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a  b  s  t  r  a  c  t

The  electrochemical  oxidation  of borohydride  has  been  studied  by  means  of  voltammetry  at  Pt  and  Pt–Ni,
Pt–Co bimetallic  rotating  disc  electrodes  (RDEs).  The  bimetallic  catalysts  are  prepared  by  means  of  a  gal-
vanic replacement  method  (whereby  electrodeposited  Ni  and  Co layers  are  partially  replaced  by Pt  when
immersed  in  a  chloroplatinic  solution)  and  are  shown  to have  a  Pt  shell–bimetallic  alloy  core.  The  effects
of  electrode  history,  potential  scan  direction,  rotation  speed  and  electrode  material  on  borohydride  oxi-
dation have  been  investigated.  For  all Pt-based  catalysts  tested  a gradual  decrease  of  the voltammetric
current  from  its  initial  value  to  a  steady  state  response  is  observed  in the  kinetic  control  potential  region,
irrespective  of  scan  direction  and  rotation  speed.  The  initial  deactivation  of  the  catalyst  at  low  overpo-
tentials  as well  as  the  shape  of  the  initial  and  steady-state  voltammograms  in  that  region  point  to the
heterogeneous  hydrolysis  of  borohydride  and  the  subsequent  oxidation  of its  products.  As the  catalytic

activity  for  the  hydrolysis  reaction  decreases  the  voltammograms  shift  to more  positive  potentials  where
direct borohydride  oxidation  dominates.  The  bimetallic  Pt–Ni  and  Pt–Co  catalysts  exhibit  a  more  negative
open  circuit  potential  and  higher  oxidation  currents  at low  overpotentials  than  Pt,  but  lower  apparent
number  of  electrons  transferred  in  the  mass  transport  control  region.  These  findings  can  be  interpreted
by  the  lowering  of  the  d-band  energy  level  of  Pt in the  presence  of  Ni  and  Co  and  the  associated  decrease
in  its adsorption  affinity.
. Introduction

Although the electrochemical oxidation of borohydride has long
een studied and identified as a potential source of energy in the
lectrochemical literature [1–5], it was not until the beginning of
he last decade that it attracted interest again as the anode reaction
f direct borohydride fuel cells, in particular for possible portable
evice applications [6–8].

Direct borohydride oxidation can occur via one of the following
wo overall reactions depending on the anode material [6–10]:

H4
− + 8OH− − 8e− → BO2

− + 6H2O (1)

H − + 4OH− − 4e− → BO − + 2H O + 2H (2)
4 2 2 2

he complete-8e reaction occurs at materials that have a low
ydrogen adsorption/evolution affinity such as Au and Ag with the
rst step speculated to be that of electron transfer and formation of

∗ Corresponding author. Tel.: +30 2310 997742; fax: +30 2310 443922.
E-mail addresses: eczss@chem.auth.gr, eczss@otenet.gr (S. Sotiropoulos).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.01.003
© 2011 Elsevier B.V. All rights reserved.

a borohydride radical that rapidly hydrolyses and looses a second
electron to form monoborane:

BH4
− − e− → BH4

• (3)

BH4
• + OH− → BH3

− + H2O (4)

BH3
− − e− → BH3 (5)

The latter hydrolyses further and dimerizes to diborane which then
undergoes a stepwise 6e oxidation involving a number of interme-
diates [5].

The partial-4e reaction is favoured at materials that have sig-
nificant hydrogen adsorption affinity and/or hydrogen evolution
activity such as Pt, Ni, Pd, etc. with the first step being that of
dissociative chemisorption:

BH4
− + 2M → M–BH3

− + M–H  (6)
Following that, and depending on the strength of the M–BH3
− and

M–H  bonds as well as on electrocatalytic activity, either electro-
chemical oxidation or heterogeneous hydrolysis may  take place. In
the former case the sequence of reactions involves electron loss by

dx.doi.org/10.1016/j.cattod.2011.01.003
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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oron hydrides and further formation of adsorbed atomic hydrogen
11,12]:

–BH3
− + OH− − e− → BH3OH– + M–H (7.1)

 + BH3OH− + OH− − e− → BH2(OH)2
− + M–H  (7.2)

 + BH2(OH)2
− + OH− − e− → BH(OH)3

− + M–H  (7.3)

 + BH(OH)3
− + OH− − e− → B(OH)4

− + M–H  (7.4)

n the case that the M–H  bond is not too strong and/or the H elec-
rooxidation activity of M is not high, then the adsorbed atomic H
f (6) and (7) can recombine to form molecular H2:

–H  + M–H  → H2 + 2M (8)

f all adsorbed H reacts in such a way then the overall electrooxida-
ion reaction becomes that given in (2) and involves 4e; if, however,
he oxidation of H also takes place:

–H  + OH− − e− → M + H2O (9)

hen the reaction appears to involve more than 4e (this has been
eported in some cases, e.g. for Pt and Pd [13]).

The heterogeneous hydrolysis of borohydride, that may  occur in
arallel with its electrochemical oxidation, starts with the boron-
ontaining adsorbate of (6) reacting with H2O and adsorbed atomic
ydrogen recombination to give molecular H2 and is completed by

urther hydrolysis [14–16]:

–BH3
− + H2O → BH3OH− + M–H  (10.1)

–H  + M–H  → H2 (10.2)

H3OH− + H2O → BO2
− + 3H2 (10.3)

verall, both the partial electrooxidation (due to reaction (8))  and
eterogeneous hydrolysis of borohydride (reaction (10)), lead to

 number of electrons transferred n < 8 and hence to a decrease
n its coulombic efficiency as a potential fuel. Unfortunately,

etals at which the reaction follows the 8e path (e.g. Au, Ag)
how low electrocatalytic activity-high overpotentials for borohy-
ride oxidation, whereas metals that exhibit high electrocatalytic
ctivity-lower overpotentials (e.g. Pt, Ni) are also characterised
y partial oxidation and high hydrolysis rates. In search for
ptimized electrocatalysts that would show reasonable catalytic
ctivity without extended loss of coulombic efficiency, bimetallic
atalysts (mainly Pt-based) have been proposed (see for example
10,17,18,19]) or additives (thiourea) have been reported to sup-
ress hydrolysis [9,11,20].

Another inherent limitation of the borohydride fuel reaching its
ull potential (even at materials of high catalytic activity) is that
he formal reduction potential of reaction (1) is −1.24 V vs. SHE
itch is around 400 mV  more negative than the formal potential

f hydrogen evolution [21] and as a result the open circuit poten-
ial is a mixed potential, defined by borohydride oxidation (anodic
eaction) and hydrogen evolution (cathodic reaction). From the sin-
le metal catalysts tested, Ni was found to have the most negative
pen circuit potential value (−1.03 V vs. SHE [13]), whereas recently

 novel Pt/Ti2O [18] binary catalyst has apparently shown a rest
otential which is lower than that of Pt (ca. −1.00 V vs. SHE [3]). In

 previous publication we have reported that a new class of modi-
ed Pt catalysts, consisting of a Pt-shell and a Pt–M core (M:  Cu, Fe,
o, Ni, Pb) and prepared by a galvanic replacement process [22–31],
howed decreased cathodic hydrogen evolution activity [31]. The
atter finding and associated trends were in agreement with the

redictions of Density Functional Theory (DFT) calculations of the
d-band shift theory” [32,33] that hydrogen adsorption at Pt is
ttenuated by the presence of metals with a smaller Wigner–Seitz
adius and electronegativity than Pt. Such Pt(M) systems should
y 170 (2011) 126– 133 127

therefore be good candidates for borohydride oxidation at poten-
tials closer to its thermodynamic potential.

From the above discussion it follows that there are three possi-
ble sources of hydrogen evolution during voltammetric studies of
borohydride oxidation at Pt-based electrodes: cathodic hydrogen
evolution, if the negative limit of the potential scan is more nega-
tive than the rest potential; hydrogen produced by heterogeneous
hydrolysis; hydrogen as a by-product of partial electrochemical
oxidation. The first source of hydrogen can be avoided by careful
choice of the start potential at values positive to the rest potential.
The other two sources cannot be eliminated but at least a repro-
ducible H2 profile could be established via the well-controlled mass
transfer rates at a Rotating Disk Electrode (RDE). Despite this fact
there is a rather limited number of RDE studies of bororohydride
oxidation [10,34–38].  In fact careful inspection of most of the data at
Pt-based electrodes [10,19,34,36] reveals the existence of negative
currents and hence evidence of cathodic hydrogen evolution (that
most likely affects the anodic scan that follows) and that the effect
of electrode history and scan direction have barely been studied.

The aim of this work has been dual: the detailed study of
borohydride oxidation at Pt-based RDEs and the testing of the
electrocatalytic activity of bimetallic Pt(M) electrodes. Specific
objectives have been: (i) the preparation of Pt(Ni) and Pt(Co) cata-
lysts by galvanic replacement of electrodeposited Ni and Co layers
on glassy carbon electrodes, GC, and their characterization by SEM,
EDS, XRD; (ii) the study of electrode history, scan direction and
rotation speed effects during borohydride oxidation (BOR) at a Pt
RDE; (iii) the comparison of the electrocatalytic activity towards
BOR of Pt and Pt(M) electrodes and its implications for the possible
reaction mechanism.

2. Experimental

2.1. Preparation of Pt(Ni)/GC and Pt(Co) electrodes

Electrodeposition of Ni and Co on GC disc electrodes (5 mm
diameter) was  carried out from 0.01 M Ni sulfamate + 0.227 mM
NiCl2 +0.025 M H3BO3 deaerated solutions at −1.1 V vs. SCE and
from 5 mM CoCl2·6H20 + 0.1 M MgSO4·7H20 + 0.1 M H3BO3 deaer-
ated solutions at −1.00 V vs. SCE, respectively. The charge density
passed during plating was  308 mC  cm−2 for Ni and 353 mC cm−2 for
Co deposits which, taking into account the corresponding current
efficiencies (found by gravimetric analysis to be 98% and 93–97%,
respectively) and the bulk density of the two  metals [39], gives
an estimate of 108 nm and 122 nm for the thickness of electrode-
posited Ni and Co. The Ni/GC and Co/GC electrodes were then
immersed in a 0.1 M HCl + 10−3 M K2PtCl6 solution for 30 min  so
that spontaneous Ni and Co replacement by Pt occurred:

2Ni/GC + PtCl62− → Pt(Ni)/GC + 2Ni2+ + 6Cl− (11)

2Co/GC + PtCl62− → Pt(Co)/GC + 2Co2+ + 6Cl− (12)

These reactions are thermodynamically favorable since the stan-
dard potentials of the Co2+/Co and Ni2+/Ni couples are −0.277 and
−0.257 V vs. SHE, respectively, i.e. they are lower than the standard
potential of the Pt(IV)Cl62−/Pt couple (+0.744 V vs. SHE) [21].

2.2. Microscopic, spectroscopic and crystallographic
characterisation of coatings

A JEOL JSM-5510 microscope was used for Scanning Electron

Microscopy (SEM) and elemental analysis of the catalyst layers was
carried out by the incorporated EDS system.

From test experiments with co-sputtered Pt–Co and Pt–Ni
100 nm thick coatings of known composition we have estimated
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Fig. 1. SEM micrographs of (A) Pt(Ni) coating prepared by electrodeposition of a Ni
layer (at a 308 mC  cm−2 charge density) on a glassy carbon (GC) substrate, followed
by  partial exchange for Pt upon 30 min  immersion in a 0.1 M HCl + 10−3 M K2PtCl6
28 A. Tegou et al. / Catalys

n error of ±2% in the atomic composition of the samples as deter-
ined by EDS.
A SIEMENS D5000 diffractometer with a carbon monochroma-

or was employed for Grazing incidence X-ray Diffraction (GIXRD)
haracterization of the deposits, with the set of experimental
arameters being: CuK� radiation (� = 1.5406 nm); incidence angle

 = 1◦; scanning angular interval 30◦/100◦ (2�)  with a constant scan-
ing step �(2�)  = 0.02◦; counting time of 2.4 s per step.

.3. Electrochemical experiments

Three-compartment glass cells were used for electrochemical
xperiments which were performed with the help of an Autolab
00 (EcoChemie) workstation. The working electrode substrate was

 glassy carbon (3 mm diameter) or a 2 mm diameter Pt RDE, con-
rolled by a Taccusel EDI101T motor, the counter electrode was  a Pt
oil and a saturated calomel electrode (SCE) equipped with a luggin
apillary served as the reference electrode. All working electrode
otential values reported hereafter are referred to the SCE.

Different cells were used for each step in the sequence of
lectrochemical experiments so that contamination was kept at

 minimum. These involved (a) the electrodeposition of Ni and
o, (b) electrochemical activation of Pt(Ni)/GC and Pt(Co)/GC elec-
rodes (prepared by immersion of the Ni/GC and Co/GC into a Pt(IV)
xchange solution) by repetitive potential scanning at 1 V s−1 in a
.1 M HClO4 solution between hydrogen and oxygen evolution, so
hat any un-coated Ni or Co is removed, (c) electrochemical surface
haracterisation of the Pt-based catalyst in clean deaerated 0.1 M
ClO4 solution and (d) RDE voltammetry at a 10 mV  s−1 potential

weep rate in the 0.01 M NaBH4 + 1 M NaOH solution.

.4. Electrode materials and chemicals

Ni sulfamate (p.a. 99%) from Fluka, NiCl2 (puriss > 97%) from
erck, CoCl2·6H2O, MgSO4·7H20 from Merck (p.a. 99%) and H3BO3

puriss 98%) from Aldrich were used for the preparation of the
i and Co deposition solutions. Pt exchange solutions were pre-
ared with H2PtCl6 hexahydrate from Sigma–Aldrich (ACS reagent,
37.50% as Pt). Sodium borohydride puriss p.a. ≥ 96% was  from
luka.

The Taccusel EDI101T RDE incorporated a 3 mm diameter glassy
arbon laboratory-made tip fabricated from glassy carbon 1 mm
hick plates (Alfa Aesar) cut into discs and permanently fixed
nto Teflon. Similar discs were used in SEM/EDS experiments after
aving been sealed into glass tubes with the help shrinkable ther-
oplastic sleeves. Electrical contact between the disc and a current

ollector commercial wire inserted into the glass tube was achieved
y mercury drops. The bulk Pt (2 mm diameter) RDE, used for com-
arison, was fabricated from a metal rod from Goodfellow Ltd;
9.95%. Large sample substrates used in GIXRD experiments (1.5 cm

n diameter) were fit into a Teflon holder equipped with sealing O-
ings and a brass current collector rod protected by a glass sleeve.
fter each set of experiments the electrodes were treated with aqua
egia to ensure complete etching of the Pt(Ni) and Pt(Co) coat-
ngs and were then polished on emery paper and subsequently on
lumina powder of 0.1 and 0.01 �m particle size (Buehler).

. Results and discussion

.1. Microscopic (SEM), spectroscopic (EDS) and crystallographic
XRD) characterisation of the Pt(Ni) and Pt(Co) coatings
Fig. 1(A) and (B) shows the SEM micrographs of Pt(Ni) and
t(Co) layers on a GC substrate, prepared by the electrodeposition
f 308 mC  cm−2 Ni and 353 mC  cm−2 Co and subsequent immersion
solution; (B) Pt(Co) coating prepared by electrodeposition of a Co layer (at a
353 mC  cm−2 charge density) on a glassy carbon (GC) substrate, followed by partial
exchange for Pt as described above.

in the chloroplatinic solution, and followed by electrochemi-
cal activation in acid between hydrogen and oxygen evolution.
The micrographs show rather evenly distributed deposits, char-
acterized by a nanoparticulate structure and decorated by some
uncoated areas or nanopores (for a collection of similar SEMs and a
more detailed picture, the reader is referred to Ref. [31] and ref-
erences therein). The roughened and particulate morphology of
the platinized layers (as opposed to their smooth Ni and Co pre-
cursors [31]) may  result from uneven local exchange rates of Ni
or Co for Pt and the subsequent electrochemical etching of unre-
acted/unprotected areas. EDS analysis gave an atomic percentage
composition for Pt and Ni equal to 81–19% in Pt(Ni) and for Pt and
Co equal to 78–22% in Pt(Co). (The few white particles in the case of
the Pt(Co) deposit of Fig. 1(B) are most likely remaining Co oxides
or hydroxides (following the excursion of the electrode potential
to positive potentials during electrochemical pre-treatment) since
EDS analysis showed that they are rich in Co and O.)

Fig. 2 presents an indicative grazing incidence X-ray diffrac-
togram (GIXRD) of a thin Pt(Ni) film on a GC substrate where the
pure Pt (1 1 1) and Ni(1 1 1) peak positions are also shown (accord-

ing to files 04-0784 and 04-0802, JCPDS, International Center for
Diffraction Data, Swarthmore, PA (2001)). The main features of the
diffractogram (including the large peak at 2� ≈ 25◦ and 2� ≈ 43◦)
belong to the glassy carbon substrate but the peak at 2� = 40.05◦
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Fig. 4. (A) Initial and steady-state voltammograms (at 10 mV  s−1 potential scan rate)
of  a Pt RDE in a 0.01 M NaBH4 + 1 M NaOH solution, recorded at a 500 rpm rotation
speed and with the start potential being the negative limit of the extended potential
ig. 2. Grazing-incidence XRD pattern of a Pt(Ni) coating on a GC substrate, similar
o  that of Fig. 1(A) above.

an be ascribed to Pt (1 1 1). The shift of this peak to values higher
han the 2� = 39.76◦ value expected for pure Pt is indicative of the
ntrance of a metal with a smaller lattice parameter (Ni) into the Pt
attice. A quantitative treatment of this shift according to Vegard’s
aw [40] gives a bulk composition for a Pt–Ni alloy of 82.83–17.17%;
his is very close to the 81–19% composition found by EDS and
oints to complete alloy formation. An analysis of the Pt-assigned
eak at 2� = 68.60◦ by the Scherrer equation gives an estimate of
rystallite size as 7.29 nm.

.2. Surface electrochemistry of Pt(Ni)/GC and Pt(Co)/GC
lectrodes in acid

In order to confirm that the Pt(Ni) and Pt(Co) deposits used
n this work had indeed a pure Pt outer shell (in line with the
ndings of our previous studies, see for example [19,29–31])  and
lso to estimate the electroactive surface area of the electrodes,
otential sweep voltammograms were recorded in a deaerated
.1 M HClO4 solution. Fig. 3 presents such voltammograms and
he characteristic features of Pt surface electrochemistry (hydro-
en adsorption/desorption, surface oxide formation/surface oxide
tripping peak) are readily seen. The shift of the hydrogen adsorp-
ion cathodic peaks as well as that of the onset of hydrogen
volution to more negative potentials at Pt(Ni) and Pt(Co) elec-

rodes has already been observed in the past [31,41] and has been
nterpreted by means of reduced adsorption affinity of these elec-
rodes for atomic hydrogen; the shift of the formation and striping

Volta mmetry at Pt(Ni) /GC, Pt(Co)/GC and bulk Pt

in deaerated 0.1 M HClO4 at 1 V s-1
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ig. 3. Voltammograms of Pt(Ni)/GC, Pt(Co)/GC and bulk Pt disc electrodes in a
eaerated 0.1 M HClO4 solution at 1 V s−1 potential scan rate.
window studied (Stabilized as well as negative-going (reverse) runs correspond
to  curves at higher potentials). (B) Voltammogram of a bulk Pt disc electrode in a
deaerated 1 M NaOH solution at 1 V s−1 potential scan rate.

peaks of Pt–O surface species to more negative potentials has also
been reported but its interpretation is not clear and conflicting
results have appeared in the literature (see Ref. [41] and discussion
and references therein).

From the charge calculated for hydrogen adsorption and the
reported value associated with a complete H monolayer [42], the
electroactive area of the Pt(Ni) and Pt(Co) electrodes shown were
estimated as 3.6 and 2.6 cm2 cm−2, respectively. These values are
in line with the set of measurements presented in [31] for similar
electrodes and indicate a high degree of nanoparticle agglomera-
tion.

3.3. Borohydride oxidation at a Pt RDE

Fig. 4(A) shows the first and steady-state voltammograms (usu-
ally the second or third in a series of successive runs) recorded
at a Pt RDE in a 0.01 M NaBH4 + 1 M NaOH solution, at a 500 rpm
rotation speed and with special precautions taken so that at the
negative potential limit (which coincides with the start potential)
no cathodic hydrogen evolution/cathodic current is observed. Sev-
eral remarks can be made even at a first glance. First, it is evident
that there is a significant change in the electrocatalytic activity
between the initial and the following scans (as well as between
the forward and reverse scans), indicative of the involvement of a
surface state sensitive step, as it is indeed the case of both dissocia-

tive chemisorption according to (6) and heterogeneous hydrolysis
according to (10) leading to molecular hydrogen evolution. Second,
preliminary Tafel plot analysis of the foot of the oxidation waves
gave Tafel slope values higher than 100 mV,  excluding the pos-
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Fig. 5. (A) Initial and steady-state voltammograms (at 10 mV s−1 potential scan rate)
of  a Pt RDE in a 0.01 M NaBH4 + 1 M NaOH solution, recorded at a 500 rpm rotation
speed and with the start potential being the more negative limit of the narrow poten-
tial  window studied (Stabilized as well as negative-going (reverse) runs correspond
to  curves at higher potentials). Inset: Tafel plots based on the positive-potential-
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weep parts of the voltammograms. (B) Same as above but with the start potential
eing the less negative limit of the studied potential window.

ibility that (even at low overpotentials) the partial oxidation of
he hydrolysis byproduct of BH3OH− [5,10,14–16] dominates the
urrent response. Third, there is a gradual current decrease with
otential, beyond the maximum observed at −0.7 to −0.6 V and
own to a minimum value observed at ca. −0.2 V, following which
he current partially recovers. A correlation of borohydride oxida-
ion currents with the state of Pt surface can be attempted based
n the fast voltammetry in the supporting electrolyte shown in
ig. 4(B). The latter reveals that the current fall starts after the

 adsorbed monolayer is completely stripped during the anodic
can (at ca. −0.55 V), confirming the fundamental role of atomic
ydrogen in borohydride oxidation on Pt, according to reactions (6)
nd/or (10) above. The potential range of H atom desorption/low
dsorption affinity is expected to be linked to decreased borohy-
ride activity too since the latter involves one or more steps of

 adsorption, according to any of the possible paths described by
he equations (6)–(10). Interestingly enough the current starts to
ncrease again only after the Pt surface oxides start to form at poten-
ials more positive than ca. −0.2 V. However, it seems that further
ncrease in surface oxide coverage during the anodic scan finally
eads to a new current decrease (at potentials more positive than
a. 0 V); only after the onset of oxide striping at ca. −0.3 V during
he cathodic scan does the current start to rise again. We  believe
hat most of the hysterisis phenomena between the anodic and
athodic scans of borohydride oxidation voltammograms can be
xplained by changes of the Pt surface state during the potential

weep experiments.

Fig. 5(A) depicts the initial and stabilized voltammetric
esponses of a Pt RDE electrode at 500 rpm, in a narrower potential
ange (with the starting potential being its more negative limit, i.e.
Fig. 6. Voltammograms (positive-potential-sweep scans at 10 mV s−1) of a Pt
RDE electrode at various rotation speeds (as indicated on the graph). Inset:
Koutecky–Levich plot at −0.4 V vs. SCE.

−1.00 V). The deactivation of the electrode between the first and
subsequent runs is observed again, excluding the possibility of its
origin being the exposure in the double layer and oxide formation
regions (as in the case of Fig. 4(A)). Fig. 5(B) shows voltammograms
where the start potential was  the less negative value of the potential
window (−0.20 V). It is seen that the shape, location and magnitude
of the first set of voltammetric curves of Fig. 4(A) (start poten-
tial at more negative values) and Fig. 5(B) (start potential at less
negative values) are similar. It seems therefore that the apparent
change in electrode activity (aging) is not due to the formation of
a film comprising of insoluble borohydride oxidation products at
positive potentials/oxidation rates, as has been postulated in some
cases [10]. The inset in Fig. 5(A) shows the Tafel plots of the posi-
tive going (forward) scans of the two  voltammograms in the −1.00
to −0.90 V range; good linearity is observed and Tafel slope val-
ues of 156 and 200 mV per decade are estimated for the initial
and final voltammograms, respectively. These values are higher
than the 120 mV expected for hydrogen oxidation on Pt follow-
ing the Volmer–Heyrovsky mechanism at moderate overpotentials
(see for example the recent Refs. of [43,44] and references therein)
but lower than values as high as 340 mV reported in the case of
direct multi-electron oxidation of BH4

− or BH3OH− via the reaction
series of (7).  It seems therefore that in the experiments of Fig. 5(A)
borohydride is oxidized at low overpotentials by both routes, i.e.
both the oxidation of hydrogen produced by its fast heterogeneous
hydrolysis and by its direct electron loss. Deactivation of the elec-
trode between its initial and final voltammogram can be attributed
to a loss of its hydrolysis/hydrogen production activity that shifts
the curve to more positive potentials and increases the Tafel slope.

Fig. 6 presents the stabilized-steady state positive potential
sweep voltammograms for borohydride oxidation obtained at var-
ious rotation rates at a Pt RDE. There is a very large shift of the
voltammograms to positive potentials with electrode rotation rate,
as well as the disappearance of a well-defined plateau, unlike the
results presented in Refs. [10,38] for Pt but similar to those of [19].
There are, however, significant differences between the experi-
ments presented in this work and those of Refs. [10,38]. In Ref.
[10] the initial curves were shown and the potential was nega-
tive enough so that cathodic hydrogen evolution took place at the
start potential. The hydrogen thus evolved could be oxidized once
the potential became more positive the rest potential during the
anodic scan; also, as mentioned in the discussion of Fig. 4 above,
electrode cathodization apparently increases the activity of Pt for

hydrogen production via heterogeneous borohydride hydrolysis.
In Ref. [38], although the start potential seems to have been cho-
sen carefully enough to avoid cathodic hydrogen evolution, the
reported results still correspond to the initial voltammetric run
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Fig. 7. (A) Initial and steady-state voltammograms (at 10 mV  s−1 potential scan rate)
of  a Pt(Ni)/GC RDE in a 0.01 M NaBH4 + 1 M NaOH solution, recorded at a 500 rpm
rotation speed and with a start potential being the more negative limit of the studied
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Fig. 8. Voltammograms (positive-potential-sweep scans at 10 mV s−1) of a
otential window (Stabilized as well as negative-going (reverse) runs correspond to
urves at higher potentials). Inset: Tafel plots based on the positive-potential-sweep
arts of the voltammograms. (B) Same as above but for a Pt(Co)/GC RDE.

hich reflects (according to our findings too) an activated surface.
hese differences stress the importance of experimental details in
ccessing the activity for borohydride oxidation via voltammet-
ic measurements. In the case of stabilized voltammograms with

 start potential positive to the rest potential as those of Fig. 6,
he large shift of the half-wave potential to more positive values
s the rotation speed of the electrode increases indicates a highly
rreversible reaction. This can be due to the products of hetero-
eneous hydrolysis (BH3OH− and H2, see reaction (10)) or/and the
oluble intermediates of direct borohydride oxidation (see reaction
7)) transported away from the electrode before they are oxidized.
he inset shows the corresponding Koutechky–Levich plot at −0.4 V
s. SCE from which the apparent number of electrons involved in
orohydride oxidation can be estimated. The diffusion coefficient of
orohydride was taken as D = 1.85 × 10−5 cm2 s−1, calculated from
he Koutechky–Levich equation applied to the results obtained at

 bulk Au RDE [19] and assuming that the reaction proceeds at this
lectrode material via the loss of 8e− [5–7,9].  This value for D is sim-
lar to the one reported in Ref. [45] (1.68 × 10−5 cm2 s−1). We  thus
stimated the value of napp = 5.6 for the bulk Pt RDE. This is within
he wide 3–6 electrons range that usually appears in the literature
or this metal [6,13] and indicates that at high overpotential values
orohydride oxidation at Pt proceeds via the direct 4e oxidation
echanism of reactions (7) accompanied by the partial oxidation

f the atomic hydrogen produced (reaction (9)).
.4. Borohydride oxidation at Pt(Ni)/GC and Pt(Co)/GC RDEs

Fig. 7(A) and (B) depicts the initial and stabilized voltammetric
esponses of Pt(Ni)/GC and Pt(Co)/GC RDE electrodes at 500 rpm, in
Pt(Co)/GC RDE electrode at various rotation speeds (as indicated on the graph). Inset:
Koutecky–Levich plot at–0.4 V vs. SCE.

a 0.01 M NaBH4 + 1 M NaOH solution. The first noticeable difference
between the bimetallic electrodes and the plain Pt one is that the
apparent change in their initial activity is not as pronounced and
neither is the difference between the forward and backward scans
(especially in the case of Pt(Co)). The insets show the corresponding
Tafel plots for the positive going parts of the voltammograms (after
mass transfer correction).

The mass-transfer-corrected (kinetic) current density i(k) was
calculated from the measured i(total) value by the standard
1/i(total) = 1/i(k) +1/iL formula (where iL is the limiting current and
which becomes the Koutecky–Levich equation for the RDE elec-
trode [38]).

Two linear regions could be identified and the one at low
overpotentials (−1.06 V to −1.00 V) has, in the case of the stabi-
lized response, a Tafel slope of 100 mV  and 97 mV  for Pt(Ni) and
Pt(Co), respectively; in the higher overpotentials range of −1.00 V to
−0.90 V these values are 176 mV  and 202 mV  (similar to those of Pt).
This means that at the negative potentials below −1.00 V accessible
with the bimetallic electrodes (see also discussion below) borohy-
dride proceeds primarily by the oxidation of molecular hydrogen
produced by heterogeneous hydrolysis while the competing mech-
anism of direct borohydride oxidation starts to occur at potentials
less negative than −1.00 V.

Fig. 8 shows RDE experiments at various rotation rates of a
Pt(Co)/GC electrode and the same very large shift of the half-wave
potential as for Pt electrodes is observed, for reasons similar to
those holding for Pt and presented in the discussion of Fig. 6. How-
ever, the Koutecky–Levich analysis based on the plot shown in
the inset of the same figure, gives the apparent number of elec-
trons transferred as napp = 4.3 (similar results were obtained for
Pt(Ni)) meaning that at bimetallic electrodes the direct 4e (partial)
oxidation mechanism dominates at high overpotentials and that
hydrogen oxidation is limited in the same potential range.

Fig. 9(A) compares the voltammograms of the three types of
electrodes tested (i.e. Pt, Pt(Ni)/GC and Pt(Co)/GC) in a 0.01 M
NaBH4 + 1 M NaOH solution at the lowest rotation rate studied
(500 rpm). The first point that one has to make is that the rest
potential of the Pt(Ni) and Pt(Co) electrodes was  measured as −1.15
and −1.10 V, respectively, as opposed to the −1.04 V value found
for Pt. This can be explained by the fact that the rest potential
is determined by the intercept of the Tafel lines of borohydride
or/and hydrogen byproduct oxidation and that of cathodic hydro-

gen evolution. If the latter process is hindered or/and the former
process enhanced, then the rest potential shifts to more positive
values. The suppression of cathodic hydrogen evolution at Pt(Co)
and Pt(Ni) electrodes with respect to Pt has already been con-



132 A. Tegou et al. / Catalysis Toda

0.E+00

1.E-02

2.E-02

3.E-02

4.E-02

5.E-02

-1.20 -1.00 -0.80 -0.60 -0.40 -0.20

i 
/ 
A

 c
m

-2

E / V vs. SCE

A

-3.0

-2.5

-2.0

-1.5

-1.0

-1.00 -0.95 -0.90 -0.85 -0.80

lo
g

i e
(i

e
in

 A
c

m
-2

)

E / V  vs. SCE

B

0.E+00

2.E-02

4.E-02

6.E-02

-1.20 -1.00 -0.80 -0.60 -0.40 -0.20

i 
/ 
A

 c
m

-2

E / V vs. SCE

C

Fig. 9. (A) Steady-state voltammograms (recorded at 500 rpm rotation speed and
a  10 mV s−1 potential scan rate) of Pt(Ni)/GC, Pt(Co)/GC and bulk Pt RDEs in 0.01 M
NaBH4 + 1 M NaOH solutions, with a start potential being the more negative limit
of  the studied potential window. (B) Tafel plots based on the positive-potential-
sweep parts of the voltammograms of (A) above. (C) Steady-state voltammograms
of  a Pt(Co)/GC and a bulk Pt RDE in 0.01 M NaBH4 + 1 M NaOH solutions at 1500 rpm
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otation speed and a 10 mV  s potential scan rate (start potential is the more nega-
ive limit of the studied potential window); the Pt(Co) voltammogram corresponds
o curves at lower potentials).

rmed experimentally [31]. It has been interpreted by taking into
ccount the Pt d-band energy center (εd) downshift in the presence
f Cu, Fe, Co, Ni (i.e. metals with a smaller Wigner–Seitz radius
nd electronegativity than Pt), as predicted theoretically by DFT
alculations [32,33].  This in turn decreases Pt adsorption affinity
or hydrogen (both atomic and molecular). Since pure Pt has the
ptimum Pt–H bond strength for cathodic hydrogen evolution, any
hange of this strength would lead to a decrease in the reaction
ate. This allows the potential to be made ca. 100 mV  more nega-
ive at the bimetallic electrodes than at pure Pt without cathodic
ydrogen evolution commencing-negative currents observed. It

herefore ensures the oxidation of molecular hydrogen produced
y hydrolysis of borohydride (reactions (10); see also the Tafel
lope values from Fig. 7) without the competing direct borohydride
xidation (reaction (7))  occurring at these low potentials (−1.10
y 170 (2011) 126– 133

to −1.00 V range). The second observation is that among the two
bimetallic electrodes (showing similar rest potentials and hence
similar accessible potential windows), Pt(Co) appears to be supe-
rior to Pt(Ni); this may be attributed to either being more active
towards the hydrolysis reaction (10) or towards the oxidation of
generated molecular hydrogen which, according to the Tafel slope
found above (ca. 100 mV), proceeds via:

Pt + H2 + OH− − e− → Pt–H + H2O (13.1)

Pt–H + OH− − e− → Pt + H2O (13.2)

According to Refs. [32,33] Co has a stronger εd and adsorption affin-
ity lowering effect on Pt than Ni and as a result the Pt–H needed for
the onset of hydrolysis according to (10.1) is weaker at Pt(Co) than
Pt(Ni). This means that a change in hydrolysis activity is unlikely to
be the origin of the different currents observed since it would lead
to a trend opposite to that observed. On the contrary, the molecu-
lar H2 de-electronation according to (13.1) would be favoured by
a weak Pt–(H2)ads bond that would allow easy release of a proton
into the solution.

In the intermediate potential range (above −1.00 V and below
the onset of pure mass transfer control and associated limiting cur-
rent) both indirect (via hydrogen oxidation) and direct borohydride
oxidation are expected to occur, as indicated by the values of Tafel
slopes estimated from the voltammograms of Fig. 7. An accurate
comparison of electrode activity at these potentials requires cor-
rection for mass transfer effects and electroactive surface area (esa)
differences. Fig. 9(B) shows mass-transfer-corrected Tafel plots
with current densities expressed per esa, i.e. Pt(Co) is found again to
be superior than Pt(Ni) and the latter better than pure Pt. This trend
can be interpreted too (according to the reasoning presented above)
by higher rates of H2 oxidation at Pt(Co) and Pt(Ni) electrodes and
is further confirmed by the results shown in Fig. 9(C) whereby at
increased electrode rotation rates (1500 rpm) the bimetallic and
pure Pt electrodes have similar currents in the kinetic and mixed
control potential range. If the differences observed between dif-
ferent electrodes are due to differences in H2 oxidation rates then,
when the latter is lost into the solution at high rotation rates, their
catalytic activity should be similar, as indeed is the case.

Finally, according to the voltammetric picture in the mass trans-
fer control potential range, the Pt(Ni) and Pt(Co) electrodes exhibit
lower limiting currents for borohydride oxidation than Pt, in line
with napp values of ca. 4 for the bimetallic electrodes and of ca.
5.5 for Pt estimated above. Since in that potential range boro-
hydride oxidation at Pt-based electrodes proceeds predominantly
by the (partial) direct oxidation route described by reaction (7),
the only way that napp can exceed the value of 4 is that of the
strongly adsorbed atomic hydrogen M–H  intermediate to be fur-
ther oxidized according to reaction (9).  When weaker M–H  bonds
are formed as is the case of Pt(Co) and Pt(Ni) then molecular hydro-
gen is produced instead according to the recombination reaction
(8). Contrary to the situation at lower potentials, the significant
rates of borohydride oxidation at high potentials and the associ-
ated high coverage in the boron-containing intermediates of (7)
hinders molecular H2 oxidation which is lost into the solution.

4. Conclusions

(a) Careful choice of the negative potential limit of cyclic voltam-
metry experiments at a Pt RDE, positive to the rest potential
in a 0.01 M NaBH4 + 1 M NaOH solution, revealed a gradual
decrease in current response with number of voltammogram

run until a steady-state picture is achieved, irrespective of ini-
tial scan direction. This could be associated with a change in
heterogeneous borohydride hydrolysis and/or oxidation rates
of thus produced molecular hydrogen. The significant shift of
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the voltammograms upon increased rotation rates to more pos-
itive potentials is characteristic of a highly irreversible reaction
while the apparent number of electrons (napp) lost by boro-
hydride at high overpotentials is estimated as 5.6 indicating
the simultaneous borohydride 4e direct oxidation and that of
adsorbed atomic hydrogen.

b) Cyclic voltammetry of bimetallic Pt(Ni)/GC and Pt(Co)/GC RDEs
(prepared by spontaneous galvanic replacement of Ni and
Co electrodeposits upon their immersion in a chloroplatinic
acid) was similar to that of pure Pt. Since the rest potential
of Pt(Co) and Pt(Ni) was more negative than that of Pt (due
to a suppression of cathodic hydrogen evolution), access to
lower overpotentials was allowed and the catalytic activity
of Pt(Co) and Pt(Ni) in the kinetic and mixed control poten-
tial range was found to be higher than that of pure Pt. This is
attributed to a higher activity of these electrodes for oxidation
of molecular hydrogen produced by heterogeneous hydroly-
sis at low overpotentials. However, the apparent number of
electrons exchanged during borohydride oxidation in the lim-
iting plateau-mass transfer control potential range has been
estimated to be lower at Pt(Ni) and Pt(Co) electrodes (ca. 4)
due to the escape of molecular hydrogen to the solution during
increased borohydride direct oxidation rates.
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