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A comparative study of the dehydration of the (001) and (111) surfaces of TiO, (anatase) has been
made starting from a master equation and introducing suitable transition probabilities. From the
experimental data considered, relative to sample “Degussa P25” of Munuera and co-workers, it is
concluded that the (111) féce is the most likely to be exposed. The detailed mechanism of dehydra-
tion is analyzed and an estimate of the values of activation energies and frequency factors is present-
ed. This analysis makes it clear that the surface migration of protons plays an important role dur-
ing the dehydration process. Also the influence on the degree of surface hydration, the dehydration
rate, and the numbers of certain ionic groups on the surface exerted by the temperature rate in a
linear heating program and by initial surface coverage are discussed.

I. INTRODUCTION

The surface of titanium dioxide has been the subject of
much research.! Interest in these studies has been in-
creased because the photoactivity of the TiO, surface can
play an important role in solar energy conversion.?~’
Specifically, a number of these studies have focused on
analyzing the hydroxyl groups on the surface and the de-
fects created by removal of these hydroxyl groups. Ti-
tanium dioxide in its anatase form exposes preferably the
(001) (Ref. 8) and (111) (Ref. 9) cleavage planes, both of
which are very different, and both faces have been con-
sidered in interpreting experimental data. Removal of wa-
ter from a hydroxylated surface involves two adjacent hy-
droxyl groups, and moreover, the surface sites are, in gen-
eral, of various types. In two previous papers, we
developed a method of studying the kinetics of adsorption
and desorption with and without surface diffusion, both
where the process takes place by paired adatoms!® and
where the surface is heterogeneous.!! -Applying this
method we can design a model of the surface dehydration
of anatase in order to delve deeper into the knowledge of
the basic mechanisms governing the process and to follow
the evolution of certain ionic groups on the surface.
Thus, we start from a master equation with transition
probabilities suitably chosen and we obtain the kinetic
equations governing this phenomenon. By comparing our
results with experimental data it is possible to perform an
estimate of the values of a number of parameters charac-
terizing the basic mechanisms of dehydration. The out-
line of this paper is as follows: In Sec. II we describe the
(111) face of anatase and the mechanism of dehydration
and formulate the kinetic model; in Sec. III we estimate
the values of the parameters in the kinetic equations, solve
these equations and analyze the results obtained, and, fi-
nally, in Sec. IV we consider the (001) face of anatase and
a comparison between both (111) and (001) faces is made.

II. KINETIC MODEL OF THE (111) FACE

First, let us consider the (111) face of anatase. Accord-
ing to Munuera et al.’ the (111) face of anatase may be
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represented by a.triangular lattice consisting of stepped
parallel rows, called (0), (1), (2), and (3) [the (0) row is the
most external and the (3) one is the most internal], period-
ically repeated four by four (see Fig. 1). The hydrated
surface can retain water in molecular form, which is easy
to remove, and as hydroxyl groups. In an idealized model
one may assume that all adsorbed water is as hydroxyl
groups, which form a monolayer with 15.2 OH™ groups
per 100 A? for a fully hydroxylated surface. Indeed this
OH ™ density is high, and the fully hydroxylated surface is
likely unstable. The situation of the (0) and (3) rows
seems less stable than that of the (1) and (2) rows, because
an analysis of the coordination of the surface ions makes
it evident that the (0) and (3) hydroxyl groups have un-
compensated charges — % and + %, respectively, while in
the (1) and (2) rows ions with uncompensated charges
++ and —+ alternate. Thus in a fully hydroxylated
surface, (0) and (3) rows have a net uncompensated
charge, but (1) and (2) are electrically neutral.

It is assumed that the surface is fully hydroxylated at
the initial time. When the temperature is raised, adjacent
hydroxyl ions combine to form water molecules, which
are then desorbed. The facility to remove two adjacent
hydroxyls is associated with the facility to exchange a
proton between each adjacent hydroxyl group. When two
adjacent hydroxyl groups are removed, an oxide ion and a
vacant site are created on the lattice (they form an
“asymmetrical dimer”). Removal of hydroxyl groups can

FIG. 1. Ideal (111) cleavage plane of anatase: (a) dehydroxy-
lated surface, where white and black circles are oxide and titani-
um ions, respectively; (b) fully hydroxylated surface, where
white circles are hydroxyl groups.
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take place as follows, where the elemental mechanisms
from greater to lesser facility to remove hydroxyl groups
are enumerated.

(i) Removal of a (0) hydroxyl group together with a (3)
hydroxyl group, leaving an oxide ion in the (3) row and a
vacant site in the (0) one (solid line in Fig. 2). -

(ii) Removal of two hydroxyl groups, both located in
the (1) row, both in the (2) row, or one in the (1) row and
the other in the (2) row. Then an oxide ion and a vacant
site are created and are randomly located on the pair of
sites previously occupied by the removed hydroxyls (bro-
ken line in Fig. 2).

(ii) Removal of a (0) hydroxyl group together with a (1)
hydroxyl group, leaving a vacant site in the (0) row and an
oxide ion in the (1) row. Removal of a (2) hydroxyl group
together with a (3) hydroxyl group, creating a vacant site
in the (2) row and an oxide ion in the (3) (dotted line in
Fig. 2).

(iv) Removal of two adjacent hydroxyl groups both in
the (0) row or both in the (3) row is not possible (dotted
and dashed lines in Fig. 2).

It should be noted that, starting from a fully hydroxy-
l
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FIG. 2. Lattice associated with (111) cleavage plane of ana-
tase and scheme of dehydroxylation mechanism (see text).

lated surface, oxide ions in the (0) row and vacant sites in
the (3) row are not created, because a surface oxide ion
must be shared by two cations Ti*t, and an oxide ion in
the (0) row would be coordinated with only a cation as a
double ligand, which is very unlikely. On the other hand,
a vacancy in the (3) row would create an internal cation
(i.e., a nonsurface cation) with incomplete coordination
and an surface oxide ion coordinate with only a cation.
Each elemental process can be summarized as follows:

20H~ (surface)— 0%~ (surface)+ vacant site (surface) +H,O (vapor) ,

.and, in general, they are characterized by different reac-
tion rates.

In addition to these removal processes, diffusion of pro-
tons on the lattice must also be considered. If i and j are
adjacent sites occupied by a hydroxyl group and an oxide
ion, respectively, the exchange between both of a proton
can be represented as

OH™ (i site)4+ 0%~ (j site) >0~ (i site)-++OH™ (j site)

If diffusion is not operative, some hydroxyl groups be-
come isolated, i.e., do not have another adjacent hydroxyl,
and then their removal is impossible. However, when
there is diffusion, if some hydroxyl group becomes isolat-
ed, but has an adjacent oxide ion, it is possible that during
the dehydration process this oxide ion will accept a proton
of another neighboring hydroxyl; then a - hydroxyl-
hydroxyl pair can be created and a water molecule can be
removed from the surface according to the mechanisms
described above. Also it is possible that an isolated hy-
droxyl group may be left fully enclosed by vacant sites
and remain indefinitely on the lattice, but this is very un-
likely and the number of these hydroxyl groups is negligi-
ble. Finally it is observed that readsorption is not opera-
tive, because, for normal experimental conditions,
desorbed water is immediately evacuated.

According to the mechanisms described above, a kinetic
model for dehydration of the (111) face of anatase is
designed.

At an intermediate stage of dehydration, the surface
can be considered as a system composed of hydroxyl
groups (H), oxide ions (0), and vacant sites ( V). A vari-
able s;; for each lattice site is associated which takes the
values

—1 for a vacant site
s;j= 10 for a site occupied by a hydroxyl group
+1 for a site occupied by an oxide ion ,

_i.e., the system is similar to a two-dimensional spin-1 sys-

tem.

The guideline of Refs. 10 and 11 is followed and the
master equation is formulated. The elemental process
changing a state of the system, according to the mecha-
nism described above, can be summarized as follows:

Removal Diffusion
.H3H0-—> 03V0 01H1-——>H10]
01V1 H101~—>0‘H1
HlHl—){ V1,0, O0,H,—H,0,
oV, H,0,—0,H,
e Y SO e o
0,V, H,0,—0,H,
HZHZ_){ V5,0, H;303—03H;
HOH|-) V()O]
H2H3—> V203 03H3—>H303
H203—)02H3
02H3-—>H7_03

where the subscript indicates the row where H, O, or Vis
located.

We have not considered the cases HyO,—O¢H,,
03H0——-)H300, H000—>00H0, or 00H0—>H000 for the
diffusion process, because we assume that oxide ions are
never created in the most external row, as we have previ-
ously indicated.
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The reaction rate for each removal elemental process is
chosen in the Arrhenius form: ,

fi=A}exp(—Ej/RT),

fi=Alexp(—E}/RT),

where i and j subscripts denote the rows where the re-
moved H’s are placed (j =i or j =i + 1; for the latter case,
j=0if i=3), and the 1 and 2 superscripts distinguish be-
tween the pairs O-V (superscript 1) and V-O (superscrlpt
2) whlch can be created from a paxr H-H. In Egs. (1), A
and A,] are frequency factors, E and E are molal ac-
tivation energies, R is the umversal gas constant and T is
the temperature.
Likewise the diffusion process rate can be written:

—E;;/RT) ,

(1)

gi,li = Az}ijeXP(
)

g5 =Agjexp(—Eg; /RT) ,

Here Ad, j and Ad,J can be considered as the product of the
frequency factor of the dissociation OH~—0?~ 4+ H* by
the reciprocal of a proper time of the “physical” dif-
fusion. As will be discussed later, this proper d1ffus1on
time can be several hours, therefore Ag; and Adu are
much less than if they were only frequency factors of dis-
sociation processes. On the other hand, diffusion energy
is less than desorption energy, and the former is usually
much less than the latter in chemisor;l)tion processes.
Thus it is reasonable to assume that Ej; and E,%,-j are
much less than E,-} and E,%-, respectively.

By introducing the expression of transition probabilities
in the master equation, the basic equation for this model
is obtained. By starting from this equation, the kinetic
equation can be calculated.

The process will be described in terms of n, and n,J ,
where n, denotes the fraction of lattices sites in the row i
(i=0,1,2,3) in a state ! (I=V,H,0), and n,J"’ denotes
the fraction of pairs in adjacent sites. The n# also will be
written 6;, the total hydration degree being 6="Y,,6;.

Taking into account the relationships among the vari-
ous n,’ and n,IJ'" and choosing a set of independent vari-
ables, we obtam a set of coupled equations where the rates
dn}/dt and dn,j"' /dt are expressed in terms of the quantl-
ties n}, n,lj , .M,jk , and fjk , where ”Q/uk and A I
denote the fractions of clusters shown in Fig. 3, i.e., the
tlme evolution of the singlet and doublet fractlons n’ and
n, ;i » depend also on the triplet fractions o ik and .%’ n,

Altogether thirty-six equatlons are obtained (elght for
dn}/dt and twenty-eight for dn,]'"/dt) They form an
open hierarchy, because .M and ‘@Uk are involved.
This is typical of the applied method and it is necessary to
make an additional assumption to close this hierarchy.
Making an extension of the closure approximations ap-
plied in Refs. 10 and 11, we assume

Im mn
Mlmn (n,-j /n;j)(njk /njk)
ijk ijk

<njm/nj) ’
(3)

Im
nu n}k

ik
" ij En;k

Imn_
z ijk =

Ly
CLUsTERS o3y

Custers BTy

FIG. 3. Clusters 7 |%" and B/z".

Thus we obtain a closed system, where the time rate of the
densities of singlets n} and doublets n,-I}" are nonlinear
functions of these densities. Numerical methods must be
applied to solve these kinetic equations.

Now the value of the parameters involved in the kinetic
equations must be fixed. These parameters are the preex-
ponential factors and the activation energies in Egs. (1)
and (2). Because there are no clear criteria to fix their
values, certain ranges which can be expected from general
aspects of the problem are considered and next an esti-
mate of these parameters within the previous ranges is
made by fitting experimental data of the thermogra-
vimetric analysis. Because the experimental data show
wide scatter for different samples, the data of a specific
sample are chosen and this fact must be taken into ac-
count in considering the obtained values.

According to the diffusion and removal mechanisms
(i)—(iv), previously described, and considering that ele-
mental process with equal probability to occur have the
same values for their characteristic parameters, we assume

A;OZAI ’

A=Al =An=Ah=An=43=4,,
Aj =A3=4;,
Ajn=Aju=Aji=Af1n=Ajn=Ak»

41 2 1 2
=Agy3=Aj33=Agp3=A33=Ag .

This assumption reduces the number of preexponential
factors to four; three factors for removal, 4,, 4,, and
A5, and one factor for diffusion, 4;. With regard to en-
ergy, we consider only one activation energy for removal,
E, and another for diffusion, E,.

First, we analyze the values of the energies. For these
processes a typical ratio between desorption activation en-
ergy and diffusion activation energy can be taken as 10.1
Thus we assume E;=0.1E. In general, E is a function of
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the hydration degree 0, and E increases as 6 decreases.
Although there are not direct calorimetric measurements,
the variation range of E must be within the range ~40
kImol~! (vaporization heat of water) to ~100 kJmol ™!
(heat of surface hydration estimated from the heat of im-
mersion in water of anatase'’), and we assume a linear re-
lationship between E and 6 (E=c—a0, ¢ >0, a >0) be-
cause it is the easiest relationship and because calorimetric
measurements have shown a linear relationship between
desorption activation energy and hydration degree for sur-
face dehydration of other oxides.'*

On the other hand, typical values of frequency factors
for dimolecular processes controlled by a surface reaction
are within the range 10*—10% min—1.'>!® For removal of
pairs 3-0, where hydroxyl groups have a greater freedom
to vibrate, the highest value, i.e., Alle8 min~! can be
expected, while A; takes the lowest value, i.e,, 4;~10*
min~!, since hydroxyl groups corresponding to this pro-
cess are the hardest to remove and it is possible that they
have lost some rotational degrees of freedom. Thus, we
assume 4;=10% min—! and 4;=10* min—!. The value
A, will be taken halfway between 4; and A;, nearly 10°
min~!. Finally we must fix the value of 4,, the product
of the frequency factor of the reaction which leaves a pro-
ton by the reciprocal time characterizing diffusion. The
frequency factor is nearly within the above-mentioned
range of 10*—10% min—!, but the diffusion process is very
slow, according to experimental evidence. Thus the value
of A; must be much lower than 10* min~!. Summariz-
ing, we choose A,;=10® min~!, 4;=10* min~!,
E=c—a6, E;=0.1E, and we must determine A, (~10°
min~!), A; (<<10* min~Y), and @ and ¢ (40
kJmol~' <c—a6 <100 kJ mol—!). With this object we
perform a comparison between results of our model and
experimental data of thermogravimetric analysis of a sam-
ple of anatase “Degussa P25” studied by Munuera and
co-workers.'®!7 In looking for a qualitative agreement be-
tween results of our model and experimental data, we
have made an estimate of the values of the parameters.

III. RESULTS AND DISCUSSION

Sample “Degussa P25 of Munuera and co-workers has
been submitted to a linear heating program (7 =T -+ bt)
with a temperature rate b=7.5 °Cmin~!. We assume
that at the initial time the surface is fully hydroxylated
(6=1) and there is no molecular water on the surface.
This assumption is perhaps rather extreme, but it is not
exactly possible to establish the initial state of the system
from the available experimental data.

A comparison of the experimental data with the com-
puted curve 0-T, using E=89—300 kJmol~!, 4,=1.9
X 10° min~!, and 4;,=5%10""! min~!, is shown in Fig.
4. The agreement of the numerical results and the experi-
mental data is good and the values of the parameters es-
timated are within the expected ranges.

On the other hand, a comparison between the calculated
curve —d0/dT versus T and that obtained by Munuera
and co-workers!'®!” by differential thermogravimetric
analysis shows a qualitative agreement between calcula-
tions and experimental data. The derivatographic curve

T 0 T o

@ ®)

FIG. 4. (a) Degree of hydroxylation versus temperature,
where (0), (1), (2), and (3) denote contribution to total coverage
by (0), (1), (2), and (3) rows, respectively. White circles are ex-
perimental points (Ref. 17). (b) Dexydroxylation rate versus
temperature.

obtained by Munuera and co-workers exhibits a maximum
at ~100°C, a ‘“shoulder” at ~215°C, and a long tail
above 300°C; the total curve is then resolved in three
curves, corresponding to three types of adsorbed water,
giving peaks at ~100°C, 215°C, and 325°C. Our calcu-
lated curve is similar to the experimental curve, although
the shoulder is slightly shifted towards the right-hand side
and the decomposition in curves corresponding to dif-
ferent types of adsorbed water is more complex than the
analysis of Munuera and co-workers [see Fig. 4(b)]. For
the value of 4, which differs a little from the indicated
one, the shoulder becomes a small sharp maximum, as ex-
perimental results for other samples show (for example,
the sample called c in Ref. 9). -

By analyzing Figs. 4 and 5 one can clarify the dehydra-
tion process in detailed form. The important role played
by proton diffusion becomes apparent. If migration of
protons is not operative, hydroxyl groups (3) together with
hydroxyl groups (0) would be removed almost completely
at relatively low temperatures and hydroxyl groups (1)
and (2) would be removed at higher temperatures, both
dehydration stages partially overlapping, leaving  a
remainder of about 5% (0.76 hydroxyl groups per 100 A?)
on the surface. However, due to diffusion, which is more
effective at high temperatures but also operates at low
temperatures, the dehydration mechanism is more com-
plex. Indeed at the beginning, removal of hydroxyl group
(0)—hydroxyl group (3) pairs starts, a}nd vacant sites on

) -3

Eloa ) q

@ me §

600 0
T o T o

FIG. 5. Comparison of results obtained with (dotted line) and
without (solid line) proton diffusion. For the case without dif-
fusion, evolution of rows (1) and (2) and rows (3) and (0) coin-
cide.
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the (0) row and oxide ions on the (3) row are created. As
the (3) row has an uncompensated charge +5 by hy-
droxyl group and — % by oxide ion and the (2) row has
hydroxyl groups with uncompensated charge ++ and
—%, alternatively, there is a tendency that the (2) row
(neutral on the whole) give protons to the (3) row (which
increases its uncompensated negative charge as the pro-
cess goes forward), in order to diminish the surface charge
heterogeneity. This fact yields that —d6,/dT is greater
than —d05/dT, since hydroxyls removed from the (3) row
are in part counterbalanced by diffusion of protons from
the (2) row. On the other hand, —d8,/dT is greater than
—d8,/dT, not because (2) hydroxyl groups are removed
more quickly than (3) hydroxyl groups, but because those
give a proton to the (3) row and become oxide ions. A
comparison of the results obtained with and without pro-
ton mobility makes clear that 6, and 6, have similar
behavior for both cases, while 6; and 6, do not (see Figs. 4
and 5). Therefore the dehydroxylation process takes place
essentially as follows: There is a first stage between 0°C
and ~200°C where practically all the (0) hydroxyl groups
are entirely removed, with a maximum for the desorption
rate at T~100°C, and the (3) hydroxyl-group removal is
in part counterbalanced by proton diffusion from (2) row
to (3) row, holding a remainder 6;~0.12. There is a
second stage, partially overlapped with the first one, be-
tween 50°C and 400°C, with a maximum desorption rate
at T~225°C, where removal takes place in the (1) and (2)
rows. And finally, in a third stage, overlapped in part
‘with the second one, with a maximum in the curve
—d03/dT versus T at T~350°C and a long tail above
this temperature, protons migrate from the (3) row to the
(2) and (1) rows, where hydroxyls are slowly removed.
Next we analyze another aspect of the problem. We
have assumed a linear heating program, in such a way
that temperature increases as time does, and accordingly
the hydration degree decreases. But if at a medium stage
of the process the temperature is fixed and the evolution
of the system is observed, one can note that the dehy-
droxylation process proceeds, although in a very much
slower manner. Figure 6 shows the behavior of 0 versus ¢,
when the temperature is fixed at 250°C, 350°C, and
450°C, respectively, and evolution of system is followed

250 °cf
L

Eoo3so e E

4s0 °c §
L 1 ! ! T
0 180
t (min)

0

FIG. 6. Time evolution of the hydroxylation degree when the
heating program is cut off for a given temperature. Arrows in-
dicate the time and the temperature of the cutoff.

for three hours. As E; is low, the diffusion rate
Agexp(—E4/RT) depends smoothly on T, and for high
temperature this rate is nearly equal to the constant Ag;
thus A4, is the parameter which essentially determines the
diffusion mechanism. ‘This fact indicates that at not too
high temperature, when hydroxyl-group removal is par-
tially performed and diffusion is operative, if one waits
sufficient time (in general, many hours or even several
days), it is possible to observe that the full surface dehy-
droxylation is actually achieved. There is experimental
evidence of this fact. It follows that the knowledge of the
state of the surface of a sample obtained for specific con-
ditions can lose validity in the course of time.

Another interesting question is the evolution of certain
surface ionic groups, specifically the pairs. Obviously the
number of hydroxyl-hydroxyl pairs decreases as the pro-
cess advances (see Fig. 7), and its evolution is consistent
with the above description of the dehydration process.
The number of oxide-hydroxyl pairs, which makes proton
diffusion possible, starts from zero, passes through a max-
imum and finally decays again to zero. One must note
(see Fig. 7) that the highest maximum corresponds to n%y
for the initial stage [this fact facilitates proton diffusion
from (2) row to (3) row], and to n%§ for the final stage
[thus facilitating the reverse diffusion process from (3)
row to (2) row].

In order to analyze surface reactivity, the oxide-oxide
and vacancy-vacancy pairs can be considered. Two adja-
cent oxides ions create a local excess of negative charge,
while two adjacent vacant sites create a local excess of
positive charge. From Fig. 7, by comparison with the
number of pairs corresponding to an ideal dehydrox)y;lated
surface (see Fig. 1), it is apparent that n9Y and ni, at
T =600°C, differ slightly from the ideal values 0.25 and
0.125, respectively, while n$%~0.08 (ideal value 0.25),
n3~0.05 (ideal value zero), and n%~0.06 (ideal value

@ i
o. 0.2

o
T 0 T Q)

FIG. 7. Evolution with temperature of number of pairs. (i)
Hydroxyl-hydroxyl pairs: @, ni; b, nif; ¢, n#¥; d, n&F; e,
niH, f nfz”; g, nﬁH; h, n(’)’gH. (i) Hydroxyl-oxide and oxide-
hydroxyl pairs: a, n0; b, n¥0; ¢, nlo; d, ntP; e, nio; I n#o;
g, n%8, h, nd% i, n$F. (i) Oxide-oxide pairs: a, n%; b, n9%;
c, n?;o s d, n%o; e, n‘§2. (iv) Vacancy-vacancy pairs: a, nIVZV; b,
ndl; e, nllsd, nys e nky:
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zero). Thus, the (3) row holds a number of oxide-oxide
pairs much lower than the expected number for an ideal
dehydroxylated surface, i.e., it has a minor excess of nega-
tive charge, while the (1) and (2) rows have a greater ex-
cess of negative charge than the ideal dehydroxilated sur-
face. Therefore, (1) and (2) rows must exhibit a greater
reactivity than that expected for an ideal surface, due to
their tendency to gain protons to diminish their excess of
charge.

Evolution of vacancy-vacancy pairs is also shown in
Fig. 7. By comparison of the results at 7'=550°C with
the ideal dehydroxylated surface, a low value of ny is ob-
tained, this fact indicating that there are local excesses of
negative charge in the (1) and (2) rows, as has already been
mentioned.

If some hydroxyl groups are left on the surface when
the heating is cut off, later diffusion of protons and remo-
val of water can modify the number of pairs. But if 0 is
small (a few percent) when the heating is.cut off, these
modifications are negligible and the above analysis
remains valid.

Another parameter to be considered is the temperature
rate b. Calculations have been made for b =16 °Cmin~!
and the results have been compared with those previously
obtained for b=7.5 °Cmin~"! (see Figs. 8 and 9).

In Fig. 8 the curve 6 versus T is shown for both values
of b; the curve for b =16 °Cmin~! is shifted towards the
right-hand side with regard to the curve for 6=7.5
*Cmin~! (i.e., for a given temperature 6 increases as b
does), but both curves are qualitatively similar. Analo-
gous behavior is exhibited by the curve d8/dT versus T.
Obviously, if one plots the results versus ¢
instead of 7, one can note that the process takes place
much more quickly for =16 °Cmin~! than for
b=7.5°Cmin~".

Concerning the evolution of ionic groups with the dehy-
dration degree and the temperature rate, the total number
of hydroxyl-hydroxyl, hydroxyl-oxide and oxide-hydroxyl,
and oxide-oxide pairs for both values of b are shown in
Fig. 9. One can note the influence of b is negligible or
minimal. Perhaps one might expect that a quick heating
process produces a more disordered dehydroxylation pro-
cess than a slow one, but our analysis makes it apparent
that temperature rate has very little influence on the num-
ber of ionic groups for a given 6. Thus for the surface of
a given sample of anatase submitted to different heating

FIG. 8. Comparison of the results obtained for different tem-
perature rates: I, b=7.5°Cmin~!; II, 5 =16°Cmin~".
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FIG. 9. Evolution with hydroxylation degree of the total
number of (a) hydroxyl-hydroxyl, (b) hydroxyl-oxide and oxide-
hydroxyl, and (c)-oxide-oxide pairs for different temperature
rates: I, b=7.5°Cmin~"; II, b=16°Cmin~".

programs, we may conclude that its chemical and spec-
troscopical properties depend essentially on 6, but not on
the temperature rate.

Finally, we shall analyze the influence of initial condi-
tions. Thus far we have been considering a fully hydroxy-
lated surface as -a starting point, but this condition is
probably ideal. In Fig. 10 we compare two cases, curves b
and ¢, for an incomplete initial coverage, with the case of
full initial hydroxylation (curve a). For curve b,
Oinitiar=0.6 and initial n} and n}' take the values for the
curve a for 6=0.6. The curve 0 versus T shows that at
the beginning removal of hydroxyl groups is not operative
until a sufficiently high temperature is attained and then
the process continues almost the same as the a case. The
curve —d0/dT versus T exhibits two maxima, the first
maxima being much less sharp than corresponding one for
the a case, and it is shifted towards the right-hand side.
For the c case, 6;,;,1=0.7 and n,-k and ni’;l take values ran-
domly, compatible with the value of 6. The initial config-
uration randomly chosen is very unstable because at the
beginning the dehydroxylation process is very abrupt and
the value of 6 suddenly becomes nearly 0.3. Then the pro-
cess stops until a sufficiently high temperature is attained
and henceforth the evolution of the system is similar to
that observed for the a and b curves. Ignoring the sudden
initial dehydroxylation, the curve —d8/dT versus T ex-
hibits two maxima, the maximum at high temperatures
being higher than the maximum at low temperatures.

When molecular water and hydroxyl ions coexist on the
surface, a superposition of the curves corresponding to re-

T o) T 0

FIG. 10. Dehydroxylation for different initial conditions: a,
Oinitial=1; b, Biniti=0.6 and initial distribution of pairs equal to
that resulting in a for 6=0.6; ¢, Oini;;}a=0.7 and random initial
distribution of pairs.
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moval of both types of water is necessary, providing that
both processes do not interact. Because experimental data
often involve both processes, a sample submitted to dif-
ferent processes of dehydration and further rehydration
can produce different curves of 6 versus T for the same
value of 0, since initial conditions may be different, and
thus it is very important to characterize accurately the ini-
tial state of the surface, which is hardly ever done by ex-
perimentalists.

From the above analysis we conclude that our model
acceptably explains the experimental data of dehydroxyla-
tion of certain samples of anatase and provides an effec-
tive method of characterizing the resulting dehydroxylat-
ed surface.

IV. DEHYDROXYLATION OF THE (001) FACE

The model of the (001) face of anatase fully dry and
fully hydroxylated is shown in Fig. 11. The most external
and the most internal surface hydyroxyl groups have an
excess of uncompensated charge —+ and + 5, respective-
ly. Schematically the fully hydroxylated (001) face of
anatase can be represented by a rectangular lattice, where
each elemental rectangle is 1.89 AX3.78 A (14.2 sites per
100 A?) and where particles of two different types, called
0 and 1, are allocated as Fig. 12 shows. There one can see
that two particles of the same type are at least 3.78 A
apart, while two adjacent particles of different types are
only 1.89 A apart. Thus, due to the distance between hy-
droxyl groups and to the sign of their excess of charge, re-
moval of hydroxyl groups is probably achieved by 0-1
pairs, allocated in the same row. In our study, since hy-
droxyl groups of different chains are never jointly re-
moved, we can consider the surface as a set of indepen-
dent linear chains, as indicated in Fig. 12, and we shall
deal with a one-dimensional system.

At a medium stage of dehydration there are O- and 1-
hydroxyl groups on the surface and therefore the surface
is heterogeneous. Results from, for example, infrared
spectroscopy will indicate this fact by exhibiting two dif-
ferent bands. However, with regard to results of thermo-
gravimetric analysis, the behavior of the surface will be
similar to that of a homogeneous surface, because removal
always involves a 0- and 1-hydroxyl group jointly. There-
fore, we expect the curve —d60/dT versus T to exhibit
only a maximum.

Removal of two adjacent hydroxyl groups creates a va-

FIG. 11. Ideal (001) cleavage plane of anatase: (a) dehy-
droxylated surface; (b) fully hydroxylated surface. Dotted,
white, and black circles are, respectively, hydroxyl groups, oxide
ions, and titanium ions, and + denotes more internal oxide
ions.
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FIG. 12. Lattice associated with the (001) cleavage plane of
anatase and linear chain where the dehydroxylation of the (001)
face takes place.

cant site and an oxide ion on the chain, and we assume
that both are randomly allocated on the two sites previ-
ously occupied by the removed hydroxyl groups. Proton
diffusion is also permitted as

OH™ (j)+0?* (k)—0*" (j)+OH™ (k),

where j and k denote adjacent sites. It is possible that one
hydroxyl group has two adjacent vacant sites (vacancy-
hydroxyl-vacancy triplet) and becomes unremovable, but
its number would be very low.

As for the (111) face, we can obtain the kinetic equa-
tions (there are eight equations—four for singlets and four
for doublets), which involve the quantities

fi=A;exp(—E;/RT) (i=1,2)
corresponding to the elemental process of removal

0%~ 4vacancy fori=1

OH™+OH™ — vacancy + 02~ for i =2 +H,O0 (vapor)

and
gi=Agexp(—E4 /RT) (i=1,2)

corresponding to the diffusion mechanism

OH™ +0?"—0* +0H~ fori=1
0>~ +OH —-OH~+0?>" fori=2.

o

ko

o L L ' L
o 600
T o

FIG. 13. Dehydroxylation of the (001) surface of anatase
with 4,=4,=10" min~!, E;=E,=95—400 kJ mol~!, A4
=A4,=0.7 min~—!, and E;,=FE;,=0.1E,. White circles are ex-
perimental points (Ref. 17).
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When we have tried to fit the experimental data of the
sample “Degussa P25,” using this model, we have found
that it is possible to fit the range of low temperatures or
the range of high temperatures, but it is not possible to fit
both simultaneously. Also the curve —d6/dT versus T
exhibits one maximum and one tail, but it is not possible
to obtain one shoulder or one maximum intermediate be-
tween these. This fact can be seen in Fig. 13, where one
of the tried fits is shown, with

A;=A,=10" min~"',

E{=E,=95—-400 kJmol~! ,

A. CORDOBA AND 7. J. LUQUE 31

AdIZAd2:O-7 min_l 5
Ed1=Ed2=0. lEl .

This result agrees with the hypothesis of Munuera and
co-workers that the preferably exposed face for this type
of sample is the (111) face. Due to the samples being
polycrystalline in general, it is probable that both (111)
and (001) faces coexist, the (111) one prevailing. This
mixed situation can be treated by superimposing the re-
sults of Sec. III and Sec. IV, suitably weighted.
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