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ABSTRACT: The reason that Au(100) surfaces have exceptional activity
toward the oxygen reduction reaction (ORR) in alkaline media has been a
long-standing puzzle that remains unexplained. Theoretically, the high
activity of Au(100) cannot be understood entirely by the widely employed
computational hydrogen electrode method, because oxygen adsorption on
Au(100) is calculated to be too weak. Here we present a density functional
theory study of the electrochemical Au(100)/aqueous interface under
constant potential conditions. Calculations of how the adsorption energies
of the ORR intermediates vary as a function of applied potential and pH
show that *O2H can be stabilized in alkaline media as compared to acidic
media, leading to enhanced ORR activity. Adsorbed *OH can further stabilize *O2H adsorbed at a nearest neighbor site leading
to the favorable 4e− reduction pathway and an onset potential of 0.81 V vs the reversible hydrogen electrode. These results
provide a direct comparison to experiments and insight into the inﬂuence of the electrochemical interface on the ORR
energetics.
KEYWORDS: oxygen reduction reaction, Au(100), alkaline media, density functional theory, constant potential condition,
double reference method, implicit solvation
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INTRODUCTION
The oxygen reduction reaction (ORR) is an important reaction
for electrochemical energy conversion devices, such as low
temperature fuel cells. Platinum and its alloys are currently the
most eﬃcient catalysts for the ORR.1,2 Their exceptional
activity originates from the optimal adsorption energies of the
oxygenated intermediates on the surfaces of these catalysts.3
The adsorption energies of the oxygenated species should be
strong enough to break the O−O bond for catalyzing the 4e−
ORR but not so strong that they poison the catalyst. Gold is
normally considered an inactive catalyst for the 4e− ORR
because of weak adsorption on gold surfaces.3 The ORR on
gold has been studied extensively both in acidic and in alkaline
solutions.4−10 Consistent with theoretical predictions, in acidic
solutions, a 2e− pathway producing hydrogen peroxide is
dominant for all Au surfaces studied. Surprisingly though, the
Au(100) surface is not only active for 4e− ORR but is even
more active than Pt in alkaline media in a certain potential
range.11 This observation has puzzled scientists for decades
and remains unexplained.
The ORR on Au(100) exhibits a strong pH dependence. For
pH values below 6, the reduction of O2 follows the 2e−
process. For pH values higher than 6, the 4e− reduction
process is active in the potential range where adsorbed OH−
anions are present.7,8 The adsorption of OH− has been found
to be essential for 4e− O2 reduction because the potential
region where the 4e− ORR is active coincides with the
presence of adsorbed OH− at the surface.8 Although these
© XXXX American Chemical Society

observations were made decades ago, a fundamental understanding of the relationship between OH− adsorption and 4e−
ORR activity is not understood. Recently, using density
functional theory (DFT), it was shown that coadsorbed water
can promote O−O bond breaking and thus leads to 4e−
reduction.12 These calculations, however, do not explain the
pH-dependent ORR pathway and the critical role of adsorbed
OH−.
The computational hydrogen electrode (CHE) method,
proposed by Nørskov and co-workers, has been successfully
used to calculate the overpotential of the ORR on various
catalytic surfaces.3 We applied the method for the ORR on the
Au(100) surface; the result is presented in Figure 1. The onset
potential for the ORR on Au(100) is calculated to be 0.18 V vs
the reversible hydrogen electrode (RHE), which corresponds
to an overpotential of 1.05 V/RHE. In the CHE method,
dependence on pH is corrected using the free energy of H+ as
kT ln(10)pH. Since the RHE accounts for pH, the calculated
overpotential within this model does not change with pH. The
high overpotential on Au(100) is due to weak adsorption of
*O2H. This calculation fails to explain the observed exceptional ORR activity of Au(100) in alkaline media. The failure
of the CHE method is due to limitations of a simple metal/
vacuum model at zero charge to represent a charged
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zone was sampled using the Monkhorst−Pack scheme22 with a
2 × 2 × 1 k-point mesh for the p(4 × 4) Au(100) surface slab.
For smaller p(2 × 2) Au(100) surface slab, a 4 × 4 × 1 k-point
mesh was used. Optimized structures were obtained by
minimizing the forces on each ion until they fell below 0.05
eV/Å. All calculations are nonspin-polarized; all reaction
intermediates are assumed to be closed-shell.
Slab models were employed to simulate clean and adsorbatecovered Au(100) surfaces. The slab models consisted of ﬁve
Au layers. The Au atoms in the middle layer were ﬁxed during
structural relaxation. Symmetric slabs had adsorbates on both
surfaces, separated by a 20 Å vacuum layer, in order to
eliminate the electric dipole between periodic images. The
lattice constant of Au was calculated to be 4.183 Å. The use of
an unreconstructed Au(100) surface is reasonable because
experimentally the hexagonal reconstruction can only be
induced at a potential of −0.4 V/SCE (−0.16 V/SHE)23
and the reconstruction is restored at a potential of 0.36 V/SCE
(0.6 V/SHE).24 DFT calculations also qualitatively predicted
that the unreconstructed surface is stable when the applied
potential is suﬃciently positive.25 Hence, in the normal
potential range of ORR, the unreconstructed surface should
be stable.
We employed the double-reference method to model the
electrochemical metal/solution interface and to evaluate the
inﬂuence of solvation and the applied potential on the reaction
energetics.26,27 The aqueous environment in this study is
modeled as a continuum dielectric as implemented by the
Hennig group in the VASPsol code28,29 with the relative
permittivity of the electrolyte set to 80. Details of the double
reference method can be found in refs 26 and 27. Brieﬂy, the
EDL at the metal/aqueous interface is simulated by varying the
number of electrons of the system. A uniform background of
compensating counter charge is added to maintain charge
neutrality of the supercell. The charged slab together with the
compensating background charge polarize the electrolyte near
the metal/solution interface, creating an electrostatic potential
proﬁle that simulates the EDL. The electric potential of the
slab referenced to the SHE is calculated as

Figure 1. Free energy diagrams of the ORR on Au(100) at applied
potentials (a) U = 0 and (b) U = 0.18/RHE. The 4e− and 2e−
pathways are shown with blue and red lines, respectively.

electrochemical interface normally operating at constant
potential conditions. In addition to the chemisorption of
reaction intermediates, the free energy of a reaction at an
electrochemical interface should also include the interaction
between adsorbates and the electric ﬁeld within the electric
double layer (EDL).13 Additionally, adsorbates can signiﬁcantly modify the capacitance and the potential of zero charge
(PZC) of the interface, thus leading to diﬀerences in surface
charge density for bare vs adsorbed interfaces under constant
potential conditions. This grand-canonical contribution is a
result of a change in surface charge density upon adsorption
and has been found to be prominent for calculating adsorption
energies under constant potential conditions.14−16 Above all,
the adsorption and reaction energies are dependent on the
applied potential. In order to take these eﬀects into
consideration and evaluate the potential-dependent adsorption
energies, we combine the double reference method with
continuum implicit solvation model to simulate the EDL at the
electrode/electrolyte interface under constant potential conditions.
The pH can also aﬀect the adsorption energies of reaction
intermediates by eﬀectively changing the electric potential.
Indeed, by changing the pH value, the electric potential on the
standard hydrogen electrode (SHE) scale also changes at a
ﬁxed potential on the RHE scale according to the relation
URHE = USHE + kBT ln(10)pH/e

(1)

Uq (V/SHE) = −4.6 − ϕq(f )/eV

For example, if URHE is held at 1 V, the values of USHE are
1.0 V and 0.17 V at pH = 0 and pH = 14, respectively. This
diﬀerence in USHE then leads to diﬀerent strengths of the
electric ﬁeld in the EDL, assuming the width of the EDL
remains constant, and diﬀerent surface charges in acid and base
solutions.
In this study, we used DFT calculations, considering
solvation, potential, and pH eﬀects, to provide insight into
the exceptional ORR activity on the Au(100) surface in base.
Based on our DFT-calculated reaction energetics, we found
that two dominant factors explain the puzzling ORR activity on
Au(100). First, oxygenated species bind more strongly on
Au(100) in base. Second, adsorbed OH can further stabilize
oxygenated species, including *O2H.

(2)

where − ϕq(f) is the work function of the charged slab in
aqueous solution and 4.6 V is the work function of the H2/H+
couple at standard conditions. Actually, the work function of
SHE measurement is scattered from 4.4 through 4.8 V;30 we
took the average value of 4.6 V for our calculations. The total
energy of the charged system is then corrected for the
interaction with the background charge as well as for the
diﬀerence in the number of electrons in the system by
Ecorrection =

■

∫0

q

⟨ Vtot⟩ dQ + qUq

(3)

For each structure, calculations are performed at charges of
−3.2e to +3.2e with steps of +0.8e. The total free energy at the
11 charge values is then ﬁt to a quadratic function to provide
the free energy as a continuous function of potential. The
quadratic form is consistent with a capacitor created by the
charged-slab/background-charge system, which takes the form

COMPUTATIONAL METHODS
DFT calculations with a plane-wave basis set were performed
using the Vienna Ab initio Simulation Package.17−19 The
generalized gradient approximation functional of the Perdew−
Wang 9120 form was used to describe the electronic exchange
and correlation energy. Electron−ion interactions were treated
with ultrasoft pseudopotentials.21 In all calculations, the energy
cutoﬀ of the plane wave basis set was 400 eV. The Brillouin

1
E(U ) = − C(U − U0)2 + E0
2
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where U0 refers to the potential of zero charge (PZC), E0 is the
energy at the PZC, and C is the capacitance of the surface.
From the ﬁtted quadratic functions for the bare slab and slabs
with adsorbates, the binding energies and reaction energetics
as a function of electric potential are calculated.
The energetics of the electrochemical ORR was calculated
with the CHE method.3,31 Brieﬂy, the Gibbs free energy
change of each electrochemical elementary step of the ORR
was calculated with DFT. The 4e− ORR reaction mechanism
was assumed to follow the four-step associative mechanism
represented by
O2 (g) + H+ + e− ↔ *O2 H

(5)

*O2 H + H+ + e− ↔ *O + H 2O(l)

(6)

*O + H+ + e− ↔ *OH

(7)

*OH + H+ + e− ↔ H 2O(l)

(8)

Figure 2. (a) Total energies of clean Au(100) (black), *O2H/
Au(100) (blue), *O/Au(100) (green), and *OH/Au(100) (red) as a
function of applied potential U. The calculated total energies are
shown as circles, and polynomial ﬁts to these energies are the solid
lines. (b) Adsorption energies of *O2H (blue), *O (green), and *OH
(red) as a function of U. (c) Atomic models of Au(100), *O2H/
Au(100), *O/Au(100), and *OH/Au(100).

−

The 2e reaction pathway producing H2O2 is
O2 (g) + H+ + e− ↔ *O2 H
*O2 H + H+ + e− ↔ H 2O2 (l)

(9)

Table 1. Fitted Parameters of the Quadratic Equation for
Calculating the Total Energies of Various Models

(10)

The free energy change of each elementary step is calculated
as ΔG = ΔE − TΔS + ΔZPE, where ΔZPE is the change in
zero-point energy. The energy of these elementary steps (ΔE)
are the energy diﬀerences between the DFT-calculated
energies of the product and reactant states. In this work, ΔE,
as calculated from the double reference method, is potentialdependent. The chemical potential of the solvated proton and
electron pair (H++e−) at standard conditions (pH = 0, T =
298.15 K) is calculated as 1/2GH2 + eUSHE assuming
equilibrium at the standard hydrogen electrode. The changes
in ΔZPE and TΔS are calculated using previously determined
values.3 For the 4e− and 2e− pathways, the equilibrium
potentials at standard conditions are 1.23 and 0.68 V/SHE,
respectively. The CHE method is also used to construct the
surface Pourbaix diagram of Au(100) in aqueous solution.31

U0 (V/SHE)

C (e/V)

E0 (eV)

Au(100)
Au(100) + OOH*
Au(100) + O*
Au(100) + OH*

0.52
0.71
0.83
0.50

4.34
4.83
3.42
3.93

−234.75
−263.63
−245.34
−255.32

Au(100) + OH*
Au (100) + OH* + OOH*
Au(100) + OH* + O*
Au(100) + OH* + OH*

0.50
0.86
0.98
0.60

3.93
5.03
3.66
3.92

−255.32
−284.13
−265.71
−276.00

model

interface. The adsorption of *O also shifts the PZC from 0.52
to 0.83 V and decreases the capacitance from 4.33 to 3.93 e/V.
As a result of these two eﬀects, the adsorption energy of *O
increases more quickly with increasing applied potential. The
adsorption energy of *OH remains roughly constant with
respect to the applied potential because the PZC does not shift
signiﬁcantly upon *OH adsorption; the slight decrease in
capacitance results in slightly increased binding energies when
the applied potential shifts from the PZC of the interface.
The pH value can aﬀect the adsorption energies of the
oxygenated species by changing the eﬀective electric potential
according to eq 1, as shown schematically in Figure 3a. The
case exhibited in the ﬁgure resembles the adsorption of *O2H

■

RESULTS AND DISCUSSION
Potential-Dependent Adsorption Energies of Oxygenated Species on Au(100). The calculated total energies
of the bare Au(100)/aqueous interface and the interface with
adsorbed oxygenated species (*O2H, *O, and *OH) as a
function of U/SHE are shown in Figure 2a. The parameters of
the quadratic potential-dependent total energies are included
in Table 1. The adsorption energies of the oxygenated species
are shown in Figure 2b. All oxygenated species are found to be
most stable at the bridge site on Au(100). The atomic
structures of bare Au(100) slabs and with adsorbates are
shown in Figure 2c.
First, it can be seen that the calculated 0.52 V PZC of
Au(100) is consistent with the experimental value of 0.53 V as
measured in 0.1 M HClO4.32 After adsorption of *O2H at the
Au(100)/aqueous interface, the PZC has shifted to 0.71 V and
the capacitance of the interface changes from 4.33 to 4.83 e/V.
The PZC shift can be attributed to the electron-withdrawing
eﬀect of *O2H from the metal surface, which increases its work
function and thus increases the PZC. Including these two
eﬀects, the *O2H adsorption energy increases with applied
potential because the *O2H adsorbed interface is charged with
more electrons at the same potential as compared to the bare

Figure 3. (a) Schematic plot of potential- and pH-dependent
adsorption energy. (b) Potential- and pH-dependent adsorption
energy of *O2H on Au(001).
5569
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calculated to be 0.36 V/RHE. The potential determining step
is *O2H formation because of its relatively low adsorption
strength on Au(100). The 4e− and 2e− mechanisms share the
same onset potential and potential determining step. The
reaction pathway for oxygen reduction depends on the relative
reaction rates of H2O2 formation vs *O formation, which is not
addressed in the current study. The onset potential is increased
to 0.61 V/RHE when the pH is 13. The improved ORR
activity in alkaline solution is due to the stabilization of *O2H
on Au(100). The results provide insights on the pH-dependent
ORR activity on Au(100), which is attributed to the potentialdependent adsorption of *O2H. This predicted onset potential
is more accurate than the CHE method using gas-phase
adsorption energies. However, the predicted onset potential is
still less positive than the experimental value of 0.8 V/RHE.
Inﬂuence of Adsorbed OH* on the ORR Activity and
Reaction Pathway on Au(100). Experiments have shown
that the adsorption of *OH is important for the high ORR
activity of Au(100) in alkaline media. Accordingly, we
examined the inﬂuence of an adsorbed *OH on the ORR
activity of an adjacent site on Au(100). The proposed atomic
models and the adsorption energies of oxygenated species on
the *OH precovered Au(100) surface are presented in Figure
5. The quadratic equations of the ﬁt to the potential-dependent
total energies are included in Table 1. We can see that the
shifts in PZC and capacitance upon adsorption have the same
trend as is the case of adsorption on the clean Au(100) surface.
However, the magnitude of the PZC shifts on the *OHprecovered Au(100) are greater than on the clean Au(100).
For example, after *O2H adsorption on the *OH-precovered
Au(100), the PZC changes from 0.5 to 0.86 V/SHE; the 0.36
V shift is 0.16 V larger than that on the clean Au(100) surface.
The increased shifts of PZC are similar in the case of *O and
*OH. The adsorption energies of the oxygenated species
increase more rapidly as the applied potential increases. Hence,
by increasing the pH valueswhich decreases U/SHE when
U/RHE is ﬁxedthe *O2H is further stabilized, leading to
improved ORR activity.

in the sense that adsorption results in an upshift of the PZC.
Consequently, the adsorption energy (green shaded area) also
increases with respect to the potential (U_SHE). According to
eq 1, the electric potential (U_SHE) would shift by kBT ln 10
× ΔpH when the pH value varies by ΔpH. In the speciﬁc case
shown, the adsorption energy decreases as pH value increases;
that is, adsorption energy increases as the electrolyte is
changed from acid to base. This is also the case for *O2H.
Figure 3b shows the adsorption energy of *O2H on Au(100)
as a function of applied potential (U_RHE) and the pH. We
can see that the adsorption energy of *O2H decreases as the
pH increases.
pH-Dependent ORR Activity and Reaction Pathway
on Au(100). We expect that the ORR overpotential on
Au(100) also depends on the pH value as a result of the pHdependent adsorption energies. We assessed the onset
potentials of the ORR on Au(100) at diﬀerent pH values as
shown in Figure 4. The ORR onset potential at pH = 1 is

Figure 4. Free energy diagrams of the ORR on Au(100) at (a) U = 0
V/RHE, pH = 1, (b) U = 0.36 V/RHE, pH = 1, (c) U = 0 V/RHE,
pH = 13, and (d) U = 0.61 V/RHE, pH = 13. The 4e− and 2e−
pathways are presented with blue and red lines, respectively.

Figure 5. (a) Total energies of the *OH/Au(100) (black), *OH + *O2H/Au(100) (blue), *OH+*O/Au(100) (green), and *OH+*OH/Au(100)
(red) as a function of applied potential U. The calculated total energies are shown as circles, and polynomial ﬁts to these energies are the solid lines.
(b) Adsorption energies of *O2H (blue), *O (green), and *OH (red) as a function of U on the *OH precovered Au(100) surface. (c) Atomic
models of *OH/Au(100), *OH+*O2H/Au(100), *OH+*O/Au(100), and *OH+*OH/Au(100).
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The ORR activity on the *OH-precovered Au(100) is
determined from our calculated free energy diagrams in Figure
6. In acidic media (pH = 1), the ORR onset potential is 0.44

Figure 7. 2D charge density plot of the surface layer of Au(100) with
*OH adsorption.
Figure 6. Free energy diagrams of the ORR on Au(100) at (a) U = 0
V/RHE, pH = 1, (b) U = 0.44 V/RHE, pH = 1, (c) U = 0 V/RHE,
pH = 13, and (d) U = 0.81 V/RHE, pH = 13. The 4e− and 2e−
pathways are presented with blue and red lines, respectively.

has not yet been shown that this active site is thermodynamically favorable under reaction conditions. Hence, we construct
the surface Pourbaix diagram of Au(100) to explore the stable
surface phases under reaction conditions, as shown in Figure 8,

V/RHE. Both the 2e− and 4e− reaction pathways are
thermodynamically active. In alkaline media (pH = 13), the
onset potential increases to 0.81 V/RHE due to *O2H
stabilization. More importantly, *O2H adsorption is suﬃciently
strong so that the production of H2O2 is unfavorable and only
the 4e− pathway is active. These results are consistent with the
experiment in that the 4e− reduction is only observed in
alkaline media and coincides with *OH adsorption on the
Au(100) surface.
Adsorbed *OH primarily inﬂuences the reactivity of its
neighboring sites. The onset potential of ORR on the next
nearest neighbor is only 0.44 V/RHE at pH = 13 (see Figures
S1 and S2), which is lower than the 0.61 V/RHE on clean
Au(100). We postulate that hydrogen binding between the
*OH and the oxygenated species adsorbed at the nearest
neighboring site plays an important role in promoting ORR
activity. To test this assumption, we considered a model with
the hydrogen atom in *OH turned away from the adsorbed
oxygenated species. The onset potential at this site is predicted
to be 0.66 V/RHE at pH = 13 (see Figures S3 and S4). Thus,
the stabilization eﬀect due to hydrogen binding for the
oxygenated species, and especially *O2H, is shown to promote
the ORR activity. The predicted 0.66 V/RHE is higher than
the 0.61 V/RHE on clean Au(100), so there must be a
promoting eﬀect other than hydrogen bonding. We plot the
charge density distribution of the surface layer of Au(100) with
adsorbed *OH in Figure 7. It can be seen that due to *OH
adsorption, electrons are depleted from the neighboring bridge
site, causing a favorable electrostatic interaction between the
electron-rich oxygenated species and the bridge site. Prieto et
al. also proposed that Au(100) is a good catalyst for the ORR
because its surface is positively charged at low overpotential so
that negatively charged intermediates are attracted to the
electrode.33
Surface Pourbaix Diagram of Au(100). We have
demonstrated that the ORR activity is the highest on
Au(100) when there is a *OH neighboring the active site. It

Figure 8. Surface Pourbaix diagram of Au(100) and atomic structures
of the stable surface phases.

along with atomic models of the stable surface phases. All
surface phases that are included in the diagram construction
can be viewed in Figure S5. It can be seen that when pH < 2,
single OH− adsorbs on Au(100) when URHE equals to 1 V.
When pH > 2, OH− adsorption at lower URHE is facile because
of stronger *OH adsorption. More importantly, *OH adsorbs
on Au(100) in pairs with neighboring *OH. Speciﬁcally, at pH
= 13, *OH adsorption occurs at URHE = 0.93 V. This predicted
value is consistent with the hydroxyl adsorption peak observed
in the cyclic voltammetry on Au(100).
Under ORR reaction conditions, isolated *OH forms at
potentials higher than 0.61 V/RHE at pH = 13 (see Figure
4d). When *OH is present, the dually adsorbed *OH forms
due to its higher stability at potentials over 0.61 V/RHE at pH
= 13. Consequently, in the potential window of 0.61 to 0.81 V/
RHE, the 4e− ORR is facile because the *OH modiﬁed active
site becomes accessible. It should be noted that in this
potential range, adsorbed *OH and other oxygenated species
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than single *OH, especially in alkaline conditions. The
catalytic trends of the ORR on Au(100) observed in previous
experiments are explained by the calculations in this study.

can still be reduced, since dual *OH binding is only stable
above 0.93 V/RHE in an oxygen-free environment. Consequently, for ORR, the optimal active site is both dynamically
formed and annihilated.
Surface Structure Eﬀects: Comparison between
Au(100), Au(111), and Au(110). The ORR activity in
alkaline solution on Au is strongly sensitive to surface
structure. Au(100) has a much higher ORR activity than
those of Au(111) and Au(110) in alkaline solution.34 To
explain these surface structure eﬀects, we conducted
calculations of binding energies of ORR intermediates on the
Au(111) and Au(110) surfaces.
The results of Au(111) are shown in Figure S6 and Figure
S7. The parameters of the quadratic potential-dependent total
energies are included in Table S2. For simplicity, we focus on
the binding energy of *O2H since *O2H stabilization is the
overpotential determining factor, as can be seen from the case
of Au(100). The binding energy of *O2H is relatively constant
as a function of applied potential because the PZC shift before
and after *O2H adsorption is small. As a result, the ORR
activity on Au(111) is relatively insensitive to pH. The ORR
activity on Au(111) in alkaline solution is much lower than on
Au(100) because the *O2H binding energy on Au(111) is
much higher at low applied potentials than that on Au(100).
From the point of view of surface structure, the close-packed
Au(111) surface interacts weakly with the *O2H and thus less
electron density is transferred from the Au to the adsorbate,
resulting in a small PZC shift. Indeed, a Bader analysis shows
that the *O2H adsorbate on Au(111) has a charge of 1.47 e,
while on Au(100) it has a charge of 1.51 e.
The calculated results for clean Au(110) are shown in
Figures S8 and S9. The parameters of the quadratic potentialdependent total energies are included in Table S2. The surface
structure of Au(110) is similar to that of Au(100) except that
the spacing between the Au rows is elongated in one direction.
The *O2H adsorption is also adsorbed at the Au bridge site
giving a similar binding energy of *O2H to that on the
Au(100). Consequently, the ORR activities on clean Au(110)
and Au(100) are similar. In contrast to the Au(100) surface,
the *OH binding on Au(110) has a very limited promotional
eﬀect on the ORR activity at an adjacent site, as a result of the
longer distance between the Au rows. The results of calculated
binding energies and ORR activities on *OH/Au(110) can be
found in Figures S10 and S11. It can be seen that *OH only
promotes the onset potential from 0.65 V/RHE to 0.73 V/
RHE at pH = 13 on Au(110).
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