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I: Glassy carbon electrode (GCE) is a common basic électrode for various electrochemical sensors,

EQF élhe ﬂ«? ection propertles are determined by its interfacial characteristics. In this paper, we established
AR b S M S O S SRS E 6 eé’r?ﬁgf SrAoRAMLIaRstanesd Rtk diffysion

mﬁﬁgw%« npﬁaan%%guassﬁgy@iégm}@y RENIPDTSRAIBD BORROSRPEIRRECaYH 8f s,
anendiggRARestanen (Rads , Cads), double-layer capacitance (CpL), and derived the mathematical
expression for the equivalent circuit. The Rej and CpL are contributed by inactive ions in electrolyte to
Bﬂé’a{mxa-rfaradaic impedance, while the Rct and RR are contributed by the active ions of redox reaction
gnoqjgﬁcjrﬁl%to produce faradaic impedance. The Rt directly corresponds to the electrode potential (E) of
the reaction, which represents the difficulty of electrode reaction. When the potential E'is the only state
Hueble mgtZounpedance spectrum of electrode reaction, that is, there is only one time constant in the
impedance spectrum, the Rct can represent the whole Faraday impedance of the system. However, when
tARREEIRME reaction is also affected by other variables such as diffusion, surface film or surface
adsorption ion coverage, the Faraday impedance of the system also includes the impedance produced by
the diffusion impedance and the changes of the surface film (Rg, Cr) and the coverage of the surface
absorbed ions caused by electrochemical reaction (Rads, Cads). The impedance spectrum of the electrode
system in different states were simulated by changing the five parameters of the mathematical
expression. The contribution of different factors to the impedance spectrum of GCE was revealed. Finally,
the impedance spectra of bare/modified GCE in potassium ferricyanide solution were analyzed by the
mathematical model. The fitting results are in good agreement with the experimental data. Based on the
parameters obtained by fitting, the changes of the electrode surface characteristic before and after
modifications were quantitatively compared and analyzed. The charge transport resistance increases

from 5827.8 Q to 25104.3 Q, and the diffusion conductance of Fe3*/Fe?* ions on the electrode surface
also increases by an order of magnitude. However, there is no significant difference with the double-layer
capacitance and the frequency dispersion coefficient. The surface of the modified electrode remains

electrically neutral. The aggregation state and oxidation-reduction mechanism of Fe3*/Fe?* on the
electrode surface are the same as those on the bare GCE surface.
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Figure 1 Randles equivalent circuit. R.-Electrolyte resistance,

R.-Charge transport resistance, W-Diffusion impedance, Cp;-

Double layer capacity. (color on line)

FHPT AR L 24 T, 22 i) Randles S5 2% HE B an ] 1
Fw

Pt AR R I BHATAT R 52 2 Fh 5 BRI I 52
M, A 2R Heiduschka PERARZH A5 TAE
2 JECT HL i o F B | F e s H BEL R R
A2 AR T ) B | 3 T R EFE R XS HE S22 H 25 4
6 NRIER X A AR B AN BT 2 TR, AHERER T
22 ML) Randles FEE, 1] 2 S50 RGN T Ha Ak
JE 5 | B ) AR R T AR AR I (R, C,) FRER TR B 25
T A (Rugs  Cogs) I A B BET R

Ry Fl Cow, FH LR H AN e A SR A S5 S g 7Y
i TEE - ouik, o AR AP BEST ., R AT Re 1
FEL A VR Y 2 A 3R I s I T 9 2 B F ik,
AP BET , Horh R B N F RN A LB
07 (E) AR T AR S I 0 M 2 R B, AT o] HL A S
IR SRA BE T, SR R N BHBTIE LA E
ME—APIRSAS R, BIFHPTRE - R — B a)
T, R AT MRERIR R BB ANVE R BT, (Y
FEL B S I A2 4, % T R 8 2 TR WL o 25 1)
M B AR, KRR A
5 47 HCBH PR L Ak 2 B 0 5 | S A H A 3R T R
(R, .C,) FnZRTHIW B 25+ A0 78 5 B AR Ak = A B Bt
(RussCuss) o TESEBRN AT R W2 FFE FH 8 8 H A
N T ELAAS 2R R R AR IR B A (FE -V ith
PRI E ), BRI AR R BHBT TR - A
W2 B 2 )

TERE 2 SRR 6 A HL 2R T RTRE OBk 2
RS 22 SRR R R B () 1 S R A
KSE PR S, @A TR T R

ARAAE RO EAETEVE RS TR AR T T A p
BH) , Ro-HLfrrfanizs FELRHE, -9 BEBHIT(Cs A1 Ry 735 0 97 B
FEFY LR, Co F1 Ry 2390 R HEAR 22 SN, (CRARGE ) 5
ALY AR (PR FR AL T RGBS 47 i sl v A M L
BEZRHFMNT, R SRS R i A FIHLEL) | Cog A
R 9 3% 10T P B 5 At 3 v o AR A S ) L AR B, G
R RO Z LA, (RO

Figure 2 The equivalent circuit of GCE. Rg-Electrolyte resis-
tance, R.~-Charge transport resistance, W-Diffusion impedance
(C4: Diffusion capacitance, Ry: Diffusion resistance), Cr, Rz~
Capacitance and resistance caused by electrochemical reaction
(oxidation/reduction), C,, R.-Capacitance and resistance as-
sociated with surface adsorption or other surface processes,

Cpi-Double layer capacity. (color on line)
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Figure 5 (A) Frequency dependence of the real and imaginary parts of impedance with different values of R ; (B) The complex

impedance plane diagram with different values of R (color on line)

HRHEE ) , 38 2 52 BHBTIE AT LASRTS Ry IR/, Ry XT
Warburg FHHT L% A 520, X EE S(A)HPIRMER
ik,

Warburg FHHTZ—Fh i T4 805 [ FHST,
HERAE (A o, B RO S S A 450 A B T T
ToPRY WG, XA BT R S ER S R A A s o8 4
— B, MERRTE R LRI SRR o 450
MY ELEE . FESERRAT LA 2= A Eas i 38 5 T A5
AR R B Ak 2= RO P, S BB i E TR,
HIRE) SR T 22tk Bl 6 451 T AN[A] War-
burg R o BIBHPLITBFE I SR LR, L
KAN R BHPTE [ 6(A) R (A3 BH T LR Al
MR Warburg REL o UM, [HRX A
M) 7E S IGR 2 HT L Z8IH 2K, 3K 5 R (5200 B

500 200
b A [ ] o=10Qs "
i" ] e=200Qs"
400 8% A— 405"
v—c=60Qs? 1150
300
G
N 200
4150
100
0 9
10°

AIF], e Warburg 2% o HIBE N, SR BHPTAG 5
BRFN R EBIE Iy e, (R A E
R IMARPIE S . B 6(B)4A T Warburg 3
o ME YT, NEITHE AR 8 X, 0
ML A R R LA R Warburg 25 o 19748
TAE DL,

AL 2R A5 SR A I WL L 2 L 75 8T [ F AR
ARG M X ST L RS A TR SR T, TG
2z RN e A A S L fap oA, FB R B
Y AR EDIRAS | far OB, VR B pH [ 55X
W Z AR E T LA, B 7 250 T AR
HLJZ LAY Con O BELATC S 308 0 0 -5 00 248 1 G 3R T
ST, I 7(A) T LIE B JZ A Co X
A BT AT BT A AR T s e, H 2% it 7R

250

B " o=10Q5s"

e 5=2005"

200 F A g=40Q5s""
v a=600Q5s"

v
= 150 f ¢
g A
; ¢+
N
' a4

100 - PR * e f
Y ™
-‘ '-
sof & %
0 / L 1 1 1
0 100 200 300 400 500
Z(Q)

B 6 (A)RIF] Warburg 25U o HIBHBT IR AR SN K R  (B)ANF] Warburg 22450 o 144 FHATIE (ML RE IR

Figure 6 (A) Frequency dependence of the real and imaginary parts of impedance with different values of Warburg coefticient . (B)

The complex impedance plane diagram with different values of Warburg coefficient o (color on line)



-524 -

W

(3

22,

e 2021 4

PR A 3 E BRI B A N st B
NSRS [ R, T A7 2 HL 22 A JRE B AR R
FIATEATI N, EUEHE A, W 7(B), I
AUERYZEMN, TR BRI Warburg BHATRIZ Y
SEFAL B — S R Cou BYBEIN, XA 584
ARV, AT E(T)RTLUE B AT EDEAGE
ARGF A DU 2 LA R AE

A PR SN VR T o BEL BT[] e 32 L A 3% 1T 4R
MR e AR SR AL R, A2ty B s
KL AR AR Y ST, A AR A st 5ot
Fit o BV ARAAR 28 Hh i) S I A e i = A
PR A SN 2T A A AN [ R A ) o 5, sk PR A1 e
PRGRHR L @ KA X —id e, o ZEXIE

400 150
A m —C,=5x10°F
® —C,=1x10°F
A —(C,=5x10°F
300 ¥ —C,=1x104F
<4100
S 200t
N
450
100 -

6

10

10°

10t 10t

f(Hz)

10

-7"(Q)

PURI i 7 AT RO, G T 1, i
AR B K A AR ) — A fE], ez, i T
RURCR TEDIRZS B 22 5, R AR 8 AL IR
WEA—ZL, 18] 8 45 THURIRELR R o BIRHBTSE
TR B S I A 5 R AN BT IR, AT LA 03
FRYRELZR R @ XA H BT A S5 A R M4 50 A
AP , X R AR BELATT A iR IR T R R AR A
RN G N Xt v AL ICRE RO, MU 8(A)
ATLAE L BEE o B98N, ShERATR SR 1 R A%
By, 1N Lt R UG 4 B, o R r R 2 T ) AN 2%
S AR B R EAS H BT [R] — A3 ) . AV
N, @ BIHE— 2B ] | i 2 i 2 g AR T,

BER T AR R 8 1K 8B)&R i T ARSI

20 B ® C,=5x10°F
e Cy=lx10°F
A C,=5x10°F
150 | v Cy=1x10F
G
=~ 100} LT
N " T
\ .'._ -
L ]
50 F 3
0 T T T
0 100 200 300 400
Z'(Q)

B 7 (AAFRIXURZHRA Co BIBHHT AR SRR ; B) AR Z A Co, IR BT (M2 R ED)
Figure 7 (A) Frequency dependence of the real and imaginary parts of impedance with different values of Cp,.. (B) The complex

impedance plane diagram with different values of Cyy. (color on line)

400

300

200 -

Z'(Q)

100

f(Hz)

200

1150

450

200
B = p=05
® =08
A p=10
150 R T
A
a 5 .
.1 G o ® o A
T = 100f 4 . .
N s ° ° A
: N i (] L]
! 'y ® A ‘l
A e e ,
5ol A .. -...llllll...... .. t .‘l
Ao ® A
0 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

z'(Q)

B 8 (AN FIFARTHREL o MBHHTSE A S-SR R ; (B RISARIR R R o 9 BT (25 R 1A
Figure 8 (A) Frequency dependence of the real and imaginary parts of impedance with different values of ¢; (B) The complex

impedance plane diagram with different values of ¢ (color on line)



LERE]

T HTAE A A T ) BB I R 8 S B

+525-

RS o WEMBLE, FTLLE HHSH AT AR A
FHPTIE 5 « SR #EE A M, (B2 55 M
P B e AR A OC . R SRR B R
5 o AR RBAR LT M 7E FHAT 5 405 5 2 KT R A2
P AR A,
3.3 &ImEBRAETIE L

h T B UE AR B AR SE PRSI0 R AR, AR
3R T # GCE #1 IL-ROG/ZIF-8 & 1fi GCE 1E 0.1
mol-L"' KC1+ 5 mmol-L" K;[Fe(CN)] I BH BT,
WE 9 Fias, B 9(A)S T BT SEHE AR
WREFEFR, # GCE Ml IL-ROG/ZIF-8 141fi GCE
W TAUBES AT N, JUHOR 1 kHz DL EARYE
Fl, ZHILTPES, MR 3% i i fig o i B 57
WK o AERAE AT DX 358, BEAC 4 S i S 45 2 P e
K25, FAME A (20).24)-(26) , K H /)
THIEXBHBTIEER . AR SR O R AT T
HE0 AR A 2 S SME PS4 (s 9
(AFTR) . HEE P L, BILA 45 50 i 2k
WRIR IR E S, RUTZECA R I
PR LS A S IR 5t LA EE RN 1 R,

107 30
o Z'of pure GCE
Fitting curve 435
o Z'of IL-ROG/ZIF-8
—— Fitting curve
10'E & 7' of pure GCE -
f2e pure
~ —— Fitting curve
g 7 7" of IL-ROG/ZIF-8 15
N —— Fitting curve
10° 10
435
AAAEE5000 -“,. , ’L
10° -1 l 0 I I = - » '7:» g ?
10 10 10 107 10° 10 10

f(Hz)

-Z"(kQ)

Xt & B, IL-ROG/ZIE-8 14 4fi GCE 1A & i,
TP Ry JUTANE | 5 SEERAE SUARAT , 1 HL X
T 9(A) Y, GCE &M il ) 14k 8 BH B 52 58 F1 i
A B L FH A . GCE (KRB iz
HLBH R, 7E &4 LU i 5827.8 Q M hnE) 25104.3
Q, %R F &l 9(B), GCE &1 5 4 2 BHAT LA BH 47
SIEHR 2R3 I At g 1) AR S B, i LA AT
IR o Hl AR AR, 2B Fe¥/Fe® (WL L2
W FE IL-ROG/ZIF-8 1&4fi GCE H AR5 RIME | 1X 2
B ZIF-8 W5 FE i) i A S5 56, TRl
), Warburg 250 o 3N T 1 MRS X
N T 9, GCE &M J5 14 22 BEAT AR AR BEL BT 1 38 2
AN, F0H Fe**/Fe* 1£ IL-ROG/ZIF-8 14 1fi GCE
MHEEA ST B, X EEMS T ZIF-8 Al IL-ROG
KA He R T R, Al S AR SR T s A A T [ s
Fe¥/Fe* TE AR ML 2 5188 (N5 T8 Wik
2 Ak) , Warburg 224 o IHG A F) T FEAR HL
i, WBHARTE GCE RN ZHLZE Co, @ A 1
WA 2% 5 B IL-ROG/ZIF-8 & 1fi GCE, A4
M) 52 7 2ok A v Ee AR R IR AR AR A, AR R TR A

30
B
25
20
g
— 15F
E\ll O Pure GCE
10 - Fitting curve
O IL-ROG/ZIF-8
Fitting Curve
¥ Electrolyte
0.1 molL- KCI+5 mmol-L K, [Fe(CN),]
0! =B L L L
0 10 20 30 40 50
Z'(kQ)

& 9 # GCE il IL-ROG/ZIF-8 1&4fi GCE 7E 0.1 mol- L' KCI + 5 mmol - L Ky[Fe(CN)e] 1 it BELHL S5 Al & 54 200G R (A)

ALK (452 BTV 1T 12T (B) - P P i s b SEB N, SEEON R R A 3 (16) L5 1O 4G

o (MR

Figure 9 (A) Frequency dependence of the real and imaginary parts of impedance for bare GCE and IL-ROG/ZIF-8 modified GCE

in solution containing 0.1 mol-L* KC1 + 5 mmol - L K;[Fe(CN),]. (B) The complex impedance plane. The symbols are the experi-

mental data, while the solid lines are fitted by the Eq. (16). (color on line)

&1 UGSEBI%
Table 1 Fitting parameters in Figure 9

Parameter Ry R« o CpL @
Bare GCE 221.1 Q 5827.8 Q) 492.3 ()-5? 1.0x10°F 0.90
Modified GCE 21330 251043 Q) 8273.2 (-5 1.1x10°F 0.90
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Mathematical Expression and Quantitative Analysis of
Impedance Spectrum on the Interface of Glassy Carbon Electrode

Lei Cheng’, Pu-Xuan Yan, You-Jun Fan, Hua-Hong Zou, Hong Liang
(State Key Laboratory for Chemistry and Molecular Engineering of Medicinal Resources, School of
Chemistry and Pharmaceutical Science, Guangxi Normal University, Guilin 541004, Guangxi, China)

Abstract: Glassy carbon electrode (GCE) is a common basic electrode for various electrochemical sensors, and the detection
properties are determined by its interfacial characteristics. In this paper, we established an equivalent circuit including electrolyte
resistance (R), charge transport resistance (R,), diffusion impedance (R4, Cgs), electrochemical (oxidation/reduction) reaction
impedance (Ry, Cy), surface adsorption impedance (R4, C,i), double-layer capacitance (Cp.), and derived the mathematical expres-
sion for the equivalent circuit. The R, and Cp, are contributed by inactive ions in electrolyte to produce non-faradaic impedance,
while the R, and Ry, are contributed by the active ions of redox reaction in electrolyte to produce faradaic impedance. The R, direct-
ly corresponds to the electrode potential (E) of the reaction, which represents the difficulty of electrode reaction. When the potential
E is the only state variable in the impedance spectrum of electrode reaction, that is, there is only one time constant in the impedance
spectrum, the R, can represent the whole Faraday impedance of the system. However, when the electrode reaction is also affected
by other variables such as diffusion, surface film or surface adsorption ion coverage, the Faraday impedance of the system also in-
cludes the impedance produced by the diffusion impedance and the changes of the surface film (R, Cr) and the coverage of the sur-
face absorbed ions caused by electrochemical reaction (R4, C.i). The impedance spectrum of the electrode system in different states
were simulated by changing the five parameters of the mathematical ex pression. The contribution of different factors to the
impedance spectrum of GCE was revealed. Finally, the impedance spectra of bare/modified GCE in potassium ferricyanide solution
were analyzed by the mathematical model. The fitting results are in good agreement with the experimental data. Based on the pa-
rameters obtained by fitting, the changes of the electrode surface characteristic before and after modifications were quantitatively
compared and analyzed. The charge transport resistance increases from 5827.8 () to 25104.3 (), and the diffusion conductance of
Fe*'/Fe* ions on the electrode surface also increases by an order of magnitude. However, there is no significant difference with the
double-layer capacitance and the frequency dispersion coefficient. The surface of the modified electrode remains electrically neu-
tral. The aggregation state and oxidation-reduction mechanism of Fe*/Fe* on the electrode surface are the same as those on the bare
GCE surface.

Key words: glass carbon electrode; impedance spectroscopy; equivalent circuit; interface characteristics; dielectric relaxation
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