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J_Outline

* Review of major electrochemical techniques:
= Cyclic voltammetry / Square wave voltammetry
= Amperometry
= Potentiometry
= Impedance spectroscopy
* Instrumentation:
= Design criteria of a potentiostat
= Low-noise potentiostat
= Bipotentiostat and multichannel systems
= Miniaturization and CMOS potentiostats
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|Genera| Electrochemical Instrument

Potentiostatic configuration:

. STIMULUS GENERATION
~ Ve -

CE SOLUTION : = :
SIGNAL ACQUISITION 3

MULTIPLE .
MEASUREMENTS -

* Apply a voltage Vg, and measure the current ||

INTERFACE

ELECTRODE WE

|—> 2 sections: generation and sensing

* Multiple measurement types by changing stimulation waveform
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J_Families of Analytical Techniques

interfacial
electrochemical techniques

.

- . static techniques dynamic techniques
Detection techniques: “ éjmq ' {i%m !
pmel?timfne{ry mntrlulled cmnt}olled
. otential current
» Potential step/pulse methods [ ’ ! |
p controlled-current
» Potential sweep methods S i s coulometry
| /5. |
° ContrO”ed-Cu rrent ampertmﬂry cnntrullej—putential
teChanueS II l ke _caergm?tr}f
° MethOdS based On siﬁtrt::?n\ stripping ,.;EEJS;E:{
impedance l ".TDH-EI.I:':'IFHE'-'[F}"
. . hydrodynamic
» Scanning Electrochemical  orammery
Microscopy 1 ] |
linear potential pulsed potential cyclical potential
polarography and pulse polarography cyclic

stationary electrode and voltammetry voltammetry

voltammetry
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Families of Analytical Techniques

|
STIMULUS GENERATION :
- Ve -AVAV’ CYCLIC VOLTAMMETRY :
. © AMPEROMETRY :

: AAA~ IMPEDANCE
CE SOLUTION : -
SIGNAL ACQUISITION
INTERFACE
TOR

ELECTRODE WE

MULTIPLE .
MEASUREMENTS -

Major ones:

« Cyclic Voltammetry

« Amperometry

» Impedance Spectroscopy and Tracking
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Cyclic Voltammetry

Excitation * Triangular wave: slope = scan rate

* Important parameters:
- E,and E .

; " ihc and iy,
= B9 =(E,, + Ep)/2
= AE = |E_, - E|

< .
— « EO formal redox potential
> * detection of chemical reactions
* evaluation of electron transfer
kinetics and diffusion rates
E._V
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J_Peak Current (Reversible Systems)
—_ -

E,

O+ne R

i,=0.4463-n-F-A-C-(D-SR-nqg/KT)"?

n : n. of electrons
F : Faraday’s constant (96485 C/mol)
; A : electrode area;
____________________ foX P _ C: concentration (mol/litre)

R
O+ne D: diffusion coefficient (cm?/sec).
SR: scan rate

E;

Arxewdic paak currart

E°’ V

Current ud

I,.= i for a reversible system

6 = 0 12 14 16 1% =0 =z =4
4 Scan Eate (11 % 5]
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J_Peak Potential

AE = |E ; - Epc|= 59/n mV at 25°C
independent of SR

N

n, reversibility

Chemical fingerprint
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|Quasi-ReversibIe or Irreversible

B - Quasi-reversible:

= AE, > 359 mV and AE, increases with increasing SR
A - Irreversible:

= no return wave, 2 waves do not overlap

K

E — E
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J_Multi-EIectron Transfer

At+te — B Eoag
B+te — C Eosc

:]u 1 1 T T 1 7 H
Eoas < Eosc
20 F i
- B+e-— C
= A+e — B
- —
E 10} € -
5
=
E O 4
-10 | .
_20 | 1 | | ] 1 1

¢.1 0o -01 -0.2 -0.3 -0.4 -05 ~-06 -0.7
Potential (V)
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J_Spurious Effects

WE

| ' }
) 1) Capacitive current

_1. !

RE
'
!

3) C4Rs time constant

2) IR, drop

:
.

_'_+'£ II - " L L)
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J_Square Wave Voltammetry

Evolution of linear sweep voltammetry: superposition of a

square wave with large amplitude AE and take i, — I

Obtain the derivative of the voltammogram (differential square
wave voltammetry)

+
\

FPotential

Time ——=
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J_Square Wave Voltammetry

Potential

A 1 delay —Avoid the capacitive current!!!

l

Better detection limit!

T1! u T2 | Tl v Tz | Ta! u T
e B e, g S
> time
Current

N N 2 approaches:

A N 7z l8 ~ cIntegrate over
N T E N T timeuy

B «Sample final
| value
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J_Multiple Square Wave Voltammetry

Potential
/

Generic pulse

= T —

E E E E E > time
i i i : a3
Cycle (M) ! ! ! ! ! !
: 1: 2} 3 ! ! ! Sampled DC Voltammetry
.___Stairdase Pulsd time _, i i :
F:’ulse timdI i : : : i
< : :
' E Multiple Square Wave Voltammetry
AE E i M= Staircase pulse time/ Pulse time
i+l 1
iaEs: 1 : 1 : i
Ej 1 1 1 I 1 H : i : i : N
K.'ﬂ \‘If K‘If e e e
E }/?I I I r‘:iri (‘:irz E/‘:irS hor |-
! ey e e ! | i |
1 1 1 1 1 1 I 1
\ \ ) i S
T T > E
' Ei'u Ej+1
=2 (i = 1) =2 (g = 1) N. Fatouros, J. Electroanal. Chem., 213
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J_Am perometry

300|
Recording current over time ata ~ _ '
fixed WE potential = 150
. : g 100]
I ¢ concentration ol
of . :
_ 50 i ]
02 01 00 01 02 03 04 05
leed VOltage O4V Potential vs. Ag/AgCl [V]
800p — 1n —
700p -
600p | 100M 800p | Step response
— 500p | 75uM — 0—->04V
< 125 <. 600p
2 400pt M z
2 50pM 2 '
3 300pr- 3 400p LA25M 4
200p - 100 Vi
p 250M %PHRA/I ,
100p | 200p 50uM ]
0 i} - —— 2 »
At B 0 it DUTEE
25 50 75 100 125 150 05 10 15 20 25 30
Time [s] Time [s]
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J_E.I e

ctrochemical Impedance Sensing

Sinusoidal excitation:
« Small signal (1-10mV) for linearity and minimal perturbation
» Wide frequency span: from <Hz to 100kHz-1MHz

60

50
40
30

ACapacitance [fF]

-10
-20

Time tracking:

20

10

+30mV
+20mV
+10mV
I
- W -10mV__|
1 1 L | | L 1 L
50 100 150 200 250
Time [s]

Frequency sweep:

1G
' PBS

—_ o PBS/5

S 100M g CPE + R Fitting

3

-.3 5

S 10ME

© C

= i

8 L

- TIME

S é CPE:

O [ 2

g [ | Q=10uF/cm

~ 100k | N =092
100m 1 10 100 1k 10k 100k 1M
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Impedance Spectroscopy Application

Very sensitive to interfacial properties

RE
' }
A W=AUC=AU (25um) | -—-) I——-—'\/\/\/\;*
s | e W=AuC=Ag/AgCl
e "y |——Fitting: CPE+R : !
10M 3 S — W_Ag/ AgC| C_ Ag/ AgCI Ca

Q—25pF n=0. o3 1 Applications:

oo,

okl | %4, ] - Corrosion

. R i - 444« Surface roughness
1Ok 3 B s T T e e : : EaE:

Impedance Magnitude [C)]

« Affinity biosensors

10 100 1K 0k 100k qy ° Dielectric properties

Frequency [Hz]  Battery SoC
oot camraiaror T




J_The Cole-Cole Plot

EIS spectra visualization: a very common representation in
Electrochemistry, alternative to Bode (Nyquist diagram)

-Im{Z} Kinetic Mass
control transfer
control

i
|
!
I
I
I
I
I
I
I
I
I
I
I
|
I
I
|
I
I
I

R R cr Ro+ R, Re{Z}

Ru'* )
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J_C.ol

e-Cole Parameter Extraction

10pF

100MQ

12nF
100M0
13Hz

]
HS i b

12000

000

—7"fohm

4000 -

Xz,

> i

| RAR, 4
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N| Two-Electrode Measurement
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|Two-EIectrode Measurement

>

potential

v—/

AV across the sample @4/ AV, sample-gold
>

distance
AV,,1-R and AV, change with current

AV, electrode-electrolyte

IR drop within electrolyte

AV across the sample is current-depend
- not well controlled

POLITECNICO DI MILANO
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J_Three-EIectrode Setup

Counter electrode.

>

potential

\/ —
IR drop

distance

 Avoids internal polarization of reference electrode
* AV constant: no current; silver-silver chloride, calomel...

 reference electrode near the sample to compensate for
major portion of cell iR drop
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J_A New Instrument: the Potentiostat

Combining current detection and voltage-control loop

%

DC,

INn

Out
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J_Reference Electrodes

Purpose: provide stable potential against which other
potentials can be reliably measured

Criteria:
= stable in potential (time, temperature)
= reversible
= reproducible

= potential shouldn’t be altered by passage of small
current = not polarizable

= easy fabrication and handling
= convenient for use

POLITECNICO DI MILANO
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J_The Silver/Silver Chloride Electrode

Ag wire coated with AgCI(s), immersed in
NaCl or KCI solution.

It is stable in liquid that has large quantity  r=s

of Cl- such as the biological fluid.
|

AgCl (s) + e= — Ag (s) + Cl-(aq) j

E° =+0.222V oy

6 mm

Stable to +275°C

From BAS www-site
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J_Instrument Design Specifications

Generation (cyclic voltammetry):
« Accuracy: ~1mV (59mV characteristic feature)
« Bandwidth: BW [Hz] = 40-SR [V/s]

OUT

1 T’
 — —l IN ,/’
1+ s7T ’

AV, =1.SR = 4mV — 1/(2n-1) = SR/(2n-4mV)
« Capacitive load >1nF

Sensing:
« Sensitivity: scales with electrode area, ~1pA - TmA
« Bandwidth: adequate for impedance and voltammetry
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J_Small-Signal Equivalent Model

T qml A simplified model of the
S : interface can be adopted for
g 100k¢ design purposes (stability)
O
8 1okl + stray capacitances
8 ;
E [
1k§— :
fm 10m100m 1 F10 190 [1:] Ol 100k 1M 1M Cell Front-end Equivalent Model:
requency [Hz s
R L CE U% . Ve CE
E ¢ RSOl - p/4r (6GQcm PBS) E \ Rsol1
: Electrolyte Voltage RE
- e — E i Rso
: * R, = charge transfer E || ver 22 ool
: : o ‘
° Cx =0.1 pF/Mm2 (PBS) m!‘Current amp. [Rx% ::C’J Ve
: - |Electrode WE oV ‘
. Modulated by the sample i —o L D P ul>—owej
C
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J_Standard Potentiostat
| T

R C

CE + ad P
-1 RE FBUF T
( - a WA -
|_ ad - PA
WE
_|_
potential output control input Y|;

® +
—— CS-VA -
C T CS-PA
R ph ) +
. e g

p
- -

Current sensing: | C

*Shunt resistor R _ BE=aNIC
*Transimpedance R; ’

Switches change range R_/R: ELEKTRONIK

POLITECNICO DI MILANO
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J_Galvanostatic Regulation

Set the current and measure the voltage:

CE

7 —-—

7 /‘ I:{flref (In)
7 (XA XY / / ; :
X d | RE [ + Out
77777777777 / 7 —I >

:

WE
current — VvV V]
— WE R

wide bandwidth more difficult (transimp. amp. in the feedback)
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J_Potentiometry

A particular galvanostatic case: current set-point=0
Measure the equilibrium potential of the interface

Y ._< Ve s
S - I B0
: ANALOG| = DIGITAL | : _
; 2 200
é = s
WE g I £ 150
- ~ .©
Amplifier E E;
------------- ™ amsssmmmsmnnns n? 100 +
50 -
The loop must be stable

Time [s]
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\J|Commercial Workstations

[ SPECIFICATIONS

Cell control

Wide cu rre nt range Connection 2,3, 4 or 5 terminals [+ ground)

Compliance 20V adjustable from +10V to 0-20V
Maximum current +400 mA continuous
Maximum potential 300V on20V
resolution programmable down to 5 yV on 200 mV
Maximum current 0.004% of the dynamic range
resolution 760 pA on the 10 pA range
o o0 <0.1% FSR*

p Rise time (10% - 90%) < 2 ps [No load)

Acquisition time 20 ps

Current measurement

n
n
:Ranges Automatic on every range n
. +10 pA to +400 mA (7 ranges) .
/ Maximum resolution 0.004% of the range
Acquisition speed 200000 samples/second
Accuracy (DC) <0.1% FSR*
Potential measurement
Ranges +2.5V,#5V, 10V, £10V adjustable
: Maximum resolution 0.0015% FSR*, down to 75 pV
Acquisition speed 200000 samples/second
LOW CURRENT OPTION Accuracy [DC) <0.1% FSR*
59'_‘ CaM i t 100 A conti Electrometer
aximum curren t mA continuous .
4 ABOOSTERKIT Maximum current 0.004% of the dynamic range, program Inputs 3 potential n-_'easurement_s
Cell control resolution 76 A on the 1 nA range Impedance > 102 ohms in parallel with < 20 pF
Maximum current +4 A continuous Applied current accuracy < 1% FSR* on the 1 nA range Bias current <5 pA
Poten“alr‘anges ;10\4'314,6\ <0‘5%FSR*0nthe‘|DnArange M EEEEEEEEEEEE NN NN NN NN NN EENEEEEEEEEEEEEEEEENENENg
I n n
Rise and fall time Potentio mode: 15 ps < 0.1% FSR* on the other ranges - EIS OPTION "
a . ‘...................................... "
10% to 90% Galvano mode: 100 pys : Current measurement o= Topebnns .
- n
Measurement - Ranges _ +1nA, 10 nA, 100 nA, +1 pA »*Frequency range 10 pHz to 1 MHz .
Potential accuracy (DC) <0.1% FSR* » Maximum resolution 0.004% of the range down to 76.3 fA EAmplitude 1 mVpp to 1 Vpp :
Current accuracy (DC] <0.2% FSR* - Accuracy < 1% FSR* on the 1 nA range - 0.1% to 50% of the current range .
Current noise '\mApeaktopeak[U_‘\[][]kHz]at.{.A [ ] <0,5%FSR*0nthe‘IDnArange ol EEENEEEEEESEEEEEEEEEEEEEEEEEEEEEEEEEEEEEER"
Potential noise 0,6 mV peak to peak (0-100 kHz) - < 0.1% FSR* on the other ranges - _EI'IEF":.l
Dimensions 435 x 335 x 95 mm
Electrometer Electrometer -
: i Weight 8.0 kg
Impedance 10" ohms Impedance 10" ohms in parallel with 1 pF P 85264V 47-440 H
Inputs 3 potential leads with 2 differential voltages Bias current 60 fA typical, 150 fA max at 25 ®c ower - - = : - z -
Bandwidth 1 MHz Bandwidth 1 MHz PC configuration Pentium IV, Windows 2000, XP or Vista
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|Commercia| vs. Custom Instruments

Pros:

*\Wide catalog of off-the-shelf products
*Versatile: wide range of currents and operating modes
*Professional software
Cons:

*Bulky (portable models are emerging)

*Few channels, rigid configuration/parameters
*Not optimized (performance can be improved for a specific

application)

POLITECNICO DI MILANO
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J_Enhanced Nanoscale Potentiostat

REMOTE HEAD . MAIN UNIT SOFTWARE
AD8610 : /l o Vin-AC e EIS
e TRACK

e CV

LPF N
j - Vinoe
| VREF

Vourt-Ac
OPAB57
LPF
’ j OUT-DC

Vout-ncaz[™ i SEEEE ¥
32 N\ 7 Ni6t115
LPF

ELECTRODES

Carminati et al., Rev. Sci. Instrum 80, 2009
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Input Current Noise [A/Hz"?]

HEAD Roc Ci Goc Gac BW Noise Max. Inc
CMOS | 45MQ 0.1pF 45MQ) 0oMQ) MHz | 3fA/sqrt(Hz) | 10nA
i 1GQ 1pF 1GQ | 400MQ | 1IMHz | 7fA/sgrt(Hz) | 10nA
different 1GQ) 10pF 1GQ) 4A0MQ [ IMHz | 10fA/sqrt(Hz) | 10nA
| 10MQ | 100pF | 10MQ AMQ) IMHz | /0fAlsqri(Hz) | 1pA
standard transimpedance with Reeedback = 1k() {OMHz | OpAlsqrt(Hz) | 4mA
T A T 76451 [[A=ToOmY. f=2dbe B =12 |
; Sl BT S
[ - — — Simulated T 76449 il W
PE 1 ommonr oo g o O e W fffffffffffffffffff M’
‘ 2=J00pF (=11 D T (7 e
v \ NG L LT ] % a6l || | | |
T A 5 ~fCror 'g 76445 | | | |
NpdfNCQ-1PF ol S 7644411 |
I gt ’ """""""" (IDC_1O e 764.43 -
P P R U T 1 764.42f
1FL_ e JOMOS (I=10nA) 1 754.41 1L |
100 1k 10k 100k 1M 0O 100 200 300 400 500 600 700
Frequency [Hz] Time [s]

Achievable Performance
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J_Multichannel Systems

Multiple working electrodes:
* to control the potential of different interfaces
 to address multi-electrode systems

Trade-off: parallel replication vs. multiplexing
« cost and size (routing, acquisition channels)
* input signal degradation

e« scantime

A
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Critical MUX Design

Channel addressing i MUX i
/. : o | Signal
&’ﬁl% | o i degradation

@
Q
2
A
I
1
i
i

\

\

.w! bl
 Control the potential ror ” W o
* Reduced cross-talk (coupling) 100 G ik 100k

O VRe oFF

_—— o o o o o o o :—I — T T

: : T [ | ——NoMUX

- Use of single switches =R I I 7o

o , 2 5 ADG333
* Minimize parastics % - | ——ADG1434 i
* Bias disconnected electrodes 2 100f [
2 T
3 e il Wy ]

Frequency [Hz]
marco1.carminati@polimi.it - I POLITECNICO DI MILANO




J_A Standard Electrochemical Setup

FARADAY
CAGE

FOLIMI
BIPOTENTIOSTA

FIL B

-------

Practical critical issues for s_ignal integrity:
 Shielding
* Long cables — stray capacitance

» Stirrer motor noise
marco1.carminati@polimi.it - I
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 From macro to micro-electrodes
* From static to microfluidics

precise manipulation of fluid

samples

same Size scale of biology
less reagent waste

faster reactions
miniaturization/portability
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Electronics Integrated with the Setup

L] L7
. £
— | 12 S
: - Chambers ' -
with MEA ¥
Inlets
{culture t
medium ";
it . i
|
| |
Acquisition unit - I
Microfluidics ! -

Microfluidic cell
culture chambers

24 Channels, 100kHz BW e

Microscope

Spring
w Screws i

Board
Liquid inlet

Silicon tape

PMMA i
Cells
Microelectrodes Contact pads
Chip UMD IGtor Peristaltic
. -~ Pump motor J eristaltic i
M. Vergani et al. TBCAS 2012 - T G =  micropump reservoirs
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Example 54 Channels

' Single WE 100MQ 100MQ
WEs _lin _ DG406
/ e 1 i 1 EII;|I-:|Z 1 N «-
RE — L oPAt2i
J'—'*— il framoter 2 - - 16 .‘
Confg CE O om0 toma 1
54 . .
54 |; DG406 . .
2‘-1-.__ ) AD in, B 4 .
- _- Ve /8510 1 oPATTR oz ] 1 -  [ADC (4)
"o e, 2 + LPF OPA124
.-. - - -. . o - -
RS A 1 161 .
. .b . BUT ?J-,
i I 1 \ .

54 Channels, 8kHz BW
3pA resolution
Connectivity issues
Power issues: 3.8W

M. Vergani et al. BioCAS 2012
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Example of Electrochemical Imaging

Tracking in real time the diffusion of the redox molecules:

DO X X X X 350 P I"..

| Pipette
cO -'
LB - _Analyte
> [OA -@d‘ffuslcm
35
X
|
[ |
| |
10.5s
b |
Jj 0 20 40 G0 80 100 120 8 9 10 11 12

]
12.5s 13s 20s 100s Time 5] Tima [

M. Vergani et al. BioCAS 2012
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J_From Discrete to Integrated Systems

Moving to an integrated circuit allows:

* Miniaturization
 Parallelization (multichannel)

» Reduction of parasitics

Au WE

POLITECNICO DI MILANO
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J_Single-Chip CMOS Potentiostat

Single channel, improving performance: matched-mosfets

oo e e s s e e e s e e e e e e e e e e Eh s e e e e e e e e e G G e e e e e e e .-

! T M1 20/20 T M3 15/60 N ON CHIP
| PONTENTIOSTATIC = &, L =41 » 0-1MHz BW
LOOP |
I CELL % Mp2 1980/20 % Mg4 150/60,
Vi i ncnéz_fé%%% S 15%5’6':0: 100k * SuU b'pA
| e | L T L T
: el —_— = * sub-aF
' RE I
s B o ol
! I, ' |
Vv
i il T 1 T [ ver = 120dB DR
2 T T T 1G
i 2 i o PBS
T 100V/s | - [ o PBS/5
-0 ngME_ CPE + RFitting |3
— QL 13 | B a ]
< — 2
= |00 01 02 03 04 S 1ML
c ]
o -1 . = i
5 —10mV/s S IMg
" —-—-100mV/s || 3 : a CPE:/ , LS
- - - -1Vis - Q- [ | Q=10pF/cm >
S
-3 —10Vis |1 = 100k} |n=092 k
00 01 02 03 04 100m 1 10 100 1k 10k 100k 1M
Potential vs. Ag/AgCl [V] Frequency [Hz]
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S\J| Multichannel CMOS Potentiostat

g

Workinyg Electmde (WE)
Vin

Immohilizing
Metal polymer /1ayer / DNA probe ‘.DNA target
¥ & ’- N - ’ o
(O5O] PP A A & ©®
. Y ! (]
o 2,

©r® \ S

—~@- S—5— || @ )
©--® ' o]

lon transport limited by
negative charge {electrostatic barrier)

576 Channels

e -_ﬂ..._
- _sett ns
AR LI T A

H ||rn'1l'l'”' N

100 nM complementary 30-mer
average area change (N=46): -38%

2k
< target 100 nM
=
= 0Of e
c =i
@ /,f‘ #######
= 4‘.-"‘"
3 -2} \
robe
4L P
-0.4 -0.2 0 0.2
Potential / V vs. Ag/AgCI
m i‘ Polypyrrole
oo |

settin

n"

miimiiniiaiisln

ACHICT

n biasing

1 mm

Pt electrode

44

marco1.carminati@polimi.it

F. Heer et al.
ISSCC 2008
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Commercial Single-Chip Potentiostat

General-purpose interface for electrochemical sensors

VREF VDD

LMP91000
3-Lead 12C INTERFACE
Electrochemical cnﬁ:f:m
Cell

VARIABLE
BIAS

VREF REGISTERS

DIVIDER

) DGND

) VOUT

i3 TEXAS
INSTRUMENTS
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J_Electrochemistry on Chip

Challenges for using the chip PADs as electrodes:

Material issues:

» Packaging (world-to-chip)

B MICROFLUIDIC

* Pad metal: aluminum vs. gold _DEVICE

 Surface roughness and
functionalization

System issues:
» Addressing and multiplexing

* On-chip vs. off-chip elaboration
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J_Pseudo Reference Electrodes

What happens if the RE is not ideal:
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J_Packaging

A suitable package should provide:

Protection of the chip from the liquid

Protection of the bonding wires (without breaking them)
Patternable exposure of the electrodes to the liquid
Long-term sealing for re-usable chips
Connectors/interface with the rest of the system

A standard biochip packaging approach is still missing.
Several artisanal solutions have been proposed. Industry
need an automatable approach.
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Packaging Approaches

A
well m Simplest
adhesive T sam:I: bond wire  For large chips, but Si
P area Is expensive
_sensors_ bond pad
CMOS chip
B polymer
adhesive [ ]
glass Rigid microfluidics
\ pfluidics f— Sealing issues
CMOS chip _
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iPackaging Approaches
——

polymer

Cover with photo-patternable
soft passivation

CMOS chip
PCB substrate

D j i)
parylene polymer

oo |

chip carrier

polymer layers e s
, Sacrificial layer
’ L

CMOS chi
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\J| Direct Sacrificial 3D Printing
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