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ABSTRACT

Hydrogen gas obtained though the electrolysis of water has long been proposed as a clean
and sustainable alternative to fossil fuels. The widespread implementation of electrolyzers and
solar-driven water-splitting systems is underpinned by the development of the individual
components that comprise these systems, which must be efficient, robust and scalable. Among
these components, highly active electrocatalysts are required to carry out the water-splitting halfreactions, the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER).
Electrocatalysts based on noble metals such as Pt and Ir, are capable of carrying out the HER and
OER at low overpotentials, however their high cost and scarcity has motivated the discovery and
development of robust, efficient, and Earth-abundant alternatives.
Transition metal phosphides have recently been identified as a promising family of Earthabundant electrocatalysts for the HER, and are capable of operating with low overpotentials at
operationally relevant current densities while exhibiting stability under strongly acidic conditions.
In this dissertation, I highlight the progress that has been made in this field and provide insights
into the synthesis, characterization and electrochemical behavior of transition metal phosphides as
HER electrocatalysts. I describe that iron phosphide (FeP), synthesized as nanoparticles having a
uniform, hollow morphology, exhibits among the highest HER activities reported to date in both
acidic and neutral-pH aqueous solutions. Additionally, under UV illumination in both acidic and
neutral-pH solutions, FeP nanoparticles supported on TiO2 are able to sustain photcatalytic H2
production over several hours. I also discuss the synthesis, characterization and electrochemical
performance of cobalt phosphide (Co2P) nanoparticles having a hollow, multifaceted, crystalline
morphology as another highly active Earth-abundant HER catalyst material. Importantly, the Co2P
nanoparticles are morphologically equivalent to previously reported CoP nanoparticle HER
catalysts, allowing a direct side-by-side evaluation of their HER activities. Such comparisons of
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different metal phosphide HER catalysts with the same constituent elements and morphologies are
important for identifying the key materials characteristics that lead to high activity.
Unlike the various metal phosphide catalysts available for the HER, OER electrocatalysts
that facilitate sustained oxygen production at device-relevant current densities in strongly acidic
electrolytes have been limited almost exclusively to precious metal oxides. I demonstrate that
nanostructured films of cobalt oxide (Co3O4) on fluorine-doped tin oxide (FTO) substrates, function
as active electrocatalysts for the OER in highly acidic conditions. The Co3O4/FTO electrodes
evolve oxygen with near-quantitative Faradaic yields and maintain operationally relevant current
densities for over 12 h at a moderate overpotentials, making it one of the few Earth-abundant
electrocatalytic systems capable of sustained oxygen evolution in acidic conditions.
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Chapter 1
Synthesis, Characterization, and Properties of Metal Phosphide Catalysts for
the Hydrogen-Evolution Reaction

Introduction
The development of clean, affordable and sustainable approaches to fuel generation and
utilization is a critical global challenge. With a rapidly rising world population the global primary
energy-consumption rate is expected to increase from 17 TW in 2010 to 27 TW by 2040.1 Because
of their high energy density and ease of combustion, fossil fuels have remained the primary global
energy carriers for the past two centuries, and have played a pivotal role in worldwide industrial
and technological development. Even though coal and natural gas could continue to meet the
world’s energy demand for the foreseeable future, environmental concerns over the extraction and
inefficient combustion of non-renewable fossil fuels has motivated the search for cleaner and more
sustainable energy platforms.1
Solar, wind, and other renewable energy technologies have emerged as promising
alternatives to conventional energy sources. These renewable resources are often intermittent and
depend on the time of day and/or weather, requiring batteries and/or other storage technologies to
compensate for the intermittency of the resource. The storage of energy as chemical bonds in
molecules is a promising approach to facilitate long-term storage and additionally to serve the
demands of transportation systems.2 Molecular hydrogen, H2, has a considerably higher specific
energy than most hydrocarbons, and is a well-known zero-emission fuel that liberates only water
upon combustion. The clean, scalable, and affordable production of hydrogen is also an important
requirement for the implementation of fuel-cell technologies on a global scale.3 Functional
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hydrogen-based fuel-cell modules are commercially available but are economically disfavored
relative to traditional combustion engines and batteries because of high costs, storage issues, and
limited access to H2 fuel. The combination of fuel-cell technologies with the clean, widespread,
and on-demand production of H2 thus has the potential to significantly impact the transportation
and industrial energy sectors.

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
photoelectrochemical cell(PEC) water-splitting device, showing light-absorbing microwire
semiconductor arrays with surface-anchored HER and OER catalysts. The anode (top) and
cathode (bottom) compartments are connected by a proton-permeable membrane. Reproduced
with permission from E. A. Santori.

3
Currently, most hydrogen is produced through industrial reforming methods. 3

For

example, steam-methane reforming involves the reaction between steam (water vapor) and methane
over a nickel-based catalyst at temperatures above 700 °C to yield H2 and CO. The obtained CO is
then further reacted with more steam to finally produce CO2 and more H2 through the water-gas
shift reaction. In addition to high reaction temperatures, industrial reforming requires large
amounts of natural gas and adds significantly to rising atmospheric CO2 levels. Additionally,
hydrogen produced by this method often carries sulfur-containing impurities that are of significant
environmental concern and that can readily poison fuel-cell catalysts.4 Devices that facilitate water
electrolysis, including electrochemical and photoelectrochemical cells (PEC), are emerging
technologies that have the potential to renewably generate clean hydrogen fuel from water without
fossil fuels or harmful byproducts.
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 V 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, and electrolysis under pH-neutral conditions is impacted
by the formation of substantial pH gradients that can impede the water-splitting process.6 The
formation of pH gradients can be mitigated by having a single compartment reactor, but such setups
result in the formation of mixtures of O2 and H2 gases, which can be dangerous and explosive.
Acidic electrolytes are particularly well suited for the HER, because the reduction of a positively
charged species is more energetically favorable than that of a neutral one. 7 Additionally, the
extensive availability of highly efficient proton-exchange membranes favors a reactor design in
acidic conditions. The water-splitting process can be described by two separate half-reactions: the
hydrogen evolution reaction (HER), which involves proton reduction and occurs at the cathode,
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and the oxygen evolution reaction (OER), which involves water oxidation and occurs at the anode.
Shown below are the HER and OER in acidic aqueous solutions, which is the primary emphasis of
this review because it is relevant to the conditions under which polymer electrolyte membrane
based water electrolysis devices operate.
𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑤𝑎𝑡𝑒𝑟 − 𝑠𝑝𝑙𝑖𝑡𝑡𝑖𝑛𝑔: 2𝐻2 𝑂 → 2𝐻2 + 𝑂2

E°cell = 1.23 V vs. NHE

𝑂𝑥𝑦𝑔𝑒𝑛 − 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 2𝐻2 𝑂 → 𝑂2 + 4𝐻 + + 4𝑒 −

E° = 1.23 V vs. NHE

𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 − 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 2𝐻 + + 2𝑒 − → 𝐻2

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 high efficiencies as compared to indirect schemes.7 One possible configuration, in
which several key components are integrated and work synergistically to facilitate overall sunlightdriven water electrolysis, is shown inFigure 1.1.5 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. Protons then move across a
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)
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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. 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 widespread implementation of water-splitting technologies therefore
requires the discovery, development, and integration of robust and Earth-abundant materials for
each of these individual components.
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],10-11 [FeNi],12-13 and [Fe]-only hydrogenases14-15 as well as by the
[FeMo] nitrogenase, were the elements within the square brackets denote the elements present in
the active clusters of these biological units.16-17 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.18 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.19-22 Other examples of HER molecular catalysts include
diiron,23 iron diglyoxime24 and cobalt diglyoxime25 complexes, as well as thiomolybdate clusters.2627

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.28 From a device perspective, biological and homogeneous systems
with exceptional catalytic properties face challenges involving anchoring to and integrating with
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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.29 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.30 The low terrestrial
abundance and cost of mining Pt has motivated the search for Earth-abundant alternatives.9
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.31 Other related alloys including CoMo,32 FeMo32 and
NiMoZn33 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.34 Other Mo-based HER catalysts, including Mo2C,35-36 MoB,35 Co6Mo1.4N2,37 and
NiMoNx,38 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.39 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.39 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 stable.40-42
Chang26 and Besenbacher27 have developed molecular- and cluster-based mimics, respectively, of
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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).43 HDS is the catalytic process
by which sulfur impurities are removed from hydrocarbon fuels and feedstocks. 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* ≈ 0.44 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 Earth-abundant HER catalysts.
Among the most highly studied and active HDS catalysts are Ni2P44-45 and related transition
metal phosphides, including CoP, Fe2P, MoP, and WP.47-48 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 (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

8
catalyzing the HER.44 In 2013, we experimentally validated this prediction, showing that Ni2P was
indeed a highly active HER catalyst in acidic aqueous solution.49 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 rapidly expanded
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.
In contrast, the development of Earth-abundant materials as catalysts for the OER, which
is regarded as the bottleneck in overall water splitting, has largely focused on oxidic materials.
These materials have been limited to operating under alkaline50-53 and neutral53-55 due to their
tendency to rapidly dissolve in acidic environments.56 Robust and inexpensive OER catalysts
operating under acidic condition are important for improving the overall compatibility of device
components.5,8 To date, water oxidation catalysts that facilitate sustained oxygen evolution at
device-relevant current densities in strongly acidic electrolytes have been limited almost
exclusively to precious metal oxides of Ir and Ru.5,57-58 Recently, electrodeposited MnOx films
which are functionally stable for several hours in highly-acidic conditions have been reported.59-60
However, these films are only able to produce small current densities which are several orders of
magnitude lower that PEC target values of 10 mAcm-2.60
This chapter highlights recent developments in transition metal phosphides as an emerging
family of highly active and Earth-abundant catalysts for the HER, primarily in acidic conditions
that are relevant to proton-exchange-membrane electrolysis systems. We include a survey of how
transition metal phosphides are synthesized across multiple platforms such as bulk crystals, films,
and nanoparticles, because collectively these techniques and the materials they produce are relevant
for exploratory synthesis and catalyst discovery, optimization of catalytic performance through
active-site exposure and surface area maximization, integration into devices, and understanding
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mechanistic details of the catalytic reactions. Additionally, I discuss aspects of materials and
electrochemical characterization that are crucial for fully understanding the metal phosphides and
other catalysts being studied, accurately attributing catalytic activities to the correct materials
features, and benchmarking performance metrics with related systems. I then provide an overview
of the properties and performance metrics of transition metal phosphides for HER catalysis.

Overview of 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 1.2, 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 well-known
semiconductors. Superconducting properties have been observed in various metal-rich phases such
as Mo3P61 and LaRu2P2.62
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.63-64

Importantly for applications such as HER

electrocatalysis, many transition metal phosphides are impervious to dilute acids and bases, and
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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.

Figure 1.2: Crystal structures of representative types of metal phosphides: NaCl-type LaP,
skutterudite-type LaRu4P12, ThCr2Si2-type LaRu2P2, and MgAs4-type ZnP4.

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 that
are markedly different from their metal-rich or stoichiometric counterparts, including lower thermal
stabilities, higher reactivities, and softer materials 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.
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Synthesis of Metal Phosphides
Metal phosphides can be synthesized using a variety of methods and in various forms,
including single crystals,65-66 bulk polycrystalline powders,67 films,68-69 and nanostructured solids7076

(Figure 1.3). A comprehensive list of phosphide materials that have been tested for the HER is

included in later sections. 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,77 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 AlP78 and NbP,79 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 solidstate 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.
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.65
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.65 After the reaction, the metal matrix must be separated from the products either
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mechanically or by dissolution in acid. For example, in a representative flux synthesis of RuP2,80
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 high-quality phosphide crystals
(Figure 1.3) 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 CrP4,81 MnP482-83 and Re2P584
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 gas 85 or
by exposure to related compounds generated in situ through the reduction of phosphate salts by
hydrogen46 or carbon.86 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.58-59 In a representative TPR synthesis of CoP,87 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 paper88 and metal foams.77
Electrochemical and electroless deposition methods have also been explored as a way to directly
coat electrode surfaces with metal phosphides.90-96 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,97 thermal decomposition of single-source
organometallic precursors,98 and the reaction of organometallic compounds or metallic
nanoparticles with organophosphine reagents,67,99 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 Ni 2P, Ni12P5, Ni5P4, Cu3P,
Fe2P, FeP, Co2P, CoP, InP, PtP2, PdP2, RhP2, Au2P3, Pd5P2, and MnP,67, 99-100 as well as mixedmetal solid solutions such as (NixFe1-x)2P73, (NixCo1-x)2P101 and (CoxFe1-x)2P,102 have been
synthesized as nanoparticles through these methods (Figure 1.3). 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 1.3) have been widely used to produce high-quality crystalline and amorphous thin films
of several transition metal phosphides, including InP,103 GaP,104 Zn3P2,105 Ni2P,106 and TiP,107
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 decomposed at
high temperatures over an appropriate substrate. Similarly, physical vapor deposition (PVD)
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techniques, such as sputtering108-109 and pulsed laser deposition (PLD),110 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.

Figure 1.3: 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 with permission
from ref. 65. Copyright 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim B) Cu metal
wire and foil and the wire and foil with a thick Cu3P coating made by refluxing in trioctylphosphine.
Adapted with permission from ref. 67. Copyright 2007 American Chemical Society. C) SEM
images of a Ni2P film on Ni. Adapted with permission from ref. 68. Copyright 2016 American
Chemical Society. D) SEM image of a thin film showing a mixture of Ni2P and Ni0.85Se deposited
using CVD. Adapted with permission from ref. 69. Copyright 2008 American Chemical Society.
(E) TEM image of Zn3P2 nanoparticles. Adapted with permission from ref. 71. Copyright 2008
American Chemical Society. (F,G) TEM images of Ni2P nanoparticles. Adapted with permission
from refs. 72-73. Copyright 2007 and 2009 American Chemical Society. (H) TEM image of FexNi2xP nanoparticles. Adapted with permission from ref. 74. Copyright 2015 American Chemical
Society. (I) TEM image of Rh2P nanoparticles. Adapted with permission from ref. 75. Copyright
2015 American Chemical Society. (J) TEM image of CoP nanoparticles. Adapted with permission
from ref. 66. Copyright 2011 American Chemical Society.
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Characterization of Transition Metal Phosphide Catalysts for the Hydrogen-Evolution
Reaction
This section discusses methods for thorough and rigorous characterization of metal
phosphides. Such methods allow the establishment of catalytic performance metrics using a
common framework that permits both benchmarking and comparisons, and also enable accurate
attribution of the observed catalytic properties to the key material features that define the systems
of interest.

Characterization of Electrocatalytic Properties
Metal phosphide systems have emerged as highly active HER electrocatalysts and they are
being increasingly investigated for this and other catalytic reactions. Accordingly, several recent
articles have outlined and reviewed best practices for testing, reporting, and benchmarking such
electrocatalytic materials.5, 31, 111-112 Figure 1.4 shows typical data for various types of benchmark
Pt catalysts, which will be discussed in more detail below. 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 catalyst-modified working electrode are
immersed in an aqueous electrolyte. The electrolyte must be continuously purged with high purity
H2 gas to establish standard conditions. When Pt is used as a counter electrode, a two-compartment
cell, separated by a proton exchange membrane, must be utilized to separate the working and
counter electrodes and thereby prevent cross-contamination by trace noble metal species, as well
as undesired back reactions. When using a single compartment cell, only graphite rods or other
inert materials should be used as counter electrodes.
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Figure 1.4: Polarization data for the HER in 0.5 M H2SO4 for a series of Pt electrodes, including a
Pt mesh, Pt nanoparticles, Pt on carbon black, and a Pt disk.

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 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.49, 111 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 the metal
phosphides or other novel catalytic materials. The exact determination of the true electrochemically
active surface area may not be possible, so electrocatalytic testing on flat electrode substrates is
preferable to best obtain the inherent electrochemical performance of a material. The use of flat
substrates prevents artificial enhancement of electrochemical performance through increased

17
surface area effects, thereby facilitating comparisons with other catalysts. Although the
development of highly efficient 3D and porous electrodes is an important area of research for
electrode design and optimization, such studies are most useful when the high surface area systems
can be compared with the catalytic performance on a flat electrode.
When reporting the results of electrocatalytic testing, the overpotential required to reach a
specific current density, which can be chosen depending on the target application, allows reliable
comparison between catalysts tested under similar experimental conditions. The “onset potential,”
which is the potential at which catalytic current first appears, is often reported in the literature.
However, because the onset potential can be ascribed to the production of an arbitrarily defined
current density, the “onset potential” is not a well-defined electrochemical property and hence is
not a suitable metric for analytically evaluating or comparing different HER catalysts.111 Other
relevant metrics that are often reported for HER catalysts include Tafel slope, exchange-current
density, and turnover frequency (TOF). These parameters are also important for evaluating
electrocatalytic performance and have been reviewed in detail in recent articles..5, 31, 111-112
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. Galvanostatic testing is particularly useful for
evaluating the longevity of a catalyst under device-relevant operating conditions. For catalysts that
dissolve slowly under operating conditions, high catalyst mass loadings may result in artificially
prolonged stability. For this reason, galvanostatic stability measurements are most useful when
performed at low mass loadings or when coupled with sensitive elemental analysis of the
electrolyte, such as atomic absorption spectroscopy or inductively coupled plasma mass
spectrometry (ICP-MS), to detect dissolution processes. An added benefit of galvanostatic testing
is that the current density at which the experiment is conducted can be selected to investigate the
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HER stability for a wide range of applications and device designs, ranging from PEC’s (-10 to -20
mA cm-2) to electrolyzers (-1 to -2 A cm-2).7 Multiple cyclic voltammetry cycles over an appropriate
potential window, such as between 0 V vs real hydrogen electrode (RHE) and the potential required
to reach or exceed a target operational current density, mimic the ramp-up and ramp-down cycles
expected for solar-driven water-splitting systems. 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), quartz-microbalance and electrolyte analysis studies to identify and
understand 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
(Figure 1.4). 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. The overpotentials for a clean Pt mesh
are ~ -15 to -20 mV at a current density of -10 mA cm-2. When 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.
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Materials Characterization
Coupled with electrochemical characterization, it is important to fully characterize the key
aspects of catalytic materials that contribute to their performance, including techniques that probe
the bulk crystal structure, morphology, and chemical composition, as well as key surface chemistry
details (Figure 1.5). This, coupled with the benchmarking efforts described in the preceding section,
facilitates meaningful comparisons among catalytic systems, establishes the relevant parameters,
and sets the stage for elucidating structure-property relationships. Ultimately, one should make
deliberate and informed choices about which characterization tools will provide the necessary
information for adequately evaluating a catalyst at each stage of discovery, development, and
detailed understanding. Figure 1.5 shows conceptually how various materials and surface
characterization tools can be used together to study catalytic materials.
For metal phosphide HER catalysts in nanoparticle, bulk-powder, or thin-film form,
powder X-ray diffraction (XRD) data enables the identification of all crystalline phases present in
a sample, as well as an estimation of the size of crystalline domains through Scherrer analysis.
Because phase diagrams of metal phosphides contain multiple crystalline compounds of different
compositions and crystal structures, each of which can have different properties, high-quality XRD
data is important for establishing phase formation and purity. Additionally, for particles that are
found to be highly anisotropic or films that contain highly oriented crystallites, the observation of
preferred orientation by powder XRD data can confirm that the morphology is characteristic of the
bulk sample. Powder XRD cannot, however, unambiguously confirm phase purity, exclude the
possibility that catalytically-relevant impurities are present, or reveal amorphous components.
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Figure 1.5: Representative, non-exhaustive summary of materials-characterization data that can be
used to understand the key characteristics that underpin the observed catalytic performance,
including important aspects of surface and bulk structure, composition, and morphology. Colorcoding shows complementary types of information that are provided by different characterization
techniques.

Bulk elemental analysis can be used to compare the overall composition with the crystalline
phase and thus to determine whether significant amorphous phases not detectable by powder XRD
are present in a sample. For fully amorphous samples that have no long-range crystalline order,
characterization can be more challenging. In these cases, rigorous analysis of composition, sample
heterogeneity, and oxidation states can be especially important, along with any other microscopic
or spectroscopic techniques that are appropriate and available. Because the structure and
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composition at the surface of a catalyst may be quite different from that in the bulk, X-ray
photoelectron spectroscopy (XPS) can be especially powerful. XPS can be utilized for
identification of the oxidation states and chemical composition near the surface, both for crystalline
and amorphous materials. However, for some systems, such as CoP and Co2P, differentiating
oxidation states and quantifying their relative ratios is often not possible or straightforward.
Synchrotron-based techniques such as X-ray absorption spectroscopy (XAS) and pair distribution
function (PDF) analysis offer additional insights into the bulk and local structure of catalytic
materials, and can be performed in situ and under operationally relevant conditions.113
Electron microscopy, particularly for nanoparticulate and thin-film metal phosphide
catalysts, complements the bulk and surface analyses highlighted above. Both scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) can provide detailed information
about the morphological aspects of a catalyst sample, including the distribution of shapes and sizes
of the constituent particles or grains, as well as insights into sample heterogeneity. Beyond simply
imaging the catalytic materials to characterize their morphological features, TEM data corroborate
bulk structural and compositional information. For example, carefully and accurately analyzed
lattice spacings, angles, and structural motifs observed by high-resolution TEM (HRTEM) can
corroborate the assigned structure and provide knowledge about the facets that are exposed.
Comparing the average particle or grain sizes observed by TEM to the grain sizes determined by
Scherrer analysis of powder XRD data confirms that the bulk of the sample is comprised of same
relative sizes as those observed microscopically. As with all microscopy techniques, only a small
fraction of the sample is interrogated using SEM or TEM analysis, so care must be taken not to
draw conclusions about the bulk sample using only microscopic data.
Electron-diffraction data, both for individual particles and for large ensembles of particles,
should match the bulk XRD data and, consequently, further confirm the structural assignment.
Compositional analysis by energy-dispersive X-ray spectroscopy (EDS), again for both large
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ensembles of particles and also for individual particles as needed, can further validate the phase
assignment. In conjunction with other types of materials-characterization data, such compositional
analysis helps confirm that substantial amounts of amorphous or impurity phases are not present in
a sample. SEM is particularly helpful because of the relatively large sample size (compared to
TEM) that can be interrogated. For amorphous materials, high-resolution EDS element maps
obtained using TEM are particularly helpful because such maps can identify the presence, amounts,
and distributions of the elements within the catalytic material, although for only a small region of
the sample. For all materials, analysis before and after extended testing allows confirmation that
the catalyst is stable under operating conditions. Materials characterization after electrochemical
testing can be challenging because the catalyst is anchored directly to an electrode substrate, but
surface analysis, as well as bulk analysis of the catalyst after physically detaching it from the
electrode substrate, can still provide useful insights. These materials-characterization tools can
provide valuable information when used separately, but can be even more powerful when used in
a complementary fashion. Specifically, structural information from XRD should be in agreement
with electron diffraction and with lattice spacings obtained from HRTEM. Similarly, grain sizes
observed by TEM should be in agreement with Scherrer analysis from XRD. Elemental analyses
from multiple techniques should match one another and should also match the stoichiometry
expected for the assigned phase. Electrocatalysts can be examined both before and after
electrocatalytic testing because several techniques can be performed directly on electrode
substrates, including SEM, XPS, and XRD. Such analyses enable the identification of structural,
compositional, and morphological changes during catalysis that provide important insights into
both the true active form of the material and its stability.
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Transition Metal Phosphides for the HER
Despite being well-known catalysts for various hydrotreating processes, such as
hydrodesulfurization and hydrodenitrogenation,47-48 transition metal phosphides have only recently
been explored as catalysts for the HER. Early work by Paseka94, 96 and Burchardt92 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 Ni 2P 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.44 In 2013, we experimentally validated
this prediction, showing that nanostructured Fe2P-type Ni2P was indeed a highly active HER
electrocatalyst in acidic aqueous solutions.49 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.114 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. While transition metal phosphides have also been
shown to be active HER catalysts in pH-neutral and alkaline aqueous solutions, here the focus is
primarily on their behavior under acidic conditions that are relevant to proton-exchange-membrane
electrolysis systems.
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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.49 Several synthetic routes to colloidal Ni2P nanoparticles have been
reported. For example, work by the groups of Brock,46 Chiang,71 Hyeon,115 Robinson,116 and
Tracy,72 along with our group,67, 99 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 nanopartices. 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.72
As shown in Figure 1.6, the as-synthesized Ni2P particles were monodisperse, hollow, multifaceted 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
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trioctylphosphine.46, 71 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.49 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.114 The observed catalytic performance placed Ni2P amongst the best non-noble-metal
HER electrocatalysts in acidic aqueous solutions reported up to that point, including MoS2,40-42
NiMoN,38 MoB,35 and Mo2C catalysts.35-36

Figure 1.6: 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 Ni 2P 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 with permission from ref. 49. Copyright 2013 American Chemical Society.
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Figure 1.7: A) SEM image of Ni2P particles on a Ti plate and B) corresponding linear sweep
voltammograms in 0.5 M H2SO4. Adapted with permission from ref. 117. Copyright 2014 Royal
Society of Chemistry. C) TEM image of Ni2P particles decorating multiwalled carbon nanotubes
and D) corresponding linear sweep voltammograms in 0.5 M H2SO4. Adapted with permission
from ref. 118. Copyright 2015 Royal Society of Chemistry. E) TEM image of bulk Ni 2P
nanopowders and F) corresponding linear sweep voltammograms in 0.5 M H2SO4. Adapted with
permission from ref. 114. Copyright 2014 Royal Society of Chemistry.

Many other groups have described similar activities and stabilities for a wide portfolio of
Ni2P materials, including various nanostructures, films, and bulk powders (Figure 1.7). For
example, Sun and coworkers reported Ni2P nanoparticle films prepared via the low-temperature
phosphidation of electrodeposited nickel hydroxide precursors.117 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. Likewise, Liu and coworkers observed similar
activities (η-10

−2

mA cm

= approx. -124 mV) in samples of Ni2P nanoparticles decorated on
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multiwalled carbon nanotubes (Ni2P/CNT).118 The Ni2P/CNT material was synthesized in a onepot reaction by the in-situ thermal decomposition of nickel acetylacetonate and TOP in an
oleylamine solution of acid-treated CNTs, followed by deposition onto glassy carbon electrodes.
Recently, our group also presented a general and scalable strategy for the synthesis of metal
phosphide electrodes, including Ni2P, based on the phosphidation of commercially available metal
foils

through

the

vapor-phase

decomposition

of

various

organophosphine

reagents

(tributylphosphine and trioctylphosphine).68 The resulting films exhibited excellent activities, with
the Ni2P electrodes requiring overpotentials for the HER of approximately η-10 mA cm−2 = -128 mV in
0.50 M H2SO4 and η-10 mA cm−2 = -183 mV in 1 M KOH. Additionally, we demonstrated that the same
phosphidation strategy could be applied to evaporated metal thin films to form conformal metal
phosphide coatings on a variety of substrates, including relevant photocathode materials such as
highly-doped Si. Despite the low loadings and low surface areas of the samples, the Ni2P thin-films
on Si exhibited moderate activities for the HER, requiring an overpotential of η-10 mA cm−2 = -240
mV in 0.50 M H2SO4.
Significant enhancements to the HER activity of Ni2P have been reported through the use
of various phosphide-carbon composites and 3D electrode geometries. For instance, Wang and
coworkers presented carbon-encapsulated Ni2P nanoparticles (Ni2P/C) prepared by the reduction
of glucose-coated NiNH4PO4·H2O nanorods with H2 at 700 oC.119 These Ni2P/C nanocomposites
showed enhanced HER performance, requiring only η-10 mA cm−2 = -87 mV in 0.50 M H2SO4. The
improved electrocatalytic activity of the Ni2P/C composite was attributed to enriched nanoporosity
and a more efficient use of the available active sites. Similarly, Du and coworkers reported a threedimensional few-layer graphene/nickel foam (G@NF) electrode coated with nanostructured Ni2P
that displayed exceptional HER activity, requiring an overpotential of η -10 mA cm−2 = -55 mV in
0.50 M H2SO4.120 Such high catalytic performance was attributed to the presence of more
catalytically active sites provided by the larger surface area of the porous electrode, and to enhanced
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ion and electron transfer. However, the activity of the 3D Ni2P–G@NF electrode was normalized
to a flat geometric surface area despite being highly porous. Despite the wide diversity of synthetic
preparations, sizes, morphologies, and supports that have been reported for Ni 2P-based HER
catalysts, most results are in agreement, with an average reported overpotential for Ni 2P of η-10 mA
−2

cm

= -125 mV in 0.50 M H2SO4.

Figure 1.8: A) TEM image of Ni5P4 particles and B) corresponding linear sweep voltammograms
in 0.5 M H2SO4. Adapted with permission from ref. 121. Copyright 2015 Royal Society of
Chemistry. C) TEM image of Ni12P5 nanoparticles and D) corresponding linear sweep
voltammograms in 0.5 M H2SO4. Adapted with permission from ref. 122. Copyright 2014
American Chemical Society. E) TEM of NiP2 nanosheets on carbon cloth and F) corresponding
linear sweep voltammogram in 0.5 M H2SO4. Adapted with permission from ref. 123. Copyright
2014 Royal Society of Chemistry.
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Figure 1.9: Crystal structures of various nickel phosphides spanning a range of Ni:P ratios. The
(P2)2– dimer, which appears in the NiP2 and NiP3 polyphosphides, is also shown.
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Other nickel phosphide phases with different compositions and structures have also been
explored as HER electrocatalysts (Figure 1.8). Dismukes and coworkers reported micron-sized
Ni5P4 particles prepared by the decomposition of nickel acetylacetonate, trioctylphosphine and
trioctylphosphine oxide at ~330 oC.121 Electrodes of the material were fabricated by pressing 50 mg
of dried Ni5P4 powders into 6 mm diameter pellets, and sealing all but one side with epoxy. The
reported overpotential required by the Ni5P4 electrodes in 0.50 M H2SO4 was an exceptionally small
value of η-10 mA cm−2 = -23 mV, which is almost identical to that of Pt. It is unclear why this Ni5P4
catalyst has such low overpotentials relative to all other reported metal phosphide HER catalysts.
Ni5P4 nanoparticles prepared through similar methods and of comparable surface areas were
reported by Liu and coworkers under similar testing conditions to require η-10 mA cm−2 = -118 mV.124
Likewise, Shalom and coworkers reported the growth of Ni5P4 nanoarchitectures directly on Ni
foils by heating the metal with red phosphorus at 550 oC for 1 h under an inert atmosphere.125 In
this case, the reported overpotential for the Ni5P4 nanoarchitectures was η-10 mA cm−2 = -140 mV, in
close agreement with other reports.
The Ni12P5 phase has also been identified as an active HER electrocatalyst (Figure 1.8).
Ni12P5 nanoparticles on a titanium substrate122 and Ni12P5/CNT nanohybrids126 were reported to
require overpotentials of approximately η-10 mA cm−2 = -105 and η-10 mA cm−2 = -129 mV in acid,
respectively. In addition, the HER activity of NiP2 nanosheet arrays supported on carbon cloth
(NiP2 NS/CC) has also been reported by Sun and coworkers.123 The NiP2 NS/CC material was
obtained through a two-step synthetic strategy. First, Ni(OH)2 nanosheets were grown on carbon
cloth through hydrothermal methods, followed by phosphidation with NaH2PO2 at 300 oC for 2 h
in an inert atmosphere. The NiP2 NS/CC composites were highly active for the HER in acidic
solutions and required an overpotential of η-10 mA cm−2 = -75 mV. The NiP2 NS/CC electrodes also
maintained their catalytic activity for at least 57 h. However, it is worth noting again that 3D
electrode geometries and other porous architectures can produce artificially enhanced performance
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if the reported activity is not normalized for exposed and/or active surface areas.

Figure 1.10: TEM images of Ni12P5, Ni2P, and Ni5P4 nanoparticles and their respective linear
sweep voltammograms in 0.5 M H2SO4. Adapted with permission from ref. 124. Copyright 2015
Royal Society of Chemistry.

Comparisons among the different nickel phosphides are particularly interesting and
instructive (Figure 1.9). In face-centered cubic (fcc) Ni, each Ni atom is surrounded by and
coordinated to 12 other Ni atoms. However, as phosphorus is incorporated and the P:Ni ratio in
metal phosphides increases, the number of direct Ni−Ni interactions progressively decreases while
the Ni−P coordination increases. In the case of pyrite-type NiP2, no direct Ni−Ni interactions
remain and phosphorus-phosphorus bonding (P-P dimers, as mentioned previously) is observed.
Additionally, the introduction of P into the structure significantly changes the geometry and
arrangement of the Ni sites and leads to a gradual increase in the Ni-Ni bond distance from around
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2.49 Å on the Ni(111) surface to 3.85 Å on the NiP2 (001) surface (Figure 1.9). These differences
in crystal structure and bonding may have a direct impact on the ability to bind intermediates and
hence the catalytic properties of the various metal phosphides. Liu and coworkers prepared
different nanostructured nickel phosphide phases (Ni12P5, Ni2P, Ni5P4) and compared their activities
for the HER under similar conditions (Figure 1.10).124 The Ni5P4 phase exhibited superior
electrocatalytic performance relative to Ni12P5 and Ni2P, with the behavior attributed to a higher
positive charge on the Ni and a stronger ensemble effect from P in Ni5P4. However, as can be seen
in Figure 1.10, variations in the particle sizes, morphologies, and surface areas of the samples could
account for some of the observed differences in HER activity. Along with similar studies by
Kucernak and Sundaram comparing Ni12P5 and Ni2P127 and by Dismukes and coworkers comparing
Ni5P4 and Ni2P,121 these results suggest that the metal-to-phosphorus ratio in metal phosphides
might play an important role in affecting the HER performance, with more phosphorus-rich phases
tending to exhibit higher HER activities. While comparing the intrinsic activities of HER catalysts
tested using different electrode fabrication methods and loadings poses significant challenges,
reports on the HER activity of NiP2 nanosheets (η-10 mA cm−2 = -75 mV) also seems to support these
conclusions.123 The observed trends are consistent with the putative mechanism for the HER on
Ni2P(001), which invokes an ensemble effect involving cooperativity of the P and Ni atoms that
implies a dependence on the P:Ni ratio.

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.128 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,
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highly uniform, and hollow, with an average diameter of 13 ± 2 nm (Figure 1.11), 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
H2SO4, requiring an overpotential of η-10 mA cm−2 = -75 mV and remaining stable for over 24 h while
exhibiting 100 % Faradaic efficiency.

Figure 1.11: (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 mesh for
comparison. Panels (A), (C), and (D) adapted with permission from ref. 128. Copyright 2014
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Several groups have since corroborated these results for a wide variety of CoP
morphologies and supports (Figure 1.12). For example, Sun and coworkers have reported similar

34
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 mA cm−2 = -122 mV),129,133 CoP nanosheet
arrays supported on Ti plates (η-10 mA cm−2 = -90 mV,130 self-supported nanoporous cobalt phosphide
nanowire arrays on carbon cloth (η-10 mA cm−2 = -67 mV),127 CoP nanotubes (η-10 mA cm−2 = -72 mV),130
three-dimensional interconnected networks of porous CoP nanowires (η-10 mA cm−2 = -100 mV),131
and CoP nanoparticle films on carbon cloth (η-10 mA cm−2 = -48 mV).132 It is worth noting that the
increased activity observed in a few of these instances could be attributed to the use of highly
porous 3D electrodes without normalization to exposed or active surface areas. Many other reports,
too numerous to include as an exhaustive list, describe related iterations and comparable HER
activities for various CoP materials.

Figure 1.12: Polarization data in 0.5 M H2SO4, and corresponding TEM or SEM images (in the
insets) for various nanostructured CoP HER catalysts. A) CoP nanocrystals on carbon nanotubes.
Adapted with permission from ref. 133. Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. B) CoP nanosheets on a Ti plate. Adapted with permission from ref. 134. Copyright
2014 American Chemical Society. C) Self-supported CoP nanowires on carbon cloth. Adapted with
permission from ref. 129. Copyright 2014 American Chemical Society. D) CoP nanosheets on a Ti
plate. Adapted with permission from ref. 131. Copyright 2014 Royal Society of Chemistry.
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Interestingly, Lewis, Soriaga and coworkers have demonstrated that electrodeposited
amorphous Co-P films exhibit HER activities comparable to those of crystalline CoP phases (Figure
1.13).91 The Co-P films were synthesized by cathodic deposition from a boric acid solution of Co2+
and H2PO2- on Cu foils, followed by operando purification to produce an electrocatalyst with a
Co:P atomic ratio of 1:1. The electrodeposited CoP catalysts showed high activities with an
overpotential of η-10

−2

mA cm

= -85 mV needed in highly acidic solutions (0.50 M H2SO4). In

agreement with this report, Sun and coworkers later observed comparable activities using
electrodeposited amorphous Co-P films prepared under similar experimental conditions (η-10 mA cm−2
= -98 mV).

Figure 1.13: (A) Low-magnification and (B) high-magnification SEM images of electrodeposited
amorphous Co-P films. (C) XPS spectrum of Co-P films before and after voltammetry. (D) Linear
sweep voltammograms in 0.5 M H2SO4, along with Pt, Co, and Cu controls. Adapted with
permission from ref. 91. Copyright 2014 American Chemical Society.
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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.

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.47-48 Table 4 summarizes
the performance of various molybdenum phosphide and tungsten phosphide HER catalysts
synthesized and evaluated under various conditions. Wang and coworkers reported the HER
activity of crystalline Mo3P and MoP prepared through bulk solid-state approaches.134 The metalrich 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 (Figure 1.14). 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 (Figure 1.14).135 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 (MoP/Ti) exhibited overpotentials
of η-10

−2

mA cm

= -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.

37

Figure 1.14: (A) TEM image of amorphous MoP nanoparticles, (B) corresponding XRD patterns
at different annealing temperatures, and (C) polarization data of bulk and nano MoP in 0.5 M
H2SO4, along with a Pt control. Adapted with permission from ref. 135. Copyright 2014 American
Chemical Society. (D) SEM image of crystalline MoP particles, (E) corresponding XRD patterns,
and (F) polarization data of MoP and Mo3P in 0.5 M H2SO4, along with a Pt control. Adapted from
ref. 134. Copyright 2014 Royal Society of Chemistry.

Amorphous tungsten phosphide (WP) nanoparticles of comparable morphology and size
were also obtained using similar synthetic methods (Figure 1.15).136 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. Crystalline WP nanorod arrays on
carbon cloth (WP NAs/CC) reported by Sun and coworkers displayed similar activity, requiring an
overpotential of η-10 mA cm−2 = -130 mV in 0.50 M H2SO4 (Figure 1.15).137 Under the same conditions,
crystalline, submicron WP2 particles reported by the same group required a slightly higher
overpotential of η-10 mA cm−2 = -161 mV.138
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Figure 1.15: (A) TEM image of amorphous WP nanoparticles and (B) corresponding polarization
data in 0.5 M H2SO4, along with a Pt control. Adapted with permission from ref. 136. Copyright
2014 Royal Society of Chemistry. (C) TEM image of crystalline WP2 nanoparticles and (D)
corresponding polarization data in in 0.5 M H2SO4, along with a Pt control. Adapted with
permission from ref. 138. Copyright 2015 American Chemical Society.

Copper Phosphides
Compared to the phosphides of the iron group elements (Fe, Co, Ni), copper phosphides
have attracted significantly less attention as HER electrocatalysts, and only a few studies on Cu 3P
have been reported to date. An initial study by Sun and coworkers on self-supported Cu3P nanowire
arrays grown on commercial porous copper foams (Cu3P NW/CF) reported catalytic current
densities at an overpotential of η-10 mA cm−2 = -143 mV, with only minor degradation after continuous
hydrogen production for 25 h (Figure 1.16).139 Likewise, Kong and coworkers described the
phosphidation of Cu(OH)2 precursors to form Cu3P nanocubes, which exhibited moderate activities
for the HER (η-10 mA cm−2 = -320 mV) when tested on glassy carbon electrodes (GCE) (Figure
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1.16).140 Recently, our group reported the synthesis of phase-pure Cu3P films grown directly onto
Cu foils through the vapor-phase phosphidation of commercially available metal foils with
organophosphine reagents.68 The Cu3P films appeared to be very unstable under the operating
conditions, perhaps due to rapid degradation at the Cu3P/Cu interface. The previous report on Cu3P
nanowire arrays presumably was performed on a more robust catalyst/substrate interface. Cu 3P
therefore shows some evidence of moderate HER activity, but overall is not as stable at this point
as the Fe, Co, and Ni phosphide systems.

Figure 1.16: (A) SEM image of Cu3P nanocubes and (B) corresponding polarization data in 0.5 M
H2SO4, along with a Pt control. Adapted with permission from ref. 139. Copyright 2014 WILEYVCH Verlag GmbH & Co. KGaA, Weinheim. (C) SEM image of self-supported Cu3P nanowires
on carbon cloth and (D) corresponding polarization data in 0.5 M H2SO4. Adapted with permission
from ref. 140. Copyright 2016 Royal Society of Chemistry.
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Cation and Anion Substituted Metal Phosphides
Mixed-metal transition metal phosphides have recently been explored as electrocatalysts
for the HER through a combined experimental and theoretical approach. Jaramillo and coworkers
utilized density functional theory calculations to predict the hydrogen adsorption free
energies,(ΔGH), for a series of mixed-metal transition metal phosphides, and compared these results
to experimentally determined HER activities to identify optimized metal phosphide catalysts for
the HER (Figure 1.17).141 Applying this methodology, a Fe0.5Co0.5P alloy was found to be the most
active of all the studied systems, with a near-zero theoretical ΔGH of 0.004 eV and an experimental
TOFavg of 0.19 ± 0.01 H2 s−1. Nevertheless, the study also indicated that monometallic CoP exhibits
a comparable HER activity, with a theoretical ΔGH = -0.09 eV and an experimental TOFavg of ~0.18
H2 s−1, suggesting that strategies based exclusively on cation solid solutions might not lead to
significant improvements in HER activity.

Figure 1.17: (A) Polarization data for several transition metal phosphides in 0.5 M H2SO4, along
with a Pt control. (B) Volcano plot showing the TOF of several transition metal phosphides as a
function of hydrogen adsorption free energies. The color-coded key for both panels is shown in
(B). Adapted with permission from ref. 141. Copyright 2015 Royal Society of Chemistry.
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Anion substitution has also been explored as an approach for improving the HER activity
of metal phosphides. Based on the mechanistic commonalities shared by many HER and HDS
catalysts, Jaramillo and coworkers hypothesized that the introduction of sulfur onto metal
phosphides might lead to enhancements in their catalytic activity and stability for the HER, as
surface phosphosulfides are considered to be the sites of enhanced activity during HDS catalysis
by both Ni2P and MoP.142 To explore this possibility, sulfur was introduced into the surface region
of MoP films by post-sulfidation in a quartz tube furnace at 400 ˚C under a mixture of 10% H2S in
H2. The introduction of sulfur led to significant improvements in the electrocatalytic HER activity
of the MoP films, with the MoP|S catalyst requiring an overpotential of only η-10 mA cm−2 = -64
compared to the required η-10 mA cm−2 = -117 mV of the unmodified MoP films (Figure 1.18).

Figure 1.18: (A) Low-magnification and (B) high-magnification SEM images of MoP|S. (C)
Polarization data for MoP and MoP|S in 0.5 M H2SO4, along with a Pt control. Adapted with
permission from ref. 142. Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Similarly, Jin and coworkers developed a nanostructured pyrite-type cobalt phosphosulfide
(CoPS) catalyst for the HER (Figure 1.19).143 The CoPS electrodes were prepared by reacting a
series of cobalt-based precursors at 500 oC with sulfur and phosphorus vapors produced by the
evaporation of the elemental powders in an inert atmosphere. High-surface-area CoPS nanoplates
grown on carbon paper displayed the highest HER performance of the studied samples, achieving
a geometric current density of -10 mA cm-2 at an overpotential of only η-10 mA cm−2 = -48 mV in 0.50
M H2SO4. This activity places CoPS among the best Earth-abundant HER electrocatalysts reported
to date, and perhaps more importantly demonstrates that tuning the electronic structure and
reactivity of catalysts by substituting non-metallic atoms can serve as a powerful strategy to
enhance the activity of transition metal compounds.

Figure 1.19: (A) SEM images of cobalt hydroxide carbonate hydrate precursor. (B) SEM images
of CoPS nanoplate product after reaction in a thiophosphate atmosphere. (C) Crystal structure of
CoPS. (D) EDS spectra for CoPS films, CoPS nanowires on graphite, and CoPS nanoplates on
carbon fiber paper. (E) Polarization data in 0.5 M H2SO4 for CoPS films, nanowires and nanoplates,
along with a Pt control. Adapted with permission from ref. 143. Copyright 2015 Macmillan
Publishers Limited.
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Mechanistic and Surface Studies of Metal Phosphides
Despite great interest in the use of metal phosphides as catalysts for the HER, to date only
a few mechanistic and surface studies have been reported. 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 remain largely unknown. The existing studies have
focused mainly on density functional theory (DFT) calculations of the hydrogen absorption
energies on various metal phosphide surfaces. Based on such calculations, Liu and Rodriguez
associated the HER behavior of Ni2P to an ensemble effect, in which the presence of P atoms dilutes
the number of highly active Ni sites on the surface, potentially leading to more moderate binding
of the products and intermediates (Figure 1.20).44 Importantly, they also identified the P sites as
active, suggesting that the presence of both proton-acceptor and hydride-acceptor centers on the
surface could be playing a role in facilitating the HER. Likewise, based on DFT calculations, Hu
and coworkers suggested that phosphorus-stabilized Ni-bridge sites on Ni2P could also serve as
active sites and provide moderate binding to hydrogen atoms.

Figure 1.20: Optimized structures for the (001) surface of Ni2P, during different steps in hydrogen
evolution reaction. Hydrogen atoms shown in white, nickel in blue, and phosphorus in purple.
Reproduced with permission from ref. 44. Copyright 2005 American Chemical Society.
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Further studies by Jaramillo27 indicated that several metal phosphide surfaces have
hydrogen absorption energies that are close to thermo-neutral, but specific structural or mechanistic
characteristics that could lead to better catalyst design have not been explicitly identified.
Additionally, several experimental surface studies by Asakura and coworkers on nickel phosphide
crystals, including low-energy electron diffraction (LEED), scanning tunneling microscopy (STM),
and photoemission electron microscopy (PEEM), indicate the presence of reconstructed surface
structures, implying that the bulk terminated structures of metal phosphides may not be stable.144145

However, these and similar experiments are carried out in environments that are very different

from those used during actual HER operating conditions. In situ and ex situ characterization studies
of transition metal phosphide materials under HER conditions could thus provide insights into the
origin of the high catalytic activity, and ultimately the mechanism by which the HER occurs.

Research
The following chapters describe my efforts towards the discovery, synthesis, materials
characterization and electrochemical evaluation of nanostructured Earth-abundant electrocatalysts
for the hydrogen and oxygen evolving reactions. In chapter 2, I discuss the development of highly
Earth-abundant iron-based HER electrocatalysts. I describe that iron phosphide (FeP), synthesized
as nanoparticles having a uniform, hollow morphology, exhibits among the highest HER activities
reported to date in both acidic and neutral-pH aqueous solutions. As an electrocatalyst operating at
a current density of −10 mA cm–2, FeP nanoparticles deposited on Ti substrates exhibited
overpotentials of −50 mV in acidic conditions and −102 mV in phosphate buffered saline. The FeP
nanoparticles supported sustained hydrogen production with essentially quantitative faradaic
yields, meaning all the measured charge was converted to molecular hydrogen, for extended time
periods under galvanostatic control. Additionally, under UV illumination in both acidic and neutral-
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pH solutions, FeP nanoparticles deposited on TiO2 produced H2 at rates and amounts that begin to
approach those of Pt/TiO2. This work stablishes FeP as a highly Earth-abundant material for
efficiently facilitating the HER both electrocatalytically and photocatalytically. This effort was part
of a three-way collaboration between Dr. Joshua McEnaney, Dr. Carlos Read and myself. I
primarily focused on the synthesis and electrochemical characterization of the FeP electrocatalysts.
In chapter 3, Co2P nanoparticles also having a hollow, multifaceted, crystalline
morphology have been evaluated as HER electrocatalysts in acidic conditions. The Co2P deposited
on Ti substrates required a low overpotential of −95 mV to produce operationally cathodic current
densities of −10 mA cm–2. These values establish Co2P nanoparticles as highly active Earthabundant HER catalyst materials. Importantly, the Co2P nanoparticles are morphologically
equivalent to previously reported CoP nanoparticle HER catalysts, allowing a direct side-by-side
evaluation of their HER activities. Such comparisons of different metal phosphide HER catalysts
with the same constituent elements and morphologies are important for identifying the key
materials characteristics that lead to high activity.
In chapter 3, I focus on the development of Earth-abundant alternatives to noble metal
oxides for the OER in acidic conditions. It is shown that nanostructured films of cobalt oxide
(Co3O4) on fluorine-doped tin oxide (FTO) substrates, function as active electrocatalysts for the
OER in acidic conditions. The Co3O4/FTO electrodes evolve oxygen with near-quantitative
Faradaic yields and maintain a current density of 10 mA/cm2 for over 12 h at a moderate
overpotential of 570 mV. It is demonstrated that Co3O4/FTO electrodes are able to sustain oxygen
production for several days and weeks when operated at lower current densities. Co3O4/FTO stands
as a unique example of a fully Earth-abundant electrocatalysts system for the OER in acidic
conditions. This work was also part of a collaboration within our group between Cameron Holder,
Jared Mondschein and myself. My efforts focused on the evaluation of the electrochemical
performance and materials characterization of the Co3O4/FTO electrocatalysts films.
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*This work was reprinted in part with permission from J. F. Callejas, C. G. Read, C.W.
Roske, N. S. Lewis, R. E. Schaak, Chem, Mater. DOI: 10.1021/acs.chemmater.6b0214, Copyright
2016 American Chemical Society.
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Chapter 2
Electrocatalytic and Photocatalytic Hydrogen Production from Acidic and
Neutral-pH Aqueous Solution Using Iron Phosphide Nanoparticles

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.
We report herein that iron phosphide (FeP) nanoparticles are exceptionally active as both
electrocatalysts and photocatalysts for sustained hydrogen production in either acidic or neutral-
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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.

Results and Discussion
To synthesize the FeP nanoparticles, Fe nanoparticles were prepared by decomposing
Fe(CO)5in 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
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.
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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, 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.
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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.
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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 2.4: 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 surface ligands in the as-synthesized samples and absent after annealing) is
highlighted.

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–
2
10 mA/cm

= −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 Ni 2P (η–
2
20 mA/cm

= −130 mV)8 and CoP (η–20 mA/cm2 = −85 mV).10 Previously reported overpotentials at
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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–
2
20 mA/cm

=

−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.

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 neutral-pH
aqueous solutions, 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–
2
10 mA/cm

= −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 Tafel slope is comparable to Tafel slopes for related systems such as MoS2 on
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reduced graphene oxide (41 mV/decade),4 CoSe2 (42 mV/decade),6 and Co-embedded nitrogendoped 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.
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
Vvs 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.
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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.

In addition to serving as an efficient HER electrocatalyst, FeP nanoparticles immobilized
on TiO2photocatalytically 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 around the particles 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.
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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.

Figure 2.9: Spectrum of the 200 W Hg(Xe) arc lamp used for photocatalysis experiments.

Figure 2.10a, b, and c 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 2.11). 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
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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 non-noble 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.

Figure 2.10: : Plots of (a) H2 production rate vs time, (b) amount of H2 produced vs time, and (c)
the rate of photocatalytic H2 production vs time in acidic and neutral solutions using the FeP/TiO2
nanocomposite and UV illumination, as described in the text.

Figure 2.11: HRTEM image of the FeP/TiO2 samples after 16 h of photocatalytic testing in acidic
solution, showing that the size, morphology, and crystallinity of the FeP nanoparticles persisted, as
did its interface with the TiO2 support.
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Conclusions
In summary, FeP nanoparticles, as an Earth-abundant system, exhibit exceptionally high
activity for electrocatalytic an d 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 nonnoble 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.

Materials and Methods
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, Alfa-Aesar], 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%, K 2HPO4, Sigma-Aldrich],
sodium phosphate monobasic [>98%, NaH2PO4, Sigma-Aldrich], hydrochloric acid [37%, SigmaAldrich], 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
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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.
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 borosilicatecoated 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 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 hexane (5 mL) and ethanol (15 mL) to each tube, followed by centrifugation (12 000 rpm,
3 min). The particles were then resuspended in additional hexane (5 mL), and this process was
repeated twice more. Nanoparticles were redispersed in hexane after isolation and placed in a vial
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(20 mL) for use.
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 chloridecoated 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.
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 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)
Quantitative Hydrogen Yield Measurements. Hydrogen yield measurements were
performed in both the acidic and neutral solutions using a two-electrode, single-compartment cell.
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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.
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 hexane and ethanol (1:1 by
volume) and centrifuged at 10 000 rpm. The product was then redispersed in hexane and stored.
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
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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 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.
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–1was 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
× 1017photons/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.
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 hexane onto a
400 mesh Formvar and carbon-coated Cu grid (Electron Microscopy Sciences). Scans were done
from 20˚ to 80˚ 2θ, with a scan speed of 12 seconds/step and increments of 0.1977. 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 solidstate X-ray detector was used to collect high-resolution TEM images at an accelerating voltage of
200 kV, as well as scanning transmission electron microscopy (STEM) images and energydispersive X-ray spectroscopy data. ES Vision software (Emispec) was used for EDS and STEM-
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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.

*This work was reprinted in part with permission from J. F. Callejas, J. M. McEnaney, C.
G. Read, J. C. Crompton, A. J. Biacchi, E. J. Popczun, T. R. Gordon, N. S. Lewis, R. E. Schaak,
ACS Nano 2014, 8, 11101. Copyright 2014 American Chemical Society.

References
1. Walter, M. G.; Warren, E. L.; McKone, J. R.; Boettcher, S. W.; Mi, Q. X.; Santori, E. A.;
Lewis, N. S. Chem. Rev. 2010, 110, 6446.
2. Gray, H. B. Nat. Chem. 2009, 1, 7.
3. Hinnemann, B.; Moses, P. G.; Bonde, J.; Jørgensen, K. P.; Nielsen, J. H.; Horch, S.;
Chorkendorff, I.; Nørskov, J. K. J. Am. Chem. Soc. 2005, 127, 5308.
4. Li, Y.; Wang, H.; Xie, L.; Liang, Y.; Hong, G.; Dai, H. J. Am. Chem. Soc. 2011, 133, 7296.
5. Raj, I. A.; Vasu, K. I. J. Appl. Electrochem. 1990, 20, 32.
6. Kong, D. S.; Wang, H. T.; Lu, Z. Y.; Cui, Y. J. Am. Chem. Soc. 2014, 136, 4897.
7. Faber, M. S.; Dziedzic, R.; Lukowski, M. A.; Kaiser, N. S.; Ding, Q.; Jin, S. J. Am. Chem.

73
Soc. 2014, 136, 10053.
8. Popczun, E. J.; McKone, J. R.; Read, C. G.; Biacchi, A. J.; Wiltrout, A. M.; Lewis, N. S.;
Schaak, R. E. J. Am. Chem. Soc. 2013, 135, 9267.
9. Feng, L.; Vrubel, H.; Bensimon, M.; Hu, X. Phys. Chem. Chem. Phys. 2014, 16, 5917.
10. Popczun, E. J.; Read, C. G.; Roske, C. W.; Lewis, N. S.; Schaak, R. E. Angew. Chem., Int.
Ed. 2014, 53, 5427.
11. Tian, J. Q.; Liu, Q.; Asiri, A. M.; Sun, X. P. J. Am. Chem. Soc. 2014, 136, 7587–7590
12. McEnaney, J. M.; Crompton, J. C.; Callejas, J. F.; Popczun, E. J.; Biacchi, A. J.; Lewis, N. S.;
Schaak, R. E. Chem. Mater. 2014, 26, 4826.
13. Xiao, P.; Sk, M. A.; Thia, L.; Ge, X.; Lim, R. J.; Wang, J.-Y.; Lim, K. H.; Wang, X. Energy
Environ. Sci. 2014, 7, 2624.
14. McEnaney, J. M.; Crompton, J. C.; Callejas, J. F.; Popczun, E. J.; Read, C. G.; Lewis, N. S.;
Schaak, R. E. Chem. Commun. 2014, 50, 11026.
15. Huang, Z.; Chen, Z.; Chen, Z.; Lv, C.; Meng, H.; Zhang, C. ACS Nano 2014, 8, 8121-8129
16. Kong, D. S.; Cha, J. J.; Wang, H. T.; Lee, H. R.; Cui, Y. Energy Environ. Sci. 2013, 6, 3553.
17. Vrubel, H.; Hu, X. L. Angew. Chem., Int. Ed. 2012, 51, 12703.
18. Chen, W. F.; Muckerman, J. T.; Fujita, E. Chem. Commun. 2013, 49, 8896.
19. Cao, B.; Veith, G. M.; Neuefeind, J. C.; Adzic, R. R.; Khalifah, P. G. J. Am. Chem. Soc.
2013, 135, 19186.
20. U.S. Geological Survey Scientific Investigations, Metal Prices in the United States Through
2010, Report 2012–5188, 2013, http://pubs.usgs.gov/sir/2012/5188/ (accessed August 25,
2014)
21. Shima, S.; Pilak, O.; Vogt, S.; Schick, M.; Stagni, M. S.; Meyer-Klaucke, W.; Warkentin, E.;
Thauer, R. K.; Ermler, U. Science 2008, 321, 572.

74
22. Xu, Y.; Wu, R.; Zhang, J.; Shi, Y.; Zhang, B. Chem. Commun. 2013, 49, 6656.
23. Di Giovanni, C.; Wang, W.-A.; Nowak, S.; Grenèche, J.-M.; Lecoq, H.; Mouton, L.;
Giraud,M.; Tard, C. ACS Catal. 2014, 4, 681.
24. Muthuswamy, E.; Kharel, P., R; Lawes, G.; Brock, S., L. ACS Nano 2009, 3, 2383.
25. Zou, X.; Huang, X.; Goswami, A.; Silva, R.; Sathe, B. R.; Mikmeková, E.; Asefa, T. Angew.
Chem., Int. Ed. 2014, 53, 4372.
26. Cargnello, M.; Doan-Nguyen, V. V. T.; Gordon, T. R.; Diaz, R. E.; Stach, E. A.; Gorte, R. J.;
Fornasiero, P.; Murray, C. B. Science 2013, 341, 771.
27. Xiang, Q.; Yu, J.; Jaroniec, M. J. Am. Chem. Soc. 2012, 134, 6575.
28. Wang, C.;

Daimon, H.;

Ed. 2008, 47, 3588.

Onodera, T.;

Koda, T.;

Sun, S.

H.

Angew.

Chem.,

Int.

Chapter 3
Nanostructured Co2P Electrocatalyst for the Hydrogen Evolution Reaction
and Direct Comparison with Morphologically Equivalent CoP

Introduction
The efficient and sustainable production of hydrogen is central to several clean-energy
technologies, including fuel cells and solar water electrolyzers.1 While platinum and other noble
metals best facilitate the electrocatalytic reduction of water to molecular hydrogen, identifying
alternative Earth-abundant materials that are also active electrocatalysts for the hydrogen evolution
reaction (HER) is important for cost and scalability.2 Recently, several transition metal phosphides
have emerged as highly active and stable HER catalysts in acidic aqueous solutions, where fuel
cells and electrolyzers frequently operate. Among the most active members of this growing family
of HER catalysts are nanostructured phosphides of nickel,3-6 cobalt,7-10 iron,11,12 molybdenum,13-15
and tungsten.16 Cobalt phosphide is one of the most desirable metal phosphide HER catalysts
discovered to date, with CoP nanoparticles deposited on a Ti foil electrode exhibiting high stability
in strongly acidic aqueous solutions while requiring overpotentials of only -70 and -85 mV (at a
loading density of ~2 mg cm-2) to produce operationally relevant cathodic current densities of -10
and -20 mA cm-2, respectively.7 Several other CoP nanostructures and films have been synthesized
using a variety of methods, and all appear to show relatively comparable HER activities in acidic
aqueous solutions.7-10 Nanostructures of Co2P, a compositionally and structurally distinct cobalt
phosphide phase, have also been identified as active HER catalysts.

For example, Co 2P

nanorods17,18 were reported to require overpotentials in the range of -160 to -200 mV to produce a
cathodic current density of -20 mA cm-2 and Co2P nanoparticles19 were identified as effective co-
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catalysts on CdS nanorods for facilitating photocatalytic hydrogen production.
Co2P has not been studied as extensively as CoP and the reported overpotentials for the
nanostructured Co2P electrodes appear to be considerably higher than those of comparable CoP
systems.

However, the observation of significant HER activity in both CoP and Co 2P

nanostructures, which have distinct bulk compositions and crystal structures and have spanned a
range of morphologies and accessible surface areas, is interesting and important. It is well known
that direct comparison and benchmarking of the catalytic activities of different materials and/or
electrodes produced in different laboratories is challenging.20 However, such comparisons are
necessary for identifying and understanding the key intrinsic factors that underpin high catalytic
activity. The cobalt phosphide system is well poised for direct comparisons of catalytic activities,
since the solution methods used to produce highly active CoP nanoparticles that exhibit a uniform,
multi-faceted, and pseudospherical morphology7 can be readily modified to yield equivalent
nanoparticles with different shapes, compositions, and crystal structures.

Indeed, direct

comparisons of multi-faceted CoP nanoparticles with highly branched CoP nanostructures that
exposed a high density of (111) facets suggested that the high HER activity is intrinsic to the CoP
system and that shape control may not play a significant role in defining the magnitude of the
overpotentials required to produce operationally relevant cathodic current densities.10
Recently, Robinson and co-workers described the stepwise, pseudomorphic transformation
of Co nanoparticles into Co2P and CoP nanoparticles by reaction with tri-n-octylphosphine (TOP),
which is analogous to the synthetic pathway by which previously reported CoP nanoparticle HER
catalysts were produced.21 The morphologies of the Co2P and CoP nanoparticles prepared by
reacting Co nanoparticles with TOP were highly similar, with both having nearly the same size
dispersities, multi-faceted pseudo-spherical shapes, and hollow interiors resulting from the
nanoscale Kirkendall effect. This chemical transformation reaction that converts premade Co
nanoparticles into Co2P and CoP nanoparticles therefore provides a synthetic pathway to
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morphologically equivalent nanoparticles of two distinct HER catalysts.

Furthermore, the

progression from Co to Co2P to CoP was shown by extended X-ray absorption fine structure
(EXAFS) analysis to result in an increase of the average Co-Co distances and a decrease in the
average Co-P distances.21 Such synthetic capabilities therefore enable direct comparisons of the
HER activities of two distinct materials in the same chemical system, but with different bulk
compositions, crystal structures, and bond lengths.
Accordingly, here we report the synthesis and characterization of uniform, multi-faceted,
and hollow Co2P nanoparticles and evaluate their HER activities in 0.5 M H2SO4. These Co2P
nanoparticle catalysts require considerably lower overpotentials than previously reported Co2P
materials. Importantly, morphologically equivalent Co2P and CoP nanoparticles are accessible,
allowing us to comparatively evaluate their HER activities. Both Co2P and CoP are highly
crystalline and have statistically indistinguishable sizes while exhibiting identical morphologies.
This allows similarities and differences in HER activity to be correlated most significantly with
composition and structure while minimizing morphological contributions, such as size, size
distribution, dispersibility, and faceting.

Results and Discussion
Co2P and CoP (Figure 3.1) are both well-known phosphides of cobalt. Co2P crystallizes in
the Co2Si structure type, which contains edge-sharing CoP4 tetrahedra and CoP5 pentahedra,
resulting in nine-coordinate P atoms. CoP adopts the MnP structure type, which consists of facesharing CoP6 octahedra and edge-sharing PCo6 trigonal prisms. Both the Co2Si and MnP structure
types are considered to be derivatives of the NiAs structure type. However, the low-index surfaces
of Co2P have a significantly larger proportion of Co atoms exposed than comparable surfaces of
CoP, which is consistent with the larger Co content of Co2P relative to CoP.
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Figure 3.1: Crystal structures of (left) Co2Si -type Co2P and (right) MnP-type CoP. Unit cells are
shown as dashed black lines.

Figure 3.2: (left) TEM images and (right) powder XRD pattern (experimental in red and simulated
in black) for cobalt (ε-Co) nanoparticles.

As shown schematically in Figure 3.2, Co2P and CoP nanoparticles were synthesized by
reacting premade Co nanoparticles with TOP at temperatures of 290 and 330 °C, respectively, using
a modification of a previously reported procedure.21 TEM and XRD data characterizing the Co
nanoparticles are shown in Figure 3.2. Figure 3.3a-d and Figure 3.3e-h show side-by-side data
characterizing the Co2P and CoP nanoparticles, respectively. TEM images of the as-synthesized
Co2P (Figure 3.3a) and CoP (Figure 3.3e) samples reveal highly uniform particles that are
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pseudospherical, multi-faceted, and hollow, and therefore morphologically analogous to previously
reported HER-active CoP, Ni2P, and FeP nanoparticles.3,7,11 The average diameter of the Co2P
nanoparticles is 11 ± 2 nm and the average diameter of the CoP nanoparticles is 12 ± 2 nm.
Histograms of nanoparticle diameters, shown in Figure 3.3d and Figure 3.3h for Co2P and CoP,
respectively, reveal statistically indistinguishable particle size distributions. STEM-EDS element
maps confirm that both Co and P are co-located in both the Co2P (Figure 3.3c) and CoP (Figure
3.3g) nanoparticles. Corresponding EDS spectra indicate compositions of 64:36 for Co2P and
48:52 for CoP, confirming the stoichiometries expected for the two distinct cobalt phosphide phases
(Figure 3.4).

Figure 3.3: Top: Schematic showing the multistep reaction pathway for sequentially transforming
Co nanoparticles into Co2P and CoP nanoparticles. Bottom: Materials characterization data for
the (a-d) Co2P and (e-h) CoP nanoparticles. TEM images, with enlarged regions in the insets, are
shown in (a) and (e). Powder XRD data, including experimental and simulated patterns, are shown
in (b) and (f). The insets in (b) and (f) show SAED patterns corresponding to the TEM images in
(a) and (d), with numbers correlating the primary rings of the SAED patterns with their
corresponding peaks in the powder XRD patterns. Panels (c) and (g) show STEM-EDS element
maps for the Co2P and CoP nanoparticles, respectively, with Co shown in red and P shown in green.
Histograms showing the distribution of nanoparticle diameters for Co2P and CoP are shown in (d)
and (h), respectively.
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Figure 3.4: EDS spectrum for (left) Co2P and (right) CoP nanoparticles.

Figure 3.3b shows powder XRD data for a bulk sample of the Co2P nanoparticles. The
experimental XRD pattern matches well with the simulated pattern for Co2Si -type Co2P. The
broad peaks are consistent with the nanocrystalline nature of the particles. Scherrer analysis of the
powder XRD data indicates an average grain size of 7 nm, which is smaller than the average
diameter observed by TEM and therefore suggests that the particles are polycrystalline. The inset
to Figure 3.3b shows the SAED pattern corresponding to the TEM image in Figure 3.3a. Inspection
of the diffraction rings reveals that the SAED pattern is consistent with the bulk XRD data, and
therefore the combination of TEM, EDS, STEM-EDS, XRD, and SAED data confirms the
formation of Co2Si -type Co2P nanoparticles. Likewise, the powder XRD and SAED data for the
CoP sample (Figure 3.3f) match well with MnP-type CoP, as reported previously. The data in
Figure 3.3 therefore unambiguously demonstrate the high-yield production of Co2P and CoP
nanoparticles with equivalent morphologies an d statistically indistinguishable particle sizes and
size distributions.
HRTEM images of representative Co2P and CoP nanoparticles are shown in Figure 3.5.
As reported previously, the CoP nanoparticles adopt a pseudospherical morphology with a hollow
center that is the result of a well known nanoscale Kirkendall effect. 21-24 The HRTEM image in
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Figure 3.5 confirms that the CoP nanoparticles evaluated here are morphologically equivalent to
those studied previously, which is important for validating the direct side-by-side comparisons of
HER activities in this study. CoP nanoparticles form single-domain crystals, with lattice fringes
that are coherent across the entire particle (Figure 3.5b). Figure 3.5c,d show HRTEM images of
representative Co2P nanoparticles. Like CoP, the Co2P particles also exhibit a pseudospherical
morphology that has a hollow center. However, analysis of the lattice fringes indicates that each
particle is polycrystalline, with multiple crystalline domains comprising each particle.

Figure 3.5: (a) Schematic and (b-d) HRTEM images of (b) a CoP nanoparticle, which contains a
single crystalline domain, and (c-d) two Co2P nanoparticles, which contain multiple crystalline
domains. Both Co2P and CoP are multi-faceted and therefore expose multiple crystalline domains.
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The polycrystalline nature of the Co2P particles vs. the monocrystalline nature of the CoP
particles is validated by the power XRD data shown in Figure 3.3. Indeed, as mentioned earlier,
Scherrer analysis of the Co2P powder XRD data revealed an average grain size of 7 nm. In contrast,
the peaks in the powder XRD pattern for the CoP nanoparticles are sharper than those of Co2P, and
Scherrer analysis of the CoP XRD data indicated an average grain size of 12 nm. The key
morphological difference between the Co2P and CoP nanoparticles is, therefore, that Co2P is
polycrystalline while CoP is monocrystalline. This is consistent with powder XRD and EXAFS
studies, which both demonstrated a higher degree of crystallinity in CoP than in Co2P.21 The single
crystalline nature of CoP likely results from the higher temperature and longer reaction time that is
required to synthesize CoP relative to Co2P. Regardless of their crystallinities (polycrystalline Co2P
vs. single crystalline CoP), both Co2P and CoP nanoparticles expose round surfaces, and the
difference in the sizes of the grains that comprise the nanoparticles therefore is not anticipated to
significantly impact the catalytic activities.
While the electrocatalytic activities of uniform, pseudospherical, multifaceted, and hollow
CoP nanoparticles for the HER have been previously evaluated and are among the most active nonnoble-metal catalysts for the HER,7 Co2P nanoparticles with an analogous morphology have not
been studied.

We therefore characterized the electrocatalytic HER activity of the Co 2P

nanoparticles so that we could compare directly to that of the morphologically equivalent CoP
nanoparticles. The electrocatalytic HER activities of Co2P and CoP were therefore evaluated under
acidic conditions using 0.5 M H2SO4. Working electrodes were prepared by drop casting the assynthesized nanoparticles onto Ti foil substrates to achieve loading densities of ~1 mg cm-2.
Residual organic ligands were removed by heating the working electrodes at 400 °C for 1 h under
a constant flow of H2(5%)/Ar(95%). Powder XRD and SEM data confirmed that nanocrystalline
Co2P and CoP persisted after the thermal treatment (Figure 3.6).
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Figure 3.6: Powder XRD data for Co2P/Ti electrode annealed at 400 °C in H2(5%)/Ar(95%).
Simulated XRD patterns for Ti and Co2P are shown for comparison. The primary XRD peaks for
Co2P at 41 and 56 °2 are evident, and the XRD pattern for the Co2P matches that shown in Figure
3.3b for the as-synthesized sample. The peak widths indicate that the nanocrystallinity of the Co2P
sample has been maintained.

Figure 3.7 shows plots of current density vs. potential for Co2P nanoparticles on Ti foil
electrodes (Co2P/Ti), along with three control samples – Pt mesh, which is a highly active
benchmark catalyst for the HER; Ti foil, which is a poor HER catalyst and was the substrate used
to prepare working electrodes of Co2P and CoP nanoparticles; and a freshly made sample of
morphologically equivalent CoP/Ti (as shown in Figure 3.3), to provide a direct comparison with
Co2P/Ti. The Pt, Ti, and CoP/Ti electrodes performed as expected based on prior reports and
known HER activities. Pt required overpotentials of –19 mV and –25 mV to produce cathodic
current densities of –10 mA cm-2 and –20 mA cm-2, respectively, while CoP/Ti (averaged over four
distinct electrodes) required –75 ± 2 mV and –90 ± 3 mV overpotentials to achieve –10 mA cm-2
and –20 mA cm-2 current densities, respectively. The Co2P/Ti electrodes (averaged over eight
distinct electrodes), tested under identical conditions, required overpotentials of –95 ± 3 mV and –
109 ± 4 mV to produce cathodic current densities of –10 mA cm-2 and –20 mA cm-2, respectively.
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The electrochemical data indicate that both Co2P and CoP are highly active HER catalysts. At a
95% confidence level, a t-test statistical analysis of several Co2P/Ti and CoP/Ti working electrodes
confirms that while their performances are similar, there is a statistically relevant difference in their
activities, with Co2P requiring slightly higher overpotentials than CoP under otherwise identical
conditions.

Figure 3.7: Polarization data (plots of current density vs. potential) in 0.5 M H2SO4 for Co2P /Ti
and CoP/Ti electrodes, along with Pt mesh and bare Ti foil for comparison. The data were iR
corrected. The main plot shows an expanded region from 0 to -100 mA cm-2 and -0.5 to 0 V, while
the inset shows an enlarged region from 0 to -20 mA cm-2 and -0.2 to 0 V.

Tafel analysis of the Pt control electrode [plots of overpotential vs. log(current density),
shown in Figure 3.8] yielded a slope of 30 mV/decade, consistent with that expected for Pt. The
CoP/Ti control yielded a Tafel slope of 50 mV/decade, which is consistent with previously reported
values for this system.7 Co2P/Ti yielded a Tafel slope of 45 mV/decade, which is slightly lower
than that of CoP/Ti. This Tafel slope value does not match with the characteristic Volmer, Tafel
and Heyrovsky slopes associated with the known HER mechanisms on Pt. However, the relatively
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low Tafel slope compared with other non-noble-metal HER catalysts is consistent with a highly
active HER catalyst. Interestingly, the Tafel slopes for pseudomorphic Co2P and Ni2P nanoparticle
catalysts on Ti foil substrates are nearly identical.

Figure 3.8: Tafel plot [overpotential vs. log(current density)] for Co2P/Ti, CoP/Ti, and Pt mesh
electrodes. The linear regions, from which Tafel slopes were derived, were from -50 mV to -150
mV for the Co2P and CoP electrodes and -30 to -65 mV for the Pt mesh electrode.

The stability of the Co2P/Ti electrode, along with a CoP/Ti electrode for comparison, was
evaluated using both accelerated degradation studies and galvanostatic testing. Figure 3.9a shows
the results of accelerated degradation tests that were carried out by cycling the working electrodes
500 times within a potential range of +5 mV and –140 mV. The corresponding cyclic voltammetry
(CV) data indicate that after 500 cycles, the overpotential required by the Co2P/Ti electrode to reach
a current density of –20 mA cm-2 increased by only 10 mV (from –110 mV to –120 mV). The
overpotential required by the CoP/Ti electrode to reach a current density of –20 mA cm-2 increased
by only 2 mV over the same 500 cycles. Figure 3.9b contains plots of overpotential vs. time for
the Co2P/Ti and CoP/Ti electrodes, corresponding to 24 h of galvanostatic testing in 0.5 M H2SO4.
After 24 h, the overpotentials required to produce a current density of –20 mA cm-2 increased by
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24 mV for Co2P and 11 mV for CoP. Overall, based on analysis of the accelerated degradation
studies and galvanostatic testing, the stabilities of Co2P and CoP nanoparticles toward the HER in
0.5 M H2SO4 are considered to be comparable.

Figure 3.9: (a) Polarization data (plots of current density vs. potential) in 0.5 M H2SO4 for Co2P/Ti
and CoP/Ti electrodes before (solid lines) and after (dashed lines) 500 cyclic voltammetry cycles
from +5 mV to -140 mV, along with a Pt mesh control. (b) Galvanostatic data for Co 2P/Ti and
CoP/Ti electrodes held at a constant current density of -20 mA cm-2 for 24 h.

The overpotential of -109 mV required for our Co2P/Ti electrodes to produce a current
density of -20 mA cm-2 is significantly lower than for previously reported Co2P nanorods on Ti
substrates, which fell in the range of –160 to –200 mV at -20 mA cm-2.17,18 While this difference
could be due to differences in mass loadings, accessible surface areas, sample purities,
crystallinities, and electrode preparation methods, it points to the improvement that can be achieved
in this system through such manipulations. More importantly, the direct comparisons that can be
made between the morphologically equivalent Co2P and CoP nanoparticle systems studied here,
where all such factors are constant and therefore of negligible impact on the observed catalytic
properties, reveal several interesting insights. First, both Co2P and CoP have NiAs-derived crystal
structures, although with distinct cobalt and phosphorus coordination environments, their average
bulk Co-P bond lengths are largely the same. This suggests that bulk structure and bonding may
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not significantly impact the HER activity among related compounds in the same metal phosphide
system. Second, both Co2P and CoP offer exceptional catalytic activities and stabilities, with only
small differences in their properties. This points to the intrinsic HER activity and stability of cobalt
phosphide systems, regardless of structure type and composition. Third, the CoP nanoparticles are
largely single crystalline while the Co2P nanoparticles are polycrystalline. The catalytically active
sites have not yet been explicitly identified, and the impact that grain boundaries have on the overall
activity is unknown. However, the observation of high HER activity in other transition metal
phosphide systems that are both crystalline and amorphous suggests that crystallinity may not play
a significant role.9

Figure 3.10: Polarization data (plots of current density vs. potential) in 0.5 M H2SO4 for Co2P/Ti,
CoP/Ti, and Co/Ti electrodes, along with Pt mesh and bare Ti foil controls.

Finally, the lower overpotential of CoP relative to Co2P correlates with a lower Co:P ratio.
CoP has greater Co-P character than Co2P, particularly on the low-index surfaces that are often
considered in experimental and computational studies. It is speculated, based on density functional
theory (DFT) calculations on a low-index Ni2P surface, that a dual-site mechanism that exploits
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both the identities and proximities of the transition metal and phosphorus atoms plays a key role in
facilitating the high HER activity in these systems.25 As shown in Figure 3.10, our results indicate
HER activities that increase with increasing phosphorus content (Co < Co2P < CoP), which is
consistent with the hypothesis that high HER activity and stability results from optimal metalphosphorus bonding on the surface.

Conclusions
In conclusion, we synthesized morphologically equivalent Co2P and CoP nanoparticles and
evaluated their catalytic activity for the HER in 0.50 M H2SO4. Having access to Co2P and CoP
nanoparticles that exhibit statistically indistinguishable sizes, size distributions, dispersibilities,
faceting, and overall morphological features allows for direct comparisons of their catalytic
properties. Co2P is a highly active HER electrocatalyst, exhibiting high acid stability and low
overpotentials at operationally relevant current densities. As such, its performance is comparable
to that of CoP. However, the slightly higher overpotentials required for Co2P relative to CoP
correlates empirically with the relative Co:P ratios, which suggests that the larger Co-P character
of CoP may provide a higher density of possible active sites that require proximal cobalt and
phosphorus atoms on the surface.

Materials and Methods
Chemicals and materials. Dicobalt octacarbonyl (95%, Co2(CO)8, stabilized with 1-5%
hexane, Strem Chemicals), 1-octadecene (technical grade, 90%, C18H36, Sigma-Aldrich),
oleylamine (technical grade, 70%, C18H37N, Sigma-Aldrich), nonanoic acid (90%, C9H18O2, SigmaAldrich), oleic acid (70%, C18H34O2, Alfa-Aesar), tri-n-octylphosphine (>85%, P(C8H16)3, TCI
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America), titanium foil (99.7%, 0.25 mm thickness, Sigma-Aldrich), and sulfuric acid (99.999%,
Sigma-Aldrich) were purchased and used as received. High-quality colloidal Ag paint was
purchased from SPI Supplies, and two-part epoxy (HYSOL 9460) was purchased from McMasterCarr.
Synthesis of Co nanoparticles. Co particles were prepared using a previously reported
method.7 Briefly, 1-octadecene (10 mL), oleylamine (6 mL) and nonanoic acid (2 mL) were added
to a 100 mL, three-necked round-bottom flask equipped with a reflux condenser, a thermometer
adapter, a thermometer, a rubber septum and a borosilicate coated magnetic stir bar. The solvent
mixture was stirred and heated under vacuum to 120 °C and kept at this temperature for 1 h in order
to remove adventitious water and other low boiling point impurities. The mixture was then heated
to 230 °C under an Ar atmosphere. Simultaneously, 1-octadecene (5 mL) was combined with
dicobalt octacarbonyl (200 mg) in a septum-capped vial inside an Ar-filled glovebox. Following
sonication, the homogeneous Co2(CO)8 solution was slowly injected into the reaction flask at 230
°C and kept at this temperature for 10 min. Degassed oleic acid (2 mL) was then rapidly injected
into the reaction flask and allowed to stay at 230 °C for 10 more min before cooling the flask to
room temperature by removing the heating mantle. The resulting nanoparticle suspension was
centrifuged and washed twice using a combination of hexane and isopropyl alcohol. The resulting
nanoparticle pellet was resuspended in either a 1-octadecene/oleylamine mixture or TOP for further
conversion to Co2P and CoP, respectively.
Synthesis of Co2P nanoparticles. Co2P particles were prepared using an adaptation of a
previously reported method.21 1-Octadecene (12 mL) and TOP (3 mL) were added to a 100 mL,
three-necked round-bottom flask equipped with a reflux condenser, a thermometer adapter, a
thermometer, a rubber septum and a borosilicate coated magnetic stir bar. The solvent mixture was
stirred and heated under vacuum to 120 °C and kept at this temperature for 1 h in order to remove
adventitious water and other low boiling point impurities. The mixture was then heated to 290 °C

90
under an Ar atmosphere. [Caution: High-temperature decomposition of an organophosphine can
liberate phosphorus, which is pyrophoric. This reaction should be carried out using rigorously airfree conditions by appropriately trained personnel.] Premade Co nanoparticles suspended in a
degassed mixture of 1-octadecene (3 mL) and oleylamine (3 mL) where then injected into the
reaction flask at 290 °C and kept at this temperature for 40 min. The flask was then allowed to
cool to room temperature by removing the heating mantle. The resulting nanoparticle suspension
was centrifuged and washed twice using a solvent mixture of hexane and isopropyl alcohol.
Following washing, the nanoparticulate product was suspended in hexane and stored for further use
and characterization.
Synthesis of CoP nanoparticles. CoP nanoparticles were also prepared using a previously
reported procedure.7 1-Octadecene (5mL), oleylamine (5 mL) and TOP (5 mL) were combined in
a 100 mL, three-necked round-bottom flask equipped with a reflux condenser, a thermometer
adapter, a thermometer, a rubber septum and a borosilicate coated magnetic stir bar. The solvent
mixture was stirred and heated under vacuum to 120 °C and kept at this temperature for 1 h in order
to remove adventitious water and other low boiling point impurities. The mixture was then heated
to 330 °C under an Ar atmosphere. Premade Co nanoparticles suspended in degassed TOP (3 mL)
were then injected into the reaction flask at 330 °C and kept at this temperature for 60 min. The
flask was then allowed to cool to room temperature by removing the heating mantle. The resulting
nanoparticle suspension was centrifuged and washed twice using a solvent mixture of hexane and
isopropyl alcohol. Following washing, the nanoparticulate product was suspended in hexane and
stored for further use and characterization.
Preparation of working electrodes.

Electrode fabrication was analogous to that

described in previous reports.3,7,10,11,14,16 Co2P and CoP nanoparticle suspensions were dropcast
onto ∼0.2 cm2 pieces of Ti foil to achieve a loading of 1 mg cm-2. Following deposition and drying,
the nanoparticle-modified Ti foils were annealed for 1 h at 400 °C under a flow of 5 % H2/Ar. The
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foils were anchored onto a polyvinylchloride-coated copper wire using Ag paint. Two-part epoxy
was then used to cover all surfaces except for the nanoparticle films.
Electrochemical measurements. Electrochemical measurements were performed in 0.50
M H2SO4 using a Gamry Instruments Reference 600 potentiostat. All experiments were conducted
in a three-electrode cell with two separate compartments connected by a Nafion membrane
(Fuelcellstore.com).

A mercury/mercurous sulfate (Hg/Hg2SO4) electrode was used as the

reference electrode, while a Pt mesh electrode was used as the counter electrode. Polarization
curves were acquired at a sweep rate of 2 mV s–1 while research-grade H2(g) was bubbled through
the electrolyte 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 Co 2P and CoP
nanoparticles. Preliminary electrochemical stability was investigated, without correcting for
uncompensated resistance, by galvanostatically holding the working electrodes at a current density
of -20 mA cm–2 for 24 h. Additionally, accelerated degradation tests were performed using cyclic
voltammetric sweeps between +0.005 V to −0.14 V vs RHE at 100 mV s–1.
Quantitative Hydrogen Yield Measurements. Quantitative H2 yield measurements were
performed in 0.50 M H2SO4 using a two-electrode, single compartment cell and using a graphitic
carbon rod as a counter electrode. A current of -10 mA was passed continuously through the
working electrode for 50 min (3000 s), resulting in a total charge of 30 C passed. An inverted
graduated cylinder that contained the electrolyte solution was positioned to capture the H2 bubbles
that evolved from the working electrode. The volume of gas collected from Co2P and CoP
nanoparticle working electrodes matched the volume collected using a Pt mesh electrode, with each
producing measured gas yields of 3.95 ± 0.03 mL, 3.96 ± 0.03 mL and 3.97 ± 0.03 mL respectively,
as compared to the theoretical H2 yield of 3.92 mL.
Materials Characterization. Powder X-ray diffraction (XRD) patterns were collected
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using a Bruker-AXS D8 Advance diffractometer with Cu Kα radiation and a LynxEye 1-D detector.
Simulated XRD patterns were generated using the CrystalMaker/CrystalDiffract software package.
Scans were done from 20˚ to 80˚ 2θ, with a scan speed of 10 seconds/step and increments of 0.1977.
Transmission electron microscopy (TEM) images and selected area electron diffraction (SAED)
patterns were obtained from a JEOL 1200 EX II operating at 80 kV or a Phillips 420 operating at
120 kV. High-resolution TEM (HRTEM) images, energy-dispersive X-ray spectroscopy (EDS)
data, and scanning transmission electron microscopy images coupled with EDS analysis (STEMEDS) were performed using an FEI Titan G2 TEM equipped with a spherical aberration corrector
on the probe-forming lens at an accelerating voltage of 200 kV. EDS maps were acquired in the
Titan using ChemiSTEM quad detectors at a current of 0.6 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.

*This work was reprinted in part with permission from J. F. Callejas, C. G. Read, E. J. Popczun, J.
M. McEnaney, R. E. Schaak, Chem. Mater. 2015, 27, 3769. Copyright 2015 American Chemical
Society.
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Chapter 4
Cobalt Oxide Films for Sustained Electrocatalytic Oxygen Evolution under
Strongly Acidic Conditions

Introduction

The development of efficient, affordable, and carbon-neutral platforms for fuel
generation is a critical global challenge.1 Devices that facilitate water splitting, including
electrolyzers and photoelectrochemical cells (PECs), are powerful technologies that have
the potential to renewably generate clean fuels, including hydrogen.2,3 Achieving the
complete dissociation of water, however, requires electrocatalysts capable of efficiently
carrying out the corresponding cathodic and anodic half reactions, which consist of the
hydrogen evolution reaction (HER)4 and the oxygen evolution reaction (OER).5,6 Practical
HER and OER catalysts must function for long periods of time under the operational
conditions of the devices into which they are integrated, which range from mild, pH-neutral
buffers to highly acidic or alkaline aqueous solutions that are chemically harsh and
corrosive.2,3,7 Additionally, HER and OER catalysts should be comprised of elements that
are inexpensive and abundant in the Earth’s crust to minimize cost and facilitate
widespread utilization on a global scale.1,2
Earth-abundant catalysts for the HER under acidic, neutral, and alkaline aqueous
conditions are well known and include metal alloys,8,9 chalcogenides,10-12 phosphides,13-16
and carbides,17,18 as well as metal- and heteroatom-substituted graphitic materials.19 In
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contrast, investigations of Earth-abundant materials as catalysts for the OER, which is
regarded as the bottleneck in overall water splitting, have largely focused on oxide
materials operating under alkaline20-23 and near-neutral23-25 conditions due to their tendency
to rapidly dissolve in acidic environments.26-28 Robust and inexpensive OER catalysts
operating under acidic conditions, however, are important for expanding the scope of fuels
that can be generated using PECs as well as for improving the overall compatibility of
device components.29,30 Catalysts capable of sustained oxygen production at a PECrelevant current density31 of 10 mA/cm2 in strongly acidic solutions have been limited
exclusively to scarce precious metal oxides of iridium and ruthenium.2,27,28 Indeed, recent
benchmarking studies revealed no Earth-abundant materials that are capable of reaching
the target metric for short-term acid stability, which was defined as two hours of operation
at 10 mA/cm2.28 Since then, electrodeposited films of manganese oxide (MnOx) were found
to be functionally stable, but with low OER activity compared to benchmark noble metal
catalysts in strongly acidic solutions.32 The activity of these MnOx films was enhanced by
potential cycling, demonstrating galvanostatic stability for up to 8 h in 0.5 M H2SO4,33 but
only at a current density of 0.1 mA/cm2, which is two orders of magnitude lower than the
PEC target values.28,31
Cobalt-based OER catalysts are known to be more active than manganese systems under
various pH conditions. However, cobalt oxides are widely considered to be unstable in
strongly acidic solutions because of their tendency to rapidly corrode.26,27 Prior reports of
cobalt oxide OER catalysts have demonstrated high catalytic performance in alkaline and
near-neutral pH solutions. However, at lower pH values, most of these catalytic materials
exhibit high overpotentials, low Faradaic efficiencies, and rapid dissolution, in some cases
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leading to considerably less active homogeneous catalyst species.28,34,35 Achieving a
current density of 10 mA/cm2 with existing base-metal OER catalysts requires aqueous
solutions that are significantly less acidic (typically > pH 2.5), and therefore less desirable
for applications such as PECs that benefit from high proton concentrations for maximum
efficiency.2,32-35 Here, we report that thin films of nanostructured cobalt oxide (Co3O4) on
fluorinated tin oxide (FTO) electrodes made through a multi-step deposition/annealing
pathway are able to catalyze the OER in 0.5 M H2SO4 while maintaining a PEC-relevant
current density of 10 mA/cm2 for over 12 h at a moderate overpotential of only 570 mV.
Such performance metrics surpass those defined by recent benchmarking protocols and
represent exceptional, sustained activity among base metal OER catalysts in strongly acidic
aqueous solutions.

Results and Discussion

Co3O4 films on FTO were prepared using a multi-step film deposition and oxidation
process. Films of elemental cobalt with thicknesses of approx. 150 nm were first deposited
onto FTO electrodes using electron-beam evaporation (Figure 4.1A). (See Supporting
Information for complete experimental details.) The as-deposited Co/FTO films were then
annealed at 400 °C in air for 2 h, oxidizing Co to Co3O4 (Figure 4.1B). The annealing step
facilitated a strong electrical and mechanical interface between the catalyst film and the
FTO support, which is important for achieving high activity and stability.13,27,36 The
scanning electron microscopy (SEM) images in Figures 4-1A and 4-1B indicate that the
Co and Co3O4 films are conformal on the FTO substrate, and the higher-magnification
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SEM image in Figure 4.1C shows a nanostructured surface with randomly oriented grains.
Powder X-ray diffraction (XRD), as shown in Figure 4.1D suggests the possible formation
of spinel-type Co3O4. However, the observed peak broadness along with a high signal for
the FTO substrate make precise phase identification challenging.

Figure 4.1: SEM images of (A) the as-deposited Co/FTO electrode and (B,C) the annealed Co3O4
electrode, in addition to the corresponding (D) XRD pattern and (E) HRTEM images of a cross
section of the subsurface region of the film. (F) HAADF-STEM image of a cross-section of the
Co3O4/FTO electrode, along with STEM-EDS element maps (G,H) showing the co-localization of
Co (red) and O (cyan) in the Co3O4 film, as well as Sn (green) and O (cyan) in the FTO substrate.
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A high-resolution TEM (HRTEM) image of a cross section of the film (Figure 4.1E) reveals
that the Co3O4 is polycrystalline, with highly interconnected ~25 nm grains that are consistent
with different orientations of spinel-type Co3O4. The Co3O4 film is approx. 300 nm thick.
Element maps of a cross section of the Co3O4/FTO electrode (Figure 4.1F-H), obtained using
scanning transmission electron microscopy (STEM) coupled with energy dispersive X-ray
spectroscopy (EDS), further confirm that the Co3O4 film is conformal and uniform and that
Co and O are present in the Co3O4 film and Sn and O are present in the FTO substrate. EDS
data, X-ray photoelectron spectra (XPS), and time-of-flight secondary ion mass spectrometry
(TOF-SIMS) all demonstrate the absence of noble metal contaminants, including Ir and Ru
(Figure 4.2,

Figure 4.3).

Figure 4.2: EDS spectrum of a Co3O4/FTO electrode showing the presence of oxygen, cobalt, and
tin. No peaks corresponding to iridium or ruthenium were observed. The copper signal is from the
copper TEM grid.
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Figure 4.3: XPS spectra of a Co3O4/FTO electrode: (top) Survey scan showing the spectra obtained
before electrochemical testing. (bottom) High-resolution scans of the Ir 4d, Ru 3p, Co 2p, and Co
3p regions.

The activity of the Co3O4/FTO working electrode for electrocatalytic water oxidation
was assessed in 0.5 M H2SO4 (pH 0.3). Figure 4.4A shows plots of current density vs.
potential for Co3O4/FTO, along with IrO2/FTO and RuO2/FTO as benchmark OER
catalysts28 and other identically prepared first row transition metal oxides (Mn3O4, Fe2O3)
for comparison. The formation of these crystalline phases was verified by XRD (Figure
4.5). Under these conditions, the Co3O4/FTO electrodes reproducibly achieve a current
density of 10 mA/cm2 at overpotentials near 570 mV. For comparison, IrO2/FTO and
RuO2/FTO electrodes require overpotentials of 330 and 370 mV, respectively, to achieve
the same current density. Comparable Mn3O4/FTO and Fe2O3/FTO electrodes exhibit
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considerably lower catalytic performance than Co3O4/FTO, reaching current densities of
less than 0.3 mA/cm2 (close to that of the bare FTO substrate) at similar overpotentials.

Figure 4.4: (A) Linear sweep voltammograms of a Co3O4/FTO electrode, benchmark IrO2/FTO
and RuO2/FTO electrodes, and Mn3O4/FTO, Fe2O3/FTO, Co2+(aq), and bare FTO for comparison.
A bare FTO electrode immersed in an aqueous cobalt solution is also shown. (B) Galvanostatic
measurements at 10 mA/cm2 for Co3O4/FTO, IrO2/FTO, and RuO2/FTO electrodes.

Figure 4.5: XRD patterns corresponding to the RuO2/FTO, IrO2/FTO, Fe2O3/FTO, and
Mn3O4/FTO electrodes used for benchmarking and comparison.
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Galvanostatic experiments demonstrated that the Co3O4/FTO electrodes are capable
of sustained oxygen production for over 12 h at the PEC-relevant current density of 10
mA/cm2 (Figure 4.4B). Negligible changes in the recorded overpotentials are observed. O2
detection by gas chromatography shows that a >95% Faradaic efficiency was achieved and
that the rate of O2 production was approximately 3.1 mmol O2/min (Figure 4.6A). As
expected, benchmark IrO2/FTO and RuO2/FTO electrodes are also capable of evolving
oxygen over the same length of time and with minimal degradation. In contrast,
Mn3O4/FTO and Fe2O3/FTO electrodes are unable to sustain oxygen production at 10
mA/cm2. The observed overpotentials for the Mn3O4/FTO and Fe2O3/FTO electrodes
almost immediately increase to that of the bare FTO substrate, consistent with the complete
dissolution of the films observed after a few cyclic voltammetry cycles in 0.5 M H 2SO4.
Accelerated degradation studies via cyclic voltammetry (CV) also confirmed that the
Co3O4/FTO electrodes are capable of sustained oxygen evolution in 0.5 M H2SO4 (Figure
4.7). After 500 CV cycles, the overpotential increased by only 30 mV.

Figure 4.6: (A) Faradaic yield and (B) Tafel plot of a Co3O4/FTO electrode.
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Figure 4.7: Plot of current density vs. potential for Co3O4/FTO electrodes in 0.5 M H2SO4 initially
(red) and also after 100 (green) and 500 (blue) CV sweeps between 1.86 and 1.24 V vs. RHE.

Additional control experiments further validate the importance of the multi-step Co/FTO
 Co3O4/FTO deposition/annealing process for achieving the high crystallinity and robust
interface that are putatively important for achieving sustained oxygen evolution and
exceptionally slow Co3O4 dissolution in 0.5 M H2SO4. Figure 4.8 shows plots of current
density vs. potential for a variety of bulk and nanostructured cobalt and cobalt oxide
materials, all annealed on FTO substrates. Using elemental cobalt as the precursor –
including bulk Co powder from multiple suppliers and Co nanoparticles synthesized
colloidally and purchased as powders from commercial vendors – yielded Co3O4/FTO
electrodes that were similarly active and stable over several hours. In contrast, those that
used preformed cobalt oxide powders yielded electrodes that had negligible activities
approaching that of the bare FTO substrate. Additionally, a ~150-nm Co film deposited
onto Au-coated FTO and subsequently annealed at 400 °C in air to form Co3O4/Au/FTO
shows similar sustained oxygen evolution activity (Figure 4.9), suggesting that tin or

104

fluorine doping of the Co3O4 film is not responsible for the observed catalytic activity and
that Co3O4 interfaced with conductive substrates other than FTO are also viable.

Figure 4.8: Linear sweep voltammograms of various cobalt oxide materials on FTO. Electrodes of
bulk CoO and bulk Co3O4 deposited directly onto FTO, as well as bare FTO, are also shown.

Figure 4.9: Linear sweep voltammogram of a Co3O4/Au/FTO electrode showing similar activity
to a Co3O4/FTO electrode. The Co3O4/Au/FTO electrode was prepared by first depositing a ~150nm Au film on FTO, then depositing a ~150-nm Co film on top of the Au, then oxidizing Co to
Co3O4 by heating to 400 C for 2 h.
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Tafel analysis (Figure 4.6B), which can provide insights into the mechanism of OER
catalysis, yields a slope of approximately 80 mV/decade for the Co3O4/FTO electrodes in
0.5 M H2SO4. The Tafel slope of the Co3O4/FTO electrode is comparable to the
approximately 60 mV/decade reported for various heterogeneous cobalt oxide
electrocatalysts studied at higher pH values, including slightly acidic and strongly alkaline
electrolytes.34,37 The deviation from a Tafel slope of 60 mV/decade is potentially a
consequence of slow dissolution of the Co3O4 film over the duration of the catalytic
testing.38 The significant difference in Tafel slope between Co3O4/FTO and that expected
for homogeneous catalysis by soluble Co species (> 120 mV/decade),34 along with the lack
of any significant catalytic activity of 60 mM Co2+(aq) at pH 0.3 (Figure 4.4A), indicates
that soluble Co2+ species do not contribute significantly to the observed OER activity.
Assuming the complete dissolution of Co3O4 from the Co3O4/FTO electrode and
concomitant release of stoichiometric O2(g), the volume of O2(g) produced would be only
~0.037 mL, which accounts for approximately 0.1% of the observed 27.4 mL of O2(g)
produced by the Co3O4 film over 12 h. Taken together, the data indicate that Co3O4 film
dissolution and homogeneous cobalt species do not contribute significantly to the observed
catalysis. However, the ability of the Co3O4/FTO film to sustain oxygen evolution in 0.5
M H2SO4 at a current density of 10 mA/cm2 is remarkable, given that cobalt oxide is widely
considered to undergo rapid dissolution in strongly acidic solutions at anodic potentials.26,27
We observe that dissolution of the Co3O4 film in 0.5 M H2SO4 occurs extremely slowly,
but continuously, such that a ~300-nm Co3O4 film on FTO remains capable of sustained
oxygen production for more than 12 h at 10 mA/cm2. Time-dependent dissolution data,
obtained by quantitative inductively coupled plasma mass spectrometry (ICP-MS) analysis
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of soluble cobalt species in solution at time points taken over 12 h, indicates an average Co
dissolution rate of 161 ng/min. For comparison, ruthenium oxides in strongly acidic
solutions and FeOOH in strongly alkaline solutions were reported to dissolve at rates of
540 ng/min39,40 and 1200 ng/min, respectively.41

Figure 4.10: Linear sweep voltammogram of a Co3O4/Au/FTO electrode showing similar activity
to a Co3O4/FTO electrode. The Co3O4/Au/FTO electrode was prepared by first depositing a ~150nm Au film on FTO, then depositing a ~150-nm Co film on top of the Au, then oxidizing Co to
Co3O4 by heating to 400 C for 2 h.

While extremely slow dissolution of the Co3O4 film occurs when holding the current
density at 10 mA/cm2, significantly longer operation times can be achieved at lower current
densities that require smaller overpotentials. Figure 4.10 shows additional galvanostatic
measurements at current densities of 1 mA/cm2 and 0.1 mA/cm2. At these lower current
densities, which better match those used previously to evaluate the performances of other
Earth-abundant OER catalysts in acidic solutions,33 the Co3O4/FTO electrode is
exceptionally durable in 0.5 M H2SO4 and is capable of catalyzing sustained oxygen
production for over 50 hours at 1 mA/cm2 and for more than 10 days at 0.1 mA/cm2. Its
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ability to facilitate sustained oxygen production on the scale of hours to weeks at
operationally relevant current densities, including a moderate 570-mV overpotential at 10
mA/cm2 in 0.5 M H2SO4, places the Co3O4/FTO catalyst in a category unmatched by other
Earth-abundant OER catalysts.

Conclusions

In summary, I have shown that Co3O4 films on FTO made by first depositing Co and
then annealing at 400 °C in air to produce a robust catalyst/substrate interface and are
capable of sustained oxygen evolution at operationally relevant current densities in strongly
acidic solutions. XRD and SAED appear to suggest the formation of spinel-type Co3O4.
However peak broadness along with a high signal for the FTO substrate make precise phase
identification challenging. Further characterization including grazing incidence XRD may
help mitigate these challenges and provide more detail information about the defect
chemistry and structure of these films. Additionally, while cobalt oxides are widely
regarded as prone to rapid corrosion in acid at anodic potentials, dissolution of the annealed
Co3O4 film on FTO in 0.5 M H2SO4 occurs at a surprisingly slow rate. Future studies will
focus on fully elucidating how the Co3O4/FTO films remain robust and helping to further
mitigate the slow film degradation pathway through electrode engineering, composition
modulation, and corrosion protection strategies.33,42,43
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Materials and Methods

Materials. Cobalt powder [99.8%, 1.6 micron, Lot #D24R033] (Alfa-Aesar),
cobalt nanopowder [99.8%, 25-30 nm, Lot #P27A041] (Alfa-Aesar), cobalt(II,III) oxide
[99.7%, Lot #C11I14] (Alfa-Aesar), cobalt(II) oxide [99.998%, Lot #J28W012] (AlfaAesar), cobalt(II) nitrate [≥98%, Lot #MKBH0419V] (Sigma Aldrich), sulfuric acid
[99.999%, Lot #SHBF5690V] (Sigma Aldrich), iridium(III) chloride hydrate [99.9%]
(Alfa-Aesar), ruthenium(III) chloride hydrate [Lot #MKBB0272V] (Sigma Aldrich),
isopropyl alcohol [GR ACS, Lot #54315] (EMD Millipore), acetone [GR ACS, Lot
#54287] (EMD Millipore), and Alconox detergent powder [Lot #A2B4] (Alconox Inc.)
were used as received without further purification. Nanopure water (18 MΩ) was obtained
from a Barnstead Nanopure Analytical Ultrapure water system. The cobalt (99.95%, Part#
EVMCO35QXQ), gold (99.99%, Part# EVMAU40QXQ), manganese (99.95%, Part#
EVMMNM1034), and iron (99.95%, Part# EVMFE35QXQ) targets used for electronbeam evaporation were obtained from Kurt J. Lesker as pellets. TEC-7 (7 Ω/sq) fluorinedoped tin oxide (FTO) slides (1  2.5 cm, precut) were purchased from the Hartford Glass
Co., Inc.
Electrode Preparation. FTO substrates were cleaned as previously described.44
The as-received substrates were sequentially sonicated in solutions of Alconox detergent,
acetone, isopropyl alcohol, and nanopure water for 15 minutes each and dried under a
gentle stream of air. Kapton tape was then applied to the conductive side of the FTO
substrates such that only 1-cm2 areas were exposed. Cobalt films with a thickness of
approx. 150 nm were subsequently deposited onto the FTO by electron-beam evaporation
using a Kurt J. Lesker Lab-18 Thin Film Deposition System or a Semicore Evaporator
using a 1.0 Å/s deposition rate at 14.1% power using 761 mA of current. 157-nm iron thin
films were deposited with a 1.0 Å/s deposition rate at 5.9 percent power using 29.3 mA of
current. 165-nm manganese films were deposited using a 1.0 Å/s deposition rate at 1.9%
power using 8.6 mA of current, and 150-nm films of gold were deposited with a 1.0 Å/s
deposition rate at 20.3% power using 101 mA of current. During a typical deposition, the
pressure and temperature inside the chamber were 7.30x10-7 torr and 22 °C, respectively.
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Cobalt and cobalt oxide powders were tested by spin-coating the individual ethanolic
suspensions (0.33 mg/mL) onto FTO substrates over a 1-cm2 area. The suspensions were
sonicated for at least 5 minutes prior to use and kept agitated immediately before spin
coating. The spin-coating process was carried out at 2000 rpm for 15 seconds and used 200
µL of the powder/ethanol suspension at 20 µL increments with 3 minutes of drying on a
100 ºC hotplate between each coating. Films of iridium and ruthenium oxide were prepared
in a similar manner, except that the powder/ethanol suspension was dropcast onto the FTO
substrate instead of spin coated. Colloidal cobalt nanoparticles were synthesized as
previously described and the resulting nanoparticle/hexane suspension was deposited onto
the FTO electrode.45 All films were then annealed in air at 400 °C for 2 hours using a 20
°C/min ramp rate in a Thermo Scientific Thermolyne muffle furnace.
Electrochemical measurements. All electrochemical measurements were
performed using a Gamry Instruments Reference 600 potentiostat. A saturated calomel
electrode (SCE) was used as the reference electrode and a porous graphitic rod was used
as the counter electrode for all electrochemical measurements. All measurements were
performed in high purity 0.5 M H2SO4 (99.99%, pH 0.3) using a one-compartment, threeneck glass cell. The cell was purged with O2 for approximately 15 minutes prior to each
set of experiments. During all electrochemical measurements, the solution was not stirred
and was kept blanketed under an atmosphere of O2. To minimize capacitive current, two
cyclic voltammograms were collected at a sweep rate of 10 mV/s before obtaining linear
sweep voltammograms at a sweep rate of 2 mV/s. Solution resistance was measured and
compensated by the potentiostat using the current interrupt method. Uncompensated
resistance values (Ru) typically ranged between 15-18 Ω. The electrochemical stabilities of
the annealed films on FTO were examined using cyclic voltammetry and galvanostatic
measurements. Cyclic voltammograms were collected at a sweep rate of 50 mV/s and a
step size of 50 mV. For galvanostatic measurements, the current density was held at 10
mA/cm2, 1 mA/cm2 and 0.1 mA/cm2, as described in the main text. All galvanostatic
measurements were iR corrected using the obtained Ru values.
Tafel data were collected starting from 2 V vs. SCE and decreased by 25 mV
increments until the observed current fell below 10-6 A. Current was recorded at each
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applied potential until steady state was reached. The current was averaged over the last 30
seconds of the measurement and used to construct the Tafel plot, shown in Figure 2.
Faradaic yield measurements were performed in 0.5 M H2SO4 using a custom-made, twocompartment, airtight electrochemical cell. The cell was directly connected to an online
gas chromatograph (Shimadzu GC-2014). Prior to the experiment, the cell was purged with
Ar for ~15 min to ensure the removal of air. An Ar flow of 10 mL/min was maintained
during testing. Working electrodes were then held at a current density of 20 mA/cm2 for
more than 10 hours, while gaseous reaction products were monitored at 12 min intervals
using a thermal conductivity detector.
The activity of a homogeneous cobalt species was studied by immersing a blank
FTO electrode in a solution containing 3.5 ppm Co2+ ions, corresponding to five times the
Co2+ concentration that would be found in solution if all of the cobalt contained in the entire
Co3O4/FTO electrode had dissolved. Linear sweep voltammograms were acquired as
described above.
The concentration of dissolved cobalt ions as a function of time was determined by
removing 2 mL electrolyte aliquots at various time points during a chronopotentiometric
experiment, where the Co3O4/FTO electrode was held at a current of 10 mA/cm2 in 0.5 M
H2SO4. These samples were then diluted 1:7 with 2% HNO3 and analyzed via inductively
coupled plasma mass spectrometry (ICP-MS) using a Thermo Fisher Scientific X Series 2
ICP-MS with Collision Cell Technology.
Materials Characterization. The experimental powder X–ray diffraction (XRD)

patterns were collected at room temperature with a PANalytical Empyrean Series 2
diffractometer using Cu Kα (λ = 1.5405 Å) radiation and a PIXcel3D detector. Scans were
done from 20˚ to 80˚ 2θ, with a scan speed of 1 seconds/step and increments of 0.1977. Scanning

electron microscopy (SEM) images were obtained using a FEI Helios NanoLab 660 at an
accelerating voltage of 5.0 keV and a working distance of 2.5 mm. EDS data and elemental
mapping were collected at an accelerating voltage of 10.0 keV and a working distance of
2.5 mm. High-resolution TEM (HRTEM) images and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) images were collected on an
FEI Titan G2 S/TEM equipped with spherical aberration correctors on the image and
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probe-forming lenses at an accelerating voltage of 200 kV. STEM-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.
X-ray photoelectron spectra were collected on a PHI VersaProbe II spectrometer,
equipped with a scanning monochromatic Al-Kα X-ray source (hν = 1486.6 eV). The Xray gun was set at high-power mode. All spectra were acquired with electron and ion
neutralizers active with the analytical chamber pressures in the mid-10-6 Pa range during
data acquisition. Survey and high-resolution scans were recorded at pass energies of 117.4
eV, and 93.9 eV, respectively, and the binding energy values were referenced to C 1s at
284.8 eV. All samples were electrically isolated from the platen, and fastened to it with 3M
double-sided tape. ToF-SIMS analysis was performed on a Physical Electronics nanoToF
II system equipped with a 30 keV bismuth liquid metal ion gun (LMIG) selected for
Bi32 + clusters. Analysis was conducted on a 100  100 μm2 area with a primary ion dose
of 5.0  1011 ions/cm2. Charge neutralization with 15 eV electrons and 10 eV Ar+ was
utilized. Time-of-flight secondary ion mass spectrometry (TOF-SIMS), which is typically
considered to have a higher elemental sensitivity than XPS and EDS,46 also indicates that
Ir and Ru are not present.
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Chapter 5
Summary and Outlook
The work presented in this dissertation has helped establish transition metal phosphides as
a robust family of Earth-abundant catalysts for the HER and has also demonstrated that interface
engineering of nanostructured films of Co3O4 on FTO substrates can result in unprecedented
catalytic activity and durability for the OER in acidic conditions.
In chapter 2, I presented the synthesis and materials characterization of colloidal FeP
nanocrystals and evaluated them as electrocatalysts for the HER in acidic and neutral conditions.
Notably, the low overpotentials required to attain device-relevant current densities made FeP one
of the first highly-active Fe-based HER catalysts and furthermore placed it amongst the most active
metal phosphide electrocatalysts reported to date. Additionally, TiO2 -supported FeP nanoparticles
were shown to sustain photocatalytic H2 production in both acidic and neutral aqueous solutions.
In chapter 3, I focused on cobalt-based metal phosphide nanoparticles as catalysts for the HER in
acidic conditions and found Co2P to be a new highly-active metal phosphide HER catalyst,
exhibiting high stability and low overpotentials at operationally relevant current densities. I
describe the synthesis of morphologically identical Co2P and CoP nanocrystals that exhibit
statistically indistinguishable sizes, size distributions, faceting, and overall morphological features.
These morphological similarities, allowed for direct comparison of Co2P and CoP as HER
electrocatalysts. Co2P required slightly higher but statistically distinguishable overpotentials than
CoP to attain target current densities, suggesting that the higher P content of CoP may result in a
higher density of HER active sites.
In chapter 4, I described that nanostructured films of cobalt oxide (Co3O4) on fluorinedoped tin oxide (FTO) substrates, made by first depositing Co onto FTO and heating in air at 400
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°C to produce films having a robust electrical and mechanical Co3O4/FTO interface that shown to
be active for the OER in highly acidic aqueous solutions, and was capable of sustaining oxygen
evolution, at device-relevant current densities, for up to 12 hours. The catalytic performance of
Co3O4/FTO electrodes are superior to previously studied Earth-abundant OER electrocatalysts in
acidic conditions and represents an important discovery for the development of water-splitting
technologies.
The high catalytic activity and stability displayed by transition metal phosphides has
motivated extensive efforts in synthesis, characterization, catalytic testing, and integration with
light absorbers. Currently, several phosphides of Ni, Co, Fe, Mo, and W are considered to be highly
promising HER catalysts, and anion substitution appears to be a particularly useful approach for
further improving their catalytic performance. Despite these discoveries and ongoing efforts in
activity improvements, mechanistic studies remain scarce. In situ studies, coupled with
computational investigations, will be especially useful for furthering our understanding of how the
HER proceeds on transition metal phosphide surfaces under operational conditions. More
specifically in situ X-ray absorption spectroscopy (XAS) studies, which have been performed on
other electrocatalytic systems, can be utilized to identify oxidation states and structural transitions
in metal phosphide catalysts under operating conditions. Similarly, in situ TEM investigations
could be used to observe changes in surface structure, elemental composition and morphology on
single metal phosphide nanoparticles during the HER. Another in situ technique that could benefit
the understanding of the HER on metal phosphides is the use of scanning electrochemical
microscopy (SCEM). An future collaboration with the Bard group at University of Teas hopes to
utilize this technique to obtain information about the HER rate constant and surface hydride
coverage in transition metal phosphides. These in situ studies coupled with theoretical work will
also help to reveal design guidelines for producing catalytic materials that expose the highest
possible density of surface active sites.
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Despite the unprecedented OER performance of Co3O4/FTO electrodes, the dissolution of
this system under operating conditions remains a major challenge that needs to be addressed. The
addition of carbon, sulfur, nitrogen and phosphorus species has in the past been used to impart
stability in other electrocatalytic systems operating in acidic conditions and perhaps could also be
utilized to eliminate or reduce dissolution of Co3O4/FTO electrodes. Similarly, alloying with more
corrosion resistant elements such as Ti, Nb and Ta may help mitigate the dissolution process while
retaining the catalytic activity observed for Co3O4.
In this dissertation I have proposed guidelines and provided examples for the short term
testing of catalysts for water-splitting reactions. These tests are usually carried out over several
hours and aim to provide a preliminary idea of the stability in acidic conditions, however, the
widespread implementation of water-splitting systems will require durability on the scale of months
to several years. It is therefore important to understand the long-term stability of both HER and
OER electrocatalysts. This will require the development of more rigorous long-term benchmarking
protocols but also the study of minor dissolution or deactivation processes utilizing techniques such
as electrochemical quartz crystal microbalance (EQCM).
Finally, the integration of electrocatalysts with light absorbers is still at an early stage.
Nonetheless, the development of methods capable of producing favorable interfaces between
catalysts and light absorbers, as well as novel photoelectrode architectures, may be key steps
towards realizing integrated water-splitting systems.

Appendix A
Table A- 2: List of select nanostructured metal phosphide HER catalysts in acidic conditions
Material

η-10 mA
−2
cm

Tafel slope
(mVdec−1)
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Density
(mg cm-2)

Reference

∼46

Exchange
current
density
(A cm−2)
3.3 x 10-5

Ni2P NPs/Ti

~-116

1.0

1

Polydispersed
Ni2P/GCE
Ni5P4 NPs

~-125

~87

-

0.38

2

-118

42

-

1.99

3

-5

Ni12P5/CNT

-129

56

7.10 x 10

0.75

4

CoP NPs/Ti

-75

50

1.40 x 10-4

2.0

5

-4

CoP/CC

-67

51

2.88 x 10

0.92

6

Co2P NPs/Ti
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45

-

1.0

7

FeP NPs/Ti
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4.30 x 10-4

1.0

8

38

-4

0.285

9

-4

FeP NA/Ti

-55

4.20 x 10

MoP/Ti

-90

45

1.20 x 10

1.0

10

WP/Ti

-120

54

4.50 x 10-5

1.0
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