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Abstract: Silver doped ZnO films was prepared by the sol-gel and dip-coating technique,
starting with zinc acetate and silver acetate as precursors, followed by its hydrolysis in
ethanol. Acetic acid was incorporated to adjust pH, as well as ethyleneglycol and Triton™®
as stabilizers. The sol was later dipped 3 times in Corning glass. Structural, morphological
and antimicrobial properties of the films were investigated for three silver contents (1.0,
2.5 and 5 mol %). X-ray diffraction (XRD) shows that the films have a hexagonal structure
after been annealed at 500 °C. Atomic force microscopy (AFM) for films showed a
homogeneous, crack free and smooth surface, composed of cross-linked particles. The
synthetized films presented antibacterial activity against Escherichia Coli. It was observed
that the film with the higher Ag content (5 mol %) presents the higher antimicrobial
activity at 72%.
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1. Introduction

During the last decade, a rapidly increment in the development of new antibacterial materials has
been observed as consequence to the spread of antibiotic resistant infections, which has become a
major issue in health care. A possible alternative is the synthesis of new inorganics compounds with
antimicrobial properties, since they have the advantage of durability as well as chemical and physical
stability over common organics and antibiotics compounds [1,2]. In particular, antimicrobial thin films
had attracted great interest since survival of microorganisms on surfaces can result in the spread of the
diseases [3], and the risk hazard upon inhalation antibacterial compounds it’s minimal [4] compared
with the powders-based systems. For example, several antimicrobial semiconductor materials, like
TiO, had been synthetized doped with Ag [5, 6], Cu [7] or Pt [8]. A different approach is the use of a
relatively low-cost ZnO matrix, since it has been largely demonstrated its capacity to inhibit the
growth of microorganisms, as well to act as a high-range antibacterial agent [9 ,10]. Furthermore, it’s
possible to be obtained as thin films with high durability and enhanced mechanical properties [11,12];
as well as high transparency, which makes it ideally for glass-windows [13]. These properties makes
ZnO attractive in places where high hygiene it’s necessary [14]. Therefore, several methods were used
to prepare ZnO films such as: radio frequency (RF) sputtering process [15], CVD methods [16], pulsed
laser deposition [17], spray pyrolisis [18], atomic layer deposition [19], chemical bath deposition [20]
or electrodeposition [21]. However, these techniques usually require expensive and complicated
equipment setup. A possible alternative is the sol-gel process, which allows elaborating a solid film by
using a sol or a gel as an intermediate step, with much lower temperatures than the usually needed by
traditional methods, plus it is particularly efficient in produce highly-transparent films on different
substrates at relatively low cost [22].

Several efforts have been conducted in order to obtain sol-gel derived-ZnO films, starting with the
use of zinc acetate as metal precursor, 2-methoxyethanol or ethanol as solvent, and monoethanolamine
or dimethylamine as stabilizer [23]. However, the use of 2-methoxyethanol it is not recommendable
due its high toxicity, and the ethanol systems are not quite stable. A possible alternative is the
incorporation of a polymer into the zinc-sol formation like the polyvinilpyrrolidone (PVP) [24,25],
which not only could stabilize the sol, but also could reduce the introduced film-stress during the
annealing procedures, and, as also increments increment the viscosity of the sol, enhances the
thickness and reduces the crack formation.

A different approach is to add Triton X-100 (C;4sH2,0(C,H4O)n) a common non-ionic surfactant,
with an average molecular weight of 625 gmol”, which has been successfully added in the sol-gel
synthesis of SiO; [26], TiO, systems [27] and recently in a ZnO nanowalls [28].

In this work, ZnO antibacterial-films doped with silver were prepared by the sol gel method and the
dip coating technique, without the use of monoethanolamine nor dimethylamine, and instead, adding
Triton X-100 to the sol as stabilizer and using isopropanol as solvent. The structural, as well as the
antibacterial properties were evaluated against E. Coli bacteria.
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2. Results and Discussion
2.1. Sol-gel evolution

To determine the evolution of the sol during the annealing process, infrared spectra (Figure 1) for
the synthesized xerogel powder were obtained from 100 to 500 °C for a ZnO:Ag" sample (Ag= 5.0
mol %). Broad bands of 3000-3500 cm™ are assigned to O—H stretching at and bending vibrations of
H,0. The bands are located between 2860-2960 cm™' are ascribed to the stretching vibration of
CH3COO" groups, while those bands between 1580-1660 cm™ corresponds to the stretching vibrations
of C=C from the Triton X-100. The band between 1350-1410 cm™ corresponds to the stretching
vibration of CH, ethylene group, and those located between 1040-1190 cm™, 1125-1210 cm™ and
1225-1260 cm™; to the stretching vibrations of CO™ from the organic groups (ethyl, isopropyl and
acetic acid). The bands located between 780-850 cm™ and 1100-1152cm™ corresponds to the
stretching vibrations of the C-C groups. All the bands from de organics compounds are almost absent
from 400 °C. Finally, the strong band located at 450 cm™ corresponds to the Zn—O vibrations and it’s
present from 300°C. The results are in good agreement with a sol-gel process in which an intermediate
product, zinc monoacetate was formed [29].

Figure 1. Infrared spectra ZnO:Ag" film.
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2.2. Physical, optical, and structural studies.

The physical properties of the sol-gel derived films, such as thickness, refractive index, density and
porosity were calculated by means of m-lines spectroscopy, since both samples, at 2.5 and 5.0 mol %
Ag" presented two TE and two TM modes, indicating the high optical quality of the samples, like
transparency and physical homogeneity. The density of the films can be determined by means of the
Lorenz-Lorentz equation: p= K (nf - 1)/(nf + 2)-1 [30], where ny is the refractive index of the film,
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and K is calculated from the bulk material. The pore content can be calculated by using Drude’s
equation [31] (1-p)=(né-1)/(n,>-1)-1. Results are summarized on Table 1. As observed, the proposed
method produces dense films, compared with the bulk ZnO density (5.61 gem™,) with high pore
content, probably due to the effect of the Triton X-100, since the production of CO, during the thermal
decomposition of the xerogel it’s enhanced by the presence of this compound, which also contributes
to the decrease of the refractive index (bulk= 1.9952). On the other hand, there isn’t appreciable
difference from both Ag contents films.

Table 1. Physical properties of ZnO:Ag thin films.

Ag/mol % Refractive index Thickness / nm Density / g cm™ Porosity / %
/u.a
2.5 1.8695 595 5.12 15.5
5.0 1.8796 612 5.17 14.2

Optical transmittance spectra of Ag" 5 mol % thin film annealed at 500°C, in the wavelength range
of 300 to 800 nm, is shown in Figure 2a. The film exhibit a transmittance higher than 80% within the
visible region, which is ideally for its use in glass-windows, with a sharp fundamental absorption edge
at 380 nm. The ZnO:Ag" film band gap was calculated according the Tauc model [**]:

ahv (hv - Eg)1/2

Where hv is the photon energy, a is the absorption coefficient which could be derived from the
transmittance data. Accordingly, the optical band gap can be obtained by extrapolating the
2 plot (Figure 2b).
The calculated band gap for the Ag” 5 mol % doped sample was 3.16 eV, which is in good agreement

corresponding straight lines downwards to the photon energy axis in a hv vs (ahv)

with the reported data for co-precipitation ZnO-powders of 3.17 eV [*°], and which is lower the un-
doped sample (3.20 eV).

Figure 2. a) Optical transmittance spectra b) Band gap estimation
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Figure 3 shows the XRD patterns for ZnO films doped at 2.5 and 5 mol %, and annealed at 500 °C.
As observed, both samples had similar XRD patterns with high crystallinity, corresponding to the ZnO
wurtzite hexagonal structure (space group Cémc) with lattice parameters a = 3.2496 A and ¢ = 5.2065
A, according to JCPDS Card No. 36-1451. The calculated crystal sizes, calculated from the Scherrer’s
formula taking into account the line broadening of the diffracted peak due to the effect of crystal size,

are 11.5 and 14.3 nm for the 2.5 and 5.0 mol % samples, respectively

Figure 3. XRD for Ag-doped ZnO sol-gel derived thin films as function of the Ag content, 500°C.
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2.3. Morphological studies.

The morphology of the films was determined by means of SEM microscopy. Figure 4a presents a
typical micrograph of the 5.0 mol % sample annealed at 500 °C, where can be observed that is almost
crack-free, which it is particular important for the antibacterial materials, since physical homogeneity
of the films avoid the presence bacterial colonies in the formed cracks. At higher magnifications,

(Figure 4b) it can also observed the presences of some pores.

Figure 4. SEM micrographs of sol-gel derived ZnO:Ag" films, a) 1000 X, b) 15,000 X.
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The surface morphology sol-gel derived ZnO:Ag" films was evaluated by AFM. Figure 5a and b
shows the micrograph 5.0 mol% sample annealed at 500 °C (2D and sterecographic view, respectively).
As can be observed, the films is constituted of close-packed fluffy nanoparticles dispersed all over the
surface, with the presence of nanopores. The particle size measured is 20 + 16 nm, and the surface of
the films is very smooth, since the calculated roughness is 1.5 nm for the film.

2.4. Microbiological studies.

To evaluate the effect on E. Coli microbial growth over sol-gel derived ZnO:Ag" at different doping
level (0-5 mol %), absorbance experiments were carried out in all systems to assess the net growth of
cells, and the effect on the survival of the microorganisms over the films was evaluated by mean of
CFU counting. Figure 6 shows the E. Coli CFU exposed to film as function of the Ag" content, and as
observed, there is no significative antibacterial effect from the 2.5 sample, however, the antimicrobial

ratio of the 5.0 sample reaches the 72 %, indicating that effectively the films presents antibacterial
activity.

Figure 5. FCU/ 100 mL of E.Coli exposed to films as function of Ag" doping level.
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3. Experimental Section

The Ag-doped ZnO films on glass substrate were prepared by the sol-gel process and the dip-
coating technique. First, Sol 1 was prepared as follows: a 1.13 M Zn sol was obtained dissolving zinc
acetate dihydrate (Zn(CH3COO);-2H20, Wako pure chemical industries, 99.0% ), in iso-propanol
(CH30sH, Alfa Aesar, 99%,) as solvent. A 50-50 Ethylene glycol-distilled water solution (C,H¢O,,
Alfa Aesar, 99.0 %), were added in order to ensure the complete dissolution, and the sol is stirred
vigorously for 3 h at 40 °C. Sol 2 was prepared as follows: a 0.043 M Ag sol was prepared dissolving
silver acetate (AgC,;H30,, Sigma-Aldrich, 99.0 %) in distilled water, and acetic acid (CH;COOH, Alfa
Aesar, 99.5 %) was added as a catalyst (4.3 M). The sol was stirred vigorously for 1 h at 60°C to
obtain a transparent sol. Later, both sols, Sol 1 and Sol 2, were mixed together in order to obtain a 2.5
or 5.0 Ag" mol % product, and subsequently Triton X-100 (C4H2,0(C2H40)n, Alfa Aesar, 99.0 %)
was slowly incorporated into the sol under vigorous stirring at 50 °C, with Zn/Triton molar ratio of
15.0 (Triton X-100 average molecular weight=625 gmol™). The final sol was transparent and stable for
12 h. For the deposition of film, the substrates (Corning glass) were first carefully degreased and
cleaned before deposition, and later dipped into the prepared sol and pulled up at a constant rate of 4.0
cm s”'. Subsequently, to remove the water content and the most volatile organic compounds, dipped
substrates were dried for 10 min at 100 °C. The procedure of coating and drying was repeated for three
times. Finally, for the ZnO formation, the films were set on a furnace at 500 °C for one hour. The final
appearance of the transparent films is showed on Figure 7.

Figure 7. Photograph of transparent Ag-doped ZnO Triton X100 modified film at 500°C.

The behavior of the sol during the heat treatment was analyzed by means of IR spectra recorded in
the 4000-450 cm™ range using Fourier transform infrared spectroscopy (FTIR 2000, Perkin Elmer).
Crystal structure was determined by X-Ray diffractometry (D8 Advance, Bruker AXS) using a Cu-KA
radiation at 35 kV, 25 mA. Morphology was investigated by means of SEM microscopy in a Philips
XL-30 operated at 5 kV). Surface morphology was analyzed by Nanoscope IV Atomic Force
Microscopy with (Digital Instruments) in tapping mode. The thickness, refractive index, density and
porosity were measured by m-lines spectroscopy, which uses a prism coupling method to launch a
laser light into the optical layer. The prism (LaSF35, angle 60°) was coupled with a light of He-Ne
laser with a wavelength A equal to 633 nm into the waveguide.
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To evaluate the effect on bacterial growth due to the exposition of the sol-gel derived ZnO:Ag
films, E. Coli microorganisms obtained by a wastewater sample was used, and was cultured
aerobically in brilliant green medium, at 37 °C on a rotary shaker (120 rpm) during 8 h, and
maintained in Eosin Methylen Blue (EMB) agar plates (Becton Dickinson), at the same temperature
overnight. Later, 50 mL of brilliant green broth was added in a 250 mL Erlenmeyer flask, and
posteriorly was inoculated directly using a bacteriological loop from EMB agar plates. The obtained
cultures were maintained at 37 °C overnight. Finally, 1 mL from the previous inoculate system was
added to another Erlenmeyer flask with fresh medium in order to complete the antibacterial activity
study. The effect on growth E. Coli on films was evaluated through the exposure of 1 cm?® of the ZnO,
surfaces doped with different silver content (0, 2.5 and 5 mol %), with 50 mL of brilliant green
medium (Bile Broth 2%, Becton Dickinson) in an Erlenmeyer flasks of 250 mL capacity. The
absorbance was measured along the microbial kinetics and at the end of exponential phase, and the
Colony-forming unit (FCU) was quantified in EMB agar plates. All experiments were carried out by
triplicate.

4. Conclusions

The present work synthetized ZnO:Ag Triton X-100 modified thin films by a sol-gel process. The
films present high transparency, as well as a band gap lower than the bulk ZnO (3.20 to 3.15 eV for a
5.0 mol % Ag sample). The films shows a hexagonal wurtzite structure from 500 °C, and, as it was
observed in FTIR measurements that almost all the organic compounds are eliminated at this
temperature. The morphology of the films are homogeneous and almost crack-free, with the presence
of residual pores probably product of the decomposition of the organic compounds during the
annealing process. Finally, the antibacterial studies shown that for E. Coli bacteria, the higher
microbicide effect is observed for the higher (5 mol %) Ag" doped sample, 72 % compared with 13 %
at the lower sample (2.5 mol %).
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