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Photocatalytic behavior of mixed WAWS, powders
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Abstract

Polycrystalline mixed W@'WS, powders have been prepared by different methods. The samples have been characterized
by bulk and surface techniques and tested as catalysts for the photodegradation of phenol. The results have indicated that the
coupling of WG and WS leads to an enhanced rate of disappearance of the organic substrate. The effect is explained as
the result of the simultaneous electron transfer frompW6SNVO3 and hole transfer from Wgto WS,. The efficiency of the
mixed WQ;/WS, systems strongly depends on the relative amounts of @ WS in the various samples. A maximum
of photoactivity is obtained when the surface Y$hd WGQ molar fraction is about 0.5. © 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction of charge separation are very fast and the efficiency
of reduction or oxidation of the adsorbed substrate
Photocatalytic reactions on semiconductor powders remarkably increases.
are of great interest because of their applicability to A large variety of coupled semiconductor systems
the treatment of a large variety of pollutants [1,2]. has been so far studied [3—26]. Most of them consisted
Upon band gap excitation photoinduced electrons and of a mechanical mixture of polycrystalline or colloidal
holes can reduce and oxidize species adsorbed on thesemiconductors suspended in water [3-21]. Mixed
semiconductor particles, but one disadvantage of the particles supported on Nafion [11], silica [12-13]
particulate systems is the high degree of recombination or alumina [14] or films obtained by deposition of
between the photogenerated charge carriers. colloidal semiconductors on optically transparent
An efficient charge separation can be obtained by electrodes have also been employed [22—26].
employing photocatalysts obtained by coupling two  Recently, polycrystalline mixed WADN'S, systems
different semiconductor phases [3-6]. The effect is have been prepared and successfully tested [27-29].
explained as a result of a vectorial transfer of elec- Unlike other coupled semiconductor systems, the en-
trons and holes from a semiconductor to another: hanced photoactivity of these samples is not due to
when both semiconductors are illuminated, electrons a simple mixture of two semiconductors with differ-
accumulate at the lower-lying conduction band of one ent energy levels but to the coexistence of ¥véhd
semiconductor while holes accumulate at the valence WS, in the same particle. The study of the structural
band of the other compound [5,6]. These processesproperties of these catalysts seems important to under-
stand the possible employment of other different ox-

"+ Corresponding author. Tek:39-091-656-7215: ide/sulfide systems in heterogeneous ph_otocataly5|s.
fax: +39-091-599-766. The present paper reports on the preparation and char-
E-mail addresspalmisan@dicpm.unipa.it (L. Palmisano) acterization of mixed W@WS, powders obtained by

0920-5861/00/$ — see front matter © 2000 Elsevier Science B.V. All rights reserved.
Pll: S0920-5861(00)00249-2



142

A. Di Paola et al./Catalysis Today 58 (2000) 141-149

different methods. The samples were characterized observations were performed by means of a Philips

by X-ray diffraction, determination of specific sur-

505 microscope, operating at 25 kV and equipped with

face area, diffuse reflectance spectroscopy, scanningan electron microprobe used in an energy dispersive

electron microscopy (SEM) and X-ray photoelectron

mode (EDX) to obtain quantitative information on the

spectroscopy (XPS) analysis. The photodegradation of distribution of WQ and WS in the samples.
phenol has been used to examine the photocatalytic XPS spectra were recorded with a Perkin Elmer PHI

behavior of the powders.

2. Experimental

Different mixed W$/WO3 systems were prepared
by oxidation of WS or by sulfidation of WQ, as
follows:

1. WS (Aldrich) was placed in a cylindrical Pyrex
reactor and allowed to react with a flux of air at
different temperatures and for different times;

. commercial WQ (Carlo Erba) or WQ@ pow-
der obtained by decomposition of ammonium
metatungstate (NPJsH2W12041 (Fluka) in air at
823 K for 16 h, were sulfidized by a flux of gaseous
H>S (Praxair) in the same experimental condi-
tions as in 1. Samples with a high surface area
were prepared by wet impregnation 9fAl,O3
(Fluka) with an aqueous solution of ammonium
meta-tungstate. The powders were dried in air at
393K for 16 h, calcined in air at 823 K for 16 h and
subsequently sulfidized with 4. Samples with
high amounts of W@ were obtained by repeated
impregnation steps.

5600-ci spectrometer using a standard Al Kource
(1486.6 eV) working at 300 W. The working pressure
was around %106 Pa. As an internal reference for
the absolute binding energies, the C 1s peak of hydro-
carbon contamination set at 248.8eV was used. The
atomic composition was evaluated using PHI sensi-
tivity factors [29]. The samples were analyzed as pel-
lets after being ground in a mortar. \W$Aldrich)

and WQ (Carlo Erba) were analyzed as reference
compounds.

A 1.51 batch cylindrical Pyrex reactor was used for
the photocatalytic experiments. The irradiation source
was a 1000W medium-pressure Hg lamp (Helios
Italquartz) equipped with a water jacket to eliminate
IR radiations. The photon flux emitted by the lamp
was 22mW cm?. The reaction mixture contained
1.5gF?! of powder and a 200 mM aqueous phenol
solution (pH=4.5). The suspension was magnetically
stirred and oxygen was continuously bubbled before
and during the irradiation.

Samples of 10 ml volume were withdrawn from the
suspension at fixed intervals of time and the catalyst
was separated by filtration. The quantitative deter-

The samples were denoted by three numbers, e.g.mination of phenol was performed with a stan-

673/1/6, which identify the temperature (K), the time
of oxidation (h) and the amount of initial powder (g),
respectively. A label (ox, sulf) indicates the prepara-
tion method.

The composition of the mixed powders was gravi-
metrically determined by calcining the samples in air
at 873K for 3h. The sulfur content was calculated
from the weight loss, assuming W@s the only prod-
uct of calcination.

X-ray diffraction patterns were obtained using a
Philips diffractometer with a Ni-filtered Cu d&radi-
ation and the 2 scan rate was°ain~1. The spe-

dard calorimetric method [30]. The mineralization
of the substrate was monitored by determining the
total organic carbon (TOC) content of the solution
with a Carlo Erba TCM 480 analyzer. The forma-
tion of the main intermediates was investigated by
high performance liquid chromatography (HPLC),
using a Varian 9050 UV-Vis detector fitted with a
Varian Model 9010 pump and an Econospherg C
3pm 150 mmx4.66 mm i.d. column (Alltech). An
acetonitrile—water solution (1:1 v/v) was used as the
eluting solvent.

cific surface areas were measured by the single-point3  Results

BET method using a Micromeritics Flow Sorb 2300

apparatus. Diffuse reflectance spectra were obtained3s 1. Sample characterization

in air at room temperature, in the range 200-500 nm,

by means of a Varian DMS 90 UV-Vis spectropho-
tometer using BaSgas the reference sample. SEM

The X-ray diffraction patterns of the various pow-
ders have shown the contemporaneous presence of
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tungsten trioxide and tungsten disulfide in the sam- clinic WO3 [31]. On the contrary, in the spectra of the
ples [31,32]. Differences have been found among the oxidized samples, the presence of a strong and narrow
diffractograms of the powders obtained by oxidation peak followed by two much smaller ones, indicates
of WS, and those of the samples prepared by sulfida- a strong orientation of the W{crystals along some
tion of WO3. As shown in Fig. 1, both the spectra of preferential planes [29].
the oxidized and sulfidized samples are characterized The X-ray spectra of the sulfidized supported sam-
by three narrow peaks atZabout 23-25. Anyway, ples revealed only the main peaks of Wénd WS.
although the positions of these peaks are practically The intensities of these peaks were noticeably lower
identical, their relative intensities are quite different. than those of the unsupported powders, indicating a
The ratios among the intensities of the peaks found bad crystallization and/or the presence of very small
for the sulfidized powders fit well with those of mono- crystallites. It is worth noting that also the spectrum of
the supported We@precursor exhibited small peaks.
In Fig. 2 the diffuse reflectance spectra of two se-
WO, lected WQ/WS, samples are reported and compared
||| with those of the pure compounds. The spectra of the
mixed powders are more or less similar to those of
WO3 or WS, according to whether the samples have
been obtained, respectively by oxidation of the sulfide
or by sulfidation of the oxide and depending on the ex-
tent of surface conversion of the starting chalcogenide.
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Fig. 1. X-ray diffraction patterns of various V@S, powders: (a)

sulf/673/1.5/6; (b) ox/673/1.5/6; (c) sulf/673/1.5/10. The samples Fig. 2. Diffuse reflectance spectra of various samples: (a;WS

(a) and (c) were prepared, respectively from W(@arlo Erba) (b) WOs; (c) ox/673/1.5/3; (d) sulf/673/1.5/3 prepared from WO

and 32wt.% WQ on Al,Os. (Carlo Erba).



144 A. Di Paola et al./Catalysis Today 58 (2000) 141-149

The specific surface areas of the various YRS, ous mixed WQ/WS, particles, revealing the presence
samples ranged between 2 and ¥gn'! and these  of zones with a high content of V&ind zones richer
values were not much different from those of WO in WOs.

and WS (2.4 and 1.7rAg™ 1, respectively). The ar-

eas of the supported samples were significantly higher 3.2. Photocatalytic results

(40-70ntg~1) but the large surface area of alumina

(1807 g~1) was dramatically reduced by the tung- The photoreactivity experiments have shown that
sten oxide loading. the rate of phenol disappearance depends on the

XPS analysis has confirmed that the mixed sam- amounts of W% and WG present in the mixed pow-
ples contain the two chemical states of tungstefif W ders. Fig. 4 reports the photoconversion of phenol as
as WS and Wt as WQ, characterized by the W  C/C, (C, represents the initial concentration of or-
4f binding energies [29]. The chemical states were ganic substrate) versus the irradiation time, for some
the same independently of the precursor (WQr samples obtained by sulfidation of WOThe pho-
WS,) but the relative intensity of the two components toactivity of the samples was low when the content
changed according to the surface atomic composition. of WS, or WOz was small and reached a maximum
Discrepancies have been observed between the overvalue for a medium Wg overall composition. This
all composition determined from chemical analysis behavior was observed for each set of powders, what-
and the surface composition obtained from XPS data. ever the preparation method used.

Table 1 reports the composition of some mixed sam- In Fig. 5 the photoactivity of two W@WS, sam-
ples in terms of molar fraction of WS ples is compared with that of pure W@nd WS.

Fig. 3 shows selected SEM micrographs of two The data of the mixed systems refer to samples with
different sulfidized samples, before and after reacting about the same content of W$40%) but obtained,
with H»S. Sulfidation alters the macroscopic nature respectively by sulfidation of two different Wiow-
of the particles of W@ changing their initial irreg- ders. The results indicate that the mixed YWNUS,
ular shape into well-defined needle-shaped crystals. systems are much more active than the pure tungsten
Instead the size of the particles does not vary appre- chalcogenides.
ciably, in agreement with the surface area measure- Fig. 6 shows the photooxidative disappearance
ments. Fig. 3c and d, which refer to A3-supported of phenol in the presence of a supported mixed
samples, reveal that the crystals of alumina are not WO3/WS, powder and the AlOs-supported W@
uniformly covered by W@ or WOs/WS,. Further precursor. The contemporaneous presence ofs WO
micrographs, not reported for the sake of brevity, have and WS makes the mixed powder more efficient.
showed the existence of regions where significant All the mixed samples are more photoactive than
amounts of tungsten chalcogenides were present. the corresponding mechanical mixtures. As shown in

EDX results have indicated a non-homogeneous dis- Fig. 7, although the composition of the physical mix-
tribution of WS and WQ; on the surface of the vari-  ture was similar to that of a sample obtained by sulfi-

dation of WQ, the behavior of this mixture was nearly
identical to that displayed by W{)i.e. the semicon-

Table 1 N _ ductor present in a larger amount.

Chezmcal composition of WPWS, samples as molar fraction of As far as a comparison among the different sets of

W mixed samples is concerned, the photocatalytic results

Samples WE(WS;+WOs) have indicated that the powders obtained by oxidation
Chemical analysis xps  of WS, are generally the most efficient among the dif-

ox/673/L.5/6 0.79 0.47 fereqt mixed WS_/WO_g systems whereas the samples

ox/673/8/6 0.68 0.12 obtained by sulfidation of W&JIAI,O3 have showed

ox/673/2/3 0.68 0.42 to be the least active.

sulf/673/1/10 0.32 0.47 The photoactivity of the various mixed WOVS,

sulf/873/1/10 0.77 065  powders actually depends on the surface content of

aThe accuracy on the values is estimatectd9%. WOj3 and WS and not on the overall chemical compo-
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Fig. 3. Scanning electron micrographs of: (a) W@x ammonium metatungstate); (b) sulf/673/1.5/10 prepared from @0 ammonium
metatungstate); (c) 55wt.% Wn Al,Og3; (d) sulf/673/1.5/10 prepared from 55wt.% W®n Al;Os.
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Fig. 5. Photocatalyzed conversion of phenol in the presence of
Fig. 4. Photocatalyzed conversion of phenol in the presence of various samplesl) WS,; () WOgs; (A) sulf/773/1/15 prepared

various samples prepared by sulfidation of Y@arlo Erba): ) from WOz (Carlo Erba); @) sulf/823/1/10 prepared from WO
773/0.5/10; ®) 673/1/10; @) 673/3/10; &) 773/3/10. (ex ammonium metatungstate).
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Fig. 6. Photocatalyzed conversion of phenol in the presence of Fig. 8. Photocatalyzed conversion of phenol in the presence of var-

supported samples®) 32wt.% WGQ on Al,Os; (¢) 32wt.% ious samples: @) ox/673/1.5/6; @) ox/673/8/6; &) ox/673/2/3;

WO3 on Al,O3 sulfidized at 673K for 1.5h. (O) sulf/673/1/10; ©O) sulf/873/1/10. The sulfidized samples were
obtained starting from W@ (Carlo Erba).

sition. As shown in Fig. 8, the samples ox/673/1.5/6,

0x/673/2/3 and sulf/673/1/10 which have comparable

WS, surface values but different bulk content (see carbon determined during the irradiation of two sam-
Table 1) have exhibited similar catalytic activities. In- ples prepared following different procedures. The rate
stead the samples ox/673/8/6 and sulf/873/1/10 haveof phenol disappearance was very similar for both
revealed to be much less active even if their bulk powders but a larger percentage of mineralization was
composition was very similar to that of the samples obtained by using the oxidized sample.

ox/673/2/3 and ox/673/1.5/6, respectively. It is worth The main compounds identified by HPLC were
noting that the highest photoactivities have been ob- hydroquinone, cathecol and benzoquinone, i.e. the

tained when the surface molar fraction of Y& the intermediate species usually detected during the het-
samples was about 0.5. erogeneous photooxidation of phenol in the presence
Phenol is scarcely mineralized to g@nd HO of TiO» [33]. The ratio of the intermediates changed

in the presence of the mixed WS, powders depending on the WiScontent of the samples [27].
[27,29]. Fig. 9 shows the variation of total organic
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Fig. 7. Photocatalyzed conversion of phenol in the presence of Fig. 9. Photocatalyzed conversion of phenol and variation of the
various samples: ®) sulf/673/1.5/10 prepared from WO(ex total organic content with samples having the same surface compo-
ammonium meta-tungstate)lj mechanical mixture WQWS, sition (xws,=0.47): @) sulf/673/1/10 prepared from W{JCarlo
(70/30 wiw). Erba); (A) ox/673/1.5/6. The open symbols refer to the TOC data.
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4. Discussion the interfacial charge transfer to the adsorbed substrate
improves. The excess electrons on Y\de picked up
While WOs; and WS are poor catalysts for the by oxygen to yield the superoxide radical anion [6]
photooxidation of phenol, mixed polycrystalline while the excess holes on Waltimately oxidize the
WO3/WS, powders have revealed an enhanced rate of organic substrate.
disappearance of the organic substrate. As shown in The simple coupling of two suitable semiconduc-
previous works [27-29] the increased photoefficiency tors does not justify the enhanced photocatalytic ef-
of these systems can be attributed to the contempora-ficiency of the mixed W@WS; powders since no
neous presence of W&nd WS in the same particle.  increase of the rate of phenol disappearance was re-
The photocatalytic behavior of the mixed powders vealed in the presence of mechanical mixtures of the
can be explained considering the position of the en- two different chalcogenides. An intimate contact be-
ergy levels of the two semiconductors. At 4.5 the tween WQ and W$ particles is necessary to achieve
conduction band of WS(Eg=1.35eV) is estimated ~ an efficient charge separation, in agreement with the
to be at least 100 mV more cathodic than the conduc- results obtained by Ueno and coworkers [11-13] with
tion band of WQ (Eg=2.8 eV) while the valence band supported mixed ZnS—CdS catalysts. Such intimate
of WOs is significantly more positive than the cor- contact is permanently realized in the mixed systems
responding band of WS[27]. As shown in Fig. 10,  where the particles are attached to each other whilst in
when under UV illumination both semiconductors are the physically mixed powders there is only a tempo-
simultaneously activated, the conduction band ofyvO rary juxtaposition of two distinctly separated phases.
acts as a sink for the photogenerated electrons while  The photoreactivity results have shown that, inde-
a hole transfer occurs from the valence band of &8O pendently of the preparation method (sulfidation of

to that of WS: WOg3 or oxidation of WS), it is always possible to ob-
tain photoactive samples. The rate of phenol photoox-
WS, (e™ + h™) + WOz(e™ +h™) idation depends on the relative amounts of Y\&hd
— WSy(h* + ht) + WOs(e™ + &) WS, present in the various samples, and, as shown in

Fig. 8, is related to the surface composition of the par-

The separation of electrons and holes in different ticles rather than to the overall W@VS, molar ratio.
semiconductor regions reduces the possibility of their ~ The EDX analysis carried out on different locations
wasteful recombination. The result of the vectorial Of single mixed particles has revealed the presence of
transfer of charges is an increase of the lifetime of Zones with different contents of Wsnd WS. The
electrons and holes and consequently the efficiency of Surface of a W@W$; particle can be imagined con-

sisting of “islands” of WQ or WS, surrounded, re-
spectively, by a “sea” of Wsor WOz [29]. The size
Ox, and number of these “islands”, which are probably
spread on the surface as the spots on a leopard skin,
depends on the specific experimental conditions of
preparation, i.e. temperature, time and starting amount
of powder.

The coexistence of Wpand WS areas on the sin-
gle particles allow the formation of many heterotype
“photochemical diodes” [34], i.e. microdevices where
holes and electrons are separately injected into the ad-
sorbed reactive species from different semiconducting
regions. Parmon and coworkers [20,21] obtained sys-
tems with appropriate microheterojunctions upon con-
tacting cadmium sulfide or zinc sulfide (or a mixed
Fig. 10. Schematic diagram representing the charge transfer processSulfide of these metals) with copper or silver sulfide. In
in a WOs/WS;, system. this case the particles with such microheterojunctions

Red,

Red,
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were easily prepared by consecutive precipitation of
the various semiconductor phases.

The efficiency of a mixed powder depends on the
number of active sites present on the particles, i.e.
on the number of microheterojunctions WW/'S,. A
WO3/WS; system is generally more photoactive than

A. Di Paola et al./Catalysis Today 58 (2000) 141-149

able for the vectorial displacement of electrons and
holes between the particles of W@nd WS. Obvi-
ously other physico-chemical factors as geometry of
the particles, surface texture or particle size distribu-
tion can play a significant role.

The photoreactivity of the supported samples was

the pure tungsten chalcogenides because the presenctbund to be very small although their BET surface

of few heterojunctions is sufficient to enhance the pho-
tooxidation rate of phenol [27]. The low photoactivity

areas were much higher than those of the unsupported
powders. The low photoactivity can depend on the in-

of a sample can be ascribed to a low surface contentteraction between the W{precursor and the support.

of WS, or WO3. As confirmed by the XPS analysis,
the highest photoactivity is obtained when the sur-
face WS molar fraction is near 0.5, probably corre-
sponding to the maximum number of heterojunctions
WS,/WO3 [29].

The powders obtained by oxidation of Ware
generally more efficient than those obtained by sulfi-
dation of WG;. The differences in photoactivity can
be related to morphological and structural differences
between the W@ phases present in the particles of
the two mixed WS/WO3 systems [29]. As shown by
the XRD spectra, W@obtained by oxidation of WS

is strongly orientated along some preferential planes.

These planes are typical of WSnd consist of a

As demonstrated by Chappell et al. [38] \A/Onter-
acts with the alumina when heated at 673 K or above.
Tungsten reacts with surface hydroxyl groups to form
oxotungsten species [39,40] and the dispersion of the
WOQO3 particles on A}O3 causes a significant decrease
in the surface area of the support, probably due to
a blockage of the pores. The X-ray results indicate
that the presence of AD3; hinders the growth of
large crystals of W@ and this is in agreement with
Laser Raman spectroscopy data revealing that below
monolayer coverages<@5—-30wt.% WQ on Al;O3)
tungsten oxide is present as a highly dispersed and
amorphous state on the alumina surface [41,42].

The low efficiency of the supported VQVS, pow-

monolayer of tungsten atoms intercalated between ders could be due to the presence of high amounts of

two parallel monolayers of sulfur atoms [35,36]. The
substitution of the atoms of sulfur with those of oxy-
gen does not cause a significant distortion of the; WS
lattice, as confirmed by the small differences of the

unreacted W@. In fact the WQ/AI,O3 catalysts are
difficult to sulfide [43] because of the stabilizing effect
of W—O-Al links with the support [41] which polar-
izes the W-0O bonds and make them less reactive. Nev-

specific surface areas. Consequently, the surface ofertheless, the supported sulfidized samples are better

WOj3 will be mainly constituted by oxygen atoms

which can establish an acid—base adsorption equilib-

rium with the phenol molecules dissolved in solution.
On the contrary, in the samples obtained by sulfi-

dation of the commercial oxide, the phase Wkas

a distorted Re@structure, made up of distorted cor-

ner shared W@ octahedra [37]. In this case the sur-

catalysts than AlOs-supported W@ because mixed
WO3/WS; particles are present on the surface.

As confirmed by the SEM observations, /i3 not
uniformly distributed on the surface of the®j3 crys-
tals. This is probably due to the impregnation method
and causes significant differences in the rate of sulfida-
tion. In the same reaction time, the smaller ¥aar-

face consists of both oxygen and tungsten atoms andticles are highly converted to VWSand consequently

the formation of active sites involving oxygen atoms
will be not particularly favored. The highest activity
of the mixed powders obtained by oxidation of WS
can then be attributed to a more significant interaction
between the organic substrate and the orientecs WO
phase present on the surface of these samples.
Moreover, it is worth mentioning that the band gap
value of the oriented W®is slightly lower than that
of commercial WQ [29] and this probably implies
that the position of its energetic bands is more favor-

are much less active than the large particles contain-
ing a more favorable WeWS, ratio. Moreover, the
presence of AlO3 could play a negative role prevent-
ing the electrical contact between W@and WS.

5. Conclusions

Mixed WO3/WS, systems have significantly higher
photoactivities than the pure tungsten chalcogenides.
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The enhanced efficiency has been attributed to the
coupling of WQ and WS which allows an efficient

charge separation because of a vectorial transfer of

electrons and holes from a semiconductor to another.
Unlike other coupled semiconductor systems, the in-
crease of the rate of phenol photooxidation is consis-
tent with an intimate contact between the particles of
WO3 and WS which are adjoined to each other. The
photoactivity of the samples depends on the prepara-
tion method and the relative content of Wand WS.
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