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ABSTRACT: We present a comprehensive experimental study of
the formation and activity of dealloyed nanoporous Ni/Pt alloy
nanoparticles for the cathodic oxygen reduction reaction. By
addressing the kinetics of nucleation during solvothermal synthesis
we developed a method to control the size and composition of Ni/
Pt alloy nanoparticles over a broad range while maintaining an
adequate size distribution. Electrochemical dealloying of these size-
controlled nanoparticles was used to explore conditions in which
hierarchical nanoporosity within nanoparticles can evolve. Our
results show that in order to evolve fully formed porosity, particles
must have a minimum diameter of ~15 nm, a result consistent with
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the surface kinetic processes occurring during dealloying. Nanoporous nanoparticles possess ligaments and voids with diameters
of approximately 2 nm, high surface area/mass ratios usually associated with much smaller particles, and a composition consistent
with a Pt-skeleton covering a Ni/Pt alloy core. Electrochemical measurements show that the mass activity for the oxygen
reduction reaction using carbon-supported nanoporous Ni/Pt nanoparticles is nearly four times that of commercial Pt/C catalyst
and even exceeds that of comparable nonporous Pt-skeleton Ni/Pt alloy nanoparticles.

1. INTRODUCTION

Meeting the world’s rapidly increasing demand for energy
requires development of secure, reliable, renewable, and
sustainable sources of energy and is one of the greatest and
most important challenges facing the scientific community in
the 21st century. There is only a very small probability of a
“silver bullet” solution for fulfillment of this energy demand,
and the most realistic approach involves customized energy
plans in which sources and supply are individually tailored for
each geographical/geopolitical region of the world. In any
proposed plan, fuel cells will likely play a significant role as their
relatively high-energy conversion efficiencies, ~50%," and their
ability to use high-energy density fuels such as methanol (20
MJ kg™') and hydrogen (140 MJ kg™')* make them attractive
energy extraction devices for both stationary and mobile
applications. The key and limiting chemical process with regard
to fuel cell efficiency is the cathodic oxygen reduction reaction
(ORR) where oxygen is reduced to water through the
simultaneous transfer of four electrons and four protons and
is only eflectively driven by expensive Pt nanoparticle-based
catalysts."*~> Widespread commercial integration of fuel cells
requires significant improvements in activity for Pt-based
catalysts in order to lower required loadings and minimize
cost. Recent progress in this area has been focused on Pt—
transition metal alloy nanoparticle catalysts with compositional
gradients that exhibit improved ORR activities in comparison
to traditional supported Pt/C catalysts.®” "
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Catalyst development has been guided by experimental and
theoretical work on Pt—transition metal single-crystal and
polycrystalline planar surfaces where the optimum structure is
that of a Pt-skin protecting a Pt—transition metal alloy.%”'*~'¢
Transition metal atoms in the underlying atomic layers induce a
downshift in the d-band center of the surface Pt atoms as well
as a change in the geometric structure of the surface resulting in
an optimized interaction between Pt and intermediate oxide
species of the ORR, preventing surface poisoning and freeing Pt
sites for further O, adsorption and reduction.”'*'® Pt-skin
structures are formed through thermal annealing which induces
subsurface Pt to se§regate to the surface forming a smooth
protective skin.*”"* This structure differs from that of core—
shell catalysts which are made intentionally through one of two
techniques: (1) deposition of one Pt monolayer at a time on a
transition metal/alloy core through galvanic displacement of a
sacrificial underpotentially deposited metal monolayer and (2)
depletion of the transition metal from the outermost atomic
layers of Pt-alloy nanoparticles through chemical or electro-
chemical etching forming a rough Pt-skeleton surface. Pt-
monolayer catalysts made through galvanic displacement have
been shown to be very active on a per Pt mass basis because
there is no Pt hidden within the core of the nanoparticles; all Pt
is surface Pt and potentially active.*”'>"”~" Electrochemical
dealloying of Pt-alloy nanoparticles is a less experimentally
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intensive process by which core—shell catalysts may be formed.
Transition metal atoms are etched from the outermost atomic
layers of Pt—transition metal alloy nanoparticles under applied
potential or potential cycling, enriching the surface in Pt but
also maintaining a significant residual fraction of the transition
metal within the core of the particle.”*° ¢ Typically, three-
dimensional (3D) porosity does not evolve in these types of
catalysts because in most cases the composition ratio of Pt to
transition metal is too high and the initial particle sizes are
typically too small.

1.1. Porosity in Nanoparticles. Fully formed, 3D porosity
can be catalytically advantageous where structural nanoporosity
results in high surface area to volume ratios and creates a
confined reaction environment which could potentially lead to
higher attempt frequencies or higher preexponential factors
under Arrhenius kinetics, resulting in overall improved reaction
kinetics.”” ~>° The dealloying mechanism—selective dissolution
of the less-noble component from a binary or multicomponent
solid solution at a potential at which the remaining more-noble
component is free to diffuse along the surface by which 3D
porosity evolves®">*—intrinsically forms a core—shell nano-
porous structure where the surface is passivated by the more-
noble component and the interior of the ligaments maintain a
significant residual fraction of the less-noble component. In this
case, dealloying is relevant not in terms of degradation or
corrosion but may be used as a tool to develop new
nanostructured catalysts. Planar nanoporous metals have
already proven very active for the ORR,” but if dealloying is
to be used in fuel cell catalyst synthesis the nanoporous
materials must be engineered into a form factor that may be
readily integrated into fuel cell cathode catalyst layers, namely,
forming nanoporosity on a nanoparticulate scale. This is the
subject of this manuscript

Porosity in Pt alloy nanoparticles has been found to
unintentionally evolve in situ under load cycling, i.e., repeated
variation from reductive to oxidative potentials, during fuel cell
operation or in a half-cell during electrochemical activity
measurements for both PtCo and PtCu alloy nanopar-
ticles.*>>***> The catalysts in these cases consisted of alloy
particles with a large dispersion of particle sizes as a
consequence of their preparation procedures, typically salt
impregnation of a carbon support followed by high-temperature
reduction with hydrogen. Therefore, porosity was formed in
only a selection of the larger particles where the smaller
particles likely quickly formed a passive Pt surface layer after
depletion of the alloying component from the outermost
atomic layers. This inconsistency in particle morphology can
negatively affect both the electrochemically active surface area
(ECSA) and the electrocatalytic activity of the catalyst. More
concerted efforts have been made to develop nanoporous
nanoparticles by dealloying of Cu-rich Pd and Pt alloys.***’
Here, again, particles were initially formed through salt
impregnation, and the resulting particle sizes ranged from 2
to 25 nm. Therefore, the final dealloyed catalyst contained a
significant fraction of solid/nonporous nanoparticles. Copper as
a transition metal alloying component suffers in terms of both
activity and stability compared to other alloying components
such as Ni.** 7 Li et al*' recently optimized a solvothermal
synthesis process from which they were able to make 20 nm,
Ni-rich Pt alloy nanoparticles with a minimal distribution in
average particle diameter. These particles were dealloyed as
made, without an additional annealing step, through free
corrosion in concentrated HNO;, and formed porous particles.
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No oxygen reduction activity was reported. As we will show in
our study, annealing is a critical step in the process of forming
active nanoporous nanoparticles as it helps to homogeneously
disperse the alloying components within each particle and leads
to a greater retention of residual Ni, resulting in improved
performance. Also, the use of free corrosion will result in a
rough surface which is not ideal for the ORR as a high density
of low-coordination sites has been shown to negatively affect
ORR activity.*” In contrast, dealloying through potential cycling
electrochemically anneals the surface of the porous structure
smoothening out roughness and decreasing the density of low-
coordination sites. The nanoparticle synthesis procedure in ref
41 is also limited in its ability to reliably control particle size. In
short, nanoporous nanoparticles have been demonstrated in the
literature, but there has not been a comprehensive study of
their synthesis and properties. With a goal here to form
nanoporous Ni/Pt nanoparticles active toward the ORR, we
needed to modify/develop a chemical synthesis procedure that
facilitated control of both size and composition over a wide
range while maintaining an adequate size distribution. This
allowed us to study the effect of particle size on dealloying and
porosity formation and properly tune morphology and
composition for optimal catalytic activity.

1.2. Solvothermal Synthesis. Solvothermal reductive
synthesis has evolved to be one of the more versatile and
powerful techniques for fabrication of metal and metal
#3746 nanostructures allowing superior control of shape/
morphology, size, size distribution, and composition,47_55 each
of which have a direct effect on the physical and chemical
properties of the formed nanostructures. The most common
procedures for solvothermal synthesis of nanoparticles involve
dissolution and subsequent reduction of organic ligated metallic
salts in high boiling point organic solvents commonly
containing long chain amine and/or carboxylic acid capping
agents and one or more reducing agents. The organic capping
agents aid in the control of size, shape, and size distribution not
only through adsorption and interaction with reduced metallic
species on the surface of the growing nanocrystals but also
through formation of metal ion/capping agent complexes
resultin§ in adjustments in the rates of nucleation and
growth.>*"® The vast majority of nanoparticle synthesis
procedures are focused on fast nucleation that is quickly
quenched, effectively separating nucleation from growth and
producing monodisperse nanoparticles where particles with a
10 nm diameter are considered to be large. We are interested,
however, in producing alloy nanoparticles that are large enough
to evolve porosity, potentially requiring diameters as large as
20—30 nm. This requires adjustment of the kinetics of
nucleation and growth during chemical synthesis, and we can
gain some insight into how this may be approached from the
chemical reduction mechanisms reported in the literature.

Mechanistic studies of monodisperse nanocrystal formation
in solution commonly cite the LaMer mechanism®" to describe
the kinetic and thermodynamic processes associated with
nanocrystal nucleation and growth. The LaMer mechanism
states that homogeneous nucleation can only occur in
supersaturated solutions, in which case nucleation proceeds
rapidly over a short time period, so-called “burst nucleation”,
quickly depleting the monomer concentration in solution and
preventing any further nucleation from occurring. This is
followed by slow, diffusion-controlled growth resulting in
monodisperse nanocrystals due to a sharp separation between
the nucleation and the growth phases. There are limitations,
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however, that make the LaMer mechanism realistical?r
appropriate only for very few systems. Finke et al.%>®
challenged the LaMer mechanism because it cannot account
for nuclei aggregation and Ostwald ripening which can greatly
affect the monodispersity of the prepared nanocrystals. Also,
diffusion of monomers to the growing particle’s surface is not
always the rate-determining step; incorporation of those
monomers into the nanocrystal surface can be rate determining
with direct dependence on the surface area of the nanocrystal.
Finke et al.*> proposed a mechanism in which nucleation occurs
in a slow, continuous process rather than in a single burst,
followed by an autocatalytic surface growth process whose rate
depends on the particle surface area or number of active sites,
i.e,, growth is not diffusion limited as suggested in the LaMer
mechanism.®" In this case, growth is controlled and rate limited
by incorporation of monomers into the surface of the
nanocrystals, which is evidenced in formation of shape-
controlled nanocrystals where uncapped or weakly capped
surfaces grow at a higher rate than strongly capped surfaces,
resultinég in formation of nanorods/wires and other anisotropic
shapes.”*% Autocatalytic growth also explains how mono-
dispersity can be maintained with slow, continuous nucleation;
smaller nanocrystals with higher surface energies will grow at a
faster rate than larger, more thermodgfnamically stable particles
in a process known as “focusing”.’**" Finke’s model highlights
the importance of the interaction between precursor metal ions
or metal ion-capping agent complexes and nanocrystals and the
great effect that they can have on the kinetics of nucleation and
growth. What is made clear in all of the experimental and
theoretical studies of colloidal particle synthesis, regardless of
the underlying mechanism, is that nucleation is the dominating
factor determining final nanocrystal size, and strict experimental
control of the nucleation process may be an ideal strategy for
obtaining monodisperse colloidal particles in a wide range of
diameters.

There continues to be a lack of an accurate, detailed,
microscopic kinetic model describing nucleation and growth in
colloidal nanocrystal synthesis, but we can gain some insight
into how we may control these processes from a simplified
assessment of classical nucleation theory. The rate of nuclei
formation takes an Arrhenius form

—-AG
d_N =A exp[ N:|
dt kyT (1)
_ 1672y°V2
N3 1AuP )
Au=RTInS (3)

where N is the number of nuclei, A is a preexponential factor,
ky is Boltzmann’s constant, and T is temperature. AGy is the
work required to form a critical nucleus for homogeneous
nucleation given in eq 2, where y is the surface free energy per
unit area, V,, is the molar volume of the monomer in the
crystal, Ay is the difference in chemical potential of the metal
species in the solid and as a monomer in solution, R is the gas
constant, and S is a measure of the oversaturation ratio, i.e., the
ratio of the actual and the equilibrium concentrations of
monomer in solution. The nucleation rate is highly sensitive to
the degree of oversaturation, and this can be adjusted by
controlling the rate of formation of monomer or active species
through changes in reaction temperature,43 incubation time in
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the case of delayed nucleation,® and equilibrium concentration
of the monomer by complexation with different capping
agents.**"* While size control through adjustment of these
experimental parameters is a good place to start, the complexity
inherent in solvothermal synthesis of colloidal nanocrystals
means that complete control is unlikely through simple
parameter adjustments and will require some trial and error.
In this study, we report a chemical synthesis procedure,
based on concepts developed within the solvothermal reduction
process context, in which alloy nanoparticle size and
composition may be controlled over a wide range while
maintaining an adequate size distribution. This procedure was
applied to the synthesis of Ni/Pt nanoparticles that were then
electrochemically dealloyed to form nanoporous Ni/Pt nano-
particles. With reproducible control of both size and size
distribution, we were able to study the effect of nanoparticle
size on dealloying and porosity formation and show that there
is a minimum particle diameter required for complete evolution
of porosity. Further electrochemical characterization of the
dealloying process led to insights into how to develop
nanoporous Ni/Pt particles into electrocatalysts, and we
demonstrate the remarkable activity of these high surface
area, core—shell nanostructured catalysts for the cathodic ORR.

2. EXPERIMENTAL SECTION

2.1. Nanoparticle and Catalyst Synthesis. Alloy nanoparticles
of Ni,Pt,_, were synthesized through a solvothermal reduction process
using organic precursor molecules in organic solvents. In a typical
synthesis (~15 nm, Ni;Pt,; nanoparticles) 0.73 mmol of Ni(Il)
acetylacetonate (Ni(acac),) (Sigma Aldrich, 97%), 3 mmol of 1-
adamantanecarboxylic acid (ACA) (Sigma Aldrich, 99%), 0.15 mmol
of 1,2-tetradecandiol (TDD) (Sigma Aldrich, 90%), 0.10 mmol of
borane-tert-butylamine (BtB) (Sigma Aldrich, 97%), 4 mL of
oleylamine (Sigma Aldrich, 70%), and 10 mL of diphenyl ether
(DPE) (Sigma Aldrich, ReagentPlus, 99%) were loaded into a four-
neck flask and stirred at S00 rpm under a blanket of argon (Roberts
Oxygen, Zero grade) in a glovebox (Labconco). The stirring solution
was heated using a mantle (Optichem, Chemglass) at a rate of
approximately 2 °C/min~". Once the solution reached 225 °C, 0.27
mmol of Pt(I) acetylacetonate (Pt(acac),) (Sigma Aldrich, 97%)
dissolved in 3 mL of dichlorobenzene (DCB) (Sigma Aldrich, 99%) at
100 °C was quickly injected into the stirring solution. After a slight
decrease, the temperature quickly rose back to 225 °C where
nucleation occurred, as evidenced by darkening of the solution. After
holding the solution for 60 min at 225 °C, the solution was allowed to
cool to room temperature under an argon blanket. The cooled
solution was then dispersed in a 50/50 vol/vol % mixture of hexane
(Fisher Scientific, ACS grade) and ethanol (Pharmco-Aaper, 200
proof) and centrifuged (Thermo Scientific, CL2) to separate out the
particles. After removing the effluent, the particles were again washed
in the hexane/ethanol mixture and then centrifuged out of solution.
This was repeated four times in order to remove the bulk of the
organic capping agents. The cleaned particles were then loaded onto a
carbon support (XC-72R, Cabot) through a colloidal deposition
process. Briefly, ~60 mg of particles was dispersed in S0 mL of
chloroform (Fisher Scientific, ACS grade) with 20 L of oleylamine to
aid in the dispersion, while in a separate vessel an appropriate amount
of carbon support (in this study we used 30 wt % particles on carbon)
was dispersed in chloroform. Each solution was sonicated separately
for 45 min, being careful to ensure that the solutions remained at or
below room temperature by placing ice in the sonicator bath. The
nanoparticle solution was then added dropwise to the carbon solution,
and they were sonicated together for a further 45 min. The loaded
catalyst was then transferred to hexane and stirred overnight. The as-
made and supported catalysts were homogenized in a tube furnace
(Lindberg) under H,/Ar 5%/95% (Roberts Oxygen, Zero grade) at
400 °C.
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2.2. Electrochemical Measurements. Homogenized nano-
particle catalysts were dealloyed, electrochemically characterized, and
assessed for oxygen reduction activity in a three-electrode cell with a Pt
mesh (Alfa Aesar) counter electrode and a Hg/Hg,SO, (MSE)
reference electrode. The reference electrode was calibrated against a
hydrogen electrode fabricated according to the specifications in ref 67.
Nitrogen was bubbled through a 0.1 M HCIO, (70%, Sigma Aldrich,
redistilled 99.999%) solution for at least 30 min in order to remove
any trace dissolved oxygen. Both the hydrogen electrode and Hg/
Hg,SO, were placed in the solution, and the voltage between them
was measured to be 0.722 V. The Hg/Hg,SO, offset from the
hydrogen reference potential was further confirmed by multiple
comparisons to other reference electrodes, as well as to the positions
of characteristic peaks for Hypp and Pt oxidation/reduction found in
the literature.’™® Prior to any electrochemical experiments, all
glassware was cleaned by soaking in a solution of concentrated
H,SO, (J. T. Baker, ACS grade) and Nochromix cleaner (Godax
Laboratories, Inc.) for at least 8 h followed by rinsing in Millipore
water. All solutions were made using Millipore (Milli-Q Synthesis
A10) water with a resistivity greater than 18.2 MQ cm.

Supported, annealed catalysts were dispersed in a 4:1 H,O:IPA
volume solution at a concentration of 3 mg .y mL™Y; 04 ul
mgcatalyst_1 of a § wt % Nafion/IPA solution was added to the catalyst
ink to aid in dispersion and adhesion of the catalyst particles to the
glassy carbon (GC) disk (5 mm diameter, 0.196 cm? Pine
Instruments). Prior to loading with catalyst, the GC disk was polished
to a mirror finish using progressively finer diamond paste down to 0.1
pum (Buehler) and sonicated in Millipore water to remove
contaminants. The appropriate volume of catalyst ink to achieve a
loading of 12 pgp, cm™> was pipetted onto the GC disk and dried
under a flow of argon to form a uniform layer. Catalytic activit! is
directly dependent on the quality of the catalyst layer on the disk.®**
Dealloying of catalysts was accomplished in N,-purged (Roberts
Oxygen, Zero grade) 0.1 M H,SO, by cycling the potential between
0.05 and 1.2 V vs RHE (Gamry 750 mA potentiostat) at 250 mV s~
for at least SO cycles or more if the cyclic voltammetry (CV) curve had
not yet reached a steady state; all quantitative CVs used a sweep rate of
50 mV s™". The ECSA of the dealloyed catalysts was found through
integration of the current in the hydrogen underpotential deposition
(Hypp) region of the CVs, subtracting out the double-layer charging,
and assuming 210 u#C cm™ After the catalyst was fully dealloyed, it
was rinsed thoroughly in Millipore water and transferred to O,
(Roberts Oxygen, Research grade) saturated 0.1 M HCIO, at 25 °C
for ORR activity measurements. Using a Pine Instruments rotator
(AFMSRCE), the GC disk was rotated at a desired rpm while running
linear sweep voltammetry from 0.1 to 1.1 V vs RHE at 5 and 20 mV
s™. Currents were corrected for ohmic iR drop through the process
described in ref 70.

2.3. Microscopy Characterization. The microstructure of the as-
made and dealloyed nanoparticles was visually characterized using
both scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). SEM was performed on a JEOL JSM-6700F Field
Emission Scanning Electron Microscope equipped with an EDAX
microanalysis system. TEM was performed on a 300 kV, field-emission
Philips CM300-FEG TEM at the Electron Microscopy Center at Johns
Hopkins University. An EDAX X-ray microanalysis system on the
TEM was used to measure Ni and Pt fractions in the nanoparticle
samples.

3. RESULTS AND DISCUSSION

3.1. Nanoparticle Synthesis. Figure 1 is a series of
scanning electron micrographs (SEM) of Ni,sPt,s alloy
nanoparticles (composition chosen based on results in ref
33) in which particle diameter was controlled by altering the
concentration of ACA capping agent in solution. In each case,
Pt(acac), dissolved in DCB was injected just below the
temperature at which nucleation is known to take place. From
the SEMs it is clear that increasing amounts of ACA resulted in
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Figure 1. Scanning electron micrographs (SEM) of Ni,sPt,s
nanoparticles synthesized using the procedure outlined in section 2.1
with ACA concentrations of (A) 0.1, (B) 0.2, (C) 0.3, and (D) 0.5 M.
For each sample, Pt precursor was injected at a temperature just below
that at which particles are known to nucleate at those ACA
concentrations, Table 1, resulting in a very short induction time.
Size distribution charts for each sample are included to the right of
each SEM.

an increase in the average size of the Ni/Pt alloy nanoparticles.
Although a second capping agent, oleylamine, was present in
solution with the ACA, it had a negligible effect on nucleation
and was used to aid in the control of the final size distribution
and particle shape.”'””> Growth with increasing ACA
concentration is a result of an adjustment of the nucleation
kinetics. For single-component nanoparticles,*****® ACA has
been found to form a stable complex with the monomer
delaying and impeding nucleation, producing a smaller number
of nuclei with increasing ACA concentration which then grow
into larger diameter particles. In our case, the simultaneous
reduction of two elemental species, Ni and Pt, can complicate
the process. How can we simultaneously adjust the nucleation
and reduction kinetics for two metal ions that have significantly
different reduction potentials? Fortunately, it is very difficult to
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homogeneously nucleate Ni under the current experimental
conditions. With 3 mmol of ACA in 10 mL of DPE solvent (0.3
M), a solution containing just Ni(acac), would not begin to
darken, indicating initiation of Ni nucleation, until a temper-
ature of ~260 °C was reached. On the other hand, that same
solution replacing Ni(acac), with Pt(acac), began to darken at
~215 °C, while a solution with both Ni(acac), and Pt(acac),,
maintaining the same total molar metal loading, began to
darken at ~225 °C. Ni will not reduce on its own until 260 °C,
but Ni/Pt alloy nanoparticles were easily formed at 225 °C.
These observations suggest that the reduction of Ni was
induced by Pt, an observation in agreement with the
autocatalytic growth mechanism of Finke, 263 where reduction
of monomer species is catalyzed by the growing metal surface.
This also agrees with a reduction mechanism described by Li et
al,””* whereby reduction of non-noble metal ions is induced
through electron transfer from noble metal atoms on the
surface of growing nanocrystals aided by the noble metal’s high
electron affinity. Therefore, nucleation was initiated and
dominated by the reduction of Pt and, as will be shown later,
resulted in alloy nanoparticles composed of a Pt-rich core and a
Ni-rich shell. We can infer then that particle size variance is a
consequence of the nucleation kinetics of Pt alone with Ni
acting as a spectator.

The ACA capping agent can affect the final size of alloy
nanoparticles in several ways: (1) if the ACA is bound relatively
weakly with the surface metal atoms, it may reversibly
coordinate with the metal allowing further growth through
reduction of ionic species on the particle surface;® (2) the
bulky adamantyl groups of the ACA molecules, through steric
hindrance, may leave free sites on the surface that are active for
further growth;”' (3) ACA can form a complex with the
monomer which will adjust the nucleation process.**~*° While
all valid, the most influential pathway for particle growth
through ACA addition is likely the third, where formation of a
monomer—ACA complex effectively increases the equilibrium
concentration of the monomer in solution resulting in a
decrease in the monomer oversaturation, S. From eq 3 we can
see that a decrease in S will also lower Ay, increasing AGy and
decreasing the nucleation rate. A lower nucleation rate will
allow for growth on a smaller number of seed nuclei and yield
larger particles. In Table 1 the inhibition of nucleation is

Table 1. Particle Nucleation Temperatures As a Function of
ACA Concentration and Pt Precursor Injection Temperature
and the Resulting Ni,Pt,; Alloy Particle Sizes

ACA

concentration Pt injection reduction mean particle
™M) temp. (°C) temp. (°C) diameter (nm)
0.1 202 203 7.6 = 0.99
0.2 209 212 11.6 + 1.44
0.3 223 225 14.6 + 1.34
0.5 224 226 18.5 + 1.52
0.5 200 226 20.0 £ 2.35

evidenced by the increase in temperature required to initiate
nucleation with increased ACA concentration. However, there
is an upper limit to this trend. Beyond ACA concentrations of
0.3 M there was no further increase in the nucleation
temperature or particle size as shown in Table 1 and Figure
1. It is possible that the entire amount of Pt in solution was
fully complexed at 0.3 M ACA, and adding any additional ACA
resulted in no further change in the nucleation rate. Another
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possibility is that the higher temperatures required to initiate
nucleation at ACA concentrations above 0.3 M destabilize the
monomer—capping agent complex in solution, lowering the
equilibrium concentration and negating the effect of the
increased amount of ACA.*

Injection of metal salt precursors into high-temperature
solvents is designed to induce burst nucleation that is quickly
quenched in order to effectively separate nucleation from
growth. However, it has been observed that injection of
precursors does not often lead to immediate supersaturation
and nucleation.*®>® Rather, injection causes a dip in temper-
ature of the solvent followed by slow heating during which the
metal salt is decomposed, increasing the monomer concen-
tration until nucleation can occur. This process of delayed
nucleation is controlled by formation of intermediates, either by
decomposition of the precursor salts to form “monomers” or
through complexation of the metal ions with organic capping
agents which are then transformed into an “active species”.
Delayed nucleation can be exploited to vary nanocrystal size by
varying the length of this “incubation” period, time between
precursor injection and initiation of nucleation, and con-
sequently the rate at which the monomer/active species
concentration increases through adjustment of the heating
rate of the solution after injection. For short incubation times, a
fast increase in monomer concentration occurs due to a high
heating rate, saturation of the solution is quickly reached, and
particles nucleate at a relatively high rate, producing a large
number of seeds where the small amount of remaining
monomer in solution grows those seeds into small particles.
On the other hand, longer induction times achieved through
injection of metal precursors at lower temperature or use of
slower heating rates have been shown to produce larger
particles due to slower nucleation.”®”’~”® Growth of Ni/Pt
alloy particles with diameters greater than those in Figure 1C
and 1D can be achieved by varying the temperature at which
the Pt precursor was injected into the solution and the rate at
which the temperature was increased from injection to the
desired nucleation and growth temperature of the solution. In
Figures 1D and 2A, Pt was injected at a temperature just below
the temperature required to initiate nucleation (225 °C) for a
solution with 0.5 M ACA, allowing for a very short induction
period while the solution temperature recovered from the slight
drop due to the injection. Figure 2B is a SEM of a sample in
which the Pt precursor was injected at 200 °C; in this case, the
induction period was much longer as the temperature slowly
rose to that at which nucleation occurred. The lower injection
temperature and slower heating rate produced monomers at a
lower rate, and therefore, the solution reached the proper
supersaturation over a longer period of time. This not only
decreased the rate of nucleation but also increased its duration
before growth took over, resulting in a slightly broader size
distribution as seen in Figure 2B; however, focusing“’59 likely
occurring during growth helped to maintain an adequate size
distribution. To summarize this section, use of ACA to form a
precursor—capping agent complex in combination with careful
tailoring of the incubation period, schematically represented in
Figure 3, has allowed precise and predictable control of alloy
particle size up to diameters that have been notoriously difficult
to reach with Pt alloys without compromising on the quality of
the size distribution.

3.2. Dealloying and Porosity Evolution in Nano-
particles. With the ability to reliably and reproducibly control
size and composition for the Ni/Pt alloy nanoparticles, we now
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Figure 2. SEMs of Ni;sPt,s nanoparticles synthesized with an ACA
concentration of 0.5 M. Pt precursor injected at (A) 225 °C with rapid
heating rate to nucleation temperature (short induction period) and
(B) 200 °C with slow heating rate to nucleation temperature (long
induction period).

discuss the effect that initial alloy particle size has on both
dealloying and porosity formation as well as electrocatalytic
activity. Figure 4 contains as-made and postmortem TEMs of
alloy nanoparticles that have been supported on carbon,
annealed, and dealloyed by quickly cycling the potential
between 0 and 1.2 V vs RHE in 0.1 M H,SO,. Table 2
contains the resulting Pt ECSA and residual Ni fraction for each
particle after dealloying. It is evident that there is a minimum
nanoparticle diameter for which porosity may form. For
particles with an initial diameter of 8 nm (Figure 4A and
4B), porosity did not evolve; they were simply etched down to
smaller core—shell nanoparticles. The 12 nm nanoparticles
(Figure 4C and 4D) appear to be just below the size required

for formation of uniform porosity where some particles have a
tenuous misshapen porous structure, others formed hollow
particles, and still others remained solid. On the other hand,
dealloying of both the 15 nm (Figure 4E and 4F) and 20 nm
(Figure 4G and 4H) diameter particles resulted in characteristic
and fully formed porosity where all of the nanoparticles within
the supported catalyst samples evolved an equivalent porosity,
and after dealloying there were no solid particles remaining.
The visible lattice fringes in the HRTEM of the 15 nm np-NiPt
nanoparticle in Figure S show that the porous particles are
single crystals and the lighter regions of the particle are in fact
voids rather than some compositional inhomogeneity. The
series of TEMs in Figure 4 suggest that the minimum initial
nanoparticle diameter for dealloying to result in formation of
porosity under standard dealloying conditions lies somewhere
between 12 and 15 nm for the Ni/Pt system.

For single-component metal nanoparticles, the electro-
chemical potential required for dissolution of the metal species
is greatly affected by the high radius of curvature of the surface
and decreases with radius, r, of the nanoparticle due to a
Gibbs—Thomson effect.?*®' In contrast, kinetic Monte Carlo
(KMC) simulations performed by our group®” predict that the
electrochemical potential required to initiate porosity formation
in metal alloy nanoparticles, E_;, increases with 1/r. In other
words, higher potentials are required to drive formation of
porosity in smaller diameter particles, in contrast to simply
enriching the surface layer by dealloying the outermost surface.
Under potential, the surface of a nanoparticle is quickly
enriched in and passivated by the more-noble component as
the less-noble metal is etched from low-coordinated sites on the
particle’s surface. After some time under potential, surface
fluctuations may cause pits to appear in the passivation layer
and at sufficient electrochemical potential and dissolution rate
those fluctuations may be adequately long lived to allow
exposure of an underlying percolation network of the less
noble-component, propagating dissolution and evolving poros-
ity. These fluctuations increase in frequency but decrease in
duration as the particle diameter decreases due to the increased
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Figure 3. Schematic diagram demonstrating our procedure for size control of Ni/Pt alloy nanoparticles. At low concentrations of the ACA capping
agent and short induction times (solution temperature rapidly reaches nucleation temperature after Pt precursor injection) the nucleation rate is
high, producing a large number of seeds that grow to small alloy nanoparticles. In contrast, at high ACA concentrations and long induction times the
nucleation rate is comparatively slow, producing a smaller number of seeds with a large amount of residual monomer with which to grow those seeds

into larger particles.
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Figure 4. Transmission electron micrographs (TEMs) of carbon-
supported Ni,sPt,s as-made ((A) 8, (C) 12, (E) 15, and (G) 20 nm)
and annealed (400 °C, H,/Ar)/dealloyed (potential cycling from 0 to
1.2 V vs RHE in deaerated 0.1 M H,SO, at 25 °C) ((B) 8, (D) 12, (F)
15, and (H) 20 nm).

Table 2. Electrochemically Active Pt Surface Area (ECSA)
and Residual Ni Fraction for Carbon-Supported, -Annealed,
and -Dealloyed Ni,;Pt,; nanoparticles

NiPt nanoparticle diameter Pt ECSA (m*
(nm) ) residual Ni (atom %)
8 479 + 3.0 27
12 37.8 + 4.7 porous, 15; solid, 38
15 41 + 0.5 27
20 388 + 14 33

surface mobility associated with Gibbs—Thomson effects.** The
increase in E_; with particle size is not associated with an
increase in the dissolution potential for the less-noble
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Figure 5. High-resolution transmission electron micrograph
(HRTEM) of 15 nm np-NiPt nanoparticle.

component; in fact, the surface of the smaller diameter
particles is enriched in the more-noble component at a faster
rate due to the higher density of low-coordination sites such as
steps and kinks from which the less-noble component is easily
etched. Rather, the high step density present on the surface of
small diameter nanoparticles contributes to the mobility of the
more-noble species, leading to fast passivation. This means that
it may require unrealistically high potentials in order to evolve
porosity in smaller nanoparticles, below 15 nm. We can see this
effect in the postdealloying Pt ECSA and residual Ni fractions
for each size nanoparticle, listed in Table 2. For both the 15 and
the 20 nm nanoparticles, porosity evolved and they both had
similar ECSA and residual Nj, and these values agree well with
the values we reported for planar, bulk np-NiPt.33 However, for
the 12 nm particles, the mix of porous and nonporous particles
suggests the mobility of the surface Pt was too high for a certain
fraction of the particles and any fluctuations in the surface
passivating layer after depletion in Ni are not sufficiently long
lived to yield porosity, the net result being a mix of potentially
porous and nonporous particles with a core—shell composition.
The residual Ni fraction of the nonporous particles is higher
than that for the porous particles because the fast surface
passivation prevented a large fraction of Ni from being exposed
to electrolyte. The smaller 8 nm particles also quickly
passivated after depletion of surface Ni, likely at an even faster
rate than for the 12 nm nanoparticles, but because the surface
area to volume ratio is higher for the smaller particles, a larger
fraction of Ni was etched from the surface, resulting in a lower
residual Ni content.

Figure 6 contains sequential CVs recorded as dealloying
progressed for the annealed (400 °C, 1 h) 15 nm Ni;sPt,; alloy
nanoparticles during which porosity evolved. We dealloyed the
nanoparticles through electrochemical potential cycling to
initiate roughening of the surface and “artificially” increase
the magnitude, lifetime, and frequency of fluctuations in the
surface passivation layer to aid in formation of porosity. Just
slightly positive of the Hyypp region, as the potential was swept
anodically, there is a very slight bump at ~0.4 V vs RHE in the
curve of the first cycle that can be attributed to dissolution of
Ni from the surface of the nanoparticle, primarily from low-
coordinated sites.”* The magnitude of this current is relatively
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Figure 6. Sequential CVs recorded during dealloying of annealed 15
nm Ni;sPt,s nanoparticles in deaerated 0.1 M H,SO, at 25 °C and a
sweep rate of 250 mV s™*. Curves represent 1st cycle (blue), 2nd cycle
(red), 3rd cycle (green), 10th cycle (solid black), and 40th cycle
(dashed black).

low because there was an even, homogeneous dispersion of Ni
and Pt within the nanoparticles, preventing copious dissolution
of Ni during the initial potential cycles. In the subsequent
potential cycles, as the surface roughened, dealloying
progressed as indicated by the growth of both the current
due to Hypp and the nonfaradaic current due to double-layer
charging. As dealloying continued to the point where the etch
front had progressed to the center of the nanoparticles and
porosity became fully formed, the current in the double-layer
charging region began to drop due to cessation of Ni
dissolution as the surface passivated with Pt and also due to
electrochemical annealing of the porous structure’s surface. As a
consequence of the dealloying process, the surface of
nanoporous metals contains a high density of low-coordinated
sites, i.e., the surfaces are very rough. Continually cycling the
potential after porosity has fully formed induces motion of the
passivating more-noble species which, driven by capillary forces,
will tend to smoothen out atomic-scale roughness of the
surface. This process of electrochemical annealing is shown not
only through a narrowing of the double-layer charging current
but also as a dip in the Hypp currents and a leveling off and
refining of the Pt surface oxidation current at higher potentials
in the anodic current sweep as the surface “smoothened” (see
dashed line in Figure 6). Initially, the Hypp region of the CV
contained one broad peak, but through continued cycling two
distinct peaks appeared as the population and size of the most
stable low-index facets increased, which happens to be another
consequence of electrochemical annealing. There was also a
shift in the surface oxide reduction peak to more positive
potentials as the surface became enriched in Pt. This picture of
dealloying portrayed through the progression of the CV curve
signatures agrees well with the mechanism for dealloying and
porosity evolution in nanoparticles elucidated through KMC
simulations®> where the important processes are (1) depletion
of Ni from the low-coordinated sites on the surface of the
nanoparticles, (2) roughening of the surface passivation layer to
expose underlying percolations of the less noble component,
(3) progression of the etch front through the particle, and (4)
capillarity-driven smoothening of the nanostructure surface.
The importance of annealing/homogenizing the Ni Pty
nanoparticles prior to dealloying is shown in Figure 7, which
contrasts TEMs of dealloyed as-made and annealed nano-
particles. While the dealloyed as-made nanoparticles were in
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Figure 7. TEMs of (A) as-made and (B) annealed (400 °C, 1 h, H,/
Ar) 1S nm NiyPt,s nanoparticles postdealloying by cycling the
potential in deaerated 0.1 M H,SO, at 25 °C.

fact porous, their final structure was much less symmetrical
than the annealed particles (inset in Figure 7A); also, careful
examination of Figure 7A finds that there were some particles
that were not porous and simply etched down to smaller solid
nanoparticles. Annealing is useful for removing residual organic
capping ligands from the particle surface and ensuring that each
particle has a homogeneous dispersion of the alloying
components. The as-made alloy nanoparticles, therefore, do
not have a homogeneous composition, and Ni-rich areas of the
particles were more easily etched. As mentioned earlier, Ni
reduction is induced through autocatalytic growth on the
surface of preformed Pt seeds; therefore, there is likely a slight
gradient in composition within the as-made nanoparticles
where the interior tends toward a Pt-rich composition and the
exterior of the nanoparticles tends toward a Ni-rich
composition. This hypothesis is corroborated through careful
inspection of the dealloying CV curves (Figure 8). Comparing
Figure 8 to Figure 6 it is evident that the as-made particles had
a higher population of Ni near the surface prior to dealloying as
the initial Ni dissolution peaks are much larger in comparison
to that for the homogenized particles. As a direct consequence
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Figure 8. Sequential CVs recorded during dealloying of as-made
(unannealed) 15 nm Ni;sPt,s nanoparticles in deaerated 0.1 M H,SO,
at 25 °C and a sweep rate of 250 mV s™'. Curves represent st cycle
(blue), 2nd cycle (red), 3rd cycle (green), 10th cycle (solid black), and
40th cycle (dashed black).

of this compositional inhomogeneity, a certain population of
the nanoparticles failed to form porosity and the residual Ni
composition droped to 13 atom % compared to 27 atom % for
the annealed sample. The failure to form complete nano-
porosity throughout the sample resulted in a lower ECSA, 34
m® g, " (Figure 9A), which combined with the lower residual
Ni content negatively affected the activity of the catalyst
(Figure 9B).

3.3. Electrochemical Characterization and ORR Activ-
ity of Nanoporous Nanoparticles. Figure 10A contains
cyclic voltammograms (CVs) of 15 nm np-NiPt nanoparticles
and 30 wt % Pt/C on a GC disk at a loading of 12 ugp, cm™ in
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Figure 9. (A) CVs for annealed (blue) and unannealed (red)
dealloyed 15 nm Ni,sPt,s nanoparticles in deaerated 0.1 M HCIO, at
25 °C measured with a sweep rate of 50 mV s™' and an electrode
rotation rate of 1600 rpm. (B) ORR curves for annealed (blue) and
unannealed (red) dealloyed 15 nm NiyPt,s nanoparticles in O,-
saturated 0.1 M HCIO, at 25 °C measured with a sweep rate of 20 mV
sL
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Figure 10. (A) CVs for Pt/C (30 wt.%, ETEK) (black line) and
annealed/dealloyed 15 nm np-NiPt nanoparticles supported on carbon
(blue line) in deaerated 0.1 M HCIO, at 25 °C and measured with a
sweep rate of 50 mV s™'. (B) ORR curves for Pt/C (black line) and
annealed/dealloyed 1S nm np-NiPt nanoparticles (blue line) measured
in O,-saturated 0.1 M HCIO, at 25 °C, 20 mV s™' sweep rate, and
rotation rate of 1600 rpm. (Inset in B) Tafel plots for Pt/C and 15 nm
np-NiPt. Loading on GC disk was 12 pgp, cm™

deaerated 0.1 M HClO,. The ECSA for Pt/C was found to be
60 m” g, "', while that for the np-NiPt nanoparticles was found
to be 41 m” gp, ', which agrees well with the value found for a
planar np-NiPt disk.>® The CV for the np-NiPt nanoparticles is
characterized by broad Hypp peaks due to their polyfaceted,
core—shell structure common to nanoporous metals.”> The
positive shift in the onset potential for Pt oxide formation
compared to Pt/C indicates that the surface Pt is less oxophilic,
which is a direct result of the shift in the d-band center induced
by the presence of Ni in the catalyst and is a common feature of
Pt/transition metal alloy catalysts.*'*'® The ORR activity for
the 15 nm np-NiPt nanoparticles was measured vs Pt/C as
shown in Figure 10B along with the Tafel curves in the inset.
The final data was corrected for iR losses as in ref 70 along with
subtraction of all nonfaradaic currents. At 0.9 V, the specific
activity for the 15 nm np-NiPt nanoparticles was found to be
2.98 + 0.12 mA cm ™%, and the mass activity was found to be
1.16 + 0.035 mA pgp, ' whereas the numbers for 30 wt % Pt/C
were 0.5 + 0.006 mA cm %, and 0.298 + 0.003 mA gy ",
respectively. Care must be taken, however, when using these
numbers to make direct comparisons to other catalysts reported
in the literature as experimental conditions can have a dramatic
impact on measured activity. Table 3 contains ORR results for
both 15 nm np-NiPt nanoparticles and Pt/C recorded at sweep
rates of S and 20 mV s~ where the values for the S mV s~
sweep rate were considerably lower than those at 20 mV s~
This drop in measured activity may be directly associated with
the slower sweep rate, which allows for a longer residence time
at low overpotentials where intermediate oxide species may
poison the catalytic surface. Therefore, a more accurate
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Table 3. iR-Free ORR Kinetic Parameters As a Function of Sweep Rate”

5mV st 20 mV s !
specific activity mass activil specific activity mass activi Pt ECSA
catalyst (mA cm™2p,) (mA ﬂgpt_l (mA cm™2p,) (mA ,ugpt_1 (m? gpt_l)
Pt/C (30 wt % ETEK) 0.334 + 0.005 0.199 + 0.003 0.5 + 0.006 0.298 + 0.003 60 + 1.9
15 nm np-NiPt 225 £ 0.02 0.895 + 0.03 298 +0.12 1.16 + 0.04 41 £ 0.5

“ORR curves recorded in O,-saturated 0.1 M HCIO, at 25 °C and a rotation rate of 1600 rpm. Each data point is an average of at least three

independent experiments.

representation of the ORR data is achieved through direct
comparison of catalyst activities measured in the same
experimental setup with identical experimental parameters. By
doing this we find that the 15 nm np-NiPt nanoparticles are
approximately six times more active, in terms of specific activity,
than 30 wt % Pt/C independent of sweep rate. In this study we
calculated our specific activities by normalizing the kinetic
current by the Hypp surface area as is common among other
assessments of Pt alloy catalyst activity in the literature.”>*#%%3
However, we are aware of the potential underestimation of the
ECSA by using the Hypp, surface area for Pt-skin or Pt-skeleton,
Ni/Pt alloy catalysts; for such materials, CO oxidation has been
found to give a more accurate value.”'* This being the case, a
more accurate comparison is made with the mass activities,
where we find that the 15 nm np-NiPt nanoparticles have an
activity on a per mass of Pt basis approximately four times that
of 30 wt % Pt/C.

Figure 11 summarizes the activities for all of the dealloyed
nanoparticles in comparison to 30 wt % Pt/C, commercial
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Figure 11. Bar chart comparing mass (blue bars) and specific (red
bars) activities of dealloyed Ni/Pt nanoparticles to that of Pt/C (30 wt
%, ETEK). Blue and red dots on the mass and specific activity axes,
respectively, represent the iR-free 2015 DOE targets.** All kinetic
numbers were extracted from ORR curves measured in O,-saturated
0.1 M HCIO, at 25 °C, 20 mV 5™, and a rotation rate of 1600 rpm
with a GC disk loading of 12 pugp, cm™>. Each data point is an average
of at least three individual samples where the deviation is below 5%.

catalyst, measured in the same setup under the same
experimental conditions (actual activity numbers are listed in
Table 4). Also shown on this chart are the 2015 DOE targets84
for both specific and mass activity, represented as data points
on both axes. Each activity data point is an average of at least
three separate measurements on at least three different samples
where the error in measurement is under 5%. The activities for
each of the dealloyed catalysts are well above Pt/C, presumably
due to residual Ni within the interior of the dealloyed
nanoparticles and for the two largest particle samples the
presence of porosity. The trend in activities among the different
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Table 4. iR-Free ORR Kinetic Activity Parameters for Each
Dealloyed Ni/Pt Catalyst and 30 wt % Pt/C“

specific activity mass activif Pt ECSA

NiPt nanocatalyst (mA cm™,) (mA ugp™! (m* gp ")

8 nm 1.92 + 0.16 0917 + 0.063 479 £ 3.0
12 nm 2.10 £ 0.20 0.785 + 0.037 378 £ 4.7
1S nm 2.98 + 0.12 1.16 + 0.04 41 £ 0.5
20 nm 3.0 + 0.08 1.09 + 0.035 38.8 + 1.4
Pt/C (30 wt % ETEK) 0.5 + 0.006 0.298 + 0.003 60 + 1.9

“ORR curves recorded in O,-saturated 0.1 M HCIO, at 25 °C, sweep
rate of 20 mV s}, and rotation rate of 1600 rpm. Each data point is an
average of at least three independent experiments.

dealloyed samples agrees well with the postmortem TEMs.
Both the 15 and the 20 nm nanoparticles evolved porosity
during dealloying, and both have nearly the same specific and
mass activities, the highest among all of the dealloyed particle
sizes. Moving from the 15 nm particles to the 12 nm particles,
there is a significant drop in activity; this may be associated with
the loss of fully formed porosity. The 12 nm particle samples
are composed of a mixture of tenuously porous and relatively
large solid particles resulting in a low ECSA, a low amount of
residual Ni in the “porous” particles, and consequently a low
activity. The mass activity rises moving from the 12 nm
particles to the 8 nm particles. The 8 nm particles are too small
to evolve porosity and simply etch down to smaller, Pt-rich
nanoparticles, but due to their smaller size they have a higher
ECSA. The activities of the solid, dealloyed 8 nm nanoparticles
determined in this study agree well with values for similar Ni/
Pt nanoparticle catalysts reported in the literature.*"**>

The activity of our nanoporous catalysts can be attributed to
two characteristics: (1) their residual Ni content and (2) their
porous structure/morphology. Pt alloy catalysts, particularly the
Ni/Pt alloy, are considerably more active for the ORR than Pt
alone; in fact, the Pt;Ni(111) surface has been found to be the
most active surface for the ORR ever discovered with an activity
that is 10 times that of Pt(111) and 90 times that of Pt/C
catalysts."* The improved activity is a consequence of the near
surface atomic structure of the Pt alloy; through thermal
annealing-induced surface segregation, the alloy surface takes
the form of a Pt-skin protecting subsequent atomic layers
containing a considerable fraction of Ni or other transition
metal. It is this subsurface transition metal that causes a change
in the electronic structure of the surface Pt atoms, a down shift
in the d-band center, which effectively optimizes the oxygen
adsorption strength, ensuring that oxygen binds strong enough
to facilitate reduction but also limiting the adsorption of
blocking/poisoning hydroxyl species maintaining free and
active Pt sites. This effect also has a geometric component
where Pt—Pt interatomic spacing can have a dramatic effect on
the ORR as seen in the variation in activity with crystallo-
graphic orientation where the activity trends with the various
low-index facets of Pt;Ni as (111) > (110) > (100).'*
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Translating this type of surface into a nanoscale fuel cell catalyst
context has been achieved to a certain degree through the use
of shape-controlled Pt;Ni alloy nanoparticles. Truncated
octahedral Pt;Ni nanoparticles may be synthesized through
careful chemical reduction techniques, allowing control of the
proportion of the particular low-index facets where activity was
found to increase as the fraction of (111) facets increased.*>*
Any Ni present on the surface of the alloy particles is quickly
removed under potential cycling, creating a Pt-skeleton;
however, this skeleton structure may be optimized by varying
the initial composition of the alloy nanoparticles where a higher
Ni content will result in a thicker shell once the surface is
reorganized.26 Experimental studies on thin films have found
that 3 atomic layers of Pt, annealed/smooth skin, over a Ni/Pt
alloy yields the highest activity, a trend that has been translated
to ~5 nm Ni/Pt nanoparticles.” What is unique about our
porous catalyst is that a core—shell, Pt-skeleton structure
intrinsically forms during porosity evolution as Pt exposed
through Ni dissolution is driven by capillary forces to diffuse
along the surface and form Pt-passivated mounds that are
eventually undercut, creating interconnected, 3D porosity.
Diffusion and aggregation of exposed Pt passivates the surface,
protecting the interior of the porous ligaments from the
electrolyte and retaining a significant fraction of Ni*'™*
Residual Ni content in the nanoporous nanoparticles is
between 25 and 30 atom %, which is close to the optimal
Pt;Ni composition, and electrochemical hydroxide assays have
shown that the surface of the np-NiPt structure is depleted in
Ni as dealloying progresses.>> Taken together, our experimental
evidence suggests our nanoporous nanoparticles are composed
of a Ni/Pt core-Pt-skeleton shell structure; however, the
thickness of the Pt enriched shell along with the degree of
atomic surface roughness after potential cycling and electro-
chemical annealing is as of yet unclear. At the very least, the
ORR activity of our core—shell nanoporous nanoparticles
agrees well with that for other core—shell nanoparticles of a
Pt;Ni composition®*2*8¢%7 and  are among the highest
reported in the literature.

High electrochemical activity in nanoporous electrodes does
not necessarily have to be completely attributed to their high
surface area to volume ratio; the interconnected, porous
geometry can lead to nanoconfinement effects which may result
in increased attempt frequencies and improved kinetics. The
nanoporous structure is essentially acting as a nanoreactor,
increasing the residence time of reactant molecules near the
electrode surface by confining them in a 3D porous network
where separation between reactive catalyst surfaces is small
enough for molecular movement to fall within the Knudsen
diffusive regime.”® Higher residence times result in increased
collision frequency, which enhances the probability of a
reactant molecule undergoing an electron transfer leading to
an enhancement in electrochemical kinetics. This enhancement,
however, is limited to reactions occurring in a kinetically or
electron transfer-limited regime. In this case, the reaction is
slow enough to allow diffusion of reactant molecules from the
bulk electrolyte into the depths of the porous network, making
the whole of the available nanoporous surface potentially active.
For highly reactive molecules such as oxygen, when there is a
higher driving force for electron transfer, high overpotential,
reactant molecules are not able to penetrate into the pores of
the nanoporous electrode and quickly react at the external
surface of the electrode. In this diffusion-limited case, the
majority of the porous surface is not active and the
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electrochemically active surface area is essentially equivalent
to the geometric surface area of the electrode.?”*%3% Therefore,
this must be taken into account when designing truly effective
catalysts that will operate in both the kinetic- and the diffusion-
limited regimes. The kinetics of the ORR have been studied as
a function of pore depth and roughness factor (real surface area
normalized by geometric surface area) in order to determine
the proper balance between surface area and reactant
diffusion.””3%** For electrodeposited porous Pt films with
pore sizes on the order of 10 nm®” and our own np-NiPt planar
electrodes® the ORR activity in the mixed kinetic- and
diffusion-limited region was found to increase with roughness
up to porous depths of approximately 200 nm, above which the
activity leveled off. This means that the porous surface beyond
a depth of ~200 nm will be inactive for the ORR and a waste of
catalyst mass. This maximum porous depth is well beyond that
of our porous particles, and therefore, they should not suffer to
a great extent from mass transport losses through the catalyst.
The effect of nanoporosity or nanoconfinement on ORR
activity can be seen in Figure 11 and Table 4, where we
compare nanoporous nanoparticles, 15 nm np-NiPt, to solid
particles, 8 nm Ni/Pt, with nearly identical residual Ni
compositions, while the ECSA for the solid 8 nm particles is
considerably higher than that for the porous nanoparticles. The
improvement in activity for the porous particles even with a
lower ECSA can be tentatively attributed to the confinement
effect within the nanoporous nanoparticles.

4. CONCLUSIONS

In summary, we developed a new type of high surface area,
nanoparticulate catalyst composed of nanporous Ni/Pt nano-
particles which are made through dealloying of Ni-rich Ni/Pt
alloy nanoparticles. Through manipulation of the nucleation
rate during solvothermal synthesis we demonstrated a method-
ology for obtaining reliable, repeatable control of particle size,
allowing us to create Ni-rich alloy particles with diameters
greater than 20 nm while maintaining an adequate size
distribution. Using this synthesis procedure we were able to
experimentally demonstrate the relationship between initial
particle size and porosity evolution. We find that porosity
evolution requires particle diameters of approximately 15 nm,
below which the surface will quickly passivate in Pt during the
initial stages of dissolution, preventing penetration of the etch
front into the interior of the particle. The high ORR activity for
the nanoporous nanoparticles can be attributed to their high
surface area to volume ratio, to a core—shell, Pt-skeleton
structure with high residual Ni composition, and also to
possible nanoconfinement of reactant molecules leading to
increased attempt frequencies.
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