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Quaternary electrodeposits on nickel-foam for application in a hybrid direct
borohydride fuel cell - hydrogen-on-demand system
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In this study, CoNiMoW electrodeposits produced under different galvanostatic conditions were investigated as
anode materials in a Direct Borohydride Fuel Cell. As a tendency, higher generated power was obtained with
electrodeposited anodes produced at lower currents. Maximum power of 250 mW was achieved by using CoNiMoW-
anode electrodeposited at the lowest current density (15 mA cm?) and two air gas-diffusion cathodes. This value
exceeds 2.5 times that obtained with the same anode and one gas-diffusion electrode, which indicates that the oxygen
reduction on the cathode is the rate-limiting step of the overall process. In addition, the catalytic properties of the
CoNiMoW electrodeposits towards the “non-productive” borohydride hydrolysis reaction were also examined. The
highest hydrogen generation rate of 15.0 ml min* was achieved with CoNiMoW electrodeposits produced at the lowest
current. Activation energy of the order of 36.5+2.7 kJ mol* was obtained for all materials studied. Summarizing the
results from the fuel cell and catalytic tests, we propose the CoNiMoW electrodeposits as potential candidates for
application in a hybrid Direct Borohydride Fuel Cell — Hydrogen-on-demand system.
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INTRODUCTION

Fuel cells have attracted increasing attention as
alternative power sources as they generate
electricity with higher efficiency and lower
pollution than the conventional combustion
technologies and batteries. Currently, the proton
exchange membrane fuel cells (PEMFCs), utilizing
hydrogen as a fuel, represent the most advanced
fuel cell technology and are promising for
transportation, as well as stationary applications
[1]. However, the storage and transportation of
hydrogen is still a problem as both classical
methods with an industrial impact - high
pressurized gas and cryogenic liquid, are highly
energy-consuming and keep risk for a wide
application [2].

Since 1990’s, hydrogen-rich compounds such as
alkaline hydrides, borohydrides and alanates are
intensively studied as safe hydrogen storage
materials [3-5]. Sodium borohydride (NaBH.) is
one of the most attractive candidates for this
purpose. In addition to its high hydrogen content
(10.6 wt.%), exceeding that of most hydrogen
storage alloys, sodium borohydride is chemically
stable, non-combustible, easily stored and
distributed.

In the presence of a proper catalyst, sodium
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borohydride reacts with water to produce hydrogen
gas and sodium metaborate according to the
following reaction:

NaBH , + 2H,0 — 4H, + NaBO, , (1)

The generated H is highly pure and humidified,
which makes it suitable for direct use in PEMFCs.
In addition, the resulting borate may be recycled
back to borohydride [6, 7]. Based on catalyzed
borohydride hydrolysis, various hydrogen-on-
demand (HOD) systems were recently developed as
a promising way to overcome disadvantages with
existing hydrogen storage and transportation
methods [8, 9].

Except as a hydrogen source, alkaline
borohydrides can be directly used as a fuel in power
sources referred to as direct borohydride fuel cells
(DBFCs). In aqueous alkaline medium borohydride
ions can undergo electrochemical oxidation on a
variety of electrode materials liberating a maximum
of eight electrons. The reaction of direct
borohydride electrooxidation is as follows:

BH, +80H ™ — BO, +6H,0+8¢~

(EC =-1.24v vs:SHE) )
Besides the great number of participating

electrons, the direct anodic oxidation of

borohydrides provides more negative potential
compared to the case when hydrogen is used. In
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DBFCs, most commonly the anode oxidation of
borohydride is coupled to the reduction of oxygen
on an air cathode:

0, +2H,0—4e™ — 40H -

(E0 =+0.40V vs. SHE), 3)

The net cell reaction in this system is
represented as:
BH, +20, — BO, +2H,0
(S, =1.64v), (4)

The high electromotive force, exceeding those
of hydrogen and direct methanol fuel cells, makes
DBFCs attractive energy suppliers, especially for
portable applications [10]. The major research on
DBFC development is focused on the efficiency of
borohydride fuel utilization, which strongly
depends on the anode material. Usually, the
electrochemical  oxidation reaction (2) is
accompanied by a parallel hydrolysis reaction (1)
due to the high catalytic activity of the
electrocatalysts used towards both reactions. Thus,
the actual anodic reaction should be described as:

BH; + XOH ™ —> BOj + (x—2)H,0 + (4 — x/2)H, + xe~ (5)

where x is the number of electrons that are
generated during electrooxidation of 1 mol BHy".

It has been demonstrated that among the commonly
studied metallic catalysts — Pt, Pd, Ni, Au and Ag,
gold is the most effective and nickel is the least
effective electrocatalyst towards borohydride
oxidation [10-12]. High coulombic numbers near
the theoretical 8e~ have been obtained by using Au-
electrodes [13-15] and associated with its inactivity
towards the hydrolysis reaction. The slow kinetics
of gold towards borohydride -electrooxidation,
however, restricts its practical application.
Participation of 4 and 6 electrons has been reported
for BHs oxidation on Pt- and Pd-electrodes,
respectively [15, 16].

Various ABs and AB.-type hydrogen storage
alloys have been also explored as anode materials
in DBFCs [17-20]. On the metal hydride surface,
electrooxidation of borohydrides takes place
through a sequence of steps with concomitant
atomic hydrogen generation [21]. The released
hydrogen (H) is stored in the hydrogen storage
alloy anode as a metal hydride (MH,), which is
involved in the discharge reaction as follows:

MH, +XOH™ — M +xH,0 +xe™, (6)

It has been established that the coulombic
efficiency of borohydride electrooxidation depends
not only on the anode material properties but also
on a variety of other experimental factors such as
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the method of the electrode preparation, the catalyst
support, the use of membrane, etc. [10, 22].

Novel multicomponent Co-based electrodeposits
containing large amounts of hydrogen (up to
9 at.%), have been recently synthesized by us and
investigated as catalysts for different applications
[23-25].

In this study, quaternary CoNiMoW alloys,
electrodeposited on nickel foam under different
galvanostatic conditions, were investigated as
anode materials in DBFC. In parallel, the catalytic
properties of the obtained CoNiMoW
electrodeposits towards the ‘“non-productive”

borohydride  hydrolysis reaction were also
examined.

EXPERIMENTAL
Quaternary ~ CoNiMoW  coatings  were

electrodeposited from alkaline electrolyte (pH 10
adjusted by addition of NHiOH), containing
sodium citrate (72 g L), Na;WO4.2H,0 (24 g LY),

Na;MoOs (6gL%), Ni(SO:NH). (16gL™),
Co(SOsNH,):  (16gL?), on nickel foam
(RECEMAT, RCM-Ni-2733.03, pore

diameter d=0.6 mm,  SSA=2500 m?/m3  under
different galvanostatic regimes for 30 min and
electrolyte stirring at 250 min?. Round shaped
samples of Ni-foam with diameter 3 cm were used
as electrodes. The applied current density was
estimated and presented in respect to the real
surface (64 cm?) of the electrodes.

Scanning electron microscopy (SEM) using Leo
1455VP and Leo Supra 55VP microscopes with
energy dispersive X-ray (EDX, Oxford Inca 200
instrument, Software INCA-Version 4) was applied
for examination of the surface morphology and
elemental analysis of the electrodeposited coatings.

XRD spectra for structure identification of
layers was recorded in the angle interval 10-100°
(26) by using Philips PW 1050 diffractometer,
equipped with CuKao tube and scintillation
detector.

The produced CoNiMoW/Ni-foam samples
were applied as anodes in DBFC. Air gas-diffusion
electrodes (GDE) developed for metal-air systems
[26] were used as cathodes. Stabilized
5% (w/v) NaBH4/6M KOH solution served as
borohydride fuel and liquid electrolyte. The
investigations were performed in single-chamber
DBFCs (10 ml working volume) with one or two
air gas-diffusion cathodes and one anode.
Polarization measurements at variable load
resistances in a borohydride-containing electrolyte
were carried out. The power output was calculated
from the recorded values of voltage, U, and current,
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I, by the equation P=UxI and the polarization and
corresponding power curves were plotted. Long-
term discharge measurements in galvanostatic
mode were performed and the discharge capacity
was estimated.

In parallel, the catalytic properties of the
CoNiMoW electrodeposits towards borohydride
hydrolysis were also explored. The examined
sample was placed into a reaction vessel, which
was then hermetically closed. 10 ml of

5% (w/v) NaBH4+/6M KOH solution was injected
into the vessel and the volume of the generated
hydrogen was measured over time by means of the
water-displacement method [23, 24]. The reaction
temperature was kept constant by thermostat in the
range from 288 to 315 K. The rate constants at
different temperatures were estimated from the
obtained kinetic curves and the activation energy
was calculated from the constructed Arrhenius
plots.

Fig. 1. Morphology of CoNiMoW-coatings on nickel foam at different electrodeposition regimes: (a,b) 75 mA cm
— center (a), edge (b) of the sample; (c,d) 30 mA cm — center (c), edge (d) of the sample; (e,f) 15 mA cm — center (e),

edge (f) of the sample.
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RESULTS AND DISCUSSION

Characterization of CoNiMoW electrodeposits

The SEM images presented in Fig. 1 show that
the wvariation of the current regimes during
electrodeposition affects the morphology of the
obtained CoNiMoW coatings. The morphology
significantly changes from the center to the edge of
the samples, especially for those produced at the
highest current density applied. The coating turns
from nearly smooth with rounded parts on the Ni-
support swellings (Fig. 1a) into dendrite-type on the
edges (Fig. 1b). More uniform coatings without
cracks were obtained at the lowest current density
(Fig. 1e).

The results from the elemental analysis,
presented in Table 1, show a varying distribution of
the elements depending on the applied current, as
well as on the different zones of the sample surface.
The current increase leads to enrichment of Co, Mo
and W and decrease of Ni content in the middle
parts of the samples.

Table 1. Elemental content of CoNiMoW-coatings
obtained at different current regimes.

sample "m“- Co, Ni, Mo, W, O,
zZone wt% wt% wt% wt% wt%

cm?
75 67.4 9.0 7.5 9.9 6.2
Center 30 61.8 4.9 8.8 7.8 16.7

15 484 399 3.0 0.6 8.1

75 56.8 211 55 9.8 6.8
Edge 30 44.2 9.7 9.6 10.2 26.3
15 50.9 8.9 11.5 6.4 22.3

Because of the edge effects and complex
morphology of the support, the composition of the
coatings at the edges significantly differs from that
in the central parts of the samples at the same
current densities applied.

The XRD study of the electrodeposited
CoNiMoW coatings indicates that all of them,
except those obtained at 15 mA cm?, possess
amorphous structure - Fig. 2. We suppose that the
observed exception is due to deposition of thin
layers at the lowest current and appearance of
characteristic peaks of Ni from the support.

Fuel cell studies

Polarization and power curves, obtained with
DBFC by using the studied CoNiMoW/Ni-foam
samples as anodes and one GDE as a cathode are
plotted in Fig. 3. Despite the observed variation of
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anode morphology, composition and structure, the
obtained fuel cell outputs do not differ
significantly.

The lowest maximum power (81 mW) was
obtained with the electrodes deposited at
75 mA cm? and the highest power (94 mW) was
achieved with those obtained at 15 mA cm, which
shows a slight tendency to increase of the fuel cell
power outputs by using CoNiMoW/Ni-foam anodes

produced at lower current density of
electrodeposition.
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Fig. 2. XRD of CoNiMoW-coatings electrodeposited
on nickel foam at different current regimes.

In many cases, when GDEs are used as air
cathodes in electrochemical power sources, the
kinetics of the overall process is limitted by
transportation hindrances connected with the
delivery of oxygen to the cathode [27]. To facilitate
the oxygen supply and reduce the limitation effect
of the cathodic reaction, usually the cathode area is
enlarged.

The polarization experiments carried out with a
fuel cell using two air cathodes confirmed this
suggestion. The obtained polarization curves are
characterized by quite smaller slope, resp. internal
cell resistance, in comparison with that in the case
of DBFC with one air cathode and even at very low
load resistances (<1 Q) no drop of the voltage
occurs, while at the same time the power curve
does not pass through a maximum. As a result,
much higher power of 250 mW compared to that
obtained with DBFC using one GDE was achieved
—Fig. 4.

The measurements at constant load show that
the fuel cell could be used as a power source for
over five hours in batch mode — Fig. 5. The
estimated discharge capacity of 300 mAh g?
NaBH4, however, is rather below the theoretical
one. Based on the observed noticeable hydrogen
evolution when the anode was put in contact with
the borohydride electrolyte, we supposed that the
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obtained low discharge capacity is mainly due to
the fuel depletion, connected with “non-productive”
catalytic hydrolysis of sodium borohydride.
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Fig. 3. Polarization and power curves obtained with
DBFC by using CoNiMoW/Ni-foam anode and GDE
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Fig. 4. Comparison of polarization and power curves
obtained with DBFC by using CoNiMoW/Ni-foam
anode and one or two air-cathodes.
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Fig. 5. Discharge curve obtained with the studied
DBFC.
Catalytic studies

To evaluate the catalytic activity of the
investigated CoNiMoW electrodeposits towards
borohydride hydrolysis reaction, Kinetic

experiments for determination of the hydrogen
generation rate and activation energy of the process
were carried out at different temperatures. The
catalytic studies were performed in the temperature
range from 288 to 315 K, where the alkaline
sodium borohydride solution is relatively stable in
the absence of catalyst. Typically, as seen from Fig.
6, the reaction starts instantly after the catalyst
comes into contact with the solution and a constant-
rate hydrogen evolution is observed during the

whole experimental window.
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Fig. 6. Kinetic curves of catalyzed borohydride
hydrolysis using CoNiMoW/Ni-foam (15 mA cm?) as
catalyst and 5% (w/v) NaBH./6 M KOH solution.

From the slopes of the kinetic curves obtained at
different temperatures the hydrogen evolution rate
values were calculated and presented as Arrhenius
plots (Ink vs. 1/T) — Fig. 7. The values of the
activation energy, E,, estimated from the slope of
the Arrhenius plots, are shown in Table 2.

Table 2. Activation energy, E, of catalyzed
borohydride hydrolysis depending on the current density,
ideposit., applied during CoNiMoW catalyst preparation.

ideposih Ea,
mA cm? kJ mol*
15 37.8
30 33.8
45 38.9
75 35.6

The analysis of the results obtained by the
catalytic studies show that the rate of hydrogen
evolution, as a product of borohydride hydrolysis,
increases when CoNiMoW obtained at lower
currents are applied as catalysts. The highest
hydrogen generation rate of 15.0 mlmin? (at
315K) was achieved with  CoNiMoW
electrodeposited at 15 mA cm. The close values of
the activation energy indicate that the process takes
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place via identical mechanism on all examined
catalysts.
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Fig. 7. Arrhenius plots of borohydride hydrolysis
catalyzed by CoNiMoW electrodeposited on Ni-foam at
different galvanostatic regimes.

CONCLUSION

The quaternary CoNiMoW alloys
electrodeposited on nickel foam exhibit a promising
performance as anodes in DBFC. A power of
250 mW was achieved by using two air cathodes.
This value exceeds 2.5 times the maximum power
obtained with one air cathode, which supposes that
the overall electrochemical reaction is limited by
hindrances connected with oxygen delivery to the
cathode. The anode performance is improved by
decrease of the current applied for electrocatalyst
deposition. The same tendency was also observed
when the studied materials have been investigated
as catalysts for borohydride hydrolysis. Based on
the results from both electrochemical and catalytic
studies it can be concluded that the CoNiMoW
electrodeposits are suitable for application in hybrid
systems combining DBFC and Hydrogen-on-
demand generator, which may further supply a low-
power hydrogen fuel cell.
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KBATEPHEPHU EJIEKTPOAEIIO3UTU BBPXY ITEHOOBPA3EH HUKEJI 3A
IMPUJIOXXEHUE B XUBPUJHA CUCTEMA I'OPUBEH EJIEMEHT C JUPEKTHO
EJIEKTPOOKHNCJIEHUE HA BOPXUJIPU/] - TEHEPATOP HA BOIOPO/]

M. M. Muros!, . 1. Xpucros!, P. C. Paukos?, 1. B. XyGeHosa®
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2Uncmumym no Qusuxoxumus “Axad. Pocmucnae Kauwes “, Bvneapcka Axademus na Hayxume, Bvrzapus
SKameopa Buoxumus u Muxpobuonoaeus, ITnosouscku Yuusepcumem, ITnoeous, Bvieapus

TocTenmna Ha 26 roru 2014 r.; kopurupana Ha 10 cenremspu 2014 .
(Pesrome)

B macrosimara paspa6otka, CONIMOW eneKTpooTIoKeHNUS, TONyIeHH TIPH PA3INYHK TAIBAHOCTATHIHHU YCIIOBHS,
ca W3cIelBaHU KaTO aHOIHHU MaTepualld B [OpMBEH elIeMEHT ¢ JUPEKTHO eJIEKTPOOKHCIeHHe Ha Oopxuapua. Kato
TEH/ICHINS, TO-TOJIMAa MOIIHOCT € MOJYYeHAa C aHOIW, CJIEKTPOOTIOKEHH IPH TO-HUCKH IUTBTHOCTH Ha TOKA.
Makcumanna mouiaoct ot 250 MW e nocrurnata ¢ usnonssaneto Ha CONiIMOW-aHop, eleKTpOOTIIONREH MpU Haii-
HHCKAaTa IUTBTHOCT Ha Toka (15 mA Cm'z) W J1Ba BB3AYIIHU ra3o-Iu(y3nOoHHN KaTtoaa. Ta3u CTOMHOCT HaaBHIIaBa 2.5
IIBTH JOCTUTHATATAa MOILIHOCT ChC CHIIMUS aHOJ U €AMH ra30-Iu]y3UOHEH KaToJ, KOETO € yKa3aHHe, 4e pelyKUusITa Ha
KHCJIOPOJa BBPXY KaToJa € CKOPOCTOONpeaeiia 3a IsUIocTHUS Tpouec. [lapanenHo ca u3cinenBaHu KaTaTUTUYHHUTE
cBoiictBa Ha CONiIMOW enexTpoeno3uty mo OTHOIICHHE Ha ,,HEIPOU3BOAUTENHATA  GOpxXuaApHIHa Xuapoan3a. Haii-
rojisiMa CKopocT Ha reHepupane Ha Bogopoa (15.0 ml min?) e nocrurnara ¢ CoNiMoW-enekTpooTiioskeHu s, oITy4eHH
Hpu Hali-ManKaTa IpUIokKeHa ILIHTHOCT Ha TOKa. BiIu3ky cToifHocTy Ha akTHBUpamaTa eHeprus (36.5+2.7 kJ mol™?) ca
MOJyYeHH C BCHYKHM u3cieaBaHM Marepuand. OO0oOmmaBaiiku pe3yinTaTUTe OT NPOBEACHUTE H3CJEIBaHUS,
enektpootioxenute CONiIMOW marepuanu ce mpeiaraT KaTo MOTCHIMAIHU KaHIUIATH 33 MPUIOKEHHE B XUOpHIHA
cucrteMa ['OpHBEH eeMEeHT ¢ TUPEKTHO eIeKTPOOKHCIeHHE Ha Oopxuapun — ['eHepaTtop Ha BOIOPOI.
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