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SUIMARY

The research on e-ectrochemical energy conversion systems ha's in-

volved work on two tasks: a search for electrolytes alternative to

phosphoric acid for direct and indirect hydrocarbon-air fuel cells, ad

a study of the corrosion characteristics of electrolytes for intermedi-

ate-temperature hydrocarbon-air fuel cells.

The effort during this reporting period has been concentrated on

the first task and the experimental work has included the further in-

.stigation of the electrochemical behavior of trifluoromethanesulfonic

* acid monohydrate as a fuel cell electrolyte. Two questions were consid-

ered. The first dealt with the utilization of methanol as a fuel, both

from its electrooxidation at a platinum electrode and from its tendency

* to interfere with the air electrode. Methanol dissolved in CF3 SO3 H.112 O

was electrooxidized over a temperature range of 230C to 1350C with the

highest rate being in the neighborhood of 800C. At temperatures above

* 1000C vaporization losses are excessive even though an mnr study showed

that the methanol is completely esterified at temperatures as low as

room temperature. Methanol interferes with the air electrode, lowering

* both the open circuit potential and the limiting current density.

The electrochemical activities of hydrogen, propane, and air were

investigated at a platinum electrode in CF3SO3H.H20 at 23
0 C. Ln all

three cases the limiting currents were considerably lower than those

observed at 1350C but the current levels might be such as to warrant

engineering interest in a low temperature cell.
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LFOREWORD

This research on electrochemical energy conversion systems
* A

has been sponsored by the U.S. Army Mobility Equipment Research and

Development Center at Fort Belvoir, Virginia under Contract No.

DLkA02-72-C-0084 with The American University. The work was authorized

under DA Project/Task area/Work Unit No. .T'611o2A3hA 03 100 EF.
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1.0 Introduction

This is the sixth semi-annual report on Contract No. DAAKO2-72-C-

0084 sponsored by the U.S. Army Mobility Equipment Research and Devel-

opment Center at Fort Belvoir, Virginia. The project entitled "Research

on Electrochemical Energy Conversion Systems", consists of two techni-

cal tasks, both of which are directed toward the improvement of the

hydrocarbon-air fuel cell for ground power systems and vehicular pro-

pulsion.

Task I. A search for alternative electrolytes to phosphoric acid for

direct and indirect hydrocarbon-air fuel cells

Task II. A study of the corrosion characteristics of electrolytes for

intermediate-temperature hydrocarbon-air fuel cells.

During this reporting period technical effort was expended on Task

I involving further investigation of the properties of trifluoromethane-

sulfonic acid monohydrate as a fuel cell electrolyte.

2.0 Task I. A Search for Alternative Electrolytes to Phosphoric Acid

for Direct and indirect Hydrocarbon-Air Fuel Cells

2.1 Introductory

Previous work on this project has indicated that a new electrolyte,

trifluoromethanesulfonic acid monohydrate, has certain physical and

electrochemical properties which would make it an improved electrolyte

over phosphoric acid. The deficiencies of phosphoric acid as a fuel

cell electrolyte have been tabulated (1). The search for an "ideal"

electrolyte has been guided by a list of properties or characteristics

desired of a fuel cell electrolyte.
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a. the electrolyte should be a good medium for the efficient

oxidation of the hydrocarbon

b. the electrolyte should be a good medium for ionic charge

transport

c. the electrolyte should be a good solvent for active materials,

e.g., propane, oxygen, water

d. the electrolyte should be a good medium for material trans-

* port, e.g., removal of C02, as rejection from an acid solution

e. the electrolyte should be chemically and electrochemically

stable over the teimerature and voltage operating range of the fuel

* @cell

f. the electrolyte should possess suitable physical properties,

e.g., viscosity and vapor pressure

g. the electrolyte should not interfere with catalytic reactions,

i.e., through anion adsorption or poisoning

h. the electrolyte should be a good medium for the air electrode,

* and finally

i. the electrolyte should not be strongly reactive to construction

materials or the fuel cell matrix material.

* At this point it is not possible to express these characteristics

in a quantitative manner. For example, it is not possible to assign a

critical figure for the hydrocarbon solubility because other mass trans-

port parameters are not known. However, with the above list of proper-

ties in mind certain classes of chemical compounds are suggested as

possible alternatives to phosphoric acid (1).

-2-



a. sulfonic acids, e.g., CF3SO3 H (the hydrate concept became

apparent as the work progressed).

b. alpha-halo disubstituted carboxylic acids, e.g., CIIC1 2 COOF-

C. perfluorocarboxylic acids, e.g., C2F5 COO1{

d. dialkyl phosphate esters, e.g., (C2 H5 O)2 P(O)OiI

e. polyphosphates, e g., Graham's salt

During the last reporting period (2) the anodic reaction of propane

in CF3SO3H.H2 0 was studied using potential ramp and cyclic voltammetric

techniques. Current-potential diagrams for the reduction of air in

CF3SO3H.H20, at various temperatures from 90' to 1350C, on smooth

platinum, were compared with similar data obtained in 85% H3 PO4.

During the present reporting period the effect of the gas flow

rate on the performance of the air electrode was investigated at 135 0C.
I

Current-potential diagrams for air, propane and hydrogen were constructed

at ambient temperature in CF3SO3 H.H-20 and these diagrams were compared

with similar data obtained with 85,o HsPO4 . The investigation of the

reaction of methanol in CF3SO3H.H2 0 was begun with the developnent of

current-potential diagrams and the use of the nuclear magnetic resonance

(nmr) technique.

2.2 Experimental

2.2.1 Preparation of Electrolytes

Trifluoromethanesulfonic acid monohydrate

Trifluoromethanesulfonic acid monohydrate was prepared from the

trifluoromethanesulfonic acid (3 M Corporation, Fluorochemical 1'cid

FC-24, Lot 17) 1nd water by the method of Gramstad and Haszeldine (3).

I -3-



This .netK.d which involves successive distillations produced the acid

monohydrate as a white, needle-like crystalline product with a sharp

melting point at 340C in agreement with the above referenced work.

Posphoric acid

Phosphoi-ic acid (Fisher, 85' ACS Grade) was further purified by

the technique previously described (4). In this technique the commer-

cial acid is treated with 30% H2 0 2 , concentrated, rediluted to 85% acid,

ind finally pre-electrolyzed. This 85' H3 P04 was used as a comparison

electrolyte to evaluate results obtained with the CFsS0 3H.H20 electro-

lyte.

2.2.2 Apparatus and Technicues

Electrozhemical studies

The electrochemical cell and reference system have been described

in an earlier progress report (1). The cell was a standard three-

compartment cell of approximately 30 ml capacity to conserve the volume

of the expensive electrolyte required per experiment. The technique

tused to electrochemically clean the electrolyte beTore the electrooxida-

tion or electroreduction, as well as the method used to determine the

surface area of the electrode were similar to those described in the

referenced progress report.

Helium, propane, and air were used in different experiments. Helium

(AIRCO) was passed over hot copper turnings to remove traces of oxygen

before being passed into the cell. Propane (Matheson "Instrument"

Grade) and Air (Air Products, "Breathing Quality") were used without

pretreatment. All gas lines, which were Teflon tubing, were heated

so that the gases as they entered the cell were close to the operating

-4-



temperature of the cell. The cell itself was maintained at temperature

,. in an air oven.

The methyl alcohol used was Allied Chemical, General Chemical

Division, reagent grade. The methyl alcohol solutions were prepared

to 1 molar methyl alcohol in CF3SO3H.H20.

When phosphoric acid was used as the electrolyte it was necessary

to humidify the gases before they were passed into the electrochemical

cell. This was accomplished with a two compartment pyrex humidifier

maintained at a temperature adequate to replace the water lost by the

phosphoric acid (initially 85%) in the cell.

* The electrochemical reactions of propane, hydrogen, and air were

studied in both electrolytes. Current-potential measurements were made

for the reactions in 85% H3 PO 4 and CF3SO 3H.H2 0 at 23 C. The electronic

apparatus has been described previously (4). In making these current-

potential measurements the practice was to set the potential and then

allow the system to equilibrate for five minutes before reading the

* value of the current. Current-potential measurements were found to

reach a steady state more rapidly if the cell was run with air over-

night under a potential of approximately 0.90 v vs the dynamic hydrogen

elect r-ode. (All potentials given in this report are with reference to

the dynamic hydrogen electrode). In constructing the potential-current

curve it was customary to use a constant potential difference-patterned

I sequence for the potentials as described in the previous report (2).

After two or three runs the patterned sequence resulted in reproducible

potential diagrams whereas a technique using consecutive potential

increments might take as many as four to five runs to develop reproduci-

ble potential-current diagrams.
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F.
Nuclear magnetic resonance studies

* NMR experiments were run on methanol-CF3 S03 H.I 2 0 mixtares at room

temperature. A Varian A-60 IR Spectrometer was employed with a tetra-

methyl -ilane external reference.

2.3 Results

The effect of flow rate on the air electrode

The investigation of the air electrode in CF3SO3H.H20 was extended

* to ascertain the effect of the flow rate of air on the open circuit

potential and the limiting current of the electrode. The relationship

between the open circuit potential and the flow rate at 1350 C is shown

* •in figure 1. Above a flow rate of 20 ml/minute the open circuit poten-

tial is essentially independent of flow rate attaining a value of 1.13 v.

Below 20 ml/minute the potential drops off and is erratic.

The relationship between limiting current density and the flow rate

of air at 135 0C is shown in figure 2. The limiting current density was

not greatly affected by the flow rate. The value for the limiting current

$ density varied by only 6 g a/cm2 from a flow rate of 3 m!/mip to a flow

rate of 40 ml/min. From 20 ml/min to 70 ml/min the limiting current

density varied only by 3 A a/cm2 which is within the range of experi-

mental error.

Electrochemical reduction of air at ambient temperature - current-
potential diagrams

A fuel cell operating without auxillary heating would offer obvious

engineering advantages. With this in mind data were taken on the electro-

chemical reactions of air, propane and hydrogen at room temperature (23 0C).

These results were compared with those obtained in 85% H3 PO4 at room

temperature.

-6-
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Figure 3 compared the current density-potential diagram for air

I in CF2S03H.H20 with that for air in 85% H3 P0 4 . At room temperature

the open circuit potential for air in CF3SO3H.H20 is approximately 1.13

volts as compared to an open circuit potential of approximately 0.98

volts for air in H3P04 . This is comparable to results obtained at

higher temperatures (2). The limiting current density is slightly high-

er for air in CF3SO3H.H20 than for air in 85% H3 P04 - 4.4 g a/cm 2 as

9 compared to 2.8 A a/cm 2 . The significant feature seen in the comparison

of the two electrolytes at 230C is the higher open circuit potential.

The limiting current density was much higher at higher temperatures as

I 9~ Would be expected.

Electrochemical oxidation of hydrogen at ambient temperature - current-

potential diagrams

1Figure 4 shovis current density-potential plots for the oxidation

of hydrogen in CF5SO3H.H20 and in 85% H3P04 at room temperature. The

open circuit potential for hydrogen in both acids is 0.0 volts. The

limiting current density value is produced in H3PO4 at a lower potential

than in CF3SO3H.H20. The limiting current value is reached after approx-

imately 60 mv in 85% H3P04 but not for approximately 120 my in CF3SO3H.

H20. The limiting current density is somewhat higher for the reaction

in CF3SO3H.H20 than for the reaction in 85% H3P04 - approximately 10

a/cm2 .

Electrochemical oxidation of propane at ambient temperature -

current-potential diagram

Figure 5 shows the current density-potential plot for the oxidation

of propane in CF3SO3H.H20 at room temperature. These results can be

compared in a general way to the oxidation of propane in 85% H3 P04.

-9-
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The conductivity of phosphoric acid at room temperature is quite low and

the current values were low and erratic. The open circuit potential is

approximately 0.28 volts and the limiting current density is approximacely

0.37 11 a/cm2 for the oxidation of propane in CF3 SO3 H.H2 0.

Electrooxidation of methanol

The use of methanol as a fuel in a fuel cell system is attractive

due to its low cost, ease of purification, and "clean" oxidation.

Methanol was run as the fuel over a temperature range of 230 to 1350C.

The air reaction was also run in the presence of methanol from 230 to 1150C.

Figure 6 shows the potential-current density plots for the electro-

oxidation of methanol (concentration one mcl.ar) at 230, 800, 115', and

1350C in CF3 SO3 H.H2 0. Also shown in this figurc are the results report-

ed by Bagotzky and Vassiliev (5) for one molar CH30H in IN H2S0 4 at 800C.

At 230C the open circuit potential is 0.4 volts and the limiting current

density is 0.29 g a/cm 2 . Obviously the electrochemical activity of the

system is quite low at ambient temperatures. At 800C the open circuit

potential is 0.375 volts and the limiting current density is about

4.0 I a/cm2 . At 800 C the system was quite stable over a number of days

indicating little loss of methanol due to vaporization from the celi

containing a solution that was originally one molar in methanol.

At 1150C the open circuit potential was 0.364 volts and the limiting

current density about 2.2 . a/cm2 . Somo deterioration of current at a

set potential over time was observed. The loss of methanol due to

vaporization was a possible explanation for these results. At 1350C

the open circuit potential was 0.365 volts and the limiting current

-13-
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density was 1.33 1 a/cm2 for freshiy prepared solutions. The current

density values were not reproducible from run to run, decreasing with

time. After two days no electrochemical activity was evidenced by the

solution. A second methanol-electrolyte solution of the same methanol

concentration was prepared and similar results were observed at 1350C.

From these experiments it was cone? dded that the vaporization of methanol

became excessive at temperatures above lO0 C. The nmr examination of

p solutions from ;ells held at 1150 to 135 0C showed a decline in height

of the CH3 peak from that measured in the initial one molar solution.

This was indicative of a lowering of concentration of available CH3

group in the electrolyte.

From the results obtained to date it is concluded that th,. anodic

reaction of methanol must be carried out at a temperature below 1000C.

However the optimum temperature has not yet been determined. The results

indicate the greatest electrochemical activity for methanol to be at

800C.

| SThe methanol-air fuel cell has been treated thermodynamically (6).

Calculations based on heats of reaction indicate that a cell will be

maintained at 600C by the exothermic heat produced in the cell. Thus

I the collection of data under 600C is not encouraged. On the other hand

the excess vaporization of methanol above 1000C would argue against

going to a higher temperature to get enhanced oxidation.

Methanol has been shown to interfere with the electroreduction of

air or oxygen in H2S04 (7). The air reduction in a 1M MeOH - CF3SO3H.

H2( solution was run at temperatures from 23 to 1150C.

-15-



Figure 7 shows the electroreduction of air in CF3SO3H.H20 and in

IM methanol-CF3SO3 1i.11 2 0 at 23
0C. Figure 7 also shows the electroreduction

of air in IM MeOH - CF3SO.H.H20 at 950 and at 1150 compared to the elec-

troreduction of air in CF3SO3H.I2O in the absence of methanol at 115°C.

The addition of IM IeOH to CF3SO3 H.H20 lowers the open circuit potential

from 1.13 volts to approximately 0.78 volts. At any potential the

current density for the air reduction is lowered by the addition of M eOH

to the system. At 1150C there is less interference by the addition of

lMReOH but it is still quite severe. These results correlate with those

obtained in the xperiments related to the anodic oxidation of MeOH.

In those experiments, at higher temperatures, the rate of the electro-

oxidation of methanol was reduced.

Both resilts can be explained on the basis of the undesirable,

excessive, vaporization of methanol at elevated temperatures.

Nuclear Magnetic Resonance Measurements

The formation of esters by the reaction of CF3SO3 H and several alco-

hols has been reported in the literature (8,9). The reaction for CF3 SO3 H

and C2H5OH is considered to be reversible at;150C. (3) No information

was found for the reaction of CF3SO3H.H20 and alcohols. Before electro-

chemical work was performed on the system, mixtures of methanol and

CF3SO3H.H20 were examined at room temperature with nmr. The nmr results

showed the acidic H peak and peak- that would suggest the formation of

the methyl ester (figure 8) as reported above.

Figure 9 ,hows a comparison of the nmr results for a known methyl

peak from methyl alcohol and the unknown methyl peak from the methyl

alcohol - CF3SO3H.H20 mixture. The peak for the methyl group from CH30H

-16-
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Figure 9. Comparison of peaks in nmr spectra. Righit, methyl
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occurs at 3.47 ppm. There is a shift of 0.644 ppm to 4. 114 ppm for the

CH3 peak in the CII3 0H-CF 3 S0 3 "H. 2 0 mixture. This peak shift is con-

vincing evidence for the formation of the methyl ester. There was no

evidence of free methanol in methanol-CFSO3 H.H2 0 mixtures containing

up to 20 molar methanol. The formation of the ester appeared to proceed

completely at room temperatures and there was a rapid exchange of all

methyl groups making them equivalent.

The correlation between peak height and the concentration of methanol

added to the acid monohydrate could be established. From Viese data it

is possible to determine the concentration of MeOH added to the system,

or remaining after electrochemical oxidation in the half cell.

2.4 Conclus ions

The feasibility of using methanol as a fuel has been examined. An

nmr stidy indicates that methanol exists in the ester form in solution

in CF3SO3H.H20. This esterification does not appear to inhibit the

electrooxidation of methanol. However, the excessive vapor pressure

of methanol above 1000C does appear detrimental and it is suggested that

future work be concentrated at a lower temperature such as 80 0C. It has

also been observed that methanol in the concentrations studied here

lowers the open circuit potential of the air electrode. From these

results additional experiments with methanol are warranted but it should

be used as a gas with a diffusion electrode rather than as a dissolved

liquid.

A series of experiments examined the electrochemical activity of

hydrogen, propane, and air at ambient temperatures. In all cases limiting

-20-
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currents were significantly lower than those observed at higher tempera-

tures but the current levels were such as to indicate that useful powera
might be produced at room temperature with these fuel cell reactions.

A further series of experiments studied the influence of the flow

rate of air on the performance of the air electrode in CF3 SO3 H.H20.

It was established that electroactivity can be maintained at a relatively

low flow rate and above a flow rate of 20 r'1/min. the potential and

limiting current are essentially insensitive flow rate.

3.0 Future Work

In pursuit of the investigation of the two tasks set dovn in the

Introduction it is intended to perform the following specific studies

during the next reporting period.

a) The anodic reaction of methanol will be investigated at tempera-

tures between 60 and I0°jfC to determine the optimum temperature for meth-

anol oxidation.

b) The air reduction will be investigated with lower concentrations

of methanol to determine what levels of methanol can be tolerated at the

air electrode.

c) The investigation of the anodic oxidation of methane will be

initiated.

d) A new cell design incorporating a diffusion electrode will be

used to investigate the anodic oxidation of methanol from the vapor

phase.

-21-
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