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The extent to which metal particle geometry and adsorbate spillover influence the temperature-programmed desorption spectra for
the desorption of hydrogen from supported-metal catalysts has been studied by Monte Carlo simulation. By including a mechanism for
adsorbate spillover and surface diffusion it is shown that spillover of the adsorbate onto the catalyst support can result in the differences
observed experimentally between desorption spectra obtained from single crystals and supported-metal catalysts. An isosteric Arrhenius
analysis of the TPD spectra has been used to demonstrate that, at low surface coverage, the activation energy characterising surface
diffusion of adsorbates on the catalyst support can be obtained from the desorption spectrum.
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1. Introduction

Temperature-programmed desorption (TPD) spectros-
copy is a powerful technique for probing the structure of
metallic catalysts in situ. The application of this method to
the study of supported-metal catalysts, as opposed to sin-
gle crystals, has, however, been limited by the difficulty in
interpreting the complex desorption spectra obtained from
oxide-supported metals. The differences in the desorption
spectra of supported and unsupported metallic catalysts are
frequently attributed to the spillover of the adsorbate onto
the catalyst support [1]. This is illustrated by the desorp-
tion of hydrogen from unsupported Pt [2], highly dispersed
Pt/silica catalysts [3], and microfabricated Pt/silica cata-
lysts [4]. In the case of Pt/silica the desorption peaks ob-
tained from the supported catalysts are found to be broader
than those obtained from the unsupported metal, and addi-
tional desorption peaks, attributed to irreversibly adsorbed
hydrogen, are observed. Similar spectral features are ob-
tained for Pt and Pt/alumina catalysts [1,5].

Monte Carlo simulations of desorption from single-
crystal surfaces have been conducted previously by a num-
ber of authors and illustrate the limitations of the approx-
imate mean-field or lattice gas approximations frequently
used for the interpretation of TPD spectra [6–8]. In this
paper, we extend previous simulations to consider desorp-
tion from surfaces representative of oxide-supported metal-
lic catalysts. A Monte Carlo model for the second-order
desorption from the surface of a supported-metal catalyst
is introduced and an isosteric analysis conducted to deter-
mine the apparent Arrhenius parameters for the desorption
process. It is demonstrated that both multiple desorption
peaks and peak broadening can be attributed to adsorbate
spillover and surface diffusion. It is further shown that the

size and geometry of the metal crystallites do not influence
the desorption spectra to a significant extent.

2. Model and algorithm

The surface of the supported-metal catalyst is repre-
sented by a simulation lattice consisting of a regular square
array of discrete surface sites. Each site is taken to represent
either a region of the catalyst support or an adsorption site
on a metal crystallite. The regions of the catalyst surface
occupied by the metal crystallites and those representing the
catalyst support are determined by constructing a Voronoi
tessellation of the plane [9]. The tessellation algorithm di-
vides the surface into a number of irregular polygons, each
of which is randomly assigned as either a region of catalyst
support or as a metal particle. The simulation lattice rep-
resents a projection of the actual catalyst surface onto the
plane, producing an image of the surface similar to that ob-
tained from electron micrographs of supported-metal cata-
lysts. Examples of simulation lattices with increasing metal
loadings are shown in figure 1. Increasing the number frac-
tion, φ, of the regions representing the metallic crystallites
leads to the coalescence of these regions, with a resultant
increase in the mean metal particle size.

As hydrogen chemisorption and temperature-program-
med reduction are the most important experimental appli-
cations of TPD spectroscopy, this paper will consider the
simulation of hydrogen desorption from a supported tran-
sition metal catalyst. The desorption process is therefore
assumed to be second order.

It is assumed that hydrogen adsorbs from the gas phase
on the metal crystallites only. On adsorption the hydro-
gen atom is assumed to dissociate immediately, occupying
a pair of neighbouring lattice sites. Although adsorption
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Figure 1. Example simulation lattices of supported-metal catalysts char-
acterised by increasing metal loading and particle size. Panels represent
fractional metal coverages of (a) 0.10, (b) 0.25, (c) 0.50, and (d) 0.75. The
white and black regions represent the catalyst support and metal surface,

respectively.

is only permitted on the metallic crystallites, and not on
the catalyst support, the dissociated atoms can migrate by
surface diffusion from the metal particles onto the cata-
lyst support. Similarly, the recombination and subsequent
desorption of hydrogen is only permitted on the metal crys-
tallites. Desorption from the metal crystallites and surface
diffusion, both on the oxide support and the metal crys-
tallites, are assumed to be activated processes, the rate of
each process being characterised by the appropriate Arrhe-
nius expression.

The activation energy of desorption, Ea, is determined
by the intrinsic activation energy associated with the ad-
sorption site and the lateral interaction energy between
neighboring adsorbate molecules, where

Ea = E0
a + npε. (1)

In equation (1) np is the number of adsorbate molecules
neighbouring a pair of dissociated atoms and ε is the lat-
eral interaction energy between nearest-neighbour adsorbate
pairs. For a pair of dissociated atoms on the surface of a
square lattice 0 6 np 6 6. The activation energy for the re-
combination and desorption of a pair of isolated dissociated
atoms as molecular hydrogen is denoted by E0

a .
Previous Monte Carlo studies of thermal desorption ei-

ther neglect surface diffusion entirely [10] or, as it is usually
the case that the activation energy characteristic of surface
diffusion is lower that that for desorption, the adlayer is
allowed to reach thermal equilibrium between subsequent
desorption events [11]. The latter situation is a reasonable
assumption for the diffusion of dissociated hydrogen atoms
on metal surfaces, but not for the diffusion of spiltover
hydrogen on an oxide support.

The mechanism of surface diffusion is quite different on
the metal crystallites and on the catalyst support. The acti-
vation energy for surface diffusion on the metal crystallites
is often low, typically of the order of 10 kJ mol−1. Thus,
the rate of surface diffusion on the metallic crystallites is
likely to be rapid compared to either the rate of diffusion
on the metal-oxide support or the rate of desorption. For
this reason diffusion on the metal crystallites was simulated
by allowing the atoms adsorbed on the metal crystallites to
diffuse until thermal equilibrium had been attained.

Dissociated atoms adsorbed on the metallic crystallites
are assumed to diffuse across the surface by a series of
uncorrelated jumps between neighbouring lattice sites. The
activation energy for the diffusion of a dissociated atom on
a metallic crystallite, Em, from site (i, j) to a neighbouring
site (i′, j′) can be approximated by the intersection between
two adjacent harmonic potentials and the energy minimum
to give

Em = E0
m − δE/2 +

δE2

16E0
m
. (2)

In equation (2) the activation barrier for the diffusion of
an isolated atom is given by E0

m and the energy difference,
δE, between an atom located at (i, j) and (i′, j′) by

δE = ε(nij − ni′j′ − 1), (3)

where nij denotes the number of adsorbate atoms neigh-
bouring site (i, j).

Metropolis minimisation has been used to relax the
adatoms on the metal crystallites. An adsorbate atom lo-
cated on a metal adsorption site (i, j) is selected at random
and an attempt made to diffuse the atom to a neighboring
adsorption site (i′, j′) on the metal surface. If a vacant
neighboring site is found, one site is selected at random
and the particle moved to the new site with a probability,
Pt, given by

Pt = min
[
exp(−Em/RT ), 1

]
. (4)

This process is repeated until thermal equilibrium is at-
tained.

The mechanism for the diffusion of spiltover hydrogen
on the oxide support is assumed to be the exchange of
the terminal hydrogens of neighbouring hydroxyl groups,
a process with a significantly higher characteristic activa-
tion energy than that of the diffusion of hydrogen on the
metal crystallites. It is therefore assumed that the diffusion
of hydrogen on the oxide support can be described by a
random walk on the support regions of the surface. Isotope
exchange experiments suggest that the activation energy
for the exchange of spiltover hydrogen with the surface
silanol groups of silica, Es, is approximately 30 kJ mol−1;
the corresponding value for diffusion on alumina is over
75 kJ mol−1 [12]. Lateral interactions between adjacent
hydroxyl groups are neglected.

As the time scales characteristic of surface diffusion on
the metal crystallites and desorption can differ by several
orders of magnitude, the explicit inclusion of diffusion in
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addition to desorption requires the use of a highly efficient
Monte Carlo algorithm. To allow for the simulation of
events occurring over widely differing time scales an algo-
rithm based on the method of logarithmic classes [13] has
been developed, and is implemented as follows:

(1) The catalyst surface is populated with adsorbate atoms
until all the metal adsorption sites are occupied. The
simulated reduction of the catalyst is carried out at high
temperature, allowing the dissociated adsorbate atoms
to diffuse freely across the catalyst support where ap-
propriate.

(2) Each possible desorption or hydrogen exchange event
is then assigned to one of a number of event lists, with
each list being comprised of all events with similar
rates. The rate of each possible desorption or diffusion
event, re, is calculated and assigned to a list, ln, such
that

n = Floor
{

log2(re)
}
. (5)

The rates of any two members of a given list do not
therefore differ by more than a factor of 2. The bounds
on the rates of the events in a given class are thus given
by

2n < re < 2n+1. (6)

Both the rate of hydrogen desorption and hydrogen dif-
fusion on the oxide support are assumed to be activated
processes. The rate of each event, re, will therefore
be determined by the Arrhenius expression describing
either the rate of desorption, rd, or the rate of sur-
face diffusion on the support, rs. Only diffusion on
the oxide support and desorption is considered at this
stage, diffusion on the metal crystallites is considered
in step 4.

(3) The probability of selecting a particular list is propor-
tional to the rate associated with a given list and the
number of events on the list. Once a list is selected,
an event is then selected from the list at random and
the lattice updated. The distribution of waiting times
between subsequent events, δt, is given by a Poisson
distribution [14], therefore

δt = − ln ρ∑
re

, (7)

where ρ is a uniformly distrubuted random number be-
tween 0 and 1.

(4) The adsorbates on the metal crystallite regions of the
surface are allowed to diffuse until an equilibrium ad-
sorbate configuration is achieved.

(5) Finally, the temperature is increased by an increment
δT = βδt, where β is the heating rate.

In all simulations the activation energy and pre-expo-
nential factor for the desorption process were taken to be

100 kJ mol−1 and 1 × 1013 s−1, respectively. These val-
ues are typical for the desorption of hydrogen from tran-
sition metal surfaces [15]. A lateral interaction energy of
±2 kJ mol−1 was used. The mechanism of hydrogen diffu-
sion on the support surface was assumed to be the exchange
of hydrogen between adjacent silianol groups, and an acti-
vation energy of 30 kJ mol−1 was assumed unless otherwise
stated. This assumption was based on the results of isotope
exchange [12] and infrared studies [16] of surface diffusion
on silica. The pre-exponential factor for surface diffusion
was estimated to be 1× 106 s−1 [15].

All Monte Carlo simulations were conducted on lattices
composed of 2562 adsorption sites and the desorption spec-
tra obtained from an average of 100 simulations. Simula-
tions were implemented in C++ using software developed
by the authors [17].

3. Results and discussion

We first consider the case where adsorbate spillover is
assumed not to occur and the dissociated hydrogen atoms
are confined to the individual metal crystallites. These sim-
ulations enable the extent to which metal particle geometry
and size influence the simulated TPD spectrum to be de-
termined. Desorption spectra for a number of simulation
lattices for non-interacting adsorbates and for attractive lat-
eral interactions are presented in figure 2. In the absence
of lateral interactions, the desorption spectrum obtained is
found to independent of φ, the metal loading, and thus of
the metal crystallite size. This result is to be expected as
all the possible adsorbate configurations on a given crys-
tallite are energetically equivalent for ε = 0. For the
case of attractive lateral interactions, the desorption peak
is found to become wider and the desorption rate maxi-
mum is displaced to a lower temperature as the particle
size decreases. This is due both to the constrained diffu-

Figure 2. Predicted spectra of hydrogen desorption from simulated
supported-metal catalysts with metal loading as a parameter. The rate of
desorption, rd, as a function of temperature is shown for non-interacting
adsorbates (ε = 0 kJ mol−1) and attractive lateral interactions (ε =
−2 kJ mol−1). Data are shown for a heating rate of 20 K s−1.
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Figure 3. Predicted spectra of hydrogen desorption from simulated
supported-metal catalysts for non-interacting adsorbates (ε = 0 kJ mol−1)
and repulsive lateral interactions (ε = 2 kJ mol−1). Data are shown for a

heating rate of 20 K s−1.

sion of the adsorbate atoms on the more tortuous surface
of the smaller particles and to the influence of the low co-
ordination sites at the particle boundaries. It is, however,
more likely that adsorbate–adsorbate interactions will be re-
pulsive rather than attractive, and the corresponding spectra
for repulsive interactions are given in figure 3. In the case
of repulsive lateral interactions, the displacement of the de-
sorption rate maximum is of a similiar magnitude to that
for attractive lateral interactions. The desorption peak is
found to be displaced to higher temperature and broaden
slightly as the metal particle size declines.

The dependence of the desorption activation energy on
surface coverage can be quantified by conducting an iso-
steric analysis of the desorption spectrum [18]. In general,
the distribution of adsorbates on the catalyst surface will be
non-random and the Polanyi–Winger equation for the rate
of desorption, rd, becomes

rd = ν0 exp(−Ea/RT )Φ(θ), (8)

where Φ(θ) is an unknown function representing the prob-
ability of a pair of neighboring lattice sites being occu-
pied. Equation (8) reduces to the more familiar form where
Φ(θ) = θ2 only as T → ∞. By conducting a number of
simulations at various heating rates the Arrhenius parame-
ters for desorption at constant coverage can be obtained
using the isosteric method of Taylor and Weinberg [18].
Using this analysis, the activation energy is given by

Ea(θ) = −
[
∂ ln rd

∂(1/RT )

]
θ

. (9)

This result is independent of the unknown function Φ(θ)
allowing for the activation energy to be determined even if
Φ(θ) 6= θ2. The pre-exponential factor cannot, however, be
determined as

ν0 = lim
T→∞

rd

Φ(θ)
. (10)

Figure 4. The results of an isosteric Arrhenius analysis of the desorption
spectra for a highly dispersed supported-metal catalyst (φ = 0.2) and
the corresponding single-crystal surface (φ = 1.0). Data are shown for
attractive (ε = −2 kJ mol−1) and no lateral interactions. Error bars

indicate the 95% confidence interval.

Figure 5. The results of an isosteric Arrhenius analysis of the desorption
spectra for a highly dispersed supported-metal catalyst and single-crystal
surface for repulsive lateral interactions (ε = 2 kJ mol−1). Error bars

indicate the 95% confidence interval.

Results for the desorption of adsorbates with attractive lat-
eral interactions are compared to those in the absence of
lateral interactions in figure 4. The corresponding results
for repulsive interactions are given in figure 5. For the case
of attractive interactions the activation energy of desorption
for φ = 1.0 declines from Ea ≈ E0

a + 6ε at monolayer cov-
erage to E0

a at θ = 0. The influence of a finite particle
size is only noticeable at high surface coverage where the
preferential desorption of adsorbates at the particle edges
leads to the result that Ea 6 E0

a + 6ε for θ = 1. The corre-
sponding analysis for a single-crystal surface with no lateral
interactions is shown for comparison. For repulsive lateral
interactions an analysis of three surfaces characterised by
different metal loadings leads to a very similar dependence
of the desorption activation energy on the surface cover-
age for each surface. We now consider the case of adsor-
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Figure 6. Predicted spectra of hydrogen desorption from a simulated
supported-metal catalyst where adsorbate spillover onto the catalyst sup-
port occurs. Data are presented for two values of the diffusion activation
energy illustrating both peak broadening and peak splitting. Spectra are

shown for ε = 0. Data are shown for a heating rate of 20 K s−1.

bate spillover, where the dissociated adsorbate molecules
are free to diffuse across the catalyst support. The acti-
vation energy of surface diffusion on the catalyst support
may be obtained if it is assumed that the rate of diffusion
on the catalyst support, rs, is also governed by an Arrhenius
equation, where

rs = ν′0 exp(−Es/RT )Φ′(θ). (11)

In equation (11) ν′0 and Es represent the pre-exponential
factor and activation energy for surface diffusion respec-
tively. The probability of a vacant site neighbouring an
occupied site is denoted by Φ′(θ).

In figure 6 the simulated TPD spectra are shown for
two values of activation energy of surface diffusion. At
high adsorbate surface coverage the rate-limiting step for
desorption is the recombination of the dissociated mole-
cule on the metal particles and the characteristic activation
energy of desorption for θ ≈ 1 is Ea. At low surface cov-
erage, however, the rate-limiting step is the diffusion of
the spillover hydrogen across the support surface back to
the metallic particles where desorption can occur. Thus,
the rate-limiting step for desorption will be the diffusion of
any spiltover adsorbate back to the metal particles and the
apparent activation energy for desorption will be equal to
Es as θ→ 0.

If the activation energy of surface diffusion is suffi-
ciently high, corresponding to the spectrum generated using
Es = 50 kJ mol−1, then the transition between diffusion-
limited and recombination-limited desorption will be dis-
continuous. The discontinuous transition corresponds to
the removal of all the adsorbate from the metal crystal-
lites. At this point the spiltover hydrogen is not suffi-
ciently mobile to diffuse across the surface to the metal-
lic crystallites and desorb. If the activation energy of
diffusion is somewhat lower, as shown for the spectrum
generated using Es = 30 kJ mol−1, then the transition

Figure 7. The results of the isosteric Arrhenius analysis of the spectra
presented in figure 6. A discontinuity occurs where peak splitting is ob-
served in the corresponding desorption spectra. Error bars indicate the

95% confidence interval.

from the desorption rate being limited by recombination
to diffusion-limited behavior is continuous. The results of
an isosteric analysis of these spectra are presented in fig-
ure 7.

The influence of hydrogen spillover on the apparent ac-
tivation energy of desorption could be misinterpreted as
representing a wide distribution of the true activation en-
ergy of desorption. Data of this nature have been reported
in the literature for desorption from supported-metal cata-
lysts. In a study of hydrogen desorption from Ni/silica [19]
an approximately uniform activation energy distribution be-
tween 30 kJ mol−1 at θ = 0 and 110 kJ mol−1 at θ = 1
was obtained. This result corresponds to a linear variation
of activation energy with surface coverage similar to that
shown in figure 7. Similar data have also been reported
for Pt/silica catalysts [20]. It is implied from the current
study that such data do not represent a distribution of de-
sorption activation energies from a heterogeneous surface
but are, instead, indicative of a surface diffusion-limited
process.

4. Conclusions

We have extended previous Monte Carlo simulations of
desorption from unsupported metals to consider the second-
order desorption of hydrogen from oxide-supported metal-
lic catalysts. A geometric representation of a supported-
metal catalyst, based on a Voronoi tessellation of the plane,
has been used to represent catalysts with various metal
particle-size distributions. The extent to which surface
geometry and adsorbate spillover determine the features
of the desorption spectra has been studied. By conduct-
ing an isosteric Arrhenius analysis of the TPD spectrum
obtained from these surfaces it has been shown that the
influence of metal particle size on the desorption spectra
is unlikely to be significant. This result supports previ-
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ous numerical studies [9] suggesting that nano-fabricated
model catalysts, consisting of regular metal arrays on an
oxide support, provide model catalyst systems that are rep-
resentative of the more complex surfaces of dispersed metal
catalysts.

The inclusion of adsorbate spillover and surface diffu-
sion is found to result in a broadening, and eventual split-
ting, of the desorption peak compared to the results ob-
tained for the corresponding single crystal. These predic-
tions are in agreement with experimental results for sup-
ported and un-supported metal catalysts. The possibility
of misinterpreting a diffusion-limited desorption process
as representing a distribution of desorption activation en-
ergy from a heterogeneous surface has been demonstrated.
It is further shown that the activation energy for surface
diffusion may be obtained in the low surface coverage
limit from an isosteric analysis of the desorption spec-
trum.
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