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Alumina-supported or unsupported M/Pt-type catalysts were prepared by consecutive reduction
of Bi. Pb. Sn. Ru. Au, or Ag modifiers (M) onto Pt particles. Structural and chemical properties
of the bimetallics were studied by electron microscopy combined with energy dispersive X-ray
analysis and an electrochemical (cyclic voltammetric) polarization method. Preferential deposition
of promoter metal submonolayers on Pt was observed at moderate surface coverages (6 << 0.5-0.8).
Some bulk metal crystatlite formation as “bridges™ between small Pt particles covered partially
with promoter was also observed on alumina-supported Bi/Pt and Pb/Pt catalysts. Measurement
of the electrochemical potential of the catalyst slurry during the oxidation of |-methoxy-2-propanol
to methoxyacetone and the cyclic voltammetric polarization of the bimetallic catalysts revealed
that the catalysts are in an oxidized state during reaction. The following order of promoting influence
was observed: Bi > Pb ~ Sn = Au ~ Ru. Two myjor effects of promoters are suggested: (i) they
suppress the initial irreversible adsorption of the reactant alcohol on Pt which results in selt-
poisoning, and (i) they form new active centers that adsorb the oxidizing species (OH) better than
Pt. A formal rate equation is suggested (r = [ 8, - 8y} which explains the optimum in promoter/
platinum ratio. The difterent influences of the promoters are explained by their hydrogen and

oxygen sorption characteristics and by the surface geometry of the bimetallic catalysts.  « 993
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INTRODUCTION

An increasing number of papers have
been published in the last decade on the
liquid-phase oxidation of alcohols with pro-
moted platinum and palladium catalysts
(/-14). The promoting components of the
bi- or trimetallic catalysts alone are inactive
in the oxidation reactions. Pb or Bi have
been applied mostly, but many others in-
cluding Cd, TI, Co, Ag, Te, Se. Ce, and Sn
have been found advantageous to increase
the reaction rate or selectivity and eliminate
catalyst deactivation.

There are very few data in the catalytic
literature concerning the location and chem-
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ical state of the promoter and the mecha-
nism of promotion. The catalysts are usually
prepared by deposition of the promoter onto
the surface of supported noble metal cata-
lysts in the form of hydroxides or phos-
phates. In the oxidation of p-gluconic acid
to 2-keto-p-gluconic acid the authors could
only prove that the lead-phosphate pro-
moter is “‘closely associated’™ with platinum
(3). The change in selectivity was attributed
1o the Pb*'-complexation with the sub-
strate.

A transmission electron microscopic
study combined with cnergy dispersive
X-ray analysis (TEM-EDX) of a Pd-Pt-
Bi/C catalyst prepared by coprecipitation
revealed the existence of separate bismuth
phases in the form of well-crystallized Bi,O,
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and Bi,0,CO; rods (4). Palladium and bis-
muth were found mainly in the oxidized
state and platinum in the reduced one by
ESCA and SIMS investigations. There was
no detectable interaction between Bi and
the noble metals and the role of Bi in the
selective oxidation of glucose to gluconic
acid remained unclear.

In some cases the promoted catalysts
were prepared in situ by a simple addition
of the promoter salt to the reaction mixture
before the reaction (/, 6). In the oxidation of
alcohols only the Pt” or Pd” sites are active,
therefore a prereduction step before the oxi-
dation reaction is generally applied. We
have found by STEM, XPS., XRD, AAS.
and electrochemical polarization methods
that during the prehydrogenation of a palla-
dium on carbon catalyst promoted with lead
acetate, most of the Pb*~ was reduced to
Pb® (10-12). Lead was deposited on the pal-
ladium surface as bulk metal and adatom,
and on the carbon support as bulk metal.
The reaction studied was the partial oxida-
tion of |-methoxy-2-propanol to methoxy-
acetone in aqueous NaOH:

CH,0-CH,—~CH(OH)-CH, + {0, —
CH,0-CH,-CO-CH, + H,0. (1)

During the oxidation reaction bulk lead par-
tially dissolved as Pb>*, while lead adatoms
remained virtually unaltered. The main role
of lead and bismuth promoters was the sup-
pression of by-product formation and their
strong adsorption on the active sites.
From these results we concluded that sup-
ported palladium or platinum catalysts mod-
ified by a submonolayer of heavy metals on
the noble metal particles should have better
catalytic performances than those having
both adatoms and metallic (bulk) deposits.
Moreover, the interpretation of the results
and the identification of the role of promoter
may be easier in the former case. For the
present study the catalysts were prepared
by consecutive reduction of the promoter
metal onto the surface of a commercial plati-
num on alumina catalyst. The structure of
the catalysts has been investigated by a
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combined electron microscopic—X-ray ana-
lytical method and an electrochemical polar-
ization method (cyclic voltammetry).

The oxidation state of a catalyst used in
redox reactions can reliably be detected
with in sit methods. The measurement of
the catalyst potential during reaction is the
only method to our knowledge which pro-
vides this type of information from a
solid-liquid-gas phase system. The method
has been extensively used by Russian scien-
tists in studying catalytic hydrogenations in
slurry reactors (e.g., (/5)). Here we apply
it in combination with an electrochemical
polarization method (cyclic voltammetry) to
study the role of promoters in the oxidation
reaction.

EXPERIMENTAL
Catulvsts

Distilled water (after ion exchange) and
purum or puriss grade reagents were used
for the experiments. For the preparation of
an unsupported platinum powder [2 mmol
H-PtCI, in 100 ml water was dropped into
300 ml 0.4 M aqueous NaHCO, solution at
95°C. After refluxing it for 3 h the slurry was
cooled to 30°C and trecated with hydrogen
for 3 h. The metal dispersion was 0.052 de-
termined from the hydrogen region of a cy-
clic voltammogram (/6). The alumina-sup-
ported platinum was a commercial catalyst
of 5 wt% metal loading (Engelhard 4462).
The metal dispersion (D = 0.30) was deter-
mined from the TEM pictures.

The bimetallic catalysts were prepared by
consecutive reduction of the promoter metal
onto the surface of platinum. Before promo-
tion the noble metal catalyst was prereduced
in water (50-100 ml/g catalyst) with hydro-
gen. The pH was decreased to 3 with per-
chloric acid (unsupported Pt) or acetic acid
(alumina-supported Pt, to avoid the corro-
ston of alumina) and the appropriate amount
of bismuth nitrate, lead acetate, tin chloride,
ruthenium chloride, gold chloride, or silver
acetate in a dilute aqueous acetic acid solu-
tion (107-10"* M, pH = 3) was dropped
into the mixed slurry in 15-20 min, in a



LIQUID-PHASE OXIDATION ON MODIFIED PLATINUM

hydrogen atmosphere. By this way the ac-
tual promoter metal ion concentration was
around 10°® M in the thoroughly mixed
slurry. The metal composition of the cata-
lysts was determined by atomic absorption
spectroscopy (AAS).

Ocxidation Procedure

The reactions were performed in a 200-
ml flat-bottomed, thermostated glass reac-
tor (D = 75 mm) equipped with gas inlet
and outlet, reflux condenser, thermometer,
and measuring and reference electrodes.
The mixing frequency of the magnetic stirrer
was 1500 min '; the length of the magnetic
rod was 50 mm. The system was initially
flushed with nitrogen, then 450 mg catalyst
in 30 ml water was treated with hydrogen
for 20 min, at room temperature; 50 mmol
I-methoxy-2-propanol and 3 mmol borax
were added after flushing with nitrogen. The
reaction temperature was 30°C. The air flow
rate (25 ml - min ') was measured by a rota-
meter. Product analysis was carried out dur-
ing and after reaction using a gas-chromato-
graph (HP 5890). Details of the analysis and
the identification of the by-products can be
found elsewhere (10, 17).

A preliminary kinetic analysis revealed
that the reaction rate was generally limited
by the rate of oxygen supply. This situation
was necessary to avoid the over-oxidation
of the active sites. The rate of the surface
chemical reaction decreased with increasing
conversion due to the lower substrate con-
centration and to deactivation processes. At
a certain conversion the chemical reaction
becomes the rate-limiting one, and the ac-
tive sites are rapidly oxidized and the cata-
lyst is deactivated. The different final con-
versions achieved with various catalysts in
otherwise identical reaction parameters is
an indication of the different activities (rate
of the surface chemical reaction) in the oxi-
dation reaction.

Electron Microscopy

Preliminary morphological investigations
were performed by analytical scanning elec-
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tron microscopy (SEM) using a JEOL JSM
840A system equipped with an energy dis-
persive X-ray analysis (EDX) facility LINK
AN 10558 with a windowless Si/Li detector
system. The samples were disposed on a
conductive polycarbonate film which was
mounted on an aluminium target.

High-resolution transmission electron mi-
croscopy (HRTEM) and selected area elec-
tron diffraction were carried out using a
JEOL 200 CX microscope equipped with
a top-entry stage. For the microanalytical
investigations, scanning transmission elec-
tron microscopy (STEM) was used (JEOL
2000 FX II). For elemental analysis, an en-
ergy dispersive X-ray spectrometer LINK
AN [085S with an Si/Li detector system
separated with an ultrathin window was
used. The samples were gently ground and
dispersed in hexane, acetone, or a mixture
of hexane/methanol. The slurry was dis-
posed on a holey film of amorphous carbon
supported on a copper grid.

For the determination of metal dispersion
of the alumina supported platinum catalyst,
different fields were examined and about
1000 particles were counted and their size
determined. The degree of dispersion was
calculated from the surface average diame-
ter (18).

Electrochemical Methods

All the potentials in the paper are referred
to an Ag/AgCl/KCl,,, electrode (E = 197
mV). The electrochemical cell and polariza-
tion method used for cyclic voltammetric
measurements have been described pre-
viously (/2); 2 mg catalyst powder on a car-
bon paste electrode was polarized with 1
mV - s~ ! scan rate in 0.1 M aqueous borax
or NaOH solutions. The degree of coverage
of platinum surface by the promoter atoms,
Oy 1s defined as

fu = (Nyo —

where Ny, and Ny y are the number of ad-
sorbed hydrogen atoms on surface platinum
atoms (Pt) in the absence and in the pres-
ence of promoter, respectively.

Num/Nuy. (2)
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FiG. 1. Schematic representation of different pro-
moter {grey) deposition on platinum (white) particles:
(a) bulk (metallic) crystallite, (b) isolated adatoms, and
(c) adatoms in big clusters.

The electrochemical potential of the cata-
lyst, which was considered as a slurry elec-
trode, was measured with a Pt rod clectrode
(Metrohm) during the oxidation reaction.
The reference electrode was an Ag/AgCl/
KCl,..,, electrode (Metrohm). More details
of the method can be found elsewhere (15,
19, 20).

RESULTS AND DISCUSSION

1. Surface Structure of the M/Pt-Type
Bimetallic Catalysts

For the study of the role of modifying
components in alcohol oxidation several un-
supported and alumina-supported platinum
catalysts with M = Bi, Pb, Sn, Ru, Au, and
Ag modifiers have been prepared. Our aim
was to approach an ideal surface geometry
where the modifier forms a submonolayer
on the surface of platinum. In general, the
second component of a bimetallic catalyst
prepared by consecutive reduction may be
deposited as bulk metal particles, isolated
adatoms, and/or adatom islands (Fig. 1). It
is expected that metal adatoms, especially
the isolated ones, have higher influence on
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the catalytic performances than bulk metal-
lic crystallites. There are several examples
in the electrocatalytic literature (e.g., (21,
22)) on the preparation of platinum or other
noble metal catalysts modified by foreign
metal adatoms. Most of these methods are
based on thermodynamic considerations:
the deposition of a foreign metal submono-
layer takes place at more positive potentials
than the Nernst potential of bulk metal de-
position  (“‘underpotential  deposition,””
UPD). Here we apply a nonelectrochemical
method. Our approach is based on kinetic
considerations. It was found that if both ada-
tom and bulk metal deposition (in our case
the formation of Pt—~M and Pt—-M-M bonds)
is possible thermodynamically, a submono-
layer deposition is favourable from very di-
lute (10 *=10 " M) solutions. These condi-
tions may easily be set up by a slow dosing
of the metal salt solutions into the catalyst
slurry. We have found in an optimization
procedure that the proper choice of reducing
agent (hydrogen), metal ion concentration
(~10 * M), pH (~3), and nature of anions
(acetate) permits the preferential deposition
of several promoters onto alumina-sup-
ported platinum particles as adatoms.

It is difficult to verify the presence of a
monolayer or submonolayer of foreign
metal adatoms and to distinguish this struc-
ture from bulk metallic crystallites on plati-
num. In many cases XPS does not show any
difference in binding energies (//) and the
reliable interpretation of the data needs con-
ductive substrates (23). The latter limitation
exists also for the electrochemical polariza-
tion method (cyclic voltammetry), but the
advantage of this method is that the differ-
ences in binding energies of the M, /Pt and
M, /Pt structures are excellently shown
(21, 22). Unique features of the electro-
chemical polarization method are that (i) the
same aqueous alkaline solution may be ap-
plied for the study of the surface structure
of the catalyst and for the liquid-phase oxi-
dation of the alcohol substrate and (ii) it
permits the study of hydrogen and oxygen
sorption on the bimetallic particles in aque-
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Fia. 2. Positive sweeps of the ¢yclic voltammograms
of Pt (a) and Pb—P1 (b)—(d) catalyst powders in 0.1 M
NaOH, with | mV - 57! scan rate; (b) 8y, = 0.80. (¢)
fpr = 0.88. and (d) o, = 1.0.

ous solutions, without any pretreatment of
the catalyst.

Unsupported M/Pt catalysts. The cyclic
voltammograms of all the unsupported bi-
metallic catalysts have been measured in
dilute aqueous alkaline solutions. The posi-
tive sweeps of the voltammograms of the
lead-modified platinum catalysts, as exam-
ples, are shown in Fig. 2. Curve (a) repre-
sents the polarization of unmodified plati-
num in 0.1 M aqueous NaOH. The
ionization of adsorbed hydrogen between
—0.86 and —0.45 V and the surface oxida-
tion of platinum above —0.45 V slightly
overlap. O,, O., and O, correspond to the
adsorption of OH species up to monolayer
coverage (24). A new peak on curve (b}, at
—0.12/-0.15 V indicates the oxidation of
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a submonolayer of lead adatoms (25, 26).
Lead does not adsorb hydrogen, thus 6,
may be calculated from the change in hydro-
gen sorption (6, = 0.80). The site require-
ment of a lead adatom is 2, but this value
decreases with increasing coverage and the
Pb,,/Pt, ratio cannot be reliably calculated
from Oy, .

A further increase of lead content of the
bimetallic catalyst (8, = 0.88, curve (c))
resulted in the appearance of bulk lead as a
shoulder at —0.2/-0.25 V. If a platinum
powder is simply mixed with hydrogen in
the presence of lead—acetate (Pb/Pt, = 2.0),
both adsorbed and bulk (metallic) lead are
deposited onto the platinum surface (curve
(d)). Note that the position of the peak corre-
sponding to the oxidation of bulk lead was
found to be strongly dependent on the pH,
on the nature of anions and on the relative
amount of bulk and adsorbed lead.

A detailed study of bismuth deposition
onto platinum led to similar results, though
bulk metal deposition was observed from a
lower surface coverage on (8 > 0.5). We
can conclude that our preparation method
permits the deposition of a sub-monolayer
of foreign metal adatoms on unsupported
platinum up to a relatively high coverage.

Alumina-supported  M/Pt  catalvsts.
When supported bimetallic catalysts are
prepared by consecutive reduction of the
promoter metal, a further difficulty is to
avoid bulk metal deposition onto the sup-
port of high surface area. An advantage of
applying hydrogen as reducing agent is that
only platinum metal ions may be reduced at
room temperature in the absence of another
platinum metal. The reduction of, e.g., bis-
muth or lead ions necessitates the presence
of platinum. Metal deposition occurs with
the simultaneous ionization of preadsorbed
hydrogen on platinum (23):

M"* + nH,;—- M, + nH". (3)

ad

In general, hydrogen adatoms can spill
over from the platinum particles to the sur-
rounding support and reduce some of the
metal ions. The thermodynamic possibility
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of reducing a metal ion by hydrogen in aque-
ous solutions can be calculated using the
Nernst equation. In case of bismuth, which
was found to be the best promoter in the
partial oxidation of several alcohols, bulk
metal deposition either onto platinum or
onto the support cannot be excluded ther-
modynamically. A detailed electrochemical
interpretation of bulk metal and adatom de-
position can be found elsewhere (2/, 22).
Nevertheless, the deposition of the modify-
ing metal onto the support could be sup-
pressed by a proper selection of the reaction
variables applying moderately acidic, very
dilute solutions at 25°C. The method cannot
be simply adopted to carbon supported cata-
lysts. In the presence of a support of good
electric conductivity the ionization of ad-
sorbed hydrogen on the platinum surface
and the discharge of the promoter metal ion
on the carbon support may by locally sepa-
rated, resulting in large bulk metal crystal-
lites on the support (//):

M"" 4+ ne — Mblllk (311)

H,—e + H'. (3b)

The surface structure of the alumina sup-
ported platinum catalysts before and after
promotion was characterized by electron
microscopy. The electron micrograph of the
unmodified 5 wt% platinum on alumina cata-
lyst at relatively low magnification is shown
in Fig. 3. The crystalline alumina flakes are
covered by high-contrast platinum crystal-
lites. The diameter of the alumina flakes is
in the range of a few um. The corresponding
electron diffraction pattern reveals that the
alumina support is highly crystalline. Due
to the relatively low platinum concentration
no corresponding electron diffraction (ring)
pattern is observable.

Electron micrographs of the platinum cat-
alyst taken at higher magnifications show
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small and usually isolated Pt crystallites dis-
persed on the alumina support (Fig. 4). The
alumina support is made up of highly crys-
talline domains, which are mutually ori-
ented. This explains the observed pseudo-
single-crystalline electron diffraction pat-
tern (Fig. 3). The average diameter of the
platinum crystallites is between 3 and 4 nm,
and the size distribution is rather narrow.
The shape of the crystallites is very regular.
In many cases fringes of the crystallographic
planes and facetting can be observed. This
indicates the presence of small platinum sin-
gle crystals.

The platinum on alumina catalysts pro-
moted with lead or bismuth are partly made
up of crystallites as described for the unpro-
moted catalyst and partly consist of agglom-
erated crystallites. These agglomerates
reach diameters of 10-20 nm. Again, fringes
of crystallographic planes can be observed.
A metric comparison between fringes of the
crystallites of bimetallic catalysts and the
ones of undoped platinum does not lead to
unambiguous results, i.e.. the formation of
an alloy phase adopting different crystallo-
graphic cell constants cannot be proven,

In Fig. 5, a high-resolution ¢lectron mi-
crograph of a bismuth-promoted platinum
catalyst (Bi/Pt = 0.06) is shown. In the up-
per right corner crystallites are present,
which are comparable to those found for the
unmodified platinum. These type of parti-
cles represent the main portion of the bime-
tallic catalysts. In the center region of the
alumina support flake agglomerated crystal-
lites with round edges are shown.

The compositional characterization of the
particles were made by analytical investiga-
tions (STEM-EDX). When the diameter of
the analyzed array was in the range of > 100
nm, the nominal ratio between promoter and
platinum could be confirmed within an error
explicable by methodological and synthetic

Fi1G. 3. Electron micrograph and corresponding electron diffraction pattern (insert) of the 5 wt%

platinum on alumina catalyst.
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factors. Interesting results were obtained by
decreasing the diameter of the analyzed
array. In the domains of small, isolated par-
ticles the promoter/platinum ratio was low
as expected for submonolayer bismuth de-
position. However, large fluctuations were
measured in the agglomerates of 10-20 nm.
Figure 6 represents an example on it. The
average Bi/Pt atomic ratio of the catalyst
was 0.06, but parts of the agglomerates con-
tained almost pure bismuth. The agglomer-
ates presumably contain small, originally
isolated platinum particles covered by small
amount of bismuth and bulk metallic bis-
muth “‘bridges’’ between them. There were
no isolated bismuth particles on alumina.

We suggest that the formation of bulk bis-
muth crystallites between platinum particles
is due to the presence of spilled-over hydro-
gen adatoms on the alumina support. The
highest concentration of spilled-over hydro-
gen may be expected between the closely
located platinum particles, in agreement
with the picture obtained by electron mi-
Croscopy.

Together with the investigations by
means of HRTEM the analytical investiga-
tions lead to the conclusion that characteris-
tically small amounts of bismuth are immo-
bilized on platinum crystallites without
forming a well defined alloy phase. Besides,
there are clear indications that a fraction of
bismuth promoter is deposited as bulk metal
crystallites, closely connected with the Bi/
Pt particles. The HRTEM-EDX analysis of
lead-modified platinum on alumina catalysts
lead to similar conclusions, though fluctua-
tions in Pb/Pt ratio were observed in lower
extent, which result is in a good agreement
with that obtained for unsupported catalysts
by cyclic voltammetry.

2. Oxidation State of Promoters during
Alcohol Oxidation

It has been found earlier (/7) that a dilute
aqueous borax solution is the best solvent
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for the oxidation of I-methoxy-2-propanol
to methoxyacetone. However, even in this
solution at 30°C the Pt on alumina catalyst
quickly deactivates (Fig. 7). Bi, Pb, Sn, Au,
and Ru promoters increase the conversion
in this order. In general, an optimum in pro-
moter/Pt, ratio has been observed and the
best results are plotted in Fig. 7. The initial
rate of the oxidation reaction was found to
be not significantly influenced by the cata-
lyst composition (Fig. 8a). This behaviour
is attributed to the oxygen transport being
the rate-limiting step under these condi-
tions. It has been proven earlier (27-3/) that
the rate of oxygen transport from the gas
phase to the catalyst surface should be kept
lower than that of the surface chemical reac-
tion (alcohol oxidation) to avoid the over-
oxidation of Pt® active sites. The promoters
had only minor influence on the selectivity
of the alcohol — ketone transformation,
with the exception of Sn. Some examples
are shown in Table 1. The characteristic side
reaction occuring is the over-oxidation of
the ketone product by C-C bond cleavage
(17):

R-CH,-CO-CH,; + O, —
R-COOH + R-CH,COOH +
HCOOH + CH;COOH + CO,. (4)

Aldol dimerization and polymerization was
found to be negligible in the absence of a
strong base (NaOH) or carbon support.
The oxidation state of the promoters was
followed by measuring the electrochemical
potential of the catalyst during the oxida-
tion of 1-methoxy-2-propanol (Fig. 8b). Be-
fore the oxidation reaction the catalysts
were pre-reduced with hydrogen to obtain
Pt" active sites. In the 0.1 M aqueous
borax solution the potential of a platinum
catalyst saturated with hydrogen is —0.75
V, referred to an Ag/AgCl/KCl,, elec-
trode. The catalyst particles in the alkaline
solution function as ‘‘short-circuited™

F16. 4. High-resolution transmission electron micrograph of the 5 wt% platinum on alumina catalyst.
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cells, i.e., each platinum particle functions
as an electrochemical cell, where both the
anode and cathode half-reactions take
place at the same rate and the same poten-
tial. After the addition of alcohol and intro-
duction of air the catalyst potential quickly
increases above 0 V. In the presence of
alcohol the measured catalyst potential is
a mixed potential determined by two or
more electrode processes (32, 33). In the
simplest case the two components are the
alcohol oxidation reaction and the oxygen
reduction reaction. Formally written:

R-CH(OH)-R{, + 20H  —
R-CO-R, + 2H.0 + 2e~ (5)

$0, + H,O + 2~ - 20H". (6)

The redox potentials of various secondary
alcohol — ketone reactions can be calcu-
lated from thermochemical data (34). The
redox potential of the 1-methoxy-2-propa-
nol — methoxyacetone transformation is
—0.66 V vs the Ag/AgCl/KCl,,, reference
electrode. However, this value cannot be
measured due to self-poisoning of the plati-
num (35). We tried to measure the rest po-
tential of the Pt on alumina and the Bi-pro-
moted Pt on alumina catalysts in the
presence of a methoxy-propanol/methoxy-
acetone = 9: 1 mixture. The catalysts were
reduced with hydrogen, then the chemi-
sorbed hydrogen was carefully oxidized and
the alcohol/ketone mixture corresponding
to 10% conversion and 100% selectivity was
injected into the reactor, in a nitrogen atmo-
sphere (Fig. 9). After a rapid potential drop
the catalyst potential increased again and
reached a broad maximum (~350 min), then
slowly decreased. It has been found earlier
(36) that the poison formation during metha-
nol adsorption on polycrystalline platinum
is a function of time as the adsorbates un-
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dergo transformations with time (35). The
self-poisoning process depends on the cata-
lyst material, which results in different elec-
trochemical potentials of the promoted and
unpromoted catalysts (Fig. 9). Similarly, a
rest potential difference of 0.22 V was ob-
served earlier during methanol adsorption
on Pt and Pd (37).

If the platinum on alumina or any of the
promoted catalysts were reduced with the
I-methoxy-2-propanol substrate itself in a
nitrogen atmosphere, a rest potential of
—0.3 V or less could not be reached. Per-
forming this experiment with other second-
ary alcohols, such as diphenyl carbinol,
2-butanol, or I-phenylethanol, the rest po-
tentials were around —0.65 V. We suggest
that the exceptionally strong self-poisoning
with [-methoxy-2-propanol is due to the
strong influence of the electron-withdrawing
c-methoxy group (/7).

Comparing the curves of unpromoted
platinum in Figs. 8b and 9, a potential differ-
ence of about 0.3-0.35 V can be calculated,
which corresponds to the potential differ-
ence at 10% conversion measured in the ab-
sence and in the presence of air. In the case
of the Bi-promoted catalyst this value is only
0.07-0.1 V. In the applied dilute aqueous
borax solution hydrogen adsorbs on plati-
num in the region of —0.75/-0.30 V and
OH adsorption becomes considerable above
—0.15 V (Fig. 10, dashed line). The poten-
tial of the Pt on alumina catalyst between 3
and 17% conversion is (—0.02) — (+0.15
V) (Fig. 8b). Consequently, the catalyst is
in an oxidized state during alcohol oxidation
and its surface is partially covered by ad-
sorbed OH. Promotion decreases the cata-
lyst potential by up to 0.2 V, nevertheless,
even in the best case the Bi-Pt bimetallic
catalyst is partially oxidized after a few per-
cent conversion. Note that there is practi-
cally no hydrogen on the surface of the cata-

Fi1G. S. High-resolution transmission electron micrograph of a Bi-Pt/alumina catalyst; Bi/Pt, =

0.20.
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Fi1G. 7. Influence of promoters on the conversion of
1-methoxy-2-propanol; Bi/Pt, = 0.20, Pb/Pt, = 0.30,
Sn/Pt, = 0.13, Au/Pt, = 0.26, Ru/Pt, = 0.17, and Ag/
Pt, = 0.30.

lysts after the initial adsorption of methoxy-
propanol even in the absence of air, which
is indicated by the potential above —0.3 V
(Fig. 9).

We should note that in the literature (e.g.,
(27, 38, 39)) a relatively low catalyst poten-
tial has been observed in most cases. The
generally accepted dehydrogenation mecha-
nism is based on the presence of hydrogen
on the catalyst surface during alcohol oxida-
tion. The dehydrogenation of alcohol is sup-
posed to be coupled with the oxidation of
surface hydrogen with dioxygen either di-
rectly or by alocal cell mechanism. We have
also found that in the oxidation of many
secondary alcohols like 2-propanol, 2-bu-
tanol, diphenyl carbinol, or I-phenylethanol
the catalyst potential is in the ‘‘hydrogen
region’’ up to almost total conversion.

On the contrary, a partial oxygen cover-
age of the surface of a Pt on activated carbon
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Fie. 8. The influence of promoters on the reaction

rate (a) and on the electrochemical potential of the §

wt% platinum on alumina catalyst (b) as a function of

alcohol conversion; catalyst compositions are the same
as those in Fig. 7.

catalyst has been proven recently (40—42).
A careful kinetic analysis of the selective
oxidation of methyl a-D-glucoside to sodium
1-O-methyl a-bp-glucuronate resulted in an
oxygen coverage of Pt up to 0.8, depending

TABLE 1

The Influence of Promotion on the Selectivity of
Methoxy-propanol Oxidation

Promoter (M) M/P1, Conversion Selectivity

(atom/atom) (%) (%)

— — 17 90

Pb 0.13 44 89

Pb 0.30 50 90

Bi 0.17 63 93

Bi 0.34 60 91

Sn 0.13 48 76

Sn 0.26 39 76

E (mV)
100
0
-100r
¢ Pt-Bi
-200¢ B S
. . ¢
o..oo".‘ v Pt |
A e
0 5 10
Time (min)

F1G6. 9. Time dependence of the electrochemical po-
tential of Pt on alumina and Bi-promoted Pt on alumina
(Bi/Pt, = 0.20) catalysts in a nitrogen atmosphere, in
the presence of I-methoxy-2-propanol/methoxyace-
tone = 9: 1 molar mixture.

on the reaction temperature and pH. The
observed positive shift of the potential of
the catalyst slurry within a few minutes after
introduction of oxygen was explained by the
oxygen chemisorption on platinum. A fur-
ther increase of the catalyst potential during

I (mA)

Conv. (

60
Bi-PyAIO,

40

F1G. 10. Positive sweeps of the cyclic voltammo-
grams of Pt {dashed) and Bi-Pt (continuous, 8y, = 0.85)
powders and the potential of the Bi-Pt/alumina catalyst
(Bi/Pt, = 0.20) during the oxidation of 1-methoxy-2-
propanol: scan rate: ImV - s~
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reaction was attributed to the almost com-
plete coverage of platinum by oxygen, ac-
companied with its deactivation.

3. Role of Promoters

We suggest that the relative positive po-
tential of the catalysts during reaction is due
to the formation of strongly adsorbed by-
products immediately after the addition of
I-methoxy-2-propanol. It means that the
simplified picture of the mixed potential dis-
cussed above has to be completed with the
side reaction(s). In situ spectroscopic mea-
surements have shown that upon interaction
of an alcohol with polycrystalline platinum
a step-by-step dehydrogenation process oc-
curs, resulting in the formation of strongly
bound —-CO, =CO and -CHO poisoning
species (35, 43). In situ electrochemically
modulated IR spectroscopy (EMIRS)
proved that the ~CHO species are formed
initially, and subsequently transform to lin-
ear and bridge bonded CO (43). Unfortu-
nately, most of the literature data are con-
cerned with the adsorption of small organic
molecules, such as methanol, and there is
a lack of information on the adsorption of
higher alcohols.

It is supposed that the poison formation
requires bigger active site ensembles than
the alcohol oxidation reaction (43). An in-
crease in the surface coverage of Pt by ada-
toms may suppress the formation of these
by-products, resulting in an increase in the
overall rate of alcohol oxidation. 1t is clear
from Fig. 8 that this type of deactivation
can be suppressed, but not eliminated, by
promotion with heavy metals. Another fre-
quently observed source of surface impuri-
ties is the aldol dimerization and polymer-
ization of the product carbonyl compound
catalyzed by strong bases and the basic
functional groups of activated carbon, and
a possible further oxidation of the dimer or
polymer (/7). This type of side reaction was
found to be negligible in our case.

If the geometric blocking of active sites
is the only source of promotion, then the
deposition of promoter metals as isolated
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adatoms should have the highest influence
on the catalytic performances (Fig. 1). The
differences between the promoting effect of
various heavy metals and also the negative
influence of silver may be explained by the
different surface geometry of the bimetal-
lics. Silver adatoms may be located in big
1slands instead of scattered atoms and they
cover only a fraction of surface active sites
without influencing the size of active site
ensembles. Unfortunately we could neither
prove nor exclude this possibility. Investi-
gations for elucidating this point are pres-
ently undertaken using scanning tunneling
microscopy. In situ electrochemical scan-
ning tunneling microscopic investigation on
single crystal surfaces provided examples
on both type of adatom deposition (44, 45).
Initial metal deposition may occur on sur-
face dislocations, defects, and step edges,
while preferential deposition in islands has
also been observed.

The geometry of the active site ensembles
is presumably influenced by the size of the
adatoms and the number of active sites
which they occupy. The latter values are |
for Ag, 2 for Sn or Pb, and 3 for Bi (46).
It 1s interesting that the higher is the site
requirement of an adatom, the higher is its
promoting effect. This positive correlation
seems to be convincing, however, further
experiments with several other type of ada-
toms would be necessary to confirm this
hypothesis.

Another interpretation of the results is
that Bi, Pb, Sn, Au, and Ru adatoms form
new active centers, while Ag does not. Let
us investigate the electrochemical potential
of the promoted catalysts during alcohol ox-
idation in connection with the polarization
curves of the corresponding (unsupported)
bimetallic systems (Figs. 10-12). The inter-
pretation of the positive sweeps of the cyclic
voltammograms is similar to that of Pb-Pt
curves shown in Fig. 2. Bismuth does not
adsorb hydrogen and decrease the amount
of hydrogen on platinum: the area under the
polarization curve below —0.3 V is substan-
tially smaller on the bimetallic catalyst (Fig.



LIQUID-PHASE OXIDATION ON MODIFIED PLATINUM

1mA)

10.2

1
Conv. (%
20

151 Ag-PYALO,

T e - g
-400 0 400

-800
E(mV)
F1G. 11. Positive sweeps of the cyclic voltammo-

grams of Pt (dashed) and Ag/Pt (continuous. 8,, =
0.40) powders and the potential of the Ag—Pt/alumina
catalyst (Ag/Pt, = 0.30) during the oxidation of
i-methoxy-2-propanol; scan rate: I m V - s7\.

10). The situation is the reverse in the “*oxy-
genregion’ : OH adsorption is considerably
increased by the presence of promoter, due
to its oxidation to BIOH,,. than at higher
potentials to BiO,, and Bi(OH), 4 (47). [t is
clear from the lower part of Fig. 10 that
above 10% conversion of 1-methoxy-2-pro-
panol the catalyst potential is just in the
potential region where the promoter has the
highest influence on the oxygen sorption
characteristics of Pt. The lead- or tin-pro-
moted platinum had similar hydrogen and
oxygen sorption characteristics and their
promotion influence was also similar but
less efficient. On the contrary, silver ada-
toms decrease the OH adsorption on plati-
num in a broad potential range (Fig. 11), as
the oxidation of silver adatoms occurs
above 0.4 V.

We suggest that the promotion effect of
bismuth, lead and tin adatoms is partially
due to the formation of new active centers,
which adsorb OH better than platinum:

Pt-M,, + OH- — Pt-M,,~OH + e~. (7)

The alcohol substrate can adsorb on Pt” sites
(and on alumina). A formal reaction mecha-
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nism may be suggested according to which
the adsorbed OH radicals react with an (un-
known) alcohol adsorption intermediate.
The reaction rate may formally be written
as

r = f Bt)rg : 00H' (8)

A maximum in reaction rate has been ob-
served at medium coverage of Pt by Bi, Pb,
Sn, Au, and Ru adatoms, expectedly. There
are several examples in the literature on this
type of rate equation for alcohol oxidation
derived from kinetic analysis of the reac-
tion. Examples are the catalytic oxidation
of p-gluconate or methyl a-pD-glucoside on
Pt/C (29, 42), the electrocatalytic oxidation
of methanol (48), ethylene-glycol (25) or 1,2-
propanediol (49) on polycrystalline Pt modi-
fied with Ru, Bi. Pb, Cd, Cu, or Tl adatoms.
The role of gold seems to be ambiguous. OH
adsorption on Au adatoms and bifunctional
catalysis was suggested earlier (50), but we
found that Au adatoms on unsupported plat-
inum slightly decrease the oxygen sorption
in the potential region of 1-methoxy-2-pro-
panol oxidation, in accordance with the lat-
est data (57).

The promotion with ruthenium resulted
in the smallest increase in conversion (Fig.
7), though the OH sorption is considerably
higher on ruthenium-promoted platinum
than on platinum in a broad potential range
(Fig. 12). The substantial difference be-
tween ruthenium and bismuth, lead, tin, or
gold adatoms is that only ruthenium adsorbs
hydrogen. The decrease of hydrogen sorp-
tion on platinum may be important in the
by-product formation during alcohol ad-
sorption. The involvement of adsorbed hy-
drogen in the poison formation reaction is
one of the current conceptions for the expla-
nation of the role of adatoms in the elec-
trooxidation of small organic molecules
(35).

Summarizing the results we may conclude
that the bimetallic catalysts are in an oxi-
dized state during the partial oxidation of
I-methoxy-2-propanol. The positive shift in
the electrochemical potential of the catalyst
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Fi1G. 12. Positive sweeps of the cyclic voltammo-
grams of Pt (dashed) and Ru/Pt (continuous) pow-
ders and the potential of the Ru/Pt/alumina catalyst
(Ru/Pt, = 0.17) during the oxidation of 1-methoxy-2-
propanol; scan rate: t mV « 57\,

slurry observed after introduction of the
substrate and air into the reactor is ex-
plained by an irreversible adsorption of the
alcohol substrate and a partial oxygen (OH)
coverage of the bimetallics. A further, mod-
erate increase of the catalyst potential close
to the end of the reaction is due to the com-
plete coverage of the catalyst with oxygen,
accompanied with its deactivation. We sug-
gest that the best promoters, Bi and Pb, act
in two ways. They suppress the irreversible
adsorption of alcohol (self-poisoning) on Pt
and form new active centers, which adsorb
OH better than Pt in the potential range
where the oxidation reaction occurs.
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