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The geometrical and electronic structures, and photocatalytic performances of subnanometer
clusters Ag, (n =2 — 6) deposited on AgBr(110) are studied under the framework of density

functional theory (DFT) plus Hubbard U contributions. The most stable adsorption is
facilitated by AgBr(110) interacting with the most stable structure of Ag, and results in a new
metal induced gap band (MIGB) located between the valence (VB) and conduction bands
(CB). Both the MIGB and CB are mainly contributed by the sp hybridization states from the
metal clusters, while the VB comprises primarily the 4p states of surface Br and the 4d states

of Ag from both the adsorbate and the surface. The variety of the electronic structures favors

the visible and infrared light absorption, which strengthens substantially as the cluster size is

enlarged. The dominant localization of the photo-excited electrons on the Ag, clusters

facilitates the oxidation-reduction reactions occurring on the surface and reduces effectively
the photolysis of AgBr under the sunlight irradiation. The overpotentials of the CB and VB
edges indicate that photocatalytic conversion of CO, with H,O to methanol is possible on
AgBr(110) deposited with the Ag, clusters which has been realized experimentally.

1. Introduction

Nano- and subnano-meter sized metallic clusters deposited on
semiconductor supports are of great interest because of their
importance in heterogeneous catalysis.'” For the subnanometer
metal clusters consisting of several atoms, it has been shown
that strong metal-support interaction can directly affect the
dispersion of the metal clusters as well as the adsorption
geometries and electronic structures of the materials, and as a
result enhances their catalytic activity towards reactions such as
CO oxidation,*” photocatalytic de%radation of organic
compounds® and water-gas shift (WGS),” etc.

The catalytic properties of semiconductors have been found
to vary with the geometry as well as the size of the deposited
subnanometer clusters. Lei et al. found that alumina supported
Ag; clusters and ~3.5 nanometer Ag nanoparticles can catalyze
the direct propylene epoxidation with high activity at low
temperatures.'® Lee et al. studied the Auy/TiO, (n = 1 — 7)
catalysts and found that the CO oxidation activity varied
strongly with the deposited cluster sizes, with a significant
activity appearing at Aus.'' Kaden et al. explored the CO
reaction with O, catalyzed by Pd,/TiO, (n=1, 2, 4, 7, 10, 16, 20,
25) using temperature programmed reaction (TPR) mass
spectrometry and X-ray photoemission spectroscopy (XPS),
and found Pd,, had exceptionally high efficiency for molecular
oxygen activation.'”” Li et al. studied the size- and shape-
dependent catalytic activities of Au,/TiO, (n=1-4, 7, 16 — 20)
by means of density functional theory (DFT) calculations and
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microkinetics analysis, and found the -catalytic activities
increased with the size n up to Au,g, and the hollow-cage Au,g
isomer exhibited the highest activity for CO oxidation."

The effects of metal clusters on support surfaces can be
described by two aspects. On one hand, the clusters can
potentially introduce gap states into the band gap of the
semiconductors.'*!'> On the other hand, the clusters can serve as
a co-catalyst to reduce the recombination of e/h" pairs and also
as plasmonic particles to increase the concentration of the
photoexcited electrons.'®” Clarifying the effects of the
deposited metal clusters needs a deep and systematic
understanding of the geometrical, electronic and optical
properties of the cluster-support adsorption systems.

Recently, silver halides, plasmonic photocatalysts, have
become a hot topic in photocatalysis because of their stron
visible light absorption and photosensitive characteristics.'®?
These materials are expected to have important applications in
the energy and environmental fields, but are seldom used as
photocatalysts due to their instability under sunlight.
Fortunately, Kakuta et al. found that AgBr decomposition to Ag
occurred in the early stages of UV illumination, but covered
with Ag clusters it was stable under successive UV
illumination.”® Inspired by this finding, this material has
attracted wide attention and has been extensively studied to
explore the light absorption properties and photocatalytic
performances. Studies concerning the behavior of silver halides
supported Ag clusters suggested that Ag/AgBr nanoplates
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exhibited stronger visible-light absorption and higher stability
than pristine AgBr, due to the fact that photons are only
absorbed by the silver nanoparticles.’** Kuai et al. prepared
Ag/AgBr by a facile hydrothermal and subsequently sun-light-
induced formation method, and found that the as-prepared
AgBr covered with Ag clusters had a strong absorption in the
visible region, which was almost as strong as that in the UV
region due to the plasmon resonance of the silver nanoparticles
deposited on AgBr. This material was stable due to the fact that
photons were only absorbed by the silver nanoparticles and
electrons separated by the absorbed photons remained in the
nanoparticles rather than being transferred to the Ag" ions of
the AgBr lattice.”® Xu et al. prepared plasmonic photocatalyst
Ag/AgBr with a facile method in ionic liquid, and found silver
halides could maintain stability if the Ag clusters were well
dispersed on the silver halide; this material displayed high
photocatalytic activity towards the methyl orange (MO) dye
degradation, which increased as the Ag/AgBr nanoparticles size
was reduced and could be attributed to the presence of Ag
clusters.”’

Indeed, depositing Ag clusters on silver bromide has been
extensively found to enhance the photocatalytic activity under
the visible light irradiation, not only towards degradation of
organic pollutants but also towards conversion of CO, to
methanol. The influence of the silver clusters was explained by
using surface plasmon resonance (SPR) produced by the
collective oscillations of surface electrons.”®*° However,
theoretical study of the photocatalytic properties of silver
bromide supported silver clusters is rarely reported, even
though it is very important for understanding their stabilities
and photocatalytic performances.

Very recently, we studied the optical and photocatalytic
properties of the atomic Ag adsorbed AgBr(110) and
AgBr(100) surfaces based on periodic slab model and DFT.*
Our results show that the adsorption of atomic Ag modifies the
electronic structures of the AgBr surfaces, that is, a metal
induced gap band (MIGB) is formed between the valence band
(VB) and conduction band (CB) and the CB comprises
primarily the s/p states of the adsorbates, which enhances the
visible and infrared light absorption coefficients. Also, among
all the surfaces studied, the atomic Ag adsorbed (110) surface
was found to have the highest photocatalytic activity for H,O
dissociation. In this work, we extend our study to AgBr(110)
supported subnanometer clusters Ag, (n = 2 — 6) using DFT.
The purpose of this work is to clarify how subnanometer silver
clusters affect the electronic structures, optical properties and
photocatalytic performances of AgBr.

2. Methods and Computational Details

The calculations were performed based on DFT with the
Perdew-Burke-Ernzerhof (PBE) form of the general gradient
approximation (GGA) functional. A plane wave basis set and
norm-conserving pseudopotentials were used as implemented in
the CASTEP program.’'*® The basis plane waves limited to a
maximum cutoff energy of 450 eV were utilized to expand
valence electrons. The slabs were separated by a vacuum region
of 15 A, which is large enough to prevent the artificial
interaction between the distinct slabs. The valence
configurations were 4d'°5s' for Ag and 4s’4p> for Br. The
parameters setting in the calculations were as follows: the force
on atoms was less than 0.03 eV/A, the stress on atoms was less
than 0.05 GPa, the atomic displacement was less than 0.001 A,
and the energy variation was less than 1x10” eV/atom. In order
to describe properly the band gaps and the positions of
additional states introduced by adsorbed metal clusters, the
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LDA+U formalism was incorporated in the DFT calculations,
the U value was chosen as Uy, =1.6 €V, Uy, = 1.3 eV

The initial stable structures of the Ag, clusters were
calculated firstly by using the Dmol® programs within the
general gradient approximation PBE (GGA-PBE) and DNP
basis set and then calculated with CASTEP using the
parameters as mentioned above. The stable adsorption
configurations of Ag,/AgBr(110) were optimized using
CASTEP, with the assumed initial configurations by placing
the most stable Ag, clusters on the AgBr(110) surface. The
substrate contained six atomic layers with the 12.24 A
thickness. The relevant adsorbates Ag, and the uppermost two
atomic layers of the slab were allowed to relax, while the other
atoms were fixed at their bulk positions. The present calculation
indicated that the surface energy changes slightly (by 0.0036
J/m?) when the thickness increases from four (0.0948 J/m?) to
six (0.0984]/m?) atomic layers. Therefore, the selected six-layer
slab was satisfactory to describe the features of the AgBr
surface.

The binding energy was computed by using the following
formula:

Ep = (Eag, —nEag)/n

where Epg, is the total energy of the Ag, cluster, £, is the total
energy of the Ag atom, n is the number of Ag atoms.

The Ag,-AgBr interaction was described by the adsorption
energy, E,q,, defined as*

Eads = (nEAg + EAgBr - EAgn/AgBr)/n

where Exgs: and Eag, /agpr are the total energies of the clean
AgBr slab and the Ag,/AgBr adsorption system, respectively.
By this definition, a positive value of the adsorption energy
means a stable adsorption.

The (2 x 2) supercell was adopted in this study. Because the
larger supercell can release the strain energy associated with the
adsorption of the silver clusters, the adsorption energies of
Ag./AgBr(110) calculated using the (3 x 3) supercell were
found to be higher than those from the (2 x 2) supercell.
However, these two models predicted a same rule, i.e., odd-
even oscillations, for the adsorption energies (see Fig. S1, in the
Electronic Supplementary Information (ESI)). The odd-even
oscillations can be contributed to the Ag cluster properties as a
function of the number of the metal atoms.**

The absorption coefficients of the materials were calculated
using the following relation®

a(w) = V2w[ye (0)? + £2(0)2 — &1 (w)]*/?

where €1(®) and €,(®) are the real and imaginary parts of the
dielectric tensor of the materials, respectively.

3. Results and discussion

3.1 Geometrical structures

The structure of the clean AgBr(110) surface has been reported
by us very recently.’® Generally, the surface has a saw-tooth
stepped structure, in which the step edges are formed with four-
coordinate silver and bromine atoms alternatively along the
[001] direction, and the saw-tooth trough along [110] is
constructed alternatively by the V-type Ag-Br-Ag and Br-Ag-
Br groups, as shown in Fig. 1a.

3.1.1. Free Ag, clusters. A variety of possible initial
structures of the free silver clusters Ag, (n = 2 — 6) are
optimized, and the most stable structures are shown in Fig. 1.
Fig. S2, in the ESI, give the second most stable structures for
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comparison. For Ag,, the calculated bond length of 2.61 A is
close to the experimental (2.535 A7) and theoretical (2.6112
A®) values. For the other clusters considered, planar structures
are preferred. The structure of Ag; is an equilateral triangle
with the side of 2.68 A (see Fig. 1c). Ag, has a rhombus
structure (see Fig. 1d), in which the four rhombus sides are 2.78
A long and the shorter diagonal length is 2.67 A. The Ag;
structure is an isosceles trapezium (see Fig. le), in which the
upper and lower bases are constructed by two and three Ag
atoms with the bond lengths of 2.84 and 2.74 A, respectively,
and the legs are 2.77 A. Ag, forms also an equilateral trianglar
structure, with the side and inside bonds of 2.74 and 2.85 A
long (see Fig. 1f). We can find that the bonds in the most stable
structures are shorter than those in the corresponding second
most stable structures. As the Ag, size is growing, the binding
energy of the clusters decreases slightly for the first two and
then increases monotonously for the others (see Fig. 1). These
calculated results are in agreement with the results reported in
references.**’

Ag ©

Br @ E 2 e
§ g Ag; D, (0.78)
= >
e
(a)

.61
(b) (©)

[110]

Ag, Dy, (1.04) Ag; Gy, (1.14) Agg Dy, (132)

(d) (e) ®

Fig. 1. The structures of clean AgBr(110) surface and the most
stable state of free clusters Ag, (n =2 - 6) with the bond lengths
in A. Given below are the symmetry groups and the binding
energies in eV.

3.1.2. Ag,/AgBr(110) adsorption systems. Multiple
possible initial adsorption configurations of Ag, on AgBr(110),
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such as vertical, horizontal and inclined adsorptions (see Fig.
S3), are optimized. The most stable structures are shown in Fig.
2. The lengths of the newly-formed bonds are given in Table 1.
For comparison, the second and third most stable structures are
given in Fig. S4, in the ESI, and the adsorption energies are
given in Fig. S5, in the ESI. For the most stable adsorption of
Ag,/AgBr(110) (see Fig. 2a), the Ag, dimer crosses the plane of
an Ag-Br-Ag group and bridges the V edges, favoring an nearly
parallel location with the tilt angle of 8.9°, in which Agl,4 and
Ag2.4 shares the two edge Ag atoms in the Ag-Br-Ag group. In
addition, Agl,y binds also to all atoms in adjacent Br-Ag-Br
group, and Ag2,4 attaches to one more edge Br atom from the
other adjacent Br-Ag-Br group. The adsorption results in
remarkable stretching of the Ag, bond (2.83 vs. 2.61 A).

The triangular Ag; is upright adsorbed on AgBr(110) via
Agl,q and Ag2,4. Ag3,q bridges Agl,4-Ag2,4 at the distance of
2.82 A, largely stretched from that in the free trimer (2.68 A)
(Fig. 2b). The interaction of Agl,4;-Ag2,4 with surface is quite
similar to the Ag, adsorption, but in this case it takes to a larger
extent the parallel fashion so that Ag2,, attaches directly to two
edge Br atoms. The average lengths of the cluster-edge Ag-Ag
and Ag-Br bonds are 2.91 and 2.85 A, longer than those in
Ag,/AgBr(110) (2.86 and 2.83 A).

For tetramer Ag, (Fig. 2c), the adsorption of the planar
rhombus is analogous to the trimer adsorption via one out of the
four rhombus sides (Agl,-Ag2.4), with the fourth Agd,y
bridging Ag2,4-Ag3,.4 at the distances of 2.90 and 2.76 A. The
obvious difference is that Agl,q is only bound directly to one
edge Br, i.e., Br2.4. The average lengths of the cluster-edge Ag-
Ag and Ag-Br bonds (2.89 and 2.84 A) are longer than those in
Ag,/AgBr(110), but are shorter than those in Ags/AgBr(110).

The planar Ags is also upright adsorbed on AgBr(110),
along the [001] direction (see Fig. 2d). However, the interaction
in this case is quite different from those of Ag,/AgBr(110) (n =
2 — 4), i.e.,, through two Ag atoms (center and corner) on the
longer base side of the trapezium, in which the center Ag2,, is
located above an Ag-Br-Ag group and bridges the two edge Ag
atoms, and the corner Agl,y interacts with adjacent Br-Ag-Br
group. This adsorption predicts a large tilt to the surface for the
longer base side as well as a large variation in the surface
structure, that is, the relevant edge Ag-Br bonds are broken and
correspondingly the Ag-Ag bond is strengthened.

(H (@

(h) 0 0)

Fig. 2. The most stable structures of Ag,/AgBr(110). Silver and bromine atoms are indicated as light blue
and wine spheres. Side and top views of (a) and (f) Ag,/AgBr(110), (b) and (g) Ags/AgBr(110), (c) and (h)
Agy/AgBr(110), (d) and (i) Ags/AgBr(110) and (e) and (j) Ags/AgBr(110).

This journal is © The Royal Society of Chemistry 2015
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Table 1. Bond lengths (A) for Ag, adsorbed on the AgBr(110)
surface.

Bonds Ag, Ag; Agy Ags Age
Agl,g/Agbaa-Agleg 2.848 2909 2855 2826 3.011/2.910
Agl,g/Agbad-Ag2eq 2.860 2.898 2.850 2.826  2.895/3.069
Aglaa-Aguo 3308 3.274 3357 3.055 3.337
Ag2.4-Agled 2.866 2.898 2915 2956 3.083
Ag2.4-Ag2ed 2.864 2918 2940 2954 2944
Aglag-Brleg 2.784  2.856 2.655  2.781
Aglag-Br2eg 2.827 2.860 2.882 2.688 2.718
Ag2,4/Ag6,4-Br3eq 2.880 2.877 2.822 2.727
Ag2,4/Ag6a4-Brdeq 2.803  2.831 2.823

The adsorption of Agg is more complicated (Fig. 2e).
Although the most stable structure of free Agg is an equilateral
triangle, the most stable adsorption leads to a configuration that
the adsorbate changes to a fan-shaped structure with one atom
at the center and five atoms on the edge. The triangular Agg
adsorption is the 3rd most stable state of Ags/AgBr(110) (see
Fig. S4i, in the ESI). The adsorption of the fan-shaped cluster is
quite analogous to the situation of Ags, with the sixth metal
atom (Agb6,4) binding directly to the two edge Br atoms from
the other adjacent Br-Ag-Br group (see Fig. 2e). The average
bond lengths of Agl,y and Agb6,y with the two edge Ag atoms
are 2.95 and 2.98 A, and those with the edge Br atoms are 2.75
and 2.77 A, both of which are close to each other, suggesting
the cluster is nearly symmetrically adsorbed on the surface.

Similar to the situation of Au,/TiO,,* the adsorption
energies of Ag,/AgBr(110) shown in Fig. S1, in the ESI,
exhibit a weak odd-even oscillation rule, i.e., up for the even-
number clusters and down for the odd-number clusters.

3.2 Electronic structures

[§)
T

Energy (eV)

10 1

Fig. 3. Total density of states (TDOS) of free and adsorbed Ag,
clusters as well as the clean AgBr(110) surface. Black solid and
dot lines are for the free and adsorbed states, short dot line is
for the AgBr surface, magenta and green lines are for surface
Ag and Br atoms, respectively. The energy is referred to the
vacuum level. A and B denote the Fermi level of the free and
adsorbed systems. (a) Ag,, (b) Ags, (¢) Agy, (d) Ags, (e) Ags
and (f) clean surface.
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The DOSs of the clean and atomic Ag adsorbed AgBr(110)
have been investigated recently.’® Generally, the DOS of the
clean AgBr(110) shows a strong VB in the range of -4.9 — 0.3
eV and a weak CB in the region of 2.5 — 4.5 eV, with the band
gap of 2.2 eV. The VB comprises dominant Ag 4d and Br 4p
and minor Ag 5s and Ag 5p, and near the maximum (VBM)
dominantly contributed is Br 4p; the CB is contributed by the
Ag 5s and 5p states. After the adsorption of atomic Ag, the VB
of AgBr(110) changes slightly, but the CB splits into two
bands, i.e., the MIGB (from -0.5 to 0.9 eV) arising from the
bonding interaction of the 5s and 5p states of Ag,q and Agg,
and the CB (from 1.4 to 2.9 eV) consisting of the antibonding
interaction of the relevant states of Ag,q and Ag.q (mainly Ag,q
5p and Agey 5s).

3.2.1 Free Ag, clusters. The total density of states
(TDOSs) of the free Ag, clusters is shown in Fig. 3. The
TDOSs of the adsorbed Ag, clusters, the TDOSs and atomic
partial density of states (PDOSs) of the free AgBr(110) surface
are also given for comparison. The vacuum energy level is
selected as the energetic zero. For all the free Ag,, there is a
strong and broad band, contributed mainly by the Ag d states,
located in the lowest energy region of interest. Above the band,
there are several weak bands due to the sp hybridizations of Ag.
The sp molecular orbitals of the Ag, clusters are shown in Fig.
S6, in the ESI. It is interesting to note that the Fermi level as
well as the bands of the odd number Ag, clusters is higher in
energy than those of the clusters with even-number atoms,
agreeing with the odd-even oscillation phenomena of the
ionization potentials, electron affinities and vertical detachment
energies of Ag, clusters reported previously.***° The adsorption
of Ag, on AgBr(110) results in the broadening as well as the
downward going of the d band, especially in the case of the
odd-number Ag, clusters, following the order of Ad,_z >
Ad,—5 > Ad,—4> Ad,—, > Ad,—¢ (see Table S1, in the ESI).
Meanwhile, the sp hybridized states go upwards, resulting in
the slight uprights of the Fermi level. This may be due to the
increase of p-state components in the sp mixing states, as
shown in Fig. S7, in the ESI.

3.2.2 Ag,/AgBr(110) adsorption systems. The PDOSs of
the most stable adsorption configurations of Ag,/AgBr(110) are
examined. Fig. 4 shows the PDOSs of the relevant atoms in the
energy region of interest. For comparison, the sum of the local
DOSs of all Ag and Br atoms in the first layer of the adsorbed
surface is also given. The energy zero corresponds to the Fermi
level of the respective adsorption system. Fig. S8, in the ESI,
shows the isosurface plots of the electronic wave functions of
the considered bands of Ag,/AgBr(110) together with those of
the VBM and CBM of the clean AgBr(110). Similar to the
atomic Ag adsorption,®® the adsorption of Ag, clusters leads
always to three separated bands, located below, across and
above the Fermi level in most cases. The Ag; adsorption is an
exception, which gives a different position of the bands, i.e.,
two below and one across the Fermi level, as a result of the
high location of the Fermi level of free Ag; (see Fig. 3).
Analogous to the situation of the Ag/AgBr(110) system,*® these
bands correspond to the VB, MIGB and CB.

The VB is located in the region of -7.8 — -2.4 eV for
Ags/AgBr(110) and about -6.5 — -1.1 eV for others. This band
is contributed primarily by the states of the atoms involved in
the cluster-surface interaction, i.e., the Ag,y 4d, Ag.,q 4d and
Br.q 4p states, showing strong and considerable mixing of Ag,q
4d with Ag.,y 4d and Bry 4p, respectively. In addition,
contribution of the Ag,, 4d states is also significant (see Fig.
S9, in the ESI). The situation near the VBM, however, is more
complex, because of the possibility of mixing with the upper
states. For Ag,/AgBr(110) and Ag;/AgBr(110), similar to the

This journal is © The Royal Society of Chemistry 2015
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situation of AgBr(110) and Ag/AgBr(110),>° only the Brg 4p
states contribute largely to the VBM, while the VBM of the
larger Ag,/AgBr(110) (n = 4 — 6) systems also comprises
largely the lowest sp hybridized state of the Ag atoms binding
directly to the surface (Fig. 4 and Fig. S8, in the ESI).

Density (States/eV)

-6 -4 -2 0 2
Energy (eV)

Fig. 4. Partial density of states (PDOSs) of cluster Ag Ss, Sp,
4d, surface Ag 5s, S5p, 4d and Br 4p states for (a)
Agy)/AgBr(110), (b) Agi/AgBr(110), (c) Agy/AgBr(110), (d)
Ags/AgBr(110), (e) Ags/AgBr(110). Black line is for Ag, 5Ss,
red line is for Ag,q 5p, blue line is for Ag,q 4d, dark cyan line is
for Ag.q 5s, orange line is for Ag.q 5p, magenta line is for Agey
4d, green line is for Br.q 4p, and wine dot line is the sum of the
local DOS of all Ag and Br atoms in the first layer of the
adsorbed system. The energy is referenced to the Fermi level of
the Ag,/AgBr system.

The MIGB is centered at about -1.8 eV for Ag;/AgBr(110)
and close to the Fermi level for others. The band is contributed
by the lowest sp hybridized (bonding) state for the Ag, and Ag;
adsorption (see Fig. S8, in the ESI) and the second lowest sp
hybridized state for the Ag, and Age adsorption. The Ags
adsorption predicts a broad and bimodal DOS (-0.93 — 0.69 eV)
for the MIGB, which is formed by the overlap of two bands, as
mirrored by the molecular orbitals (see Fig. S8, in the ESI). In
all cases, the corresponding orbitals of the MIGB are mainly
localized in the metal clusters (see Fig. S8, in the ESI), and the
relative contribution follows Ag.q 5s > Ag,q 5p > Ageq S5s. The
gap of the band to the VB for the odd-number clusters (0.1 —
0.2 eV) is narrower than that of the clusters with even-number
metal atoms (0.3 — 0.5 eV).

The CB of Ag;/AgBr(110) is found to cross the Fermi level,
while for the others it is located above the Fermi level. The
wide and bimodal DOS features indicate that it is overlapped by
two bands for n = 3, 4 and 6, whereas for the others only one
band is involved. This band is located above the MIGB with a
narrow gap for Ag, (0.1 eV) and relatively wide gaps for the
others (0.5 — 0.7 eV). In all cases, the corresponding orbitals of
the CB are also mainly localized in the metal clusters (see Fig.

This journal is © The Royal Society of Chemistry 2015
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S8, in the ESI), and the relative contribution follows Ag,q 5p >
Agaq 58 > Ageq 58 > Ageq S5p. For comparison, the PDOSs of the
second most stable structures are given in Fig. S10, in the ESI,
and the main features similar to those of the most stable
structures are found in the figures.

| 4
5
o

s o
§ 4 L ] o /.
2 ° e
= e —8—Ag-sp
£ °r —Agsp
g

()
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[§)
w
IS
wn
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Fig. 5. The sp filling electrons of the Ag, clusters in free (black
line) and adsorbed (red line) states.

We also calculated the charges in the Ag, clusters by
integrating the PDOS of the relevant states from the lowest
energy level of interest to the Fermi level. In consistent with the
higher location of the Fermi level of the silver clusters
compared to the clean AgBr surface (see Fig. 3), the adsorption
results in slight transfer of electrons from the Ag, clusters to the
AgBr surface, mirrored by the decrease of electrons on
adsorbed silver clusters by about 0.31 — 0.52 e (see Fig. Slla,
in the ESI). The electrons lost from the silver clusters are found
to primarily come from the d orbitals, while the sp electrons
indeed increase by 0.31 — 1.43 e (see Fig. 5). The increase of
the sp electrons is expected to facilitate the catalytic reactions
occurring on the surface because the relevant states are near the
Fermi level.*® Furthermore, the electrons in the sp states show
an increase trend with the growth of the Ag, clusters (Fig. 5),
indicating an enhancement of the surface plasmon of metal
clusters on the surface

3.3 Optical properties

Fig. 6 presents the absorption spectra of the Ag,/AgBr(110) (n
= 2 — 6) systems. Different from the situation that pure AgBr
only shows the UV absorption,® absorptions of the Ag,
adsorption systems are extensive in the UV, visible and infrared
regions. Except for Agsz/AgBr(110), the absorption spectra of
Ag,/AgBr(110) show obviously the bimodal features, i.e., a
sharp peak in the UV region correspondin% to the fundamental
absorption of the pure AgBr(110) surface,’® and a wide peak in
the visible region arising from the Ag, adsorption, in good
agreement with the experimental spectra reported in
references.””***! The growth of Ag, clusters changes slightly
the position of the UV peak, but results obviously in the red-
shift of the visible peak. Meanwhile, the change of the cluster
size largely suppresses the optical absorption in the UV region
and remarkably enhances the absorption in the visible and
infrared region so that the UV and visible absorption peaks are
indeed comparable (35584 and 26065cm™, respectively) for the
largest system of Ags/AgBr(110). The Ag; adsorption system,
however, presents the strongest UV and largely frustrated
visible absorptions so that the visible absorption peak is not
observed but instead a long tail extended from the UV peak is
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present. The absorption spectra of the second most stable
structures are also studied (see Fig. S12, in the ESI). Although
there are slight differences in the UV region, similar characters
to that of the most stable structures are shown, especially in the
visible region. Thus, if the structures of Ag,/AgBr(110) applied
are not the most stable ones, the main conclusions in this study
are not changed.

(8]
T

Absorption Coefficient ( lolcm")

0 L L 1 . 1
200 400 600 800

Wavelength (nm)

1000

Fig. 6. The calculated optical absorption coefficients for the
Ag,/AgBr(110) surfaces.

Based on the DOSs and electronic wave functions as shown
in Fig. 4 and Fig. S8, in the ESI, the fundamental UV
absorption excites the VB to CB transition, attributed mainly to
the photo-excitation of electrons from the surface Br 4p states
to the 5s/5p states of the Ag, clusters. In the final state, the
main contribution of the Ag,y Sp states rather than the Ag.q 5Ss
state as for atomic Ag adsorbed AgBr(110)*° reduces the
intrinsic photo-excitation of electrons from Br to Ag in AgBr
(Br 4p — Ag 5s) and thus enhances the stability of the material.
The visible absorption is attributed to the MIGB to CB
transition, resulting mainly in the photo-induced electron
transfers between different electronic states of the adsorbed
clusters. The much close location of the MIGB to the VB for
Agi/AgBr(110) indicates that the absorption spectrum arising
from these two bands would overlap with each other and thus
shows a strong UV peak together with a long tail in the red side
as shown in Fig. 6. The infrared absorption arises from the VB
maximum to MIGB transition, i.e., Br 4p — Ag,q 5s/5p, as well
as the MIGB to CB transition, i.e., the Ag 5s bonding state to
the Ag 5p antibonding states.

It is clear that under the irradiation of sunlight the photo-
excited electrons in the Ag, adsorbed AgBr(110) systems
would transfer dominantly to the adsorbed Ag, clusters,
facilitating the reduction of organic species occurring on these
metal atoms as well as oxidation reactions on Br atoms. This
result explains the surface plasmon resonance of metal
nanoparticles on the catalyst surfaces under visible light.**

3.4 Photocatalytic performances

In addition to the excellent photocatalytic activity to degrade
MO dye and rhodamine-B,?" *? the Ag/AgBr nanocomposites
also showed high catalytic activity on conversion of CO, with
H,0 to energetic fuels, e.g., methanol/ethanol, under visible
light irradiation, through Reaction 1,2

CO, + 2H,0 — CH;0H + 3/20, mm

Reaction 1 contains two half reactions as follows,
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CO, + 6H" + 6 — CH;OH + H,0 1"

an

For Reactions 1’ and 1”, the electrode potentials
@?(CO,/CH;0H) and ¢®(H,O/H") are -0.38 and 0.815 eV (vs
NHE), respectively. If the whole photocatalytic reation
(Reaction 1) is possible, the edge of the CB (Ecg) of the
photocatalysts should be more negative than ¢®(CO,/CH;0H),
enabling the photogenerated electrons on the photocatalysts to
convert CO, to CH;0OH through Reaction 1’, and also the edge
of the VB (Eyg) should be more positive than ¢®(H,O/H"),
rendering the photogenerated holes over the photocatalysts to
oxidize water to generate hydrogen ions via the other half
reaction of Reaction 1”.

The CB and VB edges of Ag,/AgBr(110) can be calculated,
respectively, by using equation Ecy = X — Ec— 0.5E, and Eyp =
E, + Ecp?® where X is the electronegativity of the
semiconductors, E represents the energy of free electrons on
the hydrogen scale (4.5 eV), and E, represents the band gap of
the systems, which can be estimated from the calculated
absorption spectra (see Fig. S13, in the ESI).

H,0 — 1/20, + 2H" + 2¢’

—_— (- '3 € I

“CBexp

~1€O,/CH,OH

(eV) (vs NHE)

AHmo
3.30eV

VB

«

., and E

E
%)
T
1

T ['\IH\p

Fig. 7. The positions of Ecg and Eyp of Ag,/AgBr(110). Solid
and dot lines represent the experimental values of Ecg and Evp
of Ag/AgBr nanoplates and the potentials p®(CO,/CH;0H) and
@°(H,O/H"), respectively.

Fig. 7 shows the positions of Ecg and Eyp for the
Ag,/AgBr(110) (n = 2 — 6) surfaces with the experimental
values™ of Ag/AgBr nanoplates. The overpotentials are at least
1.9 and 0.15 eV for Eyp and Ecp of the systems, suggesting that
the photogenerated electrons and holes can react with adsorbed
CO, and H,0 to produce methanol. Clearly, the Ag,/AgBr
catalysts have much strong oxidation abilities and relatively
weak reduction abilities, which is agreement with the
experimental result. The oxidation ability show a monotonous
decrease trend as the cluster size is enlarged, but the obvious
change takes place at n = 4 to 5, showing nearly comparable
higher and lower oxidation abilities than the experimental
results for the smaller (n = 2 — 4) and larger (n = 5 and 6)
clusters deposited, respectively. The variety of the reduction
ability is relatively smooth. When the cluster is enlarged, the
reduction ability of the first two clusters increases slightly so as
to reach the highest one at n = 3, then abruptly decreases at n =
3 to 4, and finally increases for the last larger clusters gradually
closing to the experimental values. Moreover, the energy gap
decreases as the cluster is growing, favoring the longer-
wavelength light absorption, as shown in Fig. 6.

The adsorption of CO, as the first step of the photocatalytic
conversion is very important for photocatalytic CO, conversion

This journal is © The Royal Society of Chemistry 2015
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with water. To deeply understand the photocatalytic surface
processes, the adsorption properties of CO, on the
Ag,/AgBr(110) (n =2 - 6) surfaces were further calculated. The
computational details are shown in Section S1, in the ESI.

The calculated results suggest that some reconstruction of
the Ag, cluster occurs during CO, adsorption on the substrate
surfaces (see Fig.S14, in the ESI), which is due to the
fluxionality characteristic of the subnanometer metal cluster. A
similar situation is also found in the CO, adsorption on the
Agy(Ptg)/TiOx(101) surface.*” The C—O bond length of
adsorbed CO, is about 0.01 - 0.02 A longer than that of free
CO, molecule (1.082 A), suggesting that the adsorbed CO,
molecule is activated by the metal center (see Fig.S14, in the
ESI). The adsorption energy of CO, on the Ag,/AgBr(110) (n =
2 - 6) surfaces are shown in Fig. 8. With the increase of the Ag
cluster size, the adsorption energy increases from 0.226 eV for
n =2 to 0.299 ev for n=3, then obviously decreases to 0.183 eV
at n=4, and finally increases for the Ag, (n = 5, 6) clusters
(0.276 and 0.345 eV). The results are in good agreement with
the reduction ability as discussed above.

04 L

Adsorption cnergy (V)

0.1 -

0.0 -

(83
)
-~
o
[}

Fig. 8. The adsorption energy of CO, on the Ag,/AgBr(110) (n
= 2-6) surfaces.

In summary, the smaller Ag, clusters (n = 2 and especially
3) deposited on the AgBr(110) surface favor the both the
oxidation and reduction reactions in the conversion of CO, with
H,O to methanol, but disfavor the visible and infrared light
absorption. In the case of the larger clusters, especially Agg
deposited, in spite of the slight expense of the oxidation and
reduction abilities, the substantial strengthening of the visible
and infrared light absorption is expected to improve sunlight-
utilization ratio for the conversion of CO, with H,O to
methanol.

4. Conclusions

In this article, we have systematically investigated the
geometrical and electronic structures, light absorption
properties and photocatalytic performances of Ag,/AgBr(110)
(n = 2 — 6) using the framework of DFT plus Hubbard U
contributions. The main conclusions are as follows.

Among the possible structures of the Ag, clusters, the
planar structures are always preferred in the free and adsorption
states. The adsorption of Ag, on AgBr(110) shows weak odd-
even oscillations in adsorption energies and induces a new
MIGB located between the VB and CB. Both the MIGB and
CB are mainly contributed by the s/p states from the metal
clusters, while the VB comprises primarily the surface Br 4p

This journal is © The Royal Society of Chemistry 2015
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states and the 4d states of Ag from both the adsorbate and the
surface. The position and composition of these bands are tuned
by the number of the metal atoms in the clusters. The variety of
the electronic structures of AgBr(110) induced by the Ag,
clusters favors the visible and infrared light absorption, which
strengthens substantially as the cluster size is enlarged, and thus
improves the sunlight utilization. The exception is for
Agi/AgBr(110), in which the absorption spectrum shows an
strong UV peak together with a long tail in the visible region.
The dominant localization of the photo-excited electrons on the
Ag, clusters facilitates the oxidation-reduction reactions
occurring on the surface and also reduces effectively the
photolysis of AgBr under the sunlight irradiation. The
overpotentials of the CB and VB edges indicate that
photocatalytic conversion of CO, with H,O to methanol is
possible on AgBr(110) deposited with the Ag, clusters, and
deposition of the smallest two clusters is the most favorable for
both the relevant oxidation and reduction reactions. However,
in spite of slight expense of the oxidation and reduction
abilities, the substantial strengthening of the visible and
infrared light absorption is expected to improve sunlight-
utilization ratio for the conversion of CO, with H,O into
methanol on the AgBr(110) surface deposited with the larger
clusters (especially Agg).
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