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FH dlofe]E tuto] el tist ort ST - M5 A Al disk viekst AFsol M= gtk &
3], A G dofela AN Aot A% vk, 8, 5 Ak $E T A YRES AAREAISA] B
o 5t 2, 7Fo] 7hssllof ab] whitell 1% A A5 AAl9) side] FolRt Fasitt Aol
= B4 F2. AR (carbon nanotube fiber; CNT fiber) 719+2] -4 A= AAl9] A58 7IHA1717] $18l CNT fiber
Aol A71818H4] F3h(electrochemical polymerization) 3-8 &3l polyaniline (PANI) layerg EJ3taL, ool tist A
718lska 529 A9 v aAE ST (glucose) HE 54S FRISIGITE AldE PANICNT fiber A=2] 329 &

A& FARARE Ar)E(SEM)E o] 8ato] MalEglom, H=9] x7|sea] 54 9l SFF el dish Al e Al
AT (CAR =AY AR CY), 471318 AAFAH(EIS)S o]E38te] A= QITE. PANI/CNT fiber A2
7718} 5242 bare CNT fiber =0l H]3|] 22 electron transfer resistance®} S+ peak separation potential, %
7hel A= WAE VERH, o] 3 BAE Yol SR el uist A Adsol M= wekA, 2 A
TE 7o R vekst therr 2 AlE EYskaL HES S8l A ONT fiber 71WH] #1205 24 7o) 7hsd
Ao 7|tErt.

Abstract — As the demand for wearable devices increases, many studies have been studied on the development of
flexible electrode materials recently. In particular, the development of high-performance flexible electrode materials is
very important for wearable sensors for healthcare because it is necessary to continuously monitor and accurately detect
body information such as body temperature, heart rate, blood glucose, and oxygen concentration in real time. In this
study, we fabricated the nonenzymatic glucose sensor based on polyaniline/carbon nanotube fiber (PANI/CNT fiber)
electrode. PANI layer was synthesized on the flexible CNT fiber electrode through electrochemical polymerization
process in order to improve the performance of a flexible CNT fiber based electrode material. Surface morphology of
the PANI/CNT fiber electrode was observed by scanning electron microscopy. And its electrochemical characteristics
were investigated by chronoamperometry, cyclic voltammetry, electrochemical impedance spectroscopy. Compared to
bare CNT fiber electrode, this PANI/CNT fiber electrode exhibited small electron transfer resistance, low peak
separation potential and large surface area, resulting in enhanced sensing properties for glucose such as wide linear range
(0.024~0.39 and 1.56~50 mM), high sensitivity (52.91 and 2.24 pA/mM-cm?), low detection limit (2 uM) and good
selectivity. Therefore, it is expected that it will be possible to develop high performance CNT fiber based flexible
electrode materials using various nanomaterials.
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Fig. 1. (a) General scheme of polyaniline [11,15]. (b) Electrochemi-
cal synthesis of polyaniline at CNT fiber electrode by cyclic
voltammetry from 0.2 M H,SO, containing 0.1 M aniline.
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deprotonated form =, ES®} EB9] transition< pH control®] &3]
o] F-ofzItH7,12]. o] PANIS| -3t 714, 5184 5457
A= EAHA ST} R cost, 7 T 34 Yol thekst d7)s)
SHA] AlA] At 8- 1 QT 12]. 531, 2000t o] CNTS}
PANIS] A=A &3e] oist 7FsA S 7]ust® CNT-PANI
composites®]] ¥+ A7} 3] 218w 31 JITH7].

& ArelM= dlolels Ak 282 918k CNT fibere} PANIZH
e o A5 2A41E 38k, o] A=l digk #71seh4 &

= o

A3} vl Ead 238 A A5 s
2 W2 A
2-1. M=

2 AT E < A5 &4 EHE ofg A ~El(A-Tech
System Co., Ltd, Incheon, Korea)ol| 4] #|&3F th&F 160 ym2] A 55
ZH= CNT fiberE AFHE3FS © ™| D-glucose®} anilinet= Sigma-
Aldrich Chemicals (St. Louis, USA)ol| 4] <+l 3}3It} K3} sodium
hydroxide (NaOH)$} sulfuric acid (H,SO,), nitric acid (HNO;),
potassium ferricyanide (K ;Fe(CN)s), potassium hexacyanoferrate
() (K5Fe(CN)g)=> A<= 2K(Samchun Chemical, Gyeonggi-do,
Korea) 2 HE| TSk},

2-2. A i

PANI/CNT fiber {=1-2 17]3}8H4] F3F 3742 o]-g-8to] Al
HATE 4 A= AASE7 el 94 CONT fibere] 3395
© 2 MAst7] Y8, CNT fiber: sulfuric acid?} nitric acid <
o(3:1 vivyell Yar 35% 52k acid treatmentS X3 3}o] Al-g-3}
SITH13]. o= %3 7182 glucose oxidation FH-5-olA4] CNTsE &
o whE AAES SAAIT14]. A=A 1A PANT 52
0.2M H,S80,9 0.1 M aniline &3 &dor =3 HALHAFH
(cyclic voltammetry, CV)ell 2]3l] 7§ € CNT fiber 39 1ol g
AE ) o] wl, Ad7]s}ekA 32 scan rate 50 mV/s; cycle
number = 20 cycles; potential range = -0.4 V ~ 0.8 V] Z71 3lollA] &=
B A thFig. 1(b)). o1 EA FA D BES SFHTE A H st
40 °C E-olA 2413t 59F 7250 2F PANI/CNT fiber =
25 AT

A 2+ PANI/CNT fiber 2= =42 FE-SEM (field emission-
scanning electron microscopy; Hitachi S-4800, Tokyo, Japan)= ©]
gato] ER B4 shgdon, 471384 49 0 S4L 9
CompactStat instrument (Ivium technologies, Eindhoven, Netherlands) 2}
A715¥814] 335 A4 A 28 (Pt wire A= Ag/AgClL 7| 4=
PANI/CNT fiber 2] A=) ©]-8-all 4] AIZFeh 2 55 (chronoam-
perometry; CA)Z} =3P FH(CV), 271318t d9)el~ -3+
(Electrochemical impedance spectroscopy; EIS) & %17]13}8+4 &
3 ARl

3. 24 ¥ E

Fig. 1(b)= CNT fiber 3£ $]°l aniline monomer?] %1713}

Sl gk =27 (CV) 2Eolth. Fig. 1(b)elA] HojA=

RAAH, 7 42| gEkst s34 9] A (redox peaks)’| #HEE 017
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Fig. 2. SEM image of the PANI/CNT fiber composite. Inset: optical
photograph of CNT fiber.

o} A HA redox peaks (a9t d)i= ESell 71918}, F HA redox
peaks (b&} ¢)& pernigraniline forms®] redoxs WERATE ThA] 2
3, gk 025 V -l 4] Boli= 3 A anodic peak (a)i= LBl A1
ESC 29 P4 Aghe 5407 dh= S RN, potential©]
H=F 571871 0.8 VollA] B T} anodic peak 2+ AF3}E PS
o] AL omlsiti{15,16].
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CNT fiber 9 9Jof] A4 02 U5} PANI T°] 4% 21&
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¢k 200 um Y=ot}
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evolution®l| 4] A WA Fa == A #oltH17]. Fig. 32
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PANI/CNT fiber 1 5¢]l thdt M %=/3 3322} PANI®] &5 AL
3171 §13 Z79% PANI layer 4 2} $ CNT fiber 1=2] CV
diagrams©| t}. Fig. 3(a)i= 0.1 M NaOH &4 5 mV/s scan
rate®] %71 dtollA 54 H 2102, PANI/CNT fiber 1 =-o]| 4 2]
current level©] bare CNT fiber =l B] 3] A4 =4 el
ofi= A5/ ALEAL PANI Tofl 23 21O 2, CNT fiber 37 #]°]l
PANI 0] A3 ox FAH 715 gR1E = Irh[18,19].

Fig. 3(b)= PANI/CNT fiber <=r¢l] th st 2 713}8H4] 578 24
$3t CV diagrams® 2, 5 mM K;[Fe(CN)¢ /K, [Fe(CN) |5 X3
0.1 M KCI =8Nof|A] 50 mV/s scan rate 371 el =2 St}
Fig. 3(b)2] voltammograms Z5-E] ¥ ]% bare CNT fiber 3=}
PANI/CNT fiber A =Foll th$t peak potentials®} currentsel] tf &
electrochemical parameters<= Table 1° 7 2] 3} T} PANI/CNT
fiber = bare CNT fiber =10l ]38l A 1] F3l8kal &2
sk 28] F71e] Absk-3h 31 (quasi-reversible redox peaks)E X
ojm], t] 22 AE, fk= UEhth AREA 0% AE = 117]35}8h Rk
52 7Fed (reversibility) =5 UERH= 202, AEJ 557
= B]7Fe] HkS-(ireversible reaction) & WHEFATE 7Y, 1 /1, ~ 101
TR AL dFol A [Fe(CN) "> Ar3F-3k9 RE-S(redox
reaction)®] =713 Wk-§-(quasi-reversible reaction)©] 1. TFE FHES-
o] JAFshA] =tk A vl gth17]. YAl 2, bare CNT
fiber 172} PANI/CNT fiber = 557 &7} Whg-& Holx|l,
PANI/CNT fiber %1=/0] bare CNT fiber A =of| n]al #=-2} Aka}
s}ekg 7He] ) 822l direct electron transfer”} 0] F0] X 1L §]
S5 #1e 5= gtk A 0 2 PANI/CNT fiber 1= gl
Axp Ak Erze ofs) whE 7H3AITRS oF7 18 = SUTH20].
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of] whZ anodic peak current (/,,)% plot¥ A¥toltt, of AL 10
mM K;Fe(CN)E &3 3 M KCI =89 o)l A thafst A
z221 stel|l A CVE S = AU thFig. 4() A Z232). Fig. 4(a)ell A1
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Fig. 3. Cyclic voltammograms of the CNT fiber based electrodes in (a) 0.1 M NaOH solution and (b) 3 M KCI solution containing 5 mM

Fe(CN)>7* at a scan rate of 50 mV/s.

Table 1. Parameters of peak potentials and currents for the modified CNT fiber electrodes in Fig. 3(b)

Electrode Ep[V] E,.[V] AE,[V] 1, ImA] 1. [mA] 171

pa’‘pc
Bare CNT fiber 0.42 0.059 0.361 0.0262 -0.0289 0.907
PANI/CNT fiber 0.3 0.16 0.14 0.0776 -0.0654 1.187
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Fig. 4. (a) I, vs. v!”2 plot for the PANI/CNT fiber electrode. Inset: its CV diagrams in a 3 M KClI solution including 10 mM K;Fe(CN), at var-
ious scan rates. (b) Nyquist plot of the EIS for PANI/CNT fiber electrode in a 0.1 M KCI solution containing 5 mM Fe(CN)*'+ at a

formal potential of 0.228 V.

FAREGEY] AlE (el A8 A 0 2 v]EFTHT,, [mA]=0.01254
V2 +0.0313; R = 0.99603). ©]&= PANI/CNT fiber A =il 4 2] =1
718}8t Hhg-2 A L] 7ol Aolu, Hhg5EE T 2 kel o5
A7t = AS ou|so21]. E3 o] A 32 5 Randles-
Seveik equation (2] 1)& ©]-&-al|lA] M2 Fa 34 (effective
surface area)s AFE 4= ltH22].

1,=kn’?4(Dy) ' C,

Q)]

fM LB AL 025°C) 07 7FYEHE, k=269 x 10°; n=
A+s}h-2k- 48 (redox couple)oll T et HHERE-S-(half-reaction)ol] 3-od
Sk AR 1, = 213-8-1°89] peak current; 4 = =19 A

em?]; D, = &N Yol A 2} EAAISE [em¥s]; v = FARSE [Vis];

C, = = €94 probe molecules®] &% [mol/cm3]]T}. o] 2]
ol A=) F-AEEHE ()= Fig. 4(a)°lA 129 24 7]27)
(slope) =, peak current¥} scan rate®] A5 Xke] H](Z v'2)el H]
#gitt. o] 71&7] gko= el AAHEl PANICNT fiber 4529]
ARAHLE e 0.1114 ecm?o|th, Wb o] Ao ALg-H CNT
fiber A= 2] 7 KB 7] H 2 (physical area)> T2k 0.05027 cm? (¢
160 pm x 1 cm)©%, PANI/CNT fiber A=Fo] ¢k 2. 220 4= ¢] W
2 7} &7} AUk o] ONT fiber T $79% PANI Sl
2]t roughness 57}l 71218k Aoja} & 4= glr}.

PANI/CNT fiber 2= Aol o] Z17)51ek4 545 281
A3l, 5 mM K;[Fe(CN))/K,[Fe(CN)s]= *E§3H= 0.1 M KCl &=
FolE o] &3l EIS 418 -a3I3ITE. BIS -4 22712 Frequency
range = 1 x 10" ~ 5 x 10% Hz; applied amplitude = 5 mV; formal potential
=0.228 Vo|t}. AREA © F Nyquist plot=> 27l F-3(semicircular
portion¥} Warburg-like linear portion) S = o] 504 Ut} &2 F

3} G921 semicircular portion<> electron-transfer limited process S

2z
e 32, o] W 9] A 72 A= Al o A redox probe?] electron-
transfer kinetics & A| ] 8F+= electron transfer resistance (R,) 9} %2
o} b of] Wk S=34= 9J¢391 linear portions> mass transfer control -
ZFo 2 diffusion limited process®} 1¥-ETH23]. Fig. 4(b)=
PANI/CNT fiber A =rof] th3k EIS diagram©|th A3 Q17-of A
bare CNT fiber 21 =2] R, 7} 2F 3500 Q<1 7l || Whal[24], PANI/
CNT fiber A2 o2k 380 Q 0] B4 22 R, 3hS Kol
34 electron transport propertys ZE=TF, o] A TEARRL
PANI 0] EIS probe®} A= 7+2] £ electron-transfer interface
2 248k 0 24 | electrical conductivity”| =o157] wito|th.

Fig. 5(a-c)= PANI/CNT fiber =0l 9] thofst S5 5%
of] thgt response curve®} 1o U calibration plotse XI5t}
o] AFE +0.6 Vo] A3 A slellA ANAFH(CALE =
4 8}AT}. Fig. 5(a)ollA] HoI=x|&= 2127, PANI/CNT fiber 71 =-2
27119 AE F3HE ZH=th AFE 9 9Ql Fig. 5(b)oll A1 0.024 ~
039 mM2] A& 7715 Bolm, TuA]=4.60662 +3.32421 X Cyyrpee
[mM] (R? = 0.9814)2] #AIS JeRAT, T3, 5= 992l 1.56
~50 mM W] A& F3E A= uAT = 6.05758 + 0.14071 X Cypyrnee
[mM] (R? = 0.997)Z K.21tHFig. 5(c)). ©] W, Z-SA|7FE 5% o]
U2 Z7 YERTE PANI/CNT fiber A =Fell gt A4 4%
(sensing performance) =& ol B1E E 71X {4 A= 7]ake]
W @44 ST A ST} B aske] Table 100 YERAICH 2]
FH E39 Al ELS HE noble metals©] U transition metals,
metal oxides, metal alloys 52 7|4FO 2 7t RAEZ ) 9<=3k Al
A deS Holt) 18y, ©]H metal materialsS ©]-2-3F A 7]3}8}
A FFF2 AAMELS U5 chloride ions®] F5 2.2 <13l 47
A S A7 A 2] PP 9 AEA & A7V = s

Table 2. Performance comparison of non-enzymatic glucose sensor based on flexible electrodes

Electrode Linear range [mM] Sensitivity [uA/mM-cm’] Detection limit [uM] Ref.
AuNPs/PANI/Carbon cloth 0.0126 - 10.0 150 3.08 [25]
PtCo/NPG/GP 0.035-30 7.84 5 [26]
PtAu/rGO-CNT-IL/GP 0.1-11.6 190 8 [27]
0.024 - 0.39 5291
PANI/CNT fi 2 Thi k
NI/CNT fiber 1.56.- 50 224 is worl
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Fig. 5. (a) Amperometric current response of the PANI/CNT fiber electrode for glucose concentrations. Its calibration curves: (b) at low con-
centrations and (c) at high concentrations. (d) Selectivity profile of the PANI/CNT fiber electrode over the interfering agents of DA,

AA and glucose in 0.1 M NaOH solution at +0.6 V.
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