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Abstract The direct borohydride fuel cell (DBFC) is a prom-
ising device that converts chemical energy into electricity by
electrochemical reactions. This type of power source is techni-
cally more simple than traditional fuel cells, because it does not
require any hydrogen container and noble metals. Hydrogen
evolution during hydrolysis can be inhibited by modification
of anode materials. Extensive studies are focused on various
specific electrocatalysts and their impact on oxidation and hy-
drolysis of borohydride. The aim of the study is to determine
the effect of anode material composition using borohydride as a
fuel. In order to enhance the utilization of borohydride fuel,
ABs-type alloy (LaMnNij; 55Al 30Mng 40C00.75) was modified
by adding Si or two kinds of carbon materials using the ball
milling method. The most proper electrolyte was selected. The
physical and electrochemical properties of anode materials
were evaluated by scanning electron microscopy (SEM), cyclic
voltammetry, chronopotentiometric measurements and electro-
chemical impedance spectroscopy. Studies showed that graph-
ite was the best additive to anode material due to its density,
compact structure and improvement of conductivity.
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Introduction

Rapid technological development increases a tendency to
develop power sources which can deliver enough power
and possess adequate lifespan for the next generation of
portable electronic devices. Direct borohydride fuel cell
(DBFC) can be used as an alternative system for them
[1]. Fuel cells are quiet, efficient and environmentally safe
energy devices that directly convert chemical energy into
electricity [2]. Borohydride as a solid fuel is more conve-
nient to store and transport than hydrogen; moreover, it is
chemically stable and non-flammable. The only products
of the reaction (3) are water and borate ion, which are
relatively easy to recycle back to borohydride [3, 4].
Sources of hydrogen could be LiBH,, NaBH, or KBH,.
The sodium compounds are cheaper and have a lower mo-
lar mass, while the potassium compounds have a higher
conductivity. Sodium borohydrides contain 10.6 wt.% of
hydrogen and provide a high specific capacity of
5.6 Ah g '. Theoretically, borohydrides are able to release
8 ¢ from one molecule.

Fuel is oxidised directly at the anode:
BH, + 80H —BO; + 6H,0 +8¢ E’=-124V (1)
Oxygen reduction at the cathode:

(The oxidant could be oxygen, air or hydrogen peroxide).

20, +4H,0 + 8¢ —»80H  E’ =04V (2)
Total reaction:
BH, +20,—-B0, +2H,0 E’=1.64V (3)

It is important to develop the best composition of the anode
material in order to improve the efficiency of oxidation
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reaction. The actual number of released electrons is generally
fewer than the theoretical (i.e.8 ¢") because of the parallel
reaction of hydrolysis which can take place [5, 6]:

BH, + 2H,0—BO; + 4H, (4)

The most commonly used catalyst is platinum, but it limits
the commercialization of fuel cells due to the high cost. It is
possible to utilize less expensive catalysts (Ag, Ni), but they
are suppressed by alkaline medium [7]. In order to increase the
surface area of anode material, cheap conductive carbon sup-
ports are used [8, 9].

Multicomponent hydrogen storage alloys such as AB5 and
AB; types are usually used as the negative materials in nickel-
metal hydride (Ni-MH) batteries. The alloys are a special
group of anode materials also employed in direct borohydride
fuel cells, because they can absorb atomic hydrogen associat-
ed with a decreased evolution of the gas and can be used
instead of the noble metals [10, 11]. Moreover, rare earth
metal-based ABs-type alloys have a high catalytic activity
relative to electrochemical oxidation of hydrogen. Good re-
sults are obtained using Ni-based composite catalysts smeared
onto a nickel foam [12]. Ni-based materials provide the most
negative potential, compared to usually used electrode mate-
rials, but less than 8 ¢ is involved in process of oxidation of
borohydride, probably due to hydrolysis at the anode surface
[5]. Adding silicon to hydrogen storage alloys causes the bo-
rohydride hydrolysis reaction to inhibit because of poor cata-
lytic activity [13]. Better electrochemical properties of anode
for DBFC were also obtained for composite electrodes with
carbon materials [14].

Therefore, in this paper, the electrochemical performance
of the oxidation reaction was evaluated by comparing anode
material modified using graphite, silicon or carbon nanotubes.

Materials and methods

In order to prepare the working electrode, the commercial
ABs-type alloy (TREIBACHER) of formula
LaMnNij 55Alp 30Mng 40C00.75 was used. This alloy is de-
scribed by the following composition: Mm = La-rich
mischmetal 33.1 wt.%, La 53.3 wt.%, Ce 33.7 wt.%, Nd
9.8 wt.%, Pr 3.2 wt.% and other rare earth metals 66.9 wt.%,
Ni 47.8 wt.%, Co 10.12 wt.%, Mn 5.10 wt.%, and Al
1.86 wt.%. The alloy was mixed with nickel carbonyl
(30 wt.%) and carbon nanotubes (ALDRICH CHEMISTRY)
or graphite (Lonza) or silicon powder (ALDRICH
CHEMISTRY) in an amount of 3 wt.%. To ensure the homo-
geneity of the electrode material, ball milling was applied for
6 min. For this purpose, a ball mill (SPEX Sample Prep Q
Mixer/Mill 8000 M) was used. Then, the composite material
was blended with a 3 wt.% poly(vinyl alcohol) solution as a
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binder. This resulting mixture (250 mg) was coated into a
1 cm x 1 cm nickel foam (porosity >95%); therefore, the
catalyst loading equals ca. 250 mg cm 2. The next step was
to dry electrodes for 24 h at 50 °C, and then the pasted
electrodes were pressed under a pressure of 10 MPa. A scanning
electron microscope (SEM EVO®40 ZEISS) was used to
analyse the structures of the additives and anode materials.

A three-electrode measurement system was built of the
working electrode, the counter electrode made of the nickel
foam and the Hg/HgO electrode as the reference one, im-
mersed in 60 ml of fuel solution. For the sake of the paper,
the electrochemical tests were examined using 6 M NaOH and
6 M KOH containing 0.5 M NaBH,; (ALDRICH
CHEMISTRY) as a fuel. Before testing, the electrode was
chemically activated by being immersed in 6 M KOH or
6 M NaOH solution for 24 h. Electrolyte conductivities were
estimated using the conductometer CPC-505 (Elmetron). The
electrochemical measurements were carried out using cyclic
voltammetry (the scanning rate was 5 mV s !, potential
ranged from 0 to 1.15 V vs. Hg/HgO electrode),
chronopotentiometric measurements with the constant current
density of 100 mA g, calculated on active mass of electrode
and electrochemical impedance spectroscopy.

The electrical conductivity (at room temperature) was ex-
amined by impedance spectroscopy at the frequency 1 kHz.
Conductivities of active masses were estimated after applying
ball milling process. Samples were placed in a hollow cylinder
with the inner diameter 1.494 cm. Each of them was com-
pressed in air between two steel pistons under the pressure
40 MPa. The value of resistance was estimated at
frequencyl kHz and the electrical conductivity is given by

Eq. (5):

/

where R is a resistance (€2), A is an area of the piston surface
(em?), lis a height of the sample (cm) and o is an electrical
conductivity (S cm ). All electrochemical data were carried
out using the potentiostat/galvanostat VMP3/Z (Biologic,
France).

Results and discussion

To obtain the optimum anode composition, three additives
(two types of carbon and silicon) were tested. All components
of composite materials were mixed using ball milling in order
to obtain a homogenous active mass of electrodes. Table 1
presents the properties of composites.

The addition of carbon materials increases the conductivity
of'the unmodified composite NCAU (Ni: 30 wt.% + Aurestore
IV:70 wt.%), which is the most visible in the case of graphite.
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Table 1 Properties of anode
compounds with appropriate Sample Abbreviation Conductivity
abbreviations Sem™!

Graphite G 13

Carbon nanotubes N 1.8

Silicon powder S 0.071

Nickel carbonyl NC 11

Aurestore [V AU 15

Graphite 3 wt.% + Ni 30 wt.% + Aurestore IV 67 wt.% GNCAU 20

Carbon nanotubes 3 wt.% + Ni 30 wt.% + Aurestore IV 67 wt.% NNCAU 13

Silicon powder 3 wt.% + Ni 30 wt.% + Aurestore IV 67 wt.% SNCAU 13

The morphologies of anode materials were evaluated by the
scanning electron microscopy. SEM images were performed
on carbon materials: graphite flakes, MWNT O.D. 110—
170 nm and silicon particles, and electrodes with the additives
are shown in Fig. 1. The scaly structure of graphite can be seen
in Fig. 1b, d shows the network created by commercial carbon
nanotubes and Fig. 1f illustrates fine and irregular grains of
silicon. The homogeneity of the electrode active materials is
well visible in Fig. 1a, ¢ and e.

Fig. 1 SEM images of a anode
with graphite, b the flake
graphite, ¢ anode with MWNT
110-170 nm, d MWNT O.D.
110-170 nm, e anode with silicon
and f silicon particles

To estimate the influence of different additives on the elec-
trochemical performance, in the first step, measurements were
carried out for composite material containing 30% of carbonyl
nickel and 70% of multicomponent hydrogen storage alloy,
which was chosen as reference system, and labelled as un-
modified electrode. For that composition of anode for
DBFC, the most suitable electrolyte was selected. Figure 2a
shows I-E curves for two types of electrolytes. It is well
known that DBFC performance strongly depends on the
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E/V vs Hg/HgO

=== () 5M NaBH4 + 6M KOH ++++6M KOH

4 Fig. 2 Electrochemical characteristics. a Polarization curves for

unmodified anode (30% Ni + 70% Aurestore 1V) in different
electrolytes. b Nyquist plots of composites carried out in 0.5 M NaBH,/
6 M KOH electrolyte. ¢ Chronopotentiometry curves of composites (with
current density 100 mA g ') carried out in 0.5 M NaBH,/6 M KOH
electrolyte. d Cyclic voltammetry characteristics (5 mV s ') for graphite
composites in 0.5 M NaBH,/6 M KOH and supporting electrolyte 6 M
KOH

concentration of fuel and supporting electrolyte. The follow-
ing types of electrolytes were tested: 0.5 M NaBH,/6 M
NaOH and 0.5 M NaBH,/6 M KOH. After the working elec-
trode was immersed in 0.5 M NaBH, and aqua solution of 6 M
NaOH or 6 M KOH, the OCP was around —1.1 V vs. Hg/HgO
electrode. When the polarization characteristics are analysed,
it can be concluded that the best results were reached in a
0.5 M NaBH, + 6 M KOH electrolyte. Sodium borohydride
is known as a cheaper hydrogen generator with excellent ef-
ficiency of hydrogen storage. Potassium hydroxide has a
higher conductivity than sodium hydroxide (617 mS cm '
for 6 M KOH and 366 mS ¢cm ! for 6 M NaOH) as a
supporting electrolyte. There is the most linear decrease of
potential with increasing current density; therefore, this type
of electrolyte was selected for further tests.

There is a correlation between the activity of the metal
nanoparticles and their size, so carbon materials can be used
as catalyst supports in fuel cells thanks to their high surface
area and chemical stability [15]. However, adding carbon
nanotubes lowered the packing density of alloy particles in
three-dimensional porous nickel foam and scarified the struc-
ture of pasted electrode during measurements.

Figure 2b shows the Nyquist plots. The impedance spectra
consist of the semicircles. All electrode materials are charac-
terized by the various value of ESR (0.148, 0.233, 0.349 and
0.441 Q for graphite, carbon nanotubes, unmodified and sili-
con electrode, respectively, in 0.5 M NaBH,/6 M KOH). The
composite modified with 3% of silicon exhibits the highest
equivalent series resistance, which is related to the lowest
conductivity value of pure silicon powder (Table 1). The di-
ameter of semicircles at low frequencies is attributed to the
charge transfer resistance of borohydride oxidation reaction
[16, 17]. It should be noted that the composite material con-
taining 3% of carbon nanotubes exhibit slower charge transfer
resistance than those using graphite or silicon powder. It
means that the reactions take place at quite a high rate, which
may indicate an intensive gassing observed after immersing
the anode into the borohydride solution.

Probably due to the way electrode material is prepared
using a simple ball milling process, the activation is acceler-
ated [ 18] and better electrochemical characteristics are obtain-
ed. Milling for a short period of time prevents the crystalline
structure of hydrogen absorbing alloy from being destroyed.

Another very important aspect of controlling the parame-
ters of fuel cells is their stability. Figure 2c presents the
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chronopotentiometric curves of all composites under current
load of 100 mA g ', calculated on active mass of anodes. The
experiment showed that the half-cell DBFC maintains stabil-
ity over 72 h. Graphite as an addition again proved to be better
than carbon nanotubes and silicon. Such an additive enhances
the utilization of borohydride fuel. The electric charge was
calculated using Faraday’s law:

1. The theoretical electric charge:

zF
Q= (6)
0, = 5.6Ahg™!

2. The electric charge obtained using the anode with graphite
as an addition:

O,=1-1
0, = 1.72Ah )
R% = % 100 %
1.53QA]hg71 (8)
RVfo=——""—-1 =2
% 5.6Ahg | 00% 7%

Graphite as an addition again proved to be better (R% =27%)
than carbon nanotubes (R% = 26%) and silicon (R% = 19%).
Such an additive enhances the utilization of borohydride
fuel (R% = 23% for unmodified electrode). In the case of
carbon nanotubes being added to the electrode material,
the highest loss of active material from support was ob-
served during electrochemical measurements (the average
weight loss was about 20%), because of hydrogen bub-
bles, which probably formed as a result of hydrolysis of
the borohydride -reaction (4). These calculations show
how important it is to work further on improving the
performance of anode materials.

The electrochemical performance of anode material for
BH, oxidation was also characterized by CV tests in
order to determine the processes and reactions attributed
to the oxidation and hydrolysis of NaBH,. As shown in
Fig. 2d, the anodic peak occurred at the potential of about
—0.65 V can be connected with an increasing reaction rate
and probably due to good catalytic properties of graphite,
because of the reaction of charge transfer and desorption
of hydrogen from the surface of multicomponent hydro-
gen storage alloy.

Hydrogen was also generated as the effect of reducing
water, when negative values of current and potential were
applied [19]:

2H' 4 2¢ —H, (9)

Conclusions

Two types of electrolytes and compositions of anode material
for direct borohydride fuel cell are compared. The greatest
stability of polarization potential for the anode consisted of
hydrogen storage alloy with nickel carbonyl was obtained
for 0.5 M NaBH,4 + 6 M KOH electrolyte; therefore, it was
chosen for further measurements. Graphite proved to be the
best additive to the anode material. This type of carbon mate-
rial improved the conductivity of anode composites as well as
extended stability of DBFC. Adding silicon to composite with
hydrogen storage alloy did not improve the half cell, probably
due to its poor catalytic activity. In the case of carbon nano-
tubes, an increase of efficiency is observed due to their prop-
erties with the simultaneous highest loss of active material
from three-dimensional porous nickel foam. To summarize,
the addition of 3% of graphite to composite with ABs-storage
alloy would be a promising supplement for half cell of DBFC
application.
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