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ABSTRACT
The bacteria inactivation of E. coli by Ag colloidal loaded cotton and polyester was
investigated. Textile surfaces were pretreated by RF-plasma and UVC to introduce
organic-polar groups containing oxygen functionalities binding/complexing/chelating
Ag-clusters. Since sol-gel films are not mechanically stable, only exhibit low adhesion
and can be wiped off by a cloth or thumb, we present in this study the Ag-sputtering of
semiconductors and metal films to avoid the lack of reproducibility attained by colloidal
preparations on textiles. Films sputtered by the DC-magnetron sputtering (DC) and
pulsed direct magnetron sputtering (DCP) were compared with films sputtered by highly
ionized pulse plasma power magnetron sputtering (HIPIMS). The amounts of Ag needed
to inactivate E. coli by HIPIMS were an order of magnitude lower than films loaded with
DC. The more compact microstructure obtained by HIPIMS seems to lead to a significant
saving of noble metal compared to the DC/DCP sputtering. The antibacterial kinetics
evaluated for the Ag-sputtered films are estimated to be sufficient to decrease
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significantly the bacteria in hospital rooms besides precluding the formation of
pathogenic biofilms on textile surface.
The sputtering by (DC) and surface characterization of TiN, TiON, TiN-Ag and
TiON/Ag textiles are reported addressing disinfection in the dark and under light, either
solar or actinic. The TiN and TiON films presented semiconductor properties leading to
the formation of TiO2. These TiN and TiON textile samples induced bacterial
inactivation within acceptable times without leaching of Ag into the natural environment.
ZrN/Ag and ZrNO/Ag nanofilms were deposited on textiles by DCP in Ar+N2 and/or
O2 atmosphere. These nitride films were more active for E. coli inactivation compared to
Zr/Ag-films. ZrO2-Ag2O was formed during the co-sputtering of ZrNO and Ag. Finally,
the coupling narrow and wide band-gap semiconductorswas investigated on TaON/Ag
sputtered sample. The mechanism of interfacial charge transfer (IFCT) due to the electron
injection from the Ag2O conduction band (cb) to the lower laying Ta2O5 (cb) is discussed.
A beneficial effect for the e-injection from Ag2O clusters into Ta2O5 is suggested.

Keywords: Textiles pretreatment, sol-gel, sputtering, Ag, Ag-nitrides, Ag-oxynitrides, IFTC

INTRODUCTION
Silver has been recognized as antibacterial agent in various material forms: colloids,
powders and supported on natural textiles fibers like cotton and artificial fibres like polyester,
polyamide and wound-pads, thin polymer films like polyethylene, polypropylene,
polyurethane. The silver ion release kinetics and extended operational time and cytotoxicity
(biocompatibility) will determine its effective use when deposited on antibacterial surfaces.
In this review we address the description/discussion of the preparation of Ag on textile
surface by different methods, the evaluation of their antibacterial activity in the dark and
under light irradiation and the characterization of the Ag-textile surfaces by up-to-date surface
techniques. The content of this review is warranted since silver biocidal surfaces are the
strongest growth segment in the medical and health care applications. The advantage of using
Ag-disinfection is that it will not cause bacteria to become resistant to antibiotics and that Ag
surface will prevent the formation of harmful biofims since this is the main source of human
infections. Textiles presenting a faster bacterial inactivation are needed at the present time
due to the increasing resistance of pathogenic bacteria to synthetic antibiotics when
administered for long-times.
If Ag-textiles would be optimized and attain a more widespread use in hospital textiles,
gloves, rugs, curtains, medical devices and catheters, an effective reduction or elimination of
infections can be expected [1-3]. This review describes the current search for more efficient,
stable and adhesive antimicrobial Ag-nanoparticulate films on textiles to preclude the
formation of biofilms leading to hospital acquired infections (HAI) [4]. These biofilms
remain stable for long periods spreading bacteria by contact in public places or confined to
hospital or school-rooms and could only be precluded by Ag-ion release in a slow and steady
way by a favorable ionic transfer rate regulated by the ambient environmental conditions.
The nanoparticles of Ag exhibit bacterial and fungicidal properties. They can accumulate
on the cell wall of bacteria and release Ag-ions that due to their small size penetrate into the
cells through the wall porins [5]. Ag-nanoparticles affect the bacteria respiratory enzyme due
to the production of reactive oxygen species (ROS) and associated DNA damage leading to
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death [6,7,8] and the antimicrobial effect of the potentials of Ag-solutions have been recently
reported [9]. The release of Ag-ions from Ag-grafted surfaces involves Ag-oxidation
reactions due to the oxygen available to the Ag-clusters, protons, salts and are directly
dependent on the Ag-particle size that for large particles is effective only when releasing Agions in sufficient concentrations in a sustained way during relatively long periods [10].
Recently, the advances in Ag-nanoparticle preparations nanotechnology led to Ag nanocrystalline structures with a markedly improved biological value and efficiency. Agformulations in solution or embedded in humid wound-pads pass the Ag-ions/radicals and
have been in use since 1920. Silver atoms are in itself no disinfectant and are considered nontoxic to in vivo human cells [11]. Decreasing the Ag particle size increases the particle
surface area available for surface reactions to take place over shorter time periods. The large
surface of the nano-Ag crystals contain a higher amount of oxidized surface Ag-species, some
of them soluble leading to an enhanced disinfectant reactivity. The Ag-nanoparticles will
release Ag-ions for days compared to the Ag-salts and complexes releasing in the hours range
[12-13]. Sulfadiazine by itself does not show antibacterial action but due to its synergy with
Ag+ a slow release from Ag-ions occurs from the sulfadiazine-Ag salt presenting low
solubility [14].
Many studies have appeared over the last three decades involving the preparation of
colloidal/powder Ag [15-18]. More recently, Ag/TiO2 dispersions or colloids prepared by
different routes in the dark and in some cases under light have been leading to a bacterial
inactivation [19-21]. When applying solar or visible light Ag2O (bg 1.5-1.7) has been
observed to act as a semiconductor enhancing bacterial inactivation [22]. Recently, Ag photoswitching processes by finely divided dispersed Ag 2nm in size has been reported relating the
hydrophobic Ag initial surface kinetics when the surfaces changed to super-hydrophilic under
light concomitant to E. coli and Staphylococcus aureus inactivation. In this way the contact
angle and surface energy were investigated during the light induced and dark reversible
process after bacterial disinfection [23].
Recently, some reviews have appeared on the cell killing mechanism by semiconductor
TiO2 and by metal nanoparticles on E. coli and other bacteria [24-28]. These reviews report
and efficient processes by nanoparticle dispersions leading to the loss of bacterial viability or
inducing the lack of bacterial cultivability.

METHODS AND RESULTS
RF-plasma and UVC Pre-treatment of Surfaces/textiles Loaded
with Colloidal Ag
Microbial colonization with the consequent biofilm formation is a widespread
complication on implants, catheters and textiles used in hospitals, health facilities and
laboratories. Colloidal Ag film deposition on non-heat resistant surfaces attached weakly on
the textile surface. The colloidal Ag-deposits were not uniform, hardly reproducible and no
heating could be applied to diffuse them into the substrate [29]. This lead us to pre-treat
textiles in the presence of residual O2 to introduce O-containing negative polar groups like:
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COO-, -O-O- and other -O-C- containing functionalities. These sites introduce additional
bonding functionalities able to attach the Ag found in colloidal suspension.
a) Functionalization of fibers by RF-plasma pretreatment: this fabric was pretreated in a
RF-plasma cavity (Harrick Corp. 13.56 MHz, power 100 W). Generally for RF-plasma
formation low pressures are used to increase the capture length of the electrons generated in
the electric field generated in the RF-chamber. Vacuum at 1 torr avoids the collisions between
the electrons when allowing the electrons to react with residual O2. The RF–plasma is created
when a gas is exposed an electromagnetic field within radio frequencies. In the low
temperature plasma the gaseous ions present temperature ranges between ambient and few
hundred degrees, but the electrons have transient energies corresponding to high temperature
values. The system is not under thermal equilibrium.
The activated RF-plasma interacts with oxygen leading to atomic, excited O*, anionic Oand cationic O+, giving rise to carboxyl, per-carboxylic, peroxides, lactam etc able to
chelate/complex or/and attach by electrostatic attraction with the partial positive Ag-species.
The Ag-salt/colloid are reduced by isopropanol and precipitated by ammonia on the textile
surface. Without vacuum, the RF-plasma induces a localized heating breaking intermolecular
H-bonds and generating for very short times temperatures > 160°C able to segment the textile
[30].
b) Functionalization of fibers by atmospheric or vacuum UVC: the textile polymer
surface can also be functionalized by UVC light irradiation using the 185 nm line (6W) from
a 25W (254 nm + 185 nm light) low-pressure mercury lamp (Ebara Corp. Tokyo, Japan).
UVC activation having a lower energy than the RF-plasma, does not lead to cationic or
anionic oxygen species in the gas phase. Only atomic (O) and excited oxygen (O*) species
under UVC are obtained. The energy necessary for the O2  2O* reaction is at the
wavelength 241 nm (495 kJ/mole). The absence of cationic or anionic oxygen species when
pre-treating with UVC lead to a more uniform TiO2 layer of the textile surfaces and has been
reported in the literature [30]. Figures 1a and 1b below report the loading of Ag and the
bacterial inactivation time on textile pretreated in the UVC cavity and positioned at 3 mm of
the UVC source. The O2 cross section is 10-20 cm2 and the molar absorption coefficient O2
(185 nm) ~26M/cm-1 [31]. The cross section of N2 is about 10 times smaller than for O2 at
this wavelength. Therefore, the N2(185 nm) would negligible. At 185 nm the extinction
coefficients of O2 and N2 are so low, that practically no UVC-radiation is lost in the optical
pathway between the light source and the sample even at atmospheric pressures.
The control fabric in Figure 1b shows a modest reduction of the number of initial bacteria
concentration on the fabric surface due to bacterial adsorption on the textile surface [30]. The
inactivation performance was observed to be dependent on the amount of silver on the textile
surface. By XPS the Ag2O and AgO species were identified on the cotton surface.
Continuing the preceding study, Ag-colloidal clusters were fixed on cotton to investigate
the fabric antibacterial kinetics [32]. Figure 2a shows that in the dark bacteria are inactivated
by contact with the Ag-cotton surface.
The bactericidal activity of the Ag-TiO2-cotton in the dark is shown in Figure 2b. It is
readily seen that the addition of TiO2 to the colloid under diffused laboratory light increases
the bacterial inactivation time with respect to the Ag-cotton samples.
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Figure 1a. Inhibition of airborne bacterial growth by textile fabrics activated by vacuum-UVC as a
function of the textile Ag-loading. Total inhibition occurs of E. coli activity at concentrations ≥0.5 g
AgNO3/200 ml solution.
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Figure 1b. Bacterial survival in CFU/ml of a vacuum-UV activated textile surface as a function of time
for a) control textile and b) textile loaded by using an AgNO3 solution (1g/200 ml).

TiO2  e-cb + h+vb

(1)

Ag+ + e-cb  Ag0

(2)

Since Ag0 is not bactericidal. The results presented in Figure 2b compared to Figure 2a
can be understood due to the lower amount of Ag+ responsible for the bacterial inactivation
available in Ag-TiO2 compared to the Ag by itself on the cotton surface (Figure 2a). Reaction
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(2) is possible since the conduction band of TiO2 (-0.1 V) is more negative than the Ag+/Ag0
potential of around 0.70 (V) and this reaction partially occurs under diffused laboratory
conditions.
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Figure 2. (a) E. coli survival on Ag-cotton, samples in the dark. (b). E. coli survival on Ag-TiO2 cotton,
samples in the dark. (c). TEM of the Ag-clusters on the cotton textile deposited as described before.

Figure 2c shows the Ag-clusters on the cotton textiles and also in the topmost layers
where they have penetrated by diffusion. Figure 2c has been obtained after the cotton sample
has been cross-sectioned with an ultra-microtome. Particle sizes 3-10 nm imparted a brownish
color to the Ag-cotton presented in Figure 2c. The presence of Ag2O and AgO were detected
and identified later by XPS [33]. Leaching of Ag-ion clusters with a minimal dissolution of
Ag is responsible for the E. coli inactivation (1-4, 15-16, 23-28).
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Sputtering of Ag-textile Presenting Uniformity, Adhesion and Fast
Bacterial Inactivation
(i) The Ag-deposition on cotton is important since cotton has the property to adsorb a
large amount of moisture making this textile prone to microbial attack. With ambient
temperature and humidity, cotton is a nutrient for bacterial and fungal growth. To preclude
bacterial growth we reported the preparation of Ag on wound pads by wet
impregnation/reduction of AgNO3 to inactivate airborne bacteria induced infections [30,32].
By direct current magnetron sputtering (DC) we sputter Ag-films having a strong adhesion,
fast kinetic bacterial inactivation and would not smear under friction [33]. XPS analysis of
cotton samples loaded at 15, 60 and 600 s present a surface atomic percentage concentration
of 7.31, 23.36 and 37.76 % of Ag, respectively. We used XPS and Auger lines to follow the
changes in the oxidation state of Ag [34]. The highest Ag-oxidation state was found after the
shortest deposition time of 15s. In this case, the Auger parameter was 725.15 eV and the Agcontent for the cotton sample was low. But at longer deposition times, a significant shift of
Auger parameter from 725.15 to 725.65 eV indicates a higher deposition for the AgO at 60s
and 600s sputtered samples. The amount of oxidized silver was observed to be similar for
samples sputtered during 60s and 600s (Fig. 9c, d) while at the same time the total amount of
Ag was almost two times higher after 600s DC-sputtering. This indicates that the Ag-ions are
located mainly at the silver interface and provides the evidence that Ag-ions and not Ag0 is
responsible for the bacterial inactivation. While the presence of Ag0 and Ag2+ seems to be
documented, the assignment to Ag+1 is less clear [35]. The reason for that is that O1s line at
530.71 eV and for this reason cannot be used for clear identification of the Ag-oxidation state.
Sputtering from an Ag-target for 60s produced thin semi-transparent coatings with 4-5 layers
showing strong adherence, bactericide activity and did not affect the handle or touch of the
cotton textile. The Ag wt % Ag/wt cotton to for a bactericide film on the cotton was found to
be 0.054% and could be sputtered in 60s, this time is short and shows that Ag-sputtering on
cotton makes an economic use of Ag.
(ii) In a more recent study [36] the deposition of active, uniform nano-particulate Ag-thin
films on polyester textiles by DC-magnetron sputtering (DC) and pulsed DC-magnetron
sputtering (DCP) has been reported. The deposition of Ag on the polyester fiber was observed
to be function of the type of sputtering used either DC or DCP directly determining the E. coli
inactivation kinetics. In the magnetron sputtering chamber the reaction Ar  Ar+ + e- lead in
a subsequent steps to the collision of the electron with Ag0: e- + Ag0  Ag+ + 2e-. The Ag0
kick-off a second electron. The Ag ionization increased when higher currents (mA) were
applied during the DC or DCP-sputtering. The ratio of Ag+/Ag0 was higher for DCP (up to
10%) than in the case of the DC presenting Ag+/Ag0 ≤ 1% [37].
The shortest E. coli inactivation was attained within 2 hours DCP. The results are shown
in Figure 3a. Pulse trains of 3 pulses each of 10 microseconds with a recovery time of 7 ms to
avoid overheating of the Ag-target was used during in the DCP mode. When sputtering DC
with 300 mA the bacterial inactivation was complete after 5 hours. Samples sputtered by DCP
for 160s inactivated E. coli within 2 hours with an equivalent loading of ~1018 atoms/cm2.
The threshold Ag-loading by DCP in Figure 3a was attained after sputtering for 20s and led to
inactivation of E. coli only after 9 hours.
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Figure 3a. E. coli inactivation kinetics as a function of time on Ag-polyester DCP-sputtered at different
times applying currents of 300 mA.

Figure 3b. Electron microscopy of Ag-polyester fiber DCP sputtered for 160s at 300 Ma..
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By electron microscopy (TEM) Ag-polyester fibers it was found that Ag sputtered by
DCP penetrated more deeply into the polyester fiber compared to DC-sputtering. Figure 3b
shows the composite TEM results for an Ag-polyester fiber sputtered by DCP for 160s. The
arrow on the lower side in Figure 3b indicates the direction of incidence of the Ag-particles
on the polyester in the sputtering chamber. A dark continuous Ag-deposit ~80-90 nm thick
was observed. But only 5-15 nm thick Ag-layer was found on the other end. About 65-70% of
the full polyester fiber perimeter was covered by a 50-90 nm thick Ag-deposit. The DCP ionenergies are much higher than the DC energies and DCP sputtering ion-energies of 10-100 eV
have been recently reported with a small number of ions exceeding 100 eV and electron
densities of ~1016 e-/m3 [37].
The E. coli inactivation process has been described to proceed by Ag-ionic states using
the ambient kT energy and ambient humidity leads to the formation of highly oxidative
radicals HO2° and OH° necessary for E. coli inactivation. The Ag-crystals in air are covered
by layer(s) of AgOH and the kT energy at room temperature leads to bacteria oxidation via
the surface AgOH groups [38].
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Figure 4. X-ray diffraction of DCMS and HIPIMS sputtered Ag-polyester fibers under different
conditions. For other details see text.

Figure 4 shows the XRD for Ag-nanoparticle films on polyester sputtered by DCP for 20s
and 160s. The cluster formation occurs when Ag-atoms bind to other metal-atoms rather than
to polyester. The growth of Ag-atoms into clusters at 20s in Figure 4 leads to near spherical
but not necessarily crystallographic Ag-clusters [39]. At longer sputtering time of 160s, a
steep peak is observed in Figure 4 assigned to the Ag-metal peak at 2=38°.
Ag-metal nanoparticles have been reported with dimensions > 1 nm [40]. HIPIMS sputtering
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for 13s at 1A indicate a low Ag-cluster formation in the insert to Figure 4. The Ag-clusters
grow into bigger aggregates when sputtered for 75s at 5A, but did not lead to Ag-metal
formation. We have not looked in a detailed way in Figure 4 into the effect of the
microstructure changes introduced in the Ag-nanoparticles by the HIPIMS sputtering during
75s at 5 A leading to the formation of a 40 nm film compared to a thinner 4 nm film sputtered
during only 13s at 1 A.
(iii) In a separate study we addressed the DC-magnetron sputtering (DC) by Ag-films on
polyester and compared the results obtained with (HIPIMS) for bacterial inactivation [41].
HIPIMS deposition of Ag-films was carried out in a CMS-18 vacuum system from Kurt
Lesker Ltd. evacuated to 10-2 Pa by a turbomolecular pump using Ag-target was 5 cm in
diameter, 99.99% pure from K. Lesker Ltd. UK.
The HIPIMS unit was operated at 100 Hz with pulses of 100 microseconds separated by 10
ms. The HIPIMS short pulses avoid a glow-to-arc transition during plasma particle
deposition. The applied power was varied between 1 and 5 A and no glow-to-arc transition
was detected during the plasma deposition. The pressure was the same as the one used in the
DC chamber. The mass spectrometry measurements were carried out in a Hiden Analytical
Ltd PSM003 unit to determine the ion-composition of the ions in the plasma Ar-atmosphere.
The polyester used was a polyester Dacron polyethylene-terephthalate; type 54 spun,
plain weave ISO 105-F04 used for color fastness determinations. The nominal calibration of
the Ag-film thickness on the polyester was carried out on Si-wafers. The film thickness was
determined with a profilometer (Alphastep500, TENCOR) as shown in Figure 5a for DC and
Figure 5b for HIPIMS samples. Figure 5a shows that DC sputtering applying 0.3 A increases
the Ag-deposition rate by a factor of 8 with respect to Ag-deposition at a lower current of
0.05 A. Figure 5b shows that a thinner Ag-coating is deposited within the same times by
HIPIMS compared to DC- sputtering shown in Figure 5a. Since the lattice distance between
Ag-atoms can be estimated at 0.3 nm, a monolayer of Ag contains ~1015/atoms/cm2. DC
sputtering at 0.3 A deposits a coating 100 nm thick after 80s, and if each Ag-layer is about 0.2
nm thick, then the silver deposition rate was ~6x1015 atoms/cm2s.
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Figure 5a. Nominal calibration of the Ag-thickness obtained by DC at 50 mA and 300 mA on Siwafers.
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Figure 5b. Ag thickness obtained by HIPIMS at 1, 2 and 5A on Si-wafers.
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Figure 6a. E. coli inactivation kinetics induced by HIPIMS Ag-polyester sputtered at 1A.
10

10

Polyester alone (1)
Ag 13 s (2)
Ag 37 s (3)
Ag 75 s (4)
Ag 150 s (5)

5 A - HIPIMS
-1

E. Coli (CFU mL )

8

10

6

10

(1)
4

10

(5)

(3)

(4)

(2)

2

10

0

10

0

1

2

3

Time (h)
Figure 6b. E. coli inactivation kinetics at a current of 5A.
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Figure 6c. Times of E. coli inactivation times as a function of nominal thickness of Ag-layers deposited
by DC and by HIPIMS sputtering.

Figure 6a presents the results for HIPIMS sputtering at 1A and 2A. HIPIMS sputtering
for 3s at 2A lead to the most effective E. coli inactivation having a relatively low Ag-content.
The initial CFU decrease in Figure 6a for Ag-polyester at time zero with respect to polyester
alone is due to a quasi-instantaneous redox process taking place between Ag and E. coli. The
Ag-layer thickness and the % Ag wt/ wt polyester for the samples prepared by HIPIMS at 1 A
or 2 A with respect to DC samples Ag-sputtered for 160s was observed.
Figure 6b presents the results for the E. coli inactivation with HIPIMS sputtering with
5A. Trace (2) shows that sputtering for 13 s at 5A leads to bacterial inactivation within 5
hours. The threshold polyester Ag-loading was 0.0029% wt Ag/wt polyester. Sputtering times
shorter than 13 s did not induce complete bacterial inactivation. HIPIMS sputtering for 37s
lead to an Ag-film 20 nm thick with 0.0086 Ag wt% / wt polyester able to inactivate E. coli
within 4 hours. DC sputtering for 80s lead to E. coli inactivation within 5 hours. In this case
the Ag wt% / wt polyester was 0.118 and the Ag-layers were 105 nm thick. DC-sputtering
required >10 times higher loading when compared to HIPIMS and led layers more than 5
times thicker compared to the HIPIMS. This shows the significant saving in Ag-metal and
sputtering time introduced by HIPIMS compared to more traditional DC sputtering.
Figure 6c presents the trends for the inactivation time of E. coli vs the Ag-layer thickness
deposited by DC and HIPIMS sputtering and shows the significant reduction of the Ag-layer
thickness required to completely inactive E. coli by HIPIMS compared to DC.
Issues related to the basis of Ag and Au and Ag/TiO2 and Ag/SiO2/TiO2 colloidal films
have been reported recently by Daoud et al., [42] focusing on self-cleaning issues on cotton,
wool and synthetic fibers [43] involving the discussion of mechanism, photocatalytic
efficiency and material stability during long operational times. These considerations are also
valid for Ag-antibacterial surfaces when addressing the basic science related to Agdisinfection. An active group in Belgrade (Saponjic, Radetic) has recently published
consistent work on Ag-sputtering and colloidal deposition on natural and artificial fibers to
optimize their antibacterial performance in the dark and under light irradiation [44-47]. Other
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workers are reporting studies on Ag-textiles like Ag-Nylon [48], Ag-cotton [49], and Agcellulose [50].
The search for more efficient, stable and adhesive antimicrobial nanoparticulate films is a
valid research topic. These films are directed to preclude the formation of biofilms leading to
hospital acquired infections (HAI) [1-4]. Films presenting a faster bacterial inactivation are
needed at the present time due to the increasing resistance of pathogenic bacteria to synthetic
antibiotics when administered for long-times. These bacterial biofilms remain stable for very
long periods on a variety of surfaces spreading bacteria by contact in public places or
confined to hospital or schools.
To cover heat resistance surfaces with uniform thin antibacterial films has by Physical
Vapor Deposition (PVD) where the materials are heated in vacuum until they decompose.
The released atoms/species condense on the substrate being this surface at a lower
temperature mainly on heat resistant materials. TiO2, Ag, and Cu films from 6 to 50 nm have
been reported and these thicknesses have been shown to lead an effective bacterial
inactivation under UV and under visible light irradiation. The disadvantages of the PVD
deposition approach are the high investment costs, the high temperatures needed precluding
film deposition on textiles like the polyester and the amount of heat used requiring costly
cooling systems.
By spin-coating semiconductor and metals films with a uniform structure have been
deposited on a variety of substrates using volatile molecular precursors. By CVD Ag-films
have been deposited by Page et al., [50-51] Foster et al., [52] and Dunlop et al. [53].
More recently the application of diverse sputtering methods have become widely spread
to deposit thin metal or oxides (by reactive sputtering) on non-heat resistant substrates like
textiles or thin polymer films like polyethylene (PE) since these substrates resist temperatures
up to about 120°C. The sputtering approach to deposited Ag-antibacterial films has been
addresses with the objective to produce surfaces decreasing/eliminating the leaching of Ag
from textiles. There is a growing concern that Ag-nanoparticles in commercial textiles will
spread the Ag-nanoparticles into the environment. Geranio et al., [54] shows that a significant
release of Ag-cations was observed after addition of oxidants to washing formulations of
textile containing Ag. This was investigated also after several washing cycles. Since the
further environmental chain transformation of these Ag-nanoparticles and their toxicity is not
entirely known [55]. Work in this direction addressing the solubility and reactivity of the Agleachates is necessary.
Antimicrobial silver films/textiles have been produced by magnetron sputtering processes
in chamber where traces of H2O/O2 are available. The crystals of Ag present point defects,
crystal impurities and dangling bonds in low or high-density imperfections acting as a pump
for elusive Ag-ions able to inactivate bacteria, fungi and algae. Most of the magnetron
sputtered Ag-films present an effective antibacterial action with coatings < 1 micron [56].
Sputtering silver textiles research is warranted since it aims to reduce or eliminate the
Ag-leaching during washings keeping at the same time the Ag-disinfection performance. Aghospital textiles are in principle able to reduce/eliminate the contamination of public hospitals
from E. coli and MRSA. The level found for these bacteria in many UK hospitals is higher
than the allowed level for the hospital rooms. For example, the contamination of 105
CFU/cm2 was observed in a diabetic wound dressing. But in the vicinity of the patient, a
microbial density of about 102 CFU/cm2 was found. The use of Ag-textiles as described
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above should be sufficient to decrease significantly the bacterial concentration, since we do
not deal with a high bacterial concentration [57].

Sputtering of Textiles by TiN and TiN/Ag: Kinetics of the Dark and Light
Induced Bacterial Inactivation
(i) To avoid environmental Ag-contamination by bactericide surfaces we have sputtered
TiN films on polyester and evaluated the bacterial inactivation kinetics. Ti was sputtered in
the plasma chamber in N2 atmosphere depositing TiN films loaded on polyester fibers. These
films present absorption in the visible region as shown in Figure 7a. A TiN layer of 50 nm
sputtered for 3 min under low intensity/actinic visible light led to the inactivation within 120
min of 99.99% of bacteria [58].
XPS measurements were carried out on an AXIS NOVA photoelectron spectrometer
(Kratos Analytical, Manchester, UK). The surface atomic concentration was determined from
the peak areas using sensitivity factors [34]. Spectrum background was subtracted according
to Shirley [59]. The XPS peaks of the Ti-species were analyzed by the spectra deconvolution
software (CasaXPS-Vision 2, Kratos Analytical UK).
The formation of TiO2 can be understood in terms of: a) the partial oxidation of TiN takes
place in the presence of an oxygen source due to the residual H2O vapor in the sputtering
chamber at the residual pressure Pr=10-4 Pa. This pressure is representative of about 1015
molecules/cm2, there are sufficient O-radicals available to induce partial oxidation of TiN
films and b) the films also oxidize after the deposition when exposed to air and during the
sterilization process when autoclaving at 121°C.

Figure 7a. Diffuse reflectance spectroscopy of TiN-polyester for the sputtering times shown in the
figure captions.
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Figure 8. X-ray photoelectron spectroscopy (XPS) of the TiN (3 min) in contact with bacteria for 3s: a)
at time = 0 min and b) at time 120 min, showing the shift in the deconvoluted peaks after bacterial
inactivation.
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Figure 8 presents the TiO2 (Ti2p3/2 doublet) for the polyester when sputtering TiN for 3
min. The peaks in Figure 8a assigned to TiN and Ti2O3 (Ti3+ in the net sense) have been
deconvoluted and TiN shows a peak at 455.62 eV, the Ti3+ doublet at 456.22 eV and the the
Ti4+ doublet at 458.43 eV. Figure 8b) presents the XPS deconvoluted spectra for the TiN
sample at the end of the bacterial inactivation process (120 min). The TiO2 (Ti2p3/2 doublet)
BE shifted to 459.01 eV. Peak shifts ≥ 0.2 eV are due to changes in the oxidation states
Ti4+/Ti3+ during bacterial inactivation. The shift of the Ti2O3/Ti3+ doublet to 457.13 eV at 120
min reflects an increase in the reduced Ti3+-species at the end of the bacterial inactivation.
The surface atomic concentration of the fastest TiN (3min) sample at time zero was
determined by XPS as: O1s 10.2%; Ti2p 44.7% N1s 3.5 % and C1s 22.31%.
(ii) In a separate study TiN and TiN-Ag nanoparticulate films on polyester induce
photocatalytic and catalytic inactivation of E. coli [60]. For TiN-Ag samples, bacterial
inactivation was attained within ~15 min. The absorption of the TiN-Ag samples in KubelkaMunk (KM) units was directly proportional to the E. coli inactivation kinetics.
The TiN and TiN-Ag thin films have been sputtered onto polyester heating <130°C using two
confocal magnetron-sputtering systems. The polyester samples were 2x2 cm in size. Before
the deposition of the films, the residual pressure Pr in the sputtering chamber was typically Pr
 10-4 Pa. The substrate-to-target distance was fixed at 10 cm. The TiN thin films have been
deposited by reactive DC magnetron sputtering (DC) using a 5 cm diameter Ti target 99.99 at.
% (Kurt J. Lesker, East Sussex, UK) in an Ar + N2 atmosphere. The total working pressure
PT=(PAr+PN2) was fixed at 0.5 Pa and the ratio PN2/PT= 4.5 %.
Figure 9 shows the bacterial inactivation of E. coli for TiN/Ag films. The deposition time
of the TiN under layer film was fixed at 3 min while the deposited amount of the Ag was
tuned by changing the deposition time from 10 s to 30 s. A 15 min irradiation period led to a
3log10 reduction (99.9%) of the initial E. coli concentration as shown in the insert. Complete
bacterial inactivation was observed within ~60-90 min. A darker-grey metallic Ag-color was
observed on the polyester with increasing sputtering time. Migration/aggregation of the Agparticles leads to stable agglomerates. The dark grey color corresponds to the Ag2O/Ag0 with
a band-gap (bg) 0.7-1.0 eV and an absorption edge of ~1000 nm.
Figure 10 presents the release of ions from polyester samples sputtered with Ag, TiN-Ag
and TiN. For Ag-sputtered samples up to the 8th cycle the level of Ag-release is seen to be 6
and 8 ppb/cm2. In the case of TiN-Ag samples the Ag-release was observed to decrease with
the number of cycling down to 5 ppb/cm2. Ag-ions were formed by oxidation of the Agloaded polyester surface in contact with reaction media. The release of Ag-ions > 0.1 ppb has
shown significant antimicrobial effect and higher Ag-ions >35 ppb can be toxic to human
cells [1]. The TiN polyester samples maintained a release of ~14 ppb/cm2 of Ti-ions. The
excellent intrinsic biocompatibility of TiN has been well documented in biomedical
applications [51, 61, 62]. A fast bactericidal kinetics and a low cytotoxicity are the two
essential requirements for bactericide surfaces and this is referred to the oligodynamic effect
[1].
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Figure 9. E. coli survival on TiN-Ag polyester sputtered for different times under light irradiation.
Traces (1): TiN-Ag 3 min/ 20s; (2): TiN-Ag 3 min/ 30s; (3): TiN-Ag 3 min/ 10s; (4): TiN-Ag 3 min/
20s in dark and (5): polyester alone. The inset shows the time for bacterial reduction of 3log10.
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Figure 10. Ion-coupled plasma spectrometry (ICPS) determination of Ag- ions and Ti-ions released
during the recycling of a) sample sputtered with Ag for 30s (trace 1), b) TiN-Ag (3min-20s) sputtered
sample and c) TiN sample sputtered sample for 3 min (trace 3).
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Figure 11 shows the ratio found for the XPS signals for the oxidative species (C-O) and
the reduced initial polyester groups (C=C) during the bacterial inactivation/oxidation on a
TiN-Ag (3min-20s) and a TiN sputtered sample. The increase of the surface O is due to the
appearance C-OH, C-O-C and carboxyl species as the E. coli inactivation time progresses
[63]. At the same time, the total C-content decreases with reaction time due to bacterial
inactivation and this is monitored by the progressive decrease of the C-C signals as a function
of time. The ratio of the peaks area of the C-C species including the reduced C-forms C=C,
C-H) at 285 eV and the deconvoluted oxidized C-forms of C-OH, C-O-C and carboxyl
functionalities at 286.1 eV, 287.0 eV and 289.1 eV respectively [64] is plotted a s a function
of time in Figure 11. The increase of this ratio C-OH + C-O-C + carboxyl/C-C is shown in
traces 1 and 2 up to 180 min.

Figure 11. Ratio of oxidized carbon and reduced carbon (C-O/C=C) on TiN-Ag (3min-20s) and TiN (3
min) during E. coli inactivation under actinic light.

Sputtering of Textiles by TiON and TiON/Ag Composite Antibacterial
Surfaces, Testing and Surface Characterization
(i) New evidence has been reported for TiON sputtered polyester surfaces activated by
sunlight irradiation leading to the accelerated bacterial inactivation in the minute range [65].
The objective of the present study is to report on solar induced bacterial inactivation by
sputtered TiON films using a laboratory scale solar simulator. These TiON films avoid the
adverse environmental effects caused by Ag leaching out of silver films as reported by
Geranio et al., [54].
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Irradiation of the samples during the bacterial inactivation was carried out with a Suntest
cavity provided with Xenon lamp with an emission spectrum between 320 and 700 nm.
Figure 12 shows the bacterial inactivation kinetics as a function of the TiON sputtering time.
The bacterial inactivation becomes faster at longer sputtering times up to 4 min. Beyond 4
minutes sputtering time the reverse trend is observed in Figure 12 for sputtering times of 5
and 10 min. The slowing down in the bacterial inactivation for samples sputtered above 4 min
presenting a 70 nm layer thickness may be due to thicker coatings leading to bulk inward
diffusion of the charge carriers diffusing from the TiON decreasing the amount of active sites
held on the surface in exposed positions interacting with the bacteria. Besides these
considerations, longer sputtering times induce TiON inter-particle growth decreasing the
TiON contact surface area with bacteria. A solar simulator for Hereaus GmbH, Hanau,
Germany was used to irradiate the samples with an overall power of 92 mW/cm2 with light
distribution wavelength distribution resembling solar irradiation emitting at wavelengths
between 320-800 nm.
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Figure 12. E. coli inactivation on TiON sputtered on polyester for: (1) 4 min, (2) 5 min, (3) 10 min, (4)
2 min, (5) 1 min, (6) TiON 4 min in dark and (7) polyester alone and irradiated by a Suntest Xenon
lamp (320-700 nm). The reactive gas flow composition: Ar 90%: N2 5%: O2 5% and total P = 0.5 Pa.

E. coli was obtained from the Deutsche Sammlung GmbH (DSMZ) ATCC23716,
Germany. The polyester fabrics were sterilized by autoclaving at 121°C for 2h. The 20 µL
aliquots of the bacterial culture with a concentration of ~106 CFU mL-1 in NaCl/KCl were
placed on the polyester fabric. These polyester samples were placed on Petri dish provided
with a lid to prevent evaporation. After each determination, the fabric was transferred into a
sterile 2 mL Eppendorf tube containing 1 mL autoclaved NaCl/KCl saline solution. This
solution was subsequently mixed thoroughly using a Vortex for 3 min. Serial dilutions were
made in NaCl/KCl solution. The 100 µl sample of each dilution was pipetted onto a nutrient
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agar plate and then spread over the surface of the plate using the standard plate method. Agar
plates were incubated lid down, at 37°C for 24h prior to the counting of the bacterial colonies.
The bacterial data reported were replicated three times. The statistical analysis of the
experimental values was compared by one-way analysis of variance and with the value of
statistical significance.
Figure 13 shows the TiON plasmon resonance occurring in the UV region in agreement
with a recent study recently by Subramaniam et al., [66] The optical absorption of the TiON
samples increases with longer sputtering times up to 4, 5 min. Increasing the sputtering times
from 1 to 5 min in Figure 13 lead to TiON samples with a higher optical absorption due to the
introduction of N-interstitial sites doping the TiO2 with O-vacancies. This in turn leads to a
larger amount charge transfer sites in the visible region [67]. Samples sputtered for 4 ad 5 min
are seen to present a similar optical absorption indicating saturation of the polyester surface
by the sputtered TiON layers. This suggestion seems to be confirmed by the lack of further
growth in the optical absorption by the samples sputtered for 10 minutes showing additionally
a different shape for the TiON spectra. This is due to the non-linear optics introduced by the
high density of TiON layers on the polyester surface not following quantitatively the normal
optical absorption increase beyond the saturation concentration [68]. Diffuse reflectance
spectroscopy (DRS) was determined using a Perkin Elmer Lambda 900 UV-VIS-NIR
spectrometer. The absorption of the samples was plotted in Kubelka-Munk (KM/S) units.
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Figure 13. Diffuse reflectance spectra of TiON samples sputtered on polyester for different times: (1) 1
min, (2) 2 min, (3) 4 min, (4) 5 min and (5) 10 min.

By Inductively coupled plasma mass spectrometry (ICP-MS) spectrometry, the K, Naions released by the bacteria within the 40 min inactivation time was determined and the
results shown in Figure 14. The K+-ions leak at a relative low concentration through the
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bacterial cell wall membrane becoming more permeable up to 30 min. These K+-ions are
known to be important regulators of the cell-wall redox potential. The Na+-ions present at a
higher initial concentration leaked at a higher rate up to 40 min due to their smaller size
compared to the K+-ions [69]. The cell wall permeability increase of E. coli preceding
inactivation occurs within 40 min, the time of bacteria inactivation as shown in Figure 12
[70]. A FinniganTM ICPMS was used for these experiments equipped with a double focusing
reverse geometry mass spectrometer presenting an extremely low background signal and high
ion-transmission coefficient. The spectral signal resolution for the Na, K and Ti-ions was
1.2x105 cps/ppb and the detection limit of 0.2 ng/L.
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Figure 14. Ion-coupled plasma mass spectrometry (ICP-MS) determination of the leakage of 1) K+ and
2) Na+-ions through the E. coli cell wall during bacterial inactivation by a TiON 4 min samples
irradiated by a Suntest solar simulator. The insert shows the Ti-ions release during the sample recycling
after 1, 3, 5, and 8 E. coli inactivation cycles.

(ii) A further study involving E. coli inactivation on TiON-Ag films sputtered on
polyester by DC and DCP has been reported out of our laboratory [71]. A photo-induced
charge transfer from Ag2O and TiO2 is suggested for the interfacial charge transfer
mechanism (IFCT) between Ag2O and TiO2 formed after the oxidation of the top-most-layers
of the sputtered TiON-Ag. Figure 15 shows the atomic deposition rate of TiON films as a
function of the O2/N2 ratio. The total pressure PT = (PAr+ PN2 + PO2) was fixed at 0.5 Pa and
after optimization the fastest bacterial inactivation kinetics and under a gas flow Ar 90%: N2
5%: O2 5%. Sputtering for 4 min leads to layers ~70 nm thick. This is equivalent to 350 layers
each containing 1015 atoms/cm2 being deposited at a rate of ~1.5x1015 atom/cm2s. The TiON
was sputtered first for 4 min followed by Ag-sputtering for 30s. The atomic deposition rate
was observed to be a function of the O2/N2 ratio.

298

Sami Rtimi, Cesar Pulgarin, Rosendo Sanjines et al.

16

2

Atomic rate deposition (atom/cm .s)

9.0x10

16

8.5x10

16

8.0x10

16

7.5x10

16

7.0x10

16

6.5x10

0.0

0.5

1.0

1.5

2.0

2.5

O2/N2 ratio
Figure 15. Atomic deposition rate of TiON films on polyester as a function of the O2/N2 ratio. Ar gas
flow was 90% at a working pressure 0.5 Pa.

Figure 16. Visual presentation of the samples of sputtered TiON and TiON-Ag textiles within 4
minutes: A) color variation as a function of the distance of the Ti-target and the polyester sample, B)
color variation as a function O2/N2 ratio for TiON samples C) color variation of TiON-Ag samples with
different Ag wt%/ wt polyester.
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The colors of the TiON samples sputtered for 4 min are shown in Figure 16, row A.
These colors are seen to be a function of O2/N2 ratio. A higher content of O2 has been
reported also to increase the biocompatibility of the TiON samples.
The samples TiON 4 min sputtered with Ag for 20-40s in Figure 16(B) became darker for
TiON samples sputtered for longer times. The wt% Ag /wt polyester of the TiON-Ag of
samples sputtered Ag for 20, 30 and 40s are shown in Figure 16(C).
Figure 17a presents in the left hand side the almost continuous dark TiON-Ag (4min-30s)
deposit on the polyester fiber. The right hand side image with a higher magnification of 100
nm shows the immiscibility of the Ag-dark coating and the TiON coating grey layers. The
Ag-particles present sizes between 20-40 nm within a TiON-Ag layer with a width of 70 ± 10
nm. Ag/Ag2O particles of 20-40 nm will not pass through the bacterial cell wall having
protein porin pores with a diameter of 1.1-1.5 nm [72]. This confirms once more that
Ag bacterial inactivation is due the Ag-ions having sizes <1 nm, and not to the Agnanoparticules.

Figure 17a. Left hand side: Transmission electron microscopy of a TiON-Ag (4min-30s) DC-sputtered
sample showing the continuity of the sputtered TiON-Ag layer around the polyester fiber. Right hand
side: dense continuous Ag-layers being immiscible with the grey TiON layer. (P=polyester and
E=epoxide).

Figure 17b. Surface of the TiON-Ag (4min-30s) sample taken by Bright Field (BF) showing Ti and Ag
at the current beam position.
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Figure 17b shows the image of a TiON-Ag (4min-30s) sample in Bright Field (BF). The
immiscibility of the Ag and Ti on the sample surface is readily seen at the current beam
position.
Figure 18 presents the release of Na+ and K+ during the bacterial inactivation from a
TiON-Ag (4 min-30s) sample. The K+-ion exists universally in bacteria regulating the
potential for the transfer of-ions across the bilayer membranes. The K-ions leak at a low rate
from the bacterial cell as the cell wall becomes more permeable up to 30 min. The Na+-ions in
Figure 18 are seen to leak at a faster rate compared to K+-ions due to their smaller size. The
rate and pattern of the leaking in Figure 18 is different to the Ti and Ag-leakage reported
during bacterial inactivation for the same system in Figure 12. The leakage of K+ and Na+
increases after 30 min due to the more advanced state of decomposition of the cell bacterial
envelope [73]. The loss of cell viability is consistent with the decomposition of the cell-wall
membrane and the time of the leakage of intracellular K+ and Na+. Cell walls are repaired
during the culture of cells on the agar plates. This leads to a different rate of decomposition of
the outer cell membrane [74].
The possible mechanism of bacterial inactivation for the TiON-Ag film can be suggested:
AgOH on the film surface by contact with air. The AgOH decomposes spontaneously to
Ag2O (eq3):
2AgOH  Ag2O + H2O (pk= 2.87)

(3)

This Ag2O is stable at pH 6-7 where the inactivation of E. coli proceeds. Light irradiation
photo-activates Ag2O with 1.46 < bg < 2.25 eV (77) as noted next in eq(4):
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Figure 18. Ion-coupled plasma mass spectrometry (ICP-Ms) determination of the leakage of 1) Na+ and
2) K+- ions through the E. coli cell-wall envelope during bacterial inactivation by a TiON-Ag (4min30s) sample under light.
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The Ag2O/TiO2 transfer of charges we have to consider the position of the energy bands
of Ag2O and TiO2. Under visible light irradiation, the transfer of charge from Ag2O to TiO2 is
thermodynamically favorable because the position of the Ag2Ocb at 1.3 eV NHE at pH 0 and
the vb of Ag2O +0.2 V NHE at pH 0 [75] lies above the TiO2cb at -0.1 V vs NHE and the vb
at +3.2 V. Under light an interfacial charge transfer process (IFCT) may proceed between
Ag2O and TiON [75,76]. The Ag2Ocb transfer electrons to the TiO2cb in an energetic
favorable process and this will hinder the electron-hole recombination in Ag2O. We suggest
that the transfer of Ag2O electrons to O2 due to this increased charge separation plays an
important role in the photocatalytic activity leading to bacterial inactivation.
We suggest a mechanism in which the Ag2O in eq(1) reacts as shown below in eq(5):
Ag2O-  2Ag0 + ½ O2-

(5)

The O2 in eq(5) would promote at later stages reactions (5,6) producing highly oxidative
radicals, while the h+ in eq(4) reacts with H2O as noted in eq(6). This reaction runs parallel
with eq(5) generating OH° radicals or other highly reactive oxidative radicals by way of the
Ag2Ovb h+ (see eq(4))
h+ + H2O  OH° + H+

(6)

2e- + 2H2O + O2  2OH° + 2OH-

(7)

ZrN/Ag Textiles and ZrNO/Ag Composite Antibacterial Textiles;
Design, Sputtering, Testing, and Characterization
Ag-ZrN films were deposited on polyester by direct current pulsed magnetron sputtering
(DCP) in Ar+N2 atmosphere. ZrN on the polyester surface interacts with Ag leading to AgZrN films. These composite films were more active in E. coli inactivation compared to the
Ag-films by themselves. Sputtering Zr in N2 atmosphere presented no antibacterial activity by
itself when applied for short times < 1 min.
Figure 19 shows an E. coli inactivation time of 1.5 h on Ag/Zr polyester sputtered for 20s
presenting a wt %Ag / wt polyester of 0.0105 and a Zr wt% / wt polyester of 0.0012 as
determined by XRF The pattern of trace 5 in Figure 19 indicates that E. coli inactivation is a
complex process. This is sample presented the optimal ratio of Ag wt/Ag particle size. The
Ag-sites held in exposed positions active in the E. coli inactivation were above other
sputtering formulations. Ag sputtered alone as a control experiment in Figure 19 indicates an
E. coli required an inactivation time of ~9 h.
Figure 20 shows that for samples sputtered > 20s, the E. coli inactivation kinetics became
larger compared to samples sputtered for times above 20s since the Ag-agglomerates becomes
bigger but the catalytic activity per exposed atom decreased due to the Ag-agglomeration
process. At times < 20s, there was not enough Ag on the polyester to mediate the E. coli
inactivation as detected on the polyester by the X-ray fluorescence data (XRF).
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Figure 21 presents the contact angle for different Ag-ZrN samples on Si-wafers. No
polyester was used for the contact angle measurements since the water droplet disappeared at
zero time. Figure 21 shows that samples sputtered for 5 s at 50 mA presented a contact angle
of 64.4° at time zero. This contact angle decreased with the contact time on the Si-wafer
surface due to the hydrophobic to hydrophilic transition ending up after15 min and leading to
an hydphobic-hydrophilic type of surface. The second row in Figure 21 shows that Ag-ZrN
samples become more hydrophobic at time zero after 20s sputtering (initial contact angle of
73.3°). A contact angle of 101° was observed at time zero for 80 s sputtered samples, since
the samples became more hydrophobic due to the higher amount of Ag on the Si-wafers.

Figure 19. E. coli inactivation by a Ag-ZrN confocal sputtered DCP catalyst in an Ar 10% N2 gas
mixture and applying 300 mA.

Figure 20. Inactivation time of E. coli on Ag-ZrN polyester as a function of the deposition time by DCP
sputtered at 300 mA.
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Figure 21. Contact angle (CA) for Ag-ZrN composites on polyester.

(ii) In a more recent study [77] the co-sputtering of ZrNO and Ag2O was seen to enhance
the E. coli bacterial inactivation kinetics compared to the sequential sputtering of ZrNO and
Ag addressed above when sputtering ZrN-Ag composites. The amounts of Ag-ions released
during bacterial inactivation were < 5 ppb/cm2 and well below the Ag cytotoxic levels. Since
no cytotoxicity was introduced during the bacterial inactivation process when a ZrNO-Ag
sputtered with Zr for 90s and Ag for 10s in an N2+O2 atmosphere, the disinfection was seen
to proceed within 45 min through an oligodynamic effect.
Figure 22 presents the sample DRS spectra in Kubelka-Munk units. The UV-vis
reflectance rough data cannot be used directly to assess the absorption of the loaded polyester
because of the large scattering contribution of polyester to the reflectance spectra. Normally it
is assumed a weak dependence of the scattering (S) on the wavelength when taking DRS
spectra. The KM/S values in Figure 22 allow the correlation of the spectral intensity of the
ZrNO-Ag co-sputtered and of the ZrNO samples spectra with the bacterial inactivation
kinetics. The increase in reflectance in the co-sputtered spectra compared to the sequentially
sputtered layers in Figure 22 is due to the different microstructure of the ZrNO-Ag
photocatalyst in both cases as shown next in Figure 23 by TEM.
The red shifted absorption in the nanoparticles of ZrNO-Ag leads to a red tail in the DRS
spectra of the nanoparticles in Figure 22 at ~400 nm due to the localized surface resonance of
the Ag-plasmons. Gunawan et al., [23] recently reported that the oxidation of Ag0 to Ag2O
(Ag+) is a reversible reaction increasing the surface plasmon resonance.
The electron microscopy (TEM) of ZrNO-Ag (90 s) co-sputtered sample is discussed
next. Figure 23 presents the TEM of a co-sputtered ZrNO-Ag (90 s) sample on polyester. In
the left-hand side the Zr and Ag are shown to be immiscible when co-sputtered on the
polyester fibers. The right-hand side in Figure 23a shows the Zr and Ag-nanoparticles
contrasted by high angular annular dark field (HAADF). The sizes of the ZrO2 and Ag
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nanoparticles in the co-sputtered ZrNO-Ag (90 s) sample were respectively 80-130 nm and 815 nm.
(1) ZrNO-Ag cosputtered for 150 s
(2) ZrNO-Ag cosputtered for 90 s
(3) ZrNO-Ag cosputtered for 60 s
(4) ZrNO-Ag cosputtered for 40 s
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Figure 22. Diffuse reflectance spectra for ZrNO and ZrNO-Ag sputtered on polyester for times as
indicated in
the Figure legends.

Figure 23. Left-hand side: Transmission electron microscopy of a co-sputtered ZrON-Ag (90 s) sample
(amplification 28k) Right side: the same sample in high angular annular dark field (HAADF)
representation.
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Due to its size, the Ag-nanoparticles are not able to penetrate to bacteria core through the
bacterial porins with diameters of 1-1.3 nm and only Ag-ions are able to diffuse through
bacterial porins leading to DNA damage and finally to bacterial inactivation [72,77].
Figure 24 shows the Ag- and Zr-ions concentrations released during the reuse of ZrNOAg (90 s) sputtered samples. The Ag-ions release during 8 cycles was < 5 ppb/cm2, which is
below the allowed cytotoxicity levels of 35-90 ppb/cm2 for Ag[79]. Therefore, the bacterial
inactivation mediated by ZrNO-Ag (90 s) sample does not introduce cytotoxicity but proceeds
through an oligodynamic effect comprising fast bacterial inactivation kinetics and acceptable
cytotoxycity [1].
The surface atomic percentage concentration of elements in the ZrNO-Ag (90s) sputtered
samples after being contacted 3s with bacteria were: O1s 8.8%; N1s 2.3%; C1s 54.9%; Zr3d
2.8% and Ag3d 35.4%. These percentages did vary less than 10% during the 45 min reaction
leading to the total bacterial loss of viability. Therefore, the rapid destruction of
decomposition products during the photocatalysis allows for repeated bacterial inactivation by
the ZrNO-Ag (90s) sputtered samples.

TaON and TaON/Ag Composite Antibacterial Surfaces
This study reports the design, preparation, testing and surface characterization of uniform
films deposited by sputtering Ag and Ta on polyester in the presence on N2 and O2 to evaluate
the E. coli inactivation. Co-sputtering for 120s Ta and Ag in the presence led to the faster E.
coli inactivation by a TaON/Ag sample within ~40 min under visible light irradiation. A
mechanism of interfacial charge transfer (IFCT) from the Ag2O conduction band (cb) to the
lower laying Ta2O5 (cb) is suggested. The TaON/Ag sample microstructure was characterized
by contact angle (CA) and by atomic force microscopy (AFM) [78].
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Figure 24. Ion-coupled plasma mass spectrometry (ICP-MS) determination of Ag-ions and Zr-ions
released from a co-sputtered ZrNO-Ag (90 s) sample within the E. coli loss of bacterial viability.
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The bacterial inactivation becomes faster for increasing TaN-sputtering times. Figure 25a
shows that sputtering TaN for 120 s inactivated bacteria within 300 min. Figure 25a, trace 5)
shows that in the dark no bacterial inactivation on TaN/Ag-polyester. TaN/Ag shows a faster
bacterial inactivation compared to TaN films and inactivate E. coli within 120 min for a 120s
co-sputtered sample. Figure 25a, traces 3) shows bacterial inactivation for TaN/Ag surfaces
co-sputtered for 60s. Since the E. coli inactivation time for samples sputtered for 120s
becomes shorter, a 60s sputtering time did not deposit sufficient TaN/Ag layers or did not
allow a full light absorption of the incident visible light. A sample of TaN/Ag co-sputtered for
120 shows an inactivation time of 120 min. The co-sputtered TaN/Ag (150 s) sample (Figure
25a, trace 2) is seen to inactivate E. coli at longer times compared to the TaN/Ag co-sputtered
sample for 120 s (Figure 25a, trace 1). This is due probably to: a) bigger Ag-clusters
hindering the diffusion of charges between TaN and the Ag layers, b) a decrease in the
number of surface catalytic sites available for bacterial inactivation, and c) an excess of Ag
acting as recombination centers for the photo-induced charges on the sample surface.
Figure 25b shows the bacterial inactivation kinetics on TaON/Ag-polyester under
O2/N2/Ar atmosphere. A 6log10 (99.99%) reduction in the bacterial concentration was
observed within ~40 min for the TaON/Ag co-sputtered sample for 120s. Sequential
sputtering of Ta and Ag lead to a slower bacterial inactivation than the co-sputtered samples
as shown in Figure 25b, trace 4). The shorter bacterial inactivation kinetics reported on Figure
25b compared to Figure 25a can be rationalized considering that reactive sputtering in the
presence of O2 introduces in the TaN ionic metal-oxygen species in a matrix of covalent
metal-nitrogen bonds [80]. The polarity introduced by these metal-oxygen species is due to
the van der Waals forces comprising: permanent dipoles, induced dipoles and hydrogen
bonds. The surface energy of the TaON-Ag surfaces (Figure 25b) is higher than the one
available on the TaN/Ag (Figure 25a) surface due to the presence of ionic Ag-O metal oxygen
species. Figure 2c shows that Ag sputtered on polyester does not lead to complete bacterial
inactivation even after 6 h of irradiation. Figure 25d shows that TaON samples sputtered on
polyester for 120 s inactivated bacteria within 90 min. This is two times longer than the time
required by TaON/Ag due to an interfacial charge transfer between Ag and TaON. E. coli
inactivation time as a function of the TaON/Ag layer thickness showed that a 130 nm coating
leads to the shortest bacterial inactivation. For very thin TaON/Ag thicknesses below 50 nm,
the microstructure of the film seems not to be effective in inducing fast bacterial inactivation
kinetics.
Figure 26a shows the atomic force microscopy (AFM) for a sputtered TaON (120 s)
sample. Non-uniform TaON grains with sizes of 40-60 nm are observed. Figure 26b shows
the AFM image for a co-sputtered TaON/Ag (120 s) sample with grain sizes of 70-100 nm.
The root mean square (rms) roughness for the samples TaON and TaON/Ag were
respectively 2.2 and 2.7 nm. An increase in roughness leads to higher contact angle reducing
the polarity and the total surface energy. Increased sample rugosity allows for a better
adhesion of the Ag-ions leading to the bacterial inactivation [28,29].
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Figure 25. E. coli inactivation on TaN, TaN/Ag, TaON and TaON/Ag sputtered on polyester for
different times under light (360-700 nm) with an output of 4 mW/cm2. 25a: (1): TaN/Ag co-sputtered
for 120 s, (2): for 150 s, (3): for 60 s, (4): TaN sputtered for 120 s and (5): TaN/Ag co-sputtered for
120s in dark, 25b (1): TaON/Ag co-sputtered for 120 s, (2): for 150 s, (3): for 60 s, (4): TaON/Ag
sequential sputtered for 120 s TaON / 40 s Ag and (5) TaON/Ag co-sputtered for 120 s in dark. 25c: Ag
sputtered on polyester for different times under light. 25d: (1): TaON for 120 s, (2): TaON for 150 s,
(3): TaON for 60 s, (4): TaON for 20s, (5): TaON sputtered on polyester for 120 s in dark and (6)
polyester alone irradiated under visible light.

The contact angles (CA) with TaON and TaON/Ag polyester as a function of time after
the bacterial inactivation are shown in Figures 27a and 27b. The TaON sample after 2s shows
a CA of 80° and after 6s of 12°. The water droplet disappeared after 10s. This means that the
TaON-sample becomes completely hydrophilic after 10s and eliminates any hydrophobic
residues left by bacterial inactivation.
A water droplet on the polyester alone was observed to disappear by contact with the
fabric. Although the polyester is hydrophobic, the polyester has a high amount of void
areas/porosity promoting water penetration through the polyester microstructure. The
sputtering TaON decreases the void areas leading to water penetration and concomitantly
increasing the sample hydrophobicity. The amount of O2 plays a role in the contact angle of
the surface. Studies on nitrides/oxynitrides have reported that O2 photo-adsorption introduces
highly polar and electronegative groups compared to N2 changing the electro-negativity and
electron density of nitrides [78,79].
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Figure 26. Atomic force microscopy for polyester samples: a) sputtered with TaON for 120s time and
b) co- sputtered TaON/Ag for 120 s.

Figure 27b shows the CA of the water droplet on the surface of co-sputtered TaON/Ag
polyester samples. A slower decrease of the CA with time was observed on the TaON sample
in Figure 6a. The CA varied from an initial value of 108° at 10s to 14° within 300s and
disappears completely after 310s. The surface energy of Ta2O5 controls the surface CA. The
addition of Ag increases the hydrophobicity in the TaON/Ag film surface leading to a longer
to attain complete hydrohilicity.
The photo-induced interfacial charge transfer from the Ag-layers to the TaON layers will
be discussed in this section. Visible light is absorbed by the narrow band semiconductor
Ag2O up to 880 nm and the wideband semiconductor Ta2O5 absorbs UV-light < 310 nm (4
eV). In Figure 28, a mechanism for electron injection for the charge transfer from Ag2O into
Ta2O5 is suggested. This mechanism considers the potential energy of the semiconductor
bands. When the sputtered Ag layer is exposed to air, the water vapor in the air leads to the
formation of surface AgOH. The AgOH has been reported to decompose spontaneously to
Ag2O as shown before in eq(3).
The electron injection from Ag2O to the Ta2O5 is thermodynamically favorable. The
Ag2Ocb at -1.3 eV NHE lays above the Ta2O5 cb at 0.4 eV NHE. The potential 1.7 eV
difference in provides a considerable driving force inducing a fast electron injection from
Ag2O into Ta2O5. The Ag2O transfers the majority of the electrons to the Ta2O5cb hindering
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the e-/h+ recombination in Ag2O. The values for the potentials for the cb for both
semiconductors are only indicative, since in quantum size nanoparticles, the band energy
shifts have been reported to higher potentials [80]. The reductive character in the quantum
size Ag2O particles proceeds at a higher energy level than -1.3 eV NHE.

80°

108°

12°

94°

0°

14°

0°

Figure 27. Contact angle water-droplets as a function of contact time for: a) TaON sputtered on
polyester for 120s and b) TaON/Ag co-sputtered on polyester for 120 s.

Under visible light irradiation Ag2O gives raise to the charge separation
Ag2O + visible light  h+ + e-

(8)

Ag2O + e-  2Ag0 + O-

(9)

Figure 28. Scheme for the photoinduced interfacial charge transfer (IFCT) from Ag2O to Ta2O5 under
visible light irradiation.
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Ag2O + e-  2Ag0 + 1/2O2

(10)

The cbe- become available to reduce oxygen in eq.(9). The photo-induced electron
eq.(10) lead to silver atoms and additionally produce O2- eq(11): e- + O2  O2°-
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