
APPENDICES 

A.1.1 - LIQUID  IONIC  JUNCTION  VOLTAGE  WITHOUT  CURRENT 
When there are ionic junctions involved in an electrochemical chain, in many instances 
the open-circuit junction voltages (or potential differences, see section 1.5) may  
be overlooked, although this is not a general rule. In particular, it is rare that this type  
of approximation can be applied in equilibrium conditions to single-exchange ionic 
junctions (for example when a solid electrolyte is involved, see section 3.3.4.1), nor 
indeed in the case of multiple junctions with two electrolytes of a dissimilar nature (for 
instance two electrolyte solutions in two different solvents, see section 3.3.5). When the 
liquid junction in question is between two electrolytes in the same solvent, then the 
ionic junction voltage in thermodynamic equilibrium is zero, because the two solutions 
are perfectly mixed together in equilibrium (see section 3.3.5). Nevertheless, the result is 
ultimately immaterial, because the experiments carried out to implement such junctions 
often make use of devices that are specifically designed to considerably slow down the 
mixing process of the solutions. This happens with salt bridges, involving a porous 
material at each contact between one end of the bridge and one of the two different 
solutions. When approaching the question from an experimental point of view, it is thus 
very important to focus on the junction voltage’s quasi-steady-state value (not at 
thermodynamic equilibrium) between the two solutions, whose compositions are still 
not the same. Therefore at open circuit, the species fluxes between the two solutions are 
very small, although not zero. Significant concentration profiles and potential profiles 
are only found inside the porous plugs (see below). 

Here, let us firstly focus on the conditions required in order to minimise such junction 
voltages. This section revolves around a series of numerical calculations that are based 
on what is commonly known as the HENDERSON equation: an equation which makes it 
possible to evaluate the junction voltage between two solutions with different 
compositions in the same solvent. Basic elements will then be given about the 
hypotheses and the reasonings leading to this equation. It is strongly advisable to first 
read chapter 4 and appendices A.3.4 and A.4.1 in order to gain a better understanding of 
the second part of this appendix. 

THE  HENDERSON  EQUATION  AND  ITS  IMPACT  IN  PRACTICAL  TERMS 

The HENDERSON equation is useful if one is seeking to estimate the junction voltage 
between two solutions  and  in the same solvent in quasi-steady-state conditions: 

  

  261C. Lefrou et al., Electrochemistry: The Basics, With Example
© Springer-Verlag Berlin Heidelberg 2012 

s, DOI 10.1007/978-3-642-30250-3, 



262 ELECTROCHEMISTRY - THE BASICS, WITH EXAMPLES 

 

  

= 0.059

i
zi

Ci Ci( )
i

i Ci Ci( )
i

log
i Ci

i

i Ci
i

V  at 25°C  

Here we will focus on two cases which are important from an experimental point of 
view: 

 the first one is a reference electrode with a liquid junction (such as an electrode based 
on the AgCl/Ag couple or a calomel electrode SCE, see section 1.5.1.2). Here we will 
study the influence on the junction voltage of the internal solution’s composition; 

 the second one is a salt bridge (implemented for example when measuring the 
voltage of a DANIELL cell, see section 1.4.1.1). Here we will study the influence on the 
overall ionic junction voltage of the intermediate electrolyte’s composition. 

It is assumed in the numerical applications outlined in this section, that the molar 
conductivities are equal to their values at infinite dilution. These values are all listed in 
table 4.2 in section 4.2.2.4. 

In the first example, the liquid junction voltage will be examined at quasi-steady-state 
conditions for the following electrochemical chain (which could be part of a reference 
electrode based on AgCl/Ag): 

inner aqueous solution of reference (sol. ) | | HCl aqueous solution at pH = 2 (sol. ) 

To fix the potential reference, one needs to fix the chloride ion concentration in the 
reference’s inner solution (see section 1.5.1.2). However, this concentration is not the 
only ruling factor to be taken into account designing a high-quality reference electrode, 
as shown when comparing the four examples outlined below (the ideal reference 
electrode should have a zero ionic junction voltage). The nature of the solution  being 
studied (here it is HCl at pH = 2) also has an impact on the junction voltage. However, in 
an experimental situation it is much easier to adapt the composition of solution . 

 Solution : 1 mol L 1 KCl aqueous solution 

= 0.059
34.98 10 2 7.35 + 7.63 0.99
34.98 10 2 7.35 + 7.63 0.99

log
7.35 + 7.63

34.98 10 2 + 7.35 10 2

= 3.5 mV
 

 Solution : 1 mol L 1 NaCl aqueous solution 
 = 20.6 mV  

 Solution : 1 mol L 1 LiCl aqueous solution 
 = 30.9 mV  

 Solution : 10 2 mol L 1 KCl aqueous solution 
 = 26.8 mV  

These results underline the fact that in order to minimise the junction voltage, one 
needs to choose a highly concentrated electrolyte containing anions and cations whose 
molar conductivities are very close. Therefore, a KCl electrolyte is a much better choice 
than LiCl or NaCl when the anion is Cl . 
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The second example deals with a DANIELL cell, and shows to what extent the solution 
that is contained within the salt bridge has an impact on the overall ionic junction 
voltage. Here the voltage is the algebraic sum of two liquid junction voltages, illustrated 
by the following electrochemical chain: 

10 1 mol L 1 CuSO4 aqueous solution (sol. ) | | solution in  
the saline bridge (sol. ) | | 10 3 mol L 1 ZnSO4 aqueous solution (sol.  ) 

Due to their chemical nature, solutions  and  must be slightly acidic in order to 
prevent hydroxides from forming. Let us fix pH = 4 using H2SO4, which is completely 
dissociated into H+ and SO4

2  at this pH value. 

 Solution : solution  (only one liquid junction) 

 
 = 11.0 mV   

 Solution : 10 3 mol L 1 KNO3 aqueous solution 

 
 = ( 13.0 3.6) mV = 16.6 mV  

 Solution : 1 mol L 1 KNO3 aqueous solution 

 = ( 1.7 + 2.2) mV = + 0.5 mV  

 Solution : 1 mol L 1 HNO3 aqueous solution 

 
 = ( 50.3 + 120.1) mV = + 69.8 mV  

As previously highlighted, it is better to select a concentrated electrolyte solution 
involving ions with very close molar conductivity values. Note that the very fact of 
inserting this solution (salt bridge) triggers a significant decrease in the overall junction 
voltage. This is particularly important from an experimental point of view, when this 
type of electrochemical chain is involved when measuring thermodynamic parameters 
such as standard potentials, activities, etc. 

BASIC  ELEMENTS  FOR  DEMONSTRATING  THE  HENDERSON  EQUATION 

Qualitatively speaking, when two solutions made up of different compositions are 
brought into contact in the same solvent, then quasi-instantaneously a small number  
of ions are exchanged, as when establishing a thermodynamic equilibrium (see 
appendix A.3.4). This exchange process leads to (after about 10 9 s) a build-up of charge 
excess on both sides of the junction area, as in the case of a double layer at an 
electrochemical interface. For instance, when dealing with a single ionic junction directly 
between the two solutions in a DANIELL cell via a porous plug, a small number of Cu2+ 
ions move from the CuSO4 solution into the ZnSO4 solution and conversely some Zn2+ 
ions are transferred from the ZnSO4 solution into the CuSO4 solution. Here we are talking 
about extremely small quantities, however the resulting surface charge excess produces 
a significant and immediate potential difference between the two solutions. The 
concentration profiles within the porous material then continue to evolve until finally 
reaching a quasi-steady state with fixed concentrations on each side of the porous plug, 
which dramatically slows down the mixing of the two solutions (see section 4.4.2). 
During the time it takes to reach these profiles (a process that may last up to several 
hours depending on the nature and thickness of the porous material), the fact that 
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electroneutrality prevails in the solutions (although it does not strictly apply) has the 
effect of forcing the migration and diffusion fluxes of the anions and cations to occur in a 
combined manner (see appendix A.4.1). 

When giving a quantitative description, the first step is to write that the overall current 
resulting from the ionic fluxes (without convection) is zero at all times (see 
section 4.2.1.4): 
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The NERNST-EINSTEIN equation describes the link between the molar conductivity and the 
diffusion coefficient in an ideal case. However, the equation can also be stretched to 
apply to other cases, provided that one remembers that Di is the true diffusion 
coefficient and not the apparent one (first FICK’s law, see section 4.2.1.4): 
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The common version of the HENDERSON equation is then easily reached using the 
following approximations: concentrations are used instead of activities, the molar 
conductivities (or mobilities) are constant and the concentration profiles are considered 
as being linear. 

If referring to usual applications, then the most questionable of all the simplifications 
listed above is the assumption that the activities are equal to the molar concentrations. 
Nevertheless, it should be pointed out that only the ratios appear in the final equation, 
which ends up minimising the impact of such systematic errors. 

As for linear concentration profiles, it should be emphasised that the thickness of the 
zone where these profiles develop does not appear in the calculation result. Therefore it 
is easy to show that the ionic junction voltage which is reached at quasi-steady state 
(with a linear profile extending throughout the separator material) is identical to the 
voltage that is rapidly reached (about 10 9 s) before any modifications occur in the bulk 
concentrations. More complex models even show that the ensuing outcome, known as 
the HENDERSON equation, can be applied more widely than one would expect when one 
considers its usual demonstration (the equation can be applied at all times while the 
quasi-steady state is being reached). It is even possible to use a similar equation when 
there is a current flowing through the system, though this time the ohmic drop is 
included. 
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A.1.2 - POTENTIOSTAT  AND  GALVANOSTAT 
POTENTIOSTAT 

A potentiostat is an electronic instrument designed to control the potential difference 
applied to an electrochemical cell, between the working electrode (WE) where there  
is a current flow and a reference electrode (Ref) where there is no current flow. A 
potentiostat needs the use of a 3-electrode device: a working electrode, a reference 
electrode and a counter-electrode, or auxiliary electrode (CE). This type of instrument 
must be distinguished from a DC voltage supply, which imposes and controls in an 
electric circuit the potential difference between two terminals with a current flowing 
between them, namely the working and counter-electrodes in an electrochemical cell. 
The potentiostat is a crucial instrument when performing analytical studies in electro-
chemistry, because in order to properly understand, analyse and distinguish between 
the different phenomena at play at each interface, one needs more than simply 
information on the overall cell voltage. 

In order to properly carry out this function, a particular type of software can be used that 
is driven by a microprocessor. However, here one would need to use electronic interface 
components (analogue/digital and digital/analogue converters) with extremely short 
conversion times so as to ensure that the servo-control is fast and accurate, and such 
converters are particularly expensive. 

Alternatively, another possibility would be to use an electronic device with an oper-
ational amplifier mounted in servo-control, as illustrated in figure A.1. 

Cell

CE
Ref
WE Uoutput

Epilot

−

+

 
Figure A.1 - Diagram showing the basic principles of an analogue potentiostat 

Here is a brief overview of the main theoretical features of an operational amplifier: the 
voltage gain (G) is infinite between the input and output connections (in practice higher 
than 105), the response time is very short (less than 10 6 s), the output impedance is low 
and the input impedance is infinite (in practice higher than 106 , or even 1012 to 1014  
when using field effect transistor technology). Therefore the leakage current is extremely 
low between the amplifier’s – and + input connections, and the pilot generator delivers 
practically no current. 
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In this case the voltage can be written as: 

Uoutput  = G (Eapplied – ERef)     or       =  Eapplied – ERef  =  Uoutput /G  0 

In this example above, given that the working electrode is connected to the ground, the 
following equation can be applied at all times: 

UWE/Ref  =   Eapplied  

Therefore, this type of device controls the voltage value between the working electrode 
and the reference electrode that has no current flowing through it. However, the voltage 
between the counter-electrode and the reference electrode may fluctuate due to experi-
mental factors (for example, bubbles or a passive layer forming, etc.) while leaving the 
EWE/Ref value unaffected. The imposed voltage Eapplied can be continuous or it can be 
modulated by a signal generator (triangular, square or sinusoidal). 

It must be pointed out that the Uoutput value is limited by the power supply of the 
operational amplifier (+Vcc , Vcc, which are not indicated on the diagram in figure A.1). 
Therefore, a small laboratory potentiostat matching the simple diagram in figure A.1  
has its output power limited by the electronic components being used. More complex 
devices can drive electrochemical cells that need higher power values. Moreover, some 
potentiostats are equipped with a device compensating for the ohmic drop that occurs 
between the reference and the working electrodes. 

GALVANOSTAT 

A galvanostat is an instrument that controls the current intensity flowing through an 
electrochemical cell. For this application, one can use the electric setup indicated in 
figure A.2, which controls the voltage between the resistance connections (R). 

Cell

CE

WE

Uoutput

Epilot

−

+
I = 0

I

R

 
Figure A.2 - Diagram showing an analogue galvanostat 

A calculation can be made that is similar to the one applied in the case of the potentiostat, 
which shows that Eapplied  RI   0. Here, the current flowing through the resistance, which 
is identical to the current flowing through the cell connected in series, is controlled by the 
operational amplifier. However, the voltage between the working and the counter-
electrodes is not controlled and can fluctuate due to unpredictable experimental factors. 
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In a setup that uses a galvanostat, it is possible to not use a reference electrode. However, 
if there is a reference electrode, then it is only used to monitor the voltage between the 
working electrode and the reference electrode. 

A potentiostat can also be used for an experiment that is set up in galvanostat mode. In 
this case, all that is needed is to insert a resistance in series with the electrochemical cell. 
The potentiostat is then connected to the assembly by linking the potentiostat’s Ref 
output to the cell’s working electrode and linking the WE output (the ground) to the 
other end of the resistance. The counter-electrode is connected in the usual manner, as 
shown in figure A.3. 

Cell

Potentiostat
CE

Ref

WE

CE

WE

Uoutput

I

IR

I = 0

 
Figure A.3 - Diagram of a galvanostatic setup using a potentiostat 

However, for this function to work there is no need to use a high-performance 
potentiostat. A mere DC current supply can be used, provided that it has adequate 
capacities (power, rise time, etc.). Some instruments offer the opportunity to use both 
functions (potentiostat and galvanostat). 

A.2.1 - GENERAL  SHAPE  OF  THE  CURRENT-POTENTIAL  CURVE  
FOR  REDUCING  WATER  OR  PROTONS:  
THE ROLE  OF  MASS  TRANSPORT  KINETICS 

When dioxygen and dihydrogen are formed the reactions involved are complex in 
several ways. However, if they are simplified to a certain degree, then it is possible to 
define the shape of the current-potential curves corresponding to aqueous solutions 
with different pH values. The following analysis is confined to situations where the 
limiting process is the mass transport of electroactive species via diffusion. In other 
words, it only applies when the kinetics of the various steps of the reduction mechanism 
is much faster than that of mass transport (i.e., mass transport control). To fully grasp the 
following analysis, the key notions are outlined in the preceding chapters, and a 
thorough understanding of chapter 4 is particularly essential. 

In this section we will first look at dihydrogen production in an acidic aqueous solution, 
whereby argon is continuously bubbled inside. Here, assuming unidirectional geometry, 
the steady states are described by the NERNST model: due to convection, the composition 
remains homogeneous throughout the bulk of the electrolyte, i.e., in the area beyond 
the thickness layer . This composition is identical to the initial composition: the pH is 
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fixed and no dihydrogen is dissolved. Moreover, a supporting electrolyte is added, which 
has the effect of minimising the migration of electroactive species. It is assumed that the 
diffusion coefficients are identical, which makes the calculations much easier, yet 
without limiting in any way the scope of the results that are presented below. 

The first difficulty stems from the very nature of the product being formed. To simplify, 
here we will assume that the dissolved dihydrogen is the only reaction product, even if 
the solubility limit is often reached in experiments. Since only fast reduction reactions 
are being considered here, the potential of the inert electrode can be written using the 
reversibility hypothesis: 

 E = E° + 0.06
2 log

aH2dissolved

(aH+ )2
interface

= E° 0.06 pH interface 0.03 logaH2interface
 

It must be emphasized that in the above equation for reversible proton reduction, the 
standard potential is not equal to 0 V/SHE, since the couple in question, H+/H2dissolved

 , is 
different from the usual H+/H2gaz couple. The link between these values calls into play the 
HENRY constant for dihydrogen, which leads to a solubility sH2 = 8×10 4 mol L 1 for a 
partial pressure of 1 bar. The standard potential is therefore: 

   E° = 0 0.03 log sH2 = + 0.093 V/SHE  

Moreover, again for the sake of simplicity, the values of the activity and concentration 
for each of the species involved are considered here as being equal. 

The second difficulty stems from the autoprotolysis equilibrium of the water or, in other 
words, from the fact that dihydrogen may form at the interface between the electrode 
and the electrolyte due to the reduction of H+ and/or of H2O (see section 2.1.2.3). In 
some operating conditions, a priori this leads to non-linear concentration profiles for the 
H+ and OH  ions throughout the diffusion layer, unlike the typical situation found for 
unidirectional-diffusion steady states. 

This phenomenon looks like an anomaly when compared to the conventional case, for 
example the Fe3+/Fe2+  couple, but in electrochemistry the occurrence of chemical 
equilibrium inside the solution cannot be considered as being exceptional. So, a specific 
term for volume production must be taken into account in the mass balance for the 
species involved in this equilibrium. At steady state, the mass balance of the electroactive 
species can be written as follows (see section 4.1.2): 

  0 = div NNH+ + wH+ = div NNOH + wOH = div NNH2 + 0  

The concentration profile for dissolved H2 is therefore linear (i.e., the molar flux density 
inside the diffusion layer is constant), though this is not the case a priori for H+ and OH . 

However, given that the following water autoprotolysis reaction: 

H2O      H+  +  OH  

involves H+ and OH  with identical stœchiometric numbers, their local production rates 
per volume unit are equal as written here: 
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The volume production term can therefore be eliminated by subtracting the first two 
equations. A linear profile is therefore to be expected throughout the diffusion layer for 
the quantity [H+]  [OH ]. 

Since the equilibrium constant is very low, it can be shown that H+ and OH  do not co-
exist in significant quantities. Except for pH values close to 7, the following inequalities 
always apply: 

either  [H+]    [OH ]             or  [H+]    [OH ] 

Therefore, depending on the working point in question, the diffusion layer can be 
divided into two adjoining zones: an alkaline zone and an acidic zone, each showing 
linear concentration profiles. This can be illustrated by studying the concentration 
profiles for different working points on the current-potential curve: let us consider the 
case of an acidic aqueous solution at pH * = 4 in the cathodic domain [1]. 

 When the current is lower than the limiting current related to the simple reduction of 
H+, then it suffices to consider that this reduction reaction is the only significant 
phenomenon at play. The OH  concentration remains negligible in the diffusion layer. 
The concentration profile of dissolved dihydrogen is related to the proton 
concentration profile, taking into account the stœchiometric coefficients. 

The limiting current can be expressed by:  

In this zone (|I | < |Ilim|), the interfacial concentrations can be expressed as a function 
of I : 

  

Figure A.4 depicts the concentration profiles for two working points that have been 
selected in this zone: at the half-wave (I = Ilim/2 ; pHinterface = 4 + log 2 = 4.3) and for 
pHinterface = 5, i.e., I = 0.9 Ilim. 

0

[H+]*

[H2]*

C C

xd 0 xd

[H+]*

[H2]*

a b

 
Figure A.4 - Concentration profiles of H+ (black) and H2 (grey)  

in an aqueous solution, with pH* =  4, for (a) I ==  Ilim /2 and (b) I =  0.9 Ilim  
The OH  concentration is not indicated: it is negligible throughout the solution. 

                                                                                                                         
[1] As mentioned in chapter 4, the bulk values are denoted by*, and are equal to the initial values 

before the current is switched on. 
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The equation for the current-potential curve for |I | < |Ilim|, that is plotted in figure A.5, is: 

 

  
E = 0.093 0.03 pH * 0.03 log

I
2 I lim

I lim
I lim I

2

 

− 1.5 

− 1 

− 0.5 

0 
− 0.2 − 0.1 0 0.1 

E [V/SHE]

−I /I lim

 
Figure A.5 - Current-potential curve for reducing an aqueous solution  
with pH* = 4 for working points with I /I im <  0.99 (i.e., pHinterface <  6) 

 If H2O is reduced together with H+, then it is possible to outstrip the limiting current 
previously defined. The water reduction leads to dihydrogen and hydroxide ions being 
produced (linked to water autoprotolysis). Therefore, it leads to a high pHinterface value. 
As previously specified, the diffusion layer is divided into two zones. The first one, next 
to the electrode, is an alkaline zone where the proton concentration is negligible. The 
second zone is an intermediate zone, where the proton concentration is once again 
much larger than that of the hydroxide ions. In this intermediate zone, the pH 
decreases progressively until the point of reaching its initial value at a distance  from 
the interface. Since the difference in concentrations [H+] – [OH ] varies in a linear 
manner, then the values of the slopes of the concentration profiles for H+ and OH  
must be opposite in each zone. As the current increases (in absolute value), then the 
thickness of the alkaline zone also increases and tends towards , while the thickness 
of the acidic zone decreases to insignificant values. This feature is illustrated in 
figure A.6 for working points corresponding to 2 Ilim and 4 Ilim. 

In this zone (|I | > |Ilim|), the interfacial concentrations can be expressed as a function of 
the current: 
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Figure A.6 - Concentration profiles of H+  (black), OH  (clear grey) and H2 (dark grey)  
for an aqueous solution with pH* ==  4  

for (a) I  =  2 Ilim and (b) I  = 4 Ilim (with a contracted concentration scale) 

The equation for the corresponding part of the current-potential curve (|I | > |Ilim|), 
plotted in figure A.7, can be deduced from above and is written as the following: 

 

  
E = 0.093 + 0.09 pH * 0.06 14 0.03 log

I
2 I lim

I lim I
I lim

2
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Figure A.7 – Shape of the current-potential curve for reducing an aqueous solution with pH* =  4 

In this slightly acidic type of solution, the steady-state current-potential curve shows 
two distinct reaction zones which can be ascribed to a low pHinterface value (H+ is 
reduced) or to a high pHinterface value (H2O is reduced). Let us recall it is assumed that 
the interfacial reactions kinetics plays no part here. 
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Figure A.8 shows the shape of the steady-state current-potential curves obtained for 
different values of the pH of the initial solution, pH *. 

− 15 

− 10 

− 5 

− 1 

− 0.7 − 0.6 − 0.5 − 0.4 − 0.3 − 0.2 − 0.1 0 0.1
E [V/SHE]

I

pH *↑

pH * = 4

0 

 
Figure A.8 - Shape of current-potential curves for reducing aqueous solutions  

with pH* ==  3, 4, 5, 9, 10, 11, 12 and 13  
The current scale is expressed with an arbitrary unit: 1 corresponds to the limiting current at pH* = 4. 

As to be expected from a redox couple, the limiting current changes with the pH * 
value in the acidic solutions, since this current is proportional to the proton concen-
tration in the solution. However, the corresponding potential changes are more 
complex. At low pH * values, the half-wave potential varies as – 0.03 pH * (see figure A5 
and the equation just above it). The curves corresponding to pH * values between 5 and 
9 are only barely distinguishable. Only at high pH * values can the position of the 
electrochemical window’s cathodic boundary be easily linked to the apparent standard 
potential, which varies as – 0.06 pH *. This simplified example, assuming that it involves 
fast redox kinetics, shows how difficult it is to use the apparent standard potential for 
positioning the current-potential curves of water redox couples. Therefore, it is 
particularly inadvisable to apply such a concept with intermediate pH * values. 

A.2.2 - DIFFERENT  WORKING  POINTS   
FOR  AN  ELECTROCHEMICAL  SYSTEM 

This appendix highlights an important case found in systems where the short-circuit 
current is extremely low. In such systems, almost all the operating conditions with 
significant currents are in electrolyser mode. For example, imagine a deaerated acidic 
aqueous electrolyte, with two inert electrodes (platinum and carbon) immersed within. 
One can assume that proton reduction kinetics is the only characteristic that distin-
guishes the interfaces. Therefore, the anodic branches of the current-potential curves 
are viewed as being the same, as long as the water oxidation into dioxygen occurs in the 
same way. The system’s open-circuit voltage equals the difference between two mixed 
potentials. As presented in figure A.9, platinum is the positive electrode at open circuit. 
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Figure A.9 - Superimposed anodic and cathodic branches of the current-potential curves  
of a carbon electrode and a platinum electrode immersed in a deaerated acidic aqueous solution 

In this system, a slight current variation around 0 causes a sudden voltage variation.  
This variation reflects the change occurring between an electrolyser mode, where the 
anode is platinum (the dotted line in figure A.10-a), and another electrolyser mode 
where the platinum electrode plays the role of cathode (the dashed and dotted line in 
figure A.10-b). 
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Figure A.10 - Superimposed anodic and cathodic branches of the current-potential curves  
of a carbon electrode and a platinum electrode immersed in a deaerated acidic aqueous solution 

Two different working points are indicated in the figures (a : ) and (b : ). 

However, within a certain voltage range the system works as a power source, yet with  
an insignificant current, as shown in figure A.11. Here, by convention, the working 
electrode is the electrode that is positive at open circuit, i.e., the platinum electrode. 
Over and above the particular examples of short circuit and open circuit (points (U = 0, 
Isc ) and (U(I = 0), I = 0), the two working points depicted in figure A.10 (the dotted line 
in figure A.10-a and the dashed and dotted line in figure A.10-b) are also indicated in 
figure A.11. 
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Figure A.11 - I(U) curve showing the working points of a system with a carbon electrode  

and a platinum electrode immersed in a deaerated acidic aqueous solution 

A.3.1 - ELECTRIC  POTENTIAL:   
VOLTA  AND  GALVANI  POTENTIALS 

Using a simple example to illustrate the concept of VOLTA and GALVANI potentials, let us 
consider a charged spherical conductor (radius r0) in equilibrium and in vacuum. As 
depicted in figure A.12, only the surface is charged: the volume charge density, ch , is 
zero. It is assumed that the surface charges, Qsurface, are uniformly distributed in the form 
of a thin, spherical crown, with a thickness of ch

[2]. Inside the crown, the volume charge 
density is not zero, with the following equation: 

   Qsurface = 4 ch ch r0
2  

r
r0 ch

r0
0

ch 0

ch 0VACUUM

 

Figure A.12 - Conducting sphere with its charged surface 

                                                                                                                         
[2] For electronic conductors, notably semiconductors, this volume is called a ‘ space charge zone ’. It 

is equivalent to the double layer for an electrochemical interface. 
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The laws of electrostatics can be applied to show the equations for the equilibrium 
electric field EE  and potential V. The electric field, which is radial (modulus denoted by 
Er), and the potential V are expressed as a function of the distance from the origin: 

 Applying the GAUSS theorem for the electric field profile gives: 
  
4 r 2 Er = Qinner

0
. 

   

   

  Er = ch

0
ch

r0
r

2

 

 The potential profile is obtained by integration of , with V = 0 at infinite 

distance and continuity at the interfaces, which gives. 

  
  
V = ch

0
ch

r0
2

r = Qsurface
4 0 r  

  
  
V = ch

2 0
r (r0 ch )[ ]2 2 r0 ch ch

2{ }  

   

The corresponding profiles are illustrated in figures A.13 and A.14. The two graphs on 
the right (electric field and potential) are plotted on a dilated scale compared to those 
on the left. In addition, in figure A.14 the ordinate scales are different for  and . 
Consequently, this leads to a break in the slope for r0

 , which has no physical meaning 
since the following equation applies: 

    

Er = − dV/dr Er = − dV/dr

rrr0 r0 − dch

r0

 
Figure A.13 - Radial component profile of the electric field ( ch >>  0) 

In the figure on the right, the r scale is considerably dilated. 
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V V

rrr0 r0 − dch

r0

j
    Qsurfacey = ⎯⎯⎯
      4πε0r0

c

 

Figure A.14 - Electric potential profile ( ch >  0)  
In the figure on the right, the r scale is considerably dilated. 

A.3.2 - MEAN  ACTIVITY  OF  A  SOLUTE  IN  AN  ELECTROLYTE 

Strictly speaking, it is possible to measure electrochemical potential and activity for any 
neutral species, though not for an ion: one cannot add a single type of ion to an 
electrolyte medium because such a modification would not preserve electroneutrality 
(see section 3.1.2.2). That said, it has to be recognised that the electrochemical potential 
and the activity of an ion are both conceivable notions. Indeed, they are so widely used 
in electrochemistry (and especially in this book), that it is easy to forget that, technically 
speaking, they are non-measurable quantities. This may seem inconsistent with other 
conventional concepts in electrochemistry, especially with the notion of selective 
electrodes, which are commonly used as indicators for a specific ion activity. The most 
famous of these selective electrodes is the pH electrode, although pH is, by definition, 
impossible to measure from a strictly thermodynamic point of view. The following 
appendix addresses this apparent contradiction by examining the thermodynamic 
equilibrium or the quasi-steady state of different electrochemical chains at open circuit. 

The first group of examples illustrated deals with electrochemical chains with no ionic  
junction. In this case the thermodynamic voltage is always written in a straightforward 
way using an equation that includes the activities of neutral species (in particular the 
mean activities of electrolytes, see section 3.2.1.1). The second group of examples deals 
with electrochemical chains with at least one ionic junction. In this case, the equation for 
the open-circuit voltage usually shows the ion activity as a separate entity. In this section 
we will show how it is only possible to write the equation in this way when the ionic 
junction voltage has been disregarded. Let us recall that, in the latter case, the electro-
chemical interfaces are in thermodynamic equilibrium, whereas the liquid junction are at 
quasi-steady state (see section 3.3.5 and appendix A.1.1). 

ELECTROCHEMICAL  CHAINS  WITH  NO  IONIC  JUNCTION 

It is a hard task to find a realistic example of an electrochemical chain that is both in true 
thermodynamic equilibrium and with no ionic junction. However, the two examples laid 
out below come relatively close to this case, provided that an additional assumption is 
made, which is specified in each case. 
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 The first example is the following chain: 

Ag’ | Pt, H2 | aqueous solution containing HCl and KCl | AgCl | Ag 

Here it has to be assumed that dihydrogen is not in contact with AgCl, otherwise it 
would spontaneously react. Remember that in order to write the correct equation for the 
voltage that is measured by a voltmeter, the electrochemical chain needs to end with 
two materials of an identical nature. As a result, it is only their VOLTA potentials which 
differ (see section 3.3.4.1). By writing equations for the electrochemical equilibrium of all 
the interfaces, one ends up with the following chain voltage (see section 3.4.1.1): 

 

Ag Ag’ = 1
2 �

(2 AgCl + H 2
2 Ag 2 H+ 2 Cl )

Ag Ag' = U ° + RT
�

ln aH2

RT
�

ln(aH+aCl )

Ag Ag' = U ° + RT
�

ln aH2

2 RT
�

lna±

 

Therefore the thermodynamic voltage of this cell is mainly a function of the mean 
activity of HCl, whereas the activities of H+ or Cl  do not play any part when taken 
separately. Here, it must be underlined that because the solution contains three types  
of ions (H+, K+ and Cl ), one therefore needs to include the different H+ and Cl  
concentrations when calculating the mean activity coefficient of HCl.  

 The second example that illustrates a lead-acid battery, presents the following electro-
chemical chain: 

Pb’ | PbSO4 | H2SO4 aqueous solution | PbSO4 | PbO2 | Pb 

Here, it is assumed that the solvent decomposition reactions (release of dihydrogen and 
dioxygen) are immeasurably slow. The battery voltage in equilibrium is obtained by 
writing the electrochemical equilibrium of all the interfaces: 

   

Pb Pb’ = 1
2 � PbO2

+ Pb + 2 H+ 2 HSO4
2 H2O 2 PbSO4( )

Pb Pb' = U ° RT
�

lnaH2O + RT
�

ln(aH+aHSO4
)

Pb Pb' = U ° RT
�

lnaH2O + 2 RT
�

lna±

 

Therefore the overall battery voltage gives access to the mean activity of H2SO4. Indeed, 
it can be noted that the data are often expressed in terms of mean activity coefficients. 
Depending on which author, the results take into consideration either the species H+ 
and HSO4  or H+ and SO4

2  . In fact a± is the only experimental datum. 

ELECTROCHEMICAL  CHAINS  WITH  AN  IONIC  JUNCTION 

 Let us first consider a chain involving the same electrochemical interfaces as in the first 
example with no ionic junction, yet this time introducing two aqueous solutions with 
different compositions which are placed in contact through a porous material: 

Ag’ | Pt, H2 | HCl solution (sol. ) | | KCl solution (sol. ) | AgCl | Ag 
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The following shows the open-circuit voltage that is obtained by writing the electrochemi-
cal equilibria of all the interfaces, with the ionic junction excluded (see section 3.4.1.1): 

 

   

Ag Ag’ = 1
2 �

(2 AgCl + H 2 2 Ag 2 H+ 2 Cl ) +

Ag Ag' = U ° + RT
�

ln aH2

RT
�

ln(aH+ aCl ) +U junction

 

Using the values in appendix A.1.1, with a solution of pH = 2 for  and a 1 mol L 1 KCl solu-
tion for , the ionic junction voltage is very small in numerical terms (3.5 mV). Therefore, it 
would not be incongruous to write [3]: 

 
   

Ag Ag’ U ° + RT
�

ln aH2

RT
�

ln(aH+ aCl )  

In this equation, there appears no clear thermodynamic parameter involving ions, the 
reason being that parameters for the ions belonging to phases  and  are mixed. Yet, 
this type of equation is commonly found in electrochemistry. In order to gain a full 
understanding of what is being measured, it is nonetheless worth describing the ionic 
junction term in precise detail, even though its value is small in numerical terms. By 
reusing the results from appendix A.1.1, the junction voltage can be written as being an 
integral over the thickness of the porous material: 

    
= RT

�
tH+ grad (lnaH+ ) + tK+ grad (lnaK+ ) tCl grad (lnaCl )( ) dx  

Since the sum of the transport numbers is equal to 1 at any point, one can also write: 

    

U junction = RT
�

tH+ grad (ln(aH+aCl )) + tK+ grad (ln(aK+aCl )) grad (lnaCl )( ) dx

U junction = RT
�

ln
aCl

aCl
+ RT

�
tH+ grad (ln(aH+aCl )) + tK+ grad (ln(aK+aCl ))( ) dx

 

and finally: 

    

Ag Ag’ = U ° + RT
�

ln aH2

RT
�

ln(aH+ aCl )

Ag Ag' = U ° + RT
�

tH+ grad (ln(aH+aCl )) + tK+ grad (ln(aK+aCl ))( ) dx
 

Therefore, one can see that in this more thorough version of the equation, the cell’s 
open-circuit voltage (at quasi-steady state) does not show any isolated ionic activity. 
Instead, it shows the mean activities of the neutral species HCl and KCl: 

  
aH+aCl  and 

  
aK+aCl  respectively. 

 The case of an ion-selective electrode for a given ion i , produces the same type of 
equation. If one disregards the ionic junction voltage, due to the fact that a reference 
                                                                                                                         
[3] When dealing with a cell with a salt bridge, it would be all the more legitimate to disregard the 

junction voltage. 
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electrode is completing the electrochemical sensor for example, the following type of 
equation emerges: 

 
   
U Cst + i RT

e �
lnai  

This equation, which is the most common, could indicate that the activity of ion i is a 
measurable quantity, though this is not strictly exact. The correct expression to give the 
accurate voltage, with the ionic junction voltages taken into account, always includes 
the mean activities and their spatial variations. 

 The final example, which also deals with aqueous solutions, gives a result that is 
commonly found in electrochemistry, when it is not possible to disregard the cell’s ionic 
junction voltage. In this case, there is only one correct way of writing the equation, 
which involves mean activities as it should be. This applies to a particular type of cell that 
is sometimes called a ‘ concentration cell ’: 

Pt’, H2 | HCl solution (sol. ) |  | HCl solution (sol. ) |  H2, Pt 

   
Pt Pt’ = RT

�
ln

aH+

aH+
+  

In this electrolyte with only two ions with identical concentrations, the equation for the 
junction voltage gets even simpler if one can assume that the ionic transport numbers 
are identical at all points throughout the system: 

    

= RT
�

tH+ grad (lnaH+ ) tCl grad (lnaCl )( ) dx

= RT
�

tH+ grad (ln(aH+aCl )) grad (lnaCl )( ) dx

= RT
�

tH+ ln
aH+ aCl

aH+ aCl

RT
�

ln
aCl

aCl

 

and finally: 

   
Pt Pt’ = RT

�
tCl ln

aH+ aCl

aH+ aCl
 

This equation for the open-circuit voltage (at quasi-steady state) of a concentration cell 
is commonly found in electrochemistry, and effectively involves the mean activity of HCl 
in each compartment. By analogy with the HITTORF mass balance (see section 4.4.2.3), it 
can also be demonstrated in terms of a thermodynamic energy balance. The energy 
change that occurs when an extremely low amount of charge flows through the cell is 
expressed as a function of the transport numbers and of the ionic activities. Therefore, 
this type of cell is one way of determining transport numbers in an experiment. 

A.3.3 - DEBYE-HÜCKEL'S  MODEL 

Here we will briefly summarise the basic elements that are needed for demonstrating the 
DEBYE-HÜCKEL laws as a means of estimating the ionic activity coefficients in a solution. 



APPENDICES 281 

The electrostatic potential  is the combined result of an individual ion with a charge of 
zk that is placed at the origin (r = 0) and all the other surrounding ions, including those of 
the same nature. The solution’s average potential is chosen as the reference value 
( sol = 0). In this case, the following laws and equations are used: 

 the laws of electrostatics (POISSON‘s equation in spherical coordinates): 

 
  

1
r 2 r r 2

r = ch with ch = ni zi e
i

 

where ni is the concentration of ion i (expressed in the number of ions i per unit 
volume, i.e., in m 3) and ch is the charge density (expressed in C m 3) at a distance r 
from the centre; 

 the BOLTZMANN statistics, indicating how the species concentration is distributed based 
on their potential energy: 

   ni = ni * e
zi e

kT  

where ni* is the mean concentration of ions i ; 

 the electroneutrality equation (based on mean values): 

  

If one adopts the assumptions underlying this model (see section 3.2.1.3), since 
 << kT, then it is possible to use the TAYLOR expansion around zero of the 

preceding ni expression coming from the BOLTZMANN statistics: 

  

The equation describing the charge distribution with the potential then becomes: 

 
  

ch = zi
2 ni *

i

e2

kT  

Using the following parameter LD, which has the dimension of a length and is called the 
DEBYE length (see the physical analogy below): 

 

  

LD = kT
zi

2 ni *
i

e2  

the POISSON-BOLTZMANN equation can be written in the following form: 

 
  

1
r 2 r r 2

r =
LD

2  

By introducing the function g = r  , the equation is made much easier to integrate, thus 

becoming: 
  

2g
r 2 = g

LD
2  
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with the following boundary conditions: 
   r g 0  

 r 0 g zk e
4

 

The latter condition relates to a dilute electrolyte solution, whose charges are consid-
ered to be point charges. In the area closely surrounding the central ion (r tends towards 
zero) the only potential that prevails is the one created by the central charge. All the 
other ions are too far away to have any bearing on the potential. 

By integration, one obtains:   g = A1 e
r
LD + A2 e

+ r
LD  

with the following equations taking into account the limiting conditions: 

  

A TAYLOR expansion around zero, i.e., for a short distance to the central ion when 
compared to the DEBYE length, then gives the following equation: 

  

In this equation, the first term corresponds to the potential that is produced by the point 
charge of the central ion. The second term corresponds to the potential produced by all 
the other ions. The parameter LD, which has the dimension of a length, corresponds to 
the radius of a sphere whose charge is opposite to that of the central ion (counter-ion). 
However, it has no direct physical meaning since there is no real charge – zk | e | placed 
on this virtual sphere. 

By introducing the concept of ionic strength Is
 , as defined in section 3.2.1.2, and by 

using molar notations for the concentrations, the equation for the DEBYE length 
becomes: 

 
   
LD = RT

2I s �2  

For example, for an aqueous solution at 25 °C (dielectric permittivity of pure water: 
 = r / (36 ×109 ) with r = 78) of ionic strength 10 3 mol L 1 (= 1 mol m 3), the DEBYE 

length is about 100 Å, or 10 nm. This means that the previous equation that illustrates 
the potential surrounding the central ion only applies when dealing with a distance of 
less than a few Å from this ion, because it stems from a TAYLOR expansion around zero 
(i.e., for small values of r compared to LD). However, this suffices to be able to determine 
the equation for the activity coefficient, as shown in the following reasoning. 

From an energy point of view, the deviation from ideality that is caused by the 
surrounding ions interacting with the central ion, equates to the same value as the 
energy required to gradually generate a charge of zk | e | at the point of the central ion, 
while keeping the place of the other ions: 
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so: log k = A zk
2 I s  

with: 
   
A = �3 2

8 �( RT )3/ 2 ln 10
103  in L1/2 mol1/2 

For example, using the dielectric permittivity of pure water at 25°C, the value of A is 
0.509 L1/2 mol1/2, which is close to the experimental value determined from the mean 
activity coefficients in aqueous solutions. 

When the ionic strength is higher than 10 3 mol L 1, then the following extended DEBYE-
HÜCKEL equation can be used: 

 log k = A zk
2 I s

LD
LD + a =

A zk
2 I s

1 + a B I s
 

with:  

This equation is based on a calculation similar to the previous one, but in this particular 
case the volume of the charges is no longer disregarded. The parameter a, which has the 
dimension of a length, is the minimum distance by which the ions can approach the 
central ion. The function g = r  is then integrated between a (instead of 0) and the 
infinite distance. The parameter a is determined experimentally by adjusting the 
experimental points to fit the specific law in question. For a single solute, a is close to the 
sum of the two radii of the solvated ions. In reality, its value is slightly lower: there is an 
intermingling that occurs between the two solvated ions when they are brought into 
contact. For single-solute electrolytes, the sum of the parameters given for each of the 
two ions is often used (see the data tables provided in scientific literature: the order of 
magnitude is a few Å). The value of parameter B for aqueous solutions at 25 °C using the 
dielectric permittivity of pure water is 3.3 L1/2 mol1/2 nm 1. The product aB is then always 
close to 1. Most often for aqueous solutions at room temperature, a simplified equation 
is used which is deduced from the previous equation: 

 
  
log k A zk

2 I s

1 + I s
 

that is to say, for a solute:  log ± Az+ z I s

1+ I s
 

Such a law is commonly used for ionic strengths that are lower than 10 2 mol L 1 (and 
exceptionally 10 1 mol L 1). For instance, it leads to a corrective term compared to the 
limiting law, of about 10% on the logarithm for an ionic strength of 10 3 mol L 1. 
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A.3.4 - THERMODYNAMIC  EQUILIBRIUM  AT  A  REACTIVE  
INTERFACE  INVOLVING  A  SINGLE  REACTION 
BETWEEN  CHARGED  OR  NEUTRAL  SPECIES 

The aim of this section is to compare the different consequences entailed when a state 
of thermodynamic equilibrium is established between two conducting media. For this 
purpose we will focus on the case of three different types of reactive interfaces: 

 the junction between two materials of the same nature, when only neutral molecules M 
can be exchanged; 

 the junction between two materials of the same nature, when a single type of charged 
species can be exchanged: for instance an exchange of cations M+; 

 the electrochemical interface between an inert electrode and an electrolyte containing 
two elements of a redox couple: for example an equimolar mixture of M2+ and M3+. 

Let us consider two samples of conducting condensed material with identical volumes 
(two cubes with  = 1 cm) at room temperature (25°C). In their initial state, they are 
placed at a distance from each other, and neither their surface nor volume is charged. In 
the first two cases, both materials are of the same nature and therefore have equal stan-
dard chemical potentials. However the initial concentrations of M or M+ are different: 

 
  
C0 = 10 1 mol L 1 and C0 = 10 3 mol L 1  

The last case involves a metal, with an initial electron concentration of 
  C0 = 100 mol L 1 , 

that is in contact with an equimolar mixture of M2+ and M3+ in a solution with an initial 
concentration of 

  
C0 = 10 3 mol L 1 . 

In the simplified reasoning applied here, the concentrations are used instead of the 
activities, except in the case of metals where the electron activity is always equal to 1. 
Moreover, when the equilibrium is established, it is assumed that the surface charges 
that emerge as a result, are distributed in such a way that a parallel plate capacitor is 
formed (area is S = 1 cm2) [4]. The distance between the planes is  = 1 nm, with a relative 
dielectric permittivity r = 10. This capacitor corresponds to the electrochemical double 
layer. 

Therefore, we end up with a first phase  (with a thickness  = 1 cm perpendicular to the 
interface) with a surface charge excess ch. This interface forms the first plate of the plate 
capacitor. The second plate, with an excess of opposite charge, is located at  = 1 nm 
inside the second phase  (volume thickness  = 1 cm): 

phase  , charge + ch
  | interfacial zone  = 1 nm | charge  ch , phase  

Moreover, the difference between the surface electric voltages in the two phases is 
overlooked (see section 3.1.1.2,  = ). Therefore, the VOLTA and GALVANI potential 
differences between the two phases are considered as being equal (    =   ). 
                                                                                                                         
[4] This means that the boundary effects are disregarded: the surface charge density is zero on five 

faces and uniform on the sixth face which is in contact with the other phase. This system can be 
also represented as part of a system with unidirectional geometry (two conducting volumes with 
an infinite section and a thickness ). 
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EXCHANGE  OF  NEUTRAL  SPECIES  M 

Once both phases have been brought into contact, molecules M are exchanged between 
them until thermodynamic equilibrium has been reached. The chemical potential of M, 
expressed by M = °M + RT lnC, is higher at the initial state in phase  than in phase , 
therefore molecules M move from phase  to phase  until equilibrium is reached. 

 Variations in concentration and in the amount of substance 
required to reach equilibrium 

At thermodynamic equilibrium, the equality of chemical potentials leads to the equality 
of M activities (= concentrations) in both phases: 

 
  
Ceq = Ceq =

C0 +C0

2 = 0.1+ 0.001
2 0.05 mol L 1  

Once the volume of each phase is taken into account, this concentration variation 
corresponds to the following amount of substance exchanged: 

 
    

n = neq n0 = (neq n0 ) =
C0 C0

2
3 = 5 10 5  mol = 3 1019  molecules  

 Variations in chemical potential linked to the process of reaching equilibrium 

Between the two phases, the initial difference in chemical potential for M is: 

 
  

0 0 = RT ln
C0

C0
= +11.4 kJ mol 1  

In each phase, between the equilibrium state and the initial state, the variation in 
chemical potential for M is: 

 

  

= eq 0 = RT ln
Ceq

C0
= 1.7 kJ mol 1

= eq 0 = RT ln
Ceq

C0
= + 9.7 kJ mol 1

 

EXCHANGE  OF  CATION  M+ 

After contact, M+ ions are exchanged between both phases until thermodynamic equi-
librium has been reached. Let us recall that initially there is no surface charge, and that 
the difference in surface voltages is overlooked. In the initial state, the difference in 
electrochemical potentials is therefore identical to that of chemical potentials, and the 
electrochemical potential is higher in phase  than in phase . Therefore, in order to 
reach the equilibrium state, M+ ions move from phase  to phase . 

 Variations in concentration and in the amount of substance 
required to reach equilibrium 

The movement of ions M+ from phase  to phase  creates a charge excess in phase  
and charge depletion in phase . In equilibrium, such opposite charge excesses are 
located on the surface (remember that it is assumed here that they form a plate capacitor). 
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The related potential difference is given by the following equation: 

 
   
( eq eq ) 0 r S = (neq n0 ) � = (neq n0 ) �  

Moreover, with the VOLTA and GALVANI potential differences being taken as equal, the 
equality of electrochemical potentials yields the following: 

 
   
RT ln

Ceq

Ceq
= ( eq eq ) �  

This equation can therefore be written using a single unknown 
  

n = neq n0 :  

 

     
RT ln

C0 n/ 3

C0 + n/ 3 =
0 r

2 n �2 = �2

0 r

n
3  

Solving this equation gives: 

 
   

C = n
3 = 1.1 10 8  mol L 1 C0

 

or: n = neq n0 = (neq n0 ) = 1.1 10 11 mol = 6.5 1012  molecules  

which corresponds to a surface charge excess of 1.0 μC cm 2. 

Therefore, what has been demonstrated here is that when a charged species is 
exchanged, there are only minor variations in concentration and chemical potential in 
each phase, between the equilibrium and initial states [5]: 

 

  

Ceq C0 and Ceq C0

eq 0 and eq 0
 

 Variations in the GALVANI potential difference  
linked to the process of reaching equilibrium 

In equilibrium, the two phases do not have the same GALVANI potential: 

 
   

eq eq =
0 r S

n �
RT
�

ln
C0

C0
= 118 mV  

with an equal distribution: 
 eq = eq = 59 mV.  

 Variations in electrochemical potential  
linked to the process of reaching equilibrium 

Between the two phases, the initial difference in electrochemical potential for M+ is: 

 
   

0 0 = 0 0 = RT ln
C0

C0
= +11.4  kJ mol 1  

                                                                                                                         
[5] This calculation enables one to predict that such an approximation will cease to apply if  and/or  

are strongly decreased: if the product  decreases, then C  = n/ 3 increases and may become 
significant in comparison to the initial concentrations. 
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Between the equilibrium and the initial states, the variation in electrochemical potential 
for M+ in each phase is: 

 

    

= eq 0 ( eq 0 ) � = 5.7  kJ mol 1

= eq 0 ( eq 0 ) � = + 5.7  kJ mol 1
 

REDOX  EQUILIBRIUM  AT  AN  ELECTROCHEMICAL  INTERFACE 

In order to address this issue, one firstly needs to add an assumption related to the 
numerical values of the standard potential of various species. It will therefore be 
assumed here that: 
 

 
°M2+ °M3+ °e = + 100 kJ mol 1  

Although this value has been picked arbitrarily, it nonetheless depicts a realistic order of 
magnitude for a chemical GIBBS energy of reaction [6]. 

Once the phases have been brought into contact, the redox reaction can proceed in one 
direction or in the other, until thermodynamic equilibrium is reached. Given that there is 
no surface charge in the initial state and that the difference in surface voltages has been 
overlooked, the GALVANI potential difference is therefore zero and the electrochemical 
GIBBS energy of reaction is equal to the GIBBS energy of reaction (     rG = rG + �( )  

 = rG ). Moreover, since the initial mixture of electroactive species is equimolar, the 
GIBBS energy of reaction is equal to its standard value. Therefore, in the initial state, the 
following can be written: . To conclude, in order for the equilib-
rium state to be reached, the redox half-reaction proceeds in the direction of oxidation. 

 Variations in concentration and in the amount of substance 
required to reach equilibrium 

The oxidation of M2+ ions to M3+ leads to an excess of positive charge in phase  and 
negative charge in phase  (metal). In equilibrium, these charge excesses, which are 
exact opposites, are located on the surface. Reaching the state of thermodynamic 
equilibrium leads to the fact that n mol of additional electrons appear on the metal 
surface, together with the transformation of n mol of M2+ ions into the same amount  of 
M3+ ions in the electrolyte. 
                                                                                                                         
[6] In the case of a M3+/M2+ couple this value can be estimated by combining the couple’s standard 

potential value (E °), with the absolute potential of the SHE (estimated as 4.45 V/vacuum, see 
section 1.5.1.1) and the electron work function of platinum (5.32 eV, see section 3.2.2.3). The 
following combination can therefore be written: 

  M3+
aq  +  ½ H2,gaz      M2+

aq  +  H+
aq  |e|E ° eV 

  e gaz  + H+
aq      ½ H2,gaz  4.45 eV 

  e Pt      e gaz 5.32 eV 
  ———————————————— 
  M3+

aq  +  e Pt      M2+
aq 5.32  4.45  |e|E ° 

 Let us examine a few M3+/M2+ couples in order to estimate the corresponding order of magnitude. 
For the Fe3+/Fe2+ couple, E  = + 0.77 V/SHE and the estimated GIBBS energy is 0.10 eV = 10 kJ mol 1. For 
the couple V3+/V2+, E ° =  0.26 V/SHE and the estimated GIBBS energy is 1.13 eV = 107 kJ mol 1. Finally 
for the couple Cr3+/Cr2+, E  =  0.41 V/SHE and the estimated GIBBS energy is 1.28 eV = 122 kJ mol 1. 
This explains how the numerical value of 100 kJ mol 1 was chosen when estimating the amount of 
substance variation required to reach equilibrium. 
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The resulting potential difference is given by the following equation: 

 
   
( eq eq ) 0 r S = n � > 0  

In equilibrium, the electrochemical GIBBS energy of reaction is equal to zero. So, assum-
ing that the VOLTA and GALVANI potential differences are equal, the following is obtained: 

 

   
°M2+ °M3+ °e + RT ln

Ceq (M2+ )

Ceq (M3+ )
= ( eq eq ) �  

This equation can be written using a single unknown, n: 

 

     
°M2+ °M3+ °e + RT ln

C0 n/ 3

C0 + n/ 3 =
0 r

2 n �2 = �2

0 r

n
3  

Solving this equation gives: 

 
   

C = n
3 = 9.5 10 8  mol L 1 C0

 

or:   n = 9.5 10 11 mol = 5.7 1013  molecules  

which corresponds to an excess of surface charge of 9.2 μC cm 2. 

Therefore, what has been shown here is that when redox equilibrium is reached, there 
are only negligible variations in the concentration and chemical potential in each phase, 
between the equilibrium and initial states [5]: 

 

  

Ceq C0 and Ceq C0

eq 0 and eq 0
 

 Variations in the GALVANI potential difference 
linked to the process of reaching equilibrium 

In equilibrium, the GALVANI potential in the two phases are not the same: 

 
   

eq eq =
0 r S

n � = 1.15 V  

This difference is divided equally between the two phases: 
 eq = eq = 0.58 V.  

 Variations in electrochemical potential  
linked to the process of reaching equilibrium 

Between the equilibrium and initial states, the electrochemical potential variation for 
each species in its particular phase is: 

 

   

e = eq,e 0,e ( eq 0 ) � = + 55.7 kJ mol 1

M 2+= eq,M 2+ 0,M 2+ 2 ( eq 0 ) � = + 111.4 kJ mol 1

M 3+= eq,M 3+ 0,M 3+ 3 ( eq 0 ) � = + 167.0 kJ mol 1
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with: 
   

M 3+ M 2+ = 55.7 kJ mol 1 = e  

We can conclude this appendix by stressing that when the equilibrium state is being 
reached, the process triggers modifications at the level of a reactive interface which are 
strongly dependent on whether the reactions involve molecules (neutral species) or 
charged species (ion exchange or redox reaction). This is a key consideration in electro-
chemical systems, which can be stretched to apply to most cases [7]: 

 for an interfacial reaction occurring between molecules (e.g., exchange or reaction 
between molecules) the equilibrium state is reached when a large amount of sub-
stance has reacted at the interface, therefore triggering a change in composition on 
both sides: 

 

  

Ceq C0 and Ceq C0

eq 0 and eq 0
 

 for an interfacial reaction involving charged species (e.g., ion exchange or redox reac-
tion), the equilibrium state is reached once an extremely small amount of substance 
has reacted, therefore triggering no change in the volume composition: 

 

  

Ceq C0 and Ceq C0

eq 0 and eq 0
 

In these cases, the equilibrium state is reached by adjusting the GALVANI potential 
differences between the two phases in contact with each other. 

A.4.1 - HIGHLIGHTING  THE  ROLE  OF THE SUPPORTING  
ELECTROLYTE  IN  MASS  TRANSPORT   
AND  ITS  IMPACT  ON  AN  ELECTROLYSIS  CELL 

This appendix sets out to illustrate the following concepts, using two simple examples to 
which one can apply almost all of the reasoning in analytical terms: 

 steady-state concentration and potential profiles, including estimating the ohmic drop, 

 distribution of the diffusion and migration mass transport modes, assuming that the 
NERNST-EINSTEIN equation applies [8], 

 process of reaching the steady state, 

 validity limit for the electrolyte electroneutrality. 

                                                                                                                         
[7] In experimental situations, one needs to call this equation into question mainly in cases where the 

ratio of phase volumes to the interface area is very low (reflecting a dramatic decrease in the  
value in our calculation). 

[8] Let us recall here (see section 4.2.1) that it is only possible to split the migration and diffusion 
contributions in quantitative terms if one first draws up a hypothesis based on their respective 
properties. The simplest assumption is that the two phenomena have an identical microscopic 
mechanism, and that the activity and concentration values are equal. This leads to the NERNST-
EINSTEIN equation, as used here. 
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The two examples that have been selected both relate to a case of electrolysis involving 
two simple and opposite redox reactions [9]. On the one hand a single 1-1 solute is used 
as electrolyte, and on the other hand the same solute but with a supporting electrolyte. 
They are dealt with one after the other, but the interest of this exercise also lies in 
comparing the two situations. 

Imagine a parallelepipedic cell (with unidirectional geometry), comprising two planar, 
parallel, silver electrodes with a surface area of S = 1 cm2, separated by a distance of 
L = 2 mm. They are both successively immersed in one of the two aqueous solutions S1 
or S2 being studied, and connected to a constant current supply: 

solution S1 : silver nitrate, AgNO3, with the concentration C * = 10 3 mol L 1 

solution S2 : silver nitrate, AgNO3, with the concentration C * = 10 3 mol L 1 
 + potassium nitrate, KNO3, with the concentration 10 1 mol L 1 = 100 C * 

The pH is adjusted in both solutions to prevent any silver oxide from precipitating, and 
the protons and hydroxide ions are assumed to play only a minor role in the mass 
transport. 

At the anode, one can observe the dissolution of the silver sheet:  Ag      Ag+  +  e  

At the cathode, one can observe silver deposition:  Ag+  +  e       Ag 

The origin of the x axis, which is normal to the electrodes, is chosen as the anode plane, as 
illustrated in figure A.15. In order to build up a comprehensive definition, one needs to 
choose a unique origin and a unique orientation of the normal axis, and therefore pay 
particular attention to the signs in the equations. 

jANODE
+

CATHODE
−

S =1cm2 S =1cm2

xL0

e−I

 
Figure A.15 - Diagram showing the electrolysis cell in question 

                                                                                                                         
[9] The advantage of choosing an electrolysis reaction with no overall chemical change is that steady 

states can be obtained with non zero current. Such steady states are easy to describe in analytical 
terms. These conditions correspond to an electrolyte whose composition is non-homogeneous, 
with the diffusion phenomena applying throughout the entire volume, and with a single diffusion 
layer that measures the same as the inter-electrode distance L. 
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Assuming that the charge transfer reactions are very fast in comparison to the mass 
transport phenomena, one can conclude that the charge transfer kinetics plays no part 
in the voltage value between the electrolysis cell terminals. The voltage is wholly 
governed by the mass transport phenomena in the electrolyte. The concentration and 
activity values are considered as equal. It is assumed that both the natural and forced 
convection phenomena are negligible: only migration and diffusion are taken into 
account in this analysis [10]. Moreover, the NERNST-EINSTEIN equation is assumed to apply in 
the system in question. In addition, the characteristic mass transport parameters 
(diffusion coefficients and mobilities or electrical conductivities) are taken as being 
independent of the concentration and equal to their values at infinite dilution: 

 

  

Ag+ = + =  6.19 mS mol 1 m2

NO3
= =  7.14 mS mol 1 m2

K+ =  7.35 mS mol 1 m2

and DAg+ = D+ = 1.65 10 9  m2  s 1

and DNO3
= D = 1.90 10 9  m2  s 1

and DK+ = 1.96 10 9  m2  s 1

 

SOLUTION  WITH  NO  SUPPORTING  ELECTROLYTE  (SOLUTION  S1) 

THE  EQUATIONS  FOR  THE  SYSTEM 

 The electroneutrality of the solution at all points throughout the volume leads to (see 
the section further on in this appendix dealing with the validity limit of this equation): 

C+  =  C                     (  C * a priori) 

 Because the system is in unidirectional geometry, the molar flux density vectors are all 
parallel to the x axis and Ni is the algebraic projection on this axis. The volume mass 
balance in the electrolyte is written in the following way for species i (see section 4.1.2 
without homogeneous reaction): 

  

and in particular, at steady state:  

In other words, the molar flux densities become homogeneous in the overall electrolyte 
volume at steady state. 

 The system is also defined in terms of the interfacial mass balance. In this case, NO3  
does not react at the anode, yet silver is oxidized. Therefore, at this interface the mass 
balance is written with the anodic current taken as being positive, as usual (see 
FARADAY’s law in section 4.1.4): 

  

                                                                                                                         
[10] If a distance of 2 mm is chosen in an experiment, then a polymer or a gel electrolyte needs to be 

used in order to eliminate natural convection. In fact, the influence of natural convection cannot 
be wholly disregarded in a liquid solution. The term ‘ thin film cell ’ is sometimes used to describe 
such a device. 
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When the FARADAY law is applied at the cathode, the same equations emerge. One must 
then bear in mind that the conventions usually applied in electrochemistry for a given 
electrode are not followed when forming the equations for a complete system, since the 
axis normal to the surface is oriented here at the cathode interface  from the electrolyte 
towards the metal (i.e., outside the system, see figure A.15) [11]. The FARADAY law for the 
cation should be written as follows: 

  

with an axis oriented towards the electrolyte. For the same example, yet keeping the 
same axis orientation for the complete system and specifying I > 0 for the current 
measured in the circuit, we therefore have to write here: 

  

 Each different molar flux density can be written as the sum of two terms (diffusion and 
migration, see section 4.2.1.4): 

  

Using the NERNST-EINSTEIN equation:  

we can write:  

STEADY-STATE  CONCENTRATION  PROFILES 

At steady state, the molar flux densities, N+ and N  , are constant throughout the whole 
electrolyte volume and equal to their interfacial values [12]. 

 By combining the previous equations so as to eliminate the term showing the electric 
field, one gets: 

  

and finally, with C+ = C  and N  = 0: 

  

                                                                                                                         
[11] See the illustrated board entitled ‘ Sign convention for current ’. 
[12] In fact, having two opposite interfacial reactions means that non-zero current steady states can 

exist in this type of system (see section 4.4.1.2). 
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that is to say :  
   

C+
x = I

2D+ � S = Cst  

Therefore the profiles of C+ and C  are linear: 

  

 The integration constant (here the concentration at the central plane of the electrolyte, 
i.e., x = L/2) is determined by writing the mass preservation for the Ag+ or NO3  ions. For 
the nitrate ions, which are neither consumed nor produced at the electrodes, we can 
write in the volume V: 

  

The Ag+ ion preservation leads to an identical equation, because the overall mass 
balance is also zero: the amount of substance produced at the anode is exactly 
compensated by the amount consumed at the cathode. 

Whatever the current value is, the integration produces the following: 

  

Therefore, the equation for the concentration profiles (which is identical for both 
species) is: 

 
   

C+
C * = C

C * = 1+ I
2D � S C *

L
2 x = 1+ I

I limS1

1
2x
L  

by introducing IlimS1
 with the following definition: 

 
   
I limS1

= 4D+ � S C *
L  

This quantity corresponds to the limiting current (see section 4.3.3.1, with a thickness 
of L/2 and a diffusion coefficient equal to 2D+). Using the numerical data chosen in this 
example, it is equal to 31.8 μA. Figure A.16 represents the steady-state concentration 
profile for a current equal to 90% of the limiting current (i.e., 28.6 μA), which gives a 
slope of – 0.9 ×10 3 mol L 1 mm 1. 

When the current gets very close to the limiting current, the ion concentration in the 
area next to the cathode becomes very low. Therefore, the solution in this area can no 
longer be considered as a good conductor. The equations generally used in electro-
chemistry cannot be applied because the deviations from electroneutrality are too wide. 
In this case, the equation for expressing electroneutrality cannot be used to make a 
correct calculation of the concentration profiles in the zone next to the cathode (see 
section 3.1.1.1). It becomes more complex when one has to describe the system, which 
will not be addressed here. In short, in order to define the link between the potential and 
the concentration, one needs to make the same type of calculation, yet this time 
including the POISSON equation. It is important to keep in mind that the calculation given 
here no longer applies in quantitative terms once the current value gets close to value of 
the limiting current. 



294 ELECTROCHEMISTRY - THE BASICS, WITH EXAMPLES 

0 

0.5 

1 

1.5 

2 

0 0.25 0.5 0.75 1

C
/C

*

x/L  
Figure A.16 - Steady-state concentration profile 

in the solution with no supporting electrolyte for I =  0.9 IlimS1
 

For lower currents, there is also a deviation from electroneutrality when the current 
flows, though it is very minute in terms of concentration values. This aspect will be 
examined again after having first dealt with the description of the steady state in the 
following section. 

MOLAR  FLUX  AND  CURRENT  DENSITIES  AT  STEADY  STATE 
It is possible to depict the diffusion and migration contributions to molar flux densities. 
Remember that the diffusion flux goes from the most concentrated zone towards the 
least concentrated (see figure A.16). Keep in mind that the molar flux of the Ag+ ions is 
divided into two equal parts between diffusion and migration (see factor 2 D+ above, at 
steady state, assuming that the NERNST-EINSTEIN equation applies). Finally, since the 
diffusion coefficient of the NO3  ions is higher than that of the Ag+ ions, the following 
diagram is obtained: 

DIFFUSION MIGRATION TOTAL (MIG + DIFF)

Ag+

NO3
−

 

The current densities are in the opposite direction to the molar flux for the nitrate ion 
because it is an anion: 

DIFFUSION MIGRATION TOTAL (MIG + DIFF)

Ag+

NO3
−

Ag+ + NO3
−

 

The nitrate ions are electroinactive and do not move macroscopically at steady state. 
However this is not the case in a transient state, since the steady-state concentration 
profile has yet to be reached. The interfacial molar flux of nitrate ions is always zero but 
the transient flux is not constant throughout the whole electrolyte volume, as explained 
further on. 
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The overall diffusion current is not zero because of the difference between the anion and 
cation diffusion coefficients. As shown in an example already described in section 4.2.1.5 
the calculation gives: 

 
  
jmigration = I

2t+ S = 1.08 j  

   jdiffusion = 1 jmigration = 0.08 j  

It should be noted that such a distribution between diffusion and migration fluxes 
remains formal, i.e., based on the assumption that the NERNST-EINSTEIN equation applies. 

Given that the molar flux of NO3  anion is zero at steady state: 

  

This means that, at steady state, all of the current is carried by the cations, with a half/half 
distribution of migration and diffusion contributions. This example underlines the difference 
between the electrochemical transport number and the usual transport number, when the 
different migration phenomena can be assumed as the only significant phenomena: 

 
  
t+ = t

Ag+ = Ag+
= +

+ +
= 0.46  

In this particular case, whereas the electrochemical transport number has a physical 
meaning, the migration transport number is only a virtual parameter which is simply the 
result of a calculation. It does not match the real contributions in the mass transport. 

STEADY-STATE  POTENTIAL  PROFILES 

 Here, by returning to the equations for molar flux densities and combining them 
together so as to eliminate the term showing the concentration variations, one gets: 

 
   
D N+ D+N = 2D+D

�
RT C+ x  

Therefore, when using the equations for molar flux densities at steady state, N  = 0 and 
N+ = I/(�S ), one obtains: 

 
   x = RT

�
I

2 � S D+

1
C+

 

Given that the concentration is a function of the distance to the electrodes, this equation 
does not match a linear potential profile. One ends up with: 

 
   

C+
x = I

2D+ � S       
   C+

= RT
�

1
C+

 

 By integrating the previous equation between the abscissa x plane and the middle of the 
electrolyte x = L/2, where the origin of the potential values is taken arbitrarily, one 
obtains the following: 

 
   

= RT
�

ln
C+
C *

= RT
�

ln 1 + I
I limS1

1
2 x
L  
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When the current is low compared to the limiting current, the profile is quasi-linear, as in 
the case of pure migration phenomena: 

 
   

RT
�

I
I limS1

1
2 x
L  

As far as the interfacial voltages are concerned, since the redox couple is considered fast, 
one can write the following (see section 4.3.2.4): 

 
   

metal solution = Cst + RT
�

ln [Ag+ ]interface  

Figure A.17 depicts the steady-state potential profile for a current equal to 90% of the 
limiting current (i.e., 28.6 μA). 
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Figure A.17 - Potential profile in the solution with no supporting electrolyte for I  =  0.9 IlimS1

 
The value of the anode potential is fixed arbitrarily.  

Yet the value of the cathode potential is deduced from that of the anode. 

The electrolysis voltage is therefore equal to: 

 

   

U = anode cathode = x=0 x=L + RT
�

ln
[Ag+ ]x=0

[Ag+ ]x=L
= 2

RT
�

ln
1+ I

I limS1

1
I

I limS1

 

In the example shown in figure A.17 (I = 0.9 IlimS1
) the electrolysis voltage is equal to 

151 mV (the ohmic drop is 76 mV). 

RESISTANCE  OF  THE  ELECTROLYTE  AT STEADY  STATE 

The calculation for the electrolyte’s overall resistance is worked out directly using the 
values of the potential at x = 0 and x = L : 

   Uohmic drop = x=0 x=L = R I  
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with: 

   

R = RT
I �

ln
1+ I

I limS1

1
I

I limS1

 

Figure A.18 illustrates the variations in the overall electrolyte resistance as being a 
function of the current flowing through the cell. 
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Figure A.18 - Overall resistance of the solution without a supporting electrolyte 

for different current values 

The overall resistance depends on the current value. Therefore, the ohmic drop term is 
not proportional to the current, as would be the case in a conventional OHM law (for 
example if there were a supporting electrolyte, as in the case of solution S2 which is dealt 
with further on in this section). The overall resistance becomes extremely high when the 
current approaches the limiting current value, as explained previously. 

When I is small compared to IlimS1
, a TAYLOR expansion around zero of the general 

equation can be written, which leads to: 

 
   
RI 0

RT
�

2
I limS1

= L
S (2 + )C * = 1.62 k  

If the electrolyte were to have a homogeneous composition the value of R would be: 

 
  
R pure migration = L

S = L
S ( + + )C * = 1.50 k  

and finally: 
  
RI 0 =

R pure migration

2 t+
 

This is to be compared to the equation linking the migration current and the overall 
current, which is demonstrated above. Indeed, in whatever situation, the OHM law can be 
written as follows at the local level: 
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Due to the difference between the diffusion coefficients, the migration current is slightly 
higher than the overall current. Therefore the resistance calculated from the potential 
profile and the overall current (which are the only experimental data available) is slightly 
higher than the resistance obtained from a calculation using the solution’s conductivity. 

DEVIATIONS  FROM  ELECTRONEUTRALITY 

In this case (I /IlimS1
 = 0.9), the fact that the electrolyte’s potential profile is not linear 

indicates that there is a deviation from electroneutrality within the solution. In fact, there 
would be a linear potential profile if the electroneutrality equation were to be strictly 
applied using the LAPLACE law. In the unidirectional system in question, the POISSON 
equation gives a mean to estimate this deviation from electroneutrality: 

  

 C C+ =
�

RT
�

I
I limS1

2
1
L2

1

1
x
L

I
I limS1

2  

For example, with a current of 28.6 μA (I /IlimS1
 = 0.9): 

 for x = L C   C+ =  2 ×10 11 mol L 1 

whereas we have calculated C+ = 10 4 mol L 1 at the cathode surface (x = L) 

 for x = 0 C   C+ =  4 ×10 14 mol L 1 

whereas we have calculated C+ =  2 ×10 3 mol L 1 at the anode surface (x = 0). 

Therefore, it is proved a posteriori that it is legitimate to use electroneutrality to calculate 
the concentration profiles. However, the LAPLACE law is too approximate in numerical 
terms to give a correct value for the potential. Therefore, to determine this profile one 
needs to use the concentration profiles, as already described above. 

When the current gets even closer to the limiting current, the Ag+ and NO3  concen-
trations become very minute in the area next to the cathode. As a result, the deviations 
from electroneutrality need to be taken into account when simultaneously defining both 
the concentration and potential profiles (using POISSON’s law). Moreover, one also needs 
to consider the influence of H+ and OH  ions in the aqueous solution (concentrations 
about 10 7 mol L 1). In this light, the example previously outlined therefore no longer 
holds true. However, given that the electrolyte is very resistant, the shape of the curve 
depicting the resistance related to the current still stands in qualitative terms, showing 
an abrupt increase when I tends towards the limiting current. 

CHARACTERISING  THE  TRANSIENT  PERIOD  LEADING  TO  THE  STEADY  STATE 

If we do not confine ourselves to studying the steady states, then we can no longer 
assume that the molar flux densities are constant in the electrolyte, nor that the 
electroinactive ions are immobile. Nevertheless, by using the electroneutrality of the 
electrolyte, we are then able to go back to the general equations described at the 
beginning of the appendix (same kind of calculation as in section 4.2.1.2): 
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The same type of calculation as in section 4.2.1.2 gives the following equation: 

  

The progression towards the steady state therefore correlates with the AgNO3 diffusion 
(i.e., the coupled diffusion of both anions and cations), with a mean diffusion coefficient: 

  

The characteristic time, , required for establishing the steady state, is defined by: 

  

Here, with the numerical data for the example in question (D+ = 1.77 × 10 9 m2 s 1), it  
gives  = 566 s. 

Figure A.19 illustrates how the concentration profiles develop during the transient 
period while the steady-state profile is being established. It depicts a chronopoten-
tiometry experiment for a constant current equal to 90% of the limiting current, 
i.e., 28.6 μA. 

C
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t ö ∞
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≠ equilibrium

t = 0
initial state

 
Figure A.19 - Concentration profile change with time towards the steady-state profile  

during a chronopotentiometry experiment 

One must keep in mind that the steady characteristics only depend on parameters of the 
electroactive ion (here D+). However, the changes that occur with time during the 
transient period depend on a parameter, D±

 , which is linked to the properties of both 
the ions. 
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The transient period also denotes a change in the distribution between the migration 
and diffusion processes. At steady state, an equal distribution has been achieved, as 
already demonstrated above based on the assumption that the NERNST-EINSTEIN equation 
applies. Figure A.20 illustrates this phenomenon by showing the changing curves for the 
diffusion and migration molar flux densities ratio for Ag+, throughout the electrolyte. 
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Figure A.20 - Change with time of the diffusion/migration flux densities ratio for Ag+ 

The concentration changes in the central part of the electrolyte only appear after a 
certain time delay. At the beginning of the transient period, the current in this zone is 
totally due to migration. The diffusion contribution gradually increases, and comes into 
play later in the process. 

To extend even further beyond this example where there is no supporting electrolyte, it 
is worth examining the limiting case where the anion diffusion coefficient becomes 
negligible when compared to the cation. What happens in this limiting case is that it 
takes an extremely long time to reach the steady state. Therefore, on a usual experi-
mental time scale, the experiment always ends at the beginning of the transient period, 
namely the stage where the diffusion phenomenon is insignificant throughout the 
electrolyte. Whatever the fixed current, there is no noticeable change in the electrolyte 
composition in these particular systems. The voltage follows the simple OHM law, which 
only applies when migration phenomena are involved, such as in metals or in many 
ionic solids with a single type of charge carrier. These systems are developed by research 
groups investigating lithium batteries by using polymers where the negative charge is 
on the polymer chain. Here, the power limitations which are usually due to the diffusion 
phenomena in the electrolyte may be overcome in such electrolytes. 

SOLUTION  WITH  A  SUPPORTING  ELECTROLYTE  (SOLUTION  S2) 

This second part investigates the electrolysis of solution S2 with a supporting electrolyte.  
The composition is the following, as indicated at the beginning of this appendix: 
10 3 mol L 1 AgNO3 + 10 1 mol L 1 KNO3 aqueous solution. 
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In the following, the subscripts + and  design Ag+ and NO3  respectively. 

THE  EQUATIONS  FOR  THE  SYSTEM 

 The equation for expressing electroneutrality throughout the solution volume is: 

  

 In the case examined here, there is no reaction in the homogeneous phase and the 
system has unidirectional geometry. The volume mass balance for each species is: 

  

Therefore at steady state we have: 
  
dNi
dx = 0  

In other words, at steady state the molar flux densities become constant throughout the 
electrolyte volume. 

 At the anode, K+ and NO3  do not react, whereas Ag becomes oxidized: 

  

The same equations can be obtained by applying the FARADAY law at the cathode (being 
careful about the signs used; see the previous case). 

 The different molar flux densities can be written as the sum of two terms (diffusion and 
migration) : 

  

or by applying the NERNST-EINSTEIN equation: 

  



302 ELECTROCHEMISTRY - THE BASICS, WITH EXAMPLES 

STEADY-STATE  CONCENTRATION  PROFILES 

At steady state, the molar flux densities N+, N  and NK+ are constant throughout the 
electrolyte volume and are equal to their interfacial values. 

 When the previous equations are combined, the diffusion terms are eliminated to give the 
following: 

  

and finally, with C+ +CK+ = C   and  N = NK+ = 0,  

  

therefore:  

Due to the fact that there is a supporting electrolyte, this gives C+  C  , and therefore: 

  

In other words, with a supporting electrolyte present, the migration of the Ag+ electro-
active ions is negligible when compared to their diffusion. 

 By using the equation coming from the FARADAY law (see above) to express the molar 
flux densities of Ag+, it can be shown that the C+ profile is linear: 

 
   

C+
x = I

D+ � S = Cst  

Linear profiles also emerge for the electroinactive ions, again when using the equations 
involving the molar flux densities. However the slopes are twice as small as those 
obtained for the electroactive ions, in accordance with the electroneutrality. The 
equation then becomes: 

  

 The integrated mass balance for each type of ion gives the integration constant of the 
concentration profiles by writing the following: 

  

The new equation for the limiting current in this case can then be introduced (see 
section 4.3.3.1, with a thickness equal to L/2 and a diffusion coefficient equal to D+): 

  

The limiting current is twice as small as the one obtained with no supporting electrolyte.  
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The equations for the concentration profiles are the following: 

  

In both solutions S1 and S2, the slope of the concentration profile for the electroactive 
species Ag+ is proportional to I /Ilim. However we must remember that the limiting current 
is twice as small when there is a supporting electrolyte. Consequently, for a given value of 
the current I, the fact that there is a supporting electrolyte present causes this slope to 
increase by a factor of 2, as illustrated in figure A.21. The figure shows the steady-state 
profiles of Ag+ for a current equal to 90% of the new limiting current (i.e., 14.3 μA). A slope  
of – 0.9 ×10 3 mol L 1 mm 1 is obtained for the solution S2, with a supporting electrolyte, 
while the slope is twice as small for the solution S1 with the same current. 
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Figure A.21 - Steady-state concentration profiles for Ag+  in the electrolyte for I  =  0.9 IlimS2

 
Comparing solution S1 (without a supporting electrolyte, grey curve)  

with S2 (with a supporting electrolyte, black curve), using the same current. 

This difference in behaviour can be explained in qualitative terms. When there is a sup-
porting electrolyte present the current is totally due to diffusion, whereas when there is 
no supporting electrolyte, half of the steady-state current is carried by migration. One 
must keep in mind the fact that these distributions between diffusion and migration 
produce the same total current, i.e., the same amount of substance is transformed per 
time unit at the electrodes whether they be with or without a supporting electrolyte. 

The concentration profiles of electroinactive ions are given in figure A.22 for the same 
current 14.3 μA.  
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Figure A.22 - Steady-state concentration profiles  

for the supporting electrolyte ions: K+  (black) and NO3  (grey) in the solution S2 for I =  0.9 IlimS2
 

For these electroinactive ions, the slopes of the concentration profiles share the same 
order of magnitude as those of the electroactive ion (twice as small). Nevertheless, since 
the mean value of their concentrations is at least one hundred times higher, then their 
relative changes are very small. This is why such profiles are not generally described, 
even if their magnitudes are just as great as those belonging to electroactive species. 

MOLAR  FLUXES  AND  CURRENT  DENSITIES  AT  STEADY  STATE 

Using figures A.21 and A.22, and remembering that diffusion fluxes are oriented from 
the most concentrated towards the least concentrated zones, the different contributions 
of the molar flux densities can be represented as follows: 

DIFFUSION MIGRATION TOTAL (MIG + DIFF)

Ag+

K+

NO3
−

 

As far as the current densities are concerned, the directions are opposite to the molar flux 
density in the case of the nitrate ion because it is an anion: 

DIFFUSION MIGRATION TOTAL (MIG + DIFF)

Ag+

Ag+ + K+ + NO3
−

K+

NO3
−

 

 Since the molar fluxes of NO3  and K+ are zero at steady state: 
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This means that the entire current is carried by the Ag+ ions, as in the case with no 
supporting electrolyte. In the example studied here almost all of the current is due to 
diffusion. This value corresponds to the electrochemical transport number. If it were 
possible to consider the migration phenomena as being the only relevant one, then 
usual transport numbers would be obtained: 

 
  
t+ = tAg+ = Ag+ = +

101 + 100 K+ + +
= 0.004  

and 
  
tNO3

= 0.49 tK+ = 0.50  

STEADY-STATE  POTENTIAL  PROFILES 

 Previously the following relationship was obtained: 

  

 Strictly speaking, because the anion concentration is a function of the distance to the 
electrodes, then the following equation does not relate to a linear potential profile.  
One has: 

  

 By integrating the previous equation between the two planes with x and x = L/2 
abscissae, and with the potential origin being taken arbitrarily at x = L/2, one obtains the 
following: 

  

Given that there is a supporting electrolyte, even for a current close to the limiting current, 
then the term I /(101 IlimS2 

) remains low compared to 1 and the profile is almost linear: 

  

This example shows that due to the fact that there is a supporting electrolyte, the 
potential profile is almost linear even for a current close to the limiting current. 

 Since the redox couple is considered as being fast, the interfacial voltage can be written 
as follows (see section 4.3.2.4): 

 metal solution = Cst + RT
�

ln [Ag+ ] interface  

Figure A.23 depicts the steady-state potential profile for a current equal to 90% of the 
limiting current (i.e., 14.3 μA). 

The electrolysis voltage is then equal to: 
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In the example shown in figure A.23 (I = 0.9 IlimS2 
) the electrolysis voltage is equal to 

76 mV (the ohmic drop value is 0.2 mV). 
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Figure A.23 - Potential profile within the electrolyte for I  =  0.9 IlimS2

 
The anode potential value is arbitrarily fixed.  

Yet the cathode potential is deduced from that of the anode. 

ELECTROLYTE  RESISTANCE  AT  STEADY  STATE 

The overall electrolyte resistance is calculated from the potential values at x = 0 and 
x = L :   Uohmic drop = x=0 x=L = R I .  

 R = x =0 x =L
I = RT

I �
ln

1 + 1
101

I
2 I limS2

1
1

101
I

2 I limS2

 

A TAYLOR expansion around zero of the previous equation gives, even for a current close 
to IlimS2 

: 

 
   
R RT

�
1

101I limS2

= L
S (2 + ) 101C *

= 16.0  

If the composition of the electrolyte were homogeneous, then the resistance would be: 

 
  
R pure migration = L

S = L
S (101 + 100 K + + + )C * = 13.7  

and finally, 
  
R

R pure migration

2 t+
C+ *
C *  
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The resistance remains almost constant when the current varies when there is a sup-
porting electrolyte. Moreover it is much lower than in the previous case, i.e., with no 
supporting electrolyte. However, the voltage between the system’s terminals also tends 
towards infinity when the current approaches the limiting current: since the Ag+ concen-
tration tends towards zero, the interfacial voltage at the cathode tends towards infinity. 

CHARACTERISING  THE  TRANSIENT  PERIOD  LEADING  TO  THE  STEADY  STATE 

If we do not confine ourselves here to studying the steady states, then the molar flux 
densities can no longer be considered as constant in the electrolyte, and the electro-
inactive ions can no longer be considered as immobile. Nevertheless, by using the 
expression for electroneutrality, one can reuse the general equations previously written: 

  

The progression towards the steady state therefore relates to the Ag+ diffusion, with a 
characteristic time, , defined by: 

  

In the particular case examined here, by putting D+ = 1.65 ×10 9 m2 s 1, one ends up with 
 = 606 s. 

At this point, the fact that there is a supporting electrolyte or not has no significant 
impact, provided that D+ and D   share the same order of magnitude. 

A.4.2 - CONCENTRATION  PROFILES  AT  AN  INTERFACE 
Concentration profiles are very useful for understanding electrochemical phenomena. Yet 
it should be kept in mind that they make up only one part of those phenomena, since only 
diffusion is visualized. For example, in the case described in appendix A.4.1, the profile of 
the NO3  anion does not appear flat, although this ion is not consumed at the electrodes. 
Indeed, even if diffusion has a tendency to carry this species from anode to cathode, the 
migration compensates for this phenomenon in exact terms. Finally, at steady state, 
there is no overall mass transport for these ions. Another difficulty arises from the 
different interpretations of these concentration profiles, in terms of mass consumption 
or production in transient or steady states. 

To illustrate this difference, let us consider the example of a system with Fe2+ and Fe3+ 
ions, a supporting electrolyte, two inert electrodes, in unidirectional geometry (see 
figure A.15 in appendix A.4.1). As in the example chosen in appendix A.4.1, both redox 
reactions are exact opposites (with the same reaction in both forward and reverse 
directions): 

 at the anode (x = 0), the reaction is: 
 Fe2+      Fe3+  +  e  

 at the cathode (x = L), the reaction is: 
 Fe3+  +  e       Fe2+ 
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The migration fluxes of the electroactive ions can be disregarded, and the supporting 
electrolyte’s ions are not examined here either. The mass transport parameters of the 
two electroactive ions involved are considered as being constant and equal to [13]: 

 
  
DFe2+ = 0.72 10 9  m2  s 1 DFe3+ = 0.40 10 9  m2  s 1  

Here, a chronopotentiometry experiment is studied in the successive conditions below: 

 semi-infinite unidirectional diffusion (with no convection nor migration of the electro-
active species, and with the two electrodes set far apart from each other), 

 steady-state unidirectional diffusion (with no convection nor migration of the electro-
active species, and with the  two electrodes set close to each other), 

 diffusion-convection as defined using the NERNST model (with no migration of the 
electroactive species). 

Finally, to complete the study, a detailed description is given to specify the interfacial 
conditions involved in chronoamperometry, in the case where there are unidirectional 
diffusion conditions with a fast redox couple (a reversible reaction) and where there are 
different diffusion coefficients for the electroactive species. 

CHRONOPOTENTIOMETRY  WITH  SEMI-INFINITE  UNIDIRECTIONAL  DIFFUSION 

The first case has already been described in qualitative terms in section 4.3.1.2. In this 
section, we will complete figure 4.15 by returning to the analysis given in section 4.3.1.3, 
figure 4.19. At a given time t, one is able to calculate the concentration profiles as they 
appear in figure A.24 on the anodic side, and in figure A.25 on the cathodic side. The 
FARADAY law produces an equation for the interfacial concentrations at the anode: 

  

  

and similarly:  

As described in section 4.3.1.2, the two grey surfaces are identical in absolute value: they 
represent the amount of substance produced or consumed between the initial time and 
time t. Equally, the same result can be reached by using the equations previously 
established. Indeed, one can even determine the order of magnitude of these two areas 
by building a calculation based on the algebraic area of triangles that is bounded by the 
interfacial slopes at time t.  
                                                                                                                         
[13] For Fe2+, the value is taken from table 4.2 in section 4.2.2.4, using the NERNST-EINSTEIN law, and the 

value for Fe3+ is underestimated (since its real value is 0.60 10 9 m2 s 1, deduced from the values 
in table 4.2), so as to make it easier to visualize the impact  made by the difference between these 
two values. 
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These are given below: 

 

   

AFe2+ = 1
2

[Fe2+ ]x =0 [Fe2+ ]*( ) 2
DFe2+t

= 2I
� S

t

AFe3+ = 1
2

[Fe3+ ]x =0 [Fe3+ ]*( ) 2
DFe3+t

= + 2I
� S

t = AFe2+

 

�

�

[Fe3+]*

[Fe2+]*

[Fe3+]x=0
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Figure A.24 - Concentration profiles for Fe3+  (grey) and Fe2+  (black) on the anodic side 
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Figure A.25 - Concentration profiles for Fe3+  (grey) and Fe2+  (black) on the cathodic side 

It is also possible to visualize the mass preservation (equal amounts of species produced 
and consumed in this particular example) by plotting the curve that shows the profile of 
the sum [Fe2+] + [Fe3+]. At the interface this quantity is greater than the sum [Fe2+]* + [Fe3+]*. 
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It then decreases to lower than [Fe2+]* + [Fe3+]*, before reaching a minimum, whereupon it 
increases again, tending towards [Fe2+]* + [Fe3+]*. If the two diffusion coefficients were 
equal, then the sum [Fe2+] + [Fe3+] would remain constant and equal to [Fe2+]* + [Fe3+]* 
throughout the whole electrolyte, reflecting a local application of the mass balance. 
However, when the two diffusion coefficients are different, then mass preservation can 
no longer apply at all points. Nonetheless, an overall preservation applies throughout 
the whole diffusion layer, as defined in section 2.2.1.1: the algebraic area of the surface 
bounded by the curves ([Fe2+]* + [Fe3+]*) and ([Fe2+] + [Fe3+]) is zero. 

CHRONOPOTENTIOMETRY  WITH  STEADY-STATE  UNIDIRECTIONAL  DIFFUSION 

When the two electrodes are very close to each other, a steady state is reached after a 
transient period, which itself is as described above during its initial moments. Figure A.26 
shows the concentration profiles for the electroactive species at steady state. 

They relate to the following equations: 

  

hence:  

  

x

C
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Figure A.26 - Steady-state concentration profiles for Fe3+ (grey) and Fe2+ (black) 

Given that the two redox reactions are opposite, the average concentration for each ion 
in the electrolyte remains equal to the initial value. As illustrated in figure A.26, this 
means that the average concentration value is found at the exact middle of the cell, at 
x = L/2. The grey surfaces have different areas because they no longer represent the 
amounts of substance consumed between two specific moments in time. This disparity 
observed at steady state is explained by the fact that Fe2+ and Fe3+ ions do not take the 
same time to reach steady state, because their diffusion coefficients are different. 
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CHRONOPOTENTIOMETRY  WITH  DIFFUSION-CONVECTION   
ACCORDING  TO  THE  NERNST  MODEL 

The concept of forced convection is introduced here in simple terms. The steady state 
that emerges is defined by using the NERNST model (see section 4.3.1.4), and the corres-
ponding concentration profiles are shown in figure A.27. 
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Figure A.27 - Steady-state concentration profiles for Fe3++  (grey) and Fe2+  (black) 

for a diffusion-convection mode according to the NERNST model  

The concentration profiles on the anodic side are described by the following equations: 

  

To give an even more precise description, the LEVICH law can be applied to express the 
thickness of the NERNST layer in experiments using a rotating disk electrode: 

   i = 1.611 Di
1/3 1/ 6 1/2  

with :  i  thickness of the NERNST layer [ m ] 
 Di  diffusion coefficient [ m2 s 1 ] 
   kinematic viscosity of the electrolyte [14] [m2 s 1 ] 
   rotating speed of the electrode [15] [ rad s 1 ] 

Therefore, as shown in figure A.27, the NERNST layer for Fe2+ ions is thicker than that for 
Fe3+ ions. 
                                                                                                                         
[14] Be careful not to mix up kinematic viscosity  (in m2 s 1) with dynamic viscosity  (in Pa s), as used 

for example in the case of the STOKES law (see section 4.2.2.4). The link between these two 
parameters is expressed as:  =  /  , where  is the density of the medium. 

[15] 1 rpm = (2  /60) rad s 1 
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The following gives the algebraic areas of the triangles bounded by the steady state and 
the initial profiles: 

 

   

AFe2+ = 1
2

[Fe2+ ]x =0 [Fe2+ ]*( ) Fe2+ =
I ( Fe2+ )2

2DFe2+� S = 1.6112I
2 � S DFe2+

1/ 3

AFe3+ =
I ( Fe3+ )2

2DFe3+� S = 1.6112I
2 � S DFe3+

1/ 3

AFe2+

 

These two areas are not equal in absolute value, because they do not represent the 
amount of substance consumed between two precise moments in time. 

CHRONOAMPEROMETRY  WITH  STEADY-STATE  UNIDIRECTIONAL  DIFFUSION 

In a chronoamperometry experiment, the concentration profiles next to the working 
electrode at any given time have the same shape as those described above in the case of 
a chronopotentiometry experiment (see figure A.24). Yet there is a difference in the 
concentration profile changes at different times, and especially in the way in which the 
diffusion layer thickness evolves, as described in section 4.3.1.3. The later section highlights 
the fact that fixing the working electrode potential for a fast couple (chronamperometry 
in a potential range where the reaction is reversible) is tantamount to fixing the inter-
facial concentration values of the electroactive species (see figure 4.18). 

It is easy to demonstrate this result when the two diffusion coefficients are equal. In  
fact, by combining the equations for Fe3+ and Fe2+ (mass balance, initial and boundary 
conditions), the following system can be obtained: 

 
  t [Fe3+ ] + [Fe2+ ]( ) = D

2

x2 [Fe3+ ] + [Fe2+ ]( )  

with  t   0 [Fe3+] + [Fe2+]  =  [Fe3+]* + [Fe2+]* 

 t  > 0, x = 0 
  
D x [Fe3+ ] + [Fe2+ ]( ) = 0  

 t  > 0, x = L 
  
D x [Fe3+ ] + [Fe2+ ]( ) = 0  

The unique solution of this system is: 

t , x [Fe3+] + [Fe2+]  =  [Fe3+]* + [Fe2+]* 

This equation applies in particular at the working electrode surface. By combining it with 
the reversibility hypothesis for the interfacial reaction: 

  

one can obtain equations that give the interface concentrations, showing that they are 
not time-dependent: 

 

  

[Fe2+ ]x =0 = [Fe3+ ]* + [Fe2+ ]*
1 + e

[Fe3+ ]x =0 = [Fe3+ ]* + [Fe2+ ]*( ) e
1 + e
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The fact that the interfacial concentrations for a fast couple are determined by the elec-
trode potential still applies when the diffusion coefficients are different, however the 
demonstration then becomes much more complicated [16]. In this case the equations are: 

  

and 

Therefore, in a chronamperometry experiment, the interface concentrations are fixed, 
though this rule does not apply for a slow redox couple. 

                                                                                                                         
[16] The results given here can be demonstrated using the LAPLACE transformation. 
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1 - BASIC  NOTIONS 

WHAT NEEDS TO BE KNOWN RESPONSE ELEMENTS 

Introduction 

Definition of 
electrochemistry 

1.1.1 Exchange of electric and chemical energies  

Principal types of 
electrochemical applications  

1.1.3 Electrosynthesis - Surface treatments - Energy storage and conversion  
Analysis and measurements - Environment - Corrosion - Bioelectrochemistry 

Oxidation-reduction 

Definition of:  
oxidant,  reductant, 
oxidation, reduction  

 1.2.1  Oxidant (or oxidized form, written Ox): form able to fix electrons 
Reductant (or reduced form, written Red): form able to give electrons 
    oxidation 

Red      Ox  +  n e  

    reduction 

Calculating an 
oxidation number 

 1.2.2  The usual o.n. of H is equal to ++ I. The usual o.n. of O is equal to II. 
The usual o.n. of X (halogen) is equal to I. The usual o.n. of M (alkaline) is equal to ++ I. 

Writing a balanced  

redox half-reaction  

 1.2.3  Preserving the amounts of elements and charge 
The number of exchanged electrons results from the difference of o.n. in Ox and Red 

Current 

Different types of  
conductors and interfaces 

 1.3.2  Electronic, ionic, mixed conductors 
Electronic, ionic junctions, electrochemical and mixed interfaces 

Definition of :  
anode, cathode 

 1.3.3  Electrochemical system: heterogeneous system including at least two electrodes  
and one electrolyte:          at anode, oxidation                    at cathode, reduction 

Electrochemical chain 

Sign convention  
for the current 

 1.4.1  At anode: I > 0                    at cathode: I < 0 
(this comes down to having the normal vector to the interface oriented from the metal  
to the electrolyte) 

Use of the property of 
conservative current 

 1.4.1  Conservative current flux resulting from the electroneutrality of the conducting media: 
| I | = � jan � San =  � jcat � Scat                    j : current density (A m 2) 

Representing an 
electrochemical system  
in electrolyser mode (or  
for a recharging battery) 

 1.4.2  
e  

Ox + n e               Red Red’              Ox’ + n’ e

I

I
ANODECATHODE

External power supply

j
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1 - NOTIONS  DE  BASE 

WHAT NEEDS TO BE KNOWN RESPONSE ELEMENTS 

 

Representing an 
electrochemical system  
in power source mode  
(or for a discharging battery) 

 1.4.3  

I

e− 

Ox’ + n’ e−             Red’Red             Ox + n e−

I

CATHODE
+

ANODE
−

Resistor

j

 

Potential - Voltage - Polarisation 

Defining the standard 
hydrogen electrode 

 1.5.1  SHE is a virtual half-cell (which cannot be achieved by experiment) used as potential reference. 
It corresponds to the H+/ H2 couple in its standard state 

Knowing the main 
experimental reference 
systems 

 1.5.1  HE, NHE, 
Silver chloride electrode (AgCl /Ag couple) or calomel electrode (Hg2Cl2/Hg couple):  
the potential relative to SHE depends on the chloride ion activity in the electrolyte, 
SCE: calomel electrode with a KCl-saturated solution 

Definition of polarisation 
and overpotential 

 1.5.2  + = E+/Ref  E +/Ref (I = 0) … 
Polarisation (  ) is the general term. Overpotential (  ) is used when the system at zero 
current is in equilibrium 

Experiments 

Types of control  1.6.2   Potentiometry: I  is imposed (possibly I = 0) and U or E  is measured. 
Amperometry: U or E  is imposed and I  is measured. 

Denomination of electrodes  1.6.2  Working electrode (WE) 
Counter-electrode (or auxiliary electrode, CE) 
Reference electrode (Ref) 

Defining principles of a 
potentiostat   

 1.6.2  Laboratory device using 3 electrodes and enabling the control of the WE potential vs Ref  
(no current flows through the reference electrode) 

Definition of a steady, 
quasi-steady state 

 1.6.4  Quantities (I, U, concentrations…) independent of time 
strictly speaking, for a true steady state  
numerically, on the observation time scale, for a quasi-steady state 
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2 - SIMPLIFIED  DESCRIPTION  OF  THE  ELECTROCHEMICAL  SYSTEMS 

WHAT NEEDS TO BE KNOWN RESPONSE ELEMENTS 

Equilibrium 

Writing and using the  
NERNST law 

 2.1.2  

  
E /Ref = E°/Ref +

0.06

e

 log ai
i

i
at 25 °C , i  and e  algebraic

 
  

E/pH diagram of  
water redox couples 

 2.1.2  Slope: – 0.06 V/pH at 25 °C

1.23

0.39

− 0.84

0 14

O2

H2

H+, H2O, OH–

E [V/SHE]

O2 /H2O,OH− couple
2 H2O                O2 + 4 H+ + 4 e−

4 OH−                O2 + 2 H2O + 4 e−

H+,H2O/H2 couple
H2                2 H+ + 2 e−

2 OH− + H2                2 H2O + 2 e−

pH

 

Current 

Main phenomena occurring 
when a current flows  

 2.2.1  Transport within the volume: migration, diffusion (diffusion layer), convection  
At the interfaces: redox or chemical reaction, exchange, accumulation 

Writing and using the  
FARADAY law 

 2.2.2  

    
ni

farad = i

e �
Q farad= i

e �
j faradS t

ni , i , e , Q  and j  algebraic,

1 � = � |e| 96 500 C mol 1
 

Defining and using the  
faradic yield 

 2.2.2  Faradic yield: proportion of current used for a given half-reaction  
Additivity of faradic currents if several simultaneous reactions occur at the same interface 

Describing the  
potential profile in an 
electrochemical system 

 2.2.3  
 2.4.3  
 2.4.4  

U(I ≠ 0) = E+  E  = U(I = 0) + +    + Uohmic drop 

system in electrolyser mode: U(I ≠ 0)  U(I = 0) +Uohmic drop   U(I = 0) 

system in power source mode : Usupplied   U(I = 0) Uohmic drop    U(I = 0) 

Conduction by  
pure migration: 
conductivity,  
transport number 

 2.2.4  

   
j = E = 1 E or U = RI , if  is homogeneous in the volume  

 
= i

i
= i

i
Ci ti =

Ii
I

= ji
j
= i  

i  molar ionic conductivity   10 2 S m2 mol 1 = 102 S cm2 mol 1 in aqueous solution 

i  ionic conductivity    1 S m 1 for a concentration of about 0.1 mol L 1 

ti  transport number of species i :    0  <  ti  <  1 

Definition of a 
supporting electrolyte 

 2.2.4  Non-electroactive ions in much higher concentrations than those of electroactive ions  
The migration current of electroactive species is then negligible compared to the overall 
migration current. Moreover, the ohmic drop is most often insignificant in this situation 
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2 - DESCRIPTION  SIMPLIFIÉE  DES  SYSTÈMES  ÉLECTROCHIMIQUES 

WHAT NEEDS TO BE KNOWN RESPONSE ELEMENTS 

Current-potential curves 

Knowing the general shapes  
of (E ,I ) curves 

 2.3.1  Curves normally increase, with   I > 0     or else:  an > 0 (I > 0)   and    cat < 0 (I < 0) 

For a redox couple, there is only one branch if either the Red or Ox is absent in the system 

Influence of the 
mass transport kinetics 

 2.3.2  Existence of a limiting current, generally proportional to the consumed species concentration 
within the bulk electrolyte 

Influence of the  
redox kinetics 

 2.3.3  The absolute value of the overvoltage increases when the redox reaction kinetics gets slower 

Definition of the 
electrochemical window  

 2.3.6  Potential range of non-electroactivity of a half-cell when only the solvent and the supporting 
electrolyte are in contact with a given electrode; it is also called the redox stability window of 
this half-cell 

Predicting reactions 

Predicting the spontaneous 
evolution of an electrode  
in open circuit 

 2.4.1  Basing logic on the current-potential curves (including the kinetic and thermodynamic 
aspects) and not only on a thermodynamic potential scale 

A zero current in a non-equilibrium state is characterized by a mixed potential: at least  
two different half-reactions occur at the interface (oxidation and reduction) 

Predicting the reactions  
during forced current flow 

 2.4.3  When there are several possible reactions at an interface, the main half-reaction is that 
presenting the lowest polarisation (in absolute value) for the same current. 
The main overall reaction is therefore that which requires the lowest imposed voltage 

Predicting the reactions 
during spontaneous  
current flow  

 2.4.4  When there are several possible reactions at an interface, the main half-reaction is the  
one which presents the lowest polarisation (in absolute value) for the same current. 
The main overall reaction is therefore that which delivers the highest voltage, i.e., the  
greatest energy amount to an external circuit. 
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3 - THERMODYNAMIC  FEATURES 

WHAT NEEDS TO BE KNOWN RESPONSE ELEMENTS 

Potential 

VOLTA and GALVANI potentials  3.1.1   : internal or GALVANI potential, not measurable 
 : external or VOLTA potential, measurable 

Writing the  
electrochemical potential 
and the activities 

 3.1.2  
    i = i + zi � with i = °i + RT lnai  

  
For a solution :  asolvent 1 ai = i

Ci
C °

 

Conventions in 
thermodynamic tables 

 3.1.2  For pure elements : the chemical potentials are zero 

  
To define °i  of ion i  in solution : T °

H+
= 0 J mol 1  

Monophasic system  

Use of the  
mass action law 

 3.2  
  
K eq (T ) = ai

i

i
with  rG° + RT lnK eq = 0  

  K eq , ai  and i  are dimensionless numbers ( i  algebraic)  

Use of the  
mean activity of a solute 

 3.2.1  
  For a solute Ap+Bp  : a = a±

p = ap a+
p+ wih  p = p+ + p  

  (for the simple case AB, a±= a+a  is measurable  
whereas a+  and a  are not individually measurable)  

Defining and calculating  
the ionic strength  
of an electrolyte 

 3.2.1  

  
I s =

1

2
Cizi

2

i
 

Use of the  
DEBYE-HÜCKEL limiting  law 
(including validity limits) 

 3.2.1  
  log ± = Az+z I s with A 0.5 L1/2 mol 1/2  (aqueous solutions at 25 °C)  

valid for Is < 10 3 to 10 2 mol L 1 

Interface 

Describing the 
electrochemical  
double layer 

 3.3.1  The electrochemical double layer is the thin layer (about 10 Å thick) where electroneutrality 
does not apply due to charge accumulation on both sides of an electrochemical interface 
(comparable to a capacitor, this zone is also called the space charge zone). 
Separating this zone into two layers: HELMOLTZ’s layer and diffuse layer 

Describing the equilibrium  
at a reactive interface 

 3.3.2  
   

rG = i i
i

= 0 taking care to indicate which phase each species i  belongs to  

Describing the equilibrium  
at an ionic junction where 
only one charged species  
is exchanged 

 3.3.4  The equilibrium corresponding to 
  i = i , is set by the exchange of a very low quantity 

of ions (there is an insignificant concentration difference between the initial  
and the equilibrium states) 
This results in a variation in the junction voltage 

Describing the equilibrium  
at a reactive 
electrochemical interface  

 3.3.4  There is an interfacial voltage in equilibrium: 

   
metal electrolyte =

1

�
emetal

+ 1

e
i i

i
= Cst + RT

e �
ln ai

i

i
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3 - DESCRIPTION THERMODYNAMIQUE 

WHAT NEEDS TO BE KNOWN RESPONSE ELEMENTS 

Electrochemical systems 

Indicating the relationship 
between emf  
(in equilibrium) and 
thermodynamic data 

 3.4.1  
 

when e represents the algebraic stoichiometric number of electrons involved in the half-
reaction at the interface of the working electrode. 

Making qualitative use  
of an E /pH diagram  

 3.4.2  

pHi pH

Ox2

Red2

Ox1

Red1

E [V/SHE] For pH < pHi
   Ox1 + Red2               Ox2 + Red1

For pH > pHi
   Ox1 + Red2               Ox2 + Red1

For pH = pHi , equilibrium
   Ox1 + Red2               Ox2 + Red1
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4 - CURRENT  FLOW:  A  NON-EQUILIBRIUM  PROCESS 

WHAT NEEDS TO BE KNOWN RESPONSE ELEMENTS 

Mass balance 

Relationships between  
molar flux densities  
and current densities 

 4.1.1  

    
j = zi �NNi

i
 

Writing the local mass 
balance in volume,  
using the concept  
of a reaction rate 

 4.1.2  

     
Ci
t

= div Ni +wi in unidirectional geometry : 
Ci
t

=
Nx ,i
x

+wi  

  
wi = ir vr

reactions

 

with ir the algebraic stoichiometric number of the species i  involved in the reaction r,  
with the rate vr 

Writing the interfacial 
mass balance 

 4.1.3  

  
(Ni )interface (Ni )interface = i

t
+wSi normal oriented from  to  

Writing the mass balance  
at an electrochemical 
interface: capacitive  
and faradic currents 

 4.1.3  For a species i, when it is mobile in the electrolyte  

(with the normal oriented from the metal to the electrolyte): 

 

 capacitive term faradic term 
 (supporting electrolyte)   (electroactive species) 

Using the FARADAY law  4.1.4  

   
j farad = � e

i
(Ni

farad )interface for a species i  mobile in the electrolyte  

Mass transport  

Writing the 3 components 
of molar flux densities   
or of current densities 

 4.2.1  

 

ji = Di zi � gradCi
ji diffusion

+ i Ci E
ji migration

+Ci zi � medium

ji convection

Ni = Di gradCi

Ni diffusion

+ zi
zi

ui Ci E

Ni migration

+Ci
 

medium

Ni convection

 

At a given point, the overall current density of convection is zero (electroneutrality)  
Moreover, if the diffusion coefficients of charge carriers have close values,  
then the overall current density of diffusion is insignificant  
and therefore the overall current is close to the migration current. 

The NERNST-EINSTEIN equation  4.2.1  
Di = ui RT = ui

zi �
RT or i = Di zi

2 �2

RT
 

This equation results from the link made between migration and diffusion phenomena  
(assuming there are identical mechanisms at the microscopic level). 

KOHLRAUSCH’s law  4.2.2  
  = 0 Cst C  
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e−

�

�

[Fe3+]*

[Fe2+]*

[Fe3+]x=0

[Fe2+]x=0

ddiffusion layer x

C

j

 
4 - PASSAGE D’UN COURANT : PROCESSUS HORS-ÉQUILIBRE 

WHAT NEEDS TO BE KNOWN RESPONSE ELEMENTS 

Interface 

Drawing the shape of the 
concentration profiles 
and defining the 
diffusion layer  

 4.3.1  Fe2+      e   +  Fe3+ 

The current is proportional to the slope of 
the concentration profile at the interface, 
when a supporting electrolyte is present 
(first Fick’s law and FARADAY’s law) 

In the particular case of a limiting current, the interfacial concentration of the consumed 

species is negligible. 

Writing the rate laws  
in the simplest case of  
the E redox mechanism 

 4.3.2  

   

voxidation = k° exp + n �

RT
(E E°) [Red]x=0 = k° e [Red]x=0

vreduction = k° exp (1 )
n �

RT
(E E°) [Ox]x=0 = k° e (1 ) [Ox]x=0

 

Definition of the concepts of  
fast /slow redox couples 

 4.3.2  

   
Fast redox couple :

k°
m

1 slow redox couple :
k°
m

1  

k° is the standard redox reaction rate constant. It is intrinsic to the couple. 
m characterizes the mass transport rate and therefore depends on the particular experimental 
conditions in each case. 
For an experiment in steady state with an RDE in aqueous solution (m = D/  ), a redox couple 
following an E mechanism is: fast if k° > 10 2 cm s 1   and slow if k° < 10 4 cm s 1 

Definition of the concepts of  
reversible/irreversible 
reactions 

 4.3.2   A step is called reversible if, and only if, the overall reaction rate is very low in comparison 

to the forward and backward reaction rates:    v v and v v  
Consequently, the forward and backward reaction rates are almost equal:  

 A step is called irreversible in the forward direction (for example) if, and only if, the 

backward reaction rate is negligible compared to the forward reaction rate:   v v  
Consequently the overall rate is almost equal to the forward reaction rate:  

Analytical expression  
of the steady-state  
current-potential curve of a  
fast couple 

 4.3.3  
E = E° + RT

n �
ln

[Ox]x=0

[Red]x=0

(nernstian system), thus E = E1/ 2 +
RT
n �

ln
I I limcat

I liman
I

 

    
with: E1/ 2 = E° + RT

n �
ln

m  Red

m  Ox

and I lim = e

i
�S miCi * (i  consumed species)  
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4 - PASSAGE D’UN COURANT : PROCESSUS HORS-ÉQUILIBRE 

WHAT NEEDS TO BE KNOWN RESPONSE ELEMENTS 

 
The TAFEL plot  
of the steady-state  
current-potential curve  
of a slow couple 

 4.3.3  

h [V]

log⎪I⎟

log⎪j0S⎟

   nf
a ⎯⎯
    ln 10          nf

−(1−a) ⎯⎯
              ln 10

 
Analytical expression  
of the steady-state  
current-potential curve  
of a slow couple  
with an E mechanism  
in the BUTLER-VOLMER zone 

 4.3.3  
   
I = n �S k° e+ [Red]* e (1 ) [Ox]*( )  

If Ox and Red are present: 
  
I = S j0 e+ n f e (1 ) n f( )  

with:  

Characteristics  
of the steady-state  
current-potential curve  
of a slow couple  
in the irreversible zone  

 4.3.3  
Half-wave potential in oxidation:  

Half-wave potential in reduction:  

Analytical expression  
of the steady-state  
current-potential curve  
of a couple  
with an E mechanism 
in a general case 

 4.3.3  
   
I = n �S k° e+ [Red]x=0 e (1 ) [Ox]x=0( )  

  

or else:
1

I
= 1

I d

+ 1

I ct

mass transport control charge transfer control

 

 

with:  f = �

RT
= 38.9 V 1 at 25 °C



ANSWERS 

1 - BASIC  NOTIONS 
 1.2.1  1 - An anion is always negatively charged   true false
 1.2.1  2 - An oxidant is always a cation true  false
 1.2.1  
 1.2.2  

3 - In the following half-reaction: 
Co  +  4 Cl       CoCl4

2   +  2 e  
 indicate: 

 the redox couple involved CoCl4
2 /Co 

 the oxidized species of the couple CoCl4
2  

 the (algebraic) charge number of the oxidant 2 
 the (algebraic) stoichiometric number  
of the reducing agent 1 
 the element undergoing oxidation Co 
 the oxidation number of the oxidized element ++ II 
 the direction of the reaction    oxidation reduction 

 1.2.1  
 1.3.3  

4 - An anion can be reduced at the cathode   true false

 1.2.2  5 - What is the usual oxidation number of oxygen in a compound? II 
 Among the following compounds, circle where oxygen features: 

 at its usual oxidation number 

 H2O             FeO             H2O2
             OH              ClO4

             F2O             CO2
             CO  

 at a higher oxidation number 

H2O              FeO             H2O2
             OH               ClO4

             F2O             CO2
              CO 

 1.2.2  6 - What is the oxidation number of oxygen in O3? 
III                 I                 0                 +I                 +III 

 1.2.3  7 - Write the redox half-reaction of the SiO2/Si couple in an acidic medium 

Si  +  2 H2O      SiO2  +  4 H+   +  4 e  
 1.3.2  8 - An electrolyte is: 

 an ionically conducting medium   true false 
 a vessel used for performing electrolysis true   false 
 a compound that dissolves in a solvent giving rise to ions   true false 
 a man performing electrolysis true   false 
 an electrocuted person true   false
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 1.3.2  9 - Molten salts are media with mainly electronic conduction true   false
 1.3.2  10 - Semiconductors are media with an electronic conduction type   true false
 1.3.2  11 - An electrolyte can exist in a .................. state: 

 solid   true false
 liquid   true false
 gas true   false

 1.3.3  12 - The usual order of magnitude for the thickness of a metal | aqueous 
electrolytic solution interfacial zone is a few micrometres true   false

 1.3.3  
 1.4.4  

 1.5.1  

13 - In electrochemistry, the cathode: 
 is always the negative electrode of the system true   false
 always has a negative potential vs SHE true   false
 is always a reduction site   true false

 1.4.1  14 - An electrolysis process is carried out between an electrode with a surface of 1 m2

where the current density is equal to 1 mA cm 2 and an electrode whose active
surface is a 10 cm  10 cm square. The absolute value of the current density at this 
second electrode is 

10 3 A m 2                 1 A m 2                 103 A m 2  

 1.4.3  15 - Considering the electrode reactions given below, complete the following diagram,
by specifying: 

 the positions of the anode and the cathode 
 the direction of the current (or of the current density) 
 the type of the external circuit component  
(indicate your answers by replacing the question marks on the diagram) 

e– I
Resistor, lamp, motor, ...

PbO2  +  SO4
2–  +  4 H+  +  2 e–

   PbSO4  +  2 H2O
Pb  +  SO4

2–

      PbSO4  +   2 e–

ANODE
–

CATHODE
+
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 1.4.1  
 1.6.2  

16 - In a 3-electrode setup, these electrodes are called: 
 working electrode 
 counter-electrode or auxiliary electrode 
 reference electrode  

 What is the name of the electronic device generally  
 used in the lab in this case? potentiostat 

 1.5.1  17 - In electrochemistry, an electrode playing a specific role is the SHE. 
 What is this specific role?                a system setting the origin of the potentials 
 What do the initials stand for? Standard Hydrogen Electrode
 What is the redox couple involved? H++/H2

 A potential difference exists between SHE and NHE   true false
 1.5.1  18 - Cite two types of reference electrodes of experimental use, and specify the redox

couple involved. 
 SCE : Hg2Cl2/Hg 
 silver chloride electrode: AgCl/Ag 

 1.5.1  19 - A silver wire coated with silver chloride is dipped into an 
aqueous solution containing copper nitrate. This electrode 
can be used as reference electrode for measuring potentials 
that can be spotted in the potential scale true   false

 1.5.2  20 - When a system, not equilibrium at open circuit, 
is crossed by a current, then one must exclu-
sively use the term   polarisation overpotential

 1.6.5  21 - Complete the diagram by showing the appropriate shape of the curves that would
indicate the variations of the voltage and the current as a function of time, in a
simple chronoamperometry experiment. 

U

t t

I
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2 - SIMPLIFIED  DESCRIPTION  OF  ELECTROCHEMICAL  SYSTEMS  

 2.2.1  1 - The three mass transport processes are: 
 diffusion 
 migration 
 convection 

 2.2.1  2 - One studies an interface between cobalt (metal) and an Na+Cl  solution in  
acetonitrile (an organic solvent) where the following reaction occurs: 

Co  +  4 Cl       CoCl4
2   +  2 e  

 The interface is reactive   true false
 By convention the current sign is positive   true false

 2.2.2  3 - FARADAY’s law expresses, for a redox reaction, the amount of substance transformed 
as a function of the amount of electric charge which crosses the interface in question. 
The coefficient of proportionality at the numerator involves: 

 the temperature true   false
 the FARADAY constant true   false
 the number of electrons true   false
 the stoichiometric number of the species in question   true false

 2.2.2  4 - In an industrial aluminium production plant, the main cathodic reaction involves the 
Al(III)/Al couple with a faradic yield of 90%. The amount of aluminium produced per 
hour in an electrolysis cell working with a current of 300 000 A is: 

103 mol               3.4 103 mol 
              3.6 ×103 mol               104 mol               3.4 ×106 mol 

 2.2.3  5 - The overall polarisation of an electrochemical chain can 
be split into different terms. In a system with no ionic 
junction, what do you call the term which adds itself to 
the two interfacial polarisations so as to gain the final 
overall polarisation value in the electrochemical chain? the ohmic drop

 2.2.4  6 - The concentration of a solution containing a species with a concentration of 
0.1 mol L 1 is also equal to 

 100 mol m 3 
                10 4 mol m 3 

                100 mol cm 3 
                10 4 mol cm 3 

 

 2.2.4  7 - Assuming that the molar conductivity of Cu2+ ions in aqueous solution is a constant 
equal to 10 mS m2 mol 1, then the conductivity value of these same ions in a solution 
with a concentration of 0.1 mol L 1 is: 

1 S cm 1 
                10 2 S cm 1 

                1 S m 1 
               10 S m 1 

 2.2.4  8 - Adding a supporting electrolyte to an electrochemical system causes, for the 
electroactive ions, the decrease in: 

 their transport numbers   true false
 their ionic conductivities true   false
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 2.3.1  9 - In the following diagram: 
 hatch the half-plane corresponding to an anodic operating mode  
 indicate the half-reactions occurring in each half-plane with the usual writing 
conventions, taking the example of the Fe3+/Fe2+ couple 

Fe2+ Fe3+

Fe2+ Fe3+

E [V/Ref]

E (I = 0)
p

I

 

 what does the black arrow represent for the working point which is identified by a 
black dot? 

The anodic polarisation (or, in the example here, overpotential) of the 
electrode considered 

 2.3.1  10 - Except in very specific cases, one can predict the signs for each of the two interfacial 
polarisations in a given system. Therefore, in most cases, one can say that: 

 the polarisation of the positive electrode is positive true   false
 the polarisation of the anode is positive   true false

 2.3.3  11 - On the following diagram, draw the shape of the steady-state current-potential 
curves of three systems with the same open-circuit potential and the same diffusion
limiting currents: a fast system (a), a slow system (b) and a very slow system (c). 

Red Ox

Red Ox

I
a b c

E (I = 0)

E [V/Ref]
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 2.3  12 - On the following diagram, plot the steady-state current-potential curve of a system 
containing an inert working electrode dipped in a deaerated acidic aqueous
solution (pH = 0), with no Fe3+ ions and an amount of Fe2+ ions befitting the 
existence of a limiting current. The reference electrode is a saturated calomel 
electrode. It will be assumed that the electrochemical window is determined by the 
fast half-reactions of water. 

Indicate in the diagram the relevant numerical values of the potentials as well as the 
half-reactions involved. 

E (SCE) = + 0.24 V/SHE     E °Fe3+/Fe2+ = + 0.77 V/SHE 

E °H+/H2
 = 0 V/SHE (at pH = 0)     E °O2/H2O = + 1.23 V/SHE (at pH = 0) 

E [V/SCE]

I

− 0.24 + 0.53 + 0.99

H2 H+, H2O

H2O, OH− O2

Fe2+ Fe3+
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 2.4.2  13 - Using arrows, complete the following diagram (which represents the steady-state 
current-potential curves of the two electrodes in a given electrochemical cell) to 
indicate the following: 
 the system’s open-circuit voltage, U (I = 0) 
 the polarisation  of the negative electrode at the working point indicated by a 
black dot  

 the polarisation + of the positive electrode at the corresponding working point of 
this electrode (indicate this second dot in the diagram) 
 the corresponding working voltage, U (I  0) 

U (I ≠ 0)

U (I = 0)

+(> 0)

−(< 0)

I

//

//

E+(I = 0)

E−(I = 0) E [V/Ref]

 
 

 the operating mode represented in the diagram  
corresponds to electrolysis   true false
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3 - THERMODYNAMIC  FEATURES 

 3.1  1 - In an electrochemical system: 
 at thermodynamic equilibrium, the current is always zero   true false
 if the current is zero, then the system is always 
in thermodynamic equilibrium true   false

 3.1.2  2 - For the following species in their standard state: 
  °Cu = 0 J mol 1   true false
  °H+ = 0 J mol 1    true false
  °Cu2+ = 0 J mol 1  true   false
  °H2

 = 0 J mol 1    true false
 3.2.1  3 - Strictly speaking, if you have an aqueous solution containing ions,  

it is possible, for each ion individually, to measure: 
 its concentration   true false
 its activity true   false

 3.2.1  4 - What is the ionic strength (including the appropriate unit) of the following aqueous 
solutions? 

 containing NaCl with a concentration of 0.1 mol L 1 0.1 mol L 1

 containing Cu(NO3)2 with a concentration of 0.1 mol L 1 0.3 mol L 1

 3.2.1  5 - Based on the simplified DEBYE-HÜCKEL model, if you take the mean activity coefficient 
of a solute in a solution containing only NaCl, and compare it to the mean activity 
coefficient in a solution with the same ionic strength containing only Cu(NO3)2 then 
the former coefficient is 

 larger                 equal               smaller 

 3.2.2  6 - For a metal, it is possible to measure: 
 the electrochemical potential of free electrons   true false
 the chemical potential of free electrons true   false
 the GALVANI potential true   false
 the VOLTA potential   true false

 3.3.3  
 3.3.4  

7 - On both sides of a single-exchange junction (i.e., with interfacial reaction involving 
only one species) between two media in which the species studied share the same 
standard chemical potential, identical concentrations of exchangeable species are
always seen in thermodynamic equilibrium, when the latter is: 

 an ion true   false
 a neutral species   true false

 3.3.4  
 3.4.1  

8 - The thermodynamic equilibrium of an interface involving the Cu2+/Cu couple 

can be illustrated in the following equation: 
   

metal electrolyte = Cst + RT
2 �

ln
aCu2+

aCu
 

whereby  the  constant  is  the  standard  potential  
 of  the  couple  in  question,  relative  to  SHE true   false
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 3.4.1  9 - Fill in the missing numbers (with the appropriate sign) in the equations below, 
which characterize the thermodynamic equilibrium of the following electrochemical 
chain: Cu’ | Pt, H2 | aqueous solution containing H2SO4 and CuSO4 | Cu 

Cu is chosen as the working electrode and Cu’ as the counter-electrode 
(U = Cu  Cu’). The sign for the GIBBS energy of reaction corresponds to the overall 
reaction, written as: Cu2+  +  H2      Cu  +  2 H+ 

rG  =    2  �U  =   ++  1   Cu   ++  2   H+    1   Cu2+    1   H2
 

 3.4.1  10 - Complete the simplified POURBAIX diagram for iron below. It has been plotted for an 
overall iron element concentration equal to C0, ([Fe3+] + [Fe2+] = C0) in aqueous 
solution. You must indicate the following: 

  the areas of either thermodynamic stability or predominance for the following 
species: Fe, Fe(OH)3, Fe2+, Fe3+ 
 the point symbolizing the potential (vs SHE) of a piece of iron immersed in a 
solution of pH = pH1, containing Fe2+ ions with the concentration C0 

0

pHpH1

Fe

Fe2+

Fe3+

Fe(OH)3

Predominance
Existence

E [V/SHE]

 
In addition: 

 where would you locate the point symbolizing the potential (vs SHE) of a piece of 
iron that is immersed in a solution of pH = pH1 containing Fe2+  ions with a 
concentration of C0/100, in relation to the previous point? 

on the right               in the same place               above                below  

 what reaction occurs in the previous system if a 0 V/SHE potential is imposed at this 
metal interface? 

Fe      Fe2++   ++   2 e  

 a piece of iron is stable in a solution  
containing Fe3+ ions with the concentration C0 true   false

 3.4.2  11 - If a reference electrode Ag, AgCl | KCl 1 mol L 1 | has been stored with its tip immer-
sed in distilled water, then calibration would show that its potential after storage 

has increased                has not changed                has diminished 
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4 - CURRENT  FLOW:  A  NON-EQUILIBRIUM  PROCESS 
 4.1.1  1 - Complete the following diagram for the interfacial reaction 

Co  +  4 Cl       CoCl4
2   +  2 e  

 by indicating, in qualitative terms, in  both phases: 
 the various molar flux density vectors (NN i ) 
 the various current density vectors (jj i ) 
 the overall current density vector (jj) 
 the vector normal to the surface (nn ) following the usual sign convention for the 
current 

je

Ne

NCl−

jCl−

NCoCl4
2−

jCoCl4
2−

n
j

METAL (cobalt, Co) ELECTROLYTE 

 
 4.1.3  2 - When a species is adsorbed at the interface, the interfacial flux  

and the production rate at steady state are both zero   true false
 4.2.2  3 - In a given electrochemical experiment, where only the current and the potential can 

vary, a redox couple or reaction can be: 
 fast or slow, depending on the operating conditions true   false
 reversible or irreversible, depending on the operating conditions   true false

 4.2.2  4 - For an aqueous solution at room temperature 
containing anions and cations with a concentra-
tion of 0.1 mol L 1, what is the order of magnitude 
and the unit of the electric conductivity? 1 S m 1 = 10 2 S cm 1 

 4.2.2  5 - What is the order of magnitude and the unit of  
the diffusion coefficient of an ion in an aqueous 
solution at room temperature? 10 9 m2 s 1 = 10 5 cm2 s 1 

 4.3.1  6 - The diagram below shows the changes over time in the concentration profile for an 
electroactive species of a fast redox couple in an experiment: 

 at steady sate true   false
 of voltammetry true   false
 of chronoamperometry   true false
 of chronopotentiometry true   false
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t↑

t = 0

x0

C

 
 4.3.1  7 - The following diagram shows the concentration profiles for a solution containing 

Fe3+ (grey) and Fe2+ (black) ions. The dotted lines represent the initial instant, and the
solid lines represent instant t. These profiles result from current circulation through 
an interface between a platinum electrode and a solution with negligible convection 
and migration of the electroactive species, Fe3+ and Fe2+. 

 the case shown corresponds to an oxidation reaction   true false
 what is the quantity   called? diffusion layer thickness
 the diffusion coefficient of Fe2+ is larger than that of Fe3+   true false
 the two shaded areas are equal   true false
 complete the diagram with a qualitative drawing of the concentration profiles that 
one would observe for a larger current, yet with the same value for . 

[Fe3+]*

[Fe2+]*

x0

C

d  
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 4.3.1  8 - Close to a metal | electrolyte electrochemical interface, one 
defines the double layer and the diffusion layer. The diffu-
sion layer is usually much thinner than the double layer. true   false

 4.3.3  9 - Look at the following steady-state current-potential curve: 

[V/Ref]0

I

A
C

D

E

F

G H
I

B

 

Among the working points indicated above, which ones correspond to the 
concentration profile shown in the diagram below? 

 A
               B

               C
               D

               E
               F

               G
               H

               I 

x

C

d0

[Fe3+]*

[Fe2+]*

 
 4.3.3  10 - In usual cases, the value of the steady-state limiting anodic current is proportional 

to the concentration: 
 in the oxidant at the electrode interface true   false
 in the oxidant in the bulk solution true   false
 in the reductant at the electrode interface true   false
 in the reductant in the bulk solution   true false
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KEY  SYMBOLS 

Symbol Meaning Usual unit Comment 

ai activity of ion i dimensionless see section 3.1.2 

a± mean activity of a solute dimensionless see section 3.2.1 

A parameter for the DEBYE-HÜCKEL law L½ mol ½   0.5 L½ mol ½  
at 25 °C  
see section 3.2.1 

Ci (or C )  
or [i ] 

concentration of species i mol L 1 [1] 

C ° reference concentration  
(standard state) 

mol L 1 = 1 mol L 1 
see section 3.1.2 

C * bulk concentration  
(in the zone far from the interface) 

mol L 1  

Cx = 0 interfacial concentration (x = 0) mol L 1 see section 4.1.3 

C °P standard molar heat capacity J K 1 mol 1  

Di (or D) diffusion coefficient of species i cm2 s 1 see section 2.2.1 [2] 

Di
0 diffusion coefficient of species i 

at infinite dilution  
cm2 s 1 see section 4.2.1 

e electron charge  C =  1.6 ×10 19 C 

E electrode potential 
(half-cell) 

V/Ref relative to the 
chosen reference 
see section 1.5.1 

E ° standard potential of redox couple V/Ref  

EE  electric field  V m 1 (modulus)  

f  V 1 38.9 V 1 at 25 °C 

� FARADAY constant C mol 1  96 500 C mol 1 

G GIBBS energy J  

 GIBBS energy 
in an electrochemical system 

J  

                                                                                                                         
[1] Unit conversion for a concentration: C = y mol L 1 = y 10 3 mol m 3 = y 10 3 mol cm 3. 
[2] Unit conversion for a diffusion coefficient: D = y cm 2 s 1 = y 10 4 m 2 s 1. 
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H enthalpy  J  

I current (intensity) A sign convention:  
see section 1.4.1 

Ilim limiting current (diffusion) A see section 2.3.2 

Is ionic strength of a medium mol L 1 see section 3.1.2 

jj  (j )  current density (modulus) A m 2 (modulus) see section 1.3.1 [3] 

k BOLTZMANN constant J K 1 = 1.38 ×10 23 J K 1 

k ° standard rate constant of a redox 
reaction (E mechanism) 

cm s 1 [4]see section 4.3.2 

Keq equilibrium constant dimensionless  

, L distance between two points, width cm  

LD DEBYE length Å see section 3.3.1 [5] 

LH thickness of the HELMOLTZ layer Å see section 3.3.1 

mi mass transport rate constant 
of species i 

cm s 1 see section 4.3.2 

mi (m°) molality of species i (standard state) mol kg 1 see section 3.1.2 

Mi (or M ) molar mass of species i g mol 1  

n number of electrons exchanged 
in a redox half-reaction 

dimensionless positive number  
see section 1.2.1 

ni amount of substance of species i mol  

nn vector normal to the surface dimensionless  

� AVOGADRO constant mol 1 = 6.02 ×1023 mol 1 

NNi (Ni
 )
 

molar flux density 
of species i (modulus) 

mol m 2 s 1 
(modulus) 

see section 4.1.1 [6] 

o.n. oxidation number (or degree) dimensionless  

P (P °) pressure (standard state) bar P ° = 1 bar [7] 

Pi partial pressure of species i bar  

pH potential of Hydrogen dimensionless pH =  log a H+ 

                                                                                                                         
[3] Unit conversion for a current density: j = y A m 2 = y 10 4 A cm 2. 
[4] Unit conversion for a redox rate constant: k = y cm s 1 = y 10 2 m s 1. 
[5] Unit conversion for a distance:  = y Å = y 10 10 m = y 10 1 nm = y 10 4 μm = y 10 8 cm. 
[6] Unit conversion for a molar flux density: N = y mol m 2 s 1 = y 10 4 mol cm 2 s 1. 
[7] Unit conversion for a pressure: P = y bar = y 10 5 Pa = (y / 1.013) atm. 
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pKi relative to the equilibrium constant Ki dimensionless pKi =  log Ki 

q , Q electric charge C  

r farad faradic yield dimensionless see section 2.2.2 

R ideal gas constant J K 1 mol 1 = 8.314 J K 1 mol 1 

R resistance   

S (S °) molar entropy (standard state) J K 1 mol 1  

S S surface (or section) area cm2 [8] 

t time s  

T temperature °C [9] 

ti transport number of species i dimensionless see section 2.2.4 

  t i  electrochemical transport number  
of species i 

dimensionless see section 4.1.1 

ui electric mobility of species i m2 s 1 V 1 see section  4.2.1 

  ui  electrochemical mobility 
of species i 

mol m s 1 N 1 or mol s kg 1 
mol m2 J 1 s 1 
see section 4.2.1 

U potential difference (voltage) V  

V electric potential (general sense) V  

vr volume reaction rate per unit volume mol m 3 s 1 see section 4.1.2 

vSr surface reaction rate per unit area mol m 2 s 1 see section 4.1.3 

wi local volume production rate  
of species i 

mol m 3 s 1 see section 4.1.2 

wSi local surface production rate  
of species i 

mol m 2 s 1 see section 4.1.3 

x spatial coordinate m  

xi molar fraction of species i dimensionless  

y insertion rate dimensionless see section 2.1.2 

zi charge number of species i dimensionless algebraic number 
see section 1.2.1 

                                                                                                                         
[8] Unit conversion for a surface area: S = y cm 2 = y 10 4 m2. 
[9] Unit conversion for a temperature: T = y °C = (y + 273) K. 



344 ELECTROCHEMISTRY - THE BASICS, WITH EXAMPLES 

GREEK SYMBOLS 

Symbol Meaning Usual unit  Comment 

 symmetry factor dimensionless see section 4.3.2 

 thickness  
(e.g., diffusion layer) 

μm  

rH ( rH °) enthalpy of reaction 
(standard enthalpy of reaction) 

J mol 1  

rG ( rG °) GIBBS energy of reaction 
(standard GIBBS energy of reaction) 

J mol 1  

i activity coefficient of species i dimensionless see section 3.1.2 

i surface concentration of species i mol m 2 see section 4.1.3 

 dielectric permittivity of a medium  J 1 C2 m 1  

0 vacuum dielectric permittivity J 1 C2 m 1 = 8.855 ×10 12  
     J 1 C2 m 1 

 overpotential (or overvoltage) of a cell 
or an electrode 

V see section 1.5.2 

i molar conductivity  
of species i 

S cm2 mol 1 see section 2.2.4 [10] 

i
0 molar conductivity 

of species i at infinite dilution 
S cm2 mol 1 see table 4.2, 

section 4.2.2 

 molar conductivity of a solute S cm2 mol 1 see section 2.2.4 

i ( i°) chemical potential of species i  
(standard state) 

J mol 1 see section 3.1.2 

  i  electrochemical potential of species i J mol 1 see section 3.1.2 

i stoichiometric number of species i  
in a reaction 

dimensionless algebraic value  
see section 1.2.1 

 dimensionless potential 

= n �

RT
(E E°) = nf (E E°)  

dimensionless see section 4.3.2 

 polarisation of a cell or an electrode V see section 1.5.2 

 electric resistivity of a medium   cm see section 2.2.4 

ch charge density C m 3  

                                                                                                                         
[10] Unit conversion for a molar conductivity:  = y S cm 2 mol 1 = y 10 4 S m 2 mol 1. 
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 electric conductivity of a medium S cm 1 see section 2.2.4 [11] 

ch surface charge density C m 2  

 time constant s  

 GALVANI potential or internal potential V see section 3.1.1 

 surface electric voltage V see section 3.1.1 

 VOLTA potential or external potential  V see section 3.1.1 

i ( i
 ) local velocity of species i (modulus) m s 1 (modulus) see section 4.1.1 

 

                                                                                                                         
[11] Unit conversion for an electric conductivity:    = y S cm 1 = y 10 2 S m 1. 
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chain 
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chronopotentiometry ............................43,217,308 
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— potential..................................... see potential 
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compact layer................................................see layer 
concentration 
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conductivity 
— measurement ..............................................201 
electric — .....................................................75,201 
electronic — ......................................................197 
ionic — ..........................................................80,198 
molar — ........................................................80,190 
molar — (table of) .................................. 204,206 

conductor 
electronic — ........................................................ 20 
ionic — .................................................................. 20 
mixed —................................................................ 22 

convection 
forced — ..............................62,183,186,218,248 
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corrosion .......................................................7,103,154 
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— rate ..........................................................see rate 
galvanic — ........................................................... 29 

COTTRELL...........................................................................3 
— law ...................................................................216 

CREMER .............................................................................4 
counter electrode ........................................... voir CE 
current (or flux)......................................................... 17 

capacitive —................................................68,179 
corrosion — .................................................29,103 
exchange — ......................................................236 
faradic — ................................................68,94,179 
limiting —...............................................87,98,230 
— density .................................... 17,106,170,190 
— sign................................................27,31,84,181 

current-potential curve .................................83,228 
cyclic voltammetry ......................see voltammetry 
 
D 
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— cell .......................................... 26,52,55,73,263 
DAVY .................................................................................3 
DEBYE length.................................................... 138,281 
DEBYE-HÜCKEL ............................................................125 

— law ...................................................................132 
—  model ................................................... 132,280 
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diffusion ..............................................................62,186 
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