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Figure 1. Schematic illustration of the electrode configuration for the

electrochemical measurements.
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Figure 2. Schematic representation and scanning electron microscopy
(SEM) images of the Cu electrodeposition on ITO electrode (a) in
solution, and (b) in agarose hydrogel. Schematic illustrations of

electrochemical H,0, sensing and measured signals are depicted in (c).
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Figure 3. CV curves of the Au disk electrode in aqueous solution and at various concentrations of agarose
hydrogels, and plots of the peak current (I,) as a function of the square root of the scan rate (b), (d), (f), (h), (i)
containing 1 mM Fe(CN)s* and 0.1 M KCI. (a) and (b) in solution phase; (c) and (d) 9.1 wt% agarose; (e) and (f) 4.8

wt% agarose: (g) and (h) 3.2 wt% agarose; and (i) and (j) 2.4 wt% agarose.



Atel-gtd probe?] Af2oAQ] il 5443 =RI5H] HoliA] op7f=A sholER
ZA0]|A ferrocyanide®] &4t A|4(D)E Randles-Sevcik W7dAlZ ALE&sto] A4t

strH22].

I = (2.69 x 10903 2ADY2 QM2 e (1)

o17]A lpi= & peak current H(A); n Areh-grd apPgolA Agd ALY 4
Ax H3o] WA(cm’): Dy Atsh-#Hd probef] Al Alp(cm’/s) Cy B &
(mol/cm®):; oE A7 HE(V/s)olth. o] Al (1)& B SN
ferrocyanide®] 2t A4S S of 6.34X10° cm?/s 9] S 1 5 A
t}. o] 22 ECjE oja] kwo] optea stol= oMol Al AL §lwsly
Uth(Figure 4). of7t2A0|MO] A Al gre EHA Y glaf Aol H|L5HA]
oh, 24 A AL opfeAo] it £71ste gt AstELs AL & 5 9
Coladt Aute ofot 8T oprf2a TRA YEYS Atole] FIHE ul
FEAGOR QIS optR A0 8 Fapgo] Wsiy] o FHn
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2700 g $ES Eustt 870 943 SuHoR WY & ook optza
S0} 2.4 wi% Olgold U slMEo] dust nEA 7AE WA e
ol A7|etels 9t stol=z7d YolAo 49 ool oA Add At
7} Ah2 Lhe.x] ooreh.
cheom gola} olg oblza HEOIA9} /%) tid Lol 9ENS AL £
s lstitHFigure 4(b)). A7 &w7t S7heo] wet 7t S7kste et v/
xfolo] ME BAZ BEY 5 AT T, LAT optRa nRA 4G Ato]o)
WA o7t Boteb] 2ol 8ol Hat Asel e optzac] wErt 57k
of wat Zasirl et o] BN MHS o=
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HYe o2/ @ 2o Mo FAEo] s ¥HSo] Yojite g o
ojshd], HAS ol et 1S Hop folut oprpzA stol=2A Yo Ale] At

2 QuiEll 212 ohl @ W eI & QI9ICH(Figure 5). wabd opR2 3ol
=

Eof #ARQLOl =ito]l 242 AgY 28 2ddS o & Ao

7 7
(@) D =-0.472x + 6.089 (b) .
X R’ =0.997 6r ]
N
= B
(\ll’ \\\ 5| V
€5 X < 4
3} \i\ =
Ny
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= - o e
x N =
- Ny =]
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"N 4.8 wt%
2 SN 3.2wt%
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Figure 4. (a) D of Fe(CN)s*" as a function of the agarose concentration in
the gel. Error bars are obtained based on three independent
measurements. (b) Plots of the anodic peak current as a function of v"?

at various agarose concentrations.
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Figure 5. The plots of the peak current (Ip) vs. scan rate (v) under the

same conditions as in Figure 3. (a) in solution; (b) 9.1 wt% agarose; (c)

4.8 wt% agarose: (d) 3.2 wt% agarose: and (e) 2.4 wt% agarose.
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2. UMEZ A}E3t Cyclic Voltammetry Ad-2 E3] ol7t=2A stolez A o

o2t UMBS AFSRS O obt2a slolc2i yojdel 28 AY dye
AT UMER A170] 241 Ofol 320]E] ojstel AF02, F& HAA]

UMES] 4¢, vigoz sits shs Zlo] 22 A=Y AuiA a<lo]7] miZo
E

—

UYtAQl macro electroded] FAQ} Ea]
current 747} WAISIA] Qrech mata Alel-2He probeo] AL A4 3
Atst= O] UMES o]&s5tH ¢ malsHA 1 oltt, of2] oprta A slo|l=gA

p WS EFWsE= potentialof A &

E'_
550X steady-state current (Isg)ol]l =Edt= AS AAS ol &RIsHA

(Figure 6(a)). UMES] Iss= 022 A2 &off d¥E & AcH22,74].

o714 r& UMEQ] A= B &2 %3tc} A (2)2 ARE&sto] o2 opyte A §1o]
E27) 5%o|A ferrocyanide®] &4t A4 g2 FLsto] ¥]wsGitH(Figure 6(b)).
o] ©f, 2.4 ¥ 3.2 wt% o}7I=2A stol|E2 oAl ferrocyanide®] &AM Alp= A
ARl macro electroded|Al 57d€ i ARG Zloz lylch T2yt 1
= OptRA sto]lE27(4.8 H 9.1 wt%)o] 4t Aleg AMel g o, A

goji= A2 sttt ols oPtEA stolEg7lo] FAd/do] URtAlo R
< oPtRA FRolA Zast] g, A WRe] UMESF HEFsh= otz
stoleg . RO Eard/dol 7IIeh Zez wdstitt. UMES] mHAR
0.000491 mm?o]n, o]x <ukAol macro electrode? HEHA(~2.01 mm?
1/4096)0] wvlsll U Attt webs UMEE o]&sl £74JEl= currente= ils% of
JteA stojE=g7o] BoXo] o3FS wton, o]u ferrocyanide®] AP Al
+ O2A AlLtE]ojof gttt o] Auto] e} ofyte A Z=7t 4.8 wt%s RSk
of7tZ A sto]E 2782 UMESRN e ARESHA] o= Zlo] £2 o= |Usty

oX
o

Bl
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(a) I (b) D =-0.505x + 5.955
16 6 k RZ =0.902
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~
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E/V (vs. Ag/AgCl) Agarose concentration / wt%

Figure 6. (a) CV curves of the Au UME (25pm diameter) in the agarose
hydrogel depending on the agarose concentration (colored line) and in
solution (black line) containing 0.5 mM Fe(CN)¢* and 0.1 M KCl. Scan
rate: 10mV/s. (b) D of Fe(CN)* as a function of the agarose
concentration. Error bars are obtained based on three independent

measurements.
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3. Chronoamperometry Ad2 &3] of7l2A slojle=z7 UojAe 24 AT
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=
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i
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g 4 oy 300% o]49 CAx ¢ ol &itof]l osf Aloj=lA] hketi22]. W=

SEl[75], @ WiFl76] R 7IAA AE69]ez sl WSt A HiRe E4tS
= T 4 oy dutdoz Cottrell WA (A 3)olA o5t 28t o 2

currents A/dsHA €t

&8 o Met of2] 5=9 opytrA stol=z730|A9] ferrocyanide®] CA A9

=
S AlFgalln, optzA stol=2A UlojMe] ZAnte de current FAS RE

Y A 7hst currento] FAS UERA|RE EAFoA] Aub= 30% o4
Al ™ current7t sto]ER2AS ol 83ls FeEH 2 2 otyeh A =7t
ol EFolUA HERHA == s #HUst tH(Figure 7(a)). CA Hd<s o
A2 Algtol ™2 current®] ¥ghE Cottrell A S &0 4 + Ao
nFAD"* C
J= W ..................................... (3)

op7t2 A sto|E2AAoME oyt A o TA Qlo] current@t t/? Atolo] A
F7do] 100x o] @ AIRb otole FzstAl F/d=ol Ar]stst vhgol of
gh &b Alo] A Oif d49 Al YRS BoEtH(Figure 7(b)). 12{4}
&M steady-state current(d2M A)= AF/doA Hojd Zle=w Holy, &

FAG UL AR ohE anE As) WS 2o sPsta(77] o Aol

o
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At 2ol obd Al ofF @iol 2 FolA AlujEel GEe sk Zow

alj o =2 I

5 = = = = =) u =
sttt olgist CA 54 AxtE &dll @ Agte] 7] &dfl 5ol= otz A
stol=2ag Abgste] Al tRE HBAo2 2U & 99e AT 2 AT

4.0 6

(a) —— 9.1 wWt% ®).f
—— 48wt% o s ]

35} —— Solution sfp 3 S
< <
- = 4r
c c
£ £
S S
(&) O 3}

— 9.1 wt%
— 4.8 wt%
2r —— Solution
1.5 : : : : : : . :
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Time /s 12 g2

Figure 7. (a) CA curves of 1 mM Fe(CN)s* and 0.1 M KCl in various
agarose hydrogel concentrations (colored line) and in solution (black line)
at an applied potential of 0.3 V using a Au disk electrode. (b) Plots of
current as a function of the t'? of (a) and highlighted long-term
domain (inset). The gray dotted circle showed the current fluctuations

due to the natural convection.
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UMEZ AF23}o] 0.5 mM ferrocyanide?] CAS %
pA &9 U Y2 currents ¥S 4 QIcHFigure 8). nA HE
woll A71grerA £7dof 9loj

718}st cell& Faraday cage

AejEori, 7 Autg nA ~

background current noise? ¥3IFS FA "]
A UMES AHEE o dutslor F4ste= KA
of 8ix]5}o] background current noise?t G7|X] %2 AlEs E+ URE Y
£ AEE St CA 5421 &N YoA 54" current= LEHAQl macro
electrodedf| M BTt HEo] Zagh A2 &l 4 QlcK(Figure 8(a)). —L2{1t 100
Z o9 AARE 54 Autoll= currentd] $-50] dojye AZ &I & 3l
t}. ojdf, ofytz A stol=2 YoM A AxtE YW of2{gt currento] W
= U2 9AE & e A2 AdS ol s th(Figure 8(b)). FAI7He]
574 Al optr A stol=278 Wo|Ae] At current®] ¥-50] A ¢l A
AL & QY. o]F ol of7trA sto]E2AS o] &S AV|etel AgoNe A
Q

o83 AW Fa| or|A g U YL HAY £ Uk

r”:"‘é

(a) — 9.1 wt% (b) — 9.1 wt%
— 4.8 wt% — 4.8 wt%
—— Solution 25 —— Solution
3
< < 20}
-] c
& 2 & 15
3 . S
(8} O 10}
1k //
N—— spm— ———— |
0 0.0
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Figure 8. (a) CA curves of 0.5 mM Fe(CN)* and 0.1 M KCl in various
agarose hydrogel concentrations (colored line) and in solution (black line)
at 0.3 V, which is applied to an Au UME. (b) Plots of current as a

-1/2

function of the t of (a). The gray dotted circle showed the current

fluctuations due to the natural convection.
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4. o7tz 2 stol= 27 URolAe] 24 oleo] A5 B9l

ITO A= mHo| Cug A7|glefAlor FASH= g2 0.1 VoA -0.9 Ve
potential ¥HeJoA] &M} o7tz A sloje 2743 o] 8514 A|3YE 9l cHFigure
9). §Mu} spojeE2Z YojA & Cu o]9] &Y U ITO 7]HoA Cu 249
st 4~ 9lqitt. Cu 240] A7|3lst
Aoz ZAE|7] AlASh= potential °F -500 mV =z HWAEW, o] S
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Figure 9. Cyclic voltammetry (CV) of Cu electrodeposition on indium tin
oxide (ITO) electrode (a) in EB solution and (b) in hydrogel, both
containing 1.0 mM CuSO4 0.1 M Ky;SO4, and 0.5 M H;SO, at the scan
rate of 50 mV/s. The dotted line indicates the background signal without
CuSOs.

S0j2L AL optra stolezZA YoA =A% cathodic peak
potential(Epc)o] =730 mV=Z && yjox] FF= -761 mVol v]sl TASUX|T,
anodic peak potential (Epp)> & 425 vH|w3l2 o Ao} xpol7p gloith= A
ojt}. o] shdE Cu o=} otz A WRARY| F47d A7) Alol9] = =2
A&t odstE Qlsl o7t A YofAlQ] Cu o] o] MoMET ¢ MgAo R
At & AlARRIG. Cathodic peak current (Ipc)E Blueh Zaf, optz
A stol=27 oAl 0.198 mA/cm’2 EZE S £ WoAe] Aughe
0.227 mA/em’2 o &2 7t SR S A3t ot~ stoj=27 |
oAl Cu o]29 &4 Ago] W= A2 4teh-2Hd probet o7tz A EHe|d
UEL T Ato]o] AAMA L2 =2 gt Wallet = AHg wfjzol2tal 7HI I TH5].
A7 £%=0o] Wato] g Cu Aleh-gHd ubgo] CVE o] otz stolEz7Y
oAl Cu ol29] 24 A 5745 2o AAIS] oldlishe A2 Algstlot. A

A A A0 £ 7F SI18Ho| 2}t cathodic current@} anodic current’t 2%

1ot ZiS 2" 4 QlicHFigure 10(a)). o] 245 Ediz Cufl A7|etstH
ZAF oA cathodic peak current (Ipc)= A70 £ %9] A|g2(v”/H)o] w2t
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wWatshd Hohe 21g sttt Randles-Seveik AR (1) 83 g
A S ol ofsiael A7lEY S0 Aoz ofFst oz s Aol
o] Alof] M2 Ipcet v/?Q] Mg WAL optRA sto]=278 UYojjA Cu o]29]
274 AMgo] o] o[Fol thEst okd o] olsf Aojgt e L & ok
[79]. E3F, HAIEA] e R 7}5t=2 Qs A7H £%7F 10 mV/sol4 200 mV/s

Z7tsro 2} Cu 2= peak potential®] negative shift7} A&EE]QICH
(Figure 10(c)). op7t2A stol=2748 AR2ste] ITO A= Cus A7|ststA o
2 Z2A|ZA T log vol] @2 cathodic peak potential (Ep)e] ¥idtE AFIS &
sff =lstlcHFigure 10(d)). Epet log v Ato]9] Y HAES Fofl =ld vt
o], ITO0] T3t Cu olge] F7|stsl oz FAIEL ¥ge Fy|ststsoz u
P wree ¢ 4 9tk ITOO oig Cu 54 2
sl o& WA (4)S ARESte] AZoA9f Ast o]F AlR(a)E
0.4119] g2 2= 4 AJUTH80.81].

oX
1°
o
18

ol

o

o
i
oX
ol
ok
~N

|E;, _%/2 ‘ — 1.857RT/cmF .................................. (4)

7|15 RZ ol 71A| 44~8.314 J/mol * K), T+ &%(K), ng &&= 274 ©A9
A 4, a= Mot AF A4, F= Faraday 4+4~(96,485 C/mol)o|Cct.
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Figure 10. (a) CV and (c¢) LSV of Cu electrodeposition on ITO wusing
agarose hydrogel containing 1.0 mM CuSO, 0.1 M K;SO4, and 0.5 M
H,SO4 depending on a scan rate. (b) Plots of cathodic peak current (Ipc)
vs. square root of the scan rate (v) and (d) plots of cathodic peak
potential (Epc) vs. log v of (a). Error bars are obtained based on three

independent measurements.
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5. ITO ®¥o] A7|shetdos 48 Cu e gat B4

C}SOoR §oHit otz Stol=2AS o] 83
T30 mHo] YHE Cu LAt W HERS sholstickFigure 11). o]F &
oA optza stol=z A 2

m°l'

Fichs]. o7t sfol= 2 oMo Cu Lhwate] A
Jlstebsl A 3 Est Ag Lhedrte] oot Qatebd St @4S ol 40

B A2 FdstithFigure 10(b)). T2tA ITO =0 & 4 Cu WAt

N
=~
oX

ol
o

28
re
4
uju
2a)
o%

ol

8= FAZI= Y PAs] 585, Scanning electron microscopy (SEM)
S o]&sto] g oA 30& E9t -0.8 V potential2 7}5t0i(Ag/AgCl QRE
) 9L Cu Uwxlo] oujx]S Aojw k1, o2 5] AAle] Wl 12X
glo] 98-S &olsty i (Figure 11(a)). o]9} gjxA o=z op7f2A Uoj
A9l Cu Wedrte]l g2 ZHzte] 7i Cu WAL Ato]7h vlmA A QA
of

900 og PAHY B Holk 2e £ 4 ckFigure 11(c)).
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500 nm
————

SEM HV: 150 kv WOD: 9.87 mm MIRA3 TESCAN| SEM HV: 150 kV MIRA3 TESCAN
SEM MAG: 25.0 kx Det: SE SEM MAG: 100 kx

| @ ‘ L]
SEM HV: 15.0 kV WD: 4.72 mm MIRA3 TESCAN SEM HV: 15.0 kV WD: 4.72 mm MIRA3 TESCAN
SEM MAG: 250kx  Det: In-Beam SE SEM MAG: 100 kx Det: In-Beam SE

Figure 11. Scanning electron microscopy (SEM) images of Cu
nanoparticles on ITO electrode (a) in solution, (¢) in agarose hydrogel,
both containing 1.0 mM CuSO4, 0.1 M Ky;SO4, and 0.5 M H,SO, at a
potential of -0.8 V (vs. Ag/AgCl QRE) and deposition time of 30 s. (b,d)

shows a high magnification of Cu particles of (a,c), respectively.
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6. &HE Cu Lheodrte] B4 WA 2l

goh} opytea stolEgAolA P T Cu Lhegrte] Atjdel muis
S "|uwst’] Y5}, non-faradaic /%A 0] §AUst X7|stst ZA Q1 potential
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Figure 12. Plots of the capacitive current measured at -0.1 V vs.
Ag/AgCl with the scan rate variation at Cu-modified ITO electrode (a) in
solution, (b) in agarose hydrogel containing 0.1 M HClO,4. Inset: cyclic
voltammograms of each electrode according to the scan rate in the

same condition.
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Figure 13. CV curves of the bare ITO (dotted line) and Cu
nanoparticle-modified ITO in the presence (red line) or absence of 5.0
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Figure 14. CV curves of Cu nanoparticle on ITO electrode containing 5.0

mM H,0, in phosphate buffer (pH 7.4) after each of the 25 cycles. Scan
rate: 100 mV/s.
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Figure 15. Amperometric behaviors observed from an ITO electrode
modified with copper nanoparticles. The measurements were conducted
in an Ar-saturated phosphate buffer solution, where the sequential
addition of 0.5 mM interference molecules (nitrate, glucose, and ascorbic

acid) and 0.5/1.0 mM H,0, as the target molecule.
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Figure 16. (a) The measured CCs at -0.6 V (vs. Ag/AgCl) with various

concentrations of H;O, in phosphate buffer (pH 7.4). (b) Calibration

results for the charge values at 5 s in panel (a). The electrodeposition of

Cu was conducted at -0.8 V for 30 s. All data were corrected using the

average value of the double-layer charging current obtained from five

measurements in the absence of H,;0,. The dotted line represents the

three times SD value of the background current without H;Os.
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Table 1. The comparison of various nanomaterial-based sensors for

non-enzymatic detection of HyOs.

Sensor Type Dynamic LOD (pM) Ref.
Range (uM)

AgNPs@GNR/SPCE 50-5,000 20 [86]
CuNPs@GCE 8-70 3.45 [87]
AgNPs@LSG 10-10,000 7.9 [88]

AgNPs/MoS2@GCE 25-135,200 3.5 [89]

CoNPs/CNF@GCE 10-5,000 10 [90]

PtNP/rGO-CNT/PtNP@SPCE 25-1,000 4.3 [91]

Ag-exGRc-Cl@SS 100-8,000 5 [92]

Ag/H-ZIF-67@GCE 5-7,000 1.1 [93]
CuNPs@ITO 1-500 1.73 This work

NP—nanoparticle, GNR—graphene nanoribbon, SPCE—screen-printed
carbon electrode, GCE—glassy carbon electrode, LSG—laser-scribed
graphene electrode, Co-NC—carbon particles containing Co nanoparticles,
CNF—carbon nanofiber, rGO—reduced graphene oxide, CNT—carbon
nanotube, Ag-exGRC—silver nanoparticle oxidized carbonate green rust,
Cl—carbon ink, SS—stainless steel electrode, H-ZIF-67—Co-containing

zeolite imidazolate framework-67 obtained from pure H;O.
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Abstract

Generally electrochemical experiments are conducted by measuring the
movement of electrons in solution using liquid as media. In this study,
we analyzed mass transfer properties and natural convection effects by
electrochemically measuring the reaction of ferrocyanide as an redox
probe using agarose hydrogel as an electrolyte. Through cyclic
voltammetry experiments, the mass transfer properties and diffusion
coefficients of ferrocyanide were obtained by using various macro
electrodes and ultramicroelectrodes (UMEs). The experimental results
confirmed that mass transfer in agarose hydrogel is similar to the
behavior in solution. The good linearity of the plot about the measured
scan rate and the square root of the peak current confirmed that

diffusion is the dominant mass transfer, and mass transfer such as
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migration and convection are reduced in the agarose hydrogel than in
the solution. Furthermore, chronoamperometry experiments were
performed to estimate the effect of natural convection in solution and
the agarose hydrogel. Comparing the CA curves and plots of current as
a function of the inverse square root of time, it was found that the
signal in solution exhibited irregular and irreproducible responses for
long electrochemical measurements, however in the agarose hydrogel,
shows more regular and reproducible CA responses for more than 300
seconds because of reduced natural convection based on Cottrell's
theory. Based on the results of the study, we synthesized copper (Cu)
nanoparticles on indium tin oxide (ITO) electrodes by electrodeposition
using agarose hydrogel instead of conventional solution phase
electrodeposition. The ITO electrode electrodeposited with Cu
nanoparticles was utilized as an electrocatalytic sensing platform for
hydrogen peroxide (H;0,) detection. The hydrogel-based Cu nanoparticles
exhibited a more evenly dispersd distribution compared to those in the
solution phase. Additionally, the overall active surface area of Cu
nanoparticles on the electrode surface was increased as against that
using solution due to the less aggregation. CV and CA measurements
confirmed that the synthesized Cu nanoparticles possessed distinct
electrocatalytic activity for H;O; reduction and good selectivity for
various interfering substances. The chronocoulometry response of the
fabricated sensor increased exponentially with a dynamic range of 1-500
uM for H;0,, and the calculated Imit of detection was 1.73 uM. This
research may provide new possibilities for the electrochemical synthesis

of metal nanoparticles for non-enzymatic sensing applications.
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