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Fabrication and Supercapacitor Behavior of Flexible Polyaniline/Titanium Nitride Nanowire
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Abstract: High-conductivity titanium nitride nanowire can be used as a growth substrate of polyaniline to reduce the charge transfer
resistance of the electrode material and improve the supercapacitor behavior of polyaniline. A polyaniline/titanium nitride nanowire
(PANI/TiN) was synthesized as a supercapacitor electrode material via seed-assisted hydrothermal process and high-temperature
calcinations with flexible carbon fiber as a substrate. PANI/TiIN nanowires have a highly ordered coaxial core—shell nanowire
structure, and the nanowires split each other to favor the ion diffusion and electron transportation and improve the energy storage
performance. PANI/TiN exhibits a higher specific capacitance of 403 F/g at 1 A/g and a higher capacitance retention of 53.4% when
the current density increases from 0.5 A/g to 10.0 A/g. The capacitance retention rate of PANI/TiN is 79.1% after 1 000 cycles of
charging and discharging at 5 A/g. Compared with PANI, PANI/TiN has the improved electrochemical energy storage properties. The
flexible all-solid-state symmetric supercapacitor (i.e., PANI/TIN supercapacitor) was assembled by using PANI/TiN as an electrode.
PANI/TiN//PANI/TIN supercapacitor has the specific capacitance of 100.2 F/g at 1 A/g, and there is little attenuation of the specific
capacitance after bending at different angles. PANI/TiN//PANI/TIiN supercapacitor can obtain an energy density of 50.1 W-h/kg at a
power density of 500 W/kg. Red light emitting diode (a rated voltage of 1.8 V) can be lighted up by one unit of the supercapacitor,
indicating a promising potential application for energy storage.
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Fig. 1 Schematic diagram illustrating growth processes of PANI/TiN nanowire
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Table 2 Fitting values of equivalent circuit elements of

PANI and PANI/TiN
CPE w
Electrode R/Q R/Q
CPE-T CPE-P Wr Wy W
PANI 3.23 7.65 1.816x10* 0.795 6.863 0.258 0.476
PANI/TIN 291 0.94 2.929x10* 0.782  6.012 0.699 0.334

R, is intrinsic resistance of electrode material; R is charge transfer resistor;

Electrode 0.5 1.0 20 30 4.0 5.0 10.0 CPE is constant phase angle element; CPE-T and CPE-P are constant
PANI 423 403 362 338 320 296 226 phase angle original index; W is Warburg impedance; Wy is diffusion
PANI/TIN 320 304 270 256 232 201 138 resistance; Wr is diffusion time constant; Wp is sub-index.
4 0.8
5mV/s r T IR drop
30mV.  7mV
oy o1 N g
< [23) ! [
S ot 8 04+  // O\ \t----"---=- 4
g —_
< = .
% S ool PANI/TIiN
g 2 2
= -9
@]
PANUI/TIN 0.0
41 a b
1 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 0 200 400 600
Potential vs.SCE/V Time/s
(a) Cyclic voltammetry (CV) curves (b) Galvanostatic charge—discharge (GCD) curves at 1 A/g
500
0.6
> 50400 |
m g, PANU/TIN
3 04 3
E g 300
= 'S
£ g 5
2021 S 200 L 53.4%
a Lf-:: 43.1%
Q . 0
;5; 100 PANI
0.0
1 f L " 1 a 1 O 1 L 1 1 1 L
0 200 400 600 0 2 4 6 8 10
Time/s Current density/(A-g™")
(c) GCD curves at different current densities (d) Rate performance
20 +
PANI/TIN
1.0+
79.1%
IS+
X 08+
PANI/TIN E
o k= 58.9%
= 1oL 38 0.6}
f\ﬂ 3] PANI
3
E 041
'S
i -
O 02}
oL 0.0 1 L 1 1 1 1
0 5 10 15 20 25 0 200 400 600 800 1 000
Z/Q Cycle number
(e) Electrochemical impedence spectroscopy (EIS) results (f) Cycling performance

5 PANI Al PANI/TIiN (#4425 P g
Fig. 5 Electrochemical performance of PANI and PANI/TiN



« 1916 - CREFR Eh22 4D

J Chin Ceram Soc, 2022, 50(7): 1909-1918

2022 4F

25 FUBERR/ACKRESESBRBSF[AVMEEE
T BEMR

K 1% PANUTIN NEARA KL, HoSO~PVA
R IR HL AR IR 5 228 S A T S SRR A R L 2 B
HRATAEREINR, S5 RWIE 6 Fin. Fetk 4 sxt
FRAY 7% 8% PANI/TIN/PANI/TIN 7E LR B EE N 1.
2. 4. 6. 8. 10A/g FHIFTEHLHZ Ny 1002, 86.8,
75.6, 672, 58.4, 49.2F/g(& 6a). NHEELHBIH
BASTME, B A [R] f FE AT 1 IR R SR
MR, FEZ5#h ARy 00, 45°F0 90T [ HL FEL 28473 9R
1545 100.2,98.8 F/g F1 98.3 F/g. 15 K25 il 1 £ (90°)
B, BERREEVAVIGEER 98.1%, Wn 7K
UFRZEEERE . S4h, RIEG) @) T H LB
) BE R (E) N D % P2 (P):

1 2
E=_C,AV A3)
1000xIxAV
p=lt 00 4)
2m
e C, WRELLHE; AV RHBE; RS
i a 1A/g
09 | b 2Alg
c 4 Alg
d 6A/
506 | ¢
E e 8Alg
5 10 Alg
o
~03 |
0.0 [
f a
0 50 100 150 200 250 300 350 400
Time/s
(a) CV curves
100
Thl‘g WOI‘I(
- -\”\-\-\-\.
2 ¥ BRef23 * Ref.21
= NS
5 [Ref20 Ref.25 <
ES . Ref22
5 Ref.24 A
e Ref.19
20
g
m
100 1000 10 000
Power density/(W-kg™)
(c) Ragone plots

Potential/V

s m N EARA R

TS E A 500, 1000, 2000, 3 000, 4000 W/kg
F1'5000 W/kg B, BER% 5508 50.1, 43.4, 37.8,
33.6, 29.2, 24.8 W-h/kg, & T CHR[19-251RkIE )
BT ROK M B FL ARy F A AR 2 ) 4
(B 6c). Bl PANI/BEYY KA (CNT)/
MoS,//PANI/CNT/MoS,(MI %% N 2 140 W/kg It
RERB N 7.77 W-h/kg)"™, PANIAZEERR 9K Fr
/IPANI/ZEERBRIIAK Fr (V)55 B2 0h 85.1 Wikg I, fig
BHE N 28.9 W-h/kg)?Y, B A A BIE
(rGO)/PANI//rfGO/PANI(ZN %% 4 1270 W/kg i),
RERS N 34.9 W-h/kg)?!, PANI@MnO,//4E 4k
TR 1 430 Wikg I, BEEZEN
17.2 W-h/kg)?, PANI/PANI(H % 120 W/kg
B, BeEEEEN 26 Whikg)®, A0A B GO)Y
PANI/AREF4E//GO/PANI/AREF (TR 55 FE ) 456 Wikg
i, BEEEEN 10.2 Whkg)*, rGO-B Ttk
(IL)/PANI//rGO-IL/PANI(I R % FE iy 501 W/kg i,
RERE N 24.1 Whvke)™lo tbAh, N ELSZBRN

1.0 |
00
08 | 450
06 90°
04 F
02 T
0.0 C 1 " 1 L 1 L 1 L L L 1 " 1 L 1
0 50 100 150 200 250 300 350

Time/s

(b) GCD curves at different bending angles

(d) Powering an LED

6 PANI/TIN//PANUTIN 22 it 75 & (AL 2 Pk g
Fig. 6 Electrochemical performance of PANI/TiN//PANI/TiN supercapacitor



55 50 &5 7 3 H He S RMERIRNG ARG AR L ] % 5 il RETE E .

1917 -

. A Z R SR sh — SN AL A g, A 6d
FioR, R 1 ASHICIZ A S 2 2% R ] 3R 5h
RE RN 1.8V IR, * B PANUTIN H
WAL A Bl () S T 5%

3

1) ERRBREF YN TR, SR A B KA
4G i BRI E VT & T R T R ORI AR N
KL AR AT RHPANTTIN), FExFH &5/ k. B
AT M, 45 RRVIFE R & mIRAE S TiO, 1k
N TiN, PANI T SHEECGEETIZEHE), H
PANUTIN 235 A 7 1 R 3% e g oK e 454

2) PANUTIN FePEHARM BHE R N 1.0 Alg
i, LN 403 Fig; HIRZEEM 0.5 A/g 1
JnE]10.0 A/g I, bR ORFFRONVIMA B 21 53.4%,
EHERE TN 5.0 A/g I, TEFRFEHLE 1000 K5
PANU/TIN [FJHAEREEHEN 79.1%, 5 PANI L,
PANU/TIN [V 5 RV Re S PR e S )
LA REPEREARA 1 B B A48Tt

3) PANUTIN Z2fE BT B A e 1) 2 i 25 Ao
RetERe £ ZIAK T 5 5 B R BRI T T ORI
S, ART R E, B
WAFESE TiX— . [AR PANUTIN S HUH B2 5 1)
WSe KRR EE I, A 52 123 A AT HU ARV 25 1 1
5, IR AT I SRR T S SR

4) KH PANU/TIN Jy HI b 2 32 1 4 [l A 2
125 %% PANI/TiN/PANI/TIN, 7£ LR E N 1.0 Alg
i, FiE LA 100.2 F/g i, H 90°%5 i 75 &
WREARRFEAA . TR 5Ny 500 Wikg B, AR
BN 50.1 Wh/kg, 1 ANE G 2 H 25 4% T R3]
NI HL S, KB PANUTIN HARA RL B A BT
AT

SE R

[1] XU B, ZHANG H B, MEI H, et al. Recent progress in metal-organic
framework-based supercapacitor electrode materials[J]. Coordin Chem
Rev, 2020, 420: 213438.

21 W, BAR. NIl CoMnyO./ i I A AT 84T 5 SRR 1 4%
J LB A YERE[T]. FERR LR, 2021, 49(1): 167-173.
LI Mingwei, YANG Shaobin. J Chin Ceram Soc, 2021, 49(1):
167-173.

[3] ALI E, LEI L, YANG Y. Polyaniline supercapacitors[J]. J Power
Sources, 2017, 347(15): 86-107.

[4] MENG Q, CAI K F, CHEN Y X. Research progress on conducting

polymer based supercapacitor electrode materials[J]. Nano Energy,

(3]

(6]

(71

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

2017, 36: 268-285.

ZHAO Y, ZHENG M B, CAO J M, et al. Easy synthesis of ordered
meso/macroporous carbon monolith for use as electrode in
electrochemical capacitors[J]. Mate Lett, 2008, 62(3): 548-551.

MA W J, CHEN S H, YANG S Y, et al. Flexible all-solid-state
asymmetric  supercapacitor based on transition metal oxide
nanorods/reduced graphene oxide hybrid fibers with high energy
density[J]. Carbon, 2017, 113: 151-158.

SHANG C Q, DONG S M, WANG S, et al. Coaxial
Ni,Co,(OH)s/TiN nanotube arrays as supercapacitor electrodes[J].
ACS Nano, 2013, 7 (6): 5430-5436.

XIA C, XIE Y B, WANG W, et al. Fabrication and electrochemical
capacitance of polyaniline/titanium nitride core shell nanowire
arrays[J]. Synth Met, 2014, 192: 93-100.

LU L and XIE Y B. Fabrication and supercapacitor behavior of
phosphomolybdic  acid/polyaniline/titanium  nitride  core—shell
nanowire array[J]. New J Chem, 2017, 41(1): 335-346.

RANKA P, SETHI V, CONTRACTO A Q. Characterizing the
oxidation level of polyaniline (PANI) at the interface of PANI/TiO,
nanoparticles under white light illumination[J]. Thin Solid Films, 2016,
615(30): 44-55.

RADOMAN T S, DZUNUZOVIC J V, GRGUR B N, et al
Improvement of the epoxy coating properties by incorporation of
polyaniline surface treated TiO, nanoparticles previously modified
with vitamin B6[J]. Prog Org Coat, 2016, 99: 346-355.
ANANTHAKUMAR R, ANURADHA B S, KOBAYASHI A, et al.
Electrochemical corrosion and materials properties of reactively
sputtered TiN/TiAIN multilayer coatings[J]. Ceram Int, 2012, 38(1):
477-485.

MOROZOV I G, BELOUSOVA O V, BELYAKOV O A, et al. Titanium
nitride room-temperature ferromagnetic nanoparticles[J]. J Alloys
Compd, 2016, 675: 266-276.

WHITE N, CAMPBELL L, GRANT J T, et al. Surface/interface
analysis and optical properties of RF sputter-deposited nanocrystalline
titanium nitride thin films[J]. Appl Surf Sci, 2014, 292: 74-85.

HIEN D, WU Y H, DAI V T, et al. Structure and property of epitaxial
titanium oxynitride grown on MgO(001) substrate by pulsed laser
deposition[J]. Surf Coat Technol, 2013, 214: 91-96.
GHARESHABANI E, RAWAT R S, SOBHANIAN §, et al. Synthesis
of nanostructured multiphase Ti(C,N)/a-C films by a plasma focus
device[J]. Nucl Instrum Meth B, 2010, 268(17/18): 2777-2784.

DENG X Y, LEE J, WANG C J, et al. In situ observation of water
dissociation with lattice incorporation at FeO particle edges using
scanning

spectroscopy[J]. Langmuir, 2011, 27(6): 2146-2149.
XU W W, ZHAO K N, NIU C J, et al. Heterogeneous branched core

tunneling  microscopy and X-ray  photoelectron

shell SnO, PANI nanorod arrays with mechanical integrity and three
dimensional electron transport for lithium batteries[J]. Nano Energy,

2014, 8: 196-204.



+ 1918 - TEMR #h 54 ) J Chin Ceram Soc, 2022, 50(7): 19091918 2022 4
[19] THAKUR A K, DESHMUKH A B, CHOUDHARY R B, et al. Facile polyaniline/MnOy/carbon cloth ternary hybrids as electrodes for

[20]

[21]

[22]

synthesis and electrochemical evaluation of PANI/CNT/MoS, ternary

composite as an electrode material for high performance
supercapacitor[J]. Mat Sci Eng B, 2017, 223: 24-34.

LI YN, YAN Q, WANG Y Z, et al. Polyaniline coated 3D crosslinked
carbon nanosheets for high-energy-density supercapacitors[J]. Appl
Surf Sci, 2019, 493: 506-513.

HOU Z X, ZOU S N, LI J J. Morphology and structure control of
amine-functionalized graphene/polyaniline composite for
high-performance supercapacitors[J]. J Alloy Compd, 2020, 827:
154390.

ZHAO X, CHEN C Y, HUANG Z L, et al. Rational design of

[23]

[24]

(23]

supercapacitors[J]. RSC Adv, 2015, 5(81): 66311-66317.

RAJENDER B, PALANIAPPAN S. Simultaneous oxidation and
doping of aniline to polyaniline by oxidative template: Electrochemical
performance in supercapacitor[J]. Int J Polym Mater, 2015, 64(18):
939-945.

XU H, ZHU Y Q, ZHANG M M, et al. Eigenstate PANI-coated paper
fiber with graphene materials for high-performance supercapacitor[J].
Tonics, 2020, 26(10): 5199-5210.

DONG C, ZHANG X L, YU Y J, et al. An ionic liquid-modified
RGO/polyaniline composite for high-performance flexible all-solid-
state supercapacitors[J]. Chem Comun, 2020, 56(80): 11993—-11996.



