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ON DIRECT AND INDIRECT METHANOL FUEL CELLS 
FOR TRANSPORTATION APPLICATIONS 

Xiaoming Ren, Mahlon S .  Wilson and Shimshon Gottesfeld 
Materials Science and Technology Division 

Los Alamos National Laboratory, Los Alamos, NM 87545 

Recently, we and others have achieved power densities in polymer 
electrolyte Direct Methanol Fuel Cells (DMFCs), which are only three times 
lower than those achieved with similar reformate/air fuel cells (RAFC). 
Comparisons of power densities, energy conversion efficiencies and 
projected costs reveal similar values for the DMFC and the methanol 
reformer + RAFC stack. We conclude that the DMFC could become the 
preferable methanol-fueled system due to its relative simplicity. However, 
important remaining DMFC issues are: improved anode catalyst activity, 
demonstrated long-term stable performance, and high fuel efficiencies. 

INTRODUCTION 

Polymer electrolyte fuel cell (PEFC) technology has advanced in the last few years 
to the point of being considered a viable option for primary power sources in electric ve- 
hicles. In the past, the systems considered in this context have been based on either 
hydrogen carried on board the vehicle, or the steam-reforming of methanol to generate a 
mixture of hydrogen and C02as the fuel feed stream for the fuel cell stack. The latter 
system has been considered an attractive option because of the high energy density of the 
fuel (methanol), its availability and the relatively simple fuel distribution system required. 
However, the complexity and additional weight and volume associated with the reformer 
on board the vehicle have presented significant challenges in the implementation of this 
option. To date, the DMFC has not been considered a serious option for transportation 
applications due to its limited performance (low power density) in comparison to the 
RAFC. 

Recent advancements in DMFC research and development have been quite 
dramatic, however, with the DMFC achieving power densities which are significant 
fractions of that provided by the RAFC. The more applied DMFC work, aimed primarily 
at the demonstration of enhanced stable performance of DMFC single cells or stacks, has 
been supported in the US by the DOE, Office of Transportation Technology, ARPA and 
the US Army. This type of work has taken place in several research institutes, including the 
Jet Propulsion Laboratory, Case Western Reserve University and Los Alamos National 
Laboratory, in collaboration with industries such as International Fuel Cells (IFC) and 
Giner, Inc. Similar efforts in Europe resulted in a demonstration at Siemens of a hiph- 
performance polymer electrolyte DMFC operating at temperatures above 120°C. 

The recent strong advances in DMFC performance have been achieved without any 
breakthroughs in electrocatalysis, much the same way as in the previous cases of the 
hydrogedair PEFC or the RAFC. The use of established Pt-Ru anode electrocatalysts and 
Pt cathode electrocatalysts in conjunction with polymer electrolyte DMFCs has resulted in 
very significant enhancements in DMFC performance when such cells are operated at 
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temperatures as high as 120-140°C. and particularly, as shown in this paper, when catalyst 
layer composition and structure have been optimized. Operation at elevated temperatures is 
facilitated in such polymer electrolyte fuel cells by the anode being continuously in contact 
with liquid methanol-water mixtures. 

In the following section we describe recent experimental work at Los Alamos 
National Laboratory (LANL), which resulted in high performances of polymer electrolyte 
DMFCs. These recent results will be considered together with previously reported LANL 
results to comparatively evaluate (i) a polymer electrolyte DMFC stack and (ii) a system 
comprised of a methanol reformer and polymer electrolyte reformatejair fuel cell stack for 
transportation applications. 

PROGRESS IN DIRECT METHANOL FUEL CELLS AT LANL 

Membrane/Electrode Assemblies 
Over the course of the DMFC development effort at LANL. a number of different 

methods were investigated for forming the membrane/electrode assembly (MEA) in cells 
based on Nafion"" membranes (DuPont). These included conventional PTFE-treated wet- 
proofed electrodes, catalystlionomer inks applied to carbon cloth and thin-film catalysts 
formed by applying catalyst ink to transfer decals.1 The various types of catalyst structures 
were then bound to the Nafion membranes by hot-pressing. The thin film catalysts bonded 
to the membrane by the decal method192 provided the best results in terms of catalyst 
utilization and cell performance. Such decal-formed thin-film catalyst layer structures have 
been used previously for H2/air fuel cells in this laboratory and proved to provide the 
highest catalyst utilizations. 

The protocol for forming the high performance DMFC assemblies described here is 
somewhat different than that for the HZ/air cells. Nafion 1 12, 1 15 and 1 17 membranes 
were cleaned and converted into the acid form by successively boiling the membranes for at 
least one hour in each of the following solutions: 3% H202, deionized (DI) water, 0.5 M 
HzSO4, and then DI water again. Unsupported Pt-RuO, (Pt:Ru = 1: 1, sample designated 
RV30-30 from E-TEK, Inc., Natick. MA) was used for the anode catalyst and Pt-black (20 
m2/g, Johnson Matthey) was used for the cathode catalyst. Catalyst inks were prepared by 
adding 5% Nafion solution (900 EW, Solution Technology, Inc.) to the water-wetted metal 
catalysts. Suitable dry ink compositions were 85 wt % Pt-RuO, and 15 wt % Nafion for 
the anode ink. and 93 wt % Pt-black/ 7 wt % Nafion for the cathode ink. To prepare the 
MEAs, appropriate amounts of anode and cathode inks were uniformly applied to 5 cm2 
Teflon decal blanks to give metal catalyst loadings of approximately 2.2 mg/cm2. The 
inked decals were then dried at IOO'C, and the catalyst layers were transferred from the 
Teflon blank to the pre-dried Nafion membranes (45 min. on a 60°C heated vacuum table) 
by hot-pressing at 120°C and 105 atm for 120 s. After the decal blanks were removed, the 
MEAs were inserted into the fuel cell hardware, and sandwiched between two 5.5 cm2 
uncatalyzed carbon-cloth gas-diffusion backin s from E-TEK. The reasons for the use of 
such backings are discussed briefly elsewhere? The single-cell fuel cell hardware consists 
of nuclear-grade graphite blocks with machined serpentine flow channels, gold-plated 
copper current collectors, and stainless steel compression plates.3 The cell testing1 and 
high-frequency resistance measuremen+ systems have been described previously. 



Specific activities [Le., activities per mg Pt) of unsupported Pt-Ru anode catalysts 
are not as high as those described by Watanabej for Pt-Ru/C, or those we have obtained 
ourselves with commercially avzkble Johnson-Matthey Pt-RdC catalysts (e.g. their FCA- 
6X).6 However, an unsuppcrtec. iiighly active Pt-Ru catalyst (as described by Kosek et 
al.7) provides a significantly higher overall anode performance. This is mainly due to the 
high catalyst utilization, enabled by effective simultaneous access of protons, electrons and 
methanol to a large number of active catalyst sites in thin layers of high site density. The 
overall loadings in such layers of unsupported Pt-Ru catalysts are indeed higher than those 
typically obtained for supported Pt alloy catalysts (1-4 mg/cm2 vs. 0.1-0.5 mg/cm2). 
However, a key advantage that has permitted the relatively high performances of DMFC 
anodes with such unsupported catalysts is not just the higher loading, but the dense thin- 
film catalyst layer structure, which permits high methanol and proton transport rates to a 
large number of active sites. For example, DMFC performance enhancement cannot be 
achieved by increasing the loading of a supported anode catalyst well above 0.5 mgkm2, 
because of an excessive catalyst layer thickness. 

Our findings for DMFC cathode catalyst layers have been similar to those for the 
DMFC anode, in that catalysthonomer thin-films bonded to the membrane provided 
performances equal to or better than other (e.g., wet-proofed) electrode configurations. 
High loading, unsupported Pt-black thin-film catalyst layers were found superior to low- 
loading, supported W C  catalysts typically used in our H2 fueled PEM cells. In this case, 
the advantages of the high loading, unsupported catalyst appear to be enhanced methanol 
tolerance, in addition to the high volume density of catalyst sites. 

Sin& Cell Testinx 
A 1 M methanol solution was pumped through the DMFC anode flow-field at 

relatively high flow-rates.8 The outlet flow could be controlled such as to impose a desired 
amount of back-pressure to ensure saturated vapor conditions at the temperature of 
operation. such that the membrane would be in contact with a liquid solution of methanol 
on the anode side. The mild pressures required to ensure a two-phase, liquidvapor system 
on the anode side of the DMFC also provide a well humidified membrane, and thus, good 
protonic conductivity at temperatures as high as 13OoC. The oxygen or air feed to the 
cathode was humidified to provide water vapor saturated gas at temperatures 0" - 10°C 
below the cell temperature. Cell performances were evaluated over the range of 30" to 
130°C. 

Figure 1 shows polarization and high frequency resistance curves of DMFCs 
operated at 130" C with 5 atm oxygen cathodes using Nafion 112, 115, and 117 
membranes. The best performance (670 mA/cm2 at 0.5 V cell voltage) was obtained using 
the relatively thin (50 pm) Nafion 112 membranes. The high-frequency (8 kHz) cell 
resistances for the three cells are also depicted in Figure 1. As the membrane thickness 
increases, cell resistance increases and cell performance decreases correspondingly. As a 
matter of fact, the iR-corrected polarization curves for the three different Nafion MEAs 
virtually overlay one another. Since the methanol permeation rate through the membranes 
is expected to be greater in the thinner membranes, the cathode should be handling higher 
fluxes of methanol. The similarity of the iR corrected polarization curves suggests that the 
cathodes are highly tolerant to such variations in methanol flux. The relative insensitivity of 
the cathodes does not indicate, however, that the fuel efficiency is unaffected, as the 
methanol permeation rate is indeed higher with the thinner barriers.9 Additional strategies, 
such as methanol barrier membranes or lean-feed DMFCS,~ will need to be implemented to 
maximize the total efficiencies of DMFCs. 



As shown in Figure 1, the high-frequency cell resistivities of the DMFCs operating 
at 130°C were as low. or lower than those typically seen for conventional, well-humidified 
H2/air cells operating at 80°C. Clearly, the membranes were well hydrated even at these 
elevated temperatures. This is most probably a result of the maintenance (by 
pressurization) of a liquid in the anode compartment. If, as expected. the methanol in the 
liquid feed wets (hydrophilizesj the anode backing, liquid water would come in direct 
contact with the membrane. Since the membrane uptake of water from the liquid is greater 
than that from the vapor, particularly at such higher temperatures,1° a level of water content 
and hence. conductivity, is attained that could not have been possible if the membrane were 
equiiiorated with water vapor alone. However. others1 1 have operated direct methanol 
polymer electrolyte fuel cells at 130°C on vaporized watedmethanol feeds. 

All of the cells described here demonstrated reasonable performance stability. The 
performance of the Nafion 112 based cell dropped from 670 W c m 2  to 600 mNcm2 at 
constant 0.5V cell voltage after one week of running 4 hours each day. Longer term 
performance stabilities warrant further investigation. 

Although the use of the neat oxygen cathode minimizes the oxygen reduction 
reaction (ORR) losses, most terrestrial applications require the use of an air cathode, 
preferably under modest pressure conditions. In a similar vein, high temperatures are of 
some concern because of cell longevity and increased pressure requirements. Figure 2 
shows polymer electrolyte DMFC performances under conditions that may be more 
amenable to transportation applications. Air cathodes at only 3 atm were used instead of 
higher pressure oxygen and the cell temperatures were also set somewhat lower, at 110°C. 
Still, Figure 2 shows that with the Nafion 112 membrane/eiectrode assembly, a current of 
370 mNcrn2 at 0.5 V cell voltage was obtained with a 1M methanol feed. As shown in 
Figure 3, the peak power output of this type of DMFC was almost 400 mW/cm2 for the 
oxygen cathode at 130°C and about 250 mW/cm2 for the air cathode at 110°C. 

Figure 4 depicts DMFC performances for various Nafion membranes with thin- 
film catalyst layers as a function of cell temperature. Generally, the cells performed 
relatively poorly at cell temperatures below 80°C. As the cell temperatures were increased, 
significantly better cell performances were obtained, primarily due to the substantial 
improvement in anode kinetics. While even higher temperatures will further enhance the 
anode performance, 130°C is probably near the upper limit for the long-term stability of 
perfluorosulfonic acid membranes in contact with methanoljwater mixtures. 

To summarize this brief description of our newest DMFC results, we have shown 
that high polymer electrolyte DMFC performances can be obtained with MEAs prepared by 
the decal thin-film electrode fabrication method,1.2 using perfluorosulfonic acid membranes 
and unsupported Pt-Ru anode catalysts. Improvements over previously reported 
performances are attributable in part to cell temperatures well above 100°C, demonstrated 
to be feasible in slightly pressurized DMFCs, possibly due to the liquid (methanoUwaterj 
in contact with the anode side of the membrane. It is interesting to note that, because the 
anode feed can be kept in liquid state at such elevated temperatures, the polymer electrolyte 
DMFC is easier to operate than the hydrogen/air polymer electrolyte fuel cells at 
temperatures above 100°C. Another very important factor in achieving these high 
performances is the high catalyst utilizations achieved with optimal catalyst layer structures, 
as attained with thin-film electrodes bonded to the membrane. Such MEAs have provided 
the highest DMFC performance in cells prepared by us based on Nafion membranes. The 



apparently high methanol tolerance of our cathodes at higher temperatures suggests that the 
present performance is primarily limited by anode catalyst activity. With improved anode 
catalysts and less methanol permeable membranes, it should be possible to obtain yet 
higher cell performances and fuei efficiencies, using the same general fuel celi package. 

DMFC STACK VS. METHANOL REFORMER + RAFC STACK 

The significant increase in demonstrated DMFC performance, as shown above and 
by c\+ier research groups,*-ll has brought the peak power density of the polymer 
eleczr ,iyte DMFC to a level which is only three times lower than that of the reformate/air 
fuel cell. Consequently, at this point. some simple calculations12 reveal that the two 
options, (i) a DMFC stack and, (ii) a methanol reformer + reformate/air fuel cell (RAFC) 
stack, start showing comparable overall system characteristics. 

Table I. Calculation of Energy Conversion Efficiencies 
for DMFC and RAFC Systems 

Assumptions 
Methanol is either: 

(case 1) Converted directly in DMFC, or 
(case 2) Steam reformed to H2 and converted in RAFC 

Efficiency calculation 

Conclusion 
To achieve equal overall conversion efficiencies (MeOH to dc power): 

(Vcedl = (Vced2 r(rlfue1,fc)2/(rlfue1,fc)11 qref qprox. 
Assuming (r\fuel,fc)l = 0.90, qref = 0.72 and qprOx = 0.97, then 

(Vcedl = 0.79 (Vced2. 
i.e., same overall energy conversion for DMFC operating at 0.55 V and RAFC at 0.70 V. 

Table I shows a comparison of overall system efficiencies. The overall efficiency of 
the DMFC is calculated as the voltage efficiency times fuel efficiency of the DMFC stack. 
The overall efficiency of the reformer+RAFC stack is calculated as a product of the energy 
conversion efficiency of the reformer, the efficiency of a preferential oxidation (prox) 
stage, the voltage efficiency of the RAFC stack and the fuel efficiency of the RAFC stack. 
The calculation shows that the overall energy conversion efficiencies: methanol chemical 
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energy to DC power of the two systems are comparable( 43%) when a DMFC is operating 
at 0.55V and a RAFC is operating at 0.70V. Ths is true assuming: 

(a) fuel efficiencies of 90% can be reached in the DMFC, 
(b) the methanol reformer efficiency (hydrogen energy oudmethanol energy in). is 729" 
(data from reformer manufacturer), and 
(c) the overall efficiency of the PROX (hydrogen energy outhydrogen energy in) is 
97%. The fuel efficiency in the RAFC is assumed here 100%. 

The main DMFC parameter that needs significant improvement to reach the level 
assurr,ed above is the fuel efficiency, which to date is significantly smaller in poiymer 
membrane DMFCs because of methanol cross-over. There are, however, some 
encouraging new results which show that the cross-over flux may possibly be decreased 
significantly (particularly at higher temperatures) by the use of lean methanol feeds to the 
anode, without sacrificing cell performance significantly. Adding this approach to possible 
membrane modifications aimed at lowering methanol permeability, the fuel efficiency of the 
DMFC could conceivably reach at higher temperatures the level of 90% assumed above. 

This calculation, therefore, shows comparable overall energy conversion 
efficiencies for the two options, DMFC and reformer + RAFC, acheved at what may be 
described as typical operating voltages for each of the two types of fuel cells. 

Table II. Projected DMFC and RAFC Stack And Systems Characteristics 

Stack Power Density (kW/kg) 
Stack Materials Cost ($/kW) 

Projectedc 
Today 

System Energy Densityd (Whkg) 

DMFCa RAFCb 
0.25 1 .o 

200 
2500 
450 

45 
1500 
450 

a). Advanced fuel cell stack is 50 - 75% of total weight. b). Advanced fuel cell stack is 10 - 30% of total 
weight. c). Assuming drop in membrane cost by an order of magnitude. d). Assuming ( 1 )  Similar overall 
conv. efficiency of 40%. and (2) Range of 240 mile @ 20 kW, 40 mph. Results of ( 1 )  and (2) are: DMFC 
system: 55 kg MeOH, 100 kg stack, 100 kg BOP; RAFC system: 55 kg MeOH. 20 kg stack, 180 kg BOP 

Table I1 uses some very rough estimates to compare three other key parameters for 
the two systems: DMFC and the reformer+RAFC stack, Le., the power density, stack 
materials costs and system's energy density. Table I1 shows that the stack power density 
for the reformate/air fuel cell may be a factor three higher, but the stack is only 10-30% of 
the total weight of the system vs. 50-75% of the weight expected in the case of the DMFC. 
The stack materials costs per kW are projected four times higher for the DMFC, mainly 
because of the lower power density. However, it should be remembered that the DMFC 
stack cost is a much more major component of the total systems cost. The total system 
energy density for a 20 k W  vehicle with a range of 240 miles is estimated to be similar for 
both options, around 450 Whkg. It should be realized that ail of these estimates are very 
rough indeed, but they do seem to lend support to the following general conclusions: 



. 
Having obtained roughly one-thud the maximum power densities of refonnatehir 

fuel cells, the methanoVair cell shows promise in becoming a serious competitor to the on- 
board methanol reforming system for methanol-fueled transportation applications. For 
these two different systems for conversion of methanol to DC power, we have shown that: 

(i) a DMFC stack operating at 0.25 W/cm2, and 
(ii) a system comprising a methanol reformer+RAFC generating 1 .O W/cm?. 

(1) The mass or volume power density are quite similar for: 

(2) The overall energy conversion efficiency for the complete process of methanol 
chemical energy to DC electric energy, will be similar (43%) for a system with a RAFC 
c.-erating at 0.70V and a DMFC operating at 0.55V, provided the fuel efficiency in the 
L .,fFC is raised to 90%. 
(3) The cost per kW predicted for the DMFC is significantly higher, as long as the areal 
power density remains lower by a factor of about 3-4 and the catalyst loadings are not 
reduced significantly. However, the cost of the balance of plant is much higher in the 
case of the refonner-based system, lowering the cost differential between the two 
options significantly. 

From the points made above, it seems that the DMFC could become a serious candidate for 
transportation applications, provided the following requirements are also met: 

(1) Catalyst loadings are further reduced (or alternative anode catalysts developed), 
(2) Long term stable performances (loo0 hours time scale) are demonstrated. and 
(3) Fuel efficiencies are actually increased to the 90% level. 
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Figure 1. Polarization curves for 130°C, oxygen cathode DMFC based on thin-film 
catalyzed Nafion 112, 115 and 117 membranes. Anodes: 2.2 mg/cm2 Pt-RuO,, 1 M 
methanol at 2 ml/min and 3 atm. Cathodes: 2.3 mgkm* Pt-black, 5 atm 0 2  at 0.6 Ymin. 
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Figure 2. Polarization curves for llO°C, air cathode DMFC based on thin-film catalyzed 
Nafion 1 12, 1 15 and 1 17 membranes. Anodes: 2.2 mg/cm2 Pt-RuO,, 1 M methanol at 2 
mVmin and 1.8 atm. Cathodes: 2.3 mg/cm2 Pt-black, 3 atm air at 0.6 Ymin. 
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Figure 3. Power density curves for the thin-film catalyzed Nafion 1 12 assembly operating 
at 130°C on oxygen and at 1 lOOC on air as depicted in Figs. 1 and 2. 
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Figure 4. The increase in DMFC current density at 0.5 V with temperature for the thin-film 
catalyzed Nafion 1 12, 115, and 1 17 assemblies. Other conditions noted in Figure 1. 


