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Multilayer composite films comprising of TaO3 nanosheet crystallites and poly(diallyldimethyl-
ammonium chloride) (PDDA) were assembled via layer-by-layer sequential adsorption. Exposure of
the resulting films to UV light promoted photocatalytic decomposition of PDDA in the nanosheet
gallery to yield inorganic films. Novel hollow microspheres of Ta2O5 were fabricated by the
deposition of a PDDA/TaO3 multilayer nanoshell on polystyrene (PS) beads and the subsequent
removal of the PS core and PDDA layers via calcination. The hollow microspheres showed
photocatalytic properties effective for hydrogen evolution from an aqueous methanol solution.
The shape control into hollow microsphere greatly enhanced the photocatalytic activity. The results
highlight the role of the surface area and crystallinity of the catalyst in photocatalytic activity.

Introduction

Tantalum oxide has a variety of superior properties

including good chemical resistance and a high melting

point. It is a typical semiconducting material with a wide

bandgapof∼3.9 eV, exhibiting photocatalytic properties.

Attempts to enhance the photocatalytic activity of tanta-

lum oxide have focused on the synthesis of its various

forms, and Ta2O5 nanostructures such as nanotubes and

nanodots have been obtained.1,2

Kominami et al. synthesized Ta2O5 nanoparticles

through a solvothermal reaction of tantalum pentabut-

oxide in toluene. They found that Ta2O5 nanoparticles

performed at a level about 10-fold higher than that of

commercial Ta2O5 powder for H2 evolution from an

aqueous 2-propanol solution.3 Nanosized-Ta2O5 powder

photocatalyst was also prepared via the sol-gel method

using TaCl5 as a precursor, and the photocatalytic acti-

vity proved effective for the degradation of gaseous

formaldehyde under UV irradiation. The calcination

temperature and time were found to play an important

role in determining the crystal structure and photocata-

lytic activity of Ta2O5 powder.
4 A recent study reported

approximately 7 times higher activity of crystallized meso-
porous Ta2O5 compared to that of commercial Ta2O5

powder, where mesoporous Ta2O5 photocatalyst was
synthesized through a surfactant-assisted sol-gel process.5

Moreover, mesoporous Ta2O5 loaded with cocatalysts
showed high photocatalytic activity for the production of
H2 and O2 from overall water splitting.6,7 Ta2O5 hollow
spheres were recently prepared through the surface preci-
pitation of Ta2O5 onβ-diketone-functionalized polystyrene
(PS) beads by hydrolyzing tantalum ethoxide and subse-
quent calcination.8 Hollow spheres, in general, have lower
density, greater surface area and higher surface permeabi-
lity compared to corresponding bulk materials. Accord-
ingly, good photocatalytic activities are expected in them.
However, the Ta2O5 hollow spheres reported have a fairly
large shell thickness of several hundreds of nanometers, and
their photocatalytic properties have not yet been reported.
Apart from the photocatalytic activities, because of

high dielectric constant, large refractive index value, as
well as high chemical and thermal stability, Ta2O5 films
involve various applications,9 such as for antireflective
layers in optical devices,10 dielectric layers for storage
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capacitors in dynamic random access memories (DRAMs)
and metal-oxide-semiconductor (MOS) devices,11 dielectric
layers in biological sensors,12 and insulating layers in thin-
film electroluminescent devices.13 Therefore, fabrication of
high-quality thin films of Ta2O5 and related oxides is of
significant importance.
In the past dacades, delamination of layered host com-

pounds has attracted much attention, because resulting
colloidal single layers can be taken as a unique class of
two-dimensional nanoscale materials.14-23 The nanosheet
crystallites have a thickness of 0.5-3 nm and a lateral size
of micrometers range, meaning that they are composed
entirely of surface atoms arranged two-dimensionally
in a single-crystal-like order. Such nanosheets can be
assembled layer-by-layer into ordered multilayer films
using the sequential adsorptionmethod.17b,c,24Meanwhile,
because the nanosheets are flexible enough to smoothly
coat the curved surface, core-shell composites can

be fabricated using the nanosheets as a shell building
block.24f,25 The thickness of the films and shells can be
finely controlled in steps of nanosheet thickness, that is
∼1 nm. Although the resultant hollow microspheres
fabricated with semiconducting titania nanosheet are
attractive and promising as a photocatalyst, their photo-
catalytic properties have neverbeen investigated.Recently,
we have reported successful delamination of layered
RbTaO3 into colloidal TaO3 nanosheet crystallites.

26 It is
of great interest to fabricate nanostructured materials
using TaO3 nanosheet as a building block and explore
their properties.
In the current work, we fabricated multilayer compo-

site films of exfoliated TaO3 nanosheets and polycation
using the alternate adsorption technique. Their photo-
catalytic degradation ability of organic materials was
examined. Core-shell composites were successfully pre-
pared by similar adsorption procedures of polycation and
TaO3 nanosheets onto the surface of PS beads, which
were then converted into inorganic hollow microspheres
by calcination. The hollow spheres were found to undergo
a high hydrogen gas generation froman aqueousmethanol
solution.

Experimental Section

Synthesis of TaO3 Nanosheet. Reagents, such as Ta2O5,

Rb2CO3 and NaCl, were of >99.9% purity or of analytical

grade. Poly(diallyldimethylammonium chloride) (PDDA) was

purchased fromAldrich Chemical Co. PS beads with an average

diameter of 1.3 μm were a gift from Soken Chemical Co. and

used as received. Ultrapure water (>17MΩ cm) from aMilli-Q

water system was used throughout the experiments. A colloidal

suspension of exfoliated TaO3 nanosheets was synthesized

according to the previously reported method.26 The starting

layered material of RbTaO3 was prepared by heating a mixture

of Ta2O5 and Rb2CO3 at 900 �C for 20 h. This was converted

into protonic oxide, Rb0.1H0.9TaO3 3 1.3H2O, by repeating

acid-exchange several times using 1 mol dm-3 HCl solution.

Colloidal TaO3 nanosheets were obtained by shaking the pro-

tonated sample in a tetrabutylammonium hydroxide (TBAOH)

solution for 2 weeks.

Layer-by-Layer Assembly into Multilayer Films. Substrates,

such as Si wafers and quartz glass slides, were cleaned using

acetone, followed by treatment in a bath of methanol/HCl

(1:1 in volume) and then concentrated H2SO4 for 30 min each.

Multilayer films were fabricated by applying the sequential

adsorption method.24 The substrate was first immersed in a

PDDA solution (20 g dm-3, pH 9.0) for 20 min. After being

washed thoroughly with pure water, the PDDA-coated sub-

strate was dipped into a colloidal suspension of TaO3 nanosheet

(0.08-0.30 g dm-3, pH 9.0) for 20 min, followed by washing

with copious water. The above procedure was repeated n times

to obtain multilayer films of (PDDA/TaO3)n.

Fabrication of Core-Shell Composites and Hollow Spheres.A

typical procedure for the layer-by-layer deposition of PDDA
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and TaO3 nanosheets on the PS surface was performed as

follows: 0.30 g of PS beads was dispersed in 100 cm3 of aqueous

solution containing 20 g dm-3 PDDA and 0.15 mol dm-3 NaCl

(pH 9.0) under stirring. The mixture was ultrasonically treated

for 10 min to homogeneously disperse the PS beads and then

further stirred for another 15 min to ensure the saturated

adsorption of PDDA on the PS surface. Excess PDDA was

removed by twice-repeated centrifugation (6000 rpm, 10 min)

and water washing. The recovered PS particles coated with

PDDA were redispersed in 100 cm3 of pure water, followed by

ultrasonic treatment for another 10 min to avoid possible

aggregation of particles. Then, 5 cm3 of the colloidal suspension

of TaO3 nanosheets (8 g dm
-3) were added drop by drop under

stirring. The particles were collected by twice-repeated centri-

fugation (6000 rpm, 10 min) and water washing. Core-shell

composites coated with n bilayers of PDDA/TaO3 were fabri-

cated by repeating the above procedure n times.

To obtain hollow spheres, the core-shell composites were

heated to 600 �C in air at a heating rate of 20 �C h-1 and held

them at this temperature for 4 h to fully combust the PS core and

PDDA layers.

Characterization. The surface topography of the films was

examined using a Seiko SPA400 atomic force microscope

(AFM) in tapping mode with a silicon-tip cantilever (15 N

m-1). Ultraviolet-visible (UV-vis) absorption spectra were

recorded using a Hitachi U-4100 spectrophotometer. X-ray

diffraction (XRD) data were collected by a Rigaku Rint 2000

powder diffractometer with monochromatized CuKR radiation

(λ= 0.15405 nm). Morphology of samples was examined using

a JEOL JSM-5800LV scanning electron microscope (SEM)

operated at 2 or 5 kV. A JEOL 3000F transmission electron

microscope (TEM) operated at 300 kV was employed to obtain

TEM images and selected area electron diffraction (SAED)

patterns. Thermogravimetric measurements (TG-DTA) were

carried out using a Rigaku TG-8120 instrument. Nitrogen

adsorption-desorption isothermsweremeasured using aQuan-

tachrome instrument, AUTOSORB-1.

Photocatalytic Reaction. Tests of photocatalytic hydrogen

generation from an aqueous methanol solution were performed

as follows: 1.0 mg catalyst was suspended in 2.0 cm3 of aqueous

10 vol % methanol solution in a quartz reaction cell (3.5 cm3

capacity), which was placed in an outer jacket and sealed with

PTFE sealing tape. The reaction cell was purged with Ar gas for

15min, after which anAr gas flowwas introduced into the outer

jacket to prevent air contamination during the photocatalytic

reaction. The dispersion, under constant stirring, was irradiated

using a UV light source (500W Xe lamp, San-ei Electric Co.,

Ltd.). Throughout the reaction, a headspace gas sample (0.1 cm3)

was collected by syringe every hour. Hydrogen content in the gas

sample was analyzed by gas chromatography (Shimadzu GC-14,

MS-5A column, Ar carrier, TCD).

Commercial Ta2O5 powder (99.9%, orthorhombic phase,

purchased from Rare Metallic Co., Ltd.) was utilized for

comparative photocatalytic experiments.

Results and Discussion

Characterization of the TaO3 Nanosheet. Both the
starting material RbTaO3 and its protonic oxide
Rb0.1H0.9TaO3 3 1.3H2O had a platelet morphology with
lateral dimensions of submicro/micrometers (Figure S1
of the Supporting Information). After vigorous shaking
of the protonated sample in a TBAOH solution (TBAþ/
Hþ = 1) for 2 weeks, colloidal TaO3 nanosheets were

obtained. A typical AFM image of TaO3 nanosheets
adsorbed on a PDDA-precoated Si wafer demonstrates
that the nanosheets have a thickness of ∼1 nm and a
lateral size of several hundred nanometers (Figure 1),
being consistent with our previous result. The measured
thickness is compatible with the crystallographic thick-
ness, 0.94 nm, of the host layer in RbTaO3,

26 confirming
the unilamellar nature of the crystallites.
Construction of Multilayer Films. The TaO3 nanosheet

was deposited on a PDDA-coated Si wafer using the
suspension at various concentrations, and the surface
coverage of substrate was examined as a function of the
concentration in order to obtain a deposited layer of
densely tiled nanosheets. The surface coverage increased
with the suspension concentration and became saturated
at a high concentration. Figure 2 shows AFM images of
the first deposited layer of TaO3 nanosheets at two typical
concentrations. The coverage increased from about 60%
at the TaO3 nanosheet concentration F= 0.08 g dm-3 to
about 90% at F=0.24 g dm-3. The overlapped area also
increased from about 15 to 45%. The overlapping of
nanosheets is inevitable in the deposition of objects
having a lateral size of submicrometer range. Some por-
tion of the nanosheets can be adsorbed onto the bare
cationic surface, whereas its areamay not be large enough
to accommodate the whole crystallites.
The TaO3 nanosheets exhibited intense absorption at

a wavelength of 250 nm and below because of its semi-
conducting nature, whereas PDDA showed negligible
absorption in the measured wavelength range of 185-
800 nm. The assembly of multilayer film could thus be
monitored byUV-vis spectra recorded after each deposi-
tion cycle (Figure 3). The nearly linear increment of
absorbance at 200 nm indicates that an approximately
equal amount of TaO3 nanosheets was deposited in each
cycle, confirming the stepwise growth of multilayer film.

Figure 1. (Left)AFM image ofTaO3 nanosheets deposited on a Siwafer.
(Right Top) Height profile along the white line, XY. (Right Bottom) Side
view of the crystal structure of the TaO3 host layer. The hemispheres
indicate the oxygen radius.

Figure 2. Tapping mode AFM images of the first TaO3 nanosheet layer
on a PDDA-coated Si wafer. Nanosheet concentration: (a) 0.08 and
(b) 0.24 g dm-3.
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The XRD pattern of the obtained films of (PDDA/
TaO3)n exhibited two diffraction peaks located at 2θ =
5.3 and 9.6� (Figure 4a), indicating a repeating periodicity
of ∼1.7 nm. The evolution of these peaks strongly sup-
ports the progressive growth of a nanostructured film
composed of repeating PDDA/TaO3 pair. Because the
crystallographic thickness of the TaO3 nanosheet is
0.94 nm, the thickness of the PDDA monolayer is esti-
mated as ∼0.7 nm. This value agrees well with those
found in the other nanosheet films.26

When the (PDDA/TaO3)10 film was exposed to UV
light with intensity of 1 mW cm-2 at λ < 300 nm, the
multilayer repeating distance contracted continuously
with irradiation time down to a constant value of 1 nm
(see Figure 4b). The shrinkage upon UV illumination is
ascribed to the decomposition of PDDA in the gallery,
which is promoted via the photocatalytic activity of the
TaO3 nanosheet. Similar effects have been observed in other
multilayer films, such as PDDA/Ti0.91O2 nanosheets

27 and
PDDA/Nb3O8 nanosheets.

28 The final d value of 0.99 nm is
close to that of protonated form, Rb0.1H0.9TaO3 3 1.3H2O,
before delamination, indicating the formation of inorganic
multilayer structure of TaO3 sheets accommodating NH4

þ

and Hþ as possible counterions.

Fabrication of Core-Shell Composites and Hollow

Spheres. The alternate electrostatic adsorption of PDDA
and TaO3 nanosheets on PS beads produced core-shell
composites. XRD pattern of bare PS beads exhibited
a broad hump in the range of 10-20� (Figure 5a), which
was significantly suppressed after the coating of 10
bilayers of PDDA/TaO3 (Figure 5b). Two peaks located
at 2θ values of 5.3 and 10.1� are attributable to the
repeating layer pairs of PDDA/TaO3 with a periodicity
of ∼1.7 nm, analogous to that of multilayer films of
PDDA/TaO3. These peaks were enhanced with increas-
ing the number of coating cycles, suggesting the layer-
by-layer deposition of PDDA and TaO3 nanosheet on PS
surface. Similar trend has been observed in the shell
assembly of Ti0.91O2 nanosheets and MnO2 nanosheets
on polymer spheres.25 Additional peaks at 28.1, 33.0,
37.3, 42.8, 58.4, and 62.1� could be assigned to reflections
of 22, 13, 40, 33, 53, and 62 bands from a two-dimen-
sional, face-centered rectangular unit cell (0.9567 nm �
0.8490 nm) for TaO3 nanosheet,26 indicating that the
nanosheet architecture remained intact.
The formation of core-shell composites was also con-

firmed by SEM observation. Figure 6a shows the SEM
image of core-shell composites with 10 bilayers of
PDDA/TaO3. The spherical shape of the PS particles
was preserved after the deposition of PDDA/TaO3,
although the surface became rough. In the thermal ana-
lysis, the core-shell composites underwent a total weight
loss of 82% in two temperature regions (200-300 �C and
350-450 �C) upon heating up to 500 �C, both accompa-
nied by pronounced exothermic peaks due to the combus-
tion of the PS core and PDDA layers (data not shown).
After calcination at 600 �C in air for 4 h, the spherical

morphology was still preserved except for a small number
of broken spheres in the SEM image (Figure 6b). The
TEM image (Figure 6c) further confirmed the hollow
nature of the material. Some wrinkles were observed
because of the ultrathin shell (expected to be ∼10 nm).
The SAED pattern (inset in Figure 6c) revealed that the
hollow sphere was amorphous. In the corresponding
XRDpattern (Figure 7a), no discernible diffraction peaks
were observed, further confirming the amorphous state.
The spherical morphology still remained when the calci-

nation temperature rose to 650 �C (Figure 6d and 6e). The
diameter of the hollow spheres was about 20% smaller

Figure 3. UV-vis absorption spectra in the multilayer buildup process
on a quartz glass substrate. The inset shows the dependenceof absorbance
at 200 nm on the deposition cycle. Note that the absorption is from two
films on both sides of the substrate.

Figure 4. (a) XRD pattern of as-prepared multilayer films of (PDDA/
TaO3)nwith n=1, 5, and 10. Arrows indicatemultilayer basal peaks and
a broad halo around 20� in 2θ is due to quartz glass substrate.
(b)Multilayer repeating distance of (PDDA/TaO3)10 film, d, as a function
ofUV irradiation time. Inset:XRDpattern for (PDDA/TaO3)10 filmafter
exposure to UV light for 20 h.

Figure 5. XRD patterns of (a) PS beads and (b) core-shell composites
with 10 bilayers of PDDA/TaO3. Arrows indicate XRD peaks with a
repeating distance of ∼1.7 nm.
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than that of the original core-shell composites. The SAED
pattern of the crystalline phase after calcination at 650 �C
was composedof a series of diffraction rings (Figure 6f), and
the spacing and indices for rings 1-8 are 0.388 nm (001),
0.315 nm (1110), 0.245 nm (1111), 0.195 nm (002), 0.180 nm
(2151), 0.166 nm (1112), 0.157 nm (2220) and 0.146 nm
(2221), respectively, being consistentwith the orthorhombic
Ta2O5 phase (JCPDS, No. 25-0922). AHRTEM image of
the hollow sphere obtained after calcination at 650 �C (see
Figure S2 in the Supporting Information) showed the fringe
with lattice spacing of 0.388 nm corresponding to (001) of
orthorhombic Ta2O5. In addition, XRD data (Figure 7b)
also support the formation of orthorhombic Ta2O5.
Very recently, Agrawal et al.8 reported the synthesis of a

Ta2O5 capsule through the surface precipitation of Ta2O5 on
β-diketone-functionalized PS beads. However, the shell
thickness (115-400nm)wasmuch larger than that in thepre-
sent work. Although the same orthorhombic Ta2O5 hollow
sphere was formed at the same calcination temperature, the

XRD pattern showed that an amorphous phase was defi-
nitely present in their sample. Agrawal et al. considered that
organic residue in the composite particles hindered the
coagulation of Ta2O5 nanoparticles and affected the crystal-
lization of Ta2O5. On the other hand, in our system, the
ultrathin shell thickness and regularly layered adsorption of
TaO3 nanosheets in the shell are favorable for the total
crystallization of Ta2O5.
Photocatalytic Water Splitting. The photocatalytic ac-

tivity of the hollow spheres was examined for hydrogen
evolution from an aqueous 10 vol % methanol solution
under UV irradiation. Figure 8 shows that the amount of
evolved H2 gas increased nearly in a linear fashion with the
irradiation time.29 The rate of H2 generation over amor-
phous hollow spheres was 1.6 μmol h-1, whereas that on
commercial Ta2O5 powder under the same conditions was
very limited (0.3 μmol h-1). Surprisingly, the Ta2O5 hollow
spheres showed remarkably good photocatalytic activity at
a rate of 7.1 μmol h-1. This is 4 times and 20 times greater
than that generated on amorphous hollow spheres and
commercial Ta2O5 powder, respectively. The enhancement
in photocatalytic activity with respect to Ta2O5 powder is
significantly high compared with those reported pre-
viously.3 It has been reported that mesoporous Ta2O5 also
shows high photocatalytic activity.5-7 Ta2O5 in mesopor-
ous structure and that in a morphology of hollow micro-
sphere have common features in terms of large surface area,
high crystallinity, and ultrathin nature, which are advanta-
geous as a photocatalyst. One distinct point between these
materials may be nano/microstructures. The formermateri-
al is composed of narrow channels, which may not be
advantageous for migration of reactant and product mole-
cules to reaction sites. In contrast, reaction sites on the
hollow microsphere are exposed to open environments
where the molecules should be freely accessible.
With the irradiation of UV light and subsequent ex-

citation of tantalum oxide, a multitude of electron/hole
pairs will be generated.5 Two main parameters generally
govern the photocatalytic activity.One is the surface area,
which controls the amount of surface active sites for under-
taking reaction, and the other is the crystallinity, which

Figure 6. (a) SEM image of core-shell composites with 10 bilayers of
PDDA/TaO3. (b) SEM and (c) TEM images of hollow spheres obtained
by calcination at 600 �C. Inset of c shows the corresponding SAED
pattern. (d) SEM, (e) TEM, and (f) SAED data of hollow spheres
obtained after calcination at 650 �C.

Figure 7. XRD patterns of (a) tantalum oxide hollow spheres prepared
through calcination at 600 �C and (b) Ta2O5 hollow spheres obtained by
calcination at 650 �C.

Figure 8. Time course of hydrogen evolution over Ta2O5 hollow spheres
(b); amorphous hollow spheres (9); commercial Ta2O5 powder (2).
Reaction conditions: 1 mg of catalyst, 2 cm3 of aqueous 10 vol %
methanol solution.

(29) There is some deviation from the linearity, which may possibly be
due to suppressing effect by the evolved gas, a change in pH, and so
on. TheH2 evolution rate over the reaction coursewas estimated by
assuming the linear relationship.
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influences the recombination probability of electrons and
positive holes. We measured the specific surface area of the
catalysts using the multipoint Brunauer-Emmett-Teller
(BET) method. SBET was 47 and 39 m2 g-1 for amorphous
and crystallized (Ta2O5) hollow spheres, respectively. These
values are considerably larger thanSBETof 1.7m

2g-1 for the
commercial Ta2O5powder.Although an amorphous hollow
sphere had a slightly higher surface area, it may have more
surface defects because of its amorphous nature, which will
result in a higher recombination rate of electrons and holes.
The number of surface defects is expected to decrease upon
crystallization. High crystallinity ensures the efficient migra-
tion of electrons and holes through the lattice to the surface.
Thus, crystallized hollow spheres show considerable en-
hancement of photocatalytic activity. Noda et al. also found
that the photocatalytic activity of the NiOx-loaded meso-
porous Ta2O5 for overall water splitting was improved by
conversion from amorphous to crystalline state.6 On the
other hand, the considerably low photocatalytic activity of
commercial Ta2O5 powder is due to the very low surface
area. Therefore, the photocatalyst such as the Ta2O5 hollow
spheres reported here, having both high crystallinity and
sufficient SBET, exhibits higher photocatalytic activity.

Conclusions

We have demonstrated the successful fabrication of
multilayer films and hollow spheres via sequential

adsorption assembly of TaO3 nanosheets and PDDA
polycation. TaO3 ultrathin film was proven to have
high photocatalytic activity for decomposition of
organic species under UV irradiation. Ta2O5 hollow
spheres showed remarkably effective photocatalytic
properties for hydrogen evolution from an aqueous
methanol solution upon exposure to UV light irradia-
tion. The rate of hydrogen generation over Ta2O5

hollow spheres exceeded 20 times that of commercial
Ta2O5 powder.
Because photocatalytic overall water splitting is fre-

quently promoted by loading an appropriate cocata-
lyst, we intend to further investigate the photocatalytic
activity of Ta2O5 hollow spheres loaded with various
cocatalysts.
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