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Theory of Current Distribu5on
In electrochemical cell design, you need to consider three current distribu5on classes in the
electrolyte and electrodes. These are called primary, secondary, and ter.ary, and refer to
di?erent approxima5ons that apply depending on the rela5ve signiCcance of solu5on
resistance, Cnite electrode kine5cs, and mass transport. Here, we provide a general
introduc5on to the concept of current distribu5on and discuss the topic from a theore5cal
stand-point.

General Introduc5on to Current Distribu5on
An electrochemical cell is characterized by the rela5on of the current it passes to the voltage
across it. The current-voltage rela5on depends on diverse physical phenomena and is
fundamental to performance. In a baKery or fuel cell at zero current (equilibrium), a theore5cal
maximum voltage can be extracted, but we want to draw current in order to extract power.

When current is drawn, there are voltage losses; equally, the current density may not be
uniformly distributed on the electrode surfaces. The performance and life5me of
electrochemical cells, such as electropla5ng cells or baKeries, is oOen improved by a uniform
current density distribu5on.

By contrast, bad design leads to poor performance, such as:

Substan5al losses and shortened life5me of electrode material at prac5cal opera5ng
currents in a baKery or fuel cell
Uneven pla5ng thickness in electropla5ng
Unprotected surfaces in a cathodic protec5on system

Simula5ng current distribu5on enables beKer understanding to avoid such problems.

The current distribu5on depends on several factors:

Cell geometry
Cell opera5ng condi5ons
Electrolyte conduc5vity
Electrode kine5cs (“ac5va5on overpoten5al”)
Mass transport of the reactants (“concentra5on overpoten5al”)
Mass transport of ions in the electrolyte

Because of this complexity, many applica5ons beneCt from suitable simpliCca5on when
modeling. If one of these factors dominates the cell behavior, the others may not need to be
taken into account. As a consequence, successive approxima5ons are introduced by the
classiCca5ons of primary, secondary, and ter5ary current distribu5on.

Each of the three classes of current distribu5on is represented in COMSOL Mul5physics by its
own interface: Primary, Secondary, and Ter.ary Current Distribu.on. These interfaces are
provided in all of the four di?erent applica5on-speciCc products available for modeling
electrochemical cells: the BaKeries & Fuel Cells Module (hKp://www.comsol.com/baKeries-
fuel-cells-module), Electrodeposi5on Module (hKp://www.comsol.com/electrodeposi5on-
module), Corrosion Module (hKp://www.comsol.com/corrosion-module), and Electrochemistry
Module (hKp://www.comsol.com/electrochemistry-module).

Essen5al Theory
When modeling an electrochemical cell, you have to solve for the poten5al and current density
in the electrodes and the electrolyte, respec5vely. You may also have to consider the
contribu5ng species concentra5ons and the involved electrolysis (Faradaic) reac5ons.

The electrodes in an electrochemical cell are normally metallic conductors and so their current-
voltage rela5on obeys Ohm’s law:

 with conserva5on of current 

where  denotes the current density vector (A/m ) in the electrode,  denotes the
conduc5vity (S/m),  the electric poten5al in the metallic conductor (V), and  denotes a
general current source term (A/m , normally zero).

In the electrolyte, which is an ionic conductor, the net current density can be described using
the sum of `uxes of all ions:

where  denotes the current density vector (A/m ) in the electrolyte,  denotes the Faraday
constant (C/mol), and  the `ux of species  (mol/(m ·s)) with charge number . The `ux of
an ion in an ideal electrolyte solu5on is described by the Nernst-Planck equa5on and accounts
for the `ux of solute species by di?usion, migra5on, and convec5on in the three respec5ve
addi5ve terms:

where  represents the concentra5on of the ion  (mol/m ),  the di?usion coedcient
(hKp://www.comsol.com/mul5physics/di?usion-coedcient) (m /s),  its mobility (s·mol/kg),

 the electrolyte poten5al, and  the velocity vector (m/s).

On subs5tu5ng the Nernst-Planck equa5on into the expression for current density, we Cnd:

with conserva5on of current including a general electrolyte current source term  (A/m ):

As well as conserva5on of current in the electrodes and electrolyte, you also have to consider
the interface between the electrode and the electrolyte. Here, the current must also be
conserved. Current is transferred between the electrode and electrolyte domains either by an
electrochemical reac5on, also called electrolysis or Faradaic current, or by dynamic charging or
discharging of the charged double layer of ions adjacent to the electrode, also called capaci5ve
or non-Faradaic current.

This general treatment of electrochemical theory is usually too complicated to be prac5cal. By
assuming that one or more of the terms in Equa5on (2) are small, the equa5ons can be
simpliCed and linearized. The three di?erent current distribu5on classes applied in
electrochemical analysis are based on a range of assump5ons made to these general equa5ons,
depending on the rela5ve in`uence of the di?erent factors a?ec5ng the current distribu5on as
listed above. In the next blog post in the series we’ll discuss the detailed content of these
assump5ons: going from primary to secondary to ter5ary, fewer assump5ons are made.
Therefore, the complexity increases, but so does the level of detail available from the
simula5on.

Below you can see the geometry from a modeling example of a wire electrode
(hKp://www.comsol.com/model/electrochemical-cell-with-wire-mesh-electrode-3471). This
example models the primary, secondary, and ter5ary current distribu5ons of an electrochemical
cell. In the open volume between the wire and the `at surfaces, electrolyte is allowed to `ow.
You can think of the electrochemical cell as a unit cell of a larger wire-mesh electrode — a
common electrochemical cell set-up in many large-scale industrial processes.

Geometry of the electrochemical cell. Wire electrode (anode) between two Aat electrodes (cathodes).
Flow inlet to the leC, outlet to the right. The top and boFom Aat surfaces are inert.

Next Up: Choosing the Right Current Distribu5on Interface
Now, you might be wondering which of the three current distribu5on interfaces you should use
for your par5cular electrochemical cell simula5ons. In an upcoming blog post, we will use the
wire electrode example shown here for a comparison of the three current distribu5ons. Stay
tuned!
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