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The performance of silver/tin oxide (Ag/SnO,) nanocomposites as coating materials with high antibacte-
rial capability is evaluated in this study. Scanning electron microscopy (SEM) and density functional the-
ory (DFT) analyses were used to characterize the nanocomposite structures and confirm that Ag (11 1)
and SnO; (1 1 0) form nanorods of Ag/SnO,. The antibacterial properties of these materials were inves-
tigated by using an Alamar Blue Assay (ABA) absorbance method. The results indicated that toxicity to
E. coli and S. aureus increased with respect to the proportion of Ag within the composite, with the highest

5?1; V(‘:fr:;;osition antibacterial activity being observed at a 4:1 ratio of Ag:SnO,. Additionally, the antimicrobial properties
Ag/SnO, of the composites were enhanced when particle sizes were reduced from the micro- to nanometer range.
HVPG Our study demonstrates that nano-Ag/SnO, composites are highly suitable for antibacterial coatings of
Antibacterial agent glass-based materials.

DFT © 2019 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams Uni-
Coatings versity. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

1. Introduction

Metal nanocomposites and metal oxide nanocomposites
demonstrate excellent physical and chemical properties and are
ideal candidates for novel functional materials for many applica-
tions. Metal oxide semiconductors such as SnO, and ZnO are
known to have excellent gas-sensing sensitivities that are selective
to greenhouse gases such as CO, and CO. Therefore, these materials
can be utilized as filters to maintain good air quality [ 1-3]. In addi-
tion, several studies have also reported SnO, alongside with ZnO as
having applications in the medical field as a material with antibac-
terial capabilities [4-7].
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It has been shown in the literature that metal oxides can be
used to eradicate bacteria via electrostatic interactions that change
the integrity of bacterial membranes and the generation of free
radicals which are toxic to bacteria. The effectiveness of this erad-
ication depends on many factors such as the particle size of the
nanomaterials, the liquid composition in the assay, the configura-
tion of the composites, and the presence of light and UV exposure
[8,9]. Ag has been indicated as an ideal candidate to combine with
SnO, for antibacterial coatings. The flexibility of Ag/metal oxide
nanomaterials and their ability to eradicate bacteria has led to a
growing interest in forming Ag/SnO, composites among research-
ers [10-12].

Many methods to grow nanocomposite materials consisting of
Ag/SnO, have been reported. Wang et al. [13] reported that
Ag/SnO, can be successfully synthesized using a direct electrore-
duction method with HCl as a catalyst. Ag/SnO, composite nan-
otubes have also been produced by an electrospinning method
[14]. Moreover, Liu et al. synthesized Ag/SnO, using a facile
hydrothermal method and an in situ reduction method [15]. Other
methods such as sol-gel [5], post annealing [16], precipitation

2090-4479/© 2019 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams University.
This is an open access-article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

www.manaraa.com



768 E.B. Tibayan Jr. et al./Ain Shams Engineering Journal 11 (2020) 767-776

combined with powder metallurgy [17], and chemical spray pyrol-
ysis [18] have also been reported in the literature.

Although these methods can be used to synthesize Ag/SnO,
nanocomposites with good properties, the synthesis itself often
uses catalysts or additional materials that require higher safety
standards due to associated environmental and health impacts.
In this paper, a horizontal vapor phase growth (HVPG) technique
was employed to synthesize Ag/SnO, nanocomposites. Previous
studies show that HVPG can be used to synthesize various micro-
and nano-materials such as SnO, [19], Ag/Ge [20], and Ag/TiO,
[21-23]. Notably, the one-pot HVPG technique is environmentally
friendly, does not require additional materials or steps in the syn-
thetic process, and yields promising results.

Recently, nanotechnology applications for glass production
have received a growing interest worldwide due to increased
demand and use of larger glass areas on modern buildings and
skyscrapers [24]. The use of large glass windows promotes the
multiplication of bacteria and microorganisms, leaving people
increasingly exposed to their harmful effects. Prolonged exposure
to UVA and UVB radiation from sunlight especially during heat
waves is also a big challenge for commercial architecture design
[25-28].

Modified glass panes that can filter UVA and UVB light without
going through the process of dyeing are essential for commercial
architectural applications [29-32]. The elimination of bacteria
and microbes on the surface of glass is also indicated for improved
human health. This study combines both the biocidal and UV filter
properties of Ag/SnO, nanoparticle composites to create optimal
glass coatings. Here, the synthesis and fabrication of Ag/SnO,
nanocomposites is reported, along with a density functional theory
(DFT) analysis to computationally verify their respective geome-
tries. DFT was used in this work due to the precision of this theory
to calculate the chemical properties such as molecules and solids
(energies, electronic structures, and binding lengths) [33].

2. Materials and methods
2.1. Preparation and synthesis of Ag/Sn0O, composites

Silver (Ag) powder of 99.9% purity containing <45 pm grain size
was purchased from Sigma Aldrich. Tin oxide (SnO,) of 99% purity
with <5 pm grain size was purchased from Merck. Ag:SnO, mass
ratios of 0:5, 1:4, 2:3, 3:2, 4:1, and 5:0 formed the composite mate-
rials with each sample having a total mass of 35 mg. Ag, SnO, and
Ag/SnO, materials were synthesized using an HVPG technique,
which employs a thermal synthetic method that alters the materi-
als’ phases during processing, as seen in Fig. 1.

An ultrasonic machine was used to clean the quartz tube with a
closed end. The tube containing Ag and SnO, was attached to the
Thermionic High Vacuum System (THVS) and the pressure was
maintained at 107 torr. The dimensions of the quartz tube were
dinner = 8.5 mm, doyter = 11 mm, and 1 = 220 mm. The Ag/SnO, mix-
tures were poured inside the quartz tube and placed horizontally
inside the furnace. To create a thermal gradient within the furnace,
the quartz tube was positioned one-third inside (zone 1), one-third
near the opening of the furnace (zone 2), and one-third outside
(zone 3) as shown in Fig. 2. The sealed quartz tube containing
Ag/SnO, mixtures was heated for t = 6 hr at T = 800 °C with a
ramp-up time of 80 min.

2.2. Characterization of Ag/SnO, composites

Surface analysis and elemental composition of both the Ag/SnO,
composite materials with Ag and SnO; controls were performed on
a JEOL SEM 5310 scanning electron ricroscope. Each of the three
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Fig. 1. HVPG induced phase conversion.

zones were measured for the characterization of all prepared
nanoparticles.

2.3. Computational assessment of Ag/SnO, composites via DFT

The surface structures were modelled according to the general-
ized gradient approximation (GGA) Functional (BLYP). BLYP func-
tional was used in this study based on the previous research that
done by Sensato et al. and Yamaguchi et al. where the DFT calcula-
tion on SnO, was applied. The similar model is used in this study to
computationally determine the atomic geometry and electronic
properties of the Ag/SnO, composites with the possibility to study
in different theoretical descriptions which the same correlation
formalism was used [34-36]. The reciprocal lattice vector for each
k-point was calculated by Monkhorst Pack [37]. The k-point mesh
for the bulk SnO, was set to 4x4x6 points while the bulk Ag was
fixed to 5x5x5 points that gives satisfying results during the relax-
ation protocol. Computational calculations of the crystal structures
and binding energies were performed using quantum chemical
software DMol3. Comparisons between their structural crystalline
and amorphous properties were made. DMol3 method was used
due to the efficiency in numerical local orbital basis sets and it
used standard molecular calculations by using arithmetic opera-
tions which can be lowered by using reciprocal space method
[38]. The parameters that used in this study are listed as follow:
Energy cut-off: 400 eV, Convergence criteria: 10E-5, and maximum
SCF: 500.

2.4. Antibacterial testing

Two-part antibacterial tests were implemented to determine
the effectiveness of the nanomaterials against bacteria. The first
test involved the absorbance measurement of the turbidity of the
bacterial solutions exposed to different nanomaterial mixtures.
Using the Perkin Elmer UV/Vis Spectrophotometer Lambda 25,
absorbance at A = 600 nm was measured for solutions of Escherichia
coli and Staphylococcus aureus [39,40]. High turbidity indicates an
increase in the colony forming unit (cfu) of bacteria and results
in higher absorbance wavelength values as light is scattered by
the presence of microorganisms. Composites of Ag and SnO, with
different mass ratios were collected from the three zones of the
quartz tubes and added to test tubes containing a solution of nutri-
ent broth and bacteria. Powder Ag and SnO, were also added to test
the antibacterial effectiveness between bulk and nanomaterials.
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Fig. 2. Cross-sectional diagram of the furnace during the heating of the quartz tube sectioned into three equal segments: zones 1, 2 and 3 [34].

The second test used an Alamar Blue Assay (ABA) technique for
quantitative analysis. The proliferation from cell lines of human,
animal, bacteria and fungi samples were studied. ABA methods
incorporate a fluorometric or calometric indicator to detect meta-
bolic activity. Fluorescence and color changes occur in response to
reduction-oxidation reactions within mediums containing cell
growth. The active ingredient of ABA, Resazurin, is reduced from
its blue, non-fluorescent form into red, fluorescent Toresorufin
after successfully permeating a viable cell. ABA techniques have
several advantages over existing testing methods, such as non-
toxicity, ease of application, and non-interference with cell meta-
bolism. In our set-up, 500 puL of Ag/SnO, composites and powder
Ag + Sn0O, solutions were transferred to sterilized test tubes, fol-
lowed by the addition of 50 uL ABA to form a 10:1 ratio. The test
tubes containing the solution-reagent mixtures were incubated
at 37 °C and monitored for color changes 12 and 24 hr after incu-
bation. Color changes from the original blue color of ABA were used
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Fig. 3. Representative SEM images of Ag/SnO, in Ag:SnO, mass ratios of (1) 0:5, (2) 1:4, (3) 2:3, (4) 3:2, (5) 4:1, (6) 5:0.

as indicators of the presence of viable cfu bacteria within the
mixture.

3. Results and discussion
3.1. SEM imaging

A summary of the surface morphologies of Ag, SnO,, and Ag/
SnO, composite materials and bulk SnO, and Ag powders is shown
in Fig. 3. Three different zones across the temperature gradient of
the quartz tubes are examined. The SEM micrographs depict the
presence of randomly oriented nanowires, nanofibers, nanospheres
and nanocotton-like structures. The representative EDX analysis
from Ag/SnO, nanocomposite material where the ratio between
Ag:Sn0, is 1:4 can be seen in Fig. 4. The results show that since
the synthesis of nanocomposites process occurred in the vacuum
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Fig. 4. EDX spectrum of Ag/SnO, nanocomposite material with ratio 1:4.

condition, the result from EDX show both Ag, Sn, and O are the ele-
ment that have high intensity. The absence of the other element
are the prove that HVPG technique are capable to synthesis nano-
material with high purity.

Most nanomaterials are observed in zone 3 while zone 1 and
zone 2 display structures ranging from nanometer to micrometer
size. Two different types of growth mechanisms can potentially
explain the deposition of nanomaterials found in each zone. In
the first growth mechanism, the source material is initially found
in zone 1. It receives heat from its surroundings, acting as an agent
of heat transfer and undergoing a phase transition from solid to gas
for effective spreading. The convective motion of gases inside the
quartz tube influences the existing longitudinal thermal gradient
of tube, making any material accumulation or deposition impossi-
ble. The source powder is likely vaporized from zone 1 and 3, but a
possible phase transition from vapor to liquid can occur as vapor
traverses from zone 1 to 2. Thus, nanostructures are formed by
the process of creep flow and cooling after the dwell time of 6 hr.

The second type of growth mechanism involves the formation
of SnO, nanowires as explained by Bhardwaj et al. [41]. Because
Sn has a low melting point, the deposited Sn nanoparticles are

Bandgap =3.73 eV

likely converted into liquid nanodroplets which induce self-
catalytic growth of SnO, nanowires. As the Ag content of the source
material increases, Ag nanoparticles form and dissolve Sn, thereby
creating Ag-Sn eutectic nanodroplets. Functioning as a catalyst, the
Ag-Sn eutectic nanodroplets dissolve incoming Sn, O and Ag atoms.
Due to the temperature-gradient-driven supersaturation, precipi-
tation of Ag, Sn and O follows the formation of SnO, nanowires.
A further increase in Ag concentration results in the creation of
AgsSn alloy nanodroplets which dissolve any inbound Sn, O and
Ag atoms from the vapor phase, inducing the formation of SnO,
nanowires. The initial growth of SnO, nanowires produces a depo-
sition site for Sn and Ag nanoparticles in the vapor phase, where
AgsSn alloy nanodroplets can grow as secondary nucleation cen-
ters for SnO, nanowire formation in a self-catalytic cycle. These
secondary nucleation centers then create bridged interconnections
between discrete SnO, nanowires.

3.2. DFT analysis

3.2.1. SnO, surface structure

Sn0,(1 1 0) is considered a thermodynamically and electrostat-
ically stable material with a predominantly crystal face surface
since the [1 0 0] plane has the least surface energy relative to other
orientations [42,43]. This plane consists of O and Sn atoms sepa-
rated by planes containing only O atoms which can be written as
0-Sn,0,-0, with ionic charges of 2-, 4+ and 2-, respectively [43].
At the surface, the two outermost layers of O are called “bridging”
oxygen atoms such that removing one O creates a “bridging
vacancy.” The lattice constants are calculated to be a = 4.84 A,
b =3.28 A and c = 18.0 A for both single- and double-unit cells,
which is in close agreement with a study carried out by Habgood
and Harrison [44]. Fig. 5. illustrates the SnO,(1 1 0) crystal and
band structures and the density of states for a double-unit cell,
with computed band gaps of 3.73 eV (332.63 nm). Based on the cal-
culated band gap energies, the SnO,(1 1 0) surface structure is a
good candidate for UVB and UVC ray absorption.

3.2.2.5n0, (110) on Ag (1 1 1) surface structure
Sn0O, (11 0)on Ag (11 1) was analyzed according to a bottom-
top termination along the surface in order to determine the
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Fig. 5. SnO, (1.1 0) (1) Crystal Structure, (2) Band Structure, and (3) Density of States.
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Fig. 6. (1) SnO,(1 1 0) on Ag(1 1 1) Crystal Structure, (2) Band Structure, and (3) Density of States for larger unit cells on SnO, Nanorods over a silver surface.

geometric and electronic structure of the Ag/SnO, composite. The
unit cell, SnO, atoms, and first layer of Ag (1 1 1) are relaxed,
whereas the bottom layer of Ag (1 1 1) is fixed. The computed lat-
tice constants are a = 5.45 A, b=6.31 A, and c = 18 A. Fig. 5. shows
the crystal structures of SnO, (1 1 0) on Ag (1 1 1) for possible
atomic termination combinations. The lowest band gap is found
at the Sn—Sn termination while the highest band gaps are calcu-
lated at the O—Sn and O—O terminations.

The geometric crystal structure for SnO, nanorods using Ag sur-
faces is shown in Fig. 6, along with the corresponding band struc-
ture and density of states. These computational results are
experimentally supported by the SEM images where SnO, nanor-
ods were attached to the Ag nanoparticles. A direct experimental
comparison for this computational model can be made with a
report done by Kim et al. [45] where the [1 0 0] facets were seen
to be prominent in SnO, nanorods synthesized at 1200 K by ther-
mal evaporation. The results suggest the direct increase of the rel-
ative intensity of [1 0 O] facets as O partial pressure increases
simultaneously.

3.3. Antibacterial properties of Ag/SnO, nanoparticles

solutions indicates
ncubation, respec-
ymaterial mixtures

with E. coli 12 hr after incubation. Samples that indicated color
changes are E. coli (+control), E. coli with SnO, bulk powder, and
E. coli with Ag bulk powder, revealing that E. coli remains viable
when exposed to the larger, powdered forms of pure Ag and
Sn0,. As E. coli continues to grow, the innate metabolic activity
of the bacteria results in the chemical reduction of AB (ala-
marBlue), causing the redox indicator to change from the oxidized
(non-fluorescent blue) form to the reduced (fluorescent red) form.
When AB is added to cell cultures, the oxidized AB enters the cyto-
sol and is converted to its reduced form via accepting electrons
from mitochondrial enzymes, including cytochromes, NADPH,
FADH, FMNH and NADH. This redox reaction is accompanied by a
shift of the culture medium from indigo blue to fluorescent pink
[46-48].

After 24 hr of incubation, a shift from pink to orange is observed
on both the Ag and SnO, powders with E. coli as shown in Fig. 8. A
halt to the spread of E. coli cells may have caused the change of
color due to either a high cell population or extended incubation
time. However, there was no remarkable difference in the color
of E. coli solutions with the Ag/SnO, composite and bulk nanoma-
terials. Based on these observations, the effectiveness of the
composite against E. coli is proportional to the reduction of
theAg/SnO, composite particle size. The absorbance values
presented in Table 1 show that the intensity decreased after
12 hr and further reduced after 24 hr, thereby indicating the erad-
ication of E. coli due to prolonged exposure to the nanomaterial
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Fig. 8. ABAJE. Coli after 24 hr of incubation.
Table 1
Absorbance values of E. Coli at 600 nm.
Wavelength 600 nm
Samples 0Oh 12 h A12n — Aon 24 h Azan — Ar2n
E. Coli, no material 0.559 0.629 0.07 0.626 —0.003
Sn0, powder 2.071 2.125 0.054 2.12 —0.005
Sn0, nanomaterial zone 1 1.921 1.915 —0.006 1.893 -0.022
Sn0, nanomaterial zone 2 1.896 1.889 —-0.007 1.863 -0.026
SnO, nanomaterial zone 3 2.081 2.078 —0.003 2.047 -0.031
Ag/Sn0; 1:4 zone 1 1.356 1.341 -0.015 1.304 -0.037
Ag/SnO, 1:4 zone 2 1.392 1.38 -0.012 1.337 —0.043
Ag/SnO, 1:4 zone 3 1.426 1.407 -0.019 1.354 —0.053
Ag/Sn0; 2:3 zone 1 1.262 1.244 -0.018 1.191 —0.053
Ag/Sn0, 2:3 zone 2 1.388 1.364 —0.024 131 —0.054
Ag/Sn0, 2:3 zone 3 1.348 1.319 —0.029 1.26 —0.059
Ag/Sn0; 3:2 zone 1 1.199 1.168 -0.031 1.111 —0.057
Ag/Sn0; 3:2 zone 2 1.264 1.236 —0.028 1.178 —0.058
Ag/Sn0, 3:2 zone 3 1.216 1.174 —0.042 1.111 —0.063
Ag/Sn0; 4:1 zone 1 0.962 0.904 —0.058 0.823 —0.081
Ag/Sn0; 4:1 zone 2 1.144 1.083 -0.061 0.998 —0.085
Ag/Sn0, 4:1 zone 3 1.138 1.068 -0.07 0.954 -0.114
Ag nanomaterial zone 1 0.645 0.589 —0.056 0.512 -0.077
Ag nanomaterial zone 2 0.687 0.625 —0.062 0.542 —0.083
Ag nanomaterial zone 3 0.996 0.932 —0.064 0.839 —0.093
Ag powder 0.628 0.668 0.04 0.657 -0.011

mixtures. Furthermore, the amount of Ag in the mixture is inver-
sely proportional to its absorbance, confirming its effectiveness
as an antibacterial agent. Since Ag is a natural biocidal material,
the toxicity of a solution of E. coli is improved with an increased
presence of Ag within Ag/SnO, mixtures [49,50].

A possible explanation for the elimination of the E. coli within
Ag/SnO, solutions, determined from absorbance measurements,

is due to the nanomaterial’s breaking of the bacterial cell wall.
Since the subsequently leaked cytoplasmic material is composed
of soluble proteins, salts, and small molecules, these components
do not contribute to light scattering and in contrast, would result
in a decrease of the optical or absorbance intensity of the sample.
Moreover, reformed cells would be smaller and scatter less light
which results in a lower absorbance as shown in Table 1.
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3.3.2. Antibacterial effect on S. Aureus

The biocidal effect of SnO, and Ag bulk, powder and composite
nanomaterials were further tested on the bacteria Staphylococcus
aureus (S. aureus). After 12 hr of incubation, only two of the sam-
ples, S. aureus (+control) and SnO, powder with S. aureus, demon-
strated a color change, indicating no effect on the elimination of S.
aureus, depicted in Fig. 9. Further incubation to 24 hr revealed that
Sn0, nanoparticles and Zone 1-harvested Ag nanomaterials are
also ineffective as antibacterial agents against S. aureus as illus-
trated in Fig. 10. Both the powdered and nanoparticle forms of

Sn0, are viable agents against the S. aureus solution. However,
nanocomposites of Ag/SnO, prove to be a consistently effective
antibacterial material on both E. coli and S. aureus. Thus, nano-
sized materials have a higher toxicity towards these bacteria com-
pared to their powdered forms, which is consistent with the results
found by previous studies [50,51].

The absorbance intensity decreased for all solutions after a
12 hr incubation period except for the S. aureus control, as pre-
sented in Table 2. For the case of S. aureus, the inhibitory action
of the Ag/SnO, composite can be tied to the respiration of the bac-

4 t
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Fig. 9. ABA/S. Aureus after 12 hr of incubation.
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Fig. 10. ABA /S. Aureus after 24 hr of incubation.

Table 2

Absorbance values of S. aureus at 600 nm.
Wavelength 600 nm
Samples 0Oh 12 h Aqz2n — Aon 24 h Azan — Aion
S. aureus, no material 0.208 0.316 0.108 0.425 0.109
SnO, powder 1.968 2.069 0.101 2.176 0.107
Sn0, nanomaterial zone 1 1.741 1.812 0.071 1.871 0.059
Sn0, nanomaterial zone 2 1.67 1.697 0.027 1.769 0.072
SnO, nanomaterial zone 3 1.418 1.452 0.034 1.554 0.102
Ag/SnO; 1:4 zone 1 1.581 1.575 —0.006 1.539 —-0.036
Ag/SnO; 1:4 zone 2 1.595 1.42 -0.175 1.354 —0.066
Ag/SnO; 1:4 zone 3 1.567 1.403 -0.164 1.327 —-0.076
Ag/Sn0; 2:3 zone 1 1.444 1.229 -0.215 1.144 —0.085
Ag/Sn0; 2:3 zone 2 1.414 1.388 -0.026 1.334 —0.054
Ag/SnO; 2:3 zone 3 1.473 1.225 -0.248 1.129 —0.096
Ag/SnO; 3:2 zone 1 1.331 1.117 -0.214 1.035 —-0.082
Ag/SnO; 3:2 zone 2 1.366 1.261 —-0.105 1.169 —0.092
Ag/SnO; 3:2 zone 3 1.411 1.192 -0.219 1.092 —-0.100
Ag/SnO; 4:1 zone 1 1.292 1.087 —-0.205 0.995 —-0.092
Ag/SnO; 4:1 zone 2 1.309 1.146 -0.163 1.013 -0.133
Ag/Sn0; 4:1 zone 3 1.403 1.157 —0.246 1.008 —-0.149
Ag nanomaterial zone 1 0.635 0.617 -0.018 0.727 0.110
Ag nanomaterial zone 2 0.776 0.59 —-0.186 0.492 —0.098
Ag nanomaterial zone 3 1.069 0.896 -0.173 0.786 -0.110
Ag powder 0.687 0.734 0.047 0.802 0.048
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teria and the corresponding change in turbidity, as stated by Avi-
dor et al. [52]. Furthermore, previous studies show that nanoparti-
cles’ toxicity mechanism depends on the composition, surface
modification, intrinsic properties and type of bacteria species.

Nanoparticles can either penetrate the bacterial cell wall and
bind to the phospholipid layer of the cytoplasmic membrane, bind
to the DNA of the bacteria and disrupt its replication, or impair the
ability of the ribosome to transcribe RNA or bind to the sulfhydryl
group of the cytochrome [53]. Although the exact mechanism
remains unknown, our experimental results recapitulate that
reducing the size of the Ag/SnO, composites to the nanoparticle
range proves to be effectively toxic to both E. coli and S. aureus
bacteria.

4. Conclusion

Ag/SnO, nanocomposite materials were successfully synthe-
sized using a simple HVPG technique which resulted in high purity
results, an eco-friendly synthesis, and a low cost of production. The
SEM images indicated that the morphology of Ag/SnO, composites
changed with respect to the ratio of starting materials, which is
reflected in the absorbance data and subsequent antibacterial
capabilities. This study shows various nanomaterials were success-
fully synthesized including wires, rods, spheres and cotton-like
composites from the three zone areas of the quartz tube. DFT anal-
ysis using the quantum chemical software DMol3 illustrates that
the computed band gap energy of Ag (1 1 1) matches the SnO,
(1 1 0) surfaces, supporting the experimental findings.

The ABA technique demonstrates that Ag/SnO, composites are
toxic to both E. coli and S. aureus bacteria. The ABA indicator
induced color changes when exposed to powered macromaterials
of Ag and SnO,, revealing the proliferation of bacteria within these
mediums. However, color shifts were not seen within the Ag/Sn0O,
composites that were both nanosized and contained high ratios of
Ag:Sn0,, suggesting that these materials are highly capable as
antibacterial agents. These results confirm that antibacterial prop-
erties are enhanced in nanoparticles and suggest that Ag/SnO,
nanocomposite materials are suitable for coating applications with
a high performance in antibacterial activity. Based on the results,
this material can be applied in residential and commercial glass
windows along with glass-based materials that are exposed to
UV light. Additionally, medical applications have yet to be explored
but the present results are promising for the production of materi-
als with highly antimicrobial properties against both gram-positive
and gram-negative bacteria.
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