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bstract

Low temperature preparations of hydrated forms of amorphous titania, TiO2·nH2O, have been obtained starting from Ti(n-butoxide)4 in ethanol,
cetone, hexane or tetrahydrofuran solutions by either slow evaporation (TiO2–A1) or from rapid precipitation in an aqueous HCl solution using
mmonia (TiO2–A2). The washed products lost/reabsorbed water up to a maximum of 19 wt.% for samples of TiO2–A1 (n ∼ 1.0) and 9.9% for
iO2–A2 (n ∼ 0.5), determined from TGA, and exhibited an optical band gap of ∼3.5 eV. Under full spectrum irradiation in aqueous methanol
olutions the photocatalytic rates for H2 production reached a maximum of 314 and 1158 �mol h−1 g−1 for bare and platinized (0.5 wt.%) samples
f TiO2–A1, respectively, and 210 and 170 �mol h−1 g−1 for TiO2–A2. The photocatalytic rates measured at a slightly elevated temperature of

8 ◦C were up to 2× greater than those measured nearer room temperature, while these rates were independent of the amount or type of solvent
sed in their preparation. The UV–vis diffuse reflectances, post irradiation, indicate a higher concentration of Ti3+ sites in TiO2–A1 compared to
iO2–A2, and thus a higher density of active sites and reduced electron–hole recombination.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Photocatalytic reactions over metal-oxide surfaces have been
xtensively investigated over the last two decades and have been
otivated by applications focusing on the production of use-

ul chemical fuels (e.g. H2, CH4, NH3) from solar energy and
bundantly available feedstocks (H2O, CO2, N2) [1]. Some of
he most intensely investigated metal oxides include TiO2 [2],
rO2 [3], Ta2O5 [4], SrTiO3 [5], NaTaO3 [6], and WO3 [7],
nd which are photostable and photocatalytically active for a
ide range of redox reactions initiated by band-gap illumina-

ion. In TiO2, for example, the photocatalytic efficiency can be
ncreased with increasing surface area, the loading of a surface
ocatalyst such as Pt (for H2 evolution) or RuO2 (for O2 evo-
ution), the addition of sacrificial reductants (CH3OH), and by

reparation of the crystalline anatase form [1,2,8–12]. The high-
st rates are known for nanocrystalline anatase co-loaded with
t/RuO2. Nano-sized crystal grains of TiO2 have larger band
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ap sizes and higher conduction band levels to accomplish the
eduction of H2O to H2, while the conduction band level is unfa-
orably lower in both rutile and larger-grained anatase forms. By
omparison, amorphous TiO2 has a band gap equal to or greater
han nanocrystalline anatase, and therefore may have a conduc-
ion band level suitable for the efficient photocatalytic reduction
f H2O.

However, nearly all photocatalytic studies on TiO2 have
ocused on its crystalline forms, as it is commonly accepted
hat amorphous metal oxides contain high concentrations of
efects that will invariably function as rapid electron–hole
ecombination centers to render them inactive [13–15]. Thus,
nvestigations based on the synthesis and photocatalytic activity
f amorphous TiO2 are relatively few [13–15], and based
ostly on commercially available and non-hydrated forms

hat are reported as having negligible activity alongside a
ore complete study of the crystalline anatase form. However,

ydrated forms of metal oxides, such as found in layered

erovskites, often exhibit markedly higher activities [16,17].
espite intense research efforts, there are no studies (to our
nowledge) concerning the synthetic preparations of hydrated
nd amorphous forms of TiO2 with significant photocatalytic
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ates for H2 evolution. In contrast, amorphous forms of ZrO2
nd Nb2O5 have recently been shown to exhibit photocatalytic
ates that are higher than their crystalline counterparts, such as
easured in aqueous methanol [18,19]. Other potential advan-

ages of hydrated forms of amorphous metal oxides are that they
an be prepared at room temperatures, are easier to process into
ifferent shapes and forms, exhibit high surface areas, and allow
or a wider range of chemical species to be doped/imbedded
nto their matrix compared to crystalline forms [20].

Described herein is the preparation and investigation of
ydrated forms of amorphous TiO2 that exhibit significant pho-
ocatalytic activity for H2 evolution in aqueous methanol solu-
ions. The products were characterized using thermogravimetric
nalysis, FT-IR, powder X-ray diffraction, SEM, and UV–vis
iffuse reflectance. The photocatalytic rates were measured
nd analyzed with respect to the amount Pt surface cocatalyst
0–5%), for different solvents used in the syntheses, and for the
ependence on elevated reaction temperatures.

. Experimental: synthesis

Amorphous and hydrated TiO2 was prepared by dissolving a
eighed amount of Titanium (IV) n-butoxide (2 g, 0.00588 mol;
lfa Aesar, 99+%) into either pure ethanol (2, 5, 10, or 20 ml),

cetone (5 ml), hexane (5 ml), or tetrahydrofuran (5 ml). Each of
hese solutions was mixed for 10 min and aged at room tempera-
ure for 24–48 h, during which time all of the solvent had evapo-
ated and an amorphous white powder was obtained. To remove
he remaining organic species, each powder was re-dispersed in
0 ml of deionized water (1:100 solid/water ratio) and dried at
0 ◦C for 1 h to yield amorphous TiO2·nH2O powders labeled
he TiO2-A1 series. Another preparation of amorphous TiO2
as performed by dissolving the Titanium (IV) n-butoxide into
ml of concentrated HCl, followed by the dropwise addition
f concentrated aqueous ammonia with vigorous stirring until
he pH of the solution reached 14. The obtained precipitate was
ltered and washed in water repeatedly until no traces of AgCl
recipitate occurred upon addition of 0.5 M AgNO3. The sam-
le washing is critical to remove surface Cl− ions, which can
uppress photocatalytic activity [1,21]. This product was dried
t 80 ◦C and labeled TiO2–A2.

. Characterization techniques

High-resolution powder X-ray diffraction (PXRD) of the
roducts was collected on an INEL diffractometer using Cu K�l
λ = 1.54056Å) radiation from a sealed tube X-ray generator
35 kV, 30 mA) in transmission mode and using a curved posi-
ion sensitive detector (CPS120). Scanning electron microscopy
SEM) was performed on a JEOL JEM 6300 in order to examine
he particle morphologies and sizes. Thermogravimetric analy-
es of the amorphous products were taken on a TA Instruments
GA Q50, where each sample was loaded onto a Pt pan, equi-
ibrated and tarred at room temperature, and heated at a rate
f 5 ◦C/min to 900 ◦C under flowing nitrogen. The UV–vis
iffuse reflectance of each sample was measured on a Cary
00 spectrophotometer equipped with an integrating sphere,
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herein approximately 50 mg of each sample was mounted
nto a fused-silica holder and placed along the external win-
ow of the integrating sphere. Pressed polytetrafluoroethylene
owder was used as a reference and the data were plotted as
he remission function F(R∞) = (1 − R∞)2/(2R∞), where R is
iffuse reflectance based on the Kubelka-Monk theory of dif-
use reflectance. Mid-infrared (400–4000 cm−1) spectra were
ollected on a Mattson Genesis II FTIR spectrometer operating
t a resolution of 2 cm−1. Each sample was ground and pel-
etized with dried KBr, transferred to the FTIR, and evacuated
or 2–5 min before spectra acquisition.

. Photocatalytic measurements

The photocatalytic rates were tested according to previously
ublished procedures [10,22]. A weighed amount of each sample
∼100 mg) was transferred to a ∼30 ml cylindrical vessel made
f fused silica with a magnetic stir bar at the bottom, and which
as then connected at the top to a smaller 4 mm(i.d.) × 50 mm

ength tube. The samples were loaded with Platinum (0.1, 0.5,
.0 or 5.0 wt.%) cocatalyst by the photodeposition method,
here Pt is a well-known aid in the surface reduction of H2O

o give H2: ∼50 mg of amorphous TiO2·nH2O was suspended
ia stirring in 20 mL of an aqueous solution of dihydrogen
exachloroplatinate(IV) (H2PtCl6·6H2O; Alfa Aesar, 99.95%)
nside a fused silica tube that was then irradiated for 2 h using
400 W Xe arc lamp. After platinization, the solid was filtered

nd allowed to dry at room temperature and was then resus-
ended inside the fused-silica tube in 50 ml of a 20% aqueous
ethanol solution. This was stirred continuously under irradi-

tion with full solar spectrum light (200 to >1000 nm) using a
00 W Xe arc lamp, and using a high speed fan and/or an ice
ath to control container temperature. During the course of the
hotocatalytic reactions the generated gas bubbles appeared to
ttach to the TiO2 particles and rose to the top of the tubing. The
ate of the photocatalytic reaction was measured volumetrically
sing a horizontal tube that was attached to the top of the reac-
ion vessel and contained a mobile liquid plug. The change in
he position of the liquid plug was monitored hourly and used to
alculate the amount of gases generated. Identity of the formed
ases and their molar ratios were characterized via injection into
GC (SRI MG #2, helium ionization and thermal conductivity
etectors). Selected GC data are available in the Supplementary
nformation. Photocatalytic measurements for each sample were
ypically continued over the course of a full day, and for sev-
ral samples the photocatalytic rates were tested over a 3–8 day
eriod.

. Results and discussion

.1. Synthesis and physical characterization

Two different types of synthetic preparations of amorphous

ydrated TiO2·nH2O were investigated, using either a slow
vaporation of a solvent containing Ti(n-butoxide)4 (TiO2–A1
eries) or its rapid precipitation from a concentrated HCl solu-
ion (TiO2–A2). Discussion of the TiO2–A1 series will focus
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ig. 1. Thermogravimetric analysis (wt.% vs. temperature) of (a) amorphous
iO2–A2 after water washing, and of TiO2–A1 after (b) and before (c) washing
ith water.

n the results obtained using ethanol as the solvent, as the data
btained from alternative solvents were closely similar. Prior to
ashing, the samples show a large weight loss of 38% owing

o the presence of organic groups (ethanol/butanol), shown in
ig. 1. After washing, the TiO2–A1 samples all exhibited a

arge ∼19% weight loss (Fig. 1b) extending from 30 to 450 ◦C,
orresponding to the formula TiO2·H2O (n = 1.04). The weight

oss of absorbed water in TiO2–A2 was a lower 9.9%, and
orresponded roughly to TiO2·1/2H2O (n = 0.49). Weight losses
n this temperature range owe to the loss of surface water and
ydroxyl groups, with the final product being the crystallization

a
T
a
a

Fig. 3. SEM images of TiO2–A1 prepared by dissolving Ti(n-butoxide)4 in 2 ml (upp
ig. 2. The FT-IR spectra of (a) TiO2–A1 and (b) TiO2–A2. The O–H and Ti–O
ibrations are labeled.

f TiO2. Also, this weight loss remained reversible upon
eimmersion in water until the temperatures at which the TiO2
rystallizes (below). For example, approximately 52.2% of the
riginal water content is removed by heating to 80 ◦C for 24 h,
nd this entire amount reabsorbed without any crystallization
f anatase TiO2 (see Supplementary Information). The FT-IR
easurements, plotted in Fig. 2, show more intense O–H

bsorption peaks in TiO2–A1 compared to that for TiO2–A2,

s expected from the larger amounts of absorbed water in
iO2·H2O versus TiO2·1/2H2O. The significance of high
mounts of surface hydroxyl groups for the photocatalytic
ctivity of amorphous ZrO2 has been cited previously [18].

er left), 5 ml (lower left), 10 ml (upper right), and 20 ml (lower right) ethanol.
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ig. 4. Powder X-ray diffraction patterns for (a) synthesized TiO2–A1, (b) after
hotocatalytic reaction, and calcined at temperatures of (c) 300 ◦C, (d) 400 ◦C,
e) 700 ◦C, and (f) 1000 ◦C.

hown in Fig. 3, SEM analyses of TiO2–A1 reveal increasing
article sizes and aggregation for increasing amounts of ethanol
sed in the preparation step. The larger particles result from the
ncreased time for ethanol evaporation, but the different sizes
o not effect the total amount of absorbed water found after
ashing with water. These particles are amorphous in nature

nd disperse into ultrafine particles upon washing with water.
Powder X-ray diffraction (PXRD) data were taken on

iO2–A1 and also after its calcination at increasing tempera-
ures of 100–1000 ◦C, shown in Fig. 4. No significant diffraction
as detected in the samples prepared at 25 ◦C or dried at 80 ◦C,

onfirming the expected amorphous character of these solids.
ach also remained amorphous after loading with 0.5–5.0 wt.%
urface Pt and after photocatalytic reactions for >24 h (Fig. 4b).
he PXRD of the TiO2–A1 samples calcined at 300 ◦C also

emained nearly featureless, but which exhibit a very weak emer-
ence of diffraction peaks corresponding to crystalline anatase.
road diffraction peaks for the anatase structure type appear at
00 ◦C and correspond to crystallite sizes of ∼9.3 nm, as calcu-
ated from the Debye–Scherrer equation [23]. Previous reports of
he synthesis of nanocrystalline TiO2 are consistent with these
esults [14]. At the higher temperatures of 700 and 1000 ◦C,
hown in Fig. 4e and f, the PXRD patterns correspond to a mix-
ure of anatase and rutile or of rutile alone, respectively. Thus,
iO2–A1 follows the expected transformation from amorphous

o anatase to rutile forms of TiO2 with increasing temperatures.

.2. Optical properties and photocatalytic measurements

Optical band gaps of the TiO2–A1 and TiO2–A2 samples
ere calculated from their UV–vis diffuse reflectance spectra,

hown in Fig. 5. The TiO2–A1 samples have a band gap of
3.4 eV, and which is slightly smaller than that of TiO2–A2

t ∼3.5 eV (see Supplementary Information). The onset of the

bsorption-edge for the samples calcined at 80, 400, 700, and
000 ◦C was 352.6 nm (band gap = 3.5 eV), 374.8 nm (3.31 eV),
92.9 nm (3.16 eV) and 410.4 nm (3.02 eV) respectively. Metal
xides typically show a decreased band-gap size with increasing

f
i
a
p

ig. 5. The UV–vis diffuse reflectance spectra of (a) TiO2–A1 and for the prod-
cts calcined at (b) 400 ◦C, (c) 700 ◦C, and (d) 1000 ◦C.

article size or with a change in phase, such as from amorphous
o anatase to rutile [12]. The band gap sizes reach a maximum
n the amorphous samples, and which likely leads to higher
onduction band levels for the reduction of water. For exam-
le, larger crystals of anatase TiO2 require n-type doping to be
hotocatalytically active, while the rutile form has the smallest
and gap and is inactive. The nanocrystalline and amorphous
ydrated forms TiO2 therefore do not suffer from this limita-
ion, and which makes high rates of H2 evolution possible.

The photocatalytic activities of all samples were tested in
queous (20%) methanol solutions under band gap illumination,
herein the photoexcited electrons function as the reductants
f water to give H2 and the sacrificial methanol reacts rapidly
ith the photoexcited holes at the surface to give CO2. The
et reaction is: CH3OH(aq) + H2O(l) → CO2(g) + 3H2(g). Pho-
ocatalytic reactions in aqueous methanol are used to measure
he rate of H2 formation without the concomitant four-electron
xidation of H2O to O2. The latter oxidation can be assisted by
RuO2 surface cocatalyst [24]. Because the deposition of the
uO2 cocatalyst requires high temperatures (>300 ◦C), which
ould crystallize the amorphous TiO2, the current studies were

imited to using sacrificial methanol and a Pt cocatalyst. Shown
n Fig. 6 is H2 evolution versus time for TiO2–A1 with 0 wt.%
b) and 0.5 wt.% Pt cocatalyst (a). The amount of gas produced
ncreased linearly in all samples in the TiO2–A1 series (prepared
rom either ethanol, acetone, THF or hexane), with calculated
ates of 1100–1200 �mol h−1 g−1 using 0.5 wt.% Pt cocatalyst,
nd lower rates of 250–350 �mol h−1 g−1 using no cocatalyst.
he optimum amount of Pt cocatalyst was found to be 0.5 wt.%,
hown in the inset of Fig. 6, and gave rates 3.3 times higher than
imilar samples with no cocatalyst. By comparison, the max-
mum photocatalytic rates for H2 production of the TiO2–A2
amples were a much lower 170 �mol h−1 g−1 with no Pt cocat-
lyst, and only a moderately higher rate of 210 �mol h−1 g−1
or 0.5 wt.% Pt. These rates are from half to five times less than
n TiO2–A1, and shows the Pt cocatalyst has little effect on its
ctivity. Shown in Fig. 7, the photocatalytic activity of TiO2 sam-
les calcinated at 80–1000 ◦C shows a maximal rate at 400 ◦C
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ig. 6. Rate of H2 production upon irradiation of TiO2–A1 at 58 ◦C with 0.5%
t cocatalyst (a) and no Pt cocatalyst (b). Inset: photocatalytic H2 evolution rate
s. the amount of Pt loading.

hat is ∼5.7 times higher than amorphous hydrated TiO2–A1,
nd is associated with the onset of crystallization of anatase.
t 1000 ◦C negligible photocatalytic activity is observed, and is

elated to the conversion of anatase to rutile TiO2. The photo-
atalytic rates for crystalline anatase increase by a factor of up
o seventeen with the loading of 5 wt.% Pt cocatalyst [22]. The
ffect of the surface Pt sites on the resultant activity is smaller for
morphous TiO2 than for anatase, and suggests either (a) a short-
ned mean free path of the excited electrons in the amorphous
amples decreases their probability of reaching the Pt cocatalyst
ites and/or (b) the mechanism of electron transfer across the
ydrated interfaces of the amorphous samples utilizes a differ-
nt pathway and therefore shows a less marked increase with Pt
oading. The former seems more likely owing to the disordered

ature of an amorphous solid.

The production of gas continues indefinitely under irradi-
tion with a constant CO2/H2 ratio in the gas chromatographs
Supplementary Information), and clearly indicates the reactions

ig. 7. Photocatalytic rates as a function of the calcination temperature of
iO2–A1.
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ig. 8. The temperature dependence of the photocatalysis rates of TiO2–A1
repared from in hexane (a), acetone (b), and ethanol (c).

re photocatalytic. The total molar amount of H2 generated by a
ontinuous 40 h irradiation of TiO2-A1 (ethanol), 629 �mol H2
ithout Pt and 2,131 �mol H2 with 0.5 wt.% Pt, exceeded the

tarting amount of TiO2 of 626 �mol. The temperature depen-
ence of the photocatalytic rates, plotted in Fig. 8 for 0.5 wt.%
t cocatalyst, shows that when the reaction cell is kept at a lower
5 ◦C the rates decrease to ∼550–850 �mol h−1 g−1. The posi-
ive correlation of temperature with photocatalytic rates has been
onnected to the adsorption/desorption equilibria at the active
ites of TiO2, and as well, to the diffusion rates to and from
he surface [25,26]. An optimal temperature range of 60–80 ◦C
as been reported in related photocatalytic studies of crystalline
iO2. Thus, lower temperatures have a dramatic and negative

mpact on the photocatalytic rates for amorphous hydrated TiO2
s well. Because much photocatalysis research is performed
sing IR filters, unlike under real solar illumination, this suggests
significant possible discrepancy between rates measured in the

ab and the rates that can possibly be obtained in applications.

.3. Surface Ti3+ sites

Without a surface Pt cocatalyst, both TiO2–A1 and TiO2–A2
ill turn blue-grayish upon illumination by band gap light owing

o the formation of Ti3+ (an effect noted in crystalline TiO2
s well). The formation of Ti3+ is associated with either slow
lectron transfer and/or the trapping of electrons at defect sites
12,23,27]. A higher concentration of Ti3+ should correspond to
larger number of available active sites on the surfaces, becom-

ng trapped until the reaction with water at the surface to give H2
nd Ti4+ back again. When both samples of amorphous hydrated
iO2 (–A1 and –A2) were irradiated for 20 min, without a Pt
ocatalyst and in the absence of O2, the absorption of visible
ight (i.e. Ti3+ sites) in the TiO2–A1 sample was found to be
arger than in the TiO2–A2 sample. These results are consistent
ith the higher photocatalytic rates for the former. However,

revious studies on other amorphous TiO2 samples have cor-
elated the large buildup of Ti3+ concentration with negligible
hotocatalytic activity [14]. The effect cited therein is an
ncreased probability of electron–hole recombination at the
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efect sites. However, the presence of abundant surface water
nd reactive methanol species for the TiO2–A1 and –A2
amples must help to substantially suppress the recombination
f holes with the electrons at the Ti3+ sites. The larger amounts
f absorbed water for TiO2–A1 (TiO2·H2O) compared to
iO2–A2 (TiO2·1/2H2O), and therefore higher reactive surface
rea, should be noted as a significant factor in promoting the
reater concentration of Ti3+ and higher photocatalytic rates
or H2 evolution.

. Conclusions

The hydrated forms of amorphous titania, TiO2·nH2O, can
e prepared at room temperature and exhibit significant pho-
ocatalytic rates in aqueous methanol solutions. All samples
xhibited slightly larger band gap sizes than that of nanocrys-
alline anatase, at ∼3.4–3.5 eV. For platinized samples the pho-
ocatalytic rates varied from a low of 210 �mol h−1 g−1 up to

maximum measured rate of 1158 �mol h−1 g−1. The photo-
atalysis rates did not vary with the type of solvent used in
he preparation, involving either ethanol, acetone, hexane or
etrahydrofuran. However, elevated temperatures of just ∼58 ◦C
esulted in up to a two-fold increase in their photocatalytic rates.
he high photocatalytic rates for the hydrated forms of amor-
hous TiO2 are associated with the larger amounts of absorbed
urface water and methanol species at the active sites, as revealed
n the higher concentrations of Ti3+ at the surfaces upon band
ap illumination.
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