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Abstract

CoNi bimetallic nanoparticles wrapped with Pt were the subject of a theoretical study and experimental validation
for the oxygen reduction reaction (ORR). The computational study was carried to evaluate the effect of the core
composition of the Pt-wrapped CoNi nanoparticles toward the ORR. For this purpose, Ptyy and Co,Nig_,-Ptsg
(0<n<6) octahedral nanoparticles were employed as models and the O and OH binding energies were taken into
account to describe the ORR electrocatalytic activity. The experimental validation of these type of nanoparticles was
performed considering two compositions (Co3oNi;g-20Pt/C and Co79Niz(-20Pt/C). The Co,Nig_,-Pt3g (0<n<6) nano-
particles exhibit O and OH adsorption energies weaker than the pure Pty4 nanoparticles, suggesting, therefore, a
higher electrocatalytic activity for the CoNi-Pt with respect to one of elemental Pt nanoparticles. The electrochemical
results confirm the theoretical prediction, showing that the Co;0Ni;o-20Pt/C and Co7(Ni3o-20Pt/C electrocatalysts
present higher specific activities, 400% and 300%, above that of Pt/C, respectively, as well as mass activities 50%

higher than the commercial Pt/C, taken as reference.
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Introduction

The prohibitive cost of noble metals and the sluggish kinetics of
the oxygen reduction reaction (ORR) have been some of the
major challenges for mass commercialization of the proton ex-
change membrane fuel cells (PEMFCs) [1-3]. Many research
groups focus their attention on the development of new
electrocatalysts for the ORR. Pt-based nanocatalysts are exten-
sively investigated as substitutes to pure Pt catalysts due to their
proven effectiveness in the ORR [4-11]. Alloy nanoparticles
wrapped with Pt have gained special attention because they
exhibit a good electrocatalytic activity for the ORR. Several
studies were conducted to explore the implementation of bime-
tallic cores that contain a combination of noble and non-noble
transition metals with a Pt monolayer as shell, leading to very
promising materials [12—-15]. Nonetheless, the use of noble
metals, in both core and shell parts of the nanoparticle, results
in high noble metal catalyst loading and, consequently, higher
production costs. To address this, research efforts currently fo-
cus in the design of nanoparticles with cores formed by two
non-noble metals to serve as a new generation of
electrocatalysts for the ORR.
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Two systems have been recently reported (Pt-wrapped Co and
Ni nanoparticles) [16] whose catalytic activities are similar to that
of Pt (Etek). In that work, it was theorized that the ORR electro-
catalytic activity could improve without the use of noble metals
in the cores, making the case for the use of a Ni and Co system
for the core, and Pt as the shell of the nanoparticle. In a secondary
study, a CosgNis system wrapped with Pt (~20 wt.%) was re-
ported [17]. The Pt-wrapped CoNi nanoparticles presented mass
and specific activities higher than Pt (Etek). This work borrows
from the results of the secondary study and implements modifi-
cations to the reported synthesis method in order to achieve
greater Pt coverage of the bimetallic cores of the nanoparticles
and to experimentally demonstrate that the CoNi bimetallic cores
wrapped with Pt are more active than materials with monome-
tallic cores [16, 17].

Through improvements of density functional theory
(DFT), it is possible to predict catalytic activities of
different nanoparticles [18]. In terms of the ORR, vari-
ous investigations have been performed to correlate
first-principles calculations and experimental results. In
most studies, binding energies of adsorbates (O, OH,
0,) as well as the d-band center energy are used to
describe the ORR electrocatalytic activity [19-21]. The
catalytic descriptor values are directly related to the
mass and specific activity experimentally obtained, and
it has been proposed that the best catalysts should show
an O adsorption energy roughly 0.2 eV weaker than
pure Pt [19-21]. There are several theoretical works that
discuss surface [22-24] and nanoparticle models
[25-27] to propose new nanocatalysts for the ORR.
Recently, several comprehensive studies with theoretical
models and experimental validation for the design of
M@Pt (M=Ni, Os, Co, Cu, Pd) and AuPd@Pt core—
shell nanoparticles have been reported [28-32]. These
studies could be a turning point in the design of better
electrocatalysts for the ORR.

Based upon the excellent contributions of those works,
this study addresses a theoretical and experimental ap-
proach for the development of CoNi bimetallic nanopar-
ticles wrapped with Pt for the ORR in an acid medium.
In a computational section, the effect of the core compo-
sition of the CoNi bimetallic nanoparticles wrapped with
Pt toward the ORR is presented. For this purpose, Pty
and Co,Nig_,-Pt3g (0<n<6) octahedral nanoparticles were
used as models, while computed O and OH adsorption
energies were used to describe the ORR electrocatalytic
activity. We use the O and OH adsorption energies since
the O and OH species have been shown to be the best
descriptors for the catalytic activity toward the ORR. The
experimental validation of the theoretical results of the
CoNi bimetallic nanoparticles wrapped with Pt was per-
formed by evaluating two compositions (Co3oNi;-20Pt/
C and CO70Ni30-20Pt/C).

Materials and Methods
Computational Details

The computations were performed employing the deMon2k
program which makes use of the auxiliary density functional
theory (ADFT) [33, 34]. A fine grid was considered to inte-
grate the exchange-correlation potential [35, 36]. The calcula-
tions of the Coulomb energy were performed by considering
the variational fitting procedure proposed by Dunlap and col-
laborators [37, 38]. The PBE98-PBE96 functional was
employed in all computations [39, 40]. The Pt atom was de-
scribed with an 18-electron QECP|[LANL2DZ basis set [41].
The Co, Ni, O, and H atoms were described with all-electron
DZVP basis sets optimized for GGA functionals [42]. The
GEN-A2* auxiliary function set was used [42]. The calcula-
tions were performed with the restricted open-shell Kohn—
Sham (ROKS) methodology [43]. The geometry optimization
was performed using a quasi-Newton optimization method in
delocalized internal coordinates [44]. To investigate the poten-
tial energy surfaces of the studied systems, spin multiplicities
from singlet up to 29 were investigated. The spin multiplicity
(M) is calculated as M =2S + 1, with S being the sum of the
unpaired electrons in each system.

In this investigation, to evaluate the effect of the core
composition of the CoNi bimetallic nanoparticles wrapped
with Pt on the electrocatalytic activity for the ORR,
octahedra-shaped nanoparticles of 44 atoms (containing 6
atoms in the core and 38 atoms in the shell) were modeled.
The CoNi bimetallic nanoparticles wrapped with Pt are
denoted as Co,Nig_,-Pt3g (0<n<6). The O and OH adsorp-
tion energies were calculated and used as descriptors of the
electrocatalytic activity for the ORR. To calculate the spe-
cies adsorption energies (O or OH) on the Co,Nis_,-Pt3g
(0<n<6) and Pt44 nanoparticles, the O atom and OH mole-
cule were adsorbed on each face of the octahedra nanopar-
ticles (a total of eight species were adsorbed at the same
time for each nanoparticle; see Fig. 3). The selected ar-
rangements of the O and OH adsorbates taken in consider-
ation in our study are the ones which in the literature are
stated as the most investigated. Therefore, the O atoms
were adsorbed on hollow sites whereas the OH molecules
were adsorbed on top sites. The average O adsorption en-
ergies (E,qs) were calculated by averaging over the eight
adsorption sites using protocols previously reported [26],
The O E,q4 was therefore calculated as follows:

1

Ea4s(0) = 3 (Enp+s80—Exp—8Ep) (1)

where Exp 4 g0 1S the energy of the nanoparticle with eight
O atoms adsorbed, Enp is the energy of the optimized
nanoparticle, and Eg is the energy of the free oxygen atom.

@ Springer



664

Electrocatalysis (2018) 9:662-672

The average OH adsorption energies (E,qs(OH)) were cal-
culated by averaging over the eight adsorption sites as

Eags(OH) = %(ENP-&-SOH_ENP_gEOH) (2)
where Enp 4 sop 1S the energy of the nanoparticle with eight
OH molecules adsorbed, Enp is the energy of the optimized
nanoparticle, and Eqy is the energy of the free OH mole-
cule. The O and OH adsorption energies of the Co,Nig_,-
Pt3g (0<n<6) nanoparticles with respect to the Pt;4 nano-
particles were studied via the relative adsorption energy,

defined as

Eads,rel = Eags (SYS)_Eads (Pt) (3)

where E,4s 11 15 the relative O or OH adsorption energy of
the Co,Nig_,-Pt3g (0<n<6) nanoparticles with respect to
the pure Ptyy system, E,qs(sys) is the adsorption energy of
O or OH on the selected system, and E,44(Pt) is the adsorp-
tion energy of the O or OH on the pure Pty4 system,
respectively.

Experimental Procedure

The experimental validation of the computed results of
the CoNi bimetallic nanoparticles wrapped with Pt was
performed by varying the composition of the CoNi bi-
metallic core (Co3gNi;o-20Pt/C and Co7oNizp-20Pt/C).
Details of the implemented experimental procedure are
given in the following subsections.

High-Energy Milling

High-energy milling (HEM) has demonstrated to be a repro-
ducible, scalable, and inexpensive technique for the synthesis
of nanomaterials [45-48]. Nanoparticles of CozoNi;q and
Co70Nizo (atomic ratio) combinations were produced by
HEM of Co and Ni powders. A detailed description of this
procedure is presented in our previous study [16].

Catalyst Dispersion on Carbon and Galvanic Displacement

To decorate the milled systems with platinum, the experimental
procedure here described was modified with respect to a pro-
cedure previously reported in literature [16]. The three differ-
ences are as follows: (1) no need for dispersing agents; (2) use
of an ultrasonic processor with long ultrasonic treatments; (3)
the vortex mixer was replaced with the ultrasonic processor.
Initially, milled powders were dispersed by sonication for
30 min with the aid of an ultrasonic processor, whereas carbon
black (Vulcan XC-72R) was dispersed by sonication for 30 min
in an ultrasonic bath. For dispersion, a mix of isopropyl alcohol
(50% v/v) and ultrapure water (50% v/v) Milli-Q, 18.2 M2 cm

@ Springer

resistivity) was used. Finally, each milled system was added to
the carbon black solution, with a metal-to-carbon weight ratio
of 1:1, and then the mixed powders—carbon were sonicated for
30 min to achieve dispersion on carbon black.

Galvanic displacement was used to decorate each milled
system with Pt. A solution of K,PtClg salts was employed as
the Pt precursor reagent. The solution of Pt salt was dripped
into the powder—carbon and dispersing mixture under sonica-
tion (30 min). After a reflux process of 5 h, with magnetic
stirring was carried out. Finally, the product was collected by
centrifugation after being washed with deionized water and
dried for 3 h at 110 °C in an argon atmosphere.

Physical and Electrochemical Characterization

The physical characterization was performed by employing
X-ray diffraction (XRD), scanning transmission electron mi-
croscopy (STEM), inductively-coupled plasma mass spec-
trometry (ICP-MS), atomic absorption spectroscopy (AAS),
and energy-dispersive X-ray spectroscopy (EDX-SEM). XRD
was used for the phase identification of the two synthesized
nanocatalysts. XRD patterns were measured in a Bruker D8
advance eco diffractometer using Cu Ko« radiation (A=
1.5418 A) operating at 40 kV and 25 mA at room temperature.
STEM was employed to determine the particle size and mor-
phology of the two nanocatalysts and performed with an
ARM200F-JEOL microscope operating at 200 keV. A
Thermo Scientific iCE 3300 equipment was used to conduct
AAS to obtain a quantitative chemical analysis of Co and Ni
compositions; for platinum composition analysis, ICP-MS
was performed with a Perkin Elmer Optima 8300 spectrome-
ter. EDX-SEM was used for surface chemical analysis of the
two electrocatalysts using a Bruker EDAX detector coupled to
an Auriga Zeiss Scanning Electron Microscope (model 3916)
operated at high vacuum.

Cyclic voltammetry (CV), CO stripping, and rotating disk
electrode (RDE) measurements were used for the electro-
chemical evaluation. The electrochemical measurements were
performed using a potentiostat/galvanostat (PARSTAT model
2273). Experiments were done in a conventional three-
electrode electrochemical cell. A platinum mesh was
employed as counterelectrode and a normal hydrogen elec-
trode (NHE) as reference electrode. RDE measurements were
performed on a thin film catalyst (30 pug cm 2) deposited on
the surface of a glassy-carbon disk electrode (0.196 cm?). The
quantitative chemical analysis measured by EDX-SEM and
ICP-MS for the Co3¢Ni;o-20Pt/C system revealed composi-
tions close to the nominal composition, and EDX-SEM anal-
ysis of the Co7(Niz-20Pt/C system also revealed a composi-
tion similar to the nominal composition. For this reason, the Pt
loadings had to be fitted (Table 1). Detailed descriptions for
the CV, CO stripping and RDE electrochemical setup have
been described in previous studies [17]. For CV measurement,
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Table 1  Quantitative analyses performed by EDX-SEM and ICP-MS

for the CozgNi;-20Pt, and EDX-SEM for the Co7(Niz(-20Pt

Systems Nominal composition EDX-SEM ICP-MS
(Co-Ni-Pt) (Co-Ni-Pt)  (Co-Ni-Pt)

Co30Niz-20Pt  24-56-20 10.4-64.6-25 8.6-68.8-22.6

Co7oNiz-20Pt  56-24-20 37-28.5-345 -

30 potential cycles at 50 mV s ' between 0.05 and 1.20 V
were carried out in a N,-saturated 0.1 M HCI1O, solution until
stable voltammetry curves were obtained. CO stripping mea-
surements were obtained by saturating the work solution with
CO for 300 s, followed by 600 s of N,, and running electro-
chemical tests of 3 cycles at 20 mV s ' between 0.05 and
1.20 V with an adsorption potential of 0.1 V. The ORR mea-
surements were performed at 20 mV s~ ' in O,-saturated solu-
tion from 0.05 to 1.05 V. The ohmic drop in all measurements
(15-25 2) was electronically compensated by the potentiostat
by a positive feedback method. Three measurements for each
experiment were carried out to demonstrate reproducibility.

Results and Discussion

Averaged Bond Lengths of Pt,,; and Co,Nis_,-Ptzs
(0<n<6) Octahedral Nanoparticles

The structures of the Pty and Co,Nig_,-Ptsg (0<n<6) octahe-
dral nanoparticles employed in this study are presented in
Fig. 1. Several factors can explain the higher electrocatalytic

activity of the Pt-based alloys with respect to the pure Pt. One
of them is compressive strain due to shorter Pt—Pt bond length
caused by the non-noble metals to which they are alloyed [49,
50]. Figure 2 presents the average length for Pt—Pt bonds (A)
corresponding to platinum atoms located on the surface of the
Pty4 and Co,Nig_,-Pt3g (0<n<6) octahedral nanoparticles. It
was observed that the average Pt-Pt bond length calculated
for the Co,Nig_,-Ptzg (0<n<6) octahedral nanoparticles de-
creases with respect to that of a pure Pt44 nanoparticle
(Fig. 2). The decrease of the Pt—Pt bond length of the
Co,Nig_,-Pt3g (0<n<6) nanoparticles with respect to Pty is
in the range 0f 0.027-0.034 A. This decrease can be attributed
to the coordination of the Ni and Co atoms with the Pt atoms.

Reactivity Descriptors

Oxygen Adsorption Energies on the Pty and Co,Nig_,-Ptsg
(0<n<6) Octahedral Nanoparticles

A descriptor commonly employed to evaluate the electrocata-
lytic activity of the nanocatalysts for ORR is the binding energy
of the adsorbates. Sabatier’s principle mentions that active
nanocatalysts should have a well-defined, optimal adsorption
energy value. If the adsorption is weak, the surface reaction of
the adsorbed species would not occur, whereas if the adsorption
is strong, this would lead to the poisoning of the surface-active
sites of the nanocatalysts [26, 51]. The most used descriptor to
predict the electrocatalytic activity of the ORR is the O binding
energy. To compute the average oxygen adsorption energies,
the O atom was adsorbed on eight different sites for each type

CO4Ni2-Pt38

CO5Ni-Pt38

Fig. 1 Structures of the Pty4 and Co,Nig,-Pt3g (0<n<6) octahedra nanoparticles. Black, blue, and green spheres represent Pt, Co, and Ni atoms,

respectively
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Fig. 2 Averaged Pt-Pt bond lengths (A) of the Pty4 and Co,Nig_,-Ptsg
(0<n<6) octahedral nanoparticles

of nanoparticle. In Fig. 3a, the eight sites of O adsorption on the
Pt44 octahedron nanoparticle are illustrated (here, the Pt44 nano-
particle is used as an example to show the O adsorption sites on
the nanoparticles presented in Fig. 1).

Figure 4a shows the relative oxygen adsorption energies of
the Co,Nig-Ptzg (0<n<6) octahedral nanoparticles with re-
spect to pure Pty4 nanoparticles. Norskov and collaborators
demonstrated that the best electrocatalysts should exhibit an
oxygen adsorption energy which is roughly 0.2 eV weaker
than pure Pt [19, 20]. The Nig-Pt3g and Cog-Pt3g nanoparticles
have an adsorption energy weaker than the Pt,4 nanoparticle.
These results are consistent with those reported in theoretical-
ly data, in which the M@Pt core—shell nanoparticles (M = 3d
elements) present a lower O adsorption energy with respect to
the one of pure platinum [26, 52, 53]. This has been experi-
mentally corroborated and it has been shown that M-Pt bime-
tallic nanoparticles exhibit greater electrocatalytic activity
than the one of pure platinum for the ORR [54, 55].

There are scarce theoretical studies on nanoparticles
formed with 3d elements, bimetallic cores, and surrounded

Fig. 3 Sites of O and OH adsorption on the Pt,4 octahedron nanoparticle.
a Sites of O adsorption on the Pt;4 octahedron nanoparticle and b sites of
OH adsorption on the Pty octahedron nanoparticle. Black, red, and gray
spheres represent Pt, O, and H atoms, respectively

@ Springer

OH Adsorption Energies on the Pt,,; and Pts;g-Wrapped Co,Nig
_n (0=<n<6) Octahedral Nanoparticles

Another descriptor commonly employed to estimate the electro-
catalytic activity of the nanocatalysts is the OH adsorption ener-
gy. As in the previous case of the O atom, the OH molecule was
adsorbed on eight different sites for each type of nanoparticle. In
Fig. 3b are illustrated the eight sites of the OH adsorption on the
Pty4 octahedron nanoparticle. Figure 4b presents the relative OH
adsorption energies on the Co,Nig_,-Pt3g (0<n<6) octahedral
nanoparticles with respect to the pure Ptyy. It is noted that the
Co,Nig_,-Ptz3 (0<n<6) nanoparticles have a lower OH adsorp-
tion energy with respect to the one of pure platinum. The relative
OH adsorption energy presents the same trend as the relative O
adsorption energy. We notice that in general the decrease of the
O and OH adsorption energies in the mixed clusters we studied is
related to the increase of the number of the Ni atoms (Fig. 4).

Zhang and Henkelman found a linear relationship between
the adsorption energy of the adsorbates (O, C, H, N, CO, NO,
and S) and core composition of (PdAu)44 @ Pty truncated oc-
tahedral nanoparticles [27]. This study found a similar depen-
dence between the relative O and OH adsorption energies as a
function of core composition of the Co,Nig_,-Pt3g (0<n<6)
octahedral nanoparticles.

The relative O and OH adsorption energies values of Co, Nis
_n-Pt3g (1=n<5) nanoparticles are located between the adsorp-
tion energies of the Nig-Pt3g and Cog-Ptsg nanoparticles. That
leads to the expectation that the Co,Nis_-Pt3g (1<n<5) nano-
particles would present a higher electrocatalytic activity than
pure Pt nanoparticles. These computational predictions were
further examined by the electrochemical procedures.

Physical Characterization

Figure 5 shows the XRD patterns of Cos¢Ni;q milled for 30 h
and Co3gNi;-20Pt/C (Co3oNi; milled wrapped with Pt and
dispersed on Vulcan carbon). The Supplementary Information
Section presents the XRD patterns of Co;oNizo-20Pt/C and
Co7oNizo milled for 30 h. The XRD patterns of the precursors
show an HCP structure for unmilled Co and an FCC structure
for unmilled Ni, both reported in a previous study [16]. When
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Fig. 4 Relative O and OH adsorption energies of the Co,Nig_,-Pt3g (0<n<6)
nanoparticles with respect to the pure Pty system. a Relative O adsorption
energies of the Co,Nig_,-Pt3g (0<n<6) nanoparticles with respect to the pure
Pty4 nanoparticle. b Relative OH adsorption energies of the Co,Nig-Ptzg
(0<n<6) nanoparticles with respect to the pure Pty, nanoparticle

Co was milled separately from Ni, the starting HCP structure
of Co changed completely to FCC after 30 h of milling,
whereas the Ni structure did not show structure changes when
it was milled separately from Co. The presence of HCP and
FCC Co coexisting with FCC Ni is evidenced in Fig. 5
(Co30Niyp-20Pt/C) and in the Supplementary Information
(Coq9Ni3o-20Pt/C), where five FCC cobalt reflections are de-
tected (indexed planes). The dotted lines in Fig. 5 correspond
to the four most intense HCP Co reflections (JCPDF 01-089-
4308): (100), (002), (101), and (102). This indicates that the
transformation of HCP Co to FCC Co was not completed due
to the presence of Ni. The quantitative phase analysis of the
Co30Niyg system milled for 30 h indicates ~ 10 wt.% of HCP
Co and ~90 wt.% of FCC Co, whereas that of the Co;(Ni3q
system milled for 30 h indicated ~ 30 wt.% of HCP Co and ~
70 wt.% of FCC Co. The Co3oNi;g system shows two weak

(FFT) was obtained from the square region in Fig. 6c. FFT
was used to determine the inverse fast Fourier transform
(IFFT) obtained from selected reciprocal spots for image for-
mation showing higher contrast HR images (see Fig. 6e, f).
From the measured distances between the atomic planes in
IFFT images, Co and Pt were identified respectively (see
Fig. 6e, f). The interplanar distance observed in Co (111) is
very close that of Ni (111). This result suggests that Pt coexists
with Co or Ni atoms. It is worth noting that the Bragg reflec-
tion (2-theta) located at ~44.5° is an X-ray diffraction peak,
which has contributions of Co (111) and Ni (111) overlapping
each other (see Fig. 5).

Although HR-STEM has the advantage of providing spe-
cific interplanar distances for Co and Pt, a closer examination
of the value obtained in Fig. 6e reveals that such interplanar
distance may be attributed to either Co or Ni. Here, it is diffi-
cult to discern between Co and Ni from the interplanar dis-
tance obtained in the IFFT image in Fig. 6e since the differ-
ence between Co (111) and Ni (111) is only 0.0058 A.
Therefore, one can infer that for such IFFT image, the
interplanar distance would represent either Co or Ni.

The elemental analysis of the nanoparticles was carried out
by ICP-MS and EDX-SEM. EDX-SEM and ICP-MS for the
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Fig. 6 TEM micrograph taken in
the bright field of the overall
appearance of the particles (a).
High-resolution micrographs of
dark field (b) and bright field (c);
d corresponding fast Fourier
transform of the square region in
(c). Images (e) and (f) are the
corresponding inverse fast
Fourier transforms from (d)

Co30Ni;-20Pt/C system revealed compositions near to the
nominal composition. The results obtained from EDX-SEM
and ICP-MS revealed a similar composition (see Table 1). The
Co7oNiz-20Pt/C sample was only measured by EDX-SEM,
which also revealed a similar composition to the nominal
composition (see Table 1). EDX-SEM results showed that iron
contamination coming from the 30-h milling preparation in
both systems Coz¢Ni;o and Co7oNizo was less than 1 wt.%.

Catalytic Properties of CosoNi;o-20Pt/C
and Co(Ni3o-20Pt/C for the ORR

The most important electrochemical reaction for the perfor-
mance of a PEM fuel cell is the ORR because of its complex-
ity; this reaction involves multiple adsorption/desorption steps
and species such as atomic oxygen (O), hydroxyl radical
(OH), superoxide anion (O, ), and hydroperoxide anion
(HO, ). In this reaction is desired a mechanism that involves
a four-electron and four-proton pattern and avoiding as far as
possible an intermediate pattern of two-electron [56-58].
Inks formed by the synthesized samples (Co3¢Ni;o-20Pt/C
and Co,(Ni3(-20Pt/C) were employed as electrocatalysts and
working electrodes for being examined with the CV, CO strip-
ping and RDE techniques. Figure 7a displays the CVs of the
synthesized nanocatalysts contrasted with a Pt/C commercial
catalyst. The CVs for both synthesized electrocatalysts show
the typical profile of platinum; however, in the hydrogen zone
(adsorption/desorption 0.38-0.05 V/NHE), slight differences
are evident, for example, the peak centered at ~0.22 V/NHE
of the cathodic adsorption in the commercial Pt/C does not
correspond with the peak at ~0.29 V/NHE of the Co;oNiz¢-
20Pt/C electrocatalyst or the peak at ~0.32 V/NHE of the
Co3¢Ni;¢-20Pt/C electrocatalyst. For the synthesized
nanocatalysts, a double-layer region is identified between ~
0.40 and 0.7 V/RHE, whereas for the commercial Pt/C this
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region is shorter. Narrower peaks associated with the forma-
tion of platinum hydroxide and oxide in the anodic scan and
reduction of the platinum oxides in the return sweep are de-
tected, and the platinum oxide reduction peaks show a similar
tendency in both synthesized nanocatalysts. Regarding the
hydrogen adsorption/desorption peaks, a shift of 40 mV to-
ward the anodic direction with respect to the CV of the Pt/C
catalyst is also evident. In general, the CVs of the synthesized
nanocatalysts agree with any typical Pt profile [59-61], and
these profiles can be considered as evidence that the surface
CoNi atoms were displaced by Pt atoms.

The ECSA of the Co3¢Niz¢-20Pt/C and Co;Ni3o-20Pt/C
nanocatalysts was calculated using a procedure reported in the
literature [62—65]. Figure 7b illustrates the peaks of CO-
stripping located between + 0.6 V/NHE and + 0.8 V/NHE
for the Co3gNi(-20Pt/C and Co¢Nizo-20Pt/C nanocatalysts,
whereas the peak of the commercial Pt/C catalyst is between
+0.7 V/NHE and + 0.9 V/NHE. The ECSA obtained from
CO stripping are shown in Table 2. Particle size obtained by
electrochemical measurements agrees with the particle size
displayed in micrographs of Fig. 6a and b.

The CO stripping voltammograms of the Cos(Ni;o-20Pt/C
and Co7oNiz(-20Pt/C nanocatalysts presented two peaks
(Fig. 7b). The Co3z(Ni;-20Pt/C nanocatalyst shows a peak
at 0.68 V/NHE and another peak at 0.7 V/NHE. For the
Co7¢Ni3-20Pt/C nanocatalyst, two peaks are observed as
well, the first one at 0.69 V /NHE and the second one at
0.7 V/NHE. In general, any peak in these systems engages
with a peak of CO oxidation of pure Pt particles. In fact, the
peaks at 0.68 and 0.69 V/NHE of each system seem to be
representative peaks of the CoNi system wrapped with Pt.
Some researchers, for example, have explained the existence
of additional peaks of CO stripping in systems with Pt nano-
particles caused by severe agglomeration [66], whereas others
like Urchaga have reported overlapped peaks in CO stripping
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Fig. 7 Cyclic voltammograms (a), CO stripping (b), linear sweep voltammetry (c), and Tafel plot (d) of the Co;oNi3o-20Pt/C, Co3Nizo-20Pt/C, and

commercial Pt/C electrocatalysts

due to particles with preferential orientation such as cubic and
cuboctahedral Pt particles [67]. Nevertheless, in this report,
the CO peaks at 0.68 and 0.69 V/NHE could be characteristic
peaks of the Pt-wrapped CoNi system because the synthesized
nanocatalysts do not show any structural preferential orienta-
tion in either severe agglomeration.

The kinetics of ORR of the Co3¢Ni;(-20Pt/C and
Co70Ni3p-20Pt/C nanocatalysts were analyzed by RDE be-
cause the ORR depends greatly from the hydrodynamic con-
ditions. Figure 7¢ shows the ORR polarization curves for the
Co30Ni;(-20Pt/C, Co;oNi3o-20Pt/C, and commercial Pt/C
electrocatalysts. Kinetics control with current independent of
rotation rate is observed in the range of 1.0-0.90 V/RHE. The
mixed zone (kinetic/diffusion) appears between 0.90 and
0.60 V/NHE, and both synthesized nanocatalysts show a

similar half-wave potential but different than the commercial
Pt/C catalyst. A current density limit is observed at high
overpotentials (~0.6 and 0.2 V/RHE), which is dependent
on the electrode rotation speed and means that the process is
controlled by the mass transport. Figure 7c displays the volt-
ammograms of each catalyst performed at 1600 rpm; the in-
creases in the limiting current of the synthesized nanocatalysts
could be related to the increase of oxygen diffusion through
the electrode surface or to the homogeneous distribution of the
nanoparticles on the electrode surfaces [68].

Kinetics analyses were performed for the specific activity
(SA) and the mass activity (MA) estimations. These analyses
are showed in the form of the mass-transfer-corrected Tafel
plots (Fig. 7d). In this work, the procedures for the kinetic
current corrections and SA and MA calculations were carried

Table 2 Electrochemical active surface area (ECSA), specific activity, and mass activity of CozoNig-20Pt/C, Co7oNizo-20Pt/C, and Pt/C

Catalyst Average ECSA Average specific activity Std. dev. Average mass activity Std. dev.
(m” g ') @ 0.9 V/RHE (mA cm 2p,) o @ 0.9 V/RHE o
(mA mg'p)
Co30Niz-20Pt/C 21.05 0.66 0.05 136.66 15.04
CoyNiz-20Pt/C 24.91 0.55 0.04 136.33 17.78
Pt/C 49 0.19 0.007 99 10.85
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out following the protocol as previously described in the lit-
erature [68]. Mean Tafel slopes are 54 mV dec™' for both
Co30Ni7-20Pt/C and Co(Niz-20Pt/C. These slopes are sim-
ilar to the ones obtained for Pt/C. The specific activity was
normalized by ECSA whereas mass activity was with respect
to the loading amount of metal Pt. The calculated SA and MA
is presented in Table 2. CozgNi;(-20Pt/C and Co;oNiz¢-20Pt/
C nanocatalysts present higher specific activities, 400% and
300%, respectively, above the value determined for Pt/C and
mass activities 50% than Pt/C.

The Koutecky—Levich equation relates the current density
(j) to the rotation rate (w) of the electrode and B =
0.2nFCD*3u "6 [16] where 0.2 is a constant used when w is
expressed in revolutions per minute (rpm), C is the oxygen
concentration in the electrolyte (1.26 x 10°¢ mol cm ), D is
the oxygen diffusion coefficient in perchloric acid (1.70 x
10° cm? s 1), and v the kinematic viscosity of the perchloric
acid (1.01 x 102 em? s ') [69], and from B equation, the
transferred electrons can be estimated which is #=3.6 and
near the multielectron n=4e— and four protons transferred
for the molecular oxygen reduction for the water formation,
ie., O, +4H" + 4¢ — 2H,0. Mean values of B=11.5 x
1072 mA c¢cm ? rpm '? were measured for both
electrocatalysts and are in agreement with the 13.83 x
102 mA cm 2 rpm "2 obtained for Pt/C nanoparticles, calcu-
lated under the same experimental conditions.

Conclusions

CoNi bimetallic nanoparticles wrapped with Pt were the sub-
ject of a theoretical study and experimental validation for the
ORR. The theoretical study was performed to evaluate the
effect of the core composition in the Pt-wrapped CoNi nano-
particles for the ORR. Pt;4 and Co,Nig_,-Pt3g (0<n<6) octa-
hedral nanoparticles were used as models and the O and OH
adsorption energies were used as descriptors of the electrocat-
alytic activity for the ORR. This work demonstrated that the
Co,Nis_-Pt3g (1=<n<5) nanoparticles exhibit an O and H ad-
sorption energy weaker than the one of pure Pt, making them
good candidates for the ORR. In order to corroborate the the-
oretical prediction on small-sized systems, CoNi bimetallic
core wrapped with Pt were successively synthesized and char-
acterized electrochemically. The experimental validation of
the CoNi bimetallic nanoparticles wrapped with Pt was devel-
oped by varying the composition of the CoNi bimetallic nano-
particles (CozgNiz-20Pt/C and Co7¢Niz-20Pt/C). The pres-
ence of Ni, Co, and Pt in the synthesized nanoparticles was
confirmed by EDX, XRD, and ICP-MS. The Co;(Ni;-20Pt/C
and Co7oNi3(-20Pt/C nanocatalysts present specific activities
which are three and four times higher than the commercial Pt/
C, respectively. Moreover, the two novel catalysts synthesized

@ Springer

in this study present mass activities which are 1.5 times higher
than the commercial Pt/C.
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