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1. Introduction

The oxidation behavior of CO on metal surfaces is of interest
given the relevance to fuel combustion and corresponding pu-
rification of automotive exhaust.[1–5] In addition to the obvious
practical implications, there remain some fundamental ques-
tions in this system, such as the preferable adsorption sites for
the CO/Pt(111) surface,[6–9] and the prominent active sites for
CO oxidation on the RuO2(110) surface.[10–11] Several new com-
putational methodologies, including the relativistic correc-
tion,[12–15] the periodic hybrid density functional theory
(DFT),[7, 16–17] and the DFT + U approach,[8, 18–21] have been pro-
posed to provide insight into these fundamental questions.
Therefore, the oxidation of CO has been recognized as a proto-
type for the study of gas/surface interactions and heterogene-
ous catalysis.[22–24] Gas adsorption is apparently the most essen-
tial and the very first step in the catalytic oxidation reaction. In
fact, a stronger binding strength between the adsorbates and
the catalyst may promote associated product formation.[25–28]

The binding strength can be described by the adsorption
energy, Ead, which is defined as the energy difference between
the adsorption system with the individual metallic surface and
gas-phase molecules. To effectively convert CO to CO2 at low
temperatures, oxidation of CO on the late transition metals (es-
pecially the three-way catalysts composed of Rh, Pt, and Pd) is
widely viewed as an effective approach.[14, 24, 29–30]

In addition to Ead, the energy barrier Eb is another essential
parameter to describe the rate of a reaction. Earlier attempts,
both experimentally[23, 25, 31–34] and theoretically,[25, 35–39] have
been made to lower the Eb values for CO oxidation on metallic
surfaces. In contrast, recent studies address novel catalysts
such as alloys,[40–42] clusters,[1, 40, 43–45] and even metallic nano-
tubes.[46] Among them, An et al.[46] reported that the CO oxida-
tion catalyzed by a helical Au(5,3) nanotube is likely to occur
at room temperature. The high catalytic activity of Au nano-
tubes was attributed to the partial charge transfer and the
electronic resonance among the d states of Au atoms and the

antibonding 2p* states of C-O and O-O. By synthesizing the
highly dispersed Au-Cu alloy nanoparticles, Liu et al.[42] demon-
strated that this alloy surface exhibited superior performance
compared with the monometallic particles in catalyzing CO ox-
idation. The presence of Cu modifies the charge distribution of
Au and thereby contributes much to the activation of O.

From the above discussions, one may hypothesize that small
particles (with a diameter ranging 1–10 nm) are likely to have
larger binding strength than their corresponding bulk flat sur-
faces, which is induced by profoundly different electronic
structures due to the difference in coordination number of the
surface atoms. In addition, the catalytic activity can be further
enhanced if the charge transfer between an adsorbate and
metal is enhanced. In our recent works, a series of pyramidal
Cu clusters were simulated to study the size-dependent cohe-
sive energy Ec and adsorption properties.[47–48] Therefore, a pyr-
amidal Cu cluster in the present work is still employed as a
prototype system to look into the oxidation behavior of CO
molecules. Inspection of the published literature implies that
most prior studies were centered on the adsorption properties
for CO/Cu systems.[49–54] Although several works have discussed
the reaction process of CO on the Cu surfaces,[55–56] oxidation
of CO catalyzed by a Cu cluster has not been reported up to
now, to the best of our knowledge. In addition, we investigate
the influence of a superimposed electric field on this reaction.
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Adsorption ability and reaction rate are two essential parame-
ters that define the efficiency of a catalyst. Herein, we imple-
ment density functional theory (DFT) and report that CO can
be oxidized by a pyramidal Cu cluster with an associated reac-
tion barrier Eb = 1.317 eV. In this case, our transition state calcu-
lations reveal that the barrier can be significantly lowered after
superimposing a negative electric field. Moreover, when the
field intensity corresponds to F =�0.010 au, the magnitude of

Eb = 0.698 eV is equivalent to—or lower than—those of typical
catalysts such as Pt, Rh, and Pd. The superimposition of a posi-
tive field is found to enhance the release of the nascent CO2

molecule. Our study demonstrates that small Cu clusters have
better adsorption ability than the corresponding flat surface
while the field can be used to enhance the purification of the
exhaust gas.
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The rationale for this strategy is based on recent studies on
the influence of an electric field on adsorption.[57–59] It is worth
noting that study of an oxidation reaction in the presence of
an electric field has heretofore never been reported. The cur-
rent study aims to provide insight into two fundamental ques-
tions: i) What is the possible catalytic pathway for CO oxidation
on the pyramidal Cu cluster? ii) How does the electric field
affect the above reaction?

Here, a CO molecule is first adsorbed on a pyramidal Cu
cluster. Then, an O atom is introduced in the CO pre-adsorbed
system. The nudged elastic band (NEB) method is applied to
find out the transition state (TS), and then to determine the
corresponding Eb and reaction energy Er values. Electric fields
with different orientations and intensities are superimposed to
investigate the variations of the Ead and Eb values. In addition,
the field-induced geometric and electronic properties are fur-
ther measured and analyzed. Our results demonstrate that the
binding strength of CO/Cu clusters is twice as large as that of
CO/Cu(111) surface while the field-induced Eb value is close
to—or even lower than—that of commonly used catalytic sur-
faces, such as Rh(111), Pt(111), and Pd(111).

Calculations

All the DFT calculations are performed using the DMol3

code.[60–61] The generalized gradient approximation (GGA) with
Revised-Perdew–Burke–Ernzerhof (RPBE) functional[62] is em-
ployed to describe exchange and correlation effects. A 0.002
Ha of smearing to the orbital occupation and 5.5 � of global
orbital cutoff radius are applied to achieve accurate electronic
convergence. DFT Semi-core Pseudopotentials (DSPP) core
treatment method is implemented for relativistic effects, which
replaces core electrons by a single effective potential. The
double numerical atomic orbital augmented by a polarization
function (DNP) is chosen as the basis set. In addition, spin po-
larization is introduced since free Cu atoms contain one un-
paired 4s electron.

A five-layer pyramidal Cu cluster containing 55 atoms is es-
tablished with the symmetry of C4v. As shown in Figure 1 a, the
four facets are equilateral triangle and the bottom facet is
square. Each bond length d within the cluster is 2.56 �, which
equals the distance in a close-packed Cu (111) surface. In view
of the fact that, experimentally, a pyramidal cluster cannot
remain unattached but has to be placed on a substrate, the
movement of the bottom layer will be restricted to some
extent.[63] Therefore, all atoms in our models are allowed to
fully relax except the ones in the bottommost layer. The aver-
age Ec =�2.33 eV per atom for the cluster here is about
0.21 eV larger than that of the icosahedral Cu55 cluster.[47] Thus,
the icosahedron is more stable than the pyramid for a given
number of atoms. By estimating the dissociation energy of the
uppermost vertex atom, our prior work has demonstrated that
the tip of the five-layer pyramidal Cu cluster is quite stable.[48]

This agrees with the experimental result that a single-atom-
ended nanopyramid is a thermodynamically stable structure
during the heating process.[64–65] For comparison purposes, the
four-layer Cu(111) and twelve-layer Cu(211) surface systems are

constructed with a vacuum width of 12 � in the vertical direc-
tion, as seen in plots (b) and (c) of Figure 1. A·(2�2) and (2 � 1)
unit cell is set for the flat Cu(111) and stepped Cu(211) surface,
respectively, with a 5 � 5 � 1 k-point sampling. The bottom two
layers are fixed in their calculated bulk positions, while the
other layers are allowed to relax.

To facilitate comparison with previous published results,[22, 56]

an O atom—not an O2 molecule—is selected as a reactant in
this study. Four steps are taken into account to describe the
entire reaction: i) CO adsorption on a Cu cluster; ii) O-atom co-
adsorption on the CO-pre-adsorbed Cu cluster; iii) CO reaction
with O and formation of a nascent CO2; and iv) release of the
nascent CO2 from the Cu substrate. In some studies an O2 mol-
ecule was considered as a reactant, which renders a two-step
mechanism: 1) CO + O2 ! CO2 + O and 2) O + CO ! CO2.[44–46]

Although our one-O system could be recognized as the
second step of the above reaction, the reactant of atomic O
may limit the present studies and leave out important reaction
steps. To allow for a proper comparison we do not select reac-
tions related to the O2 molecule, but instead select the one
having precisely the same O + CO ! CO2 mechanism. Since
we intend to clarify the size effect on the adsorption and the
field effect on the reaction rate, a simpler process with only
one O atom involved should be a better prototype.

A CO molecule is first placed on the Cu atom at the upper-
most vertex of the pyramidal cluster.[48] For Cu(111) and
Cu(211) surfaces, CO is located at the atop site according to
the experimental observation.[52–54] The initial C�O distance is
set to 1.13 � in light of available experimental data.[66] In this
case, the Ead value determined is the difference of the total
amount of the considered system (Et) and the corresponding
cluster (ECu) and free gas (ECO), namely, that Ead = Et�ECu�ECO.
Thereafter, three possible CO + O coadsorption configurations
(Middle, Hollow, and Bridge sites) are established and depicted
in plots (a)–(c) of Figure 2. In this case, Ead = Et�E(Cu + CO)�1/2 EO2,

Figure 1. Schematic plots for the five-layer pyramidal Cu cluster (a), the flat
Cu(111) surface (b), and the stepped Cu(211) surface (c). Six adsorption sites
are labeled in plot (a), where A, B, and H indicate Atop, Bridge, and Hollow
sites, respectively. The arrows indicate the direction of an electric field.
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where the subscripts “Cu + CO” and “O2” denote the pre-ad-
sorbed system and the free O2 molecule, respectively. Two un-
relaxed intermediate structures are pre-established and shown
in plots (d) and (e) of Figure 2. For the former, the nascent CO2

locates on the bridge site at the ridge of the cluster. A new
bond is created between CO and O, and both C and O partici-
pate in coordination with the cluster. Our calculations found
that the relaxed O�C�O fragment still binds to the cluster with
dC-Cu = 2.042 and dO-Cu = 2.115 �. In the case of Figure 2 e, the
nascent CO2 is located on the hollow position at the equilateral
triangle facet of the cluster. The O atom also connects with CO
but coordinates to two Cu atoms. It is worth pointing out that
the above structure cannot be used as an intermediate state
since the O�C�O fragment will desorb from the Cu cluster
after relaxation. Therefore, the first transition state will be
searched based on three initial states (as seen in Figure 2 a–c)
and the intermediate state depicted in Figure 2 d.

The minimum energy paths (MEP) for CO oxidation and CO2

desorption are determined using NEB method, which introdu-
ces a fictitious spring force that connects neighboring points
on the path to ensure continuity of the path and projection of
the force.[67] The “Electric_Field” keyword in the DMol3 code
allows us to specify the direction and intensity of an electric
field. Homogeneous external electric fields will be introduced
along the z axis in this work, where the upward and downward
arrows in Figure 1 indicate the positive (+ ) and negative (�)
field, respectively. The field intensities of F = 0.005 and 0.010 au
are chosen where 0.01 au corresponds to 5.14 V nm�1.

2. Results and Discussion

The calculated Ead values of the CO/Cu(111) surface, CO/Cu(211)
surface, and CO/Cu cluster are shown in Table 1. To provide a
comparison, available experimental[52–54] and other theoretical
results[49–51, 68–69] are also listed therein. Our calculated Ead =

�0.48 eV for the (2 � 2) CO/Cu(111) system agrees very well
with available experiment results of Ead =�0.46 to

�0.52 eV,[52–54] which confirms the validity of our accuracy set-
tings and calculation method. On the contrary, Ead =�0.62 to
�0.90 eV, obtained from GGA-PBE and PW91 functionals,[50–51]

are relatively lower than those from experiments[52–54] and the
RPBE functional.[49, 51] In our calculations, the magnitudes of Ead

are found to be �0.51, �0.48, and �0.06 eV, respectively,
when a molecule is adsorbed on the (3 � 3), (2 � 2), and (2 � 1)
Cu(111) surfaces at coverage rates of V = 0.11, 0.25, and
0.50 monolayer (ML). The above results demonstrated that Ead

is quite sensitive to the CO coverage, and the binding strength
decreases as the coverage increases. In comparison with the
(111) surfaces of Pt, Rh, and Pd, the interaction between CO
and the Cu(111) surface is very weak.[49–50] In the case of (2 � 1)
Cu(211) surface, our calculated Ead =�0.69 eV is close to
�0.61 eV obtained from the thermal desorption spectrosco-
py,[54] and other theoretical data from RPBE functional.[68] There-
fore, the stepped surface has stronger adsorption ability than
that of the flat surface.

In the case of the CO/Cu cluster, six different adsorption
sites labeled in Figure 1 a were examined to determine the
most favorable structure. The calculated �Ead = 0.72, 0.69, 0.59,
0.35, 0.38, and 0.48 eV, respectively, at A1, A2, B1, B2, H1, and
H2 sites. Therefore, the most stable adsorption site is the posi-
tion on top of the uppermost vertex, that is, the A1 site. It is
readily seen from Table 1 that the calculated Ead value is dra-
matically lowered from �0.48 to �0.72 eV when a Cu cluster is
utilized instead of the Cu(111) surface. This binding strength is
even larger than that on the stepped Cu(211) surface. Thus,
small pyramidal Cu clusters might be used as a catalyst for oxi-
dation of the CO gas. When CO is adsorbed on a Cu cluster
with relaxation depth of two layers (i.e. the bottom three
layers are constrained), the calculated Ead =�0.68 eV is
�0.04 eV larger than that with relaxation depth of all but the
bottom layer. This is presumably because fewer Cu atoms are
allowed to relax in this case, which results in a higher free
energy.

Thereafter, an O atom is adsorbed on a Cu atom with CO
pre-adsorbed on a neighboring Cu atom. As listed in Table 1,

Figure 2. Three possible initial states for CO oxidation on a Cu cluster :
a) Middle site, b) Hollow site, and c) Bridge site. Two possible intermediate
states are depicted in (d) and (e), where the latter is proven to be unsuita-
ble. The largest, smallest, and middle spheres represent Cu, C, and O atoms,
respectively.

Table 1. Computed adsorption energy Ead, energy barrier Eb, and reaction
energy Er in eV for the CO adsorption and oxidation on Cu. The available
experimental results Ead1,[52–54] and other simulation results Ead2

[49–51, 68–69]

are also listed for a comparison purpose.

Substrate �Ead
[a] �Ead1 �Ead2

Adsorption

Cu(111) 0.48 0.46–0.52[52–54] 0.42–0.46[49, 51] [b]

0.62–0.90[50–51] [c]

Cu(211) 0.69 0.61[54] 0.68[68] [b]

0.86–0.96[68–69] [c]

Cu cluster 0.72

Site �Ead
[d] �Er Eb

Oxidation
Middle 1.38 0.535 1.317
Hollow 1.73 0.182 1.759
Bridge 1.41 0.509 1.471

[a] In the CO adsorption step, Ead = Et�ECu�ECO. [b] Results from the GGA-
RPBE functional. [c] Results from the GGA-PBE or GGA-PW91 functional.
[d] In the O + CO coadsorption step, Ead = Et�E(Cu + CO)�1/2 EO2.
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Ead =�1.38, �1.73, and �1.41 eV for the Middle, Hollow, and
Bridge sites, respectively. It is discernable that the Hollow site
location has the lowest Ead value due to the longest distance
between CO and O. All the three structures are considered as a
reactant in our following oxidation calculations. Although sev-
eral configurations of intermediate states are examined, only
the structure in Figure 2 d can stably exist on the Cu cluster.
Otherwise, a CO2 gas is spontaneously produced on the basis
of the C�O�O fragment after relaxation. Noteworthy is the fact
that our nascent CO2 molecule [as seen in plot (d)] resembles
that reported in the literature,[70] investigating the CO oxida-
tion on a Pt10 cluster. In that work, the most favored adsorp-
tion mode of the C�O�O fragment was also adsorbed on a
bridge position at the ridge of the pyramidal cluster.

The calculated Eb values for the oxidation stage are 1.317,
1.759, and 1.471 eV for the Middle, Hollow, and Bridge sites, re-
spectively, as shown in Figure 2. Therefore, the Middle site
should be the most preferable initial state among the three
candidates, which has the fastest reaction rate (with Eb =

1.317 eV) and the largest driven force (with Er =�0.535 eV).
The above oxidation pathway is described in detail in Figure 3.

As shown in plot (a), the CO molecule and the O atom are at
their original positions at the very beginning of the reaction.
Thereafter, CO rotates towards O and the first O�Cu bond
breaks in plot (b), and then the second O�Cu bond also breaks
in plot (c). Both CO and O move closer and closer to each
other, and plot (d) shows the first transition state (TS1). Then
in plot (e), the two adsorbates move so close that a new bond
is formed between CO and O. The oxidation process is com-
pleted in plot (f), where the distance between the O and C
atoms decreases, and a metastable O�C�O fragment (or a nas-
cent CO2) is finally produced.

Although the Cu cluster is able to oxidize the CO gas, its
lowest Eb = 1.317 eV is much higher than those of the com-
monly used catalysts, merely around 1.000 eV.[22] To lower the
barrier, negative fields with different intensities are superim-
posed into the above reaction. Figure 4 shows the minimum
reaction path in the presence of different field strengths,
where the left and right parts indicate the oxidation and de-

sorption stages, respectively. It is worth noting that the inter-
mediate state is a product in the oxidation stage (as seen in
Figure 3 f), whereas a reactant is in the desorption stage (as
seen in Figure 5 a). In the absence of an electric field, the
energy of the initial state is chosen as a reference and set to
zero. Since the electric fields can apparently cause differences
in energy, the energy reference states are lowered to �0.607
and �2.189 eV, respectively, in the presence of a �0.005 and
�0.010 au field. It is readily seen that the barrier decreases

Figure 3. Snapshots of the minimum energy path (MEP) for CO oxidation on
the Cu cluster. The largest, smallest, and middle spheres represent Cu, C,
and O atoms, respectively.

Figure 4. Relative energy plots in the presence of different electric fields,
where the left (or right) part shows the oxidation stage (or the desorption
stage). Eb1 is defined as the energy of the TS1 minus that of the initial state,
while Er1 is defined as the energy of the intermediate state minus that of the
initial state. Eb2 is defined as the energy of the TS2 minus that of the inter-
mediate state, while Er2 is defined as the energy of the final state minus that
of the intermediate state. The solid (c), dashed–dotted (d), and dashed
(a) lines denote the results under 0.000, �0.005, and �0.010 au fields, re-
spectively.

Figure 5. Snapshots of the minimum energy path (MEP) for nascent CO2 de-
sorption from the Cu cluster. The largest, smallest, and middle spheres rep-
resent Cu, C, and O atoms, respectively.
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with increasing F, where the Eb value is lowered from 1.317 to
0.959 eV after superimposing a �0.005 au field; this value is
lower than that of the usually used Rh(111) surface with Eb =

1.17 eV.[22] The catalytic activity can thus be significantly en-
hanced due to the exponential relationship between the reac-
tion rate and the Eb value.[35] The barrier can be further lowered
to 0.698 eV when F =�0.010 au, which is even less than Eb =

0.79 eV for Pt(111) and Eb = 0.91 eV for Pd(111) surfaces.[22] Cor-
respondingly, the reaction-driven force is also enhanced with
increasing F, where Er =�0.535, �0.771, and �1.042 eV when
F = 0.000, �0.005, and �0.010 au, respectively. On the contrary,
a positive field is apparently deleterious to the CO adsorption
and oxidation. Regardless of F =+ 0.002, + 0.005, or
+ 0.010 au, the prebuilt O�C�O fragment becomes a CO2 mol-
ecule and desorbs from the Cu cluster.

To understand the changes of the electronic structure in the
presence of an electric field, Hirshfeld charge analysis was car-
ried out for the Cu cluster, and the results are listed in Table 2.

To provide a valid comparison, the results in the absence of an
electric field are also listed in this table. In the case of the up-
permost vertex, the charge carried by the Cu(1) atom decreas-
es significantly from + 0.0095 to �0.1998 e when a �0.010 au
field is superimposed. Similarly, each atom in layers II to IV ob-
tains charges and becomes anion in the presence of a negative
field. However, Cu(11)–Cu(15) atoms in layer V lose electrons
and become cations. This result demonstrates that charges
move upward in the presence of a negative field. Therefore,
the catalytic activity of the cluster can be improved since the
charge transfer between the adsorbate and metal is enhanced.
An opposite charge transfer direction can be achieved with a
positive field. When F =+ 0.010 au, it is readily seen from this
table that positive charges are presented from Cu(1) in layer I
to Cu(10) in layer IV; whereas negative charges are presented
from Cu(11) to Cu(15) in layer V. Since the upper four layers
lose electrons whereas the bottommost layer accumulates

electrons, charges move downward in the presence of a posi-
tive field.

The field-induced changes in geometric structures were also
measured for the Cu clusters. As shown in Figure 6 a, the
atomic distances d along the ridge of the cluster are 2.522,

2.532, 2.580, and 2.521 � from layer I to layer V. These data are
changed to 2.502, 2.528, 2.588, and 2.509 � when F =

�0.010 au, as seen in plot (b). Correspondingly, the height of
the cluster h decreases from 7.130 to 7.089 � and the vertex
angle q increases from 90.7978 to 91.1208, which implies that a
negative field compresses the cluster. The opposite conclusion
can be achieved in the case of F =+ 0.010 au. As shown in plot
(c), h increases from 7.130 to 7.231 � and q declines from
90.7978 to 89.9848. These results confirm that a positive field
elongates the cluster.

The final step is desorption of the nascent CO2, where the
intermediate state in Figure 5 a becomes the reactant in this
case. The newly formed O�C�O fragment is quite stable
whereas the distance between O and Cu elongates and finally
breaks in plot (b). Thereafter, the C�Cu bond also breaks in
plot (c) and all direct connections between the O�C�O frag-
ment and the Cu substrate disappear. The fragment continues
to move away from the substrate, and plot (d) corresponds to
the second transition state (TS2). The angle of the fragment a

decreases gradually in the next few steps [see plot (e)] , and fi-
nally, a free CO2 molecule is produced with a approaches to
1808 in plot (f). The NEB calculation finds that the desorption
barrier is merely 0.036 eV in the absence of a field. However,
the barrier increases with F increasing in the CO2 desorption
stage, where Eb = 0.226 and 0.462 eV when F =�0.005 and
�0.010 au, respectively. As shown in the right part of Figure 4,
the energy of final state is even larger than that of the inter-
mediate state under �0.010 au field (with Er2 = 0.366 eV). This
result implies that a strong intensity is bad for the CO purifica-
tion since molecule desorption will be poor in this case. Since
we have demonstrated that a positive field is helpful to the
gas release, the ideal case for the CO purification might be: su-
perimpose a negative field during the oxidation stage, whereas
impose a positive field or just withdraw the field (since the Eb

Table 2. Hirshfeld charge analysis for the Cu cluster under F = 0.000,
�0.010, and + 0.010 au, where the unit of the atom charge is one elec-
tron charge e.[a]

Layer Atom F = 0.000 au F =�0.010 au F =+ 0.010 au

I Cu(1) + 0.0095 �0.1998 + 0.2014

II
Cu(2) �0.0020 �0.0655 + 0.0610
Cu(3) �0.0019 �0.0655 + 0.0610

III
Cu(4) �0.0084 �0.0519 + 0.0363
Cu(5) �0.0097 �0.0327 + 0.0137
Cu(6) �0.0084 �0.0519 + 0.0363

IV

Cu(7) + 0.0090 �0.0155 + 0.0342
Cu(8) �0.0092 �0.0204 + 0.0027
Cu(9) �0.0092 �0.0204 + 0.0027
Cu(10) + 0.0090 �0.0155 + 0.0342

V

Cu(11) + 0.0188 + 0.0725 �0.0357
Cu(12) �0.0085 + 0.0328 �0.0488
Cu(13) �0.0082 + 0.0302 �0.0465
Cu(14) �0.0085 + 0.0328 �0.0488
Cu(15) + 0.0188 + 0.0725 �0.0357

[a] The Cu atoms in this table are labeled in Figure 6 a.

Figure 6. The geometric structure (height of the cluster h in �, vertex angle
q in degree, and atomic distance d along the ridge of the cluster in �) of
the pyramidal Cu cluster under F = 0.000 (a), �0.010 (b), and + 0.010 au (c).
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value without the field is close to zero) during the desorption
stage. However, noteworthy is the fact that although the oxi-
dation can be accelerated whereas desorption can be deceler-
ated by a negative field, the total barrier Eb = 1.185 eV at F =

�0.005 au is still smaller than 1.353 eV in the absence of any
field.

The geometric parameters for the entire series of reactions
are measured and listed in Table 3, where “O1” and “O2” in the
subscripts indicate the O atom in CO and the original free O

atom, respectively. All parameters listed in the table are related
to the structures in Figures 3 and 5. In the absence of a field,
on one hand, the bond length between O1 and C (dO1-C) in-
creases from 1.145 � in the initial state to 1.156 � in TS1, and
then to 1.208 � in the intermediate state. This result can be at-
tributed to the weakness of the binding between O1 and C in
the oxidation stage. On the other hand, dO1-C decreases to
1.190 � and finally to 1.170 � in TS2 and the final state during
the desorption stage. Different from dO1-C, dC-Cu continuously in-
creases in the entire process due to the formation of the O2�
Cu bond as well as the release of CO2 gas. The bond length
between O2 and Cu dO2-Cu first increases from 1.918 to 2.115 �
since the newly formed O2-C bond in the intermediate state
weakens the interaction between O2 and Cu. Thereafter, dO2-Cu

increases to 2.694 and 3.734 � due to the release of the CO2

molecule. In contrast, the distance between O2 and C, dO2-C,
maintains decreasing from 4.057 to 1.168 �. a denotes the
angle of the O1-C-O2 fragment, which increases from 141.8068
in the intermediate state to 179.4978 in the final state. Since
the latter is very close to 1808, a “free” CO2 gas in thus pro-
duced.

It is discernable from Table 3 that the presence of a negative
field causes evident changes in geometric parameters. Howev-
er, similar variation trends are found for each parameter during

the entire reaction in comparison with those in the absence of
a field. For example, dO1-C under F =�0.005 au also increases
from 1.158 � in the initial state to 1.222 � in the intermediate
state, and then decreases to 1.183 � in the final state. In this
case, the dO1-C values are slightly larger than those without a
field, because a negative field enhances the binding strength
between C and Cu, and thus weakens that between O1 and C.
dC-Cu in the initial state decreases from 1.833, 1.825, to 1.803 �
when F changes from 0.000, �0.005, to �0.010 au, which is
consistent with a prior conclusion that the binding strength of
CO increases toward negative fields.[57] This trend can be fur-
ther confirmed by our calculated Ead(F) values for CO on the
pyramidal Cu cluster, where Ead =�0.72, �0.77, �0.99 eV when
F = 0.000, �0.005 and �0.010 au, respectively. On the contrary,
dO2-Cu increases as F increases. For example, in the initial state,
dO2-Cu = 1.918, 1.920, and 1.932 � when F = 0.000, �0.005, and
�0.010 au, respectively. The distance between the released
CO2 and Cu (dC-Cu and dO2-Cu in the final state) is shortened
when F increases. In addition, a in the final state decreases
gradually from 179.4978 to 174.4658 if F increases from 0.000
to �0.010 au. These phenomena suggest that in the latter case
the physisorption between the CO2 gas and the substrate is
stronger than that in the absence of a field. In the oxidation
stage, our dO2-C in TS1 increases while Eb decreases with F in-
creasing from 0.000, �0.005, to �0.010 au. In the desorption
stage, however, dO2-C in TS2 decreases while Eb increases with
increasing F, which agrees with a prior conclusion that the
shorter the dO2-C is at the TS, the higher the barrier.[22]

Blyholder’s model states that one lone electron pair is do-
nated from the nonbonding CO-5s orbital into empty metal
orbitals, and back-donated from occupied metal d orbitals to
empty CO-2p* orbital, simultaneously.[71] Thus, the variation in
bond strength is caused by 2p*–d coupling; namely, the stron-
ger this coupling, the stronger the CO-metal bonding.[72] Under
a negative field, the electrons are moved upward and thus
more charges can participate in the transfer between Cu and
CO. To look into the filed-induced spin states, spin partial den-
sity of state (PDOS) is obtained for the Cu cluster and shown
in Figure 7. Both spin-up (a) and spin-down (b) densities are
given in the presence of 0.000, �0.005, and �0.010 au fields.
In the absence of any electric field, the band of the cluster is
dominated by the d orbital. Large contributions from s and
p orbitals can be detected in plot (a), and the p state becomes
especially intensive for the orbitals above the Fermi level. It is
readily seen from the plot that b is identical with a except the
direction. In comparison with plot (a), the main peak of the
d state moves from �1.84 to �0.34 when a �0.005 au field is
superimposed; and then shifts to 0.38 eV when the field is fur-
ther enhanced to �0.010 au. Although all the bands are
pushed toward the Fermi level by the negative fields, large
spd hybridization can also be observed in the spin PDOS, as
seen in plots (b) and (c). Moreover, the shapes of a and b

PDOS of the s, p, and d states are still perfectly matching, indi-
cating its zero magnetic moment.

To further understand the electronic hybridization behavior,
the PDOS charts are determined and depicted in Figure 8. The
intermediate state is chosen as an example here since its struc-

Table 3. Electric-field-induced geometric parameters (bond length d in �
and bond angle a of the O1�C�O2 fragment in degree) for the CO oxida-
tion and CO2 desorption on the Cu cluster.

F Para.[a] Initial TS1 Intermediate TS2 Final[c]

0.000 au

dO1-C 1.145 1.156 1.208 1.190 1.170
dC-Cu 1.833 1.837 2.042 2.796 3.905
dO2-Cu 1.918[b] 1.757 2.115 2.694 3.734
dO2-C 4.057 2.104 1.237 1.207 1.168
a 141.806 160.685 179.497

�0.005 au

dO1-C 1.158 1.124 1.222 1.212 1.183
dC-Cu 1.825 1.862 1.995 2.736 3.894
dO2-Cu 1.920 1.762 2.099 2.725 3.718
dO2-C 4.053 2.428 1.259 1.202 1.178
a 134.515 151.198 177.764

�0.010 au

dO1-C 1.175 1.168 1.238 1.205 1.177
dC-Cu 1.803 1.854 1.975 3.095 3.866
dO2-Cu 1.932 1.828 2.104 3.027 3.659
dO2-C 4.110 2.535 1.276 1.187 1.164
a 129.362 154.512 174.465

[a] “O1” and “O2” indicate the original O atom in CO and the original free
O atom, respectively. [b] The value between the O2 atom and the Cu is an
average of the three bond lengths. [c] Final state indicates that the CO2

gas emits from Cu, and thus both the CO2 and the Cu are free.
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ture and energy are essential parameters in the catalytic oxida-
tion studies. We first address the hybridization conditions for
the system in the absence of an electric field. In the CO side,
the CO-4s orbital is localized at �9.34 eV after adsorption.
Both CO-5s and CO-1p orbitals broaden and dominate the in-
teraction, where the 5s orbital shifts even below the 1p orbi-
tal. The initial empty antibonding CO-2p* orbital is pulled
below the Fermi level, which is partially populated due to
back-donation of d electrons and the electronic resonance.[46] It
can be seen that the accumulation of charge density for the
CO-5s orbital is around the C atom, whereas that for the CO-
2p* orbital below the Fermi level is around the O atom. Corre-

spondingly, two new peaks composed of the 2s + 2p of O, and
3d + 4s of Cu appear at the lower energy range and hybridize
with the CO-4s orbital at �9.34 eV. All the peaks of the O
atom overlap exactly with those of the CO molecule, which
confirms the formation of the chemical bond between CO and
O in the intermediate state. The result for the O atom shows
that all the bands are due to almost exclusively O-2p electrons,
with a small degree of hybridized O-2s states at the lowest
energy range. In the higher energy range, Cu-3d, Cu-4s, and
even Cu-4p orbitals overlap with the CO-5s and CO-1p orbitals
at �8.17 and �7.43 eV, respectively.

It is readily seen from Figure 8 that the PDOS plots in the
presence of a negative field are quite similar to those without
a field, although all the bands are pushed toward the Fermi
level. When F =�0.005 au, the peak of CO-4s interacts with
those of Cu and O at �7.34 eV. The CO-5s and 1p orbitals still
broaden and located at �5.93 and �5.21 eV, respectively. In
this case, the bands of Cu and O also move to the higher
energy range and overlap with each other. If the band without
a field is selected as a reference, it is readily seen that all the
bands are further shifted towards the Fermi level after super-

imposing a �0.010 au field. For example, the sharp-
est peak of CO moves significantly from �5.21 to
�3.61 eV when F increases from �0.005 to
�0.010 au. In all cases, these peaks continue to be
hybridized strongly with those of Cu and O. This orbi-
tal hybridization confirms the existence of the nas-
cent CO2 fragment above the Cu cluster, and the
strong interactions between the adsorbate and the
substrate, even in the presence of electric fields.
Since the 2p*–d coupling increases as the d-band
center shifted toward the Fermi level,[73] the PDOS
plots illustrate again that the reaction activity of the
Cu cluster can be significantly enhanced after super-
imposing a negative field.

In light of the above discussion, it is evident that
the adsorption behavior and catalytic reaction can be
influenced by an external electric field. In a recent
work, division of voltage (for 3 V) by tip–sample dis-
tance (ca. 5 �), a field of about 0.6 V ��1, which is
about 0.012 au, was achieved in experiments.[58]

Noteworthy is the fact that this value is even larger
than the strongest intensity (F = 0.010 au) used
herein. Considering the facts that the tip–sample dis-
tance could be further lowered with the advent of

modern developments in nanofabrication, the required field in-
tensity could be further enhanced and readily attained in a
practical system.

3. Conclusions

In conclusion, DFT calculations with electric fields were carried
out to study the catalytic oxidation reaction of CO on a pyra-
midal Cu cluster. The binding strength of the CO/Cu cluster
was found to be twice as strong as that of the CO/Cu(111) sur-
face. The metastable O�C�O fragment could be formed on the
Cu cluster, and the oxidation barrier was significantly lowered

Figure 7. Spin PDOS plots of the pyramidal Cu cluster under F = 0.000 (a),
�0.005 au (b), and �0.010 au (c). Spin-up (a) and spin-down (b) states are
given in each case. The Fermi level is set to zero and indicated by a dashed
line.

Figure 8. PDOS plots for the intermediate state under F = 0.000 (a), �0.005 (b), and
�0.010 au (c). The Fermi level is set to zero and indicated by a dashed line.
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from 1.317, 0.959, to 0.698 eV when F increased from 0.000,
�0.005, to �0.010 au. No energy barrier existed for the CO2 re-
lease when a positive field was superimposed. The enhanced
reaction activity is attributed to the charge redistribution in-
duced by an electric field.
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