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Lecture #7 of 20
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Measurements in
Electrochemistry
Chapters 1 and 15
199

Q: What's in this set of lectures?
A: B&F Chapters 1 & 15 main concepts:

e Section 1.1: Redox reactions
e Chapter 15: Electrochemical instrumentation
e Section 1.2: Charging interfaces

e Section 1.3: Overview of electrochemical experiments
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Looking forward... Section 1.1 (and some of Chapter 15)
e Reference electrodes
® 2-electrode versus 3-electrode measurements
e Potentiostats (halfway complete)
e Compliance voltage/current

e J-Eand I-E curves

Kinetic overpotential

Electrochemical window

Faradaic reactions

201

... now, as mentioned earlier, unfortunately, real reference electrodes 202

can do none of these things perfectly... RECALL .

202
... SO we resort to a 3-electrode potentiostat... 203
RECALL.:
WE = working CE = counter (or
electrode auxiliary) electrode
RE = reference
electrode
“Out of sight, out of mind” is a telling proverb/idiom!
203
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... invented in 1937 by Hickling... 204

RECALL:

STUDIES IN ELECTRODE POLARISATION.
PART IV.—THE AUTOMATIC CONTROL OF THE
POTENTIAL OF A WORKING ELECTRODE,

By A, Hickuine
Received 16th September, 1041.

Although the electrode potential is considered to be the dominating
factor governing many electrolytic processes, it is one of the variables
least amenable to direct experimental control. In general it can only
be indirectly changed or maintained during electrolysis by alteration of
such factors as current density, temperature, electrode material and
electrolyte composition. A device whereby the potential of a working
electrode can be fixed at any desired arbitrary value would seem, there-
fore, to have many valuable applications in the exploration of electrolytic
processes, and the present paper describes an electrical circuit by means
of which this aim can be achieved.

... Would a person drive a car without knowing how an ICE works?... Okay, bad example...

Hickling, Trans. Faraday Soc., 1942, 38,27

204

If we want to be able to adjust the voltage on the WE, we introduce £,,, 205

here-: RECALL:

a voltage-to-current amplifier (/,
current between the CE (and

und) in r to maintain the difference

n potential between the WE/ground and RE

(Eypp = Vi,); gain = R/R

a current-to-voltage converter (current
follower) with IN* held at ground, and thus IN
at virtual ground; /,,(WE) = V,,/R, where R is
termed the feedback resistor

10/16/2026

a voltage follower with unity
gain due to the two 10kQ
resistors, and so V,, = V,,,, and
even if I,,, is large, it does not
draw from V, (stable), but
rather from the “muscle” (leads
not shown)

circuit

UTPUT
VOLTAGE = IR
vs. ground

205

Note especially the following for

1. The working electrode (WE) is at (virtual) ground

“older”

impedance, Z = R +iX. You “cannot” get an electrical shock at this
electrode or at this input to the potentiostat.

N

w

. Amplifier U3 takes the current at the WE and converts it into a potential

so it can be recorded. V = IR at the output of U3.

. The reference electrode (RE), connected to the non-inverting input (+) of

the op-amp U2, is asked to source a minute amount of current (~3 fA for
this particular op-amp; 0 fA is the ideal case).

. Op-amp U1 produces, at the counter electrode (CE), an output current,

lout, that is proportional to the potential difference between RE and WE
(i.e. ground). Caution: You CAN get a lethal shock at this electrode.
However, this power is not infinite (your wall sockets have a limited
power they can supply). The potentiostat limits are termed the
compliance voltage and compliance current...

206




Beware of compliance voltage issues (maximum voltage to CE)... 207
.. and compliance current too!

5.
801977 4 gmM ferrocene, 0.1M [NEL,J[BF, ], MeCN

6.0x10° 4 flow rate = 1ml/hr

4.0x10° 4

2.0x10° 4

0.0

1A

2.0x10° 4
-4.0x10° 4
6.0x10° 4

-8.0x10° 4

EN

https://www. com/en_us/prod 1 hemistry.html

207
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Active I/E Converter versus Passive |/E Converter
... meaning “older”

Cuntral Amp

 Advantages
Both the mezsured cuent sgnal and the measured vollage signa ae referenced
to the potentiostat's ground. This makes far easy interconnection to

Dsclibsoops o data tquistion System wEhoUt the need for clerentsl ampifers.

The Working Bectrode s e2sly proteced from nolse by using coax cable and
grounding the shield,

VE Camverter " » Disadvantages

current «ing electrode
e e T T o s T

1o langer m

A%
1

v the L it 5 ot overioadsd, t can Rave ssvere infusnce on
patenticstat stability. This was noted In the mid 60°s [ Ref 1 1. The LE converter
must be de-tuned in order to insure patentiostat stability.

This design Is not well sulted for high current potentiostats since twe high current
enpiifiers must be designed and built; one for the Cantrol Amplifier and ane for
the I/E Converter.

On the Instability of Current Followers in Potentiostat Circuits

Davis and Toren, Anal. Chem., 1974, 46, 647

208

209

Active I/E Converter versus Passive I/E Converter
... meaning “newer”

Cuntrul Amp

“Many modern potentiostats use the architecture shown

here, yet it is rarely discussed at length in textbooks!”
Electometer

“This scheme has been used by Gamry, PAR, Solartron,
and perhaps others [and likely Bio-Logic].”

I Comverter
Hm «‘

L S Unlike the active I/E converter design,
} o * this l/E converter is passive... current only flows
through passive circuit elements (e.g. R, C, not op-amp)
= { . * the working electrode is NOT at (virtual) (earth)
e ground
* the electrometer is differential between the RE and the
WE sense (RE #2)

209
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https://www.metrohm.com/en_us/products/electrochemistry.html

210
Active I/E Converter versus Passive I/E Converter

... meaning “newer”

Cuntral Amp + Advantages

The I/E Converter amplifier must only report the iR drop across the current sense
resistor It s is not involved in the control of the working electrode and it does not
have to be a high current amplifier. The frequency response of th VE
converter can be faster than the “active" design because of this.

response does not have to be sacrificed for patentiostat stabiity

Electrometer

3 converter s not involved in the “control loop."
\E Canverter » s differential, this design can be
o used to control the voltage across a membrane or across the interface between

ik two immiscible fiquids. In this application two reference electrodes are used, One
s connectad ta the Refarence Input, and the othar (on the othar side of tha
membrane o interface) i connected ta the Working Sense input.

NE
1

+Disadvantages

The Common Mode Rejection Ratio (CMRR) of the differential electrometer can
Control Amp have a profound influence on the stabilty of this potentiostat. There are two
! ctr

reference electrode to the counter electrode via the electrometer and control
ough the Wik Sense input,
estabilizing.

‘amplifier. This path gives stability. The pe
however, is a positive feedback path ar

reference resistance, but the voltage drop across the current measuring resistor as
well. In many commercial designs, the valtage drop across this resistor Is 100 my
or less, even at full scale’ current. The differential amplifier often amplifies the
voltage level (to a nominal 1V at full scale current) as well as buffering it

210

Potentiostat summary... for non-EE majors... 2
* The potentiostat does not control the pote.REQtALL:

working electrode! (a little, in newer models)

The potentiostat controls the potential of the counter
electrode only (relative to the working electrode) (not
entirely, in newer models)

The counter electrode is the most important electrode for
the potentiostat EE, followed by the reference electrode

Compliance voltage and compliance current limits are very
important in the choice of the potentiostat / application

With a few components you can build your own potentiostat
for < $100!

“Passive” (newer) potentiostats do not hold the WE at earth
ground, but can also measure potentials across electrolyte

interfaces using 4-electrodes Rowe, ..., Plaxco, PLoS One, 2011, 6, €23783
Mott, ..., Sykes, J. Chem. Educ., 2014, 91,1028
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... and that is why we use a 3-electrode potentiostat... 212

WE = working
electrode

212

CE = counter (or
auxiliary) electrode

RE = reference
electrode

“Out of sight, out of mind” is a telling proverb/idiom!




213

Looking forward... Section 1.1 (and some of Chapter 15)
e Reference electrodes

® 2-electrode versus 3-electrode measurements

Potentiostats

e Compliance voltage/current

e J-Eand I-E curves

Kinetic overpotential

Electrochemical window

Faradaic reactions

213

... okay, now let’s measure the current

that flows as we change the potential of
the platinum working electrode (imagine Working [ Reference
that we have a potentiostat here that | R
allows us to do that).

l Purging tube

I
SVC3 Tefion ca Counter electrode

—

L

Let’s suppose that this WE is
platinum, and that all three
electrodes are immersed in =

aqueous 1.0 M HCI

http://www.bio-logic.info/potentiostat-
electrochemistry-ec-lab/accessories/analytical- 012668 Adaptor
cell-kit/small-volume-cells/ e

214

... okay, now let’s measure the current that flows as we change the potential of the 215
platinum working electrode (imagine that we have a potentiostat here that allows us

to do that). (UPDATED)
What is the starting potential for this experiment?

That is, what is the open-circuit potential (£,.)?
And what is the reference electrode?

... inaqueous 1.0 M HCl...

anodic current

an oxidation:

201 (aq) = Cly(g) + 2¢7 Somewhere in here... but

not sure where... it is not
clear which half-reaction is
dominant...

T &V
-0.5 0 +0.5 10 ‘[ 15 ... although my guess it that
onset of Cl'oxidation  the E__is set by small
amounts of impurities like
Fe(l11), Fe(l1), Cu(ll), O,, etc.

onset of H* reduction

a reduction:
2H* (ag) + 2e" = H,(g)

cathodic current

215

10/16/2026



http://www.bio-logic.info/potentiostat-electrochemistry-ec-lab/accessories/analytical-cell-kit/small-volume-cells/
http://www.bio-logic.info/potentiostat-electrochemistry-ec-lab/accessories/analytical-cell-kit/small-volume-cells/
http://www.bio-logic.info/potentiostat-electrochemistry-ec-lab/accessories/analytical-cell-kit/small-volume-cells/
http://www.bio-logic.info/potentiostat-electrochemistry-ec-lab/accessories/analytical-cell-kit/small-volume-cells/
http://www.bio-logic.info/potentiostat-electrochemistry-ec-lab/accessories/analytical-cell-kit/small-volume-cells/
http://www.bio-logic.info/potentiostat-electrochemistry-ec-lab/accessories/analytical-cell-kit/small-volume-cells/
http://www.bio-logic.info/potentiostat-electrochemistry-ec-lab/accessories/analytical-cell-kit/small-volume-cells/
http://www.bio-logic.info/potentiostat-electrochemistry-ec-lab/accessories/analytical-cell-kit/small-volume-cells/
http://www.bio-logic.info/potentiostat-electrochemistry-ec-lab/accessories/analytical-cell-kit/small-volume-cells/
http://www.bio-logic.info/potentiostat-electrochemistry-ec-lab/accessories/analytical-cell-kit/small-volume-cells/
http://www.bio-logic.info/potentiostat-electrochemistry-ec-lab/accessories/analytical-cell-kit/small-volume-cells/
http://www.bio-logic.info/potentiostat-electrochemistry-ec-lab/accessories/analytical-cell-kit/small-volume-cells/
http://www.bio-logic.info/potentiostat-electrochemistry-ec-lab/accessories/analytical-cell-kit/small-volume-cells/
http://www.bio-logic.info/potentiostat-electrochemistry-ec-lab/accessories/analytical-cell-kit/small-volume-cells/
http://www.bio-logic.info/potentiostat-electrochemistry-ec-lab/accessories/analytical-cell-kit/small-volume-cells/
http://www.bio-logic.info/potentiostat-electrochemistry-ec-lab/accessories/analytical-cell-kit/small-volume-cells/
http://www.bio-logic.info/potentiostat-electrochemistry-ec-lab/accessories/analytical-cell-kit/small-volume-cells/

... okay, now let’s measure the current that flows as we change the potential of the
platinum working electrode (imagine that we have a potentiostat here that allows us

to do that). (UPDATED)

Current flow is proportional to rate, so let’s write this like chemists:

216
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. [anodic current
z an oxidation:
2CI (aq) = Cl, (g) + 2e~

onset of H* reduction

T 1 T
-0.5 0 +0.5 1.0 I 15

a reduction:
2H* (ag) + 2e" = H,(g)

cathodic current

216

Rat mol\ d# i
ate s | dt nF

... but for electrochemists, this is
less useful because it depends
on the experimental set-up (i.e.
electrode area)!

E,Vvs. SHE

onset of CI oxidation

Rat mol \ i j
ae\s-em?) “nFA " uF

... this is much better! ...

Can you define each of these
variables by name and unit?

... okay, now let’s measure the current that flows as we change the potential of the 217
platinum working electrode (imagine that we have a potentiostat here that allows us

to do that).

anodic current
an oxidation:

onset of H* reduction

a reduction:
2H* (aq) + 2e” = H, (g)

cathodic current

217

Given that the reactions shown
here occur in a single cell (no

macroscopic salt bridge), when
this E is applied to the WE and

20 (aq) = C|2 (g) +2e / current flows at this /, what

current flows at a large Pt CE...

... and where on this plot would
you put a point to show its
response?

E,Vvs. SHE

T 1
-0.5 0 +0.5 1.0 1.5 psssst! Don’t forget about me... I'm still here!

onset of CI oxidation

sght,outof mind” i 2 telling proverb/idiom!

... okay, now let’s measure the current that flows as we change the potential of the 218
platinum working electrode (imagine that we have a potentiostat here that allows us

to do that).

anodic current

an oxidation:
2CI™ (ag) = Cl, (g) + 2e~

onset of H* reduction

cathodic current

Given that the reactions shown
here occur in a single cell (no
macroscopic salt bridge), when
this E is applied to the WE and

current flows at this /, what
/ current flows at a /arge Pt CE...

... and where on this plot would
you put a point to show its
response?

T T T E,Vvs. SHE
-0.5 0 +0.5 1.0 ‘[ 15
onset of CI oxidation
e
a reduction: Current matching... “equal and opposite”...
. BN ... the current at the WE is the same
2H" (aq) + 2e” = H, () as that at the CE...

... Kirchhoff's Current Law

... okay, but what if protons could not be reduced so easily? An overpotential is required!

218




Now, pretend this experimental I-E curve (from my labs; in fact) was measured 219
when the Pt WE was switched with a Hg WE... why does little current flow until ~

- ?
1Vv? ... Overpotential! ... which is present due to kinetic/rate/current limitations

y —Working
/ Electrode

Counter
Electrode

What if you dump in Cd?*, whose E°(Cd?*/Cd®) = -0.4 V vs. SHE?

... Current response will be kinetically determined and
current will start to pass at about -0.4 V vs. SHE

otential, V vs. SHE

219

Also, don’t forget about possible compliance voltage issues (maximum voltage 220
to CE)... and compliance current too!

. under conditions of steady-state current flow, we are concerned with
matched (equal and opposite) currents at the WE and CE

I, WE vs. RE

Working
Electrode

-l CEvs. RE™_ Counter
(these data are flipped- Electrode

vertically on purpose) |||

Curgg

otential, ¥ vs. SHE

220

221

Looking forward... Section 1.1 (and some of Chapter 15)
o Reference electrodes

o 2-electrode versus 3-electrode measurements

Potentiostats

e Compliance voltage/current

e J-E and /-E curves

Kinetic overpotential

Electrochemical window

Faradaic reactions

221
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... more terminology...

222

supporting electrolyte — an “inert” salt added to impart ionic conductivity
to the solution (e.g. 1 M HCl, in this case)

background limits — the two potential limits at which the pure solvent +
supporting electrolyte begin to react at the working electrode

222

22
Electrochemical window (Potential range)

223

... more terminology...

3

... Red arrow entries are all
measured in 1 M acid

(1) If you wanted an
aqueous battery with a
large E,, what is the best
choice for the electrode
materials?

Hg (in aq 0.1 M Et,NOH)
or/and C (in ag 1 M HCIO,)

(2) Between aqueous
and non-aqueous
batteries, which can
generate the largestE, ?
Non-aqueous! ... much
larger “solvent windows”

B&F back inside cover

224

supporting electrolyte —an “inert” salt added to impart ionic conductivity
to the solution (e.g. 1 M HCl, in this case)

background limits — the two potential limits at which the pure solvent +
supporting electrolyte begin to react at the working electrode

polarizable electrode — an electrode operated within a potential range in
which no faradaic electrochemistry occurs

Scientist

Michael Faraday
(1791-1867)
from Wiki

224

anodic current
an oxidation:
2CI~ (aq) = Cly(g) + 2e~

onset of H' reduction

Ivent wind

T T T — E.Vvs.SHE
05 +05 10 15

onset of CI axidation

a reduction:
2H* (aq) + 2e~ = H,(g)

athodic current

10/16/2026




... and, even more terminology... 225

Faradaic electrochemistry — electrochemistry characterized by the flow of
current to/from electron donor/acceptor species present at the electrode
surface

Non-Faradaic electrochemistry — electrochemistry characterized by the
flow of current to/from an electrode surface in the absence of
donor/acceptor species, typically dominated by capacitive charging of the
electrode or adsorption/desorption phenomena

Scientist anadic current
cenle Faraday's law an oxidation
% “The amount of chemical 20r (aq) = Cl; (g) + 2e~
reaction caused by the flow of
‘ current s proportional to the et of - reduction
amount of electricity 1 “solvent window”
passed.” (B&F) r : = - — £,V vs. SHE
05 o +0.5 1.0 15
<
Typically, a “chemical reaction” onset of CI oxidation
Michael Faraday r;z;usursd bya mas;/{g} change
(1791-1867) and “electricity passed” is a reduction:
- measured by charge (C) flow. 2H" (ag) + 26~ = Hy (g)
from Wiki don't forget z in the math!
cathodic current
... and lastly, typical WE ranges for EChem experiments/technologies... 226
(UPDATED)
J
3y =+
26y =+
1y =+
]l ]l ]l ]l ]l ]l ]l ]l
I I I I I I I I
2.0Ex -15Ex -LOEx -0.5E-x 058x 10Ex 156x 208x L Vs SHE
ey =1
26y T
36y =1~
Cyclic voltammogram:x=0,y =4 -5 AE=05-4V =+100 pA/cm?
Nanopore:x=-1,y=9 E=$10V 1 nA/cm?
Photoelectrochemistry:x=0—-1,y=2 E=E, =+700mV  J=J_=+30 mA/cm?
FuelCell: x=0-1,y=0 E=05-1V J=1-5A/cm?
Solid-State Battery: x=0,y=3 E=1-5V J=1-10mA/cm?

227

A review of Section 1.1 (and some of Chapter 15)

o Reference electrodes

2-electrode versus 3-electrode measurements

Potentiostats
o Compliance voltage/current
® J-F and /-E curves

o Kinetic overpotential

Electrochemical window

o Faradaic reactions

227
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228

Q: What's in this set of lectures?
A: B&F Chapters 1 main concepts:

e Section 1.2: Charging interfaces

e Section 1.3: Overview of electrochemical experiments

228

229

Looking forward... Sections 1.2 and 1.3

229

RC circuits (~90% of slides)

Uncompensated resistance (R,)
Electrochemically active surface area (ECSA)
Luggin—Haber capillary

Placement of electrodes

230

anodic current

our Pt WE is polarizable within
this potential range...

onset of H* reduction

cathodic current

230

T T T E,V vs. SHE
0 +0.5 1.0 T 1.5
onset of Cl oxidation

... a polarizable electrode that has been polarized imposes a
background electric response — an added currentin a
voltammetric experiment, for example (not observable on
this scale as it is small) - that is transient (e.g. a blip) and is
observed in all electrochemical experiments...

... We need to understand this background current!

10/16/2026
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The electrical response of a polarizable electrode is approximated 231
by a series resistor and capacitor (a series RC circuit)...

Power
supply | E(Tjotal

ammeter
A

\' voltmeter

working electrode

DA &

resistor capacitor
= “solution” = “WE interface”

—AN—— E;=Eq+Ec+...
R C

231
The electrical response of a polarizable electrode is approximated 232
by a series resistor and capacitor (a series RC circuit)... (UPDATED)
Power . .
Supply R = the solution resistance
)emmeter (between the WE and CE)
\' voltmeter
6 I;I working electrode C = the net capacitance (of the
< s WE and the CE), Cmjotal
Z

resistor capacitor

= “solution” =“WE interface”

J\/\A/—“* ... to measure Gy yg), make Cy large... or use
R c

a three-electrode setup and a pstat

232
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