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Abstract

Oxide semiconductor photocatalysts based on, Titand gap of 3.2 eV) are normally used to destroy organics under UV irradiation.
Currently we have been focused on the aerogel synthesis of nanocrystalline photocatalysts that will destroy organic compounds such as
acetaldehyde using visible and UV radiations. Herein we report the results of our attempts to synthesize mixed metal oxides of the type
MTi,Os (M=Mg, Mn, Fe, Co, Zn, and Sn). The preparation method involves the formation of a single source precursor by the conden-
sation reaction of Ti(OP}, with M(OACc),, followed by their (M[O-Ti(OP1")3],) hydrolysis and drying under supercritical conditions by
a modified aerogel process. Product compositions, oxide structure types, and morphology were characterized by powder X-ray diffraction,
scanning electron microscopy (SEM) with energy dispersive X-ray analysis (EDXA), and BET surface area measurements. Only for Mg,
the stoichiometry MgTHiOs with pseudo-brookite structure type was obtained, while the composites /M@ were obtained for M =Fe,

Co and Zn. Photocatalytic behavior of these composite oxides were tested by the decomposition of gaseous acetaldehyde under UV light
(320 nm <1 <400 nm). Of these, CoTigTiO, showed an interesting catalytic behavior; it decomposed acetaldehyde in the dark, at room
temperature. Other mixed metal oxides such as Mgd;iand composites such as FeZiTO, and ZnTiQ/TiO, decomposed acetaldehyde

only under UV light (not under visible light or in the dark). The photocatalytic activity was compared with the reference degussa P25 TiO
photocatalyst.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ries some of the mixed metal oxides with high surface areas
(>600 nt/g), have been studied for the decomposition of ac-

Titanium dioxide is the most widely used photocatalyst etaldehyde undervisible and UV lightirradiation. Cr, Co, Mn,
due to energy and environmental consideratifijs How- V, Ni, and Fe incorporated titania—silica aerogels were ef-
ever, titania can operate only under UV light irradiation, since fective for the photocatalytic decomposition of acetaldehyde
the light energy must be higher than its band gap (3.2 eV). under visible light irradiation (> 420 nm)[3]. We further
Currently many research efforts are aimed at the discovery of showed efficient visible and UV photocatalytic activities for
photocatalysts that work under visible light irradiat{@n2]. acetaldehyde decomposition based on microporous titanium
One such effort involves the usage of mixed metal oxides for silicate [ETS-10, (Na,K)TiSisO;3], and transition metal in-
the photodecomposition of volatile organics. In our laborato- corporated ETS-1{41].

Composite semiconducting materials such as;1300%,

* Corresponding author. Tel.: +1 785 5326849; fax: +17855326666.  [2): 1102/WOs [6], ZnO/SnQ [7], have also been used as
E-mail addresskenjk@ksu.edu (K.J. Klabunde). UV photocatalysts. These oxides with their different band
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positions provide wider charge separation, thereby prevent-2. Experimental

ing the recombination of holes and electrons. Coating a thin
layer of MgO particles on Ti@ particles was found to en-
hance the photocatalytic oxidation of 2-chlorophenol, 2,4-
dichlorophenol and 4-aminobenzoic adi]. TiO2/FeO3 Metal acetates, Co(OAg) Mn(OAc),, Fe(OAc), Zn-
binary mixed oxides (1:1 composition) prepared by sol-gel (OAc), were purchased from Aldrich and used as received.
impregnation, exhibiting absorption in the visible spec- Samples of Mg(OAc)}4H,0, also from Aldrich were re-
tral region (570-600 nm) showed photocatalytic activity for fluxed overnight with excess acetic anhydride to remove
the aqueous degradation ofcresol under UV light[9]. water, and the insoluble Mg(OAgWwas collected by filtra-
Nanocomposites of ZngE®4/TiO, (with a Zn/Ti molar ratio tion, washed with dry toluene and dried at“8Dunder vac-

of 0.05) showed increased activity for the photodecompo- uum overnight. Ti(OPY)4 and decalin were purchased from
sition of phenol as compared to pure Bi{L0]. Increased Aldrich and used as received.

photodecomposition of phenol by TH®IO, has also been

noted and was attributed to the adsorption sites provided by2.2. Synthesis and hydrolysis of MgfDi(OPr")3] 2

SiO; [11]. Furthermore, intimately mixed metal oxides such

2.1. Synthesis

as CaG-Al,03 and MgO-Al,03 were shown to have in-
creased adsorption for paraoxon (dietpyhitrophenyl phos-
phate)[12].

We wanted to investigate some of the titanium contain-
ing mixed metal oxides M30O5 (M=Mg, Mn, Fe, Co, Zn,

The starting materials, M[ETi(OPrM)4]> (M =divalent
metal), have been synthesized earlier by the thermal con-
densation of Ti alkoxide with metal (M) acetdfier]. A sim-
ilar synthetic procedure has been followed. The Mg analog
was prepared by refluxing two moles of Ti(ORr (4.94 9,

and Sn) as photocatalysts. We preferred utilizing high surface0.0174 mol) and 1 mol of Mg(OAg)(1.24 g, 0.0087 mol) in
area nanostructured mixed metal oxides in order to enhance50 ml decalin in a flask connected to a fractionating column.
surface adsorption and photocatalysis. While synthesizing The solution was refluxed amdpropyl acetate was removed
mixed metal oxides by aerogel processing, single source pre-continuously from 90 to 100C (a sample of this-propyl
cursors, which would possess both (Ti and M) the elements, acetate was confirmed by GC-MS; total yield of ester is

are essential to control stoichiometry. Although a mixture of

about 1.83 g). Eventually, the reflux temperature was raised

homometallic alkoxides could be used, single source precur-to the boiling point of decalin (1980C). The refluxing was
sors have the advantage of avoiding the mismatch betweercontinued for 5 h with the slow removal of decalin. The re-

the hydrolysis rates of the different nonmetal precursors.

maining decalin was removed by vacuum distillation and a

For example, homogeneous, high surface area nanocryspale yellow clear solution formed was dried under vacuum

talline or amorphous forms of mixed metal spinel oxides
MAI>O4 (M=Mg, Ca, Mn, Co, Fe, and Zn) have been
successfully synthesizefil3] using a modified aerogel
method, from bimetallic oxo-bridged alkoxides [(R&—
O—M—-0—-AI(OR);]. Final products MA}O4 were obtained
by the thermal decomposition of the hydroxides [(H&)-
O-M—O—-AI(OH),]. Nanosized BaTi@, BazrG;, and
BaTip.5Zrp.503 have been prepared by single-source alkox-
ide, semi-alkoxide routefl4]. Through sol-gel chemistry,
NdAIO3 embedded in an AD3 matrix was obtained15],
using a single source precursor [Ng&DPt);2(PrOH)]. Ti-
tanium iron isopropoxide [Fe€Tiz(OPY)g}] has been used
as a single source precursor to preparesii&TiOs com-
posites by the sol—gel rouf&6].

In this article we discuss the results of our investigation

at 50°C for overnight. Finally a pale yellow viscous paste of
Mg[O—Ti(OPM)3]» was obtained (total yield 4.40 g).

2.3. Hydrolysis and supercritical drying of
Mg[O—Ti(OPr'")s] 2

The yellow paste from the above preparation was dis-
solved in 30 ml toluene and 30 ml of isopropanol. The clear
pale yellow solution obtained was refluxed, cooled, and was
added, with stirring, 3 ml of water in 10 ml of isopropanol.
The white gel obtained was stirred continuously at@o0
overnight. The gel was placed in a high-pressure autoclave,
which was sealed, pressured to 100 psi with nitrogen, and
heated with stirring at 265C for 4 h (the pressure rose to
900 psi). The solvent was vented over several minutes at this

on the synthesis and characterization of mixed metal oxidestemperature. After cooling, a gray white fluffy solid (yield

with stoichiometry, MT3Os (M =Mg, Mn, Fe, Co, Zn, and

1.83 g) was obtained. Calcinations of these powders were car-

Sn) using an aerogel method from a single source precur-ried out at different temperatures depending upon the prod-

sor. Only for Mg, the stoichiometry MgIDs with pseudo-

ucts obtained. Similar procedures were also used for prepa-

brookite structure type was obtained, while the composites ration of other alkoxide precursors and they are summarized

MTiO3/TiO, were obtained for M = Fe, Co and Zn. We tested

the photocatalytic behavior of the products for the decompo-

in Table 1

sition of gaseous acetaldehyde. Although our primary goal 2.4. Characterization

was to obtain photocatalysts, we surprisingly discovered a

catalyst, CoTiQ/TiO,, that would decompose acetaldehyde
in the dark at room temperature.

Textural characterization of the samples was performed on
a Nova 1200 gas sorption analyzer (Quantachrome Corp.).
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Table 1
Preparative conditions, product stoichiometry and surface areas of the materials
Starting materials Surface area after Surface area after heat treatment in Product stoichiometry
stoichiometry supercritical drying (1/g) air (m?/g) (heating conditions) (from XRD and EDAX)
Two moles of Ti(OP?)4 and 78 51 (500C/4 h) MgTiOs
1 mol of magnesium
acetate
Two moles of Ti(OP?)4 and 204 126 (500C/4 h) Amorphous
1 mol of manganese(ll)
acetate
25 (700°C/4 h) MmOz and TiQ, (rutile)
Two moles of Ti(OP?)4 and 297 157 (500C/4 h) Amorphous
1 mol of iron(ll) acetate
Two moles of Ti(OP?)4 and 237 20 (500C/4 h) Amorphous
1 mol of cobalt(ll) acetate
16 (700°C/4 h) CoTiQ/TiO, (rutile)
Two moles of Ti(OP?)4 and 320 152 (500C/4 h) Amorphous
1 mol of zinc acetate
27 (700°Cl/4 h) ZnTiG/TiO, (anatase
and rutile)
Two moles of Ti(OP?)4 and 146 58 (500C/4 h) Amorphous
1 mol of tin(Il) acetate
43 (700°C/4 h) Unidentified by powder

X-ray diffraction

The specific surface areas were calculated according totration of the reactant acetaldehyde and the product carbon
the Brunauer—Emmett—Teller (BET) method. X-ray powder dioxide.

diffraction experiments were conducted on a Scintag-XDS-

2000 and Bruker D8 Advance powder X-ray diffractome-

ters with Cu kx radiation. Scans were made in therange 3. Results and discussion

5-60 with a step size of 0.025. The surface morphology of

the calcined samples was visualized using a Hitachi S-3500N3.1. Characterization

Scanning Electron Microscope. Visible absorption spectra of

the samples were recorded on a Cary 500 Scan UV-vis NIR  One of the important aspects of this work is the successful
Spectrophotometer with an integrating sphere attachment forsynthesis of MTiOs nanostructured materials by a modified

their diffuse reflectance in the range 200-800 nm. aerogel procedure. This approach is concerned with hydroly-
sis, gel formation, supercritical drying, and vacuum or air de-
2.5. Photocatalysis studies hydration. However, only in the case of Mg, the composition

MgTi>Os with a pseudo-brookite structure was obtained after
The experimental set up for the photocatalytic oxidation calcinations at 506C in air (Fig. 1a). The powder diffrac-
of acetaldehyde includes a light source, a static reactor, and

a circulating water bath. The static reactor is a 308 ghass 500 e

container with a quartz lid to access light radiation. A typical i

experiment was carried out as follows. The required amount 400 #MnO. @
of the powdered sample (about 60—80 mg) was uniformly ) P
spread over a quartz basket. The sample was later placed
in the air filled reactor. The temperatures for all the exper-
iments were carried out at 298 K. The reactor was closed
and stirred continuously after the introduction of J00f

liquid acetaldehyde. The samples were illuminated with a 100+
1000 W high pressure Hg lamp. A combination of two filters,
VIS-NIR long pass filter (400 nm) and a colored glass filter 0
(>420 nm) was utilized for the purpose of allowing only vis- — - — —
ible radiation. For UV illumination (320 nm x<400 nm), 0 0o A s 6
most of the IR and visible light was cut off. Gaseous T it fegres)

samples (3f.l) were extracted and analyzed by GC-MS Fig. 1. Powder X-ray diffraction patterns of (a) MgUs, (b) mixture of

(gas chromatograph equipped with a mass selective deteCmn,0; and Tio, (c) CoTiOy/TiO2, and (d) ZnTiQ/TIO; after calcinations
tor GCMS-QP5000 from Shimadzu) to follow the concen- (seeTable J.

300 4

200

Intensity (arb.)
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tion pattern matched very well with that of the reported PDF diffraction patterns. Usually iron oxide in the presence of
(JCPDS Powder Diffraction File) number 35-0796. MgJ4 TiO2 in air tends to stabilize in a 3+ state with a compo-
with a pseudo-brookite structure has so far been prepared onlysition FeTiOs, in the pseudo-brookite structuf®,20,21]

by high temperature quenching (>700)[18,19] Inthe case Preparation of Fe3Ds normally requires much more strin-
of Co, and Zn, the products obtained even after heating atgent conditions, such as heating the mixture of Fe(ze
700°C was a mixture of MTi@ and TiQ (mostly rutile) and TiQ at 1170-1300C in sealed quartz tubes containing
(Fig. 1. For Mn, the powder X-ray pattern indicated the for- 200 mbar of Hg21]. Sn in a 4+ oxidation state has been
mation of MrpO3 and TiQ, (anatase and rutilefr{g. 1b). The substituted for Ti in the pseudo-brookite struct{22], and

reason might be the instability of the compositions, GOEi there are no known phases with Sn in a 2+ oxidation state
MnTi20s, and ZnTpOs in the pseudo-brookite structure. The  with titanium. This probably explains the unidentified pow-

formation of solid solutions between M5 and CoTyOs der X-ray pattern obtained by us, while heating the precursor
were known without the formation of the end membed. in vacuum. Product formation, calcinations conditions along

Itis important to mention that these earlier preparations were with the surface areas obtained for the different samples are
done by the traditional ceramic method. For Fe and Sn, cal-listed inTable 1

cinations of the hydroxylated products at 5@in air re- Surface areas of the as prepared materials after supercriti-
sulted in amorphous powders as shown by the X-ray powder cal extraction were 150—-300%y, except for the Mg compo-

Fig. 2. Scanning electron micrographs of (a) CoFli0, and (b) ZnTiQ/TiO,.
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sition for which the surface area was 78/m(Table 1. The
surface areas decrease after calcinations and also with in
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Table 2

Pseudo-first-order rate constah(k, min—1) for the decrease of acetalde-

hyde by MgTpOs and the composites MTKTIO, (M = Fe, Zn) under UV

crease in calcination temperatures. Even so, the surface aregagiation (320 nm < <400 nm)

obtained for MgTiOs (51 n?/g) is notable, since a similar

surface area cannot be achieved by the traditional ceramic
method of preparing Mg30s at temperatures >70C [18].

The morphology as indicated by the SEM imadeig (2)
for the MTiOs/TiO2 (M =Co, Zn) composites indicate uni-

ample k (min—1)
Degussa P25 Ti® 0.01(3)
MgTigO5 0.004(5)
FeTiGs/TiO; 0.001(4)
ZnTiO3/TiO2 0.003(4)

form crystallites. The ratios of Co/Ti and Zn/Ti as indicated
by the EDAX analyses were 0.51 and 0.52, respectively. This
ratio matched very well the expected total composition of
MTi»Os. The Fe sample that was calcined at 530 which
was amorphous, also exhibited a ratio of Fe/Ti, 0.45. The re-
sults from EDAX coupled with powder X-ray diffraction re-
sults clearly indicate that we have crystalline solid MgJ4d

and the formation of MTI@TiO2 composites for M=Fe,
Co, and Zn.

Inspection of the UV-vis spectra for the different products
(Fig. 3), clearly indicate that the cobalt and iron composites
have stronger visible absorption in the range of 450-650 nm.
A similar visible absorption behavior has been observed for
TiO2/FeO3 mixed metal oxides and also for iron doped tita-
nia[8,23]. The broad peak between 500 and 700 nm observed
for the cobalt sample is mainly due to the presence of CgTiO
[24]. Note that in the case of Zn and Mg, the absorption edge

@ Calculated from the plots of I@/C) vs. time €), whereCo andC denote
the gas phase concentrations of acetaldehytie @andt = t, respectively.

any photocatalytic activity under visible light. Comparison
of the pseudo-first-order rate constants under UV light for
MgTi>Os (0.004 miml) and the composites FeTiTiO»
(0.001min1) and ZnTiQ/TiO, (0.003miml) were
found to be lower when compared to degussa P25, TiO
(0.01 mirrt) (Table 2.

However, we obtained interesting results for the cobalt
sample. CoTi@/TiO, decomposed acetaldehyde at room
temperature in the dark as indicated by the increase ip CO
concentration and the decrease in acetaldehyde concentration
with time (Fig. 4). The activity in the dark was higher than de-
gussa TiQ which decomposes acetaldehyde only under UV
light. A balance between the consumed acetaldehyde con-
centration and the amount of G&@rmed was not achieved,

is moved below 350 nm as compared to that of degussa P25since CQ was the only dominant gaseous product of the re-

TiOo.
3.2. Photocatalytic studies

We investigated the photocatalytic activities of Mgk

and the MTiQ/TiO, composites (M =Fe, Co, and Zn) for the
gas phase decomposition of acetaldehyde. M@dand the
composites MTiQ/TiO2 (M =Fe and Zn) decomposed ac-
etaldehyde only under UV irradiation (320 nm< 400 nm).

The pseudo-first-order rate constants, calculated from the
plots of In(Co/C) versus time t), whereCy and C denote

the gas phase concentrations of acetaldehydes= &t and
t=t, respectively, are listed iflable 2 In spite of the strong
visible absorption shown by the Fe sample, it did not show

3.0 FeTiO,/TiO,
----- ZnTi0,/TiO,
2.54 —— P25 TiO,

CoTiO/Ti0,
MgTi 0,

Absorbance

T v T T T T T 1
300 400 500 600 700 800

Wavelength (nm)

Fig. 3. UV-vis diffuse reflectance spectra of materials under study.

action of acetaldehyde oxidation. A trace amount of acetic
acid was the only other product seen in the gaseous phase.
The gas phase concentrations of other organic compounds
were probably below GC-MS detection limits. The acetic
acid, being less volatile (bp 11&), probably was strongly
adsorbed on the surface of the catalyst. The concentration of
acetic acid observed in the gaseous phase, might not corre-
spond to the total concentration of acetic acid produced in
the reactiorj25].

The catalytic activity in the absence of light is due to the
presence of Co, and a similar behavior has previously been
reported by us in the case of Coaded SiQ xerogels
[25]. The mechanism was explained by the reaction &**Co
to form superoxo complexes {Co** —O-0°") in the pres-
ence of oxygen. This complex formation is considered to be
responsible for the chain initiation

Co*t —0-0*~ + CH3CHO
— Co®"—O—0OH + CHsC*O.

Alternately, CS* can react with acetaldehyde to form an
acetyl radical, which then proceeds to form the acetylperoxy
radical with oxygen. This chain initiation was then explained
as the reason for the activity of the cobalt catalyst.

In summary, we have attempted to prepare MDH
(M =divalent metal) oxides by aerogel approach. We suc-
ceeded in preparing Mgd®s by this method at temperatures
as low as 500C, while the composites MTigTiO, have
been found for M =Fe, Co, and Zn. Cobalt containing mate-
rial showed an interesting catalytic activity, by decomposing
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Fig. 4. (a) Rate of decomposition of acetaldehyde in the dark by
CoTiGs/TiO3 (filled circles). Filled triangles represent the concentration
of acetaldehyde in the absence of any catalyst. (b) Formation gfiCthe
dark by CoTiQ/TiO, (open circles). Open triangles show the concentration
of CO; in the absence of any catalyst.

acetaldehyde in the dark at room temperature. The Mo
and the composites MT#ITIO, (M =Fe, Zn) acted as regu-
lar UV photocatalysts under UV light.
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