206 Chem. Mater2005,17,206—211

Synthesis of Photofunctional Titania Nanosheets by Electrophoretic
Deposition

Tatsuto Yuil8 Yumiko Mori,T Takako Tsuchind, Toshio Itoh! Takeshi Hattorf
Yoshiaki Fukushima;® and Katsuhiko Takagi*$

Department of Crystalline Materials Science, Graduate School of Engineering, Nagoyarslty,
Furo-cho, Chikusa-ku, 464-8603, Japan, Toyota Cdri®& D Labs Inc.,
Yokomichi, Nagakute, Aichi 480-1192, Japan, and Japan Science and Technology (JST)

Receied May 21, 2004. Résed Manuscript Receed October 11, 2004

This work presents the first investigation of an effective methodology for the synthesis of transparent
and durable thin films with a high regularity along thvaxis using titania nanosheets (TN) on electrodes.
This technique, an electrophoretic deposition method (EPD), was found to be applicable for the preparation
of TN thin films deposited on ITO electrodes, a promising nanomaterial for the design ofvisNdle
light-sensitive energy conversion systems. The deposition of TN was found to be significantly affected
by the concentrations, viscosity, and pH values of the agueous TN solutions. Using quartz crystal analysis
(QCA), the optimal deposition conditions for the most adhesive amounts of TN were established, and
the delicate balance between the TN solution viscosity and surface charges of the TN layers that govern
the amount of TN deposited on the substrate was discerned. Moreover, the deposited thin films were
greatly improved by the addition of poly(vinyl alcohol) (PVA) into the solutions, initiating an increase
in the deposition weight and optical transmittance, thus leading to firm adhesion onto the substrate. Methyl
viologen (MV?") was intercalated into the TN layers and irradiated with UV light shorter than the end
absorption of TN, leading to a blue coloring for the TN/Ef\thin films attributed to the formation of
reduction products from M% and clearly indicating photocatalytic reactivity.

Introduction meters and sub-nanometers, respectively, and thus can be
considered the building blocks for the development of
efficient TiO, photocatalyst$?-3 Along these lines, lami-
nated composites of TN alternatively stacked with poly-
cations and poly-anions have been reported to have unique
physical and chemical properti€sThus far, various tech-
nigues such as the alternate stacking of ionic polymer
thanosheets have been reported; however, not all of these
methods are able to produce smooth, well-organized films.

In recent years, nanostructured orgafifmorganic materi-
als have been actively investigated for the preparation of
photofunctional compound<. The hybridization of photo-
functional organic molecules with layered metal oxide
semiconductors (LMOS) is especially attractive due to their
intercalation properties, large surface area, and photocatalyti
reactivity3-° Studies have also focused on the delamination
of a number of layered host compounds as well as exfoliated
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al and these were reported to be two-dimensional semicon- (7) Kotov, N. A.; Dekany, I.; Fender, J. HAdv. Mater. (Weinheim, Gér
ductors with diameters and thicknesses of several micro- _ 19968, 637.
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Moreover, although the LB method can produce films of responses for the composite samples. Deposition of the ITO
good quality, its disadvantage is the long preparation time electrode was carried out using a quartz crystal (Seiko) as the
necessary for the synthesis of the composites. For examplereceiving electrode at a frequency of 9 MHz, along with a counter-
the procedure for applying each layer is so time-consuming electrode of the ITO substrate which was placed at a distance of
and tedious that 10 layers (or less) is the upper limit for TN ca. 1 cm from the anodic electrode. The frequency changes were
stacking. In principle, with unlimited time, more may be monitored directly using the QCA instrument. The increase in the

tacked. h this i t listi tical. | trast amount of TN deposited on the ITO substrate could be estimated
stacked, owever. IS1S n(.). realistic or practical. in contrast, by the decrease in the quartz frequency in a linear relationship, as
the electrophoretic deposition method (EPD) used here hasghown in eq 1.
the advantage of relatively easy synthesis and handling of
ma_terlals while many layers Can_also be quickly applied in A —AF x Ax Vi x p
a single process. Moreover, the direct control of the structure 2% (F.)?
and thickness by changing the concentrations of nanosheets 4
and the electric currents is also possitfié? The thin films

prepared, i.e., transparent and uniform TN films of only few

@

Here,Am, AF, Fq, A, p, andu represent the changes in the mass

. ters thick ITO electrod Iso f don the quartz crystal electrode, the observed frequency changes,
micrometers thickness on an electrode, were aiso foundy, » roqonant frequency of the crystal (in this case, 9.00 MHz), the

to exhibit photocatalytic reactivity. The preparation of these ¢ tace area of the quartz (0.196 3nthe density of the quartz

TN thin films by an electrophoretic deposition method (EPD) ¢rystal (2.648 g/c), and the share modulus of the quartz (2.947
and investigations of their chemical characteristics and x 10!t g/cm/se@), respectively. Analysis showed thAF = 1 Hz

photofunctional properties are presented here. corresponded to 1.068 ng of the weight change of TN, indicating
a detection limit up to 1.0 ng.
Experimental Section Photocatalytic Reactivity of the TN Film. The intercalation
of MV?2* ions into the PVA coadsorbed TN thin film was carried
Materials. Tetrabutylammonium hydroxide (TB#OH™; Ald- out according to the following procedures. The TN thin films

rich), poly(vinyl alcohol) (PVA; Wako Co. LtdM,, = 900-1100), deposited on the ITO electrode by EPD, at 10 mA/dor the
poly(vinylpyrrolidone) (PVP; TCI,M,, = 1000), and methyl  current density, 5 min for the electrophoretic time, and at [EN]
viologen diiodide (M\** 21~; TCI) of extra pure grade>99.9%) 0.4 wt % and [PVA]= 0.2 wt %, were soaked in an agqueous
were used without further purification. The other reagents were of solution of [MV2t] = 4.1 x 1075 M at room temperature. The
analytical grade and used as received. Milli-Q filtered water intercalated amounts of M were estimated by the absorbance
(Millipore Co.) was used as the pure water source throughout the intensities of the M¥* desorbed in the solutions in proportion to
experiments. the soaking time. However, after ca. 3 h, saturation was observed
The titania nanosheets (TN) were prepared by proceduresand the intercalation of M% ceased, so that the amount remained
previously reported by Sasaki et al., as follows. A stoichiometric constant even after soaking for up to 16 h in the M\aqueous
mixture of CsCO; and TiQ, was calcinated at 80TC for 20 h to solution. Furthermore, M% was deposited in amounts correspond-
form a cesium titanate as the precursory({J$; g2d10.17:04 0= a ing to 30% CEC based on the surface charge of the!TV 2+
vacancy). Approximately nine grams of cesium titanate was treated intercalated into the interlayers of the TN thin films were irradiated
with 900 mL d a 1 M HCl solution and this treatment was repeated with a 300 W Xe lamp (XDS-301S, WACOM Co.) combined with
4x at room temperature, each time for 24 h, while the resulting a cutoff filter, UTVAF-50S and—43U (HOYA), eliminating
products were filtered, washed well with water, and air-dried in wavelengths longer than 300 nm. Under these conditions, only the
vacuoi® 12 The obtained protonated titanateo(fi1 s2470.175 Os* TN sheets (not the M¥% or reduction products) could absorb the
H,0, 1.2 g) was shaken vigorously with 100 mL of a 33 mM incident light. The samples were placed 10 cm from the light source
tetrabutylammonium hydroxide (TB# aqueous solution, corre-  and irradiated under aerated atmosphere.
sponding to 0.7 of the anionic sites of the TN, for 2 weeks at  Poly(vinylpyrrolidone) (PVP) was used as the electron donor,
ambient temperature and leading to exfoliated titania nanosheetsand a control experiment was separately carried out with light

(TN) in a colorless turbid solution. irradiation of the PVP/MV" films, i.e., a PVP/MV?" aqueous
Electrophoretic Deposition (EPD).Electrophoretic deposition ~ mixture was cast on a glass substrate and dried by air flushing.
(EPD) was carried out at a constant current of 8:246 mA/cn? The cast samples were then irradiated with 235 nm light to form

employing both ITO anodic and cathodic electrodes with a working cation radicals (MV*) of MV?2*. Both the TN/MV™* film and
area of 2 cmx 2 cm!4-18 The distance between the anodic and control PVP/MV** cast film were kept under aerated conditions
cathodic plates was fixed at 1.0 cm and the TN sheets were observedand their absorptions of MV (605 nm) were measured as a
to be deposited only on the anodic electrode. The electrophoreticfunction of time after irradiation.
substrates were then dried under aerated conditions at room Apparatus. Powder X-ray diffraction analysis (XRD) was carried
temperature. out with a Rigaku RINT-2100 XRD apparatus operating at 40 kV
Quartz Crystal Analysis (QCA). The amounts of TN sheets and 40 mA and set at a Ni-filtered Cuwiradiation wavelength of
deposited on the electrodes were measured by a piezoelectric quartd.54 A. The UV~ visible absorption spectra were directly measured
crystal analyzer (QCA; Seiko®& & G Co. Ltd.) and the changes on the ITO substrate in the transmittance mode with a JASCO
in the mass were monitored by the changes in the frequency spectrometer, type V-550. Scanning electron micrograph (SEM)
images were recorded on a JSM-5600 apparatus (JEOL) operating
at 20 kV for the Au-coated samples.

(14) Zhitomirsky, I.Adv. Colloid Interface Sci2002 279.
(15) Sarkar, P.; Haung, X.; Nicholson, P. Am. Ceram. Socl992 75,

2907. i i
(16) Hatton, B.; Nicholson, Rl. Am. Ceram. SoQ00184, 571. Results and Discussion
(17) Zitomirsky |. Mater. Lett.199837, 72. : : :
(18) Graham, J.; Rosseinsky, D.; Slocombe, J.; Barrett, S. Francis, S. Preparation of TN Thin Films by the EPD Method.

Colloids Surf.1995 94, 177. The titania nanosheets (TN) deposited on the ITO electrode
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Figure 1. QCA profile of TN by an EPD method onto the ITO electrode:  were multiplied 110 times for (a) and 7.5 times for (b).
[TN] = 0.2 wt %, current= 10 mA/cn?. Inset shows the relationship
between the deposited weight of TN on the ITO electrode and the interlayers'® The CLS was, thus, shown to exhibit a good

concentration of TN, at 5 min deposition. correspondence with the TBAmolecular length of 12 A.
Moreover, analyses of the QCA, absorption spectra, and
P XRD clearly indicated that the TN thin films formed on the
ITO electrode by EPD were transparent and laminated.
Effect of [TN] on EPD. The amount of TN deposited on
the ITO was strongly affected by the initial TN concentration,
[TN], as shown in Figure 1. At less than 0.2 wt % [TN], the
deposited weights increased with an increase in the concen-
tration, as can be seen in the inset of Figure 1. This was in
200 400 600 800 stark contrast to the case of higher concentratioraZ wt
wavelength /nm %) where the deposited weights decreased with an increase

Figure 2. Absorption spectra of (a) the TN thin films prepared by the in the [TN]. The deposition ratey] could be determined by
EPD method, [TN]= 0.2 wt %; electric current= 10 mA/cn? for 5 min the following eq 2:

and; (b) the [TN]= 0.2 wt % aqueous dispersion.

Absorbance / a.u.

were weighed by quartz crystal analysis (QCA) as a function v= 2360 € TEQ (2
of the EPD time at a constant current of 0.2 mA7ciA g
profile of the adsorbed weight of TN against the electro- wheree, ¢, 5, E/l, and denote the dielectric constant under
phoretic time at [TN}= 0.4 wt % including TBA' is shown vacuum, the relative dielectric constant, the solution viscosity,
in Figure 1. The deposition weight continuously increased strength of the electric field, and th&potential, respec-
monotonically and was not saturated under these experi-tively.?° On the basis of eq 2, the viscosity)(of the TN
mental conditions (deposition time 3600 s) so that smooth  solution was seen to be one of the most important factors
and transparent thin films could be obtained by EPD with a for effective electrophoretic deposition. Thevalues of the
transmittance above 70% at visible light regions of 350 TN solution were estimated at various TN concentrations
800 nm, as shown in Figure 2. The transmittance absorptionusing eq 3:
spectrum of TN on the ITO electrode by EPD (Figure 2a; at y 2
[TN] = 0.2 wt %, current= 10 mA/cn?) indicated that the —AF = (|:q)3/2 x (M)
absorption maximum at around 265 nm and its end absorp- TTX Pg XU
tion correspond to those for the aqueous dispersion of TN,

®3)

A wherep;, pg, andu denote the density of the TN solution
as shown in Figure 283 (0.9996 g/?:rﬁ), the density of the quartz crystal (2.648
The XRD profiles of the protonated TN powdered samples g/cnf), and the elastic rate for the quartz crystal (7:31
prior to TBA™ intercalation and the TN thin films incorpo- 1010 Pa), respectively. The viscosity of the solutioy) was
rated with TBA" by EPD are shown in Figure 3a and b, estimated from the changes in frequendyj as measured
respectively. The protonated precursor showed a relatively by a QCA instrument. The viscosityy) and pH values of
weak diffractiond(001) peak with a layer distance af = the solutions having various TN concentrations are shown
9.2 A, while the TBA" incorporated EPD thin films exhibited  in Figure 4 a and b, respectively. It can be seen thatithe
a series ofd(001)to (004) diffraction peaks, by which the  and pH values monotonically increased with an increase in
layer distance was estimated at 15.8 A, due to their regularly the TN concentrations. Under these experimental conditions,
layered structure, resulting in a large expansion of the layer
distances. The estimated clearance space (CLS) of 11.3 A(19) Estimation from subtraction of the layer thickness of TN (4.5°A)
for the TN layers incorporated with TBA suggests a from thed(001)values obtained from XRD.

. - (20) Matsuda, Y.; lwakura, Clntroduction to Electro Chemistry
monolayer packing of these TBAmolecules in the TN Maruzen: Tokyo, 2000.
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Table 1. Relations between EPD Current (mA/crd) and Deposition Figure 5. QCA profiles of the deposition of TN by EPD onto the ITO
Rate (ng cnt2s1)2 electrode at [TN}= 0.4 wt %: (a) without PVA; and (b) with PVA, i.e.,
PVA] = 0.2 wt %.
current 0.04 0.12 0.49 [ ] °
deposition rate 3.2 44.2 624.0

surface. At the same time, the surface conductivity decreased
2[TN] = 0.4 wt %. due to the PVA coverage of the surface, ultimately inducing
saturation of the deposition weight.
theeo, €, andE/l values in eq 3 were assumed to be constant.  the XRD profiles of the TN thin films with and without
The deposition ratej, thus decreased with an increase in - py/a are shown in Figure 3c and b, respectively. The profiles
the viscosity §) of the solution. Also, an increase in the pH ¢ e films with PVA (Figure 3c) exhibit relatively strong
values enhanced the negative charges on the surface of thggg1) to d(004 diffraction peaks, indicating films of a
TN layers, thus inducing an increase in the deposition rate. oharacteristic layered structure even after EPD treatment with
These results indicate the delicate balance between thepy/a The layer distances of the TN thin films were estimated
viscosity of the TN solution and the surface charge of the {; pe 15.8 and 17.6 A in the absence and presence of PVA,
TN layered surface that governs the deposition weights.  espectively. The expansion of the layer distance indicated

Effect of the Electric Currents on EPD.EPD was carried  {hat the PVA molecules were co-intercalated into the TN
out under various electric currents to study their effect on layer with TBA* molecules. Similarly to the TN films

the formation of the TN thin films. An increase in the EPD  ithout PVA (Figure 2a), a clear absorption maximum
currents was observed to increase the deposition rates, agnaracteristic of TN particles with PVA could be observed
summarized in Table 1, and thus, the deposition time could 4; 4r0und 265 nm. Moreover, the resulting PVA-modified
be shortened so that the amount of TN deposited on the ITOTy fiims showed more transparency than the films without
electrode could be controlled by variations in the EPD pya je. the transmittances of the films were?0% for
current. However, the deposition efficiency was seen to drop [TN] = 0.2 wt % without PVA;>80% for [TN] = 0.2 wt
after 100 and 500 s at currents of 0.6 and 2.5 mA/cM o4, with PVA: >50% for [TN] = 0.4 wt % without PVA;
respectively, due to bubble formation on the electrode. As 44>700 for [TN] = 0.4 with PVA at visible light regions
the deposition weights increased on the ITO electrode, the 400-800 nm). The PVA additive was, thus, seen to play a
electric current began to decrease, while the voltage beganmajor role in the improvement of not only the transparency
to rise and, at the same time, induce the splitting of water p,t also the adhesive properties of the films. Scanning
into H and Q. electron micrograph (SEM) images show the TN thin films

Effect of the Added PVA on EPD. A nonionic but  prepared on the ITO electrode by EPD under deposition
hydrophilic coadhesive agent was investigated in order to ¢onditions of 0.4 wt % TN, 0.2 wt % PVA, and with current

improve the physical strength of the films prepared by EPD; gensities of 1.6 mA/c#for a deposition period of 5 min to
i.e., poly(vinyl alcohol) (PVA), was added to the TN pe yniform and smooth, as shown in Figure 6.
solutions to improve the optical transparency, the adhesive The durability of the PVA-modified TN thin films was

properties, and the photocatalytic efficiency of the TN compared with samples without PVA. The TN films prepared

i 21,22 iti 1 i . .
flltr)ns. Tfhe ;—N doeposmoz profiles in Ithe_ presenhce an.d were deposited electrophoretically or cast on the electrode
absence of 0.2 wt % PVA by QCA analysis are Shown in oq then dried under air at room temperature, followed by

Figure 5. Without the PVA, the deposition weights gradually soaking in water for 1 h. The weight changes in the films

increased and did not saturate, even after an EPD time 0fy 16 glectrode before and after the soaking procedures were
up to 3600 s. This was in stark cqntrast t_o the results in the monitored by QCA analysis and the results are summarized
presence of PVA where the deposited weights were saturateqy, tap1e 2. For the thin films without PVA as an additive,
within 1800 s. As the deposition weight increased, the yoqqrption of the films from the ITO electrode surface during
nonionic PVA film was seen to cover the entire electrode the soaking procedure could be seen for both the EPD and
(21) Zhitomirsky, 1A, Colloid Interface Sci2002 97, 277 casting methods. In contrast to these results, for the 80%
Itomirsky, [.Ady. Collold Interface ScCi s . e . .
(22) Mizuguchi, J.; Sumi, K.; Muchi, TJ. Electrochem. Sod983 130, PVA-modified TN films, the adsprbed TN particles were
1819. hardly seen to change and remained securely attached onto
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Figure 6. SEM images of the TN thin films at [TN} 0.4 wt %, [PVA]
= 0.2 wt %, and electric currert 1.6 mA/cn? for 5 min.

Table 2. Weight Loss (%) of TN on ITO- and Ni-Electrode by
Soaking Procedures

cast film EPD film

cast film with PVA EPD with PVA
ITO 100 83 17 14
Ni 73 69 0

normalized intensity / a.u.

J

15

(@)

20|

Ao A

5 10 15
20/ deg. (CuKa)

Figure 7. XRD profiles of the TN EPD thin films: (a) before soaking in
MV 2+ aqueous solution; and (b) after soaking in M\aqueous solution.
Inset shows the molecular structure of Bf\together with its molecular
size.

the ITO electrode. Moreover, by using a Ni-electrode in place
of the ITO electrode, ca. 100% of the PVA-modified TN
stayed tightly adsorbed onto the electrode. The viscous liquid
PVA was, thus, observed to act as a sort of glue to improve
the adhesive properties, i.e., the affinity between the TN
particles and electrode surface could be improved by the
penetration of poly-hydroxylic PVA into the TN particles
by H-bonding with the TBA ammonium nitrogen adsorbed
on the TN surface. It can, therefore, be concluded that PVA
coadsorption was very effective in improving the durability
of the TN films on the ITO electrode in addition to improving
the transparency and smoothness.

Intercalation of MV 2* into the TN Thin Films. To
clarify the photocatalytic activity of the EPD thin films,
methyl viologen (MV") was introduced into the layer
surface of the films and was subject to a one-electron
reduction by the excited TN thin film to form MV cation
radicals (MV™). The XRD profiles of TN before and after
soaking in the MV#* aqueous solution are shown in Figure
7. The TN layer distances decreased from 17.4 to 11.0 A by
the substitution of both TBA and PVA with MV?*. The

Yui et al.
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incorporated MV molecules were assumed to be arranged
in a parallel orientation within the layers of TN in a
monolayer structure, based on the molecular length of MV
(long axis ca. 13 A; short axis ca. 5 A; Figure 7 inset) and
the clearance space of the TN (4.5 A) for these VN
films.

Photoinduced Electron Transfer from TN to MV 2", The
absorption edge of TN lies at a wavelength of ca. 300 nm
irradiated on the M¥"/TN thin films, and thus, was
selectively absorbed by TN. During steady irradiation at 300
nm, the color of the M¥'/TN film changed to blue,
indicating the formation of MV*; i.e., the TN stacked films
were observed to exhibit photocatalytic activity even upon
deposition by EPD. Moreover, changes in the absorption
spectra of MV#*/TN could be observed upon UV irradiation
at 300 nm, as shown in Figure 8. Within 1 min irradiation,
new absorption bands could be seen at around 410 and 605
nm, both of which corresponded to those for the MV
monomers observed ata.x = 410 and 600 nm in aqueous
solution, respectivel§?3-25 With an increase in the irradia-
tion time, the absorption intensities of MYshifted to blue,

i.e., 371 and 571 nm after 5 min irradiation, and these could
be assigned to M¥* dimers ofAmax = 370 and 530 nm in
aqueous solutiof? 2> The formation of the MV* mono-
mers and their dimers could be understood as shown in
Scheme 1.

The TN/MV?* films thus prepared by EPD and dried under
air at room temperature were shown to exhibit photocatalytic

(23) Kamogawa, H.; Mizuno, H.; Todo, Y.; Nanasawa, MPolym. Sci.
1979 17, 3149.

(24) Lee, C.; Lee, Y. M.; Moon, M. S.; Park, S. H.; Park, J. W.; Kim, K.

G.; Jeon, S.-JJ. Electroanal. Chem1996 416, 139.

Monk, P. M. S.; Fairweather, R. D.; Ingram, M. D.; Duffy, J. A.

Chem. Soc., Perkin Trans.1892 2039.

(25)
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reactivity. However, interestingly, when the TN aqueous Conclusions

solution was cast t(_) form a film on the silicr_;l slide follqwed Titania nanosheet (TN) thin films were prepared on an
by vapor evaporation and the photochemical reduction of |+ _gjectrode substrate by an electrophoretic deposition
MV2+ in the |nterlayers of.the TN films was Investlgated, (EPD) method and these photocatalysts exhibited hlgh
no photochemically reductive products could be observed yansmittance in visible light regions. Quartz crystal analysis
even afte 3 h irradiation. Also, MV* is known to be  (QCA) showed that the TN deposition amounts were strongly
efficiently oxidized by molecular oxygen and to recover the affected by the concentrations of the TN aqueous solutions.
original colorless MV#*. The cast TN films may include  The deposition weights were shown to be governed by a
molecular oxygen within its interlayers since the photore- delicate balance between the viscosity and pH values of the
action products from M¥%" could be observed when the films TN solution. Moreover, the durability of the deposition films
were dried under vacuo overnight. could be significantly improved by the addition of polyvi-
The obtained TN particles were characteristic of the closely nylacohol (PVA) without any changes in their chemical and
packed structure of titania sheets, as evidenced by XRDPhysical properties. When methyl viologen (¥Yy mol-
analysis. Oxygen gas permeation was also investigated byecules were intercalated into the TN layers, they were
measuring the decay rate of the MMons. Here, the EPD  confirmed to be photochemically active under irradiation at
films incorporating MV#* were compared with the cast the absorption band of TN for the TN/MV thin films.
films of a mixed solution of M\# and poly(vinylpyrroli- Moreover, the reduction products of MVwere stable in
done) (PVP). These two kinds of films, after being kept in _the films and their lifetimes were 18 times longer than those
air under dark conditions and then irradiated for 30 min, were N the absence of a TN system. These results showed that
analyzed to monitor the decomposition rates of Mt 605 durable an_d phgtofunctlonal hybrid thin films of a closely
nm. Both the TN/MV** and PVP/MV* films could be seen packed orientation could be developed for use in energy
to undergo oxidation of MV* to MV2*, however, a large conversion systems by the present EPD technique together

difference in the lifetimes of MV* could be seen between with PVA.
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