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a  b  s  t  r  a  c  t

It  has  been  a  long  challenge  to  understand  the  equilibrium  and  the  dynamic  phenomena  (e.g.  chem-
ical reactions)  at the electrode/electrolyte  interface  in a unified  theoretical  framework.  Here  periodic
first-principles  calculations  integrated  with  modified-Poisson–Boltzmann  electrostatics  are  utilized  to
provide the  atomic  level  insight  into  the  nature  of  electrochemical  double  layer  and  the  catalytic  reaction
at the  interface.  The  double  layer  properties  of  a series  of  metal  electrodes  and  CO-covered  Pt electrode,
such as  the  potential  of  zero  charge  and  the  differential  capacitance,  are  calculated  from  theory  and  a
good  agreement  between  theoretical  values  and  experimental  data  is  achieved.  The  theoretical  method  is
irst principles periodic continuum
olvation method
otential of zero charge
ifferential capacitance
O electrooxidation

also  applied  to  understand  the  mechanism  of  CO  electrooxidation  on  Pt.  By  comparing  CO  +  O  and  CO  + OH
reaction  channels,  we  show  that  CO  +  OH  is the  major  mechanism  for CO  electrooxidation.  It is observed
that  the  barriers  of these  surface  association  reactions  are  weakly  dependent  on the  potential.  The  the-
oretical  results  presented  here  demonstrate  that  first-principles  periodic  continuum  solvation  method
is a  practical  and  general-purpose  theoretical  tool  for studying  electrochemical  phenomena  occurring  at
the electrode/electrolyte  interface.
. Introduction

The electronic and geometrical structure of the elec-
rode/electrolyte interface lies at the heart of the electrochemical
rocesses. The current knowledge on the electrochemical double

ayer originates mainly from the measurement of the macroscopic,
quilibrium properties of the interface, such as surface tension,
ork function and interfacial capacitance [1–6], and also the sim-
lified theoretical model based on classical Poisson–Boltzmann
lectrostatics from Gouy–Chapmann and Stern [7–9] (GCS model).
ue to the electrochemical adsorption, the redox reactions involv-

ng water and electrolyte, and the surface structural reconstruction
defect creation), especially on active transition metals, it is gener-
lly difficult to measure accurately the double layer properties. For
nstance, for the typical catalyst in fuel cell, Pt electrode, the poten-
ial of zero charge (pzc) and differential capacitance (Cd) have been

easured with different experimental methods and the reported
alues span a certain range (pzc: 0.2–0.4 V and Cd: 14–20 �F/cm2
10–12]). In line with this, the understanding for the electrocat-
lytic reactions that occur at the electrode/electrolyte interface is
uch poorer compared to those for the solid–gas reactions, not

∗ Corresponding author.
E-mail address: zpliu@fudan.edu.cn (Z.-P. Liu).

920-5861/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.cattod.2012.04.055
© 2012 Elsevier B.V. All rights reserved.

least because of the complexity of the electrode/electrolyte inter-
face. New experimental and theoretical techniques are urgently
required to decouple the many-body problem associated with
the electrode/electrolyte interface, where the electrochemical
potential, the adsorbate, the surface structure and the solution are
the key factors.

Recent years have seen a great progress in understanding
electrochemical phenomena using theoretical methods, such as
Canonical Monte Carlo [13], Wertheim–Lovett–Mou–Buff inte-
gral equation [14,15], modified Poisson–Boltzmann (MPB) [16–18]
and molecular dynamics [19–22].  As one of the major progress,
the solid-liquid interface can now be studied with the state-of-
the-art quantum mechanics approaches, such as the large-scale
density functional theory (DFT) calculations [23–25].  Neurock and
coworkers proposed a double-reference method to describe the
metal/water interface, in which the water layers outside the metal
surface are explicitly included with the ice-like structure and the
counter charge of electrolyte is described by the homogenously dis-
tributed background charge [24,26].  Using Cu(1 1 1) in contact with
water as the model, they calculated pzc (0.6 ± 0.1 V vs. SHE, cf. exp.
−0.01 V [27]) from the double-reference method [28], but there are

still obvious difference between theory and experimental values. By
fitting the curvature of the parabola of free energy versus poten-
tial, Norskov group [25] calculated Cd of Pt(1 1 1) with a few layers
(1–3) explicit water included and the calculated value 23 �F/cm2

dx.doi.org/10.1016/j.cattod.2012.04.055
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:zpliu@fudan.edu.cn
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s somewhat larger than the reported experimental value [10–12].
hey also investigated hydrogen oxidation and evolution reac-
ion with a water bi-layer model by adding protons into the first
ater layer [25]. Recently, a periodic continuum-solvation method

ased on the modified-Poisson–Boltzmann theory [16] has been
mplemented in DFT framework (DFT/CM-MPB) for modeling the
lectrode/solution interface [29,30].  Jinnouchi and Anderson ana-
yzed the pzc of Pt(1 1 1) with different water coverage and water
rientation with the values from −0.35 to 0.74 V [29,31].  They found
hat the exact water orientation can affect greatly the pzc. This is
onsistent with the conclusion obtained from other research groups
ith water bilayer on metals: it was found that the work function
ifference between the H-down and H-up water bilayer structure
n Pt(1 1 1) can be as large as 2.6 eV [25]. By focusing on the dynamic
spects of the reaction, our group recently investigated water split-
ing on RuO2 and TiO2 under electrochemical and photocatalytic
onditions [30,32].

To date, it remains unclear whether it is possible to treat the
tatic/equilibrium (such as pzc, Cd) and the dynamic properties
chemical reactions) of the electrode/electrolyte interface in a uni-
ed theoretical framework. One may  be able to predict the static
roperties of the interface via heavy demanding computational
echniques such as first principles molecular dynamics, but these

ethods are not practical in general for studying the rare dynamic
vent (reactions) under electrochemical condition. In this work,
e demonstrate that the theoretical approach based on periodic
FT/CM-MPB calculations can be utilized to model electrochemical

nterface and the effects due to the solvation and the electrochem-
cal potential can be included straightforwardly. We  calculate the
quilibrium properties of the double layer of a series of metal elec-
rodes and CO-covered Pt electrode. We  also apply the method for
nderstanding a typical reaction on Pt electrode, i.e. CO oxidation.
he results from theory are compared thoroughly with those from
he experimental measurement.

. DFT calculation detail

All DFT calculations were performed using SIESTA package with
umerical atomic orbital basis sets and Troullier–Martins norm-
onserving pesudopotentials [33–35].  The exchange-correlation
unctional utilized was at the generalized gradient approxima-
ion level, known as GGA-PBE [36]. The optimized double-� plus
olarization basis (DZP) set was employed routinely for total
nergy calculations and the diffuse basis (e.g. 7s for Au) was also
dded in calculating work function of metal surfaces [37]. The
rbital-confining cutoff was determined from an energy shift of
.010 eV. The energy cutoff for the real space grid used to rep-
esent the density was set as 250 Ry. The Quasi-Newton Broyden
ethod was employed for geometry relaxation until the maximal

orces on each relaxed atom were less than 0.1 eV/Å. Transition
tates (TSs) of the catalytic reaction were searched using our
ecently developed Constrained-Broyden-Minimization [38] and
he Constrained-Broyden-Dimer methods [39]. In all calculations,
he rectangular p(4 × 2

√
3) symmetric six-layer slab was utilized

outinely for modeling the (1 1 1) surfaces and the middle two  lay-
rs were fixed at the bulk-truncated position. The adsorbates were
dded symmetrically on both sides of the slab. To compute Pt(1 1 1)
t various CO coverage conditions and the CO oxidation reaction,
oth p(2 × 2

√
3) and p(4 × 2

√
3) unit cells were utilized.

. Periodic continuum-solvation method based on

odified Poisson–Boltzmann equation

In our previous work, we have developed a Gaussian-plane-
harge method for the calculation of charged surfaces [40]
ay 202 (2013) 98– 104 99

(the counter-charge is distributed in a Gaussian-plane several
angstroms away from the surface), which considers the sur-
face polarization explicitly due to the surface charging. However,
because of the lack of solvation and the unrealistic ionic charge
distribution, the Gaussian-plane-charge method is not ideal for
an accurate description of electrocatalytic reaction. Recently, we
replace the Gaussian-plane charge distribution by a point-charge
distribution in the continuum dielectric medium throughout the
entire vacuum region (at the grid points in DFT  calculations), which
mimics the real ionic distribution of electrolyte [41]. This approach
is introduced below.

3.1. Continuum solvation

The continuum dielectric medium is introduced via a param-
eterized smooth dielectric function ε(r) (Eq. (1)) as proposed by
Fattebert and Gygi [42],

ε(�(r)) = 1 + ε∞ − 1
2

[
1 + 1 − (�(r)/�0)2ˇ

1 + (�(r)/�0)2ˇ

]
(1)

which approaches to ε∞ (e.g. 78.36 for water at room temperature)
asymptotically in the regions where electron density is low, and 1
in the regions where it is high. In the equation, �0 and  ̌ are the
only two  parameters: �0 is the threshold of electron density �(r) to
adjust the size of the cavity, whereas  ̌ determines the smoothness
of the transition from 1 to ε∞. According to Fattebert and Gygi,
these two  parameters can be chosen by fitting the experimental
solvation energy value for the systems of interest (e.g. water) and
the values utilized in this work is 5.5 e/bohr3 for �0 and 1.3 for ˇ.
For �(r), we utilize the pseudoatomic charge distribution accord-
ing to the pre-defined atomic configuration of the element and it
is then fixed during the self-consistent loop. A fixed ε(r) during the
self-consistent field calculation is found to be essential to speed up
the convergence, especially for metallic system. The atomic con-
figuration of the element acts as a convenient way to tune the
solvation radius of the element, similar to that utilized in tradi-
tional continuum solvation method [43]. The continuum solvation
model enables the band structure alignment between different sur-
faces with the same solution level (i.e. the potential zero defined
in the middle of the vacuum of slab where the dielectric function
approaches to 78.36), and more importantly, it corrects the DFT
energy with the long-range electrostatic interaction due to solva-
tion.

For example, the typical distribution of ε(r) for a metal surface
(Pt(1 1 1)) at different atomic configurations are shown in Fig. 1a,
where the dielectric function increases from 1 (metal bulk) to 78.36
(water solution) within a thickness of ∼3 Å from the surface plane.
By changing the atomic configuration, the distribution of dielectric
function ε(r) is also modified: as seen in Fig. 1a, with the grad-
ual depopulation of electrons in 5d, the solution (ε = 78.36) will
be pushed away from the surface. Consistently, we found that the
potential of zero charge (pzc) will increase gradually. The calcu-
lated pzc are 0.31, 0.50, 0.60, 0.71 with the Pt atomic configuration
5d106s0, 5s96s1, 5s86s2, 5d76s26p1, respectively (see Section 4.1 for
more detail), indicating that the pzc is very sensitive to the exact
solvation radius of the element.

3.2. MPB implementation in slab calculations

We utilize the MPB  equation as shown in Eq. (2) [16,18] to deter-
mine the total electrostatic potential, where k is the Boltzmann

constant, T is the absolute temperature, and v = 2a3cb (a is the effec-
tive ion size and cb is the bulk concentration of the electrolyte). The
technique detail for the implementation of the numerical PB solver
in periodic slab calculations was described in our previous work
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Fig. 1. (a) The dielectric function ε(r) profile as a function of the z-axis of the supercell, which can be tuned by modifying the atomic configuration of the element; (b) an
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ize),  one can see the fast saturation of ionic charge concentration at the distance cl
urface  plane locates at the zero in z-axis. (For interpretation of the references to co

41,44]. In short, we utilize a sixth-order finite-difference scheme
hat is appropriate to discretize partial differential equations with
eriodic boundary condition [45], which is solved numerically in
he self-consistent loop. This scheme utilizes the finite difference
tencil to get the symmetric sparse linear system. In terms of
he symmetry, the linear system is solved iteratively by a paral-
el version of MINRES with the preconditioner. To realize a fully
arallelism, we  chose the incomplete LU preconditioners based on
he second-order FD scheme in a localized preconditioner imple-

entation. Generally, a large vacuum region along Z axis is needed
o separate two adjacent slabs.

 · (ε(r))∇( ) = −4�� + 8�zecb
sinh(ze /kT)

1 − v + v cosh(ze /kT)
(2)

 = −
∫
dr · �cq(r)

∣∣∣∣
ε(r)>˛

(3)

�cq
∣∣
ε(r)<˛

= 0 (4)

q
cal = (˚ref − ˚F) − 4.6 (5)

he Boltzmann distribution of the ionic charge (i.e. countercharge)
s determined by the second term in the right-hand side of Eq. (2),

hich can be solved self-consistently during electronic structure
oops with the constraint of the total charge conservation as writ-
en in Eqs. (3) and (4) (�cq is the countercharge density, q is the
et charge of the surface, the parameter  ̨ defines the region that is
ot accessible to the ionic charge). A critical parameter in MPB  is v,
hich describes the size effect of ionic charge in solution. By chang-

ng v, the charge distribution will be altered and a representative
esult for the distribution of the ionic countercharge is shown in
ig. 1b. In this work, v is set as 1 × 10−3 by assuming cb = 0.1 mol/L,

 = 2–4 Å and z = 1 for typical 1:1 electrolytes [18]. In the calculations
ith net surface charge, we set  ̨ = 19.59 (=78.36/4) in Eqs. (3) and

4), which effectively excludes the ionic charge of electrolyte from
enetrating into the metal surface and allows the charge conser-
ation in the whole slab. Using the MPB  solver, we  can calculate
he electrochemical potential Uqcal of a system with a net charge q

eferring to SHE (∼4.6 V according to experiment [46]) using Eq. (5),
here the computed work function in solution (˚ref − ˚F) defined

s the potential difference between the Fermi Level ˚F and the
otential level in solution ˚ref.
tion (red line: v  = 0.001, black line: v = 0.1, see Eq. (2)). With v  = 0.1 (the larger ionic
 the surface. Both (a) and (b) are obtained from Pt(1 1 1) slab calculation, where the

 this figure legend, the reader is referred to the web version of the article.)

4. Results and discussion

4.1. pzc of metal surfaces

The pzc is a fundamental property of the solid/electrolyte inter-
face, defined as the value of the electrochemical potential of an
electrode (against a defined reference electrode) when the sur-
face charge is zero. Trasatti and Lust [27] pointed out that pzc is
influenced by both the orientation of dipole moment of solvent
molecules and the changes in the metal surface dipole due to the
contact with solution. The pzc of Pt group metals have been stud-
ied intensively in experiment, which can serve as a good dataset
for comparison with theoretical calculations [47,48].

Theoretically, it is possible to calculate the pzc by using Eq. (5)
with q = 0. In this work, the workfunction of six typical late tran-
sition metal surfaces in vacuum and solution, namely Pt(1 1 1),
Pd(1 1 1), Ir(1 1 1), Rh(1 1 1), Au(1 1 1) and Ag(1 1 1), have been
investigated. The calculated workfunction in vacuum and pzc are
listed in Table 1 and the experimental values are also compared.
The dielectric function distribution of the DFT/CM-MPB model is
calculated based on the pseudoatomic charge density according
to the pre-defined atomic configuration of the element, which is
also listed in Table 1. We  found that the pzc for metal surfaces
determined from the DFT/CM-MPB method are in general consis-
tent with experimental data (no specific adsorption of anions). The
solvation energy gain calculated for the metal surfaces are small,
being −0.01 to −0.1 eV per surface atom. For 5d metals Pt(1 1 1)
and Ir(1 1 1), the solvation energy is the largest, being ∼−0.07 eV
per atom, and the decrease of the workfunction from the vacuum
to solution is therefore the largest, about 0.6 V. In contrast, the
coinage metals (Au, Ag) have weakest interaction with water and
thus have the lowest solvation energy per atom. Consistently, the
workfunction of them in solution is quite close to that in vacuum
(the differences are within 0.3 V from theory).

It should be mentioned that the DFT-PBE workfunction in
vacuum of metals are in general lower than the experimental
values up to several tenth eV [37,49,50].  The good agreement
between theoretical pzc and experimental values should therefore
be treated with caution. Considering that there are several parame-
ters involved in the DFT/CM-MPB calculations (i.e. two parameters
in dielectric function distribution and the atomic configuration of
element), we expect that the error cancellation occurs in com-
puting pzc, and therefore the trend across metals might be more

meaningful. It is important that pzc calculations as we  did here
can be utilized to assess the validity of the parameters in MPB
model, which is the key step for applying the MPB  method in other
applications, for example, the catalytic reactions at the interface.
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Table 1
The workfunction (˚) and pzc of Pt-group metal surfaces.

Metal ˚/eVa pzc/Va Esolv/eVb Atomic configuration

Au(1 1 1) 5.19 (5.47) 0.34 (0.47–0.58) −0.029 5d96s2

Pt(1 1 1) 5.52 (5.93) 0.31 (0.2–0.4) −0.071 5d106s0

Ir(1 1 1) 5.25 (5.76) 0.00 (0.01–0.13) −0.067 5d96s0

Ag(1 1 1) 4.51 (4.74) −0.39 (−0.45) −0.015 4d95s2

Pd(1 1 1) 5.395 (5.6) 0.247 (0.20) −0.049 4d105s0

Rh(1 1 1) 5.03 (5.3) 0.01 (0.05–0.12) −0.038 4d85s1
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and pzc. In the former case, the distribution of ionic counter charge
decays rapidly, whilst the ionic counter charge is zero at pzc.

The Cd of electrode can be derived from GCS  double layer model
(CGCS). Based on the GC model from electrostatics and statistic
a The data in parenthesis are the experimental values (taken from [50,27,51] and
b Esolv is the calculated solvation energy per surface atom.

To provide deeper insight into the solvation effect of metal sur-
ace, we have examined the electronic structure of Pt(1 1 1) system
ith and without the solvation by analyzing the total electrostatic
otential. The solvation effect can be visualized by plotting the
hange of total electrostatic potential on moving from the vacuum
o the solution. Fig. 2 shows evidently that Pt surface is strongly
olarized by solvation, which places a net positive electrostatic
eld on the surface and effectively decreases the workfunction of
he surface. In response to the positive electrostatic field, the extra
lectron will accumulate onto the surface and help to stabilize the
urface (reduce surface energy).

.2. Differential capacitance

The differential capacitance Cd (=∂�/∂U) is also an important
arameter introduced for characterizing the electrical double layer,
hich reflects the ability of electrode surface to store charges (�) in

esponse to the perturbation of potential. Within the DFT/CM-MPB
ramework, we can charge metal surface explicitly with different
urface charges (e.g. from −5 to +5 �C/cm2) and the potential of the
urface (vs. SHE) was then obtained by measuring the work function
n solution as described by Eq. (5).  Because the ionic charge density
f electrolyte converges rather slowly to the bulk concentration
ith the increase of the distance to the electrode surface (defined

s z-length, i.e. the vacuum thickness in the slab modeling), we  have
ompared the calculated Cd with different z-length up to 200 Å. In
ig. 3a the potential is plotted against the surface charge density
�) for Pt(1 1 1) surface at different z-lengths and the differential
apacitance Cd can then be obtained by fitting the slop of � ∼ U, as
rawn in Fig. 3b.

Fig. 3 shows that the excess charge and the electrochemi-
al potential are intimately correlated and the increase of the
urface excess charge can elevate the electrochemical potential

f the system. Importantly, for small z-lengths, e.g. below 50 Å,
he � ∼ U curve is essentially a straight line with a constant Cd
eing about 20 �F/cm2. For large z-lengths, e.g. above 150 Å, the

 ∼ U curve starts to exhibit a flat region nearby the pzc, which

ig. 2. The contour plot for the change of the total electrostatic potential (ESP)
nduced by solvation, constructed by subtracting the ESP of a nonsolvated surface
rom  that of a solvated system using CM-MPB. The position of the surface plane is
et as zero in z-axis (normal to surface plane).
nces therein).

correctly describes the slow variation of ionic concentration at the
(low) potential regions nearby pzc. Consistently, Cd will show a
minimum at the pzc and it rises rapidly to ∼20 �F/cm2 as the poten-
tial moves away from pzc. Our calculated value for Cd agrees with
∼20 �F/cm2 for double layer from experiment for Pt(1 1 1) surface
[11,12,47,48]. The dependence of � ∼ U curve on the vacuum length
can be understood as follows. In our implementation, we confine
the ionic charge (counter charge) in the vacuum region by the
charge conservation constraint (Eq. (3)). At the low potentials (near
pzc), the ionic charge is rather diffusing and decays very slowly to
the bulk concentration in reality, which requires a large solution
length for distributing the ionic charge. As a result, the small vac-
uum length cannot produce correctly the distribution of the ionic
charge distribution. On the other hand, the vacuum thickness does
not affect significantly the limiting value of Cd at the high potentials
Fig. 3. (a) The charge density versus potential (� ∼ U) curves of Pt(1 1 1) surface from
CM-MPB model with different z-length (vacuum thickness in slab calculation), i.e.
15,  50, 150 and 200 Å and (b) the Cd versus potential curve on Pt(1 1 1) from CM-MPB
model. The insert in (b) shows the Cd ∼ potential curve from GCS  model. The drop of
Cd is caused by the slow variation of ionic concentration at the potential around pzc:
the  ionic charge decays slowly to the bulk concentration at the potentials around
pzc but very rapidly at the high potentials. Therefore, only a large vacuum in slab
calculations can capture this fine detail of Cd drop, as shown in (b). On the other
hand, the vacuum thickness does not affect significantly the limiting value of Cd and
pzc.
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Fig. 4. (a) The calculated pzc versus CO coverage curves for CO covered Pt(1 1 1) sur-
face.  T, B, H stand for top, bridge and hollow sites for CO adsorption, respectively. The
structures with mixed CO adsorption sites are indicated by numbers 1–8 and their
meaning is as follows. 1: 0.25B 0.25H (i.e. 0.25 ML  bridge CO plus 0.25 ML  hollow
CO); 2: 0.25T 0.25H; 3: 0.25T 0.25B; 4: 0.125T 0.25B 0.25H; 5: 0.25T 0.125B 0.25H;
02 Y.-H. Fang et al. / Cataly

echanics, Stern suggested an important modification, where the
tern model considers the finite size effect of ions which cannot
pproach to the surface any closer than the ionic radius. The overall
apacitance can be written as the reciprocals of component capac-
tances, CH and CD, where the CH corresponds to the capacitance
f the charges held at the outer Helmholtz plane (OHP), and CD is
he capacitance of the truly diffuse charge, as expressed in Eqs. (6)
nd (7).  In the equations, x2 is the thickness of OHP (typically 3 Å),

 is the charge of ion, n0 is number concentration of ion in a z:z
lectrolyte and ϕ0 is the potential drop across the diffuse layer. For
ilute aqueous solution at 25 ◦C, Eq. (7) can be simplified as Eq. (8),
here the unit of Cd is �F/cm2 and that for cb, the bulk electrolyte

oncentration, is mol/L (see Ref. [1] for detail). Using Eq. (9),  we can
erive the Cd value of the GCS model. By using x2 = 3 Å, ε = 10 (sug-
ested from experiment [52,53]), cb = 0.1 mol/L and z = 1 for typical
:1 electrolytes, we have plotted the CGCS ∼ U curve in the insert of
ig. 3b. Clearly, the drop of capacitance at the pzc region is correctly
escribed by the GCS model.

H = εε0

x2
(6)

D =
(

2z2e2εε0n0

kT

)1/2

cosh
(
zeϕ0

2kT

)
(7)

D = 228zc1/2
b cosh(19.5zϕ0) (8)

1
CGCS

= 1
CH

+ 1
CD

= x2

εε0
+ 1

228zcb cosh(19.5zϕ0)
(9)

een from Fig. 3, obviously, the current DFT/CM-MPB model yields
ore reasonable Cd values (∼20 �F/cm2), while the GCS model’s

rediction is large (∼30 �F/cm2) when comparing with experimen-
al values. The rapid increase of Cd with the increase of potential
way from pzc predicted by the GCS model is quite similar to
hat calculated from DFT/CM-MPB model, and is consistent with
ypical experimental Cd curve [e.g. Hg [54]]. Obviously, the DFT/CM-

PB  model treatment of the metal electrode surface can describe
he electrical double layer with good accuracy provided with the
uitable MPB  solvation parameters. Especially the diffuse surface
harges and their explicit polarization under the influence of sol-
ation can now be described within the same framework of DFT slab
alculations. This is important considering that one can go further
o study more complex interface properties using DFT/CM-MPB

odel without recourse to further experimental information.

.3. CO adsorbates and catalytic reactions

It is of significance to extend the current DFT/CM-MPB model for
reating the realistic catalytic environment under which chemical
eactions occur. In reaction conditions, the adsorption of reaction
ntermediates will modify the interface properties (such as pzc,
d) and the theoretical model should be able to describe correctly
he change of the double layer properties induced by adsorbates.
he major challenge in theory is therefore to treat the solvation of
mall molecule adsorbates together with the extended electrode
ith an equal footing. Since CO on transition metal surface is a
odel system in electrochemistry and a large volume of experi-
ental data are available for comparison [55–57],  we  investigated

he interface properties of CO adsorbed Pt(1 1 1) under the frame-
ork of DFT/CM-MPB. The theoretical pzc and Cd are calculated
ith different CO coverages and adsorption geometry on Pt(1 1 1).

The adsorption of CO on Pt single crystal surfaces has been

nvestigated by different electrochemical techniques, such as IR
pectroscopy, in situ STM, coupled UHV-electrochemistry tech-
iques and in situ X-ray diffraction [58–60].  It is now well
stablished that the saturation coverage of CO (�CO) on Pt(1 1 1)
6:  0.25T 0.25B 0.125H; 7: 0.25T 0.25 B 0.25H; 8: 0.5T 0.25H. (b) 0.25 ML  CO at the
hollow site; (c) 0.25 ML CO at the top site; (d) 0.625 ML CO at hollow (0.25 ML),
bridge (0.125 ML)  and top (0.25 ML) sites.

electrode is 0.75 ML  at low electrochemical potential (<0.25 V), cor-
responding to a c(2 × 2)-3CO structure, comprising of CO at both the
atop site (denoted as T) and threefold fcc hollow sites (denoted as
H) (see Fig. 4). At the potential above 0.25 V, this adsorption struc-
ture converts to a (

√
19 × √

19)-R23.4 structure (�CO = 0.68), where
CO adsorption at the bridge site (denoted as B) is also observed in
addition to the top and hollow sites.

From a theoretical point of view, it is possible to calculate the
pzc and Cd values at different CO coverage conditions and map  out
the relationship between CO coverage/adsorption structures with
the double layer properties. By calculating the pzc value of various
CO/Pt(1 1 1) systems as shown in Fig. 4, we  found that the three
quantities, namely coverage, adsorption site and pzc are closely
related, in particular, CO adsorption site can have a great impact
on the pzc. Taking 0.17 ML  CO as the example, CO at the threefold
fcc site exhibits the highest pzc, 0.69 V and that follows the CO at
the bridge sites, 0.59 V. The top site adsorption geometry exhibits
the lowest pzc of only 0.16 V. This is a reflection of the fact that the
workfunction of a surface is sensitive to the adsorbate and their
adsorption site. For CO adsorption, owing to its bi-bonding mode,
i.e. 5� donation and 2� backdonation, the surface dipole is rather
sensitive to CO adsorption geometry. The hollow site adsorption
geometry will induce a higher degree of the 2� backdonation com-
pared to the top site adsorption structure and thus lead to a larger
increase of workfunction. Further increasing the CO coverage, we
found that interestingly, the pzc values corresponding to CO at the
threefold hollow sites and bridge sites will increase rapidly with
the increase of the coverage, while those corresponding to the top
site remain rather constant below 0.2 V. It is therefore expected
that both the CO adsorption site and the coverage are critical to the
pzc of CO/metal system.
To compare with the experimental data with high CO coverages,
we then studied a set of CO adsorption structures at high coverages,
namely three structures at 0.5 ML,  three at 0.625 ML  and two at
0.75 ML,  and all comprise of a mixed CO adsorption structure at the
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top, bridge and fcc sites. From our results, only when the overall
O coverage at the hollow or bridge site is above 0.325 ML,  the pzc
an be larger than 1.0 V. In particular, the calculated pzc for the
O coverages at 0.625 ML  with mixed adsorption structures (e.g.
.25T 0.125B 0.25 ML  H) can be in between 1.0 and 1.2 V (see Fig. 4),
hich is in the best agreement with the value (∼1.1 V) extrapolated

rom experiment with the CO coverage about 0.63–0.68 ML.  The Cd
f CO/Pt(1 1 1) system can be calculated through the slope of the

 ∼ U curve, similar to that in Fig. 3b. We  found that the calculated
d for the three calculated 0.625 ML  CO adsorption structures are
lmost identical, being about ∼14 �F/cm2. The value is consistent
ith that measured by Cuesta and coworkers, who obtained the

d of 15 �F/cm2 for Pt(1 1 1) [12]. Obviously, unlike that of pzc, Cd
alue is not very sensitive to the CO adsorption site and coverage.
y comparing CO/Pt(1 1 1) with bare Pt(1 1 1), it is clear that the CO
dsorption will reduce Cd value slightly but increase markedly the
zc value. Fundamentally, this is be caused by the sensitivity of pzc
o the surface dipole and thus the presence of adsorbates, while the
d value, being the derivative of surface charge versus potential, is

ess sensitive to the presence of adsorbates.

.3.1. CO electrooxidation
With no more approximations, the DFT/CM-MPB method can

e applied straightforwardly to electrocatalytic reactions at elec-
rode/solution interface. Here we illustrate the method in CO
lectrocatalytic reactions on Pt(1 1 1), a model reaction in electro-
hemistry. It is known that CO can be removed from Pt(1 1 1) by
levating the potential: the reaction occurs rapidly (exhibits the
ajor oxidation current peak) only above a certain potential, i.e.
0.7 V on Pt(1 1 1). It has been a hot debate whether it is O or OH
xidative species on the surface that participates the CO oxidation.
oth O and OH can be generated from H2O oxidation at the high
otential on Pt(1 1 1). Theoretically, this requires a direct compar-

son of the barrier of CO + O → CO2 and CO + OH → COOH reactions
nder the electrochemical conditions.

We have utilized the DFT/CM-MPB model to calculate the reac-
ion pathway for the two reactions. The calculated TSs for the two
eactions are shown in Fig. 5. For CO + O reaction, the reaction path-
ay in solution is similar to what is known in the vapor phase,
here initially CO and O are at the top and hollow sites and at the

S O moves to a bridge site to react with the off-top site CO. The
alculated reaction barrier is 0.66 eV under DFT/CM-MPB model,
hich is slightly lower than that in vacuum (∼0.79 eV) [61], appar-

ntly because of a larger solvation contribution of the bridging O
out of the surface) at the TS compared to the hollow site O at the IS.
or CO + OH reaction, the reaction is much more facile compared to
O + O reaction, with the calculated barrier being only 0.36 eV [62].
his is largely due to the fact that there is little distinction between
he IS and the TS for the CO + OH reaction as CO and OH always stay
t the top site with OH solvated by nearby explicit H2Os. It might be
entioned that the presence of explicit H2O molecules nearby OH

elps to stabilize OH at the IS and the calculated reaction barrier
ith explicit H2O is higher by ∼0.1 eV. On the other hand, the sta-

ilization to the adsorbed O atom by the presence of explicit H2O
s small [30,40] and thus neglected in CO + O reaction.

We also found that the potential dependence of the reaction
arrier of the two reactions are rather small, as shown in Fig. 5, by
alculating the reaction barrier under different charge conditions
30,40]. The reaction barriers are rather constant at the potentials
oncerned, i.e. 0.4–0.9 V. The electrochemical potential does not
hange significantly the reaction barrier of these surface coupling
eactions, which is consistent with our recent results for other sur-

ace coupling reactions, such as O coupling (O + O and O + OH) on
t and RuO2 [30,40].  Our results indicate that CO electrocatalytic
n Pt(1 1 1) should follow the CO + OH reaction channel, not the
O + O channel. The difference in rate at 300 K is estimated to be six
Fig. 5. The variation of the reaction barrier (Ea) at different potentials for CO elec-
trooxidation on Pt(1 1 1) via the CO + O and the CO + OH reaction channels. The
optimized structures for the ISs and the TSs are illustrated.

orders of magnitude between two  channels. Experimentally, Feliu
et al. have suggested that OH is the reactive species for CO electro-
catalytic oxidation on Pt(1 1 1) using voltammograms technique.

5. Conclusions

This work represents the theoretical progress to describe the
electrode/electrolyte interface within the periodic DFT framework
by using modified-Poisson–Boltzmann electrostatics to model the
electrochemical conditions (e.g. electrochemical potential, solva-
tion, electrolyte distribution etc.). In this theoretical approach, the
slab of electrode can be explicitly charged and the ionic distribu-
tion of electrolyte is represented by point-charges in continuum
dielectric medium, which can be solved self-consistently in the
framework of first principles electronic structure calculations.

To validate the method, we  have calculated the pzc and Cd
of a series of metal electrodes and CO-covered Pt electrode, and
the calculated values are found to be in good agreement with
experimental measurement. We also extend this approach to
electrocatalytic reactions at the metal/solution interface, i.e. CO
electrooxidation on Pt(1 1 1). Two  different mechanisms are inves-
tigated, namely CO reacting with surface O or OH, and CO + OH
mechanism is found to be the major coupling channel. We  show
that the reaction barriers of these surface association reactions
have a weak dependence on potential. We  demonstrate that the
current DFT/CM-MPB method is a methodologically simple and
practically feasible tool for studying complex electrochemical sys-
tems in general, and can provide important insight into the nature
of electrochemical double layer and the catalytic reaction.
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