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Abstract

The need for alternate fuel sources, which are not fossil fuels or hydrocarbons,
has rapidly grown over the past few decades due to the development of environmental,
monetary, and political issues associated with fossil fuels. Hydrogen is a possible ideal
fuel, because the only byproduct upon energy release from H2 is clean water, and its
energy density is much higher than conventional hydrocarbon-based fuels. Industrially,
hydrogen is produced via methane reformation and the water-gas-shift reaction, which
are processes that release CO2 into the atmosphere, thereby eliminating some of the
environmental benefits of using hydrogen as a fuel. One clean alternative is water
electrolysis, which involves the decomposition of water into hydrogen and oxygen. The
hydrogen evolution reaction (HER) is the half-reaction that produces hydrogen in water
electrolysis [2 H+ + 2 e- ! H2 (g)]. To date, the most active catalyst for HER is platinum,
a rare and expensive material that is needed for a variety of applications. There is a
growing need for new Earth-abundant catalysts that can serve as alternatives to platinum.
This dissertation describes the synthesis and electrochemical characterization of a new
class of Earth-abundant, acid-stable HER catalysts that were inspired by the catalysts for
mechanistically related chemical reactions, like hydrodesulfurization.
The discussion will begin with our studies of the catalytic capabilities of hollow
Ni2P nanoparticles for the hydrogen evolution reaction. The Ni2P(001) surface was
previously predicted to outperform platinum as a catalyst for the hydrogen evolution
reaction through density functional theory calculations by Liu and Rodriguez. The Ni2P
nanoparticles were synthesized colloidally through the decomposition of tri-n-
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octylphosphine in the presence of in situ Ni nanoparticles. The Ni2P nanoparticles had
among the highest HER activity of any non-noble metal electrocatalyst reported at the
time of publication, producing H2(g) with nearly quantitative Faradaic yield, while also
affording stability in aqueous acidic media
The story continues with our second catalytic system, CoP nanoparticles. Cobalt
phosphides had not been previously studied for HER catalysis, unlike Ni2P. While
synthesized similarly to the Ni2P nanoparticles, the CoP nanoparticles vastly
outperformed the Ni2P nanoparticles, becoming the first non-noble metal acid-stable
HER catalyst to achieve a current density of -10 mA/cm2 at an overpotential less negative
than -100 mV. Additionally, the catalyst shows excellent electrochemical stability and
Faradaic efficiency.
Next, morphological considerations as they pertain to HER catalysis are
discussed. Highly branched CoP nanostructures that have a similar surface area to the
CoP nanoparticles were synthesized. These nanostructures express a high number of
(111) crystal facets, allowing us to investigate the catalytic activity of the (111) surface
on this anisotropic sample. Our findings suggest the morphological control does not play
a major role in the catalytic activity of CoP, while also verifying the high intrinsic
activity of the material.
Before concluding, we briefly discuss a few additional catalytic systems that were
targeted because of their known activities for hydrodesulfurization catalysis. The
catalysts discussed include several transition metal phosphides, carbides, and
chalcogenides, with varying degrees of success. Ternary metal phosphide solid-solutions
were electrochemically characterized, including Co1-xFexP, that attempts to combine the
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high activity of FeP with the stability of CoP, as well as Ni2-xCoxP systems that are
known to show higher HDS activity than either end member. In addition, we synthesized
the ternary phosphides CoMoP, CoMoP2, and NiMoP2 through phosphate reduction and
investigated their catalytic activities. Nickel carbides as well as cobalt chalcogenides are
also discussed briefly. Overall, these materials are active HER catalysts but their
overpotentials are significantly higher than those of the phosphides presented earlier in
the dissertation.
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Chapter 1
Introduction

1.1 Hydrogen Evolution Reaction
The need for alternate fuel sources, which are not fossil fuels or hydrocarbons,
has rapidly grown over the past few decades due to the environmental, economic, and
political issues associated with fossil fuels. The majority of our current fuel sources
come from hydrocarbons, such as octane and ethanol. Hydrogen (H2) is an ideal fuel,
because the only byproduct upon energy release via combustion of H2 is clean water, and
its energy density is much higher than conventional hydrocarbon-based fuels.1-4 To
emphasize the promise of and subsequent need for H2, the mass marketing of H2-powered
fuel cell cars is ongoing and is anticipated to rise in the next few years. As an example,
Germany has been progressive in the development of their hydrogen-based infrastructure
through the construction of fifty H2-fueling stations to be completed by the end of 2015
to coincide with the release of new set of H2 fuel cell automobiles.5 Unfortunately, most
H2 is produced industrially via methane reformation and the water-gas-shift reaction
(Equations 1 and 2, respectively).1-4 These processes release CO2 into the atmosphere,
thereby compromising the environmental benefits of using H2 as a fuel.
𝐶𝐻! + 𝐻! 𝑂   ↔   𝐶𝑂 + 3  𝐻!

(Eq. 1)

𝐶𝑂 + 𝐻! 𝑂   ↔    𝐶𝑂! + 𝐻!

(Eq. 2)

One clean alternative is water electrolysis, which involves the decomposition of
water into hydrogen and oxygen.2,4-6 The hydrogen evolution reaction (HER) is the half-
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reaction that produces H2 in water electrolysis. This reaction can be performed under both
acidic and alkaline conditions, as shown in Equations 3 and 4.2,6
2𝐻! 𝑂! + 2𝑒 !    ↔   2𝐻! 𝑂 + 𝐻!  (!)

(Eq. 3)

2𝐻! 𝑂 + 2𝑒 !    ↔   2𝑂𝐻! + 𝐻!  (!)

(Eq. 4)

While water electrolysis provides the cleanest method for producing hydrogen,
electrolysis cells require an external energy source as HER is paired with the oxygen
evolution reaction (OER), which also can occur under acidic or alkaline conditions
(Equations 5 and 6).2,6
2𝐻! 𝑂   ↔   4𝐻! + 4𝑒 ! + 𝑂!  (!)

(Eq. 5)

4𝑂𝐻!    ↔   2𝐻! 𝑂 + 4𝑒 ! + 𝑂!  (!)

(Eq. 6)

2𝐻! 𝑂 ↔ 2𝐻!  (!) + 𝑂!  (!)

(Eq. 7)

The overall water splitting reaction (Equation 7) requires 237 kJ/mol!!   to convert
water into H2 and O2.2-4,6 The reverse reaction can be used to release this energy from the
H2 and O2 in a galvanic cell without external biases. Combustion of H2 could be
performed to release the stored energy as well, but the rapid release of energy can be
explosive.
The fabrication of a device that can use solar energy to produce H2 and O2 from
water is currently promoting multiple research fields.2-4,6 Recent reports from Nocera and
coworkers show this as a possibility at neutral pH for extended periods of time using a
layered thin-film photoelectrolysis cell.7 Others suggest the necessity of a membrane to
sequester H2 production from O2 production to avoid the creation of an explosive
mixture, but a prototype device has not yet been fabricated.2,4 Figure 1.1 contains a
schematic detailing both of these designs. Other methods, such as wiring the H2-
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producing cathode and O2-producing anode to a photovoltaic device, have also been
explored.2

Figure 1.1: Schematics of two different photoelectrolysis devices. (A) Proposed device
by Gray that requires five components: photoanode, photocathode, OER catalyst, HER
catalyst, and H+ permeable membrane.4 (B) Artificial leaf reported by Nocera and
coworkers. The artificial leaf does not have a H+ permeable membrane with H2 and O2
production occurring together.7
Both devices shown in Figure 1.1 rely on two sets of materials: photoelectrodes
and catalysts. The device in Figure 1.1A requires a third part, a membrane to separate the
production of H2 and O2. The photoelectrodes are semi-conducting materials that have
appropriate band gaps to provide enough energy to split water. In the Nocera device
(Figure 1.1B), sequential use of various Si-based photoelectrodes provides over the 1.23
eV necessary to produce H2 and O2.7 In the other device, a photoanode with a band gap of
1.8 eV and photocathode with a band gap of 1.1 eV are ideal to provide the necessary
energy for the reaction.2,4 These staggered band gaps also allow for lower-energy light to
avoid absorption by the photoanode in order to reach the photocathode in the vertical
alignment suggested.
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The catalysts are necessary as the photoelectrodes that are/will be used have
surfaces that are poor promoters for H2 and O2 production.2,4,7 Through the addition of
appropriate catalysts to the electrode surface, the reaction will occur much more rapidly
than on the bare electrode, especially if the catalyst is nanostructured to produce a high
surface area. In this chapter, we will focus our discussion on catalysts for the hydrogen
evolution reaction, including known HER catalysts and catalysts for mechanistically
related reactions, as well as a brief summary of the work presented in this dissertation.

1.2 Known Catalysts for the Hydrogen Evolution Reaction
Our initial look into known HER catalysts will begin with single-metal catalysts.
In 1972, Trasatti was able to establish a volcano relation between the strength of the M-H
bond and the logarithm of the HER exchange current density for a selection of transition
metal catalysts under acidic conditions.8 Through this work, it is suggested that the M-H
bond strength plays a significant role in the HER activity of these metal catalysts. This
volcano relation can be found in Figure 1.2.2,8
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Figure 1.2: Comparison the M-H bond strength to exchange current density for the
hydrogen evolution reaction for select metals, adapted from Trasatti.8 A volcano relation
is observed suggesting the most efficient HER catalyst will have a M-H bond strength
near 55 kcal/mol. Noble metals are marked in red. Pd, not shown, is also highly active.
Trasatti’s work names four elements as the most efficient HER catalysts under
acidic conditions; platinum, rhodium, rhenium, and iridium.8 Palladium is not shown, but
is also highly active.2 Aside from this plot, platinum is the standard catalyst chosen for
the hydrogen evolution reaction. Platinum and platinum-containing catalysts can produce
high cathodic current densities above 10 mA/cm2 at overpotentials of -25 mV under
acidic conditions.2-4,9
A glaring issue with the metals listed as highly-efficient is their rarity and
cost.2,4,10 These noble metals make up less than 0.0000001% of the Earth’s crust
combined making them expensive due to being highly sought after for their corrosion
resistance and catalytic capabilities.10 From the elemental abundances in the Earth’s crust
shown in Figure 1.3, the abundances of these elements in the Earth’s crust are among the
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lowest of all the elements.10 This low abundance and resulting high cost of these elements
limits the scalability of devices utilizing them as catalysts.2,4,10 This advocates for the
discovery of new Earth-abundant catalysts that can be used as alternatives for these noble
metals.

Figure 1.3: Elemental abundances found in the Earth’s crust compared to Z number.10
Noble gases and man-made elements are omitted. Metals often classified as noble metals
are shown in gray.
Nickel is a highly active HER catalyst under alkaline conditions, comparing well
to platinum and palladium.11-12 As shown in Figure 1.3, nickel is also among the most
Earth-abundant transition metals in the Earth’s crust.10 For these reasons, nickel-based
materials are the most commonly studied Earth-abundant alternatives to platinum for
alkaline hydrogen evolution. Binary transition metal alloys of nickel with cobalt,13 iron,12
tungsten13-14 and molybdenum15-17 are known to show an increase in catalytic activity
versus nickel alone. By estimating the M-H bond strength based on the composition of
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Ni-Mo catalysts, the M-H bond strength of a 60/40 Ni-Mo alloy would be nearly ideal,
according to Figure 1.2.15-17 The average Ni-Mo catalyst achieves a current density of -20
mA/cm2 at an HER overpotential of -80 mV, making it the best Earth-abundant
alternative under alkaline conditions.17 This level of activity allows a Ni-Mo catalyst to
outperform Pt on p+-Si microwire arrays for alkaline photocatalytic hydrogen evolution.18
Attempts to improve upon Ni-Mo have included the addition of a third metal such as Cd,
Fe, or Zn as well as different synthetic protocols, but few gains in activity have been
observed.7,19-20
While highly active and robust in alkaline media, Ni-Mo readily dissolves under
acidic conditions.15-17 An acid-stable catalyst to replace platinum is vital to electrolysis
cells that rely upon proton-exchange membranes (PEM) to separate the production of H2
and O2.2,9 The majority of Earth-abundant acid stable HER catalysts are molybdenumbased materials that are acid resistant. The best catalysts include, but are not limited to,
MoS23,21-24 and Mo2C.25-26 A more comprehensive list of Earth-abundant HER catalysts
can be found in Appendix A. These include cobalt, tungsten, and nickel-based
chalcogenides, borides, nitrides, and carbides.3,25,27-32
Molybdenum sulfides are the most studied acid stable Earth-abundant HER
catalysts. Originally shown to be inactive for hydrogen evolution, it was determined that
the morphology of the MoS2 catalyst plays a crucial role in the catalytic activity.21 The
crystal structure of MoS2, as shown in Figure 1.4A, consists of layers of trigonal
prismatic MoS6 held together through van der Waals interactions. The majority of the
MoS2 materials determined to be inactive for hydrogen evolution were sheet-like
structures predominantly exposing the (0001) crystallographic plane.3,21 The (0001)
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plane, as displayed in Figure 1.4B, has a sulfur-rich surface. It was shown by Jaramillo in
2007, that there is a direct correlation between edge length of triangular MoS2 plates,
exposing the (1010) surface, and HER activity.21 Recent work on MoS2 has focused on
developing synthetic methodologies to preferentially expose these HER-active
surfaces.22,24,33-34 This has been performed using reduced graphene oxide (RGO) to aid in
the formation of nanoparticles of MoS2,24 in addition to templated syntheses of MoS222
and synthesis of MoSx-based clusters.33 Also, the addition of a small amount of cobalt to
the MoS2 can increase the exposure of the (1010) crystal facet.34 The premier MoS2
catalysts produce cathodic current densities of 10 mA/cm2 at overpotentials of -150 to
-130 mV vs. RHE

Figure 1.4: Crystal structure of MoS2. (A) The layered structure of MoS2 often leads to
sheet-like materials that have a high surface density of (B) the sulfur-rich (001) surface.
The catalytic capabilities of Mo2C were discovered recently.25-26 Little is known
regarding the mechanism or active surfaces for HER catalysis of these materials. Its
activity was discovered from the electrochemical characterization of a bulk powder.25
Some recent attempts at nanostructuring Mo2C have shown HER activities that parallel
the best MoS2 catalysts, which made these two systems the premier catalysts for acid-
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stable HER.26 Given their relatively low activity compared to Pt in acid or Ni-Mo in base,
the discovery of new catalyst systems was crucial.

1.3 Similarities Between Hydrodesulfurization and Hydrogen Evolution
To discover new catalyst systems for the hydrogen evolution reaction, it is useful
to start with materials that are known to catalyze similar chemical reactions. One such
reaction is hydrodesulfurization (HDS), which is responsible for the removal of sulfur
from sulfided hydrocarbons.35 This process is heavily used in the petroleum industry.35
In the first three steps of hydrodesulfurization, a hydrogen molecule is bound to
the catalyst surface, followed by cleavage of the H-H bond and sequestration of the
bound H-atoms.36 These steps are the same as those found in the Tafel mechanism for
HER, only in a reversed order. Given the prior work from Trasatti showing the volcano
relation between catalytic activity and M-H bond strength, it is known that the M-H bond
strength must be intermediate and around ~55 kcal/mol for the most efficient catalysts.8
Similar bond strengths are necessary for efficient HDS catalysis, suggesting a strong link
between the two reactions.
Further establishing this relationship are the catalysts that are used for both
reactions. The most prominent catalyst for HDS is a sulfided cobalt-molybdenum catalyst
that is similar to the cobalt-promoted MoS2 used to increase the density of exposed active
edge sites in MoS2 HER catalysts.34,37-39 The cobalt and molybdenum do not require the
presence of one another to be active, as molybdenum sulfides and cobalt sulfides are both
highly active HDS catalysts.3 Since these materials are also highly active for the
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HER,3,21-24,28 other HDS catalysts make ideal targets for hydrogen evolution catalysis, as
other catalysts, such as Ni-Mo are known to catalyze both reactions.15-17,40

1.4 Transition Metal Phosphides
In addition to transition metal sulfides, one of the other prominent classes of HDS
catalysts are transition metal phosphides. The catalytic properties of Ni2P are the moststudied of this class of materials, but other studies have investigated CoP, Co2P, MoP,
WP, FeP, and Fe2P.36,40-41 Figure 1.5 contains a comparison of the catalytic activities of
these

transition

metal

phosphide

catalysts

for

the

hydrodesulfurization

of

dibenzothiophene, versus a commercial Ni-Mo-S catalyst.40-41 As shown in Figure 1.5,
Ni2P has the highest conversion percentage of the catalysts investigated, surpassing the
commercial Ni-Mo-S catalyst as well. While Fe2P, CoP, MoP, and WP are less active
than Ni2P and Ni-Mo-S, even low HDS activity suggests M-H bonding strengths that
would be suitable for HER in these phosphides.
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Figure 1.5: Conversion percentages for the hydrodesulfurization of benzothiophene over
transition metal phosphide catalysts versus a Ni-Mo control as performed by Oyama and
coworkers.40
The HER activity of the Ni2P(001) surface was studied using density functional
theory (DFT), suggesting higher catalytic rates of reaction than Pt and Ni. Liu and
Rodriguez used the Tafel mechanism when studying the systems, investigating the
energetic gains/losses when hydrogen atoms were adsorbed to the surface of the
catalysts.42 For Ni2P(001), it was determined that the first hydrogen atom strongly binds
to a nickel hollow site consisting of three nickel atoms (Ni3-H), whereas the second, more
weakly bound hydrogen atom is positioned between a Ni-site and P-site (Ni-H-P).42 The
rate-determining step of this reaction becomes the release of H2 from the Ni2P(001)
surface due to the strong Ni3-H interaction (0.45 eV).42 If the Ni3-H interaction is treated
as a stable bond, the study suggests additional Ni-H-P interactions will occur, making the
reaction much more energetically comparable (0.21 eV) to biological Ni-Fe hydrogenases
(0.19 eV).42
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Traditionally, transition metal phosphides, like Ni2P, are synthesized through
direct combination of the elements at high temperatures (>800 °C).43 The resulting bulk
powders can be phase-pure but have low surface areas that make them poor catalysts.
Over the last two decades, consistent methods to produce high surface area transition
metal phosphide nanoparticles have been established, including lower temperature
solvothermal methods and other high temperature solid-state routes.41,44-50 In addition to
these methods, solution-based colloidal syntheses have also been established. Early
reports from Brock,51 Yang and Liu,52 and Hyeon53 demonstrate the formation of
colloidal, crystalline 3d transition metal phosphide nanoparticles through the thermal
decomposition of metal-phosphine complexes at ~300 °C. Often, these metal-phosphine
complexes are synthesized in situ through the heated combination of an appropriate metal
salt

and

organophosphine

reagent,

such

as

tri-n-octylphosphine

(TOP)

or

triphenylphosphine (TPP). To increase the surface area of the nanoparticles further,
hollow metal phosphide nanoparticles can be synthesized through the solid-state
conversion of metal nanoparticle precursors using TOP, or TPP, at elevated
temperatures.54-55 Over the last ten years, the reaction chemistry has matured, allowing
for greater control over the phase, composition, morphology, size, hollowness, and
crystallinity of the resulting phosphide nanoparticles of many different transition
metals.56-58
The work presented in the subsequent chapters of this dissertation has led to the
discovery of a new class of acid-stable Earth-abundant HER catalysts based on transition
metal phosphide nanoparticles. The utilization of colloidal synthesis techniques allowed
us to synthesize both Ni2P and CoP nanoparticles that produce current densities of -10
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mA/cm2 at RHE overpotentials of -116 mV and -80 mV, respectively.9,59 These catalysts
both outperform the previous premier Earth-abundant acid-stable HER catalysts, MoS2
and Mo2C.3,21-26 The discovery of Ni2P and CoP as HER catalysts has led to further
studies regarding the catalytic activity of molybdenum and tungsten phosphides that have
similar activities to Ni2P and CoP, as well as iron phosphide that improves upon the
activity observed for CoP.60-62 In addition, extensive studies on phase control have been
performed for nickel and cobalt phosphides, yielding activities higher than Pt from Ni5P4
microparticles as well as structural arguments made from direct comparisons of CoP to
Co2P.63-64 Impacts on the catalytic activity due to morphology have also been widely
explored, such as the work presented in Chapter 4, but the current literature suggests only
minor contributions from these morphological distinctions.65-72 A full list of transition
metal phosphide HER catalysts can be found in Appendix A of this dissertation.

1.5 Experimental Work
The following chapters discuss our attempts to improve upon the state-of-the-art
HER catalysts listed in section 1.2 by synthesizing and electrochemically characterizing
materials that have shown efficient HDS activity given its relation to HER. This is in an
effort to verify a relationship between the two reactions, as well as identify factors that
can allow us to design high-activity catalysts. Chapter 2 identifies nickel phosphide,
Ni2P, as a high-activity HER catalyst that outperforms the previously unsurpassed MoS2
and Mo2C for earth-abundant acid-stable hydrogen evolution. The nickel phosphide
nanoparticles were synthesized in a standard solution-based method that promotes the
reduction of Ni2+ to Ni0 followed by a solid-state conversion to Ni2P utilizing the
decomposition of tri-n-octylphosphine, TOP, at high temperatures. The resulting hollow
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nanoparticles offer a high surface area for catalysis compared to the bulk material.
Additionally, the nanoparticles express the (001) surface, which is the crystallographic
surface that was calculated by Liu and Rodriguez to be more efficient than Pt. In this
chapter, we show that Ni2P achieves a current density of -10 mA/cm2 at an overpotential
of -110 mV vs. RHE, with very small losses in activity after simulating long-term
electrolysis. This marks the first catalyst system to achieve this current density at an
overpotential below -150 mV and remain stable for an extended period of time under
acidic conditions.
In chapter 3, we focus our studies on cobalt phosphides, specifically CoP, as
catalysts for the hydrogen evolution reaction. By studying CoP, we are investigating a
material that has markedly lower HDS activity than Ni2P to determine the nature of the
relationship between HDS and HER catalysis. In this chapter, we show the synthesis of
CoP nanoparticles made through a cobalt nanoparticle intermediate. The cobalt
nanoparticles are then converted to hollow CoP nanoparticles using TOP at elevated
temperatures. Utilization of high-resolution transmission electron microscopy, HRTEM,
and powder X-ray diffraction, XRD, eliminate the possibility of impurity phases and
verify the identity of the material being tested. The CoP nanoparticles vastly
outperformed all other acid-stable HER catalysts, including the Ni2P catalyst from
chapter 2, achieving a current density of -20 mA/cm2 at an overpotential of -95 mV.
Similar to the benchmarks reached by our Ni2P catalyst, the CoP nanoparticles were the
first HER catalyst to achieve a current density above -10 mA/cm2 at an overpotential
below -100 mV under acidic conditions. Additionally, the CoP nanoparticles showed no
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degradation when simulating harsh testing conditions, making it an ideal catalyst for
further study.
Chapter 4 directly investigates the role of morphology in the catalytic activity of
these transition metal phosphide catalysts. Highly-branched CoP nanostructures are
synthesized for the first time, and they have higher Brunaer-Emmett-Teller (BET) surface
areas than the hollow CoP nanoparticles from chapter 3. These materials express a high
amount of the (111) surface, making this the crystallographic surface examined for HER
activity. The materials were synthesized using similar methods to those used for the Ni2P
nanoparticles in chapter 2. By including trioctylphosphine oxide, TOPO, in the reaction,
the branched structures could be obtained in high yields. Electrochemical characterization
of the branched nanostructures versus the hollow nanoparticles from chapter 3 gives
similar catalytic activities. We are unable to offer more definitive conclusions without the
ability to verify the active electrochemical surface area of each sample, but this work
suggests that morphological control and the identity of the exposed surface facets play
little role in the catalytic activity of nanostructured CoP.
In chapter 5, we explore the HER catalytic activity of some other transition metal
phosphides, as well as carbides and chalcogenides. Ternary metal phosphide solid
solutions, such as Ni2-xCoxP and Co1-xFexP, are synthesized as nanoparticles and are
compared to their respective parent structures in terms of catalytic activity. Additionally,
we study the preparation of the structurally distinct ternary metal phosphides; NiMoP2,
CoMoP, and CoMoP2 in efforts to stabilize the highly-active nickel and cobalt
phosphides with Mo, as Mo-based catalysts like MoP and MoS2 are known to be acidresistant. These materials all show catalytic activities that are intermediate between their
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respective phosphide end-members. This chapter also discusses the possibility of new
transition metal carbides and chalcogenide HER catalysts, including Ni3C, and metal
sulfides, sulfoselenides, and tellurides. These materials suffer from much lower activities
than the transition metal phosphides discussed in chapters 2-4 and other metal carbides
(Mo2C) and chalcogenides (MoS2) known in the literature. It is suggested that these lower
activities are due to the synthetic protocols being used to make the nanoparticles and
requires further study to determine the root cause of the issue and provide a method to
reliably test the catalytic activity of the materials.
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Chapter 2
Nanostructured Ni2P as an Electrocatalyst for the Hydrogen
Evolution Reaction

2.1 Introduction*
The production of molecular hydrogen by the electrochemical reduction of water
is an important component of several developing clean-energy technologies.1,2

The

hydrogen evolution reaction (HER) is effectively facilitated by noble metals such as Pt,
which generate large cathodic current densities for this reaction at low overpotentials.1,3,4
Replacement of Pt with earth-abundant metals would be desirable to facilitate the global
scalability of such potential clean-energy technologies.

One non-precious-metal

alternative to Pt is MoS2, which has high HER activity and exhibits good stability in
acidic solutions.3 MoB and Mo2C have also been identified as active HER catalysts in
both acidic and alkaline solutions.5,6 The first-row metal nickel, which is significantly
more abundant than Mo, is often used as an electrocatalyst for the HER, with active
electrocatalysts produced by use of alloys such as Ni-Mo,7–9 Ni-Mo-Zn,10 Ni-Fe,9 and NiP.11,12 These Ni-based catalysts are not, however, stable in acidic solutions, in which
proton exchange membrane (PEM) based electrolysis is feasible and operational.
Addition of nitrogen to Ni-Mo, to form Ni-Mo-N composites, has been shown to
significantly improve the acid stability of such alloys,13 but such systems still show
*

Reprinted in part with permission from J. Am. Chem. Soc, 135, E. J. Popczun, J. R.
McKone, C. G. Read, A. J. Biacchi, A. M. Wiltrout, N. S. Lewis, and R. E. Schaak,
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significantly lower HER activity and/or stability in acidic solutions than noble metals
such as Pt.
MoS2, an active earth-abundant HER electrocatalyst, is also highly active for
hydrodesulfurization (HDS).3,14

Both HDS and the HER rely upon the catalyst to

reversibly bind H2, with H2 dissociating to produce H2S in HDS and with free protons
bound to the catalyst to promote the formation of H2 in the HER.15–17 The putative active
sites of MoS2 for HDS are the under-coordinated edges as opposed to the basal
planes.14,18 Similarly, for the HER, the most active sites of MoS2 are believed to be the
(10 1 0) planes that are exposed on the edges, rather than the (0001) basal planes.19,20
These commonalities between the mechanisms and putative active sites of MoS2 for both
HDS and HER catalysis suggest that other materials that are known HDS catalysts may
also provide active electrocatalysts for the HER.
Ni2P, which adopts the hexagonal Fe2P structure (Figure 1A),21 is a well-known
HDS catalyst,16,22 and Ni2P also produces H2(g) via the water-gas-shift reaction.23
Additionally, density functional theory (DFT) calculations have indicated that the
Ni2P(001) surface, which has exposed Ni and P sites (Figure 1B,C), exhibits an ensemble
effect, whereby proton-acceptor and hydride-acceptor centers are both present to
facilitate catalysis of the HER.17 Ni2P(001) has also been shown to have structural and
electronic analogies to the active site of [NiFe] hydrogenase, which is a highly active
biological HER catalyst.17 Ni2P(001) has furthermore been identified as a potential HER
catalyst that could merge the activity of [NiFe] hydrogenase with the thermostability of a
heterogeneous catalyst.17

Motivated by these predictions, herein we report that

nanostructured Ni2P is an active HER electrocatalyst that is comprised entirely of
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inexpensive and earth-abundant elements while exhibiting improved performance and
stability relative to other comparable earth-abundant electrocatalysts.

2.2 Experimental
2.2.1 Chemicals and Materials
Nickel(II) 2,4-pentanedionate [95%] (Alfa-Aesar) and tri-n-octylphosphine [tech.
85%, P(C8H16)3, Lot #ROY7AGE] (TCI America), as well as oleylamine [tech. 70%,
C18H37N, Lot #BCBG1298V], 1-octadecene [tech. 90%, C18H36, Lot #MKBH2370V],
titanium foil [99.7%, 0.25 mm thickness], sulfuric acid [99.999%], and Nafion-117
solution [5% in a mixture of lower aliphatic alcohols and water] (Sigma-Aldrich),were
used as received. High-quality colloidal Ag paint was purchased from SPI Supplies.
Two-part epoxy [HYSOL 9460] was purchased from McMaster-Carr, and Nafion was
purchased from FuelCellStore.com.
2.2.2 Synthesis of Nickel Phosphide (Ni2P) Nanoparticles
Because this procedure involves the high-temperature decomposition of a
phosphine that can liberate phosphorus, this reaction should be considered as highly
corrosive and flammable, and therefore should only be carried out by appropriately
trained personnel using rigorously air-free conditions. Nickel (II) 2,4-pentanedionate
(250 mg, 0.98 mmol) was added to a 50-mL three-necked, round bottom flask containing
a borosilicate stir bar.

The flask was also equipped with a thermometer adapter,

thermometer, Liebig condenser, and rubber septum.

Prior to sealing the flask, 1-

octadecene (4.5 mL, 14.1 mmol), oleylamine (6.4 mL, 19.5 mmol), and tri-noctylphosphine (2 mL, 4.4 mmol) were added to the vessel. The reaction mixture was
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stirred moderately and was heated, using a heating mantle, for 1 h at 120 °C under
vacuum, to remove water and other low-boiling impurities. The solution was then placed
under Ar and heated to 320 °C. Starting at 220 °C, the solution exhibited a stark color
change and turned black. After holding the solution at 320 °C for 2 h, the reaction was
cooled slowly by turning off the heating mantle until the solution reached 200 °C. The
flask was then removed from the heating mantle to effect rapid cooling to room
temperature. The contents of the reaction mixture were transferred into centrifuge tubes
equipped with caps, followed by centrifugation at 7000 rpm for 5 min (~2800 × g). The
isolated powder was re-suspended using 1:3 (v:v) hexanes:ethanol and then was
centrifuged again. This entire process was repeated two additional times. The resulting
powder was re-suspended in hexanes and centrifuged one final time, and the supernatant
was discarded.

The resulting powder, consisting of the Ni2P nanoparticles, was

suspended in hexanes and stored in a 20-mL scintillation vial.
2.2.3 Preparation of Working Electrodes
A stock solution of Ni2P nanoparticles (5 mg/mL, based on the dried Ni2P
nanoparticles, in hexanes) was prepared and 5 or 10 µL increments of the stock solution
(40 µL) were used to deposit the nanoparticles onto 0.2 cm2 pieces of titanium foil.
Following deposition and drying under ambient conditions, the Ni2P-decorated titanium
foils were annealed at 450 °C under 5% H2/Ar or H2/N2. Ag paint was then used to
fasten the foils to a polyvinylchloride (PVC)-coated Cu wire that had been threaded
through a 6 mm diameter glass capillary. All surfaces except the Ni2P-decorated side of
the titanium electrode were then insulated from the solution by application of two-part
epoxy.
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2.2.4 Electrochemical Measurements
Electrochemical measurements were performed using a Gamry Instruments
Reference 600 potentiostat. All measurements in 0.5 M H2SO4 were performed using a
two-compartment, three-electrode cell.

The two compartments were separated by a

Nafion® membrane to inhibit contamination of the working electrode by the contents of
the counter electrode solution. All measurements in 0.5 M H2SO4 were performed using
either a saturated calomel electrode (SCE) or Ag/AgCl (1 M KCl) electrode as the
reference electrode. The counter electrode was a Ti mesh that had been coated with a
50/50 mixture of Ru and Ir chlorides and that had been pyrolyzed at 400 °C to generate a
mixed Ru/Ir oxide. Electrochemical measurements in alkaline solutions were performed
in 1 M KOH(aq). The alkaline electrochemical measurements were performed in a
single-compartment three-electrode cell with Ti foil working electrodes, a Hg/HgO
reference electrode, and a nickel mesh counter electrode.
Polarization data were obtained at a sweep rate of 5 mV/s while rapidly stirring
the solution with a magnetic stir bar. The current-interrupt method was used to account
for uncompensated resistance. A constant value for the real hydrogen electrode (RHE)
potential was maintained by continually bubbling the solution with ~ 1 atm of researchgrade H2(g). After electrochemical characterization of the Ni2P nanoparticles, the RHE
potential was determined by measurement of the open-circuit potential of a clean
platinum electrode in the electrolyte solution of interest. The short-term electrochemical
stability was measured galvanostatically without any corrections for uncompensated
resistance. Long-term electrochemical stability measurements were performed by use of
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cyclic voltammetric sweeps at 100 mV/s between +0.23 V and -0.22 V vs RHE without
accounting for uncompensated resistance.
2.2.5 Quantitative Hydrogen Yield Measurements
Quantitative H2 yield measurements were performed in 0.5 M H2SO4(aq) using a
two-electrode cell that had two compartments separated by a Nafion® membrane. The
working electrode and counter electrode were identical to those employed for the threeelectrode measurements described above. An inverted solution-containing graduated
cylinder was positioned around the working electrode, and the volume of H2 produced
from the constant current of -10 mA on a 0.2 cm2 electrode was collected in this
graduated cylinder. This current was maintained for 50 min (3000 seconds), after which
the volume of H2 was recorded and compared to the volume calculated from the current
passed and the ideal gas law. Ni2P electrodes gave measured gas yields of 3.98 ± 0.03
mL (n=4), and Pt electrodes also gave measured gas yields of 3.98 ± 0.03 mL (n=3), as
compared to the theoretical gas yield of 3.74 mL for passage of 30 coulombs of charge at
1 atm and 20 °C ambient conditions. Due to the identical measured gas volume for Ni2P
and Pt, the hydrogen yield was concluded to be quantitative. The systematically larger
measured gas yield compared to the theoretical value was attributed to excess electrolyte
solution clinging to the sidewalls of the graduated cylinder.
2.2.6 Materials Characterization
Powder X-ray diffraction (XRD) patterns were acquired at room temperature
using a Bruker-AXS D8 Advance diffractometer with Cu Kα radiation and a LynxEye 1D detector. Simulated XRD patterns were produced by the CrystalMaker/CrystalDiffract
software package.

Transmission electron microscopy (TEM) images were collected
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using a JEOL 1200 EX-II microscope that was operated at an accelerating voltage of 80
kV. High-resolution TEM images were collected at an accelerating voltage of 200 kV
using a JEOL 2010 microscope with a LaB6 electron source and a JEOL EM-2010F
STEM with a typical probe size of 0.7 nm. Lattice spacings were measured from the fastFourier transform (FFT) of the HRTEM images, using Gatan Digital MicrographTM
software.

TEM samples were prepared by drop-casting the hexane-dispersed

nanoparticles onto formvar-coated copper TEM grids. Field-emission scanning electron
microscopy (FE-SEM) images were collected using a FEI NovaTM NanoSEM 630
microscope at an accelerating voltage of 2.00 kV and at a working distance of 1.5 mm.
Energy dispersive X-Ray spectroscopy (EDS) data and elemental mapping data were
obtained at an accelerating voltage of 10.0 kV and at a working distance of 5.0 mm.
Brunauer-Emmett-Teller (BET) surface area measurements were performed using a using
a Micromeretics ASAP 2020 at liquid nitrogen temperatures, and the data were analyzed
using the ASAP 2020 software version 3.04 (2007). Diffuse reflectance infrared spectra
were acquired using a Spectra-Tech Collector II DRIFTS accessory installed in a Bruker
IFS 66/s spectrometer (Bruker Optics, Billerica MA). The nanoparticles were diluted in
KBr for analysis. 400 scans at 6 cm-1 resolution were averaged for each sample using a
MCT detector and scanner velocity of 40 kHz. In all cases, the spectrum of neat KBr was
used as the reference spectrum. All spectral manipulations were performed using OPUS
6.0 (Bruker Optics, Billerica MA).
2.2.7 Estimation of Turnover Frequencies
The calculations used to determine the TOF values are shown below. The density
was calculated using the crystal structure (unit cell) of Ni2P. Theoretical surface area
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values were obtained by assuming that a 0.5 nm shell represents the surface of a solid 20nm particle. Actual surface area values were obtained from the BET measurements.
Turnover frequencies were estimated per surface atom (both Ni and P), rather than per
hydrogen binding site, because the hydrogen binding sites are not explicitly known. A
sample calculation for this work can be found in Appendix B.

2.3 Results and Discussion
2.3.1 Synthesis of Ni2P Nanoparticles
Ni2P nanoparticles were synthesized by heating nickel(II) acetylacetonate
[Ni(acac)2] in 1-octadecene, oleylamine, and tri-n-octylphosphine (TOP) to 320 °C for 2
h, cooling to room temperature, washing with ethanol and hexanes, and isolating by
centrifugation.24,25 (Caution: the high-temperature decomposition of a phosphine can
liberate phosphorus, so this reaction should be considered as highly corrosive and
flammable and therefore should only be carried out by appropriately trained personnel,
under rigorously air-free conditions.) Figure 2.1D shows the powder X-ray diffraction
(XRD) pattern of the nanoparticles, confirming the formation in high yield of Fe2P-type
Ni2P. Scherrer analysis of the peak widths indicated an average crystallite size of 17 nm.
Consistent with the Scherrer analysis, transmission electron microscope (TEM) images
(Figure 2.2A) revealed quasi-spherical nanoparticles with an average diameter of 21 ± 2
nm. The corresponding energy dispersive X-ray (EDS) spectrum (Figure 2.3) verified
that Ni and P were present in a 2:1 ratio, and the corresponding selected area electron
diffraction (SAED) pattern (Figure 2.3) confirmed that the nanoparticles were Fe2P-type
Ni2P.
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Figure 2.1: Crystal structure of Ni2P: (A) four unit cells stacked on top of one another,
with a single unit cell outlined, (B) top-down view of the Ni2P(001) surface, and (C) a
two-dimensional slice of Ni2P, showing the (001) surface on top. (D) Experimental
powder XRD pattern for the Ni2P nanoparticles (top), with the simulated pattern of Ni2P
shown for comparison (bottom)
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Figure 2.2: (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) Proposed structural model of the
Ni2P nanoparticles.
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Figure 2.3: Energy-dispersive X-ray spectrum and (inset) a selected area electron
diffraction pattern for the Ni2P nanoparticles shown in Figure 2.2.
The Ni2P nanoparticles were hollow and multi-faceted, as revealed by close
inspection of the TEM images (Figure 2.2A). Hollow nanoparticles of colloidal Ni2P
form in solution from the reaction of Ni nanoparticles with phosphorus, which is liberated
from the decomposition of TOP, via a nanoscale Kirkendall pathway.24–27 Highresolution transmission electron microscope (HRTEM) images (Figure 2.2B) showed that
the Ni2P nanoparticles were single crystalline and faceted. The observed 5.2-Å lattice
fringes correspond to the (100) and (010) planes of Ni2P, indicating that the nanoparticle
surfaces exposed, among other facets, the Ni2P(001) crystal planes (Figure 2.2C) that
have been predicted to have the highest activity for the HER.17
2.3.2 Electrocatalysis Using Ni2P Nanoparticles
Figure 2.4 shows the electrocatalytic activity of the Ni2P nanoparticles in a
standard electrochemical configuration in 0.50 M H2SO4, with the working electrode
(Figure 2.5A) prepared by deposition of the Ni2P nanoparticles at a mass loading of ~ 1
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mg/cm2 onto a 0.20 cm2 Ti foil substrate. To remove the organic ligands that capped the
surface of the nanoparticles, the as-prepared Ni2P/Ti electrode was heated for 30 min at
450 °C in 5% H2/N2 (Figure 2.5B). Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) of the as-prepared electrode revealed peaks at 2924 and 2854 cm1

that correspond to C-H stretching modes (Figure 2.5D). After annealing, these peaks

disappeared, and no peaks attributable to the functional groups of any of the organic
components, or their organic decomposition products, were observed. For comparison,
Figure 3 also displays the HER activity of nanoparticles of Pt, which is known to be a
highly active electrocatalyst for the HER.1,3,4 As expected, neither bare Ti foil nor glassy
carbon showed significant HER activity (Figure 2.4) over this range of electrode
potentials.
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Figure 2.4: (A) 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. (B)
Corresponding Tafel plots for the Ni2P and Pt electrodes.
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Figure 2.5: Scanning electron microscope (FE-SEM) images of (A) the as-prepared Ni2P
/ Ti foil electrode and (B) the same electrode after annealing at 450 ºC in 5% H2/Ar. (C)
Larger-area FE-SEM image of the Ni2P / Ti foil electrode and the corresponding EDX
element maps for Ni (green) and P (red). (D) Diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) data for the as-prepared Ni2P / Ti foil electrode
(bottom spectrum, green) and for the same electrode after annealing at 450 ºC in 5%
H2/Ar (top spectrum, blue). The peaks at 2924 and 2854 cm-1 correspond to C-H
stretches of the organic surface ligands in the as-prepared sample
More than twenty individual Ni2P electrodes were tested and their HER activities
were highly consistent, as illustrated by the results displayed in Figure 3 for three
consecutive electrodes. In 0.50 M H2SO4, the overpotentials (η) required for the Ni2P
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nanoparticle films to produce current densities (j) of -20 and -100 mA/cm2 were η = -130
mV and η = -180 mV, respectively. These overpotentials compare favorably to the
behavior of other non-Pt HER electrocatalysts in acidic aqueous solutions with similar
mass loadings, including bulk Mo2C and MoB,5 Mo2C nanoparticles deposited on carbon
nanotube supports,6 MoS2 nanoparticles anchored on reduced graphene oxide,28 and
unsupported Ni-Mo-N nanosheets.13 These catalyst systems exhibit overpotentials that
range from -140 to -240 mV at current densities of -10 to -20 mA/cm2. (See Appendix A
for specific comparisons.) Ni-Mo nanopowder has a higher initial activity (η = -80 mV
for j = -20 mA/cm2) than Ni2P, but the activity of Ni-Mo degrades rapidly under acidic
conditions.29
Figure 2.4B displays the Tafel plots [overpotential vs. log (current density)] for
Ni2P and Pt. The Pt electrode exhibited a Tafel slope of ~30 mV/decade, which is
consistent with expectations based on the known mechanism of the HER on Pt. Pt
exhibited an exchange current density of -2.7 × 10-3 A/cm2. The bare titanium substrate,
which had also been subjected to the same H2/N2 heat treatment as the Ni2P/Ti electrode,
was not significantly active for the HER, displaying an exchange current density of -3.3 ×
10-6 A/cm2 and a Tafel slope of 170 mV/decade. Tafel analysis of the Ni2P nanoparticles
in 0.50 M H2SO4 indicated an exchange current density of -3.3 × 10-5 A/cm2 and a Tafel
slope of ~46 mV/decade in the region of η = -25 to -125 mV. At higher overpotentials
(η = -150 to -200 mV), the Tafel slope and exchange current density increased to ~81
mV/decade and -4.9 × 10-4 A/cm2, respectively. These values do not match the expected
Tafel slopes of 29, 38, and 116 mV/decade, each of which correlate with a different ratedetermining step of the HER.15

However, the 46 mV/decade Tafel slope at low
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overpotentials is comparable to the values observed for other nanostructured HER
catalysts, including MoS2 nanoparticles supported on reduced graphene oxide (41
mV/decade),28 porous MoS2 that exposes a high density of HER active sites (50
mV/decade),30 and Mo2C/carbon nanotube composites (55 mV/decade).6

The 81

mV/decade Tafel slope at higher overpotentials is close to that of unsupported MoS2
nanoparticles (94 mV/decade).28
The turnover frequencies (TOFs) for the HER in 0.50 M H2SO4 were estimated
for η = -100 mV and η = -200 mV using both theoretical and experimental surface areas,
in which each individual atom on the outermost surface layer was treated as a potential
active site for the reaction.29 These calculations thus represent an estimate of the actual
TOFs because the calculation does not account for surface area obscured by inter-particle
contacts or for porosity. Additionally, the specific active sites of Ni2P are not known
explicitly. Using the experimentally determined Brunauer–Emmett–Teller (BET) surface
area of 32.8 ± 0.2 m2/g for the hollow Ni2P nanoparticles, the TOFs (per surface atom)
were calculated to be 0.015 s-1 at η = -100 mV and 0.50 s-1 at η = -200 mV. Theoretical
TOF values, estimated geometrically by assuming 20-nm spherical particles of Ni2P,
were 0.012 s-1 at η = -100 mV and 0.40 s-1 at η = -200 mV. These calculated TOF values
are in close agreement with one another and are similar to those reported for Ni-Mo
nanopowders operated under alkaline conditions, for which TOF = 0.05 s-1 at η = -100
mV and TOF = 0.36 s-1 at η = -200 mV.29
The Faradaic yields for H2 evolution of the Ni2P nanoparticles and of the Pt
nanoparticles were estimated by maintaining catalyst-loaded Ti foil working electrodes
(0.20 cm2 surface area, 1 mg/cm2 loading) at a current of -10 mA for 50 min, resulting in
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passage of 30 coulombs of charge. Over 50 min (3000 s), Ni2P and Pt produced identical
amounts of H2, and the amount of H2 evolved agreed closely with the theoretical value
based on Faraday’s law, implying a quantitative yield. While some corrosion of Ni2P
was observed, complete corrosion, for example to phosphine or phosphates and Ni(II),
would result in a quantity of gas equivalent to < 5% of the observed gas yield. Hence, the
Ni2P was capable of sustained electrocatalytic hydrogen production in acidic solutions,
consistent with the known resistance of metal-rich phosphides to dissolution in aqueous
acids.31
To further investigate the acid stability of the Ni2P nanoparticles, sustained
hydrogen evolution was carried out on two distinct Ni2P electrodes (Figure 2.6). A clean
Ni2P/Ti electrode indicated that some corrosion occurred. During this process (4 h at -10
mV cm-2), the overpotential increased by 15 mV. The nanoparticles remained Ni2P in
composition and structure (confirmed by the SAED pattern in Figure 2.6B) but decreased
in diameter to 12 ± 2 nm, indicating that some corrosion occurred. When the Ni2P/Ti
electrode was treated with 5 wt.% Nafion-117, a similar 15-mV overpotential increase
required galvanostatic operation for 18 h, indicating that Nafion reduced the corrosion, as
well as improved the binding of the particles to the Ti substrate. Notably, after 18 h of
galvanostatic operation, the overpotential still was lower than that reported for other Nibased catalysts, as summarized in Appendix A. This behavior suggests that the stability
of the Ni2P system is impacted by particle desorption from the titanium substrate as well
as by some chemical degradation of the particles.
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Figure 2.6. Representative (A) TEM image and (B) corresponding SAED pattern of the
Ni2P nanoparticles taken after electrochemistry under galvanostatic conditions (C) for 4 h
at a current density of -10 mA cm-2 in 0.5 M H2SO4 (red). Additionally, a small amount
of 5 wt.% Nafion-117 could be added to an electrode surface to promote longer-term
stability (blue).
Accelerated degradation studies were performed to further evaluate the stability of the
Ni2P nanoparticles toward electrocatalytic hydrogen evolution in 0.50 M H2SO4.13
Cyclic voltammetric (CV) sweeps between +0.22 V and -0.23 V (vs. RHE) were applied
to the Ni2P-decorated working electrodes (Figure 2.7).

After 500 CV sweeps, the

overpotential required to achieve current densities of -20 mA/cm2 and -100 mA/cm2
increased by less than 25 mV and 50 mV, respectively (Figure 2.8).

Hence, the

overpotential increased from -130 mV to -155 mV at a current density of -20 mA/cm2.
After similar testing, most other Ni-based HER catalysts, including Ni and Ni-Mo,
exhibit little to no HER activity due to their chemical instability towards aqueous
acids.13,29 After the degradation study, the activity of the nanostructured Ni2P catalyst
was comparable to that of MoS2 nanoparticles deposited on reduced graphene oxide
(η = -150 mV for j = -10 mA/cm2, loading = 0.28 mg/cm2, 0.50 M H2SO4).28 The Ni2P
nanoparticles also catalyzed the HER in alkaline solutions, exhibiting an overpotential of
-205 mV at a current density of -20 mA/cm2 (Figure 2.9). However, the Ni2P quickly
degraded to Ni in 1.0 M KOH and the HER performance then declined rapidly.
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Figure 2.7: Cyclic voltammograms in 0.50 M H2SO4 of a Ni2P sample on a 0.2 cm2
titanium substrate. Minimal performance degradation was observed after 500 cyclic
voltammetry sweeps between +0.22 V and -0.23 V vs. RHE, which is better observed in
Figure 2.8.
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Figure 2.8: Polarization data for Ni2P samples in 0.5 M H2SO4 initially and after 100,
200, 300, 400, and 500 CV sweeps between +0.22 V and -0.23 V vs. RHE.
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Figure 2.9: Polarization data for two individual Ni2P electrodes in 1.0 M KOH(aq),
along with data for comparison of all of the samples from Figure 2.4 (three individual
Ni2P electrodes, glassy carbon, Ti foil, and Pt) in 0.50 M H2SO4.
2.3.3 Modeling and Additional Discussion of Polarization Data
Figure 2.10 shows the polarization data for four Ni2P on Ti electrodes and one Pt
electrode, along with a Butler-Volmer electrochemical kinetic model of the form
!

𝑗 = 𝑗! 10

!

− 10!

!

!

.

For Ni2P, two regions were used for the model, with

𝑗! = −3.3 ∙ 10!! and −4.91 ∙ 10!! A cm-2, and 𝑏 = 46 and 81 mV decade-1,
respectively, for the low and high overpotential components. For Pt, a single set of
parameters was used with 𝑗! = 2.73 ∙ 10!! A cm-2 and 𝑏 = 30 mV decade-1.

The b

constant was kept the same for the forward and reverse rate, which implies that the
symmetry factor α for the reaction barrier is equal to 0.5 for both catalysts. However, the
quality of the fit did not change significantly when the b factor was varied from 30 mV to
120 mV decade-1.
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Figure 2.10: Tafel plots for the Ni2P and Pt electrodes (as in Figure 2.4b). The Tafel
plot shows the HER activity for three Ni2P films and a Pt electrode in 0.50 M H2SO4
solution. Solid lines are the empirical HER data, and dashed lines correspond to a ButlerVolmer model.
The Butler-Volmer model clearly matched the Pt polarization data well, including
the non-linear “tail” at very low overpotentials. However, a Tafel fit would be similarly
suitable for overpotentials > -15 to 20 mV. The Ni2P data showed an inconsistent
deviation from linear Tafel behavior that also did not match the Butler-Volmer model at
overpotentials below about -50 mV. We attribute this behavior to the likely presence of
more complex redox equilibria associated with the nonzero oxidation state for Ni and P in
the catalyst compound. The presence of catalyst-derived redox phenomena other than the
HER is also consistent with the small hysteretic redox feature observed in the CV cycling
stability experiment (Figure 2.7). Therefore it may be expected that Ni2P would not
produce hydrogen with a good Faradaic yield at less than -50 mV overpotential. Another
possible explanation is redox processes in exposed Ti substrate, which is prone to
irreversible oxidation in aqueous acidic solution.
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2.4 Conclusions
In summary, nanostructured Ni2P, with a high accessible surface area and a high
density of exposed (001) facets that have been predicted to be highly active for catalyzing
the HER,17 is an active HER electrocatalyst. Because Ni2P is also a well-known HDS
catalyst (as is MoS2), these observations suggest that other known HDS catalysts are also
interesting candidates for identifying new highly active, earth-abundant HER
electrocatalysts.

Furthermore, chemical substitution and additional nanostructuring

efforts, both of which have been demonstrated to improve catalytic HDS performance,22
are promising routes to possibly obtaining further improvement in the HER activity of
Ni2P, as well understanding in detail the relationship between the HER activity and the
quantity and characteristics of different exposed facets of Ni2P in such systems.
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Chapter 3
Highly Active Electrocatalysis of the Hydrogen Evolution
Reaction by Cobalt Phosphide Nanoparticles

3.1 Introduction*
The hydrogen evolution reaction (HER), which generates molecular hydrogen
through the electrochemical reduction of water, underpins many clean-energy
technologies. Platinum, the most widely used HER catalyst, requires very low
overpotentials to generate large cathodic current densities in the highly acidic solutions
that are used for water electrolysis in proton-exchange membrane systems.1-3 However,
Pt is expensive and relatively scarce in the Earth’s crust, limiting the utility of Pt in
energy systems deployed at global scale.

Active, acid-stable alternative HER

electrocatalysts include the molybdenum-based MoS22,4, MoB5, Mo2C5, 6, NiMoNx7, and
Co0.6Mo1.4N28 systems, as well as several first-row transition metal dichalcogenides.9
Alloys of Ni-Mo10, Ni-Mo-Zn11, Ni-Fe12, and Ni-P13, along with Ni/NiO/CoSe2
nanocomposites14, are active HER electrocatalysts, but are not stable in acidic solutions.
Recently, nanoparticulate films of Ni2P, comprised of inexpensive and earthabundant elements, have been reported to show high HER activity, requiring an
overpotential of -130 mV to produce cathodic current densities of 20 mA/cm2 in 0.50 M
H2SO4.15 Like MoS2,2, 16 Ni2P is also a hydrodesulfurization (HDS) catalyst,17,18 which

*

Reprinted in part with permission from Angew. Chem. Int. Ed., 53, E. J. Popczun, C. G.
Read, C. W. Roske, N. S. Lewis, and R. E. Schaak, Highly active electrocatalysis of the
hydrogen-evolution reaction by cobalt phosphide nanoparticles.
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suggests that other known HDS catalysts may also be active HER catalysts. We report
herein that CoP, a known metal phosphide HDS catalyst that is structurally and
compositionally distinct from Ni2P,18 is a highly active and acid-stable HER catalyst,
exhibiting an overpotential (η) of -85 mV at a current density (j) of -20 mA/cm2 (at a
mass loading of 2 mg/cm2), as well as stability over 24 h of operation in 0.50 M H2SO4.

3.2 Experimental
3.2.1 Chemicals and Materials
Octacarbonyl dicobalt (stabilized with 1-5% hexane), oleic acid (90%), and
nonanoic acid (97%) were purchased from Alfa-Aesar. 1-octadecene (90%), oleylamine
(70%), trioctylphosphine (97%), titanium foil (99.7%, 0.25 mm thickness), and sulfuric
acid (99.999%) were purchased from Aldrich. Ag paint was purchased from SPI supplies,
and two-part epoxy [HYSOL 9460] was purchased from McMaster-Carr. All chemicals
and materials were used as received.
3.2.2 Synthesis of ε-Co nanoparticles
Using an adaptation of a previously reported protocol,19 1-octadecene (10 mL,
31.3 mmol), oleylamine (6 mL, 18.2 mmol), and nonanoic acid (2 mL, 11.3 mmol) were
added to a 100 mL three-necked round bottom flask containing a polytetrafluoroethylenecoated magnetic stir bar. The flask was then placed in a heating mantle. A thermometer
adapter, thermometer, Liebig condenser, and rubber septum were also connected to the
flask. The reaction mixture was vigorously stirred and heated to 120 °C for 1 h under
vacuum, to remove residual low-boiling solvents, including water. Following degassing,
the mixture was heated to 230 °C under Ar. Meanwhile, in an Ar-filled septum-capped
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vial, octacarbonyl dicobalt (100 mg, 0.29 mmol) was suspended in 1-octadecene (4.5 mL,
14.1 mmol). Following solvation via sonication, the cobalt solution was slowly injected
into the reaction flask. After injection of the Co solution, the reaction was held at ~230
°C for 10 min, followed by rapid injection of degassed oleic acid (2 mL, 6.3 mmol). The
reaction was maintained at ~230 °C for 10 additional min until the contents were allowed
to cool by removal of the heating mantle. The resulting cobalt nanoparticle sample was
cleaned by adding isopropyl alcohol to the reaction mixture, followed by centrifugation at
9000 rpm for 5 min. Following centrifugation, the precipitate was resuspended in
hexanes, followed by addition of isopropyl alcohol and subsequent centrifugation. The
resulting pellet was suspended in hexanes, for characterization purposes, or was
suspended trioctylphosphine, for conversion to CoP.
3.2.3 Synthesis of CoP hollow nanoparticles
1-octadecene (5 mL, 15.7 mmol), oleylamine (5 mL, 15.2 mmol), and
trioctylphosphine (5 mL, 11.2 mmol) were added to a 100 mL three-necked round-bottom
flask that contained a borosilicate stir bar.

The flask was also equipped with a

thermometer adapter, thermometer, Liebig condenser, and rubber septum and placed in a
heating mantle. The reaction mixture was degassed at 120 °C for 1 h under vacuum to
remove water and other low boiling impurities from the system. The reaction mixture
was then heated to ~320 °C, and allowed to equilibrate for 10 min.

Following

temperature equilibration, a pre-made suspension of cobalt nanoparticles in degassed
trioctylphosphine (2 mL, 4.5 mmol) was slowly injected into the reaction mixture. The
resulting mixture was held at 320 °C for 1 h. The reaction mixture was allowed to cool to
room temperature by removal of the heating mantle. The resulting CoP nanoparticles
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were cleaned by addition of the isopropyl alcohol to the reaction mixture. Precipitation
of the CoP nanoparticles was performed via centrifugation at 9000 rpm for 5 min. The
precipitate was resuspended using hexanes, followed by ethanol to promote flocculation
and then centrifugation. This process was then repeated, and for later use the resulting
CoP nanoparticles were suspended in hexanes.
3.2.4 Preparation of Working Electrodes
To make working electrodes, a stock solution of CoP nanoparticles at 5 mg/mL in
hexanes was prepared. In 5-10 µL increments ,36 µL of the nanoparticle stock solution
was deposited onto 0.2 cm2 samples of Ti foil to achieve 0.9 mg/cm2 mass loading, or 80
µL was deposited to achieve the 2 mg/cm2 mass loading. Following deposition of CoP
and drying, the CoP-coated Ti foils were annealed at 450 °C under 5% H2/Ar (Air
Liquide). The foils were affixed with Ag paint to a polyvinylchloride-coated copper wire
that had been threaded through a 6-mm diameter glass capillary. Two-part epoxy was
used to cover all surfaces except the CoP-coated side of the Ti electrode.
3.2.5 Electrochemical Measurements
All electrochemical measurements were obtained using a Gamry Instruments
Reference 600 potentiostat. All measurements were performed in high-purity 0.50 M
sulfuric acid, unless otherwise noted. Data were collected using a three-electrode singlecompartment cell that contained a mercury/mercury sulfate (Hg/Hg2SO4) reference
electrode and a graphite rod counter electrode.
Polarization data were collected at a sweep rate of 5 mV/s, and rapid stirring from
a magnetic stir bar was used to agitate the solution. The current-interrupt method was
used to account for any uncompensated resistance (R = 2 ohms, leading to an iR
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correction of about 8 mV at 20 mA/cm2). Constant bubbling of research-grade H2 at ~ 1
atm was used to maintain a constant potential for the RHE, with the RHE potential
determined by measuring the open-circuit potential of a platinum electrode that was
tested following investigation of the behavior of the CoP nanoparticle-coated electrode.
Short-term electrochemical stability was measured without correcting for uncompensated
resistance by galvanostatically maintaining for 24 h a current density of -20 mA/cm2.
Long-term electrochemical stability measurements were performed by cyclic
voltammetric cycling from +0.005 V to –0.140 V without accounting for any
uncompensated resistance.
3.2.6 Quantitative Hydrogen Yield Measurements
Quantitative measurements of the Faradaic H2 yield were performed in 0.50 M
sulfuric acid using a two-electrode cell which had two compartments that were separated
by a Nafion membrane (Fuelcellstore.com).
®

The working electrode and counter

electrode were identical to those used in the three-electrode measurements described
above. An inverted solution-containing graduated cylinder was positioned around the
working electrode, and collected the volume of H2 that was produced by a constant
cathodic current density of 20 mA/cm2 on an electrode having a projected area of 0.2
cm2. This current density was maintained for 6.94 h, after which the volume of H2 was
recorded and compared to the ideal gas volume expected from the total Faradaic charge
passed in conjunction with the ideal gas law.
3.2.7 Materials Characterization
Powder X-ray diffraction (XRD) patterns were acquired using a Bruker-AXS D8
Advance diffractometer with Cu Kα radiation and a LynxEye 1-D detector operating at
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room temperature. The CrystalMaker/Crystal Diffract software package was used to
simulate the XRD patterns, using published crystallographic parameters for MnP-type
CoP.25 Transmission electron microscopy (TEM) images were collected using a Phillips
420 microscope operating at an accelerating voltage of 120 kV. A JEOL EM-2010F was
used to collect high-resolution bright-field TEM images as well as to obtain energy
dispersive X-ray spectroscopy (EDS) measurements at an accelerating voltage of 200 kV.
Gatan Digital Micrograph™ software was used to measure the lattice spacings from the
fast-Fourier transform (FFT) of the HRTEM images.

These values, and the

corresponding FFT diffraction pattern, were compared to single-crystal diffraction
patterns simulated using the CrystalMaker/Single Crystal software. Brunauer-EmmettTeller (BET) surface area measurements were performed using a Micromeretics ASAP
2020 at liquid nitrogen temperatures, and the data were analyzed using the ASAP 2020
software version 4.0. X-ray photoelectron spectroscopy was performed using a Kratos
Ultra XPS with a delay-line detector and a resolution of 0.27 eV as determined by the
full-width at half-maximum of the Ag 3d peak on a calibration sample.
3.2.8 Estimation of turnover frequencies
To calculate the turnover frequency (TOF), the density of the sample was first
calculated using the CoP unit cell, via the CrystalMaker software suite. Theoretical
surface areas were estimated using 13-nm spherical, solid CoP nanoparticles.

The

measured BET surface areas were used as the “actual” surface area values in the
calculations. As was done for Ni2P and Ni-Mo,10, 15 the turnover frequencies are reported
as turnovers per second per surface atom.

Co and P surface atoms were counted
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separately, as opposed to per hydrogen binding site. An example of the procedure used
to perform these calculations can be found in Appendix B (for Ni2P).

3.3 Results and Discussion
3.3.1 Synthesis of CoP Nanoparticles
To synthesize the CoP nanoparticles, 9 ± 1 nm diameter spherical nanoparticles of
ε-Co (Figure 3.1) were prepared by the decomposition of Co2(CO)8 in 1-octadecene
(ODE), oleylamine (OLAM), and nonanoic acid (NA) at 230 °C, followed by addition of
oleic acid (OLAC).19 To form CoP, the ε-Co nanoparticles were then reacted for 1 h at
320 °C with trioctylphosphine (TOP) in ODE and OLAM.20 Figures 3.2A and 3.2B show
representative transmission electron microscope (TEM) images of the CoP nanoparticles,
which were quasi-spherical, multi-faceted, uniform, and hollow, with an average
diameter of 13 ± 2 nm. The hollow morphology is the result of a nanoscale Kirkendall
effect, which often occurs for metal phosphide nanoparticles that have been synthesized
by reaction of the metal nanoparticle templates with TOP.20-24

Figure 3.1: TEM image (left) and XRD pattern (right) for the ε-Co nanoparticles used as
precursors for the CoP nanoparticles.
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Figure 3.2: (A,B) TEM images, (C) SAED pattern, and (D) HRTEM image of CoP
nanoparticles. (E) Two views of the MnP-type crystal structure of CoP.
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Figure 3.3: EDS data for CoP nanoparticles. The Cu is from the TEM grid and the Si is
present in background samples, originating from the column.

56

Figure 3.4: Powder XRD patterns for (A) as-synthesized CoP nanoparticles (top,
experimental; bottom, simulated) and (B) a CoP/Ti electrode annealed at 450 oC (top,
experimental; bottom, simulated for CoP and Ti). In (B), peaks marked with an asterisk
(*) correspond to the Ti substrate.
Selected-area electron-diffraction (SAED) (Figure 3.2C) showed that the
nanoparticles adopted the MnP structure type expected for CoP,25 whereas energy
dispersive X-ray spectroscopy (EDS) (Figure 3.3) indicated a 45:55 Co:P ratio, which is
consistent within experimental error with the expected 1:1 stoichiometry of CoP. The
powder X-ray diffraction (XRD) pattern (Figure 3.4A) confirmed that the bulk sample
consisted of high-purity MnP-type CoP. Scherrer analysis of the peak widths of the XRD
pattern for the CoP nanoparticles indicated an average grain size of 12 nm, which is
consistent with the particle diameters observed by TEM, and suggests that the particles
were largely single crystalline. HRTEM (Figure 3.2D) confirmed that the CoP particles
were single crystalline, with observed lattice spacings of 2.4 Å that intersected in a
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manner consistent with expectations for the closely spaced (102) and (111) planes of
MnP-type CoP (Figure 3.2E).
3.3.2 Electrocatalysis Using CoP Nanoparticles
The HER electrocatalytic activity of the CoP nanoparticles was evaluated in 0.50
M H2SO4. Working electrodes were prepared by applying CoP nanoparticle samples to
0.2 cm2 titanium supports with CoP loading densities of 0.9 and 2 mg/cm2, respectively.
Ti electrodes were chosen because Ti is not an active HER catalyst and because Ti
promoted adhesion of the CoP nanoparticle catalysts, while remaining chemically inert.
The Ti/CoP electrodes were heated at 450 °C in H2/Ar to remove the organic ligands, and
the powder XRD pattern (Figure 3.4) confirmed that the nanocrystalline CoP phase
persisted after this treatment.

Figure 3.5 shows polarization data for representative

Ti/CoP electrodes at two distinct mass loadings, along with polarization data obtained
under identical conditions for uncoated Ti foil electrodes as well as for Pt, which is a
benchmark HER electrocatalyst. Ten Ti/CoP electrodes, from several different CoP
nanoparticle samples, were tested and showed highly consistent HER activities. The CoP
nanoparticles produced a cathodic current density of 20 mA/cm2 at an overpotential of
-95 mV for a mass loading of 0.9 mg/cm2 (i.e. 𝜂!!"  !"/!"! = -95 mV) and exhibited
𝜂!!"  !"/!"! = -85 mV for a mass loading of 2 mg/cm2. In contrast, the Ti foil electrode
was not an active HER catalyst, as expected, under these conditions.
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Figure 3.5: (A) Polarization data in 0.50 M H2SO4 for CoP nanoparticle electrodes at
mass loadings of 0.9 and 2 mg/cm2, along with a Ti foil and Pt for comparison. (B)
Corresponding Tafel plots for the CoP and Pt electrodes.
These overpotentials compare favorably to the values reported at similar current
densities and mass loadings for other acid-stable, Earth-abundant HER electrocatalysts,
including Ni2P (𝜂!!"  !"/!"! = -130 mV)15, Mo2C on carbon nanotubes (𝜂!!"  !"/!"! =
-152 mV)[6], and MoS2 (𝜂!!"  !"/!"! =-175 mV)4, and also compare favorably to, but are
somewhat larger than, the behavior exhibited by the Pt control electrode (𝜂!!"  !"/!"! =
-25 mV). The overpotentials exhibited by the CoP nanoparticles are also comparable to
that of Ni-Mo nanopowder (𝜂!!"  !"/!"! = -80 mV)10, which is not stable under acidic
conditions when Ni2+ is formed, and the 𝜂!!"  !"/!"! for CoP is significantly smaller than
𝜂!!"  !"/!"! for comparable catalytic systems that are unstable in acid, including
Ni/NiO/CoSe2 nanocomposites ( 𝜂!!"  !"/!"! ~ -120 mV)14. Porous nanosheets of
isostructural FeP have been reported to catalyze the HER, but at significantly higher
overpotentials (𝜂!!"  !"/!"! ~ -300 mV for 0.28 mg/cm2 mass loading) than that of CoP,
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with unknown acid stability.26 Ni5P4, as bulk pellets of nanocrystalline powders, also has
been recently reported to be a highly active HER electrocatalyst in both acidic and
alkaline solutions.27
The slope of the Tafel plot [overpotential vs. log(cathodic current density)] for the
Pt control (Figure 3.5B) was ~ 30 mV/decade, which is consistent with that expected for
the known HER mechanism on Pt. In contrast, the Tafel slope for representative CoP/Ti
electrodes (Figure 3.5B) was ~50 mV/decade, independent of mass loading. This value
does not correspond to one of the standard HER Tafel slopes (29, 38, and 116
mV/decade)27, indicating that the mechanism of the HER on CoP/Ti is different from that
on Pt. The behavior of CoP is consistent with a mechanism in which the bond strength of
the adsorbed hydrogen is sufficiently strong to provide an optimal coverage of the
intermediate while not being so strong as to preclude desorption of the product. Similar
Tafel slopes have been reported for other non noble-metal catalysts, such as MoS2 (50
mV/decade)29, Mo2C (55 mV/decade)29, and Ni2P (46 mV/decade).15 The HER exchange
current density of the CoP nanoparticle catalysts was ~1.4 × 10-4 A/cm2, which is
comparable to that exhibited by Ni2P nanoparticles as HER electrocatalysts under acidic
conditions.15
To determine the Faradaic yield for hydrogen evolution, a CoP/Ti working
electrode was held at -20 mA/cm2 for 6.94 h. The amount of H2 collected over 6.94 h
was consistent with the amount of charge passed through the system (100 C), indicating
essentially 100% Faradaic efficiency for the HER. The amount of hydrogen produced
also compared favorably with that produced by a Pt control cathode over the same time
period. Complete decomposition of the catalyst would have produced gaseous byproducts
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that would account for less than 1% of the gas volume that was observed experimentally.
This stable chemical behavior, coupled with the observed long-term acid stability of the
material (confirming that significant degradation did not occur), therefore indicates that
the CoP nanoparticle catalyst is capable of sustained electrocatalytic H2 production in
acidic media.
The CoP nanoparticles had a measured Brunauer-Emmett-Teller (BET) surface
area of 59.1 m2/g. Using this surface area, the turnover frequency (TOF) was calculated
to be 0.046 s-1 at η = 100 mV. As a benchmark, the upper limit of the surface area was
estimated based on average particle geometry and size (e.g. 13-nm spheres) to be 71.9
m2/g, and this procedure yielded a TOF of 0.038 s-1. These TOF values are estimates
because the specific active sites are not known and because the calculations do not
account for porosity or for surfaces that are inaccessible because of contacts between
particles.

However, the TOF values estimated based on both the experimental and

theoretical surface areas are mutually comparable and compare favorably to the TOF
values at η = -100 mV for Ni2P nanoparticles (0.015 s-1) and Ni-Mo nanopowder
(0.05 s-1).10, 15
To evaluate the stability of the CoP nanoparticles during repeated cycling in
acidic solutions, accelerated degradation studies were performed on representative
CoP/Ti electrodes having mass loadings of 0.9 mg/cm2. As shown in Figure 3.6A, the
CoP nanoparticles exhibited no measurable loss of activity after 400 cyclic voltammetry
(CV) sweeps between +5 mV and –140 mV (vs. the reversible hydrogen electrode
potential, RHE). The production of a current density of -20 mA/cm2 initially required an
overpotential of -95 mV, whereas the overpotential changed to ~ -90 mV after 400
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cycles, demonstrating high stability under strongly acidic conditions. In addition to the
accelerated degradation studies, galvanostatic measurements at a current density of -20
mA/cm2 in a pre-electrolyzed solution indicated that the overpotential increased in
magnitude only slightly (25 mV) over 24 h (Figure 3.6B) of continuous operation. Some
particle desorption from the substrate (and therefore a slight decrease in mass loading) is
the likely cause of this small increase in overpotential. Long-term stability measurements
will require accelerated testing protocols that are currently being developed.

Figure 3.6: (A) Polarization data in 0.50 M H2SO4 for a CoP/Ti electrode (0.9 mg/cm2
mass loading) initially and after 400 CV sweeps between +5 mV and –140 mV vs RHE.
(B) Plot of overpotential vs. time for a CoP/Ti electrode (0.9 mg/cm2 mass loading) at a
constant cathodic current density of 20 mA/cm2.
X-ray photoelectron spectroscopy (XPS) survey data (Figure 3.7) indicated that
the surface of the as-prepared CoP/Ti electrode consisted primarily of carbon and
oxygen, as expected from the organic surface-stabilizing agents. Co, P, and Ti were also
present.

After annealing the CoP/Ti electrode at 450 °C, the carbon signal nearly
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disappeared, consistent with the expected removal of the capping ligands.

High-

resolution XPS data for the annealed CoP/Ti electrode showed two characteristic Co 2p
peaks, with binding energies consistent with those expected for Co(II).

Following

electrolysis, additional sulfur, carbon, and nitrogen were present, with these signals
attributable to the sulfuric acid electrolyte, the graphite rod counter electrode, and epoxy,
respectively. Oxygen was present throughout, which was expected due to the handling of
samples in air. Importantly, XPS confirmed that the electrode was free of trace Pt,
indicating that the observed HER activity was primarily due to the CoP nanoparticles and
not to adventitious noble metal impurities.
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Figure 3.7: XPS data for a CoP/Ti electrode: (top) survey scans showing spectra
obtained pre-anneal, post-anneal, and after electrolysis (inset: enlarged C 1s region preanneal and post-anneal) and (bottom) high-resolution scan of the Co 2p region, also
showing spectra obtained pre-anneal, post-anneal, and after electrolysis.

3.4 Conclusions
In conclusion, nanoparticles of CoP are highly active HER electrocatalysts, with
<100 mV overpotentials at low mass loadings and operationally relevant current densities
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of -20 mA/cm-2. Sensitivity analyses of a complete solar fuels generator system are
required to ascertain quantitatively the remaining gains in system efficiency associated
with a further reduction in the overpotential for the HER, as compared to improvements
in the performance of the other key components of such a full system. In addition, CoP
nanoparticles are exceptionally stable in acidic solutions, showing no evidence of
significant degradation over 24 h of H2 production in 0.50 M H2SO4. These results
further establish that HDS electrocatalysts comprised of inexpensive and Earth-abundant
elements provide interesting and important candidate materials for obtaining high activity
and stability for the HER in acidic media.
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Chapter 4
Highly Branched Cobalt Phosphide Nanostructures for
Hydrogen Evolution Electrocatalysis
4.1 Introduction*
Transition metal phosphides have recently emerged as an important family of
highly active electrocatalysts that facilitate the production of molecular hydrogen from
acidic aqueous solutions, which is important for clean-energy technologies such as water
electrolyzers and solar fuels generators. For example, phosphides of nickel,1-3 cobalt,4-12
iron,13-14

copper,15

molybdenum,16-18

and

tungsten19

have

been

found

to

electrocatalytically generate H2(g) with low overpotentials at operationally relevant
current densities for solar-driven water splitting systems, while exhibiting high stability
under strongly acidic conditions. Metal phosphides therefore offer an Earth-abundant
and inexpensive alternative to platinum, which serves as the benchmark catalyst for the
hydrogen evolution reaction (HER).
The relationship between the electrocatalytic activity and the exposed crystal face
has not yet been elucidated for the transition metal phosphides, which are generally
studied as nanocrystals. The (001) surface of Ni2P contains proximate phosphorus and
nickel sites that are hypothesized to work cooperatively to facilitate moderate binding of
the intermediates and products to the catalyst surface.20 The other metal phosphides that

*

Reprinted in part with permission from J. Mater. Chem. A, 3, E. J. Popczun, C. W.
Roske, C. G. Read, J. C. Crompton, J. M. McEnaney, J. F. Callejas, N. S. Lewis, and R.
E. Schaak, Highly Branched Cobalt Phosphide Nanostructures for Hydrogen-Evolution
Electrocatalysis
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have been identified as HER catalysts have related crystal structures which also contain
proximate metal and phosphorus structural motifs on their low-index surfaces. This
structural feature suggests that metal phosphide nanostructures that preferentially expose
different crystal facets would be expected to exhibit different activities for HER catalysis.
The CoP system, which has been studied extensively, exhibits high HER activity
across a diverse group of morphologies, characteristic grain sizes, support materials, and
synthetic preparations. For example, nominally comparable activity has been observed
for

multi-faceted

single-crystalline

hollow

CoP

nanoparticles

on

Ti

foil,4

electrochemically deposited CoP films,9 CoP nanocrystals on carbon nanotube7 and
carbon cloth supports,10 porous CoP nanowires on carbon cloth5 and Ti substrates,6 CoP
nanosheets on a Ti plate,8 porous template-grown CoP nanowires,11 and a collection of
morphologically variant CoP nanoparticles on glassy carbon electrodes.6 The primary
methods used to synthesize these CoP nanostructures include reaction of pre-made Co
nanoparticles with trioctylphosphine, or phosphidation of cobalt oxide and related
nanostructured templates.4-8 Although these results collectively demonstrate the high
inherent HER activity of CoP nanostructures, a direct comparison of the activities and
performance is difficult for samples made by different methods and for electrodes
prepared in different laboratories, because of unavoidable differences in the electrode
preparation methods, mass loadings, and accessible surface areas. Additionally, the
HER-active CoP nanostructures reported to date have been polycrystalline or multifaceted, without statistically relevant differences in the proportions of the different crystal
facets that have been exposed and accessible.
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An important first step toward the goal of better understanding the origin of the
high HER activity in CoP and related nanostructured metal phosphide systems is to
synthesize and study high quality, morphologically distinct samples. CoP is ideally
suited for such an approach, because multi-faceted single-crystalline CoP nanoparticles
have amongst the highest activities and acid stabilities of the metal phosphide family of
HER catalysts.4 Also, using closely related chemical strategies, methods exist for
synthesizing CoP and related metal phosphide nanostructures to produce materials of the
same chemical composition and structure but with different morphologies. Accordingly,
we report herein the synthesis of highly branched CoP nanostructures with single-crystal
CoP nanorod protrusions that expose a high density of accessible (111) facets. The
electrocatalytic HER performance of the branched CoP nanostructures was evaluated and
compared to that of multi-faceted CoP nanocrystals.4 These observations provide a
starting point for the identification of the key parameters that impact the HER
performance of morphologically distinct nanostructures in the same materials system.

4.2 Experimental
4.2.1 Chemicals and Materials
Oleylamine (OLAM, 70%), trioctylphosphine (TOP, 97%), trioctylphosphine
oxide (TOPO, 99%,), titanium foil (99.7%, 0.25 mm thickness), and sulfuric acid
(99.999%) were purchased from Sigma-Aldrich, and cobalt(II) acetylacetonate was
purchased from Alfa Aesar. All chemicals were used as received. Silver paint was
purchased from SPI supplies, and two-part epoxy [HYSOL 1C] was purchased from
McMaster-Carr.
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4.2.2 Synthesis of Highly Branched CoP Nanostructures
Cobalt (II) acetylacetonate (256 mg, 1 mmol) was introduced into a three-necked
round bottom flask that contained oleylamine (6.4 mL, 19.4 mmol), TOPO (3.8 g, 9.8
mmol), TOP (0.5 mL, 1.1 mmol), and a magnetic borosilicate-coated stir bar. The flask
was placed into a heating mantle and was equipped with a mercury thermometer with a
thermometer adapter in the first port, a Liebig condenser with gas inlet adapter in the
second port, and a glass pennywise stopper in the final port. The reaction mixture was
heated to 120 °C for 1 h under vacuum to remove water and other low-boiling impurities.
Following degassing, an Ar(g) blanket was introduced to the reaction flask while the
temperature was raised to 355-360 °C and then maintained for 3 h. Following heating,
the reaction flask was cooled rapidly by removing the heating mantle. Upon reaching 80
°C, the flask was opened to the atmosphere and ~10 mL of toluene was added to the
reaction to avoid solidification of the TOPO. To isolate the nanoparticles, the reaction
solution was separated into centrifuge tubes, with each tube being ~1/3 full. An equal
volume of isopropyl alcohol was added to the centrifuge tubes to promote precipitation.
The tubes were sealed and then centrifuged at 7000 rpm for 3 min. The resulting
supernatant was discarded and the particles were resuspended by addition of hexanes.
The particles were then flocculated by addition of excess isopropyl alcohol and
centrifuged again. This entire process was repeated two additional times. The resulting
oily residue that contained the nanoparticle precipitate was resuspended in 0.50 M H2SO4
and centrifuged to collect the final CoP powder, which was suspended in hexanes for
storage.
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4.2.3 Synthesis of CoP Nanorods
Cobalt (II) acetylacetonate (256 mg, 1 mmol) was introduced into a three-necked
round bottom flask that contained oleylamine (10 mL, 30.3 mmol)), TOP (10 mL, 22
mmol), and a magnetic borosilicate-coated stir bar. The flask was placed into a heating
mantle and was equipped with a mercury thermometer with a thermometer adapter, a
Liebig condenser with gas inlet adapter, and a glass stopper. The reaction mixture was
heated to 120 °C for 1 h under vacuum to remove water and other low-boiling impurities.
Following degassing, an Ar(g) blanket was introduced to the reaction flask while the
temperature was raised to 330 °C for 1 h. The heating mantle was remove to aid in
cooling the reaction flask rapidly. The particles were isolated through centrifugation of
the reaction mixture at 7000 rpm for 5 min. The nanorods were resuspended in hexanes
and flocculated with ethanol, followed by further centrifugation at 7000 rpm. Following
two more resuspension/centrifugation cycles, the particles were resuspended and stored
in hexanes.
4.2.4 Preparation of Working Electrodes
Working electrodes were prepared by first making 10 mL of a CoP nanostructure
stock solution in hexanes (10 mg mL-1). To this suspension, ~5 µL of oleylamine was
added to help promote particle adhesion to the electrode surface. To a 0.2 cm2 piece of
titanium foil, 20 µL of the CoP nanostructure stock solution was deposited in 5 µL
increments to achieve a loading density of ~1 mg cm-2. The resulting CoP-decorated Ti
foils were annealed under H2(5%)/Ar(95%) at 450 °C for 30 min. The loading densities
were validated experimentally using a microbalance, by taking the difference between the
mass of the annealed foils and the mass of the initial foil.

The backsides of the
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nanostructure-loaded Ti foils were attached to polyvinylchloride-coated Cu wires with
Ag paint. The wires were placed through a 6 mm-diameter glass capillary and two-part
epoxy was used to cover all exposed surfaces except the front of the Ti foil, onto which
the CoP nanostructure sample was deposited.
4.2.5 Electrochemical Characterization
Electrochemical data were collected using a Gamry Instruments Reference 600
potentiostat. All measurements were performed in 0.50 M H2SO4, unless otherwise
noted. A single-compartment cell was used with a graphite rod counter electrode and
mercury-mercury sulfate (Hg/Hg2SO4) reference electrode.

Polarization data were

collected at a scan rate of 2 mV s-1, with the solution agitated using a magnetic stir bar.
The data were corrected for uncompensated resistance (~6 ohms) using the currentinterrupt method that was built into the Reference 600 potentiostat software suite. The
reversible hydrogen electrode (RHE) potential was maintained by continuous bubbling of
~1 atm of research-grade H2(g) into the electrochemical cell. To determine the RHE
potential, the open-circuit potential of a platinum mesh electrode was determined
following the completion of any experiments involving CoP, to avoid Pt contamination.
To test the short-term stability, the potential was held at a current density of -10 mA cm-2
for 18 h of continuous galvanostatic testing. To test the long-term stability, accelerated
degradation studies were performed using cyclic voltammetry from +5 mV to -160 mV
vs. RHE for 500 cycles at a scan rate of 100 mV s-1.
4.2.6 Materials Characterization
Transmission-electron microscopy (TEM) images were collected using a JEOL
1200 microscope operating at an accelerating voltage of 80 kV. A JEOL JEM-2010F
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was used to collect high-resolution bright-field TEM images as well as to obtain energydispersive X-ray spectroscopy (EDX) data at an accelerating voltage of 200 kV. Gatan
Digital Micrograph software was used to measure the lattice spacings from the fastFourier transform (FFT) of the HRTEM images. These values, and the corresponding
FFT diffraction patterns, were simulated using the CrystalMaker/SingleCrystal software
package. Field emission scanning-electron microscopy (FE-SEM) images were collected
using a FEI Nova NanoSEM 630 at a working distance of 1.5 mm and an accelerating
voltage of 2.00 kV. Powder X-ray diffraction (XRD) patterns were collected using a
Bruker-AXS D8 Advance diffractometer with Cu Kα radiation and a LynxEye 1-D
detector operating at room temperature. The CrystalMaker/ CrystalDiffract software
package was also used to simulate the XRD patterns, using previously published
crystallographic parameters for MnP-type CoP.21 Brunauer-Emmett-Teller (BET) surface
area measurements were performed using a Micromeretics ASAP 2020 at liquid-nitrogen
temperatures, and the data were analyzed using the ASAP 2020 software version 4.0.
4.2.7 Quantitative Hydrogen Yield Measurements
Quantitative H2 yield measurements were performed in 0.50 M H2SO4 in a twoelectrode experiment using a two-compartment cell. The two compartments, for the
working and counter electrode, respectively, were separated by a Nafion® membrane
(Fuelcellstore.com). A graduated cylinder was inverted above the working electrode to
collect the H2(g) produced during the experiment. A constant (cathodic) current of -10
mA was maintained for 50 min (3000 s) on a ~0.2 cm2 electrode. The amount of H2(g)
produced was 3.92 mL, as compared to the theoretical yield of 3.92mL, as calculated
with Faraday’s law, Dalton’s law of partial pressures and the ideal gas law. In a control
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experiment, a platinum electrode produced an identical quantity of H2(g) when the same
amount of charge was passed through the cathode.
4.2.8 Estimation of Turnover Frequencies
The turnover frequency was calculated using an established method.1,4,22 First,
the density of the sample was calculated using the CoP unit cell. Using the measured
BET surface areas, the turnover frequencies are reported as turnovers per second per
surface atom, analogous to prior reports for Ni-Mo,22 Ni2P,1 and CoP hollow
nanoparticles.4

The Co and P surface atoms were counted separately. A sample

calculation can be found in Appendix B.

4.3 Results and Discussion
4.3.1 Synthesis of Cobalt Phosphide Highly Branched Nanostructures
Figure 4.1 shows TEM images for the highly branched CoP nanostructures that
formed upon heating cobalt (II) acetylacetonate, TOP, TOPO, and OLAM at 360 °C for 3
h. A majority of the CoP nanostructures consisted of a central core with multiple
nanorod protrusions that grew outward.

The nanorod protrusions had an average

diameter of 14 ± 3 nm and the average diameter of the complete nanostructures was 390
± 70 nm. The FE-SEM image in Figure 4.2 confirmed the three-dimensional branched
morphology of the CoP nanostructures, as well as their uniformity. HRTEM images of
both the core (Figure 4.3A) and the branches (Figure 4.3B,C,D) indicated that both
regions were crystalline and that the branches appeared to be single-crystalline. The
majority of the nanorods that protruded from the core predominantly exposed the (111)
lattice plane of CoP, with a lattice spacing of 2.4 Å.
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Figure 4.1: (A,B) TEM images and (C) corresponding SAED pattern of a representative
sample of highly branched CoP nanostructures. The indexing in (C) corresponds to MnPtype CoP
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Figure 4.2: FE-SEM image of a sample of highly branched CoP nanostructures.
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Figure 4.3: HRTEM images of (A) the core region and (B) a nanorod branch of a
representative CoP nanostructure.
Figure 4.4 shows powder XRD data for a bulk sample of the CoP branched
nanostructures, with a SAED pattern and an EDS spectrum that both correspond to the
TEM image shown in Figure 1A included in Figure 4.1C and Figure 4.5, respectively.
The experimental powder XRD pattern in Figure 4 matches well with that expected for
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MnP-type CoP, with no observable crystalline impurities. The agreement between the
relative peak intensities that were observed experimentally vs. those that are expected for
an isotropic sample indicates that no significant preferred orientation was present in the
sample. Strong preferred orientation would be expected for nanorods, but not for the
branched nanostructures with three-dimensionally protruding nanorods, which cannot
align along a preferential crystal direction upon deposition onto a flat substrate. The lack
of preferred orientation in the bulk powder XRD sample is therefore consistent with the
morphology observed by TEM and FE-SEM. Scherrer analysis of the peak widths
indicated an average grain size of 17 nm, which is, within expected experimental error,
consistent with the average diameter of the single-crystalline nanorod protrusions as
observed by TEM.

Figure 4.4: Powder XRD pattern for the as-synthesized CoP nanostructures. The
simulated XRD pattern for MnP-type CoP is shown for comparison.
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Figure 4.5: Representative EDS spectrum of a sample of highly-branched CoP
nanostructures. The Co/P ratio was 1/1. The Cu and Si impurities are due to the TEM
grid and column, respectively, and were present in control samples of blank TEM grids.
The SAED pattern in Figure 1C is also consistent with MnP-type CoP, and
therefore matches well with that observed for the bulk sample by powder XRD. The
EDS spectrum in Figure 4.5, acquired for an ensemble of particles, indicated a Co:P ratio
of 50:50, which matches with that expected for CoP. Taken together, the XRD, SAED,
and EDS data therefore confirm the assigned composition and crystal phase, and indicate
that the CoP branched nanostructures formed with high purity.
Although highly branched colloidal CoP nanostructures have not apparently been
synthesized previously, morphologically similar Co2P nanostructures have been
reported.23 To access highly branched Co2P nanostructures, Zhang and Robinson
thermally decomposed cobalt (II) oleate in the presence of pure TOPO, which was the
lone phosphorus source.23

Our protocol for synthesizing highly branched CoP

nanostructures also used TOPO, but we observed that TOPO alone did not produce CoP.
Instead, OLAM and TOP were required to form CoP, suggesting that TOP is the primary
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phosphorus source under our conditions. TOPO is required to generate the highly
branched CoP nanostructures, however, rather than the morphologically distinct pseudospherical particles that formed when only TOP was used. When TOPO was used as a cosolvent, the highly branched CoP nanostructures form reproducibly, suggesting that
TOPO is involved in directing the growth of the nanorod protrusions and/or stabilizing
the predominantly exposed facets.
The branched CoP nanostructures were highly crystalline and exposed
predominantly single-crystal (111) facets, as compared to the multi-faceted CoP
nanoparticles that have been synthesized previously.4 Furthermore, the surface areas, as
measured by Brunauer, Emmett, and Teller (BET) analysis, are comparable for the two
different morphologies, with the branched CoP nanostructures having a BET specific
surface area of 66 m2 g-1 and the multi-faceted CoP nanoparticles having a BET specific
surface area of 59 m2 g-1. 4
4.3.2 Electrocatalysis Using CoP Nanostructures
The similar BET areas for the two different CoP nanostructures provides an
opportunity to evaluate the role of morphology on the HER performance of an earthabundant HER electrocatalyst.

Hence electrodes coated with the branched CoP

nanostructures were prepared in an analogous manner to the multi-faceted CoP
nanoparticles studied previously.4 Briefly, the highly branched CoP nanostructures were
deposited onto ~0.2 cm2 Ti substrates from a hexanes dispersion that contained ~0.1
vol% oleylamine.

The mass loadings were ~ 1 mg cm-2, and the electrodes were

annealed under H2(5%)/Ar(95%) to remove the surface ligands. The FE-SEM and XRD
data in Figure 4.6 indicate that both the morphology and crystal phase of the CoP
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nanostructures remained largely unchanged during the electrode preparation and
annealing steps, although a small Co2P impurity was observed.

The Ti electrode

containing the branched CoP nanostructures exposed a high density of accessible (111)
lattice planes, as shown schematically in Figure 4.7.

Figure 4.6: (Left) Powder X-ray diffraction data for a sample of highly branched CoP
nanostructures deposited onto Ti foil then annealed at 450 °C under H2 (5%)/Ar(95%) for
30 min. Simulated XRD patterns for Ti and CoP are shown for comparison. The
asterisks indicate a small Co2P impurity that was observed after annealing. (Right) FESEM images of the same sample prior to and after annealing. We did not observe any
crystallographic relationships between the interior cores and the branches. It is also
difficult to capture the relevant early stages of the reactions that produce the branched
CoP nanostructures because of the high temperatures involved.	
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Figure 4.7: Schematic highlighting the high density of exposed (111) facets on the Ti
electrodes that contain the highly branched CoP nanostructures.
Figure 4.8 shows the polarization (current density vs potential, J-E) data that
correspond to the HER activity in 0.50 M H2SO4 of the highly branched CoP
nanostructures. The HER activity of the branched CoP nanostructures was lower than that
of the multi-faceted CoP nanoparticles reported previously (Figure 4.9),4 despite the
mutually comparable surface areas for the two different CoP electrocatalyst
morphologies. The overpotentials required to produce a (cathodic) current density of -20
mA cm-2 were –117 mV and –100 mV for the branched nanostructures and multi-faceted
nanoparticles,4 respectively, despite their similar loading densities on analogous Ti
substrates.

Additionally, the material outperforms previously reported Co2P

nanostructures (𝜂!!"  !"  !"!! = –167 mV),12 suggesting that the small Co2P impurity does
not play a significant role in the observed activity of the branched CoP nanorods. A
quantitative Faradaic yield of H2(g) was observed for both types of CoP catalytic
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systems. A Tafel analysis, shown in the inset to Figure 4.6, revealed Tafel slopes of 29
mV/decade and 123 mV/decade for the Pt mesh and Ti foil controls. Both of these values
are consistent with values expected based on literature reports.1,4,24 The Tafel slope for
the branched CoP nanostructures was 48 mV/decade, which is comparable to the 50
mV/decade Tafel slope observed previously for the multi-faceted pseudo-spherical CoP
nanoparticles.4 The comparable values suggest a similar mechanism for the HER on the
branched CoP nanostructures and on the CoP nanoparticles.

Figure 4.8: Polarization data in 0.50 M H2SO4 for 6 distinct electrodes of the branched
CoP nanostructures on Ti foil substrates at mass loadings of ~1 mg cm-2, along with Ti
foil and Pt mesh electrodes for comparison. Inset: Tafel plots for the Ti and Pt
electrodes, as well as a representative branched CoP/Ti electrode.	
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Figure 4.9: Three distinct linear sweep voltammograms for hollow, pseudospherical
CoP nanoparticles deposited on Ti foil at a loading density of ~0.8 mg cm-2 in 0.5 M
H2SO4. The electrodes consistently required an overpotential of -100 mV to produce a
current density of -10 mA cm-2. This value is lower than the overpotential of -117 mV
required for the branched CoP nanostructures.
Given the different activities of the branched CoP nanostructures vs. the CoP
nanoparticles, the turnover frequency (TOF) values are necessarily quite different. The
branched CoP nanostructures exhibited a TOF of 0.019 s-1 at an overpotential (η) of –100
mV. This TOF value is lower than that of CoP nanoparticles, which showed a TOF =
0.060 s-1 at η = –100 mV.4 The branched CoP nanostructures, however, still provided
exceptionally high activity for the HER, performing comparably to many other nonnoble-metal HER catalysts in acidic solutions, based on evaluation metrics reported in the
literature. Examples include MoS2 (𝜂!!"  !"  !"!! = –175 mV),25 Mo2C (𝜂!!"  !"  !"!! =
–152 mV),26 CoS2 (𝜂!!"  !"  !"!! = –145 mV),27 CoSe2 (𝜂!!"  !"  !"!! = ~ –155 mV),28
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MoP ( 𝜂!!"  !"  !"!! = –110 mV),17 WP ( 𝜂!!"  !"  !"!! = –140 mV)19 and Ni2P
(𝜂!!"  !"  !"!! =

–130 mV).1 However, the long-term stability of the branched CoP

nanostructures on a Ti electrode was inferior to that of the CoP nanoparticles, presumably
due to poor adhesion of the branched CoP nanostructures to the Ti electrode surface.4
Specifically, under galvanostatic conditions (holding at -10 mA cm-2 for 18 h), the
particles physically detached from the electrode surface, and the overpotential increased
from –113 mV to

–174 mV over this time period (Figure 4.10A). Likewise, 500 cycles

between –160 mV and +5 mV (vs. the relative hydrogen electrode, RHE), which
simulated multiple catalytic start/stop cycles, resulted in an increase in overpotential at
–10 mA cm-2 from –115 mV to –135 mV (Figure 4.10B). The instability is therefore
attributed to poor adhesion and is not reflective of the behavior of the catalytic CoP
nanostructures themselves.

86

Figure 4.10: (A) Plot of overpotential vs. time, held at -10 mA cm-2 for 18 h, for a Ti foil
electrode containing the highly branched CoP nanostructures. (B) Cyclic voltammetric
cycles used to simulate the long-term stability of a comparable CoP/Ti electrode in 0.50
M H2SO4 when cycled between +50 mV and -160 mV at a scan rate of 100 mV s-1.
Typically, differences in activities among morphologically distinct nanostructures
of the same compound are routinely attributed to inherent differences in the activities of
the exposed crystal facets. However, the complexity of such nanostructured materials
and their electrodes makes it difficult to unambiguously determine the reason(s) for the
inferior performance of the branched CoP nanostructures relative to their nanoparticle
analogues. Indeed, the (111) surface could inherently be less active for the HER than one
or more other surfaces that are simultaneously exposed and accessible on the CoP
nanoparticles. However, the lower HER activity of the branched CoP nanostructures
could also result from poorer adhesion and/or a lower density of direct CoP-Ti contacts
on the electrode surface. Despite this issue, the present study is a first step toward
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evaluating the relative HER activities of distinct nanostructured catalysts of the same
material that are of high morphological quality and uniformity. As such, these results
begin to place empirical boundaries on the range of overpotentials that are observed for
similarly prepared materials and electrodes.

The branched CoP nanostructures

nevertheless offer exceptionally high HER activity, exceeding that of most other nonnoble-metal systems. These results suggest that nanostructuring to expose specific facets
may not be necessary to achieve high HER performance. Indeed, comparable HER
activity has been observed by several groups for CoP materials that span a range of
morphologies, synthetic protocols, accessible surface areas, and support materials.4-11 A
key finding of this work is that the activities are largely the same, regardless of
morphology or preparation method, underscoring the high intrinsic activity of CoP. The
intrinsic HER activity of CoP makes it a highly viable candidate for practical
applications, regardless of morphological details, and this study reinforces that
hypothesis. However, establishing trends in activity that can be correlated to specific
crystal facets, surface areas, and electrode materials is still important for furthering the
understanding of the origin of the HER activity in these systems, and these results
represent a step toward this goal.
4.3.3 Electrocatalytic Activity of Morphologically Distinct CoP Nanorods
Along with our investigation of the hydrogen evolution activity generated by the
highly branched CoP nanostructures, we also wanted to study other CoP nanostructures.
One ideal comparison to the highly branched nanostructures are nanowires, which should
show comparable HER activities to one another based on morphological similarities. CoP
nanowires are known to grow in the (211) direction, as studied by O’Brien and coworkers
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through the decomposition of a phosphonic acid complex in the presence of
trioctylphosphine oxide and hexadecylamine.29 Difficulties arose initiating the thermal
composition of the cobalt phosphonic acid complex necessary for cobalt nanowire
growth.
Using a synthesis similar to that developed for the highly branched CoP
nanostructures, we were able to target CoP nanorods. By heating a solution of
oleylamine, trioctylphosphine, and cobalt (II) acetylacetonate to 330 °C under inert
atmosphere, we were able to synthesize phase-pure MnP-type CoP nanorods (Figure
4.11). The resulting nanorods were 13±2 nm in length and 4±1 nm in diameter, yielding
an active surface area similar to the CoP nanoparticles and highly branched
nanostructures.

Figure 4.11: TEM image of CoP nanorods synthesized in a mixture of oleylamine and
trioctylphosphine held at 330 °C for 1 hour.
The CoP nanorods were applied to a 0.2 cm2 piece of titanium foil at a loading
density of ~1 mg cm-2. Prior to electrochemical characterization, the foil was annealed

89
under a 5% H2/Ar atmosphere at 450 °C for 30 min, as was performed for the CoP
nanoparticles and highly branched nanostructures. Figure 4.12 shows the polarization
curve for a typical CoP nanorod foil versus a platinum control in 0.5 M H2SO4. This
polarization curve was not iR corrected. To achieve a current density of -20 mA cm-2, a
potential of -100 mV vs. RHE was required. This value is highly similar to both the CoP
nanoparticles and highly branched nanostructures (-95 mV and -117 mV, respectively).
This experiment further suggests that the HER activity reported for these various CoP
samples is inherent to the crystal structure, and effects due to morphological differences
are minimal.

Figure 4.12: Linear sweep voltammograms for a platinum mesh electrode and CoP
nanorods deposited on Ti foil at a loading density of ~1 mg cm-2 in 0.5 M H2SO4. These
polarization curves were not iR corrected, unlike those throughout the rest of the chapter.
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4.4 Conclusions
Highly branched nanostructures of CoP, with single-crystal nanorod protrusions
that predominantly expose (111) facets act as an active HER electrocatalyst. Moreover,
the activity of such samples, while not as high as that of comparable multi-faceted
pseudospherical CoP nanoparticles,4 is still excellent among the growing family of nonnoble-metal nanostructured HER electrocatalysts, producing current densities of –10 mA
cm-2 and –20 mA cm-2 at overpotentials of –100 mV and –117 mV, respectively. These
results further establish the high intrinsic activity of CoP as an electrocatalyst for the
HER and provide important insights into some of the factors that influence its
performance, including exposed crystal facets and nanoparticle-electrode interactions.
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Chapter 5
Investigations of transition metal phosphides, carbides, and
chalcogenides as catalysts for the hydrogen evolution reaction

5.1 Introduction
Hydrogen (H2) has the highest energy density of any fuel, making it an ideal
choice to replace fossil fuels. Traditional approaches for producing H2 generate CO2, an
undesirable greenhouse gas.1 Water electrolysis offers a clean alternative for H2
production that does not produce carbonaceous byproducts, but it requires a platinum
catalyst, which is expensive and therefore prohibitive for global scalability.2-4 Many
earth-abundant alternatives have been studied to replace platinum under alkaline
conditions, including nickel-based alloys, such as Ni-Mo,5-7 Ni-Fe,8 Ni-Mo-Zn,9 and
Ni-Co.10 These materials all exhibit overpotentials under -100 mV at -10 mA/cm2, but
falter at low pHs, due to the poor acidic stability of the catalysts.5-10 Common acid-stable
earth-abundant hydrogen evolution reaction (HER) electrocatalysts include MoS2,3,11-14
Mo2C,15-16 and MoB.15 The overall lower catalytic activities of these materials (> -130
mV at -10 mA/cm2) has been limiting towards widespread use.3,11-16 For these reasons, a
need for more active, acid-stable HER catalysts was established. In chapters 2-4, we
explored hydrogen evolution catalysis by nanostructured nickel and cobalt phosphides,
which show superior hydrogen evolution activity to the acid-stable catalysts listed above.
In our search to identify additional earth-abundant hydrogen evolution catalysts,
we

recognized

similarities

between

HER

and

hydrodesulfurization

catalysis.
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Hydrodesulfurization (HDS), the gas-phase process of removing sulfur from sulfided
alkanes, is an important industrial process for hydrocarbon fuel reformation.3,17-19 This
process is well-catalyzed by many common HER catalysts, including Ni2P,18-19 Ni-Mo,19
and MoS2.3,17 HDS is initiated by the binding of hydrogen gas to the catalyst surface,
followed by separation of the H-atoms.18 Following this step, a sulfided alkane (such as
thiophene) creates a sulfur-catalyst bond, subsequently binding the two hydrogen atoms,
forcing both the H+-catalyst and H2-catalyst interactions to be labile.18 In the Tafel
mechanism for hydrogen evolution, two protons must bind to the catalyst surface and
then form a H-H bond, while releasing from the catalyst. Therefore, both HER and HDS
require the formation of reversible H-catalyst bonds, as well as reversible H2-catalyst
bonding.
We have used HDS catalysis as motivation towards the discovery of new earthabundant HER catalysts. While Ni2P is the most HDS active of the transition metal
phosphides, other phosphides maintain some HDS activity.18-19 These materials include
WP, MoP, CoP, and Fe2P (in order of most HDS active to least).18-19 Chapters 3-4 have
already established the high intrinsic HER activity of CoP, whereas the other metal
phosphides have not been discussed yet. Amorphous molybdenum phosphide (a-MoP),20
amorphous tungsten phosphide (a-WP),21 and iron phosphide (FeP) nanoparticles22 were
synthesized using traditional colloidal synthesis methods using trioctylphosphine to
induce a metal-to-phosphide solid-state conversion. Interestingly, as shown in Figure 5.1,
it was found that a-WP and a-MoP had similar catalytic activities to our previously
discussed Ni2P and CoP nanoparticles, respectively, achieving a current density of -10
mA/cm2 at overpotentials of -90 mV and -120 mV vs. RHE.20-21 FeP shows unparalleled
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performance by an earth-abundant HER catalyst, achieving a current density of -10
mA/cm2 at an overpotential of only -50 mV vs. RHE.22 As shown in Figure 5.1, FeP only
trails our platinum control, which in this set of measurements required an overpotential of
around -35 mV vs. RHE to reach a benchmark current density of -10 mA/cm2.

Figure 5.1: Six distinct linear sweep voltammograms of Pt, FeP, CoP, a-MoP, Ni2P, and
a-WP from their respective publications superimposed into a single figure. All materials
were deposited onto titanium substrates at a loading density ~1 mg/cm2 and characterized
in 0.5 M H2SO4.20-24
In this chapter, we will explore our investigations of the role of additional
phosphides, as well as transition metal carbides and chalcogenides, as catalysts for the
hydrogen evolution reaction. The materials discussed are either known HDS catalysts or
are aimed to elucidate which complex factors govern catalytic activity, such as elemental
composition or crystal structure.
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5.2 Experimental
5.2.1 Chemicals/Materials
All chemicals were used as received with no additional purification. Nickel (II)
acetylacetonate (95%), cobalt, (II) acetylacetonate hydrate (97%), tri-n-octylphosphine
(97%), octadecene (90%), oleylamine (70%), benzyl ether (98%), tri-n-octylphosphine
oxide (99%), cobalt (II) chloride (97%), dodecanethiol (98%), diphenylselenide (98%),
titanium foil (99.7%, 0.25 mm thickness), and sulfuric acid (99.999%) were purchased
from Aldrich. Iron (III) acetylacetonate, nickel (II) chloride hexahydrate (99.95%),
octacarbonyl dicobalt (stabilized with 1-5% hexane), oleic acid (90%), nonanoic acid
(97%), ammonium molybdate (para) tetrahydrate (AMT, 99%), and tellurium (99.5%,
200 mesh) were purchased from Alfa Aesar. 1,2-hexadecanediol (98%, TCI) and
ammonium hydrogen phosphate monobasic (AHP, 99%, Fluka) were also used as
purchased. Ag paint was purchased from SPI supplies, and two-part epoxy [HYSOL
9460] was purchased from McMaster-Carr.
5.2.2 Synthesis of Ni2-xCoxP Nanoparticles
This synthesis is adapted from our Ni2P synthesis in Chapter 2.23 A solution of 6.4
mL oleylamine, 4.5 mL 1-octadecene, and 1.5 mL tri-n-octylphosphine were added to a
three-neck 100 mL round bottom flask. In addition to the solvents, 1 mmol total of nickel
(II) acetylacetonate and cobalt (II) acetylacetonate depending on the desired Ni/Co ratio
was added to the reaction flask. The flask was placed into a heating mantle and was
equipped with a stir bar, mercury thermometer with adapter, a Liebig condenser with gas
inlet adapter, and a glass pennywise stopper. The resulting solution was heated to 120 °C
under vacuum conditions for 1 hour to remove residual water, as well as other low-
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boiling solvents, from the reaction flask. After degassing, the contents of the flask were
placed under an argon blanket and heated to 320 °C, and held at 320 °C for 2 hours.
Following the reaction, the reaction flask was cooled to room temperature rapidly by the
removal of the heating mantle. The resulting nanoparticles were isolated through
centrifugation similar to the methods utilized in Chapter 2.
5.2.3 Synthesis of Co1-xFexP Nanoparticles
In order to synthesize the Co1-xFexP nanoparticles, CoFe2O4 nanoparticles were
synthesized first. To make CoFe2O4 nanoparticles, a literature method from Sun, et. al,
was utilized.25 Briefly, 350 mg iron (III) acetylacetonate (1 mmol), 125 mg cobalt (II)
acetylacetonate (0.5 mmol), 1.2 g 1,2-hexadecanediol (4.6 mmol), 1 mL oleic acid (3
mmol), and 1 mL oleylamine (3 mmol), and 10 mL benzyl ether (53 mmol) were added
to a three-neck 100 mL round bottom flask. After equipping the flask with a stir bar,
mercury thermometer and adapter, Liebig condenser with a variable inlet adapter, and a
glass pennywise stopper, the flask was placed into a heating mantle and heated to 200 °C
under an argon blanket. The temperature was held at 200 °C for 2 hours, and the solution
turned brown/black. Following this step, water was run through the condenser tube to
promote condensation at higher temperatures. The reaction flask was in turn heated to
280 °C and was left at 280 °C for 1 hour. The flask was cooled to room temperature
rapidly via removal of the heating mantle. Ethanol, in a 2:1 ratio, was added to the
reaction mixture to promote flocculation upon centrifugation at 10,000 rpm for 5 minutes.
The resulting precipitate was resuspended in hexanes and then ethanol was added once
again. Following centrifugation for a second time, the precipitate was resuspended in
hexanes and stored in a vial until further use.
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To synthesize the Co1-xFexP nanoparticles, tri-n-octylphosphine (10 mL, 20
mmol) and 5 g tri-n-octylphosphine oxide (13 mmol) were added to a three neck 100 mL
round bottom flask equipped with a stir bar, mercury thermometer and adapter, Liebig
condenser and gas inlet adapter, and a rubber septum. This flask was heated to 120 °C for
1 hour under vacuum conditions to degas the contents of the flask. Following the removal
of the low-boiling solvents under vacuum, the flask was heated under an argon blanket to
350 °C and held. Once the reaction reached 350 °C, a solution of the CoFe2O4
nanoparticles (all the particles from the prior reaction) transferred into 2 mL tri-noctylphosphine was injected into the reaction flask slowly. The temperature of the
reaction mixture dropped to 330 °C, where it was held for 10 hours under argon. Once
heated for 10 hours, the heat source was turned off to cool the reaction slowly. Once the
temperature of the reaction reached ~80 °C, the rubber septum was opened and ~ 5 mL
toluene was added to prevent solidification of the solvents. The nanoparticles were
isolated through centrifugation methods that are similar to those in Chapters 2-3.
5.2.4 Synthesis of the Ternary Nickel-Molybdenum and Cobalt-Molybdenum
Phosphides
To synthesize the ternary Ni-Mo and Co-Mo phosphides, temperatureprogrammed reduction of transition metal phosphate salts was utilized. For NiMoP, an
aqueous solution of 0.25 M nickel (II) chloride, 0.036 M AMT, and 0.25 M AHP was
prepared. This solution has a 1:1:1 ratio of Ni:Mo:P like the desired product. For
NiMoP2, an aqueous solution of 0.125 M nickel (II) chloride, 0.018 M AMT, and 0.25 M
AHP was prepared, giving a 1:1:2 ratio of Ni:Mo:P. For CoMoP and CoMoP2, the same
solutions could be prepared but with cobalt (II) chloride instead of nickel (II) chloride. To
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convert these salt solutions to the phosphides, ~20 µL of a solution was deposited onto a
~0.2-0.25 cm2 titanium substrate that was heated to ~90 °C on a hot plate. The heated
titanium substrate allowed for even film development, as room temperature deposition
leads to ring formation. The substrates, with deposited phosphate salts, were placed into a
ceramic crucible and placed under a 5% H2/Ar flow. The samples were heated to 650 °C
over the course of 125 min (5 °C/min ramp rate) and then held at 650 °C for 2 hours,
similar to literature preparations for MoP/Ti, Ni2P, and NiMoP. The temperature was
then reduced to room temperature and then the material could be removed from the 5%
H2/Ar atmosphere. This yielded our desired materials attached to a titanium substrate that
could be directly used for materials characterization, as well as electrochemical
characterization.
5.2.5 Synthesis of Ni3C Nanoparticles
To synthesize Ni3C nanoparticles, a method adapted from Schaefer, et. al was
used.26 To begin, 6.4 mL oleylamine (19.4 mmol), 4.5 mL 1-octadecene (14 mmol), and
0.35 mL tri-n-octylphosphine (0.8 mmol), and 256 mg nickel (II) acetylaceonate (1
mmol) were added to a round bottom flask equipped with a stir bar, thermometer and
thermometer adapter, Liebig condenser with gas inlet adapter, and a rubber septum. The
resulting solution was heated to 120 °C under vacuum to remove low-boiling solvents
and was held at 120 °C for 1 hour. Following this degassing process, the reaction was
heated to 240 °C under an argon atmosphere and was held at 240 °C for 50 min. The
flask was then removed from the heat source to promote rapid cooling. The solution was
open to ambient atmosphere at room temperature and the nanoparticles were isolated via
centrifugation processes similar to Chapter 2.
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5.2.6 Synthesis of CoTe2 and NiTe2 Nanoparticles
CoTe2 and NiTe2 nanoparticles were synthesized via a metal nanoparticle to metal
telluride conversion reaction. To synthesize ε-Co nanoparticles, the method outlined in
section 3.2.2 was utilized.27 For the synthesis of Ni nanoparticles, the method outlined in
section 5.2.4 was adapted to promote Ni formation instead of Ni3C. The reaction was
heated to 220 °C instead of 240 °C. This slight alteration in temperature produces Ni
nanoparticles instead of Ni3C.
To synthesize CoTe2 and NiTe2, 5 mL oleylamine (15 mmol), 5 mL 1-octadecene
(15 mmol), and 5 mL tri-n-octylphosphine telluride (TOP=Te,10 mmol) were placed in a
100 mL three neck round bottom flask. The reaction flask was equipped with a Liebig
condenser, gas inlet adapter, thermometer and thermometer adapter, stir bar, and rubber
septum and was placed in a heating mantle. The reaction contents were heated to 120 °C
under vacuum to degas the reaction contents for 1 hour. The reaction flask was then
heated to 220 °C under an Ar blanket. From here, a solution of Co (or Ni) nanoparticles
dispersed in 2 mL OLAM was injected swiftly into the reaction flask. The temperature
recovered to 220 °C over 10 min and then the reaction was held at 220 °C for 20
additional minutes. The reaction mixture was then cooled rapidly by removal of the
heating mantle. The nanoparticles were isolated via centrifugation as performed for Ni2P
in Chapter 2.
5.2.7 Synthesis of Cobalt Sulfoselenides (CoS1-xSex)
In order to synthesize selenium-substituted cobalt sulfides, a method was adapted
from a literature report that made CuS1-xSex nanoparticles.28 Briefly, 65 mg cobalt (II)
chloride (0.5 mmol) was placed into a three-necked round bottom flask along with 10 mL
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dodecanethiol (40 mmol) and 60 mg diphenyl diselenide (0.2 mmol). The flask was
equipped with a Liebig condenser with gas inlet adapter, thermometer and thermometer
adapter, and a rubber septum. The flask was placed in a heating mantle and was heated
under vacuum at 120 °C for 1 hour to remove low-boiling impurities and to dissolve the
CoCl2. Following the removal of low-boiling impurities, the flask was filled with argon
and the temperature was raised to 220 °C and held there for 20 min. The reaction was
cooled to room temperature rapidly by the removal of the flask from the heating mantle.
At room temperature, the particles were isolated through centrifugation in a method
similar to the method used in Chapter 2.
5.2.8 Preparation of Working Electrodes
For materials that were synthesized using solution-based methods, a stock
solution of nanoparticles was prepared and 5 or 10 µL increments of the stock solution
were used to deposit the nanoparticles onto 0.2 cm2 pieces of titanium foil to yield
loading densities near ~1 mg/cm2. Following deposition and drying under ambient
conditions, the material-decorated foils were annealed at 450 °C under 5% H2/Ar. Ag
paint was then used to fasten the foils to a polyvinylchloride (PVC)-coated Cu wire that
had been threaded through a glass tube. All surfaces except the side of the titanium
electrode with deposited material were then covered with two-part epoxy.
5.2.9 Electrochemical Measurements
Electrochemical measurements were performed using a Gamry Instruments
Reference 600 potentiostat.

All acidic pH measurements in 0.5 M H2SO4 were

performed using a single-compartment, three-electrode cell. All measurements in 0.5 M
H2SO4 were performed using a mercury/mercury sulfate (Hg/HgSO4) electrode as the
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reference electrode. The counter electrode was a graphite rod electrode. Electrochemical
measurements in alkaline solutions were performed in 1 M KOH(aq). The alkaline
electrochemical measurements were performed in a single-compartment three-electrode
cell with Ti foil working electrodes, a saturated calomel electrode (SCE), and a nickel
mesh counter electrode.
Polarization data were obtained at a sweep rate of 2-10 mV/s while rapidly
stirring the solution with a magnetic stir bar. The current-interrupt method was used to
account for uncompensated resistance. A constant value for the real hydrogen electrode
(RHE) potential was maintained by continually bubbling the solution with ~ 1 atm of
research-grade H2(g). The RHE potential was determined by measurement of the opencircuit potential of a platinum mesh electrode in the electrolyte solution of interest
following the completion of all electrochemical experiments to avoid platinum
contamination.

For samples where stability was investigated, the short-term

electrochemical stability was measured galvanostatically without any corrections for
uncompensated resistance.
5.2.10 Materials Characterization
Powder X-ray diffraction (XRD) patterns were acquired at room temperature
using a Bruker-AXS D8 Advance diffractometer with Cu Kα radiation and a LynxEye 1D detector. Simulated XRD patterns were produced by the CrystalMaker/CrystalDiffract
software package.

Transmission electron microscopy (TEM) images were collected

using a JEOL 1200 EX-II microscope that was operated at an accelerating voltage of 80
kV. TEM samples were prepared by drop-casting the hexane-dispersed nanoparticles
onto formvar-coated copper TEM grids.
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5.3 Transition Metal Phosphide Electrocatalysts
5.3.1 Cobalt-substituted Nickel Phosphide (Ni2-xCoxP) Nanoparticles
There are many parallels when identifying HER and HDS catalysts, especially in
the case of the binary transition metal phosphides. As discussed above, Ni2P, CoP, MoP,
WP, and FeP are all catalysts for both HER and for HDS.18-19 In a series of studies by
Bussell and coworkers, solid-solution ternary phosphides of Ni2-xCoxP and Ni2-xFexP
were investigated for their HDS activity.29-30 For the majority of the compositions tested,
the HDS activity scaled linearly with the molar fraction of Co or Fe in the sample.
However, samples of Ni1.92Co0.08P and Ni1.97Fe0.03P both exhibited higher HDS activity
than the already highly active Ni2P.29-30 In this section, we discuss our experimental
efforts to synthesize and characterize a variety of solid-solution ternary phosphides to
search for a composition that leads to an increase in HER activity.
To synthesize Ni2-xCoxP, we used a modified version of the traditional synthesis
of Ni2P discussed in Chapter 2. In the typical Ni2P reaction, a solution of nickel (II)
acetylacetonate, trioctylphosphine, oleylamine, and 1-octadecene is heated to 320 °C for
two hours.23 By substituting cobalt (II) acetylacetonate for part of the nickel (II)
acetylacetonate, we can control the amount of cobalt in the resulting solid-solution. The
resulting quasi-spherical nanoparticles are typically 16 ± 2 nm in diameter, as shown in
Figure 5.2A. Additionally, the nanoparticles are non-hollow, suggesting a high P:Ni/Co
in the starting solution, as studied by Tracy and coworkers.31 A representative powder Xray diffraction pattern shown in Figure 5.2B confirms the Fe2P-type Ni2P structure with a
slight lattice contraction for the Ni1.6Co0.4P composition. Elemental analysis was not
performed on these preliminary samples; listed ratios correspond to the ratio of Ni:Co in
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the starting reaction mixture. Similar experiments performed with iron (III)
acetylacetonate instead of cobalt (II) acetylacetonate did not produce Ni2-xFexP, but
instead FeOx@Ni2P core-shell nanoparticles, so Ni2-xFexP solid-solutions were not
explored further.

Figure 5.2: (A) TEM image and (B) powder X-ray diffraction pattern of Ni1.6Co0.4P
nanoparticles.
Preliminary polarization curves collected in 0.5 M H2SO4 for Ni1.6Co0.4P suggest
an intermediate HER activity between that of Ni2P and CoP, achieving a current density
of -20 mA/cm2 at an overpotential of -120 mV vs. RHE. This can be seen in Figure 5.3.
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Figure 5.3: Linear sweep voltammograms performed in 0.5 M H2SO4 comparing
Ni1.6Co0.4P nanoparticles to Ni2P and CoP nanoparticles.
Electrochemical characterization of four distinct compositions of nickel/cobalt
phosphides was performed in hopes to establish the effect of variable cobalt incorporation
on the HER activity of Ni2P. Representative polarization curves for Ni1.6Co0.4P,
Ni1.4Co0.6, Ni1.2Co0.8P, and NiCoP can be found in Figure 5.4. As shown in Figure 5.4, an
activity trend of NiCoP > Ni1.6Co0.4P > Ni1.4Co0.6P > Ni1.2Co0.8P can be established from
this preliminary data. By examining the overpotentials required to produce a current
density of -10 mA/cm2, NiCoP (-138 mV), Ni1.6Co0.4P (-146 mV), Ni1.4Co0.6P (-164 mV),
and Ni1.2Co0.8P (-200 mV) all are less catalytically active than both Ni2P and CoP, with
Ni1.6Co0.4P notably performing much worse than in prior experiments. This lower activity
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can be contributed to the Ni2-xCoxP nanoparticles aging much more rapidly than their
CoP or Ni2P counterparts. Additionally, the trends we hoped to establish can be adversely
affected by slight discrepancies in nanoparticle size, morphology, crystal structure and
hollowness (all are characteristics that we observed to change over the course of our
experiments). These complex factors can all be attributed to synthetic issues as a colloidal
synthesis of Ni2-xCoxP has only recently been reported.

Figure 5.4: Linear sweep voltammograms in 0.5 M H2SO4 comparing the HER activity
of various compositions of Ni2-xCoxP nanoparticles synthesized through colloidal
methods.
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5.3.2 Iron-substituted Cobalt Phosphide (Co1-xFexP)
Iron phosphide, FeP, is known to be the most active earth-abundant
electrocatalyst in acidic conditions, exhibiting high current densities at very low current
densities.22,32 Unfortunately, FeP is less acid stable than the other transition metal
phosphides.22,32 By introducing a second metal into FeP, improvement of the material’s
stability may be accomplished through the stabilization of the lattice. Cobalt and
molybdenum are ideal choices for a second metal as their phosphides, CoP and MoP, are
highly active for the HER and show better acid stability than that of FeP. For the
purposes of metal-substitution, the relative size of both metal atoms is important, making
cobalt a better choice than molybdenum.20,24,33-42 In this section, we discuss the
preliminary synthesis and electrochemical characterization of iron-substituted MnP-type
CoP nanoparticles as a catalyst for the hydrogen evolution reaction.
To synthesize the cobalt-iron phosphide nanoparticles, pre-made cobalt ferrite,
CoFe2O4, nanoparticles were injected in a solution of trioctylphosphine and
trioctylphosphine oxide at > 300 °C and the solution was held for > 10 hours at high
temperature. By powder X-ray diffraction, shown in Figure 5.5A, the sample resembles
MnP-type CoP. No trace of crystalline iron phosphide or iron oxide was present in our
samples, suggesting that our material could be a solid-solution of cobalt-iron phosphide.
As with the Ni2-xCoxP, no elemental analysis was performed on these nanoparticles prior
to electrochemical testing.
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Figure 5.5: (A) Powder X-ray diffraction pattern of the synthesized Co1-xFexP
nanoparticles synthesized using CoFe2O4 nanoparticles as a precursor. (B) Polarization
curves generated with Co1-xFexP-decorated electrodes in 0.5 M H2SO4 at potentials
relevant to hydrogen evolution.
The Co1-xFexP nanoparticles were deposited onto a titanium substrate and studied
electrochemically in 0.5 M H2SO4. A representative polarization curve is shown in Figure
5.5B. Both FeP and CoP outperform the material. It requires overpotentials of -125 mV
and -110 mV to reach -10 mA/cm2 at loading densities of 0.8 mg/cm2 and 1.3 mg/cm2,
respectively. Like Ni2-xCoxP, an issue of stability remains, causing inconsistencies in the
resulting HER activity studies. As is the case with the previously discussed syntheses of
solid-solution transition metal phosphide catalysts, there are few methods to synthesize
these materials as colloidal nanoparticles, whereas the literature for traditional solid-state
reactions is much deeper.
5.3.3 Ternary Cobalt-Molybdenum and Nickel-Molybdenum Phosphides
Molybdenum-based catalysts are well known for their ability to efficiently
catalyze hydrodesulfurization and hydrodenitrogenation (HDN) reactions43 and the
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evolution

reaction.3,11-16,20,41-42

Molybdenum

sulfide,3,11-14

boride,15

phosphide,20,41-42 and carbides15-16 are all well-studied catalysts for the hydrogen
evolution reaction that show unmatched acid stability when compared to other earthabundant catalysts. In addition, molybdenum alloyed with cobalt or nickel yields the most
efficient HER catalysts under alkaline conditions, Ni-Mo5-7 and Co-Mo.44 For these
reasons, molybdenum becomes an interesting element to incorporate into nickel, cobalt,
and iron phosphides when trying to increase the acid stability and hydrogen evolution
activity of the parent materials. In this section, we will focus on the synthesis of a set of
ternary transition metal phosphides; CoMoP, NiMoP2, and CoMoP2. We will also discuss
the catalytic activity of CoMoP2, the most active of the set. CoMoP is known to be less
HDN active than their Ni2P and CoP counterparts, whereas catalytic properties of
NiMoP2 and CoMoP2 have been untested.43 Unlike in sections 5.3.1 and 5.3.2, these
materials are structurally distinct ternary metal phosphides, and are not solid solutions.
The CoMoP crystallizes in an ordered Co2Si-type crystal structure (Figure 5.6A),
the orthorhombic parent structure of Co2P.45 First identified by Guérin and Sergent in
1978, the Pnma space group structure contains cobalt tetrahedrally coordinated to the
phosphorus atoms, whereas the molybdenum can be found in square pyramidal
coordination. Edge-sharing between the polyhedra maintain the structural integrity but in
a different arrangement than observed for NiMoP.
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Figure 5.6: Crystal structures of (A) Co2Si- type CoMoP, (B) NiMoP2-type CoMoP2, (C)
MnP-type CoP, and (D) WC-type MoP. In Co2Si-type CoMoP, Co and Mo are found in
distinctly different coordination environments than those found in CoMoP2, CoP, and
MoP.
The NiMoP2 crystal structure, as shown in Figure 5.6B, which also includes
CoMoP2, belongs to the P63/mmc space group and contains ordered NiP6/CoP6 octahedra
and MoP6 triangular prisms.46 P-P edge sharing connects the Ni/Co and Mo polyhedra.
The CoP6 or NiP6 octahedra are similar to those polyhedra found in the MnP-type CoP
crystal structure (Figure 5.6C), whereas the MoP6 trigonal prismatic polyhedra are
synonymous to those found in WC-type MoP (Figure 5.6D). The lone report on the
NiMoP2 crystal structure by Guérin and Sergent in 1976 also identifies the isostructural
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NiWP2 and CoWP2, which may be interesting for hydrogen evolution catalysis but will
not be discussed further.46
The synthesis of these transition metal phosphides has been limited to traditional
solid-state methods, through the direct combination of the elements under an inert
atmosphere at temperatures >1000 °C.45-46 CoMoP has also been synthesized through
temperature-programmed reduction of a mixture of ammonium nickel (or cobalt) and
molybdenum phosphate precursors at > 650 °C in a pure H2 atmosphere.43 These
precursors are synthesized by combining ammonium paramolybdate tetrahydrate and/or
cobalt chloride with diammonium hydrogen phosphate. We have adapted the TPR
method to reliably produce NiMoP2 and CoMoP2, in addition to CoMoP.
To synthesize the ternary phosphides, an aqueous solution containing
nickel/cobalt (II) chloride, ammonium paramolybdate tetrahydrate, and ammonium
dihydrogen phosphate was prepared. Substituting the dihydrogen phosphate for the
monohydrogen phosphate led to significant gains in solubility and homogeneity. To
produce NiMoP2 or CoMoP2, the reagents were added in a 1:1:2 Co:Mo:P molar ratio,
whereas a 1:1:1 ratio was utilized for CoMoP. Around 10 µL of these 0.25 M phosphate
solutions were dropcast onto titanium substrates heated to ~90 °C to avoid ring effects
observed with slow drying, similar to the method used by Jaramillo for MoP.47 Following
drying, the substrates were heated to 650 °C for two hours in 5% H2/Ar.
Powder X-ray diffraction patterns of all three ternary metal phosphides are shown
in Figure 5.7. In Figure 5.7A, we can identify the NiMoP2 crystal structure, albeit with a
significant MoP impurity and signal from our titanium substrate. Figure 5.7B and 5.7C
display the powder X-ray diffraction patterns for our synthesized CoMoP/Ti and
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CoMoP2/Ti samples, respectively, which have limited the MoP impurity to less than 10%
of the total sample. While representative FE-SEM images of the resulting CoMoP2 are
not available, images of binary CoP and MoP synthesized by the same TPR method can
be found in Figure 5.8.

Figure 5.7: Powder X-ray diffraction patterns for TPR-synthesized (A) NiMoP2, (B)
CoMoP, and (C) CoMoP2 on titanium substrates. A noticeable MoP impurity is present in
all three systems.
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Figure 5.8: Representative FE-SEM images of TPR-synthesized (A) CoP and (B) MoP
on titanium substrates. Scale bars correspond to 1 µm.
Our synthesized materials could be directly fabricated into electrodes as titanium
is an ideal substrate for characterizing the hydrogen evolution activity under acidic
conditions. As mentioned multiple times prior, titanium is inert to corrosion and displays
very low catalytic activity for the HER. In addition to our ternary phosphides, the binary
end-members, Ni2P, CoP, and MoP, were also synthesized through TPR and examined
for HER activity in 0.5 M H2SO4. Our preliminary data for the nickel systems suggest
that the ternary metal phosphides are less active than MoP. Our NiMoP2 films require an
overpotential of -143 mV vs. RHE to produce a current density of -10 mA/cm2. Similar
current densities are attained by the bulk MoP or Ni2P samples at overpotentials of -130
mV and -185 mV.
Our cobalt molybdenum phosphide systems show more promise than the nickel
molybdenum phosphide systems, displaying HER activities that are competitive with
those of similarly prepared CoP and MoP. Representative polarization curves of CoMoP2,
CoP, and MoP on Ti substrates can be found in Figure 5.9. To reach our benchmark
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current density of -10 mA/cm2, CoMoP2 (-120 mV) requires similar overpotentials to
MoP (-122 mV) and CoP (-110 mV). The activity difference between the CoMoP2 and
MoP cannot eliminate the possibility of MoP impurity shown in the XRD patterns
playing a major role in the catalytic activity observed for these ternary phosphides.

Figure 5.9: Polarization curves compared to catalytic activities of TPR-synthesized
CoMoP2, CoP, and MoP at loading densities around 4 mg/cm2. The CoMoP2 is less active
than CoP and equal in activity to MoP.
Further electrochemical characterization is necessary to fully establish the
possible gains in activity or stability that a ternary metal phosphide could provide versus
their binary counterparts. Ongoing experimentation towards the removal of that MoP
impurity is necessary for relevant conclusions to be made from our catalytic studies
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involving the nickel molybdenum phosphides. However, the unique ability to synthesize
these materials, which is limited to one reported synthesis for both CoMoP2 and NiMoP2,
can lead to multiple reports studying other aspects of these ternary phosphides. For
example, the lack of studies on NiMoP2 and CoMoP2 could lead to interesting analysis of
the crystal structure allowing for development of theoretical studies on these materials for
other applications.

5.4 Transition Metal Carbide and Chalcogenide Electrocatalysts
5.4.1 Nickel Carbide (Ni3C) Nanoparticles
Given the known high HER activity of such nickel-based alloys including Ni-Mo,
Ni-Fe, and Ni-Co, as well as Ni alone, Ni is an intriguing element to target for further
development of new hydrogen evolution catalysts.5-10 In a report by Adzic and
coworkers, nitrided Ni-Mo nanosheets showed much greater acid stability than the Ni-Mo
alone.48 Similar reports regarding the corrosion resistance of earth-abundant metals
alloyed with carbon is also well known, i.e. steel. In this section, we will examine the
hydrogen evolution activity of nickel carbide, Ni3C, nanoparticles hoping to provide a
platform to stabilize Ni under acidic conditions in a carbon lattice.
The Ni3C nanoparticles were synthesized through the solution-based thermal
reduction of nickel (II) acetylacetonate by oleylamine to form nickel nanoparticles in the
presence of 1-octadecene. Suggested by a similar literature method from Schaefer, et. al,
the 1-octadecene is believed to provide the interstitial carbon found in the Ni3C crystal
structure.26
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Electrodes of Ni3C were prepared similarly to the other nanomaterials studied
electrochemically in this chapter. One distinct difference is that the effect of different
annealing temperatures was studied for Ni3C. Unlike the transition metal phosphides, the
Ni3C is not thermally stable at temperatures above 400 °C, separating into Ni@C coreshell nanoparticles. To remedy this, electrodes with evaluated after being treated at three
distinct annealing temperatures: as-made, 350 °C and 450 °C, all in a 5% H2/Ar
atmosphere.
Under acidic conditions, in 0.5 M H2SO4, the Ni3C-decorated electrodes was less
active than Ni2P. As shown in the polarization curves in Figure 5.10A, little change was
observed electrochemically between the samples annealed at 350 °C versus the samples
that were left untreated, suggesting that annealing at 350 °C in 5% H2/Ar was not harsh
enough to remove the surfactant from the nanoparticles’ surfaces. Overall, the samples
treated at 450 °C were consistently more active than the other Ni3C samples at higher
current densities, but performed similarly when producing current densities less than -1
mA/cm2. At -10 mA/cm2, the untreated samples and samples annealed at 350 °C required
overpotentials greater than –300 mV, whereas the sample annealed at 450 °C required an
overpotential of –180 mV. Given that these experiments were completed without the aid
of iR compensation (while using an older potentiostat for screening purposes), a change
in the resistance between the three differently treated samples could be responsible for
this behavior, as surfactants remaining on the surface of the samples annealed at lower
temperatures would likely increase the electrochemical resistance.
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Figure 5.10: Linear sweep voltammograms performed on electrode decorated with Ni3C
nanoparticles in (A) 0.5 M H2SO4 and (B) 1 M KOH at a loading density of ~1mg/cm2.
Under acidic conditions, the Ni3C samples annealed at 350 °C in 5% H2/Ar showed
similar activity to samples that were not annealed. Annealing the Ni3C nanoparticles at
450 °C produced much higher catalytic activities. Similar effects are observed in 1 M
KOH, but at lower annealing temperatures.
Under alkaline conditions, in 1 M KOH, the system has many interesting
characteristics. Figure 5.10B shows a representative polarization curve for a Ni3C
electrode that was treated at 350 °C. The system has near-perfect equilibration with the
RHE potential, but does not have as high of catalytic activity as Ni2P or Ni-Mo,
producing a current density of -10 mA/cm2 at an overpotential of –350 mV. For
comparison, similar studies performed on Ni2P without iR compensation require an
overpotential of approximately -150 mV to achieve the same current density. While
direct comparisons are not made in these experiments, Ni3C may be comparable to Ni
nanoparticles in terms of electrocatalytic activity towards the hydrogen evolution
reaction. Over time, the Ni3C improves catalytically. This may be due to degradation of
any remaining surfactants, as well as a transition to Ni. In Ni-Mo catalysts, a similar
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aging effect is observed due to the removal of residual non-alloyed molybdenum over
time in hydroxide solution.5-7 The same effect could be happening with the carbon in the
nickel carbide, since the composition could be sub-stoichiometric, with the C
incorporation leading to the formation of the rhombohedral Ni3C crystal lattice. Further
experimentation and materials characterization of these materials would be necessary to
determine both the nature of the material tested, as well as the intrinsic activity of Ni3C.
5.4.2 Cobalt and Nickel Sulfides
In addition to the transition metal phosphides, transition metal chalcogenides are
also known as HDS catalysts, with a select few, such as MoS2, performing well as HER
catalysts.3,11-14 There has been considerable research performed towards the solutionbased synthesis of a variety of transition metal chalcogenide nanoparticles, making them
an ideal class of materials to study as catalysts for the hydrogen evolution reaction. A
variety of possible factors could be explored given the deep literature in the controlled
synthesis of metal chalcogenide nanoparticles, including morphology, nanoparticle size,
crystal structure, and elemental composition. In this section, we will briefly discuss our
studies of cobalt and nickel sulfides as electrocatalysts for the hydrogen evolution
reaction.
Synthesizing and testing a variety of crystalline phases in the cobalt sulfide
system investigated the effects of composition and crystalline phase on HER activity.
The small number of reports of cobalt sulfide nanoparticles in the literature is surprising
and compelling, and led us to adapt procedures for synthesizing other metal chalcogenide
nanoparticles.49=50 Four distinct phases of cobalt sulfide were able to be synthesized:
Co9S8,

NiAs-type CoS, Co3S4, and CoS2. The cobalt sulfide samples tested in the
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alkaline hydrogen evolution studies in Figure 5.11 mainly consist of irregular nanoscale
agglomerates lacking colloidal stability. By making comparisons in which the phase is
the only variable, we hoped to determine which crystal structure is the most HER active,
if any deviation between the phases exists. The comparative polarization curves for these
cobalt sulfide phases in Figure 5.11 suggest an activity series of Co3S4 > Co9S8 > CoS2 >
CoS. Unfortunately, these materials are all much less active than numerous literature
reports on the HER activity CoS2.49,51-52 The cause for this lower activity is unknown, but
suggests that differing synthetic methods can play a crucial role in the catalytic activity of
these nanomaterials.

Figure 5.11: Polarization curves of four distinct CoSx nanoparticle samples at HER
relevant potentials. The nanoparticles mainly consisted of irregular agglomerates. The
materials were deposited onto titanium substrates at a loading density of ~1 mg/cm2 and
all measurements were performed in 1 M KOH.
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In addition to cobalt sulfides, nickel sulfides were also studied for hydrogen
evolution catalysis. To synthesize NiAs-type NiS nanoparticles, a mixture of nickel (II)
acetylacetonate and sulfur powder was heated to 140-170 °C for 1 hour. Much like the
cobalt sulfides, the alkaline electrocatalytic activity of these materials was inferior to the
much higher activity described in the literature for nickel sulfides.52 For the nickel sulfide
nanoparticles synthesized, current densities of -10 mA/cm2 were only reached with
overpotentials over -300 mV, whereas similar Ni-S based materials provide similar
current densities at overpotentials less than -200 mV.52 Further experimentation on both
the cobalt and nickel sulfides would be necessary to understand what differences exist
between our materials and those showing much better HER activity in the literature.
5.4.3 Cobalt and Nickel Tellurides
Given the recent reports of high electrocatalytic HER activity in pyrite-type CoS2
and CoSe2,49,51-54 cobalt telluride, specifically CoTe2, seems like an interesting material to
investigate for HER activity even though it has one significant drawback. While sulfur
and selenium are highly Earth-abundant elements, tellurium is similar to the noble metals
in terms of rarity, with an elemental abundance near those of Pt, Au, and Rh. Studying
metal tellurides that contain similar structural motifs to known metal chalcogenide HER
catalysts could be beneficial towards understanding the importance of sulfur or selenium
in catalysis.
Cobalt ditelluride, CoTe2, and nickel ditelluride, NiTe2 nanoparticles were
synthesized through the injection of pre-made metal nanoparticles into a hot solution of
oleylamine, octadecene, and TOP-Te at 220 °C. Powder X-ray diffraction of the CoTe2
sample, shown in Figure 5.12, verifies the presence of FeSb2-type CoTe2, with a small
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CoO impurity. The marcasite crystal structure is the orthorhombic analog to the cubic
pyrite, with cobalt being found in octahedral coordination with tellurium in each.
Additionally, Te-Te bonding is present in both structures. The nickel telluride sample
was determined to crystallize in a CdI2-type structure, where the nickel is found in the
same coordination environment as pyrite and marcasite, but no Te-Te bonding is present.

Figure 5.12: Powder X-ray diffraction pattern of FeSb2-type CoTe2 nanoparticles
synthesized through the conversion of ε-Co nanoparticles using TOP-Te. A noticeable
NaCl-type CoO impurity is present in the sample.
Electrochemical characterization, in 0.5 M H2SO4, was performed on both
telluride samples following deposition onto titanium substrates and annealing at 450 °C
under 5% H2/Ar to remove oleylamine and trioctylphosphine from the surface. Both
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samples were less active than their sulfide and selenide counterparts, failing to reach a
current density of -10 mA/cm2 under an overpotential of -350 mV. For CoTe2, the
presence of CoO in the sample may have affected the HER activity, whereas no such
impurity existed in the NiTe2. Since these tellurides did not crystallize in pyrite-type
structures, it is difficult to draw firm conclusions from these results, but the results
strongly suggest that the sulfur and selenium cannot be replaced by tellurium and achieve
similar catalytic efficiencies.
5.4.4 Cobalt Sulfoselenides
In addition to the studies performed on CoTe2 in the prior section, more
inspiration can be gained from the recent reports on CoS2 and CoSe2,49,51-54 through the
synthesis of solid solutions of CoS2 and CoSe2. Given that cationic solid solutions can
produce more active catalysts than their parent materials, it is interesting to note that
anionic solid solutions have not been well-studied for HER or HDS.29-30 Substitutional
sulfoselenides have not been studied as catalysts for hydrodesulfurization or hydrogen
evolution, and synthetic schemes for nanostructured metal sulfoselenides are greatly
limited. The majority of syntheses are focused on band-gap manipulation in
semiconductors.28
Our synthetic procedure for cobalt sulfoselenide, CoS1-xSex, was adapted from a
literature method used to produce monodisperse CuS1-xSex nanoparticles.28 Briefly, cobalt
(II) acetylacetonate was reacted with diphenyl diselenide in a solution of dodecanethiol at
220 °C for 20 minutes. The resulting XRD pattern of the nanoparticles, Figure 5.13,
suggests a NiAs-type crystal structure, with unit cel parameters between CoS and CoSe.
The reflections in our experimental XRD pattern appear at lower 2-theta values than in
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the CoS reference pattern, with a match obtained when inducing a slight unit cell
expansion relative to CoS. Given the size disparity between sulfur and selenium, this is to
be expected for a CoS1-xSex solid solution.

Figure 5.13: Powder X-ray diffraction pattern of NiAs-type CoS1-xSex nanoparticles
synthesized through colloidal methods. The size of the unit cell from the CoS1-xSex
pattern is intermediate between pure CoS and CoSe.
Electrochemically, this material was tested for HER under alkaline conditions in 1
M KOH. To remove the surfactants on the nanoparticles’ surfaces, chloroform was used
instead of our typical annealing processes, in order to maintain the CoS1-xSex crystal
structure and composition. Unfortunately, the material was a poor catalyst for the
hydrogen evolution reaction, requiring over -300 mV of overpotential to reach -10
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mA/cm2. The materials were also quickly screened for oxygen evolution reaction, OER,
activity under alkaline conditions. The cobalt sulfoselenide nanoparticles produced a
current density of 10 mA/cm2 at an overpotential of lower than 300 mV. While this value
is among the best OER catalysts, such as nickel-iron layered double hydroxides and
cobalt oxides. Further experimentation is necessary to verify oxygen evolution is the
source of the current density seen in the polarization curves, as opposed to oxidation of
our catalyst, which could be performed with long-term studies. These types of studies
would also provide insight into the stability of the cobalt sulfoselenide under operating
potentials in 1 M KOH. Since cobalt oxides are well-known electrocatalysts for the OER,
further materials characterization would be necessary to verify if CoS1-xSex is the active
catalyst at these highly oxidative potentials.

5.5 Conclusions
The materials presented in this chapter have given us interesting insights towards
the development of catalysts for the hydrogen evolution reaction. Our work on Ni2-xCoxP
and Co1-xFexP suggest no gain in catalytic activity can be attained by forming cationic
solid-solutions of two known catalyst materials. Similarly, our work on CoMoP,
CoMoP2, NiMoP, and NiMoP2 is also consistent with this suggestion. These materials
show, at best, comparable HER activity to the corresponding binary materials, not the
large gains in catalytic activity that would be necessary to see observable differences
between materials when in use.
Our work on metal carbides, specifically Ni3C, was inspired by prior work on
Mo2C electrocatalysts. Given that the tested catalyst was likely Ni@C core-shell
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nanoparticles, as well as the only moderate catalytic activity, we were not able to expand
the library of highly-active transition metal carbide electrocatalysts for the hydrogen
evolution reaction past Mo2C.
Unidentified issues that caused low catalytic activity in the materials plagued the
studies on the metal chalcogenide systems, making it difficult to elucidate any trends in
elemental composition and crystal structure, in the sulfides, selenides, and tellurides. This
work does strongly suggest that synthetic methodology plays a crucial role in the
catalytic activity of our nanomaterials. Further study would be necessary to determine the
exact cause of the lower activity we observe in pursuit of more reliable measurements of
the nanomaterials that can be synthesized through solution-based methods, including
those materials discussed in this chapter.
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Chapter 6
General Conclusions

The work included in this dissertation has resulted in the identification of a new
class of hydrogen evolution catalysts that combine high catalytic activities with resistance
to mineral acid corrosion. By utilizing traditional solution-based synthetic methods, the
hollow nanoparticle catalysts discussed in this dissertation had high surface areas that
were essential in producing the record-breaking overpotentials and current densities
observed.
In Chapter 2, the high HER activity of Fe2P-type Ni2P nanoparticles was
discussed. The material expressed a high amount of the (001) surface facet that was
previously predicted by DFT studies to be highly active. The particles achieved a current
density of -10 mA/cm2 at an overpotential of only -116 mV. Additionally, simulated
long-term testing verifies prolonged H2 evolution with only slight losses in catalytic
activity that may be due to particle desorption from the electrode surface. This catalyst
compared favorably to the premier catalysts at the time of publication and inspired much
work on transition metal phosphide catalyst for the hydrogen evolution reaction.
In Chapters 3 and 4, the library of transition metal phosphide HER catalysts was
expanded through our studies on MnP-type CoP nanoparticles. The hollow, colloidal
nanoparticles from Chapter 3 were the first acid-stable catalyst to produce HER current
densities of -20 mA/cm2 below overpotentials of -100 mV (η = -85 mV). Additionally,
the activity did not degrade following traditional simulated accelerated degradation
studies. In Chapter 4, highly-branched CoP nanostructures were synthesized for the first
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time through the addition of tri-n-octylphosphine to our colloidal syntheses. These
nanostructures expressed a high amount of the (111) crystallographic facet on the surface,
with surface areas similar to the hollow nanoparticles from Chapter 3. Electrochemical
characterization of the branched CoP nanostructures yield slightly lower activities than
those observed for the hollow CoP nanoparticles, achieving a current density of -20
mA/cm2 at -117 mV of overpotential. Due to poor adhesion to the electrode surface
exhibited by the branched nanostructures, we can only suggest that the morphology does
not play a significant role in the catalytic activity in CoP.
In Chapter 5, we explored the catalytic activity of a collection of ternary transition
metal phosphides, as well as transition metal carbides and chalcogenides. Our work on
Ni2-xCoxP and Co1-xFexP suggest cationic solid-solutions of two known catalyst materials
do not yield higher catalytic activities. True ternary systems including CoMoP, CoMoP2,
and NiMoP2, were synthesized through phosphate reduction for the first time, but also
show, at best, comparable HER activity to the corresponding binary materials. Ni3C,
inspired by Mo2C electrocatalysts, showed moderate catalytic activity but the possibility
of phase separation upon electrode fabrication limits the viability of these results. The
catalytic activities observed in the metal chalcogenide systems were much lower than
other metal chalcogenides in the literature, making it difficult to establish the catalytic
capabilities of the sulfides, selenides, and tellurides tested in this chapter, but it is
suggested that the way in which these materials are synthesized plays a crucial role in the
catalytic activity.
Overall, the work in this dissertation has inspired the discovery of many new nonnoble metal electrocatalysts for the hydrogen evolution reaction. Molybdenum, tungsten,
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copper, and iron phosphides have all recently been reported, with FeP (-10 mA/cm2 at -50
mV overpotential) being nearly as catalytically active as platinum, which achieves a
current density of -10 mA/cm2 at -25 mV overpotential. Furthermore, studies on different
compositions and crystalline phases of cobalt and nickel phosphides have been
performed. Addition of these materials to known photocathode materials has also been
explored, suggesting only minor losses in photocatalytic activity when compared to
platinum controls.
Given the current selection of HER catalysts, there are many newly discovered
catalysts that require further development. Optimization of the catalyst performance and
synthetic method are important for industrial considerations and large-scale device
implementation. This includes fundamental work on elucidating the HER mechanism on
the surfaces of these catalysts as well as improvements made in the long-term stability of
these transition metal phosphide catalysts. There is often a minor loss in catalytic activity
over time that may compound over time, limiting the implementation of these catalysts
into devices. This minor loss is often attributed to desorption from the electrode surface,
but other factors could also play a role.
We have shown in this dissertation that colloidal and solid-state synthesis
techniques are valuable tools for the synthesis of high surface area catalytic materials.
These methodologies should be adapted to address the catalytic needs for other reactions
relevant to clean energy technologies. There are emerging needs for Earth-abundant
heterogeneous catalysts for many notable energy-related reactions, including the oxygen
evolution reaction under acidic conditions (where IrOx is the only known catalyst),
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oxygen reduction, carbon dioxide reduction, iodide oxidation, hydrogen oxidation, and
biomass conversion.
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Appendix A
List of Notable Hydrogen Evolution Catalysts

A.1 Known Hydrogen Evolution Catalysts
System

Electrolyte

Pt mesh
FeP
CoP/carbon cloth
Hollow CoP
a-MoP
Hollow Co2P

0.5 M H2SO4
0.5 M H2SO4
0.5 M H2SO4
0.5 M H2SO4
0.5 M H2SO4
0.5 M H2SO4

Ni-Mo nanopowder

0.5 M H2SO4

CoP branched nanostructures
Hollow Ni2P
Li-MoS2
Ni2P
a-WP
Mo2C/CNT
CoSe2/carbon fiber paper
CoS2 nanowires
a-MoS2
MoS2/RGO
WS2
Fe-MoS3
Co-MoS3
1T-MoS2 sheets
FeCoS2
Double-gyroid MoS2
Bulk Mo2C
Bulk MoB

0.5 M H2SO4
0.5 M H2SO4
0.5 M H2SO4
1 M H2SO4
0.5 M H2SO4
0.1 HClO4
0.5 M H2SO4
0.5 M H2SO4
0.5 M H2SO4
0.5 M H2SO4
0.5 M H2SO4
1 M H2SO4
1 M H2SO4
0.5 M H2SO4
0.5 M H2SO4
0.5 M H2SO4
1 M H2SO4
1 M H2SO4

NiMoN

0.1 M HClO4

MoS2/MoO3
MoS3

0.5 M H2SO4
1 M H2SO4

Overpotential
at -10 mA/cm2
-25 mV
-50 mV
-67 mV
-75 mV
-90 mV
-95 mV
-80 mV at
-20 mA/cm2
-105 mV
-110 mV
-110 mV
-120 mV
-120 mV
-130 mV
-130 mV
-147 mV
-149 mV
-150 mV
-170 mV
-180 mV
-180 mV
-187 mV
-190 mV
-206 mV
-220 mV
-225 mV
-230 mV at
-5 mA/cm2
-254 mV
-270 mV

Reference
1
2
3
1
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
18
19
20
21
22
22
23
24
25

Table A.1: Notable HER catalysts listed with overpotentials to achieve -10 mA/cm2.
HER catalysts presented in this dissertation are highlighted in yellow.
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Appendix B
Sample Calculations for the Turnover Frequencies of
Nanostructured Hydrogen Evolution Catalysts

B.1 Calculation of the HER Turnover Frequencies of Ni2P
Molar mass – 148.36 g/mol
Density – 7.35 g/cm3
Molar Volume – 20.2 mL/mol
Volume of a 20 nm sphere – 4.19×10-18 cm3
Surface area of a 20 nm sphere – 1.26×10-11 cm2
Current Density at 100 mV overpotential – 3.16 × 10-3 A/cm2
Current Density at 200 mV overpotential – 0.105 A/cm2
Surface area per gram of 20 nm sphere (BET value of 327 cm2/mg):
1.26  ×10!!! 𝑐𝑚!   
1  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
1  𝑐𝑚!
𝑐𝑚!
  ×
×  
= 408  
1  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
4.19  ×10!!" 𝑐𝑚! 7.35  𝑔
𝑚𝑔
Average surface atoms per 1 square centimeter (used for BET-based calculations also):
3  ×6.022×  10!" 𝑎𝑡𝑜𝑚𝑠
1  𝑚𝑜𝑙
×
1  𝑚𝑜𝑙
20.2  𝑐𝑚!

!

!

=     2.00  ×10!"

𝑎𝑡𝑜𝑚𝑠
𝑐𝑚!

Surface Atoms per testing area (BET value = 6.56 × 1017 atoms/foil):
1  𝑚𝑔
4.08  ×10! 𝑐𝑚!   (𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒) 2.00  ×10!"   𝑎𝑡𝑜𝑚𝑠
𝑎𝑡𝑜𝑚𝑠
×
×
= 8.17  ×10!"
!
!
1  𝑐𝑚   (𝑓𝑜𝑖𝑙)
𝑚𝑔
1𝑐𝑚   (𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒)
𝑡𝑒𝑠𝑡
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Turnover frequency (per surface atom) at η = 100 mV:
1  𝑡𝑢𝑟𝑛𝑜𝑣𝑒𝑟   3.16×  10!! 𝐴
1  𝑚𝑜𝑙
6.022  ×  10!" 𝑒 !
1  𝑡𝑒𝑠𝑡
×
×
×
×
!
!
2  𝑒
1  𝑐𝑚
96485  𝐶
1  𝑚𝑜𝑙
8.17×10!"   𝑎𝑡𝑜𝑚𝑠
= 1.21×10!! 𝑠 !! 𝑎𝑡𝑜𝑚!!
100 mV overpotential (theoretical value) −  1.21×10!! 𝑠 !! 𝑎𝑡𝑜𝑚!!
100 mV overpotential (BET-based value) −  1.50×10!! 𝑠 !! 𝑎𝑡𝑜𝑚!!
200 mV overpotential (theoretical value) −  0.401  𝑠 !! 𝑎𝑡𝑜𝑚!!
200 mV overpotential (BET-based value) −  0.500  𝑠 !! 𝑎𝑡𝑜𝑚!!
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