Chinese Physical Society
Mﬂ#ﬁ Acta Physica Sinica :

€D Institute of Physics, CAS

ETFh ik RE/ M RAKERS SBEEREESBRB RS
BT FREAR PR EA R A 3nE

High-voltage flexible solid state supercapacitor based on neutral hydrogel/carbon nanotube arrays

Wu Meng-Dan  Zhou Sheng-Lin  Ye An-Na  Wang Min  Zhang Xiao-Hua  Yang Zhao-Hui

5|5 &, Citation: Acta Physica Sinica, 68, 108201 (2019) DOI: 10.7498/aps.68.20182288
TEZER 2 View online: https://doi.org/10.7498/aps.68.20182288
AN View table of contents: http://wulixb.iphy.ac.cn

BT BB A HAB S EE

Articles you may be interested in

LT WA R B BR AR A [ 9 R A [ S R L A

Flexible solid—state supercapacitors based on shrunk high—density aligned carbon nanotube arrays

PB4, 2018, 67(2): 028201  htips://doi.org/10.7498/aps.67.20171855

BRINKAT KB B RIS
Water permeability in carbon nanotube arrays

YrH2EdR. 2015, 64(23): 230201  hitps://doi.org/10.7498/aps.64.230201

BET AR SR Co30440 K 22 FLEEF 14 e 1P RE B 2 HL 728 45 FEL A
C0304 mesoporous nanostructure supported by Ni foam as high—performance supercapacitor electrodes

WIEEAEAR. 2017, 66(12): 128201  https://doi.org/10.7498/aps.66.128201

TRANKAE RIS T3 B G R 5T

Simulation studies on the diffusion of water solitons in carbon nanotube

WIFEAEA. 2016, 65(14): 140202 hitps://doi.org/10.7498/aps.65.140202

ST RS AR 2 BRI AN 2T 4 3 PR Z B e S A% AT S
Thermal characterization of carbon nanotube fibers based on steady-state electro—Raman—thermal technique

WIFIEH. 2015, 64(12): 126501  hitps://doi.org/10.7498/aps.64.126501

RN AE WA 7 78 800
Field evaporation behaviour for carbon nanotube thin—film

PPz, 2016, 65(9): 097901  https://doi.org/10.7498/aps.65.097901


http://wlxb.xml-journal.net
https://doi.org/10.7498/aps.68.20182288
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.67.20171855
https://doi.org/10.7498/aps.64.230201
https://doi.org/10.7498/aps.66.128201
https://doi.org/10.7498/aps.65.140202
https://doi.org/10.7498/aps.64.126501
https://doi.org/10.7498/aps.65.097901

#) 32 % 3R Acta Phys. Sin. Vol. 68, No. 10 (2019) 108201

T sk ik B /B E) Bk 48 K B B 5
EREERERSERBEER

FAEFA BMEMA W EHR KRR g

(RN K2R SR =B R BRSSP BN 32 WP o, YL W E s 200 %, 73 215006)

(2018 4E 12 A 27 HY#; 2019 4£ 3 A 11 HULHIEHHS)

W6 BB R e A AE A, R B A 485 | 22 A PR R A9 o P BE A RE A1 AR 45 OB T B, X 2P 181 2B 4
FL S i B BF 5 00 IO 38 T A S r AR A R vl S i ) 308 PR BTt SR o A S A A B G B D R T AR R —
EIENT T B B BB BRI TG Y S SR R (R A, AR SOR PR BRI R i PO B R LR AR RS
P e IR P £ B 0 KA I B R AT L AR B, PR B SR AR I A DR AR R R, BT A = IR A A Y %
PR 2 Pl A A e e A A 5 R T I ) TE LA v R 2, AR O B L AL S R RE PR B A
B LT PVA-NaCl A Ay BRI L A BT, 4848 1F LU A R 3K 104.5 mF-cm 3, 108 TA DL T BEK 5
W B IE 1Y 5 s P DL B TE L A ) B 2 KA 5 K B IR i 52 5 &0, I 3RA% T 0.034 mW-h-cm # ) 7
KRAEERWE, IF HEA RIFAAE R IERE . IR EREE P AN A 3 i RCR, e s iR 1.6 V IR R
G RAL SRR E . X R P PR BR I /R B S A A AR PN T AR (A SRR HE A ZOR, RORAE

25 ) R A5 1 A5 St B AT AR G 1 10 P I 55

SEA: PR, BUABRADK VS, B, B

PACS: 82.47.Uv, 61.48.De

1 3

AT, BEVRAE AT AR 32 SRR A A7 A A
Be, 9 T R BEZ TR A PR 15 G R RE R SR 45 (1]
A, B 28 VI BT AR R Al 42 | n] FEAE Y
THIHAETR, (A XS R PHBE | KUBEAE B RE IR BT % H
gt P4 U= A REAE D R RE DR P A ) B 24
JRER AT, 5 RER A AR | AR A ] A I e
X SERE PR G AR D R RS R E T
PR IR R AL R S A g S HLIBAT L,
HE A e B R DR T | DU ST A 7 i
SEUUAL, TERSNAE ORI R S A s

i

DOI: 10.7498/aps.68.20182288

HH R R P BOR2 159), LU B e v g 7], AR
AR, EE TR TR AR R e, T HLIX
FEE T 8 AT RE 23 oA DAL Y 1] 250G
TG g, 55 2% R 2 i A UL EL A R L PR
TR FETHCHL A A A, T DU RO R AR R g
I FH 75 il S5 ) R 79, it S vl 17 i e H
AT T K, e PERE SR MR RE A RO FT R AL
gt Y] O IR XS B BE A 1 A 2R AN AR
LR IR, T AT 2P 8 TS LT
AR S R 0L AH L A RE | S HRTRAS FiL iR i 2L
AL L A e, S I Al 2 P 2 i SR DA G
A | R E M N R AR AR A E T 2 2
RLE, I NN T bR | A AL I | Ry

*OULTE ASREIEES: (HEHES: BK20181430) , YLIRA MRFERIRIVLIR A R AT (itE*S: SR 10800312, SR 10800215) %t

By,
+ lfEVE#E . E-mail: zhangxiaohua@suda.edu.cn
1 AfEVEH . E-mail: yangzhaohui@suda.edu.cn
©2019 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

108201-1


http://doi.org/10.7498/aps.68.20182288
mailto:zhangxiaohua@suda.edu.cn
mailto:yangzhaohui@suda.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 68, No. 10 (2019) 108201

RGO T PR AR U R TR A BET LS -1,
SRG R AR, SRk A A H 2 il e
e I 28 FL AR ORI S 2 . PR R A 30 P 1
THRAE I S S AR A S HE 2R, BRIEARL T

BAT R R TTR B2, SRR Ly AR A4 |
FLAR A AT PSR R, BT IZ T T g A4 |

P it 467 i R 1 5 10100, 3] 2 vl i T ) 85 25 1 [
BEBHRBAERN TS —NER, MK R EA
PRAE R | 35 HIVE R S o B2 S50, TRl A
XA FRIEBA 24 ARA S FREE A IS0
e 1O [T 285 P AR B e P 0 BRI PR AR SBOTR
R, 0 HREYEAAE TR, AL R E0K
VR ), LA r e S 2 i 19, 3 5 L i Jo
(B2 . BRI W HL B 1) RS A W AR (n
R OIEBE (PVA)) IRA IR 5 BER AL S 25 A [l ff 2k
F1%) B F5C H fige S5 (17 A b T TR 8 45 A1 R T Ml Bk
KRB MR (commercial short carbon nanotubes,
CCNTT), it FH LA H ] HE51) 25 44 (0 e 49 K A8 [ 571
(carbon nanotube array, CNTA) 1k B A4 4L E
A BB G A AR B T B B R A
B AL A PR RE, HORRE B FLBRZE A 7] L
AR A R ST L R v B R R R AR Ak, A
R G HL 25 0 1 AT A P A i A B o ek s (B
AN KA WS AR Sy F AR R 2 2B 5 A v R
BE2E AIUAMCE BB T A 2E WA (BI B5, ATT A PR HLRL K
ML) | A SCR FH K BE IO B B P 91 1A T
TR, FECREFFE A B L F A T HE T 5 2 HALA
SRR TE A ZZPER CNTAQPVA &A1, ZHij
FRATTEG A0 2k SR FH iR R M5 A Sy vl T 1Y) 5 T
WE RS 1M BB A o, (H AR JLR B A
1) SRR 1 FL ik o ] RE A7 AR T I 25 42 4z )l 2) —
S6 B A 10 4 R A ) S T A T IR M v A
B, WIS BRI T TR 3) BRPEHL fi
TS AR AR, SRS s, TR . K
TRL AR ZAL, AR R b P I Ok 20 2 S P
R, FEIERA: T, XA K EE R T
DUE SRR ISR, SR A W R N 8 1 D i
F, I3RS 5 R i D885 BT, e AhSCiikep 19 7
1 T ol FH 88 G L A B ) i P 0 AN LU F 25 e 1Y
HI T, HARPERE L T K R Aot Hk,
TK FREEBAH Lo T DL TR B B TowE | %
JiflE R E AL I R, PR AT
DL A5k e — 26 HAT I WL AR PR ) B 4N VO,
ZnO, MnO, 575 HLff BT b Ak 22 o0 ik, Ry itk —25

B | HE 5 BRI S ) AR B ) s A 20—, B
FUL LR, FA124800E P PVA SR FmACK
I7] ) B, A B 3, 945 CH3COONa, LiCl #l NaCl
SRR PETCHLER, XA R Y A R A
REMEAT T AHOCINR K H 4.

2.1 PVA-CH;COONa BB ERNE &

$ 3 g PVA BIRAE 90 °C A FIAT 15 mL
KBTI, TP EE PVA MRS 2%, B
BCTETRGE B V. TRARWOA ENG, BRMA 10 mL
2 mol/L, CH;COONa i&F, fii £t 2 h i H4 5018
A, SRIFHE IR A RO S e — Bt a], I8 s
T 265 1 (7% ¥ e i 3K AR 5 W, F°F . PVA-LiCl1 Ml
PVA-NaCl #fise i i Bl [RIAE 0 5 il 2545 2.

2.2 PVA-CH;COONa i H % JiT £ 3 BY
ERMAKEETESBRMNHE

5, WA S AL S AT (CVD) 4
e il A5 BRI e 900 KA [ 40 30 ok 45 7 S P TR
AR SHIR] BRSSO B 9 v . i
FHRBAT VR 2l B B AR, 3 B 4 il A Ak
U NER , ZEEHPIEYE 15 min, KERIkA T A9Z%
J I H SRR FRECA 30 mL KB T KB E
VEIEHB S 15 min J5 B T8 KRR 24 K 451 ik
AB A B 41 PVA-CH;COONa #8155k
FrL RGBS IS, F6M2 0 30 min JFHE T E S 4
Bl VTR G RV W S A T IR T B A T P 2
(], CHE AR T LA Z2 1 e L M 5 B
P FH TG B G 5 B 52 A TSR B S L e A I
B — B A R R R R, A F A
SE. 4 PVA-LICl Al PVA-NaCl ¥ i H i i
AR A AR ) i R AT

2.3 WHRERTHGBRLFEENK

P2 25 5E L P B G IR TR A TR
P — 2R A EE HL AR 0T, 2 O AR « =BG =X
B A, T ] B 2 R TR B e ) B ke 2 B J 2 A
FHAEETER. gL e s, FE— BT
], FREEE LSS, B2 B — e PR g
HL A ar e (F, BB ROT K x 58 x &8
“H0.85 cm x 0.85 cm x 0.27 cm. HAL2# AT

108201-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 68, No. 10 (2019)

108201

TEP HLA AR R T 34T, RGP G IR 2k
(cyclic voltammograms, CV) . 18 i FI: H P 1 28
FLHLHL (galvanostatic charge-discharge, GCD) f&
ML Ak 27 22 i BL BT % (electrochemical impedance
spectroscopy, EIS) #1754 1 HE fb 24 M RE W 5% .
R A C(mF-cm®), fE i %
E,(mW-h-cm ?) MIHREE P (mW-cm3) g1 AT
NAITEAR

C, = 5

2xV x AU xv’

_ I x At
VTV X AU’

EV:%XCXAUQ, (3)

FE
P=
FR A A Viem?d) b g 4 SRR
(V) i B R H; S CV EFH?)%E'J Al
AL v(mV/s) b CV BHZR At (s) MK
FEL R[]

3 #XR5i%®

i CVD SR, ANSHERE 400—500 pm
e FE BRI o 4. 1B 1(a) S BRI R4 oK
PRI S (SEM) K, 18] 1(b) Ay BER i
Jer A B O IE A5 . N R mT LA Y, A8
BE S S WAL AR RS S RE, O H RS AR IR IR
FEB I (A L) 1

FAE BB L A AR L R R A E 2 PR,
SR FH P R AR R I, TR R 5 254 E AR A

CNTA

A &R

R EER

CNTAQPVA

P ...

(a)

5 pm
—

B 1 () 26 B 249 K % B4 31 SEM & ; (b) 7k BE (2
HR BE RS 1E

Fig. 1. (a) Scanning electron microscope (SEM) image of
CNTA; (b) SEM image of CNTA after hydrogel embedding.
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Fig. 2. Schematic of the fabrication of neutral hydrogel/CNTA composite flexible solid state supercapacitor.
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Fig. 3. Electrochemical performance test of PVA-CH3COONa/CNTA composite device: (a) CV curves at different scan rates ran-

ging from 10 to 200 mV /s; (b) instantaneous capacitance diagram at different scan rates; (c) galvanostatic charge-discharge (GCD)

curves at different current densities (0.51-10.2 mA-cm?); (d) evolution of specific capacitance versus current density; (e) Nyquist

plot of the device at a frequency range from 0.01 to 100k Hz; (f) cyclic stability of the device during 5000 charging-discharging

cycles.
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Fig. 4. (a)—(c) The original flexible device, bend and recovery processes, respectively; (d) CV curves comparison of the flexible

device before and after being bent over 80 times at 50 mV /s scan rate.

108201-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 68, No. 10 (2019) 108201
0.0015 |- 0.8k () —— NaCl
—— LiCl
0.0010 | —— CH3COONa
0.6
< 0.0005 | 2
*é —— NaCl g 0.4k
£ ol —— LiCl 5
5 —— CH3COONa g ol
—0.0005 |-
—0.0010 - 0r
0 0.2 0.4 0.6 0.8 0 10 20 30 40
Potential/V Time/s
. (d)
= 10b
S
E
£
» 1lf
£
]
%)
—=—NaCl ©
—e— LiCl g 0.1F —a— NaCl
—a g —eo— LiCl
CH;COONa . —4— CH;COONa
1 0.01 1 1 1 1
30 40 0.006 0.008  0.010 0.012 0.014
Energy density/mW-h-cm—3
120 f (e)
X
Rl e =
2
=
g 80f
2
2
§ 601 —=— NaCl
s a0l —e— LiCl
g —a— CH3COONa
[=%
< L
g 20
0 1 1

1 1 1 1
0 1000 2000 3000 4000 5000

Cycle number

B 5 (a) 50 mV/s 433 T CV X LLE; (b) 5.1 mA-cm ® HL i % & T GCD X LUl (c) EIS X L& ; (d) 68 &2 -2 R % J& %) L &

(e) 5000 YR A Fe 2 P X L el

Fig. 5. Comparison of electrochemical properties of different neutral gel/CNTA composite devices: (a) CV comparison diagram at
50 mV/s scan rate; (b) GCD comparison diagram at 5.1 mA-cm 3 current density; (¢) EIS Nyquist plots obtained from the electro-
chemical impedance test for different samples; (d) Ragone plots of the different samples; (e) the cyclic performances of the different

samples for 5000 cycles.
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Fig. 6. Comparison of electrochemical properties of PVA-NaCl/CNTA and PVA-NaCl/CCNT composite devices: (a) CV comparis-

on diagram at 50 mV/s scan rate; (b) GCD comparison diagram at 0.69 mA-cm? current density; (c¢) diagram of specific capacit-
ance changing with current density; (d) EIS comparison diagram at high frequency.
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Fig. 7. Electrochemical performance test of PVA-NaCl/CNTA composite device: (a) CV curves in different voltages ranging from

0.8 to 1.6 V at 50 mV/s scan rate; (b) high-potential CV curves over the scan rates ranging from 10 to 200 mV/s; (c) self-discharge

comparison diagram based on CNTA and CCNT respectively.
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Abstract

As a new energy storage device, supercapacitor (or electrochemical capacitor) has an ultra-long cycle life,
extremely high power density and enhanced energy density. It fills the gap in the energy-power spectrum
between traditional capacitor and battery. In general, the traditional energy storage and conversion device
cannot have a perfect trade-off between high energy density and high power density. With the rapid
development of modern society, developing light, portable, safe and environmentally friendly high-performance
energy storage devices has become increasingly vital. Therefore, there are numerous researches of flexible solid
supercapacitors emerging at this historic moment. The selection of flexible electrode materials and that of
electrolytes are crucial factors in designing the flexible solid state supercapacitors, which have been the research
hotspots in recent years. Carbon nanotube array has been widely used in electrode material of super capacitors
due to its excellent electrical conductivity, large specific surface area and super high chemical stability. But in
assembly process, carbon nanotube array easily collapses and breaks its neat orientation because of its poor
mechanical strength. In consideration of environmental contamination and practical demands, in this paper the
neutral gel electrolyte is adopted to embed carbon nanotube array to form flexible composite film electrode.
Besides the fact that we use hydrophilic flexible carbon cloth as current collector and neutral gel electrolyte as
separator to prepare flexible devices, we compare the electrochemical properties among different devices by
changing the electrolyte salt added in gel electrolyte. Meanwhile, after continuous bending and folding, the
properties of flexible devices have not been significantly damaged, indicating good flexibility and mechanical
stability. The specific capacity of the whole device with PVA-NaCl used as gel electrolyte increases up to 104.5
mF-cm 3, which is much higher than the specific capacity of the composite device formed by organic ionic gels
with carbon nanotube array and that of the composite device formed by commercial short carbon nanotubes
with hydrogels. A maximum energy density of 0.034 mW-h-cm ? is obtained at the same time. In addition, it
has good rate performance, cycling stability, suppressing self-discharge property, and good chemical stability at
a high voltage of 1.6 V. Neutral gel/carbon nanotube array composite devices not only meet the needs of the era
of green safety, flexible and portable folding, but also open up the future application prospects of medical

implants.
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