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The reaction of oxygen with the surface of a rutile single crystal was studied in the temperature range from

212 to 362 °C and in the pressure range from 10-! to 102 Torr.

The process of the surface oxidation was examined

by monitoring the electrical conductance change due to oxygen chemisorption. Two types of chemisorption
kinetics were found for the rutile which had been reduced to different extents in vacuo before the introduction of

oxygen.

For the low-reduced rutile, the kinetics obeyed the parabolic rate law; this was interpreted by the dif-

fusion-controlled reaction theory. On the other hand, it was found for the high-reduced rutile that the kinetics
obeyed the Elovich equation; this could be explained by the boundary layer theory. The apparent activation

energy for the former was 14.2 kcal/mol.

For the latter, it was 4 kcal/mol and increased with an increase in the

chemisorbed surface-charge density. In addition, the rate of oxygen chemisorption in the latter case was pro-
portional to the pressure at a constant density of the chemisorbed surface charge.

It is well known that the electrical properties of
semiconductor surfaces are influenced by the change
in the ambient atmosphere. The adsorbed active mole-
cules can drastically change the density of charge
carriers in the solid and the work function. Since
oxygen generally acts as an acceptor-type adsorbate,
it is expected that the electrical conductivity of an
n-type or p-type semiconductor will decrease or increase,
respectively, when oxygen gas is introduced. These
phenomena have been extensively studied for many
kinds of semiconductor materials by means of the
conductivity method.=® It has been reported that
the kinetics of oxygen chemisorption on the surfaces
of Ge,'® CdSe,»" CdS,» SnO,,” and ZnOW follows
the Elovich equation and can be explained according
to the ‘“boundary layer” theory.12 However, no
detailed examinations of the pressure dependence of
the chemisorption and the activation energy have been
made, and little is known about the oxidation kinetics
on the surface of titanium dioxide.!®

When titanium dioxide is evacuated at a high tem-
perature or treated in a reducing gas, such as hydrogen
or carbon monoxide, oxygen atoms tend to be removed
from the surface and also from the bulk through the
surface region.’® A reduced rutile exhibits the charac-
teristics of an n-type semiconductor, for the crystal
lattice develops defects which act as donors with a low
ionization energy.!® For a reduced rutile, the elec-
trical,’6:1) photoelectric,'® and dielectric propertiesl?
have been investigated in order to clarify the electronic
structure. On the other hand, the photovoltaic effect
has been found for a once-reduced and then reoxidized
rutile?®) which has a barrier layer of the Schottky-Mott
type in the surface region.?)) It is of interest to examine
the surface oxidation, which has much influence on the
electrical properties of a reduced rutile. Further, the
oxidation process may be expected to be affected by
the degree of reduction.

In this paper, the kinetics of oxygen chemisorption
was investigated for a single crystal surface of rutile
by measuring the electrical conductivity in the tem-

* Present address: Maritime Safety Academy, Wakaba-
cho, Kure 737.

perature range from 212 to 362 °C and in the oxygen
pressure range from 10! to 10%2 Torr. As a result, it
was revealed that the reaction of oxygen with the
rutile became remarkable above 200 °C, depending on
the temperature and the oxygen pressure, and that the
rate of chemisorption followed two types of rate equa-
tions because of a difference in the degree of reduction
of the rutile.

Experimental

Material. A rutile single crystal grown by the Nakazumi
Crystal Co. by means of the Verneuil method was used in
this study. A spectroscopic analysis indicated that its purity
was above 99.99%, and that the main impurity was sodium,
the amount of which was less than 0.005%.22 The crystal
was cut into a rectangular wafer 10X 10x0.18 mm? so as
to make large the ratio of the surface to the bulk; the largest
face, the (110) plane, was polished mechanically. The
sample was then treated with a chromic acid mixture, washed
thoroughly with distilled water, and dried at 100 °C. Evapo-
rated gold was used for the electrodes. The distance between
the electrodes was 6 mm. The electric contact between the
rutile and gold was probably ohmic.1?)

The sample connected with electrodes was mounted on a
sample holder, using an insulating spacer of mica so as to
facilitate the contact between both (110) planes and the
introduced oxygen gas.

Treatment. A rutile single crystal mounted on the
sample holder was placed in the apparatus, as is shown in
Fig. 1. The measurements of the chemisorption were carried
out for the rutile which had been treated by the following
two different procedures:

(1) The sample was heated in an atmosphere of oxygen
at 450 °C for 10 hr and then evacuated at the same tem-
perature for 5 hr.

(2) The sample was evacuated at 450 °C for 20 hr.

After the measurement of the oxygen chemisorption, the
oxidized surface was returned to the initial state by evacuating
at 450 °C for 5—8 hr, the residual pressure being about 10-¢
Torr. The two electrodes were grounded except when the
conductivity was checked during the thermal treatment. It
was very difficult, however, to get a constant conductivity
after the treatment. As a result, the rutile sample had a
conductivity varying between 10-® and 10-¢mho.cm-! at
temperatures between 212 and 362 °C. In order to prevent
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Fig. 1. Experimental apparatus for studying the oxygen
chemisorption. (1) Pirani gauge, (2) thermocouple,
(3) lead, (4) gleaseless stop-cock, (5) sealed box, (6)
O-ring, (7) glass-covered iron core, (8) sample, (9)
heater, (10) breakable seal, (11) oxygen gas, (12) Hg
manometer, and (13) liquid-nitrogen trap.

any effect of organic contaminants and mercury vapor,
liquid-nitrogen traps, an O-ring joint, and a greaseless stop-
cock were used, as is illustrated in Fig. 1.

Measurements. The kinetics of the oxygen chemisorption
was examined at temperatures between 212 and 362 °C for
- the rutile treated as has been described above. The sample,
an equilibrium state in vacuo, was brought into contact with
dry oxygen by breaking the glass seal which separated the
sample from the oxygen reservoir. Subsequent chemisorption
was followed by monitoring the change in the electrical
conductivity of the rutile. Electrical conductance measure-
ments were made in the dark by detecting the current between
two electrodes, to which a voltage of about 1.2 V was applied
by means of a dry battery. The current was measured by
means of a Takeda Riken-TR-8651 electrometer connected
with a recorder (with a response less than 0.5s). The pres-
sure of oxygen was measured by means of a mercury mano-
meter at high pressures and a Pirani gauge at low pressures.

Results and Discussion

Oxygen Chemisorption on Low Reduced Rutile. The
oxygen-chemisorption measurements were carried out
for a sample which had been treated by Procedure
(1) and which had a free electron density of about
10%5/cm?® at the measurement temperature. The con-
ductivity decreased when oxygen gas was introduced
at temperatures ranging from 212 to 362 °C. Figure
2 shows some representative results of conductance
changes with the time. There was a difference in the
initial conductance prior to the introduction of oxygen
gas; this was a result of a difference in the temperature
or the treatment. However, these results revealed that
the conductance change increased with a rise in the
temperature of the sample. It was found that the
current change was proportional to n powers of time.
This current change may be ascribed to a change in
the number of free electrons, because the electrons are
captured by the oxygen adsorbed on the surface.
Therefore, the density of trapped electrons on the
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t (s) x 10-8

Fig. 2. Conductance change of low reduced rutile with
time after the introduction of oxygen at 40 Torr and
212 ° (@) and 262 °C ().

surface, that is, the chemisorbed surface-charge density,
N_(t), can be estimated from the following equation:%

Ne(t) = (VIS)ne(AI[I) (1)
where V is the volume of the sample; S, its area in
contact with oxygen; n,, the initial free electron density;
1, the initial current at t=0, and 41, the current change
at t=t. This equation is obtained by assuming that
the electron mobility remains unchanged throughout
the run. Since the mobility of the electron in rutile
was found to be proportional to 752 at temperatures
between —196 and 27 °C,'?) the mobility in this study
was estimated by extrapolating the relationship in the
low-temperature range to 362 °C. By the use of the
mobility value thus obtained, the free electron density,
ny, was determined to be about 10%%/cm3, as has been
described above.

Chemisorbed surface-charge
density, Ny (cm-2)

1 10 10? 10°

t(s)

Fig. 3. Surface charge density of low reduced rutile as
a function of time on log-log scale after the introduction
of oxygen at 40 Torr and 362° (), 316° (D), 262° (©),
and 212 °C (@).

The chemisorbed surface-charge density was plotted
as a function of the time on the log-log scale, as is
shown in Fig. 3. These plots gave approximately
straight lines, indicating that the following relationship
holds:

N.(t) =Bt (2)

where B is a constant at a given temperature; n, a
constant independent of the temperature and nearly
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equal to 1/2, and ¢, the time after the admission of
oxygen. This parabolic rate law has been explained
in terms of the diffusion-controlled reaction;?® the
reaction occurs at the gas-solid boundary, forming
oxygen ions, and the rate is controlled by the rate of
migration of the oxygen ion on the surface. Such
phenomena are conceivable, since the surface region
of the sample is reduced rather than the bulk. It was
estimated from the results of conductivity measure-
ments that more than 959, of the free electrons were
trapped by chemisorbed oxygen after 103s. From the
ESR studies of oxygen adsorbed on the TiO, surface,
it has been considered that the chemisorbed oxygen
exists in the form of the O~ ion in the temperature
range of 140—450 °C.29 It may be considered, there-
fore, that the oxygen ion diffuses into the surface region
in the form of the O- ion, resulting in the formation
of the O%- ion in the final state.

Activation Energy. It is evident from Fig. 3 that
the chemisorption of oxygen requires an activation
energy. Murty et al. have discussed the estimation of
the activation energy, E,, for a type of kinetic equation
such as Eq. (2).29 Often the B constant in Eq. (2)
has an exponential temperature dependence as follows:

B = B,exp (—Q/RT) 3)
where B, is the constant; Q, the term in connection
with the activation energy; R, the gas constant, and T,

the absolute temperature. From Eq. (2), the rate
equation is given by:

dN,/dt = nBt"1 = nN,Jt 4)
From Eqgs. (2) and (4),
nBi"-1 = nBYnN A1/ (5)

Thus,
In (dN,/dt) =Inn+ 1/nln By — Q/nRT
+(1-1/n)In N, (6)
On the other hand, the Arrhenius equation can be
rewritten as:

In (rate) = Ind — E,/RT (7
By a comparison of Eq. (6) with Eq. (7), we obtain:
E, =Q/n (8)

Therefore, the activation energy can be obtained from
the plots of In(rate) vs. 1/T for a given N.. From
Egs. (4) and (5), we obtain:

N,Jt = BUsN1-1/n 9)

The plots of In(N_/t) vs. In N, yield a family of parallel
lines with the intercepts of 1/n In B for various tem-
peratures, while the slope of the 1/z In B vs. 1/T plots
gives the apparent activation energy. Thus, the ap-
parent activation energy was determined to be 14.2
kcal/mol.

Oxygen Chemisorption on High Reduced Rutile. The
sample which was treated by Procedure (2) had a
free electron density of about 10¢/cm? at the measure-
ment temperatures, as estimated in the manner de-
scribed previously. The changes in the currents after
the introduction of oxygen gas are shown in Fig. 4.
The kinetics of oxygen chemisorption exhibited the
temperature and pressure dependences. However, there
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Fig. 4. Current change of high reduced rutile with time
after the introduction of oxygen;
(a), at 362 °C and 140 Torr (), 18.5 Torr (A), 1.6
Torr (), and 0.25 Torr (V) and at 316 °C and 133
Torr (@), 16.0 Torr (A), 2.0 Torr (@), and 0.34 Torr
().
(b), at 262 °C and 134 Torr (), 16.5 Torr (A), 2.4
Torr (), and 0.52 Torr (V) and at 212 °C and 148
Torr (@), 17.5 Torr (A), 2.0 Torr (@), and 0.44
Torr (V).

was a difference in the kinetics between the low reduced
rutile and the high reduced one; the kinetics for the
latter did not obey the parabolic rate law. The plots
of A vs. log t gave a family of straight lines until about
200 s, except for the results of chemisorption at 362 °C;
these lines for various pressures at a given temperature
were nearly parallel to one another. Consequently,
these semi-logarithmic plots are in accordance with the
Elovich equation:

—AIl =blogt + ¢ (10)

where b and ¢ are the constants at a given temperature
and pressure. This expression can be derived from the
boundary layer theory,'? as will be described below.
Oxygen molecules once physisorbed on the surface
are then chemisorbed by combining with free electrons
and become negative ions. The charges in the negative
ions are compensated for by the positive space-charge
region caused by ionized donors near the surface.
Thus, the potential-energy barrier, the so-called
Schottky barrier, appears in the space-charge region.
The chemisorption rate is limited by the arrival rate
of electrons to the surface across the barrier, the height
of which increases with an increase in the quantity of
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negative ions on the surface. Therefore, the rate of
increase in the surface-charge density due to the chemi-
sorbed ions is given by :3:1%)

dN,/dt = N,Con exp (—eV,JkT) a1

where N, is the density of the physisorbed oxygen
molecules; C, the capture cross section of the physisorbed
oxygen molecule for an electron; v, the thermal velocity
of the electron; n, the density of the conduction elec-
trons; ¢, the electronic charge; V, the Schottky barrier
height, and £, the Boltzmann constant. The height
of the Schottky barrier can be expressed as:1?

Ve = (eN.%)[(2eNy") (12)

where ¢ is the dielectric constant, and Ny*, the density
of the immobile, ionized donors. Assuming that the
density of the physisorbed molecules is proportional to
1/m power of the pressure with a form such as the
Freundlich isotherm,!® the rate equation is given by:

dN./dt = P, /™K exp (—aN,?) (13)

where P, is the oxygen pressure; m, the constant that
depends on T, K=Cuvn, and a=¢?/(2:¢N4*). This equa-
tion cannot be integrated directly. It should be noted
that the current decreases abruptly, followed by a
gradual decrease when oxygen is introduced, as is
shown in Fig. 4. Thus, the surface density of the
trapped electrons increases suddenly to a certain value,
N.°, resulting in a build-up of the potential barrier,
Vs, in the surface region. Therefore, the surface-charge
density, N, must be increased gradually by the transfer
of electrons from the bulk to the chemisorbed surface
layer over the potential barrier. Since N.°>N, Eq.
(13) can be integrated in the region from N.=N_° at
time t=t, to N.=N_"+ N at time t=t¢:

P,1mKAt = exp {a(N°)%}
x {exp QuNN2) —1}/(2eNS)  (14)
After rearrangement, this expression becomes:
N, = {1/Q2aN2)} In [20N°P, ™K At
X exp {—a(N?+1] (15)
When 2a N °Po V™ K At exp{—a(N_ )2} >1,
N,=blndt +d+ b/mln P, (16)

where b=1/(2aN.°) and d=In (20KN_°)[exp{—a
X (N2} /(2uN.°). If P, is constant, this equation
can be expressed as Eq. (10).

The deviations from the Elovich equation at 362 °C
and above about 200s may be explained as follows.
When oxygen is introduced at 362 °C, the oxygen
reacts abruptly with the surface of the rutile, trapping
a great number of the free electrons near the surface.
As a result, a high potential barrier is formed in the
surface region. Any subsequent reaction may be much
limited by the barrier. On the other hand, when the
reaction time is long, the assumption that N.°>>N can
not hold, or oxygen ions on the surface may diffuse
into the surface region or the bulk in the form of O%*-
ions.

Activation Energy. The chemisorbed surface-charge
density obtained exhibited the temperature dependence
shown in Fig. 5. All the terms in Eq. (11) depend on
the temperature. By combining Eq. (13) with the
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Fig. 5. Surface-charge density of high reduced rutile
as a function of time after the introduction of oxygen
at 17 Torr and 316 ° (D), 262 ° (A), and 212 °C ()
and at 2 Torr and 316 ° (@), 262 ° (A), and 212 °C

(@)

Arrhenius equation, the apparent activation energy, E,,
can be determined at a given chemisorbed surface-
charge density and pressure. Instead of Eq. (13),
however, the equation obtained by differentiating Eq.
(16) by ¢ can be used when the chemisorption kinetics
obeys the Elovich equation.?® The expression for the
rate, r, at time ¢ is given by:

r = dN,/dt = bjt 17)
where the value of b is determined from the slope of
the N, us. Int plots in Fig. 5. Thus the following
relationship is obtained:

b/t = A exp (—E,/RT) (18)

The slope of the In b/t vs. 1/ T plots for a constant value
of N_is equal to E,/R, which makes possible the evalua-
tion of the activation energy.

The apparent activation energy in the temperature
range of 212—316 °C was obtained in the above manner
at various values of the chemisorbed surface-charge
density and at the pressures of about 2 Torr and about
17 Torr. Figure 6 shows the apparent activation energy
as a function of N, It seems that the difference in

30

20+

E, (kcal/mol)

} |
0 0.5 1.0 1.5

N¢ (cm-2) x 10-14
Fig. 6. Apparent activation energy for high reduced
rutile as a function of Ny at 2 Torr () and 17 Torr

(@)-
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oxygen pressure has scarcely any influence on the
activation energy. In this chemisorption, the activa-
tion energy can be expressed by:

E, = (25+1) x 10~4N,, + 4 kcal/mol (19)

Pressure Dependence. The straight lines of the N,
vs. In ¢ plots for various pressures at a given temperature
were nearly parallel to one another, as can be seen in
Fig. 5. By dividing both sides of Eq. (16) by b, the
following equation is obtained :

NJb=1Int+d/b+ 1/mInP,, (20)

Plots of N_/b vs. In P,, at a given temperature and time
give a straight line whose slope is equal to 1/m. Plots
of this type at £=10 s for three temperatures are shown
in Fig. 7. From these slopes, the value of m was
determined to be approximately unity, regardless of the
temperature. This suggests that some of the oxygen
molecules which strike the surface are physically ad-
sorbed in the manner represented by the Henry law.
From Eq. (13), therefore, the rate of oxygen chemisorp-
tion is proportional to the pressure at a constant density
of the chemisorbed surface charge.

o
10~
8 -
-
4
2 b
1 1 1 1 1 1
0 1 10 10
Py, (Torr)

Fig. 7. Plots of Ng/b as a function of the pressure of
oxygen at 212 ° (D), 262 ° (), and 316 °C (Q).

Conclusions. Two types of chemisorption kinetics
were found for reduced rutile. This may be explained
as follows: When a well-oxidized rutile is treated at
a high temperature in vacuo for a relatively short time,
only the surface region is reduced by the removal of
the oxygen atoms, leaving electrons in the oxygen
vacancies or at titanium ions in the neighborhood of
the oxygen vacancies. These electrons are not re-
stricted to the surface defects, but are raised to the
conduction band at a moderate temperature. As a
result, the surface is positively charged and the energy
band for the electron bends downwards; the accumula-
tion layer then appears in the surface region. In this
case, the free electron density in the bulk is low because
the bulk is almost unreduced. When the surface is
exposed to oxygen gas in such a state, the oxygen takes
free electrons from the accumulation layer and adsorbs
chemically on the surface, thus compensating for the
positive charge on it. Further, the oxygen ion thus
produced tends to migrate toward the oxygen vacancy
in the surface region. As a result, the chemical con-
stitution and physical properties of the surface region
approach those of the bulk. When most of the surface
charges are neutralized by chemisorbed oxygen ions,
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scarcely any free electrons exist in this solid. There-
fore, no potential-energy barrier appears in the surface
region, or its height may be low even if one does exist.
In such a case, the oxygen chemisorption belongs to
the diffusion-controlled reaction and its kinetics obeys
the parabolic rate law.

On the other hand, when a rutile is evacuated
at a high temperature for a long time, not only the
surface region but also the bulk is reduced, and the
free electron density is fairly high, even in the bulk.
The accumulation layer may also exist. In this case,
the chemisorption of oxygen can continue even after the
potential barrier appears in the surface region because
of the large free electron density in the bulk. How-
ever, the reaction is limited by the height of the barrier.
The chemisorption kinetics of such a type follows the
Elovich equation.

The apparent activation energies were obtained as
14.2 kcal/mol and (25-+1) x1071* N_+4 kcal/mol for
the former type and the latter type respectively.

In addition, it was found that, in the latter type, the
reaction rate of oxygen with the rutile surface was
proportional to the pressure at a constant density of
the chemisorbed surface charge.

The author wishes to express his cordial gratitude to
Professor Masaji Miura for his continuous guidance and
encouragement throughout this work. Thanks are also
due to Dr. Toru Iwaki for his stimulating and informa-
tive discussions.
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