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ABSTRACT
Proton exchange membrane fuel cells (PEMFCs) are promising alternative vehicle power
sources because of their high efficiency and low emissions. PEMFC efficiencies are limited by
the slow oxygen reduction reaction (ORR) at the cathode, which uses active but high cost Pt
catalysts. The ORR and possible adsorption of electrolyte anions occur at the electrolyte/cathode
interface, and are controlled by the complex interactions between molecules and ions with the
solvated electrode under applied electrode potentials. The dielectric and transport properties of
water near the electrode are different from those in bulk water, and water facilitates proton
transfer to the cathode. However, interfacial water structure and dynamics are not well defined,
and the influence of interfacial water on electrochemical reactions is poorly understood at the
molecular level. The electrode potential provides a driving force for electrochemical processes
by changing the electron chemical potential, and affects interfacial water structure, dynamics, and
the binding strengths of reaction intermediates. The presence of water and electrode potential
creates substantial challenges in atomistic modeling of the ORR and ion adsorption at the
electrolyte/cathode interface.
This dissertation develops and applies a series of atomistic modeling approaches to link
macroscopic

electrochemical

measurements

with

atomistic-level

processes

at

the

electrolyte/electrode interface. Various density functional theory (DFT) based electrochemical
models were utilized to investigate the influence of water structure and electrode potential on the
ORR and ion adsorption reactions at Pt(111) electrodes. We performed a detailed study of
aqueous sulfuric acid electrochemistry on the Pt(111) surface, and assign three characteristic
voltammetric peaks to different bisulfate/sulfate adsorption processes. This modeling work
resolves the adlayer composition and structure, a longstanding goal of previous experimental
studies. DFT models are also applied to investigate the elementary reaction kinetics of the ORR
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over Pt(11) electrodes. For this PEMFC cathode reaction, we observed that the ORR reaction path
and the rate-limiting step depend on the electrode potential. This result is consistent with potential
dependent ORR reactivity in experiments and provides possible ORR mechanisms.
The use of a static water structure in DFT models limits the robustness of a pure DFT
analysis. The length and time scales associated with the dynamic interface are beyond DFT
methods. The influence of model choices on reaction energetics and reaction path determinations
is demonstrated in this dissertation. The water structure dependence of ORR reaction energetics
motivated us to develop a molecular dynamics (MD) model to probe water structure fluctuation
and dynamics at the electrified water/Pt interface. This is the first MD model that combines a
potential controlled electrode with a reactive water force field, and thus allows us to study proton
transfer dynamics at the water/Pt interface. Our simulations suggest a connection between
electrolyte dynamics and surface reactions, where the slower charge transfer of OH- compared to
H3O+ may account for less efficient hydrogen oxidation in an alkaline electrolyte compared to an
acid electrolyte.
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Chapter 1
Introduction
High fossil fuel costs and the need to mitigate greenhouse gas emissions drive the
improvement of energy efficiency in transportation technologies. Proton exchange membrane fuel
cells (PEMFCs), which directly convert chemical energy to electrical energy, promise highly
energy efficient and low emission mobile power sources. Although numerous studies have been
devoted to enhance PEMFC efficiencies, further improvement is needed to reduce their high cost
by decreasing the use of noble metal catalysts for electrocatalytic reactions. Electrocatalysis in
PEMFCs are catalytic reactions involving electron/ion transfer through an electrified aqueous
electrolyte/electrode interface. Similar to catalytic processes at a gas/solid interface, the catalytic
reactivity is associated with the energetics of surface reactions on the atomistic level. The
complicated liquid/solid interface makes the understanding of PEMFC electrocatalytic processes
difficult. Under operating conditions, the presence of an electrode potential not only controls the
reaction kinetics and thermodynamics but also influences the structure and dynamics of the
electrolyte/electrode interface. Characterizing the complex interface and determining its influence
on surface chemistry are problems that challenge both experimental and computational studies.
Novel in situ surface characterization techniques make atomistic-level understanding of fuel cell
electrochemical processes possible. However, difficulties in isolating and analyzing reaction
intermediates at the interface lead to conflicting interpretations of experimental measurements.
Computational approaches represent a well-defined interfacial environment and therefore enable
an improved understanding of interfacial properties and their influence on surface reactions that
dictates the macroscopic device efficiency.

This dissertation applies atomistic modeling

techniques to understand the influence of the electrode/electrolyte interface on electrochemical
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processes relevant to PEMFCs. The challenges associated with atomistic simulations of
electrochemical interfaces are also addressed.

1.1 Principles of proton exchange membrane fuel cells
Figure 1 illustrates the main components and the electrocatalytic reactions that occur in a
PEMFC. The device consists of two electrodes separated by a proton-conducting membrane.
Hydrogen fuel is supplied at the anode where hydrogen molecules are oxidized to electrons and
protons. While the electric current powers devices connected with the external circuit, protons are
transported through the polymer membrane electrolyte. The hydrated membrane in a PEMFC, a
perfluorosulfonic acid ionomer such as Nafion, is used to facilitate the proton transport. At the
cathode, oxygen molecules from air react with the electrons and protons and reduce to water. The
equilibrium potential for the reduction of oxygen to water in acid environment is 1.23 V relative
to a standard hydrogen electrode (1.23 V-SHE). However, PEMFCs are operated at ~ 0.8 V-SHE
to gain maximum power density. The major voltage losses come from kinetic limitations of the
oxygen reduction reaction (ORR) at the PEMFC electrode.

Figure 1-1. Schematic of a proton exchange membrane fuel cell
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1.2 Impact of the electrochemical interface on the oxygen reduction reaction
To speed up ORR kinetics for practical use in PEMFC vehicles, platinum-based materials
are currently the most suitable catalysts in terms of catalytic activity and stability [1]. Owing to
the high cost of platinum catalysts, lowering the platinum loading without losing device
performance is a necessity for commercially viable PEMFC vehicles. This goal can be achieved
by the development of efficient catalysts and the improved design of the electrolyte/cathode
interface. The design of the electrocatalytic interface impacts catalyst reactivity and thus the
PEMFC efficiency. Rational design of catalysts and the electrolyte/cathode interface relies on
detailed understanding of the interface’s influence on ORR electrocatalysis under PEMFC
operating conditions.
The ORR is a multi-electron transfer reaction, involving a number of elementary steps
and reaction intermediates. Figure 2 summarizes the major ORR paths at a platinum electrode.
Two competing views were proposed regarding the adsorption state of molecular oxygen, which
determines the following reaction paths. Damjanov proposed proton and electron transfer occurs
before the O-O bond is broken, and the first reduction step (O2 + H+ + e-OOH) is generally
accepted as the rate limiting step [2]. In Yeager’s view, oxygen molecule adsorption breaks the
O-O bond as the initial step [3], and the adsorbed atomic O further gains electrons and protons to
form OH and then H2O. Although there is limited experimental evidence for the OOH
intermediate, it is predicted in ab initio calculations [4, 5]. The high activation barrier of O-O
breaking [5, 6, 7] makes this path a less likely step. Conflicting points of view originate from the
difficulty in characterizing reaction intermediates at the electrolyte/electrode interface
experimentally.
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Figure 1-2. Simplified ORR reaction paths on a platinum electrode

The ORR mechanism is strongly influenced by the applied electrode potential, which
alters the relative binding strength of adsorbates and catalyst surface chemistry. Water molecules
that adsorb to the Pt electrode compete with oxygen molecules for available active sites. The
competitive adsorption of O2/H2O is affected by the applied electrode potential, and has been
hypothesized to affect the ORR reaction [8, 9]. At higher potentials (V >0.8 V-SHE), the
electrode surface undergoes oxidation and forms a mixture of Pt/PtO/PtOH. The removal of OH
and O is also speculated to limit overall rates [10]. The rate limiting steps in electrochemical
experiments are speculated based on Tafel slopes, which represent the overall potential
dependence of reaction rate (current).

Experimental investigations of the ORR in acidic

electrolytes reported a potential-dependent Tafel slope. The slope changes from 120 mV dec-1 in
the low potential region (V<0.8 V-SHE) to 60 mV dec-1 in the high potential region, indicating
that the rate-limiting step changes from a one-electron to a two-electron process at the low and
high potential regions [10].The electrode potential dependence of O2/H2O competitive adsorption
and the stability of O-containing intermediates might contribute to this two Tafel-slope feature.
The electrolyte directly affects surface reactions in a PEMFC cathode. The ionic group
SO3- of Nafion is speculated to adsorb on the Pt electrode and block available active sites for
ORR [11]. Prevention of sulfonate anion adsorption to the Pt electrode may increase catalyst
utilization and allow for improved fuel cell efficiency. Although the complex structure of the
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hydrated polymer electrolyte/electrode interface is not fully understood, the interfacial structure is
reported to be similar to that of an aqueous H2SO4/Pt interface [12].
Bisulfate (HSO4-) and sulfate (SO42-) anions specifically adsorb to the Pt electrode. The
specific adsorption involves the formation of a chemical bond between anions and the metal
electrode. Despite extensive studies of the Pt(111) electrode in sulfuric acid solution, several key
issues remain debated. Multiple bisulfate/sulfate associated current peaks in the voltammogram
have been reported but the origins of these peaks are unclear. Vibrational spectroscopy has been
used to probe the adsorbed anions but the frequency assignment and thus the adsorbed species is
complicated by the Pt-anion and anion-water interactions as a function of electrode potential.

1.3 A need for atomistic modeling of the electrochemical interface
Numerous experimental techniques have contributed to the understanding of PEMFCrelated chemical processes, but these techniques are limited by their ability to probe ORR
reaction intermediates and adsorbed anions at the complex aqueous solution/metal interface.
Atomistic modeling approaches, avoiding current experimental complications such as site
heterogeneity and environmental contaminants, enable the characterization of the interfacial
region under fuel cell operating conditions and elucidate its influence on the ORR and anion
adsorption reactions.
Atomistic simulations at the electrolyte/electrode interface include two major modeling
challenges: the description of applied electrode potential and electrolyte structure. At the quantum
level, an applied potential induces electrode surface charging and alters the energy required to
transfer an electron for reduction/oxidation reaction, which provides thermodynamic and kinetic
driving forces for these surface reactions. A constant charge system is easy to implement in an
atomistic simulation. However, a constant charge electrode is not a good representation of a
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constant potential electrode. Ions and water molecules near the surface, and surface adsorbates
also induce surface charging, and further alter the electrode potential. Maintaining a constant
potential condition, in a manner similar to a potential controlled electrochemical device is
operated, needs to take adsorbate-electrode electronic interaction into account. The second
modeling challenge regarding modeling the electrolyte includes the description of ion distribution
and solvent structure. The electrode/electrolyte interface is formed by a charged metal electrode
and an opposite ionic charge in the adjacent solution.

Figures 3(a)-(c) depict the charge

distribution of the interfacial structure in classical electrochemistry on a macroscopic scale.
Figure 3(a) shows the simplest model, proposed by Helmholtz, in which a layer of oppositely
charged ions is located at a fixed distance from the electrode surface [13]. The two sheets of
opposite charge comprise a double layer region that is equivalent to a parallel-plate capacitor.
Helmholtz’s model predicts a linear potential drop, resulting in a constant electric field across the
double layer region. Although this model considers charge neutrality at the interface, it does not
account for randomizing effects from the thermal motion of ions. Two independent studies, later
done by Gouy[14] and Chapman[15], considered ion dynamics in modeling the electrolyte. The
electrostatic potential decreases exponentially from the charged electrode in the Gouy-Chapman
model. This is illustrated in Figure 3(b), where an ion diffusion layer is described. The GouyChapman model did not succeed in capturing ordered ions next to the electrode due to specific
adsorption. Stern[16] further combined Helmholtz and Gouy-Chapman models and developed a
double layer model including a fixed charge plane near the surface and a diffusion layer outside
the plane, as shown in Figure 3(c). Without atomistic resolution, these macroscopic models are
not capable of capturing water structure near the electrode as well as the explicit ion-metal or ionsolvent interactions, both of which are important to describe non-ideal electrolyte/electrode
interfacial structures.
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Figure 1-3. Schematic of the double layer and its corresponding potential profile along surface
normal direction according to the models of (a) Helmholtz, (b) Gouy-Chapman, and (c) Stern

1.4 Challenges and opportunities in density functional theory based electrochemical models
Oxygen reduction involves the breaking of chemical bonds at the electrode/electrolyte
interface, and the adsorbate-water interactions affect the reaction energetics. Density-functional
theory (DFT) methods, which capture the atomistic-level interaction between O-containing
adsorbates and the metal surface, are commonly used to characterize reaction intermediates and
understand reaction mechanisms in catalytic systems. When DFT methods are applied to
electrochemical reactions, additional complexities arise due to the electrochemical nature of the
electrolyte/electrode interface. Commonly used functionals in DFT methods are inadequate for
the description of van der Waals (dispersion) interactions. With current computational power, it is
not feasible for DFT methods to account for the long length scales associated with the ion
distribution and the associated long time scale solvent dynamics. Despite these modeling
limitations, various DFT electrochemical models have been developed to elucidate the chemical
reactivity at the electrolyte/electrode interface.
Approximate solvent structures as well as ion distributions to model the potential drop in
the double layer region have been developed. The simplest approach to account for the interfacial
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electric field, defined the electrical potential drop divided by the double layer thickness based on
Helmholtz’s model, is to explicitly apply an external electric field. The difficulty with the use of
this model is that the connection between electric field and potential relies on the assumption of
double layer thickness, which is not known without knowing the associated surface charge and
counter ion distribution. An alternative to electrode potential and ion distribution at the
electrolyte/electrode interface involves explicitly charging the electrode. Adding or removing
charge of the metal electrode from its neutral state creates charge segregation near the electrode
surface, providing a physically realistic representation of electrode charging due to an applied
potential. Different approaches have been developed to represent the counter charge distribution
and solvent structure in these models, including a homogeneous countercharge distribution [17], a
charge plane at a certain distance from the metal [18], and a Poisson-Boltzmann distribution of
counter charge within a continuum solvent [19].
The inclusion of explicit water molecules is useful in DFT models to evaluate the
solvation stabilization effect on the reactants or products of a surface reaction. However, the
solvent structure approximation is another big challenge for DFT-based electrochemical models.
Since the interfacial water structure at room temperature is not well understood in both
experimental and theoretical work, a few layers of ice-like bilayer water, from a zero K DFT
energy minimization, are commonly used to represent the interfacial solvation. Although a zero K
water structure is argued to be unrealistic, experiments have reported these ice-like water
structures at low-temperature (less than 200K) conditions [20]. Two types of models are used
with water bilayers included. Figure 4(a) illustrates a microsolvated model, which is constructed
by putting one to two water bilayers over the electrode and leaving a vacuum layer above the
water. This model is computationally efficient. However, in the absence of a water density
constraint and long-range water-water interactions, an adsorbed species easily disturbs the water
structure, making the evaluation of solvation effects uncertain.

A fully solvated model,
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illustrated in Figure 4(b), fills the vacuum region between two periodic electrode slabs with water
bilayers. The density is maintained at a constant value, but this model suffers from poorlydefined interfacial hydration levels or water densities, which depend on fuel cell operating
conditions. A systematic examination of the influence of interfacial water structure on fuel cell
relevant reactions, including the number of water layers and water density, serves as a sensitivity
test for the choices of water structure within DFT-based electrochemical models. Applying these
models to ORR and ion adsorption reactions provides a first step toward a better understanding of
the impact of electrolyte-catalyst interfacial structure variation on fuel cell efficiency.

Figure 1-4. Schematic of (a) a micro-solvated DFT model and (b) a fully solvated DFT mode

1.5 Modeling the interfacial water using molecular dynamics simulations
The electrolyte/cathode interface is a dynamic environment. Solvation dynamics and
proton transport impact electrocatalyis rates. It is ideal to maintain a fully quantum treatment of
the interface to obtain reaction energetics while taking water dynamics into account. The heavy
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computational burden of using ab initio MD only allows short time (a few picoseconds) and small
size (30 H2O molecules) simulations [21], yielding non-representative results. As an alternative,
the classical molecular dynamics simulations using empirical force fields provide a dynamic
description of the electrolyte layer adjacent to the electrode surface on a time scale of
nanoseconds.
Atomistic simulations based on interaction potentials have been applied to the study of
electrochemical interfaces for the examination of altered water structure and dynamics in the
interfacial region [22, 23]. A non-reactive water molecule treatment limits the representation of
water at the PEMFC cathode because covalent bond breaking/formation is required to model
water dissociation under applied potential, and proton transfer via the Grotthuss mechanism [24].
In addition, experimental electrodes are held at constant potential rather than constant charge
conditions, often used in MD simulations.
To examine water dissociation and proton transfer dynamics as a function of electrode
potential in a PEMFC electrode/electrolyte interface, a water model that allows valance bond
breaking/formation, and a potential-controlled metal electrode are necessary. These two
requirements differ from common ways of treating water and metal electrodes. The significant
methodological step here is to develop a MD force field for the study of the electrified
water/Pt(111) interface to capture dynamic interfacial phenomena in PEMFCs. The purpose of
the MD study is to understand how water ions, OH- and H3O+, affect interfacial water structure
and the electrical potential profile difference between atomistic descriptions and classical double
layer models. The response of water structure and dynamics to the varying electrode potential is
of interest because the H-bonding network and hydration level modify OH- and H3O+ charge
transfer dynamics and thus fuel cell efficiency.
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1.6 Overview of investigation
This dissertation seeks to investigate the impact of electrode potential and electrolyte
structure on PEMFC-relevant electrochemical processes. Emphasis is on structural investigations
of ORR reaction mechanisms [25, 26] (Chapters 2 and 3) and bisulfate/sulfate specific adsorption
processes [27] (Chapter 4) as well as water and proton transfer dynamics (Chapter 5) at the
electrified liquid/solid interface. The central of the research questions in this dissertation are as
follows:
•

Does H2O/O2 competitive adsorption limit the ORR rate? (Chapter 2)

•

Does the structure of water used in DFT models significantly impact the calculated
competitive adsorption energies? (Chapter 2)

•

What is the rate limiting step of the ORR and how does it change with electrode
potential? (Chapter 3)

•

Are sophisticated models of the electrochemical interface, such as the use of a fully
solvated model, needed to accurately capture ORR energetics? (Chapter 3)

•

What is the dominant adsorbed species at the H2SO4(aq)/Pt(111) interface ? (Chapter
4)

•

How do the varying electrode potentials impact molecular level bisulfate/sulfate
adsorption phenomena? (Chapter 4)

•

Does water dissociation impact interfacial water structure and dynamics at the
water/Pt(111) interface ? (Chapter 5)

•

How do the varying electrode potentials impact H+ transfer and H3O+/OH- transfer
dynamics?
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Chapter 2 focuses on oxygen adsorption strength and electronic structure under the
influence of solvent structure and applied electric potential/field. Compared to the extensive
studies of oxygen adsorption at a vacuum/Pt(111) interface, oxygen adsorption at an electrified
water/metal interface is not well defined. Oxygen adsorption is the first step of ORR reaction, and
oxygen adsorption states determine following ORR reaction paths. To adsorb on a solvated
electrode, the competition between O2 and H2O for active sites might affect the overall ORR
reaction [4]. We used both vacuum/Pt(111) and solvated/Pt(111) with three water densities to
evaluate the influence of water-oxygen, water-metal, and water-water interactions on oxygen
adsorption configurations and energetics at the PEMFC cathode. The investigation of potentialdependent energies of O2/H2O competitive adsorption addresses the range of applied potentials in
which oxygen adsorption might limit the overall ORR. We vary water density in a bilayer
structure to mimic the variation of hydration level of the cathode interface and assess the
influence of electrolyte structure on oxygen adsorption. Although van der Waals interactions in
the used DFT methods are not accurately described, the results, that H2O/O2 competitive
adsorption depends on water density, highlight the influence of electrolyte structure on surface
reaction, motivating further study of the impact of electrolyte structure on overall ORR
mechanisms.
In Chapter 3, various DFT-based models are employed to elucidate ORR dominant paths
and rate-limiting steps at PEMFC operating potentials. The influence of model choices on
mechanism determinations is emphasized. Three key elementary steps, speculated to affect
overall rates, include O2 dissociation [3], the first reduction (O2OOH)[2], and final reduction
(OHH2O) [6]. The role of electrical potential/field and water structure in facilitating or
hindering each reaction are addressed. The combined effect of water structure-electrode potential
variation is recognized as an important factor in stabilizing reaction intermediates/products. The
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suggested reaction paths and rate-limiting steps provide possible reaction mechanisms for
experimental observations.
Chapters 2 and 3 demonstrate the influence of water structure on ORR energetics. The
electrolyte in contact with the PEMFC cathode is a mixture of water, polymer electrolyte, and
reactants. Ssurface poisoning from ion species hinders electrocatalysis [7]. Chapter 4 presents
detailed studies of sulfuric acid anion adsorption over a Pt(111) electrode to elucidate
microscopic adsorption processes. The computed vibrational frequencies associated with
adsorbed bisulfate/sulfate anions are compared to experimental measurements to identify the
dominant ion species. The multiple peaks in experimental voltammograms are assigned using
simulated linear sweep voltammograms and potential-dependent vibrational frequencies. Sulfuric
acid anion adsorption occurs within the ORR region, but the surface poisoning might be avoided
using sulfonates. To screen possible sulfonate anions, the adsorption equilibrium potential of a
series of sulfonates with various backbone lengths and chain compositions are examined and
correlated with anion basicity.
DFT calculations in Chapters 2-4 indicate the importance of using fully solvated
electrode models to capture the surface chemistry at a PEMFC cathode. However, DFT methods
are restricted to the use of a static water structure. Water dynamics controls ion and
reactant/product transport. Interfacial water structure fluctuations are associated with the ion
distribution in the formation of the double layer. This further motivates us to extend the
simulation scale with force field MD simulations. Chapter 5 focuses on water and electrode
model selections necessary to capture water dissociation at an electrified electrolyte/electrode
interface. We introduce a novel MD model that allows us to investigate water dissociation at a
potential controlled platinum electrode. Simulations of dissociative and non-dissociative water
between two Pt(111) electrodes are performed and compared. We address the electrode potential
dependence of interfacial water structure and mobility in the presence of H3O+ and OH-. The
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electrical potential profiles and microscopic electrochemical properties such as dielectric constant
and capacitance are reported. Using the dissociative water model, we compare proton transfer
dynamics between H3O+ and OH- under fuel cell operating conditions and discuss the influence of
H3O+ and OH- transfer dynamics on electrocatalytic reactions.
Collectively, we use both DFT and MD methods to model the electrode/cathode
electrocatalytic interface in a PEMFC and provide a fundamental understanding of its role in
dictating electrochemical processes. The main findings and recommendations for future work are
summarized in Chapter 6.
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Chapter 2
Electronic structure models of oxygen adsorption at the solvated, electrified
Pt(111) interface
This chapter is published as: K.-Y. Yeh, S. A. Wasileski, and M. J. Janik. Phsyical
Chemistry Chemical Physics 2009, 11(43), 10108-10117

The adsorption of molecular oxygen is the first step in the oxygen reduction reaction.
Influences of interfacial water structure and electrode potential on oxygen adsorption to the
Pt(111) surface were evaluated using density functional theory. Two approaches were used to
model the electrification of the interface, an applied homogeneous electric field and the doublereference method of Filhol, Taylor, and Neurock. The free energy change for molecular oxygen
replacement of water at the surface shows qualitatively different trends between the two models.
The inclusion of solvation effects and direct control of the electrode potential offered by the
double-reference method lead to the conclusion that O2 replacement of water is favorable at all
potentials studied, and O2 binding becomes more favorable with increasing potential. This trend
is contrary to that observed using an external electric field model to represent the electrochemical
double-layer, and arises due to the compounded effect of potential on water-surface, oxygensurface, and water-molecular oxygen interactions. These results indicate that oxygen replacement
of adsorbed water does not limit the overall oxygen reduction reaction rate at a proton exchange
membrane fuel cell cathode. The impacts of aspects of model construction (number of water
layers, water density) and variation of electrode potential on the O2-Pt(111) interaction are
described.
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2.1 Introduction
The sluggish oxygen reduction reaction (ORR) limits proton-exchange membrane fuel
cell (PEMFC) efficiency and power output, and requires expensive Pt-based catalysts. Molecular
oxygen adsorption is the first step of the ORR at the cathode of PEMFCs. Despite a multitude of
surface science1, 2 and theoretical studies,3-8 the effects of electrode potential and interfacial water
structure on the adsorbed state structure and reactivity remain undefined. In the hydrated
electrochemical environment, the interaction between O2 molecules and the electrode surface is
altered by solvation and electrode potential. We performed density functional theory (DFT)
calculations on a solvated Pt(111) model to probe the dependence of O2 adsorption on interfacial
water density, and employed the double reference method to evaluate the variation in adsorption
properties with electrode potential.9,

10

We specifically show that explicit inclusion of water

molecules in the quantum mechanical model is required to represent the potential dependence of
the O2 adsorption energy. This study provides a first step towards our overall objective of
understanding the role of electrolyte structure in affecting the initial steps of the ORR reaction.
The oxygen reduction reaction at the PEMFC cathode is a multi-step process involving
four electron transfers. The order of initial electron transfer, proton transfer, and O-O dissociation
steps is unclear. Proton and electron transfer may occur simultaneously, following O2 adsorption,
as the ORR rate limiting step.11,

12

Yeager et al.,13 proposed the oxygen molecule dissociates

before it is hydrogenated, and oxygen adsorption is considered to be the rate limiting step.
Computational studies of initial O2 reduction steps have also produced conflicting conclusions,
including that electron transfer occurs simultaneous with proton transfer,14-16 or electron transfer
precedes OOH formation.17 Furthermore, competitive adsorption between O2 and H2O molecules
has been hypothesized, both in experimental18, 19 and computational20 studies, to affect the ORR
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rate. Conflicting conclusions stem from difficulties, both in experiment and computation, in
characterizing the adsorbed O2 state at the solvated electrified interface.
Under ultra-high vacuum (UHV) conditions, O2 adsorption occurs with two almost
energetically degenerate chemisorbed molecular states.3, 7, 21 The magnetic “superoxide,” denoted
as O2- although the formal charge is debatable, is formed at a bridge site with the molecule
parallel to the surface plane. The non-magnetic “peroxide”, O22- , is formed at a fcc hollow site
with the atoms in a top-hollow-bridge geometry.1,

22, 23

There is a general agreement that O2

chemisorption involves charge transfer from the substrate to the molecular 2π* orbital, although a
recent DFT study by Qi et al. suggested that there is no net charge transfer between the Pt surface
and adsorbed oxygen.8 Although Qi et al. examined the UHV interface, computational studies
examining the effect of alkali metal coadsorption24 or the presence of an electric field25,

26

highlight the importance of surface-O2 charge transfer in the adsorbed state.
Although experiments and theory have provided extensive information regarding O2
adsorption at the UHV interface, adsorption at the electrode/electrolyte interface is substantially
more challenging to characterize. Structural and continuum properties of bulk water are well
known, yet the dynamic structure of hydrated electrolyte at the electrode interface is not well
described at a molecular structure level. Multiple studies have demonstrated that the interfacial
water behaves differently from the bulk.27-32 Atomic force microscopy shows that the dielectric
constant varied from the bulk value of 72 F m-1 at 20 nm away from the surface to 4 F m-1 at the
surface.28 The formation of an ordered bilayer structure has been demonstrated by experiments
and theory.29-32 The interfacial structure in contact with non-adsorbing acidic electrolyte,33 also
presents challenges to molecular level representation. Gouy-Chapman34, 35 and Helmholtz models
for ion distribution in the electrochemical double layer capture general qualitative features, but
singularities in electrolyte hydration structure and metal interaction challenge universality.
Because of the difficulty of direct observation of the oxygen adsorption process in the
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electrochemical environment, clear evidence of solvent and electrode potential effects on the
adsorption strength and bonding interaction is not available. Theoretical studies of molecular
oxygen adsorption avoid experimental complications regarding site heterogeneity and
environmental contaminant presence, and yield detailed information about the adsorption
properties on a molecular level.
Modeling solvation interactions and electrochemical potential distribution are, however,
challenging in DFT calculations. One technique used to model the effect of potential variation on
adsorption is to apply an external homogeneous electric field. Panchenko at al.25 showed that
lowering the applied field increases charge transfer from Pt to the O2 2π* orbital, increases the OO bond length, and decreases the O-O vibrational stretching frequency. Hyman and Medlin26
found that the adsorption energies of atomic and molecular oxygen are only slightly affected by
external electric fields, but a 0.1 eV change in oxygen dissociation barrier occurs when a 0.5 V Å1

electric field is applied. Karlberg et al.36 investigated the impact of applied electric fields on

adsorption of O2 and other ORR intermediates. Their model included a small number of water
molecules, and they concluded that an applied field leads to slight changes in ORR reaction
kinetics. Blanco and Orts37 found that a positive electric field stabilizes water adsorption.
Although electric field approaches model the effects of the electrical double layer within
a Helmholtz-model (constant electric field), they do not incorporate the solvent-solvent, solventadsorbed oxygen, and solvent-Pt surface interactions at the interface. Additionally, the
corresponding electrode potential is unknown. Furthermore, the presumption of a constant
electric field during an adsorption or reaction process is not necessarily accurate. Nørskov and
coworkers38,

39

changed the number of protons and electrons to simulate the electrochemical

environment within a model composed of a bilayer of water on a Pt(111) slab. This model
provides a distinct ion distribution in the double layer and allows for calculation of the potential
dependent activation barriers. However, adding one hydrogen atom causes an approximately 1 V
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potential change for the small DFT unit cell, which limits the potential control to quantized
variation. The recent work by Jinnouchi and Anderson40 combines DFT and modified PoissonBoltzmann theory by using a parameterized smooth dielectric model function, and adds the
counter charge within a continuum dielectric medium. This model provides a description of
solute-solvent interaction, but suffers from the general drawbacks of a continuum approach.
In this study, a DFT model electrode/electrolyte interface is used with water molecules in
a hexagonal ice-like structure between metal slabs. The inclusion of water molecules provides a
more realistic electrochemical environment than a metal-vacuum interface, including
intermolecular interactions such as hydrogen bonding. The electrified metal surface and
electrolyte countercharge is modeled using the double reference method developed by Taylor,
Filhol, and Neurock.10 This method has been used to evaluate the energetics of the first reduction
step of the ORR17 and oxygen dissociation as a function of electrode potential.24 An external
electric field model is compared with the potential-controlled model. We examine the solvation
and electrode potential dependence of adsorbed O2 properties, including O-O bond length, atomic
charges, vibrational frequencies, net spin, relative adsorption energy, and surface workfunction
by systematically varying the interfacial water density, electrode potential, and the number of
water layers within the computational model. This provides a first step in understanding the role
of electrolyte structure in affecting the initial steps of the ORR reaction.

2.2 Computational methods

2.2.1 Electronic structure methods
Calculations were carried out using the Vienna Ab-initio Simulation Program (VASP), an
ab initio total-energy and molecular dynamics program developed at the Institute for Material
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Physics at the University of Vienna.41-43 The Perdew-Wang (PW91) form of the generalized
gradient approximation (GGA),44 a plane-wave basis set cutoff energy of 450.0 eV, and the
projector augmented wave (PAW) method45 were used in determining the electronic structure. A
3x3x1 Monkhorst pack mesh46 was used to perform the Brillouin-zone integration. Electronic
energies were converged to within 10-4 eV, and structural optimization minimized the forces on
all atoms to below 0.05 eV Å-1. Calculations including oxygen molecules were carried out spin
polarized. Spin polarization was essential to properly represent the electronic structure of
adsorbed O2 molecules at the Pt(111) surface. Charge assignment utilized the Bader method
developed for the VASP code by the Henkelman group.47,

48

Vibrational frequencies were

determined using the harmonic oscillator approximation, with energy-position second derivatives
calculated by displacing individual adsorbate atoms by 0.01 Å about their optimized positions.

2.2.2 Double reference method and model construction
The cathode/electrolyte interface was constructed with an ice-like bilayer water structure
on the Pt(111) surface. The electrode surface contained five layers of Pt atoms in a 3x3 surface
cell configuration.

The Pt-Pt bond distances of the middle three layers were fixed at the

experimental bulk Pt value of 2.77 Å.49 The experimental lattice constant (3.92 Å) was used
rather than the PW91 optimized Pt lattice (3.99 Å) to minimize the propagation of error possible
in forcing the water bilayer to extend to the larger lattice constant. Testing of O2 adsorption
energies as a function of applied electric field shows less than a 5 kJ mol-1 difference in
adsorption energy and no variation in the field dependence due to this difference in lattice
constant. The preference of water on close-packed metal surface to form long-range-ordered
structures consisting of ice-like rings of water hexamers has been observed for a variety of metal
surfaces,30 though the specific commensurate structure used herein is observed on defect surfaces
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or with the presence of co-adsorbed O or OH species rather than the pristine Pt(111) surface.50
An ab initio simulated annealing process over the Pd(111) surface confirmed the stability of this
structure.9
The dependence of O2 adsorption properties on the water layer density and the number of
water layers in the model were investigated. Models were constructed using 24 (arranged into 4
bilayers) and 36 (arranged into 6 bilayers) water molecules; the spacing of repeated model slabs
along the surface normal is varied to alter the water density. Density is estimated by dividing the
number of water molecules by the inter-slab volume, obtained by subtracting the volume of
platinum metal layers from the unit cell volume. The metal volume was determined assuming the
surface layer to extend by the Pt Van der Waals radii of 1.72 Å51 beyond the nuclei positions. For
example, thirty-six water molecules in a supercell with a surface normal dimension of 31.17 Å
gives a metal layer thickness of 13.38 Å and water density of 1 g cm-3. Varying the surface
normal basis vector to alter density assumes the preference of the first few water layers to retain
the bilayer structure with water-oxygen hexamers commensurate with the metal substrate,
resulting in density variation through bilayer spacing adjustment only. Water densities (ρ) of 1.0,
0.86, and 0.68 g cm-3 were chosen because 1.0 g cm-3 is close to the liquid phase at atmospheric
conditions, 0.86 g cm-3 is the optimal density of water over the Pt (111) surface determined by
varying the surface normal vector and is also close to the optimal density of ice, and 0.68 g cm-3
represents a minimum density beyond which water bilayers are observed to disassemble by DFT
calculations. In this range of density, water retained the hexagonal ice-like hydrogen bonded
orientation. The PW91 functional overestimates the optimal density of hexagonal ice (Ih) by
approximately 2%.52-55 Therefore, the optimal density calculated for hexagonal ice over the
Pt(111) surface, 0.86 g cm-3, likely represents a small overestimation relative to ice in contact
with Pt(111). The calculated variation between the experimental and PW91-optimized ice lattice
constant is slight relative to the range of densities considered herein. To model oxygen molecule
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adsorption, one water molecule in the unit cell is replaced by the oxygen molecule and the entire
structure is re-optimized. This model system better represents an aqueous interface with nonadsorbing electrolyte than the specific Nafion-Pt interface of a PEMFC cathode. The aqueous cell
has been used experimentally to provide useful insight to ORR kinetics in a PEMFC.17
The electrode potential is varied within the periodic quantum mechanical calculations
using the Taylor, Filhol and Neurock9, 10 double reference method. In this method, the surface
potential is varied by adjusting the number of electrons within the unit cell (varying here from q =
-1, -0.5, 0, 0.5 to 1 |e|) and adding a compensating homogeneous background charge. The surface
potential (U), referenced to the normal hydrogen electrode (NHE), is determined from the
calculated workfunction (Φ) referenced to vacuum via the following equation,56

U / V ( NHE ) = Φ / e − 4.6

(1)

where e is the charge of an electron and 4.6 V is the estimated potential of vacuum on the NHE
scale. The potential-dependent workfunction referenced to vacuum is extracted from the
calculation by forming two references within the unit cell: a vacuum reference at q=0 and a
water-layer reference that enables comparison of energies at varied potential. The system energy
is corrected for interactions with the background charge and the varying number of electrons, and
fit to a quadratic function of electrode potential. Corrections for zero-point vibrational energy and
vibrational entropy (at 298K) are added to provide a potential-dependent free energy for the pure
water [ GnH O* (U ) ] and oxygen containing [ G O *+ ( n −1) H O (U ) ] systems. Only the adsorbed oxygen
2

2

2

molecule and the replaced water molecule are considered in the calculation of vibrational
frequencies. The double-reference method well-represents the dielectric constant of interfacial
water, the homogeneous background charge reproduces the interfacial electric field of a model
including explicit counterions, and spurious dipole-dipole interactions between periodic
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representations of the slab-surface due to charging are eliminated due to charge screening by the
water layers.10 Please refer to references 9, 10 and 24 for further details.

2.2.3 External electric field model
The cathode/electrolyte interface was constructed with an ice-like bilayer water structure
An external electric field was applied to evaluate the field dependent binding of O2 and H2O at
the Pt(111) surface. A vacuum region of 10.00 Å was included between repeated surface slabs.
Electric fields from -0.5 to +0.5 V Å-1 were applied along the surface normal. A positive electric
field represents a positively charged surface at the Pt-water interface. Slab to slab dipole-dipole
interactions along the surface normal were corrected for within the electron self-consistent field
cycle. The O2 adsorption energy ( ∆ E ads ) was calculated as a function of electric field (F) using
the following equation.26

∆Eads ( F ) = EDFT,O2 * ( F ) − E * (F ) − EDFT,O2

(2)

where E DFT ,O2 * ( F ) and E * ( F ) are the energy of adsorbed oxygen and the bare Pt surface at a
specific electric field, respectively, and E DFT ,O2 is the energy of oxygen in gas phase.

2.2.4 Calculation of O2/H2O replacement energy
Relative binding energy calculations are used to examine oxygen adsorption
interactions20 since a bare surface does not exist for comparison in the solvated model. In oxygen
adsorption, an oxygen molecule transports from solution and displaces an adsorbed water
molecule in order to adsorb, with the displaced water molecule returning to the bulk electrolyte.
Thermodynamically, this process is described as a replacement process; an oxygen molecule
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replaces a water molecule on the electrode surface, and a water molecule is exchanged with an
oxygen molecule in solution:
[H2O* + (n-1) H2O ] + O2(aq)  [O2* + (n-1) H2O] + H2O(aq)

(3)

where [] represents the electrolyte model in the unit cell. Using the double reference method, the
potential dependent free energy of replacement (∆G) can be calculated from

∆G(U ) = GO2 *+( n−1) H2O (U ) + GH2O,aq − GnH2O* (U ) − GO2 ,aq

(4)

where GO2 *+( n−1) H 2O (U ) and GnH2O* (U ) are the potential dependent free energy of adsorbed
oxygen molecule and water molecules, and GH 2O, aq and GO2 , aq are the free energy of a water
molecule and an oxygen molecule in solution. The free energies of solvated water ( GH 2O, aq ) and
oxygen ( GO2 , aq ) are determined by

Gaq = EDFT + ZPVE − T (Svibration + Stranslation +S rotation) + ∆Gsolvation

(5)

The standard solvation energies used here for water and oxygen are -0.19 eV57 and 0.27
eV,58 respectively. These two values are corrected to the bulk water concentration of 1.0 g cm-3
density and oxygen at the solubility limit (0.258 µM)59 assuming an ideal solution.
For the applied external electric field model, the electric field (F) dependent replacement
energy can be calculated from

∆G(F ) = GO2 * (F ) + G H 2O,aq − G H 2O* (F ) − GO2 ,aq
where GO2 * (F)

(6)

and G H 2O* (F) are the free energy of adsorbed oxygen molecule and water

molecules, respectively, at a specific electric field.
The O2/H2O displacement energy, calculated as described above, serves a number of
purposes: 1) to provide a quantitative measure for tracking the potential and solvation dependence
of the O2-Pt(111) interaction strength, 2) to provide a quantitative comparison between models of
the electrochemical interface for evaluating their reliability in examining this binding interaction,
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and 3) to evaluate the hypothesis18, 19 that the ORR rate is limited due to the inability of oxygen to
compete with water for binding sites at potentials near the equilibrium potential. However, we
note that in at potentials above approximately 0.8 V(NHE), a high coverage of hydroxyl species
is possible and competition of oxygen with adsorbed hydroxyl groups may also affect the ORR
rate.60 This competition is not evaluated herein, however, the addition of the reaction energy of
for the conversion of adsorbed water to hydroxyl groups (producing a proton and electron) to the
O2/H2O displacement energy presented herein will convert this value to the O2/OH displacement
energy. The potential dependence of the water-hydroxyl conversion reaction on Pt(111) has been
published elsewhere using various methods,

60-62

including the double-reference method.
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At

potentials where the water-hydroxyl conversion reaction favors hydroxyl species, displacement of
hydroxyl groups by oxygen molecules will be less favorable than displacement of water
molecules.

2.3 Results and discussion
The adsorption of oxygen on the platinum surface is the first step in the ORR. Although
O2 adsorption is well characterized at the UHV surface, the impact of interfacial water structure
and variation of electrochemical potential on oxygen-surface interaction is unclear. We have
systematically changed the water layer density, number of water solvent layers, and electrode
potential in DFT model systems to examine their influence on O2 adsorption behavior at the
Pt(111) surface. Prior to discussion of the O2 adsorption results, we detail the variation in
interfacial water properties with density.
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2.3.1 Interfacial water structure at varying density
The optimized bilayer water structures, containing different numbers of water molecules
at different water densities, are shown in Figure 2-1. This water structure was constructed with a
half-bilayer oriented with oxygen atoms close at one surface, and a half-bilayer at the opposite
surface oriented with hydrogen atoms close. The spacing between water layers, as labeled in
Figure 2-1, is given in Table 2-1. The spacing between water layers in the middle part of the
model is equivalent for the same density, as evidenced by the equivalent spacing between layers
c-h in the 36H2O model (Figure 2-1(b)) and c-e in the 24 H2O layer model (Figure 2-1(a)). The
middle water layer spacing is therefore not affected by the metal surface. In addition, the
distances between the metal surface and adjacent water layers in the 24 H2O model are
comparable to the same distances in the 36 H2O model. We therefore conclude that either 24 or
36 H2O models enable a middle layer structure dominated by the water-water interaction and
allow comparable water-metal interactions. However, the choice as to the number of water layers
used does alter O2 adsorption properties as will be discussed in the next section.

Table 2-1. Distances (Å) between water layers in the model system of 24 and 36 water molecules
at different densities ρ (g cm-3)
24 H2O

Pt-O

a-b

a-c

c-d

c-e

e-f

e-g

H-Pt

θ (degree)

ρ =1.0

2.25

0.6

3.2

0.3

2.9

0.3

2.6

2.3

107

ρ =0.86

2.31

0.9

3.6

0.7

3.4

0.7

3.2

2.5

112

ρ =0.68

2.44

1

4.3

1

4.3

1

3.9

3.0

112

36 H2O

Pt-O

a-b

a-c

c-d

c-e

e-f

e-g

g-h

g-i

i-j

i-k

H-Pt

θ(degree)

ρ =1.0

2.25

0.66

3.22

0.34

2.92

0.33

2.90

0.37

2.95

0.32

2.6

2.3

108

ρ =0.86

2.31

0.93

3.62

0.73

3.42

0.70

3.38

0.72

3.42

0.69

3.2

2.5

112

ρ =0.68

2.44

0.98

4.37

0.98

4.34

0.98

4.31

0.99

4.32

0.92

3.9

3.0

111
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Figure 2-1. Optimized structures of the water-Pt(111) interface containing (a) 24 H2O and (b-d)
36 H2O in an ice-like structure on the Pt(111) surface : (a and b) density = 1.0 g cm-3(c) density =
0.86 g cm-3, (d) density = 0.68 g cm-3. The letters in (a) and (b) label the position of different
layers in the unit cell for reference in Table 2-1, and θ in Table 2-1 represents the Pt-O-H angle of
an adsorbed water molecule.

The variation of water density alters the orientation of water molecules adsorbed at the
Pt(111) surface, thus resulting in a workfunction change of the metal surface. The workfunction
increases by about 0.2 eV as the water density increases from 0.68 to 1.0 g cm-3 in both 24 and 36
water molecule models, as given in Table 2-2. Adsorption of H2O involves electron donation
from occupied 1b1 orbitals to the metal surface. At a higher water density, the most favored
orientation is for the water molecules to be adsorbed with the molecular plane parallel to the
surface, and the average angle between Pt-O-H is 108˚ (see Figure 2-1(d)); whereas at lower
density, the Pt-O-H angle increases to 112˚). The water dipole moment projected to the surface
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normal direction is larger for the adsorbed water molecules with higher Pt-O-H angles. The
increase in work function with water density can then be explained as due to decreased electron
donation from adsorbed water or a tilt of the water dipole away from the surface normal.

Table 2-2. Calculated solvated Pt(111) workfunction Φ (eV) for different water densities (ρ).
System
24H2O
O2+23H2O
36 H2O
O2+35H2O

ρ =1.0 (g cm-3)
5.24
5.17
5.27
5.25

ρ =0.86(g cm-3)
5.06
5.04
5.18
5.14

ρ =0.68(g cm-3)
5.05
4.77
5.05
4.91

2.3.2 Influence of water density and electrode potential on oxygen adsorption
Surface-O2 bonding alters the O-O distance, O-O stretching vibrational frequency, and
net-spin. Two different explanations of the adsorbed oxygen properties have been put forth based
on DFT calculations. Eichler et al.3 and Bocquet et al.63 showed electron transfer from the d-band
of the Pt surface to the 2π* orbital of the adsorbed O2 molecule in UHV, but Qi et al.8 concluded
that there is no significant charge transfer from the Pt(111) surface to the adsorbed oxygen, and
the spin variation of adsorbed oxygen comes from intramolecular electron transfer in the
adsorbed oxygen. The latter result indicates that the adsorbed state is neutral, suggesting a nonpolarized O2-Pt(111) interaction. From our DFT calculation, the optimal O-O distance of an O2
gas phase molecule is 1.23 Å with a vibrational frequency of 1556 cm-1. Upon adsorption the O-O
bond length elongates with a lower vibrational frequency and reduced total spin. Each of these
properties changes with water density and electrode potential.
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The adsorption of molecular oxygen was considered by replacing one water molecule
with an oxygen molecule on one side of the asymmetrically solvated metal surface, as illustrated
on Figure 2-2. Although adsorption at one side of the slab produces a small change in the slab
dipole moment in the surface normal direction, the water molecules screen dipole-dipole
interactions between periodic representations.10 The optimized adsorption position of the oxygen
molecule is the bridge paramagnetic superoxide (O2-) state.24 O2 adsorption disrupts the ordered
water structure near the surface and a hydrogen bond is formed between O2 and a neighboring
water molecule. Hydrogen bonding perturbs the intermolecular O-O and O2-surface interactions
compared to UHV adsorption. For example, the majority of the O-O stretching frequencies in the
solvated model (Table 2-4) are lower than the frequency of adsorbed oxygen via the superoxide
state, 860-880cm-1 in UHV,3 indicating greater weakening of the O-O bond due to the presence of
water. The H-O distance of the hydrogen bond between H2O and adsorbed O2 is affected by water
density, as noted in Table 2-3, contributing to the impact of water density on O2 adsorption.

Figure 2-2. Optimized Optimized structures of O2 adsorption over solvated Pt(111) surface, (a)
side view, and (b) top view
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Prior to discussion of the charged systems, we analyze trends in the neutral (q=0) systems
with varying water density. The different binding structures of water and oxygen molecules result
in a workfunction shift that depends on water density, as given in Table 2-2. The workfunction
decreases when a surface water molecule is replaced by an oxygen molecule. This shift is
relatively moderate (less than 0.07 eV) for the dense water structures (ρ=1.0 and 0.86 g cm-3) in
both 24 and 36 H2O models; however, the workfunction decreases substantially at a density of
0.68 g cm-3 and depends on the model size (decreases by 0.28 eV and 0.14 eV for the 24 and 36
H2O models, respectively). The low density water structure is less capable of modulating the
workfunction shift by dipole rotation due to the constraints imposed by the stretched hydrogen
bonding network.

Table 2-3. Interatomic distances (Å) for an adsorbed oxygen molecule at the solvated Pt(111)
surface at varying water density ρ (g cm-3)
System
O2+23H2O
O2+23H2O
O2+35H2O
O2+35H2O
a

Pt-OH2
H bondinga
Pt-OH2
H bondinga

ρ=1.0
2.14
2.05
2.13
2.06

ρ=0.86
2.20
2.79
2.19
2.78

ρ=0.69
2.35
3.54
2.29
3.21

Refers to the H-O distance in the labeled hydrogen bond in Figure 2-2.

Closer H2O-O2 hydrogen-bonding for the densest water structure contributes to higher
surface-O2 electron donation compared to the lower density structures, demonstrated by O2 Bader
charges and O-O bond lengths in Table 2-4. For example, Bader charge analysis shows that
adsorbed O2 withdraws ~0.65 e of surface electron density in the ρ =1.0 g cm-3 environment (ρ
=1.0 g cm-3, q=0, 24 H2O, Table 2-4). The water density dependence of oxygen electron density
withdrawal is also reflected by the total system spin, which decreases as the water structure
becomes more dense, from 0.66 at ρ=0.68 g cm-3 to 0.30 at ρ=1.0 g cm-3 (36 H2O, Table 2-4) and
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from 0.31 at ρ=0.68 g cm-3 to 0.01 at ρ=1.0 g cm-3 (24 H2O, Table 2-4). Two factors may explain
the influence of a denser water structure on adsorbed O2 bonding: 1) a denser water layer
provides a stronger hydrogen bonding interaction with adsorbed O2, as evidenced by a shorter
hydrogen bond distance, thereby stabilizing charge transfer from the metal to O2; 2) there is
greater electron donation from adsorbed water molecules to the Pt(111) surface for a higher water
density, as evidenced by shorter Pt-Owater distances, providing for greater back-donation from the
metal into the O2 π* orbital. Therefore, both “through space” and “through surface” interactions64
between O2 and H2O influence the O2-Pt(111) interaction, and both of these interactions depend
on the interfacial water density.
Varying the metal potential further alters the binding characteristics of adsorbed O2. The
O-O bond distance lengthens and system total spin decreases as the unit-cell charge is varied
from positive to negative values (i.e., from positive to negative potentials); these two observations
are consistent with more electron density added to the O2 π* orbital as the surface is more
negatively-charged. The negative Bader charge on O2* also increases as the surface is more
negatively charged. Although the stretching frequency is not monotonically varied with the
surface charge, there is a tendency for longer O-O bonds and lower vibrational frequencies at
more negatively charged surfaces. The non-monotonic trend in frequency is likely due to the
constraints imposed in generating the Hessian matrix. This potential dependent behavior is
consistent with results from Pt cluster models in an applied external electric field,25, 26 and results
of our previous study using a similar solvated model.24 For the solvated model, the net O2Pt(111) interaction is affected by the O2-H2O interaction, the potential dependence of O2-Pt(111)
binding, and the compounded effect of potential on the H2O and the O2-H2O interaction.
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Table 2-4. O2 adsorption properties with varied system charge and water density. A q (e) of -1
refers to an additional electron into the system; +1 refers to removal of an electron from the
system.

O2+35H2O

O2+35H2O

O2+35H2O

O2+23H2O

O2+23H2O

O2+23H2O

Density
(g cm-3)
1.0

0.86

0.68

1.0

0.86

0.68

q
(e)
-1

U
(V-NHE)
-0.67

Total
spin
0.05

Frequency
(cm-1)
757

Bader charge on
O2 *
-0.73

d(O-O)
(Å)
1.40

-0.5

0.01

0.05

768

-0.69

1.40

0

0.65

0.30

784

-0.66

1.39

0.5

1.37

0.46

809

-0.63

1.38

1

1.94

0.55

801

-0.61

1.38

-1

-1.38

0.54

791

-0.67

1.39

-0.5

-0.48

0.58

791

-0.64

1.38

0

0.54

0.45

816

-0.60

1.38

0.5

1.44

0.72

821

-0.58

1.37

1

2.33

0.88

842

-0.55

1.37

-1

-2.53

0.58

789

-0.68

1.40

-0.5

-1.37

0.42

791

-0.65

1.39

0

0.31

0.66

789

-0.61

1.38

0.5

1.74

0.81

828

-0.57

1.37

-1

-0.24

0.01

824

-0.71

1.39

-0.5

0.20

0.01

839

-0.67

1.39

0

0.57

0.01

844

-0.65

1.38

0.5

1.06

0.01

848

-0.63

1.38

1

1.51

0.01

875

-0.61

1.38

-1

-0.75

0.00

830

-0.65

1.38

-0.5

-0.14

0.00

841

-0.63

1.38

0

0.44

0.01

854

-0.60

1.37

0.5

0.89

0.00

883

-0.59

1.37

1

1.44

0.00

889

-0.57

1.38

-1

-1.39

0.43

792

-0.67

1.39

-0.5

-0.64

0.59

824

-0.61

1.38

0

0.17

0.31

840

-0.57

1.37

0.5

0.84

0.72

860

-0.53

1.36

1

1.43

0.78

879

-0.50

1.36
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Two water layer models (24 H2O and 36 H2O) were used with the double reference
method. In the neutral (q=0) water systems, there is no obvious difference in the workfunction
and interlayer distances between the two models. With adsorbed O2 present and the surface
uncharged, the two models show differences. For example, the O2 + 35 H2O model shows a
higher workfunction, larger net total spin, and longer O-O bond distance (O2 + 35 H2O, q=0,
Table 2-4). Although these differences are slight, a striking difference in the adsorbed O2 spin is
observed. The adsorbed O2 retains a net spin in the 36 H2O model, but is nonmagnetic in the 24
H2O model for the two higher densities. To examine this contrast, spin restricted structural
optimizations were performed for the 36 H2O system. Differences in energy between the spin
restricted and unrestricted calculations were less than 0.0001 eV at all charges for the 0.86 g cm-3
and 1.0 g cm-3 water densities. The optimized structure of adsorbed O2 is also only a slight
function of spin; at a water density of 1 g cm-3 and neutral system charge, the spin restricted
optimized O-O distance (1.39 Å), Bader charge (-0.66), and O-O stretching frequency (792 cm-1)
are near to the spin unrestricted values (1.39 Å, -0.66, and 784 cm-1). Conversely, fixing the spin
in the neutral, 1.0 g cm-3 24 H2O model to 0.30 (the equivalent value in the 36 H2O model)
changed the total energy by less than 0.0002 eV. We conclude that both the system energy and
adsorbed O2 properties are only weakly dependent on system spin at all potentials and system
charges studied, and the difference in spin between the two water layer models is insignificant.
Substantial differences between the two water layer models are not observed when
varying the charge/potential. This is perhaps a counterintuitive result because the volume over
which countercharge is distributed varies between the two models, possibly leading to differences
in the interfacial electric field between the two models for the same system charge. However, the
variation of O-O bond distances and O2 Bader charges with surface charge are similar in the 24
and 36 H2O models, indicating that water screens the separated charge and the effective distance
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over which the interfacial potential decays to that in the “bulk electrolyte” is independent of the
model size.
The impact of an applied electric field on the properties of adsorbed O2 was also
considered. An electric field range of -0.5 to 0.5 V Å-1 was applied, comparable to the potential
range studied with the double-reference method if the interfacial potential drop is assumed to
occur over a 3 Å distance. The O-O distance, stretching vibrational frequency, Bader charge,
system spin, and O2 adsorption energy (calculated via equation (2)) are given at various applied
field intensities in Table 2-5. A comparison with the double reference model results indicates less
electron transfer from the Pt(111) surface to O2 in the applied field model, as evidenced by less
negative Bader charges, shorter O-O distances, and a higher system spin. These differences may
be attributed to the lack of solvation. The range of variation of Bader charge and O-O distance
with varied field is similar to that observed with the double reference method. The O2 adsorption
energy becomes more exothermic at more negative fields/potentials and a more negative field
weakens the O-O bonding, leading to a lower value of O-O stretching frequency, as demonstrated
previously.25, 26 Applied electric field calculations including 1.5 bilayers of water at the interface
were performed as well. These showed reduced spin, longer O-O distances, and lower O-O
stretching frequencies than for the same applied field without the water bilayer, although
substantial reorganization of the water bilayer structure at negative fields (not observed in the
double-reference method calculations) complicates further analysis.
Table 2-5. O2 adsorption properties on Pt(111) with varying electric field.
Field (V Å-1)

a

∆Eads (eV)a

Total spin

Bader charge on O2*

Frequency (cm-1)

d(O-O) (Å)

0.5

-0.84

0.94

-0.46

881

1.36

0.2

-0.85

0.88

-0.50

863

1.36

0

-0.86

0.88

-0.53

837

1.37

-0.2

-0.88

0.85

-0.56

822

1.37

-0.5

-0.92

0.81

-0.60

835

1.38

Adsorption energy determined by equation (2)
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2.3.3 Relative binding energy
Although we cannot directly evaluate the adsorption energy of an oxygen molecule in the
solvated system, we can compare the relative binding strength of adsorbed water and adsorbed
oxygen. The energy required to replace a water molecule by an oxygen molecule as a function of
potential is defined in equation (4), and results are illustrated in Figure 2-3. The replacement
energy is favorable over the entire range of water densities and potentials studied. However, the
potential dependence of the replacement energy is a collective value dependent on a number of
interactions. The initially adsorbed water molecule may expect to adsorb strongly with more
positive potential due to the electron donating nature of its interaction. The potential dependence
of the O2-surface interaction strength is more difficult to forecast, as interaction involves both
donation and backdonation. Furthermore, the presence of O2 on the surface may alter the
interaction of the metal surface with other adsorbed water molecules, and the structural change of
nearby water molecules with potential variation can alter metal-O2 and O2-H2O hydrogen bonding
interactions. Compared with the pure water system, the electron withdrawing nature of adsorbed
O2 can motivate further electron transfer from 1b1 orbitals of water molecules at the surface,
resulting in synergistic stronger bonding between water and the metal surface and stabilizing the
overall system. An observed decrease in bond length between the Pt surface and the O atoms of
water molecules when O2 is present supports this interpretation.
The relative binding energy of oxygen and water is a function of water density. The
replacement energy in the densest water structure (ρ=1.0 g cm-3) shows no significant dependence
on the surface potential, varying by less than 0.06 eV. At 0.68 and 0.86 g cm-3 densities, the
replacement is more favorable at more-positive potentials (Figure 2-3). The water structure with a
density of 0.86 g cm-3 is the most energetically favorable over Pt(111), and therefore represents
the most stabilizing hydrogen bonding interaction. Replacing an adsorbed water with an oxygen
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molecule requires breaking the stability of the water hydrogen bonding network. Therefore, the
replacement energy within an interfacial water density of 0.86 g cm-3 is the least favorable.
Though the optimal water density of 0.86 g cm-3 represents the calculated 0 K value, these results
suggest that the optimal density of water would produce the most unfavorable displacement
energy. As water density decreases and hydrogen bonding interactions lengthen, the replacement
becomes more favorable. However, adsorption of molecular oxygen can stabilize the adsorbed
water layer by providing stronger binding of adsorbed water. High water density also offers a
close H2O-O2 hydrogen bonding interaction, stabilizing replacement. The net replacement energy
is dependent on each of these factors, and the resultant trend is therefore not monotonic with
water density. Our calculation results show that oxygen replacement is most favorable at the low
water density of 0.68 g cm-3 (Figure 2-3). To our knowledge, an experimental value for the
density of the first few water layers at the Pt(111) surface is not known. Our results therefore
serve as a sensitivity test to the choice of this parameter within computational models.

Figure 2-3. Energy of water replacement by oxygen at the Pt(111) surface as a function of water
density and potential. (a) 36 H2O (b) 24 H2O. The solid lines represent the replacement energy at
a water density of 0.86 g cm-3, short dashes represent 1.0 g cm-3, and long dashes represent 0.68 g
cm-3.
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The replacement energy in Figure 2-3 makes a comparison between H2O* and O2*
adsorbed at the same potential, i.e. at a constant electrode Fermi level relative to a vacuum
reference. These constant potential results can be compared to the replacement energy calculated
with a constant electric field, i.e., the applied electric field is equivalent with H2O or O2 adsorbed.
The constant electric field replacement energy, shown in Figure 2-4, is also exothermic over the
entire region of interest; however, this replacement energy is less favorable for a more positive
electric field/potential, in contrast to the results of the constant potential model. Although both
constant electric field and constant potential are expected to represent the effect of potential
within the electrochemical double layer, the constant electric field model neglects adsorbate
induced changes in the workfunction (potential of zero charge), the capacitance of the interface,
or interactions among water and oxygen molecules in the interfacial region.

Figure 2-4. Energy of water replacement by oxygen at the Pt(111) surface as a function of applied
electric field.
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The constant potential results of relative binding energy of H2O and O2 molecules differ
from others reported from electronic structure calculations. Jinnouchi and Anderson’s40
continuum solvent model shows a +0.47 eV V-1 change in the water oxygen replacement energy.
This study used a polarizable continuum model for water solvent, and therefore neglects the
specific interaction of hydrogen bond formation between H2O-O2 as well as the through surface
H2O-O2 interactions. The relative binding energy in this study shows the same trend as the
constant electric field calculation presented herein: as the electrode potential increases, it is more
difficult for an oxygen molecule to replace a water molecule on the Pt(111) surface. At potentials
above 1.44 V-NHE in Jinnouchi and Anderson’s model, replacing adsorbed H2O with adsorbed
O2 becomes unfavorable. This result is contrary to our findings that there is no relevant potential
at which water competes significantly with O2 binding, and that variation in replacement energy
with potential is slight and more favorable at more positive potentials. These differences can only
be explained by the collective interactions between adsorbed O2 and H2O at the Pt(111) surface.
Adsorbed O2 provide additional electronic states near the Fermi level of the interfacial system
that amplify the potential dependent trend in H2O-Pt(111) binding. Hydrogen bonding
interactions and through surface H2O*-O2* interactions mute changes in O2 binding with
potential. The cumulative effect is little potential variation, and a perhaps counterintuitive trend
indicating greater relative stability of the O2+(n-1)H2O system versus nH2O system at more
positive potentials. However, we again emphasize that this result is indicative of the single O2H2O coverage and configuration considered. These results highlight the need for fully atomistic,
quantum treatment of the electrode-electrolyte interface, including explicit water and oxygen
molecules; however, the results remain limited in their conclusiveness due to the use of a single
static water structure and arbitrary countercharge distribution.
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2.4 Summary and conclusions
The impact of solvation and varying electrode potential on O2 adsorption to the Pt(111)
surface was evaluated using periodic DFT and the double-reference method. Both through-space
and through-surface interactions between water and oxygen affect the O2-Pt(111) interaction.
Hydrogen bonding between H2O and O2 motivates electron donation from the surface to O2,
causing a lengthening of the O-O bond, increased negative charge on O2, and lower stretching
vibrational frequency. Through-surface interactions between H2O and O2 are evident in shorter
Pt-water distances in the presence of O2. These interactions are significant as the collective
interfacial interactions act to reverse the expected trend in relative water and oxygen binding with
potential. When this replacement energy is considered to occur at a constant electrode potential
there is only a slight dependence on potential with O2 adsorption becoming more favored at
positive potential. This potential dependent trend is in contrast to that observed with an applied
electric field model as well as other electronic structure approaches in the literature. However,
the trend observed herein can only be ascribed to the single water structure and adsorbate
coverage considered, both emphasizing the need for a full quantum treatment of the solvated,
electrified interface and highlighting current limitations.
The relative binding of O2 and H2O to the Pt(111) surface was determined to vary with
interfacial water density.

The interfacial water density in the PEMFC cathode environment is

likely dependent on temperature, relative humidity, and local electrode/electrolyte structure. The
results presented herein show that, over the water densities considered, the O2/H2O replacement
energy can vary by approximately 0.3 eV. Additionally, water layer models of 4 and 6 bilayers
were considered, and it was found that the interfacial water structure and O2 adsorption properties
were comparable between the two models. These results motivate further study of the impact of
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potential and electrolyte structure on the elementary reaction steps within the oxygen reduction
reaction.
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Chapter 3
Density Functional Theory-based Electrochemical Models for the Oxygen
Reduction Reaction: Comparison of Modeling Approaches for Electric Field
and Solvent Effects
This chapter is published as: K.-Y. Yeh and M. J. Janik. Journal of Computational
Chemistry 2011, 32(16), 3399-3408.

A series of density functional theory (DFT) based electrochemical models are applied to
systematically examine the effect of solvent, local electric field, and electrode potential on
oxygen reduction reaction (ORR) kinetics. Specifically, the key elementary reaction steps of
molecular oxygen dissociation, molecular oxygen protonation, and reduction of a hydroxyl
adsorbate to water over the Pt(111) surface were considered. The local electric field has slight
influence on reaction energetics at the vacuum interface. Solvent molecules stabilize surface
adsorbates, assisting oxygen reduction. A collective solvation-potential coupled effect is
identified by including long range solvent-solvent interactions in the DFT model. The dominant
path of the ORR reaction varies with electrode potential and among the modeling approaches
considered. The potential dependent reaction path determined from the solvated model
qualitatively agrees with experiment ORR kinetics.
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3.1 Introduction
Density functional theory (DFT) calculations for the study of electrocatalysis focus on the
investigation of reaction mechanisms and the development of new catalytic materials. An
accurate model for the electrochemical interface requires a description of a solvated environment
and charge distribution within the electrode and electrolyte. The length and time scales associated
with the electrolyte structure at the interface are challenging to DFT. Various DFT methods of
modeling the electrochemical interface have been proposed, and results from these models have
provided potential dependent reaction energetics. Without carefully evaluating factors associated
with the electrochemical environment, such as solvation, adsorbate dipole-field interaction,
adsorbate polarizability, and long range solvent interaction in the electrolyte, the predicted
reaction mechanism and catalyst activity may mislead. Herein, we examine the initial steps of the
oxygen reduction reaction (ORR) and the final reduction of adsorbed hydroxyl species to water.
Both the first electron transfer1-3 and hydroxyl reduction4 have been proposed to limit the overall
ORR reaction. We systematically increased the complexity of the DFT electrochemical model in
order to quantify the influence of solvent and interfacial potential variation on the elementary
chemical and electrochemical reactions. We demonstrate that the electrochemical environment
influences the rate of elementary interfacial reactions even for a non-electrochemical elementary
reaction, and the energetics derived from different DFT electrochemical models vary among
elementary steps.
At an electrochemical interface, a charge separation between the metal surface and
solution phase counterions creates an electrostatic potential drop. Surface adsorbate structure and
stability is altered by this interfacial potential drop; however, it is challenging to incorporate this
into DFT models. Anderson et al. proposed1,5,6 a reaction center model, where the electron
affinity is equaled to the electrode potential where the reduction reaction occurs, to determine the
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potential dependent activation energy for oxygen reduction on the platinum electrode. For a
proton and an electron (H+ + e-) transfer reaction, such as ORR or water oxidation in proton
exchange membrane fuel cells (PEMFCs), Nørskov et al.7 calculated the energy of (H+ + e-) from
an equilibrium relationship with hydrogen gas (H+ + e- ↔ 1/2 H2), and included the influence of
electrode potential (U) by linearly shifting the reaction free energy with –eU. This model
provided linear potential dependent reaction energies, and was used to predict catalyst activities.
Although the reaction energies calculated from DFT are linked with the electrode
potential (electron energy) in the reaction center and the linear free energy methods, neither of
these models included charging of the electrode surface and the presence of counterions. The
electric field in the double layer region can be significant. For example, the thermodynamic
equilibrium voltage of a PEMFC is 1.23 V-NHE (relative to the normal hydrogen electrode) and
the double layer thickness is approximately 3 Å.8 Taking the potential of zero charge as 0 VNHE, the cathode interface may experience an electric field of the order of 109 V m-1. The field
can differentially stabilize reactants, products or transition states of surface reactions, and
therefore substantially alter reaction energy and reaction mechanisms. To understand the effect of
local electric field, Hyman and Medlin applied an external electric field9 to study oxygen
adsorption and dissociation on the Pt(111) surface. The linear free energy model was further
extended by including an applied external electric field,10 suggesting that the local field only
slightly affects the result from the linear free energy model. Filhol, Neurock, and Taylor’s11,12
double reference model, which includes a fully solvated and charged electrode model, has shown
the importance of solvation and local electric field in the first reduction step of ORR3 and nonelectrochemical reactions, such as CO-OH coupling,13 oxygen adsorption14 and oxygen
dissociation.15 The more detailed description of the electrochemical interface requires expensive
computation and leaves deconvolution of solvent and electric field effects challenging. However,
the impact of electrode potential, local electric field, and solvent interactions varies among
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reactions and is difficult to approximate otherwise. The goal of this paper is to evaluate different
DFT electrochemical models, and to elucidate the influence of local electric field and solvation
on ORR elementary reactions.
The oxygen reduction reaction is a topic of great interest in both experimental and
computational studies because of the promising applications of PEMFCs. However, experimental
studies on Pt electrodes have shown conflicting views of the reaction mechanism due to the
complexity of the electrochemical environment.16 Although computational studies3,4,7,9,17,18
provide a well-defined surface to elucidate ORR mechanisms, essential (qualitative) differences
among the DFT-electrochemical models employed and the absence of important factors
associated with the electrochemical interface limit definitive conclusions. Herein, three key
elementary steps of ORR are examined using various electrochemical models. The first reaction
is molecular oxygen dissociation [Eq(1)], which is the first step of the dissociative mechanism.

O2 * → 2O *

(1)

In the associative mechanism, electron transfer and protonation, shown in Eq.(2), occur
before O-O breaking. The first reduction step [Eq(2)] is speculated as the rate limiting step in the
associative mechanism.

O2 * +(H + + e− ) → OOH*

(2)

In addition, experimental studies have noted the formation of a OH* [Eq(3)] layer at high
potential that hinders the overall ORR rate.19-21

OH * +(H + + e− ) → H2O *

(3)

We compare reaction energies of ORR key steps [Eq.(1)-(3)] from various
electrochemical models. The linear free energy model7 was applied to all the reduction steps in
both vacuum and solvated interfaces. Application of an external electric field is considered as
well. The double-reference method is used to describe a fully solvated electrolyte layer and
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potential controlled electrode, accounting for the effect of solvation, local electric field, and
coupling between potential variation and solvent structure. We will first compare the individual
reaction energies from these models and then examine the influence of electrochemical interfacial
model choices on conclusions regarding the dominant ORR mechanism and rate limiting steps.

3.2 Computational Methods
All calculations were performed using the ab initio total-energy and molecular-dynamics
Vienna ab Initio Simulation Package program (VASP) developed at the Institute for Material
Physics at the University of Vienna.22-24 The generalized gradient approximation with the
exchange-correlation functional of the Perdew-Wang form (GGA-PW91)25 was used with a plane
wave basis set cutoff energy of 450eV and a 3x3x1 Monkhorst-Pack k-point mesh.26 Testing of a
single water molecule adsorption energy using the Perdew-Burke-Ernzerhof (PBE) functional27
gave a 0.03 eV difference. The geometry optimization was terminated when the forces on all
atoms were below 0.05 eV Å-1. Spin-polarized total energy calculations were employed for
oxygen adsorption and dissociation.
Transition states were determined using the climbing image nudged elastic band (CINEB) method within the VASP code.28-30 Four intermediate images were used between the initial
state and the final state, and the convergence criteria for the transition state image was an absolute
tangent force less than 0.05 eV Å-1. In addition, transition states were confirmed by a single
imaginary frequency in a constrained-Hessian calculation considering only degrees of freedom
associated with the adsorbate.
The electrode surface of Pt(111) was constructed as a (3x3) five-layer slab with an
experimental equilibrium lattice constant of 3.92 Å.31 In the vacuum-electrode interface, a 10 Å
vacuum layer in the z-direction is inserted between slabs; in the solvated model, twenty-four H2O
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molecules in an hexagonal hydrogen-bonded structure were inserted in the vacuum layer.
Although this specific bilayer structure was only observed in finite domains by LEED at 85K32
and the existence of this phase on clean Pt(111) remains controversial,33 in order to be
commensurate with the limited unit cell, this specific water structure was adopted. Ab initio
molecular dynamics has shown that the first layer of water on Pt(111) exhibits a hexagonal
ordered structure at room temperature, however, the orientation of the individual water molecules
changes frequently.34 The ordered hexagonal structure used herein induces a Pt(111)
workfunction shift of 0.6 eV. This workfunction shift is between the workfunction shifts of H-up
and H-down water bilayers calculated by Schnur and Groβ.34 The use of a single water structure
is a limitation in this quantum-level study. Two water densities of 1.0 g mL-1 and 0.86 g mL-1
were obtained by adjusting the thickness of vacuum layer in the surface normal direction based
on the assumption that the density variation only comes from the spacing adjustment between
water bilayers for the first few water layers near the metal electrode. The comparison between
reaction energies determined with these two water densities provides an indication as to the
degree of variance that can be caused by water structural differences. In both vacuum and
solvated models, we examined surfaces with one oxygen molecule per nine Pt atoms. Surface
coverage has significant influence on ORR kinetics;7,35,36 our work focuses on the evaluation of
various electrochemical models in the limit of a low adsorbate coverage.
Figure 3-1 illustrates the DFT-based models used to control potential drop or electric
field at the electrochemical interface. For convenience, the interfacial environments and the
potential/field control methods applied in all models are summarized in Table 3-1. All the models
relate the chemical potential of the H+ and e- pair to that of hydrogen gas, as described by
Nørskov et al.7 The working electrode potential is referenced to the normal hydrogen electrode
(NHE), and the free energy of the proton/electron pair [G (H+ + e-)] as a function of potential is
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given by Eq.(4), where | e | represents the electron charge and U represents the electrode potential
referenced to the NHE.

G( H + + e− ) = 1 / 2GH2 − eU

(4)

For example, in Model I (non-solvated) and II (solvated) the reaction energy of the first
protonation step [ Eq.(2) ] is calculated by

∆G = GOOH* − GO2 * − 1/ 2GH2 + eU

(5)

The free energy [GX* ] of the adsorbed species ( X=O2 or OOH) is determined by adding zero
point vibrational energy (ZPVE) and vibrational entropy (TSvib):

G = EDFT + ZPVE− SvibT

(6)

EDFT is the electronic energy at zero charge from the DFT calculation, and only the adsorbate
vibrations at 300K contribute to ZPVE correction and TSvib.

Figure 3-1. Schematic of oxygen adsorption at the (a) vacuum interface (Model I), (b) applied
electric field vacuum interface (Model III), and (c) compensating background charge added
solvated interface (Model IV). Model II is applied to (c) at zero charge.

Table 3-1. Summary of models characteristics and DFT-calculated activation barriers and reaction energies at electrode potentials of 0.8 and
1.2 V-NHE for ORR key steps over Pt(1 1 1).
Model no.
electrode/electrolyte interface

I
vacuum

I-µ
vacuum

IIa
solvated
ρ=1.0
g mL-1
linear free
energy

IIb
solvated
ρ= 0.86
g mL-1
linear free
energy

Eq.(5)

IIa-µ
solvated
ρ=1.0
g mL-1
linear free
energy +
dipole
correction
Eq.(7-9)

IIb-µ
solvated
ρ= 0.86
g mL-1
linear free
energy +
dipole
correction
Eq.(7-9)

electrode potential/field control
methods

linear
free
energy

relevant equations

Eq.(5)

linear free
energy +
dipole
correction
Eq.(7-9)

Eq.(5)

O 2 * → 2O *

-0.73

-0.72

-0.83

-0.82

-0.84

-0.83

O2 * → O − O TS

0.51

0.52

0.49

0.49

0.50

O2 * +(H + + e− ) → OOH*

0.68

0.67

0.18

0.17

OH * +(H + + e− ) → H2O *

0.07

0.05

0.21

O 2 * → 2O *

-0.73

-0.73

O2 * → O − O TS

0.51

O2 * +(H + + e− ) → OOH*
OH * +(H + + e− ) → H2O *

III
vacuum

IVa
solvated
ρ=1.0
g cm-3
linear free
energy +
double
reference
Eq.(11-13)

IVb
solvated
ρ= 0.86
g cm-3
linear free
energy +
double
reference
Eq.(11-13)

-0.73

-0.84

-0.88

0.51

0.53

0.42

0.34

0.17

0.15

0.66

0.19

0.21

0.00

0.23

0.04

0.06

0.23

0.00

-0.83

-0.82

-0.84

-0.83

-0.73

-0.83

-0.93

0.53

0.49

0.49

0.57

0.37

0.56

0.30

0.15

1.08

1.05

0.58

0.57

0.56

0.54

1.04

0.60

0.67

0.48

0.41

0.61

0.41

0.67

0.48

0.41

0.63

0.37

external
electric
field
Eq.(1013)

0.8 V-NHE

1.2 V-NHE

To approximate the influence of local electric field (F) on the reaction free energy due to
the interaction between the adsorbate dipole moment (µ, at zero field) and the interfacial field, a
dipole-field correction was considered. Including the correction comprises Model I-µ and Model
II-µ. For Model II-µ, the dipole moment of the surface is taken from vacuum model. The
energetics of oxygen dissociation (∆Gdissfield, ∆ETSfield), oxygen reduction (∆GO2-redfield), and water
reduction (∆GH2O-redfield) due to an electric field can be approximated by
field
∆ G diss
( F ) = G O _ O * ( F = 0 ) − G O2 * ( F = 0 ) + ( µ O _ O * − µ O * ) F

(7-a)

2

∆ E TSfield ( F ) = E OO TS ( F = 0 ) − E O 2 * ( F = 0) + ( µ OO TS − µ O * ) F

(7-b)

2

∆GOfield
( F ) = GOOH * ( F = 0) − GO2 * ( F = 0) − 1 / 2G H 2 + eU + ( µ OOH * − µ O * ) F
2 − red

(8)

∆G Hfield
( F ) = G H 2O* ( F = 0) − GOH * ( F = 0) − 1 / 2G H 2 + eU + ( µ H O * − µOH * ) F
2O − red

(9)

2

2

The second potential/field control method, referred as Model III, directly includes the
influence of local electric field. An external electric field (F) from -0.5 V Å-1 to +0.5 V Å-1 was
applied in the surface normal direction. An energy correction for slab-to-slab dipole interactions
along the surface normal direction was included (IDIPOL=3, LDIPOL=TRUE).37,38 To utilize
both the linear free energy method and the dipole-field correction or applied electric field, we
must make assumptions to relate the field and potential. The potential of zero charge (PZC) at the
solvated Pt (111) surface is still controversial. We used the average value (0.54 V-NHE) of 24
H2O/Pt(111) with density of 0.86 ( 0.46 V-NHE) and 1.0 ( 0.64 V-NHE ) g mL-1, calculated using
the double reference method.14 The 0.54 V-NHE value for the PZC at the fully solvated Pt surface
is within the variation of experimental results,39-41 although this DFT modeled PZC without a
dynamic water structure cannot be directly compared with an experimental PZC. In addition, the
double layer thickness is assumed to be 3 Å based on the characteristic thickness of the GouyChapman diffusion layer in strongly acidic solutions, experimental estimation,8 and a double
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reference method analysis discussed in the following paragraph. With the approximations of the
PZC at the solvated Pt(111) surface and the double layer thickness, we shifted the electrode
potential with zero field to 0.54 V-NHE, and the field and potential is related by the following
equation [Eq(10)].

F (U ) =

U ( NHE) − 0.54
3

U = 0.54 + 3 F (V − NHE )
or

(10)

Potential-dependent reaction energies and oxygen dissociation barrier for Eq (1), (2), and
(3) in the electric field model are given by

∆ G diss (U ) = G O _ O * (U ) − E O 2 * (U )

(11-a)

∆ETS (U ) = EOOTS (U ) − EO2 * (U )

(11-b)

∆GO2 −red (U ) = GOOH* (U ) − GO2* (U ) − 1 / 2GH2 + eU
∆GH2O−red (U ) = GH2O* (U ) − GOH* (U ) − 1 / 2GH2 + eU

(12)

(13)

Model IV, using the double reference method developed by Taylor, Filhol and
Neurock,11,12, incorporates the effects of an interfacial potential drop and solvation. In this model,
the potential is tuned by adding or removing charge from the unit cell. To maintain a neutral
charge in the unit cell, counter charge is added homogeneously. The homogeneous counter charge
is a convenient choice, as a proper countercharge distribution cannot be determined quantum
mechanically due to the length and time scale limitation of computation. Two reference electrode
potentials are used to relate the potential to the applied charge. The first is the vacuum reference
determined by inserting a 20 Å vacuum layer in the neutral cell. This vacuum potential can be
further referenced to the normal hydrogen electrode by subtracting 4.6 V.42 The second reference,
which is based on the assumption that charging the electrode does not affect the potential at the
middle of the electrolyte (~7Å from the electrode surface), connects the potential difference
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between uncharged and charged unit cells. In fact, the z-axis potential variation at charged unit
cells overlaps with the potential at the zero-charged unit cell after 4 Å away from the surface Pt
nuclei, in reasonable agreement with the experimental result of 3 Å double layer thickness.8 The
total energies with different charges from -1, -0.5, 0, +0.5, +1 | e | were calculated and corrected
for interactions with the background charge and the varying number of electrons.12 A continuous
energy-potential relationship is established by fitting the five data points into a quadratic
equation, which arises from the capacitor nature of the separation of charge and background
charge at the interface. The potential-dependent reaction energy and oxygen dissociation barrier
is also given by Eq. (11) for oxygen dissociation, Eq. (12) for OOH formation, and Eq. (13) for
OH* reduction.

3.2 Results and Discussion
To investigate the influence of electrode potential variation and solvation on ORR
elementary reactions, four DFT-based electrochemical models were employed. We will first
investigate the potential-dependent reaction and activation energy of oxygen dissociation. The
protonation of the adsorbed molecular oxygen and hydroxyl protonation are then considered,
followed by a comparison of the overall reaction mechanisms between models.

3.3.1 Oxygen dissociation
Both experimental43-45 and computational studies3,14,15,44,46,47 have identified the t-b-t site
for O2 adsorption on the Pt(111) surface as the most stable configuration for both vacuum and
hydrated surfaces. We started with t-b-t molecular adsorption and examined dissociation barriers
to O atomic adsorption on two nearest neighbor fcc sites and two nearest neighbor hcp sites.

58
Although atomic oxygen adsorption at the fcc site is more stable than that at the hcp site, the
dissociation barrier to hcp sites (0.51eV) is lower than that to fcc sites by 0.02 eV, in agreement
with Shan et al.47. Therefore, the dissociation path from the t-b-t to hcp sites was considered as
the most favorable path in the dissociation mechanism of the ORR. An external electric field at
the vacuum interface (Model III) has little influence on the oxygen dissociation energy; the
dissociation barrier is increased by 0.05 eV over the potential range of interest, as shown in
Figure 3-2. The slight energy barrier variation is mainly contributed by the interaction between
the interfacial field and the dipole of the surface species.9 Applying the method of dipole-field
correction (Model I-µ) by Eq.(7), Figure 3-2 shows a reasonable match with the electric-fielddependent (Model III) dissociation barrier and dissociation energy.

Figure 3-2. Potential dependent (a) molecular oxygen dissociation barrier and (b) dissociation
energy. Non-solvated models include the vacuum/Pt interface with dipole-field correction (Model
I-µ, triangle symbol) and with external electric field applied (Model III, square symbol). The
dotted lines (green) are the results from Model IVa (ρ= 1.0 g mL-1, thick line) and IIa-µ (ρ= 1.0 g
mL-1, thin line ). The dashed lines (red) are the results from Model IVb (ρ= 0.86 g mL-1, thick
line) and IIb-µ (ρ= 0.86 g mL-1, thin line).
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The presence of water amplifies the influence of electrode potential on the dissociation
reaction energy. The water structure impacts the response to electrode potential, as evidenced by
energetic variations at different water density.14 Figure 3-2(b) shows that at a water density of
0.86 g mL-1, the dissociation energy becomes

0.12 eV more favorable as the potential is

increased from 0.4 to 1.2 V-NHE, whereas electrode potential has no influence on the
dissociation energy at a water density of 1.0 g mL-1 or at the vacuum surface. Oxygen dissociation
at the vacuum interface has an increasing barrier as the electric field increases (Model I-µ, II-µ,
and III). However, solvation coupled with electrode potential variation produces the opposite
trend. The barrier decreases by 0.42 eV as the electrode potential is increased from 0 to 1.5 VNHE in the fully solvated Model IV. The factors that cause this opposite trend have been
discussed by Janik and Wasileski15 in detail.
DFT-based electrochemical models have incorporated a few water molecules5,17,48,49 or a
single layer of water35,50,51 near the surface to model the solvent effect. To test the sensitivity of
the choice of the number of water molecules within DFT-based models, we examined oxygen
dissociation in the presence of a single water bilayer. The bilayer consisted of 2 specifically
adsorbed H2O and 6 adjacent H2O molecules in a hexagonal network along with O2*/2O* above
the 3x3 Pt(111) surface, as shown in Figure 3-3. All water molecules were allowed to relax
during the optimization. This micro solvation condition gives an oxygen dissociation barrier of
0.27 eV at the zero-field interface. This smaller dissociation barrier compared to the vacuum
interface or solvated Model II and IV at zero charge is because water molecules in the single
bilayer freely reorient to stabilize the transition state, shown in Figure 3-3(c). However, this
model does not include a long range hydrogen bonding network, therefore allowing extreme
water reorganization along the reaction coordinate without an energetic penalty for water
reorganization. An applied field model with the micro solvation model was attempted as well, but
extensive water reorganization with the applied field51 and difficulty to maintain a constant local
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density complicates the results. These results suggest that consideration of solvation coupled with
potential variation requires a fully solvated electrode rather than adding a single bilayer of water.

Figure 3-3. Optimized structures in the microsolvation model of (a) side view and (b) top view of
oxygen adsorption, and (c) transition state of oxygen dissociation. The (d) transition state in the
fully solvated model (Model Iva, ρ= 1.0 g mL-1) interfacial region is shown for comparison.
Atoms in ball-and-stick type represent the surface adsorbates; H2O molecules in stick type
represent the bilayer structure.

Although oxygen dissociation is not an electrochemical process, substantial differences
are observed in activation barrier and reaction energy potential dependence between the vacuuminterface applied field Model III and the solvated double-reference Model IV. In Model III, the
field–dependence arises from the interaction between the adsorbate surface dipole and the electric
field, and the interfacial dipole is determined by the interfacial structure. For comparison, we
calculated the optimized static dipole moment of the solvated interfacial region. The dipole
moment cannot be calculated for a fully solvated cell, therefore, we calculated the interfacial
dipole moment, for the neutral solvated system, in a single-point calculation with the upper water
layer removed, as shown in Figure 3-3(d). The solvated, adsorbed molecular oxygen interface has
a larger dipole moment (-1.43 e Å for density 1.0 g mL-1 and -1.40 e Å for density 0.86 g mL-1)
than oxygen adsorption at the vacuum interface (0.10 e Å). Although inclusion of interfacial H2O
produces this large dipole moment, there is only a slight dipole moment change between the
transition state and the adsorbed molecular oxygen at the fully solvated Pt(111) surface (-0.02 e Å
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dipole moment change for density 0.86 g mL-1, and no change for density 1.0 g mL-1). Dipole
moment variation between the reactant and product does not cause the potential dependence of
the reaction energy at the solvated interface, indicating that polarizability or other high order
terms dominates the potential dependent energy variation. We lump this effect as a coupled
solvation-potential effect, as these have minor influence on energetics in the applied field-vacuum
interface model. This collective effect dominates the potential dependence of the activation
barrier, and further causes a potential dependent trend opposite to the vacuum interface.

3.3.2 OOH formation
The reaction energetics for Eq. (2) calculated using the linear free energy model with
(Model I-µ) and without dipole correction (Model I) and the applied electric field model (Model
III) are shown in Figure 3-4. Table 3-2 shows that the surface dipole moment difference between
O2* and OOH* is about 0.14 e Å, causing negligible energy variation under vacuum conditions.
With an external field applied, the slope of ∆G/U in Model III is 0.95 instead of 1, suggesting that
Model I slightly overestimates the reduction energy in the positive potential region. Overall, the
effect of local electric field is not significant in the vacuum interface.

Table 3-2. The dipole moment above the surface normal and zero point energy (ZPE) corrections
and entropy (TS) contributions to free energy calculations for adsorbates over Pt(111) surface
H2O*
O2*
2O*
OH*
OOH*
Pt

Dipole (e Å)
-0.21
0.10
0.08
0.07
-0.04
0.02

ZPE (eV)
0.65
0.13
0.13
0.32
0.43
0.00

TS (eV)
0.05
0.09
0.04
0.01
0.06
0.00
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Solvation alters the equilibrium potential of the first reduction reaction. Applying the
linear free energy method in vacuum (Model I) and the fully solvated interface (Model II), the
equilibrium potentials are 0.12 and 0.63 V-NHE, respectively. The OOH reduction reaction is
0.51 eV more favorable in the solvated environment compared with the vacuum interface due
mainly to hydrogen bonding between water and the OOH adsorbate. Neglecting the solvent effect
will lead to overestimating the difficulty of the first reduction reaction.

Figure 3-4. Reaction free energy of O2* reduction to OOH* over Pt(111) at the vacuum and
solvated interfaces. The crosses represent results from Model I, triangles represent Model I-µ,
and squares represent Model III. The dotted lines (green) are the results from Model IVa (ρ= 1.0
g mL-1, thick line) and IIa-µ (ρ= 1.0 g mL-1, thin line). The dashed lines (red) are the results from
Model IVb (ρ= 0.86 g mL-1, thick line) and IIb-µ (ρ= 0.86 g mL-1, thin line).
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The local electric field at a solvated electrode/electrolyte interface has slight influence on
the energetics of the first reduction step. In Figure 3-4, we compared the linear free energy
method in the solvated interface (Model II) to the double reference method (Model IV), showing
that Model II is able to well represent the OOH reaction at a water density of 1.0 g mL-1, with a
slightly deviation for a water density of 0.86 g mL-1. This deviation increases as the electrode
potential is more positive because solvation couples with potential variation more significantly in
the more positive potential region. For this reduction step, strong solvation of the OOH* species
must be considered for accurate reaction energetics, but the electrode potential impact on the
reaction energy is negligible.

3.3.3 OH reduction
The equilibrium potential of OH* reduction to H2O Eq. (3) is 0.73 for vacuum (Model I) ,
0.78V and 0.59 V-NHE for solvated interfaces (Model II) at densities of 0.86 and 1 g mL-1,
respectively. Considering an applied electric field at the vacuum interface (Model III), the slope
of ∆G/U is 0.91 instead of 1 in Model III due to the larger dipole of the water adsorbate. As the
dipole -field interaction is taken into account, Model I-µ is in good agreement with Model III, as
shown in Figure 3-5. At the solvated interface (Model IV), the slopes are larger than 1, 1.17
(ρ=1.0 g mL-1) and 1.03 (0.86 g mL-1), indicating slightly more than one electron transfers in the
reduction step. We note that a subset of these models have been previously compared for the
OH/H2O reaction.52
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Figure 3-5. Reaction free energy of the OH* reduction over the Pt(111) surface at vacuum and
solvated interfaces. The crosses represent results from Model I, triangles represent Model I-µ, and
squares represent Model III. The dotted lines (green) are the results from Model IVa (ρ= 1.0 g
mL-1, thick line) and IIa-µ (ρ= 1.0 g mL-1, thin line). The dashed lines (red) are the results from
Model IVb (ρ= 0.86 g mL-1, thick line) and IIb-µ (ρ= 0.86 g mL-1, thin line).

3.3.4 Potential dependent ORR reaction mechanism
The dominant path for the ORR reaction varies with the electrode potential and among
the DFT models employed. In this section, we summarize the three key ORR elementary steps
discussed above, oxygen dissociation, the first electron transfer, and hydroxyl reduction examined
with the various models. Because we have not examined all possible steps in the ORR
mechanism, several assumptions are made. First, we assume that the reaction barrier of reduction
steps is approximately the same as the reaction free energy, which is supported by Janik et al. in a
fully solvated electrode for the first electron transfer process.3 In addition, because of the small
dipole moment of O* and OH* in the surface normal direction (0.08 and 0.07 e Å respectively),
we presume the influence of electric field on the O* reduction free energy is minimal. For
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comparison, the dipole moment difference between OH* and H2O* is 0.28 e Å. Therefore,
instead of directly calculating the reaction energy of atomic oxygen protonation, we use the
reaction energy of -0.78 eV at 0 V-NHE for oxygen protonation50 and apply the linear free energy
method to calculate the relevant potential dependent energy. The third assumption is that,
although O-OH* dissociation may show a potential dependent activation barrier as calculated for
O2 dissociation, because the calculated barrier is quite small, we use a potential-independent
reaction barrier of 0.15eV for OOH dissociation.4
Figure 3-6 shows the reaction energy diagram for ORR on the Pt(111) surface at a typical
operating potential (0.8 V-NHE) and the equilibrium potential (1.2V-NHE), as determined by
Model I, III, and IV. We use the Murdoch procedure53 to approximate the effective reaction
barrier to compare mechanisms. We first compare the O2* dissociation barrier with the collective
process of O2* protonation followed by OOH* dissociation to determine the dominant reaction
path. Once the initial reaction path is determined, the reaction barrier comparison between the
initial step and the other reactions (2O* or O*+OH* reduction to 2H2O*) are used to determine
the rate limiting step. At the vacuum/Pt interface and the equilibrium potential, the oxygen
dissociation barrier is 0.63 eV (Model I) or 0.72 eV (Model III) less than the total energy of
OOH* formation and its dissociation barrier. Models I and III therefore indicate that the
dissociation mechanism is dominant at the equilibrium potential. Both methods also suggest the
dissociative path is favored at 0.8 V-NHE. Furthermore, both Model I and III indicate that the
barrier to O2* dissociation is greater than the total energy for 2O* reduction at 0.8 V-NHE,
indicating that O2* dissociation is the rate limiting step. This is clearly in disagreement with the
observation of a potential dependent reduction rate and the reaction path being impacted by OH*
reduction.
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Figure 3-6. Reaction energy diagram for the ORR over the Pt(111) surface from (a) the linear free
energy model (Model I), (b) the electric field model (Model III), (c) the solvated model (Model
IV) at ρ=1.0 g mL-1, and (d) the solvated model (Model IV) at ρ=0.86 g mL-1. The black (dark)
line represents energetics at a potential of 0.8V-NHE, and the blue (light) line represents the
energetics at 1.2 V-NHE. O2, 2O, O-OTS, OH, OOH, and H2O surface species were adsorbed at
the 3x3 surface cell (9 surface Pt atoms per adsorbate(s)).

The dominant reaction path is altered by including water in the model. The fully solvated
electrochemical models (Model IV) at densities of 1.0 and 0.86 g mL-1, shown in Figure 3-6(c)
and 6(d), suggest the dissociative mechanism is favorable near the equilibrium potential, whereas
the associative mechanism competes with the dissociation mechanism as an overpotential is
applied. The reaction mechanism transitions from dissociative to associative at 0.8 V-NHE for
both densities, above which the dissociative reaction is faster and below which initial reduction is
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faster. Moreover, the transition potential in the solvated model occurs earlier than that in vacuum
(0.65 V-NHE), indicating that water molecules may assist the oxygen reduction reaction and
using a vacuum interface model may overestimate the overpotential of the ORR. The transition
potential of Model IV is close to the potential at which the ORR Tafel slopes change, as observed
for a Pt(111) electrode in an HClO4 solution.19 The specific Tafel slopes of the two regions are
not easily allocated to the reaction paths indicated by Model IV, as discussed in the following
paragraph.
The OH* reduction step (Eq. 3) is relatively difficult and has been proposed to hinder the
overall reaction.4 This is in agreement with the results of our solvated models (Model IV). At the
equilibrium potential, conversion of adsorbed O* and OH* to H2O* limits the overall reaction,
requiring 1.2 and 1.6 eV for ρ=0.86 g mL-1 and ρ=1.0 g mL-1, respectively. At 0.8 V-NHE, water
formation from O* and OH* is still limiting at a density 1.0 g mL-1, whereas at a density of 0.86 g
mL-1, the initial O2* reduction and dissociation controls the overall reaction. Both densities agree
that at a potential near 0.8 V-NHE, the limiting process changes from O* and OH* reduction at
higher potentials to the initial O2* reduction and dissociation at lower potentials. Allocating this
change directly to the experimentally observed Tafel slopes in these two regions is difficult due to
limitations in the calculations performed herein. Experimentally, the Tafel slope below 0.8 VNHE is 120 mv dec-1,19 which is indicative of a single electron transfer step limiting with a
transfer coefficient of 0.5. Our computational results agree that the single initial electron transfer
reaction limits the overall reaction below 0.8 V-NHE, however, as the OOH* dissociation
transition state is the highest state along the reaction path, a transfer coefficient of 1 might be
expected. We have not considered the possibility of simultaneous proton transfer and O-OH*
bond dissociation. Additionally, Sha et al. have shown that the OOH* dissociation barrier is
negligible when including a continuum solvent model.54 Above 0.8 V-NHE, the experimentally
observed Tafel slope is 60 mV dec-1,19 indicative of a limiting step with either a single electron
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transfer and transfer coefficient of 1 or a two electron transfer with a transfer coefficient of 0.5.
Our computational results indicate that multi-electron transfer removing O* and OH* would limit
the reaction in this potential range, however, as we have not considered activation barriers,
transfer coefficients, or the coverage effects on the relative stability of these intermediates, exact
comparison with the Tafel slope is not possible.

3.3.5 Model comparison
Including explicit solvation in DFT models provides more realistic reaction
electrocatalytic energetics, although DFT models are still limited by the lack of solvation
dynamics. Solvent stabilizes reactants and products through hydrogen bonding, facilitating or
hindering elementary reactions. For oxygen dissociation at zero surface charge, a solvated model
(Model II and IV) yields a 0.1 eV reaction energy difference versus vacuum models (Model I and
III) but no substantial difference of dissociation barrier. The influence of solvation on O2*
reduction is opposite from that on OH* reduction. O2* reduction is 0.5 eV more favorable in
solvated models than in vacuum models, whereas OH* reduction is less favorable by 0.2 eV for a
water density of 1.0 g mL-1. Without long range solvent interaction, a single water bilayer model
allows unrealistically extensive reorientation of solvent molecules. The oxygen dissociation
barrier in the bilayer model is 0.3 eV smaller than that from the vacuum models and fully
solvated models.
The energetics of oxygen dissociation and OH* reduction depend on the interfacial water
density. The dissociation barrier at a water density of 0.86 g mL-1 is smaller than that at a density
of 1.0 g mL-1 by 0.15 eV; the OH* reduction energy is smaller by 0.2 eV between these two
densities, as shown in Table 3-2. The activation barrier difference causes the dominant reaction
path to transition at different potentials when we compare the associative and dissociative
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mechanisms. These results indicate that the choice of water structure leads to substantively
different ORR energetics. The requirement to use a static water structure in DFT electrochemical
models remains a challenge. Continuum solvation approximations within DFT models55,56 offer
an alternative to avoid this limitation, but introduce their own approximation in parameterizing an
interfacial dielectric constant, and furthermore miss the explicit solvation interaction of tightly
bound water molecules.
The electrode potential dependent trends in ORR reaction energies are a collective result
of the interplay of solvation, local electric field, and electrode potential. For the nonelectrochemical oxygen dissociation reaction, the potential-dependence of reaction energetics is
mainly due to solvation modifications coupled with potential variation. As a result, the double
reference method (Model IV) and electric field models (Model III) predict opposite potential
dependent trends of O2 dissociation energy and activation barrier. The potential dependence of
reduction energetics is mainly controlled by the electron free energy shift, suggesting that the
linear free energy model provides a reasonable approximation to predict the reduction energetics
if differences in the number of strong hydrogen bonds formed with adsorbates is taken into
account. However, the linear free energy model is not able to describe the coupled solvation and
potential variation effects, which can be substantial and are not known a priori. The double
reference method (Model VI) offers a model system to study these effects, albeit with the
limitations of a static water structure and specific counter charge distribution.

3.4 Results and Discussion
A series of DFT-based electrochemical models have been used to systematically evaluate
the influence of solvation, local electric field, and electrode potential on the key elementary steps
for oxygen reduction at the Pt(111) surface. By comparing the energetics of oxygen dissociation
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derived from different DFT models, we show that non-electrochemical reactions are affected by
potential variation. Including solvent molecules in the model based on the double reference
method (Model IV) amplifies the activation energy variation with electrode potential and alters
the potential dependent trend, indicating the importance of solvation coupled with potential
variation. This coupled variation is muted in the O2* and OH* reduction reactions because the
energy variation in the reduction reaction is mainly contributed from electron transfer. The
impact of local electric field is more important as the electrode is highly charged and the dipole
moment difference between reactant and product is large, such as OH* reduction to adsorbed
water. Solvation facilitates OOH* reduction, reducing the reduction energy by ~0.5 e. The
solvation effect is perturbed by the interfacial water density. For example, OH* reduction is less
favorable by 0.2 eV at a water density of 1.0 g mL-1 than at the vacuum surface, but it is not
affected at a water density 0.86 g mL-1, suggesting that the arbitrary choice of an interfacial water
structure impacts DFT energetics. We also demonstrated that the dominant mechanism of ORR
varies among DFT electrochemical models. The oxygen dissociative mechanism is favorable over
a wide potential range at the vacuum interface (Model I and III). The dominant mechanism
changes to the associative mechanism for electrode potentials below 0.8 V-NHE in a solvated
model.
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Chapter 4
The adsorption of bisulfate and sulfate anions over a Pt(111) electrode: A first
principle study of adsorption configurations, vibrational frequencies and
linear sweep voltammogram simulations
This chapter is published as: K.-Y. Yeh, N. A. Restaino, M. R. Esopi, J. K. Maranas, M.
J. Janik., Catalysis Today 2012 (in press)

Specific anion adsorption of sulfate and bisulfate anions to the Pt(111) surface was
studied using periodic density functional theory (DFT) methods. The origins of experimentally
observed voltammetric features have been assigned based on comparison of calculated vibrational
frequencies and simulated linear sweep voltammograms (LSVs) to experimental data available in
the literature. The inclusion of solvation in the electrochemical model well-predicts the bisulfate
and sulfate adsorption potentials. Combined with vibrational frequency analysis, sulfate is
identified as the dominant adsorption species over the (bi)sulfate adsorption potential region.
Rapid increase of coverage with electrode potential causes a sharp peak in the simulated
voltammogram. We have assigned the experimental characteristic vibrational mode of adsorbed
(bi)sulfate in the 1200-1300 cm-1 range as an S-Ouncoordinated stretch. The Stark tuning slope of
the S-Ouncoordinated frequency for sulfate containing (√3x√7) superstructures was calculated for
different co-adsorbed species to resolve possible molecular structures for this adlayer. The
oxidation of co-adsorbed water to surface hydroxyl at (√3x√7) adlayer causes a decrease of the
Stark tuning slope and a high potential feature in the voltammogram. The adsorption of a series of
sulfonic acids to Pt(111) is considered, and the calculated adsorption equilibrium potential is
observed to correlate linearly with the sulfonate proton affinity.
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4.1 Introduction
The adsorption of sulfate (SO42-) and bisulfate (HSO4-) ions on the Pt(111) surface is an
important model process in interfacial electrochemistry, and is related to Nafion-based fuel cell
systems containing sulfonic acid groups. The specific adsorption of sulfate and bisulfate affects
electrocatalytic kinetics by competing for active sites of the electrode, altering the potential
distribution in the interfacial region, and modifying the electronic structure of the electrode [1].
Pt(111) electrodes in sulfuric acid solutions have been investigated by electrochemical methods,
such as cyclic voltammetry, chronocoulometry [2], radioactive labeling [3, 4], and CO
replacement [5]. Moreover, the advancement of surface characterization techniques including
infrared spectroscopy (IR) [6-9] [10-13] and scanning tunneling microscopy (STM) [14-16], have
made the in-situ study of adsorbed ion structures feasible. Despite these experimental studies, the
identity of the dominant adsorbed species and coadsorbed species as well as the mechanistic
cause of features in the adsorption voltammogram remain debated. Herein, density functional
theory (DFT) methods are applied to provide atomistic level characterization of the sulfuric
acid/Pt(111) interface as a function of electrode potential and surface coverage.

The

experimentally observed vibrational band at ~ 1250 cm-1 associated with (bi)sulfate adsorption
[12, 13, 17] is assigned to uncoordinated S-O stretching for the first time using DFT methods.
The calculated energetics of anion adsorption on the Pt(111) surfaces is used to simulate
coverage-potential isotherms and linear sweep voltammograms (LSVs). Conclusions reached
based on the simulated LSV corroborate those results by Koper et al. based on Monte Carlo (MC)
simulations [18-21]; the formation of high coverage and ordered adlayers causes a sharp peak in
the experimental cyclic voltammogram (CV).
Numerous voltammograms of Pt(111) single crystal electrodes in the sulfuric acid
solution have been reported [4, 14, 22-25]. Table 4-1 summarizes the experimental voltammetric
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features for a Pt(111) electrode in a 0.1 M sulfuric acid solution. Beginning at low potential and
scanning positively, a plateau-like feature is observed due to hydrogen adsorption. (Bi)sulfate
adsorption begins at the potential of zero total charge (pztc) of a Pt(111) electrode in acid
solution ( ~0.3 V-RHE in 0.5 M sulfuric acid solution [26]), leading to a broad feature (~ 0.15 V
wide) and followed by a subsequent sharp spike (~0.02 V wide). Unlike the strong dependence of
hydrogen adsorption on pH values, (bi)sulfate adsorption is only slightly affected by pH values
[13]. The sharp peak in the CV is recognized as an indicator of a (bi)sulfate adlayer phase
transformation from a disordered layer into an ordered layer in STM experiments [14, 16] and
MC simulations [18-21]. After the sharp peak, double layer charging gives a flat feature, which is
followed by a small peak at 0.2 V more positive than the sharp peak. This small peak has been
attributed to bisulfate desorption [27], OH adsorption [17] [28] or a further ordering or
rearrangement of (bi)sulfate adlayers through a non-Faradic process [29]. The origin of the
multiple peaks has been explored using surface characterization techniques.

Table 4-1. Features of experimental cyclic voltammograms (CVs) and vibrational spectrum for
Pt(111) in a 0.1 M sulfuric acid solution.
Potential
range
(V-SHE)

CV features
[4, 14, 22-25]

Reported peak
assignments

< 0.3
0.3-0.45

Plateau-like
Broad peak

hydrogen adsorption
(Bi)sulfate adsorption

~0.45

Sharp peak

~0.7

Small peak

1. (Bi)sulfate adsorption
accompanied with a fast
transformation from a
disordered to an ordered
adlayer [14, 16] [18-21]a
2. bisulfate deprotonation
[38]
1. water oxidation to OH
[17] [28]
2. bisulfate desorption [27]
3. structure reorientation to
form a more ordered
adlayer [29]

Max.
current of
ads. peak
(µA cm-2)
~30
~30

Characteristic vib.
frequency (cm-1)
[10-13]

~75

N/A
1200-1300, when
V> 0.4
1200-1300

< 10

> 1260

Stark tuning
slope (cm-1 V-1)
[11, 17]
N/A
Linear,
slope ~100
Linear,
slope ~100

Reduced slope/
second-orderlike dependence
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Vibrational spectroscopy has been applied to investigate the nature of adsorbed anions
that account for the voltammetric features. In situ Fourier transform infrared spectroscopy (FTIR)
[6-9][10-13] have been applied to the sulfuric acid/Pt(111) interface. In solution, difference in IR
spectra between sulfate and bisulfate allows for a clear differentiation. Experimental IR spectra
for sulfate and bisulfate anions in both condensed and gas-phase[30] are available, and peak
assignments have been supported by quantum mechanical calculations[30-32]. The assignment
of vibrational frequencies associated with the adsorbed species, however, is complicated.
Assignment of solution spectra are achieved by well characterized equilibrium concentrations of
sulfate and bisulfate, however interfacial compositions may differ from bulk solution. Alterations
of IR bands of adsorbed species are also complicated by the altered symmetry due to strong
interaction between platinum atoms and (bi)sulfate oxygen atoms, which shift the positions of the
IR bands. As a consequence, there are significant difference in the literature for IR spectral band
assignments for adsorbed (bi)sulfates, and hence the dominant adsorbed species remains unclear.
Both sulfate [6, 33] and bisulfate [10, 27] have been assigned as the adsorbed species
based on different interpretations of similar IR spectra. In general, the vibrational spectra of
sulfuric acid over the Pt(111) surface consists of a strong potential-dependent band in the 12001300 cm-1 range and a weak potential-independent band centered at 950 cm-1. Faguy et al.
suggested a H3O-SO4 ion pair is the adsorbed species causing the potential dependent band at
1200 cm-1 [7]. Lipkowski et al. assigned an adsorption band at ~1100 cm-1 to SO4 and a band at
~1200 cm-1 to HSO4 using FTIRs, and concluded that at pH less than 4, bisulfate is preferentially
adsorbed to the Pt(111) surface, and that sulfate adsorption occurs as the pH is raised above 4
[10]. The ~1100 cm-1 band was later ascribed to solution species rather than the adsorbed species
by Su et al. [13]. Su et al. recorded the FTIR spectra for p- and s-polarizations of the IR radiation
to study (bi)sulfate adsorption over a Pt(111) electrode and identified a characteristic adsorption
band at ~1250 cm-1 in the pH range from 1-5.6 [13]. The pH independence of this vibrational
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band suggested the adsorption involves only one species [13]. Thermodynamic analysis of the
effect of pH on the electric charge measurement from CVs concluded that sulfate rather than
bisulfate is the adsorbed species [12, 13]. Wieckowski and his colleagues also identified the
dominant vibrational band (1250-1290 cm-1 ) for (bi)sulfate adsorption as a function of electrode
potential using sum frequency generation (SFG) spectroscopy [17]. Although there is a general
agreement in the observed spectra of this interface, the vibrational band assignment and the
implications for the adsorbed species are ambiguous. The uncertainty about the influence of
bonding between anions and the surface on vibrational frequencies makes the assignment of the
1200-1300 cm-1 band controversial. This vibrational band has been ascribed to the asymmetric
SO2 stretch [9], totally symmetric SO3 stretch [10, 12, 27], uncoordinated S-O stretching [6], and
an unknown motion associated with an H3O-SO4 ion pair [7]. This characteristic adsorption band
also strongly depends on the electrode potential and correlates with the voltammetric features [11,
17]. Using DFT calculations to assign this vibrational band can not only help clarify the dominant
adsorbed species but also the molecular structure of the adlayer.
In addition to vibrational spectroscopy, STM has been applied to investigate the structure
of adsorbed (bi)sulfate on Pt(111) surfaces. STM images have revealed an ordered adsorbed layer
of (bi)sulfate[14-16] in the potential range positive of the sharp spike (> 0.45 V-SHE) in the
corresponding voltammogram. This ordered adlayer has an oblique (√3x√7)R19o unit cell, which
was also studied with kinetic Monte Carlo methods [18, 20, 21]. Various atomistic models [16,
34, 35] were proposed to rationalize the anisotropic adlayer structure with a sulfate coverage of
0.2. All models assert that this adlayer is stabilized by coadsorbed hydrogen-bound water or
hydronium ions that reduce the Coulombic repulsion between (bi)sulfates. The STM observations
are only of limited use for a direct verification of these proposed molecular structures, because
water or hydronium molecules are indistinguishable in the interpretation of STM images, and the
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stoichiometric equivalence and potential dynamic rearrangement make HSO4-H2O and SO4-H3O
difficult to distinguish.
In contrast to extensive experimental studies of (bi)sulfate adsorption on metal surfaces,
only a few theoretical studies have been reported. Ab initio calculations were performed to
investigate the adsorption of sulfate and bisulfate anions on silver and gold clusters at the metalair interface [36, 37]. In the case of a Ag(111) cluster, sulfates prefer to adsorb at a hollow site via
three oxygen atoms bound to the surface atoms. Ishikawa and coworkers used DFT methods to
investigate sulfuric acid anion adsorption at a solvated-metal interface (H2SO4/Pt54/(H2O)36) over
a range of electrode potentials by altering the number of electrons in the cluster [38]. They found
that adsorption starts with a bi-coordinated bisulfate, which then converts to a tri-coordinated,
strong binding sulfate adsorbate. The 0.2 coverage is achieved via bi-coordinated bisulfate
adsorption before the sharp peak. The conformation change accompanying deprotonation was
determined to cause the sharp current peak in the voltammogram. However, the characteristic
vibrational band (1200~1300 cm-1 ) was not found in this study. Simulated adsorption isotherms
and voltammograms of sulfuric acid over the Pt(111) surface have been generated using kinetic
MC methods[18-21]. The strong dependence of the voltammogram shape and the ordered
structure of adlayers on both adsorption sites and lateral interactions emphasize the need of
detailed coverage-dependent adsorption energetics between (bi)sulfate and the platinum surface.
DFT methods can be used to determine the geometric and electronic structure of the
adsorbate metal interface, and have been applied to simulate voltammograms for the adsorption
of hydrogen [39] as well as acetate and phosphate anions [40] on platinum electrodes. In the
present study, periodic DFT slab calculations are applied to study (bi)sulfate adsorption over a
Pt(111) electrode as a function of electrode potential. We use DFT-based electrochemical models,
including vacuum/Pt(111) and water/Pt(111) interfaces, to evaluate the influence of solvation on
(bi)sulfate adsorption.

The characteristic vibrational band in the 1200-1300 cm-1 range,
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associated with (bi)sulfate adsorption, is assigned. Ordered (√3x√7) adlayers are examined in
terms of molecular structure and potential dependent vibrational frequency. The simulated
voltammograms and vibrational frequency analysis provide insight into the sulfuric acid anion
adsorption process over a Pt(111) surface.

4.2 Computational methods and electrochemical models

4.2.1 Electronic structure methods
All calculations in this study are performed using Vienna ab-initio simulation package
(VASP) [41-43], employing projected augmented wave (PAW)[44] potentials to represent the
ionic cores and the Perdew-Wang (PW91)[45] functional for the exchange and correlation
potential. The plane-wave basis set cutoff energy is 450 eV. Optimization is terminated when
electronic energies are converged to 10-5 eV and forces on all atoms are less than 0.02 eV Å-1.
The Bader charge analysis was done using algorithms developed from the Henkelman group for
the VASP code [46, 47]. The Hessian matrix is computed with Cartesian displacements of nuclei
by 0.01 Å in each Cartesian direction to evaluate the harmonic frequencies of surface adsorbates.

4.2.2 Vacuum slab electrochemical model
Five layer thick periodic supercells with an experimental platinum lattice constant (3.92
Å) [48] were used to represent Pt(111) surfaces. To examine coverage effect on anion adsorption
energy, various cell sizes were constructed: (√3x√3), (2x2), (√3x√7), (3x2), (4x2), (3x3), and
(4x4). K-points sampling used 8x8x1, 9x9x1, 6x6x1, 7x7x1, 7x7x1, 3x3x1, and 3x3x1 Monkhorst
Pack meshes [49], respectively. Dipole corrections were included in the surface normal direction
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(VASP keywords: LDIPOL=TRUE and IDIPOL=3 for the surface normal direction) for the
vacuum/metal interface and the water bilayer/metal interface.
The adsorption process of interest takes bisulfate(HSO4-) and sulfate (SO4-) anions from
sulfuric acid solution to the Pt(111) surface with the discharge of electrons. At an aqueous
electrode/electrolyte interface, the “bare” electrode surface is covered with water adsorbates.
Hence, we consider one surface water molecule to be replaced with an adsorbed anion. Anion
adsorption accompanied with electron discharge is represented with the following reactions:
+  ∗ ↔  ∗ +   (

 (

)

 (

+  ∗ ↔  ∗ +   (

)

)

)

+

+ 2

(1)
(2)

where HSO4*, SO4*, and H2O* represent the adsorbed bisulfate, sulfate, and water
molecules, respectively.
Using the vacuum slab model, the anion adsorption free energy (∆Gads) involving electron
transfer is linear with electrode potential (U). This linear dependence of adsorption energy on
electrode potential neglects the potential dependent interaction between the adsorbate and solvent
or the interfacial electric field. We use Eq. (3) and Eq. (4) to calculate the adsorption energy as a
function of potential.

∗ () = ∗ +  () − ()
−  ∗ − 

(3)

∗ () = ∗ +  () − 

(4)

()

−  ∗ − 2

In these equations, e represents the electron charge and is used as a positive number. GX*
represents the free energy of an adsorbate on the electrode surface, and GY(aq) represents the free
energy of a water(anion) molecule in aqueous solution. Although the electrode potential of zero
charge systems is altered with the presence of a surface adsorbate or variations in surface
coverage, the vacuum slab model neglects these differences. Eq. (3) and (4) presume that the
adsorbate-surface interaction does not depend on electrode potential. The free energies of
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adsorbed species (GX*) aare then given by Eq. (5). The aqueous ions/water chemical potential
(GY(aq)) is calculated via Eq. (6).
∗ =

* =

!"#

+ $% − &'( )

!"#

(5)

°
+ $% − +,+ ) + (∆.,/&+',0
+ 2)3456* 7 )

(6)

EDFT denotes the electronic energy calculated from VASP for the adsorbed species or unsolvated
anion/water, ZPE is the zero-point vibrational energy, R denotes the gas constant, and Svib
represents vibrational entropy at T=298 K. Stot includes translational, rotational, and vibrational
entropies calculated using statistical mechanical relationships in the ideal gas approximation at
298K. ∆Gosolvation is the standard solvation free energy, and RTLn[aY] corrects the solvation energy
for concentration variation from the standard state (1.0 M). Determination of activity (aY) values
utilizes the equilibrium relationship between sulfate and bisulfate anions in solution and activity
coefficient calculation. To compare with experimental conditions, we chose 0.1 M sulfuric acid
solution as our model system. The concentrations of H2SO4, HSO4- , SO42-, and H+ are linked by
the equilibrium relationship (pKa) [48]:
  ↔ 8 + 

 ↔ 8 + 

9:6 = −2

9:6 = 1.99

(7)
(8)

At this concentration, bisulfate is the dominant anion species: [HSO4-]=0.1 M, [SO42-]=0.0086M,
and [H+]=0.1086M. The activity coefficients (γi) can be evaluated using Davies equation [50],
giving activity coefficients as > ? =0.81, > =0.42, and > =0.81.
Ref [51] provides experimental relative standard solvation Gibb’s free energy of anions.
The absolute solvation free energy, which cannot be directly carried out by experiments, is
obtained by adding the proton hydration free energy to the relative solvation energy. Values of
the absolute proton hydration free energy:-251.2 [52], -260.0 [53], -263.2 [54], -263.4 [55] kcal
mol-1, have been reported. Here, we use -263.4 kcal mol-1[55] to calculate standard solvation free
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energies because this value was determined by an improved cluster pair correlation method and
evaluated using a large data set. For sulfate and bisulfate ions, the standard solvation energies are
-239.2 and -69.37 kcal mol-1, respectively. The standard solvation energy for water is -4.4 kcal
mol-1 [56].

4.2.3 Solvated Pt(111)surface electrochemical model
In addition to the vacuum interface model of Section 2.2, two explicit water/Pt
electrochemical models were applied in this study. The first model is partially solvated (9H2O*),
consisting of three adsorbed water molecules and an ice-like water bilayer above a 3x3 Pt(111)
surface. When ion adsorption occurs, one surface water molecule is replaced with an adsorbed
ion. In the partially solvated model, we also apply the linear dependence of adsorption energy on
the electrode potential. Potential dependent adsorption energies were calculated in a manner
analogous to Eq. (3) and (4):


∗ () = @ ∗8∗ +  () − ()
− A ∗ − 

∗ () = @ ∗ 8∗ +  () − 

()

− A ∗ − 2

(9)
(10)

The second solvated model is a fully hydrated model based on the double reference
method, developed by Neurock, Filhol, and Taylor [57, 58]. Thirty-six water molecules in an icelike bilayer structure are inserted between 3x3 Pt(111) slabs. The lattice vector along the surface
normal direction is set to maintain a water density of 1.0 g cm-3. The double reference method
allows direct tuning of the electrode potential (workfunction of the metal) by varying the number
of electrons in the unit cell. Excess charge accumulates near the electrode surface and creates an
interfacial electric field. The system net charges (q) used were ±1, ±0.5, ±0.25, and 0 |e|. A
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homogeneous background charge is added to maintain charge neutrality of the periodic cell. Since
the total charge of the system varies with the applied additional charge, a correction to the total
electronic energy is required. Mamatkulov and Filhol [59] have pointed out a fraction of the
added electrons is used to screen the background charge in the metal region. Hence, we adopted
the energy correction term introduced by Mamatkulov and Filhol [59] to determine the total
electronic energy of charged systems. In the double reference method, a quadratic function is fit
to the energy data points from various net charges (q), each of them corresponding to a specific
electrode potential (U). The influence of dipole moment and polarizability of the slab-adsorbatesolvation interface are considered with a second order potential dependence on system energy
(G(U)=AU2+BU+C, where A, B, and C are the quadratic fit constants). The total free energy of
water, bisulfate, and sulfate in the fully solvated model are labeled BC ∗ (),

BD ∗8∗ (), and BD ∗8∗ (), respectively. The bisulfate and sulfate adsorption
energies in the fully solvated model are then calculated as:

∗ () = BD ∗8∗ () +  () − ()
− BC ∗ () − 

∗ () = BD ∗8∗ () +  () − 

()

− BC ∗ () − 2

(11)
(12)

The double reference method, which incorporates the influence of solvation, adsorbates,
and excess charge in the calculation of the electrode potential, represents a more realistic
electrochemical interface than the vacuum slab model. However, the computational cost is
substantial. The vacuum model generally leads to similar results as the double-reference model
when solvation is not significant, and often can provide a reasonable estimate before considering
the more costly double-reference calculations.
The electrode potential (USHE) relative to a standard hydrogen electrode is determined by
E =  − 4.6

(13)
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Although the value 4.6 V [60] has been selected for this study, the reported absolute
potential of the standard hydrogen electrode varies from 4.4 to 4.8 V [60-65]. The calculated
adsorption free energies in this study will shift linearly with different chosen values of the
absolute potential. We chose the value of 4.6 as it has been calculated in a consistent manner with
the computational methods used herein [66].
The calculated (bi)sulfate adsorption energy relies on the choices of anion solvation
energy and absolute hydrogen electrode potential. Although solvated models can better represent
sulfuric acid on the Pt(111) surface, the use of a single water structure in solvated models and the
specific homogeneous distribution of compensating background charge in the double reference
method are choices necessitated by our inability to represent the time and length scales associated
with the dynamic solid-solution interface. The results shown in this study thus focus on the
difference among electrochemical models and pursue quantitative agreement with experimental
values. Savizi and Janik [40] demonstrated that the double reference method can predict acetate
and phosphate adsorption potentials/voltammograms within approximately 0.2 V of experiments.

4.2.4 Linear sweep voltammetry simulation
Voltammetry, measuring electrical current as a function of electrode potential, is an
important tool for electrochemistry. Potential is varied linearly with time in a linear sweep
voltammetry. When anion adsorption occurs, electron discharge from anions to the metal
electrode generates a current. To simulate voltammetry, we first consider the potential dependent
anion coverage. We assume that the adsorption process is fast and remains equilibrated as
potential is varied. This assumption is supported by experimental studies [4, 14, 22-25], where
rapid and reversible current features of sulfuric acid over the Pt(111) surface are observed when
the potential is swept positively and negatively. The platinum electrode can adsorb bisulfate

86
(Eq.(1)) or sulfate (Eq.(2)) from sulfuric acid solution. At any electrode potential, the equilibrium
surface coverage of HSO4* and SO4* are

:∗ (, I) = exp M

−∗ (, I)
I∗
N=

2)
I∗ × 6 ()

−∗ (, I)
I∗
:∗ (, I) = exp M
N=
2)
I∗ × 6 

(14)

(15)

()

I∗ + I∗ + I∗ = 1

(16)

where K represents the adsorption equilibrium constant and I∗ , I∗ , and I∗ are the surface
coverages of HSO4*, SO4*, and empty sites. The adsorption free energies can be calculated via
Eq.(3)&(4), Eq.(9)&(10), or Eq.(11) &(12).
The linear sweep rate (v) and starting potential (U0) determine the time (t) dependent
potential (U) by
 = O + PQ

(17)

Substituting Eq. (17) into Eq. (14) and (15) and simultaneously solving Eq.(14-16) gives I∗ ,

I∗ , and I∗ as a function of time. The current density due to bisulfate (R∗ ) and sulfate (R∗ )
adsorption is then
R∗ = (
R∗ = (

SI∗ T ∙ 
)(
)
SQ
V

SI∗ T ∙ 2
)(
)
SQ
V

(18)

(19)

where A is the surface area per unit cell and m is the maximum number of adsorbed sites per unit
cell. A 3x3 Pt(111) cell has A=5.98x10-15 cm2, and m=3.
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4.3 Results and Discussion
Specific adsorption of bisulfate and sulfate over the Pt(111) surface is investigated using
DFT methods. Bisulfate and sulfate adsorption at the Pt(111) vacuum interface and associated
vibrational frequencies are examined in Section 3.1. The influence of solvation and electrode
potential on adsorption configurations and characteristic vibrational frequencies are discussed in
Sections 3.2 and 3.3. LSVs are simulated without and with the consideration of coverage effects
in Section 3.4 and 3.5, respectively. Molecular structures and potential-dependent frequencies of
the high coverage (√3x√7) adlayer are reported in Section 3.6. Section 3.7 extends the anions
from (bi)sulfate to sulfonates, and relates the basicity of sulfonated anions with the equilibrium
potential of adsorption.

4.3.1 Configuration and frequency analysis of (bi)sulfate adsorption at the 3x3
vacuum/Pt(111) interface
The sulfate ion in the gas phase has a tetrahedral configuration, and the O-O distance of
2.5 Å fits well with the Pt(111) lattice with a Pt-Pt distance of 2.72 Å. This structural similarity
allows for sulfate adsorption through three oxygen atoms interacting with the metal surface,
giving a C3v symmetry. Atomic-resolution STM images [14-16] resolved this C3v or close C3v
symmetric adsorption on Pt(111) hollow sites. Ab initio calculations show that the C3v
configuration is the preferred adsorption mode for sulfate on Au(111) and Ag(111) clusters [37]
and the solvated Pt(111) surface [38].
The optimized adsorption configuration of sulfate over a 3x3 Pt(111) surface, shown in
Figure 4-1(a), places sulfate at a threefold hollow site with three of the four O atoms coordinated
to Pt atoms, in agreement with the C3v symmetric configuration. Sulfate anions have no
preference between FCC or HCP sites, and therefore we only considered FCC-site adsorption
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when various electrochemical models were applied. The average distance of bound Pt-O is 2.1 Å
(Table 4-2), indicating a strong interaction between sulfate and the Pt surface under vacuum
conditions. When surface Pt atoms are in contact with sulfate, the adsorption causes a lateral
extension of the Pt-Pt distance, which increases from 2.77 Å for the bare Pt surface to 2.82 Å.
Sulfate bound to Pt(111) through the tri-coordinated adsorption configuration induces a larger
surface dipole and increases the surface workfunction by +1.34 eV compared to the bare Pt
surface (Table 4-3). Bader charge analysis (Table 4-2) shows that SO4* retains 0.96 electrons,
which is smaller than reported values (-1.4 ~ -1.7 |e|) using electric charge measured by
integrating CVs [4, 16].

(a) SO4*
1241, 836, 835, 826, 594, 570,
565, 437, 435, 289, 233, 229,
129, 122, 117 cm-1

(b) HsideSO4*
3635, 1262, 1111, 965, 918,
687, 553, 547, 503, 422, 400,
343, 192, 182, 140, 122, 98, 26
cm-1

(c) HtopSO4*
2100, 1362, 1164, 1131,
1088, 972, 798, 574, 556,
543, 428, 402, 203, 177, 137,
117, 104, 96 cm-1

Figure 4-1. Optimized adsorption configuration of (a) sulfate and (b, c) bisulfate over the 3x3
Pt(111) surface. Calculated vibrational frequencies are listed, and bold frequencies are the
characteristic IR band of (bi)sulfate adsorption, corresponding to an uncoordinated S-O stretch
(inset figures in (a) and (b)).
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Table 4-2. Key structural parameters, equilibrium adsorption potentials, vibrational frequencies
associated with the S-Ouncoordinated stretch, and Bader charges of sulfate and bisulfate species
adsorbed to the 3x3 Pt(111) surface.

SO4*/Bare Pt
8 H2O +SO4*
35 H2O +SO4*
HsideSO4*/Bare Pt
8 H2O + HsideSO4*
34 H2O +SO4*+H3O
a

Equilibrium
Potential (VSHE) at ∆Gads =0
0.63
0.03
0.77
1.04
0.13
0.61

Pt-O distance (Å)a

Hw-O bond
distance
(Å)b

1200-1300
cm-1
Frequencyc

2.12/2.13/2.14/4.10
2.21/2.22/2.25/4.19
2.06/2.12/2.13/4.07

1.87/1.89
2.49

1241
N/A
1227

Bader
charge (|e|)
on
(bi)sulfate
-0.96
-1.31
-1.09

2.23/2.25/2.69/4.34
2.32/2.42/2.58/4.42
2.14/2.28/3.35/4.20

1.86/1.96
1.68/1.77

1262
N/A
N/A

-0.52
-0.72
-1.38d

Distance between the oxygen atoms of (bi)sulfate and platinum atoms in contact with the anion

b

Hw-O distance represents the distance between the uncoordinated (bi)sulfate oxygen and H
atom of the closest neighboring water molecules
c

Frequency of uncoordinated S-O stretch

d

Bader charge on SO4* only. Bader charge on H3O is +0.72 |e|.

To maintain a tri-coordinated adsorption configuration for bisulfate adsorbed on a
Pt(111) surface, there are two possible locations for the H atom: hydrogen may bind to a Ptcoordinated oxygen (HsideSO4*, Figure 4-1(b)) or to the uncoordinated oxygen (HtopSO4*, Figure
4-1(c)). These two adsorption configurations have equivalent energies (difference less than 0.03
eV) within the accuracy of DFT methods. The HtopSO4* is adsorbed right above the threefold
FCC site, giving a longer Pt-O distance of 2.3 Å compared to 2.1 Å of SO4*. In the adsorption
configuration of HsideSO4*, two O atoms are bound to the Pt surface, as the presence of Hside
lengthens the Pt-OHside interaction. The configuration of HsideSO4* is close to the tri-coordinated
configuration with the uncoordinated S-O axis perpendicular to the bridge site rather than the
FCC hollow site. Although the optimized configuration of HtopSO4* is similar to that of SO4*, in
contrast to SO4* or HsideSO4*, the Htop bisulfate adsorbate decreases the Pt(111) workfunction by
0.96 eV (Table 4-3) by providing an opposite dipole direction.
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Table 4-3. Calculated workfunction (Φ) and adsorption-induced change in workfunction (∆ Φ)
for various (bi)sulfate species at the 3x3 Pt(111) surface.
Adsorbates
Bare Pt
SO4*
HsideSO4*
HtopSO4*
36H2O
35 H2O +SO4*
34 H2O +SO4*+H3O

Φ/eV
5.81
7.15
6.09
4.86
5.20
5.12
5.18

∆ Φ/eV
0
1.34
0.28
-0.95
-0.61
-0.69
-0.63

The calculated frequencies of bisulfate or sulfate at the Pt(111) surface are used to assign
the infrared bands obtained from experiments, and elucidate the chemical nature of the adsorbed
species. We focus on the assignment of the strong adsorption band in the 1200-1300 cm-1 range
observed for pH 1-5.6 using FTIR spectra [13]. Calculated frequencies using ab initio methods
provide frequencies lager than those observed experimentally. Reported scaling factors for the
PW91 functional vary from 0.96 to 1.0, depending on basis sets and frequency ranges [67, 68].
The calculated frequencies collected in Figure 4-1 show that a frequency between 1200-1300 cm-1
is only found in SO4* (1241 cm-1) or HsideSO4*(1262 cm-1). The corrected frequency of 1307 cm-1
from HtopSO4* (calculated: 1362 cm-1) is above any experimentally reported values when the
smallest scaling factor of 0.96 is used. Application of a scaling factor would also shift the
frequencies of SO4* (1241 cm-1) and HsideSO4* (1262 cm-1) to lower values, however, as reported
in Table 4-4 (discussed in Section 4.3.6) higher coverage will shift the values to higher
frequencies. We hence concluded that SO4* and/or HsideSO4* adsorption may account for the
characteristic vibrational band within 1200-1300 cm-1 range.
The assignment of the IR bands for adsorbed (bi)sulfate is complicated by the Pt-O
interaction. Only vibrations with a dipole moment change in the surface normal direction provide
IR active bands. Vibrational spectra of the bisulfate anion in solution comprise of a symmetric
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SO3 stretch at 1050 cm-1, an asymmetric SO2 stretch at 1200 cm-1, and a total symmetric S-(OH)
stretch at 885 cm-1 [8, 33]. When the sulfate ion is the predominant species in the solution, the
spectrum is dominated by S-O stretching at 1100 cm-1 and a symmetric SO3 stretch at 980 cm-1 [8,
33]. Although the asymmetric SO2 stretch provides a frequency in the range of 1200-1300 cm-1,
only the symmetric SO3,coordinated and S-Ouncoordinated stretch are surface IR active. Thus, most
studies have assigned the 1200-1300 cm-1 vibration as the symmetric SO3 stretch of [10, 12, 27]
adsorbed (bi)sulfate by comparing the spectra from sulfuric acid solution. Our calculations show
this 1200-1300 cm-1 vibrational mode associated with SO4* or HsideSO4* is the uncoordinated SO
stretch rather than the symmetric vibration of the coordinated SO3 group. This band assignment is
in agreement with the analysis by Nart et al. [6] of the coordinated S-O frequency redshift (our
calculations give this frequency at ~ 800 cm-1) and the uncoordinated S-O frequency blueshift.
Both of these shifts result from strong Pt-O interaction, which reduces the frequency of the three
coordinated S-O bonds and increases that of the uncoordinated S-O bond. In contrast to SO4* or
HsideSO4*, the H atom on HtopSO4* weakens the uncoordinated S-O stretch, resulting in the
absence of this characteristic vibrational band. Vibrational frequency analysis indicates the
dominant adsorbed species over the Pt(111) surface is either a tri-coordinated sulfate or a
bisulfate with hydrogen bound to one of the Pt-coordinated oxygen atoms. Assignment of the
1200-1300 cm-1 IR peak cannot clearly differentiate between the sulfate and bisulfate species.

4.3.2 Configuration and frequency analysis of (bi)sulfate adsorption at the 3x3 solvated
Pt(111) surface
FCC site adsorption of SO4 and HsideSO4 were considered at partially solvated (9H2O)
and fully solvated (36H2O) 3x3 Pt(111) surfaces. A solvated structure in both models was created
by replacing one surface bound water molecule from an optimized bilayer structure with a sulfate
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or bisulfate anion. All solvated structures were optimized by allowing all adsorbates and water
molecules to relax; only a local minimum energy structure is guaranteed because of the flat
potential energy profile for water.
Solvation weakens the strength of (bi)sulfate bonds to the Pt(111) surface. The optimized
(bi)sulfate adsorption structures at the partially solvated Pt(111) surface, shown in Figure 4-2, are
similar to those at the vacuum interface. The hexagonal bilayer water structure cannot be
maintained in the presence of (bi)sulfate anions. For sulfate adsorption, water molecules near the
Pt-coordinated oxygen slightly weaken the Pt-O interaction. The Pt-O average distance, listed in
Table 4-2, increases to 2.2 Å compared to the distance of 2.1 Å at the vacuum interface. The
adsorbed sulfate is slightly tilted because one of the coordinated oxygen atoms has a strong Hw-O
interaction (distance 1.7 Å), 0.7 Å shorter than the nearest Hw-O distance to the other two
coordinated O atoms. Bisulfate adsorption has three oxygen-Pt distances of 2.28, 2.43, and 2.65
Å, respectively (Table 4-2). A strong Hw-O of 1.5 Å is formed between the hydrogen atom of
bisulfate and a neighboring water molecule. The uncoordinated S-O axis is tilted to the bridge site
as well. Table 4-1 shows that more electrons are retained in the solvated bisulfate and sulfate
adsorbates compared to the unsolvated adsorbates. The increased Pt-O distance and greater
electron preservation suggest bisulfate and sulfate are adsorbed less strongly in the solvated
electrode surface than the vacuum electrode. The optimized structures of SO4* and HSO4* within
the partially solvated model do not provide a characteristic vibrational frequency in the 12001300 cm-1 range. In fact, the optimized (HSO4+8H2O) structure is similar to Ishikawa and
coworkers’ study at 0.2-0.4 V vs. RHE, where bisulfate anions approach the electrode surface but
are still more than 2.55 Å away from the surface [31]. The optimized structures of sulfate and
bisulfate in the partially solvated model may represent the low potential range of the adsorption
process.
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Figure 4-2. Optimized structures of (a) sulfate and (b) bisulfate over the 3x3 Pt(111) surface using
partially solvated models. Dashed lines denote hydrogen bonds.

At the fully solvated Pt(111) surface, three out of five water bilayers remain in the icelike structure, as shown in Figure 4-3. The full optimization of SO4+35H2O cannot be achieved
because the neutral charge (q=0) calculation creates a very positive electrode surface, resulting in
the

dissociation

of

one

surface

water

molecule.

The

optimized

system

becomes

OH+SO4+H3O+33H2O. To systematically compare sulfate and bisulfate adsorption under the
influence of solvation, we fixed the coordinates of a surface water molecule at its optimized
position when 36 H2O/Pt is optimized. The rest of the atoms are relaxed for further energy
minimization. This structural constraint on the surface water creates an optimized system of
SO4+35H2O, whose energy is 0.2 eV higher than that of OH+SO4+H3O+33H2O obtained without
any constraint. The following discussion about sulfate adsorption at a fully solvated Pt surface
specifically focuses on the SO4+35H2O system.
When sulfate is bound to a fully solvated Pt(111) surface in Figure 4-3(a), tri-coordinated
adsorption is stable as well. The Pt-O distances are similar in SO4*+35H2O and SO4* at the
vacuum interface (Table 4-2). The adsorbed sulfate expels a neighboring water molecule due to
the strong interaction between O and Pt atoms. Only one weak Hw-Osulfate hydrogen bond of 2.49

94
Å is formed on one of the three Pt-coordinated O atoms. The workfunction change (Table 4-3)
due to sulfate adsorbed at the fully solvated Pt(111) surface is mute in the presence of the dense
(density=1.0 g mL-1) water bilayer because the surface bound water and strong hydrogen bonding
network of the ice-like water minimize the workfunction shift [69]. Solvation reduces the Pt(111)
workfunction to 5.20 eV for 36H2O/Pt, compared to the 5.81 eV vacuum-slab interface. Sulfate
adsorption causes little shift in the surface workfunction even though the charge analysis in Table
4-2 shows solvated (-1.09 |e|) and unsolvated sulfate (-0.96 |e|) carry a similar amount of charge.
A similar attenuation of the workfunction shift at a fully solvated Pt(111) surface has been
observed for the replacement of a surface-bound water molecule with a sodium atom [69].

(a)
(a)

(b)

(c)

Figure 4-3. Optimized structures of (a) sulfate [SO4+35H2O] and (b, c) sulfate-hydronium
[SO4+H3O+35H2O] over the fully solvated Pt(111) surface using the double reference model
(q=0). Detailed structure of the sulfate-hydronium adsorbate in (b) is enlarged in (c).
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Strong solvation of the hydronium cation prevents the optimization of bisulfate
adsorption in the fully solvated model (HSO4+35H2O). The optimized structure for this system is
a hydronium and an adsorbed sulfate separated by a water molecule (SO4+H3O+34H2O), as seen
in Figure 4-3(b, c). This structure is the only local minimum located at all surface charges,
indicating HSO4* is not a stable adsorbate within the ice-like bilayer water structure. One strong
hydrogen bond of 1.60 Å is formed between adsorbed sulfate and a neighboring water molecule,
bridging the sulfate and hydronium species. Instead of three oxygen bound to the Pt(111) surface,
this sulfate is adsorbed at a bridge site, where only two oxygen atoms are bound to the platinum
atoms. The sulfate oxygen that connects to hydronium via hydrogen bonding is 3.35 Å away from
the Pt surface. This adsorption configuration of sulfate is similar to bisulfate adsorption at the
vacuum/Pt interface with the O-Hside interaction replaced by a O-H5O2 interaction. We refer to
this hydronium-sulfate ion pair as a whole as a bisulfate adsorption for the fully solvated model.
Interaction of water molecules with the (bi)sulfate adsorbed state may alter the frequency
of the characteristic S-Ouncoordinated stretch. Specifically, strong interactions between the
uncoordinated oxygen of sulfate and neighboring water molecules can significantly shift this
frequency. Among all the optimized configurations of (bi)sulfate at the water/Pt interface, only
(SO4+35H2O) provides an uncoordinated S-O stretching motion in the 1200-1300 cm-1 range (at
1227 cm-1). Table 4-2 shows the Hw-O distance between the uncoordinated oxygen and
neighboring water molecules. Hydrogen bound water molecules or the hydrogen atom of HtopSO4
have similar influence on this vibrational mode, as both weaken the S-Ouncoordinated bond, leading to
the absence of the strong S-Ouncoordinated stretching frequency. Only when the Ouncoordinated-Hw
distance is larger than 2 Å and the S-Ouncoordinated distance less than 2.2 Å is the S-Ouncoordinated
stretching frequency within the 1200-1300 cm-1 range.
Structural and vibrational frequency analyses resolve the predominant adsorbed species
over the Pt(111) surface in sulfuric acid solution. The characteristic vibration at 1200-1300 cm-1
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is assigned as the S-Ouncoordinated stretch in this study. This vibration is found in SO4* and HsideSO4*
adsorbed at FCC sites via three O atoms bound to the Pt surface at the vacuum/Pt interface. When
solvation is taken into account, SO4* and HsideSO4* are stable in the partially solvated model
however bisulfate in the fully solvated model (HSO4+35H2O) converts into a sulfate-hydronium
pair (SO4+H3O+34H2O). The S-Ouncoordinated stretching frequency within the 1200-1300 cm-1 is
only found in (SO4+35H2O), where sulfate is adsorbed at a Pt(111) hollow site with a tricoordinated configuration. We can confidently conclude that only the S-Ouncoordinated stretch
without strong Ouncoordinated-H or Ouncoordinated-H2O binding can provide a vibrational frequency in
the 1200-1300 cm-1 range. However, without full consideration of a dynamic water structure, we
cannot completely rule out that a HsideSO4* species could not account for this vibrational feature.
Our results suggest that sulfate rather than bisulfate is the predominant adsorption species of the
sulfuric acid/Pt(111) interface. This conclusion agrees with the pH independent IR band
observation [13] and the thermodynamic analysis of pH effects on the electric charge
measurement [12].
Although bisulfate is the dominant species in solution at most of the experimental
conditions, sulfate is concluded here as the dominant adsorbed species on the Pt(111) surface.
The adsorption free energy of (bi)sulfate and the reaction free energy for conversion of surface
bisulfate to sulfate depends on the electrode potential. To elucidate the influence of electrode
potential, adsorption energies are evaluated as a function of electrode potential in the following
section.
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4.3.3 Equilibrium adsorption potential and coverage-independent LSV simulations of
(bi)sulfate adsorption
Electronic structure calculations combined with electrochemical models allow us to
identify the dominant adsorbed species and adsorption process under the influence of solvation
and electrode potential. The (bi)sulfate adsorption energy as a function of electrode potential can
be determined by Eq.(3) and (4) for vacuum slab models, Eq.(9) and (10) for partially solvated
models, and Eq.(11) and (12) for fully solvated models.
The equilibrium adsorption potentials, defined as the potential when ΔGads is equal to 0,
are collected in Table 4-2. When solvation of surface adsorbates is not accounted for, sulfate and
bisulfate only adsorb on the Pt(111) surface at potentials larger than 0.75 V-SHE. This is in
disagreement with experimentally observed adsorption at potentials larger than the 0.3 V-SHE.
Water stabilizes SO4* and HSO4*, shifting the adsorption equilibrium potential to 0.03 and 0.13VSHE, respectively. Both the vacuum-slab and partially solvated models predict that sulfate
adsorption occurs at lower potentials than bisulfate adsorption. The equilibrium potential
difference between sulfate and bisulfate is decreased from 0.4 V (vacuum-slab model) to 0.1 V
(partially solvated model). The decreased equilibrium potential difference indicates that water can
stabilize HSO4* more strongly than SO4*.
The equilibrium potentials using the double reference method (Table 4-2), suggest sulfate
adsorption occurs at higher potentials than a sulfate-hydronium ion pair. The strong
uncoordinated S-O stretch within the 1200-1300 cm-1 range is not found for the hydroniumsulfate ion pair in our calculation, indicating that the deprotonation process should occur in the
early stages of the (bi)sulfate adsorption. This result is consistent with SFG [17] and IR [11]
spectra, where featureless SFG or IR spectra are observed at the beginning of (bi)sulfate anion
adsorption and the strong S-O stretching vibrations begin at a 0.1 V more positive potential than
that at which (bi)sulfate adsorption begins. This potential-frequency analysis resolves the overall
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process of (bi)sulfate adsorption over the Pt(111) surface: adsorption begins with bisulfate
adsorption and deprotonation, followed by sulfate adsorption. This resulting process agrees with
DFT calculations of H2SO4/Pt54/(H2O)36 by Ishikawa and coworkers [38]. The strong
uncoordinated S-O vibration only found in (SO4+35H2O) suggests sulfate is the dominant
adsorbed species over most of the potential range of (bi)sulfate adsorption.
We further utilized the calculated adsorption energies of sulfate and bisulfate anions to
simulate LSVs with a scan rate of 50 mV s-1. Surface coverage effects are not considered at this
point. All calculated adsorption energies are based on optimal (bi)sulfate adsorption structures on
the 3x3 Pt(111) surface using the three different electrochemical models.
Figure 4-4(a) shows the adsorption isotherms and simulated voltammograms using the
vacuum-slab model. Going from 0 to 1.2 V-SHE, only one current peak due to sulfate adsorption
occurs between 0.70-0.79 V-SHE. The Pt(111) surface is completely covered by sulfate anions at
potentials larger than 0.8 V-SHE. The predicted equilibrium potential of adsorption (Table 4-2)
shows bisulfate will not start to adsorb until the potential is 0.4 V more positive than the
equilibrium potential for sulfate adsorption. The current peak shifts to 0.10-0.21 V-SHE in the
partially solvated model, shown in Figure 4-4(b). A small amount of bisulfate is adsorbed
between 0.04-0.26 V-SHE, as seen in the inset in Figure 4-4(b). The coverage and current density
due to bisulfate adsorption are negligible compared to sulfate adsorption.
The ~0.1 V adsorption peak width from the vacuum-slab model and partially solvated
model are consistent with that from the disordered phase in the experimental CVs. Nevertheless,
the experimental current peak in this disordered phase has a maximum current of 30 µA cm-2,
which is much smaller than our predicted current peak of 160 µA cm-2. Koper et al. [21] also
observed the feature of a single sharp peak (~270 µA cm-2) in the disordered region when an
attractive interaction is added between adsorbed sulfates in the MC simulation. The difference
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between simulated LSVs and experimental observations is likely due to the current assumption
that the adsorption free energy is coverage independent even up to 1 ML coverage.

Figure 4-4. Simulated voltammogram and adsorption isotherm for a 0.1 M H2SO4 solution at (a)
vacuum and (b) partially solvated Pt(111) surfaces. The sweep rate used is 50 mV s-1. The
current due to SO4* (solid line) and HSO4* (dashed line) adsorption and the total current (dotted
line) are indicated in the top panel. Surface coverage of SO4* (solid line), HSO4* (dashed line),
and total coverage (dotted line) are indicated in the lower panel. In the top panel of (a) and (b),
the total current peak (dotted line) overlaps the SO4* (solid line) peak because HSO4* (dashed
line) adsorption is negligible. The inset figure in (b) shows the current and coverage due to
HSO4* (dashed line) adsorption.

With long range solvent-solvent interactions and a dense water structure included using
the double reference method, hydronium-sulfate adsorption begins at approximately 0.49 V-SHE
(Figure 4-5(a)). For voltages more negative than 0.7 V-SHE, the surface is gradually occupied by
hydronium-sulfate ion pairs, and the current measured is only due to hydronium-sulfate pair
adsorption. Between 0.7-0.8 V-SHE, the surface is completely covered by sulfate-hydronium
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pairs. The adlayer composition varies from hydronium-sulfate ion pair to sulfate as the potential
moves above 0.82 V-SHE. The surface coverage is maintained at one because every desorbed
hydronium-sulfate ion pair is replaced with a sulfate. Two current peaks are observed in this
simulated LSV. The first peak associated with hydronium-sulfate pair adsorption is 36 µA cm-2
high and 0.2 V wide; the second peak associated with sulfate adsorption is 40 µA cm-2 high and
0.2 V wide. Although the sulfate-hydronium peak agrees in height and width with experimental
observations in the disordered region, the second peak due to sulfate adsorption improperly takes
off at 0.1 V after the first peak ends. The 0.1 V delay of the appearance of the second peak
disagrees with the experimental CVs where a sharp second peak starts before the first peak ends.
The 0.1 V peak separation is partially due to the need to fix a surface water molecule at the fully
solvated interface (SO4+35H2O). The constraint on the water molecule causes a 0.2 eV energy
penalty and shifts the sulfate adsorption to a more positive potential region. Figure 4-5(b) shows
the simulated LSVs from (SO4+H3O+34H2O) and (OH+H3O+SO4+33H2O). The adsorption of
sulfate-hydronium species is not affected at low potentials, and the majority species on the
surface varies from the sulfate-hydronium pair to sulfate coadsorbed with the hydroxylhydronium pair at 0.64 V-SHE. Only one current peak (0.5-0.72 V-SHE) is seen in Figure 4-5(b).
The total current consists of two components, one due to the adsorption of sulfate-hydronium, and
the other due to the sulfate adsorption. The height of this peak increased to 60 µA cm-2, which is
larger than the peak due to sulfate-hydronium pair adsorption (36 µA cm-2 ) or sulfate adsorption
(40 µA/cm2) using (SO4+H3O+34H2O) and (SO4+35H2O). In concert with MC simulations [21],
the width of the current peak becomes broad when sulfate adsorption occurs right after bisulfate
(sulfate-hydronium) adsorption, causing the overlap of two current peaks.
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Figure 4-5. Simulated voltammogram and adsorption isotherm for a 0.1 M H2SO4 solution at the
fully solvated Pt(111) surface. The sweep rate used is 50 mV s-1. Adsorption energy of sulfate
adsorption (SO4*+35H2O) used in (a) is obtained by fixing a surface water molecule; (b) is
simulated without any constraint (OH*+H3O+ SO4*+33H2O). The current due to SO4* (solid line)
and HSO4* (dashed line) adsorption and the total current (dotted line) are indicated in the top
panel. Surface coverage of SO4* (solid line), HSO4* (dashed line), and total coverage (dotted line)
are indicated in the lower panel.

We have considered surface sulfate formation as occurring through a 2e adsorption of
sulfate anion from solution. Here we show that this is thermodynamically equivalent to
considering surface sulfate formation through adsorption of bisulfate followed by deprotonation
of the adsorbed bisulfate. Bisulfate (or sulfate-hydronium) adsorption transfers one electron (Eq.
(1)), and may be followed by deprotonation and a second electron transfer:
 ∗

↔  ∗ + 8 + 
The deprotonation energy as a function of potential can be determined as:

(20)
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GH+ represents the proton free energy in the solution. This equation is equivalent to considering
the difference in free energy of adsorption between SO4* and HSO4* as Eq. (21) is equal to the
difference between Eq. (3) and (4) once the equilibrium expression (Eq. (22)) is applied.
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(22)

This equivalence demonstrates that equilibrium coverage of the bisulfate and sulfate
species determined using reactions (1) and (2) is equivalent to using reactions (1) and (20) as they
are not linearly independent.
Without consideration of coverage effects on LSV simulations, we can only capture
voltammetric features in the low potential disordered region. Adsorption of bisulfate at the
vacuum/Pt or 9H2O/Pt interfaces causes negligible current in the LSVs; however, sulfate
adsorption leads to a single sharp current peak (Figure 4-4). Fully solvated models better
represent the sulfate and bisulfate adsorption process, and a current due to bisulfate adsorption
prior to sulfate formation is clearly observed. Though two current-peaks are observed using the
fully solvated model, as shown in Figure 4-5(a), the sharp second peak observed experimentally
cannot be reproduced. The presence of a sharp current peak cannot be attributed to surface
dissociation of bisulfate at a single coverage. In the following section, we show that an abrupt
second peak is observed if coverage effects on the sulfate adsorption free energy are considered.

4.3.4 Coverage dependent LSV simulations
Though Section 3.3 demonstrated that solvation of surface adsorbates is necessary to get
the LSV peak position approximately in agreement with experiments, consideration of a fully
solvated interface at varying surface coverage is an onerous task. We instead considered the
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variation in adsorption energy with coverage using the vacuum-slab model with understanding
that the absolute potential will be shifted. In the coverage-dependent LSV simulation, we only
considered SO4* because the equilibrium potential-frequency analysis suggests sulfate is the
dominant adsorption species. The LSV simulation also shows that bisulfate adsorption just
broadens the current peak at the beginning of adsorption.
The equilibrium potential for sulfate adsorption increases with coverage, shown in Table
4-4, indicating that repulsion between SO4* adsorbates will alter the simulated voltammetric
features. The coverage used here is defined based on the fraction of surface Pt atoms coordinated
to sulfate oxygen atoms. For example, tri-coordinated SO4* at a 3x3 Pt(111) surface gives a 3/9
coverage. In considering coverage (θ) effects, we corrected Eq. (4) for the configurational entropy
(∆Sconf),
∆Y,0Z = 2[4(

1−I
)
I

(23)

Table 4-4. Calculated vibrational frequencies and the equilibrium potentials of the sulfate anion
adsorption over the Pt(111) surface as a function of coverage.
SO4/Pt
unit cell
4x4
3x3
4x2
3x2
√3x√7
2x2

Sulfate
coverage
1/16
1/9
1/8
1/6
1/5
1/4

Oxygen
Coverage (θ)
0.18
0.33
0.37
0.50
0.60
0.75

Equilibrium potential
(V-SHE)
0.72
0.73
0.78
0.82
0.86
0.89

Wavenumber
(cm-1)
1238
1241
1245
1247
1252
1254

Figure 4-6(a) shows the adsorption free energy as a function of surface coverage (θ). The
free energy-coverage function can be divided into three regions: at low (<0.33) and high (>0.6)
coverages, the adsorption energy is nearly independent of the surface coverage; for θ =0.33-0.6,
the repulsive interaction increases rapidly with the surface coverage. The 3x3 and 4x4 surface
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cells give approximately the same adsorption free energy. We thus assumed that the adsorption
energy at a 4x4 unit cell can represent the zero coverage limit in order to capture the whole range
(θ = 0-1). To numerically simulate LSVs, we fit the adsorption energy (G)-coverage (θ) data
using Eq.(24).
(I) = 10.52 +

0.35
1 + _95−11.67I + 5.487

(24)

The simulated isotherm and LSV are given in Figure 4-6(b-c). Two continuous current
peaks are shown in the voltammogram. The first one is a broad peak between 0.6-0.75 V-SHE,
corresponding to surface coverage from 0-0.4. The second peak centered at 0.89 V-SHE has a
width of 0.15 V and the maximum current is as high as 70 µA cm-2. At the potential range
associated with the second peak, the anion coverage rapidly increases from 0.6 ML to 1 ML,
shown in Figure 4-6(b), indicating a rapid phase transition. This simulated isotherm and
voltammogram is similar to MC simulations obtained by Koper and coworkers [21]. In their MC
simulations, sulfate adsorption is simulated with first neighbor shell exclusion, which effectively
creates a saturation coverage of 0.6. The first broad adsorption peak (0.2 V wide and 50 µA cm-2
high) in their simulated voltammogram results from a disordered phase. The sharp peak (~60 µA
cm-2 high) indicates a disorder-order transition where the ion coverage rapidly increases from
0.18 ML to 0.2 ML, corresponding to θ =0.57-0.6 in our definition.
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Figure 4-6. The coverage dependence of sulfate adsorption on Pt(111). (a) adsorption free energy
(∆Gads ) of sulfate ions at 0 V. The solid curve represents the fitting curve. Simulated (b) isotherm
and (c) voltammogram using a 50 mV s-1 sweep rate are shown.

The general features of CVs of sulfuric acid over the Pt(111) surface are reproduced
using the coverage dependent sulfate adsorption calculations. The experimental CVs show a
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flatter first peak (0.15 V wide and 30 µA cm-2 high) than the simulated LSV (0.15 V wide and 50
µA cm-2 high). It is followed by a sharp peak, typically having a maximum intensity larger than
75 µA cm-2, in good agreement with our simulated LSV. The difference between experimental
CVs and simulated LSVs in the first adsorption peak is likely due to bisulfate adsorption, as
shown by the double reference calculations in the previous section. If the adsorption starts with
one electron bisulfate (or sulfate-hydronium) adsorption and is followed by a conversion of
bisulfate into sulfate, it would produce a broader and smaller peak than that only from sulfate
adsorption, as seen in the LSV simulation (Figure 4-5(b)). This peak may also broaden due to
long range interactions between SO4* and co-adsorbed water stabilizing specific configurations.
The second discrepancy is that the maximum coverage in our case is θ=1.0 (0.33 ML for sulfur)
rather than 0.6 (0.2 ML for sulfur). This is because we considered sulfate adsorption without
solvation at high coverage. The proposed models for the coverage of 0.6 include the coadsorption
of water/hydronium molecules, which can reduce the repulsion between sulfate anions. The
unique (√3x√7) superstructure may provide a stable template for anion adsorption and interfacial
water, preventing further anion adsorption. In the following section, we will examine possible
molecular structures on the (√3x√7) unit cell, and show the unique properties of (√3x√7)
superstructures for the adsorption of (bi)sulfate-water clusters.

4.3.5 Structures and potential dependent vibrational frequencies of (√3x√7)adlayers
The molecular structure of a ordered sulfate containing (√3x√7) adlayer on the Pt(111)
surface has been imaged using in situ STM [14-16]. The direct verification of molecular structure
using STM images is limited. The image interpretation is inferred by the superposition of an
adlayer and substrate lattice. Experimental errors in lattice distance due to thermal drifts effects
and calibration errors are also considered [70]. In particular, a distinction between sulfate and

107
bisulfate or between coadsorbed water and a hydronium molecule is not possible on STM images.
Various models have been proposed to reconstruct the observed (√3x√7) adlayer structure [16,
34, 35]. Edens et al. first proposed a hydronium ion is coadsorbed with a sulfate on the Au(111)
surface [34]. Wan et al. further enhanced the model using Ir(111) STM images, suggesting a
zigzag row of adsorbed hydrogen-bonded water stabilize rows of sulfate molecules [35]. A recent
STM study done by Braunschweig and Daum [16] proposed sulfate is adsorbed on or close to
Pt(111) hollow sites and coadsorbed with a water molecule.
Since water and hydronium molecules are indistinguishable in STM images, we first
consider the stoichiometric identical adsorbates of HSO4-H2O and SO4-H3O, as shown in Figure
4-7. According to the vibrational frequency analysis, HtopSO4* is not the adsorbed species in the
highly ordered superstructure region, so that we only take water interacting with HsideSO4* into
account. For the (3x3) (Figure 4-7(a)) or (4x4) unit cells, the water molecule does not directly
adsorb on the surface and instead interacts with the bisulfate ion through a hydrogen bond. As the
surface coverage increases in a (3x2) cell (Figure 4-7(c)), the water molecule is able to bridge two
bisulfate chains. The coadsorption of water with bisulfate within a (√3x√7) unit cell shown in
Figure 4-7(e-f) creates a hexagonal network not present at lower coverages. This hexagonal
network might resemble the hexagonal ice bilayer structure, which could provide a template for
bilayer water formation and further stabilized this (√3x√7) superstructure.
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Figure 4-7. Optimized structures of HSO4-H2O over Pt(111) surface using (a) 3x3, (b) 4x2, (c)
3x2, and (d) 2x2 unit cells. Optimized structures of (e) HSO4-H2O, (f) SO4-H3O, (g) SO4H2O, and (h) SO4-OH within the √3x√7 unit cell.
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The interatomic distance between (bi)sulfate adsorbates determines whether a water or
hydronium molecule is co-adsorbed. When the surface coverage is smaller than that of the
(√3x√7) cell, the optimized structure is HSO4-H2O. Both (SO4-H3O) and (HSO4-H2O) may exist
at the (√3x√7) unit cell, and these two structures are energy equivalent within 0.03 eV. The
hexagonal-like network of (SO4-H3O) on the (√3x√7) surface is slightly perturbed because one
hydrogen atom of H3O points to the surface. As coverage increases to 0.75 in the (2x2) unit cell,
H3O can be stabilized by three oxygen atoms, and (SO4-H3O) is the only adsorbed species.
Structural and energetic information is not adequate for us to conclude whether (SO4-H3O) and
(HSO4-H2O) coexist or if one of them is more favorable than the other over the (√3x√7) lattice.
However, we note that this calculation considered the vacuum/Pt interface and a zero surface
charge condition, and the presence of water and surface charge may alter the relative stability of
these two species.
At the sulfuric acid/Pt interface, the strong solvation of hydronium ions and positively
charged surface may also assist bisulfate or hydronium deprotonation to form (SO4-H2O) or
further oxidation to (SO4-OH) adlayer. Figure 4-7(g) and (h) shows the optimized structures of
(SO4-H2O) and (SO4-OH) adlayers, respectively. Without considering solvation, adsorption
energy calculations are not able to accurately capture the stability of surface adsorbates, as
discussed in Section 3.1 and 3.3. The characteristic S-O stretching frequency of adsorbed
(bi)sulfate is not affected by the inclusion of solvation and its potential dependence is expected to
be sensitive to the identity of coadsorbed species. Thus we consider a vibrational frequency
analysis to resolve the molecular composition on the (√3x√7) surface.
The variation in vibrational frequency with electrode potential, known as the Stark tuning
effect, can provide further insight on the molecular structure of (√3x√7) adlayers. A discontinuity
of the Stark slope, coinciding with the small peak in the CV at 0.2 V higher potential than the
sharp peak, has been observed in FTIR [11] and SFG [17] spectra. In the low potential region
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(0.4-0.7 V-SHE) [11], the IR band is centered at 1240 cm-1 with a reported Stark tuning slope of ~
100 cm-1 V-1. At the potential of 0.7-0.9 V-SHE, this IR band shifts to 1270 cm-1 with a reduced
Stark tuning slope [11, 17]. A parabolic dependence of this characteristic frequency on the
electrode potential is also reported for the high potential region [6][11]. The reduced Stark tuning
slope region in the 0.7-0.9 V-SHE range has been attributed to formation of a higher order
adlayer [29], a conversion of the adsorbed bisulfate into sulfuric acid [27], or the oxidation of
coadsorbed water molecules in the (√3x√7) superstructure into hydroxyl groups [17, 28].

Figure 4-8. Calculated S-O stretching frequencies as a function of external electric field of (a)
SO4+H2O and (b) SO4+OH at (√3x√7) unit cells of Pt(111) surfaces. In (a), a linear function
(solid line) is used to fit the data points; in (b), a quadratic function (solid curve) is used to fit the
data points.

The calculated impact of an applied electric field on the characteristic S-O stretching
motion of (H3O+SO4), (H2O-SO4), and (OH+SO4) provide information about whether (H2O-SO4)
or (H3O+SO4) is the adlayer on the (√3x√7) surface as well as whether (OH+SO4) formation or a
high order (H3O+SO4) adlayer on the (2x2) surface attributes to the frequency discontinuity. The
electric field dependence of S-O stretching frequencies, plotted in Figure 4-8, is obtained by
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applying an external electric field on the (√3x√7) superstructure of (H2O-SO4) and (OH+SO4)
adlayers. The plots for (H3O+SO4) on the (√3x√7) and (2x2) surfaces are not shown here because
both of them show a similar potential dependent trend to the (√3x√7) (H2O+SO4) adlayer. The
similarity indicates (H3O+SO4) and/or (H2O+SO4) may comprise the ordered

(√3x√7) adlayer,

and furthering ordering with a (2x2) coverage could not account for the small peak at 0.7 V. The
Stark tuning slope, expressed in terms of electric field rather than potential and shown in Figure
4-8(a), is 28.4 cm-1 Å V-1.

Comparison between the slopes in terms of the electric field

(calculations) and potential variation (experiments) is not straightforward, as this would require
knowing how the local electric field about a specifically absorbed sulfate anion is dependent on
electrode potential. The relative comparison of slopes among different co-adsorbed species helps
to resolve the molecular structures over the (√3x√7) unit cell.
The calculated S-O stretch frequency of (OH+SO4) systems is 1257 cm-1 at zero field,
which is smaller than the reported 1270 cm-1. However, the corresponding electrode potential of
(OH+SO4) at zero applied field is uncertain. At potentials as high as 0.7 V-SHE, at which
(OH+SO4) may be formed experimentally, a substantial external field might be presented. For an
adlayer of (OH+SO4), the slope of vibrational frequency with electric field decreases to 14.1 cm-1
Å V-1, approximately half that of the (H3O-SO4) or (H2O-SO4) adlayers.

The (OH-SO4)

characteristic frequency-electric field relationship, shown in Figure 4-8(b), is well fit by a
parabolic function.

The parabolic dependence of frequency on the electric field does not

guarantee a parabolic dependence on electrode potential, as observed from FTIR experiments for
the high potential adlayer [11]. The interfacial electric field might not be linearly dependent on
potential in the entire field range. With the assumption of a constant double-layer capacitance, the
reduced Stark tuning slope and the second-order-like Stark effect of (OH+SO4) indicates that coadsorbed water oxidation to a surface hydroxyl group may explain the small CV peak at 0.7 VSHE.
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4.3.6 Linear correlation between equilibrium potential and sulfonate anion basicity
The Pt(111) surface in sulfuric acid solution is a model system for the electrocatalytic
reactions in Nafion-based fuel cells. A recent study suggests that sulfonate anions from Nafion
membranes may adsorb on the Pt electrode, and further inhibit the oxygen reduction reaction
(ORR) [71].
efficiency.

Ionomers with minimal anion adsorption may allow for improved fuel cell
Since the platinum surface exhibits a strong Lewis acid character [6], anion

adsorption may be reduced by varying the backbone length or chain compositions to modify the
basicity of sulfonates. Here we establish a direct link between anion basicity and the equilibrium
potential of anion adsorption, a relationship that may provide guidance for the design of new
membrane materials.
We use DFT calculated proton affinity as a measure of the basicity of various sulfonates.
8 + 2B ↔ 2B 
bc

=

de 

−

?

−

(25)
de

(26)

where the individual species energies are ZPE corrected. The energies of charged ions
were calculated in the periodic system by including monopole and multipole corrections for the
periodic ion/compensating background charge systems. A larger proton affinity indicates that the
RSO3- species is a stronger base and the resulting sulfonic acid is a weak acid.
The equilibrium potential for adsorption of sulfonates is determined similarly to
bisulfate using Eq. (3). The adsorption reaction is written as
2B + ∗ ↔ 2B ∗ + 

(27)

where * denotes a surface site and RSO3* represents the adsorbed sulfonate. The potential (U)
dependent adsorption energy is calculated as
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where each energy is ZPE corrected. The equilibrium potential of adsorption is found by setting
the left-hand side to 0 and solving for U. This equation neglects the solvation of either the ion in
the electrolyte or when bound to the surface. Neglecting this differential solvation will lead to
errors in the absolute values of the adsorption equilibrium potentials. Presuming the difference in
solvation energies for each ion in the electrolyte relative to the surface are similar, trends in the
effects of various R groups on the adsorption potentials will be preserved. All anions are
terminated by the same SO3H group, which will dominate the solvation interactions. A series of
sulfonated anions with various fluorinated backbone lengths (CnF(2n+1)SO3-, n=1-3), and of
(partially) fluorinated 6 membered aromatic ring (C6FmH(5-m)SO3-, m=1-5) were used to examine
the correlation between proton affinity and equilibrium potential. For comparison, the adsorption
potential of HSO4- is included, calculated in an equivalent manner.
Optimization structures of all sulfonate anions over the 3x3 Pt(111) surface are shown in
Supplementary Information. A tri-coordinated or bi-coordinated adsorption configuration for
CnF(2n+1)SO3- causes less than a 0.04 eV energy difference, whereas anions with an aromatic ring
substituent prefer to adsorb through a bi-coordinated configuration. Figure 4-9 shows the relative
equilibrium potential of sulfonate anion adsorption. The potential of bisulfate adsorption (2.61 V
with this method ignoring solvation) was chosen as the reference point. Compared to the
equilibrium potential listed in Table 4-2, the ~ 2V difference demonstrates the importance of
considering solvation effect on anion adsorption to get absolute potentials near experiment. A
single CF3 substituent (triflic acid) shifts the equilibrium potential more positive by ~ 0.3 V. This
is substantial enough to push adsorption out of the double layer region on Pt(111) and into the
potential range of water oxidation. The equilibrium potential of CnF(2n+1)SO3- adsorption increases
with n=2, whereas the potential difference decreases to 0.01 V as n increases from 2 to 3. A nonfluorinated or single-fluorinated benzyl group would lead to adsorption at potentials lower than
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bisulfate. Fluorination of the aromatic ring, providing a weaker sulfonate base, shifts the
adsorption potential to high values.

Figure 4-9. A linear correlation is obtained between sulfonate proton affinity and the equilibrium
potential of sulfonate anion adsorption. HSO4(○) is included for comparison. The equilibrium
potential is relative to the equilibrium potential of HSO4- . A linear function (solid line) is used to
fit the data points. Structures of isomers are inset.

Clearly, though sulfuric acid may resemble a reasonable model for a sulfonic acid of a
PEMFC, fluorinated backbones can easily push specific adsorption at least into the water
oxidation/oxygen reduction region. The shift of ~0.7 V between bisulfate and CF3(CF2)2SO3- is
likely substantial enough to avoid significant competition of sulfonate groups for Pt sites during
ORR. A linear-relationship between the proton affinity and the equilibrium potential of anion
adsorption is observed in Figure 4-9. This correlation provides a general guideline for the
selection of electrolyte solution/ionomer of PEMFCs in terms of the basicity of sulfonate anions.
Applying this correlation directly to the membrane materials also requires the considerations of
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solvation and steric effects , both of which become important as ionomers [72] are in contact with
the Pt electrode.

4.4 Conclusions
DFT electrochemical methods were employed to examine sulfate and bisulfate adsorption
of sulfuric acid solution over the Pt(111) surface. The experimental characteristic vibrational
mode of adsorbed (bi)sulfate in the 1200-1300 cm-1 range has been assigned as the uncoordinated
S-O stretch. Table 4-5 summarizes the CV peak assignments based on our DFT calculations and
LSV simulations. First, the inclusion of solvation in the electrochemical model allows for the
simulated LSV current peak position to agree well with the reported current peak due to
(bi)sulfate adsorption. The fully solvated model predicts that adsorption initially occurs with a
sulfate-hydronium ion pair, which is followed at slightly higher potentials by sulfate adsorption.
Combined with vibrational analysis, it is suggested that sulfate rather than bisulfate is the
dominant surface species and accounts for most of the current observed from (bi)sulfate
adsorption. Secondly, the general voltammetric features of two continuous peaks are reproduced
only when the coverage effect on the anion adsorption energy is taken into account. This result
suggests that a rapid coverage change rather than bisulfate deprotonation causes the sharp CV
feature (the second peak) around 0.45 V-NHE, supporting experimental [14, 15] and theoretical
[18-21] indications. Finally, the reduced Stark tuning slopes between a ((H)H2O-SO4) and a (HOSO4) adlayer within the (√3x√7) unit cell supports that further deprotonation at high potential
leads to a small current peak at ~0.7 V-SHE. The knowledge gained from studying (bi)sulfate
adsorption on the Pt(111) surface is also applied to predict the anion adsorption of sulfonate
anions. The anion basicity-adsorption relationship may directly connect material properties with
their influence on fuel cell performance.
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Table 4-5. Summary of CV peak assignments based on DFT calculations and LSV simulations
Potential
range
(V-SHE)
0.3-0.45

CV
features

Peak assignments in this study

Broad
peak

(bi)sulfate adsorption :
HSO4* adsorption is followed by
SO4*, which is the dominant
adsorbates
Low coverage transforms to high
coverage adlayers
(SO4-(H)H2O) in (√3x√7) unit
cell oxidizes to a (SO4-OH)
adlayer

~0.45

Sharp peak

~0.7

Small peak

Basis of the assignment

1. The double reference method (fully solvated ) accurately
predicts (bi)sulfate adsorption peak
2. SO4* in the double reference method exhibits characteristic
vibrational frequency
Coverage dependent LSV simulations predicts a sharp
adsorption peak
Calculated Stark tuning slope is reduced by this change
and shows second order potential dependence
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4.6 Supplementary Information

Figure S1. Optimized adsorption configurations of sulfonate anions on the 3x3 Pt(111) surface.
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Chapter 5
Molecular dynamics simulations of an electrified water/Pt(111) interface
using point charge dissociative water
We present molecular dynamics simulations of an electrochemical interface, where
constant charge reactive water is in contact with a Pt(111) electrode under constant potential
conditions. The simple reactive water model, a modified central force (mCF) model, allows us to
probe water dissociation and structural diffusion of protons at the electrified water/Pt(111)
interface. To address the influence of hydroxyl and hydronium ions on interfacial water structure
and dynamics, we also perform control simulations using SPC/E water. The structured water
layers are extended about 10 Å from the Pt electrode and more water layers are observed in the
presence of electrode potential. Water orientational anisotropy is observed concurrently with
structuring for mCF water but extends across the entire water layer for SPC/E water as the
electrode potential is applied. Fast exchanges among OH/H2O/H3O of mCF water relax the
electric field constraint in the surface normal direction although the OH and H3O ions cannot
completely screen the electrode potential. The time scale associated with H vibration along a
hydrogen bond is less than 0.5 ps. The structural diffusion of H3O ions is three times faster than
OH ions. The influence of applied potential and H3O/OH ions on charge transfer effectiveness
near the electrode surface is discussed.

5.1 Introduction
The investigation of water structure and dynamics over metal electrodes is of interest in
surface chemistry, electrocatalysis, and a wide range of energy applications, including fuel cells,
batteries, and supercapacitors. The charged metal surface alters the arrangement, dielectric, and
dynamic properties of water molecules near the surface, all of which play important roles in
surface reactions and device efficiency. For instance, hydronium (hydroxyl) transfer to and from
the electrode, which are crucial steps in acid (alkaline) fuel cells, requires appropriate water
arrangement near the electrode [1-3]. However, the complex dynamic nature of the liquid/solid
electrified interface makes it difficult to characterize experimentally. A realistic atomistic model
to capture this interface also represents a substantial challenge for theoretical investigations.
Simulation of the aqueous electrolyte-electrode interface requires methodological choices
that balance computational demands and accuracy for representing the electrochemical
phenomena. Atomistic simulations provide insights into the preferential adsorption sites of
water/ions, diffusion properties, and the electrostatic potential profile across the interface [1-6],
all of which may impact electrode reaction rates and are not easily evaluated experimentally.
With advances in computational power, ab initio molecular dynamics (MD) simulations are used
to provide explicit treatment of electronic structure at the electrode/electrolyte interface [7-9].
However, ab initio MD schemes are currently too expensive to allow for simulations of sufficient
length or size to capture electrochemical phenomena, such as ion distribution or the dynamics of
water and ions under applied potentials. The use of molecular dynamics with parameterized force
fields enables a dynamic description of the electrode/electrolyte interface on the appropriate time
and length scales to provide statistically meaningful results.
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To simulate an electrified metal electrode using classical MD simulations, different
modeling approaches were developed. The key feature of the electrochemical interface is that an
excess surface charge induced by an external potential attracts ions in the electrolyte to create a
potential drop. The simplest approaches are to apply a constant electric field across the entire
electrolyte [1, 6] or evenly distribute a constant charge density on a wall-like plane [10-12]. Metal
surfaces are not structureless planes, and water molecules have preferential adsorption sites,
resulting in an inhomogeneous surface charge distribution induced by the ions or polar solvents
[4]. In addition, these approaches limit the representation of electrolyte/metallic electrode
interactions because metal polarizability is not taken into account and metal electrodes are more
often operated as constant-potential rather than constant-charge surfaces.

Modeling metal

electrodes with a potential controlled approach and an atomistic-level description of surface
topology would allow simulations of metal electrodes that better parallel controlled potential
experiments.
To account for metal polarizability, image charge methods have been developed [13, 14];
however, image-charge methods can only simulate a charged electrode that corresponds to the net
charge in the electrolyte, which makes it difficult to represent constant potential conditions at
various ion concentrations. Fluctuating charge methods, which address the metal polarizability as
the image charge method and maintain charge neutrality in both electrolyte and electrode, enables
a potential controlled electrochemical interface. A polarizable charged plane that maintains a
constant potential has been developed by Siepmann and Sprik [15] using a Gaussian charge
distribution to represent conduction band electrons on each metal atom. These electrons can be
transferred between atoms within the electrode. To respond to charges in the electrolyte, the
charge on each metal atom is reassigned through the minimization of total electrostatic energy at
each time step. This method has been modified and extended to MD simulations, representing
the features of water and salt solution near an electrode surface [4, 16] The electrode charge
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dynamics (ECD) method, developed by Wheeler and coworkers [5], uses a similar description of
charge fluctuation under a constant potential condition and a simple representation of water-metal
interactions. We use the ECD approach in this study.
Under the influence of strong electric fields (typical magnitude 108 V m-1), at the
electrochemical interface, water in the electrolyte will dissociate [17, 18], and could oxidize at the
electrode surface [19]. The influence of H3O+ and OH-, referred to as water ions [20], on
structural and dynamic properties of the electrochemical interface and the structural diffusion of
water ions near the electrode has been neglected in most classical force field simulations because
a dissociative water model is required. In addition, the influence of applied potential on the
dynamics and dielectric properties of dissociative water in the vicinity of the electrode has not
been addressed. There is a need to construct a more realistic electrochemical interface, where
dissociative water molecules are interacting with potential controlled electrodes.
Dissociative (reactive) water force fields are mainly aimed at studying proton transfer in
solution [21-26], where bond breaking and formation is required to model structural diffusion
(Grotthuss mechanism) [27]. A variety of reactive water models involving different levels of
complexity have been applied to proton transfer in bulk water [21, 22, 24, 28] and polymer
membranes [29, 30]. In some models, a procedure is used that initiates proton hopping based on
the satisfaction of geometric and energetic criteria [24], or establishes proton transfer based on
probabilities tied to energy barriers [25]. These models have made significant contributions
toward the understanding of solvated structure and proton dynamics and revealed that the proton
transfer mechanism in bulk solution is different than that in confined environments, such as
polymer electrolytes [30] or carbon nanotubes [23]. A few MD studies have focused on proton
transfer at the electrochemical interface. Spohr and co-workers studied proton transfer near a
platinum electrode using a multistate empirical valence bond (MS-EVB) approach [31]. In this
approach, bond formation and breaking are described by energy states that enable the model to
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capture electron transfer. This sophisticated model was used to characterize proton discharge
kinetics under constant surface charge conditions. The influence of oxygen species from water
dissociation (OH-, adsorbed O and OH), which could alter the proton transfer mechanism near the
surface [19], is neglected. A simple reactive water model that allows us to model OH and H3O
ions without additional force field parameterizations and balance the computationally demanding
description of the metal electrode would be useful to investigate the influence of water ions on
proton transfer dynamics under constant potential conditions.
The simplest reactive water model, the central force (CF) model, developed by Lemberg,
Stillinger and Rahman [32, 33] uses simple point charges with pairwise interactions. Recently,
Hofmann et al. [34] parameterized a set of pairwise water potentials using experimental pair
distribution functions of liquid water. The resulting potentials are similar to the original CF
model. CF-type models can describe the structure, self-diffusion coefficient, and static dielectric
constant of liquid water [35, 36]. Hofmann’s CF model also succeeded in predicting proton
transfer dynamics in Nafion [37]. We therefore apply a CF-type model to provide structure and
dynamics of water and water ions over the electrode surface, with adaptations as discussed in the
next section. Using this simple model, we are able to provide a realistic representation of
interfacial electrochemical phenomena with less computational demand compared than quantum
calculations or high-level MD approaches where electrolyte polarizability is taken into account.
In the present work, we report water/metal interface molecular dynamics simulations that
include two key features: (1) water dissociation, which is taken into account using a simple CFtype water model, and (2) a polarization of the electrode that allows a preset potential drop across
the electrolyte. We describe a modification to the original-CF model [32, 33] in order to improve
water reactivity and implement the modified CF and SPC/E models with the ECD method [5]. To
address the importance of water dissociation, we carry out control simulations with the extended
simple point charge (SPC/E) water model [38]. The comparison between dissociative water and
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SPC/E water suggests that water ions affect electrochemical properties, such as capacitance and
dielectric constant, although interfacial water structure and dynamics are similar in both models.
We also show that structural diffusion in hydronium and hydroxyl transfer is affected by the
interfacial ion distribution. Our findings indicate the importance of accounting for water
dissociation when modeling an aqueous electrochemical interface.

5.2 Model Development and Simulation Details

5.2.1 Force field development
The water model in this study provides a simple but realistic interaction that includes
bond breaking/formation of liquid water between Pt electrodes. The original-CF model reliably
describes liquid water, but predicts a small diffusion coefficient [33], as shown in Table 5-1. As
was observed in ref [33], we find that all water molecules (200H2O at 300K) remain intact when
using the original-CF model in the absence of an applied potential. If the simulation is initiated
with one dissociated water molecule and 199 intact water molecules, recombination of H and OH
does not occur during 2ns, and H atoms are attached to the same oxygen atom in OH, H2O, and
H3O throughout this time. Thus, inter-conversion between covalent and hydrogen bonds never
occurs.

The energy barrier associated with proton transfer can be estimated from the potential of
mean force, W(r), between oxygen and hydrogen atoms.

h (i) = −jk )[4(l (i))

(1)
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where gOH(r) is the pair distribution function of an OH pair, and kB represents the Boltzmann
constant. In Figure 5-1(a) we present the potential of mean force obtained from the original-CF
model, where a barrier larger than 15 kcal mol-1 is observed in OH distances separating covalent
and hydrogen bonded OH pairs (1.0-1.6 Å). A modification that reduces this energy barrier is
needed to allow transfer events to occur. As a target, we use the potential of mean force estimated
from the experimental gOH(r)[39], which has a barrier of 2.5 kcal mol-1. Adjusting the O-H
interaction to match this barrier also influences OO and HH interactions, and thus these potentials
also need modification. The resulting set of CF potentials is given in Equations (2-4). This
modified CF model, denoted as the mCF model, gives reasonable agreement with the barrier for
proton transfer as well as all three pair distribution functions, as shown in Figure 5-1.
To examine the effect of water dissociation on the properties of the water/metal interface,
the SPC/E water model is also used. Compared with g(r)s from neutron diffraction experiments
[39], the SPC/E model more closely agrees with the first peak positions for gOO(r) and gHH(r) than
the mCF model, although the reverse is true for gOH(r). Structural differences in going from the
CF to the mCF model lead to a reduced water angle and thus water dipole moment whereas the
mCF water self-diffusion coefficient is improved over the original-CF model. Bulk water
properties of SPC/E, mCF, and original-CF water models are summarized in Table 5-1.
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Table 5-1. Comparison between water force field models

Molecular Properties
Charge on H atom [e]
Equilibrium OH distance [Å]
Average HOH angle [degree]
Average water dipole moment
[D]

1

Rigid water
model

Central force model

Experiments

SPC/E

Modified

Original

0.42380

0.329830

0.329830

1.0

0.96

0.96

0.97 [40]

109.45

98.35

99.97

106 [40]

2.35

2.24

2.27

2.9 [41]

2.52

2.44

1.05

2.3 [42]

Bulk Properties
Diffusion coefficient
[x10-5 cm s-2]
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Figure 5-1. (a) Potential of mean force of oxygen-hydrogen pair, and pair distribution functions of
(b) oxygen-hydrogen, (c) hydrogen-hydrogen, and (d) oxygen-oxygen for a bulk water simulation
at 300K. Results are shown in the solid lines (red) for the modified-central force model, dashed
lines (blue) for the original-central force model, and thin (black) lines for the SPC/E model.
Experimental data from neutral diffraction [39] are shown in the dotted lines (black). The inset in
(b) shows the enlarged first peak of gOH(r) to determine the cutoff distance that defines a chemical
bond between O and H.
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The force-field modeling approach we use for potential-controlled electrodes is based on
the ECD model [5]. Pt(111) is chosen as the electrode because Pt is the most commonly used
catalyst for proton-exchange membrane fuel cells and (111) is its most stable surface facet. The
ECD model adopts a fluctuating charge scheme, where each Pt atom carries a fixed nuclei charge
and a Gaussian-shaped valence electron distribution. An offset potential sets the electrical
potential difference between two electrode surfaces, which are presented as two halves in a large
2-d slab. The magnitude of the Gaussian charge changes in response to the atoms in the
electrolyte and the applied offset while maintaining a constant potential condition in each slab
half. This is accomplished by adjusting the magnitude of Gaussian charge distributions by
minimizing the total electrostatic energy at each time step. Solving a linear minimization problem
at each time step is computational time consuming. Wheeler’s group developed an alternative
implementation where the valence electrons are treated as dynamic degrees of freedom with
fictitious masses and velocities that can be integrated into a time evolution scheme, as described
in Ref [5]. The ECD scheme has been implemented into a modified version of LAMMPS (Largescale Atomic/Molecular Massively Parallel Simulator) simulation package by Payne et al. [43,
44]. ECD methods require two parameters for each ECD atom: the magnitude of the core charge
and the inverse Gaussian width for valence electrons. We use the parameters provided in Ref
[44]: a core charge of 1.0 |e| and 0.751 Å-1 for the inverse width. In the ECD method, platinumplatinum interactions (nuclei-nuclei, nuclei-electron, and electron-electron) are purely
electrostatic, as described in detail in the original paper [5].
To describe interactions between water and Pt, the ECD method uses both Coulombic
interactions and a short-range interaction in the form of a modified-Morse potential. The ECD
method does not allow charge transfer between the metal slabs and the O/H atoms. The water-Pt
short range interaction was parameterized using density functional theory (DFT) calculations, in
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which we varied the Pt-O distance for four different water orientations at a top site of the Pt(111)
electrode. We only use top sites because the most favorable water orientation on a Pt(111) surface
is parallel to the surface above the top site [45, 46]. The DFT calculations were performed with a
3-layer 3x3 Pt(111) unit cell using the Vienna Ab initio simulation package (VASP) [47-49]. The
PAW-GGA approach [50] and the PW91 exchange-correlation functional [51, 52] were used.
Water-Pt interaction energies in the ECD approach were calculated by placing water molecules
over the Pt(111) electrode. To extract the parameters for modified Morse potentials (Equations
(5) and (6)), the sum of Coulombic and H/O modified-Morse interactions from ECD calculations
are fit to the DFT results. Regardless of the Pt-O distance, the energy is dominated by the
modified-Morse interaction. The charge and OH/HH pair interaction difference between the
SPC/E and mCF water model has little influence on the ECD interaction energies, hence the two
water models share the same set of water-platinum potentials. Figure 5-2 shows ECD energies are
generally in good agreement with DFT results. However, the hydrogen-down adsorption
configuration (θμ=180) at large Pt-O distance is not favorable for the ECD model. The difficulty
in accurately capturing water adsorption in all orientations is due to the small number of
adjustable parameters available in modified Morse potentials.

∅b+
∅b+

 (i)

 (i)

= −0.84755−51 − exp(−1.350(i − 2.890))7 7

= −0.201551 − 51 − exp(−1.303(i − 3.351))7 7

(5)
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Figure 5-2. Comparison of ECD (□ with the solid lines) and DFT (filled ◊ with the dashed lines)
as a function of water orientations at top site of the Pt(111) electrode: (a) θμ=45, (b) θμ=90, (c)
θμ=135, (d) θμ=180 (H-down) degrees. θμ is the angle between water dipole vectors (from O to H)
and the surface normal direction.

5.2.2 Simulation details
All simulations are performed using the LAMMPS simulation package [53, 54]. Bulk
water simulations are composed of 200 water molecules in a 18.1776 Å3 cubic cell using a NVT
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simulation. Long-range Coulombic interactions are calculated using the Ewald sum method. The
equations of motion are solved using the Verlet algorithm [55] with a time step of 2 fs for SPC/E
and 0.25 fs for mCF models. Temperature (300K) is maintained via a Nose-Hoover thermostat
[56, 57] with a time constant of 100 timesteps. We use equilibrated SPC/E water as an initial
structure for mCF water simulations. Restructuring of mCF water occurs very rapidly and a new
stable state is quickly reached. Thus, we equilibrate mCF water for the same time (1ns) required
for SPC/E water [58]. Production runs of 4 ns follow the equilibration period.

Figure 5-3. The simulation cell: the simulation cell consists of 650 water molecules between two
platinum electrodes held at a constant electrode potential offset (∆V) (blue: Pt atoms, red (dark):
O atoms, and white: H atoms). The dashed lines represent the periodic boundaries. The bottom
panels show the electric potential profiles of the Pt layers.
The water/Pt interface simulations are carried out for 650 water molecules between
Pt(111) electrodes, as shown in Figure 5-3. The electrode consists of a rigid slab of 392 platinum
atoms arranged in a seven layer Pt(111) slab, where the Pt atoms on the 1st and 7th layers (surface
layers) are in the same arrangement. The thickness of seven layers is larger than short range cut-
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off distance used in our simulation and able to avoid water near the 1st Pt later interacting with
water near the 7th layer. The simulation cell is a tetragonal box of 19.403 Å x 19.204 Å x 65.2745
Å with periodic boundary conditions in all directions. The choice of system size is based the
simulation cut-off distance of 9 Å for short range interactions and water Bjerrum length of 7 Å.
Also, a sufficient length for z-direction to represent the bulk region is chosen based on a previous
simulation of water over a Pt electrode [2]. Because of the periodic boundary condition, the 7layer metal slab serves as two opposite electrodes where the 1st to 3rd layers form the negatively
charged electrode and the 4th to 7th layers form the positively charged electrode when a potential
offset is applied. The potential difference is applied by changing the relative energy of valence
electrons between the two halves of the metal slab. For example, the energy of valence electrons
in the right half of the electrode (layers 4 to 7) is set 1.25 eV higher than the left half (layers 1 to
3), giving a potential drop of 1.25 V between the two outer layers of the Pt slab and creating a
potential drop cross the water layer, as shown in Figure 5-3. According to the electric potential
profile shown in Figure 5-3, the metal surface is defined as 1.5 Å from the surface Pt nuclei. We
apply potentials of 0, 1.25, 1.875 and 2.5 V in this study. An applied potential leads to charge
redistribution in the metal layer. To avoid coulomb interactions between periodic images in the
surface normal direction, the 2-D, rather than 3-D, Ewald sum should be used for long range
interactions.

ECD methods create constant-potential electrode surfaces and therefore shield

interactions between periodic images in this direction. Therefore, we can approximate the 2-D
Ewald sum with the 3-D sum without the additional computational cost of computing the 2-D
sum directly [5].
MD simulations at the water/Pt interface were carried out using Canonical ensemble
(NVT). The temperature was set at 300K and the volume was chosen to give a density of 1 g cm3

in the bulk region of the water layer. The particle-particle-particle-mesh (PPPM) technique is

used to compute long-range Coulombic interactions [59]. The time step of SPC/E water over the
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Pt electrode is 1 fs. The simulations for SPC/E water system are allowed to equilibrate for 2ns
followed by data collection for 8 ns. For mCF water over the Pt electrode, we use a time step of
0.25 fs. The simulations for mCF water are allowed to equilibrate for 2ns followed by production
runs are 5 ns. Temperature is controlled by the Nose-Hoover thermostat [56, 57] using a time
constant of 100 timesteps for both SPC/E and mCF water. For the valence charge degree of
freedom, a separate Nose-Hoover thermostat is applied with a time constant of 100 timesteps and
temperature of 5K [5].

5.3 Results and discussion

5.3.1 Water ion density profiles
The improved water reactivity of the mCF model is evidenced as water dissociation
events are observed during a bulk water MD simulation. In order to facilitate chemical
interpretation of species encountered during the MD simulations, it is useful to introduce a cutoff
distance that defines a chemical bond between O and H. We choose this distance (1.27 Å, see
inset of Figure 5-1(b)) such that the bond included the entire first peak of the O-H pair
distribution function. The number of H atoms within the cutoff distance of a given oxygen atom
determines its identity. Using this definition, the solution consists of 94 % H2O, 3% OH, and 3%
H3O, in agreement with the results of a recently developed CF-type water model (90% intact
water) by Hofmann et al. [34].
The density profiles of atoms and ions are important structural properties of the
electrochemical interface.

When mCF water is in contact with Pt electrodes, the interplay

between water ions and the electrode creates a different interfacial structure than SPC/E water.
Figure 5-4 shows the density profiles of H3O and OH ions in mCF water. The ion density is
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reported as the ratio of the local density relative to the bulk density of that species determined
from solution simulations. Within the simulated unit cell, the left hand side of the electrode (z < 0
Å) is positively charged (positive potential), and the right hand side of the electrode (z > 51.7 Å)
is negatively charged (negative potential). As mentioned above, 6% of mCF water dissociates
into OH and H3O In the absence of a Pt electrode. The solution composition remains the same
when mCF water is in contact with the electrode at ΔV=0. However, even without any applied
potential, more H3O (Figure 5-4(a)) ions accumulate at the right hand side (negative) of the
electrode surface and more OH (Figure 5-4(b)) ions accumulate on the left hand side (positive)
such that a slight asymmetry exists in the system.
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Figure 5-4. Interfacial density profiles of (a) hydronium and (b) hydroxyl ions at various applied
potentials. (c) and (d) are snapshots from negatively (c) and positively (d) charged surfaces under
a potential offset of 1.25 V. Atoms shown in ball and stick format highlight the ion species.
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Applied potentials induce greater water dissociation, create additional ion peaks, and
increase the amplitude of the hydronium and hydroxyl density oscillations. Although our model
does not allow electron transfer between electrode and electrolyte, the strong electrostatic
interaction with an increased potential is able to motivate water dissociation over the electrode
surface. Figure 5-4 shows two snapshots from the simulation systems: in (c) one hydronium is
adsorbed at the negatively charged surface, and in (d) two hydroxyls ions are adsorbed at the
positively charged surface. The number of dissociated water molecules increases from 33 to 47
when ∆V=0 increases from 0 to 2.5 V. We also observe three to five oxygen atoms embedded
within positively charged Pt layers when potentials of 1.875 and 2.5 V are applied. The small
amount of oxygen charge has little influence on the overall electrode potential. In the bulk
electrolyte region (z=15-35 Å in Figure 5-4(a) and (b)), the density of OH and H3O remains
constant as electrode potential varies, but the bulk concentrations of OH ion are slightly higher
than those of H3O, indicating that complete electrostatic screening has not been achieved. Near
the electrode surface, different interfacial structures of hydronium and hydroxyl are observed. For
hydroxyl ions near positively charged surfaces (left-hand-side in Figure 5-4(b)), OH ions remain
very strongly adsorbed to the surface. With an increased potential, the OH density peak is shifted
toward closer to the surface, creating broad peaks and further stabilizing the interfacial structure.
On the contrary, hydronium peaks near negatively charged surfaces (right panel in Figure 5-4(a))
are sharper and narrower than hydroxyl peaks on positively charged surfaces, and more
hydronium peaks are formed. The position and width of the first hydronium peak is insensitive to
the applied potentials, as observed in ab initio MD studies [8]. The distinct behavior observed
between the two electrodes reflects the different interaction between cation-water and anionwater. The asymmetric water density and orientation due to applied potentials also results in
asymmetric OH and H3O distribution, as discussed in the following sections.
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5.3.2 Comparisons of interfacial water structure and orientation between SPC/E and mCF
water models
The arrangement of water molecules near a charged surface distinctly differs from that of
bulk water. Molecular dynamics simulations [10-12, 60] predict that water molecules arrange in
two to three layers adjacent to a crystalline metallic surface with density different from the bulk
because of the disruption of the hydrogen bond network in the surface layer [61]. A potential
dependent reorientation of surface water due to the interaction of water dipoles with an applied
field has also been reported [1, 4, 6, 11, 60]. The impact of hydronium and hydroxyl ions on
water structure at the water/metal interface leads to different density and thus electrical potential
profiles. To investigate the role of water ions, we compare identical systems, simulated with nondissociative SPC/E and dissociative mCF water models. The mCF water model also has
additional degrees of freedom associated with bond and angle flexibility of water molecules. The
different interfacial structure between these two water models also illustrates the influence of
water polarizability in terms of bond flexibility.
Interfacial water packing is evaluated using oxygen density profiles. Orientational
ordering of the water dipole is evaluated using a orientational order parameter (P) [62], defined
by
%(o) =<

n
∑q
q(r) 'tn

(3uw
r,v − 1)/2 >

(7)

where μw
{,| is the unit vector associated with a water dipole moment µ in the surface
normal direction, N is the total number of water molecules in the system, and <> signifies a time
average. The order parameter represents the average water dipole orientation, which can be
analyzed for any specific region within the solution layer.

Under this definition, the parameter P

approaches zero when water molecules are randomly orientated in all three directions. P= -1/2 or
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1 indicates that water dipoles are exclusively parallel to the surface (θμ=90) or parallel to the +z
direction (θμ=0). We applied the same definition on both surfaces: for P=1, water molecules are
in a H-up orientation on the positively charged surface or in a H-down orientation on the
negatively charged surface. For mCF water, we only consider oxygen coordinated with two
hydrogens within the predefined cutoff distance and a HOH angle less than 120 degree as an
intact water molecule to ensure we capture the behavior of water molecules rather than
dissociation intermediates.
Water layering and orientational ordering strongly depend on the location of water
molecules along the surface normal direction. Figures 5-5 and 5-6 compare the oxygen density
profiles and ordering parameters obtained from mCF and SPC/E water simulations for various
applied potentials. We first discuss the results of zero applied potential. Under ∆V=0 V, oxygen
density distributions from both mCF and SPC/E water models agree with previous studies of
water over a Pt(111) electrode [10-12, 60], where a well-defined first layer, a diffuse second layer
and traces of a third water layer comprise an interfacial region of approximately 10 Å, as shown
in Figure 5-5(a). Comparing the left and right panels in Figure 5-5(a), the slight asymmetry of
the oxygen profile of mCF water is due to accumulation of water ions near the right hand side of
the surface. Water orientation, in terms of order parameters as shown in Figure 5-6, is closely
related to water layering. At the first oxygen peak near both electrodes, P(z) is negative,
indicating that the majority of water dipoles are parallel to the surface. This orientation restriction
occurs because water molecules preferentially orient parallel to the surface to maintain maximum
interaction and formation of H-bonds with the surface [63]. The order parameter is much smaller
in the second water layer, indicating a more random water orientation compared to the first layer.
A bulk-like behavior with random dipole orientations (P=0) appears at 10 Å away from the
surface, consistent with the oxygen density profile. The similar density and orientation profiles
from both water models indicate that bond flexibility in the mCF water model has little effect on
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interfacial structure, which is mostly driven by short range water-platinum interactions that do not
differ between models.
Applied potentials have similar influence on oxygen density profiles of mCF and SPC/E
water, whereas the influence on water orientation is significantly different. As observed in
previous studies [1, 6, 31, 64], the influence of applied potentials on the surface water layer is
most prominent, and thus we focus on that layer. We first discuss the results near positively
charged surfaces. As seen in the left panel in Figure 5-5, increasingly positive surfaces attract the
negatively charged oxygen, orienting surface water molecules (Figure 5-6) and broadening the
first density peak (Figure 5-5). The increased peak height for mCF water indicates the formation
of more structured surface layers. This results from accumulation of hydroxyl anions and the
increased bond flexibility [11, 65] of mCF water. At ΔV=2.5 V, the first peak for SPC/E water
splits into two sublayers. This has distinct orientational characteristics; water molecules in the
first sublayer orient in H-up configurations, whereas those in the second sublayer orient parallel
to the surface. Peaksplitting occurs in SPC/E water because the H-up water configuration in the
first sublayer minimize the electric filed/dipole interaction and stabilize the electrostatic
interaction between water and the electrode. The peak splitting is not prominent in mCF water
because ionic species can effectively screen the local field.
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Figure 5-5. Comparison of oxygen density profiles from mCF water (solid-blue lines) and SPC/E
water (dashed-red lines) under applied potentials of (a) 0, (b)1.25, (c) 1.875, and (d) 2.5 V. Left
panels are results near positively charged surfaces (z=0), and right panels are results near
negatively charged surfaces (z=52).
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Figure 5-6. Comparison of water dipole orientational parameters, P, from (a) mCF water and (b)
SPC/E water under applied potentials of 0 ( filled ◊ ), 1.25 (□), 1.875 (filled ∆), and 2.5 (×) V.
z=0 represents positively charged surfaces, and z=52 represents negatively charged surfaces.

Negatively charged surfaces have the opposite influence on water orientation (right
panels in Figures 5-5 and 5-6). As noted in the methods section, our Pt-H potential hinders the Hdown configuration (θμ=180). Even at the most negatively charged surface (∆V=2.5 V), the
strong electrostatic interaction is not sufficient to overcome the energy barrier for water
reorientation into the H-down configuration, as seen in the nearly -1/2 order parameter in Figure

145
5-6 right panel. Instead, water molecules form a packed surface layer to stabilize the negatively
charged electrode. Hydroniums do not permit as much reorientation of the water due to strong
solvation. The similarity of oxygen distribution between SPC/E and mCF water under applied
potentials indicates the presence of OH and H3O has little effect on interfacial water structure.
The most distinct difference in orientational ordering between SPC/E water and mCF
water appears in the bulk region where the order parameter of mCF water vanishes when a
potential is applied.

For SPC/E water, an applied potential leads to orientational ordering of

water dipoles (non-zero P) in the bulk solution region [4, 6]. Thus, SPC/E water in the center of
the simulation cell experiences a field inducing preferential orientation of the rigid water
molecules and an appreciable dipole potential opposite the direction of the applied potential.
Under a 2.5V applied potential, the order parameter in the bulk region of SPC/E water (P=0.14)
corresponds to an average angle of 65○ between the water dipole and the surface normal direction.
In the same situation, the order parameter of mCF water is negligible, indicating applied
potentials have no effect on the bulk water orientation. This might be due to ion formation and
molecular flexibility (polarizability) of mCF water that enhance water dipole ordering near the
electrode surface, leading to larger screening [11, 65] than rigid SPC/E water. The resulting
electrostatic potential distributions, from collective effects of an applied potential, water
polarizability and ion formation, are examined in the following section.

5.3.3 Electrostatic potential
The x-y plane mean electric potential (V) across the simulation cell can be calculated
from the mean charge density (ρ) via Poisson’s equation
∇ ~r = −

(o)
O

(8)
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where ε0 is the vacuum permittivity. The mean charge densities, obtained from the atom density
profiles by multiplying by the charge on each atom, result in the potential profiles shown in
Figure 5-7. The metal surface is defined at z=1.5 and z=50.2 Å, where the electric potential levels
off, as shown in Figure 5-3.
A constant applied potential induces surface charging that polarizes the water solution
adjacent to the electrode. Similar to the oxygen density profiles, the comparison of potential
profiles in mCF and SPC/E water at small applied potentials show that the choice of water model
does not introduce noticeable differences. For example, at ∆V=1.25 V the potential drop between
the metal surface (solid vertical lines) and the interfacial water, (defined as the boundary between
interfacial water and bulk water illustrated with vertical dashed lines, at positively charged
surface is 0.2 V in both mCF and SPC/E water models. At the extreme case of ∆V=2.5 V, the
potential drops by 0.7 V across the interfacial region for mCF water, compared to 0.4 V for
SPC/E water. Although both mCF and CPE/E water have non-zero potentials in the bulk region,
the order parameter decays to zero only for mCF water model. This is likely due to excess
hydroxyl ions in the bulk solution region that screen the applied potential. The screening
effectiveness at a solution/solid interface depends on the concentration of ion species, dipole-field
interactions (positively charged surface), and increased number of surface water molecules
(negatively charged electrode).
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Figure 5-7. The electrostatic potential profiles of (a) mCF and (b) SPC/E water models under
varied applied potentials. Surface metal nuclei are located at z=0 (positively charged) and z=51.7
Å (negatively charged) and their surfaces are located at z=1.5 and z=50.2 Å (solid vertical lines).
The dashed-black vertical lines divide the interfacial water and bulk water regions on both sides
of the electrodes. The solid-blue (0 V), long dashed-red (1.25 V), short dashed-green (1.875 V),
and dotted-purple lines (2.5 V) represent the electrostatic potential across the simulation cell at
various applied potentials.
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Dissociated water and water molecule reorientation induce surface charging and alter the
capacitance of the interface. Because we do not have a constant potential bulk region, calculation
of the half-cell potential drop to obtain differential capacitance is not feasible. Instead, we
calculate the integral capacitance of the full cell by considering the two sides of the electrodes as
a parallel plate capacitor. The calculated capacitance Cap can be used to estimate the dielectric
constant ε, similar to experimental measurements where two parallel plates are filled with a
dielectric medium. The dielectric constant is determined from
C=


O V
=
~
S

(9)

where Q denotes the surface charge on one electrode and A and d are the cross-sectional area and
distance between two electrodes of the simulation cell. The calculated capacitances and dielectric
constants are given in Table 5-2. To quantitatively compare the applied potential value with
experiment is not straightforward, because the experimental measurement of potential is with
respect to a standard electrode and the description of electron density of a metal electrode and
water-metal interaction are approximate. The double layer capacitance from experimental
measurements of a platinum electrode in 1M potassium halide solution remains constant at ~20
µF cm-2 before a steep rise to ~ 40 µF cm-2 due to halide ion discharge at 0.4 V with respective to
a standard hydrogen electrode [66]. The constant capacitance region in experiments is interpreted
as a solvent capacitance. We can estimate a full cell solvent capacitance of 10F cm-2 by assuming
two experimental half-cell capacitors are connected in series. Our results are therefore in
reasonable agreement with experiments.
The dielectric response of water molecules to the applied potential agrees with bulk water
properties (see Table 5-1). The dielectric constant reduces with increased applied potential,
consistent with a saturation effect observed in theoretical studies [4, 6]. Larger dielectric
constants (capacitance) for mCF than SPC/E water are observed at high-voltages because the
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accumulation of ion species near the charged surface induces more surface charge than pure water
simulations using non-dissociative SPC/E water, although the effect is not as strong as ion
specific adsorption.
The mCF water model allows water dissociation and thus provides a more realistic
electrochemical interface. Hydronium and hydroxyl ions only slightly perturb the interfacial
water structure, but cause substantial difference in electrostatic potential profiles compared to
SPC/E water simulations.

The presence of water ions also complicates the dielectric properties,

for which a dynamic point of view must be considered. To further extend our analysis, we
consider water dynamics between Pt electrodes.

Table 5-2. Comparison of calculated capacitance (Cap) in µF cm-2 and dielectric constants for
water between Pt(111) electrodes

ε (bulk) 1

SPC/E

mCF water

69

64

Cap

ε2

ε// 3

Cap

ε2

ε// 3

0.00

-

-

70

-

-

51

1.25

11.84

69

67

11.69

69

51

1.87

9.29

54

62

11.47

64

-

2.50

8.75

51

54

11.14

62

-

∆V [V]

1

ε (bulk) is calculated using  = 1 + C

n
# 

<  (Q) −  (0) > , where M is the total dipole

moment of the simulation cell, Vcell is the volume of simulation cell, and kB and ε0 are Boltzmannn
constant and vacuum permittivity[71]. The calculated ε for original CF water is 69.
2
ε is calculated using Equation (9).
3
ε// is calculated using Equation (12).
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5.3.4 Translational dynamics
The dynamics of water near a charged surface distinctly differ from bulk water. Strong
water-platinum interactions slow water motion [1, 2, 68], whereas the influence of applied
potential is less apparent. A simple measure of the translational mobility of interfacial water is
given by the mean-square displacements (MSDs). Because of the anisotropic effect of surface
confinement and applied potential, we calculate MSDs parallel and perpendicular to the surface.
Oxygen atoms are defined as interfacial if they are in the surface region (z=0-4 Å for positively
and z=48-51Å for negatively charged surfaces) at the initial time and remain there for the entire
observation time. We use a similar definition for bulk water (z=15-35 Å).
In Figure 5-8 we illustrate region-dependent dynamics with the O-atom MSDs of SPC/E
and mCF water as a function of box position in the absence of an applied potential. There is no
significant difference in translational motion between mCF and SPC/E water. Water molecules at
the surface layer are far less mobile than bulk water, with no substantial diffusion in any
direction. Surface water does not become diffusive, and thus a meaningful diffusion coefficient
cannot be obtained, but we provide qualitative discussions here. Water molecules are more
mobile in the direction parallel (Figure 5-8(a)) than normal to the surface (Figure 5-8(b)), where
water molecules are confined in a single water layer less than 4 Å in the surface normal direction.
Some degree of anisotropy remains in the bulk water region.
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Figure 5-8. Oxygen-atom MSDs of bulk and surface water layers in the direction (a) parallel and
(b) normal to the surface in the absence of applied potential. The solid lines represent results from
SPC/E and dashed lines represent results from mCF water simulations within bulk (thick lines),
left electrode (medium lines), and right electrode (thin lines) regions. In (a), the results are the
average of MSDx and MSDy.
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In agreement with prior studies [2, 68], applied potentials only slightly affect translational
mobility of surface water (Figure 5-9). The impact of applied potentials on translational dynamics
is consistent with the potential-dependent interfacial structure. The in-plane mobility is dictated
by the competition between surface charging and variation in the average water density of the
surface layer. As shown in Figure 5-9(a), the mobility of surface oxygen in the in-plane direction
decreases with potential on the positively charged surface, where the electrostatic interaction is
attractive. Opposite behavior is observed on the negatively charged surface (Figure 5-9(c));
oxygen mobility in the in-plane direction increases with increased potential when the surfaceoxygen interaction is repulsive. Applied potential affects motion of mCF water in the surface
normal direction more significantly than SPC/E water. The non-monotonic behavior of both
models at the negatively charged electrode (Figure 5-9(c)) results from formation of a highly
dense surface water layer. In the surface normal direction (Figures 5-9(b) and (d)), water mobility
is dictated by the width of the first oxygen density peak; broader peaks result in larger mobility.
This results in opposite behavior at the two electrodes. Surface water structure, which is altered
by the applied electrode potential, plays an important role in surface water translational dynamics.
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Figure 5-9. Mean square displacements of oxygen atoms within surface layers in the direction (a)
parallel, and (b) normal to the positively charged surface and (c) parallel and (d) normal to the
negatively charged surface. The left and right panels are results from mCF and SPC/E water,
respectively. The solid-blue (0 V), long dashed-red (1.25 V), short dashed-green (1.875 V), and
dotted-purple (2.5V) lines represent the MSDs at various applied potentials. In (a) and (c), the
results are the average of MSDx and MSDy.
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5.3.5 Molecular and collective orientational dynamics
Applied potential significantly influences orientation of the water dipole moment, and
thus we expect a large effect on both molecular and collective water dipole dynamics. The
rotational dynamics of individual water molecules are connected to hydrogen bond dynamics [69]
because the rotational correlation function decays to zero only if its hydrogen bonded network is
not correlated to its original state. Collective rotational-motion influences the solution dielectric
properties that depend on the motion of the total dipole in the system. Similar to translational
dynamics, surface confinement and layered water structure also lead to anisotropic rotational
motions [1, 68].
The rotational dynamics of water are investigated by computing the molecular dipole
moment autocorrelation functions (ACFs, Cμ(t))
q

1
 (Q) =<  u' (Q)u' (0) >


(10)

'tn

where N denotes the number of water molecules, μi(t) is the water molecular dipole at time t, and
<> signifies a time average. We calculate the ACFs of the water dipole vector parallel (Cμ,xy(t))
and perpendicular (Cμ,z(t)) to the surface. Water dipole reorientation is complicated by the
movement of molecules between layers, which occurs on a similar time scale to water dipole
relaxation. We thus do not divide the box into individual water layers to examine the impact of
applied potentials on water dipole relaxation. The mCF water dipole relaxation requires the same
definition of intact water molecules used in the order parameter calculation. Also, if an oxygen
atom is participating in a reaction and does not meet the requirements for water (cutoff distance
and HOH angle), its dipole dynamics are not counted in subsequent time steps.
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As with translational mobility, the electrode surface slows the orientational dynamics of
water. Figures 5-10 (a) and (b) show the molecular dipole ACF as a function of applied potential
and water model. The in-plane relaxation of SPC/E water (right panel in Figure 5-10(a)) involves
two distinct relaxations. The first occurs faster than 10 ps, and the second is much slower, with
time scales ~ 1ns. About 80% of water undergoes the fast process, with relaxation time similar to
bulk water. This percentage roughly reflects the ratio of bulk free water to confined surface water.
The contribution from bulk water dynamics (fast relaxation) is not affected by the applied
potential, but the time associated with the slow fraction is longer under applied potentials of 1.25
and 2.5 V. The non-monotonic trend is consistent with the in-plane MSD at the negatively
charged surface. As with translation, rotational dynamics of surface water in the z-direction
results from a competition between surface charge and interfacial water density. The right panel
in Figure 5-10(b) shows that z-direction rotational dynamics are connected to applied potential,
which limits the degree of dipole moment reorientation. The values where Cz(t) levels off reflect
the constraint from the applied potential. The associated relaxation times are shorter in Cμ,z(t).
Dissociative water complicates analysis of water dipole relaxation. The average lifetime
of mCF water molecules is shorter than the time required for compete reorientation of the water
dipole, meaning that a water molecule losses its identity before it completely reorients. Although
we can only determine dipole relaxation within a water lifetime (several hundred picoseconds),
the important trends of rotational dynamics are clear, as shown in the left panels in Figure 5-10(a)
for Cμ,xy (t) and (b) for Cμ,z (t). Similar to SPC/E water simulations, rotational relaxation is
anisotropic with the fraction of fast mCF water similar to the relaxation of bulk mCF water. The
order parameter calculations in Section 5.3.2 show no specific ordering in the bulk layer of mCF
water under applied potentials, but μz cannot reorient entirely. This result might be attributed to
the surface water. The presence of ions and water flexibility enhance surface water ordering and
further affect rotational dynamics. The effect is amplified with increased applied potentials.
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Single molecule rotational dynamics in non-dissociative (SPC/E) and dissociative (mCF)
water experience different perturbations from the electrode surface and applied potentials. The
common results are similar to those reported in literature [70-72] where surface confinement
slows down single water dipole relaxation in the in-plane direction and out-of-plane dipole
reorientation is restricted by applied potentials. Water in an ionic environment (mCF water) does
not undergo slow water dipole relaxation due to the flexible and dissociative features that give
water more degrees of freedom to relax, although the drag from ions does reduce water mobility.
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Figure 5-10. Single water (a-b) and collective (c-d) dipole moment autocorrelation functions at
varied applied potentials. The upper panels show results from the mCF water model and bottom
panels show results from the SPC/E water model. (a) and (c) represent results parallel to the
surface direction. (b) and (d) represent results in the surface normal direction. The solid-blue (0
V), long dashed-red (1.25 V), short dashed-green (1.875 V), and dotted-purple (2.5 V) lines
represent the autocorrelation functions at various applied potentials. The ACF in (a) and (b) are
terminated when the time is longer than the mCF water lifetime.

158
The collective dipole response differs from the molecular dipole response because the
collective motions are highly cooperative and involve both ions and water [76]. The total dipole
ACFs, CM(t), are calculated using
 (Q) =

1
< (Q)(0) >


(11)

where M(t) is the total dipole moment in xy-plane or z components. The time associated with this
ACF is closely related to the frequency-dependent dielectric response [73]. The right panels of
Figure 5-10 (c) and (d) present the in-plane and out-of-plane ACFs for the SPC/E model. Parallel
to the surface, CM,xy(t) decays to zero, whereas the perpendicular to the surface, CM,z(t), is strongly
suppressed under an applied potential. The long-life tail in the molecular dipole relaxation due to
surface water is no longer present, leaving the overall relaxation time approximately 10 ps. This
is consistent with the reported Debye relaxation time of bulk SPC/E water [67]. As expected, the
relaxation time of the collective dipole is longer than the fast relaxation time associated with
molecular dipole reorientation because collective dynamics is strongly coupled to the motion of
neighboring water molecules [74]. The disappearance of the long-life tail seems rather
counterintuitive, given that the collective motion requires longer length scale motion than single
water molecule reorientation. As most of the surface water molecules are parallel to the surface,
their individual dipole moment might be arranged in a specific way that minimizes the total
dipole parallel to the surface. Therefore, instead of slowing down the dipole relaxation, surface
water has nearly no influence on the total dipole relaxation. However, the surface cancelling
effect is not valid in the surface normal direction because the applied potential aligns water in the
direction against the electrical potential.
For mCF water, hydronium and hydroxyl ions accumulate at opposite sides of the
electrodes, leading to out-of-plane ACFs that do not decay at all during the simulations, as seen in
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the left panel of Figure 5-10(d). The relaxation time of the in-plane dipole (Figure 5-10(c)) is
approximately 10 ns under an applied potential, much slower than for SPC/E water. These
differences provide measure of the in-plane dielectric properties of aqueous solution between Pt
electrodes. The collective dipole moment relaxation of dissociative water (mCF) is 1000 times
longer than non-dissociative water (SPC/E) both in solution and between Pt electrodes, as
compared in the left and right panels in Figure 5-10(c). The difference in time scale for total
dipole relaxation results from different contributions to the total dipole moment. For SPC/E
water, the dominant contribution is the molecular dipole, whereas for mCF water, it is water ion
arrangement. The bulk static dielectric constant of mCF water also differs from SPC/E and
original CF water (see Table 5-2). At the interface, the charged electrode, which immobilizes
charged species, augments the impact of water ions on total dipole relaxation. Because only
CM.xy(t) decays to zero, we can only determine a static dielectric constant (εxy) in the in-plane
direction. We use [73, 75]
X = 1 +

1
< X (Q) − X (0) >
4jk )~Y// O

(12)

where Vcell is the volume of the simulation cell, and kB and ε0 are Boltzmann constant and vacuum
permittivity. Results for static dielectric constants are given in Table 5-2, together with the
corresponding bulk results. The static dielectric constant is a measurement of the total dipole
moment. Although the potential is applied in the surface normal direction, the in plane dielectric
constant still decreases with applied potential in SPC/E water. The microscopic origin of this
phenomenon is that when water molecules align in the surface normal direction, the contribution
of each individual water molecule to the in-plane direction decreases [73, 76]. Although mCF
water does not have permanent molecular dipoles, the attraction for ionic species towards the
charged surface in the surface normal direction further suppresses the in-plane dielectric constant.
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We were not able to perform εxy calculations for applied potentials of 1.875 and 2.5 V, because
the strong ion effect leads to a very slow decay of CM,xy. As shown in Table 5-2, the dielectric
constants calculated from capacitance and from total dipole moment differ, as expected. The
former is mainly determined by the ion-electrode interaction within the interfacial region, where
more electrons are induced to the surface to respond to water ions. The latter involves ion/water
arrangement and diffusion, which is also perturbed by the charged electrode.
The dissociative water model not only captures water dissociation and the influence of
water ions on interfacial water properties, but also enables the modeling of proton transfer near
this interface, which is also crucial in fuel cell research. In the next section, we discuss the
capability of our model to capture proton transfer near the electrode.

5.3.6 Proton transfer near the platinum electrode
Proton transfer to and from a metal electrode is a fundamental process in
electrochemistry. Protons transfer through the Grotthuss hopping mechanism, which involves
breaking and forming of covalent and hydrogen bonds [27]. This structural diffusion is
responsible for the high mobility of protons in aqueous solution. Compared to extensive
investigations from experiments [77, 78] and simulations [21, 22, 24, 26] on H3O transfer, OH
transfer receives less attention, and the detailed structure of the solvation shell in water has not
yet been fully resolved [28, 79]. As mentioned in the introduction, molecular modeling of proton
transfer motivates the development of reactive water models [21, 22, 24, 26, 34]. One big
advantage of the mCF water model is that no additional force field parameterization is needed to
describe both hydronium and hydroxyl transfer process, and it also allow us to investigate the
transfer reactions on long time scales. In this section, we sketch briefly the ability of the mCF
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force field to allow the proton and hydroxyl transfer in bulk solution and between Pt electrodes.
The impact of applied potential on charge transfer is also examined.
The charge transfer of H3O+ and OH- species are described as the following reactions:
5 ' ∗ 78 ⋯   ∗∗ ⋯   →  ' ⋯ 5∗   ∗∗ 78 ⋯   →

(13)

 ' ⋯  ∗  ∗∗ ⋯ 5∗∗   78

5 ' 7 ⋯  ∗   ∗ ⋯ ∗∗  ∗∗ →  ' ∗ ⋯ 5   ∗ 7 ⋯ ∗∗  ∗∗ →

( (14)

 ' ∗ ⋯ ∗  ∗∗ ⋯ 5  ∗∗ 7

In both cases, charges are transferred from Oi to Ok via Oj. The hydrogen bonds within
the transfer network are indicated by dotted lines, and H, H*, and H** denote H initially
coordinated to different oxygen atoms. A H atom can shuttle between two water molecules
(oxygen atoms i and j) for a period of time before a H is transferred to another oxygen atom.
Events associated with H oscillation occur with a relatively short time interval. An “effective”
positive charge transfer occurs only if an excess H is transferred from Oi to Ok, i.e. a new H3O is
formed, while hydroxyl ions move in the opposite sense. With H oscillation and effective charge
transfer distinguished, we calculate species lifetimes. The first lifetime of hydronium and
hydroxyl species is simply based on H oscillation. The time required for an effective charge
transfer is a second property. For hydronium, effective charge transfer is counted by first
observing Oj accepting H* from Oi and then observing Oj giving up one of its original hydrogen
(H**); for hydroxyl, we first observe Oj losing one H* and then Oj receiving one H** from a
different Ok.
The counts of reaction events per time indicate the reaction rate for proton transfer
reaction in solution. Because the numbers of the two transfer events vary with the number of ion
species, it is difficult to directly compare systems with varying ion concentrations. Hence, the
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effectiveness of H3O/OH transfer is defined as the ratio of the number of effective transfers
(event two) to the total number of oscillation events (event one). This provides information as to
how water ion distributions and interfacial water structures alter the effectiveness of charge
transfer as a function of applied potential. This comparison is particularly important when
hydronium/hydroxyl is transferred to a charged electrode surface because the rate-limiting step
for proton transfer is the rearrangement of hydrogen bonds in the solvation shell [21], which is
altered by the charged electrodes. Our definition of charge transfer effectiveness is similar to that
used in ab initio MD studies of proton transfer in aqueous sulfuric acid solutions and polymer
electrolyte membranes where nonconstructive and constructive proton transfer are described [80,
81].
Before we discuss proton transfer near the electrode surface, we first examine proton
transfer (event one) and charge transfer (event two) in the bulk solution simulation. The first
event represents the lifetime of H3O and OH, which is estimated as the time period for which an
oxygen atom retains its coordination number (CN). Only oxygen that is coordinated by three
hydrogen atoms (CN=3) is considered as a H3O species. OH species are defined in the same
manner with CN=1. Figure 5-11(a) shows the cumulative lifetime distributions of H3O and OH
ions in bulk solution, suggesting the number (percentage) of the events that have occurred within
the specified time. For example, more than 50% of H3O or OH have lifetimes less than 0.5 ps, in
agreement with vibrational spectra that indicate the time associated with proton vibration between
water molecules is on the order of 100 fs [78]. As expected, the time needed for an effective
charge transfer to occur is longer than H oscillation, indicating that each H that leaves/attaches
does not trigger another H transfer to process a successful charge transfer. Successful transfer
often requires rearrangement of the local hydrogen bonding network around a recipient oxygen
atom [80]. The effectiveness for charge transfer is ~ 20% for both ion species in mCF water
simulations, slightly lower than 31% from ab initio MD studies of sulfuric acid solution [80].
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As shown in Figure 5-11(b), different features are seen for the hydronium and hydroxyl’s
effective charge transfer although the lifetimes for both species are nearly the same. The origin of
the relatively slow OH mobility is speculated to be due to the formation of a stable hydrated OH
complex where oxygen prefers to form four hydrogen bonds [79]. For both ions, more than 50 %
of charge transfer occurs within 10 ps, but several processes take extraordinarily long time (on the
order of ns). Ignoring the transfer trajectories longer than 1ns, the average charge transfer times
are 30.9 and 82.7 ps for H3O and OH. The difference in dynamics between H3O and OH transfer
is qualitatively consistent with the fact that H3O has faster mobility than OH in bulk solution [79].
The times associated with H oscillation (1ps) and charge transfer (30 ps) are longer than previous
ab initio studies that found 100 fs for event one and 2ps for event two [78, 80]. The one order of
magnitude slower proton transfer in our simulation compared to experiments might be attributed
to the use of effective partial charges with pair additive potentials and the reduced water dipole.
The occurrence of hydronium and hydroxyl recombination to water might also slow down the
effective charge transfer.
To investigate the influence of applied potential on charge transfer near the electrode
surface, we first compare the effective charge transfer times, shown in Figure 5-11 (c) and (d).
Here, we consider transfer events within the entire interfacial region (Z=0-10 for positively and
42-52 Å for negatively charged electrodes). The electrode surface slows charge transfer due to the
slow water mobility near the surface. Our model is not able to capture electron exchange between
Pt and O/H atoms, and the results shown here only represent the influence of applied potentials
on hydronium and hydroxyl transfer in solution. Increasing applied potential accelerates
hydronium (hydroxyl) transfer on the negatively (positively) charged surfaces. Results from
ΔV=1.875 and 2.5 V are not discernible. When surfaces and ions carry the same type of charge,
the amount of surface charge has almost no influence on the transfer times (not shown here).
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Figure 5-11. The cumulative probability of (a) lifetimes and (b) effective charge transfer times for
hydroxyl (light) and hydronium (dark) ions in bulk solution. The cumulative probability of the
effective charge transfer times for (c) hydronium near negatively charged surfaces, and (d)
hydroxyl near positively charged surfaces. Results at various applied potentials are represented in
solid-blue (0 V), long dashed-red (1.25 V), short dashed-green (1.875 V), and dotted-purple (2.5
V) lines. Bulk results (thick-dark lines) from (b) are shown for comparison.
The transfer effectiveness is determined by ion species lifetimes (event one) and charge
transfer times (event 2). In Figure 5-12, we report the effectiveness of charge transfer within the
interfacial region. The effectiveness of both species under zero applied potential is greater than in
bulk solution simulation (20% for both ions), which indicates that just the presence of the Pt
surface improves charge transfer. The dense interfacial layers of ions and water enhance the
interaction between proton-receiving and donating species, although the effective charge transfer
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takes longer to occur because of the slow dynamics of water arrangement. Applied potentials alter
the interfacial structure and further affect charge transfer effectiveness. Positively charged
surfaces provide an OH-rich interface, where OH and H2O can interact so frequently that the
number of both events increases. The hydroxyl ion lifetime increases by 40% when the potential
is altered from zero to 2.5 V; however, charge transfer for hydroxyl ions only increases by 20%.
Collectively, positive surface charges hinder the effectiveness of hydroxyl transfer. On the
contrary, H3O is very stable on this OH-rich interface (positively charged), and the strong H3OOH ionic interaction inhibits interactions between H3O and water molecules. Although
hydronium charge transfer remains constant, its lifetime decreases by 20% when a potential of 2.5
V is applied, resulting in an increased effectiveness of hydronium transfer near a positively
charged surface. The same trends are observed for negatively charged electrodes, where hydroxyl
transfer becomes more effective and hydronium transfer becomes less effective, as shown in
Figure 5-12(b). The results suggest that the presence of OH increases the frequency of H
oscillation and OH charge transfer and the presence of H3O improves H oscillation and H3O
charge transfer frequency. However, the overall effectiveness is reduced because the influence of
surface charge on the denominator (H oscillation) is larger than the numerator (charge transfer).
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Figure 5-12. The effectiveness of hydroxyl (filled ◊ with solid lines) and hydronium (□ with
dashed lines) transfer at (a) positively charged interfaces, and (b) negatively charged interfaces as
a function of applied potential.

5.4 Conclusions
This study applies a modified version of the central force water model, combined
with a polarizable metallic electrode, to investigate water structure and dynamics between Pt(111)
electrodes. Differing from previous MD simulations of an electrochemical interface, the mCF
water model allows for bond formation and breaking, and describes water dissociation and proton
transfer near the potential-controlled electrode.
We apply this model to study the local structure and dynamics of water in the vicinity of
an electrified Pt(111) surface. Hydronium and hydroxyl ions produced from water dissociation
affect the interfacial structure and dynamics, which we illustrate by comparing dissociative mCF
water and non-dissociative SPC/E water models. The difference in oxygen distributions across
the simulation cell are minor, with small features appearing in water layers near strongly
negatively charged surfaces that correspond to strong solvation of hydronium ions. A distinct
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difference in order parameters of water dipole moment demonstrates the screening effect due to
hydronium and hydroxyl species, which also affects the electrostatic potential profile across the
interface and cell capacitance. Water rotational dynamics are perturbed by the fast exchange
between OH/H2O/H3O. The total dipole relaxation, which is related to the frequency-dependent
dielectric response, takes 1000 times longer with the mCF model than with the SPC/E model,
suggesting mCF water is governed by ionic interactions rather than water dipole interactions.
Agreement of the structure and dynamics obtained from SPC/E and mCF water
simulations under potentials of 0 and 1.25 V suggests that the non-dissociative water model is
able to yield reasonable interfacial properties under low applied potentials. The discrepancy in
total dipole moment autocorrelation, even for low applied potentials, demonstrates the importance
of ion effects on dielectric properties. The influence of hydronium and hydroxyl ions from water
dissociation on the electrochemical interface becomes more substantial when they are able to
screen the applied potential. Under these circumstances, interfacial properties are very sensitive to
the interaction between charged surfaces and water ions. The formation of an electrochemical
double layer results in different capacitance and dielectric properties between dissociative and
non-dissociative water models.
The mCF water model describes proton transfer of hydronium and hydroxyl ions in terms
of lifetime and the time needed for an effective charge transfer. The longer time required for
effective charge transfer of hydroxyl compared to hydronium agrees with experimental
observations that hydronium transport is faster than hydroxyl in solution. The slow diffusion of
hydroxyl ions might also contribute to the slow hydrogen oxidation/evolution in alkaline solution
compared to acidic solution [82]. The success of describing H transfer (event 1) and effective
charge transfer (event 2) in bulk solution enables us to investigate the impact of applied potential
on water ion transfer near the electrode surface. The local H transfer, determining lifetime of
hydronium and hydroxyl species, is more sensitive to the applied potentials than the effective
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charge transfer, resulting in a low effectiveness of charge transfer for OH near positively or H3O
near negatively charged surfaces, although both processes are accelerated in the presence of
applied potentials. Qualitatively, proton transfer and charge transfer are well represented in the
mCF water model. The model can be further extended to incorporate salts or acids for a more
representative electrochemical system.
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Chapter 6
Conclusions, and Recommendations for Future Study
This dissertation presented atomistic modeling of a PEMFC cathode/electrolyte interface
and the impact of the interface on relevant reactions using both DFT and MD methods. The
application of DFT studies were presented in Chapters 2-4, where we evaluated the dependence
of reaction energetics on electrode potential, local electric field, and water structure. Chapters 2
and 3 are a comprehensive study of DFT-based electrochemical models. We quantified how
model choice influences electrocatalysis in a PEMFC cathode. This is the first DFT study taking
into account the variation of water structure and illustrating the importance of electrolyte
structure on reaction kinetics. The detailed study of H2SO4(aq)/Pt(111) in Chapter 4 demonstrated
the capability of DFT methods to provide new insights into long-studied electrochemical
problems. The correlation between sulfonate adsorption and anion proton affinity provides
information for selecting non-adsorbing electrolytes that improve platinum utilization and ORR
kinetics. Molecular dynamics studies in Chapter 5 brought up perspectives on the water and
proton dynamics that impacts electrocatalysis at the interface. This study makes a novel
contribution with respect to electrochemical interface modeling: this is the first MD simulation
utilizing a simple reactive (dissociative) water force field while controlling the electrode
potential.

6.1 Summary and Conclusions
The ORR reaction at the PEMFC cathode uses Pt-based catalysts to reduce oxygen to
water [1]. The slow ORR kinetics causes the major voltage losses and forces the operation of
PEMFC at a potential of 0.8 V-SHE instead of near 1.23 V-SHE, the equilibrium potential for the
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ORR. Operation in the potential range of 0.8-1.23 V-SHE creates a large electrostatic driving
force for anion adsorption, which reduces Pt catalyst utilization and inhibits the ORR [2].
Adsorbate-metal interactions play a crucial role in determining reaction mechanisms. Although
DFT methods are useful to study the energetics of surface binding and bond breaking/formation,
capturing the nature of electrode/cathode interface remains a challenge. An ice-like bilayer water
structure is typically used in DFT model to represent the electrolyte layer although MD
simulations suggest a disordered interfacial water structure. The accuracy of minimized energy
interfacial water structure in DFT models can be further improved when van der Waals
interactions in exchange and correlation functions are well defined. With current methods, we
varied the spacing between bilayers in the surface normal direction to alter water density,
mimicking water structure variation at the electrode surface under fuel cell operating conditions.
Using different water densities overcomes the limitations of using a static water structure, which
is proper to DFT methods. The potential distribution in the double layer region is modeled via
applying constant electric field and charging the electrode with a homogeneous countercharge
distribution.

Besides the modeling challenges described above, this dissertation examined the

impact of water structure and varying electrode potential on the ORR that dictate fuel cell
efficiency.
The first step of ORR is oxygen adsorption. Oxygen molecules transport to the
cathode/electrolyte interface and compete with surface water for adsorption to the available active
sites. It is hypothesized that the strong water-Pt interaction hinders oxygen adsorption and affects
ORR rate [6, 7]. The relative binding strength of adsorbed water and oxygen on the Pt electrode is
controlled by electronic interactions, which are modified by electrode potentials. Our calculations
of O2/H2O displacement energy at both vacuum and solvated Pt(111) electrodes show that O2
adsorption is always more favorable than H2O adsorption at the potential range relevant for fuel
cell operation. Chapter 2 concludes that O2/H2O competitive adsorption does not limit ORR.
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We investigated the ORR mechanism that follows oxygen adsorption in Chapter 3. The
ORR reaction is a four electron transfer process. A minimal mechanism for ORR involves four
reduction steps and at least five adsorbates O2*, OOH*, O*, OH*, and H2O*. The adsorbed O2
dissociation [O2*  2O*][3], the first reduction [O2* + H+ + e-  OOH*][4], and final reduction
[OH* + H+ + e-  H2O*][5] are hypothesized to affect the overall reaction rate. The first possible
reaction path begins with O-O bond cleavage [O2*  2O*] prior to the first reduction of
adsorbed O2.[3] The cleavage of an O-O bond has a barrier of ~ 0.5 eV at zero applied potential.
Although O-O dissociation is not a proton/electron transfer process, its dissociation barrier is
affected by the applied electrode potential. Adsorption of O2 occurs via electron donation from
the molecular oxygen to the metal and back donation from the metal to the O-O anti-bonding
orbital. At the vacuum Pt(111) electrode, the more negative potentials weaken the O-O bond, due
to electron filling in the O-O anti-bonding orbital, and therefore the dissociation is favored at
more negative potentials. We observed an opposite trend at the solvated Pt(111) electrode, where
the dissociation barrier decreases with potential. No experimental studies are reported regarding
the potential dependent trend of O-O dissociation barrier at the solvated Pt(111) electrode. The
opposite trends emphasize that the collective interactions between water-oxygen, water-water,
water-metal, and oxygen-metal are important for calculating activation barriers at a PEMFC
cathode but also highlight that the results might be attributed to the static water structure used in
this study.
The other possible first step in the ORR is the hydrogenation of adsorbed O2 [O2* + H+ +
e-  OOH*][4]. The formation of OOH involves proton/electron transfer, in which electrode
potential controls reaction energies. Near the equilibrium potential, the reduction step is hindered.
The hydrogen bond between OOH* and a neighboring water molecule facilitates the first
reduction of O2* to OOH* by 0.5 eV. Variations of water density affect the interfacial water
hydrogen-bond network and therefore the hydrogen bonding interactions of surface-bound
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intermediates with water. We observed an interfacial water density dependence for the reaction
energy of OH* reduction [OH* + H+ + e-  H2O*], though not for O2* reduction. At a water
density of 0.86 g cm-3, which represents the most energy favorable bilayer water structure over a
Pt(111) electrode, the OH* reduction energy is 0.2 eV more favorable compared to a density of
1.0 g cm-3, which represents the bulk liquid water density. This result indicates that the reduction
of elementary reaction intermediates, such as OH* to H2O*, is tightly connected with the bilayer
water structure, and the stability of the interfacial hydrogen bond network. Modification of the
interfacial hydration level may facilitate the OH reduction.
The influence of water structure on ORR elementary reaction energies leads to varied
predictions of ORR reaction paths. With a vacuum/Pt(111) interface model, molecular oxygen
dissociation is more favorable than OOH formation at both equilibrium (1.23 V-SHE) and
operating potential (0.8 V-SHE). Oxygen dissociation is identified as the rate-limiting step at 0.8
V-SHE. This result from the vacuum model contradicts experimental observations, which show
that the ORR rate-limiting step involves electron transfer [5]. The conflicting result between the
vacuum model and experiments highlights the importance of taking into account solvation when
modeling the ORR. Models including a solvated electrode suggest that the dominant ORR
reaction path depends on applied electrode potential. Oxygen dissociation dominates over the
initial oxygen reduction near the equilibrium potential, whereas the initial oxygen reduction
becomes competitive at the operating potential. With a solvated model of interfacial water density
of 0.86 g cm-3, the limiting step is altered from a 3e- (O* and OH*) reduction to a 1e- transfer
(initial O2* reduction). The potential dependent rate-limiting step, which involves a different
number of electron transfers, is consistent with the experimentally observed change in the Tafel
slope[5]. This result suggests possible reaction paths and rate limiting steps at the PEMFC
operating and equilibrium potentials. Weakening the bond of O and OH to the Pt surface by
alloying improves the ORR kinetics at the operating potential. Chapters 2 and 3 collectively
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demonstrate that relative binding strength of reaction intermediates and the interaction between
water-adsorbate dictate the ORR kinetics.
Anion adsorption hinders ORR kinetics via competing for the active sites with ORR
intermediates and altering the electronic structure of the electrode. Chapter 4 investigates the
specific adsorption of HSO4-, SO4-, and R-SO3- anions over a Pt(111) electrode. We resolve the
dominant adsorbed species and the structural variation of adlayer as a function of electrode
potential using DFT calculations and linear sweep voltammetry simulations. Three characteristic
peaks associated with anion adsorption in experimental H2SO4(aq)/Pt(111) voltammograms are
assigned. The first peak is identified as the low coverage anion adsorption process, where
bisulfate or sulfate-hydronium ion pair adsorption is followed by sulfate adsorption. The second
peak, with a sharp feature (0.4 V-SHE), is recognized as a fast coverage increase in the sulfate
adlayer, in agreement with Monte Carlo simulations[8]. The third small peak (0.7 V-SHE) is due
to the oxidation of H2O* to OH*, occurring within a highly ordered adlayer. Chapter 4 also
reports the first assignment of the characteristic surface sulfate vibrational frequency in
H2SO4(aq)/Pt(111) systems using computational approaches. We attribute the experimentally
observed frequency at ~1250 cm-1 to S-O stretching along the surface normal direction, with the
oxygen atom being uncoordinated to surface Pt atoms. We only observe this characteristic
frequency from adsorbed sulfate at a fully solvated Pt(111) surface, indicating that sulfate is the
dominant surface species in H2SO4(aq)/Pt(111).
Bisulfate/sulfate adsorption occurs within the electrode potential range of the ORR
reaction. However, the actual electrolyte in the PEMFC is a perfluorinated Nafion ionomer. To
extend the modeling systems to Nafion-related anions, Chapter 4 examined the influence of
backbone length and chain composition on sulfonate (R-SO3-) adsorption. The use of fluorinated
backbones shifts the anion adsorption out of the ORR region, while the use of a non-fluorinated
or single-fluorinated benzyl group allows the occurrence of adsorption at less positive potential
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than bisulfate (HSO4-). We correlated the adsorption behavior of various sulfonates with their
proton affinity. According to our results, Nafion, a sulfonated tetrafluoroethylene, should be
cataloged into the non-adsorbing group at the PEMFC operating potential. However, the ionomer
electrolyte/metal interface is far more complex than the small sulfonates examined here.
Solvation and steric effects make the prediction of Nafion’s anion adsorption in PEMFC cathode
difficult.
The ORR and anion adsorption studies in Chapters 2-4 shows the capability of DFT
methods toward elucidating surface species and reaction mechanisms at the electrolyte/cathode
interface. One limitation of DFT methods is that they do not allow for examining the dynamic
disorder of interfacial water. Although several water densities were employed to represent water
structure variations, it is not possible for DFT methods to examine all possible interfacial water
structures. The dependence of reaction energies on water structure emphasizes that the choice of
water structure causes substantial difference in determining reaction mechanisms, and motivated
us to use MD simulations.
A MD model that describes water dissociation over a constant electrical potential Pt(111)
electrode is introduced in Chapter 5. Contrast to the ice-like hexagonal structure used in DFT
models, we observed disordered orientation of water molecules at the interface. Three water
layers with water density deviated from the liquid water was found within a range of 10 Å above
the electrode surface. The electrical potential profile, created from the atomistic-level structural
fluctuation, significantly differs from the classical electrochemical models. Increasing electrode
potential induces more water molecule dissociation and creates more structured water layers.
H3O+ and OH- species from water dissociation cannot effectively screen the electrode potential,
leading to a non-flat electrostatic potential profile in the bulk water region. Calculated
electrochemical properties such as capacitances and static dielectric constants, and dynamics
properties such as the time constant associated with the rotation of the total dipole moment, which

179
relates to dielectric spectroscopy measurements, agree with experiments. These results indicate
that our MD model provides a reasonable description of the water/Pt(111) interface.
In addition to the investigation of structure fluctuation and mobility of interfacial water
under applied potential, the MD model allows us to examine H-atom transfer dynamics in both
H3O+ and OH- species. Two events are associated with H transfer. The first (fast) event is H
oscillation between HO--H--OH or H2O--H--OH2, and the second (slow) event is the occurrence
of an effective charge transfer, i.e. a third oxygen to accept/donate a H atom to form a new H3O+
or OH- ion. The time scale associated with the fast event agrees with experimental [9] and
computational [10] studies, thus indicating that our simple water model has the capability to
capture proton transfer dynamics. We observed a slower charge transfer dynamic of OHcompared with H3O+, which is in consistent with the experimental fact that OH- mobility is
slower than H3O+ in aqueous solution [11]. As the hydrogen oxidation reaction requires H+
transport into solution, their dynamics might impact the ORR rate. The less efficient hydrogen
oxidation in a basic compared to an acidic electrolyte might be attributed to the slower OHtransfer dynamic compared to H3O+.
In summary, the major findings of this dissertation are:
•

The competitive adsorption of H2O/O2 does not limit the overall ORR rate. (Chapter
2)

•

The calculated H2O/O2 competitive adsorption energy varies with interfacial water
structure. (Chapter 2)

•

The ORR rate limiting step changes from the initial O2* reduction at the operating
potential to the O* and OH* reductions at the equilibrium potential. (Chapter 3)

•

DFT models that include a fully solvated electrode and constant-potential reaction
energy calculations are needed to capture the potential dependent ORR mechanism.
(Chapter 3)
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•

Sulfate rather than bisulfate anions are the dominant adsorbed species at a Pt(111)
electrode although bisulfate anions are the major components of H2SO4(aq). (Chapter
4)

•

The adsorption process of the H2O4(aq)/Pt(111) begins with bisulfate or sulfatehydronium ionic pair adsorption, followed by the deprotonation. A fast coverage
increase within the sulfate adlayer contributes to the sharp peak in the
voltammogram. (Chapter 4)

•

Water ions only slightly impact interfacial water structure and dynamics. (Chapter 5)

•

Applied electrode potentials affect interfacial charge transfer effectiveness of
H3O+/OH- species. (Chapter 5)

Atomistic electrochemical models allow for a better understanding of the relationship
between interfacial properties and reactions in fuel cells. In this dissertation, we provide a
systematic examination of water structure, water dynamics, and electrode potential on relevant
reactions, and conclude that two important factors must be considered in modeling fuel cell
reactions. First, the inclusion of explicit solvation is required to accurately describe reaction
energies. Water stabilizes reaction intermediates and adsorbed ions, significantly altering the
ORR reaction energies and voltammogram simulations. Second, the applied electrode potential
affects water structure at the interface. The coupled structure-potential effect dictates interfacial
water dynamics as well as reaction energetics. Understanding the interplay between electrode
potential and electrolyte structure/dynamics and their collective influence on electrocatalysis
requires the development of novel approaches toward modeling ion and water dynamics at the
electrocatalyst surface using multi-scale approaches.
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6.2 Recommendations for future study
Although past research has built a foundation for modeling the electrocatalytic interface
in fuel cells, more can be done to advance our understanding in connecting electrocatalytic
reactions and fuel cell efficiency. The primary modeling challenges include rate constant
calculations and limited surface structures used. This section summarizes potential future research
based on the findings in the previous chapters.
Rate constants are important in determining reaction kinetics. Although Chapter 3
considers thermochemical approach to represent potential dependent reaction energies and
provides possible ORR mechanisms, taking activation barriers of ORR elementary steps into
account would improve our understanding in ORR kinetics. The difficulty in our studies is the
lack of a DFT approach to calculate potential dependent reaction barriers when electron and
proton transfer are involved in an elementary step. Recently, Rostamikia and Janik[12] developed
a DFT-method for the evaluation of potential dependent activation barriers. Applying this method
for the ORR key steps and using calculated activation barriers for microkinetic model
development would enable us to directly compare experimental electrokinetic data and better
understand the origin of potential dependent Tafel slopes.
The adsorbed O-containing species (O* and OH*) formed through the ORR and water
oxidation have been suspected to inhibit ORR [13]. In Chapters 2 and 3, the H2O/O2 competitive
adsorption and ORR studies are limited to a single and low coverage scenario. However, the high
coverage of O/OH over Pt electrode reduces the number of available sites for oxygen adsorption
and reduction, and affects the activation barrier for oxygen reduction. Experimental
voltammograms show a current density at the potential range associated with Pt surface
oxidation[14]. The measurement does not allow for the quantification of the partial coverages of
O and OH. The influence of a varying electrode potential on structure and energetics of an O-
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containing adlayer can be evaluated using DFT calculations, establishing a phase diagram for the
electrochemical oxidation of the platinum electrode. With potential and coverage dependent
activation barriers, Monte Carlo simulations may be used to explore possible configurations of
O/OH/H2O adlayers as a function of electrode potential. These structures may serve as an initial
structure to study coverage effects on ORR kinetics.
A further study of √3x√7 sulfate adlayer and its solvated environment will provide new
insight into adlayer structure in H2SO4(aq)/Pt(111). Chapter 4 utilizes DFT methods to examine the
possible coadsorbed species of the √3x√7 sulfate adlayer. The calculations are carried out at a
vacuum/Pt interface with a single water molecule within the √3x√7 adlayer. The proposed
molecular model considers that a (bi)sulfate anion is coadsorbed with two water molecules [13].
Accounting for two coadsorbed water molecules in the investigation of the most probable √3x√7
configuration will further confirm the coadsorbed species.
Hydration level (Humidity), which varies with fuel cell operating condition, affects
proton transfer mechanism/rate at the electrolyte/electrode interface. Studies have focused on the
Nafion hydration level, whereas the interfacial water density variation due to fuel cell operation
conduction is less addressed. The use of a simple reactive water model to capture interfacial water
dynamics and investigate proton transfer in Chapter 5 exemplifies the utilization of such models
to study complex electrochemical interface. This MD model can be further employed to
investigate the temperature dependence of interfacial water structure and proton transfer
dynamics at varied electrode hydration levels.
The extension of the water/Pt(111) MD model, described in Chapter 5, to systems
containing electrolyte species, such as H2SO4, is essential because the screening effect from ion
species represents a more realistic double layer. The H2SO4(aq)/Pt(111) systems allow us to assess
the impact of sulfuric acid anions on interfacial water structure and double layer thickness as a
function of electrode potential. The simulations may be used to examine proton transfer dynamics
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in varied H2SO4(aq) concentrations, which mimics the varied Nafion hydration level near the
electrode, and investigate the influence of (bi)sulfate anion-hydronium ionic pairs on proton
transfer dynamics and double layer structure. A recent surface X-ray diffraction study reported
that the anion specific adsorption serves as a structural template for the ordering of the interfacial
water and cations [15], indicating a new perspective of double layer structure. This interfacial
structure may be captured in H2SO4(aq)/Pt(111) simulations.
The electrolyte/cathode interface in PEMFCs provides unique challenges to atomistic
modeling. The improved description of van der Waals interactions in DFT methods [16,17] and
the continued advance of modeling methods and computational power will enable more accurate
models of this interface and rational designs of the PEMFC electrocatalytic interface.
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