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Abstract

Nanocrystalline bicomponent TiBIn,O3 powders with various Ti/In ratio have been prepared by the sol-gel technique and calcined
at 473 and 723 K. Their crystalline structure, surface area, surface acidity, sorption properties with respect to 2-chlorophenol, and optical
absorption were determined by appropriate techniques (XRD, BET, FTIR, and UV-Vis spectroscopies), while their photocatalytic activity
(PCA) was tested in the case of the degradation of 2-chlorophenol in water. For both calcination temperatures, PCA increased with
decreasing 1503 contents reaching a maximum at ca. 10wt.% ofQs For this latter sample and the one containing 20 wt.%®H)
PCA was greatly enhanced with respect to J&3pecially for the samples pretreated at 473 K. The concentration of the main aromatic
intermediate products (chlorohydroquinone and catechol) was considerably lower i@ photocatalysts than for pure TiOOn
the basis of various characterisations of the photocatalysts, the reasons invoked to explain the PCA enhancemep©Oduectada
a better separation of photogenerated charge carriers, an improved oxygen reduction and an increased surface acidity inducing a highel
extent of adsorption of the aromatics.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction other inorganic oxides and sulfides such as;Si®-13],
Al>O3 [10], ZrO; [11,14] SnG [15-17] WOs [18-21]

The photocatalytic degradation of organic compounds is MoO3 [20,21], V205 [22], CdS[23-25] rare earth oxides
investigated as a means of purifying wafér7]. In par- [26], FeO3 [27], can change the photocatalytic efficiency.
ticular, chlorophenols constitute an important class of wa- Moreover, an extension of the energy range of photoexcita-
ter pollutants. Human activities, such as water disinfection, tion may be observed in such systef23,24,27]
waste incineration and uncontrolled use of herbicides, are  The present work focuses on the photocatalytic properties
the major sources of chlorophenols in the environnjght of coupled TiQ-In,O3 nanostructured powders prepared

Photocatalytic degradation has been studied with by the sol-gel technique. These catalysts were tested in the
semiconductor suspensions and particulate thin films photocatalytic degradation of 2-chlorophenol (2-CP). The
immobilised on a substrate. Titanium dioxide is currently influence of the I1nO3 content on the photocatalytic activ-
considered as the most promising photocatalyst because ofty, surface area, surface acidity, optical absorption, oxygen
its absence of toxicity, reasonable photocatalytic activity, reduction and other characteristics of the photocatalysts has
relatively low cost, and high stability toward photocorrosion. been investigated.

Numerous efforts have been made to improve the photocat-
alytic properties of titanium dioxide. It has been shown that
the modification of TiQ by inorganic ions, metal particles, 2. Experimental
dyes or addition of another semiconductor can enhance or
lower the photocatalytic activity. In particular, a number of 2.1. Preparation of the photocatalysts
researchers have reported that titania particles coupled with
TiO2, In203 and TiG—-INpO3 nanostructured photocata-
* Corresponding author. Tek:1-318-257-5144; faxs1-318-257-5104.  lySts were prepared by the sol-gel technique. Indium(lll)
E-mail address: shchukin@latech.edu (D. Shchukin). nitrate and TiC{ were used as precursors. To obtain
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In203 sol, a 12% NHOH solution was added dropwise to  absorption spectra of the films were measured using a Cary
0.25 mol Faqueous In(N@)3 under continuous stirring at 500 UV-Vis-NIR spectrometer (Varian).
273 K till the pH was about 8. The precipitate thus obtained  The surface area of the catalyst powders was determined
was washed thoroughly with distilled water until no BIO by the BET method using a Micromeretics Gemini Il 2375
ions were detected in the supernatant. Then, after additionSurface Area Analyzer. Before measurement, the samples
of a small amount of concentrated HN@sed as a sta- were outgassed at 423K for 12 h. The adsorbate was N
biliser, the precipitate was ultrasonically treated to obtain IR absorbance spectra were measured with a resolution of
a transparent stable indium hydroxide sol (120-130g| 1cm ! using a Perkin-Elmer Spectrum 1 FTIR spectrom-
particle size 4-6 nm). Hydrous TjOsol was prepared in  eter. Before the measurements, 2-CP was adsorbed on the
similar way as previously described in det@8]. surface of the samples from pure liquid 2-CP and then the
To fabricate composite Ti§In 03 catalysts, 1aO3 and samples were dried at 353 K in an air flow for 3 h to remove
TiO2 sols were mixed in a definite proportion and dried un- physically adsorbed 2-CP.
der reduced pressure at room temperature. Then the obtained Electrochemical measurements were carried out in a stan-
xerogels were annealed in air at 473 or 723K for 2 h. dard two-compartment three-electrode cell with a platinum
Thin films of the oxides were deposited onto a quartz counter-electrode and an Ag|AgCI|KCI (saturated) electrode
substrate by spin coating and then heated at 473 K for 20 min.as the reference electrode@.201V versus SHE). All po-
This procedure was repeated several times to achieve 100 nntentials were determined with respect to this reference elec-
film thickness. The films were subsequently calcined in air trode and controlled by a conventional potentiostat with a

at an appropriate temperature for 2 h. programmer. The counter-electrode compartment was sep-
arated from the working electrode by a fine glass frit. The
2.2. Photocatalytic activity measurements electrochemical measurements were made at room temper-

ature in 0.1 molt! NaOH solution prepared using doubly
A cylindrical flask of ca. 90 ml equipped with a bot- distilled water and analytical-grade NaOH.
tom optical window of ca. 4cm in diameter was used as a
photoreactor. The suspension in the photoreactor was mag-
netically stirred. The irradiation was provided by a Philips 3. Results and discussion
HPK high-pressure Hg lamp (125 W) through a 2.2 cm thick
circulating water cell (to avoid heating the suspension by IR 3.1. XRD and BET measurements
radiation) and a cutoff filterAl > 340 nm, Corning 0.52).
The radiant flux entering the photoreactor was 40 mW&m XRD analysis showed that the TiQ InpO3, and
the corresponding number of photons per second potentially TiO>—In,O3 materials annealed at 473 and 723 K consisted
absorbable by the Tiwas ca. 13x 10, All photocatalytic of only two crystalline phases: anatase and cubigOn
experiments were performed at near-room temperature.  (Fig. 1). Annealing at temperatures up to 1073K resulted
Suspensions containing 2l of photocatalyst and  in the appearance of rutile but no Ti-In mixed phase was
103moll~1 of 2-CP (Aldrich) were usually used in the detected, indicating the absence of significant chemical
photocatalytic activity measurements. The aerated suspeninteraction between the oxides in this temperature range.
sion was stirred in the dark for 90 min before irradiation to The broadening of all the peaks indicated that the,TiO
achieve adsorption equilibrium of 2-CP. The concentrations and IrnpOg3 crystalline domains had a diameter smaller than
of 2-CP and its aromatic intermediate products were mea-30 nm. In the mixed oxides, the size of both %ié&nd 1,03
sured by HPLC using a LDC/Milton Roy system comprising crystallites was smaller than in the pure oxides. Thus, in
a Constametric 3000 isocratic pump and a Spectro Monitor the pure oxide powders annealed at 723K, the average
D UV detector adjusted at 254 nm. A reverse-phase column, crystallite size was 10 nm for Ti®and 20 nm for 1a0s,
25cm long, 4.6 mm i.d., packed with Spherisorb 5 ODS2, whereas in the binary oxide samples (3{80)-In,0O3(50))
was used. The mobile phase was a mixture of methanolthe average size was only 5nm for Bi@nd 17 nm for
(35 (vol.%/vol.%)), deionized doubly distilled water (55 InoOs. Moreover, the addition of kD3 to titania inhib-
(vol.%/vol.%)), and acetonitrile. Identification of the eluting ited the anatase-to-rutile transformation which in the pure
compounds was made by comparing their retention times toTiO, begins at 743-773 K, whereas in the 3,03
those of commercial compounds purchased from Aldrich. composites, traces of rutile appeared only at 973K. The
above-mentioned phenomena are often observed in com-
2.3. Characterisation measurements posite TiG-based materials and are associated with the
increased separation of the Hi@omains as the fraction of
X-ray powder diffraction patterns of the photocatalysts the other phase increasf®s-13,19,26]
were obtained using a HZG 4A powder diffractometer (Carl  The BET surface areas of the Tin,0O3 materials are
Zeiss, Jena) with Co K radiation (Mn filter). The average indicated inTable 1 The binary oxide powders have an
crystallite size was estimated from the X-ray line broadening enhanced surface area in comparison with the pure oxides,
according to Scherrer’'s equation. Optical transmission andwhich is consistent with the decreasing average crystallite
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Fig. 1. X-ray diffractograms of Ti@ In,O3z and TiQ:—In,O3 powders annealed at 473 and 723 K: (a) FiMO wt.%; (b) TiQ 75wt.%—Inp03 25wt.%);

(c) TiO2 50 wt.%—Inp03 50wt.%,; (d) TiQ 25wt.%—In03 75wt.%,; (e) InOs

100 wt.%.

size in the composites. As expected, the surface area depresented for comparison. In accordance with previous data

creased during the annealing treatment. It differed only
slightly according to the Ti@In,O3 ratio.

3.2. FTIR study of surface acidity

Since a correlation between the surface acidity of cata-
lysts and their photocatalytic activity has been previously
shown[11,20,29] we examined the surface acidity of the
TiO,—InpO3 powders by the adsorption of pyridine (Pyr)
and the use of FTIR spectrometry. Employing Pyr as a probe
molecule to characterise surface acidity is well-documented
since long ag§30-33] Particularly, the Pyr vibration modes
in the 1400-1650 cm' region[34] are informative.

The FTIR spectra recorded after adsorption of Pyr on the

pure oxide samples and the Ti(B0)-InpO3(50) compos-
ite are shown inFig. 2 The spectrum of free Pyr is also
Table 1
Surface area (Ag1) of the TiO,—In,Os powders annealed at different
temperatures
Sample Annealing temperature

473K 723K
TiO2(100) 213 65
TiO5(90)—In,O3(10) 230 71
TiO4(75)—InO3(25) 228 71
TiO,(50)—In,O3(50) 222 72
TiO2(25)-InO3(75) 200 68
In,03(100) 122 39

[31-33] the bands at 1444, 1492, and 1605 ¢nobserved

for pure TiQ, catalyst can be assigned to Pyr coordinated to
Lewis-acid surface sites. The 19b mode at 1444 +tis the
strongest for TiQ. Two bands corresponding to this mode
overlap in the case of O3 powders. This indicates the ex-
istence of two kinds of Lewis-acid sites on the indium oxide
surface. Characteristically, the shift of the bands at 1436 and
1596 cnt! for non-adsorbed Pyr is higher for Pyr adsorbed
on O3 than on TiQ, which allows one to conclude that
In,O3 has stronger acid sites. Because the bands at 1444 and

P'-,f'r free

T T T T T
.,
In.Q
277 1596 cm™ L1579 cm™
\ 1436 e’
In,0-TiC, |
1449 cm™

1609 cm’
1444 cm™

1700 1600 1500 1400
Wavenumber / cm’

1591 cm’’

Transmittance

1605 cm’™

TiO,

Fig. 2. FTIR spectra of Ti@ In;O3 and TiGQ—InpO3 powders after
adsorption of pyridine and spectrum of free pyridine.
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1591 cn? exist for Pyr adsorbed on both TiGnd IpOg, would play a role analogous to that of the nitrogen atom of
and because the bands at 1605 and 1609%'coverlap, the Pyr.

spectrum of Pyr adsorbed on T{30)-In03(50) did not In short, the FTIR study shows that 2-CP interacts with the
differ noticeably from that of Pyr adsorbed ony@s. In oxides via its OH group, and the Cl atom is also perturbed
all cases, bands at ca. 1544 and 1638tmypical of pyri- by the adsorption especially in the case of0g.

dinium ions, that is, Pyr adsorbed on Bronsted acid sites,

were not detected. 3.4. Photocatalytic activity for 2-CP removal. Origins of

the InyO3 effect
3.3. FTIR study of 2-CP adsorption
The photocatalytic activity of the prepared catalysts for

Since the affinity of the catalyst surface for reactant the decomposition of 2-CP was investigated for the pow-
species should be regarded as an important factor for pho-ders annealed at 473 and 723/g. 4(a)shows the change
tocatalytic degradation efficiency, we studied the adsorp- in 2-CP concentration as a function of irradiation time for
tion of 2-CP on the TiQ and InOs samples using the the pure oxides and the most active composite annealed
FTIR technique Fig. 3). The oxide samples were exposed at 473 K. These kinetic curves can be approximated as a
to rather low amounts of 2-CP to limit the quantity of pseudo-first-order process which allowed us to determine
non-adsorbed 2-CP. Assignment of the 2-CP IR bands wasthe rate constank] and thus to quantitatively compare the
made according to reported d485,36] The OH bending efficiencies of the different catalysts under similar experi-
vibrations of 2-CP were almost absent after the adsorption, mental conditionsKig. 4b. For both calcination tempera-
indicating that the 2-CP OH group likely interacted with tureskincreased with decreasingl@s; contents reaching a
the solid oxide surface. Similar results have been previously maximum at ca. 10 wt.% of hD3. For this latter sample and
found for 2-CP adsorption on AD3 and FeOs [35] and for the one containing 20 wt.% $@3, k was greatly enhanced
4-chlorophenol adsorbed on Tiegussa P-2%37]. For with respect to TiQ especially for the samples pretreated at
2-CP adsorbed on D3, the bands at 832 and 745cTfn 473 K. In contrast to pure Ti® pure IOz and the binary
corresponding to Cl-sensitive vibrations were significantly oxides had a lower photocatalytic activity when annealed
shifted in comparison with those of non-adsorbed 2-CP at higher temperature={g. 40. This effect can be partly
(Fig. 3. This observation suggests that the interaction of associated with the decrease in surface area as the anneal-
2-CP with the InO3 surface affects the Cl atom. That is ing temperature increasegaple J); nevertheless, a similar
consistent with the existence of stronger Lewis acid sites decrease in pure Tidsurface area led to a slight increase
on Inp,O3 compared with TiQ; the electronegative Cl atom  in activity. Moreover, this explanation cannot be used to
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Fig. 3. FTIR spectra of Ti® (2, 2) and InOs (3, 3) samples recorded before’(3) and after (2, 3) adsorption of 2-CP. For reference, spectrum (1)
corresponding to a condensed 2-CP phase is included.
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Fig. 4. (a) Plots of 2-CP concentration as a function of irradiation time for,TIG,03 and TiG(90)-InO3(10) photocatalysts annealed at 473 K; (b)
initial rate constants for the samples annealed at 473 and 723K as a functiogOafdantent.

interpret the dependence lobn the InpO3 content because  To clarify this point, thin films of the photocatalysts under
the binary oxide powders with different composition possess investigation were prepared on a quartz substrate and their
approximately similar specific surface area and other factors UV-Vis absorption spectra were recorded in the 250—-700 nm
should be taken into consideration. range. The absorption edge regions of these spectra for the

Since TiQ and InOs differently absorb UV light, the TiO2, Inp0O3 and TiG(50)-IrpO3(50) films are shown in
photocatalytic activity could also be affected by a change Fig. 5. There is a blue shift of the absorption edge of the
in photon harvesting depending on the solid composition. composite films compared to that of TiOrhe origin of this
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Fig. 5. Absorption spectra of TiEB50)—Inp,O3(50) composite films as well as one-component TEdd O3 films annealed at (a) 473K and (b) 723 K.
For comparison, the transmission spectrum of the cutoff filter used in the 2-CP photodegradation experiments is also shown.
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shift has been considered previougd@]. Here it is impor- Another possible explanation of the increased photocat-
tant to emphasise that the composite materials absorb lesalytic activity of the composites may stem from the change
photons in comparison with one-component materials when in surface acidity. Our FTIR results have indeed shown that
using a cutoff filter withA > 340nm (the transmittance the surface of IpOs-containing powders has an enhanced
spectrum of this filter is also shown rig. 5). Therefore, acidity compared with that of Ti@ The importance of sur-
the 2-CP removal rate constant normalized to the absorbedface acidity is in line with previous conclusiof43].
light would even be greater for the T39In,O3 composites.

A number of researchers have shown that mixing different 3.5. Variationsin the concentrations of chlorohydroquinone
semiconductors with appropriate energy levels can produceand catechol versus Inp,O3 content
a more efficient photocatalyst owing to the better separation
of photogenerated charge carrigd$-19,23—-25,38] Two Analysis of the primary intermediate products of 2-CP
of us have previously showj39] that nanocrystalline Ti® degradation may provide an additional insight into the
and InpOs films, prepared from colloids identical to those degradation pathways and mechanism. Chlorohydroquinone
used in this work, have similar band gaps, but different flat (CHQ) and catechol (CAT) are the major aromatic inter-
band potentials. Therefore, the conduction band electronsmediate products in UV-irradiated TiOaqueous suspen-
photogenerated in the Tihanoparticles can transfer to the sions containing 2-CP as the initial pollutgd]. Fig. 6
lower lying conduction band of O3 while photogenerated  presents the concentrations of CHQ and CAT normalized
holes move in the opposite direction. Such improvement to the concentration of 2-CP having disappeared as a func-
of the charge separation may account for the enhancedtion of the IrpO3 content. The use of pure 403 and the
photocatalytic activity of the Ti@Ino,O3 composites. In binary oxide samples as photocatalysts resulted in lower
addition, we have carried out electrochemical experiments normalized concentration of CHQ and CAT in comparison
employing TiGQ and IrnpOs nanoparticulate film electrodes  with pure TiQ. This tends to suggest that these more hy-
to compare the catalytic activity of these semiconductors droxylated compounds having rings with a higher electron
for O, reduction.Fig. 7 presents dark current versus poten- density are more easily retained on or near the photocata-
tial curves recorded with these electrodes ipr<aturated lyst surface—owing to IsO3—and thereby more rapidly

solutions containing an indifferent electrolyte (0.1 mdil transformed. The easier reduction of @educed from the
NaOH). Molecular oxygen is reduced on the®3 surface electrochemical measuremenisg. 7) can also be invoked

at a markedly lower overvoltage than on the Ti€urface. because it should enhance the concentration of superoxide
These results allow us to suggest that mixing JIi@ith prone to react with the radical-cations formed from CHQ

InoO3 is beneficial not only for charge carrier separation and CAT [45]. A priori this in line with the FTIR spec-
but also for accelerating the associated transfer of photo-tra of Pyr indicating the presence of stronger Lewis acid
generated electrons topOlt has been documentg¢d0-42] sites which are electron-accepting sites. Not surprisingly,

that the Q reduction by trapped electrons on the Fi€ur- the sum of normalized concentrations of CHQ and CAT
face is a rate-limiting step of the photocatalytic oxidation was minimal for the TiQ(90)—Inp,O3(10) composite which
of organic compounds. exhibited the highest photocatalytic activity. Another result
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Fig. 6. Plots of the chlorohydroquinone (CHQ) and catechol (CAT) concentrations normalized to the concentration of photodestructed 2-CPoas a functi
of the I,O3 content. The concentrations were measured after photocatalytic degradation of 2-CP for 90 min.
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