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observed by transmission electron microscopy (TEM) and scanning electron microscope
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6 to 13 nm are immobilized on the surface of MWNTs. The electrocatalytic activities of the

(SEM). The results reveal that the PtNix nanocatalysts with a nanoparticle size ranging from
Hydrothermal reaction

PtNix/MWNTs nanocatalysts for EOR in alkaline media are examined using cyclic voltam-

PtNix nanoparticles

metry (CV), electrochemical impedance spectroscopy (EIS) and chronoamperometry (CA).

Carbon nanotubes

The onset potential of EOR in the nanocatalyst of PtNi3/MWNTs is negatively shifted for

Ethanol oxidation reaction (EOR)

about 190 mV as compared to that in the nanocatalyst of Pt/MWNTs. The current for the

Chronoamperometry

forward anodic peak of EOR in the PtNi3/MWNTs nanocatalyst is about 2.5 times higher
than that of pure Pt/MWNTs.
Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction
Recently, the low-temperature fuel cells such as direct alcohol
fuel cells (DAFCs) are attracting considerable attention. They
serve as eco-friendly techniques to produce electricity by
direct electrochemical conversion of the organic molecules
and oxygen into water and carbon dioxide. Among various

kinds of fuel cells, direct ethanol fuel cell (DEFC) is considered
as a promising power source not only for portable electronics
devices but also for electric vehicles due to its high energy
density (8.0 kWh kg1), green emission and ambient operation
conditions [1]. Ethanol is easier to transport than hydrogen
and less toxic than other alcohols such as methanol. Also,
ethanol can be produced in large quantities from agricultural
products such as sugar cane, wheat and corn [2]. Therefore,
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developing novel catalysts towards ethanol oxidation reaction
(EOR) has turned into a hot topic in the research field of
electrochemistry. Although platinum (Pt) has been recognized
as the best catalyst for EOR at low temperature, it can be easily
poisoned by reaction intermediates due to a strong interaction
between CO and the Pt surface [3]. Therefore, a number of Ptbased binary or ternary catalysts, such as PteSn [4], PteRu [5],
PtePd [6], PteSneMo [7], PtePbeBi [8], are generated towards
EOR with the low cost while maintaining the high electrocatalytic activity toward EOR compared to the Pt catalyst
alone. However, except the work done by Ko et al. [9], there are
few papers regarding the electrocatalytic activity of PteNi
bimetallic catalyst toward the EOR in alkaline media. Only
some related works have been reported on the PteNi bimetallic catalysts for methanol oxidation reaction (MOR), oxygen
reduction reaction (ORR) and formic acid oxidation reaction
(FAOR) [10e18].
Up to now, two typical methods for generating PteNi
nanoparticles have been developed. One is the chemical
reduction reaction. For example, Wu et al. [12] reported the
preparation of graphene-supported hollow PteNi nanocatalysts, in which K2PtCl6 and NiCl2$6H2O were utilized as the
precursors and NaBH4 a reducing reagent. In this work, the
electrocatalysis of PteNi toward methanol oxidation reaction
(MOR) in a H2SO4 solution was investigated. Another one is the
electrochemical reduction reaction [19]. Habibi et al. [20]
synthesized PteNi alloy nanoparticles at potential of 0.4 V
vs. a saturated calomel electrode (SCE) from an 0.1 M Na2SO4
aqueous solution containing H2PtCl6$5H2O and NiCl2, and
studied the electrooxidation of 2-propanol and 2-butanol on
this alloy nanoparticles in an acidic media. However, the
preparation of PteNi nanoparticles by a facile process of hydrothermal reaction has not been reported so far.
Although PteNi bimetallic or alloy nanoparticles have been
widely applied for MOR, the reasons for the introduction of Ni
to increase the currents and to reduce the onset potential for
methanol oxidation on PteNi electrodes are still unclear. For
example, Mathiyarasu et al. [13] studied the MOR in a
0.5 M$H2SO4 solution and proposed that the surface redox
species Ni oxide, which were formed during the electrooxidation process due to the oxygenation of COads, were
contributed to the improvement of oxidation current of MOR.
However, Abdel Rahim et al. [14] suggested that in the presence of Ni, the number of active sites of Pt was increased
through an electron donation process from Ni to Pt due to the
transformation of Ni(OH)2 to NiOOH. Ko et al. [9] addressed
that Ni could activate water molecules and provide preferential sites for OH adsorption at lower potential than Pt. The
abundant -OHads species could completely oxidize the CO
product to form CO2 and avoid electrode poisoning. However,
no direct proofs were presented in this work except two references. Unfortunately, no direct interpretations were found
in these two references as well. Meanwhile, there are many
proposed reasons for enhancing the electrocatalytic activity of
Pt by the addition of Ni. For example, some reports believed
that the alloyed Ni could increase the d vacancy in the valence
band 5d orbital of Pt and cause the improved electrocatalytic
activity and durability of the PteNi/Ni electrodes as compared
to the Pt [15]. Other works thought that the introduced Ni
could modify the electronic structure of Pt due to the charge
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transfer from Ni to Pt, which leads to a lower density of states
at the Fermi level. This may promote the electrocatalytic
performance of Pt [21]. Although many works concerning
PteNi materials have been published recently [22e26], the
exact catalytic mechanism of PteNi catalyst towards the
oxidation of small organic molecules is still unknown.
As a typical catalyst support for fuel cells, carbon nanotubes (CNTs) attract a great deal of attention due to its unique
properties, such as high specific surface area, electrical conductivity, and good thermal and chemical stability [27]
compared to other carbon materials, such as graphene and
carbon nanofiber [28,29]. Anchoring metal nanoparticles on
CNTs has turned into an interesting research topic because of
the key roles of CNTs and metal nanoparticles in the field of
electrocatalysis, biosensors [30]. To the best of our knowledge,
the immobilization of PteNi composite nanoparticles onto
CNTs by a hydrothermal reaction method without adding any
other reductants has not been published yet, though we have
successfully immobilized Pt nanoparticles on the surface of
muti-walled carbon nanotubes (MWNTs) [31].
In this work, five kinds of PtNix/MWNTs nanocatalysts with
different molar ratios of Pt to Ni have been prepared by a
hydrothermal reaction without introducing any other reductants. The PtNix/MWNTs nanocatalysts have been characterized by X-ray diffraction (XRD), scanning electron
microscope (SEM) and transmission electron microscopy
(TEM). The electrocatalytic activities of the nanoparticles for
EOR are investigated through cyclic voltammetry (CV) and
chronoamperometric curves. The mechanism for the electrocatalytic performance enhancement of PtNi3/MWNTs
catalyst towards EOR in alkaline solution was discussed in
details.

Experiment
Materials
Deionized water was used to prepare the aqueous solutions.
MWNTs (purity >95%) with diameter of 10e20 nm diameter
were purchased from Shenzhen nanotech port Co., Ltd.
(China). All electrodes were obtained from Tianjin Aida Co.,
Ltd (China). All other chemicals were analytical grade and
used without further purification.

Preparation of PtNix nanoparticles onto MWNTs
3 mL 5  103 M H2PtCl6$6H2O and an appropriate amount of
Ni(CH3COO)2$4H2O were dissolved in deionized water with a
molar ratio of Pt to Ni of 1:1, 1:2, 1:3 and 1:4, respectively. Then
10 mg MWNTs were added into the above solution and
ultrasonicated for 30 min. The resultant suspension solution
was placed in a well-sealed autoclave at room temperature
and transferred to a box-type furnace. The temperature of the
furnace was increased to 200  C within 30 min and kept for 2 h
to accomplish the hydrothermal reaction process. The hydrothermal reaction process was implemented in a SRJX-8-13
box-type furnace equipped with a KSY 12-16 furnace temperature controller. After cooling down to room temperature,
the filtered samples were thoroughly washed with deionized
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water and dried in ambient conditions to generate the PtNix/
MWNTs nanocatalysts. The Pt/MWNTs and Ni/MWNTs catalysts were also prepared by the same procedure in the absence
of Ni(CH3COO)2$4H2O or H2PtCl6$6H2O.

Fabrication of PtNix/MWNTs modified electrode
The working electrodes were prepared by coating catalyst ink
onto a glassy carbon (GC) electrode. GC electrode (geometric
area is 0.07 cm2) was polished with 0.05 mm alumina suspensions before each experiment and served as a substrate for the
working electrode. The catalysts ink was prepared by
dispersing 1 mg catalyst in 1 mL of 0.1 wt% Nafion ethanol
solution. After ultrasonication for 10 min, about 15 mL catalyst
ink was added on the surface of the GC electrode and slowly
dried in air to produce a PtNix/MWNTs-coated GC electrode.

Characterization
The morphology of the as-prepared PtNix/MWNTs nanocatalysts was observed by scanning electron microscope
(HITACHI, SEM S-570) and transmission electron microscopy
(HITACHI, TEM H-7650). Energy Dispersive X-Ray Spectroscopy (EDS) spectrum analysis was carried out on a X-ray energy instrument (EDAX, PV-9900, USA). XRD analysis of the
nanocatalysts was performed on a Bruker D8 ADVANCE X-ray
diffractometer equipped with a Cu Ka source (l ¼ 0.154 nm) at
40 kV and 30 mA. The 2q angular region between 10 and 90
was explored at a scan rate of 1 /step.
All the electrochemical measurements were performed on
a CHI 660B electrochemical workstation (Shanghai Chenhua
Apparatus, China) connected to a personal computer. Electrochemical impedance spectroscopy (EIS) was performed in
the frequency range from 0. 1e105 Hz with an amplitude of
5 mV. A conventional three-electrode system was employed.
The as-prepared PtNix/MWNTs nanocatalysts modified GC
electrode and a platinum wire were used as the working
electrode and counter electrode, respectively. The reference
electrode was a saturated calomel electrode (SCE). All potentials in this paper were reported with respect to SCE. A solution of 1 M ethanol in 1 M KOH was used to study ethanol
oxidation activity. All the experiments were carried out at
room temperature.

Results and discussion

Fig. 1 e XRD patterns for the catalysts of PtNix/MWNTs.
Pattern a, b, c, d, e and f correspond to Pt/MWNTs, PtNi/
MWNTs, PtNi2/MWNTs, PtNi3/MWNTs, PtNi4/MWNTs and
Ni/MWNTs.

presence of MWNTs without other reductants. For the Ni/
MWNTs catalyst, no characteristic peaks of Ni or its oxides/
hydroxides are detected, indicating that the amount of Ni
nanoparticles or its oxides/hydroxides is too less or exists in
amorphous phases [33]. Interestingly, in the XRD patterns of
PtNi/MWNTs, PtNi2/MWNTs, PtNi3/MWNTs and PtNi4/
MWNTs, only the characteristic diffraction peaks of the fcc Pt
are exhibited. This suggests that the addition of Ni has no
obvious effect on the crystal structure of Pt. It is evident that
the diffraction peak intensities of the Pt are sharply decreased
with increasing the molar ratio of Ni in the PtNix nanocatalysts. For example, the PtNi4/MWNTs nanocatalyst shows
the weakest diffraction peak among the obtained PtNix/
MWNTs nanocatalysts. Meanwhile, there is no obvious peak
shift observed in the XRD patterns for all the prepared nanocatalysts, indicating that Ni is hard to alloy with Pt using the
hydrothermal reaction method [21]. This means that the asprepared PtNix/MWNTs nanocatalysts were composite rather
than alloy nanoparticles.
The average crystallite size of these nanocatalysts are
calculated based on the X-ray line widths of Pt (111) reflection
using Scherrer equation as shown in Equation (1) [34]:
L¼

kl
b cos q

(1)

XRD and EDS analyze
XRD measurements were employed to characterize the crystalline structures of the PteNi nanocatalysts. The results are
presented in Fig. 1. The diffraction peaks located at 24.8 in the
XRD patterns are assigned to the (002) face of MWNTs [31]. In
the XRD pattern of the Pt/MWNTs nanocatalyst, four peaks at
2q values of about 39.9, 47, 68 and 82 correspond to the planes
of (111), (200), (220) and (311), respectively. These four peaks,
characteristics of the face-centered-cubic (fcc) crystalline Pt
(JCPDS, No.01-087-0646 Card), are consistent with the previous
report [31,32] very well. This indicates that Pt4þ ions could be
reduced by this hydrothermal reaction process in the

where k is a shape factor (0.9), l is the wavelength of X-ray
(1.54056 Ǻ), b is the width of the half maximum full-width and
q is the Bragg angle at position of maximum peak. The
calculated crystallite sizes of the nanoparticles based on the
plane of (111) for PtNi/MWNTs, PtNi2/MWNTsand PtNi3/
MWNTs are 53.9, 53.8 and 46.1 nm, respectively. The crystallite sizes calculated based on Equation (1) are much larger
than those estimated from TEM images, Fig. 3B. This is
because that XRD can only reflect crystalline nanoparticles
rather than the actual morphology of catalysts, and large
nanoparticles are selected in XRD patterns, while most of the
small nanoparticles are counted in TEM images [35].
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EDS analysis is performed to explore the chemical
composition of the as-prepared samples. The typical EDS
spectrum of PtNi3/MWNTs is illustrated in Fig. 2. In Fig. 2, the
peaks corresponding to C, O, Pt and Ni elements are clearly
displayed and no other elements are detected. The atomic
contents of Pt and Ni are 0.47 and 0.77%, respectively. Thus,
the obtained molar ratio is smaller than that of the starting
materials used in the experiments. The metallic Ni is hard to
form since in the stable suspension and solid state, the nickel
particles are very sensitive to air [36], the element Ni would
exist in the form of Ni oxides or hydroxides.

Morphology observation
The obtained SEM and TEM images of the pure MWNTs and
PtNix/MWNTs nanocatalysts are presented in Fig. 3A and B.
Compared to the pure MWNTs, Fig. 3A-(a), some dots are
observed to be anchored on the surface of MWNTs for all the
PtNix/MWNTs nanocatalysts after the hydrothermal reaction
process, Fig. 3A-(bef). This result strongly demonstrates that
the hydrothermal reaction method is feasible to produce
metal particles-coated MWNTs. This method may be
employed to synthesize metal-particles/MWNTs hybrid system in a large scale. As shown by the red-circled part in all the
images, much smaller nanoparticles are fabricated on the
surface of MWNTs in the PtNi3/MWNTs nanocatalyst (Fig. 3A(e)) compared to other samples (Fig. 3A-(bed and f)).
As illustrated in Fig. 3B, the detailed morphologies of five
nanocatalysts are characterized by TEM. Compared to pure
MWNTs, Fig. 3B-(a), some nanoparticles are decorated on the
surface of MWNTs for all the nanocatalysts. Based on the TEM
images shown in Fig. 3B, the nanoparticle sizes for the catalysts of Pt, PtNi, PtNi2, PtNi3 and PtNi4 are around 12.5, 11.5,
10.0, 6.0 and 13.0 nm, respectively. Evidently, the nanoparticle
size of PtNi3 is the smallest among all the catalysts, which
may provide a larger surface area when the loadings of added
catalysts are identical. The nanoparticle size of PtNi3 is
smaller than that of PteNi alloy nanoparticles (6.69e10.63 nm)
[9] and the hollow PteNi-graphene nanocatalysts (~30 nm)
[12,21], whereas this nanoparticle size is larger than that of the
Pt-core-PtNi nanoparticles prepared by the microwave

Fig. 2 e EDS spectra for the typical nanocatalyst of PtNi3/
MWNTs.
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irradiation method [37]. Meanwhile, a uniform dispersion of
nanoparticles is exhibited in the catalyst of PtNi3/MWNTs.
This result proves that the molar ratio of Pt to Ni in the
nanocatalysts played a key role in determining the morphologies of the as-prepared nanocatalysts.

Electrochemical behavior
The cyclic voltammograms (CVs) of nanocatalyst PtNix/
MWNTs in 1 M KOH containing 1 M ethanol are shown in
Fig. 4A. No evident oxidation peaks of EOR are found on the
MWNTs and Ni/MWNTs, implying that MWNTs and Ni have
no electrocatalytic ability towards EOR. However, EOR proceeded obviously on the catalysts of Pt/MWNTs and PtNi3/
MWNTs. There are two oxidation peaks in the CVs of the Pt/
MWNTs catalyst. One is located at around 0.26 V on the
anodic scan (peak f) and another one is positioned at about
0.41 V on the cathodic scan (peak b). These results are
consistent with the prior report [38]. Interestingly, for the
sample of PtNi3/MWNTs, the oxidation peak currents of EOR
are significantly improved in comparison with Pt/MWNTs.
The oxidation peak current of EOR on the anodic scan in the
catalyst of PtNi3/MWNTs is about 2.5 times larger than that
obtained in the nanocatalyst of Pt/MWNTs. In addition, the
onset potential for peak f towards EOR is negatively shifted for
about 190 mV in the nanocatalyst of PtNi3/MWNTs compared
to that of Pt/MWNTs nanocatalyst. Close inspection indicates
that compared to the Pt/MWNTs nanocatalyst, the oxidation
peak potentials of EOR for peak f and peak b in the PtNi3/
MWNTs nanocatalyst are negatively shifted about 40 and
45 mV, respectively.
The CV curves of EOR in various kinds of PtNix/MWNTs
nanocatalysts are displayed in Fig. 4B to evaluate the effect of
Ni content on the electrocatalytic activity of PtNix/MWNTs.
Despite the catalyst of PtNi4/MWNTs, all the Ni-doped catalysts showed improved electrocatalytic activities towards EOR
as compared to that of the Pt/MWNTs based on the peak
currents of EOR. Generally, the anodic peak current in the
forward scan indicates the oxidation current of freshly
chemisorbed species and the current arising from the reverse
scan stands for the oxidation of the carbonaceous species [39].
Thus, the ratio of the forward anodic peak current (peak f) to
the reverse anodic peak current (peak b), If/Ib, can be used to
evaluate the poisoning tolerance of a catalyst [39]. A larger If/Ib
ratio indicates a better ethanol oxidation ability during the
anodic scan and less accumulation of carbonaceous residues
on electrode surface. The value of If/Ib ratio for Pt/MWNTs,
PtNi/MWNTs, PtNi2/MWNTs, PtNi3/MWNTs and PtNi4/MWNTs
is estimated to be 4.51, 2.45, 2.40, 1.12 and 4.20, respectively.
This result illustrates that more carbonaceous residues are
accumulated on the nanocatalyst of PtNi3/MWNTs. However,
the largest peak currents of EOR are obtained in the nanocatalyst of PtNi3/MWNTs, Fig. 4B. Meanwhile, the results acquired from chronoamperometric curves in Fig. 4C
substantially verify that the nanocatalyst of PtNi3 possesses
the highest electrocatalytic activity among all the nanocatalysts. This result is contrary to the previous assumption.
The similar results have also been addressed in many published papers. For example Wang's group [40] found that the
catalytic activity of the PteRueNi/C catalyst was higher for
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Fig. 3 e A SEM images of (a) MWNTs, (b) Pt/MWNTs, (c) PtNi/MWNTs, (d) PtNi2/MWNTs, (e) PtNi3/MWNTs, and (f) PtNi4/
MWNTs. B TEM images of (a) MWNTs, (b) Pt/MWNTs, (c) PtNi/MWNTs, (d) PtNi2/MWNTs, (e) PtNi3/MWNTs, and (f) PtNi4/
MWNTs.

methanol electro-oxidation than that of the PteRu/C catalyst,
however, in the CVs of MOR, the ratio of peak f to peak b for
the PteRueNi/C catalyst was smaller than that of the PteRu/C
catalyst. Zhao and his workers [41] reported that the addition
of Ir could significantly improve the ethanol oxidation kinetics
on Pd in alkaline media. The Pd7Ir/C catalyst exhibited the
higher activity and stability than the other samples whereas
the peak current ratio of If/Ib was not increased too much for
the Pd7Ir/C catalyst compared with that of the pure Pd/C
catalyst.
In this work, two novel parameters are proposed tentatively to evaluate the electrocatalytic ability of a catalyst. One
is defined as electrocatalytic intensity (EI). The electrocatalytic
intensity of a catalyst towards EOR can be represented by a
total current of peak f and peak b at a potential scanning rate,
EI ¼ If þ Ib. This parameter may reflect the whole reaction rate
of EOR on a catalyst. The values of EI for Pt/MWNTs, PtNi/
MWNTs, PtNi2/MWNTs, PtNi3/MWNTs and PtNi4/MWNTs are
calculated to be 147.7, 178.9, 260.1, 579.1 and 92.9 mA, respectively. Evidently, the catalyst of PtNi3/MWNTs displays the
highest reaction rate in all the resultant catalysts, Fig. 4B.
Although peak f and peak b in EOR correspond to different
oxidation mechanisms, it has been widely accepted that both
peak f and peak b are all resulted from the oxidation of ethanol

or the intermediates produced in the process of EOR. Therefore, another parameter of electrocatalytic quantity, EQ, is proposed, and defined as the area sum of peak f and peak b at a
potential scan rate in CV test. In other words, the area sum of
the forward and backward peak in CV of EOR should correspond to the total amount of electrooxidized substances. The
values of EQ for Pt/MWNTs, PtNi/MWNTs, PtNi2/MWNTs,
PtNi3/MWNTs, and PtNi4/MWNTs are estimated to be 0.23,
0.49, 0.71, 1.56, and 0.23 mC, respectively. It is evident that the
order of EQ for the as-prepared samples is consistent with the
electrocatalytic activities exhibited by the prepared nanocatalysts very well. That means that the nanocatalyst of PtNi3/
MWNTs has the best electrocatalytic activity among all the
samples.
Generally, the forward peak current and onset potential are
two parameters that can reflect the electrocatalytic activity of
a catalyst toward EOR [42]. The forward peak current and
onset potential for Pt/MWNTs, PtNi/MWNTs, PtNi2/MWNTs,
PtNi3/MWNTs, and PtNi4/MWNTs are approximately 123 mA
and 0.42 V, 127 mA and 0.65 V, 184 mA and 0.66 V, 305 mA
and 0.67 V, 75 mA and 0.47 V, respectively. These results
show that the nanocatalyst of PtNi3/MWNTs has the largest
forward peak current and the most negative onset potential of
EOR.
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Based on the above analysis, at least three conclusions can
be achieved: (1) a proper amount of Ni doped Pt can significantly enhance the electrocatalytic ability of Pt towards EOR;
(2) the doped Ni element may effectively influence the onset

Fig. 4 e A CV curves of MWNTs, Pt/MWNTs, Ni/MWNTs
and PtNi3/MWNTs at a scan rate of 100 mV s¡1 in 1 M KOH
containing 1 M C2H5OH solution. B CV curves of PtNix/
MWNTs-coated GC electrode at a scan rate of 100 mV s¡1 in
1 M KOH containing 1 M C2H5OH solution. C
Chronoamperometric curves of PtNix/MWNTs-coated GC
electrode in 1 M KOH containing 1 M C2H5OH solution
under the potential of ¡0.28 V (vs SCE).
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potential of EOR, which indicates that the process of EOR on
the PtNix nanocatalysts is much different from that on the
pure Pt catalyst; (3) the molar ratio of Pt to Ni was a key factor
that substantially affects the electrocatalytic activity of the
resultant PtNix nanocatalysts towards EOR.
The long-term stabilities of the prepared catalysts with
various Pt/Ni molar ratios are valued by using chronoamperometric measurement [43]. Fig. 4C presents the currentetime plots of all the catalyst electrodes in 1 M KOH
containing 1 M ethanol at a potential of 0.28 V. It is observed
that all the currentetime curves are consisted of two stages. In
the first stage of 50 s, the currents drop quickly mainly due to
the accumulation of CO-like intermediates on the surface of
the nanocatalyst. In this stage, these adsorbed species may
occupy many free Pt active sites and prevent ethanol molecules from further adsorption and oxidation. After this stage,
the currents drop slowly and the electrode reactions reach a
steady state because of the fact that the adsorption of
oxygenated and poisonous species as well as their redox reactions has attained a relative balance [44]. The largest value
of steady current is observed in the PtNi3/MWNTs nanocatalyst within the whole testing period, which implies that
the catalyst of PtNi3/MWNTs has the best electrocatalytic
ability and catalytic durability among all the prepared catalysts. This result may be attributed to the smaller nanoparticle
size and uniform dispersion of PtNi3 on the surface of MWNTs,
Fig. 3B.
In the electrochemical impedance spectroscopy (EIS)
measurement, Nyquist plot can be used to evaluate the electrochemical performance of a working electrode [45] directly.
Fig. 5A illustrates the Nyquist plots of all the nanocatalysts in
the solution of 1 M KOH containing 1 M ethanol at the open
circuit potential (OCP). Generally, the semicircle displayed in
the high frequency region corresponds to a circuit having a
resistance element parallel to a capacitance element [46]. The
straight line in the low frequency region is attributed to the
Warbug impedance. In Fig. 5A, instead, a half semicircle is
observed in the high frequency region, in which the shape is
very similar to the previous report [47]. This is probably due to
the lower value of the upper limiting frequency used. Usually,
the semicircle diameter equals the charge transfer resistance
(Rct). A bigger semicircle corresponds to a larger value of Rct,
and the lower the value of Rct, the faster the charge transfer
reaction rate will be. The values of the semicircle diameter for
PtNi/MWNTs, PtNi2/MWNTs, PtNi3/MWNTs and PtNi4/MWNTs
estimated from Fig. 5A are approximately 6.1, 4.2, 3.4, and
6.9 U, respectively. The lowest value of Rct in the PtNi3/MWNTs
electrode suggests that the charge transfer process of EOR
occurring on the catalyst of PtNi3/MWNTs is faster than those
on other nanocatalysts.
Bode plots for all the samples are also illustrated in Fig. 5B
aiming to attain more useful information on the electrochemical properties of the as-prepared catalysts. Evidently,
only the PtNi3/MWNTs coated GC electrode showed two
symmetric peaks within the applied frequency region. Normally, the symmetric peak in Bode plot may correspond to a
relaxation process of the electrodejsolution interface [48].
Therefore, there are two relaxation processes of the electrodejsolution interfaces in the PtNi3/MWNTs due to the existence of two phases in the PtNi3. One phase is the Pt phase and
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Fig. 5 e A Nyquist plots for the synthesized nanocatalysts
coated GC electrode in 1 M KOH containing 1 M C2H5OH
aqueous solution. B Bode plots obtained at open circuit
potential for the various nanocatalysts coated GC
electrodes in 1 M KOH þ 1 M C2H5OH aqueous solution.

another phase is Ni oxides or hydroxides. Consequently, the
properties of Pt and Ni oxides or hydroxides are both displayed. This can be employed to interpret the strange
behavior of PtNi3/MWNTs observed in the CP test (Fig. 6). In
addition, the Bode plots for all other nanocatalysts are
observed different from each other. This indicates that the
structure of PtNix/MWNTs-coated GC electrode is strongly
affected by the molar ratio of Pt to Ni. The lower phase angle of
the PtNi3/MWNTs coated GC electrode (20.8 at 0.1 Hz) is obtained compared to other samples (66.8, 57.0, 51.0, 55.0 at
0.1 Hz for Pt, PtNi, PtNi2 and PdNi4/MWNTs, respectively). This
may be interpreted that the PtNi3/MWNTs nanocatalyst exhibits less capacitive behavior than other samples since ideal
capacitive systems should give phase angles of 90 [49,50].
To study the electrocatalytic activity and stability of the asprepared nanocatalysts for the EOR in alkaline media, chronopotentiometry (CP) tests are performed and the results are
given in Fig. 6. In the CP tests, a constant current density of
0.3 mA cm2 is applied for 1800 s. Theoretically, the electrode
potential will increase after applying a positive current. The
polarization potential is observed to increase within the

testing period for all the PtNix/MWNTs-coated GC electrodes,
Fig. 6, whereas the shapes of CP curves are different from each
other. Interestingly, Pt/MWNTs and PtNi/MWNTs have the
analogous shapes of CP curves due to the close components
presented in these two samples. However, for the PtNi2/
MWNTs-coated GC electrode, the polarization potential is
increased sharply from 2.0 V to 2.2 V within 130 s. Then the
potential is decreased gradually to a constant value of 2.0 V at
450 s. For the PtNi4/MWNTs-coated GC electrode, no evident
potential peak is observed within the whole period. This result
strongly indicates that the above two electrodes proceed in a
much different way when a positive current was applied.
Surprisingly, a different shape of CP curve is shown in the
catalyst of PtNi3/MWNTs. At the initial stage, the polarization
potential of electrode is slowly increased from 2.0 V at 0 s to
0.3 V at 1290 s. Then the potential is increased sharply to a
constant value of 2.19 V at the time of 1610 s. Lastly, the value
of electrode potential is fixed at 2.20 V. Thus, the stability of
PtNi3/MWNTs is the best one among all the samples. Meanwhile, the slope of CP curve of PtNi3/MWNTs demonstrates
that the PtNi3/MWNTs nanocatalyst electrode is not an ideal
polarizable electrode compared to other used electrodes. This
means that some electrochemical reactions have happened
on the PtNi3/MWNTs nanocatalyst when being charged by a
positive current [51]. On the other hand, due to the lower
standard electrode potential of Ni2þ/Ni (0.257 V vs. NHE)
compared to Pt/Pt2þ (0.915 V vs. NHE) [52], Ni is easy to lose
electrons and form Ni2þ. This means that due to the electrochemical reaction between the Ni and the hydroxyl ion,
Ni þ 2OH / Ni(OH)2 þ 2e, Ni(OH)2 can be formed on the
electrode [53]. When the applied voltage is increased further,
Ni peroxide is formed immediately following the formula,
Ni(OH)2 / NiOOH þ Hþ þ e [47]. The newly formed NiOOH
may act as electron transfer mediator for the oxidation process, NiOOH þ alcohol / Ni(OH)2 þ products [54]. This may be
responsible for the excellent electrocatalytic ability of PtNi3/
MWNTs nanocatalyst towards EOR compared to other nanocatalysts. In addition, in Fig. 6, the PtNi3/MWNTs nanocatalyst
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Fig. 7 e A Pictures of H2PtCl6 solution (a) before and (b) after
the hydrothermal reaction process; pictures of
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shows the lowest polarization potential among all the nanocatalysts within the whole measured period. Therefore, the
addition of a proper amount of Ni to Pt can greatly facilitate
the removal of the adsorbed ethoxi intermediates and make it
more resistant to poisoning. To further clarify the electrocatalytic mechanism of the PtNi3/MWNTs catalysts towards
EOR, more intensive studies are required to explain the
contribution of Ni and its oxides to EOR.
Meanwhile, according to the electrochemical theory, a
mini-cell may form in the as-prepared catalysts, in which Ni is
used as the negative electrode and Pt as the positive electrode,
respectively. The formed micro-battery can change the microenvironment of the interface between the PtNi3/MWNTs and
electrolyte and generate a significant effect on the process of
EOR. This concept may provide a possible interpretation for
explaining the fact that many binary or ternary composite
particles of catalysts have excellent electrocatalysis towards
reactions in fuel cells [4e7].
In order to understand the mechanism of the catalyst formation, photos of the filtered solutions before and after the
hydrothermal reaction are shown in Fig. 7A. A light brown
solution containing PtCl2
6 ions before the hydrothermal reaction is clearly observed in Fig. 7A-a. Interestingly, after the
hydrothermal reaction, the filtered solution turned to colorless, which indicates that all ions of Pt4þ are reduced in the
process of hydrothermal reaction. Meanwhile, in the solution
and Ni2þ, a colorless solution is
having the ions of PtCl2
6
observed after the hydrothermal reaction. This implies that all
the ions in the solution have been reduced during the hydrothermal reaction. It is noticed that in the absence of MWNTs,
no color changes in the solution after hydrothermal reaction
are observed, which effectively proves that MWNTs are
employed as the reductants in the process. Normally, the
carbon surface is often decorated with oxygen containing
functional groups due to the self-oxidation, which represents
as compounds such as carboxylic acids, phenols, lactones,
carboxylic anhydrates, ketones, ethers, quinones or pyrones
[55]. In addition, in the presence of deionized water and
MWNTs, a reductive environment can be produced by the
some reactions between water and carbon such as
C þ H2O ¼ CO þ H2 [56]. This means that the produced CO and
H2 are the reductants, which can reduce the formed metal
oxides during the process of hydrothermal reaction. In other
words, a reducing environment is created by the system
containing MWNTs and water. Therefore, the reaction between the metal ions and MWNTs may proceed easily, though
the exact reaction mechanism of this process cannot be only
clarified by these photos.
Correspondingly, the ultravioletevisible (UVevis) absorption spectra of the solution before and after the hydrothermal
reaction process are presented in Fig. 7B. For the aqueous
solution having PtCl2
6 before the hydrothermal reaction process as shown in curve a, an absorption peak at around

H2PtCl6 þ Ni(CH3COO)2 solution (c) before and (d) after the
hydrothermal reaction process. B UVevis spectra of H2PtCl6
solution (a) before and (b) after the hydrothermal reaction;
H2PtCl6 and Ni(CH3COO)2 solution (c) before and (d) after the
hydrothermal reaction process.
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260 nm is clearly observed, which is consistent with the previous report [57]. However, after the hydrothermal reaction,
no obvious absorption peaks are observed within the whole
measured wavelength range. It strongly indicates that all the
PtCl2
6 ions have reacted with the introduced MWNTs, leading
to the formation of Pt nanoparticles on the surface of MWNTs.
and Ni2þ, except a
For the solution containing PtCl2
6
maximum absorption peak appearing at 259 nm, a weak absorption peak at around 210 nm is seen. This peak may
probably correspond to the n / p* (or p / p*) transition of C]
O bonds in the group of CH3COO [57]. Unfortunately, the
absorption peak located around 390 nm corresponding to the
ions of Ni2þ [57] is not displayed. This may be due to the fact
that it is difficult to separate Ni2þ from Ni(CH3COO)2 compared
to NiCl2 based on the ionization theory of acids and bases.
Obviously, the intensities of all the absorption peaks significantly decreased after the hydrothermal reaction process.
This suggests that the amount of ions is lowered due to the
formation of PtNix nanoparticles. These results demonstrate
and Ni2þ are reduced to
that the introduced ions of PtCl2
6
generate metallic nanoparticles in the presence of MWNTs
through the facile method of hydrothermal reaction. Why did
the PtNix catalysts containing different molar ratios of Pt to Ni
present such different electrocatalytic activity towards EOR?
In order to further explore the possible reasons for this
question, CVs of five typical nanocatalysts including Pt, PtNi,
PtNi2, PtNi3, and PtNi4 in 1 M KOH are plotted in Fig. 8A.
Generally, the electrochemically active surface area (EASA) of
a catalyst is a key parameter to influence its activity towards
EOR. It is well known that the method of integrating the CV
curves in the H adsorption/desorption region of PtNix catalysts
can be employed to calculate the value of EASA approximately
by the following equation (2) [58]:
EASA ¼ (QH)/(MPt(PtNix)  Qref)

Fig. 8 e A CV curves of PtNix/MWNTs-coated GC electrode
in 1 M KOH solution at a scan rate of 100 mV s¡1 with a
potential window ranging from 0.2 to ¡1.0 V. B CV curves
of PtNix/MWNTs-coated GC electrode in 1 M KOH solution
at a scan rate of 100 mV s¡1 with a potential window
ranging from 0.2 to ¡1.2 V. C Linear sweep voltammetry
(LSV) curves of PtNi3/MWNTs-coated GC electrode in 1 M
KOHþ1 M C2H5OH solution at a scan rate of 100 mV s¡1
with a potential window ranging from ¡0.75 to 0.2 V. The
curves were recorded after the working electrode potential
was held at ¡0.75 V for 0, 10, 20 and 30 s.

(2)

where QH is the amount of charges from the oxidation of the
hydrogen atoms on the Pt or PtNix surface, MPt stands for the
mass of Pt loading, and Qref represents the hydrogen (H)
adsorption charge on a smooth platinum electrode
(0.21 mC cm2) [58]. However, the accurate value of MPt cannot
be obtained with our present techniques. Thus, the value of
EASA can only be estimated approximately by assuming that
the weights of various nanocatalysts are identical. As a result,
the values of EASA show the following decreasing order:
PtNi3 > PtNi2 > PtNi4 > PtNi > Pt. This result indicates that the
nanocatalyst of PtNi3 has higher electrocatalytic activity than
other PteNi samples as well as pure Pt. Meanwhile, it is noted
that for the nanocatalyst of Pt/MWNTs, according to the previous report, the reduction peak located at around 0.41 V
could be assigned to the reduction of platinum oxides [59].
Evidently, the onset potentials of this peak are shifted positively for all the Ni-doped nanocatalysts relative to that of
pure Pt catalyst. This suggests that platinum oxides formed on
the PtNix nanocatalysts can be reduced facilely compared to
that on pure Pt. Obviously, among all the prepared nanocatalysts, the PtNi3 shows the largest peak current and the
most positive onset potential for the reduction peak of
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platinum oxides. Therefore, when the polarization potential
of the catalyst electrode is altered from 0.75 to 0.2 V vs. SCE,
more active Pt sites can be released on the PtNi3 nanocatalyst
in comparison with other samples. This may be partially
responsible for the excellent electrocatalytic performance of
PtNi3/MWNTs towards EOR.
As shown in Fig. 8A, the onset potential of hydrogen
adsorption for PtNi3 nanocatalyst is the most positive among all
the nanocatalysts. The potential window of CV test is changed
from 0.2 ~1.0 to 0.2 ~1.2 V to further understand the
hydrogen evolution behavior on various nanocatalysts. Surprisingly, as shown in Fig. 8B, a huge hydrogen evolution peak
(green line) located at around 1.2 V is presented on the PtNi3
though the behavior of hydrogen evolution on the PtNi2 is also
clearly observed. It has been proposed that Ni can activate
water molecules and provide preferential sites for OH adsorption (H2O/ OHads þ Hþ þ e) at lower potential than Pt, and the
abundant -OHads species are good for completely oxidizing the
CO product to CO2 (COads þ OHads / CO2 þ Hþ þ e) to avoid the
electrode poisoning [9]. However, in this case, a reduction
process of water molecule, H2O þ e / OH þ H, is displayed
on the catalyst of PtNi3. Probably, similar to the above
assumption, a proper amount of Ni doped in Pt may activate
water molecules to generate hydrogen atom or gas easily at
more positive potential than Pt. Thus, more OH groups are
formed on the surface or in the vicinity of the PtNi3 nanocatalyst. This may lead to an accelerated process of CO2 formation due to the increased concentration of OH groups.
To prove that a proper amount of the newly formed eOH
groups is beneficial to the EOR, the electrode potential of PtNi3/
MWNTs-coated GC electrode is kept at 0.75 V vs. SCE for a
period and the electrode potential is scanned from 0.75 to
0.2 V by a linear sweep voltammetry (LSV) technique. All the
results are illustrated in Fig. 8C. The peak current of the forward peak for EOR is greatly improved with increasing time.
For instance, the peak current of EOR obtained at 20 s-period is
around 1.4 times larger than that without potential (0.75 V)
treatment. Meanwhile, the onset potential of the peak for EOR
is negatively shifted for the curve of 20 s compared to that of
the curve of 0 s. However, when the potential treatment exceeds 30 s, the peak current of EOR was decreased quickly.
According to the CV curves shown in Fig. 8A, it is confirmed
that the hydrogen evolution has taken place as the electrode
potential approached 0.75 V. As the potential treatment
period is increased to 30 s, more hydrogen atoms or gases are
produced on the surface of the nanocatalyst. The adsorption
process of ethanol molecules on the nanocatalyst surface may
be hindered, which leads to a lowered electro-oxidation process of ethanol.

Conclusion
In this work, PtNix nanoparticles have been prepared by a
facile hydrothermal reaction method with MWNTs as reductants and the electrocatalytic behavior of these nanoparticles have been studied. XRD patterns testified the
immobilization of PtNix nanoparticles with a face centered
cubic (fcc) crystalline state on the surface of MWNTs and the
PtNi3 nanocatalyst has the smallest particle size around ~6 nm
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among all the as-prepared samples. The electrocatalytic
measurements revealed that the catalyst of PtNi3/MWNTs is a
good material for ethanol oxidation in alkaline medium
compared to other PtNix nanocatalysts. A decreased 190 mV
for the onset potential and a 2.5 times enhancement for the
peak current are observed in PtNi3/MWNTs compared to Pt/
MWNTs. Among these prepared PtNix nanocatalysts, the
smaller nanoparticle size and uniform dispersion are recognized as the main reasons for the improvements in electrocatalytic activity and stability of PtNi3 towards EOR.
Meanwhile, two parameters including EI and EQ are proposed
for the first time to estimate the electrocatalytic ability of a
catalyst towards EOR. In addition, it was found that the process of hydrogen evolution on the catalyst of PtNi3/MWNTs is
much easier than other nanocatalysts. Most importantly, the
PtNi3/MWNTs nanocatalyst shows the lowest value of polarization potential among all the prepared samples when being
charged by a positive current in the CP tests. The facile hydrothermal reaction method is expected to be utilized as a
technique for preparing PteNi bimetallic nanoparticles in a
large scale.
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€ çmen A, Erhan Aksoylu A. The effect
[22] Go
of Ni:Pt ratio on oxidative steam reforming performance of
PteNi/Al2O3 catalyst. Int J Hydrogen Energy 2008;33:4358.
[23] Lu S, Zhang C, Liu Y. Carbon nanotube supported Pt-Ni
catalysts for preferential oxidation of CO in hydrogen-rich
gases. Int J Hydrogen Energy 2011;36:1939.
[24] Yang X, Cheng F, Liang J, Tao Z, Chen J. Carbon-supported
Ni1x@Ptx (x [ 0.32, 0.43, 0.60, 0.67, and0.80) coreeshell
nanoparticles as catalysts for hydrogen generation from
hydrolysis of ammonia borane. Int J Hydrogen Energy
2011;36:1984.
€
 lu S‚, Erhan Aksoylu A. CO2 reforming of
[25] Ozkara-Aydıno
g
methane over Pt-Ni/Al2O3 catalysts: effects of catalyst
composition, and water and oxygen addition to the feed. Int J
Hydrogen Energy 2011;36:2950.
[26] Cao N, Su J, Luo W, Gongzhen Cheng. Ni-Pt nanoparticles
supported on MIL-101 as highly efficient catalysts for
hydrogen generation from aqueous alkaline solution of

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

hydrazine for chemical hydrogen storage. Int J Hydrogen
Energy 2014;39:9726.
Liang Y, Li Y, Wang H, Dai H. Polyelectrolyte functionalized
carbon nanotubes as efficient metal-free electrocatalysts for
oxygen reduction. J Am Chem Soc 2013;135:2013.
Yan Z, Liu Y, Lin J, Peng Z, Wang G, Pembroke E, et al.
Hexagonal graphene onion rings. J Am Chem Soc
2013;135:10755.
Merkulov IA, Yoon M, Geohegan DB. How the shape of catalyst
nanoparticles determines their crystallographic orientation
during carbon nanofiber growth. Carbon 2013;60:41.
Parthasarathy M, Debgupta J, Kakade B, Ansary AA, Islam
Khan M, Pillai VK. Carbon nanotube-modified sodium
dodecyl sulfateepolyacrylamide gel electrophoresis for
molecular weight determination of proteins. Anal Biochem
2011;409:230.
Ding K, Cao M. Pyrolysis of chloroplatinic acid to directly
immobilize platinum nanoparticles onto multi-walled
carbon nanotubes. Russ J Electrochem 2008;44:977.
Zhua M, Suna G, Xin Q. Effect of alloying degree in PtSn
catalyst on the catalytic behavior for ethanol electrooxidation. Electrochim Acta 2009;54:1511.
Zhang Z, Xin L, Sun K, Li W. Pd-Ni electrocatalysts for
efficient ethanol oxidation reaction in alkaline electrolyte.
Int J Hydrogen Energy 2011;36:12686.
Zhao Y, Zhan L, Tian J, Nie S, Ning Z. Enhanced
electrocatalytic oxidation of methanol on Pd/
polypyrroleegraphene in alkaline medium. Electrochim Acta
2011;56:1967.
Tayal J, Rawat B, Basu S. Bi-metallic and tri-metallic Pt-Sn/C,
Pt-Ir/C, Pt-Ir-Sn/C catalysts for electro-oxidation of ethanol
in direct ethanol fuel cell. Int J Hydrogen Energy
2011;36:14884.
Maiyalagan T, Scott K. Performance of carbon nanofiber
supported Pd-Ni catalysts for electro-oxidation of ethanol in
alkaline medium. J Power Sources 2010;195:5246.
Deivaraj TC, Chen W, Lee JY. Preparation of PtNi
nanoparticles for the electrocatalytic oxidation of methanol.
J Mater Chem 2003;13:2555.
Hua H, Hu C, Zhao Z, Liu H, Xie X, Xi Y. Pt nanoparticles
supported on submicrometer-sized TiO2 spheres for effective
methanol and ethanol oxidation. Electrochim Acta
2013;105:130.
Zhao G-Y, Xu C-L, Guo D-J, Li H, Li H-L. Template preparation
of Pt-Ru and Pt nanowire array electrodes on a Ti/Si substrate
for methanol electro-oxidation. J Power Sources
2006;162:492.
Wang ZB, Yin GP, Zhang J, Sun YC, Shi PF. Co-catalytic effect
of Ni in the methanol electro-oxidation on PteRu/C catalyst
for direct methanol fuel cell. Electrochim Acta 2006;51:5691.
Shen SY, Zhao TS, Xu JB. Carbon-supported bimetallic PdIr
catalysts for ethanol oxidation in alkaline media.
Electrochim Acta 2010;55:9179.
Singh RN, Singh A. Electrocatalytic activity of binary and
ternary composite films of Pd, MWCNT and Ni, Part II:
methanol electrooxidation in 1 M KOH. Int J Hydrogen Energy
2009;34:2052.
Ding K, Yang G, Wei S, Mavinakuli P, Guo Z. Cyclic
voltammetric preparation of palladium nanoparticles for
ethanol oxidation reaction. Industr Eng Chem Res
2010;49:11415.
Cherevko S, Xing XL, Chung CH. Pt and Pd decorated Au
nanowires: extremely high activity of ethanol oxidation in
alkaline media. Electrochim Acta 2011;56:5771.
Ding K, Jia Z, Wang Q, He X, Tian N, Tong R, et al.
Electrochemical behavior of the self-assembled membrane
formed by calmodulin (CaM) on a Au substrate. J Electroanal
Chem 2001;513:67.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 9 ( 2 0 1 4 ) 1 7 6 2 2 e1 7 6 3 3

[46] Ding K, Jia H, Yang G, Wei S, Mavinakuli P, Guo Z.
Electrocatalysis of sandwich-structured Pd/Polypyrrole/Pd
composites toward formic acid oxidation. Industr Eng Chem
Res 2011;50:7077.
[47] Pang HL, Lu JP, Chen JH, Huang CT, Liu B, Zhang XH.
Preparation of SnO2-CNTs supported Pt catalysts and their
electrocatalytic properties for ethanol oxidation. Electrochim
Acta 2009;54:2610.
[48] Hu C, Yuan S, Hu S. Studies on electrochemical properties of
MWNTs-nafion composite films based on the redox behavior
of incorporated Eu3þ by voltammetry and electrochemical
impedance spectroscopy. Electrochim Acta 2006;51:3013.
[49] Adekunle AS, Ozoemena KI. Electron transfer behaviour of
single-walled carbon nanotubes electro-decorated with
nickel and nickel oxide layers. Electrochim Acta
2008;53:5774.
[50] Ding K, Wang Q. Comparison of admittance plots for glass
carbon (GC) and edge plane pyrolytie graphite (EPPG)
electrodes in three typical kinds of electrolytes. Port
Electrochim Acta 2007;25:401.
[51] Ding K-Q, Cheng F-M. Cyclic voltammetrically prepared
MnO2ePPy composite material and its electrocatalysis
towards oxygen reduction reaction (ORR). Synth Met
2009;159:2122.

17633

[52] Bard AJ, Faulkner LR. Electrochemical methods fundamentals
and applications. 2nd ed.: John Wiley& Sons, Inc.
[53] Weng Y-C, Lee Y-G, Hsiao Y-L, Lin C-Y. A highly sensitive
ascorbic acid sensor using a NiePt electrode. Electrochim
Acta 2011;56:9937.
[54] Abdel Rahim MA, Abdel Hameed RM, Khalil MW. Nickel as a
catalyst for the electro-oxidation of methanol in alkaline
medium. J Power Sources 2004;134:160.
[55] Boehm HP. Chemical identification of surface groups. In:
Advances in catalysis, 16. New York: Academic Press; 1966.
p. 179.
[56] Zhu Z, Lu GQ, Finnerty J, Yang RT. Electronic structure
methods applied to gasecarbon reactions. Carbon
2003;41:635.
[57] Wu X, Du P, Wu P, Cai C. Effects of 1-butyl-3methylimidazolium tetrafluoroborate on the oxidation of
glucose catalyzed by glucose oxidase. Electrochim Acta
2008;54:738.
[58] Lee SJ, Mukerjee S, McBreen J, Rho YW, Kho YT, Lee TH.
Effects of Nafion impregnation on performances of PEMFC
electrodes. Electrochim Acta 1998;43:3693.
[59] Tammeveski K, Tenno T, Claret J, Ferrater C. Electrochemical
reduction of oxygen on thin-film Pt electrodes in 0.1 M KOH.
Eletrochim Acta 1997;42:893.

