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Abstract

The direct borohydride fuel cell (DBFC) is a fuel cell for which there is consensus about its promising commercial future as a portable power
system. However, its development faces three main issues: the borohydride hydrolysis (issue 1) and crossover (issue 2), and the cost (issue 3).
These issues are encountered by the membrane—electrodes-assembly. By a discussion around these three issues, the present paper reviews the
experimental aspects. The discussion stresses on the opportunities of improvements and reviews the potential solutions that are proposed in the
open literature. For each issue, the best solution seems to be a combination of improvements. The issue 1 may be solved thanks to a gold-based
anode catalyst and an optimized fuel. The solution to the issue 2 may be a more efficient membrane combined with an optimized fuel and an
inactive-towards-borohydride cathode catalyst like MnO,. Regarding the issue 3, cheaper materials and better fuel use efficiency are the keys. The
DBFC is still in a development phase with a small number of years of R&D invested and it appears that there are real improvement opportunities
on the path of the DBFC marketing.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction The DBFC can, thermodynamically and energetically, be
compared to the direct methanol fuel cell (DMFC) and the poly-

The direct borohydride fuel cell (DBFC) is a quite novel fuel =~ mer electrolyte membrane fuel cell (PEMFC). The comparison
cell that is based on the borohydride oxidation and the oxygen is favourable to the DBFC technology (Table 1). The DBFC

reduction: theoretical electromotive force (1.64 V) is higher than those of
the DMFC (1.21 V) and of the PEMFC (1.23 V). The theoreti-
anode BH4;™ +80H™ — BO;™ +6H;0 + 8¢~ (1) cal conversion efficiencies of the DBFC and of the DMFC are
similar (0.91 and 0.92, respectively) but are higher to that of
cathode 20, +4H,0 + 8¢~ — 8OH™ (2)  the PEMFC (0.83). Finally, the direct oxidation of borohydride
involves eight electrons per molecule versus two and six for
cellreaction BH4™ +20; — BO;™ +2H,0 (3)  hydrogen and methanol, respectively. Hence, the specific energy

of the DBFC is 50% higher than that of the DMFC but does

with E®anoge = —1.24V versus standard hydrogen electrode ¢ reach 30% of the specific energy of the PEMFC fed with
(SHE), E°cathode = —0.40 V versus SHE and E°jj = —1.64 V.

L . . . hydrogen.
The oxidation reactlgn takes place under.an alkaline 'medlul'n For the DBFC, the ideal eight-electron oxidation (1) is not
beca.use the borohydride ions are not chemically stable in acidic effective because hydrolysis of borohydride occurs in some
media. extent:
- hydrolysis BH4~ +2H,O — BO,™ +4H» @
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Table 1
Thermodynamic and energy characteristics of the DBFC, DMFC and PEMFC systems

DBFC (Na*)BH; /0, DMFC CH30H/O, PEMFC H,/O,
Fuel molecular weight (g mol~!) 37.832 32.042 2.014
Electrons number® 8 6 2
Electromotive force (V) 1.64 1.21 1.23
Theoretical specific energy (Whkg™") 9295 6073 32707
Pure compound capacity (Ahkg™!) 5668 5019 26591
Conversion efficiency (%) 0.91 0.92 0.83

2 Number of electrons involved during the direct oxidation.

two electrons are no longer available to provide electrical energy.
It is one of the main disadvantages of the DBFC. The actual
anodic reaction can be written as [1]:

anode BH4; +xOH™
— BO™ +(x—2)H,0 + (4-1/2x)Hy +xe™ (®)]

The first investigations about the DBFC date back to the
1960s [2,3]. However, there has been a three-decade hiatus in
the R&D of borohydride fuel cells, as Gyenge [4] justly wrote.
Since few years, the investigations seem to intensify as it is
well illustrated by three recent papers [5—7]. The Suda and co-
workers’ papers [5,8] show the high potential of the DBFC.
Basing their discussion on the construction of a 100 W five-cell
stack, the authors stress on its promising capacity. To resume
Suda and co-worker [5], the DBFC is competitive with the
PEMEFC in the cell performance and, according to the PEMFC
development history it is no doubt that the DBFC power den-
sity can reach up to 500 mW cm~2 within several years. This
optimistic view has very recently been reinforced by Miley et
al. [9,10] who claimed their system reached a power density of
600 mW cm 2.

A first review, proposed by Lakeman and co-workers [6],
stresses on the promising future of the DBFC and the issues to
solve. A second review, proposed by Wee [7], compares two
different borohydride-based fuel cells: the indirect borohydride
fuel cell (IBFC) where borohydride is used as hydrogen gener-
ator and the DBFC. The DBFC technology faces some issues
and mainly three: the borohydride hydrolysis, the borohydride
crossover and the DBFC cost. This last issue is twice reviewed
by Wee [7,11]. On the one hand, the author [7] compares the
competitiveness of both DBFC and IBFC. On the other hand,
the author [11] answers the following question: which type of
fuel cell, between DMFCs and DBFCs, is more competitive for
portable application? This analysis makes appearing that the
DBFC is superior in terms of cell size and fuel, while its total
cost for electricity generation is higher.

The present paper proposes a discussion about the experi-
mental aspects of the DBFC that are the keys for solving the
main issues the DBFC is facing, i.e. the borohydride hydrol-
ysis, the borohydride crossover and the DBFC cost. As the
cost issue was well reviewed by Wee [7,11] in two differ-
ent papers, it will not be developed as lengthily as for the
two other issues. This paper reviews the potential solutions
that were suggested in the open literature to overcome these
issues.

2. First main issue: borohydride hydrolysis
2.1. Anode electrocatalyst

The investigations about the DBFC electrocatalysts mainly
deal with the anode ones. Lakeman and co-workers [6] and Wee
[7] reviewed the different anode catalysts already tested: noble
metals (Pd, Pt, Au), transition metals (Ni, Cu), AB5- and AB;-
type hydrogen storage alloys. Suda [8] noticed that noble metals
conveniently applied in the PEMFCs for converting H, to H*
were not required in the DBFC.

The main objective is to find an anode catalyst inactive
towards the borohydride hydrolysis. Gyenge and co-workers
[12—14] proposed colloidal Os and Os-based alloys (Os—Sn,
Os—Mn and Os—V), colloidal Au and Au-based alloys (Au-Pt,
Au-Pd) and colloidal Pt and Pt-based alloys (Pt-Ni, Pt-Ir),
the alloys metals being in 1:1 atomic ratio. Pt-Ir and Pt-Ni
were the most active catalysts, giving a cell voltage of 0.53 V
at 100mA cm~2 and 60°C (for Au-Pt, the cell voltage was
0.47V). Chatenet et al. [15] studied the Au and Ag catalysts,
either bulk or nanodispersed over carbon. Gold showed better
kinetics than silver. The nanodispersed metals showed better
kinetics than the bulk metals. The authors concluded then that
the carbon-supported gold nanoparticles were more promising
materials for the DBFC.

Regarding the hydrogen storage alloys, Wang et al. [16,17]
have worked on ABs-type LaNigsAlg 5 alloy and Si-modified
LmNig 78Mng 2> alloy, which showed promising catalytic activi-
ties in both oxidation and hydrolysis of the fuel. A non-negligible
interest of these materials was that the generated hydrogen
was adsorbed and oxidized to produce electric energy; such
behaviour was similar to that of the hydrogen storage alloy in
nickel-metal hydride batteries [16]. In other words, in such fuel
cell, the anode electrode is a place where borohydride oxidizes
and where in parallel hydrogen generated from borohydride
oxidizes as well, both contributing to the generation of elec-
trons. However, Liu and Suda [18] suggested that there existed
a competition between the two electrochemical oxidation reac-
tions and that the electrochemical oxidation of atomic hydrogen
was kinetically favourable only at low borohydride concentra-
tions and low temperatures. The coulombic efficiency was only
increased at low borohydride concentrations. The hydrogen stor-
age alloys are promising materials as anode catalyst for the
DBFCs, even if they also have high catalytic activity in the gen-
eration of hydrogen [16,17,19]. Wang and Xia [20] noticed that
the hydrogen storage capacity of such alloys was limited. Unfor-
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Table 2

Laboratory-prepared metal-based electrocatalysts for the DBFCs anode

Catalyst Support Metal(s) content Preparation method Reference
Ag Carbon® 60 wt. % Impregnation [25]
Au Carbon® 60 wt.% Impregnation [24,25]
Au Carbon® Electrochemical deposition [21]
Au Carbon® Electroless plating [22]
Au Titanate nanotubes® 10 wt.% Ton exchange adsorption and chemical reduction [23]
Au Carbon?® 20 wt.% Modified Bonneman [13]
Au-Pt Carbon® 97-3 wt.% Electrochemical deposition [21]
Au-Pt Carbon? 20 wt.%, 1:1 atomic ratio Modified Bonneman [13,14]
Au-Pd Carbon?® 20 wt.%, 1:1 atomic ratio Modified Bonneman [13]
Ni Carbon?® 60 wt.% Impregnation [25]
Os Carbon?® 10, 20 and 30 wt.% Modified Bonneman [12]
Os-Sn Carbon?® 20 wt.%, 1:1 atomic ratio Modified Bonneman [12]
Os-Mo Carbon?® 20 wt.%, 1:1 atomic ratio Modified Bonneman [12]
Os-V Carbon® 20 wt.%, 1:1 atomic ratio Modified Bonneman [12]
Pd Carbon® 60 wt.% Impregnation [25]

Pt Carbon® 20 wt.% Modified Bonneman [14]

Pt Carbon® 60 wt.% Impregnation [25]
Pt-Ni Carbon?® 20 wt.%, 1:1 atomic ratio Modified Bonneman [14]
Pt-Ir Carbon?® 20 wt.%, 1:1 atomic ratio Modified Bonneman [14]

4 Vulcan XC-72.
b Carbon type not given.
¢ TiO, prepared by alkaline hydrothermal treatment.

tunately, one can regret that, among the published works, none
directly compares the ABs-type alloys to e.g. Pt-based catalysts.
Finally, their lower cost (compared to Pt) and their commercial
availability are advantages.

The anode catalyst is either laboratory-prepared or pur-
chased. The metal-based catalysts prepared at the laboratory
[12-14,21-25] are listed in Table 2. The metal-based catalysts,
purchased and used as received [1,4,15,23,26-33], are given
in Table 3. The AB;- and ABs-type hydrogen storage alloys
[16,17,19,20,34-38] are given in Table 4.

The catalyst preparation method is very important because
the physical and chemical characteristics of the catalyst strongly
depend on it, e.g. the synthesis of highly dispersed small metallic
particles is sensitive towards the preparation method. For exam-
ple, gold is a noble metal for which the high catalytic activity
is unexpected as bulk gold is quite inert [39]. This behaviour
changes, if gold is highly dispersed as nanosized particles on
certain oxides [15]. The catalytic performance of Au is defined
by three major factors: contact structure, support selection and
particle size [40]. In such context, the nanomaterial-based catal-

Table 3

Purchased metal-based electrocatalysts for the DBFCs anode

Electrocatalyst Details Reference
Ag Disk electrode [31]

Ag Bulk and polycrystalline [15]
Ag/C 10 wt.%, Vulcan XC-72 carbon supported [30]
Ag/C 10 wt.%, nanodispersed over Vulcan XC-72 carbon [15]

Au Disk electrode, diameter 5 mm [26]

Au Disk electrode, diameter 1 mm [4]

Au Powder [1]

Au Foil (bulk) [23]

Au Bulk and polycrystalline [15]
Au/C 10 wt.%, Vulcan XC-72 carbon supported [23,30,33]
Au/C 10 wt.%, nanodispersed over Vulcan XC-72 carbon [15]

Cu Powder [1]

Ni Powder [1,27,29]
Ni Raney Powder [1]

Pd/C 10 wt.%, Vulcan XC-72 carbon supported [1,30]

Pt Disk electrode, diameter 1 mm [4]

Pt Powder [28]
Pt/C 10 wt.%, carbon supported® [1]

Pt/C 40 wt.%, carbon supported® [32]
Pt/C 60 wt.%, carbon supported® [28]

2 Carbon type not given.
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Table 4

AB>- and ABs-type hydrogen storage alloys as anode electrocatalysts for the DBFCs

Electrocatalyst Alloy type Reference
LaNig5Alg s ABs [16]
LmNig78Mng 22 ABs (Lm is La-richened mischmetal) [17,19]
LmNig 78Mng 22, Si modified ABs5 (Si 10 wt. %) [17]
MNiz 2Alp.2Mng6Cor1.o ABs [36]
MnNi3z 2Alp.2Mng 6Bo.03Co1.0 AB;s [36]

M, Nis s5Alg3Mng 4Cog 75 ABs (mischmetal La—-30 wt.%, Ce—50 wt.%, Nd-15 wt.%, Pr-5 wt.%) [20,36,37]
M, Nis gAlg4Mng3Cog.7 ABj5 (mischmetal La—-30 wt.%, Ce—50 wt.%, Nd—15 wt.%, Pr—5 wt.%) [38]
MnNigsAlps ABs [36]
ZrCrogNij » AB, [34]
Zr99Tip.1Mng ¢V 2Cog 1 Nij | Surface-treated Zr—Ni Laves AB, [35]
Zr(.9Tip.1 Vo.2Mng 6Cro,05Cop.05Nij 2 AB» [36]

ysis can play an important role in fuel cell devices. For the
Amendola et al.’s study [21], Au particles were electrochem-
ically deposited on carbon cloths and a low magnification SEM
showed that gold particles were fairly identical, highly dis-
persed and uniformly distributed: particle diameter roughly
about 500 nm, with agglomerates up to about 4 um. The col-
loidal metal synthesis according to the so-called Bonneman
method with the modifications introduced by Go6tz and Wendt
[41] was the way chosen by Gyenge and workers [12—14] for
their catalysts: Au, Au—Pt, Au-Pd, Pt, Pt—Ni, Pt-Ir, Os, Os—Sn,
Os—Mo, Os—V. As this method was known to produce nanopar-
ticles with sizes of 1-10nm [41], Gyenge and co-workers [13]
supposed the production of nanodiameters for their Au-based
catalysts: ~6nm for Au—Pt and Au-Pd particles and ~10 nm
for Au particles. Feng et al.’s [22] used nanosized Au (10-20 nm
by TEM) to avoid the borohydride hydrolysis. Ponce-de-Ledn et
al. [23] deposited gold on titanate nanotubes (Au/TiO,) by ion
exchange adsorption and chemical reduction. By this procedure,
it was produced evenly distributed spherical Au nanoparti-
cles with a diameter of ~4nm (TEM image) while no large
or isolated particles were observed. This nanosized Au/TiO,
had promising catalytic activity: it carried twice the electrical
charge compared to the commercial Au/C during the oxidation
of borohydride (electrical charge per unit Au loading: 8320 and
3940 mCmg~! cm™2, respectively). The Cheng et al. [24,25]
choice fell upon the impregnation method for preparing their
carbon-supported Ag, Au, Ni, Pd and Pt catalysts but no pre-
cise information about the metallic particles size is given. In
fact, there is no publication directly dealing with the prepara-
tion method effects on the anode performance. There is also a
lack concerning the physical characterization of the catalysts.
It is essential to make good these lacks because such studies
might solve many issues in the electrocatalysts area. Whatever
the preparation method may be, it seems to have a consensus
about the need of having nanosized catalyst particles.

Kim et al. [28] investigated carbon-supported Pt and bulk
Pt electrocatalysts and remarked that the performances of the
1.5mgcm™2 Pt/C and 6 mgcm™2 Pt anodes were comparable.
This result was a first step towards the reduction of the Pt content
and the anode catalyst cost, even if a complete replacement of
the noble metal will be more favourable to increase the DBFC
competitiveness [29]. Franco et al. [42] proposed a first picture

of their work where a gold-plated platinum catalyst offered a bet-
ter discharge curve than both platinum and gold-plated nickel
(these catalysts are not reported in Tables 2 and 3 because of
no clear information about their origin) and avoided the boro-
hydride hydrolysis. The authors asserted they were working on
the modification of the plating procedure to enhance the anode
performance.

Suda co-workers [30] investigated the effects of the anode
modification on the hydrogen evolution rate and on the cell
performance. Their modification procedure was quite original
for the present fuel cell since the authors prepared their anode
by mixing Ni powder with carbon-supported precious metals
(10 wt.% Ag, Au or Pd on Vulcan XC-72). The addition of Pd/C
to Ni depressed the hydrogen evolution rate and improved the
DBFC performances. The addition of Ag/C or Au/C depressed
also the hydrogen evolution rate and even more effectively than
that of Pd/C, but degraded the DBFC performances.

Deshmukh and Santhanam [43] were the first scientists to pro-
pose a support different from the active carbon. Their anode was
constructed with platinized—functionalized multiwalled carbon
nanotubes, which gave 180% higher current and about 5% more
voltage output than the Au—Pt/C catalyst of Amendolaetal. [21].
Unfortunately, the authors did not compare the performances
of their carbon nanotube-based anodes to carbon black-based
electrode they could have prepared themselves. The comparison
would have been direct and consistent because the study would
have been realised with the same experimental setup in identical
operating conditions. More recently, Ponce-de-Leén et al. [23]
chose the titanate nanotubes TiO; as support for a gold-based
electrocatalyst. The authors adopted this material for many rea-
sons: (i) high surface area, i.e. 250 m? g~! (Vulcan XC-72 active
carbon, 240 m? g~ 1), (ii) good ion exchange properties, (iii) pos-
sibility of supporting up to 10 wt.% of a precious metal catalyst,
providing an even distribution of the metal nanoparticles.

Another important feature of the carbon-supported electro-
catalyst is the metal loading. Unfortunately, no paper deals with
it and the differences in the experimental conditions make any
comparison of papers quite difficult. To illustrate these words,
one can regard the works of Gyenge et al. [13] and Cheng and
Scott [24]. For both, the anode catalyst was Au/C and the cathode
one was Pt/C. Details about the electrocatalysts and other con-
ditions are given in Table 5. Their respective polarization data
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Table 5
Comparison tryout of two different investigations

Gyenge and co-workers’s work [13]

Cheng and Scott’s work [24]

Anode Electrocatalyst 20 wt.% Au/C, 5mgcm~2
Cathode Electrocatalyst 20 wt.% Pt/C, 4 mgcm ™2
Cell temperature 25°C

Anolyte

Oxidant 0,,200mlmin~!, 2.7 atm
Open Circuit Potential ~1.1V
Current density when 0 V 50mA cm ™2

8 wt.% NaBH4 in aqueous, 8 wt.% NaOH, 85 ml min~!

60 wt.% Au/C, 2mgcm~2

60 wt.% Pt/C, 2 mg cm™>2

25°C

5 wt.% NaBHy4 in aqueous, 10 wt.% NaOH, 10 ml min~!
03, 200 ml min~!, 1 atm

~1.1V

100 mA cm™—2

showed that the cell voltage reached the O value for a current
density of 50 mA cm~2 [13] and 100 mA cm™2 [24]. Itis to note
that better performances are generally expected for electrocat-
alysts with higher metal content: 20 wt.% [13] versus 60 wt.%
[24]. Tt is really difficult to compare and quantitatively discuss
such results.

To summary, the poor anodic efficiency of borohydride
obstructs the DBFC development. The restriction of the boro-
hydride hydrolysis is a key point in order to increase the
coulombic efficiency of the cell, which can be increased by
improvements of the anode material surface properties and char-
acteristics [8]. This implies further efforts in the optimization
of the catalyst preparation procedure. Gold shows promising
electrocatalytic activity as anodic material if its particles are
nanosized. Besides, binary alloys of noble metals involving gold
provide worthwhile results. Gyenge et al. [ 13] showed that alloy-
ing Au, ametal that has to the maximum eight-electron oxidation
of borohydride, with Pd or Pt, well-known dehydrogena-
tion catalysts, improved the electrode kinetics of borohydride
oxidation. Otherwise, Kim et al. [28] suggested that the improve-
ment of the cell performance required modifying the anode
microstructure. The catalyst support is also an area to investi-
gate because of the great possibilities offered by the high surface
area materials.

2.2. Anolyte

The DBFC fuel is an aqueous solution of hydroxide and
borohydride because this last is stable in alkaline media. The
influences of both electrolyte and fuel have been already well
investigated as described by the Lakeman and co-workers’
review [6]. The borohydride solution must be kept alkaline.
Kim et al. [28] showed that the performance of the DBFC was
improved with increasing the pH up to 14. Gardiner and Col-
lat [44] proposed ratio between the hydroxide and borohydride
concentrations superior to 4.4. Chatenet et al. [15,45] remarked
that more than 100 times hydroxide compared to borohydride
was necessary, because at low hydroxide concentration, e.g.
BH4~/OH™ ratio equal to 1, the borohydride oxidation was lim-
ited and the borohydride ions were spontaneously hydrolyzed
into BH;OH ™. However, Cheng and Scott [24] reported that the
NaOH concentration had a relatively small effect on the DBFC
performance compared to the NaBH,4 concentration and con-
cluded that both concentrations should be optimized. Hence,
as the DBFC systems are different from one laboratory to the

other, each one requires an optimization of the liquid feed and
the existing knowledge can make this easier.

Additives known for their inhibiting effect on the hydro-
gen evolution can be added to the fuel. This can be a solution
to reduce the borohydride hydrolysis. Gyenge et al. [4,12]
investigated both thiourea and tetraethylammonium hydroxide.
Thiourea inhibited the borohydride hydrolysis and so the hydro-
gen evolution. However, the borohydride oxidation in presence
of thiourea remained a four-electron process instead of the max-
imum eight-electron that could have been expected [4,12]. In
fact, the oxidation of borohydride could not go to completion
based on eight electrons exchanged due to the lack of adsorbed
hydroxide on the electrode surface as required by Eq. (1). This
is a half-success but a first step in the improvement of the DBFC
performance. Nevertheless, one can note here that sulphur is a
severe poison for the metallic catalysts and the S atom of the
thiourea (HyN-CS—NH,) presents then a non-negligible risk of
catalyst deactivation [46,47]. Franco et al. [42] suggested as
well that additives could be added to both anolyte and catholyte
in order to reduce the overpotentials associated with the boro-
hydride oxidation and the hydrogen peroxide reduction, H,O»
being for their DBFC the oxidant. Nevertheless, it will be also
interesting to check if such compounds would not be at the origin
of any unexpected negative effect.

3. Second main issue: borohydride crossover
3.1. Membrane electrolyte

One of the roles of the membrane electrolyte is to prevent
the borohydride ions contact with the cathode where the elec-
trocatalyst can be active towards borohydride. There are two
types of membranes: the anion exchange membrane and the
cation exchange membrane. For the DBFC, the anion exchange
membrane ideally transports the hydroxide ions while the
cation exchange membrane transports the sodium (or potassium)
cations. Two reviews [6,7] provide an interesting discussion
about the membranes. On the one hand, Lakeman and co-
worker’s review [6] especially discusses issues of both types of
membrane. On the other hand, Wee’s review [7] deeply discusses
the cation exchange membrane.

The great majority of the fuel cells used the cation exchange
membrane and more particularly the Nafion® membrane (from
DuPont) [1,4,12-14,16,17,19,24,27,29,31,35-38,42,48-51]. Its
selection rather than the anion exchange membrane had two
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reasons: (i) the Nafion® membrane was expected to prevent the
borohydride anion crossover and (ii) it showed better mechanical
and chemical stabilities in strong alkaline environment.

There are actually two papers dealing with laboratory-
prepared membranes. Lakeman et al. [52] tested 12 cation
exchange membranes prepared by radication grafting and two
Nafion® membranes. The novel membranes showed resistance
of an equal magnitude to the commercial ones. Very recently,
Cheng et al. [53] reported the performances of several radiation
grafted ion membranes (styrene grafted polyethylenetetraflu-
oroethylene, acrylic acid grafted polytetrafluoroethylene, and
acrylic acid grafted low density polyethylene membranes). The
first membrane showed better performances than the other
membranes that included the Nafion®117 one. This better per-
formance was attributed to the high ion exchange capacity and
the high conductivity of this membrane even if it was highly per-
meable to borohydride (more than four times higher than that
occurring with the Nafion® membrane). In fact, nowadays the
investigations about the DBFCs are not really devoted to the
synthesis of membranes.

For the membrane of the DBFC, the great issue is the boro-
hydride crossover that “naturally” takes place with the anion
exchange membrane and, unfortunately, that occurs with the
cation exchange membrane. The membrane for the DBFC must
allow an efficient OH™ transport while it must simultaneously
block the BH4 ™~ transport. Shukla and co-workers [38] reported
a DBFC system using the Nafion®961 membrane and explained
their choice by the improved properties of this material, which,
unlike the most commonly used Nafion®117, mitigated the
crossover. One can also keep in mind the possibility to construct
a DBFC operating without membrane [6]. This is the choice of
Wang and Xia [20] who preferred an alkaline electrolyte, i.e. a
NaBHy4 solution in aqueous NaOH. This “new type of DBFC”,
as defined by the authors, does not need the use of expensive ion
exchange membrane.

3.2. Cathode electrocatalyst

Interestingly, Suda and co-workers [5,8] underlined the
absence of publications regarding the cathode and suggested that
many non-noble metals, such as Niand Ag, could be usable in the
DBFC thanks to their excellent anti-corrosive property against
the alkaline electrolyte. Nevertheless, they recently reported that
the Pt cathode had better performance stability than the Ag
one [51]. It is to note that the cathode generally used is the
Pt/C-catalyzed electrode [29,34-36,48,49].

The main issue for the cathode catalyst is its deactivation due
to the borohydride crossover through the membrane. The efforts
for hindering the crossover are focused on the membrane and
also on the cathode electrocatalyst.

Suda and co-workers [29] and Cheng et al. [25] investigated
the effect of Pt loading in the cathode. The cell performance
was not so sensitive to Pt loading, what is interesting from
a cost point of view. Nevertheless, Pt is an expensive mate-
rial and its complete replacement would be more favourable.
Hence, the first authors [29] have tested Ag. A cell using a
1.6mgem~2 Ag cathode achieved maximum power densities

similar to a cell constructed with the 1.0mgcm™2 Pt cathode,
what suggested that Ag was an applicable cathode catalyst for
the DBFC. This work does not provide any information related
to the catalyst deactivation. The second authors [25] tested Ag
and Ni and noticed that their performances were encourag-
ing despite lower performances than Pt. Moreover, the Pt and
Ag cathodes showed better stabilities than both Pd and Ni. At
70°C and at 50 mA cm~2, after 50h, the performance of the
membrane—electrodes-assembly (MEA) constructed with Pt as
cathode decreased from ~0.7 to ~0.65V while the one con-
structed with Ag decreased from ~0.5 to ~0.4 V.

An alternative to Ptis manganese dioxide. Vermaetal. [54,55]
showed by cyclic voltammetry that the MnO; catalyst was elec-
troactive for the oxygen reduction. Feng et al. [22] constructed
a simple DBFC with a MnO;-catalyzed air cathode and an
Au-catalyzed anode. MnO; exhibited considerable electroac-
tivity for oxygen reduction and showed indiscernible catalytic
activities for both electrooxidation and chemical hydrolysis of
borohydride. This catalyst was borohydride-resistant. Thus it
should be possible to construct a simple and efficient DBFC
without the need of a special ion exchange membrane or a
noble metal catalyst [22]. Recently, Chatenet et al. [15,56]
simultaneously published two papers. The second one, called
Part II, was devoted to the kinetic of oxygen reduction on
five catalysts, i.e. 10 wt.% Pt/C, 10 wt.% Au/C, 10 wt.% Ag/C,
20 wt.% MnO,/C and 20 wt.% MnO,—Mg/C. The authors par-
ticularly investigated the performances of the catalysts in
parallel to their resistance towards borohydride. Pt/C showed
the best activity but it was not usable with traces of boro-
hydride in solution. It was also the case for both Au/C and
Ag/C. Unaffected by the presence of borohydride, the MnO,-
based materials were suitable cathode electrocatalysts. This last
result is in agreement with the works of Verma et al. [54,55].
With MnO,, similar results are obtained by Wang and Xia
[20].

Another alternative to Pt is iron tetramethoxy phenyl por-
phyrin (FeTMPP) [50]. This material was compared to 60 wt.%
Au/C, Ni/C and Pt/C. In borohydride-free solution, Pt was
the best cathode catalyst and Pt>FeTMPP > Ag>Ni. How-
ever, in borohydride-present solution, Pt and Ag showed poor
borohydride tolerance while FeTMPP could be seen as a
borohydride-tolerant material: FeTMPP > Ag > Ni>Pt. Cheng
and Scott [50] concluded that the use of FeTMPP or Ag would
reduce the catalyst cost in the DBFC.

The oxidant is generally oxygen but hydrogen peroxide was
alsoused [36,37,42,48]. While Franco et al. [42] and Shukla and
co-workers [36,48] used, respectively, Pt and Pt/C as cathode for
the reduction of H,O;, Raman and Shukla [37] studied FeTMPP
and lead sulphate (Pb/SO4). These last authors asserted that
their study opened new possibilities to develop cost-effective
fuel cells.

The studies about the cathode electrocatalysts are at the early
beginning. This component faces two issues. The one is eco-
nomic since it concerns the replacement of Pt. The other is
the catalyst deactivation, which is caused by the borohydride
ions crossovering through the membrane. The crossover will be
important so as the membrane will not be highly selective and
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that’s why the investigations must also focus on the catalysts.
Even if Pt is the most common cathode catalyst, the published
results, particularly those of Chatenet et al. [56], obviously show
that it has to be avoided. The alternative solution does not seem
to be the Au or Ag noble metals [56]. As shown by Verma et al.
[54,55] and Chatenet et al. [56], MnO; seems to be a promising
material. It provides solutions, even ‘partial’, to two issues of the
DBFC, namely the resistance of the cathode to the deactivation
and a lower cost of the catalytic material. ‘Partial’ because the
crossover remains unsolved.

3.3. Anolyte

Kim et al.’s [28] investigated the influence of the borohy-
dride concentration and remarked that the high concentrations
of borohydride (>0.5 M) favoured the crossover. Furthermore,
Cheng and Scott [24] observed that the high concentrations pro-
moted high degrees of crossover and hydrolysis of borohydride
despite improvements of the anode reaction rate and of the cell
conductivity.

Regarding the two issues of the DBFC that are the crossover
and the cost, the anolyte is a key component. As underlined by
many studies, optimization of the anolyte parameters is required.
The hydroxide and borohydride concentrations must be opti-
mized, what will partially hinder the crossover. In fact, the
crossover of the borohydride ions can certainly be reduced by a
conjunction of improvements. These ones can be the fuel opti-
mization, the resistance of the cathode catalyst and/or the high
selectivity of the membrane.

4. Third main issue: DBFC cost

This third main issue of the DBFC, namely the cost issue, is
succinctly developed through the previous sections.

Briefly, the DBFC is an expensive fuel cell system and that
is an important issue for viewing the commercialisation of the
system. This high cost is inherent to (i) the anode and cath-
ode electrocatalysts, especially when Pt is used, (ii) the sodium
borohydride raw material [7] and (iii) the membrane. All of these
components are in fact very expensive. Interestingly, Wee [7,11]
reviews the cost issue in two different papers and concludes that
the DBFC system as portable and mobile application suffers
from its high cost.

A reduction of the DBFC cost can be achieved by: (i) replac-
ing, partly or better totally, the Pt material used as catalyst at both
anode and cathode; (ii) optimizing the borohydride fuel use effi-
ciency, what supposes a lowering of both borohydride hydrolysis
and borohydride crossover; (iii) reducing the sodium borohy-
dride raw material cost, by either a new and cheaper production
process or a mass production; and (iv) reducing the membrane
cost, by either producing a new and cheaper membrane or a mass
production.

Since Wee [7,11] widely discussed the DBFC cost issue, the
present section will not be developed anymore. As a conclusion,
one can resume Suda and co-workers [5] with the following
sentence: the fuel contribution to cost of electricity for the DBFC
is 100 times compared with hydrogen gas.

5. Other issues
5.1. Performances of the DBFCs

Lakeman and co-workers [6] devoted a large section of their
review to the DBFC performances, where some typical results
were reported. However, as stressed by the authors, both discus-
sion and comparison are very difficult because of differences in
operating conditions, lacks of some experimental information
and non-disclosure of the timescale for the data collection. For
these reasons and because Lakeman and co-workers [6] already
reviewed the DBFC performances, the goal of the present sec-
tion is to briefly summarize, from an experimental point of view,
the tests that were performed and published.

The DBFC performances can be evaluated at different
experimental conditions: catalyst nature [14,25,36], catalyst
loading [28,54], borohydride concentration [24,36,49], hydrox-
ide concentration [24,28,36,49,55], fuel pH [28], temperature
[13,14,24,35-37,48], anolyte flow rate [13,24], membrane
nature and thickness [29], binder content [28], anode diffusion
layer features [32].

An interesting application is to separately monitor the polar-
izations of the anode and the cathode [36,48,49]. By this way,
Shukla and co-workers [36] remarked that the cathode was
responsible of the overall potential decrease and the temper-
ature increase improved the cathode potential. The DBFC was
cathode-limited. This observation is important because it throws
light on a weak point of the fuel cell.

Park et al. [32] examined the effects of the anode diffusion
layer features on the cell performances. They tested Toray carbon
papers with different thickness (100-370 wm) and with differ-
ent polytetrafluoroethylene (PTFE) content (0-30 wt.%). These
two parameters were critical. The most stable and highest per-
formance was obtained with the thinnest PTFE-free layer, which
meant that thin diffusion layer with high wet-ability was desir-
able. The results were striking as the maximum power densities
decreased from 152 to 62mW cm™! by increasing the PTFE
content from 0 to 30 wt.% (thickness of 190 wm) and the maxi-
mum power densities decreased from 144 to 55 mW cm™! while
increasing the diffusion layer thickness from 100 to 375 pm
(PTFE content of 20 wt.%). In order to interpret their results, the
authors considered the fuel diffusion and the hydrogen evolution.
They observed that the hydrogen evolution had an adverse effect
on the fuel diffusion by occupying the diffusion paths. Even if
the presence of PTFE in the diffusion layer was favourable for
the release of hydrogen, an adequate fuel diffusion using an
appropriate diffusion layer was more important for the DBFC
performance than the release of hydrogen. This study is very
interesting as it stresses on the importance of the materials
involved in the cell construction. They can deeply influence the
system performances. This is also valid by regarding the impact
on the cell performances of the preparation methods. All the
steps during the DBFC construction are crucial:

(1) Catalysts preparation, e.g. nature and content of the active
metal, size and dispersion of the particles, nature of the
support (Sections 2.1 and 3.2).
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(ii) Electrodes preparation, e.g. procedure for the catalyst ink
preparation, nature of the binder used for the catalyst
ink and its content [28], temperatures (of drying, calci-
nation and/or sintering), procedure for the formation of
the catalyst layer.

(iii) Diffusion layer, e.g. nature, thickness, PTFE content [32]
(Section 5.1.).

(iv) Membrane, e.g. nature, thickness, chemical and thermal
resistance, resistance towards crossover (Section 3.1.).

(v) Membrane pre-treatment step prior to the MEA fabrica-
tion.

(vi) MEA pressing: procedure, pressure, temperature, and
duration.

(vii) MEA conditioning prior to the performance tests (e.g.
cationic Na* form for the cation exchange membrane).

(viii) Bipolar plates, e.g. raw materials, physical and electrical
characteristics, channels.

All of these parameters (list possibly not exhaustive) must
be investigated and optimized. The published papers report, in
the most part, feasibility works even if few ones deal with such
optimizations. For example, Kim et al. [28] studied the effects of
the Nafion® binder contents; the binder was used for the anode
catalyst ink preparation.

Among all the available power data, Suda and co-workers
[5.8] published one of the best performances with 290 mW cm 2
at 60 °C. Miley et al. [9,10] recently achieved 600 mW cm ™2 for
aBH47/H,O, DBFC. This last power density is the highest ever
published for the DBFC technology but is to underline the use
of H,O, as oxidant instead of O», this latter having been used
by Suda and co-workers [5,8].

5.2. Performance stability

Suda and co-workers [35] showed that their DBFC with a
surface-treated Zr-Ni Laves alloy AB, as anode (0.2 gcm™2)
and Pt as cathode (2 mgcm™2) was capable of stable operation
for 29 h (200 mA cm™2,60°C, 0.2Lmin~! of 10 wt.% NaBHy4
in 20 wt.% NaOH, and 0.2L min~! of humidified O, (1 atm)).
The cell voltage oscillated between ~0.55 and ~0.65V, the
data being collected each hour. Cheng and Scott [24] mon-
itored their DBFC durability over a longer period, i.e. up to
150h 20mA cm~2, 25°C, 0.01 Lmin~" of 5wt.% NaBHy4 in
10 wt.% NaOH, 0.2 L min—! of O, (1 atm)). The anode and cath-

Table 6
Thermodynamic and energy characteristics of the DBFC using H,O, as oxidant

ode catalysts are 60 wt.% Au/C (2gcm™2) and 60 wt.% Pt/C
(2 gcm™?), respectively. The DBFC showed high initial perfor-
mance (~0.67 V) and, after an initial potential drop, maintained
arelatively stable performance (<0.5 V) for a period up to 150 h.
The authors explained the initial performance deterioration by
changes in the catalyst states, in the membrane function, in the
fuel supply, in the oxidant supply and in the products removal.
The comparison of the operation conditions of these two studies
[35,24] shows important differences, regarding the temperature,
the current density, the fuel flow rate, the operation time and the
electrodes (catalyst nature and loading). In fact, the conditions
set by Suda and co-workers [35] were more favourable with e.g.
higher temperature [24] and higher flow rate [32]. Cheng and
co-workers [25] monitored the durability of their DBFCs at a
higher temperature, i.e. 70 °C. This study showed that MEAs
constructed with either 60 wt.% Pt/C or 60 wt.% Au/C were
quite stable over 50 h while MEAs constructed with Ni, Ag or
Pd (60 wt.% on C) were not.

Cheng and Scott [50] investigated the cathode stability of
their DBFC constructed with FeTMPP, Ag, Ni or Pt electro-
catalysts. They recorded the cell voltage for 50 h of operation.
While the cell with the Ni cathode was unstable, the cells with
the FeTMPP, Ag and Pt cathodes showed comparable activities
and stabilities. In another study, the Pd cathode was unstable but
better than the Ni cathode [25].

The stability test provides an evaluation of the whole sys-
tem and further tests are required to identify more precisely
the reasons of any stability lost (e.g. anode or cathode cata-
lyst deactivation [50], membrane deterioration). For example,
the following propositions may improve the stability test: (i)
longer tests would be closer to the real operating conditions;
and, (ii) in order to approach the real conditions of operation,
a test program where variations of temperature, current density
and anolyte/oxidant flow rates might be applied.

5.3. Oxidant

The oxidant of the DBFC is generally O». Either pure O; or
O; from air can be used, better performances being achieved
with pure O, [24,50]. Generally, the main subject related to the
cathode compartment is either the catalyst [5,22,29,54-56] or an
alternative to O,. As Franco et al. [42], Shukla and co-workers
[36] reported the performance results of an alkaline DBFC using
H>0, as oxidant (Table 6) and a maximum power density of

(Na")BH4~ /0,

(Na")BH4~/H,0, (Na")BH4/H,0, (H*)?

Fuel molecular weight (g mol~!) 37.832
Oxidant molecular weight (gmol~!) 31.999
Electrons number® 8
Electromotive force (V) 1.64
Theoretical specific energy (Whkg™") 9295
Pure compound capacity (Ahkg™") 5668
Conversion efficiency (%) 0.91

37.832 37.832
34.015 34.015
8 8
2.11 3.01
11959 17060
5668 5668
0.97 0.97

2 Hy0O; in acidic medium.
b Number of electrons involved during the direct oxidation.
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150mW cm™2 at a cell voltage of 540 mV while operating at
70 °C. The direct reduction of HyO» has a standard potential of
0.87V versus SHE:

cathode 4H;0;+8e™ — 8OH™ (6)

Consequently, the theoretical cell potential with HyO» is
2.11V (1.64 V with Oy):

cellreaction BHy4™ +4H,0, — BO,;™ + 6H,0 (7)

The use of HyO, provides a 30% higher theoretical spe-
cific energy for the corresponding fuel cell than the O,-based
DBFC (11,959 and 9295 Whkg ™!, respectively). This is a first
advantage. The use of such oxidant extends the operation of the
DBFC to locations with limited air convection (e.g. underwa-
ter applications). This is a second advantage. These works are
very promising and further studies are required to optimize this
technology, what will also enable to check eventual issues due
to H,O,.

The same group of authors [48] investigated the HyO; reduc-
tion in acidic medium (pH of 0, 0.5 and 1), where HyO, was
reduced into water (standard potential of 1.77 V versus SHE)
(Table 6):

cathode 4H,0, +8H' +8¢e~ — 8H,0 (8)

The theoretical potential of the overall reaction is increased
with a value of 3.01 V, what implies a higher theoretical energy
density (17,060 Whkg™1):

cellreaction BHy;  +4H,0, — BO,™ +6H,0 )

The authors reported a maximum power density of about
350 mW cm™2 at a cell voltage of ~1 V while operating at 70 °C
and concluded about the high potential of this DBFC that could
reach voltages near 3 V. In a very recent paper, these authors
[38] reported a power density of 28 W for a six-cell direct
borohydride-H,O; fuel cell stack operating at 25 °C.

The best performance ever reached was reported by Miley et
al. [9,10]. Their borohydride-H;O» fuel cell showed a maximum
power density of more than 600 mW cm~2. Furthermore, the
authors showed the feasibility of a 14-cell stack producing a
power of 500 W.

Wee [7] and Lakeman and co-workers [6], in their respective
review, did not view the oxidant among the remaining challenges
of the DBFC systems. On the one hand, Wee [7] did not regard
any aspect of the cathode components as being liable to obstruct
the DBFC development. On the other hand, Lakeman and co-
workers [6] only stressed on the improvements that are required
for the oxygen cathode.

5.4. Temperature effect

Cheng and Scott [24] reported that the DBFC could work in
a broad range of temperatures and even at ambient temperature
it was capable to deliver high-energy capacities. The authors
concluded that that satisfied the necessary conditions for the use
as portable power sources. Suda [8] agreed and added that the

electrochemical reaction proceeded under low temperature con-
ditions reaching the ambient temperature. From thermodynamic
data, it is to note that the electromotive force does not markedly
vary with the temperature variation in the 25-85°C range
[57].

Like for other low-temperature fuel cells, the temperature
increase has positive effects on cell performances [13,35,36],
e.g. 20 and 63 mW cm™2 at ambient and 70 °C, respectively
[21]. Cheng and Scott [24,50] worked on the influence of the
operating conditions and evaluated the performance of their
DBFC at 25, 50, 70 and 85 °C. According to their discussion
[24], the improvement of the performances with the temperature
increase was due to better mass transport and improved kinet-
ics of borohydride oxidation. Besides, the temperature increase
had positive effects on the conductivity of the borohydride-
hydroxide solution, as stressed by Shukla and co-workers [36]
as well. Nevertheless, it had also negative effects, i.e. increase
of crossover and borohydride hydrolysis, deterioration of the
cathode performance, decrease of the fuel efficiency, decrease
of the membrane performance due to partial drying out and poor
rehydration. The increase in the hydrolysis reaction with the tem-
perature was firstly reported by Suda and co-workers [35] who
observed that, at a current of 1 A, the hydrogen evolution rate
was multiplied by a factor 5 when the temperature increases from
25 to 60 °C. Furthermore, Suda and co-workers [5] showed that
the fuel utilization decreased from 62% to 51% with a temper-
ature increase of 10 °C due to both borohydride hydrolysis and
crossover. Further, they [30] added that low operation temper-
ature was good for reducing the hydrogen evolution, even with
some penalty for the cell performances. A significant rate of
borohydride hydrolysis at temperatures above 70 °C was previ-
ously reported by Okinaka [26]. Above all, the beneficial effects
outmatched the negative ones [58].

Lastly, Cheng and Scott [50] have more especially studied the
temperature effect (25-85 °C) on the cathode activity. The tem-
perature increase had a positive effect on the cell performance
thanks to several factors: combined effect of reducing the elec-
trode potentials, increase in the electrode reaction rates, decrease
of the cell resistance and decrease in the cathode channel blocks
by the increased water evaporation.

The DBFC is a technology mainly devoted to mobile and
portable applications and the reported performance data seem
to show that the necessary conditions for its commercial use
are reached [24]. The DBFC must operate in a broad range of
temperature, what depends on the electronic device, the outside
temperature and the country of utilization. The great majority
of the papers report experimental studies performed from room
temperature, except one at temperatures from 5 °C [27]. This
last work showed that, despite similar open circuit voltages, the
potential —0.7 V was reached at 50, 200 and 600 mA cm2 at
5, 20 and 40 °C, respectively. Hence, a question is asked: what
could be the overall performance of the DBFC at temperatures
much lower than 25 °C? A fuel cell as a power generation device
for portable application should efficiently operate at winter tem-
peratures without the need of a secondary power generator. It
would be interesting to know the cell performances and also the
catalysts, the fuel and the membrane behaviours at such low tem-
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Table 7
The remaining challenges and the three main issues (borohydride hydrolysis, borohydride crossover and cost) of the DBFC
Remaining challenges Reference Issue®
Development of anode electrocatalysts to generate eight electrons utilized per borohydride and to inhibit the H; evolution [5-7] Hydrolysis
Optimization of the NaBH4 aqueous solution to reduce the H, evolution [7] Hydrolysis
Development of electrocatalysts tolerant to deactivation [6,7] Crossover
Reduction of the NaBH4 aqueous solution volume [7] Cost
Development of MEAS tolerant to crossover [7] Crossover
Up to 500 mW cm 2 of operation power density is needed [7]
Treatment of the NaOH accumulation at the cathode and the NaBO, accumulation at the anode [6-8]
Design of cell for simple fuel maintenance [7]
Adjustments in electrode and cell structures to inhibit the H, evolution [71 Hydrolysis
Fuel cost [5,7] Cost

* The remaining challenges are classified according to the three main issues but they can also be seen as other issues.
Table 8
Potential solutions to the three main issues of the DBFC
Issue Solutions for the

Anode catalyst Cathode catalyst ~ Fuel/anolyte Membrane

Borohydride hydrolysis ~ Au-based
Borohydride crossover MnO,
DBFC No Pt

Au-based No Pt
cost Hydrogen storage alloys ~ MnO

Optimization H, generation inhibitor additive®
Optimization

More selective? No membrane

Optimization
NaBH, mass production
Inhibition of borohydride hydrolysis and crossover

More selective®
Cheaper No membrane

2 The addition of such additive implies an increase of the fuel cost but this could be recouped if the fuel was more efficiently used.
b A more selective membrane will be certainly more expensive than the current ones but the cost could be recouped if the fuel was more efficiently used and the

membrane was mass-produced.

peratures. Even if the temperature does not seem to be an issue,
some dark points should be highlighted, i.e. cell behaviour at
low temperatures and efficiency when starting at low tempe-
ratures.

6. Potential solutions to the main issues and conclusions

The DBFC development is obstructed by mainly three issues.
Wee [7] reviewed the remaining challenges. Table 7 groups
them but also those quoted by Suda and co-workers [5] and
Lakeman and co-workers [6]. Among the 10 challenges that are
suggested, seven are relative to the three main issues (i.e. boro-
hydride hydrolysis, crossover and DBFC cost). There are real
opportunities for improvements [6]. The previous sections give
an insight of the potential solutions. It is possible to summary
them (Table 8).

The borohydride hydrolysis issue is the most studied. The
solution may be a combination of improvements related to the
anode catalyst and the fuel (Table 8). The Au-based catalysts
catalyze the borohydride oxidation by involving seven—eight
electrons (Table 9). The optimization of the fuel features may
contribute to the reduction of the hydrolysis. These possibili-
ties may reduce drastically the hydrolysis and enable the direct
eight-electron oxidation.

The inhibition of the borohydride crossover is considered as
the key issue by Wee [7]. The best solution is a highly selective
membrane; however, it occurs with both types of ion exchange
membrane. In fact, a combination of improvements (membrane,

Table 9
Number of electrons transferred during the borohydride direct oxidation for the
anode catalysts tested through the literature

Electrons number n range Catalysts Electrons number® Reference
Au/C 8 [15,45]
Pt—Au/C 8 [14]
Pt/C 8 (11
Ag 7.6 [15.45]
T=n<8 Au 7.6 [58]
ABsP 7.5 [20]
Au 7.4 [15.45]
Au 7 (4]
Au 6.9 [21]
Pd/C 6 (1]
6=n<7 PYC 6 [1]
Ag 6 [31]
Au 45 [1]
Pt-Ni 4.5 4]
Cu 4 (1]
Ni 4 [1.27]
4<n<6 Raney Ni 4 (1]
Pd/C 4 (11
Pt 4 (4]
AB;¢ 4 [51]
ABs® 4 [6.19.51]
<4 Pt 24 [6,28]

2 Experimentally determined.
b ABjs-type hydrogen storage alloy.
¢ AB;-type hydrogen storage alloy.
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fuel and cathode catalyst) is certainly the best way to efficiently
hinder the crossover (Table 8). It seems difficult even impossible
to completely avoid it with the current membranes. The com-
bination of a more resistant cathode catalyst (e.g. MnO,) with
a more resistant membrane [38] may be a solution. Otherwise,
one can keep in mind to construct a membrane-free fuel cell
[6,20].

The DBFC is expensive. It would be competitive if the
crossover and the borohydride hydrolysis were to be overcome
[7]. A decrease of the catalysts cost may be achieved. The sodium
borohydride will be cheaper if its mass production increases. In
the same time, its production cost must be drastically reduced
[7]. The solutions proposed to overcome the previous two issues
consider the cost issue, i.e. cheaper catalysts, fuel optimiza-
tion, utilization of additives, more resistant membrane and more
efficient use of the fuel.

The DBFC technology interests more and more but it is still
in the development phase and there are several problems to
solve. As underlined by Lakeman and co-workers [6], there is
relatively small number of years of R&D invested in DBFCs
and there are real improvement opportunities. The published
works mainly deal with the three issues that are the borohy-
dride hydrolysis (occurring instead of its direct oxidation), the
borohydride crossover and the DBFC cost. Other issues must
be also overcome, such as e.g. catalysts ageing or metabo-
rate removing (Table 8). Regarding this last problem, Suda
[Suda-2006] particularly stressed on the need of removing the
accumulated NaBO,, which, because of its low solubility, can
precipitate and lead to a fatal decrease of the electric capacity.
Besides, Suda [8] regarded the volume occupied by the fuel
tanks, cartridges or canisters as a serious problem and con-
cluded that the DBFC was not suitable as alternative power
sources for the secondary batteries such as the Ni-MH and
Li-ion batteries because of their overall volume-based energy
density.

Above all, facing issues during the research and the devel-
opment of a new and innovative technology is ‘normal’. As no
one has doubts about overcoming these issues, there is a con-
sensus about the promising future of the DBFC as a commercial
portable power generator system.
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