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Abstract

In this thesis, the electrocatalytically relevant platinum–water interface was studied using
ab initio molecular dynamics simulations based on density functional theory (DFTMD).
Specifically, the structural and electronic properties of the unreconstructed (111), (100) and
(110) crystal facets of platinum were investigated with explicit inclusion of chemisorbed
hydrogen species and a considerable water film. The RPBE-D3 exchange-correlation
functional was applied. The employed equilibrium hydrogen coverages were estimated
based on static calculations to ca. 2/3 ML on Pt(111) and 4/3 ML on Pt(100) and Pt(110).
Performed DFTMD simulations demonstrate that all hydrogen covered surfaces are more
hydrophobic than their clean counterparts, exhibiting negligible water ordering. A slight
preference of H-down water orientation was observed in the water contact layer of all
systems. The chemisorbed hydrogen atoms on Pt(111) and Pt(110) were found to be
surprisingly mobile, while a more stationary adlayer was evidenced on Pt(100). This finding
was observed to correlate with the hydrogen adsorption energies and the magnitude of
hydrogen–hydrogen repulsion in vacuum. Surprisingly, hydrogen adatoms on the Pt(111)
surface were found to spontaneously migrate from the presumed deep face-centered cubic
sites to the slightly less preferential top sites. The electronic properties were studied
dynamically by sampling the potential of zero charge (PZC) as well as adsorption and
solvation induced changes in the work function and the surface dipole density. The PZCs
0.40 V, 0.55 V and 0.92 V were observed for the (111), (100) and (110) facets, respectively.
The value for the Pt(110) surface was found to disagree with experimental estimates
suggesting a significantly lower PZC. The work function change due to interfacial charge
redistribution was observed to be negative for all surfaces, indicating an induced surface
dipole oriented away from the surface. This was attributed to an adsorption and solvation
induced depletion of the surface overspill electron density. In contrast, the work function
change due to interfacial water reorientation was found to be positive, in line with the
negatively directed dipole moment of the preferential H-down orientation. Ultimately, a
work function reduction was evidenced for the Pt(111) and (100) facets, while for Pt(110)
a net work function increase was observed. This structure dependence was attributed to
a pronounced charge transfer from Pt to the hydrogen adlayer on the less close-packed
surfaces, consequently decreasing the magnitude of the negative work function change due
to electronic effects.
Keywords density functional theory, molecular dynamics, platinum, water, hydrogen,

electrochemistry, electrocatalysis, adsorption, work function
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I detta diplomarbete har den elektrokatalytiskt relevanta gränsytan mellan platina och
vatten studerats med hjälp av ab initio molekyldynamiska simuleringar baserade på tät-
hetsfunktionalteori (DFTMD). De orekonstruerade (111), (100) och (110) platinaytornas
struktur och elektroniska egenskaper karakteriserades med explicit beakting av kemisor-
berade väteatomer samt en ansenlig vattenfas. I beräkningarna tillämpades RPBE-D3
utbytes- och korrelationsfunktionalen. De studerade täckningsgraderna av väte bestämdes
genom statiska beräkningar uppgå till ca. 2/3 ML på Pt(111) och 4/3 ML på Pt(100)
samt Pt(110). Enligt de genomförda DFTMD-simuleringarna är alla studerade ytor mer
hydrofobiska än motsvarande vätefria system, och uppvisar således försumbar strukturering
av vatten. Vattenmolekylerna närmast de studerade ytorna observerades i genomsnitt
föredra en H-ned orientation. De adsorberade väteatomerna på Pt(111) och Pt(110) konsta-
terades vara överraskande rörliga, medan väteskiktet på Pt(100) var synnerligen stationärt.
Den varierande ytdiffusiviteten observerades korrelera med adsorptionsenergin av väte
på de respektive ytorna samt väte–väte repulsionens omfattning i vakuum. Vidare sågs
väteadsorbaterna på Pt(111) spontant ockupera topp-adsorptionslägen utöver de enligt
statiska vakuumberäkningar favoriserade kubiskt ytcentrerade adsorptionslägena. Ytornas
elektroniska egenskaper studerades dynamiskt genom sampling av potentialen vid nol-
laddning (PZC) samt förändringar i utträdesarbetet och ytdipoltätheten. PZC-värdena
0.40 V, 0.55 V samt 0.92 V beräknades för de respektive (111)-, (100)- och (110)-ytorna.
Värdet för Pt(110) observerades stå i strid med experimentella resultat, som indikerar ett
avsevärt lägre värde. Förändringen i utträdesarbetet på grund av laddningsomfördelning
vid gränsytorna visades vara negativt för alla system, vilket antyder på en inducerad
ytdipol med positiv riktning från ytan mot vattenfasen. Detta tillskrevs en utarmning
av utläckt elektrontäthet i vakuumet som en följd av väteadsorption och solvatisering.
Däremot observerades omorientering av vattenmolekyler vid gränsytan leda till en ökning i
utträdesarbetet på samtliga platinaytor, i linje med det negativt riktade dipolmomentet
för den favoriserade H-ned orientationen. Totalt påvisades väteadsorption och solvatisering
slutligen resultera i en reducering i utträdesarbetet för Pt(111) och Pt(100), medan för
Pt(110) observerades en nettoökning i utträdesarbetet. Detta strukturberoende hänfördes
till en ökad laddningsöverföring från platina till väteadsorbaterna på de mindre tätpackade
ytorna.
Nyckelord täthetsfunktionalteori, molekyldynamik, platina, vatten, väte, elektrokemi,

elektrokatalys, adsorption, utträdesarbete
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1 Introduction
Solid–water interfaces are ubiquitous in both nature as well as in numerous industrially
relevant processes ranging from heterogeneous catalysis to electrochemistry and corrosion1.
Consequently, a comprehensive understanding of the dynamics and structure-property
relations of interfacial systems is essential for tackling current obstacles related to e.g.
renewable energy technologies. Within the field of electrochemical energy conversion and
storage, detailed studies of the electrode–electrolyte interface provide valuable knowledge of
the underlying physicochemical phenomena which ultimately determine the properties and
performance of devices such as electrolyzers and fuel cells. Therefore, it is not surprising
that this field of research has gained significant interest over the recent years2.

Characterization of electrode materials is typically conducted in situ at a macroscopic
level by measuring, for example, how the faradic current drawn from an electrochemical cell,
or equivalently the reaction rate, depends on the applied voltage. While providing a direct
measure of the performance of the system, integrated quantities such as current and voltage
rarely convey any insight into the atomistic processes occurring at the electrode–electrolyte
interface3. Within conventional surface science, popular approaches such as diffraction
methods, electron spectroscopies and scanning probe techniques can be applied to obtain
detailed information of the structure of surfaces, but for the study of solid–liquid interfaces
these measurements are disadvantageous as they often have to be conducted in ultra-high
vacuum (UHV) conditions at cryogenic temperatures. Thus, the information extracted does
not resolve the corresponding room temperature dynamics and entropic effects observed at
ambient conditions. Furthermore, due to the high surface specificity of the aforementioned
techniques only the first contact layer of the liquid can be examined1.

Fortunately, experimental results can be complemented by first-principles electronic
structure calculations based on e.g. density functional theory (DFT). Recent DFT calcu-
lations on electrochemical systems have indeed produced highly encouraging results and
consequently provided a refined picture of the fundamental structure-activity relationships
of electrochemical interfaces2,3. Ab initio electrochemistry is, however, far from trivial.
Most notably, a rigorous yet computationally affordable method for modelling a constant
electrode potential is challenging to construct. Additionally, an accurate model of the
electrode–electrolyte interface requires the consideration of chemisorbed and solvated ionic
species and a sufficient amount of water. Thus, it is evident that a DFT based molecular
dynamics simulation of a complete electrochemical interface requires significant computa-
tional resources, and often compromises in the accuracy of models, system sizes and time
scales have to be made4.

In this thesis, a DFT study of the electrochemical interface between water and unrecon-
structed low-index platinum crystal facets is presented. Platinum is known to exhibit a high
catalytic activity towards several industrially relevant chemical processes, and has therefore
been studied extensively by both experimental and computational means. However, a
detailed picture of the structure and electronic properties of the platinum–water interface
is still lacking. Herein, both static and dynamic calculations are performed to investigate
the structure and electronic properties of platinum at realistic electrochemical conditions
by accounting for the equilibrium hydrogen coverage, a sufficient solvation layer as well as
the electrode potential at zero total charge. The adsorption and solvation induced work
function changes are additionally analyzed in detail and correlated to the electrochemical
activity of the studied platinum facets. Throughout the thesis emphasis is placed on the
exchange-correlation functional dependence of the obtained results.
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2 Computational chemistry: Theories and methods

2.1 Fundamentals of quantum chemistry

According to quantum mechanics, the physical state of any system can be represented by a
general vector (ket) |Ψ⟩ in a complex, linear vector space, the Hilbert space H. Complete
information of the properties of the studied system, e.g. a water molecule, is postulated to
be contained within this state vector5. Physical properties, or observables, are represented
by operators that act on ket vectors. The operation of an arbitrary operator Ô on a ket
|Ψ⟩ is expressed by Ô |Ψ⟩ and the result is another ket. In the case that Ô |Ψ⟩ yields |Ψ⟩
multiplied by a constant, i.e.

Ô |Ψ⟩ = o |Ψ⟩ , o ∈ R, (1)

then |Ψ⟩ is an eigenket of the operator Ô and o is the corresponding eigenvalue, e.g.
the energy or spin of the physical eigenstate corresponding to the eigenket. That the
eigenvalues o are real is a property of Hermitian operators, a quality common to all
operators representing physical observables. An operator is said to be Hermitian if taking
the Hermitian adjoint, a generalized conjugate transpose, leaves the operator unchanged,
Ô† = Ô. Furthermore, all eigenkets of a Hermitian operator Ô that satisfy equation (1)
form a complete set, enabling the expression of any state vector as a linear combination
of the aforementioned eigenkets5. This is a key property frequently utilized when solving
quantum chemical problems in practice.

For every ket |Ψ⟩ there exists a corresponding dual vector ⟨Ψ| (bra), for which ⟨Ψ|† = |Ψ⟩
applies. The inner product of two arbitrary state vectors is subsequently written as ⟨Ψ|Ψ′⟩
and ⟨Ψ|Ψ⟩ < ∞ defines the norm of the Hilbert space6. In other words, the state vector
describing a physical system is required to be square-integrable, |Ψ⟩ ∈ L2(Rn), where the
Lebesgue space L2 is evidently a Hilbert space. Thus, eigenstates corresponding to different
eigenvalues indexed by k and l (k ̸= l) may conventionally be taken as orthogonal and
normalized (orthonormal), satisfying the inner product ⟨Ψk|Ψl⟩ = δkl, where δkl denotes the
Kronecker delta. This is in accordance with the probabilistic Copenhagen interpretation of
quantum mechanics.

An eigenvalue corresponding to a physical observable of a quantum system is obtained
via a measurement process. Prior to the measurement, it is assumed that the system |Ψ⟩
is represented by a linear combination, i.e. a superposition, of eigenstates |Ψk⟩

|Ψ⟩ =
∑
k

ck |Ψk⟩ =
∑
k

|Ψk⟩ ⟨Ψk|Ψ⟩ , (2)

where the expansion coefficient has been written as ck = ⟨Ψk|Ψ⟩ using the orthonormality
condition5. Upon measurement of an observable O, the system “collapses” into one of the
eigenstates, e.g. |Ψk⟩, and yields the eigenvalue ok corresponding to the measured observable.
Subsequent measurements that follow immediately will yield the same result with certainty.
However, before the measurement is performed only a probability distribution of given
outcomes can be formed. Indeed, the probability of measuring the system in a state |k⟩
is given by |ck|2 = |⟨Ψk|Ψ⟩|2 and the expansion coefficients ck are consequently termed
the probability amplitudes corresponding to the different eigenstates5. For a meaningful
probabilistic interpretation the sum of the squared probability amplitudes have to equal
unity,

∑
k |ck|2 = 1. Whereas individual measurements yield specific eigenvalues ok of the

observable O, a large set of measurements performed on an ensemble of identically prepared
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quantum systems, all represented by |Ψ⟩, will average to an expectation value defined as
⟨Ô⟩ = ⟨Ψ| Ô |Ψ⟩.

Thus far the considered state vectors have not been related to any physical coordinate
representation, but instead been written as general vectors of a Hilbert space. Depending on
the specific case, a suitable coordinate representation is chosen by expressing the quantum
state |Ψ⟩ in an arbitrary basis, e.g. the position space. Considering the continuous
spectra of position eigenvalues, the orthonormality condition is consequently formulated
as ⟨r|r′⟩ = δ3(r − r′), where δ3 denotes the three-dimensional Dirac delta function. The
expansion of a quantum state |Ψ⟩ in terms of the position eigenkets |r⟩ is written as

|Ψ⟩ =
∫

|r⟩ ⟨r|Ψ⟩ dr, (3)

and analogously |⟨r|Ψ⟩|2 dr is interpreted as the probability of finding the studied particle
within a small volume element dr. Furthermore, the inner product ⟨r|Ψ⟩ defines the wave
function Ψ(r) of the quantum system in the chosen basis5.

2.1.1 The many-electron problem

The theoretical and computational study of chemical systems and reactions is essentially
a matter of solving the electronic problem, as chemical properties are determined by
the interactions between the electrons in the highest occupied orbitals of atoms and
molecules. Given a chemical system represented by the quantum state vector |Ψ⟩, solving
the non-relativistic, time-independent Schrödinger equation,

Ĥ |Ψ⟩ = E |Ψ⟩ , (4)
yields an infinite set of energy eigenvalues {Ek} corresponding to stationary eigenstates
{|Ψk⟩}5,7. In equation (4), Ĥ denotes the Hamiltonian. Because the proton mass is three
orders of magnitude larger than the electron mass, the electrons of a chemical system
can to a good approximation be assumed to move in a field of stationary nuclei8. This is
known as the adiabatic, or Born-Oppenheimer, approximation, and is routinely invoked
within quantum chemical formalism. Thus, the (electronic) Hamiltonian of a many-electron
system is written using atomic units as

Ĥ = −1
2
∑
i

∇2
i +

∑
i

v(ri) +
∑
i

∑
j>i

1
|ri − rj |

= T̂ + V̂ + Ŵ , (5)

where ∇2, T̂ , V̂ and Ŵ are the Laplacian, electronic kinetic energy operator, external
potential energy operator and electron–electron interaction energy operator, respectively6.
V̂ contains the potential energy contribution due to the interaction of the electrons with
the classically treated nuclei as well as other arbitrary external potentials influencing the
electrons. Solving the Schrödinger equation with Ĥ as written in equation (5) yields the
electronic energy, and the total energy is obtained by separately including the coulom-
bic nucleus–nucleus repulsion energy. The expectation value of the electronic energy is
calculated as defined in section 2.1, i.e.

E[Ψ] = ⟨Ĥ⟩ = ⟨Ψ| Ĥ |Ψ⟩
⟨Ψ|Ψ⟩

, (6)

where the denominator ensures the normalization. For an arbitrary wave function Ψ,
E comprises an upper bound for the ground state energy, E0 ≤ ⟨Ĥ⟩. By virtue of the
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variational principle, minimizing equation (6) with respect to all allowed wave functions
yields the true ground state eigenpair, E0 = E[Ψ0] = minΨ⟨Ĥ⟩, in accordance with the
minimum energy principle6,7. The square bracket notation signifies that the energy is a
functional of the wave function. In general, whereas a function f maps a variable x to a
scalar, x ↦→ f(x) ∈ C, a functional F maps a function f to a scalar, f ↦→ F [f ] ∈ C. Thus,
in simple terms, a functional can be considered as a function the argument of which is also
a function6.

Due to the complicated nature of electron correlation, finding the ground state solution
to the Schrödinger equation following the procedure outlined above is highly impractical.
Evidently, further approximations in addition to the Born-Oppenheimer approximation
are required, and perhaps the most fundamental one is the Hartree-Fock approximation
where each electron is assumed to interact with a mean-field formed by the other electrons7.
Accounting for the spin, the ground state of an N -electron system is approximated by a
single Slater determinant,

ΨHF(x) = 1√
N !

⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐
χ1(x1) χ2(x1) · · · χN (x1)
χ1(x2) χ2(x2) · · · χN (x2)

...
... . . . ...

χ1(xN ) χ2(xN ) · · · χN (xN )

⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐
, (7)

which satisfies the antisymmetry requirement of fermionic wave functions, ΨHF(xi,xj) =
−ΨHF(xj ,xi). The elements χi(xj) denote orthonormal one-electron spin orbitals formed
as the product of a spatial orbital and a spin function,

χ(x) = ϕ(r)σ(s), σ(s) =
{
α(s)
β(s)

, (8)

where the spin function σ(s) corresponds to α(s) or β(s), respectively denoting up and
down spin orientations. The four-dimensional variable xj = (rj , sj) represents succinctly
the spatial and spin coordinates of electron j, such that the integration with respect to x
is defined as ∫

dx =
∑
s

∫
dr. (9)

Utilizing the variational principle, the ground state energy ⟨ΨHF| Ĥ |ΨHF⟩ is minimized
with respect to the choice of spin orbitals subject to the orthonormality constraint using
the method of Lagrange multipliers. This can be shown to result in the Hartree-Fock
equations for each spin orbital χi 6,9

f̂χi(x) =
(

−1
2∇2

i + v(ri) + Ĵ − K̂

)
χi(x) = εiχi(x). (10)

In equation (10) εi denotes a Lagrange multiplier associated with the enforced orthonor-
mality constraint, the physical meaning of which can be identified as the energy of orbital
i. Furthermore, f̂ is the one-electron Fock operator, while Ĵ and K̂ denote the Coulomb
and exchange operators, respectively. The expression of the Fock operator differs from
the Hamiltonian of equation (5) in that the electron–electron interaction term has been
written using the effective one-electron Coulomb-exchange operator Ĵ − K̂. The Coulomb
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operator describes the interaction of a given electron represented by x1 with the mean-field
formed by the remaining N − 1 electrons (x2),

Ĵ(x1) =
∑
j

∫ χ∗
j (x2)χj(x2)
|r1 − r2|

dx2. (11)

The exchange operator on the other hand accounts for the Pauli repulsion between identical
particles, a consequence of the antisymmetry of the fermionic wave function, and is defined
via its action on a spin orbital χi(x1), i.e.

K̂(x1)χi(x1) =
∑
j

∫ χ∗
j (x2)χi(x2)
|r1 − r2|

dx2χj(x1). (12)

Applying the above formalism yields the ground state electronic energy within the limits
of the Hartree-Fock approximation. However, since the Fock operator depends on its
eigenfunctions the Hartree-Fock equations are nonlinear and need to be solved using an
iterative procedure7. Conventionally, the so called self-consistent field (SCF) method is
employed, wherein an initial guess is made for the spin orbitals, using which the Fock
operator is constructed. Subsequently solving the eigenvalue equations (10) yields a new
set of improved spin orbitals, and the cycle is ideally repeated ad infinitum. In practice,
however, the SCF loop is terminated when a predefined convergence threshold in the energy
is reached.

The initially formed trial wave function is conventionally constructed by introducing a
finite set of known basis functions {φµ(r)}Kµ=1 in terms of which the spatial orbitals are
expanded,

ϕi(r) =
∑
µ

cµiφµ(r). (13)

Assuming that K basis functions are used, a total of 2K trial spin orbitals are obtained,
accounting for both the α and β spins, of which the N orbitals lowest in energy correspond
to occupied states and the remaining 2K −N represent unoccupied (virtual) states. Given
a well behaving basis set, the more basis functions are used the lower the energy of the
obtained solution, allowing for a systematic improvement of the quality of the solution to
the electronic problem, and as K → ∞ the obtained ground state energy approaches the
so called Hartree-Fock limit7.

Atomic orbitals serve as convenient basis functions in terms of which the spatial wave
functions can be expanded. This approach is known as the linear combination of atomic
orbitals (LCAO)7,9. A reasonable choice for the employed atomic orbitals are the basis
functions representing the orbitals of hydrogen. A mathematical formulation of hydrogenic
basis functions accounting for the effective nuclear charge was pioneered by Slater10.
However, Slater-type orbitals (STO) are rarely employed in contemporary quantum chemical
calculations due to the tedious evaluation of the resulting integrals. On the contrary,
approximating STOs using Gaussian functions has proven to be a computationally more
viable approach, leading to significantly simplified integral evaluations7.

The single-determinantal approach of the Hartree-Fock theory for solving the many-
electron problem yields qualitative results for chemical systems, but a quantitative picture
of e.g. bond breaking cannot be reproduced. This is because electron correlation is only
treated in an average manner. The difference between the true ground state energy and
the Hartree-Fock energy defines the correlation energy, Ecorr = E0 − EHF < 0, i.e. the
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Hartree-Fock solution is always higher in energy than the true ground state6,7. Several
high-level methods exist for improving the results of the Hartree-Fock method, such as
the configuration interaction (CI) method, Møller-Plesset perturbation theory (MPn) and
coupled-cluster (CC) methods. A detailed analysis of the aforementioned post-Hartree-Fock
methods is, however, beyond the scope of this thesis. Instead, a more thorough description
of the herein employed method, density functional theory (DFT), will be given in the
following section.

2.2 Density functional theory

The central drawback of the aforementioned wave function based quantum chemical methods
is their poor scalability, i.e. the computational cost increases unreasonably fast as the
number of electrons in a system is incremented11. The Hartree-Fock method scales formally
as O(N4), while the more accurate second order Møller-Plesset perturbation theory exhibits
O(N5) scaling. The coupled cluster method including single and double excitations, as
well as perturbatively treated triple excitations, CCSD(T), is considered to be the “golden
standard” of quantum chemistry yielding excellent results, but unfortunately the scaling
is extremely poor, following O(N7) nominally. Concretely, assuming that a CCSD(T)
computation of a system containing 10 electrons, such as a water molecule, takes 1 s,
solving the electronic problem of 100 water molecules would take more than a million years.
Evidently, high-level wave function based methods are unsuitable in the study of extended
systems relevant in e.g. biology and materials science.

The aim of density functional theory is to replace the complicated many-electron wave
function, consisting of 3N spatial and N spin variables, with a significantly simpler quantity,
the electron density n(r) that depends only on the three spatial coordinates. Following the
Copenhagen interpretation of quantum mechanics, the probability density of finding an
electron with arbitrary spin within a volume element dr1 is given by an integral over the
squared modulus of the wave function Ψ(x)

n(r1) = N

∫
· · ·
∫

|Ψ(x)|2 dσ1dx2 · · · dxN ≥ 0. (14)

Henceforth, we will identify this probability density as the electron density, as is frequently
done in the literature6,11. The electron density is required to vanish at large distances from
the nuclei, n(r → ∞) = 0, and integrating equation (14) over all space yields the total
number of electrons in the system,∫

n(r1)dr1 = N

∫
|Ψ(x)|2 dx = N. (15)

Furthermore, the electron density exhibits a finite cusp at the positions of the nuclei due
to the strong nucleus–electron attraction, and the gradient of the spherical average of the
electron density, n̄(r), at the cusp is closely related to the nuclear charge Z via

lim
r→0

(
∂

∂r
+ 2Z

)
n̄(r) = 0, (16)

where r is the radial distance from a given nucleus6.
The rudimentary theory for using the electron density to describe properties of many-

electron systems was presented by Thomas and Fermi, who derived an expression for the
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kinetic energy of electrons in an atom based on a quantum statistical model for the uniform
electron gas12,13,

TTF[n] = 3
10
(
3π2

)2/3 ∫
n5/3(r)dr. (17)

Although the Thomas-Fermi model is dramatically oversimplified, it serves as a seminal
demonstration that electronic properties of physical systems could in principle be expressed
as functionals of the electron density, circumventing the complicated wave function for-
malism11. Indeed, a rigorous proof for the existence of an exact energy functional E[n],
uniquely defined by n(r), and an associated variational principle was presented later by
Hohenberg and Kohn14, forming the foundation of the modern density functional theory.
In the following sections, the Hohenberg-Kohn theorems and the practical approach for
arriving at the ground state electron density, the Kohn-Sham method15, are reviewed.

2.2.1 Hohenberg-Kohn theorems

The ground state energy of a non-degenerate chemical system is obtained by minimizing
the expectation value (6) of the corresponding Hamiltonian (5). Assuming a fixed number
of N electrons, the Hamiltonian is completely determined by the external potential v(r),
as the kinetic energy and electron–electron interaction are nonspecific for the considered
system. According to the first Hohenberg-Kohn theorem, this external potential is uniquely
determined (up to a constant) by the electron density, and as v(r) furthermore fixes the
Hamiltonian, the ground state wave function is a unique functional of n(r)14. Consequently,
all electronic properties of a many-electron system can be determined by using the electron
density as the fundamental variable.

The first Hohenberg-Kohn theorem is easily proven by reductio ad absurdum. Consider
the antithesis: there exists two external potentials v(r) and v′(r) differing by more than a
constant that give rise to the same ground state electron density n(r) of a non-degenerate
N -electron system. Consequently, the corresponding Hamiltonians and ground state wave
functions are distinct and denoted by Ĥ = T̂ + Ŵ + V̂ , Ĥ ′ = T̂ + Ŵ + V̂ ′, Ψ and Ψ′,
respectively. Following the variational principle, the ground state energies E and E′ can
be related via

E = ⟨Ψ| Ĥ |Ψ⟩ <
⟨
Ψ′⏐⏐ Ĥ ⏐⏐Ψ′⟩ =

⟨
Ψ′⏐⏐ Ĥ ′ + V̂ − V̂ ′ ⏐⏐Ψ′⟩

= E′ +
∫
n(r)

[
v(r) − v′(r)

]
dr = E′ + V − V ′,

(18)

where the expectation values V and V ′ of the external potential energy operators V̂ and
V̂ ′, i.e. the potential energies, have been written using the integral formulation6. On the
other hand, the same procedure can be repeated for Ĥ ′, yielding

E′ =
⟨
Ψ′⏐⏐ Ĥ ′ ⏐⏐Ψ′⟩ < ⟨Ψ| Ĥ ′ |Ψ⟩ = ⟨Ψ| Ĥ + V̂ ′ − V̂ |Ψ⟩

= E −
∫
n(r)

[
v(r) − v′(r)

]
dr = E − (V − V ′).

(19)

Addition of the inequalities (18) and (19) results in an obvious contradiction, E + E′ <
E + E′ ⇔ 0 < 0. Therefore, the external potential is indeed a unique functional of the
ground state electron density, proving the first Hohenberg-Kohn theorem for non-degenerate
systems14. Reiterating, since the external potential completely fixes the Hamiltonian, which
on the other hand determines the ground state wave function, the ground state electron
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density must contain complete information of the properties of the considered system.
Hence, e.g. the total energy can be expressed as a functional of n(r),

E[n] = T [n] +W [n] + V [n] = FHK[n] +
∫
n(r)v(r)dr, (20)

where we have defined the Hohenberg-Kohn functional FHK[n] = ⟨Ψ| T̂ + Ŵ |Ψ⟩ = T [n] +
W [n] as the system-independent contribution to the total energy. It is noteworthy that
thus far no other approximations than the Born-Oppenheimer approximation have been
invoked. Consequently, if the explicit form of the Hohenberg-Kohn functional was known,
an exact solution to the Schrödinger equation had been achieved. Unfortunately, however,
only the classical Coulomb contribution J [n] of W [n] is known, while the explicit form of
the non-classical contribution as well as the kinetic energy T [n] term remain unresolved11.

Hohenberg and Kohn continued by proposing a second theorem similar to the variational
principle, according to which a trial electron density satisfying ñ(r) ≥ 0 and

∫
ñ(r)dr = N

yields an upper bound for the true ground state energy, obtained if and only if ñ(r) = n(r),
i.e. the corresponding ground state electron density. Also the second Hohenberg-Kohn
theorem can be proven based on the variational principle for wave functions, assuming that
the trial density corresponds to some external potential ṽ(r) that specifies the Hamiltonian
and furthermore the wave function Ψ̃. Using Ψ̃ as the trial function for the Hamiltonian Ĥ
associated with the true external potential v(r), and applying equation (20) for the energy
expectation value concludes the proof,

⟨Ψ̃|Ĥ|Ψ̃⟩ = FHK[ñ] +
∫
ñ(r)v(r)dr = E[ñ] ≥ E[n] = ⟨Ψ| Ĥ |Ψ⟩ , (21)

where Ψ is the ground state wave function associated with the true ground state electron
density n(r)6.

2.2.2 The Levy constrained-search formulation

In the Hohenberg-Kohn theorems it is required that any allowed trial electron density has to
correspond to some external potential. Such electron densities are denoted v-representable
and possess the property that they are associated with an antisymmetric ground state wave
function of a Hamiltonian fixed by some external potential6. The v-representability of an
electron density is a highly non-trivial question and it has been shown that several apparently
reasonable electron densities are in fact not associated with antisymmetric ground state
wave functions of any v(r), ergo they are non-v-representable16,17. For such densities the
Hohenberg-Kohn theorems as formulated above are no longer valid. If an electron density
is associated with some antisymmetric N -electron wave function not necessarily connected
with an external potential, the density is denoted N -representable, a quality common to
all reasonable, i.e. non-negative, properly normalized and continuous, electron densities6.
All v-representable electron densities are naturally also N -representable, making the latter
condition a weaker one. In fact, applying the so called constrained-search formulation
introduced by Levy18, Lieb demonstrated that the N -representability condition is sufficient
for an electron density to be allowed in the Hohenberg-Kohn variational principle17. This
alternative approach to the original analysis is briefly outlined below.

The electron density n(r) of a particular state is obtained via integration of the
corresponding antisymmetric wave function in accordance with equation (14). However,
there exists infinitely many other wave functions that also integrate to the same density,
despite not necessarily being associated with the same state6. The aim of the variational
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formulation of Levy18 is to search over this subset of wave functions for the one that
minimizes the energy, subject to the constraint that the density integrates to the total
number of electrons in the system. Following this minimization, the initial constraint of a
particular density is lifted and a second search is conducted over all possible N -representable
densities. The complete two-step variational procedure consequently yielding the ground
state energy E0 can therefore be written as

min
n→N

E[n] = min
n→N

(
min
Ψ→n

⟨Ψ| T̂ + Ŵ + V̂ |Ψ⟩
)

= min
n→N

(
min
Ψ→n

⟨Ψ| T̂ + Ŵ |Ψ⟩ +
∫
n(r)v(r)dr

)
= min

n→N

(
F [n] +

∫
n(r)v(r)dr

)
.

(22)

The defined universal functional F [n], the existence of which was proven by Lieb17, differs
from the Hohenberg-Kohn functional only in that the domain of definition has been
broadened from v-representable densities to N -representable densities. Furthermore, since
the inner minimization in equation (22) selects only one wave function corresponding to a
given density that minimizes the energy, the original requirement of non-degeneracy of the
Hohenberg-Kohn theorems is revoked6. Although no deeper mathematical analysis of the
rigorous treatment by Levy and Lieb is presented herein, we conclude that the alternative
approach provides a solid foundation for density functional theory, wherein the inherent
problem of v-representability in the Hohenberg-Kohn theorems has been resolved.

2.2.3 The Kohn-Sham method

The constrained-search approach of Levy presents a formal method for obtaining the ground
state wave function via the ground state density given by minimization of the energy
functional. However, this requires a search over the infinitely large space of admissible wave
functions that upon quadrature yield the ground state density, a task impossible in practice.
Furthermore, the precise form of the universal functional F [n] is unknown, deeming the
presented variational procedure useless as it applies only for the exact functional. Although
the existence of a physically reasonable density functional has been thoroughly proven by the
work of Hohenberg and Kohn, as well as Levy and Lieb, no practically applicable method for
solving the many-electron problem using density functionals was presented11. Fortunately,
Kohn and Sham15 have proposed a concrete approach for determining the ground state
energy of a many-electron system. At the center of the method is the introduction of a
non-interacting reference system constructed of a set of one-electron spin orbitals ψi(x),
similar to the Slater determinant of the Hartree-Fock method discussed previously. Using
these orbitals, a major part of the kinetic energy functional T [n] is evaluated to a good
accuracy, while leaving the remainder to be approximated together with the non-classical
electron–electron interactions.

The Hamiltonian corresponding to a non-interacting N -electron system is formulated
by setting Ŵ = 0 and introducing an effective local potential vs(r), such that6

Ĥs = −1
2
∑
i

∇2
i +

∑
i

vs(ri) = T̂ + V̂s. (23)

Due to the non-interacting nature of the reference system, the ground state wave function
can be represented as a single Slater determinant |Ψs⟩ composed of the N lowest one-
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electron spin orbitals ψi(x). The ground state energy is conventionally obtained via the
variational procedure,

Es[ns] = min
Ψ→ns

⟨Ψ| T̂ + V̂s |Ψ⟩ = ⟨Ψs| T̂ |Ψs⟩ + ⟨Ψs| V̂s |Ψs⟩

= −1
2
∑
i

⟨ψi| ∇2 |ψi⟩ +
∫
ns(r)vs(r)dr

= Ts[ns] + Vs[ns],

(24)

where ns(r) =
∑
i,s |ψi(x)|2 is the ground state electron density of the non-interacting

system. Although the above procedure formally demands that ns is non-interacting v-
representable, using the Levy constrained-search formalism it can be again shown that the
N -representability condition will in fact suffice16–18. Thus, the kinetic energy functional
of the non-interacting reference system Ts[ns] is completely analogous with the universal
functional F [n] defined in equation (22). As in the derivation of the Hartree-Fock equations,
the energy functional Es[ns] is minimized with respect to the choice of one-electron spin
orbitals subject to the orthonormality constraint, yielding a set of eigenvalue equations6

δ

δψi

⎡⎣Es[ns] −
∑
i

∑
j

εij

(∫
ψ∗
i (x)ψj(x)dx − 1

)⎤⎦ = 0

⇔
(

−1
2∇2 + vs(r)

)
ψi(x) = εiψi(x),

(25)

where δ/δψi denotes the functional derivative with respect to ψi and εij are the Lagrange
multipliers for the orthonormality constraint.

The essence of the Kohn-Sham approach is to choose the effective local potential vs(r)
such that the ground state density of the non-interacting system equals the density of the
studied real, interacting system, ns(r) = n(r)15. For this purpose, the universal functional
F [n] for any interacting system is reformulated using the kinetic energy functional Ts[n] of
the non-interacting system, yielding for the total energy functional the expression

E[n] = V [n] + F [n] = V [n] + Ts[n] + J [n] + Exc[n], (26)

where the exchange-correlation (XC) functional Exc[n] is defined by

Exc[n] = T [n] − Ts[n] +W [n] − J [n]. (27)

Clearly, Exc contains the contributions to the total energy that are not explicitly known,
i.e. the residual kinetic energy of the true interacting system, T [n] − Ts[n], and the non-
classical components of the electron–electron interaction energy, W [n] − J [n]. As before,
J [n] represents the coulombic interaction energy. The non-classical components of the
electron–electron interaction can be further decomposed into exchange, correlation and
self-interaction contributions. Consequently, varying the total energy functional using the
above expression for F [n] subject to the normalization constraint yields the Euler-Lagrange
equation6

δ

δn

[
E[n] − µ

(∫
n(r)dr −N

)]
= 0

⇔ µ = v(r) + δTs[n]
δn

+ δJ [n]
δn

+ δExc[n]
δn

,

(28)
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where µ represents the associated Lagrange multiplier. On the other hand, for the non-
interacting reference system the same procedure yields

µ = vs(r) + δTs[n]
δn

, (29)

which enables the identification of the effective local potential (up to an irrelevant additive
constant) as

vs(r) = v(r) + δJ [n]
δn

+ δExc[n]
δn

= v(r) + vH(r) + vxc(r), (30)

where v(r) and vxc(r) are the external potential and the exchange-correlation potential, re-
spectively, and vH(r) denotes the Hartree potential associated with the classical electrostatic
interaction between electrons,

vH(r) =
∫

n(r′)
|r − r′|

dr′. (31)

Substituting the obtained form of the effective potential into equation (25) yields the
Kohn-Sham equations

f̂KSψi(x) =
(

−1
2∇2 + v(r) + vH(r) + vxc(r)

)
ψi(x) = εiψi(x), (32)

where ψi(x) are the Kohn-Sham one-electron orbitals and εi the corresponding orbital
energies. Due to nonlinearity, equation (32) is solved iteratively via a SCF procedure
analogous with the Hartree-Fock method. Using some appropriate basis set, an initial
guess for the Kohn-Sham orbitals, and subsequently for the electron density, is constructed.
The trial density is used to evaluate the potential terms, and hence the Kohn-Sham
operator f̂KS, allowing for the generation of a new set of improved orbitals. The process is
repeated and upon convergence the KS equations yield the ground state electron density
n(r) =

∑
i,s |ψi(x)|2 together with the corresponding ground state energy6.

As briefly touched upon above, the explicit form of the exchange-correlation functional
Exc[n] is unknown and needs to be approximated. A vast number of such functionals
with varying degrees of accuracy and validity have been devised, and the most common
approximations are reviewed in the following section. Nevertheless, the success of the
Kohn-Sham approach to density functional theory lies in the fact that the residual energy
in Exc left to be approximated is relatively small for most conventional systems exhibiting
weak correlation11. Thus, KS-DFT yields surprisingly accurate results for many practically
relevant electronic systems. Most importantly, the scaling of DFT is nominally O(N3),
enabling the study of markedly larger systems than possible with corresponding wave
function based methods. Finally, although the effective potential in the foregoing discussion
is spin-independent, the Kohn-Sham approach can be feasibly extended to explicitly
account for the spin degrees of freedom. This enables the proper study of open-shell
systems where each KS orbital is not necessarily doubly degenerate6. A detailed treatment
of the spin-unrestricted Kohn-Sham formalism (UKS) is, however, beyond the scope of this
thesis.

2.2.4 The exchange-correlation functional

To reiterate, if the exchange-correlation functional of the Kohn-Sham approach to DFT
was explicitly known, KS-DFT would comprise an exact method for obtaining the ground
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state energy and electron density of a physical system. Unfortunately, this is not the
case and therefore the development of approximative exchange-correlation functionals has
been necessary. The multitude of flavors is vast because no straightforward method for
systematically improving the performance of exchange-correlation functional approximations
exists. This is in contrast with the wave function based methods, sharing the common
feature of systematic improvability. Indeed, by expressing the trial wave function as
a linear combination of an increasing number of possible configurations and employing
larger and larger basis sets, the solution of the many-electron problem approaches the
exact solution of the Schrödinger equation11. Most exchange-correlation functionals are
parametrized such that they accurately reproduce widely accepted reference data obtained
experimentally or via high-level wave function based calculations. Evidently, an empirical
functional approximation will have an applicability that is limited to the systems and
properties against which it has been fitted. Alternatively, the number of free parameters
can be reduced by requiring that the functional approximation fulfills certain theoretically
derived exact constraints. Although being a time-consuming and uncertain process, this
non-empirical approach is preferred by certain authors since it in principle allows for the
design of more universally valid functionals19. Nevertheless, regardless of the procedure by
which exchange-correlation functionals are constructed, the complexity and accuracy of
approximations can be categorized in accordance with their degree of locality. In other
words, local functionals are evaluated by assuming an electron density that is uniform at
the point of interest, whereas semi-local and non-local functionals increasingly account
for the heterogeneity of the electron gas. Additionally, high-level exchange-correlation
functionals may explicitly depend on the Kohn-Sham orbitals, which generally improves
the accuracy at the cost of computational ease20.

The local spin density (LSD) approximation constitutes the simplest model for the
exchange-correlation functional and was initially proposed in the original work of Kohn
and Sham15. In analogy with the Thomas-Fermi model, the LSD approximation assumes
the limit of an (infinitely) slowly varying density (uniform electron gas), allowing for the
evaluation of the exchange-correlation energy at a point r using exclusively the value of
the density at that particular coordinate, n(r). Thus,

ELSD
xc [nα, nβ] =

∫
n(r)εxc[nα, nβ]dr, ζ(r) = nα(r) − nβ(r)

n(r) ∈ [0, 1] (33)

where εxc[nα, nβ ] denotes the exchange-correlation energy density and the spin dependence
has been made explicit by introducing the relative spin polarization parameter ζ, where
the extrema 0 and 1 correspond to fully spin compensated and spin polarized cases,
respectively. The total electron density is obtained simply as the sum of the α and β
densities, n(r) = nα(r) + nβ(r)6. The exchange-correlation density is generally treated as
a sum of exchange and correlation contributions, i.e εxc = εx + εc. The exchange energy of
a uniform electron gas has been derived by Dirac21, and is written in terms of the spin
polarization parameter as

ELSD
x [n, ζ] = −3

8

( 3
π

)1/3 ∫
n4/3(r)

{
[1 + ζ(r)]4/3 + [1 − ζ(r)]4/3

}
dr (34)

Unfortunately, no closed form expression for the correlation part εc of a uniform electron
gas exists. Nevertheless, based on previous Monte Carlo simulations and the random
phase approximation (RPA), Perdew and Wang22 have reported a reasonably accurate
representation of the correlation energy within the LSD approximation.
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While LSD performs surprisingly well in reproducing structural properties of e.g.
metallic solids, where the assumption of a very slowly varying electron density is reasonable,
modelling chemically relevant molecular systems with highly directional bonding using LSD
yields notoriously poor results. Especially dissociation energies are seriously overestimated23.
Thus, a more accurate functional form is required and the natural step in improving the
performance is to consider, besides the local value of the electron density, how rapidly
the density is changing around a given point in space. Including the density gradient as
a functional dependence results in the class of semi-local, gradient corrected functionals.
The most widely applied form of gradient corrections rely on the generalized gradient
approximation (GGA) according to which the exchange-correlation functional can be
formulated as

EGGA
xc [nα, nβ] =

∫
n(r)εxc[nα, nβ,∇nα,∇nβ]dr. (35)

Again, the energy density εxc is split into separate contributions due to exchange and
correlation. The exchange part is constructed by appending a correction term to the LSD
functional,

EGGA
x [nα, nβ] = ELSD

x [nα, nβ] −
∑
σ

∫
Fx(sσ)n4/3

σ (r)dr, sσ(r) = |∇nσ(r)|
n

4/3
σ (r)

, (36)

where Fx(sσ) is the exchange enhancement factor that corrects the Dirac exchange functional
and the argument sσ denotes the reduced density gradient. The reduced density gradient
can be interpreted as a measure of local heterogeneity, attaining large (small) values
in regions characterized by small (large) electron densities and/or rapid (slow) changes
therein20. As in the case of the LSD approximation, no analytic expression can be derived
for the correlation contribution to the GGA exchange-correlation energy. Two of the most
successful GGA correlation functionals are the ones developed by Lee, Yang and Parr
(LYP)24 and Perdew, Burke and Ernzerhof (PBE)25, where the latter includes also the
exchange part. While LYP contains four empirical parameters, the PBE functional is fully
non-empirical, constructed by enforcing the fulfillment of certain theoretical constraints.
Particularly, the Lieb-Oxford bound26,27 is satisfied, dictating that the exchange-correlation
energy should be bounded from below, EGGA

xc ≥ 2.273ELSD
x . For a fully spin compensated

system (ζ = 0), the exchange enhancement factor proposed by Perdew et al. that obeys
the Lieb-Oxford inequality and recovers the LSD linear response as s → 0, takes the form

FPBE
x (s) = 1 + κ

⎡⎣1 −
(

1 + µs2

κ

)−1
⎤⎦ , (37)

where κ = 0.804 and µ ≈ 0.220 are fundamental constants. While PBE contains both the
exchange and correlation contributions, LYP is conventionally combined with the exchange
functional developed by Becke28, thus yielding the popular BLYP exchange-correlation
functional. Becke’s GGA exchange functional contains one empirical parameter.

A revised version of the PBE functional, RPBE, has been developed by Hammer et al.29,
where the exchange enhancement factor has been modified such that an increased overlap
repulsion between atomic and molecular pairs is achieved. Consequently, adsorption ener-
getics at metal–vacuum interfaces are significantly improved, making the functional highly
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attractive for studies of e.g. surface structures and heterogeneous catalysis30. Explicitly,
the exchange enhancement factor of RPBE is formulated as

FRPBE
x (s) = 1 + κ

[
1 − exp

(
−µs2

κ

)]
, (38)

where the constants µ and κ are the same as for PBE.
To further decrease the degree of locality of exchange-correlation functionals is to

include second order gradients of the density and/or the kinetic energy density τ ∝ |∇ψi|2
into the functional dependence. Such functionals are termed meta-GGAs, and yield a slight
improvement in the accuracy compared to LSD and GGA functionals31. Meta-GGAs are
nevertheless still considered semi-local, and the first actual step towards non-locality is
achieved by the inclusion of exact exchange energy, typically calculated using the Hartree-
Fock method. Functionals that include a fraction of exact exchange energy are called hybrid
functionals, and an even further improvement can be obtained by more properly accounting
for the correlation energy as well. This can be performed via e.g. perturbative methods,
such as the second order Møller-Plesset perturbation theory (MP2)20. The increased
accuracy of the hybrid and the latter double-hybrid exchange-correlation functionals is
evidently correlated with a substantially increased computational cost. Indeed, while the
LSD and GGA functionals result in a feasible O(N3) scaling, DFT employing hybrids or
double hybrids formally scales as O(N4) or O(N5), respectively (cf. the scaling of HF and
MP2). Consequently, limitations are imposed on the system sizes that can be handled
by DFT. GGA functionals, PBE in particular, are most widely applied within materials
science where extended systems are regularly studied. In smaller scale chemical systems
the most popular choice is on the other hand the B3LYP hybrid functional, where 20 % of
the BLYP exchange is replaced by exact HF exchange32.

Correlation effects are rigorously included only in double-hybrid functionals. However,
due to the high computational complexity, double-hybrids are unsuitable for DFT studies
of extended systems. Thus, to properly reproduce phenomena due to long-range correlation
effects while still maintaining a reasonable level of simplicity, alternative correction schemes
are required. Of particular importance are the intermolecular London-van der Waals
dispersion interactions between both induced and permanent dipoles, the inclusion of
which is essential for the correct description of e.g. water and noncovalent interactions in
general31,33–38. Perhaps the most popular approach for this purpose is the DFT-D scheme
of Grimme et al.39–42, where the total KS-DFT energy is corrected using a semi-empirical
expression for the dispersion energy. The latest edition of the method of Grimme et al. is
the DFT-D3 scheme, where key parameters of the previous flavors of DFT-D have been
throughly revised and the model has been extended to include three-body Axilrod-Teller
terms in addition to pairwise interactions41,43. The total dispersion contribution can thus
be formulated generally as

Edisp = −
∑
i

∑
j>i

E(2)(R−6
ij , R

−8
ij , C

ij
6 , C

ij
8 ) −

∑
i

∑
j>i

∑
k>j

E(3)(R−3
ij , R

−3
ik , R

−3
jk , C

ijk
9 ), (39)

where the first and second terms include summations over all atom pairs and triples,
respectively, and Rij = |Ri − Rj | is the distance between atoms i and j. The pair potential
part in the D3 method includes R−6 and R−8 dependent terms, while the effective distance
dependence of the three-body correction is R−9. The atom-specific averaged isotropic
dispersion coefficients associated with each term (C6, C8, C9) have been determined by ab
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initio calculations, specifically time-dependent DFT, for 94 elements (H-Pu). Furthermore,
the D3 scheme has been optimized for the most commonly applied exchange-correlation
functionals by including accordingly adjusted scaling factors41. The proper behavior of the
dispersion interaction at small interatomic distances is ensured with damping functions, for
which several variants exist41,44–46. The main advantage of the DFT-D3 method is that
the evaluation of the dispersion energy requires only the atomic coordinates and numbers
as inputs, subsequently yielding the corrected total energy as EDFT-D3 = EKS +Edisp with
a negligibly increased computational effort.

The DFT-D3 scheme has been rigorously benchmarked against reference data, suggesting
a clear enhancement in the accuracy of KS-DFT energies obtained with the most commonly
applied exchange-correlation functionals41,42,47. Recently, the good performance of the
DFT-D3 dispersion corrections when applied together with the RPBE exchange-correlation
functional has been demonstrated also for the modelling of water clusters, as well as
both bulk and interfacial water37,38,48–54. Indeed, the increased repulsive contributions
brought by the RPBE functional have been found to decrease the significant overstructuring
generally observed for PBE water55,56, while the D3 corrections ensure that the dispersive
forces due to long-range correlations are accounted for in a computationally affordable
manner. As a result, improved dynamics and energetics are obtained for water containing
systems.

2.3 Ab initio molecular dynamics

The above discussion of general quantum chemistry and in particular density functional
theory has been restricted to the time-independent problem, where the primary objective
is to solve the energy of a static system. Many interesting physical properties are, however,
dynamic in nature and need to be sampled accordingly. Formally, a dynamic N particle
system can be completely characterized by the generalized positions (q) and momenta
(p) of each particle. The resulting 6N coordinates define a point in the so called phase
space that incorporates all the possible states of a system. Expectation values, or ensemble
averages, of macroscopic properties associated with the system can be evaluated as integrals
over this phase space,57

⟨A⟩ =
∫∫

A(q,p)P (q,p)dqdp, (40)

where A(q,p) denotes the value of an arbitrary property at the phase point (q,p) and
P (q,p) is the corresponding probability of the system being at that point. The probability
distribution can be derived from statistical mechanics, and within the canonical (NV T )
ensemble it is given by the Boltzmann distribution. In the limit of indefinite time evolution,
the system will explore all the possible configurations, i.e. microstates, of the phase space,
spending an equal period of time in each state. This constitutes the ergodic hypothesis, a
central axiom of statistical mechanics implying that the ensemble average of a property
can be identified with the corresponding time average,

⟨A⟩ = lim
τ→∞

1
τ

∫ τ

0
A(t)dt ≈ 1

K

∑
i

A(ti). (41)

The ergodic hypothesis and the implied connection between ensemble and time averages
are frequently invoked in molecular dynamics simulations, allowing the evaluation of
dynamic properties via numerical integration of equation (41), as indicated by the second,
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approximate equality. K corresponds to the number of times the system is sampled and
should be large for accurate estimates57.

Returning to quantum mechanics, the time evolution of a non-relativistic quantum
system is given by the time-dependent Schrödinger equation58,

i
∂

∂t
Ψ(r,R, t) = ĤΨ(r,R, t), (42)

where i, r and R denote the imaginary unit, electronic coordinates and nuclear coordinates,
respectively. Solving equation (42) is computationally inconvenient for extended systems
due to the large number of both nuclear and electronic degrees of freedom. Thus, in
the spirit of the Born-Oppenheimer approximation, feasible approaches to first-principles
molecular dynamics typically continue to treat the electrons in a static manner, while the
nuclei are propagated via integration of the classical Newtonian equations of motion59. In
contrast to classical molecular dynamics where empirical force fields are used, in ab initio
molecular dynamics (AIMD) the forces acting on each atom are calculated on the fly as
first-order derivatives of the ground state energy, e.g. the Kohn-Sham energy if DFT is
applied (DFTMD). This yields a more rigorous description of the dynamics of systems
where chemical phenomena, such as bond formation/breaking, are important60. In the
following brief discussion we will restrict ourselves to the Born-Oppenheimer approach to ab
initio molecular dynamics (BOMD) and refrain from considering alternative formulations
such as Ehrenfest61 or Car-Parrinello62 molecular dynamics as they are not relevant for
the present work.

As a consequence of the Hellmann-Feynman theorem63, the exact force Fi acting on
an atom i at Ri can be calculated as the negative gradient of the variationally optimized
ground state energy E0 with respect to the nuclear coordinates,

Fi = MiR̈i = −∇iE0(R) = −∇i min
Ψ

⟨Ψ| Ĥ |Ψ⟩ = − ⟨Ψ0| ∇iĤ |Ψ0⟩ , (43)

where Mi and R̈i denote the mass and acceleration of atom i, respectively. The Hellmann-
Feynman force is strictly correct only if the true ground state wave function |Ψ0⟩ is known
exactly. However, since truncated basis sets are applied in practical quantum chemical
computations, the force calculated via equation (43) needs to be corrected. An approach
for evaluating the force obtained using a finite basis has been suggested by Pulay64, and
the derived correction term −2 ⟨∇iΨ| Ĥ |Ψ⟩ is conventionally termed the Pulay force. An
alternative method for avoiding the need for corrections is to use a plane wave basis set,
which is naturally independent of the nuclear coordinates. Thus ∇iΨ = 0 and the Pulay
force will vanish60. Rigorously speaking, a third force contribution is in fact also relevant
in practical computations, namely the force due to non-self-consistency. The magnitude of
this error is by definition unknown, but can be made arbitrarily small by employing tight
convergence criteria for the energy58.

In practical BOMD simulations the forces acting on each atom are calculated every
time step, thus requiring that also the ground state energy is converged concomitantly. The
Hamiltonian in equation (43) is replaced accordingly with the method used for converging
the electronic structure. Thus, e.g. in the case of KS-DFT the appropriate operator is
the effective one-electron Kohn-Sham operator, and the minimization in equation (43) is
done with respect to the Kohn-Sham one-electron orbitals subject to the orthonormality
constraint58. Using the obtained force, the nuclei are propagated by integrating the
Newtonian equations of motion. An algebraic approach to the integration is unreasonably
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cumbersome, considering that an N -atom system is specified by a total of 6N position and
momentum coordinates. Thus, coordinates are conventionally updated based on Taylor
series expansions. E.g. for the new position of the ith atom at t+ ∆t we have

Ri(t+ ∆t) = Ri(t) + Ṙi(t)∆t+ 1
2!R̈i(t)∆t2 + O(∆t3), R̈i(t) = Fi(t)

Mi
, (44)

where single and double dots above R denote first- and second-order time derivatives,
respectively. Performing the above expansion for the reverse (t− ∆t) time step as well and
adding the sums together will result in a cancellation of all odd powers of ∆t. Neglecting
fourth-order and higher terms yields the popular Verlet algorithm65 for integrating the
equations of motion,

Ri(t+ ∆t) = 2Ri(t) − Ri(t− ∆t) + Fi(t)
Mi

∆t2, (45)

where no reference to the atomic velocities is made. However, the atomic velocities are
in many cases desired, such as if simulations are performed within the NV T ensemble,
where velocity scaling can be used as method for controlling the temperature57. While
the velocity can be calculated afterwards using the mean value theorem and the above
determined position coordinates, this method will result in velocities that are lagging
behind the positions by one or one half time step. To treat the positions and the velocities
in a coupled manner without loss of precision, the velocity Verlet algorithm66 is commonly
employed. Assuming that the positions, velocities and the forces are known at a time t,
the updated quantities for the ith atom are calculated according to

Ri(t+ ∆t) = Ri(t) + Ṙi(t)∆t+ 1
2Mi

Fi(t)∆t2

Fi(t+ ∆t) = −∇i min
{ψj}

EKS[{ψj}; Ri(t+ ∆t)]
⏐⏐⏐⏐
⟨ψk|ψl⟩=δkl

Ṙi(t+ ∆t) = Ṙi(t) + 1
2Mi

[Fi(t) + Fi(t+ ∆t)] ∆t.

(46)

In words, the atomic positions are updated first, followed by an optimization of the electronic
structure by the method of choice (here KS-DFT) at the determined coordinates R(t+ ∆t).
Subsequently, the force acting on each atom is evaluated and finally the velocities at
t+ ∆t are computed. Repeating the above cycle generates a trajectory describing the time
evolution of the system. Based on the ergodic hypothesis, each snapshot of the trajectory
can be considered to represent a microstate of the appropriate ensemble, enabling the
estimation of dynamic properties in accordance with equation (41)57.

An important question within molecular dynamics in general concerns the proper choice
of the time step, which should be such that the phase space if sampled efficiently. While
employing a very small time step results in maximal energy conservation, only a small
region of the phase space will be sampled and the ergodic hypothesis will be violated.
On the other hand, a very large time step will result in a thorough exploration of the
phase space, but this will include highly improbable, and thus irrelevant, configurations
where e.g. atoms are in unphysically close proximity. In practical implementations such
microstates will result in numerical instabilities and convergence issues. It can be shown
that the maximum length of the MD time step is proportional to the shortest period of
motion in the system. Thus, as a general rule of thumb, an appropriate time step should
correspond to roughly one tenth of this period of motion. For a system containing hydrogen
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the maximum vibrational frequencies are on the order of 1014 Hz, suggesting a justified
molecular dynamics time step of 1 fs. In addition to an optimal time step, the accuracy of
AIMD simulations and the subsequently derived dynamic quantities depend on the choice
of integrator, which should be efficient and stable, as well as on how tight SCF convergence
criteria are enforced, as this directly influences the accuracy of calculated forces58.
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3 Ab initio electrochemistry

3.1 Electrochemical reactions

In addition to purely chemical changes, electrochemical reactions include the transfer of elec-
trons between reacting species. While electron transfer processes may occur homogeneously
between two solvated reactants, electrochemical phenomena are most frequently studied in
electrochemical cells where the participating species react heterogeneously at the surfaces
of separate electrodes and the charge transfer occurs via an external circuit. Generally,
the employed electrode materials are inert, conducting solids, such as metals, although
semiconductor electrodes are also commonly encountered in e.g. photovoltaic devices. Nev-
ertheless, in the following discussion the assumption of a solid metal electrode is made. A
generic electrode process can be written as a reversible reaction Ox+ + ne– −−⇀↽−− R(x –n)+,
where the forward and reverse directions denote reduction and oxidation, respectively. The
electrode at which oxidation occurs is known as the anode, while reduction takes place at
the cathode. The direction in which an electrochemical reaction is proceeding is determined
by the relative position of the energy levels of the electrode and the reacting species. To
reduce the oxidized species O, electrons are transferred from the highest occupied energy
level of the metal to the lowest unoccupied molecular orbital (LUMO) of O. Analogously,
during the oxidation reaction, electrons are transferred from the highest occupied molecular
orbital (HOMO) of R to the lowest unoccupied electronic level in the electrode. Naturally,
for a given reaction to occur spontaneously the energy level from which the electron is
transferred should be higher than the energy of the final state67.

As commented upon in section 2.1.1, electrons are fermions and thus obey Fermi-Dirac
statistics. The probability of an electronic state with energy ε being occupied is given by
the Fermi-Dirac distribution function,

f(ε) = 1
1 + exp

(
ε−εF
kBT

) , (47)

where εF, kB and T denote the Fermi level, Boltzmann constant and the absolute tempera-
ture, respectively. The Fermi level is defined as a virtual electronic state characterized by an
occupation probability of 1/2. In contrast to atoms and molecules where electrons occupy
discrete states, i.e. orbitals, the electrons in a metal are delocalized into energy bands.
Generally, the core levels are fully occupied and narrow and the electrons are low in energy.
Thus, it is the bands formed by the valence states that participate in electrochemical
reactions. The reversible work required to transfer an electron from vacuum to a given
phase, in this context the solid electrode, is given by the electrochemical potential µ̃. At
constant temperature and pressure the expression for µ̃ for an electron in a phase α is
given by

µ̃α =
(
∂Gα

∂N

)
p,T

= µα − eϕα, (48)

where Gα, µα, e and ϕα are the Gibbs free energy, chemical potential, elementary charge
and electrostatic potential in the interior of the given phase, i.e. the Galvani potential,
respectively. The Galvani potential can be considered as a sum of the potential due to
bringing the electron from the vacuum to the region just above the surface of phase α and
of the potential associated with transferring the electron across the phase boundary to the
interior of α. The former part is conventionally denoted the outer, or Volta potential ψα,
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while the latter contribution is known as the surface potential χα, such that ϕα = ψα + χα.
At 0 K the electronic states of a solid are filled sequentially in accordance with the aufbau
principle. Thus, the Fermi-Dirac distribution will correspond to a step function, and the
energy of the highest occupied level will equal the Fermi level. Consequently, any electrons
added to or removed from the electrode are associated with the Fermi level, yielding
µ̃ = εF at absolute zero. In fact, the Fermi level constitutes a good approximation for the
electrochemical potential of electrons in a metal even at non-zero temperatures. Indeed, it
can be shown via a Sommerfeld expansion that µ̃ = εF + O(β−2), and considering that the
thermal energy β−1 = kBT at room temperature is relatively small, roughly 25 meV, the
higher order corrections will be negligible. The approximation that µ̃ ≈ εF is frequently
invoked in practical calculations, and will be henceforth assumed also herein68.

Applying an external voltage to an electrode will shift the electrochemical potential
accordingly. Consequently, redox reactions can be forced to proceed in otherwise non-
spontaneous directions and their rates can be tuned by varying the magnitude of the
applied voltage. According to Faraday’s law, the current flowing in an electrochemical
cell is stoichiometrically related to the number of electrons transferred in the associated
electrochemical reaction per unit time69. Thus, electrochemical reaction rates can be
monitored and controlled in situ by studying the behavior of the faradic current as a
function of the applied potential. In general, intrinsic electrochemical reaction rates vary
significantly, and within the field of electrocatalysis the central objective is to design
electrode materials that enable reactions to proceed with high rates at minimal externally
applied (over)potentials. If the charge transfer step of an electrochemical reaction occurs
between the electrode and a specifically adsorbed intermediate, the process is known as
an inner-sphere electron transfer. Here, the electronic interaction between the electrode
and the reactant is strong and the reaction rate can be optimized by a proper choice of
electrode material. On the contrary, in outer-sphere electron transfer reactions the reactant
keeps its solvation sheath and the charge transfer occurs via tunneling over a distance of
up to 10 Å. In this case the interaction between the reactant and the surface is very weak
and electrocatalysis plays a negligible role68.

3.1.1 Atomistic thermodynamics of adsorption

Adsorption plays the key part in electrocatalytically relevant inner-sphere electron transfer
reactions. By DFT calculations, the formation energy of an adsorbate covered surface can
be estimated in vacuo by calculating the difference in energy between the final configuration
and the reference states from which it is formed, typically the clean substrate slab and
the gas phase adsorbate. Given a generic adsorption process where n species A adsorb
molecularly onto a clean surface *, thus forming the adsorbate-substrate configuration A*,
the formation energy ∆Ef is written as70

∆Ef = 1
N

(EA∗ − E∗ − nEA) , (49)

where a normalization with respect to the number of surface atoms N on the clean substrate
is applied so that the formation energy essentially reflects the change in energy per unit
area due to the given adsorption process. Often, however, the normalization is made with
respect to the number of adsorbing molecules instead of the number of surface atoms,
thereby yielding the average, or integral, adsorption energy ∆Eint, which is commonly used
as a measure of adsorbate binding strengths. Defining the surface coverage of adsorbates
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as the ratio of adsorbates to the number of surface atoms θ = n/N allows the formulation
of the integral adsorption energy using equation (49) as

∆Eint = ∆Ef
θ

= 1
n

(EA∗ − E∗ − nEA) . (50)

It is important to note that the integral adsorption energy measures the relative stabil-
ity of the formed adsorbate configuration assuming all adsorbates bind to the surface
simultaneously. Hence, ∆Eint is best applied to characterize stability trends of different
surface structures, all possessing the same adsorbate coverage. However, for a more realistic
description of adsorption energetics the sequential nature of the process should be accounted
for. Indeed, while the integral adsorption energy may predict that an adsorption process
resulting in a certain final coverage θ is favorable (∆Eint < 0), calculating the incremental
change in energy between coverages θ− dθ and θ might in fact reveal that the adsorption is
unfavorable. This incremental energy change is defined as the differential adsorption energy
∆Ediff , which enables a more precise estimation of surface saturation and equilibrium
coverages. Using equation (49) we may write70

∆Ediff = d

dθ
(∆Ef) = dEA∗

dn
− EA. (51)

Studying the behavior of the differential adsorption energy as a function of coverage provides
information about the lateral interactions between adsorbates. In the case of repulsive
adsorbate–adsorbate interactions, ∆Ediff will increase as the coverage increases, but as long
as ∆Ediff < 0 adsorption will be favorable. The coverage at which the differential adsorption
energy crosses the zero level marks the saturation, or equilibrium, coverage θeq. However, it
needs to be emphasized that thus far the considered adsorption energies have been related
to 0 K total energies, typically obtained via DFT geometry optimizations. Hence, the
equilibrium coverages determined by this approach apply strictly only at absolute zero and
if zero-point energy (ZPE) contributions are negligible. For an improved description of
realistic systems, corrections due to zero-point vibrations and entropic effects need to be
included.

Within the isothermal-isobaric ensemble, the Gibbs free energy of formation ∆Gf for
the studied general adsorption process is given analogously to equation (49) as

∆Gf = 1
N

(GA∗ −G∗ − nµA) , (52)

where µA is the chemical potential of the chosen gas phase reservoir in equilibrium with
the adsorbate and the substrate at constant temperature and pressure71. Similarly, the
differential Gibbs free adsorption energy is written as

∆Gdiff = d

dθ
(∆Gf) = dGA∗

dn
− µA. (53)

In the present situation it can be safely assumed that the mechanical (pV ) contribution to
the free energy is negligible72, which enables the reformulation of the Gibbs free energy
using the Helmholtz free energy F according to G ≈ F = E+EZP −TS, where EZP and S
denote the zero-point energy and entropy, respectively71. Now ∆Gdiff can be estimated as

∆Gdiff ≈ d

dn
(EA∗ + EZP,A∗ − TSA∗) − (EA + EZP,A − TSA) , (54)
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Treating all vibrations as harmonic, the zero-point energies of n adsorbates on a surface
and the reference state are given by70

EZP,A∗ = nℏ
2
∑
i

ωi,A∗ and EZP,A = ℏ
2
∑
i

ωi,A, (55)

respectively, where ωi is the vibrational frequency of mode i. While entropies of the most
common gas phase references are readily available in thermodynamic tables, the entropic
correction to the adsorbed system needs to be evaluated separately. Typically, the entropy
of the adsorbed system is approximated as a sum of vibrational and configurational terms,
SA∗ = Svib + Sconf

73. For n independent quantum harmonic oscillators the vibrational
entropy is given according to statistical mechanics by

Svib = nkB
∑
i

[
βℏωi,A∗

eβℏωi,A∗ − 1
− ln

(
1 − e−βℏωi,A∗

)]
, (56)

where β = (kBT )−1. For the configurational entropy a simple statistical model assuming
Langmuirian adsorption is conventionally applied73,74, yielding

Sconf = −NkB [θ ln θ + (1 − θ) ln(1 − θ)] . (57)

Thus, the final expression for the differential adsorption free energy of the considered
generic process can be formulated via the equation

∆Gdiff = ∆Ediff + ∆EZP,diff − T∆Sdiff , where

∆EZP,diff = ℏ
2

(∑
i

ωi,A∗ −
∑
i

ωi,A

)
and

∆Sdiff = kB

{∑
i

[
βℏωi,A∗

eβℏωi,A∗ − 1
− ln

(
1 − e−βℏωi,A∗

)]
+ ln

(1 − θ

θ

)}
− SA.

(58)

The presented approach for evaluating the ZPE and entropic corrections to the adsorption
energy demands only that a normal mode analysis (NMA) of the geometry optimized
adsorbed system is performed. While providing a computationally efficient method for
studying adsorption processes at a non-zero temperature, the inherent limitations need to
be considered and carefully evaluated against the desired accuracy. The main source of
error is the lack of statistical sampling, resulting in inaccuracies in the finite temperature
correction estimates. Indeed, for a more rigorous evaluation of free energies, methods
based on extensive molecular dynamics simulations, such as thermodynamic integration,
are required58,75. A further analysis of thermodynamic integration schemes is, however,
beyond the scope of this thesis.

3.2 Electrode potential and the electronic work function

As introduced in section 3.1, the electrostatic potential within a phase α is characterized
by an inner, Galvani potential ϕα. The contributions giving rise to the Galvani potential
are due to free charges at the phase boundary, resulting in the Volta potential ψα, and
the interfacial dipole structure that creates a surface potential χα. Thus, the Galvani
potential is given by the sum of the contributions as ϕα = ψα + χα. Equivalently, the
surface potential can be interpreted as the potential drop experienced upon crossing the
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interface from the vacuum to the condensed phase α, χα = ϕα − ψα 75. The point within
the vacuum at which the Volta potential ψα is defined should be located at a distance from
phase α that is small compared to the macroscopic size of the surface, yet sufficiently large
that that the influence of image forces is negligible76. The schematic of a vacuum–metal–
solution–vacuum (V|M|S|V) model of an electrochemical interface and the relation between
the respective potentials is presented in figure 1.

Figure 1: Schematic figure illustrating the behavior of the plane averaged electrostatic
potential within an electrochemical slab model. The respective Galvani, Volta and surface
potentials are indicated76.

In figure 1 superscripts M and S are used to mark quantities associated with the metal
and solution phases, respectively. The arrow on the far left side illustrates the process of
transferring an elementary charge from the vacuum across the vacuum–metal boundary
to the interior region, where the associated potential drop is given by χM = ϕM − ψM.
Similarly, the arrow on the far right depicts the transfer of the test charge from the interior
of the solution across the boundary to the vacuum, with the corresponding potential
drop given by −χS = ψS − ϕS. However, from an electrochemical point of view perhaps
the most interesting process occurs at the metal–solution interface75. If the phases were
non-interacting, the change in the Galvani potential across the interface would be simply
given by the difference in surface potentials, ∆S

Mχ = χS − χM. This would further imply
a vanishing Volta potential difference ∆S

Mψ = ψS − ψM at the potential of zero charge
(PZC), i.e. the equilibrium potential of an uncharged electrode. In reality, however, the
metal–solution interaction results in a perturbation of the charge distribution at the metal
surface, as well as induces a net orientation of the solvent dipoles within the contact layer.
Denoting these alterations in the surface potentials δχM and δχS, respectively, yields for
the actual potential drop across the interface68

∆S
Mϕ = ∆S

Mχ+ δχS − δχM, (59)

which further enables the identification of the Volta potential difference in terms of the
respective surface potential perturbations as ∆S

Mψ = δχS − δχM.
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Considering further the model electrochemical system depicted in figure 1, the absolute
electrode potential UM|S(abs) can be related to the metal work function in vacuum ΦM via

UM|S(abs) = ΦM

e
+ ∆S

Mψ, (60)

in accordance with the definition of Trasatti77. As previously, e and ∆S
Mψ denote the

elementary charge and the metal–solution Volta potential difference, respectively. The
Volta potential difference quantifies the potential drop experienced by an elementary charge
at a point outside the the metal vs. a point outside the solution, while the work function
characterizes the reversible work required to remove a single electron from the metal and
transfer it to a point in the vacuum just above the surface. As discussed in section 3.1,
the energy level within the electrode from which the electron is removed is rigorously
characterized by the electrochemical potential µ̃, although this is commonly approximated
using the Fermi level68. Therefore, since the potential drop across the interface is given
by the surface potential −χM and the potential outside the metal is characterized by the
Volta potential ψM, the work function can be formulated as78

ΦM = −µ̃− eχM = −µ+ eψM, (61)

where the definitions of the electrochemical potential (48) and the surface potential have
been utilized. Combining equations (60) and (61) yields for the absolute electrode potential

UM|S(abs) = −µ

e
+ ψM + ∆S

Mψ = −µ

e
+ ψS. (62)

Furthermore, rewriting equation (62) using units of energy instead of voltage allows the
definition of the work function of the metal electrode M in contact with the solution S via

ΦM|S = eUM|S(abs) = −µ+ eψS. (63)

Based on the definition (63) it is evident that the work function of the metal–solution
system should be interpreted as the minimum energy required to remove an electron
characterized by the chemical potential µ from the metal and transfer it to the vacuum
region outside the solution phase75.

The outlined formalism for describing the electrode potential uses the vacuum level as
the energy reference and is consequently referred to as the absolute potential scale. While
serving as a convenient reference within computational studies, experimental electrochemists
conventionally measure electrode potentials with respect to a chosen reference electrode. A
common example is the standard hydrogen electrode (SHE), which defines the potential
scale based on the half-cell reaction 1

2 H2(g) −−⇀↽−− H+(aq) + e– (vac) on a platinum electrode
at standard conditions (pH2 = 1 bar, aH+ = 1, T = 298 K, e– in vacuum at rest)79. An
expression for the absolute electrode potential of the SHE is obtained by considering a
thermodynamic cycle where the aqueous proton formation is split into gas phase oxidation
followed by solvation of H+(g)75. Thus,

USHE(abs) =
∆Gg,◦

H+ − ΦH+

e
, (64)

where ∆Gg,◦
H+ is the standard free energy of formation of a gas phase proton from H2(g)

and −ΦH+ is the surface potential corrected free energy of solvation of the proton, i.e. the
negative work function for extracting a proton from the solution and transferring it out
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of the aqueous phase. Estimates for ∆Gg,◦
H+ and ΦH+ are known from experiments, and

the value for USHE(abs) determined by Trasatti and accepted by the International Union
of Pure and Applied Chemistry (IUPAC) is 4.44 V77. Thus, given an electrode potential
on the absolute scale, a conversion to the SHE scale can be performed by subtracting the
above value, i.e.

UM|S(SHE) = UM|S(abs) − USHE(abs) = UM|S(abs) − 4.44 V. (65)
Since a good estimate for the value of USHE(abs) is known, a computational determination
of the electrode potential on the electrochemically relevant scale using equations (63) and
(65) amounts to calculating the Fermi level of the studied electrode and the Volta potential
in the vacuum outside the electrolyte solution, assuming a model system in accordance
with figure 175. In practical calculations the Fermi level is routinely evaluated as the energy
of the electronic state with half occupancy, while the Volta potential is on the other hand
obtained by studying the asymptotic decay of the laterally averaged electrostatic potential
in the vacuum, assuming a plane symmetric system. The considered electrostatic potential
is generated by the total charge density, i.e. both valence electrons and ionic cores, and
behaves as illustrated in figure 1. Assuming an electrode with a surface normal n along
the z-coordinate, the laterally averaged electrostatic potential can formally be written as80

vtot(z) = 1
A

∫∫
S
vtot(r)dxdy, vtot(r) = v(r) + vH(r) (66)

where
∫∫

S denotes integration over the cross-sectional surface area (A) of the studied
supercell and vtot(r) is the total electrostatic potential, also frequently called the total
Hartree potential. The Volta potential is subsequently determined at a point zv in the
vacuum at which the corresponding plane averaged electrostatic potential has converged to
a sufficiently constant value, i.e. ψS = vtot(zv)/e. In the ideal theoretical situation of an
infinitely large electrode, ψS is evaluated at the limit z → ∞. It is important to note that
the herein considered model system is asymmetric along the surface normal, and has thus
an associated net surface dipole. Due to the periodic boundary conditions conventionally
imposed in DFT calculations, the surface dipole will create an artificial electric field across
the system that needs to be appropriately corrected81.

As mentioned initially, the potential drop across the metal–solution interface is given
by equation (59) and depends thus directly on the surface dipole structure formed by the
non-uniform charge distribution and the net solvent dipole orientation68,80. The charge
distribution at the surface is often qualitatively explained via the jellium model82, a theory
closely resembling the local density approximation within DFT. Here, the ionic cores are
represented by a constant background charge with which the slowly varying gas of valence
electrons interacts. While the background charge is assumed to vanish instantly at the
boundary of the system, i.e. the jellium edge, the electron density experiences increased
oscillations close to the surface and decays asymptotically to zero upon crossing the edge.
Thus, a dipole directed towards the bulk is formed at the interface. However, for sparse
and stepped surfaces the smoothly varying electron density will result in a partial exposing
of the positively charged fixed ionic cores at the step edges. This creates an oppositely
directed dipole, compensating the initial surface dipole. Further perturbations in the
surface charge distribution can be associated e.g. with the introduction of adsorbates or a
solvent that consequently alter the resultant surface dipole via electronic interactions68.

The definition of the work function entails the transfer of an electron across the consid-
ered interface. Thus, based on the above discussion the work function, and consequently
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the electrode potential, depend as well on the exposed crystal facet, presence of adsorbates
and the interfacial solvent structure via the respective surface potentials. The surface
dipole dependence of the metal–vacuum work function has already been explicitly written
in the first equality of equation (61). Essentially, in this definition of the work function
the chemical potential and the Volta potential are referenced to potential in the metal
interior, i.e. the metal Galvani potential80. This becomes evident by writing µ̃ = µ− eϕM

and −χM = ψM − ϕM. For the metal–solution interface the corresponding expression can
be written analogously using equation (63) as

ΦM|S = −(µ− eϕM) + e(ψS − ϕM)
= −µ̃+ e(∆S

Mψ − χM)
= ΦM + e(δχS − δχM).

(67)

where in the last equality the metal work function in vacuo has been identified and the
Volta potential difference has been written using the surface potential perturbations as
implied by equation (59). The final result of equation (67) enables the formulation of
the work function difference between the electrochemical interface and the pristine metal
surface in terms of the associated changes in the surface potentials,

∆Φ = ΦM|S − ΦM = e(δχS − δχM). (68)

Thus, by measuring changes in the electrode work function, information regarding surface
processes at electrochemical interfaces, e.g. adsorption and solvent reorientation, can
be extracted. For this purpose, the work function change is conventionally split into
electronic and orientational contributions, i.e. ∆Φ = ∆Φel + ∆Φori

83–86. Following Besocke
and Wagner87, the perturbation in the surface potential due to electronic effects can be
reformulated using the Helmholtz equation, yielding expression (69) as a direct relation
between ∆Φel and the corresponding change in the dipole moment per unit area ∆πel at
the surface,

∆Φel = −eδχM = − e

ε0
∆πel. (69)

where ε0 is the vacuum permittivity. In the present context only planar surfaces are
considered and thus the surface dipole density is defined as the surface normal projected
dipole moment per unit area. Assuming a surface defined by a normal vector along the
z-coordinate, the surface dipole density difference due to interfacial charge redistribution
is given by

∆πel = −
∫

I
z∆n(z)dz, (70)

where
∫

I denotes integration from the metal bulk across the interface and ∆n(z) is the
induced change in the laterally averaged electron density, obtained in analogy with equation
(66)88. The negative sign is introduced since the electron density describes the number
density of electrons, not the charge density, ergo a positive ∆n(z) will indicate a negative
change in the charge density and vice versa.

According to equation (69), a positive change in the surface dipole moment will result
in a reduction of the work function. This is generally observed for the adsorption of
electropositive species or, as mentioned in the context of the jellium model, for surfaces
exhibiting strong corrugation. The latter example manifests as an apparent anisotropy
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of the work function of metals as initially reported by Smoluchowski89. Vice versa, work
function increase is observed for negative changes in the surface dipole moment, associated
e.g. with adsorption of electron withdrawing species. While this simple picture is generally
valid, exceptions have been reported where electronegative adsorbates have induced negative
changes in the electrode work function, such as for nitrogen adsorption on W(100)90 or
iodine adsorption on Cu(111)91. In the former case the work function reduction was
argued to stem from the fact that nitrogen adsorbs on W(100) at a distance that is
below the maximum surface overspill electron density. The short substrate–adsorbate
distance consequently results in a charge depletion in this overspill region in favor of charge
accumulation on the adsorbate bonding orbitals, and hence a positively directed change
in the surface dipole moment and a work function reduction. For iodine adsorption on
Cu(111) the counter-intuitive work function decrease was on the other hand claimed to be
a result of the large polarizability of iodine, overcompensating the electron transfer from
the copper substrate to iodine.



28

4 The platinum–water interface

4.1 Structure

Elucidating the atomistic details of realistic solid–liquid interfaces is challenging by the
experimental methods commonly applied within conventional surface science. Thus, early
experimental studies of metal–water contacts were concerned with simplified systems of
water clusters and single layers adsorbed on low-index crystal facets at UHV conditions1.
Low energy electron diffraction (LEED) measurements performed by Doering and Madey92

suggested that a single layer of water adsorbed on a ruthenium (0001) crystal facet attains
a commensurate (

√
3 ×

√
3)R30◦ surface structure corresponding to a water coverage of

2/3 ML. Furthermore, the experiments indicated that a single adlayer of water adopts a
bilayer structure, in which every other water molecule is raised or lowered by roughly 0.5 Å
relative to an ideally planar configuration, much resembling the (001) basal plane of ice Ih.
The lower water adlayer was argued to interact with the metal d-band via the frontier 3a1
and 1b1 oxygen lone-pair orbitals, whereas the water molecules of the upper sublayer were
suggested to hydrogen bond to the lower layer in an “H-up” or “H-down” fashion. The
H-up and H-down bilayers correspond to configurations in which the hydrogen atoms not
bound to the lower part of the bilayer are oriented away from or towards the substrate,
respectively. Model structures for the H-up and H-down bilayers, as well as the partially
dissociated water bilayer discussed below, are presented in figure 2.

The bilayer model proposed by Doering and Madey92 was widely adopted in later
studies to describe the structure of metal–water interfaces in general. While the model
was further supported by independent LEED measurements93, as well as by later scanning
tunneling microscopy (STM) studies94 and certain DFT calculations95,96, careful LEED-IV
measurements carried out by Held and Menzel97 provided evidence of a markedly flatter
water adlayer structure, thereby questioning the universal validity of the bilayer model. In
LEED-IV, the variation of the intensity of the LEED spots is analyzed as a function of the
electron energy in order to extract additional information of the system, e.g. regarding
adsorption height and adsorption site/registry. The results of Held and Menzel were later
reproduced and refined both experimentally98,99 as well as computationally100, with the
conclusion that the nearly co-planar water structure is attained as a consequence of partial
dissociation of H2O, forming a mixture of specifically adsorbed H- and OH-species and
intact water molecules. As a consequence of the development of measurement techniques
and establishment of computational methods, a rich diversity of water–metal structures
have been identified, thus emphasizing that simple interfacial models such as the bilayer
model are not universally applicable, not even on atomically flat close-packed crystal facets1.
Indeed, the water structures formed are determined through the fine balance between
system-specific metal–water and water–water interactions, which are further affected by
factors such as temperature, pressure and applied potential.

While partially dissociative adsorption of a water monolayer appears to occur on
Ru(0001), clean low-index platinum (111), (100) and (110) surfaces are known to interact
more weakly with water, thereby resulting in intact adsorption101–105. Seminal LEED
measurements106 of single water adlayers on Pt(111) indicated a bilayer-type (

√
3×

√
3)R30◦

geometry as initially observed for Ru(0001), but later He-scattering107, LEED108, STM109

and DFT110 studies suggested that a longer range (
√

37 ×
√

37)R25◦ or (
√

39 ×
√

39)R16◦

periodicity more accurately describes the water monolayer structure on Pt(111). Indeed,
it has been shown that the commensurate hexagonal (

√
3 ×

√
3)R30◦ structure can be
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(a) (b) (c)

(d) (e) (f)

Figure 2: Top and side views of the (a,d) H-down, (b,e) H-up and (c,f) half-dissociated
water bilayer models on a close-packed face-centered cubic (111) metal surface100. The
blue lines mark the boundaries of the (

√
3 ×

√
3)R30◦ surface unit cell.

reproduced on an ideal Pt(111) surface only if the surface has been deliberately precovered
by specifically adsorbed oxygen species which effectively bind the free water molecules into
registry with the substrate atoms111. Regarding the orientation of the free OH bonds in
water bilayers on Pt(111), various x-ray spectroscopy studies by Ogasawara et al. have
revealed that water bilayers tend to favor a H-down adsorption configuration103,112. This
observation has been corroborated by numerous DFT calculations105,111,113,114. However,
simulations performed by Delle Site et al.115 employing a mixed H-up/H-down bilayer in a
large simulation supercell have suggested that an even further structural stabilization can
be achieved. Indeed, the increased disorder of the studied bilayer configuration appears to
optimize hydrogen-bonding within the water network, especially if the bilayer is surmounted
by additional water molecules.

Considering the conditions relevant in conventional electrochemical systems, single
water layers on clean metal surfaces in UHV at cryogenic temperatures do not accurately
reflect the interfacial structure of realistic electrode–electrolyte contacts. However, the
mentioned inherent challenges with experimentally probing metal surfaces covered by
liquid water or water multilayers has largely restricted the atomistic analysis to simple
water clusters and bilayers116. Continuous advances within computational power and
efficiency of code implementations have fortunately enabled the simulation of structures of
increasing complexity1. Especially DFT based molecular dynamics studies have provided
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invaluable insights into the interfacial details and reactivity of model electrodes. The
recent developments have indeed allowed computational approaches to extend from static
geometry optimizations of water clusters/bilayers towards simulation of reasonably well
thermalized contacts between metals and liquid water. Although computer simulations of
such systems have already been possible for several years using force-field based classical
molecular dynamics117–120, a proper treatment of the electronic structure and its direct role
in metal–water and water–water interactions on the quantum mechanical level is necessary
for accurate description of e.g. bond breaking and -formation.

Attempts to elucidate the structure of low-index platinum–water interfaces at ambient
conditions via DFTMD calculations have been conducted extensively, with main focus on
the pristine close-packed Pt(111) facet51,86,95,96,114,121–124. A common conclusion presented
in the above studies is that the water layer in contact with the Pt substrate is disordered
due to thermal fluctuations as well as competing interlayer water–water interactions, which
prevent the formation of an ice-like contact layer. However, despite the apparent lack
of an ordered interfacial structure, the contact layer can be clearly distinguished from
bulk-like water by studying the density profile, which reveals a high-density liquid (HDL)
peak close to the platinum surface at distance of ca. 3 Å. A further decomposition of this
initial high-density liquid peak into distinct sub-peaks has been observed in certain studies,
corresponding to different preferred water orientations. For example, Le et al.86,124 studied
water on Pt(111) at the potential of zero charge using DFTMD, and reported the existence
of three preferential water orientations close to the metal surface. Within 3 Å from the
surface, water molecules were found to interact with the metal mainly via the 1b1 oxygen
lone-pair frontier orbital, thus adopting a nearly planar O-down orientation, similar to
what was observed in the lower sublayer of the early bilayer model92. In contrast, water
molecules between 3 Å and 4 Å from the surface exhibit H-down or H-up orientations, of
which H-down appears to be on average slightly more favored. The average surface water
coverage was estimated to ca. 0.8 ML. A consequence of the different water orientations at
the surface is that the various populations experience varying degrees of hydrogen bonding.
The lowest O-down layer as well as the H-down species were observed to exhibit decreased
hydrogen bonding, while H-up species interact significantly with also non-surface water,
thus maintaining an almost intact coordination shell. Bulk-like behavior of the water-phase
was observed to emerge at distances above 7 Å from the surface.

From an electrochemical point of view, the effect of the electrode potential on the
interfacial water structure is a highly relevant topic. The treatment of varying electrode
potentials within periodic DFT calculations is problematic, since the fundamental Kohn-
Sham formalism is constructed to apply at the canonical ensemble, where the number
of electrons in the system is kept constant. Indeed, in a proper electrochemical system
the electrochemical potential, not the number electrons, is fixed, indicating that a grand
canonical (µV T ) formulation of DFT should be applied80. The basic theory of grand
canonical KS-DFT has been rigorously formulated125,126, but practical implementations
have not reached considerable popularity due to being computationally very expensive
and thus infeasible to be applied for extended systems127. Thus, approximative schemes
for controlling the electrode potential within KS-DFT have been devised128–131. In an
equilibrium molecular dynamics simulation the electrode potential is determined as outlined
in section 3.2 and will fluctuate around an equilibrium value due to the varying surface
dipole structure. If the system is charge neutral the average electrode potential corresponds
to the PZC, whereas other potentials can be realized by introducing a net charge to the
system. It is noteworthy that such a system corresponds essentially to an isolated capacitor,
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not an electrochemical cell, and therefore to approximate the grand canonical behavior
appropriate corrections need to be applied a posteriori 129,130.

Despite the fundamental challenges associated with a proper modelling of constant
electrode potentials, multiple studies addressing the potential-dependent dynamics of
platinum–water interfaces have been presented51,76,96,121,132. Otani et al.76 investigated the
structure of the Pt(111)–water interface under a negative bias potential, reproducing the
experimentally well known133 O-down to H-down reorientation of surface water molecules
as the potential was decreased 40 mV below the PZC. However, no significant densification
of the contact layer was observed, even at potentials as low as −0.8 V vs. the PZC. Schnur
and Groß studied in addition the vibrational spectra of the contact layer water molecules
at negative and positive bias potentials96. They report a redshift of the OH stretching
modes for negatively polarized Pt(111), indicative of an increased metal–water interaction
that consequently weakens the intramolecular bonding between water molecules. This is
an example of the electrochemical activation of water, which ultimately will result in H2O
dissociation given that a sufficient bias is applied134.

For an even more detailed analysis of the electrochemical interface, the influence
of chemisorbed species should be addressed. For example, platinum surfaces in acidic
media are known to be covered by considerable amounts of specifically adsorbed hydrogen
species135–137. A study accounting for a chemisorbed hydrogen adlayer has been presented
by Roman and Groß123 for the Pt(111) surface with hydrogen coverages around 1 ML.
Compared to a reference calculation for the adsorbate-free electrode, the performed DFTMD
simulations suggest a significant increase from ca. 3.2 Å to 4.3 Å in the distance between
the metal surface and the oxygen atoms of the closest water layer. Simultaneously, a minor
peak at 2.4 Å corresponding to O-down water species, as also reported by Le et al.124,
was observed to disappear. In an earlier study, Schnur and Groß96 have demonstrated
that the fraction of O-down water species in close contact with a metal surface correlates
with the magnitude of the substrate specific metal–water interaction. Based on this, the
authors concluded that a specifically adsorbed layer of hydrogen consequently weakens
the interaction strength. However, despite the apparent weakening of the platinum–water
interaction, the formation energy of the studied water film was not observed to change.
Hence, it was argued that a concomitant strengthening of the water–water interaction
occurs as the metal–water interaction is decreased. This would suggest that water on a
hydrogen covered platinum electrode would adopt a higher degree of order, which was
supported by an analysis of the water angular distribution functions, namely the dipole
angle, O-O-O angle and H2O plane angle distributions.

Despite the new insights provided by computational studies of metal–water interfaces,
the reliability of previous studies has not been comprehensively validated with respect
to e.g. functional dependence, simulation time and system size. Indeed, most of the
reported DFTMD results have been obtained from production runs that have been limited
to short time scales of ≤ 10 ps with even shorter equilibration periods of only a few
picoseconds76,86,96,122–124,132. Furthermore, in the simulations carried out by Groß et
al.96,122,123 only single or double bilayers of water are considered, thus conveying a biased
description of the water phase with spurious lateral water–water interactions when compared
to a thicker water film. Finally, the vast majority of previous calculations on metal–water
interfaces have employed the conventional PBE functional (with or without dispersion
corrections), which is well known to yield an overstructured description of water55,56.
While this problem can be amended by performing simulations at elevated temperatures,
the approach is problematic as it is applicable strictly speaking only for simulations of
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bulk water systems. Indeed, performing simulations of metal–water interfaces at elevated
temperatures will likely yield satisfactory properties for water, but the dynamic properties
of the interfacial region as well as the metal substrate will be incorrectly reproduced.

Finally, the validity of using unreconstructed, low-index crystal facets as models for
realistic electrodes demands a brief discussion. Especially within electrocatalysis, it is
desirable to maximize the surface area to volume ratio of the active material so that a high
concentration of active surface sites is achieved. Thus, electrocatalytically active electrodes
are conventionally constructed by dispersing nanoparticles onto suitable support materials,
such as different conductive allotropes of carbon. The applied nanoparticles are typically
a few nanometers to a few hundred nanometers in size, corresponding to ca. 102 to 104

atoms138. In the case of crystalline materials, such as metal nanoparticles, the equilibrium
shape and exposed crystal facets are determined by minimizing the total surface free energy
given by the surface integral

∫
γ(n)dS, where γ(n) is the surface energy of a certain facet

characterized by the surface normal vector n. Wulff’s theorem139 states that for a crystal
at equilibrium there exists a point in the interior such that its perpendicular distance
from the ith facet is proportional to γ(ni). This provides a mathematical procedure for
constructing the equilibrium crystal shape (ECS) of a material given the surface energies of
various facets140. For a face-centered cubic (fcc) metal, the (111) and (100) surfaces have
the lowest surface energies, resulting in an ECS corresponding to a truncated octahedron
with size-dependent ratios of exposed (111) and (100) facets. This applies at absolute zero
and as the temperature is increased other facets, such as the (110) surface, will emerge
along with various thermally induced defects. Thus, it is evident that carefully synthesized
and therefore well defined nanoparticles contain crystal terraces that are equivalent to the
low-index facets conventionally studied computationally.

As mentioned above, the (111) facets of fcc metals, such as platinum, have low surface
energies and thus tend not to reconstruct in vacuo 138. The same is also observed in an
electrochemical environment, where Pt(111) remains unreconstructed in a wide potential
range. When prepared in UHV, the Pt(100) surface on the other hand reconstructs to
attain a quasi-hexagonal close-packed surface structure denoted Pt(100)-hex. However,
this reconstruction is metastable and known to be lifted as a consequence of hydrogen
adsorption or immersion in an electrolyte solution141,142. Expectedly, due to the even
higher surface energy of the Pt(110) facet a reconstructed surface structure is favored in
UHV. Specifically, the resulting reconstruction is characterized by the loss of every other
row of surface Pt atoms. Hence, the (110) surface attains a (1 × 2) periodicity and is
frequently denoted the “missing-row” structure, or Pt(110)-(1 × 2). In UHV conditions,
heating the Pt(110)-(1 × 2) surface above a critical temperature of roughly 900 K will lift
the reconstruction, while hydrogen adsorption has been observed to have no effect on the
surface structure141. However, Marković et al.143,144 have demonstrated that the specific
flame annealing procedure employed to produce a single-crystal Pt(110) electrode plays a
decisive part in determining whether the unreconstructed Pt(110)-(1 × 1) or the missing-
row Pt(110)-(1 × 2) structure forms. Studying the as prepared facets in electrochemical
conditions revealed that both surface structures were in fact stable in a wide potential
window between 0 and 1 V. This has later been argued to be a consequence of the
very low surface mobility of Pt atoms141. In conclusion, both the reconstructed and the
unreconstructed Pt(110) surfaces are experimentally realizable and thus relevant to be
employed as model electrodes in computational studies of electrochemical systems. The
same applies for the unreconstructed Pt(111) and Pt(100) facets.
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4.2 Electrocatalytic properties

Platinum possesses an ideal electronic structure for the catalysis of a multitude of both gas-
and condensed phase reactions. Within electrocatalysis, platinum constitutes one of the
best performing electrode materials on which e.g. the hydrogen evolution reaction (HER)
proceeds with minimal energy losses due to activation overpotentials. HER, 2 H+(aq) +
2 e– −−⇀↽−− H2(g), corresponds to the cathodic half-reaction of the water-splitting process
in which water is electrolyzed to yield molecular oxygen and hydrogen. The reaction
mechanism is composed of an initial electrochemical adsorption step, the Volmer reaction,
followed either by an Eley-Rideal type electrochemical desorption step, the Heyrovský
reaction, or a chemical recombination similar to the Langmuir-Hinshelwood mechanism,
the Tafel reaction. In acidic media, the different reaction steps can be formulated as,

H+(aq) + e− −−⇀↽−− H* (Volmer)
H* + H+(aq) + e− −−⇀↽−− H2(g) (Heyrovský)

2 H* −−⇀↽−− H2(g), (Tafel)
(71)

where H* denotes a chemisorbed hydrogen intermediate and H+(aq) is used as a shorthand
notation referring to a solvated proton precursor, usually attaining the form of a Zundel or
Eigen cation, H5O2

+ and H9O4
+, respectively. Within this simple picture the two possible

HER pathways are consequently denoted the Volmer-Heyrovský and the Volmer-Tafel
mechanisms68.

The activity of Pt, and other heterogeneous catalysts in general, is often qualitatively
rationalized based on the apparent correlation between measures of activity, e.g. the turnover
frequency or the exchange current density, and the adsorption energy of key intermediates,
H* in the case of HER. The theoretical justification of the model is based on the Sabatier
principle, according to which the adsorption of intermediates in a heterogeneously catalyzed
reaction should be neither too strong nor too weak to avoid the poisoning of the catalyst
surface and insufficient activation of the reactants, respectively. Therefore, optimal catalysts
should adsorb intermediates moderately (∆G ≈ 0), which consequently manifests as a
volcano-shaped plot for the logarithmic measure of activity vs. the adsorption energy145,146.
There are, however, fundamental issues with the volcano plot model in the context of
electrocatalysis. In particular, the electrode potential dependence of the adsorption of
charged intermediates is not accounted for. Indeed, if the model was strictly valid for
electrochemical reactions as well, measured current-potential curves would adopt the same
volcano-shaped form with the current, i.e. the reaction rate, being maximized at the point
where ∆G(U) = 0. This behavior is generally not observed, and e.g. in the case of HER
the current typically increases monotonously as the potential is swept in the cathodic
direction147. Furthermore, the model assumes that a certain studied reaction proceeds
via the same transition state on all surfaces, and therefore does not consider the possible
existence of multiple different adsorption intermediates. Thus, care must be taken when
using the volcano plot formalism to evaluate and compare activities of different catalyst
materials. Moreover, the model should preferably be only applied within its initial domain
of definition, i.e. gas phase heterogeneous catalysis.

An alternative and theoretically more rigorous model for explaining the catalytic activity
of metals is based on an explicit analysis of the electronic structure, in particular the
d-band structure, the influence of which on the general adsorption properties is captured in
the early theory of Anderson and Newns148,149. The modern formulation and application
of the theory for heterogeneous catalysis was presented by Hammer and Nørskov150,151 for
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H2 dissociation at metal–vacuum interfaces, where it was demonstrated that the position
of the d-band center and the strength of its coupling to the adsorbing reactant largely
determine the catalytic activity of metal surfaces. Indeed, upon adsorption the formed
metal–adsorbate orbital is split into a bonding and an antibonding state, the positions of
which are determined by the initial location of the metal d-band. If the d-band center is in
the immediate vicinity of the Fermi level, the bonding orbital will be formed at an energy
level below the Fermi level and thus be completely filled, while the antibonding state will
be pushed above the Fermi level and thus be unoccupied. It is therefore evident that the
closer the d-band center is to the Fermi level, the stronger will the chemisorbed species be
bound to the surface. In contrast, d-band centers located far below or above the Fermi
level will yield weaker adsorption due to increased or decreased filling of the antibonding
and bonding orbitals, respectively. The magnitude of the splitting is moreover determined
by the coupling strength between the surface and the adsorbate, which is furthermore
proportional to the magnitude of the overlap between the respective orbitals, and plays thus
also an important role in determining the catalytic properties. While the above discussion
refers only to ground states, the same arguments appear to hold for activated intermediates
as well, i.e. a metal with a d-band that straddles the Fermi level and that couples strongly
to the reacting species will subsequently stabilize the transition state such that activation
energies are lowered in comparison to metals characterized by lower-lying d-bands and
weaker coupling elements. This claim is more challenging to justify theoretically, but has
been empirically demonstrated to hold152.

The d-band model of gas phase heterogeneous catalysis has been successfully extended
and modified by Schmickler et al. to apply for electrocatalytic reactions as well147,153–156.
Herein the same conclusions regarding the origin of catalytic activities remain, namely that
active electrodes should possess a d-band center in close proximity to the Fermi level along
with a strong tendency to couple electronically to the valence orbitals of the reactants.
Furthermore, a more elaborate explanation for the observed reduction in activation energies
associated with metals characterized by a d-band centered at the Fermi level is presented
by including the effect of the solvent. Specifically, it is considered that at the critical stage
of an electrocatalytic reaction a thermal fluctuation of the solvent molecules raises the
energy of the reactant past the Fermi level such that a significant broadening of the density
of states occurs. This subsequently lowers the energy of the transition state, i.e. decreases
the activation energy of the reaction.

The optimal d-band characteristics are satisfied closely by platinum, thereby explaining
its exceptional activity towards e.g. HER electrocatalysis. Experimentally, the electrocat-
alytic activity of single-crystal platinum electrodes has been studied comprehensively by
Marković et al.135–137,141,157,158. Based on in situ electrochemical measurements of HER
in an acidic electrolyte, it is reported that the reaction rate on the Pt(110) surface is
the highest, followed by Pt(100) and Pt(111). The measured activation energies of the
rate-determining steps (RDS) are 0.10 eV, 0.12 eV and 0.19 eV, respectively. In contrast,
significantly slower rates are measured in an alkaline solution, where activation energies
as high as 0.48 eV are reported for HER on Pt(111). Furthermore, the reactivity trend
is observed to change compared to the acidic environment such that Pt(111) exhibits a
higher activity towards HER catalysis than Pt(100) while Pt(110) remains the most active
low-index surface. While these observations illustrate well the structure and environment
dependence of HER, the detailed elucidation of the dominating reaction mechanisms, not
to speak of the atomistic details of the surface structure during operating conditions,
is highly challenging by conventional electrochemical techniques. In an acidic environ-
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ment, Marković et al.135 suggest that the dominating pathway for HER on Pt(110) is the
Volmer-Tafel mechanism with the Tafel step constituting the RDS, while on Pt(100) the
Volmer-Heyrovský mechanism is proposed with the latter step corresponding to the RDS.
However, based on the performed kinetic analyses the predominant mechanism on Pt(111)
could not be determined. Later electrochemical studies have been largely inconclusive,
providing evidence both supporting and contradicting the initial findings145,159–161.

However, while no general consensus on the reaction mechanism of HER on single-
crystal Pt electrodes has been reached, a common conclusion has nevertheless been made
regarding the presence of two different states of chemisorbed hydrogen on the surface.
Indeed, it has been observed159,162,163 that hydrogen adsorption on platinum is initiated
already at potentials ca. 0.4 V above the HER equilibrium potential. These species are
consequently termed underpotential deposited hydrogen atoms (Hupd), and are strongly
bound to the platinum surface. Due to the large adsorption strength, Hupd does not
participate in HER and thus plays the role of a spectator species. The adsorption of Hupd
has been found to be highly structure sensitive, based on which it has been generally
argued that the observed structure sensitivity of HER on Pt single-crystals is due to the
different affinities of the surfaces to host Hupd intermediates. Mainly, it is presumed that
Hupd exhibits a blocking effect by competing with the reactive hydrogen intermediates,
overpotential deposited hydrogen (Hopd), for the same active sites. Furthermore, an
energetic effect has been suggested, according to which Hupd species may activate each other
via repulsive interactions such that a formal Hupd → Hopd transition from an unreactive to
an activated state ensues135,141. The equilibrium coverages of Hupd have been estimated
experimentally and are rather considerable. On Pt(111), Marković et al. report a Hupd
coverage of 0.66 ML135, while on Pt(100) and Pt(110) studies have suggested coverages of
≥ 1 ML137,164. Furthermore, the Hupd and Hopd species have been characterized based on
their vibrational properties using electron energy loss and infrared reflection-absorption
spectroscopies. For Hupd a vibrational frequency of 1200 cm−1 is conventionally assigned165,
whereas a higher value of 2100 cm−1 is associated with Hopd

161. This is consistent with the
picture that Hupd species occupy three-fold hollow fcc sites on Pt(111), while Hopd would
be adsorbed to top sites.

As in the case of elucidating the atomistic structure of metal–water interfaces, the
catalytic activity of platinum single-crystals can be further resolved using computational
methods. DFT calculations of HER on Pt(111) have been conducted by Skúlason et al., using
the nudged elastic band (NEB) method for the transition state search166. The electrolyte
solution was approximated by performing the calculations on a surface surmounted by a
static H-down bilayer of water and the electrode potential was varied by adding hydrogen
atoms into the water phase. The insertion of excess hydrogen into the system can be
shown to result in the formation of solvated protons coupled with the transfer of excess
electrons to the Pt surface, thereby perturbing the electrochemical potential. A Hupd
coverage of roughly 1 ML was employed in all calculations. The obtained reaction barrier
for the Volmer reaction was roughly 0.15 eV close to the equilibrium potential (0 V vs.
SHE), while for the Tafel reaction a value of ca. 0.80 eV was found. On the other hand, for
the Heyrovský reaction a lower activation energy of 0.60 eV was reported, thus suggesting
that HER on Pt(111) proceeds via the Volmer-Heyrovský mechanism with the Heyrovský
reaction constituting the RDS.

Evidently, the activation barriers reported by Skúlason et al.166 are significantly larger
than the ones obtained experimentally135. The possible reasons for the observed discrepan-
cies are several, including the static description of the solvent phase and the fact that the
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electrode potential was not rigorously treated. Indeed, all calculations were performed at
geometry optimized local minima and therefore the important thermal fluctuations present
in a realistic system were neglected. Also, since only a single H-down water bilayer was
considered, the proton transfer from the bulk solvent to the interfacial double layer was not
accounted for. The importance of dynamic effects on the hydrogen evolution reaction rate
has been demonstrated e.g. in an experimental study by Ledezma-Yanez et al.167, where the
energetic barrier associated with interfacial water reorganization to facilitate charge transfer
through the electric double layer was shown to strongly influence the reaction kinetics.
This phenomenon was additionally found to be pH-dependent, thereby providing further
insight into the intriguing pH-dependence of the HER rate and governing mechanisms. It is
also reiterated that the previously discussed extension of the d-band model introduced by
Schmickler et al.147,153–156 underlines the importance of solvent fluctuations in determining
electrochemical reaction rates, thus suggesting that the electrode dynamics should be
properly accounted for in computational studies of electrocatalytic reactions.

Lastly, it is noted that the calculations performed by Skúlason et al.166 were performed
using canonical KS-DFT, which inevitably results in a variable electrode potential over
the course of the reaction, deeming a reliable estimation of the potential dependence of
activation energies challenging. The authors later refined their initial study by considering
a larger water film composed of three bilayers and using a revised extrapolation scheme for
approximating the constant electrode potential condition73,168. In this study, the initial
suggestion that the Volmer-Heyrovský mechanism comprises the predominant pathway of
HER on Pt(111) was rejected and instead it was proposed that the Volmer-Tafel mechanism
should dominate. However, the obtained activation barrier for the Tafel step, 0.85 V at
0 V vs. SHE, was observed to be in even worse agreement with the experimental estimates,
further emphasizing the fundamental issues related to the static reaction path search
methods and the description of the grand canonical nature of electrochemical reactions.
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5 Computational details
All DFT calculations performed in this work were conducted using the CP2K/Quickstep
quantum chemistry code169,170. The hybrid Gaussian and plane waves (GPW) method171

was used with an auxiliary plane wave basis cutoff of 550 Ry and 400 Ry for static and
dynamic calculations, respectively. For systems containing an odd number of electrons the
unrestricted Kohn-Sham (UKS) formalism was invoked. The 5s, 5p, 5d and 6s electrons of
platinum, 2s and 2p electrons of oxygen and the 1s electron of hydrogen were considered
as valence states. The corresponding Kohn-Sham orbitals were expanded in molecularly
optimized double-ζ plus polarization quality Gaussian basis sets (MOLOPT-SR-DZVP)172.
The remaining ionic cores were represented by norm-conserving Goedecker-Teter-Hutter
(GTH) pseudopotentials173–175. A matrix diagonalization scheme using the ELPA library of
routines176 was employed for solving the Kohn-Sham equations. The convergence of the self-
consistent field (SCF) procedure was accelerated by applying Fermi-Dirac smearing using
an electronic temperature of 1000 K. In all calculations the defined convergence criterion
for the energy was 2.7 · 10−5 eV and in geometry optimizations the structures were relaxed
using the BFGS algorithm until the force on any atom was less than 2.3 · 10−2 eV Å−1.

In all calculations the Libxc177 implementation of the revised Perdew-Burke-Ernzerhof
(RPBE) exchange-correlation functional by Hammer et al.29 was applied together with
dispersion corrections according to the DFT-D3 scheme of Grimme et al.41 with accordingly
chosen scaling factors. This choice of the exchange-correlation functional was made based
on the previously observed good performance of RPBE-D3 in describing chemisorption
processes as well as water containing systems including electrochemical interfaces as
discussed in section 2.2.4. The dispersive effects between metal–metal pairs and triples
was, however, excluded from the calculations due to the known incorrect screening of
the dispersion interaction in the bulk of the solid36,48,51,178,179. As a reference, all static
vacuum calculations were repeated using the conventional PBE-D3 exchange-correlation
functional.

In the present work the structure and electrocatalytic properties of the electrochemically
relevant interface between platinum and water were characterized. The three most common
unreconstructed low-index platinum crystal facets, Pt(111), Pt(100) and Pt(110), were used
as model electrodes. A lattice constant (a) of 3.99 Å was applied based on a comparison of
calculated total energies of bulk platinum systems with varying values of a, employing a
simulation box of 5 × 5 × 5 unit cells (500 atoms). The obtained result agrees well with
previous experimental (3.92 Å)180 and high-level all-electron DFT calculations (3.99 Å)181,
and the determined value was further shown to be insensitive to changing to a larger
triple-ζ basis set including two sets of polarization functions (MOLOPT-SR-TZV2P). To
properly simulate realistic electrochemical conditions, the equilibrium hydrogen coverages
were estimated in vacuo and accounted for in all subsequent calculations. Platinum
slabs consisting of 144 atoms were employed with a (6 × 6) surface supercell for Pt(111)
and Pt(100) and a (4 × 6) surface supercell for Pt(110). Consequently, 4 and 6 atomic
layers were respectively used to model the studied electrodes. For the platinum–vacuum
systems studied by static calculations the supercell dimensions were 16.9 × 14.6 × 26.9 Å3,
16.9 × 16.9 × 26.0 Å3 and 16.0 × 16.9 × 27.1 Å3, respectively. Model illustrations of the
surface structures of the studied platinum facets with indicated high-symmetry adsorption
sites are presented in figure 3.

To simulate the dynamics of the platinum–water interface, a 20 Å thick water film
was added above the solid surfaces, consisting of 160, 174 and 168 water molecules for
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Figure 3: Surface structure and high-symmetry adsorption sites on the (a) Pt(111), (b)
Pt(100) and (c) Pt(110) facets. The abbreviations fcc, hcp, br, sbr, lbr and 4f stand for
face-centered cubic hollow, hexagonal close-packed hollow, bridge, short-bridge, long-bridge
and four-fold hollow site, respectively.

Pt(111), Pt(100) and Pt(110), respectively. Periodic boundary conditions were specified in
all directions and a vacuum layer of ca. 20 Å was applied along the z-coordinate above the
systems to decouple periodic images in the direction of the surface normal. The supercell
dimensions of the solvated systems were 16.9 × 14.6 × 49.0 Å3, 16.9 × 16.9 × 47.0 Å3 and
16.0 × 16.9 × 49.0 Å3 for Pt(111), Pt(100) and Pt(110), respectively. The lowest Pt-layer
was kept frozen in all calculations to mimic bulk behavior. As an example of a dynamically
studied system, a snapshot of the hydrogen covered and solvated Pt(111) structure is
presented in figure 4.

Ab initio molecular dynamics simulations based on the Born-Oppenheimer approxima-
tion were conducted within the canonical (NV T ) ensemble to investigate the time-evolution
of the studied platinum–water interfaces. Sampling was performed at a target temperature
of 300 K, maintained by a coupled thermostat using the CSVR scheme of Bussi et al.182.
Strong thermostatting was applied initially to efficiently equilibrate the systems by defining
a small time constant of 50 fs. For the production runs the time constant was increased
to 100 fs. The equations of motion of the nuclei were solved using the velocity Verlet
algorithm66 with a time step of 1.0 fs. This choice is justified by considering that the
maximum length of the MD time step is proportional to the shortest period of motion
in the system. In hydrogen containing systems the shortest vibrational periods are on
the order of 10 fs, and a general rule is that the employed time step should not be greater
than one tenth of this, as discussed in section 2.3. The equilibration of the systems was
performed in two 10 ps phases with the first phase employing a loose SCF convergence
criterion of 8.1 · 10−5 eV and the second phase a tight criterion of 2.7 · 10−5 eV. Following
the equilibration, production runs of 20 ps were carried out for each system. To elucidate
the structural dynamics of the studied systems, the simulated trajectories were analyzed by
calculation of number/mass density and angular distribution functions for the interfacial
water, as well as mean squared displacements for the hydrogen adatoms using algorithms
implemented in the MDAnalysis Python library183–185. Dynamic electronic quantities, such
as the electrostatic potential, Fermi level and the electron density, were sampled every 50 fs
as separate single-point calculations. Due to the asymmetric nature of the studied systems,
a surface dipole correction81 was applied to account for the artificial electric field formed
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Figure 4: Structure of the solvated and hydrogen covered (θ = 2/3 ML) Pt(111) slab as
an example of a system studied by DFTMD. The geometry corresponds to a snapshot
taken at the final time step (t ≈ 20 ps) of the production trajectory. Platinum, oxygen
and hydrogen atoms are specified by gray, red and white spheres and the borders of the
simulation cell are marked by the blue lines. Hydrogen and oxygen atoms in the water
phase that appear to be isolated are in fact connected to each other since the system is
periodic in the direction of all Cartesian coordinates. The specifically adsorbed hydrogen
atoms can be observed to occupy both fcc and top sites.

across the slabs. The applicability of the GPW method for studying bulk and surface
platinum has been carefully validated against k-point plane wave calculations by Santarossa
et al.186. Ideally, to obtain fully converged results 8 × 8 × 8 slab supercells should be
employed. However, for dynamic calculations this is highly infeasible due to considerable
computational costs. Thus, to maintain a reasonable balance between speed and accuracy
the aforementioned system sizes, which have been shown to adequately reproduce the water
adsorption energy and work function of various metal surfaces86,124, were consequently
used.
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6 Results and discussion

6.1 Adsorption at the platinum–vacuum interface

As a validation of the applied computational parameters and to determine preferential
adsorption sites, hydrogen and water adsorption calculations were performed on the studied
platinum surfaces and compared to results reported in the literature. Adsorption energies
obtained for the adsorption of single hydrogen atoms on various high-symmetry sites are
given in table 1. The adsorption energies ∆Ead were referenced to the H2(g) molecule and
thus calculated according to ∆Ead = EPtH − EPt − 1

2EH2 . Since all systems contained an
unpaired number of electrons, the UKS formalism was applied.

Table 1: Single hydrogen adsorption energies ∆Ead (in eV) on the high-symmetry sites of
the studied low-index Pt facets. The final hydrogen coverages correspond to 1/36 ML for
Pt(111) and Pt(100) and 1/24 ML for Pt(110). Selected computational and experimental
reference values are given for the most stable sites, i.e. fcc, br and sbr on the respective
surfaces, which were all found to be in agreement with the herein presented values. Note
that the experimental reference value for Pt(110) has been determined at a relatively high
coverage of 0.65 ML. The computational reference values have been calculated using either
the Perdew-Wang 199122 functional (PW91)187–190 or the similar PBE25 functional191,192.

Surface (111) (100) (110)

Functional top fcc hcp top br 4f top sbr lbr

RPBE-D3 −0.42 −0.43 −0.37 −0.37 −0.54 −0.09 −0.52 −0.55 −0.12
PBE-D3 −0.55 −0.56 −0.50 −0.42 −0.65 −0.21 −0.60 −0.61 −0.23

Ref. (comp.) −0.44187/−0.54189 −0.63190/−0.60188 −0.46191/−0.59192

Ref. (expt.) −0.33157/−0.41193 −0.56193/−0.48194 −0.37 (0.65 ML)193

As expected, calculations with the RPBE functional consistently yield a weaker platinum–
hydrogen interaction than PBE, with an average difference of approximately 0.1 eV. For
the (111), (100) and (110) surfaces the most preferential adsorption sites are the fcc-
hollow, bridge and short-bridge sites, respectively, although for the (111) and (110) facets
adsorption to top sites results in almost as strongly bound states. The determined
adsorption energies and preferred sites agree well with previously reported DFT results
for hydrogen adsorption on Pt(111)30,122,187–190, Pt(100)188,190,195 and Pt(110)191,192 at
low coverages (θ ≤ 0.25 ML), including the functional dependence. Certain values given
in the literature indicate roughly 0.1 eV weaker adsorption, but this can be attributed to
a smaller employed surface unit cell, and thus a higher coverage resulting in increased
hydrogen–hydrogen repulsion. By studying the temperature dependence of the hydrogen
adsorption pseudocapacitance, Marković et al.157 have experimentally determined that the
intrinsic Pt(111)-H bond strength at the limit θ → 0 ML is roughly 0.3 eV with respect to
the H2 reference, which corroborates the understanding that whereas PBE overestimates
chemisorption energies (|∆Ead| > 0.5 eV), RPBE is better suited for adsorption calculations
(|∆Ead| ≈ 0.4 eV). Similar experiments for hydrogen adsorption on Pt have been performed
by e.g. Gómez et al.193 and Pasteur et al.194 and the reported values agree reasonably well
with the computational results obtained here using the RPBE functional.

Analogously, the adsorption of a water monomer on platinum was studied. The
adsorption energies were calculated as above via ∆Ead = EPtH2O − EPt − EH2O, where
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H2O(g) was chosen as the reference state. The results are summarized in table 2 and the
adsorption geometry as well as the definitions for the tabulated structural parameters are
presented in figure 5.

α

dPtO

Figure 5: Optimized geometry of an adsorbed water monomer on Pt(111) as an example.
The same preferential adsorption site (top) and water orientation was observed also at the
other facets. The Pt-O distance dPtO and the tilt-angle α are indicated in the figure.

Table 2: Calculated water monomer adsorption energies ∆Ead, Pt-O distances dPtO and
tilt-angles α along with corresponding computational reference values for the studied
low-index Pt facets. Energies, distances and angles are given in units of eV, Å and ◦,
respectively. Tabulated reference values for Pt(111)114, Pt(100)196 and Pt(110)197 have
been calculated using PW91, B3LYP and PBE, respectively.

Surface (111) (100) (110)

Functional ∆Ead dPtO α ∆Ead dPtO α ∆Ead dPtO α

RPBE-D3 −0.14 2.48 11 −0.21 2.55 11 −0.32 2.33 13
PBE-D3 −0.29 2.37 10 −0.28 2.45 11 −0.48 2.28 13

Ref. (comp.) −0.30 2.40 14 −0.29 2.38 14 −0.60 2.23 n/a

The water monomer was observed to preferentially adsorb on top sites on all surfaces in
a nearly planar fashion with a tilt-angle largely independent of the applied functional.
The planar adsorption is favored as this orientation maximizes the overlap of the highest
occupied 1b1 frontier orbital of water with the surface d-band116,198. The adsorption
energies and distances were seen to change as expected when switching the functional
from RPBE to PBE. In line with previous calculations, both functionals yield the highest
bond strength for water on the Pt(110) surface and the determined structural parameters
match also in general rather closely with values reported in the literature114,189,197–199. It is
noteworthy that Michaelides et al.198 in fact report a somewhat smaller tilt-angle of 7◦ for
water on Pt(111). This discrepancy can be, however, understood by considering that the
potential energy surfaces for water diffusion and rotation about the tilt-angle are relatively
flat close to the top sites116. Lastly, compared to the Pt(110) surface, water adsorption on
the (111) and (100) facets was observed to yield more weakly adsorbed states, with some
minor functional inconsistencies. The similar affinity of the (111) and (100) surfaces to
bind water was found to be in excellent agreement with the values presented by Blanco
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and Orts196 for water adsorption on the corresponding facets of Pt clusters employing the
B3LYP hybrid functional and a triple-ζ quality basis set.

6.1.1 Coverage dependence and surface saturation

Studying the adsorption of single molecules in a large surface unit cell allows for the
determination of the interaction strength between the adsorbate and the substrate to a high
precision as lateral interactions between adsorbates are negligible. However, in a realistic
system the amount of adsorbates on a surface is generally significant and the precise surface
structure is thereby determined by the subtle balance between adsorbate–substrate and
adsorbate–adsorbate interactions. Thus, the equilibrium coverage of adsorbates needs
to be taken into account for a proper description of interfacial structures and processes.
We have calculated the energetics of hydrogen adsorption on the Pt surface in vacuo as
a function of the hydrogen coverage. To approximately evaluate the effect of water on
the adsorption we have additionally studied the hydrogen adsorption in the presence of a
H-down water bilayer. Henceforth, all presented values have been calculated solely using
the RPBE functional including D3 dispersion corrections.

To study the hydrogen adsorption as a function of coverage, hydrogen atoms were
uniformly placed in the most preferential sites on each surface up until a coverage of 1.5 ML
was reached. For Pt(100) there exists twice as many equivalent bridge sites as there are
surface Pt atoms and thus all hydrogens were placed in bridge positions. For Pt(111) and
Pt(110) hydrogen atoms were placed in the next most favorable sites, i.e. the top sites,
after the most preferential fcc and short-bridge sites had been respectively filled. Zero-point
energy and entropic corrections to the adsorption energy were included by applying the
formalism outlined in section 3.1.1. Following the computational hydrogen electrode (CHE)
scheme proposed by Nørskov et al.128, gaseous molecular hydrogen at standard conditions
was used as the reference state, assuming the effective equilibrium between an aqueous
proton and an electron and molecular hydrogen in the gas phase, H+(aq) + e– −−⇀↽−− 1

2 H2(g).
Thus, µ̃H+ + µ̃e− = µH2/2 − eU , where the equilibrium potential U = 0 V vs. SHE was
chosen. The vibrational frequency and entropy of H2 were taken from thermochemical
tables200. For the adsorbed hydrogen species, computationally determined vibrational
frequencies for one-, two- and three-fold coordinated hydrogen on Pt(111) as reported
by Offermans et al.201 were used. As a first approximation, H–metal frequencies can be
considered to be largely determined by the hydrogen coordination on the metal and depend
less on the specific substrate and the coverage202,203. Therefore, the frequencies of H on
Pt(111) were also applied for hydrogen at equivalently coordinated adsorption sites on the
other studied facets. The calculated ZPEs and entropic terms as well as the resulting finite
temperature corrections ∆EZP − T∆S at 300 K are presented in table 3.

By taking into account the variable coordination number (CN) of hydrogen, the de-
termined corrections in table 3 are similar or slightly lower than the commonly applied
value 0.22 eV determined by Skúlason et al.73 based on vibrational frequencies calculated
by Greeley and Mavrikakis187 for H adsorbed to a Pt(111) fcc site. Including lastly the
differential configurational entropy, the differential free energies of adsorption were cal-
culated from the differential DFT adsorption energies according to equation (58). The
differentiation of the formation energy in (51) was performed using finite differences with
∆θ = 1/6 ML, corresponding to the sequential increase in the hydrogen coverage between
calculated systems. The results are plotted as as function of θ in figure 6. The insets
illustrate how the presence of a H-down water bilayer affects the adsorption energetics close
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Table 3: Calculated ZPEs, entropic terms and finite temperature corrections based on
vibrational frequencies reported in the literature200,201. CN denotes the coordination
number of hydrogen, whereas EZP and S correspond to the zero-point energy and entropy
per atom/molecule, respectively. T = 300 K. Only the vibrational entropy of H* is included
in the tabulated values. All energies are reported in units of eV.

System CN EZP TS ∆EZP − T∆S

H2(g) 0 0.27 0.41
H* 1 0.18 0.03 0.22

2 0.15 0.03 0.19
3 0.14 0.01 0.20

to the equilibrium coverages. It is noteworthy that the determination of Sconf is based on
the assumption of Langmuirian adsorption, i.e. 0 < θ < 1. This normalization with respect
to equivalent adsorption sites has thus been used for the calculations, but for the sake of
consistency the final results are plotted with respect to the initial definition of θ given in
section 3.1.1, as is also conventionally done in the literature.

The behavior of the adsorption free energy presented in figure 6 clearly shows that
the amount of released energy decreases as the coverage is sequentially increased. This
is due to increased repulsion between hydrogen adsorbates, which is well documented in
the literature73,135,166. Specifically, experimental evidence157 suggests that the hydrogen
adsorption on platinum follows closely the Frumkin isotherm, wherein the Gibbs free energy
of adsorption is assumed to depend linearly of the coverage, ∆Gdiff(θ) = ∆Gdiff(0) + rθ,
where r is a parameter which characterizes the lateral interactions within the adlayer and
0 < θ < 1. Herein, the hydrogen–hydrogen repulsion appears to be smallest (r < 0.01 eV
per H*) for hydrogen adsorbed to bridge sites on Pt(100) at θ < 1 ML. However, when
θ > 1 ML the repulsion increases significantly to r ≈ 0.05 eV per H*. No discontinuous
jump in the energy is observed as all hydrogen atoms are adsorbed into equivalent bridge
sites. For the Pt(110) surface, the lateral repulsion is weak and largely independent of the
coverage (r < 0.01 eV per H*), although a discontinuity of ca. 0.1 eV is observed as all short
bridge sites are filled and top sites start to become occupied. It is noted that although
hydrogen atoms were initially place above top sites on Pt(110) at θ > 1 ML, relaxation
of the structures was in fact observed to yield an off-top adsorption geometry with the
hydrogen being tilted roughly 45◦ from the precise top site (see figure 7c). For Pt(111)
the repulsion between hydrogen adsorbates at θ < 1 ML (fcc site) is larger, r ≈ 0.01 eV
per H*, and decreases slightly as θ > 1 ML. The discontinuity between the sub- and
supermonolayer regimes on Pt(111) (fcc vs. top site adsorption) is the largest, ca. 0.2 eV,
in comparison with the other studied surfaces. All above observations agree well with the
literature73,122,166,204.

The computational equilibrium coverages at which further adsorption becomes unfavor-
able were determined via interpolation to the points at which the differential adsorption
free energy crosses the zero level. According to the performed calculations, the equilibrium
coverages for the (111), (100) and (110) facets of Pt are approximately 0.7 ML, 1.3 ML and
1.4 ML, respectively. The surface structures corresponding roughly to these coverages are
presented in figure 7. These geometries were subsequently used as starting configurations
for the dynamic calculations. Experimentally, the equilibrium coverage of hydrogen on
Pt(111) has been determined to approximately 0.66 ML135, while on Pt(100) and Pt(110)



44

(a) θeq ≈ 0.7 ML (b) θeq ≈ 1.3 ML

(c) θeq ≈ 1.4 ML

Figure 6: Differential free energy of hydrogen adsorption as a function of coverage for (a)
Pt(111), (b) Pt(100) and (c) Pt(110). The insets show the effect of including a H-down
water bilayer above the hydrogen covered surface on ∆Gdiff in a small interval around the
equilibrium coverages.

θeq ≥ 1 ML has been reported137,164. In this light, the present calculations employing
a large surface unit cell and the RPBE-D3 functional reproduce nicely the equilibrium
hydrogen coverages, which have previously been overestimated by most computational
efforts73,122. We note that repeating all above calculations using PBE-D3 yields consistently
more negative adsorption energies, and hence roughly 0.2 to 0.5 ML larger equilibrium
hydrogen coverages. This demonstrates again the improved performance of RPBE for
studying adsorption processes.

Lastly, investigating the above adsorption processes with the inclusion of a H-down
water bilayer surmounting the hydrogen covered surfaces suggests that there is little
interaction between water and the hydrogen adlayer (see insets of figure 6). Indeed, the
adsorption energies are in general shifted by only a few tens of meV, consistent with the
results reported by Groß et al.122,205. Consequently, the herein predicted computational
equilibrium coverages are negligibly altered. However, the results need to be interpreted
cautiously, as the same finite temperature corrections as derived for H* at the platinum–
vacuum interface have been applied also here.
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(a) θ = 2/3 ML (b) θ = 4/3 ML (c) θ = 4/3 ML

Figure 7: (a) Pt(111)(6 × 6)-H, (b) Pt(100)(6 × 6)-H and (c) Pt(110)(4 × 6)-H surface
structures corresponding to the estimated computational equilibrium coverages. Hydrogen
(white spheres) is adsorbed to fcc sites on Pt(111), bridge sites on Pt(100) and short-bridge
and off-top sites on Pt(110). Note the tilt of roughly 45◦ from the precise top site of the
off-top hydrogens on the (110) surface. The surface cell boundaries are marked by the blue
lines.

6.2 Dynamics of the platinum–water interface

6.2.1 Structure

The dynamic structure of the platinum–water interface was studied using DFTMD employ-
ing the equilibrium hydrogen coverages reported in section 6.1. Laterally averaged number
density distributions nk(z) were calculated for k = {O,H} for each frame and averaged over
the entire 20 ps production trajectory. The water mass density profiles ρ(z) were calculated
from the number density distributions as atomic mass weighted sums. Explicitly,

nk(z) = 1
A

∫∫
S
nk(R)dxdy, ρ(z) =

∑
k

Mknk(z), (72)

where
∫∫

S , R and Mk denote integration over the cross-sectional surface area (A) of
the simulation cell, nuclear coordinates and the atomic mass of element k, respectively.
Furthermore, the mean squared displacements, MSD = ⟨|R(t)−R(0)|2⟩, of the chemisorbed
hydrogen species were evaluated to assess the surface mobility of hydrogen on the respective
surfaces. The density distributions and the MSD plots are presented in figure 8.

For Pt(111) and Pt(100), the water density profiles indicate that no ordered layer
structure is formed above the surfaces. This is in contrast with simulations performed
for water on clean Pt(111) surfaces, which suggest the formation of a high-density liquid
layer at a distance of roughly 2.8 Å to 3.4 Å from the surface51,123,124. Furthermore, in
simulations employing PBE, a splitting of the HDL peak into two separate peaks has
been observed to occur, respectively corresponding to two water sublayers with oppositely
oriented dipole moments123,124. The lower sublayer has been shown to be composed of
water molecules in an O-down orientation, whereas the second sublayer is formed of mainly
H-down water. Such a splitting is not observed here for any surface. For Pt(110), we see
slight oscillation in the density profile, indicative of a more layered water structure. This
suggests that the hydrogen covered Pt(110) surface interacts more strongly with water than
the (111) and (100) facets, although the density oscillations are still small compared to
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(a) (b)

(c) (d)

Figure 8: Laterally averaged mass (upper plot) and number (lower plot) density profiles
of (a) Pt(111), (b) Pt(100) and (c) Pt(110). Initial peak(s) at z − z0 < 2 Å correspond
to chemisorbed hydrogen species. The average position of the surface platinum layer is
denoted by z0. The calculated bulk density of RPBE-D3 water is roughly 0.90 g cm−3 and
is indicated by the dashed lines. In subfigure (d) the mean squared displacement of the
chemisorbed hydrogen atoms is plotted for each studied surface.

what has been observed on clean platinum. On all studied surfaces, the distance from the
surface at which water reaches its bulk density, i.e. 0.90 g cm−3 according to RPBE-D3, is
roughly 4.2 Å. Roman and Groß123 have studied the Pt(111)–water interface at a hydrogen
coverage of 1 ML and by modelling the water phase using two water bilayers. The herein
observed shift of ca. 1 Å in the Pt–water distance of a hydrogen covered electrode is in
good agreement with their corresponding results.

The initial peak(s) at z−z0 < 2 Å in figure 8 correspond to chemisorbed hydrogen species.
At the Pt(111) surface, all adsorbates were initially placed in fcc sites (z − z0 ≈ 0.9 Å)
according to the estimations performed in section 6.1. Interestingly, during the course of
the MD simulation roughly half of the hydrogen adatoms were observed to spontaneously
diffuse to top sites at z − z0 ≈ 1.5 Å. This transition has not been reported in previous
computational studies, and suggests that the strongly bound Hupd species (∆Gdiff < 0) do
not necessarily correspond to one single kind of hydrogen adsorbate. Previously, it has been
assumed that the unreactive Hupd species correspond to hydrogen atoms adsorbed at fcc
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sites, whereas the reactive Hopd intermediates occupy top sites122,166. While this picture
holds according to static calculations of the platinum–vacuum interface, our dynamic
simulations suggest that the distinction between the respective species might not be as clear
after all. On the other hand, it has been proposed that Hupd may exhibit an activating
energetic effect, stimulating neighboring chemisorbed species to undergo a Hupd → Hopd
transition135,141. This is precisely what is observed here, assuming that the top site
adsorbed species truly correspond to the catalytically active Hopd state. The observed
high mobility and surprising site occupancy of H on Pt(111) are most likely due to the
employed longer than average simulation time compared to previous studies, as well as due
to application of the RPBE-D3 functional in contrast to the overbinding PBE functional.
Indeed, during the course of a shorter 10 ps DFTMD simulation using PBE, Roman and
Groß reported123 that no hydrogen atoms were seen to jump out of the fcc sites, based
on which they concluded that the Hupd layer on Pt(111) is rather stationary. As is also
evidenced by the plotted MSDs, the present study suggests instead that the adsorbed
hydrogens on Pt(111), as well as on Pt(110), are highly mobile.

Based on figure 8, the most stationary hydrogen atoms were observed to occupy bridge
sites (z − z0 ≈ 1.0 Å) on Pt(100). This is reasonable, considering that the adsorption
energies of single hydrogen atoms on the different sites of Pt(100) presented in section 6.1
are rather distinct in energy, while the most preferential and the second-most preferential
sites on Pt(111) and Pt(110) are nearly degenerate in energy. Specifically, the bridge site on
Pt(100) appears to be favored by more than 0.17 eV in comparison with the top and four-fold
hollow sites. Additionally, the evidenced steeply ascending behavior of the adsorption free
energy at coverages above 1 ML is indicative of significant hydrogen–hydrogen repulsion,
as discussed in section 6.1.1, which can be argued to result in the fixing of the adsorbed
hydrogens into stationary positions. The immobile nature of chemisorbed hydrogen on
Pt(100) is furthermore clearly demonstrated by the associated MSD, which shows that
no diffusion of hydrogen occurs until t ≈ 13 ps. At this instance, a transition of a single
hydrogen between two adjacent bridge site occurs. This jump is subsequently seen to
stimulate the diffusion of additional chemisorbed species, but the surface mobility is still
significantly smaller than what is observed on the (111) and (110) facets. On Pt(110),
the short-bridge sites and various tilted off-top sites (z − z0 ≈ 1.2 Å) are preferred, and
rapid fluctuations between these positions occur. The surface diffusivity of hydrogen is
consequently high, although slightly lower than observed on Pt(111) as illustrated by the
corresponding MSDs. Moreover, adsorbed hydrogen atoms on Pt(110) were in certain
occasions seen to transition between two surface Pt rows. However, no adatoms were
observed to stick in the troughs, indicating that long-bridge, hollow and subsurface sites
on unreconstructed Pt(110) do not correspond to local minima.

To further study the structure of the platinum–water interface, the orientations of the
contact layer water molecules were characterized based on the distribution functions of
the angles formed by the OH, HH and dipole vectors with the surface normal vector n.
The definitions of the studied angles are illustrated in figure 9, while the results of the
angular distribution analysis are presented in figure 10 for the closest water contact layer at
z − z0 < 4 Å (first column) and the following layer around 5 Å (second column). The first,
second and third rows correspond to the distribution functions of the OH, HH and dipole
angles, respectively. According to the distribution function of the OH angle, the water
molecules in the closest contact layer are oriented H-down (cosαOH ≈ −1) and O-down
(cosαOH ≈ 0.6), with a slight preference for the H-down state on average. This is again
in contrast with DFTMD studies of the clean Pt surface, where O-down water molecules
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are reported to be the majority species close to the surface124. The presence of H-down
species in the contact layer seen here is further corroborated by the number density profiles
presented in figure 8, which clearly show an increased density of hydrogen atoms in the
water film before any oxygen atoms can be observed. In the second water layer, the αOH
distribution reveals that the amount of H-down species decreases dramatically, while the
H-up orientation becomes most favored. Additionally, an increased population of O-up
water molecules is observed along with a general broadening of the angular distribution.
Based on the analysis of the OH angle, it is concluded that a chemisorbed hydrogen adlayer
on the Pt surface affects the interfacial water orientation such that also H-down molecules
are observed in addition to the O-down species in the closest contact layer. This can be
tentatively proposed to suggest a preferential interaction between H* and the hydrogen
atoms of water, a prerequisite for HER electrocatalysis in a neutral or alkaline electrolyte.

n

αOH

vOH

(a)

n

αHH

vHH

(b)

n

αdip

vdip

(c)

Figure 9: Definitions of the angles αOH, αHH and αdip used to analyze the water orientation
above the studied Pt surfaces. The surface normal vector of Pt is denoted by n.

By studying the HH angular distribution functions in figure 10, it is observed that in the first
water layer nearly vertically oriented HH vectors are preferred on the Pt(110) surface, while
on Pt(111) and Pt(100) the abundance of water molecules with near-vertical and horizontal
HH orientations are similar. As O-down molecules are characterized by a horizontally
aligned HH-vector, it is concluded that on Pt(111) and Pt(100) H-down and O-down species
are almost equally common, while on Pt(110) the majority species correspond to H-down
water. In contrast, inspecting the HH angles in the second water layer demonstrates that
the distribution functions are generally quite flat, suggesting that there exists no particular
preferred HH orientation. Finally, the dipole angle distribution functions reveal that
H-down water is favored on average in the first layer at z − z0 < 4 Å while in the second
layer most molecules prefer to be oriented H-up. The observed subtle peak for Pt(100)
at cosαdip ≈ 0.6 could be initially interpreted as a H-up peak, in contradiction with the
previous distribution functions suggesting that mainly H-down and O-down species are
present in the first water layer. However, rotating a H-up water molecule 90◦ about the
dipole vector will yield an O-down species similar to as illustrated in figure 5. Indeed, since
no evidence for H-up species in the closest contact layer was provided by the OH and HH
angular distribution functions, but instead the presence of O-down species was indicated,
we conclude that this is also the case herein. The indicated more planar orientation of
the O-down water molecules is in fact in nice agreement with the literature, where the
orientation is argued to stem from the preferential interaction between the 1b1 HOMO of
water and the surface d-band116,198.

While the plotted angular distribution functions suggest certain preferable water ori-
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Figure 10: Angular distribution functions of the OH (first row), HH (second row) and
dipole moment (third row) angles with respect to the surface normal for water molecules
within z − z0 ∈ [0 Å, 4.0 Å] (left column) and z − z0 ∈ [4.5 Å, 5.5 Å] (right column). Note
the different scales on the vertical axes.

entations as a function of the distance from the surface, all distribution functions are
nevertheless rather broad, especially at distances associated with the second water layer,
indicating a substantial disorder and fluctuations of the interfacial water structure. The
herein observed disorder is more pronounced than reported by Roman and Groß123, al-
though it has to be emphasized that they only include two water bilayers in their model as
well as constrain the vertical positions of selected molecules. This will evidently result in
spuriously pronounced lateral interactions, and thus a more ordered water structure on
hydrogen covered Pt(111).
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6.2.2 Electronic properties

The electrode potentials of the platinum surfaces were calculated using equation (62)
every 50 fs by sampling the electrode Fermi level µ and the Volta potential ψS in the
vacuum outside the solvent phase. The respective Volta potentials were determined from
the laterally averaged total Hartree potentials following the formalism outlined in section
3.2. The obtained absolute electrode potentials were referenced to the standard hydrogen
electrode scale (SHE) by subtracting 4.44 V, as suggested by Trasatti77. The time evolution
of the vacuum potentials, Fermi levels and electrode potentials of the studied surfaces are
presented in figure 11.

(a) ⟨U⟩ = 0.40 V, σ = 0.72 V (b) ⟨U⟩ = 0.55 V, σ = 0.75 V

(c) ⟨U⟩ = 0.92 V, σ = 0.65 V

Figure 11: Time evolution of the vacuum potential (ψS), Fermi level (µ) and electrode
potential vs. SHE (U) of (a) Pt(111), (b) Pt(100) and (c) Pt(110). Averaged electrode
potentials and associated standard deviations σ are given in the subcaptions.

While significant fluctuations in the electrode potential are observed (σ ≈ 0.7 V), no long
term drift in the sampled quantities is evidenced, indicating that the simulated systems
have been properly equilibrated. Fluctuations in the potential are expected, since the
simulations have been conducted within the canonical ensemble where the number of
electrons, not the electrochemical potential, is fixed. Hence, a fluctuating surface dipole
density will result in a varying work function of the hydrogen covered and solvated system,
as previously discussed. The determined average electrode potentials vs. SHE are 0.40 V,
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0.55 V and 0.92 V, for Pt(111), Pt(100) and Pt(110), respectively. On an absolute scale,
these values correspond to the work functions 4.84 V, 4.99 V and 5.36 V. As a reference, in
vacuo work functions for pristine Pt slabs were estimated. The values 5.58 eV, 5.41 eV and
5.10 eV were respectively found for each system. The value for Pt(111) is well in line with
the experimental estimate of 5.7 eV reported by Michaelson206, and the decreasing trend
when going from the close-packed (111) surface to the more open (100) and (110) facets
demonstrates the well known Smoluchowski effect89. Interestingly, the work functions
for Pt(111) and Pt(100) are observed to decrease upon solvation and introduction of a
hydrogen adlayer, while for the Pt(110) surface a work function increase is seen. The
dissimilar responses of the studied systems is indicative of markedly different electronic
properties. The obtained electrode potentials correspond to the potentials of zero charge,
as all calculations were performed on charge neutral systems. Garcia-Araez et al.207 have
determined experimentally the PZC of low-index Pt electrodes, and report the values 0.38 V,
0.41 V and 0.22 V for Pt(111), Pt(100) and Pt(110), respectively. While our computational
estimates for Pt(111) and Pt(100) agree well with the corresponding experimental results,
the determined computational PZC of Pt(110) is qualitatively wrong. Indeed, while the
experimental results suggest that Pt(110) exhibits the lowest PZC of the respective facets,
our study indicates the complete opposite. A possible explanation for this discrepancy
is the fact that both the unreconstructed Pt(110)-(1 × 1) as well as the reconstructed
Pt(110)-(1 × 2) surfaces are stable in electrochemical conditions. These facets are expected
to exhibit notably different electronic properties and it is therefore plausible that in the
experimental study the measurements have in fact been conducted on the Pt(110)-(1 × 2)
surface, although this issue is not explicitly commented upon.

To characterize the electronic effects of hydrogen adsorption and solvation on the Pt
surfaces in more detail, the thereby induced changes in the electron density were studied.
This was conducted by evaluating the electron density difference between the interacting
systems and the total electron density of the separated, non-interacting subsystems (metal
slab and adsorbate/water layer) at the same fixed atomic positions83,88. Specifically,
the contribution due to hydrogen adsorption was calculated via ∆nH(r) = nPtH(r) −
nPt(r) − nH(r), while the solvation induced electron density difference was obtained
from ∆nH2O(r) = nPtH|H2O(r) − nPtH(r) − nH2O(r). The electron densities were sampled
every 50 fs and averaged over the entire production run trajectories. From the calculated
differences, the laterally averaged electron density difference profiles ∆n(z) were evaluated
along the z-coordinate in analogy with equation (66). The calculated charge redistribution
profiles are presented in figure 12, where the upper plots correspond to the hydrogen
adsorption induced charge redistribution, normalized with respect to the number of H*
adatoms, while the lower plots illustrate the net charge redistribution due to solvation.

Certain phenomena can be easily identified from the charge redistribution profiles, which
are qualitatively similar for all studied surfaces. Firstly, significant charge accumulation
occurs at the positions of the chemisorbed hydrogen species as evidenced by the positive
peaks around z − z0 ≈ 1.0 . . . 1.3 Å. This redistribution is expectedly largest due to
the actual hydrogen adsorption process (upper plots), where electrons are transferred
from the platinum substrate to H*. However, also solvation results in additional charge
accumulation on the bonding orbitals of the hydrogen adatoms, although the magnitude
is significantly smaller. Additionally, considerable negative peaks are observed around
z − z0 ≈ −0.8 . . .−0.5 Å as well as around 0.4 . . . 0.6 Å and 1.6 . . . 1.8 Å in the case of
hydrogen adsorption. This is associated with the above mentioned electron depletion on
the Pt dz2 orbitals due to charge transfer to the hydrogen adlayer83,208. Especially in the
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(a) (b)

(c)

Figure 12: H adsorption (upper plots) and solvation (lower plots) induced charge redis-
tribution profiles for (a) Pt(111), (b) Pt(100) and (c) Pt(110). The vertical dashed lines
indicate the average positions along the z-coordinate of the surface Pt layer, the hydrogen
adlayer (H*), and the hydrogen and oxygen atoms of the water contact layer, respectively.
Blue regions (∆n > 0) indicate electron accumulation, while electron depletion takes place
in the red (∆n < 0) regions. The H adsorption induced charge redistribution profiles have
been normalized with respect to the number of adatoms. Note the different scales on the
vertical axes.

region above the surface, hydrogen adsorption effectively contributes to a reduction in
the surface overspill electron density, which has previously been argued to be a significant
work function decreasing factor86,90. This supports the previously mentioned finding that
∆Φ < 0 for the Pt(111) and Pt(100) surfaces, but does not explain the work function
increase for Pt(110), since also here a similar charge depletion is evidenced. However, the
subtle balance between the position and magnitude of the decreased electron density above
the surface is hard to elucidate by visual inspection of figure 12, and it might well be
that the resultant effect is smaller on Pt(110), while other unknown phenomena dominate
and ultimately result in the observed work function increase. Lastly, the slight charge
accumulation around the average position of the first Pt layer can be attributed to an
increased electron density on the Pt dxz and dyz orbitals83,208.
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Studying the charge depletion region due to solvation above the Pt surfaces, a double
peak or shoulder structure is observed. While the region closer to the surface is still related
to a “pushback” of surface overspill electrons, the second smaller peak/shoulder close to
the equilibrium position (z − z0 ≈ 2.7 . . . 2.9 Å) of the hydrogen atoms of the first water
contact layer can be attributed to charge depletion on the water lone-pair and bonding σ-
orbitals83,208. This charge decrease is subsequently followed by minor charge accumulation
localized on the oxygen atoms of the same contact layer around z − z0 ≈ 3.4 . . . 3.5 Å.
Because electron accumulation at the adsorbed hydrogens is also seen in the solvation
charge redistribution profiles, we conclude that the introduction of a water phase has a
stabilizing effect on the hydrogen adlayer. Furthermore, a decreased electron density in
the vacuum region between hydrogen covered platinum and water is indicative of a rather
weak surface–water bonding, corroborating the previous conclusion that hydrogen covered
Pt surfaces are rather hydrophobic. This can also be deduced from the fact that the charge
redistribution due to solvation of the hydrogen covered surface is in general significantly
smaller in magnitude than the charge redistribution induced by hydrogen adsorption.

As proposed by Materzanini et al.83, as well as other authors84–86, the work function
change induced by solvation and adsorption can be to a good approximation separated into
contributions stemming from charge redistribution at the surface and orientational effects
due to the intrinsic dipole moment of water, ∆Φ = ∆Φel + ∆Φori. This was also discussed
in section 3.2 and motivated via the derivation of equation (68). For the herein studied
situation, we will divide the electronic component further into terms corresponding to H*
and H2O induced charge redistribution, ∆Φel = ∆ΦH

el + ∆ΦH2O
el , respectively. Following the

theory outlined in section 3.2, the different contributions to the electronic work function
change were calculated using equations (69) and (70) from the respective electron density
difference profiles. The obtained results are presented in table 4.

Table 4: Average work functions and work function changes induced by hydrogen adsorption
and solvation. Values in parentheses denote the standard deviation of the sampled quantity.
ΦM and ΦMH|S denote the work functions of the clean Pt surface in vacuum and the
hydrogen covered surface in contact with water, respectively. All values are given in units
of eV.

Surface ΦM ΦMH|S ∆Φ ∆ΦH
el ∆ΦH2O

el ∆Φori

(111) 5.58 4.84 −0.74 (0.72) −3.15 (0.20) −0.39 (0.27) 2.80 (0.85)
(100) 5.41 4.99 −0.42 (0.75) −2.35 (0.17) −0.15 (0.14) 2.08 (0.73)
(110) 5.10 5.36 0.25 (0.65) −0.71 (0.26) −0.37 (0.25) 1.33 (0.69)

According to the tabulated results, the major electronic contribution to the observed work
function changes is due to the charge redistribution induced by hydrogen adsorption. ∆ΦH

el
exhibits also a significant surface structure dependence, while the work function change
due to solvation induced charge redistribution is relatively independent of the surface and
significantly lesser in magnitude. Both values are negative for each surface, suggesting an
induced surface dipole density that points out of the bulk. This is in line with the observed
depletion of surface overspill electron density as illustrated in figure 12. The fluctuations
in ∆ΦH

el and ∆ΦH2O
el are moderate and rather similar for all surfaces.

Although the observed charge redistribution induced work function changes are sub-
stantially negative, the total work function changes are smaller in magnitude, and in
the case of Pt(110) even positive. The absolute work function changes follow the trend
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(111) < (100) < (110), correlating negatively with the in vacuo work functions of the
corresponding clean Pt facets. Treating the orientational component of the work function
changes as a free parameter, we conclude that ∆Φori has to be large and positive on each
surface. Again, a positive work function change corresponds to an induced surface dipole
pointing into the bulk, which is well in line with the previous structural analysis where it
was concluded that H-down water constitutes the majority species in the first water contact
layer of all studied interfaces. Furthermore, the fluctuations in ∆Φori are significantly
larger than in ∆ΦH2O

el . This indicates that charge redistribution due to solvation is mainly
induced by the first water contact layer, assuming that charge transfer and polarization
effects due to solvation depend on the instantaneous water orientation. Indeed, according
to the preceding structural analysis the preferred water orientation in the first contact layer
is more well defined than in the subsequent layers, suggesting that less fluctuations are
seen close to the surface. The observation that the higher water layers negligibly perturb
the surface electron density agrees well with the results of Michaelides et al.208 for intact
bilayer adsorption on Ru(0001). The results presented by Le et al.86 for the work function
change of the clean Pt(111)–water interface suggest that the orientational component
of ∆Φ is negligible. This may very well be the case for water on clean Pt(111), where
the formation of a clear bilayer structure is observed with oppositely directed net dipole
moments that effectively cancel each other. Herein, however, the interfacial water structure
is less ordered, which can be tentatively assumed to result in an incomplete cancellation of
the intrinsic dipole moment associated with H-down water close to the surfaces. Thus, the
observed water contact layer is characterized by a larger net dipole moment, explaining
the pronounced influence of ∆Φori. This is further supported by the fact that the work
function change due to the orientational effect is smallest on Pt(110), for which the most
layer-like water structure was evidenced.

Lastly, the charge transfer from Pt to the hydrogen adlayer and the surface dipole
density change due to hydrogen adsorption induced charge redistribution were assessed to
elucidate the intriguing structure dependence of the observed net work function changes. A
maximum upper bound for the charge transferred per adatom from Pt to the chemisorbed
hydrogens can be calculated by integrating ∆nH(z) across the interface from the point zq
between the topmost Pt layer and the H adlayer where charge accumulation starts91,

∆q = − 1
Γ

∫ ∞

zq

∆nH(z)dz, (73)

where Γ is the surface concentration of adatoms. The surface dipole density change induced
by this charge transfer was estimated following the approach outlined by Roman and
Groß91, according to which the charge redistribution induced dipole moment change can
be decoupled into charge transfer and polarization contributions, ∆πH

el = ∆πH
q + ∆πH

pol,
respectively. Here all quantities are normalized with respect to the number of adatoms.
The charge transfer term was approximated as ∆πH

q = ⟨zH⟩∆q/A, where ⟨zH⟩ is the average
distance of the hydrogen adlayer from the topmost Pt layer, while the net electronic
component ∆πH

el was calculated using equation (70). The polarization induced surface
dipole density change was consequently treated as a free parameter. The obtained results
are presented in table 5.

The maximum charge transferred from Pt to H follows the trend (111) < (100) < (110),
which correlates with the determined work function changes as well as with the experi-
mentally observed activity trend of low-index platinum facets in an acidic environment135.
This observation can be qualitatively used as an explanation for the trends observed in
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Table 5: Upper bound for the charge transferred from platinum to the hydrogen adlayer ∆q
and hydrogen adsorption induced change in the surface dipole density ∆πH

el . The charge
transfer ∆πH

q and polarization ∆πH
pol contributions have been decoupled. Charges and

surface dipole densities are given in units of e and D/nm2, respectively. All values are
normalized with respect to the number of adsorbates.

Surface ∆q ∆πH
el ∆πH

q ∆πH
pol

(111) −0.10 0.35 −0.25 0.60
(100) −0.15 0.13 −0.25 0.38
(110) −0.16 0.06 −0.35 0.41

∆Φ. Indeed, a substantial transfer of electrons from the surface to the adlayer will result
in the formation of a surface dipole pointing into the bulk, which subsequently leads to an
increased work function209,210. Studying the induced surface dipole density due to charge
transfer from platinum to the hydrogen adlayer reveals that the magnitude of ∆πH

q on the
Pt(110) surface is most significant, thus explaining the observed decrease in the magnitude
of the negative work function change due to electronic effects. Although the polarization
component ∆πH

pol is positive and dominates over the charge transfer contributions such that
∆πH

el > 0, i.e. ∆ΦH
el < 0, the pronounced magnitude of the charge transfer from the Pt(110)

surface to the hydrogen adlayer is sufficient to decrease the total charge redistribution
induced dipole moment enough that the orientational contribution will ultimately determine
the sign of ∆Φ. Thus, we conclude that the observed intriguing trend in ∆Φ for the studied
surfaces mainly stems from the enhanced charge transfer, i.e. reactivity, on the more open
Pt surfaces. Finally, we reiterate the important reduction in the surface overspill electron
density, which is rather large on the Pt(111) and Pt(100) surfaces, but in the case of Pt(110)
not sufficient enough to result in an overall work function decrease.
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7 Conclusions
In this thesis, the structure and electronic properties of the electrochemical platinum–water
interface were characterized using ab initio molecular dynamics simulations based on
density functional theory. The RPBE-D3 exchange-correlation functional was applied in
all calculations. The low-index (111), (100) and (110) crystal facets of platinum were
used as model electrodes with explicit inclusion of chemisorbed hydrogen atoms and a
considerable 20 Å water film. The preferential adsorption sites and equilibrium hydrogen
coverages were estimated in vacuum via static geometry optimizations. Additionally, the
adsorption energetics of water on the studied surfaces was investigated. The functional
dependence was evaluated and discussed by repeating all vacuum calculations using the
PBE-D3 functional. All obtained results were compared against previous computational and
experimental studies, with special emphasis on the influence of the chemisorbed hydrogen
adlayer and the chosen exchange-correlation functional on the structural and electronic
properties.

The adsorption energies of hydrogen and water were found to compare well with
previous experimental and computational estimates. The most preferential adsorption sites
of hydrogen were found to be the fcc, bridge and short-bridge sites on the (111), (100) and
(110) surfaces, respectively, while water was observed to adsorb on top sites in a nearly
planar fashion, justified by a maximized interaction between the surface d-band and the
1b1 HOMO of water198. Expectedly, the use of the RPBE-D3 functional was found to
result in roughly 0.1 eV weaker adsorption energies than PBE-D3, thus yielding a better
agreement with experimental estimates. In general, the difference between the herein
calculated adsorption energies and previous computational results was found to be less
than 0.1 eV.

The coverage dependence of the hydrogen adsorption energy on the respective platinum
surfaces was studied by incrementing the occupation of the most preferential sites, followed
by the next most preferential sites after reaching a full monolayer coverage. The Gibbs free
energy of adsorption was evaluated using the computational hydrogen electrode scheme
and finite temperature corrections derived from statistical mechanics at the harmonic limit.
The equilibrium hydrogen coverages were estimated by interpolation to the points where
the differential adsorption free energy equaled zero, yielding ca. 2/3 ML on Pt(111) and
4/3 ML on Pt(100) and Pt(110). These values were found to be in reasonable agreement
with experimental results135,164. Notable hydrogen–hydrogen repulsion was observed on all
studied surfaces, especially on the Pt(100) surface for θ > 1 ML. The inclusion of a single
H-down water bilayer above the hydrogen covered surfaces was based on the static geometry
optimizations observed to alter the adsorption energetics and the equilibrium coverages
negligibly. This was found to corroborate previous computational studies suggesting a
relatively weak interaction between water and both clean as well as hydrogen covered
platinum122,123,205.

Based on the performed DFTMD simulations, the investigated hydrogen covered surfaces
were found to be more hydrophobic than their clean counterparts, exhibiting negligible
water ordering in comparison with previous computational studies. Only on the Pt(110)
surface could a noticeable water layering be discerned. The surface mobility of hydrogen
was characterized by calculation of the mean squared displacements of the adatoms. The
chemisorbed hydrogen species on Pt(111) and Pt(110) were found to be surprisingly
mobile, whereas a relatively stationary adlayer was evidenced on Pt(100). The variable
surface diffusivity was observed to correlate with the determined hydrogen adsorption
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energies and the magnitude of the hydrogen–hydrogen repulsion in vacuum. Intriguingly,
hydrogen adatoms on the Pt(111) surface were seen to spontaneously migrate from the
presumed deep fcc sites to the slightly less preferential top sites as predicted by the static
vacuum calculations. By adopting the classification of hydrogen adsorbates into strongly
bound, unreactive Hupd species and weakly bound, reactive Hopd species, the observed
transition was tentatively proposed to illustrate the previously hypothesized141 energetic
effect, where Hupd species activate each other via repulsive interactions, inducing a formal
Hupd → Hopd transition. Previous computational studies have not been able to reproduce
this phenomenon, suggesting that the herein employed extended molecular dynamics
simulations and RPBE-D3 functional are necessary for a comprehensive description of the
dynamic structural features of electrochemical platinum–water interfaces.

The interfacial water orientation was analyzed by calculation of the OH-, HH- and
dipole angular distribution functions. A slight preference of the H-down orientation of
water molecules in the contact layers was observed over the O-down state, which constitutes
the majority species on clean platinum surfaces124. The increased population of the H-
down state close to the hydrogen covered surfaces was tentatively proposed to suggest a
preferential interaction between H* and the hydrogen atoms of water. Nevertheless, the
angular distributions were found in general to be rather broad, corroborating the previous
notion of a highly disordered water phase.

Lastly, the electronic properties of the studied interfaces were characterized by sampling
the electrode Fermi level, solution Volta potential and changes in the electron density
due to hydrogen adsorption and solvation. From these quantities time averaged values
for the electrode potential, work function and the surface dipole density were calculated
along with associated adsorption and solvation induced changes. The PZCs of Pt(111) and
Pt(100) were found to agree well with experimental results, while the value obtained for
Pt(110), was qualitatively wrong207. An explanation for this discrepancy was proposed by
considering the high stability of the reconstructed Pt(110)-(1 × 2) surface. Indeed, it is
possible that the experimental results for Pt(110) suggesting a significantly lower PZC are
in fact referring to the missing-row structure, which can be expected to exhibit markedly
different electronic properties than the unreconstructed crystal facet studied herein.

The work function change due to interfacial charge redistribution was observed to
be negative on all surfaces, indicating an induced surface dipole oriented from platinum
towards the water phase. This work function reduction was attributed to a hydrogen
adsorption and solvation induced depletion of the surface overspill electron density in favor
of charge accumulation on the bonding orbitals of the hydrogen adatoms90. In contrast,
interfacial water reorientation was seen to result in a work function increase, in line with
the observed preferential H-down water orientation characterized by a negatively directed
dipole moment. Ultimately, the negative work function change due to charge redistribution
was found to dominate on the Pt(111) and Pt(100) surfaces such that a net work function
reduction was observed. However, on the Pt(110) surface an overall work function increase
was evidenced due to a significantly less negative charge redistribution induced work
function change. In total, the calculated net work function changes were found to follow
the trend (111) < (100) < (110). This structure dependence correlates negatively with
the work functions of the clean platinum facets in vacuo, and was thus attributed to a
pronounced charge transfer from platinum to the hydrogen adlayer on the less close-packed
surfaces. The transfer of electrons from Pt to H* results in a negatively directed change
in the surface dipole density, thus explaining the observed decreased magnitude of the
negative work function change due to electronic effects. This charge transfer hypothesis
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was further corroborated by an explicit calculation of the maximum upper bounds for the
charge transferred from platinum to the hydrogen adlayer on the respective surfaces, as
well as the associated changes in the surface dipole density.
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8 Suggestions for further research
As discussed in section 4.2, a d-band center straddling the Fermi level is generally observed
to correlate with a high catalytic activity. Thus, the d-band structure of the studied
hydrogen covered and solvated platinum facets should be characterized in detail in the
future to obtain further insight into possible correlations between the structure, electronic
properties and catalytic activity and to test the validity of the d-band model within
electrocatalysis. Indeed, a DFTMD study of the d-band structure would aid in elucidating
the dynamic effects of chemisorbed hydrogen and an explicit, thermally fluctuating solvent
on the electrocatalytic activity of low-index platinum electrodes towards e.g. the hydrogen
evolution reaction. Additionally, the observed apparent correlation between the adsorption
and solvation induced work function changes and the experimental HER activities of
low-index platinum surfaces135 should be analyzed further.

Moreover, the actual HER activation barriers on the respective Pt surfaces should be
recalculated. Indeed, previous approaches employing static reaction path search methods
and a frozen ice-like water bilayer as the solvent phase are known to notoriously overestimate
the activation barriers73,166. Thus, dynamic barrier calculations based on thermodynamic
integration should be performed on the herein studied systems to assess this discrepancy.
This requires, however, that the grand canonical behavior of the reactions is considered
rigorously so that the electrode potential dependence of the reaction barriers can be reliably
estimated. A proper determination of the HER activation barriers would enable the
validation of the experimentally suggested reaction mechanisms on low-index platinum
electrodes, especially for the Pt(111) surface on which the preferential HER pathway remains
inconclusive. The reactions should be preferably studied both in an acidic environment (H+

precursor) as well as in an alkaline electrolyte (H2O precursor), since the HER kinetics are
empirically known to be highly pH-dependent167,211. The precise origin of this behavior is
unknown.

Herein, the electrochemical platinum–water interface was studied considering only
hydrogen adsorbates and a neutral water phase. In the future, the effect of other adsorbates,
such as hydroxide species OH* and halides on the dynamic interfacial properties should
be investigated as well. Although static calculations of halide covered fcc(111) electrodes
have been performed extensively by Gossenberger et al.212,213, no dynamic studies have
been presented where the important thermal fluctuations and a considerable solvent film
are explicitly accounted for. Additionally, the present simulations should be repeated on
other surfaces including e.g. steps, defects and dopants. For example, the stable (1 × 2)
missing-row reconstruction of Pt(110) could be examined employing the same approach as
here to resolve the observed discrepancy between the computationally and experimentally
estimated potentials of zero charge.
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