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Abstract

Anovel alkaline directborohydride fuel cell (ADBFC) using varying concentrations of hydrogen peroxide as oxidant and sodium borohydride
with sodium hydroxide, each of differing concentration, as fuel is reported. A peak power density of ca. 150Thd encell voltage of
540 mV can be achieved from the optimized ADBFC operating aC70
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction capacity of 5.67 Ahg! and a hydrogen content of about
11wt.%. Amendola et al[12,13] were the first to report
Proton exchange membrane fuel cells (PEFCs) are sub-an OH -ion conducting anion exchange membrane-based
ject to problems of carbon monoxide poisoning of an- porohydride—air fuel cell, which had a power density close to
ode [1-3] when using a reformer, and hydrogen storage 0 mw cnt2at 70°C. Itwas found that the cell suffered from
when using a direct fuel. Therefore, alternative hydrogen- borohydride cross-over as BH-ions could pass through
carrying liquid fuels, such as methanol, have attracted at- the anion-exchange membrane. In additions, it is manda-
tention for fuelling PEFCs directly with methanf4—6]. tory to scrub carbon dioxide from the air inlet of such a fuel
Such cells are referred to as direct methanol fuel cells (DM- cell to avoid carbonate fouling. In order to mitigate boro-
FCs). This use of methanol highly simplifies the engineer- hydride cross-over, Suda5s] and Li et al.[16,17] adopted
ing problems at the front end of the fuel cell and hence a fuel-cell structure with a Nafion membrane as the elec-
reduces system complexity and lowers clg§t Neverthe-  trolyte in order to separate the fuel from the cathode. But
less, DMFCs have limitations of low open-circuit poten- even in the borohydride-air cell reported by Syda], it
tial, low electrochemical activity, and methanol cross-over would be compulsory to scrub carbon dioxide, not only to
[8]. avoid carbonate fouling but also to prevent accumulation of
Attempts are being made to overcome the above limita- alkali in the cathode pores so as to facilitate oxidant flux
tions by using other hydrogen-carrying liquid fuels such as [15].
borohydrides[9-16], e.g., sodium borohydride it at has @ This communication describes an alkaline direct borohy-
dride fuel cell (ADBFC) that uses hydrogen peroxide as ox-
mponding author. Present address: Central Electrochemical idant to prevent cgrbonate fpullng of the cathode. The use
Research Institute, Karaikudi 630006, India. Tel.: +91 80 22932795; of hydrogen peroxide as oxidant in fuel cells also extends
fax: +91 80 23601310. their operation to locations with limited air convection, e.g.,
E-mail addressshukla@sscu.iisc.ernet.in (A.K. Shukla). underwater applications.
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2. Experimental

2.1. Preparation of ABand AB alloys

Various AB; and AB, alloys were prepared by arc-
melting stoichiometric amounts of the constituent metals with the temperature maintained at 80, which resulted in
in a water-cooled copper crucible under argon atmospherevigorous gas evolution. The solution was further stirred for
[18-23] The alloy ingots were mechanically pulverized
to fine powders. The various ABalloys employed in
this study were MNigsAlgs, MmNiz 2Alg.2Mng Co1 0,
MmNi3 55Al0.3MNp 4C0p.75, and  MnNiz 2Al9.2MNg.6Bo.03
Coy1.0, Wwhere My (Misch metal) comprises La-30 wt.%, Ce-
50 wt.%, Nd-15 wt.%, Pr-5wt.%. The ARalloy had the com-

position Zb.gTi0.1Vo_2Mno_GCI’o_05COQ_05Ni1.2.

2.2. Physical characterization of alloy catalysts

Various ABs and AB; alloys were characterized by record-
ing their powder X-ray diffraction (XRD) patterns on a
Siemens D-5005 X-ray diffractometer using Cu Kadiation.
The alloys were also subjected to energy dispersive analysistained by ultra-sonicating the required amount of alloy with
by X-rays (EDAX) employing a Jeol JSM-840A scanning 5wt.% Vulcan XC-72R carbon and 7wt.% of Naffrin

electron microscope to determine the composition of their iso-propyl alcohol was pasted on carbon paper (Toray TGP-
constituent elements.

2.3. Preparation of carbon-supported platinum (Pt/C)

catalyst

The sulfito-complex rout§24—27] was adopted to pre-
pare 60wt.% platinized carbon. The required amount of layer, Vulcan-XC 72R carbon was suspended in water and
Vulcan-XC 72R carbon was suspended in distilled water agitated in an ultrasonic water bath. To this, 13 wt.% Teflon
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and agitated in an ultrasonic water bath to form the slurry.
The required amount of N®t(SG)4 was dissolved in 1M
H,>SOy and diluted with distilled water. The solution was
added dropwise to the carbon slurry with constant stirring
at 80°C. This was followed by the addition of 8.9 M2,

1 h. Subsequently, platinized carbon was obtained by adding
1wt.% formic acid solution, which was filtered, washed co-
piously with hot distilled water, and dried in an air oven at
80°C for 2 h.

2.4. Electrochemical characterization of borohydride
fuel cells

For the electrochemical characterization of the ADBFCs,
membrane electrode assemblies (MEAS) were obtained by
sandwiching a pre-treated Naff®r117 polymer electrolyte
membrane between the anode and cathode. To prepare the
anode catalyst layer, a slurry of ABor AB, alloy ob-

H-090) of 0.28 mm thickness. The loading of alloy catalyst
was 5 mg cm? and was kept identical for all the MEAs. The
cathode comprises a backing layer, a gas-diffusion layer, and
a reaction layer. A teflonized (20 wt.% Teflon) carbon paper
(Toray TGP-H-090) of 0.28 mm thickness was employed as
the backing layer for the cathode. To prepare the gas-diffusion
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Fig. 1. Schematic representation of ADBFC operating with hydrogen peroxide as oxidant.



N.A. Choudhury et al. / Journal of Power Sources 143 (2005) 1-8 3

—_
—
(=)
—
N

(111)

(002)

(C)

—
o
-
-
~

Intensity / (a.u.)

(d)

20 / degree

Fig. 2. X-ray powder diffraction patterns forjbased AB-group alloys: (a) NhNiz 55Al0.3Mng 4C0p.75; (0) MmNig 5Al o 5; (€) MmNi3z 2Al g 2Mng 6B0.03C01 0;
(d) MmNi3 2Al 9 2Mng 6C01 0; (€) Zfo.9Tio.1V0.2MnNo.6Cro.0sC00.05Ni1.2 AB2-group.

(Fluon GP-2) suspension was added with continuous agita-mixture was agitated in an ultrasonic water bath, and 7 wt.%
tion. The required amount of cyclohexane was then addedof Nafior® solution was added to it with continuing agitation
to it dropwise. The resultant slurry was spread on to a teflo- for 1 h. The catalyst ink thus obtained was coated on to the
nized carbon paper and dried in an air oven &t@@or 2 h. gas-diffusion layer of the electrode. The cathode contained
To prepare the reaction layer, the required amount of the cata-60 wt.% Pt/C catalyst with a platinum loading of 1 mgth

lyst (60 wt.% Pt/C) was suspended in iso-propyl alcohol. The which was kept identical in all the MEAs. A Nafion loading

Table 1

Structural details and lattice parameters of various-ABup and AB-group alloys

S. no. Composition Structure type Lattice parameters
1 MmNisz 55Al0.3MnNg 4C0p 75 (ABs-group) CaCg-type, space grouf6/mmm a 4.99A; c=4.00A

2 MmNiz 5Alo 5 (ABs-group) CaCy-type, space grouf?6/mmm a&4.96A; c=4.02A

3 MmNiz 2Al.2Mng 6Bo.03C01.0 (ABs-group) CaCy-type, space groug?6/mmm a4.99A; c=4.04A

4 MmNiz 2Alg.2Mng 6Co1. 0 (ABs-group) CaCy-type, space groug?6/mmm a&4.99A; c=4.06A

5 Zrp.9Tip.1V0.2Mng 6Cro.05C00.0sNi1.2 (AB2-group) C-15 cubic laves phase a=7.04A




Table 2
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Compositions of various AB and AB,-group alloy samples

S. no. Nominal composition Composition as determined by EDAX
1 MmNiz 55Al 9.3Mng 4C0p 75 Mmog.7eNi3.71Al 0.34MN0 32C00.71

2 MmNizsAlg 5 Mmo goNi4.5eAl0.48

3 MmNi3z 2Al 9.2Mno 6B0.03C01.0 Mmy 2Ni3 03Al.24MNg 59B0Cp 03

4 MmNiz 2Al . 2Mng 6CO1 o Mmy o6Ni3.31Al0.27MN0 61C00.79

5 Z19.9Ti0.1V0.2Mno 6Cro.05C0p.0sNi1.2 Zro.85T10.03V0.17MN0.59Cr0.04C00.05Ni1.28
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Fig. 3. Cell polarization data for ADBFC-1 operating at’T@with varying concentrations of aqueous NaBiH 20 wt.% aqueous NaOH at anode and 8.9 M

H,0, at cathode.
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Fig. 4. Cell polarization data for ADBFC-1 operating at"Twith 10 wt.% ag. NaBHlin varying concentrations of agueous NaOH at anode and 8.9®H
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of 0.25 mg cnt? was applied to the surface of each electrode. ated. To humidify and modify the Nafion membrane into the
The MEA was obtained by hot-pressing the cathode and an-Na*-form, 20 wt.% NaOH aqueous solution was circulated
ode on either side of a pre-treated Nafleh17 membrane at  at 80°C for 3 h prior to the operation of the ADBFC.

60 kg cnt? and 125°C for 3min. Galvanostatic polarization data for various ADBFCs in
Liquid-feed ADBFCs were assembled with various the temperature range between 30 andG@vere recorded
MEAs. The anode and cathode of the MEA were contacted by circulating varying concentrations of alkaline aqueous

on their rear with gas/fluid flow-field plates that were ma- sodium borohydride solution (3 ml mif), and varying con-
chined from high-density graphite blocks in which channels centrations of hydrogen peroxide solution (5.5 ml rrijin
were machined to achieve minimum mass-polarization in the the anode and cathode chambers, respectively. Anode and
ADBFCs. The ridges between the channels make electricalcathode polarization data at various temperatures for the
contact with the back of the electrode and conduct the currentbest-performing ADBFC were also obtained by employing a
to the external circuit. The channels supply alkaline sodium Hg|HgO, OH~ (MMO) reference electrode.

borohydride solution to the anode and hydrogen peroxide to  In order to determine the Faradaic efficiency of oxidation,
the cathode. Electrical heaters were placed behind each of then alkaline solution containing 1.3610~3 moles of sodium
graphite blocks to heat the cell to the desired temperature. Anborohydride was injected into the anode chamber of the fuel
alkaline solution of sodium borohydride was pumped to the cell. Subsequently, the cell was operated for 60 min at a load
anode chamber through a peristaltic pump. Hydrogen per-current density of 50 mA cn? at 70°C. The amount of hy-
oxide solution of varying concentration was introduced into drogen liberated during this experiment was obtained by col-
the cathode chamber through another peristaltic pump. Thelecting it at the anode outlet by downward displacement of
graphite blocks were also provided with electrical contacts waterin agraduated tube. The amount of sodium borohydride
and tiny holes to accommodate thermocouples. An ADBFC leftin the analyte was determined by collecting hydrogen gas
is shown schematically iRig. 1 After installing single cells  evolved upon acidification to ascertain the mass balance of
in the test station, performance evaluation studies were initi- the reactiorj28].

Table 3

Performance data at 7C for various ADBFCs

Cell no. Anode catalyst loading Cathode catalyst loading Peak power density/mW cm
ADBFC-1 MmNi3 55Al 0 3Mng 4C0p 75 (5 mg cnT2) 60 wt.% P/C (1 mgcm? of Pt) 150

ADBFC-2 MmNiz.sAl .5 (5 mg cnT2) 60 wt.% Pt/C (1 mg cm? of Pt) 130

ADBFC-3 MmNiz_2Al 9 2Mng 6Bo.03C01.0 (5 Mg cnT2) 60 wt.% Pt/C (1 mg cm? of Pt) 125

ADBFC-4 MmNiz 2Al 9. 2Mng 6Coy o (5 mg cnT2) 60 wt.% Pt/C (1 mg cm? of Pt) 100

ADBFC-5 Zro.9Ti0.1V0.2Mng.6Cro.0sC00.05Ni1 2 (5 mg cnt?) 60 wt.% Pt/C (1 mg cm? of Pt) 70

Anode feed: 10 wt.% NaBHin 20 wt.% agqueous NaOH; cathode feed: 8.9 M.
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Fig. 5. Galvanostatic polarization data at“Tfor: (a) ADBFC-1; (b) ADBFC-2; (c) ADBFC-3; (d) ADBFC-4; (¢) ADBFC-5.
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3. Results and discussion (E3 = —1.24 V versus SHE) (2)

Powder X-ray diffraction patterns of various ABand At the cathode, two reactions can take plac_e: (i) decomposi-
AB,-group alloys employed in this study are shown in tion of HZOg to O, followed py electro-reduction of the latter
Fig. 2a)—(e) [19-23} The XRD patterns for ABgroup  [29]according to the reactions:
alloys (Fig. 2a)—(d)) were indexed in a hexagonal space 4H,0, — 4H,0 + 20, (3)
group: P6/mmm The structural details and lattice parame-
ters for these alloys are givenirable 1 The powder XRD 20, +4H,0+ 8¢ — 80OH™  (EZ = 0.4V versus SHE)
pattern Fig. 2(e)) for the AB-group alloy of composition @)
Zro.9Tio.1V0.2Mng 6Cro.05C00.05Ni1.2 suggests that it crys- s . .
tallizes in C-15 cubic Laves phase with a lattice parameter, and (i) direct electro-reduction of 4Dy, i..,
a=7.04A. The average particle size of various alloy samples 4H,0, + 8¢~ — 80H"~ (EZ = 0.87VversusSHE)  (5)
was found to be about gOm. The nominal and estimated
compositions of the various alloys, as determined by energyAccordingly, the net cell reaction in such an ADBFC is:
dispersive analysis by X-rays (EDAX), are givenTiable 2

In the ADBFC, sodium borohydride is oxidized at the NaBHy +4H20, = NaBQ, +6H,0 ©
anode according to the following reactions: The cell potentials for this ADBFC will be 1.64 and 2.11V
for cathode reactions (4) and (5), respectively.
8NaOH « 8Na" +80H~ Q) The polarization data for ADBFCs obtained galvanos-

tatically at various temperatures are shownFigs. 3-7
In order to find an optimum concentration of the NaBH

NaBH; + 80H™ — NaBO;, + 6H,0 + 8¢~ fuel in the ADBFC, 8.9M HO» solution was fed with a
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Fig. 6. Galvanostatic polarization data for ADBFC-1 with alkaline fuel of optimized concentration fed at anode and varying concentrations éédatian
cathode at: (a) 30C; (b) 50°C; (c) 60°C; and (d) 70C.
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Fig. 7. Anode and cathode polarization data for ADBFC-1 at 50, 60 afi€70

peristaltic pump at a feed rate of 5mlmihto the cath-
ode, while varying concentrations of NaBkh 20 wt.% agq.

range between 30 and 7Q. It has been reportdd6] that an
ADBFC operating with oxygen feed at its cathode can have

NaOH were fed at the anode with another peristaltic pump a peak power density as high as 160 mWérf1.6]. Accord-

at a feed rate of 3mlmint; the data are shown iRig. 3.
In accordance with Li et al[16], a 10wt.% NaBH solu-
tion is found optimum for the ADBFC operation. In a sim-

ingly, electrical performance data shownhig. 6 demon-
strate that hydrogen peroxide is a viable substitute for gaseous
oxygen in the operation of ADBFCs. The Faradaic efficiency

ilar manner, the optimum concentration of aqueous NaOH of oxidation in the ADBFC at 70C is estimated to be 83%,

in the fuel was determined at 7@, and the results are
given in Fig. 4 It is found that a 20wt.% ag. NaOH is
optimum for the ADBFC operation. The cell performance
data at 70C for ADBFCs operating with 10 wt.% NaBHn
20wt.% aq. NaOH as fuel and 8.9 MpB», solution as oxi-
dant, while employing various A8 and ABy-group alloys
as the anode catalyst, are presenteeign 5and the data are
summarized infable 3 The best performance is found for
ADBFC-1.

In order to find the optimum concentration of the ox-
idant in ADBFC, NaBH in aqueous NaOH of optimum

and the rate of hydrogen evolved at the anode was measured
to be 2x 10~"moles 1.

Anode and cathode polarization data as shown in the tem-
perature range between 50 and®@were also obtained for
ADBFC-1, Fig. 7. The data indicated that the ADBFC is
cathode-limited. The enhancement in power density with in-
crease in temperature could be due to the increased conduc-
tivity of the membrane electrolyte in addition to the increased
reaction kinetics. It has been demonstrated by Li efl#]
that using higher concentrations of NaBebuld deteriorate
the cathode performance of an ADBFC due to the perme-

concentration was used at the anode while varying concentra-ability of borohydride from anode to the cathode compart-

tions of O, solution were fed to the cathode of ADBFC-1.

mentin the cell. It is noteworthy, however, that the cross-over

The pertinent cell performance data at temperatures betweerconcentrations of borohydride in ADBFCs are much lower

30 and 70C are shown inFig. 6(@)—(d). ADBFC-1 de-
livers a maximum power density of about 35 mW-ctmat
30°C (Fig. 6(@)), and a maximum power density of ca.
150mW cnt? at 70°C (Fig. 6(d)). Differences in the cell

than methanol cross-over concentrations reported for DM-
FCs[30,31]

performance of ADBFCs operating with various concentra- 4. Conclusions

tions of HLO, are negligible at low current densities, but
become noticeable at high current densities. A 4.45)041

The study demonstrates that it is possible to assemble

solution is optimum for ADBFC operation in the temperature and operate an alkaline direct borohydride fuel cell with
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hydrogen peroxide as oxidant with a maximum power den- [11] J.-Y. Lee, US Patent 5,599,640 (1997).

sity of about 150 mW cm? while operating at 70C. The [12] S.C. Amendola, US Patent 5,804,329 (1998).

cell performance depends highly on the concentration of hy- (1] l\SA'céi/;;"eer”‘jo'gb‘f’v'e?g;i:‘éi’s'\g:ﬁ'&g';‘ f;é'”o’ S. Sharp-Goldman,
drogen peroxide since the power density may change by asy 41 ' e '

: ' ! : S. Suda, US Patent 6,358,488 (2002).
high a value as 25 mW cn? with peroxide concentration.  [15] z.p. Li, B.H. Liu, K. Arai, S. Suda, J. Electrochem. Soc. 150 (2003)

It is found that 4.45M HO, is optimum for the ADBFCs 868.
reported here. [16] Z.P. Li, B.H. Liu, K. Arai, K. Asaba, S. Suda, J. Power Sources 126
(2004) 28.
[17] S. Suda, Handbook of fuel cells: fundamentals, technology and ap-
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