C.
1.3 TIEEEFEMEROMNILEE R B FEENE
1.3.1 7] 2 n@EmReLsmf i @l it

K4 E sh B A (ASAP 2020 HDSS, # 78/
A, LD GRS FLBR S A AT RAE, KRS B 56T 250 °C
ZAF NRHTIAR 20 b, SRJE TR T ISt B
SR LRI, R4 BET BB H 5 M 1) LU R T AR (Sper) s
L% 7 B FE 1S (DFT, Density Functional Theory) it
B E R LR A R AR S (Scanning
Electron Microscope, SEM, S-3400, HAIZAF], HA) Al
% B 8% ( Transmission Electron Microscope, TEM,
JEM-2100UHR, HA) 7] &7 m Mok TR SRR AL .
1.3.2 71 & miEt Ry 4Ft

Bl 815 B ) S5 RIS R M L S R e —
$.2.)% (PVDF, Polyvinylidene Fluoride) % 8 1 1 1
BA, BRI, NN N-HEMEREGeE] (NMP, N-methyl
Pyrrolidone) #3#f), ZidiEE A 438 10 min f383 515K
Bl BRHATEAE | emx2 om (HIEREE L, JFET 85°CHY
HAE T4 6 h, RIS 2SR A3 TAEHMK. L 6 mol/L KOH
N PR ZEL A — F AR 2 B P T M ) 5 S RS PR R A
BHO & TR RS . H) ENNIUM BAL 2 AR Se s LA
HI AR TE = AR A R R 00 2% Tl ik, B 8 L HL IR 7 R
(GCD, Galvanostatic Charge-Discharge) - IR %2 1 &
(CV, Cyclic Voltammenty ) 1752 B HT 4 (EIS,
Electrochemical Impedance Spectroscopy) » A {EL 78 HL
HIFAE FA-1~0 V, HIREEA 1~20 A/gs JEFMRZIINA
HIFAE FA-1~0 V, FH5ESN 2~100 mV/s: AT
MEARAEFFEE L 5 mV FHET, SEXEY 10 mHz~
100 kHzo KR AT HAR, 7R-EHoR B 2 L Ak
RN i 2B tE s 25, AR R

C=I-At/(m*AV) e))
K C R LY, Flgs [2MHE BB, A
At SETCBRISE], 5 m RIEHEVIR A EE, g AV K
HEAE, V.
1.4 Moz @R

DAVE IR R AL EE o iR B R R, s b R
Wi B, % Design-Expert 12 34T 08 &1
Wa LT A3 BT R0 TE, A 2 B3R 3 B n=13 R58, H0 &

ERBCN 5 ANk 1 FoR) o X PSR EAT 7 20y
AT DT i AR R [ VT AR B R 2 . RIS AL ) Y
TESHHAT R RALE -

® 1 MEESFHERKER

Table 1 Factors and levels of response surface analysis

K TEAL L TEALIR
Levels Activation ratio 4 Activation temperature B/'C
-1 2 600
0 4 700
1 6 800

2 HERE5SH

2.1 EMREMREMRIRS 0

Bl la B J] 5 5e 5 2 FLR MR BB I
2, AEMIGHE HAEFARE (P/Py<0.05) , N, W B & 2]
s BEE KT, Ny RS TR, B -
Jit B3 I (B3 . MR 4 TUPAC 4328, J) =73l MR AR}
149 N I B = PS5 26 1A, SRR MRL A2 AR K21
FLUS BT R A, S [ B R SR R R B 8 P FL B A
B Y M sge, [R5 e i £ T2 2 ik
BRI, RS BET BUALTH 53 A R} L R TH AR,
e liE 3129 m/g, HRFLAE A 1.68 cm’/g, VE4HT)
FLBREE S HANE 2 B, IR 2 ATLAEH, RAEH
U3 T A B 0 A L E RS A EL B R T T 4K, [
MALBE WA AR S . X2 BT RIS R 52 s
PRI, wTUMERbEfLAY FLIE A, iR, LA
B FARIE K . R, FLAE F AL = AN ),
BT R b AL LU B BB CRFFAE 50% LA Fo Bl 1b IR T
FE AL A 2, AN IRl R 1 e A R B R AL L
worAihZe. K 1b W LVE H, T) G Fe i R AR
AT EHAGLE 0.5 nm B 4 nm 2 7], [FINFELERFLATFL
BRONANFL, R T BT BT AR SR 00,

R2 HEMILEHSH

Table 2 Pore structure parameters of samples

T
ALEEH 4%

Mesopore Average

tERmEM SILE  WELILE ALILE
FEih Specific Total ~ Micropore Mesopore
Samples surface area volume  volum volume

Suer/(m*g") fem™g") Sem’ ) fem'g) O PoYe
DAC2-600 1436 0.64 0.61 0.03 0.96 0.93
DAC4-600 2027 0.87 0.78 0.09 0.89 1.26
DAC6-600 1624 0.77 0.62 0.15 0.81 1.45
DAC2-700 1868 0.95 0.71 0.24 0.75 1.45
DAC4-700 2282 1.12 0.72 0.40 0.64 1.61
DAC6-700 3129 1.68 0.96 0.72 0.57 1.94
DAC2-800 1537 0.79 0.59 0.20 0.75 1.18
DAC4-800 2072 1.50 0.85 0.65 0.57 1.73
DAC6-800 2836 1.54 0.84 0.70 0.55 1.79

#: DACx-yy, Hx FoRBuKtt GELLHD , yy RoRiEIREE, T,
Note: DACx-yy, where x represents alkali-carbon ratio (activation ratio) and yy
represents activation temperature, the same below.

AR B E T G 5e 8RB DAC4-700 3%
S, Wil 2a Pos, J1E5e 3 RAMRER I LA V2 4L,
KALEE EFRRNIL, JFILER G, LS L2 A 4,
KA BT AR AR, RN REAE R SR TR 4T
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gER), Wl 2b Fic. M 2b Ara] DAIEEE 21K & 48K
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a. R PR AR 2%

a. N, adsorption-desorption isotherms

N,
N, adsorption capacity/(cm®-g™)

fL1%Pore size/nm

b. FLAE R 2k

b. Porc size distribution
B 1 712 55K RN N-BBLH SR EAILR S &
Fig.1 N, adsorption-desorption isotherms and pore size
distribution of activated carbon from sword shells

S e TR

< WL
a. DAC4-700 i Hi 5t 18
a. Scanning Electron Microscope (SEM) image of DAC4-700

b. DAC4-700 I ra 6 1
b. Transmission Electron Microscope (TEM) image of DAC4-700

W2 7 gmdhReathaiefad i as R

Fig.2 SEM and TEM images of activated carbon from sword shells

2.2 MREEREZITE5ER

FEFHR 1R, B Design-Expert 12 311532
B EAR R IG eE 7 E WLEE 3. USRI, yELLul
WIGK R, DA 1 Alg 24 05 B bL r 2 g i
1B, S AT FF S kT FE R A IRl AR A, R
TN

Y=-3 148.488 51+160.061 784+8.852 24B+0.026 254B-

2 1.387 934°-0.006 455B> (2

XPIHEAT T Z T, SRWE 4 Fon. B FER
65.06, HEZ P EH/NT 0.000 1, ARG BT %6 BY A 7Y
B EMEARLT, DO TV B, K B SE R R R
SR FZ B T R A R AT AT . AR, 1%
W2 T BRI A, 4°F1 B () P H/NT 0.000 1, $iRA
X2 T T T R G H AR A A R A .
IR IE 1R & BB R*=97.54%, BIEREN 95.78%,
KT 95%, RPLHERRRE, Ui A AT DL
U F TN ) T RS R B R R, EL TR S sz
2 R St R ARG FE AR 2 A NP2
AR R, RIME AT AV B R LA B, XD
G IRIE R LE R I RN T AR, P AECN 0.075, K
T 0.05 MK, PHIERLRIIA G, UFIZAE R 55
PG R R A .

%3 CCDIRIRITRER
Table 3 Experimental design and results of CCD

e WEAL L] AR Bk
No Activation Activation Specific
: ratio 4 temperature B/°C capacitance/( F-g™)

1 2 700 149
2 6 600 120
3 4 800 161
4 2 600 101
5 4 700 264
6 4 600 208
7 4 700 270
8 4 700 260
9 4 700 268
10 4 700 256
11 6 700 178
12 2 800 90
13 6 800 130

T A BB 5 9 A U X L i 2 e o T 5 SR 3
B, TG 55 T o f B FR 2% i 2 1 B A RN A iR
FERIFF s . S L el E e i, L AR A T
R e B E R, 78 700°C A A IEEIE(E, s
WAL ER TR, RS TREN@EA. X2
RUNTE Bl 251 T KOH R R 5 ) 5 52 W it AT I
N, AEYIRE A AN R AT ALY L, S TE A K
IEFLBREE A RO TE PR R P (B AR R e, B
AL B LI, BN ) R FLR R AL AR, R
2 SECR A FLR IR IR, AR T AR T 1R,
T 5 35 EL A 2 R AR PO, 24 s 3R ] e i, EL A2
I 5 Vi A LB 1) 16 K S 38 K5 T 2 A TEVE AL LA 4
B, PRI RIRNE . SiE A ek — B3 ok, v
RER BB K, FEMAR TR, R REEE
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WER LR G M A R B — R e, H R FLIINIRAE
LIRSS, A LA R LA SL, TR

TRMEH LR T, RN T 5 AR NS R
IR AL iR, B AR AR,

x4 EHERICBRFHEEFAEAENSHR

Table 4 Analysis of variance of the regression equation of activated carbon specific capacitance

J5 ZE K Source of variance  “F-J7F1 Sum of squares  H HE Degree of freedom 377 Mean square  F f Fvalue P {f Pvalue 3% Significant
i Model 52 487.48 5 10 497.50 55.45 <0.000 1 oAk
A 1290.67 1 1290.67 6.82 0.0349 *
B 384.00 1 384.00 2.03 0.197 5
AB 110.25 1 110.25 0.5823 0.470 3
A 20 214.65 1 20 214.65 106.77 <0.000 1 Hokk
B 11 508.65 1 11 508.65 60.79 0.000 1 HoHE
5% 7% Residual 1325.29 7 189.33
RAUTA Lack of fit 1 050.09 3 350.03 5.09 0.075
4R 7% Pure error 275.20 4 68.80
A5 Total 53 812.77 12

TE: REMARRARNEERE: *EREE, P<005, EFFHEEE, P00, *EFREE, P<0.001.
Note: The significance test was performed using the minimum significant difference method: * significant difference, P < 0.05, ** highly significant difference, P <0.01,

*** very significant difference, P <0.001.

L 17

Speific capacitance/(F-g")

B3 E Rt g o R i B R A R 6 5 & R
Fig.3 The response surface diagram of activated carbon specific
capacitance and its corresponding contour map

Re3Z 2 AR SLRRES MR 3 Rk L B2 L
EREAT TR S0, AR EE R A AR R ALBR G 5
Wiy, fEfE —H Z (A B R AR &R, A AR T
AN S AN RS TR E A R Bl AR (L
Hao 8 NHRIER Y, ZALAR, A RSk i o
FIR LR B R FE AR AR BT IR 75
TR, JIETEE s MR AR 25 Aok A4,
EHBRAFENR. AERET, LA R RS
IREAMTEAC LIS, MOBHRA R TS B R
Wi A4 Rk B 4 B LL LA KN, BT BASR T AERHI HAb 2 1k
5 FURBREE H LU T35 B 2 8] 1A R R E Fe s /e it —
B IRTT, XA AR AR ol ¢ i 2 4 FE AR A LR
IV
2.3 IZZHMULSRERE

bR T R X TG TR R () B R A AT
I, DA 2 0 R R TR M) 46 25 109 T AL TR 694 °C,
WAL 4.7 FEURH A A PE TS, T b A AE
261 F/go N 1 B UEASE R A )3 7 73 B R 06 250 0 ) #AE A 17
ARTEENE, SRAIEAL I ) 2 T 234708, Hseprf bt
HAE IR 5. 34T 3 UCOHATRIBCr4ME, /7] E5%

TR L AN 254 Flg, S5 TRIIMEAH 21X 2.68 %, w1
FRIG 45 RS T E AR, 2B TS R R, R S
WAk T2 460 R 1 45 1 70 558 0 M o A AR 22 i 2%
(CV) , TEHJR AL (GCD) 22 i BH i th £&
(Electrochemical Impedance Spectroscopy, EIS) 43Jill#H
Kl 4a. 4b F 4c fiow, [RIRER TAETLOES 0 TA
I 10 9% A B NG A B 31 1) ) & A B s P A R TR A
M 4a F1 4b FTLARER 2, AN [ S AF R il 46 1) ) S 58 kT
PR AL JE NG R (1 CV 1 GCD i 28 TR AR AL H. 43
31 2 T VA T A (i B £ MR A = MR, BRI
RAFII AR B dc TR T ANFRIRE S 1028 i LG ih 2%
B, R IR DX I 0L 3 T 1 R 2 3 ) b R/ v AR 5 T R A
(B T Hhe 2152, IR AT U Y, AR S R
R, RUIFESHEEA BN E Py iR . mX
BhAL I 5 AR AP (Rs) %, MEFRTT LA,
P RESH I BEERIRG (<1 Q) , BHIAFERIH & T 2%
PR IS RRE I B R SR, B 4d BoR
THRALHIE R TEA R IE R T CV ik, W Fm]
LA H, CV IIZIHA RIFHXT R 2, RUIFE
i ELA BT IOOUH 2 R s MR 2 mV/s 1
KE| 100 mV/s I, CV HhZATIRECRIF R A7 A FRPEAISE
FFEFIR, 2 B L E A RS 11 B 7 i 3 26 DA K% B A 11
fERMERE . B e Mo TR ] G SR BTG MR TE AN F] F
M T GCD Mk, MEHATLEH, GCD kA
TEAE W R B, R R AR BN S L BE . [
i, ASTE A FL R B R B9 GCD il 2k 35 5 1 K47 6
PEAIZE M, R ) E e RS Mk B R T s S T
PEPU B af BT A Ak B3 P 2R 78 AN [ B 6 1 R Y
R ARE, 761 Alg B KL N 254 Flg,
M R ORR] 20 A/g B, FLHCE AR EIL
70.8%, ERVEREAE . K LA Ak A TE 1 9% A EL L 7R 45
BENFRFHSCERGEAT R, WE 6, ATLLRDL, )
SRR DLH T ARE R R A e, =
Eb A 75 B S e v o [V o Bt T R B, KR R
B 2 L7 A ) AR AR, B H 2R AE RN IR R BE S B
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a. CV curves of sword shell based activated cartbon
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b. GCD curves of sword shell-based activated carbon

3 {iReal component Z'/Q-cm?
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c. EIS curves of sword shell-based activated carbon
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L
0.04 %H‘Eﬁi%$$cars1 rate/(mV-s‘l‘()) Current densilty/( A-gl) ~ 3000
<20 ---50  —100 -2 b
> V2L N\ g 250+ 4
g T | 2
g £ -04f g
g 3 § 200F —,
2 & -06f & D
S = ‘ £
e 2 150}
-0. &
i 'y
r i )
0.04 L . . . . . gl . v . — = 100 . . . ,
-1.0 -08 -06 -04 -02 00 0 100 200 300 400 500 0 5 10 15 20
i fi Potential/V I 1) Time/s HLI % )4 Current density/(A-g™)

d. PRALJG B VE RAEAD R R T IES R Z e
h £
d. CV curves of optimized activated carbon at
different scan rate

A 4

PRAG G BV VR AE AN R] L I35 B BRI UL 78 A
H i 2
e. GCD curves of optimized activated carbon at
different current density

Z WM RG] B MR AR M A K

£ DAL JE RS P SRAE AN (] P IR0 5 A L LA
f. Specific capacitance of optimized activated carbon
at different current density

Fig.4 Electrochemical performance characteristics measured in a three-electrode system

#5  JIEFRIEMRE L ZSHNAARRIESS R
Table 5 Optimization of process parameters and experimental
verification results of sword shell activated carbon

7 iﬁﬂc I:[’J‘WIJ lﬁ{/ﬂ}f{ ELHa %8 Specific capacitance/(F-g™)
Numbers ACtlYatIOn Activation Fii s R
ratiod  temperature B/C Predicted values Experimental values
1 253
2 4.17 694 261 260
3 249

xo6 JTERBEMREBAMRESXEIRER LR
Table 6 Comparison of electrochemical performance with the
reported literatures

PRI BmEmE s
FEih Specific ~ Current  Specific % ik
Samples surface density/ capacitance/ References
area/(m”g") (Ag)  (Fg)
ﬁﬁx%vﬁ{ﬁ@% (DAC 1 2452 1 254 K
KSR B 3 7Rk (BNC-20) 891 0.5 188 [8]
BEFRIE R
(MHT-20min-10%) 94 02 120 [32]
FEredbiG R (RHPC) 527 0.1 110 [33]
TRHEEEIE R (PC) 620 1 208 [34]
KERIEIGEMER (Hurd-a-5) 2 801 1 167 [35]
FEATAE 3% (BNAC-850) 1288 0.5 176 [36]
Tl AR (CAC) 441 0.5' 127 [37]

3 & it

1 UMV R Y T) S 58 T Ik AA, R AR R A AN
KOH il ii b 0%, sl & 17 2A i HLaR T AR AL
EEIIIE PR IR FE N FH T g R 75 48 H AR )

2) i1t SEM Al TEM 434t 7] & 78 B 3E M oW T
B, R PUIE MR R 7 AT A K A L LB E5
FRLE R o JE I S BRI g e R T FLBR S5 4, 45
ERPHEKLRTAATIE 3129 mYg, HILEE
1.68 cm’/g, MALFLAE L 0.96 cm’/g, AT HLfEHR &+
R4S AL Bt

3 sk v R TET 43 BT v A T S RN A A8 %o A A )
U R MM o B A AT s ST e I PR AT B AN AL B
(B X FELAR AL )LL) A B2 s ol e AR R AT
A S IR RE,  HET AR A B e R v R %
%A, BIZETRALIRTE 694 °C, WEALELE] 4.17 ¢ 1 44 T
W J] S S R AR S B R AT IA ) 261 Fig. ¥
WERIGAS 2 (1) P4 E L 28 R 254 Flg, 5TRMERE A & .

4) LIS FAE R AR B R, it
el T H R & T RE 2 LR B AT 5048 [F] i
RIL, RM BT E A B AR S AR I FLBR &5 M 2% 1)
A, (HREHEALRMLHEIRR, KT RM B
SRS AR E B RILA etk — PR T
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Response surface optimization design and electrochemical performance of
sword shell-based carbon
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Design and Physical Sciences, Brunel University, Uxbridge UB8 3PH, London, United Kingdom)

Abstract: With the attention to the world ecology and economy, people are observing the abundant, low-cost, and clean
renewable energy from sun and wind. However, most of the renewable energy sources are intermittent and cannot meet the
needs for applications, except for converting to electricity. In order to satisfy the demand of people for new energy storage
equipment, supercapacitors using biomass-based carbon materials as electrode materials have attracted much attention, because
the multi-level structure of the natural biomass material is conducive to ion transmission. The fine structure of natural biomass
cannot be synthesized artificially. The preservation of natural multi-scale structure can provide better electrochemical
performance of the biomass-based carbon material. The biomass waste of sword beans shell with the characteristics of fast
growth, a large amount of sword bean shells can be continuously produced as raw materials every year, but are often discarded
or burned, which contributes to the environmental pollution. It is a promising precursor for obtaining hierarchically porous
carbon-based material used as active component of high-storage capacity supercapacitors. The activated carbon with high
surface area derived from sword shell by using KOH activation method and used as supercapacitor electrode materials. Taking
the specific capacitance value of electrode material as the response value, the activation temperature and the activation ratio as
the experimental factors, the Central Composite Design (CCD) method was employed to carry out the response surface
optimization study, and the electrochemical performance of the activated carbon prepared under the optimal process conditions
was explored. The research results show that the activation temperature and activation ratio have significant effects on the
specific capacitance of activate carbon material. The coefficient R* of the model is 97.54%, and the correction coefficient Adj
R* is 95.78%, indicating that the model can better predict the specific capacitance value of sword shell-based activated carbon
with high reliability. The specific capacitance can reach a peak value under the condition of activation temperature 700 'C and
the activation ratio 4 : 1. The optimized process parameters determined by center composite design approach were the
activation temperature of 694 ‘C and the activation ratio of 4.17 . 1. The verification experiment shows that the average
specific capacitance of the sword shell activated carbon material is 254 F/g, which is basically consistent with the predicted
value. Furthermore, the Cyclic Voltammetry (CV) curves and Galvanostatic Charge-discharge (GCD) curves of different
carbon materials were compared. A quasi-rectangular shape with wide hump peaks can be observed in CV curves, which can
be attributed to the synergy between the Electric Double-layer Capacitance (EDLC) and the pseudocapacitance. The nitrogen
fixation of legumes can provide carbon materials with nitrogen to produce redox reactions and provide pseudocapacitance. The
GCD curves show nearly triangular shapes with a small deviation from linearity, which indicated excellent capacitive behavior
of the electrode materials. The Nyquist plots from the Electrochemical Impedance Spectroscopy (EIS) analysis reveal that
sword shell-based activated carbon has good electronic conductivity. Additionally, the physical properties of activated carbon was
characterized. The apparent morphology of activated carbon was observed by Scanning Electron Microscope (SEM) and
Transmission Electron Microscope (TEM). The nitrogen adsorption-desorption was conducted to investigate the pore structure of
the carbon material. The results showed that: sword shell-based activated carbons possess a large number of nanopores, which
distributed on the surface of the material, and the maximum specific surface area, total pore volume and micropore volume can up
to 3 129 m%g, 1.68 cm’/g and 0.96 cm®/g, which is conducive to electrolyte circulation and electrolyte ion adsorption.

Keywords: specific surface area; activated carbon; response surface; KOH activation; sword shells; supercapacitors
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