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Layer-by-layer assembly of gold nanoparticles with titania nanosheets:
control of plasmon resonance and photovoltaic properties
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Layer-by-layer assembled multilayer films composed of gold nanoparticles (Au NPs) and titania
nanosheets were constructed on a glass or ITO substrate in an arbitrary layering order. Coverage of Au
NPs with 1 to 3 layers of titania nanosheets enhances their plasmon resonance-based absorption and
photocurrents. Absorption can be improved further by alternate stacking of Au NPs and titania
nanosheets. Plasmon resonance of the multilayer can be enhanced and redshifted by interlayer plasmon
coupling via a single intervening nanosheet layer, whereas the coupling can be suppressed, if necessary,
by two or more layers of nanosheets. Direction of the photocurrents can also be switched; annealed
ITO/titania nanosheet/Au NP electrodes exhibit anodic photocurrents and annealed ITO/Au

NP/titania nanosheet electrodes exhibit cathodic photocurrents.

Introduction

Gold and silver nanoparticles (Au and Ag NPs) exhibit localized
surface plasmon resonance (LSPR).! The resonance wavelength
depends on the size, shape, interparticle distance and refractive
index of the surrounding medium. Such metal NPs have been
widely applied to LSPR sensors,> surface-enhanced Raman
scattering (SERS),? surface-enhanced infrared absorption spec-
troscopy (SEIRAS),* imaging, multicolour photochromism,®
photoelectric  conversion,” visible-light responsive photo-
catalysis”*® and photoinduced volume changes of gels.® For
these applications, it is frequently required to immobilize and/or
integrate the NPs on substrates, and various methods have been
developed such as anchoring via thiols and silane coupling
agents,' electrochemical deposition,* photocatalytic deposi-
tion®° and layer-by-layer assembly.'?

Among them, the layer-by-layer assembly utilizing electro-
static interaction® can control the adsorbed amount'' as well as
the interparticle distance'* by changing the deposition time and/
or repeating the deposition cycle. The interparticle spacing is an
important factor dictating interparticle plasmon coupling. The
plasmon coupling, which is characterized by redshifted reso-
nance wavelength and enhanced absorption, scattering, and local
electric field, is often observed when the spacing is comparable to
or smaller than the particle diameter.'* The coupling is useful for,
for instance, sensitized sensing, second harmonic generation
(SHG), and SERS, whereas redshifted and broadened LSPR
bands due to the coupling are undesirable in some applications.
Also, the layer-by-layer technique allows the coating of metal
NPs with an ultrathin layer of a finely regulated thickness to
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protect the NPs or enhance their LSPR. Thus, this sophisticated
method is beneficial for tuning the plasmon coupling and
enhancing LSPR, and has been applied to LSPR sensors,'?"*
SHG.'s SERS*** and dye-sensitized solar cells.'*

As a counterpart of metal NPs in the layer-by-layer assembly,
organic compounds are employed in general. However, oxide
nanosheets'® such as titanium oxide,"” which are obtained by
delaminating the layered oxides into each layer, are also prom-
ising candidates for their stability and excellent semiconducting
properties. The oxide nanosheets have been assembled by layer-
by-layer assembly with polyions such as polymers, metal
complexes, oxide clusters and oppositely charged nanosheets.!®
Since the oxide nanosheets are as thin as 1 nm regardless of the
lateral dimensions of several hundred nanometres to tens of
micrometres, the interparticle distance and the coating thickness
can be controlled on the 1 nm scale. Although the assemblies of
Au and Ag NPs with titania nanosheets have been reported,'®
there are no reports regarding the modulation of plasmon reso-
nance by integrating metal NPs with oxide nanosheets.

In the present work, we have fabricated layered nanostructures
consisting of Au NPs and titania nanosheets, which have a high
refractive index, in an arbitrary layering order and have exam-
ined the effects of titania nanosheets on the LSPR properties and
a LSPR-based functionality of Au NPs. We have found that the
LSPR is significantly enhanced by covering Au NPs with one or
two layers of titania nanosheets. Interparticle plasmon coupling
is at its maximum via a single intervening nanosheet layer,
whereas three or more layers suppress the coupling almost
completely. These results suggest that the decay length of electric
field away from the Au NP surface is the thickness of the two to
three nanosheet layers. We have also reported that Au NPs
adsorbed on TiO, and those covered with TiO, generate anodic
and cathodic photocurrents, respectively, on the basis of LSPR.”
In the present layered nanostructures, the photocurrent increases
as the LSPR is enhanced by covering with titania nanosheets. In
addition, the polarity of photoresponses is controlled by
changing the layering order of Au NPs and titania nanosheets.
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Experimental
Synthesis of colloidal solutions

A colloidal solution of 3.5 nm citrate-stabilized Au NPs was
prepared according to literature.’ An ice-cold solution (0.6 cm?)
of 0.1 mol dm—* NaBH4 (95%) was added into 20 cm?® of aqueous
solution containing 2.5 x 10~* mol dm~* HAuCl4 (99%) and 2.5 x
10~* mol dm~? trisodium citrate (99%) under vigorous stirring.
The colorless solution became red, suggesting the formation of Au
NPs, and was kept for 1-2 days before use. Titania (Tig910;)
nanosheets were synthesized by a well-established procedure
reported previously.'” Briefly, a stoichiometric mixture of Cs,CO3
(95%) and TiO, (99.9%) was calcined at 800 °C for 20 h to
synthesize layered caesium titanates, Csg;Tij gr5(10.17504 (O:
vacancy at Ti octahedral site).?® Subsequent acid leaching con-
verted them into protonated forms of Hg 7T} go5[¢.17504- H>O.
The resulting protonic product (0.4 g) was shaken vigorously in
100 cm?® of a 1.7 x 1072 mol dm™ tetra-n-butylammonium
hydroxide solution at ambient temperature. The resulting
suspension with an opalescent appearance contained well-
dispersed exfoliated titania nanosheets (~1 nm in thickness and
0.1-1 um in lateral size).'” The titania nanosheets are negatively
charged due to vacancies at octahedral Ti sites.

Fabrication of multilayer assembled films

Pyrex glass substrates were cleaned by ultrasonic treatment in
detergent and pure water for 30 min each followed by washing
with ultrapure water. The substrate was first immersed in a poly-
ethylenimine (PEI, M,, = ~7.5 x 10°) solution (1.25 gcm 2, pH
9) to introduce positive charges onto the surface. The titania
nanosheets and poly(diallyldimethylammonium) chloride
(PDDA, M,, = ~1 x 10° to 2 x 10°) were sequentially adsorbed
from the colloidal suspension of titania nanosheets (0.08 g dm 3,
pH 9) and a PDDA solution (20 g dm—3, pH 9), respectively. The
Au NPs were deposited by immersing the substrate, glass/PEI/
Tig.010,/PDDA, into their colloidal solution (0.048 g dm~3, pH
9). A poly(sodium 4-styrenesulfonate) (PSS, M, = ~7 x 10%
solution (7 gcm 3, pH 1.5) instead of titania nanosheets was also
used to introduce negative charges onto the surface. The
substrate was immersed in each solution for 20 min, or otherwise
noted, and then rinsed thoroughly with ultrapure water.

Film characterizations

A spectrophotometer (V-560, JASCO) was employed to record
UV-vis absorption spectra for films fabricated on glass
substrates. An atomic force microscope (NanoNavi Station,
Seiko Instruments) was used to examine the surface morphology
of the multilayer films. The measurements were carried out in
a tapping mode with a driving frequency of 110-140 kHz at
a scan rate of 0.4 Hz by using a silicon cantilever with a normal
spring constant of ~15 N m~' (SI-DF20, Seiko Instruments).
Lateral diameters measured were corrected by taking a tip
curvature radius (~10 nm) and cone angle (~34°) into account
on the assumption that the particles are spherical. X-ray
diffraction (XRD) data were collected using a powder diffrac-
tometer (Rint 2100, Rigaku) with monochromatized Cu-Ka
radiation (A = 0.15405 nm), operated at 40 kV and 40 mA.

Photoelectrochemical investigation

Photoelectrochemical measurements were carried out in
a conventional three-electrode, single-compartment glass cell,
using a Solartron SI 1287 potentiostat. Multilayer films assem-
bled on conductive ITO-coated glass substrates served as the
working electrode. The counter and reference electrodes were
a platinum wire and Ag|Ag®, respectively. A N,-saturated
acetonitrile solution containing 0.01 mol dm~ tetra-n-buty-
lammonium perchlorate (TBAP) and 0.74 mol dm* triethanol-
amine (TEOA) was employed as an electrolyte. Photocurrent
was measured at rest potential under visible light (mono-
chromatic or 460 < A < 700 nm), which was irradiated from the
back of the working electrode using a 150 W Xe lamp (LA-
410UV-3, Hayashi Watch-Works) through a band pass filter
(F10 series, CVI Laser; fwhm = 10 nm) or a sharp cut filter (SCF-
50S-48Y, Sigma Koki), respectively. The light intensity was
adjusted to ~4 or 200 mW cm~? by using a radiant power meter
(Model 70260, Oriel) equipped with a silicon probe (Model
70282, Oriel) or a low noise thermopile probe (Model 70261,
Oriel), respectively.

Results and discussion
Adsorption of Au NPs onto titania nanosheets

We examined the adsorption characteristics of the citrate-stabi-
lized Au NPs onto substrates covered with titania nanosheets in
a layer-by-layer fashion by monitoring UV-vis absorption
spectra. When a PEl-coated glass plate was immersed in the
colloidal suspension of titania nanosheets for 20 min, the
absorption peak at 260 nm, which is based on the band gap
excitation of titania nanosheets, appeared as reported previ-
ously.?" Although the Au NPs did not adsorb on the negatively
charged, titania nanosheet-coated substrates, the adsorption was
observed, as indicated by appearance of a LSPR-based absorp-
tion peak at 539 nm, after further coating of the substrates with
a positively charged PDDA layer. This is reasonable because the
citrate-stabilized Au NPs are negatively charged in their colloidal
solutions. When the immersion time was prolonged from 2 min
up to 72 h, the LSPR-based absorption peak was enhanced and
redshifted from 539 to 660 nm (Fig. 1). Accordingly, the colour
of the films changed from pale red to dark blue (Fig. 1b, inset). A
second peak at 535 nm appeared after the immersion for 24 h or
longer. Similar peaks have been reported for aggregating Au
NPs, such as those (30 nm in diameter) immobilized on silane-
modified quartz slides** and those cross-linked via glutathione.*

The morphology of Au NPs deposited on the titania nano-
sheets was examined by the tapping-mode AFM observation.
While the two-dimensional sheet-like morphology was observed
for the substrates covered with titania nanosheets on the top
(Fig. 2a), many spherical particles and the sheet-like morphology
behind them, which are assignable to the Au NPs and titania
nanosheets, respectively, were found on the substrates after
adsorption of Au NPs for 2-20 min (Fig. 2b—d). The sheet-like
morphology was completely covered with the spherical particles
after adsorption for longer than 160 min (Fig. 2e-h). As the
adsorption time was prolonged from 2 min to 72 h, the average
diameter and height of the particles increased (corrected lateral
diameter d = 4.4 + 4.1 to 17.0 & 8.2 nm, height s = 4.7 + 2.0 to
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Fig. 1 UV-vis absorption spectra for the glass/PEl/Tiy¢,0./PDDA
substrates after immersion into colloidal suspension of Au NPs for
a period indicated in the spectra. Inset in panel (b) shows the photographs
of selected samples.

14.2 + 4.8 nm; average + standard deviation; n = 50-100), as
evaluated by cross section analyses. As mentioned below, since
XRD peaks became sharper with the immersion time, the Au
NPs do not simply aggregate but coalesce into larger ones. It was
recently reported that such a size increase of thiol-protected Au
NPs is induced even at room temperature in the presence of
Bronsted acids and halogen anions such as Br~ and Cl~.** The
mechanism has been proposed as follows. The thiolates adsorbed
on the gold surface are protonated by the acid and substituted
with the halogen anions, which promote the coalescence. In the
present case, citrate ions stabilizing Au NPs couple with the
cationic PDDA on the substrates and are substituted with the CI~
ions that were coupled with PDDA, resulting in the coalescence
of Au NPs. Although it is known that a size increase of Au NPs
often redshifts their plasmon resonance wavelength, a size
increase from 4.7 to 14.2 nm does not cause a significant
redshift.?s Hence the aforementioned redshift from 539 to 660 nm
is ascribed to the plasmon coupling between adjacent Au NPs.
The mean interparticle distance, which was estimated from the
surface density and lateral diameter of adsorbed NPs on the
assumption that the NPs are ordered hexagonally, decreased
from 32.1 to 27.3 nm. The small decrease suggests that the
possible enhancement of plasmon coupling is likely due to
the increased particle size, since the coupling is dictated by the
spacing/diameter ratio.?® In the following experiments, deposi-
tion time for Au NPs was 2 or 20 min (d = 5.3 + 3.8 nmand & =
5.7 + 1.9 nm for the latter). The coalescence was observed only in
the Au NP solution, but not in the other solutions used in the
present work.

E
c
-
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©..40 nm

©,.40 nm

Fig. 2 Tapping-mode AFM images of the films, (a) glass/PEI/Tij 9,0,
and (b-h) glass/PEl/Tiy9;0./PDDA/Au NP. The deposition time of Au
NPs was (b) 2, (c) 5, (d) 20, (e) 160 min, (f) 12, (g) 24, (h) 72 h.

Multilayer assembly of Au NPs and titania nanosheets

The obtained films, glass/PEl/Tiy9;0,/PDDA/Au NP, were
covered with another layer of titania nanosheets by employing
another PDDA layer as an electrostatic glue. The AFM images are
shown in Fig. 3. For some Au NPs, a single corrugated nanosheet
covers several neighboring Au NPs, and for the other NPs, each
NP is independently covered with a small nanosheet. The corru-
gation was more significant for the film of 20 min deposition of Au
NPs than that for the film of 2 min deposition. The difference may
be ascribed to the different interparticle distance (24.9 and

Fig. 3 Tapping-mode AFM images of the films, glass/PEI/Ti,0,/
PDDA/Au NP/PDDA/Tiy.9;0,. The deposition time of Au NPs was (a)
2 and (b) 20 min.
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32.1 nm, respectively); it may be easier to wrap a few neighboring
NPs within a single corrugation, if the distance is smaller.
Anisotropic wrapping of NPs in a titania corrugation is expected
to cause anisotropic optical responses as described below.

Similarly, Au NPs were adsorbed on the top titania nanosheet
layer by employing another PDDA layer, and the deposition
cycle was repeated. The alternate adsorption of Au NPs (depo-
sition time: 2 min) and titania nanosheets enhanced the two
absorption peaks at around 540-570 and 260 nm, respectively
(Fig. 4a). The increment of absorbance at 260 nm (~0.127 +
0.013 per layer) was comparable to that (~0.128 per layer) for
a multiple stack of titania nanosheet monolayers with inter-
vening PDDA,* suggesting that the nanosheets are adsorbed on
the Au NPs essentially as a monolayer. The adsorption of the
first layer of titania nanosheets on the Au NP layer also enhanced
and redshifted the LSPR-based absorption peak from 0.0087 at
539 nm to 0.018 at 552 nm, where the nanosheets intrinsically do
not absorb. The observed modulation can be explained in terms
of the high refractive index of titania nanosheets (n = ~2 at
600 nm),*"* since increasing the refractive index of the
surrounding medium enhances and redshifts the LSPR-based
absorption of metal NPs.! The peak redshifted to ~580 nm after
10 alternate adsorption cycles. Not only the increased local
refractive index but also interlayer plasmon coupling must be
responsible for this additional redshift.

In the case of 20 min deposition of Au NPs, the increment of
absorbance at 260 nm (~0.136 + 0.009 per layer) by the
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Fig.4 UV-vis absorption spectra in the multilayer buildup process. Red
lines: spectra for the films after deposition of Au NPs; Blue lines: spectra
for the films after deposition of titania nanosheets. The deposition time of
Au NPs was (a) 2 and (b) 20 min. Inset in (b) shows the photographs of
respective samples consisting of n layers each of Au NPs and titania
nanosheets.

adsorption of titania nanosheets (Fig. 4b) was larger than that of
the 2 min deposition films shown above, probably because
a larger amount of titania nanosheets adsorbed on the substrate
per unit area due to larger overall surface area of Au NPs
(Fig. 3b). The adsorption of the first layer of titania nanosheets
on the first layer of Au NPs also enhanced and redshifted the
broad absorption peak from 0.050 at 592 nm to 0.069 at 598 nm,
and the enhancement and redshift were observed after every
adsorption of titania nanosheets. It is noted that the absorbance
enhancement in this broad plasmon band was more significant in
the longer wavelength region, and the average ratio of absor-
bance increment at 800 nm to that at the peak wavelength was
~1.4, whereas the ratio was ~0.73 in the case of the 2 min
deposition films. Such enhancement of plasmon resonance in the
longer wavelength region when the Au NPs are covered with
titania nanosheets may be ascribed to the anisotropic wrapping
of the Au NPs in titania nanosheet corrugations as described
above. The anisotropic wrapping causes anisotropic distribution
of the local refractive index and changes the optical properties of
the spherical Au NPs to those of anisotropic ones.

Apart from the spectroscopic properties, the structural aspects
of the multilayer films were examined by XRD. The diffraction
patterns for the multilayer films, glass/PEI/Tij,;0-/PDDA/Au
NP/(PDDA/Tig.9;0,/PDDA/Au NP);;, showed two distinctive
peaks at 20 = 5.2-5.4° and 38.2° as well as the halo pattern at 15—
30° due to the glass substrates (Fig. 5). The peak at 26 = 38.2°,
which is ascribed to the diffraction from the Au(111) face, was
enhanced with the increase of the number of layers, confirming
the existence of Au NPs inside the films. The mean crystalline size
of the Au NPs was estimated from the full width at half-
maximum (fwhm) of the diffraction peak by using Scherrer’s
equation®” to be 5.3 and 7.0 nm for the samples of 2 and 20 min
deposition of Au NPs, respectively, both of which are in good
agreement with the particles’ height estimated from the AFM
images (4.7 + 2.0 and 5.7 + 1.9 nm, respectively) shown above
(Fig. 2). As the deposition time increased further, the diffraction
peak became sharper; the particle size was estimated to be 12.5
and 14.2 nm for the deposition time of 24 and 144 h, respectively.
These results suggest that the Au NPs do not simply aggregate

Tigg102 Au NP
500 cps

Intensity

(B)

saadla s s by by s la gy

10 20 30 40 50
26/degree (Cu Kot)

Fig. 5 XRD patterns for the multilayer assembly of glass/PEI/Tig 9,0,/
PDDA/Au NP/(PDDA/Tiy.9;0,/PDDA/Au NP);,. The deposition time
of Au NPs was (A) 2 and (B) 20 min. Inset shows a schematic illustration
of Au NPs involved in the multilayer structure of corrugated titania
nanosheets.
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but coalesce into larger ones upon the adsorption onto the
substrates covered with a PDDA layer, as described above.

On the other hand, the peak observed at 26 = 5.4° is assignable
to the diffraction from the layered structure of titania nanosheets
(Fig. 5), and the interlayer distance between titania nanosheets
for the films of 2 min deposition was estimated to be 1.6 nm,
which is similar to that for multilayer films composed of titania
nanosheets and PDDA layers without Au NPs.?** These results
suggest that the Au NPs are not pillars supporting the multilayer
structure of titania nanosheets, but that the Au NPs are involved
in the multilayer structure of corrugated nanosheets as shown in
the inset of Fig. 5. A similar structure has been reported for the
multilayer films composed of Alj; polyoxocations and MnO,
nanosheets.?® This model is reasonable since the diffraction peak
is observed even for three layers of titania nanosheets without Au
NPs. For the films of 20 min deposition, the diffraction peak was
slightly broader and was observed at a lower angle (260 = 5.2°,
corresponding to the interlayer distance of 1.7 nm). These results
are suggestive of slightly disordered layers, likely due to larger
NP size and smaller interparticle spacing, which cause poorer
fitting between the layers.

Control of plasmon resonance by nanosheet coating

The thickness of a titania nanosheet layer covering Au NPs can
be controlled by repeating the deposition of nanosheets. In order
to estimate the decay length of electric field of Au NPs, we
fabricated glass/PEl/Tij,0,/PDDA/Au NP/(PDDA/Tig9,0,),
(n = 1-8, adsorption time of Au NPs: 20 min) and examined their
LSPR properties (Fig. 6). The first layer of titania nanosheets on
Au NPs enhanced the plasmon resonance as described above,
and the enhancement factor, which we define as the ratio of
absorbance after coverage with the single titania nanosheet layer
to that before the coverage, were ~1.4 and ~2.0 at the peak
wavelength and 800 nm, respectively. The enhancement factor
decreased with increasing the number of nanosheet layers and
became constant for the fourth and subsequent deposition
(Fig. 6b). The initial enhancement is mainly ascribable to the
increase of local refractive index as mentioned above. We ascribe
the following small and constant enhancement to Rayleigh
scattering since the absorbance increment is more significant in
a shorter wavelength region, which gives rise to the apparent,
slight blueshift of the peak wavelength after the fourth deposition
(Fig. 6a). Since the mean thickness of a Tig 9;O,/PDDA layer was
about 1.5 nm as estimated from the XRD peak appeared at
260 = 6.0°, the electric field around the Au NPs decays within
3.0-4.5 nm of the nanosheet layers. The decay length for Au NPs
with the size of 13.9 and 20.2 nm adsorbed on glass substrates
was about 15 and 20 nm, respectively, in poly(methyl meth-
acrylate).'® In the present system, it is also shown that the decay
length of electric field is similar to the size of Au NPs. Therefore,
the Au NPs covered with 1 or 2 layers of titania nanosheets
would be useful for applications in which enhanced LSPR is
advantageous, as described below.

Control of plasmon coupling

We also stacked Au NP layers with controlled interlayer distance
so as to study effects of the interparticle distance on the interlayer
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Fig. 6 (a) UV-vis absorption spectra in the buildup process of the
multilayer films, glass/PEl/Tiy9,0,/PDDA/Au NP/(PDDA/Tij9,0,),.
Broken line: spectrum for the film after deposition of Au NPs; solid lines:
spectra for the films after deposition of titania nanosheets. The deposition
time of Au NPs was 20 min. (b) Enhancement factors of absorption at
peak wavelength and at 800 nm by the coverage of Au NPs with titania
nanosheets plotted against the number of titania nanosheet layers.

plasmon coupling (Fig. 7). Although the plasmon absorption
peak appeared at ~590 nm for the first layer of Au NPs, six layers
of Au NPs with intervening PDDA layers without titania

680 A
A

£ 660} A =0

c

= A

5640— ° .

= [ ]

[ a m=1

© [

g 620}

% ®

[) u |

0 600} L L -
A
[] m=2

580 ] I 1 1 1

1 2 3 4 5 6

Number of Au NP layers (n)

Fig. 7 Wavelength of the plasmon absorption peak plotted against the
number (n) of layers of Au NPs in the films of glass/PEI/Tiy9;0,/PDDA/
Au NP/(PDDA/Tig¢,0,),/PDDA/Au NP),_;. The number (m) of
titania nanosheets was 0, 1, and 2. The deposition time of Au NPs was
20 min.
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nanosheets (glass/PEI/Tig¢;0,/(PDDA/Au NP)s) showed the
peak at ~680 nm. The strong redshift is explained in terms of the
interlayer plasmon coupling. When the six layers of Au NPs were
stacked with intervening single titania nanosheet layers (glass/
PEI/Tij9;0,/PDDA/Au NP/(PDDA/Tij 9;0,/PDDA/Au NP)s),
the plasmon absorption peaked at ~640 nm. In the case of
doubled nanosheet layers (glass/PEI/Tig9;0,/PDDA/Au NP/
((PDDA/T109102)2/PDDA/Au NP)S), the peak shifted Only
slightly, from ~590 to ~600 nm, indicating that the plasmon
coupling was almost suppressed by two titania nanosheets and
three PDDA layers (total thickness: ~3.5 nm). This result is
consistent with the decay length of electric field estimated above.
Thus, to enhance and redshift the resonance peak, intervention
of a single nanosheet layer is favorable. On the other hand, to
integrate Au NPs without undue redshifts, two or three nano-
sheet layers must intervene in the Au NP layers.

Photovoltaic properties of assembled films

We examined the photovoltaic properties of the assembled films
prepared on ITO substrates. A photocurrent was not generated
from glass/ITO/PEI/(Tip9,0,/PDDA),/Au NP (n =1, 5 and 10)
electrodes under visible light (460 nm < A < 700 nm) in an elec-
trolyte containing TEOA as an electron donor, probably because
the electron transfer from Au NPs to ITO via titania nanosheets
was blocked by the insulating PEI and PDDA layers. When the
electrodes were annealed at 500 °C for 1 h to remove the polymer
layers,? it was observed by AFM that the size of Au NPs and
their interparticle distance increased and the shape of the Au NPs
became smoother and more spherical (Fig. 9a, inset). Decreases
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Fig. 8 Photocurrent responses of (a) glass/ITO/PEI/(Tiy9;0,/PDDA),/
Au NP and (b) glass/ITO/PEI/PSS/PDDA/Au NP/(PDDA/Tip9102)10
electrodes after annealing at 500 °C for 1 h in acetonitrile containing
0.74 M TEOA and 0.01 M TBAP under 460—700 nm light (200 mW cm?2).
The deposition time of Au NPs was 24 h.

in fwhm of XRD peaks support the growth of Au NPs upon
annealing. The broad absorption peak before annealing became
sharper and blueshifted from 650 to 592 nm upon annealing,
probably due to loss of particle anisotropy and loss of plasmon
coupling, the latter of which was caused by an increase of
interparticle distance. The XRD peaks of the n = 5 and 10 films
at 5.2-5.4° disappeared, suggesting loss of the layered structures
accompanying transition to the anatase phase as reported
previously.®® It is also known that a single layer of titania
nanosheets retains its structure even at 500 °C.3° All the annealed
electrodes generated anodic photocurrents under visible light
(460 nm < A <700 nm) (Fig. 8a). We have reported elsewhere that
the photoinduced electron transfer occurs from Au NPs to
anatase TiO,.” Here we found that electron transfer to a single
layer of titania nanosheets is also possible. As the thickness of
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Fig. 9 (a) UV-vis absorption spectra and (b) photocurrent action
spectra for the films, (A) glass/ITO/PEI/(Tiy9,0,/PDDA);o/Au NP and
(B) glass/ITO/PEI/(Tip9,0,/PDDA);o/Au NP/PDDA/Tij 9,0,, annealed
at 500 °C for 1 h. The deposition time of Au NPs was 24 h.
(c) Enhancement factor of IPCE and absorption plotted against
wavelength. Inset in (a) shows AFM images (1 um x 1 pm) of the cor-
responding samples.
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titania increased, the anodic photocurrent also increased, prob-
ably because the electric field within the TiO, space charge layer
facilitated transport of photoinjected electrons toward the bulk
of titania and the recombination was suppressed. The conduc-
tion band edge of anatase is more positive than that of titania
nanosheets by 0.1 V.3! This may also contribute to the larger
photocurrent for the glass/ITO/TiO,(anatase)/Au NP electrodes.

As described above, coverage of Au NPs with titania nano-
sheets enhances plasmon absorption. We therefore examined
effects of the enhancement on the photocurrents. The glass/ITO/
PEI/(Tip9;0,/PDDA);o/Au NP electrode and that coated with
a single layer of titania nanosheets were annealed at 500 °C for
1 h, and the absorption peaks of the electrodes became sharp and
blueshifted by 60—-70 nm. As expected from the previous results,*®
the sheet-like morphology of titania nanosheets covering Au NPs
were maintained even after annealing as observed in AFM
images (Fig. 9a, inset). Fig. 9 shows the absorption spectra and
photocurrent (indicated as incident photon-to-electron conver-
sion efficiency, IPCE) action spectra for the annealed electrodes.
Both of the absorption and photocurrents were enhanced by the
nanosheet overlayer especially in the longer wavelength region.
Fig. 9c shows that the spectrum of the enhancement factor for
absorption is in good agreement with that for photocurrents,
indicating that the enhancement of photocurrents is mainly
ascribable to the enhancement of plasmon absorption due to the
increased refractive index around the Au NPs. Slightly higher
enhancement factor for photocurrents could be due to a possible
effect that the nanosheet overlayer suppresses recombination of
excited electrons with electron acceptors in the electrolyte.

When the Au NPs on an ITO electrode were covered with ten
layers of titania nanosheets (glass/ITO/PEI/PSS/PDDA/Au NP/
(PDDA/Tig9105)10) and annealed at 500 °C, the electrode
showed the reverse polarity of photoresponses, i.e., cathodic
photocurrents (Fig. 8b) and positive photopotentials in an elec-
trolyte containing oxidized TEOA. This is because the photo-
responses are based on the photoinduced electron transfer from
plasmon excited Au NPs to TiO,.” In the case of the glass/ITO/
TiO,(anatase)/Au NP/Tij 9,0, electrode shown above, inciden-
tally, the nanosheet overlayer is too thin to take a sufficient
amount of electrons from Au NPs, whereas the TiO, underlayer
is thick enough to take electrons. Thus we could easily control
the polarity of photoresponses by changing the layering order of
Au NPs and titania nanosheets.

Conclusions

We have successfully fabricated the layer-by-layer assembled
multilayer films composed of Au NPs and titania nanosheets in
an arbitrary order. We have examined the plasmon resonance
properties of Au NPs covered with a multilayer of titania
nanosheets and clarified that the coverage enhances the plasmon
resonance and that the electric field of Au NPs decays within 2 to
3 layers of nanosheets. Plasmon coupling between Au NPs is
therefore almost suppressed with 2 layers of intervening titania
nanosheets. The coverage of Au NPs with a single layer of titania
nanosheets is found to enhance the plasmon resonance-based
photoelectric conversion properties. The polarity of photo-
responses can be controlled by changing the order of layer-by-
layer assembly of Au NPs and titania nanosheets.
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