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h i g h l i g h t s
� The electro-oxidation of EtOH on PteNiO/C catalysts was investigated in acid media.
� Small metal nanoparticles with sizes in the range of 3.5e4.5 nm were synthesized.
� PteNiO/C electrodes have better catalytic activity than Pt/C catalyst.
� The apparent activation energy for the overall reaction decreased with NiO content.
� PteNiO/C catalysts exhibited good long-term stability.
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a b s t r a c t

In the present work, the influence of nickel oxide as a co-catalyst of Pt nanoparticles for the electro-
oxidation of ethanol in the temperature range of 23e60 �C was investigated. The carbon supported
nickel oxide and platinum nanoparticles were prepared by hydrothermal synthesis and microwave-
assisted polyol process respectively, and characterized by XRD, EDX, TEM and ICP analysis. The elec-
trocatalytic activity of the as-prepared materials was studied by cyclic voltammetry and chro-
noamperometry. Small metal nanoparticles with sizes in the range of 3.5e4.5 nm were obtained. The
nickel content in the as-prepared PteNiO/C catalysts was between 19 and 35 at.%. The electrochemical
experiments showed that the electrocatalytic activity of the PteNiO/C materials increase with NiO
content in the entire temperature range. The apparent activation energy (Ea,app) for the overall ethanol
oxidation reaction was found to decrease with NiO content (24e32 kJ mol�1 at 0.3 V), while for Pt/C the
activation energy exceeds 48 kJ mol�1. The better performance of the PteNiO/C catalysts compared to Pt/
C sample is ascribed to the activation of both the CeH and OeH bonds via oxygen-containing species
adsorbed on NiO molecules and the modification of the surface electronic structure (changes in the
density of states near the Fermi level).

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The limited amount of available resources, the high environ-
mental impact and unequal access to resources conspire against the
viability of the current energy model. To meet the growing energy
demand of the world is necessary to develop and implement me-
dium and long term energy strategies based on a more environ-
mentally friendly and sustainable model. Clean and renewable
).
energy can replace fossil fuels that pollute and fleece the natural
resources, limiting the CO2 and NOx emissions and other chemical
pollutants into the atmosphere, thereby reducing the greenhouse
effect.

Within the clean technologies, fuel cells are widely recognized
as a very attractive alternative to generate electricity cleanly and
efficiently from a chemical reaction. In particular, the direct ethanol
fuel cells (DEFCs) have a great potential as power sources for
electric vehicles, secondary electricity generators and portable
electronic devices such as notebooks, mobile phones, etc. [1].
Ethanol can be easily handled, stored and transported by using the
existent fossil fuel infrastructure and it provides an energy density
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very close to that of gasoline. Furthermore, ethanol is less toxic than
methanol and has a less pronounced crossover through the iono-
meric membrane due to their larger molecular size [2]. Further-
more, ethanol can be produced on a large scale from agricultural
products and it is the major renewable biofuel obtained from the
fermentation of biomass [3,4]. As well, the use of bioethanol can
reduce the net carbon dioxide emissions nearly to zero.

However, there are some technical and economical barriers that
have to be overcome to facilitate their massive production and
commercialization in the global market, such as the high cost and
scarcity of noble metals, the deficient activity and selectivity of
anode electrocatalysts and the long term stability of the electrodes
at temperatures compatible with available ionomeric membranes.

In recent years, several strategies have been undertaken for
improving the catalytic properties of Pt-based systems and for
increasing Pt utilization. To this purpose novel multi-metallic Pt
nanoparticles have been developed, including alloy catalysts
PteRheSnO2/C [5], Pt-Ru-Mo [6], PtRuIrSn [7], PtSnM/C (M: Ni, Co,
Rh and Pd) [8], and Pt-M oxides PtSnOx [9], PtCeO2/C [10],
PteMnO2/C [11], PteRuO2/C [12] and PteZrO2/C [13]. Furthermore,
Pt-M (M: Cu, Ag and Co) bimetallic nanostructures with well-
defined morphologies have attracted considerable attention
because of their attractive structural features [14e16]. Another
strategy to prepare highly active and durable catalysts with low Pt
loading involves the production of nanoparticles with a coreeshell
structure [17e19].

In this article, we studied the influence of nickel oxide as a co-
catalyst of Pt nanoparticles during the electrocatalytic oxidation
of ethanol in acid media. Nickel, its hydroxides and oxides have
been extensively used in several areas including fuel cells, energy
storage, organic synthesis, waste water treatment, and electro-
chemical sensors because of their ability to catalyze reactions
involving small organic molecules as well as their higher natural
abundance and low-cost [[20], and references therein]. To the best
of our knowledge, there are no articles dealing with the use of
nickel oxide as a co-catalyst with platinum for the ethanol oxida-
tion reaction in acid media. On the contrary, there are some works
that evaluate the effect of NiO nanoparticles on Pt-based catalyst
performance for methanol [21e23] and formic acid [24e26]
electro-oxidation in acid media. Moreover, NiO has also been
used as a co-catalyst to promote the electro-oxidation of methanol
and ethanol in alkaline media on Pt and Pd particles [27e30].

Carbon supported nickel oxide and platinum nanoparticles were
prepared and the synthesized PteNiO/C and Pt/C electrocatalysts
were characterized by X-ray diffraction (XRD), energy dispersive X-
ray spectroscopy (EDX), transmission electron microscope (TEM)
and inductively coupled plasma atomic emission spectroscopy
(ICP-AES). The electrocatalytic properties of the as-prepared sam-
ples were investigated by cycle voltammetry (CV) and chro-
noamperometry methods in the temperature range of 23e60 �C.
The kinetic characteristics of the EOR process in function of
changing temperature and applied potential were also investigated
in detail.
Table 1
Nominal compositions of PteNiO/C and Pt/C catalysts and Pt loading in the activated
carbon.

Catalysts Nominal contents Pt wt.%c

Pt wt.%a NiO wt.%a Pt at.%b Ni at.%b

Pt/C 20 0 100 0 19.87
PteNiO/C1 20 2.5 79.0 21.0 20.00
PteNiO/C2 20 5.0 64.5 35.5 19.95

a Nominal contents of Pt and NiO in the activated carbon Vulcan.
b Nominal atomic ratios.
c Determined by ICP-AES analysis.
2. Experimental section

2.1. Carbon support pretreatment

Pretreated Vulcan XC-72 R carbon black (SBET ¼ 241 m2 g�1, and
dp ¼ 40 nm) was used as substrate. The carbon pretreatment was
carried out in 5 M HNO3 solution at 60 �C for 3 h. The slurry was
then cooled and its pH value was adjusted to 7.0 with 0.5 M NaOH
solution. The carbon powder was then filtered, washed with water
and ethanol thoroughly and dried in an oven at 60 �C overnight.
2.2. NiO nanoparticles synthesis

Nickel(II) chloride hexahydrated, NaOH, KOH, KNO3, HCl, and
HNO3 were obtained from Anedra. All chemicals were of analytical
grade and used as received. Bidistilled water was used for the
preparation of all solutions.

NiO nanoparticles were synthesized in alkaline medium by us-
ing a mixed-surfactant template composed by the cationic surfac-
tant cetyltrimethylam-monium tosylate (CTAT,
MW ¼ 455.7 g mol�1) and the amphiphilic copolymer Pluronic F68
(PEO76PPO29PEO76, MW ¼ 8400 g mol�1, and PEO and PPO being
the poly(oxyethylene) and the poly(oxypropylene) chain units,
respectively). It is known that the use of surfactants as template
provides homogeneity and monodispersity to the formed product
with a significant decrease in the particle size. Briefly, 40 ml of
Pluronic F68-CTAT (Polyoxyethylene-polyoxypropylene block
copolymer and cetyl trimethylammonium tosylate) mixed solution
was prepared with a 1:3 M ratio by adding the desired amount of
the surfactant towater. This mixture was stirred in a conical flask at
35 �C to form a transparent template solution and then it was left at
room temperature. At the same time, 11.6 ml of a 1.185 mol dm�3

NiCl2 solution was prepared by adding the desired amount of the
hydrated salt to water. To obtain the material 20 ml of NaOH
1.375 mol dm�3 was added drop by drop 15 min after the addition
of the NiCl2 solution to the surfactant solution. The final pH of the
mixture was around 12. The resulting product, whose mole
composition ratio was 1:2:0.0417:0.0014:289 NiCl2:NaOH:C-
TAT:F68:H2O, was stirred for 10 min and then left for 48 h in an
autoclave at 100 �C. Then, the solid was filtered, washed with
bidistilled water and left to dry at room temperature. Finally, it was
calcined in an air flux by increasing the temperature from room
temperature to 540 �C with a heating rate of 2 �C min�1, and
holding for 5 h at 540 �C.

2.3. Catalyst synthesis

The PteNiO/C catalysts with different nickel oxide contents
(Table 1) were synthesized by microwave-assisted polyol process.
The appropriate amount of nickel oxide and pretreated Vulcan XC-
72R carbon black were dispersed into 50 ml of ethylene glycol (EG)
in a beaker under ultrasonic treatment for 1 h to form uniform
mixture inks. Then, H2PtCl6 aqueous solution (0.0386 mol dm�3)
was added into the uniform NiO/C dispersion. The suspension was
ultrasonicated for 3 h and then the pH value adjusted to 10.0 by
1.0 ml of 1 mol dm�3 KOH-EG solution. The beaker was subjected to
microwave heating (2450 MHz, 700 W) for 90 s. After cooling to
room temperature, the pH value of the solution was adjusted to 7.
The PteNiO/C catalysts were collected via suction filtration, washed
repeatedly with bidistilled water and ethanol and finally dried
overnight at 60 �C. A Pt/C catalyst was also synthesized by the same
procedure for preparing PteNiO/C catalysts. The chemical reagents
were of analytical grade and all electrodes were made to contain
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20 wt.% Pt loading on carbon.

2.4. Electrochemical characterization

Conventional three-compartment glass cells were used to run
the electrochemical experiments with a PAR 273 potentiostat/gal-
vanostat controlled by software ECHEM-M270 at temperature be-
tween 23 �C and 60 �C. The counter electrode was a platinum wire
separated from the working electrode compartment by a porous
glass diaphragm. The reference electrode was a saturated calomel
electrode (SCE, þ0.241 V vs. RHE) located in a Luggin capillary. The
potentials mentioned in this work are referred to this electrode.
Catalyst ink (1 mg ml�1) was prepared as follows: 5 mg of catalyst
powder were dispersed in 3.98 ml of bidistilled water, 1 ml of
isopropyl alcohol and 20 ml of Nafion solution by sonication for
30 min. The working electrode was prepared by dispersing 20 ml of
catalyst ink over the surface of a mirror polished glassy carbon rod
(3 mm diameter). After that, the electrodes were dried at 60 �C for
30 min to ensure the catalyst binding to the glassy carbon support.
All solutions were deaerated by bubbling N2 for 30 min and then
the inert atmosphere was maintained over the solution during the
tests.

The characterization of the as-synthesizedmaterials was carried
out by cyclic voltammetry (CV) experiments in 0.5 mol dm�3 H2SO4
at a scan rate of 50 mV s�1. The stable voltammograms were ob-
tained after 30 cycles. Thereafter, the electrode activity for the
alcohol electro-oxidation was evaluated in 1 mol dm�3

EtOH þ 0.5 mol dm�3 H2SO4 solutions by applying a potential
sweep at a scan rate of 50 mV s�1. Stationary measurements
(chronoamperometry) were performed applying pulses from an
initial potential of 0 V for 15 min. Catalytic activity is displayed in
terms of current per unit of active surface area and current permass
of Pt. The chemical stability of the most active sample was evalu-
ated at a fixed potential (0.6 V) and 60 �C for 12 h.

The electroactive surface area (ESA) of the electrodes was
measured by CO stripping technique with a Voltalab PGP201
potentiostat/galvanostat controlled by software VoltaMaster4.
Briefly, an electrochemical glass cell filled with 0.5 mol dm�3 N2-
purged H2SO4 solution was saturated with CO for 20 min while the
potential of the working electrodewas maintained at�0.091 V. The
excess of CO was then eliminated by bubbling with purified ni-
trogen, and finally the stripping voltammogram was recorded in
the potential window of �0.091e0.8 V at a scan rate of 10 mV s�1

for 3 cycles. The stripping charges were determined
between �0.091 V and 0.8 V after current background correction.
The integration of the peak area corresponding to the CO stripping
was used to determine the electroactive surface area, with the
assumption of an adsorption ratio of a single CO molecule to each
surface Pt atom and a monolayer charge of 420 mC cm�2. In addi-
tion, the ESA was also determined from the electrical charge
involved in hydrogen adsorption from voltammograms obtained in
0.5 M H2SO4, assuming that 1 cm2 of smooth Pt requires 210 mC.

2.5. Physicochemical characterization

The morphology of the catalyst surface and the particle size
were analyzed using transmission electronic microscopes (TEM)
JEOL 100CX II and Tecnai F20 operated at 200 keV. The samples for
TEM and HRTEM analysis were prepared by putting a drop of the
catalyst ink on a standard copper grid. Bulk composition analysis
was performed by an energy dispersive X-ray spectroscopy probe
attached to a scanning electron microscope (SEM, JEOL 100). The
samples were supported on GC disks and the analysis was done
with the incident electron beam energies ranging from 0.1 to
20 keV.
X-ray diffraction (XRD) patterns of the as-prepared catalysts
were recorded over the 2q region of 30e80� using a Rigaku Dmax III
C diffractometer with monochromated CuKa radiation source
operated at 40 keV and 30 mA at a scan rate of 0.05� s�1. Lattice
parameters and crystallite size were determined by Rietveld anal-
ysis. The peak profiles in XRD patterns of the catalysts were fitted
with the pseudo-Voigt function, using non-linear least-squares
refinement procedures based on a finite difference Marquardt
algorithm.

The amount of Pt deposited on the carbon substrate was esti-
mated using inductively coupled plasma optical emission spec-
trometry ICP-AES (Shimadzu 1000 model III). For this purpose,
10.0 mg of each sample were digested in aqua regia for at least 8 h
and filtered off to separate the carbonaceous material from the
solution containing the metal ions. Furthermore, the amount of
nickel dissolved into the ethanol solution was also measured by
analyzing the electrolyte with ICP-AES spectroscopy, after poten-
tiostatic long-term experiments.

3. Results and discussion

3.1. Structural characterization

Fig. 1 shows the XRD diffraction patterns of the as-prepared
catalysts. Furthermore, the diffraction pattern of pure nickel oxide
is shown in the inset of Fig. 1. The corresponding diffractograms of
all catalysts presented three diffraction peaks centered at Bragg
angles of about 40�, 47� and 68�, which can be assigned to the (111),
(200) and (220) facets of the platinum face centered cubic (fcc)
lattice structures. Particularly, the (111) reflection, the highest in-
tensity peak for all catalysts, appeared at Bragg angles of 39.905�,
40.003 and 40.006� for Pt/C, PteNiO/C1 and PteNiO/C2, which
correspond to d spacing in the range of 2.257e2.252 Å. The lattice
constants of all as-prepared catalysts are included in Table 2.
Importantly, the inspection of the XRD patterns strongly suggests
that the presence of nickel oxide does not induce any structural
change in the Pt network. Thus, the slight shift in the diffraction
peaks could be attributed to the different size of the particles [31].
Furthermore, the ratio between (111), (200) and (220) areas does
not change appreciably in these samples indicating the absence of
any preferential orientation.

In addition, the other peaks observed at 2q values of 37�, 43�, 63�

and 75� in the diffractograms of PtNiO/C1 and PteNiO/C2 are
assigned to the (111), (200), (220) and (311) planes of the NiO
nanoparticles, respectively. Based on the information found in the
JCPDS-database, the diffraction peaks can be indexed to a face
centered cubic phase NiO (bunsenite phase) with a lattice param-
eter of 4.1776 Å. In addition, the (200) reflection peak is more
intense than the others, suggesting a greater contribution from the
{100} family of planes in the nanostructured material. This result is
in agreement with previous studies [32,33].

The average Pt crystallite size (more properly, the coherence
length of crystalline domains) was estimated from the (111) and
(220) diffraction peaks by the DebyeeScherrer's equation [34]:

dc ¼ 0:94lKa1
B2qcosqB

(1)

where, lKa1 is the wavelength of X-ray, qB is the angle of the peak,
and B(2q) is the full width at half-maximum (FWHM) of the peak
broadening in radians and the value 0.94 comes from considering
spherical crystallite geometry (or cubo-octahedral shape). The
average crystallite size of the Pt-based catalysts was found to be
between 3.4 and 3.7 nm.

The atomic composition of PteNiO/C catalysts was determined



Fig. 1. XRD patterns of Pt/C and PteNiO/C catalysts. Inset: XRD pattern of the pure NiO sample.

Table 2
Composition and characteristic parameters of PteNiO/C and Pt/C catalysts.

Catalysts Pt
at.%a

Ni
at.%a

Pt:Ni
ratio

afcc
Å

dc
nmb

dp
nmc

ECSA
m2 g�1d

hPt
%

Pt/C 100 0 e 3.9139 3.7 4.5 59.8 78.9
PteNiO/

C1
81.3 18.7 4.4 3.9122 3.6 4.3 62.5 80.2

PteNiO/
C2

65.1 34.9 1.9 3.9124 3.4 4.1 64.9 78.8

a Atomic composition determined by EDX (±1.4 at%).
b Pt crystallite size from XRD using DebyeeScherrer equation (±0.3 nm).
c Mean particle size from TEM (±0.6 nm).
d Electrochemical surface area per unit mass determined from CO stripping

technique and ICP-AES analysis (±2.1 m2 g�1).
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by the EDX technique (see Fig. S1) and reported in Table 2. The Ni
content in the as-synthesized catalysts in various parts of the
powders is about 19 at.% and 35 at.% for PteNiO/C1 and PteNiO/C2
respectively, which is very close to the nominal value (Table 1). The
distribution of C, Ni and Pt elements was also verified by EDX
mapping from SEM images (Fig. S2). The Ni and Pt element map-
pings for a selected sample area revealed that the PteNiO/C cata-
lysts have uniform element composition and dispersion, without
any preferential element disposition.

Fig. 2 shows the representative TEM micrographies of the as-
synthesized catalyst powders. More than one hundred particles
were randomly measured in each sample to obtain the particle size
distribution. The average particle sizes of all materials are reported
in Table 2. The micrographies reveal the presence of a large amount
of almost rounded nanoparticles with a relative narrow size dis-
tribution, which appear regularly distributed over the carbon
support material. However, some small agglomerates with char-
acteristic diameters in the range of 8e12 nm are also observed in all
samples. Pt/C catalyst exhibits nanoparticles with an average
diameter of 4.5 nm and a median of 4.2 nm. While, PteNiO/C1 and
PteNiO/C2 have mean particle sizes of 4.3 and 4.1 nmwith median
values of 4.4 and 3.9 nm, respectively. The average particle sizes
determined by TEM are in good agreement with the previous XRD
results. The latter suggests that the presence of NiO nanoparticles
promotes the formation of smaller Pt nanoparticles during the
microwave-assisted polyol process, which is in accordancewith the
results reported in the literature [35,36]. The reduction of the
particle size is possible due to strong microwave absorption and
faster heating of the carbon substrate after the addition of NiO
nanoparticles, which is associated with a change in the dielectric
constant and loss tangent of the carbon substrate [37]. A high
resolution TEM (HRTEM) image of PteNiO/C catalyst reveals that Pt
and NiO nanoparticles are in close contact (Fig. 2d).
3.2. Electrochemical characterization

Fig. 3a presents the steady cyclic voltammetry response of the
PteNiO/C and Pt/C electrodes in 0.5 M H2SO4 solution. The curves
for the as-prepared catalysts exhibited well defined hydrogen
adsorption/desorption peaks in the potential range of �0.25 to
0.1 V. As can be noted, the electrodes PteNiO/C and Pt/C have
essentially the same voltammetric features, i.e., hydrogen adsorp-
tion/desorption and Pt oxide formation/reduction regions,
although the voltammetric charge associated with these peaks is
higher than that for Pt/C, reflecting the observed trend in the
electrochemical surface area of the as-prepared catalysts. More-
over, the peak associated with the reduction of oxygenated surface
species on Pt and the hydrogen adsorption peaks suffers a slight
shift in the negative potential direction for PteNiO/C catalysts. This
may be attributed to a modification in the strength of the PteO and
PteH bonds in the presence of NiO or to differences in surface oxide
reduction and hydrogen adsorption ability [38e40].

Fig. 3b shows the CO stripping voltammograms recorded at a
sweep rate of 10 mV s�1 and room temperature. The electro-
chemical response of the as-prepared catalysts for COads stripping
was evaluated by both the onset potential and the peak potential
[41]. The onset of COads stripping starts at 0.38 V on Pt/C electrode,
while COads oxidation begins at about 0.25 V on the NiO-containing
Pt based catalyst. In addition, the stripping peak on the PteNiO/C
electrodes locates at 0.45 V, which shift 80 mV to more negative
potential compared with that on Pt/C (0.53 V). This means that the



Fig. 2. TEM images and particle size distribution (inset) of the as-prepared electrocatalysts used in this work: (a) Pt/C, (b) PteNiO/C1 and (c) PteNiO/C2. (d) HRTEM image of
PteNiO/C2 catalyst.

Fig. 3. (a) Steady cyclic voltammograms of the different carbon supported Cu@PteRu coreeshell catalysts in 0.5 M H2SO4 at room temperature and y ¼ 50 mV s�1. (b) Voltammetric
curves for adsorbed CO stripping on the Pt/C, PteNiO/C1 and PteNiO/C2 electrocatalysts in 0.1 M H2SO4 at 10 mV s�1.
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removal of CO on the PteNiO/C electrodes is significantly easier
than that on Pt/C catalyst, due to close proximity between Pt and
NiO particles. It seems probable that the CO oxidation on Pt sites is
facilitated via a bifunctional mechanism similar to that postulated
for the PteRu catalysts.

The electrochemical surface (ESA) of Pt/C, PteNiO/C1 and
PteNiO/C2 was determined from both the electrical charge used in
hydrogen adsorption and the stripping charge involved in COads
oxidation. The ESA values obtained by using the different pro-
cedures were very similar, indicating the accuracy of both tech-
niques. The electrochemical surface area per unit mass (ECSA) of
the as-prepared catalysts is reported in Table 2. The average ECSA
values calculated for Pt/C, PteNiO/C1 and PteNiO/C2 were
59.8 m2 g�1, 62.5 m2 g�1 and 64.9 m2 g�1 respectively.

Alternatively, the chemical surface area (CSA) of the platinum
based catalysts in the absence of any screening or coalescence of
crystals, i.e., assuming homogeneously distributed and spherical or
cubic particles, can be calculated from the equation [42,43]:

CSA ¼ 6� 103

rdc
(2)

where, r is the density of Pt (21.4 g cm�3) and dc (nm) is the mean
crystallite size of the nanoparticles obtained from XRD. Therefore,
the platinum utilization efficiency (hPt) can be estimated from
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Equation (3):

hPt ¼
ECSA
CSA

(3)

The noble metal utilization efficiency for Pt-based catalysts is an
important parameter because it reflects the number of available
surface Pt sites for the electrochemical reactions. The calculation
gives hPt values between 79 and 80%, indicating high degree of
metal utilization (Table 2). This high Pt utilization is typical of the
microwave-assisted ethylene glycol method of catalysts prepara-
tion [44,45].

3.3. Ethanol electro-oxidation

3.3.1. Potentiodynamic experiments
Fig. 4a shows the steady CV curves recorded for ethanol electro-

oxidation at the as-prepared PteNiO/C and Pt/C electrodes at room
temperature. Current densities for the alcohol electro-oxidation are
normalized per milligram of Pt and per unit of active surface area
(inset). As expected, in the presence of NiO the onset potential for
the ethanol oxidation reaction (EOR) is shifted to lower potentials
(between 0.1 and 0.15 V) with respect to Pt/C. The CV curves also
point out that PteNiO/C2 electrode has the greatest activity for
ethanol oxidation and the intensity of the anodic current during the
Fig. 4. (a) Steady cyclic voltammograms (thirtieth cycle) for the different electrodes in
1 M CH3CH2OH/0.5 M H2SO4 at room temperature. (b) Linear sweep voltammograms
for ethanol oxidation on PteNiO/C2 electrode at various temperatures. The sweep rate
was 50 mV s�1 and the arrows indicate the scan direction.
forward scan decrease in the order PteNiO/C2 > PteNiO/C1 > Pt/C.
As can be seen, the presence of NiO leads to significant enhance-
ments in the catalytic activity for the EOR in the region extended
between 0.25 V and 0.55 V, a potential range relevant for fuel cells
operation. The peak current density at PteNiO/C1 and PteNiO/C2
electrodes is reached at ca. 0.66 V, about 50 mVmore negative than
that at Pt/C, indicating that the alcohol oxidation is facilitated and
needs less overpotential with these electrodes. Moreover, the peak
current density of PteNiO/C1 and PteNiO/C2 is 1.5 and 2.1 times
higher than that of Pt/C.

The effect of temperature in the catalytic activity of PteNiO/C2
electrode is shown in Fig. 4b. As can be noted, with increasing
temperature, the onset potentials shift to slightly lower values.
Moreover, the peak current density of PteNiO/C2 increases from
644 to 2750 mAmg�1 when the temperature rises from 23 to 60 �C
due to the effect of temperature on the reaction kinetics of ethanol
oxidation. The other catalysts depict similar trends for the electro-
oxidation of ethanol but with lower activities. According to Sun
et al. [46], the down-shift of the onset potential and the increase of
current density with temperature is ascribed to higher reaction rate
for complete oxidation of EtOH to CO2 (i.e., the CeC bond scission
becomes easier due to thermal activation) and smaller amounts of
incomplete oxidation by-products (acetaldehyde and acetic acid).
In addition, the facilitation of OHads formation (water splitting)
with increasing temperature can also contribute to the activity
enhancement of ethanol oxidation [47,48].

3.3.2. Potentiostatic experiments
Cyclic voltammetry can only be used to obtain qualitative in-

formation concerning the electrocatalytic behavior of the sup-
ported catalysts during ethanol oxidation because these
experimental conditions are transient in nature. More realistic re-
action conditions can be obtained under potentiostatic conditions.
Therefore, the electrocatalytic activity and the kinetic information
of the electrodes in the oxidation of ethanol must be evaluated by
using the information extracted from chronoamperometric
experiments.

Current transient measurements at constant potentials were
carried out for 900 s (Fig. S3). The mass-specific current densities
obtained at three potentials (0.3 V, 0.4 V and 0.5 V) and at different
temperatures on the as-prepared catalysts are given in Fig. 5. As
expected, the resulting steady-state activities largely resemble
those obtained in the voltammetric curves, but with lower current
densities due to the partial blocking of the active sites by the
accumulation of the poisoning species (CO, CH3CHO, CH3COOH,
etc.) resulting from different reaction and diffusion rates [49,50].
The results indicate that the mass activities of EOR on PteNiO/C2
are, on average, between 1.9 and 3.3 times higher than that on Pt/C,
which are in close agreement with CV results.

In order to assess the temperature dependence of ethanol
electro-oxidation on the as-prepared catalysts, the apparent acti-
vation energies (Ea,app) were obtained at different potentials by
linear regression of the Arrhenius plots (log j vs. 1/T) showed in
Fig. 6aec. The Ea,app values for ethanol oxidation on the electrodes
are plotted versus the applied potential in Fig. 6d. For all catalysts
the activation energy suffers a steady decrease as the potential
increases, but this diminution is less pronounced from 0.4 V to
0.5 V. The apparent activation energies for the overall ethanol
oxidation reaction are found to be in the order: PteNiO/
C2 < PteNiO/C1 < Pt/C. For instance, at 0.3 V the apparent activa-
tion energy calculated from the Arrhenius plots vary with catalyst
composition, showing a lower value around 24 kJ mol�1 for
PteNiO/C2, and a higher value of 48 kJ mol�1 for platinum. In other
words, the apparent activation energies of the EOR decrease with
nickel oxide content. The energies obtained in the present work are



Fig. 5. Steady-state current densities during constant potential ethanol oxidation (1 M CH3CH2OH/0.5 M H2SO4) at different potentials and temperatures. (a) 0.3 V, (b) 0.4 V and (c)
0.5 V.

Fig. 6. Arrhenius plots of the overall ethanol oxidation rate in 1 M CH3CH2OH/0.5 M H2SO4 solution for Pt/C (a), PteNiO/C1 and PteNiO/C2 (c) at different potentials. (d) Apparent
activation energies for the overall EOR at different potentials. Data taken from steady-state reaction currents.
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comparable to those reported elsewhere for Pt [46,51] and Pt-based
catalysts [6,52]. But, there are a little different from those energy
values reported by other authors [53,54]. For instance, Colmati et al.
[53] informed energy values of about 26, 31 and 42 kJ mol�1 for the
overall reaction on Pt/C, PteRu/C and Pt3eSn/C electrodes at 0.4 V
cell potential (c.a. 0.3 V vs. SCE in an anode) in the temperature
range 70e100 �C. While, Gupta and Data [54] reported Ea,app of
around 37 kJ mol�1 in potentiodynamic measurements for the
overall reaction on several PteSn/C catalysts at 0.3 V vs. SCE
(temperature range 10e70 �C).

One should keep in mind, however, that the electro-oxidation of
ethanol can proceed through different parallel paths (i.e., formation
of CO2, CH3CHO and CH3COOH), which have different activation
energies [46,55]. Therefore, in most cases, direct comparison is
difficult because the experimental conditions reported in the
literature are rather varied (i.e., electrochemical setup, electrolyte
concentration, temperature range, EtOH concentration, catalyst
composition, etc.). Even so, the effect of NiO on the OER can be
evaluated through the information extracted from this kinetic
analysis.

Despite the fact that a complete kinetic analysis was not per-
formed, the rationalization of the Arrhenius plot analysis allow us
to point out that the overall ethanol electro-oxidation process be-
comes more facilitated with the addition of nickel oxide into the
catalyst. NiO nanoparticles may facilitate the oxidation of in-
termediates (e.g., adsorbed CO and CH3CHO) at lower potentials
than on Pt/C. This explanation agrees also with the results of the CO
stripping voltammograms. Recent reports provided some evidence
supporting this view. Park et al. [56,57] reported that the presence
of NiO and Ni(OH)2 on Pt/Ni and Pt/Ru/Ni electrodes enhances the
ability of the catalyst to oxidize methanol molecules in acid media.
The authors pointed out that these species could promote CO
oxidation via a surface redox process. The role of nickel oxide in the
electro-oxidation of formic acid on NiOx modified Pt and NiOx-Pt
modified GC electrodes was evaluated by El-Nagar et al. [24,25].
The authors suggested that NiOx behaves as a catalyst mediator that
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facilitate the charge transfer and/or remove the poisoning CO.
Meanwhile, Liang et al. [58] and Wang et al. [59] indicated that the
improved CO-tolerance of the PtRuNi/C electrodes can also be
associated with a hydrogen spillover effect of nickel hydroxides on
the catalyst surface (i.e., the shift of Hads on Pt sites to the neigh-
boring nickel oxo-hydroxides). Whereas, Shen et al. [27,29] sug-
gested that NiO can promote the oxidation of the poisoning
intermediates as Ru does in PteRu catalysts, that is OHads species
formed on the surface of oxide promotes COads oxidation.

Several studies reported in the literature claimed that the
electro-oxidation of the alcohol at low temperatures and high EtOH
concentration (�1 mol dm�3) leads to the formation of acetalde-
hyde and acetic acid with a small amount of CO2, being CH3CHO the
main reaction product [9,60e62]. Thus, bearing our results in mind
and comparing with those reported above, it seems probable that
the nickel oxide particles promote the activation of both the CeH
and OeH bonds of ethanol instead of the CeC bond scission. Hence,
NiO would only act as an oxygen supplier at the interface between
Pt and oxide nanoparticles. Besides, the proximity of NiO nano-
particles would modify the electronic structure of platinum at the
Fermi level, weakening the reaction intermediate adsorption on the
metal surface, thus reducing catalyst poisoning [49]. On the other
hand, ethanol and acetaldehyde adsorbates could possibly react to
form COads or other CHx,ads intermediates via CeC bond breaking,
and finally being oxidized to CO2 at temperatures above 40 �C.
However, more work should be done in order to confirm the role of
NiO and evaluate the selectivity of the PteNiO/C catalysts. This will
be the objective of our further investigation.

In order to evaluate the obtained results, a comparison with
results reported in the literature should be carried out. In this re-
gard, the employ of NiO as a co-catalyst on Pt-based systems used
in the EOR reaction in acid media is not usually reported, being NiO
combined with Pd or Pt one of the most studied systems in alkaline
media [[63], and references therein]. The catalytic performance of
the electrodewith ~35 at% Ni (PteNiO/C2) in the temperature range
23e60 �C is really good when it is compared with other Pt-based
materials containing different metals and metal oxides. For
instance, Spinace et al. [64] and Parreira et al. [65] reported current
densities in the range of 6e16mAmgPt�1 at 0.5 V vs. RHE for the EOR
(1M EtOH/0.5 MH2SO4) using different PtSnNi/C electrocatalysts at
25 �C. Recently, Beyhan et al. [8] stated a catalytic activity of
50mAmgPt�1 (0.15mA cmPt

�2) at 0.5 V vs. RHE for PtSnNi/C electrodes
in 1 M EtOH/0.1 M HClO4 at room temperature. García et al. [6]
studied ethanol electro-oxidation on PtRuMo catalysts with
different Mo contents and reported catalytic activities between
0.02 and 0.15 mA cmPt

�2 at 0.5 V (RHE) in the temperature range
30e70 �C. Whereas, a catalytic activity of 197 mA mgPt�1 at 0.6 V
(NHE) for PtRu/TiO2-embedded carbon nanofibers material in 2 M
EtOH/0.5 M H2SO4 at room temperature has been reported else-
where [61]. Silva et al. [66] prepared Pt3Sn and PtSnO2 catalysts of
different alloying degree and reported catalytic activities of about
45 and 5mAmgPt�1 respectively for the EOR (1M EtOH/0.5 MHClO4)
at 0.6 V (RHE) and room temperature.

Finally, the stability of the PteNiO/C catalysts was tested in
potentiostatic experiments for 12 h at 0.6 V and 60 �C (not shown).
Nickel ions were not detected by the ICP analysis of the 0.5 M
H2SO4 þ 1 M ethanol solution, indicating that nickel oxide nano-
particles in the Pt based catalysts are stable to corrosion in acidic
media. A similar observation is reported elsewhere [56,57] inwhich
nickel dissolution in acid media is inhibited in PtNi/C and PtRuNi/C
catalysts after nickel hydroxide/oxide formation.

Considering the outstanding results obtained with the sample
PteNiO/C2 and taking into account the good stability of the system,
this material can be considered as a very promising catalyst for its
use in the electro-oxidation of ethanol in acid media.
4. Conclusion

In this work, we have investigated the influence of NiO in the
electro-oxidation of ethanol in acid media at carbon supported Pt
catalysts in the temperature range 23e60 �C.

The CO stripping experiments indicate that the removal of CO on
the PteNiO/C electrodes is significantly easier than that on Pt/C
catalyst, which means that the close proximity between Pt and NiO
particles facilitates the carbon monoxide oxidation via the bifunc-
tional mechanism.

The CV curves and the potentiostatic experiments point out that
catalytic activity for ethanol oxidation is increased in the order of
Pt/C < PteNiO/C1 < PteNiO/C2, in the whole range of temperature.
For all catalysts the activation energy suffers a steady decrease as
the potential increases, but this diminution is less pronounced from
0.4 V to 0.5 V. The apparent activation energies for the overall
ethanol oxidation reaction are found to be in the order: PteNiO/
C2 < PteNiO/C1 < Pt/C. The better performance of the PteNiO/C
catalysts compared to Pt/C sample is ascribed to the activation of
both the CeH and OeH bonds via oxygen-containing species
adsorbed on NiO molecules and the change in the density of states
near the Fermi level on the Pt surface atoms. The better catalytic
activity of PteNiO/C2 samples can be associated with an increas-
ingly amount of C2 molecules instead of a more facilitated CeC
bond breaking, which allows complete ethanol oxidation to CO2.
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