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ABSTRACT: Nanoparticles (NPs) supported on metal oxides exhibit high catalytic
activities for various reactions. The shape and oxidation state of such NPs, which are
related to the catalytic activity, are often determined by the support. Herein, we conducted
a density functional theory study on isolated silver (Ag) NPs and two types of Ag-NPs
supported on gamma-aluminum oxide (y-ALO;). First, carbon monoxide (CO) adsorption
on the isolated Ag NPs was investigated for decahedra (Ds,), icosahedra (I,), and
cuboctahedra (O,,) of various sizes. I, and O, NPs showed moderate size dependence,
whereas Ds, NPs showed high size dependence when the height was below 1.4 nm. The
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enhancement of CO adsorption on Dy, NPs was attributed to the presence of superatomic

states. Next, we performed geometrical optimization of Ags,/y-Al,05(110) with a decahedral shape. Two types of structures were
obtained: amorphous Agg,(A) and locally fivefold symmetrical Agg,(B) structures. Both NPs on y-Al,05(110) were found to be
positively charged, but electron transfer to the support occurred only from the Ag atoms at the two bottom layers, and the upper part
of NPs was relatively neutral. The enhancement of CO adsorption on Ags,(B) disappeared due to loss of the high symmetry. In turn,
the moderate size dependence of neutral isolated NPs can be applied.

B INTRODUCTION

Metal nanoparticles (NPs) supported on metal oxides exhibit
high catalytic activity for various reactions owing to their sizes,
shapes, oxidation states, and compositions." A decrease in the
size of metal NPs is accompanied by a change in the
distribution of surface sites, such as the plane edge and corner.”
If the electronic structure is not perturbed by a decrease in the
NP size, the catalytic activity by the size effect can be discussed
in the site distribution. When the size of NPs is in the range of
several nanometers, the electronic state of the NPs becomes
discrete. Therefore, the electronic state of each site of NPs
differs from that of the bulk material.”* This finite size effect
depends on the type of metal, site, and adsorbed species.
Carbon monoxide (CO) adsorption on the (111) surface of
platinum (Pt) NPs is enhanced when the size is less than 1.6
nm, and such enhancement is observed on the (211) surface
when the size is less than 1.2 nm.* The shape of NPs also
affects the electronic states of the reaction sites because the
discrete electronic states are affected by the potential
determined by their shape. In particular, when the symmetry
of NPs with a highly symmetric structure is lowered, the
degenerate energy levels split.>° This removal of degeneracy
may change the catalytic activity.

A well-known example of size and support effects is the
catalytic activity of gold (Au).””” CO oxidation over Au NPs
depends on not only the size but also the support. Au NPs for
CO oxidation prefer reducible oxides, such as titanium dioxide
(TiO,) and iron (III) oxide (Fe,0;), as their support rather
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than irreducible oxides, such as aluminum oxide (Al,O;) and
silicon dioxide (SiO,).'" Therefore, the oxidation states of Au
NPs may be related to the activity, but it is yet to be clarified.”
The support affects the shape of metal NPs. The activity of
CH, combustion over Pd/Al,O; depends on the phase of
AL O;. At an NP size of around 5 nm, Pd/a-Al,O5 and Pd/6-
Al,O; show higher activity than Pd/y-Al,O; by a factor of 10."
Cs-S/TEM observations have shown a spherical structure for
Pd/6-Al,O; and an amorphous-like structure for Pd/y-Al,O;.
The morphological change of NPs by the support is key to
enhancing the activity. Thus, the influence of supports on
metal NPs should be considered because the supports may
induce char%e transfer or deformation of the NP structure.
Ag/AL,O;” and Ag/SiO," show CO oxidation at low
temperatures. According to a recent report, Ag NPs rather than
a single-atom Ag have advantages over CO oxidation.'* Ag
NPs also show the size effect for CO oxidation.'” In contrast to
Au NPs, the CO oxidation activity of Ag NPs shows no strong
support effect, indicating that CO oxidation proceeds on the
active sites on Ag NPs.'” Tamaru'> reported that the oxygen
and CO reaction occurs in a very limited area on Ag surfaces.
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In addition, the reaction rate for CO is of first order, whereas it
is of zero order for the oxygen pressure. Therefore, CO
adsorption can be used to probe the activity of CO oxidation.

In this study, we investigated whether Ag NPs have a
morphological effect similar to that of Au NPs. First, CO
adsorption was examined for various sizes of cuboctahedra,
decahedra, and icosahedra. Among these models, the Ag,
decahedron showed superatom behavior to CO adsorption
owing to its high symmetry, enhancing the adsorption strength.
Then, the Ag, decahedron was placed on the y-Al,05(110)
surface, and geometry optimization was performed. Two types
of adsorbed structures were obtained: amorphous and locally
fivefold symmetrical structures. Because the latter is deformed
from a highly symmetrical structure, the superatomic behavior
of the decahedron is lost. As a result, the enhancement of CO
adsorption disappears. In turn, the moderate size dependence
of neutral isolated NPs can be applied.

B RESULTS AND DISCUSSION

CO Adsorption on Unsupported Ag NPs. The
adsorption energy of CO was calculated on isolated Ag NPs
with the shape of decahedron (Dg;, symmetry), icosahedron (I,
symmetry), and cuboctahedron (O, symmetry). Table 1 lists

(a) Agss (b) Ag1oo (c) Agne d) Agzs2 ¢
(e) Agss (f) Ag1a7 (9) Agaoe ¢
(h) Agss (i) Ag1az (i) Agzos .

Figure 1. Optimized structures of Ag, (n = 54—309) NPs with CO
adsorbates with Ag NP symmetries of (a—d) Dy, (e—g) I, and (h—j)
O,. Gray, dark yellow, and red balls represent Ag, C, and O,
respectively.

Table 1. CO Adsorption Energies in eV”

Etotal EDFT Edisp
Ag(111) —0214 0.092 ~0.306
Dgy,

Ag;, (fixed geometry) —0.566 —0.438 —0.128
Ag,, (singlet) —0.585 —0.472 —-0.113
Agss (triplet) —0.573 —0472 —0.101

Agi0o —0.474 —0.296 —0.178
Ag76 —0.358 —-0.144 —-0.214
Agys, —0.327 —0.123 —0.204
I
Ages —0354 —0230 —0.124
Ag4; -0.297 —0.172 —0.125
Agsoo —0242 —0.101 —0.141
Oy,
Aggs —0.406 —0.298 —0.108
Ag4; —-0.391 —0.191 —0.200
Agso9 —0.362 —0.163 —0.198
Ag NP on y-ALO,
Agsy(B)/r-AlLO; —0.481 —0.365 -0.116

“Epgr and Egy, represent the contributions of the DFT and dispersion
energies, respectively, to the adsorption energy. Ags4(B)/7-AlO;
represents the Ags, nanoparticle with a local fivefold symmetry site
on a y-Al,05(110) surface (vide infra).

all adsorption energies of this work. A pentagonal decahedron
was used as the smallest Ag.,(Ds;,) model. As the size of this
particle was increased by putting more atoms to the shell
around it, the number of atoms changed from even to odd.
Thus, we used Marks decahedra for the other sizes to avoid
changing the spin state. However, the ground states of
Ag,(Dsy) (n = 100, 176, and 282) are singlet, and that of
Ags4(Ds;) is a triplet. The energy difference between the
singlet and triplet of Ag(Ds;) is 0.01 eV, and the CO
adsorption energies of these states differ by 0.01 eV. Thus, the
difference between the triplet and singlet electronic states of
Ags,(Dg;) has little effect on the adsorption energy. Figure 1
shows the optimized structures of CO adsorbed on Ag NPs. All
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the XYZ coordinates of the optimized structures are listed in
the Supporting Information. CO adsorption sites were chosen
as the apex sites to compare the size and morphological effect
on similar adsorption sites. CO adsorption was almost straight
on all Ag NPs but tilted on Ag,;4(Ds;,) and Agy,;(I;) NPs.
Figure 2a,b shows the CO adsorption energy as a function of
NP width and height, respectively. The width was defined as
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Figure 2. CO adsorption energy as a function of the (a) width and
(b) height of NPs. Adsorption energies on decahedron (Dyg),
cuboctahedron (0,), and icosahedron (I,) are indicated by blue, red,
and green marks and lines, respectively.

twice the length of the distance from the center to the farthest
atom, and the height was taken from the topmost atom to the
bottommost atom (see Figure S1). The dimensions of each NP
are listed in Table S1. In general, the width (diameter) is often
used as the size of NPs measured by TEM observation.
However, it is inappropriate as a descriptor for CO adsorption
on NPs with various shapes, such as the pentagonal
decahedron, icosahedron, and octahedron. Decahedron is an
oblate shape, and icosahedron and octahedron are spherical.
Even if the equatorial diameters of the sphere and oblate are
the same, and their polar diameters are different, the potential
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change due to this difference predominantly affects the
electronic states along the polar direction. For example,
when metal NPs have a superatomic state, the deformation of
the sphere to the oblate splits the degenerate state.® Thus, to
analyze the catalytic activity at the apex site of NPs with
various shapes, height is a better size descriptor (Figure 2b).

In general, the adsorption energy of CO for large-sized NPs
is equal to that for the bulk material.>***° Thus, the trend of
adsorption energy for larger NPs is similar to that of the bulk
material. Because the coordination number (CN) of the top
site of O, NPs is five, and that of Dg;, NPs is six, CO adsorption
on O}, NP is stronger than that on D, NP with the same size of
O, NP. Nonetheless, no difference in adsorption energy was
observed between O; and Dg;, NPs at a width of 2 nm. On the
other hand, using the width as a size descriptor, CO adsorption
on O, NP was stronger than on Dg, NP, and the adsorption
energy of Dy, was closer to that of I, NP (CN = $) than that of
O, NP. This trend applies to the adsorption on NPs with a
height of more than 1.4 nm.

Both O, and I, NPs showed a moderate size dependence of
CO adsorption, and the slope of the energy dependence on the
height was larger for I, than O,. Both NPs converged to the
same adsorption energy when the size was further decreased.
In contrast, the slope of the size effect for Dy, NPs abruptly
changes when the height is less than 1.4 nm. This increased
size effect for CO adsorption is unique to the Ds, NP
symmetry.

Boosted Size Effect of CO Adsorption. First, the strain
effect of the D5, NP was investigated because the enhancement
of CO adsorption by multiple twinning in Au Ds, NPs is
attributed to the strain effect at the adsorption site.”’ Fivefold-
twinned decahedral Au NPs are intrinsically strained.”” On the
other hand, silver forms twinned particles easily owing to its
low twin boundary energy.”” To check the strain effect on the
adsorption, the geometry optimization of CO adsorbed on the
Ags4(Ds;) NP was conducted by fixing only the NP structure
to the isolated Ags, NP. The resultant binding energy was 0.57
eV, which is the same as that obtained from the full geometry
optimization. Thus, the fivefold twinned decahedral Ag does
not show any strain effects on CO adsorption.

Next, we examined whether the boosted size effect originates
from the electronic structure of the small Dy, NPs. Energy
decomposition was performed for the adsorption energies of all
CO adsorbed systems, including CO adsorption on Ag(111)
and Ags,/y-ALO; (vide infra). Table 1 lists the decomposition
results obtained using a conventional DFT method and the
dispersion of energy using the D3 method. CO adsorption on
Ag is weak, and the contribution of the dispersion interaction is
significant. For example, CO adsorption on the Ag(111)
surface is mainly due to the dispersion force, and the DFT
energy gives repulsive energy. In Figure 3, the energy
decomposition of CO adsorption is plotted as a function of
the NP height. The contribution of the dispersion slightly
decreases as the height decreases, and its contribution to the
total energy is between 0.1 and 0.2 eV for all sizes. The
contribution of the DFT energy increases as the size decreases.
The size dependence of the DFT energy is similar for all
shapes above 1.4 nm. However, the size dependence of Dy,
NPs changes steeply from 1.4 nm. Such sudden changes were
not observed in the size dependence of I, and O, NPs,
indicating that the unique enhancement for Ds, NPs with a
height smaller than 1.4 nm originates from the electronic
structure of the decahedron shape.
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Figure 3. Energy decomposition of CO adsorption energy as a
function of the height of NPs. Eyg, in (a) is the dispersion energy
obtained using the D3 method. Epgr in (b) is the contribution of the
conventional DFT energy obtained using a conventional DFT
method. Adsorption energies on decahedron (Ds;,), cuboctahedron
(0,), and icosahedron (I,) are indicated by blue, red, and green
marks and lines, respectively.

The perturbation by CO adsorption on the charge density of
NPs was examined. Figure 4 shows the charge density

Agsa (Dsh)

Figure 4. Charge density difference (pnp,co — Pxp — Pco) upon CO
adsorption. The yellow and cyan scales indicate areas in which
electrons are depleted and accumulated, respectively. The plotted
contours are chosen to be (0.001e/A%).

differences by subtracting the charge density of the isolated
NPs and CO from that of the adsorbed system. In CO
adsorption on the Ag NPs, delocalization in the whole NP is
pronounced in the Ags,(Ds,) NP. This delocalization also
occurs in the Ag oy (Ds;,) NP with a height of 1.2 nm, but it is
less pronounced than that in the Ags,(Ds;) NP. For Agss(0;)
NP and Aggs(I,) NP, the entire structure is not delocalized,
and perturbation occurs locally around the adsorption site.
Apart from Au, Ag has no relativistic effect. As a result, the
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bonding orbitals between Ag atoms are only s orbitals.”* There
is little mixing of d orbitals with the bonding orbitals.
Therefore, the electronic structure of small Ag NPs is often
considered using superatom orbitals like Na clusters.”> ">’ The
superatomic concept shows the electron configuration of
1S*1P°1D'28*1F*2P1G" for a spherical Agss NPs.
Furthermore, point-group symmetry analysis showed the
splitting of 1F, 2P, and 1G orbitals in the I, O;, and Dg;, Ags~
NPs.° The energy levels of the two G orbitals below the Fermi
level are located at the same position for the I, and O,
symmetries. On the other hand, two G orbitals are lowered
from the Fermi level for the Dy, symmetry. Thus, the
superatom states strongly depend on the symmetry of NPs,
indicating that the enhancement of CO adsorption on the
small Dy, NPs is due to the presence of superatom states.
Therefore, the difference in the orbital energy levels in these
NPs may induce the entire delocalization upon CO adsorption.
NBO analysis was performed to examine how delocalization
in Ds, NP enhances the binding of CO. The NBO bonding
orbitals between CO and Ag NPs are shown in Figure S. In Dy,

Ags4 (Dsh) Agss (In) Agss (On)

Figure 5. Natural bond orbitals of CO-adsorbed models. Only Ag
atoms of the adsorption sites and their neighbors are depicted. The
plotted contours are 0.001 e/A3.

NPs, the bond is enhanced by the sp hybridization of the Ag
orbital, which is weaker in I, and O, NPs. Table S2 shows the
electronic configuration of Ag at the adsorption site before and
after CO adsorption. The electron configuration of a p-orbital
increased from 0.3 to 0.9 in Dy, NP but from 0.2 to 0.6 in O,
and I, NPs. As shown in the charge density difference of Dy,
NP, delocalization occurs throughout the NPs, and charge
polarization occurs layer-by-layer. In other words, electronic
excitations from s-to p,-orbitals occur, and delocalization
stabilizes such excitations in the Dg;, NPs. In O, and I, NPs, the
absence of strong delocalization results in weak hybridization.
This is why only the decahedron shows stronger CO
adsorption on the apex sites.

Structures of Ag NPs/y-Al,O;. Experimental’®™** and
theoretical’®** studies have reported that Ag NPs or clusters
are positively charged when supported on Al,O;. The charged
states of NPs may alter the reactivity. Furthermore, the shapes
of NPs often change due to the supports. Thus, Ag(Ds;,) NPs
supported on AlL,O; may lose the enhancement for CO
adsorption by the superatomic states. Therefore, we examined
the charged states and shape deformation of the optimized
Ag(Ds;,) NPs on y-ALO5.

Two types of Agg,-optimized structures on y-Al,05(110)
surfaces were obtained. One is an amorphous structure, and
the other contains the local fivefold symmetry on the surface of
the Ag NP. AIMD annealing was conducted to reduce the
artifact by placing Agy,(Ds;,) on the ALO; surface by hand.
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First, the symmetry planes of Ag NP and Al,O; were not
aligned but placed so that the (111) plane of the NPs was in
contact with AL,O;. After AIMD annealing, the structure of the
Ag NP was slightly extended to the Al,O; surface while
maintaining almost the same structure as in Dg, NPs (Figure
S2). However, the symmetry was broken entirely upon full
geometrical optimization, and an amorphous structure was
obtained (Figure 6a,b). This structure is referred to as the
Ags4(A) structure.
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Figure 6. Top and side views of optimized structures of (ab)
Ags(A)/7-ALO;, (c,d) Age(B)/7-ALO;, and (ef) CO-adsorbed
Ags,(B)/7-AL,O5. The dark yellow, gray, light yellow, and red balls
represent the C, Ag, Al, and O atoms, respectively. The dotted line is
a guide to the eye.

When Ags, NPs were placed in the Al,O; hollow, and the
symmetry plane of the Ag NP was aligned with that of AL,O3,
AIMD annealing lifted the Ag NPs from the Al,O; surface, and
the Ag NP shape was slightly deformed (Figure S3). The
geometrical optimization results in the further deformation of
the lower part of Ag NPs and Ag atoms in contact with the
Al,O; surface increased. The upper part of the Ag NP holds
the local fivefold symmetry. Figure 6¢,d shows the optimized
structure. This is referred to as the Agg,(B) structure.

The interface atoms of the Ag.(A) and the Agg(B)
structures are shown in Figure 7. The interfacial atoms in the
Ags4(A) structure do not have symmetry planes; hence, the
structure on these atoms becomes amorphous. In the Ag;,(B)
structure, the interfacial atoms are symmetrically arranged,
reflecting the symmetry of the underlying structure. The
average bond length between the Ag atoms at the Agg,(B)
interface is 2.90 A, which is almost the same as 2.93 A for the
isolated Ags4(Dsy,). The absence of drastic changes in the bond
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Figure 7. Top and side views of interfacial Ag atoms and Al,O; of
Agy,(A)/y-ALO; (ab) and Agy,(B)/y-ALO; (c,d). Ag, Al and O
atoms are shown as transparent gray, yellow, and red balls,
respectively. The numbers in the gray balls are the Bader charges
(in ¢) of Ag atoms.

length results in the fivefold symmetry of the upper part similar
to that in the isolated Ags,(Ds;,) NPs.

Bader analysis was performed to examine the charged states
of Ags,/y-Al,O;. The Bader charges are summarized in Table
S3. Although the structures of Ags,(A) and Agg,(B) on y-ALO;
are entirely different, the total Ag NP charges are +1lel.
Electron transfer occurs from the NPs to the support. The
charge distribution is not uniform in the entire Ag atoms.
Bader charges of Ag atoms at the interface are shown in Figure
7a,b. Ag close to oxygen is positively charged and when close
to Al is negatively charged, indicating that the Ag atoms
interact with both O and AL The total charge of the interfacial
atoms is 0.6lel, indicating that the interfacial Ag atoms are
responsible for 60% of the electron transfer. When the charges
of the second layer atoms directly adjacent to the interfacial
atoms are added to those of the interfacial atoms, the total
charges become almost +1lel, indicating that the electron
transfer is mainly achieved by the two layers of atoms at the
interface. The total charges of the top atoms around the
adsorption sites are —0.02 and —0.06 for Ags,(A)/7-AL,O; and
Ag.,(B)/y-AL,O;, respectively. These values are slightly
negative, even though the supported Ag NPs show cationic
characteristics.

CO Adsorption on Ag NP/y-Al,0;. Geometrical opti-
mization of CO adsorbed on Agy,(B)/y-ALO; was performed.
CO was set at the local fivefold symmetric adsorption site, and
the optimized structures are shown in Figure 6e,f. The top view
of the supported Ags,(B) appears to have a fivefold symmetry
similar to that of the isolated Agg,(Ds,) NPs. However, the
adsorption style of CO is different. CO in the optimized
structure is tilted in the adsorption site. The adsorption energy
is —0.48 €V, which is lower than that of the isolated Ags,(Ds;,)
(—0.57 eV) but higher than that of the isolated Agss(I,) and
Agss(0;). The local environment around the adsorption site
on Ags,(B)/y-Al,O; could not reproduce the adsorption site
on the isolated Ags,(Ds;,). Figure 8 shows the perturbation of
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Figure 8. Charge density difference upon CO adsorption on Ags,(B)/
7-Al,O3. The yellow and cyan scales indicate areas in which electrons
are depleted and accumulated, respectively, and the dark yellow, gray,
yellow, and red balls represent C, Ag, Al, and O atoms, respectively.

charge density by CO adsorption. Perturbation occurred in the
local region around the adsorption site, but no perturbation
was observed in the bottom part of the Ag NPs and the
support. The loss of the high symmetry of the Ag NP structure
resulted in the disappearance of the strong delocalization,
which indicates the enhancement of CO adsorption.

Because there was no enhancement due to superatomic
states, a moderate size effect is expected in CO adsorption on
Ag:,(B)/7-ALO;. Although the overall Agy,(B) charge is +1
due to the charge transfer to the support, the local charge
around the adsorption site is comparable to that of the neutral
Dy, NPs (Table S3). Because the adsorbed CO is almost
neutral, charge polarization at the interface between the
support and Ag NPs slightly affects the adsorption. Although
only two points showed a moderate size dependence of the
isolated D, NPs, the slope (0.10) is the same as that of the
isolated I, NPs. Thus, the linear size effect for Dy, NPs can be
applied to AgS4(B), whose structure is deformed from the
perfect Dy, symmetry. Using the linearity dependence of the
size on the adsorption energy for Ds, NPs, the CO adsorption
energy for Agy(B) with a height of about 0.84 nm was
calculated to be —0.43 eV, which is comparable to the CO
adsorption energy for Age,(B)/y-ALO; (—0.48 eV). Thus, it
indicates that the moderate size effect is valid for the
adsorption of neutral adsorbates on Ag NPs with a low
symmetry supported by y-Al,Os. In contrast to the isolated Ag
NPs, the loss of the high symmetry of the supported Ag NPs
leads to the disappearance of the boosted size effect observed
in the isolated D, NPs.

Bl CONCLUSIONS

We conducted a DFT study on Ag NPs supported on y-Al,O;.
First, we studied the isolated Ag NPs with various sizes for CO
adsorption: decahedral (Dy;), icosahedral (I,), and cuboctahe-
dral (O,) structures. To evaluate the size effect, care must be
taken in the choice of the size direction as a descriptor because
it affects the potential that determines the electronic state of
the adsorption site. Therefore, we used the height of the NPs
as a descriptor of CO adsorption on the apex sites of Ag NPs.
An increased size effect was observed only for Dy, NPs with a
height below 1.4 nm, which is attributed to the interaction
between CO and superatomic states, leading to the electron

https://doi.org/10.1021/acsomega.1c06208
ACS Omega 2022, 7, 4405—-4412


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c06208/suppl_file/ao1c06208_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c06208/suppl_file/ao1c06208_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c06208/suppl_file/ao1c06208_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06208?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06208?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06208?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06208?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06208?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06208?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06208?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06208?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

density delocalization into the entire NP structure by CO
adsorption. Such delocalization did not occur in the I, and O,
NPs, which shows a moderate size effect.

Next, we performed the geometrical optimization of the Ags,
decahedral structure on the y-Al,0;(110) surface in combina-
tion with an AIMD procedure. Two types of structures were
obtained: an amorphous structure [Ags,(A)] and a locally
fivefold symmetrical structure [Ags(B)]. In the latter
structure, the Ag atoms at the interface maintain the symmetry
reflected in the substrate surface. CO adsorption on Agg,(B) is
weaker than that on the isolated D, Ag NP due to the loss of
high symmetry. Although both Ag.(A) and Agg,(B) are
positively charged, electron transfer to the support occurs only
from the Ag atoms in the lower two layers of the NPs. We
observed that Ag NPs with two layers in height have highly
charged surface Ag atoms supported by Al,O;. Because the Ag
atoms on the top of Ag NPs with three or more layers in height
become neutral, the drastic size effect in height would be
observed in adsorption involving charge transfer, such as
oxygen adsorption.

B COMPUTATIONAL METHODS

All the spin-polarized density functional theory (DFT)
calculations were performed using the Vienna Ab initio
Simulation Package (VASP).'°™'® The generalized gradient
approximation in RPBE'® was used as the correlation and
exchange energy functional. The RPBE functional is suitable
for calculating adsorption energies but not for describing bulk
properties (Table S4). However, with the addition of the
dispersion force correction by the Grimme’s D3 method,”” the
bulk lattice parameter and cohesive energy are close to the
experimental values. Furthermore, the CO adsorption energy
on an Ag(111) surface is in good agreement with the
experiment. The electron—ion interaction with the frozen-
core approximation was described using the projector
augmented wave (PAW) method.”’ Wavefunctions for valence
electrons were represented using a periodic-wave basis set with
a cutoff energy of 430 eV. We also used the Methfessel—
Paxton broadening method”* with a smearing width of 0.1 eV
to improve the convergence of states near the Fermi level
Structural optimization was performed until the energy and
force converged within criteria of 1.0 X 10~° eV and 0.01 eV/
A, respectively. The vacuum spacing for the isolated molecule
and Ag NPs was set to a 12 A. A 3 X 3 supercell model (25.02
X 24.08 A) of dehydrated y-Al,O5(110)** consists of eight
atomic layers. This slab model has 630 atoms. The vacuum
spacing of the slab model was set to 24 A along the z-direction
because the Ags, NP with a height of 8.8 A was located on this
surface. In the geometry optimization of Ags, on the
Al,04(110), an ab-initio molecular dynamics (AIMD)
annealing procedure described below was employed to reduce
the artifacts by placing Ags, on the Al,O; by hand. First,
annealing was conducted for 400 fs at 25 K using NVT AIMD,
followed by 800 fs holding at 100 K. We used a Nosé—Hoover
thermostat”*** with a time step of 4 fs. This AIMD procedure
was enough to diffuse Ag atoms from the unstable site of the
Al,O; surface to the stable adsorption sites. Geometry
optimization of Ags,/Al,O; was performed, starting from the
initial structure obtained through the AIMD procedure. The
top four atomic layers of this slab were allowed to relax, and
the rest of the bottom atoms were fixed. For the sampling of
the reciprocal space, only the gamma point was sampled
because the nonperiodic NPs and size of the Al,O; slab model
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were enough to produce reliable energy. For Bader charge
analysis, the program developed by the Henkelman group was
used.”® Charge density differences were plotted using
VESTA.”” Adsorption energies E 4 were calculated according
to the following equation

Eads = Etot - EM - ECO

where E, is the total energy of CO adsorbed on Ag NP, E, is
the energy of the uncovered Ag NP, and Ecg is the energy of
CO in the gas phase. Thus, the negative value means stable
adsorption. Natural bond orbitals (NBOs) were calculated at
the PBEPBE/def2-SVP level using Gaussian 16.*

B ASSOCIATED CONTENT
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