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Abstract

Keggin heteropolyanions (POMs) are evaluated for use as an alternative to H, in the storage and transfer of electrons from alcohols (ROH) to O,
in biomass-based electrochemical energy-conversion devices. Pt(0) (present as 10 wt.% Pt on C) is used to catalyze the oxidation of alcohols under
mild conditions by a-H;PMo;,049 (H31) and HsPV,Mo0,004 (Hs2). During these reactions, the POMs efficiently “capture” electron equivalents as
they are rapidly reduced by intermediates generated during the Pt(0)-catalyzed oxidation of alcohols. Potentiometric data indicate that this results
in the two-electron reduction of 1, and in substantial reduction of 2. Kinetic data show that the rate of POM reduction is limited by the rate of
ROH activation at Pt. Upon exposure to O,, Pt(0) catalyses rapid oxidation of the reduced solutions of both 1 and 2 to their (nearly) fully oxidized
forms. Possible effects of the POMs on the activity of the Pt catalyst were assessed by measuring rates of Pt(0)-catalyzed O,-oxidations of EtOH.
Here, as in the anaerobic reduction of POMs, activation of EtOH on Pt(0) is rate limiting. Having demonstrated this, Keggin heteropolyanions were
added, and their effects on overall rates quantified. In all cases, inhibition was observed, and the effect was more pronounced for Keggin anions
with more positive reduction potentials. While the reactions involved are complex, these observations suggest that under certain conditions POMs

may inhibit the rate-limiting activation of EtOH by Pt(0).
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction
1.1. The hydrogen economy and PEM fuel cells

Hydrogen (H») has been identified as a promising new “cur-
rency” in the portfolio of options available for meeting society’s
energy needs. One highly publicized use is in the internal com-
bustion engines of “clean” H»-fueled vehicles [1]. Meanwhile,
automobile manufacturers acknowledge [2] that direct combus-
tion is likely to be supplanted by more versatile methods for
deriving electrical power from H,. One option is to use Hj
and O3 in the anodic and cathodic compartments, respectively,
of polyelectrolyte- (“proton-exchange-") membrane (PEM) fuel
cells. Commercially viable (inexpensive and efficient) PEM fuel
cells — still in development — could be used in transportation, and
to provide power for portable devices, such as cell-phones and
laptop computers, or even, for entire homes. However, even as
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the development of PEM-cell technology proceeds, the U.S. still
lacks the extensive “hydrogen production, storage and delivery”
[3] infrastructure needed for societal use of Hy. This is a widely
acknowledged obstacle to the development of a hydrogen econ-
omy [3].

1.2. Integrated PEM fuel cells

One attractive solution is to develop multi-functional PEM
fuel-cell systems that include integrated “on-demand” H; pro-
duction [4]. In this scenario, petrochemicals, natural gas, or
alcohols (e.g. methanol or ethanol), for which extensive pro-
duction, storage and delivery infrastructure is already in place,
would be supplied to the end user, and there “reformed” to
give Hy and CO; (an inevitable by-product) in integrated PEM
fuel cells [5,6]. A further attractive option is that the alcohols
used be derived from renewable-biomass resources, such as
agricultural residues (byproducts of agricultural processes), or
energy-dedicated crops [5—7]. Use of renewable resources would
not only decrease U.S. dependence on foreign oil, but would
decrease the impact of power production on global warming:
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Unlike petrochemicals, which, provided they remain beneath the
earth’s surface, do not enter the biosphere, carbon from biomass
is simply returned to the global carbon cycle as this renewable
fuel is converted to its biosynthetic precursors, H,O and CO;.

1.3. Advanced biomass-based fuel cells

The use of H; in integrated PEM fuel cells faces a number
of challenges. One obstacle is that production of Hy typically
results in the co-formation of carbon monoxide (CO), which
binds to, and “poisons” the Pt used to catalyze reactions of Hp
in PEM cells [5]. In addition, it would be advantageous (cost and
energy efficient) if fuel cells were designed to use not only simple
hydrocarbons and alcohols, but, also, more complex agrichem-
ical products, such as glucose, and mixtures of sugars and/or
water-soluble polysaccharides [7]. In light of these limitations,
itis useful to consider the functional role of Hj in integrated fuel
cells.

1.4. H> as electron carrier

In PEM fuel cells, oxidation of Hy, occurs in one com-
partment, and the electrons removed from Hy pass through
an external circuit before reaching the cathode, where O; is
reduced to H,O (the H* ions needed to form water diffuse
through the proton-exchange membrane, PEM). The electro-
chemical potential driving this process, and that produces power,
is determined by the Gibbs free energy of the reaction between
H; and O;. On the other hand, the overall reaction between
hydrocarbons or carbohydrates, themselves, and Oy, is very
energetically favorable. Thus, in the context of the overall reac-
tions of hydrocarbons or carbohydrates with O; in integrated
cells, Hy serves simply as a “carrier” of electron equivalents
initially present in the petrochemical- or biomass-derived fuel.
The reforming step (conversion of fuel to Hy and CO5) is not
needed to derive power, but rather, to provide H, for reaction
with O, in the PEM cell. Recognizing this, it is reasonable to
question whether electron carriers other than H might be more
suitable for the development of versatile, biomass-based fuel
cells.

1.5. Heteropolyanions as redox-active electrolytes in
biomass-based fuel cells

We here evaluate the use of Keggin heteropolyanions (POMs)
as an alternative to H» in the storage and transfer of elec-
trons from alcohols to O in biomass-based electrochemical
energy-conversion devices. Despite decades of extensive efforts
to develop less expensive alternatives, Pt(0) or Pt(0)-containing
materials remains the most effective electrocatalysts for use in
PEM fuel cells [8,9]. Pt(0) efficiently catalyzes anodic reactions
(H; and alcohol oxidation) and the reduction of O, at the cath-
ode [8,9]. In addition, in POM-based photooxidations of organic
molecules, the transfer of electrons to and from organic sub-
strates and H*/H, is catalyzed by Pt(0) [10,11]. In the present
study, 10 wt.% Pt(0) on C (Pt/C) is used in combination with a
series of POMs to obtain quantitative data concerning key ques-

tions pertinent to the possible use of POMs as electron carriers in
biomass-based fuel cells. Future work based on these findings
could entail the use of late-transition-metal-containing POMs
that act, not only as electron carriers, but — replacing the Pt/C
used here — as catalysts for their own reduction (by biomass)
and/or for the cathodic reduction of Oy [12].

We first show that Pt(0) catalyzes the reduction of het-
eropolyanions by alcohols (ROH) under mild conditions. Dur-
ing these reactions, the POMs efficiently “capture” electron
equivalents by rapid oxidation of intermediates generated dur-
ing Pt(0)-catalyzed oxidation of the alcohols. These data show
how POMs might function as electron reservoirs in the pres-
ence of an alcohol-oxidation catalyst that is separate and dis-
tinct from the anodic-electrode itself. In this scenario, electron
equivalents in the reduced POMs are carried to the anode, and
electrical power is derived from completion of the electrochem-
ical reaction (combustion of ROH) by reduction of O, at the
cathode.

It is also possible to envision the use of POM electron car-
riers at the cathode. Here, POMs would receive electrons from
the cathode, and transfer these to O, in a separate step, distant
from the cathodic electrode itself. The challenge here is that,
in many cases, thermodynamically favorable electron transfer
from reduced Keggin anions to O, is slow. We now report that
one such typically slow reaction, electron transfer from 1 (the
le-reduced form of a-PMo2040° ", 1) to O,, is accelerated dra-
matically by the addition of Pt/C.

Finally, the aerobic Pt(0)-catalyzed oxidation of EtOH in the
presence of several Keggin heteropolyanions was used as an
indirect probe of possible effects of 1 or 2 (PV2Mo19O40° ") on
the activity of the Pt catalyst used in the work described above.
In addition to 1 and 2, the effects of three heteropolytungstates
X W 1204087, X =P Si** or AI3*, were investigated.
While the reactions involved — and attendant mechanistic con-
siderations — are complex, all five heteropolyanions decrease
rates of O-uptake. Kinetic data show that this inhibition is due
to an effect of the POMs on a single rate-limiting process com-
mon to both the oxidation of ROH by O, and to the anaerobic
oxidation of ROH by 1 or 2: the rate of ROH activation by Pt.

2. Experimental
2.1. Materials

The Keggin heteropolyanions, o-H3PW1204 and o-
H3PMo1,040 (Hs1) were purchased from Sigma—Aldrich Inc.
and from ACROS, while a-NagSiW 2049, a-NasAIW 2,049 and
HsPV,Mo19049 (H52) were prepared using published methods
[13] (in aqueous solution, 2 is the dominant anion in an equi-
librated mixture of compounds that includes relatively small
concentrations of PV1M0110404_ and PV3M090406_, along
with positional isomers of the di- and tri-vanadium clusters [14]).
Platinum catalyst, 10 wt.% Pt on activated carbon (Pt/C) was
purchased from Sigma—Aldrich Inc. Water for the preparation
of solutions was obtained from a Barnstead Nanopure® water-
purification system, and all other chemicals and salts were of
the highest purity available from commercial sources.
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2.2. Instrumentation

UV-vis spectra were acquired using a Hewlett-Packard
8452A spectrophotomer equipped with a diode-array detector, a
magnetic stirrer and a HP 89090A temperature controller. Elec-
trochemical measurements (cyclic voltammetry and controlled
potential coulometry) were performed using a BAS CV-50W
electrochemical analyzer equipped with a glassy-carbon work-
ing electrode, a Pt-wire auxiliary electrode, and a Ag/AgCl 3 M
NaCl) BAS reference electrode. The BAS reference electrode
was calibrated as described in [15]. Changes in reduction poten-
tials of solutions of a-PMo120493~ (1) and PV,Mo19Oa0°~
(2) were determined using a Pt-redox electrode (SympHony
combination redox electrode, VWR Scientific Products). Dioxy-
gen consumption was determined from a pressure decrease
using an Artisan™ digital manometer. Analysis of hydrogen
in the reaction headspace was performed using a HP5S890A
model gas chromatograph equipped with thermo-conductivity
detector with a detection level of 0.01 wmol of Hj. High
resolution scanning electron microscopy (HRSEM) images
were obtained on a DS-130 FESEM instrument operated at
25kV.

2.3. Reaction procedures and conditions

In stoichiometric reductions of the heteropolyanions, desired
amounts of alcohols, acid, salts, and POMs were mixed
with water and placed in a beaker. Solutions were con-
tinuously purged with Ar (15-20 mL/min). The redox elec-
trode was immersed in the solution. The reaction was then
started after temperature equilibration by addition of the solid
catalyst.

A similar procedure was used to monitor O consumption.
Here, ethanol (EtOH) was used as a model substrate. A Pt(0) cat-
alyst was placed in a reaction vessel that had been purged with
03, and a solution containing both a POM salt and EtOH was
added. The reaction vessel was then sealed with a rubber sep-
tum, connected to a manometer, and immersed in a water bath.
The reaction mixture was mixed continuously using a magnetic
stirrer set at 350 rpm. After the first 3—5 min (needed to seal the
reaction vessel and for temperature equilibration), the pressure in
the reaction vessel decreased linearly with time as dioxygen was
consumed. Rates of dioxygen consumption (i.e. rates of overall
reaction of alcohol with dioxygen) were measured at low conver-
sions of EtOH and O3, less than 10 and 15%, respectively. After
each catalytic run all glassware items were thoroughly cleaned
in an ultrasonic bath.

2.4. Reaction rates

2.4.1. Anaerobic reactions

Rates forreactions carried out in the absence of O, were deter-
mined by quantifying the rate of reduction of a-PMo;2040°~
(1) and PV2Mo10O040°~ (2). Rates of reduction were studied
under Ar by using a redox electrode to monitor changes in
reduction potentials of the POM solutions. To calibrate the elec-
trode, the heteropolymolybdates were quantitatively reduced

by bulk electrolysis, during which, the electrochemical poten-
tial of the solution was monitored. Potential readings from
the redox electrode were plotted as a function of the con-
centrations of reduced anions formed. Desired concentrations
of PMo12040%~ (11e; the le-reduced anion) were obtained
by varying the numbers of electrons transferred per cluster
anion: [PMo012040% "] =Q/FV, where Q is the total charge (in
Coulombs) of the electrons passed, F the Faraday constant and
V is the solution volume. The data obtained obeyed the Nernst
equation, E = Eg — RT/nF([PMo12040°~ 1/[PMo012049*~ 1), with
a slope 63 £3mV (the theoretical value of RT/nF for n=1 is
59mV) and Ey =444 = 6 mV. The experimental error in deter-
mination of [11¢] was ca. 5%. The same procedure was used
to calibrate the electrode with respect to [PM0120405_] (the
2e-reduced anion, 1,¢; the total charge, O, was equivalent to
reduction by two electrons). However, experimental errors in
this case were much higher, up to 25%. The reduced forms of 1
could be present as equilibrated mixtures that include small con-
centrations of B-structural isomers. Because of this, no isomer
designations are used as prefixes to the formulas: PMo1,040%"
(11e) or PMo12040°~ (L2e).

2.4.2. Aerobic reactions

Steady-state rates of EtOH oxidation by O, were determined
by decreases in O, pressure in sealed reaction vessels. The
solution volumes were 15 or 30 mL, with total overhead vol-
umes, respectively, of 30 and 39 mL. To minimize the effect of
decreases in Oy pressure on solution-O, concentrations, total
pressure drops never exceeded 120 mm Hg under pure oxy-
gen (760 mm Hg) or 35 mm Hg under air (partial pressure of
0, =160mm Hg).

2.5. Products of EtOH oxidation

Acetaldehyde (a product of ethanol oxidation) was quantified
by its color reaction with 3-methyl-2-benzothiazolone hydra-
zone [16]. This was carried out after aerobic oxidation by Pt(0)
in the absence of Keggin anions (because the POMs interfered
with this color reaction, analysis of products formed in the pres-
ence of the POMs could not be reliably determined). Before
reaction with 3-methyl-2-benzothiazolone hydrazone, the Pt(0)
catalyst was removed by filtration through Whatman disposable-
syringe filters (250 nm, PSU).

3. Results and discussion
3.1. Characterization of Pt/C catalyst

The Pt(0) particles present in the 10 wt.% Pt on activated
carbon (Pt/C; from a commercial source) were analyzed by
high-resolution scanning electron microscopy (HRSEM). The
data show that Pt(0)-particle sizes span a wide range of val-
ues, from ca. 6nm to 1 wm in diameter. They consist of single
nanoparticles (4-20 nm, Fig. 1, panel A), clusters of nanoparti-
cles (50-300 nm, panels A and B), and large particles (0.3—1 pm,
panel C).
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Fig. 1. High resolution scanning electron microscopy (HRSEM) images of the Pt/C catalyst (10 wt.% Pt on activated carbon). Single Pt(0) nanoparticles on carbon,
and within clusters of nanoparticles are shown by arrows in panels A and B. Clusters of nanoparticles are shown on panel A (bold arrows) and on panel B. A large

Pt-particle is shown on panel C.

3.2. Reductions of Keggin anions during Pt/C-catalyzed
anaerobic oxidations of alcohols

Pt/C was used to catalyze the reductions of a-PMo012049%~
(1; fully oxidized) to PMo12040%~ (1;e; one-electron reduced)
or PMo0;2049>~ (13¢; two-electron reduced) by alcohols in water
at25 °C. The reductions of 1 caused the chemical potential of the
solution to become more negative (data for reduction by EtOH
are shown in Fig. 2). These decreases in solution potential were
used to monitor the rate, as well as the extent, of reductions
of 1 (in reactions involving the formation of reduced POMs,
UV-vis spectroscopy is routinely used for this. In the present
case, however, obstruction by suspended Pt/C particles made
spectrophotometric methods unreliable). During reaction, the
electrochemical potential of the solution reached a plateau at
ca. 250 mV, which corresponded to > 95% reduction of 1 to 15,
(reduction of each cluster by between 1.9 and 2 electrons). For
comparison, the solid circles in Fig. 2 indicate the potential of
a pure (alcohol-free) solution of 15, (effectively 100% of this

anion, in HCIOy4, prepared by constant-potential electrolysis).
Electrochemical potentials were also used to monitor the re-
oxidation of reduced forms of 1 and 2 upon addition of O, in the
absence and presence of EtOH (the results, shown at the right in
Fig. 2, are discussed below in Section 3.4).

The data on the left side of Fig. 2 show that 1 is an effective
oxidant of reactive intermediates of alcohol oxidation present
in solution and/or adsorbed onto the Pt/C surface. An exten-
sive chemistry, involving related reactions, is well known for
HsPV,Mo19049 (2; a fully oxidized equilibrated mixture of
anions, as described in Section 2) [14,17, and references therein].
Therefore, data obtained using solutions of 2 are included for
comparison in Fig. 2.

Rates of Pt/C-catalyzed reductions of 1 by a series of alco-
hols, polyols, and low-molecular-weight organic compounds,
plus H», were quantified by decreases in solution potentials.
The data were analogous to those shown at the left in Fig. 2.
Kinetic curves describing 1, accumulation were obtained from
decrease in the electrochemical potential of the solutions during
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Fig. 2. Solution potentials of a-PMo12040°~ (1; open circles, () and
PV,Mo19040°~ (2; triangles, A) in 0.1 M HClO4 at 25°C, during anaerobic
Pt/C (1.45 mg/mL) catalyzed reduction by EtOH (0.82 M; left side of figure).
The rapid increases in potential (middle and right in the figure) coincide with the
addition of pure O; by gentle bubbling. Data shown as solid circles (@) indicate
the potential of solutions of 1,¢ (prepared by bulk electrolysis in the absence of
EtOH) in 0.1 M HCIOy4 at 25 °C, first under pure O; (left side of the figure), and
then, upon addition of Pt/C (1.45 mg/mL) at t=20 min.

the early part of the reaction (from 530 to 390 mV in Fig. 2).
The formation of 1, proceeds with an induction period, which
is concentration dependent. For example, the induction period
becomes longer with decrease in alcohol concentrations and is
longer with less reactive alcohols (e.g. ca. 30 min for glycerol,
but 2-3 min for EtOH). After the induction period, the rate of 11,
accumulation remains constant over the remaining initial phase
of the reaction. Reported reaction rates refer to slopes of these
linear phases (after the induction period).

Rate data for Pt/C-catalyzed reductions of 1 by a number of
substrates is provided in Fig. 3.

In the presence of Pt/C, carbon monoxide (CO, 1 atm) [18]
and hydrogen (Hp, 1 atm) both reduced 1. In the absence of Pt,
neither reaction is observed at room temperature. After comple-
tion of reaction the electrochemical potentials of the solutions
in all cases (except when reduced by H,) were the same, ca.
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Fig. 3. Initial rates (after variable-time induction periods; see text) for Pt/C
(1.2mg/mL) catalyzed reductions of a-PMo012040°~ (1) in 0.1 M HCIO, at
25 °C. The organic compounds listed were each present at 5 wt.%, and pure Hj
and CO gases were bubbled through the solutions at ambient pressure.

250 mV, which corresponds to nearly complete two-electron
reduction of a-PMo12040°~ (1) to PM012049°~ (12¢). When
Ho is used, however, the final potential reached after extended
reaction times is considerably more negative (—110 mV). These
potentials are more positive than the thermodynamic potential
required to reduce proton (1 M HCI) to H, (1 atm) is O0mV ver-
sus NHE, or —197 mV versus our Ag/AgCl reference electrode.
The large difference in achievable solution potentials is consis-
tent with the unfavorable thermodynamics typically associated
conversions of alcohols to aldehydes and H, in water at ambient
temperature [6 and references therein]. In one case (26 wmol
1, 10 wt.% EtOH, 2.3 mg/mL Pt/C, 0.1 M HCIlO4, reaction time
24 h), this was confirmed directly: no H, was detected in the
headspace of the reaction vessel.

3.3. Effects of pH, reactant concentrations, and the
quantity of Pt/C, on the anaerobic reduction of 1

Reaction with EtOH proceeds rather quickly, which did not
allow for collection of accurate data over the range of poten-
tially useful concentrations (0-30wt.%). Therefore, glycerol
was used as a model alcohol to assess the dependence of reaction
rate (reduction of 1) on mechanistically meaningful variables.
The rate of reduction of 1 increased linearly with glycerol con-
centration (0-30 wt.%), and with the quantity of Pt/C (up to
1.8 mg/mL), but was independent of [1] (at 2 and 5.3 mM) and
HClO4 (0.1-0.33 M).

Control experiments, with no Pt/C present, indicated that 1
does not oxidize glycerol directly. Rather, 1 is reduced by inter-
mediates — in solution, on the metal surface, or possibly present
in the carbon support — generated by reactions between glycerol
and Pt(0). Notably, independence of the rate on [1] indicates
that, in anaerobic electron transfer from glycerol to 1, the rate-
of-reduction of 1 is limited by the rate at which the alcohol reacts
with Pt(0).

3.4. Pt-catalyzed electron transfer from reduced Keggin
anions to O3

The data on the right side of Fig. 2 show that both 15, and
reduced solutions of 2 are rapidly oxidized by O in the presence
of Pt/C. This is true in the absence, as well as in the presence, of
EtOH. Both reduced-POM solutions are reoxidized significantly
more rapidly than they are reduced, and at similar rates.

It is well known that reduced forms of 2 are rapidly, and fully,
oxidized by O, at low pH values. The vanadium-free anion, 1,
was evaluated here in more detail. First, solutions of pure 11
and 1;. (no Pt/C or EtOH present) were prepared by bulk elec-
trolysis under conditions otherwise identical to those used in
reactions involving Pt/C and EtOH. Rates of reoxidation by O,
were monitored both by decrease in absorbance at 700 nm, and
by increase in the electrochemical potential of the solution. In
the absence of Pt/C, 11, is kinetically stable under air, while oxi-
dation of 17, to 1, is slow. Addition of Cu(ClOy4); considerably
increases the rate of aerobic oxidation of 15, to 1j.. Even in the
presence of Cu ions, however, 11, is not readily oxidized by O»
to 1 (i.e. no noticeable changes are observed in the reduction
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potentials of these solutions after several hours under 1 atm of
07).

The solid circles in Fig. 2 show that, under O, alone (no
EtOH), 15, is reoxidized very slowly, but is rapidly oxidized to
1 (>99% to its fully oxidized form) upon addition of Pt/C. Addi-
tional data in the upper-right portion of Fig. 2 show that, in the
presence of Pt/C (and EtOH), O,-oxidation of 15 to 1 proceeds
quickly, and nearly to completion. Under these steady-state
conditions, both molybdophosphate solutions remain slightly
reduced (ca. 5% of the anions are reduced by one electron).

These data show that reduced forms of 1 and 2 are rapidly
oxidized by O, in the presence of Pt(0) [related chemistry is
reported in Refs. 10,11]. This demonstrates that it might be pos-
sible to use late-transition-metal-containing POMs as soluble
electrocatalysts, or for the modification of electrode surfaces, to
facilitate more rapid cathodic reduction of O;.

3.5. Effect of heteropolyanions on the Pt/C-catalyzed
aerobic oxidation of EtOH

Additional control experiments were carried out to assess
possible effects of 1 and 2, and of Keggin heteropolytungstates,
a-X"W 120498~ (X™ = AIP*, Si** and P3*), on the Pt(0)-
catalyzed electron-transfer from EtOH to POMs shown in Fig. 2.
Their reduction potentials are substantially more negative (55,
—145 and —330mV for X" =AlP*, Si*t, pP3+, respectively
[15]) than the lowest potentials achieved with alcohols, ca.
250 mV. Therefore, unlike 1 and 2, the heteropolytungstates,
a-X""W 120408~ are nor reduced by EtOH in the presence
of Pt/C under Ar. They are included here, however, to more
broadly assess the effects of Keggin anions on the activity of the
Pt/C catalyst.

For this, Pt/C was used to catalyze the oxidation of EtOH
by O3, and the effects of the heteropolyanions on rates of O;
consumption were quantified. Given the complexity of both
the aerobic and anaerobic reactions, use of the aerobic process
to obtain information that might provide insight into reactions
occurring in the absence of O, minimally requires that both
processes (aerobic and anaerobic) proceed via a common rate-
limiting step. Therefore, these studies were only undertaken after
kinetic data (below), clearly identified activation of EtOH on Pt
as the rate-limiting step in both reactions: the anaerobic oxida-
tion of EtOH by 1 or 2, as well as the aerobic oxidation of EtOH
by Oa.

First, the Pt/C-catalyzed oxidation of EtOH by O, was studied
in detail. Reaction rates were measured by quantifying the rate
of consumption of O,. For solutions containing 0.82 M EtOH,
and 1.2 mg/mL Pt/C, and saturated with pure O, (at 1 atm; ca.
1 mM O,), the reaction is independent of [HCIO4] (from 1 to
300 mM) and [NaClO4] (at concentrations as large as 290 mM,
in the presence of 10 mM HClO4). At 0.82 M EtOH, and 0.1 M
HCI1Oy, the rate increases linearly with the load of Pt/C catalyst
(from 0 to 3.0 mg/mL). At constant Pt/C loading (1.45 mg/mL)
and 0.1 M [HC1O4], the reaction rate reaches a plateau as [EtOH]
is increased (Fig. 4). The data in Fig. 4 also show that under
air (an approximately five-fold decrease in the concentration of
O3 in solution), this plateau is reached at smaller EtOH con-

03

-d[O,]/dt, mM/min

0 0¥ - .
0 0.5 1 1.5
[EtOH], M

Fig. 4. Rate of dioxygen consumption in EtOH oxidation by pure O, () or by
air (A) catalyzed by 1.45 mg/mL Pt/C in 0.1 M HClOy4 at 25 °C.

centrations. In addition, replacement of O, by air results in a
three-fold decrease in rate at 1.3 M EtOH, but has no effect
on the rate 0.16 M EtOH. Acetaldehyde was found to be the
dominant product. For example, during the oxidation of 0.82 M
EtOH (0.1 M HCIOy4, 1.45 mg/mL Pt/C), the concentration of
acetaldehyde was 7.6 £ 0.5 mM after 25 min, and 12 £ 0.6 mM
after 40 min. Associated consumptions of O, were 5.0 & 0.3 mM
after 25 min, and 7.7 & 0.4 after 40 min. If acetaldehyde were
the only product, its theoretical yield per O, consumed would
be 2.0. The experimental ratios are somewhat smaller (approxi-
mately 1.5), which is likely due to further oxidation to acetic acid
(15%, along with an 85% yield of acetaldehyde). These data are
similar to results obtained in Pt-catalyzed electrochemical oxi-
dations of EtOH, in which acetaldehyde is the main product
when [EtOH] >0.15M [19].

Together, the above data demonstrate that at relatively small
(<0.82M) concentrations of EtOH, at a constant loading of
Pt, and under pure O;, the overall rate is limited by reac-
tions of EtOH with the Pt/C catalyst. Having demonstrated this,
similar conditions were used to evaluate the effect of Keggin
heteropolyanions on the Pt/C-catalyzed O;-oxidation of EtOH.
As is true in the presence of O3, alcohol activation by Pt/C is
also the rate-limiting step in the anaerobic reactions described
earlier (left side of Fig. 2, above). Therefore, the effects of
POMs on reaction rates in the presence of O, was used as
an indirect indication as to whether the POMs might effect
the activity of Pt/C towards alcohols in the anaerobic reactions
in Fig. 2.

Initial rates of aerobic oxidations of EtOH were determined
by decrease in O, pressure. The results are shown in Fig. 5. In
the absence of Keggin anions, the initial rate of EtOH oxidation,
indicated by Oy consumption, was 0.24mM O, min—! (see
value on the ordinate for [POM]=0). In all cases, additions
of Keggin heteropoly-tungstates or -molybdates resulted in
decreases in rates of uptake of O;. No correlation was observed
between inhibition and anion charge. However, inhibition was
less pronounced for anions that possess more negative reduction
potentials (cf. a—A1W120405_), and was more pronounced for
anions whose reduction potentials are more positive (cf. 1, 2,
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Fig. 5. Initial rates for oxidations of EtOH (0.82 M) by pure O, (1 atm) cat-
alyzed by Pt/C (1.45mg/mL; in 0.1 M HCIOy4 at 25°C), in the presence of
a-AlW 120403 (O), a-SiW12040°~ (x), a-PW12040>~ (0), a-PMo12040°~
1; A), and PV,Mo19040°~ (2; 0).

and o-PW 120403’). The inhibition may thus be a consequence
of one or more well documented correlations between POM
reduction potential and chemical or physicochemical behavior.
Namely, the POMs with more positive reduction potentials:
(1) more rapidly oxidize radicals or other intermediates that
may be present in solution or on the catalyst surface [20],
(2) are more effective at oxidizing the surface of Pt(0) [21],
and (3) are more favorably adsorbed on the Pt-surface [22].
While it must be stressed that the reactions and mechanistic
steps involved are complex, and the Pt/C material itself poorly
defined, the observed correlation between reduction potential
and inhibition points to a common mechanism whereby POMs
may act to inhibit the Pt/C catalyzed oxidation of alcohols.
This observation is noteworthy in the more general context
of ongoing efforts to understand and develop new chemical
systems based on interactions between POMs and metal
nanoparticles.

4. Conclusions

Data provided here demonstrate that two representative het-
eropolyanions, a-PMo 120403~ (1) and PV,Mo 10040°~ (2), are
effective at “capturing” electrons during the Pt(0)-catalyzed
anaerobic oxidation of alcohols at ambient temperature in water.
No H» is observed. In addition, kinetic data show the reaction
is independent of POM-anion concentration, such that, effi-
ciency of electron transfer from glycerol (a model alcohol) to
the POM “electron carriers” is limited by the effectiveness of
the alcohol-oxidation catalyst. Potentiometric data indicate that
the Pt(0)-catalyzed oxidations of the alcohols result in the two-
electron reduction of 1, and in substantial reduction of 2. Upon
exposure to O, in the presence of Pt/C, the reduced anions are
rapidly oxidized to their (nearly) fully oxidized forms. Notably,
this also applies to 1;., whose reactions with O, are typically
very slow.

Finally, the data from this exploratory study are perti-
nent to the possible use of Keggin heteropolymolybdates as

multi-functional (catalytic and electron-carrying) electrolytes in
renewable-energy (biomass-based) fuel cells. More generally,
the quantitative information provided here raises broader ques-
tions regarding whether POMs may in some instances enhance,
or as in the present case, inhibit, reactions catalyzed by zero-
valent late-transition metals or metal nanoparticles.
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