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Applied electrochemistry

Battery
Manganese dry cell
Lead battery
NiCd, NiH secondary battery
Fuel cell
Lithium secondary battery

primary: only dischargeable
secondary: chargable

Capacitor
Electrolytic condenser
Double layer condenser

Photovoltaic cell
c-Si, a-Si solar cell
Dye sensitized solar cell

Sensor
pH meter
ion selective concentration 
meter
glucose, etc. (using enzyme)
gas (oxygen, etc.)

Separator
DNA, protein (using 
electromigration)

Electroplating
Cathodic protection
Electrolysis

Aluminum, Copper, etc.
Water, salt, etc.
Organic chemicals
tetraethyl lead



Electrolysis vs. Fuel cell

Electrolysis of water Hydrogen fuel cell

2H2O→ O2 + 4H+ + 4e−
2H

+
+ 2e− → H2

H2 → 2H
+

+ 2e−
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Anode:

O2 + 4H+ + 4e− → 2H2O



Goal of our study

• Develop a new calculation method to 
simulate electrochemical systems.

• Reproduce electrochemical reactions on an 
electrode/electrolyte interface

• Calculate the free energy difference and 
activation energy of electrochemical 
reactions.

• Design or predict high efficiency, durable and 
cheap catalysts for the fuel cell or electrolysis 
of water.



Electrode/electrolyte interface
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Electric double layer

! Ion distribution
! Screening effect of water

! Interaction btw water & metal

! Electronic structure

! Bias potential

! Electric double layer

Things to be considered:

Effective Screening Medium (ESM) method
M.O. and O. Sugino, PRB 73, 115407 (2006)
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Electric double layer

waterSlab
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Slab model

! A slab model for an electrode
! Put water molecules
! Introduce a counter electrode 

with an imaginary battery

Effective screening medium method
M.O. and O. Sugino, PRB 73, 115407 (2006)



ESM method M.O. and O. Sugino, PRB 73, 115407 (2006)
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Electrochemical cell



ESM method M.O. and O. Sugino, PRB 73, 115407 (2006)

ESM
�r =∞

ESM
�r = 1

waterSlab

Electrochemical cell

conventional formalism:

V (r) =
�

dr
ρtot(r�)
|r − r�|

�(r) = 1

Solved PE with PBC

V (r) =
�

drG(r, r�)ρtot(r�)

�(r) : model dependent

ESM formalism:
Model dependent BCs



ESM method M.O. and O. Sugino, PRB 73, 115407 (2006)

ESMESM
�r = 1

G(g�, z, z�) =
4π

2g�
e−g�|z−z�|

− 4π

2g�
e−g�(2z1−z−z�)

V (g�, z) =
�

dzG(g�, z, z�)ρtot(g�, z�)

�
V (g�, z1) = 0

∂zV (g�, z → −∞) = 0

∇[�(r)∇]V (r) = −4πρtot(r)

g� = (gx, gy)

waterSlab

Electrochemical cell

!
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!
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bare coulomb part



Advantages of the ESM method

• Various boundary conditions are 
applicable.

• We do not need any correction or 
modification of the coulomb interaction.

• Easy to implement without additional 
calculation costs.

• SIESTA, PWscf, OpenMX are available. 
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Implementation of the ESM
M.O. and O. Sugino, PRB 73, 115407 (2006)

gx gx

gy gy
gz

z

Only the electrostatic parts are modified:

• Ewald energy & force (each MD step)

• Local (long-rang) part (each MD step)

• Hartree potential (each SCF step)

Conventional g-component g-component in ESM method



2H2O→ 2H2 + O2

H2O→ (H2O)ad

Oad + Oad → O2

H3O+ + Had + e− → H2O + H2

H3O+ + e− → H2O + Had

Had + Had → H2

or
(H2O)ad → (OH)ad + H3O+ + e−

HER OER

(OH)ad + (OH)ad → Oad + H2O

Electrolysis of water

Direct simulation

Constrained dynamics (Blue-moon ensemble)



Simulation condition

32 water molecules

36 Pt atoms (3-layers)

GGA-PBE

Plane wave - Ultrasoft pp

Temperature: 80℃
Bias potential ( -/+ )

Pt(111) slab

H₂O 
with
 H₃O+

vacuum with
barrier
potentials

vacuum

zw

ze

r = 1

r =metal

OH−H3O+



Simulation model

system QESM(e/cell) component on surface in water

A3 -0.7 H65O32 H3O+

A2 0.35 H65O32 H3O+

A1 0.0 H65O32 H3O+

B 0.0 H64O32

C1 0.0 H63O32 OH

C2a 0.35 H63O32 OH

C2b 0.35 H63O32 2OH H3O+

C3 0.7 H63O32 2OH H3O+

HER

OER

PZC

O. Sugino, et al., Surf. Sci. 601, 5237 (2007)
M. Otani et al., J. Phys. Soc. Jpn. 77, 024802 (2008)
M. Otani, et al., Phys. Chem. Chem. Phys. 10, 1609 (2008)

HER OER
T. Ikeshoji, et al., Phys. Chem. Chem. Phys. in press



ESM

MD simulations with bias potential

Grotthuss mechanism 



Charge redistribution

⎫｜｜⎬｜｜
｜⎭

polarization of water

∆ρ = ρ(charged)− ρ(neutral)

Accumulated charge on 
metal surface

Large charge redistribution occurs 
at the interface



2H2O→ 2H2 + O2

H2O→ (H2O)ad

Oad + Oad → O2

H3O+ + Had + e− → H2O + H2

H3O+ + e− → H2O + Had

Had + Had → H2

or
(H2O)ad → (OH)ad + H3O+ + e−

HER OER

(OH)ad + (OH)ad → Oad + H2O

Electrolysis of water

Direct simulation

Constrained dynamics (Blue-moon ensemble)



Hydrogen evolution reaction

2H
+

+ 2e− → H2Hydrogen evolution

Volmer step:

e-

H3O+ + e− → H2O + Had

ElectrodeElectrodeHeyrovsky step:

Tafel step:

e-
H2

H2

H3O+ + Had + e− → H2O + H2
Had + Had → H2

ElectrodeElectrode



Electrochemical reaction (cathode)

Pt Pt

e-

Q=0.95 (e/cell)

Hydronium ion diffuses vis 
the Grotthus mechanism

H atom is adsorbed on a top 
site of Pt surface.



Charge transfer
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H

Charge population of top 
most Pt layer averaged by 
the number of Pt atoms

Charge population of the 
adsorbed hydrogen atom.

• Charge population of the Pt surface gradually decreases until the 
reaction and suddenly increases at the reaction. 

• Charge population of the hydrogen atom slightly decreases before 
the reaction and suddenly decreases at adsorption



Electron transfer from Pt to water

Pt

LUMO

HOMOe
e e
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Electrochemical reaction (anode)

Pt Pt

Water dissociation:

+ + + + + + + +
e-

2H2O + Pt→ Pt-OH− + H3O+

QESM=-0.35 (e/cell)



Electrochemical reaction (anode)

PtPt

Water formation:

+ + + ++ + + +

Pt-OH− + H3O+ → 2H2O + Pt

Q=-0.35 (e/cell)

e-



Reversible reaction of water splitting
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Q=0 (e/cell) Q=-0.35 (e/cell) Q=-0.35 (e/cell) Q=-0.70 (e/cell)



Activation barrier hight & potential

3.1.2 water dissociation. In the case where there is no
additional charge, ! = 0, no chemical reaction other than hy-
drogen transfer of eq. (7) takes place. When charge corre-
sponding to ! = 7 µC/cm2 is added to the system, H3O+

and OH(Pt) are formed on Pt from 2H2O after some time, as
shown in Fig. 1(b2). The following electron transfer reaction
takes place.

2H2O ! H3O+ +OH(Pt)+ e" (9)

More correctly, the fractional parameter " used in eq. (6) may
be introduced here. While H3O+ diffuses toward the bulk, OH
is always retained on the Pt surface. Thus, two OH units are on
the surface after reaction (9). This type of water dissociation
reaction is not observed in the bulk by FPMD simulations,
because it is a rare event in a system comprising such a small
number of water molecules per unit cell.

After some period with ! = 7 µC/cm2, the opposite reac-
tion, i.e. the association reaction (4), takes place. Figure 1(d)
shows dissociation and association periods during the simu-
lation using a number of OH units on Pt as an index of the
reaction in the system, in which a single OH indicates no dis-
sociation and two OH indicates dissociation. About half the
time, it is in the oxidation state (water dissociation) and in the
other half it is in the reduction state (association). Because this
dissociation and association reaction takes place reversibly, it
is possible to draw the two-dimensional density profile as a
hydrogen atom transfer reaction, as shown in Fig. 2(b). This
hydrogen atom transfer reaction takes place with a charge
transfer to Pt, near another OH that has been adsorbed on Pt
from the beginning. The low activation energy of this reac-
tion suggests that OH(Pt) acts well as a catalyst. (Because of
the size limitation, quantitative analysis was difficult.) When
more charge is added to the system (! = 14 µC/cm2), this
reversible reaction moves completely to the oxidation (disso-
ciation) side; a H3O+ is always in the bulk and two OH units
are on Pt as shown in Fig. 1(c). Reaction directions of this
charge transfer reaction on the Pt surface is summarized be-
low.

H3O+ +OH(Pt)+ e" ! 2H2O (! = 0) (10)

2H2O !" H3O+ +OH(Pt)+ e" (! = 7 µC/cm2) (11)

2H2O ! H3O+ +OH(Pt)+ e" (! = 14 µC/cm2) (12)

This is a typical electrochemical feature, in which the electron
transfer reaction is controlled by applied potential. In the case
of the Volmer reaction

H3O+ + e" ! H2O+H(Pt)+ e", (13)

only the above forward reaction was observed at ! =
"19 µC/cm2 by FPMD,12 in which a large over-potential,
0.8 V, was was observed because of high current density

(# 106A/cm2) in a small simulation time and a small cell. The
activation energy for the Volmer reaction was recently esti-
mated to be 0.69 V with the double layer model by Skúlason et
al. 7 The water dissociation reaction to form OH with the elec-
tron transfer reaction on the positively charged Pt has a low
activation energy, estimated to be 0.02 eV (from Fig. 2(b)),
with an equilibrium potential at ! = 7 µC/cm2. Reaction po-
tential can be estimated in the same way as we have done for
the negatively charged electrode.12 Electrostatic potential in
the solution fluctuates in time and space because of the water
configuration change. The time and space average, however,
becomes constant after a long time simulation. Average poten-
tials in the solution except the electrode and vacuum interface
regions after giving ! = 7 µC/cm2 was ca. 4.42 V against the
Fermi energy of Pt. The same potential for pure water system,
which gives PZC, is ca. 4.84 V. This means electrode poten-
tial is ca. 0.42 V vs. PZC and corresponds to 0.6 # 0.7V vs.
SHE, taking into account the experimentally determined PZC
of Pt (0.23 V vs. SHE).31$ The estimated potential, 0.6 # 0.7
V vs. SHE, is close to the experimentally observed potential
(0.7 # 0.8 V).15,16

(a) (b)

(c)

Fig. 2 Two-dimensional density profiles of two O–H distances in
the hydrogen transfer reaction. Different definition of OH distances,
r1 and r2, are indicated in each graph. (a) hydrogen transfer between
H2O and OH on the Pt surface with ! = 0, (b) water electrolysis to
form H3O+ and OH on the Pt surface with ! = 0.35 µC/cm2, (c)
proton transfer between H3O+ and H2O near the Pt surface with
! = 0 (from the result with H3O+ formed by adding a H atom 14;
see the text).

3.2 Water configuration on positively charged Pt surface

3.2.1 water dipole angle distribution in the water bi-
layer. We have shown the H-down configuration, in which
the H atom of H2O is directed towards Pt, when a negative
charge is applied on the Pt surface.14 A mixture of H-down

$The PZC in ref. 12 was printed in an incorrect way. It should be +0.23 V vs.
SHE and this positive value was used in the analysis throughout the article.
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Density profile of 
OH distance

∆E = RT∆ log(ρ) = 0.02 eV

Activation barrier of water 
splitting
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What we have achieved are...

direct simulation of  
electrochemical reactions

potential dependence of 
interface structure and 
vibrational frequencies

calculation of activation 
energies (using Blue-moon 
ensemble method)

Pt(111) slab

H₂O 
with
 H₃O+

vacuum with
barrier
potentials

vacuum

zw

ze

! = !

! =

Toward more realistic modeling...
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Toward more realistic modeling...

�r = 1 �r =∞ �r = 1 �r →∞

z1 z1

ρ(r) ρ(r)

�(z) = ea(z−z1)

Discontinuity No discontinuity

Smooth ESM



Smooth ESM

�r = 1 �r =∞ �r = 1

z1 z1

The parameters of the model are defined a priori, and do not
depend on the solute.

Model

We define the dielectric medium as a function ! of the electronic
density " of the solute. It allows us to integrate its effects into a
density functional

E!"" # T!"" $ ! v#r$"#r$dr $ Exc!"" $
1
2 ! "%!""dr (1)

where the first three terms are the standard kinetic energy, inter-
action energy with an external potential, and the exchange and
correlation energy. The last term, the electrostatic energy Ees,
differs from the standard Hohenberg–Kohn energy functional be-
cause we define the electrostatic potential %["] as the solution of
the Poisson equation

%& ! #!!""&%$ # 4&" (2)

with the condition % ' 0 at the boundary of the computation
domain.

Because ! explicitly depends on ", its variation needs to be
taken into account in the variation of the energy functional. Using
eq. (2) and integrating by parts, the electrostatic energy can be
rewritten as

Ees #
1

8& ! !!""#&%!""$2dr. (3)

The functional derivative of Ees with respect to " gives the
electrostatic potential % plus an additional term

V!#r$ # %
1

8&
#&%#r$$2

'!

'"
#r$ (4)

to add to the Kohn–Sham (KS) potential. The KS equations have
to be solved fully self-consistently to take into account the re-
sponse of the medium to the electronic density changes.

The ability of the density functional introduced above to accu-
rately describe the solvation effects requires an appropriate model
for the dielectric function !; in particular, we need to specify its
asymptotic value inside and away from the solute, as well as its
behavior at the interface solute–solvent. In continuum solvation
models like the conductor-like screening model (COSMO)18 or the
polarizable continuum model (PCM),19 the dielectric function is
piecewise constant and presents a discontinuity at the solute–
solvent interface. A common way to define this interface is to build
a cavity around the solute from interlocking spheres centered on
atoms or atomic groups.20 For first principles pseudopotential
density functional theory calculations based on plane waves or
real-space finite difference discretization, such an approach is
impractical because discontinuous functions can be represented

only very poorly in these numerical bases. Instead of solving a
Poisson problem with a discontinuous dielectric, one often repre-
sents the polarization of the solvent by placing equivalent discrete
charges on the molecular cavity. However, this leads to various
problems when computing ionic forces.21 Also in pseudopotential
calculations, we want to avoid point charges like those defined on
the cavity surfaces in PCM or COSMO. These approaches would
lead to inaccurate ionic forces and thus poor energy conservation
during molecular dynamics.

It is also difficult to define properly universal molecular cavi-
ties. The rules proposed by Barone et al.,20 for example, require as
many as 11 parameters to describe molecules containing 10 dif-
ferent atomic species. They depend not only on the atomic species
composing a molecule in solution, but also on how its constituents
are bonded together. The parameters are chosen so that they lead
to solvation free energies in good agreement with experimental
values. The possibility of defining an interface solute–solvent—or
molecular cavity—based upon an electronic density isosurface has
been proposed by Foresman et al. in their isodensity polarizable
continuum model (IPCM).22 It is justified by the idea that the
solvent is located in regions where the electronic density of the
solute is small. However, to be able to represent accurately ! on a
regular grid, it is important for us to have a smooth function.

The solute–solvent interface being anyway much more com-
plicated than a simple surface made of interlocking spheres, there
is no reason to limit our model to a discontinuous dielectric
function as in the models described above. As a dielectric function
!["] we introduce the following local model

!!#"#r$$ # 1 $
!( ( 1

2 "1 $
1 ( #"#r$/"0$

2)

1 $ #"#r$/"0$
2)#. (5)

This smooth function depends on three parameters: !(, "0, ). !( is
the asymptotic value of !! for "3 0. "0 denotes the critical density
in the middle of the interface solute–solvent, while ) can be tuned
to change the width of the interface. Note that in the context of
classical molecular dynamics simulations, similar smooth dielec-
tric models, have also been proposed23–25 to avoid discontinuities
in the reaction field forces.

Following eq. (5), we have

'!!

'"
#r$ #

1 ( !(

"0
!

2)#"#r$/"0$
2)%1

#1 $ #"#r$/"0$
2)$2 . (6)

We impose the condition ) * 0.5 to avoid numerical problems
when " 3 0. It also ensures that !! quickly reaches a saturated
value of 1 inside the solute where the electronic density is high,
without explicit dependence on the atomic positions.

The Poisson eq. (2) is discretized on a regular grid. As pro-
posed in reference 26, we use the change of variable w ' !1/ 2%
to transform eq. (2) into

%&2w $ pw # q (7)

where p ' !%1/ 2(&2!1/ 2) and q ' !%1/ 24&". We then discretize
eq. (7) by a fourth-order Mehrstellenverfahren finite difference

DFT for Ab Initio Molecular Dynamics Simulations 663

scheme.27 The function p is computed using a standard fourth-
order finite difference scheme.

Equation (7) is solved iteratively by multigrid.28 For ! smooth
enough, standard V-cycles with Jacobi smoothing converge fast
and do not require more sophisticated techniques. We have imple-
mented a multigrid Poisson solver based on the dielectric model
(5) that requires the electronic density on a regular grid as the only
input. This solver has been coupled to a real-space ab initio
molecular dynamics code29 for the numerical calculations pre-
sented here. It can also be coupled to a plane wave code that
provides the electronic density on a grid.

To limit the electronic structure computational cost, it is ad-
vantageous to limit as much as possible the size of the discretiza-
tion grid. It is thus important for the dielectric function not to
require a finer grid than the pseudopotentials and wave functions.
This implicitly introduces an upper limit for the parameter ".

For the applications presented in this article, we use the Ha-
mann pseudopotential30 and PBE exchange correlation func-
tional.6 In pseudopotential calculations, the valence electronic
density # can be very low in the core of the atoms. To avoid
spurious effects on !!, we add a finite density to the function # used
to define !! at the atoms centers. The exact form of this additional
density is not important because it is only needed to ensure the
saturation of !![#] to 1 inside the atomic cores. The ionic forces are
computed using the Hellmann–Feynman theorem. No additional
forces are introduced by the dielectric function because it does not
explicitly depend on the atomic positions.

In the determination of the parameters, it is natural to choose
!! " 78.36 for water (experimental dielectric constant at low
frequency and ambient conditions), the only solvent considered in
this article. The parameters #0 and " control the magnitude of the
solvation effect. By increasing #0 and/or decreasing ", one in-
creases the solvation effect. We define the parameters #0, " using
the following criterion: we require the decrease in energy due to
the dielectric medium for a single water molecule to be equal to the
cohesion energy of liquid water at room temperature. We use the

experimental cohesion energy (9.9 kcal/mol31). However, this
value could be computed in principle by an ab initio supercell
calculation of liquid water. Among the many possible different
choices, #0 " 0.0004, " " 1.3 or #0 " 0.0006, " " 1.7 satisfy this
criterion. For the first set of parameters, Figure 1 illustrates the
shape of the dielectric function around a methanol molecule com-
pared to the cavities used in PCM.

Numerical Results

Table 1 shows the solvent-interaction energies—the differences
between the calculations with and without dielectric medium—
obtained for a series of small neutral organic molecules. All the
values have been obtained by fully optimizing the molecular
geometries. The introduction of the dielectric medium lowers the
total energies. This effect is more important for the most polar
molecules. Table 1 also shows the values obtained for the electro-
static solvation energy in the PCM approach. The larger values for
the solvent effects obtained with our model can be explained by
the choice of our criterion to define #0 and ". Indeed, we implicitly
include nonelectrostatic effects into the potential $, while in PCM,
an additional repulsion–dispersion term comes from other models.
A good agreement between the two approaches could be obtained
if desired by tuning the parameters #0 and ". Table 1 also shows

Table 1. Solvent-Interaction Energies (in [kcal/mol]).

#0 " 0.0004,
" " 1.3

#0 " 0.0006,
" " 1.7 PCMa

H2O #9.9 #9.9 #8.3
CH4 #1.0 #0.9 #0.2
NH3 #6.5 #6.4 #6.2
CH3OH #7.4 #7.3 #5.9
CH3CH3 #1.2 #1.1 #0.5
CH3NH2 #5.6 #5.5 #5.3
synOCH3COOH #11.3 #11.2 #8.4
antiOCH3COOH #14.6 #14.5
CH3CONH2 #13.8 #13.6 #12.3

aDFT/GGA electrostatic energies from ref. 32.

Table 2. Change in Relative Stability Induced by Dielectric Solvent
for Some Organic Compounds (in [kcal/mol] in favor of second
tautomer/conformer).

This work Others

2-Hydroxypyridine/2-pyridone 5.4 4.6a

3-Hydroxypyrazole/4-pyrazolin-3-one 8.4 8.7b

Acetic acid syn-/anticonformer 3.3 3.2,c 3.4,d 4.8e

aExperimental value from ref. 33.
bDFT/PCM from ref. 34.
cDFT/PCM from ref. 35.
dDFT/COSMO from ref. 36.
eQM/MM from ref. 37.

Figure 1. Contour plot of the dielectric function ! with #0 " 0.0004
and " " 1.3 for CH3OH in a plane containing COO. The contour the
closest to the molecule corresponds to ! " 1.01. Dotted circles denote
the spheres composing a molecular cavity according to ref. 20.
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Cavity model

�(z) = ea(z−z1)

�r →∞

Smooth ESM



Summary

• Develop a new calculation method to 
simulate electrochemical systems.

• Reproduce electrochemical reactions on an 
electrode/electrolyte interface

• Calculate the free energy difference and 
activation energy of electrochemical 
reactions.

• Some new extensions are applied to the ESM 
method


