Available online at www.sciencedirect.com
JOURNAL OF

www.elsevier.com/locate /jpowsour

ScienceDirect

Journal of Power Sources 178 (2008) 86-91

Short communication

A direct borohydride fuel cell employing Prussian Blue as mediated
electron-transfer hydrogen peroxide reduction catalyst

G. Selvarani?, S.K. Prashant?, A.K. Sahu?, P. Sridhar?, S. Pitchumani?, A.K. Shukla&b-*
& Central Electrochemical Research Institute, Karaikudi 630006, India
Y Solid-State and Structural Chemistry Unit, Indian Institute of Science, Bangalore 560012, India

Received 1 November 2007; received in revised form 29 November 2007; accepted 29 November 2007
Available online 23 December 2007

Abstract

A direct borohydride-hydrogen peroxide fuel cell employing carbon-supported Prussian Blue (PB) as mediated electron-transfer cathode catalyst
is reported. While operating at 30 °C, the direct borohydride-hydrogen peroxide fuel cell employing carbon-supported PB cathode catalyst shows
superior performance with the maximum output power density of 68 mW cm~2 at an operating voltage of 1.1 V compared to direct borohydride-
hydrogen peroxide fuel cell employing the conventional gold-based cathode with the maximum output power density of 47mW cm™2 at an
operating voltage of 0.7 V. X-ray diffraction (XRD), Scanning Electron Microscopy (SEM), and Energy Dispersive X-ray Analysis (EDAX)
suggest that anchoring of Cetyl-Trimethyl Ammonium Bromide (CTAB) as a surfactant moiety on carbon-supported PB affects the catalyst
morphology. Polarization studies on direct borohydride-hydrogen peroxide fuel cell with carbon-supported CTAB-anchored PB cathode exhibit
better performance with the maximum output power density of 50 mW cm~2 at an operating voltage of 1V than the direct borohydride-hydrogen
peroxide fuel cell with carbon-supported Prussian Blue without CTAB with the maximum output power density of 29 mW cm™2 at an operating

voltage of 1 V.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Over the years, hydrogen has come to be seen as the undis-
puted fuel for the future. It is also established that hydrogen
as a fuel is most efficiently utilized in fuel cells. But hydrogen
does not occur freely in nature and hence needs to be generated
either from natural gas or other hydrogen containing compounds.
Hydrogen thus generated contains carbon monoxide, which even
at miniscule level can affect the performance of the fuel cell,
besides requiring be stored and transported [1-3]. In the litera-
ture, efforts have also been expended to directly use organic fuels
such as methanol, ethanol, propanol, formic acid, dimethylether,
ethylene glycol, etc. in the fuel cells albeit a number of concerns
associated with these organic fuels that include low activity, car-
bon monoxide poisoning, toxicity, and low oxidation efficiency,
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compared to hydrogen [4,5]. An alternative is to use borohy-
dride as a fuel in a Direct Borohydride Fuel Cell (DBFC), which
exhibits a higher open circuit voltage and a higher power density
than both hydrogen/oxygen and direct organic fuel cells [6,7].
There are two modes of using Hydrogen Peroxide (H,O,) as
oxidant in fuel cells. One is to decompose H,O» on a catalytic
surface to oxygen and use the released oxygen for reduction in
the fuel cell. The second is to use HyO» as the oxidant directly in
the fuel cell. DBFC employing H>O; as direct oxidant also oper-
ate at higher output voltages as compared to the DBFC fed with
oxygen from air as the oxidant. Besides, there is a need to miti-
gate carbonate fouling in DBFC while employing oxygen from
air as oxidant [4,8—10]. Cheng et al. [9] have studied the materi-
als aspects on the design and operation of direct borohydride fuel
cells and found that the membrane electrode assembly, with the
commercially available cathode from ElectrochemTechnic, UK,
failed to sustain the cell even for half-an-hour, while conduct-
ing cathode stability test by monitoring changes in cell voltage
during its galvanostatic operation. Cheng and Scott [9,10] have
attributed this to the cathode flooding brought about by water
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Fig. 1. Conceptual diagram of direct borohydride-hydrogen peroxide fuel cell.

accumulation and carbonate fouling by carbonate formation due
to the CO; present in the atmospheric air. It is reported [11-14]
that the use of acidified H,O; in aqueous sulfuric acid (H2SO4)
as an oxidant increases the output voltage of DBFC. The con-
ceptual diagram of the borohydride-peroxide fuel cell is given in
Fig. 1. The half-cell reactions and standard equilibrium poten-
tials are given below.

Anode : BH4~ +80H™ — BO,;™ + 6H,0 + 8¢~
(E? = —1.24V vs. SHE)

Cathode : 4H,0, + 8H' + 8¢~
— 8H,O (E? =1.77V vs. SHE)

In the literature [15,16], electro-reduction of H,O, has been
studied on platinum, gold and palladium—iridium alloy. Platinoid
group catalysts are undoubtedly efficient for reducing hydrogen
peroxide to water, but these catalysts, besides being expensive,
cause rampant partial decomposition of H,O; to oxygen posing
operational difficulties in the fuel cell. To mitigate this problem,
it is imperative to find a catalyst that promotes electro-reduction
of H,O, without its chemical decomposition while operating in
acidic medium.

Prussian Blue (PB) or Iron (III) hexacyanoferrate finds
numerous electrochemical applications like electrochromism
[17], ion selective electrodes [18,19], charge storage devices
[20] and electrocatalysis [21-24]. Many researchers involved in
the development of new hydrogen peroxide sensors have exten-
sively studied the characteristics of PB [24-26]. Itaya et al. [27]
first demonstrated that the reduced form of PB, also referred to as
Prussian White, has a catalytic effect both towards the reduction
of Oy and H, O, as the zeolitic nature of PB with a cubic unit cell
of 10.2 A and channel diameter of about 3.2 A facilitates the dif-
fusion of O, and H, O, molecules through the crystal lattice. Due
to this reason, PB is described as a three-dimensional catalyst.
Indeed, molecules with molecular weights higher than H,O»
cannot diffuse through the PB lattice making it an electrochemi-
cally selective catalyst. It is also reported [28,29] that anchoring
cetyl-trimethyl ammonium bromide (CTAB) onto PB promotes
charge transfer by reducing the free energy barrier and increases

the stability of the PB matrix. Karyakin et al. [30] reported the
catalytic activity of PB for H,O; reduction to be about 100 times
higher than that for O,. Further more, preparation of PB is sim-
ple, which, besides being cost effective, is highly stable in acidic
media.

The present study describes electro-reduction of HO, on PB
both with and without CTAB as anchored surfactant-moiety onto
carbon as cathode catalyst in a DBFC. It has been possible to
achieve a power density of 68 mW cm~2 while operating such a
DBFC at 30 °C, which is superior to that reported for the DBFC
employing carbon-supported gold catalyst as cathode [11]. To
our knowledge, this is the first ever study reporting the usage
of PB as mediated electron-transfer cathode catalyst in direct
borohydride-hydrogen peroxide fuel cells.

2. Experimental
2.1. Preparation of carbon-supported PB

A chemical route reported elsewhere [24] was adopted to pre-
pare PB supported onto carbon. In brief, the required amount
of Vulcan XC-72R (Cabot Corporation) was suspended in
0.1 M HCI and agitated in an ultrasonic water bath (Vibronics,
300 W, 250kHz) to form slurry. The required amount of 0.5 M
K3[Fe(CN)g] in 0.1 M HC1 was added drop wise to the carbon
slurry with constant stirring at room temperature followed by the
addition of 0.5 M FeCl;s in 0.1 M HCI. The solution was further
stirred for 1h. The resultant mass with adsorbed PB was col-
lected by filtration and washed with 0.1 M HCI until the filtrate
became colorless and then dried in an oven at 100 °C for 3 h.
The PB on carbon support was stored in dark in a desiccator at
room temperature. The preparation procedure of PB on carbon
support modified with CTAB was the same as above but while
making carbon slurry 0.9 mM CTAB was added.

2.2. Preparation of membrane electrode assembly (MEA)

ABs-group MNiz 55Al03Mnp4Cog 75 alloy, where My,
stands for Misch metal (La-30 wt.%, Ce-50 wt.%, Nd-15 wt.%,
Pr-5wt.%) was used as the anode material. It is noteworthy
that both AB; and ABs-group alloys have been successfully
employed as negative electrodes in nickel-metal hydride batter-
ies by several researchers [31-34]. Although AB;-group alloys
yield superior energy storage density, the AB5-group alloys have
higher hydrogen retention capacity [31-33].

Slurry of the alloy was obtained by agitating the required
amount of alloy, 5 wt.% of Vulcan XC72 R carbon and 7 wt.%
Nafion solution in isopropyl alcohol in an ultrasonic bath. The
resultant slurry was spread onto the carbon cloth to fabricate
the anode catalyst layer. The loading of the alloy catalyst was
S5mgcm™? that was kept identical for all MEAs. To prepare
cathode catalyst layer, the required amount of PB supported on
carbon, both modified or unmodified, was suspended in iso-
propyl alcohol and agitated in an ultrasonic water bath. To this,
10 wt.% Nafion solution was added drop wise. The resultant
slurry was spread onto a carbon cloth and dried in an air oven
at 80°C for 1 h. The MEA was obtained by hot pressing the
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cathode and anode on either side of a pre-treated Nafion 117
membrane (Dupont) at 60 kg cm™2 at 125 °C for 3 min.

Both anode and cathode were contacted on their rear with
flow-field plates machined from high-density graphite blocks in
which holes connecting the main chamber were machined to
achieve minimum mass polarization in DBFC. The free space
between the holes makes electrical contact with the rear of the
electrode and helps conducting current to the external circuit.
The chamber supplies alkaline sodium borohydride solution
to the anode and acidified hydrogen peroxide to the cathode.
An aqueous alkaline sodium borohydride solution comprising
4 wl/o NaBH4 in 20 w/o aqueous NaOH was injected into the
fuel chamber. A 2 M hydrogen peroxide solution in mixture of
1.5M sulfuric acid and 0.5M KCl is injected into the oxidant
chamber. In all galvanostatic polarization studies 0.5 M KCI was
used along with the oxidant. All studies were conducted at 30 °C.
The electrochemical activity of PB was supported in presence
of K*-counter cation as the counter cation replaces the high
spin iron during the transformation of insoluble PB to soluble
PB (Prussian White) [28,35,36]. Graphite blocks were provided
with electrical contacts. The active area of DBFC was 9 cm?.

3. Results and discussion

Powder X-ray diffraction (XRD) patterns both for modi-
fied and unmodified PB catalysts are shown in Fig. 2. The
patterns show pronounced peaks at 26 =17.4 (200), 26 =24.6
(220), 20=35.2(400), 26=39.4 (420) and 260=43.4 (422)
corresponding to Fe4[Fe(CN)g]3-xH20 [37,38]. The XRD peak
positions for PB both with and without CTAB remain identical
indicating the modification procedure to have little effect on the
crystallinity of PB. An estimation of mean size of PB with and
without CTAB is performed from the half width at full maxi-
mum (HWFM) for the (200) Bragg reflection peak using the
Debye—Scherrer equation. The mean particle sizes for PB with
and without CTAB are 5 wm and 8 pum, respectively. A decrease
in particle size is observed in PB modified with CTAB suggest-
ing that the surfactant moiety to influence the particle size of PB
by preventing the agglomeration of PB particles.

The surface morphologies of both modified and unmodified
PB are studied with the help of a JEOL JSM 5400 Scanning Elec-
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Fig. 2. Powder X-ray diffraction (XRD) patterns for (a) unmodified and (b)
modified catalysts.

tron Microscope (SEM) coupled with Energy Dispersive X-ray
Analysis (EDAX) facility. Fig. 3 shows the SEM micrographs
for unmodified PB and CTAB modified PB at three different
magnifications. The micrographs indicate that the presence of
CTAB surfactant during PB preparation has a distinctive influ-
ence on the surface morphology and particle size. The particles
of PB catalyst modified with CTAB are evenly distributed on the
carbon surface while PB without CTAB contains larger particles
with uneven distribution.

Typical EDAX spectra for the PB modified with and with-
out CTAB are shown in Fig. 4 and analysis of the data suggests
the presence of carbon, nitrogen, oxygen, potassium and iron.
Notably, the potassium peak indicates formation of the reduced
form of PB, namely Prussian White. If potassium ions were
not an integral part of PB then their presence would be highly
unlikely as the catalyst was copiously washed. The presence of
potassium ions accounts for the charge balance in the reduced
form of PB. It is note worthy that chemical method for prepara-
tion of PB reportedly yields only its reduced form [39].

The galvanostatic polarization data were obtained for various
DBFCs described in Table 1. The polarization data for DBFC
1 and DBFC 2 are shown in Fig. 5. Although the open-circuit
voltages for both the systems are similar, the performance for
DBFC 2 is superior to DBFC 1 over the entire polarization range.
A maximum power density of 50 mW cm~2 at 1 V is obtained for
DBFC 2 as against 29 mW cm ™2 for DBEC 1. Senthil Kumar et
al. [29] have shown that the permeability of CTAB-modified iron
(III) hexacyano ferrate film is greater than the unmodified film
which accounts for facile entry and exit of charge compensating
K*-ions; it is also reported that peak-to-peak separation poten-
tial (AE, =Epa1 — Epc1) is much less for the CTAB-modified
iron(IIT) hexacyano ferrate composite film signifying that the
surface electron transfer process is relatively faster for CTAB-
modified composite film electrode. In the present study, the
superior performance obtained with CTAB-modified PB could
be accounted only for enhanced charge transfer mechanism,
since all the other experimental conditions, such as composition
of anolyte and catholyte, membrane electrolyte, operating con-
ditions and cell configuration, are similar. It is reported [28] that
the negatively charged PB film absorbs cationic CTAB micelles
due to electrostatic attraction. The presence of CTAB favors
charge transfer by reducing the free energy barrier. Besides, it
imparts highly porous structure to PB matrix [29] resulting in
increased oxidant diffusivity.

The performance data for DBFC 3, DBFC 4, DBFC 5 and
DBFC 6 in relation to DBFC 2 are compared in Fig. 6. The data
suggest DBFC 2 to be superior in performance in relation to
DBFC 3, DBFC 4, DBFC 5 and DBFC 6. A maximum power
density of 50 mW cm~2 is achieved at 1 V for DBFC 2. A higher
amount of PB on carbon is expected to increase the performance
as more PB catalyst becomes available near the interface. How-
ever, the decrease in performance for DBFC 6 could be due to
reduced electronic conductivity. Accordingly, DBFC 2 gives the
optimum performance.

The effect of PB, while keeping the ratio of PB and car-
bon modified with CTAB constant at 4:1 loading per square
centimeter, on the performance of DBFC is conducted through
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Fig. 3. SEM micrographs for DBFC catalysts (a) with CTAB and (b) without CTAB modification.

Table 1
Performance data for various DBFCs investigated during the study
S. No. Cathode catalyst Loading of PB Peak power density Cell voltage at peak power
(mg cm~2) (mW cm™—2) density (V)
Effect of CTAB
DBFC 1 PB without CTAB (weight ratio of PB:C as 4:1) 30 29 0.991
DBFC 2 PB with CTAB (weight ratio of PB:C as 4:1) 30 50 1.059
Effect of amount of PB with respect to C
DBFC 3 PB with CTAB (weight ratio of PB:C as 1:1) 30 14 1.024
DBFC 4 PB with CTAB (weight ratio of PB:C as 2:1) 30 28 0.986
DBEFC 5 PB with CTAB (weight ratio of PB:C as 3:1) 30 39 0.975
DBFC 2 PB with CTAB (weight ratio of PB:C as 4:1) 30 50 1.059
DBEFC 6 PB with CTAB (weight ratio of PB:C as 5:1) 30 44 1.19
Effect of PB loading
DBFC 2 PB with CTAB (weight ratio of PB:C as 4:1) 30 14 1.024
DBFC 7 PB with CTAB (weight ratio of PB:C as 4:1) 40 68 1.107
DBFC 8 PB with CTAB (weight ratio of PB:C as 4:1) 50 59 1.05
Comparative performance of PB with commercial catalyst
DBFC 7 PB with CTAB (weight ratio of PB:C as 4:1) 40 68 1.107
DBFC 9 Au supported on carbon (40 w/o Au/C) 2 47 0.705
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Fig. 5. Polarization data for DBFC 1 and DBFC 2.

galvanostatic polarization studies and the polarization data are
shown in Fig. 7. It can be seen that DBFC 7 shows superior per-
formance in relation to DBFC 2 and DBFC 8. One would expect
that the higher amount of PB loading would give higher perfor-
mance but a reduced performance with increased loading could
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arise due to the increased diffusion path length for the reactants.
Accordingly, DBFC 7 yields the best performance.
Comparisons of galvanostatic polarization data for DBFC 7
and DBFC 9 with carbon-suuported gold as cathode catalyst
are shown in Fig. 8. It is seen that DBFC 7 performs better than
DBFC 9. DBFC 7 yields a power density of 68 mW cm™2 at oper-
ational voltage of 1.1 V while DBFC 9 is limited to a maximum
power density of only 47 mW cm~2 at 0.71 V. To understand
the comparative electrocatalytic activity of gold and PB, the
cathodic polarization data obtained against Hg/HgrSO4/SO4>~
(MMS) reference electrode placed in the oxidant chamber are
shownin Fig. 9. Itis clearly seen that the PB catalyst shows lesser
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cathodic polarization in relation to gold. Accordingly, this study
clearly establishes PB as a better and cost-effective alternative
cathode catalyst for DBFC-H,O» fuel cell in relation to gold.

4. Conclusions

Prussian Blue is shown to be an effective catalyst for the
electro-reduction of hydrogen peroxide. XRD, SEM, and EDAX
studies confirm that CTAB addition to Prussian Blue matrix
affects the catalyst morphology. The performance of the direct
borohydride-hydrogen peroxide fuel cell with carbon-supported
CTAB anchored PB cathode is found to be superior to direct
borohydride-hydrogen peroxide fuel cell with bare carbon-
supported PB cathode.
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