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INTRODUCTION
When describing desorption of gases, Langmuir’s

assumption of an ideal adsorption layer and the deriva-
tive kinetic surface action law are used. The rate of des-
orption 

 

w

 

des

 

 is described by the equation
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where 

 

θ

 

 is the fraction of the surface occupied by the

adsorbate, exp
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E
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RT

 

)

 

 is the rate constant of des-
orption, 

 

q

 

 is the kinetic order of desorption, 

 

R

 

 is the uni-
versal gas constant, and 

 

T

 

 is the surface temperature.
This equation at a constant temperature (

 

T

 

) and any
positive 

 

q

 

 describes a monotonically decreasing depen-
dence of the rate of desorption on time.

In the 1980s, some papers [1–4] reported a maxi-
mum in the isothermic desorption rate that cannot be
explained by Eq. (1). The authors of [1, 2] explain the
appearance of maximums in the rate of isothermal des-
orption by the attractive lateral interactions between
adsorbed species due to which the rate constant of des-
orption is the function of the surface concentration of
adsorbates:
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where 

 

E

 

0

 

 is the activation energy of desorption of the
isolated species and 

 

A

 

 is the coefficient that character-
izes the effect of 

 

θ

 

 on the activation energy of desorp-
tion.

Of course, this macroscopic approach can explain
the maximum of the desorption rate at a constant tem-
perature, as shown in [1, 2]. However, this model is
rather rough, since it considers the averaged concentra-
tion of an adsorbate. Under real conditions, the attrac-
tions of adsorbed molecules or atoms lead to the forma-
tion of adsorbate islands, and local concentrations may
differ substantially.
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In this work we use a microscopic approach based
on Monte Carlo modeling of the process to describe
anomalous oxygen desorption from tungsten that was
observed in [3, 4]. In desorption modeling, we took into
account the lateral interaction in the adsorption layer
and the surface migration of adsorbed oxygen atoms.
The latter occurs at a much higher rate than desorption
because the ratio of the activation energies of desorp-
tion and migration is 
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/

 

E

 

mig

 

 

 

≈

 

 3

 

 [5].

 

Anomalous Phenomena
in Oxygen Desorption from Tungsten

 

The O/W system is one of the few systems in which
oxygen desorption is atomic [6]. The desorption of
atomic oxygen is preceded by the desorption of the
tungsten oxides from the surface at lower temperatures
(WO, WO

 

2

 

, and WO

 

3

 

) [7].
Figure 1 shows the dependences of the rate of tem-

perature-programmed desorption (TPD) of atomic oxy-
gen observed after its adsorption on polycrystalline
tungsten at room temperature and various exposures
[3]. As can be seen from this figure, broad peaks with
maximums at ~2000 K are observed in all cases. In this
work, oxygen coverages (

 

θ

 

) were recalculated because
of data reported in [7], according to which only 75% of
oxygen desorption from the saturated layer is atomic.
The parameters of the rate constants calculated based
on the analysis of desorption peaks are as follows: the

activation energy is 
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 = 310

 

 ± 
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 kJ/mol and 
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. The value  is thus strongly underesti-
mated compared to the theoretical value (

 

10

 

12

 

–10

 

13

 

 s

 

–1

 

).
The most pronounced deviation from the classical

kinetics of desorption was observed in TPD experi-
ments with a transition from the linear heating rate of
the sample to the isothermal regime [3], as Figure 2
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Abstract

 

—A model is developed that describes unusual phenomena in oxygen desorption from tungsten sur-
faces: (1) in temperature-programmed desorption (TPD) in the transfer from the linear regime of sample heating
to the isothermal regime, a maximum of the desorption rate is observed; (2) in the stepped partial desorption of
oxygen, the beginning of each subsequent TPD peak shifted toward higher temperatures; (3) the apparent acti-
vation energy of desorption increased in the latter case by a factor of ~3 (from 280 to 920 kJ/mol). Monte Carlo
modeling that takes into account surface migration of adsorbed oxygen atoms and their lateral interactions gave
semiquantitative description of experimental data.
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illustrates. It can be seen that, with a transfer to the iso-
thermal regime, the rate of desorption continues to
increase and then passes through a maximum. In con-
trast to data reported in [1, 2], for oxygen on platinum
and nitrogen on tungsten this transfer does not lead to a
noticeable break in the kinetic curves.

Figure 3 demonstrates the results of TPD experi-
ments [4] in which various surface concentrations of
oxygen were obtained after one or several cycles of
heating, keeping at a constant temperature, and cooling
the sample with a preadsorbed saturated layer of oxy-
gen. Arrows show instants corresponding to the transi-
tion to the isothermal heating of the sample. For com-
parison, we show the kinetic curve of oxygen desorp-
tion rate from the saturated layer.

These results differ substantially from those shown
in Fig. 1. Here with a decrease in the surface concentra-
tion of oxygen, we observe a significant consecutive
shift (to 200 K) of the kinetic curves toward higher tem-
peratures. As a result, the value of the apparent activa-
tion energy increases from 280 to 920 kJ/mol (Fig. 4).

Thus, the deviation of the kinetics of atomic oxygen
desorption from tungsten from the classical variant
reveals itself in the following features:

(1) The TPD peak of oxygen is substantially broad-
ened, which can point to the low value of the preexpo-
nential factor of the apparent rate of desorption com-
pared to the theoretical one.

(2) In the broad range of temperatures and surface
concentrations, isothermal maximums of the desorp-
tion rate are observed.

(3) The apparent activation energy of desorption
depends on the way the adsorption layer is formed. If

the exposure varies, it remains constant within the
experimental error. In the same range of coverages
obtained due to partial oxygen desorption from the sat-
urated layer, a considerable increase in the apparent
activation energy of desorption is observed along with
a decrease in its surface concentration.

Only the first of these main results can be consid-
ered trivial. To explain each of these separately, one can
propose one or several models.

TPD peak broadening can be due to the nonunifor-
mity of the surface [8], lateral repulsion of adsorbates
[9], or desorption through the precursor state [10].

The isothermal maximums of the desorption rate
can be explained by the consecutive processes, and by
the attraction of the adsorbed species to each other [1–
3]. Lateral attraction may lead to the formation of
adsorbate islands, in which desorption largely occurs
from island boundaries [3].

Although an increase in the apparent activation
energy of desorption with a decrease in 

 

θ

 

 can quantita-
tively be described by surface nonuniformity or lateral
interactions, the absolute value of the change from 280
to 920 kJ/mol is hard to explain using these factors.

CHOICE OF THE MODEL
AND ITS DESCRIPTION

The main requirement on the model is that it should
be able to describe all three experimental results listed
above. Therefore, we reject schemes that did not meet
this requirement. We also exclude models that are based
on the idea of surface nonuniformity and an accounting
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Fig. 1.

 

 Experimental TPD spectra of oxygen adsorbed on
tungsten at 300 K and various exposures initial coverages 
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Fig. 2.

 

 Experimental dependences of the rate of oxygen des-
orption from tungsten on time [3] (

 

θ

 

0

 

 = 0.7) in the case of
(

 

1

 

) the linear growth of temperature and (

 

1'

 

) in the transfer
from the regime of linear heating to isothermal and (

 

2, 2'

 

)
the corresponding dependences on temperature.
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for lateral interactions according to Eq. (2). The first
does not describe the isothermal maximums of the des-
orption rate, and the second fails to explain even quali-
tatively the effects shown in Figs. 1, 3, and 4.

Earlier we proposed a model [3] that takes into
account the attractive lateral interactions of adsorbate
species, which results in the formation of close-packed
islands of the adsorbed phase. The consideration of lat-
eral interactions, which are 3–8 kJ/mol in strength for
oxygen on tungsten [11], results in a situation in which
atomic oxygen desorption occurs more readily if an
atom has fewer neighbors. This model allow us to qual-
itatively explain all the observed anomalous effects.

In this work, we use Monte Carlo methods for quan-
titative modeling of the observed effects. We assume
that the tungsten surface largely consists of the closed-
packed bbc W(110) face shown in Fig. 5.

In our model, we used a 

 

100

 

 × 

 

100

 

 lattice in the form
of a parallelogram. To avoid boundary effects, the
opposite sides of the lattice were “sewn together.” Each
active site of the surface can be vacant or occupied by
an adsorbed oxygen atom.

Each adsorbed atom experiences attractions of
neighboring oxygen atoms, the number of which ranges
from one to six. For simplicity of calculations, all six
nearest neighbor sites were considered equivalent,
although the structure of the W(110) plane is somewhat
different from the hexagonal plane, as shown in Fig. 5.

The adsorbed atom may desorb or migrate to the
neighboring vacant active site on the surface.

The probabilities of desorption (

 

P

 

des

 

) and migration
(

 

P

 

mig

 

) of atoms per unit time were defined by the equa-
tions:
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where  and  are the preexponential factors of
the rate constants of desorption and migration (s

 

–1

 

),

 

E

 

des

 

(

 

n

 

) and Emig(n) are the activation energies (kJ/mol)
depending on the number (n) of occupied neighboring
sites, and T (K) is the current temperature.

By modeling the two-center dissociative adsorption
of é2 on the hexagonal lattice, we determine the maxi-
mal coverage by oxygen atoms: 0.92–0.93 ML. It was
shown in [7] that, in TPD of oxygen from the saturated
layer on tungsten, only 75% of oxygen desorbs in the
atomic state. The rest of oxygen desorbs in the form of
tungsten oxides at lower temperatures. In connection
with this, we modeled the period starting from when the
initial surface coverage by oxygen atoms was equal to
≤0.7 ML, at which point adsorbed oxygen atoms were
randomly distributed over the surface.

The computer code that we developed enables us to
use a model of a linear temperature increase with time
(a model of temperature-programmed desorption) and a
constant-temperature model (a model of isothermal
experiment), as well as to alter these regimes.

The process of modeling consists of step-by-step
computation in time taking into account the rate con-
stants of desorption and migration. At each step the
overall probability of all possible events (desorption
and migration of atoms) is calculated using Eqs. (3) and
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Fig. 4. Dependence of the apparent activation energy of
oxygen atom desorption calculated in [4] from the initial
portions of curves in Fig. 3.
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Fig. 3. TPD spectra of the samples with a preadsorbed oxy-
gen layer obtained in the consecutive 1–5 cycles of heating,
keeping at a constant temperature and cooling (curves 1–5,
respectively) [4]. Arrows shows the transition to the isother-
mal regime. (6) TPD spectrum corresponding to curve 7 in
Fig. 1.
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(4) per unit time and the time period for which this
probability is equal to unity.

Then, a random number from the range (0, 1) was
generated, and it was determined to which event’s prob-
ability range it belonged to. If the chosen event was
atom migration and the number of neighboring vacant
sites was greater than unity, then the specific direction
of migration was taken at random. If there was only one
vacancy near the chosen atom, then the atom moved to
this vacant site.

After a corresponding change in the distribution of
atoms over the surface, this cycle is repeated until the
final time or temperature was reached.

The results of modeling were the snapshots showing
the distributions of vacant and occupied sites and the
dependences of the rate of desorption on time or tem-
perature.

The rate of desorption was calculated as follows.
From some moment in time, the number of desorbed
atoms was counted. When this number reached a cer-
tain value (usually 30), this number was divided by the
time period, and thus the average rate of desorption dur-
ing this period was obtained.

Variables in the modeling were as follows: the preex-
ponential factors and the activation energy of desorption
and migration of an isolated (having no nearest neigh-
bors) adsorbed oxygen atom, and the value of the lateral
interaction of an oxygen atom with its nearest neighbors.
The latter was chosen from the range 3–8 kJ/mol, based
on the results reported [11].

The dependences of Edes(n), which are involved in
Eqs. (3) and (4), were approximated by monotonically
increasing the functions of the n nearest adsorbed oxy-
gen atoms. The form of these functions was varied for
the optimal description of experimental results. The
best approximation of experimental results was

obtained for the following values of variables:  =
106 s–1, Edes(n) = 240 (n = 0), 242 (1), 247 (2), 259 (3),

kdes
0

272 (4), 280 (5), and 282 (6) kJ/mol. The average value
of the energy of lateral interaction per one neighboring
oxygen atom was at most 8 kJ/mol. This value agrees
with the results reported in [11].

According to experimental data on the diffusion
coefficients for oxygen on tungsten [12–16], the ratio
Edes/Emig ranges from 2 to 4.

In [16], based on data reported in [12–16], we
obtained a correlation of the diffusion coefficient (D)
for oxygen on tungsten and temperature in a wide tem-
perature range (400–1500 K). In the coordinates of the
Arrhenius equation, all the above data fit well the same
straight line corresponding to the preexponential factor
of the diffusion coefficient D0 ≈ 10–2 cm2/s.

The relationship between the rate constant of migra-
tion (kmig) and the diffusion coefficient in the presence
of interaction between adsorbed species was defined by
the formula [5]

D = (λ2kmig)/4, (5)

where λ is the average length of a hop of the adsorbed
species, which was assumed to be equal to the average
distance between neighboring active sites (tungsten
atoms). For the bbc W(110) face, this value is 2.88 Å.

The substitution of the numerical values of the
parameters in Eq. (5) gives us the value of the preexpo-

nential factor of the rate constant of migration  = 5 ×
1013 s–1, which completely agrees with the absolute rate
theory.

The dependence Emig(n) was constructed while tak-
ing into account a simple relationship:

Emig(n) = Emig(0) + ∆nE, (6)

where Emig(0) is the activation energy of migration of an
isolated oxygen atom and ∆nE is the energy of lateral
interaction of oxygen with its n nearest neighbors. The
values ∆nE were assumed to be the same as for the
dependence of Edes(n).
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Fig. 6. Simulated TPD spectra of oxygen on the tungsten
100 × 100 lattice. The initial coverage θ0: (1) 0.7, (2) 0.5,
and (3) 0.3.
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Fig. 5. The structure of the bcc W(110) face; r is the radius
of a tungsten atom, and a is the lattice constant.
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Experimental results were best approximated for

the following values of the variable parameters:  =
1013 s–1, Emig(n) = 65 (n = 0), 67 (1), 72 (2), 84 (3),
97 (4), and 105 (5) kJ/mol. For n = 6, we assumed that
the migration does not occur because of the absence of
vacancies in the nearest neighborhood of the adsorbed
oxygen atom.

RESULTS OF MATHEMATICAL MODELING

Figures 6–9 show the results of simulations that cor-
respond to the experimental data that are presented in
Figs. 1–4. A comparison of Figs. 6 and 1 shows that the
temperatures of the maximums of TPD peaks differ
within 5% error and are independent of the initial con-
centration of adsorbed oxygen, in agreement with
experimental data. The half-width of experimental and
simulated peaks differs somewhat more broadly: 150–
200 K (Fig. 1) and 120–200 K (Fig. 6). This difference
is probably due to the deviation of the experimental
temperature from the linear law, whereas temperature
increased strictly linearly in simulations.

kmig
0

The model gives quite an acceptable description
(Fig. 7) of the experimental isothermal maximums of
the desorption rate (Fig. 2), and there is no noticeable
break in the kinetic curves in the transfer from the
regime of linear heating to the isothermal high-temper-
ature regime, also in agreement with the experiment.

In the simulation of experiments in the regime of
heating–cooling of the samples (Fig. 3), it was neces-
sary to know the rate of sample cooling. The sample
temperature, after its heating has been interrupted, does
not decrease instantaneously, as can be seen by its lumi-
nance.

When heating is discontinued, the desorption of
oxygen atoms discontinues rather rapidly, due to the
high activation energy of this process. However, the
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Fig. 7. Simulated TPD spectra of oxygen on tungsten at
θ0 = 0.7. Curve 1 corresponds to continuous linear heating
of the sample. Curves 2–6 were obtained for the case of the
transfer of linear heating to the isothermal regime at T, K:
(2) 1860, (3) 1830, (4) 1800, (5) 1750, and (6) 1700.
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Fig. 8. The results of modeling the shift of the consecutive
kinetic curves toward higher temperatures corresponding to
experiments in Fig. 3. Solid lines correspond to the cover-
ages θ0: (2) 0.6, (3) 0.4, (4) 0.3, and (5) 0.2. Dashed line 1
was obtained by the simulation of uninterrupted linear heat-
ing of the sample with the preadsorbed oxygen layer (θ = 0.6).Ödes, kJ/mol
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Fig. 9. Dependence of the apparent activation energy of des-
orption on the surface coverage calculated from the initial
portions of the kinetic curves 2–5 in Fig. 8.
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Fig. 10. Kinetic curves of sample cooling (1) calculated by
numeric integration of Eq. (7) and (2) taking into account
the temperature of current leads (see text). The average rates
of cooling in the mentioned temperature range are shown at
the top.



KINETICS AND CATALYSIS      Vol. 45      No. 5      2004

ANOMALOUS PHENOMENA IN OXYGEN DESORPTION 699

surface migration of oxygen is very fast even at low
temperatures.

As we will show below, with a decrease in tempera-
ture, the process of migration leads to the structuring of

the adsorption layer in the form of a two-dimensional
condensation of the adsorbed layer.

Because the sample was in a vacuum, we assumed
that its cooling upon switching the heat off is largely

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

Fig. 11. Evolution of the distribution of adsorbed oxygen atoms on the surface in the modeling of the consecutive cycles of heating
and cooling: (a) initial statistical distribution at θ0 = 0.6; (b) heating to 1770 K (desorption) (θ = 0.4); (c) cooling to 1000 K (θ =
0.4); (d) cooling to 400 K (θ = 0.4); (e) heating to 1775 K (desorption) (θ = 0.3); (f) cooling to 1000 K (θ = 0.3); (g) cooling to
400 K (θ = 0.3); (h) heating to 1880 K (desorption) (θ = 0.2); (i) cooling to 1000 K (θ = 0.2); and (j) cooling to 400 K (θ = 0.2). 
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due to thermal radiation. Therefore, the rate of cooling
was calculated using the Stefan–Boltzmann equation

Q = ασT 4,

in which Q is the rate of thermal energy loss from
the unit surface area, T is the absolute temperature
of the surface, σ = 5.75 × 10–5 erg cm–2 s–1 deg–4 [18]
is the Stefan coefficient for an absolute black body,
and α is the average coefficient of radiation.

Taking into account the specific heat capacity of
tungsten c = 24.02 + 0.01T J mol–1 deg–1 [17], α = 0.45
[18], the sample size 50 × 3 × 0.025 mm, and its density
ρ = 19.3 g/cm3 [18], the Stefan–Boltzmann equation
can be written in the following form:

–dT/dt = Sασ(T4 – )/cρV, (7)

where S and V are the surface area of the sample and its
volume, and Troom is room temperature.

Taking into account the values of all parameters in
Eq. (7), we numerically integrated this equation. The
resulting dependence of temperature on time is shown
in Fig. 10 by a dashed line. The sample in the form of a
tungsten strip was soldered to bulk molybdenum rods
(current leads), whose temperature is increased to 700 K
during sample heating. Therefore, its cooling at temper-
atures below 700 K is slowed down compared to the
above curve. The real curve of cooling at T < 700 K was
shown by a solid line. The curve of temperature lower-
ing was approximated by an open polygon and at each
section the average rate of cooling was calculated,
which is shown in Fig. 10 for the temperature ranges
2000–1200, 1200–900, 900–700, and 700–350 K. The
resulting data were used in the modeling of the cycles
of sample heating and cooling.

The results of the modeling are illustrated in Fig. 8.
Here, we also obtain adequate results. Specifically, the
consecutive kinetic curves moved towards the region of
higher temperatures, and all were inside a peak envel-
oping them and registered in the case of uninterrupted
heating of the sample with a preadsorbed oxygen layer
(θ = 0.6).

Note that the simulated dependence of the apparent
activation energy of desorption on the surface coverage
(Fig. 9) gives (as in the experiment; Fig. 4) approxi-
mately a threefold increase of its value, with a decrease
in θ from 0.6 to 0. However, the simulated absolute val-
ues of the activation energy were approximately twice
as low as in the experiment.

Such a discrepancy in the absolute values of the
apparent activation energy is probably due to the fact
that they were obtained from different initial portions of
TPD peaks (i.e., at low rates of desorption).

As mentioned above, in the process of modeling we
obtain not only the dependence of the rate on time and
temperature but also the distribution of adsorbed oxy-
gen atoms on the surface of tungsten.

T room
4

Figure 11 shows the evolution of these distributions
in consecutive cycles of heating and cooling of the sur-
face. The initial coverage of the tungsten surface by
oxygen atoms was θ = 0.6. As can be seen from this fig-
ure, in the consecutive cycles the adsorbed layer is
structured and adsorbate islands grow, while the con-
centration of isolated oxygen atoms decreases. As a
result, a growing number of adsorbed atoms concen-
trate in close-packed islands with minimal perimeter
values. Due to the lateral interactions (attraction)
between the nearest neighbors, the desorption of oxy-
gen atoms from these islands is much slower than for
the atoms at the island boundaries and for isolated oxy-
gen atoms.

CONCLUSION

The explanation [3] for a set of anomalous phenom-
ena observed in the desorption of oxygen atoms from
tungsten was generally confirmed in the modeling of
this system by the Monte Carlo method, taking into
account lateral interactions of adsorbed atoms and their
migration over the surface.

We managed to obtain almost quantitative agree-
ment between model simulations and experimental data
using real interaction and surface migration parame-
ters, which are known from published data [5, 11–16].

We plan to modify this model to take into account
lateral interactions with more distant neighbors than the
nearest ones. One should also include in the model the
dissolution of oxygen in the bulk of tungsten oxide for-
mation. This will probably make the description of
anomalous phenomena more accurate.
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