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Abstract. A direct borohydride fuel cell (DBFC) employing a poly (vinyl alcohol) hydrogel membrane
electrolyte (PHME) is reported. The DBFC employs an AB5 Misch metal alloy as anode and a goldplated stainless steel mesh as cathode in conjunction with aqueous alkaline solution of sodium borohydride as fuel and aqueous acidified solution of hydrogen peroxide as oxidant. Room temperature performances of the PHME-based DBFC in respect of peak power outputs; ex-situ cross-over of oxidant,
fuel, anolyte and catholyte across the membrane electrolytes; utilization efficiencies of fuel and oxidant,
as also cell performance durability are compared with a similar DBFC employing a Nafion®-117 membrane electrolyte (NME). Peak power densities of ~30 and ~40 mW cm–2 are observed for the DBFCs
with PHME and NME, respectively. The crossover of NaBH4 across both the membranes has been found
to be very low. The utilization efficiencies of NaBH4 and H2O2 are found to be ~24 and ~59%, respectively for the PHME-based DBFC; ~18 and ~62%, respectively for the NME-based DBFC. The PHME
and NME–based DBFCs exhibit operational cell potentials of ~1⋅2 and ~1⋅4 V, respectively at a load current density of 10 mA cm–2 for ~100 h.
Keywords. Poly (vinyl alcohol) hydrogel; Nafion®-117 membrane; cross over; utilization efficiency;
direct borohydride fuel cell; sodium borohydride; hydrogen peroxide.

1.

Introduction

Fuel cells are electrochemical devices that continuously convert chemical energy into electrical energy
for as long as fuel and oxidant are supplied to it.
Fuel cells bear similarities to combustion engines
that generate energy continuously consuming a fuel
of some sort. Fuel cells are environment-friendly
and hence attractive energy sources for future generation. Among the various types of fuel cells, polymer electrolyte fuel cells (PEFCs) are especially
promising due to their quick start-up capabilities
under ambient conditions. But PEFCs suffer from
carbon monoxide poisoning of platinum anode1–3
while using reformer, and hazard related to hydrogen storage in directly-fueled PEFCs. Therefore,
alternative hydrogenous liquids, such as methanol,
have found application for fueling PEFCs directly.4–6
Use of methanol directly as a fuel in a PEFC simplifies the engineering issues, thereby driving down
†
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system complexity and hence cost.7 PEFCs employing pure or aqueous methanol as fuel, referred to as
DMFCs, however remain limited by low opencircuit-potential, low electrochemical-activity in
addition to methanol crossover.4,8
The problems related to low open-circuit-potential
and low electrochemical-activity of DMFCs could
be overcome by using various borohydrides as
fuel.9–16 Sodium borohydride (NaBH4) has the
minimal heat of hydrolysis (–80 kJ mol–1 H2) among
all borohydrides.17 It has a capacity value of
5⋅67 Ah g–1 and a hydrogen content of ~11 wt%.18 In
the literature, Amendola et al12,13 are the first to
report an anion exchange membrane-based DBFC.
However, the borohydride-air fuel cell due to
Amendola et al12,13 suffers from borohydride crossover as BH4–-ions can easily pass through the anion
exchange membrane. Moreover, it would be mandatory to scrub CO2 from the air inlet of such a fuel
cell to avoid carbonate fouling. In order to mitigate
borohydride-crossover, Li et al15,16 developed a
DBFC employing Nafion®-117 membrane as electrolyte-cum-separator and transition metal-based
647
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alloy as anode. Transition metal-based alloys employed as anode catalysts for electro-oxidation of
NaBH4 in DBFCs is much cheaper than the platinum-based precious metal alloy catalysts employed
for electro-oxidation of methanol in DMFCs.8,15 In
addition, the operational temperature of DBFCs is
lower than that for DMFCs.19 DBFCs employing
Nafion®-117 membrane electrolyte15,16,20,21 suffer
from alkali crossover from anode to cathode. Use of
Nafion®-961 membrane electrolyte as separator reduces the cross-over of alkali enhancing utilization
of oxidant at the cathode.22,23 Ironically, Nafion®
membrane is expensive and therefore in order to increase the prospect of commercialization of DBFCs,
it would be imperative to substitute Nafion® membranes with alternative cost-effective membranes.
To this end, PVA hydrogel membranes could be attractive.
Poly (vinyl alcohol) (PVA), discovered by Haehnel and Herrmann in 1924, is one of the most
widely investigated polymers in the literature.24–29 It
is cheap, non-toxic and chemically stable.30 Under
acidic conditions, the –OH groups of PVA react with
–CHO groups of certain aldehydes to form acetal or
hemiacetal linkages.31,32 The resultant polymeric entity with acetal or hemiacetal linkages is water insoluble and gel-like in nature. It can be cast to form
thin large surface-area membranes suitable to be
used as electrolyte-cum-separator in fuel cells.
In the light of the foregoing, in this communication, we report a DBFC with PVA hydro-gel membrane as electrolyte, alkaline NaBH4 as fuel and
acidified H2O2 as oxidant. The performance of the
PHME-based DBFC with regard to peak power density, reactant utilization efficiency and cell performance durability is compared with a DBFC employing
NME.
2.

Experimental

2.1 Preparation of PVA hydrogel membrane
electrolyte
PHMEs were prepared by a solution casting
method31,32 in which a mixture of an aqueous solution of PVA (M.W. ≈1,25,000; S D Fine-Chem Ltd.,
India) and an optimized quantity of glutaraldehyde
(25% aq. solution, Merck Specialties Pvt. Ltd.,
India) was cast on a glass Petri dish and left at ambient conditions of temperature and pressure for
~48 h to allow water to evaporate. After the afore-

said period, the membrane was peeled off and immersed in 1 M sulphuric acid (~98% GR;
d = 1⋅84 kg L–1, Merck Ltd., India) for 1 h to cause
the cross-linking reaction between PVA and glutaraldehyde. In a typical preparation, 80 mL of
0⋅1 g mL–1 aqueous solution of PVA was mixed with
1.6 mL of 25% aqueous glutaraldehyde by stirring
magnetically for 4 h and cast on a glass Petri dish of
16 × 20 cm2 area. The dried membrane was then
peeled off and dipped in 1 M H2SO4 for gel formation.
2.2

Preparation of AB5 alloy

AB5 alloy of composition MmNi3⋅55 Al0⋅3Mn 0⋅4Co0⋅75,
where Mm (Misch-metal) comprises La-30 wt.%,
Ce-50 wt.%, Nd-15 wt.%, Pr-5 wt.%, was employed
as anode catalyst. It was prepared by arc melting
stoichiometric amounts of the constituent metals in a
water-cooled copper crucible under argon atmosphere.33–38 The alloy ingots were mechanically pulverized to fine powders before use in DBFCs.
2.3 Electrochemical characterization of
borohydride fuel cells
For the electrochemical characterization of DBFCs,
membrane electrode assemblies (MEAs) were prepared by sandwiching the PHME or pre-treated
NME between anode and cathode. To prepare anode
catalyst layer, a slurry of AB5 alloy obtained by
ultra-sonicating the required amount of the alloy
with 5 wt.% Vulcan XC-72R carbon and 7 wt% of
Nafion® solution in 2-propanol was pasted on a
gold-plated stainless steel (SS)-316 gauge of 120
mesh. The loading of alloy catalyst was 30 mg cm–2
and was kept identical for all the MEAs. The cathode was obtained by electroplating a gold layer of
1 µm thickness onto a SS-316 gauge of 120 mesh.
For preparing NME-based MEA, a layer of Nafion®
in 2-propanol with a loading of 0⋅25 mg cm–2 was
applied to the surface of each electrode. The MEA
was obtained by hot pressing the cathode and anode
on either side of a pre-treated NME under a load of
60 kg cm–2 at 125°C for 3 min. While preparing
PHME-based MEA, a novel method was adopted,
wherein a thin layer of 0⋅1 g mL–1 aqueous solution
of PVA was mixed with optimized quantity of aqueous glutaraldehyde solution and was pasted onto the
surface of each electrode to act as binder between
the PHME and the electrodes. The MEA was
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Figure 1. (a) Three-dimensional side-view of the MEA employing PHME; (b) twodimensional side-view of the PHME-based MEA: (i) gold-plated SS mesh on anode side, (ii) anode catalyst layer, (iii) PVA + glutaraldehyde binder layer on anode side, (iv) PHME, (v)
PVA + glutaraldehyde binder layer on cathode side, (vi) gold-plated SS mesh used as cathode.

Figure 2. A schematic diagram of a typical fluid flow
field plate machined from high-density graphite blocks
with an active area of 9 cm2 that acted as storage tanks
for fuel or oxidant.

obtained by hand pressing the cathode and anode on
either side of the PHME at room temperature for
3 min. It is noteworthy to mention here that when
the binder layer consisting of PVA + glutaraldehyde

comes in contact with H2SO4 soaked-PHME, it
undergoes cross-linking and in this process binds the
PHME with catalyst layer. A schematic diagram of
the PHME-based MEA employed in this study is
shown in figure 1.
PHME and NME-based MEAs were employed to
assemble various liquid-feed DBFCs. The electrodes
were contacted on their rear with fluid flow field
plates machined from high-density graphite blocks
in which channels connecting the main tank with the
MEA were provided to achieve minimum masspolarization in the DBFCs. The ridges between the
channels in the high-density graphite blocks on both
sides of the MEA make electrical contact with the
electrodes. A schematic diagram of the fluid flow
field plate with an active area of ~9 cm2 that is machined from high-density graphite blocks is shown
in figure 2. The fluid flow field plate also functioned
as a storage tank for fuel/oxidant. The graphite
blocks were provided with electrical contacts that
helped conduct the current to the external circuit.
Through the channels, the tanks supply fuel and oxidant to the anode and cathode, respectively. The fuel
comprised an optimized mixture of 1⋅7 M NaBH4 in
7⋅0 M NaOH and the oxidant comprised an optimized mixture of 2⋅0 M H2O2 in 1⋅5 M H2SO4.6
After installing the DBFCs in the test station, performance evaluation studies were initiated. Galvano-
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static-polarization data for various DBFCs were recorded by employing Bitrode (Model No. LCN 210-12; Bitrode Corporation Fenton, Missouri, USA).
2.4 Cross-over studies on membrane electrolytes
In order to evaluate the efficacies of PHME and
NME as separators in DBFCs, ex-situ studies were
carried out to determine the extents of cross-over of
H2O2, NaBH4, H2SO4 and NaOH by employing a
set-up as shown in figure 3, where ‘Tank A’ contained 30 mL of an aqueous solution of the chemical
species whose crossover is to be determined and
‘Tank B’ was filled with 30 mL of Milipore water.
The two tanks were sandwiched by PHME or NME
and held tightly in place with the help of a clamp
(not shown in figure 3). The set-up was then kept at
room temperature to allow the chemical species to
crossover across the membrane. After elapse of the
stipulated time, a small volume of the solution from
‘Tank B’ was pipetted out and analyzed for quantification of the analyte crossing over through the
membrane. Determination of extent of H2O2 crossover was carried out by redox titration against standardized KMnO4.39 Extent of NaBH4 crossover was
determined spectrophotometrically39 by employing a
UV-Visible spectrophotometer (UV–2450, Shimadzu). The extent of cross-over of H2SO4 and NaOH

was determined by titrating against Na2CO3 and
potassium phthalate, respectively.
2.5 Utilization efficiency studies on fuel and
oxidant
Utilization efficiencies5 of NaBH4 and H2O2 in the
DBFCs were determined from chronopotentiometric
data recorded galvanostatically by employing an
Autolab Electrochemical System (Eco Chemie, The
Netherlands).
In a typical experiment, a 7 mL charge of fuel
comprising 1⋅7 M NaBH4 in 7 M aqueous NaOH
was injected into the anode chamber and a 7 mL
charge of oxidant comprising 2 M H2O2 in 1⋅5 M
aqueous H2SO4 was injected into the cathode chamber of the DBFC. The DBFC was then subjected to
galvanostatic chronopotentiometric study at a load
current density of 23 mA cm–2. The fuel utilization
efficiency of the DBFC was evaluated from the data
collected by monitoring the anode potential until an
abrupt change occurred in the anode polarization
curve. In a similar fashion, the oxidant utilization
efficiency was obtained by recording the cathode
potential data until the inflection point.
2.6 Cell performance durability studies on
borohydride fuel cells
Cell performance durability studies on DBFCs
employing PHME and NME were carried out by
recording their cell potentials as a function of time
under a constant load current density of 10 mA cm–2.
In a typical experiment, the anode was supplied with
a continuous flow of alkaline NaBH4 in a gravitydriven process and the cathode was supplied with a
continuous charge of acidified H2O2 also in a gravity-driven arrangement for a continuous period of
100 h. Outlets were provided to allow the used fuel
and oxidant to pass out of the anode and cathode
compartments, respectively.
3.

Figure 3. Schematic diagram of the set-up for ex-situ
determination of extent of crossover of various chemical
species employed in DBFCs through PHME and NME.
‘Tank A’ holds an aqueous solution of H2O2, NaBH4,
H2SO4 or NaOH and ‘Tank B’ holds an equal volume of
Millipore water.

Results and discussion

The PHMEs employed in this study are ~210 µm
thick, transparent, colorless, and mechanically as
well as chemically stable.31 The membrane casting
procedure is designed so as to obtain a membrane of
thickness close to that of Nafion-117. The use of a
thinner membrane results in a lower open circuit
voltage of the cell due to the increased cross-over of
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Data pertaining to the crossover studies on DBFCs with PVA hydrogel and Nafion®-117 membrane electro-

Parameter

PVA hydrogel membrane
electrolyte

Nafion®-117 membrane
electrolyte

Time (h)

Time (h)

1

2

3

24

2

3

24

0⋅5
0⋅4

1⋅0
0⋅4

1⋅4
0⋅4

8⋅7
0⋅3

–
–

–
–

–
–

H2O2

Percentage crossed (%)
Crossover rate (m mol cm–2 h–1)

1⋅8
1⋅5

3⋅9
1⋅7

5⋅4
1⋅5

NaBH4

Percentage crossed (%)
Crossover rate (m mol cm–2 h–1)

–
–

–
–

–
–

H2SO4

Percentage crossed (%)
Crossover rate (m mol cm–2 h–1)

0⋅7
0⋅6

1⋅4
0⋅6

2⋅4
0⋅6

20⋅5
0⋅7

0⋅2
0⋅1

0⋅5
0⋅2

0⋅5
0⋅1

3⋅4
0⋅1

NaOH

Percentage crossed (%)
Crossover rate (m mol cm–2 h–1)

0⋅6
1⋅5

1⋅1
1⋅5

1⋅7
1⋅5

18⋅3
1⋅6

1⋅1
3⋅1

2⋅3
3⋅1

3⋅4
3⋅1

14⋅7
1⋅2

Figure 4. Cell performance data for DBFCs with (i)
polyvinyl alcohol hydrogel membrane, and (ii) Nafion®117 membrane electrolytes.

BH–4 ions from anode to cathode across the membrane.40 The mid-point ASTM glass transition temperature for the PHME obtained from time
modulated differential scanning calorimetry using
TOPEM software is found to be 381⋅3 K.41 The ionic
conductivity of as-prepared PHME is due to H2SO4
that is used to catalyze the cross-linking between
PVA and glutaraldehyde. The schematic diagram of
the PHME-based MEA employed in this study is
shown in figure 1. Figure 1(a) shows the threedimensional side view and figure 1(b) shows the
two-dimensional side view. As shown in figure 1(b),
the components of the MEA are gold-plated SS

27⋅3
1⋅0

1

0⋅068
0⋅0002

0⋅142
0⋅0004

mesh on anode side onto which the catalyst is coated
(i), anode catalyst layer (ii), PVA + glutaraldehyde
binder layer on anode side (iii), PHME (iv), PVA +
glutaraldehyde binder layer on cathode side (v),
gold-coated SS mesh used as cathode (vi).
The performance data for DBFCs with optimized
PHME and NME are presented as graphs (i) and (ii)
respectively in figure 4. The open circuit potentials
of DBFCs with PHME and NME are ~1⋅4 and
~1⋅7 V, respectively. The cell potentials and power
densities of the PHME-based DBFC are lower than
those of the NME-based DBFC. The peak power
densities for the PHME and NME-based DBFCs are
found to be ~30 and ~40 mW cm–2, respectively at
ambient temperature. The load-current densities corresponding to peak power densities for the DBFCs
with PHME and NME are ~45 and ~60 mA cm–2, respectively. The nominally better cell performance of
the NME-based DBFC could be due to the higher
ionic conductivity of NME (10–1 S cm–1) that, unlike
PHME (10–2 S cm–1), is an ionomer with pendant
–SO3H side groups.
Data pertaining to the crossover of various chemical species involved in the two membrane-based
DBFCs are summarized in table 1. The rate of H2O2
crossing over across PHME is found to be higher
than that through NME. The mobility of H2O2 across
the two membranes could be influenced by the
physical characteristics of the two membranes such
as thickness and density. The thicknesses of the two
membranes being almost identical, the densities of
the two membranes could be the determining factor.
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The density of the in-house prepared PHME and
commercially prepared NME employed in this study
have been determined to be 1⋅2 and 2⋅2 g cm–3,
respectively. The relatively low density of PHME
could be responsible for the higher cross over rate of
H2O2.
The percentage of NaBH4 crossover across the
two membranes is very small. Owing to this reason,
the data for NaBH4 crossover after a period of 24 h
only is reported here. The rate of NaBH4 crossover
has been found to be nominally less across the
PHME as compared to that across the NME. The
crossover rate of H2SO4 across PHME is almost five
times of that across NME. The higher rate of crossover of H2SO4 across PHME can be explained by
considering the structural features of the two membranes and the mode of transportation of H2SO4 in
aqueous medium. PHME is a nonionic membrane
whereas NME is an ionomeric membrane with negatively charged –SO–3 groups attached to the Nafion®
backbone. When H2SO4 is mixed with an aqueous
medium like PHME, the protons get bonded to the
network of H-bonded water molecules through
H-bonding whereas the sulphate ion is surrounded
by shells polar water molecules. The H-bonded protons transport by the Grötthus-type mechanism
whereas the HSO–4 ions transport by free diffusion.
Mobility of proton in aqueous medium is the highest
among all the ions.31,42 So, the ion determining the
rate of transportation of H2SO4 across the two membranes is SO24–. Now, SO24– will experience a repulsive force while transporting through NME because
of the negatively charged backbone of Nafion® ionomer. This explains the low mobility of H2SO4 across
NME as compared to PHME. The rate of NaOH
crossover through the PHME is almost half of that
through the NME. This can be explained in a similar
manner as that of H2SO4. Similar to H+ ion, the OH–
ion in aqueous medium bonds to the matrix of
H-bonded water molecules and may predominantly
transport by the Grötthus-type mechanism. The
unique mode of transportation of OH– explains its
high mobility in aqueous medium, next only to H+
ion mobility.42 So, the mobility of NaOH in aqueous
medium-based membrane electrolytes will predominantly be dependent on the mobility of Na+ that
takes place by free diffusion. The electrostatic
attraction between Na+ ion and –SO3– ions present in
the Nafion® backbone facilitates the transportation
of Na+ across the NME. In contrast, the polymeric
network in PHME being electrically neutral offers

no such assistance in the transportation of NaOH.
This explains the higher crossover rate of NaOH in
NME as compared to that in PHME. The mobility of
various ions in Nafion®-117 membrane reported in
the literature43 supports this explanation.
The data pertaining to utilization efficiencies22 of
NaBH4 and H2O2 for the PHME and NME-based
DBFCs are shown in figure 5. Cell potential data for
PHME and NME-based DBFCs are shown as graphs
(i) and (ii), respectively. Cathode potential data for
PHME and NME-based DBFCs are shown as graphs
(iii) and (iv), respectively. Anode potential data for
PHME and NME-based DBFCs are shown as graphs
(v) and (vi), respectively. The utilization efficiencies
of NaBH4 and H2O2 are found to be ~24% and
~59%, respectively for the PHME-based DBFC. For
NME-based DBFC, the utilization efficiencies of
NaBH4 and H2O2 are found to be ~18% and ~62%,
respectively. As documented in table 1, although the
crossover rate of NaBH4 across both the membranes
is very low, its utilization efficiency in the DBFCs is
also low. The loss of NaBH4 in the DBFCs could be
mainly due to hydrolysis reaction.17 The fact that the
utilization efficiencies of fuel and oxidant in the
PHME-based DBFC are comparable to those in the
NME-based DBFC shows that the PHME can be a
viable electrolyte for use in DBFCs.

Figure 5. Chronopotentiometric data for determination
of utilization efficiencies of NaBH4 and H2O2 in DBFCs:
(i) cell potential data for PHME-based DBFC, (ii) cell potential data for NME-based DBFC, (iii) cathode potential
data for PHME-based DBFC, (iv) cathode potential data
for NME-based DBFC, (v) anode potential data for
PHME-based DBFC, (vi) anode potential data for NMEbased DBFC.
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and ~59%, respectively for the PHME-based DBFC.
For NME-based DBFC, the utilization efficiencies
of NaBH4 and H2O2 are ~18% and ~62% respectively. The PHME and NME–based DBFCs show
cell potentials of ~1⋅2 and ~1⋅4 V respectively at a
load current density of 10 mA cm–2 for ~100 h at
ambient temperature. The performance of the
PHME-based DBFC compares well with the NMEbased DBFC.
Acknowledgement
Figure 6. Data pertaining to cell performance durability
tests on DBFCs with (i) polyvinyl alcohol hydrogel membrane, and (ii) Nafion®-117 membrane electrolytes.

The data pertaining to the cell performance durability studies on the PHME and NME-based DBFCs
are shown as graphs (i) and (ii), respectively in figure 6. For the PHME-based DBFC, a sharp fall in
cell potential from ~1⋅6 to ~1⋅2 V is observed when
loaded with a small initial current. On continuation
of current loading for ~100 h, there was little
decrease in the cell potential. In the case of NMEbased DBFC, no initial sharp fall in cell potential is
observed. The cell potential for the NME-based
DBFC is found to be higher than that for the PHMEbased DBFC during the entire period of the durability test.
4.

Conclusions

The study demonstrates that it is possible to assemble and operate a DBFC with PVA hydrogel membrane as electrolyte, alkaline NaBH4 as fuel and
acidified H2O2 as oxidant. A maximum power density of ~30 mW cm–2 is observed for the PHMEbased DBFC in contrast to ~40 mW cm–2 for the
NME-based DBFC at ambient temperature. The rate
of H2O2 crossover across PHME is found to be
almost three times that through NME. The percentage of NaBH4 crossover across the two membrane
electrolytes is very small. The crossover rates of
NaBH4 across PHME and NME has been found to
be 1⋅8 × 10–3 and 3⋅8 × 10–3 m mol cm–2 h–1, respectively. The crossover rate of H2SO4 across PHME is
almost five times that across NME. The rate of
NaOH crossing over through the PHME is almost
half of that through the NME. The utilization efficiencies of NaBH4 and H2O2 are found to be ~24%
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