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CHAPTER 1. INTRODUCTION

Due to the growing global energy demand and the increase in environmental pollution that
occurs by excessive usage of traditional energy sources, scientists are making a great effort to
develop alternative systems with clean and more efficient energy sources. Electrocatalytic
hydrogen production from water is a potentially environmentally friendly and appealing pathway.
Although rare-earth metals such as Ru, Ir, Pt, etc., show high water splitting and catalytic activity,
the scarcity of these metals limits their large-scale industrial applications; therefore, it is essential
to develop effective candidate materials for these applications composed of earth-abundant
elements. On the nanoscale, transition metal phosphide (TMP) materials exhibit a broad range of
unique catalytic properties. Recently bimetallic TMP nanoparticles have shown enhanced catalytic
activity, relative to monometallic TMP nanoparticles due to the synergism of the two metals. By
combining two earth-abundant transition metals or by diluting a noble-metal with a base-metal, it
may be possible to achieve highly active, low-cost TPMs for catalytic applications. In this Chapter,
relevant background on water-splitting electrocatalytic processes and TMPs, including their
syntheses via solution-phase arrested precipitation (SPAP) and cation exchange (CEX) techniques,
and current knowledge of structure-property relationships and electrocatalytic water splitting
abilities will be provided. This chapter will conclude with a statement of the dissertation goals and
an outline of the rest of the thesis.
1.1. Hydrogen as a fuel

Many energy companies worldwide struggle with balancing natural resource preservation,
energy storage, carbon emissions, and customer demands. Therefore, new materials and
technologies for energy systems, including power generation and storage, are trending. Hydrogen

(H2) is the key to overcoming these challenges. Hz can be used as an energy storage medium, in



gas or liquid state. H> has a high energy density and will never dissipate until used. In contrast,
other energy storage types (batteries and capacitors) can lose the stored energy over time and need
to be recharged periodically, even without use.! The US Department of Energy, alone, has funded
hydrogen and fuel cell research at over $100 million per year over the last decade. In addition,
other countries are also investing heavily in hydrogen.' 2 Still, there is a lack of appropriate and
standard hydrogen production methods to enable large-scale commercialization with low carbon
emission and a robust, reliable supply chain. 2 Hence, more research for the development,
demonstration, and deployment of hydrogen technologies to improve competitiveness and

performance is a necessity.
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Figure 1.1. Illustration: Production, storage, and utilization of hydrogen fuel (based on
references )

Hydrogen is an effective type of energy carrier that can store and transmit energy. Non-
continuous electrical energy from natural sources like solar, wave, wind, hydro etc., can be stored
as hydrogen via electrolytic hydrogen production and the stored energy released using hydrogen

fuel cells (Figure 1.1).° These types of hydrogen fuel cells are now used as backup power instead



of diesel generators, especially at hospitals, data centers, and telecommunication towers.> A fuel
cell utilizes hydrogen and oxygen to produce electricity, water, and heat, converting the chemical
energy into usable electric power.” Hydrogen fuel cells will produce electricity as long as the fuel
(pure hydrogen) is supplied.” Even though hydrogen fuel cells are a promising technology to
supply on-site heat and electricity for buildings and electric motor propelling vehicles, obstacles
in large-scale pure hydrogen production restrict its versatile applicability.

At present, there are various methods of hydrogen production, as illustrated in Figure 1.2.
Among these, photochemical water splitting is potentially the greenest method for hydrogen
production as it directly utilizes photons to generate hydrogen, but the reduced quantity of
hydrogen production per unit time makes this the least efficient option. ® Hydrolysis of reactive
metals and metal hydrides is a relatively rapid method to produce hydrogen in large quantities.*®
1 However, this process can be explosive and too violent to control with highly reactive
metals/metal hydrides such as for Na, Li, etc. and harsh reaction conditions are needed (high
temperature and pressure) for moderately active metals like Fe and Zn.'> Moreover, the raw
metals/metal hydrides are converted into stable metal hydroxides in the process,; hence, the
effective recycling and reusing of the primary raw metal source is difficult to realize.'? Steam
reforming of hydrocarbons is the currently used method for large scale hydrogen production, but
the usage of high pressure, high temperature, and emission of carbonaceous fuels make this process
less environmentally friendly.!® ¥ Electrolysis of water is the best method to produce pure
hydrogen rapidly on a large scale and in an environmentally friendly way. However, current
commercial electrocatalytic water splitting is mainly done with precious and scarce metal-based
catalysts such as Pt for HER and RuO2 and IrO for OER.**° For this reason, water electrolysis is

economically infeasible for large scale industrial hydrogen production. In recent years it was found



that transition metal phosphides can be highly active catalytic materials for hydrogen production
via electrocatalytic water splitting. 2% In this work, transition metal phosphides synthesized based
on Ru, Co, Ni, Cu, and Fe metals are evaluated for electrocatalytic water splitting in different

electrolytes in terms of geometric and electrochemical surface area.

Acidic hydrolysis of reactive
metals and metal hydrides
(on-demand H, generation)

Methods of Photocatalytic
hydrogen water splitting

Water electrolysis

Steam reforming of
hydrocarbons

Figure 1.2. Different methods of industrial hydrogen production (based on references 1% 26-28)
1.2. Hydrogen production via electrocatalytic water splitting

Hydrogen production by electrochemical water splitting was first reported in 1789.%°
Troostwijk and Deiman used two gold wires connected to an electrostatic generator and immersed
in water and observed gas production (oxygen and hydrogen).?® The electrochemical water
splitting is typically carried out in an electrolyzer composed of an anode, cathode, and electrolyte.
There are two half-cell reactions in water splitting. They are the hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER). HER occurs at the cathode, whereas OER occurs at
the anode. Between these two half-cell reactions, HER has been studied more intensively as

efficient production of H> with low electrical energy outlay is the primary goal of this effort. But



considering the OER process is also significant as OER limits the overall water splitting feasibility
due to the higher potential requirement and the sluggish kinetics.®® However, extra energy
(overpotential) is required for both HER and OER to overcome the high activation barrier due to
the very low conductivity of water, and this applied overpotential can be minimized by employing
effective electrocatalysts and by improving the conductivity of water by adding acids, bases, or
salts.?®
1.2.1. Hydrogen evolution reaction

As stated previously, the overall water splitting reaction consists of two half-cell reactions.
The hydrogen evolution reaction (HER) on the cathode (Equation 1.1) and the oxygen evolution
reaction (OER) on anode (Equation 1.2).1

2H" @) + 26" — Ha(g) (HER) Equation 1.1
2H20(y — 4e” + 4H"aq) + O2(g) (OER) Equation 1.2

In acidic media, there are two main steps for HER (Scheme 1.1). The first step is H(g)
adsorption/reduction, and the other is the H, formation/desorption from the catalyst.®! The name
of the first step is the Volmer reaction, and it is the discharge process. Here the H* ions in the
electrolyte are transformed into intermediate states on the active catalytic sites by capturing
electrons. After that, it was observed that there are two different mechanisms in the hydrogen
desorption process. The favored mechanism is based on the adsorption ability and the coverage of
active sites on the catalyst.3?> When the concentration of adsorbed hydrogen ions (Hads) is low, Hags
combine with another electron and an H* from the electrolyte to form Ha, which then desorbs from
the catalyst (Heyrovsky reaction). When the Hads coverage is high, Hads On different active sites

couple with each other to form H,, which evolves from the catalytic site (Tafel reaction).®?



According to the Sabatier principle, a good catalyst should have a moderate affinity for
both adsorption and desorption processes.®* 3 Thermodynamically, the Gibbs free energy (AGads)
is used to evaluate both hydrogen adsorption and desorption.®® This value can be obtained through
density functional theory (DFT) calculations and Equation 1.3.%

AGHads = AEzpg + AEHads - TASH Equation 1.3

Where AEzpe is the zero-point energy difference between adsorbed H and isolated H,
AEHads is the differential H chemisorption energy, T is the temperature, and ASH is the entropy
change between the H adsorption and desorption process.®? The Sabatier principle says a catalyst
with AGrags = 0 is the ideal catalyst that can have the maximum rate of HER under acidic
conditions.®® Unlike reactions in acidic media, HER in alkaline solution suffers from relatively
slow kinetics. This originates from the additional water dissociation step, which does not occur in
the acidic medium (Scheme 1.1).%” This step provides protons for the subsequent reactions.
Generally, in an alkaline medium, the HER proceeds through two steps. First, the catalyst cleaves
a water molecule (H20) into a hydrogen ion (H*) and hydroxyl ion (OH"), and the adsorption of
the hydrogen atom (Hags) occurs (Volmer step).®” Then, a hydrogen molecule detaches via either
the Heyrovsky or the Tafel step.

Because of the presence of an additional water breaking step, the Hags coverage is much
lower in alkaline than acidic solutions. Hence the VVolmer step becomes the rate-controlling step
in alkaline solution, which also results in a slower reaction rate. 3 Recently, studies have shown
other factors, such as adsorption of the hydroxyl intermediate, also need to be taken into account
when determining the rate of the HER in alkaline media, making the process even more

complicated.*0-42
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Scheme 1.1. Schematic mechanism of hydrogen evolution reaction (HER) under acidic and
alkaline media (adopted from Wei et al.)®’
1.2.2. Oxygen evolution reaction

In the overall water splitting process, there is a significant efficiency loss due to the slow
kinetics of the oxygen evolution reaction (OER). Water oxidation has a high activation barrier
(standard water oxidation potential =1.23 eV) as it transfers four electrons and four protons. Hence
OER s the rate-limiting step and the electron supplier for HER in electrocatalytic water splitting.
.43 Therefore developing effective electrocatalysts for OER to reduce the huge activation barrier
is crucial in order to carry out successful hydrogen production via water electrolysis.

In the case of heterogeneous electrocatalytic OER, many research groups have proposed
possible mechanisms at the anode electrode for either acid or alkaline conditions (Scheme 1.2, red
and blue routes, respectively). According to those mechanisms, intermediates such as M-OH, M-
0, and M-OOH can be present in the OER.* There are two different possible pathways to form
oxygen from an M-O intermediate. One is the green route, illustrated in Scheme 1.2, which

combines 2M-O to produce Oz(), and the other (Scheme 1.2 black route) involves the formation



of the M-OOH intermediate from M-O and subsequent decomposition into O2(g). However, in both
cases, the bonding interactions between the metal atom and oxygen (M-O) within intermediates

play an essential role in the efficiency of water oxidation, so oxides are inevitable.**

H,0 + 0,

H*+0,

+H,0
M-0 H,0

Scheme 1.2. Schematic mechanism of oxygen evolution reaction (OER) under acidic (red) and
alkaline (blue) media (adopted from Suen et al.)**
1.3. Catalysts for electrocatalytic water splitting
In order to carry out large-scale hydrogen production via water splitting, low overpotential
values and efficient, abundant, stable, and active electrocatalytic materials are essential. The
practical considerations for the development of electrocatalysts include special requirements
related mainly to their performance in the acid/alkaline environment. Fundamentally, the main
requirements for well-performing electrocatalysts can be listed as follows.*®
1. Low intrinsic overpotential to carry out desired half-cell reaction (HER/OER)
2. High active surface to facilitate fast accessibility and removal of reactant and products,
respectively
3. High electrical conductivity to provide pathways for electrons

4. Proper long-term stability


https://www.sciencedirect.com/topics/engineering/high-electrical-conductivity

a. chemically compatible with, and stable in, the electrolyte
b. electrochemically stable under applied overpotentials
c. mechanically stable if the electrolysis operates under high temperature or pressure
5. Low capital costs to compete with conventional catalysts and other non-renewable energy
production methods
Catalysts, including noble-metals such as Pt, Ru, Rh, Ir, and Pd, have been proven as
excellent catalysts for water splitting. However, due to their high cost, several strategies have been
considered to reduce or eliminate the noble-metal concentration in the catalyst while maintaining
reasonable activity and efficiency, such as:*
1. Alloying noble-metals with base-metals to increase the site-specific activity
2. Developing efficient non-noble-metal compounds (carbides, sulfides, selenides,
phosphides, oxides, etc.) and their composites
3. Increasing the number of reactive sites by fabricating nanostructures
4. Depositing monolayer of active noble-metal material on low-cost materials
Since water electrolysis always occurs on the surface of the catalyst, fabricating
nanostructures is an efficient strategy. Nanostructures not only have more active sites per
geometric area but also facilitate the diffusion of reactants and produced gases. Over the past
decade, different types of nanomaterials with controlled morphology and compositions have been
designed and studied for electrochemical water splitting applications.*
1.4. Electrochemical surface area analysis
The principal goal of studying half-reactions (HER and OER) of electrocatalytic water
splitting is to identify highly active and efficient materials as catalysts. To find the optimal

electrocatalytic activity, a prerequisite is the usage of correct, convenient, and reasonable activity
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matrices. Currently, the most popular matrices are geometric activity, mass activity, and specific
activity (Figure 1.3).*” The geometric activity can be used to evaluate device performances. The
catalytic community measures this geometric activity as the overpotential to reach a geometric
current density of 10 mA cm (n@10 mA cmgeo2).*® *° However, this geometric activity does not
reflect the participation of active surface sites and is mostly dependent on the loading mass of the
catalyst.*® %0 On the other hand, the mass activity and the current density normalized to the loading
mass of the catalyst (MA mgeaaystt) largely depend on the particle size of the electrocatalyst.®
Mass activity can be used as a reasonable parameter for evaluating intrinsic catalytic properties of
bulk materials where ions diffuse into bulk materials with micro-cracks during charge/discharge
reactions.® However, for surface reactions, neither the geometric activity nor mass activity reflects
the intrinsic activity.*” The specific activity is the most reasonable way to measure intrinsic
activity. This is measured by normalizing the current density to the electrocatalytic surface area
(MA cMeatayst 2).%! As this exposed surface area is associated with the real number of active sites,
this can reflect the activity per active site.>! Even though there are a variety of techniques available
for surface area measurement, such as Brunauer—Emmett—Teller (BET), electron microscopy, etc.,
the widely accepted best way is to normalize the catalytic activity to the electrochemically active
surface area (ECSA).*’

There are two main types of methods for ECSA analysis. One is using surface faradaic
reactions such as hydrogen underpotential deposition (HUPD),%> 53 underpotential deposition of
metals (UPD),>* %5 CO stripping,* %3, and redox surface metals.>® > The other one is non-faradaic
double-layer capacitance (Cai).>*® In this dissertation work, we used the redox surface metal

method and Cq method in order to analyze the ECSA.
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Figure 1.3. Model for catalyst surface reflecting different matrices (adopted from Wei et al.)*’
1.4.1. Redox surface metals method
The redox surface metals method relies on the reaction between the surface metal atoms

and oxygen species. Here the cyclic voltammetry (CV) curves are collected under
reduction/oxidation conditions, and the peak due to the formation of metal oxide monolayer
(Figure 1.4.a) is integrated and converted to the surface area using specific charge values.*’ Since
the columbic charge under the CV peaks is associated with electrocatalytic surface sites, this
method quantitatively tells how many active metal atoms are present on the catalytic surface.5!
However, there are four significant challenges to utilizing this method for measuring ECSA of
new materials.®8 263 Those are;

1. Finding the formation potential of metal oxide monolayer

2. Determining the specific charge values

3. Determining the number of electrons transferred per metal site

4. Determination of the baseline of the CV peak for integration purpose



12

Despite these challenges, at present, the surface redox method is highly acceptable as a
powerful ECSA analysis method for OER due to the capability of approximate quantification of
metal sites (active sites) under similar reaction conditions as for OER.*’

1.4.2. Double-layer capacitance

The double-layer capacitance (Cai) method is widely used for measuring ECSA for new
materials. Here CVs are collected at various scan rates under non-faradaic conditions. The double-
layer capacitive current difference (Equation 1.4) is taken from the middle of the potential window
and is plotted against the scan rate (v).%° The linear behavior confirms the ideal capacitor behavior,
and according to the relationship in Equation 1.5, the Cgqi is determined by calculating the slope.®°

Figure 1.4.b and 1.4.c illustrates the expected observations for the Cqi method.

(AT = (Ja-dc)/2) Equation 1.4
Al =Cqgi. v Equation 1.5
Scan rates = v1, v2, v3, v4, V5 ,
— e /:—_J = .
I 8 : [ 7’
) A o e
\ E
5 § : s Rl
< < - < -
£ Ell— £ .
- e | < A Slope = Cy
: .
Mn+/Mm+ H ,
E(V) E (V) Scan rate (mV/s)

(a) (b) (c)

Figure 1.4. (a) Model for CV curve showing the integration of the first anodic peak for quantifying
the redox-active M; (b and c) Model for determining surface area by the Cqi method: (b) CVs at
various scan rates (¢) Double-layer capacitance calculation

Note that additives such as carbon black increase the conductivity and ensure the smooth

charge transfer at the interface of the electrocatalytic composite material, hence maximizing the
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metal site utilization.%* This makes it hard to identify the intrinsic activity purely coming from the
new material active sites, thus it is hard to define pure intrinsic activity.%* ® Also, the specific
capacitance values of new materials are unknown. Therefore, this parameter is mostly determined
by referring to primarily used/ related values from the literature. Thus, there is a great possibility
for specific capacitance values to vary depending on surface structure, electrolyte concentration,
electrode potential, etc.>® Additionally, side reactions such as corrosion, specific adsorption,
intercalation, etc., also can affect the Ca value.®® However, studies carried out using highly
conductive materials vs. low conductivity materials to evaluate surface area have shown that, when
the conductivity of the catalytic material is high, ECSA from the Cq method vs. Brunauer—
Emmett—Teller (BET) method gave similar values (for samples without added carbon).*’ In
contrast, such consistency was not observed in semiconducting and insulating materials with low
conductivity, which showed much lower Cq-based ECSASs than BET surface areas. Therefore it is
wise to use Cq measurements to evaluate ECSA when the catalyst itself is highly electrically
conductive.*’
1.5. Transition metal phosphides

Transition metal phosphides (TMP) have gained the attention of scientists due to the wide
range of unique catalytic optical and magnetic properties. Metal phosphides can be represented by
the general formula MxPy. They are solid-state compounds formed by a combination of metallic
elements with phosphorus.®” The bulk-phase synthesis of metal phosphides is done through
traditional solid-state methods, which typically employ heating the elements at a high temperature
(>800 °C) in an evacuated tube.5®

Binary transition metal phosphides can exist in different stoichiometries and structures.

Phosphorus-rich phases have a covalent character, while metal-rich phases exhibit metallic
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characteristics.%® X-ray adsorption studies show that the electronic structures of metal-rich
phosphides are similar to the corresponding pure metals.”® Table 1.1 shows how different
properties arise based on composition and structure.

Table 1.1. Physical properties of selected binary transition metal phosphide nanomaterials " 2

Ferromagnetism | MnP  FesP  FeoP

Semiconductivity | CoPz  FeP> NiP2

Superconductivity | W3P  MosP

Catalytic activity | WP~ MoP  NizP

The properties of these binary compounds can be tuned by replacing M or P with other
transition metals or main group elements, especially among isostructural series (Figure 1.5),
allowing the synthesis of ternary transition metal phosphides.®® Various research groups have
developed different synthetic methods to prepare TMP materials. Yet, these materials remain a
synthetic challenge, as they can adopt a wide range of stoichiometries and structures even within
binary formulations.” Ternary (bimetallic) TMPs are an even more significant challenge due to

phase segregation issues.

Fe,P-type MnP-type NaCl-type WC-type
Hexagonal Orthorhombic Cubic Hexagonal

Ni,P, Fe,P, Mn,P WP, CrP, MnP, FeP, CoP UP, ThP, PuP, TP, ZrP MoP

@ = metal @ = phosphorus

Figure 1.5. Structure types of selected binary transition metal phosphides
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For the past 20 years, the Brock group has developed methods to synthesize nanoscale
binary and ternary transition metal phosphides with controlled size shape and composition for
various applications such as hydrodeoxygenation (HDO), hydrodesulfurization (HDS),
thermoelectric devices and magnetic refrigeration. Recently we and others have discovered that
ternary TMP nanoparticles exhibit superior catalytic activity relative to their binary end members
in water splitting hydrogen production (HER and OER).?>% Therefore, we elected to study
different phase-pure ternary TMPs and their intrinsic properties to evaluate key metrics
underscoring activity in catalytic water-splitting applications.

1.6. Nanomaterials and their synthesis

Nanomaterials are solids with sizes less than 100 nm in one or more dimensions. The first
concept of nanomaterials was presented by Dr. Richard Feynman in 1959 in his talk "There's plenty
of room at the bottom," 7 where he described the ability to manipulate and control individual
atoms and molecules. In 1974 a Japanese scientist, Norio Taniguchi, defined the term
"nanotechnology” as "nanotechnology mainly consists of the processing of separation,
consolidation, and deformation of materials by one atom or one molecule™ . After that, with the
invention of the scanning tunneling microscope, by Gerd Binning and Heinrich Rohrer and the
discovery of fullerene in 1981 by Richard Smalley, Robert Curl and Harold Kroto the development
of nanotechnology was established.”* The first book on nanotechnology, "Engines of Creation:
The Coming Era of Nanotechnology," was published In 1986 by K. Eric Drexler.”® With the
contribution of thousands of scientists such as Charles Plank, Edward Rosinski, Mark A. Ratner,
Arieh Aviram, Richard P. Van Duyne, Jacop Sagiv, and so on,’’ today nanotechnology has become
a branch of science and engineering dealing with material creations for a vast range of applications

through observing, measuring, assembling and manipulating matter at the nano-scale. Due to the
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small size, the surface/volume ratio of the nanomaterial is higher than that of the bulk. Therefore,
the percentage of atoms at the surface of the material becomes significant and it starts showing
surface properties over bulk properties when the size approaches the nanoscale. Also, the size of a
nanoparticle can determine its physical and chemical properties, while bulk materials have
constant physical properties regardless of size.”®8! Thisunique behavior of nanomaterials makes
them ideal candidates for various technological applications including nanomedicine,
nanobiotechnology, energy applications etc.%8% However, to exploit the advantages of
nanomaterials, they have to be prepared in the right composition, size, and shape.

For nanoparticle synthesis, two main approaches can be used: top-down or bottom-up
(Figure 1.6). The top-down process breaks down bulk materials to create nanomaterials, and the
bottom-up method uses molecular level precursors and constructs nanomaterials by nucleation. &'-
8 The advantages of the bottom-up approach are the ability to synthesize small nanoparticles (~2
nm) and control the size and shape by controlling the reaction parameters. Also, surface ligands
can be used to functionalize the surface of the nanomaterials and alter the physicochemical

properties.®
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Figure 1.6. Selected approaches used for nanoparticle synthesis
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1.6.1. Solution-phase arrested precipitation synthesis

The solution-phase arrested precipitation (SPAP) method is a powerful synthetic technique
that produces crystalline nanomaterials with controlled size, shape, composition, and crystal phase,
ideally as low poly-dispersity samples.® This method involves arresting the growth of
nanoparticles by adding inorganic coordinating agents or organic ligands.®? Here, the selection of
coordinating ligands is critical.*® Ligands with long alkyl carbon chains that have bonding groups
(typically Lewis bases) at their tails are useful to control the growth of nanocrystals. Common
coordinating ligands include alkyl acids, alkyl amines, alkyl phosphine oxides, alkyl phosphines,
etc. In some reactions, more than one kind of ligand can be employed to control the nanoparticle
synthesis.®* In general, when the alkyl chain is shorter, or the concentration of a ligand is lower,
larger nanoparticles will form as a result of the decreased steric stabilization, and vice versa.®*

There are two key steps for controlling nucleation and growth in nanocrystal formation
with a small size distribution.® Figure 1.7 shows La Mer's model of nucleation and growth adapted
from Klimov.% First, the injection of the organometallic precursors into the hot solvents results in
the immediate decomposition of the precursors. This results in the supersaturation of monomers.
The supersaturated monomers then form nuclei. These nuclei act as seeds for the next growth step.
The growth rate will be rapid; therefore, it will proceed by consuming additional monomers from
the formed seeds. No more nuclei will form when the monomer concentration goes down below
the threshold limit. Due to this depletion of the monomers, the growth steps are then governed by
the Ostwald ripening process. During this process, small nanoparticles will dissolve due to the
higher surface energy and re-deposit onto larger nanocrystals. The supersaturation and nucleation
can be optimized by using slow heating rates of the precursors to the reaction temperature. The

reaction time, ligand type/concentration, and reaction temperature are the controllable factors that
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impact the SPAP process. Generally, higher temperatures, shorter ligands/low concentration of the
ligand, and longer Ostwald ripening times will result in larger nanoparticles due to the fast growth

rate, low steric stabilization, and long growth time, respectively.

Nucleation

Nucleation threshold

Growth

Concentration of precursors
Injection

Ostwald ripening Saturation

v

Time

Figure 1.7. Schematic illustration of La Mer's model: Nucleation and growth stages in nanoparticle
formation (adopted from Klimov)®
1.6.2. Cation exchange method

lon exchange in which one cation is substituted for one or more others is called
cation exchange (CEx). The substitution of cations in a solid with those in solution is an old
strategy for modifying the composition of crystalline materials. In recent years, the cation
exchange (CEx) method has been increasingly applied as a synthetic tool to develop novel
nanomaterials. Nanocrystals, which are prepared by the traditional solution-phase arrested
precipitation method, can be used as anion templates for the preparation of diverse phases via CEx
that would be inaccessible by direct methods.®” The mild reaction conditions attendant to most
exchanges allows accessing many nonequilibrium morphologies, crystal phases, and

compositions. Control over the reaction can extend the utility of CEx for accessing a wide variety
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of heterostructures and doped nanocrystals.®” However, there are kinetic and thermodynamic
factors that govern the mechanism of CEXx reactions. Typically, a CEx reaction proceeds through
the inward diffusion of guest ions followed by the outward diffusion of host ions. The exchange
of cations often occurs under a nonequilibrium state governed by kinetics.*® To understand the
related mechanisms, the identification of kinetic factors that influence ion diffusion is important.
Reaction zone, lattice structure, and defects in the crystal structure can act as influencing dynamic
factors in the CEX process.

The region where substitution reactions take place in the nanoparticle by solid-state
diffusion is called the reaction zone.*® In the reaction zone, the substitution reaction by diffusion
takes place, and the difference in the diffusion rates between two metal ions can control the overall
reaction rate.®® This determines the reaction region of the nanoparticle: the whole surface or only
a specific zone. Also, this reaction zone seems to affect the morphology and the crystal structure
of the end product directly.® If the region is the whole surface, inter-diffusion can occur, and a
core-shell structure can be formed. If a specific part of the crystal structure serves as the reaction
zone, the local lattice distortion of the template can occur.®® This should be at a level that is
sufficient to maintain the anion sublattice structure. Here, the shape of the template nanostructure
can be maintained during the conversion.

The stability of the nanoparticle anion sublattice structure can determine the overall
morphology after the CEx process. A volume change in the template lattice structure can be caused
by a different size between the host and the guest ions. In contrast, morphology changes can result
depending on the degree of strain tolerance that the lattice structure can relieve with the new ions
being incorporated.®® At a critical point, the stress applied to the lattice structure by the new ions

can lead to void formation or shape changes. Defects are one of the most important factors for ion
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diffusion during CEx.1%%1%4 These defects can facilitate an ion diffusion pathway with a low
activation barrier for the CEx process. Groeneveld et al.}?° introduced a "Frenkel pair" concept
for diffusion process modeling in the presence of defects. A Frenkel pair is a defect in the lattice
of a crystal where an atom/ion occupies a normally vacant site other than its own and leaves its
own lattice site vacant. At high temperatures, a Frenkel pair can form, and that can promote the
spontaneous external diffusion of host cations from the lattice. Vacancies and interstitial sites in
the nanoparticle template also can accelerate CEx reactions.%? 1% These defects also provide a
pathway for ion diffusion with low activation energy, hence a more active CEx process. 102 104

In CEX, thermodynamic factors can determine the spontaneity of the reaction. These factors
are also important in selecting suitable ligands and solvents for corresponding CEX processes. The
CEXx reaction has four reaction steps (Figure 1.8).1% The lattice energies of the template and final
crystal structures influence the association and dissociation process. A spontaneous CEXx can be
predicted if the lattice energy of the product is larger than the template nanoparticle.'% 1% |n
desolvation and solvation steps, the degree of solubility of host and guest cations in the solvent is
important.*% If the solubility of the host cation is greater in the solvent than the guest cation, the
CEx process will proceed well.*%” Pearson's hard and soft acid/ base (HSAB) theory can be used
as a tool in selecting a suitable solvent. This theory predicts the affinity among solvents, ligands,
and ions. According to HSAB, hard acids are preferred by hard bases, while soft acids are preferred
by soft bases.'® Therefore, if the host cation can make a more stable acid-base pair with the
solvent/ligand compared to the guest cation, the CEx process will be feasible. Some common
cation and ligand pairs are illustrated in Figure 1.9. However, it is a challenge to predict the exact

ligand/solvent combination for a particular process as both ligand and solvent are simultaneously
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involved in the CEX process. Other than that, the CEXx processes can also be influenced by other

processes, such as decomposition of the ligand or side reactions.*

X (crystal) +M™ (solution) > MX (crystal) +C™ (solution)

o

® -
7 CX—>C+X Dissociation
s M™>M Desolvation
> M+X—> M-X Association
» C>Cv Solvation

C = Host metal, M = Guest metal, X = Anion, n = Charge

Figure 1.8. Schematic illustration and reaction steps of the cation exchange process (based on
references'0? 104

Hard-base ligands
(Promote hard acid replacement by soft acid)
Ex: oleic acid, oleylamine

7 N\

Soft-base ligands
(Promote soft acid replacement by hard acid)
Ex: tri-n-octylphosphine

Figure 1.9. Cation and ligand pairs are mostly used in cation exchange processes (based on
references %% 109-117)
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1.7. Transition metal phosphide nanomaterials

Considerable effort has been placed on transition metal phosphide synthesis in the last
decade. In these cases, the solution-phase arrested precipitation method has been successfully
applied to synthesize nearly monodisperse binary transition metal phosphide nanomaterials, and
most of them have well-developed synthetic protocols, and their properties have been studied for
different applications.

Even though on the nanoscale, metal phosphide binary phases have been extensively
studied, ternary nano phases are still under exploration. Ternary phases are quite important as the
synergism present in these bimetallic systems enhances the opportunities to tune the properties.
However, while the properties and the phase diagrams for ternary bulk phases with Cr, Co, Fe,
Mn, Ni, etc., are well established, *® the study of nano phases of ternary transition metal
phosphides has begun only recently. Many research groups have developed different strategies for
ternary transition metal phosphide synthesis based on solution-phase arrested precipitation
reactions and cation exchange methods, as described below,?22% 119-125
1.7.1. Nickel iron phosphide

In 2008, the synthesis of (FexNii—)2P (X = 0-1) nanorods by the thermal decomposition of
metal-TOP complexes was reported by Hyeon and co-workers.'*® First, they formed a Fe-TOP
solution by the reaction of Fe(CO)s with TOP. Then a Ni-TOP complex formed by reacting
Ni(acac)2 and TOP was injected into the Fe-TOP solution. In 2015 the Brock group synthesized
Ni2-xFexP, with a focus on compositional control and phase formation over all x.12° They found
that the phase separation and inhomogeneity in ternary phosphide nanoparticles can result due to
the different reactivities of the two metal precursors. Thus, since Ni(acac)2, the (Ni precursor) was

considerably less reactive compared to Fe(CO)s (the Fe precursor), first Ni(acac). was reacted with
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TOP at 230 °C followed by the introduction of Fe(CO)s to form the amorphous mixed metal
phosphide phase Ni>xFexP,. Then the temperature was increased to 350 °C, allowing the
conversion of the amorphous phase to the crystalline phase. A composition-dependent morphology
was observed for these materials with a spherical morphology for Ni-rich compositions, which
then transitions to nanorods with the increment of Fe incorporation.
1.7.2. Nickel cobalt phosphide

The Brock group prepared Ni2-xCoxP nanoparticles using similarly active metal precursors,
Ni(acac), and Co(acac)z, along with TOP, oleylamine, and octyl ether. *2* The Ni-Co-P alloy
precursor particles were formed at intermediate temperatures (230-260 °C), and these were
converted to the final crystalline phase at 350 °C. For Ni-rich compositions, a dense spherical
morphology was observed, while increasing the amount of Co, hollow particles appeared due to
the Kirkendall effect, which arises from their higher mobility of Co metal in the phosphide lattice
compared to Ni metal.
1.7.3. Cobalt iron phosphide

In 2011, Han and co-workers reported the synthesis of Coz.xFexP nanostructures.'?? Metal
oleate complexes of Co and Fe were reacted with TOP in the presence of oleylamine. They
observed a temperature-dependent composition and morphology change. At 290 °C, Co1sFeosP
adopted rice-shaped nanorods, whereas at 320 °C, split nanostructures were observed for the
Co1.7Feo3P composition. In 2015, Sun and co-workers synthesized Co..xFexP nanoparticles by
converting Co-Fe-O to the phosphides.*?® There, the oxide particles were synthesized by thermal
decomposition of metal-acetylacetonate precursors. In the presence of oleylamine and oleic acid
as surfactants, by reacting metal oxide nanoparticles with TOP at 300 °C, polyhedral particles of

Coo.94Fe1.06P and Co1sgFeo42P nanorods were obtained. By adding sodium oleate to the reaction
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mixture, they were also able to synthesize Coo.4gsFe1.52P and Coz.0sFeoo2P cubic particles with sea-
urchin-like structures. In 2016 the Brock group reported an alternate synthesis of CoxFexP (x=0
to 2) nanoparticles. First, CoxFexx alloy nanoparticles were prepared at 200 °C and converted to
the crystalline ternary phosphide phase by reaction with TOP at 330-350 °C.%?* In this case, due to
the Kirkendall effect, the resultant CoxFe2.xP particles were hollow.
1.7.4. Cobalt manganese phosphide

In 2016, the Brock group reported the preparation of a new nanoscale phase; Coz.xMnxP
spherical-shaped nanoparticles.?? In this preparation, CoMn alloy was formed at 200 °C in an
oleylamine/1-octadecene solution using Co(CO)s and Mn(CO)10 as metal precursors. The CoMn
alloy was converted to the phosphide phase by the reaction with TOP at 350 °C. It was possible to
prepare phases with x up to 1.4, despite the fact that all attempts by the Brock lab to prepare Mn,P
as a discrete colloidal phase results in MnP or manganese oxides.
1.7.5. Iron manganese phosphide

The first colloidal synthesis of Fe,.xMnyP (x=0.15 to 0.7) nanoparticles was reported in
2011 by Whitmire and co-workers from the thermal decomposition of FeMn(CO)s(uPH>) in the
presence of oleic acid and hexadecyl amine.'?® Their repeated experiments carried out under
identical conditions resulted in different elemental composition of the particles ranging from
Fe185sMno.1sP to Fe13sMno 7P due to the high sensitivity of the decomposition rate of the single-
source precursor to small changes in experimental parameters. Minor temperature fluctuations,
hot-spot formation and stirring speed may have resulted in this composition variation. In 2017, the
Brock group adopted a new approach for Fe>.xMnxP based on their previous Co.xMnxP synthesis.
22,23 |n this case, the Mn composition (x=0.2-0.7) was controlled by varying the reaction time from

1 h to 3 h while using an excess of Mn precursor, instead of varying starting metal ratios, as was
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the case for the analogous Co phase.?® Specifically, the synthesis was carried out by injecting a
mixture of Fe(CO)s (0.75 mmol), Mn2(CO)10 (1.25 mmol), and trioctylphosphine (TOP) into a
degassed system of OAm at 325 °C. Mn-uptake flattened at x = 0.7 after 3 h. To increase Mn
loading further, a second injection of manganese precursor were injected after the saturation point
(3 h), enabling formation of nanorods with x = 0.9.
1.7.6. Nickel ruthenium phosphide

In 2017, the Brock group began to study mixed noble-base metal phosphides. Ni>-xRuxP
nanoparticles was the first system investigated.?* In this study, it was revealed that the Ru(Il1)
chloride precursor is not susceptible to reduction in the presence of TOP. Consequently, Ru
nanoparticles were prepared first, using RuCls as the precursor and oleylamine as the reducing
agent at 260 °C, and subsequently, the Ni precursor (Ni(acac)2) was introduced to the system with
TOP. Amorphous Ni-Ru-P particles were prepared as the intermediate phase (260 °C), and the
final crystalline phase was obtained at 350 °C. This study showed that, at 350 °C in the solution
phase, crystalline Ni2.xRuxP materials could be prepared for x<1, but the Ru-rich compositions
were all amorphous, including RuP.
1.7.7. Cobalt rhodium phosphide

In 2018 the Brock group synthesized another mixed noble-metal and base-metal phase,
Co2xRhxP.?* In this study, a wide range of Co2xRhxP (x=0-2) compositions were synthesized by
adjusting the stoichiometric ratios of Co(acac). and RhCls.nH20 metal precursors. As with Ru,
Rh(I11) reduction was unsuccessful in the presence of TOP. In this case, the two metal precursors
were dissolved in octadecene and oleylamine solvent mixture and allowed to form an amorphous
metal alloy at 230 °C for 9 hours. TOP was then injected into the Co-Rh alloy mixture, and the

temperature was increased (between 310 °C-350 °C) to form Co-Rh-P phases. The morphology of
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nanoparticles can be described as spherical with hollow voids at the Co rich end due to the
Kirkendall effect. With increasing Rh incorporation, particles become quasi-spherical with
diminished hollow features.

1.7.8. CusxP analogs synthesis by cation exchange method

To date, there are only two reported works on pure phase CuzxP nanoparticle cation
exchange. For the first time, in 2015, Manna and co-workers reported the use of CuszxP
nanoparticles as a starting material to probe cation exchange reactions.*?® They demonstrated that
hexagonal Cus-«P nanoparticles can be cation exchanged easily with In®" to produce hexagonal
wurtzite InP nanoparticles. CusxP nanoparticles were synthesized via the solution-phase arrested
precipitation method using CuCl as the metal precursor, oleylamine as the reducing agent and TOP
as phosphidizing agent. These synthesized hexagonal platelet-like crystalline nanoparticles were
cation exchanged with In®* (In:Cu molar ratio 1:1) in a TOP and octadecene solvent mixture at
200 °C. Here the anion framework of Cus.xP, which is very close to that of wurtzite InP, was
preserved after complete cation exchange. The cation exchange process was found to start from
the peripheral corners of nanoparticles which gradually evolved toward the center. As a result, an
intermediate of the reaction was found to have Cus.xP/InP heterostructure.

After that, in 2019, Lee and co-workers further evaluated how the CusxP to InP cation
exchange process and morphology of nanoparticles are affected by the reaction conditions.'?’
Here, they demonstrated that cation exchanged nanoparticles exhibit morphological changes
depending on the ligand composition (TOP/solvent = W= 0.07, 0.14 or 0.5) and cation exchange
temperature (200°C vs 250°C) in the cation-exchange reaction. For example, at higher TOP
amounts (W= 0.5) or higher cation exchange temperatures (250°C), a high Cu* vacancy density

was observed in the Cus—xP segment that would accumulate and nucleate the Kirkendall voids. By
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a quantitative analysis of solvation energetics, they found that higher TOP amounts enhances the
solvation of both Cu* and In®* during the cation exchange reaction. At higher temperatures, the
high mobility of cations might affecting the void formation. This creates an imbalance between
solvation of Cu* and desolvation of In® and high Cu* vacancy density in the Cuz—«P segment.
Finally, annealing of cation exchanged cracked InP nanoparticles at high temperature resulted in
crystal ripening, and void coalescence was observed, leading to a hole and resulting in hollow
nanoparticles.

Other than that, in 2020, Hong et al. reported successful cation exchange of CusP1-xSx (X=
0.3) with Co?" and Ni?*. Here CusP1xSx was synthesized by colloidal synthesis of Cuz9Si6
nanoparticles followed by phosphidation with tris-(diethylamino) phosphine at 220 °C. Then the
cation exchange of CusP1xSx with Co?" followed by Ni** was carried out in the presence of
oleylamine, benzyl ether, and TOP at 180°C to obtain Co2P1xSx and Coz2.yNiyP1xSx (y= 0.17)
respectively. In this case, also, the rapid Kirkendall effect and the desulfurization process created
numerous ionic vacant sites, which led to the morphological and phase evolution of these phospho-
sulfides.
1.8. Transition metal phosphides for water splitting electrocatalysis

TMPs as electrocatalysts for water splitting were first mentioned by Rodriguez's group in
2005.12 Their DFT calculation results showed that when the Ni is diluted by introducing P to
produce NizP, the Ni2P (001) plane behaves like hydrogenase instead of the pure metal surface.®
This was experimentally tested by Lewis and Schaak et al. in 2013 on NizP nanoparticles
synthesized using TOP as phosphorous precursor.'?® They observed hollow crystalline structures
which showed high catalytic activity and good durability toward HER in 0.5 M H>SO4 with an

overpotentials of 130 mV at a current density of 20 mA cm™2 for NizP. After that they discovered
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that CozP hollow nanoparticles synthesized using a similar protocol was more active than NizP
towards HER in 0.5 M H2SO4 with an overpotential of 85 mV required to obtain a current density
of 20 mA cm.1*° Schaak et al. also synthesized electrodes with TMPs by reacting commercially
available metal foils such as Fe, Co, Ni, Cu, and NiFe with various organophosphine reagents. 3
All of the phosphides showed good HER and OER catalytic activities, while Ni2P electrodes
showed the highest HER activity with overpotentials of 128 mV in acid and 183 mV in base at 10
mA cm 2 of current density. Since the original report on Ni2P in 2013, many other non-noble metal
phosphide-based materials have been intensively studied for HER. Moreover, recent studies
demonstrated that when a secondary metal is introduced into the crystal lattice, it substantially
improves its electrocatalytic activity for HER. Examples of select monometallic and bimetallic
phosphides evaluated for HER electrocatalysis are shown in Table 1.2,

Early studies on water splitting using TMPs as catalysts were primarily focused on HER.
In 2015, Yang et al. first reported the OER activity of a porous cobalt phosphide/phosphate thin
film.232 1t showed a low onset overpotential (220 mV) in the alkaline medium. Afterward, many
investigations have been reported on the OER performance of a variety of mono-metallic and bi-
metallic TMPs based on non-noble-metals with closely related structures, as shown in Table 1.3.1%

The Brock group was a leading contributor to studying how ternary metal phosphide
nanoparticles could enhance the OER activity in alkaline media. Initial studies focused on Co..
xMnyP and Fe,.xMnyP materials and analyzing their catalytic properties towards OER catalysis in
base.?? 2% The ternary phosphides showed higher activities than their binary end members. In the
course of OER electrocatalysis, the surface of the metal phosphides is oxidized to generate metal
phosphate and oxy/hydroxy moieties. The phosphate is liberated, and the oxy/hydroxy species are

presumed to be the active catalytic species.!® 134
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Liu and co-workers recently systematically investigated the influence of the number of
transition metal species and their specific combinations on the OER activity in alkaline media.'®
They found that the OER activity of bi-metallic TMPs is higher than that of mono-metallic TMPs,
while tri-metallic TMPs are even more active than bi-metallic TMPs. Moreover, TMPSs containing
Fe were the least active for the OER. When Co is present in TMPs, it helps to reduce the
overpotential of OER electrocatalysis in the low potential region, while having Ni in TMPs boosts
the anodic current in the high potential region. The trend in OER activity was found to be FeP <
NiP < CoP < FeNiP < FeCoP < CoNiP < FeCoNIiP from both catalytic activities and OER reaction

kinetics (Tafel slopes and charge transfer resistance).

Table 1.2. Selected summary of some TMP-based nano-catalysts and their HER activities

NHer@10 MA cm2 (mV vs. RHE)
Catalyst Reference
Acidic Alkaline

MoP 83 86 32
CusP 62 - 136
FeP 96 194 187
FeP> 61 186 187
CoP: 56 - 138
CoP3 - 76 138
NiCo2Px 104 58 32
Zn0.04C00.96P 39 - 138
Feo.1-doped CoP - 78 139
Niy.gsFeo.15P - 106 140
CusP-CoP 59 - 141

Not only non-noble-metal based TMPs, but TMPs containing platinum group metals have

also been recently explored to catalyze the OER. According to Luo et al., PdP, nanoparticles were
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highly active in both alkaline and neutral media (with phosphate buffer) with overpotential values
of 270 mV and 277 mV to reach 10 mA cm respectively, due to the high active surface area
associated with PdP2. ®® These values were promising for OER compared to state-of-the-art
IrO; electrocatalyst, which demands 301 mV of overpotential to drive 10 mA cm 2 °® Work done
by Duan et al. showed that Rh2P could be an excellent catalyst for OER in an acidic medium with
a 510 mV overpotential to reach 5 mA cm™2 current density, but the catalytic activity started to
drop after 300 test cycles. > As previously mentioned, transition metal phosphides are expected to
oxidize and form active sites during in-situ OER catalysis.'® ** Due to the high solubility of these
in-situ prepared oxide active sites in acids, it is challenging to perform OER in low pH media. In
2017, the Brock group found that noble and non-noble mixed ternary metal phosphides (Ni2-xRuxP,
Co2.xRhxP) are more active than non-noble ternary metal phosphide materials toward OER in
alkaline medium.?*2°> The XPS data analysis suggests the redox properties of the base-metal are
modified, making it easier to oxidize as noble-metal is incorporated.

Table 1.3. Selected summary of some TMP-based nano-catalysts and their OER activities

CozP 430 123
FesP 560 123
Ni2P 350 142
NiP 424 143
CoP 399 13
FeP 347 143
NiCoP 286 13
NiFeP 300 13
NiCoP 280 144
NiCoFeP 200 135
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1.9. Thesis statement

The worldwide energy sector struggles with competing demands to preserve natural
resources, limit carbon emissions, and provide customers with cheap energy. Renewable hydrogen
(H.) is the key to overcoming these challenges because it has a high energy density and can be
stored indefinitely without dissipation. However, commercially viable electrocatalytic H:
production requires the development of efficient and inexpensive catalysts. Recently, ternary
transition metal phosphide (TMP) nanomaterials have been shown to be active towards H20O
electrolysis due to the synergism of the two metals. By combining two earth-abundant transition
metals or by diluting a noble metal with a base metal, it is thus possible to achieve highly active,
low-cost TPM materials for catalytic applications. However, significant challenges associated with
the synthesis of these materials remain, including the need to overcome phase segregation and to
control the size, shape, homogeneity, and stoichiometric targeting of the end product. On the other
hand, in terms of catalytic activities, the following questions are unresolved: (1) In new ternary
transition metal phosphide materials, how does metal synergism affect the catalytic activity and
stability? (2) In mixed noble- and non-noble metal phosphides, to what extent can the noble metal
can be diluted without impacting overall activity/stability?

Although significant development of TMP nanoparticles for water splitting has been
achieved, the fundamental electrocatalytic mechanisms still need to be discovered. It is known that
that most electrocatalysts undergo a surface/structural reconstruction during the electrochemical
reaction resulting in a change in electrocatalytic activity. In view of this, discovering the
surface/structural changes associated with the activity is important to properly evaluate the
reaction mechanism. Accordingly, in the dissertation research, the focus is on establishing rational

synthetic pathways to ternary transition metal phosphide nanoparticles with controlled size, shape,
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and composition via solution phase arrested precipitation methods and cation exchange methods
and determining the physicochemical properties that underscore catalyst activity and stability
towards electrochemical water splitting applications.

The dissertation is laid out as follows.

Chapter 2 describes the materials, experimental methods, and characterization techniques
employed throughout this dissertation research.

Chapter 3 describes HER electrocatalytic studies of Co..xRhxP nanoparticles and Pt
interference noted when Pt is used as the counter electrode in acidic media. The hydrogen evolution
reaction (HER) activity and stability of CoxRhxP nanoparticles/carbon black composite (Co.-
xRh«P/C) in acidic and alkaline medium with a Pt counter electrode vs. a carbon counter electrode
is reported under applied potentials below the Pt oxidation potential (<0.6 eV vs. RHE).

Chapter 4 describes the formation of Ni>xRhxP nanocrystals and their activity with respect
to electrocatalytic water splitting reactions in alkaline media. The first synthesis of colloidal Nio.
xRhyxP nanocrystals by arrested precipitation routes is reported in this chapter, along with the
composition-dependent activity of carbon composites (Ni2-xRhxP/C) for the electrocatalytic
hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) in alkaline media. The
changes in noble and base-metal speciation and surface segregation over the course of catalytic
studies is discussed in terms of the mode of catalyst activation/deactivation.

Chapter 5 describes the activity and stability of Rh-rich Ni>-xRhxP/C catalysts from Chapter
4 towards HER and OER in acidic (0.5 M H2S0s) media, including activity towards overall water
splitting (OWS). Structural elucidation analysis was conducted to better understand the structure-

property relationships related to the enhanced catalytic stabilities of Ni>-xRhxP/C relative to Rh2P.
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Chapter 6 describes efforts towards the synthesis of Cu-based ternary transition metal
phosphide nanoparticles for electrocatalytic water splitting applications using a cation exchange
approach. We explored protocols to cation exchange Cu* in CusxP with Fe® Ni?* and Co?*.
Preliminary characterization is performed to assess the efficacy of the exchange process and
understand the structural and morphological changes that result.

Finally, Chapter 7 summarizes the significant insights gained from new ternary transition
metal phosphide synthesis method development and their structure-property relationships towards
electrocatalytic water splitting reactions. Future directions to develop highly active and stable new
catalytic materials are also discussed based on the knowledge gained.

Portions of the text in this chapter were reprinted with permission from (2021) American

Chemical Society, (2021) Wiley-VCH GmbH, and (2022) American Chemical Society.
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CHAPTER 2. MATERIAL CHARACTERIZATION TECHNIQUES

This chapter is focused on experimental methodologies and characterization techniques
employed in the research study. Ternary transition metal phosphides, Ni>-«RhxP and Co2.xRhxP
were synthesized by the solution-phase arrested precipitation (SPAP) method, and Cuz.xMxP (M =
Fe, Co, Ni) synthesis was carried out using cation exchange (CEx) methods. In both cases, air-
sensitive synthetic techniques (glove box and Schlenk line) were used. The synthesized materials
were characterized by powder X-ray diffraction (PXRD), transmission electron microscopy
(TEM), energy dispersive spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS),
inductively coupled plasma-mass spectrometry (ICP-MS) and infrared spectroscopy (IR). Finally,
electrochemical surface area analysis and water splitting catalytic activities were evaluated for the
synthesized ternary transition metal phosphide/ carbon composite ink catalyst using cyclic
voltammetry (CV).
2.1. Materials
2.1.1. Metal precursors

Nickel(1l) acetylacetonate (Ni(acac)2, Alfa Aesar, 95%), rhodium(lll) chloride hydrated
(RhCl3-nH20, Sigma-Aldrich, 38-40% Rh), cobalt(l1) acetylacetonate (Co(acac)2, Sigma-Aldrich,
99%), cobalt(11) chloride (CoCl2, Alfa Aesar, 99.7%), iron(l11) acetylacetonate (Fes(acac)s, Sigma-
Aldrich, 95%), iron(lll) chloride (FeCls, Sigma-Aldrich, 97%), nickel(Il) chloride hexahydrate
(NiCl2-6H20, Sigma-Aldrich, >98%), indium(lIl) bromide (InBrz, Sigma-Aldrich, 99%) and
copper(l) chloride (CuCl, Alfa Aesar, 99.99%) were used as metal precursors. CuCl was stored in

the glove box under an inert atmosphere.
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2.1.2. Solvents

Tri-n-octyl phosphine (TOP, STREM Chemicals, 97%), tris(diethylamino)phosphine
(TDAP, Sigma-Aldrich, 97%), n-octyl ether (TCI America, 95%), oleylamine (TCIl America,
>50%), nafion (5%, LQ-1105, Ion Power), chloroform (Fisher Scientific, >99.8%), hexanes
(technical grade, Fisher Scientific, 98.5%), ethanol (200 proof, Decon Laboratories), isopropyl
alcohol (Sigma-Aldrich, 99.9%), potassium hydroxide (KOH, Sigma-Aldrich, >85%, pellets),
sulfuric acid (H2SO4, Fisher Scientific, 93-98%), toluene (Fisher Scientific, 99.5%), benzyl ether
(Acros Organics. 99%) were used. All chemicals were used as received.
2.2. Experimental techniques
2.2.1. Inert atmosphere glove box

The glove box is a device that keeps air and moisture-sensitive materials away from
atmospheric oxygen and water. It is a fully enclosed "bench top™ which contains an inert
atmosphere, which a person could reach into with gloves (Figure 2.1). A glove box has four major
components:4

1. The main box: This is a large and tightly sealed steel argon-filled chamber with a plastic
front window with two gloves, which is the working area of the glove box.

2. The antechamber: This allows materials to go in and out without letting in air. The main
box is connected to the antechamber from outside, and once materials are introduced to the
antechamber, it should be degassed. The degassing process is done by using a vacuum
pump connected to the chamber for a sufficient time (minimum of 20 minutes). This
process removes air/moisture from the antechamber and then can transfer the contents from

the antechamber to the box.
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3. The copper catalyst and molecular sieves: The argon gas in the box is continuously
circulating through this device, and it removes any oxygen or water present. This
component can be periodically regenerated in order to maintain the inert atmosphere inside
the box. In the regeneration process, the copper catalyst and molecular sieves are heated
under a mixture of H2 and N2, followed by evacuation. This removes O adsorbed onto
copper, which is eliminated as H»O, resulting in a fresh copper catalyst surface. The water
from the molecular sieves and the catalyst regeneration are removed in the final evacuation
process. However, it is important to note that the catalyst can be damaged by certain
reactive chemicals such as chlorine, sulfur, etc. Therefore, careful precautions must be
taken to eliminate the evaporation of such chemicals into the box atmosphere.

4. Pressure regulator: The glove box needs to regulate the pressure inside to maintain a
positive pressure minimizing air diffusing through the rubber gloves, pinholes, or other
weak points. This is a photohelic pressure gauge that is set to tolerate only a few millibars
of positive and negative pressure. This device automatically pumps argon in/out of the box
to maintain the desired pressure inside the glove box. Also, when working in the glove box,
one can regulate the pressure manually with a foot pedal.

In this dissertation work, the glove box model HE 493 purchased from the Vacuum

Atmosphere was used.
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Figure 2.1. Schematic diagram of the glove box
2.2.2. Schlenk line techniques

Schlenk line techniques provide a convenient means of manipulating air and moisture-
sensitive materials without the use of a glove box. These lines may have a dual or single manifold
design. In a single manifold design, the manifold is attached to a vacuum pump, whereas the dual
manifold design is attached to an inert gas (Ar) tank from one side and attached to a vacuum pump
via a cold liquid nitrogen trap from the other side (Figure 2.2)

The dual manifold line has several ports with two-way stopcocks connected to the Schlenk
flasks through flexible rubber tubes. The Schlenk flask is the reaction vessel. It contains the
reaction mixture, which is typically loaded and sealed in the glove box and then attached to the
line. After that, it is degassed by opening the sidearm of the flask to the evacuation manifold via a
two-way stopcock. Then the flask is filled with inert argon gas by opening the stopcock to the Ar

line manifold. Reactions are typically conducted under a positive pressure of Ar.14



38
QOil bubler

Inert gas inlet Dual manifold

.

> 1 1 1 1

131 \

Stopcocks To the pump

Cold trap

\_/
I

Dewer of liquid nitrogen

Figure 2.2. Schematic diagram of the Schlenk line (Adopted from ref.147)
2.2.3. Tube furnace

The tube furnace (Figure 2.3) is an electric heating device consisting of heating coils
embedded in a thermally insulating matrix. The temperature of the furnace can be controlled and
monitored by a temperature controller and a thermocouple, respectively. The temperature
controller is used to control the ramping rate and soaking time. The sample is usually placed on a
combustion boat within a fused silica tube and placed in the furnace. The tube can be connected
to one or more gas resources. The flow controllers are used to control the flow rate of different
gases. This allows the sample to be treated under the required atmosphere.'*® In this dissertation,
a tube furnace was used to perform an after-synthesis purification (remove surface-bound ligands)

on as-prepared nanoparticles.
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Figure 2.3. Schematic diagram of the horizontal furnace system

2.3. Material characterization techniques
2.3.1. Powder X-ray diffraction (PXRD)

In X-ray diffraction (XRD), X-rays interact with the lattice of a crystalline phase, and a
diffraction pattern is created. This X-ray diffraction pattern is unique for different crystalline
materials. Therefore, the XRD pattern can be considered as a "fingerprint" of a material. Since
there are many XRD patterns of different material crystalline phases that have been collected and
stored as standards, this technique can be used to identify the crystalline phases in a newly created
sample by reference to standard XRD patterns.

Inside a tube, a metal target (typically Cu or Ni) is struck by a high-energy electron beam
to generate X-rays. This is called an X-ray generating tube (Figure 2.4). Electrons are generated
by passing a current through a tungsten filament. Then these electrons are accelerated from cathode
to anode by applying an acceleration voltage. At the anode collision between the high-energy
electron beam and the metal target results in X-ray generation. A transparent beryllium (Be)
window enables X-rays to pass through toward the sample. Cold water flow is usually used in

cooling the metal target as the heat generated by the high-energy electrons can melt the metal. A
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rotating anode provides more surface area of the metal target that is exposed hence, enables the
production of a high current via the generation of more significant X-ray flux.

This generated X-ray radiation has white radiation, with a continuous spectrum of
wavelengths, and characteristic radiation. White radiation occurs due to the loss of energy of the
electrons in the metal-electron collision. When the energy of the accelerated electrons is enough
to overcome a particular threshold value, characteristic radiation is emitted. The characteristic
radiation consists of monochromatic X-rays arising from the target metal atom ionization. In the
case of the Cu (1s 2s 2p 3s) metal target, some of the Cu 1s electrons (in the K shell) are ionized
in the collision event, resulting in a vacant site. An electron from a higher atomic level (2p or 3p
orbitals) can drop into that vacant inner orbital while emitting an X-ray photon, which is
characteristic of the energy difference between the two orbitals (Figure 2.5). A monochromatic

filter is used to pass only Ka radiation toward the sample to get a better resolution.
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Figure 2.4. Schematic diagram of X-ray generation inside an X-ray tube (adapted from ref.14%)
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Figure 2.5. lllustration of Cu Ko X-ray generation from electron transition from 2p to 1s (adapted
from ref.10)

In crystalline solids, atoms are arranged in a repeating structure. The smallest volume
element is called a unit cell, which is repeated in three dimensions. When an X-ray beam hits a
sample, electrons around can oscillate with the same frequency as the beam. In most directions,
the oscillation interferences are destructive (combining waves are out of phase); therefore, no
energy leaves the solid sample. However, due to the regular arrangement of atoms in a crystalline
phase, interference could be constructive (waves are in phase) in some directions; hence, there is
an X-ray beam leaving the sample in specific directions. Assume an X-ray beam (I, I2) hits a pair
of parallel planes of a crystalline solid, with an interplanar spacing d, there are two parallel X-ray
beams (D1, D2) making an angle (0) with the planes (Figure 2.6). If D1 and Dz are in phase, then
the reflected beam of maximum intensity results. Thus, the difference between I1to Diand I2to D2
in the path length is an integer number of wavelengths. This relationship is expressed by Bragg's
law (Equation 2.1). Using Bragg's law, we can find the corresponding d value for a crystalline
material, which is directly related to the lattice parameters (a, b, ¢) and the structure plane
parameters (h, k, I). The intensity of the reflected beam is determined by the electron distribution

in the unit cell, and the peak positions are determined by the size and the shape of the unit cell.
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2d*sin 6 = nA Equation 2.1

1 |2 Dl D2

Figure 2.6. Illustration of Bragg's law (adapted from ref.1>)

Compared to bulk crystalline materials, The PXRD patterns of nanoparticles are broader.
That is due to a fewer number of planes, and hence, the beams undergo partial interference around
the ideal Bragg angle. The size of the nanocrystal can be calculated using the Scherrer equation
(Equation 2.2). Where D is the average size of the nanocrystal, A is the wavelength of X-ray

radiation, [ is the full width at half maximum (FWHM) in, radians and 0 is the Bragg angle.

B = 0.91
" (FWHM) cos 8

Equation 2.2

In this dissertation study, PXRD patterns were acquired at room temperature on a Bruker
Phaser 11 model X-ray diffractometer equipped with a Cu anode. The X-ray generating voltage is
40 kV, and the current is 150 mA. A zero-background quartz holder was used as the sample holder.

The acquired PXRD patterns are identified by comparing them with the phases in the international

center for diffraction data (ICDD) powder diffraction file (PDF) database.



43

2.3.2. Transmission electron microscopy (TEM)

With the invention of transmission electron microscopy (TEM) by Max Knoll and Ernst
Ruska in 1931, a tremendous development in the characterization and visualization of materials
on the nano level or atomic level has happened. This significantly affected the nanotechnology
field, where the TEM became an essential tool for the characterization of nanoparticle size, shape,
and morphology. Due to the extremely short de Broglie wavelength of electrons, TEM has a
significantly higher resolution than the optical microscope. Compared to light, electrons are
preferred to have a high resolution as the wavelength of electrons can be tens of thousand times
smaller than a photon at similar energies. The wavelength of the electrons can be easily tuned with
an acceleration voltage, and the electron beams can be controlled by a magnetic field, as electrons
have a charged nature. Also, electrons scatter strongly as they can interact with both the nucleus
and the electrons of the atoms in the specimen. Different processes can take place when a sample
is bombarded with a beam of electrons (Figure 2.7). Among these processes, the transmitted
electrons are used for transmission electron microscopy (TEM). X-rays can be used for energy

dispersive spectroscopy (EDS), which is discussed in detail in section 2.3.3.

Incident beam

Incident beam X-rays

Inelastically scattered Elastically scattered
electrons electrons
Direct transmitted beam

Figure 2.7. Different processes happen when bombarded electrons interact with a specimen
(adapted from ref.??)
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Figure 2.8 shows a schematic diagram of a typical TEM instrument's basic components.
Two types of electron sources are used in TEM. One is called a thermionic source, where a
tungsten (W) or lanthanum hexaboride (LaBs) filament is heated. The other is a field emission
source, where fine tungsten needles are used as the field emitters. Although the majority of TEMs
use a thermionic source, the electrons generated from thermionic sources are less monochromatic.
Also, the W filament or LaBe crystals can gradually evaporate or oxidize, making their life more
limited. In field-emission sources, a powerful electric field (~109 Vm™) is used to extract the
electrons from the tungsten needles. Therefore, the temperature needed is lower than the
thermionic source. Hence, the lifetime of the filament is longer. Also, the electrons generated from
the field emission source are monochromatic, and brightness is much higher compared to
thermionic sources. These advantages make the field emission source more popular. However, the
field emission sources require a rigorous high vacuum environment.

Generally, the electron accelerating voltage in the TEM is between 100 kV and 400 kV.
This voltage determines the wavelength of the generated electrons. The relationship between the
voltage of the electrons and their wavelength can be expressed as shown in Equation 2.3, where
Mo is the mass of the electron, E is the kinetic energy, h is Planck's constant, and A is the
wavelength. After electron production, the electrons are passed through condenser lenses. This
controls the intensity and angular aperture of the electron beam before interacting with the
specimen. Objective lenses are present for beam focusing. Then the electron beam that comes
through the specimen and the intermediate projective lenses expand the beam on the viewing
screen. In TEM, transmitted radiation is used. Therefore, it depends on the atomic number of the
elements and the sample thickness. So, in sample preparation, it is important to make sure it is

uniformly deposited and suitably thin (<1000 A) to obtain a high-quality image.
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A= —n Equation 2.3

(2m,E)°5
There are two basic imaging modes in TEM (Figure 2.9). The diffracted beams are blocked
by an objective aperture in the bright field mode, so only the direct beam reaches the screen. Here
the material appears in the dark within a bright background. Whereas in the dark field mode,
images of material are bright in a dark background as only the diffracted beams reach the screen

while the direct beam is blocked.
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Figure 2.8. Schematic diagram of basic components of a TEM instrument (adapted from ref. 152)
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Figure 2.9. Bright field and dark field imaging modes of TEM (adapted from ref.°%)

In this dissertation work, TEM images were collected using a JEOL 2010 electron
microscope that operates at a voltage of 200 kV. Bright field images were collected via Amtv 600
software. TEM specimens were prepared by dispersion of nanoparticles in the desired solvent and
depositing a drop of solution on a carbon-coated 200 mesh grid (Cu, Ni, or Au), followed by drying
in air.

2.3.3. Energy dispersive spectroscopy (EDS)

Energy dispersive spectroscopy (EDS) is used to determine the chemical composition of a
compound. EDS is typically associated with either a transmission electron microscope (TEM) or
a scanning electron microscope (SEM). When an electron beam strikes a specimen, atoms can be
ionized hence, generating holes. To fill the holes, electrons from outer shells jump into the holes
releasing characteristic X-rays. These energies of these characteristic X-rays depend on the identity
of the element and the difference in energy between the hole and source of the outer shell electron.

EDS detectors are usually a semiconductor device (lithium doped silicon or high purity
germanium). When released X-rays strike the detector, it generates a charge pulse. This charge

pulse is proportional to the X-ray energy. A pulse processor converts these pulses to a voltage, and
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elements can be identified relative to the voltage value where a peak appears. Figure 2.10 illustrates

the basic components of an EDS system.

Computer
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Figure 2.10. Basic parts of an EDS system (adapted from ref.15?)

In this dissertation study, an EDAX, Inc. detection unit associated with JEOL 2010 TEM
was used. EDS was employed to determine the elemental compositions of the synthesized
nanoparticles. The atomic weight percentages of nanomaterials were determined using EDAX
Genesis software.

2.3.4. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface analyzing technique that measures the
chemical environment and oxidation states of surface elements of materials. The technique uses
X-rays, which are usually produced by an Al or Mg source. The sample is irradiated with X-rays,
and electrons at core levels absorb the photon energy and are ejected. The kinetic energy (Ex) and
the number of ejected electrons are measured by the XPS instrument (Figure 2.12), and using
Equation 2.4, it calculates the binding energy (Eg). Ep is the photon energy, which depends on the
metal source used for X-ray production, and ¢ represents the work function of the instrument. The
binding energy of an ejected electron is specific to an element and varies with the elemental
electron configuration. Therefore, it can be used to identify the element as well as their oxidation

state or the binding environments.
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Ee=Ep— (Ek + ¢) Equation 2.4

In this work, A NEXSA Thermo Fisher Scientific instrument was used with a
monochromatic Al Ka (1486.7 eV) X-ray source operating at 6 mA and 12 kV. The work function
was calibrated to give binding energy of 83.98 eV for Au4f7/2. The spot size is 400 um. The
surface charges were neutralized using a focused low-energy electron beam. Spectrometer
resolution details: Ag 3d5/2 core line FWHM at 10 eV pass-energy = 0.5 eV; instrumental
resolution = 0.38 eV. XPS was conducted for selected pre-catalyst and post-catalyst samples
supported on C cloth. Samples were sputtered at 2 keV with Ar+ for 90 seconds before collecting
the spectra. The scan details are shown in Appendix A. A Thermo Avantage v5.9922 software was
used to analyze the collected high-resolution spectra, and binding energies were calibrated against

the C 1s peak at 282.8 eV.
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Figure 2.11. Schematic illustration of an XPS (adapted from ref.1%%)
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2.3.5. Infrared spectroscopy (IR)

Infrared (IR) spectroscopy is a valuable tool to identify functional groups present by
detecting vibrations in a molecule. This technique uses the infrared region of electromagnetic
radiation. The vibrational frequency of a chemical bond depends on the vibration mode, bond
strength, and atomic masses. To give an IR signal, the dipole moment of a bond should change
with the vibration. This technique is commonly used in organic spectroscopy. To evaluate the
efficacy of surfactant removal by annealing during ink processing, we collected IR data before and
after the heat treatment using a Bruker Tensor 27 FTIR-spectrometer with OPUS 6.5 software
version. The samples were prepared by mixing the composite with dry KBr salt, followed by
pressing them into transparent pellets using a 13 mm die set and a Carver press. IR data were
collected and referenced to a blank KBr pellet.

2.4. Electrocatalytic testing
2.4.1 Catalytic ink preparation

The ink preparation method was adopted from Mutinda et al.?® 10 mg of nanoparticles were
mixed with 5 mg of carbon-black powder. Hexane (10 mL) was added to the mixture, followed by
sonication for 30 minutes. The nanoparticle/carbon mixture was then precipitated by adding
ethanol, followed by centrifugation. The solids were dried under a vacuum, placed on a ceramic
boat, and heated in a tube furnace under 5% H./Ar gas flow at 400 °C for 1 hour. After the sample
had cooled down to room temperature, the boat was removed, and the solid was suspended in
ethanol (2 mL) and sonicated for 15 minutes, after which nano-pure H20 (1 mL) and isopropanol
(1 mL) were added and the mixture sonicated for another 15 minutes. Finally, Nafion solution (1

mL) was added, and the mixture sonicated for a final 15 minutes to produce the ink.
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2.4.2 Cyclic voltammetry (CV)

Cyclic voltammetry (CV) can be used to study the electrochemical properties of materials.
A typical CV is performed with a standard three-electrode system by measuring the current against
a cycling potential. A standard three-electrode system has a working electrode (WE), a reference
electrode (RE), and a counter electrode (CE) (Figure 2.13a). The WE is made out of the material
of interest, and the potential is applied to the WE, which passes to the analyte. The RE is a half-
cell where the reduction potential is known. It controls and measures the potential applied to the
working electrode. The CE passes the current in the system and balances the current observed at
the WE. With such a CV system, both potential and current can be controlled and monitored in

order to study the electrochemical behavior of the analyte.

Catalytic ink
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Figure 2.12. a) A standard three-electrode system b) Catalytic ink drop-casting method on a glassy
carbon electrode (adapted from ref.*")

In this dissertation, CVs were collected using an EC epsilon potentiostat equipped with a
rotating disc electrode (RDE) using a standard three-electrode setup. An Ag/AgCl electrode was
used as the RE, and the potential was checked against a master Ag/AgCI reference electrode
periodically to ensure there was no potential drift from electrode oxidation under strongly acidic/

alkaline conditions. A carbon electrode or a Pt wire was used as CE. A glassy carbon electrode



51

with a surface area of 0.07 cm? was modified by drop-casting 10 uL of nanoparticle/carbon ink
onto the surface to get a catalytic loading of 0.285 mg/cm? (Figure 3.13b). The electrode was then
dried under an infrared heat lamp for 2-3 minutes. Polarization curves were obtained in an
electrolyte at a scan rate of 10 mV/s with the RDE operating at 1600 rpm. IR compensation was
performed prior to collecting polarization curves by applying IR-COMP using the epsilon
software. The potential was measured in reference to the Ag/AgCl electrode and converted to the
reversible hydrogen electrode (RHE) scale using Equation 2.5.
Erne = Eagiager + 0.197 + (0.059 x pH) Equation 2.5

Double-layer capacitance (Ca) measurements were carried out using the same
experimental setup. Cq data were collected pre-catalysis and post-catalysis, and the data were used
to calculate the corresponding electrochemically active surface area (ECSA) values. Here forward
and reverse CV scans were performed at different scan rates (20-100 mV/s) within an energy
window of £50 mV of the open circuit potential (OCP). Then the double layer capacitance values
for each sample were obtained by plotting the current density difference at the OCP against the
scan rates. These data were then used to calculate the ECSA for the different samples.

Stability tests were performed in an H-type cell using similar reference electrodes, counter
electrodes, and electrolytes as in CV measurements. The working electrode was prepared by drop-
casting 140 pL of selected catalyst ink on a carbon cloth substrate with a geometric surface area of 1
cm? and dried under an IR lamp (0.280 mg/cm?). Before ink drop-casting, the substrate material was
cleaned and preheated at 450 °C for 2 hours under atmospheric air conditions in a furnace to remove
any residual organic material. The fabricated carbon cloth electrode was then used to carry out the long-
term stability tests by applying a constant potential on the activated working electrode to get a constant

current density.
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Cathodic faradaic efficiency measurements were performed in an H-type cell as used for
the long-term stability test. Here, the sample was held at a constant potential for a short period of
time (~30 min), after which the headspace gas amount was measured using a GOW-MAC series
400 gas chromatograph that was fitted with a TCD detector. Helium gas was utilized as the carrier
at a flow rate of 30 mL per minute, whereas nitrogen gas was utilized as an internal standard. In
all cases, a blank experiment was carried out with the working electrode without catalytic material and
subtracted to produce the reported data.

Overall water splitting activity evaluation was carried out in a two-electrode system, where
nanoparticle/carbon composites were utilized as the anode and cathode electrocatalysts,. The
electrodes were prepared as described for the long-term stability tests on carbon cloth. CV data
were recorded in a single flask with anode and cathode located approximately 1 cm apart.

Subsequently, a long-term stability test was carried out at a constant potential.
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CHAPTER 3. Co2-xRhxP NANOPARTICLES AS ELECTROCATALYSTS FOR THE
HYDROGEN PRODUCTION: CATALYTIC STABILITY AND Pt INTERFERENCE

Abstract

Large-scale hydrogen production through electrochemical water splitting is a promising
alternative to prevent/limit the usage of traditional fossil fuels, hence mitigating global warming.
For the hydrogen evolution reaction (HER), Pt is the most efficient electrocatalyst, but the practical
application of Pt is limited due to its skyrocketing prices. Thus, developing alternative
electrocatalysts with low/no noble metals content is essential for the widespread adoption of Pt-
free HER electrocatalysts with high activity, stability, and efficiency. While many papers have
reported testing and evaluation, in some cases, Pt has been employed as a counter electrode without
taking the precaution of employing an ion-exchange membrane (PEM) between the working and
counter electrodes, it is known that Pt can be oxidized and dissolved under certain chemical or
electrochemical conditions such as in acid at applied polarization potentials that are greater than
the Pt oxidation potential (>1.2 eV vs. RHE). These oxidized Pt species migrate to the working
electrode and deposit, leading to overestimating the working electrode's performance. In this study,
we investigated the activity and stability changes of a novel electrocatalyst Co.xRhxP
nanoparticles in carbon black composite (Co2-xRhxP NP/C) in an acidic and basic medium with a
Pt counter electrode vs. a carbon counter electrode under lower applied potentials than the Pt
oxidation potential (<0.6 eV vs. RHE). The study revealed that using Pt as a counter electrode for
HER even under low applied polarization potentials for an extended time can also affect the

working electrode’s stability.
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3.1. Introduction

Hydrogen gas can be a promising energy carrier to replace traditional fossil fuels, if
produced in large quantities through electrochemical water splitting. Up to date Pt is the most
efficient electrocatalyst for the water reduction half-reaction, which is hydrogen evolution reaction
(HER), but its practical large-scale applications have been greatly limited by its high cost. Thus,
developing low-cost water reduction electrocatalyst with comparable catalytic activity to Pt has
become extremely important. Different studies done with earth abundant materials based
electrocatalytic studies have shown that some materials exhibit comparable activity with Pt based
electrocatalysts. For an example, when molybdenum carbide is coupled with reduced graphene
oxide (r-GO) it showed almost overlapped HER activity with commercial Pt/C.** Also, Ni—C-
based catalyst synthesized from carbonization of Ni-based metal-organic frameworks (MOFs)
reported a similar HER performance as that of Pt.1>> However, it was noticed that in these studies,
Pt was chosen as the counter electrode without applying an ion-exchange membrane across the
working and counter electrodes during the electrochemical measurements. A literature study
conducted by Chen et al. found that around 50% of the published HER studies adopted Pt as the
counter electrode without using an ion-exchange membrane.'* Based on thermodynamics, Pt can
be oxidized and dissolved under certain chemical or electrochemical conditions such as the
presence of chloride in the acidic solution. Chloride will enhance the chemical and electrochemical
dissolution of Pt by forming stable chloride complexes (PtCls~, PtCls%, and PtCle?).157 158

In 2020 Sang and co-workers carried out a study to find out whether Pt can/cannot be used
as the counter electrode during the measurement of HER activity. Their study showed that even
under the Pt oxidation potential, Pt counter electrode in acidic or basic electrolyte was subject to

cause dissolution and redeposition of Pt on the working electrode, and that significantly improves
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the HER activity. Therefore, Pt cannot be a suitable counter electrode for measuring the activity
of HER.1®

In our recent studies done with the novel electrocatalyst Coz-xRhyxP nanoparticles in carbon
black composite (Co2.xRhxP NP/C), we also employed Pt as the counter electrode for the HER
activity evaluation in the acidic medium. However, the external applied potential (>0.6 eV vs
RHE) was much less than that of the Pt oxidation potential (1.2 eV vs RHE). Therefore, we
hypothesized that the effect of Pt on the working electrode might be insignificant in the HER
activity performance of the Co-Rh-P system. In order to confirm our hypothesis, we carried out a
detailed comparison study where we investigated the HER activity and stability changes of Coa.
xRhyxP NP/C in acidic and basic medium with a Pt counter electrode vs. a carbon counter electrode
under lower applied potentials than the Pt oxidation potential. Results revealed that using Pt as a
counter electrode for HER in acidic medium even under low applied polarization potential for an
extended time can affect the working electrode's stability, while in the basic medium the effect of
Pt is insignificant.
3.2. Experimental section

All materials used in the synthesis of Co2xRhxP nanoparticles are reported in Chapter 2.
3.2.1. Synthesis of Co2xRhxP nanoparticles

Co2.xRhxP nanoparticle synthesis was carried out according the procedure developed by
Mutinda et al.? A series of Coz-xRhxP nanoparticles was synthesized using stoichiometric amounts
of RhCl3-nH20 and Co(acac). metal precursors according to Table 3.1. The metal precursors were
dissolved in a mixture of 15 mL of oleylamine and 5 mL 1-octadecene. The mixture was degassed
at 110 °C for 30 min, then purged with Ar. The temperature was increased to 230 “C and maintained

for 9 hours. Then 6 mL of trioctylphosphine was injected and the mixture was maintained at 230
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°C for another 3 hours. Then the reaction temperature was adjusted to 310 °C — 350 °C (temperature
selected based on composition targeted, see Table 3.1) and maintained for 3 hours. The product
was then purified by sequential dispersion in chloroform and precipitation with ethanol.

Table 3.1. Quantities of metal precursors employed in synthesis of CozxRhxP nanoparticles and
phosphidation temperature as a function of x

Targeted Co(acac)2/ RhCls.nH20/ Phosphidation
composition mmols mmols temperature/ °C
Coo.25Rhy.75P 0.048 0.336 350
Coo.50Rh1.50P 0.096 0.285 350
Coo.7sRh1.25P 0.143 0.240 350
Cow.ooRh1.00P 0.192 0.192 330
Co150Rho.50P 0.285 0.096 330
Cou.7sRho.25P 0.336 0.048 310

3.2.2. Synthesis of CozP nanoparticles

Co2P nanoparticles were synthesized in a similar manner to that reported by Robinson's
group.t®® 0.44 mmol of Co2(CO)s was dissolved in a degassed solvent mixture of 15 mL 1-
octadecene and 3 mL oleylamine. Then the mixture was aged at 200 °C for 1.5 hours followed by
injection of 0.2 mL of TOP. The temperature was increased to 300 °C and held constant for 1.5
hours. The product was then cooled naturally to room temperature, washed and recovered in the
same way as outlined in 3.2.1.
3.2.3. Synthesis of Rh2P nanoparticles

The synthetic strategy was adopted from the literature reported procedure of Schaak
group.t®* 0.38 mmol of RhCl3-nH20 was dissolved into a mixture of 5 mL 1-octadecene and 15
mL oleylamine. The mixture was degassed at 110 °C for 30 minutes, followed by aging at 230 °C
for 90 minutes. 6 mL of TOP was injected into the solution, after that the temperature was
increased to 350 °C. The reaction mixture was then held at the same temperature for 3 hours and

the product was isolated after cooled down, by purifying as described in 3.2.1.
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3.2.4. Characterization

Powder X-ray diffraction (PXRD), Transmission electron microscopy (TEM) equipped
with an energy dispersive X-ray spectroscopy (EDS, EDAX, inc.), and X-ray photoelectron
spectrometry (XPS) were operated as mentioned in Chapter 2.
3.2.5. Electrocatalytic testing

A catalytic ink was prepared using Coz-xRhxP nanoparticles, and electrocatalytic activity,
stability, and efficiency tests were performed following protocols in Chapter 2. Here, we used 0.5
H2SO4 or 1 M KOH as electrolyte solutions, while a carbon rod/ Pt wire electrode (for comparison)
was used as counter electrodes.
3.3. Results and discussion

Different compositions of Co2xRhxP nanoparticles capped with oleylamine/
trioctylphosphine ligands were prepared by solution-phase arrested precipitation reactions
according to our established protocol.?® Powder X-ray diffraction (PXRD) data confirm our
previous findings (Figure 3.1): Rh-rich phases adopt the cubic antifluorite structure whereas Co-
rich phases adopt the orthorhombic Co2P structure; diffraction peaks shift systematically with the
change in the composition (i. e., change in ionic radius), consistent with solid-solution formation.
While we have seen evidence for mild phase segregation in Co1.00Rh1.00P in the past, the samples
prepared here reveal discernable diffraction peaks only for antifluorite. Transmission electron
microscopy (TEM, Figure 3.2) data were also consistent with prior studies, demonstrating a
distinct particle size/morphology correlation to the structure. Co-rich phases form relatively large
(10-20 nm diameter) irregularly-shaped (in some cases, rod-like) and spherical particles, often
with hollow voids at their centers that are consistent with the Kirkendall effect. Rh-rich phases

form small, solid spheroids with sizes of 3-5 nm. The Co1.00Rh1.00P phase is morphologically
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similar to the Co-rich phases, with spheroids and irregularly shaped/rod-like features ranging in

size from 5-20 nm in their largest dimension, with a few voids.
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Figure 3.1. PXRD data for Co2P, RhzP and Co,-<RhxP nanoparticles with reference stick patterns
(powder diffraction files, PDFs) for Co2P (bottom) and Rh2P (top)

Figure 3.2. Representative TEM micrographs of different compositions of Co.xRhxP
nanoparticles.
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A nanoparticle ink was prepared by our standard method.?® An ink with a concentration of
2 mg nanoparticles/mL was used in electrocatalytic testing.
3.3.1. Electrochemical activity in acidic medium

To probe the effect of composition on the HER catalytic performance of Coz xRhxP
nanoparticles, polarization curves for different compositions were recorded at 10 mV/s under
identical conditions for comparison purposes. Figure 3.3a shows a compilation of HER
polarization curves for the different compositions that were examined, while Figure 3.3b presents
a comparison of the respective overpotentials at 10 mA/cm? (geometrical surface area).
Scrutinizing the data clearly reveals that the HER performance of Co2 xRhxP nanoparticles in
acidic media is composition-dependent, with the Rh-rich phases being the most active (i.e., having
the lowest overpotential) as compared to the Co-rich ones. It is interesting to note that samples in
which x > 1.25 have a more or less comparable HER performance to that of RhoP nanoparticles.
For example, compositions with x values of 1.25, 1.50, and 1.75 correspond to overpotential values
0f90.5+ 3.5, 88.5+ 0.7, and 84.0 £ 2.8 mV, which are not statistically different (within 35) from
the overpotential of pure RhzP, 87.5 + 0.7 mV. Thus, one can dilute rhodium sites with cobalt, up
to a composition of Cog.7sRh1.25P, while still retaining the catalytic activity of pure RhP.

On the other hand, samples in which x < 1 all have overpotentials that are above 100 mV.
Our previous work showed that the crystal structure of Coz xRhyP nanoparticles varies with
composition, where Rh-rich and Co-rich regimes adopt the (cubic) antifluorite and orthorhombic
CozP structures, respectively, with a sharp phase transition occurring at the Co1.00Rh1.00P
composition. We also showed that although the Co1.00Rh1.00P composition was mostly defined by
the cubic phase, there exists a subtle phase separation, where impurities of the orthorhombic phase

were observed.® While we do not detect any phase segregation in our PXRD pattern, the
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sensitivity of the technique is limited, particularly when characterizing nanomaterials., the
somewhat abrupt difference in HER activity between the Coo.75Rh125P and the Co1.00Rh1.00P
compositions could, therefore, be due to the presence of orthorhombic phase impurity in the

Co1.00Rh1.00P composition.
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Figure 3.3. (a) HER polarization curves for Co>_xRhxP nanoparticles compared to those for RhzP
and CozP end points. (b) Overpotentials at 10 mA/cm? (geometrical surface area)

According to Sang et al., when applying potentials in catalytic HER in an acidic medium,
there is a possibility of dissolving and depositing platinum from the Pt counter electrode on the
working electrode at higher voltages (1.6-2.0 Vrre).? Even though our systems are operating at
low potentials, additional experiments replacing the Pt counter electrode with C were performed
for the selected composition Coo.7sRh1.25P. According to the polarization curves and overpotential
values exhibited, there is no significant difference in activity between data collected with the Pt vs

the C counter electrode (Figure 3.4).
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Figure 3.4. Comparison between the HER activity with Pt counter electrode vs. C counter
electrodg for Coo7sRh125P: (@) Polarization curves; (b) Overpotential values at 10 mA/cm?
geometric
3.3.2. Long term stabilityo faradaic efficiency and Pt interference in acidic medium

Long term stability measurements were conducted on the Coo.7sRh12s5P system, as shown
in Figure 3.5, by applying a constant potential on the working electrode and recording the resulting
current density with both Pt and C counter electrode. The Coo.7sRh1.2sP composition was chosen
in lieu of Coo.2sRh1.75P as the increased Co concentration makes it easier to assess the speciation
of Co in the samples as a function of treatment. As shown in Figure 3.5, when Pt is used as counter
electrode, the initial current density of 10mA/cm? is stable over the 9-hour test. However, when C
is the counter electrode, the initially high activity falls over the first half-hour, to 5 mA/cm?, and
then remains steady for the remainder of the test. These data suggest that Pt is playing an active
role in stabilizing the electrode.

To better understand the system, the surface chemical state of the electrocatalyst material
was analyzed using XPS before and after 1 h and 9 h of stability testing, comparing Pt and C as
counter electrodes (Table 3.2, Figure 3.6). Before the catalytic activity tests in the freshly prepared

Coo.75Rh1.25P/C ink, cobalt primarily existed in its oxidized forms (Co?* and Co304, peaks between
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779-785 eV) while rhodium was predominantly Rh® (=307 and ~312 eV), see Appendix B. for
peak assignments and references. The rhodium spectrum also reveals the presence of shoulder
peaks at ~309 and ~314 eV, which confirm the presence of a low concentration of Rh3* ions in the
material. The phosphorus spectrum, on the other hand, reveals the coexistence of both zero-valent
(~130 eV) and oxidized states (P°*, ~134 eV), with the oxidized form in excess. The presence of
oxidized Rh, Co, and P in the sample can be attributed to surface oxidation, which was also found
to occur in the pure RhzP electrocatalyst.'®? Intriguingly, before catalysis, we see that the Rh is
actually in deficit relative to Co. The ideal Rh/Co ratio should be 1.25/0.75 = 1.67; however, XPS
gives a ratio considerably different: 0.86/1.14 = 0.75, suggesting the surface is quite Co-rich.
Additionally, P is unexpectedly low, with a M/P ratio observed of 2/0.55 = 3.63 instead of 2/1 =
2.
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Figure 3.5. Long term HER stability test for Coo.7sRh1.25P with C and Pt counter electrodes and
Rh2P with C counter electrode
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Table 3.2. Calculated atomic (Rh, Co, P, Pt) and oxidation state (Rh, P) percentages on the surface
of Coo.75Rh1.25P/C electrocatalysts from XPS data acquired before and after 10 h stability tests with
either carbon or platinum counter-electrodes

Atomic % % Contribution to elemental signal
Rh Co P Pt Rh?* Rh3* PO p>*
Before | 33.68 | 44.74 | 21.58 | - 63.72 | 36.31 | 17.52 | 82.48
1h/C 67.94 | 7.69 | 2437 | 70.16 | 29.89 | 30.65 | 69.33
+2.77 | £2.70 | +0.07 +12.65 | £9.04 | +9.58 | +9.32
oh/C 69.38 | 8.63 | 22.00 | 62.62 | 37.38 | 36.96 | 63.06
+3.11 | +6.65 | +3.54 +28.36 | £28.66 | £21.73 | £11.24
1h/Pt | 73.07 | 5.84 | 19.34 | 1.75| 36.02 | 63.97 | 3594 | 64.12
9h/Pt | 73.66 - 1852 | 7.82 | 36.18 | 63.82 | 49.78 | 50.22

Regardless of counter electrode, XPS data reveal significant depletion of Co at the catalyst
surface in all cases (Table 3.2), with the P atomic percentage remaining largely constant (M/P =
3.31), and the Rh concentration going up to compensate for Co loss (Rh/Co =8.44). However,
when Pt wire was employed as the counter electrode, Pt deposition on the working electrode can
be seen after 1 hour (Figure 6l), and the amount has increased after 9 hours (Table 3.2). The
speciation of Rh is also sensitive to the presence of Pt, with Rh3* the dominant species when Pt is
present, whereas the more reduced Rh®" associated with the phosphide is dominant in the absence
of Pt, and in concentration comparable to that in the pre-catalyst. The speciation of P, on the other
hand, is similar regardless of counterelectrode identity, corresponding to a modest increase in the
ratio of PY/P" relative to the pre-catalyst. Notably, Rh2P does not deactivate when carbon is the
counter-electrode (Figure 3.5). These data suggest that substitution of Co for Rh within the
antifluorite structure type does not change the native activity of the catalyst (i.e., initial
overpotential at 10mA/cm?), but does set it up for partial deactivation due to Co leaching under
catalytic conditions. The use of the Pt counterelectrode masks this activity/composition
relationship, as the Pt likely compensates for Co loss and may even be displacing Rh as active

catalyst (consistent with Rh®* formation when Pt is present). An interesting take-away from this
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study is the notion that activity is more closely tied to the structure than to Rh/Co ratio; i.e., if Co
(or possibly another metal) can be incorporated into the antifluorite structure type and mechanisms
for base-metal etching can be shut down, RhoP activity can be maintained with considerably
smaller atomic percentages of Rh. It is worth noting that after Co loss, activity again stabilizes,
suggesting that the remaining Rh has not lost its activity.

Faradaic efficiency tests are consistent with an electrochemical process associated with the
initial deactivation step. Notably, in the presence of the Pt counter electrode, selectivity to H»
evolution is ca 100% (See Figure 3.7), whereas for Rh125C00.75P it is 88% over the first hour,
where the potential is falling, but 100% over the next hour, after the potential stabilizes. As this
time period correlates to the initial deactivation and loss of Co we surmise that some of the current
density may be contributing to the Co dissolution process.

Since the acidic medium activity didn't show stable activity with C counter electrode and
the stability gained with Pt counter electrode came with overestimated activity due to Pt metal
deposition on the working electrode, the electrolyte media was change from 0.5 M H2SO4 to 1M
KOH and carried out a series of experiments were carried out to evaluate catalytic activity and

stability of Co2.xRhxP nanomaterial.
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Figure 3.6: XPS data for the freshly prepared (a-d) and used Coo.2sRh1.75P/C electrocatalysts: after
applying constant potential for 1 hour with C counter electrode (e-h), after 1 hour with Pt counter
electrode (i-1), after 9 hours run with the C counter electrode (m-p) and after 9 hours with Pt counter
electrode (g-t)
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Figure 3.7. Faradaic efficiency data of (a) Coo2sRhy1.7sP electrocatalyst with Pt counter electrode
collected for 30 min, (b) Coo.7sRh1.25P electrocatalyst with C counter electrode collected for an
initial 60 min, and (c) Coo.7sRh125P electrocatalyst with C counter electrode collected over an
additional 60 min relative to Figure 3.7(b)
3.3.3. Electrochemical activity in basic medium

The HER activity of Co.xRhxP nanoparticles as well as a commercial 20%Pt/C catalyst
reference was evaluated on a glassy carbon rotating disk electrode in a 1M KOH electrolyte
solution. Figure 3.8 shows the HER polarization curves as a function of x, along with the
overpotentials that were required to deliver a current density of 10 mA/cm?2geometric. As evidenced
from the data, all samples with some degree of Rh incorporation outperformed the 20% Pt/C
reference standard, with the Coo.2sRh1.75P composition the most active (overpotential = 58.1 mV),
and the Rh-free Co2P the least active (overpotential = 188.1 mV). The 20% Pt/C reference has an
overpotential of 135.1+4.0 mV at 10 mA/cm?geometric Which is comparable with literature reported
values for samples with similar mass loading on glassy carbon electrode and catalytic ink
preparation methods to ours (103 mV and 132 mV at 10 mA/cm? in basic medium).6% 4 The
general trend in activity is clearly composition-dependent as in the acidic medium, with Rh-rich
samples being more active towards HER as compared to their Co-rich counterparts, with an abrupt

change for Co2.xRhxP, x < 1. This correlates to a change in structure-type from cubic antifluorite

to the orthorhombic Co2P-type. Rh2P itself has already been found to demonstrate superior HER
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activity at pH values from 0-14, outperforming the activity of the state-of-the-art Pt/C
electrocatalyst.?%>8 Moreover, while the Coo2sRh1 75P sample has the lowest overpotential of the
systems studied, the standard deviations in the measurements reveal that the activity is not
significantly different for compositions x > 1.25. Thus, even with the basic medium a significant

quantity of Rh can be eliminated without sacrificing activity.
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Figure 3.8. (a) HER polarization curves acquired on a glassy carbon support in a rotating disk
electrode and (b) Overpotential values for Co..«Rh«P/C electrocatalysts at 10 mA/cm?geometric

3.3.4. Long term stability faradaic efficiency and Pt interference in basic medium

In order to determine whether the cathodic current that was observed during our HER
measurements was indeed associated with proton reduction, a cathodic faradaic efficiency
measurement was conducted for 30 minutes on a representative sample (Coo.2sRh1.7sP, Figure 3.9).
Data elucidation from the measurement revealed that the sample was 99% efficient, meaning that
there were minimal faradaic losses encountered during the measurement and hydrogen is the only

product in the basic medium.
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Figure 3.9. Faradaic efficiency plot for Coo.2sRh1.75P

A long-term stability measurement was also performed on the same electrocatalyst at an
applied potential of 60 mV (current density ~12.5 mA/cm?Zgeometric) for 10 hours as shown in Figure
3.10. In distinct contrast to our observations in acid, where the current density dropped by 50%
during the first 30 minutes, the reaction in basic media is quite robust, behaving similarly to RhzP
which maintained HER activity through 1000 cycles in base.'®” These data are in alignment with
previous studies of Co.P, where the cathode undergoes dissolution in acid but is transformed to

Co-hydroxide species in base (the putative catalyst).1%°
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Figure 3.10. Long term stability test data for Coo 2sRh1.75P electrocatalyst in basic media at 60 mV
of applied potential
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In order to determine the surface changes occurring on the electrocatalytic material upon
catalysis in the basic medium, XPS analyses were carried out before and after the 10 h stability
test. Figure 3.11 shows XPS spectra of the regions corresponding to Rh 3d, P 2p and O 1s, both
before and after a 10 h stability test. Due to low signal-to-noise ratio observed for the Co 2p
spectrum, we were unable to assess composition and speciation for this element (Figure 3.12).

For Rh XPS data acquired before catalysis we find that the metal primarily exists in a P
bonded matrix (binding energy, BE 306.9 eV and 311.6 eV), with the spectra evidencing a lesser
contribution from Rh®" (BE 309.1 eV and 313.7 eV, ca 25%, see Table 3.3). The P 2p spectrum
acquired before catalytic testing is dominated by oxidized states (P°*, 133.5 eV), associated with
surface oxidation; although a small shoulder at 130 eV is indicative of P?associated with metal-
bonded P. The O 1s spectrum shows the presence of C bonded oxygen (main peak 533.0 eV) and
some S bonded oxygen (535.7 eV), both associated with Nafion, along with a lower binding energy
peak (531.9) attributed to metal oxide (~ 30%, See Table 3.3).

After the stability test, XPS data were acquired on the tested sample (Figure 3.11). The Rh
spectrum remained essentially unchanged, but the P spectrum was devoid of discernible signal.
We attribute the decrease in surface P to (i) formation of phosphate under active electrocatalytic
conditions; (ii) displacement of phosphate with oxide/hydroxide species in the highly basic
media.2®® This is supported in part by the O 1s spectrum, where the percent of metal-bonded O has
doubled to 60% (Table 3.3). These data are consistent with previous work on HER electro
catalyzed by CozP in base,!®® and support the hypothesis that the metal phosphide serves as a pre-
catalyst, with the phosphide converting to phosphate under electrochemical conditions (solubilized

in the aqueous media), and the active catalyst is a surface oxide/hydroxide species.
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Table 3.3. XPS quantification data for oxidation states for Rh and O elements

Before catalysis After catalysis
Peak % Peak %
position Contribution position Contribution
O1s
Metal oxides 531.9 29% 531.6 60%
C-O0 533.0 56% 533.1 32%
Sulfonic aC|q oxygen in 5357 15% 536.0 8%
Nafion
Rh 3d
306.9 307.0
0, 0
Rh metal 3116 75% 3117 78%
. 309.1 0 309.3 0
Rh oxide 313.7 25% 313.9 22%

3.4. Conclusions

Co2-xRhxP nanoparticles are electrocatalytically active toward the HER in acidic and basic
media. The activity is composition-dependent, with Rh-rich samples being more active than their
Co-rich counterparts. Interestingly, we have also shown that the activities are comparable for
compositions in which x > 1.25, which effectively allows one to dilute rhodium sites with cobalt
up to the composition of Cog.7sRh1.25P without losing the initial activity. However, Co is not stable
in the acidic medium under electrocatalytic conditions for the long term, depleting from the surface
concomitant with a 50% drop in the current density. Then we carefully studied the dissolution
behavior of Pt and its interference on the working electrode when used as the counter electrode at
lower potentials (<0.6 V vs. RHE). Our results show that the deactivation of Co2-xRhxP/C due to
Co dissolution in the acidic medium, is masked by redeposition of Pt on the working electrode,
which significantly improves the HER stability. As a result, Pt should not be selected as the counter
electrode for measuring the activity and stability of HER even under mild applied potentials,
especially in the acidic electrolyte. However, in the basic medium, we do not see any Co

dissolution, activity deactivation, or Pt redeposition. In that case, the P atom plays a sacrificial
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role, and in-situ, formed metal oxide/hydroxides act as the catalytic material providing promising

activity and stability.
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CHAPTER 4. THE ROLE OF NOBLE AND BASE METAL SPECIATION AND
SURFACE SEGREGATION IN Ni2xRhxP NANOCRYSTALS ON
ELECTROCATALYTIC WATER SPLITTING REACTIONS IN ALKALINE MEDIA

Abstract

Transition metal phosphides have proven to be surprisingly active electrocatalysts for
electrochemical water splitting, but the nature of the “active” catalyst depends strongly on the
solution pH, the identity of the metals, and whether the reactions are anodic (oxygen evolution
reaction, OER) or cathodic (hydrogen evolution reaction, HER). In order to understand the origin
of this activity, the synthesis of well-defined, compositionally controlled pre-catalysts is needed,
as are detailed catalytic studies and physicochemical characterization/activity assessment of
catalysts at different stages. While base metal phosphides of Ni and Co have the advantage of
being earth abundant, in alkaline media they are less active and less stable than noble metal
phosphides such as RhzP. As a means to combine the abundant nature of base metals with the
activity and stability of noble metals, the first synthesis of colloidal Ni>xRhxP nanocrystals by
arrested precipitation routes is reported along with their composition-dependent activity for
electrocatalytic HER and OER. Phase-pure samples of Ni>.xRhxP were realized at the Ni-rich
(hexagonal, Fe;P-type) end (x = 0.00, 0.25, 0.50) and Rh-rich (cubic, antifluorite-type) end (x =
1.75, 2.00). When assessed in terms of current density normalized to electrochemical surface area
(ECSA) at fixed potential, the most active pre-catalyst for OER is Ni1.75Rho2sP and for HER it is
Rhy7sNio2sP.  Evaluation of X-ray photoelectron spectroscopy, transmission electron
microscopy/energy dispersive spectroscopy and ECSA data before and after 10 h stability runs
were performed. The data reveal surface compositions to be considerably richer in Ni and poorer
in Rh and P relative to the bulk composition, particularly for Nig2sRh1.7sP where the surface ratio

of Ni:Rh is nearly 2:1, and increases to 4:1 after HER catalysis. In all cases, surface phosphorus is
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completely depleted post-catalysis, suggesting a sacrificial role for phosphide under alkaline
conditions. Moreover, the activity of “Rh175Nio25P” for HER decreases over time, even as the
ECSA continues to rise, attributed to a decrease in the more active and stable Rh sites relative to
Ni on the surface. In contrast, the enhancement in OER activity of Ni.P with 12.5% Rh
incorporation is attributed to restructuring upon phase-segregation of Rh, suggesting that the noble
metal also plays a sacrificial role and does not participate in OER catalysis. The roles of minority
noble metals (Rh) in base-metal phosphides for OER and of minority base metals in noble-metal
(Rh) phosphides for HER are discussed in light of related data on Coz-xRhyP.
4.1. Introduction

A major limiting factor in the widespread adoption of water electrolysis is the absence of
inexpensive, highly efficient catalysts for HER and OER that are stable under extreme pH
conditions. This need provides a driving force for the discovery of new catalytic materials, and
transition metal phosphides have emerged as a promising class of materials in this regard.
Phosphides were suggested as suitable catalysts for HER by Rodriguez and co-workers in 2005
based on DFT calculations conducted on Ni:P that revealed a moderation in bonding of
intermediates and products on the (001) plane due the combination of Lewis acidity of the Ni
(acting as a hydride acceptor) and Lewis basicity of the phosphide (acting as a proton-acceptor)
associated with the ensemble effect (the separation of Ni sites by P).1?8 The activity of Ni.P was
validated experimentally by Schaak and Lewis in 2013, where Ni2P was found to exhibit a low-
overpotential and high-stability (in acid) relative to other earth-abundant catalysts investigated.1’
This spurred widespread investigation of transition metal phosphides for first HER, and

subsequently OER, and related reactions.*8: 171176
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While very good HER catalysts in acid and alkali, base metal phosphides do not outperform
noble metals, prompting the study of noble metal phosphides. Work done by Duan et al. showed
that RhoP nanocubes could be an excellent catalyst for HER, outperforming the activity and
stability of Pt and Rh metals in acidic media.'”” Likewise, Yang et al reported quasi spherical RhzP
nanoparticles (~3 nm in sizes) to be the first Pt-free electrocatalyst that has a higher pH-universal
HER performance compared to the state-of-the-art commercial Pt/C.1"® With respect to OER, base
metal phosphides are excellent pre-catalysts for OER in alkaline media (where they transform to
oxide/hydroxides), but are typically not stable at positive potentials in acid.**> 1" In contrast, Rh2P
is an active catalyst for OER in acidic conditions, exhibiting a lower overpotential and enhanced
stability relative to Pt/C; the overall stability is improved in alkaline media without sacrificing
activity, such that RhzP can serve as a bifunctional catalyst for overall water electrolysis generating
200 mA/cm? for 1.7 V applied.*8

As a means to further limit the noble metal content, we sought to determine whether Rh2P-
type HER activity could be retained upon substitution of some of the noble metal content with
base metals. Intriguingly, for RhoxCoxP nanocrystals, there was actually an enhancement of
activity upon introduction of Co, and more significantly, replacement of up to 40% of Rh produced
materials with activities comparable to Rh2P in both acid and base. The catalysts demonstrated
good stability in base, although Co was observed to leach under acidic conditions leading to a
decrease and leveling off of activity in this system over time. Likewise, we found that Co2P, a
good base metal catalyst for OER in alkaline media, actually demonstrated an enhancement in
activity upon incorporation of small amounts of Rh, despite the fact that Rh,P prepared similarly
is not particularly active. The OER activity was found to increase over time, associated with phase

segregation of Rh, suggesting sacrificial depletion of Rh may enhance activity of the Co
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oxide/hydroxide formed under oxidative conditions.?* 2> 181182 As 3 means to discern how the
interplay between the base metal and noble metal governs activity and stability, we seek here to
investigate the compositional effects on water splitting catalysis of the nickel analog, Niz>-xRhyP.
Ni was chosen because it is one of the three base metals (along with Co and Fe) known to form
layered double hydroxides that are highly active for alkaline OER catalysis, and because of prior
reports of high HER activity in a phosphided RhNi phase under alkaline conditions.

Indeed, the prior study on phosphided RhNi supported on graphene oxide underscores the
problems with discerning the innate compositional effects on catalysis in the context of surface
area, mediators, and phase/phase purity, while at the same time providing a motivation for
evaluating this system for HER.'8 The phosphided RhNi is not crystalline, nor does it appear
compositionally to adhere to the classic 2:1 M:P ratio of the crystalline phases, but it does catalyze
HER in alkaline hydrazine more efficiently than the metal alloy.*® With that study as inspiration,
we report here the first synthesis of discrete Ni>.xRhxP nanoparticles and evaluate their
composition-dependent electrocatalytic activities towards water oxidation and reduction in
alkaline media. A systematic comparison to Co2xRhxP enables us to better define the roles of
minority noble metals (Rh) in base-metal phosphides for OER and of minority base metals in
noble-metal (Rh) phosphides for HER.

4.2. Experimental section

All materials used in the synthesis of Ni2xRhxP nanoparticles are given in Chapter 2.
4.2.1. Synthesis of Ni2xRhxP nanoparticles

All reactions were carried out under an argon atmosphere using standard Schlenk line
techniques. To synthesize Ni>xRhxP (Table 4.1), the corresponding amount of Ni precursor and

Rh precursor in (0.42-x) mmol Ni to x mmol Rh ratio were combined with 15.0 mL of oleylamine
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(reducing agent and coordinating ligand) and 5.0 mL of 1-octadecene (solvent) in a 200 mL
Schlenk flask with an attached condenser. Then the flask was placed on a heating mantle which
was connected to a temperature controller. The thermocouple was inserted between the flask and
the heating mantle, and the mixture was degassed at 120 °C for 30 min to remove moisture and
oxygen. Then argon was purged for 20 min at the same temperature. The temperature was then
increased up to 260 °C and maintained for 3 h. After 3 h, 8.0 mL of TOP was quickly injected into
the mixture from the top of the condenser using a 12" long needle. Next, the temperature was set
to 350 °C and was maintained for another 3 h. After naturally cooling the mixture to room
temperature, 20 mL of ethanol was added to the solution and centrifuged to isolate the precipitate.
The precipitate was dispersed in 5 mL of chloroform, sonicated for 5 min, and reprecipitated,
adding ethanol, followed by centrifugation. This sonication and precipitation process was carried
out two times.

Table 4.1. Quantities of metal precursors employed in the synthesis of Ni>.xRhxP (0.21 mmol)
nanoparticles

Targeted composition | Ni(acac)2 / mmols | RhCls-nH20 / mmols
Nig.2sRh1 75P 0.06 0.36
NigsRh1sP 0.12 0.30
Nig.7sRh1.25P 0.18 0.24
Ni10Rh1.0P 0.21 0.21
Ni1 25Rho.75P 0.24 0.18
Ni1s5RhosP 0.30 0.12
Ni1.75Rho.25P 0.36 0.06

4.2.2. Synthesis of Ni2P nanoparticles

Ni2P nanoparticles were synthesized using a method developed by Muthuswami et al. with
minor variations.'® Ni(acac), (0.59 g), 6.0 mL of oleylamine, 15.0 mL of n-octyl ether and 2.0
mL of TOP was added to a 200 mL Schlenk flask. The mixture was degassed at 120 °C for 30 min,

and then argon was purged for 20 min at the same temperature. The temperature was then increased
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up to 230 °C and maintained for 90 minutes. After 90 minutes, 3.0 mL of TOP was quickly injected
into the mixture. Next, the temperature was set to 350 °C and was maintained for another 3 h. After
naturally cooling the mixture to room temperature, the sample was purified three times using
chloroform and ethanol, as described in the procedure for the synthesis of Nio-xRhxP.
4.2.3. Synthesis of Rh2P nanoparticles

Rh2P nanoparticle synthesis was carried out using the protocol in section 3.2.3.
4.2.4. Characterization

Powder X-ray diffraction (PXRD), Transmission electron microscopy (TEM) equipped
with an energy dispersive X-ray spectroscopy (EDS, EDAX, inc.),X-ray photoelectron
spectrometry (XPS), and Fourier Transform Infrared Spectroscopy (FT-IR) were operated as
mentioned in Chapter 2.
4.2.5. Electrochemical measurements

A catalytic ink was prepared using Ni>-xRhxP nanoparticles, and electrocatalytic activity,
stability, electrochemically active surface area (ECSA), and overall water splitting tests were
performed following protocols as described in Chapter 2. Here, we used 1 M KOH as electrolyte
solutions, while a carbon rod counter electrode was used for HER, and a Pt wire counter electrode
was used for OER.
4.3. Results and discussion
4.3.1. Synthetic protocol development

Our approach to the synthesis of Ni.-xRhxP, is based on our method established for Co,-
«RhxP,2% where we were able to make a solid-solution over all x. In both cases, we used solution-
phase arrested precipitation employing a one-pot two-step process in which the metal precursors,

combined in targeted stoichiometric ratios, were allowed to co-reduce in a mixture of oleylamine
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(which acts as a reducing agent) and the noncoordinating solvent 1-octadecene to form the alloy
at an intermediate temperature, followed by injection of the P precursor, trioctylphosphine (TOP),
and an increase in temperature to achieve phosphidation. The temperature conditions and
concentration of TOP were varied to identify optimal conditions for phase purity (0.2 mmol total
metal precursor; 15 mL oleylamine, 5 mL octadecene), although phase purity was not always
possible (vide infra). Based on the optimization studies, the targeted metal ratios were obtained
with 8 mL of TOP using an alloying temperature of 260 °C and a phosphidation temperature of
350 °C (Table 4.2). The formation of a Rh-Ni alloy at the intermediate phase, was verified by
isolation and characterization (see Figure 4.1). For comparison of the activity, binary end members
Ni2P and Rh2P were also synthesized using a modification of standard procedures.?> 18

Table 4.2. EDS data for samples prepared at different alloying temperatures and with different
amounts of TOP

Targeted composition | Alloying temperature (°C) | TOP amount (ml) | EDS ratio
NisRho.sP 230 6.0 Ni1.73Rho.o7P
Ni1sRhosP 230 8.0 Ni1.62Rho.3sP
NisRho.sP 230 10.0 Ni1.65Rho.35P
Ni1sRhosP 260 8.0 Ni152Rho.4sP

Ni1.75Rho.25P 260 8.0 Niy.75Rho.25P
T T T T T T 'T T ¥ T J
30 35 40 45 50 55 60

2-Theta (degree)

Figure 4.1. PXRD pattern for isolated Ni-Rh alloy after heating metal precursors at 260 °C for 3h
with 1-octadecene and oleylamine. The stick diagrams correspond to fcc Rh metal (blue) and Ni
metal (gold)
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4.3.2. Crystal structure and morphology

Synthesized Ni>-xRhxP nanoparticles with different compositions were characterized for
phase purity using PXRD, morphology by TEM, and composition using EDS. Figure 4.2 shows
the PXRD patterns of the targeted phases and NizP and Rh2P endmembers. NizP and Rh2P adopt
fundamentally different structures: hexagonal (Fe-P-type) and cubic antifluorite, respectively.
Thus, Ni2P has two metal sites, one with tetrahedral geometry and one with square pyramidal
geometry (equally populated) and P occupies the tricapped trigonal prismatic geometry defined by
the metal atoms (Figure 4.2). In contrast, Rh2P, has only one metal site: tetrahedral holes inside
the face-centered-cubic P anionic lattice (Figure 4.2). Ni>-xRhxP nanoparticles are found to adopt
the FeoP hexagonal structure-type up to x = 1.5, where a mixture of hexagonal and antifluorite
form; more Rh-rich phases are exclusively antifluorite. The incorporation of the second metal is
manifest in peak shifts associated with expansion of the hexagonal lattice upon Rh incorporation
(to lower 20), or compression of the antifluorite structure upon Ni incorporation (to higher 20),
as shown in Figure 4.3. Intriguingly, while initial incorporation of Rh into Ni2P results in a quasi
linear increase in the d-spacing of the (111) reflection, suggestive of adherance to Vegard’s Law,
for 0.75<x<1.5, the increase in lattice parameters is significantly dampened. At x = 1.5, where two
distinct phases are present, the hexagonal (111) lattice parameter decreases to a value intermediate
between those recorded for x = 0.25 and x = 0.5. On the other side, as Ni is added to the antifluorite
structure type, there is a significant drop in the d-spacing of the (200) reflection upon incorporation
of 0.25 Ni (x = 1.75), but hardly any additional compression noted for 0.50 Ni (x = 1.5), where the
phase segregation occurs. Clearly, at x = 1.5, the Rh is being partitioned between the two structure
types. Nevertheless, the minimal change in lattice parameters between x = 0.75 and x = 1.5

suggests the incorporation of Rh into the hexagonal structure is limited. We also noted a subtle
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enhancement in the intensity of the NiP 110 peak, which is barely discernable in the native
structure, upon incorporation of Rh, likely due to the difference in scattering factor between Rh
and Ni. An unidentified peak near 37.5° 20 is also noted for these phases and marked with a red
asterix. This peak could be attributed to more P-rich phases, as both RhP, and RhsP3 have a peak

in that area, but in the absence of other peaks, phase identification is speculative.

= Ni,P PDF
8 03-065-1989

n

NIlJSRhD,ISP

ﬂ Niy ;Rh, ;P
o A Niy 55Rhg 5P

« N Ni, oRh, P
< A Nig 7sRh 25P
' ——
M . A nl Nig sRh, (P

2 A NIO.ISRhL’SP

ooy

Intensity (a.u.)

reef

Rh,P
”, 2
g o Rh,P PDF
£ T 00-002-1299
n L]
T Ll

| T T T

25 30 35 40 45 50 55 60
2-Theta (degrees)

Figure 4.2. (a) Structure of hexagonal Ni2P (left) and cubic Rh2P (right) polymorphs. (b) PXRD
patterns for targeted compositions of Ni2.xRhxP (x=0-2) nanoparticles. Reference patterns for Ni2P
and Rh2P are shown with drop lines for major distinguishing peaks. An impurity peak observed
for compositions x=0.75-1.5 is indicated with a red asterix
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Figure 4.3. d-spacing change of hexagonal Ni>P with Rh addition (red) and cubic Rh2P with Ni
addition (blue)

The observation of phase segregation in Ni2.xRhxP came as a surprise, as we were able to
prepare Co2xRhxP over all x, with the Co2P-type structure adopted for x < 0.75 and the Rh2oP
(antifluorite) type adopted for x > 1, suggesting a sharp phase transition is occurring for 0.75 > x
< 1.0. However, while the structures of NiP and Co.P are similar in that they have a square
pyramidal and tetrahedral site, the arrangement of the polyhedra is not the same, such that Ni2P is
hexagonal (FezP-type) and CozP is orthorhombic (CozP-type).® It is possible that these subtle
structural differences facilitate miscibility between Co2P-Rh2P but inhibit miscibility between
Ni2P-Rh2P. Alternatively, there may be a competing ternary phase that is more stable, a possibility
hinted at by the unidentified peak at near 37.5° 20. We also considered the possibility that

incorporation was limited for intermediate compositions, an effect we have previously observed
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in MnAsi.xShy nanoparticles.® In the case of MnAsixSbx, we noted that As incorporation in
MnShb was significantly limited, leading to observed compositions that were considerably As-poor
relative to the targeted compositions. This was attributed to differences in relative reactivity.
However, EDS data conducted in the TEM for Ni2xRhxP revealed a close agreement between the
targeted composition, and the observed composition (see Table 4.3).

Figure 4.4 shows the TEM images for Ni>xRhxP, Ni2P, and RhzP nanoparticles. According
to the images, Ni2P nanoparticles have a spherical structure with an average size of 61 nm. This
value is very close to the crystallite size (6.2 nm) calculated by application of the Scherrer Equation
to the (111) reflection, Rh2P on the other hand has a quasi spherical morphology with an average
TEM size of 3+1 and corresponding crystallite size (based on the (220) reflection) of 3.1 nm. As
is evident in Figure 4.4, incorporation of Rh into NizP results in void formation due to the
Kirkendall effect, resulting in a larger (more than double) overall particle size (ca 15 nm, Table
1).160 187 This increase is not wholly attributed to void formation, since the crystallite size
computed from the Scherrer equation also increases, albeit by a smaller amount (ca 1.5x). At the
other end of the compositional space, incorporation of 12.5% Ni to Rh2P also results in an increase
in particle size of ca 1.5x but without apparent void formation; the crystallite size for the (220)
reflection increases proportionally. The phase segregated x=1.5 sample has irregular particles of
ca. 14 nm in diameter; some voids are still seen, but otherwise differentiation of particles adopting
hexagonal vs. cubic structure is not obvious. Likewise, computed crystallite sizes for hexagonal

and cubic are similar (ca 8 nm).
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Figure 4.4. TEM images for Ni>xRhxP (x=0-2) nanoparticles with magnified insets. Targeted
compositions are indicated and sizes obtained from the size histograms (depicted in Figure 4.5)
are presented in Table 4.3
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Table 4.3. Targeted ratios and TEM-EDS ratios (averaged) for Ni>-xRhxP nanoparticle
compositions. TEM particle size histograms are plotted in Figure 4.5

. Average EDS TEM Scherrer
Targeted composition - . . o
composition particle size (nm) | crystallite size (nm)
Ni2P Ni2.000)P1.07(7) 6+1 6.2
Ni1.75Rho.25P Ni1.74¢2)Rho.26(2)Po.94(8) 15+2 10.7
Ni1.50Rho.50P Ni1.512)RNo.49(2)Po.ss(9) 1442 9.8
Niz1.25Rho.75P Ni122@3)Rho783)P121(12) 14+2 8.4
Ni1.00Rh1.00P Niz1.11(7)Rho.sa(7)P1.27(44) 1543 8.3
Nio.7sRhz.25P Nio.756)RhN1.25(6)P1.35(45) 1945 8.1
Nio.s0Rh1.50P Nios2@2)Rh1.482)P1.3337) 1445 8.5and 7.9
Nio.2sRh1.75P Nio.26(4)Rh1.744)P1.03(15) 5+1 4.4
Rh,P Rh2.00(1)Po.98(2) 3+1 3.1
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Figure 4.5. Particle size histograms for Ni>xRhxP nanoparticles as a function of x
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4.3.3. Electrocatalytic studies

Generally, there is a growing consensus that HER and OER conducted in strongly alkaline
media transforms the phosphide precatalysts into oxide/hydroxides. It is an intriguing aspect of
these materials that, upon activation, the phosphides outperform deliberately prepared
oxide/hydroxide materials.*88-1% It is possible that the differences reflect the reduced “core” of the
catalysts produced from phosphides, which may facilitate electron transport to and from the
reactive surface.

To evaluate the composition-dependent electrocatalytic activity of NixxRhxP, samples
deemed to be phase-pure by PXRD (i.e., those on the extreme Ni-rich end and Rh-rich end: x =0,
0.25, 0.50, 1.75, and 2.0) along with the Ni.oRh10P composition as a representative of phase
segregated and intermediate composition sample, were incorporated into a carbon ink to form Nio.
xRhxP C-NPs inks. Before the ink preparation, we annealed Nio.xRhxP C-NPs composite under
reducing conditions. We collected IR data before and after the heat treatment (Figure 4.6). We
observed the disappearance of native peaks at 3300-3500 due to N-H (oleylamine) and C-H
(oleylamine, TOP, octylether) stretching. The peak at 1120 due to C-O stretching (octylether) is
significantly attenuated after annealing, suggesting the bulk of the surface ligands have been
removed by this process. The prepared Ni>-xRhxP C-NPs inks were drop cast onto a glassy carbon
rotating disk electrode (mass loading: 0.285 mg/cm?, surface area 0.07 cm?). The electrocatalytic
OER and HER activity of Ni>.xRhxP C-NPs were evaluated in 1M KOH using a three-electrode
system.

Figure 4.7 shows the OER catalytic activity data for Ni>.xRhxP C-NPs. A clear oxidation
peak that corresponds to Nill to Nilll/I\VV formation can be observed in our polarization curves at

~1.40 V for Ni-rich phases (Figure 4.7a), shifted from ~1.44 V in NiP.? 24 1 This suggests that
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Rh incorporation facilitates oxidation of Ni, an unexpected result. The NiioRh1.0P sample has an
excessively broad (>200 mV) peak that is shifted to higher potential ~1.48 V, demonstrating
unique behavior that may be associated with impurity phase observed by PXRD. From the
literature, it is known that in-situ formed metal oxides comprise the catalytic surface of phosphide
catalysts in alkaline media.'®® According to our data, when normalized to geometric surface area
the Ni1.7sRho.2sP catalyst exhibits the highest OER activity among the investigated electrocatalysts,
with an overpotential (1)) of 273.1 mV @ 10 mA/cm?go, (Figure 4.7b). Unsurprisingly, this
composition also exhibits the lowest Tafel slope (30 mV/dec, Figure 4.9). The slope is consistent
with the oxidation of surface metal hydroxide to oxide as the rate-determining step at low surface
coverage. All Ni>xRhxP samples outperform a commercial Pt/C catalyst when performed under

identical conditions (n= 720 mV @ 10mA/cm?geo, Figure 4.10).
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Figure 4.6. IR spectra before and after annealing of the Ni1.7sRho25P C-NPs composite
While the geometry-normalized activity is useful for evaluating device performance, it
does not reflect the intrinsic activity because it assumes an equivalent number of available active

sites per unit area (or per mg, since we have the same mass loading in each case).*” %° Thus,
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geometric normalized data fails to account for surface roughness associated with sample
preparation, composition-dependent variations of particle size (see Figure 4.3) and sample-to-
sample variations in active site density within a specific composition. Accordingly, we measured
the electrochemical surface area (ESCA) as a means to assess the average activity per active site.*”
51 ECSA values were calculated from double-layer capacitance measurements (Ca)*®%° conducted
at different scan rates in the non-faradaic region (see Figure 4.11 for Cq plots).>* Because our inks
incorporate carbon black, which contributes to the overall conductivity and capacitive behavior,
64,65 and because side reactions such as corrosion, specific adsorption, intercalation, etc., also can
affect these Cqi values,®® we do not purport to report the absolute intrinsic activity and use ECSA
only for direct comparison of samples prepared in the same way. We also employ ECSA as a
means to probe the stability of the relevant catalysts and understand how they are changed in the
catalytic process. We further note that the calculated ECSA values (Table 4.4) are much higher
than the geometric surface area; hence, we evaluated the overpotential at 2.0 mA/cm?gcsa to
compare the catalytic activity.

According to the ECSA normalized data (Figure 4.7c,d) again, Ni1.7sRho2sP shows the
highest activity, but the activity difference between this phase and the other Ni-rich (hexagonal)
phases is enhanced, suggesting a significant intrinsic activity difference not reflected in the
geometric surface area normalized data. When we compared the ECSA for the 1% polarization
curve vs. the 30" polarization curve, a moderate increment is noted for all of the Ni-rich phases (<
20%). In contrast a significant difference between ECSA (>75% increment after 30 cycles) was
observed with Rh-rich cubic Ni>xRhxP compounds (Table 4.4), reflecting the instability and

evident continuous restructuring with oxidation of the Rh rich end.
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Figure 4.7. (a) OER polarization curves normalized to geometric area for Ni>-xRhxP C-NPs. (b)
Overpotentials at 10 mA/cm?ge. (¢) OER polarization curves normalized to ECSA for Niz-xRhyP
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HER catalytic activity data are presented in Figure 5. As expected, the Rh-rich phases are
more active, with Rh2P (1 = 66.2 mV @ 10mA/cm?Zgeo) outperforming the modestly doped ternary
phase Nig2sRh17sP (= 82.1 mV @ 10mA/cm?geo). With the exception of NizP and Ni175Rho 2P,
all compositions outperform the commercial Pt/C standard (n= 135 mA @ 10mA/cm?geo, Figure
S5). The Tafel slopes of Rh2P (56 mV/dec) and Nio.2sRh1.7sP (63 mV/dec) are close to the expected
value for a rate-limiting chemical step preceded by electron transfer (59 mV/dec),'** whereas the

slopes of the more Ni-rich phases are considerably higher, ranging from 84-112 mV/dec. However,

when normalized to ECSA, the overpotential of the Nio2sRhy75P phase is half that of RhoP (44.5
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vs. 88.0 mV @ 2 mA/cm?ecsa). According to the literature, the water dissociation step associated
with HER in alkaline media can occur on Ni(OH). and then facilitate the production of hydrogen
intermediates adsorbed to the surface of neighboring noble metal active sites to yield molecular
hydrogen.*®® A similar phenomenon might be happening on the Nio2sRh1 7sP surface. Thus, even
though the ternary phase necessarily has a lower number of Rh sites than Rh2P, the overall higher
site activity suggested by the ECSA might be a consequence of a lowering of the energy barrier in
the water dissociation step. We also noted an increment in ECSA after 30 cycles of HER, but the
changes are moderate for the most active Rh-rich phases (<20%, Table S4). Alternatively, it is
possible that the large ECSA obtained upon Ni incorporation reflects sites that are
electrochemically active, but not catalytically active.

The targeted 1:1 metal composition phase was also evaluated for both OER and HER
activity (Figure 5 and 6) to establish whether phase-segragation positively effects the activity,
which would motivate a more detailed evaluation of the fellow intermediate composition phase-
segregated samples. However, for both geometric activity and the ECSA normalized activity, the
observed overpotential values were not competitive with the more active phases. Therefore, further

evaluation of phase-segregated samples was not carried out.
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Table 4.4. Electrochemically active surface area values and percentage difference (compared to
initial ECSA) for Ni2.xRhxP C-NP ink before and after 30 cycles

Initial aEtgrS?O ECSA Initial a'it(e:f/;o ECSA
Catalyst ECSA cycles of difference ECSA cycles of difference
for OER for OER for HER for HER
m?) | =% (%) m3 | =% (%)
(cm?) (cm?)
NioP 754 806 7 274 346 26
Ni1.75sRho.25P 283 334 18 280 291 4
Ni15RhosP 503 557 11 297 423 42
Nio.2sRhj 75P 223 523 135 248 263 6
RhoP 197 346 76 483 546 13

Table 4.5. Electrochemically active surface area (ECSA) and ECSA-normalized current densities
computed at the indicated applied voltages for Ni>.xRhxP C-NP ink on C cloth before and after the
10 h stability test

Initial In_|t|al curre?_t ECSA after Cur:}ent densll_ty after
Catalyst ECSA density, normalized 10 h stability 10 h, normalized to
(cm?) | 1 ECSA (Afem®ecsa | “o )" | ECSA (nA/em’ecsa @
@V) V)
Ni1.75Rho.2sP
for OER 263 3.1@ 1505V 180 4.9 @ 1.505 V
Nio.25Rhy.75P
for HER 211 3.9@ 0.850 V 306 2.5@ 0.850 V

To evaluate the stability of the catalysts, long-term stability measurements were collected
on the composition with the highest intrinsic activity for OER and HER. As shown in Figure 4.12,
the geometric activity of Ni1.7sRho.2sP shows a 6% increase after 10 h in the basic medium for OER
while Nio2sRh1.75P shows a 22% activity decrease after 10h for HER. To better understand how
restructuring might be affecting the intrinsic properties, we also compared the ECSA values
(Figure 4.13, Table 4.5) and ECSA normalized current density data (Figure 4.12) before and after
the 10 h runs. We observed that the changes in device performance (geometrical) are reflecting
intrinsic changes in the catalyst; i.e., a decrease (OER, 0.7x) or increase (HER, 1.5x) in ESCA

over the course of the 10 h catalytic study. To discern the nature of these changes, we probed
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localized and surface compositional/speciation changes using STEM-EDS mapping and XPS

before and after the 10 h stability cycles.
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Figure 4.12. Long-term stability test for (a) Ni1.7sRho2sP for OER (b) Nio.2sRh1.7sP for HER. The
blue squares represent the current normalized to ECSA before and after the stability test. The blue
dotted lines are a guide for the eye
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Figure 4.13. Double-layer capacitance data before and after the long-term (10 h) stability test for
(a) Ni1.75Rho 2sP for OER (b) Nio.2sRh1.75P for HER

We also tested the electrolytic performance of Ni>.xRhxP C-NPs composite towards overall
water splitting, an overall water electrolyzer was prepared in a two-electrode configuration.
Ni1.75Rho.25P and Nio.2sRh1.75sP C-NPs ink were used to prepare the anode and cathode, respectively.
In order to lower the overall cell resistance, the anode and cathode electrodes were kept close to
each other with no membrane separator (Figure 4.14). The electrolytic activity of the overall cell

was evaluated by collecting a cyclic voltammogram to determine the potential required to achieve
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a current density of 20 mA/cm%geomeric (Figure 4.15a). The overall cell potential to deliver 20
MA/cM2geometric Was 1.78 V (without IR correction). This value was slightly higher than the sum of
the HER and OER half-cell reactions values to achieve 20 mA/cm%geomerric (1.69 V, with IR
correction). This difference might be due to the cell resistance.

As shown in Figure 4.15b, the electrochemical stability of the overall cell was also
evaluated at a constant potential of 1.85 V for 10 hours. The current density was found to decrease
by 19.6% over time, which we attribute to deactivation of the cathode as observed in the HER

stability test (Figure 4.12b).

a 3

Figure 4.14. Overall water splitting setup
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4.3.4. Structural elucidation: STEM-EDS mapping and XPS

According to STEM-EDS mapping images in both compositions, Ni, Rh, and P were
uniformly distributed in the structure of the nanoparticles before catalysis (Figure 4.16a,c). After
10 h of catalytic activity, the channel for oxygen, which displayed uniform intensity before
catalysis (See Figure 4.16a,c) now shows O to be co-localized on the nanoparticles (Figure
4.16b,d). Intriguingly, the Niy75Rho2sP sample showed evidence of Rh segregation in high
resolution images conducted after OER (Figure 4.17), whereas the elemental components in the
Nio.2sRh1 75P sample were still uniformly distributed after HER (Figure 4.16d).

To better understand how the active surfaces are changing upon OER and HER catalysis,
and aid in contextualizing the STEM-EDS data, XPS analyses were also carried out before and
after the 10 h stability test using Ni1.7sRho.2sP and Nio2sRh1.7sP containing inks, respectively.
Figure 4.18a summarizes the XPS spectra of Ni 2p, Rh 3d, P 2p, and O 1s, before and after the 10
h OER stability test for Ni1.7sRho2sP. According to the EDS elemental analysis (in TEM) of the
fresh ink, the nanoparticles have a bulk composition of Ni1.74Rho.26Po.94 (Table 4.6). However, the

surface composition elicited from XPS is quite different, with M/P = 5.3 vs. 2.0 ideal, and only a
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trace of Rh (not quantified). The pre-catalyst has Ni 2ps» peaks at 853.5 eV and 856.3 eV,
attributed to metallic nickel bound to phosphorous and Ni?* from oxides/hydroxides,
respectively.'®® Satellite peaks of the Ni spectrum can be seen at 860.4 eV and 863.5 eV.*" The
surface signals for Rh 3d were very weak as there is a low amount of Rh in the composition and,
possibly, Rh is underrepresented on the surface. The Ni2P surface is known to be readily oxidized
and moisture adsorbing, forming NiO and Ni(OH). when exposed to the atmosphere.%-2% Qur
data also suggest that the surface of Ni>xRhxP is susceptible to air oxidation and atmospheric
moisture adsorption resulting in an Ni%Ni?* ratio of 0.79 (Table 4.7). Likewise, the P spectrum
shows two doublet peaks at 129.9 eV and 133.6 eV for reduced phosphorus (in the metal
phosphide) and phosphate, %" 20! respectively, and the O1s spectrum confirms metal oxides at
531.8 eV. An additional peak at 533.8 eV in the O1s spectrum is attributed to C-O due to Nafion
in the ink and/or surface hydroxide groups.t®’: 202203

After catalysis, the overall bulk composition by EDS (TEM) reveals minimal changes in
the Ni:Rh ratio, but a significant depletion (~48%) in P (Ni1.73Rho27Po.45). However, the surface
XPS data shows the presence of 2% Rh, and 98% Ni, with no detectable P. Leaching of phosphorus
as phosphate is expected as the surface becomes oxidized. Likewise, the presence of metallic Ni
on the surface is significantly depleted due to oxidation (Ni% Ni%* = 0.05, Table 4.7). Another new
peak at 858.4 eV is visible in the spectrum, which we attribute to Ni®* resulting from
electrochemical oxidation of Ni%*.2% 2% |nterestingly, after catalysis the Rh spectrum is better
resolved, enabling clear fitting. This may be a consequence of the segregation noted in the STEM-

EDS (see Figure 4.17). In contrast to Ni, the Rh appears unoxidized post OER.
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Figure 4.16. EDS mapping analysis of Ni1.7sRho2sP C-NPs (a) before and (b) after OER activity
and Nio.2sRh1.75P C-NPs (c) before and (d) after HER activity.(Scale bar is 50 nm in a-c and 100
nmin d)

Figure 4.17. EDS mapping analysis of Ni17sRho2sP C-NPs (a) before and (b) after OER activity
(arrows indicate areas of Rh segregation after catalysis)
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Table 4.6. EDS and XPS elemental ratios before and after the 10 h catalytic stability test (see
Table 4.8 for quantified values)

EDS (bulk) | XPS (surface)
Ni:Rh | M:P | Ni:Rh | M:P
Before OER | 87:13 | 68:32 | 100:0 | 84:16
After OER | 87:13 | 82:18 | 98:2 | 100:0
Before HER | 13:87 | 66:34 | 66:34 | 88:12
After HER | 15:85 | 70:30 | 81:19 | 100:0

Composition Status

Ni1.75Rho.25P

Nio.2sRh1.75P

Table 4.7. XPS ratios of oxidation states of each element before and after the 10 h catalytic
stability test (see Table 4.9 for quantified values)

Composition Status Ni: Ni2*3* | Rh:Rh%* | P:PO4*
) Before OER 44:56 ND 25:75
Ni1.75Rho.2sP
After OER 5:95 100:0 ND
) Before HER 12:88 39:61 15:85
Nio.25Rh1.75P
After HER 6:94 14:86 ND

Table 4.8. EDS and XPS elemental quantification before and after catalysis for Niy75Rho 25P
(OER) and Nio2sRh1.75P (HER)

EDS (bulk) XPS (surface)
Ni% | Rh% | P% | Ni% | Rh% | P%
Before OER | 59.3 | 88 |31.9| 84 | ND | 16
After OER | 70.7 | 11.0 | 18.3 | 98 2 ND
Before HER | 8.6 | 574 |34.0| 58 | 30 | 12
After HER | 10.1 | 59.4 | 30.5| 81 19 |ND
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Table 4.9. XPS quantification of oxidation states for each element for Niy75Rho2sP (OER) and
Nio.2sRh1.75P (HER)

Ni Rh P ©

Ni- Rh Undefined M-
5 Ni?* [Ni** | Rh-P | (1) Rh peak, |M-P |Phosphate |C-O 0 H20

oxide | 310.7 eV*

Before |, ., 0 0 0 0 0
OER |%4%[56% |ND | ND | ND ND  [25% | 75% |50% |50% | ND
e | 5% | 70% | 25% |100% | ND ND  |ND| ND |22% |78% | ND
Blj‘;oée 12% |45% |43% | 39% | 42% 19%  |15% | 85%  |40% |60% | ND
AN 6o |55% |30% | 14% | 49% |  37%  |ND | ND |35%|57% | 8%

* This peak has been variously attributed to satellites from Rh(l1l) oxide, Rh(OH)3, RhX3 (X = Cl
or F) or Rh4+ 206, 207

Figure 4.18b summarizes the XPS data before and after the 10 h stability test for HER
activity. XPS analysis of the fresh catalyst reveals Ni 2pz/, peaks at 853.8 eV and 856.5 eV for Ni-
P and Ni?* respectively.!®” There is also an intense peak at 858.7 eV for Ni®*, distinctly different
from the Ni-rich phase studied for OER where Ni** is only observed post-catalysis (see Table 4.9).
This Ni®* peak is reminiscent of those reported for Pd bonded Ni surfaces (862.0 eV) and Fe-Ni-S
(858.5 eV) surfaces, wherein the Ni electron density is appropriated in bonding to Pd or Fe-S.2%
208 1n our case, we attribute it to Ni bonded to both Rh and P as the sample is Rh rich. The Rh 3ds.
spectrum has peaks at 307.6 eV and 308.8 eV attributed to Rh® (in the phosphide) and Rh3*(Rh203),
respectively, as well as an additional peak at 310.7 eV that cannot be definitively interpreted, but
may by a satellite peak associated with Rh203.1%7-2%° The P spectrum peaks at 129.6 eV and 133.9
eV indicate reduced phosphorus (in the metal phosphide) and phosphate, respectively. The O1s

spectrum confirms the presence of metal oxides (531.6 eV).
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Figure 4.18. (a) XPS spectra of Ni1.7sRho.2sP C-NPs before and after 10 h OER activity testing (b)
XPS spectra of Nio2sRh175P C-NPs before and after 10 h HER activity testing

Even though the bulk composition of the catalyst according to TEM/EDS elemental
analysis is Nio.2sRh1.74P1.03, the XPS analysis shows the surface is surprisingly Ni-rich (Ni/Rh =
1.9 vs. 0.15 ideal), and, as with the Ni175Rho2sP sample, phosphorus deficient (M/P = 7.3). The
origin of the Ni-enhancement at the surface noted for both phases may be a function of differing
diffusion energies, surface energies (due to preferred faceting and/or dictated by surface ligands

used in the synthesis), and/or defects, etc.?!® We note that a similar trend was observed for
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Coo.75Rh125P: Rh and P are deficient at the surface relative to the base metal, Co, although the
differences are less pronounced than for Ni (Co/Rh = 1.3 vs. 0.6 ideal; M/P = 3.6 vs. 2.0 ideal).8!

After HER catalysis, the only significant change in bulk composition is a decrease of P by
15%, (Nio.29Rh171Pogs), suggesting overall P losses are not as great for HER relative to OER.
However, according to the XPS data, the surface P is completely depleted, as it was for
Ni17sRho2sP post OER, consistent with phosphate displacement by hydroxide species during
electrochemical cycling in alkaline media.'®® Intriguingly, the surface has become even more Ni-
rich (Ni/Rh = 4.3), and both Ni and Rh are present mostly in oxidized form (Ni%Ni?*** = 0.06;
Rh%Rh% =0.16, Table 4.7).
4.3.5. Assessing the role of noble and base metal components in water-splitting catalysis over
bimetallic phosphides

The combined STEM/EDS and XPS data suggest that (1) the surface composition of Ni-
xRhyP is quite different from the bulk (targeted) composition with Ni exhibiting a superabundance
relative to Rh and P; and (2) Ni2-xRhxP undergoes dramatic in-situ chemical modifications during
both HER and OER processes. In both cases, the initial phosphide/phosphate on the pre-catalytic
surface readily oxidizes and then dissolves in the basic electrolyte solution as metal
oxides/hydroxide species are formed, as evidenced by the complete disappearance of a P signal in
the XPS combined with losses of 15% (HER) to 48% (OER) of P relative to Rh+Ni in STEM/EDS
bulk analysis. This loss of phosphide (as phosphate) is by now a generally recognized characteristic
of phosphide catalysts for water-splitting reactions in alkaline media.'% 21213 However, the nature
of the in-situ changes depends significantly on the native metal composition, surface
characteristics, and electrocatalytic treatment (OER vs. HER), which dictates the overall

performance and stability.
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For the case of Ni1.7sRho2sP employed for OER at pH = 14, the enhancement in activity
upon incorporation of 12.5 % Rh in Ni2P relative to Ni2P may be attributed to electronic effects
and/or restructuring of the catalyst due to phase-segregation of Rh (Figure 4.17). The polarization
curve provides strong evidence that the presence of Rh shifts the oxidation potential of Ni more
negative, facilitating its oxidation. At the same time, the fact that the Rh, barely detectible and not
quantifiable pre-catalysis, is in its reduced state after catalytic testing (Figure 4.18a) and also
physically separated from Ni in the STEM/EDS mapping post-catalysis (Figure 4.17), is a strong
indicator that the role of the Rh in promoting catalysis may be changing over time. The
consequence of the Rh segregation is a decrease in the ECSA (0.7x vs. pre-catalysis), but at the
same time, the ECSA normalized current density is increasing (1.5x vs. pre-catalysis, Figure 4.12,
Table 4.5). The correlation of Rh phase segregation to decreased electrochemically active surface
area, but enhanced catalytic activity, suggests the catalytic sites have become intrinsically more
active over the course of catalytic testing. The activity trend dominates the surface area trend, such
that a modest increase in geometric activity (ca 6%) is noted over the course of the 10 h study. We
noted a similar trend in OER studies of Co175Rho25sP—the geometric activity is augmented over
time and phase-segregation of Rh is evident.?> 82 This may be due to reconstruction of the base
metal catalyst. Alternatively (or, in addition), the segregation of Rh might be a consequence of
low—but not zero—solubility of Rh in the reconstructed oxide/hydroxide; i.e., some Rh may
remain dispersed and may continue to moderate the activity of the base metal.

For Nio2sRh17sP employed for HER at pH = 14, the case is quite different. Notably, the
ECSA increases over time, both at short times (30 cycles, 1.1x, Table 4.4) and long times (10 h,
1.4x, Table 4.5). These data correlate to oxidation of Ni to Ni?*** and Rh to Rh%*, according to

XPS data. At the same time, the ECSA normalized current density at 0.85 V is decreasing (Figure
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4.12), suggesting that the overall enhancement in number of electroactive sites actually results in
an overall decrease in the per site activity, or that new sites that form in situ are not contributing
to the overall catalysis. However, when combined with the fact that the geometrically normalized
activity also decreases (Figure 4.12), it is clear that the catalyst is deactivating, i.e., either the
number of active sites—or their potency, is diminished This may be a consequence of Ni replacing
Rh (so that Ni is 81% by XPS) on a surface that started out already Ni-rich relative to the bulk
composition (66% Ni by XPS vs. 12.5% Ni by TEM/EDS). Given that RhP is reported to be more
active than Ni2P for HER, a decrease in the Rh content would be consistent with a decrease in the
number of active catalytic sites. What is not clear is why the addition of Ni leads to enhancement
in activity relative to RhP itself, especially given the disproportionately large amount of Ni on the
surface relative to the bulk composition. On the other hand, as previously mentioned, the
“enhanced” activity is not seen in the geometrically normalized data, only in the ECSA-normalized
data. Thus, the Ni may enhance the number of electrochemically active surface sites without
playing a proportionate role in the catalytic reaction—or possibly any role. It is also possible that
Ni may aid in initial restructuring, which leads to a higher ECSA-normalized current density than
for RhoP itself (at least initially) or that Rh and Ni work synergistically, with activity loss over
time a consequence of the changing surface ratio. However, it is clear that while addition of Ni
seems to “goose” the initial activity of RhaP, this is achieved by sacrificing long-term stability.
Whereas the behavior of Rh-incorporation on base metal phosphides seems to be similar
under alkaline OER conditions for Ni2P vs. Co2P, this is not the case for HER catalysis involving
incorporation of base metals into Rh2P; the behavior of Nig2sRh1.75P is distinct from that of the Co
analog (Coo.2sRh1.75P). When normalized to geometric surface area, Nio2sRh1.7sP demonstrates a

larger overpotential—by 20 mV—relative to Rh2P or Coo.2sRh1.75P. This may be due to differences
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in the electronic structure of the bulk; however, XPS data suggest that surface effects may be
responsible. Notably, the surface of Nio2sRh17sP has twice as much Ni as Rh, whereas for
Coo.25Rh1 75P, the Co is barely evident in the XPS—indeed it is of too low a concentration to obtain
a reliable fit.!82 The excess Ni at the surface may reflect solubility challenges of Ni incorporation
into Rh2P, as reflected in the lack of solid solution formation across intermediate values of x. Thus,
the surfaces of Nio.2sRh17sP and Coo.2sRh17sP differ considerably in their base metal-to-Rh
composition, making an apples-to-apples comparison of the two phases questionable.
Additionally, in Coo2sRh17sP the Rh remains metallic,'®? even as surface phosphide is oxidized
and dissolved as phosphate, whereas in Nio2sRh1.7sP the Rh is largely oxidized, despite the fact
that HER is conducted at a more negative potential (by 25mV) for the Ni analog relative to the Co
analog. The differences in the behavior of Ni and Co analogs are much greater than would be
anticipated based on their atomic properties, underscoring the importance of experimental
validation.
4.4. Conclusions

Phase pure Ni>-xRhxP colloidal nanoparticles (x=0.25, 0.5, and 1.75) can be prepared with
low polydispersity by solution-phase arrested precipitation reactions. Although the synthetic
method incorporates an early Ni-Rh alloying step, and the bulk compositions mirror the targeted
compositions, the surface compositions of the prepared nanocrystals have a superabundance of Ni
relative to Rh and P. When employed as pre-catalysts in alkaline media for water oxidation and
reduction, the most active phases (current density normalized to ECSA) are x = 0.25 and x = 1.75,
respectively. However, the origin of the activity and the effect of restructuring on the stability is
different. OER reactions (x = 0.25) demonstrate an augmented activity over time at 1.505 V,

whether normalized to geometric surface area or ECSA, and this correlates to phase segregation
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of metallic Rh. In contrast, HER reactions (x = 1.75) undergo a decrease in ECSA-normalized and
geometrically normalized current densities at 0.85 V over time. In comparing to prior work from
our lab on the related Co2-xRhxP nanoparticles, we find that the role of Rh as an “activator” for the
base metal oxide is the same in both cases (likely driven by phase-segregation), whereas Co is
distinct from Ni when incorporated into Rh2P at similar bulk concentrations, in that the Co does
not preferentially segregate to the surface (or does so on a much smaller scale), leaving the more

active (and stable) Rh component to dominate despite being diluted by a base metal.
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CHAPTER 5. Ni2xRhxP AS A STABLE ELECTROCATALYST FOR OVERALL
WATER SPLITTING IN ACIDIC MEDIA

Abstract

In acidic media, transition metal phosphides (TMPs) are found to be stable catalysts for the
hydrogen evolution reaction (HER), but typically exhibit poor stability towards the corresponding
oxygen evolution reaction (OER). A notable exception appears to be Rh2P/C nanoparticles, which
were reported to be active and stable towards both HER and OER in acidic media. In our previous
work we investigated base-metal substituted Rh2P, specifically Co..xRhxP and Ni2-xRhxP, for HER
and OER as a means to reduce the noble metal content in catalytic materials. For both Co- and Ni-
substituted systems in alkaline media, the Rh-rich phases were found to be best for HER, while
base-metal-rich phases were found to be better for OER. However, Co2.xRhxP, was not stable in
acidic media for either HER or OER due to dissolution of Co. In the present contribution, the
activity and the stability of our previously synthesized Ni2-xRhxP nanoparticle catalysts (x = 0.25,
0.50, 1.75) toward HER and OER in acidic (0.5 M H2S0.) electrolyte, and relative to Rh2P and
commercial catalysts, is probed. The Nio2sRh1 75P phase was found to have comparable geometric
activity (overpotential values at 10 mA/cm?go) and stability over 10 h to RhzP. In contrast, for
OER, all of the tested Ni>-xRhxP phases tested had similar overpotential values at 10 mA/cmZgeo,
but these were > 2x the initial value for RhoP. However, the activity of RhP fades rapidly (76%
over 1 h), as does Ni2P and Ni-rich Ni>.xRhxP phases, whereas Nio.2sRh1.7sP shows only modest
declines over the same time period. Overall water splitting (OWS) conducted using Nig2sRhy 75P
as a catalyst (Nio.2sRh1.75P || Nio.2sRh1.75P) relative the state-of-the-art (RuO2 || 20% Pt/C) couple
revealed comparable stabilities over time, with the Nio2sRh1 75P system demanding an additional

200 mV overpotential to achieve the same current density (10 mA/cm?geo). Whereas a Rh2P || Rh2P
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OWS cell had a similar overpotential to RuO: || 20% Pt/C, but is unstable. These data suggest that
Rh2P is not a stable anode for OER, but can be stabilized, albeit with a loss of activity, by
incorporation of nominally modest amounts of Ni.
5.1. Introduction

The development of inexpensive and efficient water electrolyzers for acidic media is
challenging due to the instability of the anodic catalysts, which perform the oxygen evolution
reaction (OER), generating electrons for hydrogen production at the cathode via the hydrogen
evolution reaction (HER), and a lack of clear understanding of the OER mechanism and the nature
of the catalytic sites under acidic conditions.*®? 214218 However, acidic water splitting is worth
pursuing for several reasons: (1) due to the high mobility of H* ions relative to OH- ions, acidic
media has a higher ionic conductivity than base, hence enabling a high current density; (2) acidic
media dissolves COz, thereby enabling long electrolyzer lifetimes relative to alkaline electrolyzers,
where metal carbonates precipitate and poison active catalytic sites,? 181, 182, 214, 218-220

With respect to metal phosphides, work done by Duan et al. showed that Rh,P nanocube
catalysts had higher activity and stability relative to Pt for HER and OER in acidic media.l”’
However, the HER and OER stability of RhoP was reported for only 2000 s (33.3 min) and 1000 s
(16.7 min), respectively.t”” Our previous studies on Co,xRhxP (x=1.75 for HER and x=0.25 for
OER) and Ni2-xRhyxP (x=0.25 for OER) in basic media showed higher electrocatalytic activities
compared to their monometallic end members, with Nio.2sRh1.75P exhibiting a higher overpotential
for HER relative to RhoP when compared on geometrical surface area, but a lower overpotential
when normalized against the electrochemical surface area (ECSA).? 182 218 |n acidic media, we
found that adding 37.5% Co into the Rh2P cubic antifluorite structure retained the crystal structure

and high HER activity of Rh,P while diluting the expensive noble metal with a base metal.*®!
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However, the Co2xRhxP system was not stable in acid at the positive potentials required for OER,
and Co dissolution under HER conditions led to a loss in activity of ca 50% before leveling off.
181,221 Sjince NizP is known to be more stable than CoP in acidic media, we hypothesized that the
Ni2xRhxP system will be more stable than the Co.xRhxP system in acidic HER and OER, and may
enable comparable activity to Rh,P.16° 222

In this chapter, the performance evaluation of our previously synthesized NixxRhyxP (X =
0.25, 0.5, and 1.75) nanomaterial catalyst toward OER, HER and overall water splitting (OWS) in
acidic media with respect to activity and stability is assessed and compared to RhoP and Ni.P
endmembers.
5.2. Experimental section

All materials used in this project are reported in Chapter 2.
5.2.1. Synthesis of Ni2xRhxP, Ni2P, and Rh2P nanopatrticles

Nanoparticle preparation followed the protocols described in Chapter 4.2.1 — 4.2.3.
5.2.2. Characterization

Powder X-ray diffraction (PXRD), Transmission electron microscopy (TEM) equipped
with energy dispersive X-ray spectroscopy (EDS, EDAX, inc.), and X-ray photoelectron
spectrometry (XPS) were employed as described in Chapter 2.
5.2.3. Electrochemical measurements

Catalytic inks were prepared using Ni>xRhxP nanoparticles for compositions that can be
achieved as single phase (x =0, 0.25, 0.5, 1.75, 2.0; see Chapter 4), and electrocatalytic activity,
stability, and overall water splitting tests were performed following protocols described in Chapter
2.4.1-2.4.2. 0.5 M H2SO4 was used as the electrolyte; a carbon rod counter electrode was used for

HER and a Pt counter electrode was used for OER.
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5.3. Results
5.3.1. Electrocatalytic studies

Our previous work showed that the crystal structure of Ni>_xRhyP nanoparticles varies with
composition, where Rh-rich and Ni-rich end-members adopt the cubic antifluorite- and hexagonal
FeoP-type structures, respectively, and phase segregation/impurity formation occurs for x = 0.75-
1.5 compositions (Chapter 4).28 Accordingly, three different compositions of Niz-xRhxP (x=0.25,
0.5, and 1.75) nanoparticles, and their end members Ni>P and Rh2P, all determined to be phase-
pure within the limitations of powder X-ray diffraction, were prepared by the solution-phase
arrested precipitation method according to our established protocol (see Chapter 4.2.1-4.2.3).218
These were used to make nanoparticle inks, Ni2.xRhxP/C, by our standard method (see Chapter
2.4.1).2'8 For comparison studies, commercial catalysts (RuOz and 20%Pt/C) were used to prepare
inks with the same catalytic material concentration (RuO2 and Pt: 2 mg/mL). For RuO2/C ink
preparation, a similar protocol as for Ni2.xRhxP/C was followed using RuO; as nanoparticles, while
for 20%Pt/C ink, no additional C was added as the Pt was already supported by C in the
commercial catalyst.
5.3.1.1 Hydrogen evolution reaction in acid

Figure 5.1 shows HER activity and stability studies in acidic media for the different
compositions that were examined. Polarization curves clearly reveal that the HER performance of
Ni2>-xRhyxP nanoparticles in acidic media are composition-dependent (Figure 5.1a), with the Rh-
rich cubic antifluorite Nio2sRh1.7sP phase being the most active, and comparable to RhoP (ca 85
mV @ 10mA/cm?g,), Figure 5.1b. In contrast, Ni-rich samples adopting the hexagonal Fe,P
structure have overpotentials that are above 150 mV. 8! Interestingly, when going to higher current
densities, both Rh2P/C and Nio.2sRh175P/C catalytic materials outperform 20% Pt/C activity. As

shown in Figure 5.1c, the Tafel slopes of Rh2P (35 mV/dec) and 20% Pt/C (36 mV/dec) are close
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to the value for a rate-limiting chemical step preceded by the VVolmer-Tafel mechanism (~30
mV/dec),'* whereas the slopes for NioxRh«P phases are considerably higher, ranging from 59-204
mV/dec.??® The trend in Tafel slopes is generally in agreement with the observed HER activity,
with the most active group of samples (Rh-rich) having the smallest slope while the least active

samples (Rh-poor) have the highest slope.
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Figure 5.1. (a) HER polarization curves for Ni> xRhxP nanoparticles compared to those for Rh2P
and Ni:P endmembers and 20% Pt/C (b) Overpotential values at 10 mA/cm?Zg, (geometrical
surface area) (c) corresponding Tafel slopes (d) Long-term stability tests (carried out on C-cloth
substrate with a surface area of 1 cm?, mass loading 0.285 mg/cm?) at an applied potential of 0.08
V vs. RHE for Nio2sRh1.75P nanoparticles compared to Rh2P and 20% Pt/C in 0.5 M H2SO4
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5.3.1.2. Oxygen evolution reaction in acid

OER data were collected on the same samples (Figure 5.2a). When comparing potential
values required to obtain 10mA/cm?ge current density, RhoP activity is shown to be comparable
to RuO, with an overpotential of 0.403 V and the performance of the Ni-containing phases is
comparatively poor (ca 1V overpotential, Figure 5.2b). However, it is clear that to achieve higher
current densities, the applied voltage for RhoP must be increased, whereas this is not the case for
RuO: and the NizxRh«P. Indeed, at 50 mA/cm?ye,, the voltage required by RhoP is not that much
less than for the Ni>.xRhxP phases. This is also evident in the Tafel slopes (Figure 5.2c), where
Rh2P exhibits the largest slope (ca 450 mV/decade), RuO the smallest (ca 120 mV/decade), and
the Ni>xRhxP samples fall in between (190-280 mV/decade).

Although the initial activity of RhoP far outperforms any of the Ni>.xRhxP samples, RhoP
rapidly deactivates (Figure 5.2d), in contrast to claims made in the literature. Similar instabilities
are observed for the Ni-rich compositions, including Ni2P, but Nio2sRh1.75P is demonstrated to be
quite stable, as is RuO2, although Nio 2sRh1.75P is considerably less active. According to the original
report on RhoP OER, Rh2P activity drops by 18% over 16.7 min (1000 s), which is in line with
what we observe (RhyP activity drops by 76% after 1 h).}”” However, with Ni addition the
deactivation decreased from 76% to 21% for the Nio2sRh17sP sample while the commercial
catalyst only showed 9% deactivation over a 1 h period. The stability tests were repeated twice

and the same trend was observed.
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Figure 5.2 (a) OER polarization curves for Ni> xRhxP nanoparticles compared to those for Rh2P
and NizP endpoints and RuO; (b) Overpotentials at 10 mA/cm?ge. () Tafel slopes (d) Long-term
stability tests (carried out on a C-cloth substrate with a surface area of 1 cm?, mass loading 0.285
mg/cm?) at 2.0 V vs. RHE applied potential for Ni>-xRh«P/C, Rh2P/C, Ni-P/C and RuO,/C towards
OER in 0.5 M H2S04
5.3.1.3. Overall water splitting in acid

The Nio.2sRh1.7sP/C composite was evaluated as a catalyst for overall water splitting. For
comparison, overall water splitting electrolyzers were also prepared using Rh2P/C (Rh2P/C ||
Rh2P/C) and commercial catalysts (RuO2/C || 20%Pt/C). The overall water electrolyzers were
prepared in a two-electrode configuration (see Figure 4.14 in Chapter 4). The electrolytic activities

of the three constructed overall cells were evaluated by collecting a cyclic voltammogram (Figure

5.3a). For the Nio 2sRh1.7sP/C composite, the overall cell potential to deliver 10 mA/cmZgeometric Was
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1.76 V (without IR correction). This value is ~200 mV higher than the voltage required by the
Rh2P/C (1.59 V to achieve 10 mA/cm?geometric) and the commercial catalyst (1.55 V to achieve 10

mA/Cmdeometric)-
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Figure 5.3. Overall water splitting of the cell Nio.2sRh1.7sP/C || Nio.2sRh1.7sP/C, Rh2P/C || Rh2P/C
and RuO/C || 20% Pt/C (a) activity and (b) stability data

The electrochemical stability of the overall cells was also evaluated at a constant potential
of 2.0 V for 180 min (Figure 5.3b). For the commercial catalysts, the observed current density was
much higher than our catalysts, but in both cases, the current density was found to decrease over
time (deactivation is 26% for RuO2 and 47% for Nig2sRh1.7sP). However, the RhP/C catalyst
rapidly lost its high initial activity, becoming completely deactivated after 140 min.
5.3.2. Structural elucidation: STEM-EDS mapping and XPS

STEM-EDS and XPS analysis were performed on Nio2sRh1 75P before and after the long-
term stability tests to better understand the structural, compositional, and morphological changes
in the catalyst as a consequence of use. According to STEM-EDS mapping images Ni, Rh, and P

were uniformly distributed in the structure of the nanoparticles before catalysis (Figure 5.4).
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After 10 h of HER, the elemental components in the Nig2sRhi7sP sample were still

uniformly distributed with no apparent changes. Also, the average EDS compositions

collected from different areas of the TEM grid sample before and after catalytic testing

were found to have no significant difference for both targeted compositions Nio 2sRh1.75P and RhaP

(Table 5.1). However, post-OER catalytic activity, O is co-localized on the nanoparticles reflecting

in-situ oxide/hydroxide formation, which is commonly found in OER activity studies of transition

metal phosphide materials.

179,192, 224

Table 5.1. EDS elemental compositions before and after catalytic testing (P was normalized
assuming the metals sum to 2.0)

Targeted Before catalysis After 10 h HER After 1 h OER
composition
Nio.25Rh1.75P1.00 Nio.28(4)RN1.72¢4)P1.03116) | Nio.242)RN1.76(2)Po.9so) | Nio.292)Rh1.712)P1.01(21)
RN2.00P1.00 Rh2.0010)P1o1(6) Rh2.009)P1.04(9) Rh2.008)Po.s7(18)

After HER Before

After OER

X,

P [N Rh

S

Figure 5.4. EDS mapping analysis of Nio25Rh1.7sP/C before, after 10h HER activity, and after 1 h
OER activity. (Scale bar is 10 nm)
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Detailed XPS analyses were carried out before and after stability tests with both Nio.2sRh1.75P/C
and RhoP/C materials to figure out the surface changes associated with the -catalytic
activity/stability similarities/differences between these materials. Figure 5.5 summarizes the XPS
spectra of Ni 2p, Rh 3d, and P 2p before and after the 10 h HER and 1 h OER catalytic activities
of Nio2sRh17sP. According to the quantification analysis of Nig2sRh17sP before catalysis (see
Table 5.2), the sample surface was found to be rich in Ni and deficient in P, with a composition of
Ni13Rho.7Po.2.2*8 In terms of speciation, the Ni 2pa2 peaks at 853.8 eV, 856.5 eV, and 858.7 eV are
attributed to Ni-P, Ni?* and Ni®*, respectively.?®” 28 The corresponding Rh 3ds2 spectrum has
peaks at 307.6 eV and 309.4 eV attributed to phosphorus bound Rh (Rh% and Rh** (Rh203),
respectively. Finally, the P 2p1» spectrum has peaks at 129.5 eV and 133.3 eV for reduced
phosphorus (M-P) and phosphate (PO4%), respectively.

Figure 5.6 summarizes the XPS data for RhoP. In RhyP also, the surface is metal-
rich/phosphorus poor as in Nio.2sRh1.7sP, with a composition of Rh2Po.2. The Rh 3ds/ spectrum has
peaks at 307.5 eV and 309.6 eV attributed to Rh® and Rh®*, respectively. The P 2p12 spectrum has
peaks at 129.6 eV and 133.2 eV for reduced P and PO4*, respectively. Rh,P is also found to have

a larger proportion of reduced P compared to Nig.2sRh; 75P.
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Figure 5.5. XPS spectra of No.2sRh1.75P/C before and after 10 h HER and 1 h OER stability

testing
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Figure 5.6. XPS spectra of RhoP/C before and after 10 h HER and 1 h OER stability testing
After HER catalysis in the acidic media, with both Nio2sRh1.7sP/C and Rh2P/C, a minimal
change in the metallic components was observed in the overall surface composition, but the loss
of P was significant (70% with Nio.2sRh1.75P and 38% with RhoP/C, Table 5.2). However, for the
OER study, we observed a significant difference between Nio2sRh1.75P vs. Rh2P. In Nig2sRh1.75P,
50% of the metallic Ni on the surface has been oxidized after OER, with only 5% of Rh oxidation,
whereas 23% of Rh on RhzP showed oxidation (Table 5.2). In the case of post-OER, again, we
observed a decrease in P amount with both compositions (80% with Nig2sRh1.7sP and 25% with

Rh,P/C, Table 5.2).
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Table 5.2. XPS elemental ratios and oxidation state ratios before and after catalytic stability tests
with No.2sRh1.75P/C and Rh2P/C.

Nio.2sRh1.75P Rh2P

Rh: Ni: P Rh Ni P Rh: P Rh P
(Rh-P): (Ni-P): Ni2*: (P-M): (Rh-P): | (P-M):
Rh3* Ni®* PO4* Rh3* PO+
Before | 31:59:10 63:37 18:38:44 16:84 92:8 80:20 48:52
ﬁfég 25:72:3 59:41 17:30:53 19:81 95:5 75:25 56:44
gféi 30:68:2 65:35 9:45:46 27:73 94:6 62:38 42:58

5.4 Discussion

Similar to our observations in the previous work within an alkaline medium (Chapter 4),
even before catalysis, the Nio.2sRh1.7sP surface is found to be rich in Ni and poor in P, deviating
from the bulk composition.?*® The initial surface metal-to-phosphorus ratio in RhzP is comparable
to Nio.2sRh175P, with a ratio of 2.0-to-0.2 M-to-P, but more reduced phosphorous was found on
the Rh2P surface compared to Nio2sRh1.7sP both pre- and post-catalysis, and the loss of P post-
catalysis for the latter is more significant. These data suggest that Rh may stabilize reduced P on
the surface, whereas oxidized P on Ni is more susceptible to dissolution as phosphate.

Most of the metal phosphide materials are found as stable catalysts for HER under acidic
condition.’® In this study, with the post-activity analysis, no significant changes on the surface
were found after HER. Unlike in the Co2.xRhxP system (Chapter 3) where we lose the acidic HER
stability due to Co dissolution, with Ni>.xRhxP system the Ni metal was stable under the negative
applied potentials and acidic conditions.*8!

On the other hand, considerable effort has been devoted to identifying why poor stability

is observed in some high-activity catalysts for OER.?% It has been proposed that with most noble
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metal oxides, when catalysts undergo an intermediate species sharing mechanism, the
overoxidation of the active material and lattice oxygen participation in the mechanism can induce
instability.?'® The intermediate species sharing mechanism was first reported by Stucki et al. for
Ru and RuO: electrodes. In the mechanism, RuOg serves as the reaction intermediate and the OER
takes place by a cyclic transition between Ru®* and Ru®*.2%> A similar result was found for iridium-
based electrodes;??® Stucki et al. suggested that IrO3 serves as the intermediate species for the OER
reaction and Ir dissolution happens due to IrOs formation. However, recent studies carried out with
the help of scanning flow cells and inline electrochemical mass spectrometry revealed that both
Ir3* species and IrOs are formed as intermediates, and both are possible dissolution species for Ir
during the OER.??’ Thus, the low stability of phosphides might be due to the intermediate species
sharing mechanism forming metal oxides and/or metal ions, and dissolution of those species
resulting in low stability.

In keeping with this analysis, in the case of OER in both Nio2sRh175sP and Rh2P in-situ
metal oxide/hydroxide formation was observed. Since metal oxides are not stable under acidic
conditions (even noble metal oxides, as discussed above) a decrease in the OER activity over time
was expected with both materials. Intriguingly, the noble metal phosphide Rh2P, with comparable
initial activity to RuO2, was found to be far less stable than Nio.2sRh1.75P to OER (Figure 5.2). The
OWS activity and stability data show the rapid deactivation of the Rh,P/C || Rh2P/C electrolyzer,
whereas Nio.2sRh175P/C || Nio2sRh175sP/C shows a much slower deactivation, comparable to
RuO2/C || 20%Pt/C, although considerably less active (Figure 5.3). Since XPS data shows that the
Nio2sRh1.7sP surface is Ni-rich, we could suggest that the surface Ni might be playing a major role
as catalytic sites in Nio.2sRh175P towards OER. In this analysis, the stability of the Ni catalyst

towards OER may be associated with the underlying Rh. The fact that the percentage of oxidized
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Rh is considerably larger than reduced Rh in Rh2P vs. Nig2sRh17sP suggests that the more
favorable nickel oxidation may assist in preserving reduced Rh, with the reduced Rh in part
facilitating the turn over of the Ni catalyst.
5.5 Conclusions

In this work, we have shown that in acidic media, Rh2P-like activity and stability can be
obtained for Nio2sRh1.75P as a water reduction electrocatalyst. In contrast, Nio.2sRh1.75P is far less
active than Rh2P for OER, and yet it is the combination base-metal/noble-metal phosphide that is
the most stable. Overall water splitting can be achieved at driving potentials of 1.76 V with
Nig.2sRh1.75P/C catalyst, about 200 mV higher than RuO,/C || 20%Pt/C, but with a comparable
stability. Although the exact OER mechanism of our catalyst is yet to be explored, we surmise that
Rh catalytic sites in RhoP are subject to rapid deactivation, as are Ni sites in NizP, but the
combination of Ni + Rh, which yields Ni-rich surfaces (even at nominally low Ni loadings) with
protected Rh underlayers, results in Ni catalytic sites that can “turn over” due to electronic effects

of the Rh.
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CHAPTER 6. ON THE FEASIBILITY OF Cu-BASED TERNARY TRANSITION
METAL PHOSPHIDE NANOPARTICLE SYNTHESIS BY CATION EXCHANGE
Abstract
Inspired by the recently discovered ability of Cus.xP to undergo cation exchange (CEX)
with In®" under mild reaction conditions while retaining the hexagonal anion framework, we
explored such reactions on CusP with Ni?*, Fe** and Co?* for the purpose of preparing Cu-M-P
nanoparticles (M=Ni, Fe, Co). We hypothesized that Cu-M-P (M= Ni, Co, Fe) can be realized as
nanoparticles despite the fact that the corresponding phases are not known as bulk crystalline
phases, since metastable phases can be kinetically trapped as nanoparticles because of the low
synthesis temperatures and high surface energies. Successful CEXx is expected to be achievable
because Cu vacancies that are endemic to Cus«P will enable high mobility of Cu*. To test this
hypothesis, nanoparticles of Cuz«P were prepared according to a literature-reported synthesis
method with some modifications. Protocols for CEx of Cu* with Fe®*" using air-free conditions
were evaluated as a function of different synthetic parameters (temperature, time, and ionic
concentration). Preliminary studies of Cus.«P CEx with Ni?* and Co?" were also conducted. The
resultant nanoparticles are characterized by PXRD and TEM/EDS to assess the structural and
morphological changes associated with the CEx process. The potential for targeting new
metastable bimetallic copper phosphide phases by this approach will be discussed in the context

of these preliminary results.
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6.1. Introduction

According to the Sabatier principle for heterogeneous electrocatalysis, the best catalytic
activity can be achieved at the optimum binding energy of intermediates on the catalytic surface.
The activity of catalytic materials can be plotted versus reactivity, and the resultant peak-shaped
curve is known as the Sabatier or volcano plot.??® This plot illustrates the difference between the
reactivity of various catalysts. The binding energy of the key intermediate indicates how
strongly/weakly the catalyst interacts with the reactants.??® If the binding is too weak, it is difficult
for the surface to activate them. If it is too strong, they will poison the reaction by occupying
available surface sites.?”® For HER, the optimum binding energy should be around AGw =0 eV,
while for OER, it should be around AGo -AGon = 1.6 eV.?2% 230 By combining two metals from
extremes of the volcano plot to make a new catalytic surface for HER and by analyzing the stability
and activity toward HER by using DFT calculations, Norskove and coworkers showed that some
metal alloys can show high HER catalytic activity (AGn = 0-0.1 eV at 1 bar and 298 K).??® Among
these alloys, our interest was piqued by Cu-Ni, Cu-Co, and Cu-Fe because binary transition metal
phosphides (CusP, Ni2P, CoP, and Fe2P) have shown considerable electrocatalytic activity toward
water splitting reactions,?% 131224 and there are no previous studies done on discrete, single-phase
ternary transition metal phosphide materials with these metal combinations.

When considering Cus-«P, the homogeneity range lies between Cuz.gs7P and Cug.7ssP. 23 232
This deviation from the 3:1 Cu:P stoichiometry is due to Cu vacancies in the cell.?®! These Cu
vacancies, and the high mobility of Cu™ ions, is expected to facilitate cation exchange reactions.
Indeed, CusxP is reported to undergo cation exchange (CEx) with In®** under mild reaction
conditions while retaining the hexagonal anionic framework, leading to Cu-In-P phases, and

eventually, a metastable wurtzite form of InP. The dissertation research seeks to explore CEx
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reactions of CusxP with Fe**, Ni?* and Co?* in order to prepare Cu-M-P (M=Fe, Ni and Co)
nanoparticles, with potential applicability as catalysts in the sector of hydrogen production via
electrochemical water splitting.
6.2. Experimental section

All materials used in the synthesis of Cus.xP nanoparticles and in cation exchange (CEX)
are reported in Chapter 2. A 100 mL two-neck Schlenk line flask with an attached 6-inch-long
condenser and internal temperature controller was utilized for nanoparticle synthesis and CEXx
procedures. All reactions were carried out under an argon atmosphere using standard Schlenk line
techniques.
6.2.1. Cus-xP nanoparticles synthesis

Cus.xP nanoparticle synthesis was carried out according to the procedure developed by
Bertoni et al. with minor differences.?®? The metal precursor copper(l) chloride (CuCl, 1.0 mmol)
was dissolved in a mixture of 5 mL of oleylamine (OAm) and 0.9 mL trioctylphosphine (TOP).
The mixture was degassed at 110 °C for 20 min, then purged with Ar. The temperature was then
increased to 250 °C, and a mixture of 0.16 mL of tris(diethylamino)phosphine (TDAP) and 1.0 mL
of octadecene (ODE) was quickly injected, and the system was maintained at 250 °C for 30 min.
After natural cooling, the product was then purified by sequential dispersion in toluene and
precipitation with ethanol.
6.2.2. Cation exchange of CusxP nanoparticles with In®*
6.2.2.1. Cation exchange of Cus.xP nanoparticles with In3* protocol 1

This procedure was carried out according to a literature reported method by Trizio et al.*?®
Here, 0.2 mmol of indium(l11) bromide (InBrs) was combined with 1.5 mL of TOP and 3.5 mL of

ODE. The mixture was degassed at room temperature for 45 min, then purged with Ar at 110 °C
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for 15 min. The temperature was then increased to 200 °C, and 0.2 mmol of synthesized Cuz-xP
nanoparticles dissolved in 1.0 mL of ODE under air-free conditions was quickly injected into the
system, which was maintained at 200 °C for 15 min. After natural cooling, the product was purified
by sequential chloroform dispersion and precipitation with ethanol.

6.2.2.2. Cation exchange of Cus-xP nanoparticles with In3* protocol 2

A second In® CEx procedure was developed based on work done by Akkerman et al and
Shan et al.?®* 2% Here, a stock solution of In** was employed. In order to prepare the stock solution,
1.3 mg of indium(I11) bromide (InBrs) was combined with 11.8 mL of TOP and 13.2 mL of ODE
in a Schlenk line flask. The mixture was degassed at room temperature for 20 min., and Ar was
purged at 110 °C for another 15 min. Then the mixture was heated at 250 °C for 2 h. After natural
cooling of the system, the setup was opened under air-free conditions (inside the glove box), and
the stock solution was stored in a sealed glass container inside the glove box. To carry out the CEX,
4.8 mL (0.7 mmol of In®*") of In®* stock solution, 0.3 mmol of synthesized Cus.xP nanoparticles,
and 4.0 mL of ODE were mixed in a Schlenk line flask under an inert atmosphere. The mixture
was then degassed at room temperature for 20 min, then purged with Ar at 110 °C for 20 min. The
temperature was then increased to 250 °C and maintained for 30 min. After natural cooling, the
product was purified with toluene and ethanol.

6.2.3. Cation exchange of Cus-xP nanoparticles with Fe3*

Based on In®* cation exchange methods, two procedures were utilized to obtain low and
high amounts of Fe®* exchanged nanoparticles.'?% 233 234 |n a typical low-end exchange reaction,
0.2 mmol of iron(111) chloride (FeCls) was combined with 1.5 mL of TOP and 3.5 mL of ODE.
The mixture was degassed at room temperature for 45 min, then purged with Ar at 110 °C for 15

min. The temperature was then increased to T °C (T=200 or 250), and 0.2 mmol of synthesized



126

Cuz.xP nanoparticles dissolved in 1.0 mL of ODE under air-free conditions was quickly injected
into the system, which was maintained at T °C for t min (t=15 vs. 30 for both T = 200 or 250).
After natural cooling, the product was purified by sequential chloroform dispersion and
precipitation with ethanol.

To obtain a high degree of CEXx, a stock solution of Fe®* was employed. In order to prepare
the stock solution, 1.0 mg of iron(l11) chloride (FeCls) was used and the protocol described in
section 6.2.2.2 was followed. To carry out the CEXx, 4.8 mL (1.1 mmol of Fe®*") of Fe3* stock
solution, 0.2 mmol of synthesized Cuz«P nanoparticles, and 4.0 mL of ODE were mixed in a
Schlenk line flask under an inert atmosphere. The mixture was then degassed at room temperature
for 20 min, then purged with Ar at 110 °C for 15 min. The temperature was then increased to T °C
(T=200 or 250) for 30 min. After natural cooling, the product was purified with chloroform and
ethanol.

6.2.4. Cation exchange of CusxP nanoparticles with Ni** and Co?*

In a typical cation Ni?* CEx reaction, 1.2 mmol of nickel(ll) chloride hexahydrate
(NiCl2-6H20) was combined with 2.0 mL of OAm and 7.5 mL of benzyl ether. The mixture was
degassed at 110 °C for 45 min, then purged with Ar at 110 °C for another 15 min. The temperature
was then increased to 180 °C, and 0.3 mmol of synthesized CusP nanoparticles dissolved in 2.0
mL of TOP under air-free conditions were quickly injected into the system while maintaining at
180 °C for t min (t=30 or 60). After natural cooling, the product was then purified by sequential
dispersion in chloroform and precipitation with ethanol. For Co?* CEx NiCl,-6H20 was replaced
by 1.2 mmol of cobalt(Il) chloride (CoCl>) and using the same procedure, the CEx was carried out

at 180 °C for 60 min, followed by purification as for Ni?* CEX.
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6.2.5. Characterization

Powder X-ray diffraction (PXRD) and Transmission electron microscopy (TEM) equipped
with energy-dispersive X-ray spectroscopy (EDS, EDAX, inc.) were employed as described in
Chapter 2.

6.3. Results and discussion
6.3.1. CuzxP cation exchange with In3*

Cus-xP nanoparticles were synthesized according to a literature procedure®®2, and the PXRD
pattern, TEM image, and an illustration of the structure are shown in Figure 6.1. The synthesized
Cus-xP nanoparticles adopted the characteristic hexagonal structure of Cus.xP (from PXRD, Figure
6.1a) with low polydisperse hexagonal-shaped plate-like crystalline particles (from TEM, Figure
6.1b) with a diameter of 29.9+4.2 nm. The EDS analysis of the as-synthesized Cus.xP NCs shows
the presence of Cu and P species, with a Cu deficient average composition of Cuz.sP.

Detailed calculations done by Trizio and coworkers suggest that Cusz«P has at least one Cu
vacancy in the structure, most likely to be on the Cul site (see Figure 6.1c). Crystallographic
refinement data presented by Olofsson also indicated that Cul and Cu?2 are below full occupancy,
suggesting that there are most likely one or two vacancies present per cell in Cus.«P.%*® Because of
these possible Cu vacant sites in CusP, configurational entropy favors the increase of vacancies in
the system with increasing temperatures.'?® Combining this tendency with the partial ionic
character of CusxP should enable the exchange of Cu* ions with other cations.'?® 127 However, so
far the only reported CEx on pure CusxP has been carried out with In3*.126 127 |n these studies,
after complete CEx they obtained crystalline InP nanoparticles in the wurtzite (WZ) phase instead

of the thermodynamically stable cubic zinc blende (ZB) phase.?3 Interestingly, due to the close
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match in the crystal structures of these two materials (hexagonal for Cus.xP and InP), the anionic

lattice was mostly preserved in the CEXx process, with only a little distortion.

(@) Eps composition= Cu, gP mCuF FORR0L O Ia]
>
2,
>
i)
B
c
Q
+—
= il
i 1 ) N | |
24 28 32 36 40 44 48 52 56 60

2-theta (degrees) Cul

Figure 6.1. (a) PXRD patterns (b) TEM image (c) crystal structure of Cus.xP

First, we attempted to reproduce the In®* cation exchange (CEx) procedure to obtain WZ
InP nanoparticles as reported in the literature. The protocol (section 6.2.2.1) involved injection of
Cus-xP nanoparticles into a solution of an In®* salt at 200 °C. The procedure is purported to yield
WZ “InP” with only 1% of Cu remaining along with 57% In and 42% P.2® However, in our hands,
the CEx protocol was unsuccessful. As shown in Figure 6.2, the product retains the hexagonal
morphology, but is not very crystalline. The PXRD does not match any phase definitively,

although there appears to be residual Cus.xP and a peak that may be due to ZB InP. Moreover, only

8.7% of In was incorporated.
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Moving forward, we carried out a different procedure based on CuzS to Cu-In-S, and Cus-
«P 10 In1.xGaxP CEx with our synthesized CusxP samples (see section 6.2.2.2).233 2% This reaction
involves heating of a mixture of the Cus«P and an In3* salt to 200 °C. The resultant PXRD, TEM,
and EDS composition after In®* CEx, along with the WZ InP crystal structure, is shown in Figure
6.3. The PXRD shows that the InP adopts the WZ phase, for which the predicted PDF pattern has
been computed via DFT calculations.'?® The resultant nanoparticles retain their hexagonal plate-

like morphology. However, we still had nearly 10% of Cu present in the sample, and the sample

is P-rich.
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Figure 6.2. (a) PXRD pattern/ EDS composition and (b) TEM image of the product of Cus.xP CEx
with In®" via the protocol in section 6.2.2.1.
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Figure 6.3. (a) PXRD pattern/ EDS composition and (b) TEM image of the product of Cuz.xP CEx
with In3* via the protocol in section 6.2.2.2 and (c) crystal structure of WZ InP
6.3.2. CusxP cation exchange with Fe3*

After demonstrating partial In®* cation exchange (CEX) we turned our attention to CEx of
Cu* in Cus-xP with Fe3* by adapting literature reported work on CEx of In®" into Cus-«P, Cu,S and
GaP.126: 233,237 |n our approach, the synthesized CusxP nanoparticles dispersed in ODE were hot
injected into a Fe**/TOP/ODE mixture. Two different Fe®*/CusxP ratios were investigated
(Fe**/Cus«P 1:1 and Fe**/Cus«P 5.5:1) and CEx was carried out at T °C (T= 200 or 250) for t min
(t=15 vs. 30). The PXRDs of the isolated products are shown in Figure 6.4. The product collected
from reactions at the higher temperature (250 °C) and at higher Fe**/Cus.«P ratios (Fe**/Cus.xP =
5.5:1) displayed no Bragg peaks characteristics of a crystalline material. However, the product
from the 200 °C reaction conducted with a 1:1 Fe®*/Cus«P ratio retains the crystallinity and

characteristic pattern of Cuz«P, but a peak shift to higher 2-theta is apparent with the introduction
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of Fe3*, suggesting partial incorporation of Fe may be occurring and leading to a compression in
the unit cell. No crystalline peaks for other phases (e.g., Fe-P phases) were evident under any of

these conditions.
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Figure 6.4. PXRD patterns for Cus.xP before and after CEx with Fe®* for different Fe** amounts,
CEx temperatures, and times (CusP PDF #01-074-1067)

TEM images of the products of the exchange reactions are shown in Figure 6.5. Evidently,
the morphology of the CuszxP nanoparticles is largely retained under mild CEx conditions (200°C
for 15 or 30 min) with a targeted ratio Fe**/Cus«P of 1. At 250 °C and with Fe®*/CusP of 5.5, the

particles undergo cracking, which might be due to the Kirkendall effect. In CEx, due to mobility
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differences of the host and guest atoms, diffusion rate differences arise. Due to Cu™ being a highly
mobile atom, it tends to leave the structure faster at high temperatures, and this phenomenon leads

to cracked particles.*?” 237

0.2 mmol Fe3* 1.1 mmol Fe3*

Figure 6.5. TEM images of CusxP after CEx with Fe* using different amounts of Fe3*, CEx
temperatures, and times (image scale bar is 100 nm, inset scale bar is 20 nm)

EDS data for the various CEXx reactions are compiled in Table 6.1. For the crystalline
samples produced under low Fe®*" concentrations at 200 °C, the percentage of P is marginally
higher than the starting material, and the final Fe:Cu ratio is 4:1 after 15 min, corresponding to a
composition of CuxFeosP, and 1.9:1 after 30 min, corresponding to CuiesFeosP. These
compositions are more in line with a formal Fe oxidation state of 2+ rather than 3+, assuming the
formal oxidation state of P is unchanged at ~ -3 (CusP, Cu'*) composition. Mechanistically, this

may reflect oxidation of departing Cul* to Cu?* by Fe**, which is subsequently incorporated as
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Fe* (Fe3* + Cul* = Fe?" + Cu?*; E° = +0.53 V). Intriguingly, Fe incorporation is actually reduced
at higher temperature (250 °C), leading to increases in the Cu:Fe ratio and, at the same time, the
metal-to-phosphorus ratio is decreased. Interpretation of these data are complicated by the fact that
the material is not crystalline. Under forcing conditions (Fe**/Cus.xP molar ratio of 5.5) at either
200 or 250 °C, the products remain amorphous but with more Fe than Cu, and the M:P ratio
decreases even further. Clearly, at high Fe concentrations and temperatures, the crystalline lattice
is amorphized, although the particle morphology—at least the outline—is retained. The
amorphization may be a consequence of the oxidizing nature of Fe3* (Fe** + e > Fe?*; E°= +0.37
V). Obviously, this is not a consideration for In®**, which is quite stable in the 3+ oxidation state
(In® + e In?*; E° = -0.49 V).

Table 6.1. TEM-EDS atomic percentages of Cus.<P before and after cation CEx with Fe3* using
different Fe®* concentrations, CEx temperatures and times

(;ﬁgl) (Tnlms T(eorgf' Cu% Fe% P% | Cu:Fe | M:P

CusP before CEx 73.7+0.7 i 263105 | - |2810
0.2 15 200 | 57.3+0.5 | 14.3+03 | 284404 |4.0:10]25:10
0.2 30 200 | 467+04 | 241+03 | 292405 |19:1.0]24:10
0.2 15 250 | 49.6+0.9 | 10.8+05 | 39.6+0.8 |46:10]| 1510
0.2 30 250 | 443+10 | 128+07 | 429410 |35:10]13:10
11 30 200 | 111+04 | 21304 | 67.6:08 |05:10]05:10
11 30 250 86:05 | 317406 | 59.7+0.8 |0.3:1.0|0.7:10

According to our data, the maximum Fe** cation incorporation without particle cracking
was observed with 0.2 mmol of Fe®*, CEx at 200 °C for 30 min. To see the atom distribution before
and after CEX, we carried out STEM/EDS mapping analysis with the sample before and after CEx

under the above conditions. As shown in Figure 6.6a, the CuzsP sample has homogeneously
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distributed Cu and P, while after CEx (Figure 6.6b), we observe co-localization of Cu, Fe and P
within the crystallites. However, the distribution of Fe and Cu do not appear to be uniform (areas
where Cu is high seem to have low Fe, and vice-versa), suggesting the possibility of phase-
segregation. However, after the CEX, the sample was more susceptible to the beam, making it
challenging to collect higher quality data that might be more definitive. STEM/EDS data were not

acquired on non-crystalline samples (high temperature and/or high Fe®*/Cu ratio).

Figure 6.6. STEM/EDS mapping images of CusxP (a) before (scale bar is 20 nm) and (b) after
(scale bar is 50 nm) CEx with 0.2 mmol of Fe3* at 200 °C for 30 min

6.3.3. CuzxP cation exchange with Ni?* and Co?*

Recently Hong and coworkers reported that Cu»S can undergo anion exchange with P
resulting in CusP1-xSx, and this mixed anion complex can easily undergo CEx with Ni* and Co?*
replacing Cu*.%*” Based on this study, we carried out preliminary experiments for CEx Cu* in Cus.
«P with Ni%* and Co?* by adapting the work done by Hong et al.?®” We first prepared a Ni-OAm or
Co-OAm complex in benzyl ether followed by hot injection (at 180 °C) of Cuz.xP nanoparticles

dispersed in TOP.



In Ni?* CEx, two different CEx times were utilized. According to the PXRD (Figure 6.7a),
after 30 min and 60 min of CEXx, the Cuz«P crystallinity is lost, and a very tiny peak, which could
be a Ni-P phase can be observed. Due to the low intensity and broadening of the peak, it is hard to
identify the exact phase of the material. However, the TEM images (Figure 6.7b) after 30 min CEx
show the presence of different morphologies, whereas after 60 min CEXx, the morphology seems
less polydisperse and more like hexagonal plate-like particles. In Co?* CEx, after 60 min (Figure
6.8a) again, the crystallinity was lost, and the TEM (Figure 6.8b) clearly shows hexagonal plate-
like particles with lots of cracking, which presumably arises from the Kirkendall effect. According

to EDS there is clear evidence for Ni and Co incorporation, and Cu loss, but it is not clear whether
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solid solutions are formed, or phase segregation is occurring.

Intensity (a.u.)

Figure 6.7. (a) PXRD patterns for CusxP before and after CEx with 1.2 mmol of Ni?* (Ni?*/Cus-
«P: 4) at 180 °C for 30 min or 60 min (CusP PDF #01-074-1067 and Ni>P PDF #03-003-0953) (b)
TEM images of CusP after CEx with Ni?* with different CEx times (scale bar is 100 nm)
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Figure 6.8. (a) PXRD patterns for CusxP before and after CEx with Co?* at 180 °C for 60 min
(CusP PDF #01-074-1067) (b) TEM images of Cus-P after CEx with Co?* at 180 °C for 60 min
(scale bar is 100 nm)

Table 6.2. TEM-EDS elemental percentages of Cus«P before and after CEx with 1.2 mmol of Ni?*
at 180 °C for 30 min and 60 min and after CEx with Co?*at 180 °C for 60 min

G“gztt{gﬁta' CE’(‘otCe)mp' C'(Er’r‘“tr'];ne Cu% Ni% | Co% P%
Cus-xP before CEXx 73.8+0.7 - - 26.2+0.5
Ni2* 180 30 352408 |47.6+1.1| - | 17.2¢08
Ni2* 180 60 89+0.8 | 66.7+15 | - | 244411
Co?* 180 60 36.740.6 - | a1.2¢06 | 221204

6.4. Conclusions

In order to make new bimetallic catalytic materials that could be utilized in electrochemical
water splitting hydrogen production applications in the future, we report a preliminary study
exploring the abilities of CusxP nanoparticles to undergo cation exchange (CEx) with different
transition metal cations (Fe3*, Co?*, Ni%*). Since we could not reproduce the literature that reported
complete CEx with In3* we suggest further optimizing the In®* CEx process to identify the errors

associated with our approach and improve the CEx processes with Fe, Ni, and Co. Further analysis
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of possible redox reactions between Fe, Co, Ni and Cu, will also be important to identify what

oxidation states are compatible with the CEXx process.
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CHAPTER 7. CONCLUSION AND PROSPECTUS
7.1. Conclusions

Modern energy management is balancing efforts to preserve natural resources, mitigate
climate change, and satisfy increasing demands for inexpensive power. Electrochemical water
splitting, when driven by renewable energy sources, provides a mechanism for the generation of
highly pure hydrogen, which can be used to produce electrical energy "on-demand™ by the use of
fuel cells. However, a major limiting factor in the widespread adoption of water electrolysis is the
absence of inexpensive, highly efficient catalysts for the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) that are stable under these extreme pH conditions. This need
provides a driving force for discovering new catalytic materials, and transition metal phosphides
(TMP) have emerged as a promising class of materials in this regard. Recently ternary TMP
nanoparticles have shown higher catalytic activity than binary phosphides due to the synergism of
the two metals. Combining two earth-abundant transition metals or diluting a noble metal with a
base-metal makes it possible to achieve highly active, low-cost TPMs for catalytic applications. In
this dissertation work, novel phase-pure ternary TMP materials were synthesized, and their
structure-property relationships and electrocatalytic water-splitting hydrogen production
applications were studied.

From literature reported studies, it is known that higher applied potentials which are
enough to oxidize Pt (>1.2 eV vs RHE) have an effect on overestimating the non-Pt cathodic
working electrodes activity when Pt is utilized as the anodic counter electrode. In Chapter 3, we
evaluate whether Pt counter electrodes used under low applied potentials (<0.6 eV vs RHE) can
affect the electrocatalytic HER activities and stabilities of Coz-xRhxP nanoparticles. In previous

studies by the Brock lab, Co>xRhxP has been found to exhibit higher catalytic activity compared
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to CozP and RhzP end members for OER in basic media.?® In the dissertation research, the HER
catalytic performance of Co._xRhxP nanoparticles in acidic and basic media is evaluated and found
to be composition-dependent, with the Rh-rich phases being the most active as compared to the
Co-rich ones.'8 182 Samples in which x > 1.25 have a more or less comparable HER performance
to that of Rh2P nanoparticles. Thus, one can dilute rhodium sites with cobalt up to a composition
of Coo.7sRh1.25P while still retaining the catalytic activity of pure RhzP. However, in long-term
stability measurements, when C is the counter electrode, the initially high activity of Coz xRhyP
(x> 1.25) nanoparticles falls over 50% in the first half-hour. Surface XPS data reveal a significant
loss of surface Co is occuring under catalytic conditions. Using a Pt counter electrode masks this
activity/composition relationship, as the Pt deposits on the working electrode, compensating for
Co loss, and possibly even be displacing Rh as the active catalyst. In distinct contrast to our
observations in acid, the HER activity of Co.xRhyP (x > 1.25) nanoparticles in basic media is quite
robust, behaving similarly to Rh2P, which maintained HER activity through a 10 h stability test.
XPS data of Coo25Rh1.75P/C after HER catalysis in basic media reveal that the metal phosphide
serves as a pre-catalyst, with the phosphide converting to phosphate under electrochemical
conditions (solubilized in the aqueous media), and the active catalyst is a surface oxide/hydroxide
species.

Since the Co>xRhxP system suffered from stability issues, our second approach was
diluting Rh2P with a more stable base metal (Ni) than Co in order to improve the activity and stable
towards electrocatalytic OER and HER. The novel Ni>xRhxP nanomaterial synthesis and its
electrocatalytic water splitting performances in basic media is reported in Chapter 4. A series of
phases were targeted, Ni>xRhxP, using the solution-phase arrested precipitation method.

Intriguingly, phase-pure Ni>.xRhxP particles were obtained only for x = 0, 0.25, 0.50, 1.75 and
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2.00. NizxRhyP particles with x = 0, 0.25 and 0.50 adopt the Fe.P hexagonal structure-type and
have a spherical morphology with hollow voids. Rh-rich Niz-«xRhxP (x = 1.75, 2.00) nanoparticles
adopt a cubic antifluorite structure with quasi-spherical morphology. Intermediate phases (x =
0.75-1.5) were found to be phase segregated due to inhibition of miscibility between NizP and
Rh2P. When investigating the catalytic activities of Ni>xRhxP/C in basic media, the geometric
surface area normalized OER activity of Niv7sRho2sP is the best among the investigated
electrocatalysts. Ni1.7sRho2sP is also the most active when normalized to the electrochemical
surface area (ECSA). The enhancement in activity may be attributed to electronic effects and/or
restructuring of the catalyst due to phase segregation of Rh. Rh phase segregation was observed to
decrease the electrochemically active surface area and yet, the catalytic activity actually increases,
suggesting that catalytic sites have become intrinsically more active during catalytic testing. With
respect to the HER studies in basic media, the Rh-rich phases are more active, with RhzP exhibiting
the lowest overpotential when normalized to geometry. However, when normalized to ECSA, the
Nio.2sRh1.75P phase exhibits twice the activity of Rh2P, possibly due to the lowering of the energy
barrier in the water dissociation step. Additionally, the combined STEM/EDS and XPS data
suggest that the surface composition of Ni2-xRhxP is quite different from the bulk composition with
a Ni-rich composition on the surface. Also, we found that Ni>-xRhxP undergoes dramatic in-situ
chemical modifications during both HER and OER processes. In both cases, the initial
phosphide/phosphate on the pre-catalytic surface readily oxidizes and then dissolves in the basic
electrolyte solution as metal oxides/hydroxide species are formed.

Since Ni2P is known as a more stable metal phosphide compared to Co2P in acidic media,
we considered whether the Ni2xRhxP system would be more stable than Coz.xRhxP for water

splitting under acidic conditions.'®® 222 With that motivation, the water splitting electrocatalytic
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activities of NixRhxP/C in acidic media were investigated and are reported in Chapter 5.2!8 The
HER performance in acidic media of Ni>xRhxP nanoparticles was similar to the CozxRhxP
system.'8 The activity is composition-dependent, with the Rh-rich cubic antifluorite Nio 2sRh1 75P
phase being the most active and stable, comparable to RhzP. Pre- and post-catalytic surface
analysis data showed a minimal change in metallic components was found, suggesting that the
metals present are stable under the negative applied potentials needed to drive HER. However, the
initial OER activity of Ni>.xRhxP, when normalized to the geometric area, is comparatively poor
relative to Rh2P, which exhibits an overpotential value that is < 50% of any of the phase-pure Niz-
xRhxP nanoparticles studied. Nevertheless, Ni incorporation into RhoP (Nig.25Rh1.75P) resulted in
increased stability towards OER in acidic media when compared to pure Rh2P. According to EDS
and XPS data, in-situ surface oxidation is evident post-catalysis. However, the fraction of oxidized
Rh in Rh2P is greater than in Nio2sRhy7sP, and the surface of the ternary phosphide is quite Ni
rich, suggesting that the unique stability associated with this ternary phase may be a consequence
of Ni serving as putative catalytic site, stabilized by a Rh phosphide underlayer.

CusxP is an earth-abundant metal phosphide that has demonstrated promising activities
and stabilities towards HER in acidic media.t3 14123 Recent DFT calculations demonstrated a
trend in enhanced HER activity with mixed metal alloys, and Cu based alloys including Cu-Co,
Cu-Ni and Cu-Fe were in the optimum activity range.*® Accordingly, the dissertation research
sought to synthesize the corresponding phosphides as potential electrocatalysts for water splitting.
Since, Cus«P has been demonstrated to undergo cation exchange with In®* under mild reaction
conditions while retaining the hexagonal anion framework, in Chapter 6 the cation exchange of
CusP with Fe3*, Ni?* and Co?* was investigated. As a starting point, the In®* cation exchange was

re-investigated. The literature procedure was not successful in our hands, but a modified procedure
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led to partial cation exchange and apparent incorporation of In. Based on this limited success,
exchange with Fe3*, Ni?* and Co?* was investigated. With Fe**, exchange was conducted with two
different concentrations of the metal and two different temperatures (200 and 250 °C). At low
Fe3+ concentration (1:1 Fe: CusxP) and 200 °C, crystalline product was obtained. The pattern
resembled CusP with a slight peak shift to higher 20 suggesting a compression of lattice
parameters. Fe: Cu ratios of 1:4 (15 min) and 1:1.9 (30 min) were obtained in the product according
to EDS, suggesting formulae of CuzFeosP and CuseFeosP, respectively, when accounting for the
observed phosphorus ratio. When considering charge balance, these formulas likely represent
incorporation of Fe?*, rather than Fe®". According to standard reduction potentials, Fe** will
oxidize Cu'* to Cu?*; accordingly, we hypothesize that Fe3* oxidizes the Cu'* leaving the lattice
and intercalates as Fe?*. Notably, STEM/EDS mapping suggests that Fe is not incorporated
homogeneously, rather there appear to be islands within the hexagonal plates that are Fe-rich or
Cu-rich. Fe3* cation exchange reactions conducted at higher temperature (250 °C) and/or at higher
Fe3*/Cus«P ratios (5.5) produced products that were X-ray amorphous. In preliminary Ni?* and
Co?* cation exchange reactions, the Ni and Co uptake and Cu loss was observed, but the PXRD
pattern suggests the CusxP phase is no longer present. Peaks possibly corresponding to binary Ni
or Co phosphides are observed instead.
7.2. Future research directions

Based on the insights gained from the above dissertation work, several exciting research
paths could be studied in future work. Two such pathways are described below.
7.2.1. Studying the intrinsic catalytic activity dependency on material structure

In this dissertation, the OER and HER activity variation in M2.xRhxP (M = Co, Ni) was

explored and found to be strongly dependent on the material composition. Studies were also
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extended to understand the electrochemical surface area changes related to the material
composition with Ni>xRhxP in basic media using a non-faradaic technique (double-layer
capacitance method). However, identifying the catalytically active surface area under applied
potential and studying how the potency and the surface area depends on factors such as crystal
structure, morphology, composition etc., is crucial. Underpotential deposition methods (UPD) are
voltametric methods where the charge involved in electrochemically adsorbing/desorbing a layer
of a selected chemical species (typically H or Cu) is measured by integration of the area under the
voltage-current curve in the UPD region. Then using a conversion factor and the voltage-current
area data we can calculate the electrochemically active surface area (ECSA).?%

In future studies, UPD methods should be assayed, to identify the ECSA under faradaic
conditions, instead of the double-layer capacitance methods that are conducted in the non-faradaic
region. Furthermore, by combining this experimental data with theoretical DFT calculation data
(studied in a collaborative approach), on compositional and structural dependency on catalytic
activity, we will be able to better interpret the activity differences arising from different
compositions and structures of these materials. Through these types of studies, we hope to reveal
the potential applicability of different elemental combinations, crystal structure types and optimum
compositions towards electrocatalytic water splitting applications.

7.2.2. Investigating electrochemical water splitting catalytic activities of Cu-based ternary
phosphides

The work we started on Cu-based ternary phases synthesis via cation exchange described
in Chapter 6 will continue in terms of method optimization and catalytic activity evaluation of
resultant Cu-M-P (M = Fe, Co, Ni) materials. In addition, the synthesized In-Cu-P phase should

be considered for photocatalysis or photoelectrochemical catalysis for water splitting. Bulk InP in
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its cubic phase is a well-known semiconducting material with a direct band gap of 1.35 eV.2*° The
new wurtzite nanoparticles of InP have a bigger band gap of 1.55 eV.'?® We hypothesize that the
combination of semiconducting InP with metallic and electrocatalytically active CusP will
facilitate solar-driven fuels production. This hypothesis can be tested by optimizing the cation
exchange procedure to obtain targeted phase-separated InP-CusP nanoparticles, and evaluating

their structure-property-activity relationships.
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APPENDIX A: SCAN DETAILS FOR XPS

XPS Core Scan window eEles’Z-y Sstliz Dwell time Number of
Line (eV) (eV) V) (ms/step) sweeps
Cls 279-298 50 0.1 100 1
Rh3p 305-320 50 0.1 100 5
P2p 125-140 50 0.1 100 5
Ni2p 850-885 50 0.1 100 5
Co2p 775-810 50 0.1 100 5
Ols 525-540 50 0.1 100 5

APPENDIX B: BINDING ENERGIES FOR XPS ANALYSIS

Peak BE (eV) Oxidation state Ref.
Rh 3d
307.0+0.4 RhE*
311.7+04 ot
308.9+04 RH3*
313.6+0.4
P2p
133.2+0.7
P%* (POs%)
134.1+0.7 197, 241
130.2+0.3
PO
131.4+0.3
Co2p
779.2+0.3 o
Co
794.1+0.3
781.7£0.2 o0 242, 243
797.2+0.2
784.310.4
C0304
800.1+0.4
Ni 2p
853.8+0.2 .
Ni-P
870.80.2 !
197
856.5+0.3 _
N|2+
874.5+0.3
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858.7+0.3 NS
877.9+0.3
Pt 4f
81.3 Overlap
71.1
Zero Valent Pt
74.3
72.2 ”
75.4 .
68.7 i
83.9
O 1s
531.1-532.0 Transition metal oxides 245
533.0 -F2C-O-CF2- in Nafion 246
535.7 Sulfonic acid oxygen in Nafion
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ABSTRACT
SYNTHESIS AND INVESTIGATION OF PROPERTIES IN TERNARY TRANSITION
METAL PHOSPHIDE NANOMATERIALS FOR ELECTROCHEMICAL WATER
SPLITTING
By
THARANGA NISANSALA BATUGEDARA
August 2022
Advisor: Dr. Stephanie L. Brock
Major: Chemistry (Inorganic)
Degree: Doctor of Philosophy

Nanoscale transition metal phosphides are emerging as efficient catalysts for hydrogen
production via electrochemical water splitting. Although monometallic phases have been
extensively studied, enhanced catalytic activities and stabilities can be gained by the synergism of
two metals in bimetallic ternary transition metal phosphides. In this dissertation, we report (1) the
effect of the counter electrode and electrolyte on stabilities of Co2-xRhxP nanoparticles for water
reduction (hydrogen evolution reaction, HER), (2) novel synthetic protocol development and
electrocatalytic water splitting activity and stability study on Ni>.xRhxP nanoparticles, and (3) a
preliminary investigation employing cation exchange methods to synthesize Cu-M-P (M= Fe, Co,
and Ni) nanoparticles.

Co2-xRhxP nanoparticles show promising electrocatalytic activity toward HER in acidic
and basic media. However, Co is not stable in acidic media under electrocatalytic conditions due
to Co dissolution, and the activity was found to deplete 50% with Co loss. Studies on the use of Pt
counter electrode and its interference on the working electrode at lower potentials (<0.6 V vs.

RHE) revealed that the deactivation of Co,xRhxP/C due to Co dissolution was masked by Pt
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dissolution and redeposition on the working electrode. However, in basic media, no Co dissolution,
activity deactivation, or Pt redeposition was observed. At high pH, the increased activity and
stability are attributed to in-situ formed metal oxide/hydroxides on the catalytic surface.

In order to create a more stable catalyst, we replaced Co in Co2-xRhxP nanoparticles with
Ni to produce Ni>xRhP (x=0.25, 0.5, and 1.75) nanoparticles with low polydispersity.
Intermediate compositions were not phase pure. Ni-rich compositions (x=0.25 and 0.5) were
hollow spherical nanoparticles with hexagonal structures, while the Rh-rich composition (x=1.75)
adopted a quasi-spherical shape with a cubic antifluorite structure. X=0.25 showed the highest
OER intrinsic and geometric catalytic activities in basic media with overpotentials of 261.8 mV
and 273.8 mV to achieve 2.0 pA/cm?ecsa and 10 mA/cm?2seo, respectively. X=1.75 showed the
highest HER intrinsic catalytic activity in basic media with an overpotential of 44.5 mV to get
producing -2.0 pA/cm?ecsa. The x=1.75 composition also had competitive geometric HER activity
with an overpotential of 82.1 mV to obtain 10 mA/cm?ce. The XPS and EDS mapping data
revealed that for both HER and OER, in-situ formed oxide/hydroxide species play a role in the
catalytic activity, and Rh phase segregation is found post-OER. The use of Nio.2sRhy75P as a
cathode and Ni17sRho2sP as an anodic in an overall water splitting electrolyzer resulted in an
overpotential of 554 mV to obtain a current density of 20 mA/cm?. In acidic media, the x=1.75
phase showed comparable HER activity and stability relative to RhoP. For OER, the x=1.75 phase
is unique in terms of its stability. While it is initially less active than Rh2P, the latter phase rapidly
deactivates, whereas Nii17sRho2sP has a stability profile similar to the state-of-the-art RuO:
catalyst. The enhanced stability is attributed to a nickel-rich surface with a Rh underlayer, in which

the active nickel catalyst is moderated by the Rh, enabling turnover.
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Finally, the synthesis of bimetallic phosphides of Cu-Fe, Cu-Ni and Cu-Co was explored
by cation-exchange reactions of CusxP. Preliminary data suggest that treatment of CusxP with
equimolar Fe** at 200 °C produces a crystalline product with the CusP structure but a slightly
compressed lattice. STEM/EDS mapping suggests the hexagonal plates of the starting Cus.xP are
retained, with Cu and Fe forming separate domains. We hypothesize a redox-mediated uptake in
which Fe** oxidizes Cu'* departing the lattice, with Fe?* then incorporated. Attempted exchanges
with Ni?* and Co?* were not successful. Optimization of protocols is expected to lead to make new

bimetallic catalytic materials that could be utilized in electrochemical water splitting applications.
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