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First-principles studies of Au(100)-hex reconstruction in an electrochemical environment
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Surface energies of Au(100) p(1X 1) and Au(100)-hex as modeled by a p(1X5) unit cell have been
calculated as a function of surface charge by the density functional method. When the surface is neutral, the
surface energy of Au(100)-hex is lower than that of Au(100), consistent with the experimental observation that
a Au(100) surface has a hexagonal, instead of a square top layer. Calculations show that the surface energies
of both systems increase when the surfaces are positively charged and there is a crossover with increasing
charge so that the Au(100)-square becomes the ground state. This suggests that the surface-to-hexagonal
reconstruction observed in this material can be reversed by an external field or surface charging. The required
electric field is quite large, but is achievable at metal/electrolyte interfaces. In this paper, we analyze metal/
electrolyte interfacial energies and metal surface energies, discuss the possible role of specific adsorption, and
compare our results to experiments by converting the calculated surface energies from surface-charge-density
dependent to electrode-potential dependent, based on the relationship of the work function and potential of zero

charge. Experimental results can be explained to some extent.
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I. INTRODUCTION

The ground-state structure of a Au(100) surface consists
of a single hexagonal close-packed overlayer on the top of a
square array that is the truncated (100) surface of a fcc crys-
tal. This rather special hexagonal reconstructed “Au(100)-
hex” surface has been extensively studied. Early low-energy
electron diffraction (LEED)! and helium diffraction? showed
a (1 X 5) reconstruction. Later, more detailed LEED? experi-
ments indicated a (20X 15) surface structure, and further
LEED* experiments then suggested a c(26X68) recon-
struction. More complicated surface structures have been ob-
served through scanning tunneling microscopy (STM).® Sev-
eral theoretical formulations, including tight binding,” a glue
model,? the embedded atom method,’ and first-principles to-
tal energy calculations together with a Frenkel-Kontorowa
model'? have been applied in an attempt to explain the above
structures.

It is interesting to note that the ground-state surface struc-
ture can be changed reversibly in an electrochemical envi-
ronment. Kolb et al. have shown that in 0.01M HCIO, solu-
tion, Au(100)-hex is stable up to +0.55 V. When the
potential increases to a level higher than +0.55 V, Au(100)-
hex changes to unreconstructed Au(100). If the gold elec-
trode potential decreases from above +0.55 V to —0.35 V,
Au(100) changes back to reconstructed Au(100)-hex. The re-
construction is reversible.!'='* In this system, the potential of
zero charge (PZC) for Au(100)-hex and Au(100) are +0.30 V
and +0.08 V with reference to the saturated calomel elec-
trode (SCE), respectively.

Ross et al.'® have analyzed the electric double layer ca-
pacitance and the metal/electrolyte interfacial tension under
the influence of the electrode potential to see if the electric
field (surface charging) or impurity adsorption on the metal
surface caused the reversible surface reconstruction. They
found that the electrocapillary curves of Au(100)-hex and
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Au(100) did not cross over, so there should be no surface
reconstruction happening within the electrode potential re-
gime in which the surface reconstruction was observed.

To date, the most accurate study of the energetics of this
system has employed the local density-functional formalism.
Bohnen er al. used a first-principles local-density-functional
method to study the change of surface energy as a function
of surface charging and potential.'® Due to the complexity of
the Au(100)-hex surface, it was simulated by p(1X1)
Au(111). In order to compare theoretical and experimental
results, surface charge densities were converted to electrode
potentials by integrating an experimental C(V) curve (where
C is the differential capacitance of the metal/electrolyte in-
terface, and V is the electrode potential). The surface energy
of neutral Au(111) was found to be about 0.2 J/m? lower
than that of Au(100). Since the results showed that the
Au(111) surface energy-potential curve was always below
that of Au(100), they concluded that the reconstruction was
driven by chemical adsorption rather than by surface charg-
ing.

We decided to reconsider this complex system using
density-functional calculations for three reasons. First, p(1
X 1) Au(111), a truncated (111) surface, may not be a good
representation of the Au(100)-hex system, which is an over-
layer of close-packed atoms on a truncated (100) surface. A
more sophisticated model was adopted to emulate the
Au(100)-hex structure. Second, it turns out that the calcula-
tions of surface energies in the presence of surface charging
involve some subtleties. The concave parabolic nature of the
surface energy curves seen in most calculations'®!” indicates
that the electric field energy of the vacuum has been included
in the calculations. This quantity, however, is unit-cell-size
dependent, and great care must be taken when different ori-
entations are involved. Third, both local-density approxima-
tion (LDA) and generalized gradient approximation (GGA)
are considered to access the influence of local-density ap-
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FIG. 1. A schematic plot of the Au(100)-hex surface. The top
layer is in reconstructed hexagonal structure. The substrate shows a
truncated Au(100) bulk surface. The rectangle and the square show
the p(1X5) Au(100)-hex surface unit cell and the p(1 X 1) trun-
cated Au(100) surface unit cell, respectively.

proximation as manifested in different exchange-correlation
potentials being used.

II. CALCULATION METHODS

A standard slab model was used to simulate the gold sur-
faces. In order to avoid systematic errors from the vacuum-
electric-field energy, the surface energy A\ per unit area in the
electric field was defined as

1 1
)\=a(§total_n X gbulk_STTszdv)’ (1)

where n is the number of gold atoms in a slab unit cell, &g,
the total energy of the slab, &, the cohesive energy per
atom of fcc gold, A the surface area of the slab, and E the
electric field strength. Each slab has two surfaces, hence the
factor of % In a metallic system, the electric field cannot
penetrate the bulk, thus the last term serves to subtract out
the vacuum-electric-field energy.

Au(100)-hex, with a hexagonal layer on top of a square
network, is a very complex surface system which defies brute
force modeling. The smallest commensurate unit cell that
can mimic a hexagonal layer on top of a square one is a
p(1X5) surface model,’ as shown in Fig. 1. The two outer-
most layers, symmetrically placed on opposite sides of the
gold (100) truncated slab, are hexagonal and have 20% more
atoms than a truncated Au(100) layer. The inner layers of the
slab are bulk fcc in the (100) orientation.

The total energy and force calculations were based on a
plane-wave pseudopotential formalism as implemented in a
popular program'® with some modification for the imposition
of an electric field. Vanderbilt-type ultrasoft (US)
pseudopotentials'®?®  (PP) were applied, with LDA
(Ceperley-Alder?') and GGA [PW91 (Ref. 22) and PBE
(Ref. 23)] exchange-correlation functionals. Comparing the
results of previous theoretical calculations®* with experiment
has shown that neither LDA nor GGA is preferred for de-
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scribing gold, so both LDA and GGA were applied in this
study. The projector augmented wave (PAW) potential?>2
was also tested for the zero-field cases.

The lattice constant and the cohesive energy were calcu-
lated using a standard fcc primitive unit cell with a (20
X 20X 20) k-point grid. The Au lattice constant was relaxed
until the pressure in the unit cell was less than 0.1 kbar,
which allowed the cohesive energy &, to converge to
within 0.01 meV. The relaxed lattice constant was then used
to construct gold surfaces using a periodic slab model with
11 atomic layers and a 20 A vacuum. In order to obtain the
best cancellation of errors between Au(100)-hex and
Au(100), the same p(1X5) unit cell was used for the
Au(100) as for the Au(100)-hex. In both cases, k points were
sampled on a (20X 4) uniform grid in the two-dimensional
(2D) Brillouin zone.?” For reference, the Au(111) surface en-
ergy was calculated as well using a p(1 X 1) unit cell with a
(20X 20) surface k-point grid. In the slab calculations, the
unit-cell shape and size were fixed. All atom positions were
fully relaxed until the maximum magnitude of force acting
on each atom became less than 0.02 eV/ A, such that the
atomic positions differed by less than 0.001 A between the
last two relaxation steps. The above procedures guaranteed
that the total energy of the slab converged to within 1 meV
per unit cell.

III. RESULTS AND DISCUSSION

The calculated lattice constants, cohesive energies, sur-
face energies, work functions, and related theoretical?®-3!
and experimental3>—3%15 reference data from other groups are
listed in Table I.

The results are in good agreement with previous calcula-
tions. Table T shows that the GGA (PW91 and PBE) give
lower surface energies than LDA, and this is related to the
smaller bulk cohesive energy. For 5d metals, LDA tends to
overbind, while GGA underbinds. The results show that the
Au(100)-hex surface, as modeled by a commensurate p(1
X 5) unit cell, has a lower surface energy than the unrecon-
structed p(1 X 1) Au(100). Au(111) is lower than Au(100), as
expected, and Au(100)-hex is in between, with surface en-
ergy closer to Au(100) than to Au(111). This is actually the
first ab initio calculation of the Au(100)-hex surface using a
realistic model unit cell that puts a hexagonal layer on top of
a square lattice. Both Au(100)-hex and Au(111) are known to
have a hexagonal top layer, and the close-packing arrange-
ment is the preferred structure of a 2D layer of Au. However,
the Au(111) is commensurate with the truncated bulk, while
the Au(100)-hex system has to pay a price for the mismatch
between the contracted hexagonal top layer and the (100)
substrate layers. The result is that the surface energy of
Au(100)-hex is lower than that of Au(100) (due to energy
gain from the top layer contraction) but higher than that of
Au(111) (due to the lattice mismatch with the bulk). Note
that on fcc (100) surfaces, the massive reconstruction of the
top layer to a close-packed hexagonal layer is an exception
rather than the rule. For example, it does not occur on
Ag(100).

125401-2



FIRST-PRINCIPLES STUDIES OF Au(100)-HEX...

PHYSICAL REVIEW B 72, 125401 (2005)

TABLE I. Lattice constant a (A), cohesive energy &, (€V), surface energy N(J/m?2) at zero-electric field, and work function ® (eV) of

Au(100), Au(100)-hex, and Au(111).

Method Reference a Evulk A(100) Ahex) AU ®100) O hex) oD
USPP-LDA This work 4.06 4.39 1.33 1.32 1.13 5.45 5.50 5.52
USPP-PWI1 This work 4.18 3.20 0.85 0.80 0.70 5.11 522 5.18

PAW-PBE This work 4.17 3.27 0.86 0.80 0.70 5.08 5.17 5.14

PP-LDA 10 1.33
FLAPW-LDA 28 4.065 1.30 5.39

PP-LDA 29 5.48 5.56
USPP-PBE 30 4.15 3.06 0.90 0.72
USPP-PBE 31 4.156 3.20 0.820
Experiment 32 4.08 3.81
Experiment 33 1.54
Experiment 34 5.22 5.26
Experiment 35 547 5.31
Experiment 15 5.35 5.40
As a check, exactly the same procedure was used to cal- v 4

culate the surface energies of Ag, which is isoelectronic with Y=No— f § av f ) cav. 3)
0 0

Au. The surface energy (LDA) of Ag(100)-hex was calcu-
lated to be 1.47 J/m?, which is 0.21 J/m? higher than that of
p(1X 1) Ag(100), which was found to be 1.26 J/m?. In Ag,
the energy gain from hexagonal contraction is not large
enough to overcome the mismatch between the top two sur-
face layers. The calculated results are thus consistent with
experiment, in that Au(100)’s top layer tends to become hex-
agonal, while no reconstructed hexagonal structure is ob-
served on clean Ag(100) surfaces.

Once the metal-surface energy N is known, the
Helmholtz-Perrin equation [Eq. (2)] can be applied to see
how the metal/electrolyte interfacial tension vy is changed in
an electrochemical environment. In this electrochemical
equation, V, V,, Cy, and v, are the electrode potential, the
PZC, the electric double-layer capacitance at the PZC, and
the interfacial tension at the PZC, respectively.

|4 1% C
7—'y0=—J dvf cav=-=20-v)2. (2
Vo Vo 2

The interfacial tension 7y appears to be approximately para-
bolic, and its peak is at the PZC.

Note that the definition of interfacial tension vy is not the
same as the metal-surface energy \ as defined in Eq. (1).
Interfacial tension is a complex energy term which involves
the metal-surface energy, the electric-field energy in the elec-
tric double layer, the interaction energy between the metal
and the molecules in the electrolyte, and probably other fac-
tors, while the metal-surface energy is the reversible work of
formation of a unit area of new metal surface by cleavage in
vacuum. At the PZC, there is no excess surface charge and
no surface reconstruction; the interfacial tension is equal to
the Au surface Helmholtz energy per unit area.’® In the cal-
culations, the temperature was taken to be 0 K. The contri-
bution of entropy was not considered, so y,=\,,”’ and Eq.
(2) may be rewritten as

As long as the capacitance-potential curves are known (mea-
sured experimentally, for example), interfacial tension can be
plotted against electrode potential using Eq. (3), the calcu-
lated gold surface energies, and the experimentally deter-
mined capacitance-potential curves.'?

Figure 2 shows that the interfacial tensions of Au(100)
and Au(100)-hex intersect at around 0.36 V (LDA) and 0.70
V (GGA). Experimental observations have shown that the
reconstruction happens at 0.55 V.'3!# Earlier applications of
the Helmholtz-Perrin equation to the Au(100)-hex recon-
struction (see, for example, Ross et al.’3) were based on
tight-binding calculations which estimated the surface-
energy difference between the Au(100)-hex and the Au(100)
p(1X1) to be more than 0.2 J/m?. With such a large surface-
energy difference, the capacitance measured in the experi-
ment would not be large enough to drive the reconstruction
from (hex) back to p(1 X 1). However, Gao and co-workers
have noted®® that the measured electric-double-layer capaci-

—~1.35,
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FIG. 2. Interfacial tension at gold/electrolyte interfaces. Solid
lines are for Au(100)/HCIO,4; dashed lines are for Au(100)-
hex/HClOy,. Dotted lines in the GGA group are an extrapolation of
Eq. (3) from experimental capacitance-potential curves.
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tance should be accurate, and that it is consistent with
potential-induced reconstruction if the surface-energy differ-
ence between the Au(100)-hex and the Au(100) p(1X1) is
on the order of 0.02 to 0.03 J/m?. The density-functional
calculations show that this is indeed the case. As shown in
Table I, the calculated surface energy of the Au(100)-hex is
0.01 J/m? (LDA) or 0.05J/m? (GGA) lower than that of
Au(100) p(1 X 1). The difference is significantly smaller than
that between Au(111) and Au(100): 0.20 J/m? (LDA) or
0.15J/m> (GGA). The results so far indicate that the
surface-energy difference between the Au(100)-hex and
Au(100) p(1 X 1) is small, so it is consistent with the capaci-
tance measured in the potential-induced morphology change.
However, this does not reveal whether the reversible surface
reconstruction is predominantly driven by excess surface
charge on the gold surface, by the specific adsorption of ions
on gold, or if both factors are important. In order to have a
better understanding of the problem, the change in surface
energy of gold under the influence of an external imposed
electric field was calculated.

The electric field was imposed in the same way as those
of Fu and Ho,!” Bohnen and Kolb,'® and Che and Chan.*® A
classic charge sheet with a given surface charge density was
placed in the middle of the vacuum region. The system is
periodic, so the effect is that two charge sheets with a same
sign are placed on either side of each Au slab. Electrons were
added to or subtracted from the Au slab so as to keep the
entire unit cell neutral. During the iteration to self-
consistency, the electronic charge within the Au slab was
rearranged so as to screen out the external electric field
caused by the charge sheet in the vacuum. When self-
consistency is reached, the field in the vacuum will be that
given by Gauss’s Law and as dictated by the charge density
of the charge sheet. There will be a layer of surface charge
with the sign opposite to that of the imposed charge sheet on
the Au surface, and the surface charge density will be one-
half that of the externally imposed charge sheet. This surface
charge will thus screen the interior of the Au slab from the
outside electric field, as it must, since metal does not allow
external fields to penetrate. The field can hardly penetrate the
top one or two layers for good metals, so a slab of about 11
layers should be thick enough. Note that an electric field can
also be imposed by setting up a positive charge sheet on one
side and a negative charge sheet on the other side of the slab,
which will give the same physics in the case of metallic
surfaces. However, imposing symmetrical electric fields has
two advantages over asymmetrical positive and negative
charge sheets. The symmetrical configuration exhibits more
stable convergence toward self-consistency, while the asym-
metrical configuration frequently has difficulty in achieving
self-consistency due to serious charge sloshing, especially if
the slab is thick. In addition, the symmetrical configuration
allows for the imposition of a much larger field if the artifi-
cial charge sheet is negative (surface positively charged or a
depletion of electrons). In the asymmetric configuration, the
sign of the electric field on either side of the slab has to be
opposite. When a strong field is imposed, the side of the slab
that has excess electrons will emit electrons, and the elec-
trons will accumulate in the vacuum around the artificial
positive charge sheet. This will not happen with a symmetric
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FIG. 3. The surface energy of Au(100) p(1X 1), Au(100)-hex,
and Au(111) in an electric field, calculated with the LDA exchange-
correlation functional, as a function of the excess surface electron
density.

configuration when there is a lack of electrons on the metal
surface. This is important, since the field is typically very
strong in an electrochemical environment.

In calculating the surface energy under an imposed elec-
tric field, the surface energy \ was defined as in Eq. (1). Note
that other studies'”!'® have calculated the surface energy in
the presence of surface charging using

1
A= ﬂ(gtotal -nX gbulk)~ (4)

They have thus included the field energy of the vacuum into
the surface energy of the system. The surface energy would
then depend on the unit cell chosen, since the vacuum field
energy increases with the size of the vacuum region. This is
fine as long as consideration is confined to the energetics of
one orientation using the same unit cell, since the vacuum
field energy will be subtracted off when energy differences
are calculated. However, when the surface energies of differ-
ent orientations are considered, it is much safer to subtract
the vacuum energy, so calculated quantities do not depend on
the unit cell chosen. Note that in the electrochemical envi-
ronment, there is electrostatic energy stored in the electric
double layer, which has a thickness that is typically mea-
sured in angstroms. However, the capacitance energy stored
in the electric double layer depends on the details of the ions
and the electrolytes and, in general, does not bear any rela-
tionship to the vacuum field energy in the supercell calcula-
tion.

Calculated values of A, as defined in Eq. (1), are given in
Fig. 3. Figure 3 was calculated using the LDA approach, but
the qualitative behavior is the same when the results are cal-
culated with GGA-PWO1. The surface energies increase with
surface-charge density (o0=-n,e) and have an almost linear
dependence on the field strength. The surface energy of
Au(111) is substantially lower than that of Au(100) p(1
X 1), hence the effect of the electric field cannot switch the
order of these two surfaces. Note that these results differ
from those of Bohnen et al.'® They found that there is a
crossover between Au(111) and Au(100) p(1 X 1), which can
be traced to their inclusion of a unit-cell-dependent vacuum-
field term in their calculations. However, the surface-energy
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FIG. 4. The surface energy difference of Au(100) p(1X1) and
Au(100)-hex, calculated with LDA (triangles) and GGA (circles), as
a function of the excess surface electron density.

difference between Au(100) and the Au(100)-hex is much
smaller, such that surface charging can indeed switch the
order.

Figure 4 shows that the Au(100)-hex is more stable in
neutral conditions, but Au(100) p(1X1) becomes more
stable when the surface is positively charged. This can be
understood by considering that as far as a metal is concerned,
the existence of an external electric field and excess surface
charge imply on each other, so that the surface-energy
change induced by the external field can be understood by
adding electrons to (or taking them from) the surface. As
noted by Monnier et al.,*

1
d\ = pdn,=——p.do. (5)
e

So, the first-order term of a Taylor expansion of \(o) is
contributed by

dN Me(o=0) D
Rl Mo D ©

do| ,— e e

The work function ® is defined as ®=V,,.— u,, where u, is
the electrochemical potential of the electron for the specific
surface, and V., is the potential energy of the electron in the
vacuum far away from the surface. V,, is taken to be zero in
our consideration, thus ®=—g,. The work function of a spe-
cific surface depends on the electron energy necessary to
penetrate the dipole barrier at the surface, and the bulk elec-
trochemical potential of the electron relative to the mean
electrostatic potential in the metal interior.*! Since the slope
of N(o) is related to the work function of the surface in linear
order, the work function has been calculated to see if the
results are consistent with the surface-energy change.

The Vion 1+ Viaree POtential was calculated along the di-
rection perpendicular to the slab to get the work function of
the specific surface.*> As shown in Table I, ®"%) was indeed
higher than ®(1%9, consistent with the results that A\(o) has a
larger positive slope for Au(100)-hex than for Au(100) p(1
X 1). Because the difference between A" and \190 at zero
field is rather small, the difference in the slope of A(o) is
sufficient to cause a crossover so that Au(100)-hex becomes
higher in energy than Au(100) in the relevant range of o. The
critical surface charge densities calculated using LDA and
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GGA were —0.0097 e/A? and —0.0158 /A2, corresponding
to an electric field of 1.8 V/A and 2.9 V/A, respectively. We
thus conclude that for a clean Au(100) surface, the surface
reconstruction between (hex) and p(1 X 1) can be induced by
an external field or surface charging. At the same time, we
note that Au(111) is not a good substitute for the Au(100)-
hex in this analysis. Au(111) has a surface energy that is
significantly lower than that of Au(100), and the results are
rather different from those for Au(100)-hex. In fact, Au(111)
will remain lower in surface energy than Au(100) p(1X1)
over the entire range of electric-field strengths or surface
charges under consideration.

Making a direct comparison with the experiment involves
overcoming two major complications. The first is that the
experiment is done at a given voltage, not a given external
field. The second is that the Au surface is submerged in the
electrolyte, and the adsorption of electrolyte ions on the sur-
face can change the surface properties. In principle, both of
these issues can be dealt with through local-density-
functional calculations if we can afford to treat the complete
metal/electrolyte interface—not just the Au surface, but also
the anion adsorption, the effect of water, and the properties
of the electric double layer. Due to limited resources, how-
ever, it is difficult to reflect all of these influences in a com-
plete ab initio manner.

First, we try to change the external parameter from field
to voltage. It quickly becomes apparent that the conversion
requires knowledge of the capacitance of the surface system.
To compare surface energies at a particular electrode poten-
tial, expand \(V) at potential of zero-charge V. Assume at
first that the effects of specific adsorption can be ignored.
From the Gouy-Chapman theory,* dC/dV=0 at PZC, thus,
the first and the second derivatives of A are, respectively,

, d\ do o}
dodV ], e
A,,_{Cz(d_xﬂ _{Ci(@)d_ﬂ} C(@)
"1 Tav\de) |, | do\do)av], \do*/,
(8)

Truncating the Taylor expansion of A(V) beyond the first
three terms yields

0 1{d?
AMV) =N+ Co?(V— Vo) + E<ﬁ> [Co(V-Vp) % (9)
0

The potential of zero charge and the work function of a metal
surface are related by***

VUKD = kD 4 Sy k) 4 oUikD) | g (10)

5X](‘Zkl) is from the change of the metal surface dipole when it

is in contact with the electrolyte; gghkl) is due to the reorien-
tation of electrolyte dipoles at the metal/electrolyte interface;
and K is the potential drop at the reference electrode. K is a
constant for a particular reference electrode. Assuming there
is no specific adsorption and that the system satisfies the

Gouy-Chapman approximation, the influence of 5)(5‘7‘1) and
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(hkl)

gy ~ on different surface orientations should be small
enough to neglect. A|dy,, (hkd) hkl '|=0. Then
Vghex _VglOO :[q) hex)_q)(IOO]/e. (11)

Letting U=V— Vf)loo) and A®/e=[D1)_p100]/¢, we get

CI)(IOO) l<d2)\(100)>
U+~ cy™vy,
e 2\ do? 0( o0

)\(100)(U) _ 7\8100) + Cgloo)

ex)

P (hex
)\(hex)(U) )\(hex) + C(hex) (U Aq)/e)

1 ( dZA(hCX)
+—
do*

2

Equations (12) and (13) are written in a form such that most
of the variables can be calculated using a local-density-
functional formalism, except C,. It was not possible to cal-
culate a metal/electrolyte interface with electrolyte molecules
in this study due to limited computing resources.*® To pro-
ceed any further required using a C determined experimen-
tally.

Figure 5 is based on theoretical A(o) values calculated
according to the LDA and GGA-PWOI. C(100 was taken to
be 20 uF/cm?, and C(hex) was taken to be 26 wF/cm?.1© Fig-
ure 4 shows that surface charging (or a positive external
field) can drive the transition between Au(100)-hex and
Au(100) p(1X1). Figure 5 shows that if an experimental
capacitance value is used to convert A from charge depen-
dent to potential dependent, the Au(100) surface reconstruc-
tion is reversible at a certain electrode potential. The calcu-
lated critical potential is 0.35 V (LDA), or 0.68 V (GGA)
with reference to SCE, which is consistent with the previous
analysis of interfacial tension.

One may ask why use Eq. (11) and the work function
difference from the calculations (0.052 eV LDA, 0.11 eV
PW91, and 0.094 eV PBE) instead of using the PZC differ-
ence (0.22 V) measured by experiment. The reason is that
there are several pieces of evidence showing that there is ion
adsorption on metal surfaces in similar electrochemical
systems.*” This would not significantly affect the metal-
surface structure, but would shift the transition potential.
Since the adsorption details are unknown, it is difficult to
model such systems in theoretical calculations. Moreover,
the objective is to understand how the transition happens
when surface energies of gold change in response to an elec-
trode potential, so it is appropriate to focus on the surface
energies of pure gold. In more precise terms, Egs. (12) and
(13), and hence Fig. 5, are treating the energetics of a Au/
vacuum interface under an external potential, with the ca-
pacitance taken from that measured in an electrochemical
environment and the vacuum-electric-field energy subtracted.

It is instructive to compare the work functions calculated
through the density functional formalism with experimen-
tally determined work functions and PZC data. Ross and
co-workers'> measured the work functions of clean annealed
surfaces in ultrahigh vacuum (UHV). They then immersed

)[cghe*>(U-Aq>/e)]2. (13)
0
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the surfaces in 0.01M HCIO, and measured the work func-
tions again when the surfaces emerged from the electrolyte at
their respective PZCs. For Au(111) and Au(100)-hex, the
measured work function difference between the clean an-
nealed Au(111) and the clean annealed Au(100)-hex was
0.05+0.1 eV, or very small. The work functions of the sur-
faces after exposure both increase by 0.1 eV compared to the
clean annealed values, but the work function difference re-
mained the same, 0.05+0.1 eV. These work function differ-
ences for both the clean annealed surfaces and the emerged
surfaces are consistent with the PZC difference measured in
experiments, 0.05+0.07 V. The theoretical work function
difference between Au(111) and Au(100)-hex calculated in
this study was 0.016 eV (LDA), —0.048 eV (GGA-PW91), or
-0.025 eV (GGA-PBE), in the region of 0.05+0.1 eV. These
results show that the work function difference of Au(111)
and Au(100)-hex should be very small, which is consistent
with experimental measurements.

The experimental work function difference between the
emerged Au(100)-hex and the emerged Au(100) is
0.25+0.1 eV. It is consistent with the PZC difference
0.2+0.05 V measured from that experiment. It is also con-
sistent with D. M. Kolb’s experimentally measured PZC dif-
ference of 0.22 V. However, the theoretical work function
difference between the Au(100)-hex and the Au(100) calcu-
lated in this study was 0.052 eV (LDA), 0.11 eV (PW91), or
0.094 eV (PBE). These results are significantly smaller than
the experimentally measured values for Au(100)-hex and
Au(100).

It seems perplexing that the theoretical work function dif-
ference calculated for Au(111) and Au(100)-hex is consistent
with experiments, but it is not for the case of Au(100)-hex
and Au(100). Several pieces of evidence show that impurities
may shift the observed transition potential,47 and, as men-
tioned by Schmickler and Leiva,3” adsorption shifts the PZC
of the metal surface, and the PZC measured from the electric
double-layer capacitance-potential curve may not represent
the PZC of a pure metal surface. So, the inconsistency may
arise not from the theoretical calculations, but from the ex-
perimental work functions of emerged surfaces. When there
are ions adsorbed on the surface, the measured PZC should
represent the PZC of a metal surface with impurities. The
corresponding work function of this PZC should be the work
function of a metal surface together with its impurity ions.
The work function of the surface can thus be significantly
modified by the adsorption of the ions. For the case of the
Au(111) and the Au(100)-hex, their surface geometries are
quite close to each other, so ion adsorption on these two
surfaces could be very similar. When calculating the experi-
mental work function difference or the PZC difference, the
influence of ion adsorption could cancel out to a large extent.
Therefore, the experimental data seem to be consistent with
the theoretical calculations. The surface geometries of
Au(100)-hex and Au(100) are quite different—one is hex-
agonal and the other is square—so the nature of ion adsorp-
tion on these two surfaces should also be quite different. The
influence of ion adsorption on the work functions (and the
PZC values) of the two surfaces could then be different as
well. When subtracting the experimentally determined work
functions of emerged surfaces, the influence of ion adsorp-
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FIG. 5. The surface-energy difference between Au(100) and
Au(100)-hex as a function of electrode potential with reference to
the PZC of Au(100). (V.'°”=0.08 V with reference to SCE.)

tion may not cancel out. Therefore, theory and experiment
might be different for this case. Since adsorption can change
the PZC of the surface, and the PZC measured in the experi-
ment corresponds to a contaminated surface, there is no rea-
son to use this PZC difference when analyzing the surface
energies of clean metal surfaces.

If experimental PZC values are taken as charge zero
points for the clean metal surfaces, the large difference in the
experimental PZC values separates the curves for Au(100)
and Au(100)-hex from each other to such an extent that no
field effect can possibly change the order of these two
surfaces.'® If we consider a metal surface together with its
adsorbed ions as a new surface system, the experimental
work function and the PZC of this new surface should al-
ways be consistent. It would be interesting in the future to
calculate the properties of metal surfaces with adsorbed ions
in an aqueous environment, and then calculate the surface
energies and the work functions of the surfaces in the elec-
trochemical environment.

We would also like to make a remark about Figs. 5 and 2.
Figure 5 is the surface-energy difference between different
Au surfaces as a function of the external potential. The elec-
trostatic energy of the electric double layer in the electrolyte
is not considered. Figure 2 considers the interfacial tension
and takes the capacitance energy of the electric double layer
and other interaction energies between the metal surface and
the solvent molecules into account in an entirely empirical
fashion.
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IV. SUMMARY

Local-density-functional calculations show that the
surface-energy differences between Au(100) p(1X1) and
Au(100)-hex surfaces are very small, at the order of
0.02 J/m?. This implies that earlier attempts by other authors
to emulate the Au(100)-hex surface using Au(111) have ac-
tually not been justified, since a Au(111) surface has signifi-
cantly lower surface energy than that of Au(100) p(1 X 1).
Taking the surface energies of neutral Au(100)-hex and neu-
tral Au(100) p(1 X 1), together with electric double-layer ca-
pacitances measured from experiments, calculations show
that surface reconstruction is indeed electrode potential in-
duced.

These first-principles calculations have shown that a posi-
tive field favors the Au(100) p(1 X 1) arrangement, so that if
a Au(100) surface is positively charged, it will transform
from the (hex) to the p(1 X 1) structure. Reversible Au(100)-
hex surface reconstruction can be thus induced by surface
charging. In order to make connection with the reversible
(hex) < p(1 X 1) reconstruction observed in electrochemical
environments, it is necessary to convert from surface charg-
ing to electrode potential. This requires a knowledge of the
capacitances of the system, for which experimental values
are available. The results are reasonably close to the result
from interfacial tension analysis, and they are also close to
experimental observations.

At this stage, there is not sufficient information to tell
whether or not ion adsorption plays a key role in governing
the observed change of morphology at the electrochemical
interface. We can say only that the surface charging induced
by an electrode potential (and by the electric double layer at
the metal/electrolyte interface) already constitutes a suffi-
cient driving force to cause Au(100)-hex surface reconstruc-
tion. A complete picture of the metal/electrolyte interface
requires details down to the atomic level, not only on the
metal side of the interface but also in the electrolyte. A fully
ab initio treatment of the electrolyte under an intense field
remains a challenge for the foreseeable future.
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