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1. INTRODUCTION

Numerous studies on the development and design of catalysts
have highlighted how nanoscale materials enhance the perfor-
mance of catalysts.1�8 The high surface to volume ratio of nano-
materials causes such materials to have frequent opportunities
with the reactants of a targeted chemical reaction and to enhance
the catalytic activity. Furthermore, nanoscale materials have a
large number of low-coordinated atoms at the surface of these
particles, which also leads to a high reactivity.6�8 The catalytic
performance of the nanocatalysts cannot be explained by just
one factor. A complicated combination of factors, such as the
size, composition, and structure of a nanoparticle, is required to
explain catalytic performance. However, the exact nature of their
relationship and priority is still debatable.

Unlike metal single crystals, small nanoparticles supported on
a metal oxide surface exhibit unique catalytic properties. The
electronic properties and the reactivity of these supported
catalysts have been previously studied.9,10 The electronic inter-
action of themetal nanoparticles with the oxide support induces a
change in the charge state of the supported metal nanoparticle.
Haruta3 found that gold nanoparticles could catalyze CO oxida-
tion at or below room temperature. More recent studies on the
catalytic property of small nanoparticles have primarily focused
on gold nanoparticles. In addition, investigations of how the
charge state affects catalytic properties have also targeted gold
systems.11�17 Gold nanoparticles reportedly exhibit different
charge states on different supports.11�17 The type of oxide support
and the type of defects present on the oxide surface affect the
charge state of supported nanoparticles. Flytzani-Stephanopoulos
and co-workers11 reported that Au and Pt nanoparticles on a ceria

support catalyze the water�gas shift reaction. Electrons were
transferred from a gold nanoparticle to the ceria, and the positively
charged gold nanoparticles exhibited good catalytic properties.
The Metiu group12 also studied the Au/CeO2 system and
positively charged Au nanoparticles. Zhang et al.13 studied gold
nanoparticles supported on stoichiometric and defective ceria
supports. They found that gold nanoparticles were negatively
charged as a result of the excess electrons from the defects on the
ceria surface. Minatoa and co-workers14 found that negatively
charged Au nanoparticles on TiO2 demonstrated good catalytic
activity. The Hammer group15 and Yoon et al.5 observed nega-
tively charged gold nanoparticles on a MgO support, whereas
Guzman et al.16 observed positively charged gold nanoparticles on
the same type of MgO support. The Dravid group17 observed
negatively charged Au nanoparticles on an Al2O3 support.

Clearly, the charge state of supported nanoparticles can be
tuned by controlling the oxide support, and the excess charge of a
nanoparticle affects the activity of a catalytic reaction on the
surface of the nanoparticle. Many of the previously mentioned
studies focus on the charge state of nanoparticles under various
conditions to observe the changes in the catalytic properties as a
function of the charge state. We need to know why the catalytic
performance can be improved by changing the charge state and
how the supports can be controlled to enhance the catalytic
properties. Additionally, recent studies18,19 have revealed that
ligands, which prevent aggregation and allow for synthesis of
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ABSTRACT: Utilizing density functional theory calculations
and a modified kinetic model, we report the CO oxidation
reactivity of negatively and positively charged isolated cubocta-
hedron (COh) and icosahedron (Ih) Ag13 nanoparticles. Charg-
ing the nanoparticles modifies the electron distribution in the
core and shell atoms as well as the structural stability of the Ag
nanoparticles. During the reaction, Ih Ag13 nanoparticles can be
easily deformed into an amorphous or COh structure, which is
more stable than the Ih structure. However, it does not function
well as a renewable catalyst. Although a neutral COh Ag13
nanoparticle exhibits relatively poor reactivity, the reactivity is enhanced significantly by excess electrons. This study provides
fundamental insight into how the electronic and structural interaction between an oxide support and the supported nanoparticle
affects the catalytic activity of the general nanocatalyst.
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well-controlled nanoparticles, will surround a metal nanoparticle
and can affect the electronic configuration of the nanoparticle.
This result emphasizes the importance of understanding the
relationship between the charge state and the catalytic property
of nanocatalysts.

Typically, a catalytic reaction on the surface of a metal nano-
catalyst follows the Langmuir�Hinshelwood mechanism20 in-
volving adsorption of reactants, diffusion of adsorbates on the
surface, interaction between adsorbates, and desorption of prod-
ucts. To develop a new catalyst, we need to understand each
step of the catalytic reaction. However, it is experimentally
difficult to clearly understand the overall process and to deter-
mine the rate-determining step. Catalytic reactions occur very
quickly. Furthermore, even though the reactants consist of only
two gases, these gases can form several intermediates from
various reaction pathways. Atomic-scale simulations are useful
for probing the details of complicated chemical reactions with
fast rates. In addition, considerable information about a nano-
scale material including its energetic, electronic, and geometric
properties can be obtained. Nørskov and co-workers21�24

and Campbell et al.25 employed DFT to explain how the energy
levels of intermediates and transition states can control the
catalytic reaction rate. Our study is based on DFT calculations
and a modified kinetic model.22,26

Ag reportedly has a lower catalytic activity than nanosized Au
particles.22 Our previous study26 also showed that the cubocta-
hedron (COh) Ag nanoparticle exhibited low CO oxidation
reactivity, whereas the good initial reactivity of the icosahedron
(Ih) Ag nanoparticle was immediately diminished by a reaction-
driven structural change of the Ih structure to an amorphous
state. In this study, Ag13 nanoparticles with both Ih and COh
isomers were designed as a simple model system to investigate
the CO oxidation reaction. The structure of the metal nanopar-
ticles can be affected by the support materials.27,28 However, to
clarify the difference in catalytic performance induced by the
different initial structures, we excluded other factors in our study.
For the positively and negatively charged bare Ag nanoparticle
models, the change in the catalytic activity as a function of the
excess charge in the supported catalysts was calculated. By
controlling the charge state, the CO oxidation reactivity of Ag
nanoparticles was found to be similar for Au nanoparticles. In

addition, we propose the optimal charge state of the Ag13 nano-
particles for CO oxidation.

2. COMPUTATIONAL DETAILS

We performed DFT calculations with the atomic orbital-based
Dmol3 package.29,30 The spin-polarized Kohn�Sham equation
was expanded in a local atomic orbital with a double numeric plus
polarization quality basis set. The basis set cutoff was chosen to
be 5 Å. The convergence tolerances for the geometry optimiza-
tion were set to 10�5 Ha for the energy, 0.002 Ha/Å for the
force, and 0.005Å for the displacement. The electronic SCF tolerance
was 10�6 Ha. A Fermi smearing of 0.002 Ha was used in all of the
calculations. The DFT semicore pseudopotential proposed by
Delley in 200231 was employed to treat the core electrons. This
potential only replaces the core electrons for heavier elements
beginning with Sc possessing a simple potential. The exchange-
correlation potential and energy are described in terms of the
revised-PBE generalized gradient approximation.32 The RPBE is
specialized for oxidation and numerous other surface chemical
reactions involving hydrocarbons. The transition state calcula-
tions are based on two synchronous transit methods (i.e., the
linear synchronous transit and the quadratic synchronous
transit33), and the results are refined with a conjugate gradient
minimization algorithm. The atomic charge distribution was
analyzed by the Mulliken method.34

3. RESULTS AND DISCUSSION

3.1. Positively and Negatively Charged Bare Nanoparti-
cles.We examined how the excess charge obtained by interaction
between a support and a supportedmetal nanoparticle affects the
electronic and structural properties of Ag13 nanoparticles with a
COh and Ih structure. Figure 1 shows how the atomic charge
distribution, the bond lengths between the Ag atoms in the
nanoparticle, and the total energy evolve as the charge state
varies. An increase in the negative charge of the COh and Ih
nanoparticles causes an increase in the negative charge of the
shell atoms and an increase in the positive charge of the core
atom. Each excess electron causes the core atom to lose electrons
linearly, with an average of 0.045 electrons for the COh particle

Figure 1. Evolution of (a) the Mulliken atomic charge distributions (the solid line represents the atomic charge of the core atom and the dotted line
represents the atomic charge of the shell atom), (b) the bond length between core and shell Ag atoms and the bond length between Ag atoms in the same
shell, and (c) the relative energy of COh and Ih Ag13 nanoparticles with charge states ranging from (�2) to (+2).
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and 0.040 electrons for the Ih particle. Then, the excess electron
initially given to the nanoparticle and the electrons obtained from
the core atom are redistributed in each shell. The shell atoms
have a slightly negative charge even when the nanoparticle is
neutral. The coordination number of a shell atom is 5 for the
COh nanoparticle and 6 for the Ih nanoparticle. Thus, the shell
atoms of the COh nanoparticle require more electrons than
those of the Ih nanoparticle,35 as shown in part a of Figure 1.
Therefore, the core atom of the COh nanoparticle is more
positively charged than the core atom of the Ih nanoparticle at
the same charge state.
When the excess charge on a nanoparticle is positive, the

volume of the nanoparticle expands because of the repulsive
force between the positively charged core Ag atom and the
positively charged shell Ag atoms. When the excess charge of a
nanoparticle is negative, the atoms on the surface become more
negatively charged, and the repulsive force between the atoms of
the shell lengthens the bond between the Ag atoms. The Ih
nanoparticle is strained even in a neutral state due to the
difference in bond lengths between the shell atoms and between
the core and shell atoms. The expansion of the charged Ih
nanoparticle increases the bond length differences, and the Ih
nanoparticle becomes unstable. In addition, the structure of the
charged crystalline nanoparticles, especially the Ih nanoparticle,
becomes amorphous as a result of the deformation induced by
the adsorbed molecules.
The COh and Ih particles both have a minimum energy at a

charge state of (�1), as shown in part c of Figure 1. For all charge
states, the COh is more stable. The neutral COh Ag13 nanopar-
ticle is 0.449 eV more stable than the neutral Ih nanoparticle.
Figure 2 shows the local density of state for the charged COh
Ag13 nanoparticles. In the charge state of (�1), the interaction
between the energy states of the Ag-d and the Ag-s bands are

stronger than the other charge states. The s�d hybridization
strengthens the bond between Ag atoms.36 The 5s band near the
Fermi energy (EF) is not split at a charge state of (�1), but the
d-band center is higher and the d-bandwidth is narrower for a net
charge of (�1) compared with other charge states. An increase in
the number of excess electrons leads to an increase in the Fermi
energy level and in the occupation of the empty s and p bands of
the Ag atoms. EF is�5.303 eV,�4.241 eV,�3.473 eV,�2.767 eV,
and�1.667 eV for the COh Ag13 nanoparticles with charge states
ranging from (�2) to (+2), respectively.
3.2. Adsorption of CO and O2 on Charged COh Ag13

Nanoparticles. Figure 3 shows the adsorption energy of CO
and O2 molecules as a function of the charge state of COh Ag
nanoparticles. We considered several adsorption sites for CO
including an on-top site, and a bridge site, as well as (111) and
(100) hollow sites. The CO adsorption on the on-top site has the
strongest bonds of the various charge states studied. When the
excess charge is negative, a bridge site or a (100) hollow site is
also preferred. Fielicke et al.37 reported that a CO molecule
generally prefers to adsorb on an on-top site of a transition metal
nanoparticle. However, the CO adsorption at higher coordina-
tion sites was occasionally observed depending on the transition
metal, as well as the size and charge state of the nanoparticle. The
interaction between CO and a transition metal nanoparticle has
been described as a mixture of the CO 5σ orbital of a highest
occupied molecular orbital (HOMO) state with metal dz2 and s
orbitals and a mixture of metal dxz and dyz orbitals with the CO
2π antibonding state (2π*).38 An increase in the charge trans-
ferred from the CO 5σ state to the metal weakens the C�O
interaction and strengthens the CO adsorption. In addition, an
electron backdonation from the metal to the CO 2π* state
strengthens the CO-metal interaction and weakens the C�O
bond.38 Figure 4 shows the density of states for a bare nano-
particle and the adsorption of CO on an on-top site in a COh
Ag13 nanoparticle with (�2), neutral, and (+2) charge states. For

Figure 2. Local density of states (DOS) for charged COh Ag13
nanoparticles: (a) (+2), (b) (+1), (c) (0), (d) (�1), (e) (�2). The
red solid lines denote the s-band of Ag, and the d-band of Ag is shown by
the shaded areas. The arrows denote the d-band center for each charged
Ag13 nanoparticle. The inserts indicate an enlarged view near the Fermi
energy (EF, the dotted line).

Figure 3. Adsorption energy of (a) CO and (b) O2 on several
adsorption sites of the charged COh Ag13 nanoparticles: for CO
molecule, on-top (t, filled circles), bridge (b, open circles), (111) hollow
((111)h, open reverse triangles), and (100) hollow ((100)h, filled
triangles) sites; for O2 molecule, top-hollow (TH, filled circles) and
top-bridge-top (TBT, open triangles) sites. The values in (a) denote the
M€ulliken charge of the COmolecule adsorbed on the on-top site and the
values in (b) denote the M€ulliken charge of the O2 molecule adsorbed
on the TH site for each charge state. The positive value indicates that the
electrons are transferred from adsorbates to the metal nanoparticle
resulting in a molecule with a positive charge, whereas a negative value
indicates the opposite result.
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a (�2) negatively charged nanoparticle, the antibonding state of
CO (2π*) is located slightly above the EF, which is shifted down
as a result of backdonation, enhancing the stability of the state
(part a of Figure 4). The d-band center for the metal atoms is
shifted up toward the EF. For a (+2) positively charged nano-
particle, and the d-band center and the s-band located very close
to the EF for the metal atoms are shifted down after CO adsorp-
tion on the metal surface (part c of Figure 4). As a result, we
speculate that the CO-metal interaction primarily depends on
theπ-backdonation for a negative excess charge. Indeed, part a of
Figure 3 shows that theM€ulliken charge of CO on the on-top site
of the negatively charged COh Ag13 nanoparticles is a negative
value. On the basis of the π-bond between CO and the Ag
nanoparticle, we can infer that CO on negatively charged nano-
particles prefers the bridge site or the (100) hollow adsorption
site, as well as the on-top site. For neutral and positively charged
Ag13 COh nanoparticles, the electron donation from CO is
dominant. The CO adsorption energy increases when the excess
charge is positive or negative.
As shown in part b of Figure 3, we considered two strong

adsorption sites for the O2 molecule, including a top-hollow
(TH) site and a top-bridge-top (TBT) site. The O2 adsorption
energy increases as the excess electrons are transferred to the
nanoparticle. The TH adsorption site is preferred for most
charge states except for the nanoparticle with a (�2) charge.
WhenO2 is adsorbed on the metal surface, charge transfer occurs
from the metal to O2. All of the M€ulliken charges for O2 in
various charge states have negative values. There is an increase in
electrons transferred from the nanoparticle to the O2 molecule
when the nanoparticle is more negatively charged (part b of
Figure 3; the details are provided in Tables S1 and S2, of the
Supporting Information). The negatively charged nanoparticles
have more electrons on the surface than the neutral and
positively charged nanoparticles. Then, the O2 on the surface
can obtain electrons from just two Ag atoms at the TBT site.
Most of electrons transferred to O2 are from the Ag atoms that
are directly involved in the O2 binding process. The transfer
occurs at the TH adsorption site with the top three Ag atoms
(Ag3,TH‑top, light colored atoms in the left insert of part b of
Figure 3) and at the TBT site with the top two Ag atoms (Ag2,
TBT‑top, light colored atoms in the right insert of part b of
Figure 3). The changes in the M€ulliken charge of Ag3,TH‑top/
Ag2,TBT‑top and O2 are nearly the same in each case (Tables S1

and S2 of the Supporting Information). Furthermore, the charge
redistribution induces a structural deformation. The donation of
electrons to oxygen causes Ag3,TH‑top/Ag2,TBT‑top to be positively
charged. Originally, the core atom had a positive charge, and the
charge state of the core atom shows very little change as a result of
O2 adsorption. The repulsive force between the positively
charged Ag3,TH‑top/Ag2,TBT‑top and the core atom causes a local
or total expansion of the Ag�Ag bonds. WhenO2 is adsorbed on
a TBT site of a (+2)-charged COh Ag13 nanoparticle, the
nanoparticle eventually deforms into an amorphous structure
(Tables S1 and S2 of the Supporting Information).
3.3. Adsorption of CO and O2 Molecules on Charged

Ih-Structured Ag13 Nanoparticles. The Ih structure is subject
to strain caused by a difference in bond lengths between shell
atoms and between core and shell atoms. Further stress is added by
the adsorption of molecules because the charge transfer between
themetal and the adsorbedmolecules induces other changes in the
structure of the nanoparticle. For CO adsorption on an on-top site,
the longitudinal bond is lengthened in a single direction, and the
Ag�Ag bonds are broken locally (Figure S1 and Table S3 of
the Supporting Information). The Ag atom directly binds to CO,
and the opposite Ag atom (atoms A and B in part c of Figure S1 of
the Supporting Information) loses electrons after CO adsorp-
tion, yet the charge state of the other Ag atoms is only slightly
changed. When the nanoparticle is positively charged, the A and
B atoms are more positively charged. The repulsive force
between the positively charged core and the two shell atoms
with a positive charge lengthens the longitudinal bond. For O2

adsorption on a TBT site, all of the Ih nanoparticles, regardless of
their charge, are deformed into an amorphous structure. For O2

adsorption on TH site of a (�2) negatively charged Ih Ag13
nanoparticle, the nanoparticle is also deformed into an amor-
phous structure (part a of Figure S2 of the Supporting In-
formation). In addition, for O2 adsorption on a TH site of a
(�1) negatively charged Ih Ag13 nanoparticle, the nanoparticle is
converted into a COh structure (Table 1 and part b of Figure S2
of the Supporting Information). The COh structure is approxi-
mately 0.7 eV more stable than the Ih structure with a (�1)
charge. We have also calculated the energy barrier for the
structural change from an Ih structure to a COh structure. The
energy barrier is very low, 0.2 eV. The geometrical change is
related to the coordination and the electron density.35 An anionic
nanoparticle has a tendency to have a low coordination because

Figure 4. Density of state for a bare COh Ag13 nanoparticle and CO adsorbed on an on-top site in the COh Ag13 nanoparticle (down and up curves in
each panel, respectively) with (a) a negative charge state of (�2), (b) a neutral state, and (c) a positive charge state of (+2). The arrows denote the
d-band center for each charged Ag13 nanoparticle with an enlarged view provided in the inserts.
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of the sufficient electron density. Conversely, a cationic nano-
particle has a tendency to exhibit a high coordination. The
surface atom of the COh structure has a lower coordination than
in the Ih structure. We can speculate that the Ih structure is easily
deformed to the COh structure with the addition of electrons. The
change from an Ih structure to an amorphous or COh structure is
not reversible reversed even if the adsorbed molecules desorb. In
our previous study,26 we observed that the amorphous Ag13
nanoparticle has a low reactivity for CO oxidation. The reactivity
of CO oxidation on neutral or negatively charged Ih Ag nanopar-
ticles is only good for the first reaction, which is due to a lowering
of the system energy caused by the geometrical conversion to an
amorphous structure, resulting in a nonreusable catalyst. There-
fore, we primarily focused on the details of the COh Ag13
nanoparticle in this article.
3.4. CO Oxidation on Charged Nanoparticles.On the basis

of the association mechanism22 that follows the Langmuir�
Hinshelwood mechanism, CO oxidation by O2 molecules can be
described as follows:

O2 þ � T O2� ðR1Þ

CO þ � T CO� ðR2Þ

CO� þ O2� T O-O-CO� þ � ðR3Þ

O-O-CO� T CO2 þ O� ðR4Þ

CO� þ O� T CO2 þ 2� ðR5Þ
where CO*, O2*, O�O�CO*, and O* are adsorbed species at
the surface and the * represents a free surface site. That is, the
coadsorbed CO and O2 molecules form an intermediate
O�O�CO complex39�41 and then produce CO2 and an O
adatom. Another adsorbed CO molecule subsequently reacts
with the O adatom to form one more CO2 molecule and
complete the cycle. To quantify and compare the overall activity
of the charged Ag nanoparticles for CO oxidation, we performed

a modified microkinetic analysis26 based on the Sabatier kinetic
model.22,42

To obtain the Sabatier activity (SA), we need to know the
adsorption energy of the reactants (CO and O2 molecules) and
the energy barrier of the rate-determining step (R3), which yields
the intermediate O�O�CO complex. In our modified kinetic
model, the Sabatier rate of the entire CO oxidation reaction is
equal to the maximum rate of R3. As mentioned in sections 3.2
and 3.3, we elucidated the adsorption properties of O2 and CO
individually on charged bare nanoparticles. However, we needed
to consider the coadsorption properties of the O2 and CO
molecules. The proportion of O2 is higher than CO under low-
temperature CO oxidation conditions.22 Assuming that an O2

molecule is first adsorbed on the bare nanoparticles, the CO
molecules must be adsorbed near the preadsorbed O2 to react
with the O2 molecule in the oxidation reaction. In addition, the
CO adsorption energy is derived from the energy difference
between the coadsorption energy and the O2 adsorption energy.
Considerable configurations for the coadsorption of O2 and CO

Figure 5. (a) Reaction pathways for CO oxidation on the charged COh
Ag13 nanoparticles and (b) BEP diagram of the transition state energy
(ETS) versus the O2 andCO coadsorption state energy (Ead(CO+O2)).
In (a), the insert denotes the coadsorption sites for O2 (TH or TBT
sites) and CO (T1 or T2 sites) and the inserts along the energy pathway
show the reaction pathway for CO oxidation at a TH-T1 site. The solid
lines indicate the energy pathway that shows the highest reactivity at
each charge state.

Table 1. Adsorption Energy of O2 and CO (Ead(O2) and
Ead(CO)*), the Energy Barrier (Ebarr) and SA for CO Oxida-
tion on the Charged COh and Ih Ag13 Nanoparticles in the
Pathway That Exhibits the Highest CO Oxidation Reactivity
at Each Charge State; Ead (CO)* is Based on the Energy
Difference between the Coadsorption Energy and Ead (O2)

net charge (�2) (�1) (0) (+1) (+2)

COh Ag13 pathway TH-T1 TBT-T1 TBT-T1 TBT-T1 TH-T1

Ead(O2) (eV) �0.85 �0.51 �0.55 �0.45 �0.28

Ead(CO)* (eV) �0.34 �0.29 �0.33 �0.39 �0.33

Ebarr (eV) 0.13 0.19 0.33 0.57 0.44

SA �0.56 �0.67 �0.78 �1.09 �1.20

pathway TH TH TH-T1,T2 TH-T1 TH-T1

Ih Ag13 Ead(O2) (eV)
a b �0.77 �0.63 �0.46

Ead(CO)* (eV)
a �0.17 �0.44

Ebarr (eV) 0.29 0.52

SA �0.89 �0.99
a Structural change to amorphous. b Structural change to COh.
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are shown in the insert of part a of Figure 5. The TBT-T2
pathway was excluded because the nanoparticle was converted to
an amorphous form by the coadsorption process. The DFT
calculations for the coadsorption energy and the transition state
energy were conducted for all of the other pathways, including
the TH-T1, TH-T2, and TBT-T1 pathways at each charge state
ranging from (�2) to (+2).
Table 1 summarizes the SA as well as the O2 adsorption

energies and the modified adsorption energies of CO with the
corresponding energy barrier. All of the SA values were obtained
under low-temperature CO oxidation conditions22 (273 K,
p(CO) = 0.01 bar, and p(O2) = 0.21 bar). As the absolute value
of SA decreases, the reactivity improves. The SA of the neutral
COh Ag13 nanoparticle in the TH-T1, TH-T2, and TBT-T1
pathways is�1.17,�1.00, and�0.78, respectively. The Nørskov
group22 reported that the SA for a CO oxidation reaction of a
two-layered, 12-atom Ag nanoparticle is approximately �1.0.
Our results are in good agreement with this value. Although the
neutral COh Ag13 nanoparticle exhibits poor reactivity, a nega-
tive (�2) charge state significantly enhances the reactivity,
resulting in an SA value of �0.56. Oxygen was adsorbed more
strongly on a TBT site than on a TH site for a (�2) charge state
(part b of Figure 3). Nevertheless, the overall activity of the
reaction that occurs with O2 on the TH site is higher because of
the lower energy barrier for CO oxidation. Because Ih Ag13
nanoparticles can be easily deformed by adsorbates, only the SA
for positively charged nanoparticles can be determined. Although
the structures of positively charged Ih Ag13 nanoparticles are not
changed during CO oxidation, the nanoparticles show a lower
CO oxidation reactivity of �0.89 and �0.99 compared with the
COhAg13 nanoparticle in a (�2) charge state. As shown in part b
of Figure 5, the results are consistent with the Brjnsted�
Evans�Polanyi (BEP) relationship.43,44

4. CONCLUSIONS

To understand how excess charge affects atomic-scale catalytic
reactivity, we performed DFT calculations for the CO oxidation
on COh and Ih Ag13 nanoparticles with charge states rang-
ing from (�2) to (+2). An increase of excess electrons causes
the shell atoms in both the COh and Ih Ag13 nanoparticles to
be more negatively charged but causes the core atom in both
the COh and Ih to be more positively charged. Because of the
redistribution of the charge, the bond lengths between the core
and shell atoms or the shell and shell atoms expand when the
particle gains or loses excess charge. The COh and Ih Ag13
nanoparticles are energetically stable in the (�1) charge state.
The CO adsorption energy on a charged nanoparticle is higher
than that on a neutral nanoparticle. The CO adsorption property
dependsmore on backdonation rather than on electron donation
in the negative charge state and depends more on electron
donation in the positive charge state. An O2 molecule is molec-
ularly adsorbed on the Ag13 nanoparticle while taking electrons
from the combined metal atoms. The O2 adsorption energy
increases when the nanoparticle is more negatively charged. The
energy barrier reaches its lowest value for a (�2) negative charge
state. We quantized the catalytic performance by using a mod-
ified microkinetic model based on a Sabatier model. As a result,
even though the neutral COh Ag13 nanoparticle has a poor
reactivity for CO oxidation, a catalytic activity of the nanoparticle
with a (�2) negative charge is as good as an Au nanoparticle. The
fluxional behavior of the Ih Ag13 nanoparticle due to excess

charge and the adsorption of CO and O2 resulted in a decrease in
the durability and structural stability of the nanocatalyst. The
results confirm that we can use excess charge to control the
catalytic reactivity of a nanocatalyst. Therefore, our results have
important implications for catalysts supported on an oxide
support or surrounded by ligands. Further investigations of
how oxide supports or capping agents donate excess electrons
to Ag nanoparticles could lead to the design of a new catalytic
system.
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