INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 34 (2009) 174-179

journal homepage: www.elsevier.com/locate/he

Available at www.sciencedirect.com

-2z . .
*s’ ScienceDirect

Electrochemical oxidation of ammonia borane on gold

electrode

Xin-Bo Zhang, Song Han, Jun-Min Yan, Hiroshi Shioyama, Nobuhiro Kuriyama,

Tetsuhiko Kobayashi, Qiang Xu*

National Institute of Advanced Industrial Science and Technology (AIST), 1-8-31 Midorigaoka, Ikeda, Osaka 563-8577, Japan

ARTICLE INFO

ABSTRACT

Article history:

Received 22 July 2008

Received in revised form

7 September 2008

Accepted 26 September 2008
Available online 21 November 2008

Keywords:

Ammonia borane
Thiourea

Cyclic voltammetry
Electrochemical oxidation

The electrochemical behavior of ammonia borane on an Au electrode in the absence and
presence of thiourea (TU) was detailedly investigated by cyclic voltammetry (CV). In the
absence of TU, the feature of the CV is fairly complex affected by both the hydrolysis and
the direct oxidation of ammonia borane. With the aid of TU, known as an effective
inhibitor for the formation and recombination of adsorbed H radicals associated with
ammonia borane hydrolysis, the two peaks at 414 and 0 mV may be attributed to direct
electrooxidation of ammonia borane at Au electrode. These two peaks are particularly
important for the practical direct ammonia borane fuel cell (DABFC). Additionally, the Tafel
slope (b=0.15V) and charge transfer coefficient («=0.604) were obtained as well as
number of electrons exchanged (n = 2) in the ammonia borane oxidation at the Au/solution
interface in the presence of TU.
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1. Introduction

While the power demands of portable electronic gadgets —
laptops, mobile telephones, iPods and the like — have exploded
in the past few years, the storage capacity of the batteries used
to power them has not kept pace. In a worldwide push to find
alternative power sources, systems based on fuel-cell tech-
nologies, with their potentially much higher energy-storage
densities, have been receiving considerable attentions [1-5]. It
is now well admitted that using a liquid fuel to replace
hydrogen for feeding fuel-cell anodes would have many
advantages in term of their fuel-cell system simplicity, high
mass and volume densities, as well as the safety reasons [6],
which is mandatory for nomad electronic devices. Recently
many liquid fuels, such as methanol [7-10], ethanol [11,12],
and ethylene glycol [13,14], have been employed as
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a substitute to hydrogen for low-temperature fuel cells.
However, their electrooxidations are generally slow and irre-
versible. Ammonia borane (NH3BH3), which is safe, non-toxic,
chemically stable, easy to transport in its dry state and high
solubility in water (stable in neutral aqueous solution),
appears as an attractive fuel for fuel cells [15-22].

A novel fuel cell using the aqueous ammonia borane
solution as the fuel has been proposed [23,24]. It possesses
high capacity (5.2 Ahg™') and energy density (8.4 Whg™* at
1.62 V) according to the following cell reaction:

NH;BH; + 3/20, = BO, + NH] + H,0 (1)

Moreover, the used fuel (BO;) can be reverted to BHj
through a reaction with a saline hydride (MgH) [25]. The
resultant BH; can then be converted into NH;BH; via a reac-
tion in diethyl ether at room temperature [26].
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In order to improve the performance of direct ammonia
borane fuel cell (DABFC), it is of primary importance to clarify
the likely oxidation mechanism for the reducing agent.
However, the unwanted hydrolysis disturbs the attempts to
decipher the multi-electron reactions mechanism of
ammonia borane. In this case, addition of thiourea (TU)
known as an effective inhibitor for H, evolution [27-29] is
appropriate and can certainly assist us with the above
mentioned problem. Thus, detailed information about the
nature of gold surface in 2 M NaOH and oxidation of ammonia
borane at the Au/solution interface with and without TU is
urgently needed. The goal of this work is to systematically
address these two questions and thereafter to determine the
number of electrons transferred in the electrooxidation of
ammonia borane at the Au/solution interface with aid of TU. It
is expected that our results will be helpful for further con-
firming and understanding the direct electrooxidation of
ammonia borane on Au electrode so as to help in solving the
problems currently encountered in the development of DABFC
with high efficiency. By addition of TU to the direct ammonia
borane fuel cell, an improvement of the coulombic efficiency
of DABFC by inhibiting the H, evolution reaction is expected.

2. Experimental

Ammonia borane (NH;BHj3, Aldrich, ACS Reagent, Purity 90%),
sodium hydroxide (NaOH, Sigma-Aldrich, ACS Reagent, Purity
97%), thiourea (TU, CH4N,S, Sigma-Aldrich, ACS Reagent,
Purity 100%) were used without further purification. All solu-
tions were prepared in deionized water with a minimum
resistance of 17.5 MQ cm ™2 The solutions were purged with N,
for 20 min prior to experiments in order to remover oxygen.

An Au disk with 3 mm diameter (area of 7.07 x 10 2 cm?

BAS Inc.) was employed as the working electrode for CV tests.
Before each CV experiment, the Au electrode was polished
with 0.5 um diamond paste (BAS Inc). After the mechanical
pretreatment, the working electrodes were cleaned by soni-
cation in distilled water and finally rinsed by deionized water.

Cyclic voltammograms (CV) of NH3;BH3; on Au electrode
were measured with a conventional three-electrode system
using an HZ-5000 automatic polarization system (Hokuto
Denko Inc., Japan). The effective cell volume was 20 ml. Pt wire
was used as the counter electrode, whilst the reference elec-
trode was a saturated calomel electrode (SCE). All experiments
were performed at room temperature. Unless otherwise
mentioned, all the potential values in this work are reported
versus SCE.

3. Results and discussion

3.1. Nature of gold surface in 2 M NaOH without and
with TU

The electrochemistry of an Au substrate in 2 M NaOH is shown
in Fig. 1a. During the positive potential scan in the absence of
dissolved O,, charging of the double-layer region is the sole
source of the small anodic current in the region from ca. —1.2
to —0.6 V. The two small anodic peaks (a and b) in excess of the
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Fig. 1 - Voltammetric response (—1.2 to +0.5 V) at Au
electrode in 2 M NaOH (a) without and (b) with 0.001 M
CH,N,S at scan rate of 100 mVs 2.

charging current in the region from —0.4 to +0.2V can be
attributed to the formation of a submonolayer of adsorbed
hydroxyl species AuOH,4s Which is believed to have catalytic
properties for oxidation reactions of the other species in
solution which involve transfer of oxygen from H,O to their
oxidation products [30,31]. The larger anodic peak (c) for
E>ca. +0.2V is the result of formation of surface oxide
(Au,0s). During the subsequent negative scan, cathodic
dissolution of Au,03 produces a peak (d) at ca. 0V, and fol-
lowed by a hydrous oxide reduction peak (e).

The voltammetric response for TU in NaOH is shown in
Fig. 1b. The main CV features are the three peaks at ca. +0.05
(f), +0.5 (g) and —0.9V (h). Peak f can be attributed to the
formation of formamidine disulfide [32] according to

2CH,N,S — HN = C(NH,)S—SC = NH(NH,) + 2¢~ + 2H*  (2)

Peak g commence in the potential region where peak b is
observed in the Au residual response just prior to oxide
formation (peak b, Fig. 1a) and hence is suspected to be cata-
lyzed by onset of (AuUOH),q4s formation. This large anodic peak
clearly dominates the voltammetric response for TU. It
primarily correspond to the production of sulfate by oxidation
of the sulfur in TU which has been previously adsorbed as well
as that which is transported to the electrode surface simul-
taneously with the appearance of peak f [33]:

CH4N,S + 100H" — SO2~ + H,NC(O)NH;, + 8¢~ + 5H,0 3)

The oxidative detection of adsorbed and transported TU
occurs simultaneously with the formation of Au,O; and is
concluded to occur by a catalytic mechanism in which oxygen
from (AuOH).4s formed as an intermediate product in the
generation of Au,O; is transferred to the products of TU
oxidation [33,34].

The final feature of note in Fig. 1bis the set of cathodic peak
h obtained during the negative scan in the region from ca. —0.8
to —1.0 V. Peak h is strikingly similar to those observed in
sodium sulfide solutions [35,36], and might have contributions
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from adsorbed S° generated by incomplete oxidation of
adsorbed TU [33].

3.2.  Oxidation of ammonia borane at the Au/solution
interface and nature of the reactive intermediate

The addition of NH3BHj; into the solution dramatically affects
the cyclic voltammogram as shown in Fig. 2, as characterized
by a number of oxidation peaks. Scanning in the positive
direction, at a rate of 0.1 Vs~ the first oxidation peak occurs
at —931mV (i), followed by a second anodic peak at about
—442 mV (j). On the reverse scan, interestingly, an additional
oxidation peak has been observed with a peak potential of
0 mV (k). Moreover, oxidation of NH;BH; results in enhanced
anodic current on the order of 0.5-1.3 mA, compared to 0.002-
0.015 mA for Au in 2 M NaOH. Those higher current could be
reasonably attributed densities to oxidation of the NH3BHj,
perhaps via hydroxyl trihydroborate anion intermediate,
BH30H™, generated from reaction of NH3;BH; with hydroxide
ion [37-39]. This intermediate may ideally oxidize at Au elec-
trode in the base electrolyte according to the following six-
electron reaction:

BH;0H™ + 60H" — BO, + 5H,0 + 6e~ )

It is reported that this direct electrooxidation of BH;OH™ is
typically observed over a wide potential range between —0.3 to
—0.67 Von Au in 0.2 M KOH [40]. In the present study, the peak
j is located in the same potential region, indicating that the
peak j may be due to the direct electrooxidation of NH3BHj,
probably via the intermediate BH3;OH™, i.e., without the
implication of H, electroxidation.

Regarding the processes responsible for the peak i,
conclusions could be drawn based on the occurrence of H,
bubble adsorbed at the Au electrode and comparison with the
voltammogram obtained in the absence of NH;BH; (Fig. 1a).
Gyenge [29] reported that the electrooxidation of H, yielding
from catalytic hydrolysis of BH; is at the peak potentials
between —-0.7 and —0.9V versus Ag/AgCl. Based on their
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Fig. 2 - Cyclic voltammetric response of 0.01 M NH;BH; in
2 M NaOH at Au electrode at different scan rates.

similarity, the peak i could be attributed to the H,/H,0 couple.
The decrease of the current function (Ipeax; v ) with the
increasing scan rate, together with the positive shift of the
peak potential Epeqk,; With the increasing scan rate, is indica-
tive of a C(chemical generation of H,)-E (electrochemical
oxidation of the H,) mechanism for peak i [41-43].

Accordingly, the chemical step is the hydrolysis of NH;BH3
yielding H, (Eq. (5) or (6)), followed by the electrooxidation of
H, (Eq. (7)) (which itself is composed of either the Tafel (C)-
Volmer (E) or Heyrovsky (E)-Volmer (E) steps[6]).

BH;OH™ + 30H — BO, + 3/2H, + 2H,0 + 3e" )
2H2 + OH™ — HQO + e (7)

On the subsequent cathodic sweep, there appears a sharp
anodic current (peak k) due to the reactivation of the surface
with respect to NH;BH; oxidation. As the oxide layer is
reduced in the presence of NH;BH; by a local cell-type reaction
with NH3BHj3, the flow of electrons is opposite (from solution
to electrode) to that normally encountered during cathodic
reduction (from electrode to solution). This generates an
anodic current on the cathodic scan, indicative of the behavior
of a reducing agent or electron donor. The rate of oxidation in
this region of the cathodic sweep was quite rapid, indicating
reduction of the monolayer film gave rise to a high, but tran-
sient, coverage of adatoms, and hence hydrous oxide medi-
ator. Oxidation ceased again at ca. —0.4V as the mediating
hydrous oxide mediator is not present at the interface atlower
potentials.

3.3. Influence of thiourea on the oxidation of ammonia
borane at the Au/solution interface and nature of the
reactive intermediate

It is well known that thiourea (TU) has the inhibiting effect on
the H, evolution reaction by retarding the Tafel process (i.e.,
2H,q4 — H,) [41]. This effect is very important for NH3BH;
electrooxidation, that is, by minimizing the H, evolution rate,
the additive could potentially improve the coulombic effi-
ciency of DABFC. Fig. 3 shows the effect of 0.001 M TU on the
NH3BH; voltammogram on Au electrode in 2M NaOH.
Comparing Figs. 2 and 3, TU cancel out the voltammetric
responses related to H, evolution in conjunction with both the
catalytic hydrolysis of BH;OH ™ (reaction (5)) and the electro-
oxidation of BH;OH ™ (reaction (6)) responsible for peak i in
Fig. 2a. The well defined peak j could be reasonably attributed
to direct electrooxidation of NH3;BH3 (via BH;OH™ interme-
diate). It is noted that this reaction may be catalyzed by the Au
substrate for NH;BH; oxidation. Also, formation of passivating
layer on the anodic scan may inhibit further NH;BH3 oxida-
tion, causing a dramatic decline in current. Due to its partic-
ular importance for DABFC, this peak will be further analyzed
to determine the number of electrons involved and to obtain
relevant electrode kinetic parameters (vide infra). In addition,
in the presence of TU one new peak k with Epear at +0.276 V
appears. Based on their similar potential area of peak g in
Fig. 1b, this oxidation peak could also be attributed to the
formation formamidine disulfide. As formation of the oxide
layer nears completion (>+0.3 V), the rate of TU oxidation is
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Fig. 3 - Cyclic voltammetric response of 0.01 M NH;BH; in
2 M NaOH with 0.001 M CH4N,S present at Au electrode at
different scan rates.

severely attenuated, resulting in the peak-shaped response.
During the reverse scan, reduction of the gold oxide layer
allows the resumption of NH3BH; oxidation, giving rise to the
anodic reaction peak m. Hence, because the net current
during the negative scan in the region from +0.1 to —0.1V is
the algebraic sum of the currents from the cathodic dissolu-
tion of Au,0; and the anodic oxidation of NH;BHj;, peak n can
appear as a simple cathodic peak or a combination cathodic-
anodic peak, depending on the amount of oxide being
reduced, the potential scan rate v and the NH;BH; flux.

3.4. Determination of number of electrons exchanged in
the electroxidation of ammonia borane at the Au/solution
interface with aid of TU

An important attempt is to determine the number of electrons
exchanged (n) in the complex NH3;BHj; electrooxidation on Au
with TU present in the electrolyte and to evaluate certain
kinetic parameters such as Tafel slope (b), and charge transfer
coefficient (). Values of Epqx for peak j (Fig. 3) obtained during
the positive scan are plotted in Fig. 4 as a function of scan
rates. Fig. 5 on the other hand, shows the NH3BH; concen-
tration dependence of I,eqx of peak j (Fig. 3) at a constant scan
rate (v) of 0.15Vs™'. The peak current is a linear function of
NH3BH; concentration between 0.01 and 0.1 M (Fig. 5). The
scan rate v dependence of the peak potential (Epear) for an
irreversible anodic wave can be expressed by [29,41,44]

— Fo 1 b 0 1
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Fig. 4 - Scan rate dependence of peak j potential Epcay, j for
the electrooxidation of 0.01 M NH3;BH; on Au gold electrode
in 2 M NaOH with 0.001 M thiourea (inset is Epcax, j versus
log v).
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where parameter E” is formal potential, b is Tafel slope, D is
the diffusion coefficient (8.45 x 10 ® cm?s™?, in 2 M NaOH), k°
is standard heterogeneous rate constant, R is universal gas
constant (8.314 J mol *K™%), T is the temperature (298 K), n is
the total number of electron exchanged, F is the faradic
constant (96,485 Cmol™?), A is the geometric electrode area,
Cp is the bulk NH3;BH; concentration, and n, is the number of
electron transferred in the rate determining step. By
applying equations (8) and (9), the slope of the regression
line from Fig. 4 (inset) yields the Tafel slope b=0.15V and
correspondingly the term (1-—a)n,=0.396. Based on the
latter parameter, the most likely values are n,=1 and
a=0.604.

The number of electrons exchanged n, is determined by
fitting equation (10) [29] from the data shown by Fig. 5. A value
of n=2 has been obtained. Thus, the direct electrooxidation
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Fig. 5 - Anodic peak height of peak j at Au electrode as
a function of NH;BH3 concentration.
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of NH3BH3 on Au in the presence of TU is a two-electron
process as opposed to the theoretical maximum of six elec-
trons suggested by Eq. (4). Interestingly, although through the
same intermediate (BH3;OH™), the electrons
exchanged at gold electrode for BH; and NH3;BH; are quite
different. The significant effect of NH{ on the electro-
oxdiation behavior of BH3;OH™ may responsible for this
difference. Further intensive studies, such as nano-particles
surface modification [45-48], are needed to achieve the
theoretical six electrons.

reaction

4. Summary

The electrochemical oxidation of NH;BH; at Au electrode
has been studied in the concentrated sodium hydroxide
medium by cyclic voltammetry over a wide potential range
(between —1.2 and +5V versus SCE). The cyclic voltammo-
gram on Au is fairly complex influenced by both the
hydrolysis and direct oxidation of NH3BH;. The latter reac-
tion occurring at potentials —414 and —0mV is practically
important for DABFC. To assist analyze this peak, TU is
introduced to the solutions and expected to inhibit the H,
evolution; therefore, it could improve the ammonia borane
utilization efficiency and coulombic efficiency of DABFC.
Evidenced by the present experiments, TU effectively mini-
mizes the catalytic hydrolysis of NH3BH; on Au due to the
inhibiting effect of TU on the recombination of surface
adsorbed hydrogen radicals. The direct oxidation of NH;BH;
on the other hand is favorably affected by the presence of
TU (with the negative shift of potential). The issue of the
long-term anode performance, stability and poisoning in the
presence of TU should be considered in further studies on
this topic.

Based on the experimental evidence obtained in the
present work, the Tafel slope b=0.15V and charge transfer
coefficient o = 0.604 were obtained. The NH;BH; oxidation in
the case of the Au/TU system was determined to be a two-
electron process instead of the maximum six electrons,
indicating that the two-electron-loss product, BH,(OH);, at
this point is more stable than others. In order to gain further
insights into the complex multi-electron mechanism of
NH;BH; oxidation on Au in the presence or absence of TU,
future studies should employ coupled electrochemical and
in situ detection techniques to identify the short-lived,
potentially adsorbed, and reaction intermediates.
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