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Synthesis of CO-tolerant Ni-Pt Rhombic Dodecahedra Bimetallic

Electrocatalytic Nanoparticles
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Abstract: Developing scalable synthetic routes for fabricating
low-cost CO-tolerant and highly active electrocatalysts have
significant relevance for fuel cell applications. Here, we report
a novel and rapid single step synthesis of Ni enriched
bimetallic core-shell (Ni—Pt) rhombic dodecahedra nano-
particles (NPs) via the thermal decomposition of precursor in
the presence of oleylamine. Electrochemical dealloying in
acidic medium (0.1 M HCIO,) subjecting NPs to different
potential cycles is employed to vary the chemical composi-
tion and morphologies of parent bimetallic core-shell NPs. As
a result, rhombic dodecahedra NPs transform to different
morphologies such as concave, nanocage (open structure),
and squeezed nanocage. Our results reveal that concave

rhombic dodecahedra shaped electrocatalysts show high
resistance to CO poisoning compare to core-shell, nanocage,
and squeezed nanocage morphologies as well as commercial
Pt/C electrocatalysts. The improved CO tolerant of concave
rhombic dodecahedra bimetallic NPs results from the pres-
ence of optimal content of Ni along with Pt content at the
surface. We also demonstrate that CO tolerance of concave
bimetallic NPs can be changed by electrochemical parame-
ters such as the scan rate and CO adsorption potential.
Overall, the present study presents a conceptual strategy for
achieving improved CO tolerance by change in the composi-
tion and morphologies of bimetallic core-shell NPs.

/

Introduction

Carbon supported Pt-based catalysts are the benchmark
catalysts for the electrocatalytic reduction and oxidation taking
place in fuel cells." For industrial applications, the majority of
the hydrogen comes from fossil fuels by steam reforming or
oxidation of methane/propane (~95%), and some remnants of
carbon monoxide (CO) are inevitably present?*® CO also
appears as an intermediate species during the electro-oxidation
of small organic molecules such as methanol, formic acid, or
ethanol.*® Pt-based electrocatalysts are very susceptible to
poisoning by CO, even if the concentration of CO is below
10 ppm.”? CO can adsorb strongly on the Pt surface and
deteriorates the fuel cell performance.”! Alloying Pt with non-
noble metals is a promising approach to fabricate inexpensive
and improved CO tolerant bimetallic electrocatalysts (PtM,
where M=Fe, Ni, Co, Mo, Ru, Sn).”'® The electronic effect (the
position of d-band centre) and bifunctional or oxophilic effect
(accelerating the removal of adsorbed CO by supplying species
containing oxygen) are considered to play a vital role in
improving the CO tolerance of bimetallic electrocatalysts.""
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It is known that the CO electro-oxidation reaction is highly
structure sensitive.”’?? For example, Wang et al observed the
multiple CO oxidation peaks (peak at very low potential, pre-
peak and main peak) in the CO stripping voltammograms on
Ru-modified Pt electrodes in alkaline solution.”® They also
studied the origin of multiple peaks and proposed that the
adsorption of OH species from the dissociation of water
molecules is thermodynamically more favourable at low co-
ordination sites (defects, steps, kinks) or more active sites Ru,
hindering the diffusion of CO from the sites of high co-
ordination number (i. e. terraces, less active sites). Therefore, CO
oxidation occurs at different sites due to a much lower CO
mobility in alkaline media, and multiple oxidation peaks thus
appear in the CO stripping voltammogram. The multiplicity in
the CO stripping peak also depends on CO adsorption
potential.?¥ Two CO oxidation peaks (pre-peak and main peak)
appear when the adsorption potential of CO is set to 0.2V or
below in CO stripping voltammograms of Pt single crystals in
acidic solution. CO pre-oxidation peak disappears when CO
adsorption potential is set to 0.35 V. The origin of the pre-peak
seems most likely due to the stripping of weakly bonded CO to
the surface or strongly bonded immobilized water molecules at
certain adsorption sites that oxidize CO at the neighbouring
sites.”

It has been studied that surface segregation is an appro-
priate strategy to design CO tolerant electrocatalysts."**=% Ni-
segregated NiPt and Pt-segregated NiPt were obtained after the
pre-treatment at 350°C in H, and O, environments,
respectively.™ The results showed improved CO tolerance of
Ni-segregated NiPt compare to Pt-segregated and homogenous
alloy NiPt NPs. Zhang et al. also reported a strategy to enhance
CO tolerance by engineering the phase and surface composi-
tion of Pt;Co bimetallic catalytic NPs."? The surface composition
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of Pt;Co NPs tuned via adsorbate-driven segregation at heat
treatment under different conditions. CO tolerance of the
treated NP catalysts decreased in the following order: Co-rich
NPs (air, 300 °C) > intermetallic NPs (argon, 700 °C) > Pt-rich NPs
(10% H,/N,, 700°C). This variations in CO tolerance is caused by
the electronic effect playing a role in weakening the CO
adsorption and thus promoting CO oxidation to form inter-
mediate species COOH,,. The oxidation of intermediate species
COOH,4 to CO, is facilitated by the bifunctional/oxophilic effect.
Similarly, the tunability in the surface composition via adsor-
bate-driven segregation by heat treatment under different
environments has also been investigated for the NiPt NP
system.B'¥ Therefore, alloying Pt with non-noble metal is
emerged as a strategy to design CO tolerant electrocatalysts for
fuel cells. However, how electrochemical dealloying of core-
shell bimetallic nanoparticles (NPs) influence CO oxidation
reaction in alkaline medium has not investigated in detail. Such
understanding is imperative because the electrochemical deal-
loying can cause change in the surface structure, chemical
composition and morphology of core-shell bimetallic NPs.

In this work, we report a one-step synthesis of core-shell
(Ni—Pt) bimetallic NPs of rhombic dodecahedra shape via a
thermal decomposition of precursor in the presence of oleyl-
amine (OAm). OAm is widely used as a solvent, reducing agent
and capping ligands in the synthesis of NPs.® The synthesized
bimetallic NPs were supported on carbon black. The chemical
composition and morphology of core-shell NPs were changed
by electrochemical dealloying (i.e. varying the number of
potential cycles of core-shell NPs between 0.05 and 1.0V in
0.1 M perchloric acid (HCIO,) solution). Electron microscopy and
electrochemical techniques were used to investigate the
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change in the composition and morphology of synthesized and
electrochemical dealloyed Ni—Pt NPs. We also investigate CO
oxidation reaction on various prepared NPs to measure CO
poisoning resilience in alkaline medium. How experimental
conditions such as scan rate and CO dosing potential influence
CO oxidation reaction in alkaline medium were examined in
this work.

Results and Discussion

The detailed synthesis procedure of Ni—Pt bimetallic NPs is
described in the experimental section. Briefly, a typical synthesis
involved the degassing of OAm solution containing Pt and Ni
precursors at 120°C for 30 min. The degassed solution slowly
heated to 290°C at the rate of 3 °C/min. After 30 min of reaction
at 290°C, the reaction mixture cooled down. NPs were
dispersed in hexane after precipitating and cleaning with the
mixture of toluene and isopropanol. Bright field (BF) scanning
transmission electron microscopy (STEM) imaging of NPs reveals
the rhombic dodecahedra morphology of bimetallic Ni—Pt NPs
(Figure 1a). The size of NPs determined from BF STEM image
was found to be 95 +8nm. The rhombic dodecahedra
morphology of NPs can be clearly seen in the scanning electron
microscopy (SEM) image (Figure 1b). The rhombic dodecahedra
shape is formed from twelve facets. High resolution (HR) TEM
imaging of an individual NP shows the formation of single
crystalline rhombic decahedral bimetallic NPs. The fast Fourier
transform (FFT) corresponding to HRTEM image recorded along
the [110] zone axis suggests that NPs are enclosed by the {110}
crystallographic facets.
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Figure 1. a) BF-STEM image of ~95+8 nm Ni—Pt NPs, b) SEM image reveals rhombic decahedra morphology of NPs, c) HRTEM image of NPs (inset is the FFT).
d) HAADF-STEM-EDS elemental mappings of single Ni—Pt NPs and €) HAADF-STEM-EDS line profile across a single NP. STEM-EDS analysis on different spots
within a single Ni—Pt NPs shows the compositional inhomogeneity; (f) HAADF-STEM image and g) atomic % of Ni and Pt measured from EDS spectra collected

different spots.

ChemNanoMat 2020, 6, 1-10 www.chemnanomat.org

These are not the final page numbers! 77

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1002/cnma.202000277

Editorial Society

In the chemical synthesis of noble metal NPs, organic
ligands play a crucial role in tailoring the size, and morphology
of NPs.%*" |n fcc (face centre cubic) metals, the surface energy
of different crystallographic facets follows the trend; v{110}>
v{100} > v{111}.5® The growth of NP can be explained based on
the interaction between organic ligands and various crystallo-
graphic facets as well as the relative growth rate of different
facets. The concentration of monomers increases with the
gradual increase in the temperature. When the concentration of
monomers reaches supersaturation, the small nuclei form to
lower the overall energy of the system. Initially, the concen-
tration of monomers in the reaction mixture is high, the growth
of NPs occurs uniformly. As the concentration of monomers
drops down, the facet selective growth of NP takes place. OAm
can be used as reducing agent and capping ligands, and these
ligand molecules can bind preferentially to the facets of high
surface energy to minimize its surface energy. In this case, the
diffusion of monomers to the {110} facets are hindered due to
high packing density of ligand molecules on the {110} facets.
The monomers diffuse rapidly to the {100} and {111} facets
because of the low packing density of OAm molecules on these
surfaces. During the growth stage of the reaction, the growth of
NPs occurs relatively faster on the {100} and {111} facets.
Eventually, the {111} and {100} facets disappear, and Ni—Pt
bimetallic NPs of rhombic dodecahedra shape enclosed by
{110} facets forms.

To determine the chemical composition and the structure
of rhombic dodecahedra Ni—Pt bimetallic NPs, we used high-
angle annular dark field (HAADF) STEM, energy dispersive
spectroscopy (EDS), and X-ray diffraction (XRD) techniques.
HAADF-STEM-EDS element mapping analysis suggests the
distribution of Pt and Ni elements over a single NP (Figure 1d).
Furthermore, the line profile shows a high content of Ni than to
Pt in a single NP (Figure 1e). We also analyzed EDS spectra
collected at various points across a single NP (Figure 1f and g).
The results indicate a high Ni content at the centre of the NP
(atomic ratio Pt to Ni: 1:3), and Ni content decreases with
distance away from the centre. The average atomic ratio of Pt
to Ni over a single NP was determined to be 1:3. Although,
these results show the formation of Ni enriched Ni—Pt bimetallic
NPs, the structure of NPs (i.e. alloy or core-shell) is not evident.
To verify the structure of NPs, NPs were dispersed in 12 M acidic
solution (hydrogen chloride (HCl)) for 24 hours. We did not
observe any change in the morphology and the leaching of Ni
from NPs even after 72 hours. An inductively coupled plasma
optical emission spectrometer (ICP-OES) technique was also
employed to determine the overall change in the ratio of Pt to
Ni before and after the acid treatment. We did not observe a
significant difference in the overall ratio of Pt to Ni before
(1:2.9) and after (1:2.8) the acid treatment which is approx-
imately closed to 1:3 ratio of Pt to Ni. Our results thus suggest
the formation of acid stable core-shell rhombic dodecahedra
NPs, i.e., the surface of NP is enriched with Pt preventing the
leaching of Ni from the core of NP into the solution, thus
forming core-shell Ni—Pt NPs.

X-ray photoelectron spectroscopy (XPS) technique, which
provides the elemental composition within 5-10 nm of the
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surface, was used. XPS analysis indicates Pt enriched surface (Pt:
81.4 at% and Ni: 18.6 at%), verifying the evolution of core-shell
bimetallic NPs (Figure S1). The surface composition of NPs
before and after the acid treatment was also measured by XPS
and the results show no significant difference in the surface
composition of bimetallic NPs before and after the acid treat-
ment (Figure S2). The formation of a core-shell structure can be
understood based on the segregation energy of Pt and Ni
atoms. The segregation energy of Pt atoms occupying at the
edges (—1.99 eV) is more negative than atoms occupying at the
surface (—1.73 eV) as well as the segregation energy of Ni that
is positive (0.67 eV).*? This means, Pt has tendency to
preferentially segregate to the edges than to the surface, and
Ni preferentially segregates to the core. As a result, the edges of
bimetallic NPs are enriched with Pt atoms followed by the
enrichment of Pt atoms on the surface (few atomic layers),
while the core of NPs is comprised of Ni atoms. These
observations are consistent with EDS analysis suggesting the
enrichment of Pt atoms at the edges and high concentration of
Ni at the surface after a few Pt atomic layers. Furthermore, this
also suggests that the difference in the reduction rate of Pt and
Ni precursor leads to the design of core-shell NPs. The reduction
rate of Pt precursor (Pt-OAm complex) is much faster than the
reduction rate of Ni precursor (Ni-OAm complex) because OAm
molecules (hard base) strongly coordinate with Ni** ions (hard
acid), forming a strong metal-ligand complex."®*" Initially, a
high decomposition rate of Pt precursor leads to the super-
saturated solution with Pt monomers and Pt nuclei form. As the
reaction is progressed further, the concentration of Pt mono-
mers falls due to the rapid depletion of Pt monomer in the
nucleation stage, and Ni monomer concentration gradually
increases in the solution. Ni monomers diffuse to the surface of
Pt nanocluster and thus deposit on it. Since the segregation
energy of Ni is more positive than Pt, Ni and Pt atoms migrate
to the core and the surface of NPs, respectively. As a result, the
core-shell bimetallic Ni—Pt NPs are evolved as a final product at
the end of the synthesis. In the XRD data, the presence of (111),
(200) and (220) reflections indicate the fcc crystal structure of
the bimetallic NPs (Figure 2). The peaks in the diffractogram for
the core-shell NPs lie between those of the two pure metals (i.e.
they are shifted to higher diffraction angles with respect to
pure Pt). Moreover, a shoulder peak to the right of the primary
peak (111) can be noticed (inset of Figure 2). This shoulder peak
position overlaps with pure Ni (111) peak, suggesting the
presence of Ni-rich phase or Ni fcc phase in the NP. Taken
together results from TEM, XPS, and XRD, these data support
the formation of core-shell structure of rhombic dodecahedra
Ni—Pt NPs.

We used the electrochemical leaching of carbon supported
bimetallic NPs in an acidic environment. The chemical composi-
tion and morphology of NPs were altered and controlled by the
number of potential cycles between 0.05 and 1.0 V with a scan
rate of 500 mV/s in Ar-saturated 0.1 M HCIO,. Cyclic voltammo-
gram (CV) of core-shell bimetallic NPs are displayed in Figure 3a.
After 2 cycles, no difference can be seen in the morphology of
NPs (NP-2). As the number of potential cycles increases from 2
to 30k (Figure 3a), CVs display to a larger extent the character-
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Figure 2. XRD patterns of rhombic dodecahedral shaped core-shell bimet-
allic (Ni—Pt) NPs, spherical Pt NPs, and spherical Ni NPs. Inset displays XRD
pattern of core-shell NPs. Blue arrow indicates the shoulder peak.

istic feature of pure Pt in the underpotential hydrogen
adsorption/desorption region (0.05-0.45 V). We also observed a
broad Ni oxidation peak (Ni—Ni**) in the positive scan (0.6 to
0.8V) and a moderate Ni reduction peak (Ni**—Ni) in the
negative scan (0.7 to 0.4 V).*** The oxidation and reduction
peaks of Ni disappear with the increase in the number of
potential cycles, whereas a Pt hydroxide and Pt oxide peaks
region in the range 0.7-1.0 V get stronger. After 30k potential
cycles, the dealloyed sample does not exhibit any Ni features in
the CV, implying that there are no residual Ni atoms in or in the
vicinity of the surface. These results imply a change in the
composition and morphology of electrochemically leached NPs
with the increase in dealloying time (or increasing the number
of potential cycles) in acidic medium. It is worth to point out
that we did not observe any further change in the CV profile
after exposing the NPs to more than 30k cycles.
Semi-quantitative information about the surface composi-
tion of the different electrocatalysts can be extracted by
integrating the regions corresponding to the different surface
species.* The charge in the hydrogen adsorption/desorption
(Qy) region was calculated by integrating the CV between 0.05
to 0.45 V (Figure 3a), and the results are summarized in Table 1.
The value of Qy increases with the number of potential cycles,
i.e, 17 uCem™2 19 pCcm 2, 43 uCem2 and 46 pCcm 2 for NP-2,
NP-200, NP-6k and NP-30k, respectively, thus pointing to a
relative increase in Pt content at the surface with increasing
dealloying time. The charge in Ni+? (Qy’") region was also
determined to be 11 uCcm™2 19 uCecm2, and 3 uCcm™2 for NP-
2, NP-200 and NP-6k, respectively (Table 1). A higher Q2" value
for NP-200 than to NP-2 electrocatalysts can be noticed. This is
due to the change in the surface composition of Pt and Ni
contents caused by dissolution/redeposition of Pt atoms on the
surface and exposure of Ni content from the core to the surface
after the electrochemical cycling in the acidic medium. The
surface charge of Q’" decreases after the increase in the
electrochemical dealloying time (i. e. the increase in the number
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Figure 3. a) Cyclic voltammograms of Ni—Pt NPs after different potential
sweeps in 0.1 M HCIO4 solution at the scan rate of 500 mV/s. TEM and inset
SEM images show the NPs of different morphologies after different potential
sweeps; b) core-shell rhombic dodecahedra NPs, c) concave rhombic
dodecahedra NPs (arrow indicates the pits or holes in the NPs, i.e. the
formation of porous NPs), d) nanocage morphology of NPs, and e) squeezed
nanocage morphology of NPs.

of potential cycles from 200k to 6k and 30k) because of
leaching of Ni contents from the NP in the acidic medium. To
further evidence the surface composition of different NPs, we
have collected and analyzed the XPS survey spectra. The results
show the increase in Pt content and the decrease in Ni content
on the surface of NPs as the number of potential cycles
increases from 200k to 30k (Table S1). Therefore, the surface
composition determined from XPS is nearly consistent with the
surface composition measured by cyclic voltammogram.
TEM-EDS and SEM techniques used to examine the change
in the morphology and chemical composition of dealloyed NPs
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Table 1. Experimentally measured bulk (TEM-EDS), surface composition
(CV), and charges measured from hydrogen adsorption (Q) and Ni**
reduction (Qy") regions for different NPs. In NP—X, X refers to the number
of potential cycles.

Sample | EDS measured CV calculated Qy Qi+
composition of surface (MC cm” | (UC cm?)
Pt:Ni (atomic composition 2)
ratio)
NP-2 0.47 Pt;Ni 17 11
NP-200 1.24 Pt,Ni 19 19
NP-6k 3.13 PtygNi 43 3
NP-30k 6.47 Pt 46

obtained after different number of potential sweeps in acidic
medium. After 200 cycles, the morphology of bimetallic NPs
(NP-200) changes from rhombic dodecahedra to concave
rhombic dodecahedra (Figure 3c). The presence of small pits on
the facets of NP-200 NPs implies the dissolution of Pt from the
surface as well as Ni from the core (inset image in Figure 3c). It
is likely that Pt atoms segregate to the edge and vertices of the
NPs from the centre during the potential cycling because the
segregation energies of atoms occupying at edges and vertices
are lower than to atoms occupying at the centre.’? As the
number of potential cycles increases to 6k, the complete
removal of Ni from the core of NPs leads to the formation of
the open structure of rhombic dodecahedra of NP (NP-6k), i.e.,

CHEMNANOMAT

nanocage morphology similar to previously reported in the
literature (Figure 3d).***® The edges and hollow interior of
cycled NPs can clearly be seen in the inset SEM image of
Figure 3d. After 30k cycles, the transformation of nanocage
(open structure) into squeezed nanocage (NP-30k) with wavy or
corrugated edges can be seen which is caused by the selective
leaching of Ni content as well as Pt atomic dissolution/
redeposition and rearrangement owing to electrochemical
cycling (Figure 3e).*” TEM-EDS analysis performed on different
type NPs reveals that the average atomic ratio of Pt to Ni
increases as the number of potential cycles increases. This is
due to the removal of Ni (equivalent to a relative increase in Pt
content) during the electrochemical dealloying in acidic
medium (Table 1). After 30k potential cycles, a complete deal-
loyed NPs do not show the presence of Ni content.

We studied the influence of morphologies and surface
chemical compositions of core-shell and dealloyed electro-
catalytic NPs on the oxidation reaction of preadsorbed CO. CO
stripping voltammograms were collected in 0.1 M KOH and the
potential sweep between 0.05 and 1.0V with a scan rate of
50 mV/s. NP-2 and NP-200 electrocatalysts exhibit CO oxidation
peak at low potential (~0.46 V) followed by a broader peak at a
higher potential (~0.66 V) (Figures 4a and b). For NP-6k and NP-
30k dealloyed electrocatalysts, the first peak can be seen at
~0.48V, while the second peak at ~0.68V becomes more
pronounced and sharper with the appearance of a shoulder
(Figure 4c and d). NP-2 and NP-200 electrocatalysts show the
onset CO potential at ~0.35 V (the onset CO potential is defined
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Figure 4. CO stripping voltammograms of different electrocatalysts in 0.1 M KOH solution with a scan rate of 50 mV/s. Red lines and black lines correspond to
the CO stripping curve and background curve, respectively. The latter recorded as the following potential cycle in the absence of dissolved CO. The early CO
oxidation charge (Q%) and total CO oxidation charge (Q'c,) were obtained from integrating the current responses in the potential regions between 0.3 to
0.52 V and 0.3 to 0.85 V, respectively. NPs of different compositions and morphologies were obtained after a) 2, b) 200, c) 6k and 30k of potential cycles in
acidic medium. CO stripping voltammograms of NP-200 electrocatalysts at d) various scan rates (constant CO adsorption potential of 0.05 V) and f) different

CO adsorption potentials (constant scan rate of 50 mV/s) in 0.1 M KOH solution.
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as a potential at which when the slope of the voltammograms
exceeded 0.005 mAcm™2 mV™"). This onset potential increases
to ~0.4V for Pt-riched electrocatalysts (NP-6k and NP-30k).
Therefore, the characteristic difference in the oxidation reaction
of CO among four different electrocatalysts of different surface
compositions and morphologies can be observed.

We calculated CO oxidation charge of the linear background
corrected first stripping cycle between 0.05 and 1.0 V.*** NP-
200 electrocatalytic NPs show a maximum total CO stripping
charge value of Q' ~153 uCcm™2, while the other three
samples NP-2, NP-6k and NP-30k exhibit lower CO stripping
charges of 65, 96 and 64 uCcm™2, respectively. Instead of
pursuing the overall charge, it is more interesting to note the
charge difference between the first and second stripping peak
with the extent of dealloying controlled by the number of
potential cycles or time. The calculated charge ratio, Q%.,/Q"co
(where Q% refers to Early CO oxidation charge, i.e., charge
corresponds to very low CO oxidation potential) are also given
in Figure 4. NP-200 sample displays the highest ratio with
approximately 61% of the overall CO stripping occurring in the
lower potential peak region, significantly higher than the other
samples, NP-2 (49%), NP-6k (40%) and NP-30k (35%). Electro-
catalysts with reduced CO oxidation potential are desirable in
order to avoid high anodic overpotentials. Based on the charge
ratio for the various electrocatalysts, one can in a simplistic way
rank electrocatalysts with respect to CO tolerance (or early CO
stripping charge) in the order: NP-200 > NP-2 > NP-6k > NP-30k.

The difference in CO oxidation activity of distinct electro-
catalysts can be linked to the variation in their surface
composition. The electrochemical dealloying (selective removal
of Ni atoms from parent NPs) in acidic media generates a
favourable structural arrangement of Pt atoms at the surface of
NPs (more active crystallographic facets or surfaces with
beneficial Pt—Pt interatomic distances) for the oxidation of
adsorbed CO molecules. The surface composition of NP-200
sample has low ratio of Pt to Ni, indicating the presence of Ni
atoms on the surface. As a result, NP-200 electrocatalysts
oxidize CO at low potential to a large extent in the presence of
surface Ni oxides species (i.e. to a lesser extent Pt segregation
on the surface). This is more likely from the bifunctional
mechanism suggesting a reaction between Pt-CO,q; and Ni-
OH,..”” The surface Ni sites act as an oxygen source for the CO
oxidation and shift the CO stripping peak potential towards
more negative potential. The Pt sites on the surface also
contribute with oxygen to the CO stripping reaction through
water activation or oxide formation, but only at the positive
potentials (0.6-1.0 V). However, the impact of any electronic
effect cannot be ruled out here.”®*” The addition of Ni make a
significant contribution in modifying the electronic properties
of Pt by supposedly decreasing the strength of Pt-CO bond due
to a lowering of the Pt d-band in an alloy with Ni and thus
shifting the peak potential of CO oxidation to more cathodic
potential.®¥ Similarly, the presence of Ni also alters the
bonding of water and the formation of oxides at the surface.

NP-2 electrocatalysts (core-shell NPs) show low CO tolerance
than to NP-200 (concave rhombic dodecahedra NPs) due to the
Pt enrichment on the surface (a low Ni content or QNi** value
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for NP-2 than to NP-200). The presence of remained OAm traces
on the surface of NP can also lead to low CO tolerance for NP-2,
however, it is less likely the case due to the heat treatment of
catalysts at 200°C for 3 hours and subsequently, electrochem-
ical dealloying in acidic medium before the CO stripping
experiment in the alkaline electrolyte. CO stripping charge
related to the first oxidation peak decreases with the increase
of surface Pt content (NP-6k and NP-30k samples behave like
pure Pt surface). Therefore, the shift in the CO stripping peak
potential and CO tolerance capability of electrocatalysts depend
on the surface composition and morphologies of NPs, which
can be changed by electrochemical dealloying subjected to the
different potential cycles. The results suggest that the deal-
loying can be used as a suitable strategy to tune the electro-
catalytic activity of NPs.

Furthermore, the multiple peaks in CO stripping profile of
electrocatalysts can be seen. The origin of these multiple peaks
is not known. However, these peaks may arise from the
modification of the surface structures or morphologies of NPs
(i.e. the formation of low coordination sites such as edges,
vertices, defects and steps) by the different extent of electro-
chemical dealloying.”® These sites restrict the diffusion of CO
molecules, and thus multiple peaks being observed in the CO
stripping voltammograms. We compared CO oxidation reaction
of electrocatalysts (parent and dealloyed NPs) produced in this
work with commercial Pt/C electrocatalysts. The result of CO
stripping and background voltammograms for a commercial Pt/
C catalyst in 0.1 M KOH electrolyte are shown in Figure 5. A
broad CO oxidation peak at a high positive potential (~0.72 V)
is observed, preceded by two smaller shoulders at more
negative potentials (0.4 and 0.6 V). The voltammetric features
are clearly different those of NP-30k sample, supposedly only
contain Pt in the surface, as well as other electrocatalytic
samples (NP-2, NP-200 and NP-6k) showing distinct CO
stripping features at more negative potentials compare to

j (mA!cmz)
(=]

-3 T T

T
0.2 0.4 0.6

EVRHE

0.8 1.0

Figure 5. CO stripping voltammogram of commercial Pt/C (40% loading) in
0.1 M KOH solution at the scan rate of 50 mV/s.
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commercial Pt/C electrocatalysts. It should be noted that we did
not notice a significant difference in the CO tolerance of
dealloyed NP-200 and other samples when these samples are
electrochemically cycled in an alkaline solution prior to CO
stripping experiment. This is due to the stability of dealloyed
NPs in alkaline solution, thus preventing the migration of Ni
contents to the solution or the change in the composition of
NPs.

We choose NP-200 electrocatalysts to further investigate CO
oxidation reaction at different scan rates and CO adsorption
potential because NP-200 electrocatalysts show superior CO
tolerance than to other electrocatalysts (NP-2, NP-6k and NP-
30k). Figure 4e displays CO stripping voltammograms of NP-200
electrocatalysts at different scan rates. At low scan rate (10
mVs~'), CO oxidation occurs at low potential (~0.44 V). How-
ever, CO oxidation peak shifts to higher potential (~0.49V) at
high scan rate (50 mVs™"). These results imply that the oxidation
of CO molecules from the different sites (edges, vertices, and
steps) depends on the concentration of corresponding sites and
time given to reach these sites." At a low scan rate, CO
molecules can diffuse to active sites (to low coordination sites,
including edges, vertices, steps or defects) and are oxidized
there as sufficient time is given. In this case, all CO molecules
oxidize at low potential. The diffusion of CO molecules is
restricted at a high scan rate. In this case, CO molecules oxidize
from different sites (i.e. from high coordination sites such as
terraces). Therefore, the role of electronic effect (the binding
strength of CO molecules with different sites on the surface) is
crucial in controlling the CO oxidation reaction. Furthermore, a
fast scan rate can lead to a decrease in the size of the diffusion
layer, and a higher current was thus observed.®

We also examined the effect of CO adsorption potential on
the electrocatalytic activity of NP-200 (Figure 4f). In these
experiments, CO was adsorbed to NP-200 electrocatalysts at
different potentials, 0.05, 0.2 and 0.35V. At CO adsorption
potential <0.2 V, CO oxidation occurs at low potential (~0.46 V)
followed by a broad weak peak at higher potential (~0.65V).
CO oxidation peak shifts to high potential (~0.65 V) when CO
adsorption potential is increased to 0.35 V. We did not observe
any shoulder or pre-oxidation peak in these cases. The
adsorption of CO at 0.05, 0.2 and 0.35V results in the Q"¢
values of 149 pCcm™, 142 uCem~2 and 44 uCcm™, respectively.
This implies that CO coverage decreases significantly with the
increase in CO adsorption potential to 0.35V. It is most likely
due to the partial oxidation of CO molecules during CO
adsorption at higher adsorption potentials.”**® However, most
of CO molecules diffused to the site of low energy and
remained unoxidized in the adsorbed layer. The oxidation of
these remaining CO molecules requires the generation of
oxygen donating species at these sites, for instance, some form
of surface bonded water, which occurs only at more positive
potential.
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Conclusion

In summary, we demonstrated the synthesis of bimetallic core-
shell (Ni—Pt) NPs of rhombic dodecahedra morphology via the
decomposition of precursors at high temperature. The approach
does not require two-step synthesis strategy involving the
deposition of shell on the preformed seed particles. The strong
binding of OAm capping ligands to the {110} crystallographic
facets facilitates the formation of rhombic dodecahedra shape
of NPs. TEM-EDS, SEM, XRD and XPS results reveal the formation
of bimetallic core-shell (Ni—Pt) NPs of rhombic dodecahedra
shape. The morphology and chemical composition of bimetallic
core-shell NPs can be altered by electrochemical dealloying in
the acidic medium at different potential cycles (or dealloying
time). As a result, bimetallic core-shell NPs transform into
various morphologies, including concave rhombic dodecahedra
(NP-200), nanocage (NP-6k) and squeezed nanocages (NP-30k).
CO stripping voltammetry measurements in alkaline medium
showed that CO tolerance of different electrocatalysts follows
the trend; NP-200 (concave rhombic dodecahedra NPs) > NP-2
(core-shell rhombic dodecahedra NPs) > NP-6k (open structure
or nanocage of rhombic dodecahedra) > NP-30k (squeezed
nanocage of rhombic dodecahedra). The difference in the
surface structure, composition and morphology of electro-
catalysts causes the difference in oxophilic and electronic
effects, which play an important role in improving the CO
tolerance of Ni—Pt based electrocatalysts. Our results also
demonstrate the dependence of the CO tolerance of electro-
catalytic NPs on the experimental parameters such as the scan
rate and CO adsorption/dosing potential. The present study
thus advances our understanding to design CO-tolerant bimet-
allic electrocatalysts, and highlights the importance of the
surface structure, composition and morphology in improving
the CO tolerance of NPs. The finding of our study will provide
new rules for designing novel bimetallic electrocatalysts for
methanol oxidation, oxygen reduction and hydrogen evolution
reactions for the alkaline system.

Experimental Section

Chemicals. Chloroplatinic acid hexahydrate  (H,PtCl-6H,0,
>99.9%), nickel (Il) nitrate hexahydrate (Ni(NOs),-6H,0, 99.9%),
Oleylamine (70%, technical grade), potassium hydroxide (0.1 M
KOH) and Nafion (5%) were purchased from Sigma-Aldrich, and
used without further purification. Carbon black (Vulcan XC-72,
Cabot) was purchased from Cabot. Perchloric acid (70%, HCIO,) was
received from Merck AS.

Synthesis. For the synthesis of rhombic decahedral Pt—Ni NPs,
H,PtCl,-6H,0 (40 umol) and Ni(NO,),-6H,0 (74 umol) were added
to 12 mL oleylamine and sonicated for 30 min to ensure the
solubilization of both precursors. Oleylamine shows a high binding
affinity to metal ions through its amine (-NH,) group. Therefore, Pt
and Ni salts form complexes with oleylamine. The reaction mixture
was transferred to 100 mL double necked round bottom flask and
heated to 120°C at a heating rate of 10°C/min. After degassing for
30 min, the reaction mixture was heated slowly to 290°C at a
heating rate of 3°C/min under an argon (Ar) atmosphere. The
reaction mixture was kept at 290°C for 30 minutes. After the
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reaction, the solution was cooled down to room temperature. NPs
were precipitated by adding 5 mL toluene and 20 mL isopropanol
and centrifuged at 5000 rpm for 5 min. The NPs were washed twice
with toluene and isopropanol, and finally, dispersed in toluene.

Characterization techniques. Bright field (BF) and dark field (DF)
scanning transmission electron microscopy (STEM) and scanning
electron microscopy (SEM) images were collected from Hitachi S-
5500 operating at 30 kV. High-resolution (HR) transmission electron
microscopy (TEM) imaging, energy dispersive spectroscopy (EDS)
and high-angle annular dark field (HAADF)-STEM analysis were
performed with field emission JEOL 2100F TEM operating at 200 kV.
A Bruker DaVinci2 diffractometer with Cu Ko radiation (A=
1.5418 A) was used to collect X-ray diffraction (XRD) pattern of NPs.
For XRD, the NP solution was deposited on a single crystalline
silicon holder and dried. The X-ray photoelectron spectroscopy
(XPS) data were obtained using a Kratos Axis Ultra DLD spectrom-
eter (Kratos Analytical), equipped with a monochromatized alumi-
nium X-ray source (Alk, hv=1486.6 eV) operating at 15 mA and
15kV (225 kW). The XPS data were analyzed with CASA XPS
software. Inductively coupled plasma optical emission spectrometer
(ICP-OES; Optima 5300DV) was used to determine the accurate Pt
and Ni contents in the bimetallic NPs before and after the acid
treatment.

Electrode preparation. NPs were supported on carbon black
(Vulcan XC-72, Cabot) as follows: 10 mg catalytic NPs and 40 mg
carbon black were dispersed separately in 10 mL hexane by
sonication. Later, both solutions were mixed and sonicated for 1 h
at 60°C in a closed glass vial. The supported catalyst was washed
three times with ethanol by centrifugation at 5000 rpm and dried
in air at room temperature. Later, the product was heat treated at
200°C in vacuum for 3 h to remove organic surfactants. The
catalytic ink (2 mg/mL) was prepared in the water and isopropanol
mixture (4:1), and 20 pL of a diluted Nafion (0.5% v/v) was added
to the ink. Two drops of 10 pL catalyst ink was transferred to a
glassy carbon electrode (5 mm in diameter, Pine instrument), and
dried in vacuum.

Electrochemical measurements. An Autolab potentiostat,
(PGSTAT302N) was used to perform electrochemical measurements
in a conventional three-electrode electrochemical cell with a
reversible hydrogen reference electrode. Prior to the electrochem-
ical measurements, the electrolyte (0.1 M KOH, purchased from
Sigma-Aldrich) was degassed by purging Ar through it for 30 min.
Cyclic voltammograms (CVs) were obtained by sweeping the
potential from 0.05 to 1V at a scan rate of 100 mV/s at room
temperature. For the CO-stripping experiments, first CO gas
bubbled through the electrolyte solution for 10 min at 0.05 V. Ar
was subsequently flushed through the solution for 30 min to
remove dissolved CO. CO stripping voltammograms were recorded
at a scan rate of 50 mV/s between 0.05 and 1 V. The electrochemical
dealloying of the catalytic NPs was performed in the potential
range 0.05-1.0 V at a scan rate of 500 mV/s in 0.1 M HCIO, solution.
All potentials in this work are referenced to the reversible hydrogen
electrode (RHE). The current density (J) and surface charge (Q) are
normalized in reference to the geometric area of glassy carbon
electrode (0.196 cm?) in all cyclic and CO stripping voltammograms.
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