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Electrochemistry basics:

— Electrochemical Thermodynamics
— Electrochemical Kinetics

— Transport Phenomena

This module based on:

A. Boghossian, Lecture notes for the course Electrochemical
engineering, EPFL
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Electrochemistry

« Electrochemistry is a branch of chemistry that studies chemical reactions
which take place in a solution at the interface of an electron conductor (a
metal or a semiconductor) and an ionic conductor (the electrolyte), and
which involve electron transfer between the electrode and the electrolyte or
species in solution.

« Electrochemistry is the study and utilization of electrochemical cells -
devices that allow redox reactions to occur in physically separated
locations.
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Examples of large-scale electrochemistry
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The chloralkali process (also chlor-alkali and chlor alkali) is an industrial
process for the electrolysis of sodium chloride solution (brine). Depending
on the method, several products besides hydrogen can be produced. If the
products are separated, chlorine and sodium hydroxide (caustic soda)
are the products; by mixing, sodium hypochlorite or sodium chlorate are
produced, depending on the temperature. The process has a

high energy consumption, for
example over 4 billion kWh per year

in West Germany in 1985. Chlor-alkali Cho NaOH
ECRs currently consume about two Hz
percent of the United States’
electrical power. i OH- O
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Examples of large-scale electrochemistry

=PrL
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Working Principle of a Fuel Cell

excess water
fuel out + heat
out
fuel in o
(Hz) air in
Fuel + Oxidant = Products
EPFL Step 1 : ThermOdynamicsHaussener—Solar Energy | November, 2025



Gibbs free energy

* For electrochemistry

Spontaneous
reactions (AG <0)

 Fuel cells

« Batteries

 Corrosion

N %

Non-spontaneous
reactions (AG >0)

/

* Electrolysis

Electroplating

Electrowinning

Electrorefining

o

\

Electrosynthesis

%
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Gibbs free energy

e Relatedtothe Hand S
AG°=AH°-TAS"°

 AG : Related to energy production (or consumption)

« AH : Total heat content of a system (internal energy + product of
pressure and volume); energy required to create a system and
make room for it by displacing its environment and establishing
volume and pressure

 TAS : Heat/energy that is released
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Cell potential

« AG® is not directly measureable. How does it relate to a measureable
parameter for a fuel cell?

AG°*=-zFE®

/ T

# e- transferred Faraday’s constant:
per mole product 9.6 x 10* C/mol e-

 For the fuel cell:

Oxidation half-reaction (anode) Reduction half-reaction (cathode)
H,(g) > 2H* + 2e 1/20,(g) + 2e- +2H*(g)~> H,O(l)

O (o) (o)
E°=E oxidation +E reduction
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Thermodyanmic efficiency

AG =AH —TAS
/ ! \
electrical chemical heat
energy energy released/absorbed
by the environment
AG AH
nth’fue| cell — AH If]th,electrolysis - AG
<1 > 1

Dependence of fuel cell efficiency on temperature
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Conversion and electrochemical efficiency
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For a fuel cell, we can calculate the maximum theoretical
thermodynamic efficiency of the cell assuming reaction

completion and no voltage losses
AG®

Nth fuel cell = AH®

But in practice, we do not achieve 100% conversion of reactants
into products. So we define a conversion efficiency (n,)

Amount of fuel reacted

e = Amount of fuel provided
Similarly, the measured cell potential is less than the
thermodynamic cell potential due to potential losses. So we
define an electrochemical efficiency (n,)
E <«— Measured potential

Nel = E «— Calculated from AG
cell
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Potential

Reduction potential is a measure of a tendency of a chemical

species to acquire electrons. Other names: Reduction-oxidation potential
Redox potential
Midpoint potential

The more positive the reduction potential, the more

favorable the reduction reaction

More thermodynamically

favored Based on the values provided in the
\ Standard Reduction table...
‘ Au3*(aq) + 3e- 2 Au(s) E°=+1.50V
Fe3*(aq) + e > Fe?*(aq) E°=+0.77V
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Potential

Reduction potential is a measure of a tendency of a chemical
species to acquire electrons.

The oxidation potential is just the reverse reaction, which has
the OppOSite Sign 2 (onidation)reactionA = '(Ereduction)reactionA

Based on the values provided in the
Standard Reduction table...

More thermodynamically

favored  Aud*(aq) + 3e” < Au(s) E°=-1.50V

‘ Fe3*(aq) + e- €& Fe?*(aq) E°=-0.77V
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Potential

Reduction potential is a measure of a tendency of a chemical
species to acquire electrons.

The oxidation potential is just the reverse reaction, which has
the OppOSite Sign 2 (onidation)reactionA = '(Ereduction)reactionA

E E cquction=0, reduction favored
reduction

on + ze- . - Ared

onidation Ereduction

<0

oxidation favored
onidation>0 }
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Potential

Reduction potential is measured relative to a reference
reaction (reference electrode).

vs. Standard Hydrogen Electrode (SHE)
~ )
Au3*(aq) + 3e- 2 Au(s) E°=+1.50V

. 2H*(aq) + 2e- > H,(9g) E°=0.0V )

vs. Ag/AgCl/saturated KCI

" Aud(aq) + 3¢ > Au(s) E° = +1.303 V)
2H*(aq) + 2e- > H,(9g) E°=-0.197 V
| AgCl(s) +e- > Ag(s)+CF  E°=00V

=PrL
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Potential

m

Absolute potential is the electrode potential of a metal measured with respect to a
universal reference system that neglects the metal-solution interface. It is the
difference in electronic energy between a point inside the metal of an electrode and
a point outside the electrolyte in which the electrode is submerged (an electron at
rest in vacuum).

The absolute potential is difficult to determine accurately, so the standard hydrogen
electrode (SHE) is typically used as a reference potential. The SHE is one of the
few systems for which the absolute potential has been accurately determined.

vs. vacuum (absolute potential)

" Au*(aq) + 36" > Au(s) E°=+504V |
2H*(aq) + 2e- 2 H,(9) E°=+4.44V
\_ I\/I-l-solution-k e'(g) 2 Ivlmetal E°=00V )

N\

Related to work
function of the metal
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Potential

Reduction process of a species at an electrode
MO = Molecular Orbital

Electrode Solution Electrode Solution
e-
vl \
@ Vacant MO %
= _
3 Energy level
o
o of electrons
@ % Occupied MO %
A+e-2>A
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Potential

Oxidation process of a species at an electrode
MO = Molecular Orbital

Electrode Solution Electrode Solution
Vacant MO —
Energy level
of electrons ‘

|

@ Potential @

% Occupied MO %
A

A—>A+e-
Haussener — Solar Energy | November, 2025
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What is current?

Electric current (i or j) is the flow of electric charge. This charge is
often carried by moving electrons in a wire or by ions in an electrolyte.

| : current
units of amperes (A), which is 1 coulomb/s (C/s)

J : current density
units of amperes/surface area (A/m?)

Whereas voltage (E.,) is an intensive variable
(independent of the amount reacted), current (j or i) is an
extensive variable (depends on the amount).
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Relationship Current and Reactant Conversion

Current can be calculated from the amount of reactant reacted

mMass Of |—p moles of moles of — charge current
reactant reactant

[mol] [mol e-] o 1[G
9 g [mol] [mO'e][mole][ [s]  [s]

(# moles)(z)(F)
| = t
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Relationship Between Current, Heat, and Power

Current can be used to determine the total amount of heat
released (or absorbed)

_ TAS
Ethn - ECG" - Z F —> = (EceII'Ethn)ZF
mol e- C
= [V] - [ 1. [C]
Imol]  [mol e-]
Total heat It
n[] - (Ege-Einn)2'F X # moles # moles = E
Total heat

in[J] = (EceirEinn)it
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Relationship Between Current, Heat, and Power

Power (P) is the rate, per unit time, at which electrical energy is
transferred by an electrical current. The Sl unit of power is the
watt, [W] =1 J/s.

| = current
P=i-V V = voltage
The power output of a device (P, is less than the theoretical

maximum output (P, ,,) due to losses.
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Relationship Between Current, Heat, and Power

Joule heating (ohmic heating, resistive heating) is the process

by which the passage of an electric current through a conductor
produces heat.
Poutput = @ctual power output

Poutput = Pmax = Pheat P._. = maximum power

Pheat = 1AV P,... = power converted to heat
AV = voltage drop

Using Ohm’s law (V=iR), we can relate power loss to current
Preat = 12 'R R = resistance

The Sl unit of resistance is the ohm, [Q] = 1 V/A
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Sign Convention for Current

Convention used in this course:
reduction (cathodic) current is taken as positive
oxidative (anode) current is taken as negative

—
®
1
v
P
<_

Geduction:

anode cathode

Recall:

« applying a positive potential to an electrode oxidizes the electrolyte
(happens at the anode)

« applying a negative potential to an electrode reduces the electrolyte
(happens at the cathode)
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Cell Potential at Equilibrium

Equilibrium is established:
H* and H, is present at one electrode

Ag and AgBr is present at the other electrode

H,(9) & 2H*(aq) + 2e-

E = (0 vs NHE

oxidation™

E =-0.07 vs. Ag/AgBr

oxidation™

Pt —

o ‘OO
o]e)

“open-circuit”
--- ++ +
E.., =+0.07V

2

|

cell

H* Br [

AgBr(s) + e- ?Ag(s) + Br

E.cquction = +0.07 vs NHE
Ereduction =0vs. AglAgBr

|

| Excess
AgBr
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Net Current Production Under Non-equilibrium Conditions
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Consider a electrochemical experiment where a working electrode and a reference
electrode are immersed in a solution, and the potential difference between the
electrodes is varied by means of an external power supply

Working electrode: electrode where reaction of interest occurs

Reference electrode: electrode made up of phases having essentially constant
compositions—> this potential is fixed

Power supply

O

pt———f 1MHBr [ ]\\ Excess
AgBr

Working Reference
electrode electrode
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Net Current Production Under Non-equilibrium Conditions

If we apply a negative potential to the Pt electrode relative
to the Ag/AgBr electrode, eventually we get a reduction
reaction

2H*(aq) + 2e->H,(9)

* The flow of electrons is from the electrode to the solution,
so a reduction (cathodic) current flows.

« While this happens, Ag(s) is oxidized in the presence of Br
to form AgBr at the Ag/AgBr electrode. Since [Br-] remains
constant near the electrode at modest currents, the
potential of the Ag/AgBr electrode will be almost the same
as at open circuit.
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Net Current Production Under Non-equilibrium Conditions

If we apply a positive potential to the Pt electrode relative to
the Ag/AgBr electrode, eventually we get an oxidation reaction

2Br(aq) ->Br,(g)+ 2e-

* The flow of electrons is from the solution to the electrode,
so an oxidation (anodic) current flows

« While this happens, AgBr(s) at the Ag/AgBr electrode is
reduced to Ag, and Br is liberated into the solution. Since
[Br-] remains constant near the electrode at modest
currents, the potential of the Ag/AgBr electrode will be
almost the same as at open circuit
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Current-Voltage Plot Curve

PYH*, Br (1 M)/AgBI/Ag @ Cathodic

c
o
S +1.02 V vs. Ag/AgBr
(+1.09 V vs. NHE) Onset of H'
l reduction on Pt
® | —t
1.5 \ 0.5
Onset of Br- T
oxidation on Pt -0.07 V vs]Ag/AgBr
(0 V vs.[NHE)
Cell potential (V) @ Anodic
(vs. Ag/AgBr)
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Effect of Electrode Material on Current-Voltage Plot

Same system, but different working electrode

Reference electrode is in equilibrium Working electrode is not in equilibrium
AgBr(s) + e- Ag(s) + Br There is no redox couple
[Br-] is known - Calculated potential from (H,/H* nor O,/H,0) present

Nernst equation

Power supply

O

Hg———f 1MHBr [ ]\\ Excess
AgBr

Working Reference
electrode electrode
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Effect of Electrode Material on Current-Voltage Plot

@ Hg/H*, Br(1 M)/AgBr/Ag

Cathodic -
- 4
2 +0.07 V]vs. Ag/AgBr
8 (+0.14 |V vs. NHE) Onset of H*
reduction
® | ~ O
I | I |
0.5 -0.5 T ~1 -1.5
Onset of Hg
oxidation More negative
potential required than
Cell potential (V)
_ ell potentia
Anodic (vs. NHE)
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Effect of Electrode Material on Current-Voltage Plots

The thermodynamics of the system stays the same

If we apply a negative potential to the Hg electrode relative to the Ag/AgBr
electrode, eventually we get a reduction reaction

2H*(aq) + 2e- >H,(9)

The equilibrium potential of this half reaction is independent of the metal

In the case of Hg, a more negative potential (higher electron energies) is needed
to allow the reaction to occur at a measureable rate.

The additional potential (beyond the thermodynamic requirement) needed to drive
a reaction at a certain rate is called the overpotential.

“Mercury shows a high overpotential for the hydrogen evolution reaction”

Haussener — Solar Energy | November, 2025
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Kinetics

Energy

reactants

cell

v

products

Reaction coordinate
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Analytical Expression for the Current-Voltage Curves

Now that we have a qualitative understanding of current

potential curves, can we derive an analytical expression relating
current to voltage?

PY/H*, Br (1 M)/AgBr/Ag ~ Cathodic
i What is the
1 / equation for
£ this plot?
Onset of H*
reduction on Pt T
i 1 | \/ |
i ™ |
1.5 \ 05 0 0.5
Onset of Br T
oxidation on Pt
Cell Potential o Anodic
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Analytical Expression for the Current-Voltage Curves

Predicted by the
< |Butler-Volmer equation

Infinite
resistance to
electron

ransfer
% transfe

=PrL
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Analytical Expression for the Current-Voltage Curves

* First:
Pt/H*, Br (1 M)/AgBr/Ag Cathodic
T
[=
E -
3
Onset of H*
reduction on Pt B
\\ ,
| - - - |
15 \ 05 0 0.5
Onset of Br- T
oxidation on Pt
Cell Potential Anodic
EPFL
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Net Current Production Under Non-equilibrium Conditions

Consider a electrochemical experiment where a working electrode and a reference
electrode are immersed in a solution, and the potential difference between the
electrodes is varied by means of an external power supply

Working electrode: electrode where reaction of interest occurs

Reference electrode: electrode made up of phases having essentially constant
compositions—> this potential is fixed

Power supply

O

pt———f 1MHBr [ ]\\ Excess
AgBr

Working Reference
electrode electrode
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Net Current Production Under Non-equilibrium Conditions

If we apply a bias relative to the reference electrode, we get a
current. ki

O +ze-—”R
K
O: oxidized species in the electrolyte
R: reduced species in the electrolyte
e-: electrons being transferred to/from the working electrode

r

E..q >0 : reduction favored
E..q< 0 : oxidation favored

Forward reaction: rate increases as electrode becomes more
negative (e.g. electrode can be more easily
oxidized to reduce O)

Reverse reaction: rate increases as electrode becomes more

positive (e.g. electrode can be more easily

reduced to oxidize R)
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Net Current Production Under Non-equilibrium Conditions

) k
K, o
cathodic anodic
current current

v

more positive E
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Derivation of Butler-Volmer Equation

K
K

r

g Jo

cathode : rate. = k{Ols = JFaA = 2F

i .
anode : rate.: = k[R]; = % % depends

potentlall

rate, ., = rate; - rate, = zJ = JC lja :m'séR]s

Haussener — Solar Energy | November, 2025




Derivation of Butler-Volmer Equation

rate, ., = rate; - rate, = zJ—F = JCZ_FU = kdOls - k[RlIs
At equilibrium:
ratef = r.ater : jc = |ja|
Ky [Ol; [Ol,
kK{O]. = k,[R], == — = =) Ink -Ink; =1In
f S r S kf [R]S f [R]S
Nernst Equation:
_ = rRT,. R _ .  RT 19k
EceII =E cell, T ~ ? In [O]S E cell,T ZF In [R]S
In [O]; _ (Ecen - E"cen1)2F
[Rls RT

=PrL
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Derivation of Butler-Volmer Equation

Substituting the expression from the Nernst Equation into the

equilibrium expression

(Ecell B EoceII,T)ZF

— Ink. -Ink; = =T

_ . [Ol;
Ink. -Ink; =1In
[Rs
In [O]s — (Ecell B EoceII,T)ZF
[RIs RT

=PrL

_
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Derivation of Butler-Volmer Equation

After a few manipulations...

E X In kr _In kf _ (Ecell -E ceII,T)ZF X ﬂ

— —_
_—

RT o d
d_ —1In kr - ﬂ In kf (Ecell -E ceII,T)
dE zF zF dE

JR—

—
— JE—

_ -~ -
d | RT rd EInkf

dE ZF dE ZF

— —

I
—

R

L= P':L
=i Haussener — Solar Energy | November, 2025



Derivation of Butler-Volmer Equation

4 ﬂIn K.| + d ﬂ| A2 1
dE ydu dE ydu K
\ ]| }
| |
1-aq, oM

\ Defined with respect

to the cathode
(forward reaction)
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Derivation of Butler-Volmer Equation

d | RT 1 CRT 1
= — — In—- —| — In—
Je dE | zZF  Ki = oF F k| T
N - or. - -
1 a.zFE |
In k. = RT +C
a.zF o
- (E-£%) k: = k; ° when E = E°

Ccpe
LP' L Haussener — Solar Energy | Novemb
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Derivation of Butler-Volmer Equation

Similarly, for the oxidation reaction,

g | RT RT
1-0= — | —— In k. |m) 1o )E = Ink.+ C
% dE zF r (1-a.) zF r
- — or....
(1-a)zFE
Ink, = RT +C
(1-0.)ZF = o
—<— (E-E") k =k °when E =E°
kr —_ kro e RT r r
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Derivation of Butler-Volmer Equation

Now let’s plug in the derived expressions for the forward and
reverse rate constants to determine overall current:

zF

J =[Ol -k[R], =lk°e RT

_aZF e (1-0.)2F £ _goy

[O]s_ kro e RT

Assuming k;* = k.° = k°®

Butler-Volmer Equation

j = zFk® ﬁO]S e

a.zF (E-E°)

RT

(1-ac)zF(E_E0)
B [R]se RT

[R]s
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Derivation of Butler-Volmer Equation

PVH*, Br (1 M)/AgBr/Ag Cathodic
T
S Onset of H* 1
reduction on Pt
| ' N |
1.5 0.5 0 -0.5
\Onset of Br- T
oxidation on Pt
Cell Potential o Anodic
_ GCZF (E_Eo (MF(E_EO)
] =zFk® |[[Oje RT -[R8 RT
]| J
Y |
cathodic current anodic current
(o) term (j,) term
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Simplifications of the Butler-Volmer Equation: Small n

RT
ZF

Substituting Taylor series approximations into corresponding

exponential terms
Recall: simplification from assuming uniform concentrations

N 1-0,)f
sz[e a.fn | e( Gc)n]

For small E-E® = |n| <<

J
o - (-acn) = (1+(1-ac)in) = -n
Solving for n and substituting for f
RT Charge transfer resistance
A Fe RT RT
\ a J RCt= o !pCt= ‘0
V4 ZF|i°| ZF|)"]
Ohm'slaw: V=IR
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Analytical Expression for the Current-Voltage Curves

Predicted by the

jA 1«—  |Butler-Volmer equation
|
|
[
|
I
| — >
E
v
Current
controlled onl
by electron
\transfer and j°
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Simplifications of the Butler-Volmer Equation: Large n

For large E-E® = |n| >>
zF

Depending on whether a positive or negative potential is
applied, we have either

o - Gcfrl o> 6(1 'O‘C)fﬂ e = acfn << 6(1 —ac)fr]

or

ifn<0 ifn>0

=PrL
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Simplifications of the Butler-Volmer Equation: Large n

RT
For large E-E® = |n| >>
zF
for r] < O e'acfn >SS (1-Gc)fr]
thodi
(cathodic) [ e (1-05fn
=11 e - e
o 0N j o e i
j~j%e mm) =€ =) In jo = 0fM
Getting this into linear form... n=a+binj
-1 . . RT o RT _
— °) = = In =
o (Inj=Inj*)=n mmmp n= JF, Nl ZFa. In |
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Simplifications of the Butler-Volmer Equation: Large n

RT
For large E-E° = |n| >>
zF
forn>0 e Acfn << e(1_GC)fr]
anodic
( ) o -gfn (1-a)f
=1 e e
_(1-a.)fn (1'0( )in '
i~ 7 mmp 1, = 7 mm) In] o = (1)
Getting this into linear form... n=a+blnj
1 . . RT . RT _
— °l)y = = In [j| - ©
Aeayr (N UE=InE)=n = [n=ZF1-o)" I F(1-a) M I°

=PrL
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Simplifications of the Butler-Volmer Equation: Large n

forn<0 ~ RT nie - RT i
(cathodic) N= zFa, " 7 zFq ™
Ini=lni° ZFGC N
N|=1Nn -
=T Ry
forn>0 RT . RT _
_ — In - °
(anodic) = zF(1-a,) il zF(1-a,) In 11

Infjf = In[j°| +

zF(1-a.) ,
RT
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Simplifications of the Butler-Volmer Equation: Large n

Tafel Plot
In |j|
_zF(1-a,) =
Slope == 57 | Slopegzg_?

=PrL
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Analytical Expression for the Current-Voltage Curves

Predicted by the

J.A 1«— |Butler-Volmer equation

|

|

[

|

/

E
v
Exponential A
increase in

current with E
\_ (B-V equation) ,
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Effect of j° on Current-Voltage Plot

j » Decreasing j°

For high j°: observable
current at low n

R 1-a)f
J=J[e afn e( Gc)n}

J° is an electrode property
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Total Overpotential and Ilts Components

Recall:
Overpotential represents the extra energy required to

overcome reaction energy barrier
—> Increases minimum voltage required for electrolysis
- Decreases the maximum voltage obtained from fuel cell

We always want to minimize the overpotential of a device

r]total overpotential = Z Inindividual overpotentialsl

Galvanic (fuel) cell: Faradaic (electrolytic) cell:

m
T
] |
r
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Total Overpotential and Its Components

EoveraII = Eeq B |r]total overpotentiall = Eeq B zmindividual overpotentialsl

If both anodic and cathodic reactions are running under Tafel
conditions

cathodic anodic electrolytic
overpotential overpotential  overpotential
[ : \ ( A \ /
EoveraII = Eeq B mconc,cl B |r|act,c| B |nconc,a| B |nact,a| B
Y electrolyte
resistance
RT  Jimc -] RT J° RT liiim al RT | lil
- In — - In—|- In — — - n i
azF  dime | azF ) | [(T-00)ZF i = (1-a.)zF J
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Total Overpotential and Its Components

o

=PrL
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Total Overpotential and Its Components

Voltage

I Ideal cell voltage
EIH‘

Thermo

=PrL
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Total Overpotential and Its Components

Low j | |
(j<<j|im) E ~ = RT InJ. - RT In Ul
... dominates overall eq |azF | |(1-a)zF  Ii°l
ac
Higher | .
1 . dominates EoveraII ~ Eeq - const - JARohm
ohm
High L .
(j%jlim) RT Jlim,c ol RT |Jlim,a|
— = - In — - In — :
ﬁconc EoveraII Eeq const. azF  Jime (1-00)zF  ljima =1l
dominates

=PrL
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B-V Model with Mass Transport

charge electric

transfer double layer transport

_—_—q

——— ——— —

=
o |
o
w |

W\

o\\%

® A\ O
2\ 2.
2\

2

e

4

4
O

_— o d

Chemical :

reactions transfer

Opulk
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Modes of Mass Transfer

m

Diffusion : Movement of a species under the influence of a
gradient of chemical potential (i.e., a concentration
gradient).

Migration : Movement of a charged body under the
influence of an electric field (a gradient of electrical
potential).

Convection : Stirring or hydrodynamic transport (may be
characterized by stagnant regions, laminar flow, or
turbulent flow).

] |
r
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Modes of Mass Transfer

Mass transfer to an electrode is governed by the Nernst Planck
equation written for one-dimensional mass transfer along the x-axis as

sx)=-p, 9GX) _ ZF po 0P oy
| oX | \RT oX |
f f Y
diffusion migration convection

Ji(x) : flux of species i at a distance x from the surface [mol s cm~]

D.(x) : diffusion coefficient of species i [cm?/s]

a;:i(x) . concentration gradient at distance x
X
aaCD(X) . potential gradient at distance x

X

z; : charge of species i (not to be confused with z, which is mol e- /mol reactant)
C, : concentration of species i [mol cm™]

v(x): velocity with which a volume element in solution moves along the axis [cm s7]
cPFL
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Modes of Mass Transfer

m
] |

A rigorous solution is not very easy when all 3 forms of
mass transfer are in effect; hence electrochemical systems
are frequently designed so that one or more of the
contributions to mass transfer are negligible.

For example,

Migration can be considered negligible by the addition
of inert electrolyte (i.e. a supporting electrolyte) at a
concentration much larger than that of the electroactive
Species.

Convection can be considered negligible by preventing
stirring and vibrations in the electrochemical cell.
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Modes of Mass Transfer

Mass transfer to an electrode is governed by the Nernst Planck
equation written for one-dimensional mass transfer along the x-axis as

=_p 9C(X) _ zF oP(x)
) - ox RT D¢ ax
\ J )
f f
diffusion migration

If the species i is charged, then the flux, J,, is equivalent to the current
density. , . _
Ji Jd,i Jm,i

flux due to flux due to
diffusion  migration
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Migration-Limited Case

In the bulk solution (away from the electrode) concentration
gradients are generally small, and the total current is
carried mainly by migration of all charged species.

_ dC. zF dD(x)
J. — - D. - . . .
I(X) | X RT DICI ax T %

k | No stirring
Small |
concentration arati
gradient migration
Imi  zF oD (x) . zZPF? 0D (x)
_JI(XZO,t)Z ZIF - RT DICI ax ‘Jm’izjiz RT DICI ax

f

charge of species i
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Migration-Limited Case

- zPF? dP(x)
i="RT PO o

Mobility of a species i (u;) is the ability of a charged particle to
move through a medium in response to an electric field.

L 1ZlFD;
" RT
By substituting for D,

Assuming linear change in
potential (AE) over distance L

z|FuC.AE
= 1z|FuC 3C3DX(X) — Ji = i |I_ I
od(x) _ AE

~

IX L
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Migration-Limited Case

If multiple species contribute to current, the total current is the
sum all the individual contributions.

j=2j= FALE > |z{uC
I I

The transference number of species i (t) is the fraction of the
total migration current that a given ion i carries.

J_. |Z|u,C,

t = —
b %|Zk|Uka
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Diffusion-Limited Case

Consider the reaction
O+ze-— R

when the reduction of O begins, [O]g << [O]*

J. =_D.M__Zli a )«/
=0 G R&z;ﬂw )
Y

Assume there isan ~ Assume stirring is

diffusi excess of supporting  ineffective at the
usion electrolyte electrode surface

Rate of mass-transfer (v,,,) is proportional to the
concentration gradient
A ing i iati x
aC (X) ssuming linear variation [O] _ [O]S

Vet @ Do 5y s Dj 5

x=0
(at the surface)

EPFL )
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Diffusion-Limited Case

C |
o |
= i — actual
o | concentration
- | profile
© |
= [Of |
S o Diffusion layer
g i approximation
3 |
[O] J
0h B 5
Distance from Electrode, x
Diffusion layer
thickness
=PrL

Haussener — Solar Energy | November, 2025



Diffusion-Limited Case

To solve these problems analytically, we need to define 3
conditions:

1. Initial conditions of your system att = 0.
2. Conditions at far distances from your electrode (x >> 0).

3. Conditions at the surface of your electrode (x = 0).

m
1
] |
r
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Diffusion-Limited Case / Boundary Conditions: Initial condition

O+ze- —R
« Usually of the form,

Co(x,0) = 1(x)

e If[O*]is uniform att =0,

Co(x,0) = [O7]
 If Ris absent att =0,

Cr(x,0) =0
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Diffusion-Limited Case / Boundary Conditions: Semi-Infinite (BC1)

m

When the electrolytic cell is large compared to the diffusion
length, the solution at the walls of the cell are not affected
by the presence of an electrode. At large distances (x> «),
the concentration reaches a constant value, typically the
initial concentration.

lim Co(x,t) = [O7]
X

lim Cx(x,t) = 0
X—> o

For thin-layer electrolytic cells where the cell wall is at a
distance and L is of the order of the diffusion length, one
must use the boundary conditions at x=L instead of x - .

Haussener — Solar Energy | November, 2025



Diffusion-Limited Case / Boundary Conditions: Electrode Surface

If the potential is controlled in an experiment,

Co(0,1) @~ . Some general current-
potential characteristic or,

CO(Ot @ / in special cases, the

Nernst Equation

If the current is controlled in an experiment, the boundary
condition is expressed in terms of the flux at x=0,

Co(x,t)

%
=-Jo(x=0,t) =Dg 5,

= 1(t)
x=0
(at the surface)

zF
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Diffusion-Limited Case / Boundary Conditions: Electrode Surface

Conservation of mass at an electrode surface

When O is converted to R and both O and R are soluble in
the solution phase, then for each O that undergoes electron
transfer at the electrode, an R must be produced:

dCp(X,t)
O0X

dCx(x,t)
OX

Do + Dr

x=0

=0
x=0

m
1
] |
r
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Diffusion-Limited Case / Simplification of Diffusion Equations

The analytical mathematical methods for solving these
problems sometimes include numerical methods or
simulations. Several special cases will be presented.

For example, at steady-state:

dC,(%

— 20 —
o =D/ V2C;=0
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Potential Step Methods Under Diffusion Control

« We will consider systems in which the mass transport of
electroactive species occurs only by diffusion and we implement
step-functional changes in the working electrode.

« Assume electrode area (A) << solution volume (V) (small A/V
conditions) such that the passage of current does not alter the bulk
concentration of the electroactive species.

m
1
] |
r
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Potential Step Methods Under Diffusion Control

A potentiostat is used for controlled-potential experiments

Function
generator

Potentiostat

] j(t)
counter

electrode

working

electrode
E controlled

)

j(t) measured
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Potential Step Methods Under Diffusion Control

A potentiostat is used for controlled-potential experiments
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Potential Step Methods Under Diffusion Control

Imagine an experiment where we start with a potential (E,) where no
faradaic (i.e. charge transfer) processes take place and then
instantaneously adjust to a potential (E,) where we are mass-transfer
limited (no reactant on the electrode surface).

O+ze-— R

L= P':L
=i Haussener — Solar Energy | November, 2025



Potential Step Methods Under Diffusion Control

Corresponding

Potential change _ _
concentration profile

E O is reduced at Co
Ois diffusion-limited rate O depletion zone
electroinactive g, / 1< 0 thickens
) J
E, ta>t,>1,>0
| .

Current is proportional
to the concentration
gradient at the surface
“chronoamperometry”

Current flow vs. time
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Potential Step Methods Under Diffusion Control

O+ze- — R

As before, imagine an experiment where we start with a potential
where no faradaic (i.e. charge transfer) processes take place and then
iInstantaneously adjust to a potential where

1. No faradaic processes occur.

Some O is reduced, but not so effectively that [O]s=0.

Some more O is reduced, but not so effectively that [O]5=0.
Mass-transfer-limited regime is approached such that [O]s=0.

Mass-transfer-limited regime is approached at an even higher
potential such that [O]s=0.

o~ 0D

m
T
] |
r

Haussener — Solar Energy | November, 2025



Potential Step Methods Under Diffusion Control

E Potential change

2} mass transfer-limited

2} some charge-transfer
=) 1 no charge-transfer

Corresponding 0

. . Current flow vs. time
concentration profile

“sampled-current
voltammetry”

| (faradaic)
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Potential Step Methods Under Diffusion Control: Planar Diffusion

O + ze- R

—

Consider the first case where we apply a step potential to go from a
non-faradaic process to a mass-transport limited process.

Linear Diffusion Boundary Conditions
8Co(x,t) _ 8ZCO(x,t) IC - CO(X,O) — [O*]
ot = Do g

BC1 : lim Cy(x,t) = [0*]
X—>

BC2 : C4(0,) =0 (t>0)

m
1
] |
r
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Potential Step Methods Under Diffusion Control: Planar Diffusion

Laplace
transform

dCo(X;t) d°Co(X) O* e
=D > — Co(x,8) = [s ]+A(s)-exp('X\/%o)

ot 0 ox? (see notes)

Transforming BC2,
BC2:Cy(0,t) =0 (fort>0) ==m) BC2:C,(0,s)=0

Evaluating and substituting for A(s),

S = 191 oS

=PrL
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Potential Step Methods Under Diffusion Control: Planar Diffusion

Recall the relationship between flux and current

J(t) _D aC’O(Xit)

zF 0  Jx

Which is transformed to

E_ 0 dCy(X,s)
zF ~ 0  0Ox

x=0
(at the surface)

Differentiation of the expression

x=0

(at the surface)

=

9 | O*1 [O* S
aX[CO(x,s)= [S]- [S]exp(-X\/[S)O)J

—

S—

j(s) = 05

inversion....

. ZFD°>[O"]
Ja(t) = 1770.5¢0.5

Cottrell equation

t-0-5 dependency is a mark of diffusive control over electrolysis
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Potential Step Methods Under Diffusion Control: Planar Diffusion

To find the concentration profile for C5(x,t),

o) = 21 Bexpxaf 5 )

inversion....

CO(X,t) = [O*] {1 - erfc{z(DXOt)o.5 ]]

or

Co(x,t) = [O] {er{

X
2(Dot)0.5 ] ]
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Potential Step Methods Under Diffusion Control: Planar Diffusion

1.0

r=0.001s

r=0.01s

r=0.1s
06

Co(x,t)
[O7]

0.4 —

0.0k | | | | | | |
0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8

X, Cm X 10°
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Diffusion-Limited Case

Concentration, [O]

linear
approximation .
— = [07]
___ actual
concentration
profile

[Ols
Diffusion layer
approximation

[O]

0__ 5
Distance from Electrode, x
Diffusion layer

thickness
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Potential Step Methods Under Diffusion Control

Corresponding

Potential change _ _
concentration profile

E O is reduced at Co
Ois diffusion-limited rate O depletion zone
electroinactive g / 1<0 thickens
) J
E, ty>t,>1,>0
| ,

Current is proportional
to the concentration
gradient at the surface
“chronoamperometry”

Current flow vs. time
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Current-Voltage (CV) Curve

Current

E e

: Potential
E.E -0.1 -0.2

= P,C
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Current-Voltage (CV) Curve

E = E(imitial)l E < Epa E = Epa E > Epa

Forwer o
ﬁ SN
= |
e
e
[
L
_|_I
E
E - \—-f_
- Reverse o \u/_
o
U Eclﬂrﬂl IL-._ ; '|.~'
\ L i’ % L ., Ty -~

F = E{switch) E > Epc E = Epc E < Epc

B
—

Distance from electrode

— Solid lines correspond to reducing species
Dotted lines correspond to oxidizing species

m
T
] |
r
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Current-Voltage (CV) Curve

There is no stirring in CV, so the thickness of the diffusion layer increases
as the experiment unfolds (C will have to diffuse further from the bulk)

Shorter diffusion layer €<->greater current
Shorter diffusion layer < -> faster scan rate

[O7]

Thickness of
linearized diffusion
layer grows with time
after a potential E is

[O]s ¥ first applied.

| 1 I I
o)) () () o(ty) X

m
T
] |
r
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Current-Voltage (CV) Curve

m

Pi

L=

Jo
Z

The Randles-Sevcik equation can be applied to
stationary electrodes that are scanned across different

potentials (CV curve). It relates the peak current with
the scan rate [V s].

1/2
j, = 0.4463zF[C"] zFy D
RT

= peak current

= mol e-/mol reactant

[C*] = bulk density of reactant
D = diffusion coefficient
v = scan rate [V s]

L
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Current-Voltage (CV) Curve

m
] |

Current
At a potential positive of E®°, only

non-faradaic current flows.
When the potential reaches E°, P:C

reduction begins and current starts b

to flow. C
As the potential continues to grow
more negative, [O]g begins to drop,
and hence the flux to the surface a Potential
and the current increase. 0.2 0. -0.1 -0.2
As the potentials moves past E d
the surface concentration drops near E
0 and mass transfer reaches a

maximum rate. E°=(E . +E

- at c)
Then it declines as the depletion > _ >
effect sets in. a : onset potential

b,d : peak potential
c : switching potential

/2
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Current-Voltage (CV) Curve

For a reversible reaction, the
separation between the two peaks is
defined as

_ _0.058V
|Ep,a o Ep,cl - AEp -

mol
* AE, is independent of the scan

rate for a fast electron transfer
reaction.

* Increasing values of AE, as a
function of increasing scan rate
indicates the presence of
electrochemical irreversibility.

0.2

Current

Potential
-0.1 -0.2

E° = (Ep,a + Ep,c)

/2

a : onset potential
b,d : peak potential
c : switching potential
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Outline

» Additional reading:

Electrochemical Methods — Fundamental and Applications by Bard and
Faulkner by Wiley.

m
v
] |
r

Haussener — Solar Energy | November, 2025



	Slide 1:  Solar Energy Conversion Devices and Plants
	Slide 2: Outline
	Slide 3: Electrochemistry
	Slide 4: Examples of large-scale electrochemistry
	Slide 5: Examples of large-scale electrochemistry
	Slide 6: Working Principle of a Fuel Cell
	Slide 7: Gibbs free energy
	Slide 8: Gibbs free energy
	Slide 9: Cell potential
	Slide 10: Thermodyanmic efficiency
	Slide 11: Conversion and electrochemical efficiency
	Slide 12: Potential
	Slide 13: Potential
	Slide 14: Potential
	Slide 15: Potential
	Slide 16: Potential
	Slide 17: Potential
	Slide 18: Potential
	Slide 19: What is current?
	Slide 20: Relationship Current and Reactant Conversion
	Slide 21: Relationship Between Current, Heat, and Power 
	Slide 22: Relationship Between Current, Heat, and Power 
	Slide 23: Relationship Between Current, Heat, and Power 
	Slide 24: Sign Convention for Current
	Slide 25: Cell Potential at Equilibrium
	Slide 26: Net Current Production Under Non-equilibrium Conditions
	Slide 27: Net Current Production Under Non-equilibrium Conditions
	Slide 28: Net Current Production Under Non-equilibrium Conditions
	Slide 29: Current-Voltage Plot Curve
	Slide 30: Effect of Electrode Material on Current-Voltage Plot
	Slide 31: Effect of Electrode Material on Current-Voltage Plot
	Slide 32: Effect of Electrode Material on Current-Voltage Plots
	Slide 33: Kinetics
	Slide 34: Analytical Expression for the Current-Voltage Curves
	Slide 35: Analytical Expression for the Current-Voltage Curves
	Slide 36: Analytical Expression for the Current-Voltage Curves
	Slide 37: Net Current Production Under Non-equilibrium Conditions
	Slide 38: Net Current Production Under Non-equilibrium Conditions
	Slide 39: Net Current Production Under Non-equilibrium Conditions
	Slide 40: Derivation of Butler-Volmer Equation
	Slide 41: Derivation of Butler-Volmer Equation
	Slide 42: Derivation of Butler-Volmer Equation
	Slide 43: Derivation of Butler-Volmer Equation
	Slide 44: Derivation of Butler-Volmer Equation
	Slide 45: Derivation of Butler-Volmer Equation
	Slide 46: Derivation of Butler-Volmer Equation
	Slide 47: Derivation of Butler-Volmer Equation
	Slide 48: Derivation of Butler-Volmer Equation
	Slide 49: Simplifications of the Butler-Volmer Equation: Small η
	Slide 50: Analytical Expression for the Current-Voltage Curves
	Slide 51: Simplifications of the Butler-Volmer Equation: Large η
	Slide 52: Simplifications of the Butler-Volmer Equation: Large η
	Slide 53: Simplifications of the Butler-Volmer Equation: Large η
	Slide 54: Simplifications of the Butler-Volmer Equation: Large η
	Slide 55: Simplifications of the Butler-Volmer Equation: Large η
	Slide 56: Analytical Expression for the Current-Voltage Curves
	Slide 57: Effect of j° on Current-Voltage Plot
	Slide 58: Total Overpotential and Its Components 
	Slide 59: Total Overpotential and Its Components 
	Slide 60: Total Overpotential and Its Components 
	Slide 61: Total Overpotential and Its Components 
	Slide 62: Total Overpotential and Its Components 
	Slide 63: B-V Model with Mass Transport
	Slide 64: Modes of Mass Transfer
	Slide 65: Modes of Mass Transfer
	Slide 66: Modes of Mass Transfer
	Slide 67: Modes of Mass Transfer
	Slide 68: Migration-Limited Case 
	Slide 69: Migration-Limited Case 
	Slide 70: Migration-Limited Case 
	Slide 71: Diffusion-Limited Case
	Slide 72: Diffusion-Limited Case
	Slide 73: Diffusion-Limited Case
	Slide 74: Diffusion-Limited Case / Boundary Conditions: Initial condition
	Slide 75: Diffusion-Limited Case / Boundary Conditions: Semi-Infinite (BC1)
	Slide 76: Diffusion-Limited Case / Boundary Conditions: Electrode Surface
	Slide 77: Diffusion-Limited Case / Boundary Conditions: Electrode Surface
	Slide 78: Diffusion-Limited Case / Simplification of Diffusion Equations
	Slide 79: Potential Step Methods Under Diffusion Control
	Slide 80: Potential Step Methods Under Diffusion Control
	Slide 81: Potential Step Methods Under Diffusion Control
	Slide 82: Potential Step Methods Under Diffusion Control
	Slide 83: Potential Step Methods Under Diffusion Control
	Slide 84: Potential Step Methods Under Diffusion Control
	Slide 85: Potential Step Methods Under Diffusion Control
	Slide 86: Potential Step Methods Under Diffusion Control: Planar Diffusion
	Slide 87: Potential Step Methods Under Diffusion Control: Planar Diffusion
	Slide 88: Potential Step Methods Under Diffusion Control: Planar Diffusion
	Slide 89: Potential Step Methods Under Diffusion Control: Planar Diffusion
	Slide 90: Potential Step Methods Under Diffusion Control: Planar Diffusion
	Slide 91: Diffusion-Limited Case
	Slide 92: Potential Step Methods Under Diffusion Control
	Slide 93: Current-Voltage (CV) Curve
	Slide 94: Current-Voltage (CV) Curve
	Slide 95: Current-Voltage (CV) Curve
	Slide 96: Current-Voltage (CV) Curve
	Slide 97: Current-Voltage (CV) Curve
	Slide 98: Current-Voltage (CV) Curve
	Slide 99: Outline

