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1 Introduction

Hydrogen is not available freely in nature. Accordingly, it
has to be generated from a readily available hydrogen-carry-
ing fuel, such as natural gas, which requires reforming [1].
However, such a process leads to the generation of hydrogen
contaminated with carbon monoxide, which even at minus-
cule levels is detrimental to the performance of fuel cells [2].
Pure hydrogen can be generated through the electrolysis of
water but hydrogen thus generated needs to be stored as
compressed/liquefied gas, which is expensive [3]. Therefore,
certain hydrogen carrying organic fuels, such as methanol,
ethanol, propanol, ethylene glycol, and diethyl ether, have
been considered for fuelling PEFCs directly [4–7]. Amongst
these, methanol (specific energy = 6.1 kWh kg–1) is the most
attractive organic liquid. PEFCs directly fuelled with metha-
nol are called solid-polymer-electrolyte direct methanol fuel
cells (SPE-DMFCs) [5–7]. However, SPE-DMFCs suffer from
methanol crossover across the polymer electrolyte membrane,
affecting cathode performance [8]. Furthermore, SPE-DMFCs
have inherent limitations, their low open-circuit potential and
low electrochemical activity [8]. An obvious solution to these

problems is to explore other promising hydrogen-carrying
chemicals to directly fuel PEFCs.

Reversible metal hydrides, obtained by directly reacting
hydrogen with certain metals, e,g., titanium, iron, manganese,
nickel, and chromium, or their alloys, have been reported as
hydrogen storage materials [9]. However, these materials are
not potentially attractive apart from their high volumetric
energy density. Alternatives to reversible metal hydrides are
alkali metal hydrides, which react with water to release
hydrogen and produce metal hydroxides. However, alkali
metal hydrides are both corrosive and toxic, and need to be
disposed of safely. Besides, the energy required to manufac-
ture and transport alkali metal hydrides is greater than that
realized by the fuel cell [9]. Another promising material, with
a hydrogen content as high as 20 wt.-%, is ammonia borane
(NH3BH3), which is stable at ambient temperatures and
releases hydrogen only when heated beyond 150 °C [10].
Recent research suggests that the hydriding / dehydriding
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activity of TiF3 doped NaAlH4, LiNH2, and LiBH4 to be about
5 wt.-% [11, 12].

In recent years, there has been clear interest in the use of
sodium tetrahydridoborate or sodium borohydride (NaBH4)
with a hydrogen content of approximately 11 wt.-% for fuel-
ling PEFCs, both directly [13–27] and indirectly [28–29]. Such
PEFCs are referred to as direct and indirect borohydride fuel
cells. In an indirect borohydride fuel cell, reacting NaBH4

with water in the presence of a catalyst produces hydrogen in
accordance with the following reaction.

NaBH4 + 2 H2O � 4 H2 + NaBO2 DH = -218 kJ mol–1

(1)

The hydrogen produced is fed to the anode of the indirect
borohydride fuel cell. In contrast, in the direct borohydride
fuel cell (DBFC), an alkaline aqueous solution of sodium bor-
ohydride is directly fed to its anode, which is oxidized to
NaBO2, delivering electrical energy.

The anodic oxidation of borohydride has been studied on
Ni, Pt, Pd, Ni2B, Au, and on noble metal alloys by various
groups [13, 17-27, 30–32]. Indig and Snyder were the first to
identify sodium borohydride as a fuel [13]. These authors
used a Ni anode with 80% porosity and reported a polariza-
tion voltage of –1.125 V vs. Hg/HgO at a load current density
of 200 mA cm–2 [13]. A coulombic efficiency of 49% was
obtained at load current densities below 100 mA cm–2, where
a 4-electron reaction takes place,

BH4
– + 4 OH– → BO2

– + 2 H2 + 2 H2O + 4 e–

(E0
a = –1.65 V vs. SHE) (2)

Kubokawa et al. studied the oxidation of borohydride over
Pd and observed a 6-electron reaction per borohydride ion, as
shown below [31].

BH4
– + 6 OH– → BO2

– + H2 + 4 H2O + 6 e–

(E0
a = –1.38 V vs. SHE) (3)

It should be noted that the electromotive force of DBFC
increases as the number of electrons utilized per BH4

– ion
decreases from 8. Elder and Hickling [32] have proposed a
reaction path for the oxidation of BH4

– on Pt. According to
them, the BH4

– ion hydrolyses to a stable BH3OH– intermedi-
ate that undergoes partial oxidation, which, on subsequent
hydrolysis, yields 2-4 electrons per BH4

– ion. Amendola et al.
[17] were the first to report a OH–-ion conducting anion
exchange membrane-based borohydride-air fuel cell. Their
fuel cell used a Au (97)-Pt (3) alloy for the oxidation of boro-
hydride, with a power density close to 60 mW cm–2 at 70 °C.
They reported a utilization of about 7.5-electrons per borohy-
dride ion, during the borohydride oxidation on the Au-Pt
alloy. However, this borohydride-air fuel cell suffers from
borohydride crossover across the anion exchange membrane.
It should be mentioned that Au belongs to a group of metals
with a high hydrogen overpotential on which the formation

of surface hydrides or hydrogen adsorption occur readily.
Thus, the use of Au as an electrocatalyst for BH4

– oxidation
could avoid the hydrolysis of BH4

– but the operating cell volt-
age and power output would be low.

The use of hydrogen storage alloys as anodes in borohy-
dride fuel cells has also been explored in the literature [18–
24]. The role of the borohydride ion was to replenish the
hydrogen within the lattice of the alloys, which then acts as
the anode in the fuel cell. Li et al. [19] reported the use of a
Zr-Ni hydrogen storage alloy as an anode material akin to
those used in nickel-metal hydride batteries. The BH4

– cross-
over problem was reduced by adopting a divided cell config-
uration, using a Nafion® membrane as the electrolyte to sepa-
rate the fuel from the cathode. A power density value as high
as 160 mW cm–2 was achieved at 70 °C.

Borohydride oxidation takes place on the metal hydride
surface, with associated hydrogen evolution, through the
sequence of steps described below [15].

BH4
– → BH3

– + 1⁄2 H2 (4)

BH3
– + OH– → BH3OH– + e– (5)

BH3OH– → BH2OH– + 1⁄2 H2 (6)

BH2OH– + OH– → BH2(OH)2
– + e– (7)

BH2(OH)2
– → BH(OH)2

– + 1⁄2 H2 (8)

BH(OH)2
– + OH– → BH(OH)3

– + e– (9)

BH(OH)3
– → B(OH)3

– + 1⁄2 H2 (10)

B(OH)3
– + OH– → B(OH)4

– + e– (11)

B(OH)4
– → BO2

– + 2 H2O (12)

The hydrogen generated is stored in a hydrogen storage
alloy anode, as MHx, which is involved in the discharge reac-
tion as follows.

MHx + × OH– → M + × H2O + × e– (13)

The following side-reaction (14), which occurs both at
open-circuit and during cell operation, also reduces fuel utili-
zation.

BH4
– + 4 H2O → BO2

– + 4 H2 + 2 H2O (14)

It is noteworthy that the DBFC operates at a potential
cathodic to the standard potential for the hydrogen evolution
reaction in a basic medium. This leads to the evolution of
hydrogen at the anode during borohydride oxidation [33].
The relative rates of these reactions depend on the anodic
materials, applied potentials, and chemical states of the anod-
ic surfaces. Hydrogen evolution limits the efficiency of the
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DBFC, but this effect can be lessened by the use of materials
with high hydrogen overpotentials, inhibitors/additives [34],
and by the surface treatment of the metal hydrides [35].

In recent years, there has been rapid progress in the devel-
opment of direct borohydride fuel cells [17, 21–24, 26, 35–37].
Two types of direct borohydride fuel cell have been reported
in the literature, namely, direct borohydride/air fuel cells
[17, 21, 38] and direct borohydride/hydrogen peroxide fuel
cells [24, 39, 40].

In an acidic medium, hydrogen peroxide can be reduced
by either of the following routes [41].
(i) Direct reduction of H2O2 to H2O:

H2O2 + 2H+ + 2e– → 2H2O
(E0

c = 1.77 V vs. SHE) (15)

(ii) Chemical decomposition of H2O2, followed by reduction
to H2O:

H2O2 → 2H2O + O2 (16)

O2 + 4H+ + 4e– → 2H2O
(E0

c = 1.23 V vs. SHE) (17)

However, the reversible potential for H2O2 reduction is
difficult to measure, as the reactions involved are dependent
on several factors, such as the electrolyte and the surface
chemistry of the catalyst used. Besides, there is always some
associated oxygen evolution when employing H2O2 on var-
ious catalyst surfaces.

A direct borohydride/hydrogen peroxide fuel cell employs a
misch-metal alloy as the anode and carbon-supported plati-
num (Pt/C) as the cathode, with a Nafion®-117 membrane as
a separator-cum-electrolyte. However, hydrogen peroxide
has been found to decompose on a Pt/C cathode [40].
Accordingly, attempts have been made to substitute for the
Pt/C catalyst in direct borohydride/hydrogen peroxide fuel
cells [39].

In a recent publication [39], carbon-supported lead sulfate
(PbSO4/C) was demonstrated to be an effective cathode
material for reducing hydrogen peroxide to water in an acidic
medium in a direct borohydride fuel cell, where hydrogen
peroxide reduction, mediated by Pb(II)/Pb(II+x) (where
2<x<0), commences around 0.75 V vs. SHE. However, in such
a fuel cell, PbSO4/C is susceptible to aqueous sodium
hydroxide crossover from the anode to cathode across the
Nafion®-117 membrane [42].

To prevent the aforementioned problem, as part of an
on-going R&D program on direct borohydride fuel cells
[24, 39, 40], this communication reports a direct borohydride
fuel cell with a Nafion®-961 membrane electrolyte that
reduces the crossover of sodium hydroxide from the anode to
the cathode. Such a direct borohydride fuel cell can deliver a
peak power density of 10 mW cm–2 at 0.77 V while operating
at 25 °C. This is comparable to the anticipated power density
of about 9 mW cm–2 for the direct methanol/hydrogen perox-

ide fuel cell [43]. Commercially, sodium borohydride is pro-
duced by the Brown-Schlesinger [44, 45] and Bayer [46, 47]
processes. In the latter, sodium borohydride is synthesized
batch-wise, combining borax, metallic sodium, and hydrogen
in the presence of silica at 700 °C, yielding sodium silicate as
the by-product. The synthesis temperature is an explosion
hazard due to the rapid decomposition of borohydride.
Recently, a modification to the Bayer process has been used,
where sodium borohydride can be produced from a mixture
of sodium borate and sodium hydroxide in the presence of
magnesium hydride (MgH2), which exhibits a significantly
higher conversion efficiency [48–54]. The estimated cost of
sodium borohydride, thus produced, is estimated to be one
tenth of its current price of $ 50 per kg [48]. In the borohy-
dride/hydrogen peroxide fuel cell reported here, it is possible
to achieve a hydrogen peroxide utilization of about 80%. Al-
though PbSO4 is not an environmentally friendly chemical
[55], enough is known from the lead-acid battery industry to
handle it safely.

2 Experimental

2.1 Preparation of the AB5 Alloy and Carbon-Supported PbSO4

Catalyst

In the direct borohydride fuel cell reported here, Mm

(misch metal) Ni3.6Al0.4Mn0.3Co0.7 alloy (Mm = La-30 wt.-%,
Ce-50 wt.-%, Nd-15 wt.-%, Pr-5 wt.-%) was used as the
anode. The Mm Ni3.6Al0.4Mn0.3Co0.7 alloy was prepared by
arc-melting stoichiometric amounts of the constituent metals
in a water-cooled copper crucible under an argon atmo-
sphere. The alloy ingot obtained was mechanically pulver-
ized to a fine powder, with a particle size of about 60 lm.

To obtain PbSO4/C, equimolar solutions of lead acetate
and sulfuric acid were mixed in a beaker containing 4 wt.-%
Vulcan XC-72R carbon. The carbon-supported lead sulfate
formed was filtered, washed with a large volume of hot dis-
tilled-water, and dried in an air oven at 80 °C for 12 h.

2.2 Fabrication of Membrane Electrode Assemblies (MEAs)

MEAs were obtained by sandwiching a Nafion®-961 poly-
mer electrolyte membrane between the anode and cathode,
which allowed for the electrochemical characterization of the
direct borohydride fuel cell (DBFC). Nafion®-961 membrane
is a Teflon-fiber reinforced composite membrane with sulfo-
nate (100 lm) and carboxylate (10 lm) polymer layers.
Unlike Nafion®-117, the Nafion®-961 membrane reduces
alkali crossover from the anode to cathode in the cell. The pres-
ence of the carboxylate layer in the Nafion®-961 membrane
offers resistance to NaOH flow. If the flow of NaOH were not
prevented, the cell would suffer from anode polarization due to
NaOH loss and cathode polarization due to the neutralization of
the acid present in the catholyte and the consequent increase in
pH, which is not conducive to the operation of the cell
reported in this study. Accordingly, Nafion®-961 facilitates
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higher oxidant utilization at the cathode of the DBFC. Other
commercially available membranes of this class belong to the
Nafion®-900 and Nafion®-2000 series. Note that a slurry of
the alloy, obtained by ultra-sonicating the required amount of
alloy with 5 wt.-% Vulcan XC-72R carbon and 5 wt.-% of
Nafion® solution in isopropyl alcohol, was pasted onto the
carboxylate side of the membrane. Exposing the carboxylate
side to the acid present in the catholyte produces carboxylic
acid (weak acid); whose dissociation constant reduces due to
the common ion effect of H+. Hence, the ionic conductivity of
the carboxylate side of the membrane is reduced. The alloy
catalyst loading was kept at 39 mg cm–2. The use of alloy par-
ticles of ca. 60 lm in size for the electrodes provides sufficient
inter particle porosity for the necessary flux across the elec-
trode. The cathode is comprised of PbSO4/C mixed with
10 wt.-% of Nafion® solution in isopropyl alcohol pasted onto
the sulfonate layer of the membrane. The PbSO4/C loading at
the cathode was kept at 8 mg cm–2. The membrane electrode
assembly was obtained by hot-pressing the cathode and
anode placed on either side of the Nafion®-961 membrane at
60 kg cm–2 for 3 min at 125 °C.

The anode catalyst layer in the MEA was supported by a
stainless steel mesh while the cathode of the MEA was sup-
ported by Toray carbon paper. Both the anode and cathode
were contacted on their rear with fluid flow field plates
machined from high-density graphite blocks in which holes
connecting the main tank were machined to achieve the mini-
mum mass-polarization in the DBFC, as shown in Figure 1.
The free-space between the holes makes electrical contact
with the rear of the electrode and helps conduct the current
to the external circuit. The tanks supply alkaline sodium bor-
ohydride solution to the anode and acidified hydrogen per-
oxide to the cathode, through the holes. An aqueous sodium
borohydride solution, 4 wt.-% NaBH4 in 20 wt.-% aqueous
NaOH (anolyte), was injected into the fuel tank, and a 2 M
hydrogen peroxide solution in 1.5 M sulfuric acid and a

0.1 M orthophosphoric acid mixture (catholyte) were injected
into the oxidant tank. Graphite blocks were also provided
with electrical contacts. The active area of the DBFC was
9 cm2. A schematic of the DBFC is shown in Figure 1.

2.3 Electrochemical Characterization of the DBFC

Galvanostatic polarization data for the DBFC at 25 °C were
recorded by injecting 7 ml of aq. alkaline NaBH4 into the fuel
tank and a similar amount of acidic hydrogen peroxide into
the oxidant tank. The anode and cathode polarization data
for the DBFC were obtained against a Hg/HgO, OH– (MMO)
reference electrode placed in the fuel tank and a
Hg/Hg2SO4/SO4

2- (MMS) reference electrode placed in the
oxidant tank. The data are reported against SHE in an acidic
medium.

To examine the effect of NaOH crossover on cathode
polarization, while employing Nafion®-117 and Nafion®-961
membranes as the electrolyte, 4.5 ml of catholyte and 7 ml of
anolyte were added to the respective chambers. Then, the
DBFC was operated at a load current density of 10 mA cm–2

and the change in the cathode potential was followed con-
tinuously until the end of the experiment, i.e., up to the inflec-
tion point. As PbSO4 is not quite stable in alkali [42], gold
electrodes were employed for the previously mentioned com-
parative study between the Nafion®-117 and Nafion®-961
membranes.

To determine the fuel efficiency for borohydride oxidation,
7 ml of alkaline NaBH4 were injected into the fuel tank and
7 ml of acidic hydrogen peroxide were injected into the oxi-
dant tank. Subsequently, the cell was operated at load current
density values of 11 and 23 mA cm–2. The fuel efficiency of
the DBFC was calculated from the data collected in monitor-
ing the anode potential until an abrupt change occurred in
the anode polarization curve, i.e., up until the inflection point.
In a similar fashion, the oxidant efficiency was obtained from
cathode polarization data at load current density values of
5.5 and 11 mA cm–2.

3 Results and Discussion

A comparison of the cathode polarization data for DBFCs
employing Nafion®-117 and Nafion®-961 with gold cathodes
is shown in Figure 2. The data clearly show an improved
cathodic polarization for the DBFC with the Nafion®-961
membrane electrolyte, suggesting a reduction in the alkali
crossover across the Nafion®-961 membrane. Moreover, at the
end of the experiment, the pH in the catholyte compartment
of the DBFC was ∼12, while employing Nafion®-117 as the
electrolyte, a result of which was the rapid decline in the cath-
ode potential on operation of the cell. The Nafion®-961 mem-
brane reduces the crossover of aqueous NaOH from the
anode to the cathode in the cell. Accordingly, the catholyte
pH never exceeds 3, aiding an increase in oxidant utilization
with an associated reduction in cathode polarization. This

Fig. 1 Schematic diagram of a direct borohydride/hydrogen peroxide
fuel cell.
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is because PbSO4/C only catalyzes hydrogen peroxide
reduction in acidic media, according to Reactions (15)
and (17) [39]. This reflects an increase in pH due to proton
consumption and an increase in concentration polarization as
the hydrogen peroxide is consumed, as the reaction proceeds.
However, note that lead sulfate does not dissolve in the acidi-
fied hydrogen peroxide solution, as the pH for hydrogen per-
oxide remains below 3 throughout cell operation. The ohmic
region in the cell polarization curve, shown in Figure 3, lies
beyond 25 mA cm–2. The high resistance, about 3 ohm cm2,
observed for the cell is due to the low specific Na+-ion con-
ductivity for Nafion®-961 (2.33 × 10–3 ohm–1 cm–1 at 25 °C)
compared to that for Nafion®-117 (5.4 × 10–3 ohm–1 cm–1 at
25 °C), in addition to the ohmic drop across the liquid junc-
tion, between the alkali and acid interface, within the mem-

brane and sluggish kinetics for H2O2 reduction on PbSO4/C.
The cell polarization curve, corrected for the ohmic drop, is
also included in Figure 3.

The performance data for the direct borohydride/hydro-
gen peroxide fuel cell, along with its anode and cathode data,
are shown in Figure 3. The rapid polarization data in Figure 3
was obtained in steps of 0.25 mA s–1 up to 100 mA and subse-
quently in steps of 0.5 mA s–1 until the end of the experiment,
in order to avoid any appreciable change in the catholyte pH.
The individual electrode potentials exclude potential drops
across the membrane, as these were measured by placing ref-
erence electrodes in the respective tanks. Figure 4 shows cur-
rent polarization and power-density data for the cell. A peak
power-density of about 10 mW cm–2 was achieved at 0.77 V,
while operating the cell at 25 °C. Coulombic efficiency values
for borohydride oxidation on the misch-metal alloy anode
were obtained from anode polarization data, at load current
density values of 11 and 23 mA cm–2, as shown in Figure 5a.
Similarly, coulombic efficiency values for hydrogen peroxide
reduction on the PbSO4/C cathode were obtained from cath-
ode polarization data at load current density values of 5.5
and 11 mA cm–2, as shown in Figure 5b. The borohydride uti-
lization efficiency1 increases from 19% to 23%, while increas-
ing the load current density from 11 to 23 mA cm–2. For a
DMFC operating at 100 °C, a coulombic efficiency of about
56% has been reported in the literature [56]. Unlike the
NaBH4/H2O2 fuel cell reported here, DMFCs employ noble
metal catalysts for both methanol oxidation and oxygen
reduction. DMFCs are also limited by methanol crossover
and the generation of CO2.

A major drawback of the DBFC is the associated evolution
of hydrogen during the electrooxidation of borohydride, the
relative rates of which depend on the anodic materials,
applied potentials, and chemical states of the anodic surfaces.
Borohydride undergoes hydrolysis in the presence of misch-
metal alloy even at the open-circuit potential. Accordingly,
the electrochemical utilization of borohydride depends on its
rate of utilization. For this reason, borohydride utilization
increases with increasing load current density. In contrast,
hydrogen peroxide is found to be more stable on the PbSO4/
C cathode, with a utilization efficiency of 74% to 80% at load
current densities between 5.5 and 11 mA cm–2. While polariz-
ing the cell at a load current density of 11 mA cm–2, oxygen
evolution on the PbSO4/C surface, due to the chemical
decomposition of H2O2, proceeds slowly, at 3 × 10–8 mol s–1

as compared to a value of 5.9 × 10–6 mol s–1 observed for pla-
tinum [40]. This justifies the suitability of PbSO4/C for H2O2

reduction in acidic media, compared to platinum, for the
potential regime investigated in this study.

The long-term performance of the DBFC, studied by polar-
izing it at a load current density of 5.5 mA cm–2, is shown in

Fig. 2 Comparison of cathode polarization data for DBFCs employing
Nafion®-117 and Nafion®-961 electrolyte membranes as electrolyte with
gold cathodes.

Fig. 3 Cell polarization data for the direct borohydride/hydrogen perox-
ide fuel cell with and without an ohmic component, and its anode and
cathode polarization data without any ohmic drop across the membrane.

1 Utilization efficiency (in %) of sodium borohydride = (Amount of borohydride
utilized for electrical work / Amount of borohydride injected) × 100
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Figure 6. During the performance test, the DBFC was replen-
ished with fuel and oxidant when its potential reached 0.8 V.
In practice, portable fuel cells, e.g., batteries are limited by the
amount of reactant, as these are contained within the device.
Therefore, the cell has to be operated like a battery, where the
replenishment of reactants in the cell is referred to as charg-
ing and their expending as discharging, as indicated in Fig-
ure 6. The charge and discharge data obtained over ten
charge-discharge cycles show little deterioration in the per-
formance of the DBFC. However, note that the stability of the
PbSO4 under these conditions is of concern, as the reaction

PbSO4 + 2e– ↔ Pb + SO4
2- (18)

occurs inherently at the cathode. It is possible to enhance a
PbSO4-based DBFC that could operate continuously for a pro-

longed period, as shown in Figure 6. The stability of the cata-
lysts in the given environment was ascertained, since the
DBFC operates for the same duration for each recharge.

It is also significant that the open-circuit voltage of ∼ 1.8 V
for the direct borohydride/hydrogen peroxide fuel cell
reported here is only 60% of the theoretical open-circuit volt-
age. Consequently, finding an anode that oxidizes the boro-
hydride close to its thermodynamic equilibrium potential
with less associated hydrogen evolution and a cathode that
reduces hydrogen peroxide near its thermodynamic equilib-
rium potential with less associated oxygen evolution, would
undoubtedly be beneficial for both hydrogen/air and metha-
nol/air fuel cells that have open-circuit voltages of ∼ 1 V and
∼ 0.8 V. These voltages are about 80% and 65% of the respec-
tive thermodynamic equilibrium voltages. In addition, the
specific energy of 9.3 kWh kg–1 for sodium borohydride com-
pares favorably with the value of 6.1 kWh kg–1 for methanol.
These data are encouraging for the exploitation of direct boro-
hydride/hydrogen peroxide fuel cells in contemporary porta-
ble devices in places where anaerobic conditions prevail, e.g.,
in submersible and space applications.

4 Conclusions

The performance of a direct borohydride/hydrogen perox-
ide fuel cell operating as a battery at a load current density of
5.5 mA cm–2 was reported. The use of a Nafion®-961 electro-
lyte membrane in the cell reduced alkali crossover from the
anode to cathode, increasing oxidant utilization. These prop-
erties make the borohydride/hydrogen peroxide fuel cell an
attractive candidate for certain submersible and space appli-
cations.

Fig. 4 Galvanostatic polarization data for a direct borohydride/hydrogen
peroxide fuel cell along with the variation in its power density.

Fig. 5 Coulombic efficiency data for (a) sodium borohyride oxidation on
a misch-metal alloy and (b) hydrogen peroxide reduction on a PbSO4/C
cathode in the direct borohydride/hydrogen peroxide fuel cell.

Fig. 6 Performance data for a direct borohydride/hydrogen peroxide fuel
cell at a load current density of 5.5 mA cm–2.
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