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Abstract 
The COVID-19 pandemic has emerged as an unprecedented global healthcare 

emergency, demanding the urgent development of effective materials to inactivate the 

SARS-CoV-2 virus. This research was planned to disclose the remarkable biocide activity 

SiO2-Ag composites incorporated into low density polyethylene. For this purpose, a joint 

experimental and theoretical (based on first principles calculations, at the density 

functional theory (DFT) level) study is performed. Biological assays showed that this 

material eliminate S. aureus and SARS-CoV-2 in just 2 min. Here, we investigate a 

previously unexplored process that we postulate may occur along the O2 and H2O 

adsorption and activation processes of pure and defective SiO2-Ag surfaces for the 

generation of reactive oxygen species (ROS).  The obtained results help us to predict the 

nature of ROS: superoxide anion radical, •O2-, hydroxyl radical, •OH, and hydroperoxyl 

radical, •HO2, that destroy and degrade the structure of SARS-COV-2 virus. This is 

consistent with the DFT studies, where the energetic, electronic, and magnetic properties 

of the intermediates show a feasible formation of ROS. Present findings expected to 

provide new insights into the relationship among structure, property, and biocide activity 

of semiconductor/metal SiO2-Ag composites. 
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1. Introduction 
Pathogens such as bacteria, fungi, and viruses have posed an enormous threat to 

mankind.1 An example is the ongoing worldwide COVID-19 pandemic caused by the 

severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2), which emerged 

as a threat for public health and raised people’s awareness of the best practices to prevent 

the spread of these microorganisms. For this reason, scientific and technological 

innovation has been the focus of researchers who aim to develop effective biocide 

technologies to provide a benign and sustainable approach to preventing infections in 

daily life. While there is an urgent need for the effective treatment of these outbreaks 

through the use of vaccines, the emergence of multiple SARS-CoV-2 variants of concern 

reinforce the importance of developing safe and effective biocide materials for their 

functionalization on surfaces capable of killing microorganisms by contact.2-6 

Nanostructured materials such as metals, e.g., Ag, Au, Zn, Cu and Fe and metal 

oxide semiconductors, e.g. CuO, ZnO, Fe2O3, CeO2, and TiO2 have demonstrated biocide 

activity. 7-12. These nanomaterials exert their effects by affecting the integrity of bacterial 

cell membrane, releasing metal cations, and leading to oxidative stress via the generation 

of reactive oxygen species (ROS) on the material surface, inhibiting enzyme activity and 

DNA synthesis. Along with the oxidative stress, the activation of both O2 and H2O 

molecules plays a key role in these processes, as they act as progenitor species to generate 

ROS such as the superoxide anion radical, •O2- , and the hydroxyl radical, •OH. These 

ROS are involved in a chain reaction with the formation of other highly reactive oxidants, 

e.g., singlet oxygen, 1O2, hydroperoxyl radical, •HO2, or hydrogen peroxide, H2O2, to 

initiate the desired oxidation reactions associated with biocide activity.13 Because 

activated O2 and H2O molecules has such an important practical effect, its research is a 

meaningful subject.  

Silica (SiO2) based materials have highly versatile structural properties that are 

interesting platforms or a plethora of applications due biocompatibility, nontoxicity, 

chemical inertness, very high specific surface area. The major advantage is its high degree 

of functionalization associated  to the presence of a huge quantity of silanol groups on the 

surface, providing the possibility of loading/release of different kinds of drugs.14 It is well 

known that the integration of noble Ag nanoparticles in semiconductors is an effective 

strategy to enhance biocide activity due to the synergic effects on metal/oxide interface. 

Prospects for the use of these materials in various areas of modern technology require 

comprehensive studies of their properties and applications.15-19 On the other hand, 



polymer–inorganic hybrid nanomaterials by two or more components connected at the 

nanometer scale, are attractive because they combine the intrinsic properties of both 

materials with additional properties resulting from synergistic effects.20 

The SiO2-Ag composite takes advantage of the distinctive properties of Ag as a 

potent antimicrobial agent21-23 and the porous inorganic 3D network structure of SiO2, 

resulting in fast mass transport, high thermal and mechanical stability, large specific 

surface area, biocompatibility and easy functionalization.24-27 Over the last few years, our 

research group has reported that the SiO2-Ag composite with anti-SARS-CoV-2 

properties is a versatile, low-cost and tolerant additive to functionalize textiles and 

surfaces, representing a safe alternative for its application and the prevention of microbial 

proliferation and transmission. Indeed, the experimental results indicated that the as-

fabricated samples exhibited a high antibacterial activity towards E. coli and S. aureus, 

as well as an antiviral activity against SARS-CoV-2.28, 29 The main advantages for such 

composite is the reduced time required to eliminate virus and bacteria when compared to 

recent developed coatings containing silver oxide (Ag2O) particles in a silicate matrix on 

glass.30  

Current measurement processes, such as spectroscopy techniques, fluorescence- 

dependent methods, an electron spin resonance approach, etc., cannot characterize the 

ROS activity with spatiotemporal information no reveal the correlation between the 

activity of composite and their specific composition and surface structure. In addition, 

how to promote the electron transfer process for more effective O2 and H2O activation? 

Then, a more complete understanding the production and distribution of a ROS on the 

surface of the SiO2-Ag composite is needed and critical discussion is required for 

clarifying the mechanism of biocide activity and improving their efficiency.  

In this work, we carried out the synthesis of the SiO2-Ag composite incorporated 

into low-density polyethylene (LDPE), which was characterized by X-ray diffraction 

(XRD), Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis 

(TG/DTA). Contact angle measurements are performed to investigate its antibacterial 

activity towards Staphylococcus aureus (S. aureus) and SARS-CoV2. Polyethylene is 
the most used worldwide in the development of new technologies based on plastics, 

representing more than 34% of day-to-day activities of modern society.31 In addition, 

first-principles calculations within the density functional theory (DFT) framework were 

employed to obtain atomic-level information on the geometry, energetic and electronic 

structure of SiO2-Ag surfaces. As there are no articles on the O2 and H2O activation 

Comentat [MA1]: 10.1016/B978-0-12-803581-8.11303-
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concerning biocide activity, first-principles calculations within the density functional 

theory (DFT) framework were employed to obtain atomic-level information on the 

geometry, energetics, and electronic and magnetic properties of SiO2-Ag. In addition, its 

interactions with O2 and H2O to understand the formation and evolution of ROS from the 

new perspective of energy and charge transfer processes are explored for the first time. 

Overall, the aim of our contribution is two-fold. First, the key variables that determine 

the wetting of Ag nanoparticles on the SiO2 semiconductor substrate were investigated in 

detail. Second, the mechanism of biocide activity was rationalized from the perspective 

of ROS formation process on the composite surface. These objectives will allow to draw 

interesting conclusions about the beneficial effects of the SiO2-Ag composite and 

understand how the Ag clusters act on the SiO2 surface. As a proof of concept, we showed 

that first-principles calculations can be a useful tool in additional studies since in 

conjunction with experimental techniques we could obtain a more complete picture of 

how ROS evolve over time and promote their further application in polymer SiO2-Ag 

based materials. 

The rest of the article is divided into three more sections. The next section 

describes the synthesis, the experimental characterization, computational details and 

model systems. In the results and discussion section, energetic and structural aspects as 

well as electronic band structure data are detailed and analyzed. The article ends with a 

summary of our findings and conclusions. 

 

2. Experimental section 

2.1. Synthesis 

The SiO2-Ag composite was synthesized as described in previously published 

articles of our group.28, 29 The low-density polyethylene (LDPE) was donated by Braskem 

company (Santo André, Brazil). An amount of 1.0% by weight of the SiO2-Ag composite 

was added to the LDPE granules and another 1.0% was mechanically mixed. Then, the 

LDPE pellets mixed with SiO2-Ag were heated at 150 °C for 1 h. Particle dispersion was 

performed using an ULH 700S ultrasonicator in oil at 150 °C for 30 min. The melted 

composite was poured into a mold at a temperature of 125 °C and pressed at 10 kg/cm2 

for 2 min using a hot press (20 ton). Subsequently, the pellets were reheated at 125 °C in 

a 50 mL stainless steel syringe with a 1/16 inch Swagelok tip as an extrusion die. Shear 

extrusion was applied to the composite by pressure through a cylindrical stainless steel 



channel with a diameter of 1 mm and a length of 50 mm after heating at 125 °C for 1 h. 

The tape extruded in the channel was cooled to room temperature using an air blower. 

 

2.2. Characterizations 

The composite materials were characterized by X-ray diffraction (XRD) on a 

D/Max-2500PC diffractometer (Rigaku, Tokyo, Japan) with Cu Kα radiation (λ = 1.5406 

Å) in the 2θ range of 10–70◦ and at a scanning speed of 1◦ min-1. The diffractograms were 

deconvoluted using the Voigt area function in the PeakFit v4 program. For the Fourier 

transform infrared spectra (FTIR), a Bruker Vector 22 FTIR spectrophotometer was used 

in the range of 400-4000 cm-1 with acquisition of 32 scans. The thermal stability analysis 

of the samples was performed on a NETZSCH STA 409 thermogravimetric analyzer 

(TG/DTA) at a temperature of 25 to 700 ◦C and a heating rate of 10 ◦C min-1, in an O2 

atmosphere with a flow rate of 50 mL min−1. Contact angle analyses were carried out 

based on the sessile drop method in static mode using an F4 Ramé-hart series model 260 

goniometer. A drop of 5 µL of distilled water was deposited on the surface of each sample, 

and the angle formed between the drop and the polymer surface was determined using the 

DROPImage Advanced software.  

 

2.3. Bactericidal and antiviral tests 

 

Colony samples of S. aureus ATCC 6538 P were grown over two nights on 

Mueller-Hinton agar (MH2) plates, and were resuspended in a test tube containing MH2 

broth. The inoculum was standardized by transferring the colonies to a 0.9% saline 

solution until reaching 0.5 on the McFarland scale. The turbidity (expressed in optical 

density; OD) was obtained in a spectrophotometer (λ = 620 nm), representing 

approximately 1.5 x 108 CFU. A 1:10 dilution in 0.9% saline was then performed so that 

the initial inoculum was 1.0 x 107 CFU/mL. Antimicrobial activity was then performed 

according to the standard test methodology described in ISO 21702 - Measurement of 

antibacterial activity on plastics and other non-porous surfaces. 33 A volume of 100μL of 

S. aureus ATCC 6538 P solution (at a concentration of 1.0 x 107 CFU/ml) was inoculated 

in triplicate on the surface of the samples (5x5 cm) and covered with sterile plastic film 

to ensure distribution of the bacterial solution throughout the entire surface. surface area 

of the specimen. The samples were then incubated at 37°C for 24h. After incubation, the 

inoculum was recovered with 10 mL of soy casein digested lecithin polysorbate broth 



(SCDLP) followed by serial dilution in phosphate-saline buffer (PBS). Each dilution was 

seeded on MH2 agar and incubated at 37°C for 24 hours. The CFU/cell quantity was 

determined after incubation. 

Virucidal tests were performed to assess the inactivation potential of the SARS-

CoV-2 virus in a similar way as described above following ISO 21702:2019 – 

Measurement of antiviral activity on plastics and other non-porous surfaces.34 Tests were 

performed on three independent occasions in triplicate. Samples with standardized 

dimensions of 5x5 cm were placed individually in Petri dishes. The material was exposed 

to the viral solution, where the SARS-CoV-2 viral solution is added so that it covers the 

entire surface of the material, and after this contact, it is incubated for 2 and 10 min. After 

this process, it is neutralized and serially diluted. The viral titer is then measured using 

the infectious tissue culture dose 50 (TCID50) methodology. The reduction of SARS-

CoV-2 copies was quantified after the respective incubation times. The results are 

expressed in comparison of the virucidal action against the reduction of viral copies of 

the SARS-CoV-2 stock solution with a "non-virucidal" material (blank/control) and the 

"active" material, so that it is possible to calculate the percentage of viral inactivation, 

represented by the Log10 reduction of TCID50. The cytopathic effect was analyzed in an 

inverted microscope after an incubation period of 72 hours in an oven at 37°C with 5% 

CO2, using the Spearman & Karber method, and the viral titer quantification data obtained 

in the incubation process were applied to the end-point-dlution methodology, in which 

the inoculation of successive decreasing dilutions in viral suspension applied to the cells 

is evaluated, thus, it is possible to identify the cytopathic effect in 50% of the inoculated 

cultures. In this way, visual confirmation of the cytopathic effect of the SARS-CoV-2 

strains against the Vero ATCC ® CCL-81™ cell is obtained. To improve the reliability 

of the result, a correction factor related to the dilution volume of the virus (SARS-CoV-

2) used in each TCID50 assay was applied. To determine the viral inhibition index, the 

logarithmic difference between the control group and the active group was used. 

The antimicrobial data were analyzed using Shapiro-Wilk test, analysis of 

variance by Brown-Forsythe test, analysis with One-Way RM ANOVA to verify the 

parametric or non-parametric nature of the data and post-hoc test of Tukey's multiple 

comparisons. Results are presented as the median with upper and lower quartiles: Me 

[Q1; Q3]. Statistical significance was set at p<0.05. 

The aging of the samples was carried out through continuous ultraviolet 

irradiation (600 h of exposure). The aging process followed the guidelines described in 

Comentat [MA2]: Miller, J.; Ulrich, R. On the Analysis of 
Psychometric Functions: The Spearman-Kärber Method. 
Percept. Psychophys. 2001, 63 (8), 1399–1420. 
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ISO 4892-2:2013 Plastics – Methods of exposure to laboratory light sources – Part 2: 

Xenon-arc lamps.32 

 

2.4. Computational methods and model systems 

In this study, the structural and electronic features of the SiO2-Ag composite were 

studied by first-principles calculations at the density functional theory (DFT) level. The 

hybrid functional B3LYP augmented with two- and three-body contributions to the long-

range dispersion energy (B3LYP-D3)35 was employed, as implemented in the 

CRYSTAL17 code.36 The Si, O, and H centers were described by an all-electron GTO 

basis set defined as 66-21G(d), 6-31G(d), and 31G(p), respectively, while the Ag centers 

were described by the effective core pseudopotential HAYWSC-311d31G.37, 38 The 

evaluation of Coulomb and exchange series was truncated to 10−7 for the Coulomb 

overlap tolerance, 10−7 for the Coulomb penetration tolerance, 10−7 for the exchange 

overlap tolerance, 10−7 for the exchange pseudo-overlap in the direct space, and 10−14 for 

the exchange pseudo-overlap in the reciprocal space. The condition for the SCF 

convergence was set to 10−7 a.u. for the total energy difference between two subsequent 

cycles. Furthermore, default thresholds for geometry optimization within the CRYSTAL 

code were used for all atoms: whilst the maximum and root-mean-square (RMS) forces 

were set to 0.000450 and 0.000300 a.u., the maximum and RMS atomic displacements 

were set to 0.001800 and 0.001200 a.u., respectively. The k-space sampling for the 

geometry optimization included a 3 x 3 x 1 Monkhorst-Pack mesh. 

The theoretical description of amorphous SiO2 is challenging given the difficulty 

of representative models to describe different silanol groups (Si-OH). In particular, they 

need to properly represent structural defects as reactive centers on the exposed surfaces.39-

44 In this context, Ugliengo and co-workers conducted a series of theoretical studies to 

obtain a representative model using the edingtonite SiO2 bulk, as depicted in Figure SI.1 
(Supporting information), which contains the building block Y formed by the connections 

between neighboring [SiO4] clusters. 45-48 In this model, the SiO2 surface is represented 

by a slab along the (100) surface (Figure SI.2 - Supporting information) containing 

superficial [SiO4] clusters (Figure SI.2a - Supporting information) with two non-

equivalent oxygen groups, since the oxygen atoms labeled as 1-3 are equivalent in 

symmetry and two-fold coordinated as in the SiO2 bulk, while the outermost atom is O4. 

Therefore, all outermost oxygen atoms were hydroxylated to generate silanol Si-OH 

groups (Figure SI.2b - Supporting information) with a density of 2.2 isolated hydroxyls 



per nm² as experimentally observed in dehydrated SiO249, 50 (1-2 OH per nm²) and 

demonstrated by our previous FTIR results, which confirmed the presence of superficial 

Si-OH groups.28 

Additionally, the (100) SiO2 slab was expanded as a 2x2 supercell model 

established with 72 atoms (Si20O44H8), as shown in Figure SI.3a (Supporting 

information). To take into account the role of superficial defects, two additional models 

were considered. In models 1 (VH – 71 atoms) and 2 (VOH – 70 atoms), a -H atom and a -

OH group were respectively removed (see Figure SI.3b - Supporting information). 

To simulate the SiO2-Ag composite, the three models were employed, with the Ag 

nanoparticles being represented by an Ag4 cluster with D2h symmetry, following the work 

by Chen et al.51 based on the adsorption of small Ag clusters on graphene. Figure SI.4 
(Supporting information) shows the top and side views of the selected models named A, 

B and C, with a total number of atoms of 76, 75 and 74, respectively. 

The interaction energy (Eint) of the composite was calculated according to the 

equation below: 

 𝑬𝒊𝒏𝒕 = 𝑬𝑺𝒊𝑶𝟐 𝑨𝒈𝒔𝒍𝒂𝒃 − 𝑬𝑺𝒊𝑶𝟐𝒔𝒍𝒂𝒃 − 𝑬𝑨𝒈𝒄𝒍𝒖𝒔𝒕𝒆𝒓 (𝟏) 

 

where 𝑬𝑺𝒊𝑶𝟐 𝑨𝒈𝒔𝒍𝒂𝒃  is the total energy of the SiO2-Ag composite slab, 𝑬𝑺𝒊𝑶𝟐𝒔𝒍𝒂𝒃  is the total 

energy of the isolated optimized SiO2 slab, and 𝑬𝑨𝒈𝒄𝒍𝒖𝒔𝒕𝒆𝒓  is the total energy of the isolated 

Ag4 cluster. 

To provide detailed mechanistic insights into the O2 and H2O adsorption processes 

on the surfaces of SiO2-Ag models (A, B and C), the energetics of different adsorption 

sites was investigated by calculating the adsorption energies according to the following 

equations: 

 𝑬𝒂𝒅𝒔 = 𝑬𝑺𝒊𝑶𝟐 𝑨𝒈 𝑶𝟐/𝑯𝟐𝑶𝒔𝒍𝒂𝒃 − 𝑬𝑺𝒊𝑶𝟐𝒔𝒍𝒂𝒃 + 𝑬𝑶𝟐/𝑯𝟐𝑶 + 𝑬𝑩𝑺𝑺𝑬  (𝟐) 𝑬𝑩𝑺𝑺𝑬 = 𝑬𝑺𝒊𝑶𝟐 𝑨𝒈𝒇𝒓𝒐𝒛𝒆𝒏 − 𝑬𝑺𝒊𝑶𝟐 𝑨𝒈 𝒈𝒉𝒐𝒔𝒕]𝒇𝒓𝒐𝒛𝒆𝒏 + 𝑬𝑶𝟐/𝑯𝟐𝑶𝒇𝒓𝒐𝒛𝒆𝒏 − 𝑬𝑶𝟐/𝑯𝟐𝑶 𝒈𝒉𝒐𝒔𝒕𝒇𝒓𝒐𝒛𝒆𝒏 (𝟑) 

 

where 𝑬𝑺𝒊𝑶𝟐 𝑨𝒈 𝑶𝟐/𝑯𝟐𝑶𝒔𝒍𝒂𝒃  is the total energy of the optimized SiO2-Ag slab with adsorbed 

O2/H2O molecule, 𝑬𝑺𝒊𝑶𝟐𝒔𝒍𝒂𝒃  is the total energy of the isolated optimized SiO2-Ag slab and 𝑬𝑶𝟐/𝑯𝟐𝑶 is the total energy of O2 and H2O molecules in the gas phase. The basis set 



superposition error (BSSE) was calculated considering the two separated moieties (slab 

+ O2/H2O) frozen in the minimum adsorption configuration, with and without ghost 

functions, respectively. Spin polarization was considered in the case of open-shell 

systems, while geometry optimization was performed without any symmetry constraints 

to the upper side of the SiO2 models. More details on the DFT calculations are given in 

the SI. 

 

 

3. Results and discussion 
3.1.  Experimental analysis  

Figure 1a shows the diffractograms for the LDPE and LDPE-SiO2-Ag samples. 

The crystallographic (110), (200), (210) and (020) planes referring to the orthorhombic 

phase of the LDPE are indexed to the samples.52 In addition, a large amount of amorphous 

material is observed in both structures. To quantify this amount, a deconvolution of the 

amorphous band was performed using the Voight area function,53 resulting in percentages 

of 68.9 and 79.7% of amorphous phase for the LDPE and LDPE-SiO2-Ag samples, 

respectively (Figure 1a). The amount of amorphous phase increases in the LDPE-SiO2 

composite due to the presence of distorted [SiO4] clusters of SiO2-Ag particles capable of 

breaking the long-range symmetry of the composite, thus favoring the amorphous 

material formation.28 The XRD analysis was complemented with FTIR measurements, as 

shown in Figure 1b, where the bands associated to C-H bonds of both amorphous and 

crystalline phases are observed.52 It is important to note that the bands located at 840 and 

950 cm-1 found in the LDPE-SiO2-Ag sample is are related to the O-Si-O bending motion, 

which confirm the successful incorporation of SiO2-Ag particles into the LDPE. Water 

contact angle (WCA) analysis was conducted for both samples, with no significant 

differences being found between them (Figure 1c). The TG/DTA profiles did not change 

with the addition of SiO2-Ag particles (Figure 1d) as well. Therefore, it can be suggested 



that the manufacture of composite materials with the addition of these particles does not 

provoke drastic changes. 

 

 

Figure 1. (a) XRD patterns, (b) FTIR spectra, and (c) WCA and (d) TG/DTA 

measurements of the LPDE and LPDE-SiO2-Ag samples. 

 

Figure 2a shows the bactericidal activity of the composite material against the 

gram-positive bacterium S. aureus.  An analysis of the results renders that LDPE-SiO2-

Ag samples reduce the amount of initial bacteria in a scale of 4 log10 (99.99%) with 

respect LDPE. Similarly, 99.99% elimination is also obtained (i.e., 4 log10 reduction) for 

the copies of SARS-CoV-2 (Figure 2b) in just 2 min. Tests to analyze pathogen 

elimination in 10 min were slightly better than those performed with an elimination time 

of 2 min. Antimicrobial tests were carried out after the aging of the sample specimens, 

showing results very close to the initial ones before aging (Figure 2). 

 



 

Figure 2. ISO-based antimicrobial testing using (a) S. aureus and (b) SARS-CoV-2 

before and after aging. *p < 0.5; **p < 0. ***p < 0.001; ****p < 0.005. The results 

were presented as the median with the upper and lower quartiles: Me [Q1; Q3]. 

 

3.2. DFT results 

3.2.1. Structure and stability 
The role of superficial defects in the structural, energetic and electronic properties 

of the SiO2 models was analyzed and the corresponding results are summarized in Table 
1. As it can be seen, the creation of hydrogen and hydroxyl vacancies generates local 

structural disorder alongside the exposed surface, increasing the Si-O bond length in the 

defective cluster, while the neighboring clusters remain almost stable due to the small 

variations in Si-O and O-H bond lengths. Indeed, by comparing the [SiO4H] clusters for 

104

105

106

107

108

109

1010

1011

lo
g 1

0 T
C

ID
50

 S
A

R
S-

C
oV

-2
 (c

op
ie

s/m
L)

 LDPE
 LDPE-SiO2-Ag

101

102

103

104

105

106

107

S.
 a

ur
eu

s A
TC

C
 6

53
8 

P 
lo

g 10
 (C

FU
/m

L)

 LDPE
 LDPE-SiO2-Ag

Before Aging After Aging

Before Aging After Aging

A

B
2 min 10 min 2 min 10 min

*** ***

***
***

***
***



pure and defective models, the Si-O and O-H bond lengths are almost identical, whereas 

the remaining Si-O bonds for both [SiO4…VH] and [SiO3…VOH] are larger than those of 

the pure model, confirming the local structural disorder in the defective clusters. 

 

Table 1. Values of the bond lengths for pure and defective SiO2 surface models. 

Model Clusters Bond lengths (Å) 

pure [SiO4H] 
Si-O = 1.626 (4x)

O-H = 0.963 (1x)

VH 

[SiO4…VH] Si-O = 1.665 (4x)

[SiO4H] 
Si-O = 1.625 (4x)

O-H = 0.963 (1x)

VOH 

[SiO3…VOH] 
Si-O = 1.653 (2x)

Si-O = 1.645 (1x)

[SiO4H] 
Si-O = 1.626 (4x)

O-H = 0.963 (1x)

 

The structure of the Ag4 cluster was optimized to attach to the surface of SiO2 

yielding SiO2-Ag4. The structural properties of the SiO2-Ag composite represented by 

models A, B and C were analyzed in detail, as summarized in Figure SI.5 (Supporting 

information). An analysis of the results renders that for model A the Si-OH bonds 

neighboring the Ag4 cluster rotate to form an H-Ag bond of approximately 2.421 Å, 

resulting in an enlargement of O-H bonds of 0.990 Å compared to the value of other 

silanol groups (0.964 Å). The Ag4 cluster also interacts with the in-plane oxygen atoms 

with a distance of 2.848 Å, while the mean Ag-Ag bond distance is 2.731 Å. This value 

is similar to that reported in the theoretic study of small Ag clusters adsorbed on 

graphene.51 On the other hand, the presence of superficial defects induces the rotation of 

the Ag4 cluster closer to the defect centers. For model B, the Ag atoms interact with the 

[SiO4…VH] center at a distance of 2.257 Å, and also with superficial H (2x) and O atoms 

at 2.716, 2.879 and 2.759 Å, respectively, with a mean Ag-Ag bond distance of 2.759 Å. 

Finally, for model C in which the Ag cluster interacts with [SiO3…VOH] at a distance of 

2.467 Å, displays superficial H atoms, at distances of 2.864 and 2.957 Å, and with a mean 

Ag-Ag bond length of 2.778 Å. Therefore, the presence of intrinsic defects on SiO2 



surfaces induces a stronger interaction between the defect center and the Ag atoms, 

causing an enlargement of the remaining Ag-Ag bond lengths. 

To understand the electronic structure of the pure, hydrogen deficient and 

hydroxyl deficient SiO2 models, as well as SiO2-Ag models, the total and projected 

density of states (DOS) were calculated (see Figure SI.6 and Figure SI.7 - Supporting 

information, respectively). 

After analyzing the electronic properties, it was noticed that the valence band 

(VB) was formed by oxygen 2p orbitals for all models; while for conduction band (CB), 

only empty 3s orbitals from Si. The overall electron density of unoccupied states was 

increased if the Ag atoms adhered to SiO2 due to the participation of 4d, 5s and 5p orbitals 

in CB (Ag4 cluster). As a result, new sets of electronic states in the bang gap are formed. 

The creation of hydrogen and hydroxyl vacancies decreases the band gap value to 5.23 

(VH) and 3.56 eV (VOH), respectively, in comparison with the wide band gap of the pure 

model (8.70 eV). For model A, the inclusion of Ag4 clusters results in a metallic system 

since the valence states of Ag cross the Fermi level. The high electronegativity of Ag (χ 

= 2.4) facilitates the interaction between the Ag4 cluster and SiO2, promoting the 

electronic transfer can occur from the CB. Furthermore, the creation of superficial defects 

in models B and C were observed in the vicinity of the Fermi level, generating half-

metallic systems, that is, systems with a metallic spin-up channel while the spin-down 

channel keeps following the semiconductor behavior.  

The results show a decrease in the bandgap energy for SiO2−Ag, which assists the 

electron injection from Ag4 cluster to the CBs. This is consistent with the fact that the 

Fermi energy level of Ag4 cluster has been positioned just below the CB, producing a 

Schottky barrier in the interface of SiO2. This behavior can be related to the delocalization 

associated with the Ag clusters as stated in the jellium model. This reasoning was 

proposed in previous studies 54, 55 and more recently by Huerta-Aguilar et al.56 to explain 

the photocatalytical and antibacterial properties of ZnFe2O4-Ag nanoparticles. 

The positions of the VB and CB potentials were calculated using the following 

equations: 𝑬𝑽𝑩 = 𝝌 − 𝑬𝒆 + 𝟏𝟐 𝑬𝒈𝒂𝒑  (𝟒) 𝑬𝑪𝑩 = 𝑬𝑽𝑩 − 𝑬𝒈𝒂𝒑 (𝟓) 𝝌 = [𝝌(𝑺𝒊)𝒂 𝝌(𝑶)𝒃𝝌(𝑯)𝒄𝝌(𝑨𝒈)𝒅] 𝟏𝒂 𝒃 𝒄 𝒅   (𝟔) 

 



where 𝑬𝑪𝑩 is the conduction band potential, 𝑬𝑽𝑩 is the valence band potential, 𝝌 

is the electronegativity (a, b, c, and d are the number of each atomic specie in the proposed 

model), 𝑬𝒆 is a constant with value of 4.5 eV and 𝑬𝒈𝒂𝒑 is the calculated band gap. The 

calculated values of 𝝌 were 6.46, 6.45 and 6.43 eV for models A, B and C, respectively. 

The determination of the potentials for the VB and CB, associated with the redox 

potentials of charge carriers during surface reactions, allows  to predict which reactions 

can occur on the surface by comparing the surface band edges and the potential formation 

of different ROS.57, 58 The VB edge potentials were calculated (see Figure 3), and as it 

can be seen, VB potentials are more positive than those of H2O/•OH (2.33 V vs NHE at 

pH = 7), which suggests that the interaction between H2O and holes favor the generation 

of •OH. In contrast, the CB edge potentials are more positive than those of O2/•O2-(-0.16 

V vs NHE at pH = 7), which indicates that the electron transfer to adsorbed molecular 

oxygen, O2, to render •O2- is more difficult to occur.  

 
Figure 3. Calculated values of the VB and CB edge potentials for the models A, B and 

C models. 

 

From now on, the energetics and electronic features of the SiO2-Ag models are 

investigated as function of the O2 and H2O adsorption processes responsible for the 

generation of ROS species. In previous experimental investigations,28, 29 it was observed 

that h+, ⦁OH, and •HO2, are the reactive species acting in the mechanism for virus 

elimination. 



 

3.2.2. O2 adsorption process and ROS generation mechanism  

Figure 4 shows the selected values of O-O, Ag-O and H-O distances and Eads of 

the optimized structures of the adsorption process of O2 on the three SiO2-Ag models. 

 

 
Figure 4. Top views of O2 adsorption (cyan) on A, B and C models. Selected values of 

O-O, Ag-O and H-O distances (Å). Values of the adsorption energies (Eads) were 

included for comparison purposes. 

 

The relative values of Eads follow the order A > C > B. Due to the formation of 

Ag-O and O-H bonds, the A model corresponds to a chemisorption process, while in the 

defective models (B and C) a physisorption process can be detected with a weak 

interaction between the O2 molecule and the Ag4 cluster. This fact can be associated with 

the very strong interaction between the Ag4 cluster and the defective [SiO4…VH] and 

[SiO3…VOH] states present on the SiO2 surface. In other words, these vacancies can work 

as the electron trapping sites, facilitating the formation of •O2- and thereby improving the 

biocide activity. 

From these considerations it is possible to analyze how the excited electron 

located in the CB can reduce the adsorbed O2 molecule to generate •O2-. To this end, an 

additional electron was considered as a free charge along the exposed surface and the spin 

density distribution was analyzed to disclose the charge transfer mechanism between the 

SiO2 surface and the O2 molecule. The results are displayed in Figure 5. 

 



 
Figure 5. Spin density isosurfaces (0.001 e/Å³) for the O2 adsorption process (cyan) on 

A, B and C models after the addition of an electron. Yellow and magenta isosurfaces 

represent spin-up and spin-down densities, respectively. 

 

An analysis of the results displays that models A and C exhibit the largest charge 

electron transfer from the surface to the adsorbed O2, with concomitant increase of O-O 

bond length, while the Ag-O2 bond length is reduced. In this case, the excess of electrons 

can be depicted by the contours of the spin-down iso-surface along the yz-plane. The 

adsorbed O2 molecule is favorable for the production of •O2- through an electron transfer 

process. On the other hand, in the model B there is a large spin density distribution along 

the Ag4 cluster, resulting in a shrinkage of the O2 bond length. Therefore, first, O2 can be 

easily adsorbed on the surface of pristine and defective SiO2-Ag systems due to their 

higher adsorption energy. Second, there is an electron transfer process from the CB to 

adsorbed O2, as the starting step for the formation of •O2-.  

Mulliken atomic charges were calculated and the charger transfer from the SiO2-

Ag models to adsorbed O2 were calculated to be -0.73 (A), -0.63 (B) and -0.71 |e| (C). 

These values are a signature de the posterior formation of ⦁O2-.  On the other hand, there 

is a shortening of the distance between the •O2- and the neighboring H atoms, indicating 

that further reaction step along such surface can induce the formation of ⦁O2H. The proton 



transfer mechanism was considered for the pristine SiO2-Ag model due to the proximity 

between the super anion radical (•O2-) and the neighboring Si-OH groups, as depicted in 

Figure 6. 

 

 
Figure 6. Optimized geometries of the O2 (in cyan) adsorbed in model A before 

(left panel) and after (right panel) proton transfer.  

 

Indeed, the •HO2 radical can be visualized by the short O2-H bond distance 

resulting from the capture of H+ from the neighboring Si-OH, which directly interacts 

with the Ag4 cluster through a new Ag-O chemical bond. 

 

3.2.3. H2O adsorption process and ROS generation mechanism  

The values of adsorption energy and the corresponding optimized geometries of 

the adsorption process of H2O in models A, B and C are presented in Figure 7. 

 



 
Figure 7. Optimized geometries of the H2O (in cyan) adsorbed in model A before (left 

panel). Selected values of O-O, Ag-O and H-O distances (Å) and the values of 

adsorption energies (Eads) were included for comparison purposes. 

 

In this case, it was noted that the H2O molecule adsorbs on the SiO2 surface 

following the order B > C > A. Indeed, for the defective SiO2-Ag models the adsorption 

mechanism seems to be a chemisorption due to the formation of Ag-O and O-H bonding 

paths with reduced bond length in comparison with the pristine model. This fact can be 

associated with the reactivity of paramagnetic defects along the exposed surface of SiOH-

Ag since the adsorbed H2O molecules are located at the vicinity of both defects, with 

concomitant interaction of both Ag4 cluster and [SiO4…VH] and [SiO3…VOH] centers. 

Figure 8 depicts the spin density distribution for all models, showing the electron 

transfer between the adsorbed H2O molecule and the superficial Ag4, [SiO4…VH] and 

[SiO3…VOH] clusters. In particular, the spin density localization caused by the adsorbed 

H2O molecules results in a shrinkage of Ag-OH2 bond interactions and an increase in 

some O-H bonds, in agreement with the donation of electrons between the adsorbed 

species and the surface layer. An interesting point can be observed for the naturally 

defective systems B and C: their higher adsorption enthalpy follows the increased density 

distribution involving Ag4, [SiO4…VH] and [SiO3…VOH] centers. 

 



 
Figure 8. Spin density isosurfaces (0.001 e/Å³) for H2O (in cyan) adsorption process on 

A, B and C after interaction with the electron deficient model (hole). 

 

In addition, SiO2-Ag model B exhibits a very interesting mechanism after charge 

transfer from adsorbed H2O molecule, when one of O-H bonds becomes larger due to the 

interaction with neighboring defects. This fact agrees with the hypothesis that after hole 

scavenging the H2O molecule can release one H+ and form the hydroxyl radical species 

(⦁OH). Therefore, a proton transfer from adsorbed H2O to defective [SiO4…VH] centers 

can take place, as presented in Figure 9. In this case, it was observed that after the proton 

transfer process from the adsorbed H2O molecule, the [SiO4…VH] becomes a superficial 

Si-OH group, while the remaining hydroxyl radical species (⦁OH) is adsorbed on the Ag4 

cluster, changing its symmetry for a tetrahedral environment. 

 



 
Figure 9. Optimized geometries of the H2O (in cyan) adsorption process in model B 

before (left panel) and after (right panel) proton transfer. The blue, gray and red balls 

represent Si, Ag and O atoms, respectively. 

 

3.3. On the mechanisms of the biocide activity  
The molecular mechanism by which nanostructures eliminate pathogens have not 

been thoroughly investigated and remains unclear. For this reason, the formation of ROS 

on the semiconductor surfaces has been a topic of tremendous scientific interest because 

of their essential role in photocatalytic and biological processes. Thus, understanding the 

production and distribution of ROS on the semiconductor photocatalyst surface is crucial 

not only to clarify the photocatalysis and biocide activity mechanisms, but also to improve 

the efficiency of chemical reactions.59-61 It is worth mentioning that ROS are also 

responsible for the biocide activity of semiconductor surfaces due to their ability to kill 

pathogens directly by oxidative damage to biological compounds or indirectly by 

nonoxidative pathways such as autophagy or T-lymphocyte responses.61-64 

The nanoparticles that induce oxidative stress could be used to boost the 

antimicrobial (antibacterial and antiviral) activities based on the control of 

physicochemical properties in order to direct the oxidative stress towards specific targets, 

e.g., the elimination of the SARS-CoV-2 virus. In this context, the consideration of SiO2 

as a matrix for the functionalization of nanoparticles is very important since the silica 

particles have the ability to attach themselves to enveloped viruses via 

hydrophobic/hydrophilic interactions through the different moieties along the exposed 

surface.65-67 Moreover, the SiO2 matrix can be mixed with different metals to reduce its 

band gap energy, inducing a p/n-type semiconductor behavior that depends on the 



electronic structure of the metal and contributing to a photoinduced antimicrobial 

activity.68 

Herein, the combination of hydroxylated SiO2 surfaces and Ag nanoparticles was 

investigated to understand the process involved in the remarkable biocide activity of 

SiO2-Ag nanoparticles. Based on the above results, it is possible to argue that the hydroxyl 

radical species (⦁OH) and the hydrogen peroxide radical (•HO2) can be generated from 

H2O and O2 adsorption on the Ag-decorated SiO2 surfaces. After O2 adsorption and 

reduction process provoked by the excited electrons at the conduction band of SiO2-Ag, 

the possibility to generate the hydrogen peroxide radical (•HO2) is favored even with the 

deprotonation of superficial Si-OH species. On the other hand, the H2O adsorption 

mechanism involves a smaller charge transfer, which indicates that photogenerated holes 

are only partially trapped by the electron donation, causing them to exhibit an important 

activity due to their location in Ag clusters. 

It was also confirmed that common defects present on the SiO2 surfaces are 

essential to increase H2O adsorption and dissociation, while the oxygen-mediated process 

seems to be favorable to pristine SiO2-Ag surfaces. These defects can even enhance the 

photogeneration of charge carriers due to the band gap narrowing that efficiently 

increases the electron flow along the SiOH-Ag interaction and facilitates the charge 

separation. 

Furthermore, it was proved that the O2 adsorption mechanism on pristine SiO2-Ag 

surfaces induces the formation of defects through the deprotonation of superficial Si-OH 

species to generate the hydrogen peroxide radical (•HO2). However, SiO2-Ag model B 

indicates that after hole trapping by adsorbed H2O molecules the defective Si-O site 

captures a proton from H2O, restoring the hydroxylated silica surfaces, while the 

remaining hydroxyl radical species (•OH) is adsorbed on the Ag4 cluster. This shows that 

the interaction between O2/H2O and SiO2-Ag surfaces is responsible for ROS generation, 

evidencing the great importance of the electronic features of silver-decorated surfaces. 

As summary, a general mechanism can be proposed using the Kroger–Vink 

notation,69 and a schematic representation is presented in Figure 10. In this formalism, 

the charge accumulation mechanism could be described using the neutral [MOn/M]x, 

positively charged 𝑉⦁, and negatively charged [MOn/M]' clusters. SiO2 framework tis 

composed by the moieties [SiO2]A while the nanoparticles of Ag is represented by [Ag]c. 

SiO2 as semiconductor can be seen as a dynamic system that works as a quantum cluster, 

able to acts as a donor and receptor of electrons. These clusters on the surface may have 



different absorption or reception capacity of electrons, depending on the type of structural 

defects (distorted bond distances, Si-O and angles, O-Si-O) and the electron distribution 

in the short, medium, and long ranges. Thus, the quantum clusters can be classified as 

organized or disorganized structures randomly distributed on the crystal surface in the 

ground or excited electronic states. Therefore, there are cluster-to-cluster charge transfer 

(CCCT) processes related to each kind of cluster, which is characterized by excitations 

involving electronic transitions among neighbor SiO4 clusters, maintaining the electron 

density. 

 
Figure 10. Schematic representation of the steps involved in the ROS generation on 

SiO2-Ag surfaces. [SiO2]A and [Ag4]c correspond to asymmetric SiO2 and symmetric 

Ag4 moieties, respectively, while VB and CB represent valence and conduction band. 
 

In previous experimental investigations28, 29 it was observed that hole (h+), 

hydroxyl radical (⦁OH), and hydroperoxyl radical (•HO2) are the reactive species along 

the mechanism of the biocide activity of SiO2-Ag composite. Herein, the formation of 

ROS can be rationalized by the active participation of oxygen, O2, and a water, H2O, 

molecules. The cluster with the highest electron density transfers an electron, e´, from the 

CB to O2, to generate the superoxide anion radical, •O2-. Simultaneously, there is a 

decrease in the electron density near the VB, associated to the oxygen vacancy, of the 

adjacent [SiO4] cluster.  This electronic imbalance facilitates the decomposition of H2O 

after the interaction with the hole located at the VB, donating one electron to the SiO2-

Ag surface that generates hydroxyl radical, •OH, and a proton, H+, which can react with 



•O2-, to form the hydroperoxyl radical, •HO2. These ROS can generate new highly 

oxidizing species (i.e., singlet oxygen, 1O2, or/and hydrogen peroxide, H2O2), which 

enhance the biocide activity of the material. 

Based on the above mechanism, the SiO2-Ag composite incorporated at different 

polymeric matrix stands out as an exciting biocide material that can be used as coating 

technologies that prevents the microbial contamination, especially for SARS-CoV-2 virus, 

contributing to the fight against the COVID-19 commonly transmitted by air70 through 

the development of antiviral face masks, as well as to combat the viral spreading in 

solid/plastic environments by using advanced coating surface.71 

 

4. Conclusions 
The SARS-CoV-2 pandemic has shed light on the importance of investigating 

different materials to deal with global health problems associated with microorganism 

infections. Facile and economical process, which is also ecofriendly involving the 

synthesis and development of innovative materials able to prevent not only the 

transmission, spread, and entry of virus) but also bacteria, fungi into the human body is 

in the spotlight. It is known that SiO2-Ag composite reveal unique electronic and 

magnetic properties, responsible of their enhanced biocide activity. To disentangle this 

activity, associated to the quantum confinement effect on the metal/oxide interfaces, here, 

a joint experimental and theoretical study is carried out.  

The main conclusions of the present work can be summarized as follows: (i) we 

performed density functional theory (DFT) calculations and a variety of experimental 

techniques to disclose the enhanced biocide activity of the SiO2-Ag composite in the 

LDPE; (ii) the biological assays showed that the SiO2-Ag composite can eliminate S. 

aureus and SARS-CoV-2, with the latter being almost entirely eliminated (99.99%) in 

just 2 min; (iii) after analyzing the DFT−density of state, the presence of Ag components 

provokes a decrease of bandgap energy for SiO2−Ag4 cluster, which can be associated to 

the good biocide behavior; (iv) DFT results explain how electron would be scavenged by 

O2 in H2O to produce ROS (•O2-, •OH, and •HO2). More realistic simulations including 

H2O and O2 environments, such as molecular dynamics with appropriate potentials will 

be the basis of future work; (v) These findings offer a new perspective of energy and 

charge transfer processes on the adsorption of both O2 and H2O molecules on the pristine 

and defective hydroxylated SiO2 surfaces decorated with Ag4 clusters; (vi) to the best of 

our knowledge, this is the first direct evidence of how structural and electronic features 



of SiO2 with Ag nanoparticles may explain the enhanced activity of the SiO2-Ag 

composite as a biocide material, especially in the fight against COVID-19; and (vii) our 

study might open new avenues for designing new materials by means of surface 

engineering, that can be applicable to wide range of metal nanoparticles/semiconductor. 

We anticipate that the demand for novel biocide technologies will grow exponentially, as 

countries prepare themselves for a post-COVID-19 world in which new pandemics will 

appear. These new technologies will include long-lasting efficacies without reapplication, 

fast killing kinetics, low environmental burden, and a minimized the presence muti drug 

resistant pathogens. 
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