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g3t B AFollMe A8 Ar|slshdlM 2] A= AAZE pencil graphites =Y A el AeAd 1EA}
Z2]old# (polyaniline; PANI) 2 24 AF8lE CuO NPsE ©]8-3t 371 718 (modification)ys 53 17318t E45
AFeL, 018 SFIA HES v|EAh A7]skshlA o 283131t Pencil graphite electrode (PGE)S] ¥ EJ3l&
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(CV), 1718k} AIRAEIS) B o] 85k W7138H] 54 Ak B3l AFAem Arsets dAxe s
AEfsle CuO NPs/PANIE-PGES A|Z8I3AT}. o5 2185k njasts] 2734 A58 A7|3H) Ak 0.282 ~2.112
mMZ} 3.75423~50 mM2] A8 F7hellA ZH2F 239,18 mA/mMxem?@} 36,99 mA/mMxem? 7§52 2 (sensitivity)2}F 17.6
uMe] E $](detection limit), SFF 20 thet £ AT (selectivity)s . 2 A5-0] A& EOl& PGEs
5 E83t vkt A8 K S8 A7 T A A A 73S ERlska, o] B Fobel E83 &
& AoF 7lgEct,

Abstract — Most medical sensors are disposable products. In order to reduce inspection and diagnosis costs, it is
more important to develop the inexpensive electrode materials. We fabricated the CuO NPs/PANI/E-PGE as an
electrode material for disposable electrochemical sensors and applied it to a non-enzymatic glucose sensor. For
surface activation of PGE, pretreatment was performed using chemical and electrochemical methods, respectively.
Electrochemical properties according to the pretreatment method were analyzed through chronoamperometry (CA),
cyclic voltammetry (CV) and electrochemical impedance (EIS). From these analytical results, the electrochemically
pretreated PGE (E-PGE) was finally adopted. The non-enzymatic glucose sensor based on CuO NPs/PANI/E-PGE
shows sensitivity of 239.18 mA/mMxcm? (in a linear range of 0.282~2.112 mM) and 36.99 mA/mMxcm? (3.75423~50
mM), detection limit of 17.6 uM and good selectivity. Based on the results of this study, it was confirmed that the
modified PGE is a high-performance electrode material. Therefore, these electrodes can be applied to a variety of
disposable sensors.
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o] FolKtt T oottt B vkt 7 1A, FHA FEER 2
3 Fagk A= AgEA 7188t Aol Ee o] 8 Sl -

g FReA A 7t 0 E HA 3 5 3lE AR A (pencil
lead)> ¥FA~ 7]1W12] pencil graphite electrode (PGE)Z A & 3] &
AAjel] Agek A= AAjoltH1-3]. PGEL: -8t 71414 QHgA,
AL 7183, 38R B8, 2 A1k ik, Al Thsst
¥, W background current, §-°]3F 3 7l (modification) 5-2]
EAE Yol A7)5ket Al 9] vl JAAZ Ev2] A
HEZ © 2 AR A4S 5. (graphite: ~65%)2F & & (clay: ~30%),
A &2, #R, TEADE 54 =™, H(hardness)2} B(blackness)
TAE 0] 8319 7 = (hardness) o= 722 (blackness)2] F T
YehdT S19] gefo] =2 B type O] F =] R, HE2)
shgo] =2 H type AR HAEE PIAA Hetst EA4S Bl
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2-1. & M=

D-glucose¥} ascorbic acid, dopamine, lactose, aniline<> Sigma-
Aldrich Chemicals (St. Louis, USA)© Z%-E] 35531 ©™, Potassium
hexacyanoferrate (III) (K;Fe(CN),)2} potassium ferrocyanide (K,Fe(CN);),
sodium hydroxide (NaOH), ethanol (C,H;OH), hydrochloric acid (HCI),
sulfuric acid (H,SO,), copper(Il) sulfate pentahydrate (CuSO,-5H,0),
sodium sulfate (NaSO,)> 47 =2F(Samchun Chemical, Gyeonggi-
do, Korea)ol|4] | =l T}.

A 7]38}8 5742 CompactStat instrument (Ivium technologies,
Eindhoven, Netherlands) FX|& ©o]&3sle] A7
(chronoamperometry; CA)} 5=3H 9153 (cyclic voltammetry; CV),
2 713}eF d 9w 2~ £33 (Electrochemical impedance spectroscopy;
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EIS)& &3l T E 0w, d7)38h2] 3= A A A" Ag/
AgCl 71572} Pt wire =, PGE 2 =02 A o).
2 A= tho]hofA st HB AR (Korea, 0.5 mm
diameter and length 60.0 mm)= 24¢] A= B4 F A2 01,
Z=-2] 37 morphology-> FE-SEM (field emission-scanning electron
microscopy; Hitachi S-4800, Tokyo, Japan)E A&3}01 ZH2HE| SIT).

2-2. PGE M32| =M Jj&E
ul Ask) 2RSS

PGE?] Ao obx ABZA e k-9 A 4 5l 52
AASF7] 918 400 T2] A7) 2o 208 FF ARZAS AHz]5)
o, olgA dxeld PGEE A=l E1 &4 3= ¢ 3lsh
2 W2 71388k WS o] gsto] MAe] Hlth WA §eky
WS PGE =S 0.1 M HCI oflgHe g-lof] & 15% B3+ %
<3} #]2](sonication)a} 1L T2 3] A|A] & AF2olA] A%
3lo] 3F8kA © 2 A2 PGE (chemically pretreated PGE; C-PGE)S-
AQeH13]. A713ted o7 dA2]E PGE (electrochemically
pretreated PGE; E-PGE)= w875 (CV)E o83k 0.1 M
NaOH F&N o)A -0.4 V ~ +1.0 Ve AL 718+ 50 mV/se)
AR (scan rate) 3tellA] 7 cycles T3 THTE AFH = A
2of|x] 7z3te] AZE S 14].

CuO NPs/PANI/E-PGE A =2 717]3}8-4 9 o] g3l 7
Ae]¥ PGE A= Edol| AEA 1 EA}F PANIZE Y 55 AFsHE
CuO NPsE at4 o2 ¥ QT PANI & 1717 &3
(electrochemical polymerization) 373 < &3l 0.2 M H,S0,%} 0.1 M
aniline®] &3+ Ao 1800 s E<F +1.5 V] HS 78] Azt
AT CAYl 28l @710, TFF= AHTE 540 T ellA]
12/17F 5 71225 3Tk CuO NPs- %1718}8H4] Z 2 (electrochemical
deposition)s &3l 25H4] 7 (Cu NPs2] g%} CuO=2] Aks})o.
2 AT 19HA1e 413 0.02 M CuS0,2H 0.1 M Na,SO,&
ol =g Mofl A 240 s T2k -0.6 VO AYE 718le] AIZO1AF
O 7 CuYeYAES FA 5, THTE A sl 2l
e CuReJARE CuOR A8 7]= 37922, 0.1 M NaOH
HollA -04 V ~+03 VO] AtE 718H0] 50 mV/se] FAMSE
Stell A 40 cycles®] CVE 33 3te] 3 CuO NPs/PANI/E-PGE
A=E AT

3. 2y 3 nE

Fig. 1> A A ] ojFof & PGE A& & (untreated PGEZ} E-
PGE)°l| tlgt SEM o]u]X]o]t}, Untreated PGE A& 2F 569 um
59 #1715 Kol b, E-PGE A& 2] #7]+ oF 455 um &
T2 7AE 1 12 AF T (roughness)= A7 71 ST o]+
A713484 dA ] P ek ARl o8 PGE W HE
gl 3t AE-Eo] A AE WA PGE 9 o F el 23k Z o7 A}
=

AA el W avE glstr] 913l cvsl EISE S48kttt
(Fig. 2). CV &7 5 mM Fe(CN) >+ 5 £33t 0.1 M KCl %
NG o] g3k -0.6 V ~ 0.8 V| 2t HL A 50 mVise] FAR
stellA] 3= 9l ™, Fig. 2(a)© A el & =5 (untreated
PGE$} C-PGE, E-PGE)°]l th3} CV diagramso]t}. 22| H#] ¢
< untreated PEG®] 1|3l H*]2]¥ M EE(C-PGES} E-PGE) <]
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300 pm

Fig. 1. SEM images of the untreated PGE (a) and the E-PGE (b) at accelerating voltage of 15 kV. Scale bar: 300 pm.
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Fig. 2. (a) Cyclic voltammograms of the modified PEGs in a 3 M KCl solution containing 5 mM Fe(CN)>/* at a scan rate of 50 mV/s. (b)
Nyquist plot of the EIS for the modified PEGs in a 0.1 M KCl solution including 5 mM Fe(CN)63""' at a formal potential of 0.26 V.

electrochemical response”} A &7}1= 9 o1}, A A 2] Wi el w}
£ V2] A1 (signal)> WISk A S Helt), o] 7]l A peak
current (1,) #k°] T7h= A=2] A% (conductivity)2] T2 9
njstu R, A f5el e A5 A A
A el uhE Zpoli= 18] X 2 Ao R Bzl A=
Ao A ] 718182 543 ZAE 913 EIS 4 AL 5 mM
K;[Fe(CN)sJ/K4[Fe(CN)J& E538H= 0.1 M KCl 7845 o] 83t
03 0.215 V9] formal potentialZ} 5 mV2] applied amplitude, 10! ~
10° Hz8] F3k 9ol o] Fol 5 o1 Fig. 2(b)= PGE A=E
(untreated PGE$} C-PGE, E-PGE)°ll gt EIS diagrams©]tt.
Nyquist plotel| Al -2 =34 1 9] JE¢l (semi-circle) 792 %1
= Aol A9 ferri/ferrocyanide 318HE2] 4ts}h-3Hl HE-g-of] o] gk
electron-transfer kinetics®l] ¥o13FH W12 X|&(diameter)= 53
electron transfer resistance (R,)S T 4= SATh Aol wp&
PGE A=E°] tgt R, 3k untreated PGE > C-PGE > E-PGE2]
+AE Holw, E-PGE?] R, w2 U2k 60 Q =2 71 ).
HEA 0 2 H=9] 271ssd 842 R, 2] A7)0l WlHEstE R R,
7h 2 3hE 7H S o B8Rl Aakdgo] o] folAE A
oJujsitt. mebA, AAEE B3l PGE W=2] 27138182 £/o]
PENSE ER1E 5= ST} AA 7 ol whE x7] 38k
57 Aol AA] $HAINE, A713kehA] A e o] 818hA] A
g el vlal Fgo] 1hketar 3 9l PR S 55 TR
©2 yEste] & ATl 713kEE e S o]8sto]

AEEE

i

[¢]

H%E A= E421 CuO NPs/PANIE-PGE A=S A|2s}1 o] A=
of th3t M713}eha A gl FF 320l that A AsS AN

CuO NPs/PANI/E-PGE H=-2] & W& Z4317] 918 10
mM K;Fe(CN)E -3t 3 M KCl 578918 o] §-3}o] thafst 5
AFETAA CVE ZA 3 THFig. 3(a) Y 2 Z). Fig. 3(a)
CuO NPs/PANI/E-PGE el A o] FAFE I W glo]] uh2 peak
currents WERATE o] =29 peak current TAMG 2] Al
@2l A& vld BA ] glon, o] A ZRE CuO NPs/
PANI/E-PGE H=ollx 9] B3] g =52 X Atel] o3| o]F
ARE & F AUTHISL AT F& EHA (A 25 TollA 2
Randles-Seveik equation (2] (1)) S.&3E] 1,/ ol )& oA =
ol-g-ato] g = qlrh{16].

Ip/vl/2

(2.69x 10°)n

o714 n} Dy, Cy = 217t Abal-3hel Nhgol] Fofahs Halgs} &
o oAl 22Fe] &AM, bulk solution®l| 4] probe molecules &
=2 vehdich. Fig 3ol 1,n"? Fkol oF 0.07986 (correlation
coefficient, R#=0.99509)°17] wi-el], o] Z4-E] AV:Hl CuO NPs/PANI/
E-PGE #1=12] & 3942 v 2,574 em?® oo, 1 Agelx
%% PGE A= 4ol 10 mmZE, oF 0.157 em??] H17] W
(geometric area)el] VI3l 16.49)] HE2] A% 7t 35 HIT},

A |
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Fig. 3. (a) Peak currents as a function of scan rate for the determination of the effective surface area. Inset: CV diagrams of the CuO NPs/
PANI/E-PGE in a 3 M KCI solution containing 10 mM K;Fe(CN), at various scan rates. (b) Nyquist plot of the EIS for the CuO NPs/

PANI/E-PGE in a 0.1 M KClI solution including 5 mM Fe(CN)"*

Fig. 3(b):= CuO NPs/PANI/E-PGE % =] th3} EIS diagram©]
t} o] A3 2AA] 5 mM K;[Fe(CN)g /K, [Fe(CN) ]S FE3381H= 0.1 M
KCl 895 0] 83181 2™, 0.22 V2| formal potential®} 5 mVe]
applied amplitude, 10'~10° Hz2] F3}4= H ol A= A}
CuO NPs/PANI/E-PGE 2] R A= °F 40 Q oW 2] 2He- glo =
FBEZR HAkdo] o] FojR & A& ERIE = Q.

CuO NPs/PANI/E-PGE A =2] SF I tist v|asd] A&
EI2~EE 0.1 M NaOH &< UjellA] +0.6 Vo] 47 st 8 ARk
AFHA(CA) SRS o]-g3lo] 13 UTh Fig. 4(a)E CuO NPs/
PANIE-PGE A=rol|4] ] tjekst 7724 0] thel amperometric
current responses®| ™, AU H THWEZES A5 T} 5T oA
9] calibration curves®]T}. ©] =2 A% 1711 0.282~2.112 mMel|
A I[HA] = 64.11093+35.87729 % Cypy 05, [MM] (R? = 0.99137)
9} 5.01~37.5 mM2) T-ZFl A (R? =0.99791)2] A& #A)
£ HQIT} Table 12 7]& T& | R3H PGE 7|9He] vla4d] =
F32 AE3} 87 CuO NPs/PANI/E-PGE 71 =+2] I

IEE

=4
=53

ek A A2 vk A0 Z, ® Ao 4] CuO NPs/PANI/
E-PGE A= 7|0 A=ER0T dd el §2 A8 171,
a
@) 400 - -
I [ ]
300 |- n
< | |
I I "
= []
o 200 - " |
= = A ]
o r g™ v . g
0 PR R | .‘ | T T T I . |
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Concentration (mM)

at a formal potential of 0.25 V.

G2 &3S YERITE o] PGE ¥ =91% 331 329
PANI2} CuO NPsell oJst d=r2] H]EHZ] 5712} electron transfer
interface 218 Gatol] 171 AT w7}t &dE A 07 AR Hr),
Fig. 4(b)= CuO NPs/PANI/E-PGE A =9] 2320 tf &k
B (selectivity) EIAE Aot} A PN MZof= FFF48)
S| ascorbic acidL} dopamine, uric acid?} 72 TFF3H
= (interfering species)0] EASEAIRE, o]d 52 FEe
2 i) OF 0.14~3.44% =2 w9 1w EkeH20].
0.1 M NaOH F=&-21¢]l 0.1 mM 3Hd &2 E(ascorbic acid, dopamine
and lactose)?} 7] 0.1 mM ¥} 0.2 mM2] SFFAE 100% H4
o7 FA o ® HretaA FaE S Fig. 4(b)ellA Hzol, &
d FEANE SFT29] response’t M 2HE Huk 4 =7
UrERT). o] A¥FEHE] CuO NPs/PANIE-PGE = 7]1ke] AlA]
7} EFF5e) g8 2 AUEE 2tk As & 5 ok it
Ao 2 A §doA K] EAES fA AkslE7] wliZel Cuo

o} WS-8 ThsAdo] S| aL o] & Qlal] A 71 do] ekalixl Zlofet
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Fig. 4. (a) Amperometric current response of the CuO NPs/PANI/E-PEG for glucose concentrations. Inset: its calibration curves at low and
high concentrations, respectively. (b) Selectivity profile of the CuO NPs/PANI/E-PEG over the interfering agents of Ascorbic acid,
Dopamine, Lactose and glucose in 0.1 M NaOH solution at +0.6 V.
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Table 1. Sensing performances of non-enzymatic glucose sensors based on PGEs
Electrode Linear range (mM) Sensitivity Detection limit [uM] Ref.
Cu-Co/tGO/PGE 0.001 ~ 240 pA/mMxcm? 0.15 [2]
AuNP/PGE 0.05~5.0 52.61 pA/mMxcm> 12 [17]
CuO/PGE 0.5~47 0.524 pA/mM 57 [18]
Nickel foam-like PGE 0.002 ~ 8 125.9 pLA/mMXcm2 - [19]
0.282~2.112 239.18 pA/mMxcm’ .
CuO NPs/PANI/E-PGE 375423 ~ 50 36.99 uA/mMxcm’? 17 This work
4. 4 =2 4. Annu, Sharma, S., Jain, R. and Raja, A. N., “Review-pencil Graph-
ite Electrode: An Emerging Sensing Material}’ J. Electrochem.
2= pGEQ] AA T BIE BelahT o] uko = ALA Soc'., 167, 037501(2020). .
T34} PANIS] 24 AHEHE CuO NPsS M8} 2 7158 5. 5212, M. A. and Kawde,.A. N., .“Nanomolar .Amperot.netmc Sens-
ARCAT P mT e L S HTTRE BT WS ing of Hydrogen Peroxide Using a Graphite Pencil Electrode
HIEA A7 ISP S st A718ker s B7ke Tskslt. Modified with Palladium Nanoparticles) Microchim. Acta, 180,
s}e-A /7)1 84eH4 A Ao o8] PGE X =-9] electrochemical 837-843(2013).
responsei= A T7V8IAL R, = AAEWA T AT B AEEY] 6. Srinivas, S. and Kumar, A. S., “Surface-activated Pencil Graphite
Ak §-821¢1 AApd = @7]@52}14, EAJo] A= QL) whdol Electrode for Dopamine Sensor Applications: A Critical Review;’
A el uke A7)skehs 54 Aol 24 hgkord & o Biosensors, 13, 353(2023)
ol M= A7) 88 MAE] WS Aelsit. 7. Teepoo, S., Chumsaeng, P., Nethan, P., Prueprang, W. and Tum-
A7)31814 0 7 Axe] 5 PGE (E-PGE) Ewo] 47|58 = sae, P., “Highly Sensmve P.enc1l-'based Renew?ble Blosen.sor f(’),r
st} A7) BherA =2 S o] §5t0] 2234 0 2 PANI 3} Hydrogen Peroxide De.tectlon with a Novel Bionanomultilayer;
Int. J. Electrochem. Sci., 7, 4645-4656(2012).
CuO NPs /= -8l 3% CuO NPs/PANVE-PGE 152 191t 8. Kawde, A. N., Aziz, M., Baig, N. and Temerk, Y., “A Facile
CuO NPs/PANIE-PGE A2 733}9 electron transport property Fabricaton of Platinum Nanoparticle-modified Graphite Pencil
electrocatalytic activity & T+ 73182 SA& RHo|HA o]& Electrode for Highly Sensitive Detection of Hydrogen Perox-

71HEO 2 ke H) G4 A FFFA AA A 2o o) wE ide? J. Electroanal. Chem., 740, 68-74(2015).

oA ZY, SR UE o HEn E sk H 7| skekE Al 9. Shoaie, N., Daneshpour, M., Azimzadeh, M., Mahshid, S., Khosh-
< li?,i t}. o] PANI =31} CuO NPs2] A= 2|3k A% fetrat, S. M., Jahanpeyma, F., Qholaminejad, A, Qmidfar, K. and
ol 71918 o7 AbEun], B AT _g_ ]J_i tjorst % ) Foruzandeh, M., “Ele'cFrochemlcal Sensos and ].3105ensors'Based
25 =3 PGE 7]uke] A A o o on the Use of Polyaniline and Its Nanocomposites: a Review on

== bl =T oAE A Recent Advances, Microchim. Acta, 186, 465(2019).
7ehe. 10. Sha, R., Komori, K. and Badhulika, S., “Graphene-polyaniline
Composite Based Ultra-sensitive Electrochemical Sensor for Non-
A} enzymatic Detection of Urea)” Electrochem. Acta, 233, 44-51(2017).
11. Pourbeyram, S. and Mehdizadeh, K., “‘Nonenzymatic Glucose Sen-
B g o023l % A ekm wuad 7] 2 Qe olate] o] sor Based on Disposable Pencil Graphite Electrode Modified by
ojRe. Copper Nanoparticles, J. Food Drug Anal., 24, 894-902(2016).
12. Kamyabi, M. A. and Hajari, N., “Low Potential and Non-enzymatic
Hydrogen Peroxide Sensor Based on Copper Oxide Nanoparticle
Reference on Activated Pencil Graphite Electrode J. Braz. Chem. Soc., 28,
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