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Fig. 1. Assembly process diagram of HQ@PVA@ACNT composite redox-enhanced solid-state super capacitor device.
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Fig. 2. (a) The SEM image of CCNT; (b) the SEM image of ACNT (insert: The TEM image of ACNT); (c) preparation process of
the DACNT; (d) comparison of the arrays before and after shrinkage; (e) the SEM image of the DACNT; (f) the SEM image of the

ACNT@PVA@HQ composite device.
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Fig. 3. Electrochemical performance test of ACNT@PVA@HQ composite devices at different concentrations: (a) Comparison of

CVs with different amounts of HQ addition under the same scan rate (20 mV/s); (b) area specific capacitance at different HQ con-

centrations; (c) GCD curves comparison diagram under the same current density (1.23 mA-cm ?); (d) alternating current impe-

dance spectrogram of the samples at different concentrations; (e) the diagram of equivalent circuit fitting model; (f) comparison of
Ragone plots between the devices of ACNT@PVA@HQ (0.1 mol/L) and ACNT@PVA.
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Fig. 4. Electrochemical performance test of the ACNT@PVA@HQ composite device at [HQ] = 0.1 mol/L: (a) CV curves at scan
rates from 5 mV/s to 50 mV/s; (b) GCD curves under different current densities (0.615-6.15 mA-cm 2); (c) relationship between
peak current and scan rates; (d) the proportion of capacitance contribution in composite device; (e) Nyquist plot at 0.01 Hz—

100 kHz; (f) cyclic performance (5000 cycles) during charging-discharging cycles.

M 0.615 mA-cm 2% 6.15 mA-cm 2, 254 L HE
Z5 M 130 mF-cm 2 FFEZE 110 mF-cm 2, {2k
T 15%, BT 2RSS AR RE. A
Uik ny AR, anEl 4(e) PR, 7;2%5,311'{'375
PLELE SRR AL, 1] PVA/H;PO, RRTESEK
LA, A 0 s L R S B T, AR AR
A RN PR B[R BT T4 PVA@ACNT &
G (R, 214 5.7 Q), ACNT@PVA@HQ #3{F
HAH/NY R, (2.6 ), REAFER TP SE L
S TE VR B AT DAt — 2D AR e 5 AL R X

JE T HQ 43 AT LhWR B A Btk A5 2 T A T A A=
AL T S I, 3ol A5 e % T 1Y) S K M KR
J, DTN T H R0 2 T Btk A8 3% T ) 4% i
R A R N o — A EE AR R R I R E
P, BRI Y AR, 18] 4(1) 4

T ACNT@PVA@HQ #47E 6.15 mA-cm 2 [y
LU B2 T, 5000 YR FE It FE8CHE o v e 45 M
CRORGIEARBOC R RERE. 2t 5000 K11
TEER, FECRCR S AN IRIFTE 100% Zty, e
T # RAFR bR e . X EEH N AR

126101-6


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. 69, No. 12 (2020)

126101

o BN K B TR 5 A S5 e AL i AR
[ X 28 3 RO I B T T L A B ) 85 P R,
FEAR T 25 I BH, 980 T 45 4. 750, HUA
B2 DB PR YB3 0 B — 5 i 8, BB H T
TERII, BRSBTS BT 98 35 i A B [T B, o
fiff 0 5 PR B 22 ) 42 R 5 P A A e B T W T
i, SRIE B

R T 2 BRI W 51 H ) 45 K R
BEfZ M, T IF A T 3 F IR Ky A | B m]
T 7 [ 2 LA R W &4 1) v 8 BE RS R 91) 3 AN ] 2
R g CCNT@PVA@HQ, ACNT@PVA
@HQ 1 DACNT@PVA@HQ, FfxF H oy {24 1

JEHEAT R GE T A, A 5 s, & 5(a) A 3 FlE
WAt GCD A b . ZEHLIR M 1 mA B,
TR AE AT B 5 PR R 45 /NS B A 30 v 1 3
Wy B B )N, 375 DACNT #3425 14 5 55 v 1) i)
. HAMEE T CONT #84, ACNT #4 B
KA FERCR ] B IR FAE I 3 SN, xR
BRI HEZ 6 B A 25 A0 A6 1 1 B8 1 R 1AL A T
1. B 5(b) AR —4# (20 mV/s) T 3 Fpas iy
PEIRR 2 M2t Hu Il (D Aabs R i 2 ). v LA
R B AR B P A 1 R R RS i
4 DACNT@PVA@HQ 7£ A7 7] i 2 4 F HoA &
LR EAERE ), iR AR K. B 5(c) FiR Rl

0.8 0.03
(@) —— CCNT@PVAG@HQ (b)
0.6} —— ACNT@PVAGQHQ T 002l
—— DACNT@PVAGQHQ g :
0.4} °
< 0.01f
Z 02f 2
3 i or
= or S
% 0.2 g —0.01f
[ “5 —— CCNT@PVAQHQ
o4l & —o0.02ft —— ACNT@PVAQ@HQ
’ ——DACNT@PVAQHQ
—0.6 1 1 1 1 1 —0.03 1 1 1 1 1 1
0 50 100 150 200 250 -06 —04 —-02 0 02 04 06
Time/s Potential/V
100
s 5001 (c) (d)
g 80
LE 400 | \\
~ o 60r
§ 300 | =
N
.‘g I 40}
S 200t
&
S oo, —=— CCNT@PVAQHQ 20 b —=— CCNT@PVA@HQ
g 100F —e— ACNT@PVAQHQ —e— ACNT@PVA@HQ
£ . a . —— DACNT@QPVAQHQ —A— DACNT@PVA@HQ
0 ! ! ! ! OL i ! !
0 5 10 15 20 25 0 20 40 60 80
Current density/mA-cm—2 Z'/Q
e e
LS 101 ¢ (@) A
5] A
2 . 4
£ 100f . o A
~ " [ ]
z . ve
£ 101} . » CCNT@PVAGHQ
v e ACNT@PVAQ@HQ
S . 4 DACNT@PVAQHQ
5 10 v ONT/PANI film
¢ PANI/graphene
10—3 - L L
1073 102 101 100

Energy density/mW-h-cm~2

5

CCNT@PVA@HQ, ACNT@PVA@HQ 1 DACNT@PVA@HQ #% 4 A L Ak 27 3k

(a) FHRI I (1 mA) T8 GCD X Ltk

[ (b) 20 mV /s THI CVs X LE L (c) T B e 75 B R 3 485 A AL IR () BIS X LUIRT; (e) 4% 11 D) A 8 15 - B 4% 2 X L [

Fig. 5. Electrochemical test of CCNT@PVA@HQ, ACNT@PVA@HQ and DACNT@PVA@HQ composite devices:

(a) Compari-

son of GCD curves with 1 mA; (b) CVs comparison diagram at 20 mV/s; (c) relationship between area specific capacitance and cur-

rent densities; (d) comparison diagram of EIS; (e) Ragone plots of three kinds of composite device.
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Table 1. Comparison of relevant test data of different

samples.
C/mF-cm 2 B »
Ps/mW-coi 2 Eg/mW-h-cm2
(20 mV/s) s/ mW-cm s/mW-h-cm
PVA@ACNT 21 0.09 0.00184
HQ@PVA@CCNT 72 0.12 0.00350
HQ@PVA@ACNT 135 0.28 0.01800
HQ@PVA@DACNT 425 0.96 0.06000
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Redox-enhanced solid-state supercapacitor based on
hydroquinone-containing gel electrolyte/
carbon nanotube arrays”
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Abstract

By introducing redox active substances into electrolyte, the energy density can be effectively increased
without reducing the power density. Considering the influence of ionic conductivity and environmental safety,
we introduce the redox small molecule hydroquinone (HQ) into the PVA/H3PO, gel electrolyte, which then will
recombine with the carbon nanotube arrays (ACNT) possessing high specific surface area and vertical
orientation structure. The symmetrical “sandwich” type redox-enhanced solid-state super capacitor is then
designed and prepared. We systematically study the effects of oriented structure and pore space on the
electrochemical properties of the ACNT@PVA@HQ device and charge storage mechanism. With the addition of
hydroquinone (0.1%, mol%), the specific capacitance of ACNT@PVA@HQ composite device increases 6.4 times
compared with that of the ACNT@PVA, and maintains the extremely high rate performance and cyclic
stability. When the current density increases 10 times, the specific capacitance of the device still possesses 85%
of the original value. The energy storage mechanism is mainly ascribed to a diffusion-control behavior at a low
scan rate while it will change into a capacitive behavior at a high scan speed. Furthermore, we prepare highly
densified oriented carbon nanotube arrays (DACNT) by solvent evaporation, enhancing the mechanical stability
of carbon nanotube arrays and improving the specific capacitance and energy density of the devices. Compared
with the specific capacitance of ACNT and random carbon nanotube (CCNT), that of DACNT@PVA@HQ
device under the current density of 11.1 mA-cm? increases up to 385 mF-cm? (1674 mF-cm3), which is 6.6
times higher than that of the CCNT@PVA@HQ device and 18 times higher than that of the ACNT@PVA
device. The maximum energy density can finally reach as high as 0.06 mW-h-cm 2 (0.26 mW-h-cm3), which is
much better than those of many other reported CNTs-based devices. The oriented structure of the arrays
effectively shortens the ion migration path of the device, achieving a good rate performance and lower internal
resistance. This new type of redox-enhanced solid-state supercapacitor not only has excellent electrochemical
energy storage properties, but also meets the requirements for environmental protection and safety. This design
provides a new idea for developing the new energy devices in the future, which has a good prospect in practical

applications.

Keywords: carbon nanotube arrays, hydroquinone, solid state, flexible super-capacitor
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