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ABSTRACT

In this work, we present the synthesis, as well physical and electrochemical characterization of the nickel oxide supported in
Ketjenblack carbon decorated platinum core-shell nanocatalyst for the oxygen reduction reaction (ORR) in acid media. The core
was synthesized by chemical reduction with NaBH, of Ni(NO3),.6H,0, while the shell was deposited by galvanic displacement
on the surface of Ni nanoparticles. The presence of Pt in the core was proved by XRD. On the other hand, TEM micrographs have
showed highly dispersed nanoparticles with an average between 2-20nm. The presence of Ni and Pt on 71 and 29 wt. %
respectively was confirmed by EDAX while XPS and Raman spectroscopy confirms the presence of NiO. The electrochemical
performance of NiO@Pt/C is evaluated by cyclic voltammetry, CO stripping and using rotating disk electrode setup, was carried
out for the ORR in HCIOA4 electrolyte; indicated that have more catalytic activity than that of commercial 20% Pt / C-Etek®
catalyst, used as reference.
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1. Introduction

Increasing energy demands have stimulated intense research on alternative energy conversion and
storage systems with high efficiency, low cost and environmental benignity. That's why has generated
substantial interest in electrochemical energy conversion, particularly in fuel cells and therefore has
generated vigorous investigation of the oxygen reduction reaction (ORR) on a wide range of materials Pt-
based [1-2].

One important part of the fuel cells is the catalysts, but Pt is expensive and increases the price of this.
The proposed is reducing the amount of the noble metal, therefore Pt-alloyed with various transition
metals are employed to further improve the electrocatalytic activity of ORR and reduce the cost of
electrocatalyst. So the responsible for the surface catalytic reactivity might be at on reduced Pt-Pt distance
near the particle surface stabilized by the lattice contracted alloy core, i.e. the presence of transition metal
located within the core due to the structure and electronic effects caused by the partial alloying and vacant
d-orbital from the transition metal, and the dissolution of the transition metal is expectably reduced due to
the protection by Pt on the shell [3-6].

An ideal electrocatalysts for ORR would be capable of activating molecular O, while at the same time
not binding oxygen intermediates, O*, OH* and OOH¥*, so strongly as to inhibit their reduction to
water[7]. The ORR on Pt and Pt-family metals occurs by the parallel mechanism following predominantly
a direct four-electron reduction (see Fig. 1); little hydrogen peroxide is generated, particularly when some
adventitious impurities contaminated the electrode surface [6-8].

ky (+d8)

diff [ ka (+2€) ky (+28°) l
Oz(ads) HaOpaas) = H0

N

kli HEDE

Og

Fig.1 Reaction Mechanism of the ORR, taken from the reference [8].

There were many reports on the fabrication of core—shell particles, such as electrochemical method,
electroless plating, layer-by-layer deposition, laser pulses, self-assembly, chemical reduction, microwave
synthesis, sonochemical method, decomposition of organometallic precursors and photoreduction [9].

2. Experimental
2.1. Material synthesis.

The electrocatalytic material was synthesized by modified Bonnemann procedure [10]. First the
precursor salt Ni(NOs),* 6H,0 and the capping agent Tetrabutyl ammonium hydroxide (TBAOH) in
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molar ratio 1:1, were dissolved in 60 ml of ethanol and magnetically stirred during 19 h at room
temperature. Then the agent reduction NaBH, in molar ratio 1:6 with respect at precursor; dissolved in 40
ml of ethanol was added drop by drop, using a ultrasonic lance, with the potency of 20kHz +50 Hz and
with a period of 30 seconds ON and 10 seconds OFF for 90 minutes. The core was supported on carbon
Ketjenblack, estimating a 50% metal loading expressed as a weight. The NiO@Pt/C core-shell catalyst
was prepared by galvanic replacement, mixing Ni:Pt ratio of 85:15. [11-12]

2.2. Electrochemical characterization

The electrochemical measurements were conducted at room temperature in a typical three electrodes
cell filled with 0.1M HCIQ, electrolyte solution; using a rotating disk electrode (RDE) setup with a
potenciostat /galvanostat (PARSTAT model 2273). The electrochemical cell and the working electrode
were prepared according to Garsany et al. [13] Nominal Pt loading around 23 pg cm?g, were used. In the
cyclic voltammetry the potential was cycled between 0.05 V and 1.2 V to obtain a stable voltammogram in
a nitrogen-saturated 0.1M HCIO,. Electrochemical surface area was determinate by Co stripping
techniques according to Markovic et al. [14]. Using the thin.-film disk electrode method [11-12,15], were
determined of the parameters kinetic for the ORR. For this, the solution electrolyte was saturated with
oxygen; the measurement was performed in a backward manner from 1.05 V to 0.05 V at 20 mV s,
maintaining the starting potential during 50 seconds before scanning.

2.3 X-ray diffraction

Crystal structure identification was performed by X-ray diffraction (XRD) using a diffractometer (PAN-
analytical R&D Empyrean) whit monochromatic Cu-Ka radiation (A= 1.5405 A) in a 20 range from 5° to
100°. Was analyzed the diffractogram using the Match 2 software.

2.4 Transmission electron microscopy (TEM)

Particle size, morphology and distribution were evaluated through transmission electron microscopy
(TEM) using a JEM ARMZ200F instrument operated at an accelerated voltage of 300 kV. Nanoparticles
size distribution was calculated based on a random counting of particles using the Image J software.

2.5 Energy dispersive X-ray analysis (EDAX)

The elemental mapping of the NiO@Pt catalysts were determined by the EDAX technique coupled to a
scanning electron microscopy by AURIGA-39-16 applying 10 kV.

2.6 Raman spectroscopy

Raman spectra were recording using a Lap Ram HR800, Horiba Join Yvon, with a beam aperture of
Pinhole of 400pm and 150 pm of Slit. The spectra are measurement from 0 to 4500 cm™.

2.7 X-ray photoelectron spectroscopy (XPS)
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The XPS analyses were carried out with a Kratos Axis Ultra spectrometer using a monochromatic Al
Ko source (hv = 1486.6 eV). The signal Cls was used with reference for the analyses. For the
deconvolution of the spectra, was used the free program XPS Peak Fit 4.1.

3. Results and discussion
3.1 Physical characterization
3.1.1 X-ray diffraction (XRD)

Fig. 2 displays the XRD-pattern for the NiO/C, the core-shell NiO@Pt and PtC-Etek® catalysts, the last
used as reference. The samples exhibited high background intensity indicating a portion of highly
disordered material by the presence of amorphous carbon and small particle size. The wide peak at 25.12 °
observed in all samples, was ascribed to the hexagonal carbon plane (003) (PDF-01-075-0444-red). The
PtC-Etek® shows peaks related to reflection of Face Cubic Center (FCC) crystal structure from metallic Pt
(light-green). For the NiO/C sample, were characterized at least two phases: metallic nickel in FCC
structure (black) and a-Ni(OH), (Blue). We assume that the presence of a-Ni(OH), is related to the
reaction of Ni with ethanol during the synthesis. On the other hand, the core-shell sample (NiO@Pt),
showed well separate diffraction peaks related to those phases from the core and Pt. This feature suggests
a strongly phase segregation, which is consistent with that expected for a core-shell structure. The last,
agree with that obtained by electrochemistry (see below), where the presence of Ni species on the surface
of nanoparticles, characterized by an oxidation peak around 0.4 V was not observed, instead, only a profile
related to Pt was observed. This condition together with XRD observation, make us suppose that
nanoparticles with high Pt surface segregation were obtained.

--- Ni-metallic
--- Carbon
- a-Ni(OH),

NiO@Pt/C
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Fig. 2 X-ray diffraction patterns for the core Nig)fg,l e core-shell NiO@Pt/C and commercial PtC-Etek®.
Dashed lines were depicted to clarify the interpretation of different patterns.
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3.1.2 Transmission electron microscopy (TEM)

Fig. 3 shows representative low-magnification micrographs and the histograms with the mean particle
size distribution determined after evaluation on several regions of the grid. The Fig. 3a depicts dark field
scanning transmission electron micrograph (ADF-STEM) for PtC-Etek® catalysts. The Fig. 3b shows a
common transmission electron image for NiO@Pt/C. The analysis for both catalysts exhibited spherical
morphology with very narrow size distribution for PtC-Etek® 2.45 + 0.5 nm, however even when the
image for NiO@Pt/C shows well distribution 1.73£0.52 nm, they were also found some agglomeration
which were not considered during particle size determination, owing to difficulty it implies.
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Fig. 3 TEM micrograph of: A) PtC-Etek and B) NiO@Pthf caeglmi/sts. The histograms show the particle
size distribution from several different regions.

3.1.3 Energy dispersive X-ray analysis (EDAX)

Fig. 4a shows images of elemental EDAX mapping on NiO@Pt/C sample. Results suggested a uniform Ni
and Pt elemental phase distribution. The amount of Pt obtained was approximately double respect to
initially proposed, this to due to impurities of catalysts such as oxides in the core. The oxygen and nickel
present in the core have a uniform elemental phase distribution (see Fig. 4b). In the Table 1 are

summarized of results real and theoretical of the elemental phase Ni and Pt for the core-shell, and for the
core, elemental phase Ni and O,.
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Fig. 4 EDAX mappings of NiO@Pt/C and NiO/C sarﬁples: a) Ni and Pt elemental phase distribution, b)
Ni and O, elemental phase distribution respectively

Table 1 EDAX results real and theoretical of the elemental phase Ni and Pt for the core-shell, and for the
core, elemental phase Ni and 02

Sample EDAX Theoretical
NiO@Pt/C Ni Pt Ni Pt
70.72+4.4% 29.28+4.4% 85% 15%
NiO/C Ni 0, Ni 0,
47.53+2.4% 52.46%2.4% 90% 10%

3.1.4 Raman spectroscopy

Fig. 5 shows the Raman spectra of NiO@Pt/C, was observed that bands of 433 cm™, 518 cm™ and 1065
cm™ are associated with NiO [16-17]; for the great content support (carbon) the band 1065 cm™ is
overlapped. For the carbon, the principal bands are the D, G and 2D at 1330 cm™, 1595cm™ and 2678-
2886 cm™ respectively. The D band represents the amorphous carbon part, the G band is the crystalline
part, and the 2D band is the doublet was explained by the 3D graphitic ordering of the crystallites. [18]
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Fig. 5 Raman spectra of NiO@Pt/C
3.1.5 X-ray photoelectron spectroscopy (XPS)

NiO@Pt/C XPS general spectral revealed that the chemical species involucrate (Ni, Pt, C and O,) as
shown in Fig. 6; for this were realized the high resolutions spectra of the Ni 2p, Pt4f, C1s and O1s (Fig. 7).
The Shirley method was used for deconvolution of spectra; in the Ni2p XPS spectra was obtained 6
species: the Ni metal, NiO, NiOH (located at 852.3+0.2eV, 853.69+0.2eV and 855.5+0.2eV) and the
satellites respectively (located at 858.1+0.2eV, 860.83+0.2eV and 864+0.2eV), the major Ni specie for this
case is oxide state; indicating that the core has a thick overlying the nickel metal [19-21]. The Pt4f XPS
spectra has a overlapped Ni3p signal therefore the name of this spectra is Pt4f-Ni3p, was obtained 6
species: the Ni metal, NiO, Pt metal, Pt(OH), (located at 67.75+0.2eV, 69.2+0.2eV, 71.19+0.2eV and
72.02+0.2eV respectively) and the satellites for the Ni metal and NiO (located at 72.75+0.2eV and
77.8+£0.2eV). The Ni specie indicating an interaction with the Pt, the ratio between Ni and Pt is according
at so mentioned EDAX. The Pt(OH), is referent at hydration of the ambient, this specie overlying the
nanoparticles has in minor proportion[22]. For the C1s XPS spectra was obtained 5 contributions: three
functional groups (C-O, COH at 286.17+0.2eV and COOH at 288.34+0.2eV), two carbon atoms in
different hybridized states (sp2 at 284.44+0.2eV and sp3 at 285.03+0.2eV) and one transition state (w-* at
290.7+0.2¢V), if has a hybridized state sp2 the transition n-n* is present, the presence of sp3 indicates the
presence of defects in the graphitic structure and finally the presence of functional groups is due to
chemical and physical activation [23]. The results proposed in Ols XPS spectra may be oxide species
(530.27+0.2eV), hydroxide species (531.89+0.2eV) and absorbed water along with C-O bond
(534.39+0.2eV).[19,21]
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Fig. 6 XPS general spectra of NiO@Pt/C
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3.2 Electrochemical characterization

The catalysts were electrochemically characterized by cyclic voltammetry (CV) (Fig. 8a). As a
systematic procedure, the potential immersion of the working electrode was controlled at 0.1V to avoid
possible Ni oxidation during the sample immersion, and then cycled several times between 0.05V and
1.2V until a stable curve was attained. During the first scan was not observed processes assigned to the Ni
oxidation, this indicates that the Pt shell completely encapsulate the Ni core. The resolution of the
hydrogen adsorption/ desorption region (0.05-0.4V) were not also so well defined and therefore is lower at
the Pt features, but this confirms little differences on crystalline surface domain on both catalysts [4,6,11].
In the voltammogram, in the area of the capacitance (localized in the double layer) were observed two
peaks associated at process quinine/hydroguinone of the carbon, this process was rationed with the
reduction and oxidation of some intrinsic superficial oxide of the carbon black [24-26].

The CO stripping technique was used to determine the specific surface area of the NiIO@Pt/C catalysts;
considering the charge takes to oxidize the pre-absorbed monolayer of CO is 420uCcm?[11-12,14]. For
CO stripping curves (see Fig. 8b), were recorded in CO-free solution after completely surface saturation
by absorbing CO at 0.1V; and cycled several times between 0.5V and 1.2V; the determination of the area
was obtained by subtraction of the second sweep. The particle size was calculated by CO stripping as
previously reported [27], considering a spherical shape for the catalysts, therefore the particle size estimate
was 15.22+2.2 nm. Exist one inconsistency in the particle size determination for this form respect at the
other techniques (TEM), because is no takes in consideration the particles agglomeration and/or
incomplete stripping of the capping agent during the washing step; by this, exist decreasing the CO
adsorption sites in the surface area. Apart the surface analyzed is different for the two cases.

Assessing their electrocatalytic activity for ORR (Fig. 9a) was realized through TF-RDE technique for
the catalyst according previously reported Fernando-Godinez et.al [11]. By starting at 1.05 V and scanning
the electrode potential negatively, a mixed Kkinetic-diffusion control region between 0.8 < E <0.95 V is
followed by a well defined diffusion-limiting current bellow 0.8 V [11,13,15]. Catalyst electrocatalytic
activity towards the ORR is quantified at E= 0.90 V because interferences from mass-transport losses
cannot be completely excluded at the higher current densities observed below E= 0.90 V. The
electrocatalytic activity of catalysts is best compared by their mass- and area-specific activities using the
mass-transport correction for thin-film RDE (equation 1):

_Jix
Ji =22 (1)

The mass-specific activities are estimated via calculation of Jx and normalization to the Pt loading of
the disk electrode, and results are summarized in Table 2. The Tafel slopes (Fig. 9b) were fitted the same
potential region, and it’s important to mention that catalyst was evaluated at least three times even with
different electrode Pt loadings to corroborate reproducibility. The values of Tafel slopes were very similar
between NiO@Pt/C and Pt-Etek, 81.3mV/dec and 77.72mV/dec respectively. the slight displacement of
the Tafel slopes to the right from NiO@Pt/C sample with respect to Pt/C-Etek represents a slight kinetic
gain. The inverse of the overall current density (J™%), as a function of the inverse square root of the rotation
rate (o ™), known as Koutecky-Levich (equation 2), exist a linear relation between J* vs. »™?, indicating
a first order kinetic of the sample respect to the ORR.
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In agreement with the theoretical Koutecky-Levich slope value, i.e. B, = 12.63 x 1072 mAcm™

rom™?, calculated considering a four-electron transfer process leading to water formation, i.e.,

0, + 4H* + 4e~ - 2H,0 [11-12-15].
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Fig. 8 a) Cyclic base voltammogram and b) N,-purged CO4q stripping voltammogram of NiO@Pt/C. CV and
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Table 2 Values of kinetic parameters for the ORR on Pt, NiO@Pt/C determined from 1.05 to 0.05 V in
negative going sweep at 20 mV s™. Some data taken from literature are used as reference.

Electrode Ei; (V) BC, Tafel slope Jro.ov Jmo.ov ECSA
[MACMZeorpm™?]  (mV/dec)  (mA/cm?p)  (MA/mgp) (M%/gpy)
Pt 0.89+0.01 0.12+0.004 77.71+9.21 0.21+0.04 180+0.04 77.43+£9.59
NiO@PtYC  0.83+0.01 0.11+0.005 81.43+3.21 0.23£0.04  43.45+2.04 17.63%£2.48

4. Summary and perspectives

In summary, well defined and highly disperse NiO@Pt core-shell nanoparticles with size 1.7-15 nm
were synthesized by modified Bonnemann procedure using TBAOH as capping agent. XPS, Raman and
EDAX showed that the phase present in the core is NiO, but the elemental phase of Ni is present in minor
proportion, this indicated that the catalyst is in layers therefore it has form core-shell. The layer or
elemental phase that interacts with the Pt is actually the NiO, i.e. Pt-NiO. On the other hand XRD indicate
that the NiO, Ni and Pt phases are present, the shifting of Pt reflections to positive diffraction angles
indicate that reduced Pt-Pt inter atomic distance on the surface of nanoparticles.

The CV in the O, free electrolyte proves that the Pt shell completely encapsulated the Ni core. The
electrocatalytic activity of the catalyst has slight kinetic gain for the ORR compared to Pt-Etek under the
same measurement conditions; probably this increase is due to the changes in electronic properties of the
platinum caused by higher amount of non-noble metal. While the mass activity of ORR is reduced because
the particle size that used on the calculations is the obtained by CO stripping. These results reveal that
core-shell structure of NiO@Pt could be a good candidate for proton exchange membrane fuel cells.
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