
HAL Id: hal-02917714
https://hal.science/hal-02917714v1

Submitted on 19 Aug 2020

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Implicit self-consistent electrolyte model in plane-wave
density-functional theory

Kiran Mathew, V. S. Chaitanya Kolluru, Srinidhi Mula, Stephan N. Steinmann,
Richard G Hennig

To cite this version:
Kiran Mathew, V. S. Chaitanya Kolluru, Srinidhi Mula, Stephan N. Steinmann, Richard G Hennig. Implicit
self-consistent electrolyte model in plane-wave density-functional theory. The Journal of Chemical Physics,
2019, 151 (23), pp.234101. ⟨10.1063/1.5132354⟩. ⟨hal-02917714⟩

https://hal.science/hal-02917714v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr
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The ab-initio computational treatment of electrochemical systems requires an appropriate treatment of the
solid/liquid interfaces. A fully quantum mechanical treatment of the interface is computationally demanding
due to the large number of degrees of freedom involved. In this work, we describe a computationally efficient
model where the electrode part of the interface is described at the density-functional theory (DFT) level,
and the electrolyte part is represented through an implicit solvation model based on the Poisson-Boltzmann
equation. We describe the implementation of the linearized Poisson-Boltzmann equation into the Vienna
Ab-initio Simulation Package (VASP), a widely used DFT code, followed by validation and benchmarking of
the method. To demonstrate the utility of the implicit electrolyte model, we apply it to study the surface
energy of Cu crystal facets in an aqueous electrolyte as a function of applied electric potential. We show
that the applied potential enables the control of the shape of nanocrystals from an octahedral to a truncated
octahedral morphology with increasing potential.

I. INTRODUCTION

Interfaces between dissimilar systems are ubiquitous in
nature and frequently encountered and employed in sci-
entific and engineering applications. Of particular inter-
est are solid/liquid interfaces that form the crux of many
technologically essential systems such as electrochemi-
cal interfaces,1–3 corrosion, lubrication and nanoparticle
synthesis.4–6 A comprehensive understanding of the be-
havior and properties of such systems requires a detailed
microscopic description of the solid/liquid interfaces.

Given the heterogeneous nature and the complexi-
ties of solid/liquid interfaces,7 experimental studies often
need to be supplemented by theoretical undertakings. A
complete theoretical investigation of such interface based
on an explicit description of the electrolyte and solute in-
volves solving systems of nonlinear equations with a large
number of degrees of freedom, which quickly becomes
prohibitively expensive even when state of the art compu-
tational resources are employed.8 This calls for the devel-
opment of efficient and accurate implicit computational
frameworks for the study of solid/liquid interfaces.8–14

We have previously developed a self-consistent implicit
solvation model15,16 that describes the dielectric screen-
ing of a solute embedded in an implicit solvent, where the
solute is described by density-functional theory (DFT).
We implemented this solvation model into the widely
used DFT code VASP.17 This software package, VASP-
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FIG. 1. Spatial decomposition of the solid/electrolyte sys-
tem into the solute, interface, and electrolyte regions for a
fcc Pt(111) surface embedded in an electrolyte with relative
permittivity εr = 78.4 and monovalent cations and anions
with concentration 1 M. The solute is described by density-
functional theory, the electrolyte by an implicit solvation
model. The interface region is formed self-consistently as a
functional of the electronic density of the solute. All prop-
erties are shown as a percentage of their maximum absolute
value. The inset shows the relatively invisible peak in the
Hartree potential at the interface.

sol, is freely available under the open-source Apache Li-
cense, Version 2.0 and has been used by us and oth-
ers to study the effect of the presence of solvent on a
number of materials and processes, such as the cataly-
sis of ketone hydrogenation,18 ionization of sodium su-
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peroxide in sodium batteries,19 the chemistry at elec-
trochemical interfaces,20,21 hydrogen adsorption on plat-
inum surfaces,22 surface stability and phase diagram of
Mica in solvent,23 etc.24,25

In this work, we describe the extension of our solva-
tion model VASPsol15,16 to include the effects of mobile
ions in the electrolyte through the solution of the lin-
earized Poisson-Boltzmann equation and then apply the
method to electrochemical systems to demonstrate the
power of this approach. Figure 1 illustrates how the
solid/electrolyte system is divided into spatial regions
that are described by the explicit DFT and the implicit
solvent. This solvation model allows for the description
of charged systems and the study of the electrochemical
interfacial systems under applied external voltage. Sec-
tion II outlines the formalism and presents the derivation
of the energy expression. Sec. III describes the details of
the implementation and Sec. IV validates the method
against previous computational studies of electrochemi-
cal systems. Finally, in Sec. V we apply the approach to
study how an applied electric potential can control the
equilibrium shape of Cu nanocrystals.

II. THEORETICAL FRAMEWORK

Our solvation model couples an implicit description
of the electrolyte to an explicit quantum-mechanical de-
scription of the solute. The implicit solvation model in-
corporates the dielectric screening due to the permittivity
of the solvent and the electrostatic shielding due to the
mobile ions in the electrolyte. The solute is described
explicitly using DFT.

To obtain the energy of the combined so-
lute/electrolyte system, we spatially divide the materials
system into three regions: (i) the solute that we describe
explicitly using DFT, (ii) the electrolyte that we de-
scribe using the linearized Poisson-Boltzmann equation
and (iii) the interface region, that electrostatically
couples the DFT and Poisson-Boltzmann equation.
Fig. 1 illustrates the regions for a Pt(111) surface
embedded in a 1 M aqueous electrolyte. The interface
between the electrolyte and the solute system is formed
self-consistently through the electronic density, and
the interaction between the electrolyte and solute is
described by the electrostatic potential as explained in
the following sections.

A. Total energy

We define the interface region between the solute and
the electrolyte using the electronic charge density of the
solute, n(~r). The electrolyte occupies the volume of the
simulation cell where the solute’s electronic charge den-
sity is essentially zero. In the interface region where the
electronic charge density increases rapidly from zero to-
wards the bulk values inside of the solute, the properties

of the implicit solvation model, e.g., the permittivity, ε,
and the Debye screening length, λD, change from their
bulk values of the electrolyte to the vacuum values in
the explicit solute region. The scaling of the electrolyte
properties is given by a shape function10,15,26–28

ζ(n(~r)) =
1

2
erfc

{
log(n/nc)

σ
√

2

}
. (1)

Following our previous work15 and the work by Arias
et al.,10,26–28 the total free energy, A, of the system con-
sisting of the solute and electrolyte is expressed as

A[n(~r), φ(~r)] = ATXC[n(~r)] +

∫
φ(~r)ρs(~r) d

3r

−
∫
ε(~r)
|∇φ|2

8π
d3r +

∫
1

2
φ(~r)ρion(~r) d3r

+Acav +Aion, (2)

where ATXC is the kinetic and exchange-correlation con-
tribution from DFT, φ is the net electrostatic potential of
the system, and ρs and ρion are the total charge density
of the solute and the ion charge density of the electrolyte,
respectively.

The total solute charge density, ρs, is the sum of the
solute electronic and nuclear charge densities, n(~r) and
N(~r), respectively,

ρs(~r) = n(~r) +N(~r). (3)

The ion charge density of the electrolyte, ρion, is given
by

ρion(~r) =
∑
i

qzici(~r), (4)

where ci(~r) is the concentration of ionic species i, zi, de-
notes the charge state, and q is the elementary charge.
The concentration of ionic species, ci, is given by a Boltz-
mann factor of the electrostatic energy29 and modulated
in the interface region by the shape function, ζ(n(~r)),

ci(~r) = ζ[n(~r)]c0i exp

(
−ziqφ(~r)

kBT

)
, (5)

where c0i is the bulk concentration of ionic species i, kB
the Boltzmann constant, and T the temperature.

The relative permittivity of the electrolyte, ε(~r), is as-
sumed to be a local functional of the electronic charge
density of the solute and modulated by the shape
function,10,15,26–28

ε(n(~r)) = 1 + (εb − 1)ζ(n(~r)), (6)

where εb is the bulk relative permittivity of the solvent.
The cavitation energy, Acav, describes the energy re-

quired to form the solute cavity inside the electrolyte and
is given by

Acav = τ

∫
|∇ζ(n(~r))|d3r, (7)
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where the effective surface tension parameter τ describes
the cavitation, dispersion, and the repulsion interaction
between the solute and the solvent that are not captured
by the electrostatic terms.13

In comparison to our previous solvation model,15 the
main changes to the free energy expression are the in-
clusion of the electrostatic interaction of the ion charge
density in the electrolyte with the system’s electrostatic
potential, φ, and the non-electrostatic contribution to the
free energy from the mobile ions in the electrolyte, Aion.
In our work we assume this non-electrostatic contribution
from the ions to consist of just the entropy term,

Aion = kBTSion, (8)

where Sion is the entropy of mixing of the ions in the
electrolyte, which for small electrostatic potentials can
be approximated to first order as29

Sion =

∫ ∑
i

ci ln

(
ci
c0i

)
d3r

≈ −
∫ ∑

i

ci
ziqφ

kBT
d3r. (9)

B. Minimization

To obtain the stationary point of the free energy, A,
given by Eq. (2), we set the first order variations of the
free energy with respect to the system potential, φ, and
the electronic charge density, n(r), to zero.10,15,26–28 Tak-
ing the variation of A[n(~r), φ(~r)] with respect to the elec-
tronic charge density, n(~r), yields the typical Kohn-Sham
Hamiltonian30 with the following additional term in the
local part of the potential

Vsolv =
δε(n)

δn

|∇φ|2

8π
+ φ

δρion
δn

+ τ
δ|∇ζ|
δn

+ kBT
δSion

δn
. (10)

Taking the variation of A[n(~r), φ(~r)] with respect to φ(~r)
yields the generalized Poisson-Boltzmann equation

~∇ · ε~∇φ = −ρs − ρion, (11)

where ε(n(r)) is the relative permittivity of the solvent
as a local functional of the electronic charge density.

We further simplify the system by considering the case
of electrolytes with only two types of ions present, whose
charges are equal and opposite, i.e. c01 = c02 = c0 and z1
= −z2 = z. Then the ion charge density of the electrolyte
becomes29

ρion = ζ[n(~r)]qzc0
[
exp

(
−zqφ
kBT

)
− exp

(
zqφ

kBT

)]
= −2ζ[n(~r)]qzc0 sinh

(
zqφ

kT

)
(12)

and the Poisson-Boltzmann equation becomes

~∇ · ε~∇φ = −ρs + 2ζ[n(~r)]qzc0 sinh

(
zqφ

kBT

)
. (13)

For small arguments x = zqφ
kBT

� 1, sinh(x) → x and we
obtain the linearized Poisson-Boltzmann equation

~∇ · ε~∇φ− κ2φ = −ρs (14)

with

κ2 = ζ[n(~r)]

(
2c0z2q2

kBT

)
= ζ[n(~r)]

1

λ2D
, (15)

where λD is the Debye length that characterizes the di-
mension of the electrochemical double layer.

The implicit electrolyte model is given by the addi-
tional local potential, Vsolv, of Eq. (10) and the linearized
Poisson-Boltzmann equation given by Eqs. (14) and (15).
This model has four key approximations: (i) The ionic
entropy term of Eq. (9) treats the ionic solution as an
ideal system and assumes that any interactions between
the ions are small compared to kBT . (ii) The cations and
anions of the electrolyte have equal and opposite charge,
simplifying the Poisson-Boltzmann equation. (iii) The
electrostatic potential in the electrolyte region is small,
such that zqΦ� kBT , which leads to the linear approx-
imation of the Poisson-Boltzmann equation (14). To be
quantitative, arguments to the sinh function in Eq. (13)
of less than 0.25 lead to errors below 1%. Hence, in
the region where the shape function is unity (and thus
~∇·ε ≈ 0), charge excesses of up to 0.5 c0 are still faithfully
reproduced. (iv) The ions are treated as point charges.
The finite size of the ions in solution would limit their
maximum concentration in the electrolyte, and the model
could lead to unphysically high concentrations near the
electrodes. These four approximations could be overcome
and will be considered in future extensions of the VASP-
sol model.

III. IMPLEMENTATION

We implement the implicit electrolyte model described
above into the widely used DFT software Vienna Ab-
intio Software Package (VASP).17 VASP is a parallel
plane-wave DFT code that supports both ultra-soft pseu-
dopotentials31,32 as well as the projector-augmented wave
(PAW)33 formulation of pseudopotentials. Our software
module, VASPsol, is freely distributed as an open-source
package and hosted on GitHub at https://github.com/
henniggroup/VASPsol.16

The main modifications in the code are the evalua-
tion of the additional contributions to the total energy
and the local potential, given by Eqs. (2) and (10), re-
spectively. Corrections to the local potential require the
solution of the linearized Poisson-Boltzmann equation
given by Eq. (13) in each self-consistent iteration. Our
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Electrode Potential U (V) vs. PZC
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FIG. 2. The grand canonical electronic energy, F (U) of a
charged Pt(111) slab relative to the neutral slab as a function
of the electrode potential U . The grand canonical energy dis-
plays the maximum correctly at the neutral slab when the ref-
erence electrostatic potential is chosen such that the potential
is zero in the bulk of the electrolyte and the necessary correc-
tion due to the reference potential ∆Eref = nelectrode ∆Uref is
included in the energy.

implementation solves the equation in reciprocal space
and makes efficient use of fast Fourier transformations
(FFT).15 This enables our implementation to be com-
patible with the Message Passing Interface (MPI) and to
take advantage of the memory layout of VASP. We use
a pre-conditioned conjugate gradient algorithm to solve
the linearized Poisson-Boltzmann equation with the pre-

conditioner
(
G2 + κ2

)−1
, where G is the magnitude of

the reciprocal lattice vector and κ2 is the inverse of the
square of the Debye length, λD.

The solution of the linearized Poisson-Boltzmann
equation (13) provides a natural reference electrostatic
potential by setting the potential to zero in the bulk of
the electrolyte. However, plane-wave DFT codes, such
as VASP, implicitly set the average electrostatic poten-
tial in the simulation cell to zero, not the potential in the
electrolyte region. For simplicity, we do not modify the
VASP reference potential but provide the shift in refer-
ence potential that needs to be added to the Kohn Sham
eigenvalues and the Fermi level. Furthermore, the shift
of the electrostatic potential to align the potential in the
electrolyte region to zero, or to any other value, modifies
the energy of the system. This energy change is given
by ∆Eref = nelectrode ∆Uref , where nelectrode is the net
charge of the electrode slab and ∆Uref is the change in
reference potential, i.e., the shift to align the potential
in the electrolyte region to zero.

To validate the change in reference potential, Fig. 2
shows the grand canonical electronic energy, F (U), as a
function of the applied potential, U , of the Pt (111) elec-
trode slab. The grand-canonical electronic energy, F , is
the Legendre transformation of the free energy, A, of the
system, F (U) = A(n)−nelectrodeU , and is always lowered
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FIG. 3. Comparison between the computed and the exper-
imental potential of zero charge (PZC) with respect to the
standard hydrogen electrode (SHE). The dashed line is a fit

of Upred = Uexp +∆Upred
SHE to determine the theoretical poten-

tial of the SHE, ∆Upred
SHE . The experimental values are taken

from Ref. 35.

when charge is added or removed from the neutral slab.
The grand canonical energy, F , exhibits the expected
quadratic behavior34 and the maximum at the neutral
slab when the energy change ∆Eref due the change in
reference potentials is included.

IV. VALIDATION

We further validate the model by comparing with ex-
isting experimental and computational data. First, we
compute the potential of zero charge (PZC) of various
metallic slabs and compare them against the experimen-
tal values. Second, we compute the surface charge den-
sity of a Pt(111) slab as function of the applied external
potential and compare the resulting value of the double
layer capacitance with previous computations and exper-
iments.

The DFT calculations for these two benchmarks and
the following application are performed with VASP and
the VASPsol module using the PAW formalism describ-
ing the electron-ion interactions and the PBE approxima-
tion for the exchange-correlation functional.17,33,36 The
Brillouin-zone integration employs an automatic mesh
with 50 k-points per inverse Ångstrom with only one k-
point in the direction perpendicular to the slab.

We consider an electrolyte that consists of an aque-
ous solution of monovalent anions and cations of 1 M
concentration. At room temperature this electrolyte
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FIG. 4. Surface charge density of the Pt(111) surface as a
function of applied electrostatic potential computed with the
implicit electrolyte module, VASPsol. The slope of the curve
determines the capacitance of the dielectric double layer.

has a relative permittivity of εb = 78.4 and a Debye
length of λD = 3.04 Å. The parameters for the shape
function, ζ(n(~r)), are taken from Ref. 15 and 28 to be
nc = 0.0025 Å−1 and σ = 0.6.

To properly resolve the interfacial region between the
solute and the implicit electrolyte region and to obtain
accurate values for the cavitation energy requires a high
plane-wave basis set cutoff energy of 1000 eV. However,
in our validation calculations and applications, we ob-
serve that the contribution of the cavitation energy to
the solvation energies are negligibly small. We, there-
fore, set the effective surface tension parameter τ = 0
for all following calculations. This also removes the re-
quirement for such a high cutoff energy, and we find that
a cutoff energy of 600 eV results in converged surface
energies and PZC.

To change the applied potential, we adjust the elec-
tron count and then determine the corresponding poten-
tial from the shift in electrostatic potential as reflected in
the shift in Fermi level. This takes advantage of the fact
that the electrostatic potential goes to zero in the elec-
trolyte region for the solution of the Poisson-Boltzmann
equation, providing a reference for the electrostatic po-
tential.

Figure 3 compares the PZC for Cu, Ag, and Au sur-
face facets calculated with the implicit electrolyte model
as implemented in VASPsol with experimental data. The
electrode PZC is defined as the electrostatic potential of a
neutral metal electrode and is given by the Fermi energy
with respect to a reference potential. A natural choice
of reference for the implicit electrolyte model is the elec-
trostatic potential in the bulk of the electrolyte, which
is zero in any solution of the Poisson-Boltzmann equa-
tion. In experiments, the reference is frequently chosen
as the standard-hydrogen electrode (SHE). The dashed

line in Fig. 3 presents the fit of Upred = U exp+∆Upred
SHE to

obtain the shift, ∆Upred
SHE , between the experimental and

the computed PZC, i.e. the potential of the SHE for our
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FIG. 5. The extrema of the ion concentrations over the po-
tential range of −3 to +3 V relative to the PZC in an elec-
trolyte with ion concentration of 2 M. The negative and pos-
itive concentrations correspond to excess of cations and an-
ions, respectively, in the double layer. The solid blue line is
a linear fit between −1 and +2 V, indicating the large linear
potential range. The inset shows the xy averaged ion concen-
tration profile along the z-direction at a potential of −1 V;
the central region corresponds to the solute slab with zero ion
concentration.

electrolyte model. The resulting ∆Upred
SHE = 4.6 V com-

pares well with the previously reported computed value
of 4.7 V for a similar solvation model.28

Figure 4 shows the calculated surface charge density,
σ, of a Pt(111) surface as a function of applied electro-
static potential, U . We find that the PZC for the Pt(111)
electrode is 0.85 V, in good agreement with previous com-
putational studies.26,28 However, this value is at the high
end of the experimentally reported results.35,37 This dis-
crepancy is likely due to adsorption on Pt(111). The
work by Sekong and Groß shows that Pt(111) is covered
at potentials below 0.5 V by hydrogen, followed by the so-
called double layer region between 0.5 and 0.75 V with no
adsorbates present and OH adsorption at more positive
potentials.25 The presence of adsorbates in the experi-
ments alters the PZC and precludes a direct comparison
with our calculations.

The linear slope of σ(U) is the double-layer capaci-
tance. Fitting a quadratic polynomial to the data and
evaluating the slope at the pzc yields a double-layer ca-
pacitance for the Pt(111) surface at 1 M concentration of
14 µF/cm2. This agrees perfectly with the previously re-
ported computed result28 and is close to the experimental
value of 20 µF/cm2.37

Our implementation of the electrolyte model neglects
the finite volume of the ions in the electrolyte. Hence, at
larger applied potentials, the model may predict unphys-
ically large ion concentrations to compensate the surface
charge. To understand how this approximation limits the
applied potential, we perform calculations on a Cu(111)
slab in an electrolyte with 2 M concentration for a range
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of applied potentials from −3 to +3 V.

Figure 5 shows the extrema of the net ion concentra-
tion in the double-layer region as a function of the applied
potential (written by VASPsol into the file RHOION).
The negative and positive concentrations correspond to
excess cations and anions near the surface, respectively.
For a large range of potentials from −2 to +3 V, the net
ion concentration depends nearly linear on the applied
potential. At negative potentials below −2 V, we ob-
serve that electrons leak from the slab into the electrolyte
region, rendering the results of the electrolyte model un-
physical. Hence, care should be taken when utilizing the
model at large negative potentials.

The inset in Fig. 5 illustrates the average net ion
concentration along the direction perpendicular to the
Cu(111) surface for an applied potential of −1 V. The
ion concentration decays exponentially away from the
solid-liquid interface and approaches zero in the bulk
electrolyte. We selected an electrolyte region of 30 Å
to illustrate the need to converge the results with respect
to the size of the electrolyte domain. Here, the size is
not quite sufficient to reach a negligible ion concentra-
tion. While this does not affect the considered extrema
of the ion concentration, care must be taken to ensure
convergence of the results with the size of the electrolyte
region. As general guidance, an electrolyte region > 10λ
should suffice.38

At a large applied potential of +3 V, we find a net ion
concentration of 0.2 M, which is 10% of the electrolyte
concentration, far from the 50% excess that would intro-
duce a 1% error as discussed following Eq. 14. Here, the
concentrations of anions and cations are 2.1 and 1.9 M,
respectively, and the error introduced by the linear ap-
proximation to the sinh function is less than 0.1%. Thus,
even for a considerable potential of +3 V, the linear elec-
trolyte model does not result in unphysically large ion
concentrations.

Finally, we validate the accuracy of the implemented
analytic force evaluation. As an example, we have cho-

(a) This work (b) MaterialsProject
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FIG. 7. Comparison of the predicted shape of a Cu crystal in
vacuum (a) for this work obtained by the Wulff construction
using the surface energies of the (100), (110), (111), (210),
(221), (311), and (331) facets compared with (b) the Materi-
alsProject database.39

sen the adsorption of a Na atom on the Au(111) surface.
The surface charge was set to 0.4 e− for the symmet-
ric p(2× 2) surface, corresponding to an electrochemical
potential of about −1.9 V vs. the SHE, while the neu-
tral Na@Au(111) surface corresponds to a potential of
−2.6 V. Fig. 6 shows that the agreement between the
analytical gradient and the minimum for the energy is
excellent, provided a sufficiently high cutoff energy of
600 eV is used.

V. CRYSTAL SHAPE CONTROL BY APPLIED
POTENTIAL

The implicit electrolyte model, VASPsol, enables the
study of electrode surfaces in realistic environments and
under various conditions, such as of an electrode im-
mersed in an electrolyte with an external potential ap-
plied. To illustrate the utility of the solvation model, we
determine how an applied potential changes the equilib-
rium shape of a Cu crystal in a 1 M electrolyte. The crys-
tal shape is controlled by the surface energies. We show
that the surface energies are sensitive to the applied po-
tential and that each facet follows different trends, lead-
ing to opportunities for the practical control of the shape
of nanocrystals.

Using the MPInterfaces framework,40 we construct
slabs of minimum 10 Å thickness for the(111), (100),
(110), (210), (221), (311) and (331) facets of Cu. The dif-
ferent facets for Cu are chosen based on the crystal facets
included in the MaterialsProject database.39 We calcu-
late the surface energy of each slab in vacuum and elec-
trolyte by relaxing the top and bottom layers and keeping
the middle layers of atoms fixed to their bulk positions.
We employ a vacuum spacing of 30 Å to ensure that the
electrostatic interactions between periodic images of the
slabs are negligibly small. From the surface energies, we
determine the resulting shape using the Wulff construc-
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FIG. 8. The surface energies, γhkl, of the various facets of
Cu with respect to surface energies, γ111, of the (111) facet
as a function of applied potential. The dashed horizontal line
indicates the ratio of the (100) and (111) surface energies,
γ100/γ111 equals

√
3, which corresponds to a change in shape

from an octahedron to a truncated octahedron.

tion as implemented in the pymatgen framework.39

Figure 7 compares the crystal shape of Cu in vac-
uum obtained in our calculations with MaterialsProject.
The MaterialsProject calculations used a cutoff energy
of 400 eV and a vacuum spacing of 10 Å which both
are lower than the cutoff energy of 600 eV and the vac-
uum spacing of 30 Å used in this work. We find that
our predicted surface energies agree with MaterialsPro-
ject within 2% for all the facets. However, we note that
even such small deviations in surface energies matter for
the details of the crystal shape, where the high index
(310) and (221) facets do not show up in our calculation
of the equilibrium crystal shape of Cu. These small but
observable deviations demonstrate that the crystal shape
is sensitive to small variations in the surface energies.

For the calculation of the Cu surface energies in the
1 M electrolyte, we vary the number of electrons in the
slabs and determine the change in the corresponding ap-
plied electrostatic potential as described in Sec. III. We
calculate the surface energies for each of the above facets
in vacuum over a range of applied potentials of approxi-
mately ±1 eV around the corresponding PZC. We then
perform a spline interpolation to obtain the surface en-
ergies as a function of the applied potential. This trans-
formation enables the comparison of the surface energies
for a given applied potential and is made possible by
the absolute reference potential provided by the solva-
tion model. From the results we obtain the equilibrium
crystal shape as a function of applied potentials by the
Wulff construction.

For copper, the (111) facets exhibit the lowest surface
energy over the whole potential range. Figure 8 shows
how the ratios of the surface energies of the copper (hkl)
facets relative to the (111) facet vary as a function of

Copper crystals at applied potential
–1 –0.4 0.4

U (V)

(111) (100)

FIG. 9. Variation of the equilibrium crystal shape of Cu with
applied electrode potential. The equilibrium shape transitions
from an octahedron at negative potentials to a truncated oc-
tahedron upon increasing applied potentials.

applied potential. As expected, the surface energies of
all facets systematically increase with potential, however,
their ratios relative to the (111) facet decreases. Due to
this, the crystal shape changes as a function of applied
potential.

Figure 9 illustrates the change in crystal shape with
increasing applied potential. At negative potentials, the
(111) facets dominate and lead to an octahedral shape.
With increasing potential, the ratio of the (100) to (111)
surface energies decreases sufficiently to lead to a change
in shape to a truncated octahedron. The transition oc-
curs around a potential of −0.56 V for Cu. With fur-
ther increase of potential, the area of the (100) facets
increases. Even though the ratio of the surface energies
of other facets are also lowered, the change is not suffi-
cient for other facet to show up in the equilibrium crystal
shape.

The prediction for the changes in the equilibrium shape
of Cu crystal as a function of applied electric poten-
tial demonstrate the utility of the VASPsol solvation
model for computational electrochemistry simulations us-
ing density-functional theory and provides the opportu-
nity to design nanocrystals of specific shape through the
application of an electrostatic potential during growth at
an applied potential.

VI. CONCLUSIONS

Solid/liquid interfaces between electrodes and elec-
trolytes in electrochemical cells present a complex sys-
tem that benefits from insights provided by computa-
tional studies to supplement and explain experimental
observations. We developed and implemented a self-
consistent computational framework that provides an
efficient implicit description of electrode/electrolyte in-
terfaces within density-functional theory through the
solution of the linearized Poisson-Boltzmann equation.
The electrolyte model is implemented in the widely
used DFT code VASP, and the implementation is
made available as a free and open-source module,
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VASPsol, hosted on GitHub at https://github.com/
henniggroup/VASPsol. We showed that this model en-
ables ab-initio electrochemistry studies at the DFT level.
We validated the model by comparing the calculated
electrode potentials of zero charge for various metal
electrodes with experimental values and the calculated
double-layer capacitance of Pt(111) in a 1 M solution to
previous calculations and experiments. We tested the
validity of the linear approximation at large applied po-
tentials and the accuracy of the analytic expressions for
the forces. To illustrate the usefulness of the model and
the implementation, we apply the model to determine the
equilibrium shape of Cu crystal as a function of applied
electrostatic potential. We predict a change in shape
from an octahedron to a truncated octahedron with in-
creasing potential. These calculations illustrate the util-
ity of the implicit VASPsol model for computational elec-
trochemistry simulations.
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