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Abstract 
 

Design of Three-Dimensional Nanostructured Catalysts for the Oxygen 
Reduction Reaction 

 
by 
 

Nigel Becknell 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor Peidong Yang, Chair 
 

Anthropogenic CO2 emissions from human dependence on fossil fuel are causing rising 
concentrations of CO2 in the atmosphere and oceans, increasing the average temperature of the planet 
and acidifying the oceans, among other negative effects. Reliance on carbon-based fuels is not 
sustainable and must be replaced by alternative, renewable energy sources, including solar, wind, 
hydroelectric, and geothermal. The water cycle, splitting water into hydrogen and oxygen and 
electrochemically oxidizing the hydrogen to regenerate water, can be an efficient and sustainable 
energy storage cycle. An electrolyser powered by renewable electricity splits water, and a proton 
exchange membrane fuel cell uses hydrogen fuel to produce electricity on demand. The performance 
of proton exchange membrane fuel cells is significantly limited by the platinum-based oxygen 
reduction catalyst, which must be improved in activity and durability in order to commercialize 
applications such as fuel cell vehicles. 
 
Bimetallic nanoframes have great potential for achieving new levels of catalytic activity in various 
heterogeneous reactions due to their high surface area dispersion of expensive noble metals on the 
exterior and interior surfaces of the structure. Pt-based nanoframes such as Pt-Ni and Pt-Co can be 
specifically tuned for excellent oxygen reduction activity and application in the cathode of proton 
exchange membrane fuel cells. Nanoframes were made by first synthesizing polyhedral nanoparticles 
with composition such as PtCo3 or PtNi3 by a hot-injection method. Scanning transmission electron 
microscopy combined with energy dispersive x-ray spectroscopy showed that these nanoparticles 
demonstrate elemental segregation of platinum to the edges of the polyhedron, forming the basis for 
a framework nanostructure. The process of preferential oxidative leaching was used to remove the 
non-noble metal from the interior of the framework, leaving the platinum-rich edges intact to form 
Pt3Co or Pt3Ni nanoframes. 
 
Understanding the atomic structure of the nanoframe is crucial to exposing the source of its 
performance characteristics. It is highly unlikely that a catalyst remains the same under reaction 
conditions when compared to as-synthesized. Hence, the ideal experiment to study the catalyst 
structure should be performed in situ. X-ray absorption spectroscopy is an ideal in situ technique to 
study Pt3Ni nanoframes, which are an excellent electrocatalyst for the oxygen reduction reaction. First, 
the surface characteristics of the nanoframes were probed through electrochemical hydrogen 
underpotential deposition and carbon monoxide electrooxidation, which proved that nanoframe 
surfaces with different structure exhibit varying levels of binding strength to adsorbate molecules. It 
is well-known that Pt-skin formation on Pt–Ni catalysts will enhance oxygen reduction activity by 
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weakening the binding energy between the surface and adsorbates. Ex situ and in situ X-ray absorption 
spectroscopy revealed that nanoframes which bind adsorbates more strongly have a rougher Pt surface 
caused by insufficient segregation of Pt to the surface and consequent Ni dissolution. In contrast, 
nanoframes which exhibit extremely high oxygen reduction activity demonstrated more significant 
segregation of Pt over Ni-rich subsurface layers, allowing better formation of the critical Pt-skin. 
 
The nanoframe structure is made possible by the compositional heterogeneity in polyhedral Pt-Ni or 
Pt-Co nanocrystals, which offers additional variables to maneuver the functionality of the nanocrystal. 
However, understanding how to manipulate anisotropic elemental distributions in a nanocrystal is a 
great challenge in reaching higher tiers of nanocatalyst design. The evolutionary trajectory of phase 
segregation in Pt–Ni rhombic dodecahedra was studied in order to elucidate the mechanisms that 
enable synthesis of the Pt3Ni nanoframe. The anisotropic growth of a Pt-rich phase along the <111> 
and <200> directions at the initial growth stage resulted in Pt segregation to the 14 axes of a rhombic 
dodecahedron, forming a highly branched, Pt-rich tetradecapod structure embedded in a Ni-rich shell. 
With longer growth time, the Pt-rich phase selectively migrated outwards through the 14 axes to the 
24 edges such that the rhombic dodecahedron became a Pt-rich frame enclosing a Ni-rich interior 
phase. The Ni-rich interior was then selectively oxidized and corroded to form the hollow Pt3Ni 
nanoframe that demonstrated exceptional catalytic activity for the oxygen reduction reaction. 
 
The anisotropic phase segregation and migration mechanism offers a radically different approach to 
synthesis of nanocatalysts with desired compositional distributions and performance. The newly 
acquired understanding of these mechanisms was applied to manipulate the morphology of Pt-Ni 
rhombic dodecahedral nanoframes into excavated nanoframes that also exhibit high catalytic activity 
for the oxygen reduction reaction without need for Pt-skin formation. Controlling the ratio of 
platinum and nickel precursors within the nanoframe synthetic system adjusted the three-dimensional 
platinum anisotropy in the rhombic dodecahedron, resulting in a transition from the previous hollow 
nanoframe to a unique excavated structure. Excavated nanoframes showed ~10 times higher specific 
and ~6 times higher mass activity than commercial Pt/C, and twice the mass activity of the hollow 
nanoframe. The high specific activity of the excavated nanoframe is attributed to enhanced Ni content 
in the near-surface region and the extended two-dimensional sheet structure within the nanoframe 
that minimizes the number of low-coordinated Pt sites.
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1. Introduction 
 

Arguably the most significant challenge facing materials chemists in the 21st Century is the 
development of technology that enables harvesting of renewable energy sources and efficient storage 
until the energy is needed.1,2 As of 2013, approximately 80% of the average global energy consumption 
rate of 18 TW was still provided by coal, oil, or gas.3 These fossil resources generate harmful 
greenhouse gas emissions that are apparent through the steady rise of atmospheric CO2 
concentration.4-6 Anthropogenic CO2 emissions7 are the leading cause of observed and predicted rapid 
climate change through their effects on rising global temperatures,8 ocean acidification,9,10 biological 
trends,11 and evolutionary adaptation.12,13 In order to restrict any further damage by rising levels of 
greenhouse gases in the Earth’s atmosphere, new carbon-free energy storage media must be 
developed. Molecular hydrogen (H2) is the most prominent example of carbon-free chemical energy 
storage in a molecule’s bonds.14 In a larger context, use of H2 as a fuel is one segment of the water 
cycle, a potentially sustainable succession of splitting water to form hydrogen and oxygen (O2) and 
then oxidizing H2 to regenerate water. The water cycle is highly favored as a sustainable energy 
foundation for society compared to the carbon cycle. The long-term carbon cycle is the process in 
which biomass is converted to fossil fuels over millions of years, while the combustion of those fuels 
to CO2 is comparatively instantaneous, occurring during the past ~250 years of industrialization.15-19 
Therefore, though attempts to intervene are being made, such as electrochemical CO2 reduction or 
carbon sequestration, the combustion of fossil fuels as the primary source of energy for society is an 
unsustainable process currently having grave impacts on the Earth’s biosphere. 
 
In order to enable a sustainable water cycle, two major pieces of electrochemical technology are 
required: an electrolyser to split water and a proton exchange membrane fuel cell (PEMFC) to 
recombine H2 and O2, forming clean water while extracting electricity. This dissertation will focus on 
catalysts for the oxygen reduction reaction (ORR) in a fuel cell, though the electrolyser is equally 
important to the overall sustainability of the process and many similar electrochemical and design 
concepts apply to both technologies. If the electrolyser is powered by a renewable source of electricity 
such as solar or wind, then the use of hydrogen in a fuel cell can be completely carbon- and pollutant-
free and sustainable.20 The first large-scale application of PEMFCs is targeted at the transportation 
sector. By developing electrolyser and PEMFC technologies, cars, buses, trains, and even planes could 
be powered by a cleaner energy source than current gasoline and diesel fuels. From the PEMFC point 
of view, the major challenges to commercialization are the cost and lifetime of state-of-the-art fuel 
cells.21 
 

1.1  Brief Introduction to PEMFCs and ORR Challenges 
 
PEMFCs are typically constructed of five layers, though other variations on the design exist (Fig. 1.1). 
The central layer is the proton exchange membrane (also known as the polymer electrolyte membrane) 
that is responsible for conducting protons from the anode to the cathode. On either side of the 
membrane there is a catalyst layer to perform either the anodic hydrogen oxidation reaction (HOR) 
or the cathodic ORR. The HOR forms two protons and two electrons from one molecule of hydrogen 
(Eq. 1.1), while the ORR uses four electrons and four protons to form two molecules of water from 
one molecule of oxygen (Eq. 1.2). 
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HOR:  H2 → 2H+ + 2e- (1.1) 

ORR:  O2 + 4H+ + 4e- → 2H2O (1.2) 
 

Taken together, the membrane and catalyst layers are typically called a membrane electrode assembly 
(MEA). Finally, the outer two layers are gas diffusion layers (GDL) responsible for dispersing H2 to 
the anode catalyst and O2 to the cathode catalyst. It is the cathode catalyst, typically platinum-based, 
that can be identified as the bottleneck for PEMFC performance due to the slower kinetics of the 
ORR compared to the HOR.22,23 Higher activity is required in order to lower the cost of the catalyst, 
and therefore the fuel cell. Higher durability of the catalyst in the oxidizing potential region of the 
ORR is required to improve the lifetime of the PEMFC. 
 

 

Figure 1.1. Standard assembly of a PEMFC. A PEMFC has a membrane with catalysts and gas 
diffusion layers. Reprinted with permission from Ref. 21. Copyright 2007 American Chemical Society. 

 
Due to the fact that a model PEMFC or even an MEA is difficult and time-consuming to fabricate, 
protocols for testing oxygen reduction catalysts have been established using the rotating disk electrode 
(RDE) technique that allows for higher throughput and kinetic studies. PEMFCs operate in acidic 
environments in order to achieve optimal kinetics for the ORR and fast proton diffusion across the 
proton exchange membrane, so acidic electrolyte is used for model RDE tests. The acidic environment 
greatly reduces the choice of catalysts that can be used for ORR due to many materials’ poor chemical 
stability at low pH (Fig. 1.2). It is well known that Pt is the best single-metal catalyst for the ORR.24 
Among other active monometallic catalysts that are chemically stable in the acidic environment, 
palladium (Pd) is slightly cheaper than platinum (Pt), though its activity is significantly lower.25-27 Non-
Pt-group metal (PGM) or metal-free catalysts are also an intense area of study, with major focuses on 
M-polymer composites (M = Mn, Fe, Co, Ni; polymer = polypyrrole, polyaniline),28,29 M-Nx (x = 2 
or 4) pyridinic functional complexes embedded in carbon materials,30,31 N-doped graphene or carbon 
nanotubes,32-36 or metal oxides such as Co3O4 or Fe3O4 in alkaline electrolyte.37,38 The common theme 
throughout the class of carbon-based, non-PGM catalysts is the formation of pyridine functional 
groups that activates the carbon atom adjacent to the pyridinic N, though other active sites may also 
be present.39 Despite these efforts to develop cheaper, highly active ORR catalysts, Pt-based catalysts 
remain the only practical material to obtain the required PEMFC performance for a fuel cell vehicle. 
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Figure 1.2. Strategies for ORR catalyst design. Pt-based and non-Pt materials, such as Fe-N-C, are 
intensely studied currently. From Ref. 22. Reprinted with permission from AAAS. 

 

1.2  Rotating Disk Electrode Studies of Model Systems 
 

The RDE method is well-suited for ORR measurements because it is a hydrodynamic technique that 

accelerates mass transfer of O2 molecules to the surface of the electrode, minimizing the impact of 

mass transfer compared to the electron-transfer kinetics that are being studied.40 Single-crystal studies 

laid the groundwork for understanding of the electrochemical interface at which the ORR occurs and 

the structure-sensitivity of the ORR. Studies of (100), (110), and (111) Pt single crystals in potassium 

hydroxide (KOH), sulfuric acid (H2SO4), and perchloric acid (HClO4) revealed the relative structure 

insensitivity in HClO4 electrolyte compared to KOH and H2SO4 (Fig. 1.3).41-45 Strong adsorption of 

the bisulfate or sulfate anions in H2SO4 on the (111) Pt surface greatly reduces the availability of Pt 

active sites,41 while an irreversible oxide forms on the (100) and (110) surfaces in KOH, increasing 

conversion of O2 to peroxide instead of water.42 In order to best model the non-adsorbing nature of 

the ionomer electrolyte (such as Nafion) used in catalyst layers in MEAs, HClO4 is the best electrolyte 

for studying the activity of Pt-based catalysts by the RDE method.43,46,47 The RDE method is used in 

many laboratories because of its requirements for smaller amounts of catalyst and shorter testing 

preparation and execution time compared to fabricating MEAs. In order to compare catalyst 

development across laboratories, certain protocols had to be established for testing nanoparticle (NP) 

catalysts in the RDE geometry. Pt-based nanoparticle catalysts are typically loaded on a carbon 

support, which is a prominent area of research in itself that produces many types of support 

materials.48,49 One of the most popular carbon supports for ORR catalyst testing is Vulcan XC-72 

from Cabot Corporation. Once the metal nanoparticle is loaded onto a conductive carbon support, 

the thin film must be prepared on the rotating disk electrode, which is made of glassy carbon. In some 

cases, Nafion is used to adhere the catalyst to the electrode, and the properties of these composite 

thin films have been studied in detail in order to understand the effect that the preparation protocols 

can have on the final catalyst evaluation.50-54 Additional practical procedures for the RDE 

measurement have been thoroughly explored and documented, such as correcting for uncompensated 
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resistance,55 eliminating the effects of impurities,56,57 and the proper, accurate normalization of activity 

values.58,59 Surface area normalized activity, a measure of the intrinsic activity of the surface, is typically 

reported in units of mA/cm2, where the electrochemical surface area (ECSA) is determined by a Pt-

specific technique such as hydrogen underpotential deposition (Hupd) or oxidative stripping of CO 

(COad). The efficiency of the Pt utilization in nanoparticle catalysts is described by the specific surface 

area (SSA) in units of m2/gPt. Finally, the mass normalized activity is the product of the SSA and the 

specific activity and is reported in units of A/mgPt to convey the quantity of Pt required for a certain 

PEMFC performance level. The stability of ORR catalysts is measured by performing accelerated 

durability tests (ADT). New electrochemical techniques such as in situ inductively coupled plasma mass 

spectrometry (ICP-MS) are now being developed for in depth electrochemical characterization of 

catalyst stability, where the focus again returns to single crystals in order understand nanoparticle 

catalysts.60 

 

1.3  Bimetallic Alloys for ORR Catalysis 
 

One thoroughly investigated strategy for reducing the amount of Pt required in a PEMFC is to alloy 

it with a less expensive, more Earth-abundant metal, M. In addition to decreasing the Pt mass by 

replacing some atoms with M, it has been demonstrated in multiple systems that control over 

composition and surface structure of Pt-M alloys consistently achieves higher specific activity than 

Figure 1.3. Structure sensitivity of the ORR. (a) H2SO4 and (b) KOH affect the activity trend on 

low-index Pt surfaces. Reprinted with permission from Ref. 44. Copyright 2001 John Wiley and Sons. 
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pure Pt systems. Initial hypotheses were posited to explain the activity improvement of systems where 

M is a 3d transition metal such as Ti, V, Cr, Mn, Fe, Co, Ni, or Cu. It was observed by X-ray diffraction 

(XRD) that alloying of the solute M into the face-centered cubic (fcc) lattice of Pt induced contraction 

of the lattice. This led to the thought that the smaller Pt-Pt bond distance, also observed by extended 

X-ray absorption fine structure (EXAFS), enhanced the activity, possibly by optimization of the 

distance required to break an O-O bond.61-63 X-ray absorption near edge structure (XANES) 

demonstrated that Pt-M alloys had a larger fraction of d-electron vacancies compared to pure Pt, 

possibly leading to the improved activity.62-65 Other suggestions were that M was either leached out of 

the catalyst surface in the acidic electrolyte, creating a rougher surface with more active sites, or that 

it participated in surface redox processes that enhanced the activity for ORR.66 Depending on the 

structure of the catalyst surface, any of these mechanisms could contribute in some manner; however, 

the most widely agreed upon understanding of the effect of alloying on the activity of Pt-M surfaces 

relies on the electronic and geometric effects.67,68 The electronic effect, also known as the ligand effect, 

refers to the modification of the electronic structure of the surface by M and is typically only believed 

to be impactful over the first two to three surface layers.67 The geometric effect, also known as the 

strain effect, generally refers to the alteration of the surface Pt-Pt distance by inducing compressive 

or tensile strain in the surface, which has been shown to also alter the surface electronic structure. It 

is common for both effects to be present in one catalyst system and therefore difficult to distinguish.69 

 

In order to understand the mechanism behind ORR activity improvement in Pt-M alloys, one must 

first understand why pure Pt is not precisely optimized for the ORR. In catalysis, the theoretical 

understanding of the interaction of a metal surface with an adsorbate molecule/atom is best 

characterized by d-band theory.70 Fig. 1.4 demonstrates the simplified situation of an adsorbate’s 

interaction with a metal surface.71 The adsorbate (in a vacuum) has a very sharp density of states that 

is broadened when it interacts with the metal s-band, which is broad compared to the d-band. The 

broadened adsorbate states then interact with the sharp d-band, forming bonding and antibonding 

energetic states between the metal surface and the adsorbate. The main principle of d-band theory is 

that the coupling between the s-band and the adsorbate state is similar across a row of transition 

metals, while the coupling of the adsorbate with the d-band is the critical factor determining the 

strength of the interaction with a given transition metal. The shape and distribution of the density of 

Figure 1.4. Metal-adsorbate interaction. Illustration of the electronic interaction between an 

adsorbate and a transition metal surface. Reprinted with permission from Ref. 71. 
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states in the d-band determine the energy level of the bonding and antibonding states. The energy of 

the antibonding states relative to the metal’s Fermi level determines the filling of the antibonding 

states, and therefore the strength of the adsorption of the molecule onto the metal surface.72 For 

example, if the antibonding states are lower in energy than the Fermi level and are therefore filled, the 

adsorption interaction will be weak. These bonding and antibonding states can be visualized by 

performing X-ray emission spectroscopy and X-ray absorption spectroscopy (XAS) on an adsorbate, 

for the filled and empty states, respectively.73 Finally, it has been demonstrated that the d-band center 

is a good descriptor of the entire d-band density of states.74 The d-band center is a major determinant 

for the energy of the adsorption interaction, in addition to the filling fraction of the d-band and the 

coupling matrix between the adsorbate and the d-band. 

 

There are two major mechanisms suggested for the ORR forming water, where “*” represents an 

arbitrary adsorption site on the catalyst surface: 

 

Dissociative Mechanism ½O2 + * → O* 

O* + H+ + e- → HO* 

HO* + H+ + e- → H2O + * 

  

 Associative Mechanism O2 + * → O2* 

     O2* + H+ + e- → HOO* 

     HOO* + H+ + e- → H2O + O* 

     O* + H+ + e- → HO* 

     HO* + H+ + e- → H2O + * 

 

In either mechanism, the catalyst must bind intermediates through the oxygen atom. The adsorption 

energies of oxygenated intermediates (O*, HO*, HOO*) scale linearly due to the common binding 

motif between the metal atom and an oxygen atom, thereby creating a volcano relationship between 

activity and binding strength of oxygen.75-77 This is otherwise known as the Sabatier principle of 

catalysis, which states that the ideal catalyst cannot bind the reaction intermediates too strongly nor 

too weakly, forming the volcano that has peak activity at an optimized binding strength. It is generally 

accepted that Pt binds oxygenated species too strongly compared to what would allow for maximum 

ORR turnover rate (Fig. 1.5).24,76 Nørskov et al. demonstrated via density functional theory (DFT) 

calculations on a Pt(111) surface that without sufficient overpotential, O* adsorbed on Pt is too stable 

and cannot be protonated to form water.24 Therefore, in the case of the ORR, O* is too strongly 

bound to Pt, allowing oxygenated species to poison the surface, while a catalyst that binds too weakly 

is not capable of adsorbing and/or dissociating the O2 molecule. The adsorption energies of initial 

and final intermediates dictate the reaction energy for a given step in the reaction mechanism. The 

Bronsted-Evans-Polanyi relationship illustrates that the activation energy of a given reaction is linearly 

correlated to the reaction energy such that the reaction kinetics can be directly related to the adsorption 

strength of a given intermediate.75,78 Consequently, the reaction kinetics of the ORR can be compared 

on various transition metal surfaces and directly attributed to their binding strength to oxygenated 

intermediates, which is directly related to their surface electronic structure, including their d-band 

center.79 
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Figure 1.5. ORR Volcano plot. The plot is constructed from DFT calculations of the oxygen binding 
energy to a metal surface. Reprinted with permission from Ref. 24. Copyright 2004 American Chemical 
Society. 

 

While pure Pt binds oxygenated adsorbates too strongly, many Pt-M alloys are able to reduce the 

binding strength of the oxygenated adsorbates in order to increase the rate of the ORR. In most cases, 

a combination of the electronic and geometric effects has tuned the position of the d-band center of 

the catalyst surface to a lower energy compared to that of Pt. This causes greater filling of metal-

adsorbate antibonding states, weakening the adsorption interaction. For Pt-M alloys, the lowering of 

the d-band center with respect to the Fermi level has been shown by DFT67,80 and valence band 

measurements by ultraviolet photoelectron spectroscopy81-83, with combination of the two methods 

demonstrating the correlation between d-band center position, oxygen binding strength, and ORR 

activity.84,85 The precise surface atomic structure of the alloy plays a pivotal role in the activity 

enhancement that can be achieved. 

 

Initially, simple surface alloys with randomly distributed Pt and M on the surface were synthesized, 

and some instability was observed due to leaching of non-noble M atoms.61-63,69,86 A significant 

improvement in surface structure was later discovered, termed “Pt-skin,” to describe a smooth, pure 

Pt surface atomic layer over an M-rich subsurface layer.87,88 The formation of Pt-skin takes advantage 

of the tendency for Pt to surface segregate when given the required thermal energy for diffusion 

because of its lower surface energy compared to 3d transition metals.89-93 The Pt-skin discovery 

culminated in the seminal report by Stamenkovic et al. that showed an order of magnitude 

improvement in the specific activity of a Pt3Ni(111) single-crystalline surface with Pt-skin formation 

over that of a Pt(111) surface (Fig. 1.6).82 Though attempts have been made through DFT calculations 

to decouple one portion of activity enhancement, due to the compressive strain of Pt-skin, from a 

second portion, due to the ligand effect of the M-rich second atomic layer,94 it remains difficult to 

experimentally separate the geometric and electronic effects. A DFT survey of many alloys revealed 

theoretical compositions that could have the proper binding characteristics for high ORR activity; 

however, very few of these compositions are thermodynamically stable in the oxidizing potential 

region and acidic conditions of the ORR.95 Therefore, research has been mainly limited to Pt and Pd-

based alloys with Pt or Pd enriched on the surface.96 In addition to the aforementioned Pt-M alloys 

where M = Ti, V, Cr, Mn, Fe, Co, Ni, or Cu, there is another class of alloys in which M = Sc, Y, or a 
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lanthanide metal.76,97-99 In this series, the size of M tunes the compressive strain of a Pt overlayer, which 

forms after dissolution of M from the alloy surface. The Pt overlayer is a few atomic layers thick, 

definitively thicker than the overlayer defined as Pt-skin by Stamenkovic et al. By varying the identity 

of M, the amount of compressive strain in the Pt overlayer was optimized in Pt5Tb and Pt5Gd.99 DFT 

studies have demonstrated that compressive strain causes increased overlap of metal d orbitals, 

resulting in a broadening of the d-band, lowering of its center, and weakening of the surface binding 

strength.74,100 

 

While mechanistic studies of catalytic enhancement are generally difficult, model systems such as 

single-crystalline Pt3Ni(111) with Pt-skin provide the best opportunity to understand how the surface 

increases the turnover rate of the ORR. To this point, the effect of lowering the d-band center further 

below the Fermi level on the binding strength of oxygenated adsorbates to Pt surfaces has been 

discussed. It was suggested that lowering this binding strength, which scales linearly for adsorbates 

such as O*, HO*, and HOO*, can lower the activation energy of the reaction, thereby improving the 

kinetics.24 While this effect should certainly be considered, a related mechanism has also been 

proposed and supported by experiment. The concept is that the Pt3Ni(111) surface demonstrates 

reduced coverage of oxygenated adsorbates compared to a pure Pt(111) surface, allowing more open 

Pt sites to perform ORR.82 A general rate expression (Eq. 1.3) has been proposed for the ORR on Pt 

surfaces: 

 

i = nFKCO2 (1 - mΘad)x e
-βFE

RT  e
-γrΘad

RT  (1.3) 

 

In this expression, i is the current measured at a certain potential E, n is the number of electrons per 

reaction, F is the Faraday constant, K is the rate constant, CO2
 is the concentration of dissolved oxygen 

in the electrolyte, Θad is the surface coverage by adsorbed species, m is the fraction of adsorbed species 

that are HO*, x is the order of the reaction with respect to the number of active Pt sites, β and γ are 

symmetry factors assumed to be 0.5, rΘad characterizes the rate of change of the free energy of 

Figure 1.6. Pt-skin effect. Activity enhancement for three low-index surfaces of Pt3Ni with Pt-skin 

formation compared to pure Pt single crystals. A comparison of the experimentally measured d-band 

centers is also shown. From Ref. 82. Reprinted with permission from AAAS. 
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adsorption with the surface coverage of adsorbed species, R is the universal gas constant, and T is the 

temperature. Detailed kinetic studies demonstrated that the Tafel slope and activation energy of the 

ORR were similar on Pt, Pt3Ni, and Pt3Co, leading to the conclusion that K and the two exponential 

terms in the rate expression are very similar for these surfaces.87,88 Therefore, the activity enhancement 

on Pt-skin surfaces must be explained by the pre-exponential term that describes the coverage of 

adsorbed oxygenated species on the surface. By reducing the number of adsorbed HO* and O* 

poisoning the surface, more Pt sites are available to perform ORR. This is consistent with the lower 

d-band center of Pt-skin surfaces that induces weaker binding of adsorbates to Pt-skin.82,101 After this 

new perspective on the mechanistic differences between Pt-M and Pt surfaces, oxygenated species 

were observed on Pt surfaces by ambient pressure X-ray photoelectron spectroscopy (APXPS) in a 

model fuel cell compatible with the spectroscopic technique. The complexity of the electrochemical 

interface was described by supporting DFT simulations of various hydration environments of the 

adsorbed oxygenated species.102 

 

1.4  Design of Nanostructured Catalysts for ORR 
 

The excellent electrochemical, structural, and surface characterization performed on model systems 

such as single crystals has guided the design of practical nanostructured catalysts for the ORR. When 

applying bulk design principles to the nanoscale, the first consideration must be the effect of the 

particle size on the activity and durability of the catalyst. A single crystal has a quasi-infinite terrace 

surface with only limited defect step or kink sites (Fig. 1.7), while a nanoscale surface will inherently 

be terminated by edges and corners where step and kink sites are prevalent. As the nanoscale features 

become smaller, the density of these lower-coordinated sites will increase.103 Mayrhofer et al. 

demonstrated that the potential of zero charge shifts more negative as Pt particle size decreases, 

meaning the smaller nanoparticles have slight positive charge on their surfaces. Therefore, the 

coverage of oxygenated adsorbates increases on smaller particles. As could be expected based on the 

previous discussion, the increased coverage of HO* leads to lower ORR specific activity on smaller 

Pt nanoparticles.104,105 DFT studies have demonstrated that edge or step sites are the location of 

stronger binding of oxygenated species.106 Combined DFT and experimental studies showed that in 

order to obtain the highest mass activity, there is a compromise between decreasing specific activity 

and increasing SSA of smaller nanoparticles,107 though the optimal size is not necessarily agreed upon 

and may be different for various nanoparticles.108 

 

 

Figure 1.7. Basic types of metal surface sites. Illustration showing terrace (gray), step (orange), and 

kink (blue) sites on a metal surface. 
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The goal of nanoparticle design for ORR is to obtain the highest specific activity on a nanostructure 

with high SSA. If these two conditions are met, then the mass activity will be high with the potential 

to be used in a PEMFC. The mass normalization is always reported by mass of noble metal used (Pt, 

Pd, Ir, Rh, Os, Ru, Re, Au, Ag) because only the most expensive, rare elements are of concern to fuel 

cell commercialization. Therefore, one obvious strategy to reduce the precious metal loading is to use 

only a single monolayer (ML) of Pt atoms on the surface of another metal. The protocol for making 

Pt ML catalysts is to perform Cu underpotential deposition (Cuupd) onto a metal surface and 

subsequent galvanic replacement of the Cu with Pt. Cuupd can only be performed on noble metals, so 

the concept was initially demonstrated on single crystals of precious metals. The d-band center and 

O* binding strength were calculated by DFT and correlated with the experimental activity, with Pt 

ML/Pd(111) being the only substrate that outperformed the Pt(111) control.109 An alternative strategy 

was developed to reduce the precious metal content by inducing surface segregation of the precious 

metal in an alloy with a non-precious metal, and then performing Cuupd on the precious metal surface. 

Nanoparticle substrates such as Au-Ni, Pd-Fe, Pd-Co, and Pd-Au have been used for depositing a Pt 

ML.110-112 A solution based reduction of Pt can also be used to deposit multiple Pt monolayers onto a 

substrate nanoparticle, often Pd.113 This method has been used by Xia et al. and Li et al. in a number 

of different geometries including cubes,114 octahedra,115 and icosahedra116, even leading to hollow 

nanocage geometries by etching of the Pd through pinholes in the Pt shell (Fig. 1.8).116-118 A different 

strategy for obtaining high surface area geometry is the growth of dendritic structures, also often 

carried out in the Pt-Pd system.119,120 However, in general, the Pt-Pd alloys discussed at length here 

suffer from low specific activity due to less impactful geometric and ligand effects from Pd, which is 

more similar in size and electronic structure to Pt compared to 3d transition metals. 

 

 

Figure 1.8. Atomic layer deposition of Pt on Pd. Hollow Pt-Pd alloy octahedral nanocage with 

ultrathin walls after etching of Pd template. From Ref. 117. Reprinted with permission from AAAS. 

 

Pt-Pd nanoparticles have demonstrated enhancement in stability during ADTs due to the sacrificial 

oxidation of Pd, which preserves the Pt shell.111 A similar strategy for nanoparticle design is the process 

of dealloying popularized by Strasser et al. However, dealloying is performed as an activation step 

before utilization of the catalyst, creating a thick Pt shell on the surface of Pt-Cu, Co, Ni, or ternary 
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catalysts. The thick Pt shell can protect the 3d transition metal in the core of the nanoparticle, 

preserving its activity. These catalysts are typically synthesized through simple impregnation of a Pt/C 

catalyst with M precursor, followed by freeze-drying and annealing to alloy Pt and M.121 Dealloying 

can be performed electrochemically or by chemical corrosion, and a procedure was developed in order 

to prepare catalyst for use in an MEA without contaminating the membrane with M cations.122,123 The 

strain of the Pt shell could be tuned depending on the initial composition of a Pt-Cu alloy, thereby 

influencing the oxygen binding strength and the ORR activity.124 Another approach to improve the 

stability of the nanoparticle is to induce intermetallic ordering of two metals within the lattice. 

Intermetallic ordering can only be easily achieved in a few systems such as Pt3Co and PtFe as it requires 

rather high temperature. Pt3Co intermetallic nanoparticles were achieved by annealing at 700 °C and 

demonstrated enhanced activity and stability over identical nanoparticles that were only annealed at 

400 °C. The activity improvement was attributed to the Pt surface segregation that occurred at higher 

annealing temperature.125 The durability of intermetallic nanoparticles is generally believed to be due 

to the more negative enthalpy of formation of the intermetallic lattice as compared to a disordered 

alloy, reducing oxidation and dissolution of the non-noble M atom.126 PtFe nanoparticles were also 

synthesized as a disordered alloy and annealed at 700 °C in order to induce the disorder-to-order 

transition, which led to enhanced ORR activity and durability.127 One final strategy for enhancing the 

durability of nanoparticles is the incorporation of Au, which has been demonstrated beneath ORR-

active Pt-Fe and Pt-Ni shells. Using a solid Au core underneath a Pt-Fe shell, stability up to 60,000 

cycles was demonstrated (Fig. 1.9).128 It was later shown that only 5 atomic percent Au was required 

between a Ni core and PtNi shell to achieve stability over the course of 10,000 cycles.129 Au beneath 

a Pt-M surface is believed to inhibit the place-exchange mechanism in which oxygen penetrates the 

first layer of Pt after continuous cycling, oxidizing the M atom. Au is highly resistant to oxidation, 

explaining the suppression of the place-exchange mechanism and allowing the Pt-M shell to maintain 

its high specific activity. 

 

Arguably the most prevalent and elegant strategy for controlling activity of nanoparticle catalysts for 

the ORR is the design of the shape of bimetallic alloys.130-133 Nanoparticle shape control has been most 

thoroughly explored for noble metals such as Pd, Pt, Ag, and Au, but has been gradually extended to 

other materials to demonstrate catalytic activity dependence based on the shape, typically due to the 

Figure 1.9. Au enhancement of ORR stability. Au nanoparticles coated with a FePt3 shell 

demonstrate excellent stability after an accelerated durability test for the ORR. Reprinted with 

permission from Ref. 128. Copyright 2011 American Chemical Society. 
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facet that was exposed.134-139 Shape-controlled Pt nanocrystals have been applied to the ORR,140-142 and 

while some activity enhancement was demonstrated for octahedra due to their dominant (111) surface 

faceting, the shapes are generally unstable under durability tests, leading to spherical particles with 

similar activity regardless of the initial shape.143 Less well-controlled Pt-based nanostructures such as 

branches, urchins, flowers, and porous structures have also been studied because of their propensity 

to provide new types of surfaces not present on well-defined nanoparticles.144-146 However, their non-

uniform nature makes it more difficult to elicit the origin of their catalytic performance. One example 

that approximated a well-defined system was the evaporation of metal alloys onto molecular solid 

whiskers, producing nano/mesostructured thin films on which surfaces resembling Pt-skin could be 

created.147,148 The emergence of Pt-skin surface features and the discovery of the highly active 

Pt3Ni(111) single-crystal surface82 led to the rapid pursuit of Pt-Ni octahedra with the expectation that 

they could provide Pt-skin surfaces on their (111) facets. Standard organic surfactants could only 

produce truncated Pt-Ni octahedra149 until it was discovered that CO was a critical ligand for 

synthesizing near-perfect octahedra.150-152 Strasser et al. studied a separate system of Pt-Ni octahedra 

synthesized with only dimethylformamide as the surfactant and solvent.153 However, they found that 

the (111) facets of Pt-Ni octahedra tend to be enriched in Ni, leading to very poor stability of the 

shape in the acidic electrolyte (Fig. 1.10).154 It was discovered that the Ni-enrichment of the (111) 

facets was likely due to the growth mechanism in which anisotropic Pt hexapod structures first grew 

that were then filled in by Ni.155-157 Pt-Ni octahedra have certainly provided large increases in ORR 

activity;158 however, they have not lived up to the promise of the original single-crystal studies due to 

their surface structure that is very different from that of the Pt3Ni(111) Pt-skin. 

 

 

Figure 1.10. Dealloying trends in Pt-Ni octahedra. Activation and degradation characteristics of 

Pt-Ni octahedra with various initial compositions. From Ref. 154. Reprinted by permission from 

Macmillan Publishers Ltd: Nature Materials, copyright 2013. 
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While the advantageous Pt-skin structure has been difficult to form on octahedra, monodisperse 

spherical nanoparticles have shown some promise.159 Size-controlled Pt3Co nanoparticles were 

synthesized to determine the size with maximum mass activity and the optimal annealing pretreatment 

protocols.108,160 Composition and size control was implemented to show that Pt3Co and Pt3Ni were 

essentially equally promising as nanoscale compositions for the ORR.161 The study of different 

compositions of Pt-Ni alloy nanoparticles led to the conclusion that PtNi was the optimum 

composition for obtaining a Pt-rich surface with highest specific activity,162 and subsequent annealing 

treatment enabled the formation of the first nanoscale Pt-skin surface (Fig. 1.11).163,164 Nanoscale Pt-

skin surfaces can be identified electrochemically by performing oxidative stripping of Hupd and COad. 

Both molecules specifically adsorb onto Pt surfaces with one molecule per Pt atom, though on Pt-

skin surfaces, the Hupd coverage is reduced due to the lower d-band center position. Therefore, the 

ratio of charge passed during the oxidative stripping of the two adsorbates is 1.0 for a pure Pt surface, 

while on a Pt-skin surface the ratio increases to 1.5.165 

 

 

Figure 1.11. Nanoparticle Pt-skin formation. Formation of multilayered Pt-skin surface on PtNi 

nanoparticles with energy dispersive x-ray spectroscopy line scans demonstrating the surface Pt 

enrichment. Reprinted with permission from Ref. 163. Copyright 2011 American Chemical Society. 

 

By control over size, shape, and composition, novel and complex nanostructures can be designed with 

specific catalytic properties. Central to this dissertation is the design of highly open, three-dimensional, 

multimetallic Pt-based nanoframes (NF) for the ORR. Monometallic frames or cages could be 

synthesized by preferential etching of a specific facet of a shaped nanoparticle,166 and selective etching 

was also used to remove the core from a core-frame bimetallic heterostructure.167-169 The more 

common early method to synthesize nanoframes, branching off the rich literature on shape-controlled 

noble metal nanoparticles, was the galvanic replacement of a template, often Ag, with a more noble 

metal, often Au.170-174 However, these methods left room for improvement in the regions of shape, 

size, and surface uniformity due to the aggressive, poorly controlled galvanic replacement method. 

One-pot methods increased in popularity because bimetallic nanoparticles could be synthesized with 

high mono-dispersity and control over the elemental positioning in order to etch the less noble 

element, producing a nanoframe. Based on the number of reports and shapes of Cu-based nanoframe 

syntheses, it is apparent that Cu is a beneficial choice to alloy with Pt because of its crystal structure 

(fcc), reduction potential, and high mobility.175-185 The Pt-Cu nanoframe system often takes advantage 

of the Kirkendall effect,186 which is the faster diffusion outwards of one atom than another, to form 
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the hollow frame. However, Pt-Cu alloys have not demonstrated nearly as much promise for the ORR 

as their Ni and Co counterparts. In 2014, Yang et al. reported a one-pot synthetic method for PtNi3 

rhombic dodecahedral nanocrystals that had Pt enriched on their edges such that, when the nickel was 

spontaneously oxidized and corroded, a single-crystalline, three-dimensional, rhombic dodecahedral 

Pt3Ni nanoframe remained (Fig. 1.12).187 The Pt3Ni nanoframe set a record for nanoscale ORR activity 

at the time and catalyzed a rapid growth in nanoframe reports including some within the Pt-Ni 

composition space.188-191 In this dissertation, the nanoframe system as reported by Yang et al. is further 

explored for its expansion to other compositions and shapes as well as the underlying synthetic 

mechanisms that enable the highly open, three-dimensional structure to be designed with high catalytic 

activity for the ORR. 

 

 

Figure 1.12. Pt3Ni nanoframe discovery. (a) Rhombic dodecahedral PtNi3 nanoparticles are etched 

through a (b) intermediate composition into (c) Pt3Ni nanoframes that can be (d) annealed to form 

Pt-skin for high ORR activity. From Ref. 187. Reprinted with permission from AAAS. 
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2. Pt3Co Nanoframes 
 
Portions of the content and figures of this chapter are reprinted or adapted with permission from 
N. Becknell, C. Zheng, C. Chen, Y. Yu, P. Yang, “Synthesis of PtCo3 polyhedral nanoparticles and 
evolution to Pt3Co nanoframes”, Surf. Sci., 2016, 648, 328. DOI: 10.1016/j.susc.2015.09.024. 
Copyright 2016 Elsevier B.V. 

 
2.1 Preface 
 
Following the discovery of Pt3Ni nanoframes,187 there was great intrigue into the variety of 
compositions that were possible in this synthetic system and could provide new functionality. The 
nanoframe synthetic mechanism is complex and highly dependent on a number of variables, so the 
extension to a new Pt-based alloy was not trivial. Cobalt was the first new metal attempted as it is the 
most similar to nickel among the 3d transition metals. In Chapter 2, the Pt-Co nanoframe synthesis is 
established and the differences and similarities of the Pt-Co system are compared to the Pt-Ni system. 

 
2.2  Introduction 
 
The importance of nanocrystal synthesis has been emphasized by the applications of nanocrystals in 
a vast array of fields including catalysis,192,193 semiconductors,194 electronics,195 plasmonics,196 and 
magnetism.197,198 The nature of nano-sized metallic or semiconducting materials affords them unique 
and beneficial properties compared to their bulk counterparts. The ability to control the shape and 
structure of nanoparticles (NP) can greatly enhance and clarify structure-dependent trends in their 
properties;135,199,200 when two or more metals are incorporated into a single particle, the possibilities for 
structural control of the particle expand significantly. Bimetallic NPs have been synthesized with 
various geometries including core-shell,136 random distribution, and heterogeneous distribution.201 By 
incorporating two metals into a nanoparticle, the capabilities of the nanoparticle can be diversified due 
to the synergistic interactions between the two different metals. 
 
Yang et al. have employed both homogeneous and heterogeneous distributions of elements in 
bimetallic particles to achieve significant enhancements in catalytic activity for electrochemical carbon 
dioxide reduction202 and oxygen reduction.187 In the latter case, a PtNi3 rhombic dodecahedron was 
synthesized with heterogeneous distribution of platinum to the edges of the three-dimensional shape. 
Nickel was then preferentially oxidized from the faces and interior of the polyhedron, leaving a hollow 
nanoframe (NF) with three-dimensional catalytically active surfaces on the interior and exterior of the 
frame. This work demonstrated a novel method for obtaining a NF by synthesizing a bimetallic NP 
with heterogeneous distribution of the two elements. This method enables the synthesis of an alloy 
which can convert from Pt-poor to Pt-rich composition while maintaining the rigid structure of the 
edges of the shape. Previous work on hollow NF structures involved galvanic replacement of a 
template nanostructure with a more noble metal,167,170,172,174 sequential growth of metal on the edges of 
a template shape,169 or direct solvothermal synthesis of a hollow NF.175,177 More recently, additional 
work has been done on the synthesis of bimetallic NPs with heterogeneous distribution of a noble 
metal to the edges of the shape.178,188-190 However, to this point, no work has been reported on the 
synthesis of platinum-cobalt bimetallic NFs. 
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Platinum-cobalt bimetallic alloys have been extensively studied for their magnetic properties203,204 and 
enhanced catalytic activity for the ORR.94,108,125,151,159-161,205 The Pt3Co phase was synthesized with high 
monodispersity by reduction of platinum acetylacetonate with concomitant decomposition of cobalt 
carbonyl.108,203 Ordered PtCo NPs have been synthesized by solution-phase methods, which typically 
result in a disordered face centered cubic structure, and subsequent high temperature annealing to 
produce the ordered tetragonal PtCo phase.206 There are very few reports of solution phase synthesis 
of PtCo3 NPs.207 In fact, the platinum-cobalt phase diagram is still in debate, with some suggesting a 
PtCo3 ordered phase should be possible,208 similar to PtNi3, and others asserting that it is not a stable 
phase and that the solid solution composition of 75% cobalt is similarly unfavorable.209 This is 
understandable considering that at temperatures below 450°C, cobalt prefers its epsilon hexagonally 
close-packed phase.210 It is well known that platinum strongly prefers cubic close-packing structure, 
so cobalt-rich platinum alloys are naturally difficult to stabilize and the more stable PtCo or Pt3Co 
phases are typically preferred. The synthesis of a cobalt-rich Pt-Co polyhedron was developed because 
the NP must be cobalt-rich in order to make a sufficiently hollow NF by leaching of the Co. Through 
this synthesis and evolution process, the first synthesis of a Pt-rich, platinum-cobalt alloy nanoframe 
is reported. 
 

2.3  PtCo3 Nanoparticle Synthesis 
 
PtCo3 NPs were synthesized by hot-injection of Pt and Co precursors into a mixture of oleylamine 
and oleic acid (see Appendix A1.1). A typical transmission electron microscopy (TEM) image of the 
as-synthesized PtCo3 polyhedral NP is shown in Fig. 2.1a. The size distribution of the PtCo3 NP was 
calculated to be 17.1 ± 2.7 nm. The hexagonal projection, characteristic of a rhombic dodecahedron 

in the platinum bimetallic, oleylamine-based system, was primarily observed in TEM though there are 
other polyhedra which form during the synthesis of the PtCo3 NPs. High-angle annular dark-field 
(HAADF)-scanning transmission electron microscopy (STEM) imaging was used to screen PtCo3 NPs 
for the required heterogeneous elemental distribution because it provides significant contrast 

Figure 2.1. TEM of Pt-Co NP and NF. (a) TEM image of PtCo3 NP. (b) STEM image of PtCo3 
NP. (c) HRTEM image of a PtCo3 NP and (d) corresponding FFT. (e) TEM image of Pt3Co NF. 
(f) STEM image of Pt3Co NF. (g) HRTEM image of Pt3Co NF and (h) corresponding FFT. Scale bars 
in TEM/STEM images are 20 nm. Scale bars in HRTEM images are 2 nm. 
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difference between atoms of different atomic number.211 The STEM image of the as-synthesized 
PtCo3 polyhedra in Fig. 2.1b demonstrates initial proof of segregation of the heavier element, Pt, to 
the edges of the three-dimensional shape due to the bright contrast which can be seen at the edges. 
 
A few key aspects of the synthesis enabled it to produce these Co-rich polyhedra. A molar ratio of 
4.4:1 Co:Pt (in excess of the 3:1 ratio in the product) was required to accelerate reduction of Co2+ due 
to its more negative reduction potential compared to that of Pt4+.212 In addition, oleylamine acted as a 
solvent, reducing agent, and surfactant,213,214 while oleic acid also aided as a surfactant. Oleic acid was 
introduced into the synthesis to enhance the shape control as it has been shown that oleic acid has a 
particularly strong affinity for cobalt in many cobalt-based NP syntheses.198,215-219 Oleic acid has also 
been found to improve the effectiveness of oleylamine219 and their synergistic effect was expected 
based on the slight temperature increase of their solution upon simple mixing of the two surfactants. 
Without the presence of the oleic acid, the NPs synthesized were significantly more rounded and the 
size was only 11.9 ± 1.6 nm (Fig. 2.2). This result indicates oleic acid played a key role in stabilizing 
larger nuclei and sharpening the edges of the polyhedra during the synthesis, a critical point for 
transformation into the desired hollow NF. 
 

 

Figure 2.2. Pt-Co NPs without oleic acid. TEM image of NPs synthesized without oleic acid, in the 
presence of only oleylamine (Scale bar = 50 nm). 

 

2.4  Evolution from PtCo3 Nanoparticle to Pt3Co Nanoframe 
 
In order to evolve the PtCo3 NP to a Pt3Co NF, the NPs were dispersed in excess oleylamine and 
hexadecane and heated at 130°C under air atmosphere (see Appendix A1.2). While sufficiently 
stabilized by both oleylamine and oleic acid, the NPs are magnetic and do aggregate over a short 
period of time after washing. During the initial period of heating, the magnetic NPs continued to settle 
out, requiring intermediate periods of sonication to re-disperse the particles. However, once a 
sufficient amount of cobalt was removed, the magnetic moment of the particle could no longer be 
sustained, so aggregation was not severe and sonication was no longer required. TEM and STEM 
images of the final evolved Pt3Co NFs are shown in Fig. 2.1e and Fig. 2.1f. The hollow interior of the 
polyhedral frame can be seen in bright-field and dark-field images. Compared to the NPs, STEM 
imaging revealed more uniform intensity, or less contrast, over the area of the NFs, indicating more 
uniform distribution of Pt and Co. 
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2.5  Structure of PtCo3 Nanoparticle and Pt3Co Nanoframe 
 
High-resolution transmission electron microscopy (HRTEM) imaging (Fig. 2.1c-d, g-h) and XRD 
(Fig. 2.3) indicated that the NPs and NFs had the expected fcc structure. In the XRD, the peaks 
corresponded well with PtCo3 for the NP and Pt3Co for the NF. These compositions were further 
supported by energy dispersive X-ray spectroscopy (EDS) and inductively coupled plasma optical 
emission spectroscopy (ICP-OES) measurements. The NP was determined to be 75% Co and the NF 
was 25% Co by both ICP-OES and EDS. However, the PtCo3 NP diffraction pattern exhibited 
asymmetric broadening toward the lower 2Θ side, indicating the possible formation of other Pt-Co 
alloys. This is expected according to the known phase stability,209 which favors phase separation to the 

PtCo composition. Many previous reports illustrate the relatively facile synthesis of Pt3Co or PtCo 
phases.203,206 Additionally, a fcc platinum-cobalt solid solution NP was synthesized with a composition 
of Co69Pt31 and while more Pt-rich compositions were demonstrated, increased cobalt content was 
not.214 Even impregnation and high-temperature annealing methods do not produce pure phase PtCo3 
NP alloys, but rather a mixture of two or more Pt-Co phases with an average composition of 75% Co 
and 25% Pt.205,220-222 For example, Strasser et al. reported via Rietveld analysis that their PtCo3 sample 
actually consisted of 74.8 ± 2.2 wt% Pt47Co53 and 25.2 ± 2.1 wt% Pt5Co95,

220 consistent with the Pt-
Co phase diagram reported by Okamoto.209 Some Pt-rich NP impurities were also observed in 
Fig. 2.1f. The solid spherical particles remained in the NF sample and these particles exhibit little 
contrast in the HAADF image, indicating that they were platinum-rich impurity particles in the initial 
PtCo3 NP synthesis. The diffraction pattern for the NF sample consists of symmetric peaks with 
significantly less broadening than that observed in the NP XRD pattern. Therefore, after evolution, 
the sample consists of homogeneous Pt3Co NFs with some spherical impurities which were likely 
synthesized as Pt3Co initially. 

Figure 2.3. XRD patterns of PtCo3 NP and Pt3Co NF. Diffraction patterns for Pt3Co (JCPDS 01-
072-9178), PtCo (03-065-8970), and PtCo3 (01-071-7411) are shown for comparison. 
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2.6  Composition of PtCo3 Nanoparticle and Pt3Co Nanoframe 
 
HAADF-STEM imaging and corresponding EDS mapping in Fig. 2.4a-d further prove that the PtCo3 
polyhedral NPs were synthesized with platinum enrichment on the edges. In the PtCo3 NP, the edges 
exhibit brighter contrast (Fig. 2.4a) due to the enrichment of the heavier element, platinum. This is 
corroborated by elemental mapping which shows a cobalt-rich core (Fig. 2.4c) and a platinum 
framework (Fig. 2.4d) which has formed in the as-synthesized NP. Evolution of this NP yields a NF 
in which the HAADF imaging contrast is more uniform (Fig. 2.4e) and the elemental mapping 
demonstrates homogeneous distribution of the elements (Fig. 2.4f-h). The composition of the NPs 
could also be tracked during the evolution process via quantitative EDS (Fig. 2.5). The measured EDS 
composition matched well with the XRD and ICP-OES results in that the NP began with a 
composition of 75% Co, but leaching of the cobalt from the particle during solution-phase oxidation 
led to a NF with 25% Co composition. 
 

 
 

Figure 2.4. Elemental distribution of Pt-Co NP and NF. (a) HAADF-STEM image of PtCo3 NP 
and (b) corresponding EDS elemental mapping with separate maps shown for (c) Co and (d) Pt. 
(e) HAADF-STEM image of Pt3Co NF and (f) corresponding EDS elemental mapping with separate 
maps shown for (g) Co and (h) Pt. All scale bars are 6 nm. 

 

 
Figure 2.5. Evolution to Pt3Co NF. Compositional evolution from PtCo3 NP to Pt3Co NF at 130 °C 
as tracked by EDS. 



20 

 

2.7  Surface Characterization of PtCo3 Nanoparticle 
 
Further proof of the favorable oxidative leaching process was obtained through APXPS experiments 
at the Advanced Light Source (ALS) Beamline 9.3.2. Although APXPS is a difficult method for 
achieving accurate quantification, the general trends of surface composition can be elucidated. The 
incident photon energy was tuned to 490 eV, corresponding to an inelastic mean free path of 
approximately 0.9 nm.223 The changes in surface composition of the PtCo3 NP due to different 
environments in the APXPS chamber are shown in Fig. 2.6. Initially, it was found that the surface of 
the PtCo3 NPs may have been slightly enriched in Pt. Annealing of the NP in 100 mTorr H2 at 120°C 
only furthered this enrichment of Pt at the surface. Subsequent annealing in 100 mTorr O2 at 120°C 
produced a drastic increase in the concentration of Co at the surface of the NP. A similar increase in 
surface Ni concentration under O2 was observed in the corresponding PtNi3 nanoparticle.187 A final 
annealing step in H2 served to once again induce surface segregation of Pt in the PtCo3 NP. These 
results demonstrate the ability of cobalt to surface segregate and be oxidized under an air atmosphere 
at moderately high temperature in these NPs. Therefore, the removal of cobalt from the PtCo3 NP 
and evolution to the hollow Pt3Co NF was able to proceed quite easily and over a short period of 
time. 

 

 

Figure 2.6. Surface segregation in PtCo3 NP. APXPS quantitative analysis of surface composition. 
Initial spectrum was taken at approximately 10-9 Torr (UHV) at room temperature (RT). Subsequent 
annealing was performed in 100 mTorr of H2 or O2 while the sample was heated at 120 °C. 

 

2.8  Conclusions 
 
PtCo3 NPs with segregation of platinum to the edges of their polyhedral shape were synthesized by 
co-reduction of platinum and cobalt precursor salts. Shape control was achieved by utilizing a dual 
surfactant system of oleylamine and oleic acid. Due to the heterogeneous distribution of the elements 
in the polyhedron, cobalt was able to easily oxidize as shown in APXPS experiments. This allowed for 
leaching of cobalt from the NP and evolution to a hollow NF by solution-phase oxidation. The hollow 
Pt3Co NF is the first platinum-cobalt alloy nanoframe and could have important applications in areas 
such as catalysis. Specifically, the alloy composition and framework structure could potentially provide 
excellent ORR activity which is currently under investigation. 
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3. Atomic Structure of Nanoframes 

 
Portions of the content and figures of this chapter are reprinted or adapted with permission from 

N. Becknell, Y. Kang, C. Chen, J. Resasco, N. Kornienko, J. Guo, N. M. Markovic, G. A. Somorjai, 

V. R. Stamenkovic, P. Yang, “Atomic Structure of Pt3Ni Nanoframe Electrocatalysts by in situ X-ray 

Absorption Spectroscopy”, J. Am. Chem. Soc., 2015, 137, 15817. DOI: 10.1021/jacs.5b09639. 

Copyright 2015 American Chemical Society. 

 

3.1 Preface 
 

The Pt3Ni nanoframe was believed to have extremely high ORR activity due to its high surface area, 

three-dimensional structure and the formation of Pt-skin on its surface.187 However, additional 

evidence of the Pt-skin and general surface characteristics was required in order to understand some 

variability in activity from batch to batch of Pt3Ni nanoframes. In Chapter 3, the surface structure of 

Pt3Ni nanoframes is explored in situ through X-ray absorption spectroscopy. 

 

3.2  Introduction 
 

A major breakthrough in ORR catalyst design was made in the discovery that the formation of 

Pt-skin—a single atomic layer of platinum—over the surface of a Pt3Ni(111) single crystal through 

high-temperature annealing led to an order-of-magnitude increase in specific activity over the Pt(111) 

single-crystal surface.82 The significant increase in activity was attributed to the alteration of the surface 

electronic density of states due to the segregation of platinum to the surface and nickel to the 

subsurface layer. This results in a lower center of gravity for the surface d-band states with respect to 

the Fermi level, which weakens the binding energy between adsorbates and the Pt-skin surface.72,83,84 

Pt-skin can be identified by ECSA estimation via Hupd and carbon monoxide electrooxidation 

(COad).
50,51,165 On a Pt-skin surface, underpotentially deposited hydrogen exhibits lower surface 

coverage due to weakened binding, which leads to underestimation of the ECSA. However, the ECSA 

obtained from electrooxidation of COad experiments, or CO-stripping, remains unaffected. This 

phenomenon yields a characteristic value of the ratio between ECSA determined from COad and Hupd 

(COad:Hupd) of approximately 1.5. This has proven to be an easy way to identify formation of the 

Pt-skin surface structure over Pt3Ni electrocatalysts. 

 

Many attempts have been made to replicate the surface conditions of the Pt3Ni(111)-skin at the 

nanoscale in order to utilize the high specific activity of the Pt-skin surface and obtain nanocatalysts 

with uniquely high mass activity.148-154,163,224,225 The Pt3Ni nanoframe reported by Yang et al. is one of 

few that have successfully obtained Pt-skin segregation at the nanoscale. After annealing of the 

nanoframe, electrochemical measurements of the COad:Hupd ratio yielded a value of ∼1.5, confirming 

that heat treatment could induce the formation of the desired Pt-skin on this nanostructure. The 

nanoframe electrocatalyst with Pt-skin demonstrated extremely high activity with 36 times increase in 

mass activity and 22 times in specific activity over Pt/C catalysts. 
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In order to gain atomic insight into structural factors which contribute to trends in catalytic activity, 

materials of interest must be studied under reaction conditions (in situ). It is generally accepted that a 

catalyst characterized ex situ will not necessarily maintain the same properties under reaction 

conditions, and for that reason, these systems have been studied in situ by techniques such as sum 

frequency generation,226 X-ray photoelectron spectroscopy (XPS),227 and XAS.62 XAS is an ideal 

technique for in situ studies because it is minimally invasive and the X-rays can penetrate through thin 

walls typically made of silicon nitride or carbon-based materials in specially designed reactors.228 The 

technique can be used to gain information about oxidation states, electronic structure, and chemical 

ordering of materials among other properties. Recently, XAS has been widely used to study ORR 

catalysts in situ to illustrate the dependence of their catalytic activity on ordering of an alloy,229 Pt shell 

thickness,230 and Pt–Pt bond lengths231 and to study oxide formation at the Pt-electrolyte interface.102,232 

Here, ex situ and, critically, in situ X-ray absorption spectroscopy techniques are used to lend more 

understanding to the nature and success of Pt-skin formation on Pt3Ni nanoframes which have proven 

to be one of the best known ORR nanocatalysts to date. 

 

3.3  Pt-Skin Formation on Pt3Ni/C Catalyst 
 

PtNi3 rhombic dodecahedra were synthesized as previously reported (see Appendix A2).187 The ideal 

synthetic result of monodisperse, rhombic dodecahedral nanoparticles with sufficient segregation of 

the Pt-rich phase to the edges is highly sensitive to certain conditions, including precise temperature 

of the solvent and incorporation of trace oxygen and water during the hot injection process. In 

contrast, the evolution to nanoframe is straightforward and can be carried out at a variety of 

temperatures for different lengths of time. It has been found that the extent of evolution from a 

dodecahedron to a hollow nanoframe is not critical to the overall performance of the nanocatalyst as 

excess nickel will always be washed away during electrochemical testing such that the final nanoframe 

catalyst has the composition Pt3Ni after electrochemical testing. After the evolution process, the 

nanoframes were incorporated into the high surface area carbon support and the dry catalyst powder 

was annealed at 200 °C in air in order to remove the ligands and induce platinum surface segregation 

to form a Pt-skin structure (Fig. 3.1).233 Temperatures above approximately 250 °C can cause the 

nanoframes to sinter, so special care was taken that the temperature never exceeded this limit. After 

annealing, the Pt3Ni/C nanocatalyst was mixed with water to form the catalyst ink, and the glassy 

carbon RDE electrodes were prepared. 

 

The success of Pt-skin structure formation was estimated by electrooxidation of carbon monoxide 

and underpotentially deposited hydrogen. It has been shown that both Hupd and COad can be good 

estimates of platinum surface area by assuming ∼210 μC/cm2 transferred during a one-electron 

process (Hupd) or ∼420 μC/cm2 for a two-electron process (COad).
163,234 On a Pt-skin surface, the 

binding to Hupd species is weakened such that the surface coverage of adsorbed hydrogen decreases 

by a factor of approximately one-third. Since COad is a much more strongly bound species, its surface 

coverage on platinum does not change appreciably, making the surface area estimated by CO-stripping 

the more accurate method for a Pt-skin surface. 
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Figure 3.1. TEM images of as-prepared catalyst. (a) Pt3Ni(1.0) (b) Pt3Ni(1.5). Scale bars = 25 nm. 

 

As mentioned above, characteristic ratios of COad:Hupd ECSA have been measured for the Pt-skin 

surface of single-crystalline Pt3Ni(111) and the pure Pt(111) surface, yielding values of 1.5 and 1.0, 

respectively.165 Pt-skin formation on PtNi nanoparticles has been previously demonstrated by first acid 

washing to prepare an atomically thin and rough Pt surface, followed by annealing to form a 

multilayered Pt-skin surface.163 Similarly, in the case of Pt3Ni nanoframes, successful platinum 

nanosegregation to form a Pt-skin is indicated by a COad:Hupd ratio of 1.5. In contrast, nanoframe 

samples which demonstrate lower activity typically exhibit a COad:Hupd ratio close to 1.0. The 

Figure 3.2. Electrochemical characterization of NFs. (a,b) CVs in Ar and electrooxidation of COad 

used to estimate ECSA for different Pt3Ni nanoframes. Nanoframes with COad:Hupd ratio equal to 1.0 

and 1.5 are referred to as Pt3Ni(1.0) and Pt3Ni(1.5), respectively. (c) ORR curves normalized to 

projected area of the electrode illustrate differences in activity between Pt3Ni(1.0) and Pt3Ni(1.5). 
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nanoframes are always synthesized in the same system, but the catalytic activity of the resulting 

structure does not always reach the values previously reported for a nanoframe with COad:Hupd ratio 

of 1.5.187 The Hupd and COad cyclic voltammograms (CV) for Pt3Ni nanoframes with evidently different 

types of surface conditions, demonstrated by COad:Hupd ratios calculated as 1.0 and 1.5, are shown in 

Fig. 3.2a-b. These electrochemically determined ratios are indicators of the different binding strength 

between the surface and adsorbates. Fig. 3.2c shows that the COad:Hupd ratio greatly affects the activity 

for ORR, with Pt3Ni(1.0) having a specific activity of 0.75 mA/cm2 and Pt3Ni(1.5) having activity of 

1.46 mA/cm2 at 0.95 V vs the reversible hydrogen electrode (RHE). The reported specific activity is 

based on the CO-stripping measurement. In order to depict the differences in atomic structure of 

Pt3Ni nanoframes with ECSA ratios of 1.5 and 1.0, ex situ and in situ XAS were employed. 

 

3.4  Ex Situ XANES and EXAFS Analysis of As-Prepared Pt3Ni/C 
 

X-ray absorption spectroscopy at the Ni K-edge and Pt L3-edge was carried out at ALS Beamline 

10.3.2. The XANES region can provide information on oxidation state based on the edge position 

and white line intensity. The edge position is typically defined as the peak in the first derivative of the 

absorption spectrum and becomes more positive for more oxidized species due to differences in the 

final state energy after photo-ejection of a core electron and generation of the core hole.235-237 The 

white line intensity is the main peak in the absorption spectrum just after the edge. It increases in 

intensity for an oxidized species because of the larger probability for an X-ray absorption event to 

occur due to the increased availability of electronic states.238,239 As can be seen from Fig. 3.3a, after 

Figure 3.3. X-ray absorption spectroscopy of Pt3Ni/C catalysts before electrochemistry. (a) Ni 

K-edge XANES compared to Ni foil and NiO powder standards. (b) Pt L3-edge XANES compared to 

Pt foil standard. (c) Ni K-edge EXAFS spectra. 



25 

 

annealing of the catalyst in air, the nickel is in a more oxidized state relative to nickel metal. The extent 

of nickel oxidation is indicated by a positive increase of the absorption edge position in the range of 

8331–8337 eV and an increase in the white line intensity at ∼8348 eV. The level of nickel oxidation 

for both the Pt3Ni(1.0) and Pt3Ni(1.5) samples is between Ni0 and Ni2+ when compared to XANES 

spectra of Ni foil and NiO standards. This demonstrates the co-existence of two nickel species: one 

in a surface nickel oxide that remains after the evolution and annealing processes and one in the Pt3Ni 

alloy. According to previous literature on surface segregation in PtNi octahedra, nickel will segregate 

to the surface as an oxidized species after annealing at 200 °C in 1 bar O2.
240 In the Pt3Ni nanoframe 

system, nickel at or near the surface of the nanoframe after evolution from solid particle to nanoframe 

will be oxidized during annealing at 200 °C in air, while nickel in the bulk alloy will remain alloyed. 

The result is small oxidized clusters of nickel on the surface of the nanoframe which can be removed 

during electrochemical treatment. The nickel in Pt3Ni(1.0) is more oxidized than in Pt3Ni(1.5), 

indicating that a larger quantity of surface NiO clusters remain in the Pt3Ni(1.0) nanoframe after 

evolution and annealing. This confirms that after the evolution process, there was more nickel present 

at the surface of the nanoframe in Pt3Ni(1.0) relative to Pt3Ni(1.5). It is important to note that 

synchrotron-based XRD, which takes advantage of high photon flux and high energy, short 

wavelength X-rays, could not detect crystalline nickel oxide in the Pt3Ni nanoframes (Fig. 3.4), 

indicating that the oxidized nickel species exist as very small domains of low crystallinity. The Pt 

L3-edge XANES (Fig. 3.3b) indicates that the platinum in Pt3Ni(1.0) and Pt3Ni(1.5) has a similar 

oxidation state which is slightly more oxidized than bulk Pt in a Pt foil standard. 
 

 
Figure 3.4. XRD of NFs. X-ray diffraction patterns of Pt3Ni(1.0) and Pt3Ni(1.5) as-prepared after 

annealing on carbon support. 

 

While XANES provides information on oxidation state, EXAFS is utilized to acquire structural 

parameters such as coordination numbers, bond lengths, and the extent of alloying in a bimetallic 

nanoparticle.241 In the post-edge region, the X-ray photon absorption creates a photoelectron wave 

which propagates outward from the absorbing atom. This wave can be scattered off of neighboring 

atoms, causing interference between the outward propagating wave and the backscattered wave. This 
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interference can be constructive or destructive and causes the fine structure in an X-ray absorption 

spectrum by modulating the absorption coefficient. Because the scattering of the photoelectron wave 

is dependent on the distance between atoms and the identity of those atoms, coordination information 

can be extracted from EXAFS data. EXAFS data at the Ni K-edge and Pt L3-edge were co-refined in 

order to analyze the atomic structure of Pt3Ni(1.0) and Pt3Ni(1.5). After annealing of the catalyst and 

before electrochemistry, further proof of the surface nickel oxide can be seen in the Ni K-edge R-space 

EXAFS spectra in which there is a first coordination shell at ∼1.7 Å indicative of Ni–O scattering 

(Fig. 3.3c). The EXAFS spectra in Fig. 3.5 were fit to a combination of a disordered fcc platinum 

nickel alloy model and a nickel oxide model. Due to the small nature of the nickel oxide species, only 

a first-shell Ni–O scattering path was included in modeling the nickel oxide species because any further 

Ni–Ni or Ni–O scattering paths were not significant. The nickel–oxygen coordination number derived 

from the fit, shown in Table 3.1, supports the conclusion that the Pt3Ni(1.0) nanoframe has a higher 

concentration of surface NiO clusters than Pt3Ni(1.5). The fit also shows that platinum is already 

segregated to the surface in the Pt3Ni(1.5) evidenced by the lower total coordination number for 

platinum than nickel. Surface atoms have fewer neighbors, reducing their average coordination 

number measured by EXAFS modeling.242 In Pt3Ni(1.0), nickel is still slightly enriched at the surface 

of the frames, supporting the observation of greater nickel oxide formation on these nanoframes. In 

summary, after annealing treatment, both nanoframe samples exhibit formation of oxidized nickel 

clusters at their surfaces. This allows for Pt-enrichment beneath the clusters, as demonstrated in the 

as-prepared EXAFS of Pt3Ni(1.5). 

Ni K-edge Pt L
3
-edge 

Figure 3.5. EXAFS of as-prepared catalysts. EXAFS fitting of first coordination shell for Ni K-edge 

and Pt L3-edge data (after annealing and before electrochemistry). For Ni K-edge EXAFS, 

∆k = 2-13 Å-1 and ∆R = 1.2-3 Å. For Pt L3-edge EXAFS, ∆k = 2-14 Å-1 and ∆R = 1.8-3.1 Å. 
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Table 3.1. EXAFS fitting parameters of as-prepared nanoframe catalysts.a 

  Pt3Ni(1.0) Pt3Ni(1.5) 

NPtNi 4.4 (1.7) 3.1 (1.3) 

NNiPt 7.9 (1.5) 7.9 (1.4) 

NPtPt 4.7 (1.5) 5.0 (1.3) 

NNiNi 0.7 (0.4) 1.0 (0.6) 

NPt 9.1 (3.2) 8.1 (2.6) 

NNi 8.6 (1.9) 8.9 (2.0) 

RPtNi 2.661 (0.023) 2.664 (0.019) 

RPtPt 2.710 (0.010) 2.72 (0.010) 

RNiNi 2.637 (0.015) 2.646 (0.015) 

NNiO 4.8 (0.5) 3.4 (0.5) 

RNiO 2.050 (0.008) 2.051 (0.010) 

aValues in parentheses are error bars determined from IFEFFIT. 

 

3.5  In Situ XANES and EXAFS Analysis of Pt3Ni/C 
 

Before probing the catalyst in situ, the electrode was electrochemically annealed with a cycling process 

which is standard procedure in an RDE set up to allow the catalyst to reach a steady-state composition 

and surface structure. The catalyst film on carbon paper for XAS was prepared with similar thickness 

to an RDE catalyst film so that all metal sites were considered electrochemically accessible (see 

Appendix A2.5). After cycling of the electrode, XANES spectra were collected at the Ni K-edge and 

Pt L3-edge at 0.9 V vs RHE under oxygen to replicate ORR conditions. First, it is evident in Fig. 3.6a 

through the decrease in white line intensity that the surface NiO has dissolved in the acidic electrolyte 

after potential cycling, giving the Ni XANES spectrum more metallic character. It was also found that 

at both metal edges, the XANES spectra were identical, and therefore, the oxidation states of both 

metals in both samples were deemed identical (Fig. 3.6a-b). The near-edge region of X-ray absorption 

probes electronic transitions from a core level into local, unoccupied states just above the Fermi level 

energy. During in situ ORR, the Fermi levels of the Pt3Ni metallic samples are controlled by the 

potentiostat at an identical potential relative to a reference electrode potential.40 Therefore, the 

probability of an X-ray absorption-induced transition into the unoccupied states is similar for these 

samples while under potential control, and their XANES spectra are identical. However, as can be 

seen from Fig. 3.6c-d, after the electrode is removed from the electrolyte, rinsed, and dried, the 

XANES spectra are no longer identical between Pt3Ni(1.0) and Pt3Ni(1.5). The Ni in Pt3Ni(1.0) is 

more oxidized while the Pt is more reduced, indicating increased donation of electron density from 

Ni to Pt in Pt3Ni(1.0).243 The increased alloying in Pt3Ni(1.0) will be further supported by the EXAFS 

analysis discussed below. Fig. 3.6e shows a XANES difference spectrum at the Ni K-edge for 

Pt3Ni(1.0) and Pt3Ni(1.5) samples where the normalized absorption in situ is subtracted from the 

normalized absorption after ORR. After the catalyst is rinsed and dried under nitrogen, the nickel in 

Pt3Ni(1.0) is more easily oxidized as indicated by the more intense peak at the white line position, 
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approximately 16–17 eV after the edge. The platinum shell is not protecting the nickel as thoroughly 

in Pt3Ni(1.0), suggesting the surface has more low coordination sites and a thinner platinum shell, as 

illustrated in Fig. 3.6f. These conclusions will be further substantiated by EXAFS data. 

 

 

Figure 3.6. XANES of Pt3Ni/C catalysts in situ and after electrochemistry. (a) Ni K-edge at 

0.9 V. (b) Pt L3-edge at 0.9 V. (c) Ni K-edge after in situ. (d) Pt L3-edge after in situ. (e) Ni K-edge in situ 

XANES subtracted from after in situ XANES. (f) Model surfaces of Pt3Ni(1.0) and Pt3Ni(1.5), where 

gray atoms are Pt and green atoms are Ni. 

 

In situ EXAFS analysis yields a clear picture of the differences in atomic distribution and structuring 

in Pt3Ni(1.0) and Pt3Ni(1.5). As stated earlier, the working electrode was cycled in order to condition 

the catalyst and then held at 0.9 V vs RHE for in situ ORR. The Fourier transformed EXAFS spectra 
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are shown in Fig. 3.7. EXAFS data for Pt and Ni foils were taken in order to execute a fit on the bulk 

sample and determine the S0
2 parameter, which was then used during fitting of the nanoframe EXAFS 

spectra. A fit to the first shell was performed using identical bounds in R-space for Pt3Ni(1.0) and 

Pt3Ni(1.5). A disordered fcc Pt3Ni model was created in order to generate the first shell homo- and 

heterometallic scattering paths. Coordination numbers, path lengths, and mean-square disorder 

parameters were allowed to float with the restraints that RPtNi = RNiPt and σPtNi
2 = σNiPt

2. The identical 

fitting procedure was used for all first shell fits, and the fitted parameters are shown in Table 3.2. 

Extended shell fitting was unsuccessful due to the disordered nature of the alloy and the small 

dimension of a single nanoframe edge, which is approximately 2 nm in width, leading to a reduced 

amplitude of the outer shells. The initial observation in the first shell fit is that the total coordination 

numbers NPt and NNi are similar for both samples, with NPt significantly smaller than NNi. As 

mentioned previously, this indicates that Pt atoms have segregated to the surface to form some 

variation of the desired Pt-skin structure because of the lower coordination number of surface atoms. 

It can also be seen that the heterometallic coordination of nickel to platinum is decreased in Pt3Ni(1.5), 

and correspondingly the homometallic coordination is increased. This depicts the nanoframe of 

Pt3Ni(1.5) as one with more segregation of Pt from Ni, which is also indicated by the smaller extent 

of alloying parameters for platinum, JPt, calculated for Pt3Ni(1.5) versus Pt3Ni(1.0). The extent of 

alloying parameters are calculated using the coordination numbers determined from EXAFS 

according to the method developed by Hwang et al.244 

Figure 3.7. EXAFS of catalysts in situ. Fits to the first coordination shell: (a) Ni K-edge EXAFS of 

Pt3Ni(1.0). (b) Pt L3-edge EXAFS of Pt3Ni(1.0). (c) Ni K-edge EXAFS of Pt3Ni(1.5). (d) Pt L3-edge 

EXAFS of Pt3Ni(1.5). For Pt EXAFS, Δk = 2.0–13.5 Å–1 and ΔR = 1.8–3.1 Å. For Ni EXAFS, 

Δk = 2.0–12.0 Å–1 and ΔR = 1.6–3.1 Å. 
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Table 3.2. EXAFS fitting parameters of nanoframe catalysts during in situ ORR.a 

  Pt3Ni(1.0) Pt3Ni(1.5) 

NPtNi 2.5 (0.5) 1.8 (0.5) 

NNiPt 6.4 (0.9) 6.4 (1.1) 

NPtPt 6.0 (0.7) 6.9 (0.8) 

NNiNi 3.9 (0.7) 4.0 (1.0) 

NPt 8.5 (1.2) 8.7 (1.3) 

NNi 10.3 (1.6) 10.4 (2.1) 

RPtNi 2.657 (0.006) 2.666 (0.007) 

RPtPt 2.716 (0.004) 2.728 (0.004) 

RNiNi 2.648 (0.007) 2.655 (0.010) 

JPt (%) 117 82 

JNi (%) 83 82 

aValues in parentheses are error bars determined from IFEFFIT. 

 

The composition of the nanoframe can be determined by Eq. 3.1245 

 
𝑋𝑃𝑡

𝑋𝑁𝑖
=

𝑁𝑁𝑖𝑃𝑡

𝑁𝑃𝑡𝑁𝑖
 (3.1) 

 

The sensitivity of the EXAFS measurement allows for estimation of slight variations in composition 

of Pt3Ni(1.0) and Pt3Ni(1.5) from the nominal value of the thermodynamically favorable, ordered 

Pt3Ni state. It was determined from in situ EXAFS measurements that Pt3Ni(1.0) was 28% nickel while 

Pt3Ni(1.5) was 22% nickel. It is expected that the composition will not be exactly that of Pt3Ni because 

the final composition of the nanoframe must be influenced by the amount of platinum segregation to 

the edge of the initial dodecahedra that were synthesized. The spontaneous corrosion to the 

nanoframe is a kinetically controlled process that does not access the thermodynamically stable, 

ordered Pt3Ni phase, given the disordered structure of the initial bimetallic particle. A nickel-rich 

nanoframe in the case of Pt3Ni(1.0) is further supported by the shorter bond lengths which were 

measured by EXAFS modeling. Due to a slightly larger incorporation of the smaller element, nickel, 

the bond lengths in Pt3Ni(1.0) are shorter. 

 

The ex situ post-ORR EXAFS data were collected after the catalyst film was rinsed with ultrapure 

water and dried under N2 (Fig. 3.8). It must be emphasized that the EXAFS analysis showed the same 

trends in coordination numbers, bond lengths, extent of alloying, and alloy composition between 

Pt3Ni(1.0) and Pt3Ni(1.5) after ORR as the in situ measurement, indicating good reproducibility of the 

technique (Table 3.3). 
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Figure 3.8. EXAFS of catalysts after electrochemistry. Fitting of first coordination shell for Ni 

K-edge and Pt L3-edge data of the nanoframe catalyst after electrochemistry (rinsed with deionized 

water and dried under N2). For Ni K-edge EXAFS, ∆k = 2-12 Å-1 and ∆R = 1.5-3.1 Å. For Pt L3-edge 

EXAFS, ∆k = 2-13.5 Å-1 and ∆R = 1.8-3.1 Å. 

 
Table 3.3. EXAFS fitting parameters of catalysts after electrochemistry.a 

  Pt3Ni(1.0) Pt3Ni(1.5) 

NPtNi 2.1 (0.7) 1.6 (0.7) 

NNiPt 5.7 (1.0) 5.5 (1.3) 

NPtPt 5.6 (1.0) 6.3 (1.2) 

NNiNi 4.1 (1.0) 4.4 (1.2) 

NPt 7.7 (1.7) 7.9 (1.9) 

NNi 9.8 (2.0) 9.9 (2.5) 

RPtNi 2.66 (0.008) 2.671 (0.007) 

RPtPt 2.715 (0.008) 2.725 (0.010) 

RNiNi 2.651 (0.009) 2.659 (0.010) 

JPt (%) 109 79 

JNi (%) 77 74 

aValues in parentheses are error bars determined from IFEFFIT. 
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3.6  Model of Ex Situ and In Situ Pt3Ni/C Surfaces 
 

The information gathered from ex situ and in situ XANES and EXAFS measurements on Pt3Ni 

nanoframe ORR catalysts provides an understanding of the structure of the more active Pt3Ni(1.5) 

catalysts. After evolution from nanopolyhedra to nanoframes, the nanoframes have platinum and 

nickel present at their surfaces, with Pt3Ni(1.5) slightly enriched in platinum at its surface. The 

annealing process in air atmosphere induces the formation of surface nickel oxide clusters while 

allowing for Pt enrichment beneath the nickel oxide clusters in Pt3Ni(1.5). Pt3Ni(1.5) has fewer nickel 

oxide clusters due to a larger presence of platinum on the surface of the nanoframe. The larger 

concentration of platinum on the surface of the Pt3Ni(1.5) nanoframe after the evolution process is 

attributed to better segregation of platinum to the edges of the initially synthesized rhombic 

dodecahedron. Anisotropic elemental distribution and phase segregation within a bimetallic 

nanocrystal have been previously observed in Pt–Ni octahedra as well,155 and play a key role in the 

successful spontaneous corrosion of a solid rhombic dodecahedron into a Pt3Ni(1.5) nanoframe. The 

complete formation of the Pt-rich framework at the edges of the initial solid polyhedron makes it 

easier to extract nickel from the interior of the polyhedron during the spontaneous corrosion to a 

hollow nanoframe. Fig. 3.9a-b illustrates the differences between the surface and alloying conditions 

of a cross-section of an edge of the Pt3Ni(1.0) and Pt3Ni(1.5) nanoframe before electrochemistry. The 

nickel atoms at the surface are representative of nickel oxide clusters which form after annealing in 

air. Once the nanoframe samples are immersed in the electrolyte, 0.1 M HClO4, and electrochemically 

annealed, the nickel oxide is dissolved from the surface, leaving pure platinum. In situ EXAFS analysis 

Figure 3.9. Nanoframe atomic structure models. Models of the atomic level structure of the edge 

of the Pt3Ni(1.0) and Pt3Ni(1.5) nanoframes (shown in cross-section) before electrochemistry (a,b) and 

in situ during ORR catalysis (c,d). Gray atoms are Pt and green atoms are Ni. 
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reveals more significant segregation of Pt from Ni in Pt3Ni(1.5) and slightly nickel-rich composition 

of Pt3Ni(1.0). The alloying data extracted from the EXAFS analysis of Pt3Ni(1.0) and Pt3Ni(1.5) once 

removed from electrolyte, rinsed, and dried, reflected identical differences as during in situ 

measurements. However, it was observed that nickel in the Pt3Ni(1.0) nanoframe was slightly more 

oxidized compared to that in the Pt3Ni(1.5) after exposure to air, which is further evidence that nickel 

is present closer to the surface, covered by a thinner, lower-coordinated platinum shell. The 

conclusions made from this analysis before, during, and after ORR electrochemical measurements 

lead to the model shown in Fig. 3.9c-d for the in situ atomic structuring of the edge of a nanoframe. 

The ideal nanoframe catalyst represented by Pt3Ni(1.5) forms a more uniform Pt-skin due to its 

increased segregation of platinum from nickel and slightly platinum-rich composition. The ability to 

form the ideal Pt-skin on the nanoframe is primarily predetermined by the initial synthesis of the 

rhombic dodecahedra and the amount of platinum segregation to the edges which is achieved. The 

extent of evolution toward the nanoframe, accelerated by solution-phase heating in the presence of 

oxygen, and the annealing step, are less critical to the formation of the ideal surface condition. If the 

segregation of platinum to the edges of the rhombic dodecahedron is not sufficient, the final 

nanoframe is likely to be enriched in nickel and have excessive nickel present at the surface of the 

nanoframe during annealing, preventing successful Pt-skin formation and causing a rough platinum 

surface to be exposed during electrochemistry. As has been observed on PtNi nanoparticles, the rough 

platinum surface exhibits a COad:Hupd ratio of 1.0.163 This decreased ratio compared to the Pt3Ni(1.5) 

is driven by adsorbates being more strongly bound due to the higher concentration of low 

coordination surface sites on the rougher platinum surface of the Pt3Ni(1.0). If the rhombic 

dodecahedron is synthesized with the desirable segregation of platinum to its edges, the nickel can be 

more thoroughly removed from the interior of the nanoframe and the nanoframe will form the desired 

Pt-skin during annealing. This ideal surface segregation of platinum changes the surface d-band 

electronic structure such that adsorbates are bound more weakly, simultaneously leading to the 

COad:Hupd ratio of 1.5 and dramatically increased activity for the ORR. 

 

3.7  Conclusions 
 

In summary, surface-sensitive electrochemical techniques and ex situ and in situ XAS were used to 

identify differences in atomic-level structure of Pt3Ni nanoframe catalysts which led to differences in 

their ORR activity. ECSA estimated from voltammograms of adsorbed Hupd and COad were used to 

identify nanoframes with COad:Hupd surface area ratios of 1.0 and 1.5. The ratio of 1.0 indicates the 

surface of the nanoframe that correlates with lesser activity for the ORR. In addition, the as-prepared 

Pt3Ni(1.0) demonstrated more abundant surface nickel oxide formation as compared to Pt3Ni(1.5). 

This nickel oxide was dissolved from the surface via electrochemical cycling in the acidic electrolyte, 

leaving behind a platinum surface. In situ EXAFS demonstrated that Pt3Ni(1.0) had a larger extent of 

alloying while Pt3Ni(1.5) had more significant segregation of Pt to the surface of the nanoframe. It 

was concluded that Pt3Ni(1.0) has a thinner, rougher Pt surface caused by insufficient segregation of 

Pt to the surface. Pt3Ni(1.5) exhibits extremely high ORR activity due to its significant segregation of 

Pt from Ni, allowing for better formation of a Pt-skin. The activity of a given nanoframe sample was 

resolved to be primarily pre-determined by the level of platinum enrichment at the edges of the initial 

rhombic dodecahedron. 
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4. Mechanism of Pt-Ni Rhombic 

Dodecahedron Growth 

 
Portions of the content and figures of this chapter are reprinted or adapted with permission from 

Z. Niu†, N. Becknell†, Y. Yu, D. Kim, C. Chen, N. Kornienko, G. A. Somorjai, P. Yang, “Anisotropic 

phase segregation and migration of Pt in nanocrystals en route to nanoframe catalysts”, Nat. Mater., 

2016, 15, 1188. DOI: 10.1038/nmat4724. Copyright 2016 Macmillan Publishers Ltd: Nature Materials. 

 

4.1 Preface 
 

The discovery of Pt3Ni nanoframes was somewhat fortuitous, and therefore the synthetic mechanism 

enabling this complex structure was not well understood. In order to take advantage of all of this 

system’s capabilities, the mechanisms behind the formation of Pt-Ni rhombic dodecahedra required 

deeper exploration. In Chapter 4, quasi-in situ sampling of the rhombic dodecahedron synthesis was 

coupled with a complete set of materials characterization techniques to elucidate the multiple 

mechanistic steps that facilitate the synthesis of Pt-Ni rhombic dodecahedra with specific phase 

segregation patterns. 

 

4.2  Introduction 
 

Metal nanocatalysts are an important sector of heterogeneous catalysis because their high surface-to-

mass ratio allows for efficient use of expensive, catalytically active transition metals.193 Discovery of 

novel nanocatalysts is vital in increasing catalytic efficiency to conserve energy and precious metals in 

various processes.23 Two strategies heavily utilized in the discovery of novel nanocatalysts are 

composition246 and shape247,248 control. These approaches, in particular, have been central to the 

advancement of oxygen reduction electrocatalysis. Platinum alloys have shown dramatic improvement 

over pure platinum,82,83,163 and platinum–nickel octahedra have consistently demonstrated activity 

improvements over their spherical counterparts.149,150,152-154,225 However, new strategies are needed to 

push the activity and stability of platinum-based nanocatalysts to more impressive numbers which can 

make an impact in the fuel cell market.22,23 

 

One strategy coming to the forefront of catalyst innovation is nanoscopic design of bimetallic catalyst 

structures through spatial segregation of the elements. Element-specific segregation in the Pt–Ni alloy 

system has been an intensively studied topic due to the early observation of a Pt-enriched {111} 

surface after vacuum annealing and its use as an extraordinary model oxygen reduction 

electrocatalyst.82,89 Naturally, Pt–Ni octahedral nanocatalysts were synthesized to attempt to replicate 

the unique nanosegregation of Pt to the {111} facets, but it was observed that {111} facets were 

Ni-rich, and therefore corroded from the octahedra during electrochemical testing.154 Recently, an in-

depth study by Gan et al. explained that, during Pt–Ni octahedra synthesis, platinum was reduced first 
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into hexapod-like concave nanocrystals on which nickel would undergo step-induced growth into the 

concave surfaces of the hexapod, forming the Ni-rich facets.155 Oh et al. observed similar hexapod-

like Pt-rich arms in their Pt–Ni octahedral system, but in the presence of carbon monoxide some Pt 

then migrated to the edges of the octahedron, creating a structure similar to a nanoframe.189 

 

Yang et al. observed similar phenomena during the synthesis of PtNi3 and PtCo3 rhombic 

dodecahedra, which had a Pt-rich phase segregated to their edges.187,249,250 Until now, it was not 

understood how the Pt-rich phase segregated to the edges of the rhombic dodecahedron and what 

was the driving force for this phenomenon. However, in this work, the formation mechanism of Pt-Ni 

rhombic dodecahedra has been fully described by analyzing the reaction at a slower rate with quasi-in 

situ sampling. The growth is divided into distinct stages of Pt-rich phase segregation and subsequent 

phase migration. It is found that initially, a Pt-rich seed particle forms on which overgrowth occurs in 

both the <111> and <200> growth directions. This distinctive bidirectional growth and segregation 

of the Pt-rich phase structurally guides the formation of the dodecahedron and provides a pathway 

for Pt atoms to migrate outwards to the vertices and edges of the dodecahedron and become enriched 

on the edges. By stopping the nanoparticle growth at specific times, the segregation of Pt to the edges 

of the rhombic dodecahedron can be controlled, and is shown to dictate the oxygen reduction activity 

of the nanoframes which result from the corrosion of the rhombic dodecahedra. 

 

4.3  Pre-Rhombic Dodecahedron Observations 
 

The Pt–Ni rhombic dodecahedra (RD) were synthesized by hot-injection of metal precursors in 

oleylamine at a lower synthetic temperature than reported in Chapter 3 (265 °C)249 to track the growth 

process over a longer period of time (see Appendix A3). Intermediate structures were captured from 

Figure 4.1. Formation process of the rhombic dodecahedra. TEM (a–c) and corresponding 

HRTEM (d–f) images of interim products obtained from the growth solution when its color is green, 

yellow, and brown, respectively. HAADF-STEM and EDS elemental mapping images (b, right) of a 

typical particle in (b): green is Pt and red is Ni, scale bar, 2 nm. FFTs of the corresponding HRTEM 

images (d, right; insets in e and f) indicate the growth directions of elongated nanoparticles and 

branched nanostructures. Moiré patterns (f) indicate the superimposition of two phases with different 

lattice constants present in the particle.251  
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the growth solution, which turned from green to yellow, brown, and finally black in about one hour. 

The initial Pt–Ni nanoparticles (Fig. 4.1a) collected from the green growth solution had an average 

size of 3.3 ± 1.4 nm and a composition of Pt70Ni30, as determined by EDS. Their morphology is either 

near-spherical (dominated by {111} and {100} facets) or elongated in the <111> or <200> directions 

as shown in the HRTEM images (Fig. 4.1d). When the solution turned yellow, these small 

nanoparticles had grown into branched structures with a size range of 4–15 nm (Fig. 4.1b). The growth 

directions of the short arms are <111> and <200> (Fig. 4.1e and Fig. 4.2), identical to those of the 

initial non-spherical particles. This indicates that the initial small particles serve as seeds on which 

bidirectional overgrowth occurs along the <111> and <200> directions much faster than other 

directions.252 The HAADF-STEM and EDS mapping images of a typical branched particle 

demonstrate that Pt is homogeneously distributed within the whole particle, whereas Ni is mainly 

distributed around the centre (Fig. 4.1b, right). The composition of these branched structures was 

Pt49Ni51. The higher Ni content compared to the initial nanoparticles suggests the reduction of Ni is 

accelerated during this period, possibly induced by step sites between the arms of the growing 

branched structures, as indicated in Fig. 4.2c.155,156 These step sites are located precisely where the 

growth of the Ni-rich phase is observed in EDS mapping. When the growth solution became brown, 

most branched particles had grown into well-defined polyhedra with an average size of 13 ± 5 nm 

(Fig. 4.1c, f). The polyhedra have been identified as rhombic dodecahedra on the basis of typical 

projections along different zone axes.187 The Ni content increased significantly to Pt12Ni88, which could 

result from continuous Ni-rich phase deposition on step sites until reaching the top of the arms and 

filling out the rhombic dodecahedron. 

 

4.4  Rhombic Dodecahedron Progression and Corrosion to 3-D 

Nanostructures 
 

Fig. 4.3a–c shows TEM images of products obtained at 3, 10 and 30 min after the growth solution 

had turned black. They are denoted as RD-3, RD-10 and RD-30, respectively. The average size is 

Figure 4.2. HRTEM images of interim ill-defined branches. The growth directions of the short 

arms in these branch structures, collected when the growth solution is yellow, are identified as <111> 

and <200>, regardless of the particle sizes. Insets in (a) and (c), as well as the right panel of (b) show 

the corresponding FFTs. Most branch particles are single crystals, while some have grain boundaries 

as shown in (b). Step sites are observed at the bottom of the short arms as indicated by black arrows 

in (b) and (c). 
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similar for RD-3 (16 nm, standard deviation σ = 1.6) and RD-10 (17 nm, σ = 2.1), but increases for 

RD-30 (22 nm, σ = 2.6) (Fig. 4.4a). To expose the distribution of the Pt-rich phase in the particles, the 

Ni-rich phase was selectively removed by chemical corrosion and these structures were termed RD-

3-cor, RD-10-cor and RD-30-cor, respectively. RD-3 evolved to structures (Fig. 4.3d and Fig. 4.5) that 

Figure 4.3. Development of RD and corrosion to three-dimensional nanostructures. (a–c) TEM 

images of rhombic dodecahedra with growth times of 3 min (a), 10 min (b) and 30 min (c) after the 

growth solution turns black. (d–f) TEM images of the corresponding products of (a–c) after removal 

of the Ni-rich phase by selective chemical corrosion, which reveal the morphology of the Pt-rich phase 

in the parent solid particles. Insets in (a–f) are geometrical models, in which the grey color represents 

Pt-rich phase and orange represents Ni-rich phase. 

Figure 4.4. Size distributions of solid Pt-Ni RD and corroded products. (a) Histograms of size 

distributions of RD-3, RD-10, and RD-30. (b) Histograms of axis or edge thickness distributions of 

RD-3-cor, RD-10-cor, and RD-30-cor. 
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have multiple long arms with a thickness of 2.1 nm (σ = 0.3, Fig. 4.4b). The arms are identified as the 

14 axes of the parent rhombic dodecahedron stretching from origin to vertex (Fig. 4.6), on the basis 

of the representative projected geometries (Fig. 4.7a–c). Therefore, RD-3-cor is named a tetradecapod. 

There are two types of axes in a rhombic dodecahedron, with the crystallography of a fcc alloy 

dictating that an axis is along either the <111> or <200> directions. The HRTEM and corresponding 

fast Fourier transforms (FFT, Fig. 4.7d–f) agree perfectly with this model. It should be restated that 

the <111> and <200> directions are precisely the growth directions of the branched intermediates 

(Fig. 4.1e and Fig. 4.2), so the Pt-rich phase had only further segregated to the axes inside RD-3, 

leaving uniform arms in the RD-3-cor tetradecapod. Alternatively, RD-10 and RD-30 transformed 

into nanoframes after the corrosion (Fig. 4.3e, f), consistent with the previous finding of Yang et al.187 

The average thickness of the frames’ edges increased from 1.6 nm (σ = 0.2) for RD-10 to 3.4 nm (σ = 

0.6) for RD-30 (Fig. 4.4b), suggesting more Pt enriched on the edges with prolonged growth time. 

 

 

Figure 4.5. TEM of RD-3-cor with different magnifications. Low-magnification image illustrates 

that the uniformity of the product is maintained after chemical-corrosion. High-magnification image 

illustrates the many projections possible for a tetradecapod. 

 

 

Figure 4.6. Geometric model of rhombic dodecahedron. The differences between the identifiers 

used in the text are indicated: axis, edge, two types of vertex and origin are labeled. 
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Figure 4.7. In-depth examination of tetradecapod geometry. (a‒c) TEM images of the RD-3-cor 

tetradecapod with typical projections that are similar to the geometrical models to their right. 

(d) HRTEM image of a typical tetradecapod viewed along [111] zone axis. The growth directions of 

the marked two arms are along <1-11> and <200> as indicated by corresponding FFTs (e, f). The 

structure is in perfect agreement with the geometrical model (b, right). Scale bars in a‒c are 5 nm. 

 

The spatial distributions of Pt and Ni in the rhombic dodecahedra at different growth times were 

further characterized by HAADF-STEM and EDS mapping (Fig. 4.8a–c). The samples were viewed 

along the [111] zone axis to compare their hexagonal projections. It clearly shows that Ni is distributed 

homogeneously in all three stages of the dodecahedron, whereas Pt is mainly distributed on the 

diagonals of the hexagon for RD-3, and also on the six sides of the hexagon in RD-10 and RD-30. 

This is consistent with the three-dimensional models in which the Pt-rich phase segregated on the 14 

axes for RD-3 and on the 24 edges for RD-10 and RD-30. Notably, RD-30 has much thicker Pt-rich 

diagonals and sides than RD-10, which were conserved in the corroded product. In RD-3-cor, RD-

10-cor and RD-30-cor, the Pt and Ni are distributed homogeneously within the respective 

tetradecapod or frame, and each has an identical composition of Pt75Ni25, based on EDS (Fig. 4.8d-f). 

 

The bulk compositions of RD-3, RD-10 and RD-30 determined by EDS coincided well with the 

ICP-OES results (Table 4.1). RD-3 and RD-10 possessed the same Ni:Pt ratio (9:1). However, the 

Ni:Pt ratio drastically decreased to 3:1 for RD-30 due to the continued Pt enrichment on the edges of 

the dodecahedra. XPS showed that Ni enriched on the surface in RD-3, whereas Pt enriched on the 

surface in RD-10 and RD-30 (Table 4.1). This is consistent with the structural models. 
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Figure 4.8. STEM–EDS analysis of segregation and migration of Pt in Pt–Ni RD. 

(a-f) HAADF-STEM and EDS mapping images of rhombic dodecahedra with different growth times 

of 3 min (a), 10 min (b) and 30 min (c), and their corresponding chemically corroded products (d–f). 

The intensity of the HAADF image is approximately proportional to atomic number (Z2).253 In RD-3, 

the bright signal represents the Pt-rich arms stretching from the origin to the vertices of the 

dodecahedron. In RD-10 and RD-30, the bright signal represents the Pt-rich edges of the 

dodecahedron which construct the nanoframe. In the EDS maps, green color represents Pt and red 

color represents Ni. Whereas Ni is homogeneously distributed in all three types of rhombic 

dodecahedra, Pt enriches at diagonals for RD-3 and at both diagonals and six sides for RD-10 and 

RD-30. In all images, scale bar, 6 nm. 

 

Table 4.1. Compositions of RD-3, RD-10 and RD-30 determined by EDS, ICP and XPS. 

Method 
Ni:Pt atomic ratio 

RD-3 RD-10 RD-30 

EDS 9:1 9:1 3:1 

ICP 9:1 9:1 3:1 

XPS 15:1 6:1 2:1 
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4.5  Phase Segregation in Rhombic Dodecahedra 
 

XRD patterns of RD-3, RD-10 and RD-30 (Fig. 4.9a) were used to characterize their distinctive phase 

segregation. The diffraction peaks of RD-3 and RD-10 are characteristic of the expected fcc alloy. 

Using Vegard’s rule, their compositions are roughly estimated to be Pt8Ni92, but this does not account 

for the asymmetry observed in the diffraction peaks. The asymmetry toward the left confirms that 

there is a segregated Pt-rich phase diffracting at lower 2Θ values which coexists with the sharply 

diffracting Ni-rich phase. With increasing reaction time (RD-30), the asymmetric peaks split into two 

sets of diffraction patterns, which are assigned to a Pt-rich phase (Pt61Ni39) and a Ni-rich phase 

(Pt8Ni92), again based on Vegard’s rule. The peak position of the Ni-rich phase does not change during 

the entire growth. It is evident that there is a core Pt8Ni92 phase that does not change composition, 

while Pt enriches on the edges of the dodecahedra and causes the Pt-rich phase to grow larger in lattice 

constant and in crystallite size. The XRD patterns of the chemically corroded products are also 

exhibited in Fig. 4.9a. The asymmetric and split diffraction peaks become a single set of symmetric 

peaks after chemical corrosion, indicating one phase with an estimated composition of Pt75Ni25 from 

Vegard’s rule. 

Figure 4.9. Structural evolution over time in Pt–Ni RD. (a) Powder X-ray diffraction patterns of 

rhombic dodecahedra and their corresponding chemically corroded products. RD-3 and RD-10 show 

asymmetric diffraction peaks at lower 2Θ that indicate the coexistence of segregated Pt-rich phase. 

The asymmetric peaks split into two sets of diffraction patterns for RD-30, in which more Pt had 

grown on the edges. (b) Ni K-edge and Pt L3-edge EXAFS spectra of rhombic dodecahedra. RD-3 and 

RD-10 have similar EXAFS spectra due to their nearly identical bulk compositions, while RD-30 has 

lower intensity in its first-shell peaks at the Ni K-edge and Pt L3-edge due to its increased phase 

segregation and Pt enrichment. 
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Phase segregation in the rhombic dodecahedra was further confirmed by EXAFS data taken at the Ni 

K-edge and Pt L3-edge (Fig. 4.9b). For RD-3 and RD-10, the Ni K-edge and Pt L3-edge EXAFS data 

were successfully co-fit using paths from a disordered fcc Pt10Ni90 model (Fig. 4.10).254,255 The EXAFS 

fit to RD-30 was performed using paths from a Pt25Ni75 disordered fcc model. Additional information 

Figure 4.10. EXAFS results for Pt-Ni rhombic dodecahedra. Ni K-edge (left column) and Pt 

L3-edge (right column) EXAFS spectra and fits to the first coordination shell (a‒f). Numerical results 

of each fit are displayed in Table 4.2. Raw k3-weighted χ(k) EXAFS spectra for Ni K-edge (g) and Pt 

L3-edge (h) for Pt-Ni rhombic dodecahedra. The ∆R fitting windows are indicated on the plots and 

the ∆k fitting windows were 2-14 Å-1 for the Ni K-edge and 2-12 Å-1 for the Pt L3-edge. 
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on the fitting procedure is provided in Appendix A3.6. For each sample, the EXAFS-determined 

coordination numbers were used to calculate the extent of alloying parameters (Table 4.2),244 which 

illustrate that Pt and Ni in RD-30 were significantly more segregated from each other than in either 

RD-3 or RD-10. This more significant phase segregation led to the peak-splitting observed in the 

XRD pattern for RD-30, whereas the phase segregation in RD-3 and RD-10 caused only peak 

asymmetry in the XRD patterns. 

 

Table 4.2. EXAFS fitting parameters for RD-3, RD-10, and RD-30.a 

 RD-3 (co-fit) RD-10 (co-fit) RD-30 (co-fit) 

∆E0,Ni 6.0 (0.9) 6.1 (0.8) 5.8 (0.6) 

∆E0,Pt 7.5 (2.0) 7.3 (1.8) 8.5 (1.2) 

NNiNi 7.8 (1.0) 7.2 (0.8) 7.1 (0.6) 

NNiPt 1.1 (0.2) 1.1 (0.2) 1.6 (0.3) 

NPtNi 9.7 (1.8) 10.0 (1.8) 4.7 (0.9) 

NPtPt - - 5.9 (1.5) 

RNiNi 2.50 (1) 2.50 (1) 2.50 (1) 

RNiPt 2.57 (1) 2.57 (1) 2.59 (1) 

RPtNi 2.57 (1) 2.57 (1) 2.59 (1) 

RPtPt - - 2.72 (1) 

σ2
NiNi 0.0070 (11) 0.0065 (10) 0.0070 (10) 

σ2
NiPt 0.0082 (15) 0.0081 (13) 0.0073 (16) 

σ2
PtNi 0.0082 (15) 0.0081 (13) 0.0073 (16) 

σ2
PtPt - - 0.0065 (17) 

R-factor 2.5% 2.0% 0.7% 

JNi 124% 133% 74% 

JPt 111% 111% 59% 

aValues in parentheses are error bars determined from IFEFFIT. 

 

4.6  Mechanism of Pt Segregation in Rhombic Dodecahedra 
 

An important, yet unaddressed question is how RD-3 with Pt-rich phase segregated to the inner axes 

progresses to RD-10 with Pt-rich phase segregated to the outer edges. Considering the extremely high 

similarity of RD-3 and RD-10 in terms of XRD patterns, EXAFS structures, and ICP compositions, 

it is proposed that their dissimilar elemental distributions are caused by the outward, anisotropic 

migration of Pt. One would then anticipate that an intermediate structure between RD-3 and RD-10 

would have Pt-rich phase segregation on both axes and edges. As shown in Fig. 4.11, the rhombic 

dodecahedra turned into incomplete nanoframes with Pt-rich phase remaining on both edges and axes 

after chemical corrosion. In addition, the conversion of RD-3 into RD-10 was attempted under ex situ 

conditions. If RD-3 was separated from the growth solution and annealed in neat oleylamine at 230 °C 

under N2, it could be corroded into nanoframes, rather than tetradecapods, because Pt had migrated 

from the axes to the edges (Fig. 4.12). These control experiments further illustrate the outward, 

anisotropic migration of Pt from the axes, although the underlying driving force must still be 

explained. 
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Figure 4.11. Intermediate three-dimensional structures between tetradecapod and nanoframe. 

(a) Schematic illustration of phase migration from RD-3 to RD-10 via an intermediate structure with 

Pt-rich phase segregated on both axes and edges. TEM images of products (b) stopped between RD-3 

and RD-10 and the corresponding products after chemical corrosion (c). The corroded structures show 

Pt-rich phase co-exists on both axes and edges. 

 

In a bimetallic alloy, the overall Gibbs energy of the particle must be minimized during any phase 

segregation that occurs.93,240,256 Preferential elemental segregation to the surface can result from 

differences in surface energy and/or atomic radius between the two metals. However, the segregation 

phenomena must overwhelm the influence of the chemical ordering energy of the alloy system.240 The 

Pt–Ni system has ordered phases for Pt25Ni75 or Pt50Ni50 compositions,257,258 but the ordering of a given 

phase at any stage of the growth is not observed by XRD and is unexpected due to the synthetic 

temperature used.259 Therefore, the element with lower surface energy is more likely to segregate to 

the surface unless a significant strain energy is induced by the larger element (which may or may not 

have lower surface energy), causing it to surface segregate to reduce the strain. Both phenomena are 

observed in the Pt–Ni rhombic dodecahedron. The rhombic dodecahedral shape exposes exclusively 

{110} facets, and the surface energies of Pt{110} and Ni{110} are 2.819 and 2.368 J m−2, 

respectively.91 Therefore, it is expected that Ni would preferentially segregate to the faces of the 

dodecahedron. However, Pt is much larger than Ni, with their atomic radii being 1.39 Å (Pt) and 

1.24 Å (Ni).260 Consequently, the larger Pt atoms on the interior of RD-3 tend to migrate outwards to 

relieve the internal strain, transitioning to the RD-10 structure. The Pt atoms migrate to vertex and 

edge sites in RD-10 and RD-30 because Ni-rich facets are highly favored by the lower surface energy 
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of Ni{110}. The progression from an ill-defined branched structure (Fig. 4.1b) to a uniform Pt-rich 

tetradecapod (Fig. 4.3d and Fig. 4.5) illustrates that Pt furthered its segregation to the axes of the 

dodecahedron before migrating to the edges. This observation, along with the intermediate structures 

with partial branch and frame morphology (Fig. 4.11c), implies that RD-3 progresses to RD-10 

through migration of Pt along the Pt-rich axes of the dodecahedron to the vertices, and then to the 

edges. The anisotropic migration is likely guided by the energetic favorability of large Pt atoms 

diffusing through a Pt-rich phase along the axes, as opposed to diffusing through the Pt8Ni92 phase 

surrounding the axes in the interior of RD-3 and RD-10.189 

 

Having thoroughly characterized the typical products obtained in the growth of Pt–Ni rhombic 

dodecahedra, the discrete stages can now be pieced together into a whole picture. Fig. 4.13 plots the 

trend in Pt and Ni content in the products obtained during the whole growth process. From the initial 

Pt70Ni30 nanoparticles, the Ni content increased first to Pt49Ni51 for the branched intermediates, and 

then to Pt12Ni88 for the primary rhombic dodecahedra. The substantial increase in Ni content during 

this period can be attributed to Ni deposition on the low-coordination sites of intermediate 

structures,155,156 which arose from anisotropic overgrowth of Pt on the non-spherical seeds. The nickel 

content then increased slightly more, becoming the Pt10Ni90 rhombic dodecahedra (RD-3). The Ni:Pt 

ratio remained nearly unchanged through RD-10. At the same time, Pt segregated to the axes (RD-3) 

Figure 4.12. Ex situ annealing converts RD-3 into “RD-10-like” dodecahedron. TEM images of 

RD-3 (a) and corresponding RD-3-cor (b), as well as RD-3 after ex situ annealing (c) and corresponding 

corroded product (d).  The two distinct pathways are 1) a→b or 2) a→c→d. 



46 

 

and then migrated through the axes onto the edges (RD-10) to minimize the energy penalties arising 

from the strain of the larger Pt atoms inside the Ni-rich lattice. After the anisotropic migration, the Pt 

content slowly increased to Pt35Ni65 with increasing growth time (40 min). As the well-defined rhombic 

dodecahedron has fewer step sites, the Ni deposition becomes greatly suppressed during the Pt 

enrichment stage. The increase in Pt content comes from continued Pt reduction from the remaining 

precursor in solution onto the edges of RD-10. The Pt-rich phase migration (RD-3 to RD-10) and 

enrichment (RD-10 to RD-30) are both selectively onto the edges and not the facets of the rhombic 

dodecahedra, due to the higher surface energy of Pt{110} than Ni{110}. The comprehensive growth 

trajectory is presented in Fig. 4.13. 

 

 

Figure 4.13. Summary of the complete growth process of a Pt–Ni rhombic dodecahedron. The 

composition plot indicates that Ni content in the products increases first and then decreases. 

Compositions in the plot are determined by EDS for circles and by ICP for squares. The colors of the 

circular points represent the colors of the growth solution from which the products were obtained. 

The schematic illustration of the growth mechanism exhibits three growth regimes: Ni deposition on 

the step sites of Pt-rich branch structures; anisotropic migration of Pt from axes to edges; continued 

enrichment of Pt on edges. In the scheme, grey color represents the Pt-rich phase while orange 

represents the Ni-rich phase. 

 

The results of this study lend insight into novel methods for constructing nanocatalysts with desired 

performance using designed phase segregation patterns. This concept was demonstrated by measuring 

the oxygen reduction activity of RD-3-cor, RD-10-cor and RD-30-cor (Fig. 4.14). The advantage of 

controlling Pt segregation to the edges of the rhombic dodecahedron is clear in that both the specific 

activity and mass activity of the open nanostructures can be tuned to higher values by allowing Pt edge 

segregation to increase. The activity trend observed demonstrates the beneficial effects of tuning 

morphology and size, which can affect the coordination and strain of surface atoms performing 

catalysis.107,154 
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Figure 4.14. Oxygen reduction activity of tetradecapods and nanoframes. Hydrogen 

underpotential deposition cyclic voltammograms (a) performed in Ar-saturated 0.1 M HClO4 at 

50 mV/s. Rotating disk electrode oxygen reduction curves (b) collected in O2-saturated 0.1 M HClO4 

at 20 mV/s with a rotation rate of 1,600 rpm. Specific activity (c) and mass activity (d) of tetradecapods 

and nanoframes compared to commercial Pt/C. All Pt-Ni catalysts had a COad:Hupd = 1.0, where COad 

and Hupd represent the ECSA calculated from the CO-stripping and hydrogen underpotential 

deposition techniques, repsectively.249
 Specific surface area measurements were determined to be 

54.4 m2/gPt (RD-3), 53.0 m2/gPt (RD-10), and 50.4 m2/gPt (RD-30). 

 

4.7  Conclusions 
 

This work has revealed through Pt–Ni rhombic dodecahedra that the growth of shaped, bimetallic 

nanostructures is a complex, concurrent evolution of their composition, element spatial distribution, 

and morphology. Such intricate phenomena are consequences of a series of fundamental chemistries, 

including un-matched reduction potentials of metal precursors, anisotropic overgrowth on preformed 

seeds, step-induced metal deposition, and site-dependent phase segregation and migration. The 

growth trajectory of a bimetallic nanostructure therefore relies on how these fundamental steps are 

maneuvered. The anisotropic overgrowth can be modified by the type of seed present in the growth 

solution and the ligand coordination strength to the facets of the seed.139,261,262 It is possible that the 

growth direction could be exclusively along the <111> or <200> directions if the seeds take an 

octahedral or cubic shape or if ligand binding is favored on either the {111} or {100} facets. In the 

growth of Pt–Ni rhombic dodecahedra, the near-spherical seeds had {111} and {100} facets and the 
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overgrowth was bidirectional. Unidirectional overgrowth along the <200> direction was observed in 

the growth of Pt–Ni octahedra using dimethylformamide-solvated acetylacetonate as the ligand. The 

final product exhibited a phase segregation pattern with Ni enriched on the {111} facets of the 

octahedron.155 

 

After the initial anisotropic growth, anisotropic migration of the segregated phase can further tune the 

functionality of the nanocrystal. In Pt–Ni rhombic dodecahedra, phase segregation and migration 

allowed for Pt75Ni25 tetradecapods or nanoframes to be obtained after chemical corrosion of nickel 

inside the particles. The nanoframe structure was previously demonstrated as capable of drastically 

improving material utility and ORR activity due to its open structure with three-dimensional molecular 

accessibility. This unique electrocatalyst design was made possible through distinct stages of the 

nanocrystal growth. Pt-rich anisotropic growth provided the structure-directing seed to form rhombic 

dodecahedra. The Pt-rich phase then migrated anisotropically through the axes of the dodecahedron 

to its vertices and edges, which were further enriched with Pt. These findings highlight the importance 

of anisotropic growth and site-dependent phase segregation and migration mechanisms for controlling 

the compositional heterogeneity in bimetallic nanostructures, offering a radically different approach 

to the fabrication of nanocatalysts with enhanced performance. 
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5. Excavated Nanoframes 

 
Portions of the content of this chapter are reprinted or adapted with permission from N. Becknell†, 

Y. Son†, D. Kim, Y. Yu, Z. Niu, T. Lei, B. T. Sneed, K. L. More, N. M. Markovic, V. R. Stamenkovic, 

P. Yang, “Tunable Architecture of Rhombic Dodecahedral Pt-Ni Nanoframe Electrocatalysts”, 

Manuscript in preparation. 

 

5.1 Preface 
 

The improved understanding of the complete mechanism behind the formation of a Pt-Ni rhombic 

dodecahedron, which can be etched into a hollow Pt3Ni nanoframe, opened up new opportunities to 

control the anisotropy of Pt. This could enable new shapes and/or surface features to be exposed on 

a nanocrystal catalyst, leading to novel properties. In Chapter 5, a simple control over the Pt and Ni 

precursor ratio was used to drastically alter the Pt anisotropy within the rhombic dodecahedron such 

that an excavated nanoframe, with no hollow spaces but extremely thin interior sheets, was 

synthesized. The excavated nanoframe demonstrated excellent activity for the oxygen reduction 

reaction. 

 

5.2 Introduction 
 

The PEMFC is a critical technology to enhance the clean, sustainable production and usage of energy 

for society, implementing hydrogen as the energy storage medium.23 Hydrogen fuel for the PEMFC 

can be obtained by water electrolysis powered by a renewable energy source, completing the 

sustainable and carbon-free water cycle.3,263 Initial applications of PEMFCs have been to replace the 

gasoline engine in powering personal vehicles.21 A major roadblock preventing PEMFCs from 

increased infiltration into the transportation sector is the cost of the platinum-based catalysts that 

perform the ORR in the cathode.23 Although Pt shows the highest catalytic activity among the 

elements of the periodic table, its necessity must be reduced within a fuel cell cathode in order to be 

cost-competitive with gasoline powered vehicles.22 

 

In order to improve the ORR reaction rate and diminish Pt loading in the cathode, major efforts have 

been placed on the study of Pt alloys with cheap, 3d transition metals.24,83,125,187,264 Implementation of 

these alloys, which demonstrate higher activity than pure Pt, in nanoparticle catalysts allows for the 

Pt-based mass activity to reach the magnitude required to significantly reduce the cost of PEMFCs 

while maintaining performance, though improvement is still needed. Specifically, evaluating and 

discovering optimal element spatial distributions at both the atomic level and the nanoscale has been 

a major area of focus. Stamenkovic et al. have shown that activity can be enhanced by inducing surface 

atomic rearrangement to create Pt-skin structures from Pt-skeleton surfaces in Pt-Ni alloys.82,163,165,249 

In Pt-skin structures, it is the atomic scale segregation of Ni just beneath the pure Pt surface that tunes 

the electronic structure of the surface for enhanced ORR activity. On the nanoscale, control over the 

element spatial distribution in bimetallic alloys can create unique nanoparticle structures that enhance 
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the activity for ORR.154,265 By taking advantage of various mechanistic steps in nanoparticle synthesis, 

such as nucleation, step-induced deposition, and atomic diffusion, an anisotropic distribution of one 

or both elements within a bimetallic nanoparticle can be obtained.155 In recent reports, Pt-rich edges 

could be formed in Pt-Ni and Pt-Co rhombic dodecahedral nanoparticles through Pt migration from 

the interior of the rhombic dodecahedron and segregation to the edges.187,250 These Pt-rich edges 

remained after corrosion of the Ni-rich interior, resulting in Pt3Ni or Pt3Co nanoframes (NF). Here, 

control of the element spatial distribution in Pt-Ni rhombic dodecahedra is used to prepare different 

Pt anisotropy within the dodecahedron. The resulting nanoframe has a unique morphology leading to 

enhanced ORR catalytic activity. 

 

5.3 Control of Pt Anisotropy in Rhombic Dodecahedra 
 

By control of the concentration and ratio of Pt and Ni precursors (see Appendix A4 for details), 

thereby adjusting their chemical potentials, the three-dimensional elemental distributions in solid 

rhombic dodecahedra (SD) was altered to have either only Pt-rich edges (Fig. 5.1a) or Pt-rich edges 

together with Pt-rich sheets inside the SD (Fig. 5.1b). The synthetic mechanism of formation of the 

Pt-Ni SD as discussed in Chapter 4 begins with the formation of Pt-rich branches followed by step-

induced Ni deposition between the branches (Fig. 5.2).265 At this stage, it was discovered that 

preferential deposition of Pt could be induced by lowering the Ni precursor concentration and 

reducing its chemical potential. The faster deposition rate of Pt than Ni led to higher Pt composition 

of the SD. During the growth process, the excess Pt was deposited between the Pt-rich branches in 

addition to segregating to the edges and branches, resulting in Pt-rich sheets inside the SD. The sheets 

are bordered by both interior branches and exterior edges of the SD. Ni eventually deposited in the 

concave sites formed by the growing branches and sheets in order to fill out the rhombic 

dodecahedron. This synthetic control allowed for excavated nanoframes (E-NF) to be formed after 

Ni corrosion that contain not only Pt-rich edges, but also {110}-terminated sheets extending inward 

Figure 5.1. Scheme of Pt anisotropy control strategy. Illustration of the synthetic difference 
between (a) hollow nanoframe (H-NF) and (b) excavated nanoframe (E-NF). In the models, orange 
represents Ni-rich regions and gray represents Pt-rich regions. 
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from the edge of the nanoframe. If the Ni concentration was kept high during the synthesis, hollow 

nanoframes (H-NF) similar in morphology to the previous work could be obtained.187,249,250,265 The 

E-NF demonstrated significantly enhanced ORR specific activity over the H-NF due to its extended 

surface facets and was able to maintain high mass activity due to the thin sheet structure. 

 

 

Figure 5.2. Rhombic dodecahedron growth schemes. (a) Explanation of terminology used 

throughout this chapter to describe the locations of the atoms. On its exterior, the rhombic 

dodecahedron has 24 edges. On its interior, it also has 6 branches of type A (red) and 8 branches of type B 

(black) that extend from the origin to each vertex. Branch A grows in the <100> direction while branch 

B grows in the <111> direction. There are 24 triangular sheets whose sides are made up of one branch 

A, one branch B, and one edge. (b) The synthetic mechanism for the formation of Pt-Ni rhombic 

dodecahedra as described in Chapter 4 suggests that solid dodecahedra (H-SD), which can be etched 

into H-NF, are formed by Ni deposition that is favored (indicated by thick orange arrow) between 

branch sites.265 Therefore, after lowering the Ni precursor concentration, Pt deposition became more 

favorable (indicated by thick gray arrow), leading to solid dodecahedra (E-SD) that can be etched into 

E-NF. Eleven of the fourteen branches have been left out of the scheme for clarity. In the models, 

orange represents Ni-rich regions and gray represents Pt-rich regions. 

 

Fig. 5.3a-d shows TEM and scanning electron microscopy (SEM) images for H-NF and E-NF. 

Though the SD precursors to H-NF and E-NF (H-SD and E-SD) exhibited similar morphology to 

each other (Fig. 5.4), Fig. 5.3a-b demonstrates the clear hollowness inside H-NF, while E-NF 

displayed sheet-like structures extending inward from the edges of the nanoframe in Fig. 5.3c-d. As 
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shown in Fig. 5.1, the NF edges (and sheets in the case of E-NF) remain after corrosion of Ni due to 

their Pt-rich composition. Fig. 5.3e-f shows STEM- HAADF images and STEM-EDS mapping of 

pristine H-NF and E-NF oriented in the <111> direction. The lack of Pt and Ni signal inside H-NF 

is evident, whereas E-NF exhibited a uniform distribution of Pt and Ni throughout its structure 

between the edges. For reference, Fig. 5.5a shows STEM-HAADF and STEM-EDS for E-NF in the 

Figure 5.3. Comparison of hollow and excavated nanoframes. TEM and SEM images of 

(a, b) H-NF and (c, d) E-NF (scale bars represent 20 nm). STEM-HAADF image and STEM-EDS 

mapping of (e) H-NF and (f) E-NF oriented in the <111> direction (scale bars represent 10 nm). 

Figure 5.4. Morphology of solid dodecahedral nanoparticles. SEM images of solid rhombic 
dodecahedral precursors to (a) hollow nanoframe and (b) excavated nanoframe. The solid precursors 
to the nanoframes were named H-SD and E-SD, respectively. Scale bars represent 30 nm. 
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<110> direction with clear sheet formation extending from edge to edge. Fig. 5.5b and 5.5c show 

dense and uniform Ni distribution in H-SD and E-SD, respectively, because the Ni has not yet been 

corroded. Similar to the NF case, E-SD exhibited Pt distribution throughout the particle while Pt 

signal can only be observed on the edges of H-SD. Here, the two major differences between the 

synthesis of SD in this work and previous work are emphasized.187 First, the amount of Ni2+ precursor 

used for H-SD and E-SD is ~120% and ~70%, respectively, of the amount used in previous work in 

order to control anisotropic Pt segregation and tune the morphologies of the resulting nanoframes. 

Second, in this work, the precursors are dissolved in oleylamine before injection, while in the previous 

work, the precursor solution was aqueous. 

 

 

Figure 5.5. Elemental mapping of hollow and excavated anisotropies. STEM-HAADF and EDS 

mapping of (a) E-NF, oriented in the <110> direction, and (b) H-SD and (c) E-SD, both oriented in 

the <111> direction. Scale bars represent 10 nm. 

 

5.4 Phase Segregation in Rhombic Dodecahedra 
 

Fig. 5.6a shows powder XRD patterns of NFs and corresponding SD samples. All samples showed 

face-centered cubic crystalline structure with diffraction peak positioning dependent on the 

composition of Pt and Ni. Both NFs had (111) peak positions at lower 2Θ than the corresponding 

SDs due to their Pt-rich compositions after Ni corrosion. E-NF had narrower diffraction peaks than 

H-NF, with E-NF and H-NF measuring 1.13° and 1.83° full width at half maximum (FWHM), 

respectively, at the (111) peak position (Fig. 5.6b). Based on the Scherrer equation, with all other 

variables being equal, the smaller FWHM in the E-NF pattern is a manifestation of a larger crystal 

grain size.266 This is consistent with E-NF having an extended sheet structure connected to the edges 

of the frame that results in larger grains. Fig. 5.6c and 5.6d indicate the degree of asymmetry in the 

(111) peak of H-SD and E-SD. The (111) peak of H-SD has a sharp component from the large grain 

of Ni-rich phase in H-SD. Due to the significant segregation of Pt to the edges of H-SD, there is also 

an obvious asymmetry toward lower 2Θ. E-SD also revealed phase separation, though the Pt 
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segregation was evidently less than in H-SD as observed by the smaller degree of asymmetry. The blue 

arrows in Fig. 5.6c-d indicate the (111) peak position of the corresponding NFs, which is the 

diffraction contribution from the Pt-rich phase in the SD samples. In addition to the (111) peak 

position of E-SD being at lower 2Θ than that of H-SD, the intensity at the position of the blue arrow 

is much larger in E-SD, indicating a larger fraction of the Pt-rich phase. 

 

Table 5.1 presents experimental composition measurements of NFs and SDs. As previously 

mentioned, the XRD patterns of both SD samples showed severe asymmetry due to phase segregation 

 ICP XPS 

H-SD Pt9Ni91 Pt19Ni81 

E-SD Pt29Ni71 Pt32Ni68 

H-NF Pt67Ni33 Pt80Ni20 

E-NF Pt65Ni35 Pt73Ni27 

Figure 5.6. X-ray diffraction of solid nanoparticles and nanoframes. (a) XRD patterns for H-SD, 
E-SD, H-NF, and E-NF. (b) Magnified and overlapped (111) peak of H-NF and E-NF showing larger 
FWHM for H-NF. Magnified asymmetry of the (111) peak for (c) H-SD and (d) E-SD. Blue arrows in 
(c) and (d) correspond to the position of the (111) peak of NFs. Red dashed lines are a guide to indicate 
the degree of asymmetry of each peak. 

Table 5.1. Compositions of hollow and excavated solid nanoparticles and nanoframes. 
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such that it is difficult to assign a specific composition for each sample based on XRD. However, bulk 

composition information could be obtained from ICP-OES. In addition, the surface composition was 

obtained from XPS measurements. According to the Beer-Lambert law, the intensity of emitted 

photoelectrons reaching the electron analyzer in XPS exponentially decays with the depth from which 

the electrons are emitted.267 Thus, the composition results from XPS represent the surface-focused 

composition. The surface composition of H-SD showed increased Pt concentration compared to the 

bulk due to Pt segregation to the edges of the rhombic dodecahedron. In contrast, E-SD showed very 

similar Pt composition at the surface and in the bulk. This comparison indicated that the Pt-rich 

domains evident from XRD and STEM-EDS must be located equally on the exterior and interior of 

E-SD. These Pt-rich domains survive after chemical corrosion of Ni as the outer frame edges and 

connected inner sheet structure in E-NF. Therefore, by comparing XPS and ICP composition results 

between H-SD and E-SD, it was obvious that the location of the thin sheet structure of E-NF was 

consistent with the TEM analysis. 
 

Figure 5.7. Elemental segregation in hollow and excavated solid nanoparticles. Schematic 
diagram of atomic compositional gradient for (a) H-SD and (b) E-SD and their chemical etching into 
NFs. White border in three-dimensional SD models indicates cross-section of SD that is atomically 
modeled in two dimensions. In the 3-D models, orange represents Ni-rich regions and gray represents 
Pt-rich regions. 
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In addition, the composition results from ICP and XPS for H-NF and E-NF were compared, with 

both NFs demonstrating more Pt-rich surface compositions compared to their bulk compositions. 

However, H-NF exhibited more severe Pt enrichment on its surface. This is consistent with the 

original phase segregation patterns in as-synthesized H-SD and E-SD. As demonstrated through XRD 

and STEM-EDS measurements, E-SD had less segregation of Pt from Ni, allowing for the sheet 

structures to remain after corrosion of Ni. Therefore, it was expected and confirmed by comparison 

of XPS and ICP that after corrosion, E-NF would have more Ni in the near-surface region than 

H-NF. A representative scheme of the contrasting elemental segregation gradients in H-SD and E-SD, 

which led to different near-surface Ni compositions in H-NF and E-NF, is demonstrated in Fig. 5.7. 

The reduced segregation of Pt from Ni in E-NF was further confirmed by EXAFS analysis (Fig. 5.8) 

of H-NF and E-NF, where E-NF demonstrated a greater extent of alloying (JPt and JNi) compared to 

H-NF (Table 5.2, see Appendix A4.5 for additional details).244 Since the extended sheet structure in 

Figure 5.8. EXAFS of hollow and solid nanoframes. EXAFS χ(k) data at the (a) Ni K-edge and 
(b) Pt L3-edge for both H-NF and E-NF. Magnitude of Fourier transformed EXAFS spectra for 
R-space plots at the (c) Ni K-edge and (d) Pt L3-edge. All plots show either k-space or R-space fitting 
windows in gray, which were applied during co-fits of the Ni and Pt edges for each sample. 
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E-NF has a larger Ni ratio in the near-surface region, Ni will influence the electronic structure of the 

catalyst surface to a greater degree than in H-NF. It is well known that Pt-Ni alloys have a downshift 

in the d-band center position of the catalyst surface compared to pure Pt, leading to weaker binding 

with surface adsorbates.67,83,84 This trend has been shown to induce higher catalytic activity in Pt-Ni 

alloy ORR catalysts compared to pure Pt.82 In addition, the extended sheet structure of E-NF is likely 

to have fewer low-coordinated sites. It was demonstrated by EXAFS that the coordination number 

of Pt in H-NF is significantly lower on average than E-NF (Table 5.2), indicating that H-NF would 

have more low-coordinated sites that bind oxygenated adsorbates more strongly during ORR.108 Since 

H-NF has a combination of a more Pt-rich surface with more low-coordinated sites than E-NF, it is 

expected that it will bind ORR-related adsorbates too strongly, resulting in lower intrinsic ORR activity 

for H-NF. 

 

Table 5.2. EXAFS fitting results for hollow and excavated nanoframes.a 

 H-NF E-NF 

RPtNi 2.63 (1) 2.63 (1) 

RPtPt 2.70 (1) 2.71 (1) 

RNiPt 2.63 (1) 2.63 (1) 

RNiNi 2.61 (1) 2.61 (1) 

𝜎𝑃𝑡𝑁𝑖
2  0.0073 (22) 0.0066 (13) 

𝜎𝑃𝑡𝑃𝑡
2  0.0074 (12) 0.0065 (8) 

𝜎𝑁𝑖𝑃𝑡
2  0.0073 (22) 0.0066 (13) 

𝜎𝑁𝑖𝑁𝑖
2  0.0159 (32) 0.0144 (23) 

NPtNi 2.0 (8) 2.7 (6) 

NPtPt 7.4 (1.8) 7.9 (1.4) 

NPt,total 9.4 (2.6) 10.6 (2.0) 

NNiPt 3.0 (1.0) 3.6 (7) 

NNiNi 6.9 (1.9) 5.9 (1.2) 

NNi,total 9.9 (2.9) 9.5 (1.9) 

∆E0,Pt 5.9 (1.2) 6.8 (8) 

∆E0,Ni 3.2 (1.0) 3.9 (7) 

R-factor 0.0095 0.0044 

Red. χ2 298 123 

JPt 64% 73% 

JNi 45% 58% 

aValues in parentheses are error bars determined from IFEFFIT. 

 

5.5 Morphology of Excavated Nanoframe 
 

As mentioned above, it has been shown in Chapter 4 that in the formation process of Pt-Ni rhombic 

dodecahedra, a branched nanoparticle forms from the initial nucleated seed. It was also demonstrated 

that, in order to form the SD precursor to a hollow nanoframe, the Pt that was originally part of the 

branched seed migrated outward to the edges of the rhombic dodecahedron.265 Under lower Ni 

concentration, as is the case for synthesis of E-SD, Pt could be favorably deposited between the 
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branches such that some Pt will stay inside E-SD even after the formation of Pt-rich exterior edges. 

After chemical corrosion, the excess Pt that had deposited inside E-SD formed the sheet structure 

that is bounded by the interior branches and exterior edges in E-NF. The most probable model for 

E-NF (Fig. 5.9a) was established based on the mechanism of Pt-Ni rhombic dodecahedron formation 

Figure 5.9. Three-dimensional morphology of the excavated nanoframe. (a) The model of the 
excavated nanoframe shown in three orientations, where red indicates branches of type A and black 
indicates branches of type B. See Fig. 5.2 for more details. (b) HRTEM image of the excavated 
nanoframe oriented in <110> direction. The top left inset is the corresponding model of the excavated 
nanoframe in the identical orientation. The bottom left inset is the FFT of the image in the red box. 
(c) Magnified HRTEM image of thin sheet in excavated nanoframe from green box in (b), with ET 
rendering of excavated nanoframe in inset. All scale bars represent 5 nm. 
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and the TEM and SEM images collected for E-NF. In this model, all inner sheets are perpendicular 

to the <110> direction and it is therefore expected that the sheets will have {110} surfaces. In order 

to confirm the model, HRTEM images and electron tomography (ET) of E-NF were collected. 

Although most 2-D projections of this model contain two overlapping sheets, if the model E-NF is 

oriented in the <110> direction, a region exists where the electron beam must pass through only one 

sheet, as shown in Fig. 5.9b. This image corresponds well with the model of E-NF oriented in the 

same direction (top left inset). The FFT of a single sheet (bottom left inset, taken from portion of 

image in red box) confirmed that E-NF was oriented in the <110> direction. Fig. 5.9c shows the high 

crystallinity in the region of a single-sheet and an ET rendering of E-NF, demonstrating the excavation 

of the rhombic dodecahedron. In summary, these sheet structures were found to remain in the {110} 

planes extending inward from the edges of the NF after chemical corrosion, suggesting that they are 

terminated with primarily {110} facets. 

 

5.6 Oxygen Reduction Activity of Excavated Nanoframes 
 

We loaded the three-dimensional nanostructures, either H-NF or E-NF, on carbon support to 

compare their catalytic performance toward ORR. Fig. 5.10 shows a typical TEM image of H-NF and 

E-NF deposited on carbon, illustrating that the dispersion of both NFs was uniform over the carbon 

support. H-NF and E-NF were electrochemically tested using the rotating disk electrode method and 

benchmarked against a commercial Pt/C catalyst. The CVs in Fig. 5.12a illustrate that both NF 

catalysts have high SSA. The SSA, measured by the Hupd process, was 60.2 m2/gPt for H-NF and 48.1 

m2/gPt for E-NF, which are both slightly less than that of commercial Pt/C (76.1 m2/gPt). The SSA of 

E-NF was lower than that of H-NF due to its interior sheets, making it a quasi-2D structure instead 

of the quasi-1-D rods of H-NF. Electrooxidation of adsorbed CO (also known as CO-stripping) on 

H-NF and E-NF provided similar ECSA to Hupd such that the ratio ECSACO/ECSAHupd was found to 

be 1.03 for both electrocatalysts (Fig. 5.11). This confirms that the Pt-skin structure does not exist on 

these nanoframes due to the differences in synthetic method, corrosion to nanoframe, and annealing 

treatments.165 However, it is demonstrated below that even without Pt-skin formation, E-NF could 

achieve extremely high activity. 

 

 

Figure 5.10. TEM of as-loaded nanoframes on carbon support. TEM images of (a) H-NF and 

(b) E-NF after loading on carbon. Scale bars represent 100 nm. 
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Figure 5.11. Pt-skeleton formation on excavated and hollow nanoframes. Representative CO-

stripping and hydrogen underpotential deposition measurements for (a) E-NF and (b) H-NF recorded 

at room temperature in Ar-saturated 0.1 M HClO4 solution with a sweep rate of 50 mV/s. CO-

stripping measurement is recorded after catalyst is poisoned with CO, and excess CO is purged by Ar. 

Both E-NF and H-NF exhibited ratios of ECSACO/ECSAHupd = 1.03, indicating no Pt-skin 

formation.165 

 

A positive shift in the onset of hydroxyl adsorption of ~18 mV occurred for E-NF versus that of 

H-NF, accompanied by a negative shift in the underpotential deposition of hydrogen. Both of these 

shifts indicate weaker binding to surface species in the following order: E-NF < H-NF < Pt/C. This 

result is in agreement with increased near-surface Ni alloying with Pt and fewer low-coordinated sites 

of the E-NF surface compared to the H-NF surface observed by various methods. The ORR 

measurement was performed in 0.1 M HClO4 solution saturated with oxygen at a sweep rate of 

20 mV/s and a rotation rate of 1600 rpm. As shown in Fig. 5.12b, the ORR polarization curves 

Figure 5.12. Oxygen reduction activity of excavated nanoframes. (a) Cyclic voltammograms 
recorded at room temperature in Ar-saturated 0.1 M HClO4 solution with a sweep rate of 50 mV/s. 
All potentials are reported versus RHE. (b) ORR polarization curves recorded at room temperature in 
O2-saturated 0.1 M HClO4 solution with a sweep rate of 20 mV/s and a rotation rate of 1600 rpm. 
(c) Specific activity and (d) mass activity at 0.95 V vs RHE for Pt/C, H-NF, and E-NF as compared 
to Pt3Ni NFs with Pt-skin.187 
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demonstrate an increase in activity along the following trend: Pt/C < H-NF < E-NF. The calculated 

kinetic current density at 0.95 V vs RHE was normalized over the ECSA determined by Hupd and Pt 

mass loading to give the specific activity and mass activity, respectively, and compared to the earlier 

study of Pt3Ni NF with Pt-skin (Fig. 5.12c,d). Of the catalysts studied in this work, E-NF exhibits the 

highest specific and mass activity, ~10 and 6 times higher than that of commercial Pt/C, respectively. 

E-NF shows specific activity of 1.35 mA/cm2, a 145% specific activity enhancement compared with 

H-NF (0.55 mA/cm2). The enhanced electrocatalytic performance of E-NF is attributed to its 

extended surface facets which are more enriched in Ni and have fewer low-coordinated sites than the 

surface of H-NF. While the quasi-2-D structure of E-NF does lower its SSA, the thin nature of the 

sheets in E-NF allows it to maintain high mass activity, approximately twice that of H-NF. This 

emphasizes the importance of control of the three-dimensional elemental distribution in alloy 

nanocrystals to the design of ORR catalysts with new morphologies that enhance activity. If Pt-skin 

can be achieved on this quasi-2-D structure, the activity could be dramatically increased. 

 

5.7 Conclusions 
 

In conclusion, the three-dimensional elemental distribution within Pt-Ni rhombic dodecahedra was 

successfully controlled, leading to structural differentiation after Ni corrosion into either hollow or 

excavated NFs. The excavated NF exhibited interior Pt-rich sheets extending from outer Pt-rich edges 

to inner Pt-rich branches, whereas the hollow NF had empty space inside Pt-rich edges. These 

differences resulted in dramatic ORR activity improvement for the excavated NF. This work revealed 

the clear relationship between structural properties and electrochemical performance, such as the 

importance of the Ni content in the near-surface region and the extended sheet structure. These design 

strategies can be implemented in various bimetallic nanocrystal catalysts for electrochemical or other 

catalytic applications.  
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6. Concluding Remarks 

 
Following the discovery of Pt3Ni nanoframes that are highly active for the oxygen reduction reaction, 

the synthetic concept was applied to other systems such as Pt-Co polyhedral nanoparticles that also 

evolved into nanoframes. This work provided insight into the complexities of attaining uniformly-

shaped polyhedra with segregation of Pt to their edges and the special qualities of the Pt-Ni alloy 

system. The exploration of the Pt-Co system exposed the lack of understanding of the Pt-Ni rhombic 

dodecahedral system that needed to be fulfilled before new compositions and morphologies of 

nanoframes could be perfected. Fundamental studies of the Pt-Ni system were undertaken to 

understand the origin of the high activity for ORR of the Pt3Ni nanoframe and the synthetic 

mechanisms behind the formation of the Pt-Ni rhombic dodecahedra. 

 

X-ray absorption spectroscopy provided sensitivity to the atomic coordination of Pt and Ni within 

the ultrathin edges of the nanoframe. The technique was applied in situ to probe the catalyst structure 

as it performed the oxygen reduction. It was determined that the best nanoframe samples had the 

highly-desired Pt-skin structure that produced their high activity. However, samples with significantly 

lower activity were determined to be lacking the Pt-skin structure. The broad spectrum of nanoframe 

quality revealed the need for further investigation into the mechanisms behind Pt-Ni rhombic 

dodecahedra synthesis. If the mechanism of Pt-enrichment at the edges of the Pt-Ni rhombic 

dodecahedra could be elucidated, then it was possible that the consistency of nanoframe synthesis 

could be improved. 

 

The mechanism of rhombic dodecahedra synthesis was explored via quasi-in situ sampling of the 

synthetic process at lower temperature, in order to draw out the synthesis to longer times. In this way, 

discrete stages of the dodecahedron formation process could be characterized with multiple 

techniques. A compositional oscillation was observed in which the initial seed nanoparticles were 

Pt-rich and grew into anisotropic branch structures, which had step sites between them that catalyzed 

Ni deposition, causing the composition to become Ni-rich. The rhombic dodecahedron was formed, 

at which point Pt migrated from the interior axes of the particle to the exterior edges, forming the 

Pt-rich framework. The understanding of this complex synthetic mechanism led to new ideas for 

tuning the structure of the nanoframe. 

 

By altering the nanoframe growth conditions to incorporate less Ni in the synthesis, Pt deposition 

could be accelerated on the branched seeds that form initially. Pt localization between the branches 

was observed, such that the Pt did not fully migrate to the exterior edges. When the Ni was corroded, 

a network of two-dimensional sheets remained inside the nanoframe, contrary to the previous hollow 

morphology; the new nanoframe was termed an excavated nanoframe. The extended surfaces of these 

sheets had fewer low-coordinated sites that bind oxygenated adsorbates too strongly during the ORR. 

Therefore, the surface of the excavated nanoframe was highly active for the ORR. 
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The intersection of chemical, physical, and material sciences enabled the thorough exploration of 

highly active ORR catalysts in this dissertation. Fundamental understanding and application of the 

synthesis, electron and X-ray characterization techniques, and surface science studies can lead to truly 

magnificent understanding of a nanomaterial. By pushing forward the frontiers of nanomaterial 

characterization techniques and nanomaterial design concepts, new complexities that were previously 

unimaginable can be introduced. In-depth exploration of next-generation nanomaterials will continue 

to lead to novel properties and applications that can positively influence society, especially in the 

energy and sustainability sector. These efforts will be critical to the quality of life of future generations, 

and it is hoped that this dissertation can contribute in some small way to the fundamental 

understanding of materials solutions to the challenges scientists face. 
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A1. Methods of Chapter 2 

 
Portions of the content of this chapter are reprinted or adapted with permission from N. Becknell, 
C. Zheng, C. Chen, Y. Yu, P. Yang, “Synthesis of PtCo3 polyhedral nanoparticles and evolution to 
Pt3Co nanoframes”, Surf. Sci., 2016, 648, 328. DOI: 10.1016/j.susc.2015.09.024. Copyright 2016 
Elsevier B.V. 
 

A1.1  PtCo3 Nanoparticle Synthesis 
 
Chloroplatinic acid hexahydrate (H2PtCl6·6H2O), cobalt acetate tetrahydrate ((CH3COO)2Co·4H2O), 
oleylamine (technical grade, 70%) and oleic acid (technical grade, 90%) were purchased from Sigma 
Aldrich. Chloroplatinic acid (28.5 mg) and cobalt acetate tetrahydrate (60 mg) were dissolved into 
285 μL ultrapure water and then mixed with 3 mL oleylamine. This mixture was homogenized by 
stirring at 60 °C under nitrogen for 30 minutes. Oleylamine (5 mL) and oleic acid (2 mL) were added 
to a 25 mL three-neck flask and heated at 180 °C under argon for 45 minutes. Next, the precursor 
mixture was injected into the three-neck flask and heated under argon flow for 3 minutes. Then, the 
temperature of the reaction solution was increased to 240 °C. The solution went from dark purple to 
black. The NP solution was held at 240 °C for 2 minutes for growth of the particles before being 
rapidly cooled in a water bath. The particles were washed once with ethanol and a second time with 
hexanes and ethanol by centrifuging at 12,000 rpm for 10 minutes. After washing, the particles could 
be dispersed in solvents such as hexanes or chloroform. 
 

A1.2  Evolution to Pt3Co Nanoframes 
 
The as-synthesized NPs (~ 2 mg) were dispersed into 2.5 mL chloroform with 300 μL oleylamine 
added. This solution was then diluted with 10 mL hexadecane and sonicated for 1 hour. The 
suspension of NPs was then heated at 130 °C with occasional sonication required to re-disperse the 
highly magnetic NPs. After heating for 6 hours, the NPs had fully evolved to hollow NFs. 
 

A1.3  Characterization of Pt-Co Nanoparticles and Nanoframes 
 
Nanoparticle and nanoframe samples were imaged by TEM using a Hitachi H-7650 TEM and SEM 
using a Zeiss Gemini Ultra-55 Field Emission SEM to determine size and morphology. EDS was also 
performed with TEM to determine composition of the bimetallic NPs and NFs. HRTEM was 
performed with an F20 UT Tecnai to confirm crystallinity and structure of the Pt-Co samples. 
HAADF-STEM and EDS mapping were performed with an FEI TitanX to characterize the elemental 
distribution in the NPs and NFs. 
 
The crystalline phase of the samples was determined through XRD with a Bruker D-8 General Area 
Detector Diffraction System (GADDS) with HI-STAR area charge-coupled device (CCD) detector. 
The instrument was equipped with a Co-Kα source (λ = 1.789 Å). The composition of the samples 
was determined through XRD, EDS, and ICP-OES using a PerkinElmer Optima 7000 DV. 
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The behavior of the surface of the NPs was analyzed with APXPS on the Scienta R4000 HiPP 

endstation at the Lawrence Berkeley National Laboratory ALS Beamline 9.3.2. Samples were prepared 

on silicon substrates and mounted on a ceramic button heater sample holder in order to heat the 

sample up to 120 °C during experiments. The atmosphere was controlled at ultra-high vacuum (UHV, 

~10-9 torr) or 100 mTorr of H2 or O2 by introducing the gases into the chamber through different 

molecular leak valves. XPS spectra were collected using an incident x-ray energy of 490 eV. The 

binding energy for XPS spectra was calibrated to the Au 4f core level of a Au foil. The XPS spectra 

were quantitatively analyzed by subtracting a Shirley background. 
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A2. Methods of Chapter 3 

 
Portions of the content and figures of this chapter are reprinted or adapted with permission from 

N. Becknell, Y. Kang, C. Chen, J. Resasco, N. Kornienko, J. Guo, N. M. Markovic, G. A. Somorjai, 

V. R. Stamenkovic, P. Yang, “Atomic Structure of Pt3Ni Nanoframe Electrocatalysts by in situ X-ray 

Absorption Spectroscopy”, J. Am. Chem. Soc., 2015, 137, 15817. DOI: 10.1021/jacs.5b09639. 

Copyright 2015 American Chemical Society. 

 

A2.1  Synthesis of PtNi3 Nanopolyhedra 
 

Twenty milligrams of H2PtCl6·6H2O and 17.5 mg of Ni(NO3)2·6H2O were dissolved in 0.4 mL of 

deionized water, forming a transparent yellow solution. Ten milliliters of oleylamine was preheated in 

a three-necked flask at 160 °C for 1 h with argon purging, after which the aqueous precursor solution 

was injected. The reaction was held at 160 °C for 3 min under vacuum to remove water. The reaction 

system was further heated to 265 °C under argon atmosphere. After reaching 265 °C, the solution 

turned from transparent to black. After it had turned black, the reaction solution was then held for a 

further 3 min for growth of the particles. The reaction was stopped by rapidly cooling the solution 

down to room temperature. The synthesized PtNi3 nanopolyhedra were washed once by ethanol and 

a second time by hexane and ethanol and were collected by centrifugation (8,000 rpm) after each wash. 

The washed product was re-dispersed in either hexanes or chloroform. 

 

A2.2  Evolution from PtNi3 Nanopolyhedra to Pt3Ni Nanoframes 
 

The PtNi3 nanopolyhedra were re-dispersed in chloroform to a concentration of approximately 

1 mg/mL. Three milliliters of this PtNi3 nanopolyhedra solution was sonicated with 0.2 mL of 

oleylamine and diluted with 10 mL of hexadecane. This colloidal solution was sonicated for 30 min, 

followed by heating at 130 °C for 8 h in air to carry out the spontaneous oxidation and corrosion of 

PtNi3 nanopolyhedra to Pt3Ni nanoframes. Alternate combinations of temperature and timing can 

also be used during evolution, as reported previously.187 After evolution, the Pt3Ni nanoframes were 

washed two times with hexane and ethanol and collected by centrifugation (8,000 rpm). The washed 

nanoframes were re-dispersed in chloroform. 

 

A2.3  Preparation of Pt3Ni/C Nanocatalyst and Testing 
 

Pt3Ni nanoframes dispersed in chloroform were added to carbon (Cabot, Vulcan XC-72) in a ratio 

which produced the desired loading of platinum on carbon. The actual loadings were determined by 

ICP-MS. The mixture was sonicated in chloroform for 30-45 min to complete the loading process. 

The catalyst was collected by centrifugation (10,000 rpm), washed once with hexanes, and recollected 

by centrifugation. The resulting catalyst powder was heated at 200 °C in air for at least 12 h in order 

to conduct simultaneous removal of organic surfactants and Pt-skin segregation. The catalyst was kept 
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dry until preparation for electrochemical testing. Typically, the Pt3Ni/C catalyst was dispersed in water 

with a concentration between 0.5 and 1 mg/mL. The catalyst ink was drop-cast onto a 6 mm glassy 

carbon disk in a volume of 10–20 μL and allowed to air-dry. The electrochemical measurements were 

conducted in a three-compartment electrochemical cell with a Pine RDE setup and an Autolab 302 

potentiostat. A saturated Ag/AgCl electrode and a Pt wire were used as reference and counter 

electrodes, respectively, and 0.1 M HClO4 was used as the electrolyte. All of the potentials are 

presented versus RHE. The nanoframe catalyst was typically held at 0.05 V vs RHE between 

measurements, and the limits of the cyclic voltammetry were 0.05–1.0 V. Measurements with Hupd 

were performed by saturating the electrolyte with argon gas before collecting the CV at a sweep rate 

of 50 mV/s. Electrooxidation of adsorbed CO, or CO-stripping measurements, were performed by 

purging CO through the electrolyte while holding the potential at 0.05 V. Argon was then purged to 

remove CO from the electrolyte and the CV was collected at a sweep rate of 50 mV/s. The ORR 

measurements were collected under O2 purging conditions and at 20 mV/s with an RDE rotation rate 

of 1,600 rpm. The current densities for ORR were corrected for ohmic iR drop. 

 

A2.4  X-ray Diffraction 
 

Micro-XRD experiments were carried out at the Lawrence Berkeley Laboratory ALS Beamline 10.3.2 

with an energy of 17 keV corresponding to a wavelength of 0.729 Å. The detector used was a Bruker 

APEX II CCD detector and the sample-to-detector distance was calibrated with an α-Al2O3 standard. 

Data reduction was performed with FIT2D to obtain diffraction patterns in Q-space. 

 

A2.5 X-ray Absorption Measurements and Data Analysis 
 

The Pt3Ni/C catalyst ink was prepared at a concentration of 1 mg/mL in a solution of equal parts 

water and isopropanol and a concentration of 0.5% Nafion. A typical electrode for XAS was prepared 

with 20 μL of catalyst ink dropcast on a carbon paper substrate. A custom-made electrochemical cell 

was fabricated for in situ ORR measurements, in which the carbon paper acted as both the working 

electrode and X-ray transparent window (Fig. A2.1). The electrochemical measurements were carried 

out in 0.1 M HClO4 using a Ag/AgCl reference electrode and a platinum wire counter electrode. The 

electrolyte was continuously purged with high purity oxygen for ORR. 

 

 
Figure A2.1. In situ electrochemical XAS cell. Front and side views show the bottom port for a 

Ag/AgCl reference electrode, the top port for a Pt wire counter electrode, and side ports for gas or 

liquid flow. 
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XANES and EXAFS data were collected at the ALS Beamline 10.3.2. The X-ray wavelength was 

monochromatized by a Si(111) double-crystal, fixed exit monochromator. The intensity of the incident 

X-ray radiation, I0, was monitored with a nitrogen filled ionization chamber. All data were collected in 

fluorescence mode with a 7-element Ge detector (Canberra). The data at the Ni K-edge and Pt L3-edge 

were calibrated to a Ni foil and Pt foil, respectively. All spectra at a given edge were aligned according 

to a glitch in I0 near each absorption edge. 

 

XANES and EXAFS data reduction and EXAFS fitting were performed using the IFEFFIT based 

programs Athena and Artemis.254 Edge step normalization for each spectra was performed by 

subtracting the pre-edge and post-edge backgrounds in Athena. For EXAFS background removal, a 

cubic spline was fit to the data and the k-space data were Fourier transformed resulting in an R-space 

spectrum which was fit in Artemis using multiple k-weight fitting (k1, k2, k3). EXAFS data were fit to 

the EXAFS function shown in Eq. A2.1: 

 

𝜒(𝑘) = 𝑆0
2∑

𝑁𝑖

𝑘𝑅𝑖
2 𝐹𝑖(𝑘)𝑒

−2𝑘2𝜎𝑖
2
𝑒−2𝑅𝑖/𝜆(𝑘) sin[2𝑘𝑅𝑖 − 𝜑𝑖(𝑘)]

𝑠ℎ𝑒𝑙𝑙𝑠
𝑖=1  (A2.1) 

 

The amplitude of the contribution from each coordination shell in the EXAFS function is summed 

to generate a fit to the data. 𝑆0
2 represents an amplitude reduction factor which is typically assumed to 

be chemically transferable and is affected by shake-up effects at the absorbing atom.268 It was estimated 

by performing a fit to EXAFS transmission measurements on Ni and Pt metal foils. Values for 𝑆0
2 

were determined to be 0.80 for Pt and 0.78 for Ni. 𝑁𝑖 and 𝑅𝑖 are the coordination number and half-

path length between the central absorbing atom and a scattering atom, respectively. The mean-square 

disorder in the distance from the central absorbing atom to a given shell due to thermal fluctuation 

and structural disorder is represented by 𝜎𝑖
2. These parameters are calculated by fitting the 

experimental data. The photoelectron mean free path is represented by 𝜆. Lastly, 𝐹𝑖(𝑘) is the 

backscattering amplitude and 𝜑𝑖(𝑘) is the the phase factor for a given coordination shell. These 

parameters are calculated through ab initio methods using FEFF6 as embedded in Artemis and Atoms. 

  



87 

 

A3. Methods of Chapter 4 

 
Portions of the content and figures of this chapter are reprinted or adapted with permission from 

Z. Niu†, N. Becknell†, Y. Yu, D. Kim, C. Chen, N. Kornienko, G. A. Somorjai, P. Yang, “Anisotropic 

phase segregation and migration of Pt in nanocrystals en route to nanoframe catalysts”, Nat. Mater., 

2016, 15, 1188. DOI: 10.1038/nmat4724. Copyright 2016 Macmillan Publishers Ltd: Nature Materials. 

 

A3.1  Chemicals 
 

Chloroplatinic acid hexahydrate (H2PtCl6 ⋅ 6H2O, ≥37.5% Pt basis), nickel(II) nitrate hexahydrate 

(Ni(NO3)2 ⋅ 6H2O, ≥98.5%), oleylamine (technical grade, 70%) and hexane (≥98.5%) were purchased 

from Sigma-Aldrich. Acetic acid (≥99.7%) was purchased from EMD. Toluene (≥99.9%) was 

purchased from Fisher Scientific. All chemicals were used as received without further purification. 

 

A3.2  Synthesis of Pt–Ni Rhombic Dodecahedra 
 

Aqueous solutions of H2PtCl6 ⋅ 6H2O (0.1 g ml−1, 0.4 ml) and Ni(NO3)2 ⋅ 6H2O (0.1 g ml−1, 0.35 ml) 

were mixed with one milliliter of oleylamine in a small vial. The mixture was heated at 120 °C under 

stirring for one hour, forming a transparent green solution after removal of water. Ten milliliters of 

oleylamine that had been preheated in a three-necked flask at 160 °C for one hour under nitrogen 

purging was raised to 230 °C just before the injection. The precursor solution was injected into the 

three-necked flask immediately after reaching 230 °C. The green reaction solution gradually turned 

yellow, brown and then black when kept at 230 °C for about one hour. After the growth solution 

turned black, aliquots were taken out by syringe after 3 min, 10 min and 30 min, and respectively 

termed as RD-3, RD-10 and RD-30. Before the solution turned black, intermediate products generally 

termed as pre-RD were collected by stopping the whole batch of reaction to get enough sample for 

further analysis. All the samples were washed two times by hexane/ethanol mixture, collected by 

centrifugation (12,000 rpm) after each wash, and then re-dispersed in toluene or hexane. 

 

A3.3  Chemical Corrosion of Pt–Ni Rhombic Dodecahedra to Pt75Ni25 

3-D Structures 
 

Ten microliters of oleylamine was added into a toluene dispersion of Pt–Ni rhombic dodecahedra 

(~0.5–1 mg ml−1, 2 ml). The colloidal dispersion was briefly sonicated and mixed with two milliliters 

of acetic acid. The mixture was heated at 90 °C under vigorous stirring for two hours in air to allow 

chemical corrosion of Pt–Ni rhombic dodecahedra to corresponding Pt75Ni25 tetradecapod or frame 

structures. After corrosion, the products were washed with hexane/ethanol mixture and collected by 

centrifugation (12,000 rpm). The washed products were re-dispersed in hexane or chloroform. 
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A3.4  Characterization 
 

TEM and quantitative EDS were performed with a Hitachi H-7650 equipped with EDAX 

microanalysis. HRTEM was taken using an FEI Tecnai F20 at an accelerating voltage of 200 kV. 

HAADF-STEM and EDS mapping were carried out with an FEI TitanX 60-300. XRD was acquired 

using a Bruker D-8 GADDS with HI-STAR area CCD detector, equipped with a Co-Kα source 

(λ = 1.789 Å). ICP-OES was measured using a PerkinElmer Optima 7000 DV. XPS was performed 

using a PHI 5600 X-ray photoelectron spectrometer. 

 

A3.5  Electrochemical Characterization 
 

After chemical corrosion, Pt75Ni25 tetradecapods or nanoframes were dispersed in chloroform and 

added to carbon (Cabot, Vulcan XC-72) in a ratio which produced a loading of 17–20 wt% Pt. The 

mixture was sonicated in chloroform for 30 to 45 min to complete the loading process. The catalyst 

was collected by centrifugation (10,000 rpm), washed once with hexanes, and recollected by 

centrifugation. The resulting catalyst powder was heated at 200 °C in air for 14 h to remove organic 

surfactants. The Pt75Ni25/C catalyst was then dispersed in water with a concentration of 

0.5 mgcatalyst ml−1. The actual concentration of Pt in the ink was determined by ICP-OES. The catalyst 

ink was dropcast onto a 5 mm glassy carbon disk (Pine Instruments) in the appropriate volume to 

achieve 6.9 μgPt cm−2 loading density and allowed to air dry. The commercial Pt/C catalyst (Alfa, 

~20 wt% Pt) had a loading density of 7.8 μgPt cm−2. The electrochemical measurements were 

conducted in a three-compartment glass electrochemical cell with a Pine RDE set-up and a Biologic 

VSP potentiostat. A saturated Ag/AgCl electrode and a Pt wire were used as reference and counter 

electrodes, respectively, and 0.1 M HClO4 prepared from 67% HClO4 (Sigma-Aldrich) was used as the 

electrolyte. All potentials are presented versus RHE. The catalyst was typically held at 0.05 V versus 

RHE between measurements, and the limits of the cyclic voltammetry were 0.05–1.02 V. Hupd 

measurements were performed by saturating the electrolyte with argon gas before collecting the CV 

at a sweep rate of 50 mV s−1. Electrooxidation of adsorbed CO, or CO-stripping measurements, were 

performed by purging CO through the electrolyte while holding the potential at 0.05 V. Argon was 

then purged to remove CO from the electrolyte and the CV was collected at a sweep rate of 50 mV s−1. 

The ORR measurements were collected under O2 purging conditions and at 20 mV s−1 with an RDE 

rotation rate of 1,600 rpm. The current densities for ORR were corrected for ohmic iR drop. 

 

A3.6  EXAFS Data Collection and Analysis 

 

EXAFS data were collected at the ALS Beamline 10.3.2. The data at the Ni K-edge and Pt L3-edge 

were calibrated to a Ni foil and Pt foil, respectively. All spectra at a given edge were aligned according 

to a glitch in I0 near each absorption edge. EXAFS data reduction and EXAFS fitting was performed 

using the IFEFFIT based programs Athena and Artemis.254 For additional details on the data 

collection and reduction, please see Appendix A2.5. 
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The Ni K-edge and Pt L3-edge were fit together for RD-3 and RD-10, using first shell paths generated 

from a FEFF6 model of a disordered Pt10Ni90 fcc solid solution. The Pt10Ni90 disordered fcc model 

was generated by creating a Ni fcc lattice and randomly substituting Pt atoms at 10% of the lattice 

positions. The Pt atoms were distributed evenly throughout the various coordination shells and the 

lattice constant was the same as determined from XRD. No multiple shell fitting was performed, so 

all paths mentioned in the following discussion are first shell, single scattering paths. The Pt-Pt path 

was omitted due to the dilution of Pt in the Pt10Ni90 phase which lowered the frequency of Pt-Pt 

bonding. If the Pt-Pt path was included, the fit could not converge on physically reasonable values for 

the variables. However, it is obvious from the ~2% misfit to both RD-3 and RD-10 EXAFS data 

(Table 4.2) and the slight asymmetry of the first shell peak towards larger R in Fig. 4.10b,d that the 

model could be improved by using a linear combination of the Pt10Ni90 phase and a Pt-rich phase. 

This is not possible because the number of independent data points limits the number of variables 

which can be used to model the EXAFS data. The following restraints were also applied for the co-

fit of RD-3 and RD-10241: 

 

RNiPt = RPtNi   σ2
NiPt = σ2

PtNi   NPtNi = (xNi/xPt)×NNiPt 

 

RD-30 was co-fit using paths generated from a Pt25Ni75 FEFF file created in a similar manner to the 

Pt10Ni90 model. RD-30 was fit with similar constraints as listed above for RD-3 and RD-10. However, 

the Pt-Pt scattering path was able to be included in a successful fit to RD-30, unlike in the fits to RD-3 

and RD-10, due to the increased frequency of Pt-Pt bonding in RD-30. The method of Hwang et al 

was then used to calculate extent of alloying parameters, JNi and JPt.
244 See Table 4.2 for the results of 

the co-fits to the Ni K-edges and Pt L3-edges of RD-3, RD-10, and RD-30 and the extent of alloying 

parameters. 
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A4. Methods of Chapter 5 

 
Portions of the content of this chapter are reprinted or adapted with permission from N. Becknell†, 

Y. Son†, D. Kim, Y. Yu, Z. Niu, T. Lei, B. T. Sneed, K. L. More, N. M. Markovic, V. R. Stamenkovic, 

P. Yang, “Tunable Architecture of Rhombic Dodecahedral Pt-Ni Nanoframe Electrocatalysts”, 

Manuscript in preparation. 

 

A4.1 Chemicals 

 

Nickel (II) nitrate hexahydrate (Ni(NO3)2⋅6H2O, ≥98.5%), chloroplatinic acid hexahydrate 

(H2PtCl6⋅6H2O, ≥37.5% Pt basis), oleylamine (technical grade, 70%), and hexane (≥98.5%) were 

purchased from Sigma-Aldrich. Toluene (≥99.9%) was purchased from Fisher Scientific and acetic 

acid (≥99.7%) was purchased from EMD. 

 

A4.2 Synthesis of Pt-Ni Rhombic Dodecahedra 

 

For H-SD, 20 mg H2PtCl6⋅6H2O and 21.5 mg Ni(NO3)2⋅6H2O were dissolved in 0.8 mL oleylamine. 

The solution was injected into 9.2 mL oleylamine which had been kept at 160 °C under Ar for one 

hour. The reaction was then kept under vacuum for 2.5 minutes. Then, the reaction was heated to 

265 °C with a ramping rate of 15 °C/min under Ar atmosphere. The color of the reaction solution 

changed to black after reaching 265 °C. The reaction was stopped 5 min after the color turned to 

black. The reaction flask was carefully transferred into a water bath in order to quench the growth 

process. The produced H-SD was washed twice with ethanol and hexane. For E-SD, the procedures 

were kept the same except that 20 mg H2PtCl6•6H2O and 11.5 mg Ni(NO3)2⋅6H2O were dissolved in 

0.6 mL oleylamine and injected into 9.4 mL oleylamine. 

 

A4.3 Chemical corrosion to Nanoframes 
 

For H-NF, H-SD was dispersed in 4 mL toluene and mixed with 4 mL acetic acid and 0.2 mL 

oleylamine, followed by heating at 90 °C in an oil bath for 2 hours with reflux system. The collected 

sample was washed twice with ethanol and hexane. E-NF could be evolved from E-SD with the same 

procedure. 

 

A4.4 Characterization 
 

The prepared samples were analyzed by SEM (Zeiss Gemini Ultra-55 analytical field emission SEM), 

TEM (Hitachi H-7650), HRTEM (FEI Tecnai F20) and STEM-HAADF and EDS mapping (FEI 

TitanX 60-300). XRD was performed using a Bruker AXS D8 Advance diffractometer with Cu Kα 

source. ICP-OES was utilized for total composition analysis with PerkinElmer Optima 7000 DV. XPS 

was carried out with PHI 5600 X-ray photoelectron spectrometer and analyzed using CasaXPS. 



91 

 

A4.5 EXAFS Data Collection and Analysis 
 

EXAFS data were collected at the ALS Beamline 10.3.2. The data at the Ni K-edge and Pt L3-edge 

were calibrated to a Ni foil and Pt foil, respectively. All spectra at a given edge were aligned according 

to a glitch in I0 near each absorption edge. EXAFS data reduction and EXAFS fitting was performed 

using the IFEFFIT based programs Athena and Artemis.254 For additional details on the data 

collection and reduction, please see Appendix A2.5. 

 

The Ni K-edge and Pt L3-edge were fit together for H-NF and E-NF using first shell paths generated 

from a FEFF model of a disordered face-centered cubic Pt-Ni alloy with seven Pt and five Ni atoms 

randomly placed around the central absorbing atom. Outer shell sites were also randomly assigned to 

hold either a Pt or Ni atom, maintaining the composition to be approximately that identified by ICP 

for H-NF and E-NF. The following restraints were also applied in co-fitting the two edges: 

 

RNiPt = RPtNi 

σ2
NiPt = σ2

PtNi 

 

The extent of alloying parameters, JNi and JPt were calculated using the method of Hwang et al.244 See 

Table 5.2 for the results to the fits. 

 

A4.6 Electrochemical Characterization 
 

After chemical corrosion, H-NF or E-NF were dispersed in chloroform and added to carbon (Cabot, 

Vulcan XC-72) in a ratio which produced a loading of 15-18 wt% Pt. The mixture was sonicated in 

chloroform for 30 to 45 minutes to complete the loading process. The catalyst was collected by 

centrifugation (10,000 rpm), washed once with hexanes, and recollected by centrifugation. The 

resulting catalyst powder was heated at 200 °C in air for 14 hours in order to remove organic 

surfactants. The catalyst was then dispersed in water with a concentration of 0.5 mgcatalyst/mL. The 

actual concentration of Pt in the ink was determined by ICP-OES. The catalyst ink was dropcast onto 

a 5 mm glassy carbon disk (Pine Instruments) in the appropriate volume to achieve 4.6 μgPt/cm2 

loading density and allowed to air dry. The commercial Pt/C catalyst (Alfa, ~20wt% Pt) had a loading 

density of 7.8 ugPt/cm2. The electrochemical measurements were conducted in a three-compartment 

glass electrochemical cell with a Pine RDE setup and a Biologic VSP potentiostat. A saturated 

Ag/AgCl electrode and a Pt wire were used as reference and counter electrodes, respectively, and 

0.1 M HClO4 prepared from 67% HClO4 (Sigma-Aldrich) was used as the electrolyte. All potentials 

are presented versus RHE. Hupd measurements were performed by saturating the electrolyte with argon 

gas before collecting the CV at a sweep rate of 50 mV/s. Electrooxidation of COad, or CO-stripping 

measurements, were performed by purging CO through the electrolyte while holding the potential at 

0.05 V. Argon was then purged to remove CO from the electrolyte and the CV was collected at a 

sweep rate of 50 mV/s. The ORR measurements were collected under O2 purging conditions and at 

20 mV/s with an RDE rotation rate of 1600 rpm. The current densities for ORR were corrected for 

ohmic iR drop. 
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