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An alkoxo method for the prepacation of single-phase titanium oxides modified by
phosphorus and aluminum is proposed and the mechanism of oxide formation is investigated.
Structural studics showed that the sizes of the anatase microcrystallite grams and mesopores in
the systems are characterized by a uniform distribution. The nature of the modifving agent and
the conditions of synthesis intlucncee the interatomic distances and the dimeasion of ¢, the

tetrugonal umt cell constant of anatase.

Key words: alkoxo mcethod. teteabutoxytitanium, crystal structure, interatonuc distances.
adsorption isothern, mesopores, microcrysiallites.

Amaong publications devoted to the preparation of

new heterogencous catalysts of the acid—base type. most
numerous are those studies of acidic catalvtic systems
representing complex metal oxides.'=3 Much fewer works
deal with the development of basic heterogenzous cata-
lysts. 4

A promising linc of rescarch into the svnthesis of
complex metal oxide systems is related to the use of

alkoxo methods and organic precursors.S It was found
that single-phase complex metal oxides. which are cither

substitution solid solutions or microhcterogencous highly
dispersed cluster compositions. are formed rather readily
in syntheses based on organic derivatives of’ transition
metals. 8.7

In this paper, we report structural features of uta-
nium oxides modificd with phosphorus and aluminum
ions and preparcd using tetra(z-butoxy)titanium. cthriol

octanc), and the crvstal hydrate AICly - 6H,0. which are
used as precursors in alkoxo syntheses.
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These precursors contain jons (P37 and AP 7). which
cxhibit acidic and basic propertics when introduced into
chemical compounds. This modification is aimed at
cndowing catalvuc systems with acidic andsor basic
Properucs.

Experimental

Modified titanium oxides (Table 1y were prepared by the
alkoxo micthod, in which chelation of titanium alkoxide with
acetylucctone was used to stabilize the sob. For this pumose. un
cquimolar amount of acetylacetone was added to a 1.3 W solu-
non of titanium tetra(a-butoxide). Afier stirring with a magnetic
stirrer, argon was bubbled through the solution, while solutions of
modifying components were added. A 0.3 M benzene solution of
cthriol phosphite (sample 33 or a 0.3 A cthanoi solution of
aluminum chloride (sample 4) containing speciticd amounts of P
or Al tsee Table 1) were used as modifyving reagents, The resulting
sobs were stireed for 30 min and 80% aqueous ErOH was added in
such a way that the amount of water 1t contained was stoichio-
metric with respect to titanium alkoxide. Since the induction
period of gel toanation was more than | month, the gels were
isolated by evaporation of the sotvents, For comparison, titanium
oxide free from modifving additives was prepared by the same
procedure (sample 1) and phosphorus-containing titanitm oxide
wits prepared by i simidar procedure oxcludimg the chelation stage
(sample 2y, The gels were dried i vaceo at 90 °C: the oxtdes were
prepared by stepwise annealing i1 which the temperature in-
creased from 100 to 304) °C over a period of 7 h

X-Ray diffraction studies were carried out on o Dron-3M
dittractometer using Cu-Ke-filtered radiation. The XRAYN
data bank. version 180, was used to identify phases based on
the interplanar spacings and the relative intensitics of Brapg
reflections. The posttions of lites charactenzing the tetragonal
orictation of the structure (12001 and (004 were used to
cileulate the unit cell constants.? The samples were scanned
with a rate of 0.3° (28) min™ ! The size of the anatase
microcrystallites (the region of coherent scattering) and the
microdistortion value (&) were determined trom X-ray line
broadening %10 To separate the cffects of dispersion and
microdistortions. the calculations were performed using two
lines and the somograms constructed beforchand. m /B, =
OtBa/Pp ) and #a/Br = o1B,/B ). where By and B- are true physical
line broadenings with = 3.32 and 1.89 A, respectively: m and
ny are the tractions of physical broadening caused by the
dispersity of blocks and microdistortions, respuectivels

Tie EXAFS spectra of the Ti-K edge for all smaples were
recorded ut the EXAFS station of the Siberian Synchrotron

o
|

Table 1. Crystal lattice paramcters, crvstallite sizes. and
microdistortions of single-phase oxides in the amatase structure
determined by X-ray diffraction

System u ¢ D+ g (e
E (rel. units)
Ti0,/C (D 3.78 947 {93 0.9
Fi0,/P (2) 3.77 9.33 52 3.4
TiO:/P (3) 377 941 112 2.0
Ti0,/Al (4) 3.78 9.42 107 .2
TiO, (5 tanatase)® 3,78 9.51 — —

* Average size of microcrystalfites.
= Srructure microdistortions (Ad/d).

Radiation Center using an clectron beam energy of 2 GeV and
an average current of 800 mA was used as the source of
radiation. The X-ray encrgy was monitored with a channel cui
Sty monochromator. The harmonic attenuation was per-
tormed by using a gold mirror. The spectra were recorded in
the transmission mode using two jonization chambers filled
with argon. The samples weee prepared as petlets with thickness
vacied o obtain a 0.3—0.8 step at the absorption cdge. The
ascillotion component (&) was solated using a standard proce-
dure "=} The background was removed by extrapolating the
pre-cdge region onto the EXAFS region by Viktorin s polvno-
miats, The absorption spectra were smoothed hy micans of cubic
splines. The inflection point at the edge of the absorption
spectrum was used as the imitial point £, of the EXAFS
spectrum. The radial distribution of atoms (RDA) was caleu-
taied from the spectra in A% 0k) by using Fourier analysis in the
~3.0-12.0 A7 range of wave numbers. The structural param-
clers, f.o. mnteratomic distances and coordination numbers, were
deterimined by simulating the spectra using the EXCURVY2

T . P A .
program2 after preliminary Fourier filtering, resorting to known

Xeray diffraction data for bulk compounds.

Parameters of the porous structure were determined from
nitrogen vapor absorption isotherms at 77 K. Experimental
adsorption isotherms were measured  using o Yravinat-4303
automated gravimeteic setup (Netch, Germany) with a sensitiv-
iy of | pe tor a sample ofup to 1 g at 77 K. The specific surtace
arca was calculated using the BET method. ™ The average pore
sizes (radit) were tound ander the asumption of a cvlindrical
geometiy o the pores,

The morphology of oxide svstems was studicd by transmis-
sion clectron microscopy using a Jeol 100C electron microscope
for magnifications ranging from 30000 to 240000, Powder
samples were carcfully triturated 1o cthanol in ajasper morta:
the resuiting suspenston was precipitated onto a carbon support
and placed un a grid tor an clectron-microscopy study.

Results and Discussion

According to X-ray diffracuon data, all moditied
oxides arce single-phase systems wiih anatase structure
{scc Table 1). The nature of the modifving additive
influences substantially the ¢ parameter of the tetragonal
lattice and microdistormions refated (o stresses in the
crystal structure.

The results of thermogravimetric analysis and C
NMR study showed that nonmodificd titanium oxide,
which was also prepared by alkoxo synthesis followed by
caleination of the gel at 500 >C. contains residuad ¢l-
cmentary carbon (1.5—1.8 % (w/w)). In this conncce-
tion. the single-phase titanium oxide can be regarded as
a system modified with carbon.

According to X-ray fluorcscence analysis data,
samples 2 and 3 contained 1.2% (w/w) phosphorus,
whereas sample 4 was found to contain 2.8% {w/w)
atuminum and no more than 0.32% (w/w) chlorine. This
indicates that the greater part of chlorine intro-
duced together with the imitial aluminum chloride
(10.7% {w/w)) was removed during cvaporation of the
solvent and subscquent thermal treatment ot the gel.

The valucs of microdistortion of the anatase lattice
(Fig. 1) arc inversely proportional 1o the dimension of
lattice constant ¢ of the titanium oxide containing
3 mol.% moditving agents. The intereept of the plot of
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this dependence with the abscissa axis provides. accord-
ing to published data, !5 the lattice constant ¢ for the
single-crystal nonmoditicd anatase.

Tuking into account the known ion radii'® for P,
P AT and CY equal 1o 0.35. 0.44. 051, and 0.77 A,
respectively. one can assume that the lincar dependence
shown in Fig. | indicates that the atoms of the modifving
agents are inscerted into the anatase lattice along the {010}
planc: the depth of ntrusion of the modificr into the
structure seems to incrcase with decrease in the on
radius. In addition, it can be assumed that, depending on
the synthesis conditions, the phosphorus atoms oceur in
different oxidation states and influecnce the lattice micro-
distortion. The greatest microdistortions are caused most
likely by the presence of P37, whose ion radius is (.33 A.

The assumption that the modificr atoms are inscried
imto the anatase structure is confirmed by an EXAFS
study of the fine structure. Figure 2 presents RDA curves
lor the local environment of titanium and Table 2 shows
the averaged interatomic distances in the anatase lattice
from the titanium side. For comparison, the same tablc
contains the known® interatomic distances for nonmoditied
anatase. It can be scen that the averaged Ti—-O bond
fengths and one Ti—Ti interatomic distance in the sys-
tems synthestzed are close 1o those for nonmodificd ana-
tase. The significant increase (1o 0.12 A) of the second
Ti—Ti mteratomic distance in the samples moditicd by
phosphorus and alununum implics that the moditving
agents are introduced most likely along the {010 planc.

Figure 3 presents the experimental adsorption iso-
therms of nitrogen on the surface of the titanate systems

under study, while Table 2 lists the main parameters of

the porous structure. It can be scen that TiO,/C has a
small adsorption pore volume and o Jow specific surtace.
The introduction of modifiers into the structure results
in substantial development of the porous structure, in
which mcesopores predomunate. The conditions of syn-

thesis influence the specific surface and the volume of

pores: the introduction of a chelating agent at the stage
of synthesis of phosphorus-containing gel results in an
incrcase in the specific surface arca and the adsorption

£+ 107 (rel. units)

o
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8

9.36 9.40 9.44 9.48 /A

Fig. 1. Structure microdistortions (¢) vs. the ¢ constant tor the
tetragonal unit cell of anatase Tor samples 1—5 (sce Table 1),

I irel unitsy
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Fig. 2. Functions of radial dixtribution of atoms around the
ttanum atom for samples 2 ta). 3 (M), 4 (). and 1 (d).

volume of pores. The isotherms of phosphorus-contain-
ing systems possessing ditferent specific surtuce arcas are
identical in shape. The adsorption isotherm obtained for
an aluminum-containing system differs markedly from
those for the phosphorus-containing systems when

/P> 00450 This result suggests that the aluminum-
containing system has a wide-pore structure.

Additional information on the structure of pores can
be obtained from the comparison plot!? in which the
adsorption isotherm for a sumple under study is compared
with the isotherm measured for a nonporous sample with
a similar chemical nature. Figure 4 shows the comparative
plot constructed using the phosphorus-containing system
3 as the sample under investigation and the wider-pore
aluminotitanate oxide 4 as the reference. The amounts of
the sorbate adsorbed on the referencee and test samples at
cqual relative pressures are Jaid oft on the abscissa and

Table 2. Intcratomic distances (R) determined by EXAFS spec-
troscopy and the main parameters of the porous structure (BET)

Svstem RIA Parameters
Ti—0O Ti—Ti (Ti—Tv"~  §* Y pres
FO,/C 1y 197 3.00 3.77 32 0,009 36
TiO/P(2) 195 304 3.90 M 0031 182
TiO/P (3 194 303 3.88 83 0.081 1.9
TiOy/Al (4) 195 3.04 389 88 0.180 4.0
TiO, (5)8 37. 503 378 — — -

1.9
1.963

~ e - ; Y .
* Specific surface area/m? ¢!,
** Pore volume/em? g7l
**x Pore size/A.



1806 Russ.Chem.Buli., Int. Ed., Vol. 49, No. 1. November, 2000

Tsodikov er al.

aimmol ¢!

e ¢4
*
3
.
4
[
3
L ]
3
B -
- L ]
*
L
i o ® b o ) 2
P - : )
. o i

| 2 3 4 5 6 7 5 (PPYID
Fig. 3. Nitrogen adsorption isotherms for titanate systems §—4;
2P 1s the relative pressure of the adsorbate vapor.

ordinate axes, respectively. Similar plots were constructed
to compare sample 4 with the other samples prepared.

The lincarity of the initial section of the comparative
nlot indicates that. in this range of coverages, adsorption
on both samples follows the same polymolecular adsorp-
tion mechanism and that the chemical nature of the
surface of both samples is similar. The deviation of the
comparative plot from a straight line at P/P. 2 0.43
pomts to a difference between the porous structures.

As shown previously U7 the presence of a lincar see-
tion on the comparison plots in the region of monolayer
coverage (P/P. < 0.45) allows onc to construct the

standard adsorption isothcrm over the whole range of

relative pressures by the scmiempirical method. The
standard (reference) adsorption isotherm was constructed
based on the adsorption isotherm tor sample 4 in the
rczion of monotaver coverage. while the isotherm for

(a3 - 107/ mmol !

Y

| 2 3 4 3 {ag)/mmol g~

Fig. 4. Comparison plot tor adsorption of nitrogen on sample 3
t10O,/Py and on sampie 4 {Ti057AN,

a/mmol g™}
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Fig. 5. Nitrogen adsorption (@) on titanate systems 2—4 oy
number of fayers of adsorbed molecules (m

polymolccular coverage was calculated vsmg the BET
cquation, whose parameters were determined from the
initial (monomolcculary scetion of the sotherm. Com-
parison of the adsorption on systems 2—4 with the
theorctical isotherm provides the possibility of clucidat-
myg the dependence of the amount adsorbed on the
number of monomolecular layers n (Fig. 3).

Analysis of the plots shown in Fig. 5 lcads to several
conclusions.

1. Phosphorus-containing samples 2 and 3 arc char-
acterized by equal pore sizes (y-coordinate of the break
points) and difterent speeific surface arcas {(proportional
to the slope of the nitial section of the comparison
plot): hence. the pore volumes are different.

2. Phosphorus-containing sample 3 and aluminum-
containing sample 4 possess similar specific surface arcas
but substantially difterent pore sizes and volumes.

£ 10302000/ Dy

16 - o4

) [ 1 . 1
0 20 a0 60 80  S/mig”!
Fig. 6. Correlation of the specitic surface area (S) and geomet-
ric factor of the fine steuctures (£ 107{/(200)/ D)) of titanium
oxides with anatase structure: [ is the Miller index. D is the
average size of microervstatlites.
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Fig. 7. Micrographs of aluminum-containiog svstem 4 with
magnifications of 130000 (¢) and 240 000 (h).

3. The unitormity of the structure of titanate oxides s
indicated by corrclation of the data obtained by X-ray
ditfraction analvsis and adsorption measurcments. The
intensity of Braga reflections is known'® to be propor-
tional to the volume of the phase present in the svstem. In
this connection, the ratio of the intensity to the broaden-
ing of the coherent scattering region with a correction
applied for structure nucrodistrotions gives a tactor of fine
structure adequate to the surface geometry of the sample.

4. The geometrical factor of fine structure 1s propor-
tional 1o the specific surtace arcas of the oxides found
from adsorption mcasurcments (Fig. 6). This result sug-
gests that, in addition to a uniform pore size distribution,
the titanate systems are also characierized by a relatively
uniform size distribution of the microcrysiallites.

The data of high-resolution transmission electron
microscopy contfirm this assumption. It can be scen from
the micrographs (Fig. 7) of the aluminium-containing
system with 130000 and 240 000 magnifications that
the morphology has a uniform structure with 100—130 A
microcryvstallites. The microcervstallites are separated by

relatively uniform  cvlindrical pores with a size of
20—30 A. Apart from cylindrical pores. larger shi-like
pores with sizes of (15=23)*(40—30) A can also he
traced on the microgruph. These pores can be formed as
extended dislocations resultimg from inclusion of het-
croatoms o the anatase surtace. The morphology of
phosphorus-containing systems is also charactierized by o
grain structure of the microcrystallites forming the walls
ol cylindrical pores.

This work was supported by the Russian Foundation
for Basic Rescarch (Project No. 00-03-32407a).
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