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Two vanadates, Ag2Sr(VO3)4 and Sr(VO3)2, have been studied 

as visible-light-driven water oxidation photoctalysts with the 

help of density-functional theory calculations. Our 

computational results for density of states and partial charge 

densities implied that Ag2Sr(VO3)4 and Sr(VO3)2 possess 

desirable electronic structures for water oxidation reaction, 

i.e., the valence band (VB) maximum of Ag2Sr(VO3)4 consists 

of multiple orbitals of Ag d and O p, while Sr(VO3)2 has a 

broad VB associated with oxygen non-bonding states. We 

have experimentally demonstrated that these vanadates 

efficiently oxidize water to O2 under irradiation of visible 

light in the presence of the sacrificial agent.  

For decades, photocatalysis has attracted more attention because of 

its great potential in converting solar energy into chemical fuels 

and/or in degradation of pollutants.1-3 Among a series of applications, 

solar-light-driven water splitting has gained in importance as an 

ultimate solution to the current global energy crisis.4-6 In order to 

realize direct water splitting by solar light using heterogeneous 

photocatalysts, suitable band gaps and band edge positions with 

respect to the water redox potentials are prerequisites. However, it is 

difficult to find a semiconductor with both of proper light absorption 

and high water splitting efficiency because narrow band-gap 

semiconductors can hardly provide sufficiently high redox energy to 

reduce and oxidize water simultaneously.7, 8 As a result, separating the 

water splitting reaction in terms of two half-reactions, water 

reduction and water oxidation, is widely used to study the mechanism 

for the further development of overall water splitting photocatalyst.9, 

10 

A number of visible light responsive water oxidation photocatalysts 

have been previously reported, such as BiVO4
11, 12 and Ag3PO4.13-15 

Detailed experimental- and theoretical studies were also carried out 

to understand the mechanism of their high water-oxidation 

activities.14-16 The electronic structures in BiVO4 and Ag3PO4 result in 

small effective masses of carriers which are advantageous for the 

carrier migration and photocatalytic reactions on the surface.17, 18 In 

addition, the high performance of Ag3PO4 is partly attributed to the 

character of valence band maximum (VBM), with which hole carriers 

are mediated. In Ag3PO4, the VBM consists both of Ag d- and O p 

orbitals, and it is expected to provide a desirable platform for hole 

transportation through hopping process between Ag- and O atoms. In 

fact, mixing cation- and anion-originating states at VBM is a design 

principle for p-type semiconductors.19 It was also found that oxygen 

vacancies (VO), which are usually a source for n-type conductivity and 

eliminate hole carriers, if formed, are not a predominant defect in 

Ag3PO4
20 possibly because of the covalent nature in a PO4 

tetrahedra.17 Hence we expect that an acid ligand such as VO4
3- can 

also suppress the formation of VO. For the above two reasons, we paid 

attention to Ag2Sr(VO3)4 as a promising photocatalyst. Moreover, 

incorporation of Sr is expected to be beneficial for increasing in 

Madelung energy and stabilizing the silver-based oxides which are 

sensitive to photo-corrosion. We have also investigated the 

photocatalytic activity of Sr(VO3)2 for a comparison. Note that both 

Ag2Sr(VO3)4 and Sr(VO3)2 are unexplored materials for photocatalytic 

water oxidation reaction.  

According to a common observation of silver-based oxides, 

Ag2Sr(VO3)4 is expected to possess a similar electronic structure with 

that of Ag3PO4, that is, its VBM  consists both of Ag d- and O p states. 

The cation-anion hybrid nature of the VBM benefits the migration of 

photo-generated holes and may result in a possible activity of water 

oxidation. Sr(VO3)2 should have a totally different VBM because of the 

absence of silver atom. Interestingly, we have found that Sr(VO3)2 has 

a very high density of states at the VBM consisting of O non-bonding 

states forming a broad band, which can contribute to high 

performance in water oxidation reaction. To validate our theoretical 

implication, Ag2Sr(VO3)4 and Sr(VO3)2 were synthesized by solid state 

reactions.21 The photocatalytic O2 evolution experiments showed that 

Ag2Sr(VO3)4 and Sr(VO3)2 efficiently oxidize water into O2 in the 

presence of  sacrificial agent.  
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Figure 1. Schematic crystal structures of Ag2Sr(VO3)4 and Sr(VO3)2. 

Figure 1 presents schematic crystal structures of Ag2Sr(VO3)4 and 

Sr(VO3)2. Ag2Sr(VO3)4 has a tetragonal structure with the space group 

of P4/nbm, while Sr(VO3)2 crystallizes in an orthorhombic system with 

the space group of Pnma. Lattice parameters of these vanadates are 

listed in Table 1. Both of Ag2Sr(VO3)4 and Sr(VO3)2 contain the same 

(VO4) tetrahedron structures. 

 
Figure 2. Total- and local density of states for (a) Ag3PO4, (b) Ag2Sr(VO3)4 and (c) 

Sr(VO3)2. The insets in (a), (b), and (c) shows the corresponding VBM 

distributions. (d) Bond diagram of molecular orbitals for Ag3PO4, Ag2Sr(VO3)4 and 

Sr(VO3)2. 

Table 1. Lattice parameters for Ag3PO4, Ag2Sr(VO3)4, and Sr(VO3)2 

determined by our DFT calculations.  

Materials  a (Å) b (Å) c (Å) 

Ag3PO4 
Theory 6.00 6.00 6.00 

Experimenta 6.00 6.00 6.00 

Ag2Sr(VO3)4 
Theory 10.44 10.44 4.92 

Experimentb 10.6284(3) 10.6284(3) 4.9803(1) 

Sr(VO3)2 
Theory 9.60 3.62 12.47 

Experimentc 9.6740(1) 3.6847(1) 12.5614(2) 
a Reference 22 
b This work, wRp = 0.0508, Rp = 0.0372 
c This work, wRp = 0.0599, Rp = 0.0421 

Figure 2b shows density of states for Ag2Sr(VO3)4. As expected, the 

VBM is composed of multiple states of Ag d, O p, and V d. However, 

because of the strong d-character of Ag d state, the VBM in 

Ag2Sr(VO3)4 consists of a narrow band, which is different from the 

broad band observed in the case of Ag3PO4 (Figure 2a). One structural 

difference between Ag2Sr(VO3)4 and Ag3PO4 is in the coordination 

number of Ag atoms, i.e. Ag is 6-fold in Ag2Sr(VO3)4, while it is 4-fold 

in Ag3PO4. This leads to the different d-character at the VBM as shown 

in the insets of Figure 2a and 2b, and schematically illustrated in Fig. 

2d. The presence of Sr atoms, which have a large ionic radius, might 

also cause the isolation of Ag atoms inhibiting Ag d - O p 

hybridization. These are the major reasons for the formation of the 

undesirable narrow band at the VBM of Ag2Sr(VO3)4. Hence, although 

one can expect that the oxidation reaction occurs on Ag2Sr(VO3)4, its 

performance is not as high as that of Ag3PO4 as evidenced in our 

experiments discussed below. In Sr(VO3)2, some of O atoms are 2-fold, 

leading to the formation of abundant O non-bonding states near the 

VBM. The O non-bonding states are widely distributed as shown in 

the inset of Fig. 2c, contributing to the formation of a broad valence 

band (Fig. 2c). The difference in the bond formation among the three 

compounds is summarized in Figure 2d. It is likely that the formation 

of a broad abrupt band as well as the cation-anion mixed character at 

the VBM is an important materials-design principle for photocatalytic 

oxidation reactions.  

  

Figure 3. p-XRD patterns of the as-prepared (a) Ag2Sr(VO3)4 and (b) Sr(VO3)2 

compared with the standard patterns. 

Figure 3a and 3b present the powder X-ray diffraction (p-XRD) 

patterns of the as-prepared Ag2Sr(VO3)4 and Sr(VO3)2. All the 

observed diffraction peak positions of Ag2Sr(VO3)4 and Sr(VO3)2 were 

respectively consistent with the standard p-XRD profiles in JCPDS 

database for Ag2Sr(VO3)4 and Sr(VO3)2 (JCPDS-056-0127 for 

Ag2Sr(VO3)4, P4/nbm, a = 10.6257 Å, b = 10.6257 Å, c = 4.9793 Å; 
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JCPDS-085-2440 for Sr(VO3)2, Pnma, a = 9.6660 Å, b = 3.6808 Å, c = 

12.5290 Å), showing that the as-prepared samples were crystalized in 

single phases. Detailed rietveld refinements were also carried out to 

analyse the crystal structures of the as-prepared samples. The 

calculated patterns match our experimental data well, giving more 

evidence that the samples were well crystalized in single phase (as 

shown in Table 1, Fig S1 and S2).  

  

Figure 4. (a) UV-Vis absorption spectra of the as-prepared Ag2Sr(VO3)4 and 

Sr(VO3)2 samples. (b) Tauc plot of Ag2Sr(VO3)4 and Sr(VO3)2. 

The ultraviolet-visible (UV-Vis) absorption spectra of as-prepared 

Ag2Sr(VO3)4 and Sr(VO3)2 are shown in Figure 4a. Both of Ag2Sr(VO3)4 

and Sr(VO3)2 samples exhibit steep absorption edges with the 

wavelengths longer than 400 nm, suggesting that the materials can 

absorb visible light. The detailed the Tauc plots are presented in 

Figure 4b.23 The band gaps of Ag2Sr(VO3)4 and Sr(VO3)2 are 

determined as 2.4 and 2.7 eV, respectively. It was noticed that a 

absorption tail was observed from Ag2Sr(VO3)4. This absorption is 

possibly caused by a small amount of metallic Ag, which is a normally 

detected by-product in the solid state synthesis of Ag based materials. 

In the X-ray photoelectron spectrum (XPS) of fresh Ag2Sr(VO3)4 (as 

shown in Fig S6), both of Ag 3d5/2 and 3d3/2 peaks have small 

shoulder peaks with higher binding energy, which means metallic Ag 

exists on the Ag2Sr(VO3)4 surface.24 

  

Figure 5. (a) Photocatalytic O2 evolution from aqueous Ce(SO4)2 solution (270 mL 

of distilled water + 3 mmol of Ce(SO4)2) over the as-prepared Ag2Sr(VO3)4 or 

Sr(VO3)2  samples (0.3 g) under the irradiation of visible light (λ > 400 nm, 300 W 

Xe arc lamp with L42 cut-off filter). (b) Wavelength dependence of O2 evolution 

from aqueous Ce(SO4)2 solution containing the Sr(VO3)2 catalyst, showing good 

consistency with the absorption spectrum (reaction time: 3 h).  

The photocatalytic O2 evolution experiments over Ag2Sr(VO3)4 or 

Sr(VO3)2 were firstly carried out by using AgNO3 as sacrificial reagent, 

in which almost no O2 was detected. The samples changed color into 

brown-red after the experiments, and the p-XRD showed AgVO3 was 

formed (as shown in Fig S4). In previous reports, AgVO3 showed 

almost no water oxidation activity when AgNO3 was used as a 

sacrificial agent.25 To avoid the formation of AgVO3, other sacrificial 

agents, such as Ce(SO4)2 and NaIO3 were employed as substitutes. 

The O2 evolution from aqueous Ce(SO4)2 solution (3 mmol Ce(SO4)2 + 

270 mL H2O) containing 0.3 g of powder catalysts under the irradiation 

of visible light (λ > 400 nm, Xe arc lamp with L42 cut-off filter) is 

presented in Figure 5(a). O2 gas continuously evolved over 

Ag2Sr(VO3)4 or Sr(VO3)2 for 8 hours. The O2-evolution rates were 8.1 

μmol·h-1 and 12 μmol·h-1 over Ag2Sr(VO3)4 and Sr(VO3)2, respectively. 

It should be pointed out that the gradual decrease in O2-evolution rate 

with increase in irradiation time was probably due to the surface 

reformation because the vanadate catalysts are slightly dissolvable in 

water. The XPS of Ag2Sr(VO3)4 sample shows the Ag 3d5/2 and 3d3/2 

peaks become broader and shift to higher binding energy after O2 

evolution experiment, showing the formation of metallic Ag in the 

surface region (as shown in Fig. S6). However, after O2 evolution, the 

samples exhibited no obvious changes in crystal structure (XRD 

patterns shown in Fig. S4 and Raman spectra shown in Fig. S8). Thus, 

the reformation should take place only in the surface region and the 

photocatalyst exhibits stable water oxidation activity in the long-term 

experiment (as shown in fig S7). 

To confirm whether O2 was generated by photocatalysis, reference 

experiments were carried out over the as-prepared vanadate 

catalysts. Dark experiments on Ag2Sr(VO3)4 or Sr(VO3)2 showed no O2 

evolution when the irradiation light was off. Moreover, no O2 gas was 

detected in the case that the aqueous Ce(SO4)2 solution was irradiated 

by visible light. The wavelength dependence of O2 evolution 

performed with Sr(VO3)2 using a series of filters was measured and is 

shown in Figure 5b. The O2-evolution rates under the irradiation of 

different wavelength light are consistent with the absorption 

spectrum. All these results support that the O2 evolution was 

attributed to photocatalytic water oxidation.  

The photocatalytic water oxidation experiments over Ag2Sr(VO3)4 and 

Sr(VO3)2 presented good consistency with the result from theoretical 

calculation. Both of them can successfully oxidize water into O2 in the 

present of sacrificial reagent. The difference in the photocatalytic 

activity between Ag2Sr(VO3)4 and Sr(VO3)2 is probably attributed to 

their different electronic structures which is discussed in the previous 

section. 

Table 2. The band gaps, surface areas, and photocatalytic O2 evolution rates 

over Ag2Sr(VO3)4 and Sr(VO3)2. 

 Band gap 

(eV) 

Surface area 

(m2·g-1) 

O2 evolution rate 

(μmol·h-1) 

Ag2Sr(VO3)4 2.4 1.2 8.1 

Sr(VO3)2 2.7 1.6 12 

 

In conclusion, to find new visible-light-sensitive photocatalysts, we 

theoretically studied the electronic structures of Ag2Sr(VO3)4 and 

Sr(VO3)2. The CBM and VBM of Ag2Sr(VO3)4 and Sr(VO3)2 provide 

favorable electronic structures for efficient migration of photo-

generated charge carriers. Experimental results showed that 

Ag2Sr(VO3)4 and Sr(VO3)2 can oxidize water into O2 in the presence of  

sacrificial reagent at the O2-evolution rates of 8.1 and 12 μmol·h-1, 

respectively. The improved photocatalytic O2-evolution over 

Ag2Sr(VO3)4 and Sr(VO3)2 is consistent with the theoretical implication.  
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