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bstract

The present study involves the evaluation of dimethoxymethane (DMM) (formaldehyde dimethyl acetal, or methylal) and trimethoxymethane
TMM) (trimethyl orthoformate) in direct oxidation liquid-feed fuel cells as novel oxygenated fuels. We have demonstrated that sustained oxidation
f TMM at high current densities can be achieved in half-cells and liquid-feed polymer electrolyte fuel cells [1–3]. In the present study, the
erformance of dimethoxymethane and trimethoxymethane was compared with that of methanol in 2′′ × 2′′ (25 cm2 electrode area) and 4′′ × 6′′

160 cm2 electrode area) direct oxidation fuel cells. The impact of various parameters upon cell performance, such as cell temperature, anode fuel
oncentration, cathode fuel pressure and flow (O2 and air), was investigated. Fuel crossover rates in operating fuel cells were also measured for

ethanol, DMM, and TMM and characterized in terms of concentration and temperature effects. Although DMM and more particularly TMM
ay present some logistical advantages over that of methanol, such as possessing a higher boiling point, higher flash point, and lower toxicity, the

verall performance was observed to be inferior to that of methanol under typical fuel cell operating conditions.
ublished by Elsevier B.V.
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. Introduction

Direct oxidation fuels cells that are designed with liquid-
eed systems and operate at low temperatures (60–100 ◦C)
re becoming increasingly attractive for both stationary and
obile applications. The direct methanol liquid-feed fuel cell

as recently been demonstrated [4–6] to have several advan-
ages over the SOA H2/O2 fuel cell for certain applications,
uch as being able to operate at lower temperatures, requiring
o humidification of the gas stream, and fewer safety concerns
ssociated with transportation and handling of the fuel The via-
ility of the technology has also been independently verified by

number of groups [7,8]. In addition to methanol, a number

f organic fuels have been investigated in the context of low
emperature, PEM-based, liquid-feed direct oxidation fuel cells,
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E-mail address: Marshall.C.Smart@jpl.nasa.gov (M.C. Smart).
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uch as dimethyl ether [9,10], formic acid [11–15], ethyl formate
16], ethanol [17–20], ethylene glycol [21–24], dimethyl oxalate
21,25], 1-methoxy-2-propanol [26], and l-ascorbic acid [27].

Although methanol logistically is a very attractive fuel, it
ould be advantageous to identify novel high-energy organic

uels that have increased safety and performance. In addi-
ion, it would be beneficial to identify any alternative fuels
hat display low crossover rates across the proton exchange

embranes. The present study involves the evaluation of
imethoxymethane (DMM) and trimethoxymethane (TMM)
trimethyl orthoformate) in direct oxidation liquid-feed fuel cells
s novel oxygenated fuels. We have previously demonstrated
hat sustained oxidation of TMM at high current densities can
e achieved in half-cells and liquid-feed polymer electrolyte
uel cells. [1–3] Since then, a number of groups have also inves-

igated the electro-oxidation of trimethoxymethane and other
liphatic ether compounds in fuel cell-related research [28–32].
n the present study, the performance of dimethoxymethane
nd trimethoxymethane was compared with that of methanol in

mailto:Marshall.C.Smart@jpl.nasa.gov
dx.doi.org/10.1016/j.jpowsour.2007.05.003
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ig. 1. Schematic diagram of liquid-feed direct oxidation fuel cell shown with
ethanol as the anodic fuel.

′′ × 2′′ (25 cm2 electrode area) and 4′′ × 6′′ (160 cm2 electrode
rea) direct oxidation fuel cells, a schematic of which is shown in
ig. 1 The cell reactions of these three oxygenated compounds,
ssuming that they are completely electro-oxidized to CO2, are
hown in Scheme 1. However, while considering probable mech-
nisms of electro-oxidation of these compounds, the possibility
f acid catalyzed decomposition (and hydrolysis) occurring and
roducing byproducts that are subsequently oxidized must also
e considered. It has been demonstrated that TMM is readily
ydrolyzed to methyl formate and methanol in aqueous solution
t ambient temperatures [32]. In addition, DMM has been shown
o be unstable in acidic solutions and at elevated temperatures,
esulting in the generation of methanol and formaldehyde [32].

hus, the electrical performance of TMM and DMM in direct
xidation fuel cells is fundamentally influenced by the oxida-
ion of the hydrolyzed species, which can be generated in the
ulk solution and/or in the acidic electrocatalytic layer. In this

cheme 1. Cell reactions for trimethoxymethane (TMM), dimethoxymethane
DMM), and methanol.
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tudy, the impact of various parameters upon cell performance,
uch as cell temperature, anode fuel concentration, cathode fuel
ressure and flow (O2 and air), will be described. Fuel crossover
ates in operating fuel cells were also measured for methanol,
MM, and TMM and characterized in terms of concentration

nd temperature effects.

. Experimental

Solutions of DMM, TMM and methanol were evaluated
n single cells and in a 5-cell stack supplied by Giner, Inc.
Newton, MA). The cells were operated at temperatures rang-
ng from 25 to 90 ◦C and were heated at both the cell block
nd the anode fuel reservoir, which was equipped with a con-
enser to prevent evaporation, but allow CO2 rejection from the
ystem. In the present study, the membrane-electrode assem-
ly (manufactured by Giner, Inc.) consisted of electrocatalytic
t–Ru (50/50 at.%) on the anode and Pt fine metal powders
surface area 30–70 m2 g−1) on the cathode bonded to either
ide of a Nafion®-117 polymer electrolyte membrane. The
rganic fuel was typically prepared in solutions of concentra-
ions ranging from 0.25 to 3.0 M and circulated at flow rates
f 1 L min−1 or greater. The cathode compartment was pres-
urized with 20–30 psig oxygen, or air, and regulated with a
alve located on the cathode exit stream. Flow rates of oxygen
anged from 1.0 to 5.0 L min−1 and were measured on the inlet
tream. The cells were operated at current densities in the range
f 1–600 mA cm−2.

The methanol (fuel) crossover rates in operating fuel cells
ere measured by analyzing the CO2 content present in the

athode exit stream. This was accomplished by utilizing an on-
ine analyzer, which measures the CO2 volume percent in the
athode stream. Before each measurement, the instrument was
alibrated with gases of known CO2 content.

. Results and discussion

.1. Electrical performance of TMM, DMM, and methanol

The current–voltage response of a 2′′ × 2′′ direct oxidation
iquid-feed fuel cell operated with TMM and methanol, investi-
ated over a range of concentrations, under similar conditions,
s compared and illustrated in Fig. 2. As evident from the
urrent–voltage response, the 1.0 M solution of methanol deliv-
red better performance at low current densities compared with
ll concentrations of TMM studied at 90 ◦C. However, at very
igh current densities (>750 mA cm−2) the 0.5 and 1.0 M solu-
ions of TMM shows improved performance with respect to

ethanol. This type of behavior was observed at a number of
ifferent cell operating temperatures. When the effect of TMM
oncentration upon cell performance was investigated, it was
bserved that at low current densities the solutions of low fuel
oncentration showed less polarization, whereas at higher cur-

ent densities solutions of higher concentrations showed better
erformance. This trend in performance is due to fuel crossover
ffects that dominate at low current densities and mass transfer
imitations at higher current densities. A significant feature of



104 G.K.S. Prakash et al. / Journal of Power Sources 173 (2007) 102–109

F
(
l

t
0
c

i
9
p
e
p
g

l
g
F
(
p
r
p
r
p

F
s
a

F
i

b
t
t
b
g
c
a
w

t
t
m
o
D
a
s
t
t

ig. 2. Performance of trimethoxymethane (TMM) at different concentrations
0.25, 0.50, and 1.0 M solutions) compared with methanol (1.0 M) in a 2′′ × 2′′
iquid-feed direct oxidation fuel cell at 90 ◦C.

he performance of 0.50 M TMM is that voltages in excess of
.50 V are delivered at 300 mA cm−2 and high current densities
an also be sustained (∼0.300 V at 800 mA cm−2).

When the performance of TMM is compared with methanol
n terms of the power densities delivered in operating cells at
0 ◦C, as shown in Fig. 3, at lower current densities methanol
ossesses superior performance. However, at current densities
xceeding 750 mA cm−2, solutions of trimethoxymethane dis-
layed higher power densities compared to 1.0 M methanol with
reater than 200 mW cm−2 realized at 1 A cm−2.

The current–voltage response of a 2′′ × 2′′ direct oxidation
iquid-feed fuel cell operating with dimethoxymethane, investi-
ated as a function of cell operating temperature, is illustrated in
ig. 4. At low temperatures (i.e., 60 ◦C) and low current densities
i.e., <200 mA cm−2), DMM performs in a similar manner com-
ared with TMM and methanol in terms of the current–voltage

esponse. However, when DMM was evaluated at 90 ◦C the
erformance was surprising in its inability to sustain high cur-
ent densities. Presumably, a contributing factor causing the cell
olarization is due to the mass transfer limitations introduced

ig. 3. Comparison of the power densities delivered with 0.25, 0.50 and 1.0 M
olutions of TMM and 1.0 M methanol in a liquid-feed direct oxidation fuel cell
t 90 ◦C.
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ig. 4. Performance of 0.50 M DMM at different temperatures (60 and 90 ◦C)
n a 2′′ × 2′′ liquid-feed direct oxidation fuel cell.

y the volatile nature of DMM (b.p. = 41–42 ◦C) dominating
he vapor phase [33], the vapors resulting in lower concentra-
ion at the electrode. Furthermore, presuming that DMM can
e hydrolyzed at higher temperatures, other volatile species are
enerated, such as formaldehyde (b.p = −21 ◦C), which in turn
an lead to the formation of methylene glycol (HO(CH2O)H)
nd poly(oxymethylene) glycols (HO(CH2O)nH, where n > 1)
hen in contact with water [34].
A comparison of the current–voltage response for the

hree fuels investigated is shown in Fig. 5. Since both
rimethoxymethane and dimethoxymethane behave in a similar

anner to concentrated solutions of methanol, the comparison
f fuels was made using less concentrated solution of TMM and
MM compared with the standard 1.0 M methanol solution. In

ddition, since the Faradaic inefficiency resulting from the para-
itic reactions which occur at the cathode due to fuel crossover in
he system is proportional to the number of electrons produced in
he process of the species of oxidation, the more energetic fuels
ere prepared in less concentrated solutions to compare with

ethanol. As shown in Fig. 5, dimethoxymethane performed

lmost identically at low current densities (<150 mA cm−2 at
0 ◦C) with methanol. At higher current densities, the methanol
hows the best performance with TMM displaying cell volt-

ig. 5. Comparison of the electrical performance of trimethoxymethane (0.5 M),
imethoxymethane (0.50 M), and methanol (1.0 M) in a liquid-feed direct oxi-
ation fuel cell at 90 ◦C.
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the electrical performance of the lower concentration TMM
solutions were somewhat comparable.

When the crossover of DMM was investigated in direct oxi-
dation fuel cells, low crossover rates were observed at both 60
G.K.S. Prakash et al. / Journal o

ges typically 50 mV lower over a range of current densities
hile DMM shows dramatic decrease in cell performance above
50 mA cm−2 current density at 90 ◦C.

.2. Fuel crossover rates of TMM, DMM, and methanol in
irect oxidation fuel cells

One of the attractive features of using TMM and DMM as
uels for liquid-feed direct oxidation fuel cells compared to that
f methanol is that they are physically much larger, thus, are
xpected to display lower low fuel crossover rates in operating
uel cells. Thus, one of the objectives of the current study was to
etermine the fuel crossover rates of TMM, DMM, and methanol
n operating cells under similar conditions as a function of cur-
ent density. The amount of fuel crossover was determined by
easuring the carbon dioxide content in the cathodic stream,
hich assumes that the anodic fuel that permeates through the
embrane and anode structure is completely oxidized at the high

lectro-reduction potentials of oxygen. Thus, for each mole of
ethanol which permeates to the cathode 1 mol of carbon diox-

de will be produced, whereas, each mole of DMM and TMM
ill produce 3 and 4 mol of carbon dioxide at the cathode,

espectively. It is probable that the direct electro-oxidation of
MM and TMM involves multiple steps producing methanol as

n intermediate byproduct that is subsequently oxidized. Alter-
atively, hydrolysis reactions of TMM and DMM can occur
nder acidic conditions that can result in the formation of inter-
ediate products, such as methyl formate, methanol, formic

cid, and formaldehyde. Earlier studies resulted in no detec-
ion of any byproducts in the case of TMM and DMM besides

ethanol, which suggests that if these intermediate byproducts
re formed they are oxidized with facility at the electrode, leav-
ng no soluble products in solution. The interpretation of the
rossover data in operating fuel cells, however, does not depend
n whether hydrolysis or other multiple electro-oxidation steps
re occurring, since both mechanisms result in the same amount
f carbon dioxide generated at the cathode.

The amount of trimethoxymethane crossover in a 25 cm2

irect oxidation fuel cell was measured under different condi-
ions and compared with that of other fuels. When the effect of
oncentration was studied, the expected trend was displayed,
n that a nearly linear decrease in the crossover rates were
bserved with decreasing concentration, expressed in molar con-
entrations in Fig. 6 and expressed as fuel crossover current
ensities in Fig. 7. In the case of the cell operated with 1.0 M
MM, crossover rates in the range of 4 × 10−4 mol min−1 were
etected at the cathode. As the current density increases, there
s a noticeable decline in the amount of fuel crossover due to
onsumption of the fuel at the anode; however, at much higher
urrent densities the extent of fuel crossover slightly increases.
his type of behavior at high current densities is indicative that
ther transport mechanisms dominate, such as electro-osmotic

rag. This type of behavior at high current densities, how-
ver, is not observed with the lower concentrations of TMM
nvestigated, such as 0.25 and 0.50 M solutions, suggesting that
onsumption of the fuel at the anode dominates in these cases.

F
c
c

ig. 6. Comparison of the crossover rates (molar basis as function of applied
urrent) as a function of TMM concentration (0.25, 0.50, and 1.0 M solutions)
ompared with methanol (1.0 M) in a liquid-feed direct oxidation fuel cell at
0 ◦C.

When the molar crossover rates of trimethoxymethane and
ethanol are compared in operating fuel cells, as shown in
ig. 6, it is evident that the TMM permeation rate is less than

hat of methanol. Under open circuit conditions, solutions of
MM displays 30% lower crossover rates than that observed
ith a similar concentration of methanol. However, at high cur-

ent densities (>300 mA cm−2) the methanol permeation sharply
ecreases, displaying as low as half the molar amount of TMM
or its byproducts) detected, at the cathode at 600 mA cm−2.
hese results support the understanding that the observed fuel
rossover in operating fuel cells under load is due to a number of
actors including (i) the permeation rate of the fuel through the
embrane-electrode assembly, (ii) the rate of fuel consumption

t the anode under load, and the (iii) the effect of electoosmotic
rag. One feature of note illustrated in Fig. 6 is that solutions of
.25 and 0.50 M TMM have much lower molar crossover rates
ompared with 1.0 M methanol. This fact is significant since
ig. 7. Crossover current density of trimethoxymethane as a function of con-
entration (0.25, 0.50, and 1.0 M solutions) in liquid-feed direct oxidation fuel
ells at 90 ◦C.
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the fuel efficiency of methanol has been compared with that of
fuel cell operating with trimethoxymethane. As shown in Fig. 10,
when equimolar solutions of methanol and trimethoxymethane
are compared at 90 ◦C in terms of the fuel efficiency in operat-
ig. 8. Crossover rates (mol min−1) of dimethoxymethane at different temper-
tures (60 and 90 ◦C) in a liquid-feed direct oxidation fuel cell at 90 ◦C.

nd 90 ◦C, as shown in Fig. 8. Surprisingly, the values were much
ower at the higher temperature and sharply declined as a func-
ion of current density. This behavior, however, is consistent with
he electrical performance in that the cell could not sustain high
urrent densities and become strongly polarized. This reason for
his type of behavior might be due to the fact that DMM is a rela-
ively volatile fuel, and at temperatures as high as 90 ◦C the fuel
eed might contain a vapor phase rich in DMM and depleted
queous phase, reducing the effective concentration of fuel at
he anode. Furthermore, DMM has the propensity to hydrolyze
nder acidic conditions to produce formaldehyde and methanol
t high temperature [32]. These effects must contribute to pro-
uce conditions that result in mass transfer limitations at the
node. Thus, the amount of fuel available for participation in
ransport across the membrane to the cathode will be decreased,
xplaining the sharp decline in the crossover rate as a function
f current density. In contrast, the crossover current densities
bserved as a function of temperature for TMM follow a similar
ehavior as that seen for methanol, in which higher crossover
ates are observed at high temperatures due to higher diffusion
ates through the membrane [6,35].

In order to evaluate the impact of the relative amount of fuel
rossover upon the cathode performance and the overall cell
oltage, it is necessary to compare the crossover current densi-
ies, rather than on molar crossover fluxes. When the crossover
ates in terms of parasitic current density experienced at the
athode are considered, the values observed for TMM are more
han double than that of methanol for equimolar solutions under
pen circuit conditions. The observed crossover current densi-
ies at the cathode for different concentrations of TMM, DMM
nd methanol are shown in Fig. 9. Since the electro-oxidation of
MM and DMM involve 20 electron and 16 electron processes,

espectively, each molecule that permeates across to the cath-
de has a proportionately higher contribution in terms of current
ensity than methanol. When the behavior of TMM is contrasted

ith that of methanol, it is apparent that a 1.0 M methanol solu-

ion displays similar crossover characteristics compared with
∼0.3 M solution of trimethoxymethane. This trend is under-

F
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a

ig. 9. Comparison of the crossover current densities of dimethoxymethane
DMM), trimethoxymethane (TMM) and methanol in direct oxidation fuel cells
nder applied load at 90 ◦C.

tandable in that one trimethoxymethane molecule is converted
o four carbon dioxide molecule in an overall 20 electron electro-
xidative process, which is equivalent in the number of electrons
o the oxidation of three and one-third moles of methanol to CO2.

hen DMM is compared with methanol, it is apparent that at
0 ◦C the crossover rates are significantly lower than that of
.0 M methanol, with a 0.5 M DMM solution displaying approx-
mately one tenth the crossover observed with 1.0 M methanol
t high current densities (>250 mA cm−2).

.3. Fuel and fuel cell efficiencies of TMM, DMM, and
ethanol

Since the extent of methanol crossover occurring in the fuel
ell was measured under operating conditions, it is possible to
enerate fuel efficiency plots. Using such an in situ technique,
ig. 10. Comparison of fuel efficiency as a function of trimethoxymethane con-
entration (0.25, 0.5, and 1.0 M solutions) compared with methanol (1.0 M) in
2′′ × 2′′ liquid-feed direct oxidation fuel cell at 90 ◦C.
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cell efficiencies observed with solutions of DMM in fuel cells
run at high temperatures is that the fuel is likely hydrolyzed
(either in the bulk solution and/or at the electrocatalytic reaction
ig. 11. Comparison of fuel cell efficiency as a function of trimethoxymethane
oncentration (0.25, 0.50, and 1.0 M solutions) compared with methanol (1.0 M)
n liquid-feed direct oxidation fuel cells at 90 ◦C.

ng cells, the methanol solution was shown to have dramatically
igher efficiency at all current densities. However, less concen-
rated solutions of trimethoxymethane solution (0.25 M) yielded
igher fuel efficiency due to the fact that the extent of fuel
rossover is less and the dilute solution results in mass transfer
imitations decreasing the amount of fuel available for trans-
ort across the membrane. It is interesting to note that a 1.0 M
olution of methanol behaves in a manner similar to that of a
.25–0.40 M solution of trimethoxymethane which correlates
ell with the energetic content of the fuels (a 6 electron and
0 electron oxidation process, respectively) and suggests that
ne molecule of trimethoxymethane behaves in a similar fash-
on to approximately three molecules of methanol. In the case
f both 1.0 M methanol and 0.25 M trimethoxymethane, greater
han 90% fuel efficiency was observed at 600 mA cm−2.

In addition to calculating the fuel efficiencies, the fuel cell
fficiencies were calculated (as shown below) and compared
or solutions of trimethoxymethane and methanol, as shown in
ig. 11. It is evident that the peak fuel cell efficiency value for a
uel cell operating on 1.0 M methanol is within the range of
50–550 mA cm−2, corresponding to ∼32%. In the low cur-
ent density region, fuel crossover characteristics dominate and
dversely affect the efficiency values,

fficiency =
(

Voltage

1.24 V

) (
iapplied

icrossover + iapplied

)

hereas as at higher current densities the overall efficiency is
ictated by the voltage efficiency, which steadily drops as polar-
zation effects become more significant. When the dilute solution
f trimethoxymethane (0.50 M) is compared with that of 1.0 M
ethanol, it is evident that that the fuel cell efficiency is slightly

igher at its peak and surpasses 30% efficiency at a much lower
urrent density. However, the high fuel cell efficiency cannot
e sustained as successfully when compared at the higher cur-

ent densities. These results are consistent with a use of a dilute
uel stream in which there is lower crossover and larger mass
ransfer limitations at high current densities. The more concen-
rated solutions of trimethoxymethane suffered from high fuel

F
0
f

ig. 12. Comparison of fuel efficiencies of trimethoxymethane (0.50 and 0.25 M
olutions), dimethoxymethane (0.5 M), and methanol (1.0 M) in liquid-feed
irect oxidation fuel cells at 90 ◦C.

rossover rates and were unable to attain efficiencies greater than
5%. However, at very high current densities (>850 mA cm−2)
he 0.50 M solution of trimethoxymethane displayed higher fuel
ell efficiencies than that of 1.0 M solution methanol due to the
iminished impact of fuel crossover.

When the behavior of dimethoxymethane was considered
ith respect to fuel and fuel cell efficiency at 90 ◦C with that
f trimethoxymethane and methanol, it was interesting to note
hat very high efficiency values were obtained at low current den-
ities (200–400 mA cm−2). As shown in Fig. 12, fuel efficiency
alues approaching 90% were observed at current densities as
ow as 200 mA cm−2 in the case of a fuel cell run with 0.50 M
MM solution at 90 ◦C. When the fuel cell efficiency values
ere computed for these same current–voltage curves, as illus-

rated in Fig. 13, over 39% fuel cell efficiency was observed at
0 ◦C at current densities of ∼200 mA cm−2 with 0.50 M solu-
ions of DMM. A possible explanation for the high fuel and fuel
ig. 13. Comparison of fuel cell efficiencies of trimethoxymethane (0.50 and
.25 M solutions), dimethoxymethane (0.5 M), and methanol (1.0 M) in liquid-
eed direct oxidation fuel cells at 90 ◦C.
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ig. 14. Performance of trimethoxymethane and methanol in a liquid-feed direct
xidation 5-cell stack.

one), to produce volatile, reactive species, such as formalde-
yde, which are rapidly oxidized at the anode or evaporate from
he anode stream.

.4. Stack performance

The performance of TMM was also evaluated on a 5-cell
tack and compared with that of methanol, as shown in Fig. 14.

hen 1.0 M solutions were evaluated, TMM showed superior
erformance to that of MeOH at high current densities. An
nteresting feature is that a 1.0 M TMM solution shows similar
haracteristics to the performance of a 3.0 M MeOH solution.
dditionally, a 3.0 M methanol solution showed better perfor-
ance than that observed with a 1.0 M methanol solution over

he range of current densities. Further investigations revealed
hat the stack design was very sensitive to fuel concentrations.
his type of behavior is not seen in single cells where the higher
oncentrated solutions tend to perform poorly at low current
ensities.

. Conclusion

The performance of dimethoxymethane and trimethox-
methane were compared with that of methanol in 2′′ × 2′′
25 cm2 electrode area) and 4′′ × 6′′ (160 cm2 electrode area)
irect oxidation fuel cells. The impact of various param-
ters upon cell performance, such as cell temperature and
node fuel concentration, was investigated. As evident from the
urrent–voltage response 1.0 M solutions of methanol delivered
etter performance at low current densities compared with all
oncentrations of TMM studied at 90 ◦C. However, at very high
urrent densities (>750 mA cm−2) 0.5 and 1.0 M solutions of
MM shows improved performance with respect to methanol.
t low temperatures (i.e., 60 ◦C) and low current densities (i.e.,
200 mA cm−2), DMM performs like TMM and methanol in
erms of the current–voltage response. However, when DMM
as evaluated at 90 ◦C the performance was surprising in its

nability to sustain high current densities. Fuel crossover rates
n operating fuel cells were also measured for methanol, DMM,

[

[

er Sources 173 (2007) 102–109

nd TMM and characterized in terms of concentration and tem-
erature effects. It was interesting to note that a 1.0 M solution
f methanol behaves in a manner similar to that of a 0.25–0.40 M
olution of trimethoxymethane, which correlates well with the
nergy content of the fuels, and suggests that TMM (and DMM),
re hydrolyzed to smaller molecules during the operation of the
uel cells. In summary, DMM and TMM have been observed
o provide good electrical performance in direct oxidation fuel
ells, however, the overall performance was observed to be infe-
ior to that of methanol under desirable operating conditions.
hus, any advantage of utilizing these fuels, especially TMM,
inges upon the expectation that they can be handled and trans-
orted more safely, due to more favorable physical properties
nd lower toxicity.
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