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The double layer is the heart of electrochemistry: All electro-
chemical reactions occur in this region, and it determines one
of the basic macroscopic relations of electrochemistry, that be-
tween the electrode charge and the potential, or equivalently its
interfacial capacitance. But even after more than a century of
investigations, there is no theory, model, or simulation, from
which we can calculate the capacitance of a simple system like
the interface between a planar Ag(111) electrode and a 1 M
solution of HClO4.There are two aspects to consider: the micro-
scopic structure, and the macroscopic relation between charge
and potential. Concerning the latter, we understand this in two
limiting cases: (1) for semiconductor electrodes, where it is
governed by the space charge layer in the semiconductor and
(2) for dilute electrolytes, where it is governed by the space
charge layer in the solution as described by Gouy-Chapman
theory. Needless to say, the interesting case is the interface be-
tween a conductor and a fairly concentrated electrolyte, where
both sides contribute equally.

As far as the microscopic structure is concerned, this has been
explored in the last decades mainly by molecular dynamics sim-
ulations, either based on classical force fields [1] or, more recent-
ly, based on density functional theory (DFT) [2]. The former use
models that arewell-tested in the bulk of electrolyte solutions; the
electronic response of the electrode surface is usually neglected.
The latter suffer from the disadvantages of DFT simulations:
small ensemble size, short times for statistical sampling, and
the uncertainties of DFT such as the charge delocalization error
[3]. Having watched so-called ab initio simulations from the
sidelines, I was bemused how the prescriptions to treat water
by DFT changed over time.

Nevertheless, there are a few things which we have learnt:

There is an extended boundary layer at the interface,
where particle densities and the electrostatic potential os-
cillate. The water bilayer, known from water adsorption

on metals in ultrahigh vacuum, is not stable in electro-
chemical systems at ambient temperatures.

Simple geometrical models based on concepts like the
inner or outer Helmholtz plane or the Stern layer have
no scientific basis. They should be buried in the cemetery
of discarded electrochemical concepts with the hydrogen
in status nascendi.

The concept of an effective dielectric constant which
varies rapidly in the boundary layer is ill-defined. Of
course, it can be used for fitting results, but this does
not give any scientific insights.

The approach of an ion towards an electrode surface is
governed by a competition between the chemical or physi-
cal forces of the electrode and the change in solvation. The
resulting balance depends on all parts of the system, e.g., in
aqueous solutions, small univalent cations like Li+ or Ag+

can approach a metal surface while keeping the major part
of their solvation energy, while desolvation makes the ap-
proach of larger or multivalent ions difficult [4].

It is impossible to construct an analytical or semi-
analytical double layer theory; attempts like the various
forms of modified Poisson-Boltzmann theories [5] have
given some insights into the deficiencies of the simple
theory, but not led to any quantitative results.

At the moment, most approaches start with a DFT-based
model for the electrode, which is complemented by a simple
model for the solution, such as a version of the modified
Poisson-Boltzmann theory [6] or a classical DFT model for
the electrolyte [7]. They have the advantage that the whole
system is modeled, so that the electrode potential can be de-
fined and its effect on the interface be explored in a consistent,
but not necessarily realistic manner. Their main drawback is
that they treat the two adjoining phases in a grossly unequal
manner: the electrode in atomic details, the solution by simple
continuum models, which had proved to be inadequate in the
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1970s. I once tried to model silver deposition, one of the
fastest electrochemical reactions, with an implicit solvent
and had to conclude, that the energy of activation was high
and the reaction extremely slow.

Before looking into the future let us draw some inspiration
from the past. In the 1980s, a major advance was achieved in
double layer theory by combining two conceptually simple
models: an ensemble of hard sphere ions and dipoles for the
solution, and the jellium model for metals [8]. Both models are
atomistic and their combination explained the dependence of the
capacitance on the nature of the metal, and introduced such im-
portant concepts as oscillations in the potential and the particle
densities in the boundary layer of the solution, and the response
of the metal electrons to the changes in the double-layer field.
While thismodel was far fromperfect, it was the first to treat both
the solution and the electrode on the same level.

Similarly, future models have to treat electrode and the
electrolyte on the same atomic level. So the answer cannot
be DFT plus a primitive model of the electrolyte. A step in
the right direction is DFT plus RISM [9] (reference interaction
site model)—the latter is a method to treat simple molecular
models of an electrolyte by integral equation techniques.
However, since all interactions are averaged radially, I doubt
that this will be able to describe the path of a particle from the
bulk to the surface and its subsequent reaction. But perhaps it
can give reasonable values for the capacity.

An obvious possibility is QM/MM, but this has the problem
of how to connect the quantum-mechanical and the molecular
mechanical parts. In addition, the two parts have to be constantly
adapted if we want to follow the path of a particle. So far I have
witnessed a few attempts, but none of them convincing.

Perhaps we have fallen victims to the lures of DFT? The var-
ious packages that are on the market are easy to learn, and they
give seemingly exact results for the ground states ofmetal surfaces
with adsorbates, and have been very useful in this respect. But let
us not forget that it is basedonapproximations of unknownquality
to an unknown functional, and has therefore a semi-empirical
component. Experts inDFT knowwhich flavor to use under what
circumstances, which gives DFT a touch of a craft.

Since DFT is not exact in any case, and has its limitations in
system size, in the treatment ions, and in the definition of the
electrode potential, why not look for semi-empirical methods
which can treat larger systems comprising both the electrode
and the solutions, and whose parameters can be obtained from
DFT? An example: The embedded atom method [10] has been
quite useful in studying the stability and the formation of surface
structures on metal electrodes [11]. If this could be combined
with a molecular model for metal ions in the solution, we could
understand the details of metal deposition. If we could add the
electronic response of themetal, we could obtain the capacitance.
So let us look beyond DFT, and use our scientific imagination!
There is no easy answer—otherwise I would not be writing this
article, but working at it.

Finally, during the last decade, electrochemists have started
to work with nanotubes and pores. This has opened a new area
of the double layer in confined spaces [12], which offers new
challenges beyond the reach of conventional theory.

Acknowledgments I thank CONICET Argentina for its continued sup-
port and Dr. Elizabeth Santos for her useful comments.

Funding information Open Access funding provided by Projekt DEAL. I
gratefully acknowledge financial support by the Deutsche
Forschungsgemeinschaft (Schm344/48-1,48-2).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Spohr E (2003) Some recent trends in computer simulations of
aqueous double layers. Electrochim Acta 49:2327

2. SakongS,GrossA(2020)WaterstructuresonaPt(111)electrodefromab
initio molecular dynamic simulations for a variety of electrochemical
conditions. PhysChemChemPhys. https://doi.org/10.1039/c9cp06584a

3. Mori-Sánchez P, Cohen AJ, Yang W (2008) Localization and delo-
calization errors in density functional theory and implications for
band-gap prediction. Phys Rev Lett 100:146401

4. Pinto LMC, Quaino P, Santos E, Schmickler W (2014) On the
electrochemical deposition and dissolution of divalent metal ions.
ChemPhysChem 15:132–138

5. Bhuiyan LB, Outhwaite CW (2004) Comparison of the modified
Poisson-Boltzmann theory with recent density functional theory
and simulation results in the planar electric double layer. Phys
Chem Chem Phys 6:3467–3473

6. Mathew K, Kolluru VSC, Mula S, Steinmann SN, Hennig RG
(2019) Implicit self-consistent electrolyte model in plane-wave den-
sity-functional theory. J Chem Phys 151:234101

7. Wu J, Li Z (2007) Density-functional theory for complex fluids.
Ann Rev Phys Chem 58:85–112

8. Schmickler W (1996) Electronic effects in the electric double layer.
Chem Rev 96:3177–3200

9. Nishihara S, Otani M (2017) Hybrid solvation models for bulk,
interface, and membrane: reference interaction site methods
coupled with density functional theory. Phys Rev B 96:115429

10. DawMS, Foiles SM, BaskesMI (1993) The embedded-atommeth-
od: a review of theory and applications. Mater Sci Rep 9:251–310

11. MariscalM, Leiva E, Pötting K, SchmicklerW (2007) The structure
of electrodeposits – a computer simulation study. Appl Phys Mater
Sci Process 87:385–389

12. Kondrat S, Kornyshev AA (2011) Superionic state in double-layer ca-
pacitors with nanoporous electrodes. J Phys CondensMatter 23:022201

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

2176 J Solid State Electrochem (2020) 24:2175–2176

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1039/c9cp06584a

	Double layer theory
	References


