Volume 139, number §

CHEMICAL PHYSICS LETTERS

4 September 1987

PREPARATION AND ELECTRONIC PROPERTIES
OF MONOLAYER TUNGSTEN OXIDE ON SILICA PARTICLES

Jonathan K. LELAND ! and Allen J. BARD 2

Department of Chemistry, The University of Texas, Austin, TX 78712, USA

Received 22 May 1987; in final form 7 July 1987

Monolayer tungsten oxide on silica particles was prepared by a controlled hydrolysis technique. The material displays a bandgap
which is 0.3 eV higher in energy than that for bulk WO;. The quasi-Fermi level for electrons, in this material, as determined by
electrochemical measurements, is 170 mV more negative for SiO,/WQO; than that for particulate WO;.

1. Introduction

We report here a preparation and an examination
of the electronic properties of a semiconductor
(tungsten oxide) monolayer on silica particles (0.18
um). This material is similar to the Q-state particles
reported by Henglein and co-workers [1], Brus and
co-workers [2], Nozik et al. [3], Watzke and Fen-
dler [4] and others. Our particles differ from Q-state
particles that are small (~20-100 A) in three
dimensions while the layers here are small in only
one dimension; thus, these layers are related to semi-
conductor superlattice structures [5]. The prepara-
tion of a monolayer is possible by a controlled
hydrolysis technique, which is different from other
methods of preparing a supported catalyst [6]. Con-
trolled hydrolysis is analogous to the preparation of
reverse-phase chromatographic packings [7] and
modified electrode surface [8]. This technique is a
general method which could be applicable to the
preparation of monolayers of other oxides (e.g., iron
oxide [9]) or multilayers of mixed oxides.

We used two techniques to characterize the elec-
tronic properties of these particles. The bandgap of
the suspended particles was measured using UV/VIS
absorption spectroscopy with a solution whose
refractive index .was closely matched to silica over
the wavelength region of interest. In this way, light
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scattering was minimized, thereby allowing the elec-
tronic transitions to be observed. The second method,
an electrochemical charge collection technique by
mediated electron transfer, was used to measure the
quasi-Fermi level for electrons under illumination
[9-11].

We are interested in this material for several rea-
sons. The first is to examine and understand how the
electronic properties of these materials (semicon-
ductors) change as the dimensions become very small
by analogy to the Q-state particles. Second is how to
prepare a photocatalyst with larger efficiencies.
Semiconductors with low charge carrier mobilities
(e.g., oxides [12]) exhibit high recombination rates.
Electron-hole pairs photogenerated in the bulk can
recombine before diffusing to the surface. The effi-
ciency for charge transfer (number of electrons or
holes reacting at the surface per electron-hole pair
generated) will be low. Eliminating the bulk semi-
conductor by layering the material only at the sur-
face should eliminate bulk recombination losses [13].

2. Experimental

For the preparation of monolayer tungsten oxide
on silica (Si0,/WQO;) the controlled hydrolysis was
carried out as follows. A WCl, solution in dry CH,Cl,
(prepared in a glove box) was allowed to hydrolyze
on SiO, (Degussa powder dried at 140°C for 4 h)
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in dry toluene under high-purity N,. This mixture
was stirred and refluxed for 24 h. The mixture was
then filtered in air, washed with toluene, acetone, and
methanol and air dried overnight (140°C). During
filtration, the material changed color from a dark blue
to white, which represents the hydrolysis of the
residual W-CI bonds. The use of dry non-aqueous
solvents prevents formation of larger clusters of WO,
The hydrodynamic diameter of the SiO, and
Si0,/WQ; was measured by a photon correlation
technique using the equipment described earlier [9].

The BET surface area of silica and SiO,/WO; was
measured using a Micrometrics surface area analyzer
model 2200. X-ray powder patterns were measured
using an IBM series 1 automated Phillips vertical
scanning X-ray diffractometer fitted with a graphite
beam monochromator and Cu Ko radiation. Pho-
toacoustic spectroscopy was performed using the
same equipment described earlier [14]. Charge col-
lection experiments were performed using a previ-
ously described technique [10,11]. The absorption
spectrum of SiO,/WO, with water in the reference
compartment was measured using a Hewlett-
Packard 8451 A diode array spectrometer. Suspen-
sions of SiO, and Si0,/WO; (0.1 mg/ml) for spec-
tral study were prepared by first sonicating the
particles in de-ionized water, followed by the addi-
tion of high-purity sucrose.

3. Results and discussion

The monolayer WO; on silica particles prepared
by the controlled hydrolysis technique was charac-
terized by the following measurements. The hydro-
dynamic diameter of SiO, was found to be unchanged
by the formation of Si0,/WO; and was 0.18 pm in
both cases. The BET surface areas were similar: 340
m?%/g fir SiO, and 290 m%g for SiO./WO;. The X-
ray powder pattern for SiO,/WO; showed no peaks
for WO; and was identical to that of SiO,. Based on
these findings, we conclude that our material prob-
ably very closely approaches that of a monolayer of
tungsten oxide. Multiple layers could be formed by
the introduction of moisture into the reaction vessel.
Although it is impossible to completely eliminate all
extraneous water, extreme precaution was used to
minimize this. Another problem in the preparation
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is aggregation of particles. To some extent this prob-
ably occurs as seen by the differences in the BET sur-
face areas.

3.1. Electronic properties

Bandgap, E,, measurements also provide evidence
for the monolayer nature of Si0O,/WQ;. By photo-
acoustic spectroscopy (PAS) the E, of Si0,/WO; was
found to be blue-shifted from 2.7 eV for WO; to 3.0
eV [10,11]. The electronic absorbance spectrum of
Si0,/WO; was measured using UV/VIS absorption
spectroscopy. Since the size of the silica particles is
near that of the wavelength of UV/VIS light, scat-
tering in aqueous solution prohibits obtaining the E,
from the optical excitation. To circumvent this prob-
lem, the SiO,/WO; particles were suspended in a
solution whose refractive index was matched over
the wavelength range of interest as closely as possible
to SiO,, so that light scattering was minimized.
According to simple light scattering theory [15], as
the difference in refractive index becomes very small,
the scattering approaches zero.

A convenient solution was found to be highly con-
centrated aqueous sucrose solutions [16]. This solu-
tion is particularly attractive because the refractive
index can be adjusted by changing the sucrose con-
centration. Due to the highly viscous nature, the par-
ticles stay suspended over a long period of time.
Sucrose solutions also have been used recently in
electrochemical studies [17]. To determine the
proper concentration of sucrose, and hence, the opti-
mum refractive index, silica particles were sus-
pended at various concentrations of sucrose and the
spectrum was recorded. The solution that showed the
least scatter occurred with 67% sucrose with a refrac-
tive index (white light) of 1.458. The UV/VIS spec-
tra of 67% sucrose with and without silica are shown
in figs. 1a and 1b. Note that a small impurity peak
with an onset at about 370 nm is observable in the
sucrose solution and in the SiO./sucrose suspension.
Fig. 1c is a spectrum of SiO,/WO;. Optical excita-
tion from the tungsten oxide is distinguishable on
the scattering background (as well as a shoulder for
the impurity). The absorbance changed linearly with
concentration of SiO,/WOs;. The E,, taken as the
absorbance onset, is about 400 nm or ~310.1 eV,
which is about the same value measured by PAS [11].
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Fig. 1. UV/VIS spectrum of 68% sucrose solution (a) alone; (b)
with SiO- suspension; (¢c) with SiO,/WQO; suspension.

Further evidence for the monolayer of tungsten oxide
is provided by measurement of the quasi-Fermi level
for electrons under illumination, nE¥. This param-
eter is a measure of the reducing power of photo-
generated electrons in semiconductor materials [ 18].
As reported previously from our laboratory [111], by
a mediated charge collection technique, SiO,/WO,
shows an #E* that is 170 mV negative in potential
to that of WO, particles.

The observed electronic properties (E, and
nE%) of SiO,/WQ; are consistent with the proper-
ties expected for effective monolayer coverage of
tungsten oxide. The expected change in bandgap,
AE,, for a layered semiconductor with large dimen-
sions in a plane (XY) but a small lateral thickness
(d.) is given by [19]

AE,~ (#*/2m_)(n?/d?) , (1)

where m. is the reduced effective masses of the elec-
tron-hole pairs perpendicular to the semiconductor
plane (m.~am, where m is the electronic mass). We
do not know the value for m. in our WO, phase, since
m_ depends upon the structure and phase of the WO;.
We can very roughly approximate it by the value for
v-WO;, as m.~1.25 m [20]. With this value, the AE,
of 0.3 eV corresponds to a d.~10 A. Given the
approximations in the derivation of eq. (1) and our
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ignorance of the actual value of m,, this thickness
can probably be considered as only an order-of-mag-
nitude estimation. However, it is also possible that
the WO, does not form a continuous layer, but rather
is a small particle distribution on the SiO, surface so
that the small three-dimensional form of eq. (1)
would be more appropriate. Experiments are under
way with thin films prepared on different substrates
to distinguish between these possibilities.

4. Conclusions

The preparation of thin films of semiconductors
on inert substrates, such as SiO, and clays, which
show different electronic properties than larger par-
ticles of the semiconductor, appears promising. The
material should show higher stability towards aggre-
gation than the colloidal dispersion and does not
require the addition of stabilizing agents. A related
approach recently has been reported in the precipi-
tation of semiconductors within the cages of zeolites
[21]. The WO, reported here is blue-shifted by 0.3
eV and the quasi-Fermi level for electrons is 170 mV
negative of that for bulk WO,.
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