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The recent discovery of an excellent photocatalyst, Ag;PO,, motivated us to clarify the origin of its high
performance. Our comprehensive study using density-functional-theory-based calculations has revealed that the
formation of PO, tetrahedral units with strong P-O bonds weakens the covalent nature of Ag-O bonds, inhibiting
hybridization of Ag d and O p. This excludes the d character from the conduction-band minimum (CBM), leaving
highly dispersive Ag s-Ag s hybrid bands. The delocalized charge distribution of the CBM results in a small
effective mass of the electron, which is advantageous for the carrier transfer to surface.

DOI: 10.1103/PhysRevB.83.035202

I. INTRODUCTION

Photocatalysis has attracted enormous attention in recent
years for its great potential in harvesting solar energy for
environmental purification and fuel production.'”> Water
splitting with solar light is an ideal approach for sustainable
human life. Since the discovery of the Hoda-Fujishima effect
of TiO,,* the quest for highly efficient photocatalysts has
been conduced in the past three decades. One important
aspect in designing photocatalysts is to sensitize their activities
under visible light. The commonly used photocatalyst TiO,
possesses a relatively wide band gap (3.2 eV for anatase and
3.0 eV for rutile), and thus its photoabsorption spectrum is in a
range of ultraviolet, which accounts for only 4% of solar light.
To further accelerate photocatalytic activities, utilizing visible
light, which dominates 43% of the solar light and almost 100%
of indoor light, is a crucial task.

Historically, metal doping™® or anion doping”® into TiO,
are the popular strategies for narrowing band gaps so as to
enhance visible-light absorption. One drawback of doping is
that impurity sites act as carrier recombination centers where
photoexcited electrons and holes are annihilated by combing
to each other before participating in chemical reactions on
surface. Thus, even though visible-light absorption is increased
in some cases, dramatic improvement of overall photocatalytic
efficiency is not expected by means of impurity doping.

For this reason, many other materials have been extensively
studied in the hope of finding desirable band structures for
visible-light-sensitive photocatalysts.”'® Among them, silver-
based oxides are found to be promising.''"'® Ag,O itself
does not show photocatalytic activities for water splitting
owing to its too small band gap [1.3 eV (Ref. 17)], causing
the conduction-band minimum (CBM) or the valence-band
maximum (VBM) to be energetically too low or too high
with respect to the reduction or oxidation potentials of water,
respectively. Combining Ag,O with other transition-metal
oxides such as Nb,Os and Ta,Os, which possess wide band
gaps compared to Ag,O, is useful for shifting the band
edges. In fact, AgNbO; is known as a visible-light-driven
photocatalyst for oxygen evolution.!" Ouyang et al. have
reported the photocatalytic performance of AgAlO, as a
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pioneer case of incorporating p-block elements, i.e., atomic
species with partially occupied p states as the valence, into
Ag,0."? The importance of p-block elements lies in the
fact that the conduction band formed with s and p states
is highly dispersive compared to that composed of d states,
and, therefore, it is advantageous for the electron transfer, 819
This explains why some of the oxides with p-block elements
such as SnO; and ZnO show good conductivity when doped
with donor impurities.”” Subsequent works for AgGaO,,!>!*
AgzznGeO4,15 and AgSbO; (Ref. 16) have inferred that
the p-block elements are actually important ingredients for
silver-based photocatalysts. However, these previous works
were focused on metallic elements in the p-block atoms, and
nonmetallic species had never been incorporated into Ag,0 in
the context of photocatalysis research.

Recently, our group has discovered strong oxidation power
of Ag;PQOy,, with which a quantum yield of O, gas generation
from water splitting marks nearly 90% under visible light.”!
Given the fact that most photocatalysts show a relatively poor
quantum yield as low as 20%, the exceptionally high efficiency
of AgzPOy is intriguing. From electrochemical measurements,
the CBM of Ags;PO,4 was found to be lower than the reduction
potential of hydrogen, and it is unable to evolve H, from
water splitting, while it has a sufficiently positive VBM with
respect to the oxidation potential of water and possesses a
large power of water oxidation. Thus, photoexcited electrons
are not directly involved in the oxidation reaction and must
be scavenged by so-called sacrificial reagents (AgNO3) for
continuous reaction of O, evolution.?! Nevertheless, the
nature of electron transfer is indirectly related to the overall
photocatalytic activities through electron-hole recombination,
which degrades the efficiency of photocatalysis processes.
Therefore, physical properties of both carriers are important
to understand the excellent performance of Ag;PO,. Although
a first-principles calculation was carried out in the previous
work, the knowledge to understand the mechanism is still
insufficient.

In this article, we report our comparative study for
electronic structures of Agi;PO4, AgyO, and AgNbO;.
In Sec. II, we address the computational details of our
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density-functional-theory-based calculations for these three
oxides. In Sec. III, we discuss the role of Ag s states at CBM
with computational results for density of states (DOS) and
band structures. Effective masses of the electron and hole are
also shown in our tables. Based on the theoretical analysis, we
conclude in Sec. IV that the absence of d character at the CBM
contributes to realizing a small effective mass of the electron
in Ag3PO4.

II. COMPUTATIONAL PROCEDURE

Our first-principles calculations are based on the density-
functional theory within the local-density approximation
(LDA). The calculations were performed using the projector
augmented wave pseudopotentials as implemented in the VASP
code.?>?} The valence configurations of the pseudopotentials
are 4d'%5s" for Ag, 2522 p* for O, 3523 p3 for P, and 4 p®4d*5s!
for Nb. Both Ag;PO, and Ag,O adopt a cubic phase (space
group P43n for Ag;PO4 and Pn3m for Ag,0), consisting of
16- and six-atom unit cells, respectively, while AgNbO3 has
a more complex structure, with an orthorhombic symmetry
(space group Pbcm) with 40-atom unit cells. These crystal
structures are depicted in Fig. 1. A silver atom is coordinated
with four and two oxygen atoms in Agi;PO, and Ag,O,
respectively. In AgNbOs3, there are two Ag sites of threefold
and fourfold. We used an energy cutoff of 500 eV in the
plane-wave basis-set expansion. Monkhorst-Pack k-point sets
of 4 x4 x4,6x6x6,and 4 x4 x 2 were used for AgzPOy,
Ag,0, and AgNbOs3, respectively. The cell volume and atomic
positions were relaxed until the residual forces were below
0.03 eV/A. We have also performed LDA + U calculations>*
for Ag;POy4, Ag,0, and AgNbO3 in order to investigate the
effects of on-site Coulomb repulsion (Hubbard U) at d states
of Ag and Nb atoms, which are insufficiently described in
LDA. In the case of Ag,O, we applied U=5.8 eV to Ag
d states, following Ref. 17. The values of U for Ag;PO4
and AgNbO; are not available in the literature, and thus
we used two different U values determined by the following
procedure. First, we estimated U for a single Ag" ion by
subtracting atomic total energies E of three different oc-
cupations of d states:? Udm(Agh) = [Ewoi(d"®) — Eii(d)] —
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FIG. 1. (Color) Crystal structures for (a) AgzPOy, (b) Ag,0O, and
(c) AgNbO; where silver, red, magenta, and green particles denote
Ag, O, P, and Nb atoms, respectively.
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TABLE I. Lattice parameters computed for Ag;PO,, Ag,0, and
AgNbO; by LDA and LDA 4 U. U values are in eV.

Lattice

parameters (A) Ag;PO, Ag,0 AgNbO;

LDA a=5.90 a=4.66 a=548
b=5.58
c=15.49
LDA + U UAg)=4.18 U(Ag)=58 U(Ag)=4.18,
U(Nb)=3.24
a=>548
b=5.57

c=15.66

a=5.88 a=4.67
U(Ag)=9.75
a=>5.85
U(Ag)=9.75,
U(Nb)=17.56
a=5.51
b=5.59
c=15.73
a=06.00" a=4.74° a=5.5436¢
b=5.6071¢
c=15.565¢

Experiment

4Reference 28.
bReference 29.
‘Reference 30.

[Eoi(d®) — Ei(d®)] = 13.92 eV, where the self-interaction
correction was taken into account with the Perdew-Zunger-
type LDA correlation energy functional.”® By considering
screening effects, we simply took 30% and 70% of U*™ as the
values of Uin bulk Ag3PO, and AgNbOs3: UV(Ag) = 4.18 eV
and UP(Ag) = 9.75 eV. The same procedure was taken for
the Nb atom and we found that U*™(Nb™") = 10.8 eV, and thus
UD(Nb) = 3.24 eV and UP(Nb) = 7.56 eV. The obtained
lattice parameters from LDA and LDA + U are listed in Table I.
The on-site Coulomb interaction does not significantly affect
the lattice constants, and they are in good agreement with
experimental data. For comparison, relaxed bond distances
given by LDA for AgzPO4, Ag,O, and AgNbOj; are listed in
Table II with experimental values. The Ag-O distances are
elongated in AgzPOy as compared to those in Ag,0, reflecting
a less covalent nature of the Ag-O bonds in AgzPO,, while
Ag-Ag distances are rather shortened in AgzPQy, indicating
the formation of metallic Ag-Ag bonds. It was also found that

TABLE II. Relaxed bond distances for Ag;POs, Ag,O, and
AgNbOj; given by LDA. The averaged values are shown for AgNbOs.
Experimental values are shown in parentheses.

Bond distance (&) Ags;PO, Ag,0 AgNbO;
Ag-O 2.31 (2.36)* 2.02 (2.05)° 2.29 (2.41)°
Ag-Ag 2.95 (3.00)* 3.30 (3.35)° 3.90 (3.93)¢
P-O 1.55 (1.56)* ...
Nb-O 2.01 (2.00)*

4Reference 28.
bReference 29.
‘Reference 30.
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TABLE III. Band gaps for Ag;POy4, Ag,0, and AgNbO; from
LDA and LDA + U. The values of U are in eV. Ag,O has a direct band
gap at I', while Ag;PO, has an indirect band gap from M(1/2,1/2,0)
to I'(0,0,0). AgNbOj3 also has an indirect band gap and its VBM
depends on whether it is given by LDA or LDA + U [(1/2,1/8,0) to
S(1/2,1/2,0) in LDA and I"(0,0,0) to S(1/2,1/2,0) in LDA + U].

Band gap (eV) Ag;POy Ag,0 AgNbO;

LDA 0.11 0.09 1.29
LDA+U U(Ag)=4.18 U(Ag)=5.8 U(Ag)=4.18,
U(Nb)=3.24

0.65 0.17 1.61
U(Ag)=9.75 U(Ag)=9.75,
U(Nb)=17.56

1.30 2.25

Experiment 2.45° 1.3 3.0¢

4Reference 21.
bReference 17.
‘Reference 27.

Nb-O bonds are much shorter than Ag-O bonds in AgNbOs3,
and Ag-Ag distances are very large as compared to those in
Ag3PO4 and Ag,O. Computational band gaps were 0.11, 0.09,
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and 1.29 eV for Ag;PO4, Ag,0O, and AgNbO;3, respectively,
which underestimated the experimental results [2.45 eV,’!
1.3eV,'” and 3.0 eV (Ref. 27)] owing to the common problem
of LDA. Thus, we applied scissor operators of 2.34, 1.21, and
1.71 eV to Ag;PO,4, AgrO, and AgNbOs;, respectively, for
the sake of band-gap correction. Although the band gaps are
slightly opened by the application of U to the d states, the
underestimation was still observed in LDA + U. The results
for the band gaps are summarized in Table III.

III. RESULTS AND DISCUSSIONS

Figures 2(a)-2(c) show DOS obtained from LDA with
the band-gap correction for Ag;PO4, Ag,O, and AgNbOs,
respectively. Here, k points are sampled at 13 x 13 x 13,
19 x 19 x 19,and 5 x 5 x 3 for AgzPOy4, Ag,0, and AgNbOs3,
respectively. As shown in the insets of Figs. 2(a) and 2(b),
the CBM mainly consists of Ag s states in AgzPOy4, while
Ag d states predominate the CBM in Ag,O. The significant
difference is attributed to the formation of strongly covalent
P-O bonds, which is evidenced in the local DOS for O sp and
P sp in Fig. 2(a) as bonding states located at approximately
—9 eV below the VBM. The partial charge density correspond-
ing to one of these bonding states shown in Fig. 2(a) indicates
the formation of a rigid tetrahedral unit of PO,. This increases
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FIG. 2. (Color) Total and local DOS for (a) AgzPOy, (b) Ag,O, and (c) AgNbO;. For the local DOS, we use spheres of radii 1.503, 0.82,
1.233, and 1.503 A for Ag, O, P, and Nb, respectively. The zero energy is at the VBM. The insets in (a) and (b) show extended plots of DOS
for Ag s and d at the energy range near the CBM. The partial charge density corresponding to one of the P-O bonding states is depicted in
the leftmost area in (a). Here, the red and mauve particles denote the positions of O and P atoms, and the isosurface (yellow surface) is at

0.03 e/A3.
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FIG. 3. (Color) Band structures for (a) AgzPOy,, (b) Ag,0, and (c) AgNbOj;. The square of the wave function (yellow surface) corresponding
to the CBM is also shown in each case, where silver, red, mauve, and green particles represent the positions of Ag, O, P, and Nb atoms,

respecrively. The isosurfaces are at 0.01 e/A>.

the ionic character of Ag* and (PO4)*~, weakening the cova-
lent nature of the Ag-O bonds. Thus, hybridization of Ag d and
O p states is negligible in AgzPOy, rendering fully occupied
d states in the VBM. The weak Ag-O bonds are also reflected
in the local DOS of Ag d in Fig. 2(a), in which no clear splitting
into d-t, and d-e by tetrahedral crystal fields at the fourfold
Ag was observed.'* In contrast, Ag-O bonds are essentially
formed in Ag,0O, and the appearance of d states in the CBM
as Ag d-O p antibonding states is inevitable. Ag s states also
hybridize with O p states, yet the antibonding states of Ag s-O
p bonds are energetically higher than those of Ag d-O p bonds
on average, and thus Ag s cannot become the predominant
character of the CBM in Ag,O. In AgNbO3, the majority of
the CBM is Nb d states [Fig. 2(c)] and the nature of Ag-O does
not significantly affect the characteristic of the CBM.

In Figs. 3(a)-3(c), the band structures of Ag;PO,, Ag,0,
and AgNbOj are shown, respectively, with the square of the
wave function corresponding to the CBM. In AgzPOy, the
wave function at the CBM, which mainly consists of Ag s,
is well delocalized, resembling the charge distribution of
metallic materials. In contrast, the CBM of Ag,O possesses
the character of Ag d-O p antibonding states. The difference

originates from the absence of d states at the CBM of Ag; POy,
as discussed before. The d states are usually localized even
under the formation of covalent bonds with oxygen, and thus
the presence of d states at the CBM as in the case of Ag,O
[Fig. 3(b)] is disadvantageous for the electron transfer. In
Ag;POy, a large amount of hybridization between Ag s and
Ag s occurs, as evidenced in the shorter distance of Ag-Ag
bonds in Ag;zPO, than in Ag,O (Table II), and this gives
rise to the dispersive band structure at CBM without the
“contamination” of d states. This contributes to a decreasing
effective mass of the electron, as discussed below. The indirect
band gap of AgzPO,4 (from M to I') might be beneficial also
for the carrier separation, but this alone does not explain the
exceptionally high performance of Ag;PO,4 because most of
the silver-based photocatalysts possess indirect band gaps.'>'#

In AgNbOs, the CBM consists mainly of d,; and d,., show-
ing an anisotropic charge distribution [Fig. 3(c)], allowing
electron transfer only along the z direction. The anisotropy is
also observed in the band structure, where the dispersion of the
CBM depends strongly on the direction; it is very dispersive
along X—S—Y, while it is very flat along S—I". This is undesir-
able for photocatalysis use because the limited orientation of
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TABLE IV. Effective masses of the electron (m}) and the hole (m}) in the unit of free-electron mass for Ag;PO, obtained from parabolic
fitting to the CBM and the VBM along each direction in the reciprocal space, respectively. The three values of m}; correspond to three degenerate

states at the VBM of I.
Direction LDA LDA+U
I':k=(0,0,0)
U(Ag)=4.18 U(Ag)=9.75
m; m; my
(100) 041 041 0.41
(110) 0.42 0.42 0.42
(111) 0.43 0.42 0.42
Direction LDA LDA+U
I':k=(0,0,0)
U(Ag)=4.18 U(Ag)=9.75
mE’l)* mEIZ)* mf)* m;l)* m;z)»ﬂ mf)* m;l)* mf)* mf)*
(100) 3.04 1.10 1.10 3.30 1.01 1.01 3.48 1.01 1.01
(110) 2.56 1.27 1.09 2.77 1.15 1.01 3.19 1.11 1.02
(111) 1.99 1.23 1.23 2.20 1.12 1.12 2.63 1.10 1.10
M:k=(1/2,1/2,0)
U(Ag)=4.18 U(Ag)=9.75
m m "
(100) 1.92 1.74 1.73
(110) 2.08 1.88 1.88
(111) 1.53 1.42 1.45
001) 1.04 0.99 1.03

the electron transfer increases the possibility of encountering
holes, causing carrier recombination. This also indicates that
the AgNbO; (001) surface is especially active for reduction
reactions because photoexcited electrons are transported along
the (001) direction toward the surface. In most cases, however,
photocatalysts are used in the form of a powder rather than
as a thin film, and the selective nature of the reactive face is
disadvantageous for photocatalysis applications. In contrast,
the CBM of AgzPO4 shows a very isotropic distribution
because it mainly consists of spherically symmetric Ag s
states, hybridized with other Ag s states, forming a highly
delocalized wave function [Fig. 3(a)]. This suggests strongly
that photocatalytic activities of AgzPO4 do not significantly
depend on the surface orientation, giving a clear explanation
for the high performance of AgzPO, in powder form.?! In
fact, the efficiency of O, evolution from Ag;PO, (636 uM/h)
is much higher than that from AgNbO;3 (37 wM/h).

To validate the above picture, we have estimated the
effective masses of the electron (m}) and the hole (/) in
Ag;POy4, Ag,O, and AgNbOs by fitting parabolic functions to
the CBM [I'(0,0,0) for AgzPO4 and Ag,0O, and S(1/2,1/2,0)
for AgNbO3] and the VBM at several k points along various
directions in reciprocal space. The results given by LDA and
LDA + U are summarized in Tables IV-VI. m} is much smaller
in AgzPOy4 (~ 0.4m,) than in Ag,O (~ 0.6m,) in the case of
LDA, where m, is the free-electron mass. The relatively small

*

m’ in AgzPO, reflects the dispersive band structure at the

CBM [Fig. 3(a)]. The obtained value ~ 0.4m, for AgzPOy4

is comparable to m* of indium tin oxide,’! i.e., the widely
used transparent conductive oxide, and much smaller than that
of TiO, [~ 1m, (Ref. 32)]. Moreover, m} is small in every
direction in AgzPOy,, reflecting the isotropic nature of the s

TABLE V. Effective masses of the electron (m}) and the hole
(mj;) in the unit of free-electron mass for Ag,O obtained from
parabolic fitting to the CBM and the VBM along each direction in
the reciprocal space, respectively. The three values of m] correspond
to three degenerate states at the VBM of T".

Direction LDA LDA+ U
I':k=(0,0,0)
U(Ag)=5.8
" m;
(100) 0.61 0.47
(110) 0.61 0.47
(111) 0.62 0.47
Direction LDA LDA+ U
I':k=(0,0,0)
U(Ag)=5.8
mz])* mLZ)* mf)* mz])* m?)* m;?)*
(100) 2.06 2.06 0.17 2.34 2.34 0.23
(110) 2.09 0.55 0.23 2.34 0.72 0.32
(111) 1.82 0.33 0.33 1.94 0.45 0.45
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TABLE VI. Effective masses of the electron (m}) and hole (m}) in the unit of free-electron mass for AgNbO; obtained from parabolic
fitting to the CBM and the VBM along each direction in the reciprocal space, respectively. The two values of m correspond to two degenerate

states at the CBM of S(1/2,1/2,0).

Direction LDA LDA+U
S:k=(1/2,1/2,0)
U(Ag)=4.18 U(Ag)=9.75
U(Nb)=3.24 U(Nb)=17.56
mgl)* ng)* mgl)* m®x mgl)* mgz)*
(100) 0.79 0.79 0.67 0.67 0.77 0.77
010) 0.88 0.68 0.72 0.61 0.80 0.74
001) 0.35 0.35 0.33 0.33 0.39 0.39
(110) 7.60 0.46 7.16 0.36 10.03 0.42
(111) 3.45 0.46 3.35 0.37 4.18 0.43
Direction LDA LDA+U
k=(1/2,1/8,0) I':k=(0,0,0)
U(Ag)=4.18 U(Ag)=9.75
U(Nb)=13.24 U(Nb)=17.56
(100) 7.01 4.77 2.46
010) 3.54 4.03 3.32
001) 2.75 4.85 5.20
(110) 4.85 3.81 3.84
(111) 4.84 3.92 3.89

character. We found that the introduction of Hubbard U does
not significantly affect the m} of AgzPO4 (Table IV) while a
sizable change was observed in the m of Ag,O (Table V). The
decrease of m} from ~ 0.6m, (LDA) to ~ 0.47m, (LDA + U)
in Ag;0 is interpreted as the weakened hybridization of Ag
d and O p owing to the effect of U, which localizes the d
states. The s character is, therefore, enhanced at the CBM,
leading to the smaller value of m} in LDA + U. In Ag3POy,
however, Ag-O bonds are originally weakened in the LDA
level thanks to the formation of the strong P-O bonds, and the
effect of localizing Ag d states does not affect the value of
m}. It is interesting to note that the effective mass of hole m};
exhibits a rather opposite trend to m. We found that m} at I"
is greater in AgzPOy than in Ag,0, on average. This must be
the result of the higher density of d states at the valence band
in AgsPOy4 (Fig. 2), leading to a less dispersive band structure.
In other words, the hybridization of Ag d and O p owing to
the strong Ag-O bonds in Ag,O increases dispersion of the
VBM. The large difference in m and mj, might be relevant to
the suppression of the carrier recombination in Ag;POy, yet
more detailed studies for the carrier recombination mechanism
is required to conclude this point. m} is somewhat smaller at
M than at I in AgzPOy, and thus the hole transfer should be
encouraged in a condition where the indirect photoexcitation
from M to I is promoted. This might be realized by increasing
the temperature for activating phonon vibrations. In AgNbOs3,
m’ widely ranges from 0.35m, to 7.60m,, strongly depending
on the direction (Table VI). Here, m] is smallest along (001),
reflecting the anisotropic distribution of the wave function at

the CBM of AgNbOj [Fig. 3(c)]. The anisotropic nature of m}
remains unchanged in LDA + U. Contrary to the case in Ag,0,
the introduction of the Hubbard U is unable to decrease m in
AgNbOs;. This is because Ag s-Ag s hybridization is limited
in AgNbO3 owing to the long Ag-Ag distances (Table II), and
the majority of Ag s states locate at a relatively higher position
in the conduction band [Fig. 2(c)]. Thus, an upward shift of
the unoccupied Nb d states upon the application of U does
not help the increasing Ag s character at the CBM. On the
other hand, the application of U to Ag d and Nb d significantly
affects the absolute values of mj. First of all, the k point
associated with the VBM is altered by the introduction of U
from (1/2,1/8,0) to (0,0,0). The on-site Coulomb repulsion
shifts the occupied d states downward, leaving O sp states at
the VBM. Because the valence band of AgNbOj is relatively
flat, as shown in Fig. 3(c), the position of the k point, which
gives the maximum value of the valence band, is sensitive to
the change of the band character. For the same reason, m; is
smaller as U increases (Table VI), i.e., the d character is swept
out of the VBM, enhancing the band dispersion.

In AgsPQOy, electrons are rapidly transferred to the surface
because of their small effective mass along every direction,
thanks to the wide dispersion of the CBM originating from
Ag s character. As a result, excited electrons are efficiently
scavenged by sacrificial reagents on the surface. The quick mo-
tion of electrons might prohibit the carrier recombination with
hole carriers, although this point must be investigated carefully
in the future. In most photocatalysts, including widely used
TiO,, however, the d state is one of the major components
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FIG. 4. (Color) Local DOS for Agi;PO, projected onto Ag s
and Ag d given by (a) LDA, (b) LDA 4+ UV [U(Ag)=4.18 eV],
and (c) LDA + U® [U(Ag)=9.75 eV]. The square of the wave
functions corresponding to the CBM are also shown for (d) LDA,
(e) LDA 4+ U, and (f) LDA 4+ U®. The isosurfaces of the wave
functions are at 0.01 e /A3. Silver, red, and mauve particles represent
the positions of Ag, O, and P atoms, respectively.

of the CBM, and thus a high mobility of electrons cannot
be expected. This explains the low quantum yield of most
photocatalysts based on transition-metal oxides. In a neutral
Ag atom ([Kr]4d 10551y d states are occupied as valence, and
the ionic nature of 3Ag* + (PO4)3~ inhibits the appearance
of the d states in the CBM, distinctly splitting the band
character of the CBM (Ag s) from the VBM (Ag d 4 O p). The
high performance of Ag;PO, as a photocatalyst is, therefore,
attributed to the absence of the d character in the CBM.

Our finding suggests a useful strategy for designing
photocatalytic materials: One must get rid of the d states from
the CBM so as to decrease m and enhance carrier separations.
This must be achieved by introducing p-block elements with
electronegativity closer to that of oxygen into an oxide MO,
where M is a transition metal with d'* and partially occupied
s states. Such p-block elements can form strongly covalent
bonds with oxygen, weakening the covalent nature of the M-O
bonds. This helps pulling the d states down to the VBM and
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FIG. 5. (Color) Local DOS for Ag,O projected onto Ag s and Ag
d given by (a) LDA and (b) LDA + U [U(Ag) = 5.8 eV]. The square
of the wave functions corresponding to the CBM are also shown for
(c) LDA and (d) LDA + U. The isosurfaces of the wave functions are
at 0.01e/A3. Silver and red particles represent the positions of Ag
and O atoms, respectively.

decreasing m, which promotes carrier transfer to the surface
area.

It must be mentioned that photocatalytic reactions consist
mainly of three processes: (1) photoexcitation of electron and
holes, (2) carrier transfers to the surface area, and (3) chemical
reactions on the surface. The present study is related to the
first two processes, which are determined by bulk properties.
Hence, it is still an open question whether the surface structure
of AgszPOy, is advantageous for the photocatalytic reactions.
The answer to this question is out of the scope of this work
and is left for future research.

Finally, we would like to emphasize that our conclusion
is independent of the computational methods LDA and
LDA+ U. In Figs. 4(a)—4(f), the local DOS of AgzPO4
projected onto Ag s and Ag d at the energy range near the
CBM are compared for LDA and LDA + U with the wave
function corresponding to the CBM. The overall trend, i.e.,
CBM consists of Ag s states and the wave function is highly
delocalized, is the same among the three different calculations,
LDA, LDA + UV, and LDA + U®. Similarly, Ag d states are
found to be the predominant character at the CBM in Ag,O
and its wave function consists mainly of Ag-O antibonding
states in LDA 4 U (Fig. 5), although the magnitude of Ag d
states over Ag s is slightly decreased in LDA + U owing to
the localization of Ag d states, as discussed earlier.

IV. CONCLUSIONS

We have studied the electronic structures of three different
Ag-based oxides AgzPOy4, Ag,O, and AgNbO; to understand
the high photocatalytic performance of AgzPO,. Our analysis
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on the DOS and band structures has revealed that the CBM of
Ag3PQOy consists mainly of Ag s states owing to the formation
of the rigid tetrahedral units PO4, which weaken and strengthen
Ag-O and Ag-Ag bonds, respectively. This contributes to a
very dispersive electronic structure at the CBM, leading to a
highly delocalized and isotropic distribution of the wave func-
tion. In contrast, another photocatalyst, AgNbO3, possesses a
Nb d character at the CBM, showing an anisotropic distribution
of the wave function. The difference in the electronic structures
of these two photocatalysts is reflected in the effective
mass of electrons; m, is relatively small in every direction in
AgzPOy, and is thus advantageous for electron transfers, while
it strongly depends on the direction in AgNbQOj3. Therefore,
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we conclude that the excellent photocatalytic performance
of Ag;POy is attributed partly to the highly dispersive band
structure of the CBM resulting from Ag s-Ag s hybridization
without localized d states.
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