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Abstract

Fuel cells convert chemical energy directly into electrical energy with high efficiency and low emission of pollutants.    However, before fuel-cell technology can gain a significant share of the electrical power market, important issues have to be addressed.    These issues include optimal choice of fuel, and the development of alternative materials in the fuel-cell components.    Present fuel-cell prototypes often use materials selected more than 30 years ago.     The market driving force for fuel cells is the reality that fossil fuels are running out, and ultimately too expensive as an energy source.   Wind and solar energy can be used to generate electricity, but the electricity is fleeting, it needs to be stored.   Hydrogen is an effective storage means for electrical power.    But hydrogen needs to be manufactured so that there is an energy source.   Manufacturing costs for fuel cell components make systems too expensive to be competitive at the current time. Investigations are needed to decrease the component costs.   The two most important challenges for fuel cells are cost and durability.    The cost for automotive (ICE) power plants is about $25–35 kW−1.   Current fuel cell systems are estimated to be about a factor of five higher in cost, even when cost savings for high-volume manufacturing are applied.    Major contributors to the cost are the electrocatalyst, the membrane and the bipolar plates.    Currently, a significant barrier to widespread commercial use of fuel cells is the cost of precious metal catalyst (i.e., Pt).   Progress in the search and development of innovative alternative materials is inevitable. 
Introduction

Fuel cells, the energy converting devices with a high efficiency and low/zero emission, have been attracting more and more attention in recent decades due to high-energy demands, fossil fuel depletions, and environmental pollution throughout the world.  The successful conversion of chemical energy into electrical energy in a primitive fuel cell was first demonstrated over 165 years ago.    However, in spite of the attractive system efficiencies and environmental benefits associated with fuel-cell technology, it has proved difficult to develop the early scientific experiments into commercially viable industrial products.   These problems have often been associated with the lack of appropriate materials or manufacturing routes that would enable the cost of electricity per kWh to compete with the existing technology.   
Among the different fuel cell technologies, polymer electrolyte fuel cells (PEFCs) and direct methanol fuel cells (DMFCs), for their low operating temperature (60–100 ºC) and the fast start-up, are promising candidates for application of portable power source, electric vehicle and transportation applications [1-4].     For hydrogen gas fed fuel cells at their current technological stage, hydrogen production, storage, and transportation are the major challenges in addition to cost, reliability and durability issues.      Direct methanol fuel cells (DMFCs), using liquid and renewable methanol fuel, have been considered to be a favorable option in terms of fuel usage and feed strategies [5, 6].   Compared to hydrogen-fed fuel cells, which have a reforming unit, or low capacity in the hydrogen storage tank, DMFC uses a liquid methanol fuel, which is easily stored and transported and simplifies the fuel cell system [Fig. 1]. 

It has been recognized that the success of fuel cell technology depends largely on two key materials: the membrane and the electro-catalyst.    These two key materials are also directly linked to the major challenges faced in DMFCs, including (1) methanol crossover which can only be overcome by developing new membranes; (2) slow anode kinetics which can only be overcome by developing new anode catalysts.     With regard to new DMFC anode catalysts, there are two major challenges, namely, the performance, including activity, reliability and durability, and cost reduction.     For DMFC anode catalyst performance improvement, the exploration of new catalyst materials including noble and non-noble metals is necessary.      In this respect, an alloying strategy is one of the R&D directions.   With the help of fast activity screening, a breakthrough could be accelerated to meet the requirements for DMFC commercialization.   The other is a support strategy.    Rapid development of nanotechnology, especially in the area of the synthesis of carbon nano-materials, will create more stable and active supported catalysts. Nanoparticle supported catalysts are believed to be the most promising materials for catalysis in PEM fuel cells including DMFCs.     

Fig. 1. Schematic diagram of a Direct methanol Fuel Cell
Regarding cost reduction, for early DMFC commercialization, DMFC anode catalyst loadings must drop to a level of <1.0 mg cm−2 from the present 2.0–8.0 mg cm−2, depending on applications. Loading reduction through increasing Pt utilization is one of the R&D directions.   Alloying and nanoparticle supporting strategies could dramatically reduce the Pt content in the catalysts without performance compromise.   Non-noble catalyst development is the other approach for catalyst cost reduction.  However, at this current stage, non-noble DMFC anode catalysts are not yet feasible.   A more thorough exploration is needed in this area. Real breakthroughs in DMFC anode catalysis are necessary with respect to performance and cost.    In order to make fuel cell technology, including DMFC technology a success, new catalyst exploration for performance improvement and cost reduction remains the major challenge.

Electrode material challenges and Approaches

It seems that there are limited electrode materials that are suitable for use in methanol oxidation electro-catalysis, especially with an acidic DMFC electrode/membrane interface.    Only platinum/ruthenium alloys, which show reasonable activities and stability, are the most practical electro-catalysts for the DMFC application.     For a pure platinum catalyst, the adsorption of CO, one of the intermediates in methanol electro-oxidation, can occupy the reaction active sites, resulting in slow reaction kinetics.   When a second metal, such as ruthenium, alloys with platinum the oxidation kinetics of methanol is improved significantly reaching a practicable level.  The mechanism of methanol oxidation on the Pt surface has been investigated extensively for decades. According to a well-described mechanism [7], the primary processes of methanol oxidation on the Pt surface include several steps such as: (1) methanol adsorption; (2) C–H bond activation (methanol dissociation); (3) water adsorption; (4) water activation; (5) CO oxidation.    The formation of OH by water activation on the Pt surface, which is a necessary step for the oxidative removal of adsorbed CO, requires a high potential.     In terms of methanol anode oxidation, such a high potential will limit the fuel cell application of a pure platinum catalyst. 
As mentioned above, a second metal that can provide oxygenated species at lower potentials for oxidative removal of adsorbed CO is definitely needed.     Binary Pt-based alloys, such as PtRu, PtOs, PtSn, PtW, PtMo, etc., have been investigated in order to improve the electro-oxidation activities of methanol.     Among them, the Pt–Ru alloy has been found to be the most active binary catalyst and is the state-of-the-art anode catalyst for DMFCs.    The enhanced activity of the Pt–Ru catalyst when compared with Pt for methanol oxidation has been attributed to both a bi-functional mechanism [8] and a ligand (electronic) effect [9].     The bi-functional mechanism involves the adsorption of oxygen containing species on Ru atoms at lower potentials thereby promoting the oxidation of CO to CO2, which can be summarized as follows [8]:

Pt   +  CH3OH  →  PtCOads +  4H+  + 4e− (1)

Ru  + H2O →  Ru(OH)ads + H+ + e−  (2)

PtCOads  +  Ru(OH)ads → CO2  +  Pt   +   Ru   +  H+  + e− (3)

The catalytic activity of the Pt–Ru catalyst is strongly dependent on the composition, structure, morphology, particle size and alloyed degree.    The current consensus is that the optimal Pt/Ru ratio is 1:1, and the particle sizes are better brought down to the nanoscale in order to improve catalyst utilization.   However, from the practical standpoint in a real fuel cell environment, a high catalyst loading (∼2–8 mg cm−2) is required, even when using a 1:1 Pt–Ru alloy catalyst, in order to achieve acceptable fuel cell performance, especially when considering the lifetime of the fuel cell.    This high noble catalyst loading will definitely cause costs to be high, hindering the commercialization of DMFCs.     Therefore, the reduction of the catalyst loading through further improvement of activity and optimization of catalyst utilization is necessary. Exploring new catalysts such as non-noble catalysts [10] and catalyst activity optimization through supporting tactics such as nano-material supporting strategy [11] are two important approaches.     In this article, the development of DMFC anode catalysts in recent years is overviewed, mainly focusing on the three most active areas, i.e., catalyst development, carbon supporting strategies, and a combinatorial method for new catalyst screening.
Methanol Oxidation On Pt Based Alloys

Although platinum is overwhelmingly the most active catalyst for electrooxidation of methanol, the high loading necessary for commercial performance have fuelled the search for other materials based on methanol oxidation mechanism, that could combine with platinum, with the latter used to chemisorb methanol followed by the action of promoter which could provide oxygen in ‘active’ form to facilitate oxidation of the chemisorbed CO, the process known as ‘bi-functional’ mechanism.     Since, the oxidation of methanol involves various stages, i.e., dehydrogenation, chemisorption of CO-like species, adsorption of OH species, chemical interaction between the adsorbed CO and OH and CO2 species evolution, one of these stages may behave as the rate-determining step (rds) according to the particular catalyst surface.     The choice of multifunctional catalyst is to increase simultaneously the rate of various stages, avoiding particular steps becoming the rate determining process.     The search for possible catalyst materials has been focused sometime upon binary and ternary alloys.  

 
In 1976, Janssen et al. [12] prepared a large number of Pt based binary catalysts by deposition of sub- monolayer amounts of second components on to the surface of Pt via an immersion method and in some cases, where immersion method failed to yield stable binary catalysts, the preparation of Raney-type and true alloy catalysts was adopted.      In a number of cases, the adsorbed second element was unstable and such systems include: Cu, Zn, Cd, B, Al, In, Tl, Cr, Mn, Fe, Co, Ni, all rare earths except Dy and Th.     For Si, P, Hf and Ta no adsorbed phase was obtained.        

            There are number of reviews available on electrooxidation of methanol on noble and non-noble metal combinations of platinum.    In general, the following approaches were addressed in an attempt to promote the activity of platinum. 

(i) A simplest method for enhancing oxidative activity is to generate more Pt-O species on Pt surface by incorporation of another metal by alloy modification and that subsequent dissolution lead to highly reticulated and active surfaces. Alloys such as Pt3Cr and Pt3Fe exhibit higher activity by virtue of this process. 

(ii) A second approach is the use of surface ad-atoms, deposited by upd on Pt surface. The role of ad-atoms were: (a) blocking of hydrogen adsorption  (b) the ability to modify the electronic properties of Pt  (c) the ability to act as redox centers  (d) blocking of poison adsorption sites (e) to induce Pt-O formation on neighboring sites, creating additional active sites for oxidation of COads.  These have been studied extensively with Au, Sn and Bi. 
(iii) Use of alloys of platinum with different metals, where the second metal forms a surface oxide in the potential region for methanol oxidation.

This approach is the basis for the studies of Pt-Sn, Pt-Ru, Pt-Os, Pt-Ir etc [13].   In this study, Ir and Os found to act as promoters, while Au and Pd inhibit the reaction.   Pd was active in alkaline medium and not found to be useful in acidic conditions. The electrodeposited Pt-Re alloys exhibited substantial activity among the non-noble metals.   Strong enhancement for electrodeposited Mo on Pt has been reported, especially at low currents, where different mechanism found to operate. 

(iv) Another type of approach is the use of Combination of Pt with a base metal oxide.
               Hammnet et al.[14] found Nb, Zr and Ta to promote Pt activation, particularly at higher currents.   Later, they attempted to use ZrO2 to promote Pt/Ru, but was unsuccessful.      Hammnet et al.[14] identified WO3 as an inhibitor but latter, Shen and Tseung [15]  found that hydrous WO3-x as a promoter for Pt when electrodeposited on its surface and this result was further confirmed separately by Shukla [16].  A 1 mg Pt/ 1 mg WO3 codeposited on gold foil gave a steady state performance of 100 mA/cm2 at 200 mV/SCE, 0.5 M H2SO4, 1 M MeOH at 333K.     On the other hand a platinized gold electrode of similar Pt loading gave 10 mA/cm2 at 450 mV/SCE, but poisoned within 20 mins.     Similar catalysts were prepared by doping tungsten bronzes of the structure Ln0.1WO3 with Pt.   Mixed oxides of In/Pb on carbon also exhibited considerable activity but poor stability.    Tseung et al reviewed on the experimental evidence and mechanism of ‘hydrogen spill-over’ on Pt/WO3 and the application of this system for various electrocatalytic reactions.   Lasch et al [17] studied the electro oxidation of methanol using ternary alloys by introducing transition metal oxides such as WOx, MoO3 and VOx to Pt-Ru catalysts and the results are compared to binary Pt-Ru alloy catalysts.     The materials were prepared via the modification of Adams method and the Pt-Ru particles size were ~ 3-5 nm.     In the metal oxide containing ternary catalysts a lower polarization of methanol oxidation was observed and were capable of sustaining large current densities.     However, deactivation of catalysts occurs above 750 mV/RHE and this might be due to the formation of catalytically inactive surface oxide.    The ternary compound apparently influences the rate of methanol oxidation and surface oxide formation.     The most prominent effect of catalytic activity was found with Pt-Ru-VOx and methanol oxidation starts at 360 mV/RHE, which is almost identical to Pt-Ru electrode (380 mV).         

(v) Iincorporation of Pt on to oxide structures.

In addition to electrodeposition of Pt on to an oxide surface, incorporation of Pt directly on to oxide structures was also attempted.     For instance, perovskite-based oxides, such as SrRu0.5Pt0.5O3 and DyxPt3O4 are of this category.   However, there exists ambiguity about their long-term stability in acidic environments.     It was presumed that they undergo reductive decomposition through methanol adsorption to give fine platinum particles at the surface, which act as catalytic sites.   
(vi) Replacing Pt with other noble metals.

Other noble metal catalysts such as Ir that have been investigated but are found to be less active than Pt. Okamoto et al., [18] found that WC when annealed with carbon in He atmosphere shows very little activity for methanol oxidation, compared to platinum. Amorphous metal alloys such as NiZr [19] were active, by forming a thick passivating oxyhydroxide film on which electro oxidation of methanol takes place, and were stable in acidic conditions.  Kawahima et al., [20] used alloys of NiZr and NiTi with few percentage of platinum and were found to be active for methanol oxidation. 

            Although binary alloys of Pt with many other oxophilic elements have been studied, none is more active than high-surface area Pt-Ru and it is known that the catalytic action of PtRu proceeds mainly by the so-called bi-functional mechanism.

A number of unsupported and carbon supported Pt-based ternary catalysts were also been examined for methanol oxidation reaction and the overview of such catalysts are given below. 

The electrochemical tests of methanol oxidation performed on different ternary catalysts in half cells and in DMFCs are summarized in Table 1. 
Table 1. Electrochemical tests of methanol oxidation performed on different ternary catalysts in half cells with CH3OH and as anode materials in single direct methanol fuel cells 

	No
	Ternary catalysts
	Electrochemical tests
	Results
	Ref

	1
	Pt–Ru–M/C (M = Sn, Mo and W) (1:1:1)
	DMFC Full cell test
	Pt–Ru–W/C shows the highest activity, followed by Pt–Ru–Mo/C and Pt–Ru/C. Pt–Ru–Sn/C less active than Pt–Ru/C
	[21]

	2
	Pt–Ru–W/C (1:1:1)
	DMFC Full cell test  at 95 °C
	At 400 mV 40% increase in activity compared to the standard Pt–Ru/C
	[22]

	3
	Pt–Ru–W/C (1:1:1) and Pt–Ru–Pd/C (1:1:1)
	DMFC Full cell test  at 180 °C
	Steady-state performances in the order: Pt–Ru–W/C, Pt–Ru–Pd/C > Pt–Ru/C > Pt/C
	[23]

	4
	Pt–Ru–Mo/C (1:1:0.5) and (1:1:1)
	Cyclic voltammetry
	At 0.6 V Pt–Ru–Mo/C (1:1:0.5) and (1:1:1) present similar and higher currents than Pt–Ru/C
	[24]

	5
	Pt–Ru–Rh (5:4:1) nanoparticles
	Tests in 0.5 M H2SO4/2 M CH3OH solution and in DMFC full cell
	The onset potentials in half cell and the maximum power density in DMFC were in the order: Pt–Ru–Rh (5:4:1) > Pt–Ru (1:1) > Pt–Rh (2:1) > Pt
	[25]

	6
	PAni–Pt–Ru–M (M = Au, Co, Cu, Fe, Mo, Ni, Sn or W)
	Test in HClO4/CH3OH solutions
	Pt–Ru–Mo showed enhanced performances compared to Pt–Ru
	[26, 27]

	7
	PAni–Pt–Ru–Os (9:15:0.1, 9:15:1 and 9:15:10) and PAni–Pt–Ru–Mo (9:15:0.1 and 9:15:1)
	Cyclic voltammetry
	PAni–Pt–Ru–Os (9:15:0.1) best PAni–Pt–Mx–My catalyst for methanol oxidation
	[28]

	8
	Pt–Ru–MOx (M = W, Mo and V)
	Stationary current–voltage and CV measurements
	The specific surface activity towards methanol oxidation at 60 °C decreases in the order Pt–Ru–VOx > Pt–Ru–Mo–Ox > Pt–Ru > Pt–Ru–WOx = Pt–Ru (E-TEK)
	[29, 30]

	9
	Pt–Ru–Ir/CNT
	CV at room temperature in 0.5 M MeOH + 0.5 M H2SO4 solution
	The peak current densities at 50 mV s−1 were 81.7 and 61.2 mA cm−2 for the Pt–Ru–Ir/CNT and Pt–Ru/CNT, respectively
	[31]

	10
	Pt–Ru–Mo and Pt–Ru–Co nanoparticles
	Chronopotentiometry measurements
	Higher activity and longer stability of Pt–Ru–Mo and Pt–Ru–Co than that of Pt–Ru and pure Pt
	[32, 33]

	11
	Pt–Ru–Sn/C
	CV measurements
	The activity for methanol oxidation of Pt–Ru–Sn/C (3:2:1) was significantly higher than that of Pt/C or Pt–Ru/C
	[34]

	12
	Pt–Ru–Ni (5:4:1 and 6:3.5:0.5) nanoparticles
	Voltammetry and chronoamperometry measurements and tests in DMFC
	Pt–Ru–Ni (5:4:1) showed a higher catalytic activity than Pt–Ru (1:1)
	[35, 36]

	13
	Pt–Ru–Os nanoparticles
	DMFC Full cell test  at 95 °C
	Pt–Ru–Os (65:25:10) DMFC performance better than that of Pt–Ru (1:1) (e.g., typically at 90 °C, 0.4 V; 340 mA/cm2 with Pt–Ru–Os vs. 260 mA/cm2 with Pt–Ru)
	[37]

	14
	Pt–Ru–Rh/C (different compositions)
	CV at 25 and 60 °C
	At 60 °C and 0.5 V vs. RHE Pt–Ru–Rh/C (1:1:2) showed the highest activity
	[38]

	15
	Pt–Ru–Sn/BDD (80:10:10)
	Cyclic voltammetry
	Lower onset potential of Pt–Ru–Sn/BDD than either pure Pt or the corresponding bimetallic Pt–Ru and Pt–Sn catalysts
	[39]

	16
	Pt–Mo–Si/C
	LSV and CV measurements
	Pt–Mo–Si/C catalysts with Pt:Mo = 3:1 prepared using formaldehyde as reducing agent showed higher electrocatalytic activity
	[40]


The improvement of the CO tolerance and methanol oxidation of Pt–Ru by the addition of a third metal has been explained by different ways. Liang et al. [41] supposed that in the Pt–Ru–Ir system, RuO2–IrO2 interaction promotes the formation of hydroxyl species by dissociating water at a lower potential with respect to the Pt–Ru system. Moreover, they inferred that this interaction could also weaken the bonding between the hydroxyl species and the catalyst surface as compared with the bonding on Pt–Ru nanoparticles. The more weakly adsorbed hydroxyl species further promotes electro-oxidation of COads on the active metal sites at a lower potential, thus improving the catalyst performance. Kim et al. [34] ascribed the enhancement of activity for MOR of Pt–Ru–Sn to the synergic effects of Ru as a water activator and Sn as an electronic modifier of Pt. On this basis, in ternary Pt–Ru–M catalysts with almost alloyed Pt–Ru, Ru acts as an electronic modifier of Pt, so M has to be a water activator and, as a consequence, the third metal has to be in non-alloyed form; conversely in poor-alloyed Ru, Ru acts as a water activator, so M has to be an electronic modifier of Pt, and then has to form alloy with Pt. The positive effect of W presence in ternary Pt–Ru-based catalysts was ascribed by some authors [35], [29] and [30] to its intrinsic co-catalytic effect, supporting the CO oxidation. According to Yang et al. [42], the addition of tungsten to Pt–Ru appeared to mainly result in some ‘physical’ modification of the catalytically active Pt and Ru surface components such as differences in electroactive surface area rather than promotion of the CH3OH oxidation reaction via a true catalytic mechanism. 
Samjeské et al. [43] explained the synergetic effect of Mo and Ru in this way: before OH-adsorption on Ru can set in, some of the CO-molecules adsorbed on Ru have to be oxidized. As long as a weakly adsorbed CO exists on Pt, there is a competition between weakly adsorbed CO (on Pt) and OH from solution for Ru sites. Only when the surface pressure of CO from Pt is reduced due to possible oxidation in the pre-peak can OH adsorb on Ru (this effect may only be clearly visible at low surface contents of Ru). If this interpretation is true, also the synergetic effect of Ru and Mo is quite understandable: Mo shifts the oxidation of weakly adsorbed CO to lower potentials, and therefore the co-catalytic effect of Ru can set in.  On the other hand, from the difference of distribution of COads between Pt–Ru–Mo and other catalysts, and from the large differences on the potential at which CO2 is produced, depending on what reaction is considered, methanol oxidation or COads oxidation, Lima et al. [27] inferred that the kinetics of the reaction of oxidation of methanol into CO2 is different on Pt–Ru–Mo, compared to Pt–Ru. 
The importance of the amount of the third metal in these catalysts was observed from the point of view theoretical [44] and experimental: in some investigated compositions (Pt–Ru–Mo [24] and [28] and Pt–Ru–Ni [35] and [36], at fixed Pt–Ru atomic ratio the MOR activity increased with increasing the content of the third element in the catalyst. On the other hand, the MOR activity of Pt–Ru–Os decreased with increasing Os content [28]. It has to take into account that the presence of MOx species on the catalyst particle surface decreases the active surface area of Pt–Ru alloy particles. As a consequence, part of the noble metal becomes inactive due to the blocking of the Pt–Ru surface by the oxide species, which counteracts the activity enhancement [30]. Therefore, above a certain amount of the third metal, its presence has a detrimental effect on the performance of the catalyst. 
Summarizing, the electrochemical activity of Pt–Ru–M catalysts depends on their intrinsic parameters as the type of third metal, the metal atomic ratio, the degree of alloying of Ru and M and the particle size, and on the current density.

Catalyst supports
In order to achieve fine dispersion, high utilization and stable nanoscale metallic particles, catalyst-supporting strategies have been explored. Compared to bulk metal catalysts, supported catalysts show higher activity and stability. Carbon particles are frequently used as catalyst supports because of their relative stability in both acidic and basic media, good electric conductivity and high specific surface area. In the past, several carbon materials have been tested as catalyst supports for DMFCs. Carbon material has a strong influence on the properties of supported noble metal catalysts, such as metal particle size, morphology, size distribution, alloyed degree, stability and dispersion. On the other hand, carbon supports can also affect the performance of supported catalysts in fuel cells, such as mass transport and catalyst layer electronic conductivity, electrochemical active area, and metal nanoparticle stability during the operation. Hence, the optimization of carbon supports is very important in electrode optimization for DMFC development. 
The properties of a suitable carbon support, such as specific surface area, porosity, morphology, surface functional groups, electronic conductivity, corrosion resistance, etc, must be down-selected in order to make an active catalyst. The properties of the carbon support materials have strong effects on the preparation procedures and performance of synthesized supported catalysts. The physical and chemical origins of those effects are not fully understood yet, although considerable efforts have been made in the last decades to optimize the supporting strategies in terms of theoretical and experimental approaches, especially in the DMFC area. In recent years numerous studies have concentrated on understanding the effects of carbon supports and exploring new carbon supports [45-85].
Carbon Black
Carbon blacks are commonly used as supports for DMFC anode catalysts.  There are various types of carbon blacks, such as Acetylene Black, Vulcan XC-72 and Ketjen Black, and these are usually manufactured by pyrolyzing hydrocarbons such as natural gas or oil fractions taken from petroleum processing.   These carbon blacks show diverse physical and chemical properties, such as specific surface area, porosity, electrical conductivity and surface functionality.   Among these factors, specific surface area has a significant effect on the preparation and performance of supported catalysts [45] and [46]. Generally, highly dispersed, supported catalysts cannot be prepared from low-surface-area carbon blacks (e.g., Acetylene Black).   High-surface-area carbon blacks (e.g., Ketjen Black) could support highly dispersed catalyst nanoparticles.  However, Ketjen 
Black supported catalysts showed high Ohmic resistance and mass transport limitation during fuel cell operation.  Vulcan XC-72 with a surface area of ~250 m2 g−1 has been widely used as a catalyst support, especially in DMFC anode catalyst preparation.   An accessible and sufficiently large surface for maximum catalyst dispersion has been argued to be a necessary but insufficient condition for obtaining optimized carbon supported catalysts.   Other factors, such as pore size and distribution, and surface functional groups of carbon blacks, also affect the preparation and performance of carbon black supported catalysts [47-52].     For example, in a conventional impregnation process, a portion of the metal nanoparticles may be sunk into the micropores of Vulcan XC-72.     This portion inside the micropores has less or no electrochemical activity due to the difficulty in reactant accessibility.    This is the major reason why some catalysts prepared by the impregnation method have not shown high activity even when the metal loading is very high.   By keeping Pt nanoparticle size larger than the micropore size, Anderson et al. [48] found that the saturated weight loading of Pt onto Vulcan carbon by the colloid method was 9–10 wt.% versus 10–40 wt.% by the impregnation method.   Their results indicated that micropores, which are smaller than the Pt nanoparticle size, could effectively block the sinking of the metal nanoparticles.
The contact between the metal nanoparticles and Nafion micelles in the catalyst layer of MEA is also affected by carbon support particle pore size and distribution.    As reported by Uchida et al. [47], the Nafion ionomer has rather large (>40 nm) micelles.    Metal nanoparticles residing in carbon pores below 40 nm in diameter have no access to the Nafion ionomer and do not contribute to the electrochemical activity.   The metal catalyst utilization is determined by an electrochemical accessible active area rather than carbon specific surface area.   Rao et al. [51] investigated the effect of carbon porosity on the specific activity of the Pt–Ru/C catalyst for methanol oxidation.    They found that a higher content of small pores (<20 nm) containing metal particles where the Nafion ionomer could not easily enter, resulted in poor contact between the metal nanoparticles and Nafion micelles and therefore, there was a lower level of methanol oxidation activity. Wang et al. [52] reported that Vulcan XC-72 supported Pt–Ru catalysts showed improved catalytic activity towards methanol oxidation after the catalyst was pre-treated by ozone. CV results showed that the anodic peak current of ozone-treated sample was 1.5 times of that of untreated sample in an Ar-saturated 0.5 M CH3OH + 0.5 M H2SO4 solution.   This improvement contributed to the increase in surface concentration of the active functional oxygen containing groups on the ozone-treated Vulcan XC-72.    These results indicate that some innovative approaches should be explored for catalyst activity and performance improvement and optimization.
Nanostructured Carbon
In recent years, several new nanostructured carbon materials were explored as catalyst supports.  Carbon nanotubes (CNTs) is the most well-known nanostructured carbon, which has shown promising results in catalyst support for fuel cell applications due to their unique electrical and structural properties.   The reported studies have shown that CNTs were superior to carbon blacks as catalyst supports for proton exchange membrane fuel cells (PEMFCs) [53] and [54].   A CNT supported Pt catalyst with 12 wt.% Pt loading could give a 10% higher fuel cell voltage, and twice the power density than that of carbon black supported with 29 wt.% Pt loading [55] and [56].    Several groups have explored CNTs as supports for DMFC catalysts in recent years.    Li et al. [57-59] reported that multi-wall carbon nanotube (MWNT) supported catalysts exhibited better performance in DMFCs compared to those supported by carbon black (XC-72) under identical conditions both in half-cell characterization and in a fuel cell performance test. Their results showed that the mass activity of Pt/MWNT catalyst at 0.7 V (versus DHE) in a single cell testing was 14.7 mA mg-1 (Pt) which is much better than Pt/XC-72 catalyst (14.7 mA mg-1 (Pt)).    Che et al. [60] found that the current density of methanol oxidation on a Pt/MWNT catalyzed membrane electrode was 20 times higher than that of a bulk Pt electrode.     Rajesh et al. [61, 62] investigated methanol oxidation catalyzed by various metal catalysts that could be supported on CNTs and commercially available Vulcan carbon.     The activity and stability of these electrodes were ranked from highest to lowest as: Pt–WO3/CNT > Pt–Ru/Vulcan > Pt/CNT > Pt/Vulcan > bulk Pt.   Single-wall carbon nanotube (SWNT) supported Pt electrodes were also reported to exhibit higher catalytic activity both for methanol oxidation and oxygen reduction than that seen in an unsupported Pt electrode [63].   The authors studied the kinetics of a methanol oxidation reaction on a Pt/SWCNT electrode and found that the onset potential of methanol oxidation on this electrode was ~ 200 mV versus SCE which was 200 mV lower than that of the unsupported Pt electrode (400 mV versus SCE).  The higher catalytic activity was thereby attributed to the larger surface area of carbon nanotube architecture and the lower overpotential for methanol oxidation.   Therefore, CNTs appear be to be promising catalyst supports for DMFCs.
However, the CNT synthesis, metal loading and electrode preparation based on CNT supports still face some challenges, especially when applied to fuel cells.   CNTs are usually synthesized by carbon-arc discharge, laser ablation of carbon, or chemical vapor deposition (typically on catalytic particles).  These synthetic methods have their limitations in terms of large-scale production and cost-effectiveness.  Their harsh synthetic conditions and low production yields are major disadvantages. Currently, SWCNTs are produced only on a very small scale and the process is extremely costly [64].   It is necessary to further develop industrial large-scale production of CNTs to meet the needs of all the possible applications, including the fuel cell industry. 
Metal nanoparticle loading onto CNTs with high dispersion appears to be a challenging task.  Several methods have been developed to prepare highly dispersed metal/CNT catalysts, as summarized in Table. 2.  The conventional impregnation method was frequently used to deposit metal nanoparticles onto CNTs [57, 60, 65].   Using this method, Che et al. [60] were able to deposit Pt–Ru alloy particles with a very narrow particle size distribution onto the CNT.    However, conventional impregnation techniques based on wet impregnation and chemical reduction of the metal precursors are time consuming and the produced catalysts are easily contaminated by some side-products.   Alternatively, the electrodeposition method has been used to make CNT supported catalysts because of its high-purity and simplicity [54, 56, 63, 66].   The disadvantage of this method is difficult to estimate the loading of the metallic catalyst due to the concurrent reduction of protons.   It was also difficult to attain small nanoparticles by electrodeposition method.   Lin et al. [67] used a supercritical fluids (SCFs) method as a rapid, direct, and clean approach to prepare Pt/CNT catalyst for DMFCs.  It was claimed that the supercritical fluid technology could result in products (and processes) that are cleaner, less expensive, and of higher quality than those produced using conventional technologies and solvents. 
Table 2.  Representative metal-loading methods of nanostructured carbon supported catalysts for DMFCs 

	No
	Metal/support
	Pre-treatment
	Metal-loading methods
	Particle size (nm)
	References

	1
	Pt–Ru/CNT membrane
	None
	Impregnation in H2PtCl6 + RuCl3 solutions
	1.6
	[60]

	2
	Pt/MWCNT
	HNO3–H2SO4
	Impregnation in H2PtCl6 ethylene glycol solutions
	2-4
	[57]

	3
	Pt/CNT array
	HNO3
	Electrodeposit in H2PtCl6 + HCl solutions
	30–40
	[56]

	4
	Pt/SWCNT/OTE
	TOAB
	Electrodeposit in H2PtCl6 solutions
	20
	[63]

	5
	Pt/MWCNT
	None
	Supercritical fluid reaction in Pt(acac)2 + methanol solutions
	5–10
	[67]

	6
	Pt/GCNF
	HCl
	Impregnation in (NH3)2Pt(NO2)2 + ethanol solutions
	3-7
	[72]

	7
	Pt–Ru/CNC
	HNO3
	Impregnation in H2PtCl6 + RuCl3 solutions
	2.3
	[75]

	8
	Pt/C60/OTE
	None
	Electrodeposit in H2PtCl6 + LiClO4 solutions
	100–150
	[77]


Additionally, it was found that the surface modification of CNTs before metal deposition was important for achieving optimal interaction between the support and the catalyst precursor [68] and [69].   Because the pristine surface of CNTs is inert, it is difficult to attach metal nanoparticles to the substrate surface.   Through surface modification or pre-treatments, some anchoring sites were introduced onto the surface so the metal nanoparticles could easily attach onto the CNTs surface.   The most widely used pre-treatment is refluxing CNTs in a nitric acid to create an acid site on the surface, which can act as a nucleation center for metal ions. 

Another challenge of CNTs as a catalyst support for DMFCs is how to use them to fabricate high performance working electrodes.   If the electrode was prepared by a conventional ink process, it was estimated that only 20–30% of the platinum catalyst was utilized because of the difficulty for reactants to access inner electrocatalytic sites [63]. Developing new electrode structures could make use of CNTs’ advantages of structural, electronic and mechanical properties.   Recently, Sun et al. [70] and [71] developed some techniques to grow CNTs on the fuel cell carbon paper fibers to produce a three-dimensional nanotube-based hierarchical structure (Fig. 2).   Platinum or platinum alloys are expected to deposit directly onto these novel CNT-based catalyst supports, which seems to be a promising way to make low-cost electrodes for DMFCs by increasing noble metal utilization. 

In addition to CNTs, other nanostructured carbons, such as carbon nanofibers, carbon nanocoils and fullerenes, were also explored as catalyst supports for DMFCs.     Graphitic carbon nanofibers (GCNFs) have three structure types: platelet, ribbon, and herring-bone. Bessel et al. [72] investigated the methanol oxidation activities of these three types of GCNF supported Pt catalysts.  They found that the catalysts containing 5 wt.% Pt supported on platelet and ribbon GCNFs exhibited comparable activities to that catalyzed by 25 wt.% Pt supported on Vulcan carbon, while a herring-bone GCNF supported Pt catalyst showed poorer electrochemical activity.   Steigerwalt et al. [73] and [74] also prepared highly dispersed Pt–Ru/GCNF catalysts and investigated their performance as an anode catalyst for DMFCs.     A 50% increase in performance was observed compared to an unsupported Pt–Ru colloid anode catalyst.     Recently, carbon nanocoils (CNCs), a new nanostructured carbon support, was synthesized by a solid-phase synthetic method and used as DMFC catalyst supports [75] and [76].    The authors prepared Pt–Ru/CNC and Pt–Ru/Vulcan catalysts with 60 wt.% metal loading, and compared their performance to commercially available E-TEK Pt–Ru/C catalyst for DMFCs.    They found that, under identical testing conditions, the current density at 0.6 V catalyzed by a CNC-supported catalyst was 4 and 20 times higher, and the maximum power density was 170% and 230% higher than that of Vulcan supported catalyst and the commercial catalyst, respectively (Fig. 3).  The excellent performance was attributed to the low electric resistance and the unique pore characteristics of CNCs, which favour the diffusion of methanol and the removal of CO2 gas.   More recently, a fullerene (C60) film electrode was also suggested as a catalyst support for methanol oxidation after electrodeposition of Pt on these fullerene nanoclusters [77].
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Fig. 2. (a) TEM micrograph of MWCNTs grown on the carbon fibers. Inset: SEM micrograph showing a high density of MWCNTs on the carbon fiber. (b) SEM micrograph of secondary MWCNTs grown on MWCNTs-on-carbon paper [70].
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Fig. 3. Polarization curves for a DMFC using a Pt–Ru catalyst (60 wt.%) supported on carbon nanocoils (CNC, ●), Vulcan XC-72 (□) and a commercially available supported catalyst ([image: image3.png]


). CV, CD and PD stand for cell voltage, current density, and power density, respectively [75].
Mesoporous Carbon

Mesoporous carbon used as catalyst support is another advancement in DMFC anode catalysis [78].   Generally, a high performance DMFC anode requires an efficient three-phase reaction zone at nanoscale, in which the electrochemical reactions occur on the surface of the metal nanoparticle involving electron and proton transport.   In addition, it also requires the provision of an efficient transport passage for liquid-phase reactants (CH3OH, H2O) and the gas-phase product (CO2).   Too many small micropores (<2 nm) in carbon supports (e.g., Vulcan XC 72) decreases catalyst utilization because the mass transport of reactants and product is poor in these micropores.    When macroporous size is larger than 50 nm, the surface area will become small and the electrical resistance will increase [78].   Mesoporous carbons with tuneable pore sizes in the range 2–50 nm are, thus, attractive for use as catalyst supports and have the potential to enhance both the dispersion and utilization of metal catalysts. 
The ordered mesoporous carbon is usually synthesized by a template method starting with either highly ordered mesoporous silica or nanosized silica spheres. With mesoporous silica or nanosized silica as a template, organic materials were diffused into the pores followed by carbonization.    Uniform mesoporous carbon can be formed after removing the silica template by HF etching.   Yu et al. [79] and [80] synthesized a series of porous carbons with pore sizes in the range 10–1000 nm by this procedure and investigated the performance of these porous carbon-supported Pt–Ru catalysts under DMFC conditions.  They found that the porous carbon with a mesopore size (25 nm) showed the highest performance, which corresponds to a 43% increase in activity as compared to that of a commercially available Pt–Ru/C catalyst (E-TEK).   This higher performance was considered to be not only due to the higher surface areas and larger pore volumes, which allowed a higher degree of catalyst dispersion, but also due to highly integrated interconnected pore systems in periodic order, which allowed efficient transport of reactants and products.   Raghuveer and Manthiram [81] and [82] used a modified colloidal template route to control the pore size of porous carbon.   The obtained mesoporous carbon produced larger surface area and pore volume than the Vulcan XC 72R (Table 3).    They carried out the electrochemical measurements using catalyst-coated glassy carbon electrodes with a catalyst loading of 0.28 mg cm−2, and found that the mesoporous carbon loaded with 5% Pt exhibited three times higher mass activity (mA mg−1 Pt) than the commercially available 20% Pt/C catalyst for methanol oxidation (Table 3).  Recently, spherical carbon capsules with a hollow core and mesoporous shell structures (HCMS) were used to support the Pt–Ru catalyst [83].   The HCMS carbon supported catalysts exhibited higher specific activity towards methanol oxidation than the commonly used E-TEK catalyst by approximately 80%.     
In addition, the Mesocarbon microbead (MCMB), a type of spherical carbon particle with many nodular lumps and pores at its surface, was also investigated as Pt or Pt–Ru catalyst support for methanol oxidation [84] and [85].   Although the particle size of MCMB supported Pt–Ru nanoparticles is comparatively larger (12–13 nm), better performance compared to Vulcan XC 72R carbon support catalyst was observed.     The overpotential of Pt–Ru/MCMB electrode was 0.39 V (versus SCE) at 300 mA cm−2, which was 70 mV lower than that of Pt–Ru/Vulcan XC-72 electrode. Therefore, mesoporous carbons appear to have great potential for catalyst supports in DMFC anode catalysis because they can offer significant cost reduction by improving catalyst utilization and lowering the catalyst loading. 
Table 3.  Pore characteristics of mesoporous carbon and Vulcan XC 72R, and their activities towards methanol oxidation as Pt supports [81]. 
	Carbon support
	BET surface area

(m2 g−1)
	Total pore volume (cm3 g−1)
	Micropore volume (cm3 g−1)

	Mesoporous carbon
	890
	1.05
	0

	Vulcan XC 72R
	235
	0.67
	0.25

	Electrocatalyst
	Electrochemical active surface area of Pt (m2 g−1) 
	Specific activity If (mA cm−2) at +0.75 V vs. SCE 
	Mass activity If (mA mg−1 Pt) at +0.75 V vs. SCE

	5% Pt/mesoporous carbon   


	212
	62
	215

	5% Pt/Vulcan XC 72R
	79
	26
	91

	20% Pt/Vulcan XC 72R (JM) 
	133
	83
	73


Combinatorial method for new catalyst activity down-selection
New catalyst activity selection by combinatorial methods is a new development in DMFC anode catalysis.   To explore new catalysts in a fast way is one of the major objectives in DMFC R&D.   Many studies have been involved for several decades in exploring Pt-based ternary and quaternary alloys, other noble metals, and even non-noble metal alloys and compounds as alternatives to the Pt–Ru anode catalyst, and some significant progress has been made.   For instance, tungsten and molybdenum oxides were demonstrated to be good surface promoters for improving Pt activity towards methanol oxidation due to their special “spillover” effect.    However, conventional catalyst exploring methods are labor intensive, time consuming and inefficient.    A rapid and efficient screening approach is urgently needed to accelerate the discovery of new DMFC anode catalysts and catalyst activity optimization.   The combinatorial method, which has been well developed in pharmaceutical industry and heterogeneous catalysis, thus, has become an appealing technique for discovering new catalysts for fuel cells, including DMFCs [86-88]. 

Reddington et al. [89] first reported a combinatorial method by using a fluorescence acid–base indicator to optically screen electrochemical catalysts for methanol oxidation. They prepared quaternary and five-pick-four arrays containing Pt, Ru, Os, Ir or Rh by inkjet printing and subsequent borohydride reduction.   The indicator's fluorescence images, which respond to proton concentrations, were used to identify the activities of multi-component catalysts towards methanol oxidation.  Using this combinatorial analysis, Pt44Ru41Os10Ir5 was deduced as the best quaternary formulation.  A performance comparison of a Pt44Ru41Os10Ir5 catalyst prepared by borohydride reduction with a commercially available Pt–Ru catalyst showed that the former was significantly more active than the latter in DMFC testing at 60 °C.    Choi et al. [90] used a similar optical screening method to investigate quaternary catalysts containing W and Mo for methanol oxidation. They found that a quaternary catalyst with a formulation of Pt77Ru17Mo4W2 showed much better electrochemical activity and stability than Pt50Ru50 formulation.    In a 1 h potentiostatic oxidation, the steady-state current density of this quaternary catalyst on a glassy carbon electrode was nearly three times higher than that of Pt50Ru50 catalyst.    After the potentiostatic oxidation, the following stationary anode polarization experiments also showed a voltage of 0.7 V (versus RHE) at 1.0 mA cm−2 for the quaternary catalyst, at 0.4 V (versus RHE) for Pt50Ru50 catalyst.     As a simple and rapid approach, an optical screening method was also applied to optimize the Nafion-ionomer concentration in Pt–Ru catalysts with different compositions [91].    The authors found that the most active composition for methanol oxidation was Pt50Ru50/Nafion with a composition ratio of 63.6 wt.% Pt/36.4 wt.% Ru. However, the optical screening method, based on the proton concentration, has some disadvantages in identifying catalyst activity, especially when the electrolyte solution contains concentrated acid or base.     The sensitivity is not high enough to distinguish minor activity differences between similar catalysts.    It cannot provide direct electrochemical measurements that are finally required for complete characterization.
Electrochemical screening methods were then developed by several groups.   Sullivan et al. [92] developed an automated electrochemical analysis system with a combinatorial 64-electrode array to measure proton concentration and electrochemical current at each electrode in a common electrolyte solution.     They found that the direct electrochemical screening method has higher precision than an optical screening method in distinguishing small differences in current among differently modified electrodes.     Guerin et al. [93] adopted a similar concept and constructed a cell consisting of a 64-element array containing vitreous carbon electrodes.    Their system allowed a pseudo-parallel screening of catalysts deposited on independently addressable electrodes in a common electrolyte, using a single channel potentiostat and a multichannel current follower.   They used this system to investigate CO electro-oxidation, oxygen reduction and methanol oxidation catalyzed by carbon-supported Pt catalysts with different metal loadings.     Jiang and Chu [94] established another electrochemical screening system with a movable electrolyte probe containing both counter and reference electrodes that electrolytically contacted with the working electrode array and could be moved along the electrode array to address each electrode.    This system, with fast response and good reproducibility, was used for down-selection of methanol oxidation catalysts in a variety of electrolyte solutions containing different reactant concentrations.    
Recently, Black et al. [95] explored the use of the scanning electrochemical microscope (SECM) as a characterization technique to combinatorially screen Pt–Ru catalyst activity.    The results suggested that SECM could characterize electrocatalytic behaviour of fuel cell catalysts both qualitatively and quantitatively.     However, this automated serial (from spot to spot) screening method may be relatively slower than parallel screening methods. Additionally, Hillier et al. [96-98] also employed SECM and scanning differential electrochemical mass spectrometry (SDEMS) as in situ characterization techniques for the combinatorial method.    The addition of these advanced characterization techniques into the combinatorial method makes the tool more powerful for the fuel cell catalyst down-selection process.   On the other hand, in order to create a measurement environment similar to the real catalyst reaction conditions, Liu and Smotkin [99] developed an array membrane electrode assembly for screening DMFC anode catalysts. The screening device contained a 25-electrode array with actual fuel cell design features. State-of-the-art MEA fabrication techniques were used to prepare array electrodes.   Each array electrode could be combined with a common counter electrode to form a miniaturized fuel cell.   The electrochemical measurements were carried out using graphite flow field sensor electrodes and a multielectrode potentiostat.    The performance of their array fuel cell was demonstrated by testing a series of Pt–Ru catalysts for methanol oxidation. 
In addition to the screening characterization techniques, array preparation techniques are equally important to the development of the combinatorial method.    A discovery level catalyst array needs a single synthetic method across a broad compositional phase space. Traditional catalyst preparation methods have difficulty meeting this requirement, because preparing such a large number of samples is labour intensive and time consuming.   The routes of inkjet printing and subsequently borohydride reduction, as described in Refs. [89, 90] were able to prepare large catalyst arrays with a broad composition distribution.   Even so, it is difficult to prepare a homogeneous phase in a dot of the combinatorial array by this route.    It is also difficult for borohydride reduction to produce high surface area catalysts, which may compromise the sensitivity of this method. For example, the PtRuOsIr catalyst showed superior performance compared with PtRu under the same preparation method of using borohydride reduction.    However, the PtRu catalyst showed better performance when other state-of-the-art preparation methods were used [86]. 
Recently, other array preparation methods were reported by Whitacre et al. [100].   A combinatorial co-sputtering approach to screen fuel cell catalysts for methanol oxidation was carried out.   Room-temperature sputter deposition was used to batch-fabricate multiple thin-film samples on a microfabricated Au multielectrode, which served as the current collector.   A binary Pt–Ru system and a quaternary Ni–Zr–Pt–Ru system were examined by this combinatorial technique. X-ray diffraction (XRD), energy dispersive X-ray (EDX), and X-ray photoemission spectroscopy (XPS) results demonstrated that the sputter deposition method could create a smooth and fully homogeneous catalyst thin-film array, allowing the minimization of the morphology and segregation effects. Meanwhile, a low-Pt-content catalyst formulation of Ni31Zr13Pt33Ru23 was found to exhibit comparable specific activity of methanol oxidation to the best Pt–Ru alloy film in their studies.   This low-Pt-content catalyst showed a mass specific activity of 0.65 mA cm-2 mol-1Pt at 0.45 V (versus NHE) and 45 °C, cf. 0.38 mA cm-2 mol-1Pt for Pt84Ru16 catalyst.    The results suggested that the catalytic process of Ni31Zr13Pt33Ru23 alloy, which could utilize Pt surface sites more efficiently, might be inherently different from that of the Pt–Ru alloys.   
Jayaraman et al. [101] reported an automated combinatorial screening system using pulsed potential electrodeposition to prepare catalyst arrays.   This system was used to synthesize and screen Pt–WO3 catalysts for methanol oxidation. XPS measurements revealed that the electrodeposited film is amorphous and not alloyed between Pt and W. The electrodeposition method has some limitations, especially in controlling the composition due to the different metal deposition rates.   Alternatively, Jayaraman and Hillier [102, 103] proposed multi-component gradient libraries to replace array libraries for combinatorial catalyst discovery.   The gradient libraries showed a more complete and highly dense composition distribution than the array libraries.    A novel ‘gel-transfer’ deposition procedure was used to synthesize the gradient libraries. This procedure included the localized diffusion of aqueous precursor metal salts into a hydrated gel to establish spatially varying concentration fields, and then the electrodeposition of metals onto the substrate surface.    This simple preparation method combined with mature screening methods seems very promising for a unique and powerful tool for the discovery of fuel cell catalysts. 
Conclusions
Great progress has been made in development of electrode materials, catalysts, carbon supports and down-selection approaches for DMFC anode catalysts in recent years.  Some new carbon materials, such as nano- and meso-structured carbons, have been demonstrated to be feasible as catalyst supports, although their applications still face some challenges in terms of synthesis, metal loading and electrode preparation. Combination of these advanced metal loading methods and excellent carbon supports could bring about a breakthrough in the exploration for a new generation of DMFC anode catalysts in the near future.    The combinatorial method has shown great potential for fast catalyst down-selection, although the array preparation methods need to be further improved to reach realistic catalyst preparation conditions.    Several catalyst formulations (e.g., Ni31Zr13Pt33Ru23) with low noble metal content and non-noble metal elements have been down-selected, and promising activity was claimed when compared to the current best Pt–Ru catalyst.  Further development and improvement of this technology with respect to reliability, sensitivity, and repeatability will help the catalyst exploration process towards fuel cell commercialization. 
Owing to the development of anode catalysts, the corresponding investigations of direct methanol single fuel cells have also achieved interesting performance.    Current densities of 100–300 mA cm−2 at a cell potential of 400 mV have been reported for single cells operating at 60–90 °C, under pressurized air or oxygen, in 1.0–3.0 M methanol, and with metal loadings of 1.0–2.5 mg cm−2.   It is expected that the current density at 400 mV could reach 500 mA cm−2 after increasing the cell temperature to over 100 °C and optimizing the operation conditions.    However, the performance of a direct methanol single fuel cell with a low-loading anode catalyst (<1.0 mg cm−2) is still inferior to these values.  The current results indicate that anode catalyst exploration including performance improvement and cost reduction remains a major challenge for DMFC R&D and therefore for commercialization in the future. 
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