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Abstract

Titania foams were prepared by calcination of polyacrylamide gels containing titanyl sulfate and urea. Decomposition of the inclusions
resulted in foaming of the polymer body with the formation of anatase crystals. An open cellular structure consisting of anatase nanopatrticle:
was then obtained after combustion of cegil organic components. The photocatalgiitivity of this new type of titania morphology was
obviously higher than that of powdery titania for the decomposition of organic molecules in water and air.
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1. Introduction structure. The titania foam having a low density and a high
specific surface area showed excellent photocatalytic activ-

Since the discovery of photochemical dissociation of wa- ity for air and water purification.
ter by Fujishima and Hondd ], titania photocatalysts have
attracted much attention for applications over a diverse area. )
Powdery anatase-type titania and its coating on a substrate> Experimental
are commonly used as a practical photocatalyst. Porous and
thick films consisting of fine particles exhibited a high ef-
ficiency for photocatalytic ecomposition. Controlling the
macroscopic morphology of titaaiis required for further
promotion of the photochemical reaction because the activ- !
ity is influenced by the adsorption and diffusion behavior CH2). and 0.15 g ammonium persulfate ((pS;0s)

of target molecules. Therefore, a variety of morphologies, into 45 g purified water. After thg addition of a certain
such as tube$2—4], fibers|[5,6], honeycombq7], three- amount of urea ((NK)2CO) and. titanyl sulfate hydr.ate
dimensional networki8], and other complex shapfs-11], (TI0SQy-xH0, x = 4.6, Nacalai Tesque), the solutions

have been prepared with the crystalline titania. Since avvleret .kept for pt)olymlerlza(;tlgn ;t %I:t fotr hg?j m|n||n ?n |
macrocellular structure is effective for adsorption and diffu- electric oven (steps 1 and 2). Resultant hydrogels of poly-

sion of the target molecules, a foamy style would be useful agrylamide (PAAm) cgntgining urea and t.itanyl sulfate were
for photochemical purification of air and water. However, dried at 60°C for 24 h in air and then calcined at 500 for

a titania foam composed of closed spherical SHa was 3 hin air (steps 3 and 4). Finally, we obtained titania foams

not applicable to photocatalysis. Here, we propose a novelafter Combus_tlon of organic compounds.
) . . Characterization of the products was performed by ther-
route for the preparation of porous ceramic materials and

resent a new tvoe of titania foam having an open cellular mal gravimetry (TG) and differential thermal analysis (DTA)
P yp 9 P using a Seiko TG-DTA 6200 and X-ray diffractometry with

a Rigaku RAD-C system. Scanning electron micrographs
* Corresponding author. (SEM) and transmission electron micrographs (TEM) were
E-mail address: hiroaki@applc.keio.ac.jp (H. Imai). obtained using a Hitachi S-4700 and Philips TECNAI

Fig. lillustrates a schematic procedure for the prepara-
tion of titania foams. Precursor solutions were prepared by
dissolution of 5 g acrylamide (AAm; CiH=CHCONH.),
0.05 g N,N’-methylenebisacrylamide ((GH-CHCONH,)
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Fig. 2. TG-DTA analysis on the formation process of titania foams. Temper-

step 3 step 4 ature was raised to 50@ with a rate of C/min and then kept at 500C
for 60 min.

Fig. 1. A schematic procedure for the preparation of titania foams: step 1,
dissolution of reagents into a precursor solution; step 2, gel formation with o)
polymerization; step 3, foaming of gel body with decomposition of urea;
step 4, formation of a titania skeleton with removal of organics by calcina-
tion.

o : anatase

F20, respectively. Nitrogen adsorption—desorption isotherms
were recorded using a Micromeritics TriStar 3000. The pho-
tocatalytic activity was evaluated by decomposition of ac-
etaldehyde in air under illumitian of a conventional black
light (6 W x 2, 0.1 mW cn?) with 0.2-g samples placed in a
closed vessel of 6 dfrin volume. The thickness of the foam (b)l I* -

samples was about 1 cm. Thencentrations of acetaldehyde

and carbon dioxide were monitored with a Shimadzu GC-8A (@)
gas chromatograph. The decomposition of methylene blue
(MB) in water under illumination was also measured with . . . . . [

0.1-g powders deposited in an open container of 38 iom

volume. The variation of the MB concentration was mon- 15 20 25 30 35 40 45 50
itored by a Shimadzu UV2500 UV-vis spectrometer. The 28 [degree]

bulk densities of the titania foams were estimated by weigh-

ing the sample filled in a vessel having a certain volume. ~ Fig. 3. XRD patterns of the samples dried aP@(a), heated at 250C (b)
and 500°C (c) on the formation process of titania foams.
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e
E |

3. Resultsand discussion into an inorganic skeleton through the combustion of PAAmM.
The XRD patterns shown iRig. 3indicate that anatase-type
The formation process of titania foams from PAAm gels titania crystals were formed by decomposition of titanyl sul-
was monitored by thermal analysis and XRD patteFig. 2 fate (TIOSQ) at this stage. Finally, we obtained a highly
shows the results of the thermal analysis on the formation porous body consisting of pure titankigs. 4a and bndi-
process. In the early stage below 2&) an endothermalre-  cate that titania foams had an open cellular structure having
action with a weight loss was associated with the expansionmacrovoids of 100-1000 pum in diameter. This structure orig-
of PAAm gels due to foaming (step 3). The foaming of the inated from the bubbles of gases generated with decomposi-
gel body is ascribed to generation of gaseous NCOH andtion of urea. SEM and TEM image§&i@s. 4c and Hclarify
NH3 with decomposition of urea. An exothermal reaction that thin walls of ca. 1 um in thickness in the macrocellular
with a weight loss was observed between 250 and°®00  structures were composed of anatase particles of ca. 10 nm
In the latter stage, the porous gel body was transformedin diameter.
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Fig. 4. Images of titania foams obtained with an optical microscope (a and b), SEM (c), and TEM (d).

Table 1 1.2
Apparent bulk density, specific surface area, and photocatalytic perfor-
mance for acetaldehyde of titania foaprepared with various contents of
TiOSOy and urea — 1
TiIOSOq Urea Bulk density Surface area Decomposition a'(
(M) (M) (g/cmd) (m2/q) time (min) < 0.8
Foam g’
0.4 150 0.0134 78 160 £
0.6 225 0.0091 117 130 O 0.6
0.8 300 0.0088 89 130 —
1.0 375 0.0079 107 90 5
12 450 0.0074 122 90 =] 04
14 525 0.0063 125 80 L ’
16 600  0.0057 125 70 3
18 6.75  0.0050 133 60 % 0.2
Powder :
P25 46 240
ST-01 350 190 0
10 100 1000

The cellular structure of titania foams depended on the .
contents of TIOS@and urea and their ratio in the precursor Pore radius [A]
SO“‘It_IonS' When the molar ratio of TiOS@rea wgs 0.27, Fig. 5. The pore-size distribution obtained from nitrogen desorption
relatively stable and homogeneous porous bodies were 0b-sptherms with the BJH method. Open squares and circles indicate results
tained. At a ratio smaller than 0.27, titania foams were easily for the foams prepared with [TIOSQ= 1.8 and 0.4 M, respectively.
collapsed during the combustion process of PAAm because
the amount of titania in the walls was insufficient for sup- Table 1 The bulk density decreased and the specific surface
porting the porous structure. On the other hand, the expan-area increased with an increase in the contents of T{DSO
sion with foaming through thestomposition of ureawas in-  and urea. An extremely low bulk density was achieved by
homogeneous in the PAAm body at a ratio higher than 0.27. generation of a large amount of gaseous species though de-
Finally, we successfully obtained various structures of ho- composition of ureaFig. 5shows the pore-size distribution
mogeneous titania foams by varying the contents of TI9@SO obtained from nitrogen desorption isotherms with the BJH
and urea with a proper molar ratio of 0.27. The apparent method. The presence of mesopores is ascribed to the in-
bulk density and specific surface area of titania foams pre- terparticle spacing among the anatase grains. Since the size
pared with various amounts of TIOg@nd urea are listed in  distribution was sharpened with an increase in the contents,
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0.15 decreased with an increase in the bulk density of the titania

foams. Thus, the excellent photocatalytic performance of ti-
tania foams is attributed to high accessibility for the target
molecules and high transparency of UV light due to an open
cellular structure having wide channels and thin walls.

We evaluated the photocatalytic activity of the titania
foam for decomposition of 20 ppm MB in water under UV
illumination. The decomposition rate of the dye molecules
with the typical foams was c&.5 times greater than that
with powdery samples such as P25 and ST-01. Thus, the
highly porous morphology would be effective for various
photocatalytic reactions regardless of the medium.
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4. Conclusions

0.00

0 40 80 120 160 200 240 We successfully prepared titania foams from polyacry-
UV irradiation time [min] lamide gels containing titanyl sulfate and urea. The apparent
bulk density and specific surface area of titania foams com-
Fig. 6. Changes in the concentratiof acetaldehyde with the titania foams ~ posed of anatase nanoparticles were controllable by chang-
g”d Com";zfg;a”ydava"ag'e Et?ng;’#ﬁ tirrt;}”ia pOOWdefS ('ShihafadST'Oll and ing the composition of the precursor solution. The foamy
egussa unaer a plack i Hiumtroa. en squares and circles H H 3 H
ind?cate results for the foams r?repared with [Tﬁqge(j 1.8 and 0.4 M, morpho.|09y of .tl.tam.a was Comm.ed. to be. §UIt§lb|§ for pho-
respectively. Filled triangles and squares indicate results for ST-01 and P25,tOC|f":"m|caI purification of organic impurities in air and wa-
respectively. ter, which is ascribed to high accessibility for the molecules

and high transparency of the titania foams for UV light.

it is suggested that monodispersed small particles of anatase

crystals were formed under that condition. This fact is sup-

ported by an increase in the specific surface area. An in- References
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