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Abstract — To develop flexible electrode materials for wearable devices, we investigated the electrochemical characteristics
of carbon fibers tow according to pretreatment. And an electrochemical non-enzymatic sensor was fabricated using
glucose as a target. The carbon fibers tow was pretreated through desizing and activation processes, and activation was
performed in two ways: chemical oxidation and electrochemical oxidation. Surface morphology of carbon fibers tow
samples was observed by SEM and their electrochemical characteristics and sensing performance were investigated by
cyclic voltammetry, electrochemical impedance spectroscopy and chronoamperometry. Carbon fibers tow samples showed

improved electrochemical properties such as reduced R,,

AE,, and increased /, through pretreatment. And similar

electrochemical properties were obtained with both activation methods. We selected electrochemically activated carbon
fibers tow as the final electrode material for application of electrochemical sensor. The non-enzymatic glucose sensor
based on this electrode has an enhanced sensitivity of 0.744 A/mM (in a linear range of 0.09899~3.75423 mM) and
0.330 mA/mM (3.75423~50 mM), respectively. Through this study, the possibility of using carbon fibers tow was confirmed
as an electrode material. It is expected to be used as basic research for development of high-performance flexible

electrode materials.
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e}l A7) Ax
AR, IWEd, e A
Ak 8] Etel d7]gkst A5 wokellA] d A-8= 1§l
1. o3 E dlofe] & AlA el 283171 $laiM = E5-(tow)H
B ¥ (fabric), 8] A~ (textiles) & 2] €47 = W (carbon fibre
rovings) 27} F Qsteh. e, o] AHE-skE A
HES Az TN AR B 9 Jd, depd
A& 7S et AR &8, AW 4 55
Lo, Sy 22 &
AA| 52 E3F aEAL S 0% AY o] Q7]
(sizing)”ol2} 3h), °1 & A=
o] dasirh2].

G@aAlf 2H9 AAe] 3798 ARl AlA (desizing)2h 1 &
’d sK(activation)e] F TAR o] Fo] = H[2-3], 4 & (thermal
treatment)[4-5]t %1713}8H2] Al3}(electrochemical oxidation)[6-8],
3}8k2] Aksl(chemical oxidation)[9-10], E2="} *] 2] (plasma treatment)
[11], nanomaterialsS ©]-8-3F decoration[12-13] 5-2] WHl&<] Slth.
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B Aol s ARRE @A BE9(T700SC 12K)E o] 3
4 Al (Toray Advanced Materials Korea Inc., Seoul, Korea) = -
Bl 3 210, 4900 MPa®] Q17 =9} 230 GPa®l 17 B
AE, 2.1%2 A&, 1.80 g/em®S] TS Zhs 1T w4
f+(high tensile type CFs)°|t}. D-glucose= Sigma-Aldrich Chemicals
(St. Louis, USA)°llA Full5}5d © ™| Sodium hydroxide (NaOH)2}
acetone (CH;COCH;), ethanol (C,HsOH), sulfuric acid (H,SO,,
98 wt%o), ammonium persulphate (NH,),S,Oy), potassium ferrocyanide
(K,Fe(CN)y), potassium ferricyanide (K;Fe(CN)o)<= =9KSamchun
Chemical, Gyeonggi-do, Korea)® ZFE] 333)T}.

A E-E w9 A 3E B3 SulE A 15
A= Aol A7 FHCZ, F7] F 400T oA 208 &<t GA 2]

A

3o annealings 53l A& XA 2] rubbers A ASFL TH5 2
acetone, ethanolol|A] =22 0.2 103 B¢t 223} 2 2]& W 3ls)o]

e AR 5 Al G AxE S8l A1 S (desized
sample)ys DRI 25HAl = MW B33} Fd 02, 3Fsh4 Atksl A
BRI R < g e I e o B CA ) e i
A W2 HySO,/(NH,),S,0601 213 3] Alslg g o=, Axe)d
AZ-E 100 mL/L H,SO,&} 200 g/ (NH,),S,047F 23 40 mL
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Ak &S 10% (w/w) NaOH &40 =2 F/do] = w714
heat ovenoll Al TZAA A ZHSFRA 2 W [3], o] A Ao
A 3}8h &4 AW Z(chemically activated (CA) sample)©]
g3 327] sk}, T A BH-2 Al R (chronoamperometry )=
3 ok, 7].6];12_5&1

THE
Z (electrochemically
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activated (EA) sample)yS #| 261 TH2).

Ax e g
microscopy; Hitachi S-4800, Tokyo, Japan).©. % ¥ ™ morphology &
FAsI 0w, 1715182 EAJS CompactStat instrument (Ivium
technologies, Eindhoven, Netherlands) “ %] £} 7] 3}8-2] 3=
A A2 HLE o] g-ato] Ao {7 =3 o 7 (cyclic
voltammetry, CV), A713}8 13]|@ 2 335 (Electrochemical
impedance spectroscopy, EIS)S 53l #4313t}
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v, o]§] OFGs+= &% A3l A elA F=21%] pseudo-capacitance s
AlEskaL, A= AlellA 2] OFGse] 1713184 W2 tha-) 2.

s =T
>C-O0H = C=0+H +¢ (1)
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ZAFeE7] $130 electrochemical impedance spectroscopy (EIS)
o] M= et AF AR Nyquist plotoll A =2 k4= 9l
A (semi-circle) 7-91> A= AWl A 9] ferri/ferrocyanide 3}eh%
9] Ak3}-319l Wh-g-of] 2] 3t electron-transfer kineticsol] B0 3}z, W
Tk oA 8] A4S Warburg diffusion T-XFEZ A= Ul
Zo] Asl| A o] ] diffusive resistance 2} A ¥ = diffusion limited
processe WERATEH UREA © F Electron transfer resistance (R,,)&
Z=29] electrochemical activityoll HH] &[5 ¥l 2] %] 5 (diameter)S
B3l -8 4= 312 H[15], R, #ke] 25 A-84 2 electron transfer
7} ol FolA &= A& ulap| & gtk el B HEEel o
3k EIS ¥4 A& 5 mM K;[Fe(CN))/K,[Fe(CN) | = E 8=

ol uk

P

Rl = -u

0.1 M KCl 295 o] 83} 0.25 V2] formal potentialZ} 5 mV <]
applied amplitude, 0.02~10° HzS] F+3}5= H 9] oA S8 =] T}
Fig. 2= A2 of] w2 AZ-5 (untreated, desized, CA and EA samples)

= E=E=1
o] tht EIS diagram®]t}. 32| =A] 92 M (untreated sample )




R E90) e oo} Ead Tug A A 97} 15

10 pm

960k ¢
864K
768K
67.2K
57.6K
480K
384K

288K

(=]

o

(b)

0% 00 1.00 2.00 3.00 4.00

5.00 6.00 7.00 8.00 9.00

Fig. 1. (a) SEM image and (b) EDS spectrum of electrochemically activated carbon fibers tow. Inset: its optical photograph.
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Fig. 2. Nyquist plot of the EIS for the modified carbon fibers tow
samples in a 0.1 M KCl solution including 5 mM Fe(CN)>'* at
a formal potential of 0.25 V. Inset: enlarged area of red dot
line box.
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Fig. 3. Cyclic voltammograms of the modified carbon fibers tow
samples in a 3 M KCl solution containing S mM Fe(CN)63""' at
a scan rate of S0 mV/s.
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o] ol Q= ZHE AfrE 0] A7lskal o] 2433 EHA
ferrocyanide redox system®l| th gt 5 &%) 2l electron transferel] <
s A0 R, 518k & MET A5l A HEelA 10 Q
9)9] AL FALek R, Gk BT EA 3} el e 2171384
573 Apol7F A4 ekgkow, d7)5ketA &3l o] 5ehA &
doll vlsl Fhekst B3 8 W QbR S 5& aefsto] A
Felxe A71skeH B4 MES HF A5 4R AYskal o]
Aol thgk 7]s18h4] A3 A S-S ARSI

EA R B9 AEE] gt 117181814 5492 5 mM Fe(CN)g™ ™+
SR 0.1 M KCl5-8-945 01881 50 mV/se] FARG=olA
1 XN AHZL_oﬂ H]@H

W ua

=

3t 17131814 parameters<>-

AR 0% AE, Flo] 2575 53} Ats)
2+ 3315 7o) §&2Q] direct electron transfer”} o] Fo1 A= 2
ojvlske, 1,/1,.2 #kol 10 7}7k&5 A=l 4] ferrocyanide
redox WH-3-0] F7keo|gh= Z-& Y3t} 16]. Fig. 30114 HZol,
A7} 18 o) wet AEE2] electrochemical response”} 57+
S B4 A& 71 - peak current (1) #& 2=t 1, #40]
55 A9 conductivity?] IS 55, o] w2 A= f&

of
o

current (Z,) +¢] 7S plotdt A3kt ©]= 10 mM K;Fe(CN)g
£ FHF8F 3 M KCl 7895 ©]8-31°] scan rate ¥g}el] & CV
S4< T3l folAth Fig 401X scan rate©] 5715kl whef Ak}
¥ 79} 39 937} 242 (+) Wk () e R 25 o] FahHA
AE7} AR AL Itk ARFA O 2 AE, gko] 71855 irreversible W
So] HB g, o] M= quasi-reversible HH-5--S H.QITH18). Fig.
4(b)°llA peak current (7,)2} scan rate®] AFZE?e A8 A vl
Aol 9loH, ol W7 olFTollA T2 B kel ogt B4
o] o] Fo L on|ghr}19]. FE o] 4§ A k= Randles-
Sevcik equation[20] 2. 2B &4 M9 f& 2AH S T3
=t o] 82 &= 9tk 2] (3)2 25T 14 ¢] Randles-Sevcik equation=-
Fra A g0l oish FEle Zow, 4= 1o gholl wiElEict.

12
1,/v

(2.69x10°)n
A71M n=713p-2H WGl Fofshs Axk; Dy= &< thellA
WAke] BaAISE; "= bulk solution® 4] probe molecules & =&
HFERE, L0 Fig. 4(b)elA] 21419] 7187 (slope)ell slde
&17]4] Randles’s slope=1.904 (correlation coefficient, R* = 0.998)
o7, A7geA dshE A= fa EEAE =k 61.37 em?

4 312172 ~* (3)

Dy "Gy

YA (effective surface area)ol] ]St 15]. &, A713}h4] & AEZ AL
3 A& 32 conductivity9} Bl & BHA O % b Hat 71348k Sdshd e B A0 dr)set A 28-S
A &5 gio wWE response times Z=Th= 218 9 u] o} Al 2GS EPLC R vl aiA] A% HAES F3skelth Fig.
[17]. whebA], AA 5 &3l BaAF B d718shs] 54d0] 5(@)= 0.1 M NaOH £-19llA 1 mM glucose] 7501 12 50 mV/s 2]
PRSI 4 QU scan rate®l| 4] &] 7]8}84] EAd3lE =l tfdk CV diagram®]
Fig. 4 (a) A713}8 4] D33t e B9 A=< ohekst T} 1 mM glucose F7H 918 W +0.6 V Lol A 2] Absle]|
scan rate®l| 4] CV diagram¥} (b) L] W& scan rate (v)¥} peak 2]t 2+2 oxidation peak”} THEE = WA, EEF0] Gl -9l
Table 1. List of peak potentials and currents obtained from CV curves shown in Fig. 3
E,.[V] E,.[V] 1,,[mA] 1,.[mA] AE,[V] L/
Untreated sample +0.62 +0.12 +2.302 -1.229 0.5 1.873
Desized sample +0.39 +0.1 +2.772 -2.764 0.29 1.00
EA sample +0.46 +0.05 +7.397 -7.015 041 1.05
Abbreviations: Epa, anodic peak potential; EPC, cathodic peak potential; b anodic peak current; s cathodic peak current; AEP, peak potential separation; Ip/

1., the ratio of anodic peak current to cathodic peak current.
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Fig. 4. (a) CV diagrams of the electrochemically activated carbon fibers tow electrode in a 3 M KCI solution containing 10 mM K;Fe(CN),
at various scan rates. (b) Peak currents as a function of scan rate for the determination of the effective surface area.
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Fig. 5. (a) CV diagrams of the electrochemically activated carbon fibers tow electrode in 0.1 M NaOH solution without (dash line) and
with 1 mM glucose (solid line) at a scan rate of S0 mV/s. (b) Amperometric current response of the electrochemically activated car-
bon fibers tow electrode for glucose concentrations. Its calibration curves; (c) at low concentrations and (d) at high concentrations.

Table 2. Sensing performances for the proposed electrode compared to the filament yarn electrodes in previous study

Electrode Linear range [mM] Sensitivity [LA/mM] Detection limit [uM] Ref.
Carbon fibers filament yarn 21~50 0.00625 - [21]
CNIT fibers filament yarn 0.0015 ~ 0.098 0308 038 [22]
Activated carbon fibers tow 0.09899 ~ 3.75423 074386 12.37 This work
3.75423 ~ 50 033019
Az KolA) etk 18l a1, M7)skeH4] sk d=re) Rl 4.4 E
o3k 25 (sensitivity) BIZ~EE 0.1 M NaOH £ Yol A +0.6 V2
27 %3} 3} chronoamperometry 57'H-& o] §3te] LT 55 B ATE SaAlf B9 ojul tulo)l A A A4 28-S
W3 A)7)A] e ATk, Fig, 5(by= 4731812 28l 1o Azt 72 AT, Sl E=9-o] A2 o Bl @ 147)3)
28] =t 5o théh amperometric current response®]th. X171 o4 5Ae AR 2 A ads geletar o)E 483 H]
sietal SAshel A2 272 Ay ke Zhom, 7 kel A 9] EAhA X5 AE A0 A des kel AAEE 5
calibration curveZ Fig. 5(c)2} 5(d)°ll Z+2+ YFeRSIth A5 % 3l RO A48k 1.0l S7F, AE 0] 34 & 'l B9 7]}
7H0.09899~3.75423 mM)°ll Al [[uA] = 33.28634 +0.74386% C e g2 SA4do] AA R E gl e, 43t W ol i 7] shek
[mM] (R* = 0.99491)°] 413 #AIE o™ (Fig. 5(c)), LEE A3 EA Apoli= A4 ok 171348 2 =g vIvrez A=)
T7H(3.75423~50 mM)OTI A1 3= AT = 34.83978 +0.33019 % Cpee FHlELA ¥ AE AXE A Aol AMERT S
[mM] (R=0.99705)2] ¥H715 ZH=CHFig. 5(d)). ©] A=) Er=gol st W A W9 5 TR A s AT 5 Aok
th3t A e vus s A8 Aol 2 gl 9 ONT upebr, 2 sbE 'kl B9 A EAS Vo tokdt vk
el EA} A=) AukE} 87 Table 29 Feldleith21,22]. A W& o183 modifications &3l 135 A= 2AllES WL

71884 @ shel A= Al deplEAL W53 ONT 2et
HAEAL Aol vl o 5l A& 3EellA 22t of 117.79]9) 2.4

U = |
2 A% R AT 24 BAR B2AF ESY B8PS

& Zolet 7]t
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