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Abstract — We developed an electrode material by integrating a pencil graphite electrode (PGE) with a polyaromatic
composite of conductive polymers polyaniline (PANI) and polypyrrole (PPy), and analyzed its detection performance for
non-enzymatic glucose. The PANI-PPy composite was directly synthesized on the pretreated PGE surface via electrochemical
polymerization. The electrochemical properties of the fabricated PANI/PPy/PGE electrode were analyzed using cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS), and chronoamperometry (CA). The synergistic effects of
n-electron-rich conductive polymers PANI and PPy resulted in improved electrochemical properties such as efficient
electron transfer, enhanced conductivity, large effective surface area, and improved electrochemical and mechanical stability.
Due to these characteristics, the non-enzymatic glucose sensor based on the PANI/PPy/PANI electrode exhibited sensitivities
of 682.76 pA/mM-cm? and 87.13 pA/mM-cm? in the low-concentration linear range (0.012~0.089 mM) and high-concentration
range (0.068~6.67 mM), respectively. Consequently, the developed electrode demonstrated improved electrochemical sensing
performance for non-enzymatic glucose detection without the use of metals. Based on this study, it is expected to be effectively
applicable to the development of low-cost, high-performance disposable electrode materials and sensors through various
surface modifications.

Key words: pencil graphite electrode, polyaromatic composite of conducting polymer, polypyrrole, polyaniline, non-
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Koreays 21] A= B4 = ARSIl o, Al 1wk =] %] sz}t
(Sigma-Aldrich, Korea) . 2 5-E D-&53/~(D-glucose)Z} o}~
2 B Ak(ascorbic acid), L-A] 2~ B Q1 (L-cysteine), =371 (dopamine),
2 E ~(lactose), °F'd Y (aniline)S FF Tt} ok Abd ok
(Samchun Chemical, Gyeonggi-do, Korea)| A #| 2] A|etsl &
(K3Fe(CN)o) ¥} 31| ZA| F8HZ-E (K4Fe(CN)o), 4FSHHEF(NaOH),
o ¥F&(C,HsOH), BAHHC), FAHH,S04S T35t

B A7)8k8 A3 PGE 718F A1 =59} Pt wire A=,
Ag/AgCl 71 EH =9 A718e84 315 A AARE T8k,
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AR5 o] g3t A7) 7 (chronoamperometry; CA)¥} =3
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(Electrochemical impedance spectroscopy, EIS)= &3l 73 3F3it).
¥ PGE 749 =2 FE-SEM/EDS (Hitachi S-4800, Tokyo,
Japan)g ©]-&-3to] M= 3 ] 3l (morphology) 2} 318+ 24-&
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Figure 1> PANI/PPy/PGE F=-2] A2+ 27 1} o] zd=o gt
ZF GAE SEM ©|u|AE HofFE ) AlfE = AR (bare PGEYRS
A= 222 AR flal a4 e &3t 34 A Ak
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2|et £, 0.1 M HCES: X3S o gh&- Sl A] 158 &3 253
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AiEss AASA thstep 1). @42 E PGEE 3 A7
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ehs 718k 50 mV/se] AL &5 (scan rate) Shofl A 7 cycles
sto] 718184 dAeE S, ol SRR A+
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Figure 1°14] bare PGET <F 594 um&] 772} B4 vl 712]2-
9 Holal(a), @42 %¥ PGE= bare PGE®] H]3l| 7717} <}zF
asstal o] A& 7] (roughness)= 57 FFSITHD). ©]i= 2]
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g Sl B4 A (active site)E Al 3-8kl T WA HEA
322 PPy7F A= el o & F2Hd 5= QIEF St(c). PPy/
PGE= el 2l 5 YAE0] A=Z B34 &585% JH=
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Fig. 1. Schematic illustration of PANI/PPy/PGE preparation and SEM images at each step: (a) bare PGE, (b) heat-treated PGE, (c) elec-
trochemically activated PGE, (d) PPy/PGE, (e) PANI/PPy/PGE. Scale bar: 120 pm.
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Fig. 2. Cyclic voltammograms of the modified PGE electrodes: (a) heat-treated PGE electrode in 0.1 M NaOH solution, (b) PPy/PGE electrode in
0.2 M H,SO; solution containing 0.1 M aniline, and (c) PPy/PGE and PANI/PPy/PGE electrodes in 0.1 M NaOH solution.
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ok 2417w} A4 =8 WA 7t 55 gR1E = qlrh

PANI/PPy/PGE #=oll tf &t 11718}8}4
mM K;[Fe(CN)g)/K4[Fe(CN)] S E &3 0.1 M KCl 48 of| A
EIS$} CVE =453 thFig. 3(b)). EIS Aol th&k Nyquist plot
oA Wkl o] A A= AHelA Absl-g shelEe] WAk
Ad £ Aol g} b Axpdd AghR, el F=H, o] Fhol
LT AT 27138 &2 g aEAR) HA AEE 9
u] ktH20]. PANI/PPY/PGE A=2] R, %2 2F 100 Q A=, &
E2Q1 A} o] o] FolA| i Q55 RIS Fig. 3(b)ell 4+
¥ CV diagram®| %] PANIPPy/PGE A= E,;=039 V (i,,~0.938
mA)2}t E,=0.21 V (i,=-0.722 mA)llA 5315t 8+ 2] 719 Ak
8189l w27} How, ok 0.18 Vo] 22 v 2 HSIAKAE,) ke

rlo

Zh=th AE = A71818) HEgoll A 9] 7k HEE sk, o] gk
o] A&7 A=} Aksk-ghe shehE 1he] EEAQl AR o]
o]FolA & A& ou]sith21].

PANI/PPy/PGE H=ol|x 8] 7324 s o) tish 7 Es} AE
L HAELS 0.1 M NaOH 78 oA +0.6 Vel 5k At o

AlIZH A F R (CA)S o] &-3to] A= A th(Fig. 4). Fig. 4(a-b)=
SFEIN AFEe} WEE R 7 AR S =
TXER1 0.012~0.09 mMellA] JTuA] = 80.4694 + 102.41858 X Copycose
[mM] (R?=0.99494)2} 1135 %= “7+0] 0.668~6.67 mMoIA [pA]=
102.06098 + 13.07144 X Cypyeose [mMM] (R? = 0.9904)2] X413 #AI S
HQlth Table 1 2F 320 o gk PANVPPY/PGE A 52] Al
e BelS g8) 71 Fdo) Rarw PGE 719k njahd 2
2 AAE7 vl aste] FEl Zlolt), 7]1&EL] Bald tiF-Ee]
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Fig. 3. (a) Peak currents as a function of scan rate and (b) Nyquist plot from EIS of the PANI/PPy/PGE electrode. Inset: Its CV diagram
in a 0.1 M KClI solution containing 5 mM Fe(CN)¢*"* at 50 mV/s.
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Fig. 4. Calibration curves for glucose at (a) low and (b) high concentrations, and (c) the selectivity profile of the PANI/PPy/PGE electrode.
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Table 1. Sensing performances of non-enzymatic glucose sensors based on PGEs

Electrode Linear range (mM) Sensitivity (uWA/mM-cm?) Detection limit (uM) Ref.
0.282~2.112 239.18
CuO/PANI/PGE 3754 ~ 50 36.99 17 [11]
Cu-Co/rGO/PGE 0.001 ~ 240 0.15 [22]
AuNPs/PGE 0.05~5.0 52.61 12 [23]
Pt-CuO/PGE Upto25 2035 2.3 [24]
CuO/PGE 0.5~47 0.524 57 [25]
PEDOT:PSS/CuO/MWCNTs-PGE Upto 10 663.2 2.0 [26]
PANI/PPy/PGE 0.012 ~0.089 682.76 12 This work
0.668 ~ 6.67 87.13
HE, T4 U UL 34 TS G937 AT, 012 £ Z A
52 93} o] (chloride ions)?] 5O 7 <3| 4 4l AlA Q] <F
44, A 55 AstAZIE TA1E oI5 = Shrh3-5]. Wk, B A= 20259 A7 ThskaL Wl ] Aol elsto] o] F
1 A7elX€] PANIPPY/PGE A2 555 2215 AR glol= Bl o %e
A 1 T R 2 5 IE A A5S Bt o)t
n-AA7} F45-3F PANI-PPy E2|ofZne] z3te) o]sh a-f-3 =} Reference
2 B/l 7113t} 6-8].
AR M Yol|= FFFA BT} 308] oA =& o] 7] & 1. Hwang, D. W,, Lee, S., Seo, M. and Chung, T. D., “Recent
AE(ex. OFATEBAL SE QA LAIAH]Q, B39l )0] EAl8}a, Advances in Electrochemical Non-enzymatic Glucose Sensors —

]Ei 7}/\4 %;‘%%_% %%l/:?’]_ ‘H‘/\]'tﬂ' = ol’oﬂ/ﬂ ’\JQEV] T—ﬂ]%'_—oﬂ A Reviewj’Anal. Chim. Acta, 1033, 1-34(2018).

g 2% A7) S oA HEEs Belur) 298 A E 5t 2. Song, M. I, “A n(?n-enzymaticf ﬂydrogen PF:roxide Senisor Based
ol TH27]. PANIPPY/PGE A Z52] Z-55120] tsk el £ 2 on CuO Nanoparticles/polyaniline on Flexible CNT Fiber Elec-
. ’ oo Lo trode)’ Korean Chem. Eng. Res., 61, 196-201(2023).

EX 0.1 M NaOH -804 +0.6 Vo] A3+ 7}ato] A7) A 3. Wei, M., Qiao, Y., Zhao, H., Liang, J., Li, T,, Luo, Y,, Lu, S., Shi,
FH(CAE °l83t] TY 5(0.1 mM)e] SFIA9) I =4 X., Lu, W. and Sun, X., “Electrochemical Non-enzymatic Glucose
52 T2 JU7E B8 A EATHFig. 4(0). 7Y FEYLAE Sensors: Recent Progress and Perspectives, Chem. Commun.,
Byata FRae] gt A% 257} 74 450 EH 56, 14553-14569(2020).
UERt) o) ekzkg] Solloa] 74 EAS0] 214 AkkE = Ao 4. Naikoo, G A., Salim, H., Hassan, 1., Awan, T., Arshad, F., Pedram, M.
71918k o7 o] A2 IE] PANIPPY/PGE H o] ZF-5120 Z., Ahmed, W. and Qurashi, A., “Recent Advances in.Non-enzymatic
O3 & MBS Zhrhe AL Slolat 5= )} Glucose Sepsors Based on Metal and Me.:tal Oxide Nanostruc-
tures for Diabetes Management — A Review, Front. Chem., 9,
748957(2021).
4.4 E 5. Zhu, H., Shi, F, Peng, M., Zhang, Y., Long, S., Liu, R., Li, J.
and Yang, Z., “Non-enzymatic Electrochemical Glucose Sensors
2 AT AREAS 7o E AR/ 1A PANI-PPy & Based on Metal Oxides and Sulfides: Recent Progress and Per-
A S HES A= A A|FSla, o] & v ahd FFIA A spectives, Chemosensors, 13, 19(2025).
Ao A3y, A _\‘L_}g AEZAle g 9l T FA51e) A 6. Gao, Z., Bobacka, J. and Ivaska, A., “Electrochemical Study on the
7] ZASS 235 A2 2247 ALgstel o Axaw AR A Polypyrrole-polyaniline Bilayers, Synth. Met., 55, 1477-1482(1993).
= oo 7} A%A J_TZ}—« A58 252 o] Lato] §H4 7. Liang, B., Qin? Z., Zhao, J., Zhang, Y., Zhou, Z. and .Lu, Y., “C(?n-
313t o] 9 A A<l PANI/PPy/PGE 52 A7]818H4 A& Als trolled Sypﬁles1s, Core-shell Structur§s and Electrochemical Properties
W §& ERA 27), R R} AL, 12 }ﬁr a9l gore of Polyaniline/polypyrrole Composite Nanofibers, J. Mater: Chem.
rE e — fle -+ © A, 2,2129-2135(2014).
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