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Visible-Light-Driven Photocatalysts M3V,0s (M = Mg, Ni, Zn)
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A new series of visible-light-driven photocatalysts\¥4Og (M = Mg, Ni, Zn) was synthesized by the
conventional solid-state reaction method. The crystal structure and photophysical properties were
characterized by powder X-ray diffraction and BVis diffuse reflectance spectroscopy, respectively.
Photocatalytic properties were evaluated Bye@olution from an aqueous AgNGolution under visible
light irradiation. The results showed that the three compounds ®,0 (M = Mg, Ni, Zn) were all
crystallized in an orthorhombic system with the space group Abam. However, the substituticri of M
cations with different electronic states imposed significant effects on their photophysical and photocatalytic
properties. ZgV,0gs showed a higher activity than Mg.Os, while NizV,0g showed almost no activity.
Theoretically calculated energy band structures and density of states (DOS) by the plane-wave-density
function theory (DFT) revealed that the different photophysical and photocatalytic propertie/ ¢dM
(M = Mg, Ni, Zn) could be ascribed to their different electronic structures. The Zn 3d and O 2p orbitals
were hybridized to construct the valence band of\ZQg, favoring the mobility of photoexcited holes
in the valence band and thus promoting thg éDolution activity. In contrast, no such hybridization
effect occurs in MgV,Og as the Mg 2p orbitals are not involved in the valence band. The split Ni 3d
orbitals inserted between the O 2p and the V 3d orbitals §v g are not suitable for ©@evolution.

Introduction So far, however, the number of visible-light-driven pho-
Photocatalysis using solar energy and semiconductors istocc:jatalysts _for ,HOZ ?VO'&”'Q”h IS St'ln “m'teg even if tth
of great importance in solving global energy and environment gHOX reactlclm Is assisted with an e e;trorg:Eonor (_eilg?"'
issuest 2 Generally, a photocatalytic reaction for water = _) oran eegtron scavenger (e.g., g&)l. ssentially, a
_visible-light-driven semiconductor material capable of pho-

splitting involves two processes (i.e., the band gap photo - .
excitation to form electrons in the conduction band and holes focatalytic water splitting should have a small band gap able

in the valence band and, subsequently, the redox reactiond® absorb visible ”9“‘ and appropriate bz_and edges suitable
on the catalyst surface to produce &hd Q, respectively). for the .redox relactlgnfs of f]_anc? Q levolutlon. fOn.elglf t?eh
The thermodynamics of redox reactions requires the conduc-SUategies employed for the development of visible-light-
tion band bottom of a semiconductor photocatalyst to be driven oxide semiconductor photocatalysts is to introduce

more negative than that of the reduction potential gDHo forgign elements (usu_ally th_e 3d transition metals) into an
form H, and the valence band top to be more positive than active photocatalyst with a wide band gap to form a separate
the oxidization potential of bO to form Os. In view of donor level in the forbidden band. For example, photocata-
efficient solar energy conversion, it is necessary to develop Iytic Ho _evgltiglon has been reported over Cr %)ped MO
visible-light-driven photocatalysts since visible light accounts a_n(_j SrT'Q’ _ S_b/l_\lb/Ta and Cr co-d(_)ped SI l_mder_

for ~43% of whole solar energy while UV light occupies visible light irradiation. Another effectl_ve met_h_od is to lift
merely ~4%. Particularly, in constructing a Z-scheme the valence band top to a more negative position than O 2p

photoelectrochemical system (PEC) for water splitfirige and/or lower the conduction band bottom to a more positive
photocatalysts able to evolve,@nd H are both indispen- position!? Since the V 3d band is usually located below the

sable.
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analogous d bands of the other transition metals in the energy
spectrum’? some vanadium-containing oxides such as Bi-
VO,*15 with a deformed scheelite structure and InWO
composed of VQtetrahedra and Infoctahedra have been
developed successfully as visible-light-driven photocatalysts
for O, or H, evolution in the presence of sacrificial reagents
AgNO; or CH;OH, respectively.
In a previous study of the photocatalysts MMoOg (M
= Mg, Zn) crystallized in the orthorhombic system with the
space grougPnmafor M = Mg and P2,2,2, for M = Zn,
respectively, we have found that the two photocatalysts show
quite different activities for @evolution due to the substitu-
tion of M?* cations!’ In this paper, we report a new se_ries 2 o (degree)
of photocatalys_ts M/20s (M. = Mg, Ni, Zn) crystallized in Figure 1. X-ray diffraction patterns of the as-synthesized\WOs (M =
an orthorhombic system with the same Space group Abam'Mg, Ni, Zn) powder samples at room temperature. Except for a few
The substitution effects of the divalent cationg*Mn the impurities @), all peaks could be indexed according to the JCPDS card
electronic structure and photophysical and photocatalytic ”_0-237'0351 fqu\/|I=Mg, no. 70-1394 for M= Ni, and no. 34-0378 for M
properties of MV,0s (M = Mg, Ni, Zn) are studied. The . respectively.
energy band structures and density of states (DOS) arecel| through a long-pass cutoff filted (= 420 nm; L42, HOYA).
calculated by the plane-wave-density function theory (DFT). For O, evolution, the catalyst powders (0.5 g) were dispersed by a
On the basis of experimental and theoretical results, the magnetic stirrer in an aqueous Aghl€olution (5 mM of AgNQ
correlation between photocatalytic activity and electronic + 270 mL of HO) in the reaction cell. AgN@was used as an
structure is discussed. electron acceptor. Before reaction, the closed gas circulation system
and the reaction cell were well-evacuated and then introduced into
~2.5 kPa argon gas. Upon irradiation, the oxygen gas evolved was
mixed with argon gas by a glass piston pump and was in situ
Synthesis and Characterization of PhotocatalystsPolycrys- analyzed with an online TCD gas chromatograph (Shimadzu GC-
talline MsV,0g (M = Mg, Ni, Zn) powder samples were prepared 8AIT, argon carrier). The photon efficiency or quantum yield (QY)
by the conventional solid-state reaction method. Reagent gradeof O evolution at4 = 420.4 nm was measured by using an
oxides MgO, NiO, ZnO, and ¥0s (Wako, purity: 99.99%) were interference band-pass filteto(= 420.4 NnM,Tax = 44.8%,A1/2
mixed in the stoichiometric proportion of M,0g (M = Mg, Ni, = 14.7 nm, Kenko). A thermopile was used for measuring the
Zn), milled carefully with the addition of ethanol, and then intensity of incident light and then transferred to the number of
preliminarily calcined at 600C in an alumina crucible in air for ~ incident photons. The apparent quantum yield (%) of s
20 h. After pelletizing, the samples were finally calcined at 1000 calculated by the following equation: QY (%) NN, = 4NoJ/
°C for MgsV,0s, 750 °C for NizV,0gs, and 780°C for ZnsV,Os, No, whereNy is the number of reacted hold$e; is the number of
respectively, for 40 h with one intermittent grinding. Equilibrium Oz molecules evolved, an, is the number of incident photons.
was confirmed as no further change in the X-ray diffraction (XRD) ~ Calculation Method of Band Structure. The plane-wave-
patterns was detected. The XRD pattern was measured on an X-rayflensity function (DFT) calculation was performed using the
diffractometer (JEOL JDX-3500, Japan) with CuKadiation ¢ CASTEP program (Materials Studio, Accelrys Iné)The core
= 1.54178 A). The UV-vis diffuse reflectance spectrum was €lectrons were replaced with ultrasoft pseudo-potentials. The
measured using a UWis spectrometer (UV-2500, Shimadzu, 9eneralized gradient approximation (GGA-RPBE) was applied. The
Japan) at room temperature and was converted to an absorbancbinetic energy cutoff was selected as 260 eV for all calculations.
spectrum by the KubelkaMunk method. A scanning electron
microscope (SEM, JEOL JSM-6500F, Japan) equipped with an Results and Discussion
X-ray energy dispersive spectrometer (EDS) was employed for .
mor;))/hologyg zbserF\)/ation ang composition(analzlsis. The SFl)Jl‘fZCE area Crystal Structure. Flgu_re 1 shows the XRD patterns of
was measured on a Gemini-2360 analyzer (Micromeritics, Shi- the MeV20s (M = Mg, Ni, Zn) powder samples at room
madzu’ Japan) by nitrogen absorption at77 K using the Brurauer temperature a.nd the |ndexed I‘eSU|tS aCCOI‘dII’Ig to the JCPDS

Emmett-Teller (BET) method. card no. 37-0351 for M= Mg, no. 70-1394 for M= Ni,
Evaluation of Photocatalytic Activity. Photocatalytic reactions ~ and no. 34-0378 fOF M= Zn, respectively. Except for little

were carried out in an outer irradiation Pyrex glass cell connected amounts of impurity phases (ca. 5%), the samples were

to a closed gas circulation system. The light source was a 300 W crystallized in an orthorhombic system with the space group

xenon arc lamp (ILC Technology, CERMAX LX-300, operated at Abam. By the least-squares refinement method, the crystal

200 W), which was focused on the side window of the reaction |attice parameters were calculated as follows= 8329(5)

A, b=11.453(5) A, ana = 6.071(3) A for MgV,Og; a =

(12) Tsuiji, I.; Kato, H.; Kobayashi, H.; Kudo, Al. Am. Chem. So2004 8.241(3),b = 11.411(10), andt = 5.941(2) for N4V ,Og;

ZnV,0,

Ni,V,0,

Intensity (a.u.)

Mg_.V.,0

3278

Experimental Procedures

126, 13406. — — —
(13) Oshikiri, M.; Boero, M.; Ye, J.; Zou, Z.; Kido, Gl. Chem. Phys. anda = 8'306(1)_ Ab= 11‘54_0(,1) A, and_: =6.117(1) A
2002 117, 7313. for Zn3V,Og. Basically, the variation of lattice constants was
(14) Kudo, A.; Ueda, K.; Kato, H.; Mikami, ICatal. Lett.1998 53, 229. dependent on the ionic radii of the2Wications (Mé+2 0.72

(15) Kudo, A.; Omori, K.; Kato, HJ. Am. Chem. S0d.999 121, 11459.
(16) Ye, J.; Zou, Z.; Oshikiri, M.; Matsushita, A.; Shimoda, M.; Imai, M.;

Shishido, T.Chem. Phys. LetR002 356, 221. (18) Payne, M. C.; Teter, M. P.; Allan, D. C.; Arias, T. A.; Joannopoulos,
(17) Wang, D.; Zou, Z.; Ye, Xatal. Today2004 93—95, 885. J. D.Rev. Mod. Phys1992 64, 1045.
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Figure 2. Orthorhombic structure of M/,0s is composed of the VO
tetrahedra (T) and the M®ctahedra (O) (M= Mg, Ni, Zn). Space group:
Abam.

A; Nizt: 0.69 A; and ZA*": 0.74 A)1° These results were
consistent with those reported previougly?® As shown in
Figure 2, the crystal structure of M,Og is composed of
the VO, tetrahedra and the M{bctahedra (M= Mg, Ni,
Zn). We suppose that the cation@MM = Mg, Ni, Zn) in

Chem. Mater., Vol. 17, No. 20, 2005179

Absorbance (a.u.)

300 400 500 600 700 800
Wavelength (nm)

Figure 3. UV—vis diffuse reflectance spectra of thes¥%0Og (M = Mg,
Ni, Zn) powder samples at room temperature.
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Figure 4. Photocatalytic @ evolution from aqueous AgNEO(5 mmol)
solution suspended with §,0s (M = Mg, Ni, Zn) powder catalysts (0.5
g) under visible light irradiationA( = 420 nm).

the octahedral field with different electronic states should compounds hold the band gaps that are able to absorb visible
impose significant effects on the electronic structure and light, implying the possibility of photocatalytic activity over
photophysical and photocatalytic properties of the studied these materials under visible light irradiation. The prolonged

compounds.
The morphologies of the B,0s (M = Mg, Ni, Zn)

absorption tail untirk510 nm in the spectrum of My ,Os
should result from the crystal defects formed at an elevated

powder samples were observed with SEM, and the composi-calcination temperature for My»Os in comparison with the
tions were analyzed with EDS equipped with the SEM. It other two compounds. The spectrum oWiOg shows that
confirmed that the overall compositions were in agreement the main absorption edge has been shifted~&50 nm,
with those of the as-designed compounds and that theindicating that the substitution of i significantly reduced
elements were distributed homogeneously. The BET surfacethe band gap. In addition, an apparent absorption hump with

areas were measured to b®.6 n¥/g for MgzV,0g, ~0.8
m?/g for NigV,0g, and~0.5 nt/g for ZnxV,0g, respectively,

an extrapolated absorption edge~850 nm (1.3 eV) was
observed. Preliminarily, this additional absorption could be

which were consistent with the particle sizes as observedascribed to the €d electron transition between the split Ni
by SEM. The samples, after the aforementioned photocata-3d orbitals in the octahedral fiefd.Further details will be
lytic reactions, were checked again with XRD and EDS. discussed in combination with the calculated electronic

Except for the photoreduced metallic silver from AgNah

structures in the following section.

the catalyst surface, no changes in both crystal structure and Photocatalytic Activities. The activities of @ evolution
surface compositions were detected, indicating the stability from an aqueous AgNgX5 mmol) solution over the W/ ,Og

of the photocatalysts against light irradiation.

UV —vis Diffuse Reflectance Spectral-igure 3 shows the
UV —uvis diffuse reflectance spectra of thesWsOs (M =

(M = Mg, Ni, Zn) powder catalysts (0.5 g) under visible
light irradiation ¢ = 420 nm) are shown in Figure 4. In the
initial 5 h of reaction, the average evolution rates were 10.2

Mg, Ni, Zn) powder samples at room temperature. The main #mol’h for ZnV;Os, 3.6 umol/h for MgV2Og, and 0.0

absorption edges were410 nm g, ~3.02 eV) for M=
Mg, ~550 nm g ~2.25 eV) for M= Ni, and ~425 nm
(&g ~2.92 eV) for M= Zn, respectively. In general, all

(19) Shannon, R. DActa Crystallogr., Sect. A976 A32 751.

(20) Harding, W. D.; Kung, H. H.; Kozhevnikov, V. L.; Poeppelmeier, K.

R.J. Catal. 1993 144, 593.

(21) Wang, X.; Stern, C. L.; Poeppelmeier, K. R.Alloys Compd1996
243 51.

(22) Fuess, H.; Bertaut, E. F.; Pauthenent, R.; DurifAéta Crystallogr.,
Sect. B197Q B26, 2036.

(23) Sauerbrei, E. E.; Faggiani, R.; Calvo, &cta Crystallogr., Sect. B
1973 B29, 2304.

umol/h for NigV,0s respectively. Using an interference band-
pass filter fo = 420.4 NM,Tinax = 44.8%, andA1/2 = 14.7

nm), the average quantum yields (QY)Aat 420.4 nm in

the initid 5 h of reaction were measured to b&.64% for
ZngV,05 and~0.23% for MgV ,0s, respectively, which were

in agreement with the average evolution rates. Generally
speaking, the activity of a photocatalyst increases with an
increase in surface area because the photocatalytic reaction
usually takes place on the catalyst surface. As shown in Table

(24) Serpone, N.; Lawless, Dangmuir1994 10, 643.
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Table 1. Crystal Structures, Lattice Parameters, Photophysical Properties, and Photocatalytic Activities of 8/2,0g (M = Mg, Ni, Zn)

crystal space band gap surface area O, evolutionrate quantum yield
photocatalysts  structure group lattice parameters (A) (eVv) (m?/g) (umol/h) (%)
MgsV20g orthorhombic  Abam a=8.329(5),b = 11.453(5)c = 6.071(3) 3.02 0.6 3.6 0.23
Ni3V20g orthorhombic ~ Abam a=8.241(3)b=11.411(10)c = 5.941(2) 2.25 0.8 0 0
Zn3V,0g orthorhombic  Abam a=8.306 (1)b=11.540(1)c=6.117(1) 2.92 0.5 10.2 0.64

1, the surface areas of M\g,0s and ZrV,Og are very close.
Therefore, we may conclude that the évolution rate of
ZmV,Og is intrinsically higher than that of Mgy ;Og. In this

and occupation factof8,;2® the electronic structures of
M3V,0s (M = Mg, Ni, Zn) were calculated by the plane-
wave-density function theory (DFT) using the CASTEP

sense, it is expected that the activities of the presentprogram package. Figure 63kali,c,c shows the calculated
photocatalysts can be improved significantly if the materials band structures and projected total density of states (DOS)

are synthesized by means of chemical methods (e.g-, sol
gel) so as to obtain large surface areas.

A dark test with ZBV,0Og showed that no @was evolved
when the irradiation light was turned off. The wavelength
dependence of £evolution performed with ZgV,0g using
a series of cutoff filters is shown in Figure 5. It is consistent
with the UV—vis diffuse reflectance spectrum. All these
results confirmed that the JQevolution was inherently the
result of a photocatalytic reaction. It should be pointed out
that the gradual decrease of €volution rate with increase
of irradiation time was probably due to the shielding effect

for MgsV,0s, Ni3V,0g, and ZnV,0s, respectively. We can
see that the conduction bands (CBs) of all three compounds
are primarily comprised of the empty V 3d orbitals (the t
state in a tetrahedral field) and some contributions from the
empty Ni 3d or Zn 4s orbitals with respect to the type of
M?2* cations. For ZgV,Os, the involvement of the empty
Zn 4s orbitals reduces the CB bottom of;¥nOs to a lower
potential level than that of M ,Og. This is probably one

of the reasons that the band gap ot¥s0g is smaller than
that of MgV ,Os. For the case of NV,0s, the split Ni 3d
orbitals—the occupied ¢ + big) states and the emptydo

by more and more metallic silver reduced on the catalyst state—in the octahedral crystal field are supposed to play an

surface from the AgN®@ solution during photocatalytic
reactions'®

Photocatalytic Hevolution from aqueous methanol solu-
tion was also performed over the Pt (0.2 wt %)X#Og (M
= Mg, Ni, Zn) powder samples. The experimental conditions
for H, evolution have been described elsewtérbio H,

important role in determining the electronic structtfrErom
Figure 6b,h we can see that the CB bottom of3MpOg
determined by the empty Ni 3d orbitals is much lower than
those of not only MgV ,Og but also ZRV,0s. As mentioned
previously, the CB bottoms of all the three compounds are
suggested to be located below the potential level fer H

evolution was obtained over any studied photocatalysts underevolution because nozjtould be evolved over Pt (0.2 wt

both UV and visible light irradiations. It implies that the
potential levels of the conduction band bottoms might not
be suitable for H evolution. The aforementioned photo-
physical and photocatalytic properties will be discussed in
connection with the theoretically calculated energy band
structures.

Energy Band Structures. The previously mentioned

%)/M3V,Og under either UV or visible light irradiation. It
should be pointed out that the CB bottom o§¥iOg might
even be lower than that for reducing the sacrificial reagent
Ag® (AgNOs) to Ag by the photoinduced electrons, and
simultaneously, the process for oxidatingQHto evolve Q

by the photoinduced holes is suppressed. As a resgW ;8
shows no activity for @ evolution, although the potential

experimental results are summarized in Table 1. We can sedevel of O 2p orbitals is positive sufficiently. According to

that, although MV.0s (M = Mg, Ni, Zn) have the same
crystal structure, their photocatalytic activities gf&olution
are quite different. It is well-known that, in addition to the

the ligand field theory (LFT5/ the split energy of 3d orbitals
in a tetrahedral crystal field is usually about half of that in
an octahedral crystal field for a given transition metal, so

crystal structure, the electronic structure of a semiconductorthe higher energy state of the split 3d orbitals in a tetrahedral

material usually plays a dominant role in its functional
properties such as photocatalytic activity. With the crystal

crystal field usually lies at a lower potential level. This is
probably the crucial reason that thesWOs (M = Mg, Ni,

data as summarized in Table 1 and the atomic coordinatesZn) containing VQ tetrahedra are not able to evolve éven

—_ =
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o S
2 5
(] [e]
.e >
2 i
o (@)
< (|
390 420 450 480 510

Wavelength (nm)

Figure 5. Wavelength dependence of @volution from aqueous AgNO
(5 mmol) solution suspended with the XfOg powder catalyst (0.5 g),

under UV light irradiation.

The valence band (VB) structures ofsWhOg are quite
different. The VB of MgV ,Og is mainly composed of O 2p
and the occupied V 3d orbitals (the e state in a tetrahedral
field), whereas the VB of Z§V,0g is composed of not only
O 2p and the occupied V 3d orbitals (the e state) but also
the fully filled Zn 3d orbital. As Zn 3d is below O 2p, their
hybridization does not shift the VB top upward so much and
thus has almost no contribution to narrowing the band gap
of Zn3V,0s. Nevertheless, the hybridization of Zn 3d and O

(25) Wang, D.; Zou, Z.; Ye, Chem. Mater2005 17, 3255.
(26) Wang, D.; Zou, Z.; Ye, Chem. Phys. LetR005 411, 285.

showing good consistency with the absorption spectrum. Reaction time: 5 (27) Schriver, D. F.; Atkins, P.; Langford, C. thorganic Chemistry2nd
h.

ed.; W. H. Freeman: New York, 1994.
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Figure 6. Band structures and projected total density of states (DOS) for
(a and § MgsV,0g, (b and b) NizV,0g, and (c and ¢ Zn3V,0s. The
potential level of the Mg 2p orbitals is abot40 eV, which is not shown

in the figure. See text for details.
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Figure 7. Schematic band structures ofsWbOg (M = Mg, Ni, Zn). The

Zn 3d and O 2p orbitals are hybridized to form the VB of;¥p0g. The

Mg 2p is located far below the O 2p orbitals, without contribution to the
VB of Mg3V20s. The split Ni 3d orbitals are inserted between O 2p and
the empty V 3d orbitals of NV,Og, over which no Q is able to evolve.
The CBs are mainly composed of the empty V 3d orbitals and some
contribution from Ni 3d or Zn 4s orbitals with respect to the type ¢f'M
cations. The CB bottom levels are more positive than the potential level of
H> evolution.

requires a relatively large overpotential). The calculated band
gaps of MV,0g are in the order of Mgy/,0g > ZnzV,0g >
NizV,0s, being consistent with those estimated from the
UV —vis diffuse reflectance spectra as shown in Figure 3.
As the Zn 3d and Ni 3d orbitals are strongly hybridized with
the O 2p orbitals, we can deduce that the-Zhand Ni~O
bonds are mainly covalent in the Zg@nd NiQ; octahedra.
On the contrary, the Mg 2p orbitals lie far below the O 2p
orbitals (c.a.—40 eV, not shown in Figure 6d)aand have

no contribution to the valence band. It indicates that the
Mg—O0 bond is mainly ionic in the Mgg@octahedron. The
different bond properties of MgO, Ni—O, and Zr-O can

2p orbitals increases the density of states as well as the widthye attributed to their different electronegativities. On the basis
of valence band. As a consequence, the mobility of photo- of the experimental and theoretically calculated results, the

induced holes and hence the, @volution activity for
Zn3V,0g is promoted in comparison with that for M\,Os,
of which the VB is mainly composed of the more localized
O 2p orbitals. For N)V2Os, the occupied Ni 3d g + by

energy band structures of M,Og (M = Mg, Ni, Zn) are
proposed and schematically illustrated in Figure 7.

As mentioned previously, the substitution of Mcations
with different electronic states (Mg 2p# Ni?*: 3d®; and

orbitals in the octahedral field are located at a more negative z2+: 319 in the octahedral field significantly influences

position above O 2p. The excitation of photoinduced
electrons from O 2p to the empty Ni 3dgmrbitals accounts
for the main absorption at550 nm 2.25 eV), whereas
the transition from the occupied Ni 3a{t- byg) orbitals to
the empty Ni 3d ky, orbitals is supposed to correspond to

the additional absorption hump with an extrapolated absorp-

tion edge at~950 nm (1.3 eV) (see Figure 3). Thermo-
dynamically, the potential levels of both the O 2p and the
occupied Ni 3d @y + big) orbitals might be positive enough
for oxidation of water to form @ In practice, however, no
O, evolution was observed over §M,0s. As mentioned

the electronic structures and thus the photophysical and
photocatalytic properties of .05 (M = Mg, Ni, Zn). The
role of d electron states in defining the electronic properties
of several IFVI semiconductors has been extensively
discussed by Wei and Zung&They have concluded that
the p—d hybridization lifts the top edge of the valence band
upward without affecting the bottom edge of the conduction
band. Sampath et &.have studied the electronic structure
of ZnGa0, by means of the self-consistent tight-binding
linearized muffin-tin orbital method with the atomic sphere
approximation. It also shows that the hybridization of Zn

previously, the most important reason is that the CB bottom 34 \jth the O 2p orbitals shifts the valence band edge

of NizV,Og determined by the empty Ni 3dxporbitals is
too low to reduce the sacrificial reagent AgAgNO;) to

upward. Recently, Kato et al. have reported a water splitting
photocatalyst AgM®@ (M = Nb, Ta), in which the Ag 4d

Ag by the photoinduced electrons. The other reason is theyng o 2p orbitals are hybridized to form the valence band

kinetic limitation (i.e., the reaction for evolving one molecule
0O, usually involves a four-hole oxidation of wat&rwhich

(28) Konta, R.; Ishii, T.; Kato, H.; Kudo, AJ. Phys. Chem. B004 108,
8992.

at a more negative level than O ¥p.

(29) Wei, S. H.; Zunger, APhys. Re. 1988 B37, 8958.
(30) Sampath, S. K.; Kanhere, D. G.; Pandey, R].®Phys.: Condens.
Matter 1999 11, 3635.
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The present study and those reported previgsly
demonstrate that, depending on the crystal structure,-tige p
orbital hybridization between © and the metal ions (e.g.,
Zn?" and Ag") with the d° configuration plays versatile roles
in, for instance, narrowing of the band gap, shifting of the

Wang et al.

different electron states play a significant role in the
electronic structures and photophysical and photocatalytic
properties of MV,0s (M = Mg, Ni, Zn). The energy band
structures theoretically calculated by the plane-wave-density
function theory (DFT) show that the Zn 3d and O 2p orbitals

band edges, or broadening of the bandwidth. Apparently, theare hybridized to construct the valence band o0§\ZfDs,

different photocatalytic activities of £evolution are closely
related to the different electronic structures of\MOg (M
= Mg, Ni, Zn).

Conclusions

The MgV,0g (M = Mg, Ni, Zn) compounds crystallized
in an orthorhombic system with the space group of Abam
have been found to be a novel series of visible-light-driven
photocatalysts for @ evolution. The Mt cations with

(31) Kato, H.; Kobayashi, H.; Kudo, Al. Phys. Chem. B002 106, 12441.

whereas the Mg 2p orbitals are not involved in the valence
band of MgV ,Os. For NisV20s, the split Ni 3d orbitals are
inserted between O 2p and V 3d orbitals. The hybridization
of Zn 3d with O 2p orbitals favors the mobility of
photoexcited holes in the valence band and thus promotes
the O evolution activity for ZrV,0s. The present study
suggests that the-pd hybridization effect (e.g, O 2p and
Zn 3d) can be utilized by incorporating metal cations (e.g.,
Zn?") with the d° configuration in designing oxide semi-
conductors with improved photocatalytic activities.
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