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5List of Symbols

 [A]  _______ concentration of A

 ∂x∂y  _____ derivative of x with respect to y

 ∆E
p
  _____ peak separation

 ∆I  _____ I
forward

-I
backward

 ε
0
  _____ electric field constant

 ε
r
  _____ relative permittivity

 τ  _____ time constant of a capacitor (τ = RC)

 a  _____ activity

 a
Ox

  _____ activity of the oxidized species

 a
Red

  _____ activity of the reduced species

 A  _____ area

 A
geo

  _____ geometric area

 A
real

  _____ real surface area

 c  _____ concentration

 c(x,t)  _____ concentration in a 

distance x at a time t

 c
Ox

  _____ concentration of the oxidized species

 c*
Ox

  _____ concentration of the oxidized 

species in the bulk

 c
Red

  _____ concentration of the reduced species

 c*
Red

  _____ concentration of the reduced 

species in the bulk

 C  _____ capacitance

 CE  _____ counter electrode

 d  _____ distance 

 D  _____ diffusion coefficient

 E  _____ potential

 E
p
  _____ peak potential

 E
p,a

  _____ anodic peak potential

 E
p,c

  _____ cathodic peak potential

 E
step

  _____ step potential during DPV and SWV

 E0  _____ standard potential

 E0’  _____ formal potential

 EC  _____ charging potential applied 

to a capacitor

 f
Ox

  _____ activity coefficient of the 

oxidized species

 f
Red

  _____ activity coefficient of the 

reduced species

 F  _____ Faraday constant 

 I  _____ electric current

 I0  _____ current at t = 0

 I
backward

  _____ current recorded during 

backward step of a SWV

 I
cap

  _____ capacitive charging current

 I
forward

  _____ current recorded during 

forward step of a SWV

 I
p
  _____ peak current

 I
p
(ads)  _____ peak current for an adsorbed species

 I
p,a

  _____ anodic peak current

 I
p,c

  _____ cathodic peak current

 I
p,c,0

  _____ I
p,c 

in respect to the anodic baseline

 I
vertex

  _____ current at the vertex potential

 J  _____ mass flux towards the electrode

 K
L
  _____ solubility product

 m  _____ slope

 n  _____ amount of substance

 Ox  _____ an oxidized species

 q  _____ charge used to reduce a gold 

oxide layer per area

 Q  _____ Charge

 r  _____ roughness factor 

 R  _____ resistance

 RE  _____ reference electrode

 Red  _____ a reduced species

 t  _____ time

 t
interval

  _____ time between two points 

of measurement or time 

for a full circle in SWV

 T  _____ temperature

 U  _____ voltage

 v  _____ scan rate

 vs  _____ versus

 WE  _____ working electrode

 x  _____ the distance from the 

electrode surface

 z  _____ electrons transferred per molecule



10

3 Potentiostats



11Potentiostats

3.1 What is a potentiostat good for?

A voltmeter measures the potential difference between two points. To do so the circuit needs to 

be closed, but a very tiny current is usually flowing. This way you can see the potential difference 

between two points with almost no disturbance for the investigated system. 

Knowing the potential between two points is useful but manipulating potentials is even better. 

This is what a power source does. In all households, batteries are the most common example of 

DC power supplies: a power supply having constant non-alternating potential. In electrochemical 

applications DC power supplies are used for galvanization (the deposition of metals on 

conducting materials, often other metals). Another well-known application is the electrolysis of 

compounds. A common industrial example industrial example is the chloralkaline process where 

salt (NaCl) and water (H
2
O) are split into chlorine (Cl

2
), hydrogen (H

2
), and sodium hydroxide 

(NaOH).

The disadvantage is that you cannot investigate a single electrode and thus a single event. 

The current flows through the anode (electrode where oxidation happens) and the cathode 

(electrode where reduction takes place). Both these electrodes influence the measured current 

and the current limiting process cannot be determined. This is especially an issue in analytical 

chemistry. An electrochemical analysis that can be used easily with a power supply is the 

electrogravimetry. An electrode’s weight is determined and all the metal in a defined sample 

volume is reduced, which leads to the precipitation of the metal on the electrode. The weight is 

measured again and thus the amount of metal in the sample volume will be determined. Although 

this method works fine, it has some disadvantages. The process takes time, e.g. 30 min plus drying 

and weighting for copper, nickel or lead oxide. In the given potential window only the analyte 

metal should be reduced. Hazardous side products may be produced. The solution needs to be 

heated and stirred to decrease the concentration polarization and to make the conversion of 

the analyte complete. The metal layer must stick to the electrode properly, otherwise a precise 

weighting of the electrode is not possible. To use other electroanalytical methods a potentiostat 

is needed.

A potentiostat uses three electrodes and a feedback loop to control the potential and measure 

the current flowing at just one of these electrodes, the working electrode. The potential will be 

measured to a fixed reference point and thus a lot of information about the event happening at 

the working electrode can be gathered.

The potentiostat controls  
the potential of an electrode 

while measuring the current 
flowing through that electrode.
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3.2 How Does a Potentiostat Work (in a nutshell)?

As mentioned before a potentiostat controls the potential of the working electrode and measures 

the current flowing through it. Why not just two electrodes? One of the reasons is that we cannot 

measure the potential of the working electrode against a fixed point when we have just two 

electrodes. Imagine a two-electrode system that consists of the already mentioned working 

electrode and the electrode, which potential should be our fixed reference point, the reference 

electrode. We apply a certain potential between these electrodes and an electrochemical 

reaction happens at the working electrode, but since the circuit needs to be closed and current 

needs to flow, a reaction that is inverse to the reaction at the working electrode must occur, that 

is if an oxidation occurs at the working electrode, a reduction must take place at the reference 

electrode. 

If a current flows at a constant potential, an electrochemical reaction must happen according to 

Faraday’s law:

  3.1

This equation says that the charge Q flowing through an electrode is proportional to the amount 

n of a species that took or gave z electrons at the electrode. F is the Faraday constant and 

represents the charge of 1 mol electrons. The current I is the charge Q per time t flowing through 

the electrode:

  3.2

The equations 3.1 and 3.2 combination shows that the current I flowing is connected to the 

reaction happening at the electrode via the amount n:

  3.3

Imagine now that the current is flowing at the reference electrode. At this electrode, a species’ 

amount of n is converted. This conversion leads to a change of the surface or the concentration 

of the solution surrounding the electrode. The Nernst equation shows a clear correlation 

between the potential E of an electrode and its surrounding:

  3.4

E0 is the standard potential of the redox couple (Red and Ox). R is the gas constant and T the 

temperature. The activity of the oxidized and reduced form of the species a
Ox

 and a
Red

 in the 

surrounding solution is not easy to predict. This often leads to a simplification of the equation:

 
 3.5
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The two activity coefficients f
Ox

 and f
Red

 are included in the resulting potential E0’, which is called 

the formal potential. Since it contains parameters that depend on the environment, such as 

temperature and activity coefficients, E0’ cannot be listed but needs to be determined for each 

experiment, if necessary. Most experiments in analytical chemistry are performed at room 

temperature (295 K). This makes another simplification possible. Out of convenience also the ln 

will be transferred to the log.

3.6

For practical application equation 3.6 is the most used form of the Nernst equation. For many 

applications one can assume that E0 is roughly the same as E0’, because both activity coefficients 

are close to one. In this form (equation 3.6) the correlation between the surrounding of an 

electrode and its potential is visible more easily.

As mentioned before all the simplifications at equation 3.4 were performed: the change of the 

solution surrounding the reference electrode, due to a flowing current, leads to a change of the 

potential that is supposed to be our fixed reference point. But we cannot limit the current flow 

through the reference electrode (RE), because all limitations should be caused by the process that 

we want to investigate, the process at the working electrode (WE). The solution for this problem 

is a third electrode. At this counter electrode (CE), also known as auxiliary electrode, the counter 

reaction to the working electrode’s reactions takes place. 

The current is flowing between the working and the counter electrode. The potential is controlled 

between working and reference electrode (see Figure 3.1). 

Figure 3.1: A schematic three electrode system

The potential between counter and reference electrode is adjusted in such a way that the current 

flowing through the working electrode at a certain potential between working and reference 

electrode is satisfied. There are limits for the potential a potentiostat can apply between RE and 

WE (DC potential range) and CE and WE (compliance voltage). 

Since you control the potential between RE and WE it is easy to stay within the limitation of the 

DC potential range. Because the compliance voltage cannot be controlled by the user the CE has 

to be bigger than the WE. A bigger surface at the same potential leads to a higher current (see 

below chapter 4.2). A rule of thumb suggests that the CE should be 100 times bigger. For many 

experiments this may not be necessary, but for a good praxis you should ensure that the CE is big 

enough so that it does not limit the current flowing at the WE.
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Every experiment has been chosen for its representative character. A particular experiment can 

serve as an illustration of theoretical aspects, or it can be used as a model for electrochemical 

applications. The goals of each experiment will be given at the beginning of the corresponding 

experiment’s description. A theoretical introduction and reasons for the outcome will be provided 

as well. The experiments are sorted by increasing difficulty. 

Due to different backgrounds in education, you may want to do the experiments in a different 

order or perform only selected experiments. Please, feel free to do so. All this material should 

be considered as a starting point for the lab course or lesson. It most likely needs refinement 

according to the goals of your lab class and the knowledge the students already have. However, 

if you feel that this guide could be improved or if you would like to give us feedback, please don’t 

hesitate to write to info@palmsens.com.

This guide provides experiments and 
their theoretical backgrounds, 

but the responsible instructor 
may want to modify the texts or 
experiments according to his or 

her goals and students’ skills.

mailto:info@palmsens.com
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4.1 Copper and Nickel Deposition

4.1.1 Goals
Most students already know the basics of electrochemical potentials and how they are applied 

in batteries or electrolysis. This experiment is meant to facilitate a transition from what is taught 

in most schools and the slightly more advanced level of potentiostatic experiments. Because 

galvanization for depositing metals or other protective layers is a widely used technique 

in industry as well, some basic knowledge of this important process should be gained. The 

experiment and its discussion should teach:

• A general idea about corrosion protection

• How can the different standard potentials be exploited for metal deposition?

• How do electrodeposition paints work?

• How does electrogravimetry work?

4.1.2 Introduction

4.1.2.1 Corrosion research and corrosion protection

Corrosion is the destruction of materials by chemical reactions with the environment. 

Replacement of corroded materials in buildings, bridges, or monuments and painting or 

galvanization of building elements is a huge investment into maintenance. The study “Corrosion 

Costs and Preventive Strategies in the United States” showed that in 1998 corrosion cost the U.S. 

276 billion dollars. This is ca. 3.2 % of the US gross domestic product.1 Painting the Eiffel tower costs 

ca. € 4 million every 7 years.2

Without a proper and closed layer of paint this monument would become unstable and break 

down.

Therefore, one of the most important fields in electrochemical research is corrosion. Lots of 

researchers investigate mechanisms of corrosive processes and possible new methods for 

corrosion protection. Companies check paints and lubricants for their corrosion protection 

capabilities and develop new methods for creating coatings or creating non-corrosive 

environments for machinery, for example flooding the entire gears with oil. The paint is usually a 

mixture of a polymer, color pigments, and various additives for adjusting the physical properties 

of the paint. T hese additives create smooth or rough surfaces or grant UV-light protection. The 

paint is usually dispersed or dissolved in some solvent (water or an organic solvent). The solvent 

evaporates after the paint has been applied and a polymer with the additives and pigments stays 

on the painted surface. The result is a physical barrier between the surface and its environment.

Electrodeposition paints are paints that are made insoluble by an electrochemical reaction. 

A conducting work piece is dipped into the paint bath and a potential is applied. The created 

reaction close to the work piece’s surface will make the paint insoluble and thus a layer of paint 

precipitates on the metal surface. If the paint forms an insulating layer, the reaction will stop itself 

1 Gerhardus H. Koch, Michiel P.H.Brongers, Neil G. Thompson, Y. Paul Virmani and Joe H. Payer. 

Corrosion Costs and Preventive Strategies in the United States – report by CC Technologies 

Laboratories, Inc. to Federal Highway Administration (FHWA), September 2001

2 http://www.toureiffel.paris/en/everything-about-the-tower/themed-files/97.html
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by blocking the conducting surface completely; only the needed amount of paint will be used. 

These paints have different mechanisms. The most common one is neutralizing charges. The 

polymers in the paints have some charged functional groups which make them water soluble. 

These groups can be deprotonated acids or protonated bases. By way of illustration, we assume 

a polymer with deprotonated carboxylic groups (COO-) is used. Due to its negative charge, it will 

migrate towards the positive charged electrode, the anode. The potential at the anode is high 

enough for water to split as follows:

  4.1

The high concentration of H+, which implies a low pH value, close to the anode leads to a 

protonation of the COO- groups. As a result, the polymer’s COOH groups have no charge, and 

the polymer is not soluble in water anymore. The polymer precipitates on the anode (see Figure 

4.1). After completion of the deposition excess paint is rinsed away and the paint layer is cured. 

This means that the paint is heated up, so it can flow and form a uniform surface.

Figure 4.1: electrodeposition paint principle shown for a gold disc electrode

Corrosion protection becomes easier if the metal itself forms a protective layer. Aluminum oxide 

layers on aluminum are impenetrable for oxygen and thus protect the aluminum layer beneath. 

This has the advantage that damaged parts of the coating will be replaced by the aluminum itself. 

The thickness of the layer can be increased electrochemically, leading to a better protection.

Up to now the mentioned coatings were passive coatings. Active coatings can be created by 

covering metals with metals. This is usually done by dipping the metal to protect in a solution with 

a salt of the coating metal. A potential is applied between the metal that needs protection and an 

electrode made from the coating metal. A negative potential is applied to the core metal and all 

positive metal ions (cations) will migrate to the core metal that acts as cathode, where reduction 

takes place, and the ions are reduced to elemental metal at the cathode. The other electrode is 

oxidizing its own metal and releasing it as ions into the solution. This electrode is called anode, 

where oxidation happens (see Figure 4.2).
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Figure 4.2: the deposition of metals (galvanization)

Due to knowledge of the electrochemical series one can predict if a certain metal is nobler than 

another one and thus predict its behavior in contact with it. Noble metals are useful to create 

a coating that is inert to corrosion, but if the coating gets damaged and the less noble metal is 

exposed, a local element is created. The noble coating metal will take electrons from the less 

noble core metal as a result the speed of corrosion is increased instead of slowed down. An 

example of this would be chromium coated steel.

Coating with a less noble metal that passivates itself is usually a better idea. In case the coating is 

damaged, and the core metal is exposed the coating will act as a sacrificial anode. The noble core 

metal will drain electrons from the less noble coating and thus the core will reduce itself, while 

the coating is oxidized. An example of this is zinc coated steel. There are more ways to protect 

a product from corrosion, but within the framework of this experiment the knowledge of these 

most important methods will suffice.

Corrosion is an important research 
field because corrosion causes 
big amounts of damage to 
machines and monuments. 

Understanding and preventing 
corrosion is the goal of 

corrosion research.

4.1.2.2 Electrogravimetry and the Electrochemical Series

The deposition of metal is not only used to modify a surface for its optical appearance, or 

corrosion protection; this technique can also be used for analytical purposes. An electrode with 

a known mass is immersed in a solution containing the metal ions for quantification, the analyte. 

A potential is applied, and the metal ions are deposited as metal or metal oxide films. Which 

potential is applied and how the metal is deposited depends on the metal. Copper, for example, 

can be reduced at the electrode and deposited as elemental metal. It forms a properly attached 

film on platinum electrodes. This film can be washed, dried, and scaled. Lead ions are oxidized 

for deposition. A film of lead oxide is formed that sticks well to a platinum electrode. This film can 

be washed, dried, and scaled as well. The composition of lead oxide (PbO
2
) is known and so the 

amount of lead in the film can be calculated. 
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This technique for quantification demands clean and careful working. Damage of the film, remains 

of water or other solvents during scaling, unfinished deposition of the metal, or a wrong mass of 

the electrode without the film will lead to wrong results. It seems easier to measure the charge 

that passes through the electrode during the deposition, but often side reactions and capacitive 

current appear during these processes, and these will contribute to the charge passing through 

the electrode.

The electrochemical series show that different processes happen at different potentials. For 

example, copper is deposited at less negative potentials than zinc, and cadmium is easier oxidized 

than lead. These insights are also true for non-metallic species: Chloride will be oxidized to 

chlorine at lower potentials than water will be oxidized to oxygen. These differences can be used 

to determine different molecules from the same solution, if the difference is large enough for 

these processes to be regarded as separate. 

A classic example is the determination of copper and nickel from a mixed solution of copper and 

nickel salts. First the copper is deposited at the platinum electrode and after that it is scaled. On 

the copper film the nickel film is deposited by applying more negative (cathodic) potential as 

used for the copper deposition. After deposition this film can be scaled too. Since an error from 

the copper quantification will create errors for the nickel quantification, these quantifications 

must be performed carefully.

Deposition of metals can also be 
used for analytical methods. 

The differences in the standard 
potentials allow individual precipitation 
of different metals in the same solution.

4.1.3 Experimental
Below follows the instruction to perform the experiment.

4.1.3.1 Devices and Equipment
• potentiostat

• sensor cable

• USB cable (if not connecting via Bluetooth)

• computing unit (PC, Laptop, notebook, tablet PC (android), smartphone (Android))

• potentiostat software (PSTrace, PStouch)

• counter electrode

• reference electrode

• a few metal paper clips or a metal wire

• retort stand

• retort clamp

• beaker (electrochemical cell)

• stirrer and magnetic stirring bar
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4.1.3.2 Chemicals
• 18 mM CuSO

4
 in 0.5 M H

2
SO

4
 solution (prepared from solid CuSO

4
)

• 18 mM CuSO
4
 and 18 mM ZnSO

4
 in 0.5 M H

2
SO

4
 solution (prepared from solid CuSO

4
 and 

ZnSO
4
)

• 18 mM ZnSO
4
 in 0.1 M NaOH solution (prepared from solid ZnSO

4
, NaOH and demineralized 

water)

• concentrated NaOH or solid NaOH

4.1.4 Instructions

4.1.4.1 Deposition of Copper from a Copper Sulfate Solution

1. Set up the retort stand including the clamp. Insert the white cell top with holes into the clamp. 

Put the stirrer under the clamp and 50 mL beaker with a magnetic stirring bar between them. 

Bend the paper clip into a straight piece of wire. Most paper clips have an insulating coating. 

Use some emery paper to remove it. The actual shape of the paper clip wire is not important 

for the experiment, but a straight wire is easier to handle. Insert the counter electrode 

(platinum wire) and the reference electrode, the silver / silver chloride electrode (the electrode 

with the liquid filled glass body), into two of the cell top’s holes. Connect the paper clip to the 

working electrode cable (red) with the crocodile clip. Connect the counter electrode to the 

black cable and the reference electrode to the blue cable. Please be aware that the part of the 

reference electrode containing the diaphragm always needs to be in the solution or otherwise 

protected from drying. During evaporation of solution little crystals form in the pores of the frit 

and the electrode will be blocked. This should be avoided.

2. Fill the beaker with the copper salt solution. Position the electrodes in such a way that all three 

electrodes are in the solution. The paper clip wire should not be immersed deeper than the 

platinum wire.

3. Start PSTrace and choose the scientific mode in the upper left corner.

4. Select your potentiostat from the drop-down menu. If it is not in the list, press the refresh 

button (green arrows). Maybe your computer takes a while to install the USB driver. Press the 

Connect button.

5. Maybe your instructor already prepared a method file for you.

a. YES: Go to the menu Method – Load method and choose the file that was prepared for you.

b. NO: Choose Chronoamperometry from the Technique list. In Notes, you can add 

comments for your own data organization. Set t condition and t deposition to 0, as the 

electrode needs no treatment before the measurement. The t equilibration is the time 

during which the first potential of the measurement is already applied without recording 

the current. This is usually done to exclude capacitive current from the beginning of the 

graph, but since we are only interested in the deposited metal and not in the measurement 

set this time to 0 s. The potential applied during the measurement (E dc) must be low 

enough to reduce copper but high enough to avoid zinc deposition. The electrochemical 

series contain the standard potentials for copper and nickel. They are E0(Cu2+/Cu) = 0.345 V 

and E0(Zn2+/Zn) = -0.760 V. These values are the standard potential, which is relative to the 

potential of the standard hydrogen electrode (SHE) that is by convention 0 V. The reference 

electrode supplied with this kit is an Ag/AgCl electrode. It has a potential of E0(AgCl/Ag) = 

0.205 V. So, a potential of 0 V vs the SHE is a potential of -0.205 V for the Ag/AgCl electrode. 

The other values can be treated analogously: 
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Figure 4.8: a) current response to the potential step of Figure 4.6 b) linear form of a)

In most real-life experiments at a certain time the change of current becomes negligible, and 

the current can be considered constant. A reason for this is that the diffusion layer cannot grow 

infinitely. At some point the disturbances and movement of the liquid will destroy the outer layers 

of the diffusion layer.

Although this seems to be a simple experiment with little practical value, it is still used to 

determine diffusion coefficients or the electrode’s surface area. This is done by turning the I-t-

curve into a linear form. According tothe Cottrell equation I vs t-½ should lead to a linear plot with 

a slope that can be used to calculate A, c*, D, or z, if the other ones are known (see Figure 4.8b).

  
 4.7

If the experiment is performed and the linear plot is made, it often does not show a perfect line, 

especially in the beginning of the curve and at the very end. The end of the curve is not perfectly 

linear since the diffusion layer does not expand perfectly into infinity as discussed before.

The beginning of the curve is influenced by two factors. First, it is impossible to perform an ideal 

potential step. Potentiostats have rise times in ns or µs, that is they can reach a set potential within 

that period, but this is still not perfectly instantaneous. So, the beginning of the curve deviates 

from the ideal potential step. The second factor, the capacitive current or capacitive charging 

current, will be explained in the next paragraph.

During the Cottrell experiment a 
potential step across a redox potential 
is applied and the current caused by the 
electrochemical reaction is recorded. 

The current is controlled by diffusion.
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4.2.2.2 Electrochemical Double Layer

As soon as an electrode surface is charged, due to a potentiostat or its Nernst potential, an 

electric field is created. Charged particles will move in this field. Ions of the opposite charge will 

accumulate directly at the electrode, forming a layer of ions. Assuming that the electrode is 

positive charged, anions will accumulate. Attracted by these anions, cations will be attracted and 

form another loose layer on top of the first layer. The first layer is known as the outer Helmholtz 

plane. The charges accumulating in the metal surface are the inner Helmholtz plane (see Figure 

4.9).

The layer of ions and the electrode act like a capacitor and this has impact on most 

electrochemical techniques. This is only a rudimentary description of the electrochemical double 

layer; there are more sophisticated models, but for many electrochemical experiments the simple 

model will suffice.

Figure 4.9: scheme of the electrochemical double layer

Up to now it was assumed that the electrochemical active species Red are transported by 

diffusion or convection only, but there is one more way for mass transport: migration. Migration 

is mass transport due to an electric field. If Red is negatively charged, the positive potential of the 

electrode will attract the Red ions.

Why are complete models and observations done without taking migration into consideration? 

Usually, an electrochemical measurement is done in a well conducting solution. Since the current 

flows from the working to the counter electrode through the solution, a high solution resistance 

will make the measured current smaller and increase the Ohmic drop, the difference in the 

potential applied between the reference electrode and the working electrode and the potential 

that the working electrode is sensing.

To reduce the resistance of a solution an electrochemical inert support electrolyte is added. 

Often the buffer itself in a pH buffered solution is sufficient or a salt with a high solubility, for 

example KCl, NaCl, NaSO
4
, NaNO

3
, is added. If the support electrolyte has a high concentration 

compared to the investigated species, in this example Red, the electric field will be compensated 

by the ions of the support electrolyte and almost only these will migrate. A rule of thumb is that 

the support electrolyte should have a hundred times higher concentration. Since this effect is 

suppressed so easily, migration is often negligible.



46 Teacher’s Guide to the PalmSens Educational Kit

The comparison of capacitive current and Faraday current should show that capacitive current 

is decaying faster and quickly becomes negligible. Any issues here are mostly due to a very 

rough surface leading to a higher capacitive current and a slower decay. Here you see how the 

capacitive current develops with raising τ (τ = RC): 

Figure 4.14: Comparison of Faraday and capacitive current in arbitrary units for different τ 
assuming that the capacitance C only changes due to an increased surface area

As seen in Figure 4.14 the capacitive current can become very important for high capacitances. 

Usually, the contribution of the capacitive current to the total current is small, but a rough surface 

or a large surface area might lead to a big capacitive current, which, for a certain amount of time, 

leads to the higher contribution. If a metal disc electrode was used that was polished manually, 

a new polishing protocol might need to be established. If a screen printed or thick / thin film 

electrode was used, mechanical polishing is not possible. Electrochemical polishing by running 

for example cyclic voltammograms in 0.5 M H
2
SO

4
 is usually removing stains from the surface, but 

also leads to a rougher and not smoother surface.

If you want to use disposable electrodes, we recommend finding a supplier that provides 

electrodes with the correct roughness to begin with. To determine the area of the electrode a 

plot of I vs t-½ is made. A plot for a measurement acquired in step 6 created in Origin 9.1 is found in 

Figure 4.15.

Figure 4.15: plot of the absolute I versus t-½ for the Cottrell Experiment with t interval = 0.01 s 
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The beginning of this curve is not linear due to the contribution of the capacitive current and the 

rise time of the potentiostat. The potentiostat cannot reach a potential instantaneously. Some 

time is needed to adjust the potential according to its feedback loops. The rise time for an EmStat 

is 100 µs. A linear part of the curve should follow. The end of the curve can also deviate from linear 

behavior, because the diffusion layer has grown so big that the natural convection of the solution 

will destroy the outer layers. The current becomes constant. Please note that the curve begins at 

higher values of the x-axis.

Depending on the system these processes can happen very fast, so the potentiostat used for this 

experiment must have a high sampling rate and a short rise time. If you need to investigate such 

fast processes, keep in mind that the PalmSens4 (and most likely all the coming versions of the 

PalmSens) offer Fast Amperometry that supports t intervals below 1 ms.

The slope in Figure 4.15 is (4.40018 ± 0.00098) µAs½. With c* = (1.000 ± 0.044) mM, D = (7.17 ± 

0.18)·10-6 cm2/s = (7.17 ± 0.18)·10-10 m2/s, and z = 1 and F = 96485.3365 C/mol we get for A
1
 = (3.02 ± 

0.21)·10-6 m². For a metal disc with a diameter of 2 mm we expect 3.14·10-6 m². It is not surprising 

when this value is bigger than the area expected from a circle of the electrode’s diameter. 

Electrodes are almost never perfectly smooth surfaces. The roughness of a surface leads to a 

higher real surface area than the surface area expected from the geometry of the electrode 

(geometric surface). A result that shows a smaller area indicates an insulated electrode surface. 

These can be due to remains of aluminum oxide from polishing, air bubbles, or other causes of 

a blocked surface. Additionally, the concentration’s c* error contributes to this value. A too small 

concentration will lead to a bigger calculated surface and vice versa.

If you decide to perform the experiment with an ItalSens IS-C sensor stripe, you can treat the data 

analogously to the shown example. Due to the rough surface of the carbon electrode, you can 

expect the capacitive current to take longer to decay.

If you feel that these instructions and materials lack important information or if you would just like 

to give us any kind of feedback, please feel free to write to info@palmsens.com.
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4.3 Cyclic Voltammetry – the Most Used Technique

4.3.1 Goals
Moving from passive potentiometric experiments to potentiostatic experiments by controlling the 

potential was an important development. However, the step that followed towards potentiodynamic 

experiments may have been even more important for modern electrochemistry. 

Potentiodynamic experiments made it easy to collect all the data needed for a plot of current I 

versus potential E. These plots are called a voltammogram and the technique used for measuring 

is called voltammetry. In a short period of time the cyclic voltammetry (CV) provides a lot of 

information and allows kinetic investigations. It is by far the most used technique by PalmSens 

customers. Experienced electrochemists read quite some information from the shape of a CV. 

The experiment and its discussion should teach:

• What is a cyclic voltammetry?

• Why does a cyclic voltammogram show a specific shape?

• What does the cyclic voltammogram say about reversibility?

• How can a cyclic voltammogram help to distinguish adsorbed and free diffusing species?

• How can a cyclic voltammogram be used to characterize catalysts?

4.3.2 Introduction

4.3.2.1 What is a Cyclic Voltammogram?

During a cyclic voltammogram the potential is controlled, and the current is measured. The potential 

is linear increasing or decreasing. The change of the potential per time is the scan rate v. As can be 

seen from the mathematical definition (see equation 4.12) this is the slope of the linear potential.

  4.12

At the start the potential is usually in a region where no electrochemical reaction is occurring. The 

linear sweep of the potential is usually chosen in such a way that the potential crosses the formal 

potential of the investigated species (see Figure 4.16). After reaching a set potential the slope 

of the linear potential is inverted, that is a decreasing becomes an increasing potential and vice 

versa. This potential is called the vertex potential. One cycle is finished when the potential reaches 

the starting potential again. It is possible to repeat this process several times. The intention 

behind multiple cycles is often to observe the stability of a system. Modern software usually offers 

the option to choose two vertex potentials and a start potential, that is the potential sweeps 

between the two vertex potentials and starts at a potential between these two.
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Figure 4.16: potential vs time during a cyclic voltammetry with indicated vertex potentials 

(E
vertex

), formal potential of the investigated species (E0’), and scan rate (v)

The prediction of the current signal must take a few influences into consideration. Sweeping 

the potential will change the composition of the redox active species in front of the working 

electrode according to the Nernst equation (equation 3.6, p. 13). This change is done by oxidation 

or reduction and leads to a current flowing. If there would be no diffusion limitation, the 

measured current would have a sigmoidal shape (see Figure 4.17), but in real systems there will be 

diffusion limitation. 

If a species is consumed at an electrode, this species is depleted around the electrode and 

less species reaches the electrode, thus less current flows. If the potential is that high that the 

concentration of the consumed species is 0 at the electrode the depletion will lead to a current 

following the Cottrell equation (equation 4.6, p. 37). If the potential is the limiting factor an 

increasing potential leads to an increasing current. As soon as diffusion becomes the limiting 

factor the current decreases. As a result, the current during the sweep has a maximum current or 

peak current (see Figure 4.17).

Figure 4.17: potential sweep (upper graph) and the corresponding current response 

(green, lower graph) including the contribution described by the Nernst equation (pale 

violet) and Cottrell equation (pale blue) 
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When the scan rate is inversed, the same events happen for the opposite reaction, if the system 

is reversible. To directly read the potentials corresponding to the peak, usually a voltammogram, 

a curve of I vs E, is plotted. This way many important parameters can be determined faster than 

by plotting the E vs t and I vs t on top of each other as in Figure 4.17. The I vs E curves are very 

compact and have characteristic shapes (see Figure 4.18). Symmetry is visible more easily. Very 

symmetric curves are hints to reversible systems, where both species have the same diffusion 

coefficient. 

Figure 4.18: E and I vs t curves in a voltametric experiment (left) and the resulting 

voltammogram (I vs E curve) 

As in chapter 4.2.2.1, only the contribution due to the faraday current was taken into 

consideration, but as before the capacitive current has a contribution to the total signal. As seen 

from equation 4.10 (p. 41) the constant change of the potential described by the scan rate v will 

induce a constant capacitive current. This current will change positive or negative depending 

on the scan’s direction. If no species that is reduced or oxidized in the potential range of the 

CV is present, the voltammogram will only show the capacitive current (see Figure 4.19). A 

measurement like this allows the determination of the electrode’s capacitance. The equation 4.10 

and 4.12 combined show that the capacitive current during a CV is 

  4.13

Another influence that could be visible is the resistance. If a high resistance is present in the 

system, the current will be significantly influenced by Ohm’s law. If only a resistor is connected to 

the potentiostat, the resulting CV would be a diagonal line because the current and potential will 

behave accordingly:

  4.14

If the resistance in an electrochemical cell is high, the CV looks like it is turned -45 ° (45 ° anti-

clockwise). Clean contacts and a support electrolyte mostly keep the resistance at a level that 

is barely noticed in a CV. If an electrode is smooth the contribution of the capacitive current is 
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also rather small compared to the Faraday current, but still it can be important when small peak 

currents are measured.

Figure 4.19: schematic CVs showing the contribution of a Faraday current (green) and a 

high capacitive current (red) as well as the resulting measured current (black)

Figure 4.20 shows how the peak data are read from a typical CV of a solution containing one free 

diffusing reversible species. The peak data are the anodic peak current I
p,a

 and peak potential E
p,a

 

as well as their cathodic counterparts I
p,c

 and E
p,c

. Much qualitative information can be gathered 

from the shape of a CV. More important information can be gathered either directly from the 

peak data or observing the peaks changing during a series of measurements. Please notice that 

the baseline for the back scan is more difficult to determine, because the current at the start of 

the back scan also includes the diffusion limited current of the forward scan. In the instructions’ 

part methods will be described to take this into consideration. If the change of peak current is 

observed for quantitative analysis only, the offset caused by ignoring the base lines is not relevant.

Figure 4.20: CV of a free diffusing reversible species with indication of the peak currents 

and peak potentials for the anodic and cathodic peak

4.3.2.2 What Information can a CV Provide?

Quantitative analysis, that is determining how much of the species is in the solution, is usually 

done by observing the change of the peak current. The peak current is proportional to the 
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4.5 Detection of Glucose with a Self-Made 
Biosensor Based on Glucose Oxidase

4.5.1 Goals
Most electrochemical devices with low current (< 1 A) and potential ranges (< 10 V) are used for 

analytical methods. For this reason, several experiments concerning the detection of different 

analytes are included in this kit. For many lab technicians, quantitative analysis is an everyday task. 

Monitoring processes, product quality, etc. are tasks that are performed very often. New methods 

or improvement of the old ones promise cheaper or faster execution of the analysis.

Biosensors exploit biomolecules for sensing purposes. They have a high selectivity and sensitivity. 

They can be built for various illnesses or other analytes. Though biomolecules are often difficult to 

handle and need special care, the number of developed biosensors is increasing. The experiment 

and its discussion should teach:

• What is a biosensor?

• What are the basic principles?

• How can a biosensor be made?

• Why detect glucose?

4.5.2 Introduction

4.5.2.1 What is a Biosensor?

A biosensor uses a biological recognition element to convert a chemical signal into an electrical 

one. This very general concept is illustrated in Figure 4.46. This conversion can be achieved 

in many ways. Biological recognition elements can be enzymes or parts of immune systems. 

An enzyme is a biological catalyst. It speeds up reactions or makes them possible under given 

conditions; additionally, enzymes are very selective for certain reactions and only convert a 

specific substance or group of substances. 

The immune system of a complex organism like a mammal produces antibodies as a reaction to 

biological material from outside the body. Antibodies bind to this biological material specifically. 

The transducer element of a biosensor converts the reaction at the recognition element into an 

electrical signal. A very common method is using an electrode as a transducer. As introduced in 

chapter 4.3.2.3 p. 54 a free diffusing redox mediator is able to transport electrons from a redox 

enzyme to the electrode, thus forming the transducer together with the electrode.
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Figure 4.46: Scheme of a generic biosensor

Although the free diffusing mediator in combination with the free diffusing enzyme works in 

small scales, they are not suitable for a commercialized version of a biosensor. The mediator and 

enzyme will be washed away, and the sensor can only be used once and only in small defined 

volumes. A better system is an immobilized biological recognition element. If a mediator is 

necessary, it should also be immobilized. The immobilization of a biological recognition element 

needs to be performed in a way that the enzyme, antibody, etc. keeps its activity. If the protein 

loses its structure due to the immobilization or if the way of the substrate from the bulk to the 

enzyme is blocked, the sensor will not work. Depending on the sensing system the movement of 

the mediator, products of the enzymatic reactions as well as the counter ions, must be considered 

during a biosensor design as well.

4.5.2.2 Immobilization of Enzymatic Biosensors

Biosensors based on enzymes are divided in direct and indirect electron transfer systems. A direct 

electron transfer means that the electrons are directly transferred from or to the active center of 

the enzyme to the electrode. An indirect electron transfer uses a redox mediator or the product 

of the enzymatic reaction to transport electrons between the active center of the enzyme 

and the electrode. Direct electron transfer is more efficient once it has been established but 

immobilizing an enzyme for direct electron transfer is quite difficult. The active center is inside 

an insulating protein shell. Above a certain distance electron transfer becomes impossible. The 

conditions are described by the Marcus theory.4 Whether a direct electron transfer is possible 

depends on the enzyme structure, that is if the enzyme does have a thick protein shell around the 

active center, direct electron transfer isn’t possible.

It is difficult to say whether the large number of immobilization methods present today has been 

developed despite or because of these challenges. An easy method for immobilizing biological 

recognition elements is plain adsorption (see Figure 4.47). Some electrode materials interact with 

proteins strongly enough that they will not be washed away. For example, many carbon species 

4 Borgmann, S.; Hartwich, G.; Schulte, S.; Schuhmann, W.; Amperometric Enzyme Sensors based 

on Direct and Mediated Electron Transfer, Perspectives in Bioanalysis, 2005 (1), p. 599
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show π-π as well as van-der-Waal’s interaction and often a mixture of functional groups. Gold 

surfaces bind sulfur containing amino acids like cysteine. 

Although this technique is very easy to perform and thus popular especially in first research steps, 

the adsorbed proteins are sensitive to changes of ionic strength, that is the number of ions in 

solution, the pH, as well as temperature and can thus desorb from the surface if a condition changes. 

The direct contact with an electrode surface is very likely to cause denaturation of the adsorbed 

protein. It is possible to modify the electrode by covering it with a monolayer that creates a suitable 

environment for the enzyme, that does not cause denaturation, and that allows electron transfer 

(mediated or directly). An example for such a surface modification is a self-assembled monolayer of 

pyridine thiol on a gold electrode. If cytochrome c is adsorbed to that surface, the electron transfer 

between cytochrome c and the electrode is improved compared to a blank electrode.

Figure 4.47: schematic representation of a simple adsorption due to interaction of the 

enzyme with the electrode surface

Another technique is the covalent binding of the proteins to the electrode. Self-assembled 

monolayers, for example, can provide the necessary functional groups to create a covalent 

bonding (see Figure 4.48). A 3-sulfanylpropanoic acid layer on a gold surface will bind to the gold 

surface with the sulfur group and form a self-assembled monolayer. The carboxylic groups can be 

activated and will form an ester bound with the amine groups of biological recognition elements 

and will thus bind the biological recognition element to the surface.

Figure 4.48: scheme of a SAM formation for a covalent bond to an enzyme

A covalent bond is stable, and the immobilization is not sensitive anymore to the conditions of 

the solution surrounding the electrode. If the position of the functional group at the recognition 

element that is used for the covalent bond is known, the architecture of the surface after the 

immobilization is known and defined as well. Activating the electrode surface for creating a 

suitable functional group for the covalent bond is often the difficult part. Adsorption and covalent 

bonding are suitable for mediated and direct electron transfer biosensors. A mediated transfer 
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needs either the products of the enzymatic reaction to be the mediator or a co-immobilized 

redox mediator on the electrode surface. If no mediator is immobilized, a free diffusing redox 

mediator needs to be added to the sample solution.

A very different approach is the entrapment of an enzyme in a polymer matrix. The idea is to 

create a layer of polymer on the electrode surface that has enzyme captured inside like a fisher 

net. The enzyme can only work if the polymer does not interfere with the enzymatic reaction. If 

the polymer deforms the enzyme, blocks the diffusion of the analyte to the enzyme, the diffusion 

of the enzyme’s products away from the enzyme, or the movement of the mediator between the 

enzyme and the electrode, the biosensor won’t work. Since polymers are produced with a huge 

variety of structures and properties a lot of polymer-based biosensors are known nowadays.

The polymer and enzyme matrix can be applied to the electrode in different ways. A very simple 

approach is drop coating. The polymer and enzyme are dissolved in an organic solvent. A drop 

of this solution is positioned on the working electrode and dried (see Figure 4.49 a). Another way 

is to use a polymer that is only soluble in aqueous solution in a certain pH range. After mixing 

polymer and enzyme solution, the electrode is dipped into the polymer solution and then in a 

solution outside the pH range of the polymer. This is repeated several times. Or the electrode is 

immersed in the polymer solution and the pH is changed only locally by applying a high cathodic 

or anodic potential (see Figure 4.49 b). The polymer will precipitate in the vicinity of the electrode 

as already described in chapter 4.1.2.1 and Figure 4.1 on page 27.

Figure 4.49: scheme for the principle of a) drop coating and b) electrodeposition in the 

presence of an enzyme
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An alternative to the CV is a pulsed deposition. A short pulse for the electrodeposition (1.9 V, 

0.3 s) and a long break to make sure the depleted polymer is replaced (-0.3 V, 5 s). This will have 

to be repeated 20 times. This technique did not deliver the same nice results as the CV on the 

ItalSens carbon electrodes. If a platinum electrode is used the pulsed techniques also deliver 

good glucose sensors. The oxidation of hydrogen peroxide is also easier on platinum and during a 

chronoamperometry a potential of 0.6 V is sufficient.

A nice small project for students is to vary a part of the deposition (number of CVs or pulses, 

deposition potentials, composition of the polymer solution, etc.) and to investigate the impact on 

the resulting sensor (K
M

, sensitivity, I
max

 etc.). The deposited polymer is usually not easily visible on 

the electrodes, but if a very thick film is deposited, it is possible to see it.

4.5.5.2 Determination of the Michaelis-Menten Constant

The lower the background current the better the results usually are. A long waiting time (20 min) 

is recommended before the first addition. This is due to the swelling of the polymer in the 

solution under potential and the high capacitive current due to the rough carbon surface. For one 

of our IS-C electrodes the chronoamperometric measurement looks like this:

Figure 4.56: glucose measurement at a GOx modified ItalSens IS-C electrode, E = +0.8 V, 

steps: 3 x 2 mM, 2 x 5 mM and 2 x 10 mM Glucose in 0.1 M phosphate buffer pH 7

The resulting curve of I versus [S] looks like this

Figure 4.57: The I-c-curve resulting from the measurement visible in Figure 4.56
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And the Lineweaver-Burke-Plot delivers the I
max

 and K
M

 values:

Figure 4.58: Lineweaver-Burke-plot of the measurement in Figure 4.57

In this case these values were I
max

 = (3.67 ± 0.34) µA and K
M 

= (10.7 ± 1.4) mmol/L.

4.5.5.3 Determination of an Unknown Glucose Content

Students often show high creativity if they can bring their own glucose samples. For example, 

some students had the idea to measure lactose free milk and milk after incubation with lactase. 

Unfortunately, ascorbic acid is interfering with the glucose sensor. The polymer excludes a part of 

the ascorbic from the electrode, but it might still lead to too high values.

When comparing the values for sugar content on a food package and the measured values, take 

into consideration that many companies use a mixture of fructose and glucose to sweeten the 

product. Fructose will not be detected by GOx.

One of the samples used in our trials was Fanta Cassis. The graph is shown in Figure 4.59. We got a 

concentration of (1.74 ± 0.24) mM after the addition of 40 µL to 20 mL buffer. This means the Fanta 

Cassis had a concentration of (0.87 ± 0.13) mM or (157 ± 24) g/L while the can stated 10.9 g/100 mL 

(= 109 g/L). The difference can be caused for example by vitamin C, change of the sensor during 

the measurement, or mistakes during volumetric steps.

Figure 4.59: results from a standard addition analysis for the quantification of glucose in Fanta Cassis.
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4.6 Detection of Hydrogen Peroxide  
with Self-made Prussian Blue Electrodes

4.6.1 Goals
Most electrochemical devices with low current ranges (< 1 A) and potential ranges (< 10 V) are used 

for analytical methods. For this reason, several experiments concerning the detection of different 

analytes are included in this kit. For many lab technicians, quantitative analysis is an everyday 

task. There is always a demand for new methods or improvement of old ones because less time 

or less costs for a test to monitor processes or product quality will save a big amount of money. 

Catalyzed reactions are often important for these kinds of sensors, to make them selective and to 

make their power consumption low. The experiment and its discussion should teach:

• What is Prussian Blue?

• Why are catalysts used for sensors?

• How to deposit Prussian Blue?

• What is a calibration curve?

• How to make a calibration curve?

• How to use a calibration curve for quantification?

4.6.2 Introduction

4.6.2.1 Why detect Hydrogen Peroxide?

Most likely hydrogen peroxide (H
2
O

2
) is best known for its use in hair bleach. It is the simplest 

peroxide (a compound with an oxygen-oxygen single bond). It is also a strong oxidizer. Due to 

its oxidizing properties, hydrogen peroxide is often used as a bleach or cleaning agent. It is used 

for bleaching hair, fabrics as well as teeth, disinfection of food packaging, medical equipment or 

to remove fungus. The artificial word “active oxygen” in advertisements for detergents usually 

indicates hydrogen peroxide mixtures. In many drugstores hydrogen peroxide solutions are 

available for removing blood stains or similar stains. The oxidizing capacity of hydrogen peroxide 

is so strong that it is considered a highly reactive oxygen species. Concentrated hydrogen 

peroxide, or “high-test peroxide”, is therefore used as a propellant in rocketry.

In fuel cells hydrogen peroxide is an unwanted side product. To achieve a high energy yield 

oxygen should be reduced directly to water consuming 4 electrons. If the reaction stops at 

hydrogen peroxide, only 2 electrons are accepted. Organisms also produce hydrogen peroxide 

naturally as a by-product of the oxidative metabolism. A well-known enzymatic reaction is the 

oxidation of glucose by glucose oxidase. The produced hydrogen peroxide can be used to detect 

the glucose indirectly. Oxidases use the normally present oxygen as an electron acceptor and thus 

produce hydrogen peroxide after oxidizing their substrate. Consequently, nearly all living things 

(specifically, all obligate and facultative aerobes) possess enzymes known as catalase peroxidases, 

which harmlessly and catalytically decompose low concentrations of hydrogen peroxide to water 

and oxygen.

Accordingly, hydrogen peroxide detection is useful for fuel cell catalyst research, for controlling 

the number of disinfectants used, for waste water control and as basis for a biosensor with a 

hydrogen peroxide producing enzyme.



102 Teacher’s Guide to the PalmSens Educational Kit

Hydrogen peroxide has two disadvantages: Its high oxidative power makes it unstable and 

corrosive. Because of these characteristics it qualifies as a propellant, but it also can lead to an 

explosion of high concentrated hydrogen peroxide. And hydrogen peroxide can also damage the 

skin. Its corrosive influence can be easily identified by white spots on your skin accompanied by 

a burning or stinging feeling. Washing the skin with a lot of water is advised. After a short period 

of time the pain should disappear, but the white spots may remain for a few days. The instability 

is an issue as well, even though many hydrogen peroxide solutions have additives to stabilize the 

peroxide, hydrogen peroxide solutions should be stored cold and dark, otherwise the peroxide 

might decompose fast. This has the advantage that hydrogen peroxide can easily be removed 

from any solution by boiling it for several minutes.

4.6.2.2 What is Prussian Blue?

Prussian Blue (PB) is a deep blue pigment that is hardly soluble in water, but little amounts that are 

dissolved or dispersed in water, color the solution intensively blue. Small Prussian Blue particles 

dispersed in water have been used as the first modern synthetic color. It is also known as Berlin 

Blue or Turnbull’s Blue. The pigment is used for various paints (Paris Blue) or to make the blue 

color for blueprints. 

Prussian Blue is also used for capturing certain heavy metals inside the human body, thus 

preventing metal poisoning. Prussian Blue can do this because it is a complex with cyanide ligands. 

More precisely a complex made from iron and cyanide ions. Cyanides are the salts of prussic acid, 

also known as hydrogen cyanide (HCN). This dangerous substance is known from criminal fiction 

or spy stories for blocking the respiratory mechanisms of the cells. In Prussian Blue cyanide is 

so tightly bound that it can be consumed in certain doses without any hazard. The iron ions are 

present as Fe2+ and Fe3+ depending on the form of Prussian Blue. Prussian Blue is produced from 

iron chloride and hexacyanoferrate. The latter is a complex with an iron center surrounded by six 

cyanide ions [FeII(CN)
6
]4-. The cyanide ions form the corners of an octahedra. This complex has 

been used in experiment 4.2 and 4.3 already. It is pale yellow, if the iron is Fe2+, and orange if solid 

or bright yellow if in solution, if the iron is Fe3+. Due to the negative charge of the cyanide ions 

(CN-) the complex is negatively charged. 

To form one of the forms of Prussian Blue (PB) one of the counter ions must also be an iron ion. 

The most common form is the “soluble” PR KFeIIIFeII(CN)
6
. The “insoluble” form is Fe

4

III[FeII(CN)
6
]

3
. 

To avoid confusion, it needs to be clarified that “soluble” and “insoluble” are not referring to 

the solubility of PB but how easy they can be dispersed in water. The names of the forms were 

given by dye makers. Neither form is soluble as it is usually used in chemistry. After the first 

electrochemical deposition of Prussian Blue in 1978 its electrochemical properties were fully 

investigated in less than 10 years. Prussian Blue can be reduced to Prussian White (see equations 

4.36 and 4.38) or oxidized to Berlin Green (see equation 4.37 and 4.39). And these changes can be 

observed in the CV of Prussian Blue (see Figure 4.60).
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4.36

“soluble” PB Prussian White (PW)

4.37

“soluble” PB Berlin Green (BG)

4.38

“insoluble” PB Prussian White (PW)

4.39

“insoluble” PB Berlin Green (BG)

Figure 4.60: CV of an ItalSens IS-C covered with Prussian Blue6

4.6.2.3 Detection of Hydrogen Peroxide with Prussian Blue

An electrochemical detection of hydrogen peroxide as mentioned in chapter 4.6.2.1 is interesting 

for the construction of biosensors using oxidases. The main issue as regards detection is that an 

oxidation of hydrogen peroxide takes place at potentials above 0.6 V vs. Ag/AgCl. At potentials 

that high many other species often present in real samples might also interfere. These species 

could be ascorbate (vitamin C), bilirubin, and urate. Ideas were developed to exclude these 

species from electrodes by a membrane. This membrane would make all transport processes from 

and towards the electrode more difficult. Later mediators to transport the electrons from the 

enzyme to the electrode were developed (see chapter 4.3.2.3) and hydrogen peroxide detection 

was obsolete for some oxidase-based electrodes.

6 F. Ricci, G. Palleschi, Biosens Biolectron 21 (2005) p. 389-407
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4.6.3 Experimental
Below follows the instruction to perform the experiments.

4.6.3.1 Devices and Equipment
• potentiostat

• sensor cable

• sensor connector

• maybe a USB cable

• computing unit (PC, Laptop, notebook, tablet PC (Android), smartphone (Android))

• calculation and plotting software (Excel, Origin, MatLab, Mathematica)

• potentiostat software (PStrace, PStouch)

• ItalSens IS-C

• retort stand

• retort clamp

• beaker (electrochemical cell)

• oven

4.6.3.2 Chemicals
• 0.1 M K

3
[Fe(CN)

6
] + 0.01 M HCl (prepared from solid iron salts and 0.01 M HCl solution)

• 0.1 M FeCl
3
 + 0.01 M HCl (prepared from solid iron salts and 0.01 M HCl solution)

• 0.01 M HCl (prepared from HCl standard solution and demineralized water)

• 0.1 M KCl + 0.05 M K
2
HPO

4
 (pH = 5.4, prepared from solid KCl, K

2
HPO

4
, demineralized water and 

6 M HCl to set the pH)

• H
2
O

2
 solution to prepare standard solutions

Remark: If you use the 50 mL beaker, you will need 40 mL of a solution for a measurement in the 

beaker. Smaller vessels work as well.

Note: Hydrogen peroxide decomposes at room temperature and when exposed to light. If 

solutions are not used right away, store them in a dark and cool place (fridge).

4.6.4 Instructions

4.6.4.1 Preparing the Prussian Blue Modified Electrode

1. Take an ItalSens IS-C electrode and cut away access plastic. Take care not to damage the lines 

or electrodes. The electrode should not be touched with bare hands to keep it clean.

2. Place the electrode on a flat ground and add 5 µL of 0.1 M K
3
[Fe(CN)

6
] + 0.01 M HCl on the 

working electrode (WE, black dot in the middle) and afterwards 5 µL of 0.1 M FeCl
3
 + 0.01 M HCl 

to the first drop. The solution should not touch the reference electrode (RE, silver stripe) or 

counter electrode (CE, black stripe). To mix the droplets just pump the solution a few times 

with a pipette.

3. Let the solution react for 10 min.

4. Rinse the electrode with 1 or 2 mL of 0.01 M HCl.

5. Put the electrode in an oven at 120 °C for an hour.

6. Store the electrode dark and dry.

7. If you must dispose the solution keep in mind: Solutions containing iron need to be collected 

in a container for heavy metal containing liquid waste. The pH of the collected heavy metal 

solution should be alkaline (pH > 9). The container should be disposed according to local laws. 
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The cell should be cleaned with demineralized water. Otherwise, the drying solution will leave 

salt stains.

4.6.4.2 Sensor Characterization

Two characterizations are made. Evaluating the behavior of the electrode in CVs with 

different scan rates shows if Prussian Blue is immobilized at the surface. CVs at different H
2
O

2
 

concentrations show in which potential regions H
2
O

2
 can be detected.

1. Insert the Prussian Blue electrode into the sensor connector. Connect it to the potentiostat 

and immerse the electrode in 0.1 M KCl + 0.05 M K
2
HPO

4
 (pH = 5.4).

2. If a method for performing the Prussian Blue characterization was already prepared for you, 

load the method. If not choose Cyclic Voltammetry from the drop-down menu. Choose the 

current ranges 1 µA, 10 µA and 100 µA. The fields Sample and Sensor are for your own notes. 

Since we do not want a pre-treatment of the electrode set t condition and t deposition to 0. 

Set the other parameters to:

a. t equilibrium = 8 s

b. E start = -0.3 V

c. E vertex1 = 0.5 V

d. E vertex2 = -0.3 V

e. E step = 0.002 V

f. Scan rate = 0.01 V/s

g. Number of Cycles = 1

3. Start the measurement. Set the drop-down list next to the run button from New to Overlay. 

Repeat the measurement for 0.02 V/s, 0.05 V/s, 0.1 V/s, 0.2 V/s, and 0.5 V/s. For the last 

measurement the scan rate is too high for auto-ranging. The current range 100 µA should be 

the only active one.

4. Save all the curves.

5. Evaluate the data. Is Prussian Blue adsorbed at the surface? Chapter 4.3 will provide some help 

to make a judgement. Calculate the amount of Prussian Blue on the electrode assuming the 

reaction is happening according to equation 4.38.

6. Set the scan rate to 0.05 V/s.

7. Prepare in 0.1 M KCl + 0.05 M K
2
HPO

4
 (pH = 5.4) solutions of H

2
O

2
 with a concentration of 20, 50, 

100, 200, and 500 µM.

8. Record a CV in 0.1 M KCl + 0.05 M K
2
HPO

4
 and choose again Overlay from the drop-down list. 

Repeat the CV for each of the solutions.

9. What effect has H
2
O

2
 on the CV? What potentials are suitable for H

2
O

2
 detection?

4.6.4.3 Make a calibration curve

1. Immerse the Prussian Blue modified electrode in 0.1 M KCl + 0.05 M K
2
HPO

4
 (pH 5.4).

2. If a method for performing the hydrogen peroxide detection was already prepared for you, 

load the method. If not choose Amperometric Detection / Chronoamperometry from the 

drop-down menu. Choose the current range 1 nA to 10 µA. The fields Sample and Sensor are 

for your own notes. Since we do not want a pre-treatment of the electrode set t condition and 

t deposition to 0. Set the other parameters to:

a. t equilibrium = 8 s

b. E dc = -0.1 V

c. t interval = 0.1 s

d. t run = 60 s
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In this way a potential of -0.1 V versus the internal reference electrode will be applied. After 8 s 

the recording of the data will start. The data will be recorded for 60 s every 0.1 s.

3. Note down the current value at the end of the 60 s.

4. Repeat the measurement with 0.1 M KCl + 0.05 M K
2
HPO

4
 pH 5.4 containing 20 µM, 50 µM, 

100 µM, 200 µM and 500 µM. Note down the measured current for each concentration.

5. Plot the current versus the concentration. Make a linear fit. The line is your calibration curve.

4.6.4.4 Quantification of Hydrogen Peroxide

Different samples can be tested now. Your samples should be in the same concentration range as 

your calibration measurements (20 µM to 500 µM).

1. Prepare your sample solution by diluting it with 0.1 M KCl + 0.05 M K
2
HPO

4
.

2. If a method for performing the hydrogen peroxide detection was already prepared for you, 

load the method. If not choose Chronoamperometry from the drop-down menu. Choose the 

current range 1 nA to 10 µA. The fields Notes are for your own notes. Since we do not want a 

pre-treatment of the electrode set t condition and t deposition to 0. Set the other parameters 

to:

a. t equilibrium = 8 s

b. E dc = -0.1 V

c. t interval = 0.1 s

d. t run = 60 s

3. Note down the current at the end of the 60 s.

4. By using the calibration curve and the measured value calculate the concentration in the 

diluted sample and in the sample. 

Note: Possible samples could be a solution of hydrogen peroxide prepared by your instructor, 

bleach for removing stains from cloths (hydrogen peroxide solution from a drugstore) or hair 

dyes (around 6 %). Although hydrogen peroxide is used as a disinfectant, most freely available 

disinfectants are based on alcohol and not hydrogen peroxide. If you intend to use one as a 

sample, check the ingredients before. In glow sticks hydrogen peroxide is present as well but 

be aware that they need to be disassembled carefully and that it contains hydrogen peroxide in 

high concentrations.

5. To dispose the used solutions neutralize them, so HCl cannot pose a threat. Afterwards boil 

the solution for 10 min. The hydrogen peroxide will decompose and thus the solution can be 

disposed in the sink.

4.6.5 Results
This chapter should give the instructor an idea of what the data are expected to look like. 

Furthermore, we will briefly name some sources for deviations from the theoretical expectations.

4.6.5.1 Preparation of the Prussian Blue Modified Electrode

An issue of Prussian Blue films is its stability. Commercial Prussian Blue sensors are produced in 

various ways. They often have curing steps, in which they are dried multiple times or protecting 

layers, for example Nafion, are applied. The simple way of preparation presented here is chosen 

due to its easy protocol. There are many other alternative methods. If you find a method that is 

reliable and gives stable results, we would be happy to hear about it (info@palmsens.com).
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An alternative way of preparing the electrode is by electrochemical deposition of Prussian Blue. 

The electrodes are immersed in a solution of 4 mM K
3
[Fe(CN)

6
] + 4 mM FeCl

3
 in aqueous 0.1 M 

KCl + 0.1 M HCl. 5 CVs are performed between -0.4 V and 0.8 V with a velocity of 20 mV/s. The 

electrodes are rinsed with 0.1 M KCl + 0.1 M HCl. Afterwards the electrodes are immersed in 0.1 M 

HCl + 0.1 KCl and CVs between -0.05 V and 0.35 V with 40 mV/s are performed until the CVs 

are stable. This should take between 12 and 20 scans. The potentials are all versus the internal 

reference electrode. Afterwards the electrode is also baked for 1 h at 120 °C. The rest of the 

experiments can be conducted as discussed before.

4.6.5.2 Sensor Characterization

These measurements should show if the Prussian Blue is absorbed. There should be a redox 

couple visible in each CV around 145 mV. According to our expectation the peak current should 

be proportional to the scan rate. In figure 4.63 the original data are visible. In figure 4.64a the 

cathodic and anodic peak currents I
p,a

 and I
p,c

 are plotted against the scan rate. The linear fit shows 

that both peak currents are proportional to the scan rate.

Figure 4.63: CVs of a Prussian Blue modified IS-C electrode with increasing scan rates 

(10 mV/s, 20 mV/s, 50 mV/s, 100 mV/s, 200 mV/s, and 500 mV/s)

Figure 4.64: the peak potentials from the data in figure 4.63 plotted versus the scan rate v and v-½
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If the peak separation ∆E is plotted versus the scan rate, an increase of the separation with 

increasing scan rate is clearly visible. This was not expected, because adsorbed species should 

react with very fast kinetics behaving like an ideal reversible system. A possible explanation is that 

the movements of the counter ions is the limiting factor, and these take longer times to travel 

through the Prussian Blue grid.

The CVs with different hydrogen peroxide concentration show a reducing current below 0.1 V 

(see Figure 4.65). The subtle changes compared to the Prussian Blue peaks in the CV make 

chronoamperometry the better choice. Capacitive charging currents and changing of the 

Prussian Blue due to oxidation and reduction is avoided.

Figure 4.65: CVs of a Prussian Blue modified IS-C electrode with increasing H
2
O

2

concentration (0, 20 µM, 50 µM, 100 µM, 200 µM and 500 µM)

You can also calculate the amount of Prussian Blue deposited by taking the charge from the CVs 

in buffer without H
2
O

2
. The anodic peak is integrated, and the result divided by the scan rate. This 

is the charge used to oxidize all the Prussian White to Prussian Blue. The conversion consumes 

4 electrodes per molecule, so the charge divided by z = 4 and the Faraday constant F gives the 

amount of Prussian Blue on the electrode:

4.43

Our electrodes generally showed ca. (64 ± 35) nmol of Prussian Blue.

4.6.5.3 Make a calibration curve

This should be an easy task. The analytical mode of PSTrace can only detect peaks and cannot 

use steps or fixed current in the current version (version 5.9). Due to this the calculation of the 

calibration curve must be performed with external software. The sensors should deliver a linear 

signal in that concentration range and the data should look like this:
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