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Thermal effects on electronic properties of CO/Pt(111)
in water†

Sai Duan,ab Xin Xu,c Yi Luo,*ad Kersti Hermanssona and Zhong-Qun Tianb

Structure and adsorption energy of carbon monoxide molecules adsorbed on the Pt(111) surfaces with

various CO coverages in water as well as work function of the whole systems at room temperature of

298 K were studied by means of a hybrid method that combines classical molecular dynamics and

density functional theory. We found that when the coverage of CO is around half monolayer, i.e. 50%,

there is no obvious peak of the oxygen density profile appearing in the first water layer. This result

reveals that, in this case, the external force applied to water molecules from the CO/Pt(111) surface

almost vanishes as a result of the competitive adsorption between CO and water molecules on the

Pt(111) surface. This coverage is also the critical point of the wetting/non-wetting conditions for the

CO/Pt(111) surface. Averaged work function and adsorption energy from current simulations are

consistent with those of previous studies, which show that thermal average is required for direct

comparisons between theoretical predictions and experimental measurements. Meanwhile, the

statistical behaviors of work function and adsorption energy at room temperature have also been

calculated. The standard errors of the calculated work function for the water–CO/Pt(111) interfaces are

around 0.6 eV at all CO coverages, while the standard error decreases from 1.29 to 0.05 eV as the CO

coverage increases from 4% to 100% for the calculated adsorption energy. Moreover, the critical points

for these electronic properties are the same as those for the wetting/non-wetting conditions. These

findings provide a better understanding about the interfacial structure under specific adsorption

conditions, which can have important applications on the structure of electric double layers and

therefore offer a useful perspective for the design of the electrochemical catalysts.

1 Introduction

As an important branch of chemistry, electrochemistry has
wide applications in industry and biology.1,2 Exploring the
structural details of the electric double layer (EDL) has always
been the key issue in electrochemistry. For this purpose, many
in situ techniques have been developed to probe the structure of
EDL.3 However, the structural details of EDL at the atomic level

are still very difficult to obtain experimentally.4,5 In this context,
theoretical modeling of electrochemical systems is thus highly
desirable.

Various theoretical models have been developed for EDL
from the simplest Helmholtz model6 to the more sophisticated
models.7 For instance, the model of Bockris, Devanathan and
Muller for EDL has already taken into account the solvent
dipole moments and their orientations.8 In the last decade,
more theoretical models for electrochemical systems have been
proposed to consider the effects of the constant chemical
potential,9 the charged interface,10,11 the computational hydrogen
electrode,12,13 the shifting of Fermi energy,14,15 or the diffuse layer
in EDL.16,17 In these methods, although atomic resolution is
achieved, the working temperature is always limited at 0 K.
Obviously, practical electrochemical experiments usually take
place at room temperature. The temperature difference between
experiments and theoretical models leads to a big gap to fill when it
comes to the interpretation of experimental results.

Platinum (Pt) is a widely used electrode that has great
activities for electrocatalysis, especially in fuel cells.18,19 It is
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well-known that carbon monoxide (CO) is a poisonous inter-
mediate product in the Pt related fuel cells since CO can
specifically adsorb on Pt surfaces.20 The adsorption behavior
of CO on Pt surfaces has been extensively studied both experi-
mentally and theoretically.21,22 Previous studies showed that
the work functions (WFs) of CO/Pt(111) surfaces did not change
significantly under ultra high vacuum conditions with different
coverages of CO (y).23 On the other hand, for the model systems
of CO/Pt(111) surfaces immersed into water, the WFs increased
with the increase of y.21 This discrepancy is expected to be
attributed to the interaction between water molecules and the
specifically adsorbed CO/Pt(111) surfaces. As mentioned above,
previous theoretical investigations were restricted to 0 K,24,25

although a wide range of temperature was adopted for this
three-component system in experiments.26,27 Apparently, the
gap between theoretical simulations (0 K) and experimental
observations (finite temperature) also exists in the study of the
CO/Pt(111) systems.

In the present work, we have investigated the CO/Pt(111)
system in liquid water at room temperature using a hybrid
theoretical approach that combines the classical molecular
dynamics (MD) and the first principles methods to account
for the thermal effects on the interfacial properties.28 Within the
framework of the classical MD, we can include the temperature
effects without introducing the artificial mirror interactions
between small supercells. The supercell employed in the classical
MD is much larger than what is possible in the first principles MD
simulations. From the trajectories generated by the classical MD,
electronic properties of the evenly selected configurations were
calculated at the density functional theory (DFT) level. We have
shown in our previous study that the calculated WFs agreed very
well with the experimental results.28

2 Computational details

The theoretically optimized lattice constant of bulk Pt at the
generalized gradient approximation (GGA) DFT level by using
Perdew–Burke–Ernzerhof (PBE) functional is 3.976 Å.29 This
result is in good agreement with the experimental value of
3.924 Å.30 Three layers of the p(5 � 5) Pt(111) surface were used
to represent the Pt(111) electrode. In the current study, 1, 5, 13,
20 and 25 CO molecules were adsorbed on the p(5 � 5) Pt(111)
surface, corresponding to the y of 4%, 20%, 52%, 80%, and
100%, respectively. All CO molecules were adsorbed on atop
sites.31 The detailed quasi-random patterns for CO are depicted
in Fig. 1. 72 water molecules were added on the top of
CO/Pt(111) surfaces to mimic the extremely dilute solutions.
Periodic boundary conditions (PBC) were used for all dimensions.
The z axis for the calculated supercell was set to be 50 Å to ensure
that there is enough vacuum space between the two neighboring
supercells.

The canonical ensemble (NVT) was used in the classical MD
simulations by the Nosé–Hoover thermostat with a relaxation
constant of 0.5 ps under 298 K.32 The leapfrog integration
algorithm with a time step of 0.2 fs was used for determination
of the equation of motion. The Ewald sum was used for

calculating the electrostatic interactions.33 The cutoff radius
was set to be 6 Å in MD simulations due to the length of the
periodic box. The large surface area used here is comparable
with that in the previous study34 and can partially exclude the
artifact of PBC.28 After equilibrium, another 100 ps MD produc-
tion simulations were performed.

In present MD simulations, the Pt–Pt interaction was repre-
sented by the Sutton–Chen potential.35 The effective Lennard-
Jones parameters seff and eeff for Pt, which were only used to
evaluate the cross interactions of Pt–water by Lorentz–Berthelot
mixing rules, were chosen to be 2.41 Å and 4.645 kcal mol�1,
respectively.36 Meanwhile, geometrical parameters of water
molecules were constrained at the optimized geometries of
the SPC37 force field by the SHAKE algorithm.38 The C–O bond
and the Pt–C–O angle were described as harmonic potential at
the B3LYP level with an equilibrium bond length of 1.150 Å, a
force constant of 17.4 mdyn Å�1, and an equilibrium bond
angle of 1801, a force constant of 0.43 mdyn Å rad�2, respec-
tively.39 During MD simulations, the positions of two bottom
Pt(111) slab layers were fixed to mimic the bulk electrodes. All
CO molecules were fixed on the atop sites by harmonic
potential between the Pt and C atoms with an equilibrium
bond length of 1.787 Å and a force constant of 5.1 mdyn Å�1.39

There are two advantages of fixing CO on the atop sites. One is
to circumvent the CO ‘‘puzzle’’ for DFT calculations since the
DFT–GGA methods overestimate the adsorption energy (AE) of
CO on the hollow sites.40 The other is to eliminate the systema-
tic error for AE of CO adsorbed on Pt(111) surfaces at the DFT
level.41 Although CO molecules will be adsorbed not only on the
top sites but also on other sites at high coverages, we neglected
the contribution from CO adsorbed on the other sites for
simplification since experimental results show that the proportion
of these CO molecules is small.21,42

The Lennard-Jones parameters for CO molecules were taken
from the Amber parm99 parameter set.43 It has been shown
that the dipole moment of CO is small and the WF of the
Pt(111) surface changed a little after adsorption of CO mole-
cules.23,44 As a result, Pt atoms and CO molecules were set to be
neutral. The validity of all intermolecular interactions except
the water–CO was evaluated for generating reliable structures
in our previous studies.28 Here, our test calculations also

Fig. 1 Quasi-random patterns for different coverages (y) of CO adsorbed on
Pt(111) surfaces. (a) y = 4%, (b) y = 20%, (c) y = 52%, (d) y = 80%, (e) y = 100%.
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confirmed that the calculated water–CO structures at the
current level are quite similar to those at the ab initio level
(see ESI† for details). All MD simulations were carried out by
using the DL_POLY code.45

300 conformations in the last 60 ps of MD trajectories were
selected at an interval of 0.2 ps. Based on these configurations,
single-point energy calculations at the first principles level were
performed for WFs and AEs.29 The projector augmented-wave
(PAW) method was used for core electrons,46,47 and the wave
functions were expanded in a plane-wave basis set with an
energy cutoff of 400 eV. The PAW potential was generated with
scalar relativistic corrections taken into account. For the k-point
sampling, a 3 � 3 � 1 mesh of Monkhorst–Pack grid was used,
which generates 5 k points in the irreducible Brillouin zone, for
the Brillouin zone integration.48 The dipole correction was also
employed in the DFT calculations.49,50 For pure CO/Pt(111)
systems in a vacuum, CO molecules and the uppermost Pt slab
layer were allowed to relax in the z-axis. The final forces on
these atoms were less than 0.02 eV Å�1.

The WF is defined as the energy difference between the
Fermi level and the vacuum.51 Meanwhile, the calibrated WF is
calculated by

WFcali = WFi � WFPt(111) + 5.85 (1)

where WFi and WFPt(111) are the calculated WFs for the interface
and the pure Pt(111) surface in the same configuration. In
eqn (1), the experimental WF of the pure Pt(111) surface is set
to be 5.85 eV.52 The AE for different y is defined as

Eads ¼ �
Etot � EPt � nCOECO

nCO
; (2)

where nCO represents the number of CO molecules, ECO the
energy of a CO molecule in a vacuum. Here Etot is the energy of
CO/Pt(111) in a vacuum (or the average energy of water–CO/
Pt(111) in EDL), while EPt is the energy of Pt(111) (or the average
energy of water–Pt(111)). For statistical analysis, the standard
deviation s used in this study is the root mean square deviation
and can be expressed as53

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

X
i

Pi � hPið Þ2;
s

(3)

where Pi is the individual calculated property, hPi is the average
calculated property, and N is the number of calculated property.
All the first principles calculations were performed at the DFT
level with PBE functional by using the VASP code.54

3 Results and discussion
3.1 MD Results

Calculated from the MD trajectories, the average atomic den-
sities within the x–y plane along the z-axis of the oxygen in CO
and in water, i.e. rz(OC) and rz(W), are depicted in Fig. 2. The
results show that rz(W) in the outermost layer of water for
different y are all up to the density of bulk water, which
indicates that the number of water molecules is sufficient in
our simulations, as confirmed also in our previous study.28 By
the inspection of Fig. 2, it can be seen that the rz behavior can
be classified into two categories for different y. One is the
wetting situation, i.e. y equals 4% and 20%, in which rz(W) and
rz(OC) have an obvious overlap. This result shows that the
water molecules can be co-adsorbates of the specifically

Fig. 2 rz of oxygen atoms for different coverages (y) of CO adsorbed on Pt(111) surfaces. (a) y = 4%, (b) y = 20%, (c) y = 52%, (d) y = 80%, (e) y = 100%. Black solid
and red solid lines represent the rz of oxygen in water and in CO respectively. The dark cyan dashed line indicates the density of bulk water at room temperature.
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adsorbed CO molecules. Furthermore, the first peak positions
of rz(W) and rz(OC) are almost the same in this situation,
which reveals that the water–CO interaction in the first solva-
tion layer is important in EDL. The other is the non-wetting
situation, i.e. y equals 52%, 80% and 100%, where there is no
overlap between rz(W) and rz(OC). On the other hand, the
position of the first peak in rz(W) has shifted to larger separa-
tion as y increases, which indicates that there exists a repulsion
interaction between water and the CO/Pt(111) surface especially
at high y and also a ‘‘competition’’ adsorption between water
and the specifically adsorbed CO molecules on Pt(111) surfaces
in the first solvation layer. Interestingly, for CO and water in a
vacuum, this kind of interaction is attractive (see ESI† for
details). Typical snapshots of CO adsorbed on Pt(111) surfaces
with different y are illustrated in Fig. 3, where the mentioned
two categories are clearly shown with atomic details. Fig. 3 also
shows that the oxygen in CO plays an important role when
adsorbed CO molecules interact with water molecules.

The feature of the rz(W) peaks in the first water layer at
different y is also distinguishable, which is illustrated in Fig. 2.
In the wetting situation, the peaks are sharp and their inten-
sities decrease as y increases, whereas in the non-wetting cases,
the peaks behave completely different: they are broad and their
intensities increase as y increases. It is known that the sharper
the peak is, the stronger the interaction with the surfaces
exists.28 The decreased rz(W) peak intensity along with the
increase of y under the wetting conditions confirms that
the interactions between CO and water at the interface are
repulsive since the interactions between Pt(111) and water with
no CO present are attractive.28 In this situation, the overall
interactions between water and CO/Pt(111) surfaces are still
attractive. Meanwhile, the increased rz(W) peak intensity in the
first water layer with higher y under the non-wetting conditions
reveals that the overall interactions between water and CO/Pt(111)
surfaces are repulsive and become stronger with the increase of y.
It is noteworthy that when y equals 52%, there is no obvious peak

appearing in rz(W). In this situation, the decay of rz(W) in the
first water layer and the outermost layer is quite similar, which
implies that the force on the first water layer could be virtually
zero. Thus, it can be estimated that the critical point between
attractive and repulsive interaction of the water molecules and
the CO/Pt(111) surfaces is around 52%.

3.2 The first principles results in a vacuum

Although classical MD simulations can predict the dynamic
structures quite well, the electronic properties still need to be
solved by using the high-level first principles methods. The
calculated WFs and AEs of CO/Pt(111) systems in a vacuum
under different y are listed in Table 1 with the adsorption
patterns shown in Fig. 1. The optimized Pt–C bond length at
different y is all around 1.86 Å, consistent with the results of
previous theoretical calculations.22

Due to the use of PBC, WFs of the CO/Pt(111) surface and the
pure Pt(111) surface can be calculated simultaneously for each
pattern. When there is no CO adsorbed, i.e. y equals 0%, the
calculated WFs for both sides are 5.85 eV for the pure Pt(111)
surface, which is in good agreement with experimental
measurements.52,55,56 This consistency shows that the current
DFT functional (PBE) is accurate enough to calculate WFs for
the CO/Pt(111) systems. When y increases, the calculated WFs
for the pure Pt(111) surface show a decreasing tendency. This
indicates that the adsorbed CO molecules do have some
influences on the properties of the back layer, i.e. the pure
Pt(111) surfaces, due to the thin Pt slab layer used. Never-
theless, the largest deviation from the unperturbed WF for the
pure Pt(111) is only 0.15 eV, ensuring the reliability of the three
slab layers in the current work (see ESI† for details). In fact, the
calculated WF of the pure Pt(111) surface for each pattern
can be used to calibrate that of the CO/Pt(111) surface with
exclusion of the influences of finite Pt layers using eqn (1). The
calibrated WFs of the CO/Pt(111) surfaces at different y are
depicted in Fig. 4. When y increases from 0% to 50%, the
calibrated WFs slightly decrease. The largest decrease is 0.21 eV
at 50% coverage, which is in good agreement with experimental
observation (0.23 eV).23 With a further increase of y, the
calibrated WF increases and is close to that of the pure
Pt(111) surface. This is consistent with the trends observed by
experiments. However, there are slight differences at high
values of y. For instance, WF drops are 0.13 and �0.02 eV in

Fig. 3 Typical snapshots for different coverages (y) of CO adsorbed on Pt(111)
surfaces. (a) y = 4%, (b) y = 20%, (c) y = 52%, (d) y = 80%, (e) y = 100%.

Table 1 Calculated work functions (WFs) and adsorption energies (AEs) in eV of
CO/Pt(111) systems under different CO coverages (y) in a vacuum at the DFT level

y

WF

AECalculated Calibrateda

0 5.85 5.85 0.00
4 5.82 5.80 1.79
20 5.61 5.66 1.77
52 5.52 5.64 1.41
80 5.63 5.78 1.12
100 5.72 5.87 0.94

a Calibrated using eqn (1).
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the experimental measurements and current calculations
respectively.23 In principle, the WF can be calculated as9

WF = D � %m, (4)

where %m is the position of the Fermi level relative to the average
potential in the interior of the crystal and D is the surface-dipole
potential. As a result, WF drops are equivalent to the surface-
dipole. Therefore, the small decrease in WF indicates that the
surface dipole in the CO/Pt(111) systems can be neglected, which
confirms that the choice of neutral charges of C and O atoms in
CO molecules in the current MD simulation is reasonable. This
result is consistent with other theoretical conclusions.57,58

Our calculated AEs are listed in Table 1. AE increases with
the decrease of y and is converged around 1.8 eV. This
converged value is in the range of experimental observations
that reported from 1.41 to 1.90 eV.59–63 We also notice that our
calculated AEs with PBE functional are systematically higher
than the previous theoretical results with RPBE functional
when y is larger than 20%.22 We plotted both results for
different functionals in Fig. 5. Comparing our (the red square
line) and previous (the blue circle line) calculated results, one
can see a systematic discrepancy around 0.4 eV from the
difference in functionals. We also found that, in Fig. 5, the slopes
of both results are almost the same, revealing that both func-
tionals have the comparable capability to describe the repulsive
interactions between adsorbed CO molecules. A previous study
has shown that the RPBE functional is particularly useful for
describing the intermolecular interactions.22 In this context, the
performance of the PBE functional for the repulsion between
adsorbed CO molecules should be also very reliable.

3.3 The first principles results under EDL conditions

We have used water–CO/Pt(111) as a model to mimic the system
with CO specifically adsorbed on the Pt(111) electrode in
extremely dilute solution. The focus of the study is to explore

the effect of room temperature on the interfacial properties,
which is done using evenly selected configurations from MD
trajectories.

The calculated average WF (AWF) of the water–CO/Pt(111)
system and its statistical behavior from PBE functional are
listed in Table 2. As discussed above, there are two possible
WFs for each configuration. One is related to the pure Pt(111)
surface and the other to the water–CO/Pt(111) surface. It is
noted that the latter corresponds to the electrode potential of
Pt(111) electrodes with different y.

The calculated AWFs of the pure Pt(111) surfaces from MD
configurations with different y are all around 5.60 eV which
agrees well with the experimental measurements of 5.85 eV.52

On the other hand, the s of the calculated WFs for the pure
Pt(111) surfaces under all y are small and less than 0.02 eV,
which manifests that the configuration changes of water and
CO molecules on one side of the water–CO/Pt(111) interface
have little influence on the other side, implying that the Pt slab
is thick enough for present investigations. In addition, the
calculated AWFs of the pure Pt(111) surfaces can also be used
for calibrating the calculated WFs of the water–CO/Pt(111)
surfaces by eqn (1).

Fig. 4 The calculated work functions (WFs) at different CO coverages. The black
circle and red square lines represent the averaged WFs of the CO/Pt(111)
interface immersed in water and the WFs in a vacuum, respectively. In order to
compare, the experimental data21 of CO and water co-dosed onto Pt(111) at
110 K under ultrahigh vacuum are also shown with the blue circle line.

Fig. 5 The calculated adsorption energies at different CO coverages. Black circle
and red square lines represent the adsorption energies of the CO/Pt(111) inter-
face immersed in water and in a vacuum respectively. Blue circle line shows the
RPBE results extracted from ref. 22.

Table 2 Calculated average (Aver.), maximum (Max.) and minimum (Min.) work
functions (in eV) for water–CO/Pt(111) and Pt(111) systems under different CO
coverages (y), together with standard deviation (s)

y

Water–CO/Pt(111) Pure Pt(111)

Aver.a s Max. Min. Aver. s

0 4.26(4.51) 0.56 6.00 2.69 5.60 0.01
4 4.35(4.59) 0.62 6.04 2.38 5.61 0.01
20 4.96(5.23) 0.62 6.63 3.54 5.58 0.02
52 5.67(4.93) 0.57 6.78 4.04 5.59 0.01
80 5.55(5.77) 0.61 6.75 3.87 5.63 0.02
100 5.65(5.88) 0.57 7.04 3.82 5.62 0.02

a Calibrated WFs are in parentheses.
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In contrast to pure Pt(111) surfaces, the calculated AWFs of
water–CO/Pt(111) surfaces are changed significantly with y and
can be classified into two categories. The critical point of these
two categories corresponds to y of 52%, which is also the
critical point for co-adsorption of CO and water. The calculated
AWFs of the water–CO/Pt(111) surfaces calibrated by that of the
pure Pt(111) surfaces are shown in Fig. 4 using the black circle
line. When y is less than 52%, the calibrated AWFs increase
from 4.50 eV to slightly larger than the WF of pure Pt(111)
surfaces with the increase of y. At the same y, the calculated
WFs of the CO/Pt(111) surfaces in a vacuum only slightly
decreased by 0.21 eV. This result demonstrates that the
adsorbed water molecules have significantly polarized the
Pt(111) electrode. Compared with the experimental measure-
ments21 depicted in Fig. 4 with the blue circle line, the
theoretical modeling provides the same trend of the increasing
WF with the increasing y, although some discrepancies
between the specific values do exist. The discrepancies prob-
ably reflect the different situations between the theoretical
modeling and the experimental system. For instance, the small
proportion of CO adsorbed on bridge sites observed in experi-
ments21 was completely neglected in theoretical simulations.
We anticipate that, if the CO molecules are not fixed on the top
sites, a better agreement between simulations and experiments
could be obtained. However, in the framework of our simula-
tions, a more accurate/quality force field of the interaction
between CO and Pt(111) surfaces is required for this kind of
simulations. When y is larger than 52%, the calibrated AWFs
slightly decrease towards the WF of the pure Pt(111) surface
and are almost the same as the calculated WFs of the
CO/Pt(111) surface in a vacuum. This is consistent with the
fact that there are only CO adsorbed on Pt(111) surfaces and all
water molecules are screened by CO molecules. Or in other

words, the water molecules are far away from the Pt(111)
surface and cannot significantly polarize the electrode any-
more. Here, we should emphasize that this conclusion is only
for averaged WFs. The situation of instantaneous WFs is
completely different (see following discussion).

The s’s of the calculated WFs of the water–CO/Pt(111)
surfaces shown in Table 2 are also different from those of
the pure Pt(111) surfaces. In general, the value of s for the
calculated WFs of the water–CO/Pt(111) surfaces is around
0.6 eV. This result is caused by the thermal motion of the water
molecules since CO molecules do not affect the interfacial WF
too much as discussed before.

After calibrated by the WFs of pure Pt(111), we can plot the
histogram distribution of the calculated WFs of the water–CO/
Pt(111) surfaces with different y shown in Fig. 6. Under the
wetting conditions, the histogram distributions appear as a
normal distribution, where the calibrated AWFs are approxi-
mately shown in the center, as illustrated in Fig. 6(a)–(c).
Meanwhile, under the non-wetting conditions, the histogram
distributions are no longer normal and give a feature of low WF
tail especially in Fig. 6(e) and (f). According to the definition of
WF,51 the broad distributions reveal essentially high electro-
chemical activities. When the instantaneous WF fluctuates to a
lower value, the electron in the Fermi level which always locates
in the energy band of Pt slabs can be released easily. Therefore,
the reduction reaction near the CO/Pt(111) electrode should be
benefited in this situation. Meanwhile when the instantaneous
WF fluctuates to a higher value, the oxidation reaction is much
favorable. Similar to the previous study, we believe that this
feature at least exists at the nanoscale.28 It should be pointed
out that the time resolution of such broad distributions for
the instantaneous WFs is less than 20 ps in the simulation,
which might not be detected by conventional experimental

Fig. 6 Statistical histogram of the calculated work functions for the water–CO/Pt(111) interface at room temperature under different CO coverages (y). (a) y = 0%,
(b) y = 4%, (c) y = 20%, (d) y = 52%, (e) y = 80%, (f) y = 100%. The arrows indicate the average value of the calculated work functions.
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equipment. However, since the time scale of electron transfer is
in the region of femtoseconds,64 the fluctuations of WF can
thus affect the electrochemical reactions in the interface at
least at the nanoscale. Recently, the dynamic aspect of the
chemical activity of the nano-electrode has been predicted both
theoretically and experimentally.65,66

We also calculated AEs of CO and their statistical behaviors
based on MD configurations with different y by eqn (2) and the
results are presented in Table 3. The largest average AE (AAE)
occurs when y equals 20%. Usually, AE increases along with the
decrease of y in a vacuum. This result thus reveals that the
surrounding water molecules can screen the repulsive inter-
action between the adsorbed CO molecules. In fact, this screen-
ing effect can also be reflected by the slope change around the
critical point shown in Fig. 5. For instance, the small slope at
the side in wetting conditions should owe to this effect. The
calculated AAEs are systematically less than the AEs in a
vacuum, which is shown in Fig. 5. The systematical difference
between them is around 0.4 eV. The reason accounting for this
difference could be that the equilibrium bond length of Pt–C
used in MD simulation is 1.787 Å,39 which is shorter than
the optimized values in a vacuum (around 1.86 Å). How to
bridge this difference is beyond our computational capacity.

In principle, the long time-scale first principles MD simulation
could be an alternative toward this end. Obviously, one cannot
rule out the possible effect of the surrounding water molecules
on such a difference.

The histogram distributions of the calculated AEs in Fig. 7
show normal behavior. We also notice that s of AEs decreases
from 1.29 to 0.05 eV along with increasing y. This is mainly
ascribed to the fact that the fluctuation of AEs will be canceled
by the thermal motion of the adsorbed CO molecules. It turns
out that s is almost inversely proportional to y as shown in
Table 3. Another reason is that the water molecules are
excluded by adsorbed CO at larger y and their effect on the
CO thermal motion decreases. On the other hand, the adiabatic
description of AE in eqn (2) shows that the energy changes of
water molecules are also included in the s of AEs. This can
cause some artifacts in the fluctuations of AEs. For instance,
the obvious probability of AE less than zero at y equal to 4% has
been predicted.

4 Conclusions

In the present work, we have investigated CO molecules
adsorbed on atop sites of Pt(111) surfaces with different CO
coverages either in a vacuum or immersed in water using
combined classical MD and DFT techniques. The temperature
effect was considered by classical MD simulations. The WF and
AE were calculated at the first principles level based on the
configurations extracted from the MD trajectories.

According to the MD trajectories, we found that a critical
point, where CO was adsorbed on half monolayer, existed
between the wetting and non-wetting situations. This is the
result of the competitive adsorption of CO and water molecules

Table 3 Calculated average (Aver.), maximum (Max.) and minimum (Min.)
adsorption energies (in eV) for water–CO/Pt(111) systems under different CO
coverages (y), together with standard deviation (s)

y Aver. s Max. Min.

4 1.25 1.29 6.00 �2.44
20 1.33 0.24 2.07 0.62
52 1.08 0.09 1.42 0.70
80 0.67 0.06 0.83 0.47
100 0.43 0.05 0.57 0.26

Fig. 7 Statistical histogram of first principles calculated adsorption energies for the water–CO/Pt(111) interface at room temperature under different CO coverages
(y). (a) y = 4%, (b) y = 20%, (c) y = 52%, (d) y = 80%, (e) y = 100%. The arrows indicate the average value of the calculated adsorption energies.
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on the Pt(111) surface. At the critical point, the force on the
water molecules from the CO/Pt(111) surface virtually disap-
peared, and then, a novel structure of water molecules formed.

The calibrated AWFs of the water–CO/Pt(111) systems
increase along with the increase of the CO coverage y until it
reaches the critical point, and this finding agrees with the
experimental observations.21 Under the critical point, AWFs are
significantly different from WFs of the CO/Pt(111) surfaces in a
vacuum due to the polarization of the Pt(111) surface by water
molecules, while when y increases beyond the critical point,
AWFs become close to WFs of the CO/Pt(111) surfaces since the
water molecules in the first solvent shell are blocked out by the
adsorbed CO molecules. The s’s of the calculated WFs for the
water–CO/Pt(111) surfaces are all around 0.6 eV. Meanwhile,
the critical point for the feature of WFs’ distribution is also
around 50%.

The critical point is also distinguished by the different
slopes of the calculated AAEs of CO with respect to y. In
contrast to the calculated WFs, s of the calculated AEs mono-
tonously decreased with the increasing y. This is caused by the
cancellation of the thermal motion in the different adsorbed
CO molecules.

The results presented in this work should be beneficial for
the understanding of the geometrical and electronic properties
of the water–CO/Pt(111) interface with atomic details and also
for the design of electrochemical catalysts based on the Pt
electrode. Finally, we also believe that our proposed method
that combines the classical MD simulations for structures and
the first principles methods for electronic properties can be
widely used for investigating other electrochemical interfaces.
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