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Incorporation of Silver lons into Ultrathin Titanium Phosphate
Films: In Situ Reduction to Prepare Silver Nanoparticles and Their
Antibacterial Activity
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Silver ions were incorporated into titanium phosphate ultrathin films by an ion-exchange process
conducted at 50C and room temperature. The silver ions were dispersed homogeneously along the
normal direction of titanium phosphate film, as confirmed by -ti\s spectroscopy and X-ray
photoelectron spectroscopy. In situ reduction by Napieduced silver nanoparticles embedded in titanium
phosphate film. The particle size is dependent on the ion-exchange temperature, where a higher temperature
leads to a larger particle size. The silver-ion-exchanged titanium phosphate films are effective in prohibiting
the growth ofEscherichia coliand, therefore, are expected to be used as antibacterial coatings.

Introduction optical circuits and optical sensorBy photoelectrochemical
) ) ) ] o ] reduction of Ag to Ag nanoparticles in nanoporous O
The incorporation of metal ions into solid films in &  fims under UV light, Ag-TiO. films exhibiting multicolor
controlled way is very important for academic research and photochromism have been obtairfeSilver ions have long
industrial application$ On one hand, metal-ion-doped solid  een known to have strong inhibitory and bactericidal effects,
films can acquire new functions as compared to the undoped,g \well as a broad spectrum of antimicrobial activitfes.
ones; on the other hand, in situ reactions can produce mEtaVPolyeIectrolyte multilayer film&®1° and porous polymer

semiconductor nanoparticles embedded in solid films, which microsphere4 containing Ag nanoparticles show excellent
can facilitate the application of the nanoparticles or combine gniinacterial performance toward bacteria sucBseherichia

the properties of the nanoparticles and the matrix films to )i (E. coli) and Staphylcococcus epidermidis. aureuk
produce novel prope[tées that are beyond those of the There are several methods for incorporating metal ions
individual component3.® In this area, the incorporation of 4 solid films, depending on the preparative process of the
silver ions into various kinds of films is of greatimportance - marix films. Silver ions can be incorporated into polyelec-
because of their wide range of applications in areas such as;qyte multilayer films either by immersion of a poyelec-
catalysis, optics, and hygiene, among otffetsMultilayered  y6\te film containing ion-binding groups (such as carboxylic
polyelectrolyte films of polyethyleneimine (PEIl)/poly(acrylic  ¢iq) into silver ion solutiol or by layer-by-layer assembly
acid) (PAA) 'contammg. Ag nanoparticles can catalyze the s 5 polyelectrolyte-metal ion compleX with another
electrochemical reduction of methylene bronfidgy selec- ;o mplementary polyelectrolyte partner. Subsequent in situ
tive incorporation of silver ions along the film normal reaction can produce Ag nanoparticles embedded in the
direction into layer-by-layer-assembled polyelectrolyte mul- itrathin films. A composite M -doped TiQ film can be
tilayer films and in situ reduction, one-dimensional photonic prepared by the surface sajel process from a mixture of
structures that are uniform over a large area can be preparedpairix-forming titanium alkoxide and a magnesium alkoxide
which provides a promising method for preparing integrated template. The subsequent removal of Mgons by acid/

base treatment creates ion-exchange sites in the mMidrix
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Scheme 1. lon Exchange and Nanoparticle Formation in Titanium Phosphate Ultrathin Films

=0H  m —OH  m
i HO=p— e AGOm
L org HO-p/Ch;n(z) P?o-.T - | orf . AgO~ /o;(;\* L T
B P=0H b p—0H E AdO. P~0ng N b—OAg
OH F\ s o OH \_ Ag \P\ o A oz
on_ /P i P/O‘ L on_ A iz ~Tic0
|1 HO’ o8p=0 Ho-p20" O---....p--OH | @ Ago” %{0_‘09 Ago-F<0 o-..7p...-oAg
=T Agh =T )
=01 AR O'-TI""'O =OH  AD 0=Ti~g5
O~ p—OH AgO~ —OA, Ve .
N REQ, ~P~OH _p< Bt a, P = Ag
-0oHE \O-Ti’o’ Ho=Ro AgNO; OHE 107 *hgo Ko\ /0\
FOH ) ‘6\ OfTI’O"- p—OH ————— oH ) N 0-TL0=p~0ng
Fon /- O“F\O-T \CK ~OH ./ AQO-PH=p Ag' O 5(
-on \z\ on, Lo —OH™ o \g\ A Led
ol ® P HO’ O”P"“OH o Ag* ) O’P g 'y 07P‘“OAQ
5 ~ iz 0 qu. oy g
—0H ~0H
D ~ P —P— i
[ @@~ O_T'D—P-OH §o‘ /c,H | @2 Ao o\T OSP-OAg T\ng\ /mg
T~ r--o
L oH o..p\é;_T o gﬂ ;;. AQth(?— Ago—p‘
~OH . o "‘“0-.. \O i —P"-OH E o“ "“‘0-. = P--OA
-0H b—"P~on Y\ 2 —OH Ag* 0— -

Titanium phosphate films .

A /Q\ NaO-..Fb/
\ OJTI-.O_P‘ TI“Q o
D /R?\;‘Ti'ox = OIO?‘\TI—OO-_F‘O
g MNeOT M Xoo O H0-P<° /;....on
5 O""T"‘o
Ti,of ~ao-REe /\0
\

by O’T'-O"" P-O Na
Nao-p\o_.r\o\o o /O\T.»O

Q silver nanoparticle NaBH,

O--p--OH
T
0" No FE‘C\
N =p-ONa ON
00—\1.'00’P- T'i‘o it
D NaO~p20 Y, HO--F\ “oH
= /Tmo_‘\ Tl-. P=0N.
/p""OH o’ 09 a

applicable, but problems such as their complexity in prepara- this work, we showed that the incorporation of silver ions
tion and narrow application window are shortcomings that into titanium phosphate films can be easily achieved by a
require further improvements. For instance, although poly- simple ion-exchange process. Subsequent in situ reduction
electrolyte multilayers as matrix films are easily fabricated can prepare silver nanoparticles embedded in the titanium
on substrates of any type and shape, they cannot generallyphosphate films. The Agexchanged titanium phosphate
endure harsh conditions such as high temperature, irradiationfilms are effective in inhibiting bacteria growth. The chemical
scratching, and erosive solvents. Film preparation by dip- and mechanical stabilities of the matrix titanium phosphate
coating and spin-coating cannot be accomplished on surfacedilms are expected to guarantee such films a wide application

with complicated morphologies. window in catalysis and hygiene.
Recently, we developed a facile layer-by-layer adsorption
and reaction method for the preparation of titanium phosphate Experimental Section

ultrathin films2° By repetitive adsorption of hydrated titanium . L . .

from aqueous Ti(Sg» solution and subsequent reaction with _ Materials. Titanium sulfate [Ti(SQ)z], sodium hydrogen phos-
.. o phate (NaHPQO,-12H,0), sodium dihydrogen phosphate (N,

phosphgte groups, ultrathm films of ytamum pho;phate can 5, ,0), silver nitrate (AgNG), and sodium borohydride (NaBH

be easily fabricated. This method is characterized by its \yere of analytical grade and wree purchased from Beijing Chemical

simplicity in film preparation and its ease in controlling film Reagents Company. Poly(diallyldimethylammonium chloride)

thickness and surface morphology. Titanium phosphate (PDDA) aqueous solution with a molecular weight of 100 €00

materials are chemically stable and have excellent ion- 200 000 was purchased from Sigma-Aldrich. Deionized water was

exchange properti€82® It has been reported that silver used in all experiments. The phosphate salt (PS) solution comprised

phosphate complex materials have a strong antibacterial0.1 M phosphate (N&PO; and NaHPO,) with its pH adjusted

ability.22 When compared to zeolite-based silver materials, by the addition of HSO,.

silver—phosphate complex materials show improved stability Preparation of Titanium Phosphate Films.Quartz and silicon

and no harmful effects upon contact with human %im wafers were immersed in slightly boiled piranha solution (3:1
mixture of 98% HSO, and 30% HO,) for 20 min and rinsed with

copious amounts of waterCaution: Piranha solution reacts

(16) Innocenzi, P.; Brusatin, G.; Martucci, A.; Urabe, Kin Solid Films

1996 279, 23. violently with organic materials and should be handled carefully.
(17) Akai, T.; Kadono, K.; Yamanaka, H.; Sakaguchi, T.; Miya, M.; The cleaned quartz and silicon wafers were immersed in PDDA
i Sherst [ Sy Soc ISR IOL 108, | ;9SS sokion (L0 mgimL) for 20 mi  oblahn  catori
Rotaru, P.: Filoti, G.J. I’Dhy’s. D- Appl.' PHys:2004 37, 2437. o ammonlum-termlnated surfa_c_e and were then_ rea_ldy for titanium
(19) Wang, Q. F.; Zhong, L.; Sun, J. Q.; Shen, JGbem. Mater2005 phosphate multilayer deposition. The matrix titanium phosphate
17, 3563. multilayer film was prepared by the layer-by-layer adsorption and
gcl)g gfgrge_ldé Q}'gg‘;é‘:é 'T_B'Klgﬁﬁn%‘& (:121\5/| Mallouk T Ghem. Mater reaction method reported previou$lyand described briefly as
1091 3, 149. T T t ' ' follows: The ammonium-terminated substrate was immersed in an

(22) Huang, X. Q.; Chen, Y. Frine Specialty Chen2001, 18, 26. aqueous solution of 10 mM Ti(SQ dissolved in 0.1 M HSO,
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for 5 min. Then, the substrate was transferred to the first PS solution ajiod o]
(denoted as PS-1, pH 4.0) for a few seconds, after which it was 4 ' 270 mm
immersed in the second PS solution (denoted as PS-2, pH 4.0) for 1.0 . g 03
5 min. Finally, the substrate was rinsed with water and dried in a 1 g 02
N, stream. In this way, one layer of titanium phosphate was §0'8' N §
deposited on the substrate. Multilayer films of titanium phosphate g 0.6_' \ < 04
could be prepared by alternately immersing the substrate into ’g | \ P
aqueous Ti(Sg), and PS solutions. 2 0.4 ‘\\ 200 300 400 500 600 700 800
Silver lon Incorporation and in Situ Synthesis of Silver * Wavelength / nm
Nanoparticles. The procedure for silver ion exchange and in situ 0.2
reduction to prepare silver nanoparticles in titanium phosphate films 0.0 ]
is illustrated in Scheme 1. Silver ions were incorporated into the 200 300 400 500 600 700 800
as-prepared titanium phosphate film at room temperature and at Wavelength / nm
50 °C by immersing the film in 10 mM AgN@solution for 24 h.
Then, the substrate was rinsed with deionized water for 1 min and b
dried in a N stream. The silver-ion-incorporated titanium phosphate 1.04 -
film was immersed in freshly prepared 10 mM aqueous NaBH £ 09_' =
solution for 5 min, then rinsed with deionized water for 1 min, and c ]
finally dried in N, stream to prepare silver nanoparticles. 2 0.84 -
Measurements of Antibacterial Activity. A 10-layer titanium % ;
phosphate film with silver ions adsorbed at 80 for 24 h was ) 0.7
used to detect antibacterial activity. The substrate, both sides of S 1
which were coated with titanium phosphate film incorporated with 0 0.6+
silver ions, had a size of 4Q 10 mn?. A bacterial suspension of § 05'
Escherichia coli(E. col)) was diluted to 16 1° cfu/mL (cfu = <
colony forming units) in 5 mL Luria broth medium. With and 0,,'
without the addition of the silver-ion-exchanged titanium phosphate "7 0 200 400 600 800 1000 1200 1400 1600
film, the suspension was cultivated at 3Z for 18 h on a rotary Time / min

shaker. After being properly dilute@. coli was spread onto the Figure 1. (a) UV—vis absorption spectra of an 8-layer titanium phosphate
agar plates from bacterial suspension. The agar plates were therilm before (solid line) and after (dashed line) immersion in an aqueous 10

. . . mM AgNQO; solution at 50°C for 3 h. Inset shows the UWis spectrum
inverted and incubated at 3T for 12 h. The number of colonies of silver ions after the solid line is subtracted from the dashed one. (b)

was counted to calculate the antibacterial actitty. Absorbance at 270 nm recorded as a function of time for the adsorption of
Characterization. UV —vis absorption spectra were recorded on silver ions into an 8-layer titanium phosphate film.

a Shimadzu UV-3100 spectrophotometer. X-ray photoelectron

spectroscopy (XPS) measurements were carried out on an ES-absorbance between 200 and 800 nm has increased, indicat-

CALAB Mark Il (VG Company, U.K.) photoelectron spectrometer ing the successful adsorption of silver ions. When the
using a monochromatic Al & X-ray source. Scanning electron  gpectrum of the as-prepared titanium phosphate film was
microscopy (SEM) observations were carried out on a JSM-6700F g htracted from that obtained after silver ion adsorption, a
scanning electron microscope with a primary electron energy of 3 o0 m of the adsorbed silver ions was obtained, as shown
kV. Transmission electron microscopy (TEM) observations were . . - .
carried out on a JEM-2010 instrument operated at 200.0 kV. !n the inset of Figure 16%‘ The spectrum of the adsorbed silver
ions shows an absorption peak at 270 nm. This peak at 270
nm can be used to monitor the adsorption dynamics of the
silver ions. Silver ions were adsorbed at different time
Incorporation of Silver lons into Titanium Phosphate intervals on an 8-layer titanium phosphate film, and the
Films Conducted at 50°C. Layered metal phosphates such absorbance at 270 nm was recorded. As shown in Figure
as titanium phosphate and zirconium phosphate are knownib, the absorbance at 270 nm increased dramatically in the
to exhibit rich intercalation chemistry because the protons beginning and gradually reached a constant value after 10 h
in the layers can be exchanged with various kinds of of adsorption, indicating a saturated adsorption of silver ions.
cations2®21 This is also the case for the titanium phosphate An adsorption time of 24 h was used to ensure a maximum
films prepared by the layer-by-layer adsorption and reaction adsorption of silver ions into the titanium phosphate film

method. The as-prepared titanium phosphate films_have aNand also to rationalize a comparison with the adsorption
abundant amount of hydroxyl groups. At the same time, the -gnducted at room temperature.

porous structure of the titanium phosphate film facilitates
the ion-exchange process with protons in hydroxyl groups.
Figure 1a shows the UVvis absorption spectra of an 8-layer

Results and Discussion

The incorporation of silver ions into the titanium phosphate
films was further confirmed by XPS measurements. The XPS

titanium phosphate film before (solid line) and after (dashed spectrum of an 8-layer titanium phosphate film (_jeposited
line) immersion in an aqueous 10 mM AgN®olution at on a quartz wafer after 24 h of silver ion adsorption at 50

50 °C for 3 h. The as-prepared film has an absorption peak °C is shown in Figure 2a. No peak for Si 2p. was dete(?ted
near 230 nm. After immersion in AgNOsolution, the because of the thick, full-coverage film obtained. Detailed

analysis of the Ti, P, and O elemental composition of the
(23) Yan, J. H.: Zhai, F.. Ma, P. H.; Zhai, L.; Ying, H. @hin. J. Pre. film can be found in our previous repdftBriefly, Ti 2p1
Med. 2002 36, 114. and Ti 2p, peaks are present at binding energies of 465.1
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Figure 2. XPS spectra of an 8-layer titanium phosphate film after silver
ion exchange for 24 h at 5GC: (a) before and (b) after Aretching.

o

] O Titanium phosphate film at 230 nm
0.84 O after Ag" adsorbed at 270 nm
| & after Ag” reduced by NaBH , at 432 nm

3 N
S 06+ . a
and 459.3 eV, respectively?* The P 2p signal peaks at g 1 g
133.4 eV and consists of three peaks at 132.4, 133.4, and 5 041 A
134.7 eV, corresponding to binding energies for PO 'g ] =
HPQO?2, and HPQ,~, respectively®23An O 1s signal peaked 2 0'2'_ a 8
at 530.8 eV was observed, which originated from O 0P < ood o B

and P=0.2¢ The ratio of P to Ti was 2.17, which is the same N
as that in the titanium phosphate film without silver ions 40 1 2 3 4 5 6 7 8 9 10
incorporated? Notably, Ag 3d,, and Ag 3d, peaks at 368.4 Number of deposition cycles
and 374.4 eV, respectively, were observed, confirming the Figure 3. (a) UV—vis absorption spectra of a 9-layer titanium phosphate
incorporation of silver ions into the titanium phosphate fifm. 'E'cljgs(ﬁeoétiﬂ'f,z;\'gz]g f;irbtshezhn;ir?r? e o o 24
The atomic ratio of P to Ag was determined to be 1:1.5 from min (solid curve). (b) Maximum absorbance of the titanium phosphate film
their peak areas after correction of sensitivity factors. To and the titanium phosphate film with silver ions and silver nanoparticles as
further verify that the incorporated silver ions were dispersed 2 "unction of the number of titanium phosphate layers.
homogeneously along the film normal direction of the whole titanium phosphate film (dotted curves) after the incorpora-
titanium phosphate film and were not only on its surface, tion of silver ions (dashed curves) and subsequent in situ
the titanium phosphate film after adsorption of silver ions reduction in NaBH solution (solid curves). After the
in Figure 2a was etched with Ar(3000 V, 40uA) for 8 incorporation of silver ions into the titanium phosphate film,
min and characterized again by XPS measurements. Asthe absorbance between 200 and 800 nm increased, as
shown in Figure 2b, a Si 2p peak at 103.6 eV was detected,observed in Figure 1a. After reduction in 10 mM aqueous
indicating that the film became thinner after ‘Aetching. NaBH, solution for 5 min, a peak at 432 nm was observed,
The peaks of P 2p, Ag 3d, and Ti 2p in the etched film were which is the typical surface plasma resonance band of silver
still detectable, although their intensity decreased. The peaknanoparticled®2° This result confirms the formation of silver
for O 1s shifted to 532.6 eV and can be deconvoluted into nanoparticles in the film.
two peaks at 530.8 and 532.7 eV. The peak at 530.8 eV is  Titanium phosphate films with different numbers of layers
the main assignment of O inFO and P=O, whereas the  were immersed in AgN@solution for 24 h at 50°C to
other peak at 532.7 eV corresponds to O ir-Gi?* The incorporate silver ions and were then reduced in NaBH
atomic ratio of P to Ag in the etched film was calculated to  Their spectra were recorded for comparison. Figure 3b shows
be 1:1.48. This result confirms that the incorporated silver the maximum absorbance of titanium phosphate film and
ions were homogeneously dispersed along the film normal titanium phosphate film with silver ions and silver nanopar-
direction. The ion-exchange capacity for layered titanium ticles as a function of the number of titanium phosphate
phosphate was reported to be 7.76 mequiv/g, correspondindayers. The linear increase of the absorbance at 230 nm for
to an atomic ratio of P to Ag of 1% The higher titanium phosphate films indicates a satisfactory deposition
ion-exchange capacity of titanium phosphate film in our case process with almost equal amounts of titanium phosphate
is related to the porous structure of the film. deposited in all of the layef8.At the same time, the linear

In Situ Reduction to Synthesize Silver Nanopatrticles. increase of the absorbance at 270 nm after the incorporation
Figure 3a shows the UWvis absorption spectra of a 9-layer  of silver ions and at 432 nm after the formation of silver
nanoparticles confirms that the amounts of silver ions and
silver nanopatrticles in each layer are almost equal. This result
supports the XPS result that silver ions are incorporated

(24) Alfaya, A. A. S.; Gushikem, YChem. Mater1998 10, 909.
(25) Wang, J. Q.; Wu, W. H.; Feng, D. Mntroduction to X-ray
Photoelectron SpectroscopyGuofang Press: Beijing, 1992 (in

Chinese).
(26) Tosatti, S.; Michel, R.; Textor, M.; Spencer, N. Dangmuir 2002 (28) He, J. H.; Ichinose, |.; Kunitake, T.; Nakao, Bangmuir2002 18,
18, 3537. 10005.

(27) Jin, Y.; Dong, SJ. Phys. Chem. BR003 107, 12902. (29) Ung, T.; Liz-Marzan, L. M.; Mulvaney, R.angmuir1998 14, 3740.
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@ prepared, (b) silver-ion-exchanged at %0 for 24 h, and (c) after the

O 5 formation of silver nanoparticles. The scale bars correspond to 200 nm.
04 image of the film after the formation of silver nanopatrticles,
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BiGiitrthin which has a constant thickness of 78 nm. The as-prepared

Figure 4. (a) TEM images of a piece of 6-layer titanium phosphate film 20-Iayer tltamum_ phqsphate has a thkness of (_:a' 72 nm,
after silver nanoparticle formation by ion exchange conducted #C50 as one layer of titanium phosphate film has a thickness of
(0) Magr.‘”lie" image. Inset: SAED pattern. (c) Histogram of silver 3.6+ 0.5 nm!® It is reasonable that the formation of silver
nanoparticles. nanoparticles leads to an increase of the film thickness.
homogeneously along the film normal direction of the whole  Silver lons Exchanged at Room Temperature and

titanium phosphate matrix film. Subsequent Reduction to Prepare Silver Nanopatrticles.
A 6-layer titanium phosphate film containing silver nano- The incorporation of silver ions into titanium phosphate films
particles prepared by silver ions adsorbed at°80was is temperature-dependent, which will also have an influence

scratched off from the quartz substrate in ethanol and on the silver nanoparticles synthesized in situ. At room
transferred to a TEM grid for TEM observation. Figure 4a temperature, saturated adsorption of silver ions takes 24 h,
shows the TEM image of a whole piece of titanium which is slower than that conducted at 80. For compari-
phosphate film containing silver nanoparticles. Figure 4b son, a 24-h adsorption at room temperature was also used
shows a magnified image of the film. Silver nanoparticles to prepare silver-ion-exchanged titanium phosphate films.
can clearly be seen. The selected-area electron diffractionUV —vis absorption spectra of titanium phosphate films with
(SAED) pattern in the inset of Figure 4b shows clearly the different numbers of layers after adsorption of silver ions
(100), (200), (220), (311), (331), and (422) planes of the show that silver ions adsorbed at room temperature are
Ag nanopatrticles. It is clear that the silver nanoparticles dispersed homogeneously along the normal direction of the
prepared in titanium phosphate film were crystallized. By titanium phosphate films. U¥vis spectra of a 9-layer
sampling 300 silver nanoparticles, the histogram (shown in titanium phosphate film before and after the formation of
Figure 4c), mean diameter, and standard deviation weresilver nanoparticles are shown in Figure 6a. Silver nanopar-
obtained. The mean diameter of the silver nanoparticlesticles prepared by ion exchange conducted at room temper-
was calculated to be 8.6 nm, with a standard deviation of ature have a surface plasma peak at 420 nm, which is blue
3.9 nm. shifted when compared to those synthesized by adsorption
The surface morphologies of the as-prepared 20-layerat 50°C, indicating that silver nanoparticles with a smaller
titanium phosphate film and the same film after silver ion size were obtained at lower adsorption temperature. The
adsorption at 50°C for 24 h and formation of silver = TEM image in Figure 6b and the size distribution in Figure
nanoparticles were investigated by SEM. As shown in Figure 6¢ show that silver nanoparticles with a particle size of 7.4
5a, the surface of the as-prepared titanium phosphate film+ 1.8 nm were synthesized. SAED results in the inset of
was uniform, comprising tiny particles with an average Figure 6b reveal that well-crystallized silver nanoparticles
diameter of 22.14+ 3.8 nm. Large particles with a size of were obtained.
33.7 &£ 6.6 nm and increased pores appear after ion Antibacterial Activity of Ag *-Incorporated Titanium
adsorption at 50C for 24 h (Figure 5b). The large particles Phosphate Film.Silver metal and silver salts are the most
result from aggregation of the titanium phosphate film at widely used antimicrobial agents for wound care because of
elevated temperature. After the formation of silver particles, their ability to kill a broad spectrum of infectious bactefia.
even larger aggregates appear, but the surface of the resultarilver is usually incorporated into a solid support to realize
film becomes smoother than that before reduction (Figure a sustained release of silver ions and a long-term antibacterial
5c). The inset in Figure 5c shows a cross-sectional SEM activity. Recent research shows that silver can be easily
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Wavelength / nm Figure 7. Photographs of colonies d. coli incubated on agar plates
obtained from cultivated suspensions with (control) and without (sample)
silver-ion-exchanged titanium phosphate film.
antibacterial coatings. A 10-layer titanium phosphate film
after 24 h of adsorption of silver ions at 5C was used,
and its inhibition ofE. coli growth was investigated. The
antibacterial activity of the silver-ion-exchanged titanium
phosphate film was tested following the procedure outlined
in the Experimental Section. In a control experiment, the
nearly transparerk. coli suspension without a silver-ion-
exchanged titanium phosphate film became turbid as a result
of the propagation oE. coli. After being shaken for 18 h at
37 °C, the bacterial suspension containing a silver-ion-
exchanged titanium phosphate film remained nearly trans-
C 30 parent with a yellowy color. This result shows that the
25 silver-ion-exchanged titanium phosphate film, even with a
! thickness of~39 nm, has the ability to inhibit the growth of
af 20+ E. coli. Furthermore, 0.1 mL aliquots of a suspension after
§ 4 5_ 18 h of shaking with and without antibacterial substrate were
s ] diluted 1 x 1C° times. Then, 0.1 mL of each diluted
-:g 10- suspension was spread onto agar plates and incubated
g ; separately at 37C for 12 h. The number of surviving.
5 coli was estimated by counting the exact number of colonies
0: shown in Figure 7. The antibacterial rate was calculated using
0 10 12 14 16 18 20 eq ¥
Diamter / nm
Figure 6. (a) UV—vis absorption spectra of a 9-layer titanium phosphate . . N T N I
film (dotted curves) after the incorporation of silver ions at room temperature antibacterial rate (%5 wex 100% (1)
for 24 h (dashed curves) and subsequent in situ reduction in ha@ktion control

for 5 min (solid curves). (b) TEM image of an 8-layer titanium phosphate
film after silver nanoparticle formation by ion exchange conducted at room

temperature. Inset: SAED pattern. (c) Histogram of silver nanoparticles. Where Neonrol and Nsampie COITespond to the numbers of

colonies calculated per milliliter from the control and from

incorporated into polyelectrolyte films. Polyelectrolyte films the experlmgnt with A@-Ihcorpoirated titanium phosphate
containing silver species are a type of promising antibacterial film, respectively. An antibacterial rate greater than 99.9%
coating because these coatings can, in principle, be prepareavas_obta!ned, indicating that an effective antlba_cterlal coating
on substrates with any morphologies and the thickness of©f Silver-ion-exchanged titanium phosphate film had been
the coatings, content of silver, and sustained release of silverPréPared. It should be mentioned that silver ions interact
are easily controlle@%°Compared to polyelectrolyte films, ~ Strongly with the phosphate group of the titanium phosphate
inorganic films such as titanium phosphate show higher Matrix film in our case. This might be helpful to realize a
chemical and mechanical durabilities. The high durability su_stalned release of silver ions. A detailed investigation is
of the matrix titanium phosphate films is expected to be Still underway.

helpful in widening the application window of silver-ion-

exchanged titanium phosphate films. Previous studies have Conclusions
shown that the ionic form of silver is responsible for n th d h h i . b
antimicrobial actiort®3°Therefore, titanium phosphate films n the present study, we show that silver lons can be

incorporated with silver ions were further examined as mcorpo_rated Into titanium phosphz_ﬂe _ultrathm f_|Ims l_)y a
simple ion-exchange process. By in situ reduction, silver-

(30) Simonetti, N.: Simonetti, G.; Bougnol, F.: Scalzo, Abpl. Erviron. nanoparticle-loaded_ titanium phosphate_ films were success-
Microbiol. 1992 58, 3834. fully prepared. The ion-exchanged titanium phosphate films
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are effective in prohibiting the growth dEscherichia coli films excellent candidates for removing heavy metals from
and, therefore, can be used as a promising kind of antibacte-water.
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