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ABSTRACT
Hydrogen gas obtained by electrochemical and photoelectrochemical water splitting has
long been proposed as a clean and sustainable alternative to hydrocarbon fuels. While noble
metals such as Pt and Ir, are capable of splitting water at low overpotentials, the widespread
implementation of inexpensive solar-driven water-splitting systems and electrolyzers requires,
among other things, the development of robust, efficient, and abundant alternatives to noble metal
catalysts. Recently, transition metal phosphides (MxPy) have been recognized as a promising class
of Earth-abundant electrocatalysts for the hydrogen evolution reaction (HER), capable of
operating with low overpotentials at benchmark current densities while sustaining high stabilities
even in harsh conditions. This dissertation describes the progress that has been made in this field
and aims to provide helpful insights into the synthesis, characterization and electrochemical
testing of transition metal phosphides, and electrocatalysts in general. In particular, it highlights
our work on the identification of iron phosphide (FeP), in the form of monodisperse and hollow
colloidal nanocrystals, as a highly active HER catalysts in acidic and neutral aqueous solutions.
It also discusses the development of more scalable approaches to the preparation of these
materials directly onto the surface of current collectors and photoelectrodes, while maintaining
high electrocatalytic activities for both the hydrogen and oxygen evolution reactions. Finally, we
present new synthetic approaches to higher-order colloidal hybrid nanoparticles based on
supersaturation-precipitation strategies, which could open the door to nanostructures of relevance
to photocatalytic fuels production.
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Chapter 1

Nanostructured Materials for Solar Fuels Production*

1.1 Introduction
Access to clean, affordable and reliable energy is essential to addressing many of today’s
social and economic challenges such as poverty, clean water, education, food security and
healthcare. While current oil, coal and natural gas reserves could continue to meet the world’s
energy demands for the foreseeable future, environmental and economic concerns over the
extraction, distribution and combustion of non-renewable fossil fuels has motivated the search for
cleaner and more sustainable energy sources.1,2 Renewable energy technologies, such as solar and
wind have emerged as potential alternatives to fossil fuels, yet these rely on resources that are
often intermittent and that therefore could benefit from the development of reliable and
inexpensive energy storage solutions. The production of solar fuels is a promising approach that
could facilitate the grid-scale utilization, transportation and storage of renewable energy while
remaining largely compatible with our current energy infrastructure.1,2
Hydrogen gas, H2, is a particularly attractive target for solar fuels production. It possesses
a considerably higher specific energy than most hydrocarbon fuels and liberates only water vapor
upon combustion. However, most hydrogen is currently produced through industrial reforming
methods, which utilize large amounts of natural gas and significantly add to rising CO2 levels.3
Additionally, hydrogen produced via steam-reforming often carries sulfur-containing impurities
that pose significant environmental concerns, and that can promptly poison fuel-cell
components.4 Electrochemical and photoelectrochemical (PEC) cells that facilitate water
*

Adapted in part with pemission from Chem. Mater., “Synthesis, Characterization, and Properties
of Metal Phosphide Catalysts for the Hydrogen-Evolution Reaction”, Copyright © 2016

American Chemical Society.
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electrolysis have the potential to renewably generate clean hydrogen from water without the use
of fossil fuels or the production harmful byproducts.1,2
Photoelectrochemical (PEC) solar fuel devices are synthetic inorganic analogs of natural
photosynthetic systems that can directly use sunlight and water to generate hydrogen gas, or in
the presence of CO2, liquid hydrocarbon fuels like ethanol.1,2 A typical design for a PEC cell
(Figure 1.1), combines light-absorbing anodes and cathodes, oxidation and reduction catalysts,
and a semipermeable membrane into a single integrated device.1,2 Although significant
performance improvements have been realized in recent years, commercial adoption of PEC
devices for the generation of solar fuels remains limited, largely due to an absence of robust and
cost-effective materials capable of simultaneously providing high efficiency and durability.
Further research is clearly needed to better understand the fundamental properties of such systems
and meet the material requirements necessary for widespread market adoption. While effective
integration of all of the components is required to achieve optimal solar water-splitting
performance, the materials themselves are critical since they directly impact the overall
efficiency, stability, scalability, and cost of the device. The implementation of water-splitting
technologies therefore requires, among other things, the discovery, development, and integration
of robust and Earth-abundant catalysts for each of the half-reactions.
In addition to monolithic devices, particle-based photocatalytic systems (Figure 1.1)
have emerged as promising platforms for solar fuels production. These alternative approaches
typically rely on the use of colloidal dispersions of particles composed of spatially controlled
arrangements of metal, oxide and semiconducting domains fused together through direct solid–
state interfaces. A proposed design for a colloidal photocatalytic water splitting system uses a PtTiO2-IrO2 heterostructure (Figure 1.2) where TiO2 is used as the light absorber, Pt as the
hydrogen evolution catalyst, and IrO2 as the oxygen evolution catalyst. The development of such
systems has the potential to substantially lower costs and facilitate the large-scale execution of

3
solar fuels technologies, however synthetic limitations currently restrict their study and
subsequent application.
This dissertation describes my contributions to the development of new materials for
solar fuels production, in particular the synthesis and characterization of transition metal
phosphide nanostructures and their evaluation as Earth-abundant catalysts for the electrochemical
production of hydrogen. The discussion begins with a brief description of electrochemical water
splitting and PEC devices and continues with an overview of Earth-abundant catalysts for the
hydrogen evolution reaction (HER), with particular emphasis on the structure, synthesis, and
performance of transition metal phosphides. Finally, the synthesis and application of colloidal
heterostructured materials for solar fuels production is explored.

Figure 1.1: (A) Design schemes for solar-driven electrochemical cells. Adapted with permission
from ref. 5. Copyright 2014 American Chemical Society. (B) Schematic of an integrated PEC
water-splitting device, showing light-absorbing microwire semiconductor arrays with surfaceanchored HER and OER catalysts. The anode (top) and cathode (bottom) compartments are
connected by a proton-permeable membrane. Adapted with permission from ref. 2. Copyright
2009 Nature Publishing Group.
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1.2 Electrochemical and Photoelectrochemical Water-Splitting
Overall water “splitting” is the electrochemical reaction that separates water into
molecular hydrogen, H2(g), and molecular oxygen, O2(g).

With ΔG = 237.2 kJ/mol under

standard conditions, the water-splitting reaction is highly endothermic and requires 1.23 eV per
electron transferred. While water splitting can be facilitated in acidic, alkaline, or neutral aqueous
solutions, each has unique advantages, disadvantages, and challenges.5 Water splitting is favored
in strong electrolytes because of their high ionic conductivities, while electrolysis under pHneutral conditions is impacted by the formation of substantial pH gradients that can negatively
affect the water-splitting process.6,7 The water-splitting process can be described by two separate
half-reactions: the hydrogen evolution reaction (HER), which involves the reduction protons and
occurs at the cathode, and the oxygen evolution reaction (OER), which involves water oxidation
and occurs at the anode. Shown below are the equations for the HER and OER half-reactions in
acidic aqueous solutions.

𝑂𝑣𝑒𝑟𝑎𝑙𝑙  𝑤𝑎𝑡𝑒𝑟 − 𝑠𝑝𝑙𝑖𝑡𝑡𝑖𝑛𝑔:  2𝐻! 𝑂  

  2𝐻! + 𝑂!

𝑂𝑥𝑦𝑔𝑒𝑛 − 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛  𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 2𝐻! 𝑂  

E°cell = 1.23 V vs. NHE

   2𝑂! + 4𝐻 ! + 4𝑒 !

𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 − 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛  𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 2𝐻 ! + 2𝑒 !

   𝐻!

E° = 1.23 V vs. NHE
E° = 0.00 V vs. NHE

Several different design schemes have been proposed for solar-driven electrochemical
cells (Figure 1.1).5 The simplest, which consists of a photovoltaic cell or module connected to a
water

electrolyzer,

indirectly

converts

solar

energy

into

chemical

fuel.

Integrated

photoelectrochemical cells are attractive options for direct solar fuel production because of their
projected lower costs and potentially higher efficiencies as compared to indirect schemes.1 One
possible configuration, in which several key components are integrated and work synergistically
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to facilitate overall sunlight-driven water electrolysis, is shown in Figure 1.1.2 The general layout
includes two distinct arrays of semiconductor microwires that absorb different portions of the
incoming solar spectrum, catalysts that decorate the microwire arrays to facilitate the OER and
HER, and a membrane that separates the two compartments while allowing selective proton
transport. High-energy photons (> 1.8 eV) are absorbed at the photoanode (shown in red), and the
OER catalysts attached to the photoanode’s surface oxidize water and release O2(g) and protons,
which can then move across the proton-permeable membrane toward the photocathode, where
lower-energy (<1.2 eV) solar photons are absorbed. Catalysts that facilitate the HER are attached
to the photocathode’s surface where the protons combine with electrons to produce H2(g). The
membrane that separates the two compartments shuttles protons from the photoanode to the
photocathode while keeping the H2(g) and O2(g) products in separate compartments. This avoids
the formation of an explosive mixture of H2(g) and O2(g) and also prevents the oxidation of H2(g)
at the anode and reduction of O2(g) at the cathode, and recombination of products within the
electrolyte.

1.3 Colloidal Hybrid Nanoparticles: Expanding Beyond Single Surfaces
Multi-component nanoparticle constructs with precisely defined configurations and
interfaces are at the core of several key emerging technologies.8 For instance, spatially controlled
arrangements of metal and semiconducting nanoparticle domains have recently been identified as
promising platforms for solar fuel production.9-11 These photocatalytic assemblies are designed to
efficiently harvest solar energy and to promptly store it in the form of chemical bonds (e.g. H2
from water splitting) through a series of carefully orchestrated interfacial charge-transfer
processes. These structures typically require a suitable band structure to properly direct the flow
of separated charges and achieve optimal solar photocatalytic performance, which establishes
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stringent requirements on the nature and the specific sequence of domains found in such systems.
Representative examples of such structures currently under study include IrO2-TiO2-Pt for overall
water splitting12 (Figure 1.2) and CdSe-Pt-TiO2 for CO2 reduction.13 In these, the reactions of
interest are best facilitated by a particular sequence of nanoparticle connections, whereas other
arrangements are found to be less active.

Figure 1.2: Proposed design of a photocatalytic water splitting system utilizing Pt-TiO2-IrO2
where TiO2 is used as the light absorber, Pt as the hydrogen evolution catalyst, and IrO2 as the
oxygen evolution catalyst. Adapted with permission from ref. 12. Copyright 2011 American
Chemical Society.

Colloidal hybrid nanoparticles, which contain distinct nanoparticle domains fused
together through direct solid–state interfaces are ideal model systems for such constructs. Hybrid
nanoparticles are typically synthesized using wet-chemistry methods and reaction pathways that
include seeded growth, phase segregation, surface dewetting of core–shell nanoparticles, and the
fusion of premade nanoparticles.8 In the multistep seeded growth approach, preformed
nanocrystals are used as seeds for the sequential addition of other domains through a
heterogeneous nucleation process. Representative examples of higher-order hybrid nanoparticle
systems synthesized using this method include PbS–Au–Fe3O4,14 Pt–CdS–ZnSe,15 Au–Pt–
Fe3O4,16

Ag–Fe3O4–Pt,17

PbS–Au–Pt–Fe3O4,16

and

CoxOy–Pt–(CdSe@CdS)–Pt–CoxOy.18
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Although seeded nucleation is among the most common routes to colloidal hybrid nanoparticles,
the process is exclusively additive and often nonselective therefore limiting the materials,
morphologies, and connectives that can be accessed. These limitations and critical synthetic
bottlenecks make it difficult to achieve the above-mentioned systems in high-yields and with a
good degree of control. Therefore, the development of new synthetic pathways for generating
three or more component hybrid nanoparticles is needed to expand the materials diversity and the
potential range of applications of such systems.

1.4 Earth-Abundant Catalysts for the Hydrogen Evolution Reaction
The HER can be facilitated by a diverse range of catalytic systems. In nature and under
mild, benign, and pH-neutral operating conditions, the HER can be carried out by several
biological catalysts, including the [FeFe],19-20 [FeNi],21-22 and [Fe]-only hydrogenases23-24 as well
as by the [FeMo] nitrogenase.25-26 These enzymes often have metal-sulfur clusters as active sites
embedded in a complex biological cavity that provides a suitable chemical environment for the
HER. Substantial work has been directed towards developing molecular mimics of these enzyme
active sites, as well as other homogeneous molecular catalysts that exhibit comparable or even
higher rates for HER catalysis than the natural enzymes.27 For example, several nickel phosphine
complexes with proximal amine groups have been shown to facilitate the HER at very high rates,
albeit in acetonitrile solutions.28-31 Other examples of HER molecular catalysts include diiron,32
iron diglyoxime33 and cobalt diglyoxime complexes,34 as well as thiomolybdate clusters.35-36
Interestingly, model compounds of enzyme active sites often are inactive or are significantly less
active than desired for catalytic hydrogen production. When inserted into the proper biological
cavity, certain inactive synthetic complexes exhibit catalytic activities comparable to those of
naturally occurring enzymes.37 From a device perspective, biological and homogeneous systems
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with exceptional catalytic properties face challenges involving anchoring to and integrating with
solid-state systems, as well as stability in chemically harsh, non-neutral electrolytic environments,
including many of the proposed devices that require strongly acidic or basic conditions to
function efficiently.38 One key goal of HER-catalyst development is therefore finding
heterogeneous systems that can combine the high activity of biological and molecular catalysts
with the superior stability and integration capabilities of solid-state materials.
Platinum is the most widely used heterogeneous catalyst for the HER, due to the high
catalytic activity and durability of Pt under harsh operating conditions.39 The low terrestrial
abundance and cost of mining Pt has motivated the search for Earth-abundant alternatives.
Molybdenum-based materials have been at the forefront of Earth-abundant hydrogen-evolution
catalysis for decades. NiMo alloys were reported by Fogarty and coworkers as highly active HER
catalysts in alkaline aqueous solutions.40 Other related alloys including CoMo,41 FeMo41 and
NiMoZn42 have also been reported to be active catalysts for the HER. However, despite their high
catalytic activity and stability under alkaline conditions, these alloys quickly corrode in acidic
environments.43 Other Mo-based HER catalysts, including Mo2C,44-45 MoB,44 Co6Mo1.4N2,46 and
NiMoNx,47 have been investigated, and many of these catalysts exhibit extended stability in acidic
aqueous solutions.
Using theoretical and experimental methods, Hinnemann and coworkers showed that the
edge sites of MoS2, which are chemically and structurally distinct from the Mo-based alloys, have
chemical environments that can facilitate the HER.48 Accordingly, MoS2 has been the leading
Earth-abundant alternative to platinum for catalyzing the HER in acidic aqueous solutions. The
HER-active edge sites of MoS2 have structural commonalities with the active-site clusters in
some hydrogenase and nitrogenase enzymes.48 Extensive research efforts have been directed
towards understanding and maximizing the number of exposed active sites in MoS2, and this has
led to the development of improved MoS2-based HER catalysts that are highly active and acid
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stable.49-51 Chang35 and Besenbacher36 have developed cluster- and molecular-based mimics,
respectively, of the HER-active MoS2 edge sites. While such studies of molecular mimics of
solid-state catalysts are important for active-site design and activity optimization, they also
emphasize the structural and chemical interrelationships among heterogeneous, homogeneous,
and biological catalytic systems.
The most highly studied molybdenum-based HER catalysts, including NiMo, Mo2C, and
MoS2, are also well-known catalysts for hydrodesulfurization (HDS).52 HDS is the catalytic
process by which sulfur impurities are removed from hydrocarbon fuels and feedstock’s. Despite
being distinct chemical processes, both HDS and HER are regulated by the reversible and
dissociative binding of hydrogen molecules on the surface of a catalyst. Computational studies
have indicated that both HER and HDS catalysts have active sites that bind atomic hydrogen with
intermediate strengths, such that the free energy of adsorbed hydrogen is closely matched to the
free energy of the products, leading to ΔG°H* ≈ 0.53 Hydrogen adsorption energies that are too
high (e.g. strong hydrogen adsorption) would prevent the release of products, which include H2
for the HER and H2S for HDS. In contrast, hydrogen adsorption energies that are too low (e.g.
weak hydrogen adsorption) will result in slow electron-transfer rates. Both strong and weak
hydrogen adsorption, therefore, result in low catalytic rates. Because HDS catalysts have
intermediate hydrogen adsorption energies, it has been proposed, by our group and others, that
HDS catalyst systems may be fertile ground for the discovery and development of new Earthabundant HER catalysts.
Among the most highly studied and active HDS catalysts are Ni2P54-55 and related
transition metal phosphides, including CoP, Fe2P, MoP, and WP.56-57 Given the potential
mechanistic analogy between the HDS and HER catalytic processes, we hypothesized that Ni2P
and other metal phosphides may indeed be active and Earth-abundant HER catalysts.
Additionally, in 2005, Rodriquez and coworkers suggested, based on density functional theory
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(DFT) calculations, that the (001) surface of Ni2P combines the favorable H binding present in
hydrogenase systems with the thermostability of a heterogeneous catalyst, making it a very
promising alternative to Pt for catalyzing the HER.53 In 2013, we experimentally validated this
prediction, showing that Ni2P was indeed a highly active HER catalyst in acidic aqueous
solution.58 Since then, our group and others have demonstrated that the HDS-active metal
phosphides comprise a new class of highly active and acid-stable HER catalysts. The field of
metal phosphide HER catalysts has also expanded rapidly to include a growing number of
catalytic systems and preparation methods, demonstrations of integration into functional
photocathode systems, mechanistic insights in the catalytic reactions, and guidelines for
designing new catalysts and improving the performance of existing catalysts.

1.5 Characterizations of Electrochemical Properties
Key considerations for appropriate electrocatalytic testing of the metal phosphide systems
are briefly outlined below as well. Materials for HER electrocatalysis are typically evaluated
using a three-electrode setup, in which a reference electrode, a counter electrode, and a catalystmodified working electrode are immersed in an aqueous electrolyte. The electrolyte is also
continuously purged with high purity H2 gas to establish standard operating conditions. When Pt
is used as a counter electrode, the use of a two-compartment cell prevents cross-contamination by
trace noble metal species. Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) are
commonly used to evaluate the HER performance by measurement of the catalytic current as a
function of applied potential. The observed catalytic current is typically plotted as the
experimentally observed current density, normalized to the geometric area of electrode, to
facilitate comparisons among electrodes having different sizes. This approach however does not
account for variations in catalyst loading or surface area. Methods to estimate the actual surface
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area of the catalyst include the use of bulk surface areas obtained through BET analysis or
geometric estimates using mathematically-derived surface areas based on average particle sizes
and shapes. These estimates are limited by the realization that not all exposed surface sites are
catalytically active. Electrochemical measurements of surface area most closely relate to HER
operating conditions, but they have been predominately developed for noble metal systems and
therefore may not be directly applicable to Earth-abundant systems.
Galvanostatic measurements and cyclic voltammetry are typically used to characterize
the stability of a catalyst. Galvanostatic measurements maintain an application-relevant current
density, such as 10 mA cm-2 for photoelectrochemical (PEC) cells, for a sufficiently long time to
establish the desired degree of catalyst stability. Multiple cyclic voltammetry cycles over an
appropriate potential window, such as between 0 V vs. RHE and the potential required to reach or
exceed a target operational current density, mimic the ramp-up and ramp-down cycles expected
for PECs. Additional useful studies include prolonged testing under the open-circuit potential (to
simulate the system at rest), tests over longer periods of time (months to years), quartzmicrobalance studies to identify slow dissolution processes, and impedance measurements to
probe the electrical resistivity of the catalyst.
As mentioned above, catalyst benchmarking is important, and as a result, proper controls
and reporting metrics are mandatory. For example, showing electrochemical data for standard Pt
electrodes under the same conditions used to evaluate new catalytic materials provides a
necessary baseline for comparison. However, the availability of a wide range of different Pt
standards having different surface areas and mass loadings, including flat Pt disks, Pt mesh
electrodes, and supported Pt nanoparticles, complicates matters, as such systems exhibit very
different catalytic performance. Pt meshes are particularly desirable because they are
commercially available, have high catalytic activity, and offer highly reproducible performance.
Ultimately, the most active Pt standards should be used for comparison to new catalysts. When
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reporting the results of electrocatalytic testing, the overpotential required to reach a specific
current density (the operationally relevant benchmark current density) allows facile comparison
between catalysts tested under similar experimental conditions. Reporting the electrode details is
also important for characterizing and comparing catalysts. For example, differences in loading
density and surface area can influence the reported metrics, and are important considerations.

1.6 Overview of Transition Metal Phosphides
Metal phosphides, represented by the general formula MxPy, are solid-state compounds
formed from the combination of metallic or semimetallic elements with phosphorus. The crystal
structures adopted by the large number of known binary, ternary, and higher-order metal
phosphides are diverse (Figure 1.3), spanning simple high-symmetry ionic structures such as
NaCl-type LaP to more complex structures such as ThCr2Si2-type LaRu2P2 and skutterudite-type
LaRu4P12. The bonding in metal phosphides is also diverse and, depending on the composition
and constituent elements, can be described as ionic, covalent, or metallic. Metal-rich (x > y in
MxPy) or stoichiometric (x = y = 1 in MxPy) metal phosphides are often semiconducting and in
some cases even metallic or superconducting due to the presence of significant metal-metal
bonding. For instance, TiP and Fe2P exhibit metallic behavior, whereas GaP and InP are wellknown semiconductors. Superconducting properties have been observed in various metal-rich
phases such as Mo3P59 and LaRu2P2.60
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Figure 1.3: Crystal structures of representative types of metal phosphides: NaCl-type LaP,
skutterudite-type LaRu4P12, ThCr2Si2-type LaRu2P2, and MgAs4-type ZnP4.

The relatively strong M-P bonds can impart transition metal phosphides with high
thermal stability and hardness, as well as resistance to oxidation and chemical attack. For
example, the phosphides of various metals, such as Ti, Ta, Mo, and W, are of interest as oxidation
resistant coatings for high temperature applications.61-62 Importantly for applications such as HER
electrocatalysis, many transition metal phosphides are impervious to dilute acids and bases, and
some are unaffected even by strongly acidic or alkaline solutions. More ionic phosphides, such
as Ca3P2 and Zn3P2, however, readily decompose in water to produce highly pyrophoric and toxic
gases, such as phosphines and diphosphines.
In contrast to the metal-rich and stoichiometric phosphides, phosphorus-rich transition
metal phosphides (y > x in MxPy) exhibit significant phosphorus-phosphorus bonding, due to the
ability of phosphorus to bond with itself to form various oligomers and clusters. For example, a
number of MP2 compounds, such as NiP2 and SiP2, adopt the pyrite-type structure in which the
phosphorus atoms are arranged in P-P dimers. Other polyphosphides contain various phosphorus
oligomers, clusters, chains, and planes. These so-called polyphosphides exhibit characteristics
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that are markedly different from their metal-rich or stoichiometric counterparts, including lower
thermal stabilities, higher reactivities, and softer properties that can be classified as significantly
less refractory. As a result, many phosphorous-rich phosphides are thermally unstable,
disproportioning at high temperatures to elemental phosphorus and more metal-rich phases.

1.7 Synthesis of Metal Phosphides
Metal phosphides can be synthesized using a variety of methods and in various forms,
producing single crystals,63-64 bulk polycrystalline powders,65 films,66-67 or nanostructured solids6874

(Figure 1.4). Bulk metal phosphides can be prepared through traditional solid-state strategies

by direct combination of the elements at high temperatures in an inert atmosphere or under
vacuum. Using this approach, many phosphide phases can be routinely accessed in high purity
and on a large scale. As is typical for bulk-scale solid-state reactions, high reaction temperatures
(> 900 oC) and long reaction times (1-10 days) are generally required.

For example, in a

representative synthesis of bulk FeP,75 stoichiometric amounts of iron metal and red phosphorus
are sealed in an evacuated silica tube, which is then heated to 900 oC for approximately 8 days.
Red phosphorus is often used in these direct high-temperature solid-state reactions, although the
more reactive white phosphorus allotrope can also be used, as can certain reactive metal
phosphides. For example, various phosphide phases, including AlP76 and NbP,78 have been
accessed by high-temperature reactions between a metal phosphide of a lower stability, such as
Ca3P2 or Zn3P2, and the appropriate metal powder (> 1000 oC). Because the high-temperature
solid-state reactions can produce highly reactive and pyrophoric byproducts, including P4 and
phosphine, properly trained personnel must work under rigorously air free conditions to perform
the reactions safely as well as to isolate the products.
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Figure 1.4: Representative types of metal phosphide crystals, films, and nanoparticles. A) A
crystal of NdFe4P12 with the cubic LaFe4P12-type structure grown from a tin flux. Adapted from
ref. 63. B) Ni2P single-crystal rod produced by the floating-zone method. Adapted from ref. 64.
C) Cu metal wire and foil and the wire and foil with a thick Cu3P coating made by refluxing in
trioctylphosphine. Adapted from ref. 65. D) SEM images of a Ni2P film on Ni. Adapted from ref.
66. E) SEM image of a thin film showing a mixture of Ni2P and Ni0.85Se deposited using CVD.
Adapted from ref. 67. (G) TEM image of Zn3P2 nanoparticles. Adapted from ref. 68. (H,I) TEM
images of Ni2P nanoparticles. Adapted from refs. 69-70. (J) TEM image of FexNi2-xP
nanoparticles. Adapted from ref. 71. (K) TEM image of Rh2P nanoparticles. Adapted from ref.
72. (L) TEM image of CoP nanoparticles. Adapted from ref. 73.

To lower the temperatures required by direct reactions and to expand the palette of
accessible phases, molten fluxes have been used extensively in the synthesis of metal
phosphides.63 In this approach, a nominally unreactive and low-melting metal, such as Sn or Pb,
is mixed with the precursor elements and used as a high temperature solvent to enhance the
diffusion rate of the solid reagents.63 After the reaction, the metal matrix must be separated from
the products either mechanically or by dissolution in acid. For example, in a representative flux
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synthesis of RuP2,78 stoichiometric amounts of ruthenium and red phosphorus powders are placed
along with excess tin in an evacuated silica tube, which is sealed and heated to 1200 oC for
approximately 3 days. After the reaction, the phosphide product is then recovered from the flux
by dissolving the tin in hot concentrated HCl. In many instances, the flux method yields highquality phosphide crystals (Figure 1.4) and provides access to metastable and low-temperature
phases that are inaccessible by the use of higher temperature solid-state reactions, which tend to
favor the formation of more thermodynamically stable products. Moreover, phosphide phases like
CrP4,79 MnP471-81 and Re2P582 are challenging to obtain through alternative methods without the
use of high pressures.
Another approach that has been extensively used in the synthesis of metal phosphides is
the phosphidation of metal oxides, hydroxides or other precursors by highly active phosphorus
species. The phosphidation can be obtained either through direct exposure to phosphine gas83 or
by exposure to related compounds generated in situ through the reduction of phosphate salts by
hydrogen56 or carbon.84 For instance, several phosphide phases, such as Ni2P, CoP and FeP, can
be readily obtained by the temperature programmed reduction (TPR) of the corresponding metal
phosphate.56-57 In a representative TPR synthesis of CoP,85 a stoichiometric mixture of cobalt
nitrate and ammonium hydrogen phosphate is calcined in air at 500 oC for approximately 6 hours
to produce a cobalt phosphate precursor, which is subsequently reduced by heating to 1000 oC for
2 hours in a H2-containing atmosphere. Originally developed to produce metal oxide supported
phosphides for catalytic applications such as hydrodesulfurization or hydrodenitrogenation, the
strategy has recently been extended to the production of phosphide materials directly on the
surfaces of electroactive substrates, such as conductive carbon paper86 and metal foams.87
Electrochemical and electroless deposition methods have also been explored as a way to directly
coat electrode surfaces with metal phosphides.88-94 However, these approaches tend to yield
amorphous Co-P and Ni-P alloys with a wide range of phosphorus contents.
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The need for high surface area phosphide materials for catalytic and electrocatalytic
applications has led to renewed interest in alternative synthetic strategies for the production of
metal phosphides.

For example, solvothermal reactions,95 thermal decomposition of single-

source organometallic precursors,96 and the reaction of organometallic compounds or metallic
nanoparticles with organophosphine reagents,65,97 have been used to produce crystalline highsurface area metal phosphides under reaction conditions that are frequently milder than those
found in direct reactions or flux approaches. Furthermore, these methods typically produce metal
phosphides in the form of dispersable nanocrystals that can be directly applied by drop-casting or
spin-coating onto the surfaces of electrodes. Highly reactive reagents such as white phosphorus
(P4) or P(SiMe3)3 can be used as phosphorus sources, but milder reagents such as tri-noctylphosphine (TOP) have been used as general phosphorus sources for the low-temperature
conversion of metals into metal phosphides. Multiple phases such as Ni2P,97 Ni12P5,103 Ni5P4,104
Cu3P,65 Fe2P,98 FeP,98,99 Co2P,102 CoP,101,102 InP,100 PtP2,97 PdP2,97 RhP2,97 Au2P3,97 Pd5P2,97 and
MnP,65,

97

as well as mixed-metal solid solutions such as (NixFe1-x)2P,71 (NixCo1-x)2P105 and

(CoxFe1-x)2P,106 have been synthesized as nanoparticles through these methods (Figure 1.4).
However, due to the use of solvents for such reactions, the temperature range is limited and
generally cannot exceed 400 oC or the maximum reflux temperature of the highest-boiling
solvents.
Several thin-film growth techniques have also been applied to the synthesis of transition
metal phosphides, mainly for the fabrication of semiconducting or optoelectronic devices.
Chemical vapor deposition (CVD) and metal-organic chemical vapor deposition (MOCVD)
(Figure 1.4) have been widely used to produce high-quality crystalline and amorphous thin films
of several transition metal phosphides, including InP,107 GaP,108 Zn3P2,109 Ni2P,110 and TiP,111
among others. Typically in these processes, volatile gaseous precursors such as metal alkyls,
metal halides, or in the case of MOCVD, single-source metal-organic compounds, are
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decomposed at high temperatures over an appropriate substrate. Similarly, physical vapor
deposition (PVD) techniques, such as sputtering112-113 and pulsed laser deposition (PLD),114 have
also been used to produce metal phosphide thin films on various substrates. However, in most
cases the films obtained through these techniques are poorly crystalline or amorphous.

1.8 Transition Metal Phosphides as Catalysts for the HER
Despite being well-known catalysts for various hydrotreating processes, such as
hydrodesulfurization and hydrodenitrogenation,56-57 transition metal phosphides have only
recently been explored as catalysts for the HER. Early work by Paseka92,94 and Burchardt90
demonstrated that amorphous alloys of Ni, Co, and Fe with small amounts of phosphorus (1 to 27
wt.%) were able to catalyze the HER at relatively low overpotentials in alkaline electrolytes. In
2005, based on density functional theory (DFT) calculations, Liu and Rodriguez predicted that
Ni2P may be a potential alternative to Pt, suggesting that synergistic effects between exposed
proton-acceptor and hydride-acceptor centers on the (001) surface of Ni2P could mimic features
of the active sites of hydrogenase enzymes to facilitate efficient HER catalysis.53 In 2013, we
experimentally validated this prediction, showing that nanostructured Fe2P-type Ni2P was indeed
a highly active HER electrocatalyst in acidic aqueous solutions.58 Hu and co-workers similarly
showed that Ni2P nanopowders prepared through alternative solid-state approaches were also
highly-active HER catalysts in acidic aqueous solutions.115 Since then, many groups worldwide
have contributed extensively to the advancement of this field, including the discovery of other
metal phosphide HER catalysts, the development of new and improved methods for the synthesis
and processing of catalytic metal phosphide materials, the interrogation of their electrocatalytic
and photocatalytic properties, investigations into the mechanisms by which they function, and
demonstrations of their applicability in integrated systems and devices.
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1.8.1 Nickel Phosphides
The first Ni2P materials studied experimentally as HER catalysts were nanoparticles
synthesized by reacting trioctylphosphine (TOP) and nickel(II) acetylacetonate in 1-octadecene
and oleylamine at 320 °C for 2 h.58 Several synthetic routes to colloidal Ni2P nanoparticles have
been reported. For example, work by the groups of Brock,55 Chiang,69 Hyeon,116 Robinson,117 and
Tracy,70 along with our group,65,97 demonstrated that high-quality Ni2P nanocrystals could be
readily obtained in solution by the co-reaction of organophosphine reagents such as TOP with
nickel complexes or premade Ni nanoparticles. The Ni2P particles initially evaluated as HER
catalysts were synthesized using the method reported by Tracy and co-workers because it
produced a high yield of monodisperse, phase-pure Ni2P nanocrystals through a simple one-pot
reaction.70 As shown in Figure 1.5, the as-synthesized Ni2P particles were monodisperse, hollow,
multi-faceted and single-crystalline, with an average diameter of 20 nm. The hollow morphology
is the result of the nanoscale Kirkendall effect, which is caused by differences in the inward vs.
outward diffusion rates of the constituent elements during the reaction. Kirkendall voids are
commonly observed in metal phosphide nanoparticles synthesized by the decomposition of
trioctylphosphine. Working electrodes of the Ni2P material were prepared by applying the asmade nanoparticles to Ti foil substrates, followed by annealing at 450 °C in H2(5%)/N2(95%) to
remove the organic ligands that capped the surface of the nanoparticles. The resulting
nanoparticulate Ni2P films required an overpotential of only -116 mV to produce an operationally
relevant current density of -10 mA  cm−2 (η-10 mA cm−2 = -116 mV) in a strongly acidic electrolyte
(0.50  M H2SO4), while also demonstrating good stability and quantitative Faradaic efficiencies
over 2 h of sustained hydrogen production.58 Hu and co-workers similarly demonstrated that Ni2P
nanoparticles made using a bulk scale reaction between NaH2PO2 and NiCl2·6H2O showed
excellent activity and stability in both acidic and alkaline solutions, requiring overpotentials of
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approximately η-10 mA cm−2 = -125 mV and η-10 mA cm−2 = -230 mV in acidic and alkaline conditions,
respectively.115 Likewise, Sun and coworkers reported Ni2P nanoparticle films prepared via the
low-temperature phosphidation of electrodeposited nickel hydroxide precursors.118 The resulting
Ni2P films displayed a HER performance comparable to those reported previously and made by
other methods, requiring an overpotential of approximately η-10

mA cm

−2

= 130 mV in 0.50  M

H2SO4 and exhibiting stable hydrogen production for at least 15 h. Many other groups have since
described similar activities and stabilities for a wide portfolio of Ni2P materials, including various
nanostructures, films, and bulk powders. The observed catalytic performance placed Ni2P
amongst the best non-noble-metal HER electrocatalysts in acidic aqueous solutions reported up to
that point, including MoS2,48-51 NiMoN,47 MoB,44 and Mo2C catalysts.44-45

Figure 1.5: A) TEM image of Ni2P nanoparticles. B) HRTEM image of a representative Ni2P
nanoparticle highlighting the exposed Ni2P(001) facet and the 5.2- Å lattice fringes that
correspond to the (010) planes. C) Experimental powder XRD pattern for the Ni2P nanoparticles,
with the simulated pattern of Ni2P shown for comparison. D) Polarization data for three
individual Ni2P electrodes in 0.5 M H2SO4, along with glassy carbon, Ti foil, and Pt in 0.5 M
H2SO4, for comparison. Adapted from ref. 58.
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Figure 1.6: (A) TEM image, (B) high-angle annular dark field (HAADF) scanning transmission
electron microscopy (STEM) image, and (C) powder XRD data for CoP nanoparticles. (D)
Polarization data for CoP/Ti electrodes in 0.5 M H2SO4, along with Ti foil and Pt for comparison.
Panels (A), (C), and (D) adapted with permission from ref. 119.

1.8.2 Cobalt Phosphides
Following the initial studies of Ni2P as an Earth-abundant HER catalyst, cobalt phosphide
(CoP) was also identified as an active and acid-stable HER catalyst.119 Like Ni2P, CoP is a
structurally and compositionally distinct but active HDS catalyst. CoP nanoparticles, which were
prepared by reacting Co nanoparticles with TOP at ~320 °C, were quasi-spherical, multi-faceted,
highly uniform, and hollow, with an average diameter of 13 ± 2 nm (Figure 1.6), similar to those
of Ni2P mentioned previously. Electrodes comprised of CoP nanoparticles on a Ti support
outperformed Ni2P and other nickel-containing phosphides in both activity and stability in 0.50  M
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H2SO4, requiring an overpotential of η-10

mA cm

−2

= -75 mV and remaining stable for over 24 h

while exhibiting 100  % Faradaic efficiency. Several groups have since corroborated these results
for a wide variety of CoP morphologies and supports. For example, Sun and coworkers have
reported similar HER activities in 0.50  M H2SO4 for a number of different CoP-based electrodes
obtained via the low-temperature phosphidation of various cobalt precursors with NaH2PO2.
These reports include carbon nanotubes decorated with CoP nanocrystals (η-10
mV),120 CoP nanosheet arrays supported on Ti plates (η-10

mA cm

−2

mA cm

−2

= -122

= -90 mV,121 self-supported

nanoporous cobalt phosphide nanowire arrays on carbon cloth (η-10

mA cm

−2

= -67 mV),122 CoP

nanotubes (η-10 mA cm−2 = -72 mV),123 As in the case of Ni2P, despite the wide diversity of synthetic
preparations, sizes, morphologies and supports that have been reported, most results are in
agreement, reporting an average overpotential for CoP of η-10 mA cm−2 = -80 mV in 0.50  M H2SO4.

1.8.3 Molybdenum and Tungsten Phosphides
Molybdenum and tungsten phosphides are among some of the most active HDS catalysts
reported to date, making them attractive targets as catalysts for the HER.56-57 Wang and
coworkers reported the HER activity of crystalline Mo3P and MoP prepared through bulk solidstate approaches.124 The metal-rich Mo3P phase displayed low HER activity, requiring an
overpotential of η-10 mA cm−2 = -500 mV in 0.50  M H2SO4. However, the stoichiometric MoP phase
exhibited much improved performance even in bulk form, exhibiting an overpotential of
approximately η-10

mA cm

−2

= -125 mV under the same conditions. Our group reported on the

synthesis and HER performance of amorphous molybdenum phosphide (MoP) nanoparticles
having diameters of ~ 3 nm prepared through the decomposition of Mo(CO)6 and TOP in
squalane at 320 °C.125 The MoP nanoparticles remained amorphous even after annealing to 450
°C to remove the organic surface ligands. Working electrodes of the MoP nanoparticles on Ti foil
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(MoP/Ti) exhibited overpotentials of η-10

mA cm

−2

= -90 mV in 0.50  M H2SO4. These potentials

remained constant after 18 h of galvanostatic testing and after over 500 cyclic voltammetric
sweeps, indicating substantial stability under operating conditions. Amorphous tungsten
phosphide (WP) nanoparticles of comparable morphology and size were also obtained using
similar synthetic methods.126 When tested for the HER, WP/Ti electrodes displayed slightly lower
activities than MoP, producing a current density of -10 mA cm−2 at an overpotential of -120 mV
in 0.50  M H2SO4.

1.9 Research
The following chapters discuss our efforts to improve on the synthesis, activity and
stability of state-of-the-art Earth-abundant water splitting electrocatalysts. In chapter 2, I describe
the identification of iron phosphide (FeP), synthesized as uniform and hollow nanoparticles, as an
active HER electrocatalyst, having one of the highest activities reported to date in both acidic and
neutral conditions. This effort was undertaken as part of a three-way collaboration in our group
between myself, Dr. Joshua McEnaney and Juan Callejas. As part of this collaboration, I focused
my efforts on the characterization and photocatalytic testing of the FeP material. Operating at a
current density of -10 mA cm–2, the FeP nanoparticle electrodes exhibited overpotentials of only 50 mV in 0.50 M H2SO4 and -102 mV in 1.0 M phosphate buffered saline at a mass loading of ∼1
mg cm–2. Under long-term testing the FeP nanoparticles showed sustained hydrogen production
with essentially quantitative faradaic yields for at least 16 hours. In addition, under UV
illumination, FeP nanoparticles deposited on TiO2 produced H2 at rates and amounts comparable
to those of Pt/TiO2 in both acidic and neutral-pH solutions. Therefore, cementing FeP as a highly
active Earth-abundant material for efficiently facilitating the HER both electrocatalytically and
photocatalytically. In chapter 3, I describe a general and scalable strategy for the synthesis of
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transition metal phosphide electrodes based on the reaction of commercially available metal foils
with various organophosphine reagents. The resulting phosphide films were found to be highly
active and durable catalysts for the HER in acidic and basic solutions, and the OER in basic
solutions. The most active electrodes required overpotentials of only -128 mV for the HER in
acid (Ni2P), -183 mV for the HER in base (Ni2P), and 277 mV for the OER in base (NiFeP) to
produce benchmark current densities of 10 mA cm–2. In addition, we show how the same
technique can be used to produce conformal and catalytically active metal phosphide thin-films
on relevant photocathode materials such as doped Si. Finally, in chapters 4 and 5, I describe a
conceptually new synthetic pathway for the synthesis of colloidal hybrid nanoparticles based on
solution–liquid–solid and related supersaturation-precipitation strategies. The new approach
facilitated the integration of previously inaccessible group IV elements into the colloidal hybrid
nanoparticles framework and allowed access to distinct heterotrimer isomer configurations.
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Chapter 2

Electrocatalytic and Photocatalytic Hydrogen Production from Acidic and
Neutral-pH Aqueous Solutions Using Iron Phosphide Nanoparticles*

2.1 Introduction
Platinum is the most widely used material for the electrocatalytic and photocatalytic
production of molecular hydrogen (H2) from water through the hydrogen-evolution reaction
(HER). Although Pt is highly active and stable under the often harsh operational conditions used
in electrolyzers and photoelectrochemical cells,1 Pt is expensive and scarce.2 Hence, several new
Earth-abundant HER catalysts have emerged, including MoS2,3, 4 Ni–Mo,5 CoSe2,6 CoS2,7 Ni2P,8, 9
CoP,10, 11 MoP,12, 13 and WP,14 as well as other related materials.15-19 Iron-based alternatives are
especially attractive because Fe is the most abundant transition metal, comprising ∼5% of the
Earth’s crust.20 Accordingly, the price of iron is typically at least 2 orders of magnitude less than
that of other highly abundant and catalytically relevant metals for the HER, including Ni and
Co.20 Iron-based clusters also have been found to be the catalytically active sites in [FeFe] and
[Fe]-only hydrogenases, which are highly active and efficient biological HER catalysts.21 A few
moderately active iron-based heterogeneous HER catalysts have been reported, including porous
FeP nanosheets,22 pyrrhotite-type FeS nanoparticles,23 and polycrystalline films of pyrite-type
FeS2.16 However, highly active HER catalysts composed of high-quality iron-based
nanoparticulate materials, which are among the most desired because of their cost, abundance,
and processability, have not yet been identified.
Iron phosphide (FeP) nanoparticles are exceptionally active as both electrocatalysts and
*

Adapted with permission from ACS Nano 8, 11101-11107, “Electrocatalytic and Photocatalytic
Hydrogen Production from Acidic and Neutral-pH Aqueous Solutions Using Iron Phosphide
Nanoparticles”, Copyright © 2014 American Chemical Society
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photocatalysts for sustained hydrogen production in either acidic or neutral-pH aqueous solutions.
With overpotentials of -50 mV in 0.50 M H2SO4 and -102 mV in 1.0 M phosphate buffered saline
(PBS), respectively, both at an operationally relevant current density of -10 mA cm–2, FeP
outperforms comparable, previously reported non-noble metal nanoparticle HER electrocatalysts
in both acidic and neutral-pH aqueous solutions. In addition, when immobilized on TiO2, the FeP
nanoparticles effect the photocatalytic generation of hydrogen under UV irradiation in acidic and
neutral-pH aqueous solutions, making FeP/TiO2 a fully Earth-abundant system for sustained
photocatalytic hydrogen production. This high electrocatalytic and photocatalytic activity,
coupled with the high terrestrial abundance and low cost of its constituent elements, makes FeP
an important addition to the growing family of transition-metal phosphide nanostructures that
have been identified as active HER catalysts.

2.2 Results and Discussion

2.2.1 Synthesis and Characterization
To synthesize the FeP nanoparticles, Fe nanoparticles were prepared by decomposing
Fe(CO)5 in a mixture of oleylamine and 1-octadecene at 190 °C, followed by reaction with
trioctylphosphine (TOP) at 340 °C for 1 h. This procedure is modified from a previous report.24
Transmission electron microscopy (TEM) images (Figure 2.1a) indicated the formation of
spherical, hollow particles with an average diameter of 13 ± 2 nm. The corresponding highresolution TEM (HRTEM) image (Figure 2.1b) revealed that the hollow particles were single
crystalline and faceted and are therefore morphologically similar to other transition-metal
phosphide nanoparticles formed by chemically transforming metal seed particles into phosphides
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using TOP.8, 10 The lattice fringes observed by HRTEM were 2.9 and 2.6 Å, which corresponded
well to the (002) and (200) planes of MnP-type FeP, respectively.

Figure 2.1: (a) TEM and (b) HRTEM image of the FeP nanoparticles.

The powder X-ray diffraction (XRD) pattern for the product corresponded well with that
expected for nanocrystalline MnP-type FeP (Figure 2.2a). Scherrer analysis of the peak widths
indicated an average grain size of 11 nm, which is consistent with the average particle size
observed by TEM and suggests that the nanocrystalline particles observed by TEM comprise the
bulk of the sample. A selected area electron diffraction (SAED) pattern acquired from an
ensemble of particles (Figure 2.2b) exhibited rings that were fully indexed to MnP-type FeP,
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consistent with the bulk XRD data. The energy-dispersive X-ray spectroscopy (EDS) data
(Figure 2.3) indicated an Fe/P ratio of 44:56, which is consistent with the expected FeP
stoichiometry, along with a slight excess of P that is likely due to surface-bound TOP.

Figure 2.2: (a) Powder XRD data and (b) SAED pattern for the FeP nanoparticles. Both
simulated and experimental XRD and SAED data are shown for comparison.

Figure 2.3: EDS spectrum of the as-synthesized FeP nanoparticles.

43
2.1.2 Electrochemical Hydrogen Evolution
Working electrodes with FeP nanoparticle mass loadings of 1 mg cm–2 on Ti substrates
were heated for 2 h at 450 °C in H2(5%)/Ar(95%) to remove the surface ligands (Figure 2.4). The
electrocatalytic HER activity was then evaluated in acidic [0.50 M H2SO4] and neutral-pH [1.0 M
PBS] aqueous solutions. No Pt contamination was detectable by X-ray photoelectron
spectroscopy (XPS). Figure 2.5 shows polarization (current density vs potential) data for three
individual FeP/Ti electrodes, along with data for Ti, which is not an active HER catalyst, as well
as data for Pt, which is a benchmark HER catalyst. In acidic solutions, the FeP/Ti electrodes
produced current densities of -10 and -20 mA cm–2 at overpotentials of -50 and -61 mV,
respectively (i.e., η–10 mA/cm2 = -50 mV and η–20 mA/cm2 = -61 mV). These overpotentials
approached those of the Pt electrode (η–10 mA/cm2 = -18 mV and η–20 mA/cm2 = -26 mV) and are
lower than those of other relevant and comparable systems in acidic solutions tested under
identical conditions, including Ni2P (η–20 mA/cm2 = -130 mV)8 and CoP (η–20 mA/cm2 = -85
mV).10 Previously reported overpotentials at comparable current densities and mass loadings
suggest that the electrocatalytic HER activity of the FeP/Ti electrodes also compares favorably to
that of other relevant systems, including CoSe2 (η–20 mA/cm2 = -150 mV),6 CoS2 (η–20 mA/cm2 =
-162 mV),7 MoS2/RGO (η–20 mA/cm2 = -185 mV),4 polycrystalline films of pyrite-type FeS2 (η–10
mA/cm2 = -265 mV),16 and porous FeP nanosheets (η–20 mA/cm2 = -325 mV).22 The enhanced
activity of our FeP nanoparticles relative to the HER activity of porous FeP nanosheets previously
reported may be due in part to the increased accessible surface area produced by the small particle
sizes, in conjunction with ligand removal via thermal annealing, as well as other intrinsic factors
that include crystallinity and phase purity.
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Figure 2.4: DRIFT spectra of FeP nanoparticles as-synthesized (top) and after heating under
H2(5%)/Ar(95%) to 450 °C (bottom). The region corresponding to the C-H stretching
frequencies (present because of the surface ligands in the as-synthesized sample and absent after
annealing) is highlighted.

Figure 2.5: Polarization data for three distinct FeP/Ti electrodes, along with Pt and Ti, in (a) 0.50
M H2SO4 and (b) 1.0 M PBS.
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The FeP/Ti electrodes also functioned as highly active HER electrocatalysts in neutralpH aqueous solutions (Figure 2.5b), with η–10 mA/cm2 = -102 mV and η–20 mA/cm2 = -136 mV.
For comparison, Pt exhibited a high HER activity, as expected (η–10 mA/cm2 = -45 mV and η–20
mA/cm2 = -65 mV), while the bare Ti foil exhibited large overpotentials. While less active than in
acidic solutions, these overpotential values in neutral-pH solutions are comparable to those of
CoP nanowire arrays (η–10 mA/cm2 = -106 mA)11 and compare favorably to other related systems,
including Mo2C (η–1 mA/cm2 = -200 mV),(17) MoB (η–1 mA/cm2 = -250 mV),17 pyrrhotite-type
FeS nanoparticles (η–0.7 mA/cm2 = -450 mV),23 and Co-embedded nitrogen-doped carbon
nanotubes (η–10 mA/cm2 = -540 mV).25

Figure 2.6: Tafel plots of overpotential vs. log(current density) of several FeP/Ti electrodes and
of a Pt electrode. The slopes were obtained by applying a linear fit between -30 mV to -80 mV
for the FeP samples and -20 mV to -50 mV for the Pt electrode.

For the Pt electrode in 0.50 M H2SO4, the slope of the Tafel plot [overpotential vs
log(current density)] was ∼30 mV/decade, with an exchange current density of 2.49 × 10–3 A cm–2
(Figure 2.6). Both values are consistent with the known behavior of Pt for the HER.8, 10 For the
FeP/Ti electrodes in 0.50 M H2SO4, Tafel analysis yielded a slope of ∼37 mV/decade. The FeP

46
Tafel slope is comparable to Tafel slopes for related systems such as MoS2 on reduced graphene
oxide (41 mV/decade),4 CoSe2 (42 mV/decade),6 and Co-embedded nitrogen-doped carbon
nanotubes (42 mV/decade)25 and is significantly lower than the Tafel slopes for Ni2P (46
mV/decade)8 and CoP (50 mV/decade).10 The exchange current density for FeP/Ti in acidic
solutions was 4.3 × 10–4 A cm–2, consistent with the high activity of FeP and intermediate
between that of the Pt control (2.49 × 10–3 A cm–2) and Ni2P (3.3 × 10–5 A cm–2).8 The turnover
frequency (TOF) in 0.50 M H2SO4 at η = 100 mV was estimated to be 0.277 s–1, which is
comparable to previous reports for related systems.8-11 The faradaic efficiencies of both an FeP/Ti
electrode and the Pt control were determined by maintaining a current of -10 mA for 50 min, thus
passing 30 C of charge. The amount of H2 collected was consistent with that expected based on
the amount of charge passed through the system, indicating a quantitative faradaic yield.

Figure 2.7: Plots for FeP/Ti electrodes in 0.50 M H2SO4 and 1.0 M PBS, respectively, of (a)
overpotential vs time and (b,c) current density vs potential, initially and after 500 and 1000 CV
sweeps between +0.1 and -0.15 V vs RHE.
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The stabilities of the FeP/Ti electrodes in acidic and neutral solutions were first evaluated
under galvanostatic conditions at a current density of -10 mA cm–2 for 16 h. Over this time
period, the overpotentials increased by approximately 52 mV in acidic solutions but by only ∼35
mV in neutral-pH solutions (Figure 2.7a). Accelerated degradation studies were also performed
using cyclic voltammetry (CV), in which the FeP/Ti electrodes were cycled between +0.1 and 0.15 V vs RHE (reversible hydrogen electrode). After 500 and 1000 cycles, the overpotential in
acidic solutions increased by approximately 19 and 25 mV, respectively (Figure 2.7b). Several
factors could lead to such overpotential increases during CV cycling and galvanostatic testing in
0.50 M H2SO4, including sample degradation and the formation of surface oxides. XRD data for
the FeP/Ti electrodes after 500 and 1000 cycles in 0.50 M H2SO4 confirmed that the
nanocrystalline MnP-type FeP phase persisted. Notably, the analogous CV cycling experiments
and galvanostatic testing in 1.0 M PBS showed no measurable increase in overpotential (Figure
2.7c), indicating that the FeP particles were very stable under neutral-pH conditions.

2.1.3 Photocatalytic Hydrogen Production
In addition to serving as an efficient HER electrocatalyst, FeP nanoparticles immobilized
on TiO2 photocatalytically generated hydrogen under UV illumination in acidic and neutral-pH
aqueous solutions. For this purpose, the FeP nanoparticles were adsorbed onto Degussa P25 TiO2
using a literature protocol, which includes annealing at 450 °C under H2(5%)/Ar(95%).26 A TEM
image of the FeP/TiO2 sample (Figure 2.8a), along with a corresponding HRTEM image (Figure
2.8b) and STEM-EDS element map (Figure 2.8c), confirmed that the FeP nanoparticles remained
unchanged in morphology, uniformity, composition, and phase after deposition onto the TiO2,
although a putative carbonaceous shell might be formed during the annealing process.
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Figure 2.8: (a) TEM image, (b) HRTEM image, and (c) STEM-EDS element maps of the
FeP/TiO2 nanocomposite.

Figure 2.9: Spectrum of the 200 W Hg(Xe) arc lamp used for the photocatalysis experiments.
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Figure 2.10: Plots of (a) H2 production rate vs time and (b) amount of H2 produced vs time in
acidic and neutral solutions using the FeP/TiO2 nanocomposite and UV illumination, as described
in the text.

Figure 2.11: Plot showing the rate of photocatalytic H2 production vs. time for Pt/TiO2 and
FeP/TiO2 samples, each in acidic and neutral-pH solutions, as well as a TiO2 control. The
apparent quantum yields for Pt/TiO2 in acidic and neutral-pH solutions were 0.222 and 0.163,
respectively.
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Photocatalysis was performed under UV illumination provided by a 200 W Hg(Xe) arc
lamp that was fitted with a water filter to cut off the infrared radiation. (Figure 2.9) Methanol
(MeOH) was used as a sacrificial electron donor, and the gaseous reaction products were
monitored at 10 min intervals by an online gas chromatograph (GC) with a thermal conductivity
detector. Figures 2.10 and 2.11 show the rates of H2 production as well as the total amounts of H2
produced as a function of time under acidic [50:50 MeOH/HCl(1 M)] and neutral-pH [50:50
MeOH/H2O] conditions for FeP/TiO2, as well as for Pt/TiO2 and TiO2. All cocatalyst mass
loadings were 1.5 wt %, as confirmed by atomic absorption spectroscopy. The TiO2-supported
FeP nanoparticles exhibited sustained photocatalytic H2 production over 16 h with minimal
decrease in activity under both acidic and neutral-pH conditions. After testing, the FeP/TiO2
composite remained largely intact (Figure 2.12). Bare TiO2 is a relatively inactive photocatalyst
for hydrogen production, and indeed, TiO2 alone showed a negligible rate of H2 production.
Consistently, the Pt/TiO2 control was highly active for H2 production, yielding average rates of
4.7 and 3.5 µmol H2 mg–1 h–1 in acidic and neutral-pH solutions, respectively. The average rates
of H2 production for FeP/TiO2 were 1.2 and 1.9 µmol H2 mg–1 h–1 in acidic and neutral-pH
solutions, respectively. The apparent quantum yields were 0.056 and 0.087 in acidic and neutral
solutions, respectively, and were comparable to the quantum yields observed for related nonnoble metal HER catalyst systems.27 Notably, and in contrast to the Pt/TiO2 control, FeP/TiO2
was slightly more active under neutral-pH conditions than under acidic conditions.
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Figure 2.12: HRTEM image of the FeP/TiO2 sample after 16 h of photocatalytic testing in acidic
solution, showing that the size, morphology, and crystallinity of the FeP nanoparticle persisted,
as did its interface with the TiO2 support.

2.3 Materials and Methods

2.3.1 Chemicals and Materials
Octadecene [90%, C18H36, Sigma-Aldrich], oleylamine [70%, C18H37N, Sigma-Aldrich],
oleic acid [technical grade, 90%, Sigma-Aldrich], pentacarbonyliron [99.5%, Fe(CO)5, AlfaAesar], squalane [98%, C30H62, Alfa-Aesar], tri-n-octylphosphine [>85%, P(C8H16)3, TCI
America], platinum(II) 2,4-pentanedionate [Pt 48.0% min, Alfa-Aesar], titanium foil [99.7%, 0.25
mm thickness], potassium phosphate dibasic [>98%, K2HPO4, Sigma-Aldrich], sodium
phosphate monobasic [>98%, NaH2PO4, Sigma-Aldrich], hydrochloric acid [37%, Sigma-
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Aldrich], sulfuric acid [99.999%, Sigma-Aldrich], and methanol [technical grade] were used as
received. High-quality colloidal Ag paint was purchased from SPI Supplies, and two-part epoxy
[HYSOL 9460] was purchased from McMaster-Carr. Degussa P25 TiO2 [Aeroxide P25
titanium(IV) oxide nanopowder, 21 nm particle size (TEM), ≥99.5% trace metals basis] was
purchased from Sigma-Aldrich, and 1.0 M PBS solution, with a measured pH of 6.5, was made
by dissolving 69 g of NaH2PO4·H2O (0.5 mol) and 71 g of Na2HPO4 (0.5 mol) in 1 L of water
obtained from a Barnsted Nanopure column.

2.3.2 Synthesis of Hollow Iron Phosphide Nanoparticles
[Caution: This reaction should be considered to be highly corrosive and flammable
because the high-temperature decomposition of a phosphine can liberate phosphorus, which is
pyrophoric. Therefore, this reaction should only be carried out using rigorously air-free
conditions by appropriately trained personnel.] Hollow iron phosphide nanoparticles were
synthesized from colloidal iron nanoparticles by slightly modifying a previously reported
process.24 1-Octadecene (ODE, 10.0 mL, 31.3 mmol) and oleylamine (0.2 mL, 0.61 mmol) were
added to a 50 mL, three-necked, round-bottom flask that was equipped with a reflux condenser, a
thermometer adapter, a thermometer, a rubber septum, and a borosilicate-coated stir bar. The
contents of the flask were stirred and heated to 120 °C under vacuum for 30 min to remove any
adventitious water and then placed under an Ar atmosphere. This ODE/oleylamine solution was
then heated to 190 °C, at which point 0.35 mL of pentacarbonyliron was injected. The suspension
was then maintained at 190 °C for 20 min. Five milliliters of the hot ODE/oleylamine mixture,
which at this point now contained colloidal Fe nanoparticles, was then rapidly injected (using a
glass syringe) into a second Ar-filled 50 mL, three-necked flask containing squalane (7.0 mL, 13
mmol) and tri-n-octylphosphine (3.0 mL, 6.7 mmol) that had been heated to 340 °C for 1 h. The
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temperature dropped as a result of the injection and was brought back up to 320 °C and held at
that temperature for 1 h. After the reaction was completed, the heating mantle was turned off and
the solution was allowed to cool to 200 °C. The heating mantle was then removed to allow the
sample to cool more rapidly to room temperature. The reaction solution was divided into two
centrifuge tubes for collection and cleaning. The nanoparticles were collected by adding hexanes
(5 mL) and ethanol (15 mL) to each tube, followed by centrifugation (12 000 rpm, 3 min). The
particles were then resuspended in hexanes (5 mL), and this process was repeated twice more.
Nanoparticles were redispersed in hexanes after isolation and placed in a vial (20 mL) for use.

2.3.3 Preparation of Working Electrodes
Electrode fabrication was analogous to that described in previous reports.8, 10, 12, 14 FeP
nanoparticles were deposited onto 0.2 cm2 pieces of Ti foil using 5 µL increments of a 10 mg mL–
1

solution, up to a total of 20 µL. After drying, the FeP/Ti foils were heated at 450 °C in

H2(5%)/Ar(95%) and were then attached to a polyvinyl chloride-coated Cu wire. A two-part
epoxy was used to insulate the conductive surfaces, with the exception of the FeP-decorated side
of the Ti foil.

2.3.4 Electrochemical Measurements
Electrochemical measurements were acquired using a Gamry Instruments Reference 600
potentiostat and were performed in 1.0 M phosphate buffered saline when testing in neutral-pH
conditions or in 0.50 M H2SO4 when testing in acidic conditions. Current Interrupt (built into the
potentiostat) was used to account for uncompensated solution resistance in all measurements. A
three-electrode cell with two compartments was used, and the compartments were separated by a
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Nafion membrane (Fuelcellstore.com) to inhibit contamination of the working electrode by the
contents of the counter electrode solution. A mercury/mercurous sulfate (Hg/Hg2SO4) electrode
was used as the reference electrode, and a Pt mesh electrode was used as the counter electrode.
Polarization data were acquired at a sweep rate of 1 mV s–1 while research-grade H2(g) was
continuously bubbled through the solution, which was rapidly stirred with a magnetic stir bar.
Measurement of the open-circuit potential of a clean Pt mesh electrode in the electrolyte solution
allowed for the determination of the RHE potential after the electrochemical characterization of
iron phosphide. An initial measure of electrochemical stability was obtained by holding the
current density galvanostatically at 10 mA cm–2 for 16 h. Long-term electrochemical stability was
simulated using cyclic voltammetric sweeps between +0.1 and -0.15 V vs RHE at 100 mV s–1.
Turnover frequencies were estimated as reported previously.8, 10

2.3.5 Quantitative Yield Measurements
Hydrogen yield measurements were performed in both the acidic and neutral solutions
using a two-electrode, single-compartment cell. Graphitic carbon was used as the counter
electrode with either FeP/Ti or Pt as the working electrode. The evolved H2(g) was captured via
an inverted graduated cylinder, positioned above the working electrode, which contained the
electrolyte solution. In each experiment, a cathodic current of 10 mA was passed continuously
through the 0.2 cm2 working electrode over a 50 min (3000 s) duration, resulting in 30 C of total
cathodic charge passed. For both acidic and neutral conditions, the FeP/Ti electrodes produced a
volume of H2(g) that was equivalent to the volume collected above Pt nanoparticle electrodes. All
experiments yielded 3.96 ± 0.03 mL of hydrogen. This is comparable to the faradaic theoretical
H2 yield of 3.74 mL calculated at 1 atm and 20 °C (ambient conditions) for 30 C of charge.
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2.3.6 Synthesis of Pt Nanoparticles
The Pt nanoparticles were synthesized using an adaptation of a previously reported
procedure.28 In the synthesis, 100 mg of Pt(acac)2, 10 mL of ODE, 1 mL of OLAC, and 1 mL of
OLAM were added to a 50 mL, three-necked, round-bottomed flask fitted with a condenser,
magnetic stir bar, thermometer adapter, thermometer, and rubber septum at room temperature.
The mixture was stirred under vacuum at ∼120 °C for 20 min to remove any adventitious oxygen
and water. The reaction was then placed under Ar and heated to 185 °C, and 0.1 mL of a
previously prepared Fe(CO)5 solution (0.75 M in ODE) was then quickly injected. The reaction
proceeded at a temperature of 200 °C for 20 min. The Pt nanoparticle product, which was
previously found to not contain observable Fe at the surface,28 was then cooled to room
temperature by removing the flask from the heating mantle and subsequently transferring the
suspension to centrifuge tubes. Ethanol was added to the tubes (1:1 by volume), and the product
was centrifuged at 10 000 rpm for 5 min. The black precipitate was redispersed in hexanes and
ethanol (1:1 by volume) and centrifuged at 10 000 rpm. The product was then redispersed in
hexanes and stored.

2.3.7 Preparation of Pt/TiO2 and FeP/TiO2
The Pt and FeP nanoparticles were anchored onto Degussa P25 TiO2 using an adaptation
of a previously reported procedure.26 A toluene solution of Pt or FeP nanoparticles of the
appropriate concentration was added to a dispersion of TiO2 in toluene. After being stirred for 1
h, the solid was separated by centrifugation and washed with acetone, along with the use of mild
sonication. The obtained slurry was then vacuum-dried and heated for 2.5 h at 450 °C under a
H2(5%)/Ar(95%) atmosphere to remove the surface ligands and to ensure the formation of a
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robust solid–solid interface between the nanoparticles and the TiO2 support. The Pt/TiO2 sample
was annealed for 3 h in air at 350 °C.

2.3.8 Photocatalytic Testing
Approximately 50 mg of Pt/TiO2 or FeP/TiO2 was suspended with sonication in 50 mL of
a 1:1 MeOH/H2O solution (pH-neutral solution) or 1 M HCl (acidic solution). Prior to the tests,
the reactor was purged with Ar for ∼25 min to ensure the removal of air. An Ar flow of 10 mL
min–1 was maintained during testing. UV illumination was provided by a 200 W Hg(Xe) arc
lamp fitted with a water filter to cut off the infrared radiation. Using a Newport OSM-400
spectrophotometer, the power density at the surface of the sample was measured to be ∼5.6
mW/cm2 over wavelengths shorter than 365 nm, which corresponds to a photon flux of ∼3.65 ×
1017 photons/s. The gaseous reaction products were monitored at 10 min intervals by an online
gas chromatograph (Shimadzu GC-2014) equipped with a thermal conductivity detector.

2.3.9 Materials Characterization
Powder X-ray diffraction patterns were acquired using a Bruker-AXS D8 Advance
diffractometer

with

Cu

Kα

radiation

and

a

LynxEye

1-D

detector.

The

CrystalMaker/CrystalDiffract software package was used to simulate XRD patterns for MnP-type
FeP. Microscopy samples were prepared by drop-casting 0.7 µL of dispersed FeP in hexanes onto
a 400 mesh Formvar and carbon-coated Cu grid (Electron Microscopy Sciences). Transmission
electron microscopy images were obtained using a JEOL 1200 microscope that was operated at
an accelerating voltage of 80 kV. A JEOL JEM-2010F microscope equipped with an EDAX
solid-state X-ray detector was used to collect high-resolution TEM images at an accelerating
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voltage of 200 kV, as well as scanning transmission electron microscopy (STEM) images and
energy-dispersive X-ray spectroscopy data. ES Vision software (Emispec) was used for EDS and
STEM-EDS data processing, with the Fe K-shell and P K-shell transitions chosen for quantitative
EDS analysis. XPS analysis was performed on a monochromatic Al Kα source Kratos Axis Ultra
operating at 14 kV and 20 mA for an X-ray power of 280 W. XPS spectra were acquired with a
photoelectron takeoff angle of 90° from the sample surface plane and were referenced to the C1s
peak with a binding energy of 285 eV. Diffuse reflectance infrared Fourier transform (DRIFT)
spectra were acquired using a Bruker IFS 66/s spectrometer (Bruker Optics, Billerica, MA). KBr
powder was used to dilute the nanoparticle samples for analysis, and DRIFT spectra were
processed with OPUS 6.0 (Bruker Optics, Billerica, MA). The catalyst loadings on TiO2 were
verified using a Shimadzu AA-7000 atomic absorption spectrophotometer.

2.4 Conclusions
In summary, FeP nanoparticles, as an Earth-abundant system, exhibit exceptionally high
activity for electrocatalytic and photocatalytic H2 production in both acidic and neutral-pH
aqueous solutions. The observed overpotentials of -50 and -102 mV to produce current densities
of -10 mA cm–2 in 0.50 M H2SO4 and 1.0 M PBS, respectively, place FeP among the most active
non-noble metal HER electrocatalysts reported to date. The FeP nanoparticles are substantially
more active than previously reported iron-based materials and are highly desirable non-Pt systems
for global scalability because of the exceptionally high Earth abundance and low cost of Fe.
Accordingly, FeP/TiO2 was shown to comprise a fully Earth-abundant system for the sustained
photocatalytic production of H2(g) from both acidic and neutral-pH aqueous solutions.
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Chapter 3

General Strategy for the Synthesis of Transition Metal Phosphide Films for
Electrocatalytic Hydrogen and Oxygen Evolution*

3.1 Introduction
The production of hydrogen and oxygen through the efficient and sustainable electrolysis
of water is an important component of various emerging clean-energy technologies, such as solardriven fuel generation systems, electrolyzers, and fuel cells.1,2 While noble metals such as Pt3 and
Ir3,4 are capable of splitting water at low overpotentials while sustaining high current densities, the
scarcity and high cost of these elements presents significant challenges to the global scalability of
these proposed alternative-energy systems. As a consequence, the search for Earth-abundant
substitutes to noble metals has gained significant traction. Recently, transition metal phosphides
have emerged as a promising family of highly active Earth-abundant electrocatalysts for both the
hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER) under various
conditions. For instance, several nanostructured phosphides of nickel,5-8 cobalt,9-13 iron,14,15
molybdenum,16 and tungsten17 have been reported to operate with low overpotentials for the HER
at current densities relevant to solar-driven water splitting systems, while remaining stable in
strongly acidic and/or basic aqueous solutions. Similarly, several examples of transition-metal
phosphides as oxygen evolving catalysts in basic media have demonstrated the potential of such
systems to also serve as precursors to highly-active electrocatalysts.13,18-20 Therefore, transition
metal phosphides, being among the most active Earth-abundant systems for electrochemical
hydrogen and oxygen production, present an inexpensive and viable alternative to noble metals.
*

Adapted with permission from ACS Appl. Mater. Interfaces, 8, 12798–12803, “General
Strategy for the Synthesis of Transition Metal Phosphide Films for Electrocatalytic Hydrogen and
Oxygen Evolution” Copyright © 2016 American Chemical Society
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A variety of methods have been used to prepare metal phosphide catalytic materials,
including

colloidal

synthesis,5,8,9,14,16,17

electrodeposition

of

amorphous

films,12,13

and

phosphidation of hydroxide precursors.11,15 However, the scalability of these synthetic methods
and avenues for the potential integration of the products into substrates relevant to solar-driven
electrochemical devices remains underexplored. Accordingly, we report herein the scalable
synthesis and characterization of a series of transition metal phosphide films prepared by the
phosphidation of commercially available metal foils (Fe, Co, Ni, Cu, and NiFe) via the vapor
phase decomposition of various organophosphine reagents. The approach minimizes some of the
problems traditionally present in the synthesis of phosphide materials, including the handling and
storage of highly pyrophoric reagents such as phosphine gas and white phosphorus,21 while still
allowing the transformation to proceed at moderate temperatures. The resulting films, which were
evaluated for their HER and OER performance, exhibited excellent activities, with HER
overpotentials of only -128 mV and -183 mV required for Ni2P to produce an operationallyrelevant current density of -10 mA/cm2 in acidic and alkaline solutions, respectively, and an OER
overpotential of only 277 mV for NiFeP to achieve a current density of 10 mA cm-2 in alkaline
solutions. These overpotentials at benchmark current densities compare favorably with the most
active HER and OER electrocatalysts reported to date. Additionally, we demonstrate that the
same procedure can be applied to the phosphidation of evaporated metal thin films, permitting the
facile integration of phosphide catalyst materials with a variety of surfaces, including highly
doped silicon, which is a leading photocathode material for solar-fuels production.
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3.2 Results and Discussion

3.2.1 Synthesis and Characterization

Figure 3.1: Diagram of the reaction setup.

The procedure for synthesizing the metal phosphide films (Fe2P, Co2P, Ni2P, Cu3P, and
NiFeP) involves the introduction of an organophosphine reagent (TBP or TOP) into a quartz tube
at elevated temperatures (400-500 °C) via a syringe pump in the presence of the corresponding
metal foil. Figure 3.1 shows a diagram of the reaction setup. Since temperatures close to the tip
of the needle are above the boiling point of the phosphine reagents (~240 °C for TBP and ~291
°C for TOP), the reagents vaporize rapidly and are carried by the gas flow to the foils where they
are able to decompose and react with the surface. Figures 3.2a and Figure 3.2b show SEM
images of a representative Ni2P film formed on the surface of Ni foil. The resulting Ni2P coating
is highly porous and rough with an approximate average thickness of 2.5 µm. The corresponding
powder XRD pattern of the Ni2P films, shown in Figure 3.2c, clearly indicates that both Ni2P and
Ni are present. No other crystalline impurities, including nickel oxides or phosphides, are
observed. EDS element maps of a cross-section of a representative Ni2P/Ni sample are shown in
Figures 3.2d and 3.2e. The EDS element maps confirm the presence of Ni and P in a 2:1 ratio at
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the surface and the existence of a sharp interface between the Ni2P coating and the underlying Ni
substrate.

Figure 3.2: (a,b) SEM images of a representative Ni2P film on Ni. (c) Experimental powder XRD
pattern of a Ni2P sample (black), with the simulated patterns of Ni (green) and Ni2P (red) shown
for comparison. The y-axis was truncated to highlight the Ni2P as the Ni signal would otherwise
dominate. (d,e) EDS elemental maps of a cross-section of the sample showing the presence of
both Ni (green) and P (red) in a 2:1 ratio.

SEM images of Co2P films prepared under similar conditions are shown in Figures 3.3a
and 3b. While some porosity and roughness is still observed in the Co2P coatings, it is
significantly less pronounced than in the Ni2P case. The powder XRD pattern and corresponding
HRTEM image of the Co2P film, shown in Figures 3.3c and 3.3d, respectively, confirm the
presence of Co2Si-type Co2P. The observed lattice spacings of 2.2 Å in the HRTEM image match
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well with the (111) planes of Co2Si-type Co2P. In addition, the HRTEM image shows no
crystalline or amorphous impurities present at the surface.

Figure 3.3: (a,b) SEM images of a representative Co2P film on Co. (c) Experimental powder
XRD pattern of a Co2P sample (black), with the simulated patterns of both cubic Co (red) and
hexagonal Co (green), as well as Co2Si-type Co2P (blue), shown for comparison. (d) HRTEM
image of the Co2P surface highlighting the 2.2-Å lattice fringes that correspond to the (111)
planes.

Powder XRD patterns and SEM images of the remaining phosphide films are shown in
Figure 3.4. The powder X-ray diffraction (XRD) patterns in Figure 3.4 confirm the formation of
the corresponding phosphide phases without any observable crystalline impurities, except in the
case of Fe2P, where a minor unidentified impurity is noticeable. In addition, the corresponding
SEM images highlight the various morphologies exhibited by the phosphide films. For example,
the Cu3P film is dense and is composed of highly faceted and oriented crystals, in contrast to the
more porous surface of NiFeP, which is composed of fused bundles of microplatelets.

67

Figure 3.4: Experimental powder XRD patterns and corresponding SEM images for NiFeP, Fe2P,
and Cu3P films. Simulated XRD patterns, as indicated, are shown for comparison.

3.2.2 Electrochemical Hydrogen and Oxygen Evolution
The electrocatalytic HER and OER activities of the metal phosphide films were evaluated
under strongly acidic (0.5 M H2SO4, pH 0.3) and alkaline (1.0 M KOH, pH 14) conditions.
Figure 3.5 shows plots of current density vs. potential for the HER in both H2SO4(aq) and
KOH(aq) for the series of phosphide films, along with the untreated metal foils as controls and a
Pt mesh benchmark. The Tafel plots and corresponding Tafel slopes of all the phosphide
materials are summarized in Figure 3.6. Under acidic conditions in 0.5 M H2SO4, the metal
phosphide electrodes required overpotentials of less than -200 mV to produce a cathodic current
density of -10 mA cm-2, while the untreated metal foils showed negligible activity under the same
conditions. The electrochemical activity of the Cu3P electrodes was also evaluated, but the
material was found to be unstable under the testing conditions, perhaps due to rapid degradation
at the Cu3P/Cu interface, and therefore was not included in Figure 3.5. This result is in contrast to
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a previous report showing that Cu3P nanowire arrays, presumably with a more robust
catalyst/substrate interface, have HER activity in acidic solutions that is comparable to the other
transition metal phosphide systems.22

Figure 3.5: Polarization data for the HER in (a) 0.5 M H2SO4 and (b) 1 M KOH for a series of
metal phosphide films, along with the untreated metal foils and a Pt mesh electrode for
comparison.
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Figure 3.6: Tafel plot [overpotential vs log(current density)] for metal phosphide electrodes with
their corresponding Tafel slopes.

The Ni2P electrodes showed the best HER performance in acidic solutions among those
tested, requiring overpotentials of only -128 mV and -153 mV to reach a current density of -10
mA cm-2 and -20 mA cm-2, respectively. These values compare favorably with the most active
electrocatalysts reported to date, and are also comparable to the activity reported for
nanostructured Ni2P electrocatalysts (-130 mV at -20 mA cm-2) prepared using more sophisticated
synthetic methods.5 In addition, galvanostatic measurements (Figure 3.7) of the Ni2P electrodes,
along with SEM images and EDS data of the films after long-term testing (Figure 3.8),
demonstrated that the Ni2P samples remained largely intact after 15 h of sustained hydrogen
production in 0.5 M H2SO4. The NiFeP, Co2P and Fe2P samples required overpotentials of only -
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143 mV, - 174 mV, and -191 mV, respectively, to reach a current density of -10 mA cm-2.
Previous reports from our group and others have demonstrated that phosphides of iron and cobalt
exhibit the highest activities for the HER in acid,5,9,11,14,15 but this trend is not observed in the
films reported here. The significant difference in morphology and surface area among the
different films, as evidenced by the SEM images shown in Figures 3.2 and 3.4, provides a
possible explanation. For example, the more active Ni2P and NiFeP samples show a significantly
more porous surface, and therefore a higher active site density, than the less active Fe2P and Co2P
samples.

Figure 3.7: Galvanostatic data for the best performing phosphide electrodes held at a constant
current density of −10 mA cm–2 for the HER and 10 mA cm–2 the OER for 15 h.
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Figure 3.8: Representative SEM images and corresponding EDS spectra and quantification of
various metal phosphide films taken after electrochemistry under galvanostatic conditions for 15
h at a current density of -10 mA cm-2 for the HER and 10 mA cm-2 for the OER. The Ag and Cu
signal in the EDS come from the Ag paint and the Cu wire used in the fabrication of the
electrodes. a) Ni2P tested for the HER in 0.5 M H2SO4, b) Co2P tested for the HER in 1 M KOH,
c) NiFeP tested for the OER in 1 M KOH.

Figure 3.5b shows the electrocatalytic HER activity for the series of metal phosphide
electrodes in alkaline media (1.0 M KOH). Under alkaline conditions, the phosphide samples
exhibited moderate activities and stabilities (Figure 3.7 and Figure 3.8), with both the Co2P and
Ni2P films requiring overpotentials of around -183 mV and -200 mV to reach current densities of
-10 mA cm-2 and -20 mA cm-2, respectively. While less active, the NiFeP and Fe2P samples
required overpotentials of only -255 mV and -300 mV, respectively, to reach a current density of
-10 mA cm-2. The performance of the Co2P and Ni2P films compares favorably to other recently
reported HER electrocatalysts operating under alkaline conditions, although some Mo-containing
alloys such as Ni-Mo23 and Co-Mo24 have been shown to exhibit significantly higher activities.
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Figure 3.9: Polarization data for the OER in 1 M KOH for several metal phosphide films.

The OER performance of the phosphide films was also evaluated. Figure 3.9 shows
polarization data for a series of representative electrodes in 1.0 M KOH. It is worth noting that
under the testing conditions that involve strongly alkaline solutions and significant positive
applied potentials, the phosphide films likely serve as precursors to metal oxides and/or
hydroxides, which are assumed to be the catalytically active species. Still, the phosphide samples
exhibited remarkable electrocatalytic activity for the OER. The best material of the series, NiFeP,
required an overpotential of only 277 mV to reach a current density of 10 mA cm-2. For
comparison at the same current density (10 mA cm-2), nanostructured CoP nanorod and CoP
nanosheet catalysts on carbon supports required overpotentials of 320 mV and 277 mV,
respectively, in 1 M KOH,19,20 nickel-iron oxide nanocrystals required 300 mV in 0.1 M KOH,25
and nanostructured α-Ni(OH)2 required 331 mV in 1 M KOH.26 A prior report of [Ni-Fe]-layered
double hydroxides (LDH) formed by pulsed-laser ablation required an overpotential of only 260
mV in 1 M KOH.27 The overpotential required by the [Ni-Fe]-LDH material to reach 10 mA cm-2
is just slightly lower than the 277 mV required by the NiFeP film, although the values are
comparable and the NiFeP film is made through a process that is potentially more scalable and
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that does not require specialized equipment. As a representative example, galvanostatic
measurements (Figure 3.7) of the NiFeP electrodes at a current density of 10 mA cm-2 revealed
no significant decrease in activity after 15 h of sustained oxygen evolution. However, SEM
images and EDS data (Figure 3.8) of the films collected after the galvanostatic testing was
complete revealed morphological changes and the presence of oxygen, in agreement with
previous observations that metal phosphides effectively serve as precursors for active oxide or
oxyhydroxide phases under OER conditions.13,18-20 The Ni2P, Co2P and Fe2P samples required
overpotentials of only 339 mV, 367 mV and 390 mV, respectively, to reach a current density of
10 mA cm-2. The observed trend in the OER activity of the phosphide films is in agreement with
reports that indicate that the combined presence of Ni and Fe atoms typically leads to significant
improvements in electrocatalytic performance.28,29

Figure 3.10: Polarization data for the HER in 0.5 M H2SO4 for 20-nm films of Ni2P and Co2P on
p-type Si substrates. Inset: SEM image of a cross-section of a Ni2P film on p-type Si.
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3.2.3 Metal Phosphide Thin-films
Conformally coating surfaces with phosphide electrocatalysts could be a significant step
towards their integration into a complete solar-driven fuel generation system. Accordingly, we
also applied this phosphidation strategy to evaporated metal thin films on highly-doped silicon, a
standard photocathode material for solar-fuels production. Figure 3.10 shows polarization data
for Ni2P and Co2P coatings obtained through the phosphidation of the corresponding evaporated
metal thin films (10-20 nm) on p-type silicon, along with a SEM image of a cross-section of a
representative Ni2P sample. Despite the low loadings and low surface areas of the films, the
samples exhibited high activities for the HER, requiring overpotentials of just -240 mV in the
case of Ni2P and -310 mV in the case of Co2P to reach a current density of -10 mA cm-2. The high
activities demonstrated by the metal phosphide films and their ease of fabrication makes them
ideal candidates for incorporation into integrated photoelectrochemical water-splitting devices.

3.3 Materials and Methods

3.3.1 Chemicals and Materials
Trioctyphosphine [TOP, 97%, (C8H17)3P], tributylphosphine [TBP, 97%, [CH3(CH2)3]3P],
titanium foil [99.7%, 0.25 mm thickness], and nickel-iron foil [Ni52Fe48, 0.75 mm thick] (SigmaAldrich) were used as received. Iron, nickel, cobalt and copper foils [99.5%, 0.1 mm thick] were
acquired from Alfa-Aesar. Silicon wafers [P(100), 500 microns, 0.01-0.02 ohms-cm resistivity]
were purchased from Silicon, Inc. High-quality colloidal Ag paint was purchased from SPI
Supplies. Two-part epoxy [HYSOL 9460] was purchased from McMaster-Carr.
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3.3.2 Thin-film Deposition
A thin-film (10-20 nm) of nickel or cobalt was deposited on a silicon wafer using a
Semicore electron-beam evaporator at a rate of ~1 Å/s. To improve adhesion, a 5-nm layer of
titanium (Ti) was typically deposited prior to the deposition of the metal films.

3.3.3 Conversion of Metals to Metal Phosphides
In a typical reaction, several ~0.35-cm2 pieces of metal foil (Fe, Co, Ni, Cu, NiFe) were
placed at the center of a quartz tube. The tube was then placed in a tube furnace under a flow of
5% H2/Ar. To eliminate any surface oxides that might be present the foils were reduced by
heating in 5% H2/Ar for ~1 h between 450-600 °C before the start of the reaction. (Table 3.1 for
the specific conditions for each sample.) The samples were then heated to the appropriate
reaction temperature, which was in the range of 350 to 500 °C, depending on the metal. Once the
final reaction temperature was reached, the reactants (either TBP or TOP) were introduced at a
rate of 0.1 mL/min using a syringe pump. The end of the needle was placed inside the heating
zone, 2-4 inches away from the samples. The reagent vaporized upon injection and was carried by
the gas over the foils. After a few minutes the foils lost their metallic shine and darkened,
indicating the formation of a film. After the injection of 3 to 5 mL of solution the tube was
allowed to reach room temperature and the foils were rinsed briefly with hexanes and ethanol.
The thin films on silicon were converted to metal phosphides following identical procedures.
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Table 3.1: Reaction conditions for the synthesis of the metal phosphide films.

3.3.4 Preparation of Working Electrodes
Following the conversion of the metal foils to metal phosphides, Ag paint was used to
fasten the foils to a polyvinylchloride PVC-coated Cu wire that had been threaded through a 6
mm diameter glass capillary. All surfaces except the metal phosphide-decorated side of the
electrode were then insulated from the solution by application of two-part epoxy.

3.3.5 Electrochemical Measurements
Electrochemical measurements were performed using a Gamry Instruments Reference
600 potentiostat. All measurements in 0.5 M H2SO4 were performed using a two-compartment,
three-electrode cell. The two compartments were separated by a Nafion® membrane to inhibit
contamination of the working electrode by the contents of the counter electrode solution. All
measurements in 0.5 M H2SO4 were performed using a mercury/mercurous sulfate (Hg/Hg2SO4,
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saturated K2SO4) reference electrode. The counter electrode in 0.5 M H2SO4 was a Pt mesh.
Electrochemical measurements in alkaline solutions were performed in 1 M KOH. The alkaline
electrochemical measurements were performed in a single-compartment three-electrode cell with
the foils as working electrodes, a Hg/HgO reference electrode, and a carbon or nickel mesh
counter electrode. Polarization data were collected at a sweep rate of 10 mV/s, and the solutions
were rapidly stirred using a magnetic stir bar.

3.3.5 Materials Characterization
Powder X-ray diffraction (XRD) data were collected using a Bruker D8 Advance X-ray
diffractometer equipped with Cu Kα radiation. Scanning electron microscopy (SEM) images and
EDS maps were acquired on either a FEI Nova NanoSEM 630 FESEM or a FEI Helios NanoLab
660 FIB/FESEM. Transmission electron microscopy (TEM) samples of the foils were prepared
using FIB on the FEI Helios NanoLab 660 FIB/FESEM. High-resolution TEM (HRTEM) images
were collected on an FEI Titan G2 S/TEM equipped with spherical aberration correctors on the
image and probe-forming lenses at an accelerating voltage of 200 kV.

3.4 Conclusions
In summary, a series of transition metal phosphide electrodes have been prepared though
a general, scalable approach and demonstrated to be highly active as electrocatalysts for the HER
and OER, with activities that compare favorably to those of samples prepared using significantly
more elaborate and costly procedures. In addition, the thin film phosphidation strategy can be
used to form conformal metal phosphide coatings on relevant photocathode materials, such as
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highly doped silicon, opening the door to the facile incorporation of transition metal phosphides
into integrated solar-driven water-splitting systems.
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Chapter 4

Au-Ge and Ag-Ge Heterodimers with Tunable Domain Sizes: A
Supersaturation-Precipitation Route to Colloidal Hybrid Nanoparticles*

4.1 Introduction
Colloidal hybrid nanoparticles combine distinct nanoscale domains into a single
structure, offering the opportunity to integrate the properties of different materials into one
multifunctional particle. Additionally, such structures often exhibit new or enhanced properties
due to synergistic interactions between the dissimilar material domains.1-5 As a consequence,
hybrid nanoparticles are currently being studied for their potential use in a wide variety of
applications that include drug delivery,6 bio-imaging,7,8 solar energy conversion,9-11 magnetism,12
and catalysis.13,14

To facilitate these studies and applications, the most common materials

systems that have been incorporated into colloidal hybrid nanoparticles include Fe3O4, PbS, and
CdS, as well as several metals and alloys.1-5 Such hybrid nanoparticles are typically synthesized
using reaction pathways that include heterogeneous nucleation,1-5 phase segregation,15 surface dewetting of core-shell nanoparticles,16 and the fusion of pre-made nanoparticles.2
To further expand the potential applications of colloidal hybrid nanoparticles, new classes
of materials with new and tunable morphological features must be integrated into them, and new
formation pathways must be developed to accommodate this. In this regard, one important
system for incorporation into colloidal hybrid nanoparticles is elemental germanium, a group IV
semiconductor. Bulk Ge has a small bandgap and a large exciton Bohr radius,17 which facilitates
the emergence of quantum confinement effects at relatively large particle sizes.18 This, coupled
*

Adapted with permission from Chem Matter. 25, 4304–4311, “Au–Ge and Ag–Ge Heterodimers
with Tunable Domain Sizes: A Supersaturation-Precipitation Route to Colloidal Hybrid
Nanoparticles”, Copyright © 2013 American Chemical Society
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with its desirable electronic properties,17 contributes to the growing interest in using colloidal Ge
nanoparticles for applications that include solar cells,19,20 field-effect transistors,17 memory
devices,21,22 and photodetectors.23,24 Colloidal Ge nanocrystals that are solution dispersible merge
such applications with low-cost solution-based processing, as well as open the door to possible
applications in biological imaging,22 with Ge serving as a lower-toxicity alternative to more
common quantum dots that include Cd, Pb, and Hg.25

Ge nanostructures have also been

demonstrated to serve as templates for the galvanic deposition of other metal nanoparticles,26 so
incorporating Ge into colloidal hybrid nanoparticles opens the door to site-selective postsynthesis modification using the Ge domains as templates.
Relative to many other narrow band gap quantum dot systems, colloidal Ge nanoparticles
traditionally have been challenging to synthesize.27 The difficulty in reducing soluble Ge salt
reagents to elemental Ge typically requires the use of strong reducing agents,27 which in turn
require harsh reaction conditions that are often incompatible with the processes required to access
colloidal hybrid nanoparticles using established pathways, including heterogeneous nucleation.
However, recent synthetic advances have overcome many of these challenges, providing access to
crystalline and stable colloidal Ge nanoparticles using much milder conditions28 that directly map
onto those frequently used to produce colloidal hybrid nanoparticles.
At the same time, other classes of Ge nanostructures are accessible using metal-catalyzed
growth processes.28-36 For example, metal nanoparticles, such as Au and Bi, react with Ge
reagents to form supersaturated metal-germanium alloys, from which Ge precipitates and grows
outward from the nanoparticle seed.28-36 This process ultimately yields one-dimensional (1-D) Ge
nanowires and nanorods capped by metal nanoparticles through methods that are referred to as
VLS (vapor-liquid-solid),28-31 SLS (solution-liquid-solid),33-35,37 SFLS (supercritical fluid-liquidsolid),36 and VSS (vapor-solid-solid),32 depending on the various phases that are present. Using
appropriate reagents and solvents – most commonly germanes or silanes in supercritical or high-
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boiling organic solvents – nanorods and nanowires of Ge33-36 and Si38-39 that are colloidally
dispersible can also be produced. While such methods have been used extensively to generate 1D nanostructures, they have not explicitly been applied to colloidal hybrid nanoparticles. The
application of SLS and related supersaturation-precipitation-growth strategies to colloidal hybrid
nanoparticles represents an alternative route to such systems that has the potential to provide
unique opportunities for morphological control, as well as a straightforward pathway for
incorporating Ge, a prototypical example of a group IV semiconductor that has previously not
been accessible as colloidal hybrid nanoparticle domains.
Accordingly, here we show that colloidal Au and Ag nanoparticles serve as seeds for the
controlled growth of colloidal Au-Ge and Ag-Ge heterodimers upon reaction with Ge(HMDS)2
[Ge(II)bis(hexamethyldisilylamide)] in 1-octadecene, oleylamine, and trioctylphosphine at ~290
°C and ~320 °C, respectively. This process involves supersaturation of the metal nanoparticle
seeds with Ge followed by precipitation and growth, and allows the diameters and lengths of the
Ge domains to be tuned by varying the metal nanoparticle seed size and the amount of
Ge(HMDS)2, respectively. Importantly, the properties of each domain – plasmonic Au and Ag
and semiconducting Ge – remain active and are merged into a single particle upon integrating
them into the colloidal heterodimers. In addition, the Ge domains serve as templates for the siteselective deposition of an additional metal, generating trimeric nanoparticles such as Au-Ge(Ag)n. Collectively, this represents a colloidal hybrid nanoparticle analogue of established SLS
and related mechanisms for the growth of 1-D semiconductor nanostructures – facilitated by
incorporating recent advances in mild synthetic routes to colloidal Ge nanoparticles – that both
expands the materials palette of these nanoparticle heterostructures and opens the door to unique,
tunable, and previously inaccessible morphological features.
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4.2 Results and Discussion

4.2.1 Synthesis and Characterization of Au-Ge Heterodimers

Figure 4.1: TEM image of the Au nanoparticle seeds used to synthesize the Au-Ge heterodimers.

The procedure for synthesizing colloidal Au-Ge heterodimers involves the rapid injection
of a TOP/Ge(HMDS)2 solution into a mixture of premade oleylamine-capped Au nanoparticle
seeds (Figure 4.1, 9.9 ± 1.0 nm diameter) in TOP, oleylamine, and 1-octadecene at 290 °C.
Figure 4.2 shows a representative TEM image and SAED pattern of the resulting Au-Ge
heterodimers synthesized by heating at 290 °C for 15 min. Additional TEM images are shown in
the Figure 4.3. The Au-Ge heterodimers (Figure 4.2a) contain predominantly uniform pseudospherical light-contrast and dark-contrast domains that consist of Ge and Au (the Au domains
contain a small amount of Ge, as shown later), respectively. The Au and Ge domains have
average diameters of 11.4 ± 2.6 nm and 9.6 ± 2.2 nm, respectively, as measured parallel to the
main axis of the heterostructures. Analysis of the TEM images (approx. 240 particles) reveals a
73% morphological yield of Au-Ge heterodimers, with the predominant observed impurities
consisting of 9% free Au nanoparticles, 14% Ge-Au-Ge heterotrimers with two Ge domains
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attached to each Au particle, and 4% higher-order hybrid nanoparticles containing more than two
Ge domains.

Figure 4.2: (a) Representative TEM image of Au–Ge heterodimers and (b) corresponding SAED
pattern showing the presence of crystalline Au, Ge, and a hexagonal Au–Ge alloy.

Figure 4.3: Additional TEM images of Au-Ge heterodimers.
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The corresponding SAED pattern (Figure 4.2b) shows evidence of both Au and Ge.
Also evident in the SAED pattern is an additional phase that is attributed to an Au-Ge alloy that
most likely corresponds to a composition close to Au0.72Ge0.28, which is a metastable hexagonal
(β) phase that has been previously observed in similar systems where Au nanoparticle seeds
catalyze the growth of 1-D Ge nanostructures.42 These assignments are confirmed by the powder
XRD pattern in Figure 4.4, which clearly shows the presence of nanocrystalline Au, Ge, and
hexagonal Au-Ge. No crystalline impurity phases, including germanium oxides, are observed by
either XRD or SAED. Scherrer analysis of the powder XRD data indicates average grain sizes of
approx. 10 nm for the Ge and AuGe domains. (All of the Au peaks overlap with those of Ge and
AuGe, so Scherrer analysis was not performed for Au.) These values are consistent with the
domain sizes obtained by statistical analysis of the TEM images in Figures 4.2 and 4.3,
suggesting that the domains are largely single crystalline.

Figure 4.4: Powder XRD pattern for Au–Ge heterodimers along with simulated XRD patterns for
fcc Au, diamond-type Ge, and a hexagonal Au–Ge alloy (Au0.72Ge0.28) for comparison.

89
Wide-area EDS spectra (not shown) confirm the presence of both Au and Ge in an
approximate 1:1 ratio. STEM-EDS spot scans (Figure 4.5) confirm that the light-contrast regions
contain Ge without any detectable Au and that the dark-contrast regions contain predominantly
Au. However, a small amount (~12 atomic %) of Ge is present in the Au domain of the
heterodimers, and this is consistent with the presence an Au-Ge alloy.

Figure 4.5: (a) EDS spectra taken from the regions of the STEM image (inset) indicated by blue
(Ge) and red (Au) circles. The Ge and Au peaks are labeled along with the peaks that correspond
to Cu from the TEM grid and Si from HMDS. (b) STEM–EDS line scan across a single
heterodimer along with the corresponding STEM image in the inset.
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A representative HRTEM image of the Au-Ge heterdimers is shown in Figure 4.6. The
observed lattice spacings of the dark-contrast domains are 2.2 Å and 2.5 Å, which match best
with the (110) and (100) planes of the hexagonal Au-Ge alloy, respectively. This, coupled with
the EDS data in Figure 4.5, suggests that the dark-contrast domains consist largely of a
hexagonal Au-Ge alloy, which likely has a composition close to Au0.72Ge0.28 based on the known
Au-Ge eutectic and prior studies of the Au seed in Ge nanowires synthesized using similar
methods.37 However, we cannot rule out the possibility that some of the dark-contrast domains
are largely Au, based on the SAED data in Figure 4.2 and the XRD data in Figure 4.4, which
both showed that Au was present in the sample, and the EDS data in Figure 4.5, which indicated
an Au-rich composition. However, the ~9% of non-hybrid particles observed by TEM were
identified as non-alloyed Au by HRTEM and STEM-EDS, suggesting that the heterodimers
predominantly contain Au-Ge alloy particles while the free particles are Au. The observed lattice
spacings of the light-contrast domains are approx. 3.2 Å, which match closely with the {111}
planes of Ge. As anticipated from comparing the domain sizes determined from both TEM and
powder XRD, HRTEM indicates that the domains are indeed largely single crystalline. Also,
there are no visible oxide or amorphous shells on their surfaces. The interfaces between the Au
and Ge domains are fairly abrupt and well defined, but there is no evidence of an epitaxial
relationship between the domains. This is reasonable based on the different lattice plane spacings
of Au and Ge.
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Figure 4.6: HRTEM image of a representative Au–Ge heterodimer revealing 3.2 Å lattice fringes
corresponding to the {111} planes of Ge in the lighter-contrast domain and 2.5 and 2.2 Å lattice
fringes corresponding to the (100) and (110) planes, respectively, of a hexagonal Au–Ge alloy in
the darker-contrast domain.

The data presented above – indicating the incorporation of Ge into the Au seeds and the
growth of Ge off of the Au domain – are consistent with the proposed SLS-related pathway.34-37
The presence of a low temperature (361 °C) eutectic in the Au/Ge system has been linked to the
favorable growth of Ge nanostructures off of Au nanoparticle seeds via a supersaturated Au-Ge
alloy intermediate, even at solution-accessible temperatures.33 As a control experiment, the same
reaction was performed in the absence of Au nanoparticles, but under otherwise identical
conditions.

Consistent with an SLS-related pathway, where the Au nanoparticle seeds are

necessary to initiate growth of Ge, no significant Ge formation was observed when the Au
nanoparticles were not present.
UV-visible absorption and UV-Vis-NIR diffuse reflectance spectra for the colloidal AuGe heterodimers are shown in Figure 4.7.

The plasmon peak expected for colloidal Au

nanoparticles is present in the UV-Visible absorption spectrum (Figure 4.7a), although it is
broadened and the λmax of 585 nm is red shifted by approx. 70 nm relative to that expected for
isolated 12 nm oleylamine-capped Au nanoparticles in hexanes. We speculate that this shift
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results from the alloying of Ge with Au. The UV-Vis-NIR diffuse reflectance spectrum (Figure
4.7b) reveals that the Au-Ge heterodimers have an absorption onset at around 1100-1150 nm. A
Kubelka-Munk transformation of the UV-Vis-NIR data, shown in the inset to Figure 4.7b,
yielded an indirect band gap of approx. 1.2 eV. The bulk indirect band gap of Ge is 0.67 eV,18
indicating that the Ge domain displays quantum confinement effects. This is consistent with
previous reports of similarly sized Ge nanoparticles, and is also expected since the Ge domain
size is less than the excitonic Bohr radius (24.3 nm).27

Figure 4.7: (a) UV–vis absorption spectrum for the Au–Ge heterodimers in hexanes indicating a
plasmon peak with a λmax of 585 nm. (b) Visible and near-infrared diffuse reflectance spectrum
for a powder sample of the Au–Ge heterodimers along with a plot of [F(R)hν]1/2 vs energy, from
which the indirect band gap energy of Ge (∼1.2 eV) was obtained.
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4.2.2 Tuning Domain Sizes and Morphologies of Au-Ge Heterodimers
The SLS-related pathway by which the Au-Ge heterodimers form suggests that the
variables that are known to influence Ge nanowire diameter and length in analogous SLS and
related processes – Au seed size, reactant concentration, and reaction time33 – should also be
applicable to the Au-Ge heterodimers, offering a new approach for modulating such
morphological features in colloidal hybrid nanoparticle systems. Accordingly, we studied the
formation of Au-Ge heterodimers using a sample of polydisperse Au nanoparticle seeds with
average diameters that ranged from 6 – 22 nm (Figure 4.8a). Figure 4.8b shows a representative
TEM image of the resulting Au-Ge heterodimers. Indeed, the ratios of the Ge domain diameters
to the Au domain diameters approach unity for all heterodimer particles. For other colloidal
hybrid nanoparticle systems, the formation pathways – heterogeneous nucleation,1-5 phase
segregation,15 core-shell de-wetting,16 nanoparticle fusion2 – often result in the diameter of one
domain being largely independent of the diameter of the domain to which it is attached. For the
Au-Ge system, which forms through a different pathway, the domain diameters are correlated and
dependent upon one another, offering an alternate approach for tuning the sizes of the constituent
nanoparticles.

Figure 4.8: TEM images of (a) polydisperse Au nanoparticles and (b) the Au-Ge heterodimers
synthesized using the polydisperse Au nanoparticle as seeds.
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The SLS-related reaction pathway also suggests that different Ge precursor
concentrations and/or reaction times should lead to Ge domains with different lengths, in analogy
to demonstrated capabilities for growing Ge nanorods and nanowires. Accordingly, Figure 4.9
shows three different Au-Ge heterodimers, each made using Au nanoparticle seeds of
approximately the same diameter (~13 nm). For a reaction time of 5 min and a 1:1 ratio of Au to
Ge(HMDS)2, the Ge domain length (measured from the TEM images, parallel to the main axis of
the heterodimers) is 4.7 ± 0.6 nm (Figure 4.9a). For reaction times of 15 min and Au to
Ge(HMDS)2 ratios of 1:2.5 and 1:5, the Ge domain grows to 9.6 ± 2.2 nm (Figure 4.9b) and 22.4
± 5.4 nm (Figure 4.9c), respectively. Thus, by tuning multiple parameters – the concentration of
the precursors and the reaction time – Au-Ge heterodimers with Ge domain lengths ranging from
just a few nanometers to several tens of nanometers, or Au:Ge domain length ratios that range
from 1:0.5 to 1:2, can be readily obtained.

Figure 4.9: TEM images of Au–Ge heterodimers with tunable Ge domain lengths obtained using
different reaction conditions: (a) 1:2 Au to Ge(HMDS)2 for 5 min, (b) 1:4 Au to Ge(HMDS)2 for
15 min, and (c) 1:8 Au to Ge(HMDS)2 for 15 min.
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Adding dodecanethiol to the reaction mixture leads to the formation of longer Ge
domains, with lengths up to several microns (Figure 4.10). This is analogous to reports that use
alkanethiol-capped Au nanoparticles to grow Ge nanowires of similar lengths and morphological
features.33 Without the addition of dodecanethiol, the longest accessible Ge domains (approx. 30
nm) have a large number of kinks. We hypothesize that the dodecanethiol binds to and stabilizes
the (111) planes of Ge during growth. Given their aspect ratios, these nanostructures are best
classified as nanowires rather than heterodimers, and they are analogous to previously reported
nanostructures obtained via the VLS, SLS, and SFLS growth of Ge.28-36

Figure 4.10: Representative (a,b) TEM and (c) HRTEM images of long Ge nanowires formed
upon adding dodecanethiol to the reaction mixture. The TEM image in (a) shows the Au
nanoparticle seed at the tip of a Ge nanowire, and the TEM image in (b) highlights the length of
the Ge nanowires, along with their straight (not kinked) growth character. The HRTEM image in
(c) reveals that the nanowires consist of single crystalline Ge.
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4.2.3 Synthesis and Characterization of Ag-Ge Heterodimers

Figure 4.11: TEM image of the Ag nanoparticle seeds used to synthesize the Ag-Ge
heterodimers.

In order to generalize the reaction pathway to other systems, Ag-Ge heterodimers were
synthesized by reacting pre-made oleylamine-capped Ag nanoparticles (Figure 4.11, 6.2 ± 0.8
nm) with Ge(HMDS)2 under similar conditions. The representative TEM image in Figure 4.12a
shows that the dark-contrast Ag domains and light-contrast Ge domains have average diameters
of 5.5 ± 1.0 nm and 5.2 ± 1.9 nm, respectively. Ag-Ge heterodimers comprise 90% of the
sample, with 10% consisting of isolated Ag nanoparticles and non-heterodimer hybrid particles.
The corresponding SAED pattern (Figure 4.12b), as well as the powder XRD pattern (Figure
4.12d), both show the presence of Ag and Ge, although Ag-Ge alloys are not observed. A
representative HRTEM image (Figure 4.12c) reveals lattice spacings that are consistent with the
(111) planes of both Ag and Ge. The HRTEM image also indicates that, unlike for the Au-Ge
system, the Ag and Ge domains are polycrystalline, with numerous twins and defects visible in
most of the nanoparticles. The UV-Visible absorption spectrum for the Ag-Ge heterodimers
(Figure 4.12c) shows that the Ag plasmon peak is broader than that expected for isolated Ag
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nanoparticles. The plasmon peak, with λmax = 386 nm, is blue shifted slightly relative to that
expected for 6 nm oleylamine-capped Ag nanoparticles in hexanes.

Figure 4.12: (a) TEM image and (b) corresponding SAED pattern for a representative sample of
Ag–Ge heterodimers. The HRTEM image in panel c reveals lattice fringes of 3.2 and 2.4 Å,
which correspond to the (111) planes of Ge and Ag, respectively. (d) Powder XRD pattern for the
Ag–Ge heterodimers showing the presence of crystalline Ag and Ge. (e) UV–vis absorption
spectrum for the Ag–Ge heterodimers in hexanes.
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While the Au/Ge system has a low temperature eutectic at 361 °C, the eutectic in the
Ag/Ge system is significantly higher (651 °C). This indicates that during Ge growth, the Ag
nanoparticle seeds remain in their solid phase for the duration of the reaction.

While Ag

effectively seeds the growth of Ge to form Ag-Ge heterodimers, these differences in the growth
mechanisms of Au-Ge vs. Ag-Ge help to rationalize the differences in their optimal synthesis
conditions, their morphologies, and their Ge domain size tunability. Ag-Ge heterodimers form
under similar conditions as the Au-Ge heterodimers (~290 °C, Figure 4.13b), but high quality
heterodimers require the use of higher temperatures (~325 °C) and a significant excess of
Ge(HMDS)2 (Figure 4.12a). However, even under the most favorable growth conditions, the Ge
domains obtained in the Ag-Ge system have lower crystallinity and more polycrystalline
character (Figure 4.6 vs. Figure 4.12c). Also, while it is possible to modify the Ge domain
widths and lengths of the Ag-Ge heterodimers (Figure 4.13), the Ag-Ge system exhibits poorer
length control and uniformity than the Au-Ge system (Figure 4.9 vs. Figure 4.13).

Figure 4.13: TEM images of (a) Ag-Ge heterodimers synthesized using polydisperse Ag
nanoparticle seeds (the inset at the bottom, an enlargement of the region outlined with a red
dashed box, shows two Ag-Ge heterodimers of different sizes) and (b-d) Ag-Ge heterodimers
with different average Ge domain lengths synthesized at (b) ~ 290 oC using 100 mg of
Ge(HMDS)2, (c) ~ 320 oC using 200 mg of Ge(HMDS)2 and 100 µL of DDT, and (d) ~ 320 oC
using 200 mg of Ge(HMDS)2 and 1 mL of DDT.

99
4.2.4 Site-Selective Deposition of Ag onto Au-Ge Heterodimers
Because of its properties and applications, Ge represents an important material to
incorporate into colloidal hybrid nanoparticles. However, Ge domains are also attractive as
templates for the deposition of other materials, since elemental Ge is easily oxidized and can be
displaced by more noble metals. Indeed, galvanic deposition of noble metal nanoparticles onto
bulk and nanostructured Ge surfaces is known.26

Toward the goal of developing rational

pathways to construct higher-order colloidal hybrid nanoparticles, including three-component
heterotrimer systems,1 we studied the deposition of Ag onto the Au-Ge heterodimers.

We

hypothesized that the Ge domain would facilitate the selective deposition of Ag under mild
conditions that are not likely to generate Au-Ag alloys, thereby offering an alternate route to
orthogonal, regiospecific reactivity in a hybrid nanoparticle system that adds to the growing “total
synthesis” toolbox for colloidal hybrid nanoparticles.

Figure 4.14: TEM images of trimeric Au–Ge–(Ag)n nanostructures formed from the galvanic
deposition of Ag onto Au–Ge heterodimers, as shown schematically in the inset. Top: an
ensemble of Au–Ge–(Ag)n nanostructures. Bottom: several individual Au–Ge–(Ag)n
nanostructures.
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Accordingly, Figures 4.14 and Figures 4.15 show representative TEM images of Au-Ge(Ag)n heterotrimers formed by reacting Au-Ge heterodimers with silver acetylacetonate at ~50 °C
in toluene. After the reaction, each Ge domain is decorated with multiple Ag nanoparticles with a
fairly broad size distribution. Analysis of all the TEM images suggests that the Ag nanoparticles
preferentially grow off the tips of the Ge domains where the curvature is the largest, presumably
due to the higher surface energy of the site.

Figure 4.15: HRTEM image (main panel) and dark-field STEM image (inset) of representative
Au-Ge- (Ag)n nanostructures.
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4.3 Materials and Methods

4.3.1 Chemicals and Materials
Ge(II)bis(hexamethyldisilylamide) [>95%, Ge[N(SiMe3)2]2] was purchased from Gelest.
Hydrogen tetrachloroaurate trihydrate [99.99%, HAuCl4·3H2O], trioctylphosphine [TOP, tech.
90%, Lot #SHBC2778V], 1-octadecene [tech. 90%, C18H36, Lot #MKBH2370V], oleylamine
[tech. 70%, C18H37N, Lot #BCBG1298V], 1-dodecanethiol [≥ 98%, CH3(CH2)11SH, Lot
#54596EJ], silver trifluoroacetate [≥99.99% trace metals basis, CF3COOAg, Lot #MKBF0951V],
and silver acetylacetonate [98%, Ag(acac)] were purchased from Sigma-Aldrich. All chemicals
were used as received.

All syntheses were carried out under Ar using standard Schlenk

techniques, and workup procedures were performed in air.

4.3.2 Synthesis of Au Nanoparticle Seeds
Oleylamine-capped Au nanoparticles were prepared using a method modified from ref.
40. In the synthesis, 100 mg of tetrachloroauric acid, 10 mL of 1-octadecene, and 10 mL of
oleylamine were added to a three-necked round-bottom flask fitted with a condenser, magnetic
stir bar, thermometer adapter, thermometer, and rubber septum at room temperature.

The

solution was placed under an Ar blanket and heated to ~120 oC for ~45 min under vigorous
stirring. The product was then cooled to room temperature and isolated by the addition of ethanol
(1:1 by volume) followed by centrifugation at 12,000 rpm for 10 min. The particles were
redispersed in hexanes and ethanol (1:3 by volume) and centrifuged at 10,000 rpm. Finally, the
product was collected, redispersed in hexanes and stored.

Polydisperse Au seeds were

synthesized using a similar procedure, except that the temperature was repeatedly alternated
between 120 oC and ~160 oC during the course of the reaction.
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4.3.3 Synthesis of Ag Nanoparticle Seeds
Oleylamine-capped Ag nanoparticles were prepared using a method modified from ref.
41. In the synthesis, 150 mg of silver trifluoroacetate, 10 mL of 1-octadecene, and 10 mL of
oleylamine were added to a three-necked round-bottom flask fitted with a condenser, magnetic
stir bar, thermometer adapter, thermometer, and rubber septum at room temperature.

The

solution was placed under an Ar blanket and heated to ~135 oC for ~5 h under vigorous stirring.
The product was then cooled to room temperature and isolated by the addition of acetone (1:1 by
volume) followed by centrifugation at 12,000 rpm for 10 min. The particles were redispersed in
hexanes and ethanol (1:3 by volume) and centrifuged at 10,000 rpm. Finally, the product was
collected, redispersed in hexanes and stored.

4.3.4 Synthesis of Au-Ge Heterodimers
A mixture of 6 mL of 1-octadecene, 6 mL of oleylamine, and 2 mL of TOP was added to
a 100-mL three-necked round bottom flask fitted with a thermometer adapter, thermometer,
condenser, magnetic stir bar and rubber septum at room temperature. The mixture was stirred
under vacuum at ~120 oC for ~1 h to remove any oxygen and water present. The reaction was
then placed under an argon blanket and heated to 180 oC. At this point, 2.5 mL of a previously
prepared Au NP solution (16 mg/mL in octadecene) was quickly injected. A suspension of the
as-synthesized Au nanoparticles in hexanes was used as a stock solution for the preparation of
samples of known concentration. A fixed volume of the stock solution was deposited in a
weighting pan and was allowed to evaporate. The residual dry mass was then quantified using a
Cahn C-50 microbalance. Once the concentration of the stock solution had been determined, a
fixed volume of octadecene was added to a known amount of the stock solution followed by
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removal of the low-boiling point solvent by placing the solution under vacuum at room
temperature for approximately 2 hours. Prior to injection of this Au nanoparticle solution, the
solution was first evacuated with periodic vacuum and argon backfilling cycles for ~15 min. The
temperature of the reaction was then increased to 290 oC. At this point, a Ge(HMDS)2 solution
[100 mg of Ge(HMDS)2 in 1.5 mL of TOP] was quickly injected. The TOP/Ge(HMDS)2 solution
was previusly prepared in an argon-filled glovebox and taken outside in a septum-capped vial.
The reaction was allowed to proceed at a temperature of ~290 oC for 15 min. The product was
then cooled to room temperature by removing it from the heating mantle, and was transferred to
centrifuge tubes.

Acetone was added to the tubes (1:1 by volume) and the product was

centrifuged at 12,000 rpm for 10 min. A reddish-black precipitate was obtained. The precipitate
was redispersed in hexanes and ethanol (1:3 by volume) and centrifuged at 10,000 rpm. The
product was then redispersed in hexanes and stored. The synthesis of the Au-Ge nanowires
followed a similar procedure, except for the addition of 2 mL of dodecanethiol to the original
solvent mixture, along with the injection of 200 mg of the Ge(HMDS)2 precursor.

4.3.5 Synthesis of Ag-Ge Heterodimers
A mixture of 6 mL of 1-octadecene, 6 mL of oleylamine, and 2 mL of TOP was added to
a 100-mL three-necked round bottom flask fitted with a thermometer adapter, thermometer,
condenser, magnetic borosilicate stir bar and rubber septum at room temperature. The mixture
was stirred under vacuum at ~120 oC for ~1 h to remove any oxygen and water present. The
reaction was then placed under an argon blanket and heated to ~320 oC. At this point, 1 mL of a
previously prepared Ag NP solution (5 mg/mL in oleylamine, determined as described above for
the Au nanoparticle solution) was mixed with a Ge(HMDS)2 solution [200 mg of Ge(HMDS)2 in
1.5 mL of TOP] under air-free conditions and was quickly injected into the reaction. The
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TOP/Ge(HMDS)2 solution was prepared in an argon-filled glovebox and taken outside in a
septum-capped vial. The reaction was allowed to proceed at a temperature of ~325 oC for 1 h.
The product was then cooled to room temperature by removing it from the heating mantle, and
transferred to centrifuge tubes. Ethanol was added to the tubes (1:1 by volume) and the product
was centrifuged at 12,000 rpm for 10 min. A yellow-brown precipitate was obtained. The
precipitate was redispersed in hexanes and acetone (1:3 by volume) and centrifuged at 10,000
rpm. The washing procedure was repeated. Finally, the product was redispersed in hexanes and
stored.

4.3.6 Deposition of Ag onto Au-Ge Heterodimers
10 mL of toluene, 0.75 mL of oleylamine, 20-30 mg of Au-Ge heterodimers, and 15.0 mg
of Ag(acac), were added to a 25-mL three-necked round-bottom flask fitted with a condenser,
magnetic stir bar, thermometer adapter, thermometer, and rubber septum at room temperature.
The solution was placed under an Ar blanket and heated to ~ 50 oC for ~ 3 h under vigorous
stirring. The product was then cooled to room temperature and isolated by the addition of
acetone (1:1 by volume) followed by centrifugation at 12,000 rpm for 10 min. The particles were
redispersed in hexanes and ethanol (1:3 by volume) and centrifuged at 10,000 rpm. Finally, the
product was collected, redispersed in hexanes and stored.

4.3.7 Materials Characterization
Powder X-ray diffraction (XRD) data were collected using a Bruker D8 Advance X-ray
diffractometer equipped with Cu Kα radiation. Transmission electron microscopy (TEM) images
were obtained using a JEOL 1200 EX II TEM operating at 80 kV. High-resolution transmission
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electron microscopy (HRTEM) images, selected area electron diffraction (SAED) patterns and
energy dispersive X-ray spectroscopy (EDS) analyses were performed on a JEOL-2010
LaB6 TEM microscope operating at 200 kV. A JEOL JEM-2010F microscope outfitted with an
EDAX solid-state X-ray detector was used to collect scanning transmission electron microscopy
(STEM) EDS data. TEM samples were prepared by drop-casting a hexane dispersion of the
nanoparticles onto carbon and Formvar-coated copper and nickel grids. Lattice spacings were
measured from the fast-Fourier transform (FFT) of the HRTEM images, using Gatan Digital
MicrographTM software. UV-Vis-NIR diffuse reflectance measurements were collected on a
Perkin-Elmer Lambda 950 spectrophotometer equipped with a 150 mm integrating sphere.
Samples were prepared by drop-casting a concentrated solution of the nanoparticles onto a glass
substrate to form a thick film. UV–visible absorption spectra were collected using an Ocean
Optics HR4000 spectrometer using a DH-2000-BAL light source and quartz cuvettes. Average
particle sizes were determined by analyzing more than 100 particles for each sample using ImageJ software.

4.4 Conclusions
In summary, we have shown that supersaturation-precipitation pathways for the seeded
growth of germanium nanowires can be modified and arrested at early stages of the reaction to
generate Au-Ge and Ag-Ge colloidal hybrid nanoparticles. This is important both for introducing
group IV semiconductors into the library of materials that can be incorporated into such hybrid
nanoparticle systems, as well as for demonstrating an alternative route to colloidal hybrid
nanoparticles that complements existing pathways that include heterogeneous nucleation, phase
segregation, surface de-wetting of core-shell nanoparticles, and the fusion of pre-made
nanoparticles. The Ge domain widths correlate to the diameters of the Au and Ag nanoparticle
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seeds, and the Ge domain lengths can be tuned by modifying either the Ge(HMDS)2
concentration or the reaction time. The Ge domains also serve as site-selective templates for the
galvanic deposition of metal nanoparticles, which was demonstrated by growing Ag nanoparticles
off of the Ge domains of Au-Ge heterodimers to form trimeric Au-Ge-(Ag)n nanostructures.
Accordingly, this represents a useful addition to the “total synthesis” toolbox for constructing
high-order colloidal hybrid nanoparticles.1
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Chapter 5

A Colloidal Hybrid Nanoparticle Insertion Reaction for Transforming
Heterodimers into Heterotrimers*

5.1 Introduction
Multicomponent colloidal hybrid nanoparticles with precisely defined configurations and
interfaces underpin a growing number of applications that include solar energy conversion,1-3
catalysis,4-6 photonics,7 electronics,8 and theranostics.9 Most hybrid nanoparticles contain two
domains that are connected together through a solid–solid interface, which permits electronic,
optical, and magnetic coupling as well as multifunctionality and orthogonal surface derivatization
in spatially distinct regions.10,11 For example, Au–Fe3O4 nanoparticle heterodimers exhibit
simultaneous plasmonic and magnetic properties and are catalytically active for H2O2 reduction,4
CO oxidation,5 and nitrophenol reduction.6 Additionally, their Au and Fe3O4 surfaces can be
orthogonally functionalized with cisplatin analogues and tumor-specific targeting agents via thiol
and diol linkers, respectively, to enable advanced capabilities for cancer therapeutics.12 While
synthetic capabilities and applications for colloidal heterodimers are rapidly expanding, higherorder hybrid nanoparticles such as three-component heterotrimers offer even greater functional
diversity.10,11 For example, trimeric Au–MnO–SiO2 hybrid nanoparticles incorporate an
accessible Au surface for bioconjugation via thiol coupling, a magnetic MnO core for MRI
contrast, and a PEG-functionalized, dye-embedded SiO2 coating on the MnO domain to permit
water solubility, biocompatibility, and further bioconjugation via silane coupling.13 Similarly,
overall water splitting can be facilitated by three-component hybrid nanostructures that have a
*

Adapted with permission from J. Am. Chem. Soc. 137, 12514–12517, “Colloidal Hybrid
Nanoparticle Insertion Reaction for Transforming Heterodimers into Heterotrimers”, Copyright
© 2015 American Chemical Society
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central light-absorbing semiconductor connected to a hydrogen evolving catalyst on one side and
an oxygen evolving catalyst on the other.14
Colloidal heterotrimers are typically produced through successive seeded growth steps,
which inherently are additive in nature and are driven by, and at the same time limited by, surface
chemistry considerations and material-specific preferences for nucleation and growth.15 The
reliance on surface-seeded nucleation and growth places constraints on the materials,
morphologies, and connectivities that can be accessed, especially for the trimeric systems
mentioned above. Here, we report a conceptually new approach for synthesizing trimeric
colloidal hybrid nanoparticles, whereby a third nanoparticle domain can be inserted selectively
between the two domains of a heterodimer seed. This alternate pathway exploits nanoparticlemediated supersaturation–precipitation processes, such as solution–liquid–solid (SLS) growth,16,
17

which shifts the driving force for heterotrimer formation away from surface-driven nucleation

and growth. The nanoparticle insertion process is demonstrated for the transformation of Au–
Fe3O4 heterodimers into Au–Ge–Fe3O4 heterotrimers. Furthermore, we provide preliminary
evidence that the insertion reaction is general and also show that it can be modified to permit
tuning between insertion and addition pathways for the same system, selectively producing Au–
Ge–Fe3O4 vs. Ge–Au–Fe3O4 heterotrimer isomers.

5.2 Results and Discussion

5.2.1 Synthesis and Characterization of Ge-containing Heterotrimers
Figure 5.1a shows a TEM image of a representative sample of Au–Fe3O4 heterodimers,
which were synthesized as reported previously.(18) Each Au–Fe3O4 heterodimer consists of a Au
nanoparticle connected to a Fe3O4 nanoparticle; this assignment is confirmed by the STEM-EDS

114
element map in the inset to Figure 5.1a. Upon rapid injection of a 1-octadecene solution of
Ge(II)bis(hexamethyldisilylamide) [Ge(HMDS)2] into a mixture of 1-octadecene, oleylamine,
oleic acid, trioctylphosphine, and the Au–Fe3O4 heterodimers at ∼300 °C for 35 min, the product
shown in the TEM image in Figure 5.1b forms. A majority of the particles in Figure 5.1b appear
as trimeric constructs that resemble the Au–Fe3O4 heterodimer seeds but with an additional
central segment of variable length. Analysis of this and additional TEM images reveals a
morphological yield of approximately 80% for the insertion product, along with approximately
20% unreacted or partially reacted Au–Fe3O4 heterodimers. The STEM-EDS element map in the
inset of Figure 5.1b shows the presence of Ge between the Au and Fe3O4 domains, suggesting
that the Ge inserts between the Au and Fe3O4 domains to transform the Au–Fe3O4 heterodimers
into related Au–Ge–Fe3O4 heterotrimers.

Figure 5.1: TEM images of (a) Au–Fe3O4 heterodimer seeds, (b) Au–Ge–Fe3O4 heterotrimer
products, and (c) a collection of Au–Ge–Fe3O4 heterotrimers with the Au nanoparticle tips
highlighted in yellow dashed circles; the size of the Au domain correlates with the thickness of
the Ge segment. (d,e) TEM images of a two-lobed Fe3O4–Au–Fe3O4 seed and the resulting
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Fe3O4–Au(Ge)–Fe3O4 hybrid structure. The insets to panels (a) and (b) show STEM-EDS element
maps of the corresponding Au–Fe3O4 and Au–Ge–Fe3O4 particles.
The as-synthesized heterotrimers exhibit a combination of bent and straight Ge segments
with lengths that range from ∼10 nm up to ∼55 nm. Furthermore, as shown in Figure 6.1c, the
thicknesses of the Ge domains appear to correlate with the sizes of the gold nanoparticle seeds,
which is consistent with previous reports on the Au nanoparticle-seeded growth of Ge
nanostructures using supersaturation–precipitation pathways.16,

17

Figure 5.1d shows a TEM

image of a Fe3O4–Au–Fe3O4 particle, which is a distinct type of hybrid construct that comprises
approximately 6% of the Au–Fe3O4 heterodimer sample. Upon reaction with Ge(HMDS)2, Ge
also inserts into the Fe3O4–Au–Fe3O4 particle, forming the Fe3O4–Au(Ge)–Fe3O4 hybrid construct
shown in Figure 5.1e. Retention of the two Fe3O4 lobes, with insertion of the Ge at their
intersection where the Au had been located, further validates the insertion pathway, rather than an
alternate dissolution–reprecipitation process, because the unique morphological characteristics of
the seeds remain intact.
Figure 5.2a,b shows high-resolution TEM images of two representative heterostructures,
which highlight the range of insertion products that are observed. Figure 5.2a shows the
predominant morphology, which is a heterotrimer containing a central Ge nanowire segment
capped by a Au domain on one end and a Fe3O4 domain on the other. As shown in Figure 5.2b,
related Au–Ge–Au–Fe3O4 species are also observed, likely produced by the segregation of the Au
domain into two distinct nanoparticles, with one Au segment located at the tip and the other
remaining at the base of the Ge nanowire and also interfacing with the Fe3O4 domain; the
formation of this product will be discussed in more detail below. The products in Figure 5.2a,b
contain nanoparticle segments having observed lattice spacings of 3.2, 2.35, and 4.7 Å, which
closely match the Ge(111), Au(111), and Fe3O4(200) planes, respectively. Additional HRTEM
images are shown in Figure 5.3. STEM-EDS element maps for Fe (Figure 5.2c), Au (Figure
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5.2d), and Ge (Figure 5.2e), along with the overlay in Figure 5.2f, further confirm the presence
and configuration of the three distinct nanoparticle domains. The STEM-EDS maps also indicate
that small amounts of Au (∼10 at. %) are present in the Ge domain, consistent with the proposed
supersaturation–precipitation growth mechanism, as discussed below.

Figure 5.2: (a,b) HRTEM images of the two types of hybrid nanoparticle products, Au–Ge–
Fe3O4 and Au–Ge–Au–Fe3O4, that result from Ge insertion. (c–f) STEM-EDS element maps of a
representative Au–Ge–Fe3O4 heterotrimer.
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Figure 5.3: Additional HRTEM images of Au-Ge-Fe3O4 heterotrimers.

Interestingly, the addition of a smaller amount of Ge(HMDS)2 to the Au–Fe3O4
heterodimers than was used to produce the Au–Ge–Fe3O4 insertion product (e.g., a ∼5:1
Ge(HMDS)2 to Au–Fe3O4 ratio instead of the ∼15:1 ratio that was used previously) instead leads
to the formation of an analogous addition product, as seen in the TEM image in Figure 5.4a.
Here, the Ge domain appears to add directly to the preexisting Au nanoparticle domain instead of
inserting between the Au and Fe3O4 domains, forming a Ge–Au–Fe3O4 product that can be
considered as a distinct heterotrimer isomer relative to the Au–Ge–Fe3O4 insertion product. This
indicates that small changes to the reaction conditions can permit tuning between insertion and
addition pathways, leading to multiple distinct heterotrimer isomers in the same three-component
system. Previous routes to colloidal heterotrimer isomers, which are rare yet important because of
the critical roles that domain configurations and interfaces have on the synergistic properties,
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required the use of a nanoparticle protecting group.19 The Ge–Au–Fe3O4 addition product is
obtained in approximately 95% morphological yield, with approximately 5% of the product
consisting of Au–Ge–Fe3O4 insertion products and unreacted Au–Fe3O4 heterodimer seeds. The
STEM-EDS element map in Figure 5.4b confirms both the presence of the distinct Ge, Au, and
Fe3O4 domains and their arrangement in a Ge–Au–Fe3O4 configuration. The corresponding
HRTEM image in Figure 5.4c shows three nanoparticle domains that are crystalline, with
observed lattice spacings of 3.2, 2.35, and 4.7 Å that closely match the Ge(111), Au(111), and
Fe3O4(200) planes, respectively. The HAADF-STEM image in Figure 5.4d also clearly shows
the Ge–Au–Fe3O4 domain sequence.

Figure 5.4: (a) TEM image, (b) STEM-EDS element map, (c) HRTEM image, and (d) HAADFSTEM image of Ge–Au–Fe3O4 heterotrimers resulting from Ge addition rather than insertion.
HAADF-STEM images showing (e) the proposed Au–Ge–Au–Fe3O4 intermediate and (f) the Au–
Ge–Fe3O4 insertion product.
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The HAADF-STEM image in Figure 5.4e captures a hybrid nanoparticle that contains
Ge surrounded by Au in a Au–Ge–Au–Fe3O4 configuration, which is a likely intermediate in the
formation of the final Au–Ge–Fe3O4 insertion product, shown for comparison in Figure 5.4f. The
proposed Au–Ge–Au–Fe3O4 intermediate, which was observed frequently, is noteworthy because
it shows Ge encapsulated within a shell of Au. This observation suggests that the Ge begins its
insertion between the Au–Fe3O4 interface by incorporating into, and precipitating within, the Au
domain, as is frequently observed in Au-seeded supersaturation–precipitation pathways to Ge
nanowires and Au–Ge nanoparticles.20-22
To grow Ge and related semiconductor nanowires through solution–liquid–solid (SLS)
and vapor–liquid–solid (VLS) supersaturation–precipitation pathways, Au and related seed
nanoparticles are often deposited onto surfaces.20-22 It is well-known that these nanoparticle seeds
can either remain bound to the substrate, with the semiconductor nanowire growing outward, or
advance along with the tip of the growing semiconductor nanowire. In the latter case, the
semiconductor nanowire effectively inserts between the substrate and the substrate-anchored
nanoparticle seed. Whether the semiconductor nanowire grows outward from the substrateanchored seed or inserts between the substrate and the seed depends on the substrate–seed
interfacial energy and whether or not the seed and substrate can be separated from one another
during the supersaturation–precipitation process.20-22 We propose, therefore, that as the Ge begins
to precipitate from the supersaturated Au–Ge alloy that remains attached to the surface of the
Fe3O4 domain, the preference is for the Au domain to remain at the tip of the growing Ge
nanowire, which ultimately produces the Au–Ge–Fe3O4 insertion product. However, at the early
stages of the insertion reaction, the stable Au–Fe3O4 interface can be retained, and some of the Au
remains at that interface. The proposed Au–Ge–Au–Fe3O4 intermediate shown in Figure 5.4e,
and also in Figure 5.5, is therefore consistent with a process whereby maintaining the Au–Fe3O4
interface competes with the Au domain advancing with the tip of the growing Ge domain. To
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fully transform the proposed Au–Ge–Au–Fe3O4 intermediates into the complete Au–Ge–Fe3O4
insertion products, the Au bound at the buried Au–Fe3O4 interface migrates to the Ge surface and
ultimately to the Au nanoparticle on the tip of the Ge domain. Consistent with this, some Au is
observed by STEM-EDS around the Ge domains, as shown in Figure 5.2d.

Figure 5.5: HRTEM image of Au-Ge-Au-Fe3O4 intermediate, showing the Ge region
encapsulated with the Au.

To begin expanding the scope of the nanoparticle insertion reaction, we targeted systems
with different domain materials. For example, preliminary evidence, shown in Figure 5.6,
suggests that the Ge insertion reaction also can be applied to Au–In2O3 heterodimer seeds,23
producing Au–Ge–In2O3 heterotrimers. In addition, Figure 5.7 shows a HRTEM image and
corresponding STEM-EDS element maps of a Au–FeGe–Fe3O4 heterotrimer, providing
preliminary evidence that Fe incorporation during the Ge insertion reaction can lead to the
formation of alloy domains.
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Figure 5.6: TEM images of Au-Ge-In2O3 heterotrimers.

Figure 5.7: (a) HRTEM image of Au-FeGe-Fe3O4 heterotrimer resulting from the insertion of
FeGe. (b-e) STEM-EDS element maps of a representative Au-FeGe-Fe3O4 heterotrimer. The
STEM-EDS element maps confirm the presence of the distinct Au and Fe3O4 domains, as well as
a distinct FeGe segment with an Fe:Ge ratio of approximately 1:1. A Ge-containing shell is also
observed, and this is consistent with an amorphous GeOx shell that is known to form in other Ge
and Ge-containing nanostructures prepared using similar synthetic.
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5.3 Materials and Methods

5.3.1 Chemicals and Materials
Ge(II)bis(hexamethyldisilylamide) (>95%, Ge[N(SiMe3)2]2) was purchased from Gelest.
Hydrogen tetrachloroaurate trihydrate (99.99%, HAuCl4·3H2O), trioctylphosphine (TOP, tech.
90%), 1-octadecene (tech. 90%), oleylamine (tech. 70%), tertbutylamine borane (TBAB) (97%),
and iron pentacarbonyl [>99.99%, Fe(CO)5] were purchased from Sigma Aldrich. Oleic acid
(90%) was purchased from TCI. All chemicals were used as received. All syntheses were carried
out under Ar using standard Schlenk techniques, and workup procedures were performed in air.

5.3.2 Synthesis of Au Nanoparticle Seeds
Oleylamine-capped Au nanoparticles were prepared using a method modified from a
procedure reported in Nano. Res. 2008, 1, 229-234. In a 40-mL vial, 100 mg of HAuCl4, 10 mL
of toluene and 10 mL of oleylamine were mixed with stirring at room temperature and in air.
After 10 min of stirring a solution previously prepared by sonicating 1 mL of oleylamine, 1 mL of
toluene and ~43 mg of tetrabutylamine borane complex for 1 min was quickly injected. After the
injection the solution changed color immediately to dark red and was left stirring for ~35 min.
The suspension was subsequently transferred to centrifuge tubes. Ethanol and hexanes were
added to the tubes (1:1 by volume), and the product was centrifuged at 12 000 rpm for 5 min. The
product was then redispersed in hexanes and stored.
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5.3.3 Synthesis of Au-Fe3O4 Nanoparticle Heterodimers
The Au-Fe3O4 heterodimer seeds were prepared using a method modified from ref. 16 in
the manuscript. In a 100-mL three-necked round bottom flask fitted with a thermometer and a
condenser, a mixture of 20 mL of octadecene, 1 mL of oleylamine, and 1 mL of oleic acid was
stirred under vacuum at ~120 oC for ~1 h to remove any oxygen and water present. The reaction
was then placed under an Argon blanket and 0.1 mL of Fe(CO)5 in 1 mL of 1-octadecene was
quickly injected under air-free conditions. The solution was prepared in an argon-filled glovebox
and taken outside in a septum-capped vial. After ~10 min, 2 mL of a Au NP solution (10mg/mL
in octadecene) was quickly injected. The solution was then heated to 300 oC over ~20 min and
left there for an additional 45 min. The product was then cooled to room temperature by
removing the flask from the heating mantle. The suspension was subsequently transferred to
centrifuge tubes. Ethanol and hexanes were added to the tubes (1:1 by volume), and the product
was centrifuged at 10 000 rpm for 5 min. The black precipitate was redispersed in hexanes and
ethanol (1:1 by volume) and centrifuged at 10 000 rpm. The product was then redispersed in
hexanes and stored.

5.3.4 Synthesis of Au-Ge-Fe3O4 Heterotrimers (“Insertion Product”)
A mixture of 3 mL of 1-octadecene, 3 mL of oleylamine, 1 mL of oleic acid and 1 mL of
trioctylphosphine was added to a 50-mL three-necked round-bottomed flask fitted with a
thermometer adapter, thermometer, condenser, magnetic stir bar, and rubber septum at room
temperature. The mixture was stirred under vacuum at ∼120 °C for ∼1 h to remove any oxygen
and water present. The reaction was then placed under an argon blanket and heated at 200 °C. At
this point, 2 mL of a previously prepared Au-Fe3O4 NP solution (~12 mg/mL in octadecene) was
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quickly injected. Prior to the injection of the nanoparticle solution, the solution was first
evacuated with periodic vacuum and argon backfilling cycles for ∼15 min. Immediately after, a
Ge(HMDS)2 solution [300-400 mg of Ge(HMDS)2 in 1.5 mL of octadecene] was injected into the
reaction mixture. The 1- octadecene/Ge(HMDS)2 solution was previously prepared in an argonfilled glovebox and taken outside in a septum-capped vial. The reaction was then allowed to
proceed at a temperature of ∼300 °C for 35 min. The product was then cooled to room
temperature by removing it from the heating mantle and was transferred to centrifuge tubes.
Ethanol was added to the tubes (1:1 by volume), and the product was centrifuged at 12 000 rpm
for 5 min. The precipitate was redispersed in hexanes, ethanol and acetone (3:2:1 by volume) and
centrifuged at 10 000 rpm for 5 min. The product was then redispersed in hexanes and stored. In
some cases, Au-FeGe-Fe3O4 heterotrimers were produced, as mentioned in the main text. While
the specific synthetic details that lead to the formation of Au-FeGe-Fe3O4 vs. Au-Ge-Fe3O4 are
not yet known, we believe that higher activities and concentrations of reactive Fe species during
the synthesis lead to greater Fe incorporation in the Ge segment.

5.3.5 Synthesis of Ge-Au-Fe3O4 Heterotrimers (“Addition Product”)
The Ge-Au-Fe3O4 heterotrimers were synthesized under similar conditions using 150 mg
or less of Ge(HMDS)2.

5.3.6 Synthesis of Au-Ge-In2O3 Heterotrimers
The Au-In2O3 heterodimer seeds were prepared as described in ref. 23 and then reacted
with Ge(HMDS)2 as described in the “Insertion Product” section above.
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5.3.7 Materials Characterization
Transmission electron microscopy (TEM) images were obtained from a JEOL 1200 EX II
or Phillips 420 operating at 80 kV. All reported product distribution percentages were based on
analyses of >100 particles. High-resolution TEM (HRTEM) images and high-angle annular darkfield scanning transmission electron microscopy (HAADF-STEM) images were collected on an
JEOL JEM-2010F microscope or an FEI Titan G2 S/TEM equipped with spherical aberration
correctors on the image and probe-forming lenses at an accelerating S3 voltage of 200 kV. EDS
maps were acquired in the FEI Titan using the Super-X EDX quad detector system at a current of
0.1 nA. Standardless Cliff-Lorimer quantification was performed on the deconvoluted EDS line
intensity data using the Bruker Esprit software. ES Vision software (Emispec) was used for EDS
data processing.

5.4 Conclusions
In conclusion, we have demonstrated a new nanoparticle insertion reaction for
transforming colloidal heterodimers into higher-order heterotrimers. The process exploits a
supersaturation–precipitation pathway originally developed for the growth of semiconductor
nanowires. As such, it shifts the driving force for heterotrimer formation away from traditional
surface-driven seeded nucleation and growth and therefore opens new doors for the design and
synthesis of high-order hybrid nanoparticle constructs that integrate central semiconductor
segments with metals and oxides bound at opposite ends. In addition, the ability to tune between
addition and insertion pathways provides access to distinct heterotrimer isomers, Ge–Au–Fe3O4
vs. Au–Ge–Fe3O4, which contain the same materials but with different configurations; such
configurational control is challenging to achieve for multicomponent colloidal hybrid
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nanoparticle systems. Finally, while this initial demonstration focused on a prototype system and
characterization of the process by which the insertion reaction occurs, preliminary evidence
suggests that it may be general to other metal, alloy, metal oxide, and semiconductor components.
Further optimization of reaction conditions will likely lead to narrower product distributions, as
well as control over additional morphological features, such as Ge segment lengths.
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Chapter 6

Summary and Outlook
In this dissertation, I have described my contributions to the establishment of transition
metal phosphides as an important family of Earth-abundant catalysts for the HER and OER, in
particular, the identification of iron phosphide (FeP) in nanoparticulate form as one of the most
active HER electrocatalysts reported to date in both acidic and neutral conditions. Additionally, I
have presented new methods for the scalable and general synthesis of transition metal phosphide
films, including Fe2P, Co2P, Ni2P, Cu3P, and NiFeP directly onto the surface of current collectors
and

photocathode

materials.

The

resulting

phosphide

electrodes

exhibited

excellent

electrocatalytic HER and OER performance in highly acidic and alkaline aqueous solutions
respectively, demonstrating activities comparable to those of samples prepared through
significantly more elaborate and expensive procedures. Finally, I have described new approaches
to the synthesis of higher-order colloidal hybrid nanoparticles based on previously unexplored
supersaturation-precipitation mechanisms. The resulting colloidal heterostructures exhibited
complex metal-semiconductor-metal oxide interfaces analogous to those found in proposed
particle-based photocatalytic systems. These new synthetic approaches could one day open the
door to the design and synthesis of a wide range of functional colloidal nanostructures, including
those of relevance to solar fuels production.
The high electrocatalytic activity and stability exhibited by metal phosphides has
stimulated comprehensive efforts towards the synthesis, evaluation, and integration of phosphide
materials, yet mechanistic studies on these systems are still lacking. The surface structure of the
catalysts under operating conditions, the identity of the catalytically active sites, and key details
of the HER mechanism on metal phosphide surfaces remains largely unknown. Similarly, while
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some insights are starting to emerge, the specific morphological, structural and operational
features that maximize the catalytic performace of this family of materials have not been
explicitly identified. Additional research, including in situ studies such as EXAFS, UV-VIS, IR,
Raman, HRTEM, and XPS, guided and supported by computational investigations, could be
especially helpful in furthering our understanding of how the HER and OER proceed on the
surfaces of transition metal phosphides under operating conditions, and might provide useful
insights that could assist in future attempts at optimizing the activity, selectivity and stability of
these materials.
The integration of Earth-abundant catalysts with light absorbers is still at an early stage
and the structure of the semiconductor-catalyst composite that better optimizes optical absorption,
carrier collection, bubble formation, and reactant and product transport remains unclear. For
example, the introduction of catalyst particles onto the surfaces of photoelectrodes, while
beneficial, can often obscure a significant portion of the incident illumination through parasitic
absorption and/or reflection. Similarly, bubbles produced by the evolution of gases at the cathode
or anode can serve as light scattering sites that lower the efficiency of the device by reflecting
light away from the semiconductor. These bubbles can also accumulate on the photoelectrodes
preventing unreacted species from reaching the surface of the catalysts. Therefore, the
development of device configurations that can maximize bubble nucleation and desorption while
still maintaining high light-absorption and current collection efficiencies is crucial. One potential
strategy to mitigate these effects is to optimize the placement of the catalysts on the microwire
(MW) arrays. In principle, positioning the catalytic particles controllably at either the base, tips,
or walls of the MWs (or some combination) could significantly influence the behavior and
performance of PEC devices (e.g., bubble formation at the tips vs. bottom, scattering and charge
transport) and has yet to be explored in detail. However, while substantial, optimization of the
catalyst placement alone might not be sufficient enough to bring the desired performance
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improvements. The development of new methods capable of producing favorable interfaces
between catalysts and light absorbers, as well as the development of novel and more efficient
photoelectrode architectures and materials, are key steps that are still needed towards the
realization of practical and fully functioning water-splitting systems. Although PEC cells with
uniform MW geometries have been studied in greater depth, branched or asymmetric MW
structures have potential to significantly improve the efficiencies of PEC devices by providing
better light trapping and charge carrier generation. Futhermore, the widespread implementation of
water-splitting devices could significantly benefit from the development of Earth-abundant
alternatives to Ir and Ru-containing water-oxidation electrocatalysts capable of operating in
acidic conditions. The application of complementary theoretical (e.g. DFT calculations and
microkinetic models) and experimental efforts (e.g. high-throughput combinatorial screening and
knowledge-based testing) could prove to be extremely useful in the search and design of new
catalytic systems based on abundant and inexpensive components for the oxygen evolution
reaction (OER) and other energy-relevant reactions.
Particle-based photocatalytic systems for water-splitting have the potential to lower costs
and facilitate the large-scale implementation of solar fuels technologies, however their feasibility
remains unproven and many synthetic challenges still remain. Controlling the spatial arrangement
of the inorganic domains in colloidal heterostructures is crucial for their application in many
areas, including photocatalysis. However, traditional methods for the synthesis of colloidal hybrid
nanoparticles and other types of colloidal nanoscale heterostructures normally requires the use of
complicated multistep reactions that are often material specific, which could ultimately limit the
kinds of heterojunction arrangements that could be produced. In addition, current approches often
provide low-product yields and can require elaborate purification steps. Ultimately, the study and
implementation of particle-based photocatalytic systems for water-splitting and other
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photocatalytic reactions will depend on our ability to surpass some of the shortcomings of our
current fabrication techniques.

