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a b s t r a c t

This study involves the formation of nanostructured platinum–nickel supported on the titanium surface
catalysts using the galvanic displacement technique and investigation of their electrocatalytic activity
toward the oxidation of borohydride, methanol and ethanol in an alkaline media by cyclic voltamme-
try and chronoamperometry. Scanning electron microscopy, Energy Dispersive X-ray Spectroscopy and
X-ray diffraction were used to characterize the surface structure, composition and morphology. The
nanoPt(Ni)/Ti and nanoPt/Ti catalysts exhibited a higher catalytic efficiency to the oxidation of borohy-
eywords:
latinum–nickel
itanium
orohydride
ethanol

dride, ethanol and methanol as compared with that of pure Pt.
© 2012 Elsevier B.V. All rights reserved.
thanol
xidation

. Introduction

Direct alcohol fuel cells (DAFCs) are being developed espe-
ially for portable power supply. Since borohydride, methanol and
thanol are used as fuel, the development of electrocatalysts hav-
ng a high electroactivity for their oxidations is of considerable
nterest to fuel cells. It is well known that platinum is an effec-
ive electrocatalyst for oxidation of borohydride [1–13], methanol
nd ethanol [14–26]. Unfortunately, the use of platinum as an elec-
rode material is limited by its scarcity and price. Alloying Pt with
ransition metals such as Ni, Co and Fe allows reducing its cost and
rovides better catalytic characteristics for oxidation of borohy-
ride [4,8,13], methanol [24,26,27] or reduction of oxygen [28–33].
imetallic catalysts usually are of better activity and stability than
he monometallic ones. The catalytic enhancement of Pt alloys with
ransition metals has been attributed to the PtM alloy formation
nd the Pt electronic structure change due to the presence of M,
t–Pt distance, and d-electron density in Pt [12,27–41].

Recently, the titanium surface has been used as a support for the
abrication of catalysts. The electrochemical activity of titanium-

upported PtSn/Ti, Pt3Ti electrodes was investigated toward the
xidation of formic acid and methanol [42–44]. Electrooxidation
f methanol was also studied on the titanium mesh coated with

∗ Corresponding author. Tel.: +370 5 266129; fax: +370 5 2649774.
E-mail address: lortam@ktl.mii.lt (L. Tamašauskaitė-Tamašiūnaitė).

378-7753/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2012.02.079
a PtRuOx catalyst [45], the platinized Ti electrode [46] and on Pt
finely dispersed on Ti metal [47]. The catalytic activity of carbon-
supported PtTi alloy for molecular oxygen electroreduction was
evaluated in [48]. In all cases these catalysts show an enhanced
catalytic activity.

In the present study we present a simple approach to fabri-
cate the nano-scale bimetallic platinum–nickel catalyst supported
on the titanium surface (denoted as nanoPt(Ni)/Ti) via the gal-
vanic displacement technique [13,41,49–53]. The electroless nickel
was used as an underlayer for producing the Pt particles on the
titanium surface. The electrocatalytic activity of the as-prepared
nanoPt(Ni)/Ti catalyst and the one electrochemically treated in sul-
furic acid (denoted as nanoPt/Ti) catalysts was examined in respect
to the oxidation of borohydride, methanol and ethanol in an alka-
line media by cyclic voltammetry (CV) and chronoamperometry
(CA). The surface morphology, composition and structure of the
samples were characterized using Scanning Electron Microscopy
(SEM), Energy Dispersive X-ray Spectroscopy (EDAX) and X-ray
diffraction (XRD).

2. Experimental details

2.1. Chemicals
Titanium foil (99.7% purity of 0.127 mm thickness), NaBH4
and H2PtCl6 were purchased from Sigma–Aldrich Supply. H2SO4
(96%), NaOH (98.8%), ethanol and methanol were purchased from

dx.doi.org/10.1016/j.jpowsour.2012.02.079
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:lortam@ktl.mii.lt
dx.doi.org/10.1016/j.jpowsour.2012.02.079
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Fig. 1. SEM micrographs of as-prepared

hempur Company. All chemicals were of analytical grade. Deion-
zed water was used to prepare all the solutions.

.2. Fabrication of catalysts

The Pt–Ni catalyst was deposited on the titanium surface using
he galvanic displacement technique. At first, a thin layer of Ni
as deposited on the titanium surface. Briefly, prior to electroless
i deposition, titanium sheets (1 cm × 1 cm) were degreased with
thanol, rinsed with deionized water and dried in an Ar stream.
hen, the titanium surface was activated in a 0.5 g l−1 PdCl2 solu-
ion for 1 min, followed by rinsing of the treated surface with
eionized water and then immersed into the electroless nickel solu-
ion containing 0.1 M nickel sulfate, 0.4 M glycine, 0.25 M sodium
yphophosphite and 0.1 M disodium malonate at a constant tem-
erature of 85 ◦C for 1 min. The solution pH was maintained at 9.0.
hen the Ni/Ti electrodes were immersed in the solution containing
mM H2PtCl6 and 0.1 M HCl at room temperature for 15 min. The

urface-to-volume ratio was 1.3 dm2 l−1. After plating, the samples
ere taken out, thoroughly rinsed with deionized water and dried

n air at room temperature. Then, the fabricated catalysts were
sed for electro-oxidation of borohydride, methanol and ethanol
ithout any further treatment.

.3. Characterization of catalysts

The structure and morphology of the nanoPt(Ni)/Ti and
anoPt/Ni catalysts were characterized by Scanning Electron
icroscope with Energy Dispersive and Wave Dispersion X-ray

pectrometers (Oxford, UK). Pt metal loading was estimated using
TRATAGEM software and EDS K-ratios for Ni, P, Ti and O K alpha
ines and Pt L alpha lines.

XRD patterns were measured using an X-ray diffractometer D8
dvance (Bruker AXS, Germany) with Cu K� radiation. The grazing

ncidence method (ω = 0.5◦) with step-scan mode was used in the
� range from 10◦ to 80◦ with a step size of 0.04◦ and a counting
ime of 6 s per step.

.4. Electrochemical measurements

A conventional three-electrode electrochemical cell was used
or cyclic voltammetry. The nanoPt(Ni)/Ti, nanoPt/Ti and Ni/Ti elec-
rodes were employed as the working electrodes, an Ag/AgCl/KClsat

lectrode was used as a reference electrode and a Pt sheet was
sed as a counter electrode. The borohydride oxidation was tested
n a 1.0 M NaOH solution containing 0.05 M NaBH4. The ethanol
nd methanol oxidations were tested in a 0.5 M NaOH solution
ontaining 2.0 M CH3OH and C2H5OH, respectively. The electrolyte
olutions were prepared using p.a. grade chemicals and deionized
t(Ni)/Ti under different magnifications.

water. All electrochemical measurements were performed with a
Metrohm Autolab potentiostat (PGSTAT100) using Electrochemical
Software (Nova 1.6.013). Steady state linear sweep voltammograms
were recorded at a linear potential sweep rate of 50 mV s−1 from
the stationary Es value in the anodic direction up to 0.6 V in the
alkaline borohydride solution and 0.3 V in the alkaline methanol
and ethanol solutions at 25 ◦C.

The platinum electroactive surface area (ESA) in the catalyst
was estimated from the charge associated with the formation and
stripping of the adsorbed H monolayer (210 �C cm−2) [54].

The chronoamperometric measurements were carried out by, at
first, holding the potential at open circuit for 10 s, then stepping to
potentials −0.8 and 0.3 V for 130 s in the borohydride alkaline solu-
tion and to −0.25 V for 130 s in the methanol and ethanol solutions,
respectively.

3. Results and discussion

The nanoPt(Ni)/Ti catalysts were fabricated using a simple and
low-cost electroless deposition method followed by galvanic dis-
placement of Ni. The thin electroless nickel film of about 300 nm
was chosen as an underlayer for the formation of immersion
platinum overlayer onto the titanium surface. Due to galvanic dis-
placement platinum deposition, nonspherical platinum crystallites
were formed on the Ni surface. The morphology of the as-prepared
nanoPt(Ni)/Ti structure was studied using SEM. The SEM images
of the catalyst at different magnifications presented in Fig. 1a and
b reveal the presence of nano-scale dendrites with the sizes of ca.
50–100 nm. Light oblong sticks can be resolved in these dendrites.

The presence of Pt and Ni onto the titanium surface was con-
firmed further by Energy Dispersive X-ray analysis. According to
the data of EDAX analysis, the nanoPt(Ni)/Ti composition was: Pt
– 1.49 at.%, Ni – 24.60 at.%, P – 6.81 at.%, O – 25.73 at.% and Ti –
41.37 at.%. It is seen, that a significant quantity of deposited nickel
and a much lower amount of Pt on the electrode surface were
detected. Noteworthy the nickel layer is deposited on the titanium
surface from the electroless plating solution using hyphophosphite
as a reducing agent. The presence of this reductor results in the
deposition of Ni layer containing about 7 at.% of P.

It has been determined that the Pt loading was 18.1 �g Pt cm−2

in the as-prepared nanoPt(Ni)/Ti catalyst after sonication of the
Ni/Ti surface in a platinum-containing solution for 15 min.

Typical cyclic voltammograms of nanoPt/Ti (solid line) and pure
Pt (dotted line) electrodes in 0.5 M H2SO4 are shown in Fig. 2. The

CV profile of the nanoPt(Ni)/Ti catalyst shows the usual charac-
teristics of Pt since Ni is electrochemically leached, furthermore,
the current for hydrogen adsorption/desorption and oxide forma-
tion/reduction on the nanoPt(Ni)/Ti catalyst is much higher than
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than those on pure Pt or nanoPt/Ti catalysts. As described in litera-
ture the anodic oxidation of borohydrides is postulated as follows:
ig. 2. CVs of pure Pt (dotted line) and nanoPt(Ni)/Ti (solid line) in 0.5 M H2SO4 at a
weep rate of 50 mV s−1.

hat on Pt. As the Ni particles are not fully covered with Pt and dur-
ng the electrochemical treatment Ni is leached, so the remaining
eposits are fully protected by Pt. The hydrogen adsorption charge
QH) of polycrystalline Pt was calculated at 0.315 mC cm−2. The
anoPt(Ni)/Ti produced QH of 1.41 mC cm−2. The calculated elec-
roactive surface area (ESA) values are 2.85 and 12.8 cm2 for pure
t and nanoPt(Ni)/Ti, respectively. The roughness factors are 1.4
nd 6.4 for Pt and nanoPt(Ni)/Ti, respectively. These results show
hat the ESA of the sample is about 4.5 times higher than that of
olycrystalline Pt. According to the data of EDAX analysis the com-
osition of the latter catalyst was as follows: Pt – 0.47 at.%, Ni –
0.67 at.%, P – 1.18 at.%, O – 29.42 at.% and Ti – 58.26 at.%. Smaller
mounts of Ni and Pt were detected on the Pt/Ti surface. The data
onfirm that a portion of Ni which was not covered with Pt leached
ut from the surface during the catalyst treatment in sulfuric
cid. A slightly smaller Pt loading of 16.5 �g Pt cm−2 was deter-
ined in this catalyst as compared with that of the as-prepared

anoPt(Ni)/Ti catalyst.
The XRD pattern presented in Fig. 3 was measured for the as-

repared nanoPt(Ni)/Ti. Sharp peaks marked with a sign of filled
quare are attributable to a titanium substrate (PDF no. 44-1294).
ertical dashed lines with a sign of filled circle on the top indi-
ate positions of XRD peaks of nickel according to PDF no. 4-850.
ashed lines with empty circles show positions of Pt diffraction

eaks (PDF no. 4-802). Lines marked with upside-down triangle

ndicate positions of maxima of the experimental XRD peaks mea-
ured at 2� angles of 46.5◦ and ∼66◦. The maximums are slightly
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ig. 3. XRD pattern for the nanoPt(Ni)/Ti. The inset shows the XRD peak at 2� angle
f 46.5◦ .
2Θ

Fig. 4. XRD pattern for the Pt/Ti. The inset shows the XRD peak at 2� angle of 46.5◦ .

shifted toward higher 2� angles with respect to Pt peak position
(the inset in Fig. 3). This means that the XRD peaks at 2� angles of
46.5◦ and ∼66◦ are attributable to a substitution solid solution of
nickel in platinum. Fig. 4 represents XRD pattern for the latter cata-
lyst after its treatment in 0.5 M H2SO4 at 50 mV s−1. It is evident that
pure Ni fully dissolved since XRD peak at ∼44.4◦ disappeared while
peaks at 2� angles of 46.5◦ and ∼66◦ are still seen. This means that
the solid solution of Ni in platinum remained after the dissolution
of nickel.

The electrochemical activity of the nanoPt(Ni)/Ti and nanoPt/Ti
catalysts toward the oxidation of borohydride, ethanol and
methanol was evaluated in an alkaline media using cyclic voltam-
metry and chronoamperometry. Fig. 5 presents stabilized cyclic
voltammograms (CVs) of pure Pt (dotted line), Ni/Ti (dashed line),
nanoPt/Ti (dash-dot line) and nanoPt(Ni)/Ti (solid line) in 1.0 M
NaOH containing 0.05 M NaBH4 at 50 mV s−1. In the forward sweep
toward positive potential values two well-distinguished anodic
peaks: peak I at lower potential values and peak II at more pos-
itive potential values are seen in the CVs plots for the pure Pt,
as-prepared nanoPt(Ni)/Ti and the latter catalyst treated elec-
trochemically in 0.5 M H2SO4 at 50 mV s−1. The shape of cyclic
voltammograms for the as-prepared nanoPt(Ni)/Ti and nanoPt/Ti
catalysts is similar to the CV onto pure Pt (Fig. 5), furthermore, the
oxidations peaks are significantly higher in the case nanoPt(Ni)/Ti
BH4
− + 8OH− → BO2

− + 6H2O + 8e− (1)
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Fig. 5. CVs of pure Pt (dotted line), nanoNi/Ti (dashed line), nanoPt(Ni)/Ti (solid line)
and nanoPt/Ti (dash-dot line) in a 1.0 M NaOH solution containing 0.05 M NaBH4 at
50 mV s−1.
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ig. 6. Chronoamperometric data from nanoPt(Ni)/Ti (solid lines), nanoPt/Ti (dash-
ontaining 0.05 M NaBH4 solution. The potential was firstly held at open circuit for

It has been determined that both on nickel and Pt [1,2,55–63]
he quasi-spontaneous hydrolysis during which a hydroxyl boro-
ydride intermediate and hydrogen are generated by various steps
Eqs. (2) and (3)) occurs in competition with the borohydride oxi-
ation reaction (Eq. (1)):

H4
− + H2O → BH3OH− + H2 (2)

H3OH− + H2 → BO2
− + 3H2 (3)

nd the overall reaction of BH4
− ion oxidation on these metals

roceeds through a four-electron process (Eq. (4)):

H4
− + 4OH− → BO2

− + 2H2O + 2H2 + 4e− (4)

Anodic peak I seen in CVs for Pt, Ni/Ti, nanoPt/Ti and
anoPt(Ni)/Ti catalysts (Fig. 5) is attributed to the oxidation of H2
enerated by catalytic hydrolysis of BH4

− as described in [56–58]
borohydride oxidation releases molecular hydrogen on nickel).
he current density of peak I for the nanostructured electrode is
bout 3 times higher than that on pure Pt or nanoPt/Ti. Peak II which
s attributed to direct borohydride oxidation [1,9] is also about 2–3
imes higher as compared to that of pure Pt or nanoPt/Ti, but it is
hifted to positive potential values by 0.3 V. Reverse peaks III and
V appear at about the same potential values for the investigated
atalysts, while the nanoPt(Ni)/Ti catalyst produces higher current
ensities. However, assuming ca. 4.5-fold higher active surface area
f Pt(Ni)/Ti compared to smooth polycrystalline Pt, the surface area
ormalized borohydride oxidation current is ca. 1.5-times higher
n Pt. This could be due to ability to oxidize evolved hydrogen at Pt
ites, whereas the Pt dendrites are not fully covering the substrate
see Fig. 1b).

In the case of the Ni/Ti electrode (Fig. 1, dashed line), anodic
eak I at a lower potential values of about −0.8 V is observed

n the CV. During the subsequent anodic scans no anodic peaks
ere observed on this catalyst in the potential region from −1.0

o 0.3 V (Fig. 1, dashed line). It may be suggested that the Ni–P
ayer deposited on the titanium surface does not catalyze the direct
orohydride oxidation at higher potentials due to the passivation
aused by nickel (hydr)oxide(s) formation [64,65] or, maybe, the
urface of catalyst is poisoned by strongly adsorbed intermediates
enerated during the oxidation of borohydride [1]. Since the Ni/Ti
atalyst shows no electroactivity toward the direct electrooxida-
ion of borohydride, an enhanced electrocatalytic activity of the
s-prepared nanoPt(Ni)/Ti catalyst may be ascribed to PtNi alloy
ormation and Pt electronic structure change due to the presence of

i [12,30]. Although the PtNi alloy formation was also observed in

he nanoPt/Ti catalyst according to the XRD data (Fig. 3), the lower
nodic currents were measured at this catalyst. It may be due to
he collapsing of Pt particles which is caused by the Ni (not covered
e) and Pt (dotted lines) catalysts studied at −0.8 (a) and 0.3 V (b) in a 1.0 M NaOH
hen set to −0.8 and 0.3 V, respectively.

with Pt) anodic dissolution during the electrochemical treatment
of the as-prepared nanoPt(Ni)/Ti catalyst in sulfuric acid [39].

The performance of nanoPt(Ni)/Ti, nanoPt/Ti and Pt catalyst for
the oxidation of H2 generated by catalytic hydrolysis of BH4

− (peak
I) and borohydride oxidation (peak II), can be further observed from
chronoamperometric measurements. The corresponding curves
are shown in Fig. 6. The investigated catalysts show a current decay
for both reactions. At the end of experimental period (t = 130 s),
the current density of the nanoPt(Ni)/Ti is higher and the current
density decay is much slower than that on Pt or nanoPt/Ti. The
nanoPt(Ni)/Ti catalyst has a higher catalytic activity and a better
stability for hydrogen and borohydride oxidation as compared to
those of Pt or nanoPt/Ti. Therefore, the nanoPt/Ti catalyst shows
higher oxidation currents than those of pure Pt (Fig. 6b). This result
is in agreement with the results of cyclic voltammetry curves.
Active surface area normalized currents are about 2–3-fold higher
at Pt for both oxidations of hydrogen and borohydride than those
on nanoPt(Ni)/Ti under chronoamperometric conditions.

Fig. 7 presents stabilized cyclic voltammograms after a long-
term potential cycling (after 10 cycles) for Ni/Ti, nanoPt(Ni)/Ti,
nanoPt/Ti and pure Pt in a 0.5 M NaOH containing 2.0 M C2H5OH
(a) and 2.0 M CH3OH (b) at 50 mV s−1. As seen from Fig. 7, the
voltammetric curves for oxidation of ethanol (a) and methanol
(b) on the nanoPt(Ni)/Ti and nanoPt/Ti catalysts are similar in
shape to those obtained on the bulk Pt, except for enhanced cur-
rents. During the anodic scans, the nanoPt(Ni)/Ti electrocatalyst
shows a higher ethanol oxidation currents and at lower poten-
tial values (peak I) as compared with those at nanoPt/Ti (Fig. 7a),
indicating that nanoPt/Ti is less active for ethanol oxidation than
the as-prepared nanoPt(Ni)/Ti electrocatalyst. However, 2–3 times
enhanced current densities for ethanol oxidation are obtained on
the both catalysts as compared with those on pure Pt (Fig. 7a).
Active surface area normalized currents are about 1.5–2-fold lower
on the nanoPt(Ni)/Ti and nanoPt/Ti catalysts as compared to those
on Pt in ethanol solution.

The nanoPt/Ti catalyst exhibits a higher electrocatalytic activ-
ity toward the oxidation of methanol as compared to that of
the as-prepared nanoPt(Ni)/Ti. Therefore, about 37 and 45 times
higher current densities for methanol oxidation are obtained on the
nanoPt(Ni)/Ti and nanoPt/Ti electrodes, respectively, as compared
with that on pure Pt. The active surface area normalized currents for
methanol oxidation is about 8–10-fold higher on nanoPt(Ni)/Ti and
nanoPt/Ti, respectively, than that on pure Pt. Inasmuch, the Ni/Ti
electrode shows no electrocatalytic activity toward the oxidation of

ethanol and methanol (Fig. 7, dashed lines), the observed enhanced
anodic currents at the nanoPt/Ti and nanoPt(Ni)/Ti catalysts under
the potential region −0.8 and 0.3 V are also attributed to a strong
change in Pt electronic properties caused by the Ni [35,37,39–41].
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2H5OH (a) and 2.0 M CH3OH (b). The potential was firstly held at open circuit for 1

A high electroactivity of nanoPt(Ni)/Ti and nanoPt/Ti catalysts
ompared to that of Pt was also tested by the chronoamperom-
try method in alkaline solutions of ethanol (a) and methanol (b).
ig. 8 shows the chronoamperometric data at −0.25 V for the inves-
igated catalysts. The current density for ethanol oxidation on the
anoPt(Ni)/Ti and nanoPt/Ti catalysts is much higher and current
ensity decay is much slower as compared to that on pure Pt
Fig. 8a). A significant increase in steady-state current density for

ethanol oxidation on the both catalysts occurs in comparison to
ure Pt (Fig. 8b). The steady-state current densities of nanoPt(Ni)/Ti,
anoPt/Ti and pure Pt are 17.57, 7.47 and 0.17 mA cm−2 (t = 130 s),
espectively. This shows that the oxidation rate of methanol at
0.25 V on nanoPt(Ni)/Ti and nanoPt/Ti is about 100 and 43 times,

espectively, higher than that on Pt. Active surface area normal-
zed currents are about of 0.7 mA cm−2 for ethanol oxidation on
anoPt(Ni)/Ti and 0.5 mA cm−2 on the nanoPt/Ti and Pt catalysts,
herefore, the active surface area normalized currents for methanol
xidation are about 22-fold and 9.5-fold higher on nanoPt(Ni)/Ti
nd nanoPt/Ti, respectively, than those on pure Pt.

The as-prepared nanoPt(Ni)/Ti catalyst and the latter catalyst
lectrochemically treated in sulfuric acid show better performance
or oxidation of both ethanol and methanol as compared to that on
ure Pt. A higher current density is obtained on these catalysts for
ethanol oxidation as compared to that for ethanol oxidation.
. Conclusions

In this study we have successfully fabricated an electrode
odified with platinum crystallites on the titanium surface, as
Pt(Ni)/Ti (solid lines) catalysts studied at −0.25 V in a 0.5 M NaOH containing 2.0 M
en set to −0.25 V.

a substrate, using a simple and low-cost method. For the dis-
placement deposition of Pt crystallites on the titanium surface,
the Ni adlayer was used as a precursor. It has been determined
that the average size of the Pt crystallites deposited by galvanic
displacement of Ni adlayer is about 50–100 nm. The as-prepared
nanoPt(Ni)/Ti catalyst with the Pt loading of 18.1 �g Pt cm−2 and
the latter catalyst treated electrochemically in sulfuric acid with the
Pt loading of 16.5 �g Pt cm−2 were found to be more active than Pt
toward the electro-oxidation of borohydride, methanol and ethanol
in the alkaline media. Also, the nanoPt(Ni)/Ti catalyst shows better
voltammetric and chronoamperometric performance for methanol
oxidation than for ethanol oxidation.

The fabricated nanoPt(Ni)/Ti catalysts seem to be a promising
anodic material for direct alkaline fuel cells. Further investigation
is underway.
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