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Pure and phosphate-modified titanium dioxide (anatase) have been studied by IR spectroscopy of
probe molecules, X-ray photoelectron spectroscopy, X-ray phase analysis, electron microscopy,
etc. It is established that the phosphate anions are strongly bonded to the anatase surface and are
stable even at the temperature of anatase—rutile transition. The phosphates cannot be removed by
washing with water or diluted acids, but are extracted by basic solutions. The active sites for
phosphate adsorption are hydroxyl groups and Lewis acid sites on the anatase surface, whereas
part of the c.u.s. Ti** ions, which exhibit a weak acidity, remains free. Thermal treatment of
samples modified by phosphoric acid leads to their dehydroxylation due to the recombination of
hydrogen-bonded hydroxyl groups. For samples modified by NaH,PO, part of the hydrogen ions
are substituted by Na*, which leads to ‘‘dilution’’ of the hydroxyls and hinders their recombina-
tion. As a result, isolated OH groups, stable at 723 K, exist on the surface. The disappearance of
the Lewis acidity on anatase after modification with phosphates allows the assumption that the role
of phosphorus as a promoter in some titania-supported catalysts is to block the Ti** Lewis acid

sites. © 1989 Academic Press, Inc.

INTRODUCTION

The surface properties of titania (ana-
tase) strongly depend on the presence of
impurities (/-9). Thus, a Lewis type acid-
ity is characteristic of pure anatase (I, 2,
10, 11), whereas sulfated anatase has strong
Brgnsted acid sites and belongs to the small
number of known superacid catalysts (3,
9). A number of investigations deal with
phosphorus-containing samples, but there
are just a few detailed studies of the effect
of adsorbed phosphates (4, 5). It is estab-
lished that phosphate adsorption on TiO,
from aqueous solutions of H3POq,
NaH,PO,, and Na,HPO, follows the
Langmuir equation (/2). The maximum
coverage depends on the sample used, and
the values reported range from 1.27 to 2.34
PO,H; /nm?. The authors (12) are of the
opinion that the modification is achieved by
an exchange reaction between part of the
surface hydroxyl groups and the H,POy
jons. This point of view is impeached by
Munuera et al. (5) who have observed re-
placement of part of the adsorbed water by
phosphate ions. They explain the results

with phosphate adsorption on the (111) ana-
tase face and similar structures. However,
this interpretation presupposes exposure of
the (111) face mainly, which is not charac-
teristic of the anatase crystals (13) and
cannot account for surface concentration
above 2 PO,H; /nm?2. Elucidation of the lo-
calization of phosphate ions and their effect
on the surface acidity of anatase can help in
clarifying the nature of the active sites on
pure anatase as well as some other prob-
lems which are important for heteroge-
neous catalysis, e.g., the mechanism of
action of some promoters in titania-sup-
ported catalysts.

The present paper represents a compara-
tive study of the surface properties of pure
and phosphate-modified anatase by IR
spectroscopy of probe molecules, XPS, X-
ray phase analysis, atomic absorption anal-
ysis, scanning electron microscope, etc.

EXPERIMENTAL

Hydrated titania was prepared by hydro-
lysis of titanium tetrachloride (Merck, for
synthesis) (/4), prepurified by distillation
under argon. After filtering, washing, and
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drying, the precipitate was calcined in air at
573 K for 4 h, washed with hot water to
remove residual chlorine ions, and dried at
423 K. The substance obtained (which will
further on be denoted by TI-0) had a spe-
cific surface area of 190 m?/g and, accord-
ing to X-ray data, the structure of anatase.

Samples of TI-0 (5 g each) were sus-
pended in 300 ml 0.1 M NaH,PO, solution
buffered at pH 4 and 300 ml 0.1 M H;PO,
solution, respectively. After 20 h the sam-
ples were filtered, washed with 5 ml water
each, then dried again at 423 K. Part of
these samples was calcined in air at 723 K
for 1 h, others were pressed into pellets of
20-30 mg/cm® to be used in IR experi-
ments. The pellets were treated in an analo-
gous manner in the IR cell: 1 h heating in air
at 723 K followed by 1 h treatment in vacuo
at the same temperature.

For analytical determination of the ele-
mental composition, the samples were dis-
solved in concentrated H,SO, with addition
of (NH,)>SO, during heating. The reagents
used (excepting TiCl;) were A.R. The ad-
sorbates also had the necessary purity.

The infrared spectra were recorded with
UR-20 and SPECORD-75-IR spectrome-
ters. The X-ray spectra were obtained by a
Dron-3 diffractometer using CuKea radia-
tion. The XPS measurements were made
with an ESCALAB-MkII (VG Scientific
Ltd.) electron spectrometer using a Mg an-
ode as the radiation source (hy = 1254.6
eV). The electron microphotographs were
taken with a JEOL JSM-T200 scanning
electron microscope. The thermal analysis
was carried out by a Derivatograph 1500.
Atomic absorption measurements were
performed by a Zeeman 3030 Perkin—Elmer
apparatus with HGA 600 and AS-60, a
Zeeman correction of the nonselective ab-
sorption being used. The specific surface
area was determined by the BET method
using conventional low-temperature nitro-
gen adsorption.

RESULTS

Since the impurities strongly affect the
surface properties of anatase, high-purity
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samples had to be used. The surface com-
position was checked by XPS. The analysis
showed no sulfur and no chlorine impuri-
ties. Phosphorus(V) was detected for both
modified samples (P 2s and P 2ps; peaks at
189.8 and 132.0 eV, respectively). The sam-
ple modified by NaH,PO, showed Na* (Na
KLL Auger peak at 265.0 ¢V). This indi-
cated that the sodium ion had replaced part
of the hydrogen ions on the surface, proba-
bly in the hydroxyl groups formed after the
modification.

In further consideration we shall use the
following symbols: TI-1, anatase; PTI-2,
anatase modified by H;PO,; and PTI-3, an-
atase modified by NaH,PO,, all of them
calcined at 723 K. Some characteristics of
the samples used are presented in Table 1.

The Ti: P atomic ratio for the two modi-
fied samples is about 14. The much lower
ratio of these elements according to XPS
analysis shows that phosphorus is located
mainly on the oxide surface. The calculated
surface concentration of phosphates (ac-
cording to atomic absorption analysis data)
is 4.5 and 3.4 phosphate ions/nm? for PTI-2
and PTI-3, respectively. These values are
higher than those available in the literature
(4, 5, 12) concerning the phosphate concen-
tration on the anatase surface.

Irrespective of the relatively high con-
centration of phosphorus, the X-ray phase
analysis of the four samples showed the
presence of anatase alone. This confirms
the localization of phosphorus on the sur-
face without detectable amounts of a three-
dimensional phosphate phase. A similar be-
havior was shown by anatase samples with
a monolayer V,0s coverage (/5). The as-
sumption for a distribution of the phos-
phates on the surface is also supported by
the electron microphotographs which re-
vealed no existence of two phases in the
samples.

The IR spectra of the modified samples,
as recorded in a KBr disk (Fig. 1), exhibit,
in addition to anatase absorption, a broad
peak with a maximum within the range
1030-1010 cm~! and a shoulder at about
1120 cm™!'. These bands characterize the
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TABLE 1

Some Characteristics of the Samples Investigated

Sample  X-ray phase S P content Ti: P ratio in the Modifier
analysis (m?%/g) (%) surface layers®

TI-0 Anatase 190 below 0.05 — —

TI-1 Anatase 120 below 0.05 — —

PTI-2 Anatase 116 2.66 3.8 H,PO,

PTI-3 Anatase 160 2.70 4.0 NaH,PO,

¢ Determined from the ratio between the areas of the Ti 2ps, peak and P 25 peak
using the corresponding XPS cross sections.

phosphorus—oxygen stretching modes in
the phosphate anion (16).

It is of interest to trace the stability of
adsorbed phosphates in water. There are
data that reveal that after washing with wa-
ter the major part of phosphorus present on
anatase is removed (/7, 18). For that pur-
pose, 0.1 g of PTI-2 was washed with 100
ml water portions and the phosphorus
amount in the filtrates was determined by
atomic absorption. Analysis showed the
presence of a very small amount of phos-
phorus in the first filtrate only (ca. 1.0 P
atoms/nm? of the anatase surface). The IR
spectrum of the washed sample, recorded
in a KBr disk, showed no substantial
changes. Sintering of the sample during the

1100 1300
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900
v
FiG. 1. IR spectra of samples TI-1, PTI-2, and PT1-
3, (1), (2), and (3), respectively, and (4), PTI-2 after

washing (for the symbols see text). The spectra are
recorded in a KBr disk.

thermal treatment probably caused a reduc-
tion of the number of active sites for strong
phosphate adsorption, and the liberated
ions passed into the solution. The remain-
ing phosphate was impossible to remove by
extraction according to the method de-
scribed.

Analogous results were obtained during
washing with 0.1 M H,SO,. The amount of
phosphorus passing into the solution also
corresponds to ca. 1.0 P atoms/nm? of the
anatase surface.

On the contrary, IR spectroscopy analy-
sis showed that the phosphates were easily
extracted with NH; solution (lack of the
bands at 1030-1010 cm™! in the spectrum of
the sample PTI-2 after washing 0.1 g of it
with 100 ml 0.1 M NH; solution). Hence,
the phosphate ions can be replaced by OH
groups, which indicates that they have been
located on c.u.s. Ti** cations.

The thermal stability was checked by
thermal analysis. The DTA curves exhib-
ited no loss of phosphorus up to the temper-
ature of anatase—rutile phase transition
(about 1070 K).

The IR spectra of TI-1, PTI-3 (after evac-
vation at 723 K), and PTI-2 (evacuated at
923 K) samples are presented in Fig. 2. Two
types of surface hydroxyl groups are ob-
served on anatase, their maxima being at
3740 and 3700 cm~!. The spectrum of the
PTI-3 sample contains a broad band with a
maximum centered at 3200 cin~! and a nar-
row one with a maximum at 3675 cm™'.
Both bands characterize O-H stretching
modes, the former corresponding to inter-
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Fi1G. 2. IR spectra of samples TI-1, PTI-2, and PTI-
3, (1), (2), and (3), respectively; spectra (1a), (2a), and
(3a) of the same samples are recorded after admitting
CO (40 Torr) to them.

acting, and the latter, to isolated hydroxyl
groups of the P-O-H type (19, 20).

Two other bands with maxima at 2350
and 2150 cm ™!, similar in shape to the bands
at 1200-1000 cm™~! (see also Fig. 1), are ob-
served. They may be assigned to the first
overtone of the phosphorus—oxygen
stretching modes (2/). The poor transmit-
tance of the PTI-2 sample in the OH
stretching region, due to the strong light
scattering, allowed no detailed consider-
ation of the surface hydroxyls in this case.

The CO molecule is very appropriate for
the study of the Lewis acidity (22). Figure 2
also shows the spectra of the samples after
being in contact with 40 Torr (1 Torr =
133.3 N m~2) CO. We found two types of
Lewis acid sites on the TI-1 sample (v, of
the corresponding Ti—-CO complexes at
2205 and 2190 cm ™', respectively), which is
in agreement with data from the literature
(1, 2, 10, 11). The surface of both modified
samples showed no Lewis acidity (only a
very weak peak at 2205 cm~! in the case of
PTI-3 being observed). Additional studies
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revealed the blocking of the Lewis acid
sites to be very stable: no Lewis acidity was
detected even after 1 h of thermal treatment
at 923 K in vacuo or reduction under CO
(40 Torr) at the same temperature.

DISCUSSION

The cleavage planes (001), (011), and
(101) are characteristic of anatase crystals,
but the planes (100), (010), (110), (111),
(112), (113), and (107) can also be exposed
on the surface to a lower extent (/3). It is
believed that the surface arrangement of
the ions on the anatase is the same as in the
bulk (23), which allows modeling the sur-
face. Table 2 shows the concentration of
c.u.s. titanium ions on different planes
characteristic of anatase.

Obviously, the mean concentration of
c.u.s. Ti** on the anatase surface is 5-6
Ti**/nm2. The phosphate concentration in
our PTI-2 sample, after extraction of the
weakly bound ions, is 3.5 PO4H; /nm?, i.e.,
less than one phosphate ion per c.u.s. Ti**
from the surface. If one phosphate ion
forms bonds with two c.u.s. Ti** simulta-
neously, the phosphate concentration
should be ca. 2.5 PO4H; /nm?. This is lower
than the concentration measured for our
samples and considerably higher than that
reported by Flaig-Baumann et al. (12) and
Munuera et al. (5). Most likely one phos-
phate ion is connected to one c.u.s. Ti**
and phosphates located on definite anatase
planes. Thus, the phosphorus uptake con-
centration will strongly depend on the sam-
ple morphology.

Using IR spectroscopy data concerning
the kind and concentration of surface com-
pounds on anatase and their dependence on
the sample morphology (2), and taking into
account the effect of the coordination state
of the ligands on the electron acceptor
properties of the c.u.s. cations (24), in pre-
vious papers we divided the Ti** ions on the
anatase surface into several groups (see
Fig. 3.).

1. Five-coordinated Ti** forming acid—
basic rows with the c.u.s. oxygen anions.
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TABLE 2

Concentration of c.u.s. Ti** on Some Anatase Planes

Plane 001) (101), (011)

(110 (100), (010) (111) (113)

Ti* /nm? 7.0 5.3

4.1 6.0 58 5.8

They are situated mainly on the (001) and
(112) faces and are inactive toward CO ad-
sorption at room temperature.

2. Five-coordinated Ti** belonging to
acid-basic pairs.! They lie on the (101),
{011), (100), and (010) faces and represent
the first type of Lewis acid sites (v, of ad-
sorbed CO at 2190 cm™1).

3. Four-coordinated Ti**. These are the
c.u.s. cations from the (110) face and from
some edges as well as part of the cations
from (111) and (113) faces. They are second
type Lewis acid sites (v, of the corre-
sponding Ti—CO complexes at 2205 cm™!).

4, Titanium ions which are sites for the
localization of surface hydroxyl groups.
They are situated mainly at the edges of the
(001) face and at some crystal lattice de-
fects.

As a result of our IR spectroscopy stud-
ies on CO adsorption, complete blocking of
the Lewis acid sites by phosphates was es-
tablished. This means that the latter are lo-
calized on faces with Lewis acidity. Since
the phosphates do not cover the whole ana-
tase surface, the inert (001) and (112) faces
and their analogous structures remain free.
This is also confirmed by results obtained
by other authors. Using the TPD technique,
Munuera et al. (5) studied the water de-
sorption from pure and KH,PO,-modified
anatase. Two forms of adsorbed water,
with maxima of the TPD peaks at 125 and

! The acidity of these ions is higher than that of the
previous type irrespective of their equal coordination
numbers. This is due to the fact that their charge is
compensated by ligands with a weaker electronegativ-
ity; i.e., there is only one c.u.s. oxygen ion in their first
coordination sphere. For details see Ref. (24).

325°C (398 and 598 K), respectively, are ob-
served on the pure anatase surface. The
modification leads to the complete disap-
pearance of the high-temperature peak,
whereas the position, shape, and size of the
low-temperature one remain the same.
These results can only be due to the fact
that water adsorption proceeds on two
types of faces differing in surface acidity.
The disappearance of the high-temperature
peak after modification shows that the
phosphates have been adsorbed on the
faces characterized by a strong Lewis acid-
ity, and as a result the active sites have
been blocked. In view of the low thermal
stability of the weakly bound water (its evo-
lution beginning at ca. 300 K), as well as the
fact that after modification the Lewis acid
sites able to form stable M-CO type com-
plexes at room temperature are absent, we
are of the opinion that the low-temperature
peak is produced by water adsorbed on the
(001) and (112) faces. Hence, the phos-
phates are localized on some of the side
crystal faces, such as (101), (011), (110),
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Fi1G. 3. Scheme of some crystallographic planes of
anatase and V,0s. The subscripts indicate the coordi-
nation number of the corresponding ion.
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(111), (113), (100), and (010), while the (001)
and (112) faces and their analogous struc-
tures are not occupied by them. The disap-
pearance of the hydroxyl groups typical of
our TI-1 sample (bands at 3740 and 3700
cm™!) after modification shows that the tita-
nium cations, to which they had been
bonded, were also sites for phosphate ad-
sorption.

The IR spectra of the modified samples
show no bands in the 1300-1200 and 2600—
2400 cm™! regions where the P=0 double
bond and the corresponding overtones are
expected (25). Hence, the electrons in the
phosphates are delocalized. The band at
3675 cm™!, attributed to P-O-H groups, is
not observed in the spectrum of the PTI-2
sample. It seems reasonable to assume that
the exchange of part of the H* from the
hydroxyls with Na* leads to “‘dilution’” of
the OH groups and hinders their recombi-
nation according to the reaction

2 OHqw. — O4is + H,O

The band at 3200 cm™~! in the spectrum of
PTI-3 indicates that some residual hydro-
gen-bonded hydroxyl groups are present on
the sample surface. Most likely they are of
the (POH). . .(TiOH). . .(POH). . . type,
since the geminal hydroxyls, P(OH),, are
thought to absorb near 3600 cm~! (19).

The structures of phosphates adsorbed
on anatase are still not clear. Flaig-
Baumann et al. (12) proposed an adsorp-
tion mechanism consisting in an exchange
reaction between the surface hydroxyl
groups and the H,POy in the solution (at pH
=7 the phosphoric acid is dissociated to
the first degree only). The interaction can
be presented as

O—Ti—OH + H* + H,PO;
H2P04
= O0—Ti—OH; = O—Ti—POH; + H,0

The structures in Scheme 1 can be pro-
posed in this case, both before and after
dehydration during the thermal treatment
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and with different degrees of exchange with
Nat.

In the case when the phosphates block
the Lewis acid sites, the adsorption has to
proceed according to the mechanism

H,PO,
Ti—OH

The respective structures are shown in
Scheme 2.

The structure IVa, characterized by a de-
localized proton, is not directly evidenced
by our experimental data. Its presence may
be accepted by analogy with structures with
a delocalized proton, which have been pro-
posed for sulfates (3) and for monolayer
vanadia coverage (/7) on anatase. It is pos-
sible that further dehydroxylation would
lead to bridged structures according to the
reaction

Ti—O + H* + H,PO™ =

am
W8 H  Na
u\P 0 o\P 0
o7 o H o/ Mo H
Tit.......0 Ti-.....0
[T. lTo
H.. Na
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SCHEME 2
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0;P—0—PO;

PO,H HO,P
r Ti + H,0

Ti Ti— Ti

Figure 4 shows a probable scheme for
structures IVa on a row of c.u.s. titanium
ions from the (101) anatase plane, the sym-
metry of the phosphate ions and the dis-
tances between the atoms being taken into
account.

The results obtained allowed us to pro-
pose a new hypothesis for the mechanism
of action of phosphorus as a promoter in
vanadia-titania catalysts. Recent investiga-
tions on the V,05/Ti0O, system by high-res-
olution electron microscopy (26) have
shown that V,0s is not uniformly distrib-
uted on the anatase surface. IR spectros-
copy of probe molecules on a grafted vana-
dia—titania catalyst has shown that a large
part of its surface area belongs to the sup-
port (8). Titanium cations are present on
the surface in a considerable concentration
even with a vanadia coverage close to a
monolayer (27) or exceeding in quantity a
monolayer (28). Since the c.u.s. Ti** ions
favor the complete combustion of the par-
tial oxidation products in o-xylene conver-
sion (15), the system described should have
a low selectivity. The addition of phos-
phorus would lead to blocking of the Ti**
Lewis acid sites and will be accompanied
by an increase in selectivity of the cata-
lysts. The alkali metals probably neutralize
the Brgnsted acidity generated after modifi-
cation (4), which could also lead to para-
sitic reactions. Similar replacement of the
H* from the POH groups in the zirconium
phosphate catalyst by Cs* has led to com-
plete poisoning of the catalyst with respect
to the isomerization of but-1-ene (/9).

o D—X‘) 0 o o= RO} 0
N +H3PO, >y I
N THa0 Vo

Fi1G. 4. Scheme of phosphate ions adsorbed on the
(101) anatase plane.
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Vejux and Courtine (29) noted the simi-
larity between the (010) plane of V,0s and
the anatase surface, but this similarity is
most pronounced with the (001) plane of
anatase (Fig. 3). In the case of an industrial
catalyst, the epitaxial growth of V,0s prob-
ably occurs predominantly on this plane,
while the Ti** Lewis acid sites on the other
faces are blocked by the promoters. Only
this distribution would have a positive ef-
fect. This also could explain the low selec-
tivity of V,05/TiO, catalysts when the pro-
moters are distributed in vanadia (18, 30).
The above hypothesis satisfactorily ex-
plains our previous results (3/) on the de-
crease in selectivity, after reduction of
phosphorus concentration, of vanadia—tita-
nia catalysts for the oxidation of o-xylene
to phthalic anhydride.
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