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Abstract

The present paper briefly reviews the different direct liquid-feed fuel cells that have been regarded through the open literature. It especially
focuses on thermodynamic-energetic data and toxicological-ecological hazards of the chemicals used as liquid fuels. The analysis of those two
databases shows that borohydride, ethanol and 2-propanol would be the most adequate liquid fuels for the polymer electrolyte membrane fuel
cell-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
harmful towards health and environment. More particularly, hydrazine should be avoided because it and its by-product are very dangerous. It is to
note 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
devoted to each of them.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction hydrogen (cell voltage of 1.23 V):

_ Anode H, — 2H" +2e~
The polymer electrolyte membrane fuel cell (PEMFC) is

regarded as being a very promising low-temperature power gen- Cathode 1/205 +2H* +2¢~ — H,0
eration device thanks to it excellent performances when fed with

Overall Hj +1/20, — H,0

* Tel.: +33 388 24 27 58: fax: +33 388 24 27 61. However? the product.101.1, sForage and.dlstrlbutlon of hydro-
E-mail addresses: umitbilgedemirci @yahoo.fr, gen are still strong limitations for its development [1].
umit.demirci @ecpm.u-strasbg.fr. Alternative hydrogen carrier fuels are investigated. In a “fuels
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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*) BHs ™ (aq) 1.07 gml~12
Dimethoxymethane DM (CH30),CH; (1) 0.86g ml~!
Dimethyl ether DE (CH3)0 (g) 0.002gml~'P
Ethanol E C,H5O0H (1) 0.79 gml~!
Ethylene glycol EG CyHgO;, (D) 1.11g ml~!
Formic acid FA HCOOH (1) 1.22gml™!
Hydrazine H NoHy () 1.00 gmil~!
Methanol M CH3O0H (1) 0.79¢g ml~!
1-Methoxy-2-propanol MP CH3OCH(OH)CH3 (I) 092¢g ml~!
1-Propanol P1 CH3CH,CH;30H (1) 0.81g ml~!
2-Propanol P2  CH3CH(OH)CH; ()  0.79gml™!
Tetramethyl orthocarbonate  TO  (CH30)4C (1) 1.02gmil™!
Trimethoxymethane T™™  (CH30)3CH (1) 0.89 gml™ 1
Trioxane T C3HgOs3 (s) 1.17gml~1e

2 NaBHy (s) with a solubility of 550 g in 11 of water at 25°C.

b (CH3),0 (g) with a solubility of 3280 g in 11 of water at 25 °C.

¢ Density at 65°C; C3HgO3 (s) with a solubility of 211 g in 11 of water at
25°C.

race”, many liquid fuels (Table 1) and then many direct liquid-
feed fuel cells (DLFC) have been proposed. The most common
and studied fuel is methanol, which use as energy carrier rep-
resents an important challenge for PEMFC since the system is

Table 2
Reactions of DLFCs

simpler without a reformer. Methanol has several advantages
with respect to hydrogen. It is a cheap liquid fuel, easily han-
dled, transported and stored, and it has a high theoretical energy
density [2].

In recent decades, the fuel cells have attracted more and
more attention due to high-energy demands, fossil fuel deple-
tion and environmental pollution. On that last point, hydrogen
is seen as the cleanest fuel because the fuel cell fed with it
solely produces water, even if it is true that its production by
reforming, oxidation or water gas shift, produces carbon diox-
ide, a greenhouse gas [1]. However, all the liquid fuels regarded
as alternative to hydrogen are chemicals that are more or less
harmful towards health and environment. It is also the case for
the reaction products. The following question is then asked:
what can be the toxicological and ecological impacts of those
substances?

The present paper reviews the direct liquid-feed fuel cells
(DLFCs) regarded through the literature (Table 1 for the lig-
uid fuels). For each fuel cell, it proposes a discussion about
the fundamentals, the fuels and the by-products. Finally, the
relevance of each system is tackled. It is to note that the
present paper is not a review devoted to the DLFCs perfor-
mances. It rather focuses on the overall interest of those fuel
cells.

DBFC é::ﬁle Eg N ; :ﬁ?nggz 813)(;6};}120 8 Overall BH,~ +20; — BO»~ +2H,0

DDEFC é:gize é%fi)zlggfilf; f)j%?{zzguw * e Overall (CH3),0+30; — 2CO, +3H,0

DEFC 2:3:3;6 S(Z)I;Ii?g[;ﬁ?]z 206 - _2)C6§_)[22 (-; 12H" + 12¢7 Overall C,H50H + 30, — 2CO; +3H,0

DEGEC é:;iede 5/22%62(12 1&2{?1015;_2 C_)O;;2100H+ +10e7 Overall CHg03 +5/20; — 2CO, + 3H,0

DFAFC é::}’ize ﬁggfﬁgﬁ%ﬁf 2:[;;2'(2)6_ Overall HCOOH + 1/20; — CO, + H,0

DHFC é:;iede gzljz;;iz;e—f I—i' ;ﬁj(_) Overall N2H4 +02 — N2 +2H,0

DMPEC é;’;ize fgj?fgg?ﬂg?ﬁ :4;21?0% 3C02 +16H" + 16 Overall CH30CH(OH)CHs + 405 — 3CO; +4H,0
DPIFC é::ﬁle g:/leé(jilzl(égi?llg;HiO9;23OCOz +I8HT + 18 Overall CH3CH,CH30H +9/20, — 3CO, +4H,0
DP2FC é:giie ;I;g?:(gﬁicﬁgﬁ IE%IZ O3C02 +18H" + 187 Overall CH3CH(OH)CH; +9/205 — 3CO + 4H,0
DTOFC é:;ize é%fi?:gff?jﬁ - 51332 5 24HT + 247 Overall (CH30)4C +60; — 5CO, +6H,0
DTMEC 0 o+ 20HT 20 Overall (CHy0);CH + 50, = 4CO; + 5H,0
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2. Fundamentals
2.1. Reactions

Table 2 summarizes the anode, cathode and overall reactions
for each DLFC. The liquid fuels are given in Table 1. For all
DLFCs, the cathode is fed with oxygen.

As all the liquid fuels, except hydrazine and borohydride,
are composed with carbon, hydrogen and oxygen, the “ideal”
reaction products are CO, and water (Table 2). Even if CO;
is a greenhouse gas, the “ideal” products are environmentally
acceptable. Regarding hydrazine, the ideal products are N, and
water. The borohydride ion oxidation leads to the formation of
the metaborate ion, BO, ™, which is slightly harmful (will be
discussed in Section 3).

Another observation from Table 2 is related to the number of
electrons involved in the DLFCs during the fuel oxidation and
then the oxygen reduction. The number of electrons involved is
linked to the molecular weight and the atomic composition of
the fuel. The more hydrogen and carbon atoms the molecule
has, the higher the number of electrons involved is. Hence,
trimethoxymethane (4C, 10H) oxidises producing 24 electrons,
while formic acid (1C, 2H) gives two electrons. For borohydride,
the number of electrons involved is eight because H™ oxidise
into H* by liberating two electrons per H™. For hydrazine, each
hydrogen atom produces one electron.

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

2.2. Thermodynamics

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

Table 3

exceed 90%, what is larger than that of the PEMFC fed with H,
(83%).

The theoretical specific energy Ejp is proportional to both
the number of electrons n involved (in oxidation and reduction
reactions) and the overall cell voltage (electromotive force) EY,
and is inversely proportional to the fuel molecular weight My,:

nEY

My,

Hence, this ratio means that a compound is all the energetic
since it is a light molecule that involves many electrons (high
n/M,, ratio) and it displays a high cell voltage. Even if some
data defaults (Table 3), one may consider that the cell voltages
of the fuel cells for which no data are given are of about 1.2. If
so, one can remark that the best fuel cell is the DBFC in term of
theoretical specific energy Esp. This technology is followed by
DP1FC, DP2FC, DDEFC, DEFC and DMPFC. Except DFAFC,
the other fuel cells are relatively close. The DFAFC displays the
lowest Egp that represents 17.5% of the best one (i.e. that of
DBFC).

The pure compound capacity, which is independent of E?, is
completely proportional to the ratio n/M,,. The highest C values
are displayed by DP1FC, DP2FC, DEFC, DDEFC and DBFC.
This ranking confirms the previous one even if there is not an
exact parallel.

It is interesting to compare the data given in Table 3 to that of
the Hy/O, PEMEFC. This latter presents the following theoretical
features: My, 0of2.01 g mol™!, nof?2, n/My, 0of 0.995, E90f1.23V,
Ep of 32 802 Whkg ™!, C of 26668 Ahkg~! and 7 of 0.83. The
ratio n/M,, shows that Hj is really the best fuel and that if there
were not the H, production, storage and distribution issues, the
liquid fuels would be uninteresting from an energetic point of
view.

Thermodynamic features of DLFCs at 25 °C and 1 atm (My,: fuel molecular weight; n: number of electrons involved; E: cell voltage; Egp: theoretical specific energy;

C: pure compound capacity; n: theoretical energy conversion efficiency)

. M, M, E° E c n
DLF Fuel/Oxidant . . *P

= R Ox (g mol™) " emolgl) (W) (Whkgl)  (Ahkg) (%)
DBFC BH; /0, 37.74 8 0.212 1.64 9 295 5668 91
DDMFC (CH;0)-CH-/0> 76.10 16 0.210 1.23 6931 5635 98
DDEFC (CH3),0/0, 46.07 12 0.260 1.20 8377 6 981 95
DEFC CoHsOH/Os 46.07 12 0.260 1.15 8028 6 981 97
DEGFC C2HgO02/0» 62.07 10 0.161 1.22 5268 4318 99
DFAFC HCOOH/O, 46.03 2 0.043 1.40 1630 1165 106
DHFC NoH/Oo 32.05 4 0.125 1.62 5419 3345 100
DMFC CH;OH/O- 32.04 6 0.187 1.21 6073 5019 97
DMPFC*® CH;OCH(OH)CH5/O, 76.10 16 0.210 o w.5635 5635 -
DP1FC CH;CH>CH;0H /0, 60.10 18 0.300 1.13 9070 8027 97
DP2FC CH3;CH(OH)CHyO 2 60.10 18 0.300 1.12 8 990 8027 97
DTOFC* (CH;0)4C/04 136.15 24 0.176 B B.4725 4725 -
DTMFC? (CH30):CH/O, 106.12 20 0.189 ¥ v.5051 5051 -
DTFC ? C3Hg05/0; 90.08 12 0.133 ) 3.3570 3570 -

2No thermodynamic data available from sources to author’s knowledge.
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3. Concrete features
3.1. Environmental concerns of the fuels

The fuel cells are considered as being environmentally
friendly. However, the chemicals used as liquid fuels are not
completely safe and the fuel cells are not emission-free. For
example, the carbon-containing fuels “ideally” produce CO»,
whichis a greenhouse gas (Table 2). Otherwise, methanol and the
other alcohols produce hazardous by-products (will be discussed
below).

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

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

Table 4
Hazards of the liquid fuels from Refs. [5,6].

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

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

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

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

3.2. Brief survey about DLFCs

The main expectation for a DLFC is that the “ideal” anodic
oxidation takes place on the anode electrocatalyst without the
occurrence of side reaction(s) (Table 2). Unfortunately, itis never
the case whatever the liquid fuel. On the basis of this statement,

Health Effects

Environmental Hazards

Fire Hazard

Others

Toxic,

Corrosive, Liberates toxic

H H D, 1 1 ' Fle P 2
(Sodium) Borohydride Catisas s svers Hiitig Polluting Highly Flammable and highly flammable gas
Dimethoxymethane Irritant Slightly polluting Highly Flammable
Dimethyl ether o] - Extremely Flammable
Ethanol Irritant Slightly polluting Highly Flammable
Irritant, .y . N .
Ethylene glycol Larmful if swallowed Slightly polluting Flammable Corrosive
Formic acid Hciient, Harmill, Canges Slightly polluting Flammable Corrosive
severe burns
Irritant, Harmful, Toxic, Very Toxic to aquatic
Hydrazine Causes severe burns, organisms, Dangerous for Highly Flammable Carcinogenic, Unstable
Sensitizing the environment
Methanol Toxic Slightly polluting Highly Flammable
1-Metho xy-2-propanol Trritant - Flammable
1-Propanol [rritant Toxic, Slightly polluting Highly Flammable Carcinogenic
2-Propanol Irritant Slightly polluting Highly Flammable
Tetramethyl Trritant - Flammable Sensitive to humidity
orthocarbonate -
Trimethoxymethane Irritant Slightly polluting Highly Flammable

Trioxane

Trritant, Toxic for
reproduction

Slightly polluting

Highly Flammable
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the following lines briefly review some experimental features
for the different DLFCs, particularly emphasizing on the side
reactions and the by-products formed.

For the DMFC, the “ideal” anodic reaction is not completely
reached as methanol is mainly decomposed into CO; further-
more, its principle by-products are formaldehyde and formic
acid [2,8,9]. Some of these species, adsorbed on the catalyst sur-
face, are not readily oxidizable and remain strongly adsorbed,
preventing fresh methanol from adsorbing and undergoing fur-
ther reaction. The methanol oxidation requires active multiple
sites: the ones for adsorbing methanol and the others for donating
OH species that are necessary for the oxidation and desorption
of the adsorbed intermediates [8]. Platinum is the most active
metal for the dissociative adsorption of methanol but it is readily
poisoned by CO. Therefore, new electrocatalysts, i.e. Pt-based
bimetallic alloys, are developed and there is a consensus about
the fact that Pt—Ru is the best material for the methanol total
oxidation. Power densities of 40-120 mW cm™? at a cell poten-
tial 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
bond, what makes difficult its oxidation into 2CO,. Song et al.
[12,13] worked on the DEFC because they thought that, in the
long run, the combination of ethanol (a renewable resource) and
fuel cell (a promising and attractive technology) would have
brought benefits of not only lowering emission and increasing
the air quality from the environmental point of view but also
increasing energy security and creating economic opportunities
from the social point of view. They observed that the best anode
catalyst for the DEFC was the bimetallic Pt-Sn, what was also
observed by Lamy et al. [2]. However, even with that catalyst,
ethanol did not “ideally” oxidize and the final products were
mainly acetaldehyde and acetic acid [2,12,14].

Lamy et al. [2] proposed a short survey about DMFC, DEFC
and DP2FC. The authors asserted that those alcohols had a very
good energy density that were close to that of hydrocarbons
and gasoline (i.e. 10-11kWhkg™!), so that they appeared as
reasonable alternative energy carriers for the electric vehicle.
This study confirmed the observations relative to both DMFC
and DEFC that are given above and added that the oxidation of
higher alcohols always produced some amounts of adsorbed CO.
DPI1FC and DP2FC were investigated more in details by Wang
et al. [15]. They evaluated ethanol, 1-propanol and 2-propanol
as alternative fuels for DMFC by using Pt—Ru and Pt-black cata-
lysts. The main products of ethanol were acetaldehyde and CO».
For the 1-propanol, propanal and CO, were mainly produced.
In contrast, the main by-products of 2-propanol oxidation were
2-propanone and negligible amounts of CO,. Wang et al. [15]
concluded their investigation by the following remark: “both 1-
propanol and 2-propanol are not suitable fuels because of their
low electrochemical activity, but ethanol is the most promising
candidate for an alternative fuel for DMFCs”.

Regarding ethylene glycol, Peled et al. [16] showed that
their DEGFC was 33% more powerful than their DMFC. They
concluded that this put the DEGFC in direct competition with
DMEFC and as ethylene glycol was well known in automotive
industry and as its distribution infrastructure already existed,

this liquid fuel was a promising candidate for practical electric
vehicles. de Lima et al. [17] analysed the oxidation products and
proved that CO», glycolic acid and oxalic acid were formed.

Rice et al. [18] studied DFAFCs constructed with Pt-based
bimetallic catalysts and showed that the best catalyst was Pt—Pd.
The addition of Pd enhanced the rate of formic acid oxidation via
a direct reaction mechanism [19]. Formic acid oxidised accord-
ing to two paths. According to the first path, the dehydrogenation
path (or direct path), formic acid was directly dehydrogenated
into CO,. According to the second path, the dehydration path
(or CO path), formic acid was dehydrated into CO, which poi-
soned the electrode or was further oxidized to produce CO;.
The main by-product in DFAFC is CO [20]. Muller et al. [21]
criticised the use of formic acid as liquid fuel because of its
low energy density (Table 3) and its corrosive and toxic nature
(Table 4).

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

Miiller et al. [21] demonstrated a DDEFC yielding compa-
rable power density and higher total efficiency than a DMFC.
They proposed a mechanism where dimethyl ether was oxidised
into methanol that was then oxidised over Pt—Ru (as in DMFC).
Wang et al. [22] observed the formation of CO, H,, CH4, H,CO,
C02 and HQO.

Dimethoxymethane, trimethoxymethane and trioxane are
derivatives of natural gas. One of their advantages is that
they have no C-C bond. Their oxidation led to the for-
mation of methanol and ultimately carbon dioxide [23,24].
Pt—-Ru and Pt-Sn were efficient catalysts. Dimethoxymethane
underwent more facile oxidation than trimethoxymethane,
while trioxane oxidised at significant rates only above 55 °C.
Crossover occurred with those three fuels but at a lesser degree
than that occurring with methanol [23]. It is to note that
dimethoxymethane and trimethoxymethane are not currently
available in large commercial quantities and are, therefore, very
expensive.

Yamada et al. [25] are the first scientists to run a DHFC using
a Nafion® membrane. Hydrazine showed better performances
than methanol in the direct fuel cell. The cell using hydrazine
gave voltages twice as high as those of the cell using methanol.
The catalytic decomposition reaction of hydrazine proceeded
further than the oxidation reaction on the anode side. Two routes
of decomposition occurred: the first producing N, and 2Hj; and
the second producing from 3N>Hy4, 1N, and 4NH3. The latter
decreased the fuel utilization and seemed to cause the lowering
of the cell voltage. Moreover, the DHFC suffered from hydrazine
and ammonia crossover through the membrane.

Different from the previous fuels, the borohydride fuel is an
alkaline aqueous solution of sodium borohydride, which is com-
pletely carbon-free. Against DMFC, DEFC and DFAFC, this is
a non-negligible advantageous because no CO-like species will
poison the electrocatalyst. The ideal eight-electron oxidation is
not effective because hydrolysis of borohydride occurs in some
extent with production of BO,™ and H» [26]. Finding an anode
catalyst inactive towards the borohydride hydrolysis is one of
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the main objectives. The most promising catalysts are the Au-
based ones because they catalyze the borohydride oxidation by
involving 7-8 electrons per molecule [27].

To briefly summarise the present section, one can assert that
the main problem with the carbon-containing fuels is the for-
mation of CO that poisons the anode catalyst. Besides, another
problem for the two-carbon-containing fuels, like e.g. ethanol,
is the difficulty, for the catalyst, to cleave the C—C bond, what is
at the origin of the formation of by-products like acetic acid
and acetaldehyde. With hydrazine and borohydride as fuels,
the “ideal” direct oxidation does not completely take place and
by-products such as ammonia and hydrogen, respectively, are
produced. It is to note that for the DBFC, the BO;™ ions are
formed whatever the reactions at the anode side may be (i.e.
oxidation or hydrolysis). Hence, it will be interesting to shortly
review the environmental concerns of the by-products that are
discussed in the present section.

3.3. Environmental concerns of the by-products

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

Table 5 proposes the hazards of the by-products of the
DLFCs. Except three substances, namely ammonia (stem from
hydrazine), acetaldehyde (stem from ethanol) and formaldehyde
(stem from methanol), the by-products are no more harmful and
no more flammable than the liquid fuels of Table 4.

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

Table 5
Hazards of the by-products of the DLFCs from Refs. [5,6]

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

It is to remark that the liquid fuels are often aqueous acidic
solutions of the chemicals. The main acid used is HySOy4, which
is known to be corrosive, non-flammable and slightly polluting.
It is an issue that should be taken into account in the environ-
mental concerns as well.

As a conclusion, one can emphasize that recycling processes
and facilities must be created and developed to salvage the emis-
sions of the by-products.

4. Short discussion about the relevance of each DLFC

The efforts devoted to the DLFCs are variable from one fuel
to the other: e.g. huge amount of studies about both DMFC
and DEFC, increasing number of works devoted to DBFC and
only few papers about e.g. DTFC and DTOFC. In the opinion
of the author, it is not relevant to compare the DLFCs perfor-
mances that have been published through the open literature.
Indeed, the differences in the efforts devoted to the development
of each technology are too different to get a realistic compari-
son. Hence, the relevance of those DLFC technologies will be
briefly discussed on the basis of the theoretical data, which are
the objectives to reach, and of the environmental concerns of the
liquid fuels. Moreover, as a secondary criterion, it will be taken
into consideration the by-products hazardous properties.

For the present discussion, Table 6 is proposed as a discus-
sion support. This table classifies the DLFCs by giving notes (see

Environmental

By-products Health Effects Fire Hazard Others
Hazards
Irritant, Harmful, Very toxic to aquatic
Ammonia in DHFC Toxic, Causes severe  organisms, Dangerous Non-Flammable Corrosive
burns for the environment
Acetalde hyde in DEFC Highly Irritant, Toxie,  np e pollutant  Extremely Flammable Wil
Harmtul Carcinogenic
Acetic acid in DEFC ‘Irrltanl. Harmful, Slightly polluting Flammable Corrosive
Causes severe burns
Formic acid in DMFC Tty Farmiu); Slightly polluting Flammable Corrosive
Causes severe burns i =
Formaldehyde in DMFC, DDEFC | TLShly Teiiant, Toxic, Toxic Flammable Severely corrosive,
Sensitizing, Harmful Carcinogenic
. . Harmful, -, ) . . e
Glycolic acid in DEGFC Causes burms Slightly polluting Flammable Corrosive
in DDEFC, DDMFC, — Toxic. Slightly D ——
Methanol DTMFC, DTFC Toxic sollithg Highly Flammable -
Oxallic acid in DEGFC Harmful Slightly polluting Flammable Corrosive
Propanal in DP1FC Trritant Slightly polluting Highly Flammable -
Propanone in DP2FC [rritant Slightly polluting Highly Flammable -
Metaborate in DBFC [rritant Slightly polluting -
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Table 6

245

DLFCs relevance: “the lower the total is, the more relevant the DLFC is” (notes for energy—0: more than 10,000 Wh kg’l , 1: from 8000 to 10,000 Whkg™ ! , 2: from
5000 to 8000 Wh kg’l, 3: below 5000 Wh kg’l, 4: below 1000 Wh kg’l; notes for hazards—O: no effect, 1: low effect, 2: moderate effect, 3: high effect, 4: extreme

effect)
DLFC Fuel/oxidant Note for theoretical Note for the fuels Note for the Total of the
specific energy hazards by-products hazards notes®

DBFC BH4~/0; 1 3 1 4.5
DDMFC (CH30),CH,/0; 2 2 3 5.5
DDEFC (CH3),0/0, 1 3 3 5.5
DEFC C,H50H/O, 1 2 4 5.0
DEGFC C,Hg0,/0, 2 3 3 6.5
DFAFC HCOOH/O, 3 3 - 6.0
DHFC N, H4/0; 2 4 4 8.0
DMFC CH3;OH/O, 2 3 3 6.5
DMPEC CH3OCH(OH)CH3/0, 2 2 3 5.5
DPIFC CH3CH,;CH30H/O, 1 4 2 6.0
DP2FC CH3;CH(OH)CH3/0, 1 2 2 4.0
DTOFC (CH30)4C/O, 2 2 3 5.5
DTMFC (CH30)3CH/O, 2 2 3 5.5
DTFC C3HgO3/02 2 3 3 6.5

 Total = (note for theoretical specific energy) + (note for the fuels hazards) + 1/2(note for the by-products hazards).

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

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

DEFC is likely the fuel cell for which the utilization per-
spectives are the greatest [15]. DBFC is a technology for which
the investigations continuously increase and the research groups
involved in that fuel cell supportits high potential as a power gen-
eration system for mobile and portable applications. Its potential
would be superior to that of the DMFC [7].

“Ideally” oxidised, the carbon-containing liquid fuels pro-
duce CO; and water. CO, is a greenhouse gas and men are
working to the reduction of its emission. It is interesting to
compare the productions of CO, from hydrocarbons and those
from DLFCs. Let n-heptane be a hydrocarbon with a theoreti-
cal specific energy of about 10,000 Whkg~!. Given methanol
and ethanol liquid fuels for the DMFC and the DEFC, respec-
tively, with theoretical specific energies of about 6000 and
8000 Whkg™!, respectively. By a simple calculation, one can
remark that the “ideal” CO, production from the DMFC and
the DEFC will be about 30% and 20% lower than that from
n-heptane “ideal” combustion. By “ideal”, it is meant 100% effi-
cient. Hence, even if these fuel cells produce CO;, the amounts
produced are reduced and that contributes to the efforts for
reducing the greenhouse gas emissions.

To conclude the present section, one can compare the H»
features to those proposed in Tables 3—5. Even if only two elec-
trons are produced from the H, oxidation, thanks to its very
low molecular weight, its theoretical specific energy is of about
33,000 Wh kg_l, what is more than three times higher than the
best DLFC, i.e. DBFC. H; is extremely flammable in presence
of oxygen: it is likely its single drawback in terms of hazardous
effects. Its oxidation leads to the production of water. However,
as underlined in introduction, it has non-negligible disadvan-
tages relative to its production, storage and distribution. Hence,
if one obscures these last drawbacks, there is no doubt about
the fact that the ideal fuel for the PEMFC is Hj. According
to the classification provided in Table 6, Hy has a total of 2
0+2+0).

5. Conclusion

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

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

There is an important question about the utilization of such
liquid fuels: what are the hazards of these chemicals towards
both health and environment? In fact, all of them are more or
less hazardous. Besides the liquid fuels, the by-products, stem
from side reaction(s) in competition with the “ideal” oxidation,
are also more or less hazardous. Hydrazine distinguishes itself
because it and the by-products stem from its decomposition are
very dangerous and harmful. The analysis of the toxicological
and ecological data draws a negative picture for the chemicals
used as liquid fuels.
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The relevance of each DLFC is suggested and it appears, as it
is commonly admitted by the scientists working on the DLFCs,
that the DEFC is one of the most relevant PEMFC-type systems.
However, if one obscures the storage issue of H», there is no
doubt about the fact that the “ideal” fuel for the PEMFC is Hj.
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