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The electrification of the petrochemical industry will significantly reduce greenhouse gas 

emissions in the manufacturing of commodity chemicals; however, electrification on a global scale 

is only achievable using earth-abundant materials for electrocatalysis in place of state-of-the-art 

catalysts made from precious metals. A promising catalyst that has been used for industrial 

hydrodesulfurization and electrocatalytic hydrogen evolution, nitrate reduction, carbon dioxide 

reduction, and oxygen evolution is Ni2P. Ni2P and other transition metal phosphides benefit from 

active site ensembles that moderate the binding of reaction intermediates, making them promising 

electrocatalysts for reactions beyond the ones listed, especially other hydrogenation reactions. 

However, Ni2P and other TMPs are susceptible to oxidation, leading to catalyst degradation and 

loss in certain conditions. Stability is an important part of catalysis; therefore, it is important to 



 

understand the degradation mechanism of Ni2P in order to mitigate corrosion, accurately predict 

surface reactivity, and prepare Ni2P for industrial electrocatalysis. In the present work, operando 

Ni K-edge X-ray absorption spectroscopy (XAS) and ex situ P Kα and Kβ X-ray emission 

spectroscopy (XES) couple together to understand the degradation of Ni2P and show the effects of 

electrolyte and air on Ni2P nanoparticles. Upon exposure to air, as-synthesized Ni2P nanoparticles 

were studied via P Kα and Kβ XES in an inert atmosphere glovebox. Results showed that the 

phosphide species converted to phosphate with analysis of intermediates well fit by a simple two-

component mixture. Electrochemical corrosion results demonstrate that Ni2P nanoparticles 

corrode significantly before achieving a passive surface. The corrosion follows a phosphate-first 

pathway, followed by the rapid oxidation of excess Ni to form a passive surface. Approximately 

80-90% of Ni dissolves before passivation is achieved. Future work with Ni2P should consider the 

chemical structure of its surface in aqueous conditions and take advantage of its anodic passivation.  
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Chapter 1. INTRODUCTION  

Significant portions of the following have previously been published in collaboration with F. W. 
Eagle, D.-Y. Kuo, E. Nishiwaki, and B. M. Cossairt.1,2  

 

Global emissions from the chemical and petrochemical industry totaled 1.33 Gt CO2 

globally in 2022, approximately 4% of total global energy system emissions and 15% of industrial 

emissions.3 In addition, the chemical industry is the largest industrial consumer of energy since it 

uses half of its energy input (carbon-based fuels) as chemical feedstock for various high-

temperature and high-pressure reactions. Of the emissions from the chemical industry, 45% were 

from ammonia production, 28% from methanol production, and 27% from the production of high-

value chemicals (e.g., ethylene, propylene, benzene, and toluene). These statistics point to a 

significant need to reduce the use of petroleum-based feedstocks and thermal reactions to 

synthesize the chemicals needed to sustain modern life on Earth. Combining advancements in 

clean electricity with low carbon emission resources like H2O, N2, and biomass could provide an 

alternative to our current reality in the chemical industry.4 The greatest impact of electrification 

will be seen by targeting high-polluting reactions like ammonia production, which currently relies 

on reacting N2 with H2 at high temperatures and high pressures in centralized large-scale facilities. 

Additionally, most H2 used in these reactions is acquired from the steam reforming of natural gas, 

another process contributing significantly to the total emissions from ammonia production. There 

are, therefore, two avenues to minimize emissions from ammonia production: 1) to produce H2 

from water using renewable electricity to replace the steam reforming of natural gas or 2) to 

produce ammonia from H2O and N2 outright using clean energy.  
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The global electrification of the chemical industry requires electrocatalysts that make these 

electrochemical reactions feasible and more energetically favorable. Today, most state-of-the-art 

catalysts use noble metals whose scarcity and high prices make them prohibitive for a global shift 

towards electrification.5 Therefore, there is a need for earth-abundant catalyst alternatives. One 

particularly promising class of materials is transition metal phosphides (TMP), which were first 

predicted to catalyze the hydrogen evolution reaction (HER) effectively and were later realized as 

effective catalysts for various reactions.6–12 Throughout this introductory chapter, we will 

introduce the chemistry of transition metal phosphides, including 1) the surface chemistry of TMP 

nanoparticles, 2) catalysis on TMPs, and 3) challenges with the corrosion of TMPs.  

1.1 OVERVIEW OF TRANSITION METAL PHOSPHIDE SURFACE CHEMISTRY 

The history of metal phosphides dates back to the 1700s with the synthesis of Zn3P2 by Andreas 

Marggraf, followed later that century by Bertrand Pelletier's synthesis of 20 more metal phosphides 

from the pure metals and white phosphorus.13 Applications of these metal phosphides, however, 

came much later. Among the metal phosphides are both metallic phases like Ni2P, Cu3P, and Ir2P 

and semiconducting phases like Zn3P2, GaP, and InP.14 This electronic structure is, in part, what 

dictates the ultimate utility of these materials. Since the development of III-V semiconductors for 

electronic applications in the 1950s,15 the importance of metal phosphides in materials science and 

engineering has grown. This development has continued to this day, with the new dimension of 

physical scaling playing a prominent role. 

For nanoscale metal phosphides, it is not only the electronic structure of the core that 

controls function but also the structure and composition of the nanomaterial surface. The 

covalency of metal phosphide lattices (arising from the relatively low electronegativity of P)16 and 

their ease of oxidation [arising from the ease of accessing the P(V) oxidation state]14 make the 
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surface even more important for this class of materials relative to others. The facet termination (M 

versus P) and the degree of nonstoichiometry are the primary factors that establish surface 

chemistry in binary metal phosphide nanocrystals (Figure 1.1). Nanocrystals can range from 

stoichiometric, bearing the expected numbers of anions and cations needed to perfectly balance 

charge (i.e., 1:1 In:P for InP or 3:2 Zn:P for Zn3P2), to excessively nonstoichiometric, as can be 

the case for semiconductor nanocrystals like InP, which may be prepared with nearly a monolayer 

of excess cations. 
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Figure 1.1. Representative surface chemistry of stoichiometric (left) and nonstoichiometric 

(right) metal phosphide nanocrystals illustrating neutral L-type ligand coordination, Z-type ion 

pair coordination, ionic X-type ligand coordination, and covalent surface modification. 

 

The binding of ligands to all types of nanocrystal surfaces can be systematically described 

using an adapted version of the covalent bond classification method.17–19 Using this formalism, 

neutral L-type Lewis bases like trioctylphosphine (TOP) and primary amines are the predominant 

type of surface termination in the case of stoichiometric nanocrystals. In the case of 

nonstoichiometric, metal-rich nanocrystals, anionic X-type ligands are an important contributor to 

the surface chemistry due to the need for charge balance. Interestingly, excess metal cations, 
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together with their X-type ligands, can be displaced from nanocrystal surfaces as Z-type metal-

ligand complexes.20,21 Such metal-ligand complexes can also be added to nanocrystal surfaces and 

exchanged for preexisting surface complexes.22–24 Surface lability can lead to changes in 

nanocrystal stoichiometry during purification and manipulation. Variability in nanocrystal 

composition and its evolution as a function of reaction conditions have been most well studied for 

II-VI nanocrystals but are becoming a primary focus for metal phosphide nanocrystals as their 

properties are optimized for technological applications. 

TMP nanocrystals have been widely explored as catalysts for various reactions, including 

hydrodesulfurization (HDS),25,26 HER,27–33 the oxygen evolution reaction (OER),11,34,35 and 

hydrogenation.36 Additionally, they are interesting for their magnetic properties,37–39 their ability 

to serve as cocatalysts in photocatalytic hydrogen evolution,40–42 and their applications in battery 

technologies.43,44 While transition metal oxides and chalcogenides have been well known as 

catalysts in industry for over a century, phosphides have, by comparison, received less attention 

until more recently. Part of the reason for this recent attention is the unique way in which 

phosphorus modulates the activity of the transition metals themselves. In 2005, Liu & Rodriguez6 

predicted that the (001) plane of Ni2P should be a suitable HER and HDS catalyst based on binding 

energetics because of a synergistic ensemble effect between Ni and P. Phosphorus moderates the 

binding of H-atoms to the Ni2P surface so that they neither bind too strongly nor too weakly. Since 

then, others have explored surfaces on TMPs that are ideal for various forms of catalysis, such as 

deoxygenation reactions and the OER,45–47 and additional surfaces that are HER active.29,47,48 

Taking TMPs to the nanometer length scale, as with most catalytic materials, allows for increased 

surface area, access to nonthermodynamic phases with distinct reactivity, and the ability to 

chemically design and tailor active sites and nanocrystal morphologies through surface chemistry. 
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In this section, we outline what is known about the surface chemistry of this unique class of 

materials, both in as-synthesized samples and through postsynthetic modification, with the aim of 

altering activity and stability. 

1.1.1 Transition Metal Phosphides: As Synthesized 

Some of the earliest colloidal syntheses of TMP nanocrystals were demonstrated by Brock and 

coworkers37,49,50 modeling reactions after the more well-developed syntheses of semiconducting 

main group metal phosphides like InP. In this approach, P(SiMe3)3 was used as the primary 

phosphorus source, with trioctylphosphine oxide (TOPO) acting as both a weakly coordinating 

solvent and a secondary phosphorus source. Dodecylamine, myristic acid, and hexylphosphonic 

acid served as ligands to stabilize and solubilize the resulting FeP, MnP, and CoP nanocrystals. 

They concluded that ligands must bind neither too strongly nor too weakly to get the desired 

nanoparticle size and structure. TOPO does not bind strongly enough and leads to aggregation, 

whereas hexylphosphonic acid binds too strongly and leads to small, amorphous particles when 

used in high concentrations; dodecylamine and myristic acid successfully acted to moderate 

nucleation and growth. 

In the years following, the use of TOPO as a P source and/or a coordinating solvent 

continued; however, many researchers saw advantages when moving to its reduced form, TOP, 

due to its more favorable release of PH3 at elevated temperatures, improving reactivity toward 

phosphidation.25,38,51–53 TOP has been demonstrated to decompose on metal surfaces at quite mild 

temperatures (∼150°C) and has been implicated in carbon contamination of metal and metal 

phosphide materials.54 Similar to hexylphosphonic acid, TOP can bind metal phosphide 

nanocrystals strongly and inhibit growth despite its dual function as a source of phosphide. 

Interestingly, oleylamine has been shown to give rise to metal-rich metal phosphides in syntheses 
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that use TOP as a P source by acting as a reducing agent and by competing with TOP at the 

nanocrystal surface, reducing the effective P concentration at the nanocrystal growth front.55 Long-

chain amines have continued to be ubiquitous capping ligands for TMP nanocrystals, with 

oleylamine being a dominant synthetic choice.7,11,26–28,30,39,42,52,53,56–58 Other common capping 

ligands include alkylphosphonic acids (which can also serve as the P source)49,59 and carboxylates, 

as mentioned above.25,28,35,49,53,56,60,61 

Ligands have been shown to control the shape and size of TMP nanocrystals, consistent 

with what is seen for the more widely explored metal (e.g., Au, Ag, Cu, etc.) nanocrystal family. 

For example, nanorods of various TMPs were formed by Hyeon and coworkers52 using a syringe 

pump to controllably deliver metal-TOP complexes into different solvent mixtures. Delivering a 

Mn-TOP complex solution into TOPO resulted in MnP nanorods; however, switching TOPO for 

octyl ether and oleylamine led to spherical MnO nanoparticles. Mixtures of Co2P nanorods and 

spherical particles resulted from the use of Co-TOP and Co-oleylamine complexes in octyl ether 

and oleylamine, but switching to hexadecylamine resulted in purely nanorod-shaped particles with 

a higher aspect ratio.52 An Fe-TOP complex solution added to octyl ether and oleylamine made 

Fe2P nanorods,39 while adding the complex to TOPO resulted in FeP nanorods, indicating that the 

more reducing conditions created by the amine solvent were able to promote the formation of iron 

in reduced oxidation states [e.g., Fe(II) and Fe(I)].52 The authors hypothesized that more strongly 

binding ligands (e.g., TOP) were bound to the particles perpendicular to the growth plane, while 

more weakly binding ligands (e.g., oleylamine) were on the growth plane, allowing the anisotropic 

growth of the nanorods with the continuous injection of precursors (Figure 1.2a). These syntheses 

show the importance of the choice of surfactants for the phase, shape, and size of TMP colloidal 

nanoparticles, among other factors, such as temperature and speed of injection.  
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Figure 1.2. (a) The growth of transition metal phosphide nanorods based on the relative 

positions of strongly and weakly binding surfactants. Panel adapted with permission from 

Reference 52; copyright 2005 American Chemical Society. (b) Transmission electron 

microscopy images showing retention of the morphology of Rh nanoparticles upon thermally 

driven phosphidation using trioctylphosphine (TOP) to give Rh2P. Panel adapted with permission 

from Reference 53; copyright 2008 American Chemical Society. 

 
Research groups led by Chiang56 and Schaak62 independently found that varying the 

surfactants could lead to hollow TMP nanoparticles, especially when metal nanoparticle 
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intermediates were implicated. Oleylamine-capped Ni nanoparticles were treated with TOP to 

form hollow Ni2P nanoparticles; oleylamine acted as a barrier for P diffusion into the particles, 

and Ni diffused out of the nanocrystal core via the Kirkendall mechanism.60,63 Replacing 

oleylamine for hexadecylamine also resulted in hollow nanoparticles; however, using oleic acid 

led to Ni2P nanorods, and the addition of TOPO resulted in solid spherical nanoparticles.56 

Henkes & Schaak53 also showed the importance of ligand coordination in the conversion 

of metal nanoparticles to metal phosphides while maintaining the original shape of the metal 

nanoparticle. Following literature procedures, they were able to make Rh nanoparticles of various 

shapes (cube, triangle, multipod with thin arms, and multipod with thick arms) (Figure 1.2b), 

followed by conversion to Rh2P while maintaining the original morphology. The Rh nanoparticles 

were stabilized with poly(vinylpyrrolidone); however, they then did not dissolve in the TOP 

solution. Therefore, cosolvents were added to promote solubility in TOP. The choice of cosolvent 

was important for maintaining shape purity as some cosolvents resulted in differently shaped 

particles, e.g., oleic acid resulted in spherical Rh2P nanoparticles. A mixture of oleylamine and 

TOP usually resulted in the best shape purity. The cosolvents and other stabilizing ligands made it 

so that the Rh and Rh2P nanoparticles could kinetically stabilize different facets, promoting shape 

control relative to the thermodynamically preferred octahedron morphology. 

1.1.2 Transition Metal Phosphides: Postsynthetic Modification 

For catalytic applications, the conventional wisdom is that activity can be improved by 

increasing the number of active sites at the surface. For colloidal nanoparticles, that is usually 

accomplished by thermal annealing to remove the stabilizing ligands, thereby exposing active sites 

and preventing active site poisoning through competitive coordination.7,28,30,35,64 A more 

systematic investigation of ligand effects on CoP nanoparticles for electrocatalytic hydrogen 
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evolution in aqueous media was conducted by Ung & Cossairt (Figure 1.3).28 They found that 

common carboxylate and amine ligands did indeed impede catalysis; however, the effect was one 

of limited access to surface active sites and not poisoning. Carboxylates tended to bind more 

strongly to the nanoparticle surface, yielding high ligand densities. This led to a strong dependence 

of electrocatalytic activity on carboxylate chain length due to increased hydrophobicity. Additional 

evidence of the importance of the ligand environment is provided by Brutchey and coworkers,58 

who showed that carbene-ligated copper phosphide nanocrystals were more active for HER than 

as-synthesized oleylamine-ligated particles because the carbene surface ligands reduced 

unfavorable electrostatic interactions between the catalyst surface and the substrate. Ligand 

exchange and removal is also effective in other catalytic processes. For example, Fu and 

coworkers42 exchanged the native TOP/oleylamine ligands for poly(vinylpyrrolidone) ligands to 

make Ni2P nanoparticles soluble in aqueous media for the photocatalytic evolution of hydrogen. 

Similarly, Brock and coworkers25 exchanged TOP/TOPO ligands with mercaptoundecanoic acid 

to improve HDS activity on Ni2P nanocrystals. Both ligand-exchanged nanocrystals and those 

washed with CHCl3 remained stable under reducing conditions and had improved HDS activity 

compared with as-synthesized Ni2P. The wash with CHCl3 doubled the surface area of the 

nanoparticles, while the ligand-exchanged particles had similar surface areas as the as-synthesized 

particles. Of special note is that the as-synthesized nanoparticles outperformed bulk Ni2P and had 

six times the surface area, even with ligands still fully attached.25 A later report by Brock and 

coworkers26 removed ligands entirely through calcination to improve HDS catalytic activity and 

incorporated the nanoparticles into a silica network to prevent sintering.  
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Figure 1.3. The removal of carboxylate and amine ligands from CoP nanocrystal surfaces 

following treatment with [Et3O][BF4]. Subsequent ligation studies demonstrate decreasing 

overpotentials for hydrogen evolution reaction in the order of O2CR ≫ H2NR > unligated. 

Abbreviations: Et, ethyl; Me, methyl. Figure adapted with permission from Reference 28; 

copyright 2019 American Chemical Society. 

 
Modifying the surface to change what the substrate is exposed to can have a direct impact 

on catalytic and electrochemical activity and is the main reason that researchers remove or 

exchange surface ligands.65 Other approaches to tune the environment in which the substrate 

interacts with the catalyst are creating three-dimensional structures of metal phosphide 

nanoparticles through gelation61 and generating purposeful inorganic coatings43. Using the former, 

Brock and coworkers61 exchanged TOP/oleylamine ligands for 11-mercaptoundecanoic acid, 4-

fluorothiophenol, or 1-dodecanethiol. In the sol-gel route, particles were oxidized so that P–O–P 

bonds linked Ni2P nanoparticles; in a second method, Ni2+ was added to the colloidal suspension 
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of mercaptoundecanoic acid–capped Ni2P nanoparticles and bound to the pendant carboxylate 

tails. The preparation of gels generated a more easily usable material with the same surface area 

advantages found through nanoscaling. In another example, Sanchez and coworkers43 decomposed 

surface ligands on 25-nm Ni2P nanoparticles at 400°C to create a C-coating to make negative 

electrodes for lithium-ion batteries. This coating enabled the diffusion of Li+ and good conductivity 

while preventing oxidation of the nanoparticle surface. 

To better understand the thermodynamics and stoichiometry of hydrogen binding on metal 

phosphide surfaces, Mayer and coworkers57 soaked CoP in an H2 atmosphere and used this H2-

treated CoP to hydrogenate alkynes and phenoxy radicals. They were able to determine the 

quantity of hydrogen on the CoP surface by quantifying the yields of the hydrogenated products. 

Furthermore, an approximate range of bond dissociation free energies for the CoP–H intermediate 

could be determined by studying a series of well-defined H-atom donors and acceptors. Another 

attempt to better understand catalysis at metal phosphide surfaces was made by Zhang et al.,66 who 

formed nanocrystalline Co2P rods as seeds for the growth of a metal phosphide shell (Figure 1.4). 

This core-shell approach to metal phosphide synthesis enabled the formation of controlled 

multimetal phosphide nanorods with a consistent shape and size. Moreover, the Co2P 

orthorhombic crystal structure could be retained upon annealing. Therefore, they were able to 

determine the impact of composition on the OER without the interference of many other factors. 

They saw that bimetallic phosphides outperformed Co2P alone, with cobalt iron phosphide leading 

the pack in terms of OER activity. 
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Figure 1.4. The programmable synthesis of multimetallic phosphide 1D nanorods (NRs) 

mediated by core/shell nanostructure formation. Figure adapted with permission from Reference 

66; copyright 2020 American Chemical Society. 

 

1.2 CATALYSIS ON TRANSITION METAL PHOSPHIDES: THE ROLE OF HYDROGEN 

ADSORPTION SITE DIVERSITY 

Hydrogen production via clean technologies such as water electrolysis and its use in the synthesis 

of value-added chemicals (e.g., ammonia production) plays a critical role in the pursuit of 

decarbonization.67,68 This realization requires effective Earth-abundant catalysts that facilitate 

making and breaking H–H and H─X bonds. TMPs, such as nickel phosphide, cobalt phosphide, 

and molybdenum phosphide, have been historically used as hydroprocessing catalysts in the 

petroleum industry, enabling critical hydrodenitrogenation (HDN) and HDS reactions.69–77 Over 

the past two decades, TMPs have been attracting extensive attention for applications in energy 

conversion,78,79 because of their exceptional activity toward HER.7,29,80,81 

In this section, we discuss the structural complexity of TMPs and the complexity’s impact 

on the formation of adsorbed H (Had) and catalysis. In light of this, we discuss whether a single 

value of HBE is sufficient to describe TMP activity trends. Lastly, we propose that the presence 
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of diverse adsorption sites on TMP surfaces can be leveraged to design selective and efficient 

hydrogenation and electrochemical reduction reactions beyond HER. 

1.2.1 HBE Theory and the Role of Had 

The Sabatier principle dictates that the hydrogen binding of an ideal HER catalyst should be neither 

too strong nor too weak.82 This empirical trend has led to the optimization of HBE as a primary 

design principle for HER catalysts. Beyond metal surfaces, this concept of finding an optimal HBE 

has been extended to the development of phosphide80 and chalcogenide-based83 catalysts. 

The rationale for using the HBE to describe HER activity originates from its mechanism. 

As one of the simplest electrochemical reactions, extensive effort has been made toward 

understanding the mechanism of HER and its reverse reaction HOR, especially on Pt.84,85 

● Volmer step   H+ + e⁻ ⇌ Had 

● Tafel step   Had + Had ⇌ H2 

● Heyrovsky step  Had + H+ + e⁻ ⇌ H2 

These three steps highlight the importance of Had as a key intermediate.86 Within this framework, 

the HBE has been used as a quantity to rationalize activity trends for HER, where an effective 

catalyst surface should bind H neither too weakly, disfavoring adsorption (i.e., Volmer step), nor 

too strongly, hindering desorption (i.e., Tafel and Heyrovsky steps). The resulting relationship 

between the intrinsic activity of HER and HBE is known as the volcano plot.87 

So far, HBE is believed to be the sole descriptor for HER in acidic media.86 HBE theory 

has also been extended to explain pH-dependent HER activity on Pt and other noble metals.88 

However, the validity of using HBE in electrolytes other than aqueous acids is still disputed. It has 
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been shown that HBE theory cannot fully explain HER activity in alkaline media. This discrepancy 

has been attributed to the mechanistic difference in HER, where the Had is formed from the 

dissociation of water rather than from hydronium in alkaline media. This implies that water 

dissociation could be a rate-limiting step, and thus, the OH adsorption energy on the catalyst is 

thought to be crucial for HER in alkaline media.89 In addition, the influence of interfacial electrical 

fields on the structure of water may be responsible for the slow kinetics of HER on Pt(111) in 

alkaline media, despite the fact that its HBE is comparable to the HBE in acid.90 More discussion 

on this topic can be found in previous reviews.86,91 Despite the ongoing debate, HBE is still the 

primary descriptor for rationalizing HER activity trends. 

1.2.2 H Adsorption Site Diversity Arises from Structural Complexity 

The structural complexity of TMP surfaces introduces several H adsorption sites with varying 

HBEs. The various stoichiometries and structures of TMPs range from metal-rich (e.g., Ni3P),92 

equal amounts of metal and phosphorus (e.g., CoP),93 to P-rich (e.g., NiP3),94 which are made 

possible by the highly covalent nature of metal–P bonds.95 In addition, the crystal structures 

themselves vary significantly, often with multiple distinct metal and/or P sites within a unit cell.96 

These complex structures make analysis of TMP materials difficult and result in a large range of 

potential surfaces with a distribution of adsorption sites for substrates in catalysis. Figure 1.5 

demonstrates the diversity of compositions, surfaces, and adsorption sites in the Ni–P system. 

Here, we see that at least three different binding motifs are available on a single surface of Ni2P, 

which is also only one stoichiometry of Ni–P among a variety of different structures. This contrasts 

with transition metals whose structures have a tendency to be either body-centered cubic (BCC), 

hexagonal close-packed (HCP), or face-centered cubic (FCC) with predominantly low-index 

surfaces that are much simpler than those found on TMPs. These simpler surfaces typically have 
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single adsorption sites that dominate activity, allowing for structure-activity relationships to be 

readily drawn. Despite the diversity in H adsorption sites, a single value of HBE has been 

frequently used to rationalize the HER activity trend on TMPs.80 Below, we list two reasons why 

we need to be cautious when applying HBE theory to understand TMP activity trends. 
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Figure 1.5. Complex structure of TMPs: the case of nickel phosphide. (Left panel) Structures 

of nickel phosphides with various Ni/P stoichiometries. (Middle panel) Representative low-index 

facets of Ni2P. (Right panel) Representative H adsorption sites on the 0001 facet of Ni2P. 
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1.2.2.1 Surface Site Heterogeneity 

A key difference between metals and TMPs is in the heterogeneity of the individual surface sites. 

Li et al. showed that a metal surface such as Pt(111) only has a few types of adsorption sites that 

have similar computed HBEs.97 This finding suggests that a single value of HBE can represent (or 

approximate) the formation energy of all Had, including the active intermediates in catalysis. In 

contrast, TMP surfaces have a more diverse array of H adsorption sites (metal–metal bridge sites, 

metal hollow sites, P atoms, etc.).6,48,92,93,97 Therefore, unlike on metal surfaces, HER on TMPs 

usually involves Had with two distinct HBEs. For example, Liu et al. demonstrated that hydrogen 

is first adsorbed at the Ni3-hollow site (HBE = −0.54 eV) and then is adsorbed at the Ni–P bridge 

site (HBE = 0.09 eV). Their computational result suggested that the incorporation of P weakens 

the adsorption energy of a second hydrogen and favors the desorption of an H2 molecule on 

Ni2P(0001).6 Similarly, Hansen et al. found that the favorable pathway of HER on multiple facets 

of Ni2P involves a second Had with a weaker HBE.48 Different stoichiometries of TMPs also have 

differing dominant H adsorption sites; e.g., Ni3P mainly adsorbs H via P-sites while Ni2P adsorbs 

H mainly on Ni3-hollow sites. This demonstrates that determining the active site(s) for HER for a 

specific TMP is nontrivial and, overall, suggests that the energetics of HER on TMP surfaces 

cannot be described by a single value of HBE, in contrast to metal surfaces.6,92 

1.2.2.2 Inconsistency in Computed HBEs 

First-principles calculation has been the primary method to estimate the HBE and energetics of 

intermediates in the HER.87,98 Briefly, the HBE at a specific adsorption site on a given surface 

(often the most stable facet) is calculated, and the value is used to represent the energy of the Had 

intermediate on the catalyst. However, it is not straightforward to access a single HBE on TMP 

surfaces that is representative for catalysis due to the structural complexity. For example, the 
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dominant facet of Ni2P nanoparticles is size-dependent. Papawassiliou et al. found that (0001) 

surfaces dominate on Ni2P ultrasmall nanoparticles (4 nm in diameter), but (101̅0) surfaces 

dominate with larger nanoparticles (12 nm in diameter).99 Even on the same facet (i.e., 

Ni2P(0001)), there are multiple possible surface terminations (e.g., Ni3P2 and Ni3P 

terminations).99,100 In Figure 1.6, we summarize the computed HBE on Ni2P(0001)6,48,80,95,100–103 

and CoP(101)80,104–106 surfaces from reported values in the literature. The calculated HBE at the 

Ni3 hollow site on the Ni2P(0001) surface ranges from 0.137 eV to −0.543 eV. The calculated HBE 

at the Co-bridge site ranges from 0.38 eV to −0.43 eV. This huge range may be due to the choice 

of functional, the slab structure, and the surface coverage used in the computation. Because of the 

large spread of the HBE, justification of the choice of computation slab structure and validation 

from experimental results are recommended. In addition, the variety of different adsorption sites 

on TMP surfaces can further complicate the determination of HBE. Figure 1.6 shows that Ni–P 

bridge sites and P top sites both show some distribution in HBE such that there is overlap among 

these different adsorption sites. Consequently, an approach embracing the often-overlooked 

complexity of TMP surfaces and the diversity of surface adsorption sites can help us to better 

understand key active sites and energies for the adsorption of H. Such approaches would be 

comparable to those used for high-entropy alloys, where a distribution of adsorption energy at 

various sites is commonly used to understand the surface active sites.107 
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Figure 1.6. H binding energy on Ni2P(0001) and CoP(101) from DFT calculations. 

 

1.2.3 The Role of Adsorption Site Diversity in Reactions Beyond HER 

The diversity of H adsorption sites also affects the dissociation of H2 on TMP surfaces, which is a 

key step in HOR and hydrogenation reactions. On a metal surface, the dissociation of H2 is more 

likely to proceed via homolytic bond cleavage due to identical (or near identical) adsorption sites 

for the H atom. On a TMP surface, H2 is more likely to be cleaved heterolytically, similar to what 

is observed on other binary materials.108–110 A surface consisting of metal and phosphorus induces 

inhomogeneous surface electron density111,112 that may favor heterolytic cleavage by polarizing 

the H2 bond. A recent computational study further shows that the H2 dissociation mechanism may 

be termination-dependent on metal-doped Ni2P.113 Regardless of the mechanism, the adsorption 

site diversity results in the presence of Had with various HBEs on TMP surfaces after exposure to 

H2.  

Strongly bound H on TMP surfaces can serve as a source of H in hydrogenation reactions 

(Figure 1.7). Wei et al. observed that Ni2P can facilitate the hydrogenation of nitrate to ammonia 

under mild temperature conditions. Interestingly, they also found that Ni2P annealed under H2 can 
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still hydrogenate nitrate in an inert atmosphere, implying the presence of Had on the surface of 

Ni2P after annealing.114 This empirical evidence suggests that H2 can dissociate and form Had on 

the Ni2P surface, and the H-BDFE of H–Ni2P is stronger than the H-BDFE of an H2 molecule (52.8 

kcal/mol).115 We believe that this H is adsorbed at a stronger binding site (e.g., the Ni3 hollow site). 

This hydrogen can be transferred to a substrate with a higher H-BDFE such as nitrate. The redox 

potential of nitrate to ammonia at pH 0 is 0.88 V vs. SHE, which suggests a strong tendency to 

accept Had from Ni2P. The regenerated empty site can participate in H2 dissociation, turning over 

the catalytic reaction. In contrast, without the H acceptor (e.g., nitrate), the stronger binding site 

will be “poisoned” by Had, and the reaction will not turn over. While this strongly bound Had can 

be expelled by applying an oxidative potential, the surface of TMP could be oxidized under such 

conditions, fundamentally changing the nature of the catalyst.104 
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Figure 1.7. Schematic that shows the role of strongly bound H in hydrogenation reactions vs 

HOR. Gray, purple, and white spheres represent Ni, P, and H atoms, respectively. A– is a strong 

H acceptor. 

 
In addition to H adsorption, the presence of a diversity of surface sites on TMPs allows the 

adsorption of different intermediates. These surfaces can create local active site motifs that allow 

groups of adsorbed intermediates to readily react with each other. Understanding the impacts of 

these motifs is crucial for more complex chemical reactions whose mechanisms cannot solely be 

described by the binding of H. Specifically, we believe that the diversity in adsorption sites on 

TMPs is advantageous for 1) complex thermal,36,114,116–124 2) electrochemical (e.g., CO2 

reduction9,10,125 and nitrate reduction,126,127 and 3) photochemical reactions.128–130 For example, in 

CO2 reduction, a common theory is that a binary surface creates local hydride sources for facile 

CO2 hydrogenation (Figure 1.8).131 This concept has been used to rationalize electrochemical CO2 

reduction on nickel and iron phosphides, where experimental studies have shown that the 
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application of low overpotentials can mitigate HER and direct selectivity toward multicarbon and 

oxygenated products.9,10 DFT studies on Ni2P have claimed that, compared to bare metal surfaces, 

the binary surface of a TMP can facilitate CO2 hydrogenation by promoting migration of Had to Ni 

sites with weaker HBEs. Additionally, the presence of a multitude of H adsorption sites results in 

exergonic C–C coupling via *H2CO self-condensation, which drives selectivity toward 

multicarbon and oxygenated products instead of H2.131 The complexity of TMP surfaces is a tuning 

knob for CO2 reduction reaction selectivity that distinguishes them from monometallic materials. 

We note that other factors, such as the Ni:P ratio and the identity of the catalyst support, can also 

play a role in reaction kinetics, mainly by modulating surface energetics.128,132 However, we 

believe that the role of local active site motifs present on TMP surfaces is crucial when considering 

their (electro)catalytic behavior. 

 

 
Figure 1.8. Schematic that demonstrates the proposed mechanism of CO2 hydrogenation on 

Ni2P. Gray and purple spheres represent Ni and P atoms, respectively. 

 

1.3 CORROSION OF TRANSITION METAL PHOSPHIDES 

Phosphorus has long been used as an additive for enhancing corrosion resistance in metals, 

especially for amorphous or nanocrystalline alloys.133–136 Comparing Ni to an amorphous Ni-P 

alloy in 0.1 M H2SO4 through anodic polarization, Carbajal and White found Ni corroded faster 
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than Ni-P alloy near their corrosion potentials.133 However, when they continued to apply more 

anodic potentials, the corrosion rate in Ni peaked and decreased due to the passivation of the 

surface. In contrast, the corrosion rate for Ni-P continually increased. In O2-saturated neutral pH 

electrolyte solutions, Ni-P behaved similarly to how it behaved in N2-saturated 0.1 M H2SO4, but 

in O2-saturated 1 M NaOH, Ni-P was passivated. Also, although Ni-P did not demonstrate 

passivation behavior in sulfuric acid, the amorphous Ni-P alloy had better pitting resistance than 

Ni in the same electrolyte solution. Additionally, Carbajal and White found that Ni atoms dissolved 

more quickly than P during the anodic polarization of Ni-P, leaving behind a P-enriched surface 

layer. Later studies found that after polarizing for 1 h at -0.1 V and 0.1 V vs. SCE in 0.1 M Na2SO4, 

the surface of a Ni-P alloy consisted of a 1 nm thick nickel phosphate layer and a 1 nm P 

enrichment layer (up to 50 atom %) beneath the phosphate layer.135,136 The authors attributed the 

corrosion resistance of Ni-P alloys to the phosphate and P-enriched layers, which protected the 

bulk of the alloy against corrosion. These results paint a positive picture of the corrosion resistance 

of Ni-P alloys without or with minimal polarization; however, results appear grim for the corrosion 

resistance of Ni-P alloys during the anodic polarization required for the electrocatalysis of various 

oxidation reactions such as OER.  

 Kucernak and Sundaram compared a Ni-P alloy to crystalline Ni2P and Ni12P5, and they 

found that crystalline nickel phosphides had significantly lower corrosion rates during anodic 

polarization and achieved passivation in 0.5 M H2SO4.137 Therefore, crystalline metal phosphides 

may have better stability than metal-phosphorus alloys. Parra-Puerto et al. conducted similar 

research with a range of phosphides in 0.1 M KOH and 0.1 M HClO4 at 0.8 V and 1.2 V vs. RHE, 

which are catalytically relevant potentials for the oxygen reduction reaction (ORR) and 

OER/transient polarization in fuel cells, respectively.12 They found that MoP, CrP, WP, and Ni2P 
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did not corrode significantly in alkaline conditions. Similarly, Co2P did not corrode significantly 

at 0.8 V in alkaline conditions; however, it did corrode significantly at 1.2 V. In acidic conditions, 

Co2P and Ni2P both corroded significantly at 0.8 V and 1.2 V. The P to metal ratio increase was 

linked to the greater stability of WP, CrP, and MoP compared to Co2P and Ni2P. Interestingly, 

Co2P also performed the best out of the series of phosphides at catalyzing HER and ORR in both 

acidic and alkaline conditions. Additionally, Co2P was second only to Ni2P at catalyzing OER. So, 

although Co2P experienced the most corrosion in both acidic and alkaline conditions, it was also 

arguably the best catalyst out of the group. When analyzing CoP nanoparticles for water splitting, 

Ha et al. found that P leached out of the CoP at potentials above 0.4 V vs. RHE in both acidic and 

alkaline conditions.104 They proposed that the P leaching caused HER activity to decrease due to 

the essential role of P in catalyzing HER on metal phosphides. Ha et al. also found that higher P-

to-Co ratios led to better HER activity. However, the trend of higher P-to-metal ratios improving 

corrosion resistance is not absolute. Laursen et al. predicted that NiP2 would have a lower enthalpy 

of formation than other nickel phosphides with lower P-to-Ni ratios, replacing stronger Ni-P bonds 

for weaker P-P bonds and making NiP2 less stable.92 Laursen et al. see this prediction as additional 

support for their observation that NiP2 is less corrosion resistant in air than other nickel phosphides. 

 Most of the corrosion studies of TMPs have been conducted in acidic and alkaline 

conditions. However, there is potential for TMPs to be more stable in neutral conditions and for 

neutral conditions to enable new kinds of catalysis.138 An excellent example is nitrate reduction on 

Ni2P electrocatalysts.8 Nitrate reduction performs better in neutral conditions because neutral pH 

reduces competing HER activity. Despite the potential of neutral conditions, there is a lack of 

precedent for their use in electrocatalysis, and further studies on electrocatalytic mechanisms and 

structure-activity relationships in these conditions are necessary. Additionally, as catalysis studies 
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in neutral pH grow in popularity, it is important to expand our knowledge of TMP stability in 

neutral media.  

1.4 CONCLUSIONS AND OUTLOOK 

Transition metal phosphides are widely considered earth-abundant alternatives to precious metals 

in catalysis. Their nanoparticle form is particularly attractive owing to their high surface area to 

volume ratio, which maximizes the number of available active sites on a per mass basis. Surface 

chemistry is both the current and future frontier of metal phosphide nanoparticle design. Surface 

ligands not only control structure and morphology but are also essential in controlling nanocrystal 

function by altering activity for inner-sphere chemical transformations and controlling extra-

particle solvent and substrate interactions, which are important in charge transfer and catalysis. 

The surface chemistry of metal phosphide nanocrystals is initially dictated by the synthesis 

conditions, with surfactants and coordinating ions present that both kinetically trap the growing 

particles and passivate undercoordinated surface atoms. The as-prepared surface chemistry of 

metal phosphide nanocrystals has been predominantly explored using a combination of infrared, 

nuclear magnetic resonance, and various X-ray spectroscopic methods in addition to theory. 

However, the complexity of the as-prepared surface is often difficult to fully capture using these 

methods. Postsynthetic modification of the native metal phosphide surface can be used not only as 

a strategy to probe the native surface but also to augment the function of the nanocrystals. 

Interestingly, the surface chemistry of TMP surfaces, in which catalytic activity is 

dominated by inner-sphere reactivity, has been explored far less than that of II-P and III-P 

semiconductor materials. Surfaces are most commonly described as nearly stoichiometric, with 

passivation and stabilization largely met by L-type ligand coordination. X-ray photoelectron 

spectroscopy analysis and density functional theory calculations show metal-phosphorus bonding 
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that is quite covalent in nature, with electron density equally distributed across the metal and 

phosphorus atoms. The complex bonding nature of metal-phosphorus in TMPs leads to diverse 

adsorption sites on their surfaces. This array of adsorption sites with a wide range in HBE creates 

a more energetically favorable pathway for HER on TMP surfaces. Most importantly, the diversity 

of sites on TMP surfaces is crucial in understanding mechanisms of more complex reactions 

involving hydrogen, such as CO2 or nitrate reduction. The number of literature reports that attribute 

catalytic activity to phosphorus, creating local active site motifs that simultaneously adsorb 

different intermediates, indicates the applicability of these concepts across a wide variety of TMP 

catalysts. Experimentally, we posit that the controlled synthetic design of TMP-based materials 

with desirable active site motifs can move us closer to designing and understanding the origin of 

activity for various electrocatalytic reactions. We believe that such efforts to develop a systematic 

understanding of the role that a diversity of sites plays in complex reactions is critical for advancing 

catalyst design. 

Also key to advancing TMP catalyst design is a thorough understanding of their stability 

in catalytically relevant conditions. While oxidation must be an issue for these materials, 

systematic studies to control and understand its impacts are lacking. Knowledge of the corrosion 

of TMPs can improve theoretical studies of TMPs as electrocatalysts, inform conditions to avoid, 

or inspire approaches for protecting TMP surfaces from corrosion. Strategies to covalently modify 

these surfaces to tune their reactivity by changing their electronic structure and/or interfacial 

properties using radical or related atom transfer chemistries will likely be a productive line of 

inquiry. Much remains to be discovered regarding nanocrystal surfaces, and this is true for metal 

phosphides as much as for any other material. The interplay of bond covalency and elevated 

reactivity observed at metal phosphide surfaces creates a challenge but also a unique opportunity 
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to build new functionality. Only when we can make and manipulate metal phosphide surfaces with 

atom-level specificity will we be able to take full advantage of this exciting class of materials. 

This thesis will expand our knowledge of TMP surface chemistry through the study of 

nickel phosphide nanoparticle corrosion. Nickel phosphide nanoparticles, a key member of the 

TMP materials family, have effectively catalyzed various reactions across a range of conditions 

but were also predicted to be unstable upwards of 0 V vs. RHE at any pH in aqueous conditions.100 

We will show how Ni2P nanoparticles oxidize in air through P Kα and Kβ X-ray emission 

spectroscopy (Chapter 2). Additionally, we will demonstrate the electrochemical corrosion of Ni2P 

nanoparticles in acidic, neutral, and basic pH conditions through potentiodynamic anodic 

polarization (Chapter 3). We will then use operando Ni K-edge X-ray absorption spectroscopy to 

elucidate the corrosion mechanism of Ni2P nanoparticles in a neutral pH electrolyte solution 

(Chapter 3). Finally, we will give insight into the methods developed to enable these and future 

studies on the corrosion of nanomaterials (Chapter 4).  
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Chapter 2. PROBING THE STABILITY OF NICKEL PHOSPHIDE 

NANOPARTICLES IN AIR 

Significant portions of the following have previously been published.1 X-ray spectroscopy 
experiments were conducted in collaboration with J. E. Abramson and G. T. Seidler. 
 

2.1 ABSTRACT 

Ni2P is an effective catalyst for the hydrogen evolution reaction (HER), making it a promising 

replacement for Pt, the current state-of-the-art HER catalyst. However, Ni2P and other TMPs are 

susceptible to oxidation, leading to catalyst degradation and loss in certain conditions. In the 

present work, ex situ P Kα and Kβ X-ray emission spectroscopy (XES) is used to investigate the 

degradation of Ni2P nanoparticles in air. Upon exposure to air, as-synthesized Ni2P nanoparticles 

were studied via P Kα and Kβ XES in an inert atmosphere glovebox. Results showed that the 

phosphide species converted to phosphate with analysis of intermediates well fit by a simple 

two-phase mixture. Additionally, the rate of oxidation agreed with a diffusion-limited model for 

oxidation. 

2.2 INTRODUCTION 

Ni2P has been shown to be an effective catalyst for the hydrogen evolution reaction (HER), 

making it a promising replacement for Pt, which is the current state-of-the-art HER catalyst.2,3 H2 

is a clean-energy critical fuel and chemical highlighted by the US Department of Energy’s 

“Hydrogen Shot,” which seeks to reduce “the cost of carbon-neutral hydrogen by 80% to $1 per 

1 kg in 1 decade, highlighting the key role of hydrogen in implementing carbon-neutral 

solutions.”4 An early computational study proposed that Ni2P would be an active catalyst for 
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HER due to what they coined as the “ensemble effect,” where P helps modulate H binding to the 

metal surface so that H binds neither too strongly nor too weakly according to the Sabatier 

principle.3,5 This “ensemble effect” helps metal phosphide catalysts behave more similarly to 

precious metals as opposed to the base metal component alone. Ni2P is also a good or promising 

catalyst for other reactions, such as alcohol oxidation, hydrodesulfurization,6,7 nitrate reduction, 

and oxygen evolution reaction.8 However, although P alloying to metals improves metal 

stability,9–12 Ni2P and other transition metal phosphides (TMPs) are still susceptible to oxidation, 

which can lead to catalyst degradation and loss in certain conditions.13,14 Stability is an important 

part of catalysis, especially for achieving the goals of the Hydrogen Shot. Therefore, it is 

important to understand complex degradation mechanisms in order to better understand 

structure-activity relationships in these materials. In the present work, ex situ P Kα and Kβ X-ray 

emission spectroscopy (XES) is used to understand the degradation of Ni2P nanoparticles in air. 

2.3 METHODS 

2.3.1 Reference sample preparation 

Nickel phosphide references were used to test the spectrometer and run the commissioning studies. 

A disodium hydrogen phosphate reference was used to set the energy scale by matching peaks to 

known energies,15 see Figure 2.1. Pellets were made by pressing an approximately 1:1 mass ratio 

of commercial reference powders, Ni2P (98%, Millipore-Sigma) or Ni3(PO4)2 (98%, Alfa Aesar) 

or Na2HPO4 (98%, Millipore-Sigma), and BN powder (98%, Millipore-Sigma) into a 13 mm 

diameter die. These reference pellets were cut into approximately 10 mm × 5 mm × 1 mm sized 

pieces to fit in the spectrometer without collisions. Pellets were dried under vacuum at 80 °C 

overnight prior to use in the glovebox. 
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Figure 2.1. P Kα and Kβ reference spectra, Ni2P-Bulk and Ni3(PO4)2, with Na2HPO4 

reference spectra. The Na2HPO4 spectra was used to set the energy scale. 
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2.3.2 Ni2P nanoparticle synthesis 

All glassware was dried at 160 °C overnight prior to use. All manipulations were performed using 

standard Schlenk techniques or inside a nitrogen atmosphere glovebox unless stated otherwise. 

Nickel(ii) chloride (98%, Millipore-Sigma) was dried at 100 °C under vacuum overnight before 

being stored in a nitrogen glovebox for use. Oleylamine (90% Technical Grade, Millipore-Sigma), 

pentane, and toluene were dried over CaH2, distilled, and stored over 4 Å sieves in a nitrogen 

glovebox. Tris(diethylamino)phosphine (97%, Millipore-Sigma), 2-propanol (99.5% Anhydrous, 

Millipore-Sigma), and acetonitrile (99.8% Anhydrous, Millipore-Sigma) were stored in a nitrogen 

glovebox and used as received.  

To synthesize Ni2P nanoparticles, nickel(ii) chloride (472 mg, 3.6 mmol) was quickly 

transferred from the glovebox to a 3-neck round bottom flask connected to a Schlenk line before 

the reaction vessel was purged and refilled with dry N2 three times. Then, oleylamine (24 mL) was 

quickly transferred from the glovebox to the reaction flask via a syringe. The solution was heated 

to 120 °C using a thermal probe inserted into a thermal well in contact with the solution and 

degassed for approximately one hour. Afterwards, the heat was turned off, and the solution was 

placed under an active N2 flow and allowed to cool to approximately 70 °C.  

Tris(diethylamino)phosphine (4.0 mL, 14 mmol) was then quickly transferred from the 

glovebox and injected into the reaction flask. The solution was heated to 250 °C and held for 1 

hour prior to being cooled to near room temperature. Finally, the condenser columns and rubber 

septum were replaced with a glass stopper and t-adapter while flowing an overpressure of N2 

before being transferred into the glovebox through 15 fast cycles of evacuation and refill in the 

glovebox antechamber.  
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The nanoparticle solution was purified by centrifugation at 7830 rpm for 15 min with a 

1:10 volume ratio of solution to 2-propanol. This was followed by three times decanting the 

supernatant, dissolving the solid pellet in minimal pentane, again adding a 10× volume ratio of 2-

propanol, and centrifuging at 7830 rpm for 15 min. Finally, the supernatant was decanted, minimal 

toluene was used to dissolve the solid pellet, a 1:4 volume ratio for solvent : antisolvent was used 

with acetonitrile as the antisolvent, and the solution was centrifuged at 7830 rpm for 15 min. The 

supernatant was decanted, and the remaining solid was dissolved in pentane and dried under 

vacuum.  

With the above synthesis completed, a concentrated solution of Ni2P nanoparticles in 

toluene was drop cast on Si (100) wafers (Ted Pella). Seven replicate samples were made and 

mounted onto the sample wheel. The as-prepared samples are referred to as Ni2P-0 h (meaning 

zero hours of air exposure) and are subsequently renamed based on air exposure time as Ni2P-1 h, 

etc.  

For the different air exposure times, nanoparticle samples were unmounted from the sample 

wheel and removed from the glovebox for the needed incremental air exposures to achieve the 

desired cumulative air exposure. Then, they were reloaded into the glovebox and remounted in the 

spectrometer.  

2.3.3 Measurement protocols 

All measurements were performed at ∼100W X-ray tube power, i.e., at 2.8 mA tube current and 

35 kV accelerating potential. The instrument is allowed to thermalize for at least half an hour at 

the desired power before data collection – no spectral drift is observed between chronologically 

early and late scans. Prior to data acquisition, the spectrometer enclosure is flushed with helium 

gas for about 15 minutes until the counts for a reference sample plateau.  



 

 

44 

To minimize potential errors from finite sample size, sample homogeneity, or analyzer 

irregularities, we follow the methods of Abramson, et al.16 This is performed by taking short two-

minute camera exposures at each position while stepping individual samples by ∼0.44 mm through 

the illumination region and summing the resulting spectra. This gives equal weight at all detected 

energies to all positions on the face of the sample regardless of size or concentration. Using this 

protocol, P Kα and Kβ spectra were collected as X-ray camera images for nanoparticle samples 

exposed to air for various amounts of time and reference compounds. Data was taken twice at each 

position on seven replicate samples for a total collection time of ∼80 minutes per replicate sample, 

during which Kα and Kβ were collected simultaneously. This was repeated for each air exposure 

time.  

Control software for the instrument is written in Python, and the user interface is presented 

in Jupyter. Users specify a sample map with each entry containing a name, sample wheel position, 

and integration time. Then, using the names given in the sample map, a list of scans is set up to 

run automatically with X-ray camera images saved for each scan.  

The camera images for one sample are summed over the sample wheel movement to form 

a single image, and Figure 2.2 shows summed representative X-ray camera images for the 

dispersed fluorescence from a Ni2P-0 h nanoparticle. In this image, the energy dispersive direction 

is horizontal, and the vertical direction shows the out-of-plane divergence. The curvature of the 

fluorescence on the camera face is due to the cylindrical analyzer geometry and is parameterized 

using a second-order polynomial fit to the center-of-masses calculated for each row after Gaussian 

filtering. The coefficients for this polynomial are used to assign each pixel of the detector to an 

energy bin, and the intensities associated with each such label are summed to produce the spectrum 

(processing software courtesy of easy XAFS LLC17). The energy scale is then set by measurement 
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of Na2HPO4, having Kα1 and Kβ1,3 energies of 2014.55 eV and 2137.80 eV, respectively, based 

on Petric et al.15  

 

 
Figure 2.2. X-ray camera images of the dispersed fluorescence from a Ni2P-0h nanoparticle 

sample: P Kα (above) and Kβ (below). The dispersive direction is horizontal, with lower to 

higher energy moving left to right. The vertical direction shows the out-of-plane dimensions, 

where minor curvature is observed from geometric effects, causing photons to be bent towards 

lower energy. The pixel intensity shown is from a CMOS sensor's analog to digital converter and 

is different from photon count because of sensor gain. 
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The spectra of all seven replicate samples at each time point were summed. Kα spectra 

were background subtracted using a linear background calculated using the first and last 2 eV of 

the spectra and then integral normalized. Kβ spectra were background subtracted using a linear 

background calculated using the first and last 5 eV of the measurement and then normalized using 

the associated Kα integral to place them on an approximate mole-weighted scale. 

2.3.4 Analysis techniques 

Linear superposition fitting was performed using Mathematica for the Ni2P nanoparticle Kα 

spectra, using the Ni2P-bulk and Ni3(PO4)2 reference spectra as endpoints. The energy of the 

endpoint spectra was allowed to shift in order to accommodate the small differences in Kα energies 

known to occur within one nominal oxidation state.15 These shifts averaged 0.013 eV for the 

phosphide reference and 0.10 eV for the phosphate reference.  

2.3.5 Electronic structure calculation 

The FEFF10 real-space multiple-scattering code18,19 was used to calculate the XES using self-

consistent potentials (SCPs), full-multiple-scattering (FMS), and Hedin-Lundqvist self-energy 

corrections. The use of FEFF10 for valence-to-core XES calculation has been discussed 

previously, such as by Mortensen, et al.20 The cluster sizes used in the calculations were 6 Å for 

both the SCP and FMS calculations. For the bulk calculation, the structure was taken as the 

hexagonal crystal structure21 with space group 𝑃62𝑚. The Kβ XES was then calculated for each 

of the two inequivalent sites in the unit cell and stoichiometrically averaged to obtain the total Kβ 

XES spectrum. To approximate the surface Kβ XES spectrum of the nanoparticle, a 9 Å cluster 

was cut from the bulk, and the spectra of all surface P atoms were averaged.  
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2.4 RESULTS AND DISCUSSION 

2.4.1 Synthesis and characterization of as-synthesized and annealed Ni2P nanoparticles 

Nanoparticles were synthesized by degassing NiCl2 in oleylamine at 120 °C for 1 h. The solution 

was then allowed to cool to ~50 °C prior to injecting tris(diethylamino)phosphine and heating to 

250 °C for 1 h. Starting from 50 °C allows for the full diffusion of P precursor throughout the 

solution prior to reaching the nucleation temperature. A uniform distribution of P precursors in 

the solution encourages uniform nanoparticle growth and leads to low polydispersity 

nanoparticles. The final solution was then purified through centrifugation in pentane (solvent) 

and isopropanol (antisolvent), followed by centrifugation in toluene (solvent) and acetonitrile 

(antisolvent). The resulting Ni2P nanoparticles, after purification, are from now on referred to as 

as-synthesized nanoparticles. Nanoparticles were analyzed via powder X-ray diffraction (XRD) 

and compared to a Ni2P reference pattern (PDF 04-003-1863). Figure 2.3A shows that as-

synthesized nanoparticles match the Ni2P reference. Additionally, Scherrer analysis performed 

on the samples indicates that as-synthesized nanoparticles have an average crystallite domain 

size of 5 nm (Figure 2.3A). Figure 2.3B shows transmission electron microscopy (TEM) imaging 

of as-synthesized nanoparticles, showing an average nanoparticle diameter of 5 nm. 
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Figure 2.3. (a) XRD of as-synthesized Ni2P nanoparticles compared to a Ni2P reference 

pattern (PDF 04-003-1863). (b) TEM of as-synthesized Ni2P nanoparticles. 

 

2.4.2 Air oxidation of as-synthesized Ni2P nanoparticles over time 

Beginning with P Kα, which probes the P core-to-core transition and informs on the P oxidation 

state, we show in Figure 2.4 a representative averaged sample fit of Ni2P-24 h, using a linear 

superposition fitting to phosphide (Ni2P-bulk) and phosphate (Ni3(PO4)2) reference compound 

endpoints. In the top panel, the fit is performed with no broadening of the two endpoint reference 

spectra, and the residual shows clear discrepancies, indicating a weakness of the model. This isn't 

unexpected, as the nanophase materials have inhomogeneity from both their surface truncation 

(even if there are no surface adsorbates or other complications) and from the presence of an 

amorphous layer at the surface.22 These effects are discussed further in the following paragraphs. 

Because of this inhomogeneity, we include 0.2 eV broadening of the reference spectra to allow 

for small differences in the Kα energies from slightly different local environments. The resulting 

fit, shown in the bottom panel of Figure 2.4, is much improved. Throughout all of the fits in the 
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aging sequence, we find a statistical error in the fraction phosphide of 0.01 or less from the 

standard error determined from the seven replicate samples at each time point for replicate 

fraction phosphide, standard deviation, and standard error. We also estimate a systematic error of 

the fitting of ±0.02 due to uncertainties in the use of the broadened-fit model. 

 

 
Figure 2.4. Linear superposition fit of the P Kα spectrum for an aged Ni2P nanophase sample 

to phosphide (Ni2P-bulk) and phosphate (Ni3(PO4)2) references. (a) Fits using the reference 

spectra as directly measured. (b) Fits after the reference spectra have been broadened by 0.2 eV 

to compensate for a range of local environments; see the text for discussion. 

 

Next, in Figure 2.5, we show P Kα data for as-synthesized Ni2P nanoparticles that have 

been exposed to air for differing lengths of time, the phosphide reference, Ni2P-bulk, and the 

phosphate reference, Ni3(PO4)2. The reference spectra show the typical Kα line shape, i.e., two 

peaks (Kα1 and Kα2) with a roughly 2:1 peak intensity ratio and a small trough in between. 

Additionally, the reference spectra show the expected trend in energy shift with the oxidation 

state. 
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Figure 2.5. P Kα data for the Ni2P-0h nanoparticles exposed to air for differing lengths of 

time and two reference samples, Ni2P-bulk and Ni3(PO4)2. Typical total measurement times for an 

ensemble of seven nanophase samples (averaged to give the results shown) is 9 hours, ∼80 

minutes per sample. Panel (a) shows the spectra offset with vertical guides, shaded bands, for the 

Kα1 peaks of the phosphide and phosphate reference compounds. Panel (b) shows the same 

spectrum overlaid. Note that the apparent isosbestic point is ∼2014.25 eV, supporting the use of 

a simple two-phase decomposition onto reference compounds. 
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The air-exposed, replicate-averaged Ni2P nanoparticle spectra, to varying degrees, no 

longer show just two distinct Kα1/Kα2 peaks, indicating a mixed P oxidation state. The increase 

in intensity at 2014.55 eV paired with the decrease in intensity at 2013.80 eV (the two gray 

energy bands in Figure 2.5) indicates a shift to a larger percentage of highly oxidized P upon 

increased air exposure. Figure 2.5B shows that the Ni2P nanoparticle spectra have an 

approximate isosbestic point, suggesting that the transition in P oxidation is a simple two-phase 

mixture. Given this, linear combination fitting of the Ni2P nanoparticle spectra was performed to 

obtain a value for the P fraction that has not been oxidized, listed in Figure 2.5A as fraction 

phosphide. 

In Figure 2.6, we show Kβ spectra for the as-synthesized Ni2P nanoparticles and 

references; again, this was collected simultaneously with the Kα results shown in Figure 2.5. P 

Kβ probes the valence-to-core transition, which informs on P's chemical environment and 

electronic structure. The Kβ reference spectra show all the expected features with high energy 

resolution: the main Kβ1,3 peak, oxygen ligand Kβ′ peak for Ni3(PO4)2, and Kβ′′ side peak for 

Ni2P-bulk. The lack of features with known lifetimes makes it difficult to estimate the energy 

resolution of the Kβ spectrometer, but the good performance certainly indicates an energy 

resolution safely better than 0.8 eV. These reference Kβ spectra agree with previous phosphate 

and phosphide results.15,23,24 The Ni2P nanophase Kβ spectra, interestingly, show both similarities 

and differences with respect to the reference compounds. This is particularly notable when 

comparing the Ni2P-bulk reference to the Ni2P-0h nanoparticle sample – the Ni2P-0h nanoparticle 

sample contains only about 4% phosphate from the P Kα fitting; therefore, our initial expectation 

was that the Kβ spectra of the nanophase would agree well with that of bulk Ni2P. 

https://pubs.rsc.org/en/content/articlehtml/2023/ja/d3ja00053b#imgfig6
https://pubs.rsc.org/en/content/articlehtml/2023/ja/d3ja00053b#imgfig6
https://pubs.rsc.org/en/content/articlehtml/2023/ja/d3ja00053b#imgfig6
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Figure 2.6. (a) P Kβ spectra, offset for clarity of presentation, for the aging sequence of Ni2P 

nanoparticles and the two reference samples, Ni2P-bulk and Ni3(PO4)2. (b) The same spectra are 

shown on a single intensity scale. Note that as the air exposure time of the samples increases, 

there is a subtle shift in the main Kβ1,3 peak and satellite Kβ′′ peak, in addition to a steady 

increase in the intensity of the oxygen ligand peak. 

 

The main difference is the spectral line shape of the main Kβ1,3 peak (∼2137.80 eV), both 

in terms of its greater width and the decreased prominence of the Kβ′′ side peak (∼2142.00 eV). 

It is important to remember, however, that the nanoparticles have a mean diameter of only 5 nm 
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and, further, that TEM typically shows a disordered Ni- and P-containing layer at the surface. 

Comparing the average sizes of nanoparticles obtained by analyzing TEM images (∼5 nm in 

diameter) and average crystallite domain sizes obtained by applying the Scherrer equation to 

peaks in the diffractogram (∼4 nm in diameter, batch 1) demonstrates that the surface layer is 

approximately 0.5 nm. Surface amorphization is seen in other studies as well,25–28 including one 

which estimated the disordered surface layer thickness of Ni2P nanoparticles to be between 0.55 

nm and 0.75 nm depending on surface facet terminations.22 While it is not possible to model this 

disordered phase without additional information about its composition, the general effect of the 

nanoparticle surface, compared to the bulk, on the electronic structure can be modeled. In Figure 

2.7, we show the predicted bulk and near-surface contributions of an idealized crystalline Ni2P 

nanoparticle. The general character of the deviation between bulk Ni2P and the native nanophase 

Ni2P-0h is in reasonable agreement with theory – the Kβ′′ side peak shifts to lower energy, and 

the main Kβ1,3 peak broadens. 
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Figure 2.7. FEFF calculations for Ni2P bulk and Ni2P surface materials are shown with data 

for Ni2P-bulk and Ni2P nanoparticles, Ni2P-0h. The differences between the bulk and surface 

theoretical spectra are in qualitative agreement with the deviations between the (macroscopic) 

crystalline Ni2P-bulk reference and the Ni2P-0h spectra. 

 

Hence, while we can perform a simple linear superposition analysis of the Kα spectra to 

extract an estimate of P oxidation, no similar analysis is possible with the Kβ spectra, apparently 

due to electronic and structural differences near the surface of the nanoparticles. This being said, 

the Kβ data show an increased presence of P–O bonds (i.e., higher oxidation state P) with longer 

air exposure via the increasing strength of the oxygen ligand peak, Kβ′ at ∼2124 eV. 

The increased air exposure of the Ni2P nanoparticle samples shows a consistent increase 

in phosphate character across both Kα and Kβ spectra. In Figure 2.8, we show the phosphide 

fraction derived from fitting the Kα spectra to the references (as above) and a scaled 

representation of the integral of the oxygen ligand peak in the Kβ spectra, both plotted against 
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the square root of air exposure time. Although the intensity of the ligand integral should be 

roughly proportional to the occurrence of P–O bonding, the absence of a valid fully-oxidized 

reference compound because of the nanoscale effects discussed above, along with the effects of 

extreme sensitivity to oxygen ligand 2s energy and bond length,29 makes it impossible to assign a 

phosphide fraction metric to the ligand peak integral intensity on its own basis. Hence, the ligand 

integral results are scaled using the Kα-derived phosphide fractions at the 0 h and 336 h extrema 

– the resulting general agreement is clear. The roughly linear trend as a function of the square 

root of air exposure time hints at a diffusion-limited model of P oxidation in the as-synthesized 

Ni2P nanoparticles. 

 
Figure 2.8. The phosphide fraction extracted from fits to Kα and from the scaling of the 

oxygen ligand integral in Kβ (see the text), as a function of the square root of air exposure time, 

tair1/2. Both plots show a negative trend with increasing air exposure in rough agreement with a 

diffusion-limited model of oxidation. 

2.5 CONCLUSIONS 

In conclusion, we studied the air oxidation of Ni2P nanoparticles using P Kα and Kβ XES in a 

controlled atmosphere glovebox with excellent energy resolution and short acquisition times. As-

synthesized Ni2P nanoparticles oxidize in air, consistent with a diffusion-limited model. The 

corrosion of the Ni2P nanoparticles was well fit by a simple two-component mixture of phosphide 
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and phosphate. Finally, we saw that nanoparticle surface amorphization significantly impacts the 

P Kβ lineshape. Air is the most ubiquitous environment that Ni2P nanoparticles could encounter. 

This study will help scientists and engineers better account for and better understand the oxidation 

mechanism of Ni2P nanoparticles in air. Future studies should compare the air oxidation response 

of Ni2P nanoparticles with different surface environments, e.g., covalently functionalized surface 

ligands and an annealed bare surface. 
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Chapter 3. PROBING THE STABILITY OF NICKEL PHOSPHIDE 

NANOPARTICLE ELECTROCATALYSTS IN 

AQUEOUS ELECTROLYTES VIA OPERANDO 

X-RAY ABSORPTION SPECTROSCOPY 

Significant portions of the following have previously been published.1 X-ray spectroscopy 
experiments were conducted in collaboration with A. Gironda, D. Dean-Hill, J. E. Abramson, G. 
T. Seidler, and easyXAFS LLC. Electrochemistry experiments were carried out in collaboration 
with A. Varughese and D.-Y. Kuo. Transmission electron microscopy by H. Nguyen.  
 

3.1 ABSTRACT 

Earth-abundant catalysts are necessary for the global electrification of the petrochemical industry. 

Ni2P is an earth-abundant electrocatalyst that has already been shown to catalyze various reactions, 

including hydrogen evolution and nitrate reduction. However, Ni2P is susceptible to corrosion. In 

this study, we investigate the electrochemical corrosion of Ni2P nanoparticles through anodic 

polarization experiments in acidic, neutral, and basic pH electrolytes and dive deeper into the 

corrosion mechanism of Ni2P nanoparticles in neutral phosphate-buffered electrolyte solution via 

laboratory-based operando Ni K-edge X-ray absorption spectroscopy. Our results demonstrate that 

Ni2P nanoparticles corrode significantly before achieving a passive surface. The corrosion follows 

a phosphate-first pathway, followed by the rapid oxidation of excess Ni to form a passive surface. 

Approximately 80-90% of Ni dissolves before passivation is achieved. Future work with Ni2P 

should consider the chemical structure of its surface in aqueous conditions and take advantage of 

its anodic passivation. 
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3.2 INTRODUCTION 

Electrification of the petrochemical industry has the potential to significantly reduce greenhouse 

gas emissions in the manufacturing of commodity chemicals; however, electrification on a global 

scale is only achievable using earth-abundant materials for electrocatalysis in place of state-of-

the-art catalysts made from precious metals. Nickel phosphide (Ni2P) is a promising earth-

abundant catalyst that has been used for industrial hydrodesulfurization,2,3 as well as 

electrocatalytic hydrogen evolution,4,5 nitrate reduction,6 carbon dioxide reduction,7 and oxygen 

evolution.8,9  Ni2P and other transition metal phosphides benefit from active site ensembles that 

moderate the binding of reaction intermediates compared to their pure metal counterparts.4,10 

This makes metal phosphides promising electrocatalysts for reactions beyond those listed, 

especially for other hydrogenation reactions. The ensemble effect seen in Ni2P, for example, 

causes the Ni2P surface to bind H appropriately for efficient turnover of H2, unlike Ni alone, 

which binds H too strongly and thus inhibits catalytic activity.4,11  

However, Ni2P is susceptible to oxidation, leading to catalyst corrosion in acidic and basic 

conditions, including 0.5 M H2SO4, 0.1 M HClO4, and 0.1 M KOH.12,13 Stability is essential for 

scalable catalysis; therefore, it is crucial to understand the degradation mechanism of Ni2P to 

mitigate corrosion, accurately predict surface reactivity, and prepare Ni2P for industrial 

electrocatalysis. Previous reports on Ni-P alloys found passivation regimes through anodic 

polarization in near-neutral pH electrolytes below 0.2 V vs. SCE but saw further corrosion after 

polarizing towards more anodic potentials.14,15 Bulk nickel phosphides, however, have been shown 

to have a passivated surface, and characterization, often limited to ex-situ spectroscopy after 

catalysis, has shown that the surface is composed of nickel hydroxides, phosphates, and 

oxyhydroxides.14,16,17 In the present work, operando Ni K-edge X-ray absorption spectroscopy and 
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electrochemical polarization are applied to understand the degradation of Ni2P nanoparticles. This 

work leverages the use of benchtop X-ray spectrometers, which provide accessibility and the 

possibility of routine investigations of corrosion for various materials containing elements across 

the periodic table. They can be readily used to probe corrosion, including oxidation and material 

loss, through the use of in situ or operando cells. Laboratory X-ray measurements were made 

possible by implementing a low-absorption electrolytic cell optimized for transmission-mode XAS 

measurements. The cell enabled operando measurements with a clear line of sight for x-ray beam 

transmittance through a sufficiently thin glassy carbon sample window and was constructed with 

low-z materials to reduce unwanted absorption outside the sample material. 

3.3 METHODS 

3.3.1 Materials 

Tris(diethylamino)phosphine (Sigma-Aldrich, 97%), isopropanol (Sigma-Aldrich, 99.5%, 

anhydrous), and acetonitrile (Sigma-Aldrich, 99.8%, anhydrous) were stored in an N2-

atmosphere glovebox and used without further purification. NiCl2 · 6H2O (Sigma-Aldrich, 

ReagentPlus) was dried under vacuum at approximately 80 °C and stored in an N2-atmosphere 

glovebox. Toluene and pentane were transferred from solvent stills into an N2-atmosphere 

glovebox. Oleylamine [SAFC, ≥98% (primary amine)] was distilled on a Schlenk line and 

vacuum filtered through Celite in an N2-atmosphere glovebox. Carbon fiber paper (Fuel Cell 

Store) was cut into 2×2 cm2 squares and then washed in 0.5 M H2SO4 by sonicating for 15 min 

and decanting; next, the carbon fiber squares were washed in 18 MW water by sonicating for 5 

min and decanting 3 times; finally, the carbon fiber squares were dried in an oven before storage 

in an N2-atmosphere glovebox. Electrolyte solutions were made as follows: 1 M phosphate 
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buffer was made by mixing 0.5 mol K2HPO4 (Fisher Scientific, 99.3%) and 0.5 mol KH2PO4 

(Fisher Scientific, 99.7%) with 18 MW water per L of solution, 0.5 M H2SO4 was made by 

mixing 0.5 mol H2SO4 (Aldrich, 99.999%) and 18 MW water per L of solution, and 0.1 M KOH 

(Sigma-Aldrich, 99.99%) was made by mixing 0.1 mol KOH with 18 MW water per L of 

solution. Bulk Ni2P (Sigma-Aldrich, ~100 mesh, 98%), Ni3(PO4)2·8(H2O) (Alfa Aesar, 98+%), 

and NiO (Strem, 99%, green) references for X-ray absorption spectroscopy were each made by 

mixing with xanthan gum in cellulose. 

3.3.2 Nanoparticle synthesis 

Nanoparticles of Ni2P were synthesized following the procedure outlined by Murphy et al..18 

NiCl2 (311 mg, 2.4 mmol) and oleylamine (17 mL) were degassed on a Schlenk line at 120 °C 

for 1 h. Next, the temperature was allowed to cool to approximately 50 °C, and 

tris(diethylamino)phosphine (2.63 mL, 9.6 mmol) was injected into the solution while the 

reaction apparatus was under active N2 flow. The reaction mixture was then heated to 250 °C and 

held at 250 °C for 1 h. Afterward, the mixture was allowed to cool and then cycled into an N2-

atmosphere glovebox for workup. Inside the glovebox, the mixture was transferred to centrifuge 

tubes and mixed with isopropanol (10x the volume of the reaction mixture). The centrifuge tubes 

were spun down at 7800 rpm for 13 min and then decanted. Minimal pentane (solvent) was 

added to redissolve the nanoparticle pellets remaining at the bottom of the centrifuge tubes, and 

isopropanol (antisolvent) was then added to the mixture (1:10 solvent: antisolvent volume ratio). 

The mixture was then centrifuged for 13 min at 7800 rpm. This procedure was repeated twice as 

described, and a third time, with toluene as the solvent and acetonitrile as the antisolvent (1:4 

solvent: antisolvent volume ratio). After decanting, nanoparticles were redispersed in toluene or 

pentane and dried under vacuum. After drying, nanoparticles were redispersed in toluene (10 or 
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15 mg/mL). Working electrodes were made by depositing 4 mg of Ni2P (0.4 mL or 0.267 mL) 

from stock solution onto the previously described 2×2 cm2 carbon fiber squares via drop casting 

from a syringe pump at a rate of 5 µL/min. Finally, Ni2P-loaded carbon fiber squares were 

thermally annealed in a tube furnace (ThermoScientific Lindberg Blue M) at 450 °C for 2 h 

under a flow of 5% H2/95% N2 (Linde, HydroStar H5N K). 

Transmission electron microscopy (FEI Tecnai G2 F20 Supertwin) images of the 

nanoparticles after workup were obtained by depositing 10 µL of dilute solution in toluene onto 

holey carbon TEM grids (Ted Pella Lacey carbon on 400 mesh Cu) and allowing the solution to 

air dry. Before imaging, samples were further dried under vacuum overnight. Scanning electron 

microscopy (ThermoFisher Scientific Apreo) images were taken of Ni2P films on carbon fiber. 

Powder X-ray diffraction (Bruker D8 Discover with Pilatus 100K 2D detector) was performed 

on as-synthesized Ni2P nanoparticles on silicon wafers and the annealed Ni2P-loaded 2×2 cm2 

carbon fiber squares.  

3.3.3 Electrochemical characterization 

For anodic polarization experiments, the working electrode was made in a standard N2-

atmosphere glovebox by cutting a 1×2 cm2 strip from the center of the annealed Ni2P-loaded 

carbon fiber squares. Then, copper wire was connected to one end of the strip using copper tape 

and covered with epoxy so that only a 1×1 cm2 area of the carbon fiber remained exposed. 

Finally, a 0.5×1 cm2 strip was cut from the end of the electrode so that all remaining exposed 

electrode was densely loaded with Ni2P (Figure 3.1). Anodic polarization experiments were 

conducted inside an active N2-purge glovebox. The electrolyte solution was sparged with Ar to 

remove dissolved O2 for at least 1 h before being brought into the active purge glovebox. Then, 

the working electrode, in an enclosed container from the standard N2-atmosphere glovebox, and 
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the sparged electrolyte solution were cycled into the active N2-purge glovebox by purging the 

antechamber with N2 for 1 h. Afterward, the working electrode, Ag/AgCl reference electrode 

calibrated to the H2 redox couple (Bioanalytical Sys Inc.), and graphite rod counter electrode 

were immersed in the electrolyte solution. Open circuit potential was measured until stable to 

within 1 mV/h. Then, the working electrode was anodically polarized, beginning at the open 

circuit potential through 2 V vs. RHE at a rate of 0.1 mV/s and with a 90% ohmic drop 

correction. After each experiment, the cell was cleaned thoroughly with 18 MW water. Anodic 

polarization experiments were conducted using a potentiostat (Biologic SP-150). 

 

 
Figure 3.1. Schematic demonstrating the construction of electrodes beginning with (A) a 2×2 

cm2 square of carbon fiber with Ni2P deposited on it. Next, (B) 0.5×2 cm2 strips were cut from 

both sides. (C) We then connected a copper wire to the end of the center 1×2 cm2 strip using 

copper tape. (D) Finally, we covered half the electrode in epoxy and (E) cut off a 0.5×1 cm2 strip 

from the end to expose only a 0.5×1 cm2 strip of saturated Ni2P. 

 
For operando X-ray absorption studies, inside an active N2-purge glovebox to prevent O2 

exposure, a custom three-electrode operando cell (Figure 3.2) was filled with 1 M phosphate 

buffer, and then ports were plugged shut. This cell was 3-D printed and is a modification of the 
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general design of Singh et al.,19 that moves the counter electrode and its associated electrolyte 

out of the beam path to decrease background absorption for transmission measurements; the low 

flux of laboratory XAS spectrometers greatly benefits from this consideration.  The cell windows 

are 0.5-mm thick glassy carbon plates that are in mechanical contact with the working electrode 

and thus provide electrical feedthrough to it.  The total electrolyte volume in the cell is ~ 3 ml.  

 

 
Figure 3.2. Image of the custom operando electrochemical cell used in Ni K-edge X-ray 

absorption spectroscopy experiments. (A) A leakless miniature Ag/AgCl reference electrode was 

inserted into the bottom of the cell with its end near the (B) glassy carbon window working 

electrode area. (C) Additionally, a graphite rod was used as the counter electrode on top of the 

cell. (D,E) Electrolyte solution could flow through the cell, and (F) a membrane can be placed 

between the working electrode/reference electrode and the counter electrode spaces; however, 

neither flow nor a membrane was used in this study. 

 
The working electrode was made by cutting an approximately 1×1 cm2 square from the 

center of the annealed Ni2P-loaded 2×2 cm2 carbon fiber squares. Electrochemical experiments 

were conducted using the resulting Ni2P-loaded carbon fiber squares sandwiched between glassy 
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carbon windows (Sigradur). This sandwich served as the working electrode while leakless 

Ag/AgCl (eDAQ), which was calibrated to the H2 redox couple, served as the reference 

electrode, and a graphite rod served as the counter electrode. Carbon fiber electrodes were 

dipped in electrolyte solution before placement inside the operando cell and stacked four layers 

thick to ensure good electrical contact through the glassy carbon windows. Chronoamperometry 

experiments were performed with this cell inside a benchtop spectrometer (easyXAFS 300). 

First, open circuit potential was measured using a potentiostat (Gamry Interface1000), then 0 V 

vs. RHE followed by 0.4 V vs. RHE were applied for 15 min and 30 min, respectively. 

Afterwards, 0.8 V vs. RHE was applied for 6 h, followed by 1.2 V for 6 h and 1.4 V for 6 h.  

3.3.4 X-ray absorption spectroscopy 

Operando transmission-mode Ni K-edge XAS was conducted using a commercial benchtop 

spectrometer (easyXAFS300+, from easyXAFS LLC), and all references were measured on the 

same instrument using an automated sample wheel. Additional XAS measurements of Ni2P 

nanoparticles were measured ex situ in an air-free cell with the instrument of Gironda et al. 

(Figure 3.3C).20 
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Figure 3.3. Ni K-edge X-ray absorption near-edge structure (XANES) in the easyXAFS 300 

spectrometer of (A,B) Ni foil, bulk Ni2P, Ni(OH)2, Ni3(PO4)2, NiO, and aqueous NiCl2 which 

were used as components for linear combination analysis with the exception of Ni foil. (C) Ex 

situ Ni K-edge XANES of Ni2P nanoparticles after annealing with the instrument of Gironda et 

al.209 compared to bulk Ni2P scans taken in the easyXAFS 300 spectrometer. 

 
All analyses were performed using Larix inside the Larch program package. The 

spectrometer energy scales were calibrated to Ni foil at 8333 eV. Ni oxidation was estimated by 

linear combination fitting to Ni2P, NiO, and Ni3(PO4)2. A change in the exit slit location in the 

electrocatalysis experiment compared to the reference sample measurement was corrected with a 
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single energy shift across all electrocatalyst results. The energy shift was determined by first 

floating E0 for the linear combination fit for the average of all scans at 0.8 V vs. RHE. After the 

energy shift was determined, we stopped floating E0 to minimize degrees of freedom in the linear 

combination analysis. Linear combination fits were not forced to sum to unity. All sample scans 

were normalized before linear combination analysis.  

3.4 RESULTS AND DISCUSSION 

3.4.1 Nanoparticle synthesis and characterization 

 
Figure 3.4. (A) Scheme of Ni2P synthesis where 1 eq NiCl2 and 4 eq 

tris(diethylamino)phosphine react in oleylamine at 250 °C to form Ni2P nanoparticles. (B) TEM 

of Ni2P nanoparticles after purification showing 4.3 +/- 0.8 nm spherical nanoparticles. (C) XRD 

of as-synthesized Ni2P nanoparticles (gray) and annealed Ni2P nanoparticles (blue) compared to 

Ni2P (PDF 04-003-1863, orange) and Ni5P4 (PDF 04-014-7901, yellow). Peaks at 43° and 54° 

are due to the carbon fiber. (D) SEM of Ni2P nanoparticles dispersed on carbon fiber. 

 
We synthesized Ni2P nanoparticles by degassing NiCl2 in oleylamine at 120 °C for 1 h. 

We then allowed the solution to cool to 50 °C before injecting tris(diethylamino)phosphine and 

heating to 250 °C for 1 h (Figure 3.4A). Starting from 50 °C allows for the complete diffusion of 

P precursor throughout the solution before the Ni2P nanoparticle nucleation temperature is 

reached, which promotes uniform nanoparticle growth and leads to low polydispersity. We then 
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purified the final solution through precipitation, centrifugation, and redissolution cycles in 

pentane (solvent) and isopropanol (antisolvent), followed by toluene (solvent) and acetonitrile 

(antisolvent). We will refer to the resulting purified Ni2P nanoparticles as as-synthesized 

nanoparticles. We also annealed the Ni2P nanoparticles at 450 °C for 2 h under a flow of 5% 

H2/95% N2 to remove ligands, reduce surface oxidation, and crystallize amorphous domains. 

Across two batches of nanoparticles, TEM images showed monodisperse spherical nanoparticles 

(Figure 3.4B, Figure 3.5A) with average diameters of 4.3 nm ± 0.8 nm (batch 1) and 3.2 nm ± 

0.5 nm (batch 2). 

 

 
Figure 3.5. (A) After purification, TEM of the second batch of Ni2P nanoparticles showed 3.2 

nm ± 0.5 nm spherical nanoparticles. (B) XRD of the second batch of Ni2P nanoparticles after 

annealing (blue) compared to Ni2P (PDF 04-003-1863, orange) and NiP2 (PDF 01-088-7141 with 

lattice constant shifted to a = 5.4671 Å, green). Peaks at 43° and 54° are due to the carbon fiber. 

 
We also analyzed nanoparticles via powder X-ray diffraction (XRD) before and after 

annealing (Figure 3.4C, Figure 3.5B), and the resulting nanoparticle patterns matched well with 

indexed Ni2P diffraction patterns (PDF 04-003-1863). However, after annealing, we saw minor 
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diffraction from NiP2 (PDF 01-088-7141 with lattice constant shifted to a = 5.4671 Å) and Ni5P4 

(PDF 04-014-7901). This result is likely due to excess P byproducts on the surface of the 

nanoparticles, leading to small amounts of P-rich nickel phosphide phases after annealing. 

Additionally, the diffraction peaks narrowed after annealing, indicating a growth in the 

nanoparticle size. Scherrer analysis performed on the diffraction peak at 40.6° indicated that the 

annealed nanoparticles had average crystallite domain sizes of 15 nm (batch 1) and 11 nm (batch 

2). The crystallite domain size of the annealed nanoparticles was larger than the as-synthesized 

nanoparticle size determined by TEM due to the high loading of nanoparticles on carbon fiber. 

Specifically, we deposited approximately 2 mg/cm2 of as-synthesized Ni2P on carbon fiber 

(Figure 3.4D) to maximize signal-to-noise in the operando Ni K-edge X-ray absorption near 

edge structure (XANES) experiments.  

3.4.2 Anodic polarization of Ni2P nanoparticles 

Using anodic polarization, wherein current is measured while slowly increasing the oxidation 

potential applied at the electrode, we can probe the corrosion kinetics of materials. We conducted 

experiments in a range of electrolyte pH environments (acidic, neutral, and basic) to investigate 

the corrosion of Ni2P nanoparticles across the pH scale. In addition, a sufficiently slow scan rate 

was necessary to approximate the steady state of the material at each potential; therefore, we 

conducted all experiments at a scan rate of 0.1 mV/s. Polarization began at open circuit potential 

(OCP, otherwise referred to as corrosion potential, Ecorr, i.e., where corrosion begins) and ended 

beyond the onset of oxygen evolution to cover the practical corrosion range of the material. To 

understand corrosion and passivation behavior, we can look at the OCP, peak potential(s), peak 

current density, and the following plateau in current. A lower peak potential generally shows that 

a material passivates at a lower potential, which is desirable because it minimizes the range of 
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potentials where the material actively corrodes. A lower peak current density is also desirable 

because it indicates a lower corrosion rate is necessary for passivation. When accounting for pH 

by calibrating the Ag/AgCl reference electrode to the H2 redox couple, the OCP of Ni2P 

nanoparticles landed at nearly identical potentials in acidic and neutral pH; however, OCP was 

higher in basic pH, which indicates that Ni2P was more stable in basic pH than in lower pH 

electrolytes (Figure 3.6). The potentials at which peaks in current density occurred increased 

with pH: 0.7 V vs. RHE in acidic pH, 0.9 V and 1.2 V in neutral pH, and 1.1 V and 1.4 V in 

basic pH. Interestingly, only one peak appeared in the acidic pH trace, while two peaks appeared 

in the neutral and basic pH curves. We observed a plateau in current density indicative of 

passivation in the acidic and neutral pH curves but not in the basic pH curve. This result is likely 

due to the quick onset of OER after the second corrosion peak at basic pH. Acidic and neutral pH 

also resulted in similar maximum peak current densities (4.9 mA/cm2 and 4.7 mA/cm2, 

respectively). However, basic pH resulted in a significantly higher peak current density of 28 

mA/cm2. This result is attributable to NiOOH formation.9,16 The final feature of interest in each 

anodic polarization scan is the onset of OER, otherwise called the transpassive regime, where the 

increase in current density is not due to corrosion but rather to water oxidation. OER began at a 

significantly lower potential in basic pH (1.6 V vs. RHE) than in the acidic (1.8 V) and neutral 

pHs (1.9 V), where OER occurred at similar potentials.  
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Figure 3.6. (A) Anodic polarization scans at 0.1 mV/s of Ni2P nanoparticles in 0.5 M H2SO4, 

1 M neutral K2HPO4:KH2PO4, and 0.1 M KOH. Current densities are normalized to the 

geometric surface area of the electrode with approximately 1 mg of Ni2P on each electrode. (B) 

Comparison of Ni2P anodic polarization results across pH and potentials vs SHE. 

Thermodynamic water reduction (blue dashed) and oxidation (red dashed) lines are shown as 

guides. OCP/Ecorr was plotted for each electrode, along with peak potentials (Ep) and OER onset 

potential. 

 
In comparing our anodic polarization results to prior literature reports, we note that 

Kucernak and Sundaram13 used a 1 mV/s scan rate in their anodic polarization curves of Ni2P as 

opposed to the 0.1 mV/s in our study. Due to its structural complexity and covalency,4,18,21 it 

makes sense that Ni2P reaches a steady state more slowly than conventional metals. Therefore, it 

is important to use slower scan rates to better understand the steady-state corrosion properties of 

Ni2P and similarly complex materials. Our study showed a clear peak in current density at 0.4 V 

vs. RHE in 0.5 M H2SO4 (Figure 3.6A). Similarly, a very broad peak appears in multiple Ni2P 

samples run by Kucernak and Sundaram; however, its broadness makes it difficult to distinguish 

without slower scan rates. Ni2P particle size is another important distinction between our results 

and those of Kucernak and Sundaram. In their prior report, Kucernak and Sundaram used Ni2P 
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particles that were multiple microns in diameter, but we used nanoparticles two orders of 

magnitude smaller. We chose to use smaller nanoparticles to get a stronger electrochemical 

response. As the size of a particle decreases, the surface-area-to-volume ratio increases; 

therefore, since surface atoms are more reactive and susceptible to oxidation than bulk atoms, it 

is easier to tell when distinct corrosion events occur in anodic polarization experiments.  

Anodic polarization curves can also be related to Pourbaix diagrams (i.e., plots of 

electrochemical equilibria across pH and potential) to predict the stable products formed. Within 

the pH and potential scales used in our experiments, Muylder and Pourbaix predicted that 

aqueous phosphates are the most stable P species.22 Deltombe, Zoubov, and Pourbaix predicted 

aqueous Ni2+ would be the most stable in acidic pH, while different Ni oxides would be most 

stable in neutral and basic pHs.22 Huang et al. improved and simplified the Ni Pourbaix diagram; 

they predicted that NiO would be the dominant species between pH 5 to 16 and 0 V vs. RHE to 

1.8 V vs. RHE.23 In neutral and basic pH, they predicted the formation of NiOOH between 1.8 

and 2.2 V vs RHE. Moreover, Wexler et al. predicted Ni2P would have a narrow stability 

window below 0 V vs RHE.24 They also predicted Ni5P4 would have a smaller stability window 

than Ni2P. Therefore, we expected our samples to readily oxidize to Ni2+/3+ and aqueous 

phosphates in most aqueous environments. With that in mind, we extrapolated the results from 

Figure 3.6A to make a quasi-Pourbaix diagram (Figure 3.6B) using the corrosion potentials 

(OCP), peak potentials, and OER onset potentials in acidic, neutral, and basic pH so that we can 

see the corrosion potentials and passivation potentials in each condition and compare to 

published Pourbaix diagrams. In one sense, Ecorr was pinned near 0 V vs. RHE in all three of our 

pH conditions, indicating that Ni2P is never stable in an aqueous environment. However, in our 

experiment, corrosion rates varied significantly across different applied potentials, meaning that 
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significant corrosion can occur rapidly or not at all, depending on the application. In acidic pH, 

the corrosion rates were higher and required less driving force than in neutral and basic pH 

(Figure 3.6). This was likely because, in acidic pH, Ni oxidation to Ni2+ occurs at a lower 

potential than at higher pH,23 thereby increasing the driving force for oxidation at the lower 

applied potential. In our experiment, OCP and the first peak potential differed by 0.9 V vs. RHE 

in neutral and basic pH, similar to the difference between the predicted Ni0/Ni2+ equilibrium 

potential at near 0 pH and the peak potential in our acidic pH curve.23 If water reduction had not 

been a limiting factor, we would have expected the OCP of Ni2P to be approximately -0.2 V vs 

RHE.  

By comparing our anodic polarization curves to Pourbaix diagrams, we can predict the 

corrosion mechanisms of Ni2P; however, Ni2P differs from pure Ni and pure P just as Ni and P 

differ in bonding and structure. Therefore, we sought to use Ni K-edge X-ray absorption 

spectroscopy to better understand the corrosion mechanism of Ni2P in neutral pH. The 

electrochemical response of Ni2P in neutral pH has been far less studied than in acidic and basic 

pH, but the anodic polarization curve in neutral pH shares similarities with curves in both acidic 

and basic pH such that we can attempt to extrapolate the speciation information gleaned from 

neutral pH to other pH conditions.  
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3.4.3 Operando XANES of Ni2P nanoparticle corrosion in neutral phosphate buffer 

 
Figure 3.7. Chronoamperometry scans were conducted in operando at 0 V, 0.4 V, 0.8 V, 1.2 

V, and 1.4 V vs. RHE with a 90% ohmic drop correction. 

 
We explored the speciation of Ni2P at various applied potentials to understand its corrosion at 

neutral pH. Operando experiments were enabled using a custom-designed electrochemical cell 

modeled after Singh et al..19 To overcome the photon flux limitations from benchtop instruments, 

we moved the reference and counter electrodes out of the X-ray beam path and minimized the 

space between glassy carbon windows to optimize our experiments for transmission-mode 

measurements. After we loaded Ni2P electrodes into the operando electrochemical cell in an inert 

atmosphere, we left the sample to soak overnight before conducting electrochemical and X-ray 

absorption experiments to allow the Ni2P nanoparticles to reach a steady state. After soaking, 

OCP was 63 mV vs. RHE. After a 15 min scan at OCP, we applied 0 V vs. RHE for 15 min; 

however, we observed little current, indicating little to no reduction in the Ni oxidation state. 

Similarly, we observed little oxidation current after 30 min at 0.4 V vs. RHE, indicating slow and 

small amounts of oxidation (Figure 3.7). Next, we increased the applied potential to 0.8 V vs. 
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RHE for 6 h. Significant oxidation current appeared in conjunction with a growing white line 

(i.e., peak at the absorption edge) (Figure 3.8) and increasing E0 (Figure 3.9A). After 6 h at 0.8 

V, we increased the applied potential to 1.2 V vs. RHE and saw complete oxidation to Ni2+. Ni2+ 

remained the exclusive species for an additional 6 h at 1.4 V vs. RHE (Figure 3.9).  

 

 
Figure 3.8. Normalized Ni K-edge X-ray absorption spectra of Ni2P nanoparticles in 1 M 

neutral phosphate buffer at OCP, 0.8 V, 1.2 V, and 1.4 V vs. RHE averaged over 15 min, 6 h, 6 

h, and 6 h, respectively. 

 
Additionally, throughout the experiment, the edge step (the jump in absorption at the Ni 

K-edge, which is proportional to the thickness of material in the path of the X-ray beam) 

decreased by 80% (Figure 3.9A). This decrease indicates Ni2P dissolution and diffusion out of 

the X-ray beam path. After the first 6 h of applied potential, the edge step had dropped by 

approximately 40%, leaving a maximum of 60% of the electrocatalyst remaining on the 

electrode. Once we applied 1.2 V to the sample, the edge step dropped at approximately 21% per 

h (compared to a rate of 7% per h at 0.8 V) before reaching a plateau of 0.6% per h. Recalling 

the anodic polarization curves (Figure 3.6A), we can consider increasing the applied potential as 
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increasing the driving force for corrosion and the increased driving force as causing the 

formation of a passive barrier film through rapid surface oxidation. The barrier film's formation 

is indicated by the plateaus of the edge step and current density. In other words, the corrosion 

rate was significantly reduced after the barrier film formed. Unsurprisingly, increasing the 

driving force to 1.4 V did not change the edge step significantly. This result supports the 

passivation hypothesis.  
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Figure 3.9. (A) Time evolution of the edge step and E0 (E at the halfway point of the edge) 

with an overlay indicating applied potential (V vs. RHE). (B) Ni speciation over time was 

determined through linear combination analysis for each scan (15 min) with an overlay 

indicating applied potential (V vs. RHE). The shaded bands indicate standard error for each fit 

component. 

 
This understanding of passivation as resulting from rapid corrosion is also consistent with 

differences between how Ni2P responds to polarization in sulfuric acid vs a neutral phosphate 

buffer. Ni2P reacts more quickly (given the same amount of applied potential, i.e., driving force) 

in sulfuric acid than in a neutral phosphate buffer. Counterintuitively, faster corrosion rates at a 

lower applied potential are more optimal than slower corrosion rates at a higher applied potential 

when considering our overall goal of reducing the time Ni2P is vulnerable to corrosion. 
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Figure 3.10. Linear combination analysis fits of Ni K-edge XANES averaged from all scans 

at (A) open circuit potential, (B) 0.8 V, (C) 1.2 V, and (D) 1.4 V vs. RHE. Bulk Ni2P, Ni(OH)2, 

Ni3(PO4)2, NiO, and aqueous NiCl2 were all used as components in the analysis; however, only 

Ni2P, Ni3(PO4)2, and NiO were found to be significant components in the spectra. 

 
To see the evolution of the oxidation state over time, we performed linear combination 

fitting for each scan (Figure 3.9B, Figure 3.10). We used bulk Ni2P, Ni3(PO4)2, and NiO 

reference spectra as components in the linear combination analysis (Figure 3.3). Over the time 

that 0.8 V vs. RHE was applied, Ni2P converted to Ni3(PO4)2. As we applied 1.2 V vs. RHE, 

Ni2P reached 0%, NiO grew, and Ni3(PO4)2 decreased. Both Ni3(PO4)2 and NiO stabilized at 
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approximately 50% through hours 9 to 15 of the experiment, then NiO began to decrease while 

Ni3(PO4)2 increased. Additionally, more noise appeared in the linear combination analysis at 1.2 

and 1.4 V due to dissolution into the electrolyte reservoir outside the beam path, based on the 

smaller edge step indicating less Ni was present in the beam, which decreased the signal-to-noise 

ratio. We note that applying 1.2 V vs. RHE coincides with a decrease in current in the anodic 

polarization curves; the decrease in current is associated with the onset of passivation (Figure 

3.6A). These results indicate that P-containing Ni species 1) oxidize first and 2) mostly dissolve 

away as excess Ni is oxidized to NiO. Further, NiO coats the surface of the nanoparticle film to 

passivate against corrosion. One might wonder whether the material further oxidized to Ni3+/4+; 

however, E0 remained consistent after complete oxidation and matched closely with the E0 of 

Ni3(PO4)2 and NiO. Therefore, it is unlikely that oxidation from Ni2+ to higher oxidation states 

occurred.  

3.4.4 Impact on the use of Ni2P electrocatalysts 

 This study showed that Ni2P was susceptible to corrosion close to 0 V vs. RHE; 

therefore, oxidation is likely any time the catalyst sits at or is polarized to potentials beyond this 

point. Yet, the catalyst can still be protected from further corrosion by passivating the surface. 

Importantly, however, the new passivated surface is distinct from the pristine Ni2P surface and is 

now the catalytically relevant interface for reactions beyond 0 V vs. RHE. Ni2P itself, therefore, 

is not an ideal candidate for catalyzing oxidation reactions at positive potentials vs. RHE. 

However, Ni2P is a promising precatalyst or catalyst support for various oxidation reactions, e.g., 

OER, urea oxidation, ammonia oxidation, and benzyl alcohol oxidation.8,9,25–28  

 Additionally, it is important to understand how Ni2P reacts in different pH conditions. 

We saw a smaller window for active corrosion (i.e., the difference between OCP and passivation 
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potential) in acidic pH than in higher pH electrolytes. Additionally, OER occurred at a lower 

applied potential in basic pH than in lower pH electrolytes. These findings inform the conditions 

ideal for avoiding significant corrosion in electrocatalytic reactions involving Ni2P. Additionally, 

these findings help define techniques for intentionally oxidizing and passivating the surface of 

Ni2P. Previous work demonstrated the oxidation mechanism of Ni2P in air (where Ni2P also 

oxidizes through a phosphate pathway).29 Combined with the current work, this research 

illuminates the stability of Ni2P and helps scientists mitigate corrosion, accurately predict surface 

reactivity, and prepare Ni2P for industrial electrocatalysis. 

3.5 CONCLUSIONS 

 In conclusion, Ni2P nanoparticles are susceptible to corrosion in aqueous environments at 

any pH; however, passivation enables Ni2P nanoparticles to be used as precatalysts for a variety 

of oxidation reactions. In a neutral phosphate-buffered electrolyte solution, Ni2P nanoparticles 

are oxidized via a phosphate pathway. Then, when these particles are pushed beyond the 

passivation potential, excess Ni oxidizes rapidly to form an oxidized Ni passivation layer. By 

understanding the degradation mechanism of Ni2P, we can rationally design techniques for 

preventing significant oxidation and leveraging intentional anodization. For example, selectively 

ligating P on the surface of Ni2P nanoparticles has the potential to protect against corrosion while 

leaving Ni sites available for reaction.18 Additionally, this study highlights the importance of 

measuring the corrosion of nanoparticles over measuring bulk materials when possible due to the 

increased susceptibility of nanoparticles to corrosion owing to the significantly greater surface-

to-bulk atom ratio. This vulnerability in nanoparticles is also what makes them ideal candidates 

for catalysis while also making them better subjects for study through bulk-sensitive techniques 

such as XAS. Finally, through the degradation mechanism of Ni2P nanoparticles, we get a clearer 
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picture of what actual surface active sites will look like at different applied potentials, enabling 

more robust predictions of catalytic activity.  The availability of laboratory-based XAFS and the 

optimization of electrochemical cells for their lower flux were critical enablers of the present 

work and can impact future studies of catalyst corrosion.  
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Chapter 4. METHODS DEVELOPMENT 

Operando cell designed and optimized in collaboration with D.-Y. Kuo, D. Dean-Hill, J. E. 
Abramson, and G. T. Seidler. X-ray spectroscopy experiments were conducted in collaboration 
with J. E. Abramson, A. Gironda, S. Tetef, D. Dhakal, and G. T. Seidler. Electrochemistry 
experiments were carried out in collaboration with D.-Y. Kuo. Scanning electron microscopy 
was carried out in collaboration with S. Braswell. Air-free sample holders designed in 
collaboration with J. E. Abramson. 

4.1 THREE-ELECTRODE CELL FOR BENCHTOP OPERANDO TRANSMISSION-MODE 

X-RAY ABSORPTION SPECTROSCOPY 

Through operando measurements of catalysts, we can better understand structure-activity 

relationships, improve existing catalysts, and identify novel, high-performing catalysts. To better 

understand Ni-based catalysts and incorporate operando spectroscopy more routinely, we sought 

to create an electrochemical cell for operando X-ray absorption spectroscopy (XAS) using 

benchtop spectrometers, which are more readily accessible than synchrotron beamlines. Because 

benchtop spectrometers are photon flux-limited, operando XAS requires high catalyst loading, 

minimal bubbles on the catalyst’s surface, and minimal attenuation from non-sample materials. 

High catalyst loading is necessary for optimal signal-to-noise in transmission-mode X-ray 

absorption spectra. Uniform absorption of X-rays is also required, but bubbles disrupt that 

uniformity. We modified the cell design in Singh et al.1 to minimize attenuation from non-sample 

materials by moving the reference and counter electrodes out of the path of the X-ray beam and 

minimizing the space between the glassy carbon windows.  

Next, we worked to identify optimal preparational and operational parameters that would 

allow for high catalyst loading and minimize bubble effects. We decided to use carbon fiber paper 

as the working electrode substrate to get thick, uniform films of catalysts while minimizing X-ray 

absorption from electrode materials, as demonstrated in previous in situ XAS studies.2–5 Carbon 
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fiber is an optimal choice due to its low density and high porosity and because of carbon’s 

inherently low X-ray absorption at the Ni K-edge. To maximize signal-to-noise for transmission-

mode XAS, we calculated how much Ni2P catalyst was necessary for absorbing approximately 1/3 

of X-ray photons. An amount of 16 mg of Ni2P was calculated using the photoelectric cross-

sections, atomic weights, and atomic ratios of Ni and P around the Ni K-edge (8333 eV) and 

empirical factors from ex-situ experiments.  

We developed an optimized procedure for depositing a uniform film of Ni2P on the carbon 

fiber substrate. We compared Ni2P solutions in a high boiling point solvent (toluene, Figure 4.1A) 

and a low boiling point solvent (dichloromethane, Figure 4.1B). From scanning electron 

microscopy (SEM) images, it became evident that the toluene solution deposited a film, while the 

dichloromethane solution left behind an uneven powder. When drop casting, others saw that slower 

evaporation rates led to more uniform, ordered film deposits.6–8 This phenomenon occurs because 

solute particles have time to redisperse in the solvent droplet and order themselves more evenly in 

lower vapor pressure solvents. Therefore, we determined that high boiling point solvents like 

toluene are better for uniform deposition. However, when drop casting on 1×1 cm2 carbon fiber 

squares, the solution was visibly wicked to the edges of the square, leaving little Ni2P in the center 

where the X-ray beam is directed (Figure 4.1C). To confirm this wicking effect, we took ex situ 

XAS measurements with the X-ray beam focused through both the edges of the square and the 

center and confirmed there was higher signal-to-noise with the X-ray beam going through the 

edges of the square (Figure 4.1D). To circumvent the wicking effect, we increased the size of the 

carbon fiber substrates to 2×2 cm2 squares and adjusted the drop volume during drop casting. This 

procedure resulted in films in the center of the square with diameters of 24 mm for 20 μL drops 

and 19 mm for 10 μL drops (Figure 4.1E,F). Drop casting 20 μL at a time resulted in films that 
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still reached the edges of the substrate; therefore, a maximum of 10 μL drops of toluene solution 

should be used for drop casting on 2×2 cm2 squares of carbon fiber substrate. A final change to 

the procedure was to use a syringe pump to deposit a solution at a rate of 5 μL/min (Figure 4.1G). 

This final change in the procedure resulted in increased consistency between films and increased 

efficiency of drop casting. After drop casting, we cut out a 1×1 cm2 square from the center of the 

substrate for use in the operando cell. 
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Figure 4.1. SEM images of Ni2P nanoparticles drop cast on carbon fiber paper from (A) 

solution in toluene and (B) dichloromethane. (C) SEM image of the edge of the 1×1 cm2 square 

after drop casting from toluene. (D) Normalized Ni K-edge X-ray absorption spectra of bulk 

Ni2P (blue) and Ni2P nanoparticle powder (red) mixed with hexagonal boron nitride. The Ni2P 

powders were compared to the center (purple) and corners (green) of a 1×1 cm2 carbon fiber 

square deposited with Ni2P nanoparticles. SEM image of Ni2P nanoparticles drop cast from 

toluene on 2×2 cm2 squares of carbon fiber with (E) 20 μL drops and (F) 10 μL drops from a 

micropipette. (G) SEM image of Ni2P nanoparticles drop cast from toluene via syringe pump at a 

rate of 5 μL/min onto a 2×2 cm2 square of carbon fiber held by tweezers. 

 
 Before experiments in the operando cell, we determined the maximum amount of Ni2P that 

could be deposited on each square. Depositing too thick films could lead to Ni2P nanoparticles that 

do not make good electrical contact with the electrode. All deposited Ni2P must come in electrical 

contact with the carbon fiber because inactive Ni2P would make small changes in chemical 

structure more difficult to discern in flux-limited benchtop spectrometers. For this same reason, 
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we used Ni2P nanoparticles instead of bulk particles to maximize the surface-to-bulk atom ratio 

for a bulk-sensitive technique like XAS, which probes all Ni atoms in the sample. To deduce the 

optimal Ni2P loading on 2×2 cm2 square electrodes, we measured capacitive current at open circuit 

potential (OCP) during cyclic voltammetry (CV) experiments across five Ni2P loadings (1, 2, 3, 4, 

and 5 mg; Figure 4.2A). Increasing the amount of Ni2P on the electrode should result in a linear 

increase in capacitive current. When increasing the loading of Ni2P onto the electrode results in 

sub-linear increases in capacitive current, we can infer that a smaller portion of the Ni2P added is 

in electrical contact with the electrode. For 1 through 4 mg depositions, capacitive current 

increased linearly; however, at 5 mg, capacitive current did not increase linearly but dropped to a 

similar level as measured at 3 mg. 

 

 
Figure 4.2. (A) Capacitive current at open circuit potential during 3 cycles of cyclic 

voltammetry at a scan rate of 1 V/s in 0.5 M H2SO4 for electrodes loaded with differing amounts 

of Ni2P. Cyclic voltammetry experiments were performed on annealed Ni2P after polarizing the 

catalyst to -0.5 V vs. Ag/AgCl. (B) Capacitive current at open circuit potential for the electrode 

deposited with 5 mg of Ni2P over time. An overlay of the change in open circuit potential over 

the same amount of time is shown. 
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To investigate this decrease in capacitive current at 5 mg, we left the 5 mg sample in 

solution and ran the same CV experiment over the course of a day to see how capacitive current 

and open circuit potential changed over time (Figure 4.2B). After 12 h, the capacitive current in 

the 5 mg sample increased to match that of the 4 mg sample at 0 h (Figure 4.2A). However, when 

the 5 mg sample was probed after 15 h, the capacitive current decreased and continued declining 

through 21 h. Additionally, open circuit potential continuously decreased over 21 h of submersion 

in the electrolyte solution. We interpret these changes in the 5 mg sample as caused by the etching 

of an oxidized surface layer, which led to the initially low capacitive current and high open circuit 

potential for the 5 mg sample. Due to the oxidation of the 5 mg sample, it was impossible to 

determine the maximum loading on the electrodes definitively; however, we determined that at 

least up to 4 mg of Ni2P was safe to deposit. Therefore, for future XAS experiments, we stacked 

multiple carbon fiber squares to meet the 16 mg of Ni2P parameter mentioned above. Future 

experiments into the conductivity of Ni2P nanoparticles on carbon fiber should test higher loadings 

in an oxygen-free environment.  

 Now that we had determined the optimal procedure for depositing Ni2P electrodes, we 

performed our first electrochemical experiments in the cell by catalyzing the hydrogen evolution 

reaction (HER). We attempted to optimize the operando cell performance for HER by determining 

the maximum reductive potential we could apply while still removing H2 bubbles on the electrode. 

By maximizing the reductive potential applied, we aimed to maximize HER current, thereby 

increasing the amount of Ni2P involved in catalysis at any particular moment. At the same time, 

excessive polarization can lead to H2 bubbles, which cause uneven X-ray absorption. To determine 

the maximum reductive potential, we ran a series of chronoamperometry experiments in 0.1 V 

increments starting at -0.2 V vs. Ag/AgCl and ending at -0.5 V vs. Ag/AgCl while flowing 
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electrolyte solution through the cell (Figure 4.3A). To set up the cell, we made the working 

electrode by stacking six 1×1 cm2 squares cut from the center of 2×2 cm2 squares. Each square 

was loaded with 3.4 mg Ni2P, annealed, and dipped in electrolyte solution before being carefully 

stacked inside the cell. Next, the cell was pre-filled with electrolyte solution, and additional 

solution was flowed through the working electrode and counter electrode spaces. While 0.5 M 

H2SO4 flowed through the cell, we incremented the applied potential (Figure 4.3A). Bubbles were 

sufficiently removed at -0.2 and -0.3 V vs. Ag/AgCl; however, bubbles formed too quickly at more 

reductive potentials, as evidenced by the decrease in reductive current over time. In the end, we 

determined this system was not ideal for studying HER through operando XAS because of the 

inherent difficulties of probing Ni-H binding in Ni K-edge XAS and the low HER current at the 

maximum feasible applied potential (-0.3 V vs. Ag/AgCl). However, using this cell to study other 

catalytic systems could prove fruitful, especially in systems requiring less current or forming fewer 

bubbles, e.g., nitrate or carbon dioxide reduction reactions. Future testing in alternate conditions 

should be explored. Also of note, interruptions in electrolyte solution flow during 

chronoamperometry experiments resulted in significant and rapid drops in current due to bubble 

formation, again demonstrating the necessity of avoiding or removing bubbles.  
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Figure 4.3. (A) Chronoamperometry of annealed Ni2P in the operando cell while flowing 0.5 

M H2SO4 through the cell. Blue highlighted regions show times when flow was not applied. (B) 

Normalized Ni K-edge X-ray absorption spectra of annealed Ni2P nanoparticles in the operando 

cell after weeks of exposure to air and 0.5 M H2SO4 (light blue) compared to bulk Ni2P (dark 

blue) and Ni3(PO4)2 (brown). 

 
 Although studying HER via operando XAS was not feasible in our system, studying the 

electrochemical corrosion of Ni2P would be an excellent use case for the operando cell because 

bubbles do not form on the working electrode, and changes in oxidation state are easily discernable 

in Ni K-edge XAS. Therefore, we performed in situ XAS on the same cell described in the previous 

experiment after weeks of exposure to air and 0.5 M H2SO4 (Figure 4.3B). The sample spectrum 

showed excellent signal-to-noise, demonstrating the efficacy of our cell preparation parameters. 

Additionally, the sample spectrum matched closely with Ni3(PO4)2; therefore, we hypothesized 

that the electrochemical corrosion of Ni2P in aqueous solutions would similarly oxidize to 

Ni3(PO4)2. We later tested the corrosion of Ni2P via operando XAS in a neutral phosphate-buffered 

electrolyte solution and generalized those results to acidic and basic pH. Further discussion of our 

application of the cell for operando Ni K-edge X-ray absorption spectroscopy is covered in 

Chapter 3.  
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4.2 POTENTIODYNAMIC ANODIC POLARIZATION TO STUDY THE CORROSION OF 

NANOPARTICLE MATERIALS 

 In situ and operando XAS can be a valuable tool for studying the electrochemical corrosion 

of materials.9,10 Different materials and molecules often show distinctive XAS spectra that can be 

used as fingerprints or components in linear combination analyses to quantify speciation. 

Additionally, shifts in the edge energy of the spectra give information about evolving oxidation 

states and ligand environments for a given material or molecule. Changes in the edge step of 

spectra can also be used to approximate the dissolution rate of a material since the edge step is 

proportional to the thickness of the material present in the path of the X-ray beam. We can learn a 

lot about a material by coupling information from XAS and electrochemical techniques. Since 

benchtop XAS requires minutes to hours for a single scan and multiple scans are needed for high-

quality data, chronoamperometry and chronopotentiometry are typical electrochemical techniques 

used in tandem with XAS. We can use ex situ potentiodynamic anodic polarization for 

electrochemical corrosion studies to determine which potentials to probe in operando. Through 

anodic polarization, we can learn about corrosion rates, passivation, and corrosion resistance. In 

anodic polarization curves, peaks (high corrosion rates) and plateaus (passivation regimes) signal 

that interesting chemistry is occurring that can be analyzed in operando via XAS.  

Material scientists and engineers typically follow American Society for Testing and 

Materials (ASTM) standards for anodic polarization experiments with metals. These standards 

specify scan rates, experimental conditions, and more.11–15 However, these standards serve only as 

starting points for corrosion analysis of advanced materials. Some important parameters for 

consistency across research studies include 1) deaerated electrolyte solutions, 2) long immersion 

times before polarization, and 3) slow scan rates. Using the ASTM standards as a foundation, we 
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established our procedure for the corrosion analysis of Ni2P nanoparticles on carbon fiber paper. 

First, we sparged electrolyte solutions for 1 h with high-purity Ar while purging an N2-purge 

glovebox to remove any O2 dissolved in the electrolyte solution or the atmosphere of the glovebox. 

We moved the electrolyte solution to the glovebox after sparging for 1 h. Due to the air-sensitivity 

of Ni2P nanoparticles, we placed Ni2P electrodes in a closed container and moved them from an 

inert atmosphere glovebox into the N2-purge glovebox. We did not open the container until the 

atmosphere in the N2-purge glovebox had been purged for another hour. Then, we submerged the 

electrode in the electrolyte solution alongside a graphite-rod counter electrode and Ag/AgCl 

reference electrode calibrated to the H2 redox couple. Before beginning anodic polarization 

experiments, we submerged the Ni2P electrode for 1 h in the electrolyte solution or until OCP 

stabilized to within 1 mV/h, whichever occurred first. Finally, we polarized the electrode from 

OCP to 2 V vs. the reversible hydrogen electrode (RHE) (Figure 4.4).  
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Figure 4.4. (A) Anodic polarization scans of varying amounts and sizes of annealed Ni2P 

nanoparticles in 1 M neutral K2HPO4:KH2PO4 at a scan rate of 1 mV/s. Current densities were 

normalized to the geometric surface area of the electrode. (B) Anodic polarization scans of ~1 

mg of annealed Ni2P nanoparticles in 1 M neutral K2HPO4:KH2PO4 at varying scan rates. 

Current densities were normalized to the geometric surface area of the electrode. 

 
 In our anodic polarization experiments, we first compared the parameters of Ni2P particle 

size and deposition quantities (Figure 4.4A). For the three samples in Figure 4.4A, nanoparticle 

sizes were 4.3 nm ± 0.8 nm (0.1 mg (A)), 3.2 nm ± 0.5 nm (0.1 mg (B)), and 11 nm (1 mg) (Figure 

3.4, Figure 3.5). The three sample polarization curves differed in OCP, peak potentials, and peak 

current densities, indicating that size and deposition quantities play an important role in the 

corrosion of Ni2P nanoparticles. Therefore, to compare ex situ and operando electrochemistry, we 

need to use consistent loadings and nanoparticle sizes. Individual carbon fiber squares in the 

operando cell require approximately 4 mg of Ni2P for XAS measurements (approximately 1 mg 

in 0.5×1 cm2 electrodes used in anodic polarization experiments), so these are the squares that we 

used as electrodes moving forward. Second, we lowered the scan rate to determine whether 1 mV/s 

was sufficiently slow for Ni2P nanoparticles to reach a steady state during scans (Figure 4.4B). 

Lowering the scan rate to 0.1 mV/s resulted in lower peak potentials and, more importantly, more 
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well-defined peaks. These peaks can be used to determine promising potentials for 

chronoamperometry experiments during operando XAS. Consistent loadings and slow scan rates 

are essential when using ex situ anodic polarization experiments to inform operando XAS studies. 

We recommend these parameters as good starting points for electrochemical corrosion studies of 

materials similar to Ni2P.  

4.3 AIR-FREE SAMPLE HOLDERS FOR TRANSMISSION-MODE X-RAY ABSORPTION 

SPECTROSCOPY EXPERIMENTS 

 Acquiring high-quality X-ray absorption spectra can take a long time on benchtop 

spectrometers because of low photon flux. Scans often take hours, and air-sensitive materials might 

oxidize during an experiment. To mitigate the problem of oxidation from ambient conditions, we 

designed air-free sample holders (Figure 4.5). The sample holders are made with a 3D-printed 

clamshell design with a 2×2 cm2 sample compartment and an optional insert for thinner/smaller 

samples. Samples can take the form of films deposited on low-attenuation substrates, e.g., carbon 

fiber paper or powders mixed with hexagonal boron nitride. The sample holder is sealed by a 

greased O-ring and secured by six hand-tightened screws, preserving an air-free environment when 

prepared inside an inert atmosphere glovebox.  



 

 

97 

 
Figure 4.5. Two air-free sample holders for transmission-mode X-ray absorption 

spectroscopy and three scintillation vials were filled with a concentrated solution of 

benzophenone reduced by sodium metal and brought out into air. Before loading, air-free sample 

holders were placed under vacuum overnight. The color of the benzophenone solution had 

already dissipated significantly when the sample holders were initially brought out of the 

glovebox (A), and the color disappeared completely after 4 h (B). When the sample holders were 

placed under a vacuum for a week before loading and brought out into the air after loading (C), 

the solution’s color lasted 4 h (D) and beyond. 

 
To test the efficacy of these sample holders, we performed a ketyl test adapted from Carlson 

et al.16 We dissolved benzophenone in tetrahydrofuran on the Schlenk line and dried it with 

molecular sieves. Then, inside an N2-atmosphere glovebox, we added Na metal to the solution, 

which turned the solution into a deep purple color due to ketyl radical formation. We can use this 
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solution to test for air exclusion since the color disappears in the presence of oxidants like O2 and 

H2O. Inside the glovebox, we added the solution to concave glass slides, which we placed inside 

the sample holders. We then sealed the sample holders by greasing the O-ring and hand-tightening 

the screws before bringing them out into the ambient environment. In our initial tests, we brought 

the sample holders into the glovebox via overnight evacuation before filling them with the 

benzophenone solution. After loading the sample holders and bringing them out into the air, the 

benzophenone solution lost color after only 4 h (Figure 4.5A,B). We hypothesized that this result 

was due to the adsorption and/or absorption of O2 and H2O into the sample holders before we 

brought them into the glovebox. To address this problem, we evacuated the sample holders for one 

week before bringing them into the glovebox (Figure 4.5C,D). This evacuation procedure resulted 

in benzophenone retaining its color for 14.5 h, nearly four times as long as after the overnight 

evacuation procedure. From this result, we concluded that the air-free sample holders would 

effectively exclude air for XAS measurements of mild to moderately air-sensitive samples if 

properly evacuated before loading.  
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