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Ag9(SiO4)2NO3 was prepared by a reactive flux method. The structures, morphol-

ogies, and light absorption properties were investigated. Owing to the polar crystal

structure, an internal electric field can be formed inside the material, which can

facilitate the photogenerated charge separation during the photocatalytic process.

Based on both the wide light absorption spectra and high charge separation efficiency

originated from the polarized internal electric field, Ag9(SiO4)2NO3 exhibit higher

efficiency over Ag3PO4 during the degradation of organic dyes under visible light

irradiation, which is expected to be a potential material for solar energy harvest

and conversion. C 2015 Author(s). All article content, except where otherwise

noted, is licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4928595]

Photocatalysis has attracted increasing interests because of its potential applications to solve

energy crisis and environmental pollutions by directly utilizing the natural solar energy. Great efforts

have been made and various photocatalysts have been explored in the past forty years.1–8 However, the

photocatalytic efficiency is still greatly limited by the poor response to visible light and the low sepa-

ration efficiency of photogenerated charge carriers. Therefore, the exploration of new photocatalysts

with enhanced efficiencies has emerged as an urgent and challenging task in the field of photocatalysis.

Among the various photocatalysts, Ag-based photocatalyst is one of the most attractive candi-

dates with excellent visible light absorptions and high photocatalytic activities. Due to the unique d10

electronic configurations of Ag+ ions, they can take part in the composition and hybridization of the

energy band in almost all the Ag-based compounds, which is beneficial to adjust the bandgap and light

absorption properties of materials.9–13 Additionally, part of the Ag+ ions can be easily reduced into

Ag nanoparticles under light irradiation, which can intensively increase the visible light absorption

due to the localized surface plasmon resonance effects (LSPRs) of Ag nanoparticles and enhance

the photocatalytic performances.14 Up to now, various Ag-based photocatalysts have been reported,

such as Ag@AgX (X==Cl, Br, I), Ag3PO4, Ag2CO3, Ag3AsO4,
15–20 and their exceptional visible

light absorption, and excellent photocatalytic properties have been extensively investigated and

demonstrated.

In order to further improve the photogenerated charge separation efficiency, many strategies have

also been developed, e.g., doping, heterostructures, and modification with noble metal nanoparti-

cles Different from these traditional strategies, recently, our investigations on polar photocatalysts,

e.g., BiOIO3, Ag6Si2O7, Bi2O2[BO2(OH)], revealed that internal electric fields originated from the

special crystal structures of polar materials could be another possible method to further facilitate the

photogenerated charge separation.21–23 Due to the existence of polarized construction units, such as

IO3, BO2(OH), or distorted SiO4 tetrahedra, inside these polar photocatalysts, a strong electric field

could be established all through the interior of the materials, which could drive the photogenerated
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FIG. 1. XRD patterns of as-prepared sample Ag9(SiO4)2NO3.

electrons and holes to move oppositely and separate. Combining the unique photon energy harvesting

properties of Ag-based compounds and the efficient charge separation of polar materials, Ag-based

compounds with polar crystal structures could be potential candidates for high reactive photocatalysts

with both strong visible light absorption and high electron-hole separation efficiencies.

Ag9(SiO4)2NO3 has a triclinic crystal structure constructed by separated single SiO4 tetrahedra

and NO3 polyhedra coordinated with Ag ions. It has been reported that Ag9(SiO4)2NO3 has a narrow

band gap of 1.95 eV with a strong absorption in visible light region due to the d10-d10 interactions of the

short Ag—Ag bonds, which make it a reactive photocatalyst with strong absorptions in visible light

region.24 However, the photocatalytic oxidation mechanism and the charge separation processes are

still remain unclear. Herein, we reported the synthesis of Ag9(SiO4)2NO3 by a facile and simple flux

method. The crystal structures, morphologies, and photocatalytic properties have been investigated.

Based on the analysis about polar crystal structure of Ag9(SiO4)2NO3, a mechanism was proposed to

explain the charge separation process. And the high photocatalytic activity of Ag9(SiO4)2NO3 can be

ascribed to both the intensive visible light absorption and efficient charge separation originated from

the internal electric field generated by the non-centrosymmetric triclinic polar crystal structure.

The XRD pattern of as-prepared sample was shown in Fig. 1. From this figure, we can find all the

peaks can be indexed to the triclinic Ag9 (SiO4)2NO3 (JCPDS No. 78-1250) without the appearance of

any other impurities. The morphologies of as-prepared samples were characterized by scanning elect-

ron microscopy (SEM) as shown in Fig. 2. The as-prepared sample exhibits flower-like morphology

comprised of nanosheets with irregular shapes (see Fig. 2(a)). For a closer observation, the sheet-like

building blocks with smooth surfaces are of about 100-200 nm in width, 400-700 nm in length, and

FIG. 2. SEM images of Ag9(SiO4)2NO3.
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FIG. 3. (a) Diffused reflectance spectra and (b) the band-edge potentials of Ag9(SiO4)2NO3. The inset of (a) is the (αhν)2

versus hν plot.

with thickness of about 20-50 nm (see Fig. 2(b)). Some small nanoparticles can be observed on the

surface of the nanosheets, which could be probably silver nanoparticles formed by the reduction of

Ag+ in Ag9(SiO4)2NO3 under the irradiation of high energy electron beam during the SEM character-

ization, which is commonly observed in Ag containing compounds. The crystallite size of as-prepared

Ag9(SiO4)2NO3 is estimated to be 22.26 nm calculated following Scherrer formula, which is quite

close to the measured thickness of Ag9(SiO4)2NO3.

The reddish brown Ag9(SiO4)2NO3 powder is expected to be able to harvest visible light photon

energies. As shown in the diffused reflectance spectra in Fig. 3, Ag9(SiO4)2NO3 exhibit a strong light

absorption in visible-light region. And the band gap of as-prepared Ag9(SiO4)2NO3 is estimated to

be 1.93 eV according to the (αhν)2 versus hν plot shown in the inset of Fig. 3(a). Conduction band

(CB) and valence band (VB) positions of Ag9(SiO4)2NO3 were also calculated following the empirical

equation: EVB = χ − Ee + 0.5Eg . Details about the CB and VB calculations have been provided in

the supplementary material.25 And the estimated CB and VB band edges of Ag9(SiO4)2NO3 are 0.47

and 2.37 eV vs NHE (normal hydrogen electrode) as shown in Fig. 3(b), respectively, which indicate

it can be used as oxidative photocatalyst.

In order to investigate the photocatalytic activity, Ag9(SiO4)2NO3 was evaluated by the photo-

degradation of organic dyes and O2 production under visible light irradiation (λ > 420 nm). For

comparison, Ag3PO4, known as an efficient visible light driven photocatalyst, was chosen as a

reference. As shown in Fig. 4(a), the RhB dye solution can be almost completely bleached by

Ag9(SiO4)2NO3 in 12 min (97%), whilst only 53% of RhB dye can be degraded within the same

period by Ag3PO4. Similar results were also observed during the degradation of MB (Methylene

blue) and MO (Methyl orange) dyes as shown in Fig. S1 of the supplementary material.25 To verify

the degradation of RhB dye molecules during the photocatalytic process, the total organic carbon

(TOC) and inorganic carbon (IC) of RhB solution was measured over Ag9(SiO4)2NO3. As shown

in Fig. 4(b), the TOC decreased from 15.52 ppm to 9.625 ppm, whilst the IC increased from 0.165

ppm to 7.61 ppm, which indicate the organic RhB dye molecules have been degraded into inorganic

CO2 during the photocatalytic process. Although the color of the RhB aqueous solution has been

bleached, there is still some organic species in the solution according to the TOC measurement. This

could be due to the intermediate products formed during the degradation of RhB dye molecules,

which can be completely degraded by prolonging the photocatalytic reaction time.

The major reactive species of Ag9(SiO4)2NO3 during the photocatalytic degradation of RhB

were determined by radical-trapping experiments by employing Na2EDTA (a hole scavenger),

AgNO3 (an electron scavenger), and tert-butanol (an ·OH radical scavenger) under identical condi-

tions. As shown in Fig. 4(c), the degradation rates slightly changes in presence of AgNO3 and

tert-butanol, suggesting the electrons and ·OH radicals are not the main reactive species during the

photodegradation of RhB dye molecules. However, in presence of Na2EDTA, the photocatalytic ac-

tivity of Ag9(SiO4)2NO3 completely disappeared, indicating the photogenerated holes are the major

reactive species during RhB degradation.
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FIG. 4. Photodegradation of (a) RhB dye solutions over Ag9(SiO4)2NO3 and Ag3PO4, (b) the TOC and IC change

during the photocatalytic experiments, (c) photodegradation of RhB in presence of Na2EDTA, AgNO3, and tert-butanol,

(d) photocatalytic O2 production from water under visible light irradiation (λ > 420 nm).

During the photocatalytic O2-production experiments as shown in Fig. 4(d), Ag9(SiO4)2NO3

exhibit similar photocatalytic activity under visible light irradiation with Ag3PO4, which is regarded

as one of the most reactive photocatalyst for O2 evolution. Similar as the other Ag containing photo-

catalysts, the stability of Ag9(SiO4)2NO3 is relatively poor. As shown in the recycled photocatalytic

experiments in Fig. S4 of the supplementary material,25 97% of RhB dye can be degraded in 12 min

for the first run, but only 54% can be degraded in the same period for the second run. And the

color of the samples turns from reddish brown to black, which could be ascribed to the formation

of Ag nanoparticles formed by the photoreduction of Ag+ originated from the partly dissolution of

Ag9(SiO4)2NO3 in water and blocked the light absorption. This assumption can be later approved by

that the color of Ag9(SiO4)2NO3 did not change in air without any protections even after one month,

indicating Ag nanoparticles are formed by the reduction of Ag+ ions dissolved in water. Further

investigations on the stability of the samples are also needed.

The good photocatalytic performance of as prepared Ag9(SiO4)2NO3 could be attributed to its

special morphology and smaller band gap comparing to Ag3PO4. The band gap of Ag9(SiO4)2NO3

is 1.93 eV, which is much smaller than that of Ag3PO4 (about 2.4 eV); thus it can absorb more

photon energies and generate more electron-hole pairs. The BET surface area of Ag9(SiO4)2NO3

is 34.83 m2/g, which is much larger than that of Ag3PO4 (4.41 m2/g). However, further investi-

gations indicate the surface areas of Ag9(SiO4)2NO3 could have little effect on its photocatalytic

performances. As shown in Fig. S3 of the supplementary material,25 Ag9(SiO4)2NO3 samples with

different BET surface areas prepared with different reaction times exhibit similar photocatalytic

activity, which indicates the contribution of the larger BET surface area of Ag9(SiO4)2NO3 could be

excluded. Another factor that can contribute to the higher photocatalytic activity could be attributed

to the polar crystal structure of Ag9(SiO4)2NO3, which can generate an internal electric field inside

the material and facilitate the photogenerated charge separation. Ag9(SiO4)2NO3 has an asymmetric

polar crystal structure belongs to the space group of P1 as shown in Fig. 5. However, its crystal

structure is centrosymmetric regardless of the existence of NO3
− groups in the material, which

indicates the polarization inside the material is originated from NO3
− groups in Ag9(SiO4)2NO3.

Based on the bond-valence model, the dipole moment of NO3
− in one crystal cell is calculated to be
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FIG. 5. The crystal structure and possible photocatalytic mechanism schematic diagram of Ag9(SiO4)2NO3. E is the internal

electric field caused by polar crystal structure, and E
′ is the part along direction of one Ag—O bond.

about 159 D (see the supplementary material25), thus can generate an internal electric field along the

direction as shown in Fig. 5. This assumption was soon verified by exciton lifetime measurements.

As shown in Fig. S5,25 the fluorescence lifetime of Ag9(SiO4)2NO3 is 2.6335 ns, which is longer

than that of Ag3PO4 (1.8390 ns), indicates the charge separation efficiency in Ag9(SiO4)2NO3 is

higher.

Based on the above results and discussions, a possible photocatalytic mechanism was proposed

as illustrated in Fig. 5. As the CB and VB of Ag9(SiO4)2NO3 are mainly consisted of O and Ag

atoms, respectively, according to the calculations (Fig. S6 of the supplementary material25), then

the photon energy is absorbed by Ag9(SiO4)2NO3 and electrons from the VB are transferred to the

CB, which can be described as electron transfer from O atoms to coordinated Ag atoms in the

material. The existence of NO3
− groups inside the material can generate internal electric fields,

and its direction is accordant with the directions that electrons and holes move, which, therefore,

can provide an additional driven force to facilitate the charge separation and result in enhanced

photocatalytic activities.

In summary, we synthesized Ag9(SiO4)2NO3 through a simple flux method. The structures and

morphologies were characterized by XRD and SEM, respectively. The as prepared Ag9(SiO4)2NO3

nanoflowers are constructed by some small nanosheets with thickness of about 20 nm. The band

gap of Ag9(SiO4)2NO3 is 1.93 eV, which can absorb visible light up to about 650 nm. Addition-

ally, due to its polar crystal structure, an internal electric field can be formed inside the materials,

which can effectively improve the photogenerated charge separation. Owing to the wide visible

light absorption and high charge separation efficiency, Ag9(SiO4)2NO3 exhibit high photocatalytic

activity during the degradation of organic dyes and O2 production under visible light irradiation

comparing to Ag3PO4, which make it an ideal material for solar energy absorption and utilization.
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