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a b s t r a c t

We studied ion concentration profiles and the charge density gradient caused by electrode reactions in
weak electrolytes by using the Poisson–Nernst–Planck equations without assuming charge neutrality.
In weak electrolytes, only a small fraction of molecules is ionized in bulk. Ion concentration profiles
depend on not only ion transport but also the ionization of molecules. We considered the ionization of
molecules and ion association in weak electrolytes and obtained analytical expressions for ion densities,
electrostatic potential profiles, and ion currents. We found the case that the total ion density gradient was
given by the Kuramoto length which characterized the distance over which an ion diffuses before asso-
ciation. The charge density gradient is characterized by the Debye length for 1:1 weak electrolytes. We
discuss the role of these length scales for efficient water splitting reactions using photo-electrocatalytic
electrodes.
� 2018 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

The Poisson–Nernst–Planck (PNP) equations have been used to
describe a wide range of transport phenomena from electrons and
holes in semiconductors to ions in electrolytes [1–9]. The conserva-
tion of charge for each ion species and electrostatic interactions
among charge carriers are treated by the PNP equations in a self-
consistent manner. The PNP equations take into account the drift
currents due to the electric fields generated by the distribution of
charge carriers. The effect is substantial e.g. when electrode reac-
tions generate charge density gradients. The PNP equations can
be applied to obtain concentration profiles and an electro-static
potential generated by electrode reactions. Although the PNP equa-
tions are used for the study of coupled effects between electric
fields and charge carrier transports, they are nonlinear and solved
mainly by numerical methods. However, for certain cases, approx-
imate analytical solutions have also been obtained for strong elec-
trolytes [2,3,8–13]. Using the PNP equations, it has been shown
that the spatial dimensions of concentration gradient can be many
orders of magnitude larger than the characteristic length scale of
charge density profiles given by the Debye length in strong
electrolytes [1–4,13].

In weak electrolytes, only a small fraction of molecules are ion-
ized in bulk. Ion concentration profiles depend on ion transport
and the ionization of molecules. It should be noted that depleted
ions in the vicinity of the electrode can be replenished by the ion-
ization of molecules and diffusion from the bulk in weak elec-
trolytes. The current at the interface between the electrolyte and
electrode can be much larger than that in bulk due to the molecule
ionization.

The Nernst-Planck equation is the continuity equation repre-
senting the conservation of charge for each ion species, where dis-
sociation and association of ions are not considered. For weak
electrolytes, the PNP equations have been extended to describe
ionization and recombination of ions [5,14–25]. In the extended
PNP (e-PNP) equations, ion concentrations become non-conserva-
tive by local dissociation and association of ions in bulk phase.

In this paper, we study charge transport induced by electrode
reactions in weak electrolytes using the e-PNP equations without
assuming a priori charge neutrality. Photo-electrochemical (PEC)
conversion of water can be an example, but the fundamental
results apply to other electrode reactions. We show that the gradi-
ent of total ion density (the sum of cation and anion concentra-
tions) is characterized by either the Kuramoto length [26–31] or
the Debye length depending on the situation, while the gradient
of charge density (the difference between cation and anion
concentrations) is characterized by the Debye length in binary
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monovalent weak electrolytes. The Kuramoto length characterizes
the length scale of local density fluctuations around a uniform con-
centration state [26–31]. In weak electrolytes, the Kuramoto length
is given by the length scale of diffusive migration of ions within its
life-time; the life-time is determined by the association rate of ions
[26–31]. Our results indicate that the ion density gradients can also
be characterized by the Kuramoto length when both cations and
anions are discharged at the electrode in binary monovalent weak
electrolytes. For this case, ion density drop caused by electrode
reactions is recovered by ion density fluctuations localized within
the Kuramoto length. We discuss the efficiency of water splitting
reactions using photo-electrocatalytic electrodes in terms of the
Kuramoto length and the Debye length. We also discuss the over-
potential related to a charge density gradient near the electrode
and show that it can be reduced when both cations and anions
are discharged at the electrode.

2. Theory

As shown in Fig. 1, we considered the thermal motion of cation
and anion under Coulombic interactions. The one-dimensional
(1D) x-coordinate was introduced by assuming a uniform distribu-
tion of ions in the plane parallel to the electrode surface. The origin
of the x-coordinate was the electrode surface, and the x-coordinate
was normal to the electrode surface. The concentration and diffu-
sion constant of cations are denoted as nþ and Dþ, respectively.
The concentration and diffusion constant of anions are denoted
as n� and D�, respectively, while the electric field is denoted as
E. Each species moves by electromigration and diffusion. For sim-
plicity, we consider a binary monovalent electrolyte (1:1 elec-
trolyte). The concentration and the diffusion constant of the
undissociated neutral compound are denoted as m and Dm, respec-
tively. At a sufficiently large distance L away from the electrode,
the electrolyte is neutral. The external electric field is not applied.
We consider ion discharge reaction at the electrode followed by
product formation. Products of electrode reactions are assumed
to be removed. An example is hydrogen evolution reaction by
photo-electrocatalytic (PEC) water splitting [32,33]. For PEC water
splitting, cations, anions, and undissociated molecules correspond
to H3O+, OH�, and water molecules, respectively. We mainly con-
sider the case that one of the ion species is discharged at the elec-
trode and the other species are inert and reflected at the electrode
as described in Fig. 1(a). In Section 6, we consider the special case
that both cation and anion species are discharged at the electrode
as described in Fig. 1(b). The situation corresponds to overall water
splitting into H2 and O2 using a single photocatalyst such as
GaN-ZnO and ZnGeN2-ZnO under light illumination [34,35]. For
simplicity, we assume that reactive sites on the electrode are
structureless. In experiments, the electrode can be regarded as

homogeneous when the electrode is modified with molecular or
metal complex cocatalyst to realize both oxidation and reduction
reactions on the electrode. Some electrodes with nano-particulate
photocatalysts could also be regarded as homogeneous.

Ion transport was described by the Nernst–Planck equations
and the electric field satisfied the Poisson equation. By taking into
account the association and dissociation reactions of ions with dif-
fusion and ion migration under the electric field EðxÞ, the governing
equations in the bulk phase are given by [5,14–21,23–25]
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where kd and ka denote the dissociation rate constant and the asso-
ciation rate constant, respectively. Eq. (4) is the Poisson equation.
�Dþð@nþÞ=ð@xÞ and DþeEnþ=ðkBTÞ on the right-hand side of Eq. (1)
represent the diffusive flux and the ion electro-migration by the
electric field E, respectively. Dþ=ðkBTÞ can be regarded as the mobil-
ity using the Einstein relation. When the electrostatic potential is
controllable by potentiostat operation, Eqs. (1)–(4) may be more
conveniently expressed by using the electrostatic potential rather
than using the electric field. However, we study the ion currents
and the electrostatic potential induced by the ion discharge reac-
tions at the electrode without imposing the external electric field.
In this case, the electrostatic potential is not a controllable param-
eter. To avoid a redundant integration constant associated with the
electrostatic potential we express Eqs. (1)–(4) using the electric
field.

In the following, we consider steady states. The left-hand sides
of Eqs. (1)–(3) are zero in steady states. The electrostatic potential
difference relative to the electrostatic potential at L can be defined
by

VðxÞ ¼ �
Z x

L
dx1Eðx1Þ; ð5Þ

and can be calculated by solving Eqs. (1)–(4) under proper bound-
ary conditions. The total potential difference between the electrode
surface and bulk (overpotential) is Vð0Þ.

2.1. Boundary conditions

At a sufficiently large distance away from the electrode surface,
the ion concentrations are not affected by surface reactions.
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Fig. 1. Sketch of the model of ion discharge reactions at the electrode surface. The distance from the electrode is denoted by x. (a) Cations are reduced at the electrode surface,
and the neutral products are dissolved into the solution. Anions are reflected at the electrode surface. (b) Cations are reduced, and anions are oxidized at the electrode surface.
The both neutral products are removed from the electrode surface. For photo-electrocatalytic (PEC) water splitting using a single photocatalyst, cations and the neutral
products correspond to H3O+ and H2, respectively; anions and the neutral products correspond to OH� and O2, respectively.
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