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bstract

The present paper briefly reviews the different direct liquid-feed fuel cells that have been regarded through the open literature. It especially
ocuses on thermodynamic-energetic data and toxicological–ecological hazards of the chemicals used as liquid fuels. The analysis of those two
atabases shows that borohydride, ethanol and 2-propanol would be the most adequate liquid fuels for the polymer electrolyte membrane fuel
ell-type systems, even if they are inferior to hydrogen. All the fuels and also all the by-products stem from their decomposition are more or less
armful towards health and environment. More particularly, hydrazine should be avoided because it and its by-product are very dangerous. It is to
ote that the present paper does not intend to review and to compare the performances of those fuel cells because of great differences in the efforts
evoted to each of them.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The polymer electrolyte membrane fuel cell (PEMFC) is

egarded as being a very promising low-temperature power gen-
ration device thanks to it excellent performances when fed with
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ydrogen (cell voltage of 1.23 V):

node H2 → 2H+ + 2e−

athode 1/2O2 + 2H+ + 2e− → H2O
verall H2 + 1/2O2 → H2O

However, the production, storage and distribution of hydro-
en are still strong limitations for its development [1].
lternative hydrogen carrier fuels are investigated. In a “fuels
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Table 1
Liquid fuels for DLFCs (the second column gives the abbreviation used in the
text for each fuel; it replaces then L of DLFC; the fourth column gives the
densities at 20 ◦C).

(Sodium)borohydride B (Na+) BH4
− (aq) 1.07 g ml−1a

Dimethoxymethane DM (CH3O)2CH2 (l) 0.86 g ml−1

Dimethyl ether DE (CH3)2O (g) 0.002 g ml−1b

Ethanol E C2H5OH (l) 0.79 g ml−1

Ethylene glycol EG C2H6O2 (l) 1.11 g ml−1

Formic acid FA HCOOH (l) 1.22 g ml−1

Hydrazine H N2H4 (l) 1.00 g ml−1

Methanol M CH3OH (l) 0.79 g ml−1

1-Methoxy-2-propanol MP CH3OCH(OH)CH3 (l) 0.92 g ml−1

1-Propanol P1 CH3CH2CH3OH (l) 0.81 g ml−1

2-Propanol P2 CH3CH(OH)CH3 (l) 0.79 g ml−1

Tetramethyl orthocarbonate TO (CH3O)4C (l) 1.02 g ml−1

Trimethoxymethane TM (CH3O)3CH (l) 0.89 g ml−1

Trioxane T C3H6O3 (s) 1.17 g ml−1c

a ◦
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NaBH4 (s) with a solubility of 550 g in 1 l of water at 25 C.
b (CH3)2O (g) with a solubility of 3280 g in 1 l of water at 25 ◦C.
c Density at 65 ◦C; C3H6O3 (s) with a solubility of 211 g in 1 l of water at
5 ◦C.
ace”, many liquid fuels (Table 1) and then many direct liquid-
eed fuel cells (DLFC) have been proposed. The most common
nd studied fuel is methanol, which use as energy carrier rep-
esents an important challenge for PEMFC since the system is

r
p
m
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able 2
eactions of DLFCs

BFC
Anode BH4

− + 8OH− → 8BO2
− + H2O + 8e−

Cathode 2O2 + 4H2O + 8e− → 8OH−

DMFC
Anode (CH3O)2CH2 + 4H2O → 3CO2 + 16H+ + 16e−
Cathode 4O2 + 16H+ + 16e− → 8H2O

DEFC
Anode (CH3)2O + 3H2O → 2CO2 + 12H+ + 12e−
Cathode 3O2 + 12H+ + 12e− → 6H2O

EFC
Anode C2H5OH + 3H2O → 2CO2 + 12H+ + 12e−
Cathode 3O2 + 12H+ + 12e− → 6H2O

EGFC
Anode C2H6O2 + 2H2O → 2CO2 + 10H+ + 10e−
Cathode 5/2O2 + 10H+ + 10e− → 5H2O

FAFC
Anode HCOOH → CO2 + 2H+ + 2e−
Cathode 1/2O2 + 2H+ + 2e− → H2O

HFC
Anode N2H4 → N2 + 4H+ + 4e−
Cathode O2 + 4H+ + 4e− → 2H2O

MFC
Anode CH3OH + H2O → CO2 + 6H+ + 6e−
Cathode 3/2O2 + 6H+ + 6e− → 3H2O

MPFC
Anode CH3OCH(OH)CH3 + 4H2O → 3CO2 + 16H+ + 1
Cathode 4O2 + 16H+ + 16e− → 8H2O

P1FC
Anode CH3CH2CH3OH + 5H2O → 3CO2 + 18H+ + 18e
Cathode 9/2O2 + 18H+ + 18e− → 9H2O

P2FC
Anode CH3CH(OH)CH3 + 5H2O → 3CO2 + 18H+ + 18
Cathode 9/2O2 + 18H+ + 18e− → 9H2O

TOFC
Anode (CH3O)4C + 6H2O → 5CO2 + 24H+ + 24e−
Cathode 6O2 + 24H+ + 24e− → 12H2O

TMFC
Anode (CH3O)3CH + 5H2O → 4CO2 + 20H+ + 20e−
Cathode 5O2 + 20H+ + 20e− → 10H2O

TFC
Anode C3H6O3 + 3H2O → 3CO2 + 12H+ + 12e−
Cathode 3O2 + 12H+ + 12e− → 6H2O
ources 169 (2007) 239–246

impler without a reformer. Methanol has several advantages
ith respect to hydrogen. It is a cheap liquid fuel, easily han-
led, transported and stored, and it has a high theoretical energy
ensity [2].

In recent decades, the fuel cells have attracted more and
ore attention due to high-energy demands, fossil fuel deple-

ion and environmental pollution. On that last point, hydrogen
s seen as the cleanest fuel because the fuel cell fed with it
olely produces water, even if it is true that its production by
eforming, oxidation or water gas shift, produces carbon diox-
de, a greenhouse gas [1]. However, all the liquid fuels regarded
s alternative to hydrogen are chemicals that are more or less
armful towards health and environment. It is also the case for
he reaction products. The following question is then asked:
hat can be the toxicological and ecological impacts of those

ubstances?
The present paper reviews the direct liquid-feed fuel cells

DLFCs) regarded through the literature (Table 1 for the liq-
id fuels). For each fuel cell, it proposes a discussion about
he fundamentals, the fuels and the by-products. Finally, the

elevance of each system is tackled. It is to note that the
resent paper is not a review devoted to the DLFCs perfor-
ances. It rather focuses on the overall interest of those fuel

ells.

Overall BH4
− + 2O2 → BO2

− + 2H2O

Overall (CH3O)2CH2 + 4O2 → 3CO2 + 4H2O

Overall (CH3)2O + 3O2 → 2CO2 + 3H2O

Overall C2H5OH + 3O2 → 2CO2 + 3H2O

Overall C2H6O2 + 5/2O2 → 2CO2 + 3H2O

Overall HCOOH + 1/2O2 → CO2 + H2O

Overall N2H4 + O2 → N2 + 2H2O

Overall CH3OH + 3/2O2 → CO2 + 2H2O

6e−
Overall CH3OCH(OH)CH3 + 4O2 → 3CO2 + 4H2O

−
Overall CH3CH2CH3OH + 9/2O2 → 3CO2 + 4H2O

e−
Overall CH3CH(OH)CH3 + 9/2O2 → 3CO2 + 4H2O

Overall (CH3O)4C + 6O2 → 5CO2 + 6H2O

Overall (CH3O)3CH + 5O2 → 4CO2 + 5H2O

Overall C3H6O3 + 3O2 → 3CO2 + 3H2O



wer S

2

2

f
D

a
r
i
a
w
t
d

e
t
l
t
h
t
w
t
i
h

d
o

2

T

e
(

t
r
a

s
n
d
o
s
t
D
t
l
D

c
a
T
e

t
f
E

T
T
C

a

U.B. Demirci / Journal of Po

. Fundamentals

.1. Reactions

Table 2 summarizes the anode, cathode and overall reactions
or each DLFC. The liquid fuels are given in Table 1. For all
LFCs, the cathode is fed with oxygen.
As all the liquid fuels, except hydrazine and borohydride,

re composed with carbon, hydrogen and oxygen, the “ideal”
eaction products are CO2 and water (Table 2). Even if CO2
s a greenhouse gas, the “ideal” products are environmentally
cceptable. Regarding hydrazine, the ideal products are N2 and
ater. The borohydride ion oxidation leads to the formation of

he metaborate ion, BO2
−, which is slightly harmful (will be

iscussed in Section 3).
Another observation from Table 2 is related to the number of

lectrons involved in the DLFCs during the fuel oxidation and
hen the oxygen reduction. The number of electrons involved is
inked to the molecular weight and the atomic composition of
he fuel. The more hydrogen and carbon atoms the molecule
as, the higher the number of electrons involved is. Hence,
rimethoxymethane (4C, 10H) oxidises producing 24 electrons,
hile formic acid (1C, 2H) gives two electrons. For borohydride,

he number of electrons involved is eight because H− oxidise
nto H+ by liberating two electrons per H−. For hydrazine, each
ydrogen atom produces one electron.

Those numbers of electrons are important because they con-
ition, with other parameters, the theoretical energetic capacities
f the fuel cells.
.2. Thermodynamics

Table 3 shows the thermodynamic comparison of the DLFCs.
he theoretical energy conversion efficiency of all the DLFCs

r
w
l
v

able 3
hermodynamic features of DLFCs at 25 ◦C and 1 atm (Mw: fuel molecular weight; n:
: pure compound capacity; η: theoretical energy conversion efficiency)

No thermodynamic data available from sources to author’s knowledge.
ources 169 (2007) 239–246 241

xceed 90%, what is larger than that of the PEMFC fed with H2
83%).

The theoretical specific energy Esp is proportional to both
he number of electrons n involved (in oxidation and reduction
eactions) and the overall cell voltage (electromotive force) E0,
nd is inversely proportional to the fuel molecular weight Mw:

nE0

Mw

Hence, this ratio means that a compound is all the energetic
ince it is a light molecule that involves many electrons (high
/Mw ratio) and it displays a high cell voltage. Even if some
ata defaults (Table 3), one may consider that the cell voltages
f the fuel cells for which no data are given are of about 1.2. If
o, one can remark that the best fuel cell is the DBFC in term of
heoretical specific energy Esp. This technology is followed by
P1FC, DP2FC, DDEFC, DEFC and DMPFC. Except DFAFC,

he other fuel cells are relatively close. The DFAFC displays the
owest Esp that represents 17.5% of the best one (i.e. that of
BFC).
The pure compound capacity, which is independent of E0, is

ompletely proportional to the ratio n/Mw. The highest C values
re displayed by DP1FC, DP2FC, DEFC, DDEFC and DBFC.
his ranking confirms the previous one even if there is not an
xact parallel.

It is interesting to compare the data given in Table 3 to that of
he H2/O2 PEMFC. This latter presents the following theoretical
eatures: Mw of 2.01 g mol−1, n of 2, n/Mw of 0.995, E0 of 1.23 V,
sp of 32 802 Wh kg−1, C of 26668 Ah kg−1 and η of 0.83. The
atio n/Mw shows that H2 is really the best fuel and that if there
ere not the H2 production, storage and distribution issues, the

iquid fuels would be uninteresting from an energetic point of
iew.

number of electrons involved; E0: cell voltage; Esp: theoretical specific energy;
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. Concrete features

.1. Environmental concerns of the fuels

The fuel cells are considered as being environmentally
riendly. However, the chemicals used as liquid fuels are not
ompletely safe and the fuel cells are not emission-free. For
xample, the carbon-containing fuels “ideally” produce CO2,
hich is a greenhouse gas (Table 2). Otherwise, methanol and the
ther alcohols produce hazardous by-products (will be discussed
elow).

All the chemicals, taken as liquid fuels, are produced in more
r less important amounts in accordance with the needs, and that
s why the production processes are well established, the main
ssue being, generally, the production cost. To illustrate those
ords, the production ways of some fuels can be suggested.
he most studied liquid fuel, i.e. methanol, is predominantly
roduced by steam reforming of natural gas and, although both
oal and biomass (e.g. wood) can be used, today’s economics
avour natural gas [3]. The second most studied liquid fuel, i.e.
thanol, is produced by hydration of acetylene or, biologically,
y fermenting sugar-rich raw materials from agriculture. It can
e produced from cellulose-based biomass, such as trees and
rasses, as well [4]. It is obvious that the transformations of
aw materials from agriculture and cellulose-based biomass are
afer processes. Besides the ethanol production, acetylene is
lso used to catalytically produce ethylene glycol via ethylene
xide [4]. As a last example, one can suggest that methanol
s used as raw material for the production of dimethyl ether,

imethoxymethane and formic acid [4].

Table 4 summarises the known main hazards of the liq-
id fuels. It is to note that all the information provided in
able 4 are especially stem from “material safety data sheet”

o
o
t

able 4
azards of the liquid fuels from Refs. [5,6].
ources 169 (2007) 239–246

ocuments available on the websites of the chemicals suppliers
5,6].

A first glance to Table 4 shows that all the chemicals used
s liquid fuels are hazardous. Nevertheless, one can distinguish
ome differences. Hydrazine should be avoided because it has
early all the drawbacks: carcinogenic, very hazardous towards
ealth and environment, and unstable. It is not a fuel that can
e proposed to customers for their daily use. All the chemicals
re polluting and flammable. They are irritant or even toxic.
imethyl ether distinguishes itself because its “single” draw-
ack is its extreme flammability. Borohydride is one of the most
azardous chemical and its use, even in solution, should be
voided. It is to remark that the borohydride-based solution is
n fact an aqueous alkaline solution, which is highly concen-
rated in sodium hydroxide with pH > 13 [7]. Sodium hydroxide
s corrosive, irritant, slightly polluting and non-flammable.

In fact, the choice of the “ideal” liquid fuel is quite difficult
n the basis of their hazardous features (Table 4) because they
re all harmful. That choice should be a compromise between
he hazardous effects and the performances of the corresponding
uel cells. However, from Table 4, one can assert that hydrazine
hould really be avoided.

As a conclusion to this section, one can add that ethanol is
resently viewed by many scientists as the “perfect” fuel for the
ortable fuel cells because ethanol is easily produced, is one of
he less harmful chemical and is sufficiently energetic.

.2. Brief survey about DLFCs
The main expectation for a DLFC is that the “ideal” anodic
xidation takes place on the anode electrocatalyst without the
ccurrence of side reaction(s) (Table 2). Unfortunately, it is never
he case whatever the liquid fuel. On the basis of this statement,
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he following lines briefly review some experimental features
or the different DLFCs, particularly emphasizing on the side
eactions and the by-products formed.

For the DMFC, the “ideal” anodic reaction is not completely
eached as methanol is mainly decomposed into CO; further-
ore, its principle by-products are formaldehyde and formic

cid [2,8,9]. Some of these species, adsorbed on the catalyst sur-
ace, are not readily oxidizable and remain strongly adsorbed,
reventing fresh methanol from adsorbing and undergoing fur-
her reaction. The methanol oxidation requires active multiple
ites: the ones for adsorbing methanol and the others for donating
H species that are necessary for the oxidation and desorption
f the adsorbed intermediates [8]. Platinum is the most active
etal for the dissociative adsorption of methanol but it is readily

oisoned by CO. Therefore, new electrocatalysts, i.e. Pt-based
imetallic alloys, are developed and there is a consensus about
he fact that Pt–Ru is the best material for the methanol total
xidation. Power densities of 40–120 mW cm−2 at a cell poten-
ial of 0.4 V were reported for single cells operating at 60–90 ◦C
2,8–11].

With ethanol, the main challenge is the cleavage of the C–C
ond, what makes difficult its oxidation into 2CO2. Song et al.
12,13] worked on the DEFC because they thought that, in the
ong run, the combination of ethanol (a renewable resource) and
uel cell (a promising and attractive technology) would have
rought benefits of not only lowering emission and increasing
he air quality from the environmental point of view but also
ncreasing energy security and creating economic opportunities
rom the social point of view. They observed that the best anode
atalyst for the DEFC was the bimetallic Pt-Sn, what was also
bserved by Lamy et al. [2]. However, even with that catalyst,
thanol did not “ideally” oxidize and the final products were
ainly acetaldehyde and acetic acid [2,12,14].
Lamy et al. [2] proposed a short survey about DMFC, DEFC

nd DP2FC. The authors asserted that those alcohols had a very
ood energy density that were close to that of hydrocarbons
nd gasoline (i.e. 10–11 kWh kg−1), so that they appeared as
easonable alternative energy carriers for the electric vehicle.
his study confirmed the observations relative to both DMFC
nd DEFC that are given above and added that the oxidation of
igher alcohols always produced some amounts of adsorbed CO.
P1FC and DP2FC were investigated more in details by Wang

t al. [15]. They evaluated ethanol, 1-propanol and 2-propanol
s alternative fuels for DMFC by using Pt–Ru and Pt-black cata-
ysts. The main products of ethanol were acetaldehyde and CO2.
or the 1-propanol, propanal and CO2 were mainly produced.
n contrast, the main by-products of 2-propanol oxidation were
-propanone and negligible amounts of CO2. Wang et al. [15]
oncluded their investigation by the following remark: “both 1-
ropanol and 2-propanol are not suitable fuels because of their
ow electrochemical activity, but ethanol is the most promising
andidate for an alternative fuel for DMFCs”.

Regarding ethylene glycol, Peled et al. [16] showed that

heir DEGFC was 33% more powerful than their DMFC. They
oncluded that this put the DEGFC in direct competition with
MFC and as ethylene glycol was well known in automotive

ndustry and as its distribution infrastructure already existed,

p
n
e
c

ources 169 (2007) 239–246 243

his liquid fuel was a promising candidate for practical electric
ehicles. de Lima et al. [17] analysed the oxidation products and
roved that CO2, glycolic acid and oxalic acid were formed.

Rice et al. [18] studied DFAFCs constructed with Pt-based
imetallic catalysts and showed that the best catalyst was Pt–Pd.
he addition of Pd enhanced the rate of formic acid oxidation via
direct reaction mechanism [19]. Formic acid oxidised accord-

ng to two paths. According to the first path, the dehydrogenation
ath (or direct path), formic acid was directly dehydrogenated
nto CO2. According to the second path, the dehydration path
or CO path), formic acid was dehydrated into CO, which poi-
oned the electrode or was further oxidized to produce CO2.
he main by-product in DFAFC is CO [20]. Muller et al. [21]
riticised the use of formic acid as liquid fuel because of its
ow energy density (Table 3) and its corrosive and toxic nature
Table 4).

Dimethyl ether is less toxic than methanol and in principle
vailable in large quantities. The vapour pressure of dimethyl
ther is between those of propane and butane, what means that a
echnology for storing and handling the fuel is already available.

Müller et al. [21] demonstrated a DDEFC yielding compa-
able power density and higher total efficiency than a DMFC.
hey proposed a mechanism where dimethyl ether was oxidised

nto methanol that was then oxidised over Pt–Ru (as in DMFC).
ang et al. [22] observed the formation of CO, H2, CH4, H2CO,
O2 and H2O.

Dimethoxymethane, trimethoxymethane and trioxane are
erivatives of natural gas. One of their advantages is that
hey have no C–C bond. Their oxidation led to the for-

ation of methanol and ultimately carbon dioxide [23,24].
t–Ru and Pt–Sn were efficient catalysts. Dimethoxymethane
nderwent more facile oxidation than trimethoxymethane,
hile trioxane oxidised at significant rates only above 55 ◦C.
rossover occurred with those three fuels but at a lesser degree

han that occurring with methanol [23]. It is to note that
imethoxymethane and trimethoxymethane are not currently
vailable in large commercial quantities and are, therefore, very
xpensive.

Yamada et al. [25] are the first scientists to run a DHFC using
Nafion® membrane. Hydrazine showed better performances

han methanol in the direct fuel cell. The cell using hydrazine
ave voltages twice as high as those of the cell using methanol.
he catalytic decomposition reaction of hydrazine proceeded

urther than the oxidation reaction on the anode side. Two routes
f decomposition occurred: the first producing N2 and 2H2; and
he second producing from 3N2H4, 1N2 and 4NH3. The latter
ecreased the fuel utilization and seemed to cause the lowering
f the cell voltage. Moreover, the DHFC suffered from hydrazine
nd ammonia crossover through the membrane.

Different from the previous fuels, the borohydride fuel is an
lkaline aqueous solution of sodium borohydride, which is com-
letely carbon-free. Against DMFC, DEFC and DFAFC, this is
non-negligible advantageous because no CO-like species will

oison the electrocatalyst. The ideal eight-electron oxidation is
ot effective because hydrolysis of borohydride occurs in some
xtent with production of BO2

− and H2 [26]. Finding an anode
atalyst inactive towards the borohydride hydrolysis is one of
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he main objectives. The most promising catalysts are the Au-
ased ones because they catalyze the borohydride oxidation by
nvolving 7–8 electrons per molecule [27].

To briefly summarise the present section, one can assert that
he main problem with the carbon-containing fuels is the for-

ation of CO that poisons the anode catalyst. Besides, another
roblem for the two-carbon-containing fuels, like e.g. ethanol,
s the difficulty, for the catalyst, to cleave the C–C bond, what is
t the origin of the formation of by-products like acetic acid
nd acetaldehyde. With hydrazine and borohydride as fuels,
he “ideal” direct oxidation does not completely take place and
y-products such as ammonia and hydrogen, respectively, are
roduced. It is to note that for the DBFC, the BO2

− ions are
ormed whatever the reactions at the anode side may be (i.e.
xidation or hydrolysis). Hence, it will be interesting to shortly
eview the environmental concerns of the by-products that are
iscussed in the present section.

.3. Environmental concerns of the by-products

The purpose of the present section is to give information about
he environmental concerns relative to the by-products listed
n the previous section. It is true that the investigations about
he DLFCs focus on avoiding the formation of those undesired
y-products and then their hazardous properties would become
minor issue. Nevertheless, it is likely that a failing fuel cell

ystem could produce such chemicals and it is important to keep
n mind such information.

Table 5 proposes the hazards of the by-products of the
LFCs. Except three substances, namely ammonia (stem from
ydrazine), acetaldehyde (stem from ethanol) and formaldehyde
stem from methanol), the by-products are no more harmful and

o more flammable than the liquid fuels of Table 4.

Hydrazine as fuel should be avoided and even renounced
ince both reactant and by-product are very dangerous towards
ealth and environment (Tables 4 and 5).

l
i

s

able 5
azards of the by-products of the DLFCs from Refs. [5,6]
ources 169 (2007) 239–246

As methanol is the fuel for which the investigations are
he most developed, few words concerning its by-products are
equired (Table 5). One of its by-products is formaldehyde. It is
ne of the common indoor air pollutants. Irritating at low concen-
rations, it is potentially lethal at large exposures. Formaldehyde
s classified as a probable human carcinogen [4,5]. Formalde-
yde and formic acid can cause blindness by destruction of the
ptic nerve. Any exposure to formic acid can cause severe chem-
cal burns and eye exposure can result in permanent eye damage
4,5].

It is to remark that the liquid fuels are often aqueous acidic
olutions of the chemicals. The main acid used is H2SO4, which
s known to be corrosive, non-flammable and slightly polluting.
t is an issue that should be taken into account in the environ-
ental concerns as well.
As a conclusion, one can emphasize that recycling processes

nd facilities must be created and developed to salvage the emis-
ions of the by-products.

. Short discussion about the relevance of each DLFC

The efforts devoted to the DLFCs are variable from one fuel
o the other: e.g. huge amount of studies about both DMFC
nd DEFC, increasing number of works devoted to DBFC and
nly few papers about e.g. DTFC and DTOFC. In the opinion
f the author, it is not relevant to compare the DLFCs perfor-
ances that have been published through the open literature.

ndeed, the differences in the efforts devoted to the development
f each technology are too different to get a realistic compari-
on. Hence, the relevance of those DLFC technologies will be
riefly discussed on the basis of the theoretical data, which are
he objectives to reach, and of the environmental concerns of the

iquid fuels. Moreover, as a secondary criterion, it will be taken
nto consideration the by-products hazardous properties.

For the present discussion, Table 6 is proposed as a discus-
ion support. This table classifies the DLFCs by giving notes (see
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Table 6
DLFCs relevance: “the lower the total is, the more relevant the DLFC is” (notes for energy—0: more than 10,000 Wh kg−1, 1: from 8000 to 10,000 Wh kg−1, 2: from
5000 to 8000 Wh kg−1, 3: below 5000 Wh kg−1, 4: below 1000 Wh kg−1; notes for hazards—0: no effect, 1: low effect, 2: moderate effect, 3: high effect, 4: extreme
effect)

DLFC Fuel/oxidant Note for theoretical
specific energy

Note for the fuels
hazards

Note for the
by-products hazards

Total of the
notesa

DBFC BH4
−/O2 1 3 1 4.5

DDMFC (CH3O)2CH2/O2 2 2 3 5.5
DDEFC (CH3)2O/O2 1 3 3 5.5
DEFC C2H5OH/O2 1 2 4 5.0
DEGFC C2H6O2/O2 2 3 3 6.5
DFAFC HCOOH/O2 3 3 – 6.0
DHFC N2H4/O2 2 4 4 8.0
DMFC CH3OH/O2 2 3 3 6.5
DMPFC CH3OCH(OH)CH3/O2 2 2 3 5.5
DP1FC CH3CH2CH3OH/O2 1 4 2 6.0
DP2FC CH3CH(OH)CH3/O2 1 2 2 4.0
DTOFC (CH3O)4C/O2 2 2 3 5.5
DTMFC (CH3O)3CH/O2 2 2 3 5.5
D 3

/2(no
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a Total = (note for theoretical specific energy) + (note for the fuels hazards) + 1

able 6 caption). This table takes into consideration the theoret-
cal energy data, more especially the theoretical specific energy,
he liquid fuels environmental concerns and the by-products
nvironmental concerns. It is to remark that the availability of the
uel is not regarded because it is very likely that the production
f a chemical will quickly adapt to the market.

From Table 6, the worst fuel is hydrazine because it is highly
angerous towards both health and environment. In fact, it can
e proposed two categories for Table 6: the liquid fuels having a
otal above 5, and the ones for which the total is equal or below
. From that classification, DBFC, DEFC and DP2FC would be
he most adequate fuel in a compromise between the energetic
ata and the environmental concerns. The other DLFCs, except
HFC, would be relatively similar and might be regarded as

lternative options to the DBFC, DEFC and DP2FC.
DEFC is likely the fuel cell for which the utilization per-

pectives are the greatest [15]. DBFC is a technology for which
he investigations continuously increase and the research groups
nvolved in that fuel cell support its high potential as a power gen-
ration system for mobile and portable applications. Its potential
ould be superior to that of the DMFC [7].
“Ideally” oxidised, the carbon-containing liquid fuels pro-

uce CO2 and water. CO2 is a greenhouse gas and men are
orking to the reduction of its emission. It is interesting to

ompare the productions of CO2 from hydrocarbons and those
rom DLFCs. Let n-heptane be a hydrocarbon with a theoreti-
al specific energy of about 10,000 Wh kg−1. Given methanol
nd ethanol liquid fuels for the DMFC and the DEFC, respec-
ively, with theoretical specific energies of about 6000 and
000 Wh kg−1, respectively. By a simple calculation, one can
emark that the “ideal” CO2 production from the DMFC and
he DEFC will be about 30% and 20% lower than that from

-heptane “ideal” combustion. By “ideal”, it is meant 100% effi-
ient. Hence, even if these fuel cells produce CO2, the amounts
roduced are reduced and that contributes to the efforts for
educing the greenhouse gas emissions.

b
v
a
u

3 6.5

te for the by-products hazards).

To conclude the present section, one can compare the H2
eatures to those proposed in Tables 3–5. Even if only two elec-
rons are produced from the H2 oxidation, thanks to its very
ow molecular weight, its theoretical specific energy is of about
3,000 Wh kg−1, what is more than three times higher than the
est DLFC, i.e. DBFC. H2 is extremely flammable in presence
f oxygen: it is likely its single drawback in terms of hazardous
ffects. Its oxidation leads to the production of water. However,
s underlined in introduction, it has non-negligible disadvan-
ages relative to its production, storage and distribution. Hence,
f one obscures these last drawbacks, there is no doubt about
he fact that the ideal fuel for the PEMFC is H2. According
o the classification provided in Table 6, H2 has a total of 2
0 + 2 + 0).

. Conclusion

The present paper reviews the theoretical energy properties
nd the environmental concerns of liquid chemicals used as
ydrogen carrier fuels for the PEMFC-type system.

Except formic acid, all the fuels display acceptable theoretical
nergy properties. On the basis of such data, the DP1FC, DP2FC,
EFC, DDEFC and DBFC are the most promising systems.
owever, there are all below the PEMFC fed with hydrogen,
hich is able to show energetic capacities more than three times

uperior to that of the DBFC.
There is an important question about the utilization of such

iquid fuels: what are the hazards of these chemicals towards
oth health and environment? In fact, all of them are more or
ess hazardous. Besides the liquid fuels, the by-products, stem
rom side reaction(s) in competition with the “ideal” oxidation,
re also more or less hazardous. Hydrazine distinguishes itself

ecause it and the by-products stem from its decomposition are
ery dangerous and harmful. The analysis of the toxicological
nd ecological data draws a negative picture for the chemicals
sed as liquid fuels.
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The relevance of each DLFC is suggested and it appears, as it
s commonly admitted by the scientists working on the DLFCs,
hat the DEFC is one of the most relevant PEMFC-type systems.
owever, if one obscures the storage issue of H2, there is no
oubt about the fact that the “ideal” fuel for the PEMFC is H2.
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14] J.M. Léger, S. Rousseau, C. Coutanceau, F. Hahn, C. Lamy, Electrochim.

Acta 50 (2005) 5118.
15] J. Wang, S. Wasmus, R.F. Savinell, J. Electrochem. Soc. 142 (1995)

4218.
16] E. Peled, V. Livshits, T. Duvdevani, J. Power Sources 106 (2002) 245.
17] R.B. de Lima, V. Paganin, T. Iwasita, W. Vieltisch, Electrochim. Acta 49

(2003) 85.
18] C. Rice, S. Ha, R.I. Masel, A. Wieckowski, J. Power Sources 115 (2003)

229.
19] H. Liu, C. Song, L. Zhang, J. Zhang, H. Wang, D.P. Wilkinson, J. Power

Sources 155 (2006) 95.
20] N.M. Marković, P.N. Ross Jr., Surf. Sci. Rep. 45 (2002) 117.
21] J.T. Müller, P.M. Urban, W.F. Hölderich, K.M. Colbow, J. Zhang, D.P.
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