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bstract

ilver nanoparticles prepared by a reverse micelle process were sequentially deposited on rutile-structured TiO2 particles via an electrostatic layer-
y-layer (LbL) deposition together with a hydrophilic/hydrophobic interaction. The TiO2 surface was first mediated by a preferential adsorption of
oly(allylamine hydrochloride) (PAH) cationic molecules, before being mixed with the Ag nanoparticles encapsulated in reverse micelles consisting
f anionic surfactant of sodium bis(2-ethylhexyl) sulfosuccinate (AOT) in isooctane. The deposition of Ag nanoparticles was not of a uniform
overage on the TiO2 surface, but of a heterogeneous growth of the Ag particles on the TiO2 surface. Antibacterial activity of the composites

gainst gram-negative bacteria, i.e., Escherichia coli (E. coli), was found to increase with the deposition cycle, resulted mainly from the increased
g concentration. The bactericidity is persistent in the absence of ultraviolet (UV) light. Over the concentration range of Ag examined, i.e., Ag/Ti

tomic ratio varies from 0.28% to 0.53%, photocatalytic efficiency of the composites against methylene blue (MB) dye in an aqueous solution also
mproved pronouncedly with the silver concentration under UV exposure.
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. Introduction

An imminent need for meeting the energy and environmen-
al challenges has led to a recurrent interest on titanium dioxide
TiO2); to which, many of the applications rely not only on the
roperty of the semi-conductive TiO2 material itself but also on
he modification of the TiO2 as a host material.1–3 Crystalline
iO2 with anatase or rutile structure has been regarded by many
s an efficient and environmentally benign photocatalyst, and
as been widely used for photodegradation of various pollutants
nd for bactericidal material as well.3–8 On the other hand, sil-
er (Ag) nanoparticles have long been known to liberate silver
ons in liquids that show a broad spectrum over the antimicro-
ial activities.9,10 Immobilization of Ag nanoparticles on TiO2
o form hybrid composite particles with tailored structure and

urface functionality has been demonstrated to show improved
hotocatalytic activity,3,11–13 as well as bactericidal activity14–16

ithout the need of UV irradiation.

∗ Corresponding author.
E-mail address: wenjea@dragon.nchu.edu.tw (W.J. Tseng).
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Considerable success has been achieved recently in terms of
he variety of well-defined composite structure and the versa-
ility of the synthesis process. In view of the literature,11–14,16

reparation of the hybrid TiO2/Ag particles often involves a pref-
rential deposition of silver nuclei followed then by the growth
f silver layer, or by a direct coating from the silver nanopar-
icles on surface of TiO2 with a specific surface modification
rior the silver deposition. A wide range of wet chemical routes
as been reported, including electrostatic layer-by-layer (LbL)
eposition, surface chemical reaction, photochemical reduction,
olyol process, ultrasonic electrodeposition, and soft template
rocess.11–14,16–20 For the heterogeneous nucleation and growth
f silver shell on TiO2 particles, surface pre-treatment is required
n order to facilitate formation of effective chemical bonding
ites on the TiO2 surface before the Ag shell can be formed. The
urface modification becomes indispensable when vitreophobic
ggregation of the metallic Ag needs to be suppressed. The LbL
ethod,20 on the other hand, provides an alternative route for the
ynthesis of heterogeneous composite particles or hollow parti-
les by consecutive nanoparticle deposition on the core surface
ia an electrostatic layer-by-layer process scheme. This pro-
ess readily affords control over the multilayer build up so that

dx.doi.org/10.1016/j.jeurceramsoc.2009.12.016
mailto:wenjea@dragon.nchu.edu.tw
dx.doi.org/10.1016/j.jeurceramsoc.2009.12.016
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he concentration of shell material can be manipulated through
hange of coating numbers for the nanoparticle deposition.
etallic Ag particles often bear a negative surface charge over
broad pH range,21 so as the TiO2. This creates some difficul-

ies in the LbL process since both the targeted core material and
he shell material present a net surface charge of the same sign
ver the working pH employed. The problem may be solved by
dsorption of polyelectrolyte molecules on the TiO2 surface that
hanges the surface polarity. In this regard, Lu and co-workers22

ecently proposed a reverse micellar nanoparticle-based process
hat features an additional hydrophilic/hydrophobic interaction
o facilitate the nanoparticle build up in addition to the elec-
rostatic attraction used in the LbL method. The proposed

ethod stabilized the metal shell by addition of an anionic
OT surfactant molecule that forms reverse micelles in organic

olvent to encapsulate the metallic nanoparticles; whilst, the
urface of oxide core was mediated by a cationic PAH poly-
lectrolyte in water. When the PAH-modified TiO2 particles
re added into the silver suspensions stabilized with the AOT
icelles in given non-polar solvent, heterogeneous adsorption

s rendered by the hydrophilic/hydrophobic interaction together
ith the electrostatic attraction in facilitating the nanoparticle
eposition.

Despite the reverse micellar LbL process was conducted
uccessfully on synthesis of several core–shell composite and
ollow particles,22 extension of the process to the synthesis
f TiO2/Ag hybrids and the detailed structural characteri-
ation and property evaluation have not been explored. In
his study, the reverse micellar LbL process was conducted
or the synthesis of TiO2/Ag composite, and the result-
ng composite structure was characterized by zeta potential,
EM-EDS, TEM, XRD, ESCA, and ICP analysis, respec-

ively, upon completion of every adsorption cycle. Up to
ve coating cycles were examined. Antibacterial activity
gainst E. coli and photocatalytic efficiency against MB dye
ere carried out in aqueous liquids as the adsorption cycle
aries.

. Experimental details

.1. Materials

TiO2 particles (Wanyuan Technology Co., Taiwan) with an
verage diameter of 280 nm, purity >95%, and a B.E.T. surface
rea of 13 m2/g were used as the starting material. The parti-
les are about spherical in shape (Fig. 1) and are of rutile phase
n structure. Reagent-grade silver nitrate (AgNO3, 99.7 wt.%,
.T. Baker, USA), ethanol (EtOH, Fluka, Switzerland), ammonia
olution (NH4OH, 28 wt.% NH3 in water, Osaka Chemi-
al, Japan), sodium chloride (NaCl, 99.8%, Riedelde Haën,
ermany), sodium bis(2-ethylhexyl) sulfosuccinate (AOT,
20H37NaO7S, 98%, Alfa, USA), sodium borohydride (NaBH4,
iedelde Haën, Germany), and poly(allylamine hydrochloride)
PAH, MW ∼60,000, Alfa, USA) were purchased commer-
ially and used without further purification. De-ionized water
18.2 M�) was from a Millipore Milli Q filtration system. E.
oli was obtained from the American Type Culture Collection.

s
T
a
v

Fig. 1. Particle morphology of the as-received TiO2 particles.

ethylene blue dye (C16H18ClN3S·3H2O, MW ∼ 374) was pur-
hased from Unilab Industries (Taiwan), and was diluted before
se.

.2. Synthesis

The TiO2 particles of 0.2 g were dispersed in PAH solution
onsisting of 0.1 g PAH dissolved in 100 ml of 0.5 M NaCl aque-
us solution. The solution pH was held at about 7.2, and the
olloidal solution was magnetically stirred for 30 min, followed
hen by collection of the surface-mediated particles through cen-
rifuge. Reverse micellar synthesis of silver nanoparticle was
btained from mixing of two ionic solutions. One of the solu-
ions consists of 0.034 g AgNO3 dissolved in isooctane–water

ixture (49.1 and 0.9 ml, respectively) with 2.175 g AOT (equiv-
lent to 0.1 M). The AgNO3 serves as the precursor for the Ag
anoparticles. The other solution containing the reducing agent
or silver was prepared similarly by mixing 0.038 g NaBH4
n the AOT-added isooctane–water mixtures. Nanometer-sized
g particles were formed by mixing the two ionic solutions
nder vigorous stirring at 25 ◦C for 30 min, and the nanoparti-
les were stabilized by the reverse micelles formed by the AOT
olecules.
The TiO2/Ag hybrid particles were prepared by slowly redis-

ersing the PAH-mediated TiO2 particles in the Ag-containing
OT micellar solution with a continuous magnetic stirring

or 30 min. The particles were then centrifuged, rinsed in
thanol repeatedly for three times to complete one adsorption
ycle. Multiple Ag depositions were prepared by repeating the
ixing of the PAH-modified composite particles with the Ag-

ontaining AOT micellar solution, followed then by the same
entrifuge and rinse process to remove the loosely anchored
urfactant molecules and Ag nanoparticles. Up to five depo-

ition cycles were performed in the study, and the resulting
iO2/Ag composite particles were calcined at 400 ◦C in ambient
ir to remove the low-melting organic surfactants and sol-
ents.
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negative surface charge. In Fig. 3, the surface potential changes
pronouncedly from negative to positive, i.e., ζ potential increases
from−12 to +48 mV, when PAH molecules were adsorbed on the
TiO2 surface. This surface charge promotes preferential adsorp-
W.-C. Lin et al. / Journal of the Europ

.3. Characterization

Zeta potential (ζ potential) of the TiO2 and the TiO2/Ag
ybrid particles was determined by a dynamic light-scattering
pectroscopy (Zetasizer NS, Malvern Instruments, UK). The
H was adjusted with HNO3 and NH4OH. Particle morphology
nd composite structure were examined by field-emission scan-
ing electron microscopy (FE-SEM, JSM-6700F, JEOL, Japan)
quipped with an energy-dispersive spectroscopy (EDS, Oxford
nca Energy 400, UK), and by transmission electron microscopy
TEM, JEM-2010, JEOL, Japan). Structure of the composite par-
icles was characterized by X-ray diffractometry (XRD, MAC

XP III, Japan) using Cu K� radiation with a characteristic
avelength of 1.5406 Å. Elemental distribution of the composite
articles was examined by field-emission electron spectroscopy
or chemical analysis (ESCA/Auger, ULVAC-PHI, PHI 5000
ersaProbe, Japan). The samples were prepared by first mix-

ng the particles in ethanol via ultrasonication. A few drops of
he dispersions were then placed onto an electrically conduc-
ive glass plate by a pipette before being dried ready for the
nalysis. Chemical composition of the particles was determined
emi-quantitatively by EDS-ZAF analysis, and more precisely,
y an inductively coupled plasma atomic emission spectrometer
ICP-AES, ICAP 9000, Jarrell-Ash, USA).

.4. Bactericidal activity

The antibacterial activity of the TiO2/Ag composites with
ither one or three adsorption cycles was conducted against
. coli by the plate-counting method.23 The particles of 1 mg
ere weighed precisely and added into 7 ml of a phosphate
uffer solution containing the bacteria. The powdered solutions
pH ∼ 7.5) were incubated at 37 ◦C under vibration agitation for
p to 24 h. Some of the solutions (0.5 ml) were then cultured on
n agar plate and incubated at 37 ◦C for additional 17 h, and the
xact number of discrete colonies was counted as the number of
emaining bacteria. A parallel test of the TiO2 particles without
he Ag adsorption was conducted for comparison purposes. The
actericidal efficiency (R) was determined by the reduction of
acteria, i.e.

(%) = A − B

A
× 100 (1)

here R is the ratio of bacterial reduction, A is the number of
acterial colonies from the particulate solution without Ag, and
is the number of bacterial colonies from the TiO2/Ag solution

reated by different periods of isothermal incubation.

.5. Photocatalytic activity

The photocatalytic experiment was conducted in aqueous
olution with UV irradiation time up to 90 min. Solids load-
ng of the TiO2/Ag-containing solutions were held at 50 mg/L,

hile the initial concentration of the aqueous MB dye was at
× 10−6 M. Prior the test, all the suspensions were kept in
arkness for 10 min to establish an adsorption–desorption equi-
ibrium. Analytical samples were siphoned out from the reaction

F
t
s

ig. 2. Zeta potential varies with solution pH for the as-received TiO2 particles.

uspensions after different reaction times and then centrifuged
o separate the particles from the solutions. The solutions were
hen characterized by an UV–vis spectrometer (Lambda 800,
erkin-Elmer, USA) to determine the absorption change over a
ange of wavelength from 200 to 900 nm. The residual MB con-
entration was determined from the absorption change using a
-point calibration curve.

. Results and discussion

.1. TiO2/Ag hybrid structure and composition

Fig. 2 shows ζ potential of the as-received TiO2 particles. The
soelectrical point (IEP) occurs at pH ∼ 5.5. Solution pH used
n the study was at about 7.2, the TiO2 particles hence bear a
ig. 3. Cyclic ζ-potential profile of the hybrid particles occurs when the deposi-
ion of PAH molecules and AOT-encapsulated Ag nanoparticles were conducted
equentially.
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ig. 4. XRD patterns for the TiO2/Ag hybrid particles with various deposition
ycles.

ion of the Ag nanoparticles (negative ζ potential)21 on the
AH-modified TiO2 (positive ζ potential) in isooctane solvent
y both electrostatic attraction and hydrophilic/hydrophobic
nteraction.22 The silver adsorption is confirmed by the shift
f ζ potential accordingly, i.e., from +48 mV to −39 mV, upon
ompletion of one adsorption cycle. Further repeating the depo-
ition process shows a cyclic ζ potential change on the composite
urface, revealing that the multiple Ag adsorptions occurred as
he deposition process proceeds.

X-ray analysis confirms the Ag deposition on TiO2 particles
Fig. 4). Diffraction intensities from the Ag crystallites appear
o increase with the deposition cycle, indicating that Ag con-
ent in the composites increased with the number of deposition.
rom ESCA chemical analysis, a wide scan in binding energy
howed peaks ascribed to elements of O 1s, Ti 2p, and Ag 3d. A
igh resolution scan of the Ti 2p region shows 2p1/2 and 2p2/3
ignals in Fig. 5a. When compared to that of the as-received
iO2 particles, only minor shift toward higher binding energies
as found for that of the TiO2/Ag hybrid particles, suggesting

hat no significant chemical interaction occurred for the TiO2/Ag
ybrid particles with the Ag deposition. The O 1s peak shown in
ig. 5b at binding energy of 533.0–533.6 eV corresponds to O
ound to H (532.8 eV).15 This indicates that the hydroxide bond-
ng occurred at the surface of both TiO2 and TiO2/Ag particles,
herein the OH groups are thought to be mainly chemisorbed

o the particle surface.16 Nonetheless, a slight peak broaden-
ng and a shoulder over the lower energy side of the O 1s
ignal reveal that minor O–Ti4+ bond (530.2 eV)15 may exist
ithin the typical effective penetration depth of the ESCA anal-

sis (∼5 nm). In addition, a high resolution scan of the Ag 3d
egion (Fig. 5c) show peaks of 3d5/2 and 3d3/2 at 369.2 and
75.2 eV for the TiO2/Ag composites, respectively. The binding
nergies were in good agreement with those of TiO2/Ag films

o

e
t

ig. 5. The binding energy spectrum of ESCA for TiO2/Ag hybrid particles with
deposition cycles.

eported elsewhere,15,16 indicating that metallic silver was the
ajor phase in the composite and the interactions between TiO2

nd Ag was also negligible. However, deconvolution of the Ag
d5/2 peak yields two peak maxima, one lying at a very sim-
lar energy to that of pure Ag, i.e., 369.2 eV, while the other
ne is located at a lower energy of 367.1 eV. According to the
iterature,11,24 this peak may be attributed to silver oxide, i.e.,
g2O with 3d5/2 energy at 367.8 eV or AgO with 3d5/2 energy

t 367.4 eV, or even both. This hence indicates that some silver
xide may exist as a minor phase in the composites.
Fig. 6 shows typical hybrid microstructures in secondary
lectron and backscattered scanning electron images, respec-
ively. The primary Ag particles present a mean diameter less
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Fig. 6. SEM micrographs of the TiO2/Ag hybrid particles with (a) one, (b) two, (c) three, (d) four, and (e) five deposition cycles, respectively. (Left: secondary
electron image, Right: backscattered electron image.)
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Fig. 7. Bright-field TEM micrographs of the TiO2/Ag hybrid particles with

han 10 nm, and are easily distinguishable from the submicrom-
ter TiO2 particles. Distribution of the Ag nanoparticles appears
o be scattered on the TiO2 surface, instead of forming a complete
overage layer around the TiO2 particles. This becomes more
pparent from the backscattered images, since the high Z sil-
er scatters more electrons. In addition, the nanoparticle-based
eterogeneous adsorption occurred for all deposition cycles
xamined; in particular, the growth of Ag aggregates appeared
o become more pronounced as the deposition cycles increases.

ven though a uniform core–shell structure was not obtained,

he Ag coverage apparently increases, so as its concentration,
ith the multiple depositions. From EDS-ZAF analyses, the Ag

oncentration increased linearly with the deposition cycle. The

a
p
o
t

ne, (b) two, (c) three, (d) four, and (e) five deposition cycles, respectively.

uild up of Ag nanoparticles on the TiO2 particles is also shown
n Fig. 7 by TEM examinations. The Ag nanoparticles were seen
o adsorb preferentially on the TiO2 surface; to which, the Ag
articles appeared to adhere exclusively on the PAH-modified
iO2 surface. Therefore, “free” Ag nanoparticles not anchoring
ith the TiO2 were not found from the TEM examinations. In

ddition, the Ag nanoparticles favoured to form spherical aggre-
ates with diameter as large as 50 nm, rather than formation of
nanoparticle monolayer around the TiO2 particle. This reveals

stronger interparticle attraction between the neighbouring Ag
articles than that of the heterogeneous electrostatic attraction
ver the PAH-modified TiO2 surface sites and the electronega-
ive Ag surface.
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after 1 h incubation and remains bacteria-free upon extension
to 24 h in the absence of UV for the composites with three Ag
adsorptions. Similarly, the composite particles with one silver
ig. 8. Photographs of the plate-counting antibacterial results for the TiO2/Ag h
ithout Ag adsoprtion, (b) TiO2/Ag hybrid particles with 1 coating cycle, and (

.2. Antibacterial activity

The bactericidal effect of the TiO2/Ag composites against
. coli has been conducted by the plate-counting method both
ith and without the UV exposure for various incubation times

1–24 h) at 37 ◦C. A parallel test of the as-received TiO2 parti-
les without the silver adsorption has also been carried out for
omparisons. With the UV irradiation, the TiO2 particles with-
ut Ag did not show much of the bactericidal effect over the
ncubation times examined (Fig. 8a). For the plates containing
he composites with one adsorption cycle, a notable reduction
f the gram-negative E. coli occurs after 12 h of incubation, and
xtinction of the E. coli happens upon extension of the dura-
ion to 24 h (Fig. 8b). In comparison, the bacterial colonies were
ompletely not seen within merely 1 h duration for the TiO2/Ag
omposites with three adsorption cycles (Fig. 8c). In addition,
he bactericidal property remains when the incubation duration
xtends to 24 h.

The percentage of bacterial reduction upon UV illumination
s shown in Fig. 9. The bactericidal efficiency (R) increases
lowly from ca. 45% to >99% as the incubation time increases
rom 1 to 12 h for the composites with one adsorption cycle.
n the other hand, R increases rapidly to reach >99% after
h duration for the TiO2/Ag composites with three adsorption
ycles. The bactericidity persists when the incubation duration
as prolonged to 24 h. According to ICP-AES analyses, sil-

er concentration in the composites increases from 1399 to
359 ppm, corresponding equivalently to an Ag/Ti atomic ratio
rom 0.25% to 0.53%, as the deposition cycle increases from one
o three. Estimate of the silver concentration, by assuming that
particles on E. coli after a range of immersion times (1–24 h). (a) TiO2 particles
h 3 coating cycles.

nly metallic silver exists, falls in the range of 0.168–0.316 wt.%
or the hybrid composites. This indicates that the composite
articles can release Ag ions in a sufficient concentration to
ill the E. coli effectively even though the Ag content is only
oderate.16,25

Without the UV irradiation, the bactericidity of the hybrid
omposites still remains effective. Identical to that of the com-
osites with UV exposure, R increases rapidly to reach >99%
Fig. 9. Reduction of E. coli over 1–24 h of isothermal incubation.
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Fig. 10. Photodegradation of M

dsorption show a bactericidal efficiency of 51% upon 1 h dura-
ion of incubation. The bacterial reduction then reaches 95%
hen prolonging to 3 h of incubation, before finally becomes
99% upon extension to 12 h. Therefore, the TiO2/Ag composite
articles show bactericidal property in both with and without the
V irradiation. The difference in the bactericidal performance

tems mainly from the silver concentration of the composite
articles.

.3. Photocatalytic property

The concentration of aqueous MB dye solution reduces with
he UV irradiation, as shown in Fig. 10. The photocatalysis

echanism involves adsorption of MB dye molecules in water
n the surface of TiO2 particles, which are then excited by the UV
nergy to generate the electron and hole pairs within the particle
olume. The electron–hole pairs would migrate to the particle
urface and serve as redox sites for the deconstruction of the
urface adsorbed dye molecules.11 In Fig. 10, the photocatalytic
ctivity is enhanced by the presence of silver nanoparticles.
he photodegradation of MB dye with increased efficiencies
p to 63% (MB concentration from 2.4 to 0.9 �M) and 29%
MB concentration from 2.4 to 1.7 �M) is observed for the sus-
ensions containing the TiO2/Ag composites with adsorption
ycles of three and one, respectively. Deposition of silver on
iO2 surface has been reported to enhance the photoinduced
lectron/hole lifetimes as a result of effective trapping of the
hotoinduced electrons to the surface deposited Ag sites.26 In

ddition, the MB adsorption would increase with the Ag concen-
ration in sol–gel derived TiO2 over a broad concentration range
0.01–10 mol.%).11 Both are considered to govern the observed
hotocatalytic dependence on the Ag concentration.

e
a
u
a

solution under UV irradiation.

. Conclusion

Silver nanoparticles encapsulated in reverse micelles con-
isting of anionic surfactant of sodium bis(2-ethylhexyl)
ulfosuccinate (AOT) in isooctane were sequentially deposited
n rutile-structured TiO2 particles mediated by a preferential
dsorption of poly(allylamine hydrochloride) (PAH) cationic
olecules by an electrostatic layer-by-layer deposition together
ith a hydrophilic/hydrophobic interaction. The deposition of
g nanoparticles on the TiO2 surface was not of a uniform

oating, but of a heterogeneous growth of the scattered Ag
anoparticles specifically on the TiO2 surface. Growth of the Ag
rimary particles to aggregates was observed as the deposition
ycle increased. The TiO2/Ag hybrid particles show antibacte-
ial activity against gram-negative E. coli both in the presence
nd absence of UV irradiation. The bactericidal performance
as found to increase with the Ag concentration over the mod-

rate Ag concentration range examined, i.e., the Ag/Ti atomic
atio ranged from 0.28% to 0.53%. On the other hand, photocat-
lytic efficiency of the composites against methylene blue dye
n aqueous solutions also improved pronouncedly (up to 63%
ncrease) with the silver concentration examined under the UV
xposure. Inhibited electron–hole recombination and increased
dsorption of MB dye due to the presence of Ag nanoparticles
re considered the main reasons for the enhanced photocatalysis.
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