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m Abstract Methanol oxidation in the cathode compartment of the fuel cell, which
occurs during the oxygen-reduction reaction on Pt-based cathodes, constitutes a sig-
nificant performance loss in the direct methanol fuel cells. Over the past decade, four
types of methanol-resistant oxygen-reduction catalysts have been developed to cir-
cumvent this problem. Among these, transition-metal chalcogenides, and in particular
RuSe, have shown effective selectivity to oxygen-reduction reaction in the presence of
methanol. These catalysts not only can enhance the performance of the conventional
direct methanol fuel cells but also could provide a route to develop mixed-reactants
direct methanol fuel cells, which could be highly cost-effective in comparison with the
conventional direct methanol fuel cells. This article is a brief update on the preparation,
characterization, and implications of methanol-resistant oxygen-reduction catalysts.

INTRODUCTION

Fuel cells convert the chemical energy of a fuel directly into electricity, and be-
cause fuel cells operate without a thermal cycle, they offer a quantum jump in
the energy-conversion efficiency. Fuel cells also require no emission-control de-
vices as are necessary in conventional energy-conversion devices (1-3). The six
generic fuel cells in various stages of developmentanet{osphoric acid fuel cells
(PAFCs), b) alkaline fuel cells (AFCs) d) polymer electrolyte fuel cells (PEFCs),

(d) molten carbonate fuel cells (MCFCs®) &olid oxide fuel cells (SOFCs), and

(f) direct methanol fuel cells (DMFCs). Among these, the polymer electrolyte hy-
drogen/air and direct methanol fuel cells are most promising systems for portable
and residential power applications (4). Although the power efficiencies of polymer
electrolyte hydrogen/air fuel cells continue to show steady improvements, prob-
lems remain with the use of hydrogen as the active fuel because this hydrogen must
be obtained by in situ reformation of solid or liquid hydrocarbons (petroleum, coal,
methanol) or be pre-purified and stored as pressurized gas (or in the form of an
admixture with a metal alloy, carbon or some other adsorbent). In all cases, either
a considerable weight penalty or increased engineering complexity add to the cost.
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Figure 1 Schematic diagram of a direct methanol fuel cell.

The direct methanol fuel cell (DMFC), shown schematically in Figure 1 (A.K.
Shukla, C.L. Jackson & K. Scott, unpublished information), oxidizes liquid metha-
nol at the anode according to the reaction

CH30H + H,0 — CO, + 6H' + 6e (E, = 0.02 V versus SHE) 1.

where SHE stands for the standard hydrogen electrode.

Consequently, DMFCs do not require a reformer, making them simpler to op-
erate, and thus they are among the higher potential fuel cell options. The cathode
reaction in a DMFC proceeds as

3/20, + 6H" + 66" — 3H,0  (E; = 1.23V versus SHE) 2.

Accordingly, the net cell reaction in a DMFC is

CH3OH +3/20, — CO, + 2H,0  (Egen = 1.21 V). 3.

Methanol possesses a number of advantages as a fuel; itis a liquid and therefore
can be easily transported and stored and can be dispensed within the current fuel
network. Methanol is cheap and plentiful, and the only products of combustion are
CO, and water. Because DMFCs operate at temperatures belo\C 1@re is no
production of NQ. Above all, the use of methanol directly as an electrochemically
active fuel highly simplifies the engineering problems at the front end of the cell,
driving down complexity and hence cost.

However, owing to the high degree of irreversibility of the oxygen-reduction
reaction, even under open-circuit conditions, the overpotential at the oxygen
electrode in a polymer electrolyte hydrogen/air fuel cell is about 0.2 V. This



Annu. Rev. Mater. Res. 2003.33:155-168. Downloaded from www.annualreviews.org
by New Mexico State University (NMSU) on 12/29/11. For personal use only

HYDROGEN/AIR FUEL CELLS 157

123 F-----
131 [F==5== ST (ldeal) vs. SHE

\ Y Anode

Crossover Elyy (Ideal) — — - Cathode

—_— Cell

Region ~
1

Region
i

Voltage / V

E, (Ideal) vs. SHE
002 boocoo- /—

Current density / Am?

Figure 2 Polarization curves for a DMFC and its constituent electrodes.

represents a loss of about 20% from the theoretical maximum efficiency for the
polymer electrolyte hydrogen/air fuel cells. The situation is even worse with the
DMFCs. The thermodynamic potential for a DMFC is 1.21 V, which is only
20 mV less than that for the polymer electrolyte hydrogen/air fuel cells. But in a
DMFC, both the methanol oxidation and oxygen-reduction reactions are highly
irreversible and thus there is a loss of about 0.2 V at the anode under open-circuit
conditions, and an enhanced loss of about 0.1 V at the oxygen electrode because of
the crossover of methanol from the anode to the cathode (Figure 2) (5; G. Murgia,
L. Pisani, A.K. Shukla & K. Scott, unpublished information). Experimentally, this
problem has been tackled by seeking alternative oxygen-reduction catalysts and
substantially increasing the platinum loading. The latter method clearly increases
the cost significantly.

Before we discuss methanol-resistant oxygen-reduction catalysts in depth, it
would be helpful to review the mechanism of oxygen-reduction reactions.

MECHANISM FOR OXYGEN-REDUCTION REACTIONS

The oxygen-reduction reaction can occur by two different reaction pathways (2):
(a) the direct four-electron pathway ant) (the peroxide pathway. The direct
four-electron pathway in an alkaline medium proceeds as

Oz + 2H,0 + 4 — 40H (E° = 0.4V versus SHE)
and in acidic medium as

0, +4H" +4e — 2H,0 (E° = 1.23 V versus SHE)
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The peroxide reaction pathway in an alkaline medium proceeds as
0O, +Hy0 + 26 — HO, +OH™ (E°= —0.07 V versus SHE)
followed by peroxide reduction to OHons as
HO, +H20 +2e" — 30H" (E° = 0.87 V versus SHE)
or by chemical decomposition of peroxide as
2HO, — 20H™ +0,.

In the acidic medium, production of dioxygen through the peroxide pathway is
possible as follows:

0,4+ 2HT + 26 — H,0, (E° = 0.67 V versus SHE)
This follows as either

H,0,4+2H" + 2= — 2H,0 (E°= 1.77 V versus SHE)
or 2H,0O, — 2H,0 + O,.

The direct four-electron reaction pathway does not involve the peroxide species
and hence is more efficient in relation to the peroxide reaction pathway. However,
it has been difficult to find catalysts that would facilitate the direct four-electron
reaction pathway for dioxygen reduction.

CATALYSTS FOR THE OXYGEN-REDUCTION REACTION

At present, four classes of oxygen-reduction catalysts are known. The most famil-
iar of these are the noble metals, particularly platinum, which has been extensively
investigated as pure metal (6), platinum nanoparticles (7), and platinum metal al-
loys (6, 8-11), and as polycrystalline and single-crystal surfaces (12—-13). Among
the binary alloys of transitional metals with platinized carbon, Pt-Co and Pt-Fe al-
loy catalysts have been reported as potential methanol-resistant oxygen-reduction
catalysts (6). A second class of electrocatalysts is made up of the macrocyclic
derivatives of a wide range of transition-metal compounds (14). The most well in-
vestigated of these are cobalt and iron, and among the ligands studied, porphyrins,
tetra-azaanulenes, and dimethyl glyoxime derivatives are well established
(15-18).

A third class of catalysts is derived from metallic oxides (19). Many oxides,
particularly of the second- and third-row transition elements, show metallic con-
ductivity (20), usually derived from M-O-M bonding rather than direct M-M over-
lap to maximized-orbital electron density at the Fermi level, and therefore can be
fabricated into electrodes without addition of a conducting matrix. In an alkaline
solution, for instance, a number of such oxides, including spinel (21), perovskite
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(22), and pyrochlore structures (23), show remarkable activity for oxygen reduc-
tion, but in acid solutions, the activity declines substantially, and the stability of
the oxide phase is also far less. Related to the oxides are members of the fourth
class of electrocatalysts, which are based on transition-metal compounds and other
non-metallic counter ions derived from the chalcogenides (24-36). The chalco-
genides are frequently highly stable, especially in combination with later transition
metals, and can be immersed in aqueous acids and held at high-positive potentials
without any appreciable degradation. Studies of compounds from this class have
only taken place within the past ten years, but it is already clear that their activity
toward oxygen reduction is remarkable. The preparatory methods for the above
oxygen-reduction catalysts are briefly summarized in the following section.

PREPARATION OF METHANOL-RESISTANT
OXYGEN-REDUCTION CATALYSTS AND THEIR
CHARACTERIZATION

If either the particle size of a platinum electrocatalyst for oxygen reduction is very
small or the platinum electrocatalyst is amorphous, the methanol chemisorption
energy should be lower and the cathode less poisonable (4). Accordingly, various
preparatory routes have been proposed to synthesize platinum and platinum-alloy
electrocatalysts with finer particle size (37). Among these, the most attractive pro-
cedure comes from@inemann et al. (38, 39); here the platinum dichloride #tCI
is suspended in tetrahydrofuran (THF) and treated with tetra-alkyl ammonium
hydro-tri-organoborate, which results in a platinum metal colloid solution with a
minimal evolution of hydrogen. This colloidal solution is evaporated to dryness
under high vacuum, and the resultant waxy residue is mixed with ether. The colloid
is then precipitated by addition of ethanol. The gray-black metal colloidal powder
thus obtained has a particle size between 1 and 5 nm. Maillard et al. (40) reported
that the mass activity of platinum toward oxygen reduction increases continuously
with a decrease in particle size from 4.6 to 2.3 nm, whereas mass activity is roughly
independent of size in methanol-free electrolyte when the platinum particle size
is less than 3.5 nm. The effects of adding a second metal to platinum have also
been investigated. Although both Pt-Co/C and Pt-Fe/C have been reported to be
methanol-resistant oxygen-reduction catalysts, Pt-Fe/C has been found to exhibit
higher activity than Pt-Co/C as a methanol-resistant oxygen-reduction catalyst.
The X-ray diffraction (XRD) patterns for Pt-Fe/C, Pt-Co/C, and Pt/C catalysts are
shown in Figure 8,b,c, respectively (R.K. Raman & A.K. Shukla, unpublished
information). The XRD patterns for Pt-Fe/C and Pt-Co/C exhibit tetragonal struc-
tures (8, 40a, 41-43). The XRD pattern of Pt/C shown in Figarea@ild be fitted
to a face-centered cubic phase (41).

Iron tetramethoxyphenylporphyrin (FeTMPP) has been reported to be the most
active catalyst among transition-metal porphyrins (17, 44). It is prepared by iron
insertion into meso-tetramethoxyphenylphorphyrin (TMBPH brief, TMPPH
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Figure 3 X-ray powder diffraction pattern forj Pt-Fe/C, b) Pt-Co/C, and
(c) Pt/C catalysts.

is synthesized by the reaction of pyrrole with anisaldehyde in propionic acid (45).
TMPPH, thus obtained is purified by column chromatography followed by iron
metal insertion with ferric chloride. FeTMPP is typically characterized by absorp-
tion spectroscopy and NMR. The characteristic absorption spectrum of FeTMPP
in benzene shows absorption maximug{y) in the visible region between 419
and 575 nm. FeTMPP is supported onto a high-surface-area carbon, such as Vul-
can XC-72R, and is pyrolyzed at700°C in flowing argon (15, 16). In pyrolyzed
metal porphyrins, the molecular structure of the catalyst is destroyed during the
heat treatment, and therefore the metal complex by default is the precursor of
actual active material. It has been proposed that the catalytic site in FeTMPP/C
is Ns-Fe (17,18) bound to the carbon support. This site has been labeled as a
low-temperature catalytic site (46). The other catalytic site formed at elevated
temperatures is not yet fully characterized. However, it is argued that the organic
linkages around the iron atom help prevent its oxidation, which is seminal to its
catalytic activity (46). Metal oxides are usually prepared by a solid-state reaction
of the component oxides (47) and are characterized primarily by powder XRD.
The last category of the catalysts consists mainly of Ru-Mo-S, RuS, and RuSe
(27, 33-35). Among these, RuSe exhibits maximum activity as a selective
oxygen-reduction catalyst. RuSe is obtained by reacting a mixture of ruthenium
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dodecacarbonyl [RiICO), 5] with sulfur or selenium at about 14Q, with xylene

in nitrogen under refluxing conditions, followed by washing the resultant mass with
triethyl ether (33). These catalysts are deposited onto a Vulcan XC-72R carbon
for utilization as oxygen-reduction electrodes. Ruthenium chalcogenide has been
characterized by powder XRD. The powder XRD pattern for a carbon-supported
RuSe (RuSe/C) catalystis given in Figure 4 (K. Scott, A.K. Shukla, C.L. Jackson &
W.R.A. Mueleman, unpublished information). This XRD pattern shows all char-
acteristic peaks due to ruthenium metal, and a broad feature at the diffraction angle
of 26 ~ 25° can be attributed to the (002) plane of hexagonal structure of Vulcan
XC-72R. The diffraction peak observed a& 2 32 is due to the (100)-oriented
silicon wafer, which was used as the substrate for catalyst powder. Bron et al.
(33) reported that a ruthenium metal, even after refluxing in a selenium-containing
solution, shows little change in its XRD pattern. However, RuSe exhibits higher
catalytic activity in relation to ruthenium metal. According to Bron et al. (33),
the activity enhancement by selenium is related to an interfacial effect due to
the binary structure of the catalyst. Energy dispersive analysis by X-rays (EDAX)
of the RuSe/C catalyst suggests that the optimum quantity of selenium is
~15at. % (33). Itis noteworthy thatthe RuSe/C catalystis different from a metallic-
ruthenium surface, and its activity toward oxygen reduction is substantially higher.
Because the RuSe/C catalyst is loaded with organic matter made up of carbonyl or
carboxylic groups, its high catalytic activity is probably due to an interaction
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Figure 4 X-ray powder diffraction pattern for Ru-Se/C catalyst.
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Figure 5 Mechanism explaining the oxygen-reduction activity of RuSe/C
catalyst.

of nanocrystalline ruthenium and carbon ligands. The effect can be twofold:
(a) Carbon species may stabilize surface ruthenium metal, thus suppressing its ox-
idation, which otherwise would transform ruthenium particles rapidly into RUO
and @) carbon species may alter the distribution of interfacial electronic states by
forming ruthenium complexes. A schematic description of oxygen reduction on
a RuSe/C bistructural catalyst is shown in Figure 5, which depicts catalyst cen-
ters consisting of ruthenium clusters with attached carbonyl ligands (48). Because
some of the bonds are dangling (unsaturated), an interaction with oxygen can take
place depending on the number of ruthenium sites available in the cluster, which
act as electron-transfer mediators.

A cyclic voltammetric characterization of Pt/C, Pt-Co/C, and Pt-Fe/C cata-
lysts in aqueous sulfuric acid, both with (Figure)@nd without (Figure &)
methanol, is shown in Figure 6 (R.K. Raman & A.K. Shukla, unpublished in-
formation). The data indicate that among Pt/C, Pt-Co/C, and Pt-Fe/C catalysts,
methanol oxidation reaction is least favored on the Pt-Fe/C catalyst. Therefore,
Pt-Fe/C appears to be a potential selective oxygen-reduction catalyst. Pt-Fe/C has
also been reported to be a potential CO-oxidation catalyst (49). The cyclic voltam-
metric data for FeTMPP/C in aqueous sulfuric acid, with and without methanol,
are shown in Figure® These data show the methanol resistance of the catalyst
toward the oxygen-reduction reaction. The cyclic voltammetric data for RuSe/C
in aqueous sulfuric acid, with and without methanol, are given in Figdrélére
the data depict complete absence of methanol oxidation on the Ru-Se/C surface.
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Figure 6 Cycling voltammograms in aqueous sulfuric acid @y®t/C, Pt-Fe/C, and
Pt-Co/C without methanol and) with methanol; ¢) Fe-TMPP/C catalyst with and
without methanol; andd) RuSe/C with and without methanol.

Accordingly, RuSe/C would be an effective selective catalyst for the oxygen-
reduction reaction.

IMPLICATIONS OF METHANOL-RESISTANT
OXYGEN-REDUCTION CATALYSTS IN DIRECT
METHANOL FUEL CELLS

The development of methanol-resistant oxygen-reduction catalysts would un-
doubtedly enhance both the cell performance and operational life of DMFCs, as the
losses at the cathode due to crossover of methanol could be substantially mitigated.
But further innovations in finding cost-effective DMFCs would be mandatory for
their commercial realization. A step in this direction appears to be the develop-
ment of mixed-reactants DMFCs (50-52), which rely on the selectivity of anode
and cathode electrocatalysts to separate electrochemical oxidation of the methanol
fuel and reduction of oxygen without the need to physically separate the fuel and
oxidant. (Such a mixed-reactants DMFC is shown schematically in Figure 7.)
Accordingly, in mixed-reactants DMFCs, methanol fuel and oxidant oxygen are
mixed together before feeding to the fuel cell. In such a mixed-reactants DMFC,
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Figure 7 Schematic description of the
Melbanl | Aie mixed-reactants direct methanol fuel cell.
mi (3
| Selective cathode |
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| Selective Anode |
Methanol + Air
mixture

there would be no need for gas-tight structure within the stack, thus providing
relaxation for sealing of reactant/product delivery structures (51).

In mixed-reactants DMFCs, cathode selectivity is paramount and is accom-
plished by using oxygen-reduction catalysts that, in addition to being tolerant to
methanol, do not oxidize it (15, 16, 24-35, 53-57). The performance character-
istics of certain mixed-reactants DMFCs, employing various methanol-resistant
oxygen-reduction catalysts at the cathode and a Pt-Ru/C catalyst at the anode, are
shown in Figures 8 and 9 (K. Scott, A.K. Shukla, C.L. Jackson & W. Mueleman,
unpublished information). The performance curves acd0r the mixed-reactants
DMFCs employing 1 mg/cfof FeTMPP/C, CoTMPP/C, FeCoTMPP/C, and
RuSe/C at the cathode are shown in Figure 8. Among these, the best perfor-
mance with a maximum power outputeB0 m\W/cn? is observed for the DMFC
employing 1 mg/crh of a RuSe/C catalyst at the cathode. The performance
curves at 90C for the mixed-reactants DMFCs employing varying amounts of
RuSe/C at the cathode are shown in Figure 9. It is found that the best per-
formance at the maximum output power of about 50 m\W/@snobtained for
the mixed-reactants DMFCs with the RuSe/C loading of 2.5 m@/@perat-
ing the mixed-reactants DMFC with methanol plus oxygen). A maximum output
power of~20 mW/cn? is obtained when operating the cell with methanol plus
air.

The cathode polarization curves for oxygen reduction using Pt/C, Pt-Co/C, and
Pt-Fe/C catalysts obtained by oxidizing hydrogen at the anode, which also acts
as the reference electrode, are shown in Figui® These data show superior
performance for the Pt/C cathode. But as the methanol passed over the anode,
a lower cell performance was found for the cell employing the Pt/C catalyst in
relation to both Pt-Co/C and Pt-Fe/C cathodes (Figu®.Ithis clearly reflects
the poisoning of the Pt/C cathode by methanol crossover from anode to cathode.
The anode performance was similar for all the cells tested, as shown in Figure
10b. The Pt-Co/C catalyst exhibits a performance better than that of the Pt/C
catalyst but is inferior to the Pt-Fe/C catalyst (R.K. Raman & A.K. Shukla, unpub-
lished information). These data clearly suggest Pt-Fe/Cto be an effective selective
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Figure 10 (a) Cathode polarization data for Pt/C, Pt-Co/C, and Pt-Fe/C with
1.37 mg/cr Pt loading; b) anode polarization data for Pt-Ru/C using 2.5 mg/cm
Pt loading; and€ DMFC performance data with PtRu/C anode and cathodes with
Pt-Fe/C, Pt-Co/C, and Pt/C.

oxygen-reduction catalyst and conform with the cyclic voltammetry data on Pt/C,
Pt-Co/C, and Pt-Fe/C presented in Figure 6.

CONCLUSIONS

During the past decade, there have been efforts to develop methanol-resistant oxy-
gen-reduction catalysts to mitigate the performance losses in the direct methanol
fuel cells that occur through methanol crossover to the cathode. Among the var-

ious types of methanol-resistant oxygen-reduction catalysts studied so far, RuSe
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has been found to be most effective. The development of an effective methanol-
resistant oxygen-reduction catalyst would not only enhance the performance of the
conventional direct methanol fuel cells but would also promote the development
of cost-effective mixed-reactants DMFCs.
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