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ABSTRACT 

An ambient temperature, liquid feed, direct methanol fuel cell device is 
under development. A metal barrier layer was used to block methanol 
crossover from the anode to the cathode side while still allowing for the 
transport of protons from the anode to the cathode. 

INTRODUCTION 

A direct methanol fuel cell (DMFC) is an electrochemical engine that converts 
chemical energy into clean electrical power by the direct oxidation of methanol at the fuel 
cell anode. This direct use of a liquid fuel eliminates the need for a reformer to convert 
the fuel to hydrogen before it is fed into the fuel cell. Energy Related Devices (ERD) is 
currently developing a class of portable power supplies, beginning in the < 5W size range, 
suitable to power portable communications devices (ie., cellular telephones). These fuel 
cells will operate on ambient air and a methanol/water solution as the fuel. Los Alamos 
National Laboratory, under the auspices of a Cooperative Research and Development 
Agreement (CRADA), aided ERD in product evolution of their micro fuel cell through 
component testing and evaluation of fuel cell devices. 

A schematic for the micro fuel cell is given in figure 1. The methanol oxidation 
reaction at the anode (assuming no intermediate products) is given by: 

CH30H + H20 3 C02 + 6H+ + 6e- 

At the cathode, the oxygen reduction reaction is given by: 



This gives an overall cell reaction of: 

CH30H + 3/202 a C02 + 2HzO [31 

For the complete oxidation of methanol, six electrons and protons must be exchanged, 
resulting in inherently slower reaction kinetics than that for a hydrogen/oxygen fuel cell. 
Because it is highly unlikely that this process occurs simultaneously, intermediates are 
also formed during methanol oxidation? Effort has been directed at finding better anode 
catalysts to improve the reaction kinetics and drive the reaction more fully to 
~ompletion.~ The reversible cell potential for reaction [3] is 1.214 V! However, due to 
slow methanol oxidation kinetics, other losses at the anode and cathode, and ohmic losses 
due to internal resistance of the fuel cell, the output for a DMFC is much lower than 
1.214 V. Methanol can also cross over the ion exchange membrane separator, poisoning 
the cathode catalyst, M e r  degrading fuel cell perf~rmance.~ 

Polymer electrolyte membrane separator materials are currently limited by the fuel 
crossover problem. This is due to the fact that membrane separator materials must allow 
for proton conduction from the anode to the cathode. Protons are typically solvated by 
water, and cross the membrane in the form of H3O+. Methanol is extremely miscible in 
water, and as such, membranes that allow &of to diffuse facilely from the anode to the 
cathode also allow methanol to crossover. Attempts to block methanol crossover 
invariably reduce proton conductivity as well, resulting in poorer performance, albeit due 
to increased resistance rather than cathode poisoning. 

One method currently being used to reduce methanol crossover involves using a 
variety of polymer membranes other than N a f i ~ n . ~ . ~  In contrast, the proprietary 
membranes reported here, manufactured by ERD and tested at LANL, incorporate a metal 
hydride layer as a barrier to methanol crossover. The proton no longer crosses the barrier 
in the form of H30f, but rather the proton undergoes a reductive adsorption along the 
metal barrier layer on the anode side. H' can then transport through the metal hydride to 
the surface of the metal barrier layer on the cathode side, where it is oxidatively desorbed 
as a proton. Smotkin and co-workers have reported on a similar system using a palladium 
foil barrier layer.' However, in their system, the fuel stream included H2 as well as 
methanol and the operating temperature was 100°C. Here, we report on a variety of metal 
barrier layers other than pure palladium foil, liquid fuel streams consisting solely of 
methanol and water at ambient temperature, and much thinner barrier layers that 
significantly reduce the cost of precious metal materials per cell. The thin barrierlcatalyst 



layer is significant, as the cost of the noble-metal catalyst is still a major concern in fuel 
cell de~elopment.~ 

Several different substrate materials, ionomers, and barrier layer formulations 
were tested and compared to develop a reliable and cost-effective membrane separator. 
Fuel cell catalyst materials that are robust with sufficient electrochemically active surface 
areas have also been developed at ERD and tested at Los Alamos. These catalysts were 
characterized at LANL using both electrochemical and microscopic techniques to aid in 
the design of materials with optimal performance. 

In addition to component testing, several functional fuel cell arrays have been 
fabricated and tested. These demo fuel cell arrays have been used to charge a battery to 
make cellular phone calls. These fuel cell arrays contain several cells connected in series, 
and can operate on hydrogen or a 1 : 1 methanol to water mixture. 

Commercialization of the DMFC necessitates fuel cells that are economical 
compared to existing technologies, e.g., batteries. Over the course of the CRADA, ERD, 
in collaboration with LANL, has made significant progress in the fabrication of cost 
effective membranes and catalyst materials for small, low power electricity producing 
hardware suitable to cellular telephones. ERD expects to produce several prototype 
devices within the next six months. 

EXPERIMENTAL 

Characterization of Fuel Cell Component Materials 

Membrane optimization included testing different polymer substrate materials, 
developing irradiation, etching, and/or ion milling procedures to sculpt the substrate 
surface appropriately, testing different ionomers and ionomer loadings, coating the 
membrane with different methanol blocking barrier layer formulations, and developing 
high surface area catalysts. A variety of testing procedures were used to identifl ideal 
materials for membrane manufacture and assembly. 

Spectroscopic techniques were used to examine many stages of manufacture of 
the fuel cell components. Microscopy techniques can be used to determine the structure, 
morphology, and composition of fuel cell components. lo Scanning electron microscopy 
(SEM) was used to evaluate and characterize the substrate materials, the ionomer 
materials, the barrier layers, and the catalyst formulations. Electron micrographs were 
used to look at the surface structure of catalyst films and barrier layers both before and 
after the materials were used in experimental studies. 



Diffwsion measurements to determine crossover rates for both methanol and 
hydrogen were performed. Crossover was measured by chromatography and by 
differential pressure measurements. 

An electrochemical method based on the coulometry of hydrogen adsorption and 
desorption was used to measure the electrochemically active surface areas of the catalyst 
deposits. The surface area of the vacuum deposited catalyst layers was measured by 
integrating the adsorbed hydrogen oxidation peak of a cyclic voltammogram taken at 5 
mV/s, using the conversion factor that for hydrogen at monolayer coverage on platinum, 
the charge density is 210 pC/cm2 platinum surface area. Electrochemical surface area 
determinations used to evaluate the catalyst deposits helped in the identification of 
deposition methods leading to catalysts with the highest electrochemical activity. The 
electrochemical measurements were used in conjunction with crossover measurements 
and the spectroscopic data to identify membrane manufacturing techniques which lead to 
mechanically robust and catalytically active fuel cell assemblies. 

Substrate Materials: Scanning electron microscopy was used to examine the 
effectiveness of a variety of surface roughening procedures used to increase adhesion 
between the polymer substrate materials and the metal deposits. A JEOL JSM-6300FXV 
scanning electron microscope with 15A resolution was used to examine the substrates. 
Substrate materials studied included polypropylene, polyimide, and polycarbonate. 

Polypropylene and polyimide were irradiated and etched with californium 252 
fission fragments to produce particle tracks. Electron microscopy was used to confirm the 
etched particle tracks. The polyimide samples revealed shallow pit track etches while the 
polypropylene showed well resolved particle track cones. 

Fission fragment irradiated and etched polycarbonate membranes were also 
examined. See figure 2. Oxygen ion milling of the polycarbonate substrate created sub 
micron sculpting of the polymer surface. This surface roughening increases the 
adherence of the metal barrier layers to the substrate, significantly reducing the problem 
of de-lamination. Ion milled polycarbonate was determined to be a suitable material for 
the fuel cell substrate, and was the substrate used in subsequent experiments, unless 
otherwise noted. 

Ionomer Optimization: Two different ion exchange polymers were studied. 
Diffusion of hydrogen and methanol through polycarbonate membranes coated with 
varying ionomer and metal barrier layers was measured. NafionTM, a DuPont ionomer, 
was compared to a partially sulfonated styrene-ethylenehutylene-styrene triblock 
polymer. 



Diffusion measurements were performed by placing membranes coated with 
different metal barrier layers into a sample holder, and passing methanol or hydrogen on 
one side of the sample. A carrier gas, e.g., argon, is passed on the opposite side of the 
membrane and delivered to a gas chromatograph (GC). Any methanol or hydrogen that 
crosses over the membrane is swept out of the sample holder in the argon gas stream and 
is quantified using the GC. The Shimadzu GC-8A gas chromatograph used for these 
experiments had a 1 ml sample loop, so methanol crossover is reported in pg of methanol 
per 1 ml sample. 

Nafion coated polycarbonate membranes had methanol crossover of 19.73 pg/ml. 
A polycarbonate membrane coated with the same polymer loading of a more economical, 
proprietary polymer had a methanol crossover of 16.15 pg/ml. Membranes with the same 
polycarbonate substrate and metal barrier layer coating, but with varying ionomer loading 
of 0.03 ml and 0.05 ml of the proprietary polymer, had very similar methanol crossover 
rates (< 10% difference in crossover at almost double the ionomer loading). In other 
words, increasing the ionomer loading from 0.03 ml to 0.05 ml does little to decrease 
crossover. The low ionomer loading levels combined with the use of the less expensive 
proprietary polymer decreases the cost of membrane manufacture, yielding more cost 
effective fuel cells. 

Metal Barrier Lavers and Catalysts: Metal barrier layers that reduce methanol 
crossover were fabricated using several different vacuum deposition techniques. 
Composite films containing more than one type of metal were also examined. Pure 
palladium coatings were found to crack under 0.75 atm. hydrogen hydration. Composite 
films of platinum and palladium on a polycarbonate substrate showed no apparent 
cracking. Effective methanol barrier layers depend on high membrane integrity. As one 
would predict, the uncracked composite films had the least amount of measured methanol 
crossover. 

Crossover rates were measured by both GC and a differential pressure method. In 
the differential pressure method, the change in pressure across a membrane is monitored 
as a function of time to determine how much methanol is diffusing through the film. 
Results fkom these experiments were in close agreement with the chromatography 
method. 

Electrode catalyst layers are sputtered as thin films onto the barrier layer. High 
porosity catalysts have been vacuum deposited with both good adhesion to the 
membranes and high active surface areas. High pressure sputtered platinum deposited on 
the barrier film showed high performance in fuel cell tests. 

Surface area measurements were taken for several different catalyst formulations. 
Electrochemical measurements of the active catalyst area was determined using the cyclic 
voltammetric method reported by Tran and Langer." A three electrode cell was 



employed, with the membrane of interest as the working electrode, a platinum mesh 
counter electrode, and a saturated calomel reference electrode. An Electrosynthesis Co. 
Inc. Cat.# C-600 Membrane Cell was used for these experiments. The electrolyte used 
was 0.5 M H2S04. The solution was degassed with N2 for 15 minutes before experiments 
were run. During this period, the electrode was held at 200 mV versus the saturated 
calomel electrode. This was followed by a preactivation step at the working electrode 
involving scanning the potential between lOOOmV and -250mV at a scan rate of 85mV/s 
for approximately 15 minutes. The actual voltammogram for measuring the surface area 
of the membrane was obtained at 5mV/s. The initial potential was 200mV, the potential 
was swept to lOOOmV, then back to -250mV, and back to a final potential of 400mV. An 
example of the resulting cyclic voltammogram is shown in figure 3. Figure 4 is the same 
data plotted versus time, with the hydrogen desorption peak shaded in gray. A Pine 
bipotentiostat model AFCBP1 using PineChem 2.0 s o h a r e  was used to take to take the 
data. The software program integrated the hydrogen desorption region. This integrated 
charge was used to calculate the active surface area using the assumptions that there was 
monolayer hydrogen atom coverage and that hydrogen has a charge density of 210 
yC/cm2 of platinum surface. 

Each surface area experiment was run in triplicate, and the results averaged with 
the standard deviation reported. Several samples were taken fiom various areas of a 
single large membrane for each given catalyst formulation. Samples taken from the center 
of the larger membrane consistently had the highest surface areas, while samples from the 
corners and sides had lower surface areas, regardless of the membrane measured. The 
sample holder for the membrane was 2.5cm2. Because the catalysts were porous, the 
electrochemically active surface areas were much higher than 2.5cm2, and varied from 
-15-280cm2. Standard deviations for measurements made on the same piece of 
membrane were in the range of 2-5%, while standard deviations for different pieces of 
membrane taken from the same larger sputter coated sheet were on the order of 100- 
200%. This suggests the need for significant improvements in the production of more 
uniform coatings. The ideal membrane would have a high electrochemical surface area, 
maintain mechanical integrity upon repeated cycling, and could be manufactured 
reproducibly . 

Device Optimization 

Single Cell Fuel Cell Testing: Membrane electrode assemblies (MEAs) 
incorporating barrier layers were examined. These MEAs were placed in an Electrochem 
25cm2 fuel cell test hardware. Compressed air flowed through the cell from a gas 
cylinder. The initial gas cylinder regulators were used to reduce the gas pressure to 20 psi. 
A needle nose valve was used to adjust the flow through the flow meter to 280 cc/min. A 
pressure gauge was set at the fuel cell outlet to 4 psi back pressure using a second needle 



nose valve to maintain the internal pressure in the fuel cell at 4 psi. A Fisher Scientific 
Acuflow Series I1 HPLC pump was used to flow the methanollwater mixtures through the 
fuel cell. See figure 5 for the test apparatus set-up. The pump was set at 9 mVmin flow 
rate for all experiments. Methanol solutions were filtered with a 0.5 micron filter and de- 
gassed by sparging the methanol solutions with He for 15 minutes prior to use in the 
HPLC pump. Helium is sparingly soluble in methanol and water, and dissolved 
atmospheric gases such as N2 and 0 2  diffuse into the helium bubbles and are swept from 
the system. 

Air and methanol solution flow rates were set and the cell was allowed to 
equilibrate for 10-15 minutes before data were taken. The open circuit voltage was 
recorded. A series of resistors ranging from 2 krR to 2rR were used as the load. The 
voltage was allowed to stabilize for several minutes between each load change before 
data were recorded. Methanol concentrations used included lM, 3M and 8M. These 
concentrations correspond to solutions containimg approximately 5-20% methanol in 
water. 

The MEAs tested were set up in the fuel cell assembly as shown in figure 6, with 
MEAs consisting of Nafion and catalyzed carbon electrodes on Nafion 1 17. Barrier layers 
were sandwiched between two electrodes pressed to Nafion membranes. Proton 
conduction was maintained by placing 1 ml of 1N H2SO4 between each layer. The cell 
assembly was tightly clamped to maintain proper contact between each layer of the 
assembly. 

MEAs used in initial tests were made in house from catalyst inks pressed to 
Nafion 1 17 membranes using the decal method. l2 Electrodes were coated on both sides 
of the Nafion. In later tests, ELAT electrodes purchased from Etek Inc were used. For the 
anode side, ELAT 20% Pt/Ru/C 1 : 1 d o  electrodes with 0.5 mg/cm2 Pt/Ru loading were 
used. The Pt:Ru catalyst was used because Pt-Ru/C catalyst has been found to be superior 
for the methanol oxidation reaction at ambient and elevated temperatures. l3 Electrodes 
were 5x5 cm and were heat pressed to a Nafion 117 membrane. Only one side of the 
Nafion film had an electrode on it. At the cathode, an ELAT 20% Pt/C 0.5 mg/cm2 
loading 5x5 cm electrode was used. Internal gasketing layers are not shown in figure 6, 
but were located internal next to each current collector/flow field. 

Eight different MEA sandwiches consisting of the ELAT electrodes and Nafion 
117 polymer were examined. The combinations were as follows: an MEA with no 
internal barrier layer, an MEA with an uncoated 0.015 pm diameter pore polycarbonate 
membrane as the internal barrier layer, an MEA with an uncoated 1.0 pm diameter pore 
nucelopore polycarbonate membrane as the internal barrier layer, an MEA with a 
0.025mm thick Aldrich 25cm2 palladium foil as the internal barrier layer, and four 
different ERD sputter coated thin metal films supported on nucleopore polycarbonate 
membranes. The ERD membrane formulations will be referred to by the designations 



ERD1, ERD2, ERD3, and ERD4 barrier layers. Each contained mixtures of transition 
metals such as platinum, palladium, etc. deposited onto the polycarbonate substrate under 
varying sputtering conditions. ERD films were on the order of 750A thick. 

Figure 7 shows the polarization curve for all 8 MEA formulations using 1M 
methanol solution. At low current densities (<5mA), ERDl showed the best 
performance, followed by the 0.025mm thick palladium foil, ERD2, ERD3, no internal 
membrane, ERD4, 0.015 pm nucleopore polycarbonate membrane, and 1 pm nucleopore 
polycarbonate membrane. At low current densities, little fuel is being utilized, and more 
methanol is available for crossover. For this reason, films that block methanol best (such 
as the palladium foil) have the best response. 

At higher current density, the response is different. The MEA with no internal 
barrier layer works best, followed by the 0.015 pm nucleopore polycarbonate membrane, 
the 1 pm nucleopore polycarbonate membrane, ERD3, ERD4, ERD2, the 0.025mm 
palladium foil, and ERDl . At these higher currents, resistance through the cell added by 
the internal barrier layers provides a higher penalty than any gains provided by reduction 
in methanol crossover. 

Figures 8 and 9 show similar trends for the 3M and 8M methanol. Again, barrier 
layers improve performance at low current densities, but degrade performance through 
the addition of a resistant inner layer at higher current densities. One point to note, ERD3 
performs almost as well as no internal barrier layer at high current densities. See figure 
10. This suggests that if the resistance of the membrane can be decreased while 
maintaining the methanol blocking capability of the barrier layer, significant 
improvements can be made. 

Gottesfeld recently reported that within the range of 0.5-1M methanol 
concentration, that fuel cell performance is independent of concentration. l4 One possible 
explanation could be that increasing the water in the anode feed alters the product 
distributions of the methanol oxidation reaction, resulting in fewer intermediate products 
in the exhaust stream as the oxidation reaction goes more fully to c~mpletion.'~ Water is 
thought to aid in the oxidation process by forming oxygen containing OH,d, species on 
the catalyst at low potentials. This does not necessarily explain Gottesfeld's data, since 
it's very possible that 1M methanol has sufficient water to aid in the oxidation reaction, 
but it is one possibility. In our case, as the methanol concentration increased fiom 1M to 
8M as seen in figures 7-9, the current density decreased, although not as quickly for the 
cells with internal barrier layers. While most likely attributable to imperfections in the 
barrier layer that allow some methanol to still crossover, this decrease could also be due 
to the changing watedmethanol mole ratio. This shift in the product distribution may be 
even more critical at ambient temperatures, as increasing the temperature of the DMFC 
also results in a more complete oxidation process.'6 



The present maximum power output obtained was lmW/cm2 with air and 1M 
methanol. This is still quite low when compared to 220W/cm2 obtained by Hogarth et.al. 
for a vapor-feed system" and 79 W/cm2 for a liquid feed system.I8 Ravikumar and 
Shukla reported a power density of 200W/cm2 for a liquid-feed methanol fuel cell 
~ystem.'~ Surampudi et.al. reported a power output of 150 W/cm2 for a liquid feed 
system?' In each of these cases, however, they were working at much higher 
temperatures, higher anode catalyst loading, and in some cases, with oxygen instead of 
air. Fuel concentrations also varied, so a direct comparison is not possible. At 
temperatures as high as 130°C, Cleghorn et.al. reported performances of 0.6A/cm2 at 
0.7V.21 In the case of a small, compact system such as that being proposed, the insulation 
requirements and thermal management issues involved with such a high temperature 
system add too much complexity to the cell. Minimum power outputs required for the 
micro fuel cell system are on the order of 1-10 W/cm2 at ambient conditions, and are 
already attainable with the current technology. In fact, systems that produce more than 
150 W/cm2 would generate too much heat as they operate, and also would require more 
sophisticated methods of thermal management. 

There is, however, room for substantial improvements to the current micro fuel 
cell design. New, thinner substrate materials with higher porosities are currently being 
fabricated. Barrier layer membranes with the cathode and anode sputtered directly onto 
either side will also have lower resistance than the MEA set-up discussed above, which 
consisted of carbon cloth electrodes and two layers of Nafion 1 17. 

Micro Fuel Cell Arrays: To demonstrate the practical application of the micro 
fuel cell device, a hydrogedair fuel cell array with three four-cell arrays (12 in series) was 
used to charge a 6-Volt lead battery and make cellular phone calls. This array consisted of 
a porous polycarbonate membrane soaked in ionomer coated with a thin barrier layer and 
sputtered catalyst layers for the anode and cathode. During the charging, the peak power 
output of the array was 47 mW at 6.5 Volts. Each of the four cell arrays could put out 3.0- 
3.2 Volts open circuit and 10 mA at 1 Volt. 

A second micro fuel cell array operating on ambient air and fueled by a 1:l 
methanol to water mixture achieved 1.7 mW at 4.36 Volts. Methanol can be delivered to 
the system by either by direct injection with a small syringe or by bubbling an inert gas 
through a mixture of methanol and water. The array consisted of 16 cells in series and 
was used to charge a lead acid battery in a portable phone. This same fuel cell, when 
fueled by hydrogen, achieved 60 mW at nominally 6 Volts. It charged a battery for a 
cellular phone. 



ANALYTICAL MODELING OF CATHODE FLOODING 

Methanol crossover fiom the anode to the cathode results in poor fuel cell 
performance due to cathode catalyst poisoning. Lowering the crossover rate will slow 
down the rate of cathode poisoning, but unless the removal rate at the cathode (through 
evaporation and/or oxidation) is sufficiently fast, the fuel cell performance will still 
eventually degrade. For this reason, a model was designed to depict the cathode layer and 
to determine quantitative parameters that set, as a function of temperature and cathode 
flow rate, limits for transport and removal. From this model, we can determine the 
amount of methanol crossover that is permissible under certain operational conditions. 

A finite difference model was written in QBasic. Solvent transport (methanol 
and/or water) fiom the anode to the cathode corresponds to proton transport, which is set 
by the current demand. Water generated directly at the cathode is also set by the cell 
current and voltage. The volume of available catalyst area at the cathode was calculated 
using the geometric cathode area, thickness of the active cathode layer, and catalyst 
porosity. The cathode is considered completely flooded when the volume of solvent at 
the cathode exceeds the void volume of the cathode layer. The volume of solvent at the 
cathode as a function of time was set by the rate of water generated at the cathode plus the 
solvent (water and methanol) delivered to the cathode across the membrane, minus the 
rate of solvent removal via evaporation and oxidation. Removal rate by evaporation is 
temperature and flow rate dependent. 

The model accurately depicts that at high temperatures and cathode air flow rates, 
flooding is less of a problem because the methanol and water are being removed at a 
much higher rate. As the temperature decreases and the flow rate is reduced, much lower 
levels of crossover still cause flooding conditions at the cathode over time. Other 
investigators22 operate DMFC at elevated temperature, regions where the natural 
processes of methanol vaporization and oxidation are far more rapid. At higher 
temperatures, because of these processes which tend to remove methanol fiom the 
electrocatalytic cathodic sites, higher conversion efficiency is measured. However, for 
devices designed to operate at room temperature, cathode poisoning remains a concern. 
This makes development of low temperature direct methanol fuel cells that do not use air 
compressors very challenging. Reductions in crossover are important, but systems should 
also be engineered to remove liquid buildup in some other manner (such as wicking, 
drainage, etc.) 



CONCLUSION 

The goal of this research was to develop direct methanol fuel cells that use minute 
amounts of expensive catalysts, are easily mass produced, and are economically feasible. 
Evaluation and characterization of fuel cell components has led to the development of 
optimal materials for direct methanol fuel cell assemblies. The problem of methanol 
crossover has been reduced significantly. Low cost ionomer membranes have been 
shown to operate effectively. Very thin barrier layers and catalysts with low loading 
levels were developed and tested. Operational fuel cell devices have been demonstrated. 
However, further improvements are needed to increase the power density at ambient 
operating conditions. 
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Figure 1. Schematic of the micro fuel cell. 

Figure 2. Polycarbonate membrane with heavy ion irradiated and etched pores. 
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Figure 3. Representative cyclic voltammogram of catalyst film for surface area 
measurements. 
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Figure 4. Coulometry of H2 desorption peak used to determine active catalyst area. 
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Figure 5. Single cell testing set-up. 
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Figure 6 .  Fuel cell setup consisting of an MEA sandwiched between two graphite blocks 
with a barrier layer between two ELAT electrodemafion layers. 
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Figure 7. Polarization curves for MEA sandwiches using 1M methanol as the anode fuel 
and compressed air at the cathode. 
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Figure 8. Polarization curves for MEA sandwiches using 3M methanol as the anode fuel 
and compressed air at the cathode. 
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Figure 9. Polarization curves for MEA sandwiches using 8M methanol as the anode fuel 
and compressed air at the cathode. 
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Figure 10. Power curves for MEA sandwiches with 1M methanol. 


