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Abstract

Different approaches to enhancement of electrocatalytic activity of noble metal nanoparticles
during oxidation of small organic molecules (namely potential fuels for low-temperature fuel cells
such as methanol, ethanol and formic acid) are described. A physical approach to the increase of
activity of catalytic nanoparticles (e.g. platinum or palladium) involves nanostructuring to obtain
highly dispersed systems of high surface area. Recently, the feasibility of enhancing activity of
noble metal systems through the formation of bimetallic (e.g. PtRu, PtSn, and PdAu) or even more
complex (e.g. PtRuW, PtRuSn) alloys has been demonstrated. In addition to possible changes in
the electronic properties of alloys, specific interactions between metals as well as chemical
reactivity of the added components have been postulated. We address and emphasize here the
possibility of utilization of noble metal and alloyed nanoparticles supported on robust but reactive
high surface area metal oxides (e.g. WO3, M0Qg, TiO, ZrO,, V,0s, and CeO5) in oxidative
electrocatalysis. This paper concerns the way in which certain inorganic oxides and oxo species
can act effectively as supports for noble metal nanoparticles or their alloys during electrocatalytic
oxidation of hydrogen and representative organic fuels. Among important issues are possible
changes in the morphology and dispersion, as well as specific interactions leading to the improved
chemisorptive and catalytic properties in addition to the feasibility of long time operation of the
discussed systems.
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1. Introduction

Development of the science and technology of low-temperature fuel cells (FCs) is a
multidisciplinary challenge. Significant progress has been made in this area, but there are
still a number of fundamental problems to be resolved not only in fuel cell design but also in
the choice of electrode materials and their utilization [1-7]. In particular, FC limitations are
connected to (i) the poor activity/stability of conventional electrocatalysts, (ii) the poisoning
of electrocatalytically active species by strong adsorption of intermediate products during
reaction (i.e. CO during oxidation of alcohols); (iii) slow kinetics of electrode reactions
including that of oxygen reduction at the cathode, and complexity and thus low efficiency of
the oxidation processes that may be considered at the anode; and (iv) fuel cross-over through
the membrane, which depolarizes the cathode and decreases its activity [1-3,8-12].
Moreover, the necessity of cost reduction and improvement of the performance of
conventional Pt-based catalysts requires development of multicomponent systems capable of
operating at low temperatures, certainly below 150 °C [13] but practically much lower than
100 °C. Therefore, having in mind the overall efficiencies of electrode processes, reaction
rates need to be enhanced (i.e. the overvoltages need to be decreased) either by increasing
the reaction temperature or by modifying the catalyst composition or structure thus
producing a more active electrocatalytic material. By increasing reaction temperature, the
poisoning effect of the otherwise strongly bonded CO intermediate diminishes with respect
to activity of noble metal catalytic surfaces. On the other hand, performance of the proton-
exchange polymer membranes lowers due the reduced ionic conductivities caused by the
membrane dehydration at higher temperatures [14].

A common approach to enhancing the reactivity of platinum involves its nanostructuring to
produce electrocatalysts of high surface area and dispersion [1-4]. Further optimization of
Pt-based electrocatalysts has been achieved through the formation of bi- and tri-metallic
alloys such as PtCr and PtCo (oxygen reduction), PtRu (oxidation of methanal), PtPd
(oxidation of formic acid), and PtSn (oxidation of ethanol). With such systems, that have
been recently discussed and reviewed [4-7], enhancement of the Pt catalytic activity has
been understood in terms of changes in the electronic nature and morphology of the Pt
surface and mutual interactions between alloy-forming metals. In the present review, we
concentrate mostly on efficient electrocatalytic systems that poisoning of the Pt catalyst can
be diminished by increasing the FC operating temperature and the roughness factor or
dispersion of the Pt [1-3]. It has also been demonstrated that efficiency can be further
improved by deliberate modification of the electrocatalytic interface or by promotion that
utilize robust large-surface-area metal oxides (e.g. WOg, TiO, or ZrO5) as supports or
matrices capable of physically separating metal particles (to diminish their tendency to
undergo degradation by agglomeration) in addition to interacting mutually with them, thus
affecting their chemisorptive and catalytic properties. Oxides are often thought as insulating
or semiconducting materials but certain nonstoichiometric oxides existing in various valance
states exhibit conductivity not much lower than that of metals and possess appreciable
catalytic activity [15-17]. Among other important issues is the presence of bulk and surface
states that affect reactivity of oxide films [18]. It is reasonable to expect that the ideal matrix
for dispersed catalytic centers would be reactive toward the fuel studied or its reaction
intermediates. Finally, an overall physicochemical stability is an issue as well.

2. Platinum as model catalytic metal

Because of its stability and activity in contact with acid electrolyte, platinum is one of the
most used electrocatalysts for oxidation of organic molecules, including electrooxidation of
alcohols [11,13,19]. Pt is very active toward C-H bond breaking and dissociative adsorption
of alcohol; however, with respect to C-C bond breaking (e.g. in ethanol and longer chain
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alcohols) some difficulties are observed. During the oxidation of small organic molecules,
usually CO or CO-type (CHO) intermediates are formed; they are strongly adsorbed on the
Pt catalyst surface thus blocking active sites and poisoning the catalytic material. Therefore,
for longer chain alcohols (including ethanol), the complete oxidation to CO, is much more
difficult than for methanol. Further, the reactions proceed at potentials where CO or other
by-products are either chemisorbed or ineffectively oxidized, which results in the
development of increased overpotentials and loss of efficiency [11,13,19]. Many
fundamental studies have shown that poisoning of the Pt catalyst can be diminished by
increasing the FC operating temperature and the roughness factor or dispersion of the Pt
[1-3]. It has been demonstrated that efficiency can be further improved by deliberate
modification of the electrocatalytic interface or by promotion through introduction of other
components [14,20-23]. Clearly, the development of highly active electrocatalysts is of
primary importance to further improvement of the FC performance. In this regard, matrices
that are characterized by good stabilities, large surface areas, and high proton and electron
conductivities [6,7,24,25] are often needed.

3. Pt based alloys and intermetallic compounds in electrocatalysis

Until now, various electrocatalysts including binary and ternary alloys or intermetallic
compounds have been investigated to promote electrooxidation reactions [26-30]. Because
ruthenium can promote catalyst (Pt) reactivity by water activation and can provide
preferential sites for OH-adsorption at low potentials, Ru is one of the most popular
components used as a second metal of Pt-based binary electrocatalysts [8,13,19]. It can
mitigate CO or CO-type intermediate accumulation on the catalyst surface and lower the
potential of oxidation to CO,. The ratio of Pt to Ru also plays an important role. Although
the best results for the oxidation of CO adsorbates at bimetallic Pt-Ru electrocatalysts
typically have been obtained where the ratio of Pt to Ru is 1:1, the optimum content of Ru
vs. Pt as well as the optimum morphology of the system is still under debate [8,19]. For
example, the preferred relative content of Ru (to Pt) was postulated for methanol oxidation
to be at the 20% (at.) level [9]. The actual value for the optimum ratio of Ru to Ptis a
subject of dispute, but it should be remembered that a mixed bulk face-centered cubic (fcc)
PtRu phase (with a statistical distribution of Pt and Ru on the surface and related high
bifunctional activity) forms when the relative atomic content of Pt to Ru exceeds 40% [31].
Due to lower stability of Ru component, a proper determination of the surface
concentrations of the alloy constituents is very important.

It was also demonstrated that a highly dispersed PtSn catalyst can be as active as PtRu for
methanol oxidation [12]. Unlike ruthenium in PtRu, which is largely metallic, tin is unlikely
to maintain its metallic state under operating conditions, Sn can be converted to oxygenated
species such Sn oxides or hydroxides [21,32]. Recent investigations, however, have revealed
that complete ethanol oxidation can be performed effectively on Pt admixed with SnOy,
which suggests that formation of an intermetallic platinum-tin phase is not required in the
case of this reaction. It was found that the mechanism and the product distribution during
electrooxidation of ethanol were dependent on the tin content, but little as 5% tin was
sufficient to enhance this electrocatalytic process [21]. The presence of Sn or SnOx in the
vicinity of Pt seemed to mitigate the otherwise-strong ligand effect, thus weakening the Pt-C
interactions responsible for C-C bond splitting in ethanol; under such conditions,
acetaldehyde rather than CO, will be produced predominantly [19]. Overall, the results
concerning PtRu and PtSn electrocatalysts are often contradictory or, at least, open to further
discussion. Apparently, the final activity of these systems during the electrooxidation of
ethanol is a function of the active-phase dispersion, composition (i.e. the Pt:Me ratio, where
Me is Sn, Ru or Sn+Ru), and preparation method [19,30,33].
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Utilization of the above-mentioned bimetallic catalytic nanoparticles is often facilitated by
the choice of matrix, deposition environment and fabrication procedure. It was shown that
out of two systems, PtSn and PtRu, electrodeposited within polyaniline, the latter exhibited
higher activity for methanol oxidation [34,35]. Enhancement of methanol oxidation also was
observed at a sputtered Pt3Sn surface, but the magnitude of the effect was lower relative to
that observed on PtRu alloys [36]. But under some conditions, carefully and precisely
dispersed Sn-containing systems can exhibit higher electrocatalytic activities than PtRu
toward methanol electrooxidation [19,37,38]. In these studies, smooth platinum, platinized
platinum and PbPt electrodes modified by poly(o-phenylenediamine) were used, and Pt,
PtRu and PtSn particles were electrochemically deposited. Although PtRu and PtSn systems
are recognized as active and promising for the alcohol FC research (e.g. oxidation of ethanol
or ethylene glycol), in practice, reaction products with C-C bonds still appear in sizeable
amounts. In other words, dehydrogenation of alcohols and dissociation of C-C and C-O
bonds existing in ethanol and higher alcohols still remain as key issues [39].

4. Electrocatalytic systems of trimetallic and more complex alloys

With the goal of producing more functionalized electrocatalytic systems, recent literature
reports on alternative Pt alloys including binary systems (e.g. PtPd, PtAu, PtRe, PtW and
PtMo) and more complex PtRu- and PtSn-based alloys such as PtRuOs, PtRuSn, PtRuNi,
PtRuW, PtSnin, PtRuSnW, PtRuOslr have been investigated [21,23,30,40-43].
Representative results are consistent with the view that ternary electrocatalysts usually
provide superior performance during alcohol oxidations than conventional binary alloyed
systems. It is noteworthy that, depending on a ratio of platinum to ruthenium in a typical
PtRu binary alloy, Ru and Pt can form a solid solution because they have a fcc crystal
structure, but, following addition of other components, the crystal lattice structure changes
and thus the arrangement of active species capable of promoting water activation and the
surface -OH formation (bi-functional mechanism) is altered [30]. In another example,
application of the PtRuSh system has led to some, but not significant, improvement (relative
to respective binary and PtRuW systems) in the electrooxidation of methanol and ethanol
[19]. In comparison to PtSn and PtRu, the PtRuSh ternary alloy is characterized by different
lattice parameters which may be interpreted as indicative of interactions among the Pt, Sn,
and Ru components. The superior performance of the PtRuSn system toward
electrooxidation of both methanol and ethanol may be indicative of alloying resulting in the
synergistic effect related to Ru serving as an activator of water molecules (bifunctional
mechanism) and Sn acting as an electronic modifier of Pt [44-47]. Related to these
observations is that a metal substrate can serve in a similar manner as an element combined
in the nanoparticle. For example, an Au substrate can affect indirectly formation of -OH
groups generated on the surface of PtRuW catalyst, thereby promoting the complete
oxidation of ethanol. The use of Au is discussed in more detail in Section 3.

It has also been postulated that the presence of a separate SnO» phase is of importance to the
efficiency of the electrooxidation process [44]. The role of tin in the performance of a
carbon (Vulcan) supported PtRuSn (PtRuSn/C) electrocatalyst for methanol and ethanol
oxidation can be attributed its existing in two states. One is in the form of a PtSn alloy, in
which the electronic properties of Pt are changed to more effectively adsorb methanol or
ethanol, thereby promoting dissociation of C—H bonds. The second form is SnOy species,
which facilitate oxidation of an adsorbed, passivating CO intermediate (according to the
bifunctional mechanism). Efficacy in the ability to break C-H bonds, which increases
catalytic activity toward ethanol oxidation, has been reported for a PtSnin ternary alloy in
which In is in the oxide form [48]. As in the case of PtRuSn, certain amounts of acetic acid,
acetaldehyde and CO have been detected during applications of a PtSnin catalyst. In general,
the presence of tin favors formation of acetic acid and tends to decrease appearance of
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acetaldehyde and CO as products of the ethanol electrooxidation. Addition of Ruor Into a
PtSn bimetallic alloy leads to a rather small increase in the formation of CO, but, on the
whole, the product distribution during oxidation of ethanol is largely unchanged.

On the basis of literature reports described above, it can be concluded that selectivity of
platinum towards formation of CO> is the highest; the CO5, yield relative to other products is
ca. 25% greater. In other words, Pt catalyst is capable of driving the complete 12-electron
oxidation of ethanol. On the other hand, surface of Pt undergoes readily passivation with the
intermediate —CO type adsorbates and even reactant molecules (acetaldehyde or acetic acid).
For bimetallic and ternary Pt, Ru and Rh alloys, this CO, selectivity is typically below 10%.
Instead of CO», acetic acid was preferentially formed (dual path mechanism). And contrary
to the behavior of pure Pt catalysts, this CO, selectivity that is observed at bimetallic and
ternary systems has tended to improve the operating potential.

5. Introduction of nanostructured gold to electrocatalytic interface

Numerous Au-based or -promoted electrocatalysts are presently considered [49,50] even
though gold alone is not a good candidate for CO or alcohol oxidation in acid media because
of poor adsorption of reactants and their intermediates produced upon oxidation. However,
application in the form of PtAu systems yields some electrocatalytic enhancement relative to
pure Pt or Au nanoparticles. Addition of gold to platinum may result not only in changes in
the electronic nature of Pt but also in decrease of number of active sites available for CO
adsorption; consequently, the CO poisoning effect is less pronounced [49,51,52]. The
composition-dependent morphology, size, and shape features of these bimetallic PtAu
nanoparticles are of importance to the electrocatalytic oxidation of alcohols [53]. Different
types of bimetallic nanoparticles/systems such as alloys, core-shell and contact aggregates
have been investigated [53]. An interesting example involves interfacial modification and
linking of gold and platinum nanoparticles with heteropolymolybdate monolayers toward
the development of catalysts for efficient electrooxidation of ethanol [49,54]. An idealized
view of dispersed Pt nanoparticles and linked to larger Au submicroparticles is shown in
Fig. 1. Linking presumably occurs because phosphomolybdate can interact with both gold
and platinum surfaces. In another work [13], it has also been established that ultra-thin films
of polyoxometallates tend to activate Pt centers toward oxidation of alcohols. More detailed
discussion of catalytic features of polyoxometallates will be addressed in the next section.
Independent investigations [53] have revealed that Au-containing systems are more
catalytically active than the Pt alone [55]. The electrocatalytic properties of PtAu are even
more enhanced when the system is supported on cationic poly(diallyldimethylammonium
chloride), PDDA, or a polymeric PDDA layer on grapheme [56]. This enhancement is
particularly important in the oxidation of formic acid under FC conditions. The role of Au in
achieving high current densities in these cases can also be attributed to the ability of Au
nanoparticles to improve conductivity and to promote electron transfers at the
electrocatalytic interface [56].

A system composed of PdAu particles deposited on a TiO, matrix for the oxidation of
formic acid comprised another example of Au-enhanced catalysis. Systems utilizing
palladium are characterized by low oxidation potentials for small organic molecules and by
higher resistance to surface poisoning by CO or other by-products relative to typical Pt
catalysts [57]. The presence of Au in the PAAU/TiO, system tends to improve the material’s
activity, conductivity and stability; in addition, it seems to inhibit corrosive phenomena at
the interface. The HCOOH oxidation current densities in a PdAu-based system that are
recorded in 0.1 mol-dm=3 HCOOH (0.5 mol-dm=3 H,S0,) are the highest with 39% (at.)
Au. The addition of gold to a Pd/TiO, catalyst can under optimum conditions increase
electrocatalytic currents as much as five times [57].
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6. Polyoxometallates as model metal oxide supports and acidity modifiers

As mentioned above, controlled modification of catalytic surfaces can be a key issue leading
to improved activity and stability. Polynuclear inorganic materials with well-defined metal
oxo sites and superacidity, heteropolyacids (HPAS), have attracted particular attention in this
regard [58]. HPAs can be treated as a subset of polyoxometallates. Among their
characteristics are that they exhibit very strong Brgnsted acidity, act as proton conductors,
and undergo fast, reversible, multi-electron electron transfers leading to the formation of
highly conducting, mixed-valence (e.g. tungsten(V1,V) or molybdenum(V1,V) heteropoly
blue) compounds [59,60]. In addition, by changing their chemical composition the acid-base
and redox behavior can be modified and adjusted to a desired level. This fact makes HPAs
an attractive component of redox catalysts in electrochemical processes [13,61-69]. The role
of the acid character of HPAs and their salts in their catalytic efficacy has been the topic of
extensive investigations [13,61-63,70-72].

Structurally, heteropoly compounds involve a large class of coordination salts and free
acids. The compounds contain a central atom, typically Si or P, tetrahedrally coordinated to
oxygen so that they are oxygen-linked to 2-18 hexavalent metal atoms. These typically are
Mo or W, but other transition metals, such as V, Nb, Ta, singly or in combination, may be
incorporated into the polyanion structure [63,70,71].

Keggin type phosphotungstate is a common structure composed of twelve WOg octahedrons
and one central PO, tetrahedron; nevertheless, examples of heteropoly anions with different
structures are also known [63,70,71]. The Keggin cell of HPA (as in Fig. 1) is represented
by the formula [XM1,0.0]*8 where X is a heteroatom (X = Si, P, etc. of x oxidation state)
that has four oxygen atoms attached in a tetrahedral fashion; M is the addenda atom, which
is usually Mo or W. The center tetrahedron that contains the heteroatom is surrounded by
twelve MOg octahedrons. All the oxygen atoms are shared except for the twelve terminal
oxygens, called the primary structure. Secondary structures are formed when the primary
units are which are attached to only one atom [61,62,70,71]. The structure of the
fundamental units is joined to form a solid [63,70].

With respect to the stability the heteropoly compounds, it is believed that the larger the
central atom, the more stable the heteropoly anion structure [11]. In the case of secondary
structures, water molecules connect the individual heteropoly anions through weak hydrogen
bonds. From this arrangement, porous structures with large surface areas can be formed by
the loss of some water of crystallization. The amount of water and, therefore, the porosity
and thermal stability can be controlled by formation of salts with different cations [11].
Heteropoly compounds can act not only as catalytic materials themselves but also can serve
as supports for various catalytic centers. They also have been considered for application in
Proton Exchange Membrane Fuel Cells, PEMFCs, due to their specific reactivity, capability
to modify properties of catalytic surfaces (also of importance to electrooxidation of
alcohols), and high protonic conductivity [13,73]. The latter property may permit fabrication
of electrode materials in such a manner that obviates the need for an ionomer [13,59,65,74].
HPAs can assist in transferring electrons in the electrochemical oxidation of CO
[13,59,65,74,75]. A co-catalytic effect between an HPA and palladium that is observed on
CO oxidation has been related to the presence of Pd(ll) in this system [75].

It has been demonstrated that HPAs can enhance methanol electrooxidation in aqueous
acidic solution at Pt, PtRu and PtSn electrodes [13,59,65,74,76]. Interactions between HPAs
and noble metal or bimetallic catalytic particles result not only in their activation but also in
stabilization during electrooxidation of methanol in solution [74,77]. Both commercial PtSn/
C and PtRu/C catalysts were found to be more active towards ethanol oxidation when they
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were modified with an ultrathin H3PMo1,04q film [13]. This modification step was
especially beneficial to PtSn/C, a commonly considered electrocatalyst for ethanol
electrooxidation. Using high-resolution XPS it was demonstrated that, in the presence of
phosphomolybdates, the degree oxidation of a tin component in bimetallic PtSn
nanoparticles is more advanced because it has existed as an oxo species of the type SnOx
rather than as a metallic tin (Fig. 2).

It is noteworthy that salts of HPAs are usually not fully stoichiometric, they could be
partially reduced to form highly active mixed-valent heteropolyblue structures (in which
electrons are largely delocalized) [64-68], as well as they typically include some residual
protons [60,61]. The iron-substituted potassium salts of Dawson-type heteropolytungstates
were found to enhance electrocatalytic properties by the presence of mobile protons and
their electronic conductivity [74]. Recent studies have also shown that certain zeolite-type
cesium salts of Keggin-type heteropolytungstates and heteropolymolybdates act as active
supports for dispersed noble metal nanoparticles during electrooxidations of methanol and
ethanol [65]. The overall activation effect reflects not only the micro and mesoporous
(zeolite-type) high-surface area morphology of polyoxometallate cesium salts but also the
presence of well-defined polyoxometallate clusters with reactive oxo groups at the
electrocatalytic interface.

7. Application of metal oxides as active matrices

In electrocatalysis, the reactivity of surfaces is of particular importance. Redox reactions of
metal oxides involve both ion and electron transfer processes. The electron transfer
reactions, which could be outer-sphere (less specific) or inner-sphere (more specific) are
influenced by the distribution of electronic states in the electrolyte and within the oxide [18].
When oxides are in contact with aqueous solutions, their surfaces are covered with —OH
groups; their actual population depends on the nature of the oxide and its specific crystal
face [17]. Obviously some metal oxides are more hydrous than the others. The hydrous
behavior, which favor proton mobility and affect overall reactivity, reflects not only
chemical structure but the oxide tecture as well. Recently, there has been growing interest in
the utilization of certain non-noble metals, such as W, Mo, Mn, V, Zr and Co, and their
oxides, including applications in mixtures, solid solutions or perovskite/perovskite-like
materials [41,49,78-83]. The respective systems offer a large variety of oxidation states, the
potential for mixed electronic/ionic conduction, and the possibility of generation of highly
functionalized oxy-species. For example, the importance of formation of multiple hydroxyl
groups within an anodically generated MnO» layer deposited on Pt was demonstrated during
the electrocatalytic oxidation of alcohols in neutral media [27]. It was suggested that
successive generation and consumption of a Mn(V) species is a crucial factor in the overall
reaction mechanism. Manganese possesses a wide range of high oxidation states, and such
0X0-manganese species are generally strong chemical oxidants. Similar results were
obtained with a chemically prepared MnO, deposit [79]. It was characterized by considering
the generation of a reactive Mn species with an oxidation state greater than 1V, some of
which undergo disproportionation to oxidation state V that is believed to be an important
intermediate that is reactive toward alcohols [27,79]. This concept can be extended to the
electrooxidation carbohydrates [27,79].

There also have been attempts to utilize such metal oxides as CeO, [83], MgO [78], Pt-
MoOx [40], WO3 [21], ZrO, [26] and TiO5 [84] in the preparation of catalysts for direct
alcohol oxidation. Consequently, significant improvement in electrode performance for
alcohol oxidation, both in terms of an enhanced reaction activity and of diminution of
poisoning [80] has been observed. In the presence of these oxides, both platinum- and
palladium-based catalysts were found to be more active than the bare metals alone; that is,
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the onset potentials for oxidation of alcohols were moved to less positive values [81]. Ceria-
based catalysts were investigated historically for water-gas shift reactions [85] and for the
direct electrochemical oxidation of methane in solid oxide fuel cells (SOFCs) [86]. In the
latter case, a ceria-based anode was used. In addition, CeO,-based catalysts in combination
with Pt-group metals have received considerable attention because of their use as
combustion promoters in automobile catalytic converters [83,87-89].

Recently, Pt centers dispersed over carbon-supported ceria, CeO,/C (1.5 < x < 2), have been
proposed as an electrocatalytic material for PEMFCs, specifically for DMFC [90]. In
addition to methanol, the system has exhibited improved electrocatalytic performance for
electrooxidation of ethanol, glycerol, and ethylene glycolin alkaline media [83]. Many
approaches have been proposed to fabricate ceria nanostructures for electrocatalysis; they
include homogenous precipitation, hydrothermal synthesis, and solid-state reaction under
microwave irradiation [76]. But instability still seems to be a problem with utilization of
CeO,-based catalysts [90]. Further, in acid media (e.g. in H,SOy), the ceria supports tends to
dissolve, particularly when in contact with platinum, causing its partial reduction [90].
Nevertheless even small amount of ceria are sufficient to effectively prevent the growth and
sintering of Pt particles, to contribute to the system’s CO tolerance, and to exhibit higher
catalytic activities in comparison to bare platinum investigated under analogous conditions.
Among other important issues is the Pt to CeO,, ratio. In alkaline solutions, the best
electrocatalytic results were obtained when the Pt to CeO, mole ratio was 1.2 to 1 at 303 °K
[83]. A further increase of the CeO, content results in a decrease in the performance of the
catalyst, presumably due to a decrease in the electrode conductivity. Overall, a synergistic
effect for systems containing both Pt and CeO» has been postulated [83]. It was speculated
that CeO, can function in a manner analogous to that of Ru in PtRu catalysts (bifunctional
mechanism).

Similar promoting effects on the activity of noble metal electrocatalysts were reported for
systems utilizing magnesium oxide. The Pt—-MgO system has been used as a catalyst for the
water—gas shift reaction [78], but an electrocatalyst composed of platinum dispersed over
carbon-supported magnesia, Pt—-MgO/C, also has been used for direct oxidation of ethanol. It
generally is thought that MgO functions in an analogous manner to Ru in Pt—Ru/C catalysts
where adsorption and dissociation of alcohols occur mainly on Pt sites [78]. At low MgO
contents, there are not enough MgO sites to effectively assist the release of adsorbed
intermediates, so the oxidation current remains at about the same level as that seen with Pt
alone. Upon increasing the MgO content, the current density increases. The best result was
reported for a Pt—MgO/C electrode in which the weight ratio of Pt to MgO was 4:1 [78]. The
decrease in the ethanol oxidation upon increasing the MgO content above that level was
explained in terms of inhibition of alcohol adsorption, of a relatively lower availability of Pt
sites, and of a decrease the overall conductivity of the system in that MgO is a
semiconductor [78].

Recently, promising results were obtained with electrocatalysts utilizing platinum admixed
with molybdenum oxide; the Pt-MoOy composite electrode exhibited an enhancement effect
during on electrocatalytic oxidation of methanol [91]. It was postulated that molybdenum or,
more precisely an oxo-molybdenum species, showed a beneficial co-catalytic effect towards
CO oxidation. The co-catalytic effect also was responsible for increases in current densities
during electrooxidations of small organic molecules [14,19,40,91]. The activity of MoOy
may reflect the existence of the Mo(VI)/Mo(IV) redox system and its involvement in the
reaction mechanism [40,91]. A potential limitation is that during operation molybdenum
oxide may be lost from the electrode surface [92,93].
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In acidic media, redox reactions of MoOy system involve formation of hydrogen bronzes,
HyxMoO3(x>0), that co-exist with MoOs3 species and may undergo dissolution and re-
deposition on a Pt surface at potentials lower than 0.4 V. Thus, HyMoO3 may act in a
manner analogous to underpotential deposition of adatoms influencing the electrode
catalytic effect. The fully oxidized species, in particular semiconducting MoOs is likely to
somewhat block active catalytic centers [93]. On the other hand, lower molybdenum oxides,
(MoO,, Mo0O,(0OH)), may be mixed-valence and, therefore, support electronic conductivity.
Moreover, these oxides can activate interfacial water molecules, thereby producing
hydroxyls at lower potentials. Nevertheless, acetic acid was the main product of the
electrooxidation of ethanol over a broad potential range.

Application of WO3 is another example of an oxide enhancing the electrocatalytic activity of
Pt centers during electrooxidations [43,94-99]. Several reports have described the synthesis
of Pt-WOj5 catalysts, the characterization of these catalysts, and the application to the
electrooxidation of methanol and CO. The activity of the system reflects the oxide
morphology, composition, and degree of hydration [94,100]. A physical factor, the increase
in surface area, rather than direct catalytic activity of WOg3, has been implicated in the
efficacy of this system [43,94,95]. Among other important issues is the ability of WO3 to
intercalate hydrogen atoms into its matrix, thereby forming hydrogen tungsten oxide
bronzes, HyWOg;. Spillover of hydrogen from Pt sites into the oxide occurs readily (Fig. 4),
and it is facilitated by fast diffusion of hydrogen within the oxide phase [43,94];
consequently, the dehydrogenation steps in the methanol oxidation reaction are facilitated,
which results in a higher turnover on Pt sites. An improvement in the ability to remove the
inhibiting CO intermediate from the Pt sites has been postulated and explained in terms of
direct involvement of WOg3 in the CO removal [43,94].

In addition to the enhancement effects during electrooxidation of alcohols, there are many
other electrocatalytic reactions in which a promoting effect by WOg is postulated.
Representative examples are formic acid and hydrogen electrooxidation [42,101]. Palladium
catalysts supported on WO3 were applied to the electrorooxidation of formic acid [42]. They
were prepared by two independent techniques utilizing sodium tungstate and
phosphotungstic acid. The study showed that both preparation techniques led to the
fabrication of more effective electrocatalytic systems than Pd alone. Among the conclusions
were that specific interactions between Pd and WOj3, which can promote the direct oxidation
of HCOOH to CO», occurred that stabilization of Pd nanoparticles against their fusion was
observed [42]. Regarding hydrogen electrooxidation, addition of tungsten oxide to catalytic
systems containing Pt or Pd nanoparticles resulted in an increase of the overall specific
surface area [101]. It is reasonable to expect that highly conductive and reactive
nonstoichiometric hydrogen tungsten oxide bronzes, H,WQj3, coexist with WO3 or WO,,
and they promote oxidation of hydrogen at the reaction boundary formed with platinum or
palladium nanoparticles.

In general, researchers working with tungsten oxide and related compounds seem to agree
that the improvement of catalytic properties observed by inclusion of these materials in a
given system can be related to formation of —OH groups on WOg3 (Fig. 3) diminishing the
CO poisoning effect by promoting its oxidative removal from the platinum surface [94,102].
The formation of surface hydroxyl groups is favored by the presence of H*, but it can also
occur by adsorption of water. In this regard, Pt supported on WO3 shows a high tolerance to
CO even at low potentials such as ca. 0.1 V (vs. RHE) [103]. For a detailed assessment of
the mechanisms involved, it is important to note that tungsten oxide can exist at the
electrocatalytic interface in various forms differing not only in degrees of hydration but also
in their compositions: in addition to conventional stoichiometric oxides (WO3, WO5), the
mixed-valent W(V1,V) nonstoichiometric hydrogen tungsten oxide bronzes (Hg 1gWO3 and
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Ho.35WO3) co-exist with sub-stoichiometric W(V1,1V) oxide phases (WO3., where 0<y<1)
alone or in combination with different ions [104-106]. Moreover, the tungsten bronzes can
form cubic, tetragonal and hexagonal structures [104-106]. It has been postulated that small
ions, such as H*, Li*, and Na* can be accommodated within the cubic configuration,
whereas a hexagonal crystal network can also host bigger cations such as K*, Rb*, Cs* and
NH,4* [104-106].

Zirconium(1V) oxide is believed to act as a catalytic component capable of enhancing the
reactivity of a system by increasing the overall acidity at the reaction interface. Under
operating conditions of high temperature fuel cells, ZrO, is characterized by a high oxygen
ion conductivity. This feature is also of importance to the development of oxygen sensors
and oxygen storage materials [26,107]. Apart from its acidic properties, ZrO, exhibits good
stability in oxidizing or reducing atmospheres; overall, it is physicochemically stable.

Zirconia can be applied as a support for catalysts or directly as a catalyst for several
reactions, including hydration, dehydration, isomerization, oxidation, condensation, and
conversion (e.g. of methanol) [108]. Carbon supported Pt-ZrO, (1:1 molar ratio) was found
to exhibit higher catalytic activity for ethanol oxidation than bare Pt/C. The investigation
showed that the catalytic activity can be tuned during ethanol electrooxidation by changing
the mole ratio of Pt to ZrO5 in the system [25]. The fact that oxidation of ethanol proceeds at
more negative potentials at the system utilizing ZrO, was explained in terms of the presence
of oxygen vacancies within ZrO,. In turn, this favors the dissociation of H,O and thus the
formation of —OH groups in addition to the transport of protons at the electrocatalytic
interface. Under such conditions, oxidation of passivating —CO adsorbates (on Pt sites) to
CO5, seems to be facilitated by —OH groups existing at the zirconia-containing interface (Fig.
5). Care must be exercised not to increase the content of ZrO, relative to Pt above the
optimum 1:1 ratio because of the limited electronic conductivity of zirconia [25]. A further
increase in catalytic activity of Pt-ZrO, was observed in direct ethanol and methanol FCs
when the catalyst was supported on carbon nanotubes [109]. It is reasonable to expect that
addition of carbon nanotubes (Fig. 6) increases overall conductivity at the electrocatalytic
interface and permits better utilization of reactive sites are formed at the contact sites
between Pt and ZrO,. In that study it also was postulated that the acidic properties of the
zirconia-containing system (including proton mobility) and its hydrophilicity can be further
enhanced by introducing SO42~ into the structure. Under such conditions population of
interfacial —OH sites was expected to increase. Indeed, both a decrease in charge transfer
resistance and an enhancement of the reaction kinetics was observed [109].

ZrO, was also employed in a mixture with WO3 [110,111]. At platinum dispersed within
this system, the dynamics of hydrogen adsorption on Pt sites was believed to be improved,
and an increase in total activity toward an isomerization reaction was observed [110,111]. At
this stage it is unclear to what extend and how WQO3 and ZrO, components interact and
activate each other. It is reasonable to expect that the adsorption process comprised
dissociation of H, on Pt sites to form hydrogen atoms followed by “spillover” and
“diffusion” of hydrogen atoms onto the surface of the WO3/H,WO3 support. High
population of hydroxyl groups originating from zirconia at the interface may facilitate
formation of hydrogen bronzes and the hydrogen “spillover” effect.

Another example of a transition metal oxide that yields synergistic electrocatalysis upon
interaction with Pt is V/,O5 [25]. This oxide has been used extensively as a cathode in
lithium ion batteries [112]. The V(IV)/V(111) redox couple has been employed in the
construction of a redox type fuel cell [113]. V05 has been tested as anode for
electrooxidation of toluene [114] and has served as a support for platinum to achieve
oxidation of methanol [115]. It was shown that a carbon-supported composite of Pt and
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V05 exhibits higher electrocatalytic activity for the oxidation of methanol relative to
simple carbon-supported Pt. The result can be rationalized in terms of the formation of an
interface between Pt and V,Os5 favoring “spillover” and oxidative removal of the CO
intermediate [115]. It is reasonable to expect that V,Os can facilitate oxidation of CO
intermediates to CO», thereby releasing the active sites on Pt for further electrochemical
reaction [25,115]. In this respect, the situation resembles the generally accepted bifunctional
mechanism developed for bimetallic PtRu [25,116] except vanadium oxo species can act in
principle at lower potentials. It has been established that rapid oxidation and complete
removal of CO adsorbates from Pt sites is crucial for improvement of the electrocatalytic
efficiency of the oxidation process of not only methanol but practically all small organic
molecules. It has been postulated that population of —-OH adsorbates increases at lower
potentials on Pt when it is contact withV,Os5 [25]. The following reactions have been
proposed to describe oxidation of adsorbed methanol (CH30H,q) at the electrocatalytic
interface composed of Pt and V,0s5, which supports the hypothesis that the presence of
V05 favors oxidation of CO adsorbed on Pt (CO,4q) to CO,, thus releasing active sites on
Pt. On the basis of literature data [25] and general inorganic chemistry of transition metals,
the following reactions can be proposed:

CH30H,q — COuq+4HT +4de™ (1)
VV505+2HT — 2VV 0, T +H,0 ()
4VVO0o T +4HY — 4VIVO* T +054+2H,0  (3)
VvVO +H,0 — VIVOOHT+HT  (9)
CO.q+2VVOOH +2HY — COo+2VI(OH)*T+H,0  (5)

In addition to vanadia and zirconia, TiO5 also has been widely studied as a catalyst or
catalytic support for many photoelectrochemical and electrochemical oxidation reactions
(e.g. of chlorinated compounds) [84]. Indeed, titanium dioxide is widely used in
photoelectrocatalysis because of its exceptional physicochemical stability. It has been
established that the morphology and particle size distribution of TiO, catalysts can be
controlled precisely using simple preparative methods. For example, nanoporous TiO5 films
that contained so-called point defects introduced during anodization have been successfully
utilized as supports for PtRu catalytic centers for the electrooxidation of methanol [84]. The
observed electrocatalytic enhancement effect has been related to partial elimination of the
poisoning effect through an increase of surface mobility of CO,q and OH,q species, thereby
increasing the rate of removal of the undesired CO intermediates [84].

Unequivocal comparison of relative activities of metal oxide matrices is quite difficult on
the basis of the available literature because of differences in experimental conditions,
relative loadings of components etc. To address this problem, we have recently considered
[117] a fairly simple model reaction, namely the oxidation of formic acid in acid medium, at
Pd particles where kinetic limitations typically originate from some CO poisoning (Fig. 7).
Both tungsten oxide and CNT-supported zirconia exhibited significant enhancement effects
on the activity of Pd catalytic nanoparticles (at the same loading of 100 jig cm~2) on the
oxidation of formic acid relative to bare Pd catalyst under voltammetric conditions at low
potentials. Hydroxyl groups present on surfaces of ZrO, and WO3 are capable of exhibiting
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exhibit specific interactions with the noble metal catalytic sites. But, in the investigated
range of potentials, the semiconducting zirconia is much more poorly conducting than
tungsten oxide capable of undergoing fast and reversible redox transitions to
nonstoichiometric mixed valent tungsten oxide bronzes of the type H,WOs. It is apparent
from the data in Fig. 2 that charge transport and electronic conductivity are important issues;
in this regard, addition of CNTs to zirconia has improved the overall conductivity and has
led to better distribution of electrons at the electrocatalytic interface; consequently, a
significant enhancement effect has been observed (compare curves C and D). On the whole,
the data emphasize the importance of meeting the so called triple-phase boundary
requirements emphasizing the need for fast electron and ion displacements in addition to the
availability of reactant at catalytically active sites.

8. Conclusions

Due to insufficient activity and the penchant to undergo poisoning by strong adsorption of
reaction intermediates, there is a need to functionalize or modify existing electrocatalytic
systems based on noble metal nanoparticles. Among typical approaches to enhance
electrocatalytic processes for oxidation of organic fuels, reaction temperature is increased to
remove largely passivating CO-type intermediates. Further, electrocatalytic nanoparticles
are prepared as small as possible and are highly dispersed to produce systems of high
surface areas. Enhancement of noble metal nanoparticles also can be achieved through the
formation of bimetallic or trimetallic alloyed systems (e.g. PtRu, PtSn, PdAu, and PtSnRu)
characterized by specific interactions between components, distinct electronic properties and
often unique morphology. It is shown that certain inorganic oxides (e.g. WO3, MoO3, TiO»,
Zr0,, V7,05, and CeO,) and polyoxometallates of molybdenum or tungsten influence
supported metal centers in ways other than simple dispersion over electrode area. Evidence
has been presented that the support can modify activity (presumably electronic nature) of
catalytic metal nanoparticles thus affecting their chemisorptive and catalytic properties.
Among useful characteristics of metal oxides and related systems are the following: they can
generate —OH groups at low potentials that induce oxidation of passivating CO adsorbates
(e.g. on Pt); they can potentially break C-H bonds (e.g. by hydrogen tungsten oxide
bronzes); and they can possibly weaken C-C bonds during ethanol oxidation (e.g. through
changes of the electronic properties of Pt). There have been numerous reports in this area,
but further research is still necessary to elucidate exact enhancement mechanisms that are
operative. To classify metal oxides with respect to their reactivity and ability to enhance
activity of dispersed noble metal centers, systematic studies are needed with the aim of
better description and understanding of the ability of oxides to switch between different
valence states and to undergo outer-sphere or inner-sphere electron transfers in addition to
other parameters that include morphology, porosity, stability, degree of crystallinity,
nonstoichiometry, acidity, hydrophobicity or hydrophilicity [17]. Finally, although the focus
of this review is on catalysts of direct interest to the development of fuel cells, the general
mechanisms and therefore the cited research have implications to other areas of
electrochemistry, including that of biological systems. In this regard, the role of adsorption
in electron and oxygen transfer in oxidation of biological compounds has been discussed in
relationship to the use of metal oxides, alone or in mixture, as catalysts [118].
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Fig. 1.

Idealized view of platinum nanoparticles (diameter, ca. 6-8 nm) attached to gold
submicroparticulate supports (diameter, 30-40 nm) by linking with Keggin-type
polyoxometallate (phosphododecamolybdate) [54].
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Fig. 2.

(A) Fit of XPS spectra recorded in the Sn-3d-region [13] for carbon (Vulcan) supported
PtSn nanoparticles: modified with H3PM01,04q (PtSn/C_PMo,5) and bare (PtSn/C) ones.
Excitation energy: 650 eV. The Sn spectra were deconvoluted into two doublets of binding
energy (BE), 485.81 and 486.94 eV, for metallic Sn and SnO, respectively. (B)
Chronoamperometric responses recorded (in 0.5 M H,SO,4 + 0.5 M ethanol) for bare and
modified systems deposited on glassy carbon.
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Fig. 3.

Schematic diagram illustrating the ability of hydrogen molecules to undergo dissociation at
Pt nanoparticles followed by “hydrogen spillover” and diffusion in tungsten oxide matrix to
form substoichiometric hydrogen bronzes, H,WOj.
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Fig. 4.
Idealized view of the formation of hydroxyl groups (on the metal oxide matrix, e.g. WO3)
capable of inducing oxidation of the passivating CO adsorbates on Pt nanoparticles.
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Fig. 5.
Involvement of -OH groups existing on zirconia in the oxidation of CO residues to CO,.
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Fig. 6.

Formation of active sites at the interface formed by carbon nanotube supported metal oxide
(e.g. ZrO,) with noble metal nanoparticles (e.g. Pt). Multi-walled carbon nanotubes facilitate
distribution of electrons to poorly conducting metal oxide nanostructures.

Electrochim Acta. Author manuscript; available in PMC 2014 November 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Kulesza et al.

Page 25

005 010 015 020 025 030
EvsRHE/V

Fig. 7.

Voltammetric monitoring (at low potentials) of the oxidation of 0.5 mol dm=2 formic acid in
0.5 mol dm=3 H,S0, at the glassy carbon electrode containing the following nanoparticles
[117]: Pd (A, solid line); WO3-supported Pd (B, solid line); ZrO,-supported Pd (C, dashed
line) and Pd supported onto CNT-admixed ZrO, (40w%) (D, dashed line). In all cases, Pd
loading was 100 pg cm™2. Scan rate: 10 mV s71.
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