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Abstract Ag and Ag/SiO, sols containing nanocrystal-
line silver particles can be advantageously prepared by
solvothermal methods using an autoclave with conven-
tional thermal or microwave heating. In this process, the
reduction of silver salts can be realized with alcohols like
ethanol in the presence of polyvinylpyrrolidone at tem-
peratures of more than 120 °C. Furthermore a combination
of silver salt reduction with hydrolysis of alkoxysilanes
during the solvothermal process can yield Ag/SiO, com-
posite sols. Particle size and crystallinity of as-prepared
particles are analyzed by means of X-ray diffraction and
high-resolution transmission electron microscopy. Nano-
sized silver particles gained by this process exhibit anti-
microbial properties that are investigated in detail after
application on textile fabrics.
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1 Introduction

The use of nanosized silver particles e.g., as antimicrobial
agents or optical filters is of scientific and economic
interest [1-5]. For antimicrobial applications, e.g., to pre-
vent healthcare-associated infections, employing silver
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particles is especially advantageous, since they exhibit a
high biocide efficiency against a broad range of germs
already at low concentration and only a small tendency to
resistance formation [1, 6, 7]. Thus, silver containing
materials are also highly advantageous for medical appli-
cations for example as silver refined textile fabrics for the
treatment of atopic dermatitis or for additional skin-therapy
of patients with diabetes [8].

Temperature-sensitive materials like textiles or wood
can be easily equipped with antimicrobial properties by
using the sol-gel technique [9-13]. This method enables the
combination with other functional properties like water
repellence, dyeing or UV protection [14—18]. Embedding
of nanosized silver in inorganic sol-gel matrices can be
used for stabilization of silver particles and to enhance its
fixation to the coated substrates [19-25]. Different methods
are reported for the preparation of silver particles and its
application onto various substrates, e.g., the thermal
decomposition of deposited AgNO;5 at temperatures above
300 °C [26-28]. However, these high processing temper-
atures are only convenient for coatings on glass or metal
substrates but not for temperature-sensitive materials
[9-11].

The synthesis of silver clusters under ambient conditions
can be performed by precipitation of AgCl and illumination
[29]. Also the combination of AgNO; with reductive
agents is an appropriate method. Useful reductive agents
are NaBH,, ascorbic acid [30, 31] or hydrazine hydrate in
combination with sodium dodecyl sulphate and citrate as
stabilizing agents [32]. The combination of reductive
agents and polymeric stabilizers like polyvinylpyrrolidone
PVP [33-39] is especially advantageous. Hereby PVP acts
as complexing agent that prevents the aggregation of silver
particles in solution by coordination between silver and
PVP [40].
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Thus, stable coating solutions containing silver parti-
cles can be gained [33], similarly to those obtained for
example by the polyol process with the solvent ethylene
glycol driven at temperatures above 100 °C [5, 41-45].
Beside this function as complexing agent, PVP is also
reported to act as reductive agent for AgNO; in a
polymer paste during stirring at room temperature [38].
A further simple method to prepare nanosized silver
particles is the reduction of AgNOs5 by the solvent eth-
anol and the stabilization of the particles formed by
functionalized silane compounds. This reaction requires a
thermal treatment of the solution under reflux [46, 47].
However in presence of complexing agents like PVP,
due to complex formation of PVP with Ag™, the redox
potential of Ag™ is decreased. Thereby, probably harsher
reaction conditions are necessary for the reduction of
Ag™, as for example provided by higher temperatures of
a solvothermal process [47].

Analogously to a reflux thermal treatment under
atmospheric pressure, a solvothermal preparation of sil-
ver particles is reported for temperatures up to 200 °C
under increased pressure [25, 48-53]. The nanosized
silver is mostly gained as precipitate and powder.
Especially emphasized should be the intensive discussion
of Tian et al. [53] reporting the formation of Ag nano-
particles by reduction of AgNO; in presence of dode-
canthiol in a solvothermal process. Under the conditions
reported therein, AgNOj; is probably reduced by ethanol
at processing temperatures of >180 °C. At lower tem-
peratures of 100 °C a yellow precipitate of a layered-like
AgS(CH,);;CH;3 complex is formed. Also the impreg-
nation of cotton with solution of AgNOj; and its reduc-
tion to elemental nanoparticular silver in an autoclave
system at a temperature of 120 °C is reported [54]. In
this in situ synthesis, the reduction of AgNOj is probably
caused by terminal aldehyde groups on the cotton
fabrics.

In order to apply silver particles onto different surfaces
it is, however, more convenient to have a liquid solution
of stabilized silver particles which can be easily applied
by dip-coating or spraying. Therefore, it could be
advantageously to develop a preparation method which
combines both, the solvothermal reduction in ethanol and
the use of PVP as stabilizer. This approach has the
advantage that no further reductive agent is required and
furthermore, a combination with silica sol particles is
simultaneously possible by adding the silane precursor
tetraethoxysilane (TEOS). The following investigations
describe the conditions of solvothermal preparation and
resulting features of Ag and Ag/SiO, coating solutions.
Furthermore, application of as-prepared coating solutions
onto textiles is performed and its antimicrobial properties
are tested.

2 Experimental procedures
2.1 Preparation of Ag nanoparticles and Ag/SiO, sols

Silver sol A is prepared by solvothermal treatment of a
mixture of 100 mL ethanol, 1 g polyvinylpyrrolidone
(PVP) (trademark: K25, My ~24000 g/mol, >99.9%,
supplier: Carl Roth GmbH, Germany) and 1 g AgNO;
(>99.9%, supplier: Carl Roth GmbH, Germany) in 3 mL
of 0.01-N-HNOj;. Silver-silica sol B 1is prepared by
solvothermal treatment of a mixture of 100 mL ethanol,
20 mL tetraethoxysilane TEOS (trademark: Wacker Silikat
TES28, >99%, supplier: Wacker Chemie GmbH, Ger-
many), 1 g polyvinylpyrrolidone and 1 g AgNOj3; in 3 mL
of 0.01-N-HNOs;. The solvothermal treatment is performed
in autoclaves with conventional thermal heating and by
means of microwave heating. As conventional autoclave a
commercially available reactor of Berghof Instruments
GmbH is used (Hochdruck-Laborreaktor BR-500). This
reactor contains a 500 mL teflon vessel with a mechanical
stirrer. Process temperatures between 80 and 160 °C are
applied for 1 h. The duration of heating-up and cooling is
about 30 min and 3 h, respectively. For taking samples
during the solvothermal process a commercially available
reactor Biichi (Ecoclave 075, type 1) is used. This reactor
contains a 500 mL glass vessel with a mechanical stirrer.
The process temperatures are set at 100 and 120 °C for a
time duration up to 5 h. After reaching the reaction tem-
perature (after about 30 min) samples are taken from the
reaction solution as a function of time. As microwave
autoclave a commercial reactor Discover Labmate™/CEM
GmbH (250 Watt) is used. This reactor contains an 80 mL
glass vessel with a magnetic stirrer. The process temper-
atures are set in a range from 80 to 160 °C involving
reaction pressures between 0.5 and 13.5 bar. This process
comprises a temperature raise of 3 min up to the final
reaction temperature, a reaction period of 30 min and a
cooling-down to room temperature of finally 20 min. In
consequence of the direct energy transfer from microwaves
to the reaction solution microwave-assisted synthesis
enables such a rapid heating [55, 56]. For application onto
textiles, viscose fabrics are dip-coated from the prepared
solution. After dipping, the samples are dried at room
temperature and annealed at a temperature of 120 °C for
30 min.

2.2 Characterization of Ag nanoparticles and Ag/SiO,
sols

The presence of crystalline silver and the mean sizes of
silver crystallites are determined by means of X-ray dif-
fraction (XRD). These investigations are performed with
liquid sols, dried samples on glass substrates and dried
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powder samples, which are obtained after evaporation of
the solvent at room temperature after a time duration of
24 h. For liquid samples, 6 mL of the sol are filled into a
cavity of an aluminum disc and covered with a polypro-
pylene foil to prevent solvent evaporation. The XRD pat-
terns of liquid sols are recorded using a vertical X-ray
diffractometer D8 (Bruker AXS) whereas for powder
samples and coatings on glass slides an X-ray diffractom-
eter URD 6 (Seifert FPM) is applied. The diffraction pat-
terns measured are analyzed qualitatively using the PDF-2
database [57]. The mean size of nanocrystalline silver
particles is derived from a quantitative phase analysis of
the diffraction patterns performed using the computer
program TOPAS [58]. Hereby XRD reflection profiles are
analysed using a Fundamental Parameters Approach
convolution algorithm [59] that includes the refinement of
the full-width-at-half-maximum (FWHM) of a Lorentzian
profile to account for sample induced diffraction line
broadening. For all refinements, a crystal structure of silver
according to the Inorganic Crystal Structure Database
(ICSD) [60] collection code N° 64706 [61] is applied. In
advance the X-ray emission profile and instrumental
parameters of the diffraction experiment have been deter-
mined by analyzing the diffraction pattern of a Silicon
standard powder (NIST SRM 640c). For all fits quality
parameters R, of less than 6.5% are obtained. With
respect to serial correlation effects of parameters refined
standard deviations of the mean crystallite size are cor-
rected according to [62]. High-resolution transmission
electron microscopy (HRTEM) is used to determine the
particle size and morphology of particulate sol compo-
nents. For sample preparation 200 mesh copper grids
containing a graphite membrane of 20 nm thickness
(Plano) are used. A drop of the sols is applied to the copper
grids and afterwards dried for at least 24 h at room tem-
perature. As-prepared samples are investigated using a
Philips TECNAI F20 TEM with CS correction. For an
analysis of crystallite d-spacings in the HRTEM images the
crystal structures of silver and rhombohedral AgNO;
according to ICSD collection code N° 64706 [61] and
35157 [63], respectively, are applied. The silver ion con-
centration in the coating solution is potentiometrically
determined using a Silver/Sulfide Combination Electrode
Ag/S 800 (WTW GmbH, Weilheim, Germany). The
UV-vis transmission spectra of as-prepared solutions are
measured using an UV-NIR spectrometer Zeiss MCS 501
UV-NIR. The particle size distribution in liquid sols is
measured by Dynamic Light Scattering (DLS) with the
commercially available device Zetasizer 1000H Sa/Mal-
vern Instruments. Hereby, the sols are diluted with ethanol
in a volume ratio of 1:50. The antimicrobial activity against
the bacteria Escherichia coli of silver containing textile
samples is determined as described in a previous study
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[22]. The wash fastness of the coated textiles is tested with
a commercial washing machine according to DIN EN ISO
6330. Five washing cycles at 40 °C with an ECE washing
powder (according to ISO 105-C08/C09, supplied by
EMPA) are applied. After washing, the textile fabrics are
dried at room temperature and their antimicrobial activity
is tested.

3 Results and discussion

3.1 Solvothermal preparation of Ag nanoparticles
and Ag/SiO, sols

In dependence on the temperature regime (without TEOS)
the color of sol A changes from dark red (120 °C) to light
brown at higher temperatures (see Fig. 1). In accordance
with the color change, the Ag* concentration in the solu-
tion is decreased with increasing temperature of the
solvothermal process (Figs. 1, 2). The comparison of dif-
ferent autoclave systems (conventional and microwave
heating) exhibits the same tendency of a decrease of Ag™
concentration. However, by using the microwave autoclave
the decrease starts at higher temperatures which could be
explained by the shorter reaction time of 30 min but also
by the shorter heating and cooling time of the microwave
processing regime applied. In literature it is often stated
that microwave-assisted synthesis is faster and works at
lower temperature than conventional heating [55, 56]. In
contrast, for the Ag" reduction to silver nanoparticles in
presence of PVP reported here, no significant acceleration
of the reaction is observed with microwave heating. Under
the solvothermal conditions chosen, the reduction of
AgNO; to crystalline silver is probably driven by the
reaction with the solvent ethanol [46, 47] which is also
reported to take place even under reflux conditions at 70 °C
[46]. However, the complexation of the solved Ag" ions by
PVP decreases their redox potential [47]. For this reason,
harsher solvothermal reaction conditions of temperatures
above 120 °C are necessary for a reduction of AgNOj3. The
presence of PVP in the reaction solution is necessary to
stabilize the formed silver particles by complex bonding
and to preserve them from aggregation [33]. For compar-
ison, the solvothermal reduction of AgNOs; is also inves-
tigated in presence of TEOS (sol B) which leads to the
formation of SiO, particles by hydrolysis under the acidic
conditions chosen. In presence of SiO,, black solutions are
gained by the solvothermal processes at temperatures
higher than 120 °C (Fig. 1). However, a significant
decrease in Ag" concentration is only determined at tem-
peratures above 130 °C (Fig. 2), indicating that in presence
of SiO, the Ag™ reduction is delayed when compared with
sol A. In order to gain information about the dependence of
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Fig. 1 Photographs of the
reaction solutions gained from
solvothermal processes driven
at different temperatures
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Fig. 2 Ag" concentration compared to a system without solvother-
mal treatment of the sols A and B as function of temperature of the
solvothermal process

the reaction rate of silver formation on the solvothermal
process duration, samples are taken directly during the
solvothermal process and their Ag" concentration is
determined. Runs are performed with sol A at 100 and
120 °C for a duration up to 5 h. At the process temperature
of 100 °C no decrease of Ag" concentration was observed
even after 5 h. In the first 30 min at the process tempera-
ture of 120 °C, no decrease in Ag+ is observed which
corresponds to the results gained from the microwave
procedure. During longer treatment, the Ag' reduction
starts after 1 h and finally, after 4 h less than 3% of Ag+
remains. The rate of the silver formation in sol B is also
investigated as a function of time at temperatures of 120
and 130 °C. At 120 °C no significant decrease of Ag™’
concentration is determined after 5 h, while at 130 °C after
1 h the Ag" concentration is decreased to 40% and after
5 h only a concentration of less than 1% remains. This
reaction is quite fast when compared with the solvothermal
reduction of AgCl in PVP/ethylene glycol solution reported
in literature to happen at 160 °C after 2 h [64]. Altogether,
it can be concluded that for the type of solvothermal
reaction reported here it is necessary to strictly control the
reaction temperature and keep it in a very small variation.
Even a decrease in the reaction temperature of only 10 °C
could decelerate the reaction strongly or even inhibit it
completely.

reaction to sllver_partlcle_s I solA f

100°C 120°C 130°C 140°C 160°C

reaction to Ag/SiO, composites / solB

80°C 100°C 120°C 130°C 140°C 160°C

3.2 Particle properties

The decrease of Ag™ concentration in the sol A with
increasing temperature of the solvothermal process is in
good accordance with the results gained from XRD
investigations of the liquid sol (Fig. 3), showing that
crystalline silver (PDF Card N° 4-783) is formed at process
temperatures above 120 °C. Equivalent results are gained
by XRD investigations on dried materials of sol A (Fig. 4),
displaying reflections of crystalline silver in the diffraction
patterns of sols prepared at temperatures above 120 °C
from which mean crystallite sizes in the range of 30-49 nm
(Table 1) are obtained by quantitative analysis. Altogether
the size of crystallites is not considerably influenced by the
processing temperature. If the solvothermal process is
driven at lower temperatures, only the remaining educt
AgNO; (PDF Card N° 43-649) is determined by XRD
(Fig. 4). The determined crystalline AgNOj is probably the
result of recrystallisation of solved AgNO; during the
sample drying for XRD measurements. Similar results are
gained from XRD measurements of the dried sol B. When
processed at the temperature of 120 °C, only the educt
AgNOj; can be determined, while after processing at
130 °C both AgNO; and crystalline silver are present in the
same sample after 1 h duration of the process. After
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Fig. 3 XRD patterns of liquid sol A treated in the solvothermal
process for 1 h at 120 and 140 °C, respectively
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Fig. 4 XRD patterns of dried materials gained from sol A treated for
1 h in the conventional solvothermal process at different tempera-
tures. Reflections marked with (*) correspond to parasitic W-Lo
radiation and those marked with (x) to Cu-KJ radiation present in the
X-ray tube emission spectrum

Table 1 Mean crystallite size of silver nanoparticles obtained by
quantitative analysis of the XRD patterns (drawn in Figs. 5, 6) of
coatings on glass (sol A) and dried sol powders (sol B) prepared from
coating solutions after solvothermal treatment for 1 h at the temper-
atures indicated

Sol Solvothermal Mean crystallite
temperature (°C) size (nm)

Sol A 120 (40 + 10)
130 (49 +2)
140 (304 £ 0.8)
160 B8 +1)

Sol B 130 (16.3 £ 0.5)
140 (18.3 £ 0.3)
160 (16.2 £ 0.3)

process temperatures above 140 °C only crystalline silver
with a mean crystallite size ranging from 16 to 18 nm
(Table 1) is detected (Fig. 5), indicating that also for sol B
the crystallite size is not influenced by the processing
temperature. While results from XRD measurements are in
good accordance with the reduction of Ag" at increasing
temperature, the interpretation of optical spectra from sol A
and sol B is more challenging. Although sol A and sol B are
prepared with the same amount of AgNO;, these sols show
different colorations and accordingly different optical
spectra are observed. For sol A no single peak around a
wavelength of 420 nm indicating the presence of nanosized
crystalline silver [65—67] can be determined (Fig. 6). After
conventional solvothermal processing at a temperature of
120 °C two peaks at 438 and 550 nm are observed, while
with increasing temperature only one broad peak, whose
intensity increases with reaction temperature, occurs. After
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Fig. 5 XRD patterns of dried powders gained from sol B treated for
1 h in the conventional solvothermal process at different temperatures

microwave processing at a temperature of 120 °C sol A is
almost transparent. This result is in good agreement with
the high amount of Ag™® in solution indicating that at a
process temperature of 120 °C the reduction to silver par-
ticles does not yet occur. After microwave processing at a
temperature of 130 °C analogously to the conventional
process at a temperature of 120 °C a double peak in the
optical spectra is observed. The peak maxima are at
wavelength of 436 and 539 nm. Again, at higher process-
ing temperatures only one broad absorption peak remains.
From sol B a broad absorption, covering the whole visible
range, is observed (Fig. 6), leading to the assumption that
larger, probably polycrystalline, silver particles in a broad
size distribution are present in the liquid. The presence of
much larger silver particles in sol B could be the reason for
the different coloration of sol A and sol B even though both
sols contain the same silver concentration.

For a double peak structure of an optical spectrum of
silver particles, several reasons are reported in literature, as
e.g., particle aggregation [36, 68], electromagnetic cou-
pling from cluster—cluster interaction [69] or an asym-
metric particle shape (rod-like) [34, 70]. A red-shift of the
absorption peak could be the result of particle interaction
with the surrounding matrix [71], particle aggregation or
simple formation of larger particles [36, 65]. In the
HRTEM images of samples conventionally processed at a
temperature of 120 °C (Fig. 7), the particles observed
appear with different contrast and exhibit different shapes
(round, triangular, hexagonal and rod-like). Analogous
morphologies are found for the microwave processed
sample prepared at 130 °C. In order to examine structural
and morphological characteristics of the different particle
species more in detail, HRTEM images with higher mag-
nification are recorded (Fig. 8). As result of these investi-
gations round particles, as well as particles with a distorted
hexagonal-like morphology and blurry absorption contrast,
can be identified as polycrystalline silver, while rod-like
particles consist of a single silver crystallite. The triangular
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Fig. 6 Optical spectra of sol A and sol B prepared with different
temperatures during the solvothermal process

and hexagonal particles, appearing with lower contrast
compared to the round, distorted hexagonal and rod-like
silver particles, can be identified as single crystalline

AgNOj; in its high-temperature rhombohedral phase
(ICSD collection code N° 35157 [63]). It should be
remembered here, that at the processing temperature of
120 °C almost 75% of not reduced AgNO; remains
(compare Fig. 2). For this reason, the double peak struc-
ture in the optical spectrum could be attributed to the
shape of the silver particles. At 140 °C the particle size
increases simultaneously to the decrease of Ag*t in solu-
tion but also the particle shape turns from more angular to
round (Fig. 9).

Tsuji et al. [45] report the formation of triangular and
rod-like morphologies for silver particles prepared in a
polyol process in presence of PVP. It can be assumed that
the polymer PVP plays a significant role by complexation
of Ag" ions and controls the growth rate of the particles in
certain crystallographic directions. More precisely it is
reported that multiply twinned polycrystalline rod-like
particles and wires with high aspect ratio growing in [111]
direction develop due to long chain PVP complexation at
(100) prism planes whereas single-crystalline triangular
platelets evolve due to short chain PVP complexation at
(111) faces and thus crystal growth in [100] direction.
However, this polyol process only leads to these mor-
phologies in presence of the nucleation agent H,PtClg.
Without nucleation agent, larger spherical silver particles
are formed [45]. Other authors report different reduction
conditions for AgNO; in presence of PVP leading to tri-
angular and rod-like structures without the necessity of a
noble metal nucleation agent [35, 36].

In comparison to the reports in literature above, after
processing at a temperature of 120 °C different types of
particles and particle morphologies are observed. There-
fore, it could be concluded, that at first due to certain
growth restriction resulting from the complexation with
PVP different morphologies of silver particles are formed.
The HRTEM image (Fig. 8b) shows that short rod-like
particles develop extended (111) faces and are single
crystalline. Thus, with respect to [45] the formation of this
type of morphology is expected to be the result of PVP
complexation at (111) faces and incipient growth in [100]
direction. In further course of AgNOj reduction, the silver
particles grow with a tendency to a more spherical mor-
phology. Thus, the initial growth restrictions should be no
longer valid when a certain particle size is exceeded.
Accordingly, Wang et al. [72] report that silver particles
with diameters smaller than 50 nm are protected by coor-
dination between silver and N atoms in PVP. For larger
particles a different coordination with both N atoms and O
atoms is supposed. This leads to the assumption that in our
study the different morphologies of particles up to 50 nm
in diameter are the result of PVP coordination with N in a
first stage of particle formation. If the particles grow larger
than 50 nm in diameter, a different type of coordination by
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Fig. 7 HRTEM images of sol A
after conventional solvothermal
preparation at 120 °C and
microwave solvothermal
preparation at 130 °C. From
every sample two different
images are presented
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PVP occurs leading to a more spherical morphology. The
HRTEM images as well as the analogous optical spectra do
not show significant differences in particle morphology in
sols obtained by conventional thermal and microwave
processing. Samples prepared at lower temperature, gen-
erating the double peak in the optical spectra, exhibit dif-
ferent types of silver particle morphologies as rod-like,
spherical and distorted hexagonal. Samples prepared at a
higher processing temperature of 140 °C exhibit for both
heating procedures larger and less angular particles. With
microwave processing the particles prepared at 140 °C are
around three times larger than the conventionally prepared
ones (Fig. 9). Therefore, it should be concluded that for the
synthesis of silver nanoparticles presented here, mainly the
process temperature and time duration have an influence on
the particle morphology. The larger particle size of
microwave processed sols at a temperature of 140 °C
compared to conventional thermal preparation may be
explained by strong interactions of the silver particles with
microwaves leading to a locally higher temperature which
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enhances the particle growth [55]. In literature it is often
reported that for microwave-assisted synthesis of nano-
particles different particle morphologies are observed in
comparison to conventional thermal preparation [73-75],
e.g., rice grain structures for SrWO, in solvothermal
preparation under microwave radiation [73]. However, for
the synthesis of silver nanoparticles in presence of PVP
studied here, the difference in particle morphology,
resulting from different heating procedures (conventional
thermal or microwave-assisted) seems to be only
marginally.

The change of particle size with solvothermal temper-
ature, estimated from optical spectra and HRTEM is also
determined by particle size distribution by DLS in solution
(Fig. 10). For the reaction temperature of 120 °C, the
particle size distribution of sol A has a maximum at 27 nm
while at 140 °C prepared sol shows the maximum is at
131 nm. For sol B the broad optical spectra correspond to a
broad particle size distribution with a maximum at 70 nm
for reaction temperature of 130 °C and a distribution over
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several hundred nanometers for sols prepared at 140 and
160 °C (Fig. 10). According to XRD evaluations, these
samples contain silver crystallites of diameters smaller than

<« Fig. 8 HRTEM images of different particle species of sol A after

conventional solvothermal preparation at 120 °C. Triangular single
crystalline AgNOj particle (a), rod-like single-crystalline silver
particle (b) and spherical polycrystalline silver particle (c¢). The inset
in (a) shows the Fast Fourier Transformation of the image area.
Reflections indicated correspond to AgNO; (ICSD collection code N°
35157 [63]). In (b) and (c) measured d-spacings of Ag (111) lattice
planes identified (theoretical value d = 0.2359 nm, according to
ICSD collection code N° 64706 [61]) are given

20 nm, so it can be stated, that the much larger particles
determined by DLS are polycrystalline. Since the crystal-
lite size does not increase with processing temperature, an
increasing particle size can be determined with increasing
temperature. It can be stated that with higher temperatures
larger polycrystalline particles are formed, while the size of
the crystallite phases remains unchanged. Furthermore, sol
B prepared at 140 °C precipitates in 1 week, however, the
redispersion is easily possible. Therefore, it seems that the
presence of SiO, could disturb the stabilisation of small
silver particles by PVP, so at high reaction temperatures
there is no limitation of particle growth and the silver
particles are less stable in solution. This behavior is dif-
ferent to that of silver particles prepared in presence of
ethanolamines, as reported earlier [76]. In that case the
limitation of growth of silver particles can be induced by
the presence of nanoscale SiO, particles. It seems that the
polymeric surfactant PVP is a better stabilizer for the
formed Ag particles than the reported ethanolamines, so in
presence of PVP additional SiO, particles are not necessary
for stabilisation of silver particles.

3.3 Antimicrobial properties

The solutions containing crystalline silver are applied onto
textile materials to test their antimicrobial properties. As
expected, coated textile samples show a high antimicrobial
effect against the bacteria E.coli. In case of household
washing the antimicrobial effect is decreased but still
present (Fig. 11). The washing fastness decreases with
higher process temperature indicating that larger silver
particles are probably less adhesive on textile fibers. With
sol B prepared at 130 °C the best wash stability is reached,
indicating that the presence of SiO, particles causes a
certain improvement of adhesion due to film formation.
However, even with sol A containing no SiO,, a significant
antimicrobial effect can be determined after washing. This
fact could be explained by adhesive forces between the
silver nanoparticles and functional groups on the fiber
surface, most probably the OH-groups of the viscose fabric.
The silver nanoparticles are elemental and in contrast to
AgNOj not soluble in aqueous washing solutions, so the
washing stability should be mainly governed by the adhe-
sion of these silver particles to the textile fiber.
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Fig. 9 HRTEM image of sol A
after conventional and
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Fig. 10 Particle size distribution in solution (by DLS) after conven-
tional solvothermal preparation at different temperatures
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Fig. 11 Antimicrobial activity against E. coli on coated viscose
fabrics after coating preparation and after five times repeated
household washing procedure

4 Conclusions

The preparation of coating solutions of silver nanoparticles
and Ag/SiO, composites can be achieved by using a
solvothermal process with conventional and microwave
heating. No significant difference in particle morphology is
observed for the different heating procedures. For prepa-
ration of crystalline silver nanoparticles temperatures of at
least 120 °C are necessary in this solvothermal process. In
the temperature range between 120 and 130 °C the for-
mation rate of silver nanoparticles is very sensitive to
temperature variations and processing time. Furthermore,
in this temperature range several different morphologies of
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silver nanoparticles are observed, as rod-like, spherical or
distorted hexagonal shapes, which are probably the result
of complexing the growing particle with the polymer PVP.
However, higher processing temperatures lead to more
uniform, less angular and larger polycrystalline silver
particles. The coating solutions can be easily applied onto
textiles by dip-coating. The antimicrobial properties of the
textile fabrics treated, are even present after several times
of washing under household conditions.
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