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a  b  s  t  r  a  c  t

Sodium  borohydride  (NaBH4) is  being  actively  investigated  as  an  anodic  fuel  for  direct  borohydride  fuel
cells.  Platinum  (Pt)  displays  a  rather  good  borohydride  (BH4

−) oxidation  activity  but  its catalytic  effect
towards  the  BH4

− hydrolysis  leads  to an  overall  number  of exchanged  electrons  in  the  oxidation  process,
n, between  2  and  4. The  doping  of Pt with  rare  earth  (RE)  elements  may  decrease  or  increase  the  BH4

−

hydrolysis,  thereby  increasing  or decreasing  the n  value.  Among  other  factors,  these  changes  will  depend
on the  composition  of the  alloying  elements  as  well  as  on  the  applied  anodic  potential  range.  In  this
yclic voltammetry
hronopotentiometry
irect borohydride fuel cells

paper,  Pt  and  three  Pt–RE  intermetallic  alloy  (Pt–Ho,  Pt–Sm,  and  Pt–Ce)  electrodes  are  studied  by  cyclic
voltammetry  (CV)  and  chronopotentiometry  (CP)  in  the  temperature  range  25–55 ◦C.  Modelling  of  CV  and
CP data  indicate  that  these  Pt–RE  electrodes  do not  show  enhanced  performance  for  the  BH4

− oxidation
in  comparison  to the  single  Pt  electrocatalyst.  Of the  Pt  alloys,  the Pt–Ho  shows  the  highest  catalytic
activity  for  the BH4

− oxidation  reaction  and  the  Pt–Ce  the  worst.  Relevant  kinetic  parameters  (n,  ˛, ks)
are  also  estimated.
. Introduction

Sodium borohydride (NaBH4) is receiving increasing attention
uring the last decade regarding its possible application in energy
ystems [1–4]. NaBH4 shows interesting options for electrochemi-
al power generation for having the dual possibility of generating
ydrogen on demand [5,6] or being directly oxidised in a direct
orohydride fuel cell (DBFC) [7–11]. NaBH4 has the advantage of
aving a high volumetric (7314 Wh  dm−3), as well as gravimet-
ic (7100 Wh  kg−1), energy density [12]. Moreover, alkaline NaBH4
olutions are safe to transport and tetrahydroxyborate (B(OH)4

−),
he final product of borohydride (BH4

−) electrooxidation, is envi-
onmentally safe. For these motives, the DBFC technology is being
ctively investigated by many research groups [13–19],  with elec-
rical performances as high as 290 mW cm−2 being reported [8].

The mechanisms recently proposed to explain the BH4
−

irect/indirect oxidation are still not clearly established. However,
he following explanation may  serve as a basis to address the ques-
ion. In highly alkaline conditions, BH4

− may  undergo an 8-electron

xidation described by Eq. (1).

H4
− + 8OH− → B(OH)4

− + 4H2O + 8e− (1)

∗ Corresponding author. Tel.: +351 218417765; fax: +351 218417765.
E-mail address: diogosantos@ist.utl.pt (D.M.F. Santos).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.03.037
© 2011 Elsevier B.V. All rights reserved.

However, for pH < 12 or in the presence of certain electrocata-
lysts, BH4

− is susceptible to catalytic hydrolysis on the electrode
surface [20], which generates hydroxyborohydride (BH3OH−) and
H2 according to Eq. (2) [21–26].

BH4
− + H2O → BH3OH− + H2 (2)

In fact, the BH4
− oxidation reaction and the BH4

− hydrolysis
reaction are always present, meaning that both reactions can either
be complete, or compete together [27–30].  Therefore, the BH3OH−

intermediate formed in Eq. (2) may  be fully oxidised according to
Eq. (3),  yielding 6 electrons without any H2 release. In this case,
the anodic wave for the oxidation of the BH3OH− (Eq. (3)) appears
at a potential about 0.5 V more negative than that of BH4

− direct
oxidation (Eq. (1))  [31–33].

BH3OH− + 6OH− → B(OH)4
− + 3H2O + 6e− (3)

Alternatively, BH3OH− may  undergo stepwise oxidations [34]
involving only 3 electrons in total with the simultaneous generation
of H2, as shown in Eq. (4).

BH3OH− + 3OH− → B(OH)4
− + 3/2H2 + 3e− (4)
Part of the generated H2 remains on the electrode surface and
then may  be oxidised through the reaction shown in Eq. (5).

1/2H2 + OH− → H2O + e− (5)

dx.doi.org/10.1016/j.cattod.2011.03.037
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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The indirect oxidation reaction of BH4
− via the oxidation of the

H3OH− intermediate involving H2 evolution and its subsequent
xidation can then be described by Eq. (6),  which corresponds to
he addition of Eqs. (2),  (4) and (5).

H4
− + 4OH− → B(OH)4

− + 2H2 + 4e− (6)

This process (Eq. (6)) is typically observed in metals like plat-
num, palladium, or nickel. These metals are known to be able
o oxidise BH4

− at low overpotentials [35], but have the draw-
ack of being simultaneously catalysts for the BH4

− hydrolysis
27,28,36–40]. For this reason, many authors have reported that
he typical number of exchanged electrons, n, ranges from 2 to 4
or platinum (Pt) electrocatalysts [30,35,41].  Therefore it is imper-
tive to develop new Pt alloys that can still oxidise the BH4

− ion at
ow overpotentials but with increased n values [42].

Reported experience with rare earth (RE) alloys [43–49],  and
pecifically Pt–RE alloys [50], have shown the superior electro-
atalytic activity of the Pt–RE alloys for the hydrogen evolution
eaction (HER) compared to Pt alone [50]. Moreover, recent studies
ave also demonstrated that Pt–RE alloy electrodes present higher
atalytic activity towards the methanol [51] and ethanol [52–54]
lectrooxidation, in comparison to a single Pt electrocatalyst.

Technological applications of Pt–RE alloys, namely in the fields
f magnetic materials [55,56],  catalysis [57], and high temperature
xidising environments [58], can be justified independently of their
igh cost. For example, due to the growing interest of fuel cells,
here they are used, e.g., for water gas-reforming [59], they may  be

dequate as anodes for DBFCs or for the heterogeneous hydrolysis
f BH4

−, the resulting H2 being used in NaBH4–PEMFC systems, as
eported by Demirci and Miele [60].

The increased catalytic activity of Pt–RE electrodes may be justi-
ed on the basis of improved three-dimensional hydridic factors of
omposite electrocatalysts as first pointed out by Vračar and Con-
ay [61,62]. The Brewer-Engel theory [63], more recently refined

y Jaksic et al. [64–66],  allows us to consider that Pt-RE/BH4
− inter-

aces can be interesting systems to the PEMFC or to the DBFC. In this
ontext, the relative favourability of each type of fuel cell should
epend on the nature and composition of the alloying elements
Y, La, Ce, Sm,  Dy, Ho, Er, . . .),  as well as on the applied electrode
otential range.

So, the DBFC’s efficiency is strongly dependent on the anode
lectrocatalyst in whose surface the BH4

− oxidation occurs. Gold
Au) has been reported as being able of achieving the complete
-electron oxidation of the BH4

− ion [20,67–69].  However, the oxi-
ation kinetics in the Au surface is so slow that it loses importance
or use in the DBFC’s anode. In contrast, the kinetics of the BH4

− oxi-
ation reaction in Pt is much faster [26] but Pt does not suppress
he competing hydrolysis of BH4

−, which is also a prerequisite for
BFCs. It has been suggested by several authors [40,70–73] that the
ost suitable metal to suppress the BH4

− hydrolysis should be sil-
er (Ag). Therefore, it is clear that much work still has to be done.
n fact, higher fuel efficiency, adequate safety, system design, and
urable membrane electrode assemblies (MEAs), require a deeper
nderstanding of the BH4

− oxidation at the DBFC anode [11].
To increase the current efficiency of the DBFC it is expected

hat new Pt alloy electrocatalysts may  enhance the direct reaction
athway (Eq. (1)) or, at least, to favour the process described by
q. (3) (obviously with a small theoretical efficiency loss). For the
resent work, the BH4

− oxidation at Pt and three Pt–RE intermetal-
ic alloy electrodes (Pt–Ho, Pt–Sm, and Pt–Ce) is studied by cyclic
oltammetry (CV) and chronopotentiometry (CP) experiments.

CV is a very popular electrochemical method that is particularly

owerful for initial studies of a new system. Many experiments
an be carried out within a few minutes. Moreover, the data are
resented in a form that allows rapid, qualitative interpretation
ithout need of detailed calculation. Therefore, the insight gained
day 170 (2011) 134– 140 135

from one experiment may  immediately be used in the design of the
next. Of course, the voltammograms are also capable of quantitative
analyses and lead to relevant kinetic data, namely for the BH4

− elec-
trooxidation [16,20,37,39,68,74–76].  In this context, certain kinetic
parameters, such as the anodic charge transfer coefficients, ˛, for
the BH4

− oxidation on the Pt–RE catalysts are calculated in the
present paper by using CV.

Further insights in the complex electrochemical behaviour of
BH4

− are obtained by employing CP measurements. By analogy
with the constant current operation of a DBFC, CP can be used for
studying the BH4

− electrooxidation [28,37,67,70,71,77,78],  provid-
ing relevant information regarding the Pt–RE/BH4

− system. In this
situation, the current applied to a cell is stepped from an initial
value (i = 0) where the electrode potential for the B(OH)4

−/BH4
−

couple is at equilibrium (E = Ee), to a final value where the elec-
trode reaction of interest takes place. The potential–time response
is then recorded and analysed. In practice, the BH4

− species near
the electrode are quickly oxidised and the diffusion layer grows.
The B(OH)4

−/BH4
− ratio at the electrode surface increases and the

potential swings positive. Eventually, diffusion can no longer sup-
ply enough BH4

− to provide the required current and the potential
heads toward +∞. The time required for this potential swing is
called the transition time, �. Here, detailed measurements of these
� values, at different experimental conditions, allowed a thorough
characterisation of the BH4

− oxidation on the Pt and Pt–RE elec-
trodes, complemented by the determination of the total number
of exchanged electrons, n and the heterogeneous standard rate
constant, ks.

2. Experimental

2.1. Preparation of the Pt–RE electrocatalysts

Binary alloys with equiatomic compositions were prepared by
weighing stoichiometric amounts of small pieces of the two  ele-
ments, which were then sealed in tantalum crucibles under argon
atmosphere. The crucibles were subsequently induction heated
under an inert gas flux (argon), repeatedly shaking the crucibles to
obtain homogenisation. Alloys with uniform composition are gen-
erally obtained by this method without any contamination by the
crucible material.

Prior to the electrochemical tests, the alloys were analysed by
SEM (Scanning Electron Microscopy) and EDX (Energy Dispersive
X-ray analysis) to characterise their morphology and composition.

2.2. Electrochemical measurements

Electrode reaction rates and other relevant electrochemical
parameters to be calculated are extensive quantities and have to be
referred to the unit area of the electrode/BH4

− solution interface.
The real surface area, As or the electrochemical surface area, of the
Pt and Pt–RE alloy electrodes that were used as working electrodes
was  determined by linear sweep voltammetry, as described by
Trasatti and Petrii [79]. Basically, voltammetric curves are recorded
in a narrow potential range at different potential scan rates. The cur-
rent in the middle of the potential range is then plotted as a function
of the scan rate. Under the assumption that double layer charging is
the only process, a straight line outcomes, whose slope gives the dif-
ferential capacitance of the interface. The capacitance thus obtained
is then compared to a reference value so that As is calculated. Since
the accuracy of As impacts the qualitative and quantitative results,

these tests approached as much as possible the experimental sit-
uation to which the calculated areas are to be applied [79]. In this
way, As values of 3.0, 0.74, 0.72, and 0.61 cm2 were calculated for
the Pt, Pt–Ce, Pt–Ho, and Pt–Sm electrodes, respectively. These As



136 D.M.F. Santos et al. / Catalysis Today 170 (2011) 134– 140

red Pt

v
c

v
P
e
c
s
t
u
e
S
w
9
T
s
T
h
p
w
c

F
w

Fig. 1. SEM microphotographs of the prepa

alues were used throughout the present work to determine the
urrent densities.

The electrochemical experiments were performed using a con-
entional three-electrode arrangement composed of one of these
t-based working electrodes, a Johnson Matthey Pt mesh counter
lectrode (A ≈ 100 cm2), and a Metrohm 6.0701.100 saturated
alomel reference electrode (SCE). All electrode potentials are pre-
ented vs. SCE. Prior to the electrochemical testing, the surface of
he working electrodes was polished with a Buehler polishing cloth,
sing a diamond polishing compound Metadi II (Buehler, USA). The
lectrodes were then cleaned by ultrasonication (Bandelin Sonorex
uper RK 106) in acetone, followed by rinsing with deionised
ater. The test solutions were composed of 0.03 NaBH4 (Merck,

8 wt.%) in 2 M NaOH (Normapur, 99 wt.%) supporting electrolyte.
o prevent possible loss of BH4

−, by hydrolysis during storage, the
olutions were prepared immediately before the measurements.
he electrochemical cell, whose effective cell volume was 125 cm3,
ad a thermostatic water jacket for controlling the solution tem-
erature in the range 25–55 ◦C (±0.1 ◦C) set by a recirculating

ater bath (Ultraterm 6000383 P-Selecta). A PAR 273A computer-

ontrolled potentiostat (Princeton Applied Research Inc.) and the

ig. 2. Typical shape of the BH4
− oxidation peaks obtained in the voltammograms

ith Pt and Pt–RE alloys, at a potential scan rate of 0.25 V s−1, and at 25 ◦C.
–RE alloys: (a) Pt–Sm; (b) Pt–Ho; (c) Pt–Ce.

associated PowerSUITE package were employed for total control of
the experiments and data acquisition.

For the four tested Pt-based electrodes (Pt, Pt–Ho, Pt–Sm, Pt–Ce),
cyclic voltammograms were obtained by scanning the working
electrode potential from the open circuit potential (Ei ≈ −1.0 V vs.
SCE) to a potential of about 0.5 V vs. SCE, at scan rates ranging
from 2 × 10−4 V s−1 to 20 V s−1. Regarding the chronopotentiomet-
ric measurements, the transient potentials were recorded following
a stepwise change in the cell current from zero (no BH4

− oxidation)
to a value where BH4

− oxidation was sufficiently fast so that the
BH4

− concentration at the electrode surface was  essentially zero.
This implied the application of current densities, j, ranging from 5
to 100 mA cm−2, leading to chronopotentiograms with transition
times varying between 0.1 s and 15 s.

3. Results and discussion

3.1. Characterisation of the Pt–RE electrocatalysts

The Pt–RE alloys were characterised by SEM and EDX  in order
to investigate microstructure and to measure phase compositions
[50]. Fig. 1 shows the SEM microphotographs of the alloys.

The EDX measured overall composition of the two-phase Pt–Sm
sample (Fig. 1a) is 50.8 at.% Pt. The grey phase is PtSm (50.2 at.%
Pt), whereas the white phase at the grain boundaries is Pt4Sm3
(57.1 at.% Pt).

Analysis of the Pt–Ho alloy, with measured overall composition
of 49.8 at.% Pt revealed an almost single phase sample (Fig. 1b). The
measured average composition of the phase is 50.8 at.% Pt; small
amounts of a second phase (not measured) were found at the grain
boundaries.

The Pt–Ce alloy (measured overall composition 49.4 at.% Pt)
shows two phases: the grey phase is PtCe (50.5 at.% Pt) and the
white phase at the grain boundaries Pt4Ce3 (56.8 at.% Pt).

3.2. Cyclic voltammetry measurements
A typical shape of the BH4
− electrooxidation peaks observed in

the cyclic voltammograms obtained with the Pt and with the three
Pt–RE alloy electrodes, in natural diffusion conditions, can be seen
in Fig. 2.
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Fig. 4. (a) Effect of applied j (in mA  cm−2) on the chronopotentiograms for the oxi-
dation of 0.03 M NaBH4 in 2 M NaOH solution on a single Pt electrode at 25 ◦C. (b)
Chronopotentiograms obtained with a j value of 13 mA cm−2, at 25 ◦C, for the oxida-
ig. 3. (a) Ep vs. � and (b) Ep vs. ln � plots for the four tested electrode materials, at
5 ◦C.

The current density, j, axis in Fig. 2 is shown in arbitrary units
a.u.) in order to allow a better comparison between the four elec-
rode materials. By using a.u. it is possible to compare directly the
our curves in terms of their oxidation peak sharpness/broadness
nd its corresponding potential value. The Pt electrode voltammo-
ram is quite similar to the current–potential responses described
n the open literature [37], but those for the Pt-based alloys have a

uch different behaviour. It can be clearly seen that only Pt shows a
harp peak while the three alloys present a broad oxidation shoul-
er. Moreover, the oxidation peak for the Pt electrode occurs at
ery low overpotentials (� = 0.2 V), indicating superior kinetics for
he BH4

− oxidation. In contrast, the overpotentials at the point of
aximum shoulder current are much higher for the Pt–RE alloys,

articularly for the Pt–Ce alloy (� = 0.4 V).
Ep - � curves depicted in Fig. 3a reveal that the peak poten-

ial, observed at the maximum j value, is due to the oxidation of
n electroactive species in solution, probably BH4

−, as suggested
y Gyenge [37]. As expected for slow electron transfer irreversible
rocesses, there is a marked shift of the oxidation peak potential,
p, with the potential scan rate, � (Fig. 3a).

Therefore, assuming that the peak corresponds to a single-step
rreversible oxidation [37], i.e. a pure electrochemical (E) step, being
he effect of BH4

− hydrolysis practically irrelevant for the used
otential domain, Eq. (7) applies [37,68,80]

{ }{ (
D1/2 )
p = E0 + RT

[(1 − ˛)na F]
0.78 + ln

BH4̄

ks

+ ln

[
(1 − ˛) na F �

(RT)]1/2

]}
(7)
tion of 0.03 M NaBH4 in 2 M NaOH solution with the four different Pt-based electrode
materials.

where Ep is the peak potential (V vs. SCE), E0 is the formal poten-
tial of the electroactive B(OH)4

−/BH4
− couple (−1.48 V vs. SCE),

R is the universal gas constant (8.314 J K−1 mol−1), T is the abso-
lute temperature (K),  ̨ is the charge transfer coefficient for the
oxidation step, na is the number of electrons involved in the rate
determining step (being 1 the most likely value), F is the Faraday
constant (96485 C mol−1), DBH4̄

is the diffusion coefficient for BH4
−

(cm2 s−1), ks is the standard heterogeneous rate constant for charge
transfer (cm s−1), and � is the potential scan rate (V s−1).

From the slope of the plots of Ep - ln � (Fig. 3b) it is possible to
calculate the  ̨ values for the BH4

− oxidation process in the four
tested electrode materials. In this way, values of  ̨ of 0.75, 0.76,
0.78, and 0.81 were obtained for the Pt, Pt–Ho, Pt–Sm, and Pt–Ce,
respectively. These relatively high  ̨ values are typical of highly
irreversible processes.

3.3. Chronopotentiometric measurements

By applying j values ranging from 5 to 100 mA cm−2, chronopo-
tentiometry (CP) curves with transition times, �, ranging from 0.1 s
to 15 s were obtained. Fig. 4a shows the potential–time curves
obtained at j ranging from 13 to 60 mA  cm−2, at 25 ◦C, for the case
of NaBH4 oxidation on the single Pt electrode and Fig. 4b shows
chronopotentiograms for the NaBH4 oxidation in Pt and Pt–RE elec-
trocatalysts, at 25 ◦C, and at a j value of 13 mA  cm−2.
Equivalent potential–time curves were obtained for the other
solution temperatures. The curves were well reproducible, allowing
precise measurement of the � values, although the increase in the
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Table 1
Values of n for the BH4

− oxidation peak, at various temperatures, for the four tested
electrode materials.

T (◦C)

25 35 45 55

Pt 2.5 2.6 2.6 3.1
ig. 5. Effect of temperature on potential–time curves for the oxidation of 0.03 M
aBH4 in 2 M NaOH solution at a Pt–Ce electrode polarised at a j value of 16 mA cm−2.

olution temperature slightly changes the shape of the CP curves
y increasing the slope of the oxidation step.

In these potential–time curves, it is expected that for higher j,
he extremely low values obtained for � might be slightly distorted
increased) due to the double-layer charging effects which are more
vident for these high j values. For very low j, the � may  be more
nlarged than expected. This is due to the convective effects which
tart being important for longer experiment times, causing j�1/2 to
ncrease.

Fig. 5 shows potential–time curves for 0.03 M NaBH4 at temper-
tures ranging from 25 to 55 ◦C, where the effect of temperature on
he BH4

− oxidation at a Pt–Ce alloy electrode is noticeable.
One can see that, for a given j, an increase in the cell temper-

ture leads to an increase in �. This effect is highlighted when
orking at lower j. At higher temperatures (>55 ◦C), the process

s inevitably disturbed by convection effects generated by temper-
ture gradients in solution, which complicates the analysis of the
esults.

Fig. 6 shows that the plots of �1/2 vs. j−1 for the oxidation of
.03 M NaBH4 at the four tested electrode materials yield straight

ines.
It is therefore permissible to apply the Sand equation (Eq. (8))  to

etermine the n DBH4̄
values from the slope of the �1/2 vs. j−1 plots

67,71,81].
1/2 =
n  F CBH4̄

(� DBH4̄
)1/2

2 j
(8)

ig. 6. Plots of �1/2 vs. j−1 for the oxidation of 0.03 M NaBH4 at the Pt and Pt–RE
lectrocatalysts, at 25 ◦C.
Pt–Ce  1.4 1.7 1.7 2.0
Pt–Sm 1.4 1.9 1.7 1.4
Pt–Ho  1.9 1.8 2.0 1.8

This expression was  first derived by Sand in 1901 [81] and shows
that because the concentration of the electroactive species, CBH4̄

, is

proportional to the square root of the transition time, �1/2, CP can
be used analytically.

Wang et al. [69] studied the BH4
− oxidation in gold electrodes

and developed an expression (Eq. (9)) that accounts for the tem-
perature dependence of DBH4̄

in 2 M NaOH solutions, valid for
temperatures ranging from 20 to 60 ◦C.

DBH4̄
= 5.57 × 10−3 exp[−15.2 × 103]

(RT)
(9)

An important aspect of the calculated DBH4̄
is that they are deter-

mined [69] without the need for known values of CBH4̄
and n, and

hence Eq. (9) could be adopted for the present paper. However, very
recent findings by Chatenet et al. [82] led to precise DBH4̄

values that
are consistently higher by ca. 50% than most values presented in
the literature in corresponding electrolyte solutions. Therefore, it
is believed that the use of DBH4̄

values obtained by multiplying by a
factor of two  those calculated through Eq. (9),  might not suffer from
high inaccuracy. Accordingly, DBH4̄

values ranging from 2.42 × 10−5

to 4.24 × 10−5 cm2 s−1 were calculated for the temperatures from
25 ◦C to 55 ◦C. Then, by application of the Sand equation (Eq. (8))
to the plots of �1/2 vs. j−1 (see Fig. 6), the n values were obtained
for the Pt and Pt–RE electrodes in the temperature range 25–55 ◦C
(Table 1).

These deduced n values are, as expected, much inferior to the
theoretical maximum number of electrons involved in the BH4

−

oxidation (n = 8). Values of n ranging from 2 to 4 are usually reported
[30,35,41] for Pt and present results have also confirmed it. The
Pt–RE alloys show lower n values indicating poor catalytic activity
for the BH4

− oxidation. In accordance to the Brewer-Engel theory
[63], refined by Jaksic et al. [64–66],  the alloying of Pt (4f145d96s1)
with Ce (4f15d16s2), or Sm (4f65d06s2), or Ho (4f115d06s2), gives
rise to composite d-transition metal catalysts with pronounced
electrocatalytic activity towards the HER due to mutual combina-
tion of synergic activation of the (hyper-d-electronic) Pt element
with hydride forming (hypo-d-electronic) elements. In such a con-
text, the addition element Ce favours the BH4

− heterogeneous
hydrolysis, and the addition element Ho favours the BH4

− direct
oxidation. In other words, the Pt-RE alloys should favour the
indirect oxidation of BH4

−, which partially explains why their cal-
culated n values are lower than those for the single Pt electrode.
The slight dispersion in the obtained n values agrees with previous
literature data [82]. Besides the already mentioned complexities
in the system at given temperatures, such dispersion should be
related to an intrinsic irreproducibility in the measurements, which
render n calculations from the CP data less straightforward than
theoretically expected.

Considering that the BH4
− anodic oxidation can be assumed as

a one-step irreversible process [37], the shape of the chronopoten-
tiograms for the electrode reaction shown in Eq. (1) is described by

Eq. (10) [67,80].

E = E0 + RT

(1 − ˛)F
ln

2ks

(�DBH4̄
)1/2

+ RT

[(1 − ˛)F] ln(�1/2 − t1/2)
(10)



D.M.F. Santos et al. / Catalysis To

F
N

T
l
a
i

v
h
t
1
P
a
t
u
t

4

a
C
f
f
o
r
e
e
c
w
t
a
w
B
r
i
f
t
i
P

A

S
(

[
[
[
[

[
[
[

[
[

[

[
[

[
[

[
[
[
[
[
[
[
[
[
[
[
[
[
[
[

[

[
[
[
[

[

[

[
[

[

[
[
[

[

[
[
[

[
[
[

[
[60] U.B. Demirci, P. Miele, C. R. Chim. 12 (2009) 943.
ig. 7. Plots of E vs. ln (�1/2 − t1/2) at 25 ◦C for the oxidation of 0.03 M NaBH4 in 2 M
aOH solution with the tested electrode materials, at a j value of 13 mA  cm−2.

o further elucidate the BH4
− oxidation mechanism, semi-

ogarithmic plots were derived from the potential-time curves
ccording to the representation of E vs. ln (�1/2 − t1/2) plots, as
llustrated by the curves in Fig. 7.

According to Eq. (10), the intercepts of the linear fittings to the E
s. ln (�1/2 − t1/2) plots (Fig. 7) may  be used to calculate the standard
eterogeneous rate constants, ks (cm s−1), for the BH4

− oxida-
ion in the Pt and Pt–RE systems. Average ks values of 2.6 × 10−7,
.2 × 10−7, 2.2 × 10−6, and 1.2 × 10−5 cm s−1 were obtained for the
t, Pt–Ce, Pt–Sm, and Pt–Ho electrodes, respectively, indicating rel-
tively higher oxidation kinetics for the Pt–Ho alloy and lower for
he Pt–Ce alloy. Moreover, for each electrode material, the ks val-
es showed an expected [67,83] general increase with the solution
emperature and minor changes with the applied j.

. Conclusions

The electrooxidation of BH4
− at Pt and at three Pt–RE binary

lloys with equiatomic compositions has been studied by CV and
P, as a function of the working temperature. Anodic charge trans-

er coefficients, ˛, calculated by CV measurements, were very close
or all the alloys and varied between 0.75 and 0.81. The number
f exchanged electrons, n, found for the Pt–RE alloys was in the
ange 1.4–2.0 per BH4

− anion, which is lower than that obtained
xperimentally for Pt (2.5 < n < 3.1) and that reported in the open lit-
rature leading to n between 2 and 4. Standard heterogeneous rate
onstants for charge transfer, ks, ranging from 10−7 to 10−5 cm s−1,
ere calculated for the Pt–RE alloys, with the Pt–Ho alloy showing

he best oxidation kinetics and the Pt–Ce alloy the worst. Efforts
re being made to correlate the microstructure of the Pt–RE alloys
ith their performance towards the BH4

− oxidation reaction. The
rewer-Engel and Jaksic models were used to justify the obtained
esults. The lower n found for the studied alloys reduces the signif-
cance of the results, but there is a strong motivation to pursue the
ocus on the Pt–RE intermetallic alloys as good electrocatalysts for
he BH4

− oxidation, and at much lower cost than Pt alone. Accord-
ngly, further studies are expected using other Pt–RE alloys, namely
t–Dy, and at modified electrolyte compositions.
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