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Theoretical Studies of Fuel Cell Reaction Mechanisms: 

H2 and O2 on Platinum Electrodes 

Abstract 

 

by 

TIANHOU ZHANG 

 

     A quantum-chemistry based constrained variation theory and a local reaction center 

model were applied to analyze the mechanisms for electron transfer reactions on platinum 

electrode surfaces in fuel cells.  Electrode potential-dependent electron transfer activation 

energies and transition state structures were calculated, as well reversible potentials for 

reactions of reaction intermediates. 

     In the mechanistic study of hydrogen oxidation and evolution on platinum electrodes 

in basic electrolyte, the Tafel step, Volmer step and Heyrovsky step were studied. 

Tafel step:               2H(ads) ⇌ H2(g) 

      Volmer step:               H
+
(aq) + e

-
 ⇌ H(ads) , 

               Heyrovsky step:               H(ads) + H
+
(aq) + e

-
 ⇌ H2(ads) 
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The results are consistent with the Tafel-Volmer mechanism for H2 oxidation and a 

mixture of Tafel-Volmer and Heyrovsky-Volmer mechanism for H2 evolution on 

platinum surfaces in basic electrolyte. 

     The four one-electron transfer steps were studied for oxygen reduction on platinum in 

basic electrolyte.  The interesting result is that superoxide, O2
-
(ads), forms as the first 

reduction intermediate in base rather than peroxyl, OOH(ads), which forms in acid 

electrolyte. 

     Two- and four-electron O2 reduction mechanisms in acid were explored using 1-fold 

and 2-fold Pt adsorption site models.  Potentials, for O(ads) and OH(ads) reduction steps 

were related for acid and base by the Nernst equation plus a constant. 

     A systematic study of OH(ads) reduction to H2O in acid electrolyte on platinum and 

the reverse reaction was carried out in the local reaction center model approach using 

B3LYP and MP2 calculations employing basis sets with and without diffuse functions.  It 

was found that electrode potential-dependent electron transfer activation energy curves 

predicted by this method are robust toward shifts caused by changing the external 

potential. 

     The potential-dependent conversion of OH(ads)···H
+
(aq) + e

-
 ⇌ OH2(ads) on a Pt 

surface was calculated using a new method combining density functional theory and 

modified Poisson-Boltzmann theory with a 2-D periodic slab model.  The calculated 

potential corresponding to the structure changing from OH(ads) to H2O(ads) was close to 

the experimental reduction potential. 
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Chapter 1 

Introduction of Electron Transfer Theory 
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     Electrochemistry is of great importance especially in the field of energy conversion.  

Electrochemical cells split every net exergonic chemical reaction into two 

electrochemical reactions, one at the cathode half-cell and the other at the anode half-cell.  

In the fuel cells, electrons are the charge carriers that do work in an external circuit and 

anions or cations are the charge carriers in the electrolyte.  Electrochemical reactions 

happen on the interfaces between the electrolyte and the electrodes.  On the cathode, the 

oxidant species in the electrolyte is reduced by the electrons coming through the external 

circuit from the anode.  On the anode, the reductant species is oxidized and releases 

electrons to the electrode.  The mechanisms of electron transfer reactions at electrode 

surfaces are poorly understood and have been attracting intense investigations. 

     The development of electron transfer theory began with Gurney, who proposed the 

radiationless tunneling mechanism of electron transfer in 1931.
1
  During a reduction (or 

an oxidation), an electron transfers to (or from) the reaction center from (or into) the 

electrode, without emitting radiation, when its electron affinity, EA, (or its ionization 

potential, IP,) matches the electrode’s work function, φ, or the negative of the Fermi 

energy level of the electrode.  In 1952, Libby used the tunneling theory, along with the 

Franck-Condon principle
2,3

 to explain the different rates of electron exchange between 

ferri- and ferrocyanide ions and the electron exchange between ferric and ferrous ions.
4
  

Libby assumed the electron transfer rate depended only on the Franck-Condon factor.  

However, such outer sphere reactions had activation energies, typically 0.2 eV - 0.4 eV.
5
  

That is because the reaction center needs to be reorganized to have the configuration to 

make the isoergonic (radiationless) electron transfer and then it relaxes to the new 

equilibrium configuration.
6
  R. A. Marcus applied this idea to explaining electron transfer 
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rates both at electrodes and in solution.
7
  The early theoretical work on electron transfer 

has also been done by Hush,
8
 Conway,

9
 Bockris.

10
  These and other theoretical works 

dealing with the electron tunneling mechanism were reviewed by Libby.
11

  

     Later, Anderson developed the atom superposition and electron delocalization 

molecular orbital (ASED-MO) theory
12,13

 and applied it with an electrochemical band 

shifting technique to address the potential dependencies of CO adsorption sites on Pt and 

Pd,
14,15

 as well as the potential-dependent adsorbate and surface-adsorbate vibrational 

frequencies for CO on Pt
15-17

 and CN
-
 on Ag.

18
  The calculated results successfully 

predicted that CO shifts to the high-coordinate 3-fold adsorption site as the electrode 

potential decreases.  The shift is due to the weakening of the CO ζ donation to Pt and the 

strengthening of back bonding to the π
*
 orbital.  This is as expected from the Blyholder 

model,
19

 and agrees with experiment.
20,21

  The vibrational frequency of C-O on Pt was 

predicted to increase at higher electrode potentials, a result of weakened back donation 

from the Pt band to the CO 2π
*
 orbitals, the same trend as the experimental 

observations.
22,23

  Holloway and Nørskov estimated the frequency shift for CO adsorbed 

on a Pt electrode using a model wherein the 2π
*
 orbital band of adsorbed CO has a 

Lorentzian distribution.
24

  The electric field at the electrode surface was assumed to be a 

function of the applied electrode potential and the CO vibrational frequency was 

calculated using a semiempirical relationship between frequency and the 2π
*
 occupation.  

The CO ζ-donation was neglected so the results of Holloway and Nørskov are greater 

than those of the ASED-MO calculations.
25

  These works of Anderson and Nørskov are 

all non-self-consistent semiempirical which may give significant errors in the energy or 

structure calculations. 
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     A self-consistent theoretical approach is required by the better accuracy.  Ten years 

ago, Anderson’s lab began development of a quantum chemical-based theory employing 

local reaction center models for calculating the electrode potential dependencies of 

electron transfer activation energies for adsorbed species.  The local reaction center 

model used for calculating reversible potentials and activation energies for reactions on 

electrode surfaces relies on the chemical bond as a robust concept.  Generally, 

environmentally induced variations in bond properties, such as strength and vibrational 

frequency, can be understood as perturbations to a well-defined reference state.  A useful 

representational model for chemical events at the electrochemical interface then needs to 

include at least enough atoms to represent these bond properties prior to and after 

introducing an electrochemical perturbation. 

     The radiationless electron transfer theory of Gurney is adapted to the local reaction 

center model: the electron transfer takes place when the thermodynamic work function of 

the electrode, φ, is given by  

 

                                                    φ = eU + 4.6 eV                                                   (1.1) 

 

where U is the electrode potential on the standard hydrogen electrode (SHE) scale and 

4.6 eV is the work function of the standard hydrogen electrode.
26

 

     The reduction potential for the optimized reaction center is called the reduction 

precursor potential, Urp.  For U ≤ Urp, the reaction center is reduced without an activation 

energy on a metal electrode (on a semiconductor electrode U < Urp would be the Marcus 

inverted region,
27

 for which the activation energy is greater than zero) and for U > Urp it 
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is necessary to overcome an activation energy for reduction because the structure must be 

distorted so that EA increases to a value equal the electrode work function. 

     For oxidation, the direction of electron transfer is from the local reaction center to the 

electrode, and it occurs when the ionization potential, IP, of the reaction center matches 

the electrode’s work function.  An oxidation precursor structure may also be calculated 

and an oxidation precursor potential, Uop, defined.  Oxidation is activationless for U ≥ 

Uop (U > Uop would be the inverted region for semiconductor electrodes) and has an 

activation energy for U < Uop.  An electron transfer transition state is found by 

constrained variation theory as the lowest energy structure with the desired IP or EA.  In 

the very first study using the local reaction center model, the potential of a transferring 

electron was set to various desired values by adding a lithium complex with adjustable 

ionization potential to the system and finding the lowest energy structure at which the 

lithium complex became ionized and the reaction center reduced.
28

  The computations did 

not always converge to the correct electronic state, and so the donor was omitted in 

subsequent studies.  A hydronium ion was the proton source in Ref. 28 and in the 

subsequent studies of reactions in acid solution, the hydronium ion was given two water 

molecules of solvation, holding them by hydrogen bonding between an H and a water O.  

The third H of the hydronium ion was coordinated by a hydrogen bond to the molecule 

being reduced, forming the reduction precursor (rp).  The structure was thus: 

∙∙∙HOH2(OH2)2
+
.
29-31

  For the reverse (oxidation) reaction, the conjugate ∙∙∙OH2(H2O)2 

was hydrogen-bonded to the molecule being oxidized, forming the oxidation precursor 

(op). 
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     In 1999, Anderson and Albu discovered a linear Gibbs energy relationship (LGER) 

between the reaction energy and the standard reversible potential for reactions of HnOm 

molecules:
30

 

 

                                     U
o
 = -ΔE/nF + c                                                                 (1.2) 

 

In equation (1.2) ΔE is the reaction energy for gas phase species, n is the number of 

electron transferred, F is the Faraday constant, and c is a constant.  This inspired and 

approach to predicting reversible potentials for surface redox reactions by using using 

calculated or measured adsorption bond strengths as perturbations to known ΔG
o
 for the 

reactions in bulk solutions, as outlined in the following scheme (1.3).
32-38

   

 

In the above c plays the role of (-PΔV + TΔS)/nF in solution. 

U
o
(s) – U

o
 = [ΔE – ΔE(s)]/nF 

Since        ΔE = Eop(aq) – Erp(aq), 

and       ΔE(s) = Eop(s) – Erp(s) = [Eop(aq) – Eads(op)] – [Erp(aq) – Eads(rp)] 

U
o
(s) = U

o
 + [Eads(op) – Eads(rp)]/nF 

Assume that the (PΔV – TΔS) is the same 

for aqueous reaction and surface reaction. 

Aqueous reaction Surface reaction 

rp(aq) + e
-
 ⇌ op(aq) rp(s) + e

-
 ⇌ op(s) 

U
o
 = –ΔG

o
/nF U

o
(s) = –ΔG

o
(s)/nF 

U
o
 = –(ΔE+PΔV – TΔS)/nF U

o
(s) = –[ΔE(s) + P(s)ΔV(s) – T(s)ΔS(s)]/nF 

(1.3) 
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     Several interesting applications have been made using this model.  The very low 

overpotential of oxygen reduction reaction on copper laccase was explained.
35,36

  Of 

particular note the active site was not blocked by water molecules and O2 did not bond 

strongly to the site.  The predicted 0.545 V reversible potential of the OOH(ads) 

reduction to H2O2(ads) on nitrogen-doped graphite by the model matched the observed 

~0.55 V current onset potential for H2O2 generation on nitrogenated graphite.
38

  For 

cobalt selenide cathodes the linear Gibbs energy relationship predicted 0.61 V as the 

reversible potential for O2(ads) reduction to OH(ads) + O(ads) and 0.58 V as the 

reversible potential for OH(ads) reduction to H2O(ads).  Both were in agreement with the 

experimental onset potential for oxygen reduction on cobalt selenide, ~0.5 V.
39

 

     Instead of using the internal energy of the reactions, Nørskov et al. predicted the 

overpotential of catalyzed oxygen reduction reaction using approximate Gibbs energies.
40

  

The Gibbs energies were determined using internal energies from slab-band density 

functional calculations and the entropies from the measurements and calculational models. 

     As mentioned before, the transition state of an electron transfer reaction is defined as 

the structure which has the electron affinity, EA, in a reduction reaction (or ionization 

potential, IP, in an oxidation reaction) matching the thermodynamic work function of the 

electrode.  This changing structure requires the input of energy, but there are many 

structures with the requisite IP, and the structure with the lowest energy, E*(U), is sought 

for the transition state.  The activation energy, Ea, at potential U is given by: 

 

                                                Ea(U) = E*(U) - E(Uop)                                         (1.4) 
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A similar situation holds for reduction as the electrode potential is increased from the Urp 

value.  The resulting activation energy for reduction is 

 

                                                 Ea(U) = E*(U) - E(Urp)                                         (1.5) 

 

E*(U) is the energy of the transition state structure at potential U.  The potential-

dependent activation energy is calculated using constrained variation theory.  The 

transition states for the electron transfer reaction were, at first, found by trial and error 

structure changes, and the energy and IP or EA were mapped out and the search was done 

by hand.
28-31,41-47

  Later a program was written in the Anderson lab by Kostadinov to do 

this,
48

 and it greatly decreased the time required to find electron transfer transition states 

in subsequent studies.
49-54

  The program employs the Lagrange undetermined multiplier 

approach, which is a method for finding the extrema of a function of several variables 

subject to one or more constraints.  The Lagrangian function, Λ, for the transition state 

calculation of an electron transfer reaction is written as: 

 

                           Λ 𝑥, 𝜆 =  𝜑 𝑥 −  𝜆 𝜓 𝑥 − 𝐸𝑒(𝑈)                                                  (1.6) 

 

where x is a vector of structure variables, φ(x) is the activation energy, ψ(x) is the 

electron affinity or ionization potential, Ee(U) is the energy of an electron on the 

electrode, and λ is the Lagrange multiplier.  In seeking the transition state for electron 

transfer, the constraint condition is that ψ(x) = Ee(U).  According to the Lagrangian 

principle, the transition state is defined as: 
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                                                      ∇𝑥Λ 𝑥
∗ = 0                                                                   1.7  

 

                                                       ∇𝜆Λ 𝑥
∗ = 0                                                                  (1.8) 

 

where x
*
 is the transition state structure vector. 

     After the first studies,
28-31,41

 which gave suggestive trends, the calculations were made 

more quantitative by including a potential in the Hamiltonian for the counter ion.  This 

was generated by a negative charge where a hydronium ion was used for acid reactions.
42-

55
  For reduction reactions in acid, the Coulomb potential field of the counter ion reduced 

the EA of the reaction center and therefore shifted the activation energies and reversible 

potentials to lower potential.  A model with a charge of -1/2e located 10 Å from the 

reaction center or, practically equivalently, -1e 20 Å from the reaction center, was chosen, 

where e stands for the charge of one electron, 1.602×10
-19

 coulombs.  The 20 Å spacing 

represents approximately the average ion spacing in 0.1 M electrolyte.  It was proposed 

that a sum over all electrolyte counter charges, assuming an average rock salt or cesium 

chloride ionic distribution for the ions in the electrolyte, presented a Madelung potential 

of the same magnitude, and so the idea of this sum was henceforth used in discussing the 

addition of a point charge Coulomb potential to the Hamiltonian.  The result of this 

addition was a series of predictions of activation energies, precursor potentials, and 

reversible potentials for the hydrogen evolution reaction and hydrogen oxidation reaction 

by the Volmer-Heyrovsky mechanism and for forming under-potential-deposited H 

atoms on Pt(111) 0.1 M in acid.
47,49,50

  These were obtained by MP2 calculations of 
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structures and internal energies using the Gaussian code with a 6-31G** basis set for the 

light atoms and an effective core potential with a LANL2DZ basis set for platinum.
56

  A 

single Pt atom was used in the local reaction center model calculations.  The Pt-H bond 

strength was several tenths of an electron-volt higher than for the Pt(111) surface, and so 

the potential of each potential-dependent activation energy was decreased by V/eV times 

this quantity.  Comparisons with limited experimental data were promising. 

     Other models have been developed by Savéant
57

 and Koper and Voth.
58-60

  Savéant 

developed a simple model describing the kinetics of electron transfer-bond breaking 

concerted reactions.  Koper and Voth extended Savéant’s Model by adding the electronic 

coupling into the model and investigated the solvent effect.  Decornez and Hammes-

Schiffer presented a theoretical study of proton-coupled electron transfer (PCET) 

reactions and applied their continuum theory to explain the biological processes.
61-63

  

Balbuena used internal energy of cluster models and periodic band calculation models to 

investigate the thermodynamics of adsorptions and reactions on catalysts.
64,65

  Neurock 

also employed band theory to study the catalytic reactions by changing the surface and 

modeling the counter charge as a uniform charge distribution in the solution region.
66-68

 

     In this thesis, theoretical studies of the hydrogen evolution and oxidation reactions
53

 

and the oxygen reduction reaction
54

 in base are presented in Chapter 2 and Chapter 3.  In 

these, OH
-
 solvation was treated by coordinating three water molecules to it.  They were 

held by hydrogen bonding, and each of these water molecules was also given a water 

molecule coordinated to it, representing a second coordination shell.  A diffuse function 

was added to the O atom basis set to ensure that the reduction precursor structures were 

reasonable.
32

  In Chapter 4, the mechanisms of oxygen reduction reaction in acid is 
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explored and comparisons with the base results are made.  Both 2-fold and 1-fold 

adsorption models are used.  The H
+
(aq) is modeled as a hydronium ion in which two 

hydrogen atoms are hydrogen bonded to one water molecule each.  The third hydrogen in 

the hydronium coordinates to the adsorbed species that is to be reduced on the electrode 

surfaces.  Although the same computational method, B3LYP, and basis set, 6-31+G** 

are used throughout Chapters 2-4, there are still uncertainties found in the comparisons.  

A methodological study of OH reduction to H2O in acid on platinum and the reverse 

reaction was carried out and is presented in Chapter 5.  In this study, the results of the 

computations using the B3LYP and MP2 methods using the 6-31G** and 6-31+G** 

basis sets are examined.  The electrode potential-dependent electron transfer activation 

energy curves predicted by this method are found to be robust toward shifts on the 

potential scale which means one can make useful predictions and explanations by 

matching one potential point with experimental data.  In Chapter 6, an initial study using 

a newly-developed theoretical method DFT-MPB,
69,70

 combined density functional theory 

and modified Poisson-Boltzmann theory, on liquid-solid interface is presented.  The 

electrode potential dependency of OH adsorption structure on the acid-platinum interface 

is investigated using this method. 

 

 

  



12 
 

Chapter 2 

Hydrogen Evolution on  

Platinum Electrodes in Base
* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Based on publication in Ref. 53.  
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2.1  Background of Hydrogen Oxidation and Hydrogen Evolution 

Reactions 

     The hydrogen oxidation reaction (HOR) and hydrogen evolution reaction (HER) have 

been studied over platinum electrodes since the early 1900s.
1,71-75

  Elementary reaction 

steps for reaction intermediates on electrode surfaces are difficult to determine.  It has 

been suggested recently from Tafel plot (lni vs. U where i is the current density and U is 

the cathode potential) examinations that hydrogen oxidation in acid solution follows the 

Heyrovsky-Volmer mechanism on Pt(100) and the Tafel-Volmer mechanism on Pt(111) 

and (110) surface.
50,76

  The reasons for the differences are still unknown.  Theoretically 

predicted activation energies for H2 oxidation by the Heyrovsky-Volmer mechanism have 

yielded Tafel plot predictions in agreement with measurements for Pt(100).
50

  Over 

platinum surfaces, the Heyrovsky reaction written in a standard reduction form is 

 

                                      H(ads) + H
+
(aq) + e

-
 → H2(g)                                      (2.1) 

 

and Volmer reaction is 

 

                                       H
+
(aq) + e

-
 → H(ads)                                                  (2.2) 

 

In the Volmer-Tafel mechanism for generating H2, two H(ads) combine by the Tafel 

reaction: 

     

                                             2H(ads) → H2(g)                                                   (2.3) 
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     Voltammetric measurements of HER and HOR in base for (100), (111), and (110) 

platinum electrodes have been analyzed recently.
77

  The apparent activation energies for 

H2 oxidation at the reversible potential in 0.1 M base are 0.48 eV for the Pt(111) surface 

and 0.24 eV for Pt(110), but the reasons are unknown and no mechanistic conclusions 

could be drawn.
77

  Non-linearity in both the Tafel and micro-polarization regions 

prevented the authors of Ref. 77 from estimating an activation energy for the (100) 

surface.  The purpose of this theoretical study is to determine whether the Heyrovsky 

reaction could occur in base.  We found the Heyrovsky step is allowed in the second step 

reaction and in the first step of oxidation. 

     In base the Volmer reaction uses a water molecule as the proton source rather than a 

hydronium ion so that, in place of reactions (2.1) and (2.2), the Heyrovsky and Volmer 

steps are respectively written: 

 

                                     H(ads) + H2O(l) + e
-
 → H2(g) + OH

-
(aq)                      (2.4) 

  

and 

 

                                     H2O(l) + e
-
 → H(ads) + OH

-
(aq)                                   (2.5) 

 

     The cause of the structure sensitivity observed for acid electrolyte in Ref. 76 for the 

apparent mechanisms for H2 oxidation over platinum surfaces has not been determined, 

though it is known that on Pt(100) the Heyrovsky step is taking place with a high 
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coverage of under-potential-deposited (upd) hydrogen, H(ads).  The available active sites 

for H2 oxidation are believed to be widely scattered in low concentration on the surface.
76

  

Such sites are presumably too sterically restricted for H2 adsorption and dissociation.  

Other surfaces may also have large amounts of upd hydrogen, but if the Tafel-Volmer 

oxidation mechanism is being followed, the reaction presumably occurs over sites that 

permit dissociative adsorption of H2.  It has been known for over thirty years that 

platinum surfaces in vacuum are active for hydrogen-deuterium exchange,
78-81

 and 

platinum surfaces readily adsorb hydrogen dissociatively and desorb it.  Adsorbed CO 

poisons the exchange reaction.
81

  This reactivity is consistent with the Tafel reaction 

playing a role during H2 oxidation on electrode surfaces at low upd H coverage.  It could 

be that at high upd H coverage H(ads) poisons the (111) and (110) surfaces of platinum 

against the Heyrovsky oxidation step, but not the (100) surface. 

2.2  Computational Details and the Theoretical Model used in HOR and 

HER Calculations 

     During the potential-dependent activation energy and transition state structure 

calculations, the hybrid density functional B3LYP theory in Gaussian 03
56

 was used in 

this study.  An effective core potential and the double-ξ valence orbital (LANL2DZ) 

basis set were used for Pt and the 6-31+G** basis set was used for O and H.  The 6-

31+G** basis set, with diffuse functions on O, specified by the +, and polarization 

functions on O and H, specified by the **, was chosen in accordance with previous work 

showing it yields good structures and electron affinities for neutral systems.
32

  In the prior 

work, modeling these reactions in acid, diffuse functions, were not included in the basis 
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set because the electron affinities of the positively charged intermediates were accurate 

without them.   

     For eqs (2.4) and (2.5), the H2O(aq) and OH
-
(aq) were modeled with two hydration 

shells with the forms H2O···(H2O···H2O)3 for H2O(aq) and OH
-
···(H2O···H2O)3 for OH

-

(aq).  The OH
-
(aq) model was structurally optimized.  In the subsequent calculations for 

the OH
-
(aq) model and the H2O model, the optimized OH

-
(aq) model structure was used 

and two variables, the hydrogen bond distances, were optimized.  The O-H bond lengths 

in both shells of water molecules and the angles about the hydrogen bonds were kept 

fixed but the orientations of the H2O and OH
-
 were optimized.  See the structure insert in 

Fig. 2.1. 

 

Figure 2.1  Structure model used in the calculations for forming and oxidizing Pt-H bonds in 

base and potential dependences of transition state parameter values.  From Ref. 53. 
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     The purpose of the constraints is two-fold: they reduce the number of parameters, 

which greatly speeds the determinations of electron transfer transition states, and they 

correspond to allowing a breathing mode for the solvation shells.  This is a reasonable 

model given the absence of interactions with additional solvent water molecules.  A 

Madelung potential term was added to the Hamiltonian, which corresponds to the sum of 

electrostatic potential contributions at the reaction center caused by a ~0.1 M mono-

hydroxyl basic electrolyte, with the assumption that the hydroxyl ions and compensating 

cations are distributed in a regular array above the electrode surface.  This is called the 

double layer model for base, and it is the same model used previously for determining 

reversible potentials for the onset of upd H(ads) and the onset of H2O(ads) oxidation to 

OH(ads) on platinum.
32

 

2.3  Electrode Potential-Dependent Activation Energies of Volmer step 

and Heyrovsky step 

     The reduction and oxidation activation energies were calculated as functions of the 

electrode potential.  Beginning with the optimized reduction precursor, for which the 

electron transfer activation energy is zero, the electron transfer activation energies at 

higher potentials were determined using constrained variation theory.
48,82

  Similarly, 

activation energies for the oxidation reaction were calculated for potentials negative of 

the oxidation precursor potential.  The potential where these two curves cross is taken to 

be the reversible potential for the reaction on the platinum site.
30

  This crossing point can 

also be predicted using the internal energy for the reduction precursor, Erp, the internal 
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energy for the oxidation precursor, Eop, and the energy of the electron on the vacuum 

scale, -4.6 eV - eU
o
: 

 

                                         U
o
 = (Erp – Eop)/e – 4.6 V                                               (2.6) 

 

This formula is related to the linear relationship between reaction energies and reaction 

Gibbs free energies first noted in Ref. 30. 

2.3.1 Activation energy of the Volmer reaction, H deposition and removal 

     The local reaction center model presented in the previous section was used, and 

adsorption on a Pt 1-fold atop site was modeled.  The model was essentially a molecule 

cut from the electrode surface and electrolyte.  Figure 2.1 shows the five internuclear 

distances that were varied and their values at transition states in the range -1.2 V to -0.5 

V.  Note that there are three hydrogen bonds of length R2 and three of length R3.  The 

H1O1H2 angle in the center water molecule and the H1O1H2H3 dihedral angle, both 

affecting tilt, were also varied. 

     The calculated electrode potential-dependent activation energies for the Volmer step 

may be seen in Fig. 2.2.  The reduction precursor potential, Urp, the oxidation precursor 

potential, Uop, and the reversible potential, Urev, are, respectively, -0.154 V, 0.454 V, and 

0.128 V vs. the standard hydrogen electrode (SHE).  However, because there is a 

difference between the calculated Pt–H bond strength and the strength of the H 

adsorption bond to the surface that needs to be adjusted for, this is not the final result.  

The calculated Pt–H bond is 3.53 eV,
48

 while the empirical values of H adsorption bond 

strength is reported to be 2.75 eV for low H coverage and 2.55 eV for high H coverage.
82
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Figure 2.2  Activation energies calculated for the Volmer reaction in base, using the model in Fig. 

2.1.  Predicted reduction precursor, reversible, and oxidation precursor potentials are shown, 

corresponding to 0.1 M base on SHE scale.  From Ref. 53. 

 

By decreasing the stabilities of Pt–H bond strengths in the above reactions, and assuming 

the activation energy curves do not change shape, the curves in Fig. 2.2 may be shifted 

negative by 0.78 V for low H coverage and by 0.98 V for high H coverage to get the final 

predictions shown in Fig. 2.3. 

     The predicted reversible potentials are then -0.65 V for low H coverage and -0.85 V 

for high H coverage.  The first result matches an earlier calculation for low coverage.
32

  

The high coverage value is close to the -0.77 V reversible potential for the hydrogen 

electrode in 0.1 M base.  Voltammograms show the onset potential vs. the reversible 

hydrogen electrode (RHE) for upd H in 0.1 M base is ~0.35 V for Pt(111).
77

  On the 

standard hydrogen electrode scale, this becomes -0.42 V and compared with the -0.65 V 
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Figure 2.3  The results from Fig. 2.2 after correction for Pt-H bond strength at low and high 

H(ads) coverage.  The SHE potential scale is used.  From Ref. 53. 
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this surface, and those findings explain why the theoretical studies from this 

laboratory
47,49,50

 that used adsorption bond strengths accounted for only about half of the 

potential ranges defined by the upd H peaks on Pt(111) in acid.  For the Pt(100) and (110) 

surfaces, the Alicante group deduced much smaller Frumkin effects and evidence was 

found for overlap of water oxidation voltammetric peaks, forming OH(ads), with the upd 

H peaks so that onset potentials for upd H were not clearly defined.  The voltammograms 

for 0.1 M base in Ref. 77 are similar: for Pt(111) the base voltammogram is nearly 

identical to the acid one in the upd H region, and for (100) and (111) surfaces there are 

similarities to the acid voltammogram that suggest complications from OH(ads) 

formation and the obscuring of upd H onset potentials. 

     The electrode potential-dependent structure parameters of the transition states of the 

Volmer step are in Fig. 2.1.  It is seen that the distance between the platinum atom and 

the hydrogen atom decreases substantially as the potential is increased, that the 

internuclear distance R(HO) increases, and that the two hydrogen bond distances 

decrease.  These changes all serve to increase the electron affinity of the OH part of the 

water molecule that becomes solvated OH
-
. 

     The activation energy at the reversible potential, 0.075 V, is low compared to the (111) 

and (110) values of 0.48 and 0.24 eV from Ref. 77.  Contributing factors to the 

disagreement could be inaccuracies in the theoretical model and also complexities 

involving surface coverage of H(ads) and H(ads) combination rates. 

2.3.2 Activation energy of the Heyrovsky reaction, H2 formation and oxidation 

     In base the Heyrovsky reaction is 
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      Pt–H···H2O···(H2O···H2O)3 + e
-
 ⇌ Pt···H–H···OH

-
···(H2O···H2O)3           (2.7) 

 

The structure and six varied bond lengths are shown in Fig. 2.4 along with their transition 

state values for the -1.3 V to -0.5 V electrode potential range.  The two tilt angles were 

also varied and the Pt–H···H trimer was constrained to be linear. 

 

Figure 2.4  Structure model used in the calculations for the Heyrovsky reaction for H2 formation 

and oxidation in base and potential dependence of transition state parameter values.  From Ref. 

53. 
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Figure 2.5  Electrode potential-dependent activation energies of Heyrovsky reaction compared 

with those for the Volmer reaction both for high H(ads) coverage.  See caption to Fig. 2.3.  From 

Ref. 53. 

 

are the Volmer step results on the left-hand side.  The reduction precursor potential, Urp, 

the oxidation precursor potential Uop, and the reversible potential Urev are, respectively,  

-0.26 V, 0.20 V, and 0.00 V.  In Fig. 2.4 it is seen that R(H–H) shortens rapidly as the 

potential increases.  This is because a H–H ζ bond forms after reduction, and to increase 

the EA to match the Fermi level at high potential the half-filled ζ bonding orbital must 

become more stable, which is accomplished by decreasing the H–H internuclear distance.  

However over this potential range R(Pt–H) remains ~1.5 Å, indicating a strong Pt-H 

interaction even in the oxidation precursor, and in the oxidation precursor R(H–H) is long, 
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show that there is a strong combined interaction between H2 and the platinum site and 

hydroxyl.  The behavior in acid was similar.
49 

     In Fig. 2.5, the reversible potential, Urev, for the Heyrovsky reaction for high H 

coverage, 0.00 V, is significantly different from the -0.77 V reversible potential of the 

hydrogen electrode in 0.1 M base and the -0.85 V predicted reversible potential for the 

Volmer step at high H(ads) coverage.  At 0.0V Pt surface will be nearly saturated with 

OH(ads), but at potentials less than about -0.2 V, for Pt(111) the activation energies apply 

because the double layer region begins there.  For the (110) and (100) surfaces OH(ads) 

formation interferes with the analysis.  The activation energy for the Heyrovsky step for 

H2 oxidation at -0.85 V is about 1.2 eV based on the model of having an oxidation 

precursor on the clean surface at 0.20 V, a potential at which the surface should be 

blocked by OH(ads).  However, the surface is nearly saturated by OH(ads), possibly 

including O(ads), at that potential, and a study of the oxidation step on a new surface 

model would be required before drawing any definite conclusion about the activation 

energy for this step at the reversible potential for the two-electron process.  The 

activation energy for forming H2 is, however, zero below 0.26 V, which means H2 

formation can follow the Volmer-Heyrovsky mechanism at potentials less than the 

reversible potential for the two-electron process.  The high 0.00 V reversible potential for 

the Heyrovsky step is the result of the high stability of the Pt···H···H···OH
-
 complex.  The 

bond strength of H2 to Pt + solvated OH
-
 is 1.97 eV, whereas in the acid case the bond 

strength was calculated to be significantly less, 0.44 eV.
49

 

2.4  Conclusions on HER and HOR reactions 



25 
 

     This study predicts the interesting result that in base only the Pt–H forming reaction 

has a reversible potential compatible with the reversible potential for the two-electron 

HER-HOR reactions and that at potentials less than this both the Tafel combination and 

the Heyrovsky step are possible for H2 evolution.  The theory predicts that on an 

idealized clean platinum surface HOR can proceed rapidly by the Heyrovsky-Volmer 

reaction at a potential 0.85 V greater than the reversible potential for the two-electron 

process and at intermediate potentials the activation energy for the Heyrovsky step 

becomes high, implying that only Tafel-Volmer oxidation is possible in this range.  

However, the actual (110) and (100) surfaces are nearly saturated with OH(ads) over 

most of this potential range.  Thus the idealized model will have to be modified in the 

future for studying the Heyrovsky step during H2 oxidation on those two surfaces.  These 

conclusions differ from those presented in the theoretical study of hydrogen oxidation on 

Pt in acid.
50

  In the acid study the Heyrovsky and Volmer steps were both predicted to 

have reversible potentials close to 0 V for high H(ads) coverage.  Thus, the Heyrovsky-

Volmer mechanism was predicted to take place for the (110) surface in the low 

overpotential region, based on comparing the predicted Tafel plot with experiment.
50

  The 

(111) and (110) surfaces had different Tafel behaviors, interpreted as Tafel-Volmer for 

(100) but for (111) no assignment could be made.
76

  The present theory results for base 

suggest the Tafel-Volmer mechanism for H2 oxidation and a mixture of Volmer-Tafel 

and Volmer-Heyrovsky mechanisms for H2 evolution on platinum surfaces. 
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Chapter 3 

Oxygen Reduction Reaction 

on Platinum Electrodes 

in Basic Solution 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Based on publication in Ref. 54. 
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3.1  Background of Oxygen Reduction Reaction in Base 

     In this chapter we present results of a systematic theoretical study of the four one-

electron reduction steps of O2(ads) in basic electrolyte.  Constrained variational theory is 

used to calculate electron transfer energies as functions of electrode potentials.
48

  This is 

done within a local reaction center model containing the bonds involved in the chemical 

reaction that occurs upon electron transfer, and a representation of the environment.  The 

procedure has been employed already to explore some of the reactions relevant to oxygen 

reduction in acid.
30,48,51,84

  It will be shown that O2
-
(ads) is the first reduction product and 

that on an open unrestrained surface site it dissociates into O(ads) + O
-
(ads), which are 

subsequently reduced to two water molecules and four OH
-
(aq). 

     The electrochemical reduction of oxygen on platinum electrodes has been studied for 

about 40 years.  It is the cathode reaction in fuel cells, and the four-electron reduction to 

water is the desired reaction and the two-electron reduction to hydrogen peroxide is to be 

avoided.  The mechanistic details are not well known.  As reviewed by Yeager,
85

 two 

oxygen reduction mechanisms are considered to lead to the water product: the direct 4-

electron pathway where the oxygen is reduced to water at the standard electrode potential 

U
o
 = 1.229 V, 

 

                                            O2 + 4H
+
 + 4e

-
 → 2H2O                                        (3.1) 

 

and a pathway where oxygen is first reduced to hydrogen peroxide (U
o
 = 0.695 V) by a 2-

electron reduction, followed by a second two-electron reduction to form water (U
o
 = 

1.763 V): 
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                                      O2 + 2H
+
 + 2e

-
 → H2O2                                         (3.2) 

                       

                                               H2O2 + 2H
+
 + 2e

-
 → 2H2O                                      (3.3) 

 

     The figures displayed in this chapter are for 0.1 M base and potentials are reported 

using the standard hydrogen electrode, SHE, scale.  The quoted experimentally measured 

potentials when referenced to the Ag/AgCl electrode or the standard calomel electrode 

(SCE) are converted to the SHE scale.  When comparisons between theory and 

experiment are made, the theoretical values, which are our predictions for 0.1 M base, are 

converted by the Nernst equation to values corresponding to the pH of the experimental 

measurements and given on the SHE scale.   

     The release of H2O2 into the electrolyte is to be avoided in fuel cell applications 

because of its corrosive property and because more power is generated by the four-

electron reduction.  If H2O2 bonds strongly enough to the electrocatalyst, it will not be 

released, and the stability imparted to it by the adsorption bond will shift the potential for 

forming H2O2(ads) to a lower overpotential relative to the 1.229 V four-electron value. 

     It has been difficult to observe intermediates formed on electrocatalyst surfaces during 

O2 reduction in both acid and base electrolytes.  There is theoretical
34,51

 and indirect 

experimental
84

 evidence that on platinum electrodes in acid electrolyte the first reduction 

step forms adsorbed peroxyl molecule, OOH(ads).  On a crowded adsorption site, usually 

assumed to be a site where only one oxygen atom can bond, the second reduction then 

forms H2O2, which desorbs.  On a more open adsorption site, usually assumed to be a site 
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where both oxygen atoms can bond, OOH(ads) dissociates, and three electron and proton 

transfers reduce the O(ads) + OH(ads) to two water molecules.  

     There is experimental
86-94

 and theoretical
95,96

 evidence that on platinum electrodes in 

0.1M to 1.0 M acid electrolyte OH(ads), a product of water oxidation and an intermediate 

in O2 reduction, has a reduction onset potential at low coverage close to 0.6 V.  On Pt 

skins on several platinum alloys containing electropositive transition metals the onset 

potential is about 50 mV higher.  At higher coverage of OH(ads), the potential for 

reducing OH(ads) to water will increase because the OH(ads) becomes less stable at 

higher coverage.  Theoretical calculations for the oxidation of H2O(ads) at different 

potentials in acid electrolyte show that activation energies are low at electrode potentials 

of 0.6 V and higher, indicating that the reaction is fast at these potentials.
48

  From theory, 

the OH(ads) reduction potential remains low up to the typical working potential of a fuel 

cell, 0.8 V.  However, an additional factor is the decrease in the rate of the O2 reduction 

reaction due to the increasing coverage by OH(ads), which will block more and more O2 

adsorption sites as the potential increases.  Theory and experiment indicate that the 

activation energy for reducing O2(ads) to OOH(ads) at potentials close to 0.8 V is 

approximately 0.2 eV.
51,84

 

     Evidence for OOH(ads) formation in acid electrolyte has been found for 

polycrystalline gold electrodes in the presence of Bi
3+

 by means of surface enhanced 

Raman vibrational spectroscopy(SERS).
97,98

  This electrode had a very high overpotential 

and poor catalytic activity relative to platinum, which probably allowed the OOH(ads) 

intermediate to be trapped.  With Bi
3+

 present, the reduction on the rotating disc electrode 

was by four electrons, though it was not determined whether H2O2 was an intermediate. 
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     In contrast to reduction in acid electrolyte, where a hydronium ion is the source of the 

proton and water is a product of the reaction, in basic electrolyte a water molecule is the 

source of the proton and OH
-
(aq) is a product of the reaction.  There is evidence for 

reversible superoxide anion formation in 0.1 M basic electrolyte on a platinized platinum 

electrode coated with a hydrophobic film.
99,100

  The superoxide anion, O2
-
, is the analog 

in basic electrolyte to the OOH that forms during the first reduction step in acid 

electrolyte.  The pKa for the peroxyl radical is 4.8,
101

 so that in basic solutions it 

dissociates into H
+
(aq) + O2

-
(aq) but in acidic solutions it remains OOH(aq).  The 

standard reversible potential for reducing O2(g) to OOH(aq) in acid is –0.046 V, and the 

standard reversible potential for reducing it to O2
-
(aq) in 1.0 M base is -1.159 V.

101
  The 

1.113 V more negative potential for O2
-
(aq) formation relative to OOH(aq) formation is 

related to the low adiabatic electron affinity of O2 even when solvated.  The electron 

affinity of O2 in the presence of the hydronuim ion is higher, which leads to a higher 

potential.
30

  In Ref. 99, an approximate reversible potential of -0.265 V(SCE) was 

measured and this is -0.023 V on the SHE scale.  This potential is more positive than the  

-1.100 V potential for forming O2
-
(aq) in 0.1 M base.  The different potential and the 

quasi-reversible character of the voltammograms indicate that the superoxide anion is 

interacting with the electrode.  The reversible potential for the four-electron reduction to 

water for 0.1 M base is 0.459 V, and so the reversible potential for the O2
-
(ads) step 

represents an overpotential of 0.477 V relative to this. 

     The formation of O2
-
(ads) in basic pH = 11 electrolyte has also been observed on a 

platinum film by comparing cyclic voltammograms and measurements using surface-

enhanced infrared reflection adsorption spectroscopy with attenuated total reflection 
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(ATR-SIERAS).
102

  The absorption signal ranged from 1016 cm
-1

 at 0.2 V(Ag/AgCl) to 

1005 cm
-1

 at -0.5 V(Ag/AgCl).  Since the gas phase value for O2
-
 is 1090 cm

-1
,
103

 the 

small shift means the net interaction with the platinum surface and the electrolyte is weak.  

Calculations suggested the weak interaction correlates with a high (1/2 monolayer) 

coverage by the superoxide anions.
102

  The voltammogram is even more irreversible than 

that in Ref. 99, so it is difficult to assign an accurate reversible potential for forming 

adsorbed superoxide ion, but from the data given in Ref. 102, we estimate a value of 0.0 

V(Ag/AgCl), or 0.2 V (SHE).  The reversible potential for the four-electron reduction to 

water at this pH is 0.578 V, so the overpotential relative to this is around 0.4 V, relatively 

low. 

     The Anderson group has previously used a linear Gibbs energy relationship to 

determine reversible potentials and therefore probable mechanisms for two-electron
38

 and 

four-electron reduction
35,37,39,104

 reactions over various electrocatalytic materials in the 

past using.  In that work it was shown that on the ideal catalyst O2 should adsorb weakly 

to the catalytic site to avoid heat and free energy loss, which will increase the 

overpotential, and the H2O product should bond weakly to the site so as to not require a 

high temperature to remove it.  On the ideal catalyst each intermediate step will have a 

reversible potential equal to the reversible potential for the overall four-electron reaction 

and a small activation energy.  The formation potentials for under-potential-deposited 

(upd) H from water reduction and OH(ads) from water oxidation on platinum in base 

have been predicted with the same method.
32

  The potential for forming OH(ads) at pH = 

11 is about 0.2 V negative of the O2
-
(ads) formation potential in Ref. 102, so some 

surface blocking by OH(ads) in those experiments is likely, just as in the case of acid 
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electrolyte.  The potential for forming upd H in 0.1 M base is 0.5 V negative of the O2
-

(ads) formation potential, so surface blocking by H is unlikely, just as is the case for acid 

electrolyte. 

3.2  Method and Model used in Oxygen Reduction Reaction Calculations 

     The hybrid density functional B3LYP theory in Gaussian 03
56

 was employed for 

structure and energy calculations.  The double-ξ valence orbital (LANL2DZ) basis set 

and an effective core potential were used for Pt; and for O and H the 6-31+G** basis set 

was used.  The 6-31+G** basis set, with diffuse functions on O and polarization 

functions on O and H was found to yield good structures and electron affinities for 

neutral systems in previous work.
32

  Both H2O(aq) and OH
-
(aq) were modeled with two 

hydration shells, the inner one making three hydrogen bonds to the O atom: 

H2O···(H2O···H2O)3 for H2O(aq) and OH
-
···(H2O···H2O)3 for OH

-
(aq).  The OH

-

···(H2O···H2O)3 was structurally optimized, with the hydrogen bonds to the O atom given 

the same value and the ones between the water molecules also made the same but 

optimized independently of the other three.  The structure parameters thus determined 

were used in subsequent calculations and only the two sets of hydrogen bond distances 

were reoptimized.  To account for the counter ions and the electrolyte field at the reaction 

center, a Madelung potential term
56 

corresponding to a ~0.1 M mono-hydroxyl basic 

electrolyte, with hydroxyl ions and cations in a regular array above the electrode surface, 

was added to the Hamiltonian.  We call this as the double layer model for base, and it is 

the same model used previously for determining reversible potentials for the onset of 

under-potential-deposited (upd) H(ads) and the onset of H2O(ads) oxidation to OH(ads) 

on platinum.
32

  This is the same model used to calculate reversible potentials and 
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electrode potential-dependent electron transfer activation energies for the hydrogen 

oxidation and evolution reactions on platinum in chapter 2 and Ref 53.
 

3.3  Electrode Potential-Dependent Activation Energies of Oxygen 

Reduction Reactions on Platinum in Base 

     For determining the mechanisms of the overall oxygen reduction reaction in basic 

solution, the local reaction center model included a dual platinum site as was used in 

previous studies of the reduction steps in acid.
51

  The potential-dependent activation 

energies for each of the four electron transfer steps were calculated using 6-31+G** 

B3LYP with point charge included.  The potentials of the crossing points of the reduction 

and oxidation activation energy curves are the equilibrium points and are defined to be 

the reversible potentials.      

3.3.1 O2
-
(ads) Formation and its Dissociation 

     The reduction precursor for the first electron transfer step is shown in Fig. 3.1, where 

the O2 is shown bridging the two Pt atoms, spaced 2.775 Å apart as on an unreconstructed 

surface of bulk platinum, and with a water molecule hydrogen bonded to the left-hand O.  

The electron transfer forms superoxide, O2
-
(ads): 

 

        Pt2O2···H2O···(H2O···H2O)3 + e
-
 ⇌ Pt2O2

-
···H2O···(H2O···H2O)3          (3.4) 

 

The transition state structure parameters for the potential range studied -0.70 V to 0.02 V, 

that is, from slightly less than Urp to slightly greater than Uop, are shown in Fig. 3.2.  
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Figure 3.1  Structure model used in the calculations for the O2
- formation step in base.  

Internuclear distances optimized in the calculations are defined.  From Ref. 54. 

 

 

Figure 3.2  Optimized parameters defined in Fig. 3.1 for the electron transfer transition states for 

forming and oxidizing O2
-(ads) in base over the potential range ~ -0.7 V to ~ 0.0 V (SHE).  From 

Ref. 54.  
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The hydrogen atom H1 in the center water molecule was kept in the Pt1-Pt2-O2-O1 plane.  

A non-planar model might lower the calculated activation energies as shown in the early 

study for acid solution, but because of the weak interaction in this case, the lowering 

should be relatively small.
51

  The H2-O3-O1-O2 dihedral angle was optimized for the 

oxidation precursor and this value was used for all subsequent calculations because of 

difficulties in optimizing this angle when determining electron transfer transition states.   

     The calculated activation energy curves are in Fig. 3.3.  As may be seen in the figure, 

Urp = -0.60 V, Uop = 0.02 V, and Urev is -0.23 V, almost midway between the precursor 

 

 

 

Figure 3.3  Potential dependencies of activation energies calculated for forming and oxidizing 

O2
-(ads) in base.  From Ref. 54.  Structure and structure parameters are shown in Figs. 3.1 and 3.2.  

Solid dots are calculated results and open circles are derived results (see text).  The experimental 

activation energies from Ref. 105 were reported on the reversible hydrogen electrode (RHE) scale 

for 0.1 M base and this scale is shown for comparison with the SHE scale. 

-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2

0.1

0.2

0.3

0.4

Pt
2
O

2

-
···HOH···(H

2
O···H

2
O)

3

 

    U
rev

 = -0.29 V

      U
rp

 = -0.60 V    U
op

 = 0.02 V

A
ct

iv
a

tio
n
 E

n
e
rg

y 
E

a
 (

e
V

)

(SHE)

0.38

0.49Expt. range in 0.1 M KOH

for (100), (110), (111)

at 0.90 V (RHE)*

re
du

ct
io

n

Pt
2
O

2
···HOH···(H

2
O···H

2
O)

3
 + e

-

oxidation

⇌ 



36 
 

values.  Reversible potentials at the crossing points are in accordance with equation (2.6).  

The activation energy at the reversible potential is 0.08 eV, a small value.  It is noted that 

the reduction curve, based on open circles in Fig. 3.3, was derived using the transition 

state structures that were calculated for the values shown as closed circles on the 

oxidation curve.  The circles are “derived points”.  Derived oxidation activation energies, 

Ea
ox´

(U), can be determined from calculated reduction activation energies, Ea
re

(U), the 

total energies of the reduction and oxidation precursors, Erp and Eop, the electron affinity, 

EA(U), of the system in the transition state structure charged positively by removing an 

electron from it, and the reduction activation energy, Ea
re

(U), using the formula: 

 

                                     Ea
ox´

(U) = -EA(U) + Ea
re

(U) + Erp - Eop                              (3.5) 

 

Derived activation energies for reduction are given similarly by the formula: 

  

                                       Ea
re´

(U) = IP(U) + Ea
ox

(U) + Eop - Erp                              (3.6) 

 

The derived points also provide a check of the calculated points that are sometimes 

erroneous because of convergence difficulties.  Computational convergence could not be 

achieved in the constrained variation calculations for reduction.  Results for the 

subsequent electron transfer steps, for which convergence for the reduction and oxidation 

calculations did not present a problem, will be given in the following, where the level of 

agreement between calculated and derived oxidation and reduction curves is within a few 

hundredths of an electron volt. 
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     That Pt2O2
-
···H2O···(H2O···H2O)3 is of the form O2

-
(ads) is established from the 

structure and charge distribution.  As Fig. 3.2 shows, over the potential range of the 

calculations the O-O internuclear distance, R(O1O2) in Fig. 3.2, increases from a bit less 

than 1.4 Å to a bit more than 1.5 Å.  For the reduction precursor it is 1.401 Å, which is 

close to the low-coverage slab-band density functional result, 1.39 Å quoted for O2
-
(ads) 

in the absence of any solvation interactions in Ref. 102.  For the oxidation precursor the 

O-O bond length is ~0.15 Å greater than the calculated gas phase O2
-
 value of 1.35 Å, 

which is the same as the 1.35 Å measured value.
103

  It may also be seen in Fig. 3.2 that 

the oxidation precursor has a close hydrogen bonded water molecule, R(O1H1) ~1.45 Å, 

whereas in the neutral reduction precursor this distance is longer at about 1.8 Å, 

indicating a weaker electrostatic attraction.  This means the added electron charge 

distribution seems associated with the O2 part of the reaction center.  This is confirmed 

by the data in Table 3.1 which show that in the oxidation precursor the net O2 charge 

minus the net Pt charge is -0.91 e. 

 

Table 3.1  Mulliken charges on the atoms for the first reduction precursor.  Atoms 

defined in Fig. 3.1.  From Ref. 54. 

Atom O1 O2 H1 O3 H2 Pt1 Pt2 

Charge (e)
a
 -0.582 -0.570 0.555 -1.005 0.398 0.130 0.113 

 

a. e stands for the charge of an electron, -1.602×10
-19

 coulombs. 

 

     For O2 reduction in acid it is believed that the first step determines the effective 

activation energy for the overall four-electron process, and at ~0.30 V overpotential in 
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0.1 M acid the effective Arrhenius activation energy is about 0.3 eV.
84

  Schmidt et al. 

made Arrhenius measurements of the activation energy of ORR on Pt(111), Pt(100) and 

Pt(110) at 0.35 V overpotential in 0.1 M base and obtained 0.49 eV, 0.44 eV and 0.38 

eV.
105

  The reduction curve in Fig. 3.3 shows the activation energy is 0.42 eV at 0.35 V 

overpotential or 0.88 V on the reversible hydrogen electrode (RHE) scale.  This value lies 

within the experimental range of activation energies for the three surfaces.  The 

theoretical model is quite accurate in this case.  In the acid studies, based on the 

assumption that the first step determines the measured effective activation energy, the 

theory underestimated the measured value at this overpotential.
51,84

  

     Unlike in the case of acid, where OOH(ads) was predicted to be the first reduction 

intermediate, O2
-
(ads) is predicted to be the first reduction intermediate in base.  The 

OOH(ads) intermediate in acid was calculated in previous work to dissociate with a ~0.06 

eV activation energy
106

 and the resulting O(ads) will be reduced to OH(ads) and OH(ads) 

is reduced to H2O.  A very similar result is calculated here for base: O2
-
(ads) dissociates 

with a 0.10 eV activation energy, forming O
-
(ads) and O(ads) which are subsequently 

reduced.  The activation energy for breaking the O-O bond in O2
-
(ads) was determined by 

optimizing the oxidation precursor structure for a series of increasing O2
-
 bond length 

values from 1.64 Å to 2.44 Å and the transition state came at about 1.9 Å.   

3.3.2 Proton transfer reaction from H2O to O
-
(ads), forming OH(ads) + OH

-
(aq) 

     The reduction of O
-
(ads) was modeled with the two O(ads) on adjacent 1-fold sites on 

the two Pt atoms, the whole reaction center bearing a -1 charge.  The protonation of O
-

(ads) involves charge rearrangement, with a proton in H2O(aq) transferring to the O
-
(ads): 

 



39 
 

                    O
-
(ads)·∙∙HOH(aq) → OH(ads) + OH

-
(aq)                              (3.7) 

 

To determine the transition state, the OH bond length in the water molecule providing the 

proton, R(O3H1), was stepped through a sequence of values and the remaining 

parameters were variationally optimized.  The OH was constrained to be in a plane 

containing the two Pt atoms in order to keep the water molecules in the solvation shell 

from interacting with the Pt atoms, something that would be blocked by other adsorbed 

molecules on a surface.  The PtOH angle varied from 169.6° at the initial hydrogen 

bonded structure to 139.6° at the transition state and at the same time the O1H1 

internuclear distance decreased from a hydrogen bond distance of 1.45 Å to 1.04 Å, 

which is a value approaching the OH equilibrium distance of ~ 0.98 Å.  During this, the 

OH bond in the water molecule increased from 1.04 Å in the initial structure to 2.10 Å in 

the transition state.  The resulting energy barrier was about 0.3 eV, which is less than the 

activation energies discussed in the previous section. 

3.3.3 Reduction of O(ads) to OH(ads) 

     The single oxygen atom is more stable on the bridging site and this site was used for 

calculating activation energies for reduction to OH(ads):  

  

     Pt2O···H2O···(H2O···H2O)3 + e
-
 ⇌ Pt2OH···OH

-
···(H2O···H2O)3             (3.8) 

 

The reaction center model for this reaction is shown in Fig. 3.4 and transition state values 

for the six varied internuclear distances determined over the potential range -0.46 V to 
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0.24 V are in Fig. 3.5.  In this model O1, H1, and O2 are constrained to a line that is 

perpendicular to the platinum axis in recognition that steric interactions with coadsorbed 

molecules should prevent this angle from becoming very small.  It is known from density 

functional slab-band calculations using the Vienna Ab-initio Simulation Package (VASP) 

that OH(ads) may be slightly more stable on a 1-fold site of Pt(111) surfaces and that the 

OH tilts over on the surface, forming a 110.6° angle to it,
33

 whereas the present model 

corresponds to 180° or no tilt.  The H1O2H2H3 dihedral angle was 99.2° and the 

H1O2H2 angle in the center water molecule was 106.5° for the reduction precursor, and 

for the oxidation precursor these angles became 84.3° and 106.6°. 

 

 

Figure 3.4  Structure model used in the calculations for the reduction of O(ads) on a 2-fold site to 

OH(ads) in base.  Internuclear distances optimized in the calculations are defined.  Angle 

constraints were imposed as discussed in the text.  From Ref. 54. 
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For the transition state determinations the dihedral angle was given a constant value and 

the average value 91.7° was used.  In the transition states the H1O2H2 angle hardly 

changed and went through a maximum of 106.7° at the reversible potential. 

 

Figure 3.5  Optimized parameters defined in Fig. 3.4 for the electron transfer transition states for 

forming and oxidizing OH(ads) on a two-fold site in base over the potential range ~ -0.5 V to ~ 

0.2 V (SHE).  From Ref. 54. 

 

     To determine the effect of the constraint to linearity in the structure, calculations were 
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with the dihedral angle at 91.7°, and the water angle at 106.5°.  The result was small 

stabilizations, 0.01 eV for the reduction precursor and 0.13 eV for the oxidation precursor.  

The angle decreased slightly to 174.4° for the reduction precursor and for the oxidation 

precursor, there was large change to 119.6°.  However, these small changes energy mean 

that constraining the XO1H1 to 180° did not affect the activation energies significantly.    
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     At the transition states R(O1H1) shortens rapidly as the potential increases, as shown 

in Fig. 3.5, which is consistent with the formation of OH(ads).  At the same time, the 

distance between OH(ads) and Pt and the hydrogen bond distance to the newly forming 

OH
-
(aq) both increase.       

     The calculated electrode potential-dependent activation energies for the OH(ads) 

formation step are in Fig. 3.6, where it may be seen that Urp, Uop, and Urev are -0.46 V, 

0.04 V and -0.24 V.  The activation energy at the reversible potential is 0.06 eV.  The 

activation energy at 0.35 V overpotential is 0.36 eV, which similar to the activation 

energy that was calculated for forming OO
-
(ads) in the first reduction step. 

 

Figure 3.6  Potential dependencies of activation energies calculated for forming and oxidizing 

OH(ads) on a bridge site in base.  Structure and structure parameters are shown in Figs. 3.4 and 

3.5.  Solid dots are calculated results and open circles are derived results (see text).  From Ref. 54.  

 

-0.8 -0.6 -0.4 -0.2 0.0 0.2

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 

 

A
ct

iv
a

tio
n

 E
n

e
rg

y 
E

a
 (

e
V

)

Electrode Potential U (V)

Pt
2
O···H

2
O···(H

2
O)

6
 + e

-

Pt
2
OH···OH

-
···(H

2
O)

6

     U
rev

 

-0.24 V

    U
rp

-0.46 V

  U
op

0.04 V

⇌ 



43 
 

3.3.4 Reduction of OH(ads) to H2O(ads) 

     The protonation of O
-
(ads) and the reduction of O(ads) each yielded OH(ads).  The 

reduction of OH(ads) to H2O(ads) was modeled by 

 

     Pt2OH···H2O···(H2O···H2O)3 + e
-
 ⇌ Pt2OH2···OH

-
···(H2O···H2O)3         (3.9) 

 

The OH species favors 1-fold sites on platinum and the structure model is shown from 

two perspectives in Figs. 3.7 and 3.8.  The H5O1Pt1Pt2 dihedral angle was fixed at 

105.91°, a value taken from previous calculations in Ref. 32. 

 

Figure 3.7  Structure model used in the calculations for the reduction of OH(ads) on 1-fold site to 

OH(ads) in base.  Internuclear distances optimized in the calculations are defined.  Angle 

constraints were imposed as discussed in the text.  For a second view clarifying the structure, see 

Fig. 3.8.  From Ref. 54. 
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Figure 3.8  Ball and stick view of Fig. 3.7 looking down the PtPt axis.  From Ref. 54. 

 

     The seven varied bond lengths are shown in Fig. 3.9 along with their values over the 

electrode potential range -0.49 V to 0.92 V.  The H1O1Pt1 angle and H5O1Pt1 angle 

were also varied, taking respective values in the case of 121.5° and 105.4° for the 

reduction precursor; and 123.6° and 110.0° for the oxidation precursor.  Figure 3.9 shows 

how the bond lengths change from the PtOH···H-OH reduction precursor to the 

PtOH2···OH
-
 oxidation precursor. 

 

Figure 3.9  Optimized parameters defined in Fig. 3.7 for the electron transfer transition states for 

forming and oxidizing H2O(ads) on a one-fold site in base over the potential range ~ -0.5 V to ~ 

0.9 V (SHE).  From Ref. 54. 
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     The calculated electrode potential-dependent activation energies for the OH reduction 

step are in Fig. 3.10.  The reduction precursor potential Urp, the oxidation precursor 

potential Uop, and the reversible potential Urev are respectively -0.49 V, 0.67 V and -0.26 

V.  The activation energy at the reversible potential is 0.09 eV, and the activation energy 

is 0.42 eV at 0.35 V overpotential (0.88 V on the RHE scale), also similar to the 

activation energy of the first step.  

 

Figure 3.10  Potential dependencies of activation energies calculated for forming and oxidizing 

H2O(ads) on a one-fold site in base.  Structure and structure parameters are shown in Figs. 3.7 

and 3.9.  Solid dots are calculated results and open circles are derived results (see text).  From Ref. 

54. 
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O2
-
(ads), -0.24 V for O(ads) reduction to OH(ads), and -0.26 V for OH(ads) reduction to 

H2O(ads).  All three of the electron transfer steps have low activation energies at these 

potentials, ranging from 0.06 eV to 0.09 eV.  The calculated reversible potential for 

forming O2
-
(ads) is 0.27 V negative of result reported in Ref. 99 and it becomes -0.17 V 

at pH = 11, which is 0.4 V negative of our estimate from the results reported in Ref. 102.  

We consider this to be reasonable agreement considering the simplicity of the reaction 

center model and the uncertainties in the experimental estimates of the reversible 

potentials.  The calculated activation energies at 0.35 V overpotential (0.88 V on the 

RHE scale) are all about the same: 0.42 eV for forming O2
-
(ads) from O2(ads), 0.36 eV 

for forming OH(ads) from O(ads) and 0.42 eV for forming H2O(ads) from OH(ads).  The 

reversible potential for reduction of O2 to O2
-
(aq) is -0.284 V,

101
 which is nearly the same 

as the value predicted here for forming O2
-
(ads).  The less negative values on the 

platinum electrodes suggest that O2
-
 bonds ~0.3 eV more strongly to the catalytic site 

than O2.  All of the activation energy values lie close to or within the 0.38 eV to 0.49 eV 

range reported experimentally in Ref. 105 for three single crystal surfaces at this potential.  

Thus, based on the present model study, it is not possible to say that one of the steps 

dominates and it is probable that the rate of the four-electron reduction is a function of 

rate constants for more than one electron transfer step.  Based on adsorption bond 

strengths calculated for this model of the catalytic site,
51

 once the reduction is complete, 

the two water molecules can be displaced by an O2 molecule, so the cycle can repeat. 
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Chapter 4 

Oxygen Reduction Reaction  

on Platinum in Acid 
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4.1  Background of Oxygen Reduction Reaction in Acid 

     On a working cathode, the overpotential for the four-electron reduction of oxygen is 

about 0.4 V and since the standard reversible potential in acid is 1.229 V, the cathode 

potential is approximately 0.8 V.  As the potential is increased from the double layer 

potential range to above 0.6 V – 0.7 V, a platinum electrode surface begins to become 

blocked by OH(ads) formed from either water oxidation or as an intermediate in the 

oxygen reduction reaction.  It is believed that as the potential is increased up to ~0.8 V 

the surface becomes sufficiently blocked that the adjacent dual platinum sites that are 

needed for the four-electron reduction to take place are no longer available.  At potentials 

less than approximately 0.695 V, which is the standard reversible potential for oxygen 

reduction to hydrogen peroxide in acid, reduction can proceed by a two-electron pathway.  

In fact, the four-electron process dominates as the potential decreases to approximately 

0.3 V, where ring-disk experiments show hydrogen peroxide generation begins in 0.1 M 

acid.
107

  Evidently, under-potential-deposited hydrogen is blocking sites at potentials 

from 0.3 V to 0.0 V, leaving isolated platinum adsorption sites on which oxygen can only 

be reduced by two electrons to hydrogen peroxide, which desorbs.  In this study both 

four-electron and two-electron reductions were considered.  The four one-electron 

transfers that take place during oxygen reduction to water on platinum in 0.1 M acid are 

investigated in this section to develop a mechanism for comparison with the earlier 0.1 M 

base study of Chapter 3, also in Ref. 54. 

4.2  Mechanisms of Oxygen Reduction Reactions on Platinum electrodes 

in Acid Solution 
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     For modeling the bridging of the two O atoms in O2, in what is generally believed to 

be the first step in its four-electron reduction to water, at least two Pt atoms are needed.  

In the calculations they are fixed at the bulk spacing, 2.775 Å.  MP2 calculations would 

not converge properly to electronic ground states for this system, so a switch to B3LYP 

was made.  For the first reduction step, forming OOH(ads), the calculated Urp and 

activation energies were in close enough agreement with experimental determinations 

and this supported the suggestion that the first reduction step in the four-electron process 

limits the current at electrode potentials of ~0.8 V and less.
51,84

  The present study 

includes an exploration of all four one-electron transfer steps that take place during 

oxygen reduction to water in acid.  The B3LYP hybrid density functional method was 

used with the 6-31+G** basis set, with the point charge added to the Hamiltonian to 

model the sum of electrostatic contribution of ions in the 0.1 M electrolyte to the 

potential at the reaction center. 

     In Anderson’s lab, the theoretical studies of oxygen reduction reactions have also been 

done previously using MP2/6-31G** calculations
29,31

 and B3LYP/6-31G** 

calculations.
38,51

   

4.2.1 Four-electron Reduction on the Dual Platinum Site in Acid 

     The O2 molecule bonds to the Pt2 model with a stability of 0.94 eV and a dissociation 

activation energy of 0.74 eV, according to B3LYP calculations without the diffuse 

function.
106

  Density functional band calculations yielded a molecular adsorption bond 

strength of ~0.7 eV on the extended (111) surface.
34

  The present calculations with the 

diffuse functions gave an adsorption bond strength of 0.85 eV.  The energy loss upon 

oxygen adsorption generates heat and insures there will be an overpotential for platinum 
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cathodes, a concept introduced recently in a study of copper laccase cathodes.
35,36

  Based 

on the calculated activation energy, O2(ads) should be stable toward dissociation.  

Consequently, the first reduction step might be expected to form OOH on Pt2 according 

to 

 

           Pt2O2···H
+
OH2···(OH2)2 + e

-
 → Pt2OOH···OH2···(OH2)2                            (4.1) 

          

The structure of the reduction precursor for this step, with O2 di-ζ bonded to the two Pt 

atoms, is shown in Fig. 4.1.  The Pt-Pt distance is assigned the bulk value of 2.775 Å.  

Considering the surface crowding that would be present on an actual electrode, Pt1, Pt2, 

O1, O2, and H1 were constrained to be in the same plane and the O2H1O3 angle was 

kept linear.  The hydronium ion was rotated so that the local reaction center model had 

C2v symmetry.  For transition state calculations, the bond angles and dihedral angles were 

fixed at the values of the optimized oxidation precursor structure, as was done for OH 

reduction in the previous section. 

 
Figure 4.1  Structure model used for Pt2O2 reduction and Pt2OOH oxidation calculations in acid.  

Internuclear distances optimized in the calculations are defined.  Angle constraints were imposed 

as discussed in the text. 
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     The potential-dependent transition state structure parameters are shown in Fig. 4.2.  

The O-H
+
 bond stretched and O2···H internuclear distance decreased to increase the 

electron affinity of the positive local reaction center model as the electrode potential was 

increased.  For the oxidation of Pt2OOH, the shortening of the O3H1 bond in the neutral 

structure served to decrease the ionization potential of the structure to match the reduced 

electrode work function caused by the potential decrease. 

 
Figure 4.2  Potential dependencies of transition state parameters (Fig. 4.1) for Pt2O2 reduction 

and Pt2OOH oxidation in acid calculated using B3LYP 6-31+G** with the point charge in the 

Hamiltonian. 

 

     The activation energy curves are shown in Fig. 4.3.  The reduction precursor potential, 

oxidation precursor potential, and the reversible potential are, respectively, 0.33 V, 1.87 

V and 1.08 V.  The reduction precursor potential is in the 0.2 V to 0.4 V range that was 

deduced from extrapolations of Tafel-plots by Damjanovic, Conway and Sepa.
108-111
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value of 0.39 V was obtained for the reduction precursor potential in an earlier 

calculation using the 6-31G** basis set for oxygen atoms.
51

  The activation energy at the 

calculated reversible potential in Fig. 4.3 is 0.24 eV.  In the earlier study the reversible 

potential was ~0.73 V with an activation energy of ~0.14 eV.  The differences show that 

these two parameters are sensitive to the presence of the diffuse function.   

 
Figure 4.3  Potential dependencies of activation energies for Pt2O2 reduction and Pt2OOH 

oxidation in acid calculated using B3LYP 6-31+G** with the point charge in the Hamiltonian.  

Dots are calculated points and circles are derived points. 

 

     A small 0.05 eV activation barrier was calculated for breaking the O-O bond in 

Pt2OOH.  This is nearly the same as the 0.06 eV barrier determined in the absence of the 

diffuse functions in Ref. 106.  The dissociation barrier for the O-O bond in the oxidation 

precursor was also small, and so dissociation to O and OH on the catalyst will be rapid.  

Consequently, we will study next the reductions of Pt2O to Pt2OH and Pt2OH to Pt2OH2. 
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     An oxygen atom favors the bridging site on the Pt2 model, so we carried out its 

reduction to OH(ads) on this site: 

 

               Pt2O···H+
OH2···(OH2)2 + e

-
 → Pt2OH···OH2···(OH2)2                            (4.2) 

 

The local reaction center model is shown in Fig. 4.4.  In this model, atoms O1, H1 and 

O2 were constrained to be linear and perpendicular to the Pt1-Pt2 bond because the 

adsorbed O···H3O
+
(aq) group would otherwise get too close to other Pt atoms in an 

extended surface.  As usual, the angles were fixed to the values in the oxidation precursor. 

 

Figure 4.4  Structure model used in the calculations for bridging Pt2O reduction and bridging 

Pt2OH oxidation in acid using B3LYP 6-31+G**.  Internuclear distances optimized in the 

calculations are defined.  Angle constraints were imposed as discussed in the text. 
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     The potential-dependent structure parameters are in Fig. 4.5, where there is evidence 

for convergence problems around 1.4 V to 1.5 V.  This is associated with the gap in the 

calculated activation energies shown in Fig. 4.6, but the gap was filled in by fitting the 

data with a 3
rd

 order polynomial.  The reduction and oxidation precursor potentials, are 

respectively, 0.54 V and 1.97 V and the reversible potential is 1.11 V, which is close to 

the experimental onset potential of ~1.0 V.
87

  The activation energy at the reversible 

potential is 0.19 eV.   

 
Figure 4.5  Potential dependencies of transition state parameters (Fig. 4.4) for bridging Pt2O 

reduction and bridging Pt2OH oxidation in acid calculated using B3LYP 6-31+G** and the point 

charge in the Hamiltonian. 
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Figure 4.6  Potential dependencies of activation energies for bridging Pt2O reduction and 

bridging Pt2OH oxidation in acid calculated using B3LYP and 6-31+G** with the point charge in 

the Hamiltonian.  Dots are calculated points and circles are derived points. 

 

     The OH bonds strongest on the 1-fold site of Pt2, and its reduction to H2O on the 1-

fold site was carried out in the same manner as for the single Pt atom in section 3:  

 

            Pt2OH···H+
OH2···(OH2)2 + e

-
 → Pt2OH2···OH2···(OH2)2                           (4.3) 

 

As usual, the bond angles and dihedral angles were fixed at the values of the optimized 

neutral oxidation precursor structure.  This structure is shown in Fig. 4.7, the potential-

dependent parameters are in Fig. 4.8, and the activation energies are in Fig. 4.9. 

     The reduction precursor, oxidation precursor, and the reversible potentials are, 

respectively, 0.50 V, 1.92 V, and 1.24 V.  This reversible potential is 0.08 V less than  

0.5 1.0 1.5 2.0

0.2

0.4

0.6

0.8

1.0

 

 

A
ct

iv
a

tio
n

 E
n

e
rg

y 
E

a
 (

e
V

)

Electrode Potential U (V)

Pt
2
O···H

+
OH

2
···(OH

2
)

2
 + e

-

Pt
2
OH···OH

2
···(OH

2
)

2

B3LYP 6-31+G**

  U
op

1.97V

  U
rp

0.54V

  U
rev

1.11V

⇌ 



56 
 

 

Figure 4.7  Structure model used for 1-fold Pt2OH reduction and 1-fold Pt2OH2 oxidation in acid.  

Internuclear distances optimized in the calculations are defined.  Angle constraints were imposed 

as discussed in the text. 

 

 
Figure 4.8  Potential dependencies of transition state parameters (Fig. 4.7) for 1-fold Pt2OH 

reduction and 1-fold Pt2OH2 oxidation in acid calculated using B3LYP 6-31+G** and the point 

charge in the Hamiltonian. 
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Figure 4.9  Potential dependencies of activation energies for 1-fold Pt2OH reduction and 1-fold 

Pt2OH2 oxidation in acid calculated using B3LYP 6-31+G** with the point charge in the 

Hamiltonian.  Dots are calculated points and circles are derived points. 
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the local reaction center model and the linear Gibbs energy relationship model were used.  

These results are in disagreement with the experimental results in Refs. 87 and 112.  The 

stability that OH(ads) experiences in the presence of H2O(ads) causes the O(ads) 

reduction potential to increase and the OH(ads) reduction potential to decrease, with the 

net result that the OH reduction potential will be less than the O reduction potential.
69,70

  

The Pt2-OH2 and Pt2-OH bond strengths are 0.375 eV and 2.545 eV, respectively.  These 

are close enough to the low coverage experimental values that for these reactions no bond 

strength corrections are needed for the reversible potential predictions. 

 

Table 4.1  Standard reversible potentials, U
o
, for reactions in acid.

a
 

Reaction                                                                           U
o
 (V) 

O2(g) + H
+
(aq) + e

-
 ⇌ OOH(aq)                                     -0.046 

OOH(aq) + H
+
(aq) + e

-
 ⇌ HOOH(aq)                             1.440 

OOH(aq) + H
+
(aq) + e

-
 ⇌ O + H2O(aq)                          0.107 

HOOH(aq) + H
+
(aq) + e

-
 ⇌ OH(g) + H2O(l)                   0.714 

OH(g) + H
+
(aq) + e

-
 ⇌ H2O(l)                                       ~2.813

b
   

O2(g) + H
+
(aq) + e

-
 ⇌ O(aq) + OH(g)                            -2.757 

O(aq) + H
+
(aq) + e

-
 ⇌ OH(g)                                          2.047 

a. Ref. 101 

b. This is expected to be close to the value for OH(aq) but a reliable experimental 

determination is available only for the OH(g).  
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Table 4.2  Calculated bond strengths (eV) to Pt and Pt2 using B3LYP 6-31+G**. 

molecule 

Pt1  Pt2 

Experimental range 

  1-fold 2-fold 

O 3.811  3.089 3.886 4.1 - 3.5
a,b

 

OH 2.767  2.454 2.510 2.5 - 1.5
b,c

 

H2O 0.332  0.375 - - 

O2 0.779  - 0.853 - 

OOH 1.667  - 1.355 - 

H2O2 0.232  - - - 

a.  Yeo, Y. Y.; Vattuone, L.; King, D. A. J. Chem. Phys. 1997, 106, 392-401. 

b.  Ref. 87 

c.  Mooney, C. E.; Anderson, L. C.; Lunsford, J. H. J. Phys. Chem. 1993, 97, 2505-2506. 
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Table 4.3  Predicted standard reversible potentials, U
o
 (V), from the local reaction center 

(LRC) model are in the first column.  Values in the second column were determined 

using bulk solution potentials and calculated adsorption bond strengths in a linear Gibbs 

energy relationship (LGER).
a
  Values in the third column are activation energies at the 

predicted reversible potentials from the LRC calculations.  Base results in the fourth 

column are from LRC calculations.
b
 

a. Ref. 35 

b. Ref. 54 

 

     

Predicted U
o
 ( pH = 0 ) 

  

 Predicted U
o
 ( pH = 14 ) 

Reaction LRC LGER Ea(U
o
)                LRC 

On 

Pt2 

 O2(2-fold ads) + H
+ 

+ e
-
  

 → OOH(2-fold ads) 
1.14 1.21 0.24 

            O2(ads) + e
-
  

                         → O2
-
(ads) 

-0.35 

O(2-fold ads) + H
+
 + e

-
  

  → OH(2-fold ads) 
1.17 0.67 0.19 

       O(ads) + H2O + e
-
  

              → OH(ads) + OH
-
 

-0.30 

OH(1-fold ads) + H
+
 + e

-
  

      → H2O(1-fold ads) 
1.30 0.73 0.21 

          OH(ads) + H2O + e
-
                                  

            → H2O(ads) + OH
-  

 
-0.32 

On 

Pt 

 O2(ads) + H
+
 + e

-
  

             → OOH(ads) 
1.85 1.17 0.31 - - 

HOO(ads) + H
+
 + e

-
  

         → HOOH(ads) 
1.53 0.01 0.17 - - 

HOO(ads) + H
+
 + e

-
  

   → O(ads) + H2O(l) 
2.82 2.25 0.69 - - 

HOOH(ads) + H
+
 + e

-
  

    → OH(ads) + H2O 
3.12 3.25 0.06 - - 

O(ads) + H
+
 + e

-
  

              → OH(ads) 
2.16 1.00 0.39 - - 

OH(ads) + H
+
 + e

-
  

            → H2O(ads) 
1.38 0.38 0.12 - - 
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     Comparing the local reaction center model results in acid, adjusted for pH = 0, with 

the local reaction center model results in base, taken from Ref. 54 and adjusted for pH = 

14, it can be seen in Table 4.3 that the calculated reversible potential for the O2(ads) 

reduction step is 1.37 V higher in acid, the reversible potential for O(ads) reduction on 

the 2-fold site is 1.35 V higher in acid, and the reversible potential for OH(ads) reduction 

on the 1-fold site is 1.50 V higher in acid.  It was argued in Ref. 54 that the reversible 

potentials in base should be close to the experimental values.  On the reversible electrode 

scale, the voltammograms showing water oxidation and O2 reduction are similar for acid 

and base electrolytes.
107

  Thus, on the standard hydrogen electrode scale the onset 

potential for water oxidation in base is about 0.83 V less than in acid.  This suggests that 

the present model for OH(ads) reduction in acid is yielding reversible potentials around 

0.6 V positive of the correct value.  The reversible potentials for the other two reactions 

are probably similarly overestimated.  As discussed above, one can consider shifting the 

potential scales of the activation energy curves into alignment with the expected 

reversible potentials.   

4.2.2 Two-electron Reduction on Single Platinum Site in Acid 

     In cases of site blocking, particularly by under-potential-deposited hydrogen, O2 may 

be restricted to bond to a single Pt atom site on the catalyst surface.  In this case, the local 

reaction center model has O2 bonding strongest in the end-on orientation, as shown in Fig. 

4.10.  The reduction yields end-on bonded OOH according to the equation 

 

               PtO2···H
+
OH2···(OH2)2 + e

-
 → PtOOH···OH2···(OH2)2                           (4.4) 
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Figure 4.10  Structure model used in the calculations for PtO2 reduction and PtOOH oxidation 

calculations in acid.  Internuclear distances optimized in the calculations are defined.  Angle 

constraints were imposed as discussed in the text. 

 

Transition state parameters in Fig. 4.11 show the expected behavior for proton and 

electron transfer reactions and the activation energies in Fig. 4.12 show a rather high 1.79 

V reversible potential with a relatively high 0.31 eV activation energy.  These results and 

other calculated potentials and activation energies in the section are in Table 4.3.  The 

bond angles and dihedral angles were fixed at the values of the optimized neutral 

oxidation precursor structure. 
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Figure 4.11  Potential dependencies of transition state parameters (Fig. 4.10) for PtO2 reduction 

and PtOOH oxidation in acid calculated using B3LYP 6-31+G** and the point charge in the 

Hamiltonian. 

 

 
Figure 4.12  Potential dependencies of activation energies for PtO2 reduction and PtOOH 

oxidation in acid calculated using B3LYP and 6-31+G** with the point charge in the 

Hamiltonian.  Dots are calculated points and circles are derived points. 
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     Next, the reduction of PtOOH to PtHOOH according to the reaction 

 

           PtOOH···H+
OH2···(OH2)2 + e

-
 → PtHOOH···OH2···(OH2)2                   (4.5)  

 

was calculated.  The structure is shown in Fig. 4.13 and the potential-dependent structure 

parameters and activation energies are given in Fig. 4.14 and Fig. 4.15.  The reversible 

potential is 1.47 V with a smaller 0.17 eV activation energy.  The hydrogen peroxide 

molecule is calculated to bond to the site by only 0.23 eV, so it should be released into 

the solution. 

 

Figure 4.13  Structure model used in the calculations for PtOOH reduction and PtHOOH 

oxidation in acid.  Internuclear distances optimized in the calculations are defined.  Angle 

constraints were imposed as discussed in the text. 
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Figure 4.14  Potential dependencies of transition state parameters (Fig. 4.13) for PtOOH 

reduction and PtHOOH oxidation in acid calculated using B3LYP 6-31+G** and the point charge 

in the Hamiltonian. 

 

 
Figure 4.15  Potential dependencies of activation energies for PtOOH reduction and PtHOOH 

oxidation in acid calculated using B3LYP and 6-31+G** with the point charge in the 

Hamiltonian.  Dots are calculated points and circles are derived points. 
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     Another possibility for PtOOH reduction is the formation of PtO + H2O instead of 

PtHOOH, according to the reaction 

 

                  PtOOH···H+
OH2···(OH2)2 + e

-
 → PtO + HOH···OH2···(OH2)2            (4.6) 

 

The structure used in this step is shown in Fig. 4.16.  For minimizing the number of 

variables, the H1O2H2 angle was given a constant value 105.8°, favoring the product 

structure.  Since the positive reduction precursor structure has an O-O bond and the 

product, O(ads) + H2O(l), does not, all other bond angles and dihedral angles were fixed 

at the optimized reduction precursor values.  The transition state calculations for the 

reduction reaction were performed and the oxidation activation energies were derived 

from the reduction results.  Given the above structure constraints, there was no stable 

oxidation precursor up to an O-O distance of 11 Å and to achieve a stable state would 

require allowing the water to rotate to form a hydrogen bond to PtO, but this 

complication was not pursued.  The potential-dependent parameters and activation 

energies are given in Figs. 4.17, 4.18, and 4.19.  For a clearer view, Fig. 4.17 shows the 

parameters without the O-O distance included and Fig. 4.18 includes the O-O distance, 

based on the reduction activation energy calculations, and shows a rapid increase in O-O 

distance at higher potentials, increasing to 5.798 Å at the derived oxidation precursor 

potential.  As may be seen in Fig. 4.19, the reduction and oxidation precursor potentials 

are widely separated, having values -0.42 V and 4.00 V.  The reversible potential, 2.76 V, 

is 1.29 V higher than the reversible potential for forming HOOH(ads).  As Figs. through 

4.17 to 4.19 show, the transition states are poorly defined for this reaction, apparently the 
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result of numerical difficulties in the transition state seeking program.  The 0.69 eV 

calculated activation energy at the calculated reversible potential is relatively uncertain.   

 

Figure 4.16  Structure model used for PtOOH reduction to PtO + H2O and PtO + H2O oxidation 

calculation to PtOOH in acid.  Internuclear distances optimized in the calculations are defined.  

Angle constraints were imposed as discussed in the text. 

 

 

Figure 4.17  Potential dependencies of transition state parameters (Fig. 4.16) for PtOOH 

reduction to PtO + H2O and PtO + H2O oxidation to PtOOH in acid calculated using B3LYP 6-

31+G** and the point charge in the Hamiltonian.  The O-O distance is shown in Fig. 4.18. 
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Figure 4.18  A second view of data in Fig. 4.17, this figure including R(O1O2). 

 

 

Figure 4.19  Potential dependencies of activation energies for PtOOH reduction to PtO + H2O 

and PtO + H2O oxidation to PtOOH in acid calculated using B3LYP 6-31+G** with the point 

charge in the Hamiltonian.  Dots are calculated points and circles are derived points. 

0 1 2 3 4

1

2

3

4

5
R(O1O2)

 

 

B
o

n
d

 le
n

g
th

 
(Å

)

Electrode potential U (V)

0 1 2 3 4

0.4

0.8

1.2

1.6

2.0

2.4

2.8

3.2

A
ct

iv
a
tio

n
 E

n
e
rg

y 
E

a
 (

e
V

)

Electrode Potential U (V)

PtOOH···H
+
OH

2
···(OH

2
)

2
  + e

-

PtO + HOH···OH
2
···(OH

2
)

2

B3LYP 6-31+G**

  U
rp

-0.42 V

  U
rev

2.76 V

  U
op

4.00 V

⇌ 



69 
 

     If the PtHOOH lingers, could it undergo further reduction?  We examined the reaction 

 

         PtHOOH··· H+
OH2···(OH2)2 + e

-
 → PtOH···OH2···OH2···(OH2)2                 (4.7) 

 

using the structure in Fig. 4.20.  The potential-dependent parameters and activation 

energies are in Figs. 4.21 and 4.22.  In this case, the 3.06 V reversible potential is high, 

but the activation energy is very small at 0.06 eV.  These results mean that the four-

electron reduction should proceed in parallel with the two-electron reduction over one-

fold sites. 

 

Figure 4.20  Structure model used in the calculations for PtHOOH reduction to PtOH + H2O and 

PtOH + H2O oxidation to PtHOOH in acid.  Internuclear distances optimized in the calculations 

are defined.  Angle constraints were imposed as discussed in the text. 
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Figure 4.21  Potential dependencies of transition state parameters (Fig. 4.20) for PtHOOH 

reduction to PtOH + H2O and PtOH + H2O oxidation to PtHOOH calculations in acid using 

B3LYP 6-31+G** and the point charge in the Hamiltonian. 

 

 
Figure 4.22  Potential dependencies of activation energies for PtHOOH reduction to PtOH + H2O 

and PtOH + H2O oxidation to PtHOOH in acid calculated using B3LYP and 6-31+G** with the 

point charge in the Hamiltonian.  Dots are calculated points and circles are derived points. 
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     Interestingly, PtHOOH was calculated to undergo the rearrangement 

 

                                      PtHOOH → PtO···H2O                                                    (4.8) 

 

with an activation energy of 0.22 eV.  Consequently, it was necessary to study the 

reduction of PtO to PtOH: 

      

                   PtO··· H+
OH2···(OH2)2 + e

-
 → PtOH···OH2···(OH2)2                         (4.9) 

 

using the structure in Fig. 4.23.  Transition structures parameters are shown in Fig. 4.24.  

The activation energy curves given in Fig. 4.25 show a high reversible potential of 2.10 V 

with 0.39 eV activation energy, a high value. 

 

Figure 4.23  Structure model used in the calculations for PtO reduction and PtOH oxidation in 

acid calculated.  Internuclear distances optimized in the calculations are defined. 

 

Pt 

O1 

H 

H1 
O2 

H2 

O 

O3 
H 

H 

H 

H 

R(O1Pt) 

R(O1H1) 

R(H1O2) 

R(O2H2) 

R(H2O3) 



72 
 

 
Figure 4.24  Potential dependencies of transition state parameters (Fig. 4.23) for PtO reduction 

and PtOH oxidation calculations in acid using B3LYP 6-31+G** and the point charge in the 

Hamiltonian. 

 

 
Figure 4.25  Potential dependencies of activation energies for PtO reduction and PtOH oxidation 

in acid calculated using B3LYP 6-31+G** with the point charge in the Hamiltonian.  Dots are 

calculated points and circles are derived points. 
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     Following the reduction of O(ads) to OH(ads), the OH(ads) is then reduced to 

H2O(ads): 

 

                PtOH··· H+
OH2···(OH2)2 + e

-
 → PtOH2···OH2···(OH2)2                        (4.10) 

 

using the structure in Fig. 4.26.  Transition structures parameters are shown in Fig. 4.27.  

The activation energy curves given in Fig. 4.28 show a reversible potential of 1.32V with 

activation energy of   0.12 eV. 

 

 

Figure 4.26 Structure model used in the calculations for PtOH reduction and PtOH2 oxidation in 

acid calculated.  Internuclear distances optimized in the calculations are defined.  
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Figure 4.27 Potential dependencies of transition state parameters (Fig. 4.23) for PtOH reduction 

and PtOH2 oxidation calculations in acid using B3LYP 6-31+G** and the point charge in the 

Hamiltonian. 

 

 
Figure 4.28 Potential dependencies of activation energies for PtOH reduction and PtOH2 

oxidation in acid calculated using B3LYP 6-31+G** with the point charge in the Hamiltonian.  

Dots are calculated points and circles are derived points.  
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4.2.3 Tallying up Gibbs Energies in the Linear Gibbs Energy Relationship 

Approach 

     The linear Gibbs energy approach for predicting standard reversible potentials for 

reacting intermediates on the electrode surface is dependent on the bond strengths of the 

intermediates to the surface and there is no ambiguity concerning of point charge term in 

the Hamiltonian or the solvation models as in their determination from activation energy 

curves in the local reaction center methods.  This method was already applied to O(ads) 

and OH(ads) reduction in the Pt2 section above, and here predictions for the other 1-

electron transfer reactions on Pt1 are given.  All results are in Table 4.3.  In this section 

the O2 reduction is examined using reversible potentials from the linear Gibbs energy 

approach. 

     Each step of an ideal oxygen reduction catalyst will have 1.229 V reversible potential.  

Then ΔG
o
 for the overall four-electron reduction will be -4×1.229 eV = -4.916 eV.  In 

fact, ΔG
o
 for the overall catalytic process always sums to -4.916 eV, even when some 

steps have reversible potentials that are at high overpotentials relative to 1.229 V, i.e. the 

sum is -4.916 eV even for a poor catalyst.   

     When reversible potentials are calculated using the linear Gibbs energy relationship, 

the experimental reversible potentials for reactions in bulk solution are modified using 

the calculated bond strengths of reaction intermediates to the electrocatalyst.  The 

necessary bulk solution potentials are listed in Table 4.1.  

     Consider the reduction sequence Pt2OH2 + O2 → Pt2O2 + H2O → Pt2OOH + H2O → 

Pt2O + Pt2OH + H2O → Pt2O + 2 H2O → Pt2OH + 2 H2O → Pt2OH2 + 2 H2O.  Using the 

linear Gibbs energy relationship results for Pt2 that are given in Table 4.3, the sum of free 
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energies for this reaction sequence is only 3.289 eV.  The 1.206 V potential for the first 

reduction step, forming OOH on the 2-fold site, is based on the model assumption that 

the O2 adsorption energy, 0.853 eV, is reduced by twice the 0.375 eV water adsorption 

energy.  What has happened to the missing 1.627 eV Gibbs energy?  The calculations 

yield 1.355 eV for desorbing OOH from the bridging site, 2.961 eV for dissociating OOH 

into O + OH, -3.886 eV for bonding O to a bridging site, and -2.454 eV for bonding OH 

to 1-fold site.  The net result is that 2.024 eV internal energy is lost, essentially as heat.  

This energy is not equal to the 1.627 eV missing Gibbs energy and the 0.397 eV 

difference is due to the PΔV – TΔS contributions that are omitted in the internal energy 

calculations.  The lost internal energy dominates the 0.56 V and 0.50 V overpotentials, 

relative to 1.23 V, for the O(ads) and the two OH(ads) reduction steps, respectively, 

based on Table 4.3.   

     In another pathway over the Pt2 2-fold site, where the first reduction step leads directly 

to O(ads) + OH(ads), the reversible potential is calculated to be high at 2.730 V.  This is 

due the strong bonding of the O to the bridging site and OH to the 1-fold site.  The heat 

loss for this mechanism is manifested in the high overpotentials for O(ads) and OH(ads) 

reduction as discussed above. 

     Now focusing on the linear Gibbs energy relationship results in Table 4.3 for the 

reduction sequence PtOH2 + O2 → PtO2 + H2O → PtOOH + H2O → PtHOOH + H2O → 

PtOH + 2 H2O → PtOH2 + 2H2O over the single Pt 1-fold site, the sum of free energies is 

only 4.806 eV.  The 1.174 V potential for the first reduction step to form OOH(ads) on 

the single Pt 1-fold site is based on the model assumption that the O2 adsorption energy, 

0.779 eV, is decreased by the water adsorption energy, 0.332 eV.  The 0.11 eV difference 
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in Gibbs energy is due to the PΔV – TΔS contributions that are missing in the internal 

energy calculations.  In this case, there are two large overpotentials, relative to 1.23V, 

1.22 V overpotential for OOH(ads) reduction and 0.85 V overpotential for OH(ads) 

reduction.  These can be traced to the heat loss associated with the 2.02 V underpotential, 

relative to 1.23 V, for the HOOH(ads) reduction to OH(ads) + H2O(l).  This heat loss is 

due to the weakness of the Pt-HOOH bond, 0.232 eV, and the high strength of the Pt-OH 

bond, 2.767 eV.  The OOH → HOOH step has a reversible potential of 0.01 V, but in the 

presence of under-potential-deposited hydrogen, the Pt-OOH bond would be expected to 

weaken, which would be expected to shift this potential positive into the experimentally 

observed potential range, ~0.3 V.
107

 

     A second pathway over the single Pt 1-fold site is Pt-OH2 + O2 → PtO2 + H2O → 

PtOOH + H2O → PtO + 2H2O → PtOH + 2H2O →PtOH2 + 2H2O.  The reversible 

potential for the PtOOH to PtO + H2O step is calculated to be 2.251 V.  The Gibbs 

energy sum is again 4.806 eV because the internal rather than Gibbs energies were 

calculated.  For this pathway the OH(ads) reduction step has the highest overpotential 

relative to 1.229 V. 

4.3  Conclusions of Calculations of Oxygen Reduction Reactions on 

Platinum Electrodes in Acid Solution 

     The O2 reduction studies involving the Pt2 model and the local reaction center 

approach yielded comparable results in acid and base for the first reduction step and 

subsequent reductions, but with a potential off-set of 0.6 V for the O(ads) and OH(ads) 

reduction steps beyond that due to the difference in pH.  Because the base potential 
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results appeared to be in agreement with experimental values, the implication is that the 

acid results were 0.6 V too positive, but one could shift the curves to put the reversible 

potentials at the expected positions.  With these shifts, local reaction center model 

predictions are close to the predictions with the linear Gibbs energy relation for O(ads) 

and OH(ads) reduction in acid.  The reversible potentials for the first electron transfer 

steps do not follow this trend because different intermediates are formed, OOH(ads) in 

acid and superoxide, O2
-
(ads) in base.  It has been shown that the qualitative error in 

reversible potential predictions, namely the predicted reversible potential for O(ads) 

reduction being lower than the reversible potential for OH(ads) reduction in these 

calculations will be corrected by the stabilization of OH(ads) by adjacent OH2(ads).  

     Calculation of O2 reduction properties performed using the single-adsorption-site 

model show greater differences between results obtained using the local reaction center 

model and results from the linear Gibbs energy relationship for the O2(ads), OOH(ads), 

and HOOH(ads) reduction steps.  For the former, differences range from 1.5 V to -0.2 V 

and for the latter they are both about 1 V.  Why the two methods treat reductions of 

molecules with O-O bonds so differently is not yet known. 
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Chapter 5 

Advancements in the Local Reaction Center 

Model for Electrocatalysis 
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5.1  Comprehensive Methodological Study of Local Reaction Center 

Model Theory 

     The local reaction center theory employs local reaction center models for calculating 

the electrode potential dependencies of electron transfer activation energies for adsorbed 

species.  Comparisons of results of many studies using this method showed results were 

dependent on the calculation approach used, the choice of basis set, and the choice of 

point charge model used to represent the contribution to the potential at the reaction 

center by the electrolyte at the interface.  This chapter presents a comprehensive study of 

these dependencies.    

     A single reaction was chosen for this study, reduction of Pt-OH to Pt-OH2 at pH = 

1.0.
48

  For testing the effect of computational method, results from B3LYP hybrid density 

functional and MP2 calculations were compared; for testing the effect of a diffuse 

function on oxygen, results from calculations using the 6-31G** standard basis set with 

polarization functions and the 6-31+G** standard basis set with polarization functions 

and a diffuse function on each oxygen atom were compared; and for testing the effect of 

changing the point charge model, results of calculations with and without the point 

charge were compared.      

     Gaussian 03
56

 was employed.  OH and H2O were bonded to a single platinum atom. 

The point charge contribution to the Hamiltonian was varied.  Since the charge and its 

position have been chosen ad hoc, it will be examined below whether the charge can 

simply be viewed as an adjustable parameter for aligning the reduction precursor, 

oxidation precursor, and reversible potentials.  A modified version of the linear 

extrapolation approach in the constrained variational theory of Ref. 48 was used 
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throughout.  The modification includes second order Hessian matrix elements in the 

extrapolations to speed convergence to transition state structures.
82

 

5.2  Results for OH + H
+
 + e

-
 → H2O and the reverse reaction on 

platinum: dependence on methodology 

     To predict the reversible potentials using the linear Gibbs energy model, the structures 

of Pt-OH and Pt-OH2 were optimized using the four procedures and the bond strengths 

determined for making predictions of the reversible potential for the reaction  

 

                                       OH(ads) + H
+
(aq) + e

-
 ⇌ H2O(ads)                                (5.1) 

 

As may be seen in Table 5.1, in the case of water, the HOH angle ranges between 105.9° 

and 107.5°, the PtOH angle ranges between 102.4° and 106.0°, the Pt-O distance ranges  

 

Table 5.1  Calculated structure parameters and adsorption energies for a water molecule 

bonded to a Pt atom.  In all four cases the ground states have singlet spin multiplicity. 

Method basis set R(PtO)/Å R(OH)/Å Θ(HOH)/° Θ(PtOH)/° Bond strength/eV 

B3LYP 

6-31G** 2.062 0.973 106.5 102.4 0.628 

6-31+G** 2.067 0.972 107.5 104.4 0.332 

MP2 

6-31G** 2.058 0.971 105.9 103.8 0.567 

6-31+G** 2.062 0.970 107.0 106.0 0.362 
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between 2.058 Å and 2.067 Å, and the O-H distance ranges between 0.970 Å and 0.973 

Å.  As also may be seen in Table 5.1, the platinum water bond has a strength of about 

0.60 eV for the 6-31G** basis set, and it is about 0.35 eV when the diffuse function is 

added to the oxygen. 

     Table 5.2 gives the data for PtOH, where it may be seen that the range of calculated 

Pt-OH bond strengths is 2.77 eV to 3.00 eV.  These results characterize the sensitivity of 

the structure parameters and the bond strengths to the above changes in method and basis 

set.  Based on the approximate standard reversible potential of 2.81 V for reduction of 

aqueous OH,
101

 the linear Gibbs energy relationship yields standard reversible potentials 

for forming PtOH of 0.52 V and 0.38 V for B3LYP without and with diffuse functions, 

respectively.  For the MP2 approach, the corresponding values are 0.40 V and 0.20 V. 

 

Table 5.2  Calculated structure parameters and adsorption energies for OH adsorbed on a 

Pt atom.  In all four cases the ground states have doublet multiplicity. 

Method basis set R(PtO)/Å R(OH)/Å Θ(PtOH)/° Bond strength /eV 

B3LYP 

6-31G** 1.872 0.976 106.6 2.923 

6-31+G** 1.878 0.975 107.8 2.767 

MP2 

6-31G** 1.865 0.976 105.6 2.985 

6-31+G** 1.877 0.976 107.1 2.978 

 

Using more accurate low-coverage platinum surface OH adsorption and water adsorption 

bond strengths from density functional slab-band calculations, the linear Gibbs energy 



83 
 

relationship yields 0.7 V,
34

 which is close to the experimental value of ~0.6 V
87,112

 for pH 

= 1.  Recent band calculations show that when OH is adsorbed on Pt(111), it is stabilized 

when an adjacent adsorbed water molecule is present.  This stabilization is significant due 

to the negative charge on OH(ads) which results in stronger hydrogen bonding of water to 

it than when in the bulk solution phase.
69,70

  This stabilization will contribute to 

decreasing the 0.7 V prediction to a lower value. 

     For the constrained variation calculations in acid, hydronium ions are the source of the 

protons consumed in each of the one-electron reduction steps.  As in our past theoretical 

work, the hydronium ion has two hydrogen bonded water molecules, affording solvation 

stabilization,
30,31

 and the third hydrogen is coordinated by hydrogen bonding to the 

oxygen-containing species being reduced as in Fig. 5.1.  The H3O
+···(OH2)2 part was 

 

Figure 5.1  Structure model used for the Pt-OH reduction and Pt-OH2 oxidation calculations in 

acid. Internuclear distances optimized in the calculations are defined. 
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fully optimized for each of the four types of calculations.  The structures are all the same 

as or close to the MP2 results in Ref. 30.  Oxidation and reduction precursor structures 

were calculated with the two water molecules constrained to not change their structure 

and orientation while the hydrogen bond lengths and OH bond lengths in the H3O
+
 parts 

were optimized.  These constraints reduced the number of parameters, which is important 

for minimizing the possibility of failure in the constrained variation calculations due to 

the complexity of the energy surfaces and the electron affinity or ionization potential 

surfaces.  One wants to use parameters on which these surfaces have strong dependencies.  

When determining the reduction precursor energy and the activation energies, the PtOH 

and H1O1H2 angles were constrained to the values calculated for the oxidation 

precursors.  The PtOH angles were set equal.  These constraints served to further reduce 

the number of variables; this approach was generally used in the past.
31,41-54

  

     For the oxidation precursor, the B3LYP calculations without diffuse functions yielded 

respective increases of 0.8° and 1.9° for the HOH and PtOH angles compared with the Pt-

OH2 structures in Table 5.1.  When diffuse functions were added, the respective changes 

were 0.6 ° and 2.4°.  Trial calculations showed that angle variations of this magnitude 

changed the total energy by about 0.01 eV, which is a small value that justifies the model 

for use in determining transition states.   

     Transition states were calculated with the point charge potential added to the 

Hamiltonian.  First, the oxidation and reduction precursor structures were reoptimized 

with the point charge present by varying the six internuclear distances in Fig. 5.1.  Only 

the three hydrogen bond distances and the OH
+
 distance in the hydronium ion change 

more than 0.01 Å and the net effect of the point charge was to reduce the distortion in the 



85 
 

solvated hydronium ion that was caused by its hydrogen bonding to the OH on platinum.  

Potential-dependent transition states were calculated and their activation energies 

determined with reference to the precursor energies.  As functions of potential, the six 

variables had the same behavior for the four methods; the B3LYP 6-31+G** results in 

Fig. 5.2 are representative.  There it may be seen that, as the potential increases, the  

 
Figure 5.2  Potential dependencies of transition state structure parameters (Fig. 5.1) for Pt-OH 

reduction and Pt-OH2 oxidation in acid calculated using B3LYP 6-31+G** and the point charge 

in the Hamiltonian.  The left arrow marks the reduction precursor potential and the right arrow 

marks the oxidation precursor potential.  The central arrow marks the structure of the reversible 

potential. 

 

proton rapidly pulls away from the oxygen of the hydronium ion and at the same time it 
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simultaneously pull away from the hydronium ion.  These changes are associated with the 

need to increase the electron affinity of the local reaction center as the electrode potential 

is increased.  Urp, Uop, and Urev are marked in Fig. 5.2 to show that the proton is not 

midway between the O atoms at the reversible potential defined in Fig. 5.3.  Figures 5.4-

5.6 have those results for the other calculations. 

 

Figure 5.3  Potential dependencies of activation energies for Pt-OH reduction and Pt-OH2 

oxidation in acid calculated using B3LYP 6-31+G** with the point charge in the Hamiltonian 

and with the point charge omitted.  Solid symbols are calculated points and open symbols are 

derived points as discussed in the text. 
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Figure 5.4  As in Fig. 5.3 but for the 6-31G** basis set. 

 

 
Figure 5.5  As in Fig. 5.3 but for MP2 6-31G**. 
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Figure 5.6  As in Fig 5.3 but for MP2 6-31+G**. 
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Table 5.3  Calculated reduction precursor potentials, Urp (V), reaction reversible 

potentials, Urev (V), oxidation precursor potentials, Uop (V), and activation energies Ea 

(eV) at the reaction reversible potentials for Pt-OH reduction to Pt-OH2 using the local 

reaction center approach with and without the point charge. 

  with point charge  without point charge 

Method Basis set Fig.  Urp  Urev  Uop  Ea  Fig.  Urp  Urev  Uop  Ea 

B3LYP 

6-31G** 5.4 0.56 1.01 1.49 0.19  5.4 1.15 1.63 2.06 0.19 

6-31+G** 5.3 0.76 1.32 1.64 0.12  5.3 1.36 1.94 2.20 0.10 

MP2 

6-31G** 5.5 0.13 0.62 0.85 0.09  5.5 0.75 1.22 1.42 0.07 

6-31+G** 5.6 0.38 0.83 0.99 0.05  5.6 1.20 1.42 1.56 0.04 

 

The apparent discrepancies are the result of the difficulty in finding reduction precursor 

potentials.  The difficulty arises because for the reduction precursors the electron affinity 

is more sensitive to structure variation than is the total energy.  The activation energies at 

the reversible potentials shown in Table 5.3 are less than 0.2 eV for the B3LYP 

calculations and less than 0.1 eV for the MP2 calculations.  Such low activation energies 

suggest that at room temperature H2O(ads) oxidation and OH(ads) reduction will be 

under thermodynamic control and not kinetic control.  Adding diffuse functions decreases 

the activation energies by about 40% to 60%. 

     Superimposed on Figs. 5.3-5.6 are the calculated results in the absence of the point 

charge (open and closed triangles) shifted so that the oxidation precursor potentials match.  

In each case, the curves have similar shapes.  Reversible potentials at the crossing points 

are in accordance with equation (2.6).  The circles and open triangles are “derived points”.  
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In all the figures the curves are well-defined by both calculated and derived points.  The 

constrained variation program being used for this study is not designed to yield reduction 

activation energies negative of Urp or oxidation energies positive of Uop.
82

  These 

forbidden ranges correspond to the Marcus inverted regions for which activation energies 

are positive only on semiconductor electrodes.
27

  However they can be calculated as 

derived points, as shown in figures.  Although the precursor potentials and reversible 

potential in Table 5.3 seem well-behaved for B3LYP without diffuse functions and the 

activation energies at the reversible potentials are in Fig. 5.4 are nearly the same for all 

methods of calculation, a convergence problem in the lower potential range are evident. 

5.3  Conclusions of the Methodology Study 

     We conclude this section with a general observation that, by changing the point charge, 

one can shift the precursor potentials and activation energy curves either left or right on 

the potential scale.  This suggests the possibility of shifting a set of calculated curves to 

match a known experimental datum such as the reversible potential or the precursor 

potential and then making predictions of activation energies at other potentials.  The MP2 

6-31G** result is already very close to the experimental value of ~0.6 V and all the 

others could be brought into alignment by increasing the point charge or simply shifting 

the curves.  Other issues that would have to be considered in a detailed analysis would 

include corrections to the Pt-OH bond strength relative to its strength when adsorbed on 

an extended Pt surface and hydrogen bonding stabilization of OH(ads) by neighboring 

OH(ads) or H2O(ads). 
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Chapter 6 

Electrode Potential-Dependent Structure of 

OH Reduction on the Acid Electrolyte-Pt 

Surface Interface:A Combination of Density 

Functional Theory and Modified Poisson 

-Boltzmann Theory 
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6.1  Introduction of This New Method: A Combination of Density 

Functional Theory and Modified Poisson-Boltzmann Theory 

     The density functional theory has been making quantitative predictions for 

understanding the properties of the electrochemical reactions at the liquid-solid interfaces 

in fuel cells.  However, it is still challenging to accurately seek the Gibbs free energy of 

the reaction center because of the difficulty in properly describing both of the potential-

dependent bond strengths between the adsorbates and the electrode surfaces and the 

interaction between the adsorbates and the electrolyte.  The potential-dependency 

requires charging the electrode surface which needs counter charges neutralizing the 

system.  The best procedure for this is DFT slab-band calculations with the counter 

charge distribution determined self-consistently by a modified Poisson-Boltzmann (MPB) 

approach.
113-117

  Such a program using DFT and MPB and a dielectric continuum 

solvation model was written by Jinnouchi in this lab recently.
69,70

  The investigation in 

this chapter employed this newly-developed computational code, called Interface 1.0, to 

study the potential-dependent structure of the OH reduction step studied in Chap. 5. 

6.2  Computational Details and Model used in the OH Reduction Step on 

Platinum Surface in Acid Solution 

     The calculations were carried out using Interface 1.0 in the two-dimensional periodic 

boundary condition option.  The revised Perdew-Burke-Ernzerhof functional (RPBE) was 

used.
118

  The Pt(111) surface was modeled by one layer of Pt slab with the theoretically 

predicted lattice constant of 4.03 Å from a bulk crystal calculation.  The experimental 

value for Pt crystal is reported to be 3.93 Å.
89

  The translation cell had 18 atoms, which 
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makes the calculations slow.  Using multiple Pt layers must await parallelization of 

Interface 1.0.  The structure of 1/6 monolayer coverage solvated OH(ads) was modeled 

by a OH adsorbed on a two-dimensional platinum slab in a  3  ×  3 unit cell and the OH 

group is connected with a hydronium ion by a hydrogen bond as shown in Fig. 6.1.  This 

is the same model as in local reaction center model study in Chapter 5.  The hydronium 

ion is stabilized by two solvation water hydrogen bonding to it as in the previous acid 

studies.  The six Pt atoms in the slab are fixed and the other atoms are free to relax.      

 

Figure 6.1  Structure of model used for OH(ads) on Pt(111) surface 

 

6.3  Results of  OH(ads) on Pt(111) Surface in Acid Solution 

     For tuning the electrode potential, a series of optimizations, each with a different net 

charge in the unit cell, were carried out.  The electrode potential on the standard 
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calculation by the formula 

 

R(H3O3) 

R(O1Pt) 

R(O1H2) 

R(O2H2) 

R(H1O1) 

R(O2H3) 

Pt (2D-slab) 

O 

H 

H1 
O1 

H2 
O2 

H3 
O3 

H 

H 

H H 



94 
 

 

                                      U = -(εF - SHE)/e                                                             (6.1) 

 

where εF is the Fermi energy level, e is the charge of an electron, and SHE is the 

thermodynamic work function of SHE, which is calculated to be -4.43 eV using RPBE.  

This value is in the range of experimental values from -4.80 eV to -4.28 eV.
26,119

  Net 

charges in the unit cell were -0.2e, 0.0e, 0.4e, 0.5e, 0.6e, and +1.0e and the resulting 

Fermi levels and electrode potentials are shown in Fig. 6.2.  The Fermi energy level 

 

Figure 6.2  Dependencies of Fermi energy level and electrode potential on the net charge of the 

unit cell for Pt6-OH···HOH2···(H2O)2
δ.  δ is the net charge. 
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corresponding electrode potential decreases from 2.542 V to 0.713 V according to 

equation (6.1). 

     Four views of the reduction precursor are shown in Figs. 6.3-6.6 and Figs. 6.7-6.10 are 

for the oxidation precursor.  Figures 6.3 – 6.6 show that the unit cell with +1.0e charge 

has a apparent OH(ads) + hydronium ion structure, while the neutral unit cell apparently 

has a H2O(ads) + H2O(aq) structure.  At this coverage steric interaction are absent but 

coulombic interactions between the positively charged reduction precursors will be 

present.  The calculated potential-dependent structure parameters are shown in Fig. 6.11.  

In Figure 6.1, the two internuclear distances R(O1H2) and R(O2H2) define the position 

of proton in the hydronium ion between the OH(ads) and the oxygen atom in the 

hydronium ion.  May be seen in Fig. 6.11, R(O1H2) and R(O2H2) change suddenly at the 

electrode potential ~0.8 V which is approximately the OH(ads) reduction potential and 

the working Pt cathode electrode potential in fuel cells.  As the electrode potential 

decreases, R(O1H2) decreases and R(O2H2) increases showing the proton in the 

hydronium ion is approaching the OH(ads) and leaving the water of the hydronium ion.  

Above 0.8 V, R(O2H2) stretches from 1.00 Å to 1.05 Å which are normal lengths of O-H 

bond, and R(O1H2) shortens from 1.76 Å to 1.52 Å which are hydrogen bond lengths.  In 

this electrode potential region, the structure is a OH(ads) hydrogen bonding to a 

hydronium ion.  Below 0.8 V, R(O1H2) drops quickly to 0.99 Å; R(O2H2) increases 

quickly to 1.90 Å.  In the electrode potential region lower than 0.8 V, the structure 

apparently changes into a H2O(ads) hydrogen bonding to a H2O(aq).  As the structure 

changes to water like, the adsorbed water moves away from the platinum surface where 

the R(O1Pt) quickly significantly from ~2.0 Å to 2.33 Å – 2.69 Å.  The changing of  
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Figure 6.3  One unit cell for 

Pt6-OH···HOH2···(H2O)2
+1 

Figure 6.4  Top view of four unit cells for 

Pt6-OH···HOH2···(H2O)2
+1 

Figure 6.5  Front view of four unit cells 

for Pt6-OH···HOH2···(H2O)2
+1 

Figure 6.6  Side view of four unit cells 

for Pt6-OH···HOH2···(H2O)2
+1 



97 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7  One unit cell for 

Pt6-OH···HOH2···(H2O)2 

Figure 6.8  Top view of four unit cells for 

Pt6-OH···HOH2···(H2O)2 

Figure 6.9  Front view of four unit cells 

for Pt6-OH···HOH2···(H2O)2 

Figure 6.10  Side view of four unit cells 

for Pt6-OH···HOH2···(H2O)2 
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Figure 6.11 Calculated electrode potential-dependent structure parameters for 

Pt6-OH···HOH2···(H2O)2 

 

R(H3O3) shows that as the hydronium ion is reduced to water, the hydrogen bonding to 

the solvation water molecules weakens and the solvating water molecules move away a 

little.  This structure change at ~0.8 V corresponds to the OH(ads) reduction reaction on 

platinum electrodes.  It is higher than the experimental value of 0.68 V at 1/4 ML but if 

co-adsorbed water were present it would stabilize OH(ads) and decrease the calculated 

potential.
69,70
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be the reference.  So the positive unit cell is added a certain fraction electron to make the 

total mass the same as the neutral unit cell, and, on the other hand, the negative unit cell 
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is taken a certain fraction electron away to make the total mass equal.  To keep the 

equilibrium, the added or taken away fraction electron is assumed to be at the 

corresponding electrode potential or at the Fermi level.  The mass conservation term is 

 

                                               Emc = εFδ                                                                  (6.2) 

 

where δ is the net charge of the unit cell.  The comparative total energy is 

 

                                               Etot = Eunit cell + Emc                                                   (6.3) 

 

where Eunit cell is the calculated energy of the unit cell.  The total energy curve in Fig. 6.12  

 

Figure 6.12  Electrode potential-dependent total energy of the unit cell for 

Pt6-OH···HOH2···(H2O)2 
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shows that the energy has a peak at ~0.8 V which is the structure changing potential.  At 

this potential the H2-O1 bonds are about half-formed.  Above this value, as the potential 

increases, there are more empty bands in the platinum for the p electron donation from 

OH(ads).  The stronger bonding lowers the total energy.  Below 0.8 V, H2O1 bond 

becomes complete, lowering the energy some, but as the potential decreases the H2O 

lone-pair donation bond to the surface becomes weaker so the total energy levels out.  If 

the H2O were allowed to reorient and form hydrogen bonds to the surface, the total 

energy would decrease. 

6.4  Conclusions on the Electrode Potential-Dependent Structure of 

OH(ads) on Pt(111) Surface. 

     This study used the newly-developed combined DFT and MPB method to explore the 

potential-dependent adsorption structure of OH on platinum in acid solution.  The surface 

charging was performed to realize tuning the electrode potential during structure 

optimization.  The interesting results show that the structure change from OH(ads) to 

H2O(ads) happens at ~0.8 V is close to the OH(ads) reduction potential at low coverage 

on platinum electrodes and also close to the working potential of oxygen cathodes in fuel 

cells.  This new method improves the local reaction center model describing the structure 

and the adsorption bond strength at the adsorbate-solid electrochemical interface by self-

consistently treating all features of the system. 
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Chapter 7 

Miscellaneous Computations: 

Conductivity in Boron-Doped Diamond 

 

 

 

 

 

 

 

 

 

* Based on Publication in Ref. 120.  
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7.1  Computations on Defect Diamond Clusters 

     A theoretical study on the origin of shallow n-type conductivity in boron-doped 

diamond with H or S co-doping has been done using density functional theory.  This 

work was started by T. V. Albu and continued by L. N. Kostadinov and Y. Cai in 

Anderson’s lab.
120-122

  My contribution was to complete this theoretical study.  The 

ionization potentials and the electron affinities of doped diamond were calculated using 

B3LYP hybrid density functional theory and nanocrystalline cluster models, while taking 

into account the quantum confinement of the charge carriers.  In many cases donor and 

acceptor levels were created in the middle of the gap between the conduction and valence 

bands.  The following is a brief summary of the main results and how they relate to 

observations of conductivity in doped diamond. 

7.2  Cluster Models for the Defect Diamond 

     The cluster and geometry variables used in Ref. 121 were also used in this study, and 

they are illustrated in Fig. 7.1.  For the structure optimizations and total energy 

calculations, the quantum chemical package Gaussian 03 was used.  It has been 

demonstrated by Albu et al. that ionization potentials, IP, and electron affinities, EA, 

calculated by the B3LYP hybrid density functional method with a 6-31G basis for cluster 

models of point defects can be used to obtain accurate excitation energy predictions for 

defects in bulk diamond.  In cases where the electron or hole added to the cluster model is 

free, the quantum confinement energy, which is the kinetic energy, for an electron or hole 

in a three-dimensional box approximately the size of the cluster model is determined.  

For the C44H42 cluster used, the quantum confinement energy is 2.07 eV,
121

 and this 
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value is added to the electron affinity of the cluster and subtracted from the ionization 

potential of the cluster. 

 

Figure 7.1  Cluster model used in this study with defect site atoms in black and structure variable 

optimized by motions along the [111] directions.  The X’s indicate positions of dummy atoms 

used to define the directions of relaxations during structure optimizations.  Sp3 hybridization of 

surface carbon atoms is maintained by bonding hydrogen atoms (small spheres) to them. 

 

  

  

  

(a) 

(b) 
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7.3  Results of Calculations for BB, SVS, and (B,S) co-doped complexes 

and BHn, BnHm and vacancy complexes co-doped with H 

     The electronic structure results for the defects involving substitutional B and S are 

shown in Fig. 7.2.  The calculated -IP and -EA for several of the BHn defects and for 

other species are shown in Fig. 7.3.  Optical results are without structure relaxation in the 

ions and thermal results include structure relaxation. 

 

Figure 7.2  Calculated optical and thermal –IP and -EA for various diamond clusters with both 

boron and sulfur dopants.  The ionization products are shown on the left.  CB is the conduction 

band and VB is the valence band of bulk diamond. 
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Figure 7.3  Calculated optical and thermal –IP/-EA for various diamond clusters with both boron 

and hydrogen dopants.  The ionization products are shown on the left.  CB is the conduction band 

and VB is the valence band of bulk diamond. 

 

7.4  Conclusions on Calculations of Defect Diamond 

     The shallow n-type conductivity if diamond co-doped with boron and sulfur
123

 can be 

explained in terms of specific defects and donor and acceptor states in the band gap as 

calculated here.  For the SVS donor, the thermal excitation energy to the BB acceptor is 

small, 0.12 eV and in good agreement with measured activation energies in Ref. 123.  

The Fermi level lies 1.58 eV above the Fermi level for p-type boron-doped diamond, in 

satisfactory agreement with the 1.2 eV difference determined from a Mott-Schottky 

analysis.
123

  Thus it appears that the SVS donor BB acceptor system may account for the 
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n-type conductivity observed in the co-doped diamond films.  This conductivity is due to 

states in the band gap and net electron excitations to the diamond bulk conduction band. 

     The observed change in boron-doped diamond from p-type conductivity to n-type 

upon D (H) plasma treatment
124,125

 can also be attributed to states in the band gap where 

interstitial H is the mid band gap donor and a BnHm complex serves as the mid band gap 

acceptor.  Of the boron based defects tried, BB would be an excellent acceptor candidate, 

except it is expected to be passivated by the plasma treatment, just like B.  BBHB has 

nearly the right acceptor property, and if it is present in the original boron-doped 

diamond or formed from BBB by the plasma treatment it might, within the errors of the 

calculations, be a shallow acceptor relative to H donors, allowing high electron mobility 

by the SIBG mechanism.  However, BBHB can bond H too and become passivated.  As 

pointed out in Ref. 124, annealing the n-type samples converts them to non-conducting 

and finally p-type as H diffuses out.  Since one or two Hi are calculated to bond to BB 

and BBB more strongly the Hi bonds to B it would seem that, once hydrogenated, the BB 

and BBB defects would be robust toward annealing.  This suggests the need for further 

theoretical studies of new cluster defects and at the same time suggests interesting 

experiments such as exposing the boron + sulfur-doped n-type diamond to D (H) plasma 

to see if it eliminates conductivity by passivating BB acceptors and increased exposure of 

boron-doped systems to the D (H) plasma to see if the proposed BBHB acceptors are 

passivated. 

     Additional calculations showed that any vacancies that form during low pressure 

diamond growth will not survive and will be saturated with H.  Such defects will be deep 

donors.   
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Summary and Prospects of this Study 

     The mechanisms of the fundamental reactions of hydrogen evolution and oxidation 

and of oxygen reduction on platinum have been explored using theory in this thesis work.  

The potential dependencies of activation internal energy curves for electron transfer 

reactions were calculated using constrained variation theory in local reaction center 

model.  The local reaction center model presented the properties of the bonds broken and 

formed in chemical reactions.  Solvation medium was included as the potential 

contributed to the reaction center by summing over assumed ion distribution in the 

electrolyte.  Using this theoretical method, the calculated potential-dependent activation 

energy curves should be useful to assistant making predictions and explanations of 

electrocatalytic mechanisms.  Applications of the linear Gibbs energy relationship for 

predicting reversible potentials were not as accurate as past work using band theory 

because the small surface models generally did not give bond strengths equal to the 

adsorption bond strengths. 

     While having advantages, the current local reaction center model calculations have 

defects at the same time.  The results of reversible potentials, precursor potentials, and 

activation energies are based on the total energies instead of the Gibbs free energies of 

the reaction center models.  The contribution of PΔV – TΔS in the Gibbs free energy is 

omitted.  Secondly, coarse approximation is made by the Madelung term, which is a point 

charge placed in the local reaction center model to simulate the effect of the electric field 

of the electrolyte.  Thirdly, the local reaction center model has a limited number of atoms 

being calculated because the computational cost of big cluster model cannot be afforded.  
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Those three parts introduce the main uncertainty to this theoretical method for electron 

transfer reactions.  On the other hand, applications using the linear Gibbs energy 

relationship are less problematical and in some cases predictions are improved by 

including coadsorbed molecules. 

     The newly-developed program using the combined DFT and MPB, Interface 1.0, is a 

promising theoretical tool in the investigation of the interface and catalyzing 

electrochemistry.
69,70

  In this thesis, the potential-dependent adsorption structure 

calculations of OH(ads) on Pt(111) surface in acid solution gave an interesting match 

between the potential region when the OH(ads) + hydronium ion change into H2O(ads) + 

H2O(aq) with the cathode electrode working potential of oxygen reduction in fuel cell.  

More studies like this are needed, such as O2(ads) reduction to OOH(ads) to see how 

general and accurate this approach to reversible potential is. 

     Applications of the local reaction center model and the combined DFT and MPB 

method will be exiting to explore the electrochemical reactions catalyzed by different 

kinds of catalysts and to assist improving and finding new better catalyst materials.  
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Appendix 

     Quantum chemistry applies quantum mechanics to address issues and problems of 

chemical reactions.  In quantum chemistry, the system is described by a wavefunction 

which can be found by solving the Schrödinger equation.  This equation relates the 

stationary states of the system and their energies to the Hamiltonian operator, which can 

be viewed as the recipe for obtaining the energy associated with a wavefunction 

describing the positions of the nuclei and electrons in the system: 

 

                                          HΨ = EΨ                                                                       (1) 

 

where H is the Hamiltonian operator, Ψ is the wavefunction to describe the state of the 

system, and E is the eigenenergy corresponding to the state of the system.  Associated 

with each measurable parameter in a physical system is a quantum mechanical operator.  

The Hamiltonian operator contains the operations associated with the kinetic and 

potential energies: 

 

             H = T + V 

 

                = − 
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8𝜋2  
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𝜕𝑥𝑖
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𝑒𝑖𝑒𝑗

𝑟𝑖𝑗
 𝑖<𝑗 + 𝑉𝑛𝑒                      (2) 

 

where T is the kinetic operator and V is the potential operator which includes electron-

electron repulsion, nucleus-nucleus repulsion and electron-nucleus attraction.  The 

http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/qmoper.html#c1
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Schrödinger equation can be solved analytically for H, H2
+
 and analogues, but not for 

many-electron atoms and molecules.  To study many-electron systems we have to rely on 

combinations variation and perturbation theory to obtain approximate wavefunctions and 

energies. 

1. Methods Based on Wave Functions 

1.1 Hartree-Fock Equation 

     One widely used approximation method is the Hartree-Fock method.
126,127

  It is a 

single-determinant one-electron method when every electron moves in the potential field 

created by the nucleus plus the average potential of all the other electrons.  This 

assumption leads to the independent-particle model, which essentially reduces the many-

electron problem to the problem of solving a number of coupled single-electron equations.  

For a system with n electrons, the part in Hamiltonian for electrons is: 

 

   H
elec

 = T
elec

 + V
elec 

     

             =  −
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rij
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𝑛𝑢𝑐𝑙𝑒𝑖
𝑠

𝑛
𝑖=1                                        (3) 

           

and the whole Hamiltonian for the system is: 

 

         H = H
elec

 + V
nucl
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   = −
ħ

2

2𝑚
 𝛻𝑖

2 +   
e2

rij
j>𝑖  n

i=1 −𝑛
𝑖=1   

𝑍𝑠𝑒
2

𝑟𝑖𝑠

𝑛𝑢𝑐𝑙𝑒𝑖
𝑠

𝑛
𝑖=1 +    

𝑍𝑠𝑍𝑡𝑒
2

𝑅𝑠𝑡
     𝑛𝑢𝑐𝑙𝑒𝑖

𝑡>𝑠
𝑛𝑢𝑐𝑙𝑒𝑖
𝑠 (4) 

 

     Trial wavefunctions are used and their parameters determinate variationally to obtain 

wavefunctions and energies for a system.  For molecules, a linear combination of atomic 

orbitals, Φi, is used: 

                                 

                                 𝛹𝑀𝑂 =   𝐶𝑖𝛷𝑖
𝑛
𝑖=1                                                                  (5) 

 

where Ci are linear parameters.  According to variation theory, the expectation value of 

the Hamiltonian H of any trail wavefunction Ψtrial is greater than the true energy E0 of the 

ground state wavefunction Ψ0. 

                        

                               𝛹𝑡𝑟𝑖𝑎𝑙
∗  𝐻 𝛹𝑡𝑟𝑖𝑎𝑙   ≥  𝐸0                                                             (6) 

 

For the optimized variational wavefunction, the first derivative of energy respect to Ci is 

zero. 

                        

                                
𝜕𝐸

𝜕𝐶𝑖
= 0                                                                                    (7) 

 

     The set of atomic orbitals, Φi, combined to form the wave function is called the basis 

set.  Considering the computational cost, the smaller basis set with the desired 

computational precision is preferred. 
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1.2 Slater Type Orbitals and Gaussian Type Orbitals 

     In the early molecular orbital calculations, Slater type atomic orbitals were widely 

used.  There are functions that decrease exponentially with distance from the nuclei.
128

 

          

               𝜑 𝑟, θ, Ф;  ζ, 𝑛, 𝑙, 𝑚 =  (2ζ)𝑛 
2ζ

 2𝑛 !
𝑟𝑛−1𝑒−ζ𝑟𝛹𝑙

𝑚 θ, Φ                         (8) 

 

where n = 1,2,..., r is the distance of the electron from the atomic nucleus, and ζ is a non-

linear parameter and Ψl
m

(θ,Ф) are spherical harmonic functions.  For minimal basis sets n 

and s and ζ are historically related to principle quantum number and effective nuclear 

charge.  Atomic s, p, d etc. orbital shapes are given by linear combinations of the 

spherical harmonics.  Later, it was realized by Frank Boys that Slater-type orbitals could 

be approximated as linear combinations of Gaussian orbitals.
129

 

      

     Ф 𝑥, 𝑦, 𝑧;  𝛼, 𝑖, 𝑗, 𝑘 =  
2𝛼

𝜋
 

3 4 

 
 8𝛼 𝑖+𝑗+𝑙𝑖!𝑗 !𝑘!

 2𝑖 ! 2𝑗  ! 2𝑘 !
 

1 2 

𝑥𝑖𝑦𝑗 𝑧𝑘𝑒−𝛼 𝑥2+ 𝑦2+ 𝑧2            (9) 

 

where x, y, and z are the Cartesian coordinates, α is an exponent which defines the orbital 

size, and i, j, k are non-negative integers corresponding to the shape of the orbital.  When 

i = j = k = 0, Φ is 1s-type Gaussian orbital.  For i = 1, j = k = 0, Φ is 2px-type Gaussian 

orbital, and for j = 1, i = k = 0, Φ is 2py-type Gaussian orbital.  While k = 1, i = j = 0, Φ is 

a 2pz-type Gaussian orbital: 

 

                                          Φ1𝑠  =   
2𝛼

𝜋
 

3
4 
𝑒−𝛼 𝑥2+ 𝑦2+ 𝑧2  

http://en.wikipedia.org/wiki/Atomic_nucleus
http://en.wikipedia.org/wiki/S._Francis_Boys
http://en.wikipedia.org/wiki/Gaussian_orbital
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                                       Φ2𝑝𝑥
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                                       Φ2𝑝𝑦
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                                       Φ2𝑝𝑧
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128𝑎5

𝜋3  
1

4 
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When i + j + k = 2, Φ is a d-type Gaussian orbital, and i + j + k = 3gives out an f-type 

Gaussian orbital.  Because it is easier to calculate overlap and other integrals with 

Gaussian basis functions, this led to huge computational savings while maintaining 

accuracy, particularly when using contracted Gaussian functions which are linear 

combinations of the primitive Gaussian functions with different values of α to 

approximate the radial part of Slater-type orbitals: 

 

                       𝜑 𝑥, 𝑦, 𝑧;   𝛼 , 𝑖, 𝑗, 𝑘 =   𝐶𝑚Ф 𝑥, 𝑦, 𝑧;  𝛼𝑎 , 𝑖, 𝑗, 𝑘 𝑀
𝑚=1                  (11) 

 

where M is the number of primitive Gaussian functions used in the combination to make 

the contracted Gaussian functions. 

     During most molecular bonding, it is the valence electrons which principally take part 

in the bonding.  In recognition of this fact, it is common to represent valence orbitals by 

more than one basis function, each of which can be composed of a linear combination of 

primitive Gaussian functions.  Basis sets in which there are multiple basis functions 

http://www.chm.davidson.edu/ronutt/che401/Slater/Slater.htm
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corresponding to each valence atomic orbital, are called valence double, triple, or 

quadruple-zeta basis sets.  Since the different orbitals have different spatial extents, the 

combination allows the electron density to adjust its spatial extent appropriate to the 

particular molecular environment.  Minimum basis sets are fixed and are unable to adjust 

to different molecular environments.  The so-called Split-Valence basis sets are always 

needed for satisfactory results.  In a Split-Valence basis set, the each core atomic orbital 

comprises one contracted Gaussian function which is a linear combination of primitive 

Gaussian functions, and each of the valence orbitals is split into multiple contracted 

Gaussian functions.  The Split-Valence basis sets are denoted typically as X-YZg by 

Pople.
130

  In this case, X represents the number of primitive Gaussians comprising each 

core atomic orbital basis function.  The Y and Z indicate that each of the valence orbitals 

is composed of two basis functions, the first one composed of a linear combination of Y 

primitive Gaussian functions, the other composed of a linear combination of Z primitive 

Gaussian functions.  The presence of two numbers after the hyphens implies that this 

basis set is a Split-Valence double-zeta basis set.  Split-Valence triple- and quadruple-

zeta basis sets are also used, denoted as X-YZWg, X-YZWVg, etc. 

     The most common addition to minimal basis sets is the polarization functions, denoted 

(in the names of basis sets developed by Pople
130

) by an asterisk, *.  Double asterisks, **, 

indicate that polarization functions are also added to light atoms (hydrogen and helium).  

These auxiliary functions have one additional node.  For example, the only basis function 

located on a hydrogen atom in a minimal basis set is a function for the 1s atomic orbital.  

When polarization is added to this basis set, a p-type function is added to the basis set.  

This adds some additional needed flexibility within the basis set, effectively making the 

http://en.wikipedia.org/wiki/Polarization
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molecular orbitals involving the hydrogen atoms to be more asymmetric about the 

hydrogen nucleus.  This gives a more accurate description, because the bonding between 

atoms makes the electron cloud around hydrogen atoms spherically asymmetric.  

Similarly, d-type functions can be added to a basis set with p-type orbitals, and f-

functions to a basis set with d-type orbitals, and so on. 

     Another common addition to basis sets is the addition of diffuse functions to the heavy 

atoms which is denoted by a plus sign, +.  Double plus signs, ++, indicate that diffuse 

functions are also added to light atoms (hydrogen and helium).  These functions more 

accurately represent the outer portion of the atomic orbitals, which are distant from the 

atomic nuclei.  These additional basis functions are particularly needed to produce more 

accurate electron affinities for large molecular systems and anions. 

1.3 Perturbation Theory 

     Perturbation theory is a set of approximation schemes directly related to mathematical 

perturbation for describing a complicated quantum system in terms of a simpler one.  The 

idea is to start with a simple system and gradually turn on an additional "perturbing" 

Hamiltonian representing a weak disturbance to the system.  If the disturbance is not too 

large, the various physical quantities associated with the perturbed system will be 

continuously generated from those of the simple system.  An unperturbed Hamiltonian H0, 

which is also assumed to have no time dependence.  It has known energy levels and 

eigenstates, arising from the time-independent Schrödinger equation: 

   

                               𝐻0  𝑛
(0)  =  𝐸𝑛

(0)
  𝑛(0)   ,    𝑛 = 1, 2, 3,···                                  (12) 

 

http://en.wikipedia.org/wiki/Perturbation_theory
http://en.wikipedia.org/wiki/Hamiltonian_%28quantum_mechanics%29
http://en.wikipedia.org/wiki/Schr%C3%B6dinger_equation
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where n is the eigenfunction.  The (0) superscripts denote that these quantities are 

associated with the unperturbed system.  Now a perturbation is introduced to the 

Hamiltonian.  Let V be a Hamiltonian representing a disturbance and λ be a 

dimensionless parameter that can take on values ranging continuously from 0 (no 

perturbation) to 1 (the full perturbation).  The perturbed Hamiltonian is 

  

                                             𝐻 =  𝐻0 +  𝜆𝑉                                                          (13) 

 

The perturbation term λV is added to the Hamiltonian for the ground state. 

  

                                            𝐻0 +  𝜆𝑉   𝑛 =  𝐸𝑛   𝑛                                                (14) 

 

The wave function and energy for the ground state can both be written as power series in 

λ: 

 

                                          𝑛  =    𝑛(0)   +  𝜆  𝑛(1)   +  
1

2!
𝜆2   𝑛(2)   + ···                    (15) 

 

                                        𝐸𝑛 =  𝐸𝑛
(0)

 +  𝜆𝐸𝑛
(1)

+  
1

2!
𝜆2𝐸𝑛

(2)
+ ···                           (16) 

 

Substituting the power series of eq (15) and eq (16) into eq (14) get 

 

           𝐻0 +  𝜆𝑉    𝑛 0   +  𝜆  𝑛 1   + ···   
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                =  𝐸𝑛
 0  +  𝜆𝐸𝑛

 1 +  
1

2!
𝜆2𝐸𝑛

 2 + ···    𝑛 0   +  𝜆  𝑛 1   + ···                (17) 

 

Expanding this equation and comparing coefficients of each power of λ results in an 

infinite series of simultaneous equations.  The equations for second order Møller-Plesset 

perturbation theory (MP2)
131

 are obtained: 

 

                     𝐻0
  𝑛 1   +  𝑉  𝑛 0   =  𝐸𝑛

 0   𝑛 1   +  𝐸𝑛
 1   𝑛 0                                   (18) 

 

                     𝐻0
  𝑛 2   +  𝑉  𝑛 1   =  𝐸𝑛

 0   𝑛 2   +  𝐸𝑛
 1   𝑛 1   +  𝐸𝑛

 2   𝑛 0             (19) 

 

The correction of energy shifts are: 

 

                                             𝐸𝑛
 1 =   𝑛 0  𝑉 𝑛 0                                                  (20) 

 

                                             𝐸𝑛
 2 =   

  𝑘 (0) 𝑉 𝑛(0)  
2

𝐸𝑛
(0)

 − 𝐸𝑘
(0)𝑘≠𝑛  𝑛 0  𝑉 𝑛 0                    (21) 

 

2. Density Functional Theory 

     Density functional theory tries to solve the complicated many-body problem using the 

charge density of the system.  Unlike the experimentally unavailable wave function of a 

system with N electrons which depends on 4N variables, three spatial and one spin 

variable for each of the N electrons, density functional theory uses the experimentally 

http://en.wikipedia.org/wiki/Simultaneous_equation
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observable and measurable electron density which is simply a function of the three spatial 

coordinates x, y and z. 

2.1 The Thomas-Fermi Model 

     The first attempts to use the electron density rather than the wave function for 

obtaining information about atomic and molecular systems date back to early work for 

Thomas and Fermi, 1927.
132,133

  The Thomas-Fermi model takes into account the kinetic 

energy in a quantum statistical way while treating the nuclear-electron and electron-

electron contributions classically.  In this model, the uniform electron gas approximation 

is used and the energy is given by 

            1 

    𝐸𝑇𝐹 𝜌 𝑟  =  
3

10
 3𝜋2 2 3  𝜌5 3  𝑟 𝑑𝑟 − 𝑍  

𝜌 𝑟 

𝑟
𝑑𝑟 +  

1

2
 

𝜌 𝑟1 𝜌 𝑟2 

𝑟12
𝑑𝑟1𝑑𝑟2  (22) 

 

where ρ(r) is the electron density distribution function.  This omits electron exchange and 

correlation energy correction to the Coulomb term.  It is noted that these terms are 

defined in the wavefunction approach. 

2.2 Slater’s Approximation of Hartree-Fock Exchange, Χα Method 

     Another early example is that Slater ignored the correlation energy and added a term 

identified with the exchange energy from the Hartree-Fock approach:
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                                     𝐸𝑋𝛼  𝜌 𝑟  =  −
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𝜋
 

1 3 
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where α is a semiempirical parameter introduced to improve the quality of calculated 

properties.  This approach is called the Xα method. 

2.3 Hohenberg-Kohn Theorems 

     In 1964, Hohenberg and Kohn proved two theorems which motivated the development 

of modern density functional theory.
135

  The first theorem states that the external potential 

Vext(r) is a unique functional of ρ(r); since, in turn Vext(r) fixes H, and then the full many 

particle ground state is a unique functional of ρ(r).  The second theorem demonstrates 

that the ground state energy is minimized by the ground state electron density: 

 

                                                 𝐸0 𝜌0  ≤ 𝐸 𝜌                                                       (24) 

 

where the ρ0 is the electron density of the ground state and the ρ is a trial electron density.  

This leads to the variational principle.  The complete ground state energy is a functional 

of the ground state electron density: 

 

                   𝐸0 𝜌0 =  𝑇 𝜌0 + 𝐸𝑒𝑒  𝜌0 + 𝐸𝑁𝑒  𝜌0 = 𝐹𝐻𝐾 𝜌0 + 𝐸𝑁𝑒 𝜌0          (25) 

 

where T[ρ0] is the kinetic energy, Eee[ρ0] is the electron-electron repulsion, ENe[ρ0] is the 

nuclei-electron attraction, and FHK[ρ0] is called Hohenberg-Kohn functional which 

contains the system independent part. 

 

             𝐸𝑒𝑒  𝜌0 =  
1

2
 

𝜌0 𝑟1 𝜌0 𝑟2 

𝑟12
𝑑𝑟1𝑑𝑟2 +  𝐸𝑛𝑐𝑙  𝜌0 = 𝐽 𝜌0 +  𝐸𝑛𝑐𝑙  𝜌0          (26) 
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where J[ρ0] is the classical Coulomb part and Encl[ρ0] is the non-classical contribution to 

the electron-electron interaction containing all the effects of exchange and Coulomb 

correlation.  FHK[ρ0] is an unknown functional. 

2.4 Kohn-Sham Equations 

     Kohn and Sham, in 1965, introduced the orbital approximation to the kinetic 

energy.
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                                             𝑇𝑠 =  −
1

2
  𝜑𝑖 ∇

2 𝜑𝑖 
𝑛
𝑖                                               (27) 

 

                                       𝐹𝐻𝐾 𝜌0 =  𝑇𝑠 𝜌0 +  𝐽 𝜌0 +  𝐸𝑋𝐶  𝜌0                             (28) 

 

where EXC is called exchange-correlation energy. 

 

     𝐸𝑋𝐶  𝜌0  ≡   𝑇 𝜌0 − 𝑇𝑠 𝜌0  +   𝐸𝑒𝑒  𝜌0 −  𝐽 𝜌0  =  𝑇𝐶 𝜌0 + 𝐸𝑛𝑐𝑙  𝜌0      (29) 

 

where TC[ρ0] is the residual part of the true kinetic energy which is not covered by TS[ρ0] 

added to the non-classical electrostatic contributions. 

     With these substitutions, the energy of system is given by: 

 

         𝐸0 𝜌0 =  𝑇𝑠 𝜌0 +  𝐽 𝜌0 +  𝐸𝑋𝐶  𝜌0 +  𝐸𝑁𝑒 𝜌0  
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                     =  𝑇𝑠 𝜌0 + 
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𝑟12
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The one-particle equations are: 

 

                      −
1

2
∇2 +   

𝜌0 𝑟2 

𝑟12
𝑑𝑟2 +  𝑉𝑋𝐶 𝑟1 −  

𝑍𝐴

𝑟1𝐴

𝑀
𝐴    𝜑𝑖 =  𝜀𝑖𝜑𝑖              (31) 

 

If the exact forms of EXC and VXC were known, the Kohn-Sham equation will lead to the 

exact energy, the correct eigenvalue of the Hamiltonian H of the Schrödinger equation.  

But EXC[ρ0] and VXC are unknown and can only be guessed.  

2.5 Local Density Approximation (LDA) 

     All the approximate exchange and correlation functionals are based on the local 

density approximation.  This approximation uses a uniform electron gas to approximate 

the exchange-correlation functional. 

 

                                       𝐸𝑋𝐶
𝐿𝐷𝐴 𝜌 =   𝜌 𝑟 𝜀𝑋𝐶 𝜌 𝑟  𝑑𝑟                                     (32) 
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where the εXC(ρ(r)) is the exchange-correlation energy per particle of a uniform electron 

gas of density ρ(r).  The quantity εXC(ρ(r)) can be further split into exchange and 

correlation contributions, 

 

                                    𝜀𝑋𝐶 𝜌 𝑟  =  𝜀𝑋 𝜌 𝑟  +  𝜀𝐶 𝜌 𝑟                                   (33) 

 

The εX, so called Slater exchange, represents the exchange energy of an electron in a 

uniform electron gas as found by Slater:
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                                                𝜀𝑋 =  −
3

4
 

3𝜌 𝑟 

𝜋

3
                                                     (34) 

 

The correlation part, εC, uses the values based on Monté Carlo calculations of the energy 

of homogeneous electron gases of varying densities.
137-140

  When the LDA approximation 

is used, molecular bond strengths are generally overestimated.
141

 

2.6 Generalized Gradient Approximation (GGA) 

     The generalized gradient approximation improves on the LDA by including the 

gradient of the density, ρ(r), to account approximately for the non-homogeneity of the 

true electron density.  The exchange functional is: 

 

                                      𝐸𝑋
𝐺𝐺𝐴 =  𝐸𝑋

𝐿𝐷𝐴 −   𝐹 𝑠𝜍 𝜌𝜍
4 3  𝑟 𝑑𝑟𝜍                           (35) 

 

The function F is the reduced density gradient for spin ζ. 
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                                     𝑠𝜍 𝑟 =  
 ∇𝜌𝜍  𝑟  

𝜌𝜍
4 3  𝑟 

                                                                (36) 

 

where sζ is a local inhomogeneity parameter which assumes large values not only for 

parts of ρ(r) with large gradients, but also in regions of small densities.  For the function 

F, Becke developed in 1988:
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                                      𝐹𝐵88 =  
𝛽𝑠𝜍

2

1+6𝛽𝑠𝜍 sin ℎ−1𝑠𝜍
                                                    (37) 

 

β is an empirical parameter determined by a least-squares fit to the exactly known 

exchange energies of the rare gas atoms He through Ru. 

2.7 Hybrid Functionals 

     For more accurate results, the functionals take into account a certain amount of exact 

exchange energy, which is calculated within Hartree-Fock method, incorporating with the 

exchange-correlation energy approximated by functional.  These functionals are called 

DFT/HF hybrid functional.  Becke’s three parameter exchange-correlation functional 

introduced semiempirical coefficients to determine the weights of the various 

components:
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                         𝐸𝑋𝐶
𝐵3 =  𝐸𝑋𝐶

𝐿𝑆𝐷 +  𝑎 𝐸𝑋𝐶
𝐻𝐹 − 𝐸𝑋

𝐿𝑆𝐷 +  𝑏𝐸𝑋
𝐵88 +  𝑐𝐸𝐶

𝑃𝑊91                (38) 
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The three empirical parameters were chosen such that the atomization, ionization 

energies and some total energies were optimally reproduced which lead to a = 0.20, b = 

0.72, and c = 0.81. 

     The most current popular hybrid functional, B3LYP, was suggested by Stephens et 

al.
144

  In B3LYP functional, the PW91 correlation functional is replaced by the Lee-

Yang-Parr (LYP) functional.  The B3LYP exchange-correlation energy expression is: 

 

       𝐸𝑋𝐶
𝐵3𝐿𝑌𝑃 =   1 − 𝑎 𝐸𝑋

𝐿𝑆𝐷 +  𝑎𝐸𝑋𝐶
𝐻𝐹 +  𝑏𝐸𝑋

𝐵88 +  𝑐𝐸𝐶
𝐿𝑌𝑃 +  1 − 𝑐 𝐸𝐶

𝐿𝑆𝐷           (39) 
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