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Tungsten-modified titanium dioxide catalysts prepared from sol–gel methods and obtained commercially
were compared for their photocatalytic activity using mechanistic probes designed to examine chemical
pathways of oxidation. No special visible absorbance was noted for the sol–gel catalysts. However, an
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increase in the single-electron transfer chemistry with the presence of WOx was noted, and a distinct
wavelength dependence on the product ratios.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Titanium dioxide is an excellent photocatalyst for the degra-
ation of organic contaminants in water and air. Most organic
ompounds are degraded to CO2, H2O, and appropriate inorganic
ons on exposure to TiO2 in the presence of light and oxygen [1–7].

distinct hindrance, however, for more widespread application of
iO2 as a catalyst for removal of organic pollutants is its lack of
bsorption in the visible spectrum, as betrayed by its appearance as
white powder. Another is its relatively low efficiency. Modification
f TiO2 is thus an active and important field of research.

Of the three common phases of crystalline TiO2, it is widely held
hat anatase (band gap = 3.2 eV, absorption ≤385 nm) is the most
hotocatalytically active, yet rutile (band gap = 3.0 eV, absorption
410 nm) absorbs light to the red of the anatase band edge. This
oses an obvious advantage, when considering the utility of solar

ight, but still does not extend far into the visible, where the major-
ty terrestrial solar energy lies. The most commonly used and most
ffective TiO2 photocatalyst is probably DeGussa’s P25, which con-
ains adjoining anatase and rutile microcrystalline regions. Gray has
hown that this extended functionality is due in large part to the
xtended near-visible absorption of the rutile phase, followed by

apid electron transfer between the phases, leading to enhanced
harge separation and reduced energy wastage by electron–hole
ecombination [8,9].

∗ Corresponding author.
E-mail address: wsjenks@iastate.edu (W.S. Jenks).

010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2009.07.010
In this sense, DeGussa P25 and other mixed-phase TiO2
samples are inherently multi-component catalysts, but other multi-
component strategies for enhancing photocatalysts have emerged
as well [10,11]. One approach to building multi-component catalysts
to increase physical charge separation and/or visible light absorp-
tion include nanodeposits of noble metal pools on the exterior of
TiO2 particles [12–15]. Another, more in the spirit of P25, is the overt
use of additional semiconductors, such as CdS or WO3, coupled
to TiO2 [16–20]. Kamat has outlined both core–shell and coupled
geometries [16,17], but for practical purposes, we are concerned
with the coupled case, which may be envisioned as small adjoining
nanodomains. Here, both photogenerated holes and electrons are
potentially accessible at the particle surface.

In this paper, we examine the photocatalytic chemistry of a
series of WO3-modified titanium dioxide samples [21–24]. The
band gap of bulk WO3 is 2.5 eV, which corresponds to absorption out
to approximately 500 nm, well into the visible. Moreover, because of
the absolute positions of the bands, conduction bond electrons from
TiO2 can migrate to WO3, while the complementary migration can
occur for valence band holes. With small percentages of tungsten,
relative to titanium, it is also possible that simple substitutional
doping may occur, with less predictable results.

A key issue, however, is whether the ordinary modes of reac-
tivity for TiO2 are maintained, enhanced, or destroyed [25]. We
and others have generally drawn a distinction between hydroxyl-

like (HO•

ads) and SET-initiated chemistry. (See, for example, Ref.
[26].) Bahnemann has referred to these phenomenologically dif-
ferent reactivities as deriving from “deeply” and “surface” trapped
holes, respectively [27]. Others, as summarized by Fujishima et al.
[7], argue that the hydroxyl-like chemistry can occur away from the

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:wsjenks@iastate.edu
dx.doi.org/10.1016/j.jphotochem.2009.07.010
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article surface, indicative of a diffusible intermediate (presumably
O• itself). Regardless of the claims of true action-at-a-distance, we
ave argued that SET chemistry has a more stringent requirement

or pre-adsorption to the catalyst and shown this to be the case for
oth oxidative and reductive SET reactions [26,28].

In principle, if reactivity in WOx-modified TiO2 derives from
he oxidative reactivity of holes residing in TiO2 alone (surface or
deep”), then both the typical hydroxyl-like and single-electron
ransfer initiated chemistry ought still occur, assuming the reactiv-
ty is still dominated by adsorption on TiO2 sites. The valence band
or bulk WO3 is at a higher potential than for TiO2, which could
esult in hole trapping concentrated on these sites, which might, in
urn, be observable in the oxidative behavior. There is also a possi-
ility of true wavelength dependence of the chemistry because of
he dopant, depending on the dynamics of hole trapping vs. sub-
trate oxidation. However, if isolated WOx sites are dilute within
he TiO2 matrix, the effects are harder to predict.

There are multiple methods of making WOx-modified TiO2,
ncluding an incipient wetness method, in which TiO2 is at least
artially coated with WOx from solution deposition, and sol–gel
ethods, in which the tungsten is coprecipitated with the titanium

nd is presumably distributed throughout the catalyst. (We will use
he term WOx–TiO2 below to mean tungsten-modified TiO2 in the

ost general sense, and will be more precise when referring to
pecific preparations.)

We examine the oxidative chemistry of two sets of catalysts.
irst, we compare two commercial catalysts: PC50 and DT52 from
illenium chemicals. The latter of these is derived by treatment of

he former to coat it with WOx by an incipient wetness method,
uch as that described by Do et al. [21]. This process presumably
esults in segregated regions of WOx on the TiO2 particle. A second
eries is a set of sol–gel-prepared WOx–TiO2 catalysts with 0–5%
ungsten, prepared according to the method of Li et al. [23]. By
ontrast, there is no evidence to suggest anything but a randomly
ormed mixed oxide for these materials. Rather than evaluate the
hemistry by disappearance of a dye such as methylene blue [29],
e use chemical probes originally proposed by Ranchella et al. [30]

nd Pichat and co-workers [31,32] that provide more detailed infor-
ation regarding the chemical mechanisms of oxidation of these

atalysts, revealing pathways through product analysis.

. Experimental

.1. General materials

1-p-Anisylneopentanol (AN) and the oxidized products of its
egradation were synthesized and characterized as published pre-
iously [25]. Quinoline and its major oxidized products were
btained from Aldrich. Distilled water was purified from a Millipore
illiQ UV system and had a resistivity of ≥18 M� cm−1. Commer-

ial titania samples were PC50 and DT52 obtained from Millennium
hemical.

.2. Preparation of WOx–TiO2 catalysts

WOx–TiO2 was prepared by a sol–gel method based closely on
hat of Li et al. [23]. A TiO2 transparent sol was prepared by com-
ining 17.5 g Ti(O-nBu)4, 120 mL ethanol, 15 mL acetic acid, and
mL de-ionized water. The mixture was aged for 1 day, stirring at

oom temperature. To this sol was added dropwise added 60 mL of

queous solution of containing 4.56 g of ammonium paratungstate
(NH4)10W12O41, F.W. = 3042.55) under vigorous stirring over 2 h
ntil WOx–TiO2 (3 mol% WOx to TiO2) gel is formed. Similarly, 0%,
%, and 5% WOx–TiO2 samples were prepared by using appropriate
mounts of ammonium paratungstate. Ammonium tungstate was
otobiology A: Chemistry 207 (2009) 197–203

also used in the same way to prepare a 3% WOx–TiO2 gel with a
different W source; no detectable difference was found between
materials made from the two precursors.

The WOx–TiO2 gels were aged 2 days with vigorous stirring, then
1 day undisturbed followed by 1 more day with vigorous stirring.
The WOx–TiO2 gels were then dried with a rotary evaporator at
358 K. As the gels dried, they shrunk and coated the surface of their
flasks, eventually forming powders. After drying, the samples were
ground for 8 min in an agate ball mill.

Sintering was then carried out in porcelain crucibles. The furnace
was heated at a moderate rate (10 K/min) to ensure that ejection of
the volatiles did not discharge powder from the crucibles. The fur-
nace was allowed to reach 923 K, which then stayed constant for 2 h.
A calibrated thermocouple was placed in the center of the cluster of
crucibles to continuously monitor the temperature at the location
of the samples. The furnace was then allowed to cool down over the
course of 2 h. The cooled powders were immediately transferred to
storage vials.

2.3. Catalyst characterization

Powder X-ray diffraction (XRD) measurements were carried out
at room temperature using a diffractometer with Cu K� radiation.
An accelerating voltage of 40 kV and an emission current of 30 mA
were used.

X-ray photoelectron spectroscopy (XPS) was performed with a
multi-technique spectrometer employing monochromatized Al K�
radiation. The instrumental Gaussian full-width at half maximum
(GFWHM), which characterizes the resolution, was 0.65 eV for the
Al source. The take-off angle was fixed at 45◦ and the X-ray source
was run at 14 kV and 250 W. The emitted photoelectrons were sam-
pled from a 1 mm2 area. The XPS energy scale was calibrated against
Au 4f7/2 and Ag 3d5/2 peaks at 84.0 and 368.27 eV, respectively. The
sample was mounted on an indium foil for XPS analysis and placed
in the XPS chamber, whose base pressure was about 3 × 10−10 Torr.
Temperature was measured with a Type K thermocouple.

Particles were examined by scanning electron microscopy (SEM)
using a variable pressure scanning electron microscope with 20 kV
accelerating voltage and ∼0.5 nA of beam current for imaging in
25 mm working distance. SEM-EDX analyses were performed to
check for segregation of the tungsten. A high-purity Ge light-
element X-ray detector was employed and the take-off angle was
fixed at 30◦.

2.4. Suspensions and photolyses

Photocatalytic degradations were carried out as described pre-
viously [25,33]. Broadly emitting fluorescent lamps centered at
419 nm (roughly 390–500 nm total range) or 350 nm (roughly
320–380 nm) were used. The spectral distributions are avail-
able in the supporting information. Ferrioxalate actinometry was
employed in order to compare the rates between UV and visible
reactions [34,35]. Initial conditions were 300 �M AN or 150 �M Q
in water containing 1 g/L catalyst and all solutions were purged with
O2. The pH was controlled throughout the kinetic run reactions by
careful addition of aqueous NaOH as necessary. The reported initial
degradation rates were normalized for total lamp flux by means of
potassium ferrioxalate actinometry.

3. Results
3.1. Catalyst characterization

Based on SEM analysis, the average particle size of the sin-
tered, tungstated catalysts was in the range of 100 nm to 3 �m,
which is much larger than P25 particles (Fig. 1d). Ball-milling was
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ig. 1. Characterization of sol–gel catalysts. (a) Powder XRD patterns; (b) detail of X
f P25 (d) and 5% WOx–TiO2 after milling (e) on the same scale.

sed to successfully grind the particles into the 20 nm regime
Fig. 2e), yielding both smaller particles and a tighter distribution
f sizes.
As was noted by Li et al. [23], addition of WOx to the sol–gel
reparation of TiO2 inhibited the conversion of anatase to rutile
n annealing at 923 K. Studies of similar substitutionally W-doped
itania catalysts show that W6+ exists in distorted octahedra. These

ig. 2. SEM-EDX images of the 3% WOx catalyst on the same scale as Fig. 1d and e. Clockw
trum of 3% WOx–TiO2; (c) diffuse reflectance UV–vis spectra; (d and e) SEM images

cause long-range distortions that lead to anatase being favored
over rutile up to temperatures higher than for undoped catalysts
[36].
Fig. 1a shows the powder XRD of P25 (anatase and rutile), the
undoped catalyst (0% WOx–TiO2, mainly rutile), and the doped
materials (mainly anatase). Using the Scherrer equation, average
crystallite sizes were found to be 15 nm, 18 nm, 23 nm, 28 nm, and

ise from the top left: overall SEM, C signal, O signal, background, W signal, Ti signal.
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9 nm for 5% WOx, 3% WOx, 1% WOx, 0% WOx, and DeGussa P25,
espectively.

XPS was used to determine the oxidation state of W near the
urface of the catalysts. Fig. 2b shows the underlying Ti 3p signal
t 36.6 eV for the undoped sample. For the 3% WOx–TiO2 sample,
he signal for the W6+ 4f7/2–4f5/2 doublet at 36.0 eV is an inherently
tronger peak and dominates the spectrum, with the apparent loss
f resolution between the double peaks being due to the underly-

ng Ti signal. Small contributions of other states are possible due
o broad peaks [37]. Data from the XPS were also used to confirm
he overall doping percentage (1.87% W, 32.80% Ti, remainder O,
orresponding to 3 mol% W, relative to Ti, in TiO2).

Diffuse reflectance UV–visible spectrophotometry (Fig. 2c)
hows that there was not a dramatic shift in the absorption spec-
ra of the catalysts outside of what is predictable from the XRD
ata. P25 shows the typical band edge of TiO2, with a slight tail into
he red due to rutile. DT52 and the PC50 from which it is made had
early identical spectra. The most red-shifted absorption came from
he 0% WOxTiO2. However, this effect can be attributed entirely
o the great fraction of rutile in this material. We do not know
hy these materials exhibit a different result than the materials

eported by Li et al. [23].
SEM-EDX was used to check for segregation of WO3. The data

n Fig. 2 shows an even distribution of W in the 3% W catalyst,
hough the resolution of the images (ca. 0.2 �m) is not good enough
o demonstrate whether there are nano-sized aggregations on the
iO2 particles, or whether the W is homogeneously dispersed on
he atomic scale. The same results were obtained for the 1% and
% WOx catalysts. More SEM and SEM-EDX data are available in the
upporting Information.

.2. Probe degradations

Because one of the important questions of modified photocat-
lysts is whether they are more functional with visible light than
ndoped TiO2, the experiments described below were carried out
ith lamps whose irradiation is centered at 419 nm, to the red of

he onset of absorption of the bare catalysts as documented in
ig. 1. This light source rests on the edge of the range separat-
ng near UV and visible light, but clearly enough, there is more
ight of this range available from ambient sunlight (the ideal light
ource) than the more commonly used true UV wavelengths. The
rradiation frequencies of this lamp, however, are such that a small
mount of light below 380 nm is available. As noted, other irradi-
tions used lamps centered at 350 nm. No irradiations were done
sing light sources well into the visible (e.g., 500 nm and longer)
ecause the catalysts do not directly absorb any light in these
egions.

Initially, 4-methoxyresorcinol (2,4-dihydroxyanisole), was cho-
en as a probe because it exhibits a mixture of SET and hydroxyl
hemistry with P25 and the PC series of catalysts [25,26]. How-
ver, initial experiments using 420 nm irradiation indicated a high
egradation efficiency. Subsequent preliminary experiments using
white light source and a 435 nm high pass cutoff filter sug-

ested that any differences between the catalysts were being
verwhelmed by visible-light mediated degradation that could be
ttributed to the formation of a charge transfer complex between
his very electron rich arene and TiO2, analogous to the reports of
grios et al. [38,39]. We therefore resorted to the less electron rich
robes shown in Scheme 1.
.2.1. Kinetic traces
The initial degradative steps of probe molecules quinoline (Q)

nd 1-p-anisylneopentanol (AN) have been discussed at length
reviously [25,30,31]; the essentials are illustrated in Scheme 1
nd can be summarized by noting the differing products predomi-
Scheme 1.

nant for single-electron transfer (SET) chemistry and hydroxyl-type
chemistry. These two probes were chosen for their lack of strong
adsorption to the TiO2 and for their well-defined partial degrada-
tion chemistry. Conditions were chosen on the basis of previous
work [25] under which both SET and hydroxyl products would nor-
mally be observed.

Kinetic traces were obtained. As seen in Fig. 3, which illustrates
the data obtained at 419 nm, the traces could be acceptably fit to
zero order decays for degradation of up to approximately 25%. The
results are given numerically in Table 1, and the values were repro-
ducible within a 5% standard deviation. Immediately striking is
the two order of magnitude increase in rate at 350 nm, relative to
419 nm.

For AN, the clearly superior catalyst is DT52, with the others
varying without a discernable pattern. The rate of degradation
of quinoline is not especially pH sensitive, despite its pKa being
between 4.5 and 5, such that the protonated and deprotonated
forms are predominant at pH 3 and 6, respectively. Adsorption is
difficult to measure quantitatively, but it is expected that quinolin-
ium, due to its greater water solubility and positive charge, would
be less adsorbed to the catalyst, which is also positively charged at
pH 3. At pH 6, adsorption of quinoline through the nitrogen lone pair
is expected. The rate of degradation does not vary much, however,
suggesting that adsorption to the catalyst is not rate-determining
for this compound.

3.2.2. Product studies
The sole product obtained for low conversion of AN with the

419 nm bulbs was p-methoxybenzoic acid (MBA). This is clearly
the result of a two-step oxidation whose initial product is p-
methoxybenzaldehyde (MB). The second oxidation step may be

photochemical or a result of the formation of hydrogen peroxide
and either autoxidation or Bayer-Villager chemistry. In any case,
it is clear that MB is oxidized more rapidly than it is formed and
thus does not accumulate. For the 5% WOx–TiO2 catalyst, both the
usual MBA and hydroxylated products (Scheme 1) were observed,
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Table 1
Degradation rates of AN and Q with various catalysts.

Catalyst Rate (�M/min)a

AN pH 2 420 nm Q pH 3 420 nm Q pH 6 420 nm AN pH 2 350 nm Q pH 3 350 nm Q pH 6 350 nm

PC50 2.00 1.52 1.91 354 154 287
3% DT52 6.70 5.45 6.99 597 616
0% WOx–TiO2 3.20
1% WO –TiO 0.90
3 145 329
5 179 605 228
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Table 2
Ratio of initial SET products to hydroxyl-type productsa in quinoline degradations.

Catalyst pH 3 420 nm pH 6 420 nm pH 3 350 nm pH 6 350 nm

PC50 0.08 9.5 0.11 0.63
3% DT52 0.54 11 0.13 1.2
x 2

% WOx–TiO2 0.63 3.27 2.10
% WOx–TiO2 1.27 7.09 5.75

a All rages were reproducible to standard deviations of ≤5%.

hough the total accumulated intensity of the products was only
bout 10% of that of the other catalysts. The simplest explanation for
he lower accumulation of intermediates is that they are degraded
aster than they are formed, implying that the 5% WOx–TiO2 catalyst

as superior from this perspective.
The 350 nm bulbs were also used to determine product ratios

nder UV irradiation. In distinct contrast to the 419 nm irradiations,
ll four products (MB, MBA, HPN, and HAN) were found in very

omparable amounts for low conversion.

For degradation of Q, both HO•
ads-type products (5HQ and 8HQ)

nd SET products (2AB, 2HQ, and 4HQ) are observed on 419 nm
rradiation. At low pH, where quinoline is protonated, the hydroxyl

ig. 3. Kinetic traces for degradation of AN (pH 2) and Q (pH 3 or 6) by various
hotocatalysts using irradiation centered at 419 nm.
3% WOx–TiO2 0.15 15 0.43 4.3
5% WOx–TiO2 0.25 4.2 <0.01 0.89

a See Scheme 1.

type products predominate, whereas the SET products are found
at higher concentration at pH 6. The ratios of initially formed (SET
products)/(HO•

ads-type products) are given in Table 2. With 350 nm
irradiation at pH 3, the hydroxyl products still predominate; at pH
6, the dominance of SET products declines, relative to the 419 nm
values.

4. Discussion

In keeping with other publications examining the efficacy of
tungstated titanium dioxide catalysts, we find DT52, the tungsten-
treated PC50 derivative is more active than its parent material.
The same cannot be directly concluded for the sol–gel samples
examined here, because the crystal composition of the undoped
sol–gel sample is a qualitatively different mix of anatase and rutile
nanodomains than the others, as demonstrated in Fig. 1a. From
this point of view, it appears that incipient wetness tungsten-
coating of otherwise optimized TiO2 photocatalysts may be an
important empirical parameter for use in achieving the most active
catalyst possible. Empirically, we are unaware of any evidence sug-
gesting that the presumably homogeneous distribution of WOx

throughout the particle by the sol–gel (or other related) meth-
ods presents any special advantage in photocatalytic degradations
besides stabilizing the anatase crystal structure (the more active
titania polymorph) at high temperatures during catalyst prepara-
tion.

Two causes for increased reactivity of WOx-modified TiO2 have
been proposed: the ability of the WO3 to trap electrons (and
thus preserve holes), and an increase of surface acidity, which
is thought to improve the binding of Lewis bases [40]. There
is not a consistent pattern of rates among the sol–gel prepared
samples, but there is a consistent increase in both rate and pro-
portion of SET products, comparing DT52 to PC50. This latter
result suggests that enhanced surface binding may be impor-
tant.

The materials we prepared (and DT52) do not have extensive
absorption into the visible. Nonetheless, the 419 nm lamps we used
overemphasize irradiation at the very red edge; only a modest per-
centage of the lamps’ output is below 400 nm, and very little below

380 nm. The two order of magnitude change in rates of photolysis
comparing 350–419 nm bulbs is at least in very large part due to
the much smaller absorption of light by our catalysts in the latter
case, since the actinometer counts all of the photons, absorbed by
catalyst or not.
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In our previously published work [25], partial degradation of
N with PC50 (or related catalysts) and 350 nm irradiation at pH
yielded a product mixture containing similar amounts of SET

nd HO•
ads products. The present data, with the tungstated cata-

ysts, give the same result. However, we find that only the electron
ransfer products are observed when irradiating at the red edge of
he absorption band, with one exception (5% WOx–TiO2). A much
maller total sum of products and some hydroxyl chemistry was
bserved for the 5% WOx–TiO. This result is probably due to more
fficient degradation of MBA by 5% WOx–TiO2. The observation of
small amount of HAB and HPN is consistent with the idea that

he MB and MBA, out-compete the AN for the specific adsorption
ocations that lead to SET reactivity (and get degraded in the pro-
ess). However, it is not obvious why the phenomenon of the more
fficient degradation of MB and MBA is limited to the 5% WOx

ample.
The red edge irradiation used with quinoline as a probe at

H 6 also shows a relative increase for SET products for every
atalyst. At pH 3, the effect is less dramatic. In that the rela-
ive increase of SET chemistry at 419 nm is observed for PC50
nd the undoped sol–gel TiO2, it is clearly not a special fea-
ure due to the tungsten; rather it is an inherent feature of
he interaction between the probes and TiO2. The two simplest
xplanations are (1) there is a wavelength dependence on TiO2
hotocatalysis at the red edge of absorption that is generally unno-
iced because it represents such a small portion of the excitation
pectrum; (2) there is a charge-transfer band or other specific
nteraction between the small population of adsorbed probes and
iO2 whose light absorption may extend further into the visible
han the classic red edge of the catalyst absorption. Charge trans-
er interactions between arenes and TiO2 are well documented in

ore functionalized cases [39,41]. We cannot be definitive here,
ut prefer the second explanation, given that the effect is much
maller for quinolinium ion at pH 3 than for the other two cases.
unolinium’s positively charged nature presumably inhibits bind-

ng to the positively charged TiO2, and acts as a control – in
ombination with AN at pH 2 – for the effect being mitigated
olely by the protonation state of the catalyst under acidic condi-
ions.

. Conclusions

The results reported here add to the literature that suggests that
ungstated TiO2 can be a catalyst that is functionally superior to its
nmodified parent in terms of the speed of degradation for photo-
atalytic applications. No special advantage was found for sol–gel
reparations that presumably disperse WOx throughout the cata-

yst over comparable surface-modified species.
As documented by the diffuse reflectance spectra, surface coat-

ng of WOx (e.g., DT52) does not have a significant effect on the
ight absorbed by the bare photocatalyst. Any effects on the absorp-
ion of the photocatalysts made by the sol–gel method may easily
erive more from subtly different ratios of anatase and rutile

n the annealed catalysts, since WOx inhibits the conversion to
utile.

Product distributions for partial degradation are affected by the
odification of the TiO2. With surface modification (DT52 vs. PC50),

he tendency was for the added tungsten to increase the fraction of
ET-derived products, which accompanied an acceleration of over-
ll reaction. This might be explained either by greater adsorption

f the organic to the modified catalyst or by a longer lifetime of
he SET-active “hole” before finding an alternative trap site that
esults in hydroxyl chemistry. Of these, the former, simpler expla-
ation is more appealing, but more evidence would be required to
e certain.

[

[

[
[
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Also, a wavelength dependence was found. Irradiation at the red
edge of TiO2 absorption (and beyond) favored the cleavage reactions
that have been attributed to SET chemistry for AN and the regio-
chemistry of hydroxylation that indicates SET chemistry for Q. In
the absence of evidence to the contrary, the simplest explanation is
a previously unknown charge transfer band formed on adsorption
to the catalyst by almost any arene.
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