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Multilayer Hybrid Films of Titania Semiconductor Nanosheet and
Silver Metal Fabricated via Layer-by-Layer Self-Assembly and
Subsequent UV Irradiation
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Interesting multilayered nanostructures of molecular-scale alternating titania nanosheet and silver metal
have been successfully fabricated by combined use of a layer-by-layer route and an in situ room-temperature
ultraviolet irradiation technique with a titania nanosheet and a polyethyleninigé (PEI-Ag™) complex
as the electrostatic building blocks. The consecutive buildup of the REJOH(PEI-Ag™/Ti1—5sO02)n-1
film was monitored by UV-vis absorption spectroscopy. The nearly linear increase in absorbance as a
function of the sequential assembly number for the multilayer film indicates that almost same amount of
materials was deposited in each dipping cycle. The tunable repeating ordered structure of titania ranosheet
silver multilayer films can be obtained by varying the concentration ratio of thghe repeating unit of
PEI, essential for meeting the demands on the diverse application of the multilayer films.

Introduction blocks for the layer-by-layer (LBL) film&.The advantages
of this technique are, on one hand, that the continuous

Self-assembly of the semiconductor and metal in the jnorganic nanosheets effectively prevent the interpenetration
nanoscale range into ultrathin mono- or multilayered struc- of adjacent anion and cation layers and, on the other hand,
tures is important for many applications, including nonlinear that inorganic compounds, compared to the organic linkers,
optics, microelectronics, and chemical sensors. Semiconduc-represem a wide variety of aspects of materials science and
tor—metal heterostructures with a tunable composition have physics in areas that include optical, electronic, electrochemi-
been demonstrated to facilitate charge rectification, beneficial ¢g), magnetic, catalytic, and chemical/biological applications.
for the improvement of photoelectrochemical performance Recent reports on functional oxide nanosheets, for example,
and optical properties of the nanostructtre@ao and co- Ti1—sO,, MNO,, and NBO;7,58 have further stimulated the
workers reported superlatticelike arrays of semiconductor andinterest on this fascinating class of nanoscale materials. A
metal nanoparticles with dithiols as cross-linkéSeveral  variety of nanostructured hybrid systems have been fabricated
research groups have considerably contributed to the syn-ysing these nanosheets as building bidtkswever, to the
thesis of core-shell-type semiconducteimetal nanocom-  pest of our knowledge, there is no report on the fabrication
posites, fabricated by the growth of metallic monolayers on of self-assembled LBL multilayers of the semiconductor
highly monodispersed semiconductor nanocrystallites, or nanosheetmetal nanocomposite system.
conversely, semiconductor monolayers on metal nanocrys- |n this paper, we report on the fabrication of well-defined
tallites® However, as the architecture of functional nanoscale multilayer assemblies composed of titania nanosheet and
building blocks and their assembled interfaces play a crucial
role in the construction of electronic and photonic devites, () (a) Kieinfeld, E. R.; Ferguson, G. Sciencel994 265 370. (b) Keller,
exploration of highly controlled two-dimensional semicon- S.W.; Kim, H.-N.; Mallouk, T. EJ. Am. Chem. So2994 116, 8817.
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silver metal via LBL deposition and subsequent UV irradia- The mixture solution was then stirred for 1 h, driving completion
tion. Here, we use a negatively charged titania nanosheet ofof the coordination reaction. Generally, as one*Aign can
composition Tg.e:0, %36 and a positively charged silver- ~ coordinate with two amino groups, it is believed that all of the
coordinated-polyethylenimine (PEI) complex as the elec- Ag" ions can be changed into the coordinating form with PEI. The
. - . : L —Ag™ - i i i
trostatic building blocks. The highly crystalline titania PE'—AQ" complex-deposited substrate was immersed in the
nanosheet is of extremely high two-dimensional anisotropy colloidal suspension of titania nanosheets again for 20 min and

- . . . then rinsed with water (step 4). Steps 3 and 4 were repeated
with lateral dimensions of 0-11 um and a thickness of alternately several times. Thus, a transparent colorless multilayer

~0.75 nm® PEl is a well-knowrj plolyelectrolyte' blnder fqr film composed oh layer pairs, PEI/Ti_s0s/(PEFAG*/Ti1—sO2)n1,

LBL self-assembly. The organic ligands of amine or imine \yas achieved without visible defect. Finally, the resulting multilayer
groups have strong chelating capability toward transition thin film was exposed to UV light for 24 h (step 5), during which
metal ions. In the present case, by making use of the effectivethe Ag(l) component was photoreduced into Ag metal, forming
chelating capability of PEI to Ag the PE-Ag™ coordina- Ag nanoparticles between the titania nanosheet galleries. As PEI
tion compound was applied as a positively charged compo- is photosensitive to decomposition, especially with the photocata-
nent. The titania nanosheet and the PEY* complex were lytic proper@ies of t.he titania nanosheet, the polyelectrolyte linker
sequentially adsorbed onto a substrate. The resulting nano®f the multilayer film was photolysized to Nfi under the UV

structured films were exposed to UV light, leading to the in irradiation, acting as counterions for the negatively charged titania
situ photoreduction of the Ag(l) ion into Ag metal. nanosheet¥ This photo-producing residue of PEl has been

demonstrated to have little influence on the electrochemical and
photoelectrochemical properties of the titania multilayer fifrBy
Experimental Section further varying concentration ratio of Ago the repeating unit of
. ) PEI, the multilayer assemblies of alternating titania nanosheet
Chemical ReagentsAll chemical reagents were of reagent grade  gjjyer with a tunable repeating distance can be obtained. A UV
and used as received without further purification. A 50 Wt % |3y (UVF-204S San-ei Electric Co. Ltd) was used for irradiation
aqueous solution of PEMy = ~7.5 x 10°) was provided byt the films. Samples were placed-aL0 cm from the light source.
Aldrich Chemical Co. All water used throughout the experiments Characterizations. UV—vis absorption spectra were recorded

was purlfled_ t_o a res!s_tlwty of greater_than 1&Mem by passing on a Hitachi U-4000 spectrophotometer equipped with an integrating
through a Millipore Milli-Q membrane filtration system. A colloidal sphere detection system for the multilayer films on quartz glass

suspension of exfoliated utania qanosheets was synthesized byg psirates, High-resolution X-ray photoelectron spectra (XPS) were
delaminating a layered protonic titanateg iy g24Jo.17404°H,0

. . : : collected at a takeoff angle of 24&sing a Physical Electronics XPS-
@ va_cancy), with they-FeOOH s?ructure mto smgle layers, 5700 spectrometer with an AldX-ray line (1486.6 eV) and the
_ac_cordmg t_o Fhe prpceQure described preyloﬁs&nefly, an 0.8 mm diameter probing size. The vacuum inside the spectrometer
intimate stoichiometric mixture of G&€0O; and TiG, was heated at during analysis was-10~7 Pa. X-ray diffraction (XRD) data were

gOO T.C for 20 Tjto produci l? prgcl:)urtsor tceSI;Jmthtlthanatle, collected using a Rigaku Rint 2000S powder diffractometer with
50'_73 I1.62430.17404 (O: vacancy), followed by treatment with 1 mo graphite monochromatized CuoKradiation ¢ = 0.154 05 nm).
dm~3 HCl solution at room temperature, forming i1 g24 70,1704

H,0. The resulting acid-exchanged product was filtered, washed
with water, and air-dried. The as-produced protonic titanate
(typically, 1 g) was shaken vigorously in 250 &mf 0.017 mol The consecutive buildup of the PEI{T}O./(PEI-Ag*/
- . : ; . L ' ) . '
dm tetrabutylammonlulm hydroxide so!utlon at ambient temper TirsO2)n1 film was monitored by UV-vis absorption
ature for 10 days. This procedure yielded a stable colloidal spectroscopy. Figure 1 (solid curves) shows-iNs absorp-
suspension of a unilamellar nanocrystalline titiania nanosheet of _p py- FI9 ) . ) P
: tion spectra of the PEI/TisO./(PEI-AQ*/Ti1—sO2)n-1 films
Ti1—s0> ((3 ~ 009) . . . .
L . . fabricated with the titania nanosheet and the P&g™
Fabrication Procedure of the Multilayer Assemblies of . ] . .
complex with a 1:6 concentration ratio of Agto the

Alternating Titania Nanosheet—Silver. The detailed fabrication i )
procedure of the multilayer assemblies of alternating titania repeating unit of PEI [hereafter the sample was denoted as

nanosheetsilver via combination of the LBL route and in situ  (PEI/AQ/6:1}1]. The pronounced peak at 265 nm can be
room-temperature UV irradiation technique is outlined below. A assigned to characteristic absorption of the titania nanosheet,
surface-cleaned quartz glass substrate was modified by being treatetbecause there is no absorption for the PEY* complex in

with a protonic PEI aqueous solution of 2.5 g that pH= 9.0— the UV—vis wavelength range. The nearly linear increase
9.1 for 20 min to introduce positive charge to the substrate surface,in absorbance as a function of the sequential assembly
followed by thorough washing with water (step 1). Note that diluted numper for the multilayer film, as shown in the inset (labled
HNO; solution was used to adjust the pH values of all the solutions as®), indicates that almost the same amount of the deposited
in the present work. Then, the protonic-PEI treated substrate Was 1 sterials was deposited in each dipping cycle. The modest

immersed in a colloidal suspension of the negatively charged titania increase in the background at a wavelengthr 800 nm can

nanosheets (the suspension of titania nanosheet of concentration - . . .
of 0.08 g dnT? was used throughout the experiments) at HH be attributed to light scattering by the nanosheet crystallites

9.0-9.1 for another 20 min, followed by careful washing with water oriented parallel to the substrate surface with lateral sizes in
(step 2). The substrate was then immersed in the-RE complex the submicro- to micrometer range. Further results show that
solution for 20 min and rinsed with water, producing the first self- the PEITi—sOx/(PEI=Ag*/Ti1—,O,)n-1 multilayer films can
assembly of the titania nanosheet/PBlg* complex (step 3). For  be successfully fabricated with the wide range of concentra-
the typical preparation of the PEAg* complex aqueous solution  tion ratios of Ag to the repeating unit of PEI. The inset in

of a 1:6 concentration ratio of Agto the repeating unit of PEI, 50
cm? of 0.02 mol dnm3 AgNO;s solution was slowly added into 50 (10) Sakai, N.; Ebina, Y.; Takada, K.: SasakiJTAm. Chem. So2004
cm? of 5.0 g dnT3 PEI solution at pH= 9.0-9.1 under stirring. 126, 5851.

Results and Discussion
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0 - element from the photoreduction of Ag(l). Compared to
-200 300 400 500 600 700 800 widely reported typical silver spherical nanoparticles with
Wavelength (nm) the UV—vis absorption peak at around 400 nm, it is obvious
. . . . . that the Ag formed between titania galleries exhibits a large
Figure 1. UV—vis absorption spectra in the buildup process of the PEI/ d shift. Th d shift of th PR band of th A
Ti1—sO0/(PEI-Ag*/Ti1—sOz)n—1 multilayer film (solid curves) and its UV- red shift. e red shiit of t e S an_ 0_ the present Ag
treated product (dashed curve) with a PBgt complex of a 1:6 component may be due to high refractive index of-JO,
concentration ratio of Ag to the repeating unit of PEI. ‘I_'he inset is the  nanosheets as the surrounding medium and the interaction
peak-top absorbance of as-prepared PEI50/(PEI-Ag™/Ti;—502)9 mul- fA in th . . I d
tilayer film as a function of deposition cycles fabricated with the titania Y ) g co.mponent In the same titania gallery and among
nanosheet and the PEAg™ complex of various concentration ratios of nelghbormg ones.
Ag™ to the repeating unit of PEI® for 1:6, ® for 1:18,0 for 1:60, ® for High-resolution XPS analysis was used for further char-

1:180, andd for 1:600. acterization of the fabricated UV-treated (PEI/Ag/6:1s

Figure 1 presents the peak-top absorbance of the as-prepare%iho"vn in Figure 33, the gpand 2p,, core levels of Ti, that
PEI/Tir_sO,/(PEI—Ag*/Tiz_s05)s multilayer film as a func- occurred at 458.% 0.2 and 463.8t 0.2 eV, respectively,

tion of deposition cycles fabricated with titania nanosheet 29r€€ Well with the binding energies for T the literature

and the PE+Ag+ complex of various concentration ratios and indicate the successful adsorption of titania nanosheets.
of Ag™ to the repeating unit of PEI. It can be seen that the The absence of energy _dewatlons suggests that charging of
peak-top absorbances in all curves exhibit the nearly linear e samples could be ignored. The O 1s peak was also

increase with deposition cycles. With decrease of the det.ect(_ad ata bindi.ng. energy of 529&&311'1_2 ?V (Figure 3b),
concentration ratio of Agto the repeating unit of PEI in  Which is characteristic of O bound to FiFigure 3¢ shows

the PEFAg* complexes, the deposited amount of the titania e Nigh-resolution XPS spectrum of Ag in the multilayer

nanosheet in each cycle increased. As the formation of thellM: The peaks at 366.&- 0.2 eV and 373.6- 0.2 eV are
PEI-Ag" complex can be considered a process in which @SSigned to Ag 3gh and Ag 3d, respectively. The narrow

Ag" substitutes for H of the protonic PEI to coordinate with ~ idths Of the peaks suggest that the Ag component is situated
PEI, it may be deducible that the protonic PEI is more in a similar condition throughout the film. The XPS peaks

favorable for the deposition of the titania nanosheet in the of the Ag in tr?e f"”} e;]re bsr;:(fted tcr)]wardh_lfower ebne;gies
buildup process of the multilayer film compared to the PEl ~ OMPare to those of the bulk. Such a shift may be e to
Ag* complex. This conclusion may be motivating informa- the influence of the surface oxygen component of the titania
tion for investigation of the mechanism of the present LBL nanosheet on arrangement of the outer-layer electrons of the

12-14 —
self-assembly of the titania nanosheets and the-RgI" Ag. It has b(_aen demonstr_ated that Nand NQ are
complex. the most usual final products in the photocatalytic degrada-

. . tion of amines® In the case of the titania nanosheet as a
Figure 2 shows a photograph of color transition of the | . : . i
; L . o building block for the multilayer films, the formation of
UV irradiation-treated (PEI/Ag/6:1)1 film with increase of NH.~ was oreferred. as cationic species are required to
the deposition layers. It can be seen that after the UV _ P ' P q

irradiation treatment, the colorless film gradually turned to maintain the total charge neutrality of the system for the
. AN ng y turned negatively charged nanoshégtThe resolved XPS peak of
bluish gray with increase of the deposition layers, indicating

_the phOtor_edUCtl(_)n tranSf_Ormatlon Of_ Ag(l) to_ Ag EIement (11) (a) Moulder, J.; Stickle, W.; Sobol, P.; Bomben Handbook of X-ray
in the multilayer film. It is likely that this reduction reaction Photoelectron Spectroscaop@hastrain, J., Ed.; Perkin-Elmer Corp.:

was accelerated by the titania nanosheet which shows high ~ Eden Prairie, 1992. (bNIST X-ray Photoelectron Spectroscopy
. ivitie& Th di UMVi b Database The U. S. Secretary of Commerce: Gaithersburg, 1997.
photocatalytic activitieSt The corresponding VIS ab- (12) (a) He, J. H.; Ichinose, I.; Kunitake, T.; Nakao, A.; Shiraishi, Y.;

sorption spectrum of the (PEI/Ag/6glinultilayer film is Toshima, N.J. Am. Chem. So003 125 11034. (b) He, J. H;
presented as a dashed trace in Figure 1. The UV irradiation 'lcj"g‘fg% I; Fujikawa, S.; Kunitake, T.; Nakao, Bhem. Mater2002
brought about the evolution of a broad peak, centered at abou{13) Hund, J. F.; Bertino, M. F.; Zhang, G. H.; Sotiriou-Leventis, C.;

620 nm and extending to the near-infrared range. As the UV Leyentis, N.; Tokuhiro, A.T.; Farmer, J. Phys. Chem. 8003 107

irradiation induces no change of the bVis absorption (14) Hornebecq, V.; Antonietti, M.; Cardinal, T.; Treguer-Delapierre, M.

spectrum of the titania nanosheet under the present experi-(l5) (Cf;e}zw MaﬁarZSOOha 15, J19%/3. | - Jacobs. H. Brock A
A [P a are, M.; Scheen, J.; Vogelsang, K.; Jacobs, H.; Broekaert, J. A.

mental condition, it is reasonable that the peak can be C. Chemospher@000 41, 353. (b) Horikoshi, S.; Watanabe, N.:

attributed to the surface plasmon resonance (SPR) of Ag Mukae, M.; Hidaka, H.; Serpone, Wew J. Chem2001, 25, 999.
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Figure 3. High-resolution XPS data of the UV-treated (PEI/Ag/6:tjultilayer film: (a) Ti 2p, (b) O 1s, (c) Ag 3d, and (d) N 1s.

the binding energy assigned to the N 1s component of NH
was detected at 4014 0.2 eV as shown in Figure 3d, being
consistent with FT-IR data. Absence of BOat a higher
binding energy of 406408 eV supports the preferred
formation of the NH'.

The structural order in the multilayer film was confirmed
by XRD. Figure 4a shows the XRD pattern of the UV-treated
(PEI/Ag/6:1). Two diffraction peaks were observed & 2
= 5.2 and 10.4, which can be indexed as 010 and 020 basal
reflections of the nanostructure, respectivelhe titania

nanosheet and Ag metal alternate in a parallel arrangement,
having a repeating distance of about 1.7 nm. When this

pattern was compared with that for the as-prepared film
before UV irradiation (Figure 4f), a negligible change in peak
location was found, except for some broadening upon
irradiation. In contrast, in a control test, UV irradiation of
the PEI/Ti-;O, multilayer film without Ag decreased its
basal spacing from 1.7 to 0.9 nm, which is compatible with
our previous study¢ Consequently, the thickness of the Ag
metal in the nanosheet galleries is deduced te-Be8 nm.
The produced Ag atoms into the Ag may prop open the

Zhou et al.
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Figure 4. XRD patterns of the titania nanosheet/Ag multilayer films
constructed with the titania nanosheet and the-g+ complex of various

gallery space, compensating for the decrease of basal spacgoncentration ratios of Agto the repeating unit of PEI: (a) 1:6, (b) 1:18,

due to the photodecomposition of PEI under UV irradiation.
It is known that well-defined ordered solids fabricated from
tailored nanocrystalline building blocks provide opportunities
for optimizing properties of materials and offer possibilities
for observing interesting and potentially useful new collective
physical phenomen&.The tunable repeating space in the
solid is a key determinant of the magnetic, optical, and
electronic properties of nanocomposite materials. In the

present case, the repeating spacing in the titania nanoshee

Ag multilayer films can also be controlled by adjusting the
concentration ratio of Agto the repeating unit of PEI. Figure

(16) (a) Zhou, Y.Curr. Nanosci.2005 1, 35. (b) Murray, C. B.; Kagan,
C. R.; Bawendi, M. GSciencel995 270, 1335.

(c) 1:60, (d) 1:180, and (e) 1:600. The pattern (f) is for the as-prepared
(PEI/Ag/6:1) multilayer film.

4b—e shows the XRD patterns of the photoirradiated (titania
nanosheet/Ag) films fabricated with the PEtAg* complex

of various concentration ratios of Ado the repeating unit

of PEL. It can be seen that all of the products exhibit a typical
010 basal reflection, showing a lamellar structure. The
{Fpeating spacing, as noted in the figure, decreased gradually
with decreasing the concentration ratio of Adgo the
repeating unit of PEI from 1.38 nm for 1:18 to 1.16 nm for
1:600. Thus, the repeating spacing of the multilayer films
can be varied continuously in the present semiconductor
metal system.
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Finally, it is interesting to discuss the architecture of the two-dimensional growth of Ag nanolayers in the nanosheet
Ag formed in the multilayer film. Recently, Walt€érand galleries needs further confirmation.
Shirai et al*® reported the preparation and structure of
extremely thin Pd and Pt nanosheets by reducing palladium
or platinum chloride-graphite intercalation compounds in ~ We have fabricated novel self-assembled multilayers of
a hydrogen atmosphere, using the two-dimensionally limited molecular-scale alternating titania nanoshesiver via
space of graphite galleries; the two-dimensional growth was combination of the LBL route and an in situ room-
permitted for metal particles by the steric hindrance. Simi- temperature UV irradiation technique. The bVis absorp-
larly, it is expected that the Ag atoms in the present film tion spectroscopy demonstrates that the titania nanosheet and
produced via UV irradiation may grow preferentially along the PEFAg™ complex can be successfully utilized as
the lateral direction of the Ti;O, galleries into two- building blocks for consecutive construction for the self-
dimensional Ag morphology with an extremely small thick- assembled multilayer film in the wide range of concentration
ness. As it is well-known that spherical Ag nanoparticles ratios of Ag" to the repeating unit of PEI. The multilayer
with a diameter smaller than 2 nm do not display a distinct repeating spacing in the titania nanosheet/Ag films can be
absorption band, the absorption band of the Ag nanoparticlescontrolled by simply varying the concentration ratio of Ag
in the multilayer film shown in the Figure 1 may also to the repeating unit of PEI. The potential application of the
originate from the |ongitudina| mode of the proposed two- Unique electronic behavior of the ultrathin titania semicon-
dimensional anisotropic Ag nanoparticle, which also partially ductor nanosheets connecting with silver metal is currently
contributed to the red shift of the absorption band. The being studied.
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