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Abstract

Thermal treatment of titanium(lV) butoxide dissolved in 2-butanol at 573 K under autogenous pressure (alcohothermal
treatment) yielded microcrystalline anatase-type titanium(IV) oxide{)lithermal treatment of oxobis(2,4-pentanedionato-
0,0 )titanium (TiO(acag)) in ethylene glycol (EG) in the presence of sodium acetate and a small amount of water at 573K
yielded microcrystalline brookite-type TgOTungsten(VI) oxide (W®) powders of monoclinic crystal structure with high
crystallinity were synthesized by hydrothermal treatment (HTT), at 523 or 573 K, of aqueous tungstic&eid4$olutions
prepared from sodium tungstate by ion-exchange (IE) with a proton-type resin. Anatase and brogkjpeotii@ts were
calcined at various temperatures and then used for photocatalytic mineralization of acetic acid in aqueous solutions under
aerated conditions and dehydrogenation of 2-propanol under deaerated conditions. Almost all the anatase sgpgle®
showed the activities more than twice higher than those of representative active photocatalysts, Degussa P-25 and Ishihara
ST-01 in both reactions. A brookite sample with improved crystallinity and sufficient surface area obtained by calcination at
973 K exhibited the hydrogen evolution rate almost equal to P-25. HTE Wi@vders with various physical properties were
used as photocatalyst for evolution of oxygern)Y®om an aqueous silver sulfate solution. \W@wder of high crystallinity,
e.g., IE-HTT-WQ synthesized at 573 K, gave much higheryield than commercially available Wiamples.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction ment of highly active TiQ photocatalyst is keenly
desired. Based on the kinetic investigation of pho-
Titanium(IV) oxide (Ti®) has attracted much at-  tocatalytic reactions, we have pointed out that ZiO
tention mainly in expectation of being applied to particles having both large surface area and high crys-
environmental photocatalytic processes such as de-tallinity must exhibit higher photocatalytic activity
odorization, prevention of stains, sterilizatifi], and [5]. The former property should increase the amount
removal of pollutants from air and wat§2—-4]. For of surface-adsorbed substrate(s) to enhance the cap-
the realization of their practical application, develop- ture of photogenerated electrormjeand positive hole
(h™), and the latter, i.e., less defects acting as the
* Corresponding author. Fax:81-6-6727-4301. recombination center, should suppress mutalhe
E-mail address: hiro@apch.kindai.ac.jp (H. Kominami). recombination. However, it is generally difficult to
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satisfy these two properties by representative methods
such as precipitation and sol—gel technique.

Among TiO, there exist three crystal phases:
anatase, rutile and brookite. The anatase and rutile
phases are well known and many studies on their
synthesis, photocatalysis and application for catalyst
supports have been reported. On the other hand, only
a few studies on the synthesis of brookite-type O
have been examinel®,7]. To our knowledge, there
is only one paper in which synthesized brookite 7iO
was successfully used as catalyst matef@]s Diffi-
culty to prepare brookite having both high purity and
large surface is probably one of the reasons for lim-
ited application of brookite Ti@ as catalyst support
and photocatalyst.

Tungsten(VI1) oxide (W@®), whose bandgap energy
has been estimated to be 2.5eV, has the potential
ability to photocatalyze under irradiation of visible
light of wavelength< ca 500 nm. Actually, visible
light-induced action of oxidizing water has been re-
ported using W@ powder and iron(lll) ions (or silver
ions) as the electron accep{®-12]. However, com-
mercially available W@ powders have been used in
these studies, and the properties of Y\sitable for
the photocatalytic activity for oxygen ¢ evolution
have not been clarified. The photocatalyti¢ €volu-
tion, a half part of stoichiometric water decomposition,
seem still ambiguous in its mechanism and, thereby,
investigations on the visible light-induced evolution
on WQ;s are needed for, e.g., development of solar en-
ergy conversion systems.

In this study, we applied solvothermal method to
synthesize semiconductor photocatalysts of high ac-
tivities. When water (KHO) is used as the synthesis
medium, the method is called hydrothermal method
[13]. Similarly, alcohothermal means solvothermal
in alcohol [14]. Here, we show solvothermal syn-
theses of three photocatalysts, alcohothermal syn-
thesis of anatase-type TiQsolvothermal synthesis
of brookite-type TiQ in glycol-H,O medium, and
hydrothermal synthesis of WO

2. Experimental
2.1. Alcohothermal synthesis of anatase-type TiO>

Titanium(lV) alkoxides, 10g, was dissolved in a
70 cn? portion of an alcohol in a test tube which was
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Fig. 1. Reaction apparatus.

then set in a 200 cautoclave Fig. 1). An additional

30 cn? of the alcohol was placed in the gap between
the test tube and the autoclave wall. The autoclave was
thoroughly purged with nitrogen, heated to desired
temperature (523-573K) at a rate of 2.5 K minand

kept at that temperature for 2h. After the autoclave
treatment, the resulting powders were washed repeat-
edly with acetone and dried in air.

2.2. Synthesis of brookite-type TiO, in
glycol-water medium

Typical synthesis procedure is as followW}&5]:
oxobis(2,4-pentanedionato-C)&tanium (TiO(acag),
0.019mol) (Tokyo Kasei) and sodium acetate
(0.038 mol) (Kanto Chemical) were added to 7Ccm
of ethylene glycol (EG) (Kanto Chemical) in a test
tube, which was then set in 200 énautoclave. In
the gap between the test tube and the autoclave wall,
5cn? of water was added. At this point, water con-
tacted neither TiO(acaghor EG. The autoclave was
purged with nitrogen, heated at 573K at a rate of
2.5Kmin~1, and held at that temperature for 2 h. Dur-
ing the reaction, water was vaporized and dissolved
in EG. The products were washed first with acetone
and then with water repeatedly under sonication, and
dried at room temperature.
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2.3. Hydrothermal synthesis of WO3

Aqueous HWO, solutions were prepared by
the cation-exchange method with a strongly acidic
ion-exchange (IE) resin in its proton tHl form
[16]. Prior to IE, diluted hydrochloric acid (HCI)
(0.1 moldnt3, 240cn?) was added to the resin
(Organo, Amberlite IR120B NA, 30 cth packed in
a glass column to make it in the*Hform and then
the resin was washed with distillated water until chlo-
ride ions were no longer detected in the eluent. An
aqueous solution of NaWf(Wako; 0.39 mol dm?,
37.5cn?) was loaded on the column and, WO,
was recovered from the column by elution with dis-
tilled water (37.5 cr). The concentration of WO,
solution in the elute (75cf was determined to be
0.19 mol dnt3, which corresponded to 98% recovery.

The clear HWO, solution in the glass tube was set
in a 300 cni autoclave. The gap between the tube and
inside wall of the autoclave was filled with 25 érof
water. The autoclave was thoroughly purged with ni-
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measurement unit (ISR-2000) and recorded after
Kubelka-Munk analysis. Specific surface area was
determined by the BET single-point method using
nitrogen uptake at 77 K:

(A)
(B) CH3CH(OH)CH3 — Hy 4+ CH3COCHs

CH3COOH+ 20, — 2C0O;, + 2H,0

(C) 4Ag" 4+ 2H,0 — Op + Ag + 4HT
2.5. Photoirradiation and product analyses

(A) Photocatalytic reaction in an agueous acetic
acid (AcOH) solution: bare Tigpowder (50 mg) was
suspended in an AcOH solution (1jZfol, 5.0 cnt)
[17]. (B) Photocatalytic reaction in an aqueous
2-propanol (2-PrOH) solution: Pt (0.1wt.%)-TiO
powder (50 mg) was suspended in a 2-PrOH solution
(500p.mol, 5.0 cnd) [18]. (C) Photocatalytic reaction
in an aqueous silver sulfate (A80,) solution: bare
TiO2 powder (50 mg) was suspended in an,8Qy

trogen, heated to a desired temperature (473-573K)solution (125umol, 5.0cnf) [19]. The reaction of

at a rate of 2.5Kmin', and kept at that temperature  (A) was carried out in reaction tubes (18 mm in diam-
for 2h. After the heating, the resulting powder was eter and 180 mm in length, transparent for light with
washed repeatedly with acetone and dried in air at a wavelength of >300nm) under aerated conditions,
room temperature. Hydrothermal treatment (HTT) of while those of (B) and (C) was carried out under an Ar
solid HoWO, with tungstite structure (supplied as atmosphere. The suspension was stirred (1000 rpm)
“tungstic acid” from Kanto Chemicals) was also car- at 298K by using a magnet bar. After the irradiation,
ried out under conditions similar to those described the amounts of carbon dioxide (GI) hydrogen (H)
above. and Q in the gas phase of reaction mixtures were
measured using a Shimadzu GC-8A gas chromato-
graph equipped with Porapak QS (&Gnd MS-5A
(H2 and Q) columns. The amounts of 2-PrOH and
Calcination of the samples was carried out in a box zcetone were analyzed using a Shimadzu GC-8A gas
furnace; the sample in a combustion boat was heatedchromatograph equipped with an FID and a column
to the desired temperature at a rate of 10 KTin packed with PEG20M. Deposited Ag was analyzed
and kept at that temperature for 1h. Powder X-ray py inductively coupled plasma emission spectroscopy

diffraction (XRD) with Cu Ka radiation was recorded  (|CP, Shimadzu ICPS-1000ll1) after dissolution with
on a Rigaku RINT 2500 diffractometer equipped with - concentrated nitric acid (HN).

a carbon monochromator. Thermogravimetry (TG)

and differential thermal analysis (DTA) were per-

formed using a Rigaku TG-8120 under a flow of air 3. Results and discussion

at 100cmi min—1. Morphology of the powders was

observed using a JEOL 5200 scanning electron mi- 3.1. Characterization of TiO, prepared by

croscope (SEM) and a JEOL JEM-3010 transmission alcohothermal method

electron microscope (TEM). Diffuse reflectance spec-

tra were obtained by a Shimadzu UV-2400 UV-Vis An XRD pattern of the product prepared by alco-
spectrometer equipped with a diffuse reflectance hothermal treatment of titanium-butoxide (TNB)

2.4. Calcination and characterization
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@ Fig. 3. A TEM photograph of TiQ@ prepared by the alcohothermal
L treatment of titaniumm-butoxide in 2-butanol at 573 K.
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of remaining organic moieties. Absence of sharp
exothermic peak due to crystallization of anatase at
Fig. 2. XRD patterns of (a) Ti@prepared by the alcohothermal ~ @round 673-773K suggests that the product contains
treatment of titaniurm-butoxide in 2-butanol at 573K, and the & negligible amount of amorphous-like phase, which
samples obtained by calcination of (a) at (b) 823K, (c) 973K and s well consistent with the results of XRD and TEM.
(d) 1173K. When titanium isopropoxide (TIP) was dissolved in
a mixed solvent of 7vol.% 2-propanol in toluene,
in 2-butanol at 573K is depicted iRig. 2(a), which TIP was completely hydrolyzed to give anatase as
shows that anatasp0] was formed without con-  observed in 100% 2-propanol. The amount of water
tamination of any other phases such as rutile or required for complete hydrolysis of TIP is calculated
brookite. Addition of water to the supernatant after to be 0.14 mol. Assuming that 2-propanol in toluene
the autoclaving gave no precipitates, indicating that is completely dehydrated, the amount of water formed
TNB was completely hydrolyzed during the thermal from the mixed solvent is estimated to be 0.064 mol,
treatment. Judging from the fact that the treatment of which is smaller than that necessary for the complete
TNB in toluene at the same temperature yielded no hydrolysis of TIP. Two possibilities might account
product, the source of water for the hydrolysis was for this: 2-propanol formed by hydrolysis of TIP was
that generated from 2-butanol. This sample possesseddehydrated to yield water which was then used for
sufficient surface area of 634g~1 and the crystal-  the hydrolysis, and/or water generated by dehydration
lite size of this sample was calculated to be 19nm of hydrated TiQ was used again to hydrolyze TIP.
from the line-broadening of the 101 diffraction peak In both processes water was recycled. In the present
of anatase. TEM observatiorif). 3) revealed that  paper, the TiQ sample prepared by alcohothermal
the sample consisted of the agglomerates of primary method is called THyCA (transfer hydrolytic crystal-
particles of an average diameter of 20 nm, which was lization in alcohols)-TiQ.
in good agreement with the crystallite size estimated Effect of calcination on physical properties of
from the XRD pattern. Therefore, each particle ob- THyCA-TiO2 prepared in the TNB—2-butanol system
served in TEM should be a single anatase crystal. is shown inFig. 4. Post-calcination at temperatures
TG analysis revealed that this sample showed graduallower than 973K reduced the BET surface area
weight loss of 2.42% from 373 to 1273K and only slightly. This is consistent with the result that the
a very weak exothermic peak at 560 K was observed XRD pattern of the TiQ sample calcined at 823K
in a DTA curve due to combustion of a small amount was almost identical to that before calcination, as
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Fig. 4. Effect of calcination on surface area and crystallite size of
THyCA-TIO>.

shown inFig. 2(b). Even after calcination at 973K,
the THyCA-TiO, was composed of small anatase
crystallite of 26 nm diameteiH{g. 2(c)) and still pos-
sessed sufficient surface area of 45gn'. Calcina-
tion at 1173 K induced partial transformation into the
rutile, but the sample still predominantly consisted
of the anatase crystallité=ig. 2(d)). It is known that
large-surface-area, amorphous Fi€amples can be
prepared by precipitation and sol-gel method. It is
often observed that the surface area of amorphous
TiO, samples drastically decreased upon calcination
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Fig. 5. Effect of calcination on the COevolution rate of
THyCA-TiO; in photocatalytic mineralization of acetic acid.

sufficient crystallinity, the present results can be rea-
sonably accepted. An amorphous hydrated oTi)
quite large surface area prepared by hydrolysis under
atmospheric conditions showed negligible activity
(<1pmolh™1), due to large recombination probabil-
ity of photogeneratedeand h" at large number of
surface defects. Calcination of THyCA-Ti@owders
decreased their photocatalytic activities, suggesting
that surface area, i.e., adsorptivity to toward AcOH,
is decisive factor in this reaction system.

Effect of calcination on the fHevolution rate of pla-

at around 700K due to formation of anatase crystal- tinized THyCA-TiQ, in photocatalytic dehydrogena-

lites and their sintering. The high thermal stability tion of 2-PrOH in aqueous suspension is shown in
of THyCA-TiO> is interpreted by assuming that the Fig. 6. It should be noted that temperature-dependency

as-prepared THyCA-Ti®consists of single crystals

and contains negligible amount of amorphous-like 250 ' ' '
phase to be crystallized into anatase and induce sin-
tering of crystallites upon calcination. 200
3.2. Photocatalytic activities of THyCA-TiO» é 150
. L <.,100
Fig. 5 shows the effect of calcination on the €O T

evolution rate of THyCA-TiQ in photocatalytic
mineralization of AcOH. Uncalcined THyCA-Ti©
exhibited the rate of 21,8molh~! that was much

50

s | s | |
larger than those of representative commercial 9100 600 800 1000 1200
TiO,, Degussa P-25 and Ishihara ST-01 (8.5 and T K
11.6pmol h™1), which have been known to show c

high photocatalytic activity. Since the THyCA-T;O

Fig. 6. Effect of calcination on the Hevolution rate of platinized

powders satisfied the basic requirements for active THycA-TiO, in photocatalytic dehydrogenation of 2-propanol in
TiO» photocatalyst, i.e., both large surface area and aqueous suspension.
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of the rate was different from that of mineralization of
acetic acid. The rate increased with temperature until
973 K and sample obtained by calcination at that tem-
perature exhibited a rate of 2p@nol h~, which was
much higher than that of P-25 (1p@nol h~1) as well

H. Kominami et al./Catalysis Today 84 (2003) 181-189

revealed that the product consisted of agglomerates
of brookite nano-crystals without contamination of
other phases, anatase and rutile. In the TG curve of
the product, weight loss was observed at the range
from 473 to 773 K and total weight loss up to 1273 K

as the mineralization system. Calcination decreasedwas 6%. An exothermic peak was observed at 562 K

the surface area of THyCA-T#¥samples but im-

in the DTA curve, which is attributed to combustion

proved the crystallinity. This dependency suggests that of organic moieties on the product. However, no DTA

balance of surface area and crystallinity, which con-
trol adsorptivity and e-ht recombination probabil-
ity, respectively, is important in $evolution system.

3.3. Characterization and photocatalytic activities
of brookite-type TiO2

XRD pattern of the product is shown Fig. 7(a).
All the XRD peaks of the product were assigned to
brookite [21]. The crystallite size of this brookite
sample was calculated to be 16 nm from the 121
diffraction peak using Scherrer equation. Due to the
nano-crystalline property, this brookite sample had a
large surface area of 78%g~1. In the previous pa-
per[15], Raman spectroscopy and TEM observation

. I (f)
_AJ“ EQA_J‘\__«L.J‘I\._)\——“—” ;‘J—U“_“t'

. ()

1 [T A TR
DA UL N V AW W W, ULV NN I PN

o (d)

L Maan A Ma o]

1 (a)
_J LT/L_J AAn N VLJ"\LT»NM
20 30 40 50 60 70
2¢/degrees

Fig. 7. XRD patterns of (a) Ti® prepared by the solvothermal
treatment of TiO(acag)in EG-H,O in the presence of sodium

peak was observed in the high temperature region.

The brookite product was calcined at various tem-
peratures and XRD patterns after calcination are
shown inFig. 7(b)—(f). A very weak peak due to the
rutile phase was observed after calcination at 823 K.
Peaks of brookite became sharper after calcination at
973 K and formation of rutile Ti@ was remarkable
on calcination at 1173 K. The anatase form was not
observed in XRD pattern of any calcined samples,
indicating that brookite directly transformed to the
rutile phase. These results of XRD were consistent
with those of Raman spectroscofiy5]. Calcination
temperature-dependency of physical properties of the
product is shown itfrig. 8 Surface area of the sample
gradually decreased with the elevation in calcination
temperature while crystallite size increased, indicat-
ing that crystal growth of brookite occurred along
with calcination and crystallinity of brookite sample
was increased.

These brookite samples of various physical proper-
ties were platinized and then used for photocatalytic
dehydrogenation of 2-PrOH in aqueous suspensions.
Effect of calcination on the Hevolution rate is shown

600 800

T/K

c

1000

acetate at 573K, and the samples obtained by calcination of (a) Fig. 8. Effect of calcination on surface area and crystallite size of

at (b) 623K, (c) 823K, (d) 973K, (e) 1073K and (f) 1173K.

brookite-type TiQ.
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Fig. 9. Effect of calcination on the Hevolution rate of platinized
brookite-TiG in photocatalytic dehydrogenation of 2-propanol in
aqueous suspension.

in Fig. 9 The rate increased with temperature un-
til 873 K and sample obtained by calcination at that
temperature exhibited a rate of 120l h~1, which
was larger than that of P-25 (1@@nol h~1). It should

be noted that brookite-type TiOexhibited high pho-
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Fig. 10. XRD patterns of the compounds obtained by HTT of an
H2WO;, solution at (a) 473K for 2h, (b) 523K for 2h (WEA),

tocatalytic activity if it possesses adequate physical (¢) 573K for 2h (WQ@-B), and (d) 573K for 8h (W@-C).
properties. Severer calcination decreased the rate as

was observed in THyCA-Ti® (Fig. 5. This same

As clearly shown in the XRD patterns, the intensi-

dependency suggests that balance of surface area angjgg of 020,200, 202, 220, 400, 402 diffraction

crystallinity, which control adsorptivity ande-h* re-
combination probability, respectively, is important in
H> evolution system independent of the crystal struc-
ture of TiG,.

3.4. Photocatalytic activity of WO3 synthesized by
hydrothermal method

Fig. 10 shows XRD patterns of the powders ob-
tained by HTT at various temperatures op\WO,
solutions. Hydrated W@ (W0O3-0.33H:0) [22] was
obtained by HTT at 473 KHKig. 10a)), while WQ;
with a monoclinic structurg23] was obtained at
523K (WGs-A) (Fig. 1Q(b)), suggesting that W&
was produced via W0.33H,O during HTT. For
WO3-A, the yield of WQ; was estimated to be 94%
on the basis of the molar amount obWOQO, in the
feed. Further increase ifiy7t up to 573K and pro-
longation of HTT time at that temperature increased
the crystallinity of WQ products (WQ@-B and -C,
respectively) due to the higher solubility of tungsten
species in water at highdiytt (Fig. 10c) and (d)).

peaks in these products increased wiilirt up to
573K, indicating that the growth of W{crystallite
proceeded toward andb axes, especially tha axis,
under HTT conditions at 573 K. SEM photographs of
WO03-0.33H,0, WO3-A, WO3-B and WQ-C sam-
ples are shown ifrig. 11 The WG-0.33H0 sample
consisted of agglomerates of fine particles, whereas
WO3-A was composed of rectangular-shaped parti-
cles. This different morphology suggests that YO
was formed by a dissolution—recrystallization mecha-
nism under HTT conditions. High&iytt and longer
HTT duration accelerated particle growth of WO
and the length of the particle of Widbecame longer,
which was consistent with the results of XRD. An-
other feature of W@ particles observed in the SEM
analyses is coagulation of particles by HTT of longer
duration. The BET surface are8seT) of each sample
is shown inTable 1 With elevation inTytT and pro-
longation of HTT time,Sget of WO3 decreased due
to an increase in the size of primary W@articles.

Fig. 12shows the time course ofg@volution from
a suspension of W§€B particles under UV-Vis light
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Fig. 12. Time course of @evolution from AgSO; in an aqueous
Fig. 11. SEM photographs of the compounds whose XRD patterns Suspension of WeB under UV-Vis light irradiation.
are shown inFig. 10

for the decrease in £evolution. The activities of the
irradiation. In this system, 9evolved linearly with present WQ samples were evaluated by the yields of
irradiation time up to 20 min. The yields of Cand O, and Ag after 20 min irradiation and are listed in
photodeposited Ag after 20 min irradiation was 23 and Table 1 AllWO 3 samples, including three commercial
89mol, respectively, and the Ag/4Qatio was 0.97, ones, tested in this study, exhibited activity, though the
indicating that @ evolution accompanying stoichio- tungstite and W@0.33H,O samples showed negligi-
metric Ag deposition (4Ag + 2H,0 — 4Ag+ O, + ble activity. Among the W@samples listed iffable 1,
4HT) proceeds efficiently. The rate of,@volution, the WQ; samples of high crystallinity prepared via
i.e., the slope of the time-course curve, gradually de- IE-HTT showed higher activities than those of the
creased after 20 min. The pH of the suspension de- commercial W@ samples; W@-B exhibited the high-
creased with the above reaction producing eind the est activity. It has been pointed out that the crystallinity
amount of Ag- adsorbed on photocatalyst particles de- of TiO, controls the activity in photocatalytic Gevo-
creased with lowering of pH24,25], which accounts  lution from an aqueous suspension of 3i{19,26]

Table 1

Photocatalytic activity (20 min irradiation) of HTT-W{Oproducts prepared from various starting materials

Sample HWO, material Thrr? (K) tyrr2 (h)  Phase Sser (M?g™) O (wmol)  Ag (wmol)  Ag (40p)
WO3.0.33H,0  Solutior? 473 2 Orthorhombic 18 1.9 8.2 1.1
WO3-A Solutior? 523 2 Monoclinic 14 9.6 36 0.94
WO3-B Solutior? 573 2 Monoclinic 1.7 23 89 0.97
WO3-C Solutior? 573 8 Monoclinic 0.6 15 58 0.97
WOs3-D Solid® 573 2 Monoclinic 8.9 3.0 13 1.1
WO3-E¢ Monoclinic 3.0 11 47 1.1
WO3-F® Monoclinic 3.1 9.8 41 1.0
WO3-Gf Monoclinic 5.0 6.5 25 0.96
(P-25 TiGy)¢ Anatase, Rutile 50 4.3 19 1.1

aHydrothermal treatment was carried outTatrr for tyr.
0.09 moldnt3, 75cn?.

¢ Supplied as tungstic acid from Kanto Chemicals.

d High Purity Chemicals (99.99% purity).

€Kishida Chemicals (99.9% purity).

f Kanto Chemicals (99.5% purity).

9 Degussa.
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The above-stated results clearly show that the sameCulture of Japan (09750861, 09218202, 09044114,
strategy of design can be applied to \Wf@hotocatalyst ~ and Priority Areas 417).

for Oz evolution. WG-C synthesized with a longer pe-
riod possessed higher crystallinity and was expected to
show higher activity than, for example, that of W®.
However, this was not the case. As observed in SEM
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