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Abstract: Photocatalytic materials are being investigated as effective bactericides due to their superior
ability to inactivate a broad range of dangerous microbes. In this study, the following two types of
bacteria were employed for bactericidal purposes: Gram-negative Escherichia coli (E. coli) and Gram-
positive Staphylococcus aureus (S. aureus). The shape, crystal structure, element percentage, and optical
properties of Ag9(SiO4)2NO3 were examined after it was successfully synthesized by a standard
mixing and grinding processing route. Bactericidal efficiency was recorded at 100% by the following
two types of light sources: solar and simulated light, with initial photocatalyst concentration of
2 µg/mL, and 97% and 95% of bactericidal activity in ultra-low photocatalyst concentration of
0.2 µg/mL by solar and simulated light, respectively, after 10 min. The survival rate was studied
for 6 min, resulting in 99.8% inhibition at the photocatalyst dose of 2 µg/mL. The mechanism of
bactericidal efficiency was found to be that the photocatalyst has high oxidation potential in the
valence band. Consequently, holes play a significant part in bactericidal efficiency.

Keywords: Ag9(SiO4)2NO3; bactericidal efficiency; survival rate; photocatalysis; solar light

1. Introduction

Pathogenic diseases in water supplies have recently become a serious medical is-
sue. It has resulted in over a million deaths worldwide [1]. Various strategies have been
implemented to sterilize water resources, including chemical treatment using chlorine.
Nevertheless, such a technique poses a significant risk and contributes to secondary pollu-
tion [2–5]. Thus, there is an urgent need to develop environmentally friendly approaches.
Photocatalysis has recently been recognized as one of the most efficient technologies for de-
veloping bactericidal surfaces capable of effectively and rapidly inactivating bacteria [6–8].
Even though TiO2 nanostructures are the most extensively employed in photocatalysis, they
are only active when exposed to UV irradiation, which represents only 4% of the sunlight
spectrum [9–15]. The development and engineering of novel photocatalytic materials have
been the topic of many publications. However, the practical applications of photocatalysis
as antibacterial surfaces and liquids are still in development. Among the many photocat-
alysts, Ag-based photocatalysts are one of the most promising alternatives due to their
strong photocatalytic activity and efficient visible light absorption [16]. Silver silicate com-
pounds undergo strongly oxidative reactions [17–19]. They have a deep valence-band site,
which means they can direct the degradation of pathogenic walls through photoinduced
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holes and hydroxyl radicals, while photoinduced electrons form super oxides. In general,
reactive oxygen species (ROS) can degrade pathogens on surfaces or in liquids. However,
lipids, proteins, and DNA can be damaged by ROS [20–22]. Nonetheless, silver-based
oxide compounds are being largely resisted due to highly photocorrosion materials [23–25].
Silver silicate, on the other hand, decomposes into silver nanoparticles, which are very
sensitive to pathogenic diseases [26–28]. Thus, silver silicate compounds are thought to be
selectively appropriate for disinfection and sterilization but not for photodegradation of
polluting chemicals or water splitting. Furthermore, it is believed that coating face mask
tissue with silver silicate will provide excellent disinfection when exposed to sunlight. Our
previous work demonstrated that Ag10Si4O13 exhibits spontaneous electronic polarization
due to the distorted tetrahedral unit (SiO4) configuration [29]. Therefore, silver silicate
compounds are expected to improve charge separation, resulting in enhanced photocataly-
sis performance. Likewise, Ag9(SiO4)2NO3 exhibits spontaneous electronic polarization
and is advantageous due to a narrow band gap [30]. In this work, we present a facile, effi-
cient, cost-effective, and practical way for the green synthesis of Ag9(SiO4)2NO3 by simply
mixing raw salts and grinding them in a moisture environment using an agate mortar.
The photocatalytic bactericidal characteristics, crystal formations, and morphologies were
systematically investigated.

2. Experimental
2.1. Synthesis

Ag9(SiO4)2NO3 was prepared by standard mixing and grinding processing route.
Typically, 4.5 mmol AgNO3 (Sigma-Aldrich Company, St. Louis, MO, USA) and 1 mmol
Na2SiO3 (Sigma-Aldrich Company) were mixed and grounded in an agate mortar for
15 min in a moisture environment until the white mixture turned deep red. The obtained
Ag9(SiO4)2NO3 was washed five times with distiller water and dried inside an oven at
60 ◦C for 24 h.

2.2. Characterization

The crystal structure and phase purity of the compounds were characterized with X-ray
diffraction (XRD, GBC, MMA) using Cu Kα radiation (λ = 1.5418 Å). Field-emission scan-
ning electron microscopy (FE-SEM, Joule-JSM-7610F) and energy dispersive spectroscopy
(EDS, Bruker, XFlash 6-10) were used to analyze the morphology and elemental analyses
of the samples. The UV–Vis absorption spectrum was obtained using Shimadzu-3600
UV–Vis spectrophotometer.

2.3. Photocatalytic Inactivation Performance

The spread plate method was used to evaluate antibacterial activity. E. coli and S. aureus
were chosen as the indicator bacteria to represent Gram-negative and Gram-positive bac-
teria, respectively. The prefabricated bacterial suspension was mixed with a solution of
Ag9(SiO4)2NO3 in deionized water (DI). The initial concentration of Ag9(SiO4)2NO3 was
2 µg/mL, with a final concentration of 0.2 µg/mL, and a bacterial concentration of
105 cfu/mL. A magnetic stirrer was used to continuously stir the mixed suspensions
at room temperature. After 10 min, the samples were cultured in sunlight. Natural sunlight
radiated from 10:00 a.m. to 13:00 p.m. on sunny days (sunlight intensity was 97 mW/cm2).
Every 2 min, 50 mL of diluent-mixed suspensions was added to agar plates (Muller Hinton
Agar HIMEDIA) and disseminated. Over 24 h, the plates were incubated at 37 ◦C. The
bacterial colonies on the plates were counted to measure bacterial efficiency. The entire
experiment was carried out under sterile conditions. The intensity of the light source (300 W
xenon short-arc lamp, toption) was 147 mW/cm2. The same method, as indicated above,
was performed using simulated light, with 15 cm distance between the simulated light and
the sample.
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2.4. Photocatalyst Mechanism

Three experiments were conducted in this process. In the first experiment, 10% vol of
AgNO3 (1 mM) (Sigma-Aldrich Company) was used as an electron scavenger, and 100 mg
of Ag9(SiO4)2NO3 was added to 100 mL of RhB (10 mg/L) (Sigma-Aldrich Company)
and stirred for 30 min in the dark. Simulated light was used to photodegrade RhB for
10 min. Secondly, 10% vol of methanol (1 Mm) (Sigma-Aldrich Company) was added as
a hole scavenger, followed by the same procedure as above. The third step is repeating
the first but without the scavenger. Finally, UV–Vis spectroscopy was used to evaluate the
decolorization of RhB.

2.5. Calculation

Cambridge Serial Total Energy Package (CASTEP) software was used to implement
the first-principle methods [31]. The exchange-correlation interaction was analyzed using
the functional method of Perdew–Burke–Ernerhof (GGA-PBE) and the relativistic treatment
of Koelling-Harmon. A plane-wave basis with cut-off energy of 500.0000 eV was used as
well as a 3 × 3 × 3 Monkhorst–Pack k-point mesh. The pseudopotential was treated using
effective core potential, assuming the system was metallic.

3. Results and Discussion

Figure 1a illustrates the powder XRD pattern of the obtained product, which can be
classified as the single phase of Ag9(SiO4)2NO3 (triclinic phase, space group P-1). The
most noticeable peaks of Ag9(SiO4)2NO3 at 31.2, 32.2, and 33.7, which correspond to the
planes (12-1), (003), and (-121), respectively, were well matched to the standard pattern
(JCPDS card no. 78–1250). There are no signs of impurities, which suggests that high
purity Ag9(SiO4)2NO3 was obtained. The morphology of the Ag9(SiO4)2NO3 is shown in
an FE-SEM image (Figure 1b), which confirmed the particle size in nanoscale and ranged in
size from 50 to 200 nm, with irregularly tending to have a sheet-like shape. It should also
be noted that several small nanoparticles are seen on the surface of the nanosheets, which
are most likely silver nanoparticles formed during SEM characterization by the reduction
of Ag+ in Ag9(SiO4)2NO3 under high-energy electron-beam irradiation, which is frequent
in Ag–sulfur compounds. To further confirm the purification of the materials, elemental
assessment was conducted (Figure 1c). The percentages of each element were 42%, 3.2%,
54%, and 0.8% for Ag, Si, O, and N, respectively, which corresponds with the compound
percentage. There was no indication of additional elements, confirming the excellent purity
of Ag9(SiO4)2NO3. The optical characteristics of the material are presented in Figure 1d.
The results clearly show full absorption in the UV–Vis range indicating that the material
exhibits excellent optical properties.

As shown in Figure 2, the tested concentrations (E. coli and S. aureus) have high
sensitivity to both simulated and solar light. After repeated dilution, the cell population
was estimated by colony counting on agar plates. Both the first two high concentrations
of 0.06 and 0.04 mg/mL were found to be 100% effective in killing Gram-positive and
Gram-negative bacteria, as shown in Figure 2a–d, under simulated and solar light. There
were three separate experiments, each of which was referred to as the “first”, “second”,
and “third” attempt; the 2 µg/mL and 0.2 µg/mL concentrations had differing bactericidal
properties. The bactericidal efficiency of E.coli and S.aureus was 99% and 97%, respectively,
at 2 µg/mL, whereas at 0.2 µg/mL, the bactericidal efficiency of E.coli and S.aureus was
97% and 97.5%, respectively. Solar light appears to be better than simulated light, which
may be because it contains the full spectrum of light.
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The survival rate vs. time was investigated at low doses of 2 µg/mL. For each kind of
bacterium, the survival rate under simulated and natural light showed identical results, as
shown in Figure 3. In the first 6 min, 99% of bacteria were killed, and the remaining germs
were killed in the next 10 min. The photographs of E.coli colonies on an agar plate after
photocatalytic bactericidal treatment with Ag9(SiO4)2NO3 are shown in Figure 4. Bacterial
survival was gradually reduced over time until it was completely removed after 10 min.
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Figure 3. Survival rates of E.coli and S.aureus in the presence of Ag9(SiO4)2NO3 in simulated and
sunlight, respectively.
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Figure 4. Photographs of E.coli colonies on an agar plate after photocatalytic bactericidal treatment
with Ag9(SiO4)2NO3 for (a) 10 min, (b) 8 min, (c) 6 min, and (d) 4 min.

According to the results, Ag9(SiO4)2NO3 demonstrates outstanding bactericidal effi-
cacy. The mechanism of bactericidal efficiency was investigated by including holes and
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electron scavenger materials, which play a key role in individually depleting electrons
and holes during the photocatalytic operation. Methanol was selected as the hole scav-
enger and AgNO3 was selected as the electron scavenger. Figure 5 demonstrates that the
photodegradation of dye was almost completely controlled by holes with little effect from
electrons, showing that the oxidation potential is responsible for photodegradation due to
Ag9(SiO4)2NO3 having a deep valence band and a high oxidation potential.
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Figure 5. Charge carrier trapping experiment, AgNO3 as electron scavenger and methanol as hole
scavenger of Ag9(SiO4)2NO3.

The conduction and valence bands of Ag9(SiO4)2NO3 were estimated using DFT to
confirm that it has high oxidation potential. The conduction and valence bands, respectively,
are 0.2 and 1.8 Ev vs. a natural hydrogen electrode (NHE). As a result, it is thought that
Ag9(SiO4)2NO3 has high oxidation potential against bacteria, and holes play a key role in
its superior bactericidal abilities. Figure 6 shows the proposed photocatalyst band structure
and a possible mechanism for photocatalysis reactions based on the DFT simulation. The
reactive radicals, particularly the holes produced by the photocatalyst due to the absorbed
photon energy, can initiate reduction/oxidation reactions on the membranes of bacterial
cells or cause perturbation within the cells, resulting in severe damage, dysfunctional
membranes, and ultimately, cell death.

In comparison with previous work, as indicated in Table 1, this work exhibits excellent
performance. The photocatalytic bactericidal treatment was performed in the short time
(10 min) and at the low concentration of 2 µg/mL. On the other hand, other silver-based
components showed a longer residence period and higher concentrations. The photocat-
alytic activity of Ag9(SiO4)2NO3 for dye degradation has been reported to be excellent [28].
Death results because the photocatalyst has a high oxidative potential, capable of destroy-
ing the bacterial walls. [28]. The photocatalyst is thought to be an excellent bactericidal
option in water or on surfaces.
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Figure 6. The photocatalytic bactericidal mechanism of Ag9(SiO4)2NO3 under sunlight.

Table 1. Comparison of the performance of Ag9(SiO4)2NO3 with other photocatalysts reported in the
literature using (E. coli).

Photocatalyst Intial
Concentration (µg/mL)

Initial Cell
Density (cfu/mL)

Final Cell
Density (cfu/mL) Light Source Time Expose (min) Ref.

Ag3PO4/TiO2 10 106.2 0 Solar light 120 [20]

Ag2O/TiO2 100 107 0 300 W Xenon arc
lamp, cutoff UV 360 [32]

Ag/ZnO/g-C3N4 50 107 0 300 W Xenon arc
lamp, cutoff UV 120 [33]

Ag deposited
phosphorus and

sulfur
co-doped g-C3N4

200 107 0 300 W Xenon arc
lamp, cutoff UV 60 [34]

Ag9(SiO4)2NO3 2 105 0 Solar light 10 This work

4. Conclusions

In this study, we reported the efficient photocatalytic inactivation of two types of bac-
teria, Gram-negative (E. coli) and Gram-positive (S. aureus), under the following two forms
of light: solar and simulated light. Under solar light for 10 min, ultra-low concentration
of the photocatalyst was found to be 100% bactericidal for both species of bacteria. The
photocatalytic mechanism was explored by monitoring the photodegradation of RhB dye,
which reveals that holes play a key role in photocatalytic performance. DFT simulations
revealed that Ag9(SiO4)2NO3 has high oxidation potential in the valence bands, which
explains the excellent photocatalytic inactivation.
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