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Platinum particle size effect on the oxidative dehydrogenation of
aqueous ethanol
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The effect of the platinum particle size was investigated for the catalytic oxidative dehydrogenation of aqueous ethanol to
ethanal at a temperature of 303 K, an ethanol concentration of 260 mol m™3, a partial oxygen pressure 60 kPa, 2 pH of 9, and an
ethanal and ethanoate concentration of 20 mol m—>. A particle size effect on the turnover frequency was observed but only for
particle sizes smaller than 2 nm. Hence, the reaction shows a limited structure sensitivity.
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1. Introduction

Maximization of the rate of a metal catalyzed reac-
tion per unit mass of noble metal, i.e. of the so-called spe-
cific reaction rate, cannot always be achieved simply by
maximization of the surface area per unit mass of noble
metal, i.e. by minimization of the particle size of the
noble metal. Studies on many reactions show that the
reaction rate per unit catalyst surface area can depend
on the particle size, hence minimization of the particle
size will not automatically yield maximization of therate
per unit mass. Reaction rates per unit surface area of
the active phase are often expressed as turnover frequen-
cies, TOF, i.e. as rates per surface atom of the active
phase. Boudart called reactions with a clear dependence
of this TOF on the particle size ‘““‘demanding” or “‘struc-
ture-sensitive” [1,2]. Reactions which do not exhibit
such dependence were called “facile” or *‘structure-
insensitive”.

Che and Bennet [3] reviewed recently the effect of par-
ticle size of supported metals on the rate of catalytic
reactions with omission of the work in the field of elec-
trocatalysis. Possible explanations for the particle size
effect of metals can be mainly divided in electronic
effects and geometric effects.

Electronic effects arise from the fact that when metal
particles become smaller the electronic character will
change from typical for a bulk metal to typical for a sin-
gle metal atom. The electronic character of a metal clus-
ter influences physical and chemical properties such as
electrical conductivity, ionization potential, polarizabil-
ity, binding energy, Gibbs energy, entropy and so on
[4]. Electronic effects will start to occur at a particle size
at which the difference between two subsequent energy
levels will become appreciable with respect to the ther-
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mal energy kg7 (kg is the Boltzmann constant
=0.3807 x 1073 J K). For platinum particles this
amounts to a particle size of about 2 nm [5]. Such a parti-
cle consists of approximately 200 atoms.

Geometric effects arise from the fact that the active
site for the reaction can consist of a special type of sur-
face atom or an ensemble of surface atoms [6] rather
than a single surface atom. Van Hardeveld and Hartog
[7,8] calculated for various shapes of particles the frac-
tion of different types of sites with respect to the total
amount of surface atoms. The fraction of face atoms on
fce octahedra for instance decreases sharply at a particle
size of about 2 nm. The fraction of so-called BS5 sites on
fcc octahedra goes through a maximum at a particle size
of about 2.5 nm. Che and Bennet [3] concluded from cal-
culations that when the active site for a reaction consists
of an ensemble of several atoms the structure sensitivity
of the reaction should extend to particles considerably
larger than 5 nm. The larger the ensemble required the
larger the particle size to which sensitivity persists.
Hence, this kind of behavior was called extended struc-
ture sensitivity. When the active site consists of a certain
type of surface atom rather than of an ensemble, the
structure sensitivity is limited to particles smaller than
5 nm. This is therefore called limited structure sensitiv-
ity. Che and Bennet [3] also distinguished between anti-
and sympathetic structure sensitivity. The former corre-
sponds to a turnover frequency which increases with
increasing particle diameter.

Peuckert et al. [9] showed that the turnover frequency
of the electrochemical dioxygen reduction over platinum
on carbon catalysts in 0.5 M H2S0,4 at 298 K decreased
sharply at particle sizes smaller than 2 to 4 nm. A con-
stant turnover frequency was observed on particles lar-
ger than 4 nm. It was also shown by cyclovoltammetry
that the oxide reduction was shifted to lower potentials
as the particle size decreased. This was ascribed to an
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increased heat of chemisorption of oxygen on smaller
particles.

The latter is in agreement with the gas phase work of
Briot et al. [10], who found for a platinum on alumina
catalyst that the turnover frequency of the oxidation of
methane by dioxygen was much higher for aged cat-
alysts, with platinum particles of approximately 12 nm,
than for fresh catalysts with a particle size of approxi-
mately 2 nm. Microcalorimetric measurements of the
oxygen chemisorption showed a decrease in the heat of
chemisorption of oxygen with increasing particle size
from 280 kJ mol~!, for the particles of 2 nm, to 250 kJ
mol~!, for the particles of 12 nm. This explains the
increased reactivity of the adsorbed oxygen with increas-
ing particle size.

Schuurman et al. [11] also explained an observed anti-
pathetic particle size effect on the oxidation of methyl
o-D-glucoside over a platinum on graphite catalyst as a
result of the stronger oxygen platinum bond on small
particles.

This paper reports on the effect of platinum particle
size on the oxidative dehydrogenation of aqueous
ethanol.

2. Experimental

Experimental difficulties in determining the particle
size effect on the turnover frequency for metal catalysts
could arise from various causes [3]. Changes in metal
support interaction (strong metal support interaction,
SMSI), incomplete reduction of the metal, particle struc-
ture, deactivation and metal reconstruction upon
adsorption with the particle size can obscure the real par-
ticle size effect on the TOF for a certain reaction. To
obtain good data on the effect of the particle size, or the
fraction exposed atoms on the turnover frequency for a
certain reaction the metal particles should thus be
approximately monodisperse, fully reduced, unpoisoned
and show little interaction with the support.

2.1. Catalyst preparation

A highly dispersed platinum on graphite catalyst was
prepared following a method described by Richard and
Gallezot [12]. High surface area graphite from Johnson
Matthey (CH10213) was first activated by partial com-
bustion of batches of 8 g in an air flow of 300 Nml min~!
at 773 K for 5 h. Under these conditions 25 wt% of the
graphite was burned off. The amount of graphite burned
off was not stoichiometrically limited by the total
amount of air fed as this was sufficient to burn the graph-
ite completely to CO,. Subsequently the graphite was
suspended at ambient temperature for 24 h in a solution
of concentrated sodium hypochlorite (13 wt% in active
chlorine, Janssen p.a.). After this wet activation step the
graphite was separated from the solution by filtration

on a Millipore filter (HV 0.45p), carefully rinsed with
distilled water and dried in a vacuum oven at 373 K.
These two activation steps create oxygen containing sur-
face groups at the edges of the carbon layers [12]. These
groups will later act as anchoring sites for the platinum
complex. A high concentration of such sites is necessary
to obtain a highly dispersed platinum catalyst [13], i.e.
to obtain a catalyst with a high fraction of platinum
atoms exposed at the surface.

Platinum was introduced on the activated support by
a competitive cation exchange [3] of platinumtetramine
and ammonium ions with the anchoring sites of on the
support to obtain a more uniform platinum distribution
throughout the whole support. As Richard and Gallezot
[12] achieved a maximum platinum uptake in a suspen-
sion with 20 wt% platinum with respect to the amount of
graphite, a calculated amount of a platinumtetramine
hydroxide solution (100 g 8 wt% in platinum, Johnson
Matthey or 50 g 16 wt% in platinum, Degussa) was
added dropwise to a suspension of 40 g graphite in 800 ml
1 M ammonia (Merck p.a.) and stirred at ambient tem-
perature for 24 h. The catalyst was separated from the
suspension by filtration on a Millipore filter (HV 0.45p),
washed with distilled water and dried in a vacuum oven
at 373 K. The dried catalyst was reduced in flowing
hydrogen at 473 or 573 K for 2 h and stored exposed to
air before use.

2.2. Catalyst sintering

To obtain catalyst samples with different platinum
particle sizes but which are similar with respect to plati-
num content and support, samples of a freshly prepared
catalyst batch were treated for 2 to 4 h at temperatures
ranging from 473 to 773 K in flowing air as indicated in
table 1. The samples were subsequently reduced for 2 h
in flowing hydrogen at 473 K. All samples were stored
before use exposed to ambient air.

2.3. Catalyst characterization

2.3.1. Platinum content

The platinum content of the catalyst was determined
by UV/VIS spectrophotometry at 403 nm of a stable yel-
low Sn—Pt complex formed by platinum ions and SnCl,
in the presence of excess chlorine ions [14—16].The plati-

Table 1
Preparation conditions for the catalyst samples referred to in this
work

Catalyst Reduction Treatment Reduction
DO 2hH,473K - -

D1 " 2hair473K 2hH,473K
D2 " 4hair523K ”

D3 " 4hair5S73K "

D4 " 4hair673K "
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num is released and dissolved from the support by boil-
ing the catalystin aquaregia.

2.3.2. Platinum particle size distribution

Transmission electron microscopy micrographs were
obtained on a JEOL 2000 CX microscope with an accel-
erating potential of 200 kV at a microscope magnifica-
tion of 5 x 10°. The resolution of this microscope was
better than 1 nm at the conditions used. The final magni-
fication on the micrographs was2 x 10°.

The catalyst samples were ultrasonically dispersed in
water, brought, suspended in water, onto coated copper
grids and finally dried by exposure to air. Different types
of grids were tried but only self prepared grids and perfo-
rated ‘“‘lacey” grids supplied by Biorad gave good
results.

The platinum particle size distribution was obtained
from the micrographs by using a computer equipped
with a camera and image analysis software (TIM 3.35,
TEA DIFA measuring systems). Sections of the micro-
graph were digitized and stored in the computer. Direct
analysis of the particles on these digitized images was
not possible because of the non-uniform background
due to the non-uniform thickness of the graphite sup-
port. Therefore a defocused digitized image of the same
section was subtracted from the original image. The
defocused image contains only information on the aver-
age gray level distribution and so the particles become
visible as dark spots on a more uniform light back-
ground. After noise filtering and contrast enhancement,
the particles which were clearly the same in shape and
size on both the original micrograph and on the final
computer image were selected. The software subse-
quently determined the surface area of these selected
particles. The equivalent platinum particle diameter, d
(in m), was defined as the diameter of a circle with the
same surface area as the platinum particle.

The surface area averaged platinum particle diam-
eter, d; (in m), was determined from the distribution
according to Lemaitre et al. [17]:

3
PRIL (1)
> mid?
where the summation goes over all considered size
classes, i, with an equivalent diameter d; and a number,
n;, of counted particles in that class.

The sample standard deviation for the surface area
averaged platinum particle size, s (in m), which contains
information about the width of the particle size distribu-
tion, assuming a Gaussian distribution, is then defined
by:

Smid (d; — d)’

Ymdp
If sufficient data is present the 95% confidence interval
for the surface averaged diameter is given by:

(2)

55 =

1.96s,
N (3)

in which nis the total number of counted particles.

ds =

2.3.3. Accessible platinum surface atoms

The fraction of platinum atoms exposed, FE, was
determined by CO pulse chemisorption as this technique
quantifies the amount of platinum surface atoms acces-
sible for chemisorption. The catalyst was dried at 333 K
in vacuum prior to the chemisorption measurement. An
amount of 40 to 60 mg of catalyst was then reduced in
situ during 1 h in flowing hydrogen at 373 K. After cool-
ing down to 273 K the chemisorption of pulses of CO in
helium carrier gas was determined. The fraction of plati-
num atoms at the surface was calculated from the total
amount of adsorbed CO and the platinum content of the
catalyst assuming a 1:1 adsorption stoichiometry.

2.4. X-ray absorption spectroscopy

X-ray absorption measurements were performed at
station 9.2 of the SRS at Daresbury (UK) with an elec-
tron beam energy of 2 GeV and a stored current varying
between 290 and 160 mA. The wiggler was operational
at 5.0 T. Data were collected in the transmission mode
from 11.37 to 13.43 keV (Pt Lyjy-edge: 11.564 keV, Pt
Ly-edge: 13.273 keV) with a Si (220) monochromator.
detuned to 50% of the maximum intensity for harmonic
rejection. The ion chambers were filled with gas mixtures
optimized to suit the measuring conditions. Energy cali-
bration was monitored using a gold foil or a platinum
foil and a third ion chamber, and was setat 11.919 keV at
the Au Lyy-edge or 11.564 keV for the Pt Lyy-edge. The
spot size was reduced with the entrance slits to give a
spot of 1 mm height and 10 mm width. Energy resolution
was estimated to be 2.2 eV. Samples were scanned eight
times to determine the error in the data and to improve
the data quality by averaging.

Data analysis was performed with software devel-
oped at the Laboratory of Inorganic Chemistry and Cat-
alysis of the Eindhoven University of Technology [18]
and follows mainly the procedure described by Sayers
and Bunker [19]. :

2.5. Kinetic experiments and reaction conditions

The reactor setup and working procedure as
described by van den Tillaart [20] were used to determine
the steady state specific disappearance rate of ethanol
for the different catalyst samples. The catalyst was treat-
ed in situ with hydrogen at 363 K immediately before
reaction. The reaction conditions used for the measure-
ments are given in table 2. The amount of catalyst was
varied depending on the catalyst activity from 180 to
350 mg. It was confirmed that the observed specific dis-
appearance rate of ethanol was free of mass transfer lim-
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Table 2
Reaction conditions at which the platinum particle size effect was in-
vestigated

Condition Value
concentration ethanol 260 mol m~3
concentration ethanal 20mol m—3
concentration ethanoate 20molm—3
oxygen partial pressure 60kPa

pH 9
temperature 303K
conversion of ethanol +0.13

itations at these conditions and hence represented the
true intrinsic kinetics. The experiments were replicated
several times to obtain an estimate of the experimental
error in the reaction rate. Steady state rates generally
were obtained after one hour and could be maintained
for several hours. For the conditions used no permanent
deactivation, like platinum crystallite growth,
occurred.

The turnover frequency (TOF, in s™!) for the disap-
pearance of ethanol based on platinum surface atoms is
given by:
RwMw (4)

WPtFE

where Ry is the specific disappearance rate (mol kg,
s71), Mpy is the platinum molar mass (kg mol ™), and w
is the platinum weight fraction.

TOF =

3. Results and discussion
3.1. Catalyst characterization

The results of the catalyst characterization are sum-
marized in table 3. It is clear from these results that the
platinum particle size increases as the sintering tempera-
ture was higher. Also the platinum content increases as
the sintering temperature was increased indicating that
the graphite support was somewhat burned off during
sintering. The decrease of the fraction of exposed plati-
num atoms, FE, as determined by CO pulse chem-
isorption, is in agreement with the increase of the
particle size. From fig. 1 and table 3 it is clear that the
width of the particle size distribution has been increased

Table 3
Summary of platinum particle size analysis results
Catalyst wp ds Ss n FE

(wi%s) (nm) (om)
DO 3.56+0.13 1.46+0.03 034 530  0.597 +£0.005
D1 3.64+006 153004 035 299  0.600+0.010
D2 376 +£0.10 1.59+0.04 038 322  0.580+0.010
D3 3.81+005 1854005 042 282  0.572+0.003
D4 424+0.08 220+0.07 061 277 0.467 + 0.009
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Fig. 1 Platinum particle size distribution of several catalyst samples as
determined by TEM micrograph analysis.

slightly by the sintering but that the particles are still
monodisperse.

There is some discussion in literature about the crys-
tal structure of small platinum particles. Renouprez et
al. [21] concluded from EXAFS measurements that the
structure of a Pt/SiO, catalyst with platinum particles of
1.8 nm could be well described with a 5% contracted fcc
structure, whereas a Pt/zeolite catalyst with platinum
particles of 1.1 nm could be better described by a 7% con-
tracted icosahedron, which is not a fcc structure. Joyner
and Meehan [22] studied EUROPT-1, a 6.3 wt% Pt/
SiO, catalyst, and a 2.5 wt% platinum on carbon catalyst
with platinum particles larger than 1.8 nm. They con-
cluded for both catalysts that the fcc structure is main-
tained even in platinum particles as small as 1.8 nm.
Their conclusion is also supported by this work. Fig. 2
shows the corrected Fourier transforms of the EXAFS
of a platinum foil, a reduced sample of catalyst D0, and a
reduced sample of catalyst D2. It is clear from this figure
that even in platinum particles as small as in catalyst
DO, with an average platinum particle size of 1.46 nm,
the same fcc structure as in the platinum foil is main-
tained with interatomic distances close to the fcc Pt-Pt
distances in bulk platinum of 2.775x 10719,
3.934 x 1071°,4.806 x 1071°and 5.550 x 10719 m.

From earlier XAS experiments [23] it was already
clear that exposure to ambient air of small reduced plati-
num particles leads to a strong corrosive oxidation
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Fig. 2. Fourier transform (A) and scaled Fourier transform (B) of k*-

weighted X-ray absorption spectra, k-range: (3.1-16 x 10'* m~! and

corrected for the Pt—Pt phase-shift and amplitude functions. Full line:

platinum foil, dashed line: reduced sample of catalyst DO, and dotted

line: reduced sample of catalyst D2. (k is the photoelectron wave

number, x is the normalised modulation of the absorption
coefficient.)

resulting in a particle consisting of a shell of PtO; and a
core of metallic platinum. Such an oxidized particle can,
however, be reduced easily by reduction at ambient tem-
peratures in hydrogen gas or in hydrogen saturated
aqueous solutions. Exposure to oxygen saturated water
did not lead to such a strong corrosive oxidation.

Summarizing, it can be said that all the investigated
catalyst samples consist of fully reduced platinum parti-
cles with anidentical crystal structure.

3.2. Particle size effect

Fig. 3A shows the specific disappearance rate of etha-
nol versus the particle diameter. The error bar reflects
the instability of the steady-state concentrations as well
as the analytical error. This figure shows a maximum in
the specific disappearance rate of ethanol at a particle
diameter of approximately 2 nm. Fig. 3B shows the turn-
over frequency of the ethanol disappearance versus the
particle diameter. The turnover frequency seems to
become constant for particles larger than 2 nm. The
turnover frequency decreases on particles smaller than

2 nm. Following from the definitions of Che and Bennet
[3] given in the introduction, fig. 3B indicates a limited
antipathetic structure sensitive reaction. The form of the
curve is in good agreement with the results of Peuckert
et al. [9] for the electrochemical reduction of dioxygen
over Pt/carbon and with the results of Schuurman et al.
[11] for the oxidation of methyl a-D-glucoside over Pt/
graphite.

According to a kinetic study of the ethanol oxidation
on a Pt/graphite catalyst with a particle diameter of
1.95 nm [20], the kinetics of this reaction can be
described adequately by a relatively simple rate equation
based on an irreversible dissociative adsorption of oxy-
gen and an equilibrated reversible dissociative adsorp-
tion of ethanol on the same type of sites. These steps are
followed by irreversible surface reactions between two
adsorbed species towards the reaction products:

0, + 2% — 20%
CH3CH,OH + 2 x$5CH3CH,0* + Hx
CH3CH,0% + O — CH3CHO + OHx + *
Hx + OH* — H,0 + 2%
2CH3;CH,0H + 0; — 2CH3CHO + 2H,0

The last step in the above sequence can be considered to
be potentially much faster than the other irreversible
steps. Hence, the global rate of reaction is determined
mainly by both the rate coefficient of the chemisorption

NN =g

12
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Fig. 3. Specific disappearance rate of ethanol (A) and turnover fre-
quency of ethanol disappearance (B) vs. the surface area averaged pla-
tinum particle diameter. Reaction conditions see table 2.
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of oxygen and the rate coefficient of the irreversible sur-
face reaction between the ethoxy species and the oxygen
species. These rate coefficients influence the global rate
directly and via the degree of coverage in the steady
state. Indeed, the surface coverage of oxygen is not the
result of an equilibrium between adsorption and desorp-
tion, but is rather the result of a balance between the
adsorption rate of oxygen and the oxygen consumption
rate via the surface reaction. The rate equation and cor-
responding estimates for the kinetic parameters selected
by van den Tillaart et al. [20], allows to calculate that
the oxygen coverage on the catalyst sample with a plati-
num particle size of 1.95 nm is about 0.34 at the condi-
tions at which the particle size effect has been
investigated in the present work.

The increased heat of chemisorption for oxygen with
decreasing particle diameter [9,10] results in a decrease
of the activation energy for the adsorption according to
the relation of Polanyi [24], and hence in an increase of
the adsorption rate coefficient.

Similar arguments lead to Sabatier’s principle that a
reactive intermediate should be stable enough to be
formed easily but not too stable in order to decompose
easily towards the reaction product [24]. This effect is
clearly observed in the so-called “volcano curves”: the
rate of the global reaction first increases with the binding
energy of a key reactant with the catalyst, then reaches
a maximum and starts to decrease as the binding energy
becomes too high. It is possible to explain the observed
increase in the TOF with increasing particle size with a
Sabatier type of explanation when the oxygen—platinum
bond strength influences both the rate of adsorption of
oxygen and of the surface reaction and when the binding
energy is higher than the optimal binding energy, i.e.
when the oxygen—platinum bond strength is situated on
the right-hand side of the “volcano curve”. This does,
however, not necessarily mean that this bond has to be
broken during the surface reaction. It is possible that the
stronger bonded oxygen on the smaller platinum parti-
cles is less capable of abstracting hydrogen from the
adsorbed ethanol species. Apparently this effect is coun-
tered only partially by the increased degree of oxygen
coverage, resulting from the higher adsorption rate of
oxygen, to result in the observed decrease of the turnover
frequency with decreasing particle size.

4. Conclusions

The oxidation of ethanol with dioxygen over a plati-
num on graphite catalyst shows a particle size effect on
the turnover frequency at particle sizes smaller than
2 nm, corresponding to a limited structure sensitivity.
Most probably only a few surface atoms are needed for
this reaction. The particle size effect can be explained by
the increased strength of the oxygen platinum bond.
The stronger bonded oxygen on small platinum particles

is less capable of abstracting a hydrogen atom from the
adsorbed ethanol species thereby decreasing the rate of
reaction at the investigated conditions.
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