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Electroanalytical Techniques

O Definition
Techniques that study an analyte/half
cell reaction by measuring potential or
current in an electrochemical cell
containing the analyte

O Categories

Potentiometry - measure potential

(difference between electrodes, often j = 0)

Amperometry - measure current,

often at fixed potential

Coulometry - measure (total) charge (by

current) to complete reaction/exhaust (one)

active species

Voltammetry - measure current while

changing potential

* Linear sweep voltammetry (LSV)

» Cyclic voltammetry (CV)

Electrochemical impedance

spectroscopy (EIS) - measure

impedance, at different frequency
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stationary electrode

interfacial
electrochemical techniques

'

static techniques dynamic techniques

(f=0) (i=0)
potentiometry l l
measure E controlled controlled
potential current
l l controlled-current
Va”abl.e fixed coulometry
potential potential measure j vs. t

. '

amperometry controlled-potential
measutre ) (,('Jlll(-)rﬂe(f}'

‘ ‘ measure 1 Vs.

stirred quiescent
solution N stripping /solution
voltammetry

measure f vs. E

t

hydrodynamic
voltammetry

measure [ vs. ¢

! :

linear potential pulsed potential
polarography and pulse polarography

cyclical potential
cyclic
and voltammetry

measure j vs. £

voltammetry
voltammetry measure i vs. £
measure | vs. E
http://community.asdlib.org/imageandvideoexchangeforum/2013/07/5
1/family-tree-for-interfacial-electrochemical-techniques/
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Electrochemical Measurement Configuration

OThree-electrode configuration :
WE Electrode of interest .—Pﬁti'tESt—at/—G alvanostat q
CE Electrode counter/opposite to WE |
to support/pass current |
RE Electrode to probe potential |
I
I

(difference) for electrode/half cell

reaction of interest, often fast

(reversible) and close to WE —
Potentiostat/galvanostat — instrument RE -
that controls potential or current and measure
the other (current or potential)

LUExample measurements

= Potentiometry

measure V' between WE & RE at constant 7 ;
when j = 0, CE/RE often connected

= Amperometry

measure [ while fixing voltage between WE & RE
= Voltammetry

measure [ while varying V between WE & RE

= EIS - measure impedance, usually at different f
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Potentiometry at Zero Current

Cell potential £ vs. Current /
A
/st

E =Eeq+|I|'Rint

app

Ecep = Eeq — [I|Rin;

Electrolytic cell 0 Galvanic cell I
_ Ohmic drop /R } -0 E (otE V=E
J/=0 Electrode overpotential # cet (OF Eapp) = g

UDetermine (standard) electrode potential for an electrode/half cell
reaction of interest, open circuit voltage (OCV), or activity including o
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Activity from Cell Open Circuit Potential

An electrochemical cell with one electrode (redox pair) of Fe3*/Fe?* and
the other electrode is standard AgCI/Ag electrode. If the activity for Fe?*
is 0.020, what is the activity for Fe3* if the measured cell voltage is
0.531V?

Fe3* + e =Fe?", E,°(Fe*/Fe?")=0.771V

AgCl + & = Ag + CI,  Eo.° (AgCI/Ag) = 0.222 V
Overall: Fe3* + Ag + CI- = Fe?* + AgCl

Eoi® = Eca® — En® = 0.771V = 0.222V = 0.549 V

RT aFez+

L] T
Nernst equation:  E . = ESy — Fne = cell ~ oo Ao+ * A
e

Ape2+ 0.020 nF(Ecell cell)]

Therefore, = = exp |—
Ape3+ * Aoy Ape3+ 1

.02
So. 0o = 0.020 = 0.010
T [_ 1 X 96485Q /mol x (0.531V — 0.549V)

8.314//(mol - K) x 298.15K
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Galvanostatic/Constant Current Measurement

1 Galvanic cell

Example: Effect of H,S contaminant in H, on
solid oxide fuel cell (SOFC) operatlon

Ecent = Eeq R —[ngq| — Incl 0.70 , i .
: CURRENT DENSITY: 260 mA/cm?
U Electrolytic cell S ERapEaAT LR IDADEE 10 ppm H,S -
) 0.65 d —
Eqpp = Eeq + IR + 1Nal + Incl s NO H,S e i——{-—-NO H,S —
© o062t H, + Oy* = H,0(, + V,°° + 2e- i
: <
Cell potential £ vs. Current / " b ;
o)
) - > 0.58} 1
g o - recovery 4
)
IRint EEQ 054 [ /' -
\kRint i SUIfur pOisoning K
O'500 l 1:10 - 2180 4?0 | SéO L 700
Eopp = Eeq+ [I|Rine | Econ=E [I|Rine TIME. h
Electrolytic cell Galvanic cell | Singhal, S. C., et al. (1986), Anode Development for Solid Oxide Fuel Cells,
Report No. DOE/MC/22046-2371
U Probe a reaction process,
- . 4 E_, changes due to H,S poisoning of
poisoning/recovery, or stability
anode reaction, and, as a result,
increase in [n,|
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Step Change in Potential -
Amperometry with Diffusion Control

Ox + ne = Red
Initial uniform concentration
Static solution w/o stirring

so that ¢,
Diffusion control

dCact(x, t) _ 62Cact(xr t)

Large step change in potential
= 0 at electrode surface

ot 0x?
Boundary conditions

Initial condition c,¢(x,0) = ¢}

Boundary conditions:

C.ct(0,t) =0 Cottrell equation

J}I_I)I(}o Cact(x; t) = Cact
Solution:
jit) =nF-D [

JCact (x, t)]
0x
x=0

X
C.ct(X, t) = Cirer
act( ) act f(Z\/D_t>

Electrochemical Engineering

for measuring

ES
D or ciqt

Zhe Cheng

I
E
El
EZ
0 t
il nFD%>c’

Stope = 7_[0.5

]
Cact

A
*

Cactl t§0<t1<t2<t3
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Step Change in Potential -
General Cases for Amperometry

Ox + ne = Red E £
0

Assume

= |nitial uniform concentration

= Static solution

= |nitial positive enough and no Red

= Different potential steps 1, 2, 3,4, and 5

A wWN -

Results 1

= Diffusion brings active species (e.g., Ox) to 4&5
electrode/electrolyte interface and sustain 3
current / 2

= Different situations w/ different step size

Too small a step, no (reduction) current _O 7 p
Larger step, some current

. Even larger step, higher current j (r)“
. Step so large that leads to mass transport 45
limitation and limiting current 3
Same as 4: limited by diffusion for mass 2

transfer (saturated) «— | !

+E 0 B
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Cyclic Voltammetry (CV)

 Process E4
= WE potential (vs. RE) is
ramped up & down linearly

with time in cycles

» Current at the WE is plotted vs
WE potential to give the cyclic
voltammogram (CV curve)

~

I
Simplest Case:

o Resistor 0
O Applications /

» Study electrochemical

properties of an analyte or an @ 74
——
R

electrode/half cell reaction @

v

O Simplest example - resistor
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CYV for a Capacitor

Voltage ramp rate, unit V/s Es
dV
e =
For a double-layer capacitor
during charging or discharging:
dQ =1-dt = Cp.dV 1
Therefore, current
_dQ _ .
T de Pt

For given vand Cp, : 4®, I

= Constant current (absolute value)
during charging/discharging CI I @
= Current changes sign (polarity) ot E

v

:

y

™~

Capacitor (w

1 = v(py

upon reaching limiting voltage
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Example CV for Reversible
Electrode Reaction (1)

T

Ox + ne” < Red 1. Starting point: I = 0, E more positive than E°(e.g.,
Equilibrium electrode/half cell reaction 0.361V - 0.222 VV = 0.139 V vs. Ag/AgCl)
potential: 2. I < 0 (cathodic) from Ox to Red, e.g.:

g —pgo_ KL, ORed Fe(CN)e> + & > Fe(CN)s*

¢q nF " apy under negative (cathodic) overpotential
Assume: (i) Ox has much higher initial |I| T (more negative) due to larger (more
concentration than Red; and negative) cathodic overpotential

(i) no convection (e.g., stirring) Surface Ox (i.e., Fe(CN)s%) concentration |

25 3. Cathodic peak current (i,.) and peak potential
3 Ex

(E,.) reached due to balance of cathodic

Fe" (CN)} +e—>Fe™ (CN) overpotential and mass transport limitation (by

o 15 . .

£ diffusion)

© 4. I < 0 due to cathodic overpotential;

=0 L |I] 1 due to mass transport (diffusion) limitation -
E e Ox (e.g., Fe(CN)g%) concentration gradient

S 05 |dC/dx|| as diffusion layer extends deeper into

(&)

electrolyte
. Cathodic (negative) potential limit reached
E increases (more positive), but still negative
enough to reduce Fe(CN)g*,
2.5 T I I I I . .
08 06 04 02 0 02 o4 |I| | as cathodic overpotential decreases and
Volts vs Ag/AgCl further drop in |dC/dX| for Ox (e.g., Fe(CN)G‘j_)
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Ox + ne” < Red 7
Equilibrium electrode/half cell reaction
potential:

RT | apeq 8.
Eeq = E°——In
nF  apy
Assume: (i) Ox has much higher initial
concentration than Red, and
(ii) no convection (e.g., stirring)
25 9.
3 Epc m 3 I 4
= 15 | Fe" (CN), +e—>Fe (CN), 10
£
©
= L N
[ B e 11
5 05° 12.
(&)
15
1.
25 | ‘ ! ‘ ‘
03 0.6 04 0.2 0 4.2 04
Volts vs Ag/AgCI
Electrochemical Engineering Zhe Cheng

Example CV for Reversible
Electrode Reaction (2)

Net reduction of Ox (e.g., Fe(CN)g>) no longer
occurs due to high concentration of accumulated
Red (e.g., Fe(CN)g*) that promotes oxidation
I > 0 (anodic) from Red to Ox, e.q.:

Fe(CN)s* > Fe(CN)> + e
under positive (anodic) overpotential
|I| T (more positive) due to larger (more positive)
anodic overpotential
Surface Red (i.e., Fe(CN)*) concentration |
Anodic peak current (i,,) and peak potential (£,,)
reached due to balance of anodic overpotential
and mass transport limitation (by diffusion)
I > 0 due to anodic overpotential;
|I| { due to mass transport (diffusion) limitation —
Red concentration gradient |dC/dx|| as diffusion
layer extends deeper into electrolyte

. Anodic (positive) potential limit reached

E decreases (more negative), but still positive
enough to oxidize Red (e.g., Fe(CN)g*)

|I| | as anodic overpotential decreases and
further drop in |dC/dx| for Red (e.g., Fe(CN)s*)
Net oxidation of Red (e.g., Fe(CN)s*) no longer
occurs due to high concentration of accumuiaied
Ox (e.g., Fe(CN)g%) that promotes reductich
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Kinetic Information from CYV for
Reversible Electrode/Half Cell Reaction

If rapid charge transfer - current

(electrode reaction rate) controlled

by diffusion _
E,, and E,. are independent of scanrate «_ 40|
= Equilibrium electrode potential

Eeq = (Epa+Epc)/2

= Peak current i, . =i,,

800 — T T T T T T 1

600

200

0k

-200

For dilute agueous solution at RT: _400 i

= Number of electrons transferred
AE, = Epq — Ep. = 0.059V /n I
= Peak current dependence B T s 02 o0 oz T os ' os

l

Current density, Am

—500 |-

= constant - n3/2¢D1/2yp1/2 - Overpotential, V
Fuller and Harb (2018), p. 125

p
¢ concentration

D Diffusion coefficient

vy scan rate, in mV/s il

- Determine D or ¢
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Quasi-reversible or Irreversible Reaction

For quasi-reversible or irreversible reaction, kinetics is slow -
Current is controlled by both charge transfer and mass transport (i.e.,
difoSion) 800 ' | N 1 ! I ! | v I

Mear
reversible

. 600
» As reaction rate constants (exchange

current) decreases, CV peaks shiftto & 441 Slower

. . . kinetics
higher (absolute) overpotentials since ~
the equilibrium at the surface is no
longer establishing rapidly

200

» Peak separation varies with scan rate.
Similarly, peak current no longer varies
with square root of the scan rate.
Current peaks are reduced in size
and are widely separated.

=200 |

—400 |

Current density, Am

=600 |-

) ) ) s t——t 4 1 4+ 1 4+ 1
= As scan rate increases, irreversible -06 -04 02 0.0 0.2 0.4 086

behavior becomes more noticeable Overpotential, V

Fuller and Harb (2012), p. 325

Electrochemical Engineering Zhe Cheng 4 Electrochemical Techniques 14



CV Example - Supercapacitor

15
e Eo
02 ﬁ 10
B g, »
€ 00 -
g
; JJ g ail i
oz2r | (S L
5
L4r
0 - Exe
0L 2 0& ce 08 1o 11 09 0.7 05 03
Potentisl / V Potential (V vs Ag/AgC!)
(a) (b)

CV curves of ideal double layer capacitor (left) and pseudocapacitor (right)

http://www.sensorprod.com/research-articles/white-papers/2008_fcd/index.php
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CV Example - Li-ion Battery

Discharge

|
[

!

@ ® NNNN~ ® o

Discharge |~ nans e ) o €

:--0'
G
o

Li,Cs Electrolyte  Li;,Co0O,

4+ LiCoO, -Ctharge, |i o0, +xLi*+xe
— xLi*+xe +6C Lharge, |jc,

lllustration of Li-ion cell

R. Hausbrand et al., Materials Science and Engineering B 192 (2015) 3-25
Electrochemical Engineering Zhe Cheng

-3 >
3.6 3.8 4.0 4.2 4.4
E(V)

CV for LiCoO, with variable potential
scanning rate
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From Resistance to Impedance

(JResistance & Ohm’s Law

Resistance - ability of a circuit element to resist the flow of (DC) electrical current
Ohm’s law:

R

|4
I

Ideal resistor

» Follows Ohm’s law at all current/voltage level and for both DC and AC
» [ndependent of AC frequency

= AC current and AC voltage are in phase with each other

Udimpedance Z
Circuit elements may exhibit more complex behavior, e.g.,

Capacitor C I I Inductor (e.g., coil) L — YY Y\
DC voltage V, DC current =0 DC voltage Y, DC current — 00
AC voltage V, AC current I AC voltage V, AC current [
Impedance Z - a general parameter to measure the 1%
ability of a circuit element to resist (impede) the flow of 7 = —
electrical current, in both DC and AC I
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AC Voltage & Current

B
AC voltage or current are often sinusoidal

Example: AC voltage & AC current
AC voltage can be

written as:
V =V, cos(wt) L -.
WV =V, cos(wt): :
V, AC voltage : \ '
amplitude

v | =
[Ys) a
dial f © o
w radial frequency, © P s
in radians/s S s
> :
-’
f frequency, in Hz | / / S
w = 2nf ' LA

= I, cos(wt — ¢).".
Time
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Impedance as a Complex Number (1)

Bl
If small signal, e.g., for voltage, V =V, cos(wt) = V, cos(2rft)

- Linear response - Response (e.g., I) has same frequency, but shifted in phase by ¢:
I = I, cos(wt — @)

Impedance: Z =

Iycos(wt — @) I, cos(wt— @)

Vi
Magnitude of impedance |Z| =Z, = 0

Phase shift ¢
Iy

V. Vpcos(wt) V, cos(wt)
- = :

Recall for complex number, Euler’s formula gives: exp(j@) = cos¢ + jsing
Introduce the imaginary part, potential and current responses can be presented as:
V =V, exp(jwt) I =I,explj(wt — @)]
Impedance is then represented as a complex number:
%
==

7 — VO exp (](l)t) VO

e — = 7 exp(j@) = Zo(cos¢g + jsing)
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Impedance as a Complex Number (2)

Real & imaginary parts for impedance (vector)

A

_V . .. Im
Z = 7 Z =Zyexp(jo) = Zy(cosg + jsing)

Z=R+jX=2+jZ" =Re+jlm X
R=Z"=Re=1Zycos¢ |Z|=Z,=+/R?+ X2

X=2"=Im=Z,sin¢ tand = X /R ;

dimpedance for common elements under AC with frequency of /

= ResistorR Zgp=R=R+j-0

1 1 1
u i Z = = = 0 o | — ——
Capacitor C C =3l -~ j2nfC +J ( )

* InductorL 7, =j-wlL=j2nfL=0+-wL
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Common Circuit Elements Impedance

L |
I
I

e

28

Resistor: 7, =R=R+j-0=Rexp(j-0)

|Z| independent of f'and has only real component
¢ = 0, i.e., current always in phase with voltage

Capacitor: 7. =0+ Ly L1 [( n)]
C LTI T o) Tiec T 2nfc PP T2

|Z| = 1/(2nfC) decreases as fincreases

Only imaginary component

I phase shifted — /2 or -90°, i.e., ahead-of or before

T
Inductor: 7, =0+ wl =jwl = 2nfLexp [j (E)]

|Z| = 2nfL increases as fincreases
Only an imaginary component
I phase shifted /2 or 900, i.e., behind or after V
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Combining Impedance

B
(1Series combination
Ziotal = 21+ Z,
—
2, 2 Ziotar = (R + Ry) +j(X1 + X3)
(JParallel combination
1 B 1 N 1
Z, 7 - Z. Z
_- total 1 2
I _ Zl ° Zz
_z- Ztotal = 7.+ 72,
2
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Impedance Spectra for Common Elements (1)

Measure impedance at different frequency 1, e.g., 103 to 107 Hz

Resistor

-Im ¢

Electrochemical Engineering

Capacitor

1 1
Ze=50c = Y onrc
Re =0

1
Im=—m
-Im

f decreases
(from %)
Re

Zhe Cheng

Resistor & capacitor in series

1
2nfC

Z=Zp+Z=R—j

Re =R
1

2nfC

Im = —

f decreases
(from o)

0 Re
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Impedance Spectra for Common Elements (2)

B
| |
Resistor & capacitor in parallel — .
R 1
,__JoC_ R RA-Rw®) R @R
T . 1 RwC+1 (I+RjwC)(I-RjwC) 1+ (@RC? 1+ (wRC)?
jwC
R 2
Re wR“C

— Im = —
1+ (wRC)? M T 1+ (WRC)?

R 2R —R[1+ (wRC)?] R —R(wRC)? <

Re — ==

2 20+ RO 2+ (RO \f¢™ 32 4[1 + (wRC)?]? T I+ (@R[

R\? . R?*[1—2(wRC)* + (wRC)*] ~ 4R*(wRC)?
> + Im~ =

( R)Z , R? {1 — 2(wRC)? + (wRC)* 4(wRC)? } R? {1 + 2(wRC)? + (wRC)‘*} <R>2
Re——=| +Im* =— + =— =3
4 [1+ (wRC)?]? [1+ (wRC)Z]Z| ~ 4 [1 + (wRC)2]? 2

_Im A
R\ 2 R\ 2 A circle centered at (R/2, 0) & radius R/2
(Re _E> + Im? = <E>

®w— o, Re —>0,Im—0
w—0,Re—> R, Im—0 m(ﬂ—’()
0X N

O — 00 ne
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Impedance Spectrum for an Electrode
w/o Diffusion Limitation

B
g C
Simplified Randles cell for an electrode R, ||d

= (Electrolyte) ohmic resistance R, _ — ' _
= Double layer capacitor C; —

» Charge transfer resistance R; R

Z =Ry + 1 dlIm|  C4R% - (1 + w?CiR%) — wC4R% - 20CRE

ij n 1 dw (14 w?C3R%)?
ad TR,
R ct C.R2 d|Im|  C4R% + w?CiRY — 2w*C3R;  CqR% — w?CiRG 0
7 =R + ct _ i @W%dfce do (1 + w2CZR%)? T 1+ 02CIRE)?
© T T¥w2CZRE 1+ wPClRE L
Ro— R4 R, CaRiy = w*CaRe
"I R )Y
Im = — C()Cngt w = 1
1+ w2C2RY, -Im 4 Re:Cq
2 2
Rt Rt
(Re—RQ—7> +Im2=<7 ® — 0 ®w—0
. | N /

" Ry & R.; obtained from Im — Re (Nyquist) plot 0 Rq Rq + R.t Ze

= (4 calculated from top of the semi-cycle
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Additional Electrical Circuit Elements -
Constant Phase Element (CPE)

» Actual electrode processes often do not behave like ideal capacitor or

. z -| resistor in combination.
= |Introduce CPE with constant phase shift between V & [ to simulate the

process

1 Y, equivalent to capacitance C or

Zcpg = , conductance
Yo(w)* a Exponent from 0 to 1

7 B 1 —a 1 [ (_n)]—“ 1 ( an)
CPE = Ywi! Ty, P2 Vowa P75

. Z —
Magnitude |Z¢pkl Vot

Phase shift  dcpe = — - R R i
|Zcpg| | with increasing w or f /: °
a=0, ¢gpp =0 =0, ideal resistor e *¢=an/?
a=1, ¢g.pp = —1/2 =90, ideal capacitor 0 Re
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Additional Electrical Circuit Elements -
Warburg Element (W)

A special type of CPE (a = 0.5) representing impedance _
AL o e A
'| "a""v due to mass transfer limitation by diffusion. Yo/ jw
-0.5 1
Zw = YO\/_ exp( )] = Yow-exp (—j%) _Im 4 | decreases (from c0)
o
, 1 <1 _1) 051 - .
= y — =ow —
Yoo \VZ V2 ! [ g=m/4
= |Z,| depends on f 0 Re

= High f, Z,,, negligible since diffusing reactants don't have to move far
= |ow f, reactants have to diffuse farther, increasing |Z,/
» Adiagonal line with slope = 1 (phase shift of 45°) on Im-Re plot

Summary
Element R L . & W
(resistor) | (inductor) @ (capacitor) (CPE) (Warburg)
| d Z =R Z = jwL Z = . Z = . Z =
mpedance = = jw = Sl ATDE YO\/j_w

* Y, is equivalent to capacitance C or conductance; a is an exponent from 0 to 1.
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Impedance Spectrum for Electrode with
Warburg Element (i.e., Involving Diffusion) (1)

Electrode reaction controlled by both
charge transfer & diffusion

1
/= RQ + 1
Jola t g o051 — )
Ry + ow™%®
Re = RQ +

(Caow®5 4+ 1)2+w2CE(Ry + ow™05)2

WCy(Ret + 0w %) 2+0w %> (Chow®® + 1)

Im =
(Caow®5 + 1)24+w?C2(R.t + ow™05)2

When w — 0 (approaching DC):
Re ~Rq + R, + ow™ %>
Im =~ ow % + 202Cy
Cancel w, we have:
Im =Re —Rq — R, + 20°Cy

Electrochemical Engineering Zhe Cheng

Cd
|
—
— {2
Rct
zfm
2
Zﬁ'ﬁ = RQ + R(.'I_ 2c Cﬂ'
. Slope =1
’
&
l"'
:"’
"’
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Impedance Spectrum for Electrode with
Warburg Element (i.e., Involving Diffusion) (2)
© T

When w very large, %> neglected,

1 1

R, +ow™0%3(1—))

- the same as charge-transfer controlled electrode process w/o diffusion limitation

Z=RQ+

jwCq + jwCy + Ri
ct

Combine two scenarios: Zim
High w - charge transfer Kinetic Mass
limitation control transfer

control
Low w = mass transfer

(diffusion) limitation
Rqg, R, C4, o all can be
obtained from Im vs. Re
(Nyquist) plot

J, obtained from R_; by
RT

" nFR,,

S S
B T et -

Jo

cf
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Homework

Bl—
(QRead textbook chapter 6 and give an honor statement confirm reading

Raise THREE (3) question that you don't understand for lecture videos
In case you have understood everything and don’t have that many questions, please
give corresponding number of multiple-choice problem (together with your answer)
that you feel can be used to check a student's understanding.

An example multiple-choice problem could be:

Which of the units below can be the unit for current density j?
a) A

b) A/cm? (Answer)

c) V

d C
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EIS Example (1) - Supercapacitor

e
500
2
400 -
E
o1
5
- 300 1 ~8-Px-MWCNT
=
°
= —4—PANI-25 . y
200 i ’ Z'k:hm ‘
~s—PANI-50
sl —o—PANI-75
——PANI
0 LJ LJ LJ L]
0 100 200 300 400 500

Z'/ohm

EIS of the PANI/Px-MWCNT based supercapacitors

D. Potphode, et al., Electrochemica Acta, 2015, 155, 402-410
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EIS Example (2) - Li-ion Battery

_» collector

“— Current
collector _

Current *

Lithium in active Lithium in

Lithium
diffusion

Positive electrode
Lithium

Negative electrode

Ac{ive material in

malterial l electrolyte | electrolyte
Al B ! ' D
o I | |
t : : : Z
‘é’ : : Frequency @ : w
= | : decreasing ,
I :
| I [
| [
| l Re(2)
R | High | Medium H Low
o frequency frequency ' _ frequency

Internal dynamic phenomena and the
corresponding Nyquist plot of Li-ion battery

D. Zhou, et al., Energies, 2016, 9, 123

Electrochemical Engineering Zhe Cheng
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EIS Example (3) - Biosensor

900-
3.
[Fe(CN)6] o] A .. ' Wi F
7”‘ Py LR ¢ *
ot Grte, e T T
1.-"" L_.ﬂ‘!r 600+ ~.' b - ..\ - o!
ALl T — .g 500 - “..000.. ', :; g ’0 v' : ,‘
400 Sons, o X vor
2 ‘A A‘ .. AY " s ./
] N WS ARYTSY
/ 200< % e
o 100<
| a/
o‘ '''''' T —————
T 400 800 1200 1600 2000 2400 2800 3200
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[}
'l
“:Jwi; aptamer + 17 B estradiol
¥

Nyquist plots of electrodes incubated with

Label-free biosensor for 173-estradiol different concentration of 17B-estradiol

Which one has the highest concentration?

Z. Lin, et al., Analyst, 2012, 137, 819
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EIS Modeling

LEIS modeling
= Electrochemical cells can be modeled as a network of passive electrical circuit
elements. The network is so called “equivalent circuit”.
» The EIS response of an equivalent circuit can be calculated and compared to the
actual EIS response of the electrochemical cell.

UModeling process

=  Get the experimental data = cd .
= Develop a possible equivalent circuit - )
= Adjust the parameters (e.g., C,, Rp, -
Ru) until fitting well £ |
QdCommon software oy e 03
" ZSimpWin - 10058502 4
=  Gamry Echem Analyst 00402 | . 92-11:_;‘;"* s

-2.00E+02 + + t t + +
0.00E+00  5.00E+02 1.00E+03  1.50E+03 2.00E+03 2.50E+03 3.00E+03  3.50E+03

Real (Ohm)
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Impedance Spectrum for Electrode with
Warburg Element (i.e., Involving Diffusion) (3)

Electrode reaction controlled by both charge transfer & diffusion

w = yoJlf_w Yova e (3) 0.5=Y0\1/6'exp< ~i3) = YO\l/_ (é‘é)zm_o's(l_”

Cd
1 |
wCy + — . I
T T Re #0005 (T=)) —F,
1

Z = RQ + 1 RCt

Jota + Ry + 0w %5 — jow=05
PR Ry + ow™ 0% — jow™05 R, Ry + 0w ™ — jow™05

© T jwCy - (Ryt + 0w 05 — jow=05) + 1 1 + ow%Cy + j(wCyiR + ow®>Cy)

P (Ree + 0w %% — jow™ %) - [1 + 0w®>Cy — j(wC4R + 0> Cy)]
e (1+0w%Cy)% + (WC4Rt + ow>Cy)?

P— Ryt + 0w ™% + Rpow®>Cy + 02Cy — 0w CyRey — 0°Cy — jow™° + 62C4 + wC4RZ% + 0w " CyR . + 0w CyR . + 02Cy)
e (Cqow%5 + 1)2 + w2C: (Rt + ow™05)2

7R 4 Ry + 0w ™% —j(ow™% + 62C4 + wC4R% + 20w " CyR s + 02Cy)
& (Cao0w%5 + 1)2 + w2C3 (Rt + ow™05)2
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Impedance Spectrum for Electrode with
Warburg Element (i.e., Involving Diffusion) (4)

~ I
7R 4 R+ 0w ™% —jlcw™% + 62C4 + wC4R% + 20w >C4R e + 0%Cy)
“ (Cq0w05 +1)2 + w2C2(Ry + 0w~05)?2
7= R+ Ry + ow™0° 0w % +02%C; + wCyR% + 20w Cy4R, + 02%Cy
= Rgq J

(C4ow°> +1)2 + w2C3(Ry + ow™05)2 B (Caow®5 +1)2 + w2CZ(Ryr + ow™05)2

Ry + ow™0°

(C4o0w%5 + 1)24+w?2C5(Re + ow™05)2

R€=RQ+

0w + 0%Cy + WCqRE + 200°°C4R e + 0°Cy

Im=—
(Caow%5 +1)2 + w?CE (R + ow™05)2
; ow % (14 ow®5Cy) + wCi(RZ + 200 "Ry + 02w~ 1)
m=—
(Caow®5 +1)2 + w2C3(Ryr + ow™05)2
, ow %5 (14 ow®Cy) + wCy(R. + ow™05)?
m=—

(Caow°5 +1)2 + w2C5(Ry + ow™05)2

wCi(Rer + 0™ %) 240w %> (Cho0%> + 1)
(Cao0w%5 + 1)24+w2C5(Re + ow™05)2

Im =
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Combining Impedance (2)

I
. . _Z1+Zy; (R +jXy) - (Ry+jX3)
(dParallel combination Ziotal =75 7. = R T IX) T R T 1K
Z, . . .
(R + X)) - (Ry +jX2)  (RiR; — X1X3) + j(R1 X, + Ry Xq)
L ot = R R) FIOG+X) | (Ry+ R + 0K, + X))
s I 7 _ [(RiR; — X1X3) + j(R1 Xz + R X1)] - [(Ry + Ry) — j(X; + X3)]
y4 total (Ry + Ry)% + (X1 + X3)?
2

Ziotal = [(Ry + R2))(R1Ry — X1 X5) + (X; + X2) (R Xy + R X1)] +jI(Ry + R) (R Xy + RpXy) — (Xy + X)) (RiR; — X1X5)]
(Ry + R2)% + (X1 + X,)?
R2R; + RyR3 — Ry X, X, — Ry X, X, + Ry X1 X, + RiXZ + RpX2 + RyX X,
T (Ry + Ry)? + (X; + X,)?

_ RiXy + R{RyX; + Ri{R, Xy + R3Xy — RiR, Xy — R{Ry X, + X7 X, + X1 X3

I
m (R + Ry)? + (X1 + X3)?

_ R{R; + R{R + R X} + Ry X? I = RiX, + R3X; + X7 X, + X1 X3

Ry + R+ (X1 + X;)? (Ry + R2)2 + (X; + X,)2

_ RiRy;(Ry +Ry) + RiX3 + Ry X? Im = (R + X)X, + (R3 + X)X,
(R + Rp)? + (X1 + X3)? (Ry + R2)* + (X1 + X3)?
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Impedance Spectrum for an Electrode
w/o Diffusion Limitation (2)

B
C, -Im § o 1
RQ H m_ RCth
— —
1 o — O o — 0
R, A /
: 0 Ro  Rq+ R, Re
R R deRgt
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R wC,4R?
Re =R, + ct Im = dfct
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2 2 2 2
Re — R — & _ Re _ Ret _ Ret _ R n ﬁ
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2 2 2 2
R R RZ R wCyRE
Re__Ct_RQ +Im?* = Ctz 2 | — Ctz 7 T = + ‘ ;tz
2 1+ w?C;iRS, 1+ w?C;iR%, 2 1+ w?C;iR:

2 2 2
Re — Rer R\ +Im? = R% — Ré — w?C4R% + (wCqR%)? 4 Ree\" _ (Ret
2 (1 + w2C2R2,)? 2 2
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