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Abstract

Some types of catalytic reaction may take place at the boundary between a metal and a support. In this paper we describe the m
relationships between observed reaction rates and the loading of the supported phase. The reaction rate shows a sharp ma
increasing loading, and at high loadings the rate is reduced to zero, due to the lack of active sites (the support is completely cov
report a study of a particular reaction where the kinetic data indicate rather clearly that the active site is at the boundary betw
phases. The particular reaction is the photocatalytic degradation of methanol on a Pd/TiO2 catalyst under anaerobic conditions. The reac
produces CO2 and hydrogen and only proceeds at steady state when light is introduced to the system. We propose that this is due t
of the Pd by adsorbed CO, and the role of light is to produce a reactive form of oxygen on the support, which cleans off CO from
the boundary, thus allowing a catalytic cycle to be completed. The larger the extent of this boundary, the higher the reaction rate.
mathematical model of such reactions is given and applied to these data.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Reactions at the interface between a metal particle an
support material could be of great significance for a nu
ber of reactions. Phenomena which have been highlig
are spillover to/from an active phase to a support [1]
SMSI, the so-called strong metal-support interaction [2]
many cases the support itself is not thought to be the l
tion of the active site, though it may act as a channel of fa
supply of reactants in adsorbed form to the active site. H
ever, in some cases the support may play a direct role in
catalysis, which will not take place in the absence of a pa
ular support- metal/oxide combination. In particular it m
be the case that some reactions have the active site lo
at the interface between support and metal. An examp
this is the careful work of Boffa et al. [3] who showed th
the methanation of CO2 on oxide-decorated Pt single cry
tals took place at the metal-oxide interface. However, i
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rare for direct evidence of this phenomenon to be found f
kinetic measurements. In this letter we show such direct
dence for the particular case of the anaerobic photocata
reforming of methanol (Section 3), though it is the mo
general phenomenon of two-dimensional interface react
which is the focus (Section 2). We derive the relationship
tween the reaction rate and the loading of the metal on
support. We describe how the particular photocatalytic d
presented in Section 3 can be explained by assuming tha
rate-limiting step in the reaction occurs at the boundary
tween the Pd particles and the support titania; thus, the
is proportional to the length of that boundary. In this ca
both the support and the metal are essential componen
the reaction, the titania being responsible for energy sto
by light absorption.

2. The relationship between activity and loading for
reactions at the metal-support interface

We can attempt to formulate a general description for
actions of this type, where the active site (and therefore
rate-determining step) is at the boundary between two s
eserved.

http://www.elsevier.com/locate/jcat
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Fig. 1. An idealized schematic model of the growth of islands on a surface, showing small islands arranged in an ordered hexagonal way, which groge
at a particular loading; at that point the peripheral length is at a maximum. With further growth the perimeter length reduces as coalescence incs. The
lower panel shows the geometrical considerations for the mathematical model of catalysis at the perimeter of particles.
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phases, and assuming that changes in the size of the pa
of the second, added phase do not significantly alter th
herent activity of the active site. In mathematical terms,
loading dependence can then be described in the follow
idealized way, and with reference to Fig. 1. At low Pd loa
ings there are separate particles on the support, and the
the loading increases, they merge and the total perimete
gins to shrink. At some point there is no perimeter left wh
the support is completely covered with metal. If we assu
a homogeneous array of hemispherical shape for the s
Pd particles, the radius of each particle,r, is related to the
volume per particle,V , as follows,

(1)r = (3V/2π)1/3

and similarly, the perimeter of each particle,P , is given by

(2)P = (12π2V )1/3.

These terms need to be expressed in the form of the dir
measurable quantity, that is, the total volume loading,V T
(equal to the measured weight loading divided by the m
density),

(3)P T = N2/3(12π2V T
)1/3

,

whereN is the total number of particles in the sample, a
P T is the total perimeter. Of course the perimeter is a
given by the following in the growth phase before parti
touching,

(4)P T = 2πrN.

More specifically,P ′
T = 2πr/R2 for a square array of part

cles, whereP ′
T is the perimeter per unit area of the supp

The situation is a little more complicated after touching a
s

s
-

l

relates to Fig. 1. The hemisector angleθ in the figure is given
by

(5)cosθ = R/2r.

The perimeter lost per particle by overlap is

(6)P L = 2πr(2nθ/360),

wheren is a geometric factor related to the packing of
hemispheres on the surface; it is 4 for a square array of p
cles and 6 for a hexagonal array. Replacing the angular
in Eq. (6) by substitution from Eq. (5), we have the to
perimeter lost as the following,

(7)P LN = 2πrN
(
ncos−1(R/2r)/180

)
.

Relating this to Eqs. (3) and (4) we obtain, for the perime
dependence on loading

P T = N2/3(12π2V T
)1/3

(8)× {
1− (

ncos−1[R/(12V T/Nπ)1/3]/180
)}

.

If we consider the number of active sites per unit area, t
we can replaceN with R−2 in this equation, and so this b
comes, for a hexagonal array,

P ′
T = (

4/3R4)1/3(12π2V T
)1/3

(9)× {
1− (

cos−1[1/
(
6.31/2V TR/π

)1/3])
/30

}
.

Here we consider that the rate-determining step is the
action at the boundary, which in turn is proportional to
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Fig. 2. (a) A plot of the dependence of the amount of perimeter per unit area of surface and its dependence upon the radius of the particles, e
volume terms (the radius at any point on thex axis is (1.5V )1/3, whereV is the particle volume). The axes are unitless. Thus the particle radius is 20 u
approximately 1.7× 104 cubic units volume. The parameter for the three curves is the cell size (R) for the square array of particles. (b) The plot of (a) n
in logarithmic form to clearly show the dependence at very low loading. (c) A comparison of the dependence of perimeter on loading for hexago
circles) and square (filled circles) arrangements of particles on the surface.
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surface concentration of active sites,P ′
T. The relationship

between rate and this perimeter is then

(10)Rate= kP ′
T,

wherek is the rate constant for the RDS.
Eqs. (8) and (9) are really in two parts. The first is a cu

root dependence on loading which dominates at low lo
ings, while at high loadings, with particle coalescence, th
is an inverse cosine dependence on the reciprocal of loa
This is based on the model of Fig. 1, but, assuming unifo
particles in a square arrangement (n = 4) on the support. The
results of such a model are shown in Fig. 2, on both a
mal plot and a log plot, the latter to make the low load
dependence more apparent. The figure shows the cube
relationship at low loadings with a sharp transition, at p
ticle touching, to the cos−1 dependence at higher loading
The rate at very low loadings is high compared with the m
imum (e.g., the rate drops only 4-fold from the maximu
for a 40-fold drop in loading). We have also shown a co
parison of the variation of the loading dependence with
.

t

interparticle separation,R. As R increases, so the loadin
for any particular particle radius decreases. The maxim
in perimeter occurs at higher loading as the interparticle
aration decreases due to the higher particle number de
on the support. In Fig. 2c we have also compared the s
for hexagonal versus a square arrangement of particles
curves are similar, but the most notable effects are tha
hexagonal packing maximum occurs at slightly higher lo
ing, and that the drop off with loading above this point
faster than for the square array. This is because the he
onal loading allows closer packing before coalescence
after this there is a faster decline because of a 6-fold co
bution to the particle expansion process.

Of course, the reality in most cases is that the cata
will contain a distribution of particle sizes, arranged nea
randomly on the support. Both of these effects will tend
broaden the maximum which is shown in Fig. 2, but
general shape of the curve should still be observed. In w
follows we will apply these ideas to a particular case wh
we think that a reaction at the interface determines the
of reaction.
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3. The model applied and modified: photocatalytic
methanol reforming on Pd/TiO2

Photocatalysts were prepared by incipient wetness
pregnation of titania (Degussa P25) with an acidified aq
ous solution of PdCl2. The catalyst so produced was th
dried at 110◦C for 2 h before calcining in air at 500◦C for
a further 2 h. The resulting material was sieved throug
stainless-steel mesh (to< 53 µm) and was placed in 100 m
of deionized water containing 110 µl of methanol (Fis
Scientific 99.99%) in a Pyrex flask. The mixture was pur
for 30 min with Ar to remove dissolved gases and the re
tor was finally sealed under Ar before switching on the li
source (400 W Xe arc, Oriel Model 66084). The product
drogen was measured on line by GC while analysis for o
products (such as formaldehyde, formic acid, CO, and C2)
was carried out off line. The only measurable other prod
was CO2, produced in a 1:3 (±0.3) ratio with hydrogen, al-
though the exact ratio may be time dependent in the e
part of the reaction as reported by Kawai and Sakata [4]
Sakata and Kawai [5]. This confirms that the reaction w
water reforming of methanol with the following overall r
action stoichiometry,

CH3OH+ H2O → CO2 + 3H2.

Some work on this system has been carried out by oth
mainly by measuring reaction rates for precious metal-tita
catalysts [4–7]. The water involvement in the reaction w
previously proposed by Kawai and Sakata [4], and thi
supported by the work here where nearly 3 mol of hydro
was produced for each mole of methanol used in the rea
taken to completion. In this paper we will concentrate on
dependence of the reaction rate upon the metal loading i
catalyst, since it gives a clear insight into the nature of
active site for the reaction, and since this dependence ha
been reported in any detail before.
,

t

Fig. 3 shows this dependence. Because of the wide r
of loadings used, the graph is also plotted with a logar
mic abscissa so the dependence at low loadings is clear
shows a marked maximum in the rate of methanol refo
ing at a loading of around 0.5 wt% Pd. There is a sharp d
in rate with increased loading such that by 2 wt% the ini
rate of reaction is essentially zero. If the loading is decrea
from that at the rate maximum, there is only a very s
drop-off in reaction rate; thus decreasing the loading b
factor of 100 only decreases the rate by a factor of 5 or s

Such surprising observations of a sharp maximum w
loading have been seen before by Bamwenda et al. fo
related reaction of ethanol photodecomposition on Pt
Au/TiO2 catalysts [8], though the range of loading was
as great as reported here. They propose that at higher
ings the Pt blocks the TiO2 to light sensitization. Howeve
the loading at which total cessation of rate occurs is m
too low for complete blockage of the surface by metal,
a detailed consideration of this effect is required, as
lows. A possible explanation for these effects can be g
in relation to the theme of this paper, that is, by a mec
nism involving reactions at the metal-support interface
described schematically in Fig. 4. It is important to first c
sider what happens when methanol reacts with the indivi
components of the catalyst, beginning with the more cata
ically active material, Pd. The reaction between metha
and Pd has been measured in vacuum on a single crysta
face [9]. This pure Pd decomposes methanol efficientl
first during adsorption at 300 K, liberating hydrogen into
gas phase, but the reaction stops very quickly after app
imately one monolayer of methanol has adsorbed. Th
because a product of the reaction is CO, which is stron
adsorbed, remains on the surface, and poisons the rea
when it reaches high coverage. Although the situation he
somewhat different (aqueous solution), we believe that
is likely to also be the state of the surface in our react
that is, with a high coverage of CO completely poison
t low
data
quares) a
e text)
(a) (b)

Fig. 3. (a) The dependence of the rate of hydrogen evolution on weight loading of Pd on the TiO2 support, showing the extreme dependence of the rate a
Pd loadings, for two sets of catalysts. (b) The same data as in a plotted on a logarithmic abscissa to more clearly illustrate the dependence (solidpoints).
Also shown is the mathematical form of the rate dependence upon loading from the two treatments described in the text; the simple model (open snd
the extended perimeter model (fitted line and open circles). For the simple model the loading for the maximum rate has been arbitrarily fitted (se, but
not so for the extended model.
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Fig. 4. The proposed catalytic cycle for photocatalytic methanol degradation under anaerobic conditions, described fully in the text.
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the reaction. Without light there is no steady-state hyd
gen evolution due to an inactive, CO-poisoned Pd sur
on the catalyst (Fig. 4a). When light is introduced CO2 is
produced and H2 evolves with it at a near steady-state ra
(measured over many hours). The data in Fig. 3 are in
rates (i.e., measured over the first 2 h after the light is sw
on), with methanol conversion below 5%. Note that this
short of the maximum reaction rate we can obtain with m
sophisticated catalysts, but is of a similar value to that
ported by others [4–7]. Thus, the introduction of light to t
system has enabled the steady-state reaction to take p
We have determined the wavelength threshold to be app
imately 340 nm [10].

We propose that this unusual loading dependence oc
because of a reaction between lattice oxygen at the su
of the TiO2 and CO adsorbed on the metal at the interf
between the two. The oxygen is likely to be highly rea
tive O−, produced by band-gap excitation of electrons fr
the essentially O(2p) valence band into the mainly Ti3+ con-
duction band, which is normally empty, since Ti4+ is the
predominant cationic species (Fig. 4a). However, it is a
possible that the active species is a hydroxyl of some k
The threshold for the reaction quoted above is very clos
the accepted band gap in titania (3.2 eV or 370 nm). T
leaves an anion vacancy in the titania, and a CO vacanc
the Pd (Fig. 4b). The vacancy on the Pd is filled by metha
thus liberating 2 mol of hydrogen and leaving adsorbed
again (Figs. 4c and d), as described in the earlier pub
tion [9]. The hole in the titania lattice is filled by wate
dissociation, liberating a mole of H2 and fulfilling the sto-
ichiometry above (Figs. 4c and d).
.

Some justification for the assumption of hemispher
particles can be found in the STM image of Fig. 5, wh
shows the Pd to be present in such a form on a flat TiO2(110)
support [11], with an average particle diameter of arou
3 nm. In the present case TEM was used to identify pa
cles on the support before reaction, but the particles wer
small for the optimum loading (0.5%) that they could n

Fig. 5. An STM image of a TiO2(110) surface (showing the (1× 2) struc-
ture) with Pd deposited by MVD at room temperature, then anneale
773 K, and here imaged at 673 K. This shows a fairly homogeneous
of rounded Pd particles. Image size 99.8× 99.8 nm.
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be clearly observed. Particles could be seen for higher l
ing, for instance for the 5 wt% catalysts the particles w
generally very small (∼ 4 nm diameter after reaction), a
proximately hemispherical, and spaced apart by about 1
on average.

The fit of the model described in Section 2 to the real d
for the reaction is shown in Fig. 3 as the solid curve. H
it can be seen that the fit is quite good, indeed surprisi
good for such a simple model. The important point we w
to stress here is not the absolute values, but the linesh
which is reasonably well described by the model, within
experimental reproducibility, that is, it shows a high rate
low loading, a sharp maximum, and a marked decreas
rate as the loading goes above 1%. However, it is clear
the model appears to underestimate the rate at low loa
and, most importantly,the model is fitted to the maximu
in the experimental curve. Within the hemispherical particl
model it is not possible to have particle overlap at a load
of only 0.5%. In fact, even if we assume complete cover
of the TiO2 by only a monolayer of Pd (TiO2 surface area
50 m2 g−1), then the loading would still be high at appro
mately 14 wt%. For a homogeneous distribution of touch
circles this loading is little reduced to around 13%. Th
there appears to be a quantitative inadequacy in the m
which can be rectified by considering that the loss of ac
perimeter occurs earlier than expected in loading. Fig. 3
shows the results of a refined model in which the active s
are actually located at a perimeter which is somewhat rem
from the particles on the TiO2 surface. This requires a mo
ification to the basic model as follows. The perimeter of
particles in the growth phase is simply given by

(11)P T = N2πrz,

whererz is the radius of the extended zone. This equa
can be expanded sincerz = r + d , whered is the width of
,

,

,

this extended zone. Thus

(12)P T = 2πN(3V/2π)1/3 + 2πNd.

If we extend this to higher loadings where coalescenc
included, then Eq. 12 is modified to become

(13)P T = 2πNrz
{
1− [

cos−1(R/2rz)
]
/30

}
.

Application of this model to the particular case here
sults in the curve shown in Fig. 3. Clearly the fit is no
better, and the rate maximum actually occurs at 0.5% lo
ing in the model, assuming that the perimeter exists at 15
from the edge of the metal particles, and that particle tou
ing occurs when the particles are about 2 nm diameter
a particle density of 4× 1011 cm−2. The model has man
assumptions within it, as described above, but gives a
sonable description of the data. It may seem farfetched
such a remote perimeter could exist or play a role in the r
tion. However, as shown in Fig. 6, STM reveals that, un
certain circumstances, perimeters of changed structure
be formed at a distance somewhat remote from the cat
particle on the TiO2 support [12]. In this case the perime
is formed during high temperature oxidation of a Pd/TiO2
model catalyst and the perimeter consists of newly gro
TiO2 layers formed by extraction of Ti3+ from the bulk to
the surface in the presence of gas-phase oxygen. Oxid
occurs preferentially next to the Pd because oxygen is p
erentially dissociated there and spills over onto the sup
local to the particle. Other possible sources of this “rem
perimeter” are electronic depletion zones around the p
cles or regions of adsorbate spillover from the nanopartic

Although this is only one particular reaction, a broa
similar experimental dependence has been observed i
laboratory for the photocatalytic degradation of glucose,
for the water-splitting reaction carried out in a quartz v
sel [13].
tment in
(a) (b)

Fig. 6. STM images of Pd nanoparticles on a TiO2 surface; the particles are about 5 nm in diameter. The left panel shows the surface before trea
oxygen at 723 K, while the right hand panel is the same area after treatment and shows an area of oxygen spillover with new layers of TiO2 grown around
the Pd particles. This produces an extended boundary with possible new properties. Image size is 49.7× 49.7 nm.
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We believe that this kind of dependence will generally
seen for reactions of this type where the interface sites
the “active centres” for the reaction, and where both the s
port and the metal play an active part in the reaction.
example of this may well be the low temperature, high ac
ity catalysts for CO oxidation described by Haruta, Au/TiO2
and Au/Fe2O3, for instance, where it is proposed that int
face sites are important [14]. It would be very interesting
see if a careful study of the loading dependence of tha
action conformed to the mathematical description above
one paper there is a report of a broadly similar depende
(maximum rate of CO oxidation at 3 nm average diamet
though with only 5 loadings of Au [15], and Goodman a
co-workers have reported a similar maximum [16]. A pro
lem with that system is, however, the extreme sensitivity
the reactions to the Au particle size (that is, there may b
rate constant dependence on the particle size), which m
distort the overall shape of such a curve. In the present
the reaction seems to be described well simply by the v
ation of the number of active sites at the perimeter. Boff
al. [3] showed a maximum in CO2 methanation for TiOx
films of Pt, but the effective loading of Pt (and therefo
the relative interface area) was much higher than tha
the present work. STM studies could prove very useful a
check on the model proposed in Fig. 2. Several groups h
imaged small Pd particles (and other metals) on TiO2 sin-
gle crystals [11,12,17,18]. If experiments were carried
with CO adsorption, and then with UV irradiation, we pr
dict that anion vacancies should appear in the region adja
to the metal particles (providing their bulk or surface dif
sion is slow) as CO2 is lost into the gas phase. This kind
catalytic phenomenon would represent an excellent mee
ground for catalytic and surface scientists.
t

t
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