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Abstract — As interest in disposable, non-enzymatic sensors that require no pretreatment for easy use in both clinical
settings and home environments, the development of cost-effective and high-performance electrode materials has become
increasingly important. In this study, a high-performance non-enzymatic electrochemical sensor for glucose detection
was fabricated using low-cost pencil graphite electrodes (PGEs) modified with polyaniline (PANI) and platinum nanoparticles
(Pt NPs). The electrochemical properties were characterized using chronoamperometry (CA), cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS). The Pt NPs/PANI/PGE electrode exhibited a wide linear range, enhanced
sensitivity, rapid response, and excellent selectivity. This superior sensing performance was attributed to the large specific
surface area of PANI, the uniform dispersion of Pt NPs, and the accelerated catalytic oxidation of glucose resulting from
the formation of Pt-OH species on the Pt surface under alkaline conditions. These results demonstrate the potential of
PGE-based electrodes incorporating various nanomaterials for the development of high-performance, cost-effective
electrochemical sensors.
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AlsollA Agst 7FA e GA -8 4 0+ Pencil graphite
electrode (PGE)T =% (graphite)Z} HE (clay), 4 2HA|2] EHEFE
o]Fo)z] glvt. PGE= o] vAlesHAl AR L thad 725
et glof Bl 8 2WAE AFstr] vl A3 A e
2ekst A= AAlo)th8]. e, W2 ¢l “(potential window)d}
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2-1. & M=

Potassium hexachloroplatinate (IV) (K;PtCls)¥} aniline, D-glucose,
ascorbic acid, dopamine, lactose, L-cysteine<>- Sigma-Aldrich Chemicals
(St. Louis, USA)© 2 F-E] &F kS 1, Potassium hexacyanoferrate
(II1) (K3Fe(CN)g)Z} potassium ferrocyanide (K4Fe(CN)g), sodium
hydroxide (NaOH), ethanol (C,HsOH), hydrochloric acid (HCI), sulfuric
acid (H,S04) A7 = 2F(Samchun Chemical, Gyeonggi-do, Korea)
oA e Tt

2E A7)zl A8 Ag/AgCl 715 =3} Pt wire AT A=,
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PGE AT ow T4 47584 303 4 AlAdeA
CompactStat instrument (Ivium technologies, Eindhoven, Netherlands)
225 o] g-5lo] £33 AFH (cyclic voltammetry; CV)# 7]
3}t A9 A F33H (Electrochemical impedance spectroscopy;
EIS), A1Z+t) 3 579 (chronoamperometry; CA)S 53l 53 = At}
Aol A= thol ol el gl 0.7 mm B BFY AFEZ A (Jedo
plus, emicro, Korea)= 2r¢] A= B2 2 AR5 o, A2
=¢ 39 morphology®} 3}8H# %412 FE-SEM/EDS (field
emission-scanning electron microscopy; Hitachi S-4800, Tokyo,

Japan)E ©]8-591 4313},

2-2. AlE HiH

Al ARz of] 3hE A EAES AlASKY B Ed31E
A8l dAe W A7)sketA] AAe o] F oA 34 7% § PGE
A= EAE AR QAT 10]. A2 E PGE A= 39 ol 117
31814 WS o] g-ato] MIA] 1R} PANI 53 45 e glA}
Pt NPs 5& =214 843 Z&l Pt NPs/PANI/PGE =2 A 2-a}
Atk WA PANI 5 AR 7RI(CAYE: 0183101 02 M HaS0,8}
0.1 M aniline®] &3+ §-Mof|A] 1800 s F<F +1.5 V] AS 7151
Z713}8H% % 3h(electrochemical polymerization) &7 ol &3l &
AAE o, SHFE AR F40°C L. Eo)A 12413 59 AZXAIA
PANI/PGE A=+ A1t} T30 Pt NPs 32 0.002 M K,PtCls2h
0.5 M HySOs2 3 -g-oloA] EEHANAFHCV)S o5t
50 mV/s2] FAF S, 2025 V ~ +0.4 V] A StolA 60 cycles
st o 2 A7)38}8h4] L= Z(electrochemical deposition) 378 &
%3] HF Pt NPs/PANI/PGE A =o] #12=]gic}.
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Az d=E5e] 9 449 da 9S Felsh] 93] SEM
9l EDS 41 =303} U} Fig. 1(a)= PANI/PGE A =of tj 3k
SEM ©|m| 2| 2, PGE Hd=-2] o) AX PANI 5+-2] 31 A3
vl A3 Ui 27} #2E v PANI S0] PGE A=-2] Fwof vl
2 gddsA FAE AS &g 4= 9lTh Fig. 1(b)E PANI/PGE
A= 9ol Pt NPs °] 5-2H¥l Pt NPs/PANI/PGE A=2] SEM ©]
U] A2 Ko]FT}. Pt NPs/PANI/PGE =2 PANI/PGE o] 1]
3 A= W dnbel] A v tinlE el abse] dHEE
th o= Ak st F WPy AdEo] A HE a8&0] Fof
SEM on|x]4elA] i 87 Kol Zo|H, o] 5 F3)] PANI/PGE
A= 9ol Pt NP7t 124 S2H9 315 & 5 Stk Fig. 1(c)&=
Pt NPs/PANI/PGE =0l th3t EDS #4] 2! 4 w3 (mapping)
AE vepdith, AFEY 24 Aol A §HA(C)9} WPyl &
A 137} WeelA BREW, 53] 2.05 keVS} 9.44 keV F-ol|A]
73k Pt ¥ A7F LERE C 2 SEM o] Aol A wHEE Bk ]
AFz0] Pt NPs§l& 31814 072 I5EQlr}. g, A ER]oA
ZE= 0, Si, AL S, C1 59 n=F Qs AR ] Az 2o
A E3FHE vRRIE] W A E AtellA frefie 2o w At mgh
241 EDS 94 vilsg AfollA] ©-4 ()] olm A= M =5E] 714
T281 ¥4 719k2] PGESF PANI 2] o] ar, Wi (Py)2] o]n
A= SEM o|u| A o] Bk S A 29} 83| AX|she &

s

FZ RojE 0 ZH Pt NPs7} PANI/PGE A= AAo] 24 587
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Fig. 1. Morphological and elemental characterization of the modified electrodes. SEM images of (a) the PANI/PGE and (b) the Pt NPs/PANI/
PGE at accelerating voltage of 15 kV (scale bar: 40 pm). (c) EDS spectrum of the Pt NPs/PANI/PGE with corresponding elemental
mapping images for C (red) and Pt (cyan).
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Fig. 2. (a) Cyclic voltammograms for electrochemical deposition of Pt nanoparticles on the PANI/PGE electrode. (b) Peak currents as a func-
tion of scan rate for the Pt NPs/PANI/PGE electrode. Inset: its CVs in a 3 M KCI solution containing 10 mM K;Fe(CN); at various
scan rates (10 mV/s ~90 mV/s).

° 7 FHAEASE ouldtith, A¥H 0 R SEMI} EDS #4] flo] Aol Zo] WallEmA 7 9ol P} Alg Aol 3 o] dojup=
E]E %8| Pt NPs/PANI/PGE A=0] A ¥ 2 07 Alxd A gl 28 VFERAITH19,20]. 28] 3 | Alo]Z a7t 9 st (Hg o
& 2= oI}, 7V AL A A33o] vll$- Alo® el (controlled growth)Z

Fig. 2(a)= PANIPGE = 327014 Pt NPs©] 217|384 F-fo]] dojubir S oJvlata, ol & Fall dAke] A7 17k vl A
tigk CV diagramo|th. 18| 22el| A Abo| & Bl7} 57 el whet S FAE S & = ek wbE 1025 V R0 Ak} v oA
AF-o] Arjgte] YA Z7kekar 91.om, -0.15 VellA] -0.25 Vo) Aol 2 Sl7E S7 el whet @Fe] A (anodic current)'= T Feh=
AR 445 39 W F(cathodic current)?} F238] AXWA] 3 RAe & 4 Q) o= F3E Pt NPsS] o] Skl wet d=
A 9371 FAdHt o] g9 2] PCle® o]0] FARE Wol ] AFARIA} 3 AbsEhel HEg-of Fofsh= Hsldo] g
< ptlo 7 e A= Ao 22 pt #(nuclei)] A 1L 7 Eolwt7] wjEolth21].
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Fig. 2(by A= ¥ 3}e]| thdk Pt NPs/PANI/PGE %= 4 2]
3] 3 7 F(peak current) #ES plotdt A olth o] A3HL2 10 mM
K3Fe(CN)eZ &3 3 M KCl 78918 o] &3] thakdt A
ToA v S EATHFig. 2(b) A4 L), Pt NPs/PANI/PGE
AL 93 AT (L) FAEGES] A (vl A8 nle 2

1O 1
AS 1ol7] wjEol Pt NPs/PANI/PGE Aol 4 2] &4 AGe F

2 B FAbol o) o]FofX| a1 9lom, ALl 7}l A A7) glst vt
5ol dojuba Jlvk= A& & 4= $IvH22]. 18] 3L Randles-Sevcik
equation [20]2- ©]8-38}0] o] T LA ] 7]&7](slope) 0.2 F-E]
A9 o FHA ) oS5 = vtk o] ZEzZellM 9] 7]87]
UIplo"?)= 2F 0.06857 (correlation coefficient, = 0.99498)] a7, A4+
Pt NPs/PANI/PGE A=9] f& ¥H4L tzk 221 cm? F=o]t}.
o] Aglof|q W-gofl =EFH PGE A= ZolE 1 em®, ©F 0.22 cm?S]
A1 7] & (geometric area)o]l B]3l 108 J=] W2 7} &35
g1t
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-5 218519 formal potential = 0.235 V
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=74 = S th(Fig. 3(b)). €WH4 © F Nyquist plotol| 4] 2 3k
G2l W (semi-circle)> A= Aol A ferri/ferrocyanide 318}
9] Ab3}-8- HE-S-of] 2]3F electron-transfer kineticsol] &3 ¥-5] 11,
Tl 49l A4 )] Warburg diffusion TR REg-=0] &
EHOR o]FaheE FAF Halld o] diffusive resistance 9}
AT} 7] 4 electron transfer resistance (R.)< WFH 2l A&
(diameter) . ZHE] 3 4= 911, A=) 7|3} eHA gy A=
wHE FA e Qlof o] Fho] Ze5 F&2R1 M} Mol o] F
0135 oJn|etrh24]. PANIPGE =]l thgt R, 41 th=F 100 Q
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Fig. 3. (a) Cyclic voltammogram of the Pt NPs/PANI/PGE electrode in a 0.1 M KCI solution containing 5 mM Fe(CN)63-/4- at a scan rate of
50 mV/s. (b) Nyquist plot of the EIS for the modified PGE electrodes in a 0.1 M KCI solution including 5 mM Fe(CN)63-/4- at a for-

mal potential of 0.24 V.
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Fig. 4. Cyclic voltammograms of (a) the modified PGE electrodes in 0.1 M NaOH solution and (b) the Pt NPs/PANI/PGE electrode in the
presence and absence of 1 mM glucose at a scan rate of 50 mV/s.
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Pt+20H" — Pt(OH), +2¢

Pt(OH), +20H™ — PtO(OH), + H,0 + 2¢

PtO(OH), + glucose — Pt(OH), + glucolactone

&

)
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FH(CA) S9HE ol g3sto] AT Fig. 5(a) Pt NPs/

glucose [

190
x| ®
™ L
]
]
. — 185 |-
n® <
o
o] L
=
J
(6]
180 -
| 1 | L | L | 1 L
10 20 30 40 50 0.00

Concentration (mM)

0.05 0.10 0.15 0.20 0.25 0.30

Concentration (mM)

(d)

20 30

Concentration (mM)

40

50

800

1 mM
1 mM 1 mM Glucose
0.1 mM Ascorbic Dopamine
Glucose  acid 1my | 1mM
\L l Lactose L-cysteine
J25ua
" | L 1 N | - | L 1 M| L
1000 1200 1400 1600 1800 2000 2200
Time (s)

PANIPGE A =Fof| A 9] SE 3 A X of| thék amperometric current
response® ™, Fig. 5(b)2} ()= A5} 1% T7HNA 9] calibration
curves©|th. o] A= A= 7+ 0.0132 ~0.2819 mM oY A
1[uA]=178.4264+38.91188x C,,,. [mM] (R*=0.99008)%} 1155

] T-741 5~50 mMollA] I[uA]=204.88131+0.76335x C

lucose [mM ]
(R*=0.9991)2] A3 #7158 R3It} Pt NPs/PANI/PGE A= 7]t
o] HlaaA FFIA A A vaE Al 71 Edel Bad

PGE 7|WFe] ] a2 I3 AAME2] 455 Table 107 Felst

Fig. 5. (a) Amperometric current response of the Pt NPs/PANI/PGE electrode for glucose concentrations. Its calibration curves: (b) at low
concentrations and (c) high concentrations. (d) Selectivity profile of the Pt NPs/PANI/PGE electrode over the interfering agents of
Ascorbic acid, Dopamine, Lactose, L-cysteine and glucose in 0.1 M NaOH solution at +0.6 V.

Table 1. Sensing performances of non-enzymatic glucose sensors based on PGEs

Linear range

Sensitivity

Detection limit

Electrode [mM] [WA/mM-cm?] [uM] Ref.
0.282~2.112 239.18
PANI/PGE 1 1
CuOPANIPG 3.754~ 50 36.99 7 [10]
Cu-Co/rGO/PGE 0.001 ~4 240 0.15 [11]
AuNPs/PGE 0.05~5.0 52.61 12 [12]
CuO/PGE 0.5~47 0.524 57 [13]
.0132 ~0.282 176.
Pt NPs/PANI/PGE 0013 8 7687 2 This work
5~50 347
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